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Diversity of Colletotrichum species on
strawberry (Fragaria x ananassa) in Germany

CHRISTIANE ROSE?, ULRIKE DAMM?>*

! Hochschule Geisenheim University, Von-Lade-Strafle 1, D-65366 Geisenheim, Germany
2 Senckenberg Museum of Natural History Gorlitz, PF 300 154, 02806 Gorlitz, Germany
*Corresponding author. E-mail: ulrike.damm@senckenberg.de

Summary. Anthracnose caused by Colletotrichum species is an important disease of
strawberries (Fragaria x ananassa), but the species causing this disease in Germany
have not been investigated based on modern systematics. By using multi-locus phy-
logenetic analyses (ITS, act, gapdh, chs-1, his3, tub2), 58 Colletotrichum isolates from
previous and recent collections, obtained mainly from fruit anthracnose of cultivated
strawberries in Germany, were identified or re-identified as C. fioriniae, C. godetiae
and C. nymphaeae (C. acutatum species complex) as well as C. anthrisci and C. line-
ola (C. dematium complex). Colletotrichum nymphaeae was dominant; most of the iso-
lates belonged to one clonal lineage that occurs on strawberries throughout Europe,
the United States of America, and some African and Asian countries. One of the other
two haplotypes was distantly related and only represented by recently collected mate-
rial. All other species, each of one haplotype, had only been isolated once or twice
from German strawberries. This is the first report of C. anthrisci in Germany and for
the genus Fragaria worldwide; all the other isolated fungi are newly reported for this
genus in Germany. Comparisons of morphological characteristics of the species identi-
fied demonstrate that these features are of limited use for identification, even to species
complex level. In pathogenicity tests, all five species caused anthracnose symptoms on
ripe fruit of Fragaria x ananassa ‘Asia.

Keywords. Anthracnose, Colletotrichum acutatum, C. dematium, multi-locus phyloge-
ny, pathogenicity.

INTRODUCTION

Strawberries (Fragaria x ananassa, Rosaceae) are the most common fruit
crops after apples in Germany, with a harvested volume of 133,135 t in 2022
(Lehari, 2002; Statistisches Bundesamt, 2023). Intensive strawberry breeding,
which has been primarily aimed at high yields, influenced the gene structure
and thus immunity to pathogens in strawberries (Hardigan et al., 2018), so
strawberry cultivation is associated with high production risks. In the pres-
ence of warm temperatures and high humidity, rapid outbreaks of anthrac-
nose caused by Colletotrichum species can be expected (Howard et al., 1992).
Trading of young plantlets with latent infections can rapidly spread the dis-
ease over long distances (Howard et al., 1992). Anthracnose of strawberry
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fruit is characterised as brown, sunken spots, in which
orange conidial mucilage develops. Main symptoms of
green tissues (runners, leaves and stalks) include dark,
sunken, necrotic areas (Howard et al., 1992).

Brooks (1931) reported a new strawberry disease
in Florida, United States of America (USA), called
anthracnose, and described the causative pathogen as
C. fragariae. In the 1980s, C. acutatum sensu lato was
first reported from strawberries in the USA (Smith and
Black, 1986). Anthracnose symptoms in strawberry fields
in Germany (Baden, Palatinate) and other European
countries including France, Bulgaria, Sweden, Denmark,
Spain and Belgium have been reported at least since the
1990s and attributed to C. acutatum and C. gloeospori-
oides, while C. fragariae was only found within mate-
rial from the USA (Denoyes and Baudry, 1995; Laun
and Fried, 1996; Bobev et al., 2002; Nilsson et al., 2005;
Sundelin et al., 2005; Garrido et al., 2008; Debode et al.,
2009). The first molecular study of Colletotrichum in
Germany by Nirenberg et al. (2002) focusing on C. lupi-
ni, included a strain from strawberry in Germany that
had also been identified as C. acutatum based on ITS
sequence data. Within this investigation, several Colle-
totrichum strains from different hosts and countries,
including from strawberries in Germany, had been col-
lected and are maintained at the culture collection of the
Biologische Bundesanstalt fiir Land- und Forstwirtschaft
(BBA) Berlin, now Julius Kithn-Institut (JKI), Bundes-
forschungsinstitut fiir Kulturpflanzen (Federal Research
Centre for Cultivated Plants), Institut fiir Epidemiologie
und Pathogendiagnostik, Braunschweig, Germany.

The systematics of Colletotrichum has changed
within the last 20 years, due to application of molecular
data, especially in multi-locus DNA sequence analyses.
Colletotrichum acutatum and C. gloeosporioides that had
been previously regarded as causal agents of strawberry
anthracnose were shown to be large species complexes
(Damm et al., 2012a; Weir et al., 2012). The number of
accepted Colletotrichum species, those that have been
revised or newly described based on multi-locus DNA
sequences, is constantly increasing; more than 300 Colle-
totrichum species in at least 15 species complexes and
more than ten further species are currently accepted
(Liu et al., 2022; Talhinhas and Baroncelli, 2023). To
date, at least 22 species are known from strawberry,
belonging to the C. acutatum, C. boninense, C. coccodes,
C. dematium, C. gloeosporioides and C. truncatum spe-
cies complexes (Farr and Rossman, 2024). Colletotrichum
acutatum sensu stricto is only confirmed from straw-
berry in Australia (Damm et al., 2012a), while most
reports of C. acutatum on strawberry in the USDA Fun-
gal Databases (Farr and Rossman, 2024), including that
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from Germany (Nirenberg et al., 2002), date back to the
pre-molecular era, or were from before C. acutatum was
shown to be a species complex (Damm et al., 2012a).
Therefore, these fungi should be considered as C. acu-
tatum sensu lato and could include other species within
this complex.

To date, only Colletotrichum strains infecting a few
random, often exotic host plants collected in Germany have
been identified or described based on modern systematics
(e.g. Damm et al,, 2012a, b, 2014, 2019; Weir et al., 2012);
while there are no records of Colletotrichum species from
Fragaria hosts in Germany identified on the same basis.

The aims of the present study were to investigate
the diversity of Colletotrichum on strawberries from all
over Germany based on multi-locus sequence data, to
characterise the species morphologically and to test their
pathogenicity to fruit of cultivated strawberry (Fragaria
X ananassa) ‘Asia’.

MATERIALS AND METHODS
Isolates

Symptomatic material of cultivated strawberry
plants (Fragaria x ananassa) was collected in differ-
ent regions of Germany, including Saxony (Dresden,
Gorlitz, Ore Mountains), Brandenburg (Spreewald),
North Rhine-Westphalia (Minsterland), Lower Saxo-
ny (Ltudersfeld) and Mecklenburg-Western Pomerania
(Mecklenburg Lake District). The collected material also
included fruit bought at markets in Germany (some
of Polish origin) and one sample from wild strawberry
(Fragaria vesca).

Most of the newly collected material consisted of
infected fruit of F. x ananassa, which had symptoms of
brown, sunken spots of necrotic tissue that spread radi-
ally. Orange conidial masses sometimes developed in
the centres of these spots. Flat, pale to dark mouse-grey
mycelium often formed at the edges and sometimes over
the entire infection sites. Elongated dark brown necros-
es initially formed on host stems and petioles, which
spread and developed into stem-encompassing necroses
and constrictions, on which conidia were sometimes
observed. On affected leaves of F. x ananassa, round-
ish to oval necrotic areas were observed, each with dark
brown irregular edges and a light brown centre, which
partially merged. Symptoms of the F. vesca leaf sam-
ple were similar; grey-brown spots of various sizes and
shapes with paler centres and darker irregular margins
formed especially at the edges of affected leaves.

To obtain single-conidium isolates, conidia formed
on the necrotic host tissues were spread on the surface
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of petri dishes with synthetic nutrient-poor agar (SNA;
Nirenberg, 1976) using a drop of sterile water. On the
following day, single germinating conidia were trans-
ferred to oatmeal agar (OA; Crous et al., 2019). Plant
parts, on which no conidia were present, were surface
sterilised (1 min in 3.5% NaClO, 30 s in 70% ethanol),
washed in sterile water and placed in petri dishes on
sterile filter paper with sterile water until conidia were
formed, from which single-conidium isolates were pro-
duced.

A further 22 isolates from the culture collection of
the former BBA had been collected more than 20 years
ago in the federal states of Mecklenburg-Western Pomer-
ania, Saxony, Baden-Wiirttemberg, Hesse, Rhineland-
Palatinate and Brandenburg and included one strain
bought in a supermarket that originated from the Neth-
erlands.

Although it was not possible to complete and con-
firm all collection data, it is assumed that all the BBA
isolates originated from anthracnose symptoms, espe-
cially from fruit rot, because the material had been
deposited by plant protection offices in different German
federal states in the years when strawberry anthracnose
spread across Europe. For one of the isolates from Sax-
ony there was information provided that a 2-year-old
stock of ‘Selva’ (imported plants) was very heavily infest-
ed, and a 1-year-old stock was over 50% infected. Most
of the strawberry runners from which isolates had been
obtained were characterised as necrotic, while one iso-
late had a noticeable reddish discolouration at the infec-
tion site. Two isolates originated from brown roots of F.
vesca var. semperflorens. There was no information on
the leaf symptom and no further information on fruit
symptoms than fruit rot.

The isolates were stored in the culture collection of
the Senckenberg Museum of Natural History Gorlitz,
Germany (GLMC; Table 1). Selected isolates were depos-
ited in the German Collection of Microorganisms and
Cell Cultures (DSMZ), Braunschweig, Germany.

Morphological analyses

The Colletotrichum strains were cultivated on SNA
with autoclaved filter paper and double-autoclaved stems
of Anthriscus sylvestris and on OA. Cultures were incu-
bated at 20°C under near UV light (12 h daily photo-
period) for 10 d. Microscopic preparations were made
in clear lactic acid. Measurements of microscopic struc-
tures of the fungi were carried out according to Damm
et al. (2007), with 30 measurements per structure and
strain, using a Nikon SMZ1000 dissecting microscope
(DM) and a Nikon Eclipse 80i compound microscope

with differential interference contrast (DIC). Appressoria
were observed on the reverse sides of the SNA cultures.
Colony features on SNA and OA were observed after the
incubation period. To calculate colony growth rates, the
diameters of the colonies were determined after 7 and 10
d. Colony colour was characterised according to Rayner
(1970).

Phylogenetic analyses

Genomic DNA was extracted from cultures accord-
ing to Damm et al. (2008). The 5.8S nuclear ribosomal
RNA gene with the two flanking internal transcribed
spacers (ITS), a 200-bp intron of the glyceraldehyde-
3-phosphate dehydrogenase (gapdh) and partial sequenc-
es of the chitin synthase 1 (chs-1), histone H3 (his3),
actin (act) and beta-tubulin (fub2) genes were amplified
and sequenced using the respective primer pairs ITS-1F
(Gardes and Bruns, 1993) + ITS-4 (White et al., 1990),
GDF1 + GDRI1 (Guerber et al., 2003), CHS-354R + CHS-
79F (Carbone and Kohn, 1999), CYLH3F + CYLH3R
(Crous et al., 2004), ACT-512F + ACT-783R (Carbone
and Kohn, 1999) and T1 (O’Donnell and Cigelnik, 1997)
+ Bt-2b (Glass and Donaldson, 1995) or T1 + BT4R
(Woudenberg et al., 2009). DNA amplifications were
carried out in a Mastercycler® pro S (Eppendorf), each
in a total volume of 20 pL. The PCR reaction mixture
contained 1 pL of 1:10 diluted genomic DNA, 2.5 uL of
10x buffer (Peqlab), 1 pL of each primer (10 mM), 2.5
uL of MgCl, (25 mM), 2.5 uL of ANTPs (2 mM), 0.7 pL
of DMSO and 0.1 pL of Taqg DNA polymerase (0.5 U;
Peqlab). Conditions for PCR of gapdh, chs-1, his3, act,
and tub2 included an initial denaturation step of 5 min
at 94°C, followed by 40 cycles each of 30 s at 94°C, 30 s
at 52°C and 30 s at 72°C, and a final denaturation step of
7 min at 72°C. ITS PCR was carried out as described by
Woudenberg et al. (2009). PCR products were visualised
on a 1% agarose gel and sequenced by the Senckenberg
Biodiversity and Climate Research Centre (BiK-F) labo-
ratory (Frankfurt, Germany). The DNA sequences gen-
erated with forward and reverse primers were used to
obtain consensus sequences, using BioNumerics v. 7.6.3
(Applied Maths, St-Marthens-Lathem, Belgium), and the
alignments were assembled and adjusted manually using
Sequence Alignment Editor v. 2.0all (Rambaut, 2002).
Sequences derived in this study were lodged at NCBI
GenBank (www.ncbi.nlm.nih.gov).

For preliminary identification and selection of ref-
erence strains, blastn searches were carried out with
ITS sequences in NCBI GenBank. Maximum parsimo-
ny (MP) analyses were carried out on the multi-locus
alignments (ITS, gapdh, chs-1, his3, act, tub2) with Phy-
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logenetic Analysis Using Parsimony (PAUP) v. 4.0b10
(Swofford, 2003), using the heuristic search option
with 100 random sequence additions and tree bisection
and reconstruction as the branch-swapping algorithm.
Alignment gaps were treated as missing, and all char-
acters were unordered and of equal weight. No more
than ten trees of score (length) greater than or equal to
ten were saved in each replicate. Tree length, consisten-
cy index (CI), retention index (RI), rescaled consistency
index (RC) and homoplasy index (HI) were calculated
for the resulting trees. The robustness of the obtained
trees was evaluated by 10,000 bootstrap replications,
using the fast-stepwise addition algorithm (Hillis and
Bull, 1993). Maximum likelihood (ML) analyses were
calculated online using IQ-TREE 1.6 (http://iqtree.cibiv.
univie.ac.at; Nguyen et al., 2015; Trifinopoulos et al.,
2016) and model testing under the Bayesian information
criterion (BIC) (Kalyaanamoorthy et al., 2017). Branch
support was obtained by 5000 replicates of ultrafast
bootstrap (ufb; Hoang et al., 2018; Minh et al., 2013).
Support values > 95% were considered relevant, follow-
ing Guindon et al. (2010).

Pathogenicity tests

Selected Colletotrichum isolates were incubated on
OA at 20°C under near UV light for 10 d. To harvest the
conidia, 10 mL of sterile distilled water was added to an
OA culture of each isolate and swirled thoroughly. The
resulting conidium suspensions were adjusted to a final
concentration of 2 x 10* conidia mL!. Ripe fruit of F. x
ananassa ‘Asia’ (Obsthof Riidiger, Dresden, Germany) of
the quality standard EU No. 543/2011 class Extra (Anon-
ymous, 2011) were surface sterilised with 1% NaClO for
6 min, washed three times with sterile distilled water
and placed under sterile conditions on moist filter paper
in covered glasses (Gourmet glass, round edge, 300 mL,
Weck). Each fruit was inoculated with a 5 uL droplet
of conidium suspension (without wounding) or treated
with 5 pL of sterile distilled water (experimental con-
trol). Five repetitions (fruit) were made for each Colle-
totrichum strain and the control. The covered glasses
with inoculated strawberries were placed randomly in a
climate cabinet (20°C, 14 h fluorescent light/10 h dark
daily cycle, humidity up to 100%). The experiment was
carried out twice. Seven d post inoculation (dpi), result-
ing lesion sizes were determined by counting infected
unit squares on a grid placed over scaled photographs.
Symptoms were evaluated visually and photographed
7 dpi or, in the case of delayed infection development,
10 dpi. Re-isolations were made from lesion edges and
resulting fungi were identified.
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RESULTS
Phylogenetic analyses

Based on preliminary morphological examinations
and blastn searches of the ITS sequences on NCBI Gen-
Bank, 56 of the 58 isolates were identified as belonging
to the C. acutatum species complex. The other two iso-
lates were identified as belonging to the C. dematium
complex.

In the multi-locus phylogenetic analyses of the C.
acutatum species complex (gene boundaries of ITS:
1-546, gapdh: 557-829, chs-1: 840-1121, his3: 1132-1519,
act: 1530-1777, tub2: 1788-2285) 181 isolates, includ-
ing a selection of 32 (of the 56) newly sequenced isolates
from strawberry, 147 reference strains of the C. acutat-
um species complex, and the outgroup C. orchidophilum
CBS 632.80 and IMI 309357 (Table 1, Supplementary
table 1) and 2285 characters including the alignment
gaps were processed. Of these, 429 characters were par-
simony-informative, 154 parsimony-uninformative and
1702 constant. After a heuristic search using PAUP, the
maximum of 590 equally most parsimonious trees were
retained (length = 1203 steps, CI = 0.615, RI = 0.947, RC
= 0.582, HI = 0.385). One of these trees is shown in Fig-
ure 1. The topology of these trees was similar, which was
verified for a large section of trees. They differed in the
position of taxa within subclades. The consensus tree of
the ML analysis confirmed the tree topology obtained
with parsimony. The bootstrap values of the two analy-
ses generally agreed with each other. The phylogeny
consists of five main clades representing clades 1 to 5
in Damm et al. (2012a). Most of the isolates clustered
within C. nymphaeae (clade 2), where they formed three
haplotype groups; most of the strains were of one hap-
lotype. This was the same as several other isolates from
strawberry in Europe, Northern America and Africa.
According to a preliminary analysis, 46 isolates from
the present study belonged to this haplotype, and 24 of
these isolates were included in the final analyses. Isolates
GLMC 2599, GLMC 2600 and GLMC 2606 represented
a second haplotype with other strains from strawberry
in Europe and the USA and a strain from Anemone in
the Netherlands. The third haplotype included isolates
GLMC 2653, GLMC 2654 and a strain from Fragaria
in the USA, forming a distinct subclade (bootstrap sup-
port MP/ML: -/100). Two isolates (GLMC 2660, GLMC
2661) clustered in C. fioriniae (clade 3); the haplotype
was the same as that of a strain from apple in Italy and
from Grevillea in Germany. Three further strains, two
from Germany (GLMC 2589, GLMC 2590) and one from
the Netherlands (GLMC 2583), grouped with C. godetiae
(clade 5). This haplotype was the same as that of strains
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2100 N ‘I\C. nymphaeae CBS 126528 Capsicum Indonesia

95/100Ny

-/98 _]

-/96.

-/96
N

—

I —

71/99

99/100} C. simmondsii CBS 12

C. nymphaeae CBS 129935 Anemone Israel
C. mmghaeae CBS 127612 Fragaria USA
GLMC 2653 Fragaria Germany’
GLMC 2654 Fragaria Germarll:y .
C. nymphaeae isolate 14-695 Fragaria USA
C. nymphaeae CBS 515.78 Nymiphaea NL*
C. nymphaeae CBS 516.78 Nuphar NL
C. nymphaeae CBS 526.77 Nﬁ/mphaea NL
C. nymphaeae CBS 173.51 Mahonia Italy
C. nymphaeae CBS 129945 Olea Portugal
C._nymphaeae CBS 126507 Oenothera NL
C. nymphaeae IMI 370491 Malus Brazil
C. nymphaeae CBS 112992 Protea ZA
C. nymphaeae CBS 482.82 Protea Australia
C. nymphaeae CSL 455 Photinia UK _
C. nymphaeae IMI 379162 Capsicum Zimbabwe
. nymphaeae IMI 360386 Pelargonium India
C. n,\émphaeae CBS 12992((33 Ilger hallandA -
. cairmsen icUm rali
C. ngnin‘zjeen%%%gﬁllg% %1%‘3@8 eveauégmi%aa
C. eriobotrgae BCRC FU31138 Eriobotrya Taiwan*
C. pedunculi BCRC FU31310 Mangifera Taiwan*
. scovillei CBS 126529 Capsicum Indonesia*
C. guajavae IMI 350839 Psidium India* .
hrysanthemi IMI 364540 Glebionis China

— C. cl
N C. ccarthami SAPA 100011 Carthamus Japan*
“{r: . Cl

osmi CBS 853.73 Cosmos NL*
C. walleri CBS 125472 Coffea Vietnam* )
C. javaense CBS 144963 Capsicum Indonesia*
C. brisbanense CBS 292.67 Capsicum Australia®
C. bannaense CGMCC 3.18887 Hevea China*
C. laticiphilum CBS 112989 Hevea India* .
C. indonesiense CBS 127551 EucaQ/ tus Indonesia*
I K 22 Carica Australia®
C. simmondsii CBS 295.67 Fragaria Australia
C. paxtonii IMI 165753 Musa St Lucia*
C. sloaner IMI 364297 Theobroma Malaysia*

— 5 changes

100/100

. miaoliense BCRC FU31 Fr, iwan*

c ao& ggrar%e%s_eL@BgoféM%%aﬂ?alug g?azil*,

 C. melonis CBS 159.84 Cucumis Brazil*

C. limetticola CBS 114.14 Citrus USA* .

C. costaricense CBS 330.75 Coffea Costa Rica*

C. tamarilloi CBS 129814 Solanum Colombia*

C. lupini CBS 109225 Lupinus Ukraine*

C. cuscutae IMI 304802 Cuscuta Dominica*

C. abscissum COAD 1877 Citrus Brazil*

C. filicis CBS 101611 fern Costa Rica*

phaeae CBS 122110 Fragaria Bulgaria  C. nymphaeae

Clade 2

Clade 1

159

Figure 1. The first of 590 most parsimonious trees obtained from a heuristic search of the combined ITS, act, gapdh, chs-1, his3, tub2
sequence alignment of Colletotrichum isolates from Fragaria and representative strains of the C. acutatum species complex. Bootstrap sup-
port values of the MP analysis >70% and of the ML analysis >95% are shown at the nodes. Colletotrichum orchidophilum CBS 632.80 and
IMI 309357 were used as outgroup. Numbers of ex-type strains are indicated by an asterisk. Isolates obtained or sequenced in this study are
shown in bold font. Strain numbers are followed by substrate (host genus) and country of origin (NL = Netherlands, NZ = New Zealand,

ZA = South Africa). (Continued)
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199 C. fioriniae CBS 128517 Fiorinia USA*
C. fioriniae CBS 786.86 Malus Italy
-/99 LMC 2660 Fragaria Germany
LMC 2661 Fraqana German)(
-/99 joriniae CBS 129940 Grevillea Germany
joriniae CBS 129931 Malus USA
joriniae CBS 981.69 Coffea Angola
joriniae IMI 324996 Malus USA

oriniae CBS 127611 Fragaria USA
oriniae CBS 129932 Malus USA
joriniae CBS 124958 Pyrus USA
C. fioriniae ATCC 12097 Rhododendron USA
C. fioriniae CBS 293.67 Persea Australia
C. fioriniae IMI 363003 Camellia China
oriniae 127537 Vaccinium USA
oriniae CBS 124962 Solanum USA
oriniae CBS 126526 Primula NL
ioriniae CSL 1259 Fragaria UK
orinjae isolate 13-10 Fragaria USA
fioriniae CBS 129916 Vaccinium USA
C. fioriniae CBS 129948 Tulipa UK

C. figriniae CBS 129938 Malus USA

C. fioriniae CBS 126381 Malus NL
> 'I C. fioriniae CBS 127614 Fragaria USA

fioriniae CBS 125970 Cyclamen Italy
oriniae CBS 200.35 Rubus USA

OOOOOOOHH
S

C
C.
C
C.
C
C

oriniae CBS 129930 Malus NZ _
oriniae CBS 127600 Persea Australia
oriniae CBS 119186 Vaccinium NZ
oriniae IMI| 345583 Fragaria NZ
. fioriniae IMI 345578 Fragaria NZ
fioriniae CSL 318 Magnolia UK
oriniae CBS 119292 Vaccinium NZ
oriniae CBS 128529 Fragaria NZ
joriniae CBS 128498 Actinidia NZ
oriniae CBS 129946 Olea Portugal

. fioriniae CBS 129947 Vitis Portugal
8. '):l_orl_nl_ae é‘gCC% 1285392 \I\//falu_s !.JSANZ

. fioriniae injum

C. fioriniae (S:ZC% 8 ?-ng X Radermachera China

100/100~ C. acutatum CBS 112996 Carica Australia™

5]
(=)
DOOOONHOOONO

100/100

91/100

96/-|

92/100

' C. acutatum CBS 127602 Fragaria Australia
C. rhombiforme CBS 129953 Olea Portugal*
C. acerbum CBS 128530 Malus NZ*
- C. arboricola CBS 144795 Fuchsia Chile*
C. phormii CBS 118194 Phormium Germany*
C. kinghornii CBS 198.35 Phormium UK*

C. australe CBS 116478 Trachf/casrgus SA*
99100 “————"C" pyricola CBS 128531 Pyrus NZ*

C. johnstonii CBS 128532 Solanum NZ*
r C. godetiae CBS 130251 Olea Italy
- C. godetiae IMI 351589 Fragaria Ireland

. 'ﬂodetlae CBS 126503 Fragaria UK

GLNIC 2583 Fragaria NL
GLMC 2589 Fragaria Germany
GLMC 2590 Fragaria Germany
C. godetiae CBS 126522 Prunus NL
C. godetiae CBS 125972 Fragaria NL
C. godetiae CBS 125974 Fragaria UK
C. godetiae IM| 345026 Fragaria Spain
C. godetiae IMI 362149b Laurus U

96/100

— 5 changes

100/100

/97 C. godetiae CBS 129951 Vitis UK .
C. godetiae CBS 131331 Juglans Austria
C. godetiae IM| 376331 Prunus Norway
- C. godetiae CBS 131332 Agrimonia Austria
—#| C. godetiae CBS 133.44 Clarkia Denmark*
‘I C. godetiae CBS 126376 Fragaria NL
C. godetiae CBS 796.72 Aeschynomene USA
-/100 " C. godetiae MFLUCC 17.0205 Laurus ltaly
-/100. T C. godetiae IMI 345035 Fragaria France
71/99 ‘C. odetiae IMI 381927 Rubus Turkey
. godetiae IMI 351262 Fragaria Belgium

¢ godetiae CBS 198.53 Malus NL
94/100 C. godetiae CBS 129911 Podocarpus ZA
C. godetiae CBS 129934 Prunus Israel
\ . godetiae CBS 862.70 Sambucus NL
C. godétiae CBS 130252 Olea Italy .
A[_C. americanum CBS 129809 Solanum Colombia
- C. americanum CBS 127561 Ugni Chile
C. salicis CBS 607.94 Salix NL* .
C. subsalicis CGMCC 3.20530 Populus China* .
92/99 C. schimae CGMCC 3.20526 Schima China®

C. fioriniae

C. godetiae

Y

Clade 3

Clade 4

Clade 5

4|_—'7 C. kniphofiae CBS 143496 Kniphofia UK*
C. roseum CBS 145754 L apageria Chile*

ile
r C. orchidophilum CBS 632.80 Dendrobium USA*

Figure 1. (Continued).

from strawberry and other hosts from other European
countries, including an isolate from Mahonia in Ger-
many.

In the multi-locus phylogenetic analyses of the C.
dematium species complex (gene boundaries of ITS:
1-530, gapdh: 541-821, chs-1: 832-1082, his3: 1093-1489,
act: 1500-1768, tub2: 1779-2298), 36 isolates, includ-

— C. orchidophilum IMI 309357 Phalaenopsis UK

ing the two newly sequenced isolates from strawberry,
33 reference strains and the outgroup C. chlorophyti IMI
103806 (Table 1, Supplementary table 1), along with 2298
characters including the alignment gaps were processed.
Of these, 415 characters were parsimony-informative,
205 parsimony-uninformative and 1678 constant. After a
heuristic search using PAUP, the maximum of 440 equal-
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C. lineola CBS 125337 Apiaceae CR*

C. lineola CBS 125329 Astrantia Zimbabwe
C. lineola CBS 125344 Fragaria Canada

C. lineola CBS 109228 Lupinus Germany
GLMC 2587 Fragaria Germany

C. lineola CBS 125345 Tussilago Canada
C. lineola CBS 125332 Anthriscus NL

C. lineola CBS 124959 Symplocarpus USA
C. menispermi MFLU 14-0625 Menispermum Russia*

/100, C. orchidis MFLUCC 17-1302 Orchis Italy*

C. orchidis JZB330118 Orchis Italy

C. eryngiicola MFLUCC 17-0318 Eryngium Russia*

C. dematium CBS 125.25 Eringium France*

C. dematium CBS 125340 Apiaceae CR

C. sonchicola MFLUCC 17-1299 Sonchus ltaly*

C. sonchicola MFLUCC 17-1300 Sonchus ltaly

C. parthenocissicola MFLUCC 17-1098 Parthenocissus Russia*

C. lineola

C. quinquefoliae MFLU 14-0626 Parthenocissus Russia*

C. insertae MFLU 15-1895 Parthenocissus Russia*
AI C. hemerocallidis CBS 130642 Hemerocallis China*
C. hemerocallidis CBS 125338 Hemerocallis Canada
—— C. fructi CBS 346.37 Malus USA*
1p0/1 OO|- C. jinshuiense CGMCC 3.18903 Pyrus China*
C. jinshuiense KCTC 46679a Diospyros Korea
C. anthrisci CBS 125334 Anthriscus NL*
C. anthrisci CBS 125335 Anthriscus NL
GLMC 2616 Fragaria Germany
100/10Q C. sambucicola MFLUCC 17-1388 Sambucus ltaly*
C. sambucicola MFLUCC 17-1277 Sambucus ltaly
C. zhejiangense CGMCC 3.20537 unidentified tree China*
\A C. circinans CBS 221.81 Allium Serbia*
1m'icircinans CBS 111.21 Allium USA
1001100 C. sedi MFLUCC 14-1002 Sedum Russia*
| C. spinaciae CBS 125349 Chenopodium USA
C. spinaciae CBS 128.57 Spinacia NL
C. chlorophyti IMI 103806 Chlorophytum India*

C. anthrisci

Figure 2. The first of 440 most parsimonious trees obtained from a heuristic search of the combined ITS, act, gapdh, chs-1, his3, tub2
sequence alignment of Colletotrichum isolates from Fragaria and representative strains of the C. dematium species complex. Bootstrap sup-
port values of the MP analysis >70% and of the ML analysis >95% are shown at the nodes. Colletotrichum chlorophyti IMI 103806 was used
as outgroup. Numbers of ex-type strains are indicated by an asterisk. Strains obtained or sequenced in this study are emphasised in bold
font. Strain numbers are followed by substrate (host genus) and country of origin (NL = Netherlands, CR = Czech Republic).

ly most parsimonious trees were retained (length = 1062
steps, CI = 0.760, RI = 0.862, RC = 0.655, HI = 0.240).
One of them is shown in Figure 2. The topology of these
trees was similar, which was verified for a large section
of trees. They differed in the position of taxa within sub-
clades. The consensus tree of the ML analysis confirmed
the tree topology obtained with parsimony. The boot-
strap values of the two analyses generally agreed with
each other. Isolate GLMC 2587 clustered with C. lineola
strains within a big clade (MP/ML: 92/100), which con-
sisted of several closely related species. Isolate GLMC
2616 clustered within C. anthrisci (MP/ML: 88/-), form-
ing a sister clade to C. sambucicola (MP/ML: 100/100).

Taxonomy

As a result of the multi-locus molecular analyses, the
58 isolates were assigned to five species, of which C. nym-

phaeae, C. godetiae and C. fioriniae belong to the C. acu-
tatum species complex; C. anthrisci and C. lineola are in
the C. dematium species complex. Isolates of all these spe-
cies were studied in culture, and their characteristics are
outlined below.

Colletotrichum anthrisci Damm, P.F. Cannon & Crous,
Fungal Diversity 39: 56 (2009). (Figure 3)

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 2-5.5 pm diam., hyaline, smooth-
walled, septate, branched. Conidiomata acervular,
conidiophores and setae formed on pale brown angu-
lar to roundish basal cells. Setae dark brown, 125-165
pum long, bases conical to slightly inflated, 11-15.5 um
diam., tapering to acute apices. Conidiophores hyaline
to pale brown, smooth-walled, septate. Conidiogenous
cells hyaline to pale brown, smooth-walled, cylindrical
to clavate, 8-14 x 2.5-3 um, opening up to 2 um diam.,
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Figure 3. Colletotrichum anthrisci (strain GLMC 2616). A-B. Cultures on OA after 10 d. A. upper and B. reverse side. C. Symptom on fruit
of E x ananassa Asia’ 10 dpi. D. Conidioma on SNA. E. Conidioma on Anthriscus stem. F-K. Appressoria. L. Conidia. M. Tip of a seta. N.
Base of a seta. O-P. Conidiophores. F-P. from SNA. D-E. DM. F-P. DIC. Scale bars: B, C = 1 cm, D = 100 pum, E = 200 pm, P = 10 pym.
Scale bar of B applies to A-B. Scale bar of P applies to F-P.

collarettes distinct, up to 2 um long, periclinal thicken-
ing visible. Conidia hyaline, aseptate, smooth-walled,
slightly curved, bases truncate, apices acute, (23.5-)
25.5-27.5 x 2.5-3.5 um, mean * SD = 26.4 £ 1.0 x 3.0
+ 0.4 pm, L/W ratio = 8.8. Appressoria single, pale to
medium brown, clavate to navicular, with entire edges,
sometimes crenate, 5-22.5(-44) x (5-)5.5-8.5(-12) pm,
mean + SD = 13.7 £ 8.8 x 7.0 £ 1.6 pum, L/W ratio = 2.0.
Asexual morph on Anthriscus stems. Conidiomata acer-
vular, conidiophores and setae formed on pale brown
angular cells. Setae dark brown, 122.5-155 pm long, bas-
es conical to slightly inflated, 11.5-15.5 um diam., taper-
ing to acute apices. Conidiophores hyaline to pale brown,
smooth-walled, septate. Conidiogenous cells hyaline to
pale brown, smooth-walled, cylindrical to clavate, 12.5
X 3 pm, opening up to 2 um diam., collarettes distinct,

up to 2 um long, periclinal thickening visible. Conidia
hyaline, smooth-walled, aseptate, slightly curved, bases
truncate, apices acute, (25-)26-27(-27.5) x 2.5-3.5 um,
mean = SD = 26.5 £ 0.7 x 3.1 £ 0.4 um, L/W ratio = 8.6.

Cultural characteristics. Colonies on SNA flat
with entire margins, medium hyaline to pale cinna-
mon partly covered by whitish aerial mycelium, filter
paper partly covered by olivaceous grey aerial myce-
lium, medium and Anthriscus stems partly with tiny
dark grey spots, colony reverse sides same colours;
20-25 mm in 7 d (31-37 mm in 10 d). Colonies on OA
flat with entire margins, olivaceous grey to iron grey,
buff with iron grey spots towards the margins, colony
reverse sides olivaceous grey, buff towards the margins;
18-26 mm in 7 d (30-35 mm in 10 d). Conidia in mass
whitish to pale grey.
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Material examined: Germany, Saxony, Markers-
dorf, forest, leaf spot of Fragaria vesca, 22 Sep. 2019, U.
Damm, culture GLMC 2616 = DSM 115225.

Notes: Although the molecular data were identi-
cal, the conidia of the isolate from F. vesca formed on
both media were slightly narrower, and appressoria were
shorter (mean + SD = 13.7 £ 8.8 x 7.0 + 1.6 um vs. 17.3
6.1 x 7.0 £ 1.3 um) than those in the original description
of C. anthrisci (Damm et al., 2009).

Colletotrichum fioriniae (Marcelino & Gouli) Penny-
cook, Mycotaxon 132(1): 150 (2017). (Figure 4)

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 1.5-4 pm diam., hyaline, smooth-
walled, septate, branched. Conidiomata acervular, con-
idiophores formed on pale brown, angular cells. Setae not

Christiane Rose, Ulrike Damm

observed. Conidiophores hyaline, smooth-walled, septate.
Conidiogenous cells hyaline, smooth-walled, cylindrical,
11-14 x 3 um, openings 1-1.5 um diam., collarettes up to
1 um long. Conidia hyaline, aseptate, smooth-walled, fusi-
form, both ends acute, (12-)13.5-16.5(-17.5) x 4-5.5 pm,
mean + SD = 15.0 + 1.5 X 4.6 £ 0.5 pm, L/W ratio = 3.3.
Appressoria single, pale brown, mostly clavate, with entire
edges, (5.5-)7-11(-14.5) x (4.5-)5-6.5(-8) um, mean =+
SD =89 + 2.1 x 5.8 £ 0.7 um, L/W ratio = 1.5. Asexual
morph on Anthriscus stems. Conidiomata acervular, con-
idiophores formed on pale brown, angular cells. Setae not
observed. Conidiophores hyaline, smooth-walled, septate.
Conidiogenous cells hyaline, smooth-walled, cylindrical,
12-14 x 2.5-3 pm, openings up to 1.5 pm diam., collar-
ettes distinct, up to 1 pm long, periclinal thickenings vis-
ible. Conidia hyaline, aseptate, smooth-walled, fusiform,

Figure 4. Colletotrichum fioriniae (strain GLMC 2660). A-B. Cultures on OA after 10 d. A. upper and B. reverse side. C. Symptom on fruit
of E x ananassa ‘Asia’ 7 dpi. D. Conidioma on SNA. E. Conidioma on Anthriscus stem. F-K. Appressoria. L. Conidia. M-O. Conidiophores.
F-O. from SNA. D-E. DM. F-O. DIC. Scale bars: B, C = 1 cm, D-E = 100 pm, N = 10 pum. Scale bar of B applies to A-B. Scale bar of N
applies to F-O.
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both ends acute, (12.5-)14.5-16.5(-17.5) x 4-5.5 pm, mean
+SD =154 +1.0x 4.8 +0.4 pm, L/W ratio = 3.2.

Cultural characteristics. Colonies on SNA flat with
entire margins, medium hyaline, pale cinnamon to
pale peach, partly covered by whitish aerial mycelium,
Anthriscus stems partly covered by saffron spore masses,
colony reverse sides same colours; 21-26 mm in 7 d (30-
38 mm in 10 d). Colonies on OA flat with undulate mar-
gins, surface coral to luteous, almost entirely covered by
telty, flesh to rosy vinaceous aerial mycelium and saffron
spore masses, colony reverse sides red, coral, brick to
apricot; 9-18 mm in 7 d (14-30 mm in 10 d). Conidia in
mass saffron.

Material examined: Germany, Saxony (Ore Moun-
tains), from fruit anthracnose of Fragaria x ananassa, 18
Aug. 2021, C. Rose, culture GLMC 2660 = DSM 115228.

Notes: The morphology generally agreed with that of
the ex-type strain on the same media. The isolate from
strawberry studied here had very distinctly fusiform
conidia, while other strains had fusiform to cylindrical
conidia each with one round and one slightly acute end
(Damm et al., 2012a).

Colletotrichum godetiae Neerg., Friesia 4(1-2): 72
(1950). (Figure 5)

Sexual morph not observed. Asexual morph on
SNA. Vegetative hyphae 2-4 pm diam., hyaline, smooth-
walled, septate, branched. Setae not observed. Conidi-
ophores hyaline, smooth-walled, septate. Conidiogenous
cells hyaline, smooth-walled, cylindrical, 11-18 x 3.5
pm, opening 1 um diam., collarette up to 1.5 um long,
periclinal thickenings visible. Conidia hyaline, asep-

Figure 5. Colletotrichum godetiae (strain GLMC 2590). A-B. Cultures on OA after 10 d. A. upper and B. reverse side. C. Symptom on fruit
of FE x ananassa ‘Asia’ 7 dpi. D. Conidiomata on SNA. E. Conidiomata on Anthriscus stem. F-K. Appressoria. L. Conidia. M—P. Conidi-
ophores. F-P. from SNA. D-E. DM. F-P. DIC. Scale bars: B, C = 1 cm, D = 100 pm, E = 200 um, P = 10 um. Scale bar of B applies to A-B.
Scale bar of P applies to F-P.
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tate, smooth-walled, cylindrical, each one end round,
the other end acute to round, (14.5-)15-16.5(-17.5) x
(4-)4.5-5(-5.5) um, mean + SD = 15.9 £ 0.8 x 4.7 + 0.3
um, L/W ratio = 3.4. Appressoria medium brown, ellip-
soidal to clavate, with entire to undulate edges, appres-
soria of strain GLMC 2590 measured (6-)7.5-13(-17.5) X
(4-)4.5-6(-6.5) um, mean + SD = 10.3 + 2.9 X 5.5 £ 0.7
pum, L/W ratio = 1.9, appressoria of GLMC 2589 broader,
measuring (5-)7.5-13(-18) x (3.5-)5-7.5(-8.5) um, mean
+SD =10.0 + 2.6 x 6.2 + 1.2 um, L/W ratio = 1.6. Asex-
ual morph on Anthriscus stems. Conidiomata acervular,
conidiophores on pale brown angular cells. Setae not
observed. Conidiophores hyaline, smooth-walled, septate.
Conidiogenous cells hyaline, smooth-walled, cylindrical,
9.5-21 x 3 pm, openings 1.5 um diam., collarettes up to
2 um long, periclinal thickenings visible. Conidia hya-
line, aseptate, smooth-walled, cylindrical, each one end
round, the other end acute to round, conidia of GLMC
2590 measured (15-)15.5-17(-17.5) x 4.5-5 um, mean +
SD =16.0 £ 0.8 x 4.7 £ 0.3 pm, L/W ratio = 3.4, conidia
of GLMC 2589 shorter, measuring (12.5-)13.5-15.5(-17)
X (4-)4.5-5 pm, mean £ SD = 14.7 £ 1.1 x 4.6 £ 0.2 um,
L/W ratio = 3.2.

Cultural characteristics. Colonies on SNA flat with
entire margins, medium hyaline to pale cinnamon,
partly covered by whitish to pale grey aerial mycelium,
Anthriscus stems partly covered by saffron spore mass-
es, filter papers partly pale olivaceous grey to olivaceous
grey, colony reverse sides same colours; GLMC 2590:
18-24 mm in 7 d (29-35 mm in 10 d). Colonies on OA
flat with entire margins, covered by woolly to felty, grey-
ish sepia, pale smoke grey to white aerial mycelium,
colony reverse sides pale purplish grey vinaceous grey to
fuscous black; GLMC 2590: 6-19 mm in 7 d (15-28 mm
in 10 d), GLMC 2589 faster growing: 16-22 mm in 7 d
(25-32 mm in 10 d). Conidia in mass saffron.

Material examined: Germany, Mecklenburg-West-
ern Pomerania, Rostock, vegetable farm, from a fruit of
Fragaria x ananassa, 17 June 1999, P. Steinbach, culture
GLMC 2590 = BBA 71234 = DSM 115223; Baden-Wiirt-
temberg, from a necrotic runner of Fragaria x anana-
ssa, unknown collection date (accessed by BBA 31 Oct.
1996), culture GLMC 2589 = BBA 70063 = DSM 115222.

Notes: Sequence data and morphology of C. godeti-
ae are very variable, including the shape and size of the
conidia that are studied and discussed in Damm et al.
(2012a). While the ex-type strain and a strain from Fra-
garia in the Netherlands (CBS 125972) formed compara-
tively fusiform conidia, conidia of other strains, includ-
ing those from Fragaria in Germany studied here, were
rather cylindrical, and those of further strains were even
clavate (Damm et al., 2012a; this study, Figure 5L).

Christiane Rose, Ulrike Damm

Colletotrichum lineola Corda, Deutschlands Flora, Abt.
II1. Die Pilze Deutschlands 3 (12): 41 (1831). (Figure 6)

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 3.5-5 pm diam., hyaline, smooth-
walled, septate, branched. Conidiomata acervular, con-
idiogenous cells and setae formed on bases of brown
angular cells. Setae dark brown, 64-72.5 pm long, bases
cylindrical to slightly inflated, 2.5-5 pm diam. Con-
idiophores pale brown, smooth-walled, septate. Conid-
iogenous cells pale brown, smooth-walled, cylindrical,
12-16.5 x 3.5 pm, openings 1-1.5 um diam., collarettes
visible. Conidia hyaline, aseptate, smooth-walled, slight-
ly curved, bases truncate, apices acute, (21.5-)22.5-
25.5(-26.5) x 2.5-3.5 pm, mean + SD = 24.1 + 1.4 x 3.1
+ 0.4 um, L/W ratio = 7.7. Appressoria single, medium
brown, obovoidal to clavate, sometimes crenate or lobed,
(5-)6.5-16.5(-23) x 4.5-11(-16) pm, mean = SD = 11.6 +
4.9 x 7.9 £ 3.2 um, L/W ratio = 1.5. Asexual morph on
Anthriscus stems. Conidiomata acervular, conidiophores
formed on brown angular cells. Setae dark brown,
64.5-68.5 um long, base 2-4.5 um diam. Conidiophores
pale brown, smooth-walled, septate. Conidiogenous cells
pale brown, smooth-walled, cylindrical, 13.5-16.5 x 3.5
pum, openings 1.5 pum diam. Conidia hyaline, aseptate,
smooth-walled, slightly curved, bases truncate, apices
acute, (22-)23-26(-26.5) x (2.5-)3-3.5 pm, mean * SD =
244+ 14 x 3.1 £0.3 pm, L/W ratio = 7.8.

Cultural characteristics. Colonies on SNA flat with
entire margins, medium hyaline, pale cinnamon to
pale ochreous, medium, filter papers and Anthriscus
stems partly covered by tiny olivaceous black spots,
aerial mycelium lacking, colony reverse sides same col-
ours; 29-36 mm in 7 d (38->40 mm in 10 d). Colonies
on OA flat with entire margins, medium buff to honey,
with tiny olivaceous grey to olivaceous black spots,
aerial mycelium lacking, colony reverse sides honey to
vinaceous buff; 21-26 mm in 7 d (36->40 mm in 10 d).
Conidia in mass whitish.

Material examined: Germany, Brandenburg, from
fruit anthracnose of Fragaria x ananassa, 19 Jun. 2001,
unknown collector, culture GLMC 2587 = BBA 71830 =
DSM 115221.

Notes: The morphology of isolate GLMC 2587 agreed
with the description in Damm et al. (2009) that based
on material from Apiaceae hosts, except for the slightly
longer conidia of the isolate from strawberry formed on
Anthriscus stems.

Colletotrichum nymphaeae (Pass.) Aa, Netherlands ].
Plant Pathol. 84: 110 (1978). (Figure 7)

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 2-3.5 pm diam., hyaline, smooth-
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Figure 6. Colletotrichum lineola (strain GLMC 2587). A-B. Cultures on OA after 10 d. A. upper and B. reverse side. C. Symptom on fruit of
E x ananassa ‘Asia’ 10 dpi. D. Conidiomata on SNA. E. Conidiomata on Anthriscus stem. F-K. Appressoria. L. Conidia. M. Tip of a seta. N.
Bases of setae. O. Conidiophores. F-O. from SNA. D-E. DM. F-O. DIC. Scale bars: B, C = 1 cm, D, E = 200 um, N = 10 pum. Scale bar of B
applies to A-B. Scale bar of N applies to F-O.

walled, septate, branched. Setae not observed. Conidi-
ophores hyaline, smooth-walled, septate. Conidiogenous
cells hyaline, smooth-walled, cylindrical, 14-15.5 x 2-3
um, openings 1.5-2 um diam., collarettes up to 2 um
long, periclinal thickenings distinct. Conidia hyaline,
aseptate, smooth-walled, cylindrical to fusiform, ends
acute to round, conidia of GLMC 2445 measured (8.5-)
12-16(-17) x (2-)2.5-3.5(-4.5) um, mean + SD = 13.8 +
1.9 x 3.1 £ 0.5 pm, L/W ratio = 4.5, conidia of GLMC
2653 shorter and wider, measuring (4.5-)9-15.5(-18) x
(3-)3.5-4.5(-5) um, mean + SD = 12.4 + 3.3 x 3.9 £ 0.5
pm, L/W ratio = 3.2, conidia of GLMC 2656 longer, meas-
uring (8.5-)12-17(-22.5) x (2.5-)3.5-4(-4.5) um, mean +
SD =14.7 £ 2.5 x 3.7 £ 0.3 um, L/W ratio = 4.2. Appres-
soria single, medium to pale brown, mostly clavate, with
entire edges, appressoria of GLMC 2445 measured (6.5-)

7-13(-20.5) x (5.5-)6-7.5(-9) pm, mean = SD = 10.0 + 3.2
x 6.8 £ 0.6 um, L/W ratio = 1.5, appressoria of GLMC
2556 narrower, measuring (5-)6.5-13(-21) x (3.5-)5-7(-9)
pum, mean = SD = 10.0 + 3.3 x 6.0 £ 1.1 um, L/W ratio
= 1.7. Asexual morph on Anthriscus stems. Conidiomata
acervular, conidiophores formed on brown angular cells.
Setae not observed. Conidiophores hyaline, smooth-
walled, septate. Conidiogenous cells hyaline, smooth-
walled, cylindrical, 14.5-18 x 2 um, openings 1.5-2 um
diam., collarettes distinct, up to 2 um long, periclinal
thickenings visible. Conidia hyaline, aseptate, smooth-
walled, fusiform to cylindrical, ends acute to round.
(13.5-)14.5-17(-18.5) x 4-4.5 um, mean + SD = 157 + 1.3
x 4.3 + 0.2 um, L/W ratio = 3.6, conidia of GLMC 2653
shorter, measuring (9.5-)12-14.5(-16) x (3-)4-4.5 um,
mean = SD = 13.3 £ 1.3 x 4.3 £ 0.4 pm, L/W ratio = 3.1.
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Christiane Rose, Ulrike Damm

Figure 7. Colletotrichum nymphaeae (strain GLMC 2445). A-B. Cultures on OA after 10 d. A. upper and B. reverse side. C. Symptom on
fruit of E x ananassa ‘Asia’ 7 dpi. D. Conidioma on SNA. E. Conidioma on Anthriscus stem. F-K. Appressoria. L. Conidia. M-P. Conidi-
ophores. F-P. from SNA. D-E. DM. F-P. DIC. Scale bars: B, C = 1 cm, D = 200 um, E = 100 pm, P = 10 um. Scale bar of B applies to A-B.
Scale bar of P applies to F-P.

Cultural characteristics. Colonies on SNA flat with
entire margins, medium hyaline to pale cinnamon,
partly covered by whitish aerial mycelium and by saf-
fron to orange spore masses, filter paper partly pale
olivaceous grey, colony reverse sides hyaline to pale
cinnamon, saffron to orange spore masses shining
through, filter paper partly pale olivaceous grey to oli-
vaceous black; 19-30 mm in 7 d (31-36 mm in 10 d).
Colonies on OA flat with entire margins, entirely cov-
ered with woolly to felty, greyish sepia, pale mouse
grey, rosy buff to white aerial mycelium, orange spore
masses mainly in the centres, colony reverse sides oli-
vaceous grey, saffron to pale luteous; GLMC 2445
16-25 mm in 7 d (29-39 mm in 10 d), GLMC 2656
slower growing: 16-22 mm in 7 d (25-32 mm in 10d).
Conidia in mass saffron to orange.

Material examined: Germany, Saxony, Dresden,
from fruit anthracnose of F. X ananassa ‘Asia’, 1 Jul.
2019, C. Rose, culture GLMC 2445 = DSM 115220;
North Rhine Westphalia, near Miinster, from brown
spots on petiole of F. x ananassa ‘Asia’, 10 Sep. 2021,
C. Rose, culture GLMC 2656; North Rhine Westphalia,
near Miinster, from brown spots on leaf of F. x anana-
ssa ‘Asia’, 10 Sep. 2021, C. Rose, culture GLMC 2658;
Brandenburg, Spreewald (bought on a market in Dres-
den), from fruit anthracnose of F. x ananassa, 16 Sep.
2021, C. Rose, culture GLMC 2653 = DSM 115226.

Notes: The ex-type strain of C. nymphaeae formed
clavate conidia, while other strains studied by Damm
et al. (2012a) including strains from Fragaria as well as
the strains from Fragaria in Germany studied here form
fusiform to cylindrical conidia.
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Pathogenicity

Seven dpi, all tested isolates of the five Colletotrichum
species caused symptoms on strawberry fruit F. x anana-
ssa ‘Asia’. However, for almost all isolates and species in
both experiments, some fruit did not develop symptoms
or showed symptoms that were very slight 7 dpi.

Colletotrichum anthrisci and C. lineola caused no or
small lesions 7 dpi (GLMC 2616: 0.0-0.25 cm?, GLMC
2587: 0.0-0.5 cm?). Even 10 dpi the symptoms were
small: after inoculations with C. anthrisci, circular, dry,
sunken, black necroses developed that contained tiny
dark grey spots, covered by whitish aerial mycelium
and rosy vinaceous conidial masses (Figure 3C, 10 dpi).
After inoculations with C. lineola, circular, dry, brown,
sunken necroses developed, which were covered by
sparse whitish aerial mycelium; rosy vinaceous conidial
masses developed (Figure 6C, 10 dpi). The two strains of
C. godetiae developed noticeable fruit symptoms 7 dpi.
Variability of lesion sizes from the two strains was simi-
lar (GLMC 2589: 0.2-1.2 cm?, GLMC 2590: 0.5-1.0 cm?).
Necroses formed that were nearly circular, brown, sunk-
en and entirely covered by uniform woolly to felty, white
to pale smoke grey aerial mycelium, without conidium
formation (Figure 5C, 7 dpi).

Variability of strawberry lesion sizes was high after
inoculations with the two isolates of C. fioriniae, and the
nine isolates of C. nymphaeae. Both species caused large
necrotic areas with abundant sporulation. The isolates
of C. fioriniae formed circular, dry, dark brown, sunken
necrotic areas, almost entirely covered by felty whitish to
grey mycelium and saffron to brick conidial masses that
were aggregated to large drops. There were also drops
of discharged dark liquid in the lesions (Figure 4C, 7
dpi). The lesion sizes 7 dpi were 0.1-2.4 cm? with isolate
GLMC 2660 and 0.0-0.6 cm? with isolate GLMC 2661.
Colletotrichum nymphaeae formed brown, dry, sunk-
en necrotic areas on inoculated strawberries that were
entirely covered by woolly to felty, white to pale mouse
grey aerial mycelium in concentric rings and small
orange conidial masses, as well as drops of discharged
liquid (Figure 7C, 7 dpi). The lesion sizes 7 dpi with dif-
ferent isolates were: GLMC 2445: 0.5-1.5 cm?, GLMC
2552: 0.12-0.95 cm?, GLMC 2588: 0.02-2.5 cm?, GLMC
2595: 0.0-0.1 cm?, GLMC 2600: 0.05-1.75 cm?, GLMC
2610: 1.5-2.75 cm?, GLMC 2653: 0.0-0.95 cm?, GLMC
2656: 0.0-0.5 cm? and GLMC 2658: 0.0-0.25 cm?.

Due to infection by other fungi or collapsing of
individual strawberries, some were excluded from both
experiments, and resulted in failures, especially after
inoculations with C. nymphaeae isolates GLMC 2445,
GLMC 2588, GLMC 2600, GLMC 2610, GLMC 2658, C.

lineola isolate GLMC 2587 and C. fioriniae isolate 2661.
However, all inoculated fruit in the experiments showed
symptoms 10 dpi.

The species that were inoculated were respectively
re-isolated from all symptoms developing on inoculat-
ed strawberries. No symptoms developed after control
treatments with sterile, distilled water.

DISCUSSION

This study has demonstrated that Colletotrichum is
widespread on strawberries in Germany, although nei-
ther the BBA collection nor recent sampling described
here covered all regions of this country. The Colletotri-
chum collection of the BBA shows occurrence of Colle-
totrichum on strawberries around the year 2000 in up to
seven federal states of Germany, including Brandenburg,
Lower Saxony, Saxony, Mecklenburg-Western Pomera-
nia, Baden-Wiirttemberg, Hesse and (probably) Rhine-
land-Palatinate. The new collections (2019-2021) con-
firm this genus in Brandenburg, Lower Saxony, Saxony,
Mecklenburg-Western Pomerania, and also include col-
lections from North Rhine-Westphalia.

Most of the samples in these collections were of C.
nymphaeae, which is the most common Colletotrichum
species on strawberry in Germany. This species belongs
to the C. acutatum species complex, occurs on several
hosts and is common on strawberry in Europe, Iran and
North America (Damm et al., 2012a; Baroncelli et al.,
2015; Karimi et al., 2017; Grammen et al., 2019; Wang et
al., 2019; Tsvetkova and Kuznetsova, 2022). Based on the
present study, C. nymphaeae is present in all federal states
of Germany for which data are available and occurs on
F. x ananassa and F. vesca var. semperﬂorens, a cultivat-
ed variety of wild strawberry. Colletotrichum nymphaeae
was mostly isolated from fruit of F. x ananassa in the
field and from the market. Fruit bought from the marked
in Gorlitz originated from Poland, confirming a recent
report of C. nymphaeae on strawberries in that country
(Tsvetkova and Kuznetsova, 2022). This species was also
isolated from symptoms on different green plant parts of
F. x ananassa, both from established plants in the field
and from purchased young plants from German propaga-
tion culture.

In a survey of the C. acutatum species complex on
strawberry in the USA, C. nymphaeae dominated (97.7%
of the isolates), and almost all isolates were of one clon-
al lineage regardless of the isolation source (Wang et
al., 2019). One representative of these strains (isolate
16-320) was included in the phylogeny of the present
study, and this isolate grouped with most of the isolates
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from strawberry and with the majority of those exam-
ined by Damm et al. (2012a) and Baroncelli et al. (2015).
Thus, this one clonal lineage is almost entirely restricted
to strawberry, is distributed throughout Europe, also
occurs in Israel and some African countries, and is dem-
onstrated here to occur in Germany and Poland and to
be the dominating lineage in Germany, both in histori-
cal and recent collections (Damm et al., 2012a; the pre-
sent study). Wang et al. (2019) suggested that this clonal
lineage had been distributed throughout the USA and
Canada via quiescently infected strawberry transplants,
which could also explain its widespread occurrence in
European countries. In contrast, the dominating spe-
cies on strawberry in China, Korea, Japan and Taiwan
belong to the C. gloeosporioides complex. The species
detected in Korea, Japan and Taiwan were completely
different from those found in Europe, while in China C.
nymphaeae is also present, but to a lesser extent (Nam et
al., 2013; Han et al., 2016; Jayawardena et al., 2016; Gan
et al., 2017; Chung et al., 2020).

The other two haplotypes of C. nymphaeae from
strawberry in Germany detected in the present study
were also identical to haplotypes from the USA, as
described by Wang et al. (2019). This indicates three
possibly independent introductions of this pathogen to
German strawberries. One of these two haplotypes rep-
resented a clone that is closely related to the most com-
mon haplotype, which also includes some strains from
strawberry from other European countries. The German
isolates were part of the old collection. In contrast, the
other haplotype has several nucleotide differences to the
other haplotypes occurring on strawberry and included
only three isolates, one from strawberry in the USA and
two from a recent collection on strawberry in Branden-
burg, Germany. This could represent a new lineage of
C. nymphaeae which has restricted distribution and
unknown impacts. Despite its dominating incidence on
strawberries, there are few records of C. nymphaeae in
Germany prior to the present study, including a collec-
tion from Freyburg, Saxony-Anhalt by H. Jage and one
from a dried-up pond close to Flemsdorf, Brandenburg
by J. Kruse (Dammrich et al., 2023). Both collections
are from Nymphaea, and both specimens are kept in
the fungarium of the Senckenberg Museum of Natural
History Gorlitz (GLM-F127296, GLM-F129560). How-
ever, these identifications were not confirmed by DNA
sequence data.

Colletotrichum godetiae also belongs to the C. acu-
tatum species complex and occurs on several hosts
including many woody plants as well as strawberry
(Damm et al., 2012a). Although this fungus is prob-
ably common on strawberry in Europe (Damm et al.,
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2012a; Baroncelli et al., 2015; Tsvetkova and Kuznetso-
va, 2022), it was found only twice on strawberries from
Germany in the present study and was not detected in
the new collections. Despite proven infectivity of C.
godetiae on F. x ananassa ‘Asia’ under laboratory con-
ditions, there has been no invasive spread in German
strawberry stocks within the last 20 years. In contrast to
C. nymphaeae and C. fioriniae, C. godetiae is not known
from strawberry in the USA and Canada (Baroncelli et
al., 2015; Wang et al., 2019). The only North American
strain of this species included in Damm et al. (2012a)
was from a different host, and the haplotype represent-
ed by the strains from strawberry in the present study
occurs both on strawberry and on other hosts. This
suggests spread of this species on strawberries within
Europe, rather than an introduction from the USA or
occasional transmissions to strawberries by other hosts.
This species was previously found in Germany, on leaf
spots of Mahonia aquifolium and in necrotic wood
of sour cherry (Prunus cerasus) (Damm et al., 2012a;
Bien and Damm, 2020). However, the present report is
the first from strawberry in Germany. A clade that was
previously regarded as a subclade of C. godetiae and
comprised exclusively strains from South America was
recently described as new species, C. americanum (Zapa-
ta et al., 2024).

Colletotrichum fioriniae is another species belong-
ing to the C. acutatum species complex. This pathogen
occurs on several hosts, mainly crops, and is common
on fruit of apple and strawberry as well as Vaccinium
species in Europe, the USA and New Zealand and on
Persea in Australia. In Germany, C. fioriniae has previ-
ously only been reported from an indoor collection of
Grevillea sp. (Proteaceae) (Damm et al., 2012a), an exotic
genus from Australia. However, the present report is the
first of C. fioriniae from strawberry in Germany, and is
also the first report from an outdoor cultivated crop in
Germany. In contrast to C. nymphaeae, the haplotype of
C. fioriniae detected in the present study, is not special-
ised to strawberry. There are several haplotypes of this
species that occur both on strawberry and other hosts
(Damm et al., 2012a; this study). This suggests a differ-
ent transmission route of this pathogen to strawberries,
possibly by host-jumps rather than in planting material
of the same host. The high variability between isolates of
C. fioriniae from the same hosts could also be related to
recombination, as the formation of sexual morphs and
of hybrids with C. acutatum (sensu stricto) are known
(Marcelino et al., 2008; Damm et al., 2012a). In the USA,
C. fioriniae was determined to be of low incidence on
strawberries (five of 217 Colletotrichum isolates; Wang et
al., 2019). In the present study, C. fioriniae was isolated
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only twice from recently collected material from one
strawberry field. However, since this fungus was able to
infect F. x ananassa ‘Asia’ under laboratory conditions
with development of large necrotic areas and abundant
sporulation, there is a potential risk of the pathogen
spreading to other strawberry stocks.

As the two subclades of C. fioriniae reported in the
phylogeny of Damm et al. (2012a) were not supported
and had similar hosts and distributions, they were treated
as one species. The phylogeny of Chen et al. (2022) that
included new strains from Malus domestica in China sup-
ported the two subclades, and the second subclade was
described as C. orientale [actually as “orientalis”], but
invalidly (Art. 40.8 Shenzhen), while Zhang et al. (2023a)
described two further related strains from China as C.
radermacherae. Since new strains from ornamental plants
in China were intermediate between all three species,
Zhang et al. (2023b) reduced both new species to syn-
onymy with C. fioriniae. In the phylogeny of the present
study that included one “C. radermacherae” strain (GZCC
21-0814) but not the intermediate strains of Zhang et al.
(2023b), the two subclades were supported by one analy-
sis (ML) that was not applied in Damm et al. (2012a). The
strains from strawberry in Germany belong to the sub-
clade containing the ex-type strain of C. fioriniae.

Colletotrichum lineola belongs to the C. dematium
species complex and had been isolated from dead plant
parts and diseases of several plants, mainly in Central
Europe and North America. These hosts included Fra-
garia (petiole) in Canada (Damm et al., 2009). Tsvet-
kova and Kuznetsova (2022) also isolated C. lineola from
strawberries in Russia. In the present study, this fungus
was found on strawberry fruit in Germany for the first
time. In the pathogenicity tests, this species also caused
very small symptoms on fruit, and it was not detected in
the new collections. Therefore, C. lineola can be regard-
ed as of minor importance for strawberry cultivation.

Another species of the C. dematium complex, C.
anthrisci, was described from dead stems of A. sylvestris
in the Netherlands (Damm et al., 2009) and was recently
classified as highly endangered (Talhinhas and Baroncel-
li, 2021). In contrast, this fungus was found to be ubiqui-
tous in a forest in Japan, where it was isolated from seed-
lings of several trees, including Prunus grayana, Fraxinus
lanuginosa, Cornus controversa and Magnolia obovata
that had been killed by damping-off (Konno et al., 2011).
Colletotrichum anthrisci was also recorded on avocado
fruit with anthracnose symptoms in Chile and was con-
firmed to cause this disease (Bustamente et al., 2022).
In the present study, C. anthrisci was isolated from leaf
spots of F. vesca in a forest in Germany and was shown
to cause fruit anthracnose of cultivated strawberry.

Thus, this species is neither host-specific nor rare, and is
known from three continents where it is at least locally
very common. This is the first report of C. anthrisci
both from Germany and from Fragaria worldwide and
the first evidence of this species causing anthracnose on
cultivated strawberry fruit under laboratory conditions.
However, the symptoms caused on F. x ananassa ‘Asia’
were mild and C. anthrisci has to date not been collected
from cultivated strawberry in the field.

Prior to the present study, most of the Colletotri-
chum strains from strawberry in Europe had been iden-
tified as C. acutatum. This also applies to the isolates
from the BBA collection examined, one of which was the
basis of the report by Nirenberg et al. (2002). In the pre-
sent study, isolates previously identified as C. acutatum
were re-identified as C. nymphaeae, except for the iso-
late originating from the Netherlands that was shown
to be C. godetiae. None of the isolates were C. acutatum
(sensu stricto). Colletotrichum acutatum (sensu stricto)
has been found predominantly in the southern hemi-
sphere (Damm et al., 2012a) and is known to be associ-
ated with fruit rot of strawberry, but only in Australia
(Sreenivasaprasad and Talhinhas, 2005; Damm et al.,
2012a). To date, there is no confirmed occurrence of C.
acutatum (sensu stricto) on strawberries elsewhere in
the world. Nearly all reports from strawberry prior to
the treatment of the C. acutatum complex by Damm et
al. (2012a) and some later reports, refer to other species
within this complex, which was confirmed here for the
pathogens causing strawberry anthracnose in Germany.

Other previously unreported Colletotrichum strains
from the BBA collection had been identified as C. trun-
catum, C. fragariae and C. gloeosporioides, based on the
original strain list. In the present study, C. truncatum
was re-identified as C. lineola, and C. fragariae and C.
gloeosporioides were re-identified as C. godetiae. Colle-
totrichum truncatum has not been reported from Ger-
many (Farr and Rossman, 2024). This fungus forms
curved conidia, but with different shape than C. lineola
and belongs to the C. truncatum species complex, while
C. lineola belongs to the C. dematium complex (Damm
et al., 2009). In contrast, C. fragariae and C. gloeospori-
oides form cylindrical conidia and belong to the C. gloe-
osporioides complex. However, no species of the C. gloe-
osporioides complex were found among the isolates from
Germany that were examined here. However, the conidia
of the C. godetiae isolates from strawberry studied here
were more cylindrical than fusiform (Figure 5L). The
cylindrical conidium shape of isolates of C. godetiae, like
those from strawberries studied here, as well as of some
other species of the C. acutatum species complex, is
reminiscent of species of the C. gloeosporioides complex
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(Damm et al., 2012a; Weir et al., 2012). This can cause
confusion because identifications of isolates by morphol-
ogy only are not reliable, even to species complex level.
This also applies to species with curved conidia, as for
the C. lineola isolate examined in this study. In con-
trast, C. theobromicola (syn. C. fragariae) has only been
reported from strawberries from a few countries, of
which only isolates from the USA have been confirmed
by sequence data, while sequences of C. fragariae report-
ed from the United Kingdom and Japan suggest also C.
godetiae and a different species in the C. gloeosporioides
complex, respectively (Nirenberg et al., 2002; Moriwaki
et al., 2003; Weir et al., 2012; Farr and Rossman, 2024).
The only reliable reports of C. gloeosporioides (sensu
stricto) from strawberries are from China (e.g. Han et
al., 2016). As the present study was the first molecular
identification of Colletotrichum strains from strawber-
ries in Germany after the revisions of the respective
Colletotrichum species complexes based on multi-locus
sequence data (Damm et al., 2009, 2012a; Weir et al.,
2012), all species detected in this study are new reports
on strawberries in Germany.

While symptoms caused by C. eriobotryae and
C. nymphaeae on loquat fruit were indistinguishable
(Damm et al., 2020), those caused by the species tested
on strawberry fruit in the present study were very differ-
ent from each other. This could be attributed to the high
genetic distance of the species studied here that belong
to different species complexes or at least different main
clades within the C. acutatum complex. The two species
from loquat both belonged to clade 2 of the C. acutatum
complex. Although the symptoms caused by the five dif-
ferent species were typical for the individual species, it
is unlikely that species can be identified based on host
symptoms alone.

Colletotrichum nymphaeae and C. fioriniae were
more aggressive than C. godetiae in strawberry fruit
assays reported by Baroncelli et al. (2015). This can be
tentatively confirmed by the present study, although our
data could not be statistically analysed due to large vari-
ations and nil results. In pathogenicity tests, MacKenzie
et al. (2009) showed that Colletotrichum isolates from
strawberry and blueberry from Florida (USA) that were
later identified as C. nymphaeae and C. fioriniae, respec-
tively, based on ITS and gapdh sequences (Damm et al.,
2012a), caused anthracnose on strawberry fruits; the
lesions caused by C. nymphaeae isolates were larger than
those caused by C. fioriniae isolates. This cannot be con-
firmed by the present study, because lesion sizes caused
by one of the C. fioriniae isolates belonged to the largest
in the tests. Because of variability in lesion sizes caused
by these two species, no conclusions can be drawn about
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relative virulence of these species. Based on the number
of isolates and virulence, C. nymphaeae is likely to be
the most important strawberry anthracnose pathogen in
Europe, representing the highest economic risk for com-
mercial strawberry production. This was previously con-
firmed for the United Kingdom and Russia and in the
present study also for Germany.

The present study has identified the pathogens caus-
ing anthracnose of cultivated strawberry in Germany,
which provides the basis for application and development
of targeted control measures for management of these
pathogens in commercial strawberry cultivation. This
will require assessments of fungicide effectiveness and
pathogen resistance. Targeted strawberry breeding should
be aimed at resistance to specific Colletotrichum patho-
gens defined at species and/or haplotype level. Moni-
toring of pathogens in the field and testing of acquired,
especially imported planting material using molecular
methods would help to detect possible new pathogen
species and haplotypes, as the pathogen spectrum could
change due to changes in prevailing climates.
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Summary. Grapevine Pinot gris virus (GPGV) is a recently identified trichovirus
infecting grapevines. Despite wide distribution, there is limited available information
on epidemiology, transmission, and associated symptoms of grapevine leaf mottling
and deformation. Occurrence and genetic diversity of GPGV variants were surveyed
in an organically cultivated Hungarian vineyard that was planted between 1996 and
2014. Sequence analysis demonstrated the widespread presence and high variability of
GPGYV, and according to phylogenetic analyses, the Hungarian virus isolates were clas-
sified into three groups. Most of the identified variants clustered with the representa-
tive asymptomatic isolates, but all isolates from one grapevine cultivar grouped with
representative isolates of clade B. Furthermore, one isolate clustered with representative
isolates of clade C, and the identified clade C variant had previously undescribed poly-
morphisms.

Keywords. RT-PCR, phylogenetic analysis, sequence analysis.

INTRODUCTION

Grapevine Pinot gris virus (GPGV; Betaflexiviridae) is a newly emerg-
ing trichovirus. Since its discovery in Northeastern Italian grapevines in
2012 (Giampetruzzi et al., 2012), GPGV has been identified in many grape-
growing countries in Europe (Glasa et al., 2014; Morelli et al., 2014; Plesko et
al., 2014; Beuve et al., 2015; Casati et al., 2015; Bertazzon et al., 2016, 2021a;
Eichmeier et al., 2016, 2017, 2018; Gazel et al., 2016; Reynard et al., 2016;
Ruiz-Garcia and Olmos, 2017; Czotter et al., 2018; Silva et al., 2018; Abou
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Kubaa et al., 2019; Massart et al., 2020; Shvets and Vino-
gradova, 2022), the Middle East and Asia (Fan et al.,
2016; Rasool et al., 2017; Abou Kubaa et al., 2020; Tokh-
mechi and Koolivand, 2020; Abe and Nabeshima, 2021),
North and South America (Jo et al., 2015; Al Rwahnih et
al., 2016; Poojari et al., 2016; Xiao et al., 2016; Fajardo et
al., 2017; Zamorano et al., 2019; Debat et al., 2020), Afri-
ca (Eichmeier et al., 2020; Bertazzon et al., 2021b), and
Australia (Wu and Habili, 2017).

Several studies have analyzed the incidence and evolu-
tionary history of GPGV (Saldarelli et al., 2015; Bertazzon
et al., 2017; Tarquini et al., 2019a; Hily et al., 2020, 2021a).
Bertazzon et al. (2016) showed via comparative analyses
that grapevine samples from Northeastern Italy collected
in 2002 lacked GPGYV infections, despite high incidence
(79.4%) in samples from 2014. A similar conclusion was
reached by Gentili et al. (2017), where no GPGV infec-
tion was detected in >10-year-old grapevines in southern
and central Italian vineyards. This was also supported by
the observation that local cultivars were less infected with
GPGYV than national and internationally well-known cul-
tivars, implying a recent introduction of the virus from
outside of Italy. A Brazilian survey also determined an
increase in GPGV incidence in recently imported grape-
vine cuttings, compared with older samples or germplasm
collections (Fajardo et al., 2017). PCR assays carried out
on European grapevine samples from 2005 showed that
GPGV was originally concentrated in Eastern Europe
before it was detected in Southern and Western Europe
(Bertazzon et al., 2016). These observations were further
supported by Hily et al. (2020), who conducted phyloge-
netic and diversity analyses of new and already available
high throughput sequencing data of GPGV. That survey
indicated that Asia (and with high probability, China) was
a possible source of origin for GPGV.

The means of natural transmission of GPGV
remains a matter of speculation. No natural transmis-
sion and low prevalence of the virus were document-
ed in the United States of America and Australia (Al
Rwahnih et al., 2016; Wu and Habili, 2017), while oth-
er studies have recorded active vine-to-vine spread of
the virus in vineyards during a 3-year-long monitoring
period (Martelli, 2014; Bertazzon et al., 2017; Hily et al.,
2021b). Furthermore, successful GPGV transmission was
observed by grafting (Saldarelli et al., 2015). Distribu-
tion patterns of GPGV suggest the involvement of the
eriophyid mite Colomerus vitis as a transmission vec-
tor, which was also shown to be the vector of another
trichovirus, Grapevine berry inner necrosis virus (GINV).
While C. vitis is a monophagous mite of grapevine,
GPGYV has been identified in other woody and herba-
ceous hosts, implying the contribution of other vectors
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in GPGV transmission (Gualandri et al., 2017; Demian
et al., 2022). Herbaceous hosts could serve as reservoirs
for GPGYV, facilitating the dissemination of the virus.
More information is required on the molecular and epi-
demiological aspects of the virus-vector interactions to
provide guidance for the development of appropriate
virus management decisions.

GPGV presence in grapevines is often connected
with the appearance of grapevine leaf mottling and
deformation (GLMD) symptoms (Tarquini et al., 2019b,
2021a). GLMD generally includes chlorotic mottling, leaf
deformation, shortened internodes, as well as reduced
yields (up to 50%) and berry quality (Bianchi et al., 2015;
Saldarelli et al., 2015; Bertazzon et al., 2017). GPGV-
infected grapevines show variable GLMD symptoms,
ranging from mild to severe, or they can remain symp-
tomless (Tarquini et al., 2023). This contrast in symptom
expression remains to be explained. In some cases, the
connection between GPGV presence and the severity of
the symptoms was equivocal (Bianchi et al., 2015; Tar-
quini et al., 2018), while several studies have proposed a
connection between molecular characteristics of GPGV
variants and resulting host symptoms (Glasa et al., 2014;
Saldarelli et al., 2015; Bertazzon et al., 2017; Tarquini et
al., 2019a, 2021a). The ability of GPGV to trigger and
suppress antiviral post-transcriptional gene silencing
(PTGS) has also been demonstrated (Tarquini et al.,
2021b), and boron deficiency, agronomic and abiotic fac-
tors may also contribute to GLMD symptom formation
(Bertazzon et al., 2020; Kiss et al., 2021).

The GPGV genome consists of three overlapping open
reading frames (ORFs), encoding the RNA-dependent
RNA polymerase (RdRp) (ORF1), the movement protein
(MP) (ORF2), and the coat protein (CP) (ORF3) (Giam-
petruzzi et al., 2012). Multiple classifications have been
introduced based on phylogenetic analyses of partial
sequence data of the movement protein and coat protein
(MP/CP) regions of GPGV. Saldarelli et al. (2015) showed
that MP/CP sequences partition into two groups, which
was further supported by the asymptomatic and sympto-
matic phenotypes of these isolates. Bertazzon et al. (2017)
classified three clusters, named clades A, B and C. Isolates
derived from asymptomatic plants were classified as clade
A; isolates with low (<1%) symptom incidence were clade
B, and isolates with >1% symptom incidence were in clade
C (Bertazzon et al., 2017). This three-cluster classification
was further supported by full-genome phylogenetic analy-
ses of GPGV, where the isolates were grouped into a-, -
and y-clades (Tarquini et al., 2019a).

Although the symptom presence was not directly
linked with the genetic variability of GPGYV, distinc-
tive molecular differences were identified in the MP/CP
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and RdRp sequences (Tarquini et al., 2019a). Tarquini
et al. (2019a) demonstrated differentiating amino acid
(aa) alterations between the clades, and suggested puta-
tive phosphorylation events which could play significant
roles in symptom development. These single nucleo-
tide polymorphisms (SNPs) were also shown to affect
virus-derived siRNA production (Tarquini et al., 2021a).
Shvets and Vinogradova (2022) also investigated the
putative role of detected SNPs in Russian grapevines.

Knowledge of the genetic variability of different
GPGV strains has the potential to provide information
on the evolutionary history of the virus. Research on
GPGV is mainly focused on Western European coun-
tries with grape cultivation histories, and there is limited
information available on vineyard GPGV spread in East-
ern Europe. The present study aimed to verify the occur-
rence and diversity of GPGV isolates in one vineyard
located in the southern wine region of Hungary.

MATERIALS AND METHODS
Plant material

The vineyard selected for this study is located in
Szajk, in the Pécs wine region of southern Hungary. The
vineyard was planted between 1996 and 2014 (Figure S1)
and is maintained under organic cultivation. In the early
summer of 2021, 20 different cultivars were sampled from
the vineyard. The cultivars included the internationally
well-known ‘Cabernet sauvignon’, ‘Sauvignon blanc’, and
‘Traminer’, traditional Hungarian cultivars such as ‘Juh-
fark’, ‘Harslevel®’, and ‘Olaszrizling’, the recently bred
Hungarian cultivars ‘Pamerzs’, ‘Silver’, and ‘Jazmin’, and
experimental hybrid lines. Five plants were randomly
selected and sampled from each grapevine cultivar, with
a total of 100 samples collected and without distinction
between the presence or absence of symptoms.

RNA extraction

Total RNA was extracted from the 100 samples,
using a simplified version of the extraction method
described by Xu et al. (2004). For each sample, 3 g of
leaf tissue was ground in liquid nitrogen with a mortar
and pestle, and 1 mL of lysis buffer (100 mM Tris-HCl
pH 8.0, 50 mM EDTA, 1.5 M NaCl, 3% CTAB, 2% PVP,
and 4% of B-mercaptoethanol added just before use) was
added to the ground tissues. The mixture was then incu-
bated at 65°C for 30 min, and the sample was vortexed
every 10 min. An equal volume of chloroform:isoamyl
alcohol (24:1 v/v) and 100 pL of 5 M potassium acetate

were added to the sample, and gentle shaking was applied
until homogenization. After a centrifuge step (6810 g for
5 min), the supernatant was transferred to a new micro-
centrifuge tube, and a new extraction step was performed
by adding 800 pL of chloroform:isoamyl alcohol, fol-
lowed by homogenization by inverting and centrifuging
at 6810 g for 5 min. The supernatant was then transferred
to a new microcentrifuge tube, and 750 uL isopropanol
and 80 pL of 3 M sodium acetate were added and the
sample was homogenized by inverting. The sample was
then incubated at room temperature for 20-30 min and
centrifuged (18 000 g for 8 min). The resulting pellet was
washed twice with 70% ethanol, air-dried, and resus-
pended in 25 pL of sterile nuclease-free water. The DNase
treatment was carried out as described by Onate-Sanchez
and Vicente-Carbajosa (2008). Three puL of 10x DNase
buffer and 2 uL of DNase I (Thermo Fisher Scientific)
were added and the mixture was incubated at 37°C for 30
min. Seventy pL of DEPC-treated water, 50 pL of 7.5 M
sodium acetate, and 400 pL of ethanol were then added
to the solution, which was thoroughly mixed, and then
centrifuged at 4°C for 20 min. After a washing step with
70% ethanol and air-drying, the RNA was resuspended
in 20 pL of sterile RNase-free water.

RT-PCR

Reverse transcription (RT) reaction was carried
out using a RevertAid First Strand cDNA synthesis kit
(Thermo Fisher Scientific) according to the manufactur-
er’s instructions. RT-PCR was carried out using primer
pairs for amplification of the MP/CP region of GPGV:
DetF (5-TGGTCTGCAGCCAGGGGACA-3) and DetR
(5-TCACGACCGGCAGGGAAGGA-3’) (Morelli et al.,
2014). RT-PCR was carried out with a One-Step RT-
PCR Kit (Qiagen), with the following conditions: an
initial denaturation step of 94°C for 2 min; followed
by 40 cycles each of 94°C for 30s, 58°C for 40 sec and
72°C for 45 sec, and a final extension of 72°C for 5 min.
A control amplification of the Vitis 18S rRNA gene was
carried out with primers 185-H325 (5-AAACGGCTAC-
CACATCCAAG-3’) and 18S-C997 (5-GCGGAGTC-
CTAAAAGCAACA-3’) (Gambino and Gribaudo, 2006).
The nucleotide sequence of the amplified products was
determined either directly as a PCR product or cloned
into pGEM"-T Easy vector (Promega).

Cloning procedure

Sequence analysis of isolate HU-27 showed mul-
tiple peaks in the chromatogram, indicating the pres-
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ence of distinct isolates in the individual plant sam-
ples. For this reason, cloning of the amplified PCR
products was carried out to clarify the exact nucleo-
tide sequences. The PCR products were cloned into
pGEM"-T Easy vector (Promega) and then transformed
into Esherichia coli C53. After miniprep plasmid isola-
tion, the nucleotide sequences of the amplified prod-
ucts were determined.

Phylogenetic studies and analyses of sequence diversity

For the phylogenetic and molecular analyses, one
GPGV-positive sample was selected from each grapevine
cultivar for nucleotide sequencing of the amplified MP/
CP regions.

To investigate the diversity between the newly iden-
tified Hungarian sequences, an unrooted ML tree was
also constructed, including the previously described
sequences. The GenBank accession numbers of the
these sequences are: KF134123, KF134124, KF134125,
KF686810, KM491305, KT894101, KU194413, KU949328,
KX522755, KY706085, LN606703, LN606705, LN606739,
MHO087439, MHO087440, MHO087441, MHO087442,
MHO087443, MHO087444, MHO087445, MHO087446,
MHO087447, and MH802023. The sequence diversity anal-
ysis was completed by using the Maximum likelihood
method based on the JTT matrix-based model with
MEGAG6 (Tamura et al., 2013). The bootstrap consensus
tree was inferred from 1000 replicates and branches cor-
responding to partitions reproduced in less than 40% of
bootstrap replicates are collapsed. Detection of amino
acid polymorphisms was carried out by multiple align-
ments of the protein sequence of MP/CP region, which
were performed using JalView program (Waterhouse et
al., 2009).
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RESULTS
Virus detection via RT-PCR

Five samples per cultivar were assayed by RT-PCR to
detect GPGV. In almost all cultivars (except ‘Merlot’), all
5 out of 5 samples showed virus infection (100%), while
in the case of ‘Merlot’, only 2 out of 5 samples were
tested positive for GPGV (40%) (Table 1). All in all, the
RT-PCR assays detected 97% GPGYV infection among the
sampled grapevines.

One isolate from each cultivar was selected for
nucleotide sequence determination of the amplified PCR
product. For isolate HU-27, two distinct sequences were
identified, which are indicated as HU-27.1 and HU-27.2
(Figure 1, Table 2). The acquired nucleotide sequence
data were deposited in the NCBI GenBank database
(accession numbers OP56859 to OP56887).

Phylogenetic analyses

The sequence diversity analysis was carried out
based on the nt sequences of the MP/CP region (564 nt),
which includes the carboxyl-terminal region of the MP
and the amino-terminal region of the CP (Figure 1). The
analysis included the nt sequences of the Hungarian iso-
lates identified in this study and 23 sequences available
in the NCBI GenBank database (All acc. numbers are
shown in Figure 1). The phylogenetic analysis demon-
strated the diversity of the collected GPGV isolates and
indicated their distribution between the three distinct
clusters (clades A, B, and C) identified previously (Ber-
tazzon et al., 2017).

The majority of the Hungarian sequences (from 18
of the 20 cultivars) clustered with “asymptomatic” GPGV
isolates, belonging to clade A (according to the classifi-

Table 1. Detection of GPGV by RT-PCR from 100 grapevine samples collected from different grapevine cultivars in 2021.

Sample ID Cultivar GPGV Sample ID Cultivar GPGV
HU-1 - HU-5 Pinot regina 5/5 HU-51 - HU-55 Cabernet sauvignon 5/5
HU-6 - HU-10 Castellum 5/5 HU-56 - HU-60 Traminer 5/5
HU-11 - HU-15 Jazmin 5/5 HU-61 - HU-65 Harslevelu 5/5
HU-16 - HU-20 Silver 5/5 HU-66 - HU-70 Olaszrizling SK 5/5
HU-21 - HU-25 Borsmenta 5/5 HU-71 - HU-75 Juhfark 5/5
HU-26 - HU-30 Olaszrizling BB20 5/5 HU-76 - HU-80 Sauvignon blanc 5/5
HU-31 - HUI-35 Pamerzs 5/5 HU-81 - HU-85 Hybrid #1 5/5
HU-36 - HU-40 Merlot 2/5 HU-86 - HU-90 Hybrid #2 5/5
HU-41 - HU-45 Blauer Portugieser 5/5 HU-91 - HU-95 Hybrid #3 5/5
HU-46 - HU-50 Cabernet franc 5/5 HU-96 - HU-100 Hybrid #4 5/5

The number of GPGV positive samples out of the total samples is reported for each cultivar.
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Figure 1. Unrooted ML tree of GPGV MP/CP sequences. The samples determined in the present study are marked with #. The sequences
are available in the NCBI GenBank under the indicated accession numbers.
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cation of Bertazzon et al. (2017). The nt sequence of the
initially selected ‘Pamerzs’ sample (HU-31) clustered
with Italian isolates classified as members of clade B.
The HU-27.1 and HU-27.2 sequences (from ‘Olaszrizling
BB20’) grouped in clade C with “symptomatic” isolates
from Italy and France, showing close similarity between
HU-27.1, HU-27.2 and the Italian ALA-P4 isolate, which
is used as a representative isolate of clade C (Bertazzon et
al., 2017). Since only HU-31, HU-27.1 and HU-27.2 clus-
tered into different clades than the majority of the iden-
tified sequences (which all grouped into clade A), the nt
sequences of the rest of the PCR products (derived from
the four different GPGV-positive, not yet sequenced plant
samples of ‘Pamerzs’ and ‘Olaszrizling BB20™ cultivars)
were also determined (included in Table 2).

After including the four additional sequences from
the four different ‘Pamerzs’ vines in the sequence diver-
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sity analysis, all five isolates (HU-31, 32, 33, 34, 35)
clustered in clade B, indicating close similarity between
them. For the ‘Olaszrizling BB20’ samples, only the
originally selected and analyzed isolates (HU-27.1 and
HU-27.2) grouped in clade C, while all the other isolates
(HU-26, 28, 29, 30) clustered in clade A.

Detection of amino acid polymorphisms in the MP/CP
region of GPGV

The GPGV isolates differed in their MP/CP nucleo-
tide sequences with sequence similarities between 90
and 99%. Multiple differences were identified in the
examined 152 aa region of the 3’-end of the MP (Figure
2A). Based on Tarquini et al. (2019a), six aa alterations
were proposed to distinguish between the three clades in

Table 2. The GPGV isolates analyzed in the present study, and their characteristics, showing the names of source grapevine cultivars, the
year of planting and grafting, and the isolate GenBank accession numbers. The classification is based on Bertazzon et al. (2017), and the

result of the sequence diversity analysis.

Sample ID Cultivar GenBank acc. number Year planted/regrafted Classification
HU-2 Pinot regina OP56859 2014 clade A
HU-8 Castellum OP56860 2003 clade A
HU-13 Bianka/Jazmin OP56861 2003/2018 clade A
HU-19 Silver OP56862 2003 clade A
HU-21 V. vinifera hybrid#5/Borsmenta OP56863 2003/2015 clade A
HU-26 Olaszrizling BB20 OP56864 2003 clade A
HU-27.1 Olaszrizling BB20 OP56865 2003 clade C
HU-27.2 Olaszrizling BB20 OP56866 2003 clade C
HU-28 Olaszrizling BB20 OP56867 2003 clade A
HU-29 Olaszrizling BB20 OP56868 2003 clade A
HU-30 Olaszrizling BB20 OP56869 2003 clade A
HU-31 Blauer Portugieser/Pamerzs OP56870 2010/2017 clade B
HU-32 Blauer Portugieser/Pamerzs OP56871 2010/2017 clade B
HU-33 Blauer Portugieser/Pamerzs OP56872 2010/2017 clade B
HU-34 Blauer Portugieser/Pamerzs OP56873 2010/2017 clade B
HU-35 Blauer Portugieser/Pamerzs OP56874 2010/2017 clade B
HU-38 Merlot OP56875 1997 clade A
HU-43 Blauer Portugieser OP56876 2010 clade A
HU-50 Cabernet franc OP56877 2008 clade A
HU-52 Cabernet sauvignon OP56878 2000 clade A
HU-60 Traminer OP56879 2008 clade A
HU-61 Harslevelii OP56880 2003 clade A
HU-68 Olaszrizling SK OP56881 2008 clade A
HU-71 Juhfark OP56882 2000 clade A
HU-76 Sauvignon blanc OP56883 1996 clade A
HU-83 Pinot gris/Hybrid #1 OP56884 2005/2020 clade A
HU-88 Pinot gris/Hybrid #2 OP56885 2005/2020 clade A
HU-95 Pinot gris/Hybrid #3 OP56886 2005/2020 clade A
HU-96 Pinot gris/Hybrid #4 OP56887 2005/2020 clade A
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Figure 2. Amino acid alignments of the MP and the CP region of GPGV. (a) The multiple sequence alignment of the carboxyl-terminal
region of GPGV MP, and (b) the amino-terminal region of the GPGV CP. The scale numbers indicate the aa positions according to the
complete protein. The reference sequences for the classification were: MOLA 6 for clade A, MOLA 14 for clade B, and ALA-P4 for clade C
(Saldarelli et al., 2015). The corresponding GenBank accession are, respectively, LN606703, LN606705, and LN606739. The aa alterations
of the isolates are indicated by asterisks, and the differentiating aa positions proposed by Tarquini et al. (2019a) are marked by arrowheads.
The colours of the aa are according to the Clustal X Color Scheme. Conservation values quantify the similarity between the aa.
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this region, five of which were detected in the Hungarian
isolates as well: three in the MP and one in the CP.

At position 255 of GPGV MP, asparagine (N) was
identified in isolates of clade B, but serine (S) in clade
C. Both N and S were present in isolates belonging to
clade A. Similar aa alteration was also observed in aa
position 299; in clade A both leucine (L) and proline
(P) were present, while clade B only contained L resi-
due, and P was detected only in clade C. Moreover,
discriminating aa changes between clade A and the
‘symptomatic’ clades (B and C) were present in two aa
positions. Alterations were identified at position 282
serine-glycine (S-G), and at aa position 344 valine-ala-
nine (V-A).

The aa alignment of the MP/CP region revealed
multiple differences between the newly identified iso-
lates and the three reference isolates, MOLA 6, MOLA
14, and ALA-P4, representing, respectively, clades A,
B, and C (Bertazzon et al., 2017). At three aa positions,
all the Hungarian isolates of clade B showed differ-
ences from the MOLA 14 reference isolate. At positions
283, 354, and 356, threonine (T), cysteine (C), and
another T residue were observed, instead of, respec-
tively, aa alanine (A), arginine (R), and A. The two iso-
lates belonging to clade C (HU-27.1 and HU-27.2) dis-
played significant alterations from the representative
ALA-P4 isolate. HU-27.1 and HU-27.2 both lacked the
SNPs at aa position 370, which resulted in a premature
stop codon and a 6 amino acid short MP, which has
been suggested as an important distinction between
the clades and a putative determinant in severe symp-
tom formation (Bertazzon et al., 2017; Tarquini et al.,
2021a). Furthermore, HU-27.2 had a T residue instead
of A at position 344, and HU-27.1 had a P residue at
position 361, instead of S. Both these Hungarian iso-
lates differed at positions 304, 359, and 368, where S, G,
and R residues were present instead of, respectively, F,
aspartic acid (D) and G. Both of these results indicate a
wider variety in aa sequences within clade C than pre-
viously described.

Regarding the aa variance of the amplified CP
region, a highly conservative 5-end region was
observed with only three aa alterations in the 67 aa
long CP fragment (Figure 2B). A differentiating aa
alteration was present at position 64, since in clade A
only histidine (H) was present, while in the two other
clades (B and C) tyrosine (Y) was detected. At position
22, both of the isolates HU-27.1 and HU-27.2 showed A
residues instead of T. The diversity at position 32 was
also only detected in isolates grouped within clade A
(residues G, N, and S).
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DISCUSSION

The internationally well-known and Hungarian
grapevine cultivars included in this study were a mix-
ture of young and older vines that were planted between
1996 and 2014. Later, in 2015-2020, some of the grape-
vines were regrafted onto the original cultivars (e.g.,
‘Pamerzs’, ‘Borsmenta’, Jazmin’) (Table 2). This study
found that the surveyed vineyard is highly infected with
GPGV (97% of the sampled grapevines). Because the
identified GPGV variants displayed significant differ-
ences and showed similarity to all three GPGV clades,
there is a high probability of multiple independent intro-
duction events of GPGV into this vineyard. Previously,
GPGV was reported in several Hungarian vineyards as
shown by high-throughput sequencing methods, and the
presence of the virus was also verified in rootstock culti-
vars (Czotter et al., 2018), but no comprehensive evalua-
tion of the GPGV isolates was carried out.

In the present study, 20 cultivars were evaluated for
GPGYV, and all but one was 100% infected by the virus.
The exception was the ‘Merlot’” cultivar, for which two
out of the five assayed plants were GPGV-positive (Table
1), which could be due to low virus titre. According to
previous studies, ‘Merlot’ is one of the more GPGV-sus-
ceptible cultivars capable of displaying strong GLMD
symptoms, compared with ‘Pinot gris’, “Traminer’, ‘Sau-
vignon blanc’, and others (Beuve et al., 2015; Bianchi et
al., 2015; Gentili et al., 2017).

Limited data are available on the dynamics of GPGV
spread within vineyards. Two recent studies addressed
the spatiotemporal spreading of GPGV in the major
European wine-producing regions of Italy and France
(Bertazzon et al., 2020; Hily et al., 2021b). During a
3-year monitoring period of two Italian vineyards, high
disease occurrence and consistently increasing presence
of GPGV (up to 76%) were observed. Patchy dissemina-
tion patterns of newly infected and symptom-bearing
plantlets (clades B and C) were observed around the
originally infected grapevines, while the asymptomatic
plants (mainly clade A) occurred in a more scattered
pattern throughout the vineyard. Over the monitoring
period, only a small proportion of the newly infected
plantlets showed GLMD symptoms, despite the drastic
increase in the number of GPGV-positive samples (Ber-
tazzon et al., 2020). Hily et al. (2021b), who investigated
GPGYV spread in a vineyard in southern France, identi-
fied several major transmission events that increased
the genetic diversity of GPGV by the end of an 8-year
monitoring period. These studies raised questions about
the mechanisms of GPGV transmission, and differences
between transmission dynamics of symptomatic and
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asymptomatic GPGV variants. In the present study, the
correlation between symptoms and nucleotide sequence
classifications was not addressed, because the observed
symptoms (e.g., the strong GLMD of sample HU-27)
may have been due to possible synergistic effects of mul-
tiple viruses.

Genetic determination of GLMD symptoms con-
nected with some strains of GPGV is still unclear,
despite the convincing results of other investigations
(Tarquini et al., 2019a, 2021a). It has generally been
observed that GPGV strains belonging to clade A do
not induce severe symptoms, unlike isolates of clade C,
which have been frequently shown to contribute to the
presence of strong GLMD symptoms. Symptom for-
mation was also suggested to be affected by virus titer.
Studies have confirmed the hypothesis that increased
GPGV concentration resulted in the elevated presence
of severe GLMD symptoms (Bianchi et al., 2015; Bertaz-
zon et al., 2017). To achieve high virus titer and over-
come host defense mechanisms, the activation of PTGS
was also demonstrated: Tarquini et al. (2021b) success-
tully identified GPGV CP as the viral suppressor of RNA
silencing of GPGV. Furthermore, a putative role of the
3’-end of GPGV MP was also identified as a virulence
determinant. The effect of the premature stop codon
of the MP was first proposed by Saldarelli et al. (2015),
when all the symptomatic variants of GPGV in clade C
possessed the six aa shorter MP. Also, by replacing the
365 nt long 3’-end region of the MP gene in a sympto-
matic variant (previously linked with severe symptoms
and inducing high virus titer) with the homologous
region of a variant inducing milder symptoms, the chi-
meric construct elicited characteristics resembling the
mild clone (Tarquini et al., 2021a).

In the present study, two GPGYV isolates were identi-
fied which classified as clade C but lacked the SNP at the
3’-end of MP. New polymorphisms in the MP/CP region
were previously described by Moran et al. (2018), but no
clade C-member GPGYV isolates were identified with six
aa longer MPs before. This result is in accordance with
the hypothesis that post-translational modifications
(PTMs) could be the link between the genetic variability
and symptom formation of GPGV (Tarquini et al., 2019a;
Shvets and Vinogradova, 2022). There is, as yet, no direct
proof of phosphorylation of GPGV MP, but it can be
hypothesized that differences between elicited symptoms
may originate from the presence or absence of phospho-
rylatable residues instead of the premature stop codon.

In the future, analysis of the sanitary status and the
changes in the distribution of the different virus isolates
in this vineyard could be worthwhile, since isolates from
all three clades of GPGV were shown to be present. Fur-

ther investigation of synergism/antagonism between dif-
ferent GPGV strains could also be important because
of the possibilities of cross-protection from mixed virus
infections.
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Summary. Grapevine cultivation in Mexico is important, especially in the states of
Baja California and Coahuila, which are the main wine production regions in the
country. Grapevine trunk diseases (GTDs) impact productivity and cause substan-
tial economic losses, with Botryosphaeria dieback being one of the most destructive.
This disease is caused by fungi in the Botryosphaeriaceae, including species of Botry-
osphaeria, Diplodia, Lasiodiplodia, and Neofusicoccum. To date, Lasiodiplodia spp. are
the primary Botryosphaeriaceae fungi reported in Mexico. The present study aimed to
enhance the epidemiological knowledge of Botryosphaeriaceae in Mexican vineyards.
Samples from grapevine plants exhibiting disease symptoms were collected from the
states of Baja California and Coahuila. Of a total of 37 Botryosphaeriaceae isolates, six
species were identified: Neofusicoccum parvum, N. australe, N. vitifusiforme, Botry-
osphaeria dothidea, Diplodia corticola, and D. seriata. Neofusicoccum parvum isolates
were the most virulent, but were less virulent than previously reported Lasiodiplodia
spp. The optimum growth temperatures for N. parvum and B. dothidea were from 28
to 30°C, but 25°C for D. seriata, N. vitifusiforme, and N. australe isolates. Only D. seria-
ta isolates recovered growth when transferred to room temperature after exposure to
37°C or 40°C. This report is the first identification of B. dothidea and N. parvum as
causative agents of Botryosphaeria dieback in the vine-growing regions of Mexico.

Keywords. Trunk disease fungi, Botryosphaeria canker, fungi.

INTRODUCTION

In Mexico, the grapevine cultivation sector is economically important. In
2022, total grape production exceeded 450,000 tons, with Sonora, Zacatecas,
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Baja California, Aguascalientes, and Coahuila being the
foremost producers (SIAP, 2023). Despite regulations gov-
erning importation of grapevine planting materials, Mex-
ico still relies on these imports, posing ongoing threats of
introducing pathogens from foreign sources. Many fac-
tors may be involved in the emergence of these diseases,
so that grapevine trunk diseases (GTDs) have emerged as
an international problem with implications for produc-
tivity and significant economic losses (van Niekerk et al.,
2006; Fontaine et al., 2016; Gramaje et al., 2018; Hrycan
et al., 2020). Botryosphaeria dieback is one of the most
destructive GTDs. This is a degenerative disease caused
by fungi within the Botryosphaeriaceae. Botryosphaeria
dieback has been linked to over 30 species in the gen-
era Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia,
Neoscytalidium, Neofusicoccum, Phaeobotryosphaeria,
and Spencermartinsia. This extensive species range high-
lights the complexity of this disease, as has been docu-
mented in several studies (Urbez-Torres, 2011; Rolshaus-
en et al., 2013; Stempien et al., 2017; Gramaje et al., 2018).
Botryosphaeriaceae fungi cause necrotic lesions in
grapevine vascular tissues, including xylem and phlo-
em occlusions, as well as stunted growth, wedge-shaped
cankers in woody trunks, dieback, and over time, plant
death (Gramaje and Armengol, 2011; Urbez-Torres,
2011; Bertsch et al., 2013; Hrycan et al., 2020). The pri-
mary source of inoculum for these pathogens is conidia,
which are released and dispersed under conditions of
high humidity, rainfall, and wind. Conidia enter plants
through pruning wounds (Agusti-Brisach and Armengol,
2013; Gramaje et al., 2018; Waite et al., 2018). Botryospha-
eriaceae spp. can exist as endophytes within asymp-
tomatic plant tissues for extended periods, function-
ing as latent pathogens (Slippers and Wingfield, 2007).
This characteristic is important, as infected plants can
go undetected in nurseries or vineyards (Hrycan et al.,
2020). The transition of Botryosphaeriaceae species from
endophytic to pathogenic has been associated with envi-
ronmental stress, particularly when host plant under-
goes water or heat stresses (Slippers et al., 2007; Czem-
mel et al., 2015; Rathnayaka et al., 2023). Botryosphaeria
dieback was previously primarily associated with older
vineyards (Gubler et al., 2005), but this disease has also
been found in young grapevines (Gramaje and Armen-
gol, 2011; Bertsch et al., 2013). In the context of climate
change, grapevines are likely to be subjected to consist-
ent heat and water stresses, making them susceptible to
trunk diseases (GTDs) (Fontaine et al., 2016; Mehl et al.,
2017). Inadequate cultural practices, such as insufficient
protection of pruning wounds and inadequate sanitary
care of propagation material, can contribute to GTD pro-
liferation (Graniti et al., 2000; Fontaine et al., 2016).
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GTDs were first reported in Mexico in the late
1970s, when fungi linked to Eutypa dieback were identi-
fied in aged and neglected vineyards located in Coahui-
la, Durango and Aguascalientes (Téliz and Valle, 1979).
Subsequently, Urbez-Torres et al. (2008) identified the
presence of L. theobromae and D. seriata associated with
Botryosphaeria dieback in Baja California and Sonora.
Following this, Candolfi-Arballo et al. (2010), found four
Botryosphaeriaceae spp., D. seriata, D. corticola, N. viti-
fusiforme, and N. australe, in vineyards of Baja California.
Later, Paolinelli-Alfonso et al. (2015) reported Eutypel-
la microtheca associated with Eutypa dieback in Baja
California. Most recently, Rangel Montoya et al. (2021)
described species of Lasiodiplodia such as L. crassispora,
L. brasiliensis, L. exigua, and L. gilanensis associated with
Botryosphaeria dieback in Baja California and Sonora.

The status of GTDs is understudied in Mexico, so
the present study aimed to broaden understanding of the
fungi associated with Botryosphaeria canker present in
Mexican vineyards, and compare their pathogenicity in
grapevines.

MATERIALS AND METHODS
Isolation and morphological characterization of fungi

Samples of grapevine exhibiting Botryospha-
eria dieback symptoms were collected from seventeen
vineyards in the primary grape-producing regions of
Baja California, and three vineyards from Coahuila.
Trained personnel from the plant pathology laboratory
of CICESE collected samples of wood pieces exhibiting
wedge-shaped cankers. Approximately 100 samples were
obtained and processed as follows. Small pieces of tissue
were obtained, immersed in 95% ethanol, then quickly
flamed, and placed onto potato dextrose agar (PDA,
Difco Laboratories) supplemented with 25 mg-mL™! chlo-
ramphenicol to prevent growth of bacteria. The PDA
plates were incubated at 30°C until fungal growth was
observed. Fungal colonies that showed fast growth with
abundant aerial mycelium were sub-cultured onto PDA
plates to obtain pure cultures, and these were preserved
at -4°C in 20% glycerol.

Pure cultures were grown on PDA incubated at 30°C
for 7 d to determine morphological characteristics of iso-
lates, including their pigmentation and aerial mycelium.
Pycnidium production was induced using liquid Mini-
mal Medium 9 (MMO9) (10.0 gL' glucose (FagaLab), 1.0
gL' NH,CI (Sigma), 0.5 g-L"! NaCl (Fermont), 3.0 g-L
K,HPO, (Jalmek), and 3.0 g-.L'! KH,PO, (JT Baker), sup-
plemented with sterile pine needles (5% w/v). Flasks con-
taining medium were incubated for 15 d at room tem-
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perature under a near ultraviolet electromagnetic radia-
tion lamp, using 12 h in of light irradiation and 12h of
darkness. Formed pycnidia were collected and suspended
in 0.5% Tween 20 to obtain conidiospores, which were
then observed under a light microscope (AxioVert200
Zeiss). Images of the conidia were captured with a Zeiss
AxioCam HRc camera and analyzed using AxioVision
4.8.2. software, and the dimensions (length and width) of
30 conidia per isolate were measured. Statistical analyses
of these data were performed using STATISTICA 8.0 to
compare conidium spore sizes across species.

DNA extraction and PCR amplification of selected isolates

All Botryosphaeriaceae isolates were grown in potato
dextrose broth (PDB, Difco Laboratories) at 30°C for 3 d,
and the resulting mycelium was recovered by filtration.
Total genomic DNA was extracted using the CTAB pro-
tocol (Wagner et al., 1987). To characterize Botryospha-
eriaceae spp., the primers ITS1 and ITS4 were used to
amplify the ITS region of the nuclear ribosomal DNA,
including the 5.8S gene (White et al., 1990). In addition,
EF1-728F and EF1-986R were used to amplify part of the
translation elongation factor-1a (tef-la) gene (Carbone and
Kohn, 1999). These methods were carried out following
the recommendations on TrunkDiseaseID.org (Lawrence
et al., 2017), accessible at http://www.grapeipm.org/d.live/.

Each PCR reaction consisted of the following com-
ponents: 2.5 pL of 10x PCR buffer with 15 mM MgCl,,
0.5 puL of 20 mM dNTPs, 0.625 pL of 10 uM of each
primer, 0.125 uL of Taq DNA polymerase (GoTaq® DNA
polymerase, Promega) at 5 units-uL?, and 1 pL of tem-
plate DNA at 30 ng-uL?, adjusted with purified water
to reach a final volume of 25 pL. Amplification reac-
tions were carried out in a Bio-Rad T-100 thermal cycler
under the following conditions: for tef-1a, an initial cycle
of 95°C for 3 min, followed by 35 cycles each of 95°C
for 30 s, 55°C for 30 s, and 72°C for 1 min; for the ITS
region, an initial cycle of 94°C for 2 min was followed
by 35 cycles each of 94°C for 1 min, 58°C for 1 min, and
72°C for 1.5 min. Both programs concluded with a final
cycle of 72°C for 10 min. After visualizing the ampli-
cons by gel electrophoresis, they were purified using the
GeneJet PCR purification kit (Thermo Scientific). The
purified products were subsequently sequenced by Eton
Bioscience Inc.

Phylogenetic analysis of Botryosphaeriaceae

Before the phylogenetic analysis, the sequence qual-
ity was evaluated, and noise was removed using BioEdit

193

v.7.0.5.3 (Hall 1999), and a BLASTn analysis was conduct-
ed. Sequences with the greatest similarity were retrieved
from GenBank (Table 1) and aligned using ClustalW. For
pairwise alignment, the parameters used were a gap open-
ing of 10 and a gap extension of 0.1. For multiple align-
ment, the parameters used were a gap opening of 10, a
gap extension of 0.2, a transition weight of 0.5, and a
delay for divergent sequences set to 25% (Thompson et al.,
1994). The alignment was manually adjusted where neces-
sary. The alignments of ITS and tef-1a were imported into
BioEdit v.7.0.5.3 to create the concatenated matrix.

Maximum Likelihood (ML) analysis and Maxi-
mum Parsimony (MP) analysis were performed using
MEGA-X (Kumar et al., 2018) based on the concatenated
sequence alignment. The best model of nucleotide substi-
tution was selected according to the Akaike Information
Criterion (AIC). For the ML analysis, the K2+G+I mod-
el was used (Kimura, 1980). Parameters for Maximum
Likelihood were set to Bootstrap method using 1000
replicates. Initial tree(s) for the heuristic search were
obtained automatically by applying the Maximum Par-
simony method. Gaps were treated as missing data. The
tree was visualized in MX: Tree Explorer. New sequenc-
es were deposited in the GenBank (https://www.ncbi.
nlm.nih.gov/genbank/).

Determination of optimal growth temperatures for Botry-
osphaeriaceae spp.

Optimal growth temperatures were assessed by select-
ing at least two isolates of each identified species, where
possible. The isolates were grown on PDA plates by inocu-
lating each plate with a 3-mm diam. plug of a 2-d-old col-
ony on the edge of the plate. The plates were incubated at
20, 25, 28, 30, 35, 37, or 40°C. Resulting colony radii were
measured every 24 h for 4 d. The optimal growth tempera-
ture at which maximum mycelial growth rate (mm d)
was determined following the method of Rangel-Montoya
et al. (2021). This determination was made using the for-
mula: GR = R; - Ry/T; - T; (where GR = growth rate; R;,
= initial radius (mm); Ry = final colony radius (mm); T;,
= initial time (day 1), and T, = final time where fungal
growth was measured. For each temperature, three repli-
cate plates of each isolate were included. Statistical analy-
ses of data obtained were carried out using STATISTICA
8.0, to compare the growth rates of each isolate.

Pathogenicity tests of selected isolates

One-year-old grapevine plants of the ‘Merlot’ cul-
tivar were used to evaluate the pathogenicity of dif-
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Table 1. List of GenBank and culture accession numbers of Botryosphaeriaceae spp. used for phylogenetic analyses in the present study.

GenBank accession number

Species Isolate Host Origin
ITS tef1-X

Botryosphaeria agaves MFLUCCI11-0125 Agave sp. Thailand JX646791 JX646856
B. agaves MFLUCC10-0051 Agave sp. Thailand JX646790 JX646855
B. dothidea CMW8000 Prunus sp. Switzerland AY236949 AY236898
B. dothidea CBS 110302 Vitis vinifera Portugal AY259092 AY573218
B. dothidea MXRJM2 V. vinifera Mexico MZ312534 MZ397922
B. dothidea MXRJM9A V. vinifera Mexico MZ312535 MZ397923
B. dothidea MXRJM19 V. vinifera Mexico MZ312536 MZ397924
B. dothidea MXRJM22 V. vinifera Mexico MZ312537 MZ397925
B. dothidea MXRJM23 V. vinifera Mexico MZ312538 MZ397926
B. dothidea MXRJM25 V. vinifera Mexico MZ312539 MZ397927
Diplodia corticola CBS 112549 Quercus suber Potugal AY259100 AY573227
D. corticola CBS 112547 Quercus. ilex Spain AY259110 DQ458872
D. corticola MXSASI12-3 V. vinifera Mexico PP150458 PP377623
D. mutila CBS 112553 V. vinifera Portugal AY259093 AY573219
D. mutila CBS§230.30 Phoenix dactylifera USA DQ458886 DQ458869
D. sapinea CBS393.8 Pinus nigra Netherlands DQ458895 DQ458880
D. sapinea CBS109725 Pinus patula South Africa DQ458896 DQ458881
D. seriata CBS 112555 V. vinifera Portugal AY259094 AY573220
D. seriata CBS119049 Vitis sp. Italy DQ458889 DQ458874
D. seriata MXRF05 V. vinifera Mexico MZ312540 MZ397928
D. seriata MXRF07 V. vinifera Mexico MZ312541 MZ397929
D. seriata MXBY06 V. vinifera Mexico MZ312542 MZ397930
D. seriata MXSASI19 V. vinifera Mexico MZ312543 MZ397931
D. seriata MXERI1 V. vinifera Mexico MZ312544 MZ397932
D. seriata MX16P2 V. vinifera Mexico MZ312545 MZ397933
D. seriata MXSASI15-01 V. vinifera Mexico PP150447 PP320328
D. seriata MXSBO01 V. vinifera Mexico PP150450 PP343114
D. seriata MXSASIO1 V. vinifera Mexico PP150448 PP377618
D. seriata MXSASIO08-01 V. vinifera Mexico PP150474 PP343113
D. seriata MXCCBMO09-2 V. vinifera Mexico PP150451 PP377620
D. seriata MXRO02-3 V. vinifera Mexico PP150452 PP377621
D. seriata MXCCBMO08-1 V. vinifera Mexico PP150453 PP343115
D. seriata MXSACH29-2 V. vinifera Mexico PP150457 PP343118
D. seriata MXSACH16 V. vinifera Mexico PP150456 PP343117
D. seriata MXCTo01 V. vinifera Mexico PP150455 PP343116
D. seriata MXCT10 V. vinifera Mexico PP150454 PP377622
D. seriata MXSACH19-1 V. vinifera Mexico PP150449 PP377619
D. scrobiculata CMW 189 Pinus resinosa USA AY253292 AY624253
D. scrobiculata CBS109944 Pinus greggii Mexico DQ458899 DQ458884
Lasiodiplodia theobromae CBS 164.96 Fruit along coral reef PNG AY640255 AY640258
L. theobromae CBS111530 Unknown Unknown EF622074 EF622054
Neofusicoccum australe ~ CMW6837 Acacia sp. Australia AY339262 AY339270
N. australe CMW6853 Sequoiadendron giganteum Australia AY339263 AY339271
N. australe MXBT10 V. vinifera Mexico MZ312546 MZ397934
N. australe MXBT12 V. vinifera Mexico MZ312547 MZ397935
N. australe MX5P5 V. vinifera Mexico MZ312548 MZ397936
N. eucalypticola CMW6539 Eucalyptus grandis Australia AY615141 AY615133

(Continued)
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Table 1. (Continued).
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GenBank accession number

Species Isolate Host Origin

ITS tefl1-X
N. eucalypticola CMWe6217 E. rossi Australia AY615143 AY615135
N. luteum CBS110299 V. vinifera Portugal AY259091 AY573217
N. luteum CBS 110497 V. vinifera Portugal EU673311 EU673277
N. mediterraneum PD312 Eucalyptus sp. Greece GU251176 GU251308
N. mediterraneum CBS121558 V. vinifera USA GU799463 GU799462
N. parvum CMW9081 P. nigra New Zealand AY236943 AY236888
N. parvum CBS 110301 V. vinifera Portugal AY259098 AY573221
N. parvum MX14P4 V. vinifera Mexico MZ312549 MZ397937
N. parvum MX24P4 V. vinifera Mexico MZ312550 MZ397938
N. parvum MXRJM6 V. vinifera Mexico MZ312551 MZ397939
N. parvum MXRJM15 V. vinifera Mexico MZ312552 MZ397940
N. parvum MXRJM16 V. vinifera Mexico MZ312553 MZ397941
N. parvum MXCHPOSE V. vinifera Mexico MZ312554 MZ397942
N. viticlavatum STE-U 5044 V. vinifera South Africa AY343381 AY343342
N. viticlavatum STE-U 5041 V. vinifera South Africa AY343380 AY343341
N. vitifusiforme STE-U 5252 V. vinifera South Africa AY343383 AY343343
N. vitifusiforme STE-U 5050 V. vinifera South Africa AY343382 AY343344
N. vitifusiforme MXSACH23 V. vinifera Mexico MZ312555 MZ397943
N. vitifusiforme MXSACH24 V. vinifera Mexico MZ312556 MZ397944
N. vitifusiforme MXCNA1 V. vinifera Mexico MZ312557 MZ397945
Mycosphaerella pini CMW14822 Pinus ponderosa USA AY808300 AY808265
Isolates from the present study are highlighted in bold text.
ferent Botryosphaeriaceae isolates in green and woody RESULTS

host tissues. Green shoots were each inoculated by
inserting a mycelial plug of the respective fungal iso-
late into a 2 mm diameter wound created with a drill.
The plants were then kept in a greenhouse for 15 d,
The woody tissue was inoculated in a similar manner,
but the plants were left in a greenhouse for 2 months.
Two isolates previously reported as strains of Lasiodip-
lodia, namely L. brasiliensis MXBCL28 and L. gilanen-
sis MXCS01 (Rangel-Montoya et al., 2021), were used
for comparisons. Each selected isolate was inoculated
into five plants for the green and woody tissue assess-
ments, while sterile PDA plugs were used for experi-
mental inoculation control plants. All wounds were
covered with Parafilm® to prevent desiccation. Samples
were collected after the respective times to measure
lengths of the resulting necrotic lesions caused by the
Botryosphaeriaceae isolates. To determine fulfillment
of Koch’s postulates, tissues from all inoculated plants
was retrieved, flamed, inoculated onto PDA, and incu-
bated at 30°C. The experiments with the plants were
carried out twice. The virulence of each fungus was
compared through statistical analyses carried out using
STATISTICA 8.0.

Molecular and morphological characterization of Botry-
osphaeriaceae isolates

From plants displaying wedge-shaped cankers and
necrotic lesions in the vascular tissues, a total of 37 fun-
gal isolates of similar phenotype to Botryosphaeriaceae
spp. were obtained. Out of these, 31 isolates were col-
lected from Baja California, and six were from Coahuila.
The isolate colonies were whitish to gray or olivaceous,
with moderate aerial mycelium. Some of the isolates
exhibited yellow pigmentation at the colony centre with-
in the first 24 h of incubation, a characteristic associ-
ated with particular Neofusicoccum species (Phillips et
al., 2013). Based on their morphological characteristics,
these isolates belonged to the genera Botryosphaeria,
Diplodia, or Neofusicoccum. Seven strains of Lasiodiplo-
dia were found in Baja California, but none in Coahuila.
These Lasiodiplodia spp. were reported separately (Ran-
gel-Montoya et al., 2021).

Statistically significant differences in conidium size
were observed among the analyzed species (Table 2 and
Figure 1). Isolates identified as Botryosphaeria dothidea
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had narrow hyaline conidia with fusiform bases and
granular contents. Some of these conidia had a single
septum and were larger compared to conidia of other
Botryosphaeriaceae species, with average size of 26.6 x
5.0 pm. Isolates of D. seriata had dark brown, aseptate
and septate, ovoid and wide conidia, averaging 23.3 x
10.05 pm. Some isolates had smaller conidia 17.2 + 2.8 x
9.3 +1.1 um. The D. corticola isolate had oblong to cylin-
drical hyaline and aseptate conidia with granular con-
tents and thick walls, as well as brown and septate conid-
ia. The conidia were of average size 25.3 x 14.1 pm. There
were no discernible differences in sizes compared to D.
seriata, although Phillips et al. (2013) suggested that D.
corticola generally had larger conidia than other Diplodia
species. Isolates of N. australe had hyaline conidia with
fusiform bases and granular contents, which lacked sep-
ta, and had average size of 19.4 x 5.7 pm. Isolates identi-
fied as N. parvum had ellipsoidal conidia with flat apices
and bases, most of which were hyaline, with an average
size of 21.3 x 5.2 pm. Some older conidia of N. parvum
were light brown and had 1 to 2 septa, with the middle
cells being darker coloured. Neofusicoccum vitifusiforme
isolates had hyaline, ellipsoid conidia with wide apices
and subtruncate bases, with average size of 20.7 x 5.5 pm.

Neofusicoccum
australe

Neofusicoccum
parvum

Neofusicoccum
vitifusiforme
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Sequences obtained from the ITS regions and tefl-a
loci were, respectively, approx. 550 and 300 bp. The con-
catenated dataset comprised 924 characters, including
gaps after alignment (578 corresponding to ITS gene
and 346 corresponding to fefl-a gene), and 68 taxa.
Mpycosphaerella pini (CMW14822) was used as the out-
group taxon. The maximum likelihood analysis using
Kimura 2-parameter model resulted in a tree with a log
likelihood value of -2038.86, and estimated base fre-
quencies were as follows: A = 0.20968, T = 0.23324, C
= 0.29582, and G = 0.26139. A discrete Gamma distri-
bution was used to model evolutionary rate differences
among sites [five categories (+G, parameter = 0.4676)].
The rate variation model allowed for some sites to be
evolutionarily invariable ([+I], 32.28% of sites). The max-
imum parsimony analysis yielded one most parsimoni-
ous tree of length = 269, CI = 0.691943, RI = 0.946765,
and RC = 0.655107 for parsimony-informative sites.

Based on the phylogenetic analysis, the Mexican
isolates were categorized into six species (Figure 2).
Eighteen isolates belonged to D. seriata, six belonged
to B. dothidea, six belonged to N. parvum, three to N.
australe, three were N. vitifusiforme, and one isolate
belonged to D. corticola. Botryosphaeria dothidea and

Diplodia
corticola

Diplodia
seriata

. Botryosphaeria
dothidea

Figure 1. Macroscopic and microscopic characteristics of Botryosphaeriaceae spp. isolated from grapevine tissues and grown on PDA at
30°C for 7 d. Neofusicoccum australe MX5P5, Neofusicoccum parvum MX14P4, Neofusicoccum vitifusiforme MXSACH24, Diplodia corticola
MXSASI12-3, Diplodia seriata MXBYO06, and Botryosphaeria dothidea MXRJM25. Left panel, colony, right panel, conidia.
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Table 2. Conidium dimensions of the isolated Botryosphaeriaceae spp. from this study.

Isolate

Origin

Conidium size (um)*

Mean + SD**

Neofusicoccum australe®
MXBT10

Baja California

(17.8-)18.7-20.1 x (5.7-)6.3-7.2

18.9+1.3 x 5.6 1.6

MXBT12 Baja California (17.9-)18.5-20.3 x (6.8-)6.4-7.5 18.6+1.2 x 6.7+0.6
MX5P5 Coahuila (17.1-)21.1-24.0 x (4.3-)5.0-6.4 20.9£1.9 x 5.0+0.5
Neofusicoccum parvum®

MX14P4 Coahuila (19.5-)20.3-24.0 x (4.5-)5.1-5.5 21.9£1.3 x 5.0+0.2
MX24P4 Coahuila (19.0-)21.9-23.9 x (4.9-)5.2-6.3 21.4+1.4 x 5.5+0.4
MXRJM6 Baja California (17.9-)21.7-23.8 x (4.4-)5.3-5.8 21.8+1.3 x 5.0+0.4
MXRJM15 Baja California (18.5-)20.3-22.9 x (4.8-)5.3-5.8 21.0£1.3 x 5.3+0.2
MXRJM16 Baja California (16.9-)19.6-23.6 x (4.4-)5.8-7.1 20.3£1.9 x 5.6+0.8
MXCHPOSE Coahuila (18.1-)21.1-24.4 x (4.4-)5.1-6.2 21.7£1.6 X 5.2+0.5

Neofusicoccum vitifusiforme®

MXSACH23 Baja California (19.4-)21.2-23.9 x (5.2-)5.9-6.8 21.5%1.2 x 5.8+0.5
MXSACH24 Baja California (16.7-)20.5-23.0 x (5.1-)5.3-6.5 21.0£1.5 x 5.6+0.4
MXCNA1 Coahuila (16.8-)19.2-23.6 x (4.7-)5.1-5.8 19.7£1.4 x 5.3+0.3

Diplodia seriata*

MXRF05 Baja California (21.0-)23.9-27.5 x (8.4-)9.6-10.0 23.6+1.4 x 9.5+0.6
MXRF07 Baja California (21.3-)23.4-25.7 x (8.6-)10.3-10.9 23.4+1.1 x 10.0+0.5
MXER1 Baja California (20.1-)22.9-28.9 x (8.0-)8.9-11.2 24.142.0 x 9.2+0.8
MXBY06 Baja California (21.9-)24.9-27.2 x (9.3-)11.7-13.4 24.7+1.2 x 11.8+1.0
MXSASI19 Baja California (19.0-)20.0-22.8 x (8.0-)9.3-11.2 20.3+1.1 x 9.740.9
MXSASI15-01 Baja California (14.0-)27.0-33.0 x (0.5-)10.0-13.0 26.4+3.0 x 9.0£1.5
MXSB01 Baja California (16.0-)22.0-24.0 x (7.0-)8.0-10.0 20.642.2 x 8.2+0.8
MXSASIOL Baja California (21.0-)27.5-32.0 x (8.0-)10.0-13.5 27.042.0 x 9.9+1.0
MXSASI08-01 Baja California (20.9-)27.7-32.0 x (8.9-)9.0-16.0 26.52.3 x 11.4+1.6
MXCCBMO09-2 Baja California (10.8-)22.6-27.0 x (7.9-)10.0-13.0 21.142.1 x 9.7+0.8
MXR02-3 Baja California (13.1-)23.0-27.6 x (5.3-)8.5-12.0 22.142.8 x 8.3+1.2
MXCCBMO08-1 Baja California (18.4-)22.8-32.0 x (8.7-)11.0-13.0 22.842.3 x 10.7+0.7
MXSACH29-2 Baja California (16.6-)21.2-27.6 x (8.0-)9.4-20.0 21.442.6 x 10.9+2.9
MXSACH16 Baja California (24.0-)27.8-34.0 x (9.0-)9.0-17.0 28.2+1.8 x 12.0£1.5
MXCTO1 Baja California (20.0-)22.3-26.0 x (7.9)8.0-11.0 22.241.3 x 8.8+0.8
MXCT10 Baja California (19.0-)23.7-29.0 x (8.0-)10.0-15.0 23.642.0 x 10.9+1.3
MXSACH19-1 Baja California (11.0-)16.0-25.0 x (7.0)10.0-14.5 17.242.8 x 9.3%1.1
MX16P2 Coahuila (20.5-)23.2-28.6 x (8.2-)9.8-12.1 23.742.2 x 10.1+0.9

D. corticola®
MXSASI12-3

Baja California

(24.0-)17.5-37.0 x (11.0-)14.0-17.5

25.3+3.9 x 14.1+1.3

Botryosphaeria dothidea’
MXRJM2

Baja California

(24.0-)26.3-31.2 x (4.2-)5.6-6.4

26.3+1.9 x 5.5£0.5

MXRJM9A Baja California (24.7-)26.1-31.1 x (4.1-)5.3-6.0 26.8+1.6 x 5.0£0.5
MXRJM19 Baja California (23.5-)26.1-32.4 x (4.1-)4.8-5.5 27.042.1 x 4.7+0.3
MXRJM22 Baja California (24.3-)28.1-30.0 x (4.1-)5.1-6.1 26.9+1.6 x 5.1+0.5
MXRJM23 Baja California (24.1)24.6-27.4 x (4.1-)4.8-5.4 25.741.1 x 4.6+0.4
MXRJM25 Baja California (24.2-)27.8-31.9 x (4.3-)5.5-6.1 27.1£1.5 x 5.3+0.4

* Minimum size, most repetitive value and maximum size for length and width of 30 selected conidia.
** SD = standard deviation.
abed Indicate differences between fungi in conidium size. Species accompanied by the same letters are not significantly different (a < 0.05).
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N. australe

N. vitifusiforme

N. parvum
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D. corticola
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Figure 2. Phylogenetic analyses of Botryosphaeriaceae species. Maximum likelihood tree with the greatest log likelihood (-2038.86) obtained
from the ITS and tef-la concatenated dataset. The tree is rooted with Mycosphaerella pini (CMW 14822). The isolates from the present
study are indicated in bold red font. Bootstrap values from 1000 replicates greater than 50 are indicated at the nodes.
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D. corticola were only isolated from samples from Baja
California, while N. australe, N. vitifusiforme, N. parvum
and D. seriata, were isolated from samples from Baja
California and Coahuila.

Optimum growth temperatures of selected Botryospha-
eriaceae spp.

Among the selected isolates, N. parvum MXRJMS,
N. parvum MXRJM16, and B. dothidea MXRJM22 had
optimum growth temperatures within the range of 25
to 30°C (Table 3). Specifically, N. parvum MX14P4 grew
optimally in the range of 28 to 30°C, while B. dothidea
MXRJM25 showed optimum growth in the range of 28
to 35°C. Diplodia seriata, D. corticola and N. australe
isolates had greatest growth rates at 25°C. Neofusicoc-
cum vitifusiforme MXSACH23 had optimum growth at
30°C, while N. vitifusiforme MXSACH24 grew best at
25°C. Botryosphaeria dothidea RJ22MX had the greatest

199

growth rate, reaching 16.4 + 1.7 mm d! at 28°C. For D.
seriata, isolates MXSASI101 and MXSASI15-01, obtained
from Baja California vineyards, showed minimal growth
at 37°C, while the remaining isolates did not grow at 37
or 40°C. Nevertheless, all the D. seriata isolates were
capable of recovering growth when cultures exposed to
37 or 40°C for 4 d were transferred to room temperature.

Pathogenicity assays

In green tissues, plants that were inoculated with N.
parvum MX14P4, MX24P4, MXRJM6, or MXRJM16, or
B. dothidea MXRJM22, developed large necrotic lesions
15 d post inoculation (Figure 3A). Diplodia corticola
did not produce lesions in green tissues (0.4 = 0.1 cm),
so this fungus was not included in the next experiment.
The isolates of B. dothidea, N. australe, N. vitifusiforme,
and D. seriata had mean necrotic lesion lengths that
were not significantly different (o > 0.05).

Table 3. Mean mycelium growth rates (mm d!) for Mexican Botryosphaeriaceae isolates at different temperatures.

Temperature

Isolate

25°C 28°C 30°C 35°C 37°C 40°C
N. parvum
MX14P4 118+ 03e 122 +04d 127+ 1.6 cd 38+£02j NG* NG
MX24P4 71+15h 100 £ 1.3 f 591061 2.6 £0.1k NG NG
MXRJM6 158+ 21a 153+23a 151+22a 31+0.1k NG NG
MXRJM16 15.1 £ 1.5 ab 159+ 08a 154+ 1.0a 3.3+0.01jk NG NG
N. vitifusiforme
MXSACH24 15.0 + 2.5 ab 13.2+3.7c¢ 133+44c 22+ 1.1kl NG NG
MXSACH23 93+05¢g 9.7+ 0.5 fg 10.0 + 0.01 f 28 +0.8k NG NG
N. australe
MXBT12 9.6 + 1.8 fg 74+12h 4.6 +1.01j 28 +0.5k NG NG
MXBT10 144 + 0.3 ab 93+02¢g 43+03]j 09+021 NG NG
D. seriata
MXBY06 141+06Db 128 £ 0.9 cd 114+ 1.0e 89+07¢g NG NG
MXRFO05 12.8 + 0.4 cd 71+12h 6.7+0.7h 38+03j NG NG
MXSASI101 139+ 04D 126 £ 1.2 cd 100 £ 09 f 52+05i 1.740.11 NG
MXSASI15-01 13.7+03Db 132+1.0c¢ 83+ 14gh 6.5+ 1.1 hi 1.240.11 NG
MX16P2 13.6 £ 0.1 bc 13.0+04c 124 +0.8d 9.0+£09¢g NG NG
D. corticola
MXSASI12-3 140+ 04D 90+22¢g 4.8 + 0.8 ij 35+£03]j NG NG
B. dothidea
MXRJM9A 55+1.11 58 £1.11 53+£1.1i 50+£061 NG NG
MXR]J22 153+22a 164+ 17a 156+09a 93+05¢g NG NG
MXRJM25 73+03h 79+0.7h 82+15gh 86+02g NG NG

NG = no mycelial growth. Means accompanied by the same letters indicate there are not statistically different (a < 0.05) based on Fisher’s

analysis.
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Figure 3. Examples of grapevine shoots cv. ‘Merlot’ inoculated with Botryosphaeriaceae spp., showing dark-brown lesions at A) 15 d post
inoculation in green tissues, and B) 2-months post inoculation in woody tissues.

In woody tissues, 2 months post inoculation, N. par-  developed lesions longer than 4 cm, although virulence
vum isolates MX14P4, MX24P4, MXRJM6, and MXR-  of these isolates was less than that of the Lasiodiplodia
JM16 were the most virulent (Figure 3B). These plants isolates used for comparison (Figure 4). Botryosphaeria
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Figure 4. Mean lengths of lesions caused by different Botryosphaeriaceae isolates in grapevine plants ‘Merlot’ observed 2 months post inocu-
lation in woody tissue. letters accompanying the means were assigned based on Fisher’s analysis (P < 0.05). The bars accompanying each
mean represent standard deviations, and means accompanied by the same letters are not significantly different (a < 0.05).

dothidea, D. seriata, N. australe, and N. vitifusiforme
caused lesions shorter than 2 cm. None of the control
plants developed necrotic lesions. Koch’s postulates were
confirmed, as the inoculated fungi were re-isolated from
the inoculated plants.

DISCUSSION

This study has identified six Botryosphaeriaceae
species associated with Botryosphaeria dieback and iso-
lated from vineyards in Baja California and Coahuila.
The identified species include N. parvum, B. dothidea,

D. seriata, N. australe, N. vitifusiforme, and D. corticola.
Previously, D. seriata, L. theobromae (Urbez-Torres et al.,
2008), D. corticola, N. australe, N. vitifusiforme (Can-
dolfi-Arballo et al., 2010), L. gilaniensis, L. crassispora, L
brasiliensis, and L. exigua (Rangel-Montoya et al., 2021)
have been reported in Baja California and Sonora. Thus,
the isolations N. parvum and B. dothidea reported in the
present study are the first records of these two fungi in
vineyards of Mexico.

While this study did not focus on the distribution or
abundance of Botryosphaeriaceae fungi, among the iden-
tified species, D. seriata was the most common. This spe-
cies has previously been documented in Mexico (Urbez-
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Torres et al., 2008; Candolfi-Arballo et al., 2010). It is a
cosmopolitan and plurivorous fungus, broadly prevalent
among Botryosphaeriaceae species and affecting grape-
vines in most countries where these plants are cultivated,
and causing Botryosphaeria canker (Larignon et al., 2001;
Urbez-Torres, 2011). Strains reported from other countries
exhibit varying conidium morphologies and dimensions,
ranging from 21.5 - 28 x 11 - 15.5 um, and never exceed-
ing 30 um in length. Initially hyaline, the conidia darken
with time, typically remaining aseptate and ovoid, with
smooth external walls that become roughened on the
inner surfaces. However, some isolates may develop septa
upon germination (Phillips et al., 2013). Among the 18
isolates examined, the majority had septate conidia, while
for particular isolates (e.g. MXSACHI19-1), conidia were
smaller (average = 17.2 x 9.3 um) than the average size.
This indicates intraspecific variation, as has been previ-
ously highlighted (Elena et al., 2015).

Differences in conidium dimensions were observed
among species, providing a basis for differentiation. For
example, while the conidia of N. parvum and B. doth-
idea had similar characteristics, those of B. dothidea were
longer and narrower; N. vitifusiforme (average = 20.7 x
5.5 um) and N. australe (average = 19.4 x 5.7 pm) had
similarly sized conidia, but N. vitifusiforme had fusoid
to ellipsoid conidia widest in the upper thirds, with an
obtuse apices and flattened, subtruncate bases. In con-
trast, the conidia of N. australe were non-septate and
fusiform, with subtruncate to bluntly rounded bases
(Phillips et al., 2013). Diplodia corticola isolates mainly
had hyaline and aseptate conidia, which were oblong to
cylindrical with both ends broadly rounded, and gradu-
ally became brown and septate with time. This species
has the largest conidia of the genus Diplodia (average =
29.9 x 13.6 um) (Phillips et al., 2013). However, differenti-
ating among species solely based on their conidium mor-
phology is challenging due to their striking similarities.

Botryosphaeriaceae fungi have cosmopolitan distri-
butions (Urbez-Torres, 2011), but particular genera with-
in this family tend to prevail in specific climatic regions.
For example, Diplodia spp. are often found in temperate
regions (Burgess and Wingfield, 2002), while species of
Lasiodiplodia are commonly found in tropical and sub-
tropical regions (Mohali et al., 2005; Burgess et al., 2006).
The optimum growth temperatures for Neofusicoccum,
Diplodia, and Botryosphaeria spp. is typically within the
range of 25 to 30°C (Phillips et al., 2013; Dardani et al.,
2023). Results from the present study agree with those
reports, although two isolates of D. seriata (MX16P2
from Coahuila and MXBY06 from Baja California)
showed slight growth at 37°C. Furthermore, all the D.
seriata isolates exposed to 37 or 40°C recovered their
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growth when cultures were transferred to room tempera-
ture. Similarly, Mexican Lasiodiplodia spp. did not grow
at 40°C but resumed growth once returned to room tem-
perature (Rangel-Montoya et al., 2021). Plasticity in tem-
perature tolerance may be linked to broad international
distribution of D. seriata. On the other hand, the climate
of Valle de Guadalupe, where most of the isolates were
obtained, is usually warm. Over the course of each year,
the temperature varies from 4°C (at night) to 33°C, and
is rarely less than 2°C or greater than 34°C (CONAGUA,
2023). This indicates that the Valle de Guadalupe favours
occurrence and distribution of D. seriata.

Neofusicoccum parvum was initially reported in
grapevines in 2002 as Botryosphaeria parva (Phil-
lips, 2002). Since then, this fungus has emerged as one
of the most frequently isolated species and among the
most virulent pathogens affecting grapevines, along-
side several species of Lasiodiplodia (Urbez-Torres et al.,
2006). The isolates of N. parvum, specifically MX14P4,
MX24P4, MXRJM6, and MXRJM16, exhibited greater
virulence in both green and woody tissues. However,
previously reported Lasiodiplodia isolates from Baja Cal-
ifornia and Sonora displayed higher levels of virulence
than those of N. parvum (Rangel-Montoya et al., 2021).
In contrast, the isolate MXCHPOSE, also N. parvum,
demonstrated weak virulence. As previously indicated,
isolates within the same species can vary in virulence
(Billones-Baaijens et al., 2013; Rangel-Montoya et al.,
2021). Further investigation is required to determine the
reasons for these variations.

Neofusicoccum parvum strains obtained in this
study had optimal growth temperatures of 28 to 30°C.
This temperature range favours the virulence of N. par-
vum, as it the fungus causes greatest damage at tem-
peratures between 25 and 30°C (Ploetz et al., 2009).
The isolates of N. parvum from Baja California were
obtained from a recently planted vineyard, while in old-
er plants, the most isolated species were D. seriata and
Lasiodiplodia spp. It is therefore likely that in regions
with low rainfall and high temperatures such as Sonora
and Baja California in Mexico, this fungus is not com-
monly found. Furthermore, conidium germination is
also affected by high relative humidity (Amponsah et al.,
2010), and the optimum conidium germination tempera-
ture for this fungus is 30°C (Urbez-Torres et al., 2010b).

Neofusicoccum australe was originally described as
Botryosphaeria australis and isolated from native Aca-
cia species in Australia (Slippers et al., 2004). Presence
of this fungus in grapevines was first confirmed in 2004
in South Africa, where it caused lesions in green shoots
and mature canes of ‘Periquita’ plants (van Niekerk et
al., 2004). In the present study, however, plants inocu-
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lated with N. australe did not show damage; instead,
tissue regeneration was observed at the sites of the
mechanical wounds. These differences could be due to
the different cultivars used in the tests, as cultivars can
exhibit varying levels of susceptibility to this pathogen.
Nevertheless, N. australe is generally considered a weak
pathogen with narrow distribution (Urbez-Torres et al.,
2006; Pitt et al., 2010).

The isolates of N. vitifusiforme used in the present
study caused lesions ranging from 0.5-1.2 cm in length,
which were not significantly different from those on
the control plants. Neofusicoccum vitifusiforme was first
reported in grapevine in 2004 as a weak pathogen (van
Niekerk et al., 2004). Initially, this fungus was believed
be restricted to Vitis spp. (Phillips et al., 2013), until it
was isolated in Italy from Olea europaea, where it was
reported to be an aggressive pathogen (Lazzizera et al.,
2008). Cross-inoculations followed by histological or
transcriptomic analyses using isolates from grapevine
and O. europaea would help to clarify reasons for this
different behaviour.

Botryosphaeria dothidea was initially found as an
endophyte in the bark of white cedar (Xiao et al., 2014).
More recently, this fugus has gained recognition as a
latent pathogen of widespread significance in woody
plants. This is attributed to its ability to undergo a pro-
longed endophytic phases before causing decay symp-
toms in host plants (Marsberg et al., 2017). The patho-
genicity of B. dothidea isolates evaluated in the present
study resulted in lesions that were larger than experi-
mental controls. The B. dothidea isolates MXRJM9A and
MXRJM25 did not have differences in growth within the
range of 25 to 35°C, while isolate MXRJM22 exhibited
greatest growth at 25 to 30°C and also grew at 35°C.
This pathogenicity and ability to grow at different tem-
peratures indicates that B. dothidea poses potential chal-
lenges for vineyards in Mexico.

Diplodia corticola was first reported as associated
with oak (Quercus suber L.) dieback in Portugal (Alves
et al., 2004), establishing this fungus as one of the most
important pathogens affecting these trees (Mufioz-Ada-
lia and Colinas, 2021; Munoz-Adalia et al., 2023). In
grapevines, D. corticola has been isolated in Texas
(Urbez-Torres et al., 2009), California (Urbez-Torres et
al., 2010a), Spain (Pintos Varela et al., 2011), and Italy
(Carlucci et al., 2015), where it has been assessed to be
a moderately virulent pathogen. The isolate obtained
from Baja California exhibited no virulence to grapevine
and displayed optimal growth at 25°C. The isolate was
obtained from an approx. 30-year-old plant growing in
a temperate climate. This suggests that D. corticola may
not be well adapted to the climate conditions of Baja
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California, but could potentially exist as an endophyte
within that region.

The diversity, distribution, wide host range, and the
several factors that favour conidium distribution (e.g.
wind, rain, and insects), make Botryosphaeriaceae impor-
tant plant pathogens (Slippers and Wingfield 2007; Mehl
et al., 2017). Reports of the distribution and pathogenicity
of Botryosphaeriaceae in different countries provide help-
ful information on the frequency and diversity of hosts
of these fungi (Batista et al., 2021). The present study has
broadened knowledge on the incidence of Botryospha-
eriaceae, and provides a benchmark for future research on
GTD epidemiology and disease management in Mexico.
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Summary. Fusarium wilt, caused by Fusarium oxysporum f. sp. cubense tropical race
4 (FocTR4), is an important disease for banana production. Presence and prevalence
of FocTR4 in banana plantations on the Mediterranean coast of Tiirkiye were assessed
during 2018 to 2020 in a total of 117 banana plantations in open fields and protected
plastic greenhouses. Rhizome, pseudostem, and root samples were taken from plants
showing typical symptoms associated to the disease and from suspected affected plants.
Fungi were isolated from the plant internal tissues, and Fusarium oxysporum-like colo-
nies were sub-cultured for further analyses. Phylogenetic analyses of 36 isolates showed
that they belonged to four different Fusarium species: F. musae, E oxysporum, E sac-
chari, and E solani. Eight representative F. oxysporum isolates were identified as Foc-
TR4 by specific PCR and qPCR tests. Pathogenicity tests were carried out on tissue-
cultured ‘Cavendish’ type banana seedlings (‘Grand Naine’) for 36 Fusarium isolates,
and their virulence was assessed based on the internal necrosis observed in the rhi-
zomes. Approx. 40 to 65 d after inoculations, FocTR4, F. oxysporum, and E sacchari
isolates caused severe to mild necroses in the seedling rhizomes. This is the first report
of E sacchari associated with root and collar rot of bananas in Tirkiye. This study
showed that Fusarium wilt caused by FocTR4 is present, but at low incidence (6.8%) in
Turkish banana plantations.

Keywords. Collar rot, Grand Naine, Fusarium sacchari, identification.

INTRODUCTION

Bananas and plantains (Musa spp.) are important agricultural prod-
ucts in tropical and subtropical regions. Banana plantations are located on
the coastline of the Mediterranean Region of Tiirkiye, and 883,455 tons of
sweet bananas are produced annually from approx. 11,000 ha (Anonymous,
2022). This production does not meet the domestic consumption, and 20% of
domestic consumption is imported from other banana-producing countries,
including Costa Rica and Ecuador (Anonymous, 2021).
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Fusarium wilt, caused by Fusarium oxysporum
Schlecht. f. sp. cubense (E.F. Smith) Snyder and Hansen
(Foc), is the most important fungal disease in banana-
producing countries, due to the lack of practical man-
agement methods and the severe economic losses this
disease can cause. Foc first infects banana plants via
root hairs, then develops in the internal corm tissues,
progressing to the xylem vessels and activating xylem-
secreted genes that trigger initial symptoms (Dong et
al., 2016; Czislowski et al., 2021). Water transport in the
xylem is disrupted due to the conidial and mycelial mats
produced by the pathogen, and by host substances such
as gums, and mechanical barriers produced to prevent
systemic spread of the fungus. Enzymes and toxins pro-
duced by Foc cause the host leaves to turn yellow and
the lower leaves to droop (Stover, 1962).

Fusarium wilt of banana was first reported in Bris-
bane, Australia, in 1874 but reached severe levels in
Panama and Costa Rica in the 1890s (Pegg et al., 2019).
Destruction of the Gros Michel cultivar (susceptible to
race 1 of Foc) by the fungus in Latin America and the
Caribbean has made it one of the most important fungal
pathogens wherever bananas are grown. Since the early
1960s, Fusarium wilt was not of concern due to adoption
of the Foc resistant banana cultivar ‘Cavendish’. How-
ever, despite the use of resistant ‘Cavendish’-related cul-
tivars, the disease re-appeared in the 1990s in Taiwan,
Indonesia and Malaysia, caused by the new physiological
race, Tropical Race 4 (FocTR4) (Ploetz, 2006). To date,
four physiological races of Foc have been described to
cause Fusarium wilt, including Race 1 in ‘Gros Michel’
and ‘Silk’; Race 2 in ‘Bluggoe’; Race 3 in Heliconia spp.,
and Race 4 in all commercial banana cultivars. In addi-
tion, the subtropical race of the pathogen (FocSTR4) was
found to be ineffective in the tropics or in areas where
optimum banana growth conditions occur.

FocTR4 has also caused Fusarium wilt in commer-
cially grown banana cultivars regardless of environmen-
tal conditions (Ploetz, 2015). This race was first reported
in 1990 in Taiwan; in 1992 in Indonesia and Malaysia
(Ploetz and Pegg, 1997); in 1997 in Northern Austral-
ia (Conde and Pitkethley, 2001); in 1998 in China (Qi
et al., 2008); in 2005 in the Philippines; in 2012 in the
Sultanate of Oman; in 2013 in Mozambique and Jordan
(Garcia-Bastidas et al., 2014; Perez-Vicente et al., 2014;
Viljoen et al., 2020); in 2015 in Lebanon and Pakistan
(Ordonez et al., 2016); in 2018 in Vietnam (Hung et al.,
2018); in Laos (Chittarath et al., 2018), Myanmar (Zheng
et al., 2018) and Israel (Maymon et al., 2018); in 2019 in
India (Thangavelu et al., 2019), Thailand and Colombia
(Garcia-Bastidas et al., 2020); in 2020 in Tiirkiye (Ozars-
landan and Akgiil, 2020); in 2021 in Mayotte (Aguayo et
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al., 2021), and Peru (Acuna et al., 2022); and in 2022 in
Venezuela (Mejias Herrera et al., 2023).

As with other soil-borne plant pathogenic fungi,
managing FocTR4 is challenging, and practical con-
trol has not yet been found for eradicating the patho-
gen from soil. Foc has long persistence in the soil (more
than 20 years), due to its ability to survive as a sapro-
phyte in plant residues and to produce chlamydospores.
As these inocula are pushed deeper into the soil with
tillage, eliminating the pathogen from infested areas
becomes almost impossible (Stover, 1962). Solarization
is ineffective in eradicating this pathogen when applied
alone, because of its inability to penetrate deep into the
soil (Herbert and Marx, 1990). In addition, using this
method in large areas is difficult and costly. Breeding for
resistance is ongoing, but a banana cultivar with high
commercial potential and complete resistance has not
yet been produced, as was previously the case for the
Focl and Foc2 resistant ‘Cavendish’ (Dita et al., 2018).

Fusarium oxysporum is a large species complex
including saprophytes, endophytes, plant and human
pathogens; it also has 143 formae speciales (106 of
them are well-documented) and 25 physiological races
(including FocTR4) from monocotyledon and dicoty-
ledon host plants (Edel-Hermann and Lecomte, 2019).
Formerly, Fusarium species have been identified based
on their morphological characteristics, which primar-
ily include asexual reproductive structures (chlamydo-
spores, conidiophores, macro- and microconidia, and
phialides) and colony morphology (Fourie et al., 2009).
However, molecular tools and phylogenetic analyses sup-
ported by DNA gene sequencing, as well as pathogenic-
ity tests, have shown that these features are insufficient
for species identification. Since it is not possible to dis-
criminate pathogenic isolates (or physiological races)
using morphology and microscopy, precise diagnostic
procedures (e.g. PCR, gene sequencing, VCG tests) and
pathogenicity tests must be used for accurate identifica-
tion. In the last 15 years, commercial diagnostic kits and
PCR primers that amplify specific regions in genomic
DNA of these races have been designed for molecu-
lar identifications. Lin et al. (2009) followed the RAPD
marker technique to design specific primers for identi-
tying tropical race 4 using 96 FocTR4 isolates from Tai-
wan. Their primer (Focl/Foc2) amplifies a specific 242-
bp gene product in Foc genomic DNA. Dita et al. (2010)
designed FocTR4-F/FocTR4-R primers to identify FocTR4
strains using single nucleotide polymorphism in the IGS
region. These primers have been widely used for moni-
toring the disease and in pathogen identification studies.
Some commercial diagnostic kits containing pathogen-
positive DNA have also been developed for qPCR ampli-
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fication, and have been used in studies aimed at disease
monitoring in banana-producing countries (Dale et al.,
2017; Garcia-Bastidas ef al., 2019).

If the pathogen has not appeared in a country, the
most effective control measure is to exclude the patho-
gen by implementing strict quarantine measures. When
the pathogen is detected in a limited area, it is neces-
sary to contain and eradicate it before becoming wide-
spread. Pathogen tracing and disease monitoring with
regular surveys, and accurate identification procedures,
are essential. Fusarium wilt of banana was first reported
in Turkiye was in 2018. FocTR4 was detected in three
protected plastic covered greenhouses after identifica-
tion using specific PCR primers and pathogenicity tests
(Ozarslandan and Akgiil, 2020). However, a more com-
prehensive study is required to determine prevalence of
Fusarium wilt in Ttrkiye.

The aim of the present study was to determine the
prevalence of Fusarium wilt caused by FocTR4 in open-
field and plastic-covered-greenhouse banana plantations
in Tarkiye. Knowledge of FocTR4 prevalence in these
areas would provide a basis for appropriate quarantine
measurements, and for further investigations on disease
management and screening of local banana cultivars for
resistance breeding.

MATERIALS AND METHODS

Survey, sample collection and isolation of fungi

A survey was carried out in protected plastic, green-
houses (n = 72) and open field banana plantations (n
= 45) located in Seyhan, Yiregir (Adana province),
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Alanya, Gazipasa (Antalya province), Arsuz (Hatay),
and Anamur, Bozyazi, Erdemli, Silifke, Tarsus districts
(Mersin province), in the Mediterranean Region of Tiir-
kiye (Figure 1). A total of 117 plantations (approx. total
area 76 ha) were inspected, from March 2018 to Decem-
ber 2020. Individual banana the plants were examined
for general appearance, and rhizome, pseudostem, and
root samples were collected from those with typical dis-
ease symptoms (Figure 2). These samples were placed in
paper bags and then in an ice box, and transported to a
laboratory for further processing.

Small sections (5 to 8 cm each) of symptomatic
pseudostem, corm, and root tissues were dissected from
each sample, and then surface sterilized with 2.5%
sodium hypochlorite solution (>5% active chlorine) for
3 min, then rinsed twice in sterile distilled water. The
internal tissues (4 to 6 mm) from each section were
aseptically placed onto % strength Potato Dextrose Agar
(PDA; CondaLab) amended with streptomycin sulfate
(250 pg mL"), and the culture were incubated at 25°C
for 4-5 d. Twenty Petri dishes were used isolations from
tissues from each banana plantation. After morphologi-
cal and microscopic examinations, Fusarium oxyspo-
rum-like colonies were transferred by single-conidium
isolation techniques onto fresh PDA plates, backed up
on sterile green banana leaf cultures, and were stored
at -20°C (Seifert, 1996). Among the F. oxysporum-like
fungi, a representative sample of 36 isolates was selected
for further pathogenicity testing and gene sequencing.
These isolates were tentatively identified using cultural
and microscopical characteristics (fluffty mycelia, sim-
ple short phialides, and pale violet or pinkish colony
colour), as described by Nelson (1983) and Leslie and
Summerell (2006). FocTR4 prevalence (%) was calculat-

&
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Figure 1. The location of surveyed banana plantations in the Mediterranean Region of Tiirkiye.
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Figure 2. A protected banana greenhouse with wilt symptomatic plants, and vascular necrosis in an affected pseudostem.

ed based on the number of greenhouse or banana fields
(where FocTR4 detected and the total number of banana
plantations (surveyed). The isolation frequency (%) of
all fungi in each plantation was estimated using 140 tis-
sue pieces plated (20 Petri plates, seven tissue fragments
each) from symptomatic plants.

Molecular identification of Fusarium isolates

Thirty-six F. oxysporum-like isolates (tentatively
identified based on their simple short phialides on
hyphae, salmon or pale violet colony colour after 3
weeks incubation on PDA at 24°C in the dark) were
selected for further molecular identification. Isolates
were grown on PDA at 24°C for 8-10 d in the dark.
Fresh aerial mycelia were collected by scraping the
colonies with a sterile scalpel, and the mycelia were
placed in sterile Eppendorf tubes containing 2% CTAB

buffer. The following extraction steps were then fol-
lowed, as described by O’Donnell et al. (1998). For gene
sequencing, translation elongation factor la (TEF-la)
and intergenic spacer (IGS) region (nuclear ribosomal
operon) genes were amplified using PCR using, respec-
tively, the EF1/EF2 primer (O’Donnell et al., 1998) and
FocTR4F/FocTR4R primer (Dita et al., 2010). Each PCR
reaction mixture contained 5 pL of buffer (10x Green
Buffer, DreamTaq Green DNA Polymerase, Thermo
Scientific™), 2 puL of the dNTPs mixture (10 mM each,
Thermo Scientific™), 0.5 pL of forward and reverse
primers (stock concentration: 10 pmol-uL!), 0.25 pL
of Taq polymerase (DreamTaq Green DNA Polymer-
ase, Thermo Scientific™), 39.75 uL of PCR grade water
and 1 pL of genomic DNA (approx. 100 ng-uL!). PCR
amplifications were carried out in a thermocycler (Sim-
pli-Amp A24811™ Thermal Cycler, Applied Biosystems),
using the conditions specified in Table 1. PCR products
were separated by gel electrophoresis in 1.5% agarose
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Table 1. PCR conditions used in this study to amplify partial genomic DNA of Fusarium isolates.

EF1/EF2 FocTR4/FocTR4R Clear Detections Kit™

Amplification stages T ; ; ;

emp. Duration Temp. Duration Temp. Duration

Q) (min) No. of cycles Q) (min) No. of cycles Q) (sec) No. of cycles
Initial denaturation 95 3 1 95 5 1 95 3 1
Denaturation 95 1 95 1 95 10
Annealing 52 1 35 60 1 30 63 60 40
Extension 72 1.5 72 3 72 30
Final extension 72 10 1 72 10 1 70 60 1

(Sigma) gels in 1x Tris-Acetic acid-EDTA (TAE) buffer,
to check DNA band size and quality. These products
were then sequenced by Macrogen Co. (South Korea),
and the sequences were compared with those deposited
in the NCBI GenBank database using the BLAST tool
(version 2.0; National Center for Biotechnology Infor-
mation, US National Institutes of Health). TEF-1a and
IGS sequences obtained were deposited to the NCBI
GenBank.

FocTR4 identification was also confirmed by Real-
Time PCR using SYBR® Green technology (Clear Detec-
tions TR4 Kit™). For each isolate, 5 uL of genomic DNA
was added to 200 pL capacity thermocycler tubes each
containing 15 uL of Clear Detections qPCR master
mix, then vortexed for 20 sec. of PCR-grade water (5
uL) and FocTR4 genomic DNA (provided by the manu-
facturer) were then added to other PCR tubes to con-
firm negative and positive amplifications as controls.
The thermal cycler (Roche Light Cycler 480™) was set
according to the conditions outlined in Table 1, and
whether the isolates were FocTR4 was determined
according to the obtained cycle thresholds (Ct). To
avoid missing weak positive amplifications due to DNA
quality and other factors, melting-curve analysis was
also carried out, and amplifications around 75°C were
considered primer dimers. The molecular identification
tests were each repeated once.

The phylogenetic analysis was carried out using
data from the translation elongation factor-la gene.
The data set was constructed using reference sequenc-
es (Table 2) from relevant publications (Maryani et
al., 2019a; Crous et al., 2021; Tava et al., 2021). The
sequences were aligned using the algorithm in Muscle,
and a maximum likelihood tree was constructed using
MEGA-X software with the Hasegawa-Kishino-Yano
model (Hasegawa et al., 1985). Geejayessia zealandica
(= F. zealandicum) CBS isolate 111.93 was used as a root
taxon, and node support was estimated by bootstrap
analysis on 1000 random trees.

Table 2. GenBank accession numbers of partial sequence of TEF
1-a of reference species used in the phylogenetic analyses.

Species Isolate GenBank
Accession No.

Fusarium grosmichelii InaCC F820 LS479810
Fusarium musae F31 MW916961
Fusarium oxysporum CAV794 FJ664922
Fusarium oxysporum CAV189 FJ664956
Fusarium oxysporum NRRL26029 AF008493
f R sporum . sp. Focll5 NRRL36104 LS479644
f Iy £ sp. InaCC F816 15479677
fl‘l‘f)";‘s:};’f sporum £. sp. InaCC F817 18479753
Fusarium philaophorum FocIndo25 LS479650
Fusarium proliferatum NRRL62905 KU171727
Fusarium purpurascens InaCC F823 1LS479838
Fusarium sacchari NRRL13999 AF160278
Fusarium solani CBS 102429 KM231936
Fusarium solani KARE233 MKO077039
Fusarium tardichlamydosporum  FocCNPMF-R2 LS479643

Pathogenicity tests

The 36 selected Fusarium isolates were used in
pathogenicity tests on banana seedlings, as described
by Thangavelu et al. (2019). The isolates were grown
on PDA for 7-8 d at 25°C in the dark. The mature cul-
tures were then flooded with sterile distilled water, and
mycelia were scraped with a sterile plastic needle to
dislodge macro and microconidia. The conidium sus-
pensions were each filtered through two layers of steri-
lized cheesecloth, and the concentration of resulting
conidium suspension was adjusted to 10° conidia mL",
after enumeration with a Thoma® slide under a light
microscope. Banana seedlings (‘Grand Naine’ at 4 to 6
leaf stage, produced by tissue culture), were uprooted
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from trays; their roots were slightly trimmed and then
dipped into the conidium suspensions of respective
isolates for 10 min. The seedlings were then planted in
plastic pots (15 cm diam.) containing sterile peat moss,
sand and perlite mixture (1:1:1 v/v/v), and were placed
in climate controlled greenhouses (at 27°C, 85% rela-
tive humidity, 12 h illumination). The inoculated plants
were grown for 65 d, and the pathogenicity of the iso-
lates was assessed using a 0 to 3 severity scale, based on
the discolouration of the each plant rhizome and whole
plant wilting, as described by Li et al. (2015). Disease
severity was calculated using the formula of Towsend
and Heuberger (1943): (¥ (number of plants in a disease
scale category x disease scale category) / (total number
of plants x maximum disease scale category)) x100).
Eight plants (one plant per pot and four replicates
with two plants per replicate) were inoculated with
each Fusarium isolate. Inoculation control plants were
treated with sterile distilled water. Pathogenicity was
confirmed by re-isolating inoculated isolates from roots
and necrotic internal tissues of plants. The pathogenic-
ity tests were each repeated once.

Statistical analyses

Analysis of variance (ANOVA) were carried out on
disease severity data (mean lesion lengths in two experi-
ments), and the data were checked for normality. Means
were compared using Fisher’s least significant difference
(LSD) test at P < 0.05 (Gomez and Gomez, 1984).

RESULTS

Fungal isolations, identification of FocTR4, and disease
severity assessments

In the surveyed banana plantations, 12 fungal gen-
era, including Alternaria, Aspergillus, Cladosporium,
Epicoccum, Fusarium, Macrophomina, Nigrospora, Peni-
cillium, Pythium, Phytophthora, Rhizoctonia, and Tricho-
derma (based on ITS sequencing and simple BLAST
searches), were obtained from symptomatic and asymp-
tomatic banana plants. Among these fungi, Fusarium
was the most commonly isolated genus, obtained from
96% (112 of 117 plantations) of the total plantations
assessed. According to cultural morphological charac-
teristics of isolates (fluffy mycelia, simple short phialides,
and pale violet or pinkish colonies) and microscopic
features (short or long simple phialides, macro- and
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microconidium shapes, chlamydospore production), 36
Fusarium isolates were selected for further identification
studies.

A nucleotide BLAST search using the translation
elongation factor 1-a gene revealed four different Fusar-
ium species; F. musae, F. oxysporum, F. sacchari, and F.
solani (Table 3). Of the 36 selected Fusarium isolates,
most belonged to F. oxysporum (25 isolates), followed by
F. sacchari (eight isolates), F. solani (two isolates), and F.
musae (one isolate).

The BLAST results were confirmed by the clustering
of the isolates with respective reference sequences of F.
musae (F31), F. oxysporum (CAV794, NRRL_26029), F.
sacchari (NRRL_13999), and F. solani (CBS 102429) in
the phylogenetic tree. However, these methods could not
differentiate FocTR4 from the closely related Fusarium
oxysporum isolates.

The conventional PCR tests showed that eight of
the F. oxysporum isolates belonged to the tropical race
four, so 463 bp DNA bands were observed with agarose
gel electrophoresis (Figure 4). However, genomic DNAs
from the remaining 28 isolates could not be amplified
using these specific primers.

The real-time PCR tests using a FocI'R4-specific
diagnostic kit agreed with the conventional PCR results.
On average, while the CT value average for the reference
DNA provided by the Clear Detection™ commercial kit
was 21.59, these values varied between 24.97 and 31.63
in eight isolates suspected to be FocIR4 (Figure 5). No
amplification was recorded for DNA of the other Fusar-
ium isolates (including the water control), and their Ct
values were greater than 36 (Table 3).

Pathogenicity tests

Approx. 40 d after inoculating ‘Grand Naine’
banana seedlings with the Fusarium isolates, some
plants showed yellowing of the lower leaves (Figure 6, a
and b). Plants inoculated with two Fusarium solani iso-
lates (BMAE41 and BMAEA43), F. musae (BMAE3MM),
or the non-inoculated control plants, did not develop
disease symptoms (Figure 6 j). Approx. 50 d post inoc-
ulation, yellowing symptoms progressed to the upper
leaves, while the lower leaves wilted and dried thorough-
ly. Two weeks after these symptoms appeared, plants
inoculated with isolates identified as FocTR4 wilted and
died, while plants inoculated with the other isolates con-
tinued to live for approx. 20 d. Rhizome necroses started
from the pith tissues in FocTR4 inoculated plants (Fig-
ure 6 c to f), this progressed from the cortex to the cen-
tres in F. oxysporum and F. sacchari inoculated plants
(Figure 6 g and h). According to the evaluation scale of
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Table 3. Fusarium species, isolate identification numbers, source banana plantation locations, and cultivars, isolate translation elongation
factor (TEF 1-a) and 28S-18S intergenic spacer (IGS) GenBank accession numbers, and cycle threshold (Ct) values from Real-Rime PCR.

GenBank Accession Numbers

Ct Values at

Fungal Species Isolate Location Cultivar
TEF 1-a IGS Real_Time PCR

Fusarium musae BMAE3MM Erdemli, Mersin ~ Grand Naine OM350374 - NA

Fusarium sacchari BMAE4MM Erdemli, Mersin Azman OM350339 - «
BMAE5MM Erdemli, Mersin Azman OM350340 - «
BMAESMM Silifke, Mersin ~ Grand Naine OM350375 - «
BMAE11MM Silifke, Mersin ~ Grand Naine OM350343 - «
BMAE44MM Bozyazi, Mersin Azman OM350348 - «
BMAE10IMM  Anamur, Mersin ~ Grand Naine OM350379 - «
BMAE103MM  Bozyazi, Mersin ~ Grand Naine OM350364 - «
BMAE107MM Arsuz, Hatay Grand Naine OM350368 - «

E oxysporum f. sp. cubense TR4 BMAEIMM Silifke, Mersin ~ Grand Naine OM350342 OM350369 27.92
BMAE36MM  Anamur, Mersin ~ Grand Naine OM350345 OM350370 24.97
BMAE49MM Bozyazi, Mersin ~ Bodur Azman OM350350 OM350371 26.88
BMAE70MM  Gazipasa, Antalya Bodur Cavendish ~ OM350354 MN419031 28.92
BMAE83MM  Alanya, Antalya Bodur Cavendish =~ OM350356 OM350372 31.63
BMAES87MM  Alanya, Antalya Bodur Cavendish =~ OM350357 MN419032 26.73
BMAE102MM  Anamur, Mersin  Bodur Azman OM350363 OM350373 26.30
BMAE104MM Anamur, Mersin Azman OM350365 MN419033 26.00

E oxysporum BMAE7MM Silifke, Mersin ~ Grand Naine OM350341 - NA
BMAE20MM Arsuz, Hatay Grand Naine OM350376 - “
BMAE35MM  Anamur, Mersin  Bodur Azman OM350344 - «“
BMAE46MM  Bozyazi, Mersin Simsek OM350349 - «
BMAE6IMM  Alanya, Antalya Bodur Cavendish ~ OM350351 - “
BMAE62MM  Alanya, Antalya Bodur Cavendish =~ OM350377 - «
BMAE63MM  Alanya, Antalya Bodur Cavendish ~ OM350352 - “
BMAE69MM  Alanya, Antalya Bodur Cavendish =~ OM350353 - «
BMAE79MM  Alanya, Antalya Bodur Cavendish =~ OM350355 - «
BMAE93MM  Alanya, Antalya Bodur Cavendish =~ OM350358 - “
BMAE96MM  Alanya, Antalya Bodur Cavendish =~ OM350359 - «
BMAE97MM  Alanya, Antalya Bodur Cavendish ~ OM350360 - “
BMAE98MM  Alanya, Antalya Bodur Cavendish =~ OM350361 - “
BMAE99MM  Alanya, Antalya Bodur Cavendish =~ OM350362 - «
BMAE100MM  Alanya, Antalya Bodur Cavendish ~ OM350378 - “
BMAE105MM  Silifke, Mersin ~ Grand Naine OM350366 - «
BMAE106MM  Silifke, Mersin Grand Naine OM350367 - «

E solani BMAE41MM Bozyazi, Mersin Azman OM350346 - «
BMAE43MM  Bozyazi, Mersin Azman OM350347 - “

Li et al., (2015), F. sacchari and F. oxysporum caused rhi-
zome necrosis and seedling death at rates from 33.3% to
83.3%, while no symptoms were observed from F. solani
(BMAE41MM and BMAE43MM) or F. musae (BMAE-
3MM) isolates and the sterile water inoculated controls
(Figure 6 j). Disease severity was greater (66.7-91.7%) in
plants inoculated with FocT'R4 isolates (Figure 7). Fusar-
ium isolates were re-isolated from internal rhizome tis-

sues of these plants. Fusarium solani isolates were re-iso-
lated only from the hairy roots (not rhizomes), while no
Fusarium colonies were obtained from the rhizomes of
the non-inoculated control plants. Based on the overall
averages of all isolates from each species, F. oxysporum f.
sp. cubense TR4 caused the most severe rhizome necrosis
(74.0%), followed by F. sacchari (61.5%) and F. oxyspo-
rum (58.3%).
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Figure 3. Maximum likelihood analysis of Fusarium species isolates, based on TEF-1a gene sequences. Numbers above the branch nodes
represent bootstrap values from 1,000 replications. The sequence of the TEF-1a gene from F zealandicum isolate CBS 111.93 was the out-
group used to root the tree.
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Figure 4. Electrophoretic separation of DNA bands (463 bp) of
FocTR4 isolates obtained from FocTR4F/FocTR4R primer pairs.
Lane M, DNA ladder (Thermo Scientific); lane 1, Reference Foc-
TR4 (Jordan); lane 2: PCR-grade water; lane 3, BMAE9MM,; lane
4, BMAE36MM,; lane 5, BMAE49MM;, lane 6, BMAE70MM,; lane
7, BMAES3MM; lane 8, BMAE87MM; lane 9, BMAE102MM; lane
10, BMAE104MM.
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DISCUSSION

Fusarium wilt of banana is a severe disease affect-
ing banana plantations, and is ranked among the top
ten most important fungal diseases (Dean et al., 2012).
The physiological races of F. oxysporum f. sp. cubense
were unable to infect resistant banana cultivars until
the 1990s, but the new race (Tropical Race 4) overcame
this resistance in 1992 in Southeast Asia, and rapidly
spread across banana producing areas. FocTR4 has
since been reported in more than 20 countries (Bre-
gard et al., 2022). The present study detected FocTR4
in eight of 117 plantations (6.8%) in Tiirkiye, and all
eight were in protected plastic greenhouses. No plants
showing typical disease symptoms were found in open
field plantations, and the pathogen was not detected in
suspected plants. The limited detection of the patho-
gen in Tirkiye is probably because bananas are mostly
grown in protected greenhouses, with limited access
and under drip irrigation systems, limiting the spread
and proliferation of the pathogen. Growing conditions
in other banana-growing countries are different, with
most banana plantations located in open fields exposed
to tropical climates (high precipitation and warm tem-
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Figure 5. Real-time PCR amplification curves for FocTR4 isolates (curves A2, D2, E2, F2, G1, G2, H1, and H2), and the reference positive

control (curve F1) and water control (curve C3).



Miimine Ozarslandan, Davut Soner Akgiil

Figure 6. Leaf yellowing (a), wilt (b and i), and rhizome necrosis, caused by isolates of Fusarium oxysporum f. sp. cubense TR4 (c to f),
E oxysporum (g) and E sacchari (h), and non-inoculated controls or E musae or F solani inoculated plants (j), 65 d after inoculations in

greenhouse conditions.

peratures). This is probably why the disease is more
prevalent in other countries.

Karangwa et al. (2016) assessed the distribution and
incidence of Fusarium wilt in Burundi, the Democratic
Republic of Congo, Rwanda, and Tanzania. They report-
ed that 54.1% of the banana plantations had disease

incidences greater than 40%, and the greatest incidence
(63.6%) was in Tanzania. Zheng et al. (2018) surveyed
banana fields in Laos, Myanmar, Vietnam, and Yunnan
Province of China, to determine presence of FocTR4.
Fusarium oxysporum-like isolates were recovered from
symptomatic plants from 25 banana fields, and 81.3% of
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Figure 7. Mean disease severity percentages in corm tissues of ‘Grand Naine’ banana seedlings (inoculated at the 4 to 6 leaf stage) caused by
the Fusarium oxysporum f. sp. cubense TR4, E sacchari and E. oxysporum isolates in greenhouse conditions.

these were identified as FocIR4. In a survey by Thi et al.
(2022) in Vietnam, Fusarium wilt associated with Foc-
TR4 was not widespread in Vietnam. Using molecular
tools, these authors analyzed 19 Fusarium isolates from
three different geographical regions, and found that only
10% were FocTR4.

In the present study, Fusarium isolates were
obtained from banana roots, rhizomes, and internal
pseudostem tissues, and this was the most frequently
isolated genus (96% of isolates). In addition to Fusarium,
soilborne phytopathogenic fungi and fungus-like organ-
isms (including Macrophomina, Pythium, Phytophthora,
and Rhizoctonia) associated with root and rhizome rot,
and common endophytes of bananas (Alternaria, Asper-
gillus, Cladosporium, Epicoccum, Nigrospora, Penicil-
lium, Trichoderma), were also isolated from these tissues.
More than 100 Fusarium isolates were obtained, from
which 36 that were morphologically similar to Fusarium
oxysporum were selected and taken to the next stages of
identification. Phylogenetic analysis showed that nine of
these isolates were in the F. fujikuroi species complex, 25
were in F. oxysporum, and two in the F. solani species
complex. Among these complexes, four different Fusar-
ium species (F. musae, F. oxysporum, F. sacchari, and F.
solani) were identified.

Maryani et al. (2019a) obtained many Fusarium iso-
lates from 34 geographically and environmentally dif-
ferent locations in Indonesia, and identified 200 of them
using detailed phylogenetic analyses. The pathogen com-
munity included 14 Fusarium species within four spe-
cies complexes, and 180 isolates were within F. oxyspo-
rum species complex (FOSC). Ujat et al. (2021) studied
Fusarium species diversity in 17 regions of Malaysia, and
found that most of the 38 isolates (86.8%) obtained were
in the FOSC. Within this complex, F. oxysporum f. sp.
cubense was the most frequently isolated species (71.1%),
followed by F. oxysporum (10.5%) and F. grosmicheli
(5.3%). Similarly, Karangwa et al., (2018) discriminated
Fusarium isolates obtained from East and Central Afri-
can countries using phylogenetic analysis and VCG tests,
and identified F. sacchari and F. semitectum as well as
Fusarium oxysporum f. sp. cubense. Although some of
these F. oxysporum isolates were confirmed to be path-
ogenic to banana seedlings, these isolates could not be
discriminated using VCG tests. Czislowski et al. (2021)
obtained 105 isolates from plantations in Australia, from
symptomatic and asymptomatic banana plants, recov-
ering fungi belonging to the F. fujikuroi and F. oxyspo-
rum species complexes more frequently than those of F.
solani and F. incarnatum-equiseti complexes. Fusarium
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solani and F. fujikuroi were found to predominate in the
other species complexes. Results from these studies indi-
cate that Fusarium wilt may have different prevalence
in different countries, and that banana decline can be
caused by non-FocIR4 species.

The TEF 1-a gene was amplified by PCR and
sequenced in the present study to make robust distinc-
tion between morphologically similar Fusarium isolates.
While this approach identified species within species
complexes, it was insufficient to distinguish between
formae speciales and physiological races within the F.
oxysporum species complex. To make robust phylogenet-
ic discrimination between Fusarium species, O’Donnell
et al. (2022) suggested that the RPB1 or RPB2 genes
should be studied together with the TEF 1-a gene, but
noted that TEF 1-a sequencing results would also be
valuable in cases of limited resources. Ujat et al. (2021)
performed phylogenetic differentiation of Fusarium iso-
lates in bananas by sequencing the TEF or Histone-H3
genes, and suggested that working with the TEF 1-a
gene revealed more consistent results than those from
Histone-H3. Maryani et al. (2019a) carried out phylo-
genetic analyses by combining RPBI1, RPB2, and TEF
1-a genes, and made detailed identification of Fusar-
ium species complexes from bananas and the species
in these complexes. Greatest phylogenetic support was
obtained in their study by combining RPB1 and TEF 1
genes. Phylogenetic analyses using the sequences of gene
regions proposed by Maryani et al. (2019a) could be
used to identify F. oxysporum f. sp. cubense, and assess
relationships among isolates. However, since the pres-
ence of FocTR4 was to be investigated in the present
study by other methods (FocTR4-specific primers and
a commercial identification kit), phylogenetic analyses
with only the TEF 1-a gene was used as a first stage to
confirm sequencing results.

The FocTR4-specific primers (FocTR4F/FocTR4R)
identified eight out of the 36 selected isolates, and results
were validated with a commercially available diagnostic
real-time PCR kit (Clear Detections™) designed for Foc-
TR4 detection. These two detection methods were used
to detect first incursions of the pathogen in Colombia (in
2020) and Peru (in 2022). Garcia-Bastidas et al. (2020)
first tested the Fusarium isolates with FocTR4-specific
primers to detect the presence of FocTR4 in banana
plantations in Colombia. They also confirmed the pres-
ence of FocTR4 using the Clear Detection Kit™, loop-
mediated isothermal amplification, and whole genome
analyses. Acuna et al. (2022) examined Fusarium isolates
from a suspected FocTR4 infested banana plantation in
Querecotillo, Peru, and detected this race in that coun-
try by conventional PCR (Dita et al., 2010; Li et al., 2015)

Miimine Ozarslandan, Davut Soner Akgiil

and qPCR tests using the Clear Detection Kit™ The
studies cited above, which have used various molecu-
lar identification methods, indicate that the FocTR4 can
be accurately identified based on resources available in
most countries.

Regarding pathogenicity, except for F. solani, the
Fusarium species included in the pathogenicity tests
of the present study (F. oxysporum, F. oxysporum f. sp.
cubense, and F. sacchari) caused mild to severe necroses
in the rhizomes of inoculated plants 40 d after inocula-
tion. Discolouration in rhizome cores confirmed the
pathogenicity of Fusarium isolates identified as FocTR4
and its association with wilt, while the other isolates
were associated with root and collar rot. This study is
the first to report F. oxysporum and F. sacchari caus-
ing root necrosis, collar and rhizome rots in Tirkiye.
Maryani et al. (2019b) examined Fusarium diversity in
banana plants in small holder fields in Indonesia, and
90% of the Fusarium species isolated from pseudostems
were in the F. oxysporum species complex, but members
of the F. incarnatum-equiseti, F. fujikuroi and F. sam-
bucinum species complexes were also recovered. In their
pathogenicity tests, none of the Indonesian Fusarium
species belonging to these species complexes (including
F. sacchari) were found to be associated with Fusarium
wilt in ‘Cavendish’ banana plants. The present study
results agree with the pathogenicity results of Maryani
et al. (2019b), but the present study F. sacchari isolates
caused root collar and rhizome rots. Therefore, F. sac-
chari should not be overlooked in banana plantations.
In addition, Cui et al. (2021) highlighted horizontal gene
transfer between Fusarium species, indicating that the
potential of F. sacchari to cause wilt in bananas should
be carefully monitored.

Fusarium oxysporum isolates caused severe symp-
toms, although not as severe as those caused by FocTR4
isolates. Rhizome necroses started from outside and
progressed towards the plant cores, suggesting that F.
oxysporum isolates also cause root and root collar rot,
but not wilt. Fusarium oxysporum is an important spe-
cies, with numerous formae speciales and physiological
races, now associated with wilt, root/crown rot, damp-
ing-off, head blight, and seed/fruit rots in many plants
(Edel-Hermann and Lecomte, 2019). The host specific-
ity of F. oxysporum, and the fact that some isolates have
endophytic or pathogenic characteristics, indicate that
the fungus has a complex genetic diversity (Lombard
et al., 2019). Alteration of pathogenic characteristics
by horizontal gene transfer between isolates has also
been reported in F. oxysporum (Vlaardingerbroek et al.,
2016). In pathogenicity tests by Wu et al., (2019), using
the ‘Cavendish’ (AAA) cultivar, only FocTR4 isolates
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induced rhizome pith necroses, whereas this symptom
was not observed in plants inoculated with Focl isolates.

The present study has revealed that Fusarium wilt
caused by FocTR4 was present but had low prevalence
(6.8%) in Turkish banana plantations. Since this race was
detected in bananas in closed plastic protected green-
houses, legal and technical requirements have been ful-
filled to eradicate the disease in these areas. In addition
to wilt caused by FocTR4, some F. oxysporum and F.
sacchari isolates used in this study were found to cause
root and collar rots, and, eventually, death of banana
seedlings. This is the first report of F. sacchari associ-
ated with root and collar rot of banana in Tiirkiye. More
research is required to enable rapid and accurate path-
ogen detection, and to restrain the re-emergence and
spread of these diseases in this country.
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Summary. Some weeds have parasitic lifestyles, causing severe problems in agriculture.
These plants include Phelipanche ramosa (L.) Pomel (branched broomrape). Green-
house and nursery trials were carried out to assess control of P. ramosa using organic
extracts from 14 plant species. The parameters recorded were counts of living and dead
tubercles of P. ramosa and fresh weights of living tubercles. Organic extract of Olea
europea reduced lengths of germ tubes during P. ramosa seed germination, and extracts
of Bidens bipinnata and Dittrichia viscosa reduced production and development of the
parasite’s tubercles, with very encouraging results in reducing seed germination rates.
This research provides knowledge insights on the potential use of plant secondary
metabolites to limit spread of P. ramosa, addressing an increasing challenge for organic
crop production.

Keywords. Parasitic weeds, organic farming, allelopathy, agricultural sustainability.

INTRODUCTION

Root parasitic weeds pose serious problems in agriculture, causing severe
crop losses in yield and quality. These weeds rely on neighbouring host
plants for their whole life cycles, depleting water and nutrients, and severely
reducing host plant growth. Their life cycles are spent mostly underground,
and when they emerge, most of the damage they cause has already been
accomplished. These parasitic weeds also produce large numbers of long-
lived seeds that determine the formation of persistent seedbanks, making the
soil infestation, after occurring, almost impossible to remove (Fernandez-
Aparicio et al., 2020).

The most damaging root parasitic weeds, including broomrapes
(Orobanche and Phelipanche spp.) and witchweeds (Striga spp.), are wide-
spread in Europe, Africa, and Asia, while other parasitic weeds (Alec-
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tra, Aeginetia, Buchnera, and Rhamphicarpa) are also
becoming increasingly important. Due to their charac-
teristics, traditional control strategies based on herbi-
cides, agronomic practices, and resistant varieties, are
only partially effective, particularly in low-input crops
(Parker, 2021; Rubiales, 2023), or cannot be fully applied
in organic farming and other agriculture systems. To
effectively manage parasitic weeds, it is important to
understand the physiological and molecular mechanisms
of their germination, haustorium development, as well as
crop resistance, and to discover new herbicides and bio-
herbicides and their applications for control of parasitic
weeds (Kebede and Ayana, 2018).

Phelipanche ramosa (L.) Pomel., commonly known
as branched broomrape, has a broad host range, primar-
ily including Solanaceae hosts such as tomato, potato,
and tobacco. This parasitic weed also infects other plant
including Brassicaceae, Cannabaceae, Fabaceae, Api-
aceae, and Asteraceae (Musselman and Parker, 1982).
P. ramosa is native in Europe, Africa, and Asia, and
has high adaptability and evolution to expand presence
and host range. Furthermore, with the high dispersal
capabilities, new areas are being infested by P. ramosa
(Rubiales, 2020). The detrimental impacts of this para-
sitic weed on host plants surpasses the anticipated con-
sequences based on the parasite’s dry weight. This could
be due to arid conditions or imbalanced effects on the
fruiting capacity of host plants compared to their vegeta-
tive biomass. Documented yield losses due to broomrape
in tomato and tobacco crops are likely to range from
30% to 50% (Parker, 2013).

The present study aimed to assess the potential of
plant extracts as natural herbicides against P. ramosa.
The focus was to assess their effects during the most
vulnerable stages of P. ramosa growth cycle: seed ger-
mination, tubule elongation, haustorium attachment,
and tubercle development. By targeting these stages, the
aim was to develop an effective and precise strategy for
controlling P. ramosa. This approach utilizes the unique
properties of selected plant compounds to disrupt specif-
ic growth processes, offering an avenue for eco-friendly
and sustainable weed management. The plants assessed
in this study are from families known for producing sec-
ondary metabolites or phytotoxic substances, enhancing
the likelihood of identifying potent natural herbicides.
Additionally, the selected plants are prevalent through-
out the Mediterranean region, and are easily propagated
and multiplied, providing practical advantages for fur-
ther experimentation and application of their metabo-
lites. Except for Dittrichia viscosa (L.) Greuter, these
plant species assessed here have not been previously
assessed against P. ramosa. This study was a prelimi-
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nary screening of the plant species with potential bioac-
tive organic compounds, and the aim was to find novel
extracts, to purify them, and obtain compounds with
potential as broomrapes bioherbicides.

MATERIALS AND METHODS
Extraction

Plant materials (leaves and green twigs) were har-
vested during November 2022 to March 2023 from 14
plant species. These included; Ailanthus altissima (Mill.)
Swingle, Amaranthus retroflexus (L.), Avena fatua (L.),
Bidens bipinnata (L.), Brassica nigra (L.), Cirsium arven-
se (L.) Scop., Diplotaxis erucoides (L.), Dittrichia viscosa
(L.) Greuter, Ecballium elaterium (L.) A.Rich., Juglans
regia (L.), Olea europaea (L.), Oxalis pes-caprae (L.),
Solanum nigrum (L.), and Sorghum halepense (L.). The
plants were harvested from the experimental field at the
Mediterranean Agronomic Institute of Bari (CIHEAM
Bari), Valenzano, southern Italy.

The harvested plant materials were cleaned and
dried in a fan oven at 45°C for 3 d. They were then
ground until to powder and kept in air-sealed plastic
bags at 8°C, until further processing and extraction.

Dried plant material (100 g of each plant) was added
to a glass flask, and 500 mL of methanol solution (H,O:
MeOH, 1:1, v:v) was added. The flasks were then kept in
stirred conditions at room temperature (25°C) for 24 h,
to separate the aqueous extracts (Fernandez-Aparicio et
al., 2021). The obtained solutions were then filtered from
solid plant material using gauze cloth, and centrifuged
at 7000 rpm at 5°C for 10 min. Supernatants were sepa-
rated from the solid phases after centrifugation. Dichlo-
romethane (CH,Cl,; 600 mL) was then added (three
times, each of 200 mL CH,Cl,) as organic solvent to the
supernatants, to obtain the organic extracts. Separating
funnels were then used to separate the aqueous extracts
from organic extracts. The organic extracts were then
dehydrated and filtered with cotton wool, and evaporat-
ed using a rotavapor (Dor and Hershenhorn, 2012). The
concentrated organic extracts were purified from any
methanol traces by nitrogen evaporator, and were then
kept in freezer at -12°C.

Seed germination test

The aim of this test was to measure effects of the
plant extracts on the germination of P. ramosa. The test
was conducted using the design described by Boari and
Vurro (2004), to verify which organic extracts of the
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harvested plants had potential to suppress or inhibit
germination of P. ramosa seeds. After selecting and col-
lecting the 14 adventitious plants, the 14 organic extracts
were compared with experimental controls containing
water, GR,,' and MeOH. For each individual test, a tri-
angular piece of filter paper was placed into a Petri dish
(total of 45 dishes), and 1 mL of water solution contain-
ing organic extract (0.5 mg mL"). Conditioned P. ramo-
sa seeds (approx. 100 seeds) were added to each Petri
dish, and the dishes were then wrapped in plastic wrap
and covered with aluminum foil. The dishes were then
placed in the incubator. After 72 h, germination percent-
ages were observed using a binocular microscope. Seeds
with emerged radicles were classified as germinated.
The design used for this experiment was a completely
random block with three replicates. Treatments that
reduced P. ramosa seed germination were considered
effective.

Assessment of infectivity of tomato by Phelipanche ramosa
in plastic file bags

Tomato seeds (Solanum lycopersicum cv. Marmande)
were sown into vermiculite in Styrofoam trays and were
irrigated frequently as needed. The resulting seedlings
were fertilized once each week with Hoagland solution
(Chen et al., 1961).

Modified plastic file bags were prepared for this test
(Amsellem et al., 2001; Vurro et al., 2006). An A4 plas-
tic files were sealed at the edges with a heat sealer and
were each cut in the middle to form a window-like flip-
per with the same dimensions as a fiberglass sheet held
inside the plastic file. A plastic tube (20 cm length) was
also inserted into each file. The fiberglass sheet was
moistened with 12 mL of sterilized tap water. Seven
plastic crates were prepared to host 70 of these plastic
file bags assessments of P. ramosa infection of tomato
seedlings. Dry P. ramosa seeds (30 mg) were then sprin-
kled evenly distributed on the fiberglass sheet. These
plastic file bags were then placed inside a plastic crate
modified for the purpose. The experimental design was
a completely randomized design with ten replicates. One
day later, tomato seedlings (24 d old, two to three true
leaves) were removed from the trays. Their roots were
washed and cleaned from vermiculite and the plants
were inserted into each plastic bag, positioned on the
fiberglass paper, and fixed in place by scotch tape. These
plants were irrigated and fertilized with Hoagland solu-
tion periodically. Organic extracts (500 mL each; 0.5

' A synthetic germination stimulant for broomrape seeds (Lechat et al.,
2012).

mg mL!) were prepared from A. altissima, B. bipinnata,
C. arvense, D. viscosa, ]. regia, and O. europaea, so that
each tomato plant received 10 mL of treatment solution.
The treatments were applied 26 d after the plants were
transplanted. The trial lasted about 2 months.

At the end of the trial, living and dead tubercles
were counted, and fresh weights of living tubercles were
measured. The tubercles were divided into three catego-
ries, A (small), B (medium), or C (large), based on their
surface areas (visible from outside the bag) as A, <0.3
cm?, B, 0.3-0.6 cm?, or C, >0.6 cm?. Measurement of
surface areas and counting of the tubercles were done
using Image]J version 1.54d, free software for image anal-
ysis (Schneider et al., 2012).

Pot experiment

This experiment aimed to evaluate effectiveness of
treatments under greenhouse and nursery conditions.
Tomato seeds (cv. Marmande) were sowed into seed-
ling trays containing peatmoss. The trays were kept in a
growth chamber under optimal conditions and irrigated
as needed. Seventy pots (each 1 L capacity) were pre-
pared, each containing a layer of tissue paper at the bot-
tom to block the drainage holes and prevent soil escape.
A layer (2-3 cm thick) of peatmoss mixed with soil was
added, followed by a layer of soil inoculated with P.
ramosa seeds (approx. 0.85 L of soil mixed with 24 mg
of P. ramosa seeds). Tomato plants (23 d old, 3 to 4 true
leaves) were then transplanted into the pots, and anoth-
er 2-3 cm layer of peatmoss was added to each pot. The
pots were irrigated periodically from above with water,
and Hoagland solution was added for fertilization. The
experiment was a completely randomized design with
ten replicates.

Each pot received 50 mL (conc. 0.5 mg mL"!) of
extracts from either A. altissima, B. bipinnata, C. arven-
se, D. viscosa, ]. regia, and O. europaea. Final evaluations
were carried out 20 d after treatment. The trial lasted
2 months. At the end of the trial, numbers of living P.
ramosa tubercles were counted, and fresh weights of
tubercles were measured. The tubercles were divided into
three categories, as A (small, <0.3 cm?), B (medium, 0.3-
0.6 cm?), or C (large, >0.6 cm?).

Statistical analyses

RStudio IDE of the R programming language
(RStudio Team, 2020) was used to analyze the results
obtained and determine statistical significance of mean
differences, using core packages (R Core Team, 2023),
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as well as the “tidyverse”, “knitr”, “car”, “haven”, “Tuk-
eyC”, “ggpubr”, “dunn.test”, “reshape2”, “superb”, and
“ggplot2” metapackage (John Fox and Sanford Weis-
berg, 2019; Wickham et al., 2019; Jose et al., 2023; Smith,
2023; Yihui Xie, 2023).All the variables were first tested
for normal distributions using the Shapiro-Wilk normal-
ity test, and variables that followed normal distributions
(P > 0.05) were subjected to Analysis of Variance (2-way
ANOVA) tests, followed by Tukey’s HSD post-hoc tests
at P = 0.05. Means were then visualized using boxplots.
Variables that did not follow normal distributions (Shap-
iro-Wilk; P > 0.05) were analyzed using analysis of vari-
ance (Kruskal-Wallis, non-parametric) of independent
samples, followed by Dunn’s post-hoc test at P = 0.05,
then visualization using Boxplots.

RESULTS
Seed germination assays

The organic extracts of three plants, A. altissima,
B. bipinnata, and C. arvense, applied at 0.5 mg mL"!
to preconditioned seeds of P. ramosa caused com-
plete inhibition of germination. (from 81% to 0%); the
extract of D. viscosa was also active, reducing germina-
tion rate by 68.5% (from 81% to 12.5%), and the extract
from J. regia gave germination of 44% (Figure 1). All
the other extracts reduced P. ramosa seed germination
to a lesser extent in comparison with the control. The
extracts which reduced germination to less than 50%
were selected for further assessments in plastic bag bio-
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Figure 1. Germination (%) of preconditioned Phelipanche ramosa
seeds treated with different plant extracts (0.5 mg mL™), and syn-
thetic germination stimulant (Control; see materials and methods
for the details of the bioassay).

assays (below) for the P. ramosa infection phase. The
extracts from A. altissima, B. bipinnata, C. arvense, D.
viscosa and J. regia were selected for the tomato plant
assay (below), together with that from O. europaea. that,
although reduced germination by only 26% (from 81 to
55%), induced an unusual deformation to the germ tube
of the P. ramosa seed (Figure 2).

Tomato infectivity test in plastic file bags
This test aimed to evaluate effects of the selected

organic extracts applied to tomato plants during the P.
ramosa infection phase.

Figure 2. Binocular microscope images showing deformed germ tubes of Phelipanche ramosa seeds after treatment with organic extract
from Olea europaea (left image), compared to the control treatment (right image).
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Figure 3. Boxplots of parameters for Phelipanche ramosa tubercles after exposure to organic extracts from different plants (“Treat-
ments”) in the tomato infectivity test. A, numbers of living P. ramosa tubercles; B, numbers of dead tubercles; C, numbers of small

living tubercles; D, fresh weights of living tubercles.

After 30 d from the treatment application, the num-
bers of live P. ramosa tubercles was reduced by organic
extracts from B. bipinnata, D. viscosa, J. regia and A.
altissima to be 0.2, 0.4, 0.7, and 0.75, respectively, com-
pared to the control (0.85) (Figure 3 A).

The numbers of dead P. ramosa tubercles treated
with organic extracts of B. bipinnata was the greatest

(mean = 0.8), followed by D. viscosa (0.6), both of which
were greater (P < 0.05) than the control (mean = 0.17)
(Figure 3 B).

The numbers of small (<0.3 cm?) P. ramo-
sa tubercles were reduced from the treatments of
organic extracts from B. bipinnata (mean = 2.2), D.
viscosa (2.7), J. regia (5.1), and A. altissima (mean =
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Figure 4. Boxplots regarding the pot experiment carried out by using the organic extracts of the plants. A: fresh weight of living P
ramosa tubercles; B: number of living tubercles; C: number of large-size tubercles; D: number of medium-size tubercles; E: the num-

ber of small-size tubercles.

5.7), compared with the control (mean = 17.9) (Fig-
ure 3 C).

Application of organic extracts reduced mean fresh
weights of P. ramosa living tubercles to 0.51 g for B.
bipinnata, 0.56 g for D. viscosa, 1.0 g for A. altissima, 1.1
g for J. regia, and 1.3 g for O. europaea, compared to 1.8
g for the control treatment (Figure 3 D).

Pot experiment

Twenty d after application of treatments, fresh
weights of P. ramosa living tubercles treated with the
organic extracts of O. europaea (mean = 0.7 g) were less
compared to the controls (3.1 g). All the other treat-
ments with B. bipinnata (mean = 1.3 g), A. altissima
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(1.5 g), D. viscosa (1.6 g), C. arvense (2.0 g), and J. regia
(mean = 2.2 g) also reduced tubercule fresh weights
(Figure 4 A).

Numbers of living tubercles were reduced by apply-
ing organic extracts of D. viscosa (mean = 11.2), A. altissi-
ma (14.2), O. europaea (14.4) and B. bipinnata (24.6),
compared with the control (mean = 31.9) (Figure 4 B).

The numbers of tubercles with sizes >0.6 cm? were
less from the treatments with organic extracts of A.
altissima (mean = 0.7), O. europaea (0.8), and B. bipin-
nata (mean = 1.5), compared to the control (mean = 3.2;
Figure 4 C).

Numbers of tubercles with medium size (0.3-
0.6 cm?) were less from all the treatments of organic
extracts of O. europaea (mean = 1.2), B. bipinnata (1.3),
J. regia (2.6), A. altissima (1.8), C. arvense (2.4), and D.
viscosa (mean = 3.1), compared to the control (mean =
5.4; Figure 4 D).

The numbers of small (<0.3 cm?) P. ramosa tubercles
were less from all of the treatments with organic extracts
of D. viscosa (mean = 5.2), A. altissima (11.6), and O.
europaea (mean = 16.3), compared with the control
(mean = 23.1; Figure 4 E).

DISCUSSION

This study included bioassays to assess the effective-
ness of plant organic extracts for inhibiting seed germi-
nation and tubercle development of P. ramosa. In the
initial germination bioassay, three extracts, those from
A. altissima, B. bipinnata, and C. arvense, completely
inhibited seed germination at the assessed concentra-
tions. Two other extracts, from D. viscosa and J. regia,
had comparatively lower activity. In the tomato infectiv-
ity assessments, B. bipinnata and A. altissima were con-
sistently toxic to P. ramosa, but C. arvense had reduced
effectiveness compared to the initial seed germina-
tion bioassay. This variation indicates a need to explore
potential factors contributing to the observed assay dif-
ferences. In contrast, the D. viscosa extract gave stronger
inhibition of P. ramosa in the tomato infectivity bioassay
than in the germination assay.

In the assessment of O. europaea and D. viscosa
extracts in the tomato infectivity assay, O. europaea gave
less inhibition but longer phytotoxicity, while D. viscosa
had stronger toxicity but for shorter periods. This pos-
sibly explains why the numbers of medium-sized living
tubercles were greater from O. europaea than D. viscosa
treatments. The most effective organic extracts against
P. ramosa in tomato infectivity assay were from B. bipin-
nata and D. viscosa, with both extracts giving the least

numbers of living tubercles, lowest fresh weights of liv-
ing tubercles, and greatest numbers of dead tubercles.

In the pot experiment, most of the extracts
behaved differently compared to the tomato infec-
tivity assay. This could have been due to the different
substrates used in the two assays. In soil, there can be
interactions with microorganisms and soil physical
and chemical complexes that lead to the decomposi-
tion and alteration of biochemicals in organic extracts.
This could lead to different effects and functions (posi-
tive or negative) of the compounds at the whole system
level. In the pot experiment, the host plants were in
conditions similar to those of normal growth, and the
plants would behave as in field conditions. The extract
that showed greatest contrast in effects from the tomato
infectivity assay to the pot bioassay was O. europaea,
having greater activity the pot bioassay than the toma-
to infectivity assay.

The most effective treatments for reducing numbers
of living P. ramosa tubercles were D. viscosa, O. euro-
paea, A. altissima, and B. bipinnata, although D. viscosa
and A. altissima were less effective in case of the living
tubercule fresh weight. The overall performance of these
extracts ranged from very inhibitory to mildly inhibitory
compared to the experimental control.

Treatment with D. viscosa resulted in more large
tubercles and fewer small tubercules than from the other
treatments. This treatment was probably more effective
on small than on large tubercles, and possibly because
the active compound was unstable and rapidly degraded
in the soil, it could not affect growth of, already well-
developed, tubercles that are more dependent on the
host plant, and more resistant to the treatment in the
surrounding environment. Number of large tubercles
also influenced fresh weights of the living tubercles. For
example, O. europaea and B. bipinnata gave lower fresh
weights of tubercles than D. viscosa and D. viscosa gave
greater numbers of large tubercles than O. europaea and
B. bipinnata. Extracts from O. europaea and B. bipin-
nata gave greater numbers of small tubercles than that
from D. viscosa.

Activity of extracts from B. bipinnata have not been
previously investigated for effects species of broomrapes,
and allelopathic effects of B. bipinnata have been rare-
ly noted. The plant genus Bidens is well known for its
strong allelopathic activity, which probably arises from
a variety of secondary metabolites, including phenolics,
saponins, flavonoids, glycosides of flavones, polyacety-
lenes, terpenes, chalcone glucosides, phenylpropanoid
glucosides, and terpenoids (Brandao et al., 1997). The
invasive relative from the same genus, B. pilosa has been
widely studied, and produces many secondary metabo-
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lites and allelochemicals active against other plant spe-
cies. Khanh et al. (2009) reported that application of B.
pilosa biomass suppressed weeds, but this has not been
assessed against P. ramosa.

Organic extracts of D. viscosa were assessed for effects
on germination of P. ramosa seeds by Serino et al. (2021),
and our findings agree to the results found by them
regarding the germination bioassay of P. ramosa, despite
that they used biodegradable polymer to preserve release
of the extract over long periods to improve the efficacy
of the extract. Furthermore, many Other studies have
reported inhibitory effects of organic extracts from D. vis-
cosa on P. ramosa seed germination and tubercle develop-
ment (Moeini et al., 2019; Boari et al., 2021). Laboratory
investigation showed that D. viscosa produced several sec-
ondary metabolites, including sesquiterpenoids, flavo-
noids, and caffeic acids, although in varying concentra-
tions across different plant parts (Grauso et al., 2020).

Olea europaea was studied against P. ramosa in tomato
crops by Qasem (2020), who reported that olive mill waste-
water and olive cakes reduced dry weight of P. ramosa, with
wastewater being most active. Those results indicate possible
presence of secondary metabolites able to reduce P. ramosa
seed germination. However, those results from wastewater
and olive cake by-products from olive fruits, while the pre-
sent study assessed organic extracts from the leaves. Olive
fruits and leaves have different secondary metabolite pro-
files, so the present study results provide expanded knowl-
edge on O. europaea phytotoxicity. Research by Di Donna
et al. (2010) and Kabbash et al. (2023) analyzed metabolites
produced in O. europaea leaves using high performance
liquid chromatography and electrospray ionization tandem
mass spectrometry. This showed the presence of twelve phe-
nolic compounds in the leaves.

The present study results for A. altissima agree with
those of Scavo and Mauromicale (2020), who reported
that extract from this plant can completely inhibit ger-
mination of P. ramosa. Strong allelopathic activity lead
those authors to extract canthin-6-one (CO) alkaloids
and ailanthone which have strong allelopathic activity
(Cho et al., 2018).

In plastic bags, extracts from A. altissima, C. arven-
se, and J. regia did not show strong activity as in Petri
dish tests. This could be due to the instability of the
phytotoxic compounds active against P. ramosa. The
active compound must be present in appropriate concen-
trations when P. ramosa seeds (already conditioned) are
germinating to be effective. If the time of application is
too early, the compounds could degrade without affect-
ing P. ramosa seed germination. The active compounds
must be present during germination, but not after
attachment, since the tubercles become more isolated
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from the environment and are completely dependent on
the host plants (Vurro et al., 2019).

In conclusion, this study has provided valuable
insights into the potential of organic extracts from sev-
eral spontaneous plants for control of P. ramosa. Organic
extracts of B. bipinnata and D. viscosa should be fur-
ther investigated because of their demonstrated inhibi-
tory effects on P. ramosa seed germination and tuber-
cule development. The organic extract of O. europaea
also reduced P. ramosa tubercule fresh weights. Differ-
ent extraction procedures, without solvents, could be
assessed in future experiments, which could be utilized
for chemical-free extraction. It would be also advisable
to identify the chemical compounds active in suppress-
ing P. ramosa seed germination and tubercle develop-
ment to better understand the mechanism of action to
improve the effectiveness of P. ramosa control. Effective
plant species should be also tested in field conditions,
where they could be directly cultivated and incorporated
into soil prior to tomato cultivation. Appropriate appli-
cation times should be investigated so that the decom-
position of these plant materials would timely release
the secondary bioactive metabolites into the soil and
provides effective broomrape control. This would be an
innovative and sustainable approach and could provide
intensive solution for combating parasitic weeds.
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Summary. Wheat cultivation is important in Turkish agriculture, which ranks 10th
among international wheat producers, and is an important wheat exporter, particularly
to Europe. Fusarium-related threats, such as Fusarium Head Blight (FHB) and Fusar-
ium Crown and Root Rots (FCR, FRR), and related mycotoxin seed contamination,
jeopardize product quality. This study analysed 65 wheat seed samples for presence
of Fusarium species, from cultivars of Triticum aestivum (bread wheat) and T. durum
(durum wheat) collected from seven regions of Tiirkiye. PCR with specific primers,
and phylogenetic analyses of TEF1-a segments, discriminated Fusarium species. Lev-
els of the mycotoxin deoxynivalenol (DON) in flour samples were also evaluated. Out
of 195 Fusarium isolates, the prominent species included E graminearum (32% of iso-
lates), E proliferatum (16%), E. avenaceum (11%), E clavum (11%), and E verticillioides
(7%). Less frequently isolated species were E oxysporum (6%), E acuminatum (3%),
E ramigenum (3%), F. culmorum (3%), E poae (2%), E sambucinum (2%), F. tricinc-
tum (2%), Fusarium sp. FTSC12 (2%), F. andiyazi (1%), and E equiseti, F. incarnatum,
and FE fasciculatum (each 0.5%). Five of the 65 samples tested positive for DON, with
two exceeding the European Commission threshold for mycotoxin contamination; one
bread wheat from the Black Sea region, known for its annual rainfall, and a durum
wheat sample from southeastern Anatolia, which had the highest detected DON level
of 1730 pg kgl. Among these samples F graminearum was the predominant species.
As E andiyazi and F. ramigenum are not normally associated with wheat plants, a path-
ogenicity test was conducted with two isolates of each of these species, revealing no
pathogenicity on the durum wheat cultivar ‘San Carlo. These results provide a basis
for managing fungal threats and mycotoxin contamination, safeguarding the quality of
wheat grain as an essential agricultural product.

Keywords. Species complex, DON, wheat kernels, molecular characterisation, phylo-
genetic analyses.
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INTRODUCTION

The wheat species Triticum aestivum L. and Triticum
durum Desf. are important cereals produced in Tiirkiye,
where wheat production in 2021 was 17,650,000 tonnes
from 6,623,061 ha, placing the country as 10th among
world producers (FAOSTAT, 2021). Wheat production in
Tirkiye is 80% for food, 11% for feed, and 6% for seed,
and wheat is produced across all regions of Tiirkiye,
with most in Central Anatolia, Marmara, and South-
eastern Anatolia regions (TUIK, 2021). In this country,
82% of wheat production is from 495 varieties of bread
wheat, and 128 high-quality durum wheat varieties are
registered or approved for cultivation (BUGEM, 2021;
TUIK, 2021).

The diseases Fusarium Head Blight (FHB) and
Fusarium Crown/Root Rots (FCR, FRR), caused by dif-
ferent Fusarium species, are among major contributors
to large international economic losses in wheat produc-
tion (Savary et al., 2019). FCR and FRR cause pre- and
post-emergence death of wheat seedlings, particularly in
areas with dry weather and minimal tillage. In contrast,
FHB reduces grain yield and quality by generating small,
weak, and poor-quality seeds, and hollow, white spikes
that occur during anthesis under humid conditions
(Smiley et al., 2005; Scherm et al., 2013). Seeds obtained
from diseased plants have reduced viability, are smaller
than those from healthy plants, are wrinkled and pale,
and occasionally have black spots on the surfaces (Bus-
man et al., 2012; Shah et al., 2018; Hassani et al., 2019).

FHB, FCR and FRR are usually caused by multiple
Fusarium species complex groups. Fusarium gramine-
arum, F. pseudograminearum and F. culmorum are the
predominant species in wheat production areas (Shikur
Gebremariam, 2015; Zhou et al., 2019; Abdallah-Nekache
et al., 2019; Dehghanpour-Farashah et al., 2019; Rigorth
et al., 2021; Leyva-Mir et al., 2022). Fusarium acumina-
tum, F. avenaceum, and F. tricinctum, in the Fusarium
tricinctum species complex (FTSC), are emerging as
wheat pathogens in Europe, especially related to FHB
(Senatore et al., 2021). These species are difficult to dis-
tinguish morphologically, and require use of molecular
identification techniques for discrimination. Fusarium sp.
FTSC 1 to FTSC 11, F. flocciferum, F. torolosum, F. irani-
cum and F. gamsii are often reported on wheat, although
they have minor impacts on production (O'Donnell et al.,
2018; Summerell, 2019; Torbati et al., 2019).

Fusarium species can occur singly or coexist in the
different organs of wheat plants, varying from year to
year as different pathogens dominate. Identification of
Fusarium species in wheat seeds is important, as these
pathogens can disseminate across regions or countries.
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This is facilitated by use of seeds for crop establishment,
and can cause diseases with far-reaching consequences.

Fusarium species are also responsible for produc-
tion and accumulation of mycotoxins in wheat grains
(Isebaert et al., 2009). The most important mycotoxins
in wheat are trichothecenes and zearalenone, including
deoxynivalenol (DON), in the trichothecenes B group
and which is synthesized by several Fusarium species
(Xu and Nicholson, 2009; Mishra et al., 2019; Wang et
al., 2019; Mousavi Khaneghah et al., 2020). DON has
harmful effects on human and animal health, including
oxidative and endoplasmic reticulum stress, ribosomal
toxicity, hepatotoxicity, immunotoxicity, gastrointesti-
nal toxicity, and neurotoxicity (Tian et al., 2022). This
mycotoxin is stable and heat-resistant, making it diffi-
cult to prevent DON contamination in food products for
humans and animals (Guo et al., 2020). European Com-
mission Regulation (EU) 2024/1022 of 8th April 2024,
amending Regulation (EU) 2023/915 on maximum levels
of deoxynivalenol (DON) in foodstuffs, stipulates that
the maximum limits for DON in unprocessed wheat as
1000 ug kg! for bread wheat and 1500 pg kg! for durum
wheat. Considering the prevalence of DON-producing
F. graminearum and F. culmorum in European wheat
crops, DON has emerged as the dominant mycotoxin
associated with FHB in European food and feed wheat
(Waalwijk et al., 2003; Gruber-Dorninger et al., 2019;
Eskola et al., 2020). Species such as F. pseudograminear-
um and F. cerealis (syn. F. crookwellence) have also been
reported on wheat as DON producers (Ji et al., 2019;
Haidukowski et al., 2022). In Tiirkiye, changes in climat-
ic conditions between regions have promoted the spread
of several foodborne mycotoxins, especially in cereal
crops and cereal products; based on a literature review,
Uniisan (2019) showed that mycotoxin levels exceed-
ing EU limits had been found in 2% of cereals and their
derivatives.

In recent years, global climate changes have been
altering the profiles of typical Fusarium species on
wheat, which may also cause variability of associated
mycotoxins. Vigilant monitoring and differentiation of
Fusarium species, along with the associated mycotox-
ins in wheat, are therefore important. This proactive
approach is required for early-stage assessment of myco-
toxin risks, enabling formulation and implementation of
effective control strategies (Tunali et al., 2008; Haidu-
kowski et al., 2022). In Tiirkiye, which is a leading bread
and durum wheat producing country, identification of
Fusarium species in wheat seeds may affect production
quality and sanitation.

The main purpose of the present study was to collect
samples of bread and durum wheat seed cultivars from
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across the Turkish regions, to assess by molecular char-
acterization the contaminating Fusarium species, and
to determine their DON production. This information
would provide a starting point for implementing man-
agement strategies for wheat diseases and mycotoxin
contamination caused by Fusarium in Tiirkiye, and for
regulating DON through increased understanding of
Fusarium populations in wheat seeds grown in Tirkiye.

MATERIALS AND METHODS

Investigation areas, wheat sampling and fungal isolation

In 2020, 2021, and 2022 a total of 65 samples of
wheat seeds (250 g each) were obtained of which 45
were of bread wheat and 20 of durum wheat. The sam-
ples represented the different wheat production in Tiir-
kiye (Figure 1). One hundred seeds from each sample,
randomly selected out of the 250 g, were disinfected in a
sodium hypochlorite solution for 4 min and then rinsed
twice in sterile water. For each sample, ten Petri plates
containing Potato Dextrose Agar (PDA, Biolife Itali-
ana) supplemented with streptomycin sulfate (0.16 g L}
Sigma Aldrich) were prepared with ten seeds added to
each plate. The cultures were then incubated at 24°C in

Black Sea Region

Marmara Region

Central Anatolia Region

Aegean Region
1

Mediterranean
Region

@ Durum wheat
B Bread wheat
O H No. of samples
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the dark, and fungal growth was observed from the 5th
day of incubation. Colonies resembling Fusarium spe-
cies, according to morphological characteristics on PDA
(Leslie and Summerell, 2006), were selected and each
transferred to a new PDA plate and then incubated for
7 d at 22°C in darkness. A single conidium procedure
(Leslie and Summerell, 2006) was used to ensure reliable
isolate characterization. Incidence of Fusarium colonies
was determined by calculating the percentage relative to
the total number of seeds from which the isolations were
made. Morphologically identified isolates of F. gramine-
arum, F. culmorum, F. proliferatum, F. verticillioides
and F. poae were subjected to molecular analyses with
species-specific primers, while colonies belonging to the
Fusarium tricinctum species complex (FTSC) and Fusar-
ium incarnatum-equiseti species complex (FIESC) were
subjected to phylogenetic analyses with the TEF1-a gene.

PCR-based diagnoses with specific primers, and phyloge-
netic analyses of FIESC and FTSC groups

Pure cultures of representative colonies displaying
morphological characteristics of F. graminearum, F. cul-
morum, F. proliferatum, F. verticillioides or F. poae were
transferred onto fresh PDA and were then incubated at
22°C for 1 week to obtain enough mycelium for genomic
DNA isolation using the protocol described by Prodi et

Eastern Anatolia Region

Southeastern Anatolia Region

) ¥

Figure 1. Map of Tiirkiye showing the regions from which samples were collected for this study.
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Table 1. Data on the Fusarium isolates obtained from wheat seed samples in 2020, 2021, and 2022, and the corresponding quantities of
DON mycotoxin detected in each sample.

Sample Wheat Wheat Turkish . Isolate Fusarium DON
No. cultivar type provinces Region Year code species (ug kg!)
1 Kiziltan-91 Durum wheat Denizli Aegean 2022 1311a E ramigenum 20
1312a E culmorum <LOD
1312b E culmorum
1312¢ E graminearum
1312d E graminearum
2 Cesit-1252 Durum wheat Denizli Aegean 2022 - - 0
3 Cumhuriyet-75  Bread wheat Mugla Aegean 2020 281 E proliferatum 0
277a E oxysporum
277b E oxysporum
278 E oxysporum
4 Masaccio Bread wheat Aydin Aegean 2021 982a** E incarnatum 0
5 Sagittario Bread wheat Aydin Aegean 2021 995 E proliferatum 10
<LOD
6 Adana 99 Bread wheat Aydin Aegean 2021 112 E proliferatum 10
115 E proliferatum <LOD
116 (a=b) E acuminatum*
116 (a=b) E acuminatum*
119 E clavum
7 Negev Bread wheat Aydin Aegean 2021 - - 0
8 Kate-Al Bread wheat Amasya Black Sea 2020 - - 0
Flamura-85 Bread wheat Amasya Black Sea 2020 - - 0
10 Sakin Bread wheat Samsun Black Sea 2021 1230b E graminearum 1150
1230c E graminearum
1230d F graminearum
1232¢ E graminearum
1232d E graminearum
1233b F graminearum
1234b E avenaceum
1235B E avenaceum*
1236A E avenaceum*
1236¢ E graminearum
1236d E graminearum
1237a E graminearum
1237b E graminearum
1237BmonoA  E avenaceum™
1237¢ E graminearum
11 Pandas Bread wheat Samsun Black Sea 2021 328a E graminearum 40
328b E graminearum <LOD
328c E graminearum
330B E avenaceum*
331 E poae
332a E clavum
332B E avenaceum*
335 E clavum
336a E graminearum
336b E graminearum
336¢ E graminearum
337 E clavum

(Continued)
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Sample Wheat Wheat Turkish . Isolate Fusarium DON
No. cultivar type provinces Region Year code species (ug kgM)
12 Canik Bread wheat Samsun Black Sea 2021 81 F graminearum 110
82 E graminearum <LOD
86A E acuminatum*
86e E graminearum
13 Altindane Bread wheat Samsun Black Sea 2021 169a E clavum 320
1698 E ramigenum
171a E oxysporum
171b E proliferatum
173a E proliferatum
173B E avenaceum*
174a E proliferatum
174B E acuminatum*
175a E verticillioides
175b E oxysporum
176A E avenaceum*
176b E ramigenum
177a E oxysporum
177b E verticillioides
177¢ FE verticillioides
177d F ramigenum
178B F. andiyazi
178a E graminearum
178¢ E graminearum
178d E graminearum
14 Bafra Bread wheat Samsun Black Sea 2021 9LA** E fasciculatum 110
91B E avenaceum* <LOD
92a E ramigenum
92B E ramigenum
93A E avenaceum*
95A** E clavum
95b E clavum
95C E avenaceum*
95D E avenaceum™
95x E proliferatum
957 E andiyazi
98a E graminearum
98b E graminearum
98¢ E graminearum
98d F graminearum
98e E proliferatum
99 FE verticillioides
100C E acuminatum
15 Nevzatbey Bread wheat Samsun Black Sea 2021 190a E poae 710
190b E poae
191 E poae
195 E avenaceum
197A E avenaceum
198A E avenaceum*
198B E avenaceum™

(Continued)
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Sample Wheat Wheat Turkish . Isolate Fusarium DON
No. cultivar type provinces Region Year code species (ug kgM)
16 Kirve Bread wheat Samsun Black Sea 2021 102a E proliferatum 170
102b E sambucinum <LOD
105B E avenaceum™
105C E avenaceum*
107a E sambucinum
107b E sambucinum
109a E oxysporum
109b F. graminearum
110a E graminearum
110b E graminearum
110c E graminearum
110d E graminearum
117C E avenaceum*
17 Efe Bread wheat Samsun Black Sea 2021 179a E proliferatum 380
179b E graminearum
180C E avenaceum*
182 E graminearum
183a E graminearum
183b E proliferatum
186 E avenaceum
187a E proliferatum
187b E graminearum
18 Kiziltan-91 Durum wheat Konya Central Anatolia 2022 1265a E clavum 0
1266a E culmorum
1266b E culmorum
1266d E culmorum
1272a E graminearum
1272b E graminearum
19 Vehbibey Durum wheat Ankara Central Anatolia 2022 - 0
20 Ankara98 Durum wheat Ankara Central Anatolia 2022 1324a E clavum 0
1324b E clavum
1329a E clavum
1329b E clavum
21 Mirzabey Durum wheat Ankara Central Anatolia 2022 - 0
22 Eminbey Durum wheat Ankara Central Anatolia 2022 1354a E graminearum 40
1354b E. clavum <LOD
1356 E avenaceum
1356a E proliferatum
1360 E proliferatum
23 Kiziltan-91 Durum wheat Sivas Central Anatolia 2022 1364 E clavum 0
24 Kiziltan-91 Durum wheat Konya Central Anatolia 2022 - 0
25 Imren Durum wheat Ankara Central Anatolia 2022 - 0
26 Albachiara Bread wheat Konya Central Anatolia 2020 215 E verticillioides 0
217 E verticillioides
219 E verticillioides
27 Flamura-85 Bread wheat Eskisehir Central Anatolia 2020 - 0
28 Flamura-85 Bread wheat Kirklareli Marmara 2020 - 10
<LOD

(Continued)
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Sample Wheat Wheat Turkish . Isolate Fusarium DON
No. cultivar type provinces Region Year code species (ug kgM)
29 Rumeli Bread wheat Tekirdag Marmara 2020 - 10
<LOD
30 Kagan Bread wheat Tekirdag Marmara 2020 1689 E proliferatum 0
1691a E proliferatum
1691b E proliferatum
1696 E proliferatum
1697 E proliferatum
31 Kobra-59 Bread wheat Tekirdag Marmara 2020 - 0
32 Turkuaz Bread wheat Tekirdag Marmara 2020 919 E verticillioides 0
927 Fusarium sp.
FTSC12*
33 Akmira Bread wheat Tekirdag Marmara 2020 - 0
34 Maden Bread wheat Tekirdag Marmara 2020 1315 E acuminatum 0
1318a E verticillioides
1318b E verticillioides
1319a E proliferatum
1319b E verticillioides
1320 E proliferatum
1321 Fusarium sp.
FTSC12*
35 Hakan Bread wheat Tekirdag Marmara 2020 931 Fusarium sp. 0
FTSC12*
933 E proliferatum
36 Tekir Bread wheat Tekirdag Marmara 2020 - 0
37 TTe01 Bread wheat Tekirdag Marmara 2020 1334 E verticillioides 0
1335 E proliferatum
1337** E clavum
1338 E proliferatum
38 Kayra Bread wheat Bursa Marmara 2020 - 220
<LOQ
39 Tekirdag Bread wheat Kirklareli Marmara 2020 - 0
40 Yiiksel Bread wheat Kirklareli Marmara 2020 - 0
41 Kate A-1 Bread wheat Edirne Marmara 2020 - 0
42 Esperia Bread wheat Edirne Marmara 2020 131 E clavum 0
134 E clavum
2030 E proliferatum
43 Rumeli Bread wheat Edirne Marmara 2020 144a E oxysporum 10
144b E oxysporum <LOD
148 E clavum
2042 E graminearum
44 Eylil Bread wheat Edirne Marmara 2020 1142a** E clavum 10
1145 E oxysporum
1147 E oxysporum
45 Saraybosna Bread wheat Edirne Marmara 2020 - 0
46 Dropia Bread wheat Edirne Marmara 2020 959 E clavum 0
47 Glosa Bread wheat Edirne Marmara 2020 1346 E proliferatum 10
1352%* E clavum <LOD
48 Masaccio Bread wheat Hatay Mediterranea 2021 - 10
49 Saribasak Durum wheat Adana Mediterranea 2022 - 0

(Continued)
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Table 1. (Continued).

Sample Wheat Wheat Turkish . Isolate Fusarium DON
No. cultivar type provinces Region Year code species (ug kgM)
50 Ayzer Durum wheat Adana Mediterranea 2022 - 0
51 Adana-99 Bread wheat Adana Mediterranea 2021 - 0
52 Tekira Bread wheat Adana Mediterranea 2021 - 0
53 Sagittario Bread wheat Hatay Mediterranea 2021 - 0
54 Kiziltan-91 Durum wheat Sanlwurfa Southeast Anatolia 2021 - 0
55 Agabey Durum wheat Sanlurfa Southeast Anatolia 2020 - 0
56 Firat-93 Durum wheat Sanlurfa Southeast Anatolia 2020 - 0
57 Firat-93 Durum wheat Siirt Southeast Anatolia 2021 1019 E proliferatum 0

1024 E graminearum

1025 E proliferatum
58 Svevo (Zivago) Durum wheat Diyarbakir ~ Southeast Anatolia 2021 - 0
59 Burgos Durum wheat Batman Southeast Anatolia 2021 1363a E graminearum 10

1363b E graminearum <LOD

1363c E graminearum

1363d E verticillioides

1365a E graminearum

1365b F graminearum

1365c¢ E graminearum

1365d E graminearum

1370 E verticillioides
60 Tosunbey Bread wheat Batman Southeast Anatolia 2021 - 0
61 Firat-93 Durum wheat Diyarbakir ~ Southeast Anatolia 2021 1164a E graminearum 1730

1164b E graminearum

1165a E graminearum

1165b E graminearum

1166a E graminearum

1166b E graminearum

1169 E graminearum

1170a E proliferatum

1170b E proliferatum

1171a** E equiseti

1172a E graminearum

1172b E graminearum

1172¢ E graminearum

1173a E graminearum

1173b F graminearum

1173¢ E graminearum
62 Bayraktar2000 Bread wheat Sanlurfa Southeast Anatolia 2021 - 0
63 Cesit-1252 Durum wheat Sanlurfa Southeast Anatolia 2021 213 E proliferatum 10

<LOD

64 Ceyhan-99 Bread wheat Batman Southeast Anatolia 2021 - 0
65 Nota Bread wheat Erzurum East Anatolia 2022 - 0

#Isolates marked * and **, belonging, respectively, to FTSC and FIESC groups, were selected for phylogenetic analysis.

al. (2011). The quality and quantities of extracted DNA by 0.7% agarose gel electrophoresis to assess molecular
were evaluated using a Qubit 3.0 fluorometer (Ther- integrity, size, concentrations, and to detect any traces
moFisher Scientific) and a NanoDrop-2000 (ThermoFish-  of RNA contamination. PCR with specific primers was
er Scientific). In addition, DNA samples were analysed carried out with GoTaq® 5x green reaction buffer, sup-
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plied with GoTaq®” DNA Polymerase (MgCl, concentra-
tion 7.5 mM, for a final concentration of 1.5 mM in the
1x reaction; Promega Corporation). Each PCR reaction
contained 7 uL of buffer, 0.7 pL of ANTPS, 0.2 uL of Taq
DNA Polymerase, 1.4 pL of each forward and reverse
primer (10 uM), and 17.5 pL of sterile water. The final
volume of the PCR reaction, 30 pL, was obtained by add-
ing 2 uL of DNA template. The specific primer names,
sequences, amplicon sizes and reference sources are listed
in Table 2. Each PCR analysis included a well-character-
ised DNA sample (positive controls) of F. graminearum,
F. culmorum, F. proliferatum, F. verticillioides and F.
poae from the in-house collection of the plant pathology
group of the Department of Food Science and Technol-
ogy, University of Bologna (Italy). PCR products were
separated and visualised on 1x Tris-borate-EDTA buffer
agarose (1%) gels, stained with ethidium bromide. Ampli-
cons showing defined bands of expected sizes were puri-
fied using the Wizard® SV Gel and PCR Clean-Up Sys-
tem (Promega Corporation), and were sent for Sanger
sequencing with forward primers to an external molecu-
lar diagnostics laboratory (Eurofin Genomics, Ebersberg,
Germany). Raw ABI sequence files were controlled and
edited using Geneious Prime ® v2023.1.1 (Biomatters Ltd.,
Auckland, New Zealand). All FASTA sequences were
then subjected to nucleotide basic local alignment search
tool (BLASTn) analyses (National Center for Biotechnol-
ogy Information, Bethesda, Maryland, United States of
America) (Boratyn et al., 2013) and the Fusarium MLST
database to confirm identifications.

Identification and discrimination of species belong-
ing to the FTSC and FIESC groups were carried out by
amplifying partial portions of the TEFl-a gene. The
standard EF-1 and EF-2 primers (O’Donnell et al., 1998)
gave suboptimal amplification results, characterized
by nonspecific outcomes when applied to the majority
of the FTSC isolates. To address this limitation, novel
primers TEFI-F (5-ATGGGTAAGGAGAAGAC-3)

Table 2. Species-specific primers used to identify Fusarium species.

241

and TEF1-R (5-GGAAGTACCAGTRATCATG-3’) were
designed by leveraging the genomic sequences of F.
acuminatum strain F829, F. avenaceum strain S§18/60,
and F. tricinctum strain T6. These genomes were previ-
ously employed as references for phylogenetic and com-
parative analyses of species within the Fusarium tricinc-
tum species complex by Turco et al. (2021). This strategic
redesign aimed to enhance the efficiency of amplifica-
tion for increased analysis accuracy of FTSC isolates.
The PCR reaction, purification and sequencing proto-
cols used were as described above. The PCR conditions
were as follows: an initial denaturation phase of 2 min
at 95°C, followed by 35 cycles each of 94°C for 30 s, 53 C
for 30 s and 72°C for 45 s, and a final extension phase of
5 min at 72°C. Each forward DNA sequence was assem-
bled with the corresponding reverse to generate a sin-
gle consensus sequence, defined as the calculated order
of the most frequent nucleotides found at each position
in a sequence assembly. TEF1-a sequences of species in
the FTSC group were submitted to GenBank (see Table
S1 for accession numbers). The partial TEF1-a sequences
obtained in the present study were aligned with those
of 94 isolates from the reference FIESC group and 139
isolates from the reference FTSC group, in the FUSAR-
IUM-ID v.3.0 database (https://github.com/fusariumid/
fusariumid; Torres-Cruz et al., 2022), to perform phylo-
genetic analyses. The sequences were edited in Geneious
Prime® v2023.1.1, and were aligned with MAFFT v7.450
(Katoh and Standley, 2013). Once the best fit molecular
evolution model was determined (K2 + G) using MEGA
11 (Tamura et al., 2021) based on Bayesian informa-
tion criterion (BIC) scores (Chernomor et al., 2016), the
Markov chain Monte Carlo (MCMC) algorithm was
used to generate phylogenetic trees with Bayesian pos-
terior probabilities for alignment. Four MCMC chains
were run simultaneously for random trees for 5,000,000
generations and were sampled every 500 generations
(obtained with MrBayes 3.2.6; Ronquist et al., 2012). The

Species Primer name Primer sequence (5-3’) Product size Reference

E proliferatum gig; T G%ETS’I%?&%%%%&EE%%ETTCT G 585 bp Mule et al. (2004)

E verticillioides XEE; A Angg}ggiggggiig’}:gf :T(jff CTA 578 bp Mulé et al. (2004)

F. graminearum ﬁgigf{ G%I‘%?GGT?;;ACTCG C;F I;I‘g :T%T&;Cg AA A 410 bp Nicholson et al. (1998)

F. poae iggll; f g%%%i%‘é%éi%géigi%%%% 220 bp Parry and Nicholson (1996)
E culmorum lljz(())ils é\(T;(G;?TT g,?&c(?;}cggf EFEGTC(;JCG: 570 bp Nicholson et al. (1998)
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sequences of Fusarium nurragi NRRL 36452 (lineages
most closely related to the FTSC), and Fusarium camp-
toceras CBS 193.65 (most closely related to FIESC), were
used as outgroups.

Pathogenicity assay

Pathogenicity tests were carried out using two iso-
lates each of F. andiyazi (isolates 95Z and 178B) and F.
ramigenum (isolates 92B and 169B), the identities of
which were confirmed by TEFI-a portion sequencing.
The inoculum for each isolate was prepared by plac-
ing three pieces of 7-d-old culture from PDA in liquid
V8 juice (Campbell) medium according to the proto-
col described by Singleton et al. (1992). The medium
was then placed in an orbital shaker (Thermo Scientif-
ic) under 120 rpm at 25 + 1°C for approx. 7 d. Conidia
concentrations were estimated by haemocytometer and
adjusted to 10° mL. In a greenhouse, pots each con-
taining 600 g of plant growth medium (1:2:2:4 (v/v/v/v)
ratio of sand, perlite, vermiculite and soil) were pre-
pared, and 120 mL of isolate inoculum was added and
mixed with the medium, with 120 mL of sterile water
poured into medium as a negative experimental control.
Three pots with the inoculated soil per isolate were each
planted with 30 seeds per pot of the Fusarium-suscep-
tible durum wheat cultivar ‘San Carlo’. Seedling emer-
gence was first observed at 7 d post-inoculation, and
was recorded again at 21 d post-inoculation. Plants were
removed at the 21st day, were rinsed with water and
then cut with a scalpel to inspect for symptoms attrib-
utable to diseases caused by Fusarium (FCR and FRR).
Symptom severity was assessed according to Parry et al.
(1985) (Table 3), based on the number of plants grown
and calculated using the formula (McKinney’s, 1923):
[Infection rating = (sum of all numerical ratings x num-
ber of plants examined) + (total number of observation
x maximum disease rating) x 100], and these data were
statistically analyzed using the software Statgraphics 18
(Statpoint Technologies, Inc.).

Table 3. Categories of symptoms (Parry et al, 1985), used in this
study to assess disease severity on wheat plantlets.

Category Plantlet symptoms

0 healthy, symptom-free with normal development
symptom-free, but underdeveloped or slightly
necrotic at neck level

2 neck necrosis

3 obvious neck necrosis, or death following necrosis

Kubra Saracoglu et alii

DON detection in wheat flour

Analyses were conducted by grinding 50 g of wheat
seeds from each assessed sample. From each resulting
flour, 20 g was weighed into a clean Erlenmeyer flask
and 100 mL of distilled water was added. The flasks were
then shaken for 5 min with a mechanical stirrer 5 min
(ThermoFisher Scientific). The resulting liquid fractions
were each transferred to a 50 mL capacity falcon tube,
and then centrifuged at 4000 rpm for 4 min. Subse-
quently, 500 puL of solution was aliquoted and diluted
to 1:4 with distilled water. Quantification of DON was
accomplished on a total of 65 samples, using the Agra-
Quant” Deoxynivalenol Plus kit (0.25 - 5.0 ppm), follow-
ing the manufacturer’s instructions. Optical densities of
samples and standard curves were read at 450 nm wave-
length using a spectrophotometer (OpsysMR, Dynex
Technologies), assisted by Agraquant Assay Spreadsheet
software (Romer Labs Division Holding GmbH).

RESULTS
Fusarium species distributions

In the years 2020, 2021 and 2022, a total of 195
Fusarium isolates were obtained from 32 of 65 wheat seed
bag samples collected in the seven regions of Tiirkiye. All
the isolates characterized in the present study are shown
in Table 1. Samples from the Black Sea region were those
with the most (50.2%) Fusarium isolates obtained, and
these isolates included 11 different Fusarium species. The
16.9% of isolates were from samples from the Marmara
region, 14.8% were from Southeastern Anatolia, 9.7%
were from Central Anatolia, and 8.2% were Aegean, No
Fusarium isolates were identified in samples from the
East Anatolia and Mediterranean regions.

Fusarium graminearum was the dominant species
isolated, accounting for 32.3% of the isolates obtained,
followed by F. proliferatum (16.4%), F. avenaceum
(11.2%), F. clavum (FIESC 5) (10.7%) and F. verticillioides
(7.1%). Less frequently isolates were F. oxysporum (5.6%),
F. acuminatum (3%), F. ramigenum (3%), F. culmorum
(2.5%), E. poae (2%), F. sambucinum (1.5%), F. tricinctum
(1.5%), Fusarium sp. FTSC12 (1.5%), F. andiyazi (1%),
and one isolate (0.5%) each of F. equiseti, F. incarnatum
and F. fasciculatum.

A total of 50 Fusarium isolates were obtained from
durum wheat seed samples, of which 26 (52%) were
identified as F. graminearum. In comparison from bread
wheat, this species accounted for 25.5% of the 145 Fusar-
ium isolates (Figure 2). Seven representative isolates
of the Fusarium incarnatum-equiseti species complex
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(FIESC), selected according to morphological charac-
teristics, were discriminated by partial sequence analy-
sis of the TEF1-a gene. The sequences generated in this
study (final length = 600 bp) were aligned with those
of 94 reference isolates. The phylogenetic tree based on
maximum likelihood and Bayesian posterior probabil-
ity (BPP) analyses showed that F. clavum was the most
abundant species (21 of 24) within the FIESC group
(Figure 3). For F. clavum, F. equiseti, F. incarnatum and
F. fasciculatum as FIESC members, these accounted for
16.0% (eight of 50) of the isolates in durum wheat and

A Bread Wheat
2% 3%
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11.0% (16 of 145) in bread wheat seeds. Fusarium prolif-
eratum was detected in 25 (17%) of the 145 bread wheat
samples, while F. verticillioides was present in 12 (8%) of
these samples. In durum wheat, seven (14%) of 50 iso-
lates were F. proliferatum and 4% (two of 50 samples)
were F. verticillioides. Similarly, five isolates (3.4%) of F.
ramigenum were detected in bread wheat and one isolate
(2%) was obtained from durum wheat. Fusarium culmo-
rum was only isolated from durum wheat, with 5 isolates
(10%) detected out of the 50 samples. Fusarium poae
(2.7% of isolates), F. sambucinum (2.1%), and F. andiya-

= F. proliferatum
= F. graminearum
= F. avenaceum
= F. acuminatum
= Fusarium sp. FTSC12
= F. clavum

= F. incamatum

= F. fasciculatum
= F. oxysporum

= F. verticillioides
= F. poae

= F. andiyazi

= F. sambucinum

= F. ramigenum

14%

2%

= F. proliferatum

= F. graminearum

= F. avenaceum

= F. clavum

= F. equiseti

= F. verticillioides

= F. ramigenum

= F. culmorum

52%

Figure 2. Occurrence (% of total) of different Fusarium species isolated from 45 bread wheat seed samples (A) and 20 durum wheat seed sam-

ples (B) seeds samples from Tiirkiye in 2020, 2021 and 2022.
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Fusarium camptoceras - CBS 193.65

Fusarium lacertarum - NRRL_36123
Fusarium lacertarum - NRRL_20423
Fusarium ipomoeae - NRRL_34034
Fusarium ipomoeae - NRRL_34039
Fusarium duofalcatisporum - NRRL_36401
Fusarium duofalcatisporum - NRRL_36448
Fusarium compactum - NRRL_28029
Fusarium compactum - NRRL_36318
Fusarium compactum - NRRL_36323
Fusarium ipomoeae - NRRL_45996
Fusarium jpomoeae - NRRL_43637
Fusarium ipomoeae - NRRL_43640
Fusarium clavum - NRRL_43623

Fusarium clavum - NRRL_34035

Fusarium clavum - NRRL_45997

Fusarium clavum - 1142a

Fusarium clavum - NRRL_34037
Fusarium clavum - NRRL_45995
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Fusarium clavum - NRRL_25795
Fusarium clavum - 95A

Fusarium equiseti - 45/1.2.1
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Fusarium clavum - 1352
Fusarium equiseti - NRRL_43636

Fusarium equiseti - 1171a
Fusarium equiseti - NRRL_36321
Fusarium equiseti - NRRL_66338
Fusarium equiseti - NRRL_36136
Fusarium equiseti - NRRL_20697
Fusarium equiseti - NRRL_36466
Fusarium equiseti - NRRL_26419
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Fusarium flagelliforme - NRRL_36269
Fusarium flagelliforme - NRRL_36392
Fusarium flagelliforme - NRRL_31011
Fusarium flagelliforme - NRRL_26921
Fusarium flagelliforme - NRRL_6548
Fusarium scirpi - NRRL_26922
Fusarium scirpi - NRRL_13402
Fusarium scirpi - NRRL_66328
Fusarium scirpi - NRRL_29134
Fusarium scirpi - NRRL_36478
Fusarium sp. - NRRL_43498
Fusarium sp. - NRRL_5537
Fusarium arci Pt - NRRL_32997

Fusarium brevicaudatum - NRRL_43694
Fusarium brevicaudatum - NRRL_45998
Fusarium brevicaudatum - NRRL_43638
99 Fusarium croseum - NRRL_3214

Fusarium croseum - NRRL_3020

— Fusarium fasciculatum - CBS 131382
L— Fusarium fasciculatum - 91A
Fusarium hainanense - NRRL_66475
Fusarium hainanense - NRRL_28714
Fusarium hainanense - NRRL_26417
Fusarium incarnatum - E87
Fusarium nanum - NRRL_22244
Fusarium nanum - NRRL_32993
Fusarium nanum - NRRL_32868
Fusarium coffeatum - NRRL_28577
Fusarium sp. - NRRL_20722
Fusarium tanahbumbuense - NRRL_34005
Fusarium tanahbumbuense - NRRL_43297
- Fusarium incarnatum - NRRL_13379

Fusarium -982a
7I9—EE Fusarium incarnatum - NRRL_32866

90L- Fusarium incarnatum - NRRL_32867

Fusarium sp. - NRRL_34002

Fusarium guilinense - NRRL_32865

Fusarium guilinense - NRRL_13335

Fusarium caatingaense - NRRL_34003

Fusarium caatingaense - NRRL_36575
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Fusarium luffae - NRRL_31167
Fusarium luffae - NRRL_32522

Fusarium pernambucanum - NRRL_36548
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Fusarium irregulare - NRRL_31160
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Figure 3. Bayesian inference phylogenetic tree of the Fusarium incarnatum-equiseti species complex (FIESC), which was constructed by
aligning the sequences of the partial region of the TEF1-«a gene produced in this study with those of the reference isolates available in the
FUSARIUM ID database. The isolates obtained in this study are highlighted in bold font. Fusarium camptoceras CBS 193.65 was used as the
outgroup. Bayesian posterior probabilities (BPP) are shown next to the nodes. The scale bar represents the number of expected changes per
site. The isolate labelled “45/1.2.1” are taxonomic references for E equiseti, and those labelled “E87,” are taxonomic references for F. incarna-
tum (Shikur Gebremariam et al., 2018). These isolates clustered with, respectively, E clavum and E nanum.
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zi (1.3% of isolates) were only identified from the bread
wheat samples.

The 23 isolates of the FTSC group were obtained
only from bread wheat samples (16%), and theses isolates
were further identified at species level based on partial
sequence analyses of the TEFI-a gene. The sequences
generated were aligned with those of 139 reference iso-
lates, and were trimmed to final length of approx. 600
bp. The phylogenetic tree based on maximum likelihood
and BPP analyses (Figure 4) showed that most of the
FTSC group isolated in Tiirkiye from bread wheat seeds
(16 of 23 samples) clustered with F. avenaceum. Fewer
isolates (four of 23) clustered in the monophyletic group
of F. acuminatum. Three of the 23 were assigned to
FTSC group 12, which has not yet been described at spe-
cies level. All clades comprising distinct isolates of the
three species F. avenaceum, F. acuminatum and Fusari-
um sp. FTSCI2 identified on wheat seeds from Tiirkiye
were supported by bootstrap proportions close to 100%
and had BPP values ranging from 0.91 to 0.97.

Pathogenicity assays

Pathogenicity evaluation of isolates 95Z and 178B (F.
andiyazi) and 92B and 169B (F. ramigenum) on 30 seeds
of the cultivar ‘San Carlo’ gave germination of 80% for
95Z, 76% for 178B, 72% for 92B, and 85% for 169B, at the
7 d for inoculated plants. Mean germination was simi-
lar (82%) for seeds treated with sterile water (Table 4).
Disease severity, calculated at 21 d post-inoculation, was
5.9% from isolate 957 and 3.4% from and 178B (both F.
andiyazi isolates), and 4.4% isolate 92B and 3.3% from
isolate 169B (both F. ramigenum isolates). No statical-
ly significant differences (P > 0.05) were found among
the tests; germination of inoculated plants and disease
severity were comparable to the negative experimental
controls.

DON contamination in Turkish wheat grain

Based on the results of ELISA tests for DON in
grain samples, numbers of wheat samples positive for
the mycotoxin were: ten samples of ‘Sakin’ (mean DON
concentration = 1150 pg kg'), 13 of ‘Altindane’ (mean
= 320 pg kg), 15 of ‘Nevzatbey’ (mean = 710 pg kg),
17 of ‘Efe’ (mean = 380 mg kg'), and 61 samples of
‘Firat-93’ (mean = 1730 mg kg!). Four of the five posi-
tive samples are bread wheats from the Black Sea region
(see Table 1) among which sample No. 10 ‘Sakin’ exceed
the maximum limits for DON in unprocessed bread
wheat. In sample No. 61 (‘Firat-93°, from Southeastern
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Anatolia), DON concentration (1730 ug kg') was the
greatest amount detected, up to the European Commis-
sion threshold for mycotoxin contamination in durum
wheat. The greatest amount of F. graminerarum was iso-
lated from this sample (13 isolates from 100 seeds plated.
Similarly, for sample No. 10, with 1150 pg kg' of DON,
ten F. graminearum isolates were found from 100 seeds
plated. In contrast, 710 pug kg! of DON were detected
from sample No. 15, from which F. avenaceum and F.
poae were the only isolated species.

DISCUSSION

The present study research is first to provide an over-
view of Fusarium species obtained from wheat seeds
sampled in the Aegean, Black Sea, Central Anatolia,
Eastern Anatolia, Marmara, Mediterranean and South-
Eastern Anatolia regions of Tirkiye. Although this coun-
try is a major wheat producer (FAOSTAT, 2021), detailed
information is lacking on the Fusarium species associated
with wheat seeds produced and harvested in Tiirkiye.
Bentley et al. (2006) investigated the presence of Fusar-
ium species obtained from diseased plants with crown
and sub-crown rot symptoms in the Black Sea, Central
Anatolia, and Marmara regions. They isolated 36 Fusari-
um colonies from 160 wheat plants based on morphologi-
cal identifications, of which 13 isolates (36%) were identi-
fied as F. culmorum. In contrast, Shikur Gebremariam et
al. (2018) identified 339 isolates of Fusarium from crown
rot-affected plants from the Aegean, Black Sea, Central
Anatolia and South-Eastern Anatolia regions of Tirkiye,
and, based on translation elongation factor Il-alpha
(TEF1-«) segment sequencing, determined that F. equiseti
was the predominant species. Both of these studies evalu-
ated diseased wheat plants with crown or sub-crown rot
symptoms and conducted pathogenicity tests on wheat
plants, showing that F. culmorum, F. graminearum and
F. pseudograminearum were the most pathogenic, but F.
equiseti isolates were not pathogenic.

In the present study, 195 Fusarium strains isolated
from wheat seeds were molecularly identified as F. cul-
morum, F. graminearum, F. poae, F. proliferatum, or
belonging to FTSC or FIESC. In 2009 and 2010, in the
neighboring country Syria, Alkadri et al., (2013) car-
ried out mycological analyses on 48 wheat grain samples
from diverse areas with different climates. The predomi-
nant Fusarium species detected were F. tricinctum (30%),
F. culmorum (18%), F. equiseti (14%), and F. graminear-
um (13%). In Iran, which also borders Tiirkiye, prevalent
species in pre-base wheat seeds collected in 2016 and
2017 in northern regions were F. graminearum, F. cul-
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Figure 4. Bayesian inference phylogenetic tree of the Fusarium tricinctum species complex (FTSC), which was constructed by aligning the
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Table 4. Average germination rates and disease severities at the 7 and 21 d after inoculation of seeds of wheat ‘San Carlo’ with isolates of F.

andiyazi or E ramigenum.

Average germination (%)

Isolate Mean disease Tukey/Duncan test
code 7th day 215t day severity (%) (P <0.05)
1698, E. ramigenum 85 91.1 33 a

92B, F. ramigenum 72 80.0 4.4 a

95Z, E andiyazi 80 85.6 5.9 a

178B, E andiyazi 76 81.1 34 a

Control 82 78.9 0.7 a

morum, F. avenaceum, and F. poae (Hassani et al., 2019).
However, in 2023, only F. graminearum and F. culmo-
rum were detected in samples collected from northern
and southwestern regions of the same country (Khaledi
et al., 2023).

In the different geographical context of Western
Australia, which is characterized by climates ranging
from arid, semi-arid, Mediterranean, to tropical, Wright
et al. (2010) found that F. graminearum was the pre-
dominant species in wheat grains, while F. avenaceum,
F. acuminatum, and F. culmorum were identified in four
grain samples. In Italy, Senatore et al. (2023) assessed
fungal on durum wheat seeds across 13 regions. They
identified F. avenaceum and F. graminearum as predom-
inant species using culturing and TEF1-a assessments,
and F. proliferatum using deep-freezing blotter (DFB)
and morphological traits. In Norway, which has severe
winters and high precipitation, Kosiak et al. (2003) sur-
veyed wheat grain samples from different regions for
Fusarium species. They ranked the most common spe-
cies in order of F. avenaceum, F. poae, F. tricinctum, F.
culmorum, and F. graminearum.

Across several studies in different countries and over
different years, there is uniformity in the predominant
Fusarium species that have been associated with wheat
grains. However, there has been variability in the rela-
tive abundance of particular Fusarium species recorded
across different countries and survey periods.

Fusarium graminearum, acknowledged interna-
tionally as a major contributor to FHB (Pecoraro et al.,
2018), was shown to prevail in Tirkiye in the present
study. The absence of statistically significant differences
in the t-test analyses of incidence of F. graminearum iso-
lates in the bread and durum wheat samples is notewor-
thy. These results indicate the broad genetic differences
for FHB resistance in bread wheat, while durum wheat,
acknowledged as highly susceptible to this disease, lacks
identified resistance sources (Haile et al., 2019). Fusari-
um graminearum was prevalent in bread wheat samples
from the Black Sea region, where no durum wheat sam-

ples were obtained. This region, characterized by high
and consistent rainfall and mild temperatures, provides
optimal conditions for FHB development (Tunali et al.,
2008). The Black Sea region has substantial maize pro-
duction, which also applies in southeastern Anatolia,
from which the second greatest numbers of F. gramine-
arum isolates were detected. This indicates that increased
susceptibility to FHB infection and mycotoxin contami-
nation in wheat and barley crops could result from previ-
ous maize cultivation, and the adoption of diminished or
nil tillage techniques (Drakopoulos et al., 2020).

Fusarium culmorum, which can cause FHB and
FCR (Pecoraro et al., 2018), was identified in 2.5% of
seed samples examined in this study. This contrasts with
results from 2006 and 2018 in Turkiye (Bentley et al.,
2006; Shikur Gebremariam et al., 2018), where F. culmo-
rum predominated on wheat plants affected by crown
rot, and F. graminearum was absent or negligible. Simi-
lar prevalence was observed for F. poae, detected in only
2% of the samples in the present study. Despite being
categorized as a weak pathogen, monitoring for F. poae
is important, due to its association with FHB and its
capability to produce trichothecenes, which are regulat-
ed by EU Commission limits (Nazari et al., 2018). Fusar-
ium sambucinum is closely related to F. graminearum,
E. culmorum and F. poae. In this study, it was found in
1.5% of samples assessed. Therefore, this fungus prob-
ably does not pose threats to wheat cultivation (Kosiak
et al., 2003; Pereyra and Dill-Macky, 2021).

The frequency of isolation of F. avenaceum in this
study is noteworthy, as this fungus accounted for 11.2%
of the isolates obtained. During the last two decades, F.
avenaceaum has become a major contributor to FHB in
cereals grown in Europe, including Denmark (Nielsen et
al., 2011), France (Ioos et al., 2004), Italy (Beccari et al.,
2018; Senatore et al., 2021), Norway (Kosiak et al., 2003),
and Poland (Golinsky et al., 1996). F. avenaceum isolates
were mainly obtained in the present study from bread
wheat (21 of 22 isolates compared to one of 22 isolates
from durum wheat), although durum wheat has been
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reported as highly susceptible to this fungus (Beccari
et al., 2018; Senatore et al., 2021). Two additional spe-
cies of the FTSC group were found in the present study:
F. acuminatum (3% of isolates) and the unnamed taxon
Fusarium sp. FTSC12 (1.5% of the isolates). F. acumina-
tum has been reported as a minor contaminant in wheat
crops in Spain and Canada (Marin et al., 2012; Grafen-
han et al., 2013), while in North Carolina, United States
of America, incidence of this fungus was approx. 49%,
suggesting that it could become a significant contami-
nant under favourable conditions (Cowger et al., 2020).
Fusarium sp. FTSC 12, in contrast, was the second most
common FTSC species recovered from Italian wheat and
barley by Senatore et al. (2021). They suggested that this
species could contribute to mycotoxin contamination of
Italian cereals, given its ability to produce mycotoxins
such as enniatins (ENNs) and moniliformin (MON).

Incidence of FIESC was high (12.3%) in the present
study. In 2018, F. equiseti was the predominant spe-
cies from wheat plants with crown rot symptoms, con-
stituting 36% of the isolates, while Tunali et al. (2006)
reported lower incidence of this fungus (two isolates out
of 32). In both studies, however, the isolates tested for
pathogenicity gave no disease-causing effects on culti-
vars ‘Pehlivan’ and ‘Kiziltan 91’ (durum wheat) (Tunali
et al., 2006; Shikur Gebremariam et al., 2018). In the
present study, F. clavum was the most prevalent within
the FIESC group. The phylogenetic analysis of Jedidi et
al. (2021), examining TEF1-«a sequences of three FIESC
isolates from barley and wheat in Tunisia in compari-
son with isolates from northern and southern Europe,
showed that the Tunisian southern European isolates
were grouped in F. clavum, whereas isolates from north-
ern Europe were assigned to F. equiseti.

Shikur Gebremariam et al. (2018) identified F.
equiseti using sequencing of TEFl-a (amplicon sizes
243 to 655) for 123 isolates, but the sequences have not
been deposited in databases, which prevents compara-
tive analyses. The sequence comparisons performed by
Shikur Gebremariam et al. (2018) using the BLASTn
algorithm on NCBI demonstrated 97% to 100% simi-
larity with accession number DQ854855. This refers to
‘Fusarium equiseti isolates 45/1.2.1°, deposited in the
GenBank database in 2006, from fungi isolated from
Lygeum spartum in the Mediterranean region. How-
ever, a phylogenetic analysis carried out in the present
study indicated that isolate 45/1.2.1’, previously identi-
fied as F. equiseti, is closely related to isolates 95A, 1337
and 1352 of F. clavum obtained in the present study, as
well as to the reference isolate F. clavum - NRRL_25795
from the FUSARIUM-ID database v.3.0 (Torres-Cruz et
al., 2022). F. clavum represented the phylo-species FIESC
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5 (O’Donnell et al., 2009), to which the Latin binomi-
als were attributed in the 2019 taxonomic revision of
this group by Xia et al. (2019). Three additional FIESC
species were found in the present study: F. equiseti,
F. incarnatum and F. fasciculatum. The first two were
previously reported on wheat (Tunali et al., 2006; Shi-
kur Gebremariam et al., 2018), and F. incarnatum was
shown to be pathogenic causing foot rot in wheat plants
(Er and Akgil, 2021). For F. fasciculatum, however, the
only currently available report is for three isolates from
a wild rice species (Oryza australiensis) cultivated in
Australia, so it is uncertain whether F. fasciculatum spe-
cies is a pathogen or an endophyte (Xia et al., 2019). Spe-
cies belonging to the Fusarium fujikuroi species complex
(FFSC) were relevant in this the present study: F. prolif-
eratum was the second most frequently isolated (16.4%),
while F. verticillioides was found at 7.1% incidence. These
two species have been mainly associated with severe
maize kernel rot (Desjardins et al., 2007; Amato et al.,
2015). In wheat, F. proliferatum can cause the disease
kernel black point, characterised by dark discoloura-
tion of the embryonic faces of grains. This disease can
reduce germination of wheat seeds and alter seedling
development (Busman et al., 2012), which can contrib-
ute to reductions in wheat crop yields and grain quality
(El-Gremi et al., 2017; Busman et al., 2012; Stankovié et
al., 2012). F. verticillioides is a minor threat for wheat,
and was found at low frequency on wheat plants with
root rot in Tirkiye in surveys by Arici et al. (2013) and
Unal et al. (2017). However, F. proliferatum and F. verti-
cillioides should continue to be monitored, as these two
species have potential to produce fumonisin, leading to
economic losses in for maize and wheat cultivation (Les-
lie and Summerell, 2006; Niehaus et al., 2014). This also
applies in Tirkiye, where wheat is a primary crop and
maize is secondary (Demirdogen et al., 2023).

Fusarium andiyazi and F. ramigenum, both mem-
bers of the FFSC, were observed at incidence of 1% and
3%, respectively. These two species were reported as part
of the Fusarium community associated with the ‘Baka-
nae’ disease of rice in Tirkiye (Egerci, 2019). The two
fungi have also been reported in Italy: F. andiyazi as a
pathogen causing ‘Bakanae’ (Dal Pra et al., 2010), and F.
ramigenum responsible for endosepsis of fig (Moretti et
al., 2010). The present study is the first to report F. andi-
yazi and F. ramigenum in association with wheat plants
but, based on the pathogenicity tests, both fungi were
non-pathogenic on the durum wheat ‘San Carlo’.

DON mycotoxin detection was carried out for all
65 wheat seed samples examined, with four DON-pos-
itive bread wheat samples (from Samsun province in
the central Black Sea area) out of five positive samples.
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This region is in the northern transition zone with high
annual rainfall (Morgounov et al., 2016). The presence of
F. graminearum was detected in three of the four sam-
ples from the Black Sea region, with the highest amount
in sample No. 10, which reached a DON concentration
of 1150 pg kg, surpassing the latest European Com-
mission threshold for mycotoxin contamination. In con-
trast sample No. 15, in which only F. avenaceum and
F. poae were isolated showed DON quantities of 710
ug kg!l. These fungi are not renowned for producing
DON, but DON-producing Fusarium species could be
present in this sample, which were not detected during
the isolation procedures. The greatest DON concentra-
tion (1730 pg kg!) was detected in sample No. 61 from
Diyarbakir, exceed the maximum limits for DON in
unprocessed durum wheat, where greatest contamina-
tion by F. graminearum was also observed. This area of
Tiirkiye is characterized by hot and dry Mediterrane-
an summers and mild and rainy winters (Tunali et al.,
2008; Morgounov et al., 2016). Investigations are few on
Fusarium species and their genetic variability in wheat
seeds collected from different regions of Tiirkiye. The
present study survey, identified the predominant spe-
cies responsible for FHB, FCR and FRR. Notable find-
ings include detection of F. andiyazi, F. ramigenum, and
F. fasciculatum, heretofore unreported in wheat seeds.
Research is required to assess the pathogenicity of these
species; continued monitoring of the Fusarium commu-
nity is necessary. This will be important for evaluating
potential shifts in the Fusarium community associated
with wheat, which may change, with species defined as
weak pathogens becoming more dominant and destruc-
tive. The outcomes of the present study suggest that,
although only two samples exceed the most recently
updated European Union thresholds for DON content
in unprocessed cereal grains, the Black Sea and south-
eastern Anatolia regions should be monitored, and
because of the important export of wheat from all parts
of Tiirkiye (FAOSTAT, 2021). Monitoring the presence of
mycotoxins, including DON, ENN, MON and others, is
important, as these compounds can be virulence factors
for Fusarium species. This surveillance is important for
understanding qualitative damage to wheat production
and for implementing measures to mitigate these emerg-
ing threats to human health.
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New or Unusual Disease Reports

Detection of hibiscus chlorotic ringspot virus,
citrus exocortis viroid and citrus viroid VI in
China rose from Italy using high-throughput
sequencing
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Summary. In Spring 2024, a symptomatic plant of China rose (Hibiscus rosa-sinensis)
showing leaf yellowing and deformation, located in the province of Naples (South Ita-
ly), was re-sampled for further investigations. Total RNAs were purified from leaves
and subjected to Illumina HTS analysis. Results confirmed that the plant was infected
by hibiscus chlorotic ringspot virus (HCRSV), citrus exocortis viroid (CEVd), and cit-
rus viroid VI (CVd-VI). The two viroids had not been previously detected in China
rose. HTS results were confirmed by RT-PCR in the re-sampled plant, and in three
nearby China rose plants with the same symptoms, using specific primer pairs for the
three pathogens, followed by Sanger sequencing and BLAST analysis of the sequences.
Different results obtained can be due to differing sensitivity and specificity in HTS-
based detection of plant viruses. This is the first report of multiple infections by HCRS,
CEVd and CVd-VI in China rose, which is also a new host for both of the viroids.

Keywords. HCRSV, CEVd, CVd-VI, mixed infections, NGS

Hibiscus rosa-sinensis Linn. (Malvaceae), also known as China rose, is a
popular ornamental shrub in Italy, and is frequently found near private and
public buildings and in parks and gardens. China rose is affected by several
diseases that are significant factors in reducing yield and quality. This host
can be infected by viroids and viruses from several families, and previous
reports have highlighted the phytosanitary status of Chine rose in Italy (De
Stradis et al., 2008; Luigi et al., 2013; Parrella and Mignano, 2024). Recent-
ly, an siRNA HTS analysis applied to H. rosa-sinensis leaves with general-
ized yellowing revealed the association of hibiscus chlorotic ringspot virus
(HCRSV) infection with these symptoms (Parrella and Mignano, 2024).
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Nevertheless, since the symptoms observed were differ-
ent from those attributed to HCRSV (Pourrahim et al.,
2013), other viruses or viroids, not previously identified,
were suspected to be present in the same plant (Figure
1). A new HTS analysis was carried out on the plant,
using leaf tissues collected in spring, with the aim to
determine if additional pathogens were present.

Total RNAs were purified from leaves of the previ-
ously analysed symptomatic plant (Parrella and Mig-
nano, 2024), and following a ribodepletion step, these
were subjected to Illumina HTS (2 x 150 nt). After qual-
ity trimming, a total of 20,902,880 reads were obtained
and assembled de novo (CLC Genomics Workbench 21,
Qiagen). Contigs were annotated by Blastn and BlastX
analyses against the GenBank database, resulting in the
identification of single contigs for citrus exocortis viroid
(CEVA), citrus viroid VI (CVd-VI) and HCRSV.

The single identified HCRSV contig was a near
complete genome. It integrated 414,901 reads (2.0% of
total reads), with a 13,614x average coverage, and had
greatest nucleotide similarity (99.4%) with the Ita-1 iso-
late (GenBank OR891792) previously identified from
the same plant (Parrella and Mignano, 2024). The single
identified CEVd contig represented a complete genome
and integrated 425 reads (0.002% of total reads) for
a 158x average coverage. This had greatest nucleotide
similarity (99.2%) with a severe variant from Gynura

Figure 1. Yellowing symptoms observed on the leaves of the Hibis-
cus rosa-sinensis analysed in the present study.

Giuseppe Parrella et alii
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Figure 2. Phylogenetic relationships among the whole genomes of
citrus viroid VI isolates obtained from GenBank (n = 23), based on
a maximum-likelihood analysis and the Kimura-2 parameter meth-
od implemented in Mega X (Kumar et al., 2018). The tree had the
greatest log likelihood (-1382.63) generated using 1000 bootstrap
replicates. The sequence of the grapevine latent viroid genome (Acc.
No. MG770884) was used as the outgroup. Bootstrap values >70%
are indicated near the branches. The position of the Hibiscus isolate
of citrus viroid VI (named Hrs-1A; Acc. No. PP942535) is high-
lighted by a red box.

aurantiaca in the United States of America (isolate
CEVdg-S; GenBank AF298177). The single identified
CVd-VI contig also corresponded to a complete genome.
It integrated 175 reads (0.0008% of the total reads) for a
70x average coverage, and had greatest nucleotide simi-
larity (91.3%) with the Kakil3-5 isolate from Diospy-
ros kaki in Japan (GenBank AB366017). Therefore, the
identified contig was quite divergent from all previously
identified CVd-VI isolates, as confirmed by phylogenetic
relationships among sequences of the different isolates
available in GenBank (Figure 2).

The HCRSV contig and the complete genomes of
the CEVd and CVd-VI isolates have been deposited in
GenBank (respective Acc. Nos. PP942537, PP942536
and PP942535). In addition, the presence of these three
pathogens in China rose was confirmed by the RT-PCR
analysis in the original plant and in three additional
symptomatic plants from the same location. HCRSV
was detected using the primer pairs HCRSV-2F/HCRSV-
3R (Parrella and Mignano, 2024); CVd-VI was detected
using the CVd-VI-F/CVd-VI-R primers described by
Cao et al. (2017), and CEVd was detected with primers
CEVd-F/CEVd-R described by Abualrob et al. (2024).
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Figure 3. Validation of the HTS results by RT-PCR using a specific
primer pairs for CVd-VI (lane 2; 326 bp), CEVd (lane 4; 371 bp),
and HCRSV (lane 6; 697 bp) infections in the original and re-ana-
lyzed Hibiscus rosa-sinensis plant. Lanes 1, 3 and 5 are the negative
controls for each RT-PCR. M is the 100 bp ladder.

Amplicons obtained by RT-PCR were further sequenced
from both ends at Macrogen (Milano, Italy), and the
sequences obtained were found to be 100% identical to
the respective contigs obtained by HTS (Figure 3).

Different sensitivity and specificity in HTS-based
detection of plant viruses have been recently reported. In
particular, RNA-Seq approaches demonstrated better per-
formance than small RNA-Seq (Di Gaspero et al., 2022)
This could explain why, in the first siRNA-based HTS
analysis of the China rose leaf sample, the two viroids
were not identified (Parrella and Mignano, 2024). Alterna-
tively, it is possible that the analysis of samples collected
in two different periods (late summer, by Parrella and
Mignano (2024) and spring, in the present study) may
have contributed to the different results. This was likely to
be due to differences in accumulations in plant tissues of
the two viroids during the two different seasons.

With the increased use of HTS analyses for plant
virome characterization, multiple infections by viruses
and/or viroids have become increasingly evident, par-
ticularly in perennial plants. The present study detect-
ed multiple infections in China rose plants, involving
HCRSV (already reported, Parrella and Mignano, 2024),
and the two viroids CEVd and CVd-V1, for all of which
China rose is a new host. In addition, these results are
the first detection of CVd-VI in Italy.
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Summary. White root rot, caused by Dematophora necatrix (syn. Rosellinia necatrix),
affects deciduous trees. A D. necatrix infection-distribution survey found widespread
disease in apple and cherry orchards in northern Israel bordering a Mediterranean for-
est, although the forest trees were unaffected. Because cherry and apple orchards must
be abandoned due to long fungal survival in infested soils, alternative deciduous fruit
trees and grapevines were assessed for growth in these D. necatrix-infested orchards.
In the field, grapevine rootstocks and the almond-peach rootstock GF-677 were most
tolerant to D. necatrix-infested soil. Apple was the most sensitive crop, with the root-
stock Hashabi being more tolerant than PI80 or MM 104. The Mediterranean forest tree
Pistacia atlantica, which can serve as a rootstock for pistachio, was as sensitive as kiwi-
fruit and apple, and persimmon rootstock sensitivity was not different from grapevine.
Those results show that beside the above mentioned crops, vineyards can also replace
apple orchards in D. necatrix-infested soils and so broadens the list of possible crops
for the local farmers in a Mediterranean climate at altitudes above 440 m above sea
level. This has also been observed in a commercial 10-year-old vineyard of ‘Shiraz’
grapevines grafted on SO4 rootstock. The almond-peach rootstock GF-677 can also be
grown in infested soil, but in commercial orchards requires additional treatment for
adequate disease control.

Keywords. Apple rootstock, GF-677 almond-peach rootstock, grapevine rootstock,
tolerant crops.

INTRODUCTION

The disease white root rot is caused by the ascomycete fungus Dematophora
necatrix Hartig, (syn. Rosellinia necatrix). Dematophora necatrix is a soilborne
pathogen that has been reported to infect 170 plant species from 30 families,
including deciduous trees (apple, pear, plum and almond), olives, some citrus
species, avocado, mango and macadamia (Pliego et al., 2011). Development
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of this disease occurs in sensitive trees, where the roots
become covered with white mycelium and decay, the leaves
turn yellow and fall, and the affected trees wither and
die soon after symptom appearance. In Israel, apple and
cherry orchards are mostly affected (Dafny-Yelin et al.,
2018). Infected trees do not recover and must be uproot-
ed. Replacement of the infected trees in apple or cherry
orchards where the soils are infested is not possible, so the
land must be abandoned for production of these fruit.

In Japan, grapevine is considered to be very sensi-
tive to D. necatrix infection (Arakawa et al., 2002), but
the plants can overcome infections with the use of fun-
gicides (Kanadani et al., 1998). In Israel, grapevines
became infected after inoculation with D. necatrix,
but in naturally infested soil under field conditions, no
plants became infected (Sztejnberg and Madar, 1980).

Tolerance to white root rot has been shown in the
apple rootstocks M7 and MM109 (Gupta and Verna, 1978).
In addition, SangBum et al. (2000) showed that a Malus
sieversii seed lot was resistant to a Korean D. necatrix
isolate, where 32 out of 159 clones of Malus germplasm
exhibited slow development of D. necatrix infections or
had no necrotic symptoms. In avocado plants, Zumaquero
et al. (2019) characterized expression of different genes in
tolerant and susceptible avocado rootstocks.

In Israel, Sztejnberg et al. (1983) reported that per-
simmon was survived for 6 years in D. necatrix infested
soil, without any signs of disease symptoms. Citrus and
mango rootstocks, and Passiflora edulis, were also toler-
ant to the disease (Sztejnberg and Madar, 1980). Most of
the infested soils in Israel are in the northern part of the
country, at altitudes 440-1100 m above sea level (Dafny-
Yelin et al., 2018). This area is suitable for deciduous
fruit trees and grapevines, but not for citrus or mango.

An infection-distribution survey by Dafny-Yelin et
al. (2018) showed that white root rot was widespread in
plots bordering a Mediterranean forest, but the infec-
tions did not appear to harm the trees in that forest.
From farmer viewpoints, Pistacia atlantica, which grows
in these forests, can be used as a rootstock for pistachio
(Picchioni et al., 1990).

The present research aimed to identify alternative
crops that could be grown in D. necatrix-infested soils to
broadens the list of possible crops for the local farmers.

MATERIALS AND METHODS
Plant material
The following rootstocks and crops were tested:

(i) apple rootstocks Hashabi 13-14, Malling Merton
series MM104, MM109 and MM106, and PI80 from

Mery Dafny-Yelin et alii

Pillnitzer ‘Supporter’ (a semi-dwarf apple rootstock
from Pillnitz in Dresden). All apple plants were 2
years old at planting day, and was obtained from the
Tesler Nursery, Moshav Nov, Israel, except for the
apple plants in the Metula plot that were not grafted
and were only 1 year old at planting day.

(ii) GF-677 rootstock, a peach-almond hybrid which
can be used as a rootstock for almond and peach,
was obtained from plant nurseries in Rosh HaNikra,
Israel, and was 1 year old at planting day.

(iii) grapevine rootstocks 101-14 MGT, 110 Richter, 1103
Paulsen, 140 Ruggeri and SO4 (Vitis labrusca), all
grafted with Cabernet Sauvignon (Vitis vinifera).
Grapevine plants were 6 months old, from the Mach-
mid Nursery in Umm al-Fahm, and the Dor-onn and
Zimnavoda Nursery in Zikhron Ya’akov, Israel.

(iv) persimmon rootstocks Diospyros virginiana and
Diospyros lotus were from Haskelberg Nursery, Kfar
Vitkin, Israel, and were 2 years old.

(v) Actinidia deliciosa (kiwifruit) var. Hayward (not
grafted, self-rooted) 1l-year-old plants from Fuga
Agricultural Marketing Ltd., Yesud HaMa’ala, Israel.

(vi) Pistacia atlantica forest trees (not commercial root-
stocks), 1-year-old plants from KKL Nursery, Golani
junction, Israel.

Resistant fruit crops and grapevines in naturally infested
plots

Experimental plots were chosen based on the pres-
ence of dead apple trees with typical D. necatrix mycelia
in the roots. Experimental trees were planted between
the orchard trees (except in Mas’ada where the entire
plot was replanted). During the years of the experi-
ment, the nearby orchard trees (or the trees between the
experimental trees) were also monitored for indication
of active disease (data not shown).

The field experiment included five plots. These were:
(1) Cabernet Sauvignon vines grafted on five rootstocks,

including 101-14 MGT, 110 Richter, 1103 Paulsen,

140 Ruggeri, and SO4, planted in Metula orchards

(Lat. 35.569, Long. 33.278, altitude of 442 m above

sea level) in June 2013 (distribution map presented

in Supplementary Figure 1);

(2) mainly non-grafted rootstocks, including —GF-677
(used for peach and almonds), Hashabi 13-14 (for
apples), persimmon rootstocks D. virginiana and D.
lotus, and P. atlantica, along with self-rooted kiwi-
fruit var. Hayward, planted in Metula next to plot
(1) (above) in July 2013 (Supplementary Figure 2);

(3) grapevines, fruit and forest trees grown togeth-
er, with the plant material the same as in Metula
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(above) with one exception. Hashabi 13-14 apple
rootstock was grafted with var. Starking (Scarlet-
spur type). The experiment was planted in Mas’ada
(Lat. 33.237, Long. 35.780, 1034 m above sea level) in
March 2013 (Supplementary Figure 3);

(4) apple tree var. Sundowner was grafted on the five
different apple rootstocks, including Hashabi,
MM106, MM109, PI80, MM104 from Tesler Nurs-
ery, and was planted in Manara orchard (Lat. 33.187,
Long. 35.543, 848 m above sea level) in March 2018.
The fungicide Ohayo (a.i. 0.5% fluazinam) was
applied on the day of planting, at the rate of 2 L of 5
g L' Ohayo per tree via irrigation (as recommended
in Dafny-Yelin et al., 2019). Two additional applica-
tions of the fungicide were applied at 1.5 and 2.5
months after planting (Supplementary Figure 4);

(5) similar experiment to (4) (above), planted in Sasa
orchard (Lat. 33.022, Long. 35.400, 830 m above
sea level) in March 2018, with the following excep-
tions: (i) the apple tree variety was Cripps Pink ,
(ii) to give the trees in Sasa the good establishment
conditions, soil solarization was carried out in the
summer of 2017, a year before planting. Ohayo fun-
gicide was applied on the day of planting and one
additional application was applied 2.5 months after
planting (Supplementary Figure 5).

The grapevines were trained vertically and pruned
each year. The weight of pruned tissues from each plant
was measured as an index of plant vigour. For the oth-
er plant species, trunk circumferences were measured
as indices of plant vigour. In Mas’ada in the last year
of experiments, grapevine yield parameters were meas-
ured at harvest. For the other crops, trunk circumfer-
ences and tree heights (except for kiwifruit and grape-
vine) were measured in eack plot in the last experimen-
tal year. For all plants, in April to November, viability
was recorded using the following key: 0 = dead plant, 1
= weak plant, 2 = healthy plant with no new vegetative
growth, or 3 = healthy plant with normal development.
Daily areas under the viability curves (AUC) were calcu-
lated based on ca. 20 monitoring times, at least five per
year at minimum intervals of 1 month.

All experiments were planted in randomized blocks,
in five (Ist and 3rd plots) or six (2nd, 4th and 5th plots)
replicates, except for P. atlantica in the Ist plot that
was planted in six replicates, and 101-14 MGT and 110
Richter grapevine rootstocks that were planted in seven
replicates. Plots 1 to 3 were planted in May 2013. Most
replicates contained five trees, except for GF-677, which
had four trees per replica. The trees were planted 0.5 m
apart. Plots 4 and 5 were planted in March 2018. Each
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replica consisted of at least three trees (except for PISO
which had one tree in one of the replicas), and trees were
planted ca. 1.5 m apart.

Statistical analyses

ANOVA and Pearson’s chi-squared test for contin-
gency analysis were carried out using JMP 13 software
(SAS Institute, 2016). The statistical significance of treat-
ment effects was determined using honestly significant
difference (HSD), at P < 0.05, or Student’s t-test [least
significant difference (LSD), P < 0.05] for pairs. Normal-
ity (Shapiro-Wilk or Anderson-Darling tests) and homo-
scedasticity (Levene’s test) of the results with or without
square-root or Log+l transformations were the condi-
tions (P > 0.05) for running the ANOVA test; otherwise,
non-parametric contingency analysis was performed.
Where specified, Bonferroni corrections were applied
to correct the critical alpha level, due to multiple chi-
squared tests conducted. Effects of experimental blocks
were also evaluated to estimate D. necatrix infection and
aggressiveness in the orchards. In the apple rootstock
experiment, contingency analysis was conducted only
between the Hashabi-PI80 and Hashabi-MM104 pairs.

RESULTS

Comparisons between fruit crops and grapevines in natu-
rally infested soils

To find potential alternative crops for farmers, and
to give them the best alternatives based on farm geo-
graphical locations, comparisons between fruit crops
and grapevines were made on two farms located in dif-
ferent geographical regions: (i) Metula in the Galilee
region at 442 m above sea level, and (ii) Mas’ada in the
Golan Heights at 1034 m above sea level. In the naturally
infested soil in Mas’ada (Figure 1A), there were statisti-
cally significant differences between the crops in the
number of wilting trees at the end of the experiment (x*
= 82.7577, P < 0.0001), and no effect of block was detect-
ed (3¢ = 10.7023, P = 0.0301).

Almond and grapevine were the most resistant
plants, with, respectively, 96.0% and 86.4% of plants
still viable 5 years after planting. Almond was more
tolerant than apple (x* = 35.507, P < 0.0001), kiwifruit
(x* = 18.015, P < 0.0001), P. atlantica (x*> = 18.075, P <
0.0001) and persimmon (x> = 8.567, P = 0.034). Persim-
mon plants showed 72.2 and 53.3% survival with D.
virginiana and D. lotus rootstocks, respectively. Apple
rootstocks were the most sensitive, with only 12% of the
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Figure 1. Mean parameters in Dematophora necatrix-infested soil for Masada and Metula plants. (A) Percentage of live 5-year-old trees
and (B) areas under the curves (AUC) for plant viability (0 = dead plant to 3 = live plant with good growth) over time (by days) in Mas'ada.
Different letters indicate statistically significant differences (P < 0.01) between crops, as shown from contingency analyses, and Pearson tests
after Bonferroni corrections, for 15 comparisons. (C) Mean percentages of live 3-year-old trees, and (D) mean AUC in Metula. Different let-
ters accompanying the means indicate statistically significant differences (P < 0.05) between crop types, as indicated by contingency analy-
ses, and Pearson tests without Bonferroni corrections. (E) Mean trunk circumferences of surviving trees. Black bars, Masada plots; different
uppercase letters indicate differences (P < 0.05) between crops as indicate from contingency analyses and Pearson tests after Bonferroni
correction, for 15 comparisons. Gray bars, Metula plots; different lowercase letters indicate differences (P < 0.05) indicated from HSD after
Log+1 transformations. (F) Mean tree heights. Black bar, Masada plot; different letters indicate differences (P < 0.05) shown from HSD,
after square root transformations. Gray bar, Metula plot; different letters indicate differences (P < 0.05), shown from contingency analyses,
and Pearson tests after Bonferroni corrections, for six comparisons. Asterisks indicate that grapevines in Metula were not taken into consid-

eration in the statistical analyses because they were planted in a separate plot nearby.

plants surviving after 5 years. Plant survival of P. atlan-
tica and kiwifruit were, respectively, 38.1 and 40.0%,
with no significant difference (P > 0.05) compared to
the apple Hashabi rootstock (Figure 1A). AUC for plant
viability per day gave statistically significant differences
among crops (x> = 88.9121, P < 0.0001). Apple trees had
the smallest AUCs, and almond and grapevine had the
greatest, indicating that they were less sensitive than
persimmon, Pistacia, kiwifruit and apple (Figure 1B).

In the Metula experiment the number of live apple
plants was lowest (69.6%; Figure 1C), the number of live
persimmon plants was highest (88.1%), while 26.3% of
almonds and only 4.0% of Mas’ada plants were wilted.
There was no significant difference (x> = 4.8432, P =

0.3038) between the crops for numbers of dead plants at
the end of the experiment in 2015 (Figure 1C). For via-
bility indices (AUC), there were significant differences
between the crop types (x> = 24.1618, P < 0.0001), where
apples had the lowest AUC values (lowest viability, and
greatest severity), that were different from Pistacia (non-
parametric comparison for each pair using the Wilcoxon
method P < 0.0001), persimmon (P < 0.0001), kiwifruit
(P = 0.0098), and almond (P = 0.0234), (Figure 1D). In
Metula and in Mas’ada, block also had significant effects
on AUC values (x> = 88.9121 for Metula and 13.4844 for
Mas’ada, P < 0.0001, Wilcoxon test).

In the Metula and Mas’ada plots, at the end of the
experiment (third and fifth years, respectively), trunk
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circumferences of GF-677 were greatest (mean = 217
mm for Metula, and 441 mm for Mas’ada (Figure 1E),
and the trees were the tallest (mean = 3.55 m in the
third year for Metula and 4.24 m in the fifth year for
Mas’ada. (Figure 1F). This indicates suggests that the
disease affected plant growth differently based on the
host sensitivities to D. necatrix, but that the pathogen
did not kill the plants. No effect of block on plant height
(P > 0.05) was detected in Metula or Mas’ada. However,
in Mas’ada, there was a significant effect of block on the
trunk circumference (after square root transformation, F
= 5.9485, P = 0.0013).

Most of the plants that wilted died in the first year,
up to 72% of the apple trees in Mas’ada. In general, for
all crops, most of the trees died in the first 3 years. In
Mas’ada, only a single plant or no plant from each crop
wilted in the fourth year, and no wilting was seen in the
fifth year of the study (Table 1). In grapevine, 78-92% of
the plants were healthy after years 3 and 5 of the experi-
ment. The main damage occurred in the first or sec-
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ond years of the study. For rootstock 1103 Paulsen in
Mas’ada, and SO4 in Mas’ada and Metula, plant death
was observed in less than 5% of the rootstocks after the
second year of the study.

In Mas’ada, no statistically significant differences
were observed between grapevine rootstocks for mean
trunk circumference (x> = 4.9029, P = 0.2974), pruning
weight (x? = 4.0556, P = 0.3985), yield (F = 1.0463, P =
0.3872), or AUC (x> = 4.1664, P = 0.3840; Table 2). In
Metula, there were no effects on mean trunk circumfer-
ence (F = 3.3069, P = 0.0135) or AUC for plant viability
per day (x* = 1.8664, P = 0.7603). However, statistically
significant differences were detected for mean prun-
ing weights (F = 7.2734, P < 0.0001). Plants grafted on
the 1103 Paulsen rootstock had greater pruning weights
than plants grafted on the 110 Richter rootstock (F =
3.3867, P = 0.0120), with no effect of block (F = 0.568, P
= 0.7243) or the block x crop interactions (F = 1.4983, P
= 0.2082; Table 2).

Table 1. Mean proportions Sensitivity of fruit trees and grapevines to D. necatrix in naturally infested soil in the orchard. Dead plants were

calculated as percentage of live plants at the beginning of each year.

Percentage of dead plants each year (dead plants/live plants at the beginning of the year)

Crop Rootstock 2013 2014 2015 2016 2017
Masada
Almond GF-677 0.0 (0/25) 0.0 (0/25) 4.0 (1/25) 0.0 (0/24) 0.0 (0/24)
Apple Hashabi 72.0 (18/25) 14.3 (1/7) 50.0 (3/6) 0.0 (0/3) 0.0 (0/3)
Grapevine 101-14 MGT 8.0 (2/25) 0.0 (0/23) 0.0 (0/23) 0.0 (0/23) 0.0 (0/23)
110 Richter 8.0 (2/25) 0.0 (0/23) 0.0 (0/23) 0.0 (0/23) 0.0 (0/23)
1103 Paulsen 8.0 (2/25) 0.0 (0/23) 4.4 (1/23) 4.5 (1/22) 0.0 (0/23)
140 Ruggeri 8.0 (2/25) 0.0 (0/23) 0.0 (0/23) 0.0 (0/23) 0.0 (0/23)
SO4 4.0 (1/25) 4.2 (1/24) 4.3 (1/23) 0.0 (0/22) 0.0 (0/22)
Kiwifruit Hayward 37.5(9/24) 6.7 (1/15) 14.3 (2/14) 7.7 (1/13) 0.0 (0/12)
Persimmon D. virginiana 11.1 (2/18) 6.3 (1/16) 13.3 (2/15) 0.0 (0/13) 0.0 (0/13)
D. lotus 33.3 (5/15) 10.0 (1/10) 11.1 (1/9) 0.0 (0/8) 0.0 (0/8)
Pistacia atlantica 38.1 (8/21) 15.4 (2/13) 27.3 (3/11) 0.0 (0/8) 0.0 (0/8)
Metula
Almond GF-677 26.32 (5/19) 0.0 (0/14) 0.0 (0/14)
Apple Hashabi 4.35 (1/23) 27.3 (6/17) 0.0 (0/16) n.d. n.d.
Grapevine 101-14 MGT 7.40 (2/27) 8.0 (2/25) 0.0 (0/23) n.d. n.d.
110 Richter 25.00 (7/28) 4.8 (1/21) 0.0 (0/21) n.d. n.d.
1103 Paulsen 21.4 (6/28) 0.0 (0/22) 0.0 (0/22) n.d. n.d.
140 Ruggeri 7.4 (2/27) 0.0 (0/25) 0.0 (0/25) n.d. n.d.
SO4 10.7 (3/28) 8.0 (2/25) 4.4 (1/23) n.d. n.d.
Kiwifruit Hayward 12.5 (3/24) 4.8 (1/21) 10.0 (2/20) n.d. n.d.
Persimmon D. virginiana 5.9 (1/17) 6.3 (1/16) 0.0 (0/15) n.d. n.d.
D. lotus 0.0 (0/25) 12.0 (3/25) 0.0 (0/22) n.d. n.d.
Pistacia atlantica 6.9 (2/29) 3.7 (1/27) 3.9 (1/26) n.d. n.d.

n.d., not detected.
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Table 2. Mean plant growth indices of different live grapevine rootstocks in a soil that was naturally infested with Dematophora necatrix, at
the end of 2017 in Masada (n = 15 to 23 plants) and 2015 in Metula (n = 20 to 25 plants). The AUC for plant vitality / day calculated for all

tested plants (n=24-25 plants in Mas’ada, n=30 plants in Metula).

Grapevine Yield weight (g) Trunk circumference (cm) Pruning weight (kg) AUC
Mas’ada (2017)

101-14 MGT 904.9 + 188.7 100.0 + 7.14 1.3+0.3 3220.0 £ 188.2
110 Richter 533.8 £ 122.5 74.8 £ 10.0 0.6 £0.1 2706.0 £ 302.6
1103 Paulsen 595.5 + 130.0 101.0 £+ 4.4 1.0 £ 0.1 3196.0 £ 188.6
140 Ruggeri 961.5 + 205.0 82.8 £9.7 09 +0.2 3162.0 £ 215.5
SO4 836.5 + 178.4 76.7 £9.4 0.7 £ 0.1 3286.0 £ 188.7
Metula (2015)

101-14 MGT 9984 + 114.4 86.0 £ 4.6 2.4 +0.2ab 2038.4 + 148.5
110 Richter 1162.0 £ 125.8 91.1 £5.1 1.8+02c 1780.3 £ 176.8
1103 Paulsen 1251.65 + 167.7 93.5+4.2 27+02a 1901.2 + 170.0
140 Ruggeri 1042.48 + 132.6 849 £ 4.6 1.8 £ 0.2 bc 2069.0 = 152.4
SO4 865.52 + 121.0 82.1 £4.5 1.9 +£0.2 bc 2081.8 £ 129.9

Different letters indicate significant difference by LSD (P < 0.05).

Comparison between apple rootstocks in naturally infested
soils

To find potential solutions for growers who wish to
continue growing apples, apple rootstocks were com-
pared in naturally infested soil in two field plots locat-
ed 22 km apart at similar altitude in the Galilee region.
Hashabi was the most tolerant rootstock, with 82% (18 of
22) healthy trees in Manara and 87% (20 of 23) in Sasa.
PI80 and MM104 were the most sensitive rootstocks,
with 50% (eight of 16) PI80 trees surviving and 48% (ten
of 21) of MM104 trees surviving. In Manara, statistically
significant differences were found between Hashabi and
PI80 (x*>= 4.34; P = 0.0372) and Hashabi compared to
MM104 (x* = 5.532; P = 0.0187), but not between blocks
(P > 0.05). In addition, among the viable trees, Hashabi
had an additional benefit in the infested soil compared
to the other rootstocks, in terms of growth parameters
of trunk circumference and tree height. In Sasa, MM109
and MM104 had the greatest growth parameters (Figure
2). There were no effects of block or rootstock x block
interaction in either plot (P > 0.05).

DISCUSSION

This study examined the sensitivity of fruit crops
and grapevine species to the pathogenic fungus D. nec-
atrix in Mas’ada and Metula, with emphasis on species
suitability for growth in the north of Israel, in the Golan
Heights and in Galilee regions.

In the naturally D. necatrix-infested orchards,
according to measures of trunk diameter and plant

height, the GF-677 rootstock, which can be grafted
with stone fruit trees such as peach and almond, pro-
duced the largest trees in the experimental plot. This
is the first study to demonstrate that GF-677 rootstock
can be grown in D. necatrix-infested soils. As a result,
several infested commercial apple orchards in Metula
were replaced in recent years with nectarine or peach
trees on the GF-677 rootstock. In two of the three com-
mercial plots, no tree mortality was seen for 2 years,
and the trees developed normally. The third plot was
monitored for 8 years after the crop replacement, and
the orchard remained well-developed. However, each
year, ca. 8 to 9% of the trees were replaced, similar to
previous findings by Sztejnberg and Madar (1980).
They observed that peach and almond species are very
susceptible to D. necatrix in pots. Pinochet (2010) also
reported that peaches grafted on GF-677 rootstock are
very sensitive to D. necatrix, with an observed 18%
mortality rate of trees growing in infested soil. The pre-
sent study results showed that the GF-677 rootstock was
less sensitive than the apple Hashabi rootstock, and can
be grown in soil infested with D. necatrix, but addition-
al steps must be taken to deal with the disease, such as
solar treatments (Sztejnberg et al., 1987) or use of pesti-
cides (Gupta and Gupta, 1992; Dafny-Yelin et al., 2019).
In addition, more peach rootstocks should be tested in
Israel to find better ones, as Pinochet (2010) reported
that Replantpac (Rootpac R), a plum-almond hybrid
rootstock, was suitable for replanting in D. necatrix-
infested soils.

The grapevines in the field experiment survived,
with approx. 85% surviving and mortality decreased each
year. These results were similar to those of Sztejnberg and
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Figure 2. Mean apple rootstock parameters in D. necatrix-infested
soils in Manara and Sasa. (A) Health of 5-year-old apple trees on
different rootstocks (planted in March 2018, and tested in Septem-
ber 2022). The numeral above each column is the number of trees
that survived. Asterisks indicates differences (P < 0.05) compared
to the Hashabi survivors in each plot (contingency analyses). (B)
Mean trunk circumferences of surviving trees. Different letters indi-
cate differences (P < 0.01) between rootstocks in each plot (LSD
tests). (C) Mean tree heights. Different letters indicate differences (P
< 0.05) between rootstocks in each plot. Black histograms, Manara
plots; gray histograms, Sasa plots.

Madar (1980), who showed that vines on different root-
stocks were not damaged for 2 years in a naturally infested
agricultural area. Mansoori and Dorostkar (2008) reported
that most seedlings derived from Vitis vinifera and hybrid
varieties died within 150 d in artificially infested pots,
and the varieties were defined as susceptible. In contrast,
seedlings of ‘Bidaneh Sephid Gazvin’ and ‘Bidaneh Gher-
mez Gazvin’ remained alive. Wine grapes in Israel are
grown in areas where white root rot occurs in apple and
cherry (Dafny-Yelin et al., 2018), but no mortality occurs
in grapevine plots as a result of the disease. This may be
due to the low levels of irrigation applied in vineyards (500
to 2500 m* ha! per season (Zahavi, personal communica-
tion), compared to the ca. 10-fold greater irrigation rates
applied for apple and cherry (Peres et al., 2018).
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In parallel to the experiments reported here, a study
was carried out in Moshav Margaliot, where there was
high infestation of cherry trees grafted on MM2 root-
stock. In the summer of 2013, the farmer replaced this
crop with a Shiraz scion grafted on the SO4 rootstock.
Ten years after planting, the plot has remained healthy,
bearing fruit, and no vines have been damaged by white
root rot (Dafny-Yelin, personal communication).

Apple is known to be very susceptible to D. necatrix
infections (Gupta, 1978; Sztejnberg et al., 1987; Dafny-
Yelin et al., 2018; 2019), in agreement with the present
study results in Mas’ada, where 88% of the apple trees
(variety Starking Scarlet-spur, grafted on Hashabi root-
stock) had died after the third year. In the Metula plot,
the Hashabi rootstock was much less sensitive than in
the Mas’ada plot, with less than a third of the trees hav-
ing died during the same period.

Growth parameters of all plants that survived till the
end of the experiment were monitored. Although these
parameters of the various host species cannot predict
plant survival, they can provide estimates of crop fit-
ness in infested plots. The apple plants that survived in
Metula developed at a lower rate than expected after 3
years, where healthy plants did not develop new growth
and reached an average height of 1.25 m and trunk cir-
cumference of ca. 5 cm. This contrasted with GF-677
which developed new growth, and reached 3.5 m height
and trunk circumference of more than 20 cm. In Metula,
27% of the trees wilted, whereas in Mas’ada, only 4% of
the plants died. These differences may be due to other
factors that affect plant and fungal development, such as
irrigation regimes, the root system volumes, and soil type
and depth. The interaction of rootstock and scion could
also affect rootstock sensitivity, as the apple trees in Met-
ula were not grafted. Rootstock-scion interactions are
important because auxin, the growth regulator produced
in the shoots, has effects on root development and elon-
gation (Soumelidou et al., 1994; Hooijdonk et al., 2010).

Sharma et al. (2013) assessed resistance of apple
rootstocks in a pot trial with artificially infested soil,
and showed that the commercial rootstocks MM106,
M4, M9, M26, M27 and M7 were very sensitive to D.
necatrix infection. Gupta and Verma (1978) showed
that M7 and MM109 were partially resistant in the field
500 d after infection. In the present study, similarly to
Sharma et al. (2013) in naturally infested soil, none of
the apple rootstocks exhibited immune reactions. How-
ever, apple trees that were grafted on Hashabi were less
sensitive than those on the other assessed rootstocks
in two plots (Figure 2). The trees were less damaged in
Sasa than in Manara probably because the soil in Sasa
had been solarized before planting. Solarization has
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been found useful for young trees under Israel’s climatic
conditions (Sztejnberg et al., 1987), and in other areas
in the world where apples (Gupta, 1978; Kanadani et
al., 1998) or avocado (Lépez-Herrera and Zea-Bonilla,
2007; Arjona-Lopez et al., 2020) are grown in infested
soils. In healthy Israeli plots, Hashabi plants had the
optimum rootstock for apple growth (Assaf, 1995), and
in the D. necatrix-infested plot in Manara, this root-
stock gave the best performance as indicated by trunk
circumference. The semi-dwarf rootstock PI80 was the
weakest, as expected, with the least mean trunk cir-
cumference and tree height (Figure 2, and Fischer,
1996). However, since introduction of new apple root-
stocks, Hashabi is no longer commonly used in com-
mercial orchards.

Persimmon survived in the Metula experimental
plots at an average of ca. 90%, greater survival than for
the other crops; in Mas’ada, survival rate of Metula was
less than for almond trees, but similar to that for grape-
vines. Sztejnberg et al. (1983) reported survival of per-
simmon trees for 6 years with no signs of disease, sug-
gesting that this was due to high phenol contents in the
roots of this species.

Kiwifruit is a D. necatrix-sensitive crop (Pliego et al.,
2011). In the present study, kiwifruit was found to be less
susceptible to the pathogen than apple. Similar to grape-
vine, kiwifruit is grown in Israel in plots that are close to
infected apple and cherry orchards (Dafny-Yelin et al.,
2018), and no mature kiwifruit plots with mortality due
to D. necatrix have been seen. This suggests that kiwifruit
can overcome the white root rot in commercial plots.

Overall, grapevine and peach rootstocks were the
most tolerant of D. necatrix soil infestations, without
any significant differences between the assessed root-
stocks. Apple was the most sensitive crop. Among apple
rootstocks, Hashabi was more resistant to D. necatrix
infections than PI80 or MM104 rootstocks. Kiwifruit
and Pistacia were as sensitive as apple, while persimmon
rootstock sensitivity did not differ significantly from that
of the grapevine rootstocks.

CONCLUSIONS

This study has demonstrated the relative sensitivity
of different fruit crop species (including grapevine) to
the pathogenic fungus D. necatrix, in different regions
of Israel. Grapevines commercial rootstocks and the
almond-peach rootstock GF-677 had promising toler-
ance to D. necatrix-infested soil, offering an alterna-
tive for orchard replacement, particularly in the north-
ern regions of Israel such as the Golan Heights and
Galilee areas. Despite susceptibility to white root rot
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in controlled experiments, GF-677 exhibited resilience
in commercial orchards, although additional disease
management practices were required in the field. The
present study also highlighted the importance of select-
ing appropriate host rootstocks, with Hashabi showing
greatest resistance among apple varieties. The neces-
sity for crop replacements for management of soilborne
diseases underscores the challenges faced by farmers,
necessitating further research to identify optimal root-
stocks for sustainable agriculture in D. necatrix-infest-
ed areas. The present study has contributed valuable
insights for agricultural practices aimed at mitigating
the impacts of soil-borne pathogens on fruit crop pro-
duction in Israel.
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Summary. Puccinia striiformis f. sp. tritici causes the important disease, yellow rust of
wheat (Triticum aestivum). Montmorillonite nanoclay (MNC) is naturally occurring
and biodegradable. This study assessed in vitro anti-germination effects of MNC on P
striiformis uredospores. Application of MNC at 150 mg L! completely inhibited ure-
dospore germination, and MNC at 100 mg L reduced yellow rust severity in wheat
plants by 89%. Expression of defense-related genes was increased after MNC treatment
at 100 mg L}, by 5.23-fold for jasmonate and ethylene-responsive factor 3 (JERF3),
4.89-fold for chitinase class II (CHI II), and 2.37-fold for pathogenesis-related protein
1 (PR1I). Applying MNC at 100 mg L also activated the antioxidant enzymes POD to
62.1 unit min! g fresh wt, PPO to 21.6 units min! g! fresh wt, and CAT to 36.6 units
min! g! fresh wt. MNC also enhanced phenolic content in wheat leaves (to 1489.53
mg 100 g! f. wt), and reduced lipid oxidation levels (to 5.6 pmol MDA g fresh wt).
MNC at 100 mg L! also mitigated damaging effects of P. striiformis infections on host
leaf cell ultrastructure, increased leaf photosynthetic pigments, and increased wheat
plant growth. These results show that MNC has potential as a natural control agent for
yellow rust of wheat, although field testing of MNC is necessary before this material
can be recommended for wheat production.

Keywords. Nanoclay, host resistance, defense, Triticum aestivum, yellow rust.
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INTRODUCTION

Nanoclays are clay minerals consisting of particles
in nanometer size ranges (1 to 100 nm). These miner-
als are classified as phyllosilicates, and are composed of
stacked layers of aluminum and silicon oxides (Nazir
et al., 2016). Nanoclays are known for their widespread
presence in different environments, their high cation
exchange capacity, affordability, and overall non-toxic
nature. These properties allow them to form polymer
nanocomposites which are carriers for active compounds
and bioagents. These polymer nanocomposites have
extensive applications in medicine, agriculture, and oth-
er technological applications, forming the nanoclay tech-
nology (Hafez et al., 2022).

Nanoclay research has focused on harnessing poten-
tial of materials in several fields (Merino et al., 2021).
Agricultural uses of different nanoclay types, includ-
ing montmorillonite, have been studied mainly for their
antimicrobial activities (Yousef et al., 2023) and aflatox-
in Bl detoxification potential in animal feeds (Soltan et
al., 2022). Rashad et al. (2021a) reported effective spray-
ing of silica nanoparticles (at 150 ppm) against downy
mildew of grapevines, caused by Plasmopara viticola.
A reduction (82%) in the disease severity and induction
in the plant defense responses were recorded. Guilger-
Casagrande et al., (2024) found that nanoparticles of
iron oxide and titanium dioxide had high insecticidal
potential on larvae of the crop pests Helicoverpa armig-
era and Spodoptera frugiperda, recording up to 76%
mortality of these insects.

Montmorillonite is a clay mineral (smectite catego-
ry), and consists of a layer of alumina enclosed between
two layers of silica. Montmorillonite nanoclay (MNC) is
widely used as a nanocomposite to form nano antimicro-
bials and pesticides against several plant diseases (Hos-
sain et al., 2023). Oliveira-Pinto et al. (2022) reported
effective potential of MNC alone or supplemented with
Satureja montana essential oil, for control of bacterial
spot in tomato, caused by Xanthomonas euvesicatoria.
Antimicrobial, antioxidant, and defense triggering activi-
ties of MNC have been discussed as disease management
strategies. Sundaresha et al. (2022) found that spraying
potato plants with multigene-targeted dsRNA molecules
carried on nanoclay particles reduced severity of late
blight and inhibited growth and sporulation of Phytoph-
thora infestans. In general, nanoparticles can be used to
control different plant diseases, either as alone as protect-
ants (Rashad et al., 2021a) or as carriers for fungicides or
other antimicrobial substances (Worrall et al., 2018).

Wheat (Triticum aestivum) is the main staple diet
for much of the world population. However, this crop
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is adversely affected by many fungal pathogens that are
production threats. Puccinia striiformis Westend. f. sp.
tritici Eriks, which causes stripe rust (yellow rust) of
wheat, is a destructive pathogen that threatens wheat
production (Chen et al., 2014). This obligate biotroph-
ic basidiomycete fungus) is a heteroecious pathogen,
infecting two alternate hosts (wheat and Berberis spp.)
during its life cycle (Zhao et al., 2011). Under suitable
climatic conditions, stripe rust infections can result
in a severe wheat grain yield reduction of up to 100%.
Fast growth, sporulation intensity, variability, and long-
distance dispersal of air-borne P. striiformis uredospores
are key properties that enable the fungus to cause severe
yield damage (Chen et al., 2014).

Control of stripe rust has been widely studied using
different agents to overcome development of P. strii-
formis race variability and rust resistance in wheat. El-
Sharkawy et al. (2023a) achieved 88% reduction in yel-
low rust of wheat when sprayed with the endophyte
Epicoccum nigrum Link (HE20). However, studies are
lacking on impacts of MNC against wheat stripe rust.
The present research was designed to investigate: 1) the
inhibitory potential of MNC on P. striiformis uredospore
germination; 2) disease control potential of MNC in
greenhouse tests; 3) effects of MNC on transcriptom-
ic profiles of defense genes in wheat plants; and 4) the
effects of MNC applications on physiology, ultrastruc-
ture, and development of wheat plants.

MATERIALS AND METHODS
Fungal and plant materials

For the greenhouse experiment, infection of wheat
plants was carried out using fresh uredospores of P. strii-
formis race 174E191. These spores were obtained from
the Plant Pathology Research Institute, Agricultural
Research Center (ARC), Giza, Egypt. To prepare inocu-
lum, uredospores were suspended in sterilized water
and adjusted to concentration of 10* spore mL"! using a
haemocytometer. Tween 80 (Sigma-Aldrich) was added
at 0.3%, and gum Arabic (Stanton) was added to stand-
ardized uredospore suspensions at 35 g L. The wheat
cultivar Gemmaza 11 was used in experiments, and was
obtained from ARC in Egypt.

Montmorillonite clay (MNC) preparation
The MNC used in this study was purchased from

Egypt Bentonite and Derivatives Co., Alexandria,
Egypt. To prepare MNC, montmorillonite clay parti-
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cles were firstly modified with the organic surfactant
CETAB (Sigma Aldrich) as described by Bujdakova et
al. (2018). The modified MNC was ground using a plan-
etary mill (PM 100, Verder Scientific) for 5 h at 300 rpm
(reverse rotation), followed by 600 rpm (vial rotation)
with nine zirconia grinding balls (35 mm diam.) and 12
(12 mm) (9:1 mass:mass) to obtain nano-scale particles
(Soltan et al., 2022).

Characterization of MNC

To determine shape and size of MNC particles, dry
nanoclay particles were put on a brass holder, coated
with gold, and examined using a scanning electron
microscope (SEM, JEOL-JSM-6360-LA), under vacuum
and at accelerating voltage 20 Kv. To determine the ele-
ment content of MNC, nanoclay particles were coated
with gold and examined using an energy-dispersive
X-ray spectroscope (EDX-Max), at a working voltage of
30 Kv. Functional groups in the MNC were identified
using a Fourier-transform-infrared spectrophotometer
(FTIR) (Shimadzu FTIR-8400S) equipped with a deuter-
ated triglycine sulfate detector.

Assessment of the suppressive potential of MNC

Suppressive potential of MNC was tested against
uredospore germination using the agar plate method
in vitro. Petri plates (8 cm diam.) containing water agar
(Merck) supplemented with MNC to obtain final con-
centrations of 10, 8, 6, 4, or 2% were each inoculated
with 200 uredospores. Water agar plates without added
MNC served as experimental controls. Three biological
replicates and three technical replicates were applied for
each treatment. The plates were incubated at 9°C for 1 d,
and uredospore germination was assessed, and percent-
age of germination suppression was calculated.

Evaluation of MNC for wheat rust control

Plastic pots (20 cm diam.), each containing 10 kg
sterile soil, were each planted with ten wheat seeds that
had been previously surface sterilized by soaking in
hypochlorite solution (0.05%) for 1.5 min, then in ethyl
alcohol (75%) for 1.5 min. The pots were fertilized twice,
first at seed sowing and then 7 weeks later. For each fer-
tilization, nitrogen, (1 g per pot) phosphorus (1.5 g) and
potassium (1 g) were applied. At 60 d after sowing, the
resulting wheat plants were sprayed with MNC solution
(at 100, 150, or 200 mg L! water) until run-off. A set
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of plants sprayed with Crwan fungicide (El-Helb Pest.
and Chem., Egypt) at 3 mL L™ served as positive con-
trols. For inoculations, suspensions of P. striiformis ure-
dospores were sprayed onto the plants (at booting growth
stage) 3 d after the experimental treatments were applied.
For negative controls, a set of plants were sprayed with
water. Fifteen pots per treatment were used, and all pots
were irrigated twice each week. All plants were arranged
in a completely randomized experimental design in
a greenhouse (20°C/17°C, 14 h light/10 h dark daily
regime, and 75-90 % humidity). Treatments assessed
were: untreated uninoculated (control; C), untreated plus
P. striiformis inoculated (P), fungicide treated plus inocu-
lated (F + P), MNC at 100 mg L plus inoculated (N1 +
P), MNC at 150 mg L plus inoculated (N2 + P), or MNC
at 200 mg L plus inoculated (N3 + P).

Stripe severity was assessed in the plants at 14 d
after inoculation (dai), according to the scale of Peterson
et al. (1948). Average disease severity coefficients were
calculated by multiplying severity percentages by values
according to disease type: resistant = 0.2, moderately
resistant = 0.4, moderately susceptible = 0.8, and suscep-
tible = 1 (Johnston and Browder, 1966).

Impact of MNC on wheat gene expression

Wheat leaves (second upper leaf) from the assessed
treatments were sampled at 3 d after inoculation (dai)
(booting stage). Total RNA was extracted from sampled
leaves using a RNA extraction kit (Qiagen), following
the manufacturer’s instructions. The reverse transcrip-
tion mixture contained RNA (30 ng, 2.5 uL), 10x buffer
solution (3 pL), oligo (dT) primer (8 pmol uL™}, 5 uL),
dNTPs (13 mM, 2.5 puL), RT enzyme (Biolabs, (0.4 uL),
and sterile RNase-free water (7.6 pL). The reaction was
carried out at 42°C for 1.5 h, then at 85°C for 10 min.
cDNA was prepared using a thermocycler (Sure-Cycler
8800, Agilent Technologies). The quantitative real-time
PCR (qPCR) contained ¢cDNA (55 ng; 2.5 pL), SYBR
Green Mix (13 pL, Bioloine), forward and reverse prim-
ers (10 pmol uL™!, 1.5 uL for each), and sterile water
(1.5 pL). Triplicate qPCR reactions (biological and tech-
nical) were carried out as follows: one cycle at 95°C for
3 min, 40 cycles, each of 95°C for 15 s, 56°C for 30 s,
and 72°C for 30 s. -actin was used as the reference
gene. The primer sequences used are indicated in Table
1. The Rotor-Gene-6000-system (Qiagene) was used for
the qPCR. The comparative CT method (244¢T, Livak
and Schmittgen, 2001) was used to calculate the gene
expression, using triplicate samples (biological and
technical).
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Table 1. Primer sequences used in quantitative real-time PCR to study transcriptional expression of the defense-related genes jasmonate and
ethylene-responsive factor 3 (JERF3), chitinase class II (CHI II), and Pathogenesis-related protein 1 (PRI) in wheat leaves after application

of montmorillonite nanoclay at 100 mg L.

Gene name Abbreviation Sequence (5°-3’)

Jasmonate and ethylene-responsive factor 3 JERES-F GCCATTTGCCTTCTCTGCTTC
JERF3-R GCAGCAGCATCCTTGTCTGA

Chitinase class 11 CHI II-F GCGTTGTGGTTCTGGATGACA
CHI II-R CAGCGGCAGAATCAGCAACA

Pathogenesis-related protein 1 PRI-F ACTTGGCATCCCGAGCACAA
PRI-R CTCGGACACCCACAATTGCA

B-actin p-actin-F GTGGGCCGCTCTAGGCACCAA
B-actin-R CTCTTTGATGTCACGCACGATTTC

Effects of MNC on the biochemical indicators in wheat leaves

At 3 dai, wheat leaves from each treatment (sec-
ond upper leaf from each plant) were sampled for bio-
chemical analyses. Total phenolic compounds were esti-
mated as described by Malik and Singh (1980), using
the Folin-Ciocalteu reagent. Peroxidase (POD) activity
was determined as described by Maxwell and Bateman
(1967), and polyphenol oxidase (PPO) was determined as
described by Galeazzi et al. (1981). Catalase (CAT) activ-
ity was determined as described by Chance and Maehly
(1955). Lipid peroxidation, expressed as malondialdehyde,
was estimated at 14 dai in wheat leaves, as described by
HongBo et al. (2005). The method of Harborne (1984)
was used to measure photosynthetic pigments. Four sam-
ples were used for assessments of each treatment.

Transmission electron microscopy (TEM)

Wheat leaves were sampled from the different experi-
mental treatments at 7 dai. The samples were cut into
small segments (1 cm?) and dehydrated using serial dilu-
tions of ethyl alcohol (10 to 100%) for 10 min at each
concentration). The samples were treated with propylene
oxide for 15 min, and then put into gelatin capsules con-
taining Araldite® for 1 h. The samples were then incubat-
ed at 65°C for 62 h. A Reichert ultramicrotome was used
for the ultrathin sectioning. The obtained sections (thick-
ness 70 to 90 nm) were stained by uranyl acetate (2%)
then lead citrate (3%). Examination of the samples was
carried out using a trans-mission electron microscope
(JEM-1230, JEOL Ltd), as described by Hayat (2000).

Effects of MNC on the plant growth

From each treatment, ten plants were randomly
selected at 30 dai (ripening stage), and were uprooted,

washed with tap water, then measured for plant heights
(cm), dry weights (g) of shoots and roots, and leaf areas
(cm?). Leaf areas were measured using Image] software,
while plant heights were determined using a flexible
graduated tape measure. Plant weights were measured
after the plants had been sampled were oven-dried (80°C
for 48 h).

Statistical analyses

Normality of raw data was assessed by Shapiro tests
before analysis of variance. One-way analysis of vari-
ance was applied to raw data. The experimental design
was completely randomized (y; = y; +&;). Comparisons
of means were carried out using Tukey’s HSD test (P <
0.05) with CoStat package version 6.4) (CoStat, 2005).

RESULTS
Characterization of MNC

The MNC used in this study was characterized using
different techniques to elucidate its structure and phys-
icochemical features. SEM observation showed glomera-
tions of MNC particles with layered surfaces, showing
that the material had normal form of montmorillonite
clay (Figure 1).

Figure 2 shows the FTIR analysis of MNC. The
FTIR spectrum revealed existence of interlayer —~OH
peaks at wavenumbers 3693 and 3626 cm™, which is
characteristic for vibrations of OH in montmorillon-
ite. Additionally, the absorption band at wavenumber
of 1633 cm'! is attributed to —OH bending in adsorbed
H,O, and the peak at wavenumber 1089 cm™ is charac-
teristic for Si—-O-Si vibration (out-of-plane). Further-
more, the peak at wavenumber of 992 cm™ is character-
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Figure 1. Scanning electron micrograph of the montmorillonite
nanoclay used in this study. The cracked and rough particle surface
morphology and agglomerations of particles with layered surfaces
indicate normal form of the montmorillonite clay.
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Figure 2. Fourier transformed infrared spectrum showing the func-
tional groups in used montmorillonite nanoclay used in this study.
The spectrum shows existence of the interlayer —OH peaks at 3693
and 3626 cm™!. The absorption band at 1633 cm is due to —OH
bending. The peak at 1089 cm™ is characteristic for the Si-O-Si
vibration. The peak at 992 cm is characteristic of in-plane Si-O-Si
vibration. The area at 900 cm™ is attributed to stretching of Si-O-
Al Vibration of Si-O-Al is also represented by the peak at 531
cm’!, while that of Si-O-Si is represented by the peak at 472 cm™.
The peak at 512 cm™ is characteristic to vibration of Si-O-Al, while
that at 462 cm'! is characteristic to Si-O-Si vibration.

istic of in-plane Si-O-Si vibration, and the area at wave-
number 900 cm™! is attributable to stretching of Si-O-
Al. Bending vibration of Si-O-Al was represented by the
peak at wavenumber of 531 cm!, while that of Si-O-Si
was indicated by the peak at wavenumber of 472 cm.
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Figure 3. The energy-dispersive X-ray spectrum showing the elemen-
tal composition of the montmorillonite nanoclay used in this study.
Element analysis showed presence of Na, Mg, Al, Si, K, and Ca. Oth-
er elements (S, Cl, Fe, Ti, Cu and Zn) were presented as traces.

Moreover, the peak at wavenumber of 512 cm™ is charac-
teristic of bending vibration of Si-O-Al, while the peak
at wavenumber 462 cm™ is characteristic to Si-O-Si
bending vibration.

EDX analysis also showed that the major elements in
the MNC were Na, Mg, Al Si, K, and Ca, and other ele-
ments such as S, Cl, Fe, Ti, Cu and Zn were present as
traces. The EDX spectrum is shown in Figure 3.

In vitro assessment of suppressive potential of MNC

Potential of MNC to suppress germination of P.
striiformis uredospores was investigated in vitro (Table
2). Untreated uredospores exhibited normal germination
(94.5 £ 2.44%). Treating uredospores with MNC at 150
or 200 mg L' completely suppressed germination, while
treating them with MNC at 100 mg L! suppressed ger-
mination (89.2 + 1.58%) compared to the untreated ure-
dospores.

Assessments off disease severity

Table 3 shows effects of application of MNC on
stripe rust at 14 dai. The pathogen caused 93.3% sever-
ity of stripe rust. Application of the fungicide reduced
(by 96.5%) severity of the disease. Application of MNC
at 100, 150, and 200 mg L' considerably reduced the
disease severity leading, respectively, to reductions of
82.1, 82.1, and 78.6%, when compared with the control
inoculated treatment (P). No differences (P < 0.05) were
recorded between the three tested concentrations of
MNC. Treatment (P) gave an average of 93.3% average
coeflicient of infection. The lowest average coefficient of
infection (0.66%) was recorded from the F + P treatment
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Table 2. Mean in vitro proportions of germination and inhibition of
Puccinia striiformis f. sp. tritici uredospores treated with montmoril-
lonite nanoclay (MNC) at different concentrations®.

Treatment Germination (%) Inhibition (%)
Control 945+24a 0.0c
MNC 100 102+13b 89.2+1.6Db
(mg L) 150 0.0 ¢ 100.0 a

200 0.0 ¢ 100.0 a

P-value < 0.05

aMeans accompanied by different letters in each column are sig-
nificantly different, according to Tukey’s HSD test. Each value is
the mean of three replicates + SD. Anova significance values were
as follows: germination (df = 5, F = 672.1); inhibition (df = 5, F =
1753.5).

Table 3. Mean stripe rust severity, reduction proportions and aver-
age coefficients of infection, after spraying wheat plants with mont-
morillonite nanoclay (MNC) at 14 days after inoculation with the
pathogen®.

Disease severity ~ Reduction Average coefficient

Treatment

(%) (%) infection (%)
C 0c 0c 0d
P 933+23a 0c 933+23a
F+P 33+£07c¢ 96.5+3.1a 0.66 + 0.1 d
N1 +P 16.7+1.1b 82.1+2.0b 6.68+1.1c
N2 +P 165+ 1.1b 82.1+1.8Db 6.68 £1.0c
N3 +P 204+12Db 786+ 1.1b 160+ 1.7b

P-value < 0.05

2Means accompanied by different etters in each column are sig-
nificantly different according to Tukey’s HSD test. Each value is
the mean of ten replicates + SD. Anova significance values were as
follows: disease severity (df = 5, F = 640.2), reduction (df = 5, F =
1735.9), and average coefficient infection (df = 5, F = 1742.3). Non-
sprayed and uninfected plants (C), non-sprayed and infected plants
(P), plants sprayed with fungicide and inoculated (F + P), plants
sprayed with MNC at 100 mg L! and inoculated (N1 + P), plants
sprayed with MNC at 150 mg L' and inoculated (N2 + P), and
plants sprayed with MNC at 200 mg L! and inoculated (N3 + P).

while application of MNC at 100, 150, or 200 mg L! led,
respectively, to mean average coeflicients of infection of
6.68, 6.68, and 16.0%

Effects of MNC on gene expression in wheat leaves

Transcriptional expression of JERF3, CHI II, and
PRI in plant leaves following application of MNC at 100
mg L7 is illustrated in Figure 4. Stripe rust infections
did not affect the relative expression of JERF3 and CHI
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Figure 4. Mean relative transcriptional expression levels of the
defense-related genes jasmonate-ethylene-responsive factor 3
(JERF3), chitinase II (CHI II), and the pathogenesis-related protein
1 (PR1) in wheat leaves in response to infections with Puccinia strii-
formis f. sp. tritici and application of the montmorillonite nanoclay
(MNC) at 100 mg L. The different coloured histograms indicate
means for non-treated and uninfected plants (C), non-treated and
infected plants (P), and plants sprayed with MNC at 100 mg L™!
and infected (N1 + P). Histograms for each gene which were super-
scripted with different letters are significantly different according to
Tukey’s HSD test (P < 0.05). For each treatment, three biological
and three technical samples were used. Bars indicate the standard
errors of the means.

II, while it led to a downregulation of PRI, compared to
the control treatment (C). In contrast, spraying of the
infected plants caused increased expression of the defen-
sive genes JERF3 (5.23-fold increase), CHI II (4.89-fold
increase), and PRI (2.37-fold increase) when compared
with the control plants.

Effects of MNC on plant defense biochemicals

Spraying the infected wheat plants with MNC affect-
ed production of several anti-oxidative stress enzymes,
phenolic compounds, and lipid oxidation, at 3 dai
(Table 4). Biochemical analyses showed that infections
reduced activity of the enzymes POD, PPO, and CAT,
and reduced phenolic contents, while infection increased
lipid peroxidation, compared to the control treat-
ment. Application of the fungicide activated POD and
CAT, and enhanced the phenolic contents of the treat-
ed plants. Activity of PPO was not affected, and lipid
oxidation was reduced by inoculation compared with
treatment (P). MNC at most of the assessed concentra-
tions activated POD, PPO, and CAT, (except for POD at
MNC, 200 mg L), and also increased wheat phenolic
contents, while MNC reduced lipid oxidation, compared
with treatment (P). The greatest enzymes activities and
phenolic contents were recorded for the MNC treatments
at 100 and 150 mg L. The lowest mean lipid peroxida-
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Table 4. Mean concentrations of enzymes, phenolic contents, and lipid peroxidation in wheat plants 3 d after inoculation with Puccinia strii-
formis f. sp. tritici and application of treatments with montmorillonite nanoclay (MNC) 2.

Treatment Peroxidase Polyphenol oxidase Catalase Phenolic content Lipid peroxidation
(Unit min~'g™! f. wt) (Unit min~'g™! f. wt) (Unit min~'g™! f. wt) (mg.100 g™! f. wt) (umol MDA g f. wt)
C 456 £ 3.6 b 80x07c 16.2+23c 862.6 £13.3 ¢ 37+03e
P 265+22c 58+0.6d 126 +21d 763.1 £10.2d 132+09a
F+P 40.0 £2.5b 69+08d 152+15¢ 8243 +99c 9.8+09b
N1+P 62.1 +4.7a 216 +14a 36.6+4.1a 1489.5 £ 24.1 a 56+1.0d
N2 +P 60.1 +39a 19.8 £ 1.1 ab 379+39a 14639 £ 224 a 72+04c
N3 +P 49.1+15b 182+ 18b 28.7+38b 1232.5+21.8b 9.6+ 1.0b

P-value < 0.05

aMeans accompanied by different sletters in each column are significantly different according to Tukey’s HSD test. Each value is the mean of
ten replicates + SD. Anova significance values were as follows: peroxidase (df = 5, F = 10.5), polyphenol oxidase (df = 5, F = 165.7), catalase
(df = 5, F = 40), phenolic content (df = 5, F = 31.9), and lipid peroxidation (df = 5, F = 59.6). The treatments were: non-sprayed and unin-
oculated (C); non-sprayed and inoculated (P); sprayed with fungicide and inoculated (F + P); sprayed with MNC at 100 mg L' and inocu-
lated (N1 + P); sprayed with MNC at 150 mg L' and inoculated (N2 + P); or sprayed with MNC at 200 mg L and inoculated (N3 + P).

Figure 5. Transmission electron micrographs showing the cellular ultrastructure of wheat leaves which were infected with stripe rust and
treated or not treated with montmorillonite nanoclay at 100 mg L 7 d after the inoculation with the pathogen. a) an untreated inoculated
leaf, and b) an infected leaf which was sprayed with montmorillonite nanoclay. H, haustoria; Hw, haustorium wall; Hn, haustorium nucleus;
Dcw, decomposed cell wall; DC, degenerated chloroplast; V, vacuole; Tew, thick cell wall; N, nucleus; C, chloroplast; Gey,: granulated cyto-
plasm. Narrow arrows indicate intercellular fungal mycelium, while the broad arrows indicate electron dense bodies.

tion level (5.60 umol MDA g fresh weight) in the infect-  ure 5. Transmission electron micrographs showed that
ed plants was recorded from MNC at 100 mg L. untreated inoculated leaves leaf contained large haus-
toria penetrating the mesophyll cells and growing
between them. Host stress effects were also observed in
the infected cells, including disorganization of the cells,

Effects of MNC (100 mg L) application on ultras-  degeneration of many chloroplasts, presence of electron
tructure of infected wheat cells are illustrated in Fig-  dense bodies, and decomposition of some cell walls (Fig-

TEM observations
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ure 5a). In contrast, tissue of the infected plant which
had been treated with MNC did not show these disrup-
tions. Cells from this tissue had normal organization
and were enclosed by thick walls surrounding normal
chloroplasts, and had large vacuoles, granulated cyto-
plasm, and normal nuclei (Figure 5b).

Effects of MNC on wheat photosynthetic pigments

Spraying MNC affected photosynthetic pigments in
the infected wheat leaves at 14 dai (Table 5). Treatment
(P) reduced chlorophyll a and b contents, and carot-
enoids, compared with treatment (C). Treatment (F +
P) led to increases in all assessed pigments, compared
with treatment (P). Application of MNC at all concentra-
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tions also increased contents of chlorophyll a and b, and
carotenoids content, compared with treatment (P). The
greatest amounts of total pigments were in the infected
wheat sprayed with MNC at 100 or 150 mg L, with
both treatments resulting in means of 4.62 mg MNC g!
fresh weight.

Effects of spraying MNC on plant growth

Treatment (P) (treatment of wheat plants with
MNC) reduced all the assessed plant growth parameters,
compared to treatment (C) (Table 6). Application of the
fungicide enhanced all these growth parameters, com-
pared to treatment (P), while spraying the infected wheat
by MNC at 100, 150, or 200 mg L increased all the

Table 5. Mean photosynthetic pigment contents in wheat leaves 14 d after inoculation with Puccinia striiformis f. sp. tritici and application

of treatments with montmorillonite nanoclay (MNC) 2.

Chlorophyll a Chlorophyll b Carotenoids Total pigments
Ireatment (mg g fresh weight) (mg g! fresh weight) (mg g! fresh weight) (mg g! fresh weight)
C 23+02b 1.0+02b 0.3 £0.06 c 35+04c
P 14+02d 08+0.1c 0.1+0.05d 23+05d
F+P 1.9+0.1c¢ 1.0+0.1b 0.3+£0.02b 31£02c¢
NI +P 29+04a 14+02a 0.3+0.04b 46+06a
N2 +P 29+04a 1.3+0.1a 0.4 +£0.08 a 46+0.6a
N3 +P 2.8+02ab 1.0+02b 0.5+0.05a 42+05b

P-value < 0.05

2 Means accompanied by different letters in each column are significantly different, according to Tukey’s HSD test. Each value is the mean of
ten replicates + SD. Anova significance values were: Chlorophyll a (df = 5, F = 14.9), Chlorophyll b (df = 5, F = 1.6), caroteniods (df = 5, F
= 3.2), and total pigments (df = 5, F = 13.2). Treatments applied were: non-sprayed and uninoculated (C), non-sprayed and inoculated (P),
sprayed with the fungicide and infoculatted (F + P), sprayed with MNC at 100 mg L! and inoculated (N1 + P), sprayed with MNC at 150
mg L' and inoculated (N2 + P), or sprayed with MNC at 200 mg L! and infected (N3 + P).

Table 6. Mean wheat plant parameters 30 d after inoculation with Puccinia striiformis f. sp. tritici and application of treatments with fungi-
cide or montmorillonite nanoclay (MNC) 2.

Treatment Plant height (cm) Shoot dry weight (g) Root dry weight (g) Leaf area (cm?)
C 564+ 1.6 b 2.1 +0.4 bc 0.4+0.01c 183+09Db
P 451+13¢ 1.2+02d 0.2+0.04 e 11.1+1.1c
F+P 60.0 + 3.6 ab 21+03c 0.3+0.01c 180+ 1.1b
N1 +P 51.1 +4.0b 23+03b 0.5+ 0.07 a 356+t45a
N2 +P 69.0+3.1a 32+07a 0.5+ 0.08 b 322+t41a
N3 +P 533 +2.6b 22+0.6b 0.3+0.07d 182+1.2b

2Means accompanied by different letters in each column are significantly different, according to Tukey’s HSD test (P < 0.05). Each value
represents the mean of ten replicates + SD. Anova significance values were as follows: mean plant height (df = 5, F = 7.2); mean shoot dry
weight (df = 5, F = 7.8); mean root dry weight (df = 5, F = 75.5);,mean leaf area (df = 5, F = 13).Non-sprayed and non-inoculated leaves
(C); non-sprayed and inoculated leaves (P); leaves sprayed with fungicide and inoculated (F + P); leaves sprayed with MNC at 100 mg L*!
and inoculated (N1 + P); leaves sprayed with MNC at 150 mg L' and inoculated (N2 + P); leave sprayed with MNC at 200 mg L! and
inoculated (N3 + P).
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growth parameters. However, MNC at 150 mg L' gave
the greatest increases in plant height, shoot dry weight
and leaf area. Spraying P. striiformis infected plants with
MNC at 150 mg L' usually improved the plant growth,
and more so than the fungicide.

DISCUSSION

Several previous studies have focused on potential
solutions for control of stripe rust in wheat, due to the
importance of this disease which can cause up to com-
plete yield losses in disease-conducive climatic condi-
tions (El-Sharkawy et al., 2023 a and b). In the present
study, the wheat stripe rust control potential of MNC
was evaluated. Direct suppressive effects of MNC on
uredospore germination was demonstrated in vitro,
where applications of MNC at 150 or 200 mg L™ com-
pletely suppressed germination, while MNC at 100 mg
L' led to a strong germination inhibition (89.2 %). This
anti-germination activity is consistent with the results
of Iconaru et al. (2019), who reported antifungal poten-
tial of montmorillonite against growth of Candida albi-
cans. This inhibitory potential was attributed to silicon
and aluminum ions released from montmorillonite clay.
However, due to nano size of the MNC particles assessed
in this study, their contents of metal ions were greater
than that in the micro sized particles of montmorillonite
layer which led to increased antifungal activity.

Inhibitory potential of aluminum ions has been
previously reported, and is causes imbalance of cellular
ionic contents and inhibits messenger calmodulin pro-
tein (Kolaei et al., 2013). Reductions in spore germina-
tion caused by silicon ions were attributed to disruption
of fungal spore plasma membranes, leading to leakage
of cell contents (Liu et al., 2010). This may have been
the cause of reductions in uredospore germination after
MNC treatments observed in the present study. Ure-
dospores germinate rapidly (within 3 h) before stomatal
penetration, so suppression of germination is likely to
control P. striiformis tritici by reducing inoculum loads.
Direct inhibitory effects of MNC on uredospores played
an important role in controlling rust in wheat plants.

Data obtained in the present study showed that
spraying MNC at 100 mg L' gave greater than 80%
reductions in stripe rust, compared to the untreated-
inoculated control treatment [treatment (P)]. To investi-
gate the mechanisms of disease control caused by MNC,
expression profiles of JERF3, CHI II, and PRI were
assessed in infected wheat leaves which were treated
with MNC at 100 mg L. Results showed that applica-
tion of MNC at 100 mg L' gave overexpression of these
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genes. The response factor JERF3 activates defense-relat-
ed and stress-responsive genes in plants (Zhang et al.,
2010). Rashad et al. (2021b) found that banana plants
exhibiting upregulation of JERF3 had increased toler-
ance to biotic and abiotic stresses. These plants also
overexpressed multiple stress-responsive genes. CHI II
is a defensive gene encoding for chitinase, and activates
hydrolysis of chitin. This compound is a major compo-
nent of fungal cell walls, and chitinase degrades glyco-
side bonds (Poria et al., 2021). Production of chitinase
has potential for protection of wheat plants against inva-
sion by P. striiformis, by degrading cell walls of penetrat-
ing haustoria and impairing their function. PRI encodes
for the pathogenesis-related protein 1, a stress respon-
sive protein which accumulates against various stress-
es, and is used as a marker for triggered plant defense,
particularly within the salicylic acid pathway (Li et al.,
2021). This protein has multiple functions, including
signal transduction, cell wall rigidification, and fungi-
toxic potential. Farrakh et al. (2018) recorded overex-
pression of PRI in P. striiformis-infected wheat. They
found that the PRI gene affected race-specific immunity
regulated by Yr genes. In contrast, results obtained in
the present study showed that stripe rust did not affect
relative expression of JERF3 and CHI II, while it led to
downregulation of PRI, compared to control plants. This
result is similar to those of Rashad et al. (2024), who
reported downregulation of six of 13 polyphenol genes
in response to stripe rust. Breakdowns of immunity to P.
striiformis have been reported in different wheat varie-
ties (Gultyaeva et al., 2022).

Spraying MNC on the infected wheat plants acti-
vated the antioxidant enzymes POD, PPO, and CAT,
and increased phenolic contents, while this material also
lowered lipid oxidation levels. Reactive oxygen species
have important roles in virulence of P. striiformis. This
pathogen produces superoxide radicals, hydrogen perox-
ide, and hydroxyl radicals through infection processes,
which are important for uredospore germination and
fungal development in plants (Wang et al., 2020). There-
fore, induction by MNC of these antioxidant enzymes
mitigate infection impacts on plant cells, and reduce
pathogen virulence. This result was supported by the
TEM observations (Figure 5b), which showed mitigation
of stress in infected plants that were sprayed with MNC.

POD and CAT enzymes catalyze oxidative reactions
by breaking down hydrogen peroxide (Vidossich et al.,
2012). The enzyme PPO catalyzes oxidation of phenols to
quinones, that are more toxic to P. striiformis than phe-
nols (Zhang, 2023). Phenolic compounds such as phenol-
ic acids, flavonoids, and flavonols have defense functions
in plants through multiple antifungal effects (Rashad et
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al., 2020a), and are used as markers for induced resist-
ance in plants (Rashad et al., 2018). Rashad et al. (2020b)
reported that induced resistance against garlic white
rot (caused by Sclerotium cepivorum) , was accompa-
nied with increases in total phenols. In addition, lignin
deposition is an important host defense mechanism for
restricting penetration of P. striiformis into plant cells
and limiting nutrient intake by haustoria (El-Sharkawy
et al., 2023b). These observations demonstrated the
induction of immunity responses by MNC applications
to in the infected wheat plants.

Spraying MNC onto wheat plants increased all the
evaluated growth parameters, while high rate of MNC
reduced some parameters. Most nanoparticles have
cytotoxic and genotoxic effects at high concentrations,
which may negatively affect plant physiological process-
es (Rashad et al., 2021a). Reduction of infection due to
application of MNC mitigated effects of P. striiformis on
plant growth. Spraying with MNC enhanced contents of
chlorophyll a and b, and carotenoids. These photosyn-
thetic pigments are essential for plant growth, and they
are indicators of host physiological status under envi-
ronmental stresses (Al-Askar et al., 2014; Esteban et al.,
2015). Rust diseases destroy chloroplast ultrastructure
in wheat leaves, as was observed from the TEM obser-
vations in the present study (Figure 5a). This leads to
decreased chlorophyll a and b, and carotenoids, and
reduced photosynthetic activity. Furthermore, thylakoid
membranes and proteins are also destroyed (Chen et al.,
2015). El-Sharkawy et al. (2023a) found that wheat rust
adversely affects photosynthetic contents in host leaves.
Analysis of MNC in the present study indicated that it
contained plant nutrient including Mg, Na, S, K, Ca, Fe,
Cu, and Zn. Mg ions are the central components of chlo-
rophyll molecules, and activate plant enzyme system in
plants and are involved in protein synthesis. The other
elements have growth-enhancing effect on plants, and
are also involved in cell wall rigidity, enzymes activa-
tion, protein synthesis, and other important plant meta-
bolic processes (Ishfaq et al., 2022).

CONCLUSIONS

This study has demonstrated the suppressive effects
of MNC on P. striiformis tritici uredospore germina-
tion, and ability of this nanoclay to induce wheat defen-
sive responses against stripe rust. The study showed that
overexpression of JERF3, CHI II, and PRI followed MNC
treatments. Additionally, spraying MNC activated POD,
PPO, and CAT enzymes, increased plant phenolic con-
tents, and reduced lipid oxidation in wheat leaves. MNC
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applications also reduced the damaging effects of the
pathogen on the leaf cell ultrastructure, and enhanced
contents of photosynthetic pigments and plant growth.
MNC is biodegradable and naturally occurring, so is
environmentally “friendly”. Based on these results,
MNC has promise as a natural control agent against yel-
low rust of wheat. However, further evaluation of MNC
under field conditions is necessary before practical dis-
ease control can be recommended.
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Summary. Iran is the main world producer of saftron (Crocus sativus L.), but a bacteri-
al disease continues to threaten saffron production, causing severe flower failure, rot on
flowering tubes, delayed vegetative growth, premature yellowing of leaves, bare patches
in saffron farms, reddish-brown lesions in the germination zones of roots, and rot of
saffron corms. Field surveys in Razavi-Khorasan and Southern-Khorasan provinces
revealed high incidence of Burkholderia gladioli dry rot symptoms in saffron farms,
with symptoms observed during flowering on leaves and corms. Twenty-four bacterial
isolates from symptomatic saffron corms from different parts of Iran were character-
ized. These bacteria were identified as Burkholderia gladioli, based using phenotypic
characteristics, species-specific PCR, and sequencing analyses of the 16S rRNA and
16S-23S intergenic transcribed spacer regions. All 24 isolates triggered hypersensitive
reactions in tobacco and pelargonium leaves, although pathogenicity tests showed that
only 21 isolates were capable of causing rots on saffron corms.

Keywords. Saffron dry rot, pathogenicity, phenotypic tests, molecular identification.

INTRODUCTION

Burkholderia (Yabuuchi et al., 1992) comprises aerobic, Gram-negative
and rod-shaped bacteria, and includes more than 60 species, some of which
are plant growth-promoting, endophytic and antifungal biocontrol agents
(Compant et al., 2008). Other species are important pathogens for humans,
animals and plants (Coenye and Vandamme, 2003; Suarez-Moreno et al.,
2012). Important plant pathogens include B. andropogonis (bacterial leaf
stripe of sorghum and maize; Li and De Boer 2005), B. caryophylli (bacte-
rial wilt of carnation; EPPO, 2006), B. gladioli (bacterial blight of gladiolus;
McCulloch, 1921), B. glumae (bacterial panicle blight of rice; Nandakumar
et al., 2009), and B. plantarii (seedling blight of rice; Wang et al., 2016).
Although B. gladioli was originally described as the causal agent of gladiolus
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blight, this species has been found to be pathogenic on
other plants, and four pathovars of B. gladioli have been
identified based on their host ranges. These pathovars
are: B. gladioli pv. alliicola (Bga) (formerly Pseudomonas
alliicola), causing onion rot; B. gladioli pv. gladioli (Bgg)
(formerly Pseudomonas marginata), responsible for leaf
and corm rot of gladiolus and iris, and also affecting
other plants (Saddler, 1994); B. gladioli pv. agaricicola,
causing soft rot of mushrooms (Agaricus bitorquis) (Lin-
coln et al., 1991; Yabuuchi et al., 1992; Ura et al., 2006;
Nandakumar et al., 2009; Kowalska et al., 2015; Moon
et al., 2017); and B. gladioli pv. cocovenenans (formerly
Pseudomonas cocovenenans), which causes rot of coco-
nut rot and producing the human toxin bongkrekic acid
(Jiao et al., 2003).

Burkholderia gladioli pv. gladioli was first identified
in China (Xu and Ge, 1990), and later in Sardinia (Italy)
(Fiori et al., 2011), as a destructive pathogen of saffron. In
addition, the bacterium has been considered a quarantine
pathogen that causes soft rot during growth and storage
of many vegetables, leading to significant economic losses
in China (Lee et al., 2012; 2021). This pathogen has been
detected in onion growing areas in the United States,
Bulgaria, Korea, and elsewhere (Lee et al., 2005).

Several methods have been developed for detection
and identification of Burkholderia species, including cul-
ture in a semi-selective medium (Castro-Gonzdlez et al.,
2011), pathogenicity assays (Nandakumar et al., 2009),
multiplex PCR (Maeda et al., 2006), and real-time PCR
(Thibault et al., 2004). Sequence analysis of the 16S ribo-
somal RNA gene (rRNA) is a powerful tool for under-
standing phylogenetic and evolutionary relationships
in bacteria (Woo et al., 2003). Nevertheless, Burkholde-
ria species show a high degree of similarity in their 16S
rRNA gene sequences (Vermis et al., 2002; Chiarini et
al., 2006), so the 23S rRNA or the internal transcribed
spacer (ITS) region of the 16-23S rRNA has been used in
addition to the 16S rRNA, for improved species (Liguori
et al., 2011).

Saffron (Crocus sativus L., Iridaceae) is a reliable
industrial and medicinal plant. Propagation of saffron
is vegetative from corms, as the plant is a sterile trip-
loid (3n = 24) that does not produce seeds (Koocheki
and Khajeh-Hosseini, 2020). Iran is the world leader in
saffron production, growing approx. 408 tons of saffron
from 112,000 ha in 2021. Approximately 60% of culti-
vated saffron area is in the three provinces of Khorasan
(UNIDO, 2022). However, due to the lack of packaging,
marketing and production of saffron-based edible prod-
ucts, a significant portion of Iranian saffron is distrib-
uted by other countries. In recent years, saffron produc-
tion in Iran has faced challenges. In many farms, saffron
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bloom, a measure of potential yield, is not reached. In
addition, in some farms vegetative growth of saffron is
delayed, leading to formation of small daughter corms
that do not flower in the following season. Saffron corms
may also fail to germinate, and bare patches occur in
affected fields.

The present paper describes isolation, identification,
and prevalence of the bacterial pathogen B. gladioli from
diseased saffron corms in Iran. This research used patho-
genicity assessments, and physiological, biochemical, and
molecular characteristics to characterize this pathgen.

MATERIALS AND METHODS
Field survey and sample collection

Saffron fields in Razavi-Khorasan and South-Kho-
rasan provinces of Iran were surveyed for Burkholderia
gladioli dry rot (BGR) in saffron corms from 2016 to
2022. Field symptoms on affected plants were early leaf
yellowing followed by drying in the autumn and win-
ter seasons. Corm samples were collected from Octo-
ber (before saffron blooming) until June. A total of 455
corm samples were collected from 108 saffron fields in
different regions (Table 1). The samples were kept at 4°C
until analyses.

Isolation and purification of bacteria

Isolations were carried out as reported by Fiori et
al. (2011). Corms were washed in tap water and then
disinfected by immersion in 0.5% sodium hypochlo-
rite for 5 min. Diseased scale tissues were then cut into
10-15 mm cubes from the edges of symptomatic areas
using a sterilized scalpel. Fragments of these tissues were
then disinfected in ethanol for 30 s, and washed several
times in sterile water. Each sample was then ground in
a sterile mortar with Tris-HCI buffer (50 mM, pH 7.0).
The resulting suspensions were streaked onto Petri plates
containing nutrient agar (NA). The plates were then
incubated at 28°C for 48 h. Resulting colonies were sub-
cultured twice onto NA, and then stored at 4°C in sterile
0.1 M MgSO, for short-term use. The isolates were also
maintained at -80°C in nutrient broth medium contain-
ing 50 % (v/v) glycerol for long-term storage.

Pathogenicity assays

The isolates were grown in Luria Bertani (LB) broth
at 28°C until ODg, = 2. Resulting cells were pelleted by
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Table 1. Farm locations in Iran from which saffron samples were harvested, including numbers of farms sampled, incidence of Burkholderia

gladioli dry rot, and numbers of Burkholderia gladioli isolates obtained.

Number of infected

District Years of sampling Location Number of farms Number of isolates
samples

Razavi-Khorasan Province

Sabzevar 2018-2019 35°56'N/57°30°E 22 0 0

Torbat-e Heydariyeh 2016-2017 35°25’'N/ 59°09’E 55 23 13

Zaveh 2016-2019 35°15’N/ 59°43’E 168 62 42

Bajestan 2019-2020 34°34'N/58°12’E 15 15 15

Rashtkhar/ Khaf 2018-2019 34°26'N/60°09E 3 3 3

Mahvelat 2018-2019 35°02’N/58°40°E 24 0

Torbat-e-Jam 2018-2019 35°20°N/60°37’E 10 10 2

Chenaran 2019-2020 36°43'N/ 59°00'E 9 9

Gonabad 2019-2020 34°26'N/58°52’E 15 15 15

Fariman 2018-2019 35°43’N/60°01’E 3

Neyshabur 2020-2021 36°25'N/58°37°E 5

Quchan 2021-2022 37°09’N/58°35’E 8

Average of incidence in Razavi-Khorasan Province 45.4

South-Khorasan Province

Boshruyeh 2018-2020 34°06'N/57°23’E 19 15 5

Tabas 2018-2019 33°26'N/56°48’E 4 0 0

Ferdows 2018-2019 33°51'N/58°01'E 7 0 0

Sarayan 2020-2021 33°28’N/58°19E 13 5 5

Qaen 2018-2019 33°39’N/59°15’E 23 4 0

Zirkuh 2018-2019 33°32’N/60°10°E 8 3 0

Birjand 2018-2019 33°05°N/59°10°E 11 0 0

Sarbisheh 2018-2019 32°29'N/60°03’E 18 2 0

Khosf 2018-2019 32°19'N/58°38’E 13 8 0

Nehbandan 2018-2019 31°26'N/59°43’E 2 2 0

Average of incidence in South-Khorasan province 33.1

Overall average of incidence 422

centrifugation at 7,000 rpm for 2 min, and then resus-
pended in sterile distilled water.

Hypersensivity reaction (HR) tests of selected iso-
lates were conducted using tobacco (Nicotiana tabacum
‘Samsun’) and pelargoniums leaves. A bacterial suspen-
sion of each isolate was prepared in 1xPBS buffer using
a 24 h culture in LB broth, and was adjusted to 5 x
108 cfu mL!. The bacterial suspension was then inject-
ed into the intercellular spaces of leaves, and positive
pathogenicity was recorded where complete collapse of
the tissues occurred after 24 h. The test was repeated at
least twice with each isolate. Healthy corms of saffron
were peeled, washed with running water, disinfected by
dipping in 0.5% sodium hypochlorite for 2 min, disin-
fected in 70% ethanol for 30 s and then washed with
sterile water. For each isolate, four corms were inocu-
lated at 1 cm depth on two opposite sides of each corm
with a 20 uL aliquot of the bacterial suspension, using

a syringe. Control corms were mock inoculated with
sterile distilled water. Each isolate was also inoculated
into onion and carrot disks, by adding a drop of the
bacterial suspension onto injured surfaces. Controls
were mock inoculated with sterile distilled water. The
inoculated material was maintained in a high humid-
ity chamber at 28°C for symptom development. Re-iso-
lations were made from diseased material, as described
above. Some saffron corms were also wounded with a
laboratory needle to make a 5 mm long scratch on each
corm, and these were each inoculated with 20 uL of
suspension (5 x 108 cfu mL?) from a 24 h culture, and
were then planted into pots containing a sterile com-
mercial soil, and these were maintained in a greenhouse
at 28°C for 7 d. Plants and corms were checked regular-
ly for symptom development. Re-isolations were made
from the inoculated corms, and from shoots and leaves
that developed from the inoculated corms.
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Phenotypic tests of bacterial isolates

Physiological and biochemical characteristics of the
bacterial isolates were determined, as described by Holt
(1994). Culture tubes each containing saline solution, were
each inoculated with 150 uL of bacterial suspension (5 x
108 cfu mL™1). The tubes were then incubated at 28°C for
24 h. Twenty-four selected bacterial isolates were charac-
terized by Gram staining, colony morphology, catalase
and oxidase production, oxidative/fermentative metabo-
lism of glucose, starch and gelatin hydrolysis, and H,S
production. Utilization of glucose, lactose, maltose, galac-
tose, arabinose, raffinose, dextrose, sucrose, citrate, adoni-
tol, mannitol, sorbitol, and urease and arginine decarbox-
ylase activity, were also assessed. Abilities of the isolates
to grow at pHs of 4 to 9, in 3% NaCl 3%, and at 41°C were
also assayed (Table 2). The phenotypic data were analyzed
by cluster analyses using Pearson correlation coefficient
similarity indices (http://genomes.urv.cat/ UPGMA/).

Molecular characterization of bacteria

For PCR identifications, total DNA was extract-
ed using the DNA extraction kit (DNP™) (Sinaclon),
according to the manufacturer’s instructions for Gram-
negative bacteria. PCRs were carried out using uni-
versal primers 16S-27F (5-AGAGTTTGATCMTG-
GCTCAG-3) and 16S-1492R (5-TACGGYTACCTTGT-
TACGACTT-3’); CMG16-1 (5-AGAGTTTGATCMTG-
GCTCAG-3) and CMGI16-2 (5-CGAAGGATATTAGC-
CCTC-3"); GLA-f (5-CGAGCTAATACCGCGAAA-3)
and GLA-r (5-AGACTCGAGTCAACTGA-3’); and LP1
(5-GGGGGGTCCATTGCG-3") and LP4 (5-AGAA-
GCTCGCGCCACG-3’) designed on 16S and 23S
rRNA sequences (Whitby et al., 2000; Furuya et al.,
2002; Fiori et al., 2011; Stoyanova et al., 2011b; Li et al.,
2019). A 869-bp fragment of the Burkholderia recA gene
was also amplified using a specific primer pair BURI
(5-GATCGA(AG)AAGCAGTTCGGCAA-3’) and BUR2
(5-TTGTCCTTGCCCTG(AG)CCGAT-3) (Payne et al.,
2005). Each reaction contained 10 puL of Amplicon 2x
ready to use PCR master mix, 1 uM of each primer, 1 uL
of genomic DNA in a total volume of 20 pL. The PCR
program consisted of an initial denaturation of 97°C
for 7 min followed by 30 cycles of denaturation each
at 95°C for 30 s, annealing at 57°C for 60 s, and exten-
sion at 72°C for 80 s. The PCR products were subjected
to electrophoresis in a 1% agarose gel containing DNA
Safe Stain (Sinaclon) in TBE buffer (pH 8.0), and photo-
graphed. The PCR products were cloned into the pGT19
vector (Vivantis), according to the manufacturer’s rec-
ommendations, and were Sanger sequenced by Pishgam
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Co., Iran. Phylogenetic trees were constructed using the
neighbor-joining method, with the General Time Revers-
ible nucleotides substitution model with 500 bootstrap
replicates, using MegaX software (Tamura et al., 2011).

RESULTS
Prevalence of BGR in saffron farms of Iran

Of the 455 samples taken, 192 showed BGR symp-
toms. BGR incidence in Razavi-Khorasan was 45.4%
(153 of 337 samples), and the greatest incidence was
observed in Zaveh and Torbat-e-Heydarieh districts. In
South Khorasan province, incidence was 33.1% (39 of
118 samples), and the greatest incidence was observed in
Beshrouye (79% of samples infected. In some farms, no
Bgg was detected (Table 1).

A total of 125 isolates were obtained from the 192
saffron corms. From these 125 isolates, 21 isolates from
saffron farms in Razavi-Khorasan, which had the great-
est BGR incidence, were selected for subsequent for phe-
notypic and pathogenicity tests, based on the type and
severity of host plant symptoms and colony morphology.
In addition, two isolates from diseased saffron corms
from Kermanshah, one isolate from a diseased saf-
fron corm from Afghanistan, and a Bgg isolate from an
onion, were used for comparisons.

Symptoms of BGR in the field

Symptoms of BGR on saffron plants could be catego-
rized into three distinct types.

1) Symptoms during flowering. Symptoms during
the flowering period in November were absence
of flowering or decreased numbers of flowers, and
decreased quantity and quality of flower stigmas.
BGR caused rot and collapse in underground shoots.
Infested saffron plants had decayed sheaths, while
newly formed sprouts exhibited tissue burning and
browning. These shoots were incapable of emergence
from soil, saffron shoot rot led to reduction in flower
production and appearance of bare patches in affect-
ed areas on the affected farms (Figure 1).

2) Symptoms on leaves. These symptoms became evi-
dent after the leaves had fully grown. Affected leaves
showed symptoms of yellowing and necrosis, and
corms were shorter than those of the healthy corms.
BGR manifested as irregular bare patches in saffron
farms, and patches were observed throughout differ-
ent sections of individual farms. BGR triggered pre-
mature yellowing of saffron leaves. During midwin-
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Figure 1. Symptoms of BGR in naturally infected saffron plants and corms. (A) burning and browning in newly formed sprout tissues; (B)
bare patches in saffron farms; (C) flowering failure; (D) premature yellowing of saffron leaves; (E) yellowing and necrosis at the ends of
leaves; (F) ring-shaped red to brown lesions on saffron corms; (G) progressive spread of lesions to larger areas of necrosis; (H) ring-shaped
red to brown lesions within the root germination zone in o saffron corm; (I) a large number of weak flowering tubes from the lateral buds
of a corm with emerging leaves.

ter, most infected saffron leaves turned yellow and
fell (Figure 1).

3) Symptoms on corms. These symptoms were pre-
dominantly manifested on the mother corms, and
were characterized by a distinctive ring-shaped red-
brown discolouration precisely within the root ger-
mination zones. These zones progressively decayed
and extended into the deeper layers of each corm.
BGR was initially manifested as burnt spots, and
gradually extended to cover an increasing area.
Affected tissue surfaces acquired glistening appear-
ance, occasionally covered by a thin gray layer. Lat-
eral buds of infected corms began to grow and pro-
duced large numbers of weak cataphylls that exhib-
ited abnormal growth, and had necrosis and red
discolouration, flowering failure and also produced
very small daughter corms (Figure 1).

Pathogenicity tests

The results of the pathogenicity tests with BGR-asso-
ciated bacteria are shown in Figure 2. A necrotic zone or

rot lesion at least 2 mm beyond the inoculation site was
considered as evidence of infection in all the pathogenic-
ity tests. All 24 selected isolates induced HR after inocu-
lations of tobacco and pelargonium leaves. Inoculation of
saffron corms with BGR isolates resulted in development
of lesions with black necrosis around the inoculation site.
Water-soaked lesions appeared 4 to 8 d post inocula-
tion (dpi), and these lesions rapidly enlarged and turned
dark-brown to black lesions within 7 to 10 dpi. Negative
controls displayed small wounding sites without further
development in 10 d. Symptoms were similar to those
observed in the greenhouse, as shown in Figure 2.

Most of the isolates were infectious on saffron
corms, except isolates 110, 126 and 160. Isolate 126 was
obtained from onion, and isolates 110 and 160 were
obtained from saffron corms with BGR symptoms. The
most severe corm symptoms were caused by isolates 169
and 255. Symptoms included necrosis and rotting, which
could be superficial or deep. Based on symptom sever-
ity, a 0 to 5 rating scale was established, in which isolates
inducing complete rot and tissue decay were scored as 5,
and non-pathogenic isolates scored 0. The isolates were
assigned into six groups (Figure 3).
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Infected.
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Figure 2. Results of pathogenicity tests of B. gladioli isolates on different plants. (A) Severe red-brown discolouration on an inoculated saf-
fron corm; (B) rotted, twisted and truncated flowering tubes turned orange in inoculated corms; (C) disease severity rating scales for BGR
on entire (upper) and cross sections (lower) of corms; (D) yellowing, tip necrosis and growth delay of leaves from inoculated corms; (E) HR

in a tobacco leaf; (F) HR response in a pelargonium leaf; (G) watery rot on carrot discs; (H) severe watery decay on onions.

Cataphylls of inoculated saffron corms turned orange,
and became twisted and truncated, and the flowers did not
emerge from the tubes. The leaves of the inoculated corms
showed yellowing and tip necroses (Figure 2). The pathogen
was re-isolated from inoculated and symptomatic corms,
their 16s RNA fragments were amplified with PCR, and the
amplified fragments were identical to those of the inoculat-
ed bacterial strains, thus fulfilling Koch’s postulates.

With the exception of isolates 110, 148, 149, 150 and
160, the remaining isolates caused watery rot on carrot
discs, and in onions, and with the exception of isolates
149, 150, 160, 168, 169, 250, 251, 262, 300 and 400, the
remaining isolates caused watery rot (Figure 2).

Based on the pathogenicity test data for saffron, the
BGR-associated isolates were categorized into six groups
(correlation coeflicient 94%) (Figure 3).

Physiological and biochemical tests of BGR-associated isolates
The results of the most relevant phenotypic tests are

listed in Table 2. Most of the assessed islotes were oxidase
and catalase positive and hydrolyzed gelatin, and most

were positive for arginine decarboxylase activity, and
grew in 3% NaCl. Some of the isolates grew at 41°C, but
none produced indole or acidified glucose. There were dif-
ferences among the isolates for their profiles of utilization
of carbohydrate sources, and urease activity. Results of the
morphological, physiological and biochemical characteris-
tics showed that all 24 BGR-associated isolates were iden-
tified as B. gladioli (with 82 to 98% probability). However,
some differences were observed, and according to the
phenotype tests, the isolates clustered into four groups.
Nine isolates (102, 155, 161, 169, 252, 255, 262, SA4 and
SA14), nine isolates (106, 110, 126, 147, 148, 151, 160, 168
and 300), five isolates (149, 150, 250, 251 and 400) and one
isolate (176) were categorized into four phenotypic groups
of BGR-associated bacteria (Figure 3, Table 2).

Molecular identifications

Molecular identification of the BGR-associated iso-
lates was achieved by PCR amplification of the rRNA
and recA gene. Expected fragments of 1500, 470 and
300 bp belonging to the 16S rRNA and 16S-23S rRNA
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Figure 3. Representative dendrograms of clustering of 24 BGR-associated isolates, based on disease severity scale on saffron corms (A); and
diversity in physiological and biochemical characteristics (B). DI = disease index.

ITS region were amplified from all isolates, using the
primer pairs 27F/1492R (1500 bp), CMG16-1/CMG16-2
(470 bp) and GLA-f/GLA-r (300 bp). An approx.i700 bp
fragment of the 23S rRNA was amplified from most of
the isolates using the LP1/LP4 primer pair, but amplifi-
cation was unsuccessful from isolates 14 of 24. In most
isolates (18 of 24), the expected Burkholderia recA-relat-
ed fragment of 869 bp was amplified with the BURI/
BUR2 primer pair. A 470 bp fragment of the 16S rRNA
from two isolates (110 from phenotype group A, and 155
from group B) was cloned and sequenced. The sequenc-
es were deposited in GenBank with accession numbers
PQ120996 and PQ120997. These sequenced fragments of
the BGR-associated isolates showed 97 to 99.5% similar-
ity with other Burkholderia gladioli isolates deposited in
GenBank, and were put in B. gladioli group in the phylo-
gentic tree (Figure 4 A). In a phylogenetic tree, B. gladi-

oli pv. gladioli isolates from saffron isolates from Italy,
India and Iran clustered in a separate clade from other
B. gladioli pathovars (Figure 4 B). Burkholderia gladioli
isolates from saffron had, in the 16S rRNA gene, 99.5 to
99.9% similarity to B. gladioli pv. gladioli 99.5 to 100%
similarity to B. gladioli pv. alliicola, and 99.1 to 99.7%
similarity to B. gladioli pv. agaricicola. The 16S rRNA
fragments from two isolates of B. gladioli had 97.3 to
98.5% similarity to homologous sequences from B. cepa-
cia and showed 92.5 to 96.4% similarity to those of other
Burkholderia species.

DISCUSSION

In this study, a polyphasic approach was used, by
combining pathogenicity, biochemical and molecular
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Table 2. Main characteristics of bacterial isolates from saffron.
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B. gladioli pv. gladioli

Characteristic Group A Group B Group C Group D CFBP2427* (Fiori et al,, 2011)
Gram reaction - - - - -
Colony colour Yellowish/ Milky Milky Milky

orange-milky
Oxidase +/- +/- + + +
Catalase + +/- + - +
Arginine decarboxylase -/+ + + -
Hydrolysis of: gelatin + + + - +
Hydrolysis of starch +/- +/- + + -
O-F Glucose test +/- +/- +/- +/- +/-
Growth at: pH 4 + +
pH S8 + + + + +
pH9 + + + +
Growth in 3% NaCl +
Growth at 41° C -/+ -/+ -/+ - -/+
Utilization of
Raphinose +/- -/+ +/- +
Arabinose -/+ -/+ +
Adonitol + - - +
Glucose +¥ +¥ +W +W
Dextrose + -1+ +
Maltose ++ +/- + ++ -
Sucrose - -
Lactose + - - +
Galactose -/+ -/+ - +
Urease + ++ + +
2 CFBP 2427 is the pathotype strain of Burkholderia gladioli pv. gladioli
+ = positive; - = negative; -/+ = mostly negative, but positive in some isolates; +/- = mostly positive, but negative in some isolates; ++ =

strongly positive; +¥: weakly positive.

test to identify and characterize a collection of bacteri-
al isolates causing dry rot of saffron corms in Iran. The
main symptom of the disease was reddish-brown lesions
on saffron corms, which spread to the inner corm tis-
sues. In many cases, the corms were completely rotted.
The colonies of isolated bacteria were milky-yellowish
and round in 2 day cultures, and secreted yellowish pig-
ments into the culture media. Based on results of bio-
chemical and physiological tests, 24 isolates were ini-
tially identified as B. gladioli. These isolates were also
categorized into six groups based on disease severity
indices on saffron corms, and four groups determined
from results of physiological and biochemical tests. No
correlation was found between the BGR disease indi-
ces and the phenotypic grouping of the isolates or their
geographical distributions. B. gladioli is a heterogeneous
species with variations in phenotypic and genetic char-
acteristics; its differentiation is mainly based on host
range (Sadler, 1994; Coenye et al., 1999; Nandakumar et

al., 2009; Castro-Gonzélez et al., 2011; Fiori et al., 2011).
Due to the high degree of phenotypic similarity
between B. gladioli, B. glumae (Coenye and Vandamme
2003; Coenye et al., 1999), and B. cepacia (Baxter et al.,
1997), biochemical characterization if these bacteria is
not accurate for precise identification of B. gladioli. PCR
with B. gladioli-specific primers was used to increase
detection sensitivity, specificity, and simplicity, and for
more rapid identifications than from phenotypic meth-
ods. Specific fragments of B. gladioli fragments were
amplified from selected Iranian isolates. Sequences of
16S and 23S rRNA have been used for rapid identifica-
tion and differentiation of B. gladioli from B. cepacia, B.
multivorans, B. vietnamiensis, B. mallei, B. pseudomallei
and Ralstonia pickettii (Bauernfeind et al., 1998). BLAST
analysis showed that the BGR-associated isolates were
most similar to Burkholderia species. Comparison of the
16S rRNA sequence of the Iranian BGR-associated saf-
fron isolates revealed 99.5 to 99.9% nucleotide similar-
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Figure 4. Neighbor-joining phylogenetic tree based on partial sequences of the 16S rRNA gene of Burkholderia species (A) and 16S-23S
rRNA ITS region of Burkholderia gladioli pathovars (B). Numbers on branch nodes are percentage bootstrap values based on 1,000 repli-
cates. Paracidovorax avenae was used as an outgroup. Bar shows substitutions per nucleotide position. « indicates represented Burkholderia
gladioli isolates from saffron (Crocus sativus) from Iran, and ¢ indicates isolates from owther countries.

ity with other B. gladioli isolates (Gee et al., 2003; Kim
et al., 2009). Similarity of this fragment with sequences
from other Burkholderia species was in the range 92.5
to 96.4%. Phylogenetic analysis of the 16S rRNA gene
placed the BGR-associated isolates in the Burkholderia
group, close to the B. gladioli group. Due to the similar-
ity of the 16S rRNA sequence from B. gladioli and B. glu-
mae (Nandakumar et al., 2009), the 16S-23S rRNA ITS
region was used to distinguish B. gladioli from B. glu-
mae (Furuya et al., 2002). In the phylogenetic tree, the
Iranian saffron BGR-associated isolates were placed next
to B. gladioli isolates.

Bgg is pathogenic to gladiolus, orchids, Crocus spp.,
rice, and fern, and other plant species (Sadler, 1994; Ura
et al., 2006; Compant et al., 2008; Nandakumar et al.,
2009). Sequence analysis of the 16S rRNA of the Iranian
saffron BGR-associated isolates showed similarity of 99.1
to 100% with the pathovars Bgg and Bga of B. gladioli.

To determine the pathovars of the Iranian BGR-
associated isolates, pathogenicity tests were carried in
onion as a possible alternative host. Presumptive Bgg
isolates caused dry rot in onion, but possible Bga gave
soft rot and internal rot in onion (Lee et al., 2005). Most
of the BGR-associated isolates caused soft rot in onion,

making it possible that BGR-associated saffron isolates
from Iran are Bga. However, phylogenetic analyses of
some BGR-associated isolates using the 16S-23S rRNA
ITS region showed that they were very similar to patho-
var gladioli. These results indicate that the causal agent
of saffron dry rot in Iran could be B. gladioli pv. gladi-
oli. Recently, B. gladioli has been reported from saffron,
garlic and wild mushrooms in Iran (Abachi ef al., 2024;
Hamidizade et al. 2024; Khezri et al., 2023), but the pre-
sent report is the first from Iran, where biochemical and
molecular characterization have been achieved for the
pathogen causing bacterial dry rot of saffron Iranian saf-
fron B. gladioli strains possess pathogenicity characteris-
tics that overlap with Bgg and Bga pathovars of B. gladi-
oli. This shows that using phenotypic pathovar-oriented
assays to classify B. gladioli strains should be replaced by
phylogenetic or phylogenomic analyses for identification
of this pathogen (Abachi et al., 2024).

Inoculation by injection of saffron corms with the
BGR-associated isolates, or through wounds in the corm
skins, caused lesions in the corms. These results agree
with the observations of Fiori et al. (2011). Nevertheless,
the severity of symptoms depended on virulence of the
different isolated bacteria.
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It has been reported that Burkholderia is more fre-
quently isolated from rhizospheres of plants than from
bulk soil of the same field (Marques et al., 2014). Burk-
holderia gladioli has been identified as an endophyte
in coffee (Vega et al., 2005) and soybean (Kuklinsky-
Sobral et al., 2004), but not as an endophyte in saffron
(Marques et al., 2015; Sharma et al., 2015; Xuan et al,,
2016). However, Ahmad et al. (2022) reported B. gladioli
as an endophyte in saffron, so it is still unclear whether
B. gladioli is in the rhizosphere community of Crocus
species. Studies have shown that toxoflavin produced
by B. gladioli and B. glumae is an important patho-
genic factor causing grain wilt in rice and rot in many
crops (Jeong et al., 2003; Jung et al., 2011). Inoculation
with toxoflavin led to infections in crops such as toma-
to, sesame, eggplant and bell pepper (Jeong et al., 2003;
Nandakumar et al., 2009). The reddish-brown lesions on
saffron corms could be due to the presence of toxoflavin.
Therefore, further investigation is required on the role of
toxoflavin production in regulating pathogenicity of B.
gladioli in saftron.
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Summary. Sweet viburnum (Viburnum odoratissimum Ker-Gawl.) is a widely used orna-
mental plant, which has dense branches and leaves, and fast spreading and evergreen
habit. In October 2022, leaf spot symptoms were observed in a hedge of sweet viburnum
in Yuanshi Garden, Ningbo, China. Fungi were isolated from symptomatic leaves, and
were identified using morphological characteristics and phylogenetic analyses of partial
sequences of internal transcribed spacer (ITS), actin (act), and translation elongation fac-
tor 1-alpha (fefl-a), and were evaluated in pathogenicity tests. The causal agent of sweet
viburnum leaf spot was identified to be Phyllosticta capitalensis. Effects of seven fungi-
cides on P. capitalensis were assessed in vitro. Fungicide ECsys (mg L) against P. capital-
ensis were: 270.77 for 75% chlorothalonil (WP); 0.02 for 250 g L' azoxystrobin SC; 0.27
for 10% difenconazole WDG; 0.02 for 75% trifloxystrobin + tebuconazole WDG, 9.03 for
35% fluopyram + tebuconazole SC, 5.90 for 500 g L! fluazinam SC, and 89.11 for 10%
prothioconazole SC. Among these, azoxystrobin SC and trifloxystrobin + tebuconazole
WDG could be used for control of viburnum leaf spot. This is the first report of P. capi-
talensis causing leaf spot of sweet viburnum, and this study provides guidance for chemi-
cal management sweet viburnum leaf spot, and on other host plants.

Keywords. Chemical control, new disease, pathogen identification, phylogeny.

INTRODUCTION

Viburnum, including almost 200 species, is a large genus of flowering
shrubs (Landis et al., 2021), of which sweet viburnum (Viburnum odoratis-
simum Ker-Gawl.) is a shrub native to the Himalayas and Japan. Due to its
attributes of fast and spreading growth, dense branches, evergreen leaves,
and attractive flowers, sweet viburnum has been widely used as ornamental
plants (Shober et al., 2017).

Several fungi and viruses have been reported causing diseases on sweet
viburnum. The positive-sense RNA virus designated as ‘Viburnum-like virus’
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was recently isolated from sweet viburnum, and siRNA
sequencing indicated that this virus actively replicates
within the host and elicits antiviral defence mechanisms
(Gao et al., 2024). Erysiphe hedwigii causes powdery mil-
dew, and Colletotrichum gloeosporioides causes anthrac-
nose of sweet viburnum (Yang et al., 2015; Cho et al.,
2016; Michael et al., 2022), and economically important
leaf spot diseases are caused by Diaporthe eres, Corynes-
pora cassiicola, Alternaria spp., and Neofusicoccum
parvum (Qiu et al., 2021; Ma et al., 2022; Zhang et al.,
2022a; Wan et al., 2023). Occasionally, these leaf spot
diseases can kill their host plants. Thus, it is impor-
tant to identify the causative pathogens, and assessment
potential management methods for these diseases.

The present study outlines observation, isolation and
description of the pathogen responsible for leaf spot on
sweet viburnum leaves. Assessments were also made of
the activity of different fungicides as potential agents for
control of this disease.

MATERIALS AND METHODS
Pathogen isolation and morphology

To identify the pathogen associated with the disease,
20 symptomatic leaves were collected from ten different
sweet viburnum plants. Pathogen isolation was carried
out using methods described by Li et al. (2021a). Leaf
tissue was excised from lesion margins, and was surface
sterilized with 75% ethanol for 30 sec. rinsed three times
in sterile distilled water, then immersed in 10% sodium
hypochlorite for 5 min, and again washed three times in
distilled water, followed by drying on sterile filter paper.
The excised leaf pieces were then cut into small segments
(1 cm?) and transferred to Petri plates containing pota-
to dextrose agar (PDA: 20% diced potato, 2% glucose,
1.5% agar, and distilled water.). The plates were then
incubated at 28°C for 2 d under a 12 h light, 12 h dark
regime. Nine individual resulting colonies were selected
and transferred to fresh PDA plates, and after incubation
were preserved in 10% glycerol at -80°C for future use.
Morphology of the colonies on PDA was observed from
the upper and lower sides of the plates after 5 d incuba-
tion. Conidium morphology was examined using a Leica
DM3000 microscope system, and the morphology and
sizes of 50 conidia were assessed.

Pathogenicity testing

To confirm the pathogenicity of the isolated fungus,
Koch’s postulates were assessed for one of the isolates
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(“F2”) obtained. Wounds were created on leaf surfaces
of healthy sweet viburnum plants by pricking. Myce-
lium plugs from fungal colonies in PDA cultures were
then placed onto the wounded sites. PDA without fungi
was used for inoculation controls. The plants were then
maintained in a growth chamber at 25°C and 85% rela-
tive humidity. Photographs of developing disease symp-
toms were taken at 10 to 20 d post-inoculation. Subse-
quently, the fungi were re-isolated from the inoculated
leaf tissues and identified using the methods described
above.

DNA extraction, amplification, and sequencing

For accurate identification, genomic DNA was
extracted from the samples using the TIANamp Genom-
ic DNA Kit (Cat. No 4992254, Tiangen Biotech (Beijing)
Co. Ltd), following the manufacturer’s instructions.
Partial sequences of the ribosomal internal transcribed
spacer (ITS), actin (act) and translation elongation fac-
tor 1l-alpha (tefl) were amplified and sequenced, as
described by Wikee et al., (2013) and Li et al. (2021a),
and the nucleotide sequences were deposited in Gen-
Bank. Multiple alignments of concatenated ITS, act and
tefI-a sequences were carried out using MEGA 7 with
default settings. A concatenated phylogenetic tree was
constructed using the Maximum Likelihood method
(ML) with JTT model, as implemented in MEGA 7
(Jones et al., 1992). The fungus strains used in this study
are listed in Table 1.

Fungicide tests

In vitro fungicide activity against P. capitalensis
was assessed following the method of Li et al. (2021b).
Seven fungicides were selected, including 75% chloro-
thalonil WP, 250 g L' azoxystrobin SC, 10% difencona-
zole WDG, 75% trifloxystrobin + tebuconazole WDG
(25% trifloxystrobin, 50% tebuconazole), 35% fluopyram
+ tebuconazole SC (17.5% fluopyram, 17.5% tebucona-
zole), 500 g L fluazinam SC, and 10% prothioconazole
SC. The concentrations of each fungicide used in PDA
plates for the tests are shown in Table 2. Disks were
excised from the edges of colonies on PDA plates at 5 d
post inoculation using a 6 mm diam. sterilized punch.
The side of each disk containing fungal hyphae was posi-
tioned at the center of each PDA plate. The inoculated
plates were incubated at 28°C in the dark. PDA plates
without fungicide were used as the negative experimen-
tal controls. Diameters of resulting colonies were meas-
ured at 5 d post-inoculation. Each treatment was con-
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Table 1. Fungus strains used in this study.
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GenBank No.
Species
ITS tef act

Phyllosticta ampelicida CBS 111645 JN692542 EU683653 JN692518
Phyllosticta brazilianiae LGMF 333 JF343574 JF343595 JF343658
Phyllosticta capitalensis CPC 20251 KC291333 KC342553 KC342530
Phyllosticta capitalensis CPC 20256 KC291337 KC342557 KC342534
Phyllosticta capitalensis CPC 20257 KC291338 KC342558 KC342535
Phyllosticta capitalensis F2 PP785331 PP788704 PP788703
Phyllosticta capitalensis JFRL-03-40 ONO076573 ON081651 ON081650
Phyllosticta capitalensis LC 0002 KC291350 KC342570 KC342547
Phyllosticta citriasiana CBS 123370 FJ538355 FJ538413 FJ538471
Phyllosticta citribraziliensis LGMF09 JF261436 JF261478 JE343618
Phyllosticta citricarpa CBS 102374 FJ538313 GU349053 FJ538429
Phyllosticta citrichinaensis ZJUCC 2010152 JN791664 JN791515 JN791589
Phyllosticta hypoglossi CBS 101.72 FJ538365 FJ538423 FJ538481
Phyllosticta kerriae MUCC 17 AB454266 KC342576 AB704209
Guignardia mangiferae IMI 260576 JF261459 JF261501 JE343641
Phyllosticta owaniana CBS 776.97 FJ538368 FJ538426 FJ538484
Phyllosticta paracapitalensis CPC 26517 KY855622 KY855951 KY855677
Phyllosticta paracitricarpa CPC 27169 KY855635 KY855964 KY855690
Phyllosticta podocarpi CBS 111646 AF312013 KC357671 KC357670
Phyllosticta spinarum CBS 292.90 JE343585 JE343606 JE343669
Phyllosticta ampelicida CBS 111645 JN692542 EU683653 JN692518

ducted at least three times. Toxicity regression equations
and EC;, values were calculated using Data Processing
System (DPS 7.05).

RESULTS
Disease symptoms and pathogen isolation

In October 2022, sweet viburnum plants cultivated
in Ningbo Yuanshi Park showed extensive necroses on
the leaf tips or edges. The necroses developed from light
to dark yellow, eventually drying to scorched appear-
ance. During the subsequent infection stage, minute
black spots emerged, which later developed into conidio-
mata (Figures 1, a and b). As the disease lesions expand-
ed across entire leaves the leaves abscised from the tree.
Approx. 30% of the sweet viburnum plants in the Park
exhibited these symptoms, which significantly impeded
their growth. After 7 d of incubation, isolated fungal col-
onies each had a white margin surrounding a dark green
centre (Figure 1c). Conidia in the cultures were hyaline,
oval-shaped and tapered at the ends, each with a hya-
line, unstable apical appendage, measuring 2.7 to 5.2 um
in length. Conidia were of mean dimensions 6.6 to 14.3

x 5.2 to 8.1 um (n=50) (Figure 1 d). Based on the colony
morphology, the fungus was determined to be a member
of the Phyllosticta species (Damm et al., 2009; Wikee et
al., 2013).

Pathogenicity test

To determine if the isolates could induce the symp-
toms observed in the field, Koch’s postulates were
assessed on 20 l-year-old sweet viburnum plants. At
14 d after inoculation, leaf spot symptoms appeared on
the leaves inoculated with isolate F2, while the control
plants showed no symptoms. By 21 d post-inoculation,
80% of the inoculated plants displayed typical leaf spots
accompanied by conidiomata within areas of necroses
(Figure 2, a and b). The inoculated fungus was subse-
quently re-isolated from the inoculated leaf tissues, con-
firming that isolate F2 represented the pathogen respon-
sible for the leaf spot in sweet viburnum plants.

Phylogenetic analysis

For accurate identification of the pathogen, a multi-
locus phylogenetic analysis was conducted using concat-
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Figure 1. Disease symptoms and pathogen isolation. a and b, Disease symptoms on affected sweet viburnum leaves. ¢, Colony of Phyllosticta
capitalensis grown on a PDA plate for 7 days at 28°C. d, Conidia of P. capitalensis observed under a light microscope at 200x magnification.

Figure 2. Pathogenicity test. Koch’s postulates were conducted by inoculating healthy plants with fungal mycelium PDA plugs (2 a) or PDA
plug inoculation controls (Figure 2 b). These photographs were taken at 21 d post inoculation.
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Figure 3. Phylogenetic tree for Phyllosticta capitalensis isolate F2
and closely related Phyllosticta species. Results were inferred from
the concatenated sequences of ITS, act and tefl-a.

enated sequences of ITS, act and tefl-a genes from the
20 representative isolates, including isolate F2. The phy-
logenetic tree obtained (Figure 3) showed that isolate F2
is within the P. capitalensis clade, which is supported by
moderate bootstrap support value of 77 %.

In vitro fungicide tests

The sensitivity of P. capitalensis to seven com-
mon fungicides was assessed. The results indicated
that the ECs, values for the seven fungicides assessed
against P. capitalensis were: 270.77 for 75% chlorotha-
lonil WP, 0.02 for 250 g L' azoxystrobin SC, 0.27 for
10% difenconazole WDG, 0.02 for 75% trifloxystrobin
+ tebuconazole WDG, 9.03 for 35% fluopyram + tebu-
conazole SC, 5.90 for 500 g L' fluazinam SC, and 89.11
for 10% prothioconazole SC (Table 2). Among the
tested fungicides, azoxystrobin and trifloxystrobin +
tebuconazole exhibited the greatest antifungal activity
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against P. capitalensis. In contrast, chlorothalonil and
prothioconazole exhibited limited efficacy against this
pathogen.

DISCUSSION

Phyllosticta capitalensis has been recognized as an
endophyte with a broad host range (Glienke-Blanco et
al., 2002; Silva and Pereira 2007; Silva et al., 2008; Wikee
et al., 2013; Bogas et al., 2022). Additionally, it has also
been identified as an important pathogen responsible
for leaf spot and black spot diseases on many plant spe-
cies (Glienke et al., 2011; Wang et al., 2012; Zhang et al.,
2022b; Jiang et al., 2023). While sweet viburnum leaf
spot diseases caused by Alternaria (Qiu et al., 2021) and
leaf blotch caused by C. siamense (Li et al., 2023) have
been documented, the present report is the first of P.
capitalensis as a pathogen affecting sweet viburnum.

Plant pathogen identification and pesticide screen-
ing for disease management assessments are important
for developing effective disease control. For example,
two microbial pathogens, Streptomyces sp. and C. gloe-
osporioides, cause leaf spot diseases on sweet cherry in
Beijing, China (Ji et al., 2022). Upon pathogen identifi-
cation, 10% difenconazole had the greatest inhibitory
effect on mycelium growth of P. capitalensis, followed
by 250 g L of pyrazole ether ester, 50% imidacloprid,
and 2% pyrimidine nucleoside antibiotics. These pesti-
cides are the first choice for the chemical control the
leaf spot of sweet cherry (Wu et al., 2015). Phyllosticta
capitalensis isolates from leaf spots of Polygonatum
cyrtonema were best targeted by triadimefon (Cui et
al., 2023). Together with the present study, these fun-
gicides plus 10% difenconazle WDG are likely to be
good choices for control of leaf spot diseases caused by
P. capitalensis.

Table 2. Growth inhibition activity of seven fungicides against Phyllosticta capitalensis F2

Fungicide Concentrationﬁlassessed Toxicity regression Equ 1 Correlation coefficient r
(mg L) equation (mg L")
75% chlorothalonil 1,2,4,8,16 y =4.4005 + 1.3858x 270.77 0.9131
250g/L azoxystrobin 1,2,4,8,16 y =5.6516 + 0.1769x 0.02 0.8963
10% difenconazole 0.125, 0.25, 0.5, 1, 2 y =6.0058 + 0.3913x 0.27 0.8526
75% trifloxystrobin + tebuconazole 0.5,1,24,8 y =6.8191 + 0.4820x 0.02 0.8952
35% fluopyram + tebuconazole 0.5,1,2,48 y=6.0194 + 0.9760x 9.03 0.9158
500g/L fluazinam 0.125,0.25,0.5, 1, 2 y = 6.8488 + 1.5041x 5.90 0.9857
10% prothioconazole 0.125,0.25,0.5, 1, 2 y =5.1066 + 2.1279x 89.11 0.9759
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Summary. Grapevine yellows bois noir (BN) and the grapevine trunk disease esca
complex (EC) cause serious yield losses in European vineyards and are often wide-
spread in the same vineyard. In a Chardonnay vineyard in north-eastern Italy, evolu-
tion of the two diseases from 2007 to 2020 was compared and their possible interac-
tion was investigated. Evolution of symptomatic grapevines over the 16 years was very
different between the two diseases, with a substantial linear increase for BN and an
exponential increase for EC. The BN increase from one year to another was associ-
ated with the abundance of Hyalesthes obsoletus, the BN-phytoplasma vector, where-
as the exponential increase in EC was likely due to the amount of inoculum and the
increased size of pruning cuts over time. The courses of the two diseases were also very
different, with a much greater occurrence of dead grapevines from EC than from BN.
Some grapevines showed symptoms of both diseases, but the probability was less that a
grapevine symptomatic for BN or EC showed symptoms of the other disease. Examina-
tions of the spatial distribution of the two diseases showed dissociation between them.
Data indicated that mechanisms of induced defense were involved in the lower prob-
ability that a grapevine affected by one showed symptoms of the other.

Keywords. Grapevine yellows, phytoplasmas, grapevine trunk diseases, symptom evo-
lution, induced defense.

INTRODUCTION

Grapevine age positively influences yields, rooting depths, plant resil-
ience and wine quality (Riffle et al., 2022), so factors that influence grapevine
longevity can compromise the economic sustainability of vineyards. In Euro-
pean vineyards, yield losses, often associated with early grapevine death, are
caused by grapevine yellows (GYs) [i.e., flavescence dorée (FD) and bois noir
(BN)] (Garau et al., 2007; Belli et al., 2010; Pavan et al., 2012; Romanazzi et
al., 2013), and trunk diseases [esca complex (EC), in particular)] (Larignon
and Dubos, 1997; Mugnai et al., 1999; Bertsch et al., 2013; Bruez et al., 2013;
De la Fuente et al., 2016).
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GYs are associated with phytoplasmas that colonize
phloem vessels (Santi et al., 2013; Angelini et al., 2018),
and are vectored by auchenorrhyncha phloem-feeding
insects (Alma et al., 2019). Bois noir (BN), unlike FD, is
widespread in all Euro-Mediterranean grape-growing
regions (Angelini et al., 2018). BN is associated with ‘Can-
didatus Phytoplasma (Ca. P.) solani’ (subgroup 16SrXII-A)
(Quaglino et al., 2013; Angelini et al., 2018), and the most
important vector of this pathogen is the planthopper Hya-
lesthes obsoletus Signoret (Homoptera, Cixiidae) (Maixner,
1994; Alma et al., 2019; Kosovac et al., 2019).

Different susceptibilities and sensitivities of grape-
vine cultivars to BN have been reported (Bellomo et al.,
2007; Garau et al., 2007; Panassiti et al., 2015; Zahavi et
al., 2013). After symptom appearance, the course of the
disease in BN-symptomatic grapevines during subse-
quent vegetative seasons can lead to recovery or death of
the infected grapevines (Osler et al., 1993, 2002; Garau et
al., 2007; Pavan et al., 2012; Zahavi et al., 2013). In gen-
eral, recovery from GYs involves phytoplasma-induced
grapevine response mechanisms (Musetti et al., 2007;
Albertazzi et al., 2009; Romanazzi et al., 2009; Landi
and Romanazzi, 2011; Margaria and Palmano, 2011;
Santi et al., 2013; Paolacci et al., 2017; Bertazzon et al.,
2019; Pacifico et al., 2019; Matai et al., 2020; Pagliarani
et al., 2020; Nutricati et al., 2023). Furthermore, fungal
and bacterial endophytes have been suggested to affect
grapevine recovery from GYs (Martini et al., 2009; Bul-
gari et al., 2016).

Grapevine trunk diseases (GTDs) are caused by fun-
gi that penetrate host plants through wood wounds and
invade the vascular systems (Bertsch et al., 2013; Bruez
et al., 2013; Claverie et al., 2020). Esca complex (EC) is
the most widespread GTD, and is characterised by inner
necrosis in grapevine wood tissues and external plant
symptoms (“tiger-striped” leaves or “black measles” on
the berries) (Larignon and Dubos, 1997; Mugnai et al.,
1999; Graniti et al., 2000; Urbez-Torres, 2011; Mondello
et al., 2018; Fischer and Peighami-Asnaei, 2019; Nerva et
al., 2019; Bruez et al., 2020). When grapevines show typ-
ical leaf symptoms, the EC is defined as grapevine leaf
stripe disease (GLSD), whereas when grapevines dry out
and die, the EC shows apoplectic symptoms (Surico et
al., 2006; Surico, 2009). Grapevines can produce defen-
sive compounds in response to wood invasion by esca-
associated fungi (Ramirez-Suero et al., 2014; Stempien et
al., 2018; Goufo et al., 2019). Activity of non-pathogenic
fungi (e.g., Epicoccum spp., Pythium oligandrum, Tricho-
derma spp.) or bacteria [e.g., Bacillus pumilus (S32), Pae-
nibacillus sp. (S19)] in preventing EC fungal infections
has been reported, and different mechanisms were con-
sidered, including production of inhibitory compounds,
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competition for nutrients and space, triggering of grape-
vine resistance, and interference with pathogenicity
genes of esca-associated fungi (Haidar et al., 2016; Del
Frari et al., 2019; Bigot et al., 2020; Yacoub et al., 2020;
Romeo- Olivan et al., 2022). Susceptibility to EC can
be influenced by V. vinifera cultivar, rootstock geno-
type, and cultivar x rootstock combination (Fischer and
Peighami-Ashnaei, 2019). Chardonnay was classified as
intermediate in EC susceptibility (Borgo et al., 2016).

No studies have been reported on comparative evo-
lution of GYs and EC within the same vineyard, or the
possible interaction between the GYs and EC. For this
purpose, grapevines in a large Chardonnay vineyard in
north-eastern Italy were annually monitored from 2007
to 2020. This allowed comparison of the evolution of
the two diseases at vineyard level, and determination of
whether the two diseases can coexist in individual host
plants. This also would give knowledge of the degree of
interaction (none, synergistic, or antagonistic) between
the two in manifestation of host symptoms.

MATERIALS AND METHODS
Vineyard studied

The study was conducted from 2007 to 2020, in a
vineyard in north-eastern Italy (Friuli Venezia Giulia
region, Gorizia district, Cormons locality; 45°56'34”N,
13°26’45”E, 44 m a.s.l.). The vineyard was planted in
2000, with approx. 3.5 ha of Chardonnay R8 clone graft-
ed onto SO4. The vineyard had 21 rows of length 370
m (westernmost row) to 408 m (easternmost row). The
grapevines were trained to the double-arched Guyot sys-
tem, and were at spacing of 3.5 m between rows and 1.0
m within rows.

In the vineyard, the only GY detected up to 2022
was BN. All the 128 GY symptomatic samples random-
ly collected and analysed by qPCR/HRM from 2010 to
2021 tested positive for ‘Ca. P. solani’ and negative for
FD phytoplasma (Mori et al., 2020; Pavan et al., 2024;
Martini et al., unpublished data). No symptoms of virus
or soil-borne diseases were observed in the vineyard.

During the years of the study, FD had not been
reported in the vineyards of the wine-growing area where
the vineyard was located, but mandatory insecticide treat-
ments against Scaphoideus titanus were applied each year,
at the beginning of July. Since the active ingredients used
were not basipetal systemic insecticides (organophosphate
in the early years, thiamethoxam more recently), the
insecticides would not have affected H. obsoletus nymphs
living in the roots of herbaceous plants. Even against H.
obsoletus adults, the efficacy of insecticides is not high, as
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the insects emerge gradually and can colonize vineyards,
even from outside. Only mechanical weeding was used
in the vineyard. After winter pruning, no fungicide treat-
ments were applied to protect the pruning cuts.

Sampling and data analyses
Mapping of the vineyard

In 2007, the vineyard rows and plants were mapped,
by referring each grapevine to a row (numbered 1 to
21, starting from the west), a supporting pole along the
row (numbered from the north end of each row), and a
position (designated a, b, ¢, or d) between neighbouring
poles. From 2007 to 2020, each grapevine was checked
each year in early September, by the same observers
every year, to determine which plants showed GY or EC
symptoms. Replacement of dead grapevines occurred in
only a few rows in 2019, but newly planted grapevines
were not considered in this study.

Grapevines with BN symptoms were identified
based on their characteristic GY symptoms, including
leaf rolling, sectorial leaf blade discolourations, poor-
ly lignified and falling shoots, and shriveled berries.
Grapevines with the GLSD form of EC were identified
based on tiger-striped leaves or black measles on the
berries. Grapevines with the apoplexy form of EC were
identified based on necrosis and shoots without leaves.
Since these symptoms were visible both in grapevines
that had or had not previously manifested GLSD symp-
toms, death of these plants was attributed to EC, even
when the GLSD form of EC had not previously mani-
fested. The grapevines that died from BN could not be
confused with those that died from EC, as BN-affected
plants had green shoots in the previous year, which only
in the following year were necrotic due to frost damage,
as they were not lignified.

Symptom evolution in BN and EC symptomatic grape-
vines

Annual records were made to check whether grape-
vines were affected by BN, and if the symptoms were
noted for the first time. In subsequent sampling years,
these grapevines were assigned to three categories: “still
symptomatic”, “asymptomatic”, or “dead”. Grapevines
that became asymptomatic were recorded as “recovered”
only after three consecutive years without symptoms,
and taking into account that pollarding can mask GY
symptoms for some years (Pavan et al., 1997; Mutton et
al., 2002). Grapevines that did not have lignified shoots
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at the time of sampling, or that did not sprout in the fol-
lowing year, were considered dead. The annual sampling
of grapevines affected by BN allowed recording of the
evolution of symptoms for individual grapevines, from
the year of the first symptom appearance (year = 0) to
year n (maximum n = 13 for grapevines that showed
symptoms in the first sampling year).

For each grapevine exhibiting EC symptoms, the
following details were noted: (i) the year in which symp-
toms first appeared, and whether they were in the form
of GLSD or apoplexy, and (ii) the year in which apoplexy
occurred for grapevines that had previously exhibited
GLSD symptoms. To determine when the grapevines
affected by EC showed apoplexy (0, or more years), only
grapevines during the period 2015 to 2020 were consid-
ered, which enabled certainty for exclusion of grapevines
that could have presented symptoms of GLSD in the
years preceding the start of mapping.

Interactions between BN- and EC-affected grapevines

For comparison of symptom evolution of BN and EC
with time, and disease interactions, the grapevines were
grouped into those displaying symptoms of only BN or
EC, or of both diseases. For both diseases, the following
parameters were calculated: (i) Proportions (%) of dead
grapevines to total live grapevines in 2007; (ii) Propor-
tions (%) of dead grapevines to total symptomatic grape-
vines; (iii) Accumulated numbers of dead grapevines;
(iv) Accumulated numbers of total symptomatic grape-
vines (symptomatic live plus dead grapevines). Grape-
vines with symptoms of both diseases over the sampling
years were also divided into three groups: (1) grapevines
that showed EC symptoms for the first time in years fol-
lowing their first year of exhibiting BN symptoms; (2)
grapevines showing EC symptoms for the first time one
or more years after recovering from BN; or (3) grapevines
that showed BN symptoms for the first time in the years
following their first year of exhibiting EC symptoms.

Fisher’s exact test was used to compare two pro-
portions in each dataset, while Rayan’s test was used to
compare three proportions. Dynamics of BN or EC dead
grapevines over the years were determined using poly-
nomial regressions of best fit to the experimental data
for the two diseases.

Comparisons of spatial distribution of BN- and EC-
symptomatic grapevines

SADIE red-blue analysis (Perry et al., 1999) was
used to determine spatial distributions of cumula-
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tive BN- and EC-symptomatic grapevines within the
vineyard. The sampling units were groups of 16 grape-
vines (four inter-poles), and the total number of grape-
vines with symptoms of either or both diseases in
each year was determined for each 16 plant unit. This
analysis identified areas with high-density counts (dis-
ease patches) or low or zero counts (gaps), and calcu-
lated indices of clustering (vi; vj) for each unit, which
measured local contribution to either patch or gap. The
clustering significance (a = 0.05) for each variable was
determined by comparing the mean values of vi and vj
with their corresponding values under the null hypoth-
esis (Perry et al., 1999).

A two-dimensional map depicting the spatial dis-
tribution of local clustering indices (vi; vj) for each var-
iable was generated using linear kriging with SURFER
(Golden Software 191 Inc.). The red-blue analysis data-
sets were then used to assess similarity between spatial
patterns of BN-symptomatic grapevines and EC-symp-
tomatic grapevines. An algorithm was used to derive
overall indices of spatial association (X,), and their
statistical significance (P,) was determined through
a randomisation test (Perry and Dixon, 2002). This
test determined if the spatial patterns of two variables
were associated (P, < 0.025), unassociated (0.025 < P,
< 0.975), or dissociated (P, > 0.975), with association
indicating the coincidence of a patch cluster for one
variable with a patch cluster for the other, or the coin-
cidence of two gaps, and dissociation indicating that a
patch for one variable coincides with a gap for the oth-
er (Perry, 1998).

RESULTS
Evolution of grapevines affected by BN

In the first sampling year (2007), 199 grapevines had
symptoms of BN, and cumulative numbers of grape-
vines with these symptoms rose to 831 in the last sam-
pling year (2020). The status of most of the grapevines
affected by BN changed to “recovered” or “dead” in the
years following the first onset of symptoms (Figure 1). A
substantial proportion of the grapevines (11%) showed
symptoms for at least 13 years, highlighting that the
infection can last for many years. Probability of recovery
of a symptomatic grapevine was greater in the first few
years than later, as more than half of recovered plants
were recorded within the following 3 years. Likelihood
of a symptomatic grapevine dying was also greater in
the first few years than later, as more than two-thirds
of symptomatic plants died within the first 5 years after
first symptom observation.
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Figure 1. Proportions of grapevines that from 1 to 13 years after
first appearance of BN symptoms (year 0) either remained sympto-
matic, recovered, or died.
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Figure 2. Proportions of dead grapevines during the first 10 years

following the occurrence of EC symptoms. Grapevines that were

dead at year = 1 exhibited the apoplexy form of EC without first

showing the GLSD form.

Evolution of grapevines affected by EC

From 2015 to 2020, 1126 grapevines died for apo-
plexy. Apoplexy was observed in a third of the grape-
vines without them having previously shown GLSD
symptoms (Figure 2). Over 95% of the grapevines with
GLSD symptoms exhibited apoplexy within 5 years.
Three grapevines died 9 years after first showing GLSD
symptoms, and two grapevines did not develop apoplexy
more than 9 years (10 and 12, respectively) after the first
appearance of GLSD symptoms in 2008, which increased
initially very slowly.
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Table 1. Mean percentages of grapevines dead from 2008 to 2020
after showing symptoms of BN or EC, or both diseases, calculat-
ed on the total number of live vines in 2007 and on the number
of symptomatic vines. Means in each column accompanied by the
same letter are not different (P > 0.05).

Dead grapevines (%)

Symptoms Calculated on total live Calculated on
in 2007 symptomatic
BN exclusively 296 b 27.55a
EC exclusively 2445 ¢ 86.26 ¢
Both BN and EC 0.74 a 69.51 b

Comparisons of BN and EC evolution

From 2008 to 2020, 2236 grapevines died (29.2%
of the live grapevines in 2007), 1952 of which had EC
symptoms, 227 had BN symptoms, and 57 had symp-
toms of both diseases. The proportion of dead grape-
vines from EC was eight times greater (P < 0.05) than
from BN (Table 1). Approx. 1% of the grapevines died
after showing symptoms of both diseases. Grapevine
deaths from EC started 1 year after the BN deaths, but
accumulated death numbers subsequently increased
more rapidly, as the ratios of EC deaths to BN deaths
rose from 2.0 in 2009 to 8.6 in 2020 (Figure 3 A). The
trend towards increases in dead grapevines over time
was sinusoidal for BN (Y = -0.2486X? + 1502X? - 3E +
06X + 2E+09; R* = 0.9947), and more than proportional
for EC (Y = 13.41X2 - 53854X + 5E + 07; R* = 0.9968).

Considering the total number of symptomatic grape-
vines (i.e. “symptomatic alive” plus “dead”), the differ-
ences between BN and EC were less marked (Figure 3 B).
From 2007 to 2020, 2262 grapevines exhibited symptoms
of EC, 831 of BN, and 82 of both diseases. The number of
accumulated symptomatic grapevines was greater for BN
up to 2013 and greater for EC in the subsequent years.

The EC / BN ratio of the total number of affected grape-
vines (2.74) was three times smaller than that of the dead
grapevines (8.60), due to the different mortality rates between
the EC and BN. The percentage of “dead” grapevines rela-
tive to the total of “symptomatic” grapevines was greater (P <
0.05) for EC than for BN, with EC being three times greater
than BN (Table 1). There was also a smaller proportion of
grapevines that died with symptoms of both diseases than
grapevines dying only with EC symptoms (P < 0.05).

Interactions between BN and EC

The percentage of grapevines displaying EC symp-
toms was less among grapevines that had exhibited BN
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Figure 3. Accumulated numbers of dead and total symptomatic
grapevines (“symptomatic alive” and “dead”) due to EC, BN or both
diseases during the years 2007 to 2020.

symptoms in previous years than among those that had
never shown BN symptoms (Figure 4 A). Within the
BN-symptomatic grapevines, the recovered grapevines
showed greater proportions with EC symptoms than the
non-recovered grapevines (Figure 4 B), but were still less
likely to show EC symptoms than grapevines that never
showed BN symptoms (Figure 4, A and B).

The percentage of grapevines succumbing to EC was
less in those that had previously exhibited symptoms of
BN than in those that had never shown BN symptoms
(Figure 4 C). The proportion of dead grapevines among
symptomatic ones (86.3%) was greater (P = 0.017; Fish-
er’s exact test) for those without previous BN symptoms
than for those with prior BN symptoms (76.0%). Within
the BN-symptomatic grapevines, the recovered grape-
vines died from EC at a greater proportion than the
non-recovered grapevines (Figure 4 D), but they still
died at lower percentage (P < 0.05) than grapevines that
had never exhibited BN symptoms (Figure 4, C and D).

Among grapevines that displayed GLSD symptoms,
only seven plants (2.3%) later had symptoms of BN, and
this contrasted with grapevines that had never exhibited
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GLSD symptoms, which had a greater rate (13.8%) of BN
symptoms (P < 0.00001; Fisher’s exact test).

Spatial distribution of BN- and EC-symptomatic grapevines

The distribution of BN-symptomatic grapevines
was aggregated. The most important patches were found
in the first 100 m from the northern edge of the vine-
yard (vi = 6.365, P,; < 0.001), while gaps occurred in
the remaining vineyard area and predominantly in the
south-western part of the vineyard (vj = - 5.691; P,; <
0.001) (Figure 5 A).

The distribution of EC-symptomatic grapevines was
aggregated. The most significant patches occurred along
the eastern edge of the vineyard, between the central
and southern parts (vi = 5.08; P,; < 0.001), while gaps
occurred along the western vineyard edge in the first

45 A Grapevines with symptoms of EC B

P <0.0001

30 A

25 A P<
0.00001
20 - P <

15 0.00001
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0 - T . T ]
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Figure 4. Mean proportions (%) of grapevine plants with symp-
toms of EC, and among these, percentages of dead vines that never
showed BN symptoms (without BN; 4 A), or had previously shown
symptoms of BN (with BN) (4 C). Among the BN symptomatic
vines, the percentages of those “Recovered” or “Not recovered” (i.e.,
still symptomatic; 4 B) at the occurrence of EC symptoms, or dead
from EC (4 D), are indicated.
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100 m from the northern edge (vj = -5.312, P,; < 0.001)
(Figure 5 B).

The distributions of BN- and EC-symptomatic
grapevines were dissociated, with the areas of greatest
dissociation coinciding with the major patches of BN-
and EC-symptomatic grapevines (X, = - 0.25; P, > 0.999)
(Figure 8 C).

DISCUSSION

This 14-year-long descriptive epidemiology study was
carried out in a large vineyard, and aimed to investigate
potential synergistic or antagonistic interactions between
two important grapevine diseases. The selected vineyard
was in a wine-growing area where the exclusive presence
of BN among GY had been reported until the last study
year (2020), and also during the monitoring survey con-
ducted in 2021 and 2022 seasons. This made it possible to
obtain descriptive results, as discussed below.

Evolution of grapevines affected by BN

In the vineyard studied, 50% of the grapevines
died, and 10% still showed BN symptoms 13 years after
first detection of these symptoms. This evolution was
less favourable than that observed for the same cultivar
(Chardonnay) in a multi-year study (1987-2000) con-
ducted in ten vineyards in another wine-growing area of
north-eastern Italy (Friuli Venezia Giulia region, Porde-
none district: Pavan et al., 2012). In that study: (i) only
10% of the affected grapevines had died after 9 years
(45% in the present study), and only 1.1% of grapevines
showed symptoms after 13 years (11% after 13 years in
the present study). These differences could be due to dif-
fering virulence of the phytoplasma strains (Langer and
Maixner, 2004; Pierro et al., 2022), or to differing host
susceptibility. Differences in grapevine susceptibility
could have been due to differences in clone-rootstock
combinations and/or grapevine training systems. In
the study of Pavan et al. (2012), many clone-rootstock
combinations were assessed, including some polyclonal
vineyards, and the grapevine training system was Syl-
voz. In the present study, the vineyard was monoclo-
nal, and the training system was double-arched Guyot.
In the Pavan et al. (2012) study, there were three to five
canes originating from points of each permanent hori-
zontal trunk, the canes were distant from each other,
and the symptoms only rarely seriously affected all the
canes. The affected plants also almost always had some
lignified shoots. In the present study, each grapevine
had two canes originating from the trunk heads, and
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Figure 5. Spatial distributions of BN and EC symptomatic grapevines (cumulative numbers over sampling years from 2007 to 2020). Red
areas indicate aggregation (patches: vi > 1.5), and blue areas indicate dispersion (gaps: vj < -1.5). The map of Dissociations has blue areas

indicating areas with statistically significant dissociations between the two diseases.

the symptoms often affected both canes. As there were
no lignified shoots, these were probably killed by winter
frosts, so the grapevines did not sprout in the following
springs.

Comparisons of BN and EC evolution

The appearance of BN before EC is explained by the
different epidemiology of the two diseases. For BN, the
likelihood that a healthy grapevine may become infected
does not depend on the vineyard age, but depends on the
number of infectious vectors that can inoculate grape-
vines with BN phytoplasmas, regardless of grapevine age.
In contrast, the likelihood that grapevines are affected
by trunk diseases increases with vineyard age, because
the overall numbers of pruning cuts increase with time,
favouring fungal infections (Mugnai et al., 1999; Ampon-
sah et al., 2011; Kovacs et al., 2017). With increasing vine-
yard age and EC progression, pathogen inoculum related
to EC also increases with time, increasing infection prob-
ability. Although EC appeared after BN in the studied
vineyard, the number of grapevines affected by EC at the
end of the survey years was three times greater than for

BN. This occurred because the increase in BN over study
period was substantially linear, with some fluctuations.
In contrast, the increase in EC was more than propor-
tional. This difference between the two disease syndromes
could be due to BN inoculum not originating from the
grapevines, which are the final hosts of the phytoplasma
(Maixner, 2010; Alma et al., 2019). For EC, the infected
grapevines are the inoculum sources. For BN, primary
inoculum arrives from other host plants via H. obsole-
tus, so the pathogen inoculum is likely to be relatively
stable, which may explain the low variability in increase
with time. In contrast, EC inoculum derives from infect-
ed grapevines whose numbers increase with time. This
explains the greater than proportional increase in EC-
affected grapevines. However, some annual variation in
rate of increase also occurs for BN, because the number of
infectious vectors can vary relative to the number of host
plants that are sources of BN phytoplasma, and relative to
the population density of the vector H. obsoletus (Mori et
al., 2008; 2012; 2020; Panassiti et al., 2015).

In the present study, EC was more harmful to the
grapevines than BN, as indicated by the greater number
of symptomatic grapevines and the greater incidence of
dead grapevines among those infected.
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Interactions between BN and EC

Grapevines previously affected by BN were less
likely to show symptoms of EC and die from EC than
grapevines without BN. However, the probability that
grapevines exhibited symptoms of EC was greater for
BN-recovered grapevines than for those still sympto-
matic, although the likelihood of EC symptoms was
always less than for grapevines that had never shown BN
symptoms. These two data sets could suggest that in BN-
infected grapevines, there are specific defense mecha-
nisms induced by infections that prevent EC infections
or symptom expression, and that these mechanisms are
less present in BN-recovered grapevines (therefore no
longer symptomatic) than in those that have not recov-
ered (therefore still symptomatic) but have active defense
mechanisms.

It is known that induced defense in host plants con-
fers resistance, not only towards the pathogen that acti-
vated the resistance mechanisms, but also against other
pathogens (Sticher et al., 1997; Durrant and Dong, 2004;
Vlot et al., 2021; Cooper and Ton, 2022). Activation of
defense mechanisms is well documented for GYs. Recent
studies have shown that concentrations of defense com-
pounds (phenolic substances), including stilbenoids, fla-
vonols and flavanols, are increased in the presence of BN
or FD infections (Rusjan et al., 2015; Pagliarani et al.,
2020; Casarin et al., 2023). Other studies have reported
that after infection of grapevines with ‘Ca. P. solani’,
most jasmonic acid (JA) and salicylic acid (SA) biosyn-
thetic genes are up-regulated, as compared to uninfected
plants (Paolacci et al., 2017; Rotter et al., 2018; Dermas-
tia, 2019). In stably recovered plants, increased levels of
endogenous H,0, and increased concentrations of spe-
cific stilbenoids, including viniferin, have been dem-
onstrated (Musetti et al., 2007; Gambino et al., 2013;
Pagliarani et al., 2020). Activation of defense genes is
also linked to JA-dependent signalling, and suppression
of SA-dependent signalling is important for establish-
ment and maintenance of host recovery (Paolacci et al.,
2017; Pagliarani et al., 2020). The role of mechanisms
of induced resistance in recovered grapevines has been
indirectly confirmed by the efficacy of resistance induc-
ers in improving the recovery of BN-affected grapevines
(Romanazzi et al., 2009).

EC infections also significantly reduce the likelihood
of BN infections. In this case, it would be the EC infec-
tions that induce traits in grapevines that act as resist-
ance factors against phytoplasmas. Several reports have
indicated involvement of upregulations of the phenylala-
nine ammonia-lyase (PAL) gene, which encodes the first
enzyme of the phenylpropanoid pathway, along with the
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chalcone synthase (CHS) and stilbene synthase (STS)
genes, coding for enzymes of the flavonoid and stilbe-
noid pathways (Kenfaoui et al., 2022; Garcia et al., 2022).
Recent data also suggested a JA-dependent signalling
mechanism activated after invasion of wood by EC-asso-
ciated fungi, that induces accumulation of secondary
metabolites such as phytoalexins and pathogenesis-relat-
ed proteins (PRs) (Goufo et al., 2020). EC-symptomatic
plants are also unattractive for the vector H. obsoletus,
as happened in grapevines treated with a chemical elici-
tor emitting volatiles that repelled adult planthoppers
(Minuz et al., 2020).

Grapevines previously symptomatic for BN were less
likely to show EC symptoms, and non-BN symptomatic
plants were more likely than BN symptomatic plants to
develop EC symptoms, probably influenced the spatial
distribution of grapevines with symptoms of each dis-
ease. This might explain why where there are patches of
one disease there are gaps of the other, and vice versa.
The present study has therefore highlighted that spatial
distribution of a disease within a crop can be influenced
by the presence of a separate pathogen.
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Summary. Sixty-five samples of grapevine from commercial vineyards in the Rasina
district of Serbia were tested for the presence of grapevine Pinot gris virus (GPGV),
using the reverse transcription-polymerase chain reaction. Fourteen samples of the
grapevine varieties ‘Red Globe, ‘Victoria® and ‘Preobrazenje’ were infected with GPGV.
All the infected plants showed symptoms of leaf chlorotic mottling, puckering, and
deformation, stunting, and reduced yields. The coding regions of the movement and
coat protein (MP/CP) and a region of the RNA-dependent RNA polymerase (RdRP)
domains of eight virus isolates were sequenced. Phylogenetic analyses of these genom-
ic regions showed high nucleotide similarity among the Serbian GPGV isolates. This
study is the first to describe genetic diversity of GPGV isolates in Serbia.

Keywords: Vitis vinifera L., RT-PCR, detection, phylogenetic analyses.

INTRODUCTION

More than 80 viruses naturally infect grapevines (Vitis vinifera L.)
(Fuchs, 2020). Grapevine fanleaf virus (GFLV), grapevine leafroll-associat-
ed viruses (GLRaVs), and grapevine red blotch virus (GRBV) are economi-
cally important pathogens that cause severe damage to various plant organs,
resulting in low grape yields and reduced berry quality. Most viruses are
present in grapevines in mixed infections, although their influence on host
plants is minor or unknown.

Grapevine Pinot gris virus was discovered in Trentino, Italy, in 2003,
on the cultivar ‘Pinot Gris’ (Giampetruzzi et al., 2012). GPGV is a positive-
sense single-stranded RNA virus (Trichovirus, Betaflexiviridae) (Tarquini
et al., 2018). This virus causes chlorotic mottling, puckering, and deforma-
tion of ‘Pinot Gris’ grapevine leaves (Giampetruzzi et al., 2012; Martelli,
2014). Stunting, grapevine leaf mottling and deformation (GLMD), discol-
ouration, blistering, and significant yield losses have also been reported on
other grapevine cultivars (including ‘Traminer,” ‘Chardonnay’, ‘Riesling’, and
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‘Tocai’) (Giampetruzzi et al., 2012; Malossini et al., 2012;
Martelli et al., 2014; Saldarelli et al., 2015; Gentili et al.,
2017). Latent infections can also be caused by GPGV
(Giampetruzzi et al., 2012; Saldarelli et al., 2013; Eich-
meier et al., 2016a; 2016b; 2017). GPGV has been fre-
quently identified in mixed infections with other viruses
that infect grapevines, making it difficult to determine
its influence on vine health. The virus has been report-
ed in numerous countries, including in Europe (Arme-
nia, Belgium, Bosnia and Herzegovina, Croatia, Czech
Republic, France, Georgia, Germany, Greece, Hungary,
Italy, Moldova, Montenegro, North Macedonia, Poland,
Portugal, Romania, Russia, Serbia, Slovakia, Slovenia,
Spain, Switzerland, Tirkiye, Ukraine, and the United
Kingdom), in Asia (China, Lebanon, Iran, Japan, Paki-
stan, and South Korea), Africa (Algeria), and in South
America (Argentina) (EPPO, 2024). Hily et al. (2020)
hypothesized a scenario for GPGV dispersal from an
Asian origin to Europe and other world grape produc-
ing countries. Movement and exchange of GPGV infect-
ed host propagation material (potted vines, cuttings,
rootlings, and budwood) is the primary mode for trans-
mission of the virus. Bertazzon et al. (2020) reported
rapid transmission of GPGV in Italian vineyards, and
the grape leaf blister mite (Colomerus vitis Pagenstech-
er) is a putative GPGV vector (Malagnini et al., 2016).
GPGYV does not spread mechanically through pruning or
harvesting machinery.

The presence of GPGV in Serbia was confirmed by
Bertazzon et al. (2016), in one sample from an unknown
grapevine cultivar. Since then, no further research has
been reported on GPGV presence in this country. The
aim of the present study was to investigate presence and
genetic diversity of GPGV in Serbia.

MATERIALS AND METHODS

From 2020 to 2022, 65 samples of grapevine leaves
were collected from the Rasina district, which is an
important grape-producing region in Serbia. Samples
were collected from symptomatic and asymptomatic
plants. Symptomatic plants had shortened internodes,
deformed leaves, and leaf chloroses and mottling. Each
sample consisted of five to six leaves picked from dif-
ferent parts of an individual plant. Leaf petiole sam-
ples were ground in extraction bags (Flexo), in 2%
cetyltrimethylammonium bromide (CTAB) buffer, as
described for total nucleic acid (TNA) extraction by Li
et al. (2008). Reverse transcription (RT) reactions were
carried out in two steps with random hexamer pd(N),
primers and Maxima Reverse Transcriptase (Thermo

Sanja Zivkovi¢ et alii

Scientific). Polymerase chain reactions (PCR) were car-
ried out using two GPGV-specific primer pairs. For the
first PCR, the primer pair GPGVRepF/GPGVRepR was
used, spanning the RNA-dependent RNA polymerase
(RdRp) domain of the replicase gene (525 bp) (Saldarelli
et al., 2015). The primer pair GPGVDetF/GPGVDetR,
spanning the end of the movement protein (MP) and
the beginning of the coat protein (CP) gene (585 bp),
was used for the second PCR (Saldarelli et al., 2015).
Polymerase chain reactions were carried out in a TPer-
sonal thermocycler (Biometra), with each reaction con-
taining 1x DreamTaq Green Buffer, 0.2 mM dNTPs, 2.5
mM MgCl,, 0.2 mM each primer, and 0.05U of Green
Taq DNA polymerase (ThermoScientific). The ther-
mal cycling conditions were as follows: 5 min at 94°C;
30 cycles each of 30 s at 94°C, 30 s at 55°C, and 60 s at
72°C; and a final step of 10 min at 72°C. Amplicons were
visualized using 1.5% agarose gel electrophoresis.

All GPGV-infected samples were additionally test-
ed for the presence of nine other viruses capable of
infecting grapevines (GFLV, GRSPaV, GFkV, GLRaVl,
GLRaV3, GVA ArMV, GVB, and GlRaV-2), using mul-
tiplex RT-PCR as described by Gambino and Gribaudo
(2006).

Genetic diversity of the GPGV isolates was assessed
by sequencing the amplified products of eight isolates
(Table 1) (Macrogen Europe Laboratory, the Nether-
lands). BioEdit software (Hall, 1999) was used to assem-
ble the raw sequences obtained. Phylogenetic relation-
ships were reconstructed using a Maximum Likelihood
(ML) tree, using MEGA11 software (Tamura et al., 2021).
A phylogenetic tree was generated using the ML method
with 1000 bootstrap replications.

RESULTS AND DISCUSSION

The expected 525 bp and 585 bp fragments were
obtained in 17% (14 of the 65 tested samples). These
results indicate limited distribution of GPGV in the
Rasina district of Serbia. GPGV was confirmed in
three grapevine cultivars (‘Red Globe, “Victoria’ and
‘Preobrazenje’), which had symptoms of stunted canes
with shortened internodes, chlorotic mottling, and leaf
deformation (Figures 1 and 2). GPGV-infected samples
were collected from two vineyards located in the village
of Bozurevac. GPGV-infected samples of ‘Victoria” origi-
nated from a 15-year-old vineyard, while samples from
‘Red Globe’ and "Preobrazenje’ were taken from a nearby
3-year-old vineyard.

To further characterize the detected virus, frag-
ments of the RARP and MP/CP genes from eight isolates



Grapevine Pinot gris virus in Serbia

Figure 1. Shortened internodes, deformed leaves and stunting of
shoots in a GPGV-infected grapevine of ‘Red Globe.

were selected and partially sequenced (Table 1). Sequenc-
es were deposited in NCBI GenBank under accession
numbers OP279698 to OP279713. When compared, the
detected Serbian GPGV isolates had 97.3 to 100% nucle-
otide sequence similarities in the RARP fragments, and
97.6 to 100% similarities in the MP/CP fragments. The
sequences from the isolates were compared with those
of other GPGYV isolates available in the NCBI GenBank
database. BLAST analysis of the RARP sequences showed
the greatest (99.62%) nt sequence similarity with isolates
from Spain (KY404083), Switzerland (ON237610), and
Slovakia (KF134125). Nucleotide sequences of the MP/
CP gene showed greatest similarity (98.98 to 99.66%)
with isolates from Russia (ON033806) and Hungary
(ON360686). In the reconstructed phylogenetic tree
with MP/CP sequences, the Serbian isolates clustered
into three separate subclusters (Figure 3). In the RdRP
sequence phylogenetic tree, the GPGV isolates were
clustered into two subclusters (Figure 4). The clustering
of the Serbian isolates confirms their close relatedness,
and indicates that the samples originated from the same
locality. The older vineyard of ‘Victoria’ grapevines may
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Figure 2. Leaf deformation, chlorosis and mottling in a GPGV-
infected grapevine of ‘Victoria.

Table 1. Grapevine Pinot gris virus isolates characterized in this
study.

NCBI NCBI

Isolate .Year 'of Host cultivar accession accession

isolation numbers numbers

RdRp gene MP/CP gene

RS-GPGV-1 2021 ‘Red Globe’ OP279698 OP279706
RS-GPGV-4 2021 ‘Red Globe’ OP279699 OP279707
RS-GPGV-6 2021 ‘Red Globe’ OP279700 OP279708
RS-GPGV-8 2021 ‘Red Globe’ OP279701  OP279709
RS-GPGV-12 2021 ‘Preobrazenje’ OP279702 OP279710
RS-GPGV-13 2021  ‘Preobrazenje OP279703 OP279711
RS-GPGV-14 2021 “Victoria’ OP279704 OP279712
RS-GPGV-15 2021 “Victoria’ OP279705 OP279713

have been the source of GPGV, that spread to the adja-
cent younger plants of ‘Red Globe’ and ‘Preobrazenje’.

In addition to GPGYV, other viruses were detected
by RT-PCR in the samples tested. GFLV, GFkV, GRSPaV,
and GLRaV1 were detected in all the GPGV-infected
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Figure 3. Phylogenetic analysis of partial MP/CP sequences of 58 grapevine Pinot gris virus isolates retrieved from NCBI. Phylogenies were
inferred with ML method based on Kimura 3-parameter model with gamma distribution (MEGA11). Bootstrap values (> 50%) are dis-
played next to respective branches. The NCBI accession numbers are in parentheses. Serbian isolates are in bold font.
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Figure 4. Phylogenetic analysis of partial RARP sequences of 65 grapevine Pinot gris virus isolates. Phylogenies were inferred with ML
method based on Kimura 3-parameter model with gamma distribution (MEGA11). Bootstrap values (> 50%) are displayed next to respec-
tive branches. The NCBI accession numbers are in parentheses. Serbian isolates are in bold font.
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samples. In varieties ‘Preobrazenje’ and “Victoria’, GFkV
and GRSPaV were also confirmed.

All the GPGV-infected samples showed typical
symptoms, as described by Giampetruzzi et al. (2012).
The most significant symptom found in all infected vines
was plant stunting, followed by shortened internodes and
chlorotic leaves. Saldarelli et al. (2015) detected GPGV in
asymptomatic samples, but in the present study GPGV
was not confirmed in samples with no symptoms. Other
viruses that caused similar symptoms (GFLV and GFkV)
were detected in all 14 GPGV-positive samples from Ser-
bia. Therefore, it cannot be confirmed which virus was
the primary cause of the disease symptoms, or whether
the symptoms resulted from mixed virus infections.

The presence of symptoms in infected grapevines
depends on the genetic variability of GPGV isolates
(Tarquini et al., 2018). In addition, the expression of
symptoms correlates with different virus variants and/
or virus titres. Bertazzon et al. (2017) confirmed that
symptomatic grapevines have a greater GPGV titres than
asymptomatic grapevines. The frequency of manifesta-
tion of symptoms has been found to be affected by soil
and terrain types (Angelini et al., 2015).

The Serbian GPGV isolates showed high nucleotide
similarities in both genomic regions examined. Analyses
of the nucleotide sequences of partial MP and CP genes
showed that the Serbian GPGV isolates were closely
related to Russian and Hungarian isolates. Considering
the RARP domain, the Serbian isolates were closely relat-
ed to Spanish, Swiss, and Slovakian isolates.

This is the first comprehensive study of GPGV in
Serbia. Further research should be carried out to char-
acterize the incidence and prevalence of GPGV in vine-
yards across all districts of the country.
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