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with Chenopodium quinoa leaf spots
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Summary. A coelomycetous fungus with hyaline, aseptate, oblong to ellipsoidal conid-
ia was isolated from living Chenopodium quinoa leaves with leaf spots, in Beijing, Chi-
na. Maximum likelihood and Bayesian analyses of a combined LSU, SSU, ITS and TEF
sequence dataset confirmed its placement in Heterosporicola in Leptosphaeriaceae. The
new taxon resembles other Heterosporicola species, but is phylogenetically distinct, and
is introduced as a new species. Heterosporicola beijingense sp. nov. is compared with
other Heterosporicola species, and comprehensive descriptions and micrographs are
provided.

Key words. DNA analyses, morpho-molecular taxonomy, pathogens.

INTRODUCTION

Quinoa (Chenopodium quinoa) is a dicotyledonous pseudocereal (Vega-
Galvez et al., 2010) which maintains high productivity in low fertility soils
and under conditions of water shortage and high salinity (Tapia et al., 1997).
Quinoa seeds are rich in nutrients, with high protein content including all
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nine essential amino acids with high concentrations
of histidine, lysine and methionine. The seeds also lack
gluten and contain high amounts of several minerals
(including calcium, magnesium and iron), and health-
promoting compounds such as flavonoids (Dini et al.,
1992; Wright et al., 2002). Quinoa was first introduced
to Shanxi Province (China) in 2011 and transferred rap-
idly to other provinces, including Gansu, Jilin, Sichuan
and Qinghai (Li et al., 2017). With the increase in qui-
noa crops, the number of pests and diseases of quinoa
have also increased (Li et al., 2017). Among them, fungal
diseases are responsible for significant production losses
(Lee et al., 2019). Brown stalk rot, downy mildew, gray
mould, leaf spot and root rot are the major fungal dis-
eases that affect quinoa production in China and world-
wide (Valencia-Chamorro, 2003; Testen et al., 2013; Li et
al., 2017).

Vilca (1972) described Ascochyta hyalospora from
leaf spots of quinoa (Boerema et al., 1977). The first
symptoms are light spots of indefinite area on the qui-
noa leaves (Boerema et al., 1977; Alandia et al., 1979; Li
et al., 2017), and with time pycnidia can be observed,
and the leaves become dry and fall (Li et al., 2017). Leaf
spots have become a rapidly increasing fungal disease in
the cultivation of quinoa in China (Wang et al., 2014).

Heterosporicola (as Heterospora) was initially con-
sidered as a section of Phoma by Boerema (1977). De
Gruyter et al. (2013) raised Heterospora to generic rank
to accommodate two species (H. chenopodii and H.
dimorphospora) of Phoma sect. Heterospora that clus-
tered in Leptosphaeriaceae. The current name Hetero-
sporicola was proposed to accommodate Heterospora by
Wijayawardene et al. (2018) as the remaining species of
Phoma sect. Heterospora clustered in the family Didy-
mellaceae (Aveskamp et al., 2010). The sexual morph of
Heterospora is presently undetermined (De Gruyter et
al., 2013 Ariyawansa et al., 2015; Wijayawardene et al.,
2017; Hyde et al., 2018).

The present study introduces a novel potential plant
pathogenic Heterosporicola species, associated with qui-
noa leaf spots occurring in Mentougou and Yanging dis-
tricts (Beijing) in China. A multigene-based phylogram
is also presented to infer phylogenetic relationships of
this species.

MATERIALS AND METHODS
Sample collections, examination and isolation
Symptomatic quinoa leaves were collected from six

fields in Beijing Mentougou and Yanging districts in
August and July 2018. Leaf samples placed in Zip-lock
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plastic bags were brought to the laboratory and incubat-
ed at room temperature (25°C). An attempt was made to
obtain axenic cultures following the single spore isola-
tion method (Chomnunti et al., 2014) onto potato dex-
trose agar (PDA) and malt extract agar (MEA). A tissue
isolation method was also used in attempts to isolate
fungi from diseased leaves. Small leaf pieces (0.5 x 0.5
cm) were surface sterilized (Schulz et al., 1993) to elimi-
nate epiphytic fungi, and were then incubated on PDA
or MEA. Three replicates from each sample were main-
tained.

Digital images of fruiting structures were captured
with a Canon 450D digital camera fitted to a Nikon
ECLIPSE 80i compound microscope. Squash mount
preparations were made from conidiomata near symp-
tomatic leaf areas. Measurements of fungus structures
were made using the Tarosoft (R) Image Frame Work
program, and the images used for figures were processed
with Adobe Photoshop CS3 Extended v. 10.0 (Adobe®).
Herbarium specimens of the new species were deposited
in the Mae Fah Luang University Herbarium (MFLU)
and the Beijing Academy of Agricultural and Forestry
Sciences (JZB), China. Faces of fungi and Index Fungo-
rum numbers were registered according to Jayasiri et al.
(2015) and Index Fungorum (2020). The new species was
established following the guidelines of Jeewon and Hyde
(2016).

DNA extraction, PCR amplifications and sequencing

A DNA extraction kit (E.Z.N.A.® Forensic DNA Kit,
D3591-01, Omega Bio-Tek) was used to extract DNA
from fresh fruiting bodies from fungal isolates, follow-
ing the manufacturer’s instructions (as conidia did not
germinate on any of the media used). Extracted DNA
was used for PCR reactions with the following ingredi-
ents: each amplification reaction contained 0.125 pL of 5
units pL! Ex-Taqg DNA polymerase (TaKaRa), 2.5 uL of
10 x PCR buffer, 2 pL of 2 mM MgCl,, 2.5 uL of 2 mM
dNTPs, 1 uL of 0.2-1.0 uM primer, <500 ng DNA tem-
plate, and was adjusted with double-distilled water to a
total volume of 25 pL. PCR amplification and sequenc-
ing was performed of the ITS gene region using the
primer pair ITS5 and ITS4 (Carbone and Kohn, 1999).
The LSU, SSU and TEF gene regions were amplified and
sequenced, respectively, using the primer pairs LROR/
LR5 (Vilgalys and Hester, 1990), NS1/NS4 (White et al.,
1990) and EF1-983F/EF1-2218R (Rehner and Buckley,
2005). The amplification profiles for all four gene regions
were as follows: an initial denaturing step for 2 min at
94°C, followed by 35 amplification cycles of denaturation
at 94°C for 60 s, annealing at 55°C for 60 s and exten-
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sion at 72°C for 90 s, and a final extension step of 72°C
for 10 min (Brahmanage et al., 2019). Purification and
sequencing of PCR products were carried out using the
above-mentioned PCR primers at Bio-med Biotech Com-
pany (Beijing, China). Sequences were checked for ambi-
guity, assembled and deposited in GenBank.

Phylogenetic analysis

Sequence data were compared by BLAST searches in
the GenBank database at the National Centre for Bio-
technology Information (NCBI) (https://www.ncbi.nlm.
nih.gov/nucleotide/). Initial BLAST similarity indices
showed that the isolates were very similar to Heterospor-
icola. Heterosporicola strains were compared with other
related sequences of Leptosphaeriaceae, following proce-
dures of Dayarathne et al. (2015) and Tennakoon et al.
(2017) (Table 1). Sequences were aligned with MAFFT v.
7.0 (Kuraku et al., 2013), combined using Bioedit 7 (Hall,
1999) and refined manually. Phylogenetic trees were
generated using maximum likelihood (ML) and Bayes-
ian inference (BI). The ML trees were generated with
RAXML-HPC2 on XSEDE (v. 8.2.8) (Stamatakis, 2014)
in the CIPRES Science Gateway platform (Miller et al.,
2010), using the GTR+I+G model of evolution. Bayesian
analyses were performed for both individual and com-
bined datasets using MrBayes v. 3.0b4 (Ronquist and
Huelsenbeck, 2003). Nucleotide substitution models were
determined with MrModeltest v. 2.2 (Nylander, 2004). A
dirichlet state frequency was predicted for all four data
partitions and GTR+I+G was the best model. The heat-
ing parameter was set to 0.2 and trees were saved every
1,000 generations (Ronquist et al., 2012). Posterior prob-
abilities (PP) (Rannala et al, 1998; Zhaxybayeva and
Gogarten, 2002) were defined by the Bayesian Markov
Chain Monte Carlo (BMCMC) sampling method in
MrBayes v. 3.0b4 (Huelsenbeck and Ronquist, 2001). The
resulting trees were viewed with FigTree v.1.4.0 (Ram-
baut, 2009) and the final layout was done using Micro-
soft PowerPoint (2016).

RESULTS AND DISCUSSION
Symptoms

Numerous yellowish brown to reddish brown circu-
lar spots with lighter surrounding tissues were observed
on affected quinoa leaves at the initial stage of disease
development. Whirls of black conidiomata and shot
holes on the leaves also were observed at later stages
(Figure 1).
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Phylogenetic analysis

The combined LSU, SSU, ITS, and TEF sequence
dataset belonging to Leptosphaeriaceae, with Phoma
herbarum (CBS 615.75) as the outgroup taxon, com-
prised 36 taxa with 2,436 nucleotide characters. RAXML
analysis of the combined dataset yielded a best tree (Fig-
ure 2) with a final ML optimization likelihood value of
-8815.833844. The matrix had 438 distinct alignment
patterns, with 20.53% undetermined characters or gaps.
Estimated base frequencies were; A = 0.244796, C =
0.219925, G = 0.271915, T = 0.263364. Substitution rates
were AC = 1.726279, AG = 2.859320, AT = 2.066497,
CG = 0.464869, CT = 6.764103, and GT = 1.000000.
The gamma distribution shape parameter a = 0.171569.
Phylogenetic trees obtained from ML and BI were simi-
lar in topology. Phylogenetic results indicated that iso-
lates of Heterosporicola beijingense clustered together in
a subclade with strong support (100% ML, 1.00 PP), and
closely related to H. chenopodii and H. dimorphospora
(Figure 2).

Taxonomy

Heterosporicola beijingense Brahmanage & K.D. Hyde,
sp. nov. Figure 2

Index Fungorum: IF 557214, Facesoffungi number:
FoF 07325

Etymology: Name refers to the geographical region
Beijing, China, where the species was first found.

Holotype: JZB3400001

Saprobic or pathogenic on leaves of quinoa (Cheno-
podium quinoa). Leaf spots on quinoa leaves irregular,
necrotic, with conidiomata arranged in several whorls.
Sexual morph: undetermined. Asexual morph: Coe-
lomycetous. Conidiomata 200-600 pm wide, pycnidia
immersed to semi-immersed, globose to subglobose,
black and each with an inconspicuous ostiole. Conidi-
omatal wall 15-60 pm wide, composed of 3-5 layers of
cells of textura angularis, pale yellowish brown. Conid-
iogenous cells 4-8 X 4-6 pm (X = 6 x 5 pm, n = 20), phi-
alidic, subglobose to short conical. Microconidia 3.8-4.4
x 1.4-2.1 ym (X = 4.2 x 1.8 um, n = 30) hyaline, asep-
tate, oblong to ellipsoidal with two to many guttules.
Macroconidia not observed.

Material examined: CHINA, Beijing, Mentougou, on
living leaves of Chenopodium quinoa (Amaranthaceae),
July 2018, Rashika S. Brahmanage, LC41 (JZB3400001,
holotype), ibid., LC43 (JZB3400002), ibid., Yanging dis-
trict, on living leaves of Chenopodium quinoa (Ama-
ranthaceae), July 2018, Rashika S. Brahmanage, LC44
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Table 1. Taxa used in this study and their GenBank accession numbers for SSU, LSU, ITS and TEF DNA sequence data. Type strains are

indicated with Tand newly generated sequences are in bold.

GenBank accessions

Taxa Strain number
ITS SSU LSU TEF

Alloleptosphaeria italica® MFLUCC 14-0934 KT454722¢ - KT454714 -
Alternariaster bidentis® CBS 134021 NR159551 - KC609341 -
Alternariaster helianthi” CBS 327.69 KC609335 KC584627 KC584369 -
2%2’;"6?““” centaureae- MFLUCC 14-0992 KT454724 KT454731 KT454716 -
Alternariaster trigonosporus® MFLU 15-2237 NR159558 - KY674858 -
Heterosporicola chenopodii® CBS 448.68 FJ427023 EU754088 EU754187 -
Heterosporicola chenopodii CBS 115.96 JF740227 - EU754188 GU349077
Heterosporicola dimorphospora CBS 345.78 JE740203 - GU238069 -
Heterosporicola dimorphospora CBS 165.78 JF740204 JE740098 JE740281 -
Heterosporicola beijingense JZB3400001 MN733734 MN733738 MN737597 MN786372
Heterosporicola beijingense JZB3400002 MN733735 MN733739 MN737598 MN786373
Heterosporicola beijingense JZB3400003 MN733736 MN733740 MN737599 MN786374
Heterosporicola beijingense JZB3400004 MN733737 MN733741 MN737600 MN786375
Leptosphaeria slovacica CBS 389.80 JF740247 JF740101 JE740315 -
Leptosphaeria doliolum™ CBS 505.75 JE740205 NG062778 GU301827 GU349069
Leptosphaeria doliolum MFLUCC 15-1875 KT454727 - KT454734 -
Leptosphaeria ebuli” MFLUCC 14-0828 NR155323 KP753954 KP744488 -
Leptosphaeria conoidea CBS 616.75 MHS860957 JE740099 MH872726 -
Neoleptosphaeria rubefaciens® CBS 223.77 JF740243 - JE740312 -
Neoleptosphaeria jonesii® MFLUCC 16-1442 NR152375 NG063625 KY211870 KY211872
Paraleptosphaeria macrospora CBS 114198 JF740238 - JF740305 -
Paraleptosphaeria nitschkei® CBS 306.51 JF740239 - JE740308 -
Paraleptosphaeria rubi® MFLUCC 14-0211 KT454726 KT454733 KT454718 -
Paraphoma radicina CBS 111.79 NR156556 EU754092 EU754191 KF253130
Plenodomus pimpinellae CBS 101637 JF740240 - JF740309 -
Plenodomus guttulatus MFLUCC 151876 KT454721 KT454729 KT454713 -
Plenodomus salviae MFLUCC 130219 KT454725 KT454732 KT454717 -
Pseudoleptosphaeria etheridgei” CBS 125980 NR111620 - MH875320 -
Sphaerellopsis macroconidiale CBS 658.78 KP170659 - KP170727 KP170684
Sphaerellopsis hakeae CPC 29566 NR155859 - KY173555 -
Sphaerellopsis paraphysata CPC 21841 NR137956 - - -
Subplenodomus valerianae CBS 630.68 JE740251 KY554199 GU238150 -
Subplenodomus violicola® CBS 306.68 FJ427083 GU238231 GU238156 -
Subplenodomus galicola® MFLU 15-1863 NR154454 - KY554199 -

CBS: Centraalbureau voor Schimmelcultures, Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; JZB: Beijing Academy of
Agricultural and Forestry Sciences; MFLU: Mae Fah Luang University Herbarium; MFLUCC: Mae Fah Luang University Culture Collection
2Sequence data from Dayarathne et al. (2015) and Tennakoon et al. (2017).

(JZB3400003), ibid., LC45 (JZB3400004). Living cultures
are not available.

Notes: Heterosporicola beijingense isolated from
Chenopodium quinoa resembles H. chenopodii and H.
dimorphospora (Van der Aa and van Kesteren, 1979,
de Gruyter et al., 2013). To support establishment of
the new taxon as per the guidelines of Jeewon and
Hyde (2016), we examined the nucleotide differences

within the ITS and TEF regions. ITS base pair differ-
ences between H. beijingense and H. chenopodii were
6.5% (36 out of 550bp), and 6.9% (38 out of 550 bp)
between H. beijinense and H. dimorphospora. The TEF
base pair difference between H. beijingense and H.
chenopodii was 2.3% (23 out of 895bp), but there were
no TEF data generated from H. dimorphospora for
comparison.
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Figure 1. Chenopodium quinoa leaf spots. a-b, Diseased plants in the field. ¢, Closeup of a diseased plant. d—e, Closeup of a diseased leaf (e,
upper surface, d, lower surface). Scale bars: = 1 cm.
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la beijingense JZB3400001
la beijingense JZB3400002
la beijingense JEZB3400003
cola beijingense YZB3400004
chenopodii CBS 115.96
chenopodii CBS 448.68
hospora CBS 345.78
phospora CBS 165.78

tosphaeria doliofum CBS 505.75
sphaeria dolislum MFLUCC 15-1875
prosphaeria ebuli MFLUCC 14-0828
haeria conoidea CBS 616.75

diffusae MFLUCC 14-0992
rus MFLU 15-2237

oma radicina CBS 111.79
Out-gro
psis glaucopunciata MFLUCC 13-0265

Figure 2. Maximum Likelihood tree generated by RAXML based
on combined LSU, SSU, ITS and TEF sequence data from taxa of
Leptosphaeriaceae. Bootstrap support values for ML 265% and
Bayesian posterior probabilities >0.95 are given above each branch.
Newly generated strains are in blue bold and ex-type sequences are
in bold black.

DISCUSSION

Heterosporicola species have been reported as path-
ogens on Chenopodium species (Boerema, 1997; De
Gruyter et al., 2013 Alves et al., 2013). Among two pre-
viously reported Heterosporicola species, H. dimorphos-
pora is a parasite on species of Chenopodium in North-
and South-America (van der Aa and van Kesteren,
1979). In some parts of South America, this fungus
causes eye-shaped stem lesions on Chenopodium qui-
noa (van der Aa and van Kesteren, 1979). Heterospori-
cola chenopodii (= Phoma variospora) is a very common
pathogen on species of Chenopodium in Europe. On
account of the septate macroconidia in vivo, H. cheno-
podii is sometimes confused with Ascochyta caulina.

Rashika S. Brahmanage et alii

Figure 3. Heterosporicola beijingense on Quinoa leaves (JZB3400001
holotype). a-c, Pycnidia on leaf surface. d—e, Conidial contacts. f,
Conidia. Scale bars: a = 100 um, b = 500 pm, ¢ = 200 pm, d-f = 10 pm.

Heterosporicola is closely related to Subplenodomus. No
sexual morph is known for Heterosporicola (De Gruyter
et al., 2013).

The new species reported here, H. beijingense, pro-
duces “bird eye-like yellowish brown to reddish brown
spots in characteristic circular arrangements on living
Chenopodium quinoa leaves. However, Heterosporicola
chenopodii produces pale yellowish brown or whitish leaf
spots with narrow purplish-brown borders mostly on C.
album, while H. dimorphospora formed pale brown leaf
spots or eye-shaped lesions on stems especially on C.
quinoa (Boerema et al., 1997).

Morphological differences between H. beijingense, H.
chenopodii and H. dimorphospora are described in Table
2, and it is clear that these three species differ from one
another in conidiomata, conidiogenous cell and conidium
dimensions. The other two Heterosporicola species produce
two types of conidia (macro- and micro-conidia). Howev-
er, we did not observe macroconidia in H. beijingense.

We could not obtain axenic cultures for this species
on PDA and MEA or oatmeal agar (OA), either by single
spore isolation or tissue isolation methods. However, H.
chenopodii and H. dimorphospora are known from cul-
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Table 2. Morphological comparison of Heterosporicola species.

225

Size (um)
Species name Conidiomata ~ Conidiomatal Conidiogenous 5 References
. Conidia
width wall cells
.. . Macroconidia 15-20(-27) x (3-)3.5-4.5, van der Aa and
H. chenopodii 100-550 wide 6-14 4-10 Microconidia 3-6 x 1.2-1.7 van Kesteren (1979)
. 80-200 seldom up Macroconidia 16.2-22.5(25) x 3.8- 4.5(7) van der Aa and
H. dimorphospora to 300 wide 10-25 3-8 Microconidia 4.2-5.0 x 2-2.5 van Kesteren (1979)
H. beijingense 200-600 wide 15-60 4-8 x 4- Macroconidia not observed This study

Microconidia 3.8-4.4 x 1.4-2.1

tures on different media including PDA and OA (Boer-
ema et al., 1997). Heterosporicola beijingense may have
specific growth requirements for macroconidium pro-
duction.

This study focused on identifying fungal species
associated with leaf spots on quinoa, and confirmation
of their identity. Data were not collected to estimate
disease severity, incidence and pathogenicity of Hetero-
sporicola beijingense. Pathogenicity experiments, disease
severity and incidence evaluations with appropriate field
trials are recommended to confirm the pathogenicity of
this species.
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Summary. Vaccinium spp. are cultivated worldwide due to their important commer-
cial value and fruit health benefits. However, the increasing global trade of berries
and plants has resulted in major incidence of the diseases related to this crop. Stem
blight and dieback associated with different fungal pathogens are the most common
symptoms observed, and represent serious threats to blueberry production. Surveys
were conducted in highbush blueberry orchards in Cuneo province, Northern Italy,
to assess the fungal species diversity associated with stem blight and dieback. A total
of 38 isolates were collected from symptomatic plants of the cultivars ‘Last Call, ‘Blue
Ribbon’ and “Top Shelf’. Four fungal species were identified through multi-locus typ-
ing and morphological characters: Neofusicoccum parvum, Diaporthe rudis, Cadophora
luteo-olivacea and Peroneutypa scoparia. Molecular analyses included three different
genomic regions: ITS, tub2, and tefl. Pathogenicity tests showed that all four species
were pathogenic to blueberry plants. Neofusicoccum parvum was the most aggressive
species. The present study increases understanding of the fungi associated with blue-
berry stem blight and dieback, providing preliminary knowledge for further studies on
disease epidemiology and management strategies. This is the first report worldwide of
P. scoparia and C. luteo-olivacea on Vaccinium corymbosum, as well as the first report
of D. rudis on blueberry in Italy.

Keywords. Vaccinium corymbosum, multi-locus typing, Neofusicoccum, Diaporthe,
Cadophora, Peroneutypa.

INTRODUCTION

Cultivated highbush blueberry (Vaccinium corymbosum L., Ericaceae) is a
woody deciduous shrub native to North America. Blueberry is an economi-
cally important crop, grown in Argentina, Australia, Canada, Chile, China,
Europe, Mexico, Morocco, New Zealand, Peru, and USA (FAOSTAT 2019).
In Europe, the first plantation of this crop was reported in The Netherlands,
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and this region is currently one of the major producers
together with Spain, Portugal, Poland, Germany, UK,
France and Italy (Retamales and Hancock, 2018). In Ita-
ly, blueberry production has been considerably increased
since 2010 to 2018, due to adoption of modern agricul-
tural practices and new cultivars able to adapt to diverse
pedoclimatic conditions. Total annual production in Ita-
ly is 1,675 tonnes of berries (FAOSTAT 2019). The most
important blueberry production areas in this country
are Trentino Alto Adige, Veneto and Piedmont (Bra-
zelton, 2011). In total, 1,143 ha are cultivated with blue-
berry, and more than half of this amount (633 ha) are in
Piedmont (FAOSTAT 2019).

The berries are highly considered in the food and
pharmaceutical industries due to their content of ben-
eficial nutrients (Nestby et al., 2011) and bioactive com-
pounds such as antioxidants (Norberto et al., 2013).
Thus, this crop has received high attention (Ma et al.,
2018) leading to intercontinental movement of plant
material associated with human activities and global
changes, resulting in an increased spread of diseases in
new cultivation areas (Polashock et al., 2017; Hilario et
al., 2020a,b).

The most common disease symptoms observed in
blueberry plantations consist of stem blight and die-
back, associated with the presence of fungal pathogens
(Lombard et al., 2014; Pérez et al., 2014; Xu et al., 2015;
Cardinaals et al., 2018; Tennakoon et al., 2018; Scarlett
et al., 2019; Hilario et al., 2020b), which limit the longev-
ity of blueberry plants and reduce their fruit yields (Elfar
et al., 2013). These blight and dieback symptoms have
been associated with several fungal species belonging to
Botryosphaeria, Diaporthe, Neofusicoccum, Neopestalo-
tiopsis, and Phoma-like genera (McDonald and Eskalen,
2011; Lombard et al., 2014; Pérez et al., 2014; Xu et al.,
2015; Cardinaals et al., 2018; Tennakoon et al., 2018;
Scarlett et al., 2019; Hilério et al., 2020Db).

Blueberry stem blight and dieback can be divided
into three groups: Botryosphaeria, Fusicoccum and Pho-
mopsis cankers. Botryosphaeria stem canker is mainly
related to Botryosphaeria corticis, while B. dothidea is
commonly known as the causal agent of Botryosphaeria
stem blight (Polashock et al., 2017). However, among the
Botryosphaeriaceae, different species have been reported
in association with highbush blueberry stem cankers
and dieback. These include Botryosphaeria corticis, B.
dothidea, Diplodia seriata, Lasiodiplodia theobromae,
Neofusicoccum arbuti, N .australe, N. luteum, N. non-
quaesitum, N. parvum, and N. ribis (Phillips et al., 2006;
Wright and Harmon, 2010; Pérez et al., 2014; Xu et al.,
2015). Fusicoccum canker, also known as Godronia can-
ker, is caused by Godronia cassandrae f. sp. vaccinii (syn-
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onym Fusicoccum putrefaciens), which has been report-
ed to cause severe losses in North America and Europe
(Stremeng and Stensvand, 2011).

Phomopsis canker is caused by Phomopsis vaccinii,
known as Diaporthe vaccinii after the abolition of the
dual nomenclature (Schoch et al., 2012; Lombard et al.,
2014). In Europe, D. vaccinii has been reported in Lithu-
ania, Romania, United Kingdom, Latvia and the Neth-
erlands and is included in the EPPO A2 list (Lombard
et al., 2014; Cardinaals et al., 2018). However, several
other Diaporthe spp. have been detected on blueberry
bushes, causing twig blight, stem cankers and fruit rot.
Diaporthe eres has been reported in Croatia (Ivi¢ et al.,
2018), and in the Netherlands with D. rudis (Lombard
et al., 2014), while D. ambigua, D. australafricana, D.
foeniculina and D. passiflorae have been found in Chile
(Latorre et al., 2012; Elfar et al., 2013). Lombard et al.
(2014) described D. asheicola, D. baccae, and D. sterilis
as new species associated with wood diseases of blueber-
ry plants from Chile and Italy.

Fungal species in Botryosphaeriaceae and Diaporthe
are well known as endophytic, latent and woody patho-
gens on a wide range of host plants (Xu et al., 2015;
Marsberg et al.,, 2017; Marin-Felix et al., 2017). The
endophytic phase could persist until stressful conditions
for plant growth arise, after which symptoms can occur
(Slippers and Wingfield, 2007). Due to this behaviour,
these pathogens are often not detected by quarantine
systems (Marsberg et al., 2017). Different fungal species
could also coexist on the same host, so disease diagnoses
based on symptoms or on fungal morphological traits
are not reliable (Michalecka et al., 2017). A multigene
approach to phylogenetic analyses is needed to obtain
a high level of confidence in pathogen identifications
(Elfar et al., 2013; Lombard et al., 2014).

During the spring of 2019, stem blight and dieback
symptoms were observed in several blueberry orchards
in Piedmont, Northern Italy. The present study aimed
to: (i) assess the fungal species diversity associated with
stem blight and dieback using molecular and phyloge-
netic tools; (ii) establish morphological analyses of the
species identified and determine the average growth rate
at different temperatures; and (iii) test the pathogenicity
of the species obtained to compare their virulence and
to fulfil Koch’s postulates.

MATERIALS AND METHODS

Field sampling and fungal isolation

Surveys were carried out from March to September
2019, in four blueberry plantations in Lagnasco (CN),
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Piedmont, Northern Italy. Samples from symptomatic
plants of ‘Last Call’, ‘Blue Ribbon’ and “Top Shelf” were
collected from wilted stems and branches and canker
lesions. Disease incidence (DI) was assessed on approx.
60 plants in each of the four orchards in June, and the
average percentage of symptomatic and dead plants was
determined. Ten symptomatic plants were collected
from each orchard. All the investigated plantations were
covered by anti-hail nets, and represented high relative
humidity levels up to 78%. The wood samples (5-10 mm)
were surface sterilised in 70% ethanol for 1 min, rinsed
in sterile distilled water (SDW) for 1 min, and then
dried on sterile absorbent paper. Small fragments (2-3
mm) were cut from the edges of healthy and necrotic tis-
sues and plated on potato dextrose agar (PDA, Oxoid)
amended with 100 ug mL™! of streptomycin sulphate
(PDA-S, Sigma-Aldrich). The plates were incubated at 25
+ 1°C under a 12 h photoperiod. Following 48 to 72 h of
incubation, mycelium plugs from the margins of result-
ing colonies were placed on new PDA plates. After 5 d,
pure cultures were established from single hyphal tip
transfers.

A total of 38 isolates were obtained and used for
molecular characterization (Table 1). Stock cultures of
these isolates are kept at -80°C in the AGROINNOVA
Centre of Competence (University of Torino) culture
collection, Torino, Italy.

DNA extraction, polymerase chain reaction (PCR) amplifi-
cation, and sequencing

For all fungal isolates, total DNA was extracted from
0.1 g of mycelium grown on PDA, using the E.Z.N.A°
Fungal DNA Mini Kit (Omega Bio-Tek), following the
manufacturer’s instructions. Species identification was
achieved through DNA amplification and sequencing
of a combined dataset of genes: the nuclear ribosomal
internal transcribed spacer (ITS) region, and partial
regions of the P-tubulin (fub2) and translation elonga-
tion factor-la (fefI) genes. ITS region of each isolate was
amplified using the universal primers ITS1 and ITS4
(White et al., 1990). The primers EF1-728F and EF1-
986R (Carbone and Kohn, 1999) were used to amplify
part of the tefl gene in isolates identified as Neofusicoc-
cum spp. (Marin-Felix et al., 2017), Diaporthe spp., and
Cadophora spp. (Marin-Felix et al., 2019). The primers
T1 and Bt2b (Glass and Donaldson, 1995; O’Donnell
and Cigelnik, 1997) were used to amplify the partial
tub2 gene in isolates identified as Neofusicoccum spp.
(Marin-Felix et al., 2017), Diaporthe spp. (Guarnaccia et
al., 2018; Marin-Felix et al., 2019), and Peroneutypa spp.
(Carmaran et al., 2006). The PCR amplification mix-

tures and cycling conditions adopted for all three loci
were followed as described in each of the cited referenc-
es (above). An amount of 5 pL of PCR product for each
PCR reaction was examined by electrophoresis at 100V
on 1% agarose (VWR Life Science AMRESCO® bio-
chemicals) gels stained with GelRedTM. PCR products
were sequenced in both directions by Eurofins Genom-
ics Service (Ebersberg). The DNA sequences generated
were analysed and consensus sequences were computed
using the program Geneious v. 11.1.5 (Auckland, New
Zealand).

Phylogenetic analyses

New sequences obtained in this study were blasted
against the NCBI's GenBank nucleotide database to
determine the closest relatives for a taxonomic frame-
work of the studied isolates. Alignments of different
gene regions, including sequences obtained from this
study and sequences downloaded from GenBank, were
initially performed with the MAFFT v. 7 online server
(http://maftt.cbre.jp/alignment/server/index.html) (Katoh
and Standley 2013), and then manually adjusted in
MEGA v. 7 (Kumar et al., 2016).

An initial phylogenetic analysis was conducted using
38 ITS sequences of isolates collected in this study and
38 reference strains deposited in GenBank (Table 1), to
give an overview of genus identification. The analysis
included sequences from 76 isolates spanning the differ-
ent genera selected on the preliminary results provided
by BLAST analysis and one outgroup taxon (Colletotri-
chum gloeosporioides ICMP 17821). To then distinguish
the isolates at species level, a subset of representative
isolates was selected based on the results of the over-
view ITS analysis, and was processed through different
phylogenetic analyses conducted individually for each
locus (data not shown) and as multilocus sequence anal-
yses using the following locus combinations: ITS, fefl
and tub2 for members of Neofusicoccumn and Diaporthe
(Marin-Felix et al., 2017; 2019); I'TS and tub2 for mem-
bers of Peroneutypa and close species of the Diatrypace-
ae (Trouillas et al., 2010; 2011); and ITS and fefI for iso-
lates related to Cadophora (Travadon et al., 2015). The
ex-type strain of Diplodia seriata (CBS 110875; Marin-
Felix et al., 2017) was used as the outgroup for the analy-
sis of Neofusicoccum spp., and Diaporthella corilina (CBS
121124; Marin-Felix et al., 2019) was used as outgroup
for Diaporthe spp. Liberomyces pistaciae (CBS 144225;
Vitale et al., 2018), was used as the outgroup for Dia-
trypaceae, and Neofusicoccum parvum (CBS 110301;
Travadon et al., 2015) were used as the outgroup for
Cadophora spp. The phylogenies were based on Bayesian
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Table 1. Collection details and GenBank accession numbers of isolates included in this study.

Vladimiro Guarnaccia et alii

Genbank accession number?

Species Isolate code! Country Host
ITS tub2 tef1
Cadophora fastigiata CBS 307.49"  Sweden - AY249073 KM497131 KM497087
Cadophora finlandica CBS 444.86"  Finland - AF486119 KM497130 KM497086
Cadophora luteo-olivacea ~ CBS 128571  Spain Vitis vinifera HQ661085 - HQ661070
CBS 128576 Spain Vitis vinifera HQ661092 - HQ661077
CBS 141.417  Sweden . AY249066 KM497133 KM497089
CVG 650* Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261874 - MT293544
CVG 651 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261875 - -
CVG 652 Italy Vaccinium corymbosum ‘Blue Ribbon' MT261876 - MT293545
CVG 653 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261877 - -
CVG 654 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261878 - MT293546
CVG 655 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261879 - -
Cadophora malorum CBS 165.427  Netherlands ~ Amblystoma mexicanum AY249059 KM497134 KM497090
Cadophora novi eboraci CBS 101359 TItaly Actinidia chinensis DQ404350 KM497135 KM497092
NYC13 USA Vitis vulpina KM497036 KM497117 KM497073
Cadophora melini CBS 268.33T  Sweden - AY249072 KM497132 KM497088
U1l USA Vitis vinifera ‘Sangiovese’ KM497032 KM497113 KM497069
Cadophora orientoamericanaNYC11 USA Vitis vinifera ‘Chardonnay’ KM497024 KM497105 KM497061
NYC3 USA Vitis labruscana ‘Concord’ KM497021 KM497102 KM497058
Cadophora spadicis CBS111743 Italy Actinidia chinensis DQ404351 KM497136 KM497091
Cryptosphaeria subcutanea CBS 240.87 Norway Salix borealis KT425232 KT425167 -
Diaporthella corylina CBS 121124"  China Corylus KC343004 KC343972 KC343730
Diaporthe acaciigena CBS 129521 Australia Acacia retinoges KC343005 KC343973 KC343731
Diaporthe ampelina CBS 114016"  France Vitis vinifera AF230751 JX275452 GQ250351
Diaporthe amygdali CBS 126679T  Portugal Prunu dulcis KC343022 KC343990 KC343748
Diaporthe arecae CBS 535.75 Suriname Citrus sp. KC343032 KC344000 KC343758
Diaporthe australfricana CBS 111886  Australia Vits vinifera KC343038 KC344006 KC343764
Diaporthe baccae CBS 136972"  Italy Vaccinium corymbosum KJ160565 MF418509  KJ160597
Diaporthe carpini CBS 114437  Sweden Carpinus betulus KC343044 KC344012 KC343770
Diaporthe citri CBS 135422 USA Citrus sp. KC843311 KC843187 KC843071
Diaporthe eres CBS 116953  New Zeland  Pyrus pyrifolia KC343147 KC344115 KC343873
CBS 138594 Germany Ulmus laevis KJ210529  KJ420799  KJ210550
Diaporthe notophagi BRIP 54801T  Australia Notophagus cunninghamii JX862530  KF170922  JX862536
Diaporthe perjuncta CBS 109745"  Austria Ulmus glabra KC343172 KC344140 KC343898
Diaporthe phaseolorum CBS 127465  New Zeland  Actinidia chinensis KC343174 KC344142 KC343900
Diaporthe rudis CBS 113201  Portugal Vits vinifera KC343234 KC344202 KC343960
CBS 114436 Sweden Sambucus cf. racemosa KC343236  KC344204 KC343962
CBS 114011  Portugal Vitis vinifera KC343235 KC344203 KC343961
CBS 266.85 Netherlands ~ Rosa rugosa KC343237 KC344205 KC343963
CVG 658* Italy Vaccinium corymbosum ‘Last Call’ MT261894 - -
CVG 659 Italy Vaccinium corymbosum ‘Last Call’ MT261895 MT293528 MT293536
CVG 660 Italy Vaccinium corymbosum ‘Last Call’ MT261896 MT293529 MT293537
CVG 661 Italy Vaccinium corymbosum ‘Last Call’ MT261897 MT293530 MT293538
CVG 662 Italy Vaccinium corymbosum ‘Last Call’ MT261898 MT293531 MT293539
Diaporthe sterilis CBS 1369697 Ttaly Vaccinium corymbosum KJ160579  KJ160528  KJ160611
Diaporthe toxica CBS 594.937  Australia Lupinus angustifolis KC343220 KC344188 KC343946
Diaporthe vaccinii CBS 160.32T  USA Vaccinium macrocarpon AF317578 KC344196 GQ250326

(Continued)
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Genbank accession number?

Species Isolate code! Country Host
ITS tub2 tefl
CBS 118571 USA Vaccinium corymbosum KC343223 KC344191 KC343949
CBS 122114 USA Vaccinium corymbosum KC343225 KC344193 KC343951
Diatrype stigma DCASH200 USA Quercus sp. GQ294003  GQ293947 -
Diatrypella atlantica HUEFS 194228 Brazil - KR363998 KM396615 -
Diatrypella pulvinata CBS 181.97 Netherlands ~ Quercus robur - AJ302443 -
Diplodia seriata CBS 110875  South Africa  Vitis vinifera AY343456 KX464827 KX464592
Eutypa cremea CBS 120837  South Africa  Prunus salicina KY752762 KY752791 -
Eutypa lata ADSC300 Australia Schinus molle var. areira HQ692610 HQ692493 -
CBS 121430  South Africa  Prunus armeniaca KY752766  KY752794 -
EPI8 a;vlvessouth Vitis vinifera HQ692611  HQ692501 -
SACEAO01 Australia Ceanothussp. HQ692615 HQ692499 -
Eutypa leptoplaca ADFIC100 Australia Ficus macrophylla HQ692608 HQ692485 -
Eutypa maura CBS 219.87 Switzerland Acer pseudoplatanus AY684224 DQO006967 -
Eutypa tetragona CBS 284.87 France Sarothamnus scoparius DQ006923 DQ006960 -
Eutypella cerviculata CBS 221.87 Switzerland Alnus glutinosa AJ302468 - -
Eutypella citricola STEU 8098 South Africa  Vitis vinifera KY111634 KY111588 -
Eutypella microtheca STEU 8107 South Africa  Vitis vinifera KY111629 KY111608 -
Eutypella vitis MSUELMI13  USA Vitis vinifera DQO006943 DQ006999 -
Liberomyces pistaciae CBS 144225  Ttaly Pistacia vera MH797562 MH797697 -
Neofusicoccum algeriense ~ CBS 137504  Mexico Rubus idaeus KJ657702 - KJ657715
Neofusicoccum arbuti CBS 1161317 USA: . Arbutus menziesii AY819720 KF531793  KF531792
Washington
Neofusicoccum australe CBS 139662"  Australia Acacia sp. AY339262 AY339254  AY339270
CBS 121115 South Africa  Prunus persica EF445355 KX464948  EF445386
Neofusicoccum batangarum CBS 124924"  Cameroon Terminalia catappa FJ900607 FJ900634 FJ900653
Neofusicoccum cryptoaustraleCBS 122813 South Africa  Eucalyptus sp. FJ752742  FJ752756  FJ752713
Neofusicoccum italicum llvg(];;'(])gs Italy Vitis vinifera KY856755 - KY856754
N er usicoceunm CBS 102.177  USA: Florida  Carya illinoensis KX464169 KX464964 KX464686
wambonambiense
Neofusicoccum luteum CBS 562.92T  New Zealand  Actinidia deliciosa KX464170 KX464968 KX464690
Neofusicoccum mangiferae  CBS 118532 Australia Mangifera indica AY615186 AY615173 DQ093220
Neofuszcaccum CBS 121718"  Greece Eucalyptus sp. GU251176 - GU251308
mediterraneum
Neofusicoccum parvum CBS 123650  South Africa  Syzygium cordatum KX464182 KX464994 KX464708
CMW 90817 New Zealand  Populus nigra AY236943  AY236917 AY236888
CVG 444* Italy Vaccinium corymbosum ‘Top Shelf”  MT261980 MT293532 MT293540
CVG 445 Italy Vaccinium corymbosum “Top Shelf”  MT261981 - -
CVG 446 Italy Vaccinium corymbosum “Top Shelf”  MT261982 - -
CVG 642 Italy Vaccinium corymbosum “Top Shelf”  MT261983 MT293533 MT293541
CVG 643 Italy Vaccinium corymbosum “Top Shelf”  MT261984 - -
CVG 644 Italy Vaccinium corymbosum ‘Top Shelf”  MT261985 - -
CVG 645 Italy Vaccinium corymbosum “Top Shelf”  MT261986 - -
CVG 646 Italy Vaccinium corymbosum ‘Top Shelf”  MT261987 - -
CVG 647 Italy Vaccinium corymbosum ‘“Top Shelf”  MT261988 MT293534 MT293542
CVG 648 Italy Vaccinium corymbosum “Top Shelf”  MT261989 - -
CVG 649 Italy Vaccinium corymbosum “Top Shelf”  MT261990 - -

(Continued)
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Table 1. (Continued).

Genbank accession number?

Species Isolate code! Country Host
ITS tub2 tefl
CVG 656 Italy Vaccinium corymbosum “Top Shelf®  MT261991 - -
CVG 657 Italy Vaccinium corymbosum ‘“Top Shelf”  MT261992 MT293535 MT293543
Neofusicoccum pistaciarum CBS 113083T  USA, California Pistacia vera KX464186 KX464998 KX464712
Neofusicoccum protearum ~ CBS 114176~ South Africa  Leucadendron laureolum AF452539 KX465006 KX464720
Neofusicoccum CBS 1108647  South Africa  Vitis vinifera AY343407 KX465047 AY343348
stellenboschiana
CBS 121116 South Africa  Prunus armeniaca EF445356  KX465049  EF445387
Neofusicoccum terminaliae  CBS 125264 South Africa  Terminalia sericea GQ471804 KX465053 GQ471782
Neofusicoccum vitifusiforme CBS 110887  South Africa  Vitis vinifera AY343383 KX465061 AY343343
Peroneutypa alsophila CBS 250.87 France Arthrocnemum fruticosum AJ302467 - -
Peroneutypa curvispora HUEFS 136877 Brazil - KM396646 - -
Peroneutypa diminutiasca ?/;FZLESC Thailand - MG873479 MH316765 -
Peroneutypa diminutispora  HUEFS 192196 Brazil - KM396647 - -
Peroneutypa kochiana F-092, 373 Spain Atriplex halimus AJ302462 - -
. MFLUCC .
Peroneutypa longiasca 17-0371 Thailand - MF959502 - -
Peroneutypa mackenziei Il\/él_:(l; (};(;C Thailand - KY283083 KY706363 -
Peroneutypa rubiformis II\/S;ELCZIC Thailand - MG873477 MH316763 -
Peroneutypa scoparia CBS 242.87 France Robinia pseudoacacia AJ302465 - -
DFMALI100 France Robinia pseudoacacia GQ293962 GQ294029 -
MFLUCC .
17-2143 Thailand - MG873478 MH316764 -
CVG 561* Ttaly Vaccinium corymbosum ‘Blue Ribbon’ MT261914 MT293522 -
CVG 562 Italy Vaccinium corymbosum ‘Blue Ribbon' MT261915 MT293523 -
CVG 563 Italy Vaccinium corymbosum ‘Blue Ribbon” MT261916 MT293524 -
CVG 564 Italy Vaccinium corymbosum ‘Blue Ribbon' MT261917 - -
CVG 565 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261918 - -
CVG 566 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261919 - -
CVG 567 Italy Vaccinium corymbosum ‘Blue Ribbon” MT261920 - -
CVG 568 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261921 - -
CVG 569 Ttaly Vaccinium corymbosum ‘Blue Ribbon®  MT261922 - -
CVG 570 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261923 MT293525 -
CVG 571 Italy Vaccinium corymbosum ‘Blue Ribbon” MT261924 MT293526 -
CVG 572 Ttaly Vaccinium corymbosum ‘Blue Ribbon’  MT261925 MT293527 -
CVG 580 Italy Vaccinium corymbosum ‘Blue Ribbon’ MT261926 - -
CVG 581 Ttaly Vaccinium corymbosum ‘Blue Ribbon' MT261927 - -

! BRIP: Plant Pathology Herbarium, Department of Primary Industries, Dutton Park, Queensland, Australia; CBS: Westerdijk Fungal Biodi-
versity Institute, Utrecht, the Netherlands; CMW: Tree Pathology Co-operative Program, Forestry and Agricultural Biotechnology Institute,
University of Pretoria, South Africa; CVG: AGROINNOVA, Grugliasco, Torino, Italy; HUEFS Herbarium of the State University of Feira de
Santana; MFLUCC: Mae Fah Luang University Culture Collection, Chiang Rai, Thailand; STEU: University of Stellenbosch, Stellenbosch,
South Africa. The strains named ADSC300, DCASH200, DFMAL100, EP18, MSUELM13, NYCs, SACEAO01 and U11 were reported on fur-
ther studies (Trouillas ef al., 2010, 2011; Travadon et al., 2015; Moyo et al., 2018). Ex-type and ex-epitype cultures are indicated with ™.

2 ITS: internal transcribed spacers 1 and 2 together with 5.8S nrDNA; fub2: beta-tubulin gene; tefl: translation elongation factor 1-a gene.
Sequences generated in this study indicated in italics.

* Isolates used for phenotypic characterization and pathogenicity test.



Fungal pathogens associated with stem blight and dieback of blueberry in northern Italy 235

Inference (BI) and Maximum Parsimony (MP) for the
multi-locus analyses. For BI, the best evolutionary model
for each partition was determined using MrModeltest v.
2.3 (Nylander, 2004) and incorporated into the analyses.
MrBayes v. 3.2.5 (Ronquist et al., 2012) was used to gen-
erate phylogenetic trees under optimal criteria per parti-
tion. The Markov Chain Monte Carlo (MCMC) analysis
used four chains and started from a random tree topol-
ogy. The heating parameter was set at 0.2 and trees were
sampled every 1,000 generations. Analyses stopped when
the average standard deviation of split frequencies was
below 0.01. The MP analyses were performed using Phy-
logenetic Analysis Using Parsimony (PAUP) v. 4.0b10
(Swofford, 2003). Phylogenetic relationships were esti-
mated by heuristic searches with 100 random addition
sequences. Tree bisection-reconnection was used, with
the branch swapping option set on ‘best trees’, with all
characters weighted equally and alignment gaps treated
as fifth state. Tree length (TL), consistency index (CI),
retention index (RI) and rescaled consistence index (RC)
were calculated for parsimony, and the bootstrap analy-
ses (Hillis and Bull, 1993) were based on 1,000 replica-
tions. Sequences generated in this study were deposited
in GenBank (Table 1).

Phenotypic characterization

Agar plugs (5 mm diam.) of representative strains
(CVG 444 - N. parvum, CVG 658 - D. rudis, CVG 561
- P. scoparia, and CVG 650 - C. luteo-olivacea) were
taken from the edges of actively growing cultures on
PDA-S and transferred onto the centre of 9 cm diam.
Petri dishes containing 2% water agar supplement-
ed with sterile pine needles (PNA; Smith et al., 1996),
PDA, malt extract agar (MEA; Oxoid), or synthetic
nutrient-poor agar (SNA, Leslie and Summerell, 2006),
then incubated at 20-21°C under a 12 h photoperiod to
induce sporulation. Colony characters were observed
after 10 d, and culture colours were determined
(Rayner, 1970). Cultures were examined periodically
for the development of conidiomata. Conidium charac-
teristics were examined by mounting fungal structures
in SDW, and the lengths and widths of 30 conidia were
measured for each isolate using a light microscope at
x400 magnification. The average and standard devia-
tions of conidium dimensions were calculated. Isolate
growth rates were determined on PDA plates incubat-
ed in the dark at 25°C. Three plates were used for each
isolate. After 5 d, radii of colonies were measured, and
mean radii were calculated to determine the growth
rates for each isolate.

Pathogenicity tests

Pathogenicity tests with four species (N. parvum, D.
rudis, C. luteo-olivacea and P. scoparia) were performed
to evaluate Koch’s postulates. Four representative strains
of each species (Table 1) were used to inoculate potted
1-y-old healthy blueberry plants (‘Duke’). Three plants
were inoculated with one isolate for each species. For
each inoculation, a sterile scalpel was used to cut a piece
of the bark tissue exposing the cambium. Each plant was
wounded at five points. Mycelium plugs (5 mm diam.)
were taken from 10-d-old cultures on PDA and placed
with the mycelium in contact with the internal plant
tissues. Each inoculation point was wrapped with Para-
film®. The same number of plants were treated with ster-
ile PDA discs as inoculation controls.

The plants were placed in a growth chamber at 24°C
for 3 weeks. After this period, the lengths of lesions
developed on the internal woody tissues were measured
after removing the bark. Fifteen d after inoculation, the
symptom severity (SS) associated with each inoculat-
ed species was evaluated as the length of wood lesions
induced. The shoots were cut and the bark peeled off
and the lengths of vascular discolouration were meas-
ured upward and downward from the inoculation points.
Small portions (0.5 cm) of symptomatic tissue from the
edge of shoot lesions were placed onto PDA to re-isolate
the fungal species, and these were identified based on
their colony characteristics and ITS sequencing. This trial
was conducted twice and each trial was considered a rep-
licate. Because no normal distribution was observed in
the lesion dimension data, the Kruskal-Wallis non-para-
metric test (at P = 0.05) was performed to determine sig-
nificant differences among the strains. The data analysis
was conducted using SPSS software 26 (IBM Corporate).

RESULTS
Field sampling and fungal isolation

Symptoms of stem blight were observed on all the
surveyed blueberry plants, and cultivars, and in all the
orchards surveyed (Table 2). Plant stems with necrotic
internal tissues were observed. Dieback and death of
the plants occurred in all the orchards investigated (Fig-
ure 1). Symptoms were detected on young and mature
plants. DI of symptomatic plants was between 20% and
30% in the four sites. The proportions of dead plants
averaged 10%. Based on colony morphology, phyloge-
netic analyses, and conidium characteristics (see below),
Neofusicoccum parvum was isolated from ‘Top Shelf’
plants, Diaporthe rudis was isolated from ‘Last Call’, and
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Table 2. Origin of fungal isolates obtained from Vaccinium corymbosum.

Species Code Vaccinium corymbosum cv. Orchard/Locality
Cadophora luteo-olivacea CVG 650-655 Blue Ribbon Orchard 1/ Lagnasco (CN)
Diaporthe rudis CVG 658-662 Last Call Orchard 2/ Lagnasco (CN)
Neofusicoccum parvum CVG 444-446 Top Shelf Orchard 3/ Lagnasco (CN)
CVG 642-649 Top Shelf Orchard 4/ Lagnasco (CN)
CVG 656, CVG 657 Top Shelf Orchard 4/ Lagnasco (CN)
Peroneutypa scoparia CVG 561-572 Blue Ribbon Orchard 1/ Lagnasco (CN)

CVG 580, CVG 581

Blue Ribbon Orchard 1/ Lagnasco (CN)

Cadophora luteo-olivacea and Peroneutypa scoparia were
isolated from ‘Blue Ribbon’.

Phylogenetic analysis

The overview phylogenetic analysis of the 38 isolates
obtained from blueberry plants showed that six isolates
belonged to Cadophora, 13 isolates clustered in a clade
with Neofusicoccum spp., five formed a distinct, well-
supported, lineage with Diaporthe spp. The remaining 14
isolates grouped with Peroneutypa spp. in the clade with
other strains belonging to the Diatrypaceae (Figure 2).
The combined locus phylogeny of Neofusicoccum consist-
ed of 24 sequences, Diaporthe consisted of 28 sequences,
Cadophora of 18, and the Diatrypaceae of 32 sequences,
including outgroups. A total of 1,139 characters (ITS:
1-521, tefl: 528-732 and tub2: 739-1136) were included
in the Neofusicoccum phylogenetic analyses. A total of
1,373 characters (ITS: 1-563, tefl: 570-975 and tub2:
982-1373) were included in the Diaporthe phylogenetic
analyses. The analyses for the Cadophora group consisted
of 819 nucleotides (ITS: 1-499 and tefl: 506-819), and
the analyses of Diatrypaceae were based on a total of 974
characters (ITS: 1-593 and tub2: 600-974). A maximum
of 1,000 equally most parsimonious trees were saved, and
characteristics of the combined gene partitions used for
each phylogenetic analysis are reported in Table 3. Boot-
strap support values from the parsimony analysis were
plotted on the Bayesian phylogenies presented in Figures
2 to 6. For both of the Bayesian analyses, MrModeltest
recommended the models reported in Table 4. Unique
site patterns for each partition and all the parameters
of the Bayesian analyses are reported in Table 3. In the
Neofusicoccum species analysis, four isolates from symp-
tomatic Vaccinium plants clustered with the ex-type and
one reference strain of N. parvum (Figure 3), while the
final tree generated for Diaporthe showed that four iso-
lates grouped with four reference strains of D. rudis (Fig-
ure 4). Three isolates clustered with the ex-type and two

reference strains of C. luteo-olivacea (Figure 5), and six
isolates clustered as P. scoparia in the phylogenetic tree
from the analyses of the Diatrypaceae (Figure 6).

Phenotypic characterization

Morphological observations, supported by phyloge-
netic inference, were described for four known species.

Neofusicoccum parvum

Ten-d-old colonies on PDA (Figure 7A), and MEA,
were cottony with entire margins and dark to pale grey
aerial mycelium. On SNA, the colonies were powdery,
with dark to pale grey aerial mycelium. Colony reverse
sides were black to light grey and whitish on PDA (Fig-
ure 7B) and MEA, and greyish to white on SNA. Conid-
ia were hyaline, ellipsoidal with rounded apices and flat
bases, with dimensions of 17-19 x 4.2-6.4 um, mean *
SD =179 £ 0.6 x 5.3 + 0.6 um. The mean daily colony
growth rate at 25°C was 4.7 mm.

Diaporthe rudis

Ten-d-old colonies on PDA (Figure 7C), MEA and
SNA were flat and fluffy with entire margins and aerial,
white to pale grey mycelium. Colony reverse sides were
light buft with greyish to brown halos on PDA (Figure
7D), honey buff on MEA and white on SNA. Alpha-conid-
ia were hyaline, aseptate, smooth, biguttulate and ellipsoi-
dal, with subtruncate bases, with dimensions of 6.5-8.4
x 2-2.5 pm, mean = SD = 7.5 + 0.6 x 2.3 £ 0.2 um. The
mean daily colony growth rate at 25°C was 4.9 mm.

Cadophora luteo-olivacea

Ten-d-old colonies on PDA were flat and velvety with
smooth margins, and the mycelium was grey to white
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Figure 1. Natural dieback (A) and stem blight (B) of Vaccinium corymbosum ‘Blue Ribbon’ in the field, and a stem showing internal necrosis
in the wood of a cultivated plant of “Top Shelf” (C, D). Wilting and internal discolouration caused by inoculation of Diaporthe rudis (E, G),
and death of leaves and stems caused by Neofusicoccum parvum inoculation (E, H).
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Table 3. Parsimony and Bayesian analyses characteristics in this study.
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Overview tree  Neofusicoccum Diaporthe Cadophora Peroneutypa
Analysis
Locus(i) ITS ITS+tefl+tub2  ITS+tefl+tub2 ITS+tef1 ITS+tub2
Parsimony analysis Total sites 737 1,124 1,361 847 1,078
Constant sites 271 854 594 360 425
Variable sites 76 186 289 204 182
Parsimony Informative sites 390 84 478 283 471
Tree length 1,716 368 2,049 779 1,881
Consistency index 0.579 0.834 0.638 0.883 0.625
Retention index 0.924 0.850 0.757 0.934 0.809
Rescaled consistence index 0.535 0.709 0.483 0.825 0.505
Bayesian analysis ~ Unique site patterns of ITS 474 79 168 137 314
Unique site patterns of tefl - 79 286 176 -
Unique site patterns of tub2 - 54 184 - 251
Generation ran 770,000 490,000 1,150,000 1,620,000 390,000
Generated trees 1542 982 2302 3242 782
Sampled trees 1158 738 1728 976 588

(Figure 7G). Colonies on MEA were velvety, harbour-
ing fissures, with smooth margins, and grey mycelium.
Colonies on SNA were powdery, with light olivaceous
mycelium. Colony reverse sides were dark grey to white
on PDA (Figure 7H), buff honey on MEA and light oli-
vaceous on SNA. Conidia were hyaline, with up to three
guttules, ovoid or oblong ellipsoidal, with dimensions of
4-6.4 x 2-3 pm, mean + SD =54 + 0.9 x 2.4 = 0.4 um.
The mean daily colony growth rate at 25°C was 0.9 mm.

Peroneutypa scoparia

Ten-d-old colonies on PDA (Figure 7E) and MEA
were flat and fluffy with entire margins, and white to
grey aerial mycelium. Conidiomata were black on PDA
and MEA. Colony reverse sides were dark to light grey
on PDA (Figure 7F), dark brown to buff honey on MEA,
and white on SNA. Conidia were filiform and curved,
with dimensions of 10.5-13.8 x 1-1.5 um, mean + SD =
12.4 £ 1.3 x 1.2 £ 0.2 pum. The mean daily colony growth
rate at 25°C was 1.8 mm.

Pathogenicity

After 30 d, all of the isolates caused lesions on inoc-
ulated plants (Figure 8), which were similar to those
detected on the field-grown plants, and all the inocu-
lated fungi were re-isolated from plants on which they
were inoculated. The frequency of re-isolation was
between 90 and 95%. The identities of the respective
inoculated and re-isolated species were confirmed using

culture and molecular features, fulfilling Koch’s postu-
lates. Lesions and internal discolouration were observed
in correspondence to the inoculation points (Figure 7).
Neofusicoccum parvum was the most aggressive patho-
gen, causing necrotic lesions of average length 5.8 cm.
Diaporthe rudis caused less severe symptoms on shoots
(mean lesions length = 1.5 cm) than N. parvum, but
with lesion lengths significantly greater than the con-
trol plants. Cadophora luteo-olivacea and Peroneutypa
scoparia isolates were the least aggressive with mean
lesion lengths, respectively, of 0.9 cm and 0.8 cm. Weak
symptoms were observed on control plants (mean lesion
length = 0.2 cm), probably due to reaction to wounding.
The pairwise comparison obtained from the Kruskal-
Wallis test, showed significant differences (P < 0.05)
between the four isolates and the control. Comparison
of the isolates showed significant differences (P < 0.05),
except for the isolates CVG561 and CVG650 (P = 0.798).

DISCUSSION

Blueberry has been cultivated In Italy since the
1970, and is considered as a niche crop (Retama-
les and Hancock, 2018). Blueberries are included in
daily fresh fruit consumption, with annual produc-
tion of 1,675 tonnes (FAOSTAT 2019). Stem blight
and dieback could represent serious threats to this
crop. The present study is the first to investigate the
species diversity of fungal woody pathogens associ-
ated with stem blight and dieback of highbush blue-
berry in a major production area in Italy. During
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Figure 2. Consensus phylogram of 1,542 trees resulting from a Bayesian analysis of the ITS sequences of 38 fungus isolates collected in this
study (in red) and further reference strains. Bayesian posterior probability values and bootstrap support values are indicated at the nodes.

The tree was rooted to Colletotrichum gloeosporioides (ICMP 17821).

the surveys, the four fungi Neofusicoccum parvum,
Diaporthe rudis, Cadophora luteo-olivacea and Pero-
neutypa scoparia were found in association with blue-
berry stem blight and dieback in four different orchards.

Neofusicoccum parvum has been found in associa-
tion with blueberry canker and dieback in Asia, Europe,
South and North America, (Espinoza et al., 2009; Koike
et al., 2014; Xu et al., 2015; Scarlett et al., 2019; Hilario
et al., 2020b). In Italy, this fungus has been detected
on several fruit plant hosts, as an endophyte and latent
pathogen (Carlucci et al., 2013; Guarnaccia et al., 2016;
Riccioni et al., 2017; Aiello et al., 2020). In the present
study, N. parvum was the most aggressive when inocu-
lated on the blueberry ‘Duke’, which was used for the
pathogenicity tests as representative cultivar, because it
is the most cultivated worldwide. Neofusicoccum parvum

produced significant necrotic lesions, progressive discol-
ouration of the internal tissues, and death of inoculated
branches This confirms the high level of aggressiveness
of this fungus on blueberry, as has been reported previ-
ously (Espinoza et al., 2009; Xu et al., 2015; Scarlett et
al., 2019; Hilario et al., 2020b).

Diaporthe spp. are well known pathogens occur-
ring as pathogenic or harmless endophytes on blue-
berry (Latorre et al., 2012; Elfar et al., 2013; Cardinaals
et al., 2018; Hilario et al., 2020a), and on other host
plants (Guarnaccia et al., 2016; Battilani et al., 2018;
Guarnaccia et al., 2018; Guarnaccia and Crous, 2018;
Yang et al., 2018). According to Santos et al. (2017),
molecular tools and multilocus approaches should be
used for accurate resolution of species within Dia-
porthe. The present study analysed three sequence
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Figure 3. Consensus phylogram of 982 trees resulting from a Bayes-
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strap support values are indicated at the nodes. The tree was rooted
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Figure 4. Consensus phylogram of 2,302 trees resulting from a
Bayesian analysis of the combined ITS, tefl and tub2 sequences of
Diaporthe strains. Bayesian posterior probability values and boot-
strap support values are indicated at the nodes. The tree was rooted
to Diaporthella corylina (CBS 121124).

CBS 144225 Liberomyces pistaciae
STEU 8107 Eutypella microtheca
STEU 8098 Eutypella citricola
MSUELM13 Eutypella vitis
CBS 240.87 Cryptosphaeria subcutanea
CBS 219.87 Eutypa maura
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DCASH200 Diatrype stigma
0.85-! HUEFS 194228 Diatrypella atlantica
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EP18a

ADSC300 Evtypelaty
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MFLUCC 17.0371 Peroneutypa longiasca
MFLUCC 16.0072 Peroneutypa mackenziei
HUEFS 192196 Peroneutypa diminutispora
HUEFS 136877 Peroneutypa curvispora
MFLUCC 17.2144 Peroneutypa diminutiasca
0.97/97 MFLUCC 17.2142 Peroneutypa rubiformis
0.85/35 CBS 250.87 Peroneutypa alsophila

MFLUCC17.2143
CVG561
CvG562
CVG563
CVG570
CVG5T1
CVG572

CBS 242.87
0.05 DFMAL100

Peroneutypa scoparia

Figure 6. Consensus phylogram of 782 trees resulting from a Bayes-
ian analysis of the combined ITS and tub2 sequences of Peroneu-
typa and other strains of the Diatrypaceae. Bayesian posterior
probability values and bootstrap support values are indicated at the
nodes. The tree was rooted to Liberomyces pistaciae (CBS 110301).
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Figure 7. Morphological characteristics of the front and reverse
sides of colonies of the different fungal species grown 10 d on PDA.
A and B Neofusicoccum parvum. C and D Diaporthe rudis. E and .
Peroneutypa scoparia. G and H Cadophora luteo-olivacea.

datasets (ITS, tub2, and tefl). Diaporthe rudis has
been recognized as having a broad host range, and is
distributed in Australia, Canada, Chile, Europe, New
Zealand and South Africa (Marin-Felix et al., 2019).
The present study is the first to report D. rudis on V.
corymbosum in Italy. The pathogenicity tests showed
that this species was of intermediate aggressiveness on
highbush blueberry plants.
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Figure 8. Box plot showing the results of the pathogenicity tests.
Boxes represent the interquartile range, while the horizontal line
within each box indicates the average value. The Kruskal-Wallis
test was carried out to compare the mean lesion lengths (cm) from
inoculation with four representative isolates, and significant differ-
ence was accepted for P<0.05.

Table 4. Evolutionary models as determined by MrModeltest
(Nylander 2004).

Genus Locus Evolutionary model!
Overview tree ITS GTR+I+G
Neofusicoccum ITS SYM+I+G
tef1 GTR+I+G
tub2 HKY+G
Diaporthe ITS SYM+I+G
tefl GTR+I+G
tub2 HKY+G
Peroneutypa ITS GTR+I+G
tub2 GTR+G
Cadophora ITS SYM+G
tef1 HKY+G

1 G: Gamma distributed rate variation among sites; GTR: Gener-
alised time-reversible; HKY: Hasegawa-Kishino-Yano; I: Proportion
of invariable sites; SYM: Symmetrical model.

Cadophora luteo-olivacea has been reported in asso-
ciation with grapevine trunk diseases (Gramaje et al.,
2011; Travadon et al., 2015; Raimondo et al., 2019), and
on several woody hosts (Bien and Damm, 2020; Farr and
Rossman, 2020). This fungus also causes postharvest
diseases on kiwifruit, pear, and apple (Spadaro et al.,
2010; Kohl et al., 2018; Eichmeier et al., 2020). Gramaje
et al. (2011) reported the high variability in C. luteo-oli-
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vacea colony pigmentation and the critical role of DNA
sequencing to clearly identify this pathogen.

Peroneutypa scoparia belongs to the Diatrypaceae,
members of which are commonly classified as sapro-
phytes, endophytes, and pathogens on a wide range of
woody hosts such as grapevine, pistachio and Prunus
spp. (Trouillas et al., 2011; Shang et al. 2017; Aiello et
al., 2019; Mehrabi et al., 2019). Due to the morphological
similarities among the Diatrypaceae, molecular analyses
on ITS and partial B-tubulin regions have been estab-
lished to resolve and clarify taxonomy within this family
(Trouillas et al., 2010, 2011; Shang et al. 2017; Mehrabi
et al., 2019; Moyo et al., 2019). Carmaran et al. (2006)
included the Peroneutypa within the Diatrypaceae, and
P. scoparia is the currently accepted, with the synonyms
Eutypa scoparia, Eutypella scoparia, Peroneutypella sco-
paria, Sphaeria scoparia, and Valsa scoparia.

In the present study, C. luteo-olivacea and P. scoparia
were isolated from diseased cv. ‘Blue Ribbon’ blueberry
plants. This is the first report of these species in associa-
tion with blueberry plants in Italy, as well as worldwide.
Furthermore, both these fungi were weakly aggressive
on the ‘Duke’.

All the fungi pathogens detected during this survey
in association with severe losses in blueberry orchards
were confirmed as pathogenic. Because pathogenicity
was tested only on ‘Duke’, further pathogenicity tests are
planned to assess pathogenicity of these fungi on other
blueberry cultivars such as “Top Shelf’, ‘Blue Ribbon’,
‘Last Call’ and ‘Cargo’. Good agronomic practices such
as removing pruning debris, and wound protection after
pruning and chilling, could reduce inoculum sources
and the disease severity. Healthy propagation mate-
rial from certified nurseries should be adopted, because
these pathogens can survive as endophytes or as latent
infections. Favourable climatic conditions and high tem-
peratures during the blueberry production cycle could
also play a major role in disease development. Further
investigation of climate effects on the fungal pathogen
species, and epidemiology of stem blight and dieback
diseases of blueberry, should be conducted to develop
specific protocols for effective disease management.
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Summary. The interactions of lime witches’ broom phytoplasma (LWBP, 16SrII-B)
with alfalfa witches’ broom phytoplasma (AWBP, 16SrII-C), tomato witches’ broom
phytoplasma (TWBP, 16SrII-D), sesame phyllody phytoplasma (SPhP, 16SrIX-C) and
rapeseed phyllody phytoplasma (RPhP, 16SrI-B) were studied in periwinkle plants
graft-inoculated either with each phytoplasma alone or with LWBP and a second phy-
toplasma. The latter was inoculated below or above the site of LWBP inoculation, and
was applied either simultaneously or non-simultaneously. In all treatments and all rep-
lications, the plants doubly inoculated with LWBP + SPhP or LWBP + AWBP showed
milder symptoms and lived longer than those singly inoculated with LWBP, SPhP, or
AWRBP. In plants with mixed infection by LWBP + RPhP or LWBP + TWBP, character-
istic symptoms were present regardless of the grafting order or inoculation site. Analy-
sis of quantitative PCR data showed that the mean concentrations of LWBP in all dou-
bly inoculated plants were less than in plants inoculated with LWBP alone. In the SPhP
inoculated plants, a substantial decrease in LWBP concentration was measured, fol-
lowed in order of decreasing concentration in the AWBP, TWBP, and RPhP inoculated
plants. In the mixed infections, greater reduction in LWBP concentration was found in
non-simultaneous inoculations and when the second phytoplasma was grafted below
the site of LWBP inoculation. Based on symptoms and quantitative PCR results, the
interactions of LWBP with SPhP and AWBP resulted in greater cross-protection than
interactions of LWBP with RPhP and TWBP.

Keywords. Mixed infections, symptomatology, quantitative PCR.

INTRODUCTION

Diseases caused by phytoplasmas are associated with significant yield
losses in more than 1,000 plant species from different families, including
many important field, vegetable and fruit crops, ornamental plants, timber
and shade trees (McCoy et al., 1989; Lee et al., 2000; Bertaccini and Duduk,
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2009). Characteristic symptoms include virescence,
phyllody, abnormal proliferation of shoots and witches’
broom, foliar yellowing, reddening and other discolora-
tions, reduced leaf and fruit size, phloem necrosis, stunt-
ing and overall decline (Seemiiller et al., 1998; Bertac-
cini et al., 2014). Phytoplasma diseases are difficult to
control, mainly due to the specific plant-insect vector-
pathogen relationship. Control recommendations for
these diseases include phytosanitary and other preven-
tive measures as well as control of the insect vectors, but
none of these strategies have been shown to be satisfac-
tory in field applications.

Cross-protection was reported as a strategy for
control of fruit tree phytoplasma diseases when other
approaches failed (Marcone et al., 2010). This strategy
has been regarded as induced resistance based on mod-
eration of disease symptoms due to prior infection of
host plants by closely related pathogen strains, usually
with mild pathogenicity (Pennazio and conti, 2001). In
plants mixed virus infections are common, and virus-
virus interactions have been studied for many years and
shown to be either antagonistic or synergistic (Syller,
2012).

Studies of interaction between mild and severe
strains of phytoplasmas in insect vectors and plant hosts
date back to the mid-20"" century when these phyto-
plasmas were considered to be viruses (Kunkel, 1955;
Freitag, 1964; Valenta, 1959). More recently, antagonis-
tic effects of mild strains on severe strains have been
reported for a number of phytoplasmas, including those
associated with European stone fruit yellows (16SrX),
ash yellows (16SrVI) and apple proliferation (16SrX)
(Castelain et al., 2007; Kiss et al., 2013; Schneider et al.,
2014; Sinclair and Griffiths, 2000). However, there is lit-
tle information on interactions between different ‘Can-
didatus Phytoplasma’ species or different 16S ribosomal
groups.

Mexican lime [Citrus aurantifolia (Chritsm.) Swing-
le)] is one of the most economically important horti-
cultural crops in southern Iran, where it is cultivated in
about 41,800 ha. with total annual production of about
400,000 tons (Anonymous, 2006). The lime witches’
broom disease associated with the presence of ‘Candida-
tus Phytoplasma aurantifolia’ (LWBP), a 16SrII-B strain
(Zreik et al., 1995), is the most devastating disease of
Mexican lime and other citrus species in the south-
ern Iran (Salehi et al., 2002), Oman and United Arab
Emirates (Garnier et al., 1991). To date, no mild strains
of this phytoplasma have been described, and its host
range is expanded to other citrus varieties including
grapefruit, sweet orange and mandarin (Mannan et al.,
2010). Traditional methods used to control these dis-
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eases are eradication, quarantine and use of chemicals
(Salehi, 2016).

The aim of the present study was to investigate the
interaction of lime witches’ broom with four phyto-
plasma strains, including alfalfa witches’ broom, tomato
witches” broom, sesame phyllody and rapeseed phyllody,
in periwinkle plants after graft inoculations.

MATERIALS AND METHODS
Experimental plants

A pink flower variety of periwinkle [Catharan-
thus roseus (L.) G. Don] was propagated from seed
and grown in an insect-free greenhouse. Six-month-
old plants were graft-inoculated with the phytoplasma
strains described below, at greenhouse temperatures
of approx. 30°C in the day time and 26°C at night, and
with 15 h light / 9 h dark regime.

Phytoplasma strains

The phytoplasma strains used in this study were
lime witches” broom phytoplasma (LWBP, 16SrII-B)
from Nikshahr (Sistan-Baluchistan province) (Salehi et
al., 2002), alfalfa witches’ broom phytoplasma (AWBP,
16SrII-C) from Abarkooh (Yazd province) (Esmailza-
deh Hosseini et al., 2015), sesame phyllody phytoplasma
(SPhP, 16SrIX-C) from Fasa (Fars province) (Salehi et
al., 2017), tomato witches’ broom phytoplasma (TWBP,
16SrII-D) from Borazjan (Bushehr province) (Salehi et
al., 2014), and rapeseed phyllody phytoplasma (RPhP,
16SrI-B) from Zarghan (Fars province) (Salehi et al.,
2011). These phytoplasmas were transmitted from the
original plant hosts to periwinkle via dodder (Cuscuta
campestris Yank.), and were propagated and maintained
in periwinkle by grafting for 2 years.

Graft inoculation

For graft inoculations of each phytoplasma strain,
axillary shoots (each 3 cm long) containing two leaves
from a symptomatic periwinkle plant were used as sci-
ons. These were side grafted on the main stems of
healthy periwinkle plants grown from seed. Each graft
site was 10 cm above the soil level. In mixed inocula-
tions, the second scion was grafted at 6 cm below the
first graft. Grafted areas were wrapped with parafilm,
and the plants were covered with plastic bags for a
week to maintain humidity. All grafted and non-graft-
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ed experimental control plants were maintained in an
insect-proof greenhouse.

Experimental treatments

A factorial experiment in a completely randomized
design with three factors and four replicates, compris-
ing a total of 84 plants (Table 2), was conducted to study
interactions of LWBP with AWBP, TWBP, RPhP and
SPhP. Factor A consisted of mixed infection of LWBP
with either AWBP, TWBP, RPhP or SPhP; factor B was
the grafting site of the second phytoplasma above or
below the site of LWBP grafting on the stem; and factor
C was the time of grafting of each phytoplasma in mixed
infections, either simultaneous or non-simultaneous (2
weeks after the first grafting). Plants with single phy-
toplasma grafting, served as experimental controls for
symptom expression. Comparisons were made by cal-
culation of the area under phytoplasma concentration
growth curves (AUCGC) at several times after grafting,
using the following equation:

n—1

AUCGC = Z [#} [tiss — t;]
i=1

where p; and p; , | are the phytoplasma concentrations
obtained from grafted plants at consecutive times of t;
and t,, ;, and n is the number of times in which the con-
centration was estimated.

The simple and interactive effects of the factors on
the total concentration of LWBP (AUCGC) was investi-
gated using the procglm software, SAS 9.3 (Garret et al.,
2004). The mean of the treatments was compared using
Duncan Multiple Range Test (DMRT) at the 5% signifi-
cance level. At each inoculation time, four periwinkle
plants were singly grafted with each phytoplasma as pos-
itive controls, and four healthy non-grafted periwinkle
plants were included as negative controls.

Biological and molecular assessments

The evaluations of disease symptoms in the graft-
ed periwinkle plants began 1 week after grafting, and
was repeated every 2 weeks for 14 months. Nested PCR
was used for detection, sequencing and identification
of LWBP, AWBP, TWBP, RPhP and SPhP in plants, at
8 and 40 weeks after the grafting. Quantitative PCR
(qQPCR) assays were performed at 1 week after the
grafting, and then repeated at 8-week intervals for 57
weeks.

Sampling, total nucleic acid extraction, PCR and sequence
analysis

The sampling for phytoplasma detection and quan-
tification started at day 7 after the grafting, and was
repeated at 8-week intervals for 57 weeks. At each sam-
pling time, 16 leaves from four shoots (four leaves from
each shoot) grown above the grafting site, were collected
from each grafted plant. The leaf midribs were separated,
mixed and used for DNA extractions. Total nucleic acid
(TNA) was extracted from 0.2 g of each sample using
the small-scale method of Zhang et al. (1998), with the
minor modifications proposed by Abou-Jawdah et al.
(2002). Positive control samples consisted of nucleic acid
from periwinkle plants singly grafted with each phyto-
plasma and negative control samples were nucleic acid
from healthy periwinkle plants.

Phytoplasmas in grafted plants were detected by
nested PCR using the universal primer pair P1/P7
(Deng and Hiruki, 1991; Schneider et al., 1995), followed
by specific length primer pairs designed using online
primer3 software (Untergasser et al., 2012) (Table 1) in
nested and qPCR assays. Each 50 uL PCR reaction mix-
ture contained 100 ng of TNA from diseased or healthy
plants, 0.4 uM of each primer, 0.2 mM of each dANTP
and 1.25 U of Taq DNA polymerase (Cinagen, Iran) in
10x PCR buffer. The temperature profile for PCR consist-
ed of a first denaturation step of 2 min at 94°C followed
by 35 cycles of 1 min at 94°C, 1 min for annealing, and
2 min at 72°C. A final extension was carried out at 72°C
for 3 min. The specificity of the primers was improved
by changing the annealing temperatures as listed in
Table 1. PCR products were electrophoresed through 1%
agarose gel in 1x TBE buffer (67 mM Tris-HCI, 22 mM
boric acid, 10 mM EDTA, pH 8.0), stained with ethidi-
um bromide and visualized using a UV transilluminator
(Sambrook et al., 1989).

Nested PCR products of primer pairs LWBf/LWBR
(146 bp), AWBF/AWBR (90 bp), TWBF/TWBR (96 bp),
RPhF/RPhR (140 bp) and SPhF/SPh® (143 bp) were puri-
fied using GF-1 PCR Clean-Up Kit (Vivantis, Malaysia)
according to the manufacturer’s instructions, and were
directly sequenced by Macrogen (South Korea) on both
strands. The resulting consensus sequences were depos-
ited in the GenBank database and used in BLAST search
(http://blast.ncbi.nlm. nih.gov/Blast.cgi).

Quantitative polymerase chain reaction amplification
For qPCR, in addition to the specific length primer

pairs for phytoplasmas, internal control primer pairs
(ef-1af/ef-1aR) (Table 1) were designed from the periwin-
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Table 1. Primers used in nested PCR and qPCR assays.
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Primer pairs Sequence (5'>3) t?r;l;:raiitzfe Expecszg (f;;%ment References

P,/P; iﬁgégggggﬁggfggggggffG 55°C 1,800 Deng and Hiruki, 1991; Schneider et al., 1995
LWBf/LWB® gzégéi?gggggggggéé é g 63°C 146 Present study

awiawgn GTTTOTACACACCGOCCGTC 0 presentsudy

rwirwp: OCCOCOSTANGACATAAGEG 56 presntnudy

RPhf/ RPh® i,?,? CG (? éi%gg%%%g%ﬁ%égr 61°C 140 Present study

SPhF/ SPhR ?SES?ECA é: (?:C(}; é g gfigggg 63°C 143 Present study

ef-1af/ ef-1aR CTCTGCTTGCTTTCACCCTTGG 55°C 115 Present study

GAGACCTCCTTCACAATTTCATC

kle elongation factor 1-alpha gene, using online primer3
software (Untergasser et al., 2012). The qPCR was per-
formed using a MyiQTM Single Color Real time-PCR
Detection System (Bioneer, Exicycler™ 96) with qPCR
GreenMaster with LowRox (Jena Bioscience) for quan-
tification of the assayed phytoplasmas in periwinkle
plants. The PCR reaction mixture contained the follow-
ing components in a final volume of 20 uL: 10 uL qPCR
Green Master with Low Rox, 0.6 pL of each 10 uM for-
ward and reverse primers, 6.8 uL PCR-grade H,0 and
2.0 uL of DNA template. The parameters used for ampli-
fication were 2 min at 95°C followed by 40 cycles of a
two-step protocol consisting of 15 s at 95°C and 1 min at
63°C, for the LWBY/LWBR and SPh*/SPh® primer pairs,
or 61°C, for the AWBF/AWBR, TWBF/TWBR and RPhF/
RPhR primer pairs. For each treatment, 8 qPCR assays
were made at 8-week intervals, and changes in the con-
centrations of LWBP were recorded during the course of
the study (57 weeks).

Statistical analyses

A complete randomized block design in the form of
a factorial experiment with four replications was used to
evaluate the presence of interactions of LWBP with the
four other phytoplasmas, based on symptomatology and
qPCR values. Repeated measures analysis of variance was
used for detecting changes in the mean parameters at 1,
9, 17, 25, 33, 41, 49 and 57 weeks after the first grafting,
using SAS 9.3 software for statistical analysis (Garret et
al., 2004). Areas under the concentration growth curves
(AUCGC) were determined, and used in statistical analy-
ses for the normalization of the concentration data.

RESULTS
Symptomatology in periwinkle

In all grafted plants, the scions remained alive and
grew as expected. In periwinkle, LWBP induced more
severe symptoms of witches” broom, little leaf, inter-
node shortening and stunting than the AWBP, TWBP,
RPhP or SPhP strains. Time to symptom appearance in
periwinkle plants, separately grafted with each phyto-
plasma, was approx. 8 weeks (Table 2). Disease symp-
toms in periwinkle plants grafted with LWBP were
yellowing, incomplete virescence and severe little leaf,
shortened internodes, witches’ broom and stunting.
In plants singly grafted with AWBP, TWBP, RPhP or
SPhP the main disease symptoms were flower vires-
cence and phyllody, little leaf, shortened internodes,
yellowing and stunting (Figures la-f, and Table 2). In
periwinkle plants grafted with LWBP + AWBP and
LWBP + SPhP, the symptoms were mild little leaf and
yellowing regardless of the grafting time (simultane-
ous or non-simultaneous) or the relative position of sci-
ons (Figures 2a and b, and Table 2). At the end of the
observations (57 weeks), periwinkle plants graft inocu-
lated with phytoplasma mixtures produced normal
flowers (Figure 2b, and Table 2).

All periwinkle plants grafted with LWBP + TWBP
showed symptoms of yellowing, small leaves, shortened
internodes, stem proliferation, virescence and phyllody
after 20 weeks. At the end of the experiment (57 weeks)
all LWBP + TWBP plants showed yellowing, shortened
internodes, mild little leaf and rosetting without the
virescence, phyllody or witches’ broom symptoms which
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Table 2. Summary of results obtained in the grafted periwinkle plants.

Time to symptom appearance

Treatment type Grafting type Symptomatology (weeks post inoculation) Number of grafted plants
LWBP? Alone Y4, 1V, SLL, SSI, SWB, SST 8 4
AWBP Alone MY, LL, V, Ph, MST 8 4
TWBP Alone MY, LL, V, Ph, MST 8 4
SPhP Alone MY, LL, V, Ph, MST 8 4
RPhP Alone MY, LL, V, Ph, MST 8 4
LWBP+AWBP SP&NSE MLL, Y, NF 40 16
LWBP+SPhP S & NS MLL, Y, NF 40 16
LWBP+TWBP S & NS Y, SL, SI, SP, V, Ph, Y, MLL, Ro ;2 16
W, De 20 2
LWBP+RPhP S & NS MY, LL, SI 57 2
SLL, SSI, SY, SLD 57 12

2AWRBBD, alfalfa witches’ broom phytoplasma; LWBP, lime witches’ broom phytoplasma; RPhP, rapeseed phyllody phytoplasma; SPhP, sesame

phyllody phytoplasma; TWBP, tomato witches’ broom phytoplasma.
S, simultaneous.
¢NS, non-simultaneous.

d Symptom abbreviations: De, death; IV, incomplete flower virescence; LL, little leaf; MLL, mild little leaf; MST, mild stunting; MY, mild yel-
lowing; NF, normal flower; Ph, flower phyllody; Ro, rosetting; SI, shortened internodes; SL, small leaves; SLD, severe leaf drop; SLL, severe
little leaf; SP, stem proliferation; SSI, severe shortened internodes; SST, severe stunting; SWB, severe witches' broom; SY, severe yellowing; V,

flower virescence; W, wilting; Y, yellowing.

were present in the plants singly grafted with LWBP or
TWBP (Figure 2c, and Table 2).

In the periwinkle plants infected with LWBP+RPhP,
regardless of grafting time and site, the scions remained
stunted. Two of the grafted plants wilted and died after
20 weeks (Figure 2d, and Table 2). At the end of observa-
tions (57 weeks), two plants showed mild yellowing, little
leaf and very shortened internodes (Figure 2e, and Table
2) and the remaining 12 plants showed severe symptoms
of little leaf, shortened internodes, yellowing and leaf
drop (Figure 2f, and Table 2).

Detection of phytoplasma strains in graft inoculated peri-
winkle plants

Nested PCR gave specific amplification of expect-
ed 146 bp fragments from the plants inoculated with
LWBP, 90 bp fragments from AWBP, 96 bp fragments
from TWBP, 140 bp fragments from RPhP, or 143
bp fragments from SPhP (Table 1, Figures 3 and 4d).
These fragments were sequenced and deposited in Gen-
Bank under accession numbers MH411203 (LWBP),
MH647740 (AWBP), MH647741 (TWBP), MH647743
(RPhP) and MH647742 (SPhP), and all aligned with
phytoplasma sequences. In all doubly grafted plants,
fragments of expected lengths corresponding to those
obtained from the inoculated phytoplasmas were ampli-

fied (Figure 4a-c), regardless of the grafting time and the
relative position of the two grafting sites.

Phytoplasma concentration

In all treatments, the graft inoculated phytoplasmas
were present in the plants although at different concen-
trations. The mean of eight determinations showed that
in single phytoplasma graft inoculations, the LWBP
concentration was greater than that of the other phy-
toplasma strains (Figure 5). There were also clear reduc-
tions of LWBP concentration in doubly grafted plants
compared with singly grafted plants. These differences
were consistent in all samplings during the course of
the study. The analysis of variance (ANOVA) of the
AUCGC for LWBP in mixed and singly grafted periwin-
kle plants is shown in Table 3. Experimental factors such
as treatment, grafting time and grafting site, as well as
the interactions of the treatment x grafting site and the
grafting site x inoculation time were statistically signifi-
cant, at least at 5%, on the reduction of the AUCGC for
LWBP (Table 3). Among the four phytoplasma strain
combinations, LWBP + SPhP showed the greatest reduc-
tion of mean concentration of LWBP (Figure 6). The
ranking order (from greatest to least) of the examined
phytoplasmas for reducing the concentration of LWBP
was SPhP, AWBP, TWBP and RPhP (Figure 6).
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Figure 1. Disease symptoms in periwinkle plants following graft-inoculation with lime witches’ broom phytoplasma (LWBP), alfalfa witches’
broom phytoplasma (AWBP), tomato witches’ broom phytoplasma (TWBP), sesame phyllody phytoplasma (SPhP) and rapeseed phyllody
phytoplasma (RPhP). (A) plants grafted with LWBP showing yellowing and severe symptoms of little leaf, shortened internodes, witches’
broom and stunting. (B-D) plants with yellowing, shortened internodes, virescence and phyllody due to AWBP (B), TWBP (C) and SPhP

(D). (E) yellowing, shortened internodes, little leaf and stem proliferation due to RPhP. (F) healthy periwinkle plant. Arrows in B and D
indicate flower phyllody and virescence.
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Figure 2. Disease symptoms in periwinkle plants doubly grafted with lime witches’ broom phytoplasma (LWBP) and another phytoplasma
strain. (A) mild yellowing in a periwinkle plant grafted with LWBP and alfalfa witches’ broom phytoplasma (AWBP). (B) mild yellowing
and shortened internodes with normal flowers in a periwinkle plant grafted with LWBP and sesame phyllody phytoplasma (SPhP). (C)
mild yellowing, internode shortening, little leaf, and rosetting, in a periwinkle plant grafted with LWBP and tomato witches’ broom phy-
toplasma (TWBP). (D) wilting, rosetting. (E) mild yellowing, shortened internodes, little leaf, crown proliferation. (F) severe symptoms of
little leaf, yellowing and leaf drop in periwinkle plants grafted with LWBP and rapeseed phyllody phytoplasma (RPhP). In (A), right and left
arrows indicate, respectively, scions from LWBP and AWBP.
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140bp

143bp

Figure 3. Agarose gel electrophoresis pattern of nested PCR products using P1/P7 primer pair followed by primer pairs LWBF/LWBR (146
bp) for detection, in singly graft-inoculated periwinkle plants, of lime witches’ broom phytoplasma (LWBP) (A); AWBf/AWBR (90 bp), for
alfalfa witches’ broom phytoplasma (AWBP) (B); TWBF/TWBR (96 bp), for tomato witches’ broom phytoplasma (TWBP) (C); RPhf/RPh®?
(140 bp), for rapeseed phyllody phytoplasma (RSPh) (D); and SPhf/SPh® (143 bp), for sesame phyllody phytoplasma (SPhP) (E). In A, B,
D, and E, lanes 1, 2, 3, 4, 5, 6 are from, respectively, healthy periwinkle, LWBP, RPhP, SPhP, TWBP or AWBP graft-inoculated periwinkle
plants. In C, lanes 1, 2, 3, 4, 5, 6, are from, respectively, healthy periwinkle, LWBP, RPhP, SPhP, AWBP or TWBP graft-inoculated periwinkle
plants. M, 100 bp DNA marker fragments (Fermentas, Vilnius, Lithuania).

Relative grafting site also affected LWBP concentra-
tion. All mixed graftings below the position of LWBP
infected scions were more effective in decreasing the
LWBP concentration than those above the site of LWBP
inoculation (Figure 7). A decrease in concentration of
LWBP in mixed graft-inoculations was also affected by
grafting times: non-simultaneous grafting in mixed
infections was more effective in reducing the mean total
concentration of LWBP than simultaneous grafting (Fig-
ure 8).

DISCUSSION

Previous studies on the interactions between phy-
toplasmas have been limited to a number of closely
related strains (Castelain et al., 2007; Kiss et al., 2013;
Schneider et al., 2014; Sinclair and Griffiths, 2000). In
the present research, the interaction of LWBP with four
phytoplasma strains classified in different 16S ribo-
somal groups or subgroups (AWBP, SPhP, TWBP and
RPhP) was studied.
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Figure 4. Agarose gel electrophoresis pattern of nested PCR products using P1/P7 primer pair followed by lime witches’ broom phytoplas-
ma ( LWBP), alfalfa witches’ broom phytoplasma (AWBP), tomato witches’ broom phytoplasma (TWBP), rapeseed phyllody phytoplasma
(RPhP), or sesame phyllody phytoplasma (SPhP) primer pairs amplifying, respectively, 146 bp, 90 bp, 96 bp, 140 bp and 143 bp fragments.
(A) lanes 1-5 electrophoresis pattern of nested PCR products from plants singly grafted with, respectively, AWBP, RPhP, TWBP, LWBP or
SPhP. (B) lanes 1-4 in simultaneous grafting, and (C) lanes 2-5 in non-simultaneous grafting, 146 bp band of LWBP amplified from peri-
winkle plants having mixed infection with, respectively, AWBP, TWBP, RPhP or SPhP. (D) pairs of bands from simultaneous (left bands)
and non-simultaneous (right bands) grafting of RPhP (lanes 2 and 3), AWBP (lanes 4 and 5), TWBP (lanes 6 and 7) and SPhP (lanes 8 and
9) in mixed infection with LWBP. Lanes 6 in (A), 5 in (B) and 1 in (C) and (D) are from healthy periwinkle plants. M, 100bp DNA marker
fragments (Fermentas, Vilnius, Lithuania).

2000 In all doubly grafted plants, the concentration of
s 100 LWBP was less than that in the singly grafted plants.
= 1600 A strong antagonistic interaction was observed in
£ mixed infections of LWBP with AWBP or SPhP. The
e tagonistic relationshi tual, as th
F— antagonistic relationship was mutual, as the symp-
EX toms of both phytoplasmas were greatly reduced.
;1 Mixed infections of LWBP + TWBP or LWBP + RPhP
i 5 resulted in suppression of LWBP concentration, but
€ 200 the symptoms were not suppressed. It is possible that
= 0 the extent of reduction in concentration of LWBP was
38 PP Rere Awee e Ler not sufficient to affect symptom expression. Anoth-

Lol er possibility is that there were synergistic effects of

Figure 5. Mean concentrations of lime witches’ broom phytoplas-  these combinations in the host plants for symptom
ma (LWBP), tomato witches’ broom phytoplasma (TWBP), alfalfa . . .
expression, despite the lowered concentrations of the

witches” broom phytoplasma (AWBP), rapeseed phyllody phyto- . .
plasma (RPhP) and sesame phyllody phytoplasma (SPhP) in singly phytoplasmas. Alternatively, other factors besides

grafted periwinkle plants. Bars represent standard deviations. phytoplasma concentration, such as genes involved
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Figure 6. Mean concentrations of lime witches’ broom phytoplasma
(LWBP) in four mixed infections and a single infection in peri-
winkle plants, based on areas under concentration growth curves
(AUCGC). 1, LWBP (16SrII-B) + rapeseed phyllody phytoplasma
(RPhP) (16SrI-B); 2, LWBP + tomato witches’ broom phytoplasma
(TWBP) (16SrII-D); 3, LWBP + alfalfa witches’ broom phytoplasma
(AWBP) (16Sr1I-C); and 4, LWBP + sesame phyllody phytoplasma
(SPhP) (16SrIX-C). Means were compared using Duncan Multiple
Range Test. Means accompanied by different letters are significantly
different (P < 0.05).

in pathogenicity and/or virulence, may have affected
symptom expression.

The results of these experiments show that effects
of possible interactions varies with different phytoplas-
mas. Previous studies have shown that different strains
of the same ‘Candidatus Phytoplasma’ species may dif-
fer in their effectiveness for conferring cross protec-
tion (Schneider et al., 2014; Kiss et al., 2013). Kiss et

Elham Salehi et alii

6000

LwBP AUCGC
3
8

4000
2000 b
c
2000
o
A B LWEP alone

Inoculation site

Figure 7. Effect of grafting site on concentration of lime witches’
broom phytoplasma (LWBP) (16SrII-B) in mixed grafting and
alone: LWBP AUCGC, area under concentration growth curve of
LWBP; A, inoculation of the alfalfa witches’ broom phytoplasma
(AWBP) (16SrII-C), rapeseed phyllody phytoplasma (RPhP) (16SrI-
B), sesame phyllody phytoplasma (SPhP) (165rIX-C) and tomato
witches’ broom phytoplasmas phytoplasma (TWBP) (16SrII-D)
phytoplasmas above the site of the LWBP grafting and B, inocu-
lation of the AWBP, RPhP, SPhP and TWBP below the site of the
LWBP grafting. A and B are means of the four mixed inoculations.
Means with different letters are significantly different (P < 0.05).

al., (2013) found a cross effect between a mild strain
of apple proliferation (AP, 16SrX-A) and a related phy-
toplasma strain, Germany stone fruit yellows phyto-
plasma (16SrX-B), but not between AP and aster yel-
lows (16SrI-B) phytoplasmas. A mutual antagonistic
relationship between LWBP and lettuce phyllody phy-
toplasma (16SrIX-D, DQ889749) in periwinkle plants
inoculated via dodder has been reported previously
(Salehi et al., 2018).

Cross protection with mild strains has been used to
control severe strains of viruses (Pennazio and Con-
ti, 2001). The use of this strategy may be justified for
controlling severe phytoplasma epidemics if no alter-
native disease management strategies are available.

Table 3. Analysis of variance (using SAS 9.3 software) of areas under concentration growth curves of LWBP in mixed and singly grafted

periwinkle plants.

Source DF  Type III SS Mean Square F value Pr>F
Treatment 3 71047487.66 23682495.89 105.63 <.0001™
Grafting site 1 3375487.56 3375487.56 15.06 0.0003™
Grafting time 1 5871171.30 5871171.30 26.19 <.0001™
Treatment x grafting site 3 2271979.20 757326.40 3.38 0.0257"
Treatment x grafting time 3 921103.94 307034.65 1.37 0.2634 ™
Grafting site x grafting time 1 2959690.14 2959690.14 13.20 0.0007"
Treatment x grafting site x grafting time 3 1412122.09 470707.36 2.10 0.1126 "

ns, non-significant; *, P < 0.05; ', P < 0.01.
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Figure 8. Effect of grafting time (simultaneous and non-simultane-
ous) on concentration of lime witches’ broom phytoplasma (LWBP)
in mixed infection with alfalfa witches’ broom, rapeseed phyllody,
sesame phyllody and tomato witches’ broom phytoplasmas as com-
pared with those grafted with LWBP alone: LWBP AUCGC, area
under concentration growth curve of LWBP. 1, non-simultaneous
and 2, simultaneous grafting. 1 and 2 are means of the four mixed
inoculations. Means accompanied by different letters are signifi-
cantly different (P < 0.05)

Phytoplasma strains from different 16Sr groups have
been reported in citrus plants showing huanglong-
bing symptoms in ‘Candidatus Liberibacter asiaticus’-
free samples or in mixed infection with this patho-
gen. These phytoplasma strains include 16SrI (Chen et
al.,2009; Arratia-Castro et al., 2014), 16SrII (Alhudaib
et al., 2009; Louet al., 2013; Saberi et al., 2017), 16SrIII
(Wulft et al., 2018), 16SrVI (Das et al., 2016), 16SrIX
(Teixeira et al., 2008; Abbasi et al., 2019) and 16SrX-
IV (Ghosh et al., 2019). In a survey in some Caribbe-
an countries, phytoplasma strains of 16Sr groups -1, ,
111, -1V, -VI, -VII, -XI, and -XII were reported in cit-
rus trees showing “huanglongbing” symptoms, either
alone or, more commonly, in mixed infections with
‘Ca. L. asiaticus’ (Bertaccini et al., 2019).

The present study has shown that the interactions
of LWBP with SPhP or AWBP were more effective in
reducing disease symptoms and pathogen titre than
those of LWBP with RPhP or TWBP
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Summary. The efficiency of three diagnostic methods, i.e. PCR, real-time PCR and
LAMP, for detection of Xylella fastidiosa (Xf) genomic DNA from Philaenus spumarius
(Ps) and Neophilaenus campestris (Nc) insect vectors was evaluated using three total
nucleic acids (TNA) extraction methods (EM). In addition, a new real-time LAMP
technology, Fluorescence of Loop Primer Upon Self Dequenching-LAMP (FLOS-
LAMP), originally developed for human virus diagnoses, was optimized and assessed
for detection of Xf in insect vectors. EM1 consisted of entire insects heated in an
extraction buffer (EB) containing Tris-EDTA and TRITON-X100. In EM2, TNAs were
extracted only from excised heads of insects, and heated again in the EB of EM1. EM3
consisted of grinding entire insects, heads and bodies recuperated from EM2, with a
CTAB buffer. The molecular analyses conducted on 100 specimens of Ps and 50 of Nc,
collected from a Xf-infected olive orchard (Lecce province, Italy), showed that 29% of
specimens (40 Ps and four Nc) were positive to the presence of Xf. The comparison
between the three methods revealed that EM3 is the most efficient for extracting Xf-
genomic DNA from insect vectors, of which 44 specimens were positive for Xf in each
of the diagnostic methods used, including the newly optimized FLOS-LAMP assay.
In general, the real-time PCR and LAMP assays were more competent than the con-
ventional PCR for detection of Xf in insect vectors, independently from the EM used.
The newly optimized FLOS-LAMP technique had a detection limit of 1 fg L of Xf-
genomic DNA, compared to the 10 fg uL! for conventional LAMP. The high sensitiv-
ity of the FLOS-LAMP was evident through the greater number of overall Xf-infected
insect vectors detected (60%), compared to those for LAMP (45%,), real-time PCR
(28%) and PCR (10%). FLOS-LAMP, being a more sensitive and specific assay, together
with EM3, were the most appropriate approaches for an accurate detection of Xf in
insect vectors.

Keywords. Philaenus spumarius, Neophilaenus campestris, PCR, real-time PCR,
LAMP, FLOS-LAMP
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INTRODUCTION

Xylella fastidiosa (Xf) is a xylem-inhabiting, vector-
borne, Gram-negative polyphagous plant pathogenic
bacteria, which causes important diseases on many
crops (Denancé et al., 2019). In Europe, Xf has been
reported firstly in Italy and subsequently in France,
Spain, Portugal and Germany (outbreak eradicated),
where three different subspecies of the pathogen have
been found (EFSA, 2019). In Italy, Xf is associated with
the Olive Quick Decline Syndrome (OQDS), causing
leaf scorch; extensive dieback and death of plants (Mar-
telli et al., 2016). In nature, the short-distance transmis-
sion of Xf occurs through xylem-feeding insects, such
as sharpshooter leathoppers (family Cicadellidae) and
spittlebugs (family Aphrophoridae) (Redak et al., 2004).
In the Apulia region (south of Italy), the meadow spit-
tlebug Philaenus spumarius L. (Ps), P. italosignus Dros-
opolous & Remane (Pi) and Neophilaenus campestris
(Fallen) (Nc) had been reported as vectors of Xf, trans-
mitting the bacterium from infected to uninfected plants
(Elbeaino et al., 2014; Bucci ,2018; Cavalieri et al., 2019).
Furthermore, Ps has been recognized as the major vec-
tor involved in the spread of Xf infections among olive
trees in the Apulia region, being the most abundant and
prevalent insect vector species (Cavalieri et al., 2019).

The diagnostic methods used to detect Xf in infected
plant material and/or insect vectors include serological
(DAS-ELISA, DTBIA) and molecular (PCR, real-time
PCR and LAMP) techniques; and molecular techniques
are recommended exclusively for detection of the patho-
gen in insect vectors (EPPO PM7\24[4], 2019). Molecu-
lar techniques are the most widely used due to their high
throughput potential for detecting Xf-genomic DNA in
plants and\or insect vectors. However, their application
is hampered by: (i) low concentrations of bacterial DNA
in infected sources, (ii) adequate protocols for extract-
ing pure DNA, (iii) host microbiome-related DNA simi-
lar to that of Xf, (iv) heavy reliance on indirect detection
methods including non-specific dyes, (v) on site applica-
tion (laboratory, field, inspection points), (vi) techniques
with laborious handling, and (vi) high costs.

To cope with these constraints, the present study
aimed to compare PCR, real-time PCR and LAMP
assays, and to evaluate their efficiency and sensitivity for
detection of Xf in Ps and Nc. Application of the recently
developed technique, Fluorescence of Loop Primer Upon
Self Dequenching-LAMP (FLOS-LAMP) was also evalu-
ated. This technique relies on direct detection, whereby
a labeled loop probe quenched in its unbound state,
fluoresces only when bound to its target (Gadkar et al.,
2018). This new approach of using labeled fluorescent
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primers in the LAMP assay offers increased sensitivity
and specificity in the detection of Xf, which could cope
with the constraints mentioned above. These evaluation
trials were conducted on three different total nucleic
acids (TNA) extraction methods (EM) of Xf-genomic
DNA from insect vectors.

MATERIALS AND METHODS
Collection of infected plant material and insect vectors

In September 2018, 24 samples of scorched leaves
were collected from olive trees situated in, and nearby
to, the ‘De Donno’ Xf-affected orchard (Gallipoli, Lecce
province, Italy). This orchard was also screened for the
presence of Ps and Nc insect vectors. Insects were manu-
ally trapped using a sweeping net, which was passed
over the olive canopy and ground vegetation. Indi-
vidual insects were stored in a solution of 95% ethanol
and were brought to the laboratory for species identifi-
cation. The classification and nomenclature of captured
insects were based on key taxonomic factors described
in Elbeaino et al. (2014). During the identification, only
Ps and Nc specimens were retained and were stored at
-20°C for the molecular analyses.

Extraction of total nucleic acids from plants and insect vec-
tors

Bacterium DNA was extracted from leaf tissues of
infected olive plants following the CTAB protocol (2%
hexadecyl trimethyl-ammonium bromide, 0.1 M Tris-
HCI pH 8, 20 mM EDTA and 1.4 M NaCl) (Hendson
et al., 2001). Briefly and for each sample, a 0.3 g piece
of fresh leaf midrib and petiole was homogenized with
2 mL of CTAB buffer, using an automated hammer.
Extracted sap was incubated at 65°C and then chloro-
form treated. TNA was precipitated with 0.6 volume of
cold 2-propanol and resuspended in 120 pL of sterile
water. Samples were used in various molecular assays as
positive controls. TNAs were extracted from Ps and Nc
insects by three different EM that were performed as the
following:

(i) EM1: Insects were each rinsed with sterile water,
dried on a tissue paper, and then immersed in 200 pL
of extraction buffer (EB) containing 1x TE (10mM Tris-
HCI, 1mM EDTA-Na, pH 8.0) and 0.5% TRITON-X100.
The mixture was then incubated for 5 min at 94°C, fol-
lowed by chilling on ice. A 25 pL volume of TNA from
the EMI was stored at -20°C for further molecular
analysis. The remaining 175 pL containing the TNAs
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in suspension, and not the insect, were added to the
TNAs obtained from EM2 and all were precipitated in
one plastic tube with cold 2-propanol at 10 000 g for 20
min. Through this operation, 87.5% of the TNA (175 uL
of 200 uL of EB) obtained from each insect in EM1 was
recovered; and by adding it to that extracted in EM2, the
total amount of TNA that should normally be extracted
in EM2 would not be compromised. Consequently, the
comparison of the different diagnostic tests applied on
the TNA models of each EM would be valid.

(i) EM2: The heads of individual adult insect speci-
mens were excised from the bodies, as reported in
Elbeaino et al. (2014). Each insect body was stored in
a plastic tube for further manipulation in EM3. Each
excised head was added to 200 uL of EB and heated as
described in EMI1. A 25 uL volume containing the TNA
was also stored separately for subsequent molecular
assays. The remaining 175 uL were further precipitated
with the TNAs obtained during EM3.

(iii) EM3: the head and body of each insect, recov-
ered from EMI and EM2, was ground in a mortar and
pestle containing 500 uL of CTAB and carborundum
particles. The extract was incubated at 65°C for 10 min
and subsequently treated with chloroform for further
purification. The supernatant was centrifuged at 8,000
g for 5 min, and then precipitated together with the 175
uL TNAs from EM2 with 0.6 volume of cold 2-propanol.
The recovered TNAs were resuspended in 30 pL of ster-
ile water. TNA samples from various methods were used
in different molecular assays.

PCR, real-time PCR, LAMP and FLOS-LAMP

The TNA samples obtained from each insect using
the three methods were subjected to PCR, real-time PCR
and LAMP assays for the detection of Xf. Conventional
PCR has been performed on TNA of olive plants to iden-
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tify infected samples to be used as Xf-positive controls
in the different molecular procedures. PCR reactions
were performed using primers RST31/33, widely used
in the detection of different Xf subspecies (Minsavage et
al., 1994), in a 1x amplification buffer in a final volume
of 25 uL containing 2.5 puL of TNA, 0.2 mM of dNTPs,
0.2 uM of each primer and 1.25 U of DreamTaq™ DNA
polymerase (Thermofisher). PCR cycles were as follows:
95°C for 1 min followed by 40 cycles of (95°C for 30 s,
55°C for 30 s, 72°C for 45 s) and a final step of 72°C for
5 min. All reactions were submitted to electrophoresis in
1.2% TAE agarose gels.

Real-time PCR was performed as described by Harp-
er et al. (2010, erratum 2013), in 20 pL reaction vol-
umes containing 10 pL of the SsoAdvanced ™ Universal
Probes Supermix (BioRad), 0.3 uM Xf-forward (XF-F)
and Xf-reverse (XF-R) primers, 0.1 pM of labeled XF-P
probe and 2.5 uL of TNA. Thermocycling conditions
were as follows: 95°C for 6 min, followed by 40 cycles of
94°C for 10 s and 62°C for 40 s. Reactions were conduct-
ed in a CFX96 thermocycler (BioRad,). A cycle threshold
(Ct) value below 35 was scored as a positive result.

LAMP assays were carried out using Enbiotech’s
LAMP system® (Yaseen et al., 2015). Reactions were car-
ried out in 25 pL of final volume using 2.5 uL of TNA
and 22.5 pL of LAMP Mix, at 65°C for 30 min in a
CFX96 thermocycler.

The FLOS-LAMP approach developed in this study
was based on three sets of primers; namely outer, inner
and loop, used in LAMP for the detection of Xf (Harper
et al., 2010 erratum 2013). The B3, BIP and LB in, respec-
tively, the outer, inner and loop primers categories, were
appropriate to be labeled by substituting the internal
thymine (T) residue at the 3’ terminus of the primer
with the fluorescein (FAM) fluorophore (Table 1). The
criteria followed for the exact T residue to which the
fluorophore can be attached were those reported in Gad-

Table 1. Six primers of three categories (outer, inner and loop) used in the FLOS-LAMP assay. The internal thymine residues (T) at the 3’
terminus of primers for each category (B3, BIP, LB) were fluorescein-labeled.

Primer Sequence (5°-3’) Binding sites on Xf genome
Outer

Xf-F3 CCGTTGGAAAACAGATGGGA (106,676-106,694)
LabXf-B3 GAGACTGGCAAGCGTTTGA (106,884-106,865)
Inner

Xf-FIP ACCCCGACGAGTATTACTGGGTTTTTCGCTACCGAGAACCACAC (106,788-106,862)
LabXf-BIP GCGCTGCGTGGCACATAGATTTTTGCAACCTTTCCTGGCATCAA (106,773-106,695)
Loop

Xf-LF TGCAAGTACACACCCTTGAAG (106,824-106,844)

LabXf-LB

TTCCGTACCACAGATCGCT

(106,753-106,735)
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kar et al. (2018), i.e. (i) presence of cytosine or guanine
residue at the terminal 3' end, (ii) T residue at the second
or third position from this 3' end, and (iii) one or more
G nucleotides flanking the T residue. Different combina-
tions of labelled primers were tested in the FLOS-LAMP
assays. PCR reactions were performed in a 25 pL of final
volume containing 2.5 pL 10x Isothermal amplification
Buffer, 5 uM of MgSO,, 1.4 mM dNTPs mix with 0.06
uM of XF-F3/XF-B3 outer primers, 0.12 uM pf XF-LF/
XF-LB loop primers, 0.5 puM of XF-FIP/XF-BIP inner
primers, 2,400U of Bst 3.0 DNA Polymerase (New Eng-
land Biolabs) and 2.5 uL of DNA sample. The thermocy-
cler used for FLOS-LAMP was a BioRad CFX96.

Sensitivity of FLOS-LAMP

In order to determine the detection limit of the
newly FLOS-LAMP, optimized for the detection of Xf,
10-fold serial dilutions of 10 ng uL! of DNA extracted
from a pure culture of Xf-ST53 strain were conducted
and subjected to FLOS-LAMP assay, following the con-
ditions and cycles described above.

RESULTS
Identification of Ps and Nc

In total, 233 adult specimens of Ps and 141 of Nc¢
were identified. One hundred Ps and 50 Nc specimens
were randomly selected and used in the molecular anal-
yses. The large number of Ps captured from the ground
vegetation and canopies of olive trees in the affected
orchard reflect the high population density of this spe-
cies in the Apulian environment, compared to that of
Nec. This predominance of Ps was also recorded in pre-
vious epidemiological studies of these two species in the
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Apulia region (Ben Moussa et al., 2016; Cavalieri et al.,
2019).

PCR, real-time PCR, LAMP

PCR assays conducted on olive leaf samples showed
that 22 plants (out of 26 tested) were infected with Xf.
This high proportion of infections was expected, since
Xf is widespread in the Gallipoli location. PCR assays
conducted on TNAs from the three EM detected Xf only
in aliquots obtained from the EM3, for which 40 speci-
mens of Ps and four of Nc¢ were positive for presence of
Xf (Table 2).

The real-time PCR gave negative results when applied
to TNA extracts from EMI; whereas those from EM2
and EM3 were more appropriate for amplifying Xf-
genomic DNA (Figure 1). Twenty-four specimens of Ps
and three of Nc were found with Xf in EM2; whereas 40
Ps and four of Nc positive specimens were detected when
TNAs from EM3 were used (Table 2).

LAMP assays showed differential positive reac-
tions when applied on TNAs from EM1, EM2 and EM3
(Figure 1). For Ps, this assay detected 16, 34 and 40 Xf-
infected insects from, respectively, EM1, EM2 and EM3.
For Nc, only one, two and four Xf-infected specimens
were detected, respectively, from EMI, EM2 and EM3.
The proportions of infections detected with LAMP,
using our conditions, were 11% from EMI, 24% from
EM2 and 29 % from EM3.

FLOS-LAMP

Among the outer, inner and loop functional categories
defined for the six-primer LAMP, the XF-LB primer iden-
tified only in the loop category in FLOS-LAMP of the Xf
genomic DNA. Positive fluorescence signals were gener-

Table 2. Comparative analyses between PCR, real-time PCR, LAMP and FLOS-LAMP assays, applied on TNAs extracted by three different
methods (EM1, EM2 and EM3) from 100 Philaenus spumarius (Ps) and 50 Neophilaenus campestris (Nc) specimens, for detection of Xylella

fastidiosa (Xf).

PCR Real-time PCR LAMP FLOS-LAMP

Insect species

EM1 EM2 EM3 EM1 EM2 EM3 EM1 EM2 EM3 EM1 EM2 EM3
Xf-positive Ps 0 0 40 0 24 40 16 34 40 34 36 40
Xf-positive Nc 0 0 4 0 3 4 1 2 4 3 3 4
Ps-, Ne-Xf positive 0 0 44 0 27 44 17 36 44 37 39 44
Infection % 0 0 29.3 0 18 29.3 11.3 24 29.3 24.6 26 29.3
Detection % 0 0 100 0 613 100 386 818 100 84 886 100
Mean detection % 9.7 27.7 45 60.3
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Figure 1. Differential responses of real-time PCR, LAMP and FLOS-LAMP assays to Xylella fastidiosa (Xf) infections in Philaenus spu-
marius and 50 Neophilaenus campestris specimens, using TNA extracted with three different methods (EM1, EM2 and EM3) for the same
insects. Xf-positive reactions increased when TNA from EMI, EM2 and EM3, and from real-time PCR to FLOS-LAMP were used. A cycle

threshold (Ct) values below 35 were scored as positives.

ated when the FAM-labeled LB probe was tested against
the templates. No signals were detected from FAM-labeled
FIP and B3 primers functioning as probes. This indicated
that the XF-LB self-quenched FLOS probe bound and flu-
oresced only in the presence of Xf-genomic DNA target.
The FLOS-LAMP confirmed the PCR results, successfully
amplifying all samples found PCR-positive to Xf, without
producing non-specific reactions from healthy plants.

Of the 150 insects analyzed, 34 Xf-infected Ps were
identified using EM1, 36 using EM2 and 40 were iden-
tified using EM3. Three Nc positive specimens were
detected using EM1 and EM2, and four positives were
detected using EM3 (Figure 1). Based on the FLOS-
LAMP approach, the proportions of infection were 256%
using EM1, 26% using EM2 and of 29% using EM3
(Table 2). These results reflected the different sensitivity
and specificity of the two approaches. Overall, FLOS-
LAMP applied to samples from EMI1, EM2 and EM3
detected greater numbers of Xf-infected insect vectors,
thus identifying 60% of the Xf-positive samples. The
LAMP assay identified 45% of the positive samples, with
increments of 13% for EM1 and 2% for EM2.

Detection limit of FLOS-LAMP

FLOS-LAMP gave high levels of sensitivity by ampli-
fying all dilutions greater than 1 fg uL'. Compared to
the sensitivity of the other techniques tested here, FLOS-
LAMP was 10 times more sensitive than conventional
LAMP. The detection limit of LAMP is reported to be
10 fg uL! for Xf-genomic DNA (Yaseen et al., 2015), and
100 times more than that of real-time PCR (Harper et
al., 2010, erratum 2013). The sensitivity of FLOS-LAMP
was demonstrated by the large number of positive sam-
ples detected from EM1 (37 Xf-infected Ps and Nc com-
pared to 17 in LAMP) and EM2 (39 Xf-infected Ps and
Nc compared to 36 in LAMP).

DISCUSSION

Detection of Xf in infected plant material is con-
ventionally carried out using serological (ELISA) and
molecular (PCR, real-time PCR and LAMP) diagnos-
tic techniques. When versatility, precision and sensi-
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tivity are required, preferential differences occur with
application of these approaches. Serological assays have
been widely adopted to detect Xf in infected plant mate-
rial but not for detection in insect vectors. The preferen-
tial use of some methods is conditioned by the nature
of this pathogen. Localization of the pathogen in host
xylem tissues makes extraction difficult. Uneven dis-
tribution within plants can miss infected tissues with
high bacterium concentrations. Latent infections due
to the low bacterium concentrations can be less than
minimum detection limits for some techniques. Most
importantly, some techniques must be validated for not
previously identified insect vectors of Xf. Therefore, we
aimed to compare, validate and refine conventional and
new diagnostic methods for the detection of Xf in Ps
and Nc vectors of the pathogen. In our conditions, the
EM3, i.e. grinding whole insects using the CTAB pro-
tocol, was the most suitable for extracting enough Xf-
genomic DNA to be detectable using conventional and
new molecular techniques, including the FLOS-LAMP
assay here optimized. This was confirmed by identifi-
cation of the greatest number of Xf-infected insects (44
specimens) in all four diagnostic techniques using TNA
extracts from EM3.

Among the three EM tested here, EM1 and EM2
were the simplest to perform and least expensive, as few
reagents were needed for their preparations. However,
their outcomes remain precarious when used in different
diagnostic techniques to detect Xf in insect vectors. In
contrast, EM3 was the most efficient for bacterial DNA
extraction but required greater effort than the other two
extractions.

In general, the real-time PCR and LAMP tech-
niques were more efficient than the conventional PCR
for detection Xf in the insect vectors, independently
from the EM used. Furthermore, when applied on
TNAs from EM2, real-time PCR was more sensitive
(18% infection), identifying 24 Xf-infected Ps and three
infected N¢, compared with no detection using PCR.
The failure of the real-time PCR to detect Xf in TNAs
from EMI1, and of the PCR when extracts from EMI1
and EM2 were used, was probably due to the low con-
centration of bacterial DNA. The real-time PCR was
therefore more sensitive than the PCR, and detected
Xf-infected samples in extracts from EM2 with greater
bacterial DNA concentration. However, and as expect-
ed, the LAMP method had high sensitivity, detecting
17 Xf-infected specimens in TNAs from EMI1, while
the other techniques did not detect the pathogen. The
FLOS-LAMP technique gave even greater sensitiv-
ity than the LAMP assay, particularly when applied on
TNAs from EMI1, with 37 positive specimens detected
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compared with 17 from LAMP and none from real-time
PCR and conventional PCR. This superiority was tested
for detection of 1 fg L'l of Xf-genomic DNA compared
to that reported for conventional LAMP (10 fg pL)
(Yaseen et al., 2015). Another advantage of the FLOS-
LAMP was the reduction of non-specific reactions
observed in the conventional LAMP assays after a Ct
value >35 (Figure 1). This, often-generated misinterpre-
tation of results, for whether those insect vectors should
be considered as negative to the presence of Xf or posi-
tive with low Xf-genomic DNA concentrations, resulting
in a greater Ct value. These artifacts of LAMP reactions,
probably caused by the use of non-specific dyes, are
overcome using self-quenching fluorogenic probes, in a
direct detection approach. This increases the specificity
of LAMP reactions.

In terms of costs, LAMP and FLOS-LAMP are inex-
pensive when the various components of the reactions
are managed in the laboratory without the need to pur-
chase commercial kits. Under our conditions, the esti-
mated costs for LAMP and FLOS-LAMP were, respec-
tively, approx. 0.2 and 0.25 Euro per sample, compared
with an average of 10 Euro per sample required by diag-
nostic companies. The only disadvantage of the FLOS-
LAMP, similarly to LAMP, is high sensitivity, which
is a disadvantage when dealing with very small DNA
contaminations, leading to false positive reactions that
would be irrelevant in other techniques (PCR, ELISA).

This study has demonstrated that EM1 and EM2
are not suitable for extracting enough amounts of Xf-
genomic DNA for amplification using any of the tech-
niques here tested. The FLOS-LAMP technique was
found, in our conditions, to be more sensitive and spe-
cific than conventional LAMP. We recommend that
FLOS-LAMP be used for testing of Ps and Nc insect vec-
tors for the presence of Xfin infested regions.
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Summary. This study characterizes a fungal disease of cactus pear (Opuntia ficus-indi-
ca, Cactaceae), reported from the minor islands of Sicily. The disease, originally named
‘gummy canker, was first reported in 1973 from Linosa, a small island of the Pelagian
archipelago, south of Sicily. The causal agent was identified as Dothiorella ribis (cur-
rently Neofusicoccum ribis, Botryosphaeriaceae). In a recent survey the disease has been
found to be widespread in minor islands around Sicily, including Lampedusa, Linosa,
Favignana and Ustica. The causal agent was identified in Botryosphaeriaceae as Neofu-
sicoccum batangarum on the basis of the phylogenetic analysis of the DNA sequences
from ITS, tefl and tub2 sequences, and the disease was renamed ‘scabby canker, which
describes the typical symptoms on cactus pear cladodes. In artificial inoculations, N.
batangarum induced symptoms on cactus pear cladodes identical to those observed in
naturally infected plants. The fungus also induced cankers on artificially wound-inoc-
ulated stems of several common Mediterranean plants including Aleppo pine (Pinus
halepensis), almond (Prunus dulcis), sweet orange (Citrus x sinensis), citrange (Citrus
sinensis x Poncirus trifoliata) and holm oak (Quercus ilex), indicating that the patho-
gen has a wide potential host range. Isolates of N. batangarum from cactus pear from
several small islands around Sicily were genetically uniform, as inferred from micro-
satellite primed (MSP)-PCR electrophoretic profiles, suggesting the pathogen popula-
tions in these islands have a common origin. A preliminary report of the identity of
the causal agent of this disease has been published as the first record of N. batangarum
in Europe and on cactus pear worldwide.

Keywords. Botryosphaeriaceae, cactus pear, phylogenetic analysis, marker genes, host
range.

Phytopathologia Mediterranea 59(2): 269-284, 2020
ISSN 0031-9465 (print) | ISSN 1593-2095 (online) | DOI: 10.14601/Phyto-11225



270

INTRODUCTION

Cactus pear [Opuntia ficus-indica (L.) Mill.] is prob-
ably native to Mexico (Kiesling and Metzing, 2017), and,
after the discovery of America, this plant was intro-
duced into the Mediterranean basin where it is natural-
ized (Ochoa and Barbera, 2017). In Sicily, cactus pear
has become an economically important fruit crop and
is a characteristic feature of the landscape. It is also
cultivated in the Sardinia, Apulia, Calabria, and Basili-
cata regions of Italy, and this country is the second cac-
tus pear fruit producer, after Mexico. Sicily produces
approx. 90% of cactus pear fruit in the European Union.
Cactus pear was introduced into the small islands
around Sicily, where it is mainly grown as productive
living fences. According to Pretto et al. (2012), O. ficus-
indica was introduced into the small Mediterranean
islands in the nineteenth century, as fodder or to fence
fields.

Somma et al. (1973) reported a severe and unusual
disease of O. ficus-indica on Linosa, a small island of
the Pelagian archipelago, south of Sicily. The disease was
named ‘gummy canker’, referring to the typical symp-
toms on cladodes, and the causal agent was identified as
Dothiorella ribis, currently Neofusicoccum ribis (Botry-
osphaeriaceae). In a subsequent review of cactus pear dis-
eases (Granata et al., 2017), the ‘gummy canker’ described
by Somma et al. (1973) was equated to a disease named
‘cladode and fruit rot’, and the causal agent was consid-
ered to be the cosmopolitan fungus Lasiodiplodia theo-
bromae (Pat.) Gift. & Maubl. This fungus is in the same
family as N. ribis. Recently, ‘gummy canker’ was seen to
be destroying the cactus pear stands in Lampedusa, the
southernmost island of the Pelagian archipelago, and the
disease was also present in other minor islands near Sic-
ily, including Favignana of the Aegadian archipelago, and
Ustica, a small island around 67 km northwest of Palermo
in the Tyrrhenian sea (Schena et al., 2018). The name of
the disease was changed to ‘scabby canker’, as this was
more appropriate to describe the characteristic symp-
toms on cladodes. The fungus responsible for the disease
was identified as Neofusicoccum batangarum Begoude,
Jol. Roux & Slippers (Schena et al., 2018), not previously
reported in Europe (Phillips et al., 2013; Dissanayake et
al., 2016a). This was the first report of N. batangarum on
cactus pear, but there are records of this fungus in Bra-
zil as a pathogen of cochineal cactus [Nopalea cochenilli-
fera (L.) Salm-Dyck, syn. Opuntia cochenillifera (L.) Mill],
which is a close relative of cactus pear (Conforto et al.,
2016; Garcete-Gomez et al., 2017).

The disease of cochineal cactus, named ‘cladode
brown spot’, has some traits in common with ‘scabby
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canker’ occurring in the minor Sicilian islands. Howev-
er, other fungi, besides N. batangarum, are responsible
for ‘cladode brown spot’ in Brazil (Conforto et al., 2019;
Feijo et al., 2019). Neofusicoccum batangarum was first
described as an endophyte of Indian almond (Termina-
lia catappa L., Combretaceae) in Africa (Begoude et al.,
2010, 2011). This fungus was also reported in Florida
(USA) as a contaminant of seeds of Schinus terebinthi-
folius, the Brazilian pepper tree (Shetty et al., 2011),
and more recently as an aggressive pathogen causing
stem cankers of fruit trees in the tropics (Netto et al.,
2017; Serrato-Diaz et al., 2020). The distribution of N.
batangarum includes Africa, Brazil, Puerto Rico and the
United States of America (Phillips et al., 2013; Dissan-
ayake et al., 2016a; Conforto et al., 2019; Serrato-Diaz et
al., 2020).

The present study aimed to gain insights into the
aetiology and epidemiology of ‘scabby canker’ that is
destroying cactus pear on the minor islands of Sicily,
and also poses a serious threat to cactus pear crops in
Sicily. Specific objectives included: i) to determine the
present distribution of ‘scabby canker’; ii) to characterize
N. batangarum isolates from different minor islands of
Sicily; and iii) to investigate if the potential host range of
this fungus includes other Mediterranean plants which
could act as alternative hosts or inoculum reservoirs for
this pathogen.

MATERIALS AND METHODS
Fungus isolates, distribution and incidence of the disease

Samples were collected from 2013 to 2018, from the
minor islands of Sicily, and a survey was carried out in
the islands of Favignana, Lampedusa, Linosa and Ustica
(Figure 1) to determine the distribution and the inci-
dence of the disease. Since the extent of these islands is
limited, all prickly pear hedges and plantations in each
island were examined systematically. Isolations were
made from the margins of active cankers developing
on cladodes of the host plants. Pieces (5 mm) of dis-
eased tissue were plated onto potato dextrose agar (PDA,
Oxoid Limited) supplemented with 1 mg mL" of strep-
tomycin, and were incubated at 22°C. Isolates were also
obtained as single conidium isolations from conidiomata
emerging from cankers of diseased plants, as described
by Phillips et al. (2013). A total of 26 representative iso-
lates of N. batangarum from cactus pear were character-
ized in this study. Table 1 lists these isolates and their
origins. Cultures were routinely grown and maintained
on PDA in the collection of the Molecular Plant Pathol-
ogy laboratory of the Di3A, University of Catania.
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Figure 1. Sicily and the minor surrounding islands.

Morphological characteristics and cardinal temperatures
for growth of the isolates

The isolates were induced to sporulate by plat-
ing them on PDA containing sterilized pine needles
(Smith et al., 1996), and incubating at room temperature
(approx. 20 to 25°C) under diffused day light or near-
UV light, until pycnidia developed. For microscopy, pyc-
nidia and conidia were mounted in sterile distilled water
or 100% lactic acid and observed microscopically at
x40 and x100 magnifications, with an Axioskop (Zeiss)
microscope. Images were captured with an AxioCam
MRc5 camera (Zeiss), and measurements were made
with the software AxioVision. For each isolate, 50 conid-
ia were randomly selected and their lengths, widths and
shape were recorded. For pycnidium dimensions, 20
measurements were made. Colony characters and pig-
ment production were noted after 4 to 6 d of growth on
PDA or malt extract agar (MEA) at 25°C, in the dark.
Colony colours (upper and lower surfaces) were rated
according to Rayner (1970).

Four isolates, one from each island, were deposited
at Westerdijk Fungal Biodiversity Institute, with strain
code numbers CBS 143023, CBS 143024, CBS 143025,
and CBS 143026 (Schena et al., 2018).
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Radial growth rate and cardinal temperatures for
radial growth were determined by growing the isolates
on PDA in Petri dishes (9 cm diam.), and incubating at
5, 10, 15, 20, 25, 30 35°C, in the dark. Means of radial
growth at the different temperatures were adjusted to a
regression curve using Statgraphics Plus 5.1 software
(Manugistics Inc.), and the best polynomial model was
chosen based on parameter significance (P < 0.05) and
coeflicient of determination (R?) to estimate the opti-
mum growth temperature for each isolate. Four repli-
cates of each isolate were evaluated and each experiment
was repeated twice.

Amplification and sequencing of target genes

Genomic DNA was isolated from 1-week-old cultures
grown on PDA at 25°C in the dark using the procedure
of Schena and Cooke (2006). The internal transcribed
spacer (ITS) region of the ribosomal DNA was ampli-
fied and sequenced with primers ITS5/ITS4 (White et al.
1990), part of the translation elongation factor 1 alpha
gene (tefl) was sequenced and amplified with primers
EF1-728F/EF1-986R (Carbone and Kohn, 1999), and the
B-tubulin gene (fub2) was sequenced and amplified with
Bt2a and Bt2b (Glass and Donaldson, 1995).

Amplified products with both forward and reverse
primers were sequenced by Macrogen Europe. CHRO-
MASPRO v. 1.5 (http://www.technelysium.com.au/)
was used to evaluate reliability of sequences and to cre-
ate consensus sequences. Unreliable sequences were re-
sequenced.

Molecular identification and phylogenetic analyses

The preliminary identification of isolates and their
association to N. batangarum were carried by BLAST
analyses. For the accurate identification, sequences of
ITS, tefl and tub2 loci from the isolates obtained in the
present study were phylogenetically analyzed along with
validated sequences representative of N. batangarum and
closely related species as defined by comprehensive phy-
logenetic studies (Slippers et al., 2013; Lopes et al., 2017;
Yang et al., 2017). Two additional isolates of N. batangar-
um for which ITS, tefl and tub2 sequences were available
in GenBank were included in the analysis. Table 2 lists
the analyzed isolates. For all isolates, I'TS, tefl and tub2
sequences were trimmed to a common length and con-
catenated using the Sequence Matrix software (Vaidya
et al., 2011). Concatenated sequences were aligned with
MUSCLE (Edgar, 2004) as implemented in Mega Version
7.0 (Kumar et al., 2016), and edited manually for check-
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Table 1. Identity of the Neofusicoccum batangarum isolates studied, and GenBank accession numbers, for isolates recovered from the small

islands of Sicily.

Isolate Species Island origin ITS B -tubulin EFl-a

FIF G N. batangarum Favignana MF414731 MF414750 MF414769
FIF A N. batangarum Favignana MF414732 MF414751 MF414770
FIF D N. batangarum Favignana MF414730 MF414749 MF414768
FIF F1 N. batangarum Favignana MF414733 MF414752 MF414771
FIF E N. batangarum Favignana MF414734 MF414753 MF414772
FIF F N. batangarum Favignana MF414735 MF414754 MF414773
FIF I N. batangarum Favignana MF414736 MF414755 MF414774
FIF H N. batangarum Favignana MF414737 MF414756 MF414775
FILI F1 N. batangarum Linosa MF414747 MF414766 MF414785
OB43 N. batangarum Linosa MG609040 MG609057 MG609074
OB44 N. batangarum Linosa MG609041 MG609058 MG609075
OB46 N. batangarum Linosa MG609043 MG609060 MG609077
FIU 1 N. batangarum Ustica MF414739 MF414758 MF414777
FIU 1B N. batangarum Ustica MF414738 MF414757 MF414776
FIU 2 N. batangarum Ustica MF414740 MF414759 MF414778
FIU 3 N. batangarum Ustica MF414741 MF414760 MF414779
FIU 3A N. batangarum Ustica MF414742 MF414761 MF414780
FIU 3B N. batangarum Ustica MF414743 MF414762 MF414781
FIU 4 N. batangarum Ustica MF414744 MF414763 MF414782
FIU 5 N. batangarum Ustica MF414745 MF414764 MF414783
FIU 6 N. batangarum Ustica MF414746 MF414765 MF414784
FILA 4 N. batangarum Lampedusa MF414748 MF414767 MF414786
OP5 N. batangarum Lampedusa MG609050 MG609067 MG609084
OP6 N. batangarum Lampedusa MG609051 MG609068 MG609085
OP9 N. batangarum Lampedusa MG609052 MG609069 MG609086
OB47 N. batangarum Lampedusa MG609053 MG609070 MG609087

ing indels and single nucleotide polymorphisms. Phylo-
genetic analyses were performed in Mega with the maxi-
mum likelihood method using the Tamura-Nei model
and 1000 bootstrap replications (Tamura and Nei, 1993;
Tamura et al., 2013).

Analysis of genetic variability of isolates

Six representative isolates (FIU 1B, OP6, FIF D,
FILA 4, OB43, and FILI F1) collected from four different
islands were characterized according to their microsatel-
lite-primed PCR (MSP-PCR) profiles using primer M13
(Meyer et al., 1993; Santos and Phillips, 2009), (CAG)5
(Freeman and Shabi, 1996), and (GGA)5 (Uddin et al.,
1997). Each amplification was carried out in a total vol-
ume of 25 pL, containing 1 uL (50 ng) of fungal DNA, 1
uM of primer, 2 mM [(primer (CAG)5 and (GGA)5] or 4
mM (primer M13) of MgCl, and 1U of GoTaq DNA Pol-
ymerase (Promega Corporation). Reactions were incu-
bated for 2 min at 95°C, followed by 35 cycles of 30s at

95°C, 30 s at 49°C [primers (GGAS5)5 and M13] or 52°C
[primer CAG)5] and 1 min at 72°C. All reactions ended
with a final extension of 5 min at 72°C. PCR profiles
were visualized on 2% agarose electrophoresis gels (Mer-
ck) in 1x TBE buffer stained with SYBR Safe DNA Gel
Stain (Thermo Fisher Scientific).

Pathogenicity tests

Four N. batangarum isolates obtained from cactus
pear cankers (isolates FIF D, FIU 1B, OP6 and OB43
from, respectively, Favignana, Ustica, Lampedusa
and Linosa) were used in pathogenicity tests on cac-
tus pear plants. These isolates were used to inoculate
mature cladodes (cladodes of the previous year) and the
stems of field-grown cactus pear plants (three plants
per isolate and two cladodes per plant). On each clad-
ode, two holes (5 mm diam.) were made 20 cm apart
with a cork-borer, while only one hole was made on
the stem. An agar plug from a 5-d-old colony grow-
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ing on PDA was inserted into each hole. Three plants
inoculated with sterile agar served as controls. Wounds
were sealed with the excised tissues and inspected
daily for 20 d after inoculation (a.i.). Lesion diameters
was recorded 30 d a.i., and the size of the cankers on
cladodes was calculated as the circle area. Inoculations
were first performed in June 2014 in an experimen-
tal field at the University of Catania (Sicily), and these
were repeated each year in June for three consecutive
years on different healthy cactus pear plants. Com-
mencing from 20 d a.i., inoculated plants were inspect-
ed each month to observe development of symptoms.
Trials were also repeated in an experimental field at the
University of Palermo (Sicily).

Isolates FIFD and FIU1B were also used to inocu-
late twigs and stems of 2-year-old trees of sweet orange
‘Navelina’ (Citrus x sinensis) grafted on citrange ‘Car-
rizo’ (Citrus sinensis x Poncirus trifoliata) rootstock,
grown in a greenhouse maintained at 20 to 26°C. These
isolates were also used to inoculate the stems of field-
grown trees of woody plants typical of the Mediterra-
nean region, in an experimental field at the University
of Catania. These included 3-year-old trees of almond
[Prunus dulcis (Mill.) D.A. Webb], 5-year-old trees
of holm oak (Quercus ilex L.) and 6-year old trees of
Aleppo pine (Pinus halepensis Mill.). Inoculations were
performed in June 2016. On sweet orange (two twigs
per tree) were inoculated (four trees per isolate). A hole
in each twig was made with a 3 mm cork-borer. A 3
mm diam. mycelium plug from 5-d-old PDA culture
was placed on the freshly wounded surface, the wound
was covered with the excised bark disk and sealed
with Parafilm®. The stem of each tree (the ‘Carrizo’
citrange rootstock) was inoculated 10 cm above soil
level (a single hole per stem) using the same method.
Four trees inoculated with sterile agar served as con-
trols. The length and breadth of each resulting lesion
were recorded 30 d a.i., and the outer surface areas of
the bark cankers on twigs and stems were calculated as
ellipses. Almond, holm oak and Aleppo pine trees were
wound inoculated on the stems using a cork borer (5
mm diam.). Four trees per host species were inoculat-
ed (three holes per tree 60 cm apart), and the wounds
were each covered with the excised bark disk. Four
trees inoculated with sterile agar served as controls.
The lengths and breadths of the lesions were recorded
at 30 and 70 d a.i.

In all pathogenicity tests, re-isolations were made
from lesions, and resulting fungal colonies were con-
firmed morphologically and by sequencing part of the
ITS, tefl and tub2 genes, as described above, to fulfill
Koch’s postulates.

Francesco Aloi et alii

Statistical analyses of data

Data from pathogenicity tests were analyzed using
RStudio v.1.2.5 (R). When comparing the means of mul-
tiple groups, a one-way ANOVA followed by Tukey’s
HSD post hoc test was performed. Significant differences
between groups (P < 0.05) were denoted with different
letters. When comparing independent groups, Student’s
t-test was used. The significance level was reported as
follows: * = P < 0.05, ** = P < 0.01, or *** = P < 0.001.

RESULTS
Symptoms, distribution and incidence of the disease

Symptoms were visible on cladodes and included
radially expanding, crusty, concentric, silvery, peren-
nial cankers, each with a leathery, brown halo (Fig-
ure 2A-C). Pycnidia were erumpent from the host
epidermis, visible to the naked eye as minute, black
dots, formed on the silver-coloured internal area of
each canker (Figure 2C) The cankers had radial and
tangential cracks (Figure 2B-C). A milky to buff-col-
oured abundant and viscous exudate of polysaccharide
nature, caking on contact with air, oozed from active
cankers and formed strips or cerebriform masses. The
exudate, being water soluble, was partially washed away
by rain, while masses of exudates that remained on
the cankers became black due to the growth of sooty
molds, giving the cankers an appearance of carbona-
ceous crusts. The cankers ceased to expand in the cold-
est season of each year. An individual canker rarely
reached a maximum diameter of more than 25 cm,
but cankers often coalesced and formed larger lesions
extending to the whole cladode or up to its edge, caus-
ing wilting. The cladodes collapsed when the bases
were girdled by cankers. Infections on thicker clad-
odes and stems gave rise to very prominent cankers
and eruptions of solid exudates at scattered points far
from the lesions. Cladodes and stems of heavily infect-
ed plants became senescent and the whole plants col-
lapsed, appearing gray and ghostly. In a systematic sur-
vey of prickly pear hedges and plantations, symptoms
were observed in all hedges and plantings with 80% of
plants symptomatic in the island of Lampedusa (20.2
km?) and 40% of plants symptomatic plants on Linosa
(5.43 km?). Conversely, on Favignana (19.8 km?), symp-
toms were observed at two sites three km apart, with
incidences of 40% and 100% of plants with symptoms.
On the island of Ustica (8.24 km?), symptoms were
observed only at one site on the northern coast, over-
looking the sea (Figure 2A). However, this disease out-
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Figure 2. A. Cankers on cladodes incited by Neofusicoccum batangarum in a cactus pear hedge on the Island of Ustica, May 2014. B. Coalesc-
ing, concentric cankers incited by Neofusicoccum batangarum on a cactus pear cladode. C. Concentric expanding canker incited by Neofusico-
ccum batangarum on a cactus pear cladode. Note pycnidia, as small dark spots, and cracking on the silvery, intermediate area of the canker,
the dark colour and the sooty appearance of the exudate after rain and the tan colour of the edge, indicating that the canker is still active. D.
Mycelium emerging from conidiomata of Neofusicoccum batangarum formed on cankers (photograph taken using a stereomicroscope).

break was severe, with approx. 400 m of hedges con-
taining 100% of plants with symptoms.

Morphological and molecular identification of the pathogen

A fungus with white aerial mycelium that turned
gray with age was consistently recovered from canker
tissues, with 100% of positive isolations. The same fun-
gus was obtained by plating single conidia taken from
conidiomata emerging individually or in groups from

cankers (Figure 2D). Colonies on MEA formed concen-
tric rings. On PDA mycelium was white and became
smoky gray to gray-olivaceous after 5 d (Figure 3A).
The mycelium was fast-growing (Table 3) and covered
the 9 cm diam. Petri dishes after 5 d incubation at 25°
C in the dark. Optimum temperature for radial colony
growth was between 25 and 30°C for all the isolates test-
ed. Little growth was observed at 10 or 35°C. Stromat-
ic conidiomata were produced in pine needle cultures
within 14 d. The condidiomata were solitary, covered
by mycelium, obpyriform to ampulliform, and each had
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Figure 3. A. Four representative isolates of Neofusicoccum batangarum after 5 d of incubation on PDA at 25°C; CBS143023 (FIF D),
CBS143024 (FIU 1B), CBS143025 (FILI F1), and CBS143026 (FILA 4). B and C. Unicellular, fusiform, thin-walled hyaline conidia of Neofu-
sicoccum batangarum.

Table 3. Mean radial growth rates of colonies of Neofusicoccum
batangarum isolates on PDA at three different temperatures, as
determined after 3 d of incubation.

Isolates of N.  Island dl 15°C (mm 2_15°C (mm 3_?°C (mm
batangarum origin )mean = d!) mean + d!) mean +
S.D*? S.D. S.D.
FILI-F1 Linosa 383£0.35 7.50+0.00 5.90+0.26
FILA 4 Lampedusa 3.97 +0.34 7.50 £ 0.00 7.50 + 0.00
FIU-1B Ustica 3.00£0.58 6.53+£0.63 6.26£0.42
FIF-D Favignana  3.40 + 0.41 7.50 £0.00 7.50 + 0.00
OP5 Lampedusa 4.32+0.05 9.77 £0.09 9.83 + 0.06
OP6 Lampedusa 4.20 +0.21 12.94+0.23 9.75+0.13
OP9 Lampedusa 4.31 £0.09 13.00 +0.19 9.33 £ 0.24
OB44 Linosa 3.73+0.81 12.83 +0.10 9.69 £ 0.06
OB46 Linosa 344 £044 13.03+0.18 9.23+0.42
OB47 Lampedusa 4.16 +0.10 12.94 £ 0.16 9.77 £0.11
OB43 Linosa 240 +0.22 7.82x0.07 6.47 £0.06

2 Mean of four replicate Petri dishes.

a central and circular unilocular ostiole, and measured
250-300 um in diameter. Conidia were non-septate (bi-
cellular conidia were observed only very occasionally),
hyaline, smooth, fusoid to ovoid, thin-walled, and meas-
ured 17.1-21.8 x 4.6-8.9 um, with a mean length to width
ratio = 2.9 (Figure 3B-C).

The isolates obtained had identical ITS, tefl and
tub2 sequences. Preliminary BLAST analyses of these
three genes yielded several identical sequences of Neo-
fusicoccum spp., deposited with different taxa names.
Consequently, this analysis enabled the identification
at the genus level, but did not provide reliable infor-
mation on the species. The phylogenetic analysis of
the combined data set of sequences from ITS, tefl and
tub2 sequences (Figure 4) produced trees with a high
concordance with those reported by Lopes et al. (2017)
and Yang et al. (2017). According to this analysis, iso-
lates from cactus pear were identified as N. batangar-
um, since they clearly clustered with the ex-type (CBS
124924 from Terminalia catappa; Lopes et al., 2016) and
other reference isolates of this species, and were differ-
entiated from other Neofusicoccum species, including
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Figure 4. Phylogenetic tree of isolates of Neofusicoccum collected in the present study from Opuntia ficus-indica, and representative isolates
of Neofusicoccum batangarum and closely related species as defined by in comprehensive phylogenetic studies (Tables 1 and 2). The tree was
built using concatenated sequences of ITS-5.8S-ITS2 region, tefl-a gene and B-tubulin gene. Numbers on nodes indicate the posterior prob-

abilities from the maximum likelihood method.

the closely related species N. ribis, N. umdonicola, and

N. occulatum (Annex 1).

Analysis of the genetic variability of isolates

The MSP-PCR characterization of the six representa-
tive isolates of N. batangarum revealed high genetic uni-

with the three tested primers (Annex 2).

Pathogenicity tests

formity, since isolates showed identical banding patterns

Four isolates, one from each island, were deposited
at Westerdijk Fungal Biodiversity Institute [CBS 143023
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Table 4. Mean lesion areas on cladodes of cactus pear (Opuntia
ficus-indica) 30 d after wound inoculation with representative iso-
lates of Neofusicoccum batangarum obtained from cactus pear from
four minor islands of Sicily.

Mean lesion area

Isolate Island origin (cm?) + S.D,
FIF D Favignana 44+12
OP6 Lampedusa 44+18
OB43 Linosa 45+23
FIU 1B Ustica 4.6 £0.6

*Means of 12 replicate values.
> ANOVA, F (344 = 0.372, P > 0.05

Table 5. Mean lesion areas on stems of sweet orange ‘Navelina’ (Cit-
rus x sinensis) trees grafted on ‘Carrizo’ Citrange (C. sinensis x Pon-
cirus trifoliata) rootstock, 30 d after wound inoculation with rep-
resentative isolates of Neofusicoccum batangarum from four minor
islands of Sicily

Mean lesion area (cm?) + S.D.?

Isolate f Island origin

rootstock ¢ scion®®
FIF D*** Favignana 1.4 +£0.18 1.8 £0.1
FIU 1B** Ustica 1.4 £0.12 1.8 £0.2
FILI F1* Linosa 1.4 +0.15 1.7 £ 0.2
FILA 4** Lampedusa 1.5+ 0.26 1.9+04

2 Rootstock: means of four replicate values. Scion: means of eight
replicate values.

b Symptoms included barely noticeable gummy exudate.

¢ Symptoms included abundant gummosis.

4 ANOVA rootstock, F(5 5= 0, P > 0.05.

¢ ANOVA scion, Fg35 = 0, P> 0.05.

f Comparing rootstock and scion according to Student’s t-test.

(* =P <0.05 % =P <0.01, and ** = P < 0.001).

(FIF D), CBS 143024 (FIU 1B), CBS 143025 (FILI F1),
and CBS 143026 (FILA 4)], and these were tested for
their pathogenicity on cactus pear and other species of
plants. Additional isolates from Lampedusa and Linosa
were also included in the pathogenicity tests. Since the
results of four inoculation series performed, respectively,
in 2014, 2015, 2016 and 2017 were very similar, only the
results of inoculations performed in 2014 are reported
here in detail. All isolates were pathogenic on the inoc-
ulated plant species (Tables 4, 5, 6 and 7). The isolates
induced cankers in all inoculated plants while no symp-
toms were observed on the controls.

On cactus pear plants, symptoms appeared after 4 d,
as brown circular halos around the inoculation wounds
with viscous exudates oozing from the lesions that con-
solidated in contact with the air to form long strips

Francesco Aloi et alii

Table 6. Mean lesion areas on stems of holm oak (Quercus ilex)
trees 30 d and 70 d after wound inoculation with representative iso-
lates of Neofusicoccum batangarum from two minor islands of Sicily.

Mean lesion area (cm?) + S.D.2

Isolate Island origin

30 d° 70 d¢
FIF D Favignana 52+13 82+ 1.1
FIU 1B Ustica 58+24 10.0 £ 3.0

* Means of six replicate values.
b ANOVA 30 d, F; 1, = 0.274, P > 0.05.
¢ANOVA 70 d, F(; 5= 1.517, P >0 .05.

Table 7. Mean lesion areas on stems of Aleppo pine (Pinus halepen-
sis) or almond (Prunus dulcis) trees 70 d after wound inoculations
with representative isolates of Neofusicoccum batangarum from four
minor islands of Sicily.

Mean lesion area (cm?) + S.D.>f

Isolate Origin

Aleppo pine®d  Almond*
FIF D Favignana 72+06a 49+10a
FIU 1B Ustica 7.1 £0.9 ab 51+14a
FILA 4 Lampedusa 7.6 +2.8ab 51+17a
FILI F1 Linosa 6.6 +0.6b 58+17a

* Means of six replicates.

b Symptoms included resinous exudates.

¢ Symptoms included abundant gummous exudates.

4 ANOVA Aleppo pine, F ) = 6.015, P = 0.004.

¢ ANOVA Almond, F3 5, = 2.783, P = 0.06.

fMeans accompanied by the same letters are not statistically differ-
ent (P < 0.05, Tukey’s HSD test).

(Figure 5A-B). Cankers expanded progressively and
concentrically (Figure 5D). They were roughly circular,
with irregular margins, identical or very similar to those
observed on plants with natural infections, and the can-
ker expansion reduced during the coldest months (late
December to early February). Some cankers stopped
growing permanently and healed, but most cankers
resumed growth and the production of exudate when
temperatures increased after winter. Table 4 presents
the mean lesion areas induced on cactus pear cladodes
by the four tested isolates 30 d after wound inoculation.
Analysis of variance revealed no statistically significant
differences in pathogenicity between the isolates. Five
years after the first inoculation, most cankers were still
active, and they continued to expand and produce abun-
dant exudates (Figure 5D). In some cases, the cankers
expanded more rapidly in one direction and became
asymmetrical and irregular (Figure 5D). After rain, the
cankers became dark, with a carbonaceous appearance.
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Figure 5. A. Brown, circular lesions and waxy exudate oozing from lesions on a cactus pear cladode wound-inoculated with Neofusicoc-
cum batangarum, 7 d after inoculation (a.i.) B. Brown lesion and exudate oozing from a lesion on a cactus pear cladode wound-inoculated
with N. batangarum, 4 d a.i. C. A fusiform dry canker induced by wound-inoculation of N. batangarum on the stem of a holm oak tree 70
d a.i. D. A still active canker on a cactus pear cladode artificially inoculated with Neofusicoccum batangarum in the field, September 2019, 5
years a.i. E. A resinous canker induced by wound-inoculation with N. batangarum on the stem of an Aleppo pine tree, 70 d a.i. E A gummy
canker induced by wound-inoculation with N. batangarum on the stem of a young almond tree, 14 d a.i. G. A gummy canker induced by
wound-inoculation with N. batangarum on the stem of a young ‘Navelina’ sweet orange tree, 14 d a.i. H. Pycnidia on a canker induced by

wound-inoculation with N. batangarum on the stem of a young ‘Navelina’ sweet orange tree, 14 d a.i.

Pycnidia were visible on cankers 14-20 d a.i. From six
months to 5 years a.i., small cankers and scattered erup-
tions of exudate, similar to runny wax, appeared on arti-
ficially inoculated cladodes approx. 10-20 cm from the
inoculation points.

All four tested N. batangarum isolates induced
necrotic lesions on the citrange rootstock and the sweet
orange scion at 7 d a.i. Symptoms were more severe on

the sweet orange scions (Table 5) and included abun-
dant gummosis (Figure 5G), while gummosis was much
less abundant on citrange. Pycnidia emerged from the
necrotic lesions on sweet orange stems from 10 to 14 d
a.i. (Figure 5H). Differences in mean lesion size between
the sweet orange scion and the citrange rootstock were
significant (P < 0.05), according to Student’s t-test. How-
ever, no statistically significant differences in patho-
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genicity (P > 0.05) were observed among the fungal
isolates on both citrus symbionts. No symptoms were
observed on the controls.

On holm oak (Table 6), no gummy reaction was
observed (Figure 5 C), but cankers expanded progres-
sively along the stems and were still active 3 years after
inoculation. No symptoms were observed on the con-
trols. There were no significant differences (P > 0.05)
among isolates in the pathogenicity test on holm oak at
30dai.or 70 d a.i.

On almond and Aleppo pine (Table 7), N. batan-
garum isolates incited necrotic bark lesions with gum-
my exudates on almond (Figure 5F) and resinous exu-
dates on Aleppo pine (Figure 5E). No symptoms were
observed on the controls. Also on almond and Aleppo
pine, cankers were still active 3 years a.i.

In the pathogenicity tests on almond and Aleppo
pine there were small but statistically significant differ-
ences between the isolates on these two hosts (almond,
P =0.06; Aleppo pine, P = 0.004). All the N. batangarum
isolates were re-isolated from inoculated plants, while no
fungal pathogens were isolated from control plants, thus
fulfilling Koch’s postulates for the N. batangarum iso-
lates.

DISCUSSION

Identification of the Botryosphaeriaceae prior to the
application of DNA sequencing and phylogenetic infer-
ence should be considered with caution. The classification
and nomenclature of these fungi have evolved rapidly
and have been substantially revised, as previous classifi-
cation based on morphological characters was confus-
ing and most species were actually complexes of differ-
ent taxa (Slippers et al., 2004, 2013; Crous et al., 2006;
Phillips et al., 2008, 2013; Crous et al., 2017). According
to the molecular taxonomy of the Botryosphaeraceae,
N. batangarum is the appropriate name of the fungus
responsible for the chronic disease observed on the clad-
odes of cactus pear in the minor islands of Sicily. Neofu-
sicoccum batangarum was confirmed to be the sole causal
agent of the ‘scabby canker’ disease. The fungus was con-
sistently associated with symptomatic cactus pear plants
and, when artificially inoculated onto this host, induced
the same type of cankers as natural infections. From an
etiological and ecological perspective, N. batangarum was
the only fungus in the family Botryosphaeriaceae recov-
ered from infected cactus pear in these small islands
belonging to different archipelagos.

Several species of this family frequently occur
together on the same host (Jami et al., 2017), although
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not all are able to cause disease (Lawrence et al., 2017).
In Brazil, N. batangarum, alone or in association with
other fungi including several species of Botryospha-
eriaceae, was reported to be responsible for ‘brown spot’
of cladodes, a severe disease of cochineal cactus that is
grown as fodder for livestock in the semi-arid region
of the north-east of that country (Conforto et al., 2016,
2019). Although the syndromes of ‘cladode brown spot’
in north-eastern Brazil and ‘scabby canker’ in minor
islands of Sicily have some traits in common, they are
distinct. Differences between the symptoms of these dis-
eases include the presence of crusty, silvery, perennial
cankers, and exudates oozing from the cankers in the
‘scabby canker’ disease. However, differences might be
due to environmental conditions, host plant and/or cul-
tivation systems. In Brazil, cochineal cactus is pruned
repeatedly for the production of fresh forage. The cactus
pear fences in the minor islands near Sicily are pruned
only occasionally, thus allowing the disease to become
chronic on mature cladodes. The cladode brown spot
in Brazil is also a complex disease and the causal agent
may vary according to the season and the geographical
region (Santana et al., 2020).

For many years, Botryosphaeriaceae, which are wide-
spread in tropical and temperate regions, were con-
sidered to be opportunistic pathogens infecting hosts
exclusively through wounds or natural openings in their
periderms. Since the late 1980s, however, these fungi
have been recognized as endophytes that remain latent
in woody host plants for long periods. With the onset
of abiotic stress conditions (drought, physical damage,
water-logging, frost and unsuitable environments for the
growth) the latent pathogens cause disease (Slippers and
Wingfield, 2007; Pavlic-Zupanc et al., 2015; Marsberg et
al., 2017). The prolonged latent infection or endophytic
phase implies that these fungi can easily pass undetected
through phytosanitary controls or during the selection
of propagation material.

The genus Neofusicoccum comprises species with
widespread geographical and host distributions, and
these fungi are typically endophytes, which in stress-
ful environments can cause symptoms such as dieback,
cankers and gummosis (Crous et al., 2006; Lopes et al.,
2017; Zhang et al., 2017; Burgess et al., 2018). Wounds
caused by hailstorms may have been the factor trigger-
ing the epidemic outbreak of N. batangarum on cactus
pear in the small islands of Sicily. The climate of these
islands is affected by the proximity to the sea, and this
may have favoured the development of the disease and
the survival of the inoculum. In in vitro tests, N. batan-
garum showed an optimum temperature for growth
around 25°C, a minimum of approx. 10°C and a maxi-
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mum of approx. 35°C. On artificially inoculated clad-
odes, the fungus formed pycnidia between 14 and 20 d
a.i. In winter, conidia collected from pycnidia formed on
cladodes artificially inoculated in the spring or autumn
of the previous year were viable.

Most species of Botryosphaeriaceae have broad host
ranges, and only very few have been described from a
limited number of host species or are host specific (Slip-
pers and Wingfield, 2007; Marsberg et al., 2017). The
ability to infect multiple hosts and to move among unre-
lated hosts facilitates the establishment and spread of
species and genotypes of this family into new areas.

Neofusicoccum batangarum has been reported as an
endophyte as well as a pathogen of several host plants in
the tropics (Begoude et al., 2010, 2011; Shetty et al., 2011;
Conforto et al., 2016; Netto et al., 2017). A very recent
report has further expanded the known hosts (Serrato-
Diaz et al., 2020). Pathogenicity tests in the present
study showed that this fungus has an even wider poten-
tial host range, encompassing woody forest and culti-
vated plants typical of the Mediterranean macro-region.
These hosts include Aleppo pine, almond, citrus and
holm oak. Like other Botryosphaeriaceae, N. batanga-
rum can be regarded as a generalist pathogen, although
in natural conditions the host affinity of polyphagous
Botryosphaeriaceae species is strongly influenced by the
environment (Slippers and Wingfield, 2007). On arti-
ficially inoculated sweet orange stems, N. batangarum
induced the typical symptoms of ‘gummy cankers’ or
‘bot gummosis’, already known as ‘Dothiorella gum-
mosis’. These are minor, but widespread, diseases caused
by diverse species of Botryosphaeriaceae, and they com-
monly occur in citrus groves in California and in the
Mediterranean basin (Adesemoye et al., 2014; Guar-
naccia and Crous, 2017). Consistently with the typical
symptoms of ‘gummy canker’ of citrus, in artificially
inoculated symbiont citrus plant, symptoms were more
severe on the sweet orange scion than on rootstock.

The polyphagy of N. batangarum may be related to
its ability to produce non-host specific phytotoxins (Masi
et al., 2020). These toxins may have roles in pathogenic-
ity as virulence factors and may also enhance the eco-
logical fitness of the fungus by inhibiting other micro-
organisms competing in plant biospheres. Production of
diffusible phytotoxins could also explain the systemic
spread of symptoms on cactus pear cladodes and their
appearance far from inoculation points (Masi et al.
2020).

Reports of Botryosphaeriaceae associated with vari-
ous hosts have increased worldwide in recent years. In
Italy, this family is common and widespread on a broad
range of hosts, and is an increasing concern for agri-
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cultural crops and urban and natural forest ecosystems
(Burruano et al., 2008; Linaldeddu et al., 2014, 2016;
Dissanayake et al., 2016b;). The disease of cactus pear
caused by N. batangarum was noticed for the first time
in Linosa more than 45 years ago (Somma et al., 1973),
and at that time it was widespread and had been estab-
lished for many years. Similarly, the chronic nature of
symptoms observed recently in Favignana, Lampedusa
and Ustica and the widespread occurrence of the dis-
ease in Lampedusa, clearly indicate it has not emerged
recently. During the last 50 years the disease has prob-
ably been favoured by the low frequency of cactus pear
pruning as a consequence of the reduced importance of
this plant as a crop, and the drastic reduction in the use
of cladodes as fodder. Although Sicily is the main cactus
pear fruit producer in Italy, with more than 3,500 ha of
specialized culture (Ochoa and Barbera, 2017), this dis-
ease has not been reported in cactus pear cultivations in
Sicily. The present study has shown that N. batangarum
populations from Favignana, Lampedusa, Linosa and
Ustica were genetically uniform, despite their geographi-
cal isolation.

It can be assumed that conidia and ascospores of
Botryosphaeriaceae are dispersed by wind and rain only
over short distances. The occurrence of N. batangarum
only on cactus pear plantations of the minor islands,
and the genetic uniformity of the fungus populations,
may indicate that these populations have a common ori-
gin, and that the widespread distribution of a single gen-
otype of the pathogen has resulted from anthropogenic
activity. Neofusicoccum batangarum, as an endophytic or
latent pathogen, may have been introduced with cactus
pear cladodes collected in other geographical areas and
used as propagation material. This hypothesis is consist-
ent with cactus pear being introduced on a large scale
into small islands of the Mediterranean Sea as fodder
for livestock, for field fences or for edible fruit produc-
tion, at one recent time (Pretto et al., 2012). This was
when more intensive colonization and exploitation of
agriculture in these islands were promoted by the public
authorities.

From an ecological perspective, the emergence of this
disease in such an aggressive form, which has become a
limiting factor for the cultivation of cactus pear in these
small islands, may be partly due to the failure of the
acclimatization of a non-native plant species. However,
the occurrence of a serious disease of a crop of economic
and landscaping relevance for Sicily in a restricted geo-
graphical area, but very close and frequently connected
to the main island by tourist traffic, may have phytosani-
tary implications. Appropriate actions should be taken
to prevent further spread and introduction of N. batan-
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garum into areas where the non-native cactus pear host
is naturalized and intensively cultivated.
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Summary. Since the mid-2000s, and despite demanding production rules, Fusarium
proliferatum (Matsushima) Niremberg has been found on garlic heads during storage
inducing root and bulbs rots. Brown spots on the surface of garlic cloves and water-
soaking of heads were noted. Histological observations of the fungus during early
stages of infection were made from clove to the cellular levels. Fusarium proliferatum
germinates, colonizes roots and degrades the outer root and parechchyma cell layers
72 h post inoculation. Conidium germination and host colonization are facilitated by
the emergence of garlic roots, creating cellular debris and natural wounds. Hyphae of
the pathogen did not penetrate healthy host cells and appeared to degrade them before
penetration. These results provide understanding of when and how quickly E prolife-
ratum penetrates garlic bulbs. This is a primary step towards elucidating the life cycle
of this pathogen during the garlic drying process, and development of an efficient and
sustainable bulb rot management strategy.

Keywords. Histology, electron microscopy, garlic rot, host-parasite interaction.

INTRODUCTION

From Hippocratic medicine (Totelin 2015) to modern and sophisticated
molecular cuisine (This 2006), garlic has been used throughout history and
has a special place in human civilization. World garlic production reached a
peak of more than 26 million tons produced in 2016, rising from 11 million
in 2000 (FAOSTAT, 2018). Global average price is $US 2.35 kg and contin-
ues to increase (Tridge, 2019). China produces and exports the most of the
world’s garlic (80% of world production and 25 millions of tons per year).

France ranks 6th among European producers of garlic, with 21,000 tons
produced each year in two main areas of cultivation: the South-East and the
South-West of the country. Quality is an important objective for French pro-
ducers in that French garlic benefits from high quality standards and certifi-
cation, which ensure control of production such as the restricted geographic
areas of production (one AOP - Appellation d’Origine Protégée - and four
IGP - Indication Géographique Protégée — labels) (INAO, 2019). For the seed
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certification, garlic production in each field must be
separated by 5 years, in order to reduce propagation of
the nematode Ditylenchus dipsaci (Robert and Matthews
1995) and white rot caused by Sclerotium cepivorum
(Basallote-Ureba and Melero-Vara 1993). All certified
varieties are free from Onion yellow dwarf virus (OYDV)
and Leek yellow stripe virus (LYSV), and have been
obtained by meristem culture. In the field, all plants
that show differences compared to the source mate-
rial are destroyed. During all production steps before
and after storage, damaged garlic heads are destroyed.
Despite these control and certification standards for seed
and plants, Fusarium rot of garlic emerged in France in
approx. 2006 (Ricard 2017). During storage, browning
of cloves commences from the basal plates and extends
to the tops of the heads. Tissues become soft and water-
soaked before complete rotting. Losses are variable: less
than 1% in 2006 year, increasing to 25% on average in
2015. Some plots have been more affected than the oth-
ers (from 1 to 80%), and high losses drastically reduce
the volumes sold and therefore the income for produc-
ers. In extreme cases, farmers have ceased producing
several varieties that were highly susceptible to root rot.

Eight Fusarium species have been found on symp-
tomatic garlic, with the majority being F. proliferatum
followed by F. oxysporum and then F. solani (Koleva
2004; Stankovic et al., 2007; Ochoa-Fuentes et al., 2012;
Moharam et al., 2013; Delgado-Ortiz et al., 2016; Ign-
jatov et al., 2017). The disease caused by F. prolifera-
tum on garlic is common wherever the crop is grown,
and was first reported in 2002 in Germany (Seefelder
et al., 2002) and in 2003 in North America (Dugan et
al., 2003). The number of countries affected by F. pro-
liferatum on garlic has increased to include Serbia in
2007 (Stankovic et al., 2007), India in 2012 (Sankar and
Babu 2012) and Egypt in 2013 (Moharam et al., 2013). In
France, the pathogen was recently identified as F. proli-
feratum (Matsushima) Niremberg in 2018 (Leyronas et
al., 2018). Fusarium proliferatum is within the F. fuji-
kuroi species complex native to Asia (O’Donnell et al.,
2013), and is responsible for bulb, root or fruit diseases
on many crop plants, including onion (Toit et al., 2003),
soybean (Diaz Arias et al., 2011), chive (Yamazaki et al.,
2013), lily (Lebiush-Mordechai et al., 2014), welsh onion
(Alberti et al., 2017), peach (Xie et al., 2018) and straw-
berry (Borrero et al., 2019).

There is no officially accepted prophylactic or chemi-
cal control method for Fusarium spp. on garlic in
France. One of the hurdles to developing control meth-
ods is the lack of knowledge of the pathogen infection
processes into garlic bulbs. Mycelium starts to develop
around the basal plates of bulbs where the roots emerge
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(Stankovic et al., 2007; Tonti et al., 2012). Fungal growth
also occurs on the bulb apices, where the skin cracks
as leaves emerge. Then tissues become brown, and wilt
from the bottom to the top at a regular rate. Wilting also
starts from wounds on the bulb surfaces. Microscope
observations have been made of infection of sorghum
plants, showing that hyphae of F. proliferatum quickly
penetrate (about 2 weeks after sowing) the endodermal
and xylem parenchyma layers of roots, colonize com-
plete root cortices (Ndambi et al., 2012).

The objectives of the present study were to investigate
the infection processes of garlic by F. proliferatum, and
in particular to determine when and where the pathogen
conidia enter host tissues. Observations were focused
on the basal parts of the garlic heads, including the
roots and tissues around the heads and the basal plates.
Using light and electron microscopy, interactions were
observed at different scales, from overall aspects to his-
tological levels.

MATERIALS AND METHODS
Preparation of biological material
Biological material

A F. proliferatum strain (FA3-E01) isolated from pink
garlic cloves cultivated in France during the summer
2017 was used in this study. This strain was previously
purified and added to a laboratory fungal collection, and
this strain has been shown to be aggressive on garlic
bulbs (Leyronas et al., 2018).

All garlic cloves used in this study were from a single
lot of pink garlic from the south of France harvested in
late June 2018. The cloves were all asymptomatic at the
time of inoculation.

Preparation of conidium suspensions

Inoculum was produced on potato dextrose agar
medium (Difco Laboratories) at 21°C under cool white
light (12 h photoperiod, 23.8 pmol m?2 s1). Mycelium
plugs were taken from 1-week old cultures and were
added on 250 mL capacity Erlenmeyer flasks contain-
ing 150 mL of potato dextrose broth (Difco Laboratories,
Detroit). The flasks were placed on a rotary shaker at 100
rpm at 21°C under cool white light (12 h photoperiod,
23.8 pmol m? s!). After 7 d, the medium was filtered
through etamine filters (25-35 pm pores) to remove
mycelium fragments and retain microconidia. The con-
centration was evaluated with a haemocytometer, and
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adjusted to 1.0 x 10° conidia mL™! using sterile deionized
water. This concentration was known to recreate symp-
toms on cloves.

Inoculation of garlic cloves

Healthy peeled cloves of pink garlic (n = 6) were sur-
face-disinfected with 1% NaOCI for 1 min and rinsed
in 3 successive baths of sterile water. Disinfected cloves
were soaked in 200 mL of conidial suspension (or ster-
ile water for negative control) inside a beaker placed on
a rotary shaker at 100 rpm for 24 h at 21°C. The cloves
were then placed inside a sterile plastic box at 23°C with
saturated humidity and constant obscurity. Samples
were collected after 6, 12, 24, 48 and 72 h for microscop-
ic analyses.

Observations of samples at different scales
Sample preparation for light microscopy

All samples were first observed with an illuminated
binocular magnifier. General structures of cloves, basal
plates and tissues were described.

Control (uninoculated) and inoculated garlic cloves
were longitudinally sliced and fixed in FAA (1/1/8,
VIV/V, 37% formalin/glacial acetic acid/90% ethanol).
To promote penetration of the fixative products, sam-
ples were subjected to vacuum for 20 min. After 48 h
of fixation, the specimens were rinsed in distilled water
and stored in 70% ethanol at 4°C until required. They
were then dissected to collect 5 x 5 mm basal fragments
that were processed for cytohistology. Briefly, the sam-
ples were dehydrated in a graded ethanol series (80-100
%) and infiltrated in methacrylate resin (Kit Technovit
7100, Heraeus-Kulzer GmbH), according to the manu-
facturer instructions). Sections (3 pm thick) were seri-
ally cut using a retraction microtome (Supercut 2065,
Reichert-Young), and collected on microscope slides. For
routine observations, sections were stained by toluidine
blue, a metachromatic dye (Clark, 1981). For each treat-
ment, sections were stained to visualize major cell com-
ponents using periodic acid-Schiff’s reagent (PAS) for
polysaccharides (starch and cellulose) (pink) and naph-
thol blue-black (NBB) for protein (blue) (El Maataoui
and Pichot 1999). All microscope analyses were per-
formed using a Leica DMR photomicroscope equipped
for bright field, dark field, phase contrast and UV illu-
minations. Images were captured using a Leica DFC 300
FX digital camera and processed using Leica LAS soft-
ware. For each treatment, approx. 60 serial sections from

five different garlic cloves were analyzed, and representa-
tive images were selected to illustrate the major histolog-
ical traits. Attention was paid to initiation of infection,
mycelium progression in clove tissues, and cyto-patho-
logical effects.

Sample preparation for scanning electron microscopy

Garlic tissue samples were fixed in 2.5% (v/w) glu-
taraldehyde for 1 h and then washed three times with
0.2M sodium cacodylate buffer (pH 7.2). The samples
were then dehydrated with a series of ethanol baths of
increasing concentration (30% to 100%). The ethanol
was replaced by HMDS until it completely invaded the
samples and evaporated. After drying, the samples were
mounted on aluminium stubs, sputter-coated with a lay-
er of gold, and then observed with an FEI/Philips XL30
scanning electron microscope at 10 kV.

RESULTS
Structure of healthy garlic tissues

Each peeled garlic clove usually had bulbil-like mor-
phostructure, with a basal plate supporting a fleshy
external leaf or scale (Figure 1A) attached to a short
stem (not shown) that bore numerous root primordia
(Figure 1B). After clove germination, root emergence
took place between the external scale and the abscission
zone of the basal plate, thus enlarging the space at the
junction between the external scale and the abscission
zone. Microscope analyses of sections from the abscis-
sion zone showed that this area was composed of thick-
walled, dead cells (Figure 1C). Condensation and retrac-
tion of cytoplasm and degradation of chromatin inside
nuclei indicated that the cells were dying. Inside cloves,
roots embedded in leaf parenchyma (Figure 1D) created
each an aperture and many dead collapsed cells while
emerging (Figure 1E).

Progression of Fusarium proliferatum in cloves

After 72 hpi, hyphae adhered and colonized the junc-
tions between roots and parenchyma of external scale
edges (Figure 2A). Inoculated conidia germinated on the
surface of epidermis cells (Figure 2B). Mycelium then
invaded the entire area composed of the parenchyma
of the external scale and suberized tissue (Figure 2C).
Abscission zones (AZ) were covered with white myce-
lium (not shown). Microscope analyses of these areas
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Figure. 1. Morphology and structure of healthy garlic cloves. A, Peeled clove after 3 d in sterile distilled water. B, Abscission zone. C, Sec-
tion of the abscission zone. D, Longitudinal section of the basal part of an ungerminated clove. E, Section from the area indicated by a
square in D. ES: external scale, AZ: abscission zone, R: roots, P: parenchyma, S: thick-walled cells, cP: collapsed parenchymatous cells. Black
arrowheads indicate junctions between roots and between AZ boundaries and root primordia. A, B and D, Stereomicrographs. C and E,
Light micrographs of PAS/NBB stained samples.

showed dense mycelium growth in the cellular debris
close to suberized tissue (Figure 2D). On each clove,
a coat of white hyphae appeared all around the roots
from the base to the top and at the edge of the external
scale (Figure 2E). Specific infection structure were not
observed. Fusarium proliferatum proliferated as myce-
lium in a saprophyte-like manner.

Browning of cloves progressed from the base to the
top at 72 hpi. The boundary between healthy and dis-
eased tissues was easily discernible, and mycelium
entirely covered roots (Figure 3A). At 48 hpi, germi-
nated conidia and mycelium were observed against de-
structured suberised regions (Fig. 3B). The pathogen
was also observed to be growing inside collapsed dead
cells from the external clove scales resulting from the
root emergence (Figure 3C). At 72 hpi and beneath the
mycelium coat, root tissues were degraded and hyphae
penetrated only inside the first layers of dead cells (Fig-
ure 3D).

De-structuring of clove cell layers

In tissues infected by F. proliferatum, the cells died
and shrank particularly within the parenchyma of exter-
nal scales and in the superficial layers of the roots (Figure
4A and B). Three levels of degraded tissue could be dis-
cerned; entirely degraded tissue, collapsed cells filled with
secondary metabolites (deep blue) and dead matrices of
cells filled with fungal mycelium (III), a border between
dead and healthy cells (II) and healthy parenchyma cells
(I) (Figure 4B). The dead cells accumulated proteins, as
indicated by the azure colour of their contents.

DISCUSSION

This study has clarified the pathway by which F.
proliferatum enters garlic gloves. Fusarium species (e.g.
F. oxysporum, F. solani and F. verticillioides) are well
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Figure 2. Mycelium development of Fusarium proliferatum. A, SEM micrograph of a germinating garlic root. B, High magnification of the
area indicated by the square in A. C, Section of the basal part of an infected clove. D, Detail of suberized tissue. E, Basal part of a clove 72 h
post inoculation. R: roots, J: junction, P: parenchyma, My: mycelium, E: epidermis, S: thick-walled cells, ES: external scale. White arrow in
B indicates a germinated conidium. Black arrowheads in E indicate junctions between roots and between the abscission zone boundary and
root primordia. A and B, Scanning electron micrographs. D, Light micrograph after TB staining. E, Stereomicrograph.

known for their capacity to infect vascular and root tis-
sues causing wilt on plants (Agrios, 2005). In the present
study, rapid degradation of garlic root cells was observed
after inoculation with F. proliferatum, but the pathogen
did not invade host conductive tissues. Fusarium pro-

liferatum progressed from the points of infection in all
directions. Proliferation of the fungus in garlic tissue
was reduced in the presence of thick-walled cells, and
was directed toward the parenchyma. Although this
pathogen possesses the enzymes required to degrade
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Figure 3. Morphology and cytohistological aspects of Fusarium proliferatum infected garlic cloves 48-72 h post inoculation. A, Image of an
infected clove. B and C, Micrographs illustrating the progression of clove infection 48 h post inoculation. D, Detail of the decayed root tis-
sue. R: roots, My: mycelium, S: thick-walled cells, cP: collapsed parenchyma cells. A, Stereomicrograph. B and C, Light micrographs after
PAS/NBB staining. D, Light micrograph with TB staining.

suberized cells, such as laccases (Regalado et al., 1999;
Hernandez Fernaud et al., 2006), chitinases, glucosidases
and galactosidases (Keshri and Magan 2000), F. prolife-
ratum probably takes the path of least host resistance.
Fusarium proliferatum rapidly infected garlic root
tissues before infecting clove tissues. Germination of
roots may have triple positive indirect effects on the
development of the root rot. First, while emerging, roots
degrade parenchyma cells and release cellular debris that
may be utilized for growth of the fungus. Second, the
physical barrier of the host epidermis breaks and allows
penetration of the pathogen into host tissues. In some
preliminary experiments, we have observed that F. pro-
liferatum was unable to enter through intact garlic epi-
dermis surfaces. Third, the presence of host and non-
host roots in the soil are known to induce germination

of fungal conidia and attract hyphae of F. oxysporum
(Nelson 1981). Further studies could assess if this is also
the case for F. proliferatum and garlic roots.

In the present study, F. proliferatum was observed
to colonize decayed host tissues, but not to penetrate
healthy cells. Tissues destroyed beyond the margins
where fungal growth occurred were seen, indicating
that the fungus deployed strategies, such as enzymes
and toxin production, to destroy host tissues prior to
colonization. The limits between dead and living cells
were clearly visible. This could indicate activity of the
many organosulfur compounds produced and stored
inside garlic cells. These molecules are responsible
for the characteristic fragrance of garlic. These com-
pounds, such as allicin, have been widely studied as
potential biocontrol agents against fungi, bacteria and



Unraveling the infection process of garlic by Fusarium proliferatum, the causal agent of root rot 291

Figure 4. Histopathological effects of Fusarium proliferatum on
infected clove tissues. A and B, Detail of the first root cells layers
72 h post inoculation. My: mycelium, dC: dead cells, P: parenchy-
ma. A, Scanning electron micrograph. B, Light micrograph after
TB staining.

other pests (Curtis et al., 2004). Allicin is synthetized
from a precursor molecule (alliin) through the action
of alliinase activated when cells are damaged. The fact
that F. proliferatum is able to grow, colonize and devel-
op on a matrix containing organosulfur compounds
was interesting. Previous studies have found that gar-
lic extracts inhibit F. proliferatum on culture media at
pH 3 to 7 (Chen et al., 2018). One hypothesis to explain
pathogenicity is the production of desulfurization
enzymes (sulfatases) by some F. proliferatum strains
(Shvetsova et al., 2015). This overcoming of host resist-
ance could also be linked to glutathione metabolism
(Leontiev et al., 2018). Another example of fungi being
able to grow in the presence of organosulfur is Coriolus
versicolor known to degrade this type of compound in
wood (Linder 2018). One hypothesis about the emer-
gence of root rot of garlic is that some pathogen strains
may have acquired resistance to garlic compounds. In
further studies, we will assess the impacts of garlic

extracts on in vitro development of several F. prolifera-
tum strains, and evaluate the ability of F. proliferatum
strains, collected from other crops, to develop disease
symptoms on garlic.

Like most Fusarium spp., F. proliferatum has a soil-
borne phase. The present study showed that this fungus
can penetrate garlic cloves at the outline/contour of their
basal plates when the roots emerge. This indicates that F.
proliferatum remains dormant in the soil, is attracted to
germinating garlic cloves (at early stages of their devel-
opment), and then penetrates through wounds without
generating visible symptoms. Airborne phases cannot be
excluded. Fusarium proliferatum is a prolifically sporu-
lating species, and in Spain, conidia collected in rainwa-
ter were shown to be aggressive on garlic (Gil-Serna et
al., 2016). In the field, sprouting garlic leaves take fun-
nel shapes, and rainwater is directly led to germinated
cloves where the epidermis is weakened. In further
experiments, it could be interesting to test independent
inoculation of shoots and of the basal plates could be
investigated. Knowledge of the origin of inoculum that
induces rot on garlic is crucial for development of effi-
cient, sustainable and environmentally-friendly root rot
management strategies.

Through of French and European actions, French
garlic producers are encouraged to reduce their use of
phytosanitary products (European Directive 2009/128/
EQC). There is a need for efficient alternative disease con-
trol methods, among which are aimed at management
of garlic root rot. Soil solarization could be explored to
control the soil-borne population of Fusarium spp. In
Japan, this method was efficient for control Fusarium
wilt of strawberry caused by F. oxysporum, in fields and
greenhouses (Koike and Gordon 2015). Results could be
linked to heat alone or to selection of antagonistic soil
microorganisms. In another research, solarization with
Medicago sativa amendment was shown to be an efli-
cient, non-chemical, method for control of Fusarium
wilt of cucumber caused by F. oxysporum (Yao et al.,
2016). Although soil solarization has proved to be effi-
cient against species other than F. proliferatum, it would
be worth testing this method for garlic crops. The use
of biocontrol agents such as bacteria applied on garlic
cloves may also be promising. Four strains of B. subtilis
have been shown to reduce severity of disease caused by
F. proliferatum strains on garlic (Bjelic et al., 2018).

Biocontrol and solarization need to be applied at the
right time, in optimum conditions, to have appropri-
ate activity during or before crop planting. To this end,
some of our current studies are focusing on the impacts
of abiotic factors on F. proliferatum mycelium growth
and sporulation.
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Summary. Intra-host populations of plant RNA viruses are genetically diverse. Due
to frequent reinfections, these populations often include phylogenetically distant vari-
ants that may have different biological properties. Random selection of variants, which
occurs during host-to-host virus transmission, may affect isolate pathogenicity. Accu-
rate characterization of genetic variants in intra-host virus populations is therefore
epidemiologically important. In routine molecular characterization of Citrus tristeza
virus (CTV) isolates, common practice is to analyze only a few cDNA clones per iso-
late. In the present study, based on the characterization of CTV populations displaying
different levels of genetic diversity, we evaluated if analyzing large numbers of clones
increased diversity parameters. A sequential sampling approach, based on analysis
of genetic richness. is proposed for determining the minimal sample size required to
obtain reliable information on levels of CTV genetic diversity.

Keywords. Cloning, CTV, population structure, sequencing, SSCP.

INTRODUCTION

High error rate of RNA dependent RNA polymerases is the main contribu-
tor in generating heterogenic populations of genetically related variants, attrib-
uted to all RNA viruses (Ojosnegros et al., 2011; Domingo et al., 2012). While
this benefits virus populations, enabling adaptation to variable environmental
conditions and different selective regimes (Domingo et al., 1997; Schneider and
Roossinck, 2001), the variation complicates study of virus isolate genetic struc-
ture and understanding of effects on the symptom expression. All evidence
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suggests that mutant spectra can hide components that
in isolation would display dissimilar biological properties
(Domingo et al., 2012). Due to frequent reinfections, some
long-living hosts can also accumulate highly heterogenic
virus variants, some of which are phylogenetically distant.
As a result of repeated genetic bottlenecks occurring dur-
ing virus host-to-host transmission events (Li and Rooss-
inck, 2004; Ali et al., 2006), virus populations are subject-
ed to fitness reduction and biological alterations (Domin-
go et al., 2012). Minor population variants may influence
the symptom expression (Domingo et al., 2006; Cerni et
al., 2008), so it is important to have an efficient tool for
accurate characterization of virus isolates, both for gain-
ing insights into isolate epidemiology, and for under-
standing virus pathogenicity.

For isolates of Citrus tristeza virus (CTV), the most
important virus pathogen of citrus, the relationships
between population structure of an isolate and its bio-
logical expression remain neither well documented nor
understood. This is also the case for many other virus-
es. Based on coat protein (CP) gene sequences, CTV
variants are grouped into seven phylogenetic clusters
between which the representatives of at least four clus-
ters clearly differ in pathogenic potential (Nolasco et al.,
2009; Hancevié et al., 2013). Several authors have not
fully characterized the extent of CTV variants compos-
ing individual isolates. Consequently, there are inconsist-
encies between phylogenetic data and isolate biological
characteristics. Much understanding of viral pathogen-
esis derives from studies of single viral clones, which may
not reveal many of the most important aspects of natural
infections (Lauring and Andino, 2011). Gao et al. (2005)
proposed the hypothesis that the level of intra-host virus
population diversity can easily be missed. They showed
that for obtaining good population structure of Hepa-
titis virus C isolates, it was necessary to analyze up to
40 separated genomic variants (clones). As CTV infects
long-living hosts subjected to frequent reinfections, with
genetic bottlenecks often occurring during virus trans-
mission by the aphid vectors or grafting (Nolasco et al.,
2008; Cerni et al., 2008), CTV variants belonging to
diverse phylogenetic lineages are expected to coexist.

The probability of sampling at least one sequence of
genomic variant x is given by the formula Pr = 1-(1-p)",
where p is the frequency of the genetic variant x, and n
is the sample size. Thus, the minimal sample size can be
calculated as: n = log(1-Pr)/log(1-p) (Ott, 1992). There-
fore, the sample size of n = 59 should be adequate to
detect a genetic variant whose frequency in the popula-
tion is greater than 5%, with the probability of 95%. Fur-
ther, if k variants present at frequency p are to be detect-
ed with a probability of Pr, the equation becomes: n =
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log(1-Pr'/%/log(1-p), and, similarly, the sample size of n =
72 would be needed to detect two genetic variants with
frequencies greater than 5%.

Bulk virus clone analysis is time consuming and
expensive, and not always required. Our goal was to
investigate to what extent analysis of increased num-
bers of clones, based on a range of diversity parameters,
enhanced information quality on CTV genomic vari-
ants within a virus population. We also assessed if an
approach based on analyses of genetic richness could
determine optimum sample size.

MATERIALS AND METHODS
Citrus tristeza virus isolates

All samples used in this study were previously con-
firmed to be CTV positive, by DAS-ELISA (Loewe).
Samples were taken randomly from seven citrus hosts
including: the Citrus unshiu Mac. Mark. varieties Aoshi-
ma, Chahara and Zorica Rana (isolates AO, CH and ZR),
C. sinensis (L.) Osbeck variety Fukumoto Navel (isolate
EN), and three C. wilsonii Tanaka plants (isolates CwS1,
CwS2, CwS3). Two additional samples were created by
pooling tissue of isolates AO, CH and ZR (sample P1)
and isolates CwS1, CwS2 and CwS3 (sample P2), to cre-
ate samples having high genetic diversity. Total RNA
was extracted from each sample of infected tissue col-
lected from different plant sections (Cerni et al., 2008),
using the RNeasy Plant Mini Kit (Qiagen).

Separation and characterization of Citrus tristeza virus
variants

Coat protein (CP) genes of CTV variants present in
the sample populations were amplified by one-step RT-
PCR (Cerni et al., 2008), using primers corresponding to
both ends of the CP gene (Gillings et al., 1993). Result-
ing products (672 bp) were separated by electrophore-
sis in 1% agarose gel, and visualized in UV-light after
ethidium bromide staining. To separate different CTV
variants, amplicons were TA-cloned into the pT’Z57R/T
vector, followed by the transformation of competent
Escherichia coli INVaF’ cells, as described by the manu-
facturer (Fermentas). Transformed colonies were selected
by a-complementation, and the presence of the insert
was confirmed by PCR using the same primers and PCR
reaction conditions as described above.

Identification of different genomic variants was per-
formed by Single-Strand Conformation Polymorphism
(SSCP) analysis (Rubio et al., 1996). For each virus iso-
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late, the PCR products from 40 transformed colonies
were analyzed sequentially in groups of ten, and differ-
ent patterns were visualized by silver staining (Beidler
et al., 1982). PCR products displaying different SSCP
patterns were considered different genomic variants
(Kong et al., 2000), and these were chosen for sequenc-
ing. Plasmids containing different genomic variants of
each isolate were purified using a PureLink™ Quick
Plasmid Miniprep Kit (Invitrogen), and were sequenced
in both directions (Macrogen Inc.) using a pair of M13-
pUC universal primers. Different genomic variants and
their phylogenetic clustering were determined by using
MEGA 5.5 (Tamura et al., 2011), applying the neighbour-
joining method and Kimura 2-parameter evolutionary
model. The sequences of reference isolates were the same
as those described in a previous study (Cerni et al., 2009).

Data analyses

Genetic diversity of CTV isolates was assessed at
genomic variant and phylogenetic group levels.

For each isolate the following parameters were cal-
culated: (1) the total numbers (N, of genomic vari-
ants and phylogenetic groups detected; (2) the equiva-
lent numbers (Ng) of genomic variants/phylogenetic
groups; (3) genomic variant/phylogenetic group diver-
sity, as measured by Shannon’s information index (H)
(Lewontin, 1972); (4) genomic variant/phylogenetic group
diversity, expressed as a maximum diversity (H,,,) for a
given number of genomic variants/phylogenetic groups
achieved in the case of equal frequencies of all genomic
variants/phylogenetic groups in a sample (isofrequency
situation); (5) the proportion of genomic variant/phy-
logenetic group diversity within and among four sets of
ten clones (H,yy/Hro,);s and (6) the statistical significance
(Fisher’s exact test) for differences in number of clones
per genomic variant/phylogenetic group among four sets
of ten clones (P). All the parameters are explained below
in terms of genomic variants. The same approach was
used in the assessment of phylogenetic group diversity.

Equivalent number of genomic variants (Ng) repre-
sents the number of equally frequent genomic variants
for a given level of diversity, thus allowing compari-
son of isolates where the numbers and distributions of
genomic variants differ greatly. N was calculated as:

N=1

E 7
2
|:| Di

=l

where, p; is the frequency of the i" genomic variant, and
I is the total number of genomic variants of the isolate.
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The proportion of genomic variant diversity within
and among four sets of ten clones was calculated based
on Shannon’s information index. This was calculated as:

I

H = _Z (pi log, pi)

i=l1

where, p; is the frequency of the i" genomic variant, and
I is the total number of genomic variants of the isolate.

Shannon’s information index was used to measure
the total genomic variant diversity (Hrp,,;) of a complete
set of 40 clones, as well as the average diversity (H,,),
over four sets of ten clones. The proportions of diversity
within (H ye/Hro) and among sets [(Hoiq—H avg)/ Hporall
were calculated.

Fisher’s exact test in SAS (SAS Institute Inc., 2004)
was used to test for differences in number of clones in
each genomic variant among four sets of ten clones. The
number of genomic variants detected in a first set of ten
clones and the number of additional genomic variants
detected in incremental sets of ten clones were deter-
mined for each permutation of four sets of clones (n! =
4! = 24 possible orders), and averaged.

An approach for determining the optimum sam-
ple size to obtain the maximum information on CTV
genomic variants present in an isolate was based on the
formula proposed by Hurlbert (1971) for the assessment
of species richness. In this method, the expected num-
ber of species (species richness) is calculated for the col-
lection to be compared after all collections are scaled
down to the same number of individuals, namely that of
the smallest collection. This scaling is necessary because
large collections would have more species than small
ones, even if they were drawn from the same commu-
nity (Heck et al., 1975). This approach, called rarefaction,
has been adopted (Hughes et al., 2001) for estimation
and comparison of species richness among sites, treat-
ments, or habitats that have been unequally sampled. The
same formula was introduced by Petit et al. (2008) for
the calculation of haplotype richness, as the measure of
the number of haplotypes per population independent of
sample size, while the modified version, described by El
Mousadik and Petit (1996), estimates allelic richness, i.e.
the number of alleles per population comprised of diploid
organisms.

In the present case, Hurlbert’s formula was used to
calculate genomic variant richness (N,) as:

J )
N,:ZI:l—i
iy
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where, N is the sample size, n is the subsample size, N; is
the count of genomic variant i, and I is the total number
of genomic variants.

The approach used in the present study included
sequential sampling coupled with calculation of genom-
ic variant richness for increasing numbers of samples.
The principle was to estimate the expected number of
genomic variants in a subsample of n individuals (n <
N), given that N individuals were sampled. As explained
above, genomic variant richness is a measure of genom-
ic variant numbers independent of sample size. This
allows comparison of this quantity between different
sample sizes. In the present case, the genomic variant
richness of samples of N = 20, 30 and 40 was equal to
the expected number of genomic variants that a sam-
ple would have had if the sample size had been n indi-
viduals instead of N, n being equal to N - 10. Genomic
variant richness (N,; n = N - 10) was compared to the
observed number of genomic variants in a sample of size
n, and the difference (AI) between these two parameters
was calculated. The procedure was repeated for all pos-
sible sampling orders, and the differences (AI) between
genomic variant richness (N,) and the observed number
of genomic variants in a sample of size n were averaged.
This approach can be applied for any number of individ-
uals given that n > 1.

RESULTS
Molecular characterization of Citrus tristeza virus isolates

RT-PCR gave strong amplification signals corre-
sponding to 672 bp length products of the CTV coat
protein gene in all isolates. After the separation of differ-
ent genomic variants by TA-cloning, 40 PCR products,
representing separated variants of each isolate, were
subjected to SSCP analysis in groups of ten. For each
isolate, clones displaying different SSCP patterns were
sequenced in a number approximately proportional to
its frequency in the population. It was verified that the
sequenced clones of each isolate displaying the same
SSCP pattern had no significant nucleotide differences,
validating the assumption that each SSCP pattern cor-
responded to a single genomic variant as suggested by
Kong et al. (2000). For each isolate, all clones displaying
distinct SSCP patterns had different nucleotide sequenc-
es. The phylogenetic analysis (results not presented) of
the obtained sequences showed that all analyzed vari-
ants of isolates CH and ZR clustered into one phyloge-
netic group, while for all the other isolates, a mixture of
genomic variants were detected, belonging to different
phylogenetic groups (Supplementary Table 1). Variants of
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isolates AO, CwS2 and in sample P1 clustered into two
different phylogenetic groups, and variants of isolates
FN, CwS1, CwS3 and in sample P2 clustered into three
different phylogenetic groups.

Genomic variant diversity

Total number of genomic variants (Nr,,;) detected
across isolates varied from three to ten, but the equiva-
lent number (Ng) was much smaller, exceeding three
variants per isolate in case of three out of nine isolates
(Table 1). The most frequent genomic variant (f;,,) had
a frequency greater than 75% in five out of nine isolates;
in only two cases (isolates AO and sample P1) the fre-
quency of the most frequent variant did not exceed 50%.
Variant diversity (Hr,,) was generally low; in seven out
of nine isolates Hy,,, was less than 75% of the H,,,, and
frequencies of the variants were far from being equal.
Generally, the greatest diversity (H,y,/Hro) Was attrib-
utable to within-sample diversity. Different sets of ten
clones were not significantly different (P > 0.05) in num-
ber of clones per variant, except in the case of sample P1.

Table 1. Genomic variant diversity of nine Citrus tristeza virus iso-
lates, based on SSCP analyses.

Bolite Now  Ne Nug e i % " P
AO 4 3.00 3-4 425 1.679 8394 0.951 0.971
CH 3 1.29 1-3 87.5 0.634 39.99 0.833 0.726
CwS1 7 1.74 2-5 75.0 1.442 51.36 0.749 0.500
CwS2 5 1.30  2-3 87.5 0.784 33.76 0.743 1.000
CwS3 6 1.73  2-5 75.0 1342 5191 0.842 0.958
FN 5 240 2-4 575 1.570 67.60 0.824 0.269
ZR 4 1.17 1-2 925 0.503 25.16 0.699 1.000
P1 7 3.60 3-5  40.0 2.156 76.81 0.652 <0.001
P2 10 3.45 3-7 50.0 2454 73.88 0.761 0.196

Ny Total number of genomic variants detected.

Ng, Equivalent number of genomic variants.

Nrange Range of genomic variants detected in sets of ten clones.
fuao Frequency of the most frequent variant.

Hry» Genetic diversity, as measured by Shannon’s information
index.

%H)p,» Genetic diversity expressed as percent of the maximum
diversity for a given number of variants achieved in case of equal
frequencies of all the variants in an isolate (isofrequency situation).
Havg/Hrow Proportion of genomic variant diversity within four sets
of ten clones.

P, Probability (Fisher’s exact test) of differences in number of clones
per variant among four sets of ten clones.
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The average number of genomic variants detected in
the first set of ten clones ranged from 1.75 (ZR) to 4.75
(P2), as obtained by permutations (Figure 1). Thus, the
proportion (%) of variants detected in the first set var-
ied between 43.75% (isolate ZR) to 82.25% (isolate AO).
The analysis of an additional set of ten clones (second)
yielded on average more than a quarter of the total num-
ber of variants in only one case (isolate CwS1), while in
both third and fourth sets of ten clones, the number of
additional variants detected did not exceed a fifth of the
total number of variants.

Analyses of Al values in relation to increasing num-
bers of sampled clones (Figure 2) showed that ten clones
would represent the existing CTV diversity of isolates
AO, CH, CwS2, CwS3 and ZR, so additional sets did not

10-
. C

No. of genomic variants
- w @

AOD CH cws1 Cws2 cws3 FN ZR P1 P2

CTVisolate
O mom @3 mam
set of 10 clones

Figure 1. The number of genomic variants detected in a 1% set of
10 clones of nine Citrus tristeza virus isolates based on the results
of the SSCP analysis and the number of additional variants detected
in incremental sets of ten clones averaged over 24 possible sampling
orders of four sets.

0.50 -

Al
s

203040 203040 203040 203040 203040 203040 203040 203040 203040
AOD CH Ccwsi Cws2 CwsS3 FN ZR P1 P2

CTVisolate

Figure 2. Al values of genomic variant richness in relation to
increasing number of sampled clones averaged over 24 possible
sampling orders of four sets based on the results of the SSCP analy-
sis of nine Citrus tristeza virus isolates.
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increase the genetic richness over the number of variants
already detected in a first set of ten clones. Additional
sets (second, third or fourth) of ten clones yielding high-
er genetic richness (N,) over the number of variants (n)
detected in the first set of ten clones (i.e. AI > 0; Figure 2
indicated in red) were needed in case of four out of nine
isolates. In the case of samples of isolates CwS1, FN and
sample P1, at least three sets were needed, but for sam-
ple P2, the analysis of the fourth set still increased the
genetic richness over the number of variants detected in
previous three sets, so more sets should be analysed.

Phylogenetic group diversity

Total numbers of phylogenetic groups (No,,) detect-
ed across isolates varied from 1 to 3, but the equivalent
numbers (N) were below two in all the cases (Table 2).
The most frequent (f,,) phylogenetic group had a fre-
quency greater than 75% in five out of seven isolates in

Table 2. Phylogenetic group diversity of nine Citrus tristeza virus
isolates based on the results of the SSCP analysis and the classifica-
tion, as proposed by Nolasco et al. (2009).

Isolate Npyu  Ng  Neage  fue  Hrow %Hpya Ef;f/l P
AO 2 172 22 700 0881 8813 0.980 0.963
CH* 1 - - - - - - -
CwSl 3123 12 900 0569 3590 0.729 0.408
CwS2 2 105 12 975 0.169 16.87 0.695 1.000
CwS3 3 136 23 850 0.748 47.17 0.930 1.000
FN 3 183 23 675 1.037 6542 0872 0.266
ZR* 1 - - - - - - -
P1 2 134 22 850 0610 60.98 0938 0.684
P2 3 159 23 775 0976 61.57 0.879 0.456

Ny Total number of phylogenetic groups detected.

N, Equivalent number of phylogenetic groups.

Npanger Range of phylogenetic groups detected in sets of ten clones.
fyo Frequency of the most frequent phylogenetic group.

Hypwp Genetic diversity, as measured by Shannon’s information
index.

%H,y,,» Genetic diversity, expressed as percent of the maximum
diversity for a given number of phylogenetic groups achieved in the
case of equal frequencies of all the groups in an isolate (isofrequen-
cy situation).

H,yo/Hrora» Proportion of phylogenetic group variant diversity with-
in four sets of ten clones.

P, Probability (Fisher’s exact test) for differences in number of
clones in each phylogenetic group among four sets of ten clones.

* For samples CH and ZR, all the clones belonged to the same phy-
logenetic group.
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Figure 3. Number of phylogenetic groups detected in a first set of
ten clones of seven Citrus tristeza virus isolates, based on the clas-
sification proposed by Nolasco et al. (2009), and number of addi-
tional variants detected in incremental sets of ten clones, averaged
over 24 possible sampling orders of four sets.
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Figure 4. Al values of phylogenetic group richness in relation to
increasing number of sampled clones averaged over 24 possible
sampling orders of four sets based on the results of the classification
proposed by Nolasco et al. (2009).

which more than one phylogenetic group was detected.
Phylogenetic group diversity (Hr,,) was generally low;
in six out of seven isolates this was less than 75% of the
Hyny frequencies of the phylogenetic groups were far
from being equal. Generally, the isolates tended to be
comprised of genomic variants belonging predominantly
to the same phylogenetic group. Most of the phyloge-
netic group diversity was attributable to within-sample
diversity. The among-sample component was greater
than 0.30 in just one case (isolate CwS2). Different sets
of ten clones were not significantly different in number
of clones per phylogenetic group.

The average number of phylogenetic groups (Fig-
ure 3) detected in the first set of ten clones ranged from
58.33% (isolate CwSl1) to 100.00% (isolate AO and sam-
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ple P1), as obtained by permutations. In the second,
third and fourth sets of ten clones, the numbers of addi-
tional phylogenetic groups detected did not exceed a
fifth of the total number of phylogenetic groups.

Analyses of Al values in relation to increasing num-
ber of sampled clones (Figure 4) showed that ten clones
adequately represented the existing CTV diversity of
isolates AO, CwS2, CwS3, and FN, and sample P1. Addi-
tional sets did not increase the genetic richness over
the number of phylogenetic groups already detected in
the first set of ten clones. Additional sets (up to four) of
ten clones yielding greater phylogenetic group richness
than the number of phylogenetic groups (n) detected in
the first set (i.e. AI > 0; Figure 4 marked in red), were
required for isolate CwS1 and sample P2.

DISCUSSION

Accurate characterization and systemic monitoring of
intra-host virus population diversity is important, as dem-
onstrated from increasing numbers of studies (Domingo
et al., 2012). In epidemiological research, this information
is essential for identification of risk factors and surveil-
lance of diseases. In evolutionary studies characterization
aids understanding of how evolutionary forces shape virus
populations, and in the studies of virus pathogenesis it
improves understanding of how genetically different vari-
ants contribute to particular viral phenotypes.

Cloning and sequencing are the standard molecular
procedures used for the detection and quantification of
genetic variants present in virus quasispecies. Although
sampling theory gives strict guidelines for numbers of
clones that should be analyzed to detect genetic variants
having particular population frequencies, extensive clone
analyses are often unnecessary. Cloning and sequencing
are time consuming and expensive, and genetic diversity of
virus isolates may range from very low to high. Therefore,
our aim was to develop an approach that could be applied
to individual samples, regardless of their diversity levels,
and to provide the information of adequate sample size.

In the case of CTV (Nolasco et al., 2009) and Grape-
vine leafroll associated virus -3 (Gouveia et al., 2011),
PCR-ELISA based typing tool (APET) has been devel-
oped, which allows rapid identification of the phyloge-
netic groups present in a sample, without the need for
cloning. Use of this tool for initial analyses would allow
identifying a priori how many groups are present, and
would provide indication of when to stop cloning and
sequencing. Nevertheless, for quantification and identi-
fication of variants from the same phylogenetic groups,
cloning and sequencing remains the only suitable tool.
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There is an increasing number of reports using next-
generation sequencing for virus quasispecies characteri-
sation (Barbezange et al., 2018, Yu et al., 2018). Although
promising, next-generation sequencing approaches that
enable rapid detection of single-nucleotide polymor-
phisms within different haplotypes is still challenging
for virus quasispecies reconstruction. This requires bio-
informatics support, and tools are not always well adapt-
ed, especially when sequence divergence is low or rare
haplotypes are present (Schirmer et al., 2012). Therefore,
cloning-based approaches may serve as good alterna-
tives, and also as biological controls in results obtained
after next-generation sequencing.

The present study, based on comprehensive charac-
terization of genetic diversity of nine intra-host CTV
populations displaying different diversity levels, revealed
the following at genomic variant and phylogenetic group
levels: (i) the equivalent number of genetic variants was
much smaller than the total number of genetic variants
detected; (ii) the most frequent genetic variant had fre-
quency greater than 50% in almost all cases; (iii) variant
diversity was generally low and frequencies of the vari-
ants were far from being equal; (iv) most of the diversity
was attributed to within-sample variation; and (v) there
were no significant differences between sets of clones.
These results are similar to those of Chare and Holmes
(2004) and Garcia-Arenal et al. (2001), who reported
that pairwise nucleotide sequence diversity among plant
virus populations is usually low. Garcia-Arenal et al.
(2001) also reported that the most common composition
of plant virus populations was differing numbers of hap-
lotypes, separated only by small genetic distances that
exhibit L-shaped rank-abundance curves; that is, one or
a few major haplotypes plus many minor haplotypes.

Although the most abundant variants of CTV would
most probably be detected in the first set of ten clones,
the question still remains of “How many clones should
be analyzed to adequately provide new information
on population diversity?”. The answer is given by an
approach based on the calculation of genetic richness.
Sequential sampling based on genetic richness gives
the optimal sample size, and enables termination of the
analysis when sufficient information regarding genetic
diversity of the population is reached. Sequential sam-
pling, as proposed, is suitable for genomic variant and
phylogenetic group analyses, and consists of the follow-
ing steps: (i) analyze two sets of ten clones each; (ii) cal-
culate allelic richness (N,) of a sample of N = 20, equal
to the expected number of genetic variants that a sam-
ple would have had if the sample size had been ten; (iii)
compare the genetic variant richness (N,) to the average
number of genetic variants detected in two sets of ten
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clones, and calculate the difference (Al); (iv) if AI < 0,
the number of sequenced clones is sufficient to represent
the genetic variant diversity of the isolate; and (v) if Al
> 0, there is need for sequencing an additional set of ten
clones, and for the procedure to be repeated.

The proposed approach is advantageous especially in
cases when multiple factors influencing the structure of
plant virus populations are to be assessed, such as geo-
graphic locations, hosts or duration of infections. While in
such cases hierarchical sampling and/or randomized com-
plete block studies are required (D’Urso et al., 2003; Moury
et al., 2006), sequential sampling could be useful. This can
provide information about the unexplored diversity at each
sampling stage, and can aid comparisons of diversity in
populations (or strata) with unequal sampling effort.

The experimental system proposed here is readily appli-
cable to other host/virus systems, independently of popula-
tion diversity, and can be used to track virus variants.
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Summary. Fusarium equiseti, a member of the Fusarium incarnatum-equiseti species
complex (FIESC), has recently been reported in Italy as the causal agent of a leaf spot
diseases on previously unrecorded plant hosts. This emerging disease has affected leafy
vegetable hosts including lettuce, lamb’s lettuce, wild rocket, cultivated rocket, spin-
ach and radish, and has caused symptoms that have not been previously described on
those plants. Fifty-two fungal isolates obtained from symptomatic plants and different
plant organs were identified according to their morphology as belonging to the FIESC.
The present study aimed to characterize these isolates by identifying their FIESC phy-
logenetic species, and to evaluate their pathogenicity and host ranges. Six phylogeneti-
cally different species of FIESC were identified using MLST analyses of four loci (tefl,
cmdA, tub2, and IGS). Most of the isolates were found to belong to E compactum or
F. clavum, while the other four FIESC species were represented by only a few isolates.
All the fungal isolates were capable of inducing leaf spot diseases as single isolates with
fulfilling Koch’s postulates for these fungi. The intraspecies diversity of the FIESC, the
seed-originated isolates of four FIESC identified species, and enhanced range of exper-
imental hosts were observed in the FIESC emerging diseases of these vegetable hosts
in Italy. Strict seed inspection procedures, and suitable alteration of environmentally
friendly fungicides and biological control agents should achieve efficient management
of the FIESC leaf spot diseases on vegetable crops, and prevent further spread of these
pathogens to new hosts and new geographical areas.

Keywords. FIESC leaf spot diseases, multi-locus sequence typing, phylogenetic analy-
ses, pathogenicity assays.

INTRODUCTION

Members of the Fusarium incarnatum-equiseti species complex (FIESC)
are generally associated with diseases of agricultural crops, particularly cere-
als (Kristensen et al., 2005; Castella and Cabaiies, 2014; Villani et al., 2016;
Marvyani et al., 2019; Wang et al., 2019). Like many Fusarium species com-
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plexes, the FIESC contains plant pathogens and species
that cause human opportunistic infections, generally
of immunocompromised individuals (O’ Donnell et al.,
2009; Riddell et al., 2010; van Diepeningen et al., 2015;
Santos et al., 2019). Species in the FIESC also have the
ability to produce mycotoxins, including type A and
type B trichothecenes, fusaric acid, and the estrogen-
ic mycotoxin zearalenone, posing potential risks for
human and animal health (Langseth et al., 1999; Desjar-
dins, 2006; Goswami et al., 2008; Botha et al., 2014; Vil-
lani et al., 2016; Shi et al., 2017; Avila et al., 2019).

FIESC species have pronounced homoplasious
morphological characteristics and cryptic speciation
(O’Donnell et al., 2009; Avila et al., 2019; Wang et al.,
2019). Multi-locus sequence typing (MLST) based on
modern taxonomic concepts is therefore necessary for
precise identification of FIESC species. The FIESC has
been resolved into two clades, the Equiseti clade and the
Incarnatum clade, containing more than 40 phyloge-
netically different species, and was separated from the
phylogenetically close F. camptoceras species complex
(FCAMSC) (O’Donnell et al., 2009; Short et al., 2011;
Villani et al., 2016, 2019; O’Donnell et al., 2018; Avila et
al., 2019; Hartman et al., 2019; Maryani et al., 2019; San-
tos et al., 2019; Wang et al., 2019; Xia et al., 2019). Each
of these phylogenetic species is assigned an alphanumer-
ic designation, and almost all species have assigned Lat-
in binomial names, with exception of the species FIESC
8, FIESC 22, FIESC 27, FIESC 30, FIESC 31 and FIESC
32 (Xia et al., 2019).

FIESC members are common soil inhabiting fungi
which colonize the roots of plants and injured plant tis-
sue. They occur very widely in cool to dry and warm
regions (Leslie and Summerell, 2006). FIESC species are
sporadic causal agents of plant diseases, including wheat
head blight, maize ear and stalk rot, rice bakanae dis-
ease, asparagus crown and root rot, and sorghum head
blight (Logrieco et al., 2003; Amatulli et al., 2010; Kelly
et al., 2017). This complex has also been reported in Italy
as an endophyte on chicory and fennel plants (D’Amico
et al., 2008). The majority of FIESC reports have been
based on morphological observations or sequenc-
ing of one gene, without precise species identification
by means of MLST. Some MLST studies have reported
the presence of different FIESC phylogenetic species on
cereal grains, although no data have been provided on
the symptomatic status of the grains during sampling
(O’Donnell et al., 2009; Villani et al., 2016; Avila et al.,
2019). These reports document major presences of F. cla-
vum (FIESC 5), F. flagelliforme (FIESC 12), F. equiseti
(FIESC 14a), F. citri (FIESC 29), and not yet assigned
species (novel FIESC) in cereals from different Euro-
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pean countries (Villani et al., 2016; 2019), and F. hain-
anense (FIESC 26) and novel FIESC phylogenetic spe-
cies in cereals from Brazil (Avila et al., 2019). Fusarium
sulawesiense (FIESC 16) and F. tanahbumbuense (FIESC
24) are predominant species on rice stubble in China,
based on the tefl phylogeny (Yang et al., 2018).

Unlike the frequent reports of FIESC in cereals, this
species complex has recently been reported as the causal
agent of different plant diseases in distinct geographical
areas. Leaf spot, caused by FIESC, has been observed in
different Italian areas on leafy vegetable hosts, includ-
ing lettuce, lamb’s lettuce, cultivated rocket, wild rock-
et, spinach and radish, grown in open fields and under
intensive cultivation (Garibaldi et al., 2011; 2015; 2016a;
2017). Leaty vegetables are highly susceptible to FIESC
fungi at high temperatures (25 to 35°C), and the recent
increased temperature climate scenario are probably
particularly favourable for spread of these pathogens in
Italy (Garibaldi et al., 2016b; Gullino et al., 2017a; 2019).
There is also risk of a further spread of these pathogens
to new geographical areas and hosts as they are trans-
mitted by seeds (Gilardi et al., 2017).

Additional newly described diseases associated with
FIESC have also been reported on: onion in Serbia (Ign-
jatov et al., 2015), bell pepper in Trinidad (Ramdial et
al., 2017), mustard and peanut in India (Prasad et al.,
2017; Thirumalaisamy et al., 2019), Nopalea cochenillif-
era in Brasil (Santiago et al., 2018), cotton in Pakistan
(Chohan and Abid, 2019), banana in Indonesia (Mary-
ani et al., 2019), and various plant hosts in China (Hu
et al., 2018; Cao et al., 2019; Wang et al., 2019; Jiang et
al., 2019). These reports provide evidence that different
FIESC species are the causal agents of plant disease.

The objective of the present study was to perform
molecular characterization of fungal isolates identified as
FIESC species in previous studies, using morphological
observation or single gene sequencing. These isolates have
been found to be the causal agents of leaf spot diseases
on leafy vegetables originating from six plant hosts. The
specific objectives were: (i) to identify the FIESC species
of 52 fungus isolates associated with leaf spot diseases,
and evaluate their genetic diversity by means of MLST
analysis, ii) to evaluate their disease severity through
pathogenicity assays, and (iii) to identify any possible
new hosts by performing cross inoculation tests.

MATERIALS AND METHODS

Fungus isolates

Fifty-two fungus isolates from the Agroinnova col-
lection (Grugliasco, Italy), previously identified as FIESC
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on the basis of their morphological characteristics, were
used in this study. Four of the isolates were also identi-
fied by tefl sequencing as F. equiseti (Garibaldi et al.,
2011; 2015; 2016a; 2017). Approximately 95% of the iso-
lates maintained in the Agroinnova collection, originat-
ing from leafy vegetable hosts, were analyzed during this
study. These isolates were collected from six leafy vege-
table hosts (lettuce, lamb’s lettuce, spinach, wild rocket,
cultivated rocket or radish) (Table 1), from 2011 to 2018,
from greenhouses in different locations (Northern and
Southern Italy).

DNA extraction from fungi, PCR and sequencing

Total DNA was extracted using the E.Z.N.A.° Fun-
gal DNA Mini Kit (Omega Bio-Tek) according to the
manufacturer’s protocol. One hundred mg of fresh
fungal mycelium grown on PDA plates was used for
each isolate. Portions of the following genes were
PCR amplified: translation elongation factor 1 a (tefl;
O’Donnell et al., 1998), calmodulin (cmdA; Carbone
and Kohn, 1999; Groenewald et al., 2013), B-tubulin
(tub2; Glass and Donaldson, 1995), and the intergenic
spacer region of the rDNA (IGS; Appel and Gordon,
1995). All the primer sets used for PCR are listed in
Supplementary Table 1. The PCR products were puri-
fied using a QIAquick PCR purification kit (Qiagen) in
accordance with the manufacturer’s instructions, and
were sequenced in both directions at the BMR Genom-
ics Centre (Padua, Italy). The obtained sequences were
deposited in the NCBI GenBank database under the
following accession numbers: MK922189-MK922238
for tefl, MK937861-MK937912 for cmdA, MN078811-
MNO078862 for tub2, and MN078863-MN078914 for IGS
(Table 1).

Sequence analyses of isolates

The tefl sequences of 52 isolates were aligned with
the sequences available at the Fusarium-ID database,
and all tefl sequences shared high similarity (99-100%)
with the FIESC species (Geiser et al., 2004). To place
the studied isolates within the correct phylogenetic spe-
cies, phylogenetic analyses were performed on a concat-
enated dataset of two loci (tef] and ¢mdA) including 59
reference sequences of 33 distinct FIESC phylogenetic
species (Table 1; O'Donnell et al., 2009; 2012; Villani et
al., 2016; Gebru et al., 2019, Maryani et al., 2019; Tor-
bati et al., 2019; Wang et al., 2019; Xia et al., 2019). The
additional phylogenetic analyses consisted of the single
locus and concatenated sequences (tefl, cmdA, tub2 and
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IGS), which were performed with 52 study isolates and
eight FIESC reference strains (F. clavum ITEM 11348, F.
flagelliforme ITEM 11294, F. equiseti CS581 and ITEM
11363, F. irregulare NRRL 31160, F. citri MOD1 FUN-
GI17 and ITEM 10392, and novel FIESC ITEM 11401).
This was to confirm the assignment of the study iso-
lates to the determined phylogenetic species. The eight
reference strains were the only strains having the IGS
sequence available at NCBI database, beside the tefI,
cmdA, and tub2 sequences, due to availability of their
whole-genome sequence data (Gebru et al., 2019; Vil-
lani et al., 2019). Few additional reference strains were
included in the tub2 phylogenetic analyses (Table I).
Fusarium concolor (NRRL 13459) sequences were used
as the outgroup.

Phylogenetic analyses were carried out on the bases
of the Maximum Parsimony (MP), Maximum Likeli-
hood (ML) and Bayesian inference (BI). The MP analy-
sis was carried out using Phylogenetic Analysis Using
Parsimony (PAUP. v. 4.0b10; Swofford, 2003) for the
concatenated dataset of tefl and cmdA. Phylogenetic
relationships were estimated by heuristic searches with
100 random addition sequences. Tree bisection-recon-
nection was used, with the branch swapping option
set on ‘best trees’ only, with all characters weighted
equally and alignment gaps treated as fifth state. Tree
length (TL), consistency index (CI), retention index
(RI) and rescaled consistence index (RC) were calcu-
lated for parsimony, and the bootstrap analyses (Hillis
and Bull, 1993) were based on 1000 replications. The
BIs for all the analyses were conducted using MrBayes
v. 3.2.5 (Ronquist et al., 2012) to generate a phylogenet-
ic tree under optimal criteria per partition. The Markov
Chain Monte Carlo (MCMC) analysis used four chains
and started from a random tree topology. The heating
parameter was set to 0.2 and trees were sampled every
1000 generations. The analyses ceased once the average
standard deviation of split frequencies was < 0.01. The
best evolutionary model for each partition was deter-
mined using MrModeltest v. 2.3 (Nylander, 2004), and
incorporated into the analysis. The ML analyses were
performed with 1000 bootstrap replications, using
MEGA software 7 (Kumar et al., 2016) for the single
locus analyses.

Morphological characterization of isolates

Monoconidium cultures, stored as conidium sus-
pensions in a 30% glycerol solution at -80°C, were used
for each isolate. The cultures were then grown on pota-
to dextrose agar plates (PDA, Merck®) amended with
streptomycin (Applichem) at 50 mg L. Microscope
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observations of conidial shape and size for 52 isolates
were carried out as described by Leslie and Summerell
(2006).

Pathogenicity assays

Seedlings of five different plant hosts were used for
the pathogenicity assays: spinach cv. Crocodile (Rijk
Zwaan), lettuce cv. Gentilina (Maraldi sementi), lamb’s
lettuce cv. Palace (Meilland Richardier), cultivated
rocket cv. Rucola coltivata (La Semiorto), and wild
rocket cv. Frastagliata Mazzocchi (Casalpusterlengo).
Seeds were sown in 2 L capacity plastic pots contain-
ing a sterilized mixture of 80% peat and 20% perlite,
at nine seeds/pot. The pots were arranged in a rand-
omized block design with three replicates. The result-
ing seedlings were grown in a greenhouse at 22 to 24°C
until inoculation.

Fifty-two isolates of FIESC were grown on PDA
supplemented with 50 mg L of streptomycin sulfate
for 10 d at 22°C and a photoperiod of 12 h. Three-
week-old plants were artificially inoculated by spray-
ing the above ground plant organs with spore suspen-
sions of 1 x 10° conidia mL"! (1 mL of suspension per
pot). The plants were left for 5 d in a chamber enclosed
by transparent polyethylene film, to achieve 100%
relative humidity. The plants were then maintained
under growth chamber conditions of 25°C (day), 23°C
(night), 12 h photoperiod and with twice daily water-
ing. Re-isolations were performed from the leaves
of non-inoculated plants and plants inoculated with
FIESC isolates, and by observing macro- and micro-
molecular characteristics of re-isolated fungi from the
inoculated plants, completion of Koch’s postulates was
assessed.

Disease severity (percentage of affected leaf area) was
assessed 7 d post-inoculation (dpi) using a 0-5 diagram-
matic scale (Garibaldi et al., 2016b), where: 0 = absence
of symptoms; 1 = up to 5% leaf area affected; 2 = 6-10%;
3 = 11-25%; 4 = 26-50%; and 5 = 51 -100% leaf area
affected. Small, circular and brown leaf spot symptoms
were searched for and recorded on 100 leaves per pot.
Disease severity (DS) was calculated as DS = X(no. of
leaves x X _5)/(no. of recorded leaves), using an approxi-
mate class midpoint (X, _;): X, = 0, X; = 5%, X, = 10%,
X, = 25%, X, = 50% and X = 75%.

Statistical analyses used in this study were carried
out using SPSS software (version 24.0, SPSS Inc.). Dif-
ferences in disease severity between FIESC isolates were
analyzed by a one-way ANOVA followed by the Turkey
HSD used for mean separation when ANOVA results
were significant (P < 0.05).

Slavica Mati¢ et alii

RESULTS

Molecular identification of pathogen species and phyloge-
netic analyses

Phylogenetic analyses were carried out, after align-
ment of the tefl sequences of 52 isolates with those
available at the Fusarium-ID database resulting in high
similarity (99-100%) of all isolates with the FIESC spe-
cies. A total of 1174 characters (cmdA: 1-573, tefl:
580-1174) were included in the two locus phylogenetic
analyses, 295 characters were parsimony-informative,
195 were variable and parsimony-uninformative, and
678 were constant. A maximum of 1000 equally most
parsimonious trees were saved (Tree length = 1169, CI
= 0.592, RI = 0.845, and RC = 0.5). Bootstrap support
values from the parsimony analyses are plotted on the
Bayesian phylogenies in Figure 1.

In the Bayesian analysis, the ¢mdA partition had
168 unique site patterns and the tefl partition had 278
unique site patterns. The analysis ran for 3,555,000 gen-
erations, resulting in 7112 trees of which 5334 trees were
used to calculate the posterior probabilities included
in the Figure 1. The consensus tree obtained from the
Bayesian analysis agreed with the tree topology obtained
from the MP analyses, and Bayesian posterior probabil-
ity values were mainly in accordance with the ML boot-
strap values (Figure 1).

Phylogenetic analyses based on concatenated tefl and
cmdA gene sequences of the study isolates and reference
isolates of 33 FIESC phylogenetic species grouped 23 iso-
lates with F. clavum, 21 with F. compactum, four with F.
citri, two with F. ipomoeae, one with F. lacertarum, and
one isolate with F. longifundum (Figure 1). All the tested
isolates, except four of F. citri (LBY Feq7 and LBY Feq7R
from lettuce, and Feq 1/14 and Feq 5A from wild rocket),
grouped in the Incarnatum clade, were included in the
Equiseti clade.

Phylogenetic analyses were then performed for four
single-locus sequences. The results of the tefl, cmdA and
IGS analyses were in agreement, and the isolates were
grouped into six phylogenetically distinct species. Con-
versely, the tub2 phylogenetic tree did not permit clear
separation of all the FIESC species (Supplementary Fig-
ure 1A), in contrast to the IGS region (Supplementary
Figure 1B).

Concatenated phylogenetic analyses for all four loci
(tefl, cmdA, tub2 and IGS) were carried out, and the
results obtained were similar with those of the previous
phylogenetic analyses, whereby the study isolates were
grouped into six phylogenetically distinct FIESC species.
The bootstrap score supporting this analysis was greater,
indicating better separation of the phylogenetic species
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Figure 1. Consensus phylogram of 5334 trees resulting from a
Bayesian analysis of the combined fefl and cmdA sequences from
different isolates of the Fusarium incarnatum-equiseti species com-
plex (FIESC). The isolate designation, host affiliation and fungal
species of the 52 isolates used in this study are shown in red. Bayes-
ian posterior probability (> 0.95) and bootstrap support values (>
70%) are shown at the nodes. The tree was rooted to Fusarium con-
color (NRRL 13459). Ex-type and neotype strains are indicated with
T and N7, respectively.

(bootstrap value = 100% for the Equiseti clade and 79%
for the Incarnatum clade; Supplementary Figure 2).
Intraspecies molecular diversity was observed in iso-
lates from this study in which distinct phylogenetic sub-
groups were demonstrated; two for F. compactum (boot-
strap values = 99%), three for F. clavum (bootstrap val-
ues = 99 and 91%) and one for F. citri (bootstrap value =

311

90%) (Supplementary data, Figure 2). No clustering was
observed within the study isolates on the basis of plant
host. For geographical sampling location, F. compactum
was identified among isolates from Northern Italy (the
Piedmont and Veneto regions), F. clavum was found
among isolates from Northern and Southern regions,
while F. citri was represented by only in two isolates
from Southern Italy (the Campania region). Addition-
ally, these three species all included seed-originated iso-
lates from unknown locations (Table 1).

When plant host/pathogen range was considered,
wild rocket was a natural host for F. compactum, F. cla-
vum, F. citri, F. lacertarum and F. longifundum, lettuce a
host for F. compactum, F. clavum, F. citri and F. ipomoe-
ae, and spinach a host for F. compactum and F. clavum.
The other studied plant hosts were not representative
due to limited number of fungal isolates.

Morphological species identification

The size and shape of conidia were similar among all
study isolates, and they corresponded to those described
for FIESC (Leslie and Summerell, 2006; Wang et al.,
2019). The macroconidia measured 25 to 35 x 3 to 5 um,
with 3-5 septa. They were spindle-shaped with slight
curvature, and frequent apical tapering, which had
almost a needle form in F. compactum. No macroconidia
were observed in the isolates of the species identified by
phylogeny as F. clavum. When present, the microconidia
were non-septate, and ellipsoidal to ovoid.

Pathogenicity assays

The initial symptoms on inoculate plants consisted of
tiny, brown spots on leaves of all five plant species (let-
tuce, lamb’s lettuce, cultivated rocket, wild rocket, and
spinach) at 4 dpi. Necrotic spots then enlarged, some-
times surrounded by yellow halos, and the plants pro-
gressed to wilt at 14 dpi (Supplementary Figure 3). All
tested isolates of six FIESC species (F. clavum, F. com-
pactum, F. citri, F. ipomoeae, F. lacertarum and F. longi-
fundum) reproduced the leaf necrosis symptoms on their
corresponding isolation hosts, but they were also capa-
ble for infections of experimental hosts causing specific
symptoms, with exceptions of F. compactum Feq C and
F. clavum Feq 13/14 isolates on lamb’s lettuce (Supple-
mentary Table 2).

One-way ANOVA tests on disease severity data
between different FIESC isolates on inoculated plant
species showed statistically significant differences
between the isolates (Figure 2). FIESC isolates were more
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harmful to plant vigor on experimental hosts, includ-
ing lamb’s lettuce and cultivated rocket, compared to
the original hosts of isolation. Thus, the most aggressive
isolates were found on alternative hosts: F. clavum Feq3R
on cultivated rocket (mean DS = 44.8%), and F. clavum
Feq 7/18 on lamb’s lettuce (mean DS = 37.9%). For spin-
ach and wild rocket, the most aggressive isolates were
from the original plant host: F. clavum Feq 1A and Feq
7/18 on spinach (mean DS = 75.0%), and F. compactum
Feq 7/14 M on wild rocket (mean DS = 39.4%) (Figure 2).
The most virulent species on most leafy vegetable hosts
was F. clavum.

In general, the most susceptible vegetable hosts were
spinach and cultivated rocket, followed by the lettuce,
while lamb’s lettuce and wild rocket were not greatly
affected. The greatest plant mortality after inoculation
was for spinach (> 70%), while only occasional inoculat-
ed plants of the other plant hosts died after inoculations
(data not shown).

DISCUSSION

Fifty-two fungus isolates originating from diverse
geographical locations in Northern and Southern Italy,
isolated in different years over an 8 year range, from six
different leafy vegetable hosts, and different isolation
sources (seeds and other plant tissues) have been char-
acterized in this research as members of FIESC. These
fungi have also been shown to be causal agents of leaf
spot diseases of leafy vegetables.

The single locus (tefl, cmdA or IGS) phylogenetic
analyses identified six phylogenetically distinct spe-
cies. These were F. clavum, F. compactum, F. citri, F.
ipomoeae, F. lacertarum and F. longifundum. The most
frequently isolated fungi were F. clavum and F. compac-
tum. This confirmed the fefl barcoding marker as the
most informative for the separation of FIESC species
(O’Donnell et al., 2009). The cmdA and IGS loci were
phylogenetically informative, allowing separation of 52
isolates into six FIESC species. The btub gene was the
least discriminative locus, probably due to the presence
of paralogous or xenologous btub sequences (O’Donnell
et al., 2009). The tefl gene cannot provide precise species
identification within FIESC in some cases (O’ Donnell et
al., 2009; Villani et al., 2016; Torbati et al., 2019), and the
use of MLST analyses is recommended, due to its higher
resolution capacity and sensitivity. Use of MLST in the
present study allowed increased sensitivity in the boot-
strap score support between two clades, based on con-
catenated two-locus (tefI and cmdA) and four-locus (tefI,
cmdA, tub2 and IGS) sequences.
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The greater resolution of MLST mirrored the results
of previous FIESC multi-locus studies based on cmdA,
tefl, tub2 and rpb2 genes (Villani et al., 2016), and on
cmdA, tefl, rpbl and rpb2 genes (Wang et al., 2019).
However, for improved FIESC comparisons, it will be
useful to include additional molecular markers, such as
rpbl and rpb2. In this study, robust molecular analyses
(the use of MLST and the Fusarium ID database) made it
possible to improve the species identification in four iso-
lates, assigning them as F. compactum (Feq 7/10 and Feq
9/14 M), E. ipomoeae (1T26), and F. clavum (Feq 12/14),
instead of F. equiseti, identified previously by single locus
sequencing (Garibaldi et al., 2011; 2015; 2016a; 2017).

All the isolates examined in this study were also iden-
tified morphologically as FIESC. However, it was not
possible to identify precise species based on morphologi-
cal observations, because of their high cryptic speciation.
This has been reported for previous FIESC morphological
descriptions (Leslie and Summerell, 2006; O’Donnell et
al., 2009; Avila et al., 2019; Wang et al., 2019).

Identification of the presence of FIESC on wild rock-
et in Italy was based exclusively on the ITS sequenc-
ing of one isolate (Garibaldi et al., 2015), but the use of
MLST in the present study has permitted identification
of four FIESC species within 17 wild rocket isolates.
These were F. compactum, F. lacertarum, F. citri and F.
longifundum. Furthermore, this study reports, for the
first time, that four FIESC species, F. ipomoeae, F. com-
pactum, F. citri and F. clavum were the causal agents
of the leaf spot disease of lettuce, whereas F. ipomoeae
caused this disease on radish. This study is also the first
report of F. clavum on lamb’s lettuce, and of F. compac-
tum and F. clavum on spinach.

The diversity of FIESC in leafy vegetable hosts was
shown in the present study, and six phylogenetically dis-
tinct species were differentiated among the 52 isolates.
Fusarium compactum and F. clavum were the most com-
monly isolated species, with the greatest number of iso-
lates of the different phylogenetic subgroups, comprising
different hosts and isolation sources (leaves, stems, roots
and seeds). This is consistent with the results of previous
FIESC studies (Marin et al., 2012; Castelld and Cabanes,
2014; Villani et al., 2016; Wang et al., 2019; Xia et al.,
2019; Avila et al., 2019) on other plant hosts in different
geographical locations. Comparing the FIESC preva-
lence in this and the study of Villani et al. (2016), F. cla-
vum and F. citri were present in cereals and leafy vegeta-
bles, in Italy, while F. compactum was found exclusively
in vegetable hosts. Furthermore, Fusarium compactum
was previously identified from plant hosts originating
from England (O’ Donnell et al., 2009). The six FIESC
phylogenetic species identified in the present study were
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single isolates from individual plants, and all caused leaf
spot diseases on test plants as single isolates. Additional
research involving greater numbers of fungal isolates,
single hosts and fields are necessary to evaluate if mixed
infections of FIESC species could also be involved in leaf
spot diseases.

The recent emergence of FIESC on leafy vegetable
hosts in Italy could be related to changes in pathogenic-
ity of this fungal complex. These fungi may have shifted
from endophytic or sporadic and weak plant pathogenic
status to principal plant pathogens, as has been report-
ed in other fungi (Sacristin and Garcia-Arenal, 2008;
Bamisile et al., 2018). Moreover, its natural plant host
range has extended, and different phylogenetic species
are able to cause similar leaf spot symptoms on indi-
vidual plant host species. This host expansion is likely to
continue, since each identified FIESC species was able to
infect leafy vegetable species different of original host of
isolation. This has also been recently reported for other
necrotrophic fungal pathogens of Paramyrothecium,
Albifimbria and Alternaria (Mati¢ et al., 2019; 2020).

The emergence of these fungi on new hosts could
be associated with environmental changes. Gullino et
al. (2017a) reported increases in disease incidence and
severity caused by F. equiseti on wild rocket and rad-
ish, as a result of increases in average temperatures and
CO, concentrations. Furthermore, additional necro-
trophic pathogens which cause similar leaf spot diseases,
including Alternaria alternata, Paramyrothecium spp.,
Albifimbria verrucaria, Plectosphaerella cucumerina and
Allophoma tropica, have emerged on vegetables in Italy.
All of these fungi are favoured by elevated temperature
or CO, (Gullino et al., 2014; 2017b; Siciliano et al., 2017,
Bosio et al., 2017; Matic et al., 2019). FIESC emergence
was observed on the plants, and in undisturbed soils of
the grassland biome. The recent poisoning of animals,
caused by feeding with FIESC-infected grass (containing
different species of FIESC), and associated with environ-
mental changes, has been reported (Botha et al., 2014;
Jacobs et al., 2018).

Another epidemiological aspect that should be taken
into consideration is the ability of FIESC to be transmit-
ted by seeds of wild rocket, onion, bean, and other hosts
(Ignjatov et al., 2015; Marcenaro and Valkonen, 2016;
Gilardi et al., 2017; Gullino et al., 2019). The globaliza-
tion of seed markets and ineflicient seed health inspec-
tions, along with climate changes, may be additional
causes of the recent outbreaks of seed-borne fungal
pathogens.

Epidemiological facet which may also be of cru-
cial importance is the polyphagousness of FIESC. This
low host specificity may have assisted the emergence
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of FIESC, along with seed transmission and climatic
changes. Low host specificity has also allowed different
plant- and animal-originating isolates of FIESC to be
grouped within the same fungus haplotypes (Ramdial et
al., 2017).

In summary, the present study has shown that the
emerging leaf spot diseases of leafy vegetable hosts in
Italy are caused by members of FIESC. The polyphagous
nature of this species complex, which affects plant hosts
of different monocot and dicot families, is an impor-
tant disease management consideration. Rigorous seed
inspection measures, and suitable choice of eco-sustain-
able fungicides and biological control agents should also
be implemented. These measures, together with crop
rotation, the use of resistant cultivars and the alternation
of products, may lead to efficient management of FIESC
leaf spot diseases on vegetable crops.
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Summary. Iran is an important apricot production and export country. Postharvest loss-
es of apricots from brown rot (caused by Monilinia spp.) are major concerns for produc-
ers. Effects were assessed of postharvest hot water, putrescine and acetic acid treatments
on apricot quality and shelf life. After treatment applications, fruit were cold stored at
5°C and 80% (+5%) relative humidity for 40 d. During this period, physical and physi-
ological properties of the apricots were evaluated at 10-d intervals. Parameters assessed
were fruit weight, decay, firmness, total soluble solids, titratable acidity, and skin col-
our values (L*, a* b*). The 55°C hot water and 2.0 mM putrescine treatments gave the
least fruit weight loss, brown rot incidence, and firmness loss after 40 of storage. For all
treatments, fruit total soluble solids increased during storage, and these were greatest for
the control (untreated) apricots. Apricots treated with hot water and putrescine had the
greatest titratable acidity. The skin colour of all untreated and treated apricots improved
throughout storage (from red to deep yellow). These data support the use of postharvest
hot water and putrescine treatments for improved quality of apricots during storage. The
scaling up of these treatments to packinghouse situations is important for evaluation of
their technical and economic feasibility.

Key words. Decay, fruit firmness, Monilinia spp., skin colour.

INTRODUCTION

Apricot (Prunus armeniaca L.) is one of the most important fruits cul-
tivated in Iran since ancient times. Iran is the second largest producer of
apricots in the world, after Turkey, with an annual production of more than
400,000 MT (Salehi et al., 2018). Apricots can provide many benefits for
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human health and well-being. These are due to the anti-
septic, antipyretic, ophthalmic, and emetic properties of
apricots (Ghasemnezhad et al., 2010). Apricots contain
sugars, saccharides, organic acids, mineral nutrients (e.g.,
Fe, B, K, Ca), vitamins (e.g., B group, C), and polyphe-
nols, and also contain high levels of antioxidant com-
pounds and phytochemicals, such as flavonoids, carot-
enoids, lycopene, and carotenes (Hajilou et al., 2013).

Due to poor postharvest management, including
poor handling, packaging, and storage, a lot of fruit
and vegetables are wasted every year due to posthar-
vest diseases, which result in greatly increased produc-
tion costs. Preharvest and postharvest application of
synthetic fungicides is an effective strategy for control-
ling postharvest fruit and vegetable decay, although
these applications may have harmful environmental or
human health effects. Many studies have focused on
replacing synthetic fungicides with natural compounds
and biocontrol agents as postharvest treatments (Spa-
daro and Droby, 2016).

Brown rot is a major stone fruit postharvest disease,
and it is especially prevalent in apricot. Brown rot is
caused by Monilinia spp., and it can result in severe fruit
losses and economic damage to producers and consum-
ers (Oliveira Lino et al., 2016; Landi et al., 2018, 2020;
De Miccolis Angelini et al., 2019). Apricots are also very
sensitive to storage conditions; they are climacteric fruit
and undergo accelerated ripening under uncontrolled
conditions. Due to these drawbacks, apricots are par-
ticularly sensitive to decay and softening during storage,
handling and transport, and they cannot be kept at low
temperatures for extended periods (Siddiq, 2007). Fur-
thermore, apricots have high rates of postharvest climac-
teric respiration and high water contents, and are thus
highly susceptible to decay, which results in short shelf
life (Zokaee-Khosroshahi and Esna-Ashari, 2008). There-
fore, slowing ripening rates to delay senescence of apri-
cots is important for increased fruit shelf life.

Compounds such as polyamines can delay fruit rip-
ening and thus improve shelf life and quality character-
istics of various climacteric fruit (Valero et al., 2002).
Polyamines are ubiquitous biogenic amines that are rec-
ognized as having important roles in biological process-
es, including cell growth, division, proliferation, apopto-
sis/senescence, embryogenesis, organ development, and
responses to abiotic and biotic stressors (Mattoo and
Handa, 2008). Putrescine, spermidine, and spermine are
the main polyamines found in plant tissues (Valero and
Serrano, 2010).

Application of polyamines to peaches to delay rip-
ening and aging was reported by Bregoli et al. (2002),
and Serrano et al. (2003) reported beneficial effects of
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polyamine application to plums. The effects of hot water,
ethanol and acetic acid vapour on the physicochemical
and sensory properties of peaches have also been investi-
gated (Sharayei and Ganji Moghadam, 2013). Acetic acid
vapour helped to maintain the quantitative, qualitative,
and sensory characteristics of peaches (Zokaee-Khos-
roshahi and Esna-Ashari, 2008). Postharvest application
of 1 mM putrescine to peaches increased their firmness
and resistance to mechanical damage, while decreasing
their respiration rates and delaying senescence (Martin-
ez-Romero et al., 2000).

On kiwifruit, application of putrescine and spermi-
dine provided improved postharvest quality (Assar et
al., 2012). On strawberries, postharvest applications of
putrescine and UV light increased firmness, vitamin C,
anthocyanin, phenolic contents, and antioxidant capaci-
ty (Siruieneja et al., 2013). On Granny Smith apples, pre-
harvest and postharvest treatments with putrescine and
salicylic acid reduced weight loss and increased firmness
(Asgarpour et al., 2016). Similarly, on broccoli florets,
putrescine prevented chlorophyll degradation, promoted
maintenance of antioxidant compounds, and delayed
senescence (Jafarpour et al., 2014).

Hot water treatments after harvest are physical
nondestructive methods for the control of posthar-
vest decay in fruit and vegetables (Larrigaudiere et al.,
2002; Usall et al., 2016), with no residues left on pro-
duce after treatment. Therefore, hot water can be used
in packinghouses as a simple way to reduce infections
by postharvest fruit pathogens. Hot water treatments
have numerous advantages, which include ease of
application and short treatment times, with consistent
monitoring of the water and fruit temperatures. These
treatments can also disinfect fruit skins by removal of
surface-borne decay microorganisms (Fallik, 2004). As
heat transfer in water is efficient, fruit immersion in
hot water is preferred over other heat treatments, with
hot water treatment now accepted as a commercial
method to maintain postharvest quality of certain fruit
commodities (Paull and Jung Chen, 2000). Casals et
al. (2010) reported that on nectarines and peaches, hot
water treatment at 60°C for 40 s controlled brown rot.
Shorter treatments (20 s) at 60°C also reduced brown
rot by 80% when these fruit were drenched with water
while passing through rotating brushes (Karabulut et
al., 2002).

Acetic acid has been shown to be a potent natural
antimicrobial agent that can also be used for disinfec-
tion of fruit surfaces. Radi et al. (2010) reported that
treatment of apples with warm acetic acid solution con-
trolled postharvest decay mostly caused by Penicillium
expansum. Sholberg and Gaunce (1995, 1996) reported
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that application of acetic acid vapour to stone fruit con-
trolled Rhizopus rot and brown rot, and to application
table grapes controlled gray and blue molds.

The aim of the present study was to evaluate the
effects of hot water, putrescine, and acetic acid treat-
ments of apricots on postharvest quality and decay
development during storage.

MATERIALS AND METHODS
Plant materials

Apricots cv. Shahrodi at their commercially mature
stage were picked early in the morning in a local orchard
in the suburb of Yasooj City, Iran, and were immediately
transferred to the Laboratory of Food Science. Damaged
fruit were discarded, and 1,080 fruit that had uniform
colour, shape, and size were selected.

Treatments

The selected apricots were randomly divided into
ten groups. Treatments consisted of different water
temperatures (25, 45, and 55°C), different putrescine
concentrations (0.5, 1.5, and 2.0 mM; Sigma Aldrich
Chemicals Co.) and different acetic acid concentrations
(1, and 2%; Merck). Ten apricots of each replicate were
used to evaluate the fruit characteristics at harvest. The
fruit treatments were carried out by immersion for 5
min, followed by 30 min drying at room temperature.
The apricots were then kept in polyethylene macrop-
erforated fruit packs, at 5°C and 80% (+5%) relative
humidity for 40 d. Fruit characteristics were evaluated
immediately before storage and at 10-d intervals dur-
ing the storage period (i.e., after 10, 20, 30, and 40 d of
storage).

Fruit weight loss

To determine weight loss, the apricots were individu-
ally weighed before storage and at 10-d intervals during
storage.

Fruit decay

The proportion of apricots showing decay was deter-
mined by counting the number showing decay symp-
toms during storage. The causal pathogens were identi-
fied according to their morphological properties (Abdi-
pour et al., 2019).
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Fruit firmness

The firmness of the apricots was measured by the
puncturing test before and during storage, using a tex-
ture analyzer (CT3; Brookfield Engineering). This used a
flat-tipped, cylindrical, 5 mm diam. stainless steel probe,
with permeation depth 2 mm and rate 5 mm s.

Fruit titratable acidity and pH

The pH of the juice from the apricots was deter-
mined using a pH meter (Knick), and titratable acidity
(TA, as malic acid) of the juice was determined by titra-
tion of 50 mL juice with 0.1 N NaOH to an endpoint of
pH 8.1. pH and titration data were recorded before and
during storage, with the titrations converted to g kg™
malic acid (Radi et al., 2010).

Fruit total soluble solids

Total soluble solids (TSS) of fruit were determined
before and during storage using a refractometer (NAR-
3T; Abbe) and are expressed as °Brix.

Fruit colour determinations

Fruit colour parameters were determined before
and during storage using a digital colorimeter (CR400;
Konika-Minolta) in three points on the surface of each
apricot, with mean values determined for each fruit. The
parameters measured were: L* for lightness; a* for red-
ness; b* for yellowness; C* for chroma; and H* for hue
angle. C*, H*, and total colour difference (AE*) were cal-
culated, respectively, according to Equations (1), (2) and
(3) (Huang et al., 2013).

C* = [a*z + b*2]1/2 (1)’
H* = arctan[b*/a*] ),
AE* = [(L* _ LO»)Z + (a» _ ao*)z + (b* _ bo*)Z]I/Z (3),

where L,*%, a,* and b,* are the control values for the
untreated apricots.

Experimental design and data analyses
A completely randomized experimental design was

used, with factorial arrangement that included the nine
treatments each with three replications, with each rep-
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lication consisting of ten observations (separate fruit).
All trials were repeated at least twice. The data gener-
ated underwent analysis of variance (ANOVA) using
the SPSS 21 statistical software. Significant differences
were defined at P < 0.05, and the means were separated
using least significant differences (LSD) tests.

RESULTS AND DISCUSSION
Fruit weight loss

All apricots lost weight throughout the storage peri-
od (Figure 1). The smallest weight losses after 40 d of
storage were for the fruit treated with 55°C hot water
(mean loss = 6.3%) and with 2.0 mM putrescine (7.3%).
These hot water and putrescine treatments gave signifi-
cantly less weight losses (P < 0.05) compared with that
for the untreated control fruit (mean = 15.5%), and also
less (P < 0.05) than for 2% acetic acid (10.7%), which still
provided less (P < 0.05) weight loss than the control.
Thus, the greatest weight loss after 40 d of storage was
recorded for the control fruit.

Loss of weight of apricots due to water loss (evapora-
tion from the fruit surface) is an important fruit qual-
ity factor. Water loss during storage results in apricots
with shrivelled and dry appearance, and these symptoms
increase with increases in storage duration and tempera-
ture.

Serrano et al. (2004) reported that for mechanically
damaged plums, 45°C hot water treatment for 10 min
reduced weight loss through reductions in ripening-
related membrane changes. Useful effects of hot water
to reduce fruit weight loss have also been reported for
melons (Lamikanra and Watson, 2007), blueberries (Fan

20
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—O—water 20°C
16 —a— Hot water 45°C
—— Hot water 55°C
14 —o— 1% Acetic acid
---+---2% Acetic acid
g 12 —a— 0.5 mM Putrescine
] 2~ 1.5mM Putrescine
2 10 '
= —a— 2 mM Putrescine
5 8
]
=
6
4
2
0

Storage time (day)

Figure 1. Mean weight loss (+ standard deviation; n = 3) of cv.
Shahrodi apricots before and during storage for 40 d at 5°C follow-
ing different treatments.
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et al., 2008), pears (Hosseini et al., 2015), and Mexi-
can limes (Obeed and Harhash, 2006). The mechanism
by which hot water treatments reduce fruit weight loss
may involve the melting of the fruit epicuticular waxes,
which cover and seal cracks and lenticels in the fruit
surfaces, preventing water vapour losses through these
openings (Valero and Serrano, 2010). Hot water treat-
ments may also reduce respiration rate and ethylene evo-
lution, and postpone fruit ripening (Zoran et al., 2001;
Fallik, 2004).

Putrescine binds to cell membranes and protects the
cuticle wax layers, and probably reduced water evapora-
tion from apricots in the present study. Similar positive
effects of putrescine for reducing water loss have been
described for other fruit, including plums (Serrano et al.,
2003), courgettes (Palma et al., 2015), and pears (Hos-
seini et al., 2015).

Similar to the findings in the present study, previous
reports have shown that acetic acid treatment of fruit,
including apples, grapes, tomatoes, and kiwifruit, can
also reduce weight loss and postharvest decay (Sholberg
and Gaunce, 1995). However, in the present study, ace-
tic acid treatment was not as effective as the other treat-
ments that were applied.

Fruit decay

Decay caused by fungal pathogens are one of the
most important factors for economic losses of fresh hor-
ticultural crops (Palou et al., 2016). Postharvest brown
rot was observed for the apricots in the present study.
Incidence of brown rot (as the proportion of apricots
affected) increased during the storage period (Figure 2).
By day 40 of storage, the greatest protection for the apri-
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—=— Hotwater45°C
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o
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Figure 2. Mean incidence (+ standard deviation; n = 3) of decay
due to brown rot for cv. Shahrodi apricots before and during stor-
age for 40 d at 5°C following different treatments.
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cots against brown rot was obtained from the treatments
with 55°C hot water (mean = 19.0% decay) or 2.0 mM
putrescine (17.3% decay), which were significantly less (P
< 0.05) than for the untreated (control) apricots (mean =
51.3% decay). The 2% acetic acid treatment (33.2% decay)
was not as effective as hot water or putrescine (P < 0.05),
although it reduced (P < 0.05) decay during storage com-
pared to the untreated fruit. Similar data for acetic acid
treatments have been reported for other fruit, including
apples, grapes, tomatoes, and kiwifruit (Sholberg and
Gaunce, 1995).

Decay is one of the main limiting factors that deter-
mines the shelf life of fresh agricultural and horticul-
tural products, with losses reported to be 20 to 50% in
developing countries and 5 to 25% in developed coun-
tries (Valero and Serrano, 2010). Many studies on post-
harvest hot water treatments showed that they are
commonly used for quality maintenance of fruit crops,
including peaches, nectarines (Sisquella et al., 2013; Spa-
doni et al.,, 2014), limes (Kaewsuksaeng et al., 2015), and
pears (Hosseini et al., 2015).

Some studies have shown that fruit ripening can
be delayed by applying hot water treatments, and at
the same time fungal decays can be reduced without
major changes in fruit quality (Fattahi Moghadam
and Ebadi, 2012). According to Kou et al. (2007), the
use of 45°C hot water for 8 min for table grapes was
the most effective treatment. When strawberries were
treated with 63°C hot water for 12 s and kept under a
controlled atmosphere with 15 kPa CO,, they showed
low amounts of decay (Wszelaki and Mitcham, 2003).
Pavoncello et al. (2001) reported that on grapefruit,
resistance to green mold was achieved with water at
62°C applied for 20 s. Kiwifruit quality after storage
was also improved by hot water treatments at 55 and
60°C for 1.5 min, which provided extended fruit shelf
life and good preservation (Koukounaras et al., 2008).
The impacts of such hot water treatments for preven-
tion of pathogen establishment and spread may be
related to the initiation of host defense mechanisms
that can be activated in the outer layers of fruit epi-
carps that can kill pathogens on fruit surfaces (Ben-
Yehoshua et al., 2000).

Khosroshahi et al. (2007) reported that applica-
tion of putrescine (1-2 mM) increased the storage life
of strawberries compared to untreated control fruit.
Mangoes treated with 2.0 mM putrescine retained par-
ticularly good quality with a good blend of acidity, TSS,
high ‘deliciousness’ ratings, and low physiological spoil-
age and weight loss (Jawandha et al., 2012). Posthar-
vest application of polyamines has also been reported
to improve the quality and shelf life of fruit, including
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pomegranates (Mirdehghan et al., 2007), plums (Pérez-
Vicente et al., 2002; Serrano et al., 2003; Khan et al.,
2008), peaches (Martinez-Romero et al., 2000; Bregoli et
al., 2002), mangoes (Malik and Singh, 2005), and apri-
cots (Martinez-Romero et al., 2002).

Fruit firmness

Firmness under all of the apricot treatments
decreased during the storage period (Figure 3). At the
end of the 40 d of storage, greatest firmness was record-
ed for the apricots treated with 55°C hot water (mean =
2859 mN) or with 2.0 mM putrescine (2841 mN), while
least firmness was for the untreated (control) apricots
(mean = 2196 mN; P < 0.05). The 2% acetic acid treat-
ment also significantly maintained fruit firmness of the
apricots (mean = 2570 mN; P < 0.05).

Apricots have short postharvest shelf lives compared
to most other fruits, with fruit firmness being an impor-
tant indicator for increased shelf life, processing, and
marketing (Kakkar and Rai, 1993). The maintenance
of the flesh firmness is one of the main effects of post-
harvest polyamine applications for vegetables and fruit.
The softness of fruit tissues results from changes in the
cell wall structure, including reductions in hemicel-
lulose and pectin de-polymerization, due to the activi-
ties of cell wall-hydrolyzing enzymes. Maintenance and
improvement of fruit firmness (and thus delayed ripen-
ing) using pre- and postharvest putrescine treatments
have been reported for fruit, including courgettes (Pal-
ma et al., 2015), pears (Hosseini et al., 2015), plums (Ser-
rano et al., 2003; Khan et al., 2008), peaches and nectar-
ines (Bregoli et al., 2002), strawberries (Zokaee Khos-
roshahi et al., 2007), and apricots (Martinez-Romero et
al., 2001).
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—&— Water 20°C

—a— Hotwater45°C

— s Hotwater55°C

1 —o— 1% Acetic acid
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—a— 0.5mM Putrescine
& 1.5mM Putrescine

—=a— 2 mM Putrescine

Fruit firmnes (mN)

0 10 20 30 40
Storage time (day)

Figure 3. Mean firmness (+ standard deviation; n = 3) of cv. Shah-
rodi apricots before and during storage for 40 d at 5°C following
different treatments.
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Several mechanisms have been suggested to explain
maintenance of fruit firmness after putrescine treat-
ments. One suggested mechanism was decreased activi-
ties of the ethylene biosynthetic enzymes l-aminocy-
clopropane-1-carboxylate synthase and oxidase, and
inhibition of endo- and exo-polygalacturonases, endo-
B-1,4-glucanases, and pectin methylesterase related to
cell-wall degradation (and thus to fruit softening). An
additional mechanism may involve polyamine cross-
linking of pectic substances in cell walls, which would
help to maintain fruit firmness (Martinez-Romero
et al., 2002; Pérez-Vicente et al., 2002). This binding
would also prevent the access of degrading enzymes,
which decrease softening rates during storage (Valero
et al., 2002).

In the present study, the hot water treatments
increased apricot firmness throughout the 40 d of
storage. Beneficial effects of hot water treatments for
maintenance of fruit firmness have been reported for
other fruit, including pears (Hosseini et al., 2015),
kiwifruit (Beirdo-da-Costa et al., 2006), melons (Lami-
kanra and Watson, 2007), peaches (Koukounaras et al.,
2008), and mangoes (Djioua et al., 2009). Heat treat-
ments may protect cell wall integrity, and thus main-
tain fruit firmness (Valero and Serrano, 2010). Heat
treatments can also activate endogenous calcium to
form calcium pectate, which delays activities of mainly
the polygalacturonase and pectin methylesterase cell
wall-degrading enzymes (Serrano et al., 2004; Valero
and Serrano, 2010). Direct consequences of heat treat-
ments on the inactivation of these enzymes were sug-
gested by Paull and Jung Chen (2000) and Serrano et
al. (2004).

Fruit total soluble solids

The changes in the TSS of the apricots during stor-
age are shown in Figure 4. In general, there were
gradual increases in the TSS during the storage peri-
od. The untreated (control) fruit had the greatest TSS
from about day 10 onwards, while all the other treat-
ments gave less TSS. The 55°C hot water and 2.0 mM
putrescine treatments resulted in the least TSS (respec-
tively, mean = 6.1% +0.2% and 5.2% %0.02%). The gen-
eral increase in TSS of stored fruit was probably due to
increased fruit respiration and weight reduction dur-
ing the storage period. Several studies have reported
improved maintenance of TSS from putrescine treat-
ments, mainly due to the impact that putrescine has
on respiration, ethylene production, and delayed ripen-
ing (Martinez-Romero et al., 2002; Serrano et al., 2003;
Zokaee Khosroshahi et al., 2007).
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Figure 4. Mean total soluble solids (TSS; + standard deviation; n =
3) of cv. Shahrodi apricots before and during storage for 40 d at 5°C
following different treatments.
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Figure 5. Mean titratable acidity (TA; + standard deviation; n = 3)
of the cv. Shahrodi apricots before and during storage for 40 d at
5°C following different treatments

Fruit titratable acidity

TA decreased during the storage period for all of the
apricot treatments (Figure 5). These data showed that
after 40 d of storage, the greatest TA was in the apricots
treated with 55°C hot water (mean = 26.7 g MA kg FW)
or with 2.0 mM putrescine (25.8 g MA kg FW), which
were both greater (P < 0.05) than that in the control
apricots. The untreated apricots had the lowest TA at the
end of the 40 d of storage (mean = 14.3 g MA kg! FW).
TA is directly influenced by the levels of organic acids in
fruit (Ghasemnezhad et al., 2010). The decreases in TA
during storage may have been due to metabolic changes
in the fruit or to the degradation of organic acids during
respiration. Similar protection against reductions in TA
during storage have been observed on pears treated with
hot water and putrescine (Hosseini et al., 2015), straw-
berries treated with putrescine (Zokaee Khosroshahi et
al., 2007), limes treated with hot water (Kaewsuksaeng et
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al., 2015), and apricots coated with chitosan (Ghasemn-
ezhad et al., 2010).

Fruit skin colour changes

The L* (brightness) of the apricots for all of the treat-
ments generally increased during the first 30 d of stor-
age, and then remained essentially unchanged to 40 d
(Table 1). Increased L* indicated that the fruit changed
to brighter colour during most of the storage period. The
greatest final L* (after 40 d storage) was in the untreated
(control) apricots and the least L* was in the fruit sub-
jected to the acetic acid and putrescine treatments.

The a* (green to red) increased after all of the treat-
ments during the first 10 d of storage (Table 1). This
indicated that initially the skin colour showed dimin-
ished green tints (change from negative to zero a*), and
then shifted further from pale green to pale red (change
from negative to positive a*). After 40 d storage, the
greatest a* was in the untreated (control) apricots (mean
= 5.11) and the least a* was in the apricots treated with
55°C hot water (mean = 0.18) or with 1.5 mM putrescine
(mean = 0.20; P < 0.05). These changes in colour from
green to red (as in the control samples) are a good indi-
cation of apricot fruit ripening.

The b* (blue to yellow) after all of the fruit treat-
ments continued to increase during the 40 d of storage
(Table 1). Increased b* indicated a deeper yellow colour.
The data showed that, as for a*, the greatest b* after 40
d storage was in the untreated (control) (mean = 34.13),
although the increase was similar (P > 0.05) for most of
the other treatments. The least b* after 40 d was in the
apricots treated with 45°C hot water (mean = 28.21) or
with 0.5 mM and 2.0 mM putrescine (respectively, 28.10
and 28.25), which were less (P <0.05) than on all of the
other treatments.

The C* and H* after these treatments showed dif-
ferent changes during 40 d of storage. The C* generally
increased by day 40, although this was almost exclu-
sively during the first 10 d, and then remained essen-
tially unchanged. The greatest C* after 40 d was in the
untreated (control) apricots (mean = 7.76) and the least
C* was in the fruit treated with 45°C or 55°C hot water
(respectively, 5.45 and 5.44), 2.0 mM putrescine (5.43),
or 1% acetic acid (5.41) (Table 2). In contrast, H* showed
little or no initial increase to day 10, and then generally
increased to day 40 for these treatments. The least H*
at 40 d was for the untreated (control) apricots (mean =
81.48), which also showed the overall lowest H* at day 20
of storage (74.75). In the fruit treated with water at differ-
ent temperatures, the H* initially declined at day 10, but
then generally increased to day 40, as similarly recorded

Table 1. Mean L*, a*, and b* colour parameters of cv. Shahrodi apricots during storage for 40 d at 5°C after application of different treatments.

Mean colour parameters after different periods (d) of storage

40

30

20

10

Treatment

b*

L>(>

b*

L*

b*

L*

bx»

L*

b*

L*

17.32bB 5544 eE 6.33dC 23.22aC 53.23dD 3.61bB 33.19¢D 51.11dC 5.11bC 34.13bD

15.23 aB 50.11 cCD 243 bC 23.11aC 51.23 bD

-3.00 aA 12.10 aA 46.42dB 4.00 aB

-3.00 aA 12.20aA 46.12cB 5.10aD

34.20 aA
34.20 aA
34.20 aA
34.20 aA

Control

1.22 aB 25.13 abD 49.12 ¢cC 2.10 aBC 29.11 abE

20°C

Water

1.20aB 28.21 aD

17.22bB 49.21 bCD 2.11 bB 24.12 abC 50.11 abD 1.39aB 23.38 aC 48.12 bC

-3.00 aA 12.10 aA 46.63eB 4.47 aC

45°C

16.11 abB 46.61 aB  3.44 cC 24.17 abC 49.21 aC 2.44 abC 24.11 abC 48.1 bBC 0.18 aB 29.51 abD

17.92bB 51.45c¢dC 1.31aB 25.11 bC 50.23 abC 1.00 aB  25.70 bC 47.19 abB

16.89 abB 52.76 dC 3.11 bcC 22.81 aC 53.10 dC

16.89 abB 52.11 dC

12.10 aA 45.52bB 5.23 aD
12.10 aA 46.28 cdB 4.21 aC
12.10 aA 46.11 cB 521 aD

-3.00 aA
-3.00 aA
-3.00 aA
-3.00 aA
-3.00 aA
-3.00 aA

55°C
Putrescine 0.5 mM 34.20 aA

1.17aB  28.10 aD

1.10aB 2590 bD 46.79 aB  0.20 aB 29.19 abE

1.5 mM 34.20 aA
2.0 mM 34.20 aA

141 aB 2825aD
1.22aB  29.11 abE

1.29aB 22.81aC 52.19c¢C 0.31aB 2271 aC 47.36 abB

12.10 aA 46.12cB  4.41aC

17.34bB 47.10aC 2.12bB 22.31aC 50.10 abD 1.22aB 25.99 bD 47.12 abC

17.21 bB 52.66 dC 3.43cC 22.71 aC 51.11 bC

12.10 aA 45.11aB 4.21aC

34.20 aA
34.20 aA

1%
2%

Acetic acid

29.67 abD

1.82 aB

1.21aB 23.22aC 46.27 aB

12.10 aA 46.62eB 4.44 aC

Means accompanied by different lower case letters in each column are significantly different (P < 0.05; LSD tests).
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Means accompanied by different capital letters in each row within each treatment are significantly different between days of storage (P < 0.05; LSD tests).
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Table 2. Mean H*, C ,*and AE* colour parameters of the cv. Shahrodi apricots during storage for 40 d at 5°C after application of different treatments.

Mean colour parameters after different periods (d) of storage

40

30

20

10

Treatment

H* AE* C* H* AE* C* H* AE* C* H* AE* C* H* AE*

C*

61.67
57.14

81.48 th
85.87 af

545 hm 87.56 ac

7.76 a
5.44 hn

62.83

83.79 cf
87.22 ad

6.80 b
5.16 ko
5.03 Ip

60.44
55.24
54.84
52.62

77.00gi 4971  7.96a  74.75ij
52.16

5.77 ei
6.42 bd

36.40
36.40
36.40
36.40
36.40
36.40
36.40
36.40
36.40

76.08 ij

4.59 p
4.59 p
459 p
459p
459 p
459 p
4.59 p
4.59 p
459 p

Control
Water

5.79 ei

57.07
55.31

48.84 539in  84.00 cf
5.35in

4991

7149
75.45 ij

76.08 ij

20 °C

55.79
56.43

86.60 ae

76.08 ij 6.10 ce 85.00 af
6.59 bc

45 °C

89.65 a
87.60 ac

84.22 cf  54.85

5.48 gl
5240

81.90 eg
84.57 bf
89.82 a
87.01 ab

6.00 df
5.18 ko
4.77 op
5.18 ko
5.70 ¢j
4.95 np

48.57

72.01 ij

76.08 ij

55°C

Putrescine 0.5 mM

55.40
55.00
54.94
55.15

5.53 fk
5.74 ei
5.43 hn

56.45

56.15

87.31 ac

497 mp 87.02 ad

76351  48.51

5.92 eh

76.08 ij

86.49 ac

57.35

75531  49.89

76.08 ij 6.08 dg

1.5 mM
2.0 mM

87.62 ac

517ko 87.77ac  56.43

521 o

57.27
57.56
56.90

76.78 hi  49.81

5.97 dg

76.08 ij

5909  54lin  89.61a
550 gl

56.92

87.57 ac
89.22 ab

6.64b 72.86 ij 49.38 82.24 df
6.03 de 86.76 ae

76.08 ij

1%
2%

Acetic acid

55.16

87.14 ac

478 op

49.31

75.37 ij

76.08 ij

Means for each treatment accompanied by different letters are significantly different between days of storage (P < 0.05; LSD tests).
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for the acetic acid treatments. For the putrescine treat-
ments, H* was initially unchanged (at day 10), before
increasing to day 30, with no change to day 40 (Table 2).

The total colour difference (AE*) indicated the mag-
nitude of colour difference between untreated and treat-
ed apricots. The untreated (control) fruit had the great-
est AE* from day 20 (mean = 60.44) to day 40 (61.67),
while the other treatments all gave similar AE* by day 40
(Table 2).

Polyamines have been reported to inhibit chlorophyll
degradation and reduce colour changes in cucumber (Jia
et al., 2018), table grapes (Champa et al., 2014), straw-
berries (Zokaee Khosroshahi et al., 2007), and apricots
(Martinez-Romero et al., 2002). Similarly (Zheng et al.,
2019) reported that treatment with putrescine reduced L*
in broccoli.

The impacts of temperature on apricot injury were
studied by Demartino et al. (2002). They reported dis-
colouration of bruised cv. San Castrese apricots as loss
of yellow pigment. The L* (lightness) and b* (yellow-
ness) of bruised apricots were decreased by keeping
them at 18°C. In contrast, in the present study, the b*
of apricots increased for all of the treatments during
the 40 d storage period (Table 2). Dong et al. (2002)
investigated the effects of 1-methylcyclopropene on rip-
ening of cv. Canino apricots. They reported that the H*
of these fruit decreased after 30 d of storage. They also
reported that during ripening, H* decreased for both
the untreated fruit and those treated with 1-methyl-
cyclopropene, although this treatment slowed the
decrease in H* compared to the control. Similarly, we
observed that treatments that improved apricot qual-
ity also reduced the H* decline. Martinez-Romero et
al. (2002) also reported that with putrescine applica-
tion, the colour index (a*/b*) of cv. Mauricio apricots
increased during storage.

In conclusion, this study has shown that hot water
and putrescine treatments, and to a lesser extent those
with acetic acid, can maintain the postharvest quality
of apricots by reducing the fresh weight loss, brown rot
incidence, and fruit softening. Postharvest use of treat-
ments with 55°C hot water or 2.0 mM putrescine for
postharvest quality improvements of apricots in cold
storage is reccommended. Whether these treatments can
be scaled up to the fruit packinghouse level is an impor-
tant issue that requires of the evaluation of the technical
and economic feasibility of these treatments.
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Summary. Botrytis cinerea infections of Vitis spp. fruits cause major economic losses,
and grape producers rely on synthetic and copper-based fungicides for control of this
pathogen. These pesticides present risks for human health and the environment. Imple-
mentation of low-impact disease management solutions is important for improving
sustainability of viticulture industries. This study investigated the effects of Origanum
vulgare (oregano) essential oil (EO) as an antifungal agent. In vitro and in vivo experi-
ments with B. cinerea were carried out using a vaporization system to circumvent
drawbacks of direct EO application. In vitro experiments confirmed the effectiveness
of EO vapour treatments, which gave 100% inhibition of B. cinerea growth. Treatment
of V. vinifera cv. Chasselas berries resulted in a 73% reduction in fungal growth, con-
firming the efficacy of the oregano EO vapour for control of grey mould caused by B.
cinerea. This study has demonstrated the efficacy of EOs in the vapour phase on grape
berries, which provides new possibilities for development of in-field or greenhouse
vaporization systems that can reduce the use of synthetic and copper-based fungicides.

Keywords. Postharvest disease, grape grey mould, volatile organic compounds, sus-
tainable viticulture, biopesticides, essential oils.

INTRODUCTION

Fungicides represent 49% of the pesticides utilized in the European Union
(European Commission Eurostat, 2007). The viticulture industry contributes
to this high fungicide use via efforts to control vineyard diseases caused by
fungi, including Botrytis cinerea, Plasmopara viticola and Erysiphe necator.
This is a growing problem, due to the possible negative impacts on consumer
and producer health and on the surrounding ecosystems and soils (Komarek
et al., 2010; Aminifard and Mohammadi, 2012). Botrytis cinerea is an impor-
tant fungal pathogen in viticulture and in other crops. This pathogen causes
grey mould (Naegele, 2018) and Botrytis bunch rot. Botrytis cinerea infections
cause major economic losses (Elmer and Michailides, 2007) due to reductions
in grape yields and quality (Jacometti et al., 2010; Panitrur-De La Fuente et
al., 2018). Due to the high frequency of usage and possible detrimental health
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and environmental impacts of pesticides, alternative dis-
ease management strategies are required to reduce pesti-
cide use for sustainable agriculture.

Alternatives to pesticides include measures to
increase plant and fruit resistance to B. cinerea and oth-
er fungal diseases, and cultural practices to encourage
the maintenance of unfavourable habitats for pathogen
development. Cultural practices in viticulture include
maintenance of good vine canopy structure, the grow-
ing of cover crops and mulching to reduce excessive vine
vigour. However, these practices can be challenging and
only marginally effective. Other alternatives include the
use of biological control agents and plant extracts, all of
which have shown some efficacy for control of B. cinerea,
and are typically applied in conjunction with other con-
trol methods (Jacometti et al., 2010). Interspecific cross-
breeding of naturally disease-resistant varieties is also
a very cost-effective, environmentally-friendly solution
for the control of fungal diseases. However, challeng-
es regarding the marketing of disease-resistant varie-
ties, such as labelling concerns and varietal reputation,
are important when assessing the economic viability
and future of new varieties (Fuller et al., 2014). Recent
research suggests that essential oils (EOs), with antifun-
gal capacities and low environmental impacts, could be
alternatives for control of fungal fruit pathogens. Devel-
opment of EO treatments for fungal disease manage-
ment could solve the environmental and human health
issues caused by pesticide-based disease management.

EOs naturally present in plants can protect against
infections by pathogenic microorganisms (Mohammadi
et al., 2013; Nazzaro et al., 2017). These materials are
generally recognized as safe (GRAS) by the United States
of America Food and Drug Administration (FDA), and
are widely accepted as alternatives to synthetic chemicals
because of their natural origins (Nazzaro et al., 2017).

The antifungal properties of EOs are primarily
linked to terpenes (monoterpenes and sesquiterpenes),
terpenoids (isoprenoids), alipathic and aromatic com-
pounds such as aldehydes and phenols. Terpenes are
naturally occurring hydrocarbons with various chemical
and biological properties, and constitute up to 90% of
most EO components (Sakkas and Papadopoulou, 2017).

The active antifungal properties of EOs are mainly
attributed to disruption of cell wall formation and inter-
ference with phospholipid bilayers of cell membranes.
Their high lipophilicity allows absorption by fungal
mycelium (Soylu et al., 2007). They also have low molec-
ular weights, allowing cell death and inhibition of fun-
gal sporulation and germination (Nazzaro et al., 2017),
or deformation of cell structure and functional disrup-
tion (Mohammadi et al., 2013; Sakkas and Papadopou-
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lou, 2017). Furthermore, the antifungal compounds in
EOs have been shown to prevent fungal pectinases from
hydrolyzation and invasion of host plant cells (Soylu et
al., 2010; Aminifard and Mohammadi, 2012).

EOs can also debilitate mitochondria of fungal path-
ogens (Nazzaro et al., 2017). Effects of EOs on mitochon-
dria and fungal plasma membranes cause inhibition of
the synthesis of ergosterol and activities of mitochondri-
al ATPase, malate dehydrogenase, and succinate dehy-
drogenase (Hu et al., 2017). Carvacrol, a monoterpene
present in many EOs, including those from oregano and
thyme, may also inhibit fungal growth by stimulating
pathogen responses similar to calcium stress and inhi-
bition of the target of rapamycin (TOR) pathway. This
suggests that antifungal properties of carvacrol include
activation of specific signalling pathways within fungi,
causing debilitation (Rao et al., 2010).

Numerous studies have confirmed the efficacy of EOs
for inhibiting growth of fungal pathogens, including B.
cinerea, Rhizopus stolonifer, Fusarium spp., Clavibacter
michiganensis, P. viticola, and Sclerotinia sclerotiorum.
Mohammadi et al. (2013) found through gas chroma-
tography-mass spectrometry (GC/MS) analyses of black
caraway, fennel, peppermint and thyme oils that they
were mainly composed of monoterpenes and terpenes.
They confirmed that all four EOs inhibited B. cinerea
and R. stolonifer under in vitro conditions, with black
caraway and fennel oils showing the greatest efficacy for
reducing growth of the fungi. In a study of the efficacy
of EOs for inhibition of in vitro and in vivo growth of B.
cinerea, Aminifard and Mohammadi (2012) found that
the EO of black caraway and fennel completely inhibited
the growth of the fungus at, respectively, 400 and 600 puL
Ll Daferera et al. (2003) demonstrated, under in vivo
conditions, that black caraway, fennel, and peppermint
oils inhibited the growth of B. cinerea. EOs of oregano,
thyme, dictamnus and marjoram completely inhibited
the growth of B. cinerea, Fusarium sp. and C. michigane-
sis at 85 to 300 ug mL?, and the main antifungal compo-
nents in the EOs were identified as thymol and carvacrol.

The antifungal effects of the EOs of oregano and fen-
nel were studied for inhibitory effects on S. sclerotiorum
by Soylu et al. (2007). Similar to B. cinerea, S. sclerotiorum
produces overwintering sclerotia, which make the fungus
particularly difficult to control. Their results showed that
both EOs in volatile and liquid phases inhibited fungal
growth, reducing mycelium growth and germination of
sclerotia. Soylu et al. (2010) evaluated the effectiveness of
oregano, lavender, and rosemary (Lamiaceae), and showed
that the EO of oregano was the most effective at low con-
centrations in vapour (0.2 pg mL"! air) and contact (12.8
ng mL") phases under in vitro and in vivo conditions for
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inhibiting the growth of B. cinerea. Oregano oil was also
shown to possess strong antifungal properties by Vit-
oratos et al. (2013), who observed complete inhibition of
fungal growth by oregano EO at 0.30 uL mL!. Lemon
oil was also shown to reduce growth of B. cinerea. Salvia
officinalis (sage) EO was studied for efficacy in control of
P. viticola by Dagostin et al. (2010). The EO had inhibition
potential similar to copper hydroxide, showing that sage
extract was another promising alternative to copper fun-
gicides in viticulture. However, the rainfastness of the EO
was very low, indicating potential complications associ-
ated with its practical efficacy (Daferera et al., 2003; Soylu
et al., 2010; Mohammadi et al., 2013).

Several studies have shown that application of EOs
can be very effective in vapour phase at lower concen-
trations than in liquid phase (Edris and Farrag, 2003;
Soylu et al., 2010; Babalik et al., 2020). In addition to
being more effective at lower doses than contact appli-
cations, vapour treatments could be efficient due to lack
of direct contact between EOs and host plants, reducing
phytotoxicity and circumventing the drawbacks of direct
applications (low rainfastness, UV degradation, poor
mixability with water and/or other products) (Edris and
Farrag, 2003). Drawing upon results from previous stud-
ies, the present research aimed to investigate whether
continuous fumigation with EO vapour from Origanum
vulgare could reduce B. cinerea development in vitro
and in vivo on grape berries, thereby circumventing the
drawbacks of direct applications.

MATERIALS AND METHODS
Isolation and culture of Botrytis cinerea

Botrytis cinerea conidia used for in vivo and in vitro
tests were harvested from decaying strawberries. Conid-
ia were removed from berries with forceps and plated
on potato dextrose agar (PDA) in Petri dishes, using a
sterile inoculation loop. The Petri dishes were incubat-
ed at 22.5°C under continuous light for 14 d to encour-
age conidium production. Actively growing B. cinerea
cultures on PDA were maintained through conidium
transfer onto freshly prepared Petri dishes every 7-14 d
throughout experimentation.

After successful growth of B. cinerea on PDA, conid-
ia were collected from cultures and suspended in Ring-
er’s solution. The solution was added to the dishes and
the culture surfaces were then rubbed with an inocula-
tion loop to dislodge conidia. Solutions and spores were
removed from the Petri dishes and passed through 100
mm diam. filter paper (Schleicher & Schuell; pore size 11
pum) to remove agar pieces and mycelia. The suspensions

were then vortexed before quantification using a vortex
mixer (Bender & Hobein Vortex Genie 2, 1410). Conidia
concentration was calculated using a microscope (Carl
Zeiss, Lab A1 AXIO) with an A-Plan 10x/0.25 Phl lens,
and a 0.100 mm depth 0.0025 mm? Thoma counting
chamber. The conidial suspension concentrations were
adjusted to the range of 5 x 10° to 1 x 10° conidia mL"!
recommended by Guetsky et al. (2001) throughout the
experiment.

In vitro fumigation with oregano essential oil

Petri dishes were assigned to treatment and control
groups and were placed inside a climate chamber (Per-
cival Scientific; Intellus Ultra C8), which was customized
to allow simultaneous treatment and control fumiga-
tion to be carried out inside airtight plexiglass chambers
(dimensions: 67 x 67 x 108 cm). The customized two-
chamber pump mechanism included two plastic boxes,
one treatment box containing EO and one empty box
assigned to the control group. EO vapour and air (control)
treatments were transferred by a pump system to the cli-
mate chamber containing the petri dishes. These were left
inside the chamber with the lids off, facing upward during
treatment. Mycelium growth in the dishes was quantified
until fungus colonies in a majority of the control dishes
had reached full capacity. The increases in the diameter of
B. cinerea colonies in the Petri dishes were determined by
tracing the radial growth on the underside of each dish.
The proportion of mycelium growth inhibition was calcu-
lated using the following equation:

(DC—DT

= )x100

where DC = the average colony diameter on the control
dishes, and DT = the average colony diameter on the
treatment dishes (Badawy and Abdelgaleil, 2014).

Three different experiments were carried out. A diur-
nal climate chamber programme was run during each
experiment, with a daily regime of 12 h light, 20°C,
70% relative humidity (RH) / 12 h dark, 15°C, 50% RH.
Each Petri dish was inoculated at the centre with 10 pL
of B. cinerea conidial suspension, which was allowed to
dry before measuring the initial colony diameter. EO of
oregano (Origan Vert, Companie des Sens, France), was
placed in a glass dish inside the treatment chamber of
the customized fumigation system.

Specifications for the individual experiments are
shown in Table 1. EO composition was determined by
GC with flame ionization detection (GC-FID; Agilent
GC system 7890B/7010 Agilent GC-TQ).
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Table 1. Specifications for three in vitro experiments (T = Treatment, C = Control).

Experiment ~ Sample size Conidial solution concentration (conidia mL') Dosage and parameters Duration
Trial I 11 (T) 11 (C) 9.11 x 10° 4 mL EO inside pump chamber 4d
Trial II 10 (T) 10 (C) 7.49 x 10° 5 mL EO inside pump chamber 3d
Trial TIT 10 (T) 10 (C) 7.71 % 10° 5 mL EO inside pump chamber 3d

5 mL EO inside climate chamber

In vivo treatment of grape berries with oregano essential oil

Four trials were carried out with detached Vitis vin-
ifera cv. Chasselas berries. The different parameters of
the experiments are summarized in Table 2. Ripe grape
berries were collected from the vineyards at Changins,
Haute Ecole de Viticulture et Oenologie (Nyon, Swit-
zerland). Total soluble solids (TSS, expressed in °Brix)
were measured with a Wine Line HI96811 0-50°Brix
wine refractometer. Thirty healthy berries were each
punctured once using a 0.5 mm diam. sterile pin with
a puncture depth of 3 mm. All berries were inoculated
with B. cinerea by individual submersion for 5 s in a
conidial suspension prepared as described above.

The grape berries were placed into 90 mm diam.
sterile Petri dishes, which were placed inside the climate
chamber for treatment. A diurnal climate chamber pro-
gramme was run during each experiment, with a daily
regime of 12 h light, 25°C, 90% RH / 12 h dark, 17°C,
50% RH. Five milliliters of EO were placed in a glass dish
on top of a heating pad inside the treatment chamber
of the fumigation system. The air pump was turned on
at maximum air flow intensity, transferring air into the
treatment and control chambers.

Quantification of grey mould severity on cv. Chasselas ber-
ries

At the end of each treatment, three replicates each of
five berries from the treatment and control groups were
placed into 50 mL capacity sterile centrifuge tubes each

Table 2. Specifications for four fumigation treatment trials applied
to detached cv. Chasselas grape berries.

. Spore suspension
Experi- p p

Berry collection site °Brix ~ concentration = Duration
ment . ,
(conidia mL)
Trial I ~ Changins Vineyard  20.7 9.98 x 10° 10d
Trial I Changins Vineyard 17.4 1.96 x 10° 7d
Trial IIT ~ Supermarket 255 1.05 x 10° 7d
Trial IV Changins Vineyard 17.6 1.02 x 10° 7d

containing 25 mL of reverse osmosis water. Each centri-
fuge tube was agitated for 2 min with a vortex ( Bend-
er & Hobein Vortex Genie 2) to dislodge conidia from
berries. After vortexing, the berries were removed from
the solution by filtering through a 100 mm diam. filter
paper (Schleicher & Schuell). Conidia concentrations in
the solutions were quantified with a microscope with
an A-Plan x10/0.25 Phl lens (Carl Zeiss Lab A1 AXIO),
using a 0.100 mm depth 0.0025 mm? Thoma counting
chamber.

Quantification and identification of the active compounds
present during treatment

Analysis was carried out using the saturation point of
activated charcoal (Supelco Activated Coconut Charcoal;
20-40 mesh) to capture oil vapours for analysis of vapour
concentrations during treatment. This was used to deter-
mine the appropriate quantity to be used in subsequent
experiments. Tissue bags filled with 500 mg, 1 g, or 1.5
g of the charcoal were hung in the treatment and control
chambers at the beginning of treatment. At the end of
the 7-d treatment, samples were analyzed with GC-FID
on a gas chromatograph (Agilent 7890B) with an autosa-
mpler (Agilent 7693). The charcoal samples in which the
volatile compounds were trapped were eluted by dichlo-
romethane. Two milliliters of dichloromethane was used
for extraction of the 500 mg and 1 g samples. Four milli-
liters of dichloromethane were used for extraction of the
1.5 g sample. Additionally, an internal standard of 10 uL
of 1,6-heptendiol at 50 mg L! was added during sample
preparation. Samples were incubated and mixed for 1 h
at room temperature. The supernatant from each sample
was then collected and transferred into a sterile vial for
analysis. The sample was injected directly for component
determination by GC using hydrogen as the carrier gas
at a constant flow of 4 mL min!. Separation of the com-
pounds was performed using a capillary column (60 m,
0.25 mm ID, 1.4 um; Rtx®-1301) and detection was car-
ried out by flame ionization. P-cymene, thymol, and car-
vacrol were identified, quantified and expressed in mg
L%, The limit of quantification (LOQ) for all three mol-
ecules was set at 3.50 mg L, and the limit of detection
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Charcoal control ~ Charcoal control

Charcoal control Charcoal treatment Charcoal treatment Charcoal treatment

Sample 05g 10g 15g 05g 10g 15g
P-cymene (mg L) 31.513 48.059 60.22 471.85 834.55 816.73
Thymol (mg L) 3.825 4.274 13.49 32.27 34.62 38.21
Carvacrol (mg L) 5.358 4.821 8.60 665.26 770.89 1012.94
Extraction 2 mL 2 mL 4 mL 2 mL 2 mL 4 mL
measurement

Table 4. Dose and treatment parameters for individual trials with corresponding conidial suspension solution.

Parameter Trial 1 Trial 2 Trial 3 Trial 4 Trial 5
EO dose CONTROL 2 mL EO in pump 2 mL EO in pump 3 mL EO in pump 3 mL EQ in pump chamber
chamber chamber chamber 3 mL EO in treatment chamber

parameters No EO Treatment L o L -

No heat application Heat application Heat application Heat application
Conidium
suspension 9.5 x 10° 9.33 x 10° 9.33 x 10° 9.75 x 10° 9.75 x 10°
concentration

(LOD) for all three molecules was 2.5 mg L. Five hun-
dred milligrams was shown to be the saturation point
during the treatment period. Saturation was not reached
in the 1 g samples; therefore, 1 g was determined to be
the appropriate quantity to be used for vapour quantifi-
cation in subsequent experiments (Table 3).

Analysis of essential oil residual surface contamination on
berry skins and in berry flesh

Evaluation of p-cymene, thymol, and carvacrol pre-
sent on the surfaces of berry skins and in berry flesh
after treatment with EO of oregano was carried out
twice during each fumigation experiment. Nine berries
were assigned to each treatment group and nine berries
were assigned to each control group. Healthy and intact
berries were placed on standard 90 mm diam. sterile
Petri dishes inside of the treatment and control fumiga-
tion chambers. After 7 d of treatment, the berries were
placed into 50 mL capacity sterile centrifuge tubes, each
containing 25 mL of reverse osmosis water, and these
were each vortexed for 1 min. The berries remained in
each solution until GC-FID analysis and the solution
was prepared for GC-FID analysis following the proce-
dure outlined above using 2 mL of dichloromethane for
extraction. For berry flesh analyses, a second experi-
ment was carried out, and at the end of 7 d of treatment,
berries were rinsed under lukewarm water for 2 min
to remove surface residues. The berries were left to dry
and then placed inside 50 mL capacity sterile centrifuge

tubes for storage until quantification. GC-FID was car-
ried out on the berries by pressing the whole berries to
extract juice from the flesh, which was then prepared
as described above for GC-FID using 2 mL of dichlo-
romethane for each extraction.

Conidium suspension preparation and essential oil dose
parameters for dose-dependent in vitro treatments

Conidial suspensions were prepared as described
above. One suspension was individually prepared for the
control trial I harvesting conidia from actively growing
B. cinerea colonies. One suspension was prepared for
experimental treatment trials 2 and 3, which were car-
ried out simultaneously. One suspension was prepared
for experiments 4 and 5, which were also carried out
simultaneously. Conidial suspension concentrations had
little variation during the three phases of experimen-
tation. The five trials were carried out using different
concentrations, placements, and modes of diffusion of
oregano oil (Table 4). The conidial suspension concentra-
tions and the corresponding EO dosage parameters are
outlined in Table 4.

During each treatment, eight Petri dishes were placed
in the climate chamber and each was inoculated with 10
uL of conidial suspension. Fumigation parameters were
the same for all five trials. A diurnal climate chamber
programme was run during each experiment, with a
daily regime of 12 h light, 25°C, 90% RH / 12 h dark,
17°C, 50% RH. Treatments were carried out over 3 d.
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Statistical analysis and data presentation

Statistical analyses (Welch’s two sample t-test and
two-way ANOVA) were carried out using R Studio.
Graphical presentation of data was performed with MS
Excel and OriginPro.

RESULTS
Chemical composition of essential oils

Chemical composition as determined by GC-FID
showed that the oregano EO used in this study con-
tained 68.60% carvacrol, 11.27% p-cymene, 5.91%
y-terpinene, and 1.93% thymol (Table 5). This compo-
sition is similar to that from other studies, which have
reported 58.1% carvacrol and 11.4% p-cymene as the
composition of O. vulgare EO (Bouchra et al., 2003;
Daferera et al., 2003; Teixeira et al., 2013; Rienth et al.,
2019). Variation in active compounds and the presence
of additional components can be attributed to source
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Table 5. Composition of the oregano essential oil determined by
GC-FID.

Retention time o Percent  Percent Theoretical
(min) Composition probability measured percentage
18.43 Carvacrol 93.2 68.60 21-63%
7.59 Paracymene 96.6 11.27 6-20%
8.72 Gamma-terpinene 94.8 591 9-26%
23.11 Caryophylléne 96.6 2.46

18.10 Thymol 95.3 1.93 3-28%
7.34 Alpha-terpinene 85.4 1.44

6.58 Beta-myrcene 90.4 0.94

5.11 Alpha-pinene 93.5 0.90

10.28 Linalool 82.5 0.61 <2%
7.73 D-limonene 80.8 0.58 <1%
4.94 Alpha-thujene 89.4 0.40

5.47 Camphene 86.3 0.21

plant genotype and nutritional status, and to environ-
mental conditions and geographical location (Badawy
and Abdelgaleil, 2014).
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Figure 1. Mean Botrytis cinerea colony diameters over 3 d, in Petri
dishes from three in vitro experiments (A, trial I; B, trial II; C, trial
IIL; Table 1). Black symbols, controls; red symbols, EO vapour treat-
ments. Stars indicate treatment means significantly different from
controls (P < 0.5).
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Effects of in vitro fumigation with essential oil on Botrytis
cinerea

The average colony radial growth difference between
B. cinerea-inoculated Petri plates dishes treated with EO
vapour and control samples is illustrated in Figure 1.
Treatment with EO vapour inhibited the growth of B.
cinerea in all three experiments.

Effects of essential oil vapour on Botrytis cinerea growth
on grape berries

Treatment with oregano oil vapour on detached cv.
Chasselas berries reduced B. cinerea infections in all
four trials, with the results from trials IT and IV showing
the greatest proportional inhibition, as indicated by the
conidial suspension concentrations from the control and
treatments (Figure 2).

An example of cv. Chasselas berries before and after
treatment for the control and essential oil treatment

700000

samples is shown in Figure 3. EO vapour-treated berries
developed browning due to the puncture wounds made
at inoculation, but low levels of B. cinerea conidia were
present on the berries. Control berries browned signifi-
cantly after the 7 d treatments and showed significant
amounts of mycelial growth and decay of berry flesh.

GC-FID analyses of fumigation residues in grape berries

GC-FID analyses of berries that underwent EO treat-
ments identified the oil components p-cymene, thymol,
and carvacrol (Table 6 and Table 7). Thymol and carvac-
rol were shown to be absorbed by berries during treat-
ments, with greatest absorption of carvacrol in the treat-
ed samples. For the berry surface residues, p-cymene
was the least persistent of the active compounds, which
was less than the LOQ in trial III, compared to thymol
and carvacrol. Thymol was present in the surface resi-
due samples of both the treatment and control samples
during both rounds of GC-FID analyses, demonstrat-
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Figure 2. Mean numbers of Botrytis cinerea conidia from controls (gray histograms) and essential oil treatments (red histograms) for sam-
ples (S1, S2, S3) in four in vivo experiments (Table 2); trial I (A), trial II (B), trial IIT (C) and trial IV (D). Different letters for each experi-
ment indicate significant differences between treatments and controls (P < 0.5), and bars indicate standard errors of the means.
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Figure 3. Visual differences in mycelium growth and fruit desicca-
tion of detached cv. Chasselas berries for control berries (top), and
treatment berries (bottom) after 7 d of treatment. These images
were captured at the end of in vivo trial IV.

ing its strong persistence after treatment. Thymol was
not quantifiable in the berry absorption analyses of the
control group during the trial II GC-FID analysis, but
was present in trial III, where carvacrol and p-cymene
were not measurable. Carvacrol was not measurable in
the surface residue samples for the control groups dur-
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Table 6. Mean inhibition (%) of Botrytis cinerea radial colony
growth after treatment with essential oil vapour. In each trial, radial
colony growth was reduced (P < 0.05) by treatment.

Inhibition after 36 h  Inhibition after 48 h

Trial I 19.3% 20.2%
Trial 1T 31.8% 39.9%
Trial I1I 89.0% 81.7%

ing both rounds of GC-FID analysis and was present at
concentrations less than those of thymol during both
rounds of analysis in the treatment samples. For berry
absorption, carvacrol was at substantially different con-
centrations in the treatment group during trials II and
III. For p-cymene, average berry absorption in the treat-
ment sample was less than the LOQ and the measured
surface residue concentration was 4.54 mg L. For thy-
mol, the average berry absorption for the treated ber-
ries was 7.57 mg L' and the surface residue concentra-
tion was 11.36 mg L. For carvacrol, the average berry
absorption level was 11.06 mg L! and the surface residue
concentration was 6.81 mg L.

Effects essential oil dose on in vitro growth inhibition of
Botrytis cinerea

Treatment parameters and dosages of EO vapour
were modified during five in vitro trials to assess the
impacts of different concentrations of the active compo-
nents on growth inhibition of B. cinerea. The inhibition

Table 7. Essential oil component residues in grape berries and on berry surfaces in trials I and II. C1, C2, and C3 are three experimental

controls: T1, T2 and T3 are three treatments with essential oil.

Berry absorption Trial I

Surface residue Trial I

Component

c1 C2 c3 T1 T2 T3 c1 C2 c3 T1 T2 T3
p-cymene <L0Q <LOQ <LOQ <LOQ <LOQ <LOQ 54 6.3 473 494 631 547
(Trhn’gri‘ll) <LOQ <LOQ <LOQ 590 938 574 109 1129 1169 976 1129  11.95
Carvacrol (mgL!) <LOQ <LOQ <LOQ 2029 3568 1223 <LOQ <LOQ <LOQ 444 665 626

Berry absorption Trial IT

Surface residue Trial II

C1 2 C3 T1 T2 T3 C1 2 C3 T1 T2 T3
p—cymene
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
(T:l’g’iﬁl) 8.37 8.18 7.63 6.54 689 1095 1139 957 9915 1198 1233  10.82
Carvacrol (mgL') <LOD <LOD <LOD 5.06 4.78 6.28 <LOD <LOD <LOD 7.95 6.39 9.17

LOQ = limit of quantification
LOD = Limit of detection
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Figure 4. A) Mean growth inhibition proportions (%) for Botrytis cinerea on individual grape berries after 48 h exposure to different oreg-
ano EO exposure treatments. B), C) and D), mean growth inhibition of B. cinerea colonies exposed for 48 h to different concentrations
of three EO components at different concentrations. Individual analyses of the relationships between each active component and percent
growth inhibition are indicated. Scatter plot point shapes correspond to the same shape shown below each treatment parameter on the bar
graph. Different letters indicate significant differences (P < 0.05) between treatments and controls.

proportions for the treatment parameters are shown in
Table 8. For the controls (no oil treatment) and for treat-
ments including heat, the dish containing oil was placed
on top of a heating pad. In the treatment including two
oil dishes, one was placed in the pump chamber with a
heating pad, and the other was placed in the treatment
chamber directly under the Petri dishes, resulting in an
100% inhibition of growth (Figure 4).

EO component compounds measured with GC-FID
are indicated in Figure 4, which shows the concentra-
tions of the active compounds p-cymene, thymol, and
carvacrol in relation to the different dosage parameters.
Components with concentrations less than the LOQ
(3.50 mg L) and LOD (2.50 mg L) were plotted with a
baseline value of zero.

The active component p-cymene was present at the
greatest concentrations in all the trials, with concen-

trations of 53.7 mg L1, 48.5 mg L, 135.9 mg L, and
259.9 mg L', where 259.9 mg L' corresponded to 100%
inhibition of B. cinerea growth. Carvacrol was present
at the second greatest concentrations throughout all
the experimental trials, with concentrations of 13.7 mg
L1, 17.6 mg L, 43.6 mg L, and 112.1 mg L', where
112.1 mg L corresponded to 100% inhibition. Thymol
was present at low concentrations during all the tri-
als, with concentrations of <LOQ, <LOQ, 3.5 mg L,
and 5.2 mg L, where 5.2 mg L' corresponded to 100%
inhibition. In this case, the concentrations of active
compounds giving 50% inhibition of mycelial growth
(ECs; Badawy and Abdelgaleil, 2014), could be estimat-
ed using the concentrations obtained by GC-FID anal-
ysis after trial I, where 45.2% inhibition of mycelium
growth inhibition was achieved. These estimated ECs,
values in the vapour states were: for p-cymene, 53.7 mg
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Table 8. Percent Botrytis cinerea colony growth inhibition and cor-
responding treatment parameters and EO dosages.

Control 2mLno 2mL 3mL 2x3mL
heat heat heat heat
Mycelium growth 452 769 88 100

inhibition (%)

L% for carvacrol, 13.70 mg L}; and for thymol, <3.50
mg L.

Two-way ANOVA of the relationship between con-
centration of active compounds and percent inhibition
of radial growth of B. cinerea showed significant rela-
tionships (P < 0.05) for all three compounds.

DISCUSSION

There is urgent need in global food production for
natural alternatives to synthetic fungicides. The results
of the present study confirm the findings of previous
studies which have reported effectiveness of EOs and
their major components, specifically that of oregano and
particularly in the vapour state, as alternatives for man-
agement of fungal diseases (Dagostin et al., 2010; Soylu
et al., 2010; Matusinsky et al., 2015; Rienth et al., 2019;
Babalik et al., 2020). However, direct treatment with EOs
has several drawbacks, which probably explains why
the observed inhibition of fungal development is often
inconsistent in field experiments (Dagostin et al., 2010).
In the present study, we developed an innovative experi-
mental approach that enabled applications of EO vapour
continuously to Petri dishes and to grape berries inocu-
lated with B. cinerea.

In vitro treatment with essential oil vapour against Botry-
tis cinerea

Three experiments were carried out to evaluate
the effectiveness of vapour from the oregano EO for
inhibition of radial colony growth of B. cinerea. All
treatments reduced the growth of the fungus, with
the greatest inhibition in trial III, where an addi-
tional dish containing the EO was placed directly
under inoculated Petri dishes inside the fumigation
treatment chamber. These results are consistent with
previous findings (Daferera et al., 2003; Aminifard
and Mohammadi, 2012; Vitoratos et al., 2013), where
oregano EO and EOs of thyme, dictamnus, marjo-
ram, lemon, and black caraway, completely inhibited
the growth of B. cinerea under in vitro conditions. The
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present results highlight that the vapour phase of EOs
has direct antifungal effects against B. cinerea, in a
dose-dependent manner, and is not only through stim-
ulation of innate plant immunity as shown in previous
studies (Rienth et al., 2019).

In vivo treatment of grape berries with essential oil vapour

In vivo experimentation was carried out on
detached grape berries to determine the effectiveness
of vapour treatments. Treatments were applied in four
trials, each of which resulted in inhibition of B. cinerea
growth. The extent of fungal growth in cultures and
inhibition of fungal growth on berries varied during
the different trials, with the most consistent growth
and inhibition patterns observed in trials II and IV.
These results are consistent with the findings of other
studies carried out on harvested fruits and vegeta-
bles, as well as on growing plants. For example, in V.
vinifera cv. Chasselas vines, Rienth et al. (2019) found
95% inhibition of the growth of P. viticola after treat-
ment with vapour of oregano EO. Efficacy was mainly
associated with stimulation of grapevine innate immu-
nity by the EO. Aminifard and Mohammadi (2012)
demonstrated reduced decay caused by B. cinerea on
plum fruit treated with EO of black caraway. Soylu et
al. (2010) demonstrated the ability of EOs of oregano,
lavender and rosemary, applied as contact and vapour
phases, to reduce disease on B. cinerea-infected toma-
toes. These EOs inhibited fungal growth in dose-
dependent manners, with the vapour phase treatments
being more effective at low dosages than the contact
phase treatments. Soylu et al. (2007) showed the effec-
tiveness of soil amendments with the EOs of oregano
and fennel for protection of tomato seedlings against S.
sclerotiorum. The antifungal effects of oregano EO were
also observed by Vitoratos et al. (2013), where treat-
ments with the EO completely inhibited the growth of
B. cinerea in tomato plants. The present study high-
lighted the effective inhibition of fungal growth and
emphasized the efficacy of the volatile phase against
fungal pathogens, which is of interest for development
of sustainable treatment strategies. These could rely
on EO vapour diffusion systems or encapsulated EOs
to circumvent commonly encountered drawbacks of
direct application and decrease phytotoxicity. The pre-
sent results confirm the direct effects of EO vapour on
the fungus hyphae since treatments were applied to
detached fruits. This was also shown with the scanning
electron microscope analysis carried out in a similar
experiment by Soylu et al. (2010).
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Residues on berry skins and in berry flesh after treatment
with essential oil vapour

An important question regarding the persistence of
aroma compounds on fruit after treatment has not been
reported in previous research. In the present study, con-
sideration of the impacts of residual active molecules
on cv. Chasselas berries was a fundamental question,
because of the importance of aroma compounds in
winegrapes. GC-FID analyses of the active compounds
present in the residues left on berry skins, and those
absorbed into berry flesh, showed consistently low con-
centrations of p-cymene in both trials. Carvacrol was
present at high concentrations in the berry flesh, but at
low concentrations on berry skins during trial II, but
during trial III, this compound was at low concentra-
tions on berry flesh and surfaces. Thymol was consist-
ently present at slightly greater concentrations than the
other two compounds on the berry surfaces and in berry
flesh during both rounds of treatment.

The persistence of the different active molecules can
be determined by comparing the total concentrations of
the molecules present during treatment in the chamber
with the residual concentrations left on the berries after
treatment. P-cymene had the greatest concentration in
the chamber during treatment but the lowest residual
concentrations after treatment, showing its persistence to
be low. Marchese et al. (2017) reported a short half-life
for p-cymene, resulting in rapid absorption and rapid
in vivo elimination. Carvacrol was also present at high
concentrations in the chamber during treatment and
at low residual concentrations, with the exception of
the berry absorption levels, in trial II. This also showed
that carvacrol had low persistence on berries after treat-
ment. Thymol showed very high persistence, with high
residual concentrations on berry skins and in berry flesh
after treatment. The concentrations of thymol were also
greater, in some cases, in the control samples than in the
treatment samples for both surface residues and berry
absorption. This could be due to the presence of residual
concentrations of thymol left in the chamber from previ-
ous trials that involved EO treatments. As demonstrated
in a previous study, lemons treated with carvacrol and
thymol for postharvest fungal protection exhibited per-
sistence of these compounds directly after application,
which disappeared shortly thereafter, leaving aroma and
taste of the fruit unaffected (Castillo et al., 2014).

Continued research on the concentrations of active
compounds present in wine grapes treated with EOs is
important before moving forward with the next research
steps, primarily using sensory analyses. It must be deter-
mined that the berries are safe for human consump-
tion. According to the National Cancer Institute, most

EOs are considered to be safe and without adverse side
effects. Only natural substances with EC5, > 20 pg m
L' are considered toxic to human cells (Puskdrova et
al., 2017). In the present study, all of the total concen-
trations of p-cymene, thymol, and carvacrol left on the
berries after treatment were below this threshold, with
the exception of the concentration of carvacrol in berry
flesh after the trial II treatments. The concentrations
used for comparisons correspond to the total concen-
trations present during treatment, not specifically to the
EC;, dosages. For the samples in question, the total con-
centration of carvacrol (35.68 mg L) present in berry
flesh after treatment gave 70.9% inhibition of mycelium
growth. Although sensory analysis was not carried out
in this experiment, compared to the average sensory
threshold reported for panelists by Bitar et al. (2008), we
observed that the average concentration of carvacrol in
berry flesh was 11.06 mg L', which was greater than the
sensory threshold of 3.1 mg L! for this compound. The
equivalent thymol concentration in berry flesh was 7.57
mg L, which is less than the sensory threshold of 12.4
mg L. The p-cymene concentration was <LOQ and was
considerably less than the sensory threshold of 79.4 mg
L reported by Bitar et al. (2008). Because of the proba-
bility of sensory detection of carvacrol in treated berries
as well as the potential for damage to berries after treat-
ment, it is important that the EO dosages are applied at
quantities that are efficient at impeding fungal growth
without causing undesirable secondary effects.

Impacts of vapour concentrations on Botrytis cinerea
growth inhibition

Five experiments were carried out to assess the rela-
tionships between the concentration of active EO com-
pounds and inhibition of B. cinerea mycelium growth.
Doses and treatment parameters were adjusted for each
trial to increase the concentration of vapour in the fumi-
gation chamber. Fumigation with the oregano EO inhib-
ited the radial growth of B. cinerea in a dose-dependent
manner.

After the end of the 3-d treatment period, test dish-
es were observed for an additional 4-d period, during
which no fumigation was applied. For dishes treated
with p-cymene at 135.9 mg L or 259.9 mg L, carvac-
rol at 43.6 mg L! or 112.1 mg L! or thymol at 3.5 or 5.2
mg L, no additional growth was seen during the post-
treatment observations. This indicated that the greater
dosages killed B. cinerea conidia. Dishes treated with
p-cymene (53.7 mg L, 48.5 mg L), carvacrol (13.7 mg
L1, 17.6 mg L), and thymol (<LOQ, <LOQ), exhibited
slow, minimal growth after the 3-d treatment period, but
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the growth never reached the total Petri plate diameter
of 90 mm. All of the control sample plates that were not
treated with any EO had reached this diameter after the
3 d treatment period, and continued vigorous growth
was observed throughout the 4-d observation period.
These observations indicate that the three analyzed ter-
penic components of oregano EO interacted with funda-
mental B. cinerea cell functions, rendering the pathogen
incapable of growing. Prediction of the antifungal mech-
anisms of EOs and interpretation of the results in the
present study indicated that damage to the cell structure
of B. cinerea had occurred, resulting in inhibition of vig-
orous growth after treatments with low dosages of the
oil, and total inhibition of growth after treatment with
greater dosages.

The ECs, values for p-cymene (53.7 mg L), carvac-
rol (13.7 mg L) and thymol (<3.50 mg L) were simi-
lar to those reported in previous studies, where the EO
of oregano was used for control of fungal pathogens
(Badawy and Abdelgaleil, 2014). The oregano EO gave
the lowest EC;, compared to the EOs of P. graveolens,
S. cumini and V. agnus-castus. This was the reason for
focusing on the oregano EO in the present experiments.
The EC;, values for the oregano EO against B. cinerea
(44 mg L for the vapour phase and 241 mg L' for the
contact phase) reported by Soylu et al. (2010) also cor-
respond to those reported in the present study, and dem-
onstrate the improved effectiveness of EO treatments in
volatile phases. Figure 4 shows the low concentration of
thymol compared to the concentrations of carvacrol and
p-cymene. However, it cannot be concluded how the dif-
ferent terpenes contributed individually to the antifun-
gal activity of EO vapour due to the importance of their
synergistic effects.

Although significant alterations to hyphal morphol-
ogy and cell structure have been observed in numerous
studies, the specific mechanisms of antifungal activ-
ity of EOs have not been fully elucidated (Soylu et al.,
2010). Recent research indicates that inhibition of fun-
gal pathogens can be partly due to immune responses
triggered within host plants after treatment with EOs,
which activate genes responsible for syntheses of com-
pounds involved in plant immune systems and defense
response pathways (Rienth et al., 2019). Priming of
these defense response mechanisms in plants after
treatment with oregano EO has been shown in V. vin-
ifera cv. Chasselas (Rienth et al., 2019), in apples after
treatment with the EO of thyme (Banani et al., 2018),
in strawberries after treatment with tea tree and thyme
EOs (Liu et al., 2016), and in Arabidopsis thaliana
after treatment with the EO of Gaultheria procumbens
(Vergnes et al., 2014).
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CONCLUSION

The present study has highlighted the remarkable
capability of EOs, specifically that of O. vulgare, as effec-
tive antifungal agents. The study confirmed the abil-
ity of the EO to completely inhibit the in vitro growth of
B. cinerea, and to inhibit the pathogen development on
grapevine berries. The study also demonstrated the effi-
cacy of the EO in vapour phase using innovative experi-
mental procedures. These results emphasize that EOs
are promising alternatives to synthetic and copper-based
fungicides currently being used in agriculture and food
industries. The results of vapour phase efficacy indicate
potential for development of disease management systems
using vapor diffusion in crops. These could be more effi-
cient than direct applications since they could circumvent
commonly encountered problems due to poor rain fast-
ness, mixability or degradation of fungicide compounds.

Botrytis cinerea causes considerable economic losses in
agriculture, and is one of the most damaging pathogens
in vineyards. Finding environmentally sustainable treat-
ments against this pathogen is, therefore, very important.

Further research is required to fully understand the
effects of EOs on fungal diseases and the mechanisms of
the antifungal activity. To fully implement the practical
usage of EOs as viable alternatives to the fungicides on
which agriculture heavily relies, further research is also
required to determine the impacts of these materials on
living plants and particularly on harvested fruits.
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Plenodomus biglobosus on oilseed rape in
Hungary
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Summary. The commonly occurring blackleg is an economically important disease in
oilseed rape cultivation. This disease is caused by a complex of two closely related spe-
cies, Plenodomus lingam and P. biglobosus. To date, only P. lingam (syn.: Leptosphaeria
maculans) has been known in Hungary as the cause of blackleg in oilseed rape crops.
The present study aimed to determine if P. biglobosus (syn.: Leptosphaeria biglobosa)
was present in Hungary. The two fungus pathogens are difficult to distinguish using
conventional morphological criteria. Reliable detection and differentiation of the two
species can only be achieved using molecular methods. This is the first report describ-
ing the pathogen, P. biglobosus, in Hungary.

Keywords. Brassica napus, blackleg, multiplex PCR, ITS region.

INTRODUCTION

Blackleg or stem canker of oilseed rape is an internationally important
disease of oilseed brassicas (oilseed rape, canola) (Rouxel and Balesdent,
2005). In Brassica-growing areas (especially in Australia, North America
and Europe) this disease can cause severe yield losses (Henderson, 1918; Fitt
et al., 2006). The disease is associated with two closely related fungi, Pleno-
domus lingam and P. biglobosus (Dilmaghani et al., 2009). These fungi have
been referred to as Leptosphaeria species, but recent studies reveal that they
belong in Plenodomus (de Gruyter et al., 2012; Wijayawardene et al., 2014).
Co-existence of these two pathogens has been reported in different countries
of Europe, including Poland (Kaczmarek and Jedryczka, 2011), Lithuania
(Brazauskiené et al., 2011) and the Czech Republic (Mazakova et al., 2017).

Varga (2014) noted that the disease caused by P. lingam had become a sig-
nificant factor in oilseed rape cultivation in the Carpathian Basin. Aggres-
sive and non-aggressive isolates of P. lingam could be differentiated, based on
restriction fragment length polymorphism (RFLP) analyses (Koch et al., 1991).
Two groups of P. lingam isolates can be further separated, based on their abil-
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ities to produce phytotoxins in vitro (Koch et al., 1989).
The isolates producing phytotoxin were defined as Tox*,
while non-toxin-producing isolates were defined as Tox?
(Balesdent et al., 1992). The weakly virulent Tox? isolates
(designated as the new species P. biglobosus since 2001)
can cause necrotic lesions on the upper stems of plants,
and are less likely to cause stem cankers than Tox* iso-
lates (Shoemaker and Brun, 2001; West et al., 2002).

In 2010, samples from Brassica napus stems from
near Rimski Sanéevi, Serbia, with symptoms of canker
were cultured, and some of the resulting isolates were
identified as P. biglobosus (Mitrovi¢ et al., 2016). Due to
the proximity of this region to Hungary, there was rea-
son to assume that P. biglobosus could also be present in
Hungary. Therefore, the aim of the present study was to
determine if P. biglobosus was present in this country.

MATERIALS AND METHODS
Plant samples, fungus isolation and morphology

Leaves and stems of oilseed rape plants showing
symptoms of blackleg were collected from oilseed rape
hybrids in fields from four counties in Hungary in 2017
and 2018. Samples were transferred to the laboratory of
the Department of Plant Pathology, Szent Istvan Univer-
sity. Unsterilized samples were placed in humidity cham-
bers made from 30 cm diam. Petri dishes each contain-
ing a layer of filter paper moistened with sterile distilled
water to induce the pycnidia to exude cirri of conidia.
Three days later, conidia were collected with sterile hand-
made glass needles, using the method of Goh (1999), and
were suspended in sterile distilled water. Size and shape
of 50 conidia per sample were characterized. Conidi-
um size data were evaluated using multivariate analy-
sis of variance (MANOVA). Normality of residuals was
checked using the Shapiro-Wilk test, homogeneity of
variances was assessed using Levene’s test. Multivariate
differences between samples were determined using the
Wilk’s-lambda (Tabachnick and Fidell, 2013).

Conidium suspensions were transferred onto potato
dextrose agar (PDA, BioLab Zrt.), distributed using a
spread plate technique, and then incubated for 3-4 d
in the dark at 24 + 1°C. Hyphal tips from germinating
conidia (observed under an inverted microscope) were
aseptically transferred onto fresh PDA plates using sterile
dissection needles. Monoconidial isolates were character-
ized after 28 d. Macroscopic traits (growth rates, colour
of mycelia, colony shapes, edges and patterns, amounts of
aerial mycelium, presence of fruiting bodies, and pigment
secretion) and microscopic traits (colour, shape and sizes
of conidia) of fungal isolates were recorded.
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Within two years, 188 plant samples were collected,
and 54 Plenodomus lingam isolates were obtained. Three
putative P. biglobosus isolates were chosen for detailed
comparison with four P. lingam isolates.

Pathogenicity tests

Pathogenicity of the isolates was tested by inoculat-
ing the stems of live seedlings and detached leaves of oil-
seed rape seedlings. The seedlings were grown in potting
mix soil from seeds that were untreated by fungicides,
and were kept in the greenhouse of the Department of
Plant Pathology (Buda Campus) for 2 months at 26 +
3°C. Five seedlings were each injured above the cotyle-
dons in V shape, using a sterile dissection needle, and
were then inoculated with hyphal tip mycelium from
7-10 d-old PDA colonies. Five detached leaves were each
inoculated at the main vein on the upper surface with-
out puncturing, with each of seven different isolates. The
detached leaves were then placed in sterile glass vessels
containing sterilized glass beads and sterile distilled
water in order, to maintain 95 *+ 3% relative humid-
ity. Control seedlings and control detached leaves were
treated as for inoculated specimens with sterile pieces
of PDA. The inoculated seedlings and the glass vessels
containing the detached leaves were incubated under
natural light conditions at room temperature for 10 d.
Re-isolations from symptomatic tissues were made onto
PDA to fulfil Koch’s postulates. The pathogenicity test
was repeated once.

DNA extraction from fungi, amplification in multiplex
PCR and sequencing

Genomic DNA was extracted from the growing
margins of single conidium colonies on PDA, using the
cetyl-trimethyl-ammonium-bromide (CTAB) method
(Maniatis et al., 1983), followed by phenol-chloroform
extraction and isoamyl alcohol (24:1) precipitation. The
concentration and purity of the DNA were evaluated
using a NanoDropI'M Spectrophotometer.

The ribosomal RNA region incorporating the inter-
nal transcribed spacer (ITS) regions and the 5.8S rRNA
gene from Plenodomus isolates were amplified by mul-
tiplex PCR. The reverse primer LmacR (5' GCAAAAT-
GTGCTGCGCTCCAGG 3') specific for P. lingam and
P. biglobosus, and two species-specific forward prim-
ers; LmacF (5 CTTGCCCACCAATTGGATCCCCTA
3", for P. lingam) and LbigF (5 ATCAGGGGATTGGT-
GTCAGCAGTTGA 3, for P. biglobosus) were used (Liu
et al., 2006). Two different PCR products were reliably
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detected: one of 331 bp from P. lingam isolates, and the
other of 444 bp from P. biglobosus isolates.

PCR mixtures were prepared in a reaction volume of
50 pL, containing 15 ng genomic DNA, 0.2 pM forward
and reverse primer, 200 pM dNTPs, 2.5 mM MgCl, and
0.4 U DreamTaq Polymerase (Thermo Scientific) in 10x
Dream Taq Buffer (Fermentas). Amplifications were
carried out in a GeneAmp PCR System 9700 thermal
cycler (Applied Biosystems), using amplification condi-
tions consisting of denaturation at 95°C for 3 min, fol-
lowed by 30 cycles of the following steps: denaturation
at 95°C for 15 sec, annealing at 70°C for 30 sec, and
extension at 72°C for 60 sec, with a final extension step
at 72°C for 10 min. PCR products specific for P. lingam
and P. biglobosus were electrophoretically separated in
1% agarose gel run in 1x TBE buffer. The gel was stained
with EcoSafe stain and the products were visualized
and photographed under UV light. The amplicons were
purified using the High Pure PCR Product Purification
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Kit (Roche). Fragments were sequenced in both direc-
tions using the same primers as for PCR, in an ABI
Prism automatic sequencer (BaseClear B.V.). Nucleotide
sequence identities were determined by BLAST analyses.

RESULTS AND DISCUSSION

In 2017 and 2018, leaf and stem spots were observed
on oilseed rape plants as specific symptoms of blackleg.
Greyish lesions containing numerous small, black pyc-
nidia, appeared on lower leaves of affected plants. The
symptoms were identical to those for blackleg of oilseed
rape described in Western Australia (Bokor et al., 1975).
The pathogens causing the disease were identified in 54
samples from the isolates examined in this study, using
morphology and molecular biology methods. Plenodo-
mus biglobosus was identified from leaf samples from
Kétpd (47°04'S/20°28'W), and stem samples from Sza-

Figure 1. Leaf lesion on oilseed rape hybrid ‘Marc KWS’ (A), and stem necrosis with black pycnidia on hybrid ‘Alvaro KWS’ (B). Pycnidia
on a leaf of hybrid ‘Gordon KWS’ (C) and a stem of hybrid ‘Umberto KWS’ (D).
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Figure 2. Conidia from Plenodomus biglobosus.

lanta (45°93'S/18°23'W) and Tordas (47°33'S/18°76'W).

Plenodomus lingam and P. biglobosus caused small,
circular patches on oilseed rape true leaves, that were
3-10 mm diam., with each lesion having a dark outer
margin (Figure la). On diseased stems both pathogens
produced broad, elongated necrotic lesions (Figure 1b).
Dark pycnidia formed in leafspots. Conidial masses
excreted from pycnidia, ranged in colour from claret to
light brown (Figure 1c and d). It was not possible to dis-
tinguish the pathogens based on disease symptoms or
morphology of pycnidia, as has been reported previously
(Karolewski et al., 2007).

Conidia borne in pycnidia of P. biglobosus and P.
lingam were hyaline, cylindrical, unicellular and were
rounded at the ends (Figure 2). Dimensions of conidia
are detailed in Table 1. Requirements were completed
for the multivariate analysis of variance, Shapiro-Wilk
test (P = 0.461 for conidium width; P = 0.745 for length)
and Levene’s test (F, 343 = 0.568; P = 0.756 for width;
F,343 = 1.198; P = 0.306 for length). Conidium dimen-
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Figure 3. Plenodomus biglobosus colonies on PDA after 28 d. Upper
surface (A) and lower surface (B).

sions for the different isolates did not differ significantly
in length, or width (Wilk’s-lambda = 0.96; P = 0.330), so
conidium size was not reliable for identification of the
isolates.

Eleven isolates out of the 54 samples were putatively
identified on PDA medium as P. biglobosus, using the
characteristics described by Mitrovi¢ et al. (2016) (Fig-
ure 3). The colour of colony upper surfaces was grey-
ish, and the lower surfaces were dark greyish brown.
Mitrovi¢ et al. (2016) detected yellow-brown pigments
in substrate mycelia after 15 d. In the present study, yel-
low pigmentation was observed at the edges of the colo-
nies and also in the PDA. In the middle of the colonies,
there was abundant aerial mycelium. The colonies were
round shape, with indeterminate edges. Calvert et al.
(1949) described strains that were differed in produc-
tion of pycnidia. In the present study, pycnidia were not
observed in the colonies. Colony growth rates of the
isolates are listed in Table 1. Colony form of P. lingam
isolates was similar to that described by Mitrovi¢ and
Marinkovi¢ (2007).

Table 1. Host and plant organ sources, collection dates and regions of Hungary, average conidium dimensions and colony growth rates, for

representative Plenodomus isolates assessed in this study.

Average conidium Average colony

Isolate Host hybrid Plant organ Date of collection Region of collection dimensions (um) growth rate (mm d")
L7 ‘Factor KWS stem July 4th, 2017 Nagylozs 1.55%3.86 1.96
L17 ‘Marc KWS’ leaf April 7th, 2018 Kétpo 1.57x3.73 2.71
L18 ‘Marc KWS’ leaf April 7th, 2018 Kétpo 1.56x3.73 2.50
126 ‘Hybrirock’ leaf April 13th, 2018 Vadosfa 1.55x3.76 1.68
L34 ‘Hybrirock’ leaf April 13th, 2018 Bésarkany 1.55x3.83 221
L39 ‘Umberto KWS’ stem June 27th, 2018 Szaldnta 1.57x3.75 2.64
L43 ‘Gordon KWS’ stem June 28th, 2018 Tordas 1.55%3.78 2.67
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Figure 4. Necrotic lesion and pycnidia (arrow) caused by Plenodo-
mus biglobosus (isolate L39) on an inoculated oilseed rape leaf after
10 d incubation.

In the pathogenicity tests P. biglobosus and P. lingam
isolates caused browning and death of vascular bundles
on oilseed rape seedlings at the inoculation points, after

349

Figure 5. Gel electrophoresis pattern of some amplicons: a PCR
product of 444 bp was amplified from Plenodomus biglobosus iso-
lates L17, L39 and L43, and of 331 bp was amplified from P. lingam
isolates L7, L18, L26 and L34. M indicates the GeneRuler 100 bp
DNA ladder (Thermo Scientific).

2-3 d. After 10 d, necrosis was observed on inoculated
seedlings, and on inoculated detached leaves. Pycnidia
developed on some inoculated leaves (Figure 4). Con-
trol seedlings and control detached leaves did not show
any symptoms. Koch’s postulates were fulfilled by re-
isolation of P. biglobosus from dark brown parts of the
tissues of inoculated seedlings and detached leaves. The
re-isolated isolates had the same cultural characteristics
as the fungi used for the inoculations.

All of the samples were assessed by multiplex PCR
with species specific primers: P. biglobosus was detect-
ed in 11 samples (20%), while P. lingam was detected
in 43 samples (80%). Based on gel electrophoresis, the
P. biglobosus isolates were clearly distinguishable from
those of P. lingam, from their amplicon lengths (Figure
5). BLAST searches of the ITS sequences of the selected
isolates matched the references with 99.7-100% similarity
(Table 2).

The results presented here prove the presence of
P. biglobosus associated with blackleg of oilseed rape

Table 2. Molecular identification and GenBank accession numbers of representative Plenodomus isolates assessed in this study.

Isolate Molecular identification DNA target?

accession No.

Blast match sequence

GenBank
Coverage Identity

Reference accession No. (%) (%)

L7 Plenodomus lingam ITS regions and the 5.8 rRNA gene MK922353  Leptosphaeria maculans JF740234  100% 100%

L18 (Leptosphaeria MK922979
126  maculans) MK922998
L34 MK922973
L17 Plenodomus biglobosus MK922972  Leptosphaeria biglobosa AJ542501 ~ 100%  99.7%
L39 (Leptosphaeria MK922343 100%
143 biglobosa) MK922971

2ITS, internal transcribed spacer; rRNA, ribosomal RNA.
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in Hungary. This pathogen has also been observed in
neighbouring Serbia (Mitrovic et al., 2016). Further com-
prehensive monitoring and sampling is required to fully
characterize distribution of this pathogen in Hungary.
Both Plenodomus species initially infect the leaves of
oilseed rape plants in autumn, leading to stem damage
before harvest. However, little is known about role and
the significance of P. biglobosus in the disease in Hun-
gary, or the factors that influence host infection.

This is the first report of P. biglobosus infection of
oilseed rape in Hungary.
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A new leaf spot disease of Chamaerops humilis
caused by Palmeiromyces chamaeropicola gen. et
Sp. NOV.
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Summary. In September 2018, a leaf spot disease was noticed on a European fan palm
(Chamaerops humilis L.) in Oeiras, Portugal. The aim of this study was to identify and
characterize the causative agent of this disease symptom. Morphological characters
and phylogenetic data derived from ITS and LSU sequences revealed that the leaf spot
was caused by a filamentous fungus in the Mycosphaerellales, as a unique lineage with-
in the Teratosphaeriaceae. This pathogen is introduced here as a new genus and spe-
cies, Palmeiromyces chamaeropicola D.S. Pereira & A.].L. Phillips, the cause of a newly
reported leaf disease on Chamaerops humilis.

Keywords. Fungus, new genus, new species, palm tree, plant pathogen.

INTRODUCTION

Chamaerops humilis L. (Arecaceae), commonly known as the European
fan palm or Mediterranean dwarf palm, is one of only two indigenous Euro-
pean palms, and the only one found in the Iberian Peninsula (Guzmaén et
al., 2017). This palm tree is distributed around the western Mediterranean
Basin, occurring in Europe (Portugal, Spain, France and Italy), North Africa
(Morocco, Algeria and Tunisia) and in Mediterranean islands (Balearic, Sic-
ily, Sardinia and Malta) (Dransfield et al., 2008; Quattrocchi, 2017; Palmweb,
2020). These trees are used as sources of several products with commercial
value, including textiles, food and seeds; they are also important ornamental
trees (Guzman et al., 2017). In Portugal, although these palms occur natural-
ly, almost exclusively in the Algarve region (Carapeto et al., 2020), they are
widely planted and used in gardening and landscaping due to their hardiness
and aesthetic value.

Chamaerops humilis is generally free of diseases. No major diseases or
pests have been reported for this palm, although it is a potential host for
the red palm weevil and other harmful insects (Elliott, 2004). Some reports
have shown that the principal fungal diseases on C. humilis are leaf spots.
For example, this palm is a host for Graphiola phoenicis, a leaf spotting
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Basidiomycete found exclusively on palms (Piepenbring
et al., 2012). Frohlich and Hyde (1998) listed six species
of Mycosphaerella from leaf spots on different palms,
including M. chamaeropis on C. humilis. More recently,
Fusarium wilt and dieback were reported from young
and adult C. humilis in Spain (Armengol et al., 2005),
and Pestalotiopsis chamaeropis was described from
leaves of this host in Italy (Maharachchikumbura et al.,
2014).

In the present study, a leaf spot disease was noticed
on a C. humilis palm growing as an ornamental. On the
lesions, ascomata, asci and ascospores with characteris-
tics of the Mycosphaerellales (Abdollahzadeh et al., 2019)
were found. Therefore, the purpose of this paper was to
characterize the fungus in terms of its morphology and

phylogeny.

MATERIALS AND METHODS
Specimen collection and examination

Diseased leaf segments with leaf spots were collected
from an ornamental C. humilis palm in Oeiras, near Lis-
bon, Portugal. Plant material was transported to a lab-
oratory in paper envelopes, and examined with a Leica
MZ9.5 stereo microscope (Leica Microsystems GmbH)
for observations of lesion morphology and associated
fungi.

Fungal isolation

A small piece of a leaf spot lesion bearing ascomata
was placed on a drop of sterile water in the inverted lid
of a Petri dish. The dish base, containing half-strength
potato dextrose agar (1/2 PDA) (BIOKAR Diagnostics)
was placed on top of the inverted lid. Ascospores were
discharged upwards and impinged on the agar sur-
face. After incubating overnight, single germinating
ascospores were transferred to fresh plates of 1/2 PDA.
Cultures were then incubated in ambient light at room
temperature (18-20°C).

Isolations were also made directly from leaf spots.
Pieces of leaf spot tissue 1-2 mm? were cut from the
edge of each lesion, surface sterilized in 5% sodium
hypochlorite for 1 min, rinsed in three times in sterile
water, and then blotted dry on sterile filter paper. The
fragments were plated onto 1/2 PDA containing 0.05%
chloramphenicol, and incubated at room temperature
until colonies developed.
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Morphological observations and characterization

Microscopic structures of isolated fungi were mount-
ed in 100% lactic acid and examined with differential
interference contrast (DIC) microscopy. Observations
of micromorphological features were made with Leica
MZ9.5 and Leica DMR microscopes (Leica Microsys-
tems GmbH), and digital images were recorded, respec-
tively on the two microscopes, with Leica DFC300 and
Leica DFC320 cameras (Leica Microsystems GmbH).
Measurements were made with the measurement mod-
ule of the Leica IM500 Image Management System (Lei-
ca Microsystems GmbH). Mean, standard deviation (SD)
and 95% confidence intervals were calculated from n =
total of measured structures. Measurements are present-
ed as minimum and maximum dimensions with mean
and SD in parentheses. Photographs were prepared with
Adobe Photoshop CS6 (Adobe).

DNA extraction, PCR amplification and sequencing

Genomic DNA (gDNA) was extracted from myce-
lium of cultures grown on 1/2 PDA, following a modi-
fied and optimized version of the guanidium thiocy-
anate method described by Pitcher et al. (1989). PCR
reactions were carried out with Taq polymerase, nucle-
otides, primers, PCR-water (ultrapure DNase/RNase-
free distilled water) and buffers supplied by Invitrogen.
Amplification reactions were performed in a TGradient
Thermocycler (Biometra). Amplified PCR products were
purified and sequenced by Eurofins (Germany).

The primers ITS5 (White et al., 1990) and NL-4
(O’Donnell, 1993) were used to amplify part of the clus-
ter of rRNA genes, including the nuclear 5.8S rRNA
gene and its flanking ITSI and ITS2 regions, along
with the first two domains of the large-subunit rRNA
gene (ITS-D1/D2 rDNA region). The PCR reaction mix-
ture consisted of 50-100 ng of gDNA, 1x PCR buffer,
50 pmol of each primer, 200 pM of each dNTP, 2 mM
MgCl,, 1 U Taq DNA polymerase, and was made up
to a total volume of 50 uL with PCR water. The follow-
ing cycling conditions were used: initial denaturation at
95°C for 5 min, followed by 40 cycles of denaturation at
95°C for 1 min, annealing at 52°C for 30 s and elonga-
tion at 72°C for 1.5 min, and a final elongation step at
72°C for 10 min.

The ITS region was sequenced only in the forward
direction using the primer ITS5. The D1/D2 region
(LSU) was sequenced only in the forward direction
using the primers ITS5 and NL1 (O’Donnell, 1993).
Consensus sequences were produced and edited with
BioEdit version 7.0.5.3 (Hall, 1999).
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Sequence alignment and phylogenetic analyses

ITS and LSU sequences of species in representa-
tive genera of Teratosphaeriaceae and Neodevriesiaceae
in Mycosphaerellales were retrieved from GenBank by
BLAST searches with the sequences generated in this
study (Table 1). These were supplemented with taxa list-
ed in recent literature (e.g. Quaedvlieg et al., 2014; Isola
et al., 2016; Wang et al., 2017; Delgado et al., 2018). Cap-
nodium coffeae Pat. was used as the outgroup taxon rep-
resentative of a species in Capnodiales.

Sequences were aligned with ClustalX version 2.1
(Thompson et al., 1997) using the following parameters:
pairwise alignment parameters (gap opening = 10, gap
extension = 0.1), and multiple alignment parameters
(gap opening = 10, gap extension = 0.2, DNA transition
weight = 0.5, delay divergent sequences = 25%). Align-
ments were checked and manual adjustments were made
where necessary with BioEdit. Terminal regions with
data missing in some of the isolates were excluded from
the analysis. The aligned ITS and LSU sequences were
concatenated and combined in a single matrix.

Maximum Likelihood (ML) and Maximum Parsimony
(MP) were used for phylogenetic inferences of single gene
sequence alignments and the concatenated alignments.
The individual gene trees were assessed for clade con-
flicts between the individual phylogenies by visually com-
paring the trees generated. ML and MP inferences were
implemented on the CIPRES Science Gateway portal ver-
sion 3.3 (Miller et al., 2010), using, respectively, RAXML-
HPC2 version 8.2.12 (Stamatakis, 2014) and PAUP version
4.0a165 (Swofford, 2002). The resulting trees were visual-
ized with TreeView version 1.6.6 (Page, 1996).

MP analyses were performed using the heuristic
search option with 1000 random taxa additions and Tree
Bisection and Reconnection (TBR) as the branch-swap-
ping algorithm. All characters were unordered and of
equal weight, and alignment gaps were treated as miss-
ing data. Maxtrees was set to 1000, branches of zero
length were collapsed, and all multiple, equally parsi-
monious trees were retained. Clade stability and robust-
ness of the most parsimonious trees were assessed using
bootstrap analysis with 1000 pseudoreplicates, each
with ten replicates of random stepwise addition of taxa
(Felsenstein, 1985; Hillis and Bull, 1993). Descriptive
tree statistics for parsimony included tree length (TL),
homoplasy index (HI), consistency index (CI), retention
index (RI) and rescaled consistency index (RC).

ML analyses were performed using a General Time
Reversible (GTR) nucleotide substitution model includ-
ing a discrete gamma distribution and estimation of pro-
portion of invariable sites (GTR+G+I) to accommodate
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variable rates across sites. Clade stability and robustness
of the branches of the best-scoring ML tree were esti-
mated by conducting rapid bootstrap analyses with iter-
ations halted automatically by RAxML.

RESULTS
Symptoms and isolations

Symptoms of the disease were found on a single C.
humilis palm. These were leaf spots randomly distribut-
ed on segments of several leaves, which were frequently
accompanied by yellowing of the leaf tips and general-
ized blight (Figure 1). The leaf spots were discrete, cir-
cular to ellipsoidal, amphigenous, initially yellowish to
brown-grey, each with a wide dark-brown border. The
leaf spot centre became progressively greyish and brittle.
Each spot was surrounded by a conspicuous yellow or
brown to red-brown halo. The discrete spots frequently
coalesced, giving rise to blotches of grey necrotic plant
tissue. In mature or older spots, the leaf epidermis often
flaked off exposing dark ascomata immersed in the
necrotic tissue. The bitunicate, obovate to pyriform asci
contained eight hyaline, 1-septate ascospores (Figure 1).
The lack of pseudoparaphyses suggested that the fungus
was closely related to genera in Teratosphaeriaceae or
Mycosphaerellaceae.

Ascospores ejected from ascomata germinated slowly
on 1/2 PDA. After 6-12 h 1-2 additional septa formed in
each ascospore (Figure 1k and I). After 24-48 h, 1-2 swell-
ings developed on the middle cells and the ascospores
became markedly curved (Figure 1m). Further septa devel-
oped and germ tubes emerged at right angles to the long
axis of each ascospore, all from one side of the ascospore
(Figure 1n). Ascospores and germ tubes remained hyaline.
The fungus grew slowly forming a black, amorphous mass
of mycelium on 1/2 PDA that attained a diameter of ca.
3 mm after 3 months of incubation (Figure 1o). No signs
of sporulation were visible even after extended periods of
incubation of up to 3 months. No other fungi were isolat-
ed, even from surface sterilized tissues taken from within
the leaf lesions and plated on 1/2 PDA.

Phylogenetic analyses

Results of the BLAST search with ITS and LSU
of the fungus isolated from C. humilis revealed that
it was closely related to species in Teratosphaeriaceae
and Neodevriesiaceae, and only distantly related to
Mycosphaerellaceae. The available ITS and LSU sequenc-
es of 81 strains of Teratosphaeriaceae and Neodevriesi-
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Table 1. Isolates used in the phylogenetic analyses of Palmeiromyces chamaeropicola.

GenBank accession number®

Taxon Strain number? Status®
ITS LSU

Acrodontium pigmentosum CBS 111111 T KX287275 KX286963
Batcheloromyces alistairii CBS 120035 T DQ885901 KF937220
B. alistairii CPC 18251 JX556227 JX556237
B. leucadendri CBS 114146 - EU707892
B. proteae CBS 110696 JF746163 KF901833
B. sedgefieldii CBS 112119 T EU707893 KF937222
Camarosporula persooniae CBS 112494 JE770448 JE770460
Capnodium coffeae CBS 147.52 MH856967 MH868489
Devriesia staurophora CBS 375.81 KF442532 KF442572
D. thermodurans CBS 115878 T MH862991 MH874549
Eupenidiella venezuelensis CBS 106.75 T KF901802 KF902163
Hortaea thailandica CBS 125423 T MHS863702 MH875167
H. werneckii CBS 107.67 T AJ238468 EU019270
H. werneckii CBS 359.66 MHS858825 MH870461
Meristemomyces arctostaphylos CBS 141290 T KX228264 KX228315
M. frigidus CBS 136109 T KF309971 GU250401
Myrtapenidiella corymbia CBS 124769 T KF901517 KF901838
M. eucalypti CBS 123246 T KF901772 KF902130
M. tenuiramis CBS 124993 T KF937262 GQ852626
Neodevriesia agapanthi CBS 132689 T KJ564346 JX069859
N. coccolobae CBS 145064 T MKO047432 MKO047483
N. coryneliae CBS 137999 T KJ869154 KJ869211
N. hilliana CBS 123187 T MH863277 MH874801
N. imbrexigena CAP 1373 T JX915746 JX915750
N. imbrexigena CAP 1375 JX915748 JX915752
N. knoxdaviesii CBS 122898 T EU707865 EU707865
N. knoxdaviesii CPC 14905 EU707866 KJ564328
N. lagerstroemiae CBS 125422 T GU214634 KF902149
N. shakazului CBS 133579 T KC005776 KC005797
N. stirlingiae CBS 133581 T KC005778 KC005799
N. strelitziae CBS 122379 T EU436763 GU301810
N. tabebuiae CBS 145065 T MKO047433 MKO047484
N. xanthorrhoeae CBS 128219 T HQ599605 HQ599606
Neophaeothecoidea proteae CBS 114129 T MH862955 KF937228
Palmeiromyces chamaeropicola CDP 001 T MT068628 MT076194
Parapenidiella pseudotasmaniensis CBS 124991 T MHB863440 MH874943
Para. tasmaniensis CBS 111687 T KF901521 KF901843
Penidiella carpentariae CBS 133586 T KC005784 KC005806
Pen. columbiana CBS 486.80 T KF901630 KF901965
Pseudotaeniolina globosa CBS 109889 T KF309976 KF310010
Pseudoteratosphaeria flexuosa CBS 111012 T KF901755 KF902110
Pseudo. flexuosa CBS 111048 KF901643 KF901978
Pseudo. ohnowa CBS 112896 T KF901620 KF901946
Queenslandipenidiella kurandae CBS 121715 T KF901538 KF901860
Readeriella dendritica CBS 120032 T KF901543 KF901865
R. limoniforma CBS 134745 T KF901547 KF901869
R. mirabilis CBS 125000 ET KF901549 KF901871

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

Taxon Strain number® Status®

ITS LSU
Stenella araguata CBS 105.75 T MH860897 MH872633
Zasmidium musae CBS 122477 T EU514291 -
Z. musae CBS 121385 EU514293 -
Teratosphaeria alboconidia CBS 125004 T KF901558 KF901881
Ter. biformis CBS 124578 T KF901564 KF901887
Ter. blakelyi CBS 120089 T KF901565 KF901888
Ter. brunneotingens CPC 13303 T EF394853 EU019286
Ter. complicata CBS 125216 T MH863461 MH874961
Ter. complicata CPC 14535 KF901781 KF902139
Ter. considenianae CBS 120087 T DQ923527 KF937238
Ter. considenianae CPC 14057 KF901568 KF901892
Ter. cryptica CBS 110975 KF901573 KF901897
Ter. cryptica CBS 111679 KF901691 KF902037
Ter. dimorpha CBS 120085 DQ923529 KF937240
Ter. dimorpha CBS:124051 KF901575 KF901899
Ter. encephalarti CBS 123540 T FJ372395 FJ372412
Ter. encephalarti CPC 15466 FJ372401 FJ372418
Ter. hortaea CBS 124156 T MH863358 MH874881
Ter. hortaea CPC 15723 FJ790279 FJ790300
Ter. macowanii CBS 122901 ET MH863257 MH874781
Ter. macowanii CPC 1488 AY260096 FJ493199
Ter. mareebensis CBS 129529 T JF951149 JF951169
Ter. maxii CBS 120137 T DQ885899 KF937243
Ter. maxii CBS 112496 EU707871 KF937242
Ter. micromaculata CBS 124582 T MH863390 MH874909
Ter. profusa CBS 125007 T KF901592 KF901916
Ter. profusa CPC 12821 FJ493196 FJ493220
Ter. rubidae CBS 124579 T MH863388 MH874907
Ter. rubidae MUCC 659 EU300992 -
Ter. sieberi CBS 144443 T MH327816 MH327852
Ter. wingfieldii CBS 112163 T EU707896 -
Teratosphaericola pseudoafricana CBS 114782 T KF901737 KF902084
Terph. pseudoafricana CBS 111168 KF901699 KF902045
Teratosphaeriopsis pseudoafricana CBS 111171 T KF901738 KF902085

3CAP = Culture Collection of Alan Phillips, housed at M&B-BiolISI, Tec Labs, University of Lisbon, Lisbon, Portugal, CBS = Culture Collec-
tion of the Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands, CDP = Culture Collection of Diogo Pereira, housed at M&B-
BioISI, Tec Labs, University of Lisbon, Lisbon, Portugal, CPC = Culture Collection of Pedro Crous, housed at the Westerdijk Institute,,

MUCC = Murdoch University Culture Collection, Murdoch, Australia.

bStatus of the strains, T = ex-type, ET = ex-epitype.
‘Newly generated sequences are in bold font.

aceae, either sequenced in this study or retrieved from
GenBank, were included in the phylogenetic analysis
(Table 1). The concatenated ITS and LSU alignment of
80 ingroup taxa and one outgroup taxon comprised 1152
characters (including alignment gaps), with 599 char-
acters for ITS and 553 for LSU, after alignment. Tree
topologies resulting from maximum parsimony and

maximum likelihood analyses were similar, and both
presented well-resolved clades for each genus included in
the analyses, mostly supported by high bootstrap values
(= 70%). The ML tree is shown in Figure 2.

Of the 1152 characters, 653 were constant and 139
variable characters were parsimony-uninformative. MP
analysis of the remaining 364 parsimony-informative
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Figure 1. Palmeiromyces chamaeropicola (CDP 001, ex-type). a, Leaf spots on segments of Chamaerops humilis. b and ¢, Appearance of
ascomata on host leaf surface. d, e and f, Asci and cellular hamathecium remnants. g, Immature ascospores (black arrows indicate remnants
of cellular hamathecium). h, i and j, Mature ascospores. k, I, m and n, Germinating ascospores (k, after ca. 6 h incubation; 1, after ca. 12 h
incubation; m, after ca. 24 h incubation; n, after ca. 48 h incubation). o. Three-month-old colony on 1/2 PDA. Scale bars: a = 10 mm, b =

0.5mm,c=30pum,d,eand f=5pum, g h,iandj=2.5pum,k, I, mandn =5 pum, o = I mm.

characters resulted in 140 equally parsimonious trees of
2181 steps and a moderately high level of homoplasy as
indicated by a CI of 0.381, an RI of 0.693, an HI of 0.619
and an RC of 0.264. Topology of the trees differed from
one another only in the position of the isolates within the
terminal groupings of the Teratosphaeria clade. All other
clades were consistent in their phylogenetic positions.
The final likelihood score for the ML tree was
-11854.411424. The matrix had 560 distinct alignment
patterns, with 15.85% undetermined characters or
gaps. Estimated base frequencies were as follows: A =
0.222286, C = 0.271515, G = 0.286947 and T = 0.219253;
substitution rates AC = 1.523961, AG = 1.983358, AT

= 1.573616, CG = 1.073620, CT = 5.812546 and GT =
1.000000; gamma distribution shape parameter a =
0.554479; proportion of invariable sites = 0.384063.

Although well-resolved, internal nodes within Ter-
atosphaeriaceae received low bootstrap support (< 50%).
Nevertheless, Teratosphaeriaceae and Neodevriesiaceae
were well-separated, insomuch that represented a clade
with 100% bootstrap support, which confirms the phylo-
genetic difference that supports these two families.

The isolate obtained from C. humilis clustered in a
separate and previously undescribed lineage among the
selected genera in Teratosphaeriaceae and Neodevrie-
siaceae. Nevertheless, its placement between these two
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Figure 2. Maximum likelihood tree of Teratosphaeriaceae and Neodevriesiaceae based on combined ITS and LSU sequences. ML/MP boot-
strap support values (> 50%) are shown above the branches. The isolate from Chamaerops humilis is indicated in blue font. The scale bar
represents the expected number of nucleotide changes per site. Ex-type/ex-epitype isolates are in bold font.

families received low bootstrap support. Considering
the results from both MP and ML analyses, this fungus
clusters close to genera in Teratosphaeriaceae. A total of
nine unique base pair differences in the ITS locus and
five in the LSU locus among the 81 isolates included in
the phylogenies confirms the novel lineage of the isolate
as a new genus here introduced in Mycosphaerellales.

Taxonomy

Based on DNA phylogeny and morphology, the
isolate collected from leaf spots on C. humilis was dis-
tinct from all other known species and genera in
Mpycosphaerellales. The data presented here indicate that
this fungus resides in Teratosphaeriaceae as a new spe-
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cies and a new genus. Descriptions of the fungus are
provided below.

Palmeiromyces D.S. Pereira & A.J.L. Phillips, gen. nov.
MpycoBank: MB 834638

Etymology: Named for the Portuguese word for
palms (palmeiras), the host on which it was found.

Type species: Palmeiromyces chamaeropicola D.S.
Pereira & A.J.L. Phillips, sp. nov.

Ascomata pseudothecial, amphigenous, subepider-
mal, immersed to erumpent, scattered or clustered, glo-
bose to subglobose, dark-brown, ostiolate. Ostiole cir-
cular, aperiphysate. Peridium thin-walled, composed of
cells forming a textura angularis, outer layer composed
of thick-walled, dark-brown to brown cells, inner lay-
ers composed of thin-walled, hyaline cells. Pseudopara-
physes absent. Asci bitunicate, fissitunicate, pyriform to
obovoid, with well-developed ocular chamber, smooth-
walled, hyaline, 8-spored. Ascospores biseriate, hyaline,
broadly ellipsoidal to subcylindrical, with rounded ends,
smooth- and thin-walled, medianly 1-septate, not con-
stricted at the septum.

Palmeiromyces chamaeropicola D.S. Pereira & A.J.L.
Phillips, sp. nov. (Figure 1)
MpycoBank: MB 834639

Etymology: Named for Chamaerops humilis, the host
genus from which it was collected.

Holotype: AVE-F-11

Leaf spots sunken, circular to broadly ellipsoidal,
3-7 x 2-3 mm (mean + SD = 4.67 + 1.06 x 2.52 + 0.51
mm), identical on both leaf surfaces, brown-grey to yel-
lowish centre, later becoming greyish and fragile, with
a dark-brown border (ca. 1 mm wide), surrounded by a
conspicuous yellow or brown to red-brown halo, occa-
sionally coalescing, randomly distributed. Mature leaf
spots contain several immersed ascomata. Ascomata
pseudothecial, amphigenous, subepidermal, immersed
to erumpent, scattered or clustered in groups of two or
three, globose to subglobose, dark-brown, up to 90 pm
diam., ostiolate. Ostiole circular, up to 21 pm diam.,
aperiphysate. Peridium thin-walled, composed of cells
forming a textura angularis, outer layer composed of
thick-walled, dark-brown to brown cells, inner lay-
ers composed of thin-walled, hyaline cells. Pseudo-
paraphyses absent, but pseudoparenchymatous, cellular
hamathecium remnants present. Asci bitunicate, outer
wall up to 2 um thick, fissitunicate, pyriform to obovoid,
slightly curved, broader at the base, well-developed ocu-
lar chamber, smooth-walled, hyaline, 8-spored, 21.4-57.9
x 8.2-19.1 um (mean + SD = 33.22 + 9.69 x 14.20 + 3.75
pum, n = 11). Ascospores biseriate, broadly ellipsoidal to
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subcylindrical, with rounded ends, occasionally slightly
curved, hyaline, smooth- and thin-walled, guttulate,
medianly 1-septate, not to slightly constricted at the sep-
ta, 9.5-21.9 x 2.8-5.5 pm (mean = SD = 17.31 + 3.23 x
4.05 + 0.72 um, n = 50); mean + SD ascospore length/
width ratio = 4.30 + 0.58 (n = 50).

Material examined: PORTUGAL, Oeiras, National
Sports Centre of Jamor, on leaf spots of Chamaerops
humilis (Arecaceae), 20 September 2018, Alan J.L. Phil-
lips (holotype AVE-F-11, ex-type living culture CDP
001).

GenBank Numbers: ITS: MT068628; LSU: MT076194.

Distribution: Oeiras, Portugal.

Host: Chamaerops humilis.

Notes: Palmeiromyces chamaeropicola was found
associated with leaf spots of C. humilis, but pathogenic-
ity has not been tested. Nevertheless, there is evidence
that this species represents an obligate biotroph causing
a previously undescribed disease on C. humilis. Phylo-
genetically, P. chamaeropicola is closely related to gen-
era in Teratosphaeriaceae (Figure 2). Morphology of
the sexual morph, ascospores with a peculiar mode of
germination, lack of an asexual morph and very slow
growth in culture correspond to genera in Teratospha-
eriaceae (Crous et al., 2007). However, ascospores of P.
chamaeropicola lack mucous sheaths, which is a charac-
teristic of Teratosphaeriaceae (Crous et al., 2007; Quaed-
vlieg et al., 2014).

DISCUSSION

In this study, a new species in Teratosphaeriaceae,
Palmeiromyces chamaeropicola, is described and a new
genus is established to accommodate the fungus. Phy-
logenetic analyses based on ITS and LSU sequences
revealed that Palmeiromyces represents a separate line-
age close to several Teratosphaeriaceae genera, as well as
to Neodevriesiaceae. The evidence gained from unique
nucleotide differences among the several genera includ-
ed in the phylogeny supports this novelty at genus-level.
This species was associated with, and is considered to be
the cause of, a leaf spot disease of the palm C. humilis.

Morphologically Palmeiromyces chamaeropicola
resembles Mycosphaerellaceae and Teratosphaeriace-
ae, characterized by small, inconspicuous ascomata
immersed in the host tissue, which produce pyriform
asci with eight hyaline, ellipsoidal and medianly 1-sep-
tate ascospores. The presence of pseudoparenchymatal
remnants in ascomata of Palmeiromyces and the absence
of paraphyses place it within Teratosphaeriaceae, since
Crous et al. (2007) used these characters to separate
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Teratosphaeriaceae from Mycosphaerellaceae. Neverthe-
less, the low bootstrap support for the internal nodes
and thus for the branches between P. chamaeropicola
and the remaining taxa in the phylogenetic analyses
suggest that future studies may reveal a different phylo-
genetic position for this taxon, possibly as a new family.
Genera in Teratosphaeriaceae and Mycosphaerellaceae
are often defined based on DNA sequence data, and
on morphology of their asexual morphs. However, P.
chamaeropicola barely grew in culture with no signs of
asexual sporulation. This is common in Teratosphaeria
species, which are cultivated with difficulty (Crous et al.,
2007, 2009¢). Morphologically P. chamaeropicola resem-
bles Mycosphaerella cocoés, which was found associated
with leaf spots on various palm hosts, such as Calamus,
Cocos and Mauritia (Frohlich and Hyde, 1998). How-
ever, no cultures linked to the holotype of M. cocoés are
extant and thus no DNA data are available for this spe-
cies. Comparison of species within Mycosphaerellaceae
and Teratosphaeriaceae solely on the basis of morphol-
ogy is unreliable (Hunter et al., 2006; Crous et al., 2008,
2009¢). Crous et al. (2008) noted that the morphological
species concept had in the past obscured the presence of
novel taxa, which have been resolved by means of molec-
ular analyses. Therefore, it was not possible to determine
the phylogenetic relationship between P. chamaeropicola
and M. cocoés.

The phylogenetic position of P. chamaeropicola with-
in Mycosphaerellales is uncertain and no accurate near-
est neighbours could be indicated in the present analy-
ses. In addition, a high level of homoplasy was detected
in the MP analysis. Most genera within Teratosphaeria
are polyphyletic, and within Capnodiales are paraphyl-
etic (Crous et al., 2007). Convergence is observed in sev-
eral genera, especially with respect to the morphology of
asexual morphs (Crous et al., 2007, 2009b; Ruibal et al.,
2008; Quaedvlieg et al., 2014). Capnodiales was recently
sub-divided into seven orders (Abdollahzadeh et al.,
2019) with Mycosphaerellaceae and Teratosphaeriaceae
accommodated in Mycosphaerellales.

The phylogenetic analyses in this study suggest that
Palmeiromyces could represent a new family, although
it is not regarded as such in the present study, mainly
due to low taxon sampling for the new genus. Besides
the DNA phylogenetic data, P. chamaeropicola lacks
several morphological characters that are diagnos-
tic for Teratosphaeria, the type genus of Teratospha-
eriaceae. These characters include ascospores that turn
brown and verruculose while still in the asci, as well as
the presence of mucoid sheaths around the ascospores
(Quaedvlieg et al., 2014), all of which are lacking in
Palmeiromyces. In addition, the germination pattern
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of ascospores of Palmeiromyces is completely distinct
from those reported in Mycosphaerellaceae, although
this pattern is seen in some species in Teratospha-
eriaceae. Thus, Palmeiromyces clearly represents a sepa-
rate genus within Mycosphaerellales where several phy-
logenetic lineages remain poorly resolved due to lim-
ited taxon sampling (Quaedvlieg et al., 2014). However,
its position within Teratosphaeriaceae cannot be estab-
lished and it is possible that future studies with greater
taxon sampling may split Palmeiromyces from Terato-
sphaeriaceae.

Palmeiromyces chamaeropicola was collected from
diseased foliage of C. humilis and reveals a new insight
into the Teratosphaeriaceae leaf diseases (TLD) and
Mycosphaerellaceae leaf diseases (MLD). Although
the pathogenicity of P. chamaeropicola has not been
tested, the extremely slow growth rate in culture and
almost complete lack of growth on agar suggests that
this fungus has highly specific growth requirements
and can be regarded as an obligate biotroph. The fun-
gus barely grows in culture, attaining a colony diam-
eter of only 1 mm after 1 month of incubation. Fur-
thermore, this growth was a black, amorphous mass
of sterile mycelium, which can hardly be regarded
as a colony. This extremely slow growth rate is often
reported in important leaf spotting fungi within Cap-
nodiales (Crous et al., 2008), so P. chamaeropicola rep-
resents a new record of a phytopathogenic fungus. The
report of a previously undescribed leaf spotting fungus
in Mycosphaerellales represents a significant advance
in the knowledge on TLD and MLD, since these fungi
are important phytopathogens in various plant hosts,
including Eucalyptus (Hunter et al., 2006; Crous et
al., 2009a; Pérez et al., 2009; 2013; Taylor et al., 2012;
Quaedvlieg et al., 2014). Furthermore, several species
within Mycosphaerellales families, especially Terato-
sphaeriaceae, are of quarantine importance in many
countries in Europe (Crous et al., 2009a; Quaedvlieg et
al., 2012; Crous et al., 2019).

The present study has revealed a new disease of the
ornamental, indigenous palm, C. humilis, caused by
a fungal species in a previously unknown genus in the
Mpycosphaerellales. The geographical distribution of this
fungus is, for now, confined to a single plant in the Lis-
bon district of Portugal. The survey conducted in this
study can only be regarded as preliminary and it is likely
that wider surveys will reveal more cases of this previ-
ously undescribed disease. Therefore, further sampling is
essential to understand the geographical and ecological
range of P. chamaeropicola. Future studies should also
aim to elucidate the ecology and physiology of Palmeiro-
myces to assess its traits as a phytopathogen.
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New or Unusual Disease Reports
Stem rot caused by Fusarium oxysporumf£. sp.
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Summary. Potted plants of Mammillaria painteri (Cactaceae) showing symptoms of
stem rot were collected from a nursery in Imperia province, Liguria region, Italy. Iso-
lations from internal rotting tissues allowed gave constantly similar fungal colonies.
Morphological characteristics of the isolates identified them as Fusarium oxysporum.
Molecular analyses of the elongation factor la (EFIa) and RPB2 genes confirmed the
identification. Analysis of part of the intergenic spacer (IGS) region of the ribosomal
DNA identified the pathogen as F oxysporum f. sp. opuntiarum. In pathogenicity tests,
stems of M. painteri plants were inoculated with representative E oxysporum f. sp.
opuntiarum isolates. Approx. 30 d after the inoculation, yellowing appeared around the
inoculated wounds. The inoculated stems then rotted developing symptoms similar to
those observed in greenhouse-grown plants. This is the first report of E oxysporum f.
sp. opuntiarum on M. painteri.

Keywords. Ornamentals, cacti, Fusarium wilt.

INTRODUCTION

In the Liguria region of Italy, production of ornamental plants is continu-
ously enriched with genera, species and cultivars, including several succulent
plants belonging to Cactaceae. Cacti are extensively grown in specialized
nurseries, with risks of propagating pathogens that can cause severe econom-
ic losses.

Fusarium oxysporum f. sp. opuntiarum is an important fungal pathogen
of succulent host species (Gerlach, 1972; Souza de et al., 2010), including
Mammillaria zeilmanniana (Alfieri et al., 1984; French, 1989). In Italy, this
fungus has been identified on several succulent plants, including Echinocac-
tus grusonii (Polizzi and Vitale, 2004), Schlumbergera truncata (Lops et al.,
2013), Astrophytum myriostigma, Cereus marginatus var. cristata, C. peruvi-
anus monstruosus and C. peruvianus florida (Bertetti et al., 2017), and, more
recently, on Sulcorebutia heliosa (Garibaldi et al., 2019a) and S. rauschii (Gar-
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ibaldi et al., 2019b). This pathogen was also reported on
Euphorbia mammillaris var. variegata (Euphorbiaceae)
(Garibaldi et al., 2015). On affected plants, F. oxysporum
f. sp. opuntiarum can cause root rot, stem rot and wilt-
ing, and the mycelium of the pathogen can appear at soil
level. Sporodochia producing abundant macroconidia
can also be observed on affected stem tissues.

Mammillaria painteri Rose (Cactaceae) is a small
plant native to Mexico, which produces globose stems
with pale rose flowers, and is commercialized as potted
plants. The aim of the present study was to identify the
causal agent of disease on M. painteri, detected during
the summer of 2018, on plants grown in a specialized
cactus nursery, located in Vallecrosia (Imperia province,
Liguria region of Italy).

MATERIALS AND METHODS

Isolation and morphological characterization of the patho-
gen

Twenty 2-year-old potted plants of M. painteri
with stem rot symptoms were collected for isolation
of the possible causal agent of the disease. Small piec-
es of symptomatic stems were disinfected in sodium
hypochlorite (1%) for 2 min, then washed in sterile
water. Several stem pieces (approx. 3 x 3 x 3 mm) were
taken from the borders of internal rotting tissues and
plated onto potato dextrose agar (PDA) (Merck KGaA),
and incubated at 25°C. Resulting colonies were trans-
ferred onto carnation leaf-piece agar (CLA) (Fisher et al.,
1982), and incubated at 25°C. The morphological identi-
fication of the isolates was carried out according to col-
our, shape and pigmentation of the mycelia grown on
PDA, and characteristics of microconidia, macroconidia
and chlamydospores observed on CLA, observed using
an optical microscope (Nikon Eclipse 55i). Since all the
isolates were similar, one was selected for a pathogenic-
ity test and for molecular characterization.

Molecular characterization

DNA of the isolate (coded DBISAGOO01) was extract-
ed using the E.Z.N.A. fungal DNA Mini Kit (Omega
Bio-Tek) from mycelium of the fungus grown on PDA.
For the molecular analyses, the following primers were
used: EF1/EF2 (O’Donnell et al., 1998) for the elonga-
tion factor la gene (EFIla), 5F2/7CR (O’Donnell et al.,
2007) for the RPB2 gene encoding DNA-directed RNA
polymerase II second largest subunit, and CNS1/CNL12
(Appel and Gordon, 1995) for the intergenic spacer (IGS)
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region of the ribosomal DNA. The resulting amplicons
were sequenced, obtaining three sequences that were
analyzed with the BLASTn (Altschul et al., 1997) to
define similarities with the sequences listed in GenBank.
Maximum Likelihood (ML) phylogenetic analyses were
performed on IGS sequences, including the correspond-
ing sequences of ten reference strains of F. oxysporum
f. sp. opuntiarum. The Fusarium proliferatum (31X4)
sequence was used as an outgroup.

Pathogenicity test

The isolate DBISAGOOI, preserved in the Agroin-
nova collection (University of Torino, Italy), was used
in the pathogenicity test. The isolate was tested on three
18-month-old healthy potted plants of M. painteri, using
the method of Talge and Stensvand (2013). Host stems
were wounded (three lesions/stem) with previously steri-
lized needles. The inoculum consisted in a culture of the
fungus grown on PDA for 5 d. Tufts of mycelium were
taken from this culture and used to contaminate the
tips of needles that were introduced into the lesions on
stems. Three control plants were treated with needles
without the inoculum. All plants were grown in a green-
house, at 21 to 30°C.

RESULTS AND DISCUSSION

The initial symptoms on affected M. painteri plants
were chlorosis and yellowing of stems that were followed
by the browning of tissues. The exterior of stems later
become blackish (Figure la), while the internal stem tis-
sues were rotted (Figure 1b). The disease affected about
80% of 1,000 plants M. painteri in the nursery.

The isolates on PDA produced pale pink colonies
generating pale pink pigments in the agar. On CLA,
colonies produced microconidia, macroconidia in pale
orange sporodochia, and chlamydospores. The unicel-
lular, oval to elliptical microconidia were supported by
short monophialides (Figure 1c), and measured 4.4-8.6
x 1.3-3.4 (mean = 6.0 x 2.3) um (n = 50). The slightly
falcate macroconidia had foot-shaped basal cells and
short apical cells (Figure 1d), three (rarely four) septa,
and measured 26.5-44.6 x 3.0-4.5 (mean = 33.5 x 3.6)
um (n = 50). The rough walled chlamydospores were
intercalary or terminal, single or in pairs or chains (Fig-
ure le), and measured 6.2-12.3 (mean = 8.7) um (n =
50). These morphological characteristics are typical of
Fusarium oxysporum (Leslie and Summerell, 2006).

The morphological identification was confirmed by
the molecular analyses that obtained three sequences
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Figure 1. Disease symptoms caused by Fusarium oxysporum f. sp. opuntiarum on stems of Mammillaria painteri (a), and rot of the internal
tissues (b). Microconidia (c), macroconidia (d) and chlamydospores (e) of the pathogen. Scale bars = 20 um.

with, respectively, 676 (EFlwx), 975 (RPB2), and 914 (IGS)
base pairs. These sequences were deposited in GenBank
(accession numbers, respectively, MT450439, MT450441,
MT450440). The BLASTn analysis of these sequences
showed 100% similarity with Fusarium oxysporum strain
CBS 133.023 (accession no. KF255547) in the RPB2 por-
tion. Furthermore, 100% similarity was obtained with
the reference strain of F. oxysporum f. sp. opuntiarum
NRRL28368 (O’Donnell et al., 2009) in the EFla por-
tion (accession no. AF246871), and IGS region (accession
no. FJ985530). Phylogenetic analysis of IGS sequences
was performed, showing that the DBISAGOO01 isolate
grouped together with the reference NRRL_28368 strain
and other strains of F. oxysporum f. sp. opuntiarum
from different plant hosts (Figure 2) (Bertetti et al., 2017;
Garibaldi et al., 2019a; Garibaldi et al., 2019b). Within
the main cluster, three different phylogenetic subgroups
were observed. The first subgroup comprised the DBI8A-

GOO1 isolate from M. painteri, and strains originating
from Disco placentiformis, Cereus peruvianus florida,
C. marginatus, Sulcorebutia rauschii, S. heliosa, and
Euphorbia mammillaris. The second subgroup included
strains from C. peruvianus monstruosus, Zygocactus
truncatus, and the F. oxysporum f. sp. opuntiarum refer-
ence strain from Echinocactus grusonii. The DB140TT05
M1 strain from Astrophytum myriostigma represent-
ed the third subgroup. These subgroups may indicate
the presence of different physiological races within F.
oxysporum f. sp. opuntiarum, which will require further
molecular studies for adequate differentiation. Therefore,
the fungus isolated from M. painteri was added in the
forma specialis opuntiarum of F. oxysporum.

In the pathogenicity test, the first symptoms con-
sisting of yellowing around the inoculated wounds
appeared approx. 30 d after inoculation. As the dis-
ease progressed, stems became blackish around the
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DBI4NOV09-MI Cerens peruvians flavida (KUSTS879)
DBISAGOOL Mammiillaria painteri (MT450440)
DBI3GIU0S-22M Cerens mangmatus (KUS75870)

100 | DBISGIU24 Sulcorvbusia rausciii (DB1SGIU24)

DBI18GIU36 Sulcoreburia heiiosa (DB18GIU36)

NRRL_28368 Disco placentiformis (FI985830)
Fuusarium oxysparum

DB140TT16-M1 Euphorbia

(KU575880) £ sp. apumriarum

— DB210211-18M Cerens peruvianus monstruosus (KUST5872)

Polizzi-31M reference swain Echinoca

grusonii (KUSTS868)

CBS 743.79 Zvgocactus (KU575869)

DB140TT05-M!1 Asnophyrum myriosrigma (KUST3876) =

Fusarium prol; 31X4 (DQ831905)
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Figure 2. Phylogenetic analysis of a Fusarium oxysporum f. sp.
opuntiarum isolate on the basis of intergenic spacer (IGS) sequenc-
es, inferred from maximum likelihood analysis. The values at the
dendrogram nodes are bootstrap support values based on 1000
replicates. The strain DB18AGOO01 from Mammillaria painteri is
shown in bold font. The strain 31X4 of Fusarium proliferatum was
used as an outgroup.

wounds, and the internal stem tissues rotted. Affected
plants died. Fusarium oxysporum was constantly re-
isolated from inoculated plants, whereas control plants
remained symptomless. Most of the isolates report-
ed in Figure 2 (DB14NOV09-M1, DB13GIU05-22M,
DB140TT16-M1, DB210211-18M, CBS 743.79, Polizzi-
31M and DB140OTT05-M1) were previously inoculated
onto Schlumbergera truncata, a species very susceptible
to F. oxysporum f. sp. opuntiarum, and they all showed
the same high virulence towards this host. Moreover, C.
peruvianus florida, C. marginatus, E. mammillaris, C.
peruvianus monstruosus and A. myriostigma were more
or less susceptible to the F. oxysporum f. sp. opuntiarum
reference isolates (CBS 743.79 and Polizzi-31M) (Bertetti
et al., 2017). Further cross-pathogenicity assays should
be performed. including to additional hosts of F. oxyspo-
rum f. sp. opuntiarum, in order to establish the host
range of the DBI8AGOOLI isolate from M. painteri, and
to investigate the occurrence of physiological races of F.
oxysporum f. sp. opuntiarum.

Morphological and molecular identifications were in
agreement, and Koch’s postulates were satisfied, dem-
onstrating that F. oxysporum f. sp. opuntiarum was the
causal agent of the disease observed on M. painteri. This
is the first report of this pathogen on M. painteri. Stem rot
could cause significant economic losses in M. painteri cul-
tivated in Italy. Commercial growing of succulent plants is
increasing in Italy, and the evaluation of their susceptibil-
ity to F. oxysporum from M. painteri may provide useful
information to avoid the spread of this pathogen.
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Summary. Prune dwarf virus (PDV; Ilarvirus, Bromoviridae), is a common virus infect-
ing stone fruit trees (Prunus spp.). The complete genome sequence of a sweet cherry
isolate of PDV (PDV-DL) from Dalian, Liaoning Province, China, was determined.
The RNAI, RNA2 and RNA3 of PDV-DL are, respectively, 3,376 nt, 2,594 nt and 2,129
nt in size, and have the same genome organization as those previously reported. When
compared to the available sequences of PDV, isolate PDV-DL shares pairwise identities
between 91.1 to 97.4% for the RNAI, 87.2 to 99.0% for the RNA2, and 88.1 to 96.9%
for the RNA3. Phylogenetic analyses based on near full-length RNA3 sequences clus-
tered 14 PDV isolates into three groups, and PDV-DL showed the closest relationship
with a peach isolate PCH4 from Australia and an experimental isolate CH137 from
the United States of America. Nine recombination events were predicted in genomic
RNA1-3 among all of the PDV isolates. This is the first report of the complete genome
sequence of PDV from China, which provides the basis for further studies on the
molecular evolution of PDV, and will assist help molecular diagnostics and manage-
ment of the diseases caused by PDV.

Keywords. Prunus, stone fruit.

INTRODUCTION

Prune dwarf virus (PDV) is a species of Ilarvirus in the Bromoviridae,
which has a tripartite positive-sense single-stranded RNA genome (Pal-
las et al., 2012). RNA1 of PDV encodes the replicase protein P1, and RNA2
encodes the replicase protein P2 (Koonin, 1991; Rozanov et al., 1992), where-
as RNA3 encodes the movement protein (MP) in 5-proximal half and the
coat protein (CP) in 3-proximal half (Codofier and Elena, 2008; Pallas et al.,
2012). PDV is an economically important virus of stone fruits (Prunus spp.),
causing losses especially in cherry, almond and peach (Caglayan et al., 2011;
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Kinoti et al., 2018; Kamenova et al., 2019). The virus is
distributed widely in the world, and can be transmitted
by vegetative propagation materials and through pollen
and seed (Mink, 1993).

In China, PDV was first detected on sweet cherry
in 1996 (Zhou et al., 1996), and subsequently reported
on cherry or peach from the main stone fruit planting
districts of China, including Shaanxi, Liaoning, Bei-
jing and Shandong (Ruan et al., 1998; Hou et al., 2005;
Zhao et al., 2009; Zong et al., 2015). The virus has been
regarded as a serious threat to the commercial produc-
tion of cherry in China (Zong et al., 2015). No complete
genomic sequence of Chinese PDV isolate was available.
The present study determined the first complete genomic
sequence of PDV in China, and compared this with oth-
er available PDV genomic sequences. This will provide
the basis for further research on the molecular evolution
of PDV, and assist molecular diagnostics and manage-
ment of the diseases caused by PDV.

MATERIALS AND METHODS
Virus source

In July 2019, sweet cherry (Prunus avium L.) ‘Meizao’
trees with symptoms of leaf mosaic and crinkle, indica-
tive of virus infection, were observed in an orchard
in Dalian, Liaoning Province, China. Leaf samples
were collected from a symptomatic tree, frozen in lig-
uid nitrogen, and then transferred to -80°C for further
research.

RNA extraction, small RNA sequencing and analysis

High-throughput sequencing (HTS) of small RNAs
was used to identify viruses in the samples. Total RNA
was extracted from leaf samples using TRIzol reagent
(Invitrogen, 15596) according to the manufacturer’s
instructions. A library of small RNAs was construct-
ed using a TruSeq Small RNA Sample Preparation Kit
(IITumina, RS-200-0024), and was sequenced using IIIu-
mina HiSeq2000 platform at Biomarker Technologies
(Beijing, China). The obtained raw reads were cleaned
by trimming adapter sequences and eliminating reads
less than 18 nt or more than 35 nt, using an in-house
Perl script from Biomarker Technologies. The clean
reads were assembled de novo into contigs using Velvet
Software (Zerbino and Birney, 2008). The contigs were
used for Blast analysis against the GenBank Virus Ref-
Seq Nucleotide and Virus RefSeq Protein databases, with
e-values of 10 (Wu et al., 2010).
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RT-PCR validation of candidate viruses

To validate the occurrence of HTS-detected viruses
in the samples, RT-PCR was carried out using specific
primers designed based on the obtained viral contigs
and conserved regions of the published genome from
GenBank (Table S1). Single-stranded cDNA was syn-
thesized from the total RNA using M-MLV Reverse
Transcriptase (Promega, M1701) with random hex-
amer primer following the manufacturer’s instructions.
PCR was performed in a volume of 25 pL containing
1.0 uL cDNA, 12.5 pL Premix LA Taq DNA polymer-
ase Mix (TaKaRa, RR900A), 1.0 pL 10 uM correspond-
ing upstream and downstream primers, with 35 cycles
of 94°C for 30 s, 54°C for 30 s and 72°C for 1 min. The
PCR products were examined by 1% agarose gel electro-
phoresis and ethidium bromide staining.

Cloning and sequencing of PDV genome

The primer pairs PDV-F1/PDV-R, PDV-F2/PDV-R
and PDV-F3/PDV-R (Table S1) were selected to amplify,
respectively, the near full-length sequences of RNAI,
RNA2 and RNA3. PCR was performed as described
above, except that the elongation time was increased
from 1 min to 3 min at 72°C. The 5 and 3’ terminal
sequences were obtained from the total RNA, which
had been treated with Poly(A) polymerase (TaKaRa,
D2180A), using SMARTer™ RACE c¢DNA Amplifi-
cation Kit (Clontech, 634923). All of the amplicons
were gel-purified using Gel Extraction Kit (CWBIO,
CW2302M), cloned into pMDI18-T simple vector (TaKa-
Ra, D103A) and sequenced. Three independent clones
were sequenced for each amplicon.

Sequence, phylogenetic and recombination analyses

The genomic sequences were assembled from
the near full-length sequences and 5 and 3’ termi-
nal sequences using Vector NTI based on overlap-
ping regions of 127-723 nt, and the ORFs were identi-
fied using ORFfinder (https://www.ncbi.nlm.nih. gov/
orflinder). Blast analysis was performed online (http://
blast.ncbi.nlm.nih.gov/ Blast.cgi). Only four full genom-
es of PDV are available in GenBank (sweet cherry iso-
late 1046C from Slovakia, sweet cherry isolate Niagara
D5 from Canada, and peach isolates PCH4 and NS9
from Australia). In addition, one full-length RNA1 from
sweet cherry isolate Salmo BC from Canada, one full-
length RNA2 from an unknown isolate (AF277662),
and one full-length RNA3 from experimental isolate
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CH137 maintained in squash from the United States of
America were available. SDT 1.0 software (Muhire et
al., 2014) was used to calculate the pairwise identities of
nucleotide and amino acid sequences by the ClustalW
algorithm. Multiple sequence alignment was performed
using the ClustalW algorithm of MEGA 6.0 (Tamura
et al., 2013), with gap opening penalty of 15 and gap
extension penalty of 6.66. Phylogenetic trees were con-
structed using the neighbor-joining (NJ) method with
1,000 bootstrap replicates, and genetic distance was cal-
culated by the Tamura three-parameter model which
was determined as the best-fitting model of substitution
using MEGA 6.0. Recombination events were predicted
by seven methods in RDP3 Software (Heath et al., 2006),
including RDP, Geneconv, Chimera, BootScan, MaxChi,
SiScan and 3Seq, with default settings. Only the recom-
bination events predicted by at least five methods with P
values <0.01 were accepted.

RESULTS AND DISCUSSION

A total of 16,858,859 raw reads were obtained by
HTS of small RNAs. After removing adapter sequences,
a total of 15,488,787 clean reads with lengths of 18-35
nt were assembled into 3,742 contigs with N50 of 66 nt
using Velvet Software. Blast analysis against the Gen-
Bank database showed that 11 out of the 3,742 contigs
with lengths of 53-204 nt were mapped to the genome
sequence of PDV, seven mapped to cherry virus A (CVA)
with lengths of 46-189 nt, five to prunus necrotic rings-
pot virus (PNRSV) with lengths of 49-230 nt, one of
42 nt to papaya ringspot virus (PRSV) and one of 43 nt
mapped to pepper chlorotic spot virus (PCSV). RT-PCR
detection with specific primers derived from the contigs
and sequencing of the amplicons confirmed the occur-
rence of PDV, CVA and PNRSV. However, PRSV or
PCSV were RT-PCR negative, which might indicate false
positive results of HTS considering the limited num-
bers and lengths of contigs. Previous research showed
that virus detection based on HTS of small RNAs could
be 10 times more sensitive than RT-PCR (Santala and
Valkonen, 2018). Therefore, it cannot be excluded that
the low titres of PRSV and PCSV were below the sensi-
tivity of RT-PCR.

The complete genomic sequence of the PDV iso-
late PDV-DL was determined and submitted to Gen-
Bank with accession numbers MT013233-MT013235. It
shares the same genome organization as those previously
reported. The RNA1 of PDV-DL is 3,376 nt, encoding P1
of 1,055 aa from 39 to 3,206 nt. This contains the meth-
yltransferase domain at N-terminal and the NTPase/
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helicase-like domain at C-terminal (Rozanov et al., 1992;
Gorbalenya and Koonin, 1993). The RNA2 is 2,594 nt,
encoding the RNA-dependent RNA polymerase (P2) of
788 aa from 32 to 2,398 nt. The RNA3 is 2,129 nt, encod-
ing MP of 293 aa from 261 to 1,142 nt and CP of 218 aa
from 1,215 to 1,871 nt.

Compared to available full-length genomic sequenc-
es, PDV-DL shares pairwise nucleotide sequence iden-
tities of 91.1-97.4% for RNA1, 87.2-99.0% for RNA2,
and 88.1-96.9% for RNA3 (Figure 1). The P1 of PDV-
DL shares the highest amino acid sequence identity of
97.7% with that of isolate Salmo BC (YP_611154). The P2
shares the highest amino acid sequence identity of 98.9%
with that of isolate Niagara D5 (QGA70956). The MP
shares the highest amino acid sequence identity of 98.3%
with that of isolate CH137 (AAA46818), and the CP of
PDV-DL shares the highest amino acid sequence identity
of 99.5% with that of a cherry isolate PD6 from Turkey
(ABQ96001).

There are only two records of CP genes of Chinese
PDV isolates available from sweet cherry in GenBank,
HSY4-1 (KC965106) and DJ1-2 (JF333587). The CP gene
of PDV-DL shares 93.5% nucleotide and 96.3% amino
acid identities with that of HSY4-1, and 92.7% nucleotide
and 95.4 amino acid identities with that of DJ1-2.

The phylogenetic NJ trees based on RNAI, RNA2
and RNA3 showed different topological structures. PDV-
DL in this study clustered together with isolate Niagara
D5 in the RNA2 tree, and together with isolates PCH4
and CH137 in the RNA3, both of which were supported
by high bootstrap values, but PDV-DL did not form a
distinct clade with any other isolates in the RNA1 tree
(Figure 1). The different clustering of RNA1, RNA2 and
RNA3 may be related with the potential recombination
and segment re-assortment during the evolutionary his-
tory of PDV, which are common for the family Bromo-
viridae (Codofler and Elena, 2008; Song et al., 2019).
However, this is difficult to confirm because of the limit-
ed number of published PDV genome records. Therefore,
the information of genome sequences from more PDV
isolates are needed to confirm the evolutionary history
of this virus.

Recombination and segment reassortment are two of
the important mechanisms for driving the evolution of
RNA plant viruses, which mainly occur during mixed
infections (Codoiler and Elena, 2008). The present study
has shown that a total of nine recombination events were
predicted by RDP3, and three events were identified in
each of genomic RNA1, RNA2 and RNA3 (Table 1).

Due to limited number of PDV complete genomes
and in order to eliminate the potential effects of recom-
bination events on phylogenetic analysis, the near full-
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Figure 1. Phylogenetic analyses and matrix of pairwise identities
based on prune dwarf virus (PDV) full-length genomic sequences
of RNAI (A), RNA2 (B) and RNA3 (C). The PDV-DL isolate exam-
ined in this study is marked in bold. Phylogenetic trees were con-
structed by the neighbor-joining (NJ) method with 1,000 bootstrap
replicates, and genetic distance was calculated by the Tamura three-
parameter model using MEGA 6.0. The pairwise identities were cal-
culated by the ClustalW algorithm using SDT 1.0 software.

length sequence of RNA3 of PDV-DL, covering the com-
plete coding regions of MP and CP genes and the inter-
genic region (MP-IGR-CP), was used for phylogenetic
analysis with 13 PDV isolates from GenBank where no
recombination events were detected. The obtained NJ
tree based on the MP-IGR-CP regions clustered the 14
PDV isolates into three groups supported by high boot-
strap values, and PDV-DL showed the closest evolution-
ary relationship with isolates PCH4 and CH137 (Figure

Table 1. Recombination events in genomic RNAI, RNA2 and RNA3
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100 [ MK369931-Kisinevskaia 31 (sweel cherry / Czech)
KU215407-Rube 74 (cherry / Czech)
GUD66786-SO14 (sour cherry / Poland)

KY833330-NS9 (peach / Australia) |
MT013235-DL (sweet cherry | China)

L26145-CH137 (squash / USA)
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GU181399-SOF 17P17 (sour cherry | Italy)

MK560342-Niagara D5 (sweet cherry / Canada)

MK834276-GBCVPDVO01 (sweet cherry / Belgium) 1
GU1B1406-SWM1 (sweet cherry / Poland)
GU181405-PAB3 (swest cherry / Poland)
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Figure 2. Phylogenetic analysis based on the near full-length
sequence of RNA3, covering the complete coding regions of move-
ment protein (MP) and coat protein (CP) genes and the intergenic
region (IGR), of the prune dwarf virus (PDV) isolate examined in
this study (PDV-DL), and 13 other PDV isolates available in Gen-
Bank, without recombination events detected. The accession num-
ber, isolate names, hosts and countries for each isolate are indicat-
ed, and PDV-DL examined in this study is marked in bold. Phylo-
genetic tree was constructed by the neighbor-joining (NJ) method
with 1,000 bootstrap replicates, and genetic distance was calculated
by the Tamura three-parameter model using MEGA 6.0.

2). The phylogenetic grouping showed no clear correla-
tion to host or geographic origin. Individual phyloge-
netic analysis of the CP and the MP confirmed the same
clustering, although this was not supported by high
bootstrap values (62 for CP and 69 for MP) (Figure S1).
Previous studies of PDV genetic diversity mostly
focused on the CP gene of RNA3, and showed different
results. Ulubas Serce et al. (2009) reported the exist-
ence of four distinct phylogenetic groups of PDV isolates
based on the CP gene, while Predajna et al. (2017) iden-
tified only two groups of PDV isolates based on MP and
CP phylogenetic trees. In the present study, three dis-
tinct phylogenetic groups were observed in phylogenetic
NJ tree based on the near full-length RNA3 sequences,

of prune dwarf virus (PDV) predicted by RDP3.

Major Minor

Recombinant Region (nt)  RDP Geneconv BootScan MaxChi Chimaera  SiScan 3Seq
parent parent
RNA1 PCH4 Salmo BC DL 1134-1517 5.96E-08 1.06E-05 3.10E-08 1.63E-05 4.33E-06 1.84E-06 3.77E-05
PCH4 Salmo BC DL 1757-2145 2.57E-06 1.26E-05 8.92E-07 1.05E-04 9.85E-05 3.31E-10 2.59E-06
PCH4 Salmo BC DL 2369-2727 9.47E-09 1.27E-07 4.34E-09 3.03E-08 4.67E-06 1.48E-08 3.28E-05
RNA2 Niagara D5 PCH4 NS9 55-671 7.90E-03 - 6.68E-03  4.64E-03 - 2.01E-03 7.68E-03
1046C PCH4 NS9 399-754  7.90E-03 - 6.68E-03  4.64E-03 - 2.01E-03 7.68E-03
AF277662  NS9 PCH4 436-697  7.90E-03 - 6.68E-03  4.64E-03 - 2.01E-03 7.68E-03
RNA3 PA78 PA63 SWM1 16-1006 - 1.65E-04 2.23E-06 7.26E-08 1.46E-07 3.86E-11 3.77E-13
SOF15P11 SWMI1 SOF17P17 1-933 1.76E-05 1.05E-03 1.78E-05 4.53E-09 2.15E-03 247E-12 3.25E-07
PE247 SOF17P17 Rannaja 46 12-957 - 2.38E-12  9.39E-14 7.74E-17 2.76E-16 2.11E-23 1.20E-36
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which was consistent with results from Australia (Kinoti
et al., 2018) and Bulgaria (Kamenova et al., 2019).

PDV is one of the most common viruses infecting
stone fruit trees, especially sweet cherry trees (Predajia
et al., 2017). Symptom expression induced by PDV is
highly variable, ranging from symptomless to leaf yel-
lowing, chlorosis, mosaic, ringspot, necrosis, malforma-
tions and fruit reduction, depending on environmental
conditions, virus isolate, host species and cultivar (Fon-
seca et al., 2005; Predajna et al., 2017). Stone fruit trees
with mixed infections of PDV with other viruses are
common in nature and these infections can also affect
symptom expression (Gao et al., 2016). In the present
study, PDV was detected in a sweet cherry tree with
symptoms of leaf mosaic and crinkle. However, PNRSV
and CVA were also detected in the same tree, so there
is no clear evidence supporting the correlation of the
observed symptoms to infection by PDV. However, this
is the first report of the complete genomic sequence of
PDV from China, which provides the basis for further
studies on genetic evolution in this virus, and for molec-
ular diagnostics and potential disease management of
PDV in this country.
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Protective effects of mycorrhizal association in
tomato and pepper against Meloidogyne incognita
infection, and mycorrhizal networks for early
mycorrhization of low mycotrophic plants
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Summary. Root knot nematodes are obligate phytoparasites that invade the roots of
important crop plants causing severe economic losses. Arbuscular Mycorrhizal Fungi
(AMF) are soil borne microorganisms that establish mutualistic associations with the
roots of most plants. AMF have been frequently indicated to help their host to attenu-
ate the damage caused by pathogens and predators. In this study, the effects of a com-
mercial inoculum of AMF against Meloidogyne incognita on tomato and pepper were
evaluated under controlled conditions. Mycorrhizal association decreased M. incogni-
ta development in pepper, and improved tolerance to nematode infection in tomato
plants. Rapid plant mycorrhization is critical for delivering protective effects against
biotic stress. A novel mycorrhization technique using AMF from the highly myco-
trophic plant sorghum was applied to tomato. More rapid mycorrhization was achieved
in tomato plants grown in soil containing mycorrhized roots of sorghum than in plants
directly inoculated with the commercial AME.

Keywords. Crop pests, symbiosis, agricultural management.

INTRODUCTION

Phytoparasite nematodes are part of the soil microfauna with life cycles
that are totally or partially within plants. Root-knot nematodes (RKNs) of
the genus Meloidogyne are obligate endoparasites affecting a large number
of plant species (Sasser and Freckman, 1987). They form characteristic galls
in roots and block host plant conductive tissues, causing moisture stress
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(Meon et al. 1978), poor root development and growth,
and significantly reduce crop productivity (Hussey,
1985; Melakeberhan and Webster, 1993).

RKNs are present in most farmlands, and can infect
more than 5500 plant species, including vegetables, fruit
crops, cereals and ornamentals (Blok et al., 2008). Eco-
nomic losses due to RKN are estimated at tens of billions
of euros per year (Jones et al., 2013). For example, more
than 40% of economic crops in the southeast of France
are affected by Meloidogyne spp. (Djian-Caporalino,
2010, 2012). The usual methods for controlling RKNs
included use of bromide/chloride/phosphorus-based
products which are very concerning for the environment
and human health, and therefore have been phased out
in the European Union since 2009 (Council of the Euro-
pean Union, 2009). Physical approaches include prophy-
laxis, steam disinfection and solarisation, which are not
always effective. Biological approaches for controlling
RKNs are based on resistant plant varieties, nematode
parasitic bacteria, toxins from nematicidal plants, biofu-
migation from plant oil cakes, and fungi that alter nema-
tode life cycles (Djian-Caporalino et al., 2009).

Arbuscular mycorrhizal fungi (AMF) are obligate bio-
trophs that exclusively colonise plant roots. These fungi
form hyphae connections between roots from one or
several host species to establish the Common Mycorrhi-
zal Networks (CMNs) (Simard et al.,, 2012). Plants asso-
ciated with CMNs have improved assimilation of phos-
phate, macronutrients such as N, K and Mg, and some
micronutrients (Bhatia et al., 1998; Montafo et al., 2007).
Colonising AMF receive organic carbon from the host
plants (Sanders and Tinker, 1971). The review of Vere-
soglou and Rilling (2012) indicated that AMF have capac-
ity to decrease losses caused by diverse plant pathogens,
with the interaction between AMF and RKNs represent-
ing 28% of the listed reports. For example, early mycor-
rhization by mixtures of AMF species is effective against
Meloidogyne spp. and Pratylenchus spp. (Vos et al., 2012).
Sikora and Schonbeck (1975) reported that Funneliformis
mosseae and Rhizophagus fasciculatus decreased M. incog-
nita infection on tomato by, respectively, 13% and 50%. In
pepper, Peregrin et al., (2012) assessed effects of AMF and
Bacillus megaterium (simultaneously and individually) on
Meloidogyne incognita, although the bioprotection con-
ferred by the AMF was not clearly demonstrated.

Tomato and pepper have been frequently reported
as mycotrophic plants (Cress et al., 1979; Al-Karaki,
2000; Schroeder and Janos, 2004; Schroeder-More-
no and Janos, 2008; Gashua et al., 2015; Chialva et al,,
2019). Nevertheless, tomato plants do not rapidly devel-
op intensive mycorrhization compared to highly myco-
trophic species (Schroeder and Janos, 2004; Kubota,

Melvin Rodriguez-Heredia et alii

2005; Thougnon Islas et al., 2014). This can be incon-
venient for horticultural applications, as any probable
benefit from AMF against RKN may only be obtained
through early mycorrhization (Jaizme-Vega et al., 1997,
Molinari and Leonetti, 2019). Interconnection from
mature plants by CMNs could improve establishment
and growth of seedlings (van der Heijden and Horton,
2009). Derelle et al., (2012) reported enhanced mycorrhi-
zation of Silene vulgaris (weakly mycotrophic) by mycor-
rhizal networks (MNs) previously developed by Medica-
go truncatula (highly mycotrophic) under in vitro con-
ditions. Therefore, examining new strategies for tomato
mycorrhization involving MNs could provide worth-
while new and practically valuable knowledge.

To test bioprotection of AMF against RKNs, the
effect of mycorrhizal colonisation against development
of M. incognita was examined in tomato and pepper, as
two economically important crop plants. Additionally,
the potential of MNs for accelerating mycorrhization
was demonstrated on tomato plants using MNs previ-
ously established by a suitable highly mycotrophic host
such as sorghum.

MATERIALS AND METHODS
Plant material

RKN-susceptible seedlings of tomato (Solanum lyco-
persicum ‘Saint Pierre’) and pepper (Capsicum annuum
‘Doux long des Landes’) were transplanted into 9 cm
x 9 cm pots containing sterilised soil, and were inocu-
lated with AEGIS powder from NIXE® (AMF inoculum
containing Rhizophagus irregularis). Unless otherwise
stated, all the plant cultures were in a growth cham-
ber at 25°C (+ 1°C) with a 16 h light / 8 h dark illu-
mination cycle. A nutrient solution adapted for AMF
development (200 mg L' Ca(NO,),, 300 mg L' KNO,
25 mg L' KH,PO,, 150 mg L* MgSO, 7 H,0, 1.5 mg
L' H;BO;, 0.05 mg L! (NH,)¢Mo,0,,, 1 mg L ZnSO,
7 H,0, 2 mg L' MnSO, H,0, 0.25 mg L' CuSO, 5
H,0, 225 mg L' Fe EDTA) was added every 3 d to the
plants, at 1 mL per application for the first week of
culture, then increased by 1 mL every week from the
second to the fifth weeks. After 6 weeks of culture,
the root mycorrhization rates were assessed for three
plants of each species, and 5000 freshly hatched J2s of
M. incognita suspended in water were inoculated onto
each plant. The number of nematode egg masses was
assessed on each plant at 6 weeks after J2 inoculation,
by acid eosin staining. The same experiment was per-
formed simultaneously with non-AMF treated plants as
experimental controls.
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Tomato mycorrhization by mycorrhizal networks con-
sisted of growing an AMF inoculated sorghum sudan-
grass plant (Sorghum bicolor x Sorghum sudanense (Piper)
Stapf) under equivalent conditions to the seedlings for the
RKN experiments. After 6 weeks, the aerial part and roots
were shredded and integrated to the pot soil. A tomato
seedling was then transplanted into the sorghum/soil mix,
and the mycorrhization rate was assessed after 2 and 4
weeks. Tomato plants inoculated directly with the com-
mercial inoculum were used as experimental controls.

Assessment of root mycorrhization rates

Plant roots were bleached with 1% (w/v) KOH solu-
tion at 80° C for 1 h, and then incubated in a 5% solu-
tion of ink/lactic acid (80%) for 12 h. After rinsing, 1 cm
root segments were mounted in glycerol/lactic acid (1/1
v/v) on glass microscope slides. Mycorrhization rates
were evaluated by light microscopy, by considering the
mycelium frequency inside and outside each root seg-
ment, the quantity of colonized root, and the abundance
of developed arbuscules/vesicles (Trouvelot et al., 1986).
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Evaluation of Meloidogyne incognita development

The roots of experimental plants were rinsed thor-
oughly with water and the M. incognita egg masses were
stained with an aqueous solution of 5% eosin B and 0.5%
acetic acid. The egg masses (red spots on the roots) were
quantified.

Statistical analyses

Results from each experiment were analysed by com-
paring measured parameters for mycorrhized and non-
mycorrhized plants. Differences between experimental
conditions were tested by Student’s t-Test at significant
levels (P < 0.05) using R Software.

RESULTS

Figure 1 shows effects of inducing AMF root coloni-
sation of tomato from direct inoculation before seedling
transplantation, compared to formation of a MN in the

Figure 1. (Graph A) Mean mycorrhization rates (and standard errors: n > 4) in tomato roots resulting from different AMF inoculation
procedures at 2 and 4 weeks after inoculation. Before the tomato seedlings were transplanted to pots, a commercial inoculum was applied
directly to their roots (direct inoculation: DI), or the soil was blended with leaves and roots of 6-week-old mycorrhized sorghum plants
(micrograph D) (sorghum blend: SB). * and **, respectively, indicate differences at P < 0.05 and 0.01. Characteristic AMF colonisation of
tomato roots grown for 4 weeks after SB (micrograph B) or DI (micrograph C) treatments. Arrows indicate typical AMF structures.
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Figure 2. Plants grown in growth chambers for evaluating AMF effects on root knot nematode (RKN) development. Tomato plants at 4
weeks (micrograph A) and 6 weeks (micrograph B) after RKN inoculation. Pepper plants (micrographs C and D) 6 weeks after inoculation
with RKN. Means (and standard errors: n > 9) of shoot dry weights (Graph E) and plant heights (Graph F) for 12-week-old tomato and
pepper plants 6 weeks after inoculations with J2s of Meloidogyne incognita. Means accompanied by different letters are significantly different
(P < 0.001 (***), Student’s test).
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Figure 3. Mean numbers of Meloidogyne incognita egg masses in root segments of tomato or pepper plants (Graph A), and mean numbers
of egg masses (normalised to plant height) in root segments of tomato plants (Graph B), with or without AMF inoculation treatments, 6
weeks after inoculations with J2 nematodes. Means accompanied by different letters are significantly different (n > 9: P < 0.05 (*), 0.01 (**)

or 0.001 (***), Student’s test).

soil. Sorghum developed mycorrhization rates of 50-70%
within 6 weeks before the tomato seedlings were trans-
planted. After 2 weeks of culture, tomato roots from the
SB treatment had a mean of 22% mycorrhization, where-
as the plants from the DI treatment had no mycorrhiza-
tion. After 4 weeks, roots from the SB treated plants had
a mean of 49 % of mycorrhization, while the DI treated
plants had very low mycorrhization rates (<5%). The pre-
vious formation of a MN in the media accelerated the
mycorrhization of tomato roots, which under the growth
chamber conditions required 6 weeks for development of
mycorrhization of approx. 40%.

To evaluate the protective potential of the AMF
under growth cabinet conditions, the effects of con-
ventional mycorrhization against M. incognita develop-
ment were assessed in tomato and pepper plants. Before
M. incognita inoculation, tomato roots had 40% (+ 18%
S.D.) mycorrhization and pepper roots had 68% (+ 21%
S.D.) mycorrhization. At 4 weeks after M. incognita
inoculation, the AMF treated tomato plants had longer
stems and more abundant foliage than the uninoculat-
ed plants (Figure 2A). The tomato plants were severely
affected during the last 2 weeks of RKN infection. At
the end of the experiment, the non-mycorrhized plants
had shorter stems and more withered leaves than the
mycorrhized tomato (Figure 2B). AMF treatment gave
no obvious on shoot dry matter of the plants (Figure
2E), but mycorrhization induced significantly increased
plant height (Figure 2F).

The reproduction rates of the nematodes were evalu-
ated by counting the numbers of egg masses produced

by M. incognita females, which represents the population
of nematodes able to complete life cycles within host
roots. There was a significant decrease (almost 30%) of
egg masses in roots of the AMF treated pepper plants
(Figure 3A). Mycorrhized tomato plants had greater
numbers of egg masses than pepper plants (Figure 3A).
However, the relatively unfavourable state of the non-
mycorrhized tomato for RKN infection could also indi-
cate that tomato was a less suitable host than pepper for
RKN development. Therefore, the numbers of egg mass-
es were normalised to the shoot height of tomato plants
(Figure 3B). The resulting values of mycorrhized tomato
plants were on average 40% less than for non-mycor-
rhized plants.

DISCUSSION

Mycorrhization of tomato plants can be challeng-
ing due to their low mycotrophy compared to other spe-
cies (Schroedder and Janos, 2004). The present study
has demonstrated that developing a MN in soil before
transplanting of seedlings is a promising procedure for
improving tomato mycorrhization. We used sorghum-
sudangrass because it has rapid growth, low nutrient
demand, high mycotrophy and biofumigant properties,
and is a known nematode trap crop. The sorghum variety
selected here is currently used as a cover crop for nema-
tode control which can be interplanted with legumes
such as soybean (Djian Caporalino et al., 2019; Dover
et al., 2004). Therefore, the proliferation of AMF by a
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highly mycothrophic host, which is eventually harvested
and blended with soil, could be a useful technique for
improving plant fitness and for RKN control, if the host
also has nematicidal properties, as for the sudangrass
cultivar selected. Rapid mycorrhization using CMNs
has been previously tested by Derelle et al., (2012). These
types of experiments under in vitro conditions, require
barriers between plants to avoid competition and did not
use relevant crop plants. In the present study, the MN
developed by the sorghum plants could provide increased
amounts and viability of AMF compared to more usu-
al AMF inoculum. This approach probably bypasses
the low mycotrophy of tomato. Increased activity and
intact spores or hyphae could explain the acceleration
of AMF colonisation on tomato. However, many aspects
addressing the early mycorrhization of tomato by MN
remain unclear. For example, a comparative study of the
response to the commercial AMF and the MN inoculum
to the chemical signalling (i.e. branching factors) from
the potential host has not been carried out.

Protection of pepper plants due to AMF has been
previously demonstrated for Fusarium, Phytophthora,
and Rhizoctonia pathogens (Sahi and Khalid, 2007; Sid
Ahmed et al., 2003; Sid Ahmed et al., 1999). In other
Solanaceae, protection of plants against phytoparasitic
nematodes due to host mycorrhization has been evalu-
ated for tobacco, with reductions of 25-35% of Heterode-
ra solanacearum cysts (Fox and Spasoft, 1972), eggplant,
with mycorrhized roots presenting 87% fewer galls of
M. incognita than non-mycorrhized roots (Horta, 2015),
and mycorrhized tomato, with a 13% reduction of M.
incognita compared to controls without AMF (Masadeh,
2005). Castillo et al., (2006) also evaluated the protection
of olive plants using AMF, against M. javanica and M.
incognita under controlled conditions.

Results from the present study indicate that a 6 week
mycorrhization period prior to M. incognita infection
considerably decreased RKN development in pepper.
Host nutrition and root development were specifically
restricted in this experiment, which probably explains
the abnormal state of the plant shoots. Pepper plant were
more tolerant than tomato under the experimental con-
ditions of this study. This research is one of few studies
reporting ability of AMF to decrease M. incognita devel-
opment in pepper. In tomato we verified increased tol-
erance to M. incognita infection symptoms. The symp-
toms of infection by M. incognita on tomato were more
attenuated when roots were treated with AMF. Even so,
egg masses were more abundant in mycorrhized plants,
so we considered plant height for adjusting numbers of
nematode masses in roots. These indices are extensively
used for estimating the whole plant infection, consider-
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ing RKN proliferation and general plant development
(Mateille et al., 2005). The enhanced phenotype of AMF
treated tomato shoots was possibly due to acclimation,
which could help hosts to resist RKN infections for long
periods. Hyphae replacing part of roots damaged by M.
incognita could cause tomato tolerance to M. incognita
infections. Additionally, shoot configuration from envi-
ronmental stress may also be important, as photosyn-
thetic activity and leaf development can be positively
affected by the AMF colonisation (Chastain et al., 2016;
Chandrasekaran et al., 2019). This means that more M.
incognita reproductive cycles can occur in mycorrhized
hosts, whereas non-mycorrhized plants will not with-
stand RKN development because roots and shoots grow
poorly and the plants will rapidly die due to infections.
Economically, AMF treatments may provide enhanced
or more consistent production of tomato fruit despite
M. incognita proliferation. The differences in results
between tomato and pepper plants confirm that AMF
bioprotection is dependent on host species (Veresoglou
and Rillig, 2012).

Revitalisation of indigenous AMF by highly myco-
trophic plants with nematicidal properties could be
combined with resistant horticultural varieties for crop
bioprotection and durable control of RKNs. The results
of the present study on tomato also suggest that future
research should assess leaf acclimation of mycorrhized
plants under RKN biotic stress, using in vivo approaches
such as monitoring of chlorophyll-a fluorescence.
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Increasing diversity of resistance breaking
pepper strains of Tomato spotted wilt virus in the
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Summary. Tomato spotted wilt virus (TSWV) is an important plant pathogen, causing
economic impacts on crop production, especially in vegetable crops, including pep-
per. Resistance breeding is the most effective technique to manage TSWV epidemics.
In pepper, the Tsw resistance gene is used. However, rapid emergence of resistance
breaking (RB) strains of TSWV has hampered the control of TSWV. RB strains have
previously shown clear geographic distribution that parallel each similar wild type
(WT) strain. The present study collected pepper-infecting RB TSWYV strains in limit-
ed districts of Spain and Turkey, and these strains clustered to two main clades based
on the NSs protein amino acid sequences. Results verified the coexistence of the dif-
ferent strains in both countries. On the basis of amino acid sequence comparison of
the collected isolates, common alteration responsible for resistance breaking was not
identified in accordance with the preceding observations. These results emphasize the
increasing diversity of the RB TSWV strains.

Keywords. TSWYV, Capsicum annuum, phylogenetic analysis.

Tomato spotted wilt virus (TSWV) has a broad host range, including eco-
nomically important horticultural plants (Adkins et al., 2000; Parrella et
al., 2003; Scholthof et al., 2011), and has considerable economic impacts on
vegetable production. TSWV has become one of the most important viruses
of pepper (Pappu et al., 2009), and pepper breeding for management of this
virus has become increasingly important. The main vector of TSWV in pep-
per cultivation is Frankliniella occidentalis (Pergande) in glasshouses or plas-
tic tunnels, while Thrips tabaci (Lindeman) has significant impacts in epi-
demics in open fields.

Management of TSWV based on thrips control is difficult and ineffi-
cient. Resistance breeding is a promising virus management strategy, but
only the Tsw resstance gene is currently available against TSWV in pepper
cultivation. Worldwide use of pepper varieties harbouring the Tsw gene has
resulted in the rapid emergence of resistance breaking (RB) TSWYV strains.
These strains were first reported in Mediterranean pepper producing regions
from Italy (Roggero et al., 1999; 2002) and Spain (Margaria et al., 2004), and
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have later been reported from Australia (Thomas-Car-
roll et al., 2003), Turkey (Deligoz et al., 2014), Argentina
(Ferrand et al., 2015), and in California, United States
of America (Macedo et al., 2019). Although TSWV has
been reported in Korea only in the 2000s (Kim et al.,
2004), RB strains were identified less than 10 years later
(Chung et al., 2012; Hoang et al., 2013).

TSWYV is the type member of the genus Orthotospovi-
rus (Tospoviridae, Bunyavirales). The genome of TSWV
is composed of three single-stranded RNA segments;
the L RNA has negative polarity while the M and the S
RNAs are ambisense. The avirulence factor (avr) is the
NSs protein in the case of the Tsw gene in pepper, trans-
lated from the S RNA (Margaria et al., 2007; de Ronde et
al., 2013). The NSs protein is multifunctional, also hav-
ing RNA silencing suppressor (RSS) activity (Takeda et
al., 2002; de Ronde et al., 2014). Although an amino acid
alteration (NSs T104A) was determined to be responsi-
ble for resistance breaking of the HUP2-2012-RB isolate
(Almasi et al., 2017), this alteration is not generally pre-
sent in most of the RB isolates, and other common sub-
stitutions responsible for resistance breaking have not
been identified. In contrast to RB strains of other virus-
es, resistance breaking of TSWV in pepper is not linked
to a universal specific amino acid alteration of the NSs.
Resistance breaking could emerge strain by strain due to
substitutions at various amino acid positions.

In each geographic region, the RB and the wild type
(WT) strains cluster to the same branch of the phyloge-
netic tree (Lian et al., 2013; Almasi et al., 2015; French et
al., 2016; Macedo et al., 2019), demonstrating the isolat-
ed emergence of the RB strains and that virus transport
has had a minor role in the general appearance of the
resistance breaking strains. However, reassortment and
recombination events could play roles in TSWV evolu-
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tion (Margaria et al., 2015) and in new strain develop-
ment, as Fontana et al. (2020) have recently reported for
population structure in the Mediterranean basin.

Diseased fruit samples of various pepper cultivars
were collected from important pepper growing areas
in Turkey and Spain (Table 1). The samples were tested
for the most relevant pepper infecting viruses (TMYV,
PVY, CMV TSWV) by DAS-ELISA, using Bioreba anti-
sera according to the supplier’s instructions. All samples
were negative for TMV, PVY, and CMYV, but positive for
TSWV. Nicotiana tabacum L. cv. Xanthi test plants were
inoculated and the symptom phenotypes confirmed the
results of the ELISA tests. Test plant assays with sus-
ceptible Capsicum annuum cv. Galga plants and TSWV
resistant C. annuum cv. Brody plants further confirmed
that all of the collected TSWYV isolates were of the resist-
ance breaking phenotype (Figure 1).

Total nucleic acid was extracted from diseased pep-
per fruits (White and Kaper, 1989). First-strand cDNAs
were synthesized (RevertAid Reverse Transcriptase,
Thermo Scientific), followed by the amplification of
the NSs genes by RT-PCR using specific primer pairs
TSWV-NSs Sacl For 5-GGGAGCTCAGAGCAATTG
TGTCATAATTTTATTCTTAATCAAACCT-3" and
TSWV-NSs BamHI Rev 5-GGGGATCCGGACAT-
AGCAAGAATTATTTTGATCCTGAAGCATATG-3'
(Almasi et al., 2015). The PCR products were cloned into
pGem*-T Easy vector (Promega) according to standard
protocols. Nucleotide sequences of five clones of each
isolate were determined (Biomi Ltd.), and were deposited
to the GenBank (Table 1).

Relationships between the different pepper infect-
ing isolates were determined by phylogenetic analysis
based on the deduced amino acid sequences of the NSs
proteins. The maximum likelihood tree was composed

Table 1. Tomato spotted wilt virus isolates collected from pepper and characterised in this study. Isolate name, and origin location, host pep-

per cultivar, and GenBank accession numbers are indicated.

Isolate Location Capsicum annuum cultivar GenBank Accession No.
P1 Alm El Ejido, Almeria, Spain Icaro MK922146
P2 Alm El Ejido, Almeria, Spain Souleria MK922147
P3 Alm El Ejido, Almeria, Spain Olimpiakos MK922148
P4 Alm El Ejido, Almeria, Spain Icaro MK922149
P5 Ant Demre, Antalya, Turkey Doddo (ex. Greeno) MK922150
P6 Ant Demre, Antalya, Turkey Benino MK922151
P7 Ant Demre, Antalya, Turkey Belissa MK922152
P8 Ant Kumluca, Antalya, Turkey Souleria MK922153
P9 Ant Demre, Antalya, Turkey Briot MK922154
P10 Ant Kumluca, Antalya, Turkey Benino MK922155
P11 Ant Kumluca, Antalya, Turkey ESC 15218 MK922156
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Figure 1. Host symptoms of the isolated TSWV strains mechanically inoculated on resistant (Capsicum annuum cv. Brody) and susceptible

(C. annuum cv. Galga) pepper cultivars.

using the Mega 7.0 software (Kumar et al., 2016; Nei and
Kumar, 2000) (Figure 2). The different pepper strains of
TSWYV retrieved from the GenBank (Table 2) and the
strains isolated in the present study clustered in two
main clades. Clade I built up of Spanish, Northern Ital-
ian and two Brazilian (RB and WT) strains, while Clade
IT consisted of strains from Southern Italy, Hungary,
France and Korea (Figure 2). Consistent with previous
studies, sequences of the pepper strains of TSWV clus-
tered according to their geographic localization (Kim
et al., 2004), although this could evolve due to host and
environmental factors (Jiang et al., 2017). Except for one
strain (P1Alm ESP), the isolates collected in the present
study from Spain did not cluster together with previ-
ously collected Spanish isolates (Clade I), but they were
located in Clade II, close to the South-Italian and Hun-
garian strains (P2Alm ESP, P3Alm ESP, P4Alm ESP).
The strains collected from Turkey also clustered into
different main clades. Except for one strain (P5Ant), the
Turkish isolates were located on Clade I (P6Ant TUR,
P7Ant TUR, P8Ant TUR, P9Ant TUR, P10Ant TUR,
and P11Ant TUR). The P5Ant TUR isolate was located
on Clade II, close to Spanish isolates characterized in

this study (Figure 2). To date, the NSs gene sequence
originating from pepper has not been recorded from
Turkey. Recently, the coding region of the nucleocapsid
protein (N gene) of an RB strain was determined from
the cropping period of 2015 (Giines and Giimiis, 2019).
The N gene sequence of the Turkish RB strain clustered
together with the Clade II isolates.

The resistance breaking phenotype of a virus strain
can be confirmed by test plant assay, since resistant pep-
per cultivars bearing the Tsw gene respond with hyper-
sensitive response (HR) to the inoculation with WT
strains while TSWYV infection on susceptible pepper
cultivars induce systemic symptoms. In the case of an
RB strain, systemic symptoms are induced on both of
the cultivars. The NSs gene was identified as avr factor
(Margaria et al., 2007; de Ronde et al., 2013), so charac-
terization of the differences in the amino acid sequences
of the NSs proteins is crucial for determining the back-
ground of resistance breaking nature of the isolates.

The pairwise comparisons of the eleven unique NSs
sequences showed similarity between 93.3 and 99.8%
among the isolates. Previous studies demonstrated iso-
lated emergence of the RB strains, so the amino acid
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Table 2. GenBank accession numbers of the TSWYV strains selected
in this study for phylogenetic analyses.

GenBank accession

Strain Origin  Strain type number

P71-1 Spain * FR693011
P67-2 Spain * FR693007
P65-2 Spain * FR693005
P229 Spain * FR692918
P228 Spain * FR692917
P195 Spain * FR692895
P114 Spain * FR692852
P125 Spain * FR692857
P155 Spain * FR692871
P90 Spain * FR693023
P203 Spain * FR692900
P86-1 Spain * FR693020
VE427 Spain RB DQ376185
VE430 Spain WT DQ376184
P259 Spain * FR692932
P105-43.14 North-Italy RB DQ376182
P267 North-Italy RB DQ376180
P105-RB-MaxII  North-Italy RB HQ839731
P105-1 North-Italy RB DQ376177
P105/2006RB North-Italy RB DQ915946
P272 North-Italy RB DQ376181
P105-44.7 North-Italy RB DQ376183
P105 North-Italy WT DQ376178
P105-RB-Mar North-Italy RB HQ839729
P105-RB-MaxI ~ North-Italy RB HQ839730
P166 North-Italy RB DQ376179
BR20WT Brazil WT DQ915948
BR20RB Brazil RB DQ915947
TSWV-Gneung Korea * AB643671
TSWV-Njc Korea * AB643673
TSWV-Ghae Korea * AB643672
France-81 France * FR692829
TSWV-Pap Korea * AB643674
HUP4-2012-WT Hungary WT KJ649611
HUP2-2012-RB Hungary RB KJ649609
P170 South-Italy WT DQ431237
CAA19 France * FR692822
p202/3WT South-Italy WT HQ830187
p202/3RB South-Italy RB HQ830186
p202 South-Italy RB DQ398945

Strain type: RB resistance breaking, WT wild type, * not known.

variations of the NSs proteins of RB strains (isolated
in this study) were compared to the NSs proteins of the
WT strains located in closest position on the phyloge-
netic tree. This showed the greatest similarity to the
different strains (for accession numbers see Table 2).
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Figure 2. Phylogenetic tree based on the deduced amino acid
sequences of the NSs protein of TSWV strains originated from
pepper Maximum likelihood tree (1000 bootstrap replicates) was
composed of TSWV strains retrieved from GenBank (see accession
numbers in Table 2) and newly isolated strains in bold font (Table
1). Groundnut ringspot virus strain SA-05 (GenBank acc. number
JN571117) was used as the outgroup. Two main clades (Clade I and
Clade II) are indicated.
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Figure 3. Amino acid sequence comparison of the NSs proteins of the isolated TSWV strains. The NSs amino acid sequences of RB strains
(isolated in this study) were compared to the NSs amino acid sequences of the WT strains located in closest position on the phylogenetic
tree. A: Strains P1Alm ESP, P7Ant, TUR, P8Ant TUR, P9Ant TUR, P10Ant TUR and P11Ant TUR are compared to the Spanish VE 430
WT ES strain. B: Strains P3Alm ESP, P4Alm ESP and P5Ant TUR are compared to the Hungarian HUP4-2012-WT HUN strain. C: Strain
P2Alm is compared to the Italian P170 WT strain.

Strains P1Alm ESP, P7Ant TUR, P8Ant TUR, P9Ant TUR, and P10Ant TUR had four amino acid residues
TUR, P10Ant TUR and P11Ant TUR were compared differences. P9Ant TUR differed in five amino acid
to the Spanish WT strain VE 430 WT ESP. For strains  residues, P11Ant TUR in six, and P2AIm ESP in eight.
P3Alm ESP, P4Alm ESP and P5Ant TUR, the Hungar- The most substitutions were recognized for P8Ant
ian WT strain HUP4-2012-WT was chosen for com- TUR, with 11 amino acid differences. In accordance
parison while P2AIm ESP was compared to the pl70  with previous results, no conserved amino acid changes
ITA Sicily strain (Figure 3). The numbers of differenc-  were identified in the different RB isolates. The recently
es were between two and 11 amino acids. For strains  published single point mutation responsible for resist-
P1Alm ESP and P3Alm ESP, only two (respectively, ance breaking (T104/A) (Almasi et al., 2017), was not
179T, S373P and Y6H, R337A) substitutions were rec-  present in any of the isolates.

ognized. The NSs of P4Alm ESP and P5Ant TUR con- To date, the phylogenetic relationships of the RB
tained three amino acid alterations. P6Ant TUR, P7Ant TSWYV pepper strains showed the closest similarity to
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the WT TSWYV strains with the same geographical ori-
gin (Tsompana et al., 2004; Lee et al., 2011; Tentchev et
al., 2011; Almasi et al., 2015). The RB strains analyzed
in the present study clustered into diffuse positions on
the phylogenetic tree, indicating the currently occurring
increasing diversity of RB TSWYV strains. This empha-
sizes the expansion and simultaneous occurrence of the
different TSWV strains infecting pepper in the Mediter-
ranean basin.
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