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Summary. Diaporthe species are significant pathogens, saprobes, and endophytes, with
comprehensive host association and geographic distribution. These fungi cause severe
dieback, cankers, leaf spots, blights, and stem-end rot of fruits on different plant hosts.
This study, explored the occurrence, diversity and pathogenicity of Diaporthe spp. asso-
ciated with Actinidia chinensis and A. deliciosa in the main kiwifruit production areas
of China. Diaporthe isolates (284) derived from 106 diseased leaf and branch samples
were examined. Multi-locus phylogenetic analyses and morphology of 43 representa-
tive isolates revealed that seven Diaporthe species were obtained, including D. alangii,
D. compactum, D. eres, D. hongkongensis, D. sojae, D. tectonae, and D. unshiuensis.
Pathogenicity tests were performed on kiwifruit fruits, leaves and branches. Koch’s pos-
tulates confirmed all species were pathogenic. D. alangii and D. tectonae were the most
aggressive species, followed by D. eres, D. sojae, D. hongkongensis, D. unshiuensis, and
D. compactum. Host range evaluation showed that the seven Diaporthe species could
also infect apricot, apple, peach, pear, and plum. This is the first report of D. alangii,
D. compactum, D. sojae, D. tectonae, and D. unshiuensis infecting kiwifruit in China,
increasing understanding of the Diaporthe complex causing diseases of kiwifruit plants,
to assist effective disease management.

Keywords. Actinidia, phylogeny, pathogenicity.

INTRODUCTION

Kiwifruit is known “the king of fruits” due to its rich nutritional content,
abundant dietary fibres, balanced nutritional composition of minerals, high
vitamin C content, antioxidant properties and other human health-beneficial
metabolites, including carotenoids and flavonoids (Huang et al., 2013; Pan et
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al., 2020; Wu et al., 2020). The centre of origin of kiwi-
fruit is the mountains and ranges of southwestern China
(Yue et al., 2020). Kiwifruit has a short history of domes-
tication, starting from the early 20th century (Huang et
al. 2013; Li et al. 2017a Wu et al., 2020). Through dec-
ades of domestication and substantial efforts for selec-
tion from wild plants, several important horticultural
species have been commercially cultivated, including
Actinidia chinensis, A. deliciosa, A. eriantha, and A.
arguta (Huang et al., 2013; Song et al., 2020). Actinidia
chinensis and A. deliciosa are the major species cultivat-
ed in China (Huang, 2009), which had a kiwifruit culti-
vation area of 240,000 ha in 2018, producing 2.55 MT of
fruit, accounting for nearly 55% of the global kiwifruit
(FAQO, 2018; Guo et al., 2020a).

During the past decades, with the steadily increas-
ing duration of kiwifruit monoculture and the rapid
expansion of production, diseases have become prevalent
in orchards and nurseries. Branch blight and leaf spot
diseases are widespread and prevalent, and these dis-
eases cause serious economic losses in China, and affect
development of the kiwifruit industry. Accurate identifi-
cation of cause of these diseases is important for devel-
opment of effective biosecurity and trade policies. The
most common disease symptoms observed in kiwifruit
plantations consist of branch blight, leaf spot, bacterial
blossom blight, and fruit rot. These symptoms are relat-
ed to several fungi (Hawthorne et al., 1982; Pennycook,
1985; Pan et al., 2018) and bacteria (Zhang et al., 2019).

Vine decline of kiwifruit in Turkey was mainly
related to Phytophthora citrophthora (AKilli et al. 2011).
In Greece, the pathogens which caused distinct cankers
on branches of kiwifruit were Diaporthe neotheicola and
Botryosphaeria dothidea (Thomidis et al., 2010, 2013).
Diaporthe ambigua and D. austrafricana were reported
as causing cordon dieback in Chile (Diaz and Latorre,
2018). In China, the major pathogens causing branch
blight were B. dothidea, D. actinidiae, D. eres, and D. tul-
liensis (Li et al., 2013; Bai et al., 2017).

Leaf spot of kiwifruit, caused by Alternaria alter-
nata, Diaporthe spp., Glomerella cingulata, Pestalotiopsis
spp. and Phomosis spp., has been previously reported in
Korea and New Zealand (Jeong et al., 2008; Hawthorne
and Otto, 2012). Didymella bellidis has been reported as
the major cause of leaf spot in China (Zou et al., 2019).

The blossom blight of kiwifruit occurs in many
countries. Several pathogens have been reported as the
causal agents of this disease, including Pseudomonas vir-
idiflava, P. fluorescens, P. syringae, P. fluorescens P. syrin-
gae pv. syringae, P. syringae pv. actinidiae, and Botrytis
cinerea (Conn and Gubler, 1993; Koh et al., 2001; Shin et
al., 2004; Young et al., 2009; Zhang et al., 2019)

Yamin Du et alii

Fruit rot of kiwifruit can be divided into field rot
and postharvest fruit rot. Field rot, caused by Sclerotinia
sclerotiorum, affects immature fruits on vines (Penny-
cook, 1985). More than seven fungi have been reported
to be associated with postharvest fruit rots of kiwifruit
(Beraha and O’Brien, 1979; Hawthorne et al., 1982; Pen-
nycook, 1985), Diaporthe spp. and Botryosphaeria spp.
were reported as the major causes of postharvest fruit
rot. In New Zealand, Botrytis cinerea causes storage rot
and B. dothidea causes ripening rot. Botryosphaeria doth-
idea also was the major cause of postharvest fruit rot in
Iran (Nazerian et al., 2019). Diaporthe actinidiae has been
reported to cause postharvest fruit rot in China, Iran,
Korea, and New Zealand (Sommer and Beraha, 1975; Lee
et al., 2001; Koh et al., 2005; Mousakhah et al., 2014; Li
et al., 2017b). In addition, D. ambigua, D. australafricana,
D. novem, and D. rudis have been reported to cause post-
harvest fruit rot of kiwifruit during cold storage in Chile.
Diaporthe ambigua was also isolated from postharvest
kiwifruit rots in Greece (Thomidis et al., 2013; 2019).
Diaporthe honkongensis has been reported to cause stem-
end rot in Turkey (Erper et al., 2017). Diaporthe melo-
nis and D. perniciosa have been reported as the major
pathogens causing postharvest fruit rots in New Zealand
(Beraha and O’Brien, 1979; Hawthorne et al., 1982).

Before the advent of molecular biology technol-
ogy, identification criteria for Diaporthe species were
based on the morphological characteristics (e.g., colony
appearance in cultures, size and shape of ascomata and
conidiomata, sexual state and connections to the asexu-
al state) and host specificity (Rehner and Uecker, 1994;
Santos et al., 2011; Gomes et al., 2013; Guarnaccia and
Crous, 2017; Yang et al., 2018b). Previous studies dem-
onstrated that these characters were generally not suf-
ficient for species level diagnoses, because some species
of Diaporthe are not host-restricted and are capable of
infecting several taxonomically unrelated host genera
(Rehner and Uecker, 1994; Thompson et al., 2011; Elfar
et al., 2013; Huang et al., 2013; Thompson et al., 2015).
Diaporthe helianthi, as the causal agent of stem canker
of sunflower, was first reported in the former Yugosla-
via. Subsequent studies confirmed Xanthium italicum,
X. strumarium, and Arctium lappa as weed hosts of
D. helianthi (Thompson et al., 2015). Three other Dia-
porthe species, D. gulyae, D. kochmanii, and D. kongii,
have been identified as the pathogens of sunflower stem
canker (Thompson et al., 2011). In addition, character
plasticity and cultural variation of Diaporthe hampered
species clarification. Application of molecular data has
progressed fungal species definition (Hibbett and Tay-
lor, 2013; Yang et al., 2018a). Diaporthe species are being
redefined, based on the combination of morphological,
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cultural and phytopathogenic characteristics, mating
types and DNA sequence data (Guarnaccia and Crous,
2017, 2018; Fan et al., 2018). Adoption of multi-locus
phylogeny has provided clear resolution of classification
and species (Udayanga et al., 2014).

China is an important kiwifruit-growing country
and leader in kiwifruit cultivation. However, in recent
years, the incidence and systematic identification of the
Diaporthe species associated with branch blight of kiwi-
fruit were only assessed in two orchards of Hubei and
Anhui provinces. Only 36 strains were obtained and
identified as D. tulliensis, D. actinidiae and D. eres, and
it is unclear which species is responsible for the disease
in different host varieties or species in different prov-
inces (Bai et al., 2017). In addition, leaf spot of kiwifruit
caused by Diaporthe species has been rarely reported in
China, which makes effective prevention and control of
the disease challenging. Therefore, larger scale surveys
are needed to give increased understanding of the rela-
tive role of Diaporthe spp. in fungal branch blight and
leaf spot found on kiwifruit in China.

The present sampled plants with shoot blight and
leaf spot symptoms for pathogen isolation. Phylogenetic
analyses based on the nuclear ribosomal internal tran-
scribed spacer region (ITS), translation elongation factor
I-alpha (EFI-a) and beta-tubulin (TUB) genes, coupled
with morphology of representative strains, were carried
out to determine the diversity of pathogens. After patho-
genicity determination, species associated with kiwifruit
shoot and leaf blight were identified. This study has pro-
vided valuable information on pathogen ecology, as a
basis for improving management strategies for these eco-
nomically important diseases.

MATERIALS AND METHODS
Sampling and pathogen isolation

Surveys of incidence of shoot blight and leaf spot
diseases were conducted in 16 orchards located in nine
provinces of China, including Anhui, Chongqing,
Henan, Hubei, Fujian, Shandong, Shanxi, Sichuan, and
Zhejiang, from October 2017 to May 2019. A total of 106
samples with symptoms of shoot blight and/or leaf spot
were collected from Actinidia chinensis (‘Cuiyu’, ‘Dong-
hong’, ‘Hongyang’, ‘Huangjin’, Jinyan’, and ‘Longzang-
hong’), and A. deliciosa (‘Cuixiang’, ‘Hayward’, Jinkui’,
and Xuxiang’). Six pieces (4-5 mm?) of wood or foli-
age were cut from each of the diseased tissues neigh-
bouring the asymptomatic regions with a sterile scalpel.
After surface sterilization in 1% NaOClI for 45 s, the tis-
sues were treated in 75% ethanol for 45 s, rinsed three
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times in sterile distilled water for 1 min each, and then
dried on sterilized filter paper (Fu et al., 2018). Each tis-
sue piece was placed on potato dextrose agar (PDA; 20%
diced potato, 2% dextrose, 1.5% agar, and distilled water)
plates and incubated at 25°C in the dark for 3-5 d until
fungal colony formation (Bai et al., 2015). Colonies with
typical characteristic of Diaporthe spp. were sub-cul-
tured onto fresh PDA plates. The obtained isolates were
purified using hyphal tip or single spore methods. Myce-
lium plugs of purified isolates were transferred to PDA
tubes, or stored in 25% glycerol at -80°C for subsequent
use (Zhai et al., 2014).

DNA extraction, PCR amplification, and sequencing

Colonies were cultivated on PDA plates where the
medium was covered with sterile cellophane which was
incubated at 25°C in the dark for 5-7 d. Mycelia was
scraped and placed into clean tubes. Total genomic DNA
was extracted using a modified CTAB method (Freeman
et al., 1996). The quality and quantity of DNA were con-
firmed visually by staining with Gel Red after electro-
phoresis in 1% agarose gel and visualization under UV
light (A = 302 nm) trans illumination (Udayanga et al.,
2012; Gao et al., 2017). The internal transcribed spacer
(ITS) region of the nuclear ribosomal genes was ampli-
fied using the primer sets ITS1/ITS4 (White et al., 1990),
the primers EF1-728F/EF1-986R (Carbone and Kohn,
1999) were used to amplify part of EFI-a, and the prim-
ers Bt-2a/Bt-2b (Glass and Donaldson, 1995) were used to
amplify part of TUB. For PCR, an aliquot of 50 pL reac-
tion solution contained 5 uL of 10 x Taq buffer IT (Mg?*
Plus) (TaKaRa), 1 uL of ANTP mixture (2.5 mM each), 1
uL of each primer, 0.5 pL of Tag (5U uL?), 2.0 uL of DNA
template, and 39.5 uL of ddH,O (Zhai et al., 2014). PCR
parameters were initiated at 95°C for 5 min, followed by
35 cycles, each of denaturation at 95°C for 30 s, annealing
at appropriate temperature for 30 s (56°C for ITS, 51°C
for EF1-a, 61°C for TUB), and extension at 72°C for 30 s,
and terminated with a final elongation step at 72°C for 10
min (Guo et al., 2020b). The PCR amplicons were puri-
fied and sequenced by Sangon Biotech Company, Ltd. The
obtained sequences were analyzed on DNAMAN (v. 9.0;
Lynnon Biosoft), and deposited in GenBank (Table 1).

Phylogenetic analyses

Novel sequences generated in this study were blasted
against the NCBI's GenBank nucleotide database (www
http://blast.ncbi.nlm.nih.gov/) to search for closely simi-
lar relatives for a taxonomic framework of the studied
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Table 1. Sources and GenBank accession numbers of isolates included in this study.

Yamin Du et alii

Genbank accession numbers

Species Isolate designation® Host Country
ITS EFl-a TUB
Diaporthe alangii CFCC 52556* Alangium kurzii China MHI121491 MHI121533 MH121573
CFCC 52557 Alangium kurzii China MH121492 MHI121534 MHI121574
CFCC 52558 Alangium kurzii China MH121493 MHI121535 MHI121575
CQ155 Actinidi chinese China MT043825 MT109567 MT109603
FJHJB57 Actinidia chinese China MT043831 MT109562 MT109615
HB48 Actinidia deliciosa China MT043835 MT109578 MT109619
LP-1 Actinidia sp. China KX457967 KX457964 /
SC74 Actinidia chinese China MT043849 MT109592 MT109627
SC83 Actinidia chinese China MT043850 MT109593 MT109628
D. ambigua CBS 114015* Pyrus communis South Africa  KC343010 KC343736 KC343978
D. compactum LC3078* Camellia sinensis China KP267850 KP267924 /
LC3083* Camellia sinensis China KP267854 KP267928 /
CQ130 Actinidia deliciosa China MT043824 MT109565 MT109601
CQ178 Actinidia chinese China MT043827 MT109570 MT109606
SC42 Actinidia chinese China MT043846 MT109589 MT109624
SC67 Actinidia chinese China MT043848 MT109591 MT109626
D. eres AR5193* Ulmus sp. Germany KJ210529 KJ210550 KJ420799
CBS 267.55 Laburnum x watereri ‘Vossii'’ Netherlands KC343082 KC343808 KC344050
CBS 101742 Fraxinus sp. Netherlands ~ KC343073 KC343799 KC344041
CFCC 52576 Castanea mollissima China MHI121511 MH121553 MHI121593
CFCC 52578 Sorbus sp. China MHI121513 MHI121555 MHI121595
AH16 Actinidia chinese China MT043816 MT109564 MT109600
HB24 Actinidia chinese China MT043833 MT109576 MT109617
HB25 Actinidia chinensis China MT043834 MT109577 MT109618
HNI10 Actinidia deliciosa China MT043836 MT109579 MT109620
WAI-1 Actinidia sp. China KX457969 KX 457965 /
MJL13 Actinidia chinensis China MT043839 MT109582 MT109632
MJL18 Actinidia chinensis China MT043841 MT109584 MT109634
FJ11 Actinidia chinensis China MT043828 MT109559 MT109612
SD16 Actinidia chinensis China MT043853 MT109595 MT109638
SX24 Actinidia deliciosa China MT043854 MT109597 MT109630
D. ganjae CBS 180.91* Cannabis sativa USA KC343112 KC343838 KC344080
D. goulteri BRIP 55657a Helianthus annuus Australia KJ197290 KJ197252 KJ197270
D. hongkongensis LC3484 Camellia sinensis China KP267906 KP267980 KP293486
CBS 115448* Dichroa febrifuga China KC343119 KC343845 KC344087
CQ21 Actinidia chinese China MT043821 MT109571 MT109607
CQ51 Actinidia chinensis China MT043822 MT109572 MT109608
FJHJB53 Actinidia chinensis China MT043830 MT109561 MT109614
MJL19 Actinidia deliciosa China MT043842 MT109585 MT109635
MJL21 Actinidia deliciosa China MT043843 MT109586 MT109636
D. manihotia CBS 505.76* Manihot utilissima Rwanda KC343138 KC343864 KC344106
D. neoraonikayaporum MFLUCC 14-1136* Tectona grandis Tailand KU712449 KU749369 KU743988
D. raonikayaporum CBS 133182* Spondias mombin Brazil KC343188 KC343914 KC344156
D. sojae FAU635* Glycine max USA KJ590719 KJ590762 KJ610875
FAU636 Glycine max USA KJ590718 KJ590761 KJ610874
ZJUD68 Citrus unshiu China KJ490603 KJ490482 KJ490424
CQl4 Actinidia chinensis China MT043819 MT109566 MT109602
CQle6 Actinidia chinensis China MT043820 MT109568 MT109604

(Continued)
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Genbank accession numbers

Species Isolate designation® Host Country
ITS EFl-a TUB
FJH]B61 Actinidia chinensis China MT043832 MT109563 MT109616
HN59 Actinidia deliciosa China MT043838 MT109581 MT109622
SD8 Actinidia chinensis China MT043852 MT109596 MT109639
SC90 Actinidia chinensis China MT043851 MT109594 MT109629
VAR Actinidia chinensis China MT043856 MT109599 MT109631
D. tectonae MFLUCC 12-0777* Tectona grandis Thailand KU712430 KU749359 KU743977
MFLUCC 12-0782  Tectona grandis Thailand KU712431 KU749360 KU743978
MFLUCC 13-0476  Tectona grandis Thailand KU712433 KU749362 KU743980
MFLUCC 14-1139  Tectona grandis Thailand KU712438 KU749366 KU743985
CQ58 Actinidia chinensis China MT043823 MT109573 MT109609
CQ166 Actinidia chinensis China MT043826 MT109569 MT109605
D. tulliensis BRIP 62248a* Theobroma cacao Australia KR936130 KR936133 KR936132
D. unshiuensis CFCC 52594 Carya illinoensis China MH121529 MHI121571 MH121606
CFCC 52595 Carya illinoensis China MH121530 MHI121572 MH121607
ZJUD51 Citrus japonica China KJ490586 KJ490465 KJ490407
ZJUD52* Citrus unshiu China KJ490587 KJ49046 KJ490408
CcQ7 Actinidia chinensis China MT043817 MT109574 MT109610
CQ9 Actinidia chinensis China MT043818 MT109575 MT109611
FJH]B22 Actinidia chinensis China MT043829 MT109560 MT109613
HN51 Actinidia deliciosa China MT043837 MT109580 MT109621
MJL15 Actinidia deliciosa China MT043840 MT109583 MT109633
MJL35 Actinidia deliciosa China MT043844 MT109587 MT109637
SC41 Actinidia chinensis China MT043845 MT109588 MT109623
SC65 Actinidia chinensis China MT043847 MT109590 MT109625
Diaporthella corylina ~ CBS 121124* Corylus sp. China KC343004 KC343730 KC343972

@ ICMP: International Collection of Micro-organisms from Plants; FAU: Isolates in culture collection of Systematic Mycology and Microbi-
ology Laboratory, USDA-ARS, Beltsville, Maryland, USA; BRIP: Queensland Plant Pathology herbarium/culture collection, Australia; CBS:
Westerdijk Fungal Biodiversity Centre, Utrecht, The Netherlands; CFCC: China Forestry Culture Collection Center, China; LC: Correspond-
ing author’s personal collection (deposited in laboratory State Key Laboratory of Mycology, Institute of Microbiology, Chinese Academy of
Sciences); MFLUCC: Mae Fah Luang University Culture Collection, Chiang Rai, Thailand; ZJUD: Zhejiang University.

* = ex-type culture.

/ = the Genbank accession number is absent.

isolates. Sequence alignments of different gene regions,
including sequences obtained from this study and ref-
erence sequences based on recent studies of Diaporthe
species, were initially carried out with the online server
(http://mafft.cbrc.jp/alignment/server/index.html) (Katoh
and Standley, 2013), and were then manually adjusted in
MEGA v. 7 (Kumar et al., 2016).

An initial maximum likelihood (ML) phyloge-
netic analysis was conducted based on EFI-a sequences
of 284 isolates obtained in this study and 31 reference
strains including one outgroup taxon (Diaporthella
corylina CBS121124) deposited in GenBank (Table 1)
with a GTR+G substitution model by using IQ-tree
v.1.6.8, to give an overview backbone phylogenetic tree
for the genus Diaporthe (data not shown). A subset of

43 representative isolates was then selected based on the
results of the general EFI-« analysis, and was processed
through different phylogenetic analyses conducted indi-
vidually for each locus and multiple sequences analyses
using concatenated ITS, EFI-«, and TUB.

Multi-locus phylogenetic analyses were generated
using Maximum likelihood (ML) and Bayesian inference
(BI). The maximum-likelihood tree was inferred using
the edge-linked partition model in IQ-tree (Nguyen et
al., 2015; Minh et al., 2020). For the 1Q-tree, the best
evolutionary model for each partition was determined
using ModelFinder (Minh et al., 2020). In the partition
model, IQ-TREE can estimate the model parameters
separately for every partition. After ModelFinder found
the best partition, IQ-TREE immediately starts the
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tree reconstruction under the best-fit partition model,
Branch supports were assessed with ultrafast bootstrap
approximation (UFBoot) of 1000 replicates (Hoang et
al., 2017). Additionally, Bayesian inference (BI) was
performed on the concatenated loci to construct phy-
logenies using MrBayes v. 3.2.2 (Ronquist et al., 2003)
as described by Crous (2006). MrModeltest v. 2.3
(Nylander, 2004) was used to calculate the best-fit mod-
els of nucleotide substitution for each data partition with
the corrected Akaike information criterion (AIC). Two
analyses of four Markov Chain Monte Carlo (MCMC)
chains were conducted from random trees with 8 x 105
generations. The analyses were sampled every 1000 gen-
erations, which were stopped once the average standard
deviation of split frequencies was below 0.01. The first
25% of the trees were discarded as the burn-in phase,
and the remaining trees were summarized to calcu-
late the posterior probabilities (PP) of each clade being
monophyletic. Phylogenetic trees were visualized in
Figtree v.1.4.2 (Rambaut, 2014).

Morphological and growth rate analyses

Based on the results of the phylogenetic analyses,
17 representative isolates (including D. alangii: CQ155,
FJH]B57; D. compactum: CQ178, SC67; D. eres: HN10,
HB25, SX24, HB24, CQ3; D. hongkongensis: CQ51; D.
sojae: CQ14, CQ78, CQ16; D. tectonae: CQ58, SC83; D.
unshiuensis: CQ7, CQ9) were selected for morphological
observations and growth rate assessments. Three-day-old
mycelium plugs (5 mm diam.) were taken from the mar-
gins of actively growing cultures and transferred onto
the centres of 9 cm diam. Petri dishes containing potato
dextrose agar (PDA) or 2% tap water agar supplement-
ed with sterile fennel stems. Cultures were incubated at
25°C with a 14 h/10 h fluorescent light/dark cycle (Guo
et al., 2020b). Colony diameters were measured daily for
3 d to calculate mycelium growth rates (mm d'). For
each representative isolate, these measurements were
made in triplicate. Colony shape, density, and pigment
production on PDA were noted after seven days. Gen-
eration of ascomata and conidiomata on PDA or fennel
stems were examined periodically. Shape, colour, and
size of asci were observed using light microscopy (Nikon
Eclipse 90i or Olympus BX63), and 50 asci, ascospores,
conidiophores, and conidia were measured.

Pathogenicity and host range

The 14 representative strains (D. alangii: CQ155,
SC74; D. compactum: CQ178, SC67; D. eres: HNIO,
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HB25; D. hongkongensis: CQ21, CQ51; D. sojae: CQl4,
CQI16; D. tectonae: CQ166, CQ58 D. unshiuensis: CQ7,
MJL15) were tested for pathogenicity on detached leaves
or shoots of kiwifruit, and on branches of five other
fruit tree species. One isolate of each species (D. alangii:
CQ155; D. compactum: CQ178; D. eres: HN10; D. hong-
kongensis: CQ21; D. sojae: CQl4; D. tectonae: CQ58; D.
unshiuensis: CQ7) was also inoculated onto fruits of
kiwifruit to assess pathogenicity.

Leaves of Actinidia chinensis ‘Cuiyu’, wounded or
unwounded, were inoculated with mycelium plugs of
isolates in eight replicates, to assess the pathogenicity of
representative isolates selected from the seven Diaporthe
species. Fresh and healthy leaves were washed under run-
ning tap water followed by surface sterilization with 25%
ethanol, drying with sterile tissue paper and then air-dry-
ing (Hawthorne and Otto, 2012; Mousakhah et al., 2014;
Fu et al., 2018). For the wound inoculation method, the
mycelium plugs (agar disks) were placed midway on each
side of each leaf midrib after wounding three times by
pinpricking with a sterilized needle (insect pin, 0.5 mm
diam.). For the non-wound inoculation method, myce-
lium plugs were placed directly on the unwounded leaves.
Inoculations with sterile agar plugs were used as nega-
tive controls. The experiment was conducted twice. The
inoculated leaves were put into a plastic container covered
with plastic film and incubated at 25 + 1°C with a 12 h/12
h light/dark photoperiod. Symptoms and lesion lengths
were recorded at 7 d after inoculation, and re-isolations
were made from lesion margins to fulfil Koch’s postulates.

Pathogenicity was also determined on excised seg-
ments of 1-year-old woody shoots of A. chinensis * Cui-
yu, A. chinensis ‘Jinyan’, A. chinensis ‘Hongyang’, and A.
chinensis ‘Huangjin’, in five replicates. Green shoots (5 -
10 mm diam.) were pruned from healthy kiwifruit vines
and cut into 10 cm long segments, rinsed with tap water,
surface disinfected with 75% ethanol, and then air-dried.
Wounding and non-wounding inoculation methods
were used. For the wounding treatment, a superficial
wound (5 mm diam.) was made on each shoot segment
by removing the cortex with a disinfected 5 mm diam.
hole punch (Bai et al., 2015; Sessa et al., 2017). Agar
plugs (5 mm diam.) from fungus cultures were inserted
into the wounds, and the inoculated parts were sealed
with Parafilm to maintain humidity (Mostert et al.,
2001). For the non-wound inoculation method, the agar
plugs were placed on the surface of unwounded shoots
directly and the inoculated parts were sealed with Para-
film to maintain humidity. All inoculated shoots were
kept in plastic containers covered with plastic film and
maintained in the laboratory at 25°C. The experiment
was conducted twice. Lesion lengths were measured at
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10 d after inoculation, and pieces were excised from the
xylem or phloem tissues under canker lesions neigh-
bouring asymptomatic regions and were cultured to ful-
fil Koch’s postulates.

Detached fruits of A. deliciosa ‘Hayward’ were inoc-
ulated with seven representative isolates in quadruplicate
to determine isolate pathogenicity. The inoculations were
conducted using wounded and non-wounded methods as
previously described (Diaz et al., 2017; Li et al., 2017a).
Healthy fruits were surface-sterilized with 75/, etha-
nol prior to inoculation, washed three times with sterile
water, and were air-dried (Zhou et al., 2015; Erper et al.,
2017). For the wounded treatment, each mycelium plug
was placed on the fruit after wounding once by pinprick-
ing with a sterilized needle (5 mm deep) (Luongo et al.,
2011). For the non-wounded method, the mycelium plug
was directly placed on the surface of unwounded fruits.
Inoculation with sterile agar plugs was used as con-
trols. Inoculation points were individually wrapped with
sterilized moist cotton plugs (Zhai et al., 2014; Bai et
al., 2015). Fruits were placed in a sealed plastic contain-
er at 25°C with a 12 h/12 h light/dark photoperiod. The
tests were repeated twice. Seven days post inoculation,
symptoms on the fruit were recorded and the lengths of
lesions were measured. Recovery isolations were made
from the flesh at the margins of developed lesions.

The host range of the seven Diaporthe species was
determined on detached shoots of five Rosaceae fruit
tree species, including Malus pumila ‘Hong Fushi’, Pru-
nus salicina ‘Dahongpao’, Prunus armeniaca ‘Helanxi-
angxing’, Pyrus pyrifolia ‘Cuiguan’ and Prunus persica
“Youtao’. Shoots of these plants were wound-inoculated
(as described above). Five shoots of each host were used
for each inoculation treatment

183

Statistical analyses

Data from repeated tests and among treatments in
each test were analyzed using SPSS Statistics 21.0 (Win-
Wrap® Basic; http://www.winwrap.com) by one-way anal-
ysis of variance, and means were compared using Tuk-
ey’s test at a significance level of P = 0.05.

RESULTS
Sampling and pathogen isolation

Investigations and analyses of the occurrence and
sample collection of kiwifruit branch blight and leaf
spot were conducted from October 2017 to May 2019.
One hundred and six samples were collected from the
surveyed orchards and nurseries for fungus isolations;
80 of the samples were diseased branches and 26 were
infected leaves. In total, 284 Diaporthe isolates showed
typical Diaporthe spp. cultural characteristics (Table
2), including flufty, flattened, white, creamy, sulphur or
grayish aerial mycelium, with solitary or aggregated,
globose, dark pycnidia and the presence of alpha and/
or beta conidia (Sessa et al., 2017; Guo et al., 2020b).
Among them, 81 isolates were obtained from diseased
leaf samples, and were identified as six species of Dia-
porthe (D. alangii, D. compactum, D. eres, D. hongkon-
gensis, D. sojae, and D. unshiuensis). In total, 203 isolates
were derived from infected shoots, and were identified
as seven species of Diaporthe (D. alangii, D. compactum,
D. eres, D. hongkongensis, D. sojae, D. unshiuensis and
D. tectonae). The kiwifruit species and varieties from
which these isolates were obtained included A. chinen-
sis ‘Cuiyu’, ‘Donghong’, ‘Hongyang’, ‘Huangjin’, Jinyan’,

Table 2. Sampling regions and numbers of Diaporthe isolates obtained in this study.

Numbers of isolates from each species

Sampling ~ Number
province  of isolates Diag orth? D. eres D. sojae D. . D. compactum D. alangii D. tectonae
unshiuensis hongkongensis

Chongqing 92 39 19 22 7 2 1 2
Fujian 72 43 8 12 7 1 1 0
Henan 15 3 8 4 0 0 0 0
Hubei 30 4 11 8 4 1 2 0
Shanxi 17 0 17 0 0 0 0 0
Sichuan 30 2 17 7 0 2 1 1
Shandong 8 0 7 1 0 0 0 0
Zhejiang 4 1 0 3 0 0 0 0
Anhui 16 8 7 0 1 0 0 0
Total 284 100 94 57 19 6 5 3
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Figure 1. Typical symptoms of kiwifruit leaf spot and shoot blight. a, reddish brown spots on a leaf; b, lesions extend to the margin of a leaf,
and small, black pycnidia on the necrotic parts; ¢, maroon and fusiform lesions on a branch; d, red-black fusiform lesions with internal dis-
colouration formed on a branch; e, necrotic lesions spreading on a branch from the pruning wound; f, whole branch wilted.

‘Longzanghong’, and A. deliciosa ‘Cuixiang’, ‘Hayward’,
Jinkui’, and Xuxiang’. Branch blight symptoms were
commonly observed at the incision or pruned positions,
with reddish-black fusiform or irregular necrotic lesions
(Figure 1c); the lesions would gradually expand along
each incision (Figure le). Under dry climate conditions,
the infected branches turned brown and cracked, with
internal discolourations (Figure 1d). Whole branches
were withered (Figure 1f). The diseased leaves developed
silvery gray or bronze spots, which were sporadically
distributed on the leaves (Figure la). In the later stage
of disease development, the spots were expanded to the
edges of the leaves, and the leaves withered and curled at
their margins. Scattered pycnidia were observed on the
diseased leaves (Figure 1b).

Phylogenetic analyses of isolated fungi

The 43 representative isolates were subjected to multi-
locus phylogenetic analyses with concatenated ITS, EFI-a,

and TUB sequences together with 31 reference isolates
from previously described species, including the outgroup
sequence of Diaporthe corylina (culture CBS 121124). A
total of 1557 characters (ITS: 1-541, EF1-a: 542-935, TUB:
936-1557) were included in the phylogenetic analyses. For
the Bayesian analyses, the following priors were set in
MrBayes for the different data partitions: the SYM+I+G
model with invgamma-distributed rates was implemented
for ITS; The GTR+G model with gamma-distributed rates
was implemented for EFI-a; and the HKY +G model with
propinv-distributed rates was implemented for TUB. For
the IQ-tree inference, the SYM+I+G model was selected
for ITS, GTR+I+G for EFI-a, and HYK+I+G for TUB.
Bayesian posterior probability (PP > 0.5) and Maximum
likelihood bootstrap values (ML >50) were shown at the
dendrogram nodes (Figures 2 and 3).

The multi-locus phylogenetic results showed that
43 representative isolates were assigned to seven species
(Figure 2). Five isolates grouped with the type strain and
other reference sequences of D. alangii (Bayesian poste-
rior probability = 0.52, Maximum likelihood bootstrap
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Figure 2. Maximum-likelihood phylogenetic analysis obtained from the combined ITS, EFI-« and TUB2 sequence alignments of 43 Dia-
porthe isolates. The species Diaporthella corylina (CBS 121124) was used as the outgroup. Bayesian posterior probability (PP > 0.90), and
bootstrap support values > 50% are shown at the nodes. (ML = 50%) were shown at the nodes (PP/ML). Asterisks (*) indicates full support
(1/100). Ex-type strains were indicated in bold font. The scale bar indicates 0.06 expected changes per site. Isolate numbers accompanied by
circle symbols indicate strains isolated from leaves, and triangle symbols indicate strains isolated from branches.

value 89). Four isolates clustered together with the type
strain and other reference strains of D. compactum with
high support (1.00, 99). Ten isolates clustered together
with the ex-type strain and other reference strains of D.
eres with high support (1.00, 99). Five isolates grouped
with the ex-type strain and other reference strains of
D. hongkongensis with strong support (1.00, 100). Seven
isolates clustered together with the type strain and other
reference strains of D. sojae with strong support (1.00,
100). Three isolates grouped with the reference strains
of D. tectonae with high support (0.89, 99). Nine isolates
were identified as D. unshiuensis, forming a highly sup-
ported subclade (1.00, 100).

The individual alignments and trees of the three sin-
gle loci used in the analyses were also compared with
respect to their performance in species recognition. Each

gene used differentiated D. compactum, D. eres, D. hong-
kongensis, D. sojae, and D. unshiuensis. Moreover, ITS
and EFI-«a gathered D. tectonae and D. alangii into one
clade (data not shown). The phylogenetic analysis of TUB
sequences showed that similar clades statuses compared
with the phylogenetic analyses based on the concatenated
ITS, EFI-a, and TUB sequences (Figure 3). The phyloge-
netic analysis of TUB sequences was conducted with a
HKY+I+F substitution model using IQ-tree v.1.6.8, and
436 characters were included in the phylogenetic analysis.

Morphological and growth rate analyses of isolates

Morphological observations coupled with phyloge-
netic analyses were used to clarify the species delimi-
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Figure 3. Maximum likelihood tree based on TUB sequences from 43 Diaporthe isolates. The species Diaporthella corylina (CBS 121124)
was used as the outgroup. Bootstrap support values > 50% are shown at the nodes. Ex-type strains are indicated in bold font. The scale bar
indicates 0.04 expected changes per site. Circle symbols indicate strains isolated from leaves, triangle symbols indicate strains isolated from

branches.

tations. The morphological characteristics of the rep-
resentative isolates of Diaporthe spp. recovered in this
study were as follows:

Diaporthe sojae. Colonies on PDA had flattened
mycelium and brown accumulation of pigment (Fig-
ure 4a), and colony diam. was 23-38 mm after 3 d at
25°C. Black or brown conidiomata were separated or
aggregated on the colony surfaces of PDA (Figure 4b).
Translucent spiral conidial cirri extruded from ostioles
(Figure 4j). In the asexual state, two types of conidia
were observed. Alpha conidia were hyaline, cylindrical,

aseptate, biguttulate, rounded at each end (Figure 4s),
6-8 X 3-4 um, mean * SD = 7.0 £ 0.5 X 3.4 £ 0.3 pm.
Beta conidia were filiform, hyaline, straight or hamate,
aseptate, each with the base slightly inflated, tapering
towards one apex (Figure 4s), 14-30 x 2-3 pm, mean
+ SD =239 £ 3.2 x 2.4 + 0.2 pum. Conidiophores were
phialidic, hyaline, terminal, cylindrical, 16-21 x 1.5-4
pum, tapered towards the apices (Figure 4II), Tapering
perithecial necks protruded through substrata deeply
immersed in fennel stem tissues (Figure 4i). Asci were
unitunicate, eight-spored, sessile, elongate to clavate
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D. sojae D. eres D. unshivensis  D. compactum D, alangii ~ D. hongkongensis  D. fecionae

IIN10 cQ7 CcQ178 FJHIS7 CQ51 Q58

Q78

CQl4

Figure 4. Morphologies of representative isolates selected from seven Diaporthe species. a to h, colony characteristics of the representative iso-
lates of belonging to seven species cultured on potato dextrose agar incubated at 25°C in darkness. i, ascomata on fennel stems. j and k, spiral
conidial cirri. 1 to p. conidial droplets. g, asci. r, ascospores. s to u, alpha and beta conidia. v to y, alpha conidia. I-VIII, conidiophores. Scale

bars: i, k and n = 200 pum; j and 1 = 500 pm; m, 0 and p =100 um; q to y = 10 um. I to IIT and VI to VII = 20 pum; IV, V, and VIII =10 pym.

(Figure 4q), ascospores were hyaline, two-celled, often
four-guttulate. Conidiophores phialidic, hyaline, termi-
nal, ampulliform, 15-23 x 1.5-3.5 pum, tapered towards
the apex (Figure 4I). Compared with the description
of the ex-type isolate FAU 635, the asci of isolate CQ78
were slightly shorter (32.5-45.5 x 8-12 vs 38.5-46.5 x
7-9 um; mean + SD = 38.2 £ 2.9 x 10.0 £ 0.8 um), and
the ascospore were of similar size to the ex-type isolate
(10-13 x 4-5 vs 9.5-12 x 3-4 pum), mean + SD = 11.0
+ 0.7 x 4.3 £ 0.3 um (Table 3). Of all species obtained
from this study, only D. sojae produced the sexual state
on fennel stems in vitro.

Diaporthe eres. Cultures appeared initially as white
(surface) and pale yellowish to brownish at the centres
with age, colony diam. 25-31 mm in 3 d at 25°C. Aerial
mycelia were white, sparse and fluffy. Each colony on
PDA contained no less than two wide concentric rings of
conidiomata at maturity (Figure 4c). Conidiomata were
subglobose to globose, dark brown to black, with spiral
conidial cirri extruding from ostioles (Figure 4k). Alpha
conidia were hyaline, fusiform or oval (Figure 4t), 7-11
X 3-5 um, mean = SD = 8.6 + 0.9 x 3.7 £ 0.4 um. Beta
conidia were hyaline, filiform, smooth, curved, with
truncate bases (Figure 4t), 30-43 x 2-3 um, mean + SD

= 34.88 £ 3.56 x 2.35 + 0.34 um. Conidiophores were
phialidic, hyaline, terminal, cylindrical, 9-13 x 1.5-4
um, tapered towards the apices (Figure 4I1T).

Diaporthe unshiuensis. Aerial mycelia were white,
sparse, turning to grey with age, and with light gray pig-
mentation at the colony centres (Figure 4d), with colony
diam. 23-28 mm in 3 d at 25°C. Conidiomata were sub-
globose, black and solitary or aggregated on the medium
surface, with opalescent, glossy conidial drops exuding
from the ostioles (Figure 41). Alpha conidia were hya-
line, ellipsoidal or clavate, smooth, and aseptate (Figure
4u), 6-8 x 2-4 um, mean = SD = 7.0 + 0.5 x 3.0 £ 0.3
um. Beta conidia were filiform, hyaline, smooth, curved,
with truncate bases (Figure 4u), 22-40 x 2-3 um, mean
+ SD = 28.8 + 3.5 x 2.2 + 0.3 pm. Conidiophores were
phialidic, hyaline, terminal, and cylindrical, 15-26 x
1.5-2.5 um, and tapered towards the apices (Figure 4IV).

Diaporthe compactum. Cultures were entirely white
from above, and brown, and feathery from below, with
neat margins (Figure 4e), and colony diam. 27-30 mm
after 3 d at 25°C. Brown or pale gray and spheroidal
conidiomata were semi- or fully-embedded in the media,
and conidia exuded from ostioles in lustrous, yellowish
drops (Figure 4m). Alpha conidia were fusiform, hya-
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Table 3. Sizes of alpha and beta conidia, and growth rates in culture, of representative isolates of Diaporthe spp. obtained in this study.

Conidium sizes

Species, isolate Alpha conidia ? Beta conidia® Means + SD of conidia® G(r;v:nthd,rla)te
Length (um) Width (um) Length (um) Width (um) a-Conidia B-Conidia

Diaporthe eres
8.59 £ 0.86 x  34.88 + 3.56 x

HN10 6.56-11.23 3.18-4.88 29.43-43.23 1.69-3.11 3.69 + 0.35 235 + 0.34 10.1
791 £0.64 x 3442 +0.45 x

HB25 6.85-10.27 3.18-4.13 26.26-41.96 1.74-3.83 370 + 0.24 253 + 0.37 9.2
7.30 £0.52 x  27.53 £2.70 x

SX24 6.06-8.52 2.81-4.13 20.91-32.30 1.44-3.09 3.60 + 0.28 214 + 0.30 8.3
7.24 £ 0.58 x

HB24 5.86-8.48 2.76-4.70 / / 367 + 0.38 / 8.5
6.44 = 0.60 x

CcQ3 5.22-7.61 2.75-3.53 / / 1101 / 11.7

D. hongkongensis
8.47 £ 0.76 x

CQsl1 6.97-10.39 3.07-4.65 / / o8+ 033 / 9.8

D. sojae
6.98 £ 0.52 x  23.89 £3.19 x

CQ14 5.57-8.27 2.82-4.05 14.43-30.54 1.67-3.29 3.4 + 029 238 + 0.16 7.6
7.81 £ 0.76 x

CQ78 6.19-9.17 3.10-5.00 / / 3.92 + 0.42 / 12.5
7.15 + 0.48 x

CQl6 6.16-8.11 2.11-3.56 / / 308 + 07 / 9.8

D. unshiuensis
6.96 £ 0.52 x  28.77 £3.48 x

CcQ7 5.82-8.74 2.40-3.50 21.98-41.15 1.47-2.71 300+ 027 215 + 0.32 9.3
7.27 £0.67 x 2548 £ 2.18 x

CQ9 5.81-8.81 2.59-4.05 18.31-30.97 1.85-3.19 398 + 0.30 288 + 0.28 7.8

D. tectonae
5.60 = 0.58 x

CQ58 4.38-7.09 2.11-3.28 / / 264 + 030 / 12.3
7.91 + 0.64 x

SC83 5.65-6.86 2.56-3.42 / / 370 + 0.24 10.4

D. compactum
7.27 £0.52 x

CQ178 6.19-8.52 2.98-4.24 / / 373 4028 / 9.6
7.86 + 0.54 x

SCe67 6.19-10.01 2.75-4.40 / / 353 + 031 / 8.6

D. alangii
7.55+0.85x  32.67 £4.99 x

CQ155 5.44-9.28 2.33-4.13 22.33-40.86 1.42-4.00 391 + 0.45 249 + 0.49 9.8
7.20 £ 0.76 x

FJH]JB57 5.72-10.14 2.77-4.45 / / 364 + 035 / 8.1

2 Minimum and maximum lengths and widths of 50 alpha conidia.
b Minimum and maximum lengths and widths of 50 beta conidia.
¢ Mean conidium sizes of calculated from statistical analyses. Data were analyzed with SPSS Statistics 21.0 (WinWrap Basic; http://www.
winwrap.com) by one-way analysis of variance, and means were compared using Duncan’s test (at P = 0.05). SD = standard deviation.

/ indicates where beta conidia were not produced.
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line, usually biguttulate, straight or slightly curved, and
both ends of each conidium were blunt, or one end was
rounded and the other acute (Figure 4v), 6-9 x 3-4 um,
mean = SD = 7.3 + 0.5 x 3.7 + 0.3 pm. Beta conidia were
not observed. Conidiophores were phialidic, hyaline, ter-
minal, ampulliform, and tapered towards their apices,
9-17 x 1-3 um (Figure 4V).

Diaporthe alangii. Aerial mycelium was sparse.
Colonies were white at first, and becoming light brown
due to pigment formation, with neat or petaloid mar-
gins (Figure 4f), colony diam. 24-30 mm after 3 d at
25°C. Conidiomata were scattered, black or brown and
irregularly distributed over agar surfaces, with yellow-
ish conidial drops exuding from the ostioles (Figure 4n).
Alpha conidia were aseptate, hyaline, biguttulate, each
usually with one end obtuse and the other acute (Fig-
ure 4w), 6-10 x 3-5 pm, mean + SD = 72 + 0.8 x 3.6 £
0.4 pm. Beta conidia were not observed. Conidiophores
were phialidic, hyaline, terminal, ampulliform, tapered
towards the apices, 9-18 x 1.5-2.5 pm (Figure 4VT).

Diaporthe hongkongensis. Colonies were snow-white,
with dense aerial mycelium, which collapsed in the cent-
er, and the collapsed parts were moist and sticky (Figure
4g), colony diam. 30 mm after 3 d at 25°C. Conidioma-
ta were spheroidal and enveloped by tangled mycelia.
Irregular and yellowish conidial piles were effusing from
the ostioles (Figure 40). Alpha conidia were fusiform,
hyaline, septate, and not obtuse at both ends (Figure
4x), 7-10 x 3-5 pm, mean + SD = 8.5 £ 0.8 x 3.8 £ 0.3
pum. Beta conidia was not observed. Conidiophores were
phialidic, hyaline, terminal, cylindrical, tapered towards
their apices, 25-30 x 1-3 um (Figure 4VII).

Diaporthe tectonae. Colonies were white at first,
with gray pigmentation gradually accumulating in the
centres until entire colony colonies turned brown (Fig-
ure 4h), colony diam. 31-36 mm after 3 d at 25°C. Con-
idiomata globose, black or brown, scattered, erumpent
on PDA, with conidial droplets exuding from the centre
ostioles (Figure 4p). Alpha conidia were cylindrical or
tusiform, hyaline, usually biguttulate, and septate (Fig-
ure 4y), 4-7 x 2-3 um, mean + SD =5.6 + 0.6 X 2.6 £
0.3 pum. Beta conidia were not observed. Conidiophores
phialidic, hyaline, terminal, ampulliform, and tapered
towards their apices, measuring 11-20 x 1.5-3 pm (Fig-
ure 4VIII).

Pathogenicity tests

Two typical symptoms developed on detached leaves
of A. chinensis, which were observed at the wound sites
at 7 d post inoculation. One symptom consisted of red-
dish-brown, round or suborbicular, small, slowly expan-
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sion lesions, while the other consisted of lesions with
black necrotic centres surrounded by round or subor-
bicular brown halos (Figure 5a). The first of these symp-
toms developed after inoculations with D. compactum,
D. eres, D. sojae or D. unshiuensis, while the second was
induced by inoculations with D. tectonae, D. alangii or
D. hongkongensis. Lesion diameters caused by the dif-
ferent fungi differed significantly. Diaporthe tectonae,
or D. alangii caused large lesions (mean diam. = 10-22
mm) on all the inoculated leaves, those caused by D.
hongkongensis or D. eres were smaller (5-8 mm), while
those caused by isolates of D. sojae, D. compactum, or
D. unshiuensis were smaller still (2-4 mm) (Figure 6a).
Unwounded leaves inoculated with Diaporthe spp. iso-
lates remained symptomless. In parallel, no lesions were
observed on the leaves that were wound and non-wound
inoculated with PDA discs as controls. Koch’s postulates
were fulfilled by re-isolating each Diaporthe sp. isolate
only from symptomatic leaves.

In the pathogenicity tests conducted on branch-
es of four kiwifruit varieties, all the Diaporthe spe-
cies were pathogenic to wounded branches. The symp-
toms induced by representative isolates were similar,
as fusiform necrotic lesions and internal discoloura-
tion observed at the wound sites (Figure 5b). The lesion
lengths caused by the representative isolates tested on
different cultivars were diverse. Diaporthe tectonae and
one isolate of D. alangii (SC74) induced large lesions
(mean length = 67-83 mm) on A. chinensis ‘Huangjin’,
D. alangii (CQ155) or D. eres caused smaller lesions (20—
30 mm), and the other pathogens induced even smaller
(2-18 mm) (Figure 6b). Diaporthe tectonae, D. alangii,
and a D. sojae isolate (CQ16) caused large lesions (50-
106 mm) on A. chinensis ‘Hongyang’, while the remain-
ing isolates caused shorter lesions (4-20 mm) (Figure
6¢). Diaporthe tectonae or D. alangii (SC74) induced
large lesions (39-54 mm) on A. chinensis ‘Jinyan’, while
D. eres (HB25) and D. alangii (CQ155) caused smaller
lesions on this cultivar (17-22 mm). The remaining iso-
lates caused short lesions on this cultivar (5-12 mm)
(Figure 6d). Diaporthe tectonae and a D. alangii isolate
(SC74) caused large lesions (40-68 mm) on A. chinensis
‘Cuiyw’, D. alangii (CQL55), D. compactum (CQ178), D.
eres (HB25), or D. sojae (CQ16) caused shorter lesions
(15-25 mm), and those from the remaining isolates were
shorter still (3-10 mm) (Figure 6e). Unwounded shoots
of kiwifruit inoculated with Diaporthe spp. isolates
remained symptomless, and no lesions developed on the
shoots that were wound and non-wound inoculated with
PDA discs. Each respective Diaporthe species was re-
isolated from inoculated symptomatic shoots, fulfilling
Koch’s postulates for these pathogens.
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Control D. hongkongensis D. tectonae D. alangii

CQs51 CQ166 SC74

D. unshiuensis D. sojae D. compactum D. eres

CcQ7 CQl4 CQ178 HN10

Figure 5. Pathogenesis of seven Diaporthe species on kiwifruit leaves and stems. a, symptoms caused after inoculation of wounded kiwi
leaves (Actinidia chinensis ‘Cuiyu’) with mycelium plugs from cultures of seven Diaporthe spp. b, symptoms caused by inoculation of
wounded kiwi branches (Actinidia chinensis ‘Hongyang’) with mycelium plugs from cultures of seven Diaporthe spp.
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D. hongkongensis: CQ21, CQ51
D. unshiuensis: CQ7, MJL15
D. eres: HN10, HB25

D. compactum: CQ178, SC67
D. sojae: CQ14, CQ16

D. tectonae: CQ166, CQ58

D. alangii: CQ155,SC74

Figure 6. Mean lesion lengths on wounded kiwifruit leaves and shoots at 10 dpi with mycelium plugs of representative isolates of seven
Diaporthe species. a, lesion length on wounded leaves of Actinidia chinensis ‘Cuiyu’ b to e, lesion lengths on the wounded kiwifruit shoots
(Actinidia chinensis ‘Huangjin, Actinidia chinensis ‘Hongyang, Actinidia chinensis Jinyan, or Actinidia chinensis ‘Cuiyu.

Fruits were susceptible to the representative iso-
lates selected from each species, and all tested species
caused rots on wounded fruits. Typical symptoms were
some sarcocarp tissues swollen with internal softening
around the inoculation wounds at early stages, trans-
parent drops streaming from the inoculation punctures,
epidermis peeling, and brownish, damp and rotted flesh
(Figure 7a). Fruits inoculated with D. alangii (CQ155), D.
eres (HN10), D. sojae (CQIl4), D. tectonae (CQ58), or D.
hongkongensis (CQ21) had larger lesions (mean diam. =
30-42 mm) than those inoculated with D. unshiuensis
(CQ7) or D. compactum (CQ178), (13-17 mm) (Figure
7b). All the non-wounded fruits inoculated with Dia-
porthe spp. isolates remained symptomless. The nega-
tive controls of wounded and unwounded fruits did not
produce lesions. Each respective Diaporthe species was

re-isolated from the symptomatic fruits, fulfilling Koch’s
postulates for these pathogens.

In the host range tests, at 10 d post-inoculation,
the seven Diaporthe species all caused canker symp-
toms on detached shoots of the five different fruit crop
plants. After removing phloem tissues, maroon and
fusiform necrotic lesions emerged in the underlying
wood below, and these extended along the inoculated
branches. In most cases, the affected shoots of pear and
apple showed swollen and the bark cracking at the mar-
gins, with dark-brown to reddish cankers and abundant
gummosis were observed at the inoculation sites on the
branch of plum and apricot. The symptoms produced
on peach shoots were black depressed cankers. The Dia-
porthe isolates caused different degrees of lesioning on
detached branches of the different fruit tree species.
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Figure 7. Symptoms and mean lesion lengths caused by inoculation of wounded kiwifruit fruits (Actinidiae deliciosa ‘Hayward’) with myce-
lium plugs from cultures of seven Diaporthe spp. a, representative symptoms photographed at 10 d post inoculation. b, mean lesion lengths

(four replicates) measured at 7 d post-inoculation.

Diaporthe tectonae or D. alangii isolates caused large
lesions (mean length = 18-39 mm), and D. compactum,
D. eres, D. hongkongensis, D. sojae, or D. unshiuen-
sis caused shorter lesions (5-15 mm) on Pyrus pyrifolia
‘Cuiguan’(Figure 8a). Lesion lengths on Prunus salicina
‘Dahongpao’ caused by the seven Diaporthe species were
of length 5-20 mm, except that two isolates caused larg-
er lesions, with those from D. sojae isolate (CQ14) being
30 mm, and those from D. alangii isolate (SC74) being
53 mm (Figure 8b). The lesion lengths on Malus pumi-
la ‘Hong Fushi’ caused by the seven Diaporthe species
were mostly 5-15 mm in length, except for those from
one isolate of D. alangii (SC74) which were longer (70
mm) (Figure 8c). The lesion lengths on Prunus persica
“Youtao’ caused by D. alangii isolate CQ155, D. compac-
tum isolate CQ178, D. eres, D. hongkongensis, D. sojae, or
D. unshiuensis were 5-10 mm long, and those from the
remaining isolates were larger (15-25 mm) (Figure 8d).
Diaporthe alangii caused large lesions (60 mm) on Pru-
nus aremeniaca ‘Helanxiangxing’, followed by D. hong-
kongensis, D. eres, D. sojae, D. tectonae isolate CQ58, or
D. unshiuensis isolate CQ7 (15-30 mm), and the remain-
ing isolates caused short lesions (5-10 mm) (Figure 8e).
No lesions were induced in the branches inoculated with
non-colonized PDA plugs.

DISCUSSION

Diaporthe spp. previously reported on kiwifruit have
been associated with fruit stem-end rots (Sommer and

Beraha, 1975; Hawthorne et al., 1982; Lee et al., 2001;
Koh et al., 2005; Luongo et al., 2011; Thomidis et al.,
2019), and with shoot blight and leaf spots. In the pre-
sent study, a large-scale investigation of Diaporthe spe-
cies associated with kiwifruit infections was conducted
in nine major cultivation provinces of China. Multi-
locus phylogenetic analyses and morphological charac-
terization of isolated fungi were employed to evaluate
the diversity of Diaporthe species associated with shoot
blight and leaf spot of kiwifruit, and pathogenicity tests
was performed to fulfill Koch’s postulates for representa-
tive Diaporthe isolates. This study has shown that seven
Diaporthe species, including D. unshiuensis, D. eres, D.
sojae, D. hongkongensis, D. compactum, D. alangii, and
D. tectonae, were the causal organisms of shoot blight
and leaf spot diseases of kiwifruit. As well, D. unshiuen-
sis, D. sojae, D. compactum, D. alangii, and D. tectonae
are here first reported as causes of kiwifruit shoot blight
and leaf spot. The study was comprehensive, investi-
gating samples from 16 orchards located in nine major
kiwifruit production areas in China, and used phyloge-
netic analyses and morphology to characterize a large
number of fungus isolates.

DNA sequence data are essential for resolving taxo-
nomic questions, redefining species boundaries, and
accurate species nomenclature (Guarnaccia and Crous,
2017; Guarnaccia et al., 2017). Phylogenetic analyses
individually based on ITS, EFI-a, and TUB sequence
data differentiated D. compactum, D. eres, D. hong-
kongensis, D. sojae, and D. unshiuensis. However, ITS
and EFI-a gathered D. tectonae and D. alangii into one
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Figure 8. Mean lesion lengths on wounded shoots of pear, plum, apple, peach, and apricot, at 10 d post-inoculation, induced by mycelium
plugs from cultures of representative isolates of seven Diaporthe species. a. lesion lengths on shoots of Pyrus pyrifolia ‘Cuiguan, b, Prunus
salicina ‘Dahongpao; ¢, Malus pumila ‘Hong Fushi, d, Prunus persica ‘Youtao, or e, Prunus aremeniaca ‘Helanxiangxing.

clade. Several studies have used three to five concat-
enated genes simultaneously to separate species within
Diaporthe (Santos et al., 2011; Gomes et al., 2013; Gao et
al., 2015; Diaz et al., 2017). As ITS and the EFI-a gene
have limitations for distinguishing D. alangii and D. tec-
tonae, the concatenated ITS, EFI-«, and TUB phyloge-
netic analysis was successively employed to discriminate
these two fungi. The results showed that the two species
clustered into two clades with high bootstrap (1.00/99).
These two fungi also differed morphologically, with D.
tectonae having shorter alpha conidia than D. alangii.
Prevalence analyses of the seven Diaporthe spp.
showed that the most dominant species responsible for
leaf spot and branch blight of kiwifruit were: D. unshi-
uensis (100 isolates, 35.2%, isolated from Anhui, Chong-
qing, Fujian, Henan, Hubei, Sichuan, and Zhejiang); D.
eres (94 isolates, 33.1%, isolated from Anhui, Chongqing,

Fujian, Henan, Hubei, Shandong, Shanxi, Sichuan, and
Zhejiang); and D. sojae (57 isolates, 20.1%, isolated from
Chongging, Fujian, Henan, Hubei, Shandong, Sichuan,
and Zhejiang). The other identified fungi were less com-
mon, including: D. honkongensis (19 isolates, 6.7%, iso-
lated from Anhui, Chongging, Fujian, and Hubei), D.
compactum (six isolates, 2.1%, isolated from Chong-
qing, Fujian, Hubei, and Sichuan); D. alangii (five iso-
lates, 1.8%, isolated from Chongqing, Fujian, Hubei, and
Sichuan), and D. tectonae (three isolates, 1.1%, isolated
from Chongqing and Sichuan) (Table 2). Analysis of
Diaporthe species in the sampled areas showed obvious
species diversity in Anhui, Chongqing, Fujian, Hubei,
Sichuan, and Zhejiang. This may be attributed to the
humid and warm climate in these provinces, which is
suitable for survival of Diaporthe spp. In contrast, only
one Diaporthe sp. was identified from Shanxi, two from
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Figure 9. Sample collections of kiwifruit shoot blight and leaf spot diseases, and distribution of Diaporthe species in China. a, numbers and
species of different Diaporthe species from kiwifruit plants. Each coloured circle represents one fungus species, and the size of the circle
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Fujian (FJ), Shandong (SD), Shanxi (ShX), Sichuan (SC) and Zhejiang (Z]). b, and ¢, isolation rates (%) of different Diaporthe spp. from

kiwifruit leaf or branch tissues.

Shandong, and three species were identified from Henan
(Figure 9a), which may be related to the dry climate of
these three provinces being unsuitable for Diaporthe.

Since Diaporthe spp. have endophytic, saprobic or
pathogenic lifestyles, pathogenicity to kiwifruit was
assessed by inoculating leaves, shoots, and fruit of dif-
ferent kiwifruit species, using wound and non-wound
inoculation methods. Wound inoculations showed that
all the species were pathogenic and caused leaf spot and
shoot blight of this host. The different fungi also showed
significantly different virulence, with D. alangii and D.
tectone as the most aggressive species, followed by D.
compactum, D. eres, D. hongkongensis, D. unshiuensis,
and D. sojae. It is significant, however, that the inocu-
lations of these seven species on unwounded leaves,
branches, and fruits did not cause disease symptoms.
These species can be endophytes and opportunist patho-
gens occurring in a wide range of hosts and later as sap-
robes on dead host tissues.

Host affiliation has been for species delimitation in
Diaporthe, but this has proved uninformative because
many Diaporthe spp. have been recorded on a wide
range of hosts (Santos and Phillips, 2009; Udayanga et
al., 2012; Gao et al., 2015; Guarnaccia et al., 2020). For
example, D. lithocarpus was confirmed as the cause of

diseases on five plant hosts belonging to different fami-
lies, and Lithocarpus glabra was shown to host seven
different species of Diaporthe (Gao et al., 2014). In the
present study, the seven Diaporthe species isolated from
kiwifruit were not host-specific. Diaporthe tectonae was
first reported to cause branch and twig dieback on Tecto-
nae grandis in Northern Thailand (Doilom et al., 2016),
and the present study has showed that D. tectonae could
induce shoot blight of kiwifruit in China. Diaporthe
alangii was originally isolated from dieback branches
of Alangium in China (Yang et al., 2018b). The present
study confirmed D. tectonae as the cause of leaf spot
and shoot blight of kiwifruit. Diaporthe eres, D. sojae,
and D. hongkongensis are pathogens causing shoot can-
ker of grapevine and pear (Dissanayake et al., 2014; Guo
et al., 2020b), as well as kiwifruit shoot blight and leaf
spot (present study). Diaporthe unshiuensis was report-
ed from the fruit of Citrus unshiu with unidentified
symptoms and non-symptomatic branches and twigs of
Fortunella margarita (Huang et al., 2015), and the pre-
sent study showed weak aggressiveness of this species
to kiwifruit. Several Diaporthe spp. have been recent-
ly recognized as causal agents of diseases of Rosaceae
fruit crop plants, including peach, pear, and apple (Bai
et al., 2015; Sessa et al., 2017; Tian et al., 2018; Guo et
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al., 2020b). However, kiwifruit is often in mixed plant-
ings with apple, apricot, pear, peach, and plum in many
kiwifruit production areas in China. Results of host
range and virulence assessments described here have
shown the seven Diaporthe species were pathogenic, not
only to kiwifruit, but also to most other Rosaceae fruit
crop hosts. This indicates that these pathogens have the
potential to infect these alternative hosts, potentially
providing pathogen inoculum across these hosts.

In conclusion, identification of these pathogens pro-
vides valuable new information to assist understanding
of leaf spot and branch blight of kiwifruit. The study has
also shown the Diaporthe species responsible for these
diseases, which will assist the design of potential disease
prevention and management strategies for these eco-
nomically important diseases.
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Summary. In Sudan yellowing viruses are key production constraints in pulse crops.
Field surveys were carried out to identify luteovirids affecting chickpea crops in the
major production regions (Gezira Scheme and River Nile State). A total of 415 chick-
pea plant samples with yellowing and stunting symptoms were collected during the
2013, 2015 and 2018 growing seasons. Serological results (Tissue-blot immunoassays)
showed that Luteoviridae and Chickpea chlorotic dwarf virus (CpCDYV, genus Mas-
trevirus, family Geminiviridae) were the most common viruses, with rare infections
with Faba bean necrotic yellows virus (FBNYV, genus Nanovirus, family Nanoviridae).
Some samples reacted only with a broad-spectrum luteovirid monoclonal antibody
(5G4-MADb), and others showed cross reactions between the specific monoclonal anti-
bodies, suggesting the occurrence of new luteovirid variants. Serological results were
confirmed by amplification with reverse transcription-polymerase chain reaction (RT-
PCR) and sequencing of the partial coat protein gene. Molecular analyses provided a
basic, sufficient and reliable characterization for four viruses affecting chickpea that
belong to Polerovirus (family Luteoviridae). These were Cucurbit aphid-borne yellows
virus (CABYV), Pepper vein yellows virus (PeVYV), Pepo aphid-borne yellows virus
(PABYV) and Cotton leafroll dwarf virus (CLRDV), that shared high similarity with
the type sequences. Phylogenetic analyses also revealed high similarity to luteovirid
species. This study has established reliable, rapid and sensitive molecular tools for the
detection of luteovirid species.

Keywords. Molecular characterization, sequence alignment, Polerovirus, Luteoviridae,
Sudan.

INTRODUCTION

Chickpea (Cicer arietinum L.) is an economically important food crop in
West Asia and North Africa (WANA) and in semi-arid areas of the world
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(Van der Maesen, 1987). The total world area under
chickpea cultivation during the 2018 cropping season
was 1.78 million ha with an estimated annual produc-
tion of 17 million tonnes (FAO, 2018), making chickpea
the third most important pulse crop after soybean and
common bean. Chickpea is an important source of pro-
tein in human diets and plays a significant role in farm-
ing systems (Merga and Haji, 2019).

In Sudan, chickpea is the third most economi-
cally important food legume crop after faba bean and
cowpea, as a cash crop that generates income for farm-
ers and rural communities, and as a significant source
of protein for Sudanese people (Mohamed et al., 2015).
It is traditionally grown as a winter crop in River Nile
State, northern Sudan. However, chickpea production
has recently expanded to the central clay plain of central
Sudan. The Gezira Scheme is one of the world’s largest
irrigation systems under one management, centred in
the Sudanese state of Gezira, southeast of the confluence
of the Blue Nile and White Nile at the city of Khartoum.
The major crops in the Gezira Scheme are cotton, veg-
etable crops, cereals (sorghum and wheat), and currently
kabuli type chickpea production is expanding due to its
high price and low cost of production. The chickpea area
harvested in Sudan during 2018 was 6,716 ha, and yield-
ed 11,698 tonnes (FAO, 2018). The productivity in Sudan
is generally low (1.75 t ha) (FAO, 2018), partly due to
the use of inferior seeds purchased from local mar-
kets or imported from neighboring countries. Chickpea
fields planted in November each year (early planting)
are susceptible to high virus and wilt/root rot infec-
tions (Mohamed et al., 2015; 2018). Late planted crops
(December/early January) showed low amounts of virus
and root rot infections, but are more exposed to heat
than early sown crops (Abdelmagid Adlan Hamed, per-
sonal communication), and this leads to high amounts
of empty pods.

Generally, diseases causing yellowing, stunting and
leaf roll symptoms are primarily caused by luteovirids,
which are considered the most destructive virus diseas-
es that infect cool season food legumes worldwide (Bos
et al., 1988; Makkouk et al., 2003c; 2014; Kumar et al.,
2008; Kumari et al., 2009). Virus species in the family
Luteoviridae are transmitted in a circulative, non-prop-
agative manner by specific aphid vectors. These viruses
often cause phloem necroses that spread from inocu-
lated sieve elements and cause symptoms by suppress-
ing translocation, reducing plant growth and prompting
chlorophyll loss, which results in characteristic yellow-
ing and dwarfing of infected plants. Several members
of the Luteoviridae have host ranges largely restricted
to one plant family, and other members infect plants
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in several or many families. For instance, Bean leafroll
virus (BLRV) and Soybean dwarf virus (SbDV) (Luteo-
virus) infect mainly legumes, whereas Beet western yel-
lows virus (BWYYV, Polerovirus) infects more than 150
species of plants in over 20 families (Domier, 2011).

Serologically, virus species in the Luteoviridae
(mainly those in Polerovirus) cannot be distinguished
using polyclonal antisera (Duffus and Russell, 1975;
Govier, 1985) and most monoclonal antibodies (M Abs)
(Oshima and Shikata, 1990; Smith et al., 1996), due to
cross reactions with non-target species. Furthermore,
antibodies for many species within this family are not
easily available (D’Arcy et al., 1989; Fortass et al., 1996).
Molecular assays are generally more sensitive than sero-
logical tests, especially with luteovirids, which are pre-
sent in lower concentrations than many other plant
viruses. Reverse transcription-polymerase chain reac-
tion (RT-PCR) technology provides more sensitive assays
which have the potential to identify luteovirid-infected
plants more reliably, especially in the early stages of
infection, and also helps to improve virus classifications
(Lemaire et al., 1995; Hauser et al., 2000; Xiang et al.,
2008a, 2008b; Mnari-Hattab et al., 2009; Shang et al.,
2009; Knierim et al., 2010). For example, virus isolates
previously identified as BWYV have been reclassified as
four distinct virus species (BWY'V, Beet chlorosis virus
(BChV), Beet mild yellowing virus (BMYV), and Turnip
yellows virus (TuYV)) on the basis of differences in host
range and molecular characterizations (Hauser et al.,
2000; 2002; D’Arcy and Domier, 2005). Using molecu-
lar techniques, Chickpea chlorotic stunt virus (CpCSV),
identified as a new member of Polerovirus, has been
shown to naturally infect a range of cool-season food
legumes, and cause leaf yellowing and plant stunting in
Ethiopia and Syria (Abraham et al., 2006) and in many
countries in WANA region (Kumari et al., 2007; Asaad
et al., 2009). In addition, many virus isolates that were
identified as a luteovirid based on their positive reac-
tions with a broad spectrum MAb “5G4” (Katul, 1992)
in the past, did not react serologically with the available
specific MAbs (Makkouk et al., 1988; Abraham et al.,
2008; Mustafayev et al., 2011; Kumari et al., 2017). These
viruses remained unidentified due to the lack of specific
antibodies or appropriate molecular tools.

Chickpea can be naturally infected with a number
of viruses causing yellowing and stunting symptoms
(Nene et al., 1996; Kumar et al., 2008). However, in
Sudan, four viruses have been identified to naturally this
host and cause significant economic damage. These are,
Faba bean necrotic yellows virus (FBNYV, Nanovirus,
Nanoviridae), Chickpea chlorotic dwarf virus (CpCDV,
Mastrevirus, Geminiviridae), CpCSV and BWYV (Abra-
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ham et al., 2009; Makkouk et al., 2003b; 1995; Makkouk,
2020). Cucurbit aphid-borne yellows virus (CABYV)
has also been reported by Kumari et al. (2018) to infect
chickpea in Sudan and cause stunting, yellowing and
necrosis. However, that study suggested the presence of
other luteovirids in survey samples, but the identity of
these was not reported.

Previous studies and surveys conducted in many
regions of Sudan have indicated the occurrence of
unrecognized viruses with wide distributions and some-
times with high incidence. However, the diversity of
luteovirid species infecting cool-season food legume
crops in Sudan has not been previously and extensively
studied, and information on the incidence of specific
viruses affecting these crops is limited. To address this
knowledge gap, we carried out field surveys in the main
chickpea production areas of Sudan to accurately char-
acterize the identity, diversity, variability and geographic
distributions of luteovirid species that affect chickpea,
using conventional and molecular analyses.

MATERIALS AND METHODS
Field surveys and serological tests

Field surveys were conducted in the major chick-
pea production areas in Sudan, including areas of the
Gezira Scheme (middle, north and south) and River Nile
State (Hudeiba Agriculture Research Station, Berber and
Shendi). The 204 chickpea samples collected by Kumari
et al. (2018) in February 2013 and March 2015 were
included in the present study, to investigate luteovirid
diversity in addition to the CABYV already reported. A
further 211 chickpea samples were collected in Febru-
ary 2018 when the crops were at the flowering/pod set-
ting stage. Shoot samples from a total of 415 chickpea
plants with yellowing and stunting symptoms were col-
lected from 35 fields (133 plants from ten fields in 2013;
71 plants from four fields in 2015 and 211 plants from
21 fields in 2018). In each field visited, data on field loca-
tion, crop condition, growth stage, virus disease symp-
toms, virus disease incidence and aphid populations
were recorded. Virus disease incidence in each field was
determined on the basis of visual virus symptoms and
the number of infected plants per m* at randomly cho-
sen locations in the field, and were grouped into five cat-
egories (<1%, 1-5%, 6-20%, 21-50% or >50%). The fresh
stem of each sample plant was blotted on nitrocellulose
membrane (NCM, 0.45 um, Bio-Rad, Cat No. 1620115)
in ten replicates. The leaves of all collected samples were
dried over silica gel or lyophilized for further molecular
analyses.

Three replicates of blotted NCMs were tested for the
presence of viruses by tissue-blot immunoassay (TBIA;
Makkouk and Kumari, 1996), using a broad-spectrum
legume luteovirid monoclonal antibody (MAb) (5G4;
Katul, 1992), MAD for FBNYV (3-2E9; Franz et al., 1996)
and a polyclonal antibody for CpCDV (Kumari et al.,
2006).

To identify individual luteovirids, samples that
reacted positively with MAb 5G4 in TBIA (23 samples in
2013, 18 samples in 2015, 45 samples in 2018) were retest-
ed further, using specific MAbs to BWYV (A5977 from
Agdia, USA), BLRV (4B10; Katul, 1992), SbDV (ATCC
PVAS-650, USA) and a mixture of three MAbs (1-1G5,
1-3H4 and 1-4B12) produced against an Ethiopian isolate
of CpCSV (CpCSV-Eth) and a mixture of three MAbs
(5-2B8, 5-3D5 and 5-5B8) produced against a Syrian iso-
late of CpCSV (CpCSV-Sy) (Abraham et al., 2006, 2009).

Molecular analyses

RNA extraction

Total RNA was extracted from 50 to 100 mg of
virus-infected lyophilized tissue following a user-devel-
oped protocol using McKenzie lysis buffer (McKenzie
et al., 1997) with the RNeasy® Plant Mini Kit (Cat No.
74904, Qiagen). RNAs for all tested samples were stored
as solutions in Nuclease free-water at —80°C.

Complementary DNA (cDNA)

Synthesis of cDNA was achieved using the M-MLV
Reverse Transcriptase kit (Cat No. 28025013, Invitro-
gen) as per the manufacturer’s instructions, with reverse
primer AS3 (Abraham et al., 2008) (Table 1). Three pL of
total RNA, 1 pL of 10 uM AS3 primer, 1 pL of Nuclease
free water and 1 pL of 10 uM dNTPs (2’-deoxynucleo-
tide 5’-triphosphates) were heated at 65°C for 5 min. The
reaction was cooled on ice for 2 min and the following
reagents were added: 2 uL 5x First-Strand Buffer, 1 pL
0.1 M DTT and 0.5 uL Nuclease free water. The reaction
was incubated at 37°C for 2 min then 0.5 pL of M-MLV
RT enzyme was added (final volume 10 uL) followed by
a further 50 min at 37°C before deactivating at 70°C for
15 min.

Reverse transcription-polymerase chain reaction (RT-PCR)
The success of reverse transcription was checked by

performing a PCR using the generic primer pairs (AS3/
Pol3870F) (Sharman et al., 2015) to amplify 370 bp of
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Table 1. Luteovirid primer sets used in this study.
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Product
Size (bp)

Primer pairs Primer Sequence (5’ to 3’)

Target virus species® Reference

Generic primers

CLRDYV, CpCSV, CABYV, PLRV, BWYYV,

AS3 CACGCGTCIACCTATTTIGGRTTITG 370 TuYV, BLRV, CBTV, SbDV Abraham ef al., 2008
Pol3870F ATCACBTTCGGGCCGWSTYTWTCAGA Sharman et al,, 2015
Specific Multiplex primers
Master Mix-1
AS3
BLRV3589F CAAGGAGACGTTTACCAGTCGT 551 BLRV Sharman, unpublished data
BWYV3969F GTCTCCGARGCCTCTTCCCAA 276 BWYV/TuYV Sharman, unpublished data
SbDV3731F CGWGTTTTCRAAGGACGGCA 418 SbDV Sharman, unpublished data
PBMYV3396F GGTTGGTTCTTCCAGTCCAAT 838 PBMYV Sharman et al., 2021
Master Mix-1I
AS3
CABYV3635F GAAACCGCCGACGCCCTAAT 474 CABYV Sharman, unpublished data
CpCSV3705F  AAYARGCGYMCTGTTCAGCGGGC 566 CpCSV Sharman, unpublished data
Specific Uniplex primer pairs
Pol3982R CGAGGCCTCGGAGATGAACT 310 CLRDV Sharman et al., 2015
CLRDV3675F CCACGTAGRCGCAACAGGCGT
PeR TCGCTTGCCCGCCTTTGGTG 1249 PeVYV Zhang et al., 2015
PeF GGAGCGTTGCGGAATGGATGC

 Virus acronyms are CLRDV = Cotton leafroll dwarf virus; CpCSV = Chickpea chlorotic stunt virus; CABYV = Cucurbit aphid-borne yel-
lows virus; PLRV = Potato leafroll virus; BWYV = Beet western yellows virus; TuYV = Turnip yellows virus; BLRV = Bean leafroll virus;
CBTV = Cotton bunchy top virus; SbDV = Soybean dwarf virus; PhBMYV = Phasey bean mild yellows virus; PeVYV = Pepper vein yellows

virus.

the partial coat protein (CP) gene (Table 1), using the
My Taq polymerase kit (Cat No. BIO-21108, Bioline).
The positive samples with sharp band were processed
by Multiplex RT-PCR (MP-PCR) (Murray Sharman,
unpublished data), using the generic reverse primer AS3
with species-specific primers for Phasey bean mild yel-
lows virus (PBMYV), CpCSV, BWYV, SbDV, BLRV and
CABYV (Table 1), and by following the manufacturer’s
instructions for the My Taq polymerase kit (final volume
10 pL). Due to the proximity in product sizes for some
primers, the MP-PCR amplification mixture was divided
in two multiplex master mixes; master mix-I included
AS3 with primers BLRV3589F, BWYV3969F, SbDV3731F
and PhBMYV3396F and master mix-II consisted of AS3
with CABYV3635F and CpCSV3705F (Table 1). These
primers amplify partial CP gene. Positive controls for
all tested viruses were used in both master mixes as
checks to accurately identify PCR products of the differ-
ent viruses. The PCR for both sets consisted of an initial
denaturation of 95°C for 1 min, then 35 cycles (95°C for
30 sec, 62°C for 20 sec, 56°C for 10 sec, 72°C for 30 sec)
followed by a final extension of 72°C for 3 min. All PCR
products were analyzed on 1.5% agarose gel stained with

RedSafe™ Nucleic Acid Staining Solution (20,000x) (Cat
No. 21141, iNtRON) with final concentration of 5% in
0.5% TBE (Tris-borate-EDTA) buffer.

In addition to the above primers, two specific uni-
plex primer pairs targeted Pepper vein yellows virus
(PeVYV) (PeF/PeR; Zhang et al., 2015) and Cotton leaf-
roll dwarf virus (CLRDV) (CLRDV3675F/Pol3982R;
Sharman et al., 2015) (Table 1) to confirm the sequenc-
ing outputs of the DNA fragments generated by AS3/
Pol3870F.

DNA sequencing and molecular analysis

PCR amplicons of interest were amplified with
total volumes of 50 pL. From each of these, 5 uL was
analyzed on agarose gel, and the high-quality products
were directly sequenced by the Sanger method follow-
ing the instructions of a commercial sequencing com-
pany (Macrogen). The sequences were compared with
available sequences in the GenBank database using the
basic local alignment search tool (BLAST; Altschul et al.,
1997; 2005). In this study, BLAST search and sequence
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analyses were carried out based on the greatest similar-
ity of the submitted sequences with the following four
GenBank accessions: GenBank accession Nos. KC685313
for PeVYV, KJ789902 for Pepo aphid-borne yellows virus
(PABYV), EU871539 for CLRDV and EX398665 for
CABYV. Sequences of 24 Sudanese isolates were submit-
ted to the GenBank (see Table 4 for accession numbers).

Sequence assembly and pairwise comparisons were
carried out using MEGA-X (Kumar et al., 2018) for the
partial CP sequence of 18 Polerovirus isolates (from 13
countries) from the GenBank database and four Suda-
nese chickpea isolates representing four polerovirus spe-
cies identified further in the present study (SuCp122-13:
CABYYV, SuCp31-15: CLRDV, SuCp29-15: PABYV and
SuCp42-13: PeVYV). Sequence alignments were generat-
ed under the Hasegawa-Kishino-Yano (HKY) (Hasega-
wa et al., 1985) model with a bootstrap value of 1000 by
MEGA-X. Nucleotide pairwise similarities were calculat-
ed using SDTv 1.2 (Muhire et al., 2014).

Phylogenetic analyses of nucleotide and amino acid
sequences were carried out using a Clustal_X program
after multiple alignment of sequences by neighbour join-
ing algorithms with 500 bootstrap replications (Thomp-
son et al., 1997).

RESULTS
Field distribution and serological tests

The most commonly observed symptoms sugges-
tive of virus infection in chickpea fields were yellowing,
stunting, chlorosis and reddening of the leaves and tip
wilting (Figure 1). Based on the symptoms observed in
the fields, 17% of chickpea fields (one field in 2013 and
five fields in 2018) had virus incidence of 5% or less, 31%
of fields had incidence of 6-20% (two fields in 2013 and
nine in 2018), 29% of fields had incidence of 21-50%
(four fields in 2013, two in 2015 and four in 2018), and 8

fields (23%) had virus incidence greater than 50% (three
fields in 2013, two in 2015 and three in 2018).

TBIA results from 415 symptomatic plant sam-
ples collected during the 2013, 2015 and 2018 growing
seasons indicated that CpCDV was the most common
virus, with average relative infection rates of 59% of the
tested samples in 2013, 89% in 2015, and 17% in 2018. In
addition, 21% of tested samples reacted positively with a
broad-spectrum legume luteovirid MAb (5G4) (23 sam-
ples in 2013, 18 in 2015 and 45 in 2018), whereas FBNYV
infection was detected in only one sample during 2013
(Table 2). When 86 samples that reacted positively with
5G4 MAD were further tested using specific luteovirid
MAbs, 11 samples reacted with BWYV MADb, 22 sam-
ples reacted with CpCSV MAbs, 23 samples reacted with
both BWYV and CpCSV MAbs, and the 30 remaining
samples reacted only with 5G4 MAD (Table 3).

Molecular analyses

According to TBIA reactions with different MAbs,
36 samples were selected for further molecular char-
acterization (eight samples that reacted only with MAb
5G4, seven that reacted positively with 5G4, BWYV and
CpCSV MAbs, and 21 samples that reacted positively
with 5G4 samples and CpCSV MAbs). The generic prim-
er pair AS3/Pol3870F amplified the expected product
size of 370 bp from 33 chickpea samples out of 36 sam-
ples tested (Figure 2-A). The MP-PCRs (set 1 and set 2)
results showed presence of CABYV in 12 samples with
amplicon size of approx. 474 bp (Figure 2-B). However,
there were 21 samples that were positive in generic RT-
PCR AS3/Pol3870F but were negative in all MP-PCRs.
Thus, all unrecognized samples along with five samples
that were amplified with CABY V-specific primer pairs
were sequenced by Sanger sequencing.

The sequence analyses confirmed presence of
CABYV (five samples) with 96% nt similarity with the

Figure 1. Plants showing yellowing and stunting symptoms in chickpea fields in the Gezira Scheme, Sudan during the 2015 cropping sea-
son.
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Table 2. Results of serological tests (Tissue blot immunoassay,
TBIA) for chickpea samples collected from different regions of
Sudan during the 2013, 2015 or 2018 growing seasons.

Number of samples

Number
Number ™ """ reacted positively with®
Year/Region of fields
visited S2MPIES 5G4 FBNYVCpCDV
tested  (MAb) (MAb) (PAb)
2013
Gezira Scheme
North 5 68 6 0 63
Middle 3 32 3 1 14
River Nile State
Hudeiba Agr. Res. station 1 25 14 0 1
Berber 1 8 0 0 1
2015
Gezira Scheme
South 4 71 18 0 63
2018
Gezira Scheme
North Gezira 7 58 11 0 2
Middle Gezira 8 81 27 0 21
River Nile State
Shendi 2 19 0 10
Hudeiba Agr. Res. station 1 21 0 0 0
Berber 2 32 4 0 4
Total 34 415 86 1 179

2 5G4 (MADb): broad-spectrum legume luteovirid monoclonal anti-
body (Katul, 1992); FBNYV (MAb): Faba bean necrotic yellows
virus (monoclonal antibody) (3-2E9; Franz et al., 1996); CpCDV
(PAb): Chickpea chlorotic dwarf virus (Polyclonal antibody)
(Kumari et al., 2006).

type reference sequence for CABYV (GenBank acces-
sion no. NC_003688), and three luteovirid species were
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detected for the first time from chickpea in Sudan (all
belonging to Polerovirus), PeVYV (six samples), PABYV
(14 samples) and CLRDV (one sample). Sequences were
submitted to the GenBank, and the GenBank accession
numbers are shown in Table 4.

When six PeVYV samples and one CLRDV sample
were subjected to RT-PCR using specific primer pairs
for PeVYV (PeF/PeR; Zhang et al.,, 2015) and CLRDV
(CLRDV3675F/Pol3982R; Sharman et al., 2015) (Table
1), amplicons of the expected sizes (1249 bp for PeVYV
and 310 bp for CLRDV) were generated (Figure 2-C and
2-D).

The comparison of detection methods between
TBIA and MP-PCR clearly showed that there was great-
er variation in species detected than indicated by TBIA
alone, i.e., the common character between the analyzed
samples is that all these samples reacted positively with
5G4 MAb, which means there is no false positive reac-
tion or cross reaction with another family of plant
viruses. On the other hand, there was no compatibility
between the serological results and molecular charac-
terization. It is obvious that CpCSV and/or BWYV were
not detected in any of the samples, despite that most
samples reacted with CpCSV MAb mixtures and BWYV
MAD due to the serological cross reaction which is com-
mon for luteovirids (Oshima and Shikata, 1990; Smith et
al., 1996) (Table 4)

Pairwise comparisons of CP amino acid sequences
of representative isolate for each virus indicated that
the virus isolates from Sudan were probably mem-
bers of recognized Luteoviridae species. The nucleotide
sequence of the isolate SuCp42-13 showed that it was
indistinguishable from PeVYV-Sudan isolate, despite
that PeVYV-Sudan was isolated from hot pepper (Table
5). The phylogenetic analysis tree also showed that this
isolate was close to PeVYV-Sudan (GenBank acces-

Table 3. Serological results of Tissue blot immunoassay (TBIA) with specific luteovirid monoclonal antibodies (MAbs) for chickpea samples
collected from different regions of Sudan during the 2013, 2015 or 2018 growing seasons.

Number of

Number of samples reacted positively with MADbs®

Unidentified
Year samples reacted luteovirid
with 5G4 MAb? BWYV CpCSV BLRV SbDV CpCSV& BWYVY ~ uteovirds
2013 23 4 6 0 0 9 4
2015 18 0 1 0 0 7 10
2018 45 7 15 0 0 7 16
Total 86 11 22 0 0 23 30

2 5G4: broad-spectrum legume luteovirid monoclonal antibody (Katul, 1992).

b Monoclonal antibodies used are BWYV: Beet western yellows virus (A5977 from Agdia, USA); BLRV: Bean leafroll virus (4B10; Katul,
1992); SbDV: Soybean dwarf virus (ATCC PVAS-650, USA); CpCSV: a mixture of three MAbs (1-1G5, 1-3H4 and 1-4B12) produced against
an Ethiopian isolate of Chickpea chlorotic stunt virus (CpCSV-Eth), and a mixture of three MAbs (5-2B8, 5-3D5 and 5-5B8) produced
against a Syrian isolate of CpCSV (CpCSV-Sy) (Abraham et al., 2006, 2009)
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Figure 2. (A) Detection of Cucurbit aphid-borne yellows virus (CABYV), Pepo aphid-borne yellows virus (PABYV), Pepper vein yellows
virus (PeVYV) and Cotton leafroll dwarf virus (CLDRV) by RT-PCR using AS3/Pol3870F generic primers; (B) Detection of CABYV by
MP-PCR using AS3/CABYV3635F specific primers; (C) Detection of CLRDV by RT-PCR using Pol3982R/CLRDV3675F specific primers
(one sample from Sudan and four samples from Uzbekistan were used as positive controls); (D) Detection of PeVYV by RT-PCR using PeF/
PeR specific primers. M = DNA Ladder VC 100 bp Plus (Cat No. NL1405, vivantis, Malaysia).

sion no. KC685313) (Figure 3). BLAST analysis of the
PCR product generated by AS3/Pol3870F revealed high
nucleotide sequence similarity with Polerovirus viruses:
95-96% similarity was found with PeVYV (accession
no. KC685313) and 93-94% for PABYV (accession no.
KJ789902). Similarities of 90% were found for CLRDV
(accession no. EU871539) and 90-92% for CABYV
(accession no. KX398665) (Table 4). A nucleotide
sequence obtained from the isolate SuCp29-15 was also
distinct from all other luteovirid sequences. Pairwise
comparisons of the predicted CP amino acid sequences
showed that isolate SuCp29-15 was close to the PABY V-
Cote d’Ivoire isolate (GenBank accession no. KR476816)
with 97% similarity (Table 5; Figure 3).

The CP sequence of SuCp31-15 was 96% similar to
that of the CLRDV-Brazil isolate, which was the closest
phylogenetically. Similarly, isolate SuCp122-13 shared
distinct similarity with both CABY'V isolates from Tuni-

sia (GenBank accession no. EF187345) and Italy (Gen-
Bank accession no. EF029113 (Table 5; Figure 3).

The phylogenetic comparison of the nucleotide
sequence of the virus isolates grouped the isolates in
distinct clusters depending on identical and differ-
ent sequences which revealed that the grouping model
is typically correlated to the geographical origin of the
isolates (Figure 3). This result also was supported by a
two-dimensional color-coded matrix of pairwise iden-
tity scores (Figure 4) generated by species demarcation
tool (SDT) (Mubhire et al., 2014), which revealed that the
representative isolates have overlapping identity range
with CP gene from GenBank isolates (59-99%). Despite
the fact that some virus isolates were identified from dif-
ferent hosts, the SDT showed similar identity as for iso-
late SuCp42-13 and reference isolate (PeVYV, GeneBank
accession no. KC685313).
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Table 4. Designations, geographic origins, comparison and identity with reference GenBank accessions of chickpea luteovirids characterized

in this study.
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GenBank TBIA . . Virus sequence
Isolate name® accession Region in Sudan reactl(:)n with Blastn_ Reference  Blastn similarity %
number MAbs GenBank accessions?
SuCp10-13 MK461113 North of Gezira Scheme 5G4, CpCSV PeVYV_ KC685313 96
SuCp14-13 MK461114 North of Gezira Scheme 5G4 PeVYV_ KC685313 96
SuCp42-13 MK461115 Middle of Gezira Scheme 5G4, CpCSV PeVYV_ KC685313 95
SuCp108-13 MK461116 Hudeiba Agr. Res. Station, River Nile 5G4, CpCSV PeVYV_ KC685313 96
SuCpl111-13 MK461120 Hudeiba Agr. Res. Station, River Nile 5G4 PABYV_ KJ789902 93
SuCp21-15 MK461121 South of Gezira Scheme 5G4, CpCSV, BWYV PABYV_ KJ789902 94
SuCp22-15 MK461122 South of Gezira Scheme 5G4, CpCSV PABYV_ KJ789902 94
SuCp26-15 MK461123 South of Gezira Scheme 5G4 PABYV_ KJ789902 94
SuCp28-15 MK461124 South of Gezira Scheme 5G4, CpCSV PABYV_ KJ789902 94
SuCp29-15 MK461125 South of Gezira Scheme 5G4, CpCSV, BWYV PABYV_ KJ789902 94
SuCp30-15 MK461126 South of Gezira Scheme 5G4, CpCSV PABYV_ KJ789902 94
SuCp32-15 MK461127 South of Gezira Scheme 5G4, CpCSV PABYV_ KJ789902 94
SuCp33-15 MK461128 South of Gezira Scheme 5G4, CpCSV PABYV_ KJ789902 94
SuCp34-15 MK461129 South of Gezira Scheme 5G4, CpCSV, BWYV PABYV_ KJ789902 94
SuCp35-15 MK461130 South of Gezira Scheme 5G4, CpCSV PABYV_ KJ789902 94
SuCp36-15 MK461131 South of Gezira Scheme 5G4, CpCSV, BWYV PABYV_ KJ789902 94
SuCp37-15 MK461132 South of Gezira Scheme 5G4, CpCSV PABYV_ KJ789902 94
SuCp38-15 MK461133 South of Gezira Scheme 5G4, CpCSV PABYV_ KJ789902 94
SuCp31-15 MK411565 South of Gezira Scheme 5G4, CpCSV CLRDV_ EU871539 90
SuCp106-13 © MG933685 Hudeiba Agr. Res. Station, River Nile 5G4, CpCSV CABYV_ KX398665 91
SuCpl110-13 MK461117 Hudeiba Agr. Res. Station, River Nile 5G4, CpCSV CABYV_ KX398665 91
SuCp117-13 MK461118 Hudeiba Agr. Res. Station, River Nile 5G4 CABYV_ KX398665 90
SuCpl122-13¢ MG933686 Hudeiba Agr. Res. Station, River Nile 5G4, CpCSV CABYV_ KX398665 90
SuCp23-15 MK461119 South of Gezira Scheme 5G4, CpCSV, BWYV CABYV_ KX398665 92

2 The last two numbers refer to year of collection.

b Information of MAbs are given in Table 3. Virus acronym used is CpCSV: Chickpea chlorotic stunt virus; BWYV: Beet western yellows virus.
¢ All samples were amplified only with generic primer pairs (AS3/Pol3870F) except last 5 samples were amplified with AS3/CABYV3635F in

addition to generic primer pairs.

4 Virus acronym used is CLRDV: Cotton leafroll dwarf virus; CABYV: Cucurbit aphid-borne yellows virus; PeVYV: Pepper vein yellows

virus; PABYV: Pepo aphid-borne yellows virus.
¢CABYV isolates reported in Kumari et al. (2018).

DISCUSSION

The present study has shown that CpCDV and luteo-
virids were the most common viruses affecting chickpea
crops in Sudan, whereas FBNYV was rare. These viruses
have been reported on faba bean and chickpea in many
countries in the WANA region (Kumar et al., 2008;
Kumari and Makkouk, 2007; Makkouk and Kumari,
2009). CpCDV has been reported on faba bean and
chickpea (Makkouk et al., 1995), and FBNYV (Makk-
ouk et al., 2003b) and BLRV (Makkouk et al., 1988) were
reported on faba bean in Sudan, based on serological
assays using polyclonal antibodies.

Based on serological results, 11 samples reacted pos-
itively with BWYV MAD, 22 with CpCSV MAbs, and 23

samples reacted with both BWYV and CpCSV MAbs.
However, sequence analyses showed that no samples
were infected with either BWYV or CpCSV. This dem-
onstrates that virus identification based solely on serol-
ogy can be inaccurate due to cross reactions between
specific MAbs and a range of viruses in Polerovirus. Our
approach of initially screening large numbers of symp-
tomatic field samples by serology, followed by molecular
confirmation of species from serologically-positive sam-
ples, has proved to be useful to accurately identify virus
species involved in disease outbreaks.

Although results of serological tests confirmed the
growing importance and challenge caused by luteovirids
in legume crops in the WANA region, there have been
many indications that the use of serological techniques
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Figure 3. Dendrogram showing the phylogenetic relationships of the predicted partial coat protein amino acid sequences from AS3/
Pol3870F fragment of new detected distinct luteovirid isolates with those of other luteovirids from the database. The scale bar represents
0.050 divergence of the Hasegawa-Kishino-Yano dissimilarity index. Bootstrap analysis was carried out with 1000 replicates of the starting
tree. Bootstrap values are shown in each branch. Database accession numbers of the luteovirid sequences and the virus acronyms used are

presented in Table 5.

are not sufficiently reliable for the identification of luteo-
virid species, because different luteovirids share a num-
ber of epitopes (Martin and D’Arcy, 1990; Fortass et
al., 1997; Abraham et al., 2006). However, as Makkouk
and Kumari (1996) confirmed, TBIA is a helpful meth-
od for easy, rapid and cheap detection of plant viruses,

especially in the developing countries, and TBIA can
be an important tool for virus detection in large scale
surveys. The molecular detection method for CABYYV,
PABYV, PeVYV and CLRDV diagnoses used in this
study showed the RT-PCR analysis is very reliable for
detection of these four viruses in symptomatic samples.
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Figure 4. Two dimensional percentage pair wise similarity plot matrix of different selected strains of Luteoviridae generated using the Spe-
cies Demarcation Tool (http://web.cbio.uct.ac.za/SDT). Each coloured cell represents a percentage similarity between two sequences (one
indicated horizontally to the left and the other vertically at the bottom) displayed in the colour key. The luteovirid isolates from Sudan are
highlighted, and all accessions details used for this study are listed in Table 5.

Therefore, the MP-PCR method, which can rapidly iden-
tify luteovirids, is an important tool for identifying and
determining the distribution of luteoviruses that affect
cool season legumes. Generally, MP-PCR technology,
in addition to sensitivity and specificity, has the added
benefits of saving time and costs compared with Uniplex
RT-PCR (Deb and Anderson, 2008; Murray Sharman,
unpublished data).

The field surveys carried out in the present study
indicated that Aphis craccivora is present in most chick-
pea fields. Aphis craccivora is polyphagous and pref-
erences Fabaceae hosts, but other host plant families

include Brassicaceae, Cucurbitaceae, Malvaceae, and
Solanaceae. Crops attacked by this aphid include bras-
sicas, cucurbits, beetroot, peanut, cotton, cowpeas and
chickpea. In addition, this aphid is the vector of a num-
ber of plant viruses including Luteoviridae species. The
major crops in Gezira Scheme are cotton, vegetable and
chickpeas, and the viruses reported on chickpea in this
study also affect cotton and vegetable crops. Further
study is therefore needed on behaviour of aphid species
in agriculture systems in the Gezira Scheme to use the
information for effective management of these viruses.
Furthermore, occurrence of these new viruses suggests
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Table 5. Pairwise comparisons of the percentage amino acid sequence similarities for partial CP gene (AS3/Pol3870F fragment) of four
distinct luteovirid sequences amplified from four representative samples with that of other luteovirids from the database and to each other.

Sequenced representative Isolates

Virus species (source) Accession
Number SuCp42-13 SuCp29-15 SuCp31-15 SuCp122-13
(PeVYV) (PABYV) (CLRDV) (CABYV)

Barley yellow dwarf virus-PAS (Poland) KU893144 43.43 45.83 42.55 50.00
Barley yellow dwarf virus-PAV (France) AY167108 43.43 45.83 42.55 49.36
Bean leafroll virus (Greece) KT382811 52.53 58.95 58.06 64.83
Soybean dwarf virus (Germany) EF466133 57.58 66.32 60.22 65.73
Beet chlorosis virus (France) EU022495 65.06 75.31 75.00 76.98
Beet mild yellowing virus (France) EU022496 62.65 74.07 75.00 77.42
Beet western yellows virus (China) KC210049 64.65 80.00 78.72 75.00
Brassica yellows virus (China) EF126150 61.46 76.67 79.78 80.45
Carrot red leaf virus (Mauritius) FJ969849 57.69 59.18 51.11 61.11
Chickpea chlorotic stunt virus (Syria) EU541270 60.42 79.12 70.00 80.58
Cotton leafroll dwarf virus (Brazil) EU871539 61.62 78.95 96.17 76.97
Cucurbit aphid-borne yellows virus (Italy) EF029113 61.62 89.36 75.79 97.93
Cucurbit aphid-borne yellows virus (Tunisia) ~ EF187345 60.42 89.01 75.00 97.24
Pepo aphid-borne yellows virus (Cote d’Ivoire) KR476816 62.11 96.70 73.33 88.97
Pepper vein yellows virus (Sudan) KC685313 100.00 62.50 60.00 63.16
Potato leafroll virus (South Africa) AF022782 60.61 65.62 61.70 68.21
Tobacco vein distorting virus (China) MG674186 74.95 65.62 58.95 65.97
Turnip yellows virus (France) AF167486 67.47 75.31 75.00 79.84
SuCp42-13-PeVYV (Sudan, this study) MK461115 61.70 59.57 58.89
SuCp29-15-PABYV (Sudan, this study) MK461125 - NS* 60.00
SuCp31-15-CLRDV (Sudan, this study) MK411565 - 75.56
SuCp122-13-CABYV (Sudan, this study) MG933686 -

* NS: No significant similarity found.

the need for further screening of legume crops, includ-
ing chickpea, for resistance to luteovirids, and for devel-
opment of new management strategies to incorporate
host resistance as an important component for virus dis-
ease control.

Despite the limited number of samples analyzed for
sequencing, PABYV sequences were amplified from the
majority of the luteovirid-positive samples analyzed (14
samples of 24 sequenced samples), followed by PeVYV
and CABYV. This suggests that these viruses are wide-
spread in cool-season food legumes grown in the WANA
countries, and are more prevalent than the other luteo-
virids detected so far from the region, such as BLRV and
SbDV (Fortass and Bos, 1991; Tadesse et al., 1999; Abra-
ham et al., 2000; Makkouk et al., 2003a). The observed
variability within the sequences together with detection
in samples from different locations and different luteo-
virids, suggest that these viruses have been infecting
legumes for many years in Sudan but have remained
undetected and/or incorrectly identified as one of the

other legume luteovirids, possibly due to the lack of
appropriate diagnostic methods. In addition, PeVYV has
been previously reported infecting hot pepper (Capsi-
cum annuum) in Sudan (Alfaro-Fernandezn et al., 2014).
The molecular analysis found that PeVYV chickpea iso-
late (SuCp42-13, GenBank accession no. MK461115) was
almost identical to the Sudanese PeVYV isolated from
pepper (GenBank accession no. -KC685313), indicat-
ing that both chickpea and pepper isolates are same, or
are very similar, but this virus has not been previously
recognized in grain legumes due to antibody cross reac-
tions.

Most previous studies have been based on sero-
logical tests that are not reliable for the identification of
luteovirids to species level. The present study has con-
firmed the occurrence of CABYV, PABYV, PeVYV and
CLRDV in Sudan, using robust molecular techniques.
These samples reacted serologically with one or more
of antibodies specific to BWYV and CpCSV, suggesting
they share a common epitope with these two viruses.
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CABYV was first described in 1992 in France (Lecoq
et al., 1992), but was later detected infecting cucurbits
in many other countries (Kassem et al., 2013). In addi-
tion to cucurbits, CABYV can infect other crop species,
including lettuce (Lactuca sativa) and fodder beet (Beta
vulgaris), as well as some common weeds (Kassem et al.,
2013), which are thought to be virus reservoirs. Recent-
ly, CABYV was reported to infect faba bean (Vicia faba
L.) in Turkey (Buzkan et al., 2017), and the present
study is the first report of CABYV affecting chickpeas.
CABYV is transmitted by Aphis gossypii and Myzus per-
sicae (Lecoq et al.,, 1992), and both these vectors have
very broad host ranges. Further disease surveillance is
required to determine if CABYV is also present in other
grain legume production regions of the world.

Cotton blue disease (CBD) was first described in the
Central African Republic in 1949 (Cauquil and Vaissay-
re, 1971), although no causal agent was characterized at
the time. CLRDV has now been shown to cause Cotton
blue disease from Brazil (Corréa et al., 2005). Our detec-
tion of CLRDV from Sudan is the first confirmation of
this virus from Africa, and this suggests that this virus
may have been unnoticed on chickpea in Sudan, where
cotton cultivation is widespread. Hence, further research
is required to outline the life cycle of this virus on cool
season and warm season crops. More recently, CLRDV
has been reported on chickpea in Uzbekistan (Kumari et
al., 2020).

Sharman et al. (2015) and Mukherjee et al. (2016)
indicated that the host range of CLRDV is not well
understood, but mainly includes plants in Malvace-
ae, especially Gossypium spp. While the main vector
of CLRDV in cotton is Aphis gossypii (Michelotto and
Busoli 2007), this virus is also transmitted by M. persicae
and A. craccivora in chickpea (Mukherjee et al., 2016).
In Sudan, cotton and chickpea crops are grown in rota-
tion, and they probably share these viruses and their
aphid vectors. This may play a role in the epidemiology of
these viruses, allowing them to survive between seasons
on alternating crops. The study by Reddy and Kumar
(2004) on the host range of the chickpea stunt disease
associated virus (CpSDaV), most likely synonymous to
CLRDV (Naidu et al., 1997; Corréa et al., 2005), indi-
cated that CLRDV can infect several grain legume spe-
cies, many of which are commonly cultivated in Sudan,
suggesting that CLRDV may have suitable hosts all year
around. Mukherjee et al. (2016) studied the genetic simi-
larity between CLRDV and CpSDaV in India, and found
that these two viruses are possibly two different strains
of the same virus. This information would be helpful for
managing these serious diseases, possibly by altering the
cropping patterns used by producers.

Abdulrahman Moukahel et alii

The present study is the first to report CLRDV and
PABYV from crops in Sudan, and is the first report of
PeVYYV isolated from chickpea in this country. Kumari
et al. (2018) made the first report of CABYV in Sudan,
and the present report has greatly extended the under-
standing of the diversity, geographical range and inci-
dence of CABYV in Sudan. In addition, this study is the
first reliable molecular characterization for these four
Polerovirus species identified from chickpea samples col-
lected in Sudan. Further field investigations and surveys
are required to determine more accurately the ongoing
impacts and geographical distribution of these newly
detected viruses on chickpea and other grain legume
crops in the WANA region. Accurate local knowledge of
identity of viruses affecting these crops is essential for
breeding for disease resistance and effective crop man-
agement.
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Summary. Pseudomonas syringae pv. actinidiae is an important pathogen of kiwifruit
(Actinidia deliciosa), and bacterial canker of this host is managed by monitoring and
chemical control strategies. The efficacy of the bio-pesticides Amylo-X" (based on
Bacillus amyloliquefaciens subsp. plantarum strain D747) and Serenade Max' (strain
QST713 of B. subtilis) was evaluated by in vitro and in vivo experiments. Both antago-
nists inhibited different biovars of the pathogen in in vitro assays; QST713 was more
efficient than D747. The two Bacillus strains also colonized A. deliciosa flowers (c. 10>
7 cfu per flower) up to 96 h after inoculation. D747 persisted on leaves (c. 10*° cfu
cm?) up to 4 weeks after inoculation, during 2 years in Emilia Romagna and Latium
regions of Italy. On flowers, the antagonists reduced pathogen populations, compared
to untreated (control) flowers. On A. deliciosa and A. chinensis plants under controlled
conditions, Amylo-X"reduced severity of bacterial canker, providing ca. 50% relative
protection on A. deliciosa and 70% on A. chinensis. Serenade Max™ was less effective,
giving 0% relative protection on A. deliciosa and 40% on A. chinensis. In a field trial,
on A. deliciosa plants, Amylo-X reduced the severity of bacterial canker on leaves, pro-
viding ca. 40% relative protection. The sensitivity of both antagonistic strains to strep-
tomycin sulphate was confirmed by testing the most used concentration where antibi-
otics are approved for management of bacterial pathogens.

Keywords. Biocontrol agents, Pseudomonas syringae pv. actinidiae, in vitro assays,
antagonist survival, population challenge.
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INTRODUCTION

In the last decade, bacterial canker of kiwifruit,
caused by Pseudomonas syringae pv. actinidiae (Psa),
led to extensive economic losses for kiwifruit produc-
ers. The pandemic of this bacterial pathogen started in
2008, mainly in the Actinidia spp., and the pathogen
was especially aggressive on A. chinensis cultivars (Abel-
leira et al., 2011; Mazzaglia et al., 2012; EPPO, 2016). At
present, five biovars of Psa are recognized (Cunty et al.,
2015), grouped by biochemical, genetic and pathogenic-
ity characteristics (Renzi et al., 2012; Butler et al., 2013;
Vanneste et al., 2013; Vanneste, 2017; Fujikawa and
Sawada, 2019). Biovar 3 is the most virulent, and was
responsible for the bacterial canker pandemic. Disease
control strategies rely on strict orchard hygiene prac-
tices, breeding and deployment of resistant host geno-
types, and scheduled use of antibacterial compounds or
elicitors activating host immune systems (Cotrut et al.,
2013; Cellini et al., 2014; Michelotti et al., 2018). As well,
the use of biological control agents (BCAs) has also been
shown to be effective (Cortesi et al., 2017; Rossetti et al.,
2017; Hoyte et al., 2018). New and promising strategies
have shown the possibility to reduce the use of chemi-
cals by nanotechnological tools (Fortunati et al., 2016;
Mazzaglia et al., 2017; Fortunati and Balestra 2018). Nev-
ertheless, prophylaxis utilizing early diagnostic analyses
of asymptomatic plant material remains the most effec-
tive method for reducing the primary infection sources
(Rees-George et al., 2010; Balestra et al., 2013; Biondi et
al., 2013; Gallelli et al., 2013).

Chemical control applications against Psa are pre-
ventive and/or applied at early stages of the disease
development. In open fields, the amount of effective con-
trol is dependent on compounds such as streptomycin
and/or copper formulations to prevent bacterial blight
occurrence (Koh et al., 1996; Nakajima et al.,, 2002;
Lee et al., 2005; Vanneste et al., 2011a). Antibiotics are
allowed on most of the continents to control bacterial
plant pathogens, but not in Europe, where copper com-
pounds are mostly employed (Balestra and Bovo, 2003;
Balestra, 2007; Lee et al., 2005; Vanneste et al., 2011a).
Both compounds have different negative properties,
including phytotoxicity, pathogen resistance, fruit resi-
dues, and accumulation of metal ions in soils (Goto et
al., 2004; Marcelletti et al., 2011; Cameron and Sarojini,
2013).Integrated management of kiwifruit bacterial can-
ker is therefore required using multiple strategies for the
effective control of the disease. This could include appli-
cation of resistance inducers, stimulation of host defence
responses, and the use of biocontrol agents (Dong et al.,
1999; Cellini et al., 2014).
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Several bacterial strains are used as fungicides or
bactericides to control different plant diseases; most of
these are species of Bacillus or Pseudomonas (McSpad-
den Gardener and Driks, 2004; Borriss, 2011), and are
used against several plant pathogenic bacteria, includ-
ing Erwinia amylovora (Bazzi et al., 2006; Chen et al.,
2009), Xanthomonas arboricola pv. pruni (Biondi et al.,
2009a), and Pseudomonas siringae pv. tomato (Fousia et
al., 2016). Some studies have been carried out on control
of Psa using biological methods. These have shown the
effectiveness of Pantoea agglomerans or Lactobacillus
plantarum, and some bacteriophages and organic sub-
stances (Stewart et al., 2011; Frampton et al., 2014; Dara-
nas et al., 2018; de Jong et al., 2019).

In the present study, bacterial strains D747 of Bacil-
lus amyloliquefaciens subsp. plantarum and QST713
of B. subtilis, the principal components, respectively, of
the bio-fungicides Amylo-X and Serenade Max’, were
tested in vitro for their ability to inhibit the Psa growth,
and for their sensitivity to the antibiotic streptomycin
sulphate. In planta, under controlled conditions and in
field trials, the two BCAs were assessed for their capacity
to survive on and colonize kiwifruit plants (leaves and
flowers), for their efficacy to inhibit Psa epiphytic popu-
lations on flowers, and for their effectiveness in reducing
the severity of bacterial canker.

MATERIALS AND METHODS
Bacterial strains

The Psa strains NCPPB 3739 (biovar 1), CRA-FRU
3.1 (biovar 3), CFBP 7286 (biovar 3) and DISTAL (ex-
IPV-BO) 9312 (biovar 3; Biondi et al., 2018) were rou-
tinely grown at 27°C for 48-72 h, on NSA (Crosse, 1959)
or KB (King et al., 1954) media. The mutant strain CRA-
FRU 3.1rif", resistant to rifampicin, was grown at 27°C
for 72-96 h on KB medium supplemented with 20 ppm
rifampicin.

Bacillus amyloliquefaciens strain D747, the active
ingredient of Serenade Max’, and B. subtilis strain
QST713, in Amylo-X', were routinely grown on LPGA
(Ride et al., 1983) at 27° or 36°C for 24 h.

Release of antibacterial compounds by Bacillus strains
against different Psa strains

The production of antimicrobial compounds by
strains D747 and QST713 was assessed in vitro using
the method of Vanneste et al. (1992). Axenic 24-h-old
colonies of each strain were transferred with a loop to
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the centres of (c. 1 cm spot diameter.) Petri dishes con-
taining minimal medium (MM: K,HPO,, 7.02 g L%
KH,PO,, 3.02 g L'; L-asparagine 3.0 g L', (NH,),SO,,
2.0 g L nicotinic acid 0.5 g L', D-glucose 4.0 g L',
C¢H;Na;0, 2H,0 0.5 g L, MgSO,.7H,0 0.01 g L}
Bacto agar, 18.0 g L!). The dishes were then incubated
at 27°C for 48 h. Two diameters of each resulting bac-
terial macro-colony were then measured, and the colony
was then scraped off the plate with a lancet. The plates
were then exposed to chloroform vapours for 45 min.
Each Petri dish was then homogeneously covered with
5 mL of MM soft-agar (MM medium containing 0.7%
agar) inoculated with Psa strains NCPPB 3739, DISTAL
9312 or CRA-FRU 3.1 (ca. 10° cfu mL™1). After 48-96 h at
27°C, inhibition haloes were each assessed by subtract-
ing the mean of the diameters of the antagonist macro-
colony from the mean of the inhibition halo diameter.
Psa strains were used as negative controls, and the assay
was repeated three times.

Activity of streptomycin sulphate against Bacillus strains

In vitro experiments using the diffusion plate meth-
od were carried out on NA medium (nutrient broth, 8
gLl agar 18 gL!). A water suspension of 24-h-old cul-
ture of D747 (approx. 10° cfu ml!) was used for the Petri
dish inoculations (100 uL per dish). Three paper disks (6
mm diam.) were placed on the inoculated agar medium
in each test dish, and 30 pL of streptomycin at 25 or 50
pg mL"! were pipetted on two of the discs; 30 pL of ster-
ile distilled water (SDW) were applied to the third disc
as the experimental control. After incubation at 27°C
for 48 h, the inhibition halo diameters in the test plates
were determined by subtracting the antibiogram disk
diameters (6 mm) from the halo diameters. This test was
repeated five times with three replicates each, and the
standard deviations were calculated.

The in vitro experiments using macro-dilution were
carried out in 50 mL Falcon tubes each containing 15
mL of LB broth (Bacto Peptone 10.0 gL}, Yeast Extract
5.0 g L', NaCl 10.0 g L', pH 7.0). The tubes were each
inoculated with 150 uL aqueous suspensions containing
approx. 107 cfu mL? of spores of Amylo-X" (2.0 g L)
or Serenade Max™ (3.0 g L!). The inoculated tubes were
then amended with streptomycin sulphate (100 ppm) or
SDW as negative controls. The tubes were then incubat-
ed at 27°C at 80 rpm for 24 h. The bacterial population
in each tube was evaluated after 1 and 24 h by collect-
ing 1 mL of inoculated broth. Each sample was tenfold
diluted and, 10 pL from each dilution were added to
LPGA, and the inoculated plates were incubated at 27°C
for 24 h. The bacterial populations were then quantified

by counting the colonies. The assay was repeated three
times, and the standard deviations were calculated.

In planta experiments
Amylo-X" and Serenade Max™ against Psa

The efficacy of Amylo-X" and Serenade Max against
Psa were assayed under greenhouse conditions on kiwi-
fruit plants of A. deliciosa (cv. Hayward) and A. chinen-
sis (cv. Hort16A). The plants were grown in 7.0 L capac-
ity pots in randomized replicates (three plants in four
replicates per treatment). Amylo-X" (2.0 g L c. 107
cfu mL?!) and Serenade Max™ (3.0 g L% ¢. 107 cfu mL™)
were applied to the leaves (c. 100 mL per plant) using a
sprayer 48 h before inoculation with the pathogen (BPI).
After treatment application, the plants were inoculated
by spraying a water suspension (ODgj, = 0.01; ¢. 107 cfu
mL1) of the virulent Psa strain DISTAL 9312. The plants
were then sealed in polyethylene (PE) bags for 2 d to
favour pathogen penetration in the leaves. The green-
house conditions were set at 16 h light, 23°C and 8 h
dark, 17°C, and maintaining the RH% at greater values
than 70% (Biondi et al., 2018; Perez et al., 2019) until
disease assessments. Streptomycin sulphate (100 ppm)
and SDW were used as, respectively, positive and nega-
tive experimental controls. Disease severity was evalu-
ated 21 d after Psa inoculations, by counting the num-
ber of leaf spots on ten leaves per plant (c. 120 leaves
per treatment). The data collected were analysed using
ANOVA and Duncan’s test at P < 0.05) with SPSS soft-
ware Windows v15.0 (SPSS Inc.), and the proportions
(%) of protection provided by each treatment relative to
the negative controls (SDW-treated plants) were calcu-
lated.

Selected symptomatic leaf samples were used for
Psa isolation and identification. The leaves were surface
sterilized by washing with 2% sodium hypochlorite.
Necrotic lesions were aseptically collected and crushed
with pestel and mortar with 2 mL of SDW. The result-
ing plant extract and three ten-fold SDW dilutions were
plated (30 mL) on NSA. The plates were the incubated
for up to 72 h. Psa-like colonies were subcultured on
KB plates and identified with PCR assays (Biondi et al.,
2013).

Bacillus strain colonization of kiwifruit flowers and their
effects on Psa populations

Experiments were carried out on detached flowers of
kiwifruit plants of cv. Hort 16A (very susceptible to Psa).



218

The flowers were kept in Eppendorf tubes containing ster-
ile distilled water. Freshly opened flowers were sprayed
with an aqueous spore suspension of Serenade Max (3.0 g
L1, ¢. 107 cfu mL?) or Amylo-X" (2.0 g LY, ¢. 107 cfu mL™).
The mutant strain CRA-FRU 3.1 Rif* (c. 10 cfu mL!) was
sprayed on the flowers 24 h after application of the bio-
control treatments. After incubation at 25°C in humid
chamber, five flowers per time point (1, 24, 48, 72 or 96
h from antagonist and pathogen application) were indi-
vidually washed in 3 mL 10 mM MgSO,. Antagonist and
Psa populations present on each flower were assessed by
plating tenfold dilutions in 10 mM MgSO, on LPGA or
KB plates (amended with 20 ppm of rifampicin) (Biondi
et al., 2006), and incubating these at 36°C for 20 h (for
LPGA) or 27°C for 72-96 h (for KB). Numbers of bacterial
colonies recovered from treated flowers were counted, and
the populations of both the antagonists and the pathogen
were calculated for each flower. SDW and untreated, non-
inoculated flowers were used as experimental controls.

Survival of Bacillus D747 on kiwifruit leaves

The ability of Bacillus strain D747 to survive on leaf
surfaces of A. deliciosa cv. Hayward trees was evalu-
ated during 2017 and 2018, in the Emilia Romagna and
Latium regions of Italy. Kiwifruit plants (two trees per
replicate and four replicates), located in open fields in
Faenza (Emilia Romagna) and Viterbo (Latium) prov-
inces, were sprayed with Amylo-X" (2.0 g L'Y; ¢. 107 cfu
mL1) or SDW (negative controls). The treatments were
carried out after blooming: in Emilia Romagna on
15/05/2017 and 08/05/2018, and in Latium on 14/06/2017
and 04/06/2018. The bacterium population survival was
monitored up to four weeks: at each time point six leaves
were randomly collected from each tree, washed in 250
mL of 100 mM MgSO, in a rotating incubator at 120
rpm for 45 min at 25°C. The resulting washing fluids
were each filtered through sterile gauze and then cen-
trifuged at 10,000 g for 20 min at 4°C, and the result-
ing pellet was resuspended in 1.0 mL SDW. Bacterial
antagonist populations present in the resuspended pel-
lets were determined by plating tenfold dilutions in 10
mM MgSO, on LPGA plates, and then incubating these
at 36°C for 24 h. The bacterial colonies recovered from
treated leaves were counted, and the populations of the
antagonist per cm? of leaf was calculated ((bacterial con-
centration per mL x 250 mL/six leaves) x 1 / mean leaf
area). SDW was used as the negative control. DNA was
extracted from selected axenic colonies recovered from
the field assessments, using the Plant DNeasy Minikit
(Qiagen). A BOX-PCR was carried out on DNA tem-
plates diluted at 50 ng uL™.
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PCR assays were performed in 50 pL reaction mix-
ture containing 1x PCR Go Taq Flexi buffer, 3.0 mM
MgCl,, 0.2 mM dNTPs, 4 U Go-Taq Flexi DNA poly-
merase (Promega), 2.0 uM BOXAIR primer (5-CTACG-
GCAAGGCGACGCTGACG-3), and 4 pL template
DNA. The BOX-PCR thermal profile consisted of an ini-
tial denaturation step (95°C for 7 min), followed by 30
cycles each at 94°C for 1 min, 53°C for 1 min, and 65°C
for 8 min, and a final extension step of 16 min at 65°C
(Versalovic et al., 1994). All the amplification products
were analyzed on 2.0% agarose gel in TAE buffer (0.04
M Tris, 0.001 M NaEDTA and 0.02 M glacial acetic
acid), after staining in 0.03% ethidium bromide and vis-
ualization under UV light (312 nm). SDW and the D747
strain were used as, respectively, negative and positive
controls.

Field activity of Amylo-X" against Psa

In Viterbo (Latium region) during 2018, a kiwi-
fruit orchard (Actinidia deliciosa, cv. Hayward) with
7-year-old plants severely affected by Psa (c. 30% of
plants symptomatic), was used to evaluate activity of
Amylo-X" against Psa. The trial included two groups
of plants divided into four plots (ten plants each)
per treatment. One group was treated three times
with 1.5 kg ha! of Amylo-X', before bud opening (on
10/05/2018), then 1 week later at the blooming initia-
tion (on 17/05/2018), and then at 04/06/2018. The sec-
ond group of plants did not receive any phytosanitary
treatment, as experimental controls. A disease severity
scale was used to evaluate the treatment results. The
scale took account of the number of spots (necrotic
areas surrounded by yellow haloes) on leaves of 1- and
2-year-old branches (ten leaves from four branches per
plant), for four plants in two replicates. Disease assess-
ments were carried out in the second week of May,
June or September, 2018.

Four leaf spot severity classes were defined as: class
1 = 0 (no symptoms), class 2 = 25% leaf surface area
affected, class 3 = 50% and class 4 = 75% leaf surface are
affected. Disease severity was then calculated using the
following formula: N° leaves in class 1 x 0 + N° leaves
in class 2 x 0.25 + N° leaves in class 3 x 0.50 + N° leaves
in class 4 x 0.75 / total N° leaves assessed. As well, the
percentage of branches per plant with healthy (asymp-
tomatic) leaves was also determined. The data obtained
were statistically analysed using GraphPad Prism v5.0
software for (ANOVA), and differences among mean val-
ues for treatments were determined using Tukey’s HSD
test (P < 0.05).
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RESULTS
In vitro experiments

Results from the in vitro experiments indicated that
both antagonist strains, D747 and QST713, produced
compounds that inhibited the growth of the three Psa
strains of different biovars (Figure 1). Bacillus strain
QST713 was significantly more effective for Psa inhibi-
tion than D747. Strain QST713 gave mean inhibition
haloes ranging from 29 to 31 mm, which were larger
than those induced by D747 (22 to 24 mm) (Figure 1).
The inhibition haloes produced by antibacterial com-
pounds of each Bacillus strain were similar (P > 0.05) for
the three Psa strains tested, belonging to the biovars 1
and 3 of the pathogen.

In the in vitro experiments using the diffusion
method, streptomycin sulphate reduced the growth of
D747 24-h-old living cells. At 25 and 50 ppm, mean
inhibition haloes were, respectively, 7.2 and 8.5 mm,
while in the control (SDW), the bacterial growth was
not reduced, and no inhibition haloes were observed
(Table 1).

In the macro-dilution experiments, streptomycin
sulphate treatments of spore suspensions of both bio-
products did not affect the bacterial populations, which
were c¢. 10 cfu mL", statistically similar to the popula-
tions in the control tubes (c. 10° cfu mL!). In contrast,
at 24 h, streptomycin sulphate reduced the concentra-
tions of D747 (c. 10* cfu mL') and QST713 (c. 10* cfu
mL) strains, in comparison with the control (c. 107 cfu
mL™"). After 24 h the sensitivity to streptomycin sulphate
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NCPPB 3739 CRA-FRU 3.1
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Figure 1. Mean diffusion plate proportions (%) of growth inhibi-
tion of three Psa strains (biovar 1, strain NCPPB 3739, biovar 3,
strains CRA-FRU 3.1 and DISTAL 9312), caused by two strains of
antagonistic Bacillus strains (QST 713, light histograms; D747, dark
histograms). Bars indicate standard deviations (P < 0.05).

(100 ppm) was statistically similar for D747 and QST713
strains (Table 1).

In planta experiments
Controlled conditions

Strain D747, inoculated at high concentration, colo-
nized the kiwifruit flowers up to 96 h after inoculation.
After 1 h the concentration of bacteria was c. 10% cfu
per flower, but from 24 to 72 h, the population rapidly
increased, to ¢. 108 cfu per flower. At 96 h the population
decreased to ¢. 107 cfu per flower. The strain QST713 was
not able to colonize the flowers, but it could survive on
them. The mean bacterial concentration was c¢. 10° cfu per
flower from 1 to 48 h after application, while at 72 and 96
h, the population decreased to ¢. 10° cfu per flower. The
concentrations of both antagonist strains were similar after
1 h. From 24 to 96 h, the populations of D747 were larger
than those of QST713 (Figure 2). Flowers treated with SDW
were free of Bacillus sp. No phytotoxicity was observed on
flowers treated with Amylo-X' or Serenade Max".

On the same batch of flowers, the mutant Psa strain
CRA-FRU 3.1rif" colonized the flowers treated with
SDW (controls) up to 72 h from inoculation. At 1 h, the
recorded Psa population was c. 10° cfu per flower, and
this increased to ¢. 107 and 108 cfu per flower at, respec-
tively, 24 and 48 h. At 72 h, the population had decreased
but remained high (c. 107 cfu per flower). On flowers
treated with the antagonist strains, the Psa populations
were significantly less than those on control flowers at
most of the time points. After 1 h, the Psa populations
on QST713-treated flowers was similar to that on those
treated with SDW, but up to 96 h, the Psa populations
were up to two orders of magnitude less than in the con-
trol. Similarly, the Psa populations on D747-treated flow-
ers were less by more than one order of magnitude than
those for the controls, at each time point. In general,
QST713 more effectively reduced the Psa populations
than D747, although QST713 had less ability to colonize
flower surfaces than D747. After 1 h, the D747 treated
flowers had less Psa (c. 10* cfu per flower) compared to
flowers treated with QST713 or SDW (c. 10° cfu per flow-
er). At 24 h, the Psa populations on D747- or QST713-
treated flowers were less and with similar concentration
(c. 106 cfu per flower) of those of the controls (c. 107 cfu
per flower). From 48 to 72 h, the populations of Psa on
flowers treated with both antagonists were reduced (c.
10°° cfu per flower) compared to those on control flowers
(c. 1078 cfu per flower); in particular, in QST713-treated
flowers, the Psa populations were less than those detected
on flowers treated with D747 (Figure 2).
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Table 1. Streptomycin sulphate concentrations (ppm) used against strains D747 and QST713 of Bacillus sp. for in vitro experiments using

diffusion and macro-dilution methods.

Diffusion Method

Strains (inoculated at time 0 h as

.. Streptomycin concentration
living cells) ptomy

Growth inhibition halo (standard
deviations)

Sterile Distilled Water
(negative control)

D747 living cells
D747 living cells

/

25 ppm (0.75 ug*)
50 ppm (1.50 pg*)

0.00 mm (% 0.00)

7.2 mm (£ 0.3)
8.5 mm (+ 0.4)

Macro-dilution Method

Strains (inoculated at time 0 h as

Streptomycin concentration
spores)

Bacterial concentrations
(standard deviations)

After 1 h After 24 h

Sterile Distilled Water

(negative control) /
D747 spores (Amylo-X') 100 ppm
QST713 spores (Serenade Max') 100 ppm

3.7-10° cfu mL! (£1.3-10° cfu/mL) 1.9-107 cfu/mL (+2.2-10° cfu/mL)

7.2-10* cfu/mL (£ 6.9-10* cfu/mL) 8.2-10° cfu/mL (+ 9.7-10° cfu/mL)
8.8-10* cfu/mL (+ 4.6-10* cfu/mL) 4.2-10° cfu/mL (+ 4.0-10° cfu/mL)

*Streptomycin sulphate quantity in the antibiogram disk (ug).

The experiment performed on A. deliciosa plants
under greenhouse conditions demonstrated the ability
of Amylo-X' to reduce the disease severity (bacterial leaf
spots) caused by the inoculated Psa DISTAL 9312 strain.
The disease severity was low in all treatments. In particu-
lar, the severity on plants treated with Amylo-X' (mean =
c. 2 spots per leaf) was statistically similar to that record-
ed on plants treated with streptomycin sulphate (positive
control, ¢. 0.3 spots per leaf), and significantly lower than
that on the negative controls (c. 4 spots per leaf). The dis-
ease severity on plants treated with Serenade Max’, in
contrast, was similar to the one of the negative control
plants (c. 4 spots per leaf) (Figure 3).

In the experiment carried out on A. chinensis plants,
the disease severity was higher than observed on A. deli-
ciosa plants. These results confirmed the ability of Amylo-
X' to reduce bacterial leaf spot severity caused by the vir-
ulent Psa. The disease severity on the plants treated with
Amylo-X (mean = c. 14 spots per leaf), was significantly
lower than that on control plants (c. 62 spots per leaf).
The severity was also reduced in the plants treated with
Serenade Max® (c. 32 spots per leaf), but this was higher
than that in Amylo-X treated plants (Figure 3).

Field trials

On A. deliciosa_plants in Emilia Romagna, the D747
strain survived on leaf surfaces for up to almost 4 weeks
after Amylo-X" application in both field experiments

(2017 and 2018). The D747 strain, employed in both tri-
als at the same concentration, produced larger antago-
nist populations at 1 h after application in 2017(c. 8 x 109
cfu cm?), in comparison with 2018 (c. 2 x 10° cfu cm™).
This difference in population remained stable until 6 d,
while from 9 to 27 d from application, the populations
of D747 were similar in both experiments (10° cfu cm)
(Figure 4).

In Latium region, the strain D747 survived on leaf
surfaces with high populations for 28 d (from ¢. 10* to
c. 10° cfu cm?). In both experiments, the population
dynamics of D747 were similar for the first assessments,
up to 14 d from Amylo-X application (c. 10*° cfu cm?).
During 2017, populations of the antagonist at 21 and 28
days were larger (c. 10° cfu cm™) than those evaluated in
the second year (approx. 10* cfu cm) (Figure 4).

Although the antagonist populations on the kiwi-
fruit trees in Latium were smaller than those recorded in
Emilia Romagna from the first to the last assessments, the
populations remained high for the whole assayed period.

The plants in the negative control treatments (untreat-
ed or SDW) were, in most cases, free of Bacillus species.
In the other cases, some Bacillus-like colonies were found
in the re-isolations (c. 10-10?> cfu mL™). At each assess-
ment time point, selected re-isolated colonies were identi-
fied as strain D747, using BOX-PCR (Figure 18S).

In the assayed kiwifruit orchards, the use of Amylo-
X' led to a general reduction of bacterial wilt on diseased
branches. In May, the mean disease severity index (DI)
of I-year-old branches in the D747-treated plot was c.
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Figure 2. A) Colonization of Bacillus strain D747 on flowers of
A. chinensis ‘Hort16A up to 96 h from its application. Empty cir-
cles indicate populations on each flower, and black squares and
line indicate the mean populations on ten flowers (five flowers
per experiment, two replicates). Bars indicate standard deviations
(P < 0.05). B) Colonization of Pseudomonas syringae pv. actini-
diae mutant strain CRA-FRU 3.1rif" applied to flowers of A. chin-
ensis ‘Hort16A® flowers pre-treated with Bacillus spp. strains D747
or QST713, or sterile distilled water (SDW, control). The pathogen
population was monitored for 72 h. Empty circles indicate CRA-
FRU 3.1rif" strain populations on each flower, and black squares
and line indicate the mean populations present in ten flowers. Bars
indicate standard deviations (P < 0.05).

0.16, while in the control (untreated plot) was c. 0.26. In
June, the DIs were c. 0.17 for untreated and 0.32 from
the D747-treated plants. At the last assessment (in Sep-
tember) the mean DI for Amylo-X treated plants (0.26)
was less than that in the experimental controls (0.43)
(Figure 5).

For the 2-year-old branches, the DIs in both plots
were higher than those recorded for 1-year-old branches.
In May, the mean DI in Amylo-X-treated plants was c.
0.30, significantly lower than that of the control plants
(c. 0.42); in June, the mean DIs were 0.38 for the treated
plot and 0.71 for the untreated plot. In September, the
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Figure 3. Mean bacterial leafspot severity after treatments with
Bacillus strains applied to leaves of A. deliciosa (A) or A. chinen-
sis (B) plants following inoculations with Pseudomonas syringae
pv. actinidiae (strain DISTAL 9312). Treatments applied were:
SDW (sterile distilled water, negative control); STR (streptomy-
cin sulphate, positive control); QST713: B. amyloliquefaciens strain
QST713 (active ingredient in Serenade Max'); D747: B. amylolique-
faciens strain D747 (in Amylo-X'). Bars indicate standard devia-
tions. Histograms accompanied by different letters are different
(Duncanss test, P < 0.05).

mean DI for treated plants was c. 0.40, and less than that
in untreated plants (c. 0.79) (Figure 5). The proportions
of healthy leaves on 1- and 2-year-old branches in May
was ¢. 70% in the control plot, less than in the treated
plot (c. 80%). In June and in September, the proportions
of healthy branches in the Amylo-X'-treated plot was
similar (c. 78% in June and 75% in September) to that
recorded in May; while in the untreated plot, these pro-
portions were significantly decreased at the June (c. 35%)
and September (c. 28%) assessments (Figure 6).

DISCUSSION

Bacillus bacteria have been described as microbial
factories capable of producing many biologically active
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Figure 4. Mean numbers of Bacillus amyloliquefaciens strain D747
(active ingredient in Amylo-X') on leaves of field-grown Actinidia
deliciosa cv. Hayward plants, in Emilia Romagna (continuous line)
or Lazio regions (dotted line) during the 2017 (light grey circles
and triangles) or 2018 growing seasons (black squares and dia-
monds). Mean antagonist populations on leaf surfaces (cfu cm?)
were monitored for 3 to 4 weeks. Bars indicate standard deviations
(P <0.05) for each time point.

compounds, which are potential inhibitors of phytopath-
ogen growth. Examples are kanosamine and zwittermy-
cin A from B. cereus (Emmert and Handelsman, 1999).
The spore-forming capacity of Bacillus spp. makes these
bacteria good candidates for development of efficient
bio-pesticide products. Bacillus spp. are frequently used
in biocontrol of plant pathogens, and includes a het-
erogeneous group of Gram-positive, aerobic or faculta-
tive anaerobic bacteria (Dworkin, 2006). These bacteria
have been utilized for control of several plant diseases,
including fire blight of pomaceous plants (caused by
Erwinia amylovora) (Laux et al., 2003; Broggini et al.,
2005; Bazzi et al., 2006;), crown gall of grapevine (Agro-
bacterium vitis) (Biondi et al, 2009b) and bacterial speck
of tomato (caused by P. syringae pv. tomato) (Fousia et
al., 2016). Bacillus spp. act through a variety of mecha-
nisms, including competition, induction of systemic host
resistance, and production of antibacterial compounds,
the last of these being commonly recognized as the most
important (Zuber et al. 1993; Thomashow and Weller,
1996; Koumoutsi et al., 2004; Reva et al., 2004; Lahlali et
al., 2013; Chowdhury et al., 2015).

In the present study, results obtained in vitro con-
firmed the capacity of both Bacillus strains in each of
the biocontrol formulations tested to produce antibiotic
compounds. The cell-free diffusion procedure was car-
ried out with a minimal medium that contained low
concentrations of nutrients and salts, as would be the
case in host phyllospheres (Vanneste et al., 1992). This
activity highlighted the antibacterial abilities of both
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Figure 5. Mean bacterial leafspot indices (DI) caused by natural
Pseudomonas syringae pv. actinidiae infections on kiwifruit plants
after treatments with Bacillus strain D747 (active ingredient in
Amylo-X') or treated trees (control). The DIs were determined from
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Bars indicated standard deviations (P < 0.05).
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antagonists under the unfavourable conditions. The
effectiveness, isolation and identification of the antibac-
terial compounds produced by both antagonist strains
have been assessed in previous studies. In particular,
the strain QST713 was found to produce three families
of non-ribosomal lipopeptides (LPs), the iturins, fengy-
cins and surfactins (Mora et al., 2011; Cawoy et al.,
2014). Strain D747 can produce surfactin, iturin and the
serine proteinase subtilisin (Caulier et al., 2019; EFSA,
2014). The in vitro activity of strains D747 and QST713
was also evaluated against Xylella fastidiosa (Zicca et
al., 2020), and these strains showed similar effective-
ness against three Psa strains, one of biovar 1 and two of
biovar 3. The QST713 strain resulted more antibacterial
than strain D747.

The in vitro experiments assessing the activity of
streptomycin sulphate against the two Bacillus strains
QST713 and D747, carried out in solid and liquid media,
showed the sensitivity of both strains to streptomycin
sulphate. This antibiotic is commonly used against bac-
terial plant diseases. In the liquid medium experiment,
the concentration of streptomycin sulphate was similar to
that used in the field against bacterial diseases (Sundin et
al., 2009; Vanneste et al., 2011a). From 0 h, the popula-
tions of both Bacillus strains were reduced by the anti-
biotic. After 24 h, the populations of QST713 and D747
were not completely eliminated, but were reduced by 3 to
4 orders of magnitude, thus confirming the need of sig-
nificant reductions of antibiotic-based treatments applied
in orchards, when these compounds are used in combi-
nation with biopesticides based on bacterial antagonists.

Flower colonization by strain D747 was higher than
that of strain QST713, but strain QST713 survived at
constant levels from application to 96 h. Strain D747
showed the highest population level after 72 h, which
was more than one order of magnitude higher than that
reported immediately after application. The BCA abil-
ity to colonize flowers indicated competition for nutri-
ents and physical occupation of infection sites, as has
been observed in previous studies. Psa can penetrate
kiwifruit plants through stigmata and nectarii (Donati
et al., 2018), and the pathogen could be transmitted by
contaminated pollen through natural and artificial pol-
lination (Stefani et al., 2011; Balestra et al., 2018). Natu-
ral Psa populations can also predominate on A. chinensis
compared with A. deliciosa flowers, indicating that the
flowers of A. deliciosa may be less susceptible to penetra-
tion by the pathogen (Purahong et al., 2018). Treatment
of A. chinensis flowers with bacterial antagonists may
protect against Psa infections, which rapidly become
systemic, leading to the death of host plants (Renzi et al.
2012). In the present study, the high populations of both

antagonists affected populations of the inoculated Psa
mutant strain, which were reduced by more than one
order of magnitude compared to the controls, from 48 to
72 h after Psa inoculation.

The ability to colonize flowers made the strain D747
a good candidate for orchard trials to monitor its sur-
vival under field conditions. This strain survived on
leaves of A. deliciosa for almost 1 month at high popu-
lation levels (c. 103 cfu cm™), during 2 years in Emilia
Romagna and Latium, located, respectively, in North-
ern and Central Italy. In Emilia Romagna, strain D747
was more abundant in both years than in Latium from
the first assessment (1 h post inoculation). This may
have been due to the type and/or time of treatment. The
capacity of D747 to survive on kiwifruit leaves for long
periods also indicates a reliable efficacy of this biocon-
trol agent.

Purahong et al. (2018) correlated the epiphytic bac-
terial populations present on leaves of kiwifruit plants to
the ability of Psa to shape diversity of epiphytic bacterial
populations, thus making the plants more susceptible to
bacterial canker. Several bacterial genera were identi-
fied, particularly, Bacillus spp. were not significant com-
pared to other genera. Pseudomonas species on leaves,
including the pathogens P. syringae pv. syringae and P.
viridiflava, were not predominant compared to the other
genera, while on A. deliciosa these Pseudomonas species
were predominant, ranging from 30 to 90%. In combi-
nation with the lower genetic susceptibility of kiwifruit
plants with green fleshed fruit (EPPO, 2016; Perez et al.,
2019), treatments of leaves with D747 may protect from
Psa penetration, and may reduce the subsequent second-
ary inoculum sources.

Under controlled conditions, the A. deliciosa plants
were less susceptible to Psa than those of A. chinensis,
which confirms previous results of intermediate sus-
ceptibility of A. deliciosa genotypes compared to sever-
al accessions of A. chinensis (Cotrut et al., 2013; EPPO,
2016; Perez et al., 2019). Results from the present study
showed that Serenade Max" was ineffective against bac-
terial leaf spots in A. deliciosa, while Amylo-X reduced
the disease severity and provided relative protection of
more than 52%. These results were partially confirmed
by those on A. chinensis against the same pathogen
strain; on plants producing yellow-fleshed fruit, Amylo-
X' gave 77% relative protection, and Serenade Max’
reduced the disease severity (relative protection c. 47%.
The streptomycin sulphate treatment provided 93% rela-
tive protection on the green fruit variety and 98% rela-
tive protection on the yellow fruit variety.

The results on A. deliciosa plants, obtained under
controlled conditions, partially confirmed those
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obtained in similar environmental conditions by Collina
et al. (2016). They showed that Serenade Max applied 48
h before the pathogen inoculation reduced the disease
severity and provided more than 60% relative protection.
Amylo-X was more efficient and provided approx. 80%
relative protection. In the same study, the ability of both
antagonists to reduce the disease severity was similar
when they were applied 24 h before Psa inoculation, and
both provided c. 40% relative protection.

In open field conditions (in Latium region) and with
natural pathogen inoculation pressure, repeated applica-
tions of Amylo-X reduced the bacterial canker severity
and an increased the number of healthy branches dur-
ing the entire host vegetative season, in comparison to
the control plants. Up to September, where the disease
severity was higher in untreated plants, Amylo-X pro-
vided 40-50% relative protection on all leaves. On the
leaves of 2-years-old branches, the disease severity was
reduced by more than 50% compared to control plants.
The orchard results confirmed those obtained under
controlled conditions. The strain D747-based prod-
uct consistently reduced bacterial canker severity and
achieved protective action against new and re-infections
by Psa. This was confirmed by the higher proportions
of healthy leaves on all branches (1-year and 2-year old
branches) in plants treated with Amylo-X compared to
control plants, in all the assessments. On control plants,
the disease incidence was higher at each assessment. On
plants treated with the antagonist, although the disease
increased at each assessment, the incidence was always
lower. Daranas et al. (2018) have also demonstrated the
effectiveness of Amylo-X' against bacterial canker of
kiwifruit, in semi-field and field conditions. The ability
of Serenade Max' to reduce kiwifruit bacterial canker
was not optimal as against different bacterial patho-
gens, including those causing bacterial spot of stone
fruits, angular leaf spot of strawberry and fire blight of
pomaceous plants, although the product reduced the
disease incidence and severity (Biondi et al., 2006; Dara-
nas et al., 2018). The reduction of secondary inoculum
sources, provided by the first treatments assessed dur-
ing the optimal environmental conditions for the path-
ogen (spring, early summer), and the persistence of the
antagonist strain D747 on the leaves surfaces throughout
the growth season, emphasised the ability of this Bacil-
lus strain to survive efficiently in the phyllospheres, and
its capacity to persist under the microclimatic conditions
of kiwifruit orchards. The Psa infections were detect-
able until September, but on Amylo-X -treated plants the
disease severity was reduced, confirming the ability of
strain D747 to survive in different environmental condi-
tions, including the high temperatures during summer.
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Bacillus species can form heat-, aridity-, and radiation-
tolerant endospores allowing survival under non-opti-
mal conditions (Dworkin, 2006).

In addition, when evaluated on flowers, those treat-
ed with Serenade Max" and Amylo-X, in the climatic
chamber and in the field, did not show phytotoxicity.

Purahong et al. (2018) showed that Bacillus species
are not predominant on leaves, with respect of the other
bacterial genera. Further research is required to evaluate
the influence of Bacillus based products on the phyllo-
sphere microbiomes during and after the crop growing
season. Risks to biodiversity on kiwifruit organs should
be prevented, both by reducing the use of agrochemicals,
and by avoiding the persistence of bacterial antagonists
(EFSA, 2014; Montesinos et al., 2009).

CONCLUSIONS

This study has demonstrated that the bio-product
Amylo-X could be an effective tool for biological control
of kiwifruit bacterial canker, because of efficacy against
Psa and survival of the D747 Bacillus strain, the prin-
cipal component of Amylo-X,, on kiwifruit flowers and
leaves. The study has also demonstrated that this biocon-
trol agent is not compatible with antibiotic-based treat-
ments against Psa.
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Summary. Cultivation of apple trees in the highlands of Ethiopia began in 1955. In
2014, blistering of the bark due to cankers on the main stems mostly below the graft-
ing points, followed by dieback and eventually death of apple trees, was observed in
apple orchards in the Hadiya Zone in Ethiopia. This study aimed to identify the causal
agent of canker and dieback symptoms on the apple trees. Symptomatic trunks from
20 trees (ten per cultivar) were sampled. Isolations were performed from ten trunks
(five per cultivar). Fungus colonies with similar cultural features were obtained from
all the samples, and the morphology of a representative isolate was characterized. Phy-
logenetic analyses of the concatenated internal transcribed spacers 1 and 2 and 5.8S
rRNA gene, large subunit and actin gene regions confirmed the identity of two iso-
lates as Didymosphaeria rubi-ulmifolii. Pathogenicity was confirmed for one isolate by
inoculations of healthy branches of Anna” and ‘Dorsett Golden™ apple trees resulting
in lesion formation, and subsequent re-isolation of the inoculated fungus. This study
is the first report of D. rubi-ulmifolii associated with dieback of apple trees. This path-
ogen caused death of more than 26% of apple trees in one commercial orchard, and
could cause severe losses for smallholder apple growers in Ethiopia. Future studies are
required to assess the magnitude, distribution and management options of this eco-
nomically important canker disease in Ethiopia.

Keywords. Malus pumila, Paraconiothyrium brasiliense, stem canker.

INTRODUCTION

Malus pumila Mill. (Rosaceae; syn. M. domestica Borkh.) is native to
southwest Asia (Hedberg et al., 1989), and apple is the fourth most important
horticultural fruit crop in the world and is by far atypical temperate fruit
tree that can reach 8-12 m high (Hedberg et al., 1989; Tromp, 2005; Bekele-
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Tesemma, 2007; FAO, 2010). Although originating and
common in temperate regions, apple trees are grown at
2,300 m above sea level in many tropical and subtropi-
cal regions, and have become an increasingly important
source of income in Ethiopia (Erez, 2000; Bekele Tesem-
ma, 2007). Commercial apple cultivars are grafted on
seed grown rootstocks.

Around 1955, missionaries established apple
orchards (medium and high-chilling cultivars) in the
Chencha highlands of the Southern Nations and Nation-
alities People (SNNP) Regional state of Ethiopia (Fetena
et al., 2014). This region has minimum temperatures
of 11 to 13°C and maxima of 18 to 23°C, 900 to 1200
mm annual rainfall, and altitudes of 2300 to 3250 m
(Hailemichael, 2006). In recent decades, government and
non-government organizations have engaged in propa-
gation of low-chilling grafted apple trees and rootstocks
from abroad to improve the livelihood and income of the
rural communities in this region. Approximately 138,
000 plants (105,000 grafted apples and 33,000 rootstocks)
were imported between 1998 to 2007 (Sisay, 2007).

As apple production has expanded, the impacts of
biotic agents have increased. Assessments in Chencha
and Bonke districts showed that apple scab, powdery
mildew, green aphids, scale insects and green plant bugs
were the most serious apple diseases and pests (Fetena
and Lemma, 2014; Fetena et al., 2014). In addition to
significant losses in the production from ‘Bond’s Red
Royal Gala’, ‘Crispin’ and ‘Jona Gold’, * Royal Gala’ was
replaced by ‘Crispin’ in Chencha district, due to suscep-
tibility of ‘Royal Gala’ to apple scab (Fetana and Lem-
ma, 2014). White root rot, caused by Rosellinia necatrix
Berl. ex Prill., also caused death of mother apple trees
and grafted plants. The MM106 rootstock, which was
once considered as a superior rootstock for Chencha dis-
trict, was found to be susceptible to crown rot on poorly
drained soils (Fetena et al., 2014).

In early 2014, extensive damage due to cankers and
dieback was observed on apple trees at Gibagri Farm,
located in SNNP Regional State in Ethiopia. The study
described here was carried out to identify the causal
agent of this disease.

MATERIALS AND METHODS

Sample collection, isolation and characterization of patho-
genic fungus

The Foke orchard of Gibagri Farm PLC, is situated
at Olewa Peasant Association in Gibe District, Hadiya
Zone in SNNPR in Ethiopia, about 260 km from the
capital city Addis Ababa. The district has a wet Woina
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Dega climate, with annual rainfall of 1100 mm, with
Nitosol reddish loamy and deeply structured soil (pH 5
to 6), and altitude of 2,000 m. Gibagri Farm PLC grows
the apple ‘Anna’, ‘Princesa’ and ‘Dorsett Golden” import-
ed from Spain in 2009 and 2012, on 14 ha of land. Field
survey was conducted in Foke Orchard in December
2015. Symptomatic trunk samples from 20 apple trees,
ten each from ‘Anna’ and ‘Dorsett Golden” grafted on
rootstocks M7, MM111 and MM106, were systemati-
cally sampled and collected, as described by Cloete et al.
(2011). These samples were separately packed in paper
bags, labeled and brought to the Forest Protection Labo-
ratory of the Central Ethiopia Environment and Forest
Research Center (CEE-FRC), Addis Ababa. In the labo-
ratory, samples were kept at 4°C in a refrigerator before
further analysis.

Three to four segments of wood fragments were col-
lected from the margins between necrotic and healthy
tissues of five symptomatic apple trunks per cultivar.
The fragments were excised into approx. 2x2 cm pieces.
These were then surface sterilized in 70% ethanol fol-
lowed by 5% sodium hypochlorite, each for 2 min., and
then rinsed in sterilized distilled water. The tissue pieces
were then air-dried, each aseptically halved using a ster-
ile knife, and then placed in 90 mm diam. Petri dishes
containing malt extract agar (MEA, Oxoid Ltd) amend-
ed with 100 mg of streptomycin sulphate. In addition,
cross-sections cut from stems showing disease symp-
toms on both sides were placed in 19.5 mm diam. Petri
dishes with moistened double-layered filter paper to
induce pycnidium formation. The filter papers were reg-
ularly monitored and moistened with distilled water. All
dishes were placed on a laboratory bench and incubated
in 12 h light and 12 h dark, at 20 to 25°C room tempera-
ture. Emerging mycelia and pycnidia were transferred to
potato dextrose agar (PDA; Oxoid Ltd.) amended with
streptomycin sulphate.

The growth characteristics of the isolated fungus
were determined based on mycelium growth rate and
colony colour on PDA after 7 d incubation at 25°C in
darkness. Pycnidium formation in a moist chamber was
also examined under a dissecting microscope. Sporula-
tion of the isolated fungus was induced by transferring
mycelia from the margin of 7-d-old pure cultures onto
20 g L' water agar supplemented with sterilized pine
needles (Su et al., 2012). Based on morphological simi-
larities, a fungus isolate obtained from ‘Anna’ was desig-
nated as AY-1 and an isolate from ‘Dorsett Golden’ was
designated as AY-2. Dimensions (length and width) and
shape of 50 conidia from the AY-1 isolate were measured
and described at 400x magnification using an Olym-
pus BX 63 camera-mounted microscope. Conidiomata
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were sectioned (10 pm thick) with a freeze microtome
and measured at 400x and 1000x magnification using a
Nikon Eclipse E600 compound microscope with a Nikon
DMX1200C digital camera attachment. Ten conidiomata
and 30 conidiogenous cells were measured. Cultures of
both isolates were deposited at the Ethiopian Biodiver-
sity Institute and Forest Protection laboratory of CEE-
FRC.

Molecular characterization and phylogenetic analysis

DNA was extracted from 4-d-old cultures of iso-
lates AY-1) and AY-2), and the regions were amplified
of the internal transcribed spacers 1 and 2 and 5.8S
rRNA (ITS), 28S rRNA the large subunit (LSU) and
the partial actin (ACT) genes. The primers used for
these regions were V9G/LS266 for ITS, LROR/LR6 for
LSU and ACT512F/ACT783R for ACT. The PCR condi-
tions and sequencing were as described by Samson et
al. (2010), and were carried out at the Westerdijk Fun-
gal Biodiversity Institute (CBS), AD Utrecht, the Neth-
erlands. Consensus sequences were made from the for-
ward and reverse sequences, and were lodged in Gen-
Bank (MK167444 to MK167448). For phylogenetic analy-
sis, sequences generated by Ariyawansa et al. (2014) were
added as reference sequences. Kalmusia longisporum
CBS 582.83 was included as the out-group. Newly gen-
erated sequences of the three gene regions were aligned
separately using the E-INS-i algorithm in the MAFFT
plugin of Geneious R9 software (Katoh and Standley,
2013), visually inspected for obvious alignment errors,
and concatenated in Geneious. Maximum likelihood
analysis was performed in PhyML-mpi (Guindon et al.,
2010) under the best-fit model (HKY+I+G). Branch sup-
port was calculated from 100 bootstrap replicates for the
concatenated dataset.

Pathogenicity test

The AY-1 isolate was used in a pathogenicity test
conducted on apple trees at Foke apple orchard, in
November 2017. Four apple trees each of ‘Anna’ and
‘Dorsett Golden” from different rows of the farm were
randomly selected for the inoculation trial. On each tree,
two healthy and oppositely situated branches with mean
diameter of 11 mm (range 10 to 14 mm) were selected.
One branch was inoculated with a mycelium plug of the
fungus and the other branch was treated with a sterile
PDA plug (as the negative control). In total eight branch-
es were inoculated with the fungus and eight were treat-
ed with sterile PDA plugs. The methods of Luque et al.

(2006) and Sami et al. (2014) were adopted with modi-
fications. The bark of each of the selected branches was
cleaned with 70% ethanol before inoculation. Holes
(4 mm diam.) were made in the branches using a cork
borer. Mycelium plugs (4 mm diam.) cut from colony
margins in 10-d-old PDA cultures were placed on the
wounds with mycelium facing the host cambium. A 4
mm diam. sterile PDA plug was similarly placed on one
of the alternative branches of each tree as the control
treatment. Inoculated wounds were wrapped with Para-
film® (American National Can) to prevent contamination
and desiccation of the inoculated areas. After 8 weeks,
all inoculated branches were destructively sampled and
brought to CEE-FRC Forest Protection laboratory. The
lengths of developed lesion’s development in the cambi-
um of inoculated branches were measured after remov-
ing the bark of each branch surrounding the inoculation
point. Re-isolations from symptomatic cambium tissues
beyond the areas of inoculation were performed onto
PDA. ANOVA analysis of the lesion length data was
done using XLStat. Differences in mean lesion lengths
formed on the two cultivars were assessed with Fishers
least significant differences (LSD) at P < 0.05.

RESULTS
Disease symptoms and severity in the field

Based on the documents available in Gibagri Farm
PLC, 31,500 grafted apple trees were imported from
Spain between May 2009 and July 2012. Of these, 384
trees were rejected due to their poor rooting and dry
wood. As well, 8,186 apple trees were eradicated from
the nursery and orchard sites at the farm up to Novem-
ber 2017, due to development of canker symptoms. The
trees showed blistering of the bark of the main stems
mostly below the grafting points, and eventually pro-
duced exudates, lanceolate leaf development, abscission
of blossom and fruits, and dieback that progressively led
to the death of the trees (Figure la). Cross-sectional cuts
of stems of symptomatic trees showed either circular or
triangular discolorations in the wood tissues (Figure 1b
and 1¢).

Morphological characteristics of fungi isolated fungi on
PDA

Morphology of the fungi isolated from symptomatic
samples of the two host cultivars was the same. Colonies
on PDA were whitish with short woolly texture (Figure
2a). Black conidiomata formed on the incubated wood
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Figure 1. Apple tree at Foke Farm showing dieback symptoms (a) and main stem cross section symptoms (b and c).

samples, and fungus structures are illustrated in Figure
2. Conidiomata on PDA were superficial or immersed in
the agar, were dark brown to black, and were (-316)414-
659(-673) um wide and (-303)494-584(-776) pum tall.
They were mostly single (sometimes multiple) and
clumped together (Figure 2b), with short necked ostioles.
And were 75-180 pm long and 87-256 pm wide at the
base. The conidiomata walls had textured outer layers
21-42 um thick with thin, dark brown cells, and were
lined with inner layers of hyaline globose cells 16-32 um
thick (Figure 2c to e). The surfaces of conidiomata walls
were covered with dark brown hyphae. Conidiogenous
cells were discrete or assembled into protruding mass-
es, and were indeterminate and phialidic, formed from
the inner cells all over the conidiomata walls, and were
hyaline to pale yellow, and broadly ampulliform to glo-
bose (Figure 2f), with distinct periclinal thickening (Fig-
ure 2g). Phialide collarettes mostly absent, occasionally
with visible annelations, and measured (-3)4-6(-8) um
x (-1.5)2-2.5(-3) um (Figure 2h). Conidia were ellipsoi-
dal to short-cylindrical, rounded at both ends, 1-celled,
olivaceous, and 3-4(-4.8) um x (-1)1.5-2(-2.8) um (Fig-
ure 2i). The morphological characteristics were simi-
lar to those described for Paraconiothyrium brasiliense
Verkley (Verkley et al., 2004; Paul and Lee, 2014). This
species was synonymised with Didymosphaeria rubi-
ulmifolii Ariyawansa, Erio Camporesi & K.D. Hydeby

Ariyawansaet al. (2014b), based on phylogenetic analy-
ses. The sexual stage as described by Ariyawansaet al.
(2014a) was not observed in the present study.

Molecular characterization and phylogenetic analysis of
fungus isolate

Phylogenetic analyses of the concatenated ITS, LSU
and ACT gene regions confirmed the identity of isolates
AY-1 and AY-2 as Didymosphaeria rubi-ulmifolii (Figure
3). Both isolates grouped together with D. rubi-ulmifolii
sensu stricto, with a 99% bootstrap support (CBS 100299,
the type strain of P. brasiliense). The D. rubi-ulmifolii
sensu lato subclade did not have significant support, only
an internal cluster of three D. rubi-ulmifolii sensu lato
isolates were associated with the present study’s two iso-
lates (bootstrap support of 68%).

Pathogenicity test

Prominent brown lesions caused by the fungus after
inoculation were observed on the branches of ‘Anna’
and ‘Dorsett Golden’ apple trees (Figure 4). For ‘Anna’,
the lesions lengths were from 23 to 86 mm (mean = 54
mm; n = 4). For ‘Dorsett Golden’, the lesion lengths were
from 26 to 46 mm (mean =32 mm; n = 4). Mean lesion
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Figure 2. Cultural and morphological structures of Didymosphaeria rubi-ulmifolii (isolate AY-1). After 7 d growth on PDA (a), conidiomata
with oozing conidia (b), cross section through a conidioma illustrating the neck (c), cross sections through conidioma wall (d and e), conidiog-
enous cells (f to h), arrow indicating periclinal thickening and conidia (i). Scale bars: in b = 1000 pm; ¢ = 100 pm; d = 50 pm; e to i = 10 pm.

lengths for the two cultivars were not significantly dif-
ferent (P = 0.175). Two of the control branches (one
branch each from the two cultivars) had slightly pale
brown discolorations at the inoculation sites, which did
not exceed 4 mm in length, and no D. rubi-ulmifolii was
isolated from these lesions. Re-isolation of the same fun-
gus (colony characteristics described above) from each of
the pathogen inoculated branches confirmed the patho-
genicity of D. rubi-ulmifolii on apple trees.

DISCUSSION

This study has confirmed that the trunks of M.
pumila trees at Foke farm were infected by D. rubi-ulmi-
folii (syn. Paraconiothyrium brasiliense). This pathogen
caused gradual decline and dieback of apple trees and
decreased growth and production of fruit in the affected
orchards. The dieback caused by this pathogen was so
severe that the orchard owner decided to remove all of
the apple trees and plant a different crop.

Previous studies showed that D. rubi-ulmifolii has
been isolated from a number of plant species, including:
fruits of Coffea arabica in Brazil; Ginkgo biloba, Pinus
tabulaeformis and leaves of Pinus glauca in Canada;
Alliaria petiolata in the USA; marine fish in China; wet-
land surface water in Japan; discoloured wood of a liv-
ing Platanus acerifolia tree in Italy; South African peach,
nectarine, and plum trees; and Chinese Maple leaves in
Korea (reviewed in Paul and Lee, 2014). Didymosphaeria
rubi-ulmifolii was reported to cause disease on one-year-
old commercial apple trees and was also found caus-
ing latent infections in certified nursery trees in South
Africa (Havenga et al., 2019). The present paper is, there-
fore, the second report of canker disease on apple trees
caused by D.rubi-ulmifolii, and the first report in Ethio-
pia. The potential pathogenicity of D. rubi-ulmifolii on
detached apple shoots was shown by Cloete et al. (2011),
who inoculated the fungus isolated from pears onto
apple shoots, and showed it to be pathogenic causing sig-
nificant lesions.
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Figure 3. Maximum likelihood phylogeny of the selected genera within Didymosphaeriaceae, as estimated from concatenated alignments
of the internal transcribed spacers 1 and 2 and 5.8S rRNA gene (ITS), the 28S rRNA large subunit gene (LSU) and the partial actin (ACT)
gene regions. Maximum likelihood bootstrap percentages are indicated at the nodes. Support values less than 50% bootstrap were omitted.

Kalmusia longisporum CBS 582.83 was included as the outgroup.

The main reasons behind the serious damage from
D. rubi-ulmifolii on apple trees may be a combination of
cultivar susceptibility and suitable environmental condi-
tions (high air humidity and low soil pH) for the patho-
gen. Low soil pH causes stress to apple trees. Due to the
slow development of symptoms, the cause of the disease
was not initially attributed to fungal canker. Didymo-
sphaeria rubi-ulmifolii was isolated from one farm and
the incidence of the fungus across other apple-growing
districts of Ethiopia has not been established.

In conclusion, in addition to the updating of quar-
antine measures required for the importation of trees
harbouring latent quarantine pathogen infections, future
studies are required to determine the magnitude, distri-
bution and consequences of this pathogen on the culti-
vation and production of apple trees in Ethiopia. This
information will assist the livelihoods of the rural com-
munities in different apple production of this country.
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Summary. Botryosphaeria dieback is one of the most prevalent grapevine trunk dis-
eases (GTDs), and is caused by fungi in the Botryosphaeriaceae. Fungi invade grape-
vine vascular systems mainly through pruning wounds, and cause cankers and necrotic
lesions, which lead to grapevine decline and death. Lasiodiplodia theobromae has been
reported as a highly virulent pathogen of grapevine, and was previously reported in
Mexican vineyards. The taxonomy of Lasiodiplodia was recently revised, adding new
species, and some were reduced to synonymy. This study aimed to characterize Lasio-
diplodia producing grapevine dieback symptoms in Sonora and Baja California, Mex-
ico. Using the phylogenetic markers tefl-a and ITS regions, Lasiodiplodia brasiliensis,
L. crassispora, L. exigua, and L. gilanensis were identified. Lasidiplodia exigua was the
most prevalent species. Lasiodiplodia brasiliensis and L. gilanensis were very virulent to
‘Cabernet Sauvignon’ plants, while L. exigua and L. gilanensis were less virulent, and L.
crassispora did not produce lesions at 2 months post-inoculation. The optimum tem-
perature of the Lasiodiplodia spp. was 28°C, but all four species grew up to 37°C, and
the isolates of L. exigua grew slowly at 40°C. This is the first report of the four of Lasio-
diplodia species in vineyards of Mexico.

Keywords. Grapevine Trunk Diseases (GTDs), Botryosphaeria dieback, Botryospha-
eriaceae.

INTRODUCTION

In Baja California and Sonora, Mexico, grapes are one of the most
economically important fruit crops (Garcia-Robles et al., 2007; Gonzélez-
Andrade, 2015). Baja California produces close to 90% of Mexico’s wines,
while Sonora produces approx. 95% of Mexican table grapes (SIAP, 2019).
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Botryosphaeria dieback is a degenerative wood dis-
ease caused by Botryosphaeriaceae fungi, this disease has
cosmopolitan distribution and predominates in warm
climate regions (Urbez-Torres, 2011; Gramaje et al,
2018). Fungi in this family are known as opportunistic
or latent plant pathogens, as they can remain endophytic
for long periods in host tissues without causing symp-
toms (Slippers et al., 2007).

More than 30 species in the Botryosphaeriaceae have
been associated with Botryosphaeria grapevine dieback,
and these are in Botryosphaeria, Diplodia, Dothiorel-
la, Lasiodiplodia, Neoscytalidium, Neofusicoccum,
Sphaeropsis, and Spencermartinsia (Urbez-Torres, 2011;
Rolshausen et al., 2013; Stempien et al.,, 2017; Gramaje
et al., 2018). The main symptoms caused by these fun-
gi are vascular discolouration and perennial cankers in
host plant vascular bundles, by occlusion of xylem and
phloem, which leads to the death of branches and even-
tually of entire plants. This disease is distinguished from
Eutypa dieback because it is not known to cause particu-
lar foliar symptoms (Urbez-Torres, 2011; Bertsch et al.,
2013; Billones-Baaijens and Savocchia, 2019). Species in
the Botryosphaeriaceae were commonly found in grape-
vines 7 to 10 years old and older, mainly in plants where
large pruning wounds had been made in vines (Gubler
et al., 2005). However, incidence of symptoms caused by
this group of fungi has greatly increased in recent years,
especially in young vineyards (Gramaje and Armengol,
2011; Gispert et al., 2020).

Among the Botryosphaeriaceae, the Lasiodiplo-
dia has been reported as highly virulent on grapevines
(Urbez-Torres and Gubler, 2009), and has also been iden-
tified on more than 500 host species (Punithalingam,
1976). Some of the main morphological characteristics
of Lasiodiplodia include hyaline and smooth conidiog-
enous cells, with cylindrical to conical shapes, which
produce conidia with subovoid to ellipsoid-ovoid shapes
and which are hyaline without septa, or dark-brown
with single septae (Phillips et al., 2013). Lasiodiplodia are
globally distributed, mainly in the tropics and subtrop-
ics, and are probably spread when plants are transported
between regions due to the lack of restrictions on the
movement of propagation material (Cruywagen et al.,
2017; Mehl et al., 2017). Lasiodiplodia theobromae is the
type species of the genus (Alves et al., 2008), and this
species is comprised of many cryptic species because of
their morphological similarity (Alves et al., 2008; Mehl
et al., 2017). As a result, the taxonomy of Lasiodiplodia
has undergone revisions, and new species have been
introduced (Dissanayake et al., 2016; Tibpromma et al.,
2018). Several Lasiodiplodia species have been reduced to
synonymy, particularly those with morphology similar
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to Lasiodiplodia mahajangana, L. plurivora and L. theo-
bromae. There are currently 34 accepted Lasiodiplodia
species (Zhang et al., 2021).

The only Lasiodiplodia species causing perennial
cankers and dieback that has been reported in Mexican
vineyards is L. theobromae (Urbez-Torres et al., 2008).
However, given the recent taxonomical revision of Lasi-
odiplodia, we hypothesize that the species diversity with-
in that group is broader than initially reported. Hence,
the present study aimed to clarify and update the tax-
onomy of Lasiodiplodia present in vineyards from Baja
California and Sonora, Mexico, and to evaluate the path-
ogenicity of these fungi to grapevine.

MATERIALS AND METHODS

Fungal isolation and morphological characterization of
Lasiodiplodia spp.

This study encompassed ten vineyards in the main
grape-growing areas of the States of Baja California and
Sonora, from which 35 samples from grapevines exhibit-
ing Botryosphaeria dieback symptoms were taken from
trunks and branches (Figure 1). Small pieces of symp-
tomatic plant tissue were obtained from each diseased
plant, and these were immersed in 95% ethanol, quickly
flamed, and then placed onto potato dextrose agar (PDA;
Difco) supplemented with 25 mg mL"! chloramphenicol
in Petri plates. The plates were incubated at 30°C until
fungal growth was observed. Smoke-gray fungal colo-
nies with abundant aerial mycelium were sub-cultured
onto PDA plates to obtain pure cultures, and were then
preserved at 4°C in 20% glycerol.

Pure cultures were grown on PDA and incubated at
30°C for 7 d to determine morphological characteris-
tics of fungal isolates, including their pigmentation and
formation of aerial mycelium. Pycnidium production
was induced using liquid Minimal Medium 9 (MM9)
(10 gL glucose, 1.0 gL' NH,CI, 0.5 gL NaCl, 2.5 gL
K,HPO,, 2.5 gL't KH,PO,) in flasks supplemented with
sterile pine needles (5% w/v). The flasks were incubated
at room temperature under an ultraviolet electromagnet-
ic radiation lamp, using a 12 h light and 12 h darkness
regime for 15 d. Formed pycnidia were suspended in
0.5% Tween 20 to obtain conidia, which were observed
under a light microscope (Nikon Eclipse E200). Images
of the conidia were captured with an Infinity 1 Lumen-
era camera, and analyzed using Infinity Analyze v 6.5.4
and Image] software. To compare conidium size across
species, one-way ANOVA followed by a post hoc Fisher
LSD analysis (a < 0.05) were carried on these data using
STATISTICA 8.0.
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I Baja California (valle de
Guadalupe, Ensenada)

M sonora (Hermosillo)

.

Figure 1. Locations of study sites and symptoms of Botryosphaeria dieback in Vitis vinifera associated with Lasiodiplodia spp. A) Field study
sites in Baja California and Sonora regions. B-D) Grapevine plants showing vascular necroses, wedge-shape cankers and wood necroses. E)
Pycnidia observed under a stereoscopic microscope found in some grapevine samples.

DNA extraction and PCR amplification from Lasiodiplo-  PDB at 30°C), using the CTAB protocol (Wagner et al.,
dia spp. isolates 1987). To characterize Lasiodiplodia spp., the ITS region
and elongation factor tef-1a as phylogenetic markers were

Total genomic DNA of each fungus isolate was  ysed, as recommend in TrunkDiseaselD.org (http://www.
extracted from mycelia recovered from cultures (3 d in  grapeipm.org/d.live/) (Lawrence et al., 2017). The oligo-
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nucleotide primers EF1-728F (5-CATCGAGAAGTTC-
GAGAAGG-3’) and EF1-986R (5-TACTTGAAGGAACC-
CTTACC-3) were used to amplify part of the translation
elongation factor-la (tef-la) gene (Carbone and Kohn,
1999); and ITS1 (5-TCCGTAGGTGAACCTGCGG-3’)
and ITS4 (5-TCCTCCGCTTATTGATATGC-3’) were
used to amplify the ITS region of the nuclear ribosomal
DNA, including the 5.8S gene (White et al., 1990). Each
PCR reaction contained 2.5 puL of 10x PCR buffer (100
mM Tris-HCI, pH 8.3 at 25°C; 500 mM KCI; 15 mM
MgCl,; 0.01% gelatin), 0.5 pL of 20 mM dNTPs, 0.625 puL
of 10 uM of each primer, 0.125 uL of Taq DNA polymer-
ase (GoTaq® DNA polymerase, 5 units-uL'; Promega), and
1 pL of 30 ng-uL"! template DNA, adjusted with purified
water to a final volume of 25 pL. Amplification reactions
were carried out in a Bio-Rad T-100 thermal cycler set to
the following conditions: for tef-1a, an initial cycle of 95°C
for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for
30 s, and 72°C for 1 min; for ITS region, an initial cycle of
94°C for 2 min, followed by 35 cycles of 94°C for 1 min,
58°C for 1 min, and 72°C for 90 s. Both programmes had
a final cycle of 72°C for 10 min. Once observed in elec-
trophoresis gels, PCR reactions were purified using the
GeneJet PCR purification kit (Thermo Scientific), and
purified products were sequenced by Eton Bioscience Inc.

Phylogenetic analyses

The sequences were analyzed using BioEdit v.7.0.5.3
(Hall, 1999) and a BLASTn analysis was carried out.
Sequences with the greatest similarity were downloaded
from the GenBank (Table 1) and aligned with ClustalW
(pairwise alignment parameters: gap opening 10, gap
extension 0.1, and multiple alignment parameters: gap
opening 10, gap extension 0.2. Transition weight was set
to 0.5, and delay divergent sequences to 25 %) (Thompson
et al., 1994). The alignment was adjusted manually where
necessary. Alignment of ITS and tef-la were imported in
BioEdit v.7.0.5.3 to obtain the concatenated matrix. Maxi-
mum Likelihood (ML) and Maximum Parsimony (MP)
analyses were performed using MEGA-X (Kumar et al.,
2018), based on the concatenated sequence alignment.
The best model of nucleotide substitution was selected
according to the Akaike Information Criterion (AIC). The
T3+G+I model was used for the ML analysis (Tamura,
1992). Parameters for Maximum Likelihood were set to
Bootstrap method using 1000 replicates. Initial tree(s) for
the heuristic search were obtained automatically by apply-
ing the Maximum Parsimony method. Gaps were treat-
ed as missing data. The tree was visualized in MX: Tree
Explorer. New sequences were deposited in the GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) (Table 1).
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Determination of optimum growth temperature of selected
Lasidioplodia isolates

The optimum growth temperature of identified Lasi-
odiplodia species was determined. Selected isolates of
identified species were grown on PDA plates by inoculat-
ing each plate with a 3-mm diam. plug of a 2-d-old colo-
ny at the edge of the plate. Three replicates of each isolate
for each temperature were included, and plates were then
incubated at 20, 23, 25, 28, 30, 37, or 40°C. This tempera-
ture range was chosen based on previous reports (Urbez-
Torres et al., 2006; Paolinelli-Alfonso et al., 2016), and
considering the prevalent summer temperatures of the
zone from which the isolates were obtained. The colony
radius was measured every 24 h for 3 d. The optimum
growth temperature was determined as the temperature
that produced the maximum mycelial growth rate (mm
d1), which was calculated using the formula:

where: GR = Growth rate, R; = Final colony diam. (mm),
R; = Initial colony diam. (mm), T; = Final time (d) when
colony measured, and T; = Initial time (day 1).

Production of aerial mycelium in Lasiodiplodia spp.

To evaluate aerial mycelium production as a phe-
notypic characteristic to differentiate among species,
2 d-old cultures of selected isolates were each used to
inoculate a 3 mm diam. plug of each culture into a glass
tube containing 5 mL of PDA medium. Tubes were incu-
bated at 28°C for 5 d and the elevations of mycelia were
measured.

Pathogenicity tests of selected Lasiodiplodia isolates

Based on the analyses of the morphological and
genetic results, the isolates MXL28BC, MXCSO01BC,
MX50BC, MXV5BC, MXVSM1b, MXVSM6, MXVS-
Ml6a, MXVSMI18, and MXVS21b were selected for
pathogenicity tests. Grapevine plants of ‘Cabernet Sau-
vignon’ were used to evaluate the pathogenicity of these
Lasiodiplodia isolates. Inoculation of each test plant was
carried out through a mechanical wound in woody tis-
sue made with a drill bit (2 mm diam.), and a mycelium
plug of a selected isolate was placed inside the hole. An
isolate of L. gilanensis UCD256Ma (formerly L. theobro-
mae) (Urbez-Torres et al., 2006; Obrador-Sanchez and
Hernandez-Martinez, 2020) was used for comparisons.



Lasiodiplodia spp. in Mexico 241

Table 1. List of GenBank and culture accession numbers of Lasiodiplodia spp. used in this study for phylogenetic analyses.

GeneBank accession number

Species Isolate Host Origin

ITS tef-1a
Lasiodiplodia
brasiliensis CMM2184 Carica papaya Brazil KC484801 KC481531
L. brasiliensis CMM2185 Carica papaya Brazil KC484800 KC481530
L. brasiliensis CMM2186 Carica papaya Brazil KC484812 KC481542
L. brasiliensis CMM2188 Carica papaya Brazil KC484807 KC481537
L. brasiliensis CMM2212 Carica papaya Brazil KC484806 KC481536
L. brasiliensis UCD1012BC? Vitis vinifera USA EU012372 EU012392
L. brasiliensis UCD916SN® Vitis vinifera USA EU012366 EU012386
L. brasiliensis UCD923SN* Vitis vinifera USA EU012371 EU012391
L. brasiliensis MXBCL28 Vitis vinifera Mexico MT663281 MT711988
L. brasiliensis MXVSCC1 Vitis vinifera Mexico MT663282 MT711989
L. brasiliensis MXVS15a Vitis vinifera Mexico MT663283 MT711990
L. brasiliensis MXVS16a Vitis vinifera Mexico MT663284 MT711991
L. brasiliensis MXYVS18 Vitis vinifera Mexico MT663285 MT711992
L. brasiliensis MXVS19a Vitis vinifera Mexico MT663302 MT712009
L. citricola IRAN1522C Citrus sp. Iran GU945354 GU945340
L. citricola IRAN1521C Citrus sp. Iran GU945353 GU945339
L. crassispora WAC12533 Santalum album Australia DQ103550 DQ103557
L. crassispora CBS110492 Unknown Unknown EF622086 EF622066
L. crassispora MXBCV5 Vitis vinifera Mexico MT663286 MT711993
L. crassispora MXVS1b Vitis vinifera Mexico MT663287 MT711994
L. euphorbicola CMM 4616 Vitis vinifera Brazil MG954348 MG979518
L. euphorbicola CMM 4597 Vitis vinifera Brazil MG954347 MG979517
L. exigua BL104 Retama raetam Tunisia KJ638317 KJ638336
L. exigua BL184 Retama raetam Tunisia KJ638318 KJ638337
L. exigua BL185 Retama raetam Tunisia KJ638319 KJ638338
L. exigua BL186 Retama raetam Tunisia KJ638320 KJ638339
L. exigua BL187 Retama raetam Tunisia KJ638321 KJ638340
L. exigua PD161 Pistacia vera USA GU251122 GU251254
L. exigua MXBCV4 Vitis vinifera Mexico MT663288 MT711995
L. exigua MXBCV6 Vitis vinifera Mexico MT663289 MT711996
L. exigua MXBCV7 Vitis vinifera Mexico MT663290 MT711997
L. exigua MXVS2Ta Vitis vinifera Mexico MT663291 MT711998
L. exigua MXVS5a Vitis vinifera Mexico MT663301 MT712008
L. exigua MXVS6a Vitis vinifera Mexico MT663292 MT711999
L. exigua MXVS16b Vitis vinifera Mexico MT663293 MT712000
L. exigua MXVS20 Vitis vinifera Mexico MT663294 MT712001
L. exigua MXVS21a Vitis vinifera Mexico MT663295 MT712002
L. exigua MXVS21b Vitis vinifera Mexico MT663296 MT712003
L. exigua MXVSS2 Vitis vinifera Mexico MT663303 MT712010
L. exigua MXVSSC1 Vitis vinifera Mexico MT663297 MT712004
L. exigua MXVSV1 Vitis vinifera Mexico MT663298 MT712005
L. gilanensis IRAN1523C Unknown Iran GU945351 GU945342
L. gilanensis IRAN1501C Unknown Iran GU945352 GU945341
L. gilanensis UCD256Ma? Vitis vinifera USA DQ233594 GU294742
L. gilanensis MXBC50 Vitis vinifera Mexico MT663299 MT712006
L. gilanensis MXBCCS01 Vitis vinifera Mexico MT663300 MT712007
L. gonubiensis CMW 14077 Syzygium cordatum South Africa AY639595 DQ103566

(Continued)
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GeneBank accession number

Species Isolate Host Origin
ITS tef-la

L. gonubiensis CMW 14078 Syzygium cordatum South Africa AY639594 DQ103565
L. iraniensis IRAN1502C Juglans sp. Iran GU945347 GU945335
L. iraniensis IRAN921C Mangifera indica Iran GU945346 GU945334
L. margaritacea CBS122519 Adansonia gibbosa Australia EU144050 EU144065
L. margaritacea CBS122065 Adansonia gibbosa Australia EU144051 EU144066
L. mediterrdnea BL101 Vitis vinifera Italy KJ638311 KJ638330
L. mediterranea BL1 Quercus ilex Italy KJ638312 KJ638331
L. missouriana UCD2193MO Vitis sp. USA HQ288225 HQ288267
L. missouriana UCD2199MO Vitis sp. USA HQ288226 HQ288268
L. parva CBS 456.78 Cassava field-soil Colombia EF622083 EF622063
L. parva CBS 494.78 Cassava field-soil Colombia EF622084 EF622064
L. pseudotheobromae CBS116459 Gmelina arborea Costa Rica EF622077 EF622057
L. pseudotheobromae CBS447.62 Citrus aurantium Suriname EF622081 EF622060
L. pyriformis CBS 121770 Acacia mellifera Nambia EU101307 EU101352
L. pyriformis CBS 121771 Acacia mellifera Nambia EU101308 EU101353
L. subglobosa CMM4046 Jatropha curcas Brazil KF234560 KF226723
L. subglobosa CMM3872 Jatropha curcas Brazil KF234558 KF226721
L. theobromae CBS 164.96 Fruit along coral reef ~ Papua New Guinea AY640255 AY640258
L. theobromae CBS111530 Unknown Unknown EF622074 EF622054
L. venezuelensis WAC12539 Acacia mangium Venezuela DQ103547 DQ103568
L. venezuelensis WAC12540 Acacia mangium Venezuela DQ103548 DQ103569
Diplodia mutila CBS 136015 Populus alba Portugal KJ361838 KJ361830
Diplodia seriata CBS 112555 Vitis vinifera Portugal AY259094 AY573220

Isolates from this study are highlighted in bold font.
Isolates previously identified as L. theobromae.

Plugs of sterile PDA were used in control plants, and all
drill wounds were covered with Parafilm’. The grapevine
plants were left in greenhouse conditions for 2 months.
Samples were then taken to measure the length of the
necrotic lesion caused by Lasiodiplodia isolates, and
attempts were made to recover the inoculated fungus
onto PDA. The experiments in plants were conducted
twice. Statistical analyses were carried out using one-
way ANOVA followed by post hoc Fisher LSD analyses,
with a < 0.05 for determination of significant differences
in virulence between isolates using STATISTICA 8.0.

RESULTS

Host symptoms, and morphological characteristics of fun-
gal isolates

Botryosphaeria dieback symptoms observed on sam-
pled grapevine plants were mainly dead spurs, cordons,
and arms, and shorter shoot internodes. The collected

wood exhibited wedge-shaped cankers and necrotic
lesions in the vascular bundles.

From necrotic tissue placed in PDA, rapid fungus
growth was observed after 2 d. From these colonies, 23
fungal isolates with a similar phenotype were recovered,
seven from Baja California and sixteen from Sonora.
According to their morphological characteristics, these
isolates were identified as Lasiodiplodia. Morphologi-
cal characteristics included initially white colonies with
abundant aerial mycelium, which became smoke-gray
and produced pycnidia in PDA as they aged (Figure 2).
Pycnidium induction allowed observation of hyaline and
pigmented conidia in all the isolates (Figure 3). Inside
pycnidia, only hyaline aseptate conidia, with granular
contents, were observed, while one-septate pigmented
conidia with longitudinal striations were mainly found
in cirri (Figure 3). The dimensions (length and width)
of 30 conidia per isolate were measured, and minimum,
maximum, mean, and standard deviations were calculat-
ed (Table 2). Statistically significant differences in conid-
ium dimensions were observed among the four analyzed
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Figure 2. Lasiodiplodia spp. isolates grown on PDA at 30°C for 7 d. A) L. brasiliensis MXBCL28, B) L. brasiliensis MXVS18, C) L. exigua
MXVS21b, D) L. exigua MXVS5a, E) L. gilanensis MXBCCSO1, F) L. crassispora MXVS1b.

Lasiodiplodia species. Isolates characterized as L. gilan-
ensis, MX50 (av. = 28.5 x 16.6 mm), and MXCSO01 (av.
= 30.2 x 15.6 mm), produced larger and wider conidia
than L. brasiliensis, L. crassispora, or L. exigua. Lasiodip-
lodia brasiliensis and L. crassispora isolates had similar
sized conidia (respective mean lengths = 24.0 and 25.6.
mm. The L. exigua isolates had shorter conidia (av. =
21.2 x 12.2 mm).

Molecular identification of Lasiodiplodia isolates

The ITS region and tef-la loci sequences obtained
were, respectively, approx. 500 and 263 bp. The com-
bined dataset comprised 832 characters including gaps
after alignment (541 corresponded to the ITS gene and
291 corresponded to the tefl gene), and 72 taxa. Dip-
lodia mutila (CBS 136015) and Diplodia seriata (CBS
112555) were used as the outgroup taxa. Maximum
parsimony analysis yielded one most parsimonious tree
[(length = 151, CI = 0.711864 (0.677885), RI = 0.922197,

RC = 0.714550 (0.656479)] for all sites and parsimony-
informative sites. Maximum likelihood analysis using
the Tamura 3-parameter model resulted in a tree with
the log likelihood value of -2252.61. The rate variation
model allowed for some sites to be evolutionarily invari-
able ([+I], 41.41% sites). Estimated base frequencies were:
A =0.21487, C = 0.28764, G = 0.25966, and T = 0.23783;
and a discrete Gamma distribution was used to model
evolutionary rate differences among sites [five categories
(+G, parameter = 0.5665)].

The phylogenetic analysis of the ITS region and
tef-la revealed that the isolates were of four different
Lasiodiplodia spp. (Figure 4). Most of the isolates were
L. exigua (syn. Lasiodiplodia mahajangana) (isolates
MXBCV4, MXBCV7, MXBCV6, MXVSV1, MXVS5a,
MXVSSC1, MXVSS2, MXVS2Ta, MXVS6a, MXVS16b,
MXVS20, MXVS2la, and MXVS21b). Six isolates were
L. brasiliensis (isolates MXBCL28, MXVSCCI1, MXV-
S15a, MXVS16a, MXVS18, and MXVSI19a); two isolates
were L. gilanensis (syn. Lasiodiplodia missouriana) (iso-
lates MXBCCSO01 and MXBC50); and two isolates were
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Figure 3. Conidia of Lasiodiplodia spp. isolates. A) L. brasiliensis MXBCL28, B) L. brasiliensis MXVS18, C) L. exigua MXVS21b, D) L. gilan-
ensis MXBCCS01, E) L. crassispora MXVS1b, F) L. exigua MXVS5a.

L. crassispora (syn. Lasiodiplodia pyriformis) (isolates
MXBCV5 and MXVSIb). Previously, only L. theobro-
mae had been described in Baja California and Sonora
(Urbez-Torres et al., 2008). Nonetheless, the three L.
theobromae sensu stricto isolates used as references were
clustered separately, and the isolates from the 2008 study
of Baja California and Sonora were clustered within the
clade of L. brasiliensis (Figure 4, Figure S1).

Optimum growth temperature and aerial mycelium pro-
duction of Lasiodiplodia spp.

The Lasiodiplodia isolates selected had optimum
growth temperatures of 28°C. Most of the isolates grew
at greater than 20 mm d! at 30°C (Table 3). Lasiodiplodia
exigua grew at up to a mean of 24.6 mm d! at 37°C, and
this was the only species that grew at 40°C. Lasiodiplo-
dia gilanensis had the least mycelium growth rate, with a
maximum mean growth rate of 19.8 mm d! at 28°C.

All the Lasiodiplodia isolates produced aerial
mycelium, but in L. gilanensis this was less (mean =
0.8 £ 0.4 mm) than for the other species. The most
abundant and longest aerial mycelium was observed in
L. exigua isolate MXVS5a (16 + 4.8 mm), followed by
L. brasiliensis (9.0 £ 2.56 mm). The species Lasiodip-
lodia crassispora produced less abundant aerial myce-
lium (5.4 + 2.3 mm) than the other species, and this
species melanized more rapidly than the other species
(Figure 5).

Evaluation of the pathogenicity of selected isolates of Lasio-
diplodia spp.

Pathogenicity assays on grapevine plants showed
that two-months post inoculation L. brasiliensis MXB-
CL28 and MXVS18, and L. gilanensis MXCS01 were
the most virulent isolates (Figure 5, C, D, and F), in the
woody shoots induced necrotic lesions up to 6 cm in
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Table 2. Conidium dimensions of the Lasiodiplodia spp. isolates from this study.

Isolate

Origin

Conidium size?

Mean + SDY

Lasiodiplodia brasiliensis®

MXBCL28 Valle de Guadalupe, B.C.
MXVSCC1 Hermosillo, Sonora
MXVS15a Hermosillo, Sonora
MXVS16a Hermosillo, Sonora
MXVS18 Hermosillo, Sonora
MXVS19a Hermosillo, Sonora

(21.9-)24-28.4 x (12.8-)13.6-14.7
(20.4-)24.6-27.1 x (11.3-)12.5-14.8
(20.3-)22.3-24.6 x (11.5-)12.5-14.4
(22.1-)26.8-27.6 x (10.6-)11.7-13.1
(21.3-)24.8-29.4 x (11.3-)13.5-15.2
(20.1-)23.3-26.4 x (11.4)13.4-16.8

24.3+1.4 x 13.7+0.7
23.7%1.7 x 12.8+0.8
22.8+1 x 12.5%0.7
24.7%1.6 x 11.9+0.5
24.7£2 x 13.3£0.8
23.2+1.7 x 13.3+1.3

Lasiodiplodia crassispora®

MXBCV5
MXVS1b

Valle de Guadalupe, B.C.

Hermosillo, Sonora

(23.0-)24.4-29.9 x (13.3-)16.7-20.2
(23.7-)24.6-27.1 x (13-)14.7-16.7

26.1£2.2 x 17.5+1.7
25.0£0.9 x 14.7+1.1

Lasiodiplodia exigua®

MXBCV4

MXBCV6 Valle de Guadalupe, B.C.
MXBCV7 Valle de Guadalupe, B.C.
MXVS5a Hermosillo, Sonora
MXVS6a Hermosillo, Sonora
MXVS2Ta Hermosillo, Sonora
MXVS16b Hermosillo, Sonora
MXVS20 Hermosillo, Sonora
MXVS21la Hermosillo, Sonora
MXVS21b Hermosillo, Sonora
MXVSV1 Hermosillo, Sonora
MXVSSC1 Hermosillo, Sonora
MXVSS2 Hermosillo, Sonora

Valle de Guadalupe, B.C.

(18.6-)21.1-24.8 x (11-)12-13.9
(18.4-)19.2-22.5 x (10.5-)11.4-12.7
(19.1-)20.1-21.7 x (12.0-)12.9-14.2

(21.1-)22.5-25.6 x (11.7-)13.2-16
(21.0-)23.4-24.6 x (11.9-)12.9-13.9
(19.7-)21.3-22.8 x (11.3-)12.3-12.9

(19.6-)23-26.9 x (11.1)13-14.9

(20.2-)21.9-23.7 x (11.2-)12.7-13.9

(18.4-)19.6-23.8 x (10.1-)12.5-13.9
(19.3-)20.3-23.2 x (10.7-)11.9-13.4

(19.1-)20.8-23.4 x (10.2)12-12.8
(18.2-)19.8-24.1 x (10.5-)11.5-13.5
(18.3-)20-23 x (11.4-)11.9-14.2

21.5%1.6 x 12.2+0.8
20.2+1.1 x 11.2+0.7
20.3+£0.7 x 12.9+0.5
22.7%1.1 x13.9+1.0
22.8+1.0 x 13+0.5
21.3+0.9 x 12.2+0.5
22.5%2.0 x 12.9+0.9
22.2+0.9 x 12.8+0.7

20.6x1.5 x 12.5+0.9
21+1.0 x 12+0.7

20.6£1.0 x 11.6+0.7
20.8+£1.9 x 11.7+0.6
20.5%1.2 x 12.5+0.7

Lasiodiplodia gilanensis®

MXBC50
MXNCCS01

Valle de Guadalupe, B.C.
Valle de Guadalupe, B.C.

(25.6-)28-33.8 x (15-)17.1-18.1
(25.4-)28.9-33 x (13.8-)15.4-18.7

28.5%1.7 x 16.6+0.6
30.2+1.8 x 15.6x1.2

* Minimum size, most repetitive value and maximum size for length and width of 30 conidia selected.

b SD = standard deviation.

a,b,c,d Means accompanied by the same letters are not significantly different (a < 0.05).

length around the inoculation site, and were significant-
ly different from the other inoculated isolates. L. exigua
MXVS21b caused necrotic lesions in length, similar to
L. gilanensis UCD256Ma (Figure 5 and 6). L. crassis-
pora MXBCV5 and MXVSIb caused lesion below 1 cm
in length (Figure 5 and 6) and showed a non-significant
difference in comparison to control plants. All isolates
were recovered from the inoculate site at three days after
incubation at 30°C on PDA plates, which confirmed
Koch’s postulates. Non-necrotic lesions were observed in
the control plants, only the wound effect; instead, green
tissue was found, which indicated tissue regeneration of
the caused wound.

DISCUSSION

In this study, four Lasiodiplodia species causing
Botryosphaeria dieback symptoms were identified from
Mexican vineyards. Lasiodiplodia theobromae, the type
species of Lasiodiplodia, is one of the most common spe-
cies associated with Botryosphaeria dieback in grape-
vine (Urbez-Torres, 2011; Fontaine et al., 2016), and for
several years, it was the only known species within the
genus. Later, L. theobromae was shown to be a complex
of cryptic species (Alves et al., 2008), which led to taxo-
nomic revision of Lasiodiplodia. As a result, fungal iso-
lates previously reported as L. theobromae have been re-
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Figure 4. Phylogenetic analysis. Most-parsimonious tree (length = 151) obtained from analysis of ITS and tef]l concatenated datasets. Boot-
strap values from 1000 replicates greater than 50 are indicated at the nodes. The tree is rooted with Diplodia mutila (CBS 136015) and Dip-
lodia seriata (CBS 112555). The isolates from the present study are indicated in bold red font, isolates previously identified as L. theobromae
are indicated in bold green font, and the L. theobromae sensu stricto isolates are indicated in bold black font.
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Table 3. Mean colony diameters at different temperatures for Mexican Lasiodiplodia isolates grown in PDA cultures.

Temperature

Isolate

20°C 23°C 25°C 28°C 30°C 37°C 40°C
Lasiodiplodia brasiliensis
MXBCL28 19.1 +0.7 21.6 £2.4 20+ 1.3 28.1x0.2 20.6 = 3.6 6.8 £0.57 0
MXVS18 15+0 20£0.8 23.1+1.0 273+ 1.7 22.0+1.0 20.0 + 1.8 0
Lasiodiplodia crassispora
MXBCV5 126 £0.2 173 £0.2 191 +£15 23.1+£0.2 2011 3.8+0.7 0
Lasiodiplodia exigua
MXVS5a 15+1.3 213+2 19.8 £ 0.7 28.1 £ 1.5 20.5+2.2 216 +1 S5+
MXVS21b 17.16 £ 0.2 19.6 £ 0.5 20.6 £ 1.5 23+21 223+0.7 24.6 £0.7 05+0
Lasiodiplodia gilanensis
MXBC50 11+24 8.1+£0.7 56+ 1.6 6.1 £1.2 11.3+72 58+ 1.6 0
MXBCCS01 16.3 £0.35 17.1 £ 2.46 175+ 3.6 19.8 £5.0 18.1 £ 1.89 9.5+05

L. brasiliense L. exigua L. gilanensis L. crassispora

oF ¥

MXVS21b

MXBCL28 MXVS18

MXVS5a

MXBCCS01 MXBC50 MXBXV5

Figure 5. Aerial mycelium growth of different Lasiodiplodia spp. isolated from grapevines in Mexico. The isolates were grown in glass tubes

containing PDA medium for 5 d at 28°C.

classified as new species (Dissanayake et al., 2016; Cruy-
wagen et al., 2017; Mehl et al., 2017; Tibpromma et al.,
2018). Some species were subsequently reduced to syn-
onymy (Zhang et al., 2021). The fungal rDNA internal
transcribed spacer region (ITS) is the primary barcode
used to identify fungal species, but in Lasiodiplodia spp.,
this region has low interspecific variation. The transla-
tion elongation factor 1-a (fef-la) is more variable than
ITS, and has been recommended as a secondary barcode
region to estimate species identity for Botryosphaeriace-
ae (Lawrence et al., 2017), and this locus allowed us to
segregate L. brasiliensis from L. theobromae.

Pathogens associated with wood dieback diseases
are generally found in vineyards that are at least 10 years

old (Gubler et al., 2005), but we have isolated these fungi
in younger vineyards in Mexico. Lasiodiplodia exigua,
L. brasiliensis, and L. crassispora were recovered from
the two Mexican viticulture areas (Baja California and
Sonora), whereas L. gilanensis was only found in Baja
California. Lasiodiplodia exigua was the most prevalent
species. Previously, only L. theobromae was reported in
Mexico in grapevine (Urbez-Torres et al., 2008), but our
phylogenetic analyses indicated that those isolates clus-
tered with L. brasiliensis, suggesting that L. brasiliensis
has been in Mexico for a long time.

Production of reddish-pink pigment by the iso-
lates of L. brasiliensis and L. gilanensis was observed.
This characteristic has been reported in other species
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Figure 6. Grapevine woody shoots showing dark-brown lesions at 2-months post inoculation with Lasiodiplodia isolates. A) Control plant
(PDA), B) L. gilanensis UCD256Ma, C) L. brasiliensis MXBCL28, D) L. brasiliensis MXVS18, E) L. brasiliensis MXVS16a F) L. gilanensis
MXBCCSO01, G) L. gilanensis MXBC50, H) L. exigua MXVS6a, I) L. exigua MXVS21b J) L. crassispora MXVS1b, and K) L. crassispora MXB-

CV5. White arrows indicate the point of inoculation.

including L. pseudotheobromae, L. parva, and L. theo-
bromae (Alves et al., 2008; Abdollahzadeh et al., 2010).
Although L. missouriana has been reduced to synon-
ymy with L. gilanensis (Zhang et al., 2021), conidium
dimensions of the Mexican isolates of L. gilanensis (iso-
lates MX50 and MXSCO01) and one from California,
USA (isolate UCD256Ma) were larger (av. = 29.6 x 15.6
pum) than those for L. missouriana (av. = 18.5 x 9.8 um)
from Missouri, USA (Phillips et al., 2013). On the oth-
er hand, L. theobromae (av. = + SD = 26.2 + 2.6 x 14.2
+ 1.2 pum) (Phillips et al., 2013) had conidium dimen-
sions similar to those for L. brasiliensis (av. + SD =
26.01 £1.36 x 14.64 +1.16 um) (Netto et al., 2014), mak-
ing these species difficult to distinguish based solely on
morphological traits. In the present study, aerial myce-
lium height was another morphological characteristic
evaluated, and the observed differences suggested that
this trait could help with the differentiation of Lasi-
odiplodia species.

The pathogenicity tests showed that the L. brasil-
iensis isolates MXBCL28 and MXVS18, and L. gilan-
ensis isolate MXCSO01 were the most virulent to grape-
vine plants ‘Cabernet Sauvignon’. These isolates caused
necrotic lesions to the host vascular systems at 2 months
post-inoculation. Lasiodiplodia brasiliensis was also
reported for the first time on grapevine in Brazil, and
this was the most virulent species on green shoots, fol-
lowed by L. theobromae (Correia et al., 2016). Lasidiplo-
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Figure 7. Mean lesion length caused by Lasiodiplodia isolates in
grapevine plants 2-months post inoculation under greenhouse con-
ditions. Bars indicate the standard deviation of each treatment. Sig-
nificance letters were grouped based on Fisher’s analysis (P<0.05);
Bars indicate standard deviations. Means accompanied by the same
letters are not significantly different (a < 0.05)

dia gilanensis was described for the first time from Iran,
from an unknown tree showing branch dieback, can-
kers, and fruit rot (Abdollahzadeh et al., 2010). Consid-
ering isolate UCD256Ma, formerly identified as L. theo-
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bromae (Urbez-Torres et al., 2006) belongs to L. gilan-
ensis, the present study data supports taxonomic reas-
signment. Lasiodiplodia missouriana has been reduced
to synonymy with L. gilanensis (Zhang et al., 2021).
Lasiodiplodia missouriana was isolated from grapevines
in 2011, and was one of the most aggressive species to
grapevine (Urbez-Torres et al., 2012), confirming results
from the present study.

Lasiodiplodia exigua isolates MXVS6a and
MXVS21b were of different virulence than L. brasilien-
sis and L. gilanensis isolates. Lasiodiplodia exigua was
first isolated from broom bush (Retama raetam) in Tuni-
sia (Linaldeddu et al., 2015), and was reported to cause
brown discolouration and streaks in grapevine wood
(Akgiil et al., 2019). The L. crassispora isolates MXBCV5
and MXVSIb from the present study were the least viru-
lent, which is similar to the results from previous studies
(Correia et al., 2016).

Grapevine plants are susceptible to several differ-
ent wood pathogens during the pruning period, so it
is important to consider factors such as climatic con-
ditions and life cycles of GTDs pathogens (Rolshausen
et al., 2010; Agusti-Brisach et al., 2015; Gramaje et al.,
2018; Waite et al., 2018). Spread of fungus pathogens
involved in Botryosphaeria dieback within vineyards
is linked with rainfall and associated wind dispersal
of inocula (Mehl et al., 2017). Lasiodiplodia has been
reported to be prevalent in regions with high tem-
peratures and low precipitation (Urbez-Torres, 2011;
Gispert et al., 2020). The isolates examined in the pre-
sent study had optimum growth temperatures of 28°C,
but all grew at 37°C, and the isolates of L. exigua grew
at 40°C. This could be an adaptation of L. exigua to
extreme hot weather conditions. This species is the
most commonly found in the Baja California and Son-
ora grape-growing regions. Even when the other iso-
lates did not grow at 40 °C, they recovered their aver-
age growth once they were transferred to room temper-
ature, except for L. gilanensis isolate MXBC50. These
fungi probably entered a dormant state that recovers
when temperatures decrease. This could explain why
L. gilanensis is the most common species in Baja Cali-
fornia and Sonora, where prevalent climate conditions
are annual precipitation of 280 mm and temperatures
greater than 40°C during the summer, conditions
which favour growth of L. gilanensis. More studies are
required of these fungi under extreme growing condi-
tions. However, the present study has contributed to
recognizing GTD pathogen species present in Mexico’s
most economically important viticulture region, rep-
resenting the first step for epidemiological studies to
assist controlling the spread of these pathogens.
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First report of Erwinia amylovora in Tuscany,
Italy
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Summary. 2-years-old plants of Pyrus communis showing symptoms of fire blight dis-
ease were sampled in an orchard in Tuscany (Italy) during Autumn 2020. Plants were
obtained the previous spring from a commercial nursery located in a region where
the disease is present since 1994. The collected material was processed in the lab in
order to verify the presence of the bacterium Erwinia amylovora, the causal agent of
fire blight. Pure isolates showing white mucoid colonies and levan producers on Lev-
an medium were putatively assimilated to E. amylovora. DNA was extracted from the
cultures and analysed with three molecular assays, including duplex PCR of the 29-Kb
plasmid pEA29 and the ams chromosomal region, sequencing of the 16S rDNA and
recA gene regions, two real-time PCR assays on symptomatic plant tissues. All tests
confirmed the presence of E. amylovora. Symptomatic and surrounding plants were
removed and immediately destroyed according to the regional phytosanitary protocol.
This outcome poses a serious threat for fruit orchards in the area.

Keywords. Fire blight, A]J75/A]76 and AMSbL/AMSDR primers, recA gene.

Fire blight symptoms were observed on 2-year-old pear trees (Pyrus com-
munis ‘Williams’ and ‘Red Williams’) in October 2020 during an orchard
phytopathological survey in south-eastern Tuscany (43.37966 N, 11.81162 E),
an important fruit production area.

Plants were obtained in early spring 2020 from a fruit tree nursery
located in a “protected area” within the Emilia Romagna region, where the
pathogen causing this disease has been present since 1994 (EPPO, 114/1995).
Plant material was standard, i.e. without phytosanitary certification proving
disease-free status. At the time of the survey, the young pear trees showed
a variety of symptoms, including shoot blight, stem canker or complete die-
back, dried terminal shoots and shepherd’s crook (Figure 1). During autumn
2020, 21 infected plants were observed (19 Pyrus communis, two Malus
domestica) out of more than 400 plants surveyed.
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254 Duccio Migliorini et alii

Figure 1. Symptoms of shoot blight and stem canker on symptomatic Pyrus communis ‘Williams’ and ‘Red Williams plants sampled during
the survey.
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Table 1. Isolates of Erwinia species used in this study. Sequence numbers in bold font were obtained in the present study.

GenBank
Taxa Strain Reference
16S recA
Erwinia amylovora 1540 796088 Young and Park (2007)
FB1-DZ JN812979 Laala et al. (2012)
ATCC15580 U80195 Arriel et al., 2014
IL6 AY217068 Geider et al., (2006)
IPSP_EA_001 MW786972 MW916100 This study
E. chrysanthemi MAFF311151 AB713694 Suharjo et al., (2014)
E. mallotivora 5705 796084 DQ859877 Young and Park (2007)
E. persicina 12532 796086 DQ859883
XHL2002230201 MT568607 Li et al., 2021
E. piriflorinigrans CFBP 5888 strain CECT 7348 GQ421460 Lopez et al., 2011
CFBP 5882 GQ421461
E. psidii 8426 796085 DQ859878 Young and Park (2007)
E. pyrifoliae Ep1/96 AJ009930 Arriel et al., 2014
Ep16/96 AY217072 Geider et al., (2006)
14143 EF122435 DQ859885 Young and Park (2007)
E. rhapontici ICMP 1582 796087 DQ859882
SUPP 355 LC406869 Tsuji et al., 2020
E. tasmaniensis Et4/99 AM292088 Geider et al., (2006)
E. tasmaniensis Et1/99 AMO055718
E. tracheiphila 5845 Y13250 DQ859879 Young and Park (2007)

Symptomatic shoot samples were collected, trans-
ferred to the laboratory on ice, and were processed for
bacteria isolation and molecular analyses. Tissue sam-
ples were processed according to EPPO standard proto-
col (2013), as described below. Fragments of symptomat-
ic tissues were surface sterilized in 1% NaClO solution,
washed in sterilized distilled water and then ground in
an antioxidant maceration buffer. Macerated tissues were
enriched in liquid King’s B medium (Sigma-Aldrich)
and were incubated at 25°C for 48 h. To obtain single
colonies, enriched suspensions were streaked onto Levan
medium and nutrient glucose agar (NGA; 28 g L'! nutri-
ent agar, 5 g L' glucose: Oxoid), and incubated at 27°C
for 48-72 h. Bacterial isolates were selected on the basis
of colony morphology, and were purified and evaluated
by KOH tests (Buch, 1982) to identify Gram negative
bacteria. Isolates showing white mucoid colonies and
levan production on Levan medium, were identified as
putative Erwinia amylovora.

DNA extracted (Wizard® Genomic DNA Purification
Kit: Promega) from the bacterial cultures was amplified by
duplex PCR, as described by Hannou et al. (2013), using
primers AJ75/AJ76 (844 bp fragment from the 29-Kb plas-
mid pEA29) and AMSbL/AMSDBR (1.6-Kbp fragment from
the ams chromosomal region). Both fragments, specific for
E. amylovora, were successfully amplified.

The 16S rDNA and recA genes were ampli-
fied and sequenced using primers fD1 and rP1/rP2
(fD1: 5-AGAGTTTGATCCTGGCTCAG-3% rP1/rP2:
5-GGYTACCTTGTTACGACTT-3’; Weisburg et al.,
1991), recAl and recA2 (recAl: 5-GGTAAAGGGTC-
TATCATGCG-3; recA2: 5-CCTTCACCATACAT-
AATTTGGA-3’; Waleron et al., 2008).

Sequencing of 16S rDNA (GenBank accession no.
MW?786972; 1392 bp; Table 1) showed 99.61% similarity
with E. amylovora (GenBank accession no. FN666575,
isolate ATCC 49946). Sequencing of recA (GenBank
accession no. MW916100; 711 bp; Table 1) showed
100% similarity with this reference E. amylovora iso-
late. Similarity with E. pyrifoliae (GenBank accession
no. FP236842, strain Ep1/96) was of 99.21% for 16S and
96.18% for recA. Additional 16S and recA gene sequenc-
es from different strains of E. amylovora, and of differ-
ent Erwinia species used for comparison, were obtained
from NCBI (Table 1). Alignments were made using
Geneious Prime (version 11.0.9) and phylogenetic analy-
sis was performed with MEGA (version 10.2.2), using
the Maximum Likelihood method and Tamura-Nei
model. The trees obtained for both genes confirmed the
species identification (Figures 2 and 3).

The presence of the pathogen was also confirmed by
extraction of DNA with CTAB 2% (Li et al., 2008) and
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Figure 2. Phylogenetic analysis based on 16S rDNA gene sequenc-
es from diverse Erwinia spp. strains. The evolutionary history was
inferred by using the Maximum Likelihood method and Tamura-
Nei model (Tamura and Nei, 1993). The tree with the greatest log
likelihood (-2704.47) is shown. The percentage of trees in which the
associated taxa clustered together is shown next to the branches.
Number of boostrap replicates = 500. Initial tree(s) for the heuristic
search were obtained automatically by applying Neighbor-Join and
BioN]J algorithms to a matrix of pairwise distances estimated using
the Tamura-Nei model, and then selecting the topology with supe-
rior log likelihood value. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. This anal-
ysis involved 11 nucleotide sequences. There were a total of 1285
positions in the final dataset. Evolutionary analyses were conducted
in MEGA X (Kumar et al., 2018). The sequence obtain in the pre-
sent study is marked with a black dot.

two real-time PCR protocols according to Gottsberger
(2010) and Pirc et al. (2009) carried on the symptomatic
plant tissue from which the pathogen had been isolated.
All processed samples were identified as E. amylovora.

All symptomatic plants were removed and
destroyed. In order to check for others possible out-
breaks intensive monitoring started in the original
orchard and the surrounding areas.

This is the first report of E. amylovora in Tuscany.
This pathogen may pose a serious threat to apple and
pear production in this area. Presence of this patho-
gen in Tuscany is also a clear example of the spread of
a quarantine pathogen by the plants-for-planting path-
way. This record supports the need to use certified plant
material, especially when nurseries are located in pro-
tected areas.
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Summary. A fungus was isolated from diseased roots of Cucumis sativus grown in
greenhouses. The morphological and cultural characteristics of the isolate allowed it to
be classified as Plectosphaerella melonis. BLASTn analysis revealed 99% homology of
the ITS sequence from the isolate with 14 Acremonium cucurbitacearum and P. melo-
nis isolates, allowing attribution of the isolate to P. melonis (syn. A. cucurbitacearum).
Koch’s hypothesis requirements were fulfilled for the isolate. Symptoms on host roots
developed after 14 d of growing cucumber plants on infested soil. Plants of the cucum-
ber variety Nizhynskyi 12 were very susceptible at the two leaf growth stage (2 weeks
after sowing). Above-ground disease symptoms were absent after 14 d, even with
severely diseased roots. This is the first report of P. melonis on C. sativus in Ukraine.

Keywords. Acremonium cucurbitacearum, cucurbits, disease, identification, pathogen,
Plectosphaerella melonis, soilborne.

INTRODUCTION

Plectosphaerella spp. are known pathogens for a wide range of agricul-
tural crops, including Cucurbitaceae (Carlucci et al., 2012; Raimondo and
Carlucci, 2018a; 2018Db).

In Spain, Alfaro-Garcia et al. (1996) reported that the causal agent of
this disease, after the mass death of melons at the beginning of fruit rip-
ening, was the fungus Acremonium cucurbitacearum. Bruton et al. (1996)
described the same disease on melon plants in Texas (United States of Amer-
ica). Carlucci et al. (2012) determined that A. cucurbitacearum was syn-
onymous to Nodulisporium melonis and transferred the pathogen to Plecto-
sphaerella as P. melonis comb. nov.

A Plectosphaerella species was consistently isolated from diseased
cucumber plants grown in a greenhouse in Ukraine. The aim of the pre-
sent study was to identify the isolate fungus using morphological cultural
and molecular genetic characteristics, and to confirm its pathogenicity to
Cucumis sativus.

Phytopathologia Mediterranea 60(2): 259-263, 2021
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MATERIALS AND METHODS
Plant sampling and fungus isolation

A fungus isolate (coded 502) was collected from
affected roots of C. sativus (variety Koroliok), at the
mass fruiting stage of crop growth. Cucumis sativus was
grown in greenhouses in Chernihiv district, Cherni-
hiv region (Ukraine). Affected host root segments (3-5
mm) were thoroughly washed for 15 min under running
water, surface sterilized with 96% ethyl alcohol for 1
min then washed twice with sterile water, and were then
plated into Petri dishes containing 4% barley meal agar
(BMA) amended with 250 ppm streptomycin. The plates
were incubated at 26°C, and after 4 d the resulting fun-
gus was reisolated onto BMA.

Morphological identification

The cultural and morphological characteristics of
the isolated fungus were examined after culture on
BMA, Czapek’s agar (CZA) or potato dextrose agar
(PDA) in the darkness at 26°C. After 10 d in culture, the
fungus completely covered the agar surfaces, and colo-
nies were characterised.

Temperature/growth relationship

The temperature optimum for the isolated fungus
was studied by culturing the fungus in Petri dishes on
BMA at 10, 18, 26 or 35°C. After 10 d, the colony diam-
eters were measured in two mutually perpendicular
directions, and colony radial growth rates were deter-
mined (Pert, 1978).

Molecular identification

DNA extraction. For DNA isolation, parts of fun-
gus colonies grown on BMA were processed using the
AmpliSens DNA-sorb-B kit. The necessary quantity
of DNA solution obtainment was carried out in appli-
ance to described methods (Birnboim & Doly, 1979;
Chowdhury & Akaike, 2005; Chi et al., 2009; Sika et
al., 2015).

PCR analysis. For sequencing, obtained DNA solu-
tion polymerase chain reaction was carried out using
ITS1 and ITS4 primers (White et al., 1990). The ampli-
fication reaction was conducted within Applied Biosys-
tems equipment following prescribed methods (Watts &
MacBeath, 2001; Garrido et al., 2009). Analysis of result-
ing 5.8S rDNA sequences were compared with GenBank
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database sequences using by BLAST analyses (http://
www.ncbi.nlm.nih.gov/blast).

Pathogenicity test

Pathogenicity tests were performed in a pot experi-
ment using C. sativus plants (var. Nizhynskyi 12). Pots
(2 L capacity) were each filled with 1800 g of soil which
had been previously steamed at 70-80°C for 50 min.

Inoculum of the isolated fungus was prepared by
growing the fungus on medium containing oat seeds,
oat flakes, water, chalk and gypsum in 1 L capacity
flasks. This substrate was sterilized twice at 128°C
and 1.5 atm pressure for 1 h 30 min, and was then
inoculated with pure cultures of the isolate, grown in
tubes containing BMA. The flasks were kept at 26°C
for 21 d. Than the inoculum was transferred into
paper bags, dried to constant weight at 30 °C, and
mixed with soil.

Cucumis sativus seeds were sown to a depth of
2 cm. Fungus inoculum was applied to the pots at the
equivalent of 5 x 10* CFU g! of soil (Bruton et al.,
2000a). Experimental controls were cucumber plants
grown without added inoculum. Soil in the pots was
maintained at 60% of total water holding capacity. The
pots were placed randomly in a greenhouse with natu-
ral lighting. The experiment was repeated five times.
After emergence of the cucumber seedlings, these were
thinned to five per pot. After 2 and 4 weeks, the plants
were removed, washed from the soil and the root sys-
tems were evaluated.

Root segments (3-5 mm each) were thoroughly
washed for 15 min under running water, surface steri-
lized with 96% ethyl alcohol for 1 min, and then washed
twice with sterile water. The segments were then placed
into Petri dishes containing 4% BMA plus 250 ppm
Streptomycin at 26°C, and after 4 d the resulting fungus
was reisolated onto BMA.

Statistical analyses

The data obtained were analyzed using Statistica 12.
Normality of the data were assessed using Shapiro-Wilks
W-test statistics, and homogeneity of variances was
assessed using the Brown-Forsythe test. The nonpara-
metric Mann-Whitney U test was applied (P < 0.05) to
compare experimental groups, including fungus growth
media. One-way Analysis of Variance (ANOVA) and
Duncan Multiple Range Tests were used to determine
optimum temperature.
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RESULTS AND DISCUSSION

Isolate 502 was obtained from affected cucumber
plants grown in greenhouses (Figure la). Disease symp-
toms were absent until the onset of the mass plant fruit-
ing phase of cucumber. The symptoms included fad-
ing of leaf edges on the lower leaves of affected plants.
The root systems had secondary and tertiary roots with
necrotic areas (Figure 1b). No reductions in plant growth
or delays in development were observed.

The macro-morphological features of isolate 502
differed depending on the culture medium (Figure 2).
Colonies were rounded, hyphae were thin, septate and
hyaline. The colonies on PDA were white or cream, the
colony surfaces were and velvety. On BMA, the colony
colours varied from white to rose pink. On CZA the
colonies had white aerial mycelium. Colonies had radi-
al wrinkles on the reverse sides, and the colonies were

slow-growing (Table 1), the most rapid growth was on
PDA.

Phialides of isolate 502 were unbranched, septate,
mostly simple, and measured from 22.4 x 4.2 um to
42.0 x 4.2 pm. The phialides were coloured along their
entire lengths. The phialides were located on hyphal fila-
ments and each had a basal septum at the base. Unicel-
lular conidia were assembled into a head at the apex of
each phialide. Conidia were oblong, elliptical, smooth-
walled and hyaline (granular). Conidia in PDA cultured
measured 8.4 x 2.8 um to 14.0 x 2.8 pm, and sporulation
was most intense on this medium. On BMA, the conidia
were smaller (5.6 x 3.1 um to 11.2 x 2.8 um) and sporu-
lation was intense. On CZA, sporulation was not intense
and the conidia were 4.2 x 4.2 um to 8.4 x 4.2 pm. Chla-
mydospores were absent. These characteristics were sim-
ilar to those described for P. melonis (Alfaro-Garcia et
al., 1996; Carlucci et al., 2012).

Figure 1. (a) Cucumber plants (variety Koroliok) affected by Plectosphaerlla melonis (isolate 502) in a greenhouse. (b) Leaf and root of an

affected plant (left) and a healthy plant (right).

Figure 2. Colonies of Plectosphaerella melonis (isolate 502) on (a) PDA, (b) CZA, and (c) BMA.
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Table 1. Mean diameters of Plectosphaerella melonis (isolate 502)
colonies on different nutrient media.

Mean colony diameter Mean colony diameter

Nutrient medium (mm) after 7 d. (mm) after 10 d.

BMA 202+02c 268+0.1c
CZA 171 +0.1b 285+03b
PDA 212+03a 33.0+03a

The values are means + standard errors for three replicates.
Means in each column followed by different letters are significantly
different (P < 0.05; Mann-Whitney test).

Table 2. Mean Plectosphaerella melonis (isolate 502) colony diam-
eters and growth rates at different temperatures.

Mean colony diameter Mean colony radial

Temperature (°C) (mm, after 10d)  growth rate (mm h'!)

10 55+03d 0.023 £ 0.001 d
18 13.2+05b 0.055 £ 0.002 b
26 223+03a 0.093 £ 0.001 a
35 88+03c 0.037 £ 0.001 ¢

The values are means + standard errors for three replicates.
Means in each column followed by different letters are significantly
different (P < 0.05; Duncan’s multiple range test).

The optimum temperature growth for isolate 502
was 26°C (Table 2).

Isolate 502 was deposited at the Depository of the
Institute of Microbiology and Virology, NAS of Ukraine,
with the number IMB F-100138.

Morphological identification of the isolate was con-
firmed by the molecular analysis. The sequence of isolate
502 was determined and submitted to GenBank with
accession number MK736305.1. The BLASTn analysis
showed 99% similarity with 14 strains of A. cucurbita-
cearum and P. melonis.

Pathogenicity of P. melonis 502 to cucumber plants
was confirmed. Symptoms of root system damage were
observed after 14 days for cucumber plants grown in soil
inoculated with this isolate (Figure 3). The cucumber
variety Nizhynskyi 12 was very sensitive to the patho-
gen at the two true leaf growth stage (after 2 weeks from
sowing) (Figure 3c). Above-ground symptoms were
absent after 14 d, although severe symptoms were appar-
ent on the root system at this time. Investigating the
sensitivity of cucurbit species to Spanish P. melonis iso-
lates, Armengol et al. (1998) found that cucumber plants
ranged from resistant to very susceptible, and that, in
field conditions, cucumber plants were less affected by P.
melonis than melon plants with the same level of suscep-
tibility. In contrast, Bruton ef al. (2000b), in studies of

Evgeniy Kopilov et alii

Figure 3. Healthy cucumber variety Nizhynskyi 12 plants (a - left,
and b), and diseased plants (a - right, and c), after 14 d of cultivation.

pathogenicity of American P. melonis isolates, concluded
that cucumber plants belonged to a high-resistance host
group.

The present results are the first to show pathogenic-
ity of P. melonis on cucumber plants in Ukraine. This
study has confirmed the pathogenicity of this fungus to
cucumber, and has shown that young cucumber seed-
lings were very susceptible to this pathogen.
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Summary. The curative antifungal activity of edible composite coatings (ECs) based on
pregelatinized potato starch-glyceryl monostearate (PPS-GMS) formulated with or with-
out sodium benzoate (SB) to control green mould (caused by Penicillium digitatum) and
blue mould (P, italicum) was assessed on ‘Orri’ mandarins, ‘Valencia’ oranges and ‘Fino’
lemons. These fruit were artificially inoculated with P. digitatum or P. italicum, treated
by immersion in coating emulsions and compared to uncoated control fruit immersed
in water and fruit immersed in 2% SB (w/v) aqueous solution. Treated fruit were then
stored at either 20°C or commercial low temperature (5°C for mandarins and orang-
es, 12°C for lemons). Coatings without SB did not exhibit antifungal activity, whereas
coatings containing 2% SB reduced incidence and severity of green and blue moulds, in
comparison to the controls, on all citrus species and in all storage conditions, without
differing from the aplication of 2% SB alone. For example, incidence reduction on ‘Fino’
lemons was from 99 to 0% after 7 d at 20°C, and from 99 to 30% after 2 weeks at 12°C.
None of the treatments was phytotoxic. These results indicate that applications of SB as
antifungal ingredient of PPS-GMS based ECs is a promising non-polluting alternative to
control Penicillium postharvest decay of citrus, and these ECs are effective substitutes
for conventional waxes amended with synthetic fungicides.

Keywords. Green mould, blue mould, alternative disease control, antifungal fruit
coatings, GRAS salts.

INTRODUCTION

Fungal pathogens are one of the main factors contributing to citrus
spoilage and quality deterioration during postharvest fruit handling, lead-
ing to significant economic losses (Zacarias et al., 2020). Green mould (GM;
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see Table 1 for definitions of abbreviations used in this
paper) and blue mould (BM), caused, respectively, by
Penicillium digitatum (Pers.: Fr.) Sacc. and Penicillium
italicum Wehmer, are the most important postharvest
citrus diseases, particularly in Mediterranean climate
regions. These fungi are strict wound pathogens that
infect citrus fruit through rind injuries caused during
harvest, transportation, and postharvest handling and
commercialization (Palou, 2014; Smilanick et al., 2020).

Treatments with synthetic fungicides applied as
aqueous solutions or added to waxes have been tradi-
tionally used to reduce postharvest citrus decay to com-
mercially acceptable levels (Erasmus et al., 2013; Njom-
bolwana et al., 2013). However, due to legislative restric-
tions and consumer trends, the citrus industry demands
safer approaches to control postharvest diseases. Alter-
native control methods include different physical treat-
ments, antimicrobial antagonists used as biocontrol
agents, and low-toxicity chemicals classified as food
additives or generally recognized as safe (GRAS) com-
pounds. These compounds include organic and inorgan-
ic salts, chitosan, essential oils and other plant extracts
(Moscoso-Ramirez et al., 2013; Palou et al., 2016; Palou,
2018; Papoutsis et al., 2019; Sapper et al., 2019).

Among the different disease management alterna-
tives, GRAS salts present important advantages, includ-
ing high water solubility, availability, and general low cost
(Palou, 2018). Thus, their potential to control citrus post-
harvest decay as aqueous solutions or as ingredients of
composite edible coatings (ECs) is an active research field
(Palou et al., 2015; Montesinos-Herrero et al., 2016). The
effectiveness of GRAS salts, including benzoates, bicarbo-
nates, carbonates, metabisulfites, parabens, silicates, and
sorbates, for control of major postharvest citrus diseases
has been demonstrated in previous studies (Palou et al.,
2002; Smilanick et al., 2008; Valencia-Chamorro et al.,
2009a; Askarne et al., 2013; Moscoso-Ramirez et al., 2013;
Youssef et al., 2014; Montesinos-Herrero et al., 2016; Gui-
mardes et al., 2019; Martinez-Blay et al., 2020a; 2020b).
We have found that, among these salts, aqueous solutions
of sodium benzoate (SB) had substantial curative activity
against citrus GM and BM (Montesinos-Herrero et al.,
2016). Therefore, we have evaluated ECs containing this
salt as an antifungal ingredient.

Since ECs on fruit act as water and gas barriers, the
use of ECs formulated with antifungal GRAS ingredi-
ents allows coating the fruit directly with a thin layer
of edible material to provide antifungal activity, main-
tain fruit physicochemical quality and extend shelf life
(Janjarasskul and Krochta, 2010; Valencia-Chamorro et
al., 2011a; Palou et al., 2015; Sapper and Chiralt, 2018).
In addition, postharvest use of ECs containing GRAS
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compounds may facilitate slow diffusion of active ingre-
dient from coating matrices, compared to application
of aqueous solutions (Palou et al., 2015; Palou, 2018).
We have previously demonstrated that ECs based on
hydroxypropyl methylcellulose (HPMC) containing anti-
fungal GRAS salts reduced brown rot in plums (Karaca
et al., 2014; Gunaydin et al., 2017) and Alternaria black
spot and gray mould in cherry tomatoes (Fagundes et
al., 2013; 2015), while the physicochemical and sensory
qualities of the fruit were maintained. Furthermore, on
citrus fruit, these ECs controlled GM and BM (Valencia-
Chamorro et al., 2008; 2009a; 2009b; 2010; 2011b), Dip-
lodia stem-end rot (Guimardaes et al. 2019) and posthar-
vest anthracnose (Martinez-Blay et al., 2020a), while fruit
quality was preserved during cold storage. However, the
effectiveness and stability of the ECs depended on their
composition, and the incorporation of antifungal GRAS
salts greatly changed the original coating matrix proper-
ties. This indicated the need to optimize the formulations
for each target pathogen and fruit species or cultivar
(Valencia-Chamorro et al., 2011a; Palou et al., 2015).

In addition to HPMC, starch has been reported as a
promising polysaccharide for ECs due to its biodegrada-
bility, biocompatibility, availability and low cost, creat-
ing odourless, tasteless and transparent films with good
fruit preservation properties (Acosta et al., 2015; Sap-
per and Chiralt, 2018). In addition, some studies have
reported the antifungal activity of starch-based ECs
amended with GRAS ingredients such as essential oils
(Sapper et al., 2019), natamycin-cyclodextrin complex
(Yang et al., 2019), biocontrol agents (Marin et al., 2016),
lactic acid bacteria (Marin et al., 2019) and potassium
sorbate (Mehyar et al., 2011) to control different post-
harvest diseases in apple, cucumbers, grapes, persim-
mon or tomatoes. However, no information is available
regarding the utilization of GRAS salts as ingredients
of starch-based ECs to control major citrus postharvest
diseases. Considering the importance of factors such as
coating composition (i.e., type of ingredients and rela-
tive content) on coating performance, we have developed
and optimized ECs formulated with SB as the antifungal
ingredient and different ratios of pregelatinized potato
starch (PPS), glyceryl monostearate (GMS) and glycerol
as hydrophobic and plasticizer components to maintain
the physicochemical and sensory quality of ‘Orri’ man-
darins during storage (Soto-Munoz et al., 2021). From
that research, two antifungal ECs were selected as prom-
ising treatments to maintain quality, reduce decay and
extend postharvest life of mandarins.

The objective of the present study was to assess the
efficacy of the optimized antifungal PPS-based ECs con-
taining SB for control of GM and BM on mandarins,
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oranges and lemons. Curative activity of the ECs was
assessed on fruit artificially inoculated with the posthar-
vest pathogens and stored at either 20°C or commercial
low temperatures (5°C for mandarins and oranges, 12°C
for lemons).

MATERIALS AND METHODS

Abbreviations used in this paper are presented in
Table 1.

Fruit

Experiments were conducted with ‘Orri’ manda-
rins (Citrus reticulata Blanco), “Valencia’ oranges (Citrus
sinensis (L.) Osbeck) and ‘Fino’ lemons (Citrus limon (L.)
Osbeck). Commercially mature fruit were collected from
citrus orchards in the Valencia area (Spain), and were
used the same day or stored [5°C, 90% relative humidity
(RH)] for up to 1 week before use. No commercial post-
harvest treatments were applied to the fruit before the
experiments. Fruit were selected for uniformity of size
and shape, and diseased or mechanically damaged fruit
were discarded. Selected fruit were surface disinfected
(4-min dips in 0.5% sodium hypochlorite solution),
rinsed with tap water, allowed to air dry at room tem-
perature, and then randomized before each experiment.

Fungal inoculations

The fungus strains NAV-7 of P. digitatum and MAV-
1 of P. italicum were obtained from decayed citrus fruit

Table 1. Abbreviations used in this paper.

Abbreviation Definition

GM Green mould

BM Blue mould

ECs Edible coatings

GRAS Generally recognized as safe
SB Sodium benzoate

HPMC Hydroxypropyl methylcellulose
PPS Pregelatinized potato starch
GMS Glyceryl monostearate

RH Relative humidity

PDA Potato dextrose agar

from local packhouses in the Valencia region. These
strains were isolated, identified and maintained in the
culture collection of postharvest pathogens of the IVIA
CTP, after being selected for their aggressiveness and
uniform behaviour on fruit of the most commercially
important citrus cultivars. These isolates were deposited
in the Spanish Type Culture Collection (CECT, Uni-
versity of Valencia, Valencia, Spain) with the accession
numbers CECT 21108 for NAV-7 and CECT 21109 for
MAV-1. Prior to the experiments, the two isolates were
incubated on potato dextrose agar (PDA) (Scharlab S.L.)
in Petri dishes at 25°C for 7-14 d.

For fruit inoculations, conidia from 7- to 14-d-old
cultures of P. digitatum or P. italicum were taken from
the PDA surfaces with sterilized inoculation loops and
each transferred to a sterile aqueous solution of 0.05%
Tween 80 (Panreac-Quimica S.A.). Conidium suspen-
sions were then filtered through two layers of cheese-
cloth. Conidium numbers in suspensions were measured
with a hemocytometer, and dilutions with sterile water
were made to obtain an inoculum density of 10° conidia
mL!. Each pathogen was wound-inoculated onto differ-
ent sets of fruit. For each inoculation, the tip of a stain-
less steel rod (1 mm wide, 2 mm long) was immersed in
the conidium suspension and then inserted in the fruit
rind. Each fruit was inoculated at one point in the equa-
torial zone. Inoculated fruit were kept at 20°C and 90%
RH for 24 h before application of fruit coatings.

Preparation of edible fruit coatings

The ECs were prepared by combining PPS as biopol-
ymer (Quimidroga, S.A.), GMS as lipidic component
(Italmatch Chemicals Spa) and glycerol as plasticizer
(Panreac-Quimica S.A.) suspended in water. SB (Sigma-
Aldrich Quimica S.A.) was added as antifungal GRAS
salt in the formulations at 2% (w/v). These ingredients
were combined in different proportions to prepare four
different ECs designated as F10, F6, F10/SB and F6/SB
based on the optimized stable emulsions described by
Soto-Munoz et al. (2021), where F10 and F6 were the
PPS-GMS-based ECs formulated without GRAS salt
and F10/SB and F6/SB were the same ECs formulated
with 2% SB. The proportions of each component and the
characteristics of these ECs are detailed in Table 2. In all
formulations, sunflower lecithin (LEC) and diacetyl tar-
taric acid esters of mono-diglycerides (DATEM) (Lase-
nor S.A.) were also incorporated as emulsifiers at the
ratio GMS:emulsifier of 2:1 (dry basis, db).

For each preparation, a PPS solution (5%, w/w) was
first stirred at 65°C for 30 min, and then kept under
magnetic stirring at 25°C overnight. The required
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Table 2. Composition and characteristics of the edible fruit coatings
evaluated in this study.

Composition and Edible coating
characteristics® F10 F6  FI0/SB  F6/SB
SB concentration (%, w.b.) - - 2.0 2.0
Solid content (%) 3.9 35 59 55
PPS (%, d.b.) 48.3 28.6 32.0 18.2
GMS (%, d.b.) 13.2 28.6 8.8 18.2
Glycerol (%, d.b.) 25.2 14.3 16.7 9.1
pH 3.3 3.3 5.8 54
Viscosity (cP) 55.1 48.6 33.6 11.2

2 SB, sodium benzoate; PPS, pregelatinized potato starch; GMS,
glyceryl monostearate (GMS); w.b., wet basis; d.b., dry basis.

amount of SB aqueous solution (10% w/w), the emulsifi-
ers and water were then added to the PPS solution, GMS
and glycerol and the resulting emulsion was heated to
90°C. Once the compounds were melted, samples were
homogenized using a high-shear probe mixer (Ultra-
Turrax IKA® model T25; IKA-Werke) for 1 min at 12,000
rpm followed by 3 min at 22,000 rpm. Emulsions were
then cooled under agitation to a temperature below 25°C
by placing them in an ice/waterbath under constant agi-
tation for 25 min. The emulsions were kept overnight at
5°C before use.

Assessment of curative activity of fruit coatings

‘Orri’ mandarins and ‘Fino’ lemons were artificially
inoculated with each pathogen (as above) and incu-
bated at 20°C for 24 h. Inoculated fruit were then indi-
vidually treated by immersion (10 s at 20°C) in relevant
coating emulsions, drained and allowed to air-dry at
room temperature. Curative activity of ECs was assessed
since the disease control treatments were applied to
already infected fruit. Treatments applied were: control
= uncoated (immersion in water at 20°C for 10 s); F10
coating; F6 coating; SB (immersion in 2% (w/v) SB aque-
ous solution at 20°C for 10 s); F10/SB coating, or F6/SB
coating. For each pathogen, each treatment was applied
to four replicates of five fruit each. Treated fruit were
randomly placed on cavity sockets in plastic trays and
incubated at 20°C and 90% RH. Incidence of GM and
BM were assessed as the percentage of decayed fruit,
and disease severity was determined as individual lesion
diameter (mm). All wounds, including asymptomatic
wounds (diam. = 0 mm), were considered. Disease inci-
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dence and severity were assessed after 4 and 7 d incuba-
tion at 20°C. Experiments were repeated once, and aver-
age data are presented.

Effectiveness of fruit coatings during cold storage

‘Orri’ mandarins, ‘Valencia’ oranges and ‘Fino’
lemons were inoculated and treated as described above
(the six different treatments were applied to each of the
three fruit species). For each host and disease (GM or
BM), each treatment was applied to four replicates of
ten fruit each. Treated fruit were randomly placed on
cavity sockets in plastic trays and then cold-stored in
recommended commercial conditions. The mandarins
and oranges were stored at 5°C, and the lemons were
kept at 12°C to avoid chilling injury (Ladaniya, 2008;
Zacarias et al., 2020). RH was 90% in all cases. Inci-
dence and severity of GM and BM were assessed as
described above. These parameters were evaluated for
mandarins after 2, 3, 4 and 5 weeks of cold storage, for
oranges after 4, 6 and 10 weeks, and for lemons after
1, 2 and 3 weeks. Every trial was conducted twice, and
average data are presented.

Statistical analyses

Data from all experiments were subjected to analy-
sis of variance (ANOVA). Since experiment was not a
statistically significant factor, means of repeated exper-
iments are presented. Disease incidence proportions
were arcsine square root transformed to improve the
homogeneity of variances. Where appropriate, Fisher’s
Protected Least Significant Difference (LSD) test, at the
95% level of confidence (P = 0.05), was used for means
separation. Non-transformed means are presented. All
statistical analyses were carried out using Statgraphics
Centurion XVII software (Statgraphics Technologies
Inc.).

RESULTS
Curative activity of fruit coatings

The ECs formulated without SB (F6 and F10) did
not exhibit activity against GM and BM on ‘Orri’
mandarins incubated for 4 and 7 d at 20°C, with simi-
lar or greater mean incidence and severity values in
all cases than those for uncoated control fruit (Fig-
ure 1). In contrast, the ECs formulated with SB (F6/
SB and F10/SB) significantly reduced the incidence and
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Figure 1. Mean severity and incidence of green mould (GM) or blue mould (BM) on ‘Orri’ mandarins artificially inoculated, respectively,
with Penicillium digitatum or P. italicum, then coated 24 h later and incubated for 4 and 7 d at 20°C and 90% RH. Treatments applied were:
control (CON) = uncoated (immersion in water), F10 coating, F6 coating, 2% sodium benzoate (SB) aqueous solution (w/v), F10/SB coat-
ing, or F6/SB coating (see Table 2 for coating composition). For each disease and incubation period, columns accompanied by different let-
ters are significantly different (Fisher’s protected LSD test; P < 0.05). Vertical lines above columns indicate standard errors. Incidence values
were arcsine-transformed before statistical analyses. Non-transformed means are shown.

severity of GM and BM compared to uncoated con-
trol fruit after 4 d of incubation. Effectiveness of these
antifungal ECs to reduce incidence and severity of
GM and BM was similar to that obtained with the SB
aqueous treatment. After 7 d, incidence and severity
increased significantly in all cases. The antifungal ECs,
F6/SB and F10/SB, reduced the severity of GM and
BM, with severity reductions of 50-80% with respect
to uncoated control fruit, and no significant differ-
ences were observed with the SB treatment. However,
although both antifungal ECs reduced the incidence of
GM, they were less effective than SB in aqueous solu-
tion, with reductions of approx. 30% for coated fruit
in comparison to 70% for SB-treated fruit. Similar
reductions of 20-30% were observed for BM incidence

on coated ‘Orri’ mandarins after 7 d of storage, but in
this case without statistically significant differences
from the SB treatment.

On ‘Fino’ lemons incubated up to 7 d at 20°C, F6
and F10 (without SB) did not reduce the incidence and
severity of GM and BM compared to uncoated control
fruit, with few exceptions (Figure 2). For example, inci-
dence reductions of approx. 20-30% were obtained with
F6 against BM. However, these reductions were always
less than those obtained with the antifungal ECs con-
taining SB or the SB aqueous solution, showing that
the PPS-based matrices without GRAS salt exhibited
no relevant antifungal activity. After 7 d of incubation,
the incidence and severity of GM was nil on fruit coat-
ed with F10/SB or treated with 2% SB aqueous solution,
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Figure 2. Mean severity and incidence of green mould (GM) or blue mould (BM) on ‘Fino’ lemons artificially inoculated, respectively, with
Penicillium digitatum or P. italicum, then coated 24 h later and incubated for 4 and 7 d at 20°C and 90% RH. Treatments applied were: con-
trol (CON) = uncoated (immersion in water), F10 coating, F6 coating, 2% sodium benzoate (SB) aqueous solution (w/v), F10/SB coating, or
F6/SB coating (see Table 2 for coating composition). For each disease and incubation period, columns accompanied by different letters are
significantly different (Fisher’s protected LSD test; P < 0.05). Vertical lines above columns indicate standard errors. Incidence values were
arcsine-transformed before statistical analyses. Non-transformed means are shown.

whereas the F6/SB coating reduced incidence of GM by
65% and severity by 75%, compared to control fruit.
For BM, the reductions after 4 d of both incidence and
severity were 85-100% on coated lemons and lemons
immersed in 2% SB solution, without statistically signif-
icant differences among these treatments. These reduc-
tions were maintained after 7 d of incubation, although
the reduction in BM incidence for the lemons coated
with F6/SB and F10/SB was less than for the fruit treat-
ed with aqueous SB, which completely inhibited GM
development. Nevertheless, these antifungal coatings
reduced the incidence of BM by approx. 85% compared
to control fruit.

In every test, no phytotoxicity was observed on the
rind of treated fruit.

Effectiveness of fruit coatings during cold storage

The effectiveness of treatments applied for control of
GM and BM on ‘Orri’ mandarins cold-stored at 5°C for
up to 5 weeks is illustrated in Figure 3. The ECs without
SB (F6 and F10) did not control either GM or BM. In
contrast, the applications of SB, alone as aqueous solu-
tion or incorporated into ECs, reduced GM severity,
achieving reductions of 80-100% after 2 weeks, 90-100%
after 3 weeks, 75-95% after 4 weeks, and 70-90% after 5
weeks, compared to the uncoated control. On the other
hand, F10/SB and SB treatments reduced GM incidence,
with reductions of 95-100% after 2 weeks, 60-80% after
4 weeks, and 55-65% after 5 weeks, compared to control
fruit, without statistically significant differences between
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Figure 3. Mean severity and incidence of green mould (GM) or blue mould (BM) on ‘Orri’ mandarins artificially inoculated, respectively,
with Penicillium digitatum or P. italicum, then coated 24 h later and cold-stored for 2, 3, 4 and 5 weeks at 5°C and 90% RH. Treatments
applied were: control (CON) = uncoated (immersion in water), F10 coating, F6 coating, 2% sodium benzoate (SB) aqueous solution (w/v),
F10/SB coating, or F6/SB coating (see Table 2 for coating composition). For each disease and incubation period, columns accompanied by
different letters are significantly different (Fisher’s protected LSD test; P < 0.05). Vertical lines above columns indicate standard errors. Inci-

dence values were arcsine-transformed before statistical analyses. Non-transformed means are shown.

these treatments. Effectiveness of F6/SB in reducing GM
incidence was less than that of F10/SB or SB, and after 4
weeks of cold storage there were no statistically significant
differences between these treatments and the experimen-
tal controls. Similar results were observed for BM sever-
ity. Only the ECs or the SB aqueous solution reduced BM
severity on ‘Orri’ mandarins during cold storage, and
these reductions at the end of the storage period were
greater on SB-treated fruit (60% reduction) than on coat-
ed fruit (40% reduction). For BM, the ECs reduced disease
incidence during the first 3 weeks of cold storage, without
statistically significant differences between coated- and
SB-treated fruit, whereas, after 4 weeks, only the SB aque-
ous solution reduced BM incidence (up to 30%), and this
effectiveness disappeared after 5 weeks of storage.

Data of severity and incidence of GM and BM on
coated and uncoated ‘Valencia’ oranges stored for up to
10 weeks at 5°C are summarized in Figure 4. Similar to
results for mandarins, only the treatments containing
SB, alone or incorporated to the PPS-based ECs, reduced
GM and BM on ‘Valencia’ oranges. In general, in all
cases, the effectiveness of the fruit coatings was similar
to that from the SB aqueous treatment. Thus, for exam-
ple, after 10 weeks of storage, reductions in severity were
85-90% for GM and 65-75% for BM, and reductions of
incidence were 30-50% for GM and 20-40% for BM.

On ‘Fino’ lemons, incidence of GM and BM on
uncoated control samples and fruit coated with F10
and F6 (without SB) were 100% after 1 week of storage
at 12°C (Figure 5). The treatments F6/SB, F10/SB and
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Figure 4. Mean severity and incidence of green mould (GM) or blue mould (BM) on ‘Valencia’ oranges artificially inoculated, respectively,
with Penicillium digitatum or P. italicum, then coated 24 h later and cold-stored for 4, 6 and 10 weeks at 5°C and 90% RH. Treatments
applied were: control (CON) = uncoated (immersion in water), F10 coating, F6 coating, 2% sodium benzoate (SB) aqueous solution (w/v),
F10/SB coating, or F6/SB coating (see Table 2 for coating composition). For each disease and incubation period, columns accompanied by
different letters are significantly different (Fisher’s protected LSD test; P < 0.05). Vertical lines above columns indicate standard errors. Inci-
dence values were arcsine-transformed before statistical analyses. Non-transformed means are shown.

SB reduced incidence and severity of GM and BM dur-
ing the 3-week storage period compared to control fruit
and fruit treated with ECs without GRAS salt. Among
the treatments, F6/SB was the least effective coating
against GM, with reductions of 35% in incidence and
40% in severity after 3 weeks. In contrast, the coating
F10/SB and SB aqueous solution reduced GM incidence
by 60-65% and severity by 75-80%. Reduction of BM
severity ranged from 90-100% after 1 week of stor-
age, and from 50-70% at the end of the 3-week stor-
age period on lemons treated with F6/SB, F10/SB or SB,
without statistically significant differences among these
treatments. These treatments also reduced BM incidence
during storage, and the SB treatment was more effective
than F6/SB and F10/SB treatments after 1 and 2 weeks.

However, after 3 weeks, all three treatments were equally
effective against BM, reducing incidence of the disease
by 30-40% compared to control fruit.

Irrespective of the citrus species and the storage con-
ditions, none of the treatments was visibly phytotoxic.

DISCUSSION

SB is regarded as a GRAS salt by regulations in
many countries, and this compound is widely used as a
food preservative with broad spectrum activity against
yeasts and moulds (Chipley, 2005). Furthermore, the
compound is effective for controlling postharvest Peni-
cillium decay of citrus fruit (Montesinos-Herrero et
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Figure 5. Mean severity and incidence of green mould (GM) or blue mould (BM) on ‘Fino’ lemons artificially inoculated, respectively, with
Penicillium digitatum or P. italicum, then coated 24 h later and cold-stored for 7, 14 and 21 d at 12°C and 90% RH. Treatments applied were:
control (CON) = uncoated (immersion in water), F10 coating, F6 coating, 2% sodium benzoate (SB) aqueous solution (w/v), F10/SB coat-
ing, or F6/SB coating (see Table 2 for coating composition). For each disease and incubation period, columns accompanied by different let-
ters are significantly different (Fisher’s protected LSD test; P < 0.05). Vertical lines above columns indicate standard errors. Incidence values
were arcsine-transformed before statistical analyses. Non-transformed means are shown.

al., 2016; Palou, 2018). The present study has evaluated
incorporation of SB at a concentration of 2% as an ingre-
dient of novel PPS-GMS-based ECs, after optimization
in previous research by response surface methodology of
fruit coating ingredients for improving the postharvest
quality of ‘Orri’ mandarins (Soto-Muioz et al., 2021).
The results presented here demonstrate the effectiveness
of these antifungal PPS-GMS-based ECs for control of
GM and BM on fruits of three citrus species. This is the
first report on the effectiveness of these types of ECs for
control of major citrus postharvest diseases.

In general, the functionality of ECs based on poly-
saccharide matrices that do not exert direct inhibitory
effects against spoilage microorganisms, in contrast
to other ECs such as chitosan or Aloe vera gels, can be

improved by incorporation of additional antifungal
ingredients such as GRAS salts or food-grade preserva-
tives. In these amended coatings, incorporation of the
antifungal ingredients may facilitate slow diffusion of
active ingredients from the matrices, regulating tempo-
ral and spatial release and facilitating continuous and
effective contact with target pathogens, thus enhancing
their effectiveness (Mehyar et al., 2011). These incorpo-
rations may also reduce possible phytotoxicity risks or
adverse sensory properties derived from the direct appli-
cation of the antifungal ingredient (Vargas et al., 2008;
Palou et al., 2015; Palou, 2018; Sapper and Chiralt, 2018).

Overall, we observed that the coatings without SB
did not exhibit activity in any of the conditions tested,
confirming that the SB salt was responsible for the effec-
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tiveness of the emulsions F6 and F10 for control of GM
and BM on all three citrus species studied. These results
are similar to those from previous studies, which showed
that starch-based coatings and films can control patho-
genic fungi and bacteria only if the coating matrices are
amended with antifungal ingredients. Durango et al.
(2006) developed antimicrobial ECs based on yam starch
combined with chitosan to control microbial growth on
minimally processed carrots, and their results showed
that only the ECs containing chitosan reduced growth
of pathogenic bacteria. Similarly, Ratnawati and Afifah
(2019) reported that arrowroot starch-based films alone
did not inhibit foodborne pathogenic bacteria, where-
as films amended with the GRAS salts SB, potassium
sorbate or calcium propionate did inhibit these organ-
isms. SB was the most effective antibacterial salt, and
its antimicrobial effect was related to decreased external
pH, alteration of the integrity and permeability of bac-
teria cell membranes, as well as disturbance of nutrient
transport (Lucera et al., 2012). A similar mechanism is
likely to be associated with the behaviour of the ECs F6/
SB and F10/SB applied to control GM and BM in cit-
rus fruit. The pH of the albedo tissue of the citrus fruit
rind, the site initially colonized by pathogenic Penicil-
lium spp., is between 5 and 6, and is influenced by fruit
maturity (Widodo et al., 1996; Smilanick et al., 2005).
Since the ionization constant of benzoic acid is 4.1, a
substantial portion would be protonated and active
within wounds of citrus rind. This reduction in intracel-
lular pH caused by the accumulation of benzoic acid at
low external pH inhibits glycolysis at the stage of phos-
phofructokinase, causing a fall in ATP and consequent
inhibition of cell growth (Krebs et al., 1983; Chipley,
2005; Montesinos-Herrero et al., 2016).

In general, both antifungal ECs equally reduced BM
incidence and severity in all three citrus fruit and in the
studied storage conditions. However, the emulsion F10/
SB was more effective than F6/SB for control of GM on
‘Fino’ lemons after incubation at 20°C and cold stor-
age, and on ‘Orri’ mandarins during cold storage. On
the other hand, overall, no significant differences were
found between the antifungal ECs and the application of
SB as aqueous solution. When a GRAS salt is incorpo-
rated into an EC and the coating is applied to fruit, the
contact between the salt and the pathogen may be lim-
ited, enhanced or unaltered depending on intrinsic and
extrinsic factors. These include the emulsion properties
(pH and viscosity), interaction of the salt with the coat-
ing matrix and other components (e.g., emulsifiers and
plasticizers), release of the salt from the coating, char-
acteristics of the fruit outer structures, and the storage
conditions (Chung et al., 2001; Valencia-Chamorro et al.,
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2011b; Fagundes et al., 2013; Karaca et al., 2014; Valdés
et al., 2017; Guimaraes et al., 2019; Martinez-Blay et al.,
2020a). Although F6/SB and F10/SB are coating matrices
containing the same ingredients, their ingredient pro-
portions are different, which confers different physical
properties to the resulting coatings. The emulsion F10/
SB has greater viscosity than F6/SB, which may lead to
the formation of a thicker coating for F10/SB than F6/SB
(i.e., greater surface solid content), ensuring greater con-
centration of the GRAS salt per unit fruit surface area.
However, these differences may not completely explain
why F10/SB was superior to F6/SB for control GM in
some experiments, and further research is required to
fully define their roles in disease control, particularly
regarding the proportions of components used in the
F10/SB and F6/SB matrices. The similar effects of the
ECs and the SB in aqueous solution for control of GM
and BM suggest that the coating matrix did not limit
salt activity, allowing it to act within the infected fruit
rind wounds. However, since similar effectiveness of
ECs and aqueous SB was also observed on long-term
cold-stored fruit, it can also be concluded that the coat-
ing matrix played no role in improving the persistence
of the aqueous treatment during storage. In contrast,
for instance, the study of Lopez et al. (2013) showed
that corn starch matrices containing potassium sorbate
retained this salt for long periods in polymeric matrices,
and actively released the salt to product surfaces, where
its action was required during product storage. Howev-
er, if this salt was applied by immersion or spray meth-
ods, its surface antimicrobial action decreased rapidly,
so highly concentrated solution was necessary to ensure
satisfactory antimicrobial activity.

The present results show that both ECs containing
SB and aqueous SB controlled both GM and BM more
effectively on lemons than oranges and more effectively
on oranges than mandarins. Considering that disease
on control fruit was similar for all citrus species tested,
these results indicate that variations in the efficacy of the
treatments were not only caused by differences in fruit
species susceptibility. Disease development is affected by
complex interactions between the fruit host, the patho-
gen and the environment. In the case of diseases caused
by wound pathogens, efficacy of an antifungal GRAS salt
depends on the amount of salt residue present within
wound infection sites occupied by fungi, and on interac-
tions between this residue and rind constituents (Palou
et al., 2002; Montesinos-Herrero et al.,, 2016; Palou,
2018). As previously reported, and depending on the cit-
rus species, such interactions may alter the original tox-
icity of the salt to the pathogen as a consequence of dif-
ferent rind characteristics, composition or pH (Valencia-
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Chamorro et al., 2009a; Montesinos-Herrero et al., 2016;
Palou et al., 2016). In the present case, the fact that rind
pH is lower in lemons than in oranges and mandarins,
and that effectiveness of SB is pH-dependent, increasing
the effectiveness of the salt as the pH decreases within
the rind wounds (Palou et al., 2002; Chipley, 2005),
may explain why the effectiveness of the treatments was
greater on lemons than on the other citrus species. In
addition, release of SB from the polymer matrix to the
rind wounds in each type of fruit may vary according
to the degree of rind resistance to the diffusion of the
salt. Therefore, the same ECs may considerably differ in
suitability for management of fungal diseases on differ-
ent fruit species and cultivars (Park, 1999; Palou et al.,
2015). Further research may clarify if histological and/or
ultrastructural differences between the rinds of lemons,
oranges and mandarins can account for different degrees
of SB diffusion.

The ECs F6/SB and F10/SB and the SB treatment
reduced GM more than BM, during incubation at 20°C
and cold storage at 5°C. Comparing these results with
those obtained in previous studies by Valencia-Cham-
orro et al. (2009a; 2009b; 2011), HPMC-beeswax-based
ECs containing SB also controlled GM more effectively
than BM on ‘Clemenules’ and ‘Ortanique’ mandarins
and on ‘Valencia’ oranges incubated for up to 7 d at
20°C or long-term stored at 5°C. However, the present
results show greater reductions in disease incidence and
severity during incubation at 20°C, which may be due
to greater release of SB in the PPS-GMS-based matrix
than in the HPMC-beeswax-based matrix. During cold
storage, the present results were very similar to those
reported for HPMC-based coatings with SB applied to
‘Valencia’ oranges in equivalent experimental condi-
tions (Valencia-Chamorro et al., 2009a). Moreover, it is
well known that at storage at temperatures below 10°C,
P. italicum is well adapted, and grows more rapidly
than P. digitatum (Smilanick et al., 2020). In general on
cold-stored citrus, therefore, the efficacy of postharvest
antifungal treatments such as GRAS salts and antifun-
gal ECs as alternatives to synthetic fungicides is less
for control BM than GM. Furthermore, the effective-
ness of the PPS-GMS-based ECs formulated with SB
and the SB aqueous treatment to control BM and GM
decreased during the cold storage period, confirming
that the effect of the SB salt, either in aqueous solution
or incorporated in the ECs, is probably fungistatic rath-
er than fungicidal, in agreement with previous studies
(Valencia-Chamorro et al., 2009a, 2011b; Montesinos-
Herrero et al., 2016). In this sense, and considering the
importance of the pH, the salt diffusion properties and
the fruit host characteristics, further research on the

modes of action of SB and/or ECs containing SB against
the pathogens causing citrus GM and BM should focus
on the evaluation of actual SB residue levels on fruit,
after treatment and during storage. These studies should
also consider the role of commercial storage conditions,
particularly temperature, on the stability and diffusion
of SB on coated and stored fruit, and elucidate the influ-
ence of EC emulsion pH on SB persistence and effective-
ness. Theoretically, an EC emulsion with low pH would
have increased efficacy since a greater portion of the SB
would be protonated. Another aspect that deserves fur-
ther research is the ability of antimicrobial ECs in gen-
eral and ECs containing SB in particular to kill or inac-
tivate microorganisms of food safety concern, such as
Salmonella spp., Listeria spp. and Escherichia coli (Aloui
and Khwaldia, 2016). Currently, this is particularly
important in citrus packhouses in the United States of
America, where sanitation programmes are required to
satisfy food safety audits under the Food Safety Modern-
ization Act (FSMA) established by the Food and Drug
Administration.

In summary, there is little information available on
the addition of antifungal ingredients to starch-based
ECs for management of postharvest fruit diseases. Nev-
ertheless, some studies have reported significant antifun-
gal activity when starch-based matrices were amended
with antimicrobial ingredients, such as essential oils
(Sapper et al., 2019), biocontrol agents (Marin et al.,
2016, 2019), natamycin (Yang et al., 2019) and the GRAS
salt potassium sorbate (Mehyar et al., 2011). Within this
context, the general antifungal activity of starch-based
ECs containing antimicrobial compounds outlined in
these studies involving a variety of fresh fruit patho-
systems is in agreement with the results outlined in the
present paper.

The main objective of this work was to assess the
antifungal curative activity of PPS-based ECs amended
with the GRAS salt SB for control of major postharvest
citrus diseases. We have found that PPS-GMS-based ECs
reduced GM and BM on ‘Orri” mandarins, ‘Valencia’
oranges and ‘Fino’ lemons artificially inoculated with
P. digitatum and P. italicum, showing curative activity
during fruit incubation in room conditions and post-
harvest storage at low temperatures. Hence, these new
PPS-based ECs containing the GRAS salt SB as antifun-
gal ingredient showed potential as promising treatments
to reduce Penicillium citrus decay. Although both ECs
gave curative antifungal activity, F10/SB was superior
to F6/SB for control of GM and BM on three citrus spe-
cies incubated at room temperature and also for control
of GM on citrus stored at low temperatures. Therefore,
PPS-GMS-based ECs, and particularly the coating F10/
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SB, could be promising means for reducing decay and
maintaining fruit quality during long-term cold storage,
and thus be effective substitutes for conventional waxes
amended with synthetic fungicides.

The information generated in this study provides a
basis for further research into the application of antifun-
gal PPS-based ECs on other commercially important cit-
rus cultivars, and their possible combination with other
alternative non-polluting methods. This research will
assist the establishment of cost-effective multi-strategies
to improve the control of Penicillium postharvest decay
in citrus packhouses while preserving the overall fruit
quality.
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Summary. Detection and classification of phytoplasmas mainly rely on amplification
of the 16S rRNA gene followed by RFLP analysis and/or sequencing, because these
organisms lack complete phenotypic characterization. Other conserved genomic loci
have been exploited as additional molecular markers for phytoplasma differentiation.
Two loci, SSU12p and LSU36p, selected by whole-genome comparison of 12 phytoplas-
ma strains, were used for primer design, and were successfully tested on DNA sam-
ples from plants infected by phytoplasmas belonging to ten 16S ribosomal groups. The
phylogenetic trees inferred from SSU12p and LSU36p loci were highly congruent to the
trees derived from 16S rRNA and tuf genes of the same phytoplasma strains. Virtual
RFLP analysis of the amplified SSUI2p gene showed distinct patterns for most of the
phytoplasma ribosomal subgroups tested. These results show that SSUI12p and LSU36p
genes are reliable additional markers for phytoplasma detection and differentiation.

Keywords. PCR, 16S rRNA gene, tuf gene, RFLP.

INTRODUCTION

Phytoplasmas are obligate intracellular pathogens that reside and multi-
ply in the phloem tissues of plants and in insect hosts. They are associated
with severe diseases of economically important plants, including aster yel-
lows, coconut lethal yellowing, apple proliferation, pear decline, peach X dis-
ease and ash yellows. Australian grapevine yellows, which is associated with
three phytoplasmas, causes up to 54% yield losses (Glenn, 2000). In Brazil,
yield losses caused by maize bushy stunt are estimated to be worth $US 16.5
million (Oliveira et al., 2003). Due to the difficulty to culture phytoplasmas
(Contaldo and Bertaccini, 2019) and the lack of a complete phenotypic char-
acterization of these organisms, phytoplasmas classification is based on their
16S rRNA gene sequences, that are conserved and widely used for prokary-
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ote identification (Lee et al., 1993; Ludwig and Schleifer,
1994; Seemiiller et al., 1994; Schneider et al, 1995; Jen-
kins et al., 2012). A provisional naming system (IRP-
CM, 2004) assigned ‘Candidatus Phytoplasma’ species
to strains whose 16S rRNA gene sequence has less than
97.5% identity to any previously described ‘Ca. Phy-
toplasma’ species. A set of 17 restriction enzymes was
selected to generate the restriction fragment length poly-
morphism (RFLP) profile of the R16F2n/R2 fragment of
the 16S rRNA gene. By this approach, 16Sr groups and
subgroups have been identified (Lee et al., 1998; Wei et
al., 2008). The ‘Ca. Phytoplasma’ species and the RFLP-
generated ribosomal groups and subgroups are therefore
the two approaches used to classify these prokaryotes.
However, one 16S ribosomal group may contain one or
more ‘Ca. Phytoplasma’ species, whereas all the strains
within one ribosomal subgroup belong to the same ‘Ca.
Phytoplasma’ species (Bertaccini and Lee, 2018).

Considering the stringency of the 16S rRNA gene in
assigning ‘Ca. Phytoplasma’ species, there are limitations
in differentiating closely related strains, so other loci
have been described and utilized as additional molecu-
lar markers for phytoplasma strain differentiation. Other
markers have been used in phytoplasma phylogenetic
studies, including the 16S-23S intergenic spacer, the 23S
rRNA gene, the ribosomal protein operon (rpl9-rpl22-
rps3), the elongation factor Tu (fuf), protein translocase
units (secA and secY), the chaperonin 60 (cpn60), and
the subunit p of RNA polymerase (rpoB) (Marcone et al.,
2000; Martini et al., 2002, 2007; Hodgetts et al., 2008;
Lee et al., 2010; Makarova et al., 2012; Valiunas et al.,
2013). The methionine aminopeptidase gene (map)-uvrB-
degV, nusA and vmpl was also used for differentiation of
strains within, respectively, the 16SrV, 16SrI and 16SrX-
II-A groups and subgroups (Shao et al., 2006; Arnaud
et al., 2007; Cimerman et al., 2009). All these markers
except vmpl have also been used for differentiation of
other bacteria (Pérez-Lopez et al., 2016), confirming the
suitability of a gene-based strategy also for phytoplasma
strain differentiation.

Besides providing classification, the 16S rRNA gene
also serves as the most important detection marker
for phytoplasmas. Several sets of primers have been
designed to amplify different fragments from this gene.
The combination of P1/P7 and R16F2n/R2 is the most
employed for phytoplasma detection, but other primer
sets as well as ribosomal group-specific primers are use-
ful for detection of multiple phytoplasma infections and/
or heterogeneous phytoplasma populations (Duduk et
al., 2013). Other loci are also used as detection mark-
ers, including tuf, rpoB, cpn60, nusA and vmpl (Shao et
al., 2006; Cimerman et al., 2009; Makarova et al., 2012;
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Valiunas et al., 2013; Dumonceaux et al., 2014). However,
the lack of universal primers (rpoB, secY, rp), the narrow
detection range (nusA, vimpl, map-uvrB-degV) and the
high rate of false positives (cpn60) severely reduce their
detection efliciency.

In the present study, new molecular markers for
phytoplasma detection and differentiation were designed
and tested. Using whole genome comparisons, the phy-
toplasma genome conserved regions SSU12p and LSU36p
were selected for primer design, and tested to verify
their usefulness as molecular markers for a range of
phytoplasma strains.

MATERIALS AND METHODS
Phytoplasma strains and nucleic acid preparation

Thirty-three phytoplasma strains collected from vari-
ous host plant species from different geographic regions
worldwide were used. The strains were identified on their
16S ribosomal DNA (Cui et al., 2019; EPPO-Q-bank,
2020), and belong to the 16Sr groups: -1, -II, -III, -V, -VI,
-VII, -IX, -X, -XII and -XIII. The strain names, acronyms,
16Sr groups/subgroups, and providers are listed in Table
1. The DNAs from strawberry plants infected by the
StrPh-CL strains were extracted as described by Cui et
al. (2019). DNA samples provided by EPPO-Q-bank were
extracted as described by Makarova et al. (2012).

Primer design

Direct and nested PCR primers were designed by
comparing the conserved genomic regions of 12 phyto-
plasma strains available from the GenBank, including
those associated with the diseases aster yellows witches’
broom (AYWB) (CP000061), onion yellows mild strain
(OYM) (NC_005303), peanut witches” broom (PnWB)
strain NTU2011 (AMWZ00000000), Echinacea purpu-
rea witches’ broom (E. purpurea WB) strain NCHU2014
(LKAC00000000), Italian clover phyllody (ItCIPh) strain
MA1 (AKIMO00000000), Vaccinium witches’ broom
(VacWB) strain VAC (AKIN00000000), milkweed yel-
lows (MWY) strain MW1 (AKIL00000000), poinset-
tia branch-inducing phytoplasma (PoiBI) strain JR1
(AKIK00000000), ‘Ca. P. mali’ strain AT (CU469464),
‘Ca. P. australiense’ (AUSGY) (AM422018), strawber-
ry lethal yellows phytoplasma (CPA) strain NZSbll
(CP002548), and phytoplasma Vc33 (LLKK00000000).
Whole-genome comparison was performed with the
“Sequence-based comparison” tool on the Rapid Anno-
tation using the Subsystem Technology (RAST) server
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(http://rast.nmpdr.org/rast.cgi). The annotated genes
5l o582 B fCowenaQy were sorted based on similarity, and four genes with
ElSlece T elcl-ReReB R the greatest similarities, except for the 16S rRNA, were
Z |3 E E E E E E E E E E E selected for primer design. These were: the small subu-
g nit ribosomal protein S12p (SSUI2p), and the large sub-
g unit ribosomal proteins L2p, L27p and L36p (LSU2p,
2 g LSU27p and LSU36p). For each gene, a region contain-
7 <+ 1 o g N ® o X 22qgqQR I D K K -
S &R ERSBSEIEERIERE R ing the gene and 500 bp flanking the region upstream
I i Rt S i i I B
Clo|eeesegdgEeresss and downstream was used for the alignment. Direct and
5| QIEEEQESEEEEEREE . o
O SS5582520s555555355 nested primers were selected within the most conserved
= regions (Table 2).
(=¥
¥Ssye8gss8888888
= | 4 Cloning and sequencing
=]
Q
= | e
E‘ g IR LLADAAILYISTaaLS PCRs were carried out using the Invitrogen™ Plati-
< 733 [ O S S S N O S S S T T N N N o~ .
3 num” Taq DNA Polymerase system. Each reaction was
N ® performed in a 30 pL volume containing 1x reaction
o % g buffer, 2.5 mM MgCl, and 2 U Taq polymerase, supplied
S |E€E5 £ 5 5 with 0.3 mM dNTP, 0.8 uM of each primer and sterile
L
2 '09 3 "O? 4 "O?, E) Z double distilled water. One uL (20 ng) of nucleic acid
2 2 2 2 p‘é‘ 2 p'é’ 5.;‘ § g was used as template, and 0.2 uL of the amplicon was
SRR 5 used as template for the nested assays. A sample devoid
of DNA template was enclosed as negative control. PCR
was initiated by a 5 min denaturation at 94°C, followed
by 35 cycles of 30 s denaturation at 94°C, 45 s annealing
E at respective temperatures (Table 2) and 1 min extension
g at 72°C, and a final extension at 72°C for 7 min. A three
—
2 5O e N step annealing strategy was used, with each step of 15 s,
. & ;3 &:) z &:) z z i:) for all the primer sets (Table 2).
SN0 TSR ERERERERERE The PCR products were resolved in 1.2% agarose gels
S A2 A0<X0OB RSB BBH . . 1 . . .
with ethidium bromide. Amplicons, corresponding to
approx. 820 bp for the SSUI2p gene and 420 to 530 bp
for the LSU36p gene from nested PCR, were recovered
and cloned into the vector pGEM™-T Easy (Promega). The
plasmids were transformed into E. coli TOP10 chemi-
° cally competent cells (Life Technologies), and the clones
§ were sequenced using the T7/SP6 primers in both direc-
E . tions. Each pair of sequences was aligned and assembled
g g <  using BioEdit. Three individual clones for each amplicon
3 T 2 S from each sample were analyzed. Each PCR, cloning and
< ” R & < sequencing was repeated at least three times.
-5 w 1 s = '2 2 ¢:
© z2iiiz T |E
£ o 8 LR B2 - 2
£ 23 Rl g g %‘ ¢ Phylogenetic analyses
FRE RN |
= 2 g g’ & & é £ g g o The consensus sequence of each amplicon was
§ = e @@ < f submitted to the NCBI GenBank database (Table 1).
é S lmuo<<<<moOm v ; Sequence information of the 12 phytoplasma strains
S § 2 used for the primer design was obtained from the
= ) . .
- = = 5 same database. Sequence information of four other
< . . . .
_ié & %‘ ;5 é < strains, including maize bushy stunt phytoplasma
= S &% S = £ (MBS) strain M3 (CP015149), ‘Ca. P. pruni’ strain CX
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Table 2. Universal primers designed for amplification of SSU12p and LSU36p loci.
ToCh
Target PCR Primer Sequence®
1 2 3
SSU12p Direct ItSSU12pF ATGCCTACTRTTTCWCAATTAATTA 51.8 48.3 44.0
ItSSU12pR ATCTTAAACCTAAAGATTGRCGTC
Nested [tSSul2pFn AAAACCTAACTCCGCTTT 49.7 45.8 44.1
ItSSul2pR1n TTATGAAAAGTGGTAAAAAAG
[tSSul2pR2n TTATGAAAGATGGMAAAAAGG
LSU2p Direct ItLSu2pF CTCATGYAAGTGTTTATCA 55.0 47.0 42.0
ItLSu2pR CTAAACGTGYTTTTCKAGG
Nested ItLSu2pFn YACTAGCAAYGTTTTRCC 56.0 47.0 42.0
ItLSu2pRn CCTAATTTATGWCCCACCAT
LSU27p Direct ItLSu27pF1 AAAAATATCGTTTAAAACAAGG 55.0 47.0 42.0
ItLSu27pF2 AAAAATATCGTTGTAAACAAGG
ItLSu27pR GATATAGTTTGTGCTTCBGTTTC
Nested ItLSu27pFn GTTCCTCTTTGGCGRTAA 56.0 53.0 48.0
ItLSu27pRn TTAGAATGAGAATCACGACC
LSU36p Direct ItLSU36pF1 GACTTTTTGCATTGAACC 51.6 47.2 42.2
ItLSU36pF2 GACTTTTTGTGTTGAACC
ItLSU36pR CGTTGTTTCTAGTTTTTTGHCC
Nested ItLSU36pFn AAGTGCTCATTTTGAACAYAC 50.0 47.7 43.1
ItLSU36pRn TTAYCCTTGTCTTTGATTRT

*Degenerate nucleotides: R=AorG,W=AorTH=AorCorT,Y=CorT.
Annealing temperatures: a three-step annealing was applied: 15 s of T1 followed by 15 s of T2, and then 15 s of T3.

(LHCF00000000), ‘Ca. P. phoenicium’ strain SA213
(JPSQ00000000), and ‘Ca. P. solani’ (STOL) strain SA-1
(MPBG00000000), was also retrieved from the data-
base for constructing phylogenetic trees. The sequence
alignment was performed using ClustalW. Achole-
plasma laidlawii (CP000896) served as outgroup. The
phylogenetic trees were constructed using the Molecu-
lar Evolutionary Genetics Analysis program (MEGA?7)
(Kumar et al., 2016). Diversity indices, represented by
the distances within and between groups, were also
calculated using MEGA7. Virtual RFLP was performed
using Vector NTIL.

RESULTS
PCR amplification

In all the PCR reactions, several annealing tempera-
tures were tested to select the best combinations. Since
one reaction may include more than two primers and
each primer may contain several degenerate nucleo-
tides, a range of melting temperatures was calculated
using the online tool (IDT OligoAnalyzer). This range
could exceed the suggested melting temperature differ-

ence (5°C) for primer design, and when a single anneal-
ing temperature was utilized, not all the primers would
anneal as efficiently, and nonspecific amplicons might be
produced. Therefore, a three-step annealing strategy was
used to optimize the reactions. Three annealing temper-
atures were selected at the maximum, mean and mini-
mum points in the melting temperature range, each step
lasting 15 sec. For each primer set, several adjustments
were made before establishing the optimal combination
(Table 2).

For all the samples used in this study, the PCR
assay using the ItSSU12pF/ItSSU12pR primer pair pro-
duced clear bands approximately ranging from 750 bp
to 820 bp (Figure 1A, Table 1). Subsequent nested PCR
also generated clear bands (data not shown). These PCR
amplicons were cloned and sequenced.

The PCR assay using the ItLSU36pF1/2/I1tLSU36pR
primers generated multiple bands or smears, and, in sev-
eral cases, the expected products were not visible (Fig-
ure 1B). However, the subsequent nested PCR using the
ItLSU36pFn/ItLSU36pRn primers always generated a
strong and clear amplicon, and, in some cases, longer
but significantly weaker bands (Figure 1C, Table 1). The
strongest bands from each sample were recovered from
the gels, cloned and sequenced.
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Figure 1. Agarose electrophoresis of the PCR results using the
primer sets ItSSUI12pF/ItSSU12pR (A), ItLSU36pF1/2/ItLSU36pR
(B) and ItLSU36pFn/ItLSU36pRn (C). Lanes: 1. PRIVA, 2. CVT, 3.
KVE, 4. A-AY, 5. FBP, 6. TBB, 7. CX, 8. PYLR, 9. TA, 10. LNII, 11.
GR, 12. SP1, 13. MW], 14. JR, N = negative control. Ladder: Maes-
trogen AccuRuler 100 bp Plus (ThermoFisher).

The direct and nested PCR assays targeting LSU2p
and LSU27p genes failed to produce satisfactory results.
In each trial, less than half of the tested samples showed
amplification, and the results were not repeatable (data
not shown). Optimization of the annealing temperatures
failed to achieve consistent results and these primers
were therefore discarded.

The specificity of the remaining primers was tested
for detection of Xylella fastidiosa, Agrobacterium tume-
faciens, Pantoea agglomerans, Clavibacter michiganensis
subsp. michiganesis, Pseudomonas syringae pv. tomato, P.
syringae pv. syringae, Ralstonia solanacearum, Curtobac-
terium flaccumfaciens pv. flaccumfaciens, Xanthomonas
arboricola pv. juglandis, ‘Candidatus Liberibacter sola-
nacearum’, and ‘Ca. L. asiaticus’, with no amplification
(data not shown).

Loci structures

The amplicons generated by ItSSU12pF/ItSSU12pR
covered the full length of the SSUI2p gene, the par-
tial sequence of SSU7p gene, and the intergenic region
between the two genes. In the following text, this ampli-
con and its corresponding genomic locus are referred to
as SSUI2p. Sequence alignment of all the amplified sam-
ples and selected strains retrieved from the GenBank
showed that SSUI2p presented greater variation among
ribosomal groups and subgroups compared with 16S
rRNA (Supplementary Figure S1). The most relevant var-
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iation lay between 396 to 431 nt in strain AYWB (16SrI-
A) corresponding to the intergenic region, which was
less conserved than the coding genes, where the phyto-
plasma strains of the same ribosomal group and/or sub-
group were featured by specific insertions and deletions.

The amplicon generated by ItLSU36pFn/ItLSU36pRn
covered approximately 80% of the LSU36p gene, the full
length of the gene encoding bacterial protein translation
initiation factor 1 (IF-1), approx. 5% of the map gene,
and the two intergenic regions. This amplicon and its
corresponding genomic locus is referred to as LSU36p
in the following text. Sequence alignment showed that
the most conserved region was that encompassing the
first 102 nt in the sequence of the strain AYWB, cor-
responding to the LSU36p gene (Supplementary Figure
S2). The rest of the amplicon was highly variable among
ribosomal groups and/or subgroups, with especially low
similarity between the three tested strains in the 16SrIX
group and the rest of the strains. However, by compar-
ing this region in AYWB and ‘Ca. P. phoenicium’ strain
SA213 (16SrIX-B) it was observed that the low similarity
was mainly located in the two intergenic regions, which
also resulted in differences in length among the tested
strains (Supplementary Figures S2 and S3).

Phylogenetic analyses

Phylogenetic trees were constructed with the SSUI12p
and LSU36p sequences separately as well as with the con-
catenated sequences (Figures 2A, 2B and 2C). The three
trees showed clear separation of the phytoplasmas clas-
sified in the different 16Sr groups, the only exception
being the 16SrXII-A subgroup (‘Ca. P. solani’), which was
more closely related to the 16SrI group than to the oth-
er 16SrXII subgroups in the SSUI2p tree (Figure 2A). A
number of subgroups and their corresponding ‘Ca. Phy-
toplasma’ species were also clearly separated, e.g. 16SrI-
B (‘Ca. P. asteris’), 16SrXII-A (‘Ca. P. solani’), 16SrXIII-
F, 16SrXIII-K, 16SrX-A (‘Ca. P. mali’), 16SrX-B (‘Ca. P.
prunorum’) and 16SrX-C (‘Ca. P. pyri’). The three trees
showed significant consistency with those inferred from
the 16S rRNA and tuf genes (Figure 2D and 2E).

To further evaluate the efficiency of the SSUI2p and
LSU36p for phytoplasma strain differentiation, the diver-
sity indices within each 16Sr group and between any
two groups were calculated, and paired t-Tests were per-
formed to compare the set of “between group mean dis-
tance” indices from each marker (Supplementary Table
S1). Both sets of indices from SSUI2p and LSU36p were
significantly higher than that of 16S rRNA (P < 0.01),
suggesting that these two markers could efficiently sepa-
rate the strains in different ribosomal groups. The indi-
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Figure 2. Phylogenetic trees inferred from SSU12p (A), LSU36p (B), concatenated sequences of SSUI2p and LSU36p (C), 16S rRNA (D) and
tuf (E). The trees were inferred using the Maximum Likelihood method based on the Tamura-Nei model (Tamura and Nei, 1993). Numbers
at the nodes indicate the bootstrap values. The bars indicate substitutions per nucleotide position. Acholeplasma laidlawii was used as out-

group.

ces from LSU36p are also significantly higher than that
of the tuf gene, suggesting that using LSU36p would
improve the differentiation of phytoplasma strains.

RFELP analyses

The SSUI2p sequences were further examined using
by virtual RFLP with 18 restriction enzymes including:
Alul, BamHI, Bfal, BatUl, Dral, EcoRl, Haelll, Hhal,
Hinfl, Hpal, Hpall, Kpnl, Msel, Rsal, Sau3Al, Sspl,
Taql and Thal (Supplementary Figure S4). EcoRI had
no restriction site in any of the 49 samples examined,
BamHI, Hpal and Kpnl each recognized only a single
restriction site in one subgroup, Haelll recognized only
one restriction site in two subgroups, and Msel recog-
nized up to 17 restriction sites in some subgroups. These
enzymes were therefore not suitable for RFLP analyses.
Another seven enzymes, Alul, BstUI, Dral, Hhal, Rsal,
Taql and Thal generated two patterns within only one

(continued)

subgroup, and were therefore not suitable for the gen-
eral phytoplasma differentiation. A set of five enzymes,
Bfal, Hinfl, Hpall, Sau3Al and Sspl clearly separated all
the 16Sr groups (Figure 3). However, subgroups 16SrII-
A and-D, 16SrIII-A and -E, 16SrIII-D and -F, 16SrXII-
B and-C, and 16SrXIII-F and-K still showed the same
restriction patterns. Some of these pairs could be distin-
guished by additional enzymes, including: 16SrIII-D and
-F distinguished by Alul, 16SrXII-B and -C by Hhal, and
16SrXIII-F and -K by Alul, BstUI, Hhal, Rsal and Thal.
The 16SrII-A and -D and 16SrIII-A and -E remained
unresolved.

Several 16S ribosomal groups and subgroups were
featured with specific SNP sites, some of which contrib-
uted to their distinct RFLP patterns. For example, all the
sample strains from the 16SrI group shared the specific
sites of 11T, 183C, 362G, 375T, 376T, 471C, 519C, 630C
and 633C, whereas those belonging to the 16SrIII group
were marked with the sites of 30T, 48G, 58A, 275G and
320G (Supplementary Figure S1). The 578A site of the
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Figure 2. (continued)

strains from the 16SrXIII-F subgroup, and the 576A
site of the strains from the 16SrXIII-K subgroup, also
resulted in a specific Sspl restriction site, producing a
triple-band pattern for these two subgroups on the vir-
tual RFLP. The 218G site unique to the strains from the
16SrIX-C subgroup resulted in a specific Hpall restric-
tion site, generating double bands on the virtual RFLP
for this subgroup (Figure 3, Supplementary Figures Sl
and S4).

DISCUSSION

Using 33 DNA samples and 16 sequences retrieved
from the GenBank belonging to ten 16Sr groups and 27
subgroups, this study has shown that both SSUI2p and
LSU36p are suitable loci for phytoplasma detection and
differentiation. In the RFLP analyses using amplicons
generated by SSUI2p, a set of seven enzymes, including
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Bfal, Hinfl, Hpall, Sau3Al, Sspl, Alul and Hhal, were
able to identify all the phytoplasmas in the 16Sr groups,
and in all but four subgroups (16SrII-A/-D and 16SrIII-
A/-E) examined.

The primers for SSUI2p and LSU36p amplified phy-
toplasma sequences from all the samples tested, proving
that they are amplifying conserved regions in a robust
manner. The SSUI2p primers generated in direct PCR
clear, single-band products. According to the literature,
SSUI2p is to date peerless for phytoplasma PCR detec-
tion, considering its ability to generate a unique specific
band in direct PCR using a single pair of primers from
a wide range of phytoplasmas. The high consistency of
SSUI2p for phytoplasma identification with 16S rRNA
and tuf genes confirms its reliability, suggesting that the
application of this pair of primers is appropriate for rap-
id and eflicient phytoplasma detection and identification.
The LSU36p primers, on the other hand, requires nest-
ed amplification, and the resulting products may vary



Ribosomal protein genes SSU12p and LSU36p for phytoplasma detection and differentiation 289

165IkA ‘Ga.P. prury LHCFO0000000
16SA Ca P prun CX JO824211
% 165 H PoiBl AKKD0D0000D

&1 | | 165 A CaP. pruni GvX JoB24252

1BSALH JR-1 JOR24267
* 1 165E 5P1J0824281
16SALD GR 10824232
L] 168w MWt Joa24206 168

91 16SrBF MWY AKILO0000000
168l Ve33 LLKKOOODO00O
165rHE LNIIQ824230
100 | L1 18508 KCIPh AKIMDODO0000
165118 CR JQ824258
1BSHLF Vac\WB AKINIOB0D000
= |16 VAC J0a24260 J
168AV-A'CaP. Ui EY JOB24225
1BSAVEA 'Ca P ol CP-1 JOB24231 | 165, VI VE
1BSVEA 'Co.P. braxind ASHYS JOB24219 |
16Sri-A ‘Echinaces pupurea’ WB LKACD0000000

ﬂ{ 1BSel-A PriWB AMWZ00000000
165D 'CaP. australasia’ TBB JOB24250
16SA.C FBP JOB24262

1BSAC PEY JO24256

16518 Ca P. phognicium KM2T5492
16siTx
0 | 16SIX-C NAXOS JOB24245

g | T6SOCA AP JOB24287 ]
- 16SrX-A AT JOB24224 |

CaP. mak 165K
168X.8 GSFY1 EUT03617 16sex
CaP prumorun” 1658
| % 16SKB LN JQB24235
16504-C PD JOB24247 ] CarP. oy 16504C

37 [— 16SHHA AYWE GPOG00S1

L 165C KVE JoB24248
w0 [— 1BSTHF A-AY JOB24251

(165148 MBS CPO15149

| 185118 Pev-rmik kPES2172
L wI 16518 OV:M NG_005303
165rHE PRIVA KM84341

|165m15 ‘Ga.P. australlense’ J0824254
16sm
n 1650

@
100 | 168X-C CPA CPOD2548
1BSrXBA STOL P-TV JQB24217
16STXIA CA-1 JOB24273 "Cap. sund |
100

1BSrXBA MO2Z5 JOB24220

™ 1BSTXILF SYPh-CL1 MK024333
# T6BXRE SUPV LTRSS
@

1681

CaP. asters’ 1656

16STXIHF SYPh-CLG MKO24338 | 16500+

1BSeXILF SUPH-CLT MK024339 1650

Y S

=] |16s000F syPhoLs Mico24337

_{ 16SrXIHK StPh-CL2 MKO24334 o
| 16srxmK SoPhoLa Mo2e3ss |

A iaidlawdi NC_010163

om0

Figure 2. (continued)

significantly in size. However, the relatively high value
of between-group mean distance indices suggests that
LSU36p has potential for resolving closely related strains.
Further study focused on other strains belonging to
different subgroups from the same ribosomal group is
required for confirmation.

Due to different evolutionary processes, phyloge-
netic trees derived from different genome loci may show
conflicting structures. One way to interpret the conflict-
ing information is to concatenate the loci for phyloge-
netic analyses. Although concatenation is a controversial
method because of potential misspecification of mod-
els, it provides longer sequences to overcome sampling
errors (Holland et al., 2004). In the present study, the
phylogenetic trees inferred from SSUI2p, LSU36p and
SSUI12p plus LSU36p showed clear and unambiguous
consistency of ramification of phytoplasma subgroups
within most of the 16Sr groups, confirming the robust-
ness of the concatenation methods.

The only exception was the 16SrIII group, which
showed unclear relationships among several subgroups.
For example, in the SSUI2p tree, the strain SBB from the
16S1III-F subgroup formed a clade with the Vc33 from

the 16SrIII-] subgroup, while the other two strains from
the 16SrIII-F group, MWY and MW1, were grouped with
strains from the 16SrIII-B and 16SrIII-D subgroups. This
was probably due to the intrinsic structure of the 16SrIII
group, since the trees from both tuf and 16S rRNA also
showed unclear structures within this phytoplasma group.
A similar conflict occurred within the 16SrlIII group in
independent studies analyzing 16S rRNA and secY phy-
logenies (Lee et al., 2010; Fernandez et al., 2017). The two
copies of the 16S rRNA gene of phytoplasmas in this group
very often present interoperon heterogeneity. Data from
secY and tuf genes, both present in the genome in single
copy, indicated that the confusing tree structures were not
incidental. These results suggest that the subgroup classi-
fication within the 16SrIII group may not reflect phyloge-
netic interrelationship and the RFLP-based classification
may be biased, because this classification solely depends on
the restriction sites of a selected set of enzymes while the
SNPs in sequences other than these sites are neglected.

The reliability of SSUI2p and LSU36p as phyto-
plasma markers confirms that genome comparison is an
approach that could also be used for selecting genes to
differentiate these bacteria. A larger number of samples
than used in the present study, containing strains from
untested groups and subgroups, will help to confirm the
wide reliability of this detection system. The development
of next-generation sequencing and long-read sequencing
has built an expanding genomic database of microbial
pathogens. Comparative genomics has been used to study
the mechanisms of pathogenicity, molecular epidemiol-
ogy, molecular diagnostics, multi-locus sequence typing,
and transmission prediction (Avarre et al., 2011; Bastardo
et al., 2012; Walker et al., 2014; Bayliss et al., 2017; Aly
et al.,, 2019). As more phytoplasma genomes are being
sequenced, comparative genomics has also become the
trend for analyses in genome reports (Sparks et al., 2018;
Wang et al., 2018; Music et al., 2019; Cho et al., 2019).
Approaches on the genome level will likely be increas-
ingly applied to phytoplasmas for understanding their
adaptations to diverse host species. However, the identi-
fication of new markers for detection and differentiation
of phytoplasmas strains is still a necessary tool for devel-
oping knowledge of epidemiology and management of
phytoplasma-associated diseases that aim to avoid their
pandemic distribution.
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Identification, full-length genome sequencing,
and field survey of citrus vein enation virus in
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Summary. Citrus vein enation virus (CVEV) was described in Spain and then it has
been reported in several citrus growing areas of Asia, America and Australia. Here,
the occurrence of CVEV in Italy has been documented for the first time. The full
genome sequence of a CVEV Italian isolate (14Q) was determined by high-throughput
sequencing and the presence of the virus was confirmed by RT-PCR and graft-trans-
mission to indicator plants, from which the virus was recovered six-months post-inoc-
ulation. Phylogenetic analysis based on the full-length genome of CVEV isolates from
different countries showed that they are phylogenetically related to each other based
on their geographic origin, rather than on their host and that the Italian isolate is more
closely related to the Spanish isolate than to the other ones. A field survey revealed
the presence of CVEV in some areas of Campania region (southern Italy), prevalently
infecting lemon trees. In the frame of this survey, kumquat was identified for the first
time as a host of CVEV. No symptoms were observed in the field so far. The infection
of asymptomatic hosts and the transmission by aphid species present in Italy increase
the risk that the virus could further spread.

Keywords. Citrus virus, vein enation disease, woody gall disease, CVEV.

INTRODUCTION

Citrus vein enation virus (CVEV), a monopartite, single strand positive
sense RNA virus (Luteoviridae, Enamovirus), has been proposed as the causal
agent of citrus vein enation (VE) and woody gall (WG) (Vives et al., 2013).
These two graft-transmissible citrus diseases were first described in Unit-
ed States of America in sour orange (VE) and in Australia in rough lemon
(WG) (Wallace & Drake, 1953; Fraser, 1959; Moreno, 2000). Although CVEV
may remain latent in several commercial citrus cultivars, it has been found
associated with small outgrow in the underside tissues of leaves (enations),
mainly in correspondence to secondary veins, of some susceptible citrus spe-
cies, such as Mexican lime [Citrus aurantifolia (Christm.) Swingle], sour
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orange (C. aurantium L.), C. junos Siebold ex Tanaka,
citron (C. medica L.), satsuma (C. x unshiu) and various
local Chinese citrus varieties (Chen et al., 1992). Woody
gall disease, characterized by galls on trunks and/or
branches, has been reported in Rangpur lime (C. x limo-
nia Osbeck), rough lemon (C. jambhiri Lush), and C. x
volkameriana rootstocks (Fraser, 1959). Based on bioas-
says, it was shown that both VE and WG diseases were
caused by the same transmissible agent (Wallace and
Drake, 1960), now identified as CVEV (Vives et al., 2013).
This virus is transmitted in a persistent manner by sev-
eral aphid species, including Toxoptera citricidus, Myzus
persicae and Aphis gossypii, (Hermoso de Mendoza et
al., 1993; Maharaj and da Graca, 1989) and is consid-
ered a quarantine pest in several Mediterranean and
American countries (https://gd.eppo.int/taxon/CVEV00/
categorization). The complete genome of twenty CVEV
isolates from six countries (Spain, Japan, China, South
Korea, United States of America and Australia) has been
sequenced (Vives et al., 2013; Huang et al., 2015; Naka-
zono-Nagaoka et al., 2017; Wu et al., 2019; Yang et al.,
2019). Although VE disease is widespread in Spain, it
has not been reported in Italy (Catara and Davino, 1984).
Spain is the only European country where the CVEV has
been identified and characterized (Vives et al., 2013).

High-throughput sequencing (HTS) is the most
effective technology for detection of viruses in plants
(Maliogka et al., 2018). This has allowed identification
of several novel viruses in citrus hosts (Loconsole et al.,
2012a; Loconsole et al., 2012b; Roy et al., 2013; Vives
et al., 2013; Harakava et al., 2017; Ramos-Gonzalez et
al., 2017; Chabi-Jesus et al., 2018; Navarro et al., 2018a;
Navarro et al., 2018b; Chabi-Jesus et al., 2020; Wu et al.,
2020; Xuan et al., 2020). The present study, based on
HTS data, reports the first identification of CVEV in Ita-
ly. The complete genome sequence and variability of the
Italian CVEYV isolate is also presented, together with the
results of graft-transmission bioassays. In addition, data
are reported on the spread of this virus mainly in Cam-
pania region (Southern Italy), where lemons are impor-
tant citrus crops.

MATERIALS AND METHODS

Plant material, RNA preparation and high-throughput
sequencing of cDNA libraries

Fresh flushes, collected in 2018 from a non-symp-
tomatic sweet orange tree (Citrus sinensis, L.) grown
in Campania region, were used for generating a cDNA
library. Total RNA was extracted with phenol/chloro-
form (Pallas et al., 1987) followed by elimination of pol-
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ysaccharides with the methoxyethanol method (Bellami
and Ralph, 1968). After DNase treatment and ribosomal
RNA depletion (Navarro et al., 2018a), cDNA librar-
ies were constructed using the Illumina TruSeq Total
stranded RNA Sample Preparation Kit, according to the
manufacturer’s protocol. HTS was performed in a Next-
Seq500 analyzer (Illumina) with a configuration of 150
paired ends reads. After removing the reads mapping in
the host genome, high quality reads were de novo assem-
bled using SPAdes software (Bankevich et al., 2012). The
obtained contigs were screened by BlastN and BlastX for
homologous viral sequences in the National Center for
Technology Information (NCBI). Alignments of HTS
reads to the reference genome of CVEV (NC-021564)
were performed by Bowtie (Langmead et al., 2009)
implemented in the MacVector Assembler platform
(15.1.5, MacVector, Inc.).

RT-PCR detection, field survey and bioassays

Total nucleic acids (100 ng) were extracted and
reverse transcribed as reported previously (Navarro et
al., 2017). Two pL of the cDNA reaction were used for
the PCR amplification in a reaction volume of 25 pL,
using 1.25 units of GoTaq polymerase (Promega) and
containing final concentrations of 0.2 uM of each prim-
er. The two CVEV specific primer pairs VE5f /VEI5r
and VE16f/VE17r, previously reported by Vives et al.
(2013) and targeting a CVEV genomic region coding
for the polymerase and the coat protein, respectively,
were used. The cycling conditions were as follows: initial
denaturation at 94°C for 3 min, followed by 32 cycles at
94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final
extension step at 72°C for 7 min. The reaction products
were analysed by electrophoresis on 2% agarose gels
buffered in TAE (0.04 M Tris-acetate, | mM EDTA, pH
8) and visualized by UV light after ethidium bromide
staining. Amplicons were purified, cloned in pGemT-
easy (Promega) and sequenced (Macrogen).

A field survey was carried out in spring 2019 in 14
orchards (13 located in provinces of Campania region
and one in Latina province of Lazio region). Leaves from
fresh flushes from sweet orange [Citrus sinensis (L.)
Osbeck], clementine (C. clementina Hortex Ex Tanaka),
lemon [C. x limon (L.) Burm. f.], mandarin (C. reticu-
lata Blanco), kumquat (C. japonica Thunb.), tangerine
(C. x tangerina), grapefruit (C. x paradisi Mactad.), sour
orange, or citron (C. medica L.) trees were analyzed by
RT-PCR (as outlined above) using the primer pair VE5f/
VEI15r. Bioassays were performed by grafting bark tis-
sues from the Italian isolate to three sour orange indica-
tor plants grown at 23-25°C in a greenhouse, which were
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then maintained under observation for two consecutive
years (Roistacher, 1991).

Phylogenetic analysis

Sequence variability within the CVEV-14Q isolate
was investigated by identifying the SNPs using Bowtie
(Langmead et al., 2009). Multiple alignments of the full-
genome, 5UTR and 3’UTR nucleotide (nt) sequence, of
the amino acid sequence of the putative proteins encod-
ed by the Italian CVEV isolate, and with those available
in databases were performed using Clustal Omega (Siev-
ers and Higgings, 2014). A pairwise matrix was gener-
ated from each alignment. The multiple alignment of the
genomic sequence was used to generate a phylogenetic
tree by maximum likelihood method with the best-fit
model of kimura-2+G and 1000 bootstraps inferred in
the MEGA7 package.

RESULTS AND DISCUSSION
Identification of an Italian isolate of CVEV

To characterize citrus viromes in the Campania
region (southern Italy), a cDNA library of total RNAs
from a non-symptomatic sweet orange tree (isolate 14Q)
was analyzed by HTS. A total of 24,800,000 high quality
reads were obtained, and after removing those mapping
in the citrus genome (nuclear, chloroplastic and mito-
chondrial genomes), the remaining 8,510,000 reads were
assembled in contigs. BlastN search with the obtained
contigs allowed identification of 11 contigs sharing
high sequence similarity to CVEV (97 to 99% nt iden-
tity). When mapped on the CVEV genome, the contigs
covered 84% of the viral genome, indicating a possible
infection of the source tree by this virus. The presence
of CVEV in the original tree 14Q was confirmed by RT-
PCR using two primer pairs (VE5f /VE15r and VE16f/
VEI17r) specific for this virus and already reported in
the literature (Vives et al., 2013). PCR amplicons with
the expected size of 426 and 413 nt were obtained using
total RNA extracted from leaf samples collected from
the 14Q tree during two consecutive springs (in 2018
and 2019). Cloning and Sanger sequencing of the gen-
erated PCR fragments confirmed that they had 100%
nt identity with the corresponding CVEV sequences
obtained by HTS. These data confirmed the CVEV
infection by a second and independent detection meth-
od. This is the first report of CVEV in Italy.

The transmissibility of the CVEV-14Q isolate was
tested by graft-inoculating bark tissues from the origi-

nal infected sweet orange tree onto three seedlings of
sour orange indicator. RT-PCR assay using VE5f/VE15r
oligonucleotides showed that all the inoculated plants
were infected by CVEV 6 months post-inoculation.
No enations and no wood alterations were observed in
the infected plants periodically inspected for symptom
expression for more than 2 years after the graft-inocula-
tion. However, additional bioassays with a greater num-
ber of tested plants and the other susceptible indicators
rough lemon and Mexican lime must be performed to
determine the pathogenicity of the CVEV-14Q isolate.

Characterization of the full-length genome of an Italian
isolate of CVEV

Alignments of sequenced reads on the reference
CVEV genome (VE-1 isolate, NC_021564) using the
Bowtie software, allowed assembly of the consensus full-
length genomic sequence (mean coverage depth = 33) of
the first Italian CVEV isolate. This was named CVEV-
14Q (Genbank ID: MW167082) (Figure la).

The CVEV-14Q genome is 5983 nt long, with the
same organization of the reference isolate VE-1, and
consists of five ORFs surrounded by a 5 untranslated
region (UTR) and a 3’UTR (Figure 1b). The overlapping
ORF0, ORFI and ORF2 were very likely directly trans-
lated from the genomic RNA, while the expression of
ORF3 and ORFS5 is proposed to occur through the syn-
thesis of a 3’ co-terminal subgenomic RNA (Vives et al.,
2013). The abundance of this subgenomic RNA in the
nucleic acid preparations used for generating the RNA
seq library could justify the asymmetric distribution
of the sequenced reads on the CVEV genome, with a
prevalent coverage in the 3’ region including ORF3 and
ORF5 (Figure la). ORFO (positions 219-1283) overlaps
completely with ORF1, and encodes a putative protein
of 39 kDa (P0) that likely is a suppressor of gene silenc-
ing (Vives et al., 2013). PO contains the four conserved
amino acids (LPxx(L/I)x10-13P) of a putative F-box-
like motif (Huang et al., 2015). ORF1 (positions 208-
2016) encodes for a putative peptidase of 100 kDa that
contains the conserved serine proteinase domain char-
acteristic of the S39 peptidase superfamily. The ORF2
(positions 2202-4148) is translated via a -1 ribosomal
frameshift of ORFI, thus encoding a putative fusion pro-
tein of 148 kDa that contains the conserved polymerase
and helicase domains (replicase). ORF3 (positions 4301-
4876) codes for the putative coat protein (CP) of 21 kDa.
ORF5 (positions 4301-5785) is translated by an in-frame
readthrough of the amber stop codon of ORF3 allow-
ing the expression of a putative fusion protein (P5) of 55
kDa, which is probably involved in aphid transmission,
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Figure 1. (a) CVEV genome coverage by HTS reads. Alignments were performed using the Bowtie program and the CVEV variant
NC_021564 as the reference sequence. Nucleotide (nt) positions are indicated at the top. Single nucleotide polymorphisms (SNPs) are indi-
cated by vertical lines below the respective positions. (b) Genome organization and expression strategy of CVEV. Putative ORFs are indi-
cated by boxes. The predicted proteins expressed from the genomic and subgenomic RNAs are indicated by boxes in the lower part of the

panel.

symptom expression and virus accumulation (Vives et
al., 2013).

Sequence variability within the CVEV-14Q isolate
was investigated by aligning the HTS reads on CVEV-
14Q consensus genome using Bowtie. This identified
a total of 26 variable nucleotide positions in the CVEV
genome of the 14Q virus isolate (Figure la; Table 1).
Most of them were located between the positions 267
and 1651, which include the ORFO overlapping with a
fragment of ORF1 and a region of ORF1 not overlapping
with other ORFs. Since in a sequence with overlapping
ORFs one nucleotide change can differently affect the
encoded proteins, we further considered the 10 muta-
tions observed in the overlapping ORF0-ORFI1 region.
Most mutations were synonymous in PO (six out of ten)
and non-synonymous in the peptidase (nine out of ten).
These data suggest that the nucleotide variability in this
region has a greater effect on the amino acid variability

in the peptidase than in the P0. Two other variable posi-
tions were identified in the replicase coding region and
in the intergenic region. Although several of the muta-
tions observed in the CVEV-14Q isolate were also identi-
fied in other CVEV isolates, most of the mutations are
here reported for the first time (Table 1).

Phylogenetic relationships between CVEV-14Q and other
reported isolates

Pairwise alignment of the CVEV-14Q full-length
genome with genomes of the other 20 isolates that have
been characterized from different geographic areas,
revealed the greatest similarity (99.08% of nt identity)
with the isolate VE-1 from Spain, and the least (97.09%)
with the CVEV SM isolate from China (Figure 2). The
5 UTR region of CVEV-14Q, showing the least simi-
larity (92.75% of nt identity) with the Chinese SM iso-
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Genome 5'UTR 3'UTR PO Peptidase Replicase
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CVEV isolate_JJ 98.08 97.09 9899 9718 9723 9720 9895 9879
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CVEV_isolate_PCJ 9858 9612 [|09491 9859 9812 9773
CVEV_isolate_PTC 9813 9317 9694 9802 9734 9735
CVEV_isolate_SM 97.09 9275 9899 97.74 9678 9683
CVEV_isolate_STM-1 | 9855 9565 9802 9789 97.73

CVEV_isolate_STM-2 = 9850 9565 9899 9802 9789 9781
CVEV_isolate_VE-1  [JGO0BW 97.58 9899 9859 9845 9849
CVEV isolate VE701 = 9843 9662 9899 9859 9845 98.11
CVEV_isolate_VE702 | 9848 9614 9848 9859 9856  98.19
CVEV isolate VE703 = 9841 96.14 9899 9831 9812 979
CVEV_isolate_VE704 | 9840 96.14 9798 9859 9834 9781
CVEV_isolate_VE705 = 9825 9662 9848 97.74 9812 9796
CVEV_isolate_VE706 & 9831 9614 9899 97.74 9800 97.96
CVEV isolate VE707 = 9840 9662 9798 9831 9800 9788
CVEV_isolate_VE708 = 98.09 9662 9848 9831 9734 9773
CVEV_isolate_VE709 | 98.04 9565 9899 97.74 9690 97.13
CVEV_isolate_VE823 & 9826 95.15 9848 9887 9756 97.73

CVEV_isolate_YM1 9828 9614 9899 9831 9812 9766
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92 94 96 98 100
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Figure 2. Percentage of nucleotide (nt) and amino acid (aa)
sequence identity between the CVEV Italian isolate 14Q and full-
length CVEV isolates in databases. Scales of colour identify similar
nt and aa identity scores. The accession numbers of the virus iso-
lates are reported in Figure 3.

late, was more divergent than the 3'UTR from the other
sequenced isolates. Amino acid sequence comparisons
between homologous proteins (Figure 2) identified the
putative peptidase protein and the replicase as the pro-
teins of CVEV-14Q that mostly differed from the other
isolates, especially from the Chinese isolate SM (96.78%
aa identity with the putative peptidase protein and
96.83% aa identity with the replicase). The putative CP
is the most conserved protein among the studied iso-
lates, with the exception of the slightly divergent isolates
SM from China (99.48% aa identity), IBK from Japan
(99.48% aa identity) and JJ from Korea (98.95% aa identi-
ty). The other predicted proteins PO and P5 also showed
high sequence similarities with the respective proteins
encoded by other isolates.

Although not yet associated with any biological
roles, amino acid changes in some CVEV isolates have
been previously highlighted (Nakazono-Nagaoka et al.,
2017). Four amino acid residues, at positions 83, 104 and
113 of ORF2 and position 41 of ORF5, have been pro-
posed as differential residues among Spanish and Japa-
nese isolates (Nakazono-Nagaoka et al., 2017). Like the
Spanish isolates, the CVEV-14Q has a leucine and an
arginine at positions 83 and 104 of the protein encoded
in ORF2, whereas most of the other known CVEV iso-
lates have a phenylalanine and a glycine at the same
positions. The exception is isolate VE823, which also
has an arginine at position 104 (Supplementary Figure
1). The amino acid at position 113 of ORF2 is a valine in
most isolates, except in the Italian isolate 14Q (a threo-
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nine in this position), the Spanish isolate VE-1 (an isole-
ucine) and the Korean isolate JJ (an alanine). The serine
at the position 41 of ORF5 remains specific of the Span-
ish isolates since in all the other CVEV characterized,
including the Italian CVEV-14Q, there is an arginine at
that position. Therefore, although closely related to each
other, the Italian and Spanish isolates had some diver-
sity.

Relationships between CVEV isolate 14Q and virus
isolates from different geographic areas and host spe-
cies were investigated by generating a maximum likeli-
hood phylogenetic tree using the available full-genomic
sequences of the virus (Figure 3). The Italian 14Q and
the Spanish VE-1 isolates clustered together. All CVEV
isolates from the United States of America were grouped
in the same clade, and those from Japan and South
Korea clustered in the same phylogenetic subgroup. The
CVEV isolate VE709 from Australia was related to the
phylogenetic subgroup of American isolates, whereas
the isolate from China was unrelated to the other CVEV
clades. Therefore, CVEV isolates grouped according to
their geographic origins, rather than their host species,
indicating a minor role of hosts in the genetic diversity
of CVEV isolates.

Field survey

Thirteen citrus growing areas of the Campania
region and one on Latium region, at the northwest bor-
der of Campania (Suio, Latina Province), were surveyed.
In Campania, the most common citrus species are sweet
orange and lemon, which are widely grown in commer-
cial citrus orchards as well as in private and public gar-
dens. A total of 229 citrus trees of different species were
tested by RT-PCR. The assays showed that 32 tree sam-
ples (14.0%) were infected by CVEV, with lemon trees
showing the greatest incidence (26.4%) (Table 2). This is
the first report of CVEV in Kumgquat (https://gd.eppo.
int/taxon/CVEV00), but only one of two plants analysed,
collected from a household garden, tested positive. The
tangerine, grapefruit, sour orange, and citron trees from
Campania region analyzed in the survey tested negative
for CVEV infections. However, in these cases, only very
few plants of each host species were tested. None of the
infected trees showed the typical symptoms of VE or
WG that have been reported to be associated to CVEV
in some citrus species. This agrees with previous data
reporting symptomless infections of CVEV in lemon,
mandarin and orange (Catara and Davino, 1984).

When the geographic distribution of infected sam-
ples was considered, the positive samples were only from
some areas (mainly in Naples and Salerno province).



Identification, full-length genome sequencing, and field survey of citrus vein enation virus in Italy 299

MN187044.1 CVEV isolate VE823 USA CS

MN187041.1 CVEV isolate VE707 USA CRxCS

MN187042.1 CVEV isolate VE708 USA CRxCS
MN187037.1 CVEV isolate VE703 USA CS
MN187039.1 CVEV isolate VE705 USA CS

74

MN187036.1 CVEV isolate VE702 USA CS
MN187035.1 CVEV isolate VE701 USA CS

MN187038.1 CVEV isolate VE704 USA CU
MN187040.1 CVEV isolate VE706 USA CS
MN187043.1 CVEV isolate VE709 Australia CA

BN

CVEV ltaly CS <= isolate 140

NC 021564.1 CVEV isolate VE-1 Spain CS

87
79

LC360112.1 CVEYV isolate JJ South Korea CU

LC089852.1 CVEV isolate IBK Japan CJ

{

LC089851.1 CVEV isolate NGS Japan CJ
LC433635.1 CVEV isolate PTC Soth Korea PT

100 —— LC089854.1 CVEYV isolate STM-2 Japan CJ

L LC089853.1 CVEV isolate STM-1 Japan CJ

LC433634.1 CVEV isolate PCJ South Korea PT

LC089850.1 CVEV isolate YM1 Japan CJ
KY303624.1 CVEV isolate SM China CM

—

0.0050

Figure 3. Phylogenetic tree generated using all the full-length CVEV genome sequences available in databases and the CVEV-14Q isolate.
Clustal omega alignment of the nucleotide sequences was used for inferring the phylogenetic tree using the Maximum likelihood method,
and adopting the best-fit model kimura 2+G using MEGA7. Bootstrap probability values (1000 replicates) greater than 50% are shown at
the branch nodes. Tree branches are proportional to the genetic distances, with the scale bar indicating substitutions per nucleotide site. The
accession number, isolate name, country of origin and citrus host (Citrus junos, CJ; C. maxima, CM; C. reticulata, CR; C. sinensis, CS; C.

unshiu, CU; Poncirus trifoliata, PT) are shown at each branch tip.

These data indicate that CVEV is not widespread in the
surveyed area. However, since this virus is transmitted
by several aphid species (Hermoso de Mendoza et al.,
1993; Maharaj and da Graga, 1989), two of which, Myzus
persicae and Aphis gossypii, are present in the surveyed
area, the virus will likely be further disseminated.
Asymptomatic infected citrus trees can also be sources
of inoculum if used for vegetative propagation. Detec-
tion of CVEV in a symptomless kumquat tree is impor-
tant. The trees are mainly grown in pots as ornamental
plants, so they could favour long distance virus spread.
Extension of CVEV surveys to a greater number of kum-
quat trees and to other ornamental citrus species would
be worthwhile.

Inclusion of CVEV in the list of quality-affecting
organisms in the Italian programs for certification of
citrus propagation material is strongly recommended,
as the present study has demonstrated that several citrus
species can be infected by CVEV.
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Table 2. Survey of citrus vein enation virus in different orchards of Campania region and one orchard of Latina province. Number of CVEV

infected trees /number of total trees analyzed is shown.
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Suio (Latina) 1/30 0/5 1/15 0/6 0/4 - - - - -
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Summary. Grapevine trunk diseases (GTDs) are the most destructive diseases in
grape-growing regions worldwide. Black foot is one of the important GTDs affecting
young vineyards and nurseries. This disease has not been reported in China. During
2017 and 2019, field surveys were carried out in the Guangxi, Hebei, Ningxia, Shanxi,
and Xinjiang provinces of China. Incidence of plants with black foot symptoms was
0.1% to 1% in the surveyed vineyards. Plant samples with poorly developed shoots
and canes, chlorotic leaves, and necrotic trunks or roots were collected from the five
provinces. In total, 50 fungal isolates were obtained from symptomatic tissues. Based
on morphological and multi-gene phylogenetic analyses, five species were identified
as Cylindrocladiella lageniformis, Dactylonectria torresensis, D. macrodidyma, D. alcac-
erensis and Neonectria sp.1. Pathogenicity was assessed using young, healthy detached
green shoots of grapevine ‘Summer Black’ and potted 3-month-old ‘Summer Black’
cuttings. Inoculated detached shoots developed necroses after 7 d, and inoculated cut-
tings after 80 d. Fungi were re-isolated from necrotic lesions. Among the five species,
D. macrodidyma was the most aggressive. This is the first report of C. lageniformis, D.
torresensis, D. macrodidyma, D. alcacerensis, and Neonectria sp. 1 associated with black
foot in China. This study has enhanced knowledge of the fungi associated with black
foot in China, and will assist development of control measures for this disease.

Keywords. Nectriaceae, morphological characteristics, phylogenetic analyses, Vitis
vinifera.

INTRODUCTION

Grapevine (Vitis vinifera L.) is an economically important fruit crop,
with global cultivation area of 7,449,000 hectares in 2018, and China is
ranked the second in the world grapevine cultivation area (2019 OIV). More
than 70 diseases have been reported in grapevines, most of which are caused
by fungi or oomycetes (Wilcox et al., 2006), and among these, at least 27 dis-
eases have been reported in China. Esca complex, Botryosphaeria dieback,
black foot (BF), Eutypa dieback, and Phomopsis dieback are major fungal
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grapevine trunk diseases (GTDs) worldwide. These dis-
eases have been reported in almost all the main grape-
growing countries (Gramaje et al., 2018). GTDs are com-
plexes that affect grape yields, wine quality and lifespan
of plants in many grape-growing regions. The global
financial losses attributed to GTDs are estimated to be
more than $US 1.5 billion per year (Hofstetter et al.,
2012).

Black foot (BF) is one of the most significant GTDs,
especially in nurseries and young plantations (Halleen
et al., 2006). This disease has occurred in many viticul-
ture regions during the last decade, including Australia,
Brazil, California, Canada, (British Columbia, Quebec),
France, Iran, Italy, New Zealand, Portugal, South Afri-
ca (Western Cape), Spain, Switzerland, Turkey, United
States of America, and Uruguay (Agusti-Brisach and
Armengol, 2013; Lombard et al., 2014; Carlucci et al.,
2017; Aigoun-Mouhous et al., 2019; Lawrence et al.,
2019; Berlanas et al., 2020). In France, 50% of losses
caused by BF fungal pathogens were recorded in young
vineyards of 2 to 8 years old (Larignon et al., 1999). In
the Czech Republic, about 30% of plants showed root
necroses, reduced root biomass and wood necroses in
the basal ends of grapevine rootstocks, which are typi-
cal symptoms of BF that appear after one year of culti-
vation in 2015 (Pecenka et al., 2018). The most common
symptoms of BF on grapevine plants include delayed or
absent budding, stunted growth, shortened internodes
with small trunks, chlorotic leaves with necrotic mar-
gins, brown to black necroses on rootstock bases and
sunken necrotic root lesions, in nurseries and young
plantations (Rego et al., 2000; Halleen et al., 2006;
Alaniz et al., 2007; Abreo et al., 2010; Agusti-Brisach and
Armengol, 2013).

Ilyonectria destructans (=Cylindrocarpon
destructans) was first reported in France (Grasso and
Magnano Di San Lio, 1975), and to date, 33 fungal spe-
cies have been reported to be associated with BF. The
most common fungal genera associated with BF are
Campylocarpon, Cylindrocladiella, Dactylonectria, Ily-
onectria, Neonectria, Pleiocarpon and Thelonectria. Fun-
gal species that have been associated with BF include:
Campylocarpon fasciculare, Ca. pseudofasciculare,
“Cylindrocarpon” sp. 2, Cylindrocarpon didymium, Cylin-
drocladiella parva, C. lageniformis, C. viticola, and C.
peruviana, Dactylonectria alcacerensis, D. estremocensis,
D. macrodidyma, D. novozelandica, D. pauciseptata, D.
pinicola, D. torresensis, D. riojana, D. vitis, D. hordeicola,
Ilyonectria destructans, 1. europaea, I. liriodendri, I. lusi-
tanica, 1. pseudodestructans, 1. robusta, 1. vivaria, Neo-
nectria obtusispora, N. quercicola, Neonectria sp. 1, fungi
in the N. mammoidea group, Pleiocarpon algeriense.

Qingtong Ye et alii

Thelonectria blackeriella, T. olida, and T. aurea. (Agusti-
Brisach and Armengol, 2013; Lombard et al., 2014; Car-
lucci et al., 2017; Aigoun-Mouhous et al., 2019; Lawrence
et al., 2019; Berlanas et al., 2020). Among these species,
I liriodendri and D. macrodidyma are the most widely
distributed ones (Agusti-Brisach and Armengol, 2013).
These fungi are frequently isolated from BF symptoms
in nursery and older grapevine plants (Petit et al., 2011;
Carlucci et al., 2017), and from asymptomatic inner tis-
sues from plants (Berlanas et al., 2020). Some BF fungi
have also been detected from the soils of grapevine nurs-
eries and vineyards, in Spain and South Africa. (Agusti-
Brisach et al., 2013, 2014; Langenhoven et al., 2018).

Eutypa dieback was first reported in China in 2007,
Botryosphaeria dieback in 2010, Diaporthe dieback in
2015 and Esca in 2020 (Li et al., 2007; Li et al., 2010;
Dissanayake et al., 2015; Ye et al., 2020), while BF has
not been reported in China previously.

MATERIALS AND METHODS
Vineyard surveys

Surveys were carried out in ten vineyards, located
in Ningxia, Hebei, Shanxi, Guangxi and Xinjiang prov-
inces of China, during 2017 and 2019 (Figure la). These
provinces belong to the top ten grape cultivated grape-
vine areas in China, and Xinjiang province ranked the
first, followed by Hebei province. The training systems
used in the surveyed vineyards was mini “J”. The vine-
yards were of similar age, from 5 to 6 years old. Typi-
cal symptoms associated with diseased vines were short-
ened shoot internodes, chlorotic leaves, and trunk and
root necroses (Figure 1, b-h). Initial disease symptoms
included root necroses (especially small roots). As the
disease progressed, the above-ground plant parts devel-
oped shoot shortened internodes and chlorotic leaves in
severe cases. Some grapevines were grafted (rootstock
Fercal), and some others were self-rooted (Personal com-
munication, some of the grape growers).

Sample collection, fungus isolation and morphology of the
pathogens

Samples were collected from V. rotundifolia Michx.,
and V. vinifera cvs Marselan, Cabernet Franc or Cab-
ernet Sauvignon. Typical symptoms were recorded by
taking appropriate photographs. The samples were kept
at 4°C for further study, and the presence of spores
or structures on the surfaces of trunks or roots were
detected using a microscope. Isolations were made from
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Figure 1. Sample collection sites and disease symptoms. Field surveys were carried out in five provinces of China. GX: Guangxi; HB: Hebei;
NX: Ningxia;SX: Shanxi; XJ: Xinjiang (a). Diseased plant (Chardonnay, 5-year-old) showing shortened internodes of shoots (b).Necrotic

grapevine roots and trunks (c-h).

symptomatic trunks and roots. Necrotic root and trunk
samples were debarked and cut into small pieces (4-5
mm?). These small pieces were then surface-sterilized in
75% ethanol for 30 s, rinsed three times with sterilized
water, dried, and cultured on potato dextrose agar (PDA;
20% potatoes, 2% dextrose, 1.5 to 2% agar) in Petri

plates. The plates were incubated at 25°C. Fungi growing
from tissue pieces were transferred onto new PDA plates
after 7 d, and pure cultures were obtained by isolating
single spores. Pure cultures were grown on PDA and
malt extract agar (MEA) and incubated at 25°C in the
dark for 7 d. Conidia and colonies on the MEA plates
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were observed and photographed using the Axio Imager
Z2 photographic microscope (Carl Zeiss Microscopy).

DNA amplification and phylogenetic analyses

Single-spore purification were done for all the iso-
lates before DNA extractions. Total genomic DNA was
extracted from 50-100 mg of mycelium after 14 d of
incubation on PDA (Guo et al., 2000). For initial genus
identification, the internal transcribed spacer and inter-
vening 5.8S gene regions (ITS) were amplified and
sequenced for all the isolates, and the resulting sequenc-
es were searched using BLASTN within GenBank/NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), as described by
Manawasinghe et al. (2019). All the isolates in the pre-
sent study belonged to Cylindrocladiella, Neonectria or
Dactylonectria.

For species confirmation, phylogenetic analy-
ses were conducted using multigene phylogenies. For
Cylindrocladiella, histone H3 (his3), B-tubulin (fub2),
and partial translation elongation factor 1-alpha (tefI)
were sequenced (Marin-Felix et al., 2019). ITS, tub2,
his3, and tefl gene regions were sequenced for Dacty-
lonectria and Neonectria species (Berlanas et al., 2020).
The primer pairs and amplification protocols used
in the present study are summarized in Table 1. Each
PCR mixture comprised 1.0 pL of genomic DNA, 0.6
uL of TaKaRa ExTaq DNA polymerase, 5.0 uL of 10 x
ExTaq DNA polymerase buffer, 4.0 pL of dNTPs, and
1.0 puL of each primer, and was adjusted with sterilized
double-distilled water to a final volume of 50.0 pL. The
PCR reactions were carried out in a thermal cycler
(Bio-Rad, model C1000). Amplification products were
visualized on 1% agarose electrophoresis gels under UV
light using a Gel DocTM XR+ Molecular Imager (Bio-
Rad). All positive bands obtained by PCR amplification
were sequenced by Tsingke Company, Beijing, China,
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and the sequence data obtained were deposited in Gen-
Bank (Table 2).

Reference sequences of related taxa were obtained
from GenBank (Marin-Felix et al., 2019; Berlanas et
al., 2020). The sequence data generated in the pre-
sent study were included, and individual gene regions
were aligned using the MAFFT v. 7 webserver (Kura-
ku et al., 2013; Katoh et al., 2019) (https://mafft.cbrc.
jp/alignment/server/). The alignments were checked
and edited manually, where necessary using BioEdit
v7.0.9 (Hall, 1999). Phylogenetic trees were generated
using Maximum Likelihood (ML) in RAxML (Silves-
tro and Michalak, 2016) and Maximum Parsimony
(MP) in PAUP (v4.0) (Swofford, 2002). The ML and MP
trees were constructed using the methods described by
Manawasinghe et al. (2019). For MP, heuristic search-
es were conducted with 1000 bootstrap replicates by
random addition. All characters were unordered and
equally weighted. Gaps were treated as missing data,
and the steepest descent option not in effect, whereas
the MulTrees option was used. The Tree Length (TL),
Consistency Index (CI), Retention Index (RI), Rela-
tive Consistency Index (RC), and Homoplasy Index
(HI) were calculated in PAUP. All the resulting trees
were saved and checked using Kishino-Hasegawa tests
(Kishino and Hasegawa, 1989). The ML analyses of sin-
gle genes and combined multiple genes were accom-
plished using the RAxML-HPC2 on XSEDE (8.2.8) in
the CIPRES Science Gateway (https://www.phylo.org/
portal2/createTask!create.action). Phylogenetic trees
were visualized using FigTree v1.4.4 (Rambaut, 2018)
and were annotated in Microsoft PowerPoint 2016.

Pathogenicity tests

Pathogenicity tests of potential BF pathogens were
conducted on detached green shoots or potted 3-month-

Table 1. The primer pairs and their amplified protocols used in present study.

Gene region  Primers Sequence 5°-3’ Protocols for PCR References
ITS ITS1 TCCGTAGGTGAACCTGCGG 94°C: 3 min, (94°C: 30 s, 52°C: 30 s, White et al. (1990)
ITS4 TCCTCCGCTTATTGATATGC 72°C: 1 min) x 34 cycles 72°C: 7 min
HIS CYLH3F AGGTCC ACTGGTGGCAAG 94°C: 3 min, (94°C: 30 s, 58°C: 30 s, Crous et al. (2004)
CYLH3R AGCTGGATGTCCTTGGACTG 72°C: 1 min) x 34 cycles 72°C: 7 min
B-tubulin T1 AACATGCGTGAGATTGTAAGT 94°C: 3 min, (94°C: 30 s, 58°C (62°C): 30 O’Donnell and Cigelnik (1997)

Bt2b ACCCTCAGTGTAGTGACCCTTGGC $ 72°C: 1 min) x 34 cycles 72°C: 7 min  Glass and Donaldson (1995)
EFl-a EF1-728F CATCGAGAAGTTCGAGAAGG 94°C: 3 min, (94°C: 30 s, 54°C: 30 s, Carbone and Kohn (1999)
EF1-986R TACTTGAAGGAACCCTTACC 72°C: 1 min) x 34 cycles 72°C: 7min  Udayanga ef al. (2012a; b)
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Table 2. Reference sequence data obtained from GenBank and isolate sequence data from the present study which were used for phyloge-

netic tests.

GenBank accession No.

Species Isolates

ITS tub2 his3 tefl
Neonectria coccinea CBS 119158 JF268759 KC660727 N/A DQ789749.1
N. confusa CBS 127484 KM515889 KM515886 N/A N/A
N. confusa CBS 127485 FJ560437 FJ860054 N/A JF268736.1
N. ditissima CBS 226.31 JE735309 DQ789869 JF735594 JE735783
N. ditissima CBS 835.97 JE735310 DQ789880 JE735595 JE735784
N. faginata CBS 217.67 HQ840385 JF268730 N/A JF268746.1
N. faginata CBS 119160 HQ840384 DQ789883 N/A N/A
N. fuckeliana CBS 119200 HQ840387 JF268731 N/A JE268747.1
N. fuckeliana CBS 239.29 HQ840386 DQ789871 N/A JF268748.1
N. hederae CBS 714.97 N/A DQ789878 N/A KC660461
N. hederae IMI 058770 N/A DQ789895 N/A DQ789752
N. lugdunensis CBS 125475 KM231762 KM232019 KM231482.1 KM231887.1
N. lugdunensis CBS 125485 KM231762 KM232019 KM231482 KM231887
N. major CBS 240.29 JEF735308 DQ789872 JF735593 JE735782
N. neomacrospora CBS 198.62 AJ009255 HM352865 KM231481 HM364351
N. neomacrospora CBS 324.61 JF735312 DQ789875 JF735599 JF735788
N. neomacrospora CBS 503.67 AY677261 JF735436 JE735600 JE735789
N. obtusispora CBS 183.36 AM419061 AM419085 JE735607 JE735796
N. obtusispora CPC 13544 AY295306 JE735443 JE735608 JE735797
N. punicea CBS 242.29 KC660522 DQ789873 N/A DQ789730
N. punicea CBS 119724 KC660496 DQ789824 N/A DQ789681
N. quercicola CBS 143704 KY676880 KY676874 KY676862 KY676868
N. quercicola CPC 13530 AY295302 JE735441 JE735605 JE735794
N. ramulariae MAFF411012 JX034565.1 JX034567.1 N/A N/A
N. ramulariae CBS 151.29 AY677291 JE735438 JE735602 DQ789720
N. ramulariae CBS 182.36 HMO054157 JE735439 JE735603 JF735792
Neonectria sp. 1 CPC 13545 N/A JE735437 JF735601 JE735790
Neonectria sp. 1 JZB3210004 MN988722 MN958534 MN958545 MN956387
N. tsugae CBS 788.69 KM231763 KM232020 N/A DQ789720
Dactylonectria alcacerensis CBS 129087 JE735333 N/A JE735630 JE735819
D. alcacerensis Cyl34 JF735332 N/A JF735629 JF735818
D. alcacerensis JZB3310007 MN988716 MN958528 MN958539 MN956381
D. amazonica MUCL 55430 MF683706 MF683643 MF683686 MF683664
D. anthuriicola CBS 564.95 JE735302 JE735430 JF735579 JE735768.1
D. ecuadoriensis MUCL 55424 MF683704 MF683641 MF683684 MF683662
D. ecuadoriensis MUCL55425 MF683705 MF683642 MF683684 MF683663
D. estremocencis CPC 13539 JE735330 JF735458 JF735627 JE735816
D. estremocencis CBS 129085 JE735320 JF735448 JE735617 JE735806
D. hispanica CBS 142827 KY676882 KY676876 KY676864 KY676870
D. hispanica Cy228 JE735301 JF735429 JE735578 JE735767
D. hordeicola CBS 162.89 AM419060 AM419084 JE735610 JE735799
D. macrodidyma CBS 112601 MH862898 AY677229 JE735644 JE735833
D. macrodidyma CBS 112615 AY 677290 AY677233 JE735647 JE268750
D. macrodidyma Cy258 JE735348 JE735477 JE735656 JE735845
D. macrodidyma CBS 112604 AY677284 AY 677229 JE735644 JE735833
D. macrodidyma JZB3310008 MN988717 MN958529 MN958540 MN956382
D. macrodidyma JZB3310009 MN988718 MN958530 MN958541 MN956383

(Continued)
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Table 2. (Continued).
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GenBank accession No.

Species Isolates

ITS tub2 his3 tefl
D. macrodidyma JZB33100010 MN988719 MN958531 MN958542 MN956384
D. novozelandica CBS 112608 AY677288 AY677235 JE735632 JF735821
D. palmicola MUCL55426 MF683708.1 MF683645.1 MF683687.1 MF683666.1
D. pauciseptata CBS 120171 EF607089 EF607066 JE735587 JE735776
D. pinicola CBS 159.43 JE735318 JEF735446 JF735613 JE735802
D. pinicola CBS 173.37 JE735319 JE735447 JE735614 JE735803
D. polyphaga MUCL55209 MF683689 MF683626 MF683668 MF683647
D. torresensis CBS 119.41 JE735349 JE735478 JEF735657 JE735846
D. torresensis Cyl102 KP823905 KP823885 KP823894 KP823874
D. torresensis Cyl106 KP823907 KP823887 KP823895 KP823876
D. torresensis Cyl110 KP823908 KP823888 KP823896 KP823877
D. torresensis Cyl124 KP823912 KP823891 KP823900 KP823881
D. torresensis CBS 129086 JE735362 JE735492 JF735681 JE735870.1
D. torresensis JZB33100011 MN988720 MN958532 MN958543 MN956385
D. torresensis JZB33100012 MN988721 MN958533 MN958544 MN956386
D. vitis CBS 129082 JE735303 JE735431 JE735580 JE735769.1
D. valentina CBS 142826 KY676881 KY676875 KY676863 KY676869
Cylindrocladiella addiensis  CBS 143794 MH111383 MH111388 N/A MH111393
C. addiensis CBS 143793 MH111385 MH111390 N/A MH111395
C. addiensis CBS 143795 MH111384 MH111389 N/A MH111394
C. arbusta CMW47295/ CBS 143546 MHO017015 MHO016958 MHO016996 MHO016977
C. arbusta CMW 47296; CBS 143547 MHO017016 MHO016959 MHO016997 MHO016978
C. australiensis CBS 129567 JN100624 JN098747 JN098932 JN099060
C. brevistipitata CBS 142786 N/A MF444926 N/A MF444940
C. camelliae IMI 346845 AF220952 AY793471 AY793509 JN099087
C. clavata CBS 129564 JN099095 JN098752 JN098858 JN098974
C. cymbiformis CBS 129553 JN099103 JN098753 JN098866 JN098988
C. elegans CBS 338.92 AY793444 AY793474 AY793512 JN099039
C. ellipsoidea CBS 129573 JN099094 JN098757 JN098857 JN098973
C. hahajimaensis MAFF238172 JN687561 N/A N/A ]X024570.1
C. hawaiiensis CBS 129569 JN100621 JN098761 JN098929 JN099057
C. horticola CBS 142784 MF444911 MF444924 N/A MF444938
C. humicola CBS 142779 MF444906 MF444919 N/A MF444933
C. infestans CBS 111795 AF220955 AF320190 AY793513 JN099037
C. kurandica CBS 129577 JN100646 JN098765 JN098953 JN099083
C. lageniformis CBS 111060 JN100611 JN098770 JN098918 JN099046
C. lageniformis CBS 111061 JN100606 JN098771 JN098913 JN099040
C. lageniformis CBS 112898 AY793445 AY725652 AY725699 JN098990
C. lageniformis CBS 340.92 MH862360 AY793481 AY793520 JN099003
C. lageniformis JZB3320001 MNO988714 MN958526 MNO958537 MN958535
C. lageniformis JZB3320002 MN988715 MN958527 MN958538 MN958536
C. lanceolata CBS 129566 JN099099 JN098789 JN098862 JN098978
C. lateralis CBS 142788 MF444914 MF444928 N/A MF444942
C. longiphialidica CBS 129557 JN100585 JN098790 JN098851 JN098966
C. longistipitata CBS 116075 AF220958 AY793506 AY793546 JN098993
C. malesiana CBS 143549 MHO017017 MHO016960 MHO016998 MHO016979
C. microcylindrica CBS 111794 AY793452 AY793483 AY793523 JN099041
C. natalensis CBS 114943 JN100588 JN098794 JN098895 JN099016

(Continued)
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GenBank accession No.

Species Isolates
ITS tub2 his3 tefl
C. nederlandica CBS 152.91 JN100603 JN098800 JN098910 JN099033
C. novazelandica CBS 486.77 AF220963 AY793485 AY793525 JN099050
C. nauliensis CBS 143792 MH111387 MH111392 N/A MH111397
C. nauliensis CBS 143791 MH111386 MHI111391 N/A MHI111396
C. obpyriformis CMW47194/ CBS 143552 MHO017022 MHO016965 MHO017003 MHO016984
C. parvispora CMW 47197/ CBS 143554 MHO017025 MHO016968 MHO017006 MHO016987
C. parva CBS 114524 AF220964 AY793486 AY793526 JN099009
C. peruviana IMUR 1843 AF220966 AY793500 AY793540 JN098968
C. pseudocamelliae CBS 129555 JN100577 JN098814 JN098843 JN098958
C. pseudohawaiiensis CBS 210.94 JN099128 JN098819 JN098890 JN099012
C. pseudoinfestans CBS 114531 AF220957 AY793508 AY793548 JN099004
C. pseudoparva CBS129560 JN100620 JN098824 JN098927 JN099056
C. queenslandica CBS 129574 JN099098 JN098826 JN098861 JN098977
C. reginae CBS 142782 MF444909 MF444922 N/A MF444936
. CMW47198/

C. solicola CBS 143551 MHO017021 MHO016964 MHO017002 MHO016983
C. stellenboschensis CBS 110668 JN100615 JN098829 JN098922 JN099051
C. terrestris CBS 142789 MF444915 MF444929 N/A MF444943
C. thailandica CBS 129571 JN100582 JN098834 JN098848 JN098963
C. variabilis CBS 129561 JN100643 JN098719 JN098950 JN099080
C. viticola CBS 112897 AY793468 AY793504 AY793544 JN099064
C. vitis CBS 142517 KY979751 KY979918 N/A KY979891
Campylocarpon fasciculare CBS 112613 AY677301.1 AY677221.1 JF735502.1 JE735691.1
C. pseudofasciculare CBS 112679 AY677306.1 KJ022328.1 JF735503.1 JF735692.1
Gliocladiopsis sagariensis ~ CBS 199.55 NR147628 JQ666141 JQ666031 JQ666107

# CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CPC: Culture collection of Pedro Crous, housed at CBS. MUCL:
Mycotheque de I'Université catholique de Louvain; JZB: Beijing Academy of Agriculture and Forestry Sciences Culture Collection, China;
IMI: International Mycological Institute, CABI-Bioscience, Egham, Bakeham Lane, UK; IMUR: Institute of Mycology, University of Recife,
Recife, Brazil; MAFF: Genetic Resources Centre, National Agriculture and Food Research Organization (NARO), NARO GenBank, Ibaraki,
Japan; Cy: Cylindrocarpon collection housed at Laboratério de Patologia Vegetal “Verissimo de Almeida” - ISA, Lisbon, Portugal;

b Ex-type were in bold.

N/A: The sequence is not available or not applicable to the present study.

old healthy plants of grapevine cv. ‘Summer Black’.
Five isolates (JZB3320001, JZB3310007, JZB3310008,
JZB33100011 and JZB3210004) were selected randomly
for pathogenicity tests. Mycelium discs (4 mm diam.)
were obtained from the edges of PDA colonies which
were grown for 10 d at 25°C.

Detached shoots were surface-disinfected in 75%
ethanol and then dried, and each shoot was then
wounded (4 mm) using a sterilized scalpel. The myce-
lium discs were placed onto the wound sites and cov-
ered with parafilm (Bemis). Non-colonized sterile PDA
plugs were used as negative controls. The shoots were
then inserted into moist soil and kept at 25°C. Each
experiment included ten shoots for each fungus isolate,
with a total of three parallel experiments conducted.

The lengths of the lesions were measured after 7 d, and
meanwhile photos were taken.

Pathogenicity tests of BF fungal agents were further
conducted on the 3-month old grapevine cuttings which
were inoculated in a manner similar to the detached
green shoots. The experiment was performed in six cut-
tings for each tested isolate and the negative controls.
The plants were kept in a greenhouse maintained at
25°C, and the trial was conducted twice. Shoots were
collected, and lesion lengths were measured upward and
downward from the points of inoculation after 80 d.

Fungi were re-isolated from necroses on the test
plants in all pathogenicity tests, and fungus identifica-
tions were based on cultural and morphological char-
acters. The lesion dimension data were statistically ana-
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lyzed with IBM SPSS Statistics 21.0 (IBM Corp.) using a
one-way analysis of variance (at P = 0.05) to determine
differences in shoot lesion dimensions resulting from
different fungus isolate inoculations.

RESULTS
Fungus isolation and initial species identifications

Incidence of BF-like symptoms in the investigated
vineyards was 0.1% to 1%.

Colony morphology of all the isolates distinguished
after 14 d of growth on PDA. In total, 50 isolates were
obtained from the symptomatic grapevine tissues. For
genus confirmation of the isolates, the ITS regions were
amplified for all the isolates. The products of the ITS
regions were approx. 0.5 kb. All sequences obtained were
compared to those deposited in GenBank, and the iso-
lates possessed 95%-99% similarity with sequences from
the genera Cylindrocladiella, Dactylonectria or Neonec-
tria. One or two isolates were selected from each of these
three genera for pathogenicity tests.

The ML MP trees had similar topologies, so only
the ML tree is presented in this study, with ML and MP
bootstrap support values.

Identification of Cylindrocladiella species The
optimization likelihood value of the final ML tree
was -9044.171598. The matrix had 563 distinct align-
ment patterns, with 12.52% of undetermined charac-
ters or gaps. The parameters for the GAMMA+P-Invar
model were as follows: estimated base frequencies A
= 0.217646, C = 0.325293, G = 0.206497, T = 0.250564;
substitution rates include TL = 1.662695, AC = 1.021632,
AG = 3.427269, AT = 1.399071, CG = 0.562601, CT =
4.088874, GT = 1.000000; proportion of invariable sites
(I) = 0.346767, and gamma distribution shape parameter
() = 0.401996. In the MP tree, the heuristic search pro-
duced 1000 trees (length = 1415, CI = 0.529, RI = 0.840,
RC = 0.445 and HI = 0.471), and the dataset consisted
of 1527 total characters. Of these characters, 1000 were
constant, 158 variable characters were parsimony-unin-
formative and 369 were parsimony-informative. In the
ML tree (Figure 2), generated using the combined data,
two isolates (JZB3320001 and JZB3320002) clustered
with C. lageniformis (CBS 340.92) with bootstrap value
100 and 99 obtained from the ML and MP tree, respec-
tively. Based on morphological characteristics and phy-
logenetic results, isolates JZB3320001 and JZB3320002
were identified as Cylindrocladiella lageniformis Crous,
M.J. Wingf. & Alfenas.

Identification of the species of Dactylonectria and Neo-
nectria species The ML optimization likelihood value was
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-12848.031218. The matrix had 916 distinct alignment pat-
terns, with 16.70% of undetermined characters or gaps.
Parameters for the GAMMA+P-Invar model were: esti-
mated base frequencies A = 0.216108, C = 0.328348, G =
0.225791, T = 0.229753; substitution rates include TL =
1.593283, AC = 1.370476, AG = 3.210224, AT = 1.626079,
CG = 0.702088, CT = 5.644898, GT = 1.000000; propor-
tion of invariable sites (I) = 0.388010, and gamma distribu-
tion shape parameter (a) = 0.971160. In the MP tree, the
heuristic search produced 1000 trees (length = 1981, CI
= 0.610, RI = 0.911, RC = 0.556 and HI = 0.390), and the
dataset consisted of 2041 total characters. Of these, 1225
were constant, 88 variable characters were parsimony-
uninformative and 728 were parsimony-informative. In
the ML tree (Figure 3), generated using the combined data,
three isolates (JZB3310008, JZB3310009 and JZB33100010)
collected from Ningxia province clustered with D. macro-
didyma (CBS 112615) and one isolate (JZB3210004) clus-
tered with Neonectria sp. 1(CPC 13545); In addition, the
isolate (JZB3310007) clustered with D. alcacerensis (CBS
129087) and two isolates (JZB33100011 and JZB33100012)
clustered with D. torresensis(CBS 119.41).

Morphological characteristics

Morphological observations for the five identified
species are outlined below.

Cylindrocladiella lageniformis Crous, M.J]. Wingf. & Alfe-
nas

Pathogenic on trunks and rootstocks of Vitis vinifera.
Asexual morph: Conidiophores were hyaline and peni-
cillate. Conidia were hyaline, cylindrical, one septate or
aseptate, with dimensions of 5.3-9.5 x 1.5-2.8 pm, mean
+SD =78 £ 11 x 2.1 £ 0.3 um. The terminal vesicles
were lageniform to ovoid. (Figure 4 c-d). Sexual morph:
undetermined.

Culture characteristics: Colonies on PDA reached 74.9 +
0.8 mm diam. after 6 d incubation at 25°C in the dark,
and were yellow to tan, with flourish aerial mycelium
(Figure 4 a-b).

Material examined: CHINA, Guangxi province, on
trunk and rootstock of Vitis vinifera, 8 April 2018, Xing-
hong Li, living cultures, JZB3320001, JZB3320002.

Dactylonectria macrodidyma (Halleen, Schroers &
Crous) L. Lombard & Crous

Pathogenic on trunks and roots of Vitis vinifera. Asex-
ual morph: the isolates rarely formed chlamydospores
and microconidia, producing abundant macroconidia
on MEA. Macroconidia hyaline, cylindrical, straight
to slightly curved, one to four septate, with dimensions
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og/75— Cviindrocladiella terrestris CBS 142789
= Cvlindrocladiella peruviana IMUR 1843
e r Cvlindrocladiella longiphialidica CBS 129557
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Figure 2. Maximum likelihood tree obtained from the phylogenetic analysis based on fefI, his3 and tub2 sequence alignments. The scale bar
represents 0.07 changes. The tree is rooted in Gliocladiopsis sagariensis (CBS 199.55).
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Dactylonectria hordeicola CBS 162.89
1wonogDactylonectria estremocencis CPC 13539

Dactylonectria estremocencis CBS 129085
Daciylonectria pinicola CBS 173.37

\Dactylonectria pinicola CBS 159.43
Dactylonectria alcacerensis CBS 129087
111){‘.!(‘!_1'1’011?mv‘r'iﬂ alcacerensis JZB3310007
Daclylonectria alcacerensis Cy134
- Dactylonectria novozelandica CBS 112608
Dactylonectria forresensis Cyl102
actylonectria torresensis CBS 129086
Dactylonectria forresensis CBS 119.41
Dactylonectria torresensis Cyl106
-Daclyloneciria lorresensis Cyl110
Dactylenectria torresensis Cyl124
Dactylonectria torresensis JZB33100011
Dactylonectria torresensis JZB33100012
Dactylonectria macrodidyma CBS 112604
Daclyloneciria macrodidyma CBS 112601
Dactylenectria macrodidyma JZB3310009
Daclylonectria macrodidyma JLZB33100010
Dacltylonectria macrodidyma CBS 112615
Daciyloneciria macrodidyma Cy258
Daclyloneciria macrodidyma JZB3310008
100 [Dnctylonectria pauciseptata CBS 120171
-Dactylonectria palmicola MUCLS55426
Dactylonectria valentina CBS 142826
Daclylonectria hispanica Cy228
Dactylonectria hispanica CBS 142827
Dactylonectria ecuadoriensis MUCL 55424
Daclylonectria ecuadoriensis MUCLS55425
Dactylonectria vitis CBS 129082
-Dactylonectria amazonica MUCL 55430
Dactylonectria anthuriicola CBS 564.95
Dactylonectria polyphaga MUCLS55209

100/100
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100/

100/91 Neonectria tsugae CBS 788.69
mh’eanectriﬂ Sfuckeliana CBS 119200

Neonectria fuckeliana CBS 239.29
oo~ Neonectria ditissima CBS 835.97
Neonectria ditissima CBS 226.31
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Neonectria neomacrospera CBS 324.61
99104 Neoneciria lugdunenis CBS 127475
eoneciria lugdunenis CBS 125485
Neonectria obtusispora CBS 183.36
Neoneciria obtusispora CPC 13544
100100 Neonectria hederae CBS 714.97
Neonectria hederae IMI 058770a
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Neonectria sp.1 JZB3210004
Neonectria ramulariae CBS 182.36
Neonectria ramulariae CBS 151.29
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w00~ Neonectria quercicola CPC 13530
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L Campylocarpon pseudofasciculare CBS112679

Figure 3. Maximum likelihood tree obtained from the phylogenetic analysis based on combined ITS, tub2, his3, and tefl sequence align-
ments. The scale bar represents 0.05 changes. The ex-type strains are in bold font. The outgroups of the tree are Campylocarpon fasciculare

(CBS 112613) and C. pseudofasciculare (CBS 112679).
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Figure 4. Photographs of isolated fungi and their morphological characterization. Colonies (top and bottom views of cultures) of Cylindro-
cladiella lageniformis (a and b), Dactinonectria macrodidyma (e and f), D. torresensis (i and j), D. alcaceresis (m and n), or Neonectria sp.1
(o and p). Conidia and terminal vesicles of C. lageniformis (c and d). Conidia of D. macrodidyma (g and h), and D. torresensis (k and 1). All
the fungi were grown on PDA for 14 d. Bars = 10 um (c and d) or 20 um (g, h, k and 1).

of 14.4-44.2 x 4.0-8.2 um, mean + SD = 31.1 + 7.8x6.2  Colony reverse sides were burnt umber to raw sienna or
+ 0.9 um (Figure 4, g and h). Microconidia ellipsoid to  brownish yellow on PDA (Figure 4f).

ovoid, hyaline, straight, aseptate to one septate. Sexual  Material examined: CHINA, Ningxia province, on trunk
morph: undetermined. and rootstock of Vitis vinifera, 8 April 2018, Qing-
Culture characteristics: Colonies on PDA reached 57.3 +  tong Ye and Xinghong Li, living cultures, JZB3310008,
5.4 mm diameter after 9 d at 25°C in the dark, and were  JZB3310009, JZB3310010.

yellowish, with abundant aerial mycelium (Figure 4e).  Dactylonectria torresensis (A. Cabral, Rego & Crous) L.
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Lombard & Crous

Pathogenic on trunks and rootstocks of Vitis vinifera.
Asexual morph: The isolates rarely formed chlamydo-
spores and microconidia, producing some macroconidia
on MEA. Macroconidia straight or minutely curved,
cylindrical, one to four septate. Microconidia zero to
one septate, ellipsoid to ovoid. Sexual morph: undeter-
mined.

Culture characteristics: Colonies on PDA reached 55.5
+ 3.6 mm diam. after 9 d at 25°C in the dark, and were
pale buff to chestnut (Figure 4, i and j). Colony reverse
sides were buff to umber to chestnut on PDA.

Material examined: CHINA, Shanxi and Hebei prov-
ince, on trunk and rootstock of Vitis vinifera, 8 April
2018, Qingtong Ye and Xinghong Li, living cultures,
JZB3310011, JZB3310012.

Dactylonectria alcacerensis (A. Cabral, H. Oliveira &
Crous) L. Lombard & Crous
Pathogenic on roots of Vitis vinifera. Asexual morph:
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isolates did not produce macroconidia, microconidia, or
chlamydospores on MEA. Sexual morph: undetermined.
Culture characteristics: Colonies on PDA reached 49.3 +
2.2 mm diam. eafter 9 d at 25°C in the dark, and were
telty to slightly cottony (Figure 4 m-n).

Material examined: CHINA, Shanxi province, on trunk
and rootstock of Vitis vinifera, 8 May 2018, Qingtong Ye
and Xinghong Li, living culture, JZB3310007.

Neonectria sp. 1

Pathogenic on the bark of trunk of Vitis vinifera. Asexu-
al morph: In the present study, the isolates did not pro-
duce macroconidia, microconidia, or chlamydospores on
PDA. Sexual morph: undetermined.

Culture characteristics: Colonies on PDA reached
61.1+1.1 mm diameter after 15 d of incubation at 20°C in
dark (Figure 4 o-p).

Material examined: CHINA, Xinjiang province,
on trunk and rootstock of Vitis vinifera, 16 April
2018, Qingtong Ye and Xinghong Li, living culture,

Lesion length(mm)

C. lageniformis D. torresensis D. macrodidyma D. alcacerensis Neonectria sp. 1 h

Figure 5. Pathogenicity tests results (after 7 d) of BF fungal agents inoculated onto detached green shoots of grapevine ‘Summer Black’
Control (a), Cylindrocladiella lageniformis(b), Dactinonectria torresensis (c), D. macrodidyma (d and e), D. alcacerensis(f), or Neonectria sp.
1(g). Histogram (h) of mean lesion lengths on wood shoots after inoculations with the different fungi. Means accompanied by different let-

ters are significantly different (P = 0.05).
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JZB3210004.

Pathogenicity tests

In the pathogenicity tests conducted with detached
green shoots, the non-inoculated shoots did not develop
any symptoms (Figure 5a). In contrast, shoots inoculated
with mycelium discs resulted in necroses. The lesions
were brown to black, and the mean lesion lengths dif-
fered among the different inoculated fungi (P < 0.05)
(Figure 5, b to h). Dactylonectria macrodidyma was the
most aggressive pathogen (mean lesion length = 1.18 cm)
among the five species (Figure 5). The re-isolation rates
of isolates C. lageniformis, D. torresensis, D. macrodidy-
ma, D. alcacerensis, and Neonectria sp. 1. were between
70% with 100% from the lesions.

Pathogenicity tests on 3-month-old grapevine cut-
tings showed different results for the different inocu-
lated pathogens, as well. The non-inoculated controls
showed no symptoms on the shoots (Figure 6a). Dacty-
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lonectria macrodidyma caused brown to black necrotic
lesions on the shoots (mean lesion length = 1.95 cm)
(Figure 6, d and e). Less necrosis was observed in the
cuttings inoculated in C. lageniformis, D. torresensis,
Neonectria sp. 1., or D. alcacerensis (Figure 6, b to ¢, f
to g’). The re-isolation rates of the different inoculated
fungi from the respective lesions were between 70%
with 100%.

This is the first report of C. lageniformis, D. torresen-
sis, D. macrodidyma, D. alcacerensis and Neonectria sp. 1
associated with BF of grapevines in China.

DISCUSSION

Grapevines can be affected by several diseases
throughout each year, especially during fruit production.
In the present study, 50 isolates obtained from diseased
grapevine samples in five provinces of China were iden-
tified as C. lageniformis, D. torresensis, D. macrodidyma,
D. alcacerensis, or Neonectria sp. 1. To date, D. torresen-

C. lageniformis  1). torresensis

D. macrodidyma D. alcacerensis

Neonectria sp. 1

Figure 6. Pathogenicity tests results (after 80 d) of BF fungal agents inoculated onto 3-month-old ‘Summer Black’ grapevine plants in green-
house. Control (a), Cylindrocladiella lageniformis (b and b’), Dactinonectria torresensis(c and ¢’), D. macrodidyma(d and e), D. alcacerensis (f
and g), Neonectria sp. 1 (g’). Histogram (h) of mean lesion lengths caused by inoculations with the different fungi. Means accompanied by

different letters are significantly different (P = 0.05).
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sis has been reported as grapevine pathogen in Austra-
lia, Canada, Czech Republic France, Italy, New Zealand,
Portugal, South Africa, Spain and USA (Agusti-Brisach
et al., 2013; Carlucci et al., 2017; Pecenka et al., 2018;
Pintos et al., 2019), and Cylindrocladiella lageniformis
has been reported mainly from California and South
Africa (Van Coller et al., 2005; Koike et al., 2016).

The BF pathogens are soil-borne organisms that
affect roots and the basal ends of rootstock vines, and
most of the fungi reported in the present study were
also reported in California and Spain (Koike et al., 2016;
Berlanas et al., 2020). However, whole grapevines in
the north grape-growing regions of China are routinely
buried under the soil in winter, to allow survival dur-
ing low temperature winter conditions. It has been pro-
posed that the soil-borne pathogens could infect plants
through wounds (to roots, rootstocks, trunks, canes and
shoots). Pathogenicity tests of BF pathogens were car-
ried out with canes or roots in previous studies (Koike
et al., 2016; Berlanas et al., 2020). Nevertheless, patho-
genicity tests of Cylindrocladiella lageniformis have also
been conducted with green shoots (Van Coller et al.,
2005; Koike et al., 2016). Therefore, in the present study,
it was important to determine whether the soil-borne
fungi could infect host canes or shoots. The fungi were
inoculated by wounding between two nodes of each cut-
ting. Among the tested fungi, D. macrodidyma produced
the longest lesions in the pathogenicity tests. However,
Berlanas et al. (2020) reported that virulence of D. alca-
cerensis was greater than that of D. macrodidyma and
Neonectria sp. 1., while D. macrodidyma was found to be
more virulent than D. alcacerensis in the present study.
Differences in virulence of D. alcacerensis or the other
species could be attributed to: (1) strain origins (Probst
et al., 2019), (2) host genotype susceptibility to black foot
fungus infections (Berlanas et al., 2020), (3) methods of
inoculation (Alaniz et al., 2009b; Probst et al., 2019; Ber-
lanas et al., 2020), or (4) inoculum dose.

The distribution of BF fungal pathogens in the pre-
sent study may have been influenced by climate. The cli-
mate system of China is diverse due to the varied topog-
raphy and vast area, including climates of Tibetan plateau,
temperate continental, subtropical monsoon, and tropical
monsoon (Yan et al., 2013). The characteristics of BF path-
ogens are likely to vary due to the diverse temperature
of China. Based on the present study (data not shown),
colony diameter on PDA after 6 d of C. lageniformis from
the south of China reached up to 60.4 + 3.3 mm at 30°C
while the other fungi (D. torresensis, D. macrodidyma, D.
alcacerensis and Neonectria sp. 1.) from the north of Chi-
na hardly grew at 30°C. Most of these fungi could grow
below 5°C in PDA, except for C. lageniformis.
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Although the incidence of diseased plants with BF
symptoms was about 1% in the surveyed vineyards in
China, which is much less than in France (losses of 50%:
Larignon et al., 1999), BF pathogens can infect grape-
vine roots and trunks in young nurseries and planta-
tions, and the pathogenic fungi can be transmitted to
new vineyards by cuttings (De la Fuente et al., 2016). The
tungi C. lageniformis, D. torresensis, D. macrodidyma, D.
alcacerensis, and Neonectria sp. 1. are all soilborne, and
can infect hosts through the soil (Halleen et al., 2003).
In the north of China, grapevines need to be buried
under the soil for survival during cold weather, result-
ing in small wounds that are likely to be susceptible to
infection by soilborne fungi, so more attention should be
paid to BF in China in future.

Grapevine BF is prevalent in nurseries and new
plantations (De la Fuente et al., 2016), and the cur-
rent strategies for controlling this disease include good
hygiene or sanitation, which are the most important
means of obtaining healthy vines (Gramaje and Armen-
gol 2011), including treatments with hot water, (Gramaje
et al., 2010; Halleen and Fourie 2016), fungicides (Hal-
leen et al., 2007; Rego et al., 2009; Alaniz et al., 2011)
and biological control agents (Berbegal et al., 2020; Mar-
tinez-Diz et al., 2021; van Jaarsveld et al., 2020, 2021).
Chemical treatments during propagation processes in
nurseries for control of BF pathogens have been evalu-
ated, including treating cutting prior to cold storage,
cutting prior to callusing, rooting pre- and post-graft-
ing, and pre-planting fungicide treatments of rooted
cuttings, to eliminate or reduce potential fungal agents
before planting (Halleen et al., 2007; Rego et al., 2009,
Alaniz et al., 2011, Gramaje et al., 2018). Based on pre-
vious research, benomyl was effective for elimination or
reducing Cylindrocarpon destructans infections (Rego
et al. 2006). Reductions of D. torresensis and D. macro-
didyma incidence and disease severity on the bases of
2-year-old plants have been reported from applications
of Streptomyces sp. E1+R4 before preplanting (Martinez-
Diz et al., 2021).

Some practices, such as hot water treatments, are
useful for sanitizing commercially produced plants.
Generally, this practice entails treating the plants at
50°C for 30 min. However, this is stressful for the plants
(Waite et al., 2013). Despite treated with these practices,
diseases in symptomless plants can still be transmit-
ted to non-infested areas (De la Fuente et al., 2016). The
detection of BF fungi in soils or vines is essential for
controlling the disease in nurseries and new plantations.
Alaniz et al. (2009a) reported a multiplex PCR system
for specific and early detection of Ilyonectria liriodendri
(=Cylindrocarpon liriodendra), Dactylonectria macro-
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didyma (=Cylindrocarpon macrodidymum), and Dacty-
lonectria pauciseptata (=Cylindrocarpon pauciseptatum)
from pure fungus cultures or diseased plants. Martinez-
Diz et al. (2020) attempted to detect I. liriodendri in bulk
soils, rhizosphere soils, and grapevine endorhizospheres
using Droplet Digital PCR (ddPCR) and real-time PCR
(gPCR) techniques. They showed that ddPCR was more
sensitive than qPCR to lower target concentrations. Nev-
ertheless, the ddPCR technique has not been used for
detection of C. lageniformis, D. torresensis, D. macro-
didyma, D. alcacerensis or Neonectria sp.1, and this tech-
nology could be useful for detection of BF in China.
Further study should also be conducted to develop spe-
cific protocols for effective BF management.
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Summary. Physiological features were examined of a 20-year-old Vitis vinifera ‘Ttalia’
table grape vineyard cropped in Apulia, Italy. Healthy vines with no foliar symptoms
and any indications of wood or berry alterations, vines with natural wood infections
by Phaeoacremonium minimum (syn. P. aleophilum) and Phaeomoniella chlamydospora
showing brown wood streaking symptoms, and vines naturally infected with P. mini-
mum, P. chlamydospora and Fomitiporia mediterranea with brown wood streaking and
white rot symptoms, were surveyed. Bleeding xylem sap, collected at bud-break from
healthy vines showed the greatest total ascorbic acid level, while vines with brown
wood streaking and white rot had the greatest viscosity coefficient, glutathione con-
centration, and plant growth regulator activities. Compared to healthy vines, leaves of
wood affected vines, sampled during the unfolded leaf, fruit setting, cluster closing and
bunch ripening vine growth stages, had reduced fresh and dry weights, total chloro-
phyll concentrations, and increased leaf surface area. Low ascorbic acid and reduced
glutathione concentrations, weak redox state, and moderate levels of dehydroascorbic
acid and oxidized glutathione were also detected in these vines. Analyses also detected
reduced activities of dehydroascorbate reductase, ascorbate free radical reductase and
glutathione reductase in diseased vines. The cell membrane damage, associated with
lipid peroxidation, was coupled with high hydrogen peroxide concentrations. These
changes could contribute to the cell death of leaves and foliar symptom development.
The ascorbate-glutathione cycle supports grapevine susceptibility to Esca complex-
associated fungi.

Keywords. Antioxidant systems, ascorbic acid, glutathione, membrane lipid peroxida-
tion, redox state, hydrogen peroxide.

INTRODUCTION

The disease commonly called “Esca” is one of the longest recognized
and most destructive diseases of grapevines (Vitis vinifera), and is associat-
ed with wood discolouration and decay, and sudden wilting of whole vines
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or individual vine arms within a few days (apoplexy or
apoplectic symptoms), as well as leaf tiger stripe leaf
symptoms (Ravaz, 1898; de Rolland, 1873; Marsais,
1923). Esca is now considered to be a complex of differ-
ent diseases overlapping in the same vine or developing
at different stages of a vine life. Esca-complex comprises
brown wood streaking of grapevine cuttings, Petri dis-
ease, grapevine leaf stripe disease (GLSD, previously
“young esca”), and white rot (which is at the origin of
the name Esca). GLSD affects young and old vines,
which show wood streaking and discolouration. The
association between GLSD and white rot was described
as a condition called “Esca proper”. Within the Esca
complex, white rot, and Esca proper can also show apo-
plectic symptoms (Surico, 2009; Mondello et al., 2018).
Brown wood streaking, Petri disease and GLSD are also
grouped under the name phaeotracheomycosis complex
(Bertsch et al., 2012).

Members of the basidiomycetous genus Fomitiporia
(F. mediterranea mainly in Europe and the Mediterra-
nean area) are associated with wood decay of white rot
(Fischer, 2002; 2006; Ciccarone et al., 2004). Phaeoacre-
monium minimum (syn. P. aleophilum) and Phaeomon-
iella chlamydospora are the most important etiological
agents of brown wood streaking, Petri disease and GLSD
(Mugnai et al., 1999; Surico, 2009; Baranek et al., 2018).
Other species of Phaeoacremonium and Cadophora
are present in the wood of grapevines affected by Esca
complex diseases (Moreno-Sanz et al., 2013; Elena et al.,
2018; Jayawardena et al., 2018).

No pathogens have been isolated from leaves or
berries of infected plants. Leaf tiger stripe and berry
symptoms are considered linked to cultivar susceptibil-
ity, vine age, the microorganisms involved, pedoclimatic
conditions and other physiological factors (Graniti et
al., 2000; Surico et al., 2006; Bertsch et al., 2012; Gué-
rin-Dubrana et al., 2013; Claverie et al., 2020). The sub-
stances originating in the discoloured woody tissues of
affected trunks and branches contribute to development
of the typical symptoms on leaves (Andolfi et al., 2011;
Bertsch et al., 2012; Lecomte et al., 2012). These mate-
rials could be reaction products of the diseased wood,
phytotoxic metabolites excreted by Esca-associated fun-
gi, or a combination of these (Mugnai et al., 1999; Bruno
et al., 2007). P. minimum and P. chlamydospora produce
two naphthalenone pentaketides, scytalone and isoscle-
rone, and exopolysaccharides including the a-glucan
pullulan (Evidente et al., 2000; Tabacchi et al., 2000;
Bruno and Sparapano 2006a; 2006b; 2007). Macro- and
micro-nutrients also play roles in Esca complex symp-
tom progression (Calzarano et al., 2009, 2014; Calzarano
and Di Marco, 2018).

Giovanni Luigi Bruno et alii

Stomata closure and changes in the photosynthetic
apparatuses affect the pre-symptomatic leaves of Esca
diseased grapevines (Petit et al., 2006; Magnin-Robert
et al., 2011). Low density cytoplasm, plastids with small
starch grains, underdeveloped grana, and elongated thy-
lakoids occur in grapevine leaves before tiger stripes
develop (Lima et al., 2010; Fontaine et al., 2016). Glu-
tathione pools, PR-proteins, and phenolic compounds
are also affected (Magnin-Robert et al., 2011; Valtaud
et al., 2011; Lambert et al., 2013; Calzarano et al., 2016;
2017a; 2017b; Fontaine et al., 2016). Xylem dysfunction
also influences water transport and leaf water poten-
tial (Bruno et al., 2007; Fontaine et al., 2016), and NMR
metabolomics data suggest increased phenylpropanoid
compound production and decreased glucose and fruc-
tose contents occur in leaves of Esca complex diseased
vines (Lima et al., 2010).

The aim of the present study was to gain insight into
variations of physiological features of bleeding xylem
sap and leaves of ‘Italia’ grapevine plants that were
either healthy or naturally infected with P. minimum
and P. chlamydospora showing brown wood streaking,
or infected with P. minimum, P. chlamydospora and F.
mediterranea showing brown wood streaking and white
rot. Special emphasis was placed on the differences in
hydrogen peroxide, lipid peroxidation, and antioxidant
defence responses associated with the ascorbate-glu-
tathione cycle. The changes in the physiology of diseased
plants were assessed as possible factors in development
of foliar symptoms.

MATERIALS AND METHODS
Vineyard

A 20-year-old V. vinifera ‘Ttalia’ table grape vineyard
(1600 vines) cropped in the countryside of Bari (Apulia,
southern Italy) was used for sample collection. The
vines, grafted onto 140-Ru rootstock, were trained by
the Tendone system, and grown under irrigation in an
alkaline clay soil. Since 2006, each vine had been under
observation for symptom development of diseases within
the Esca complex, i.e., foliar symptoms, or sudden wilt-
ing of GLSD or esca proper.

Wood core sampling and vine characterization

To assess the presence of symptoms and fungi in the
grapevine trunks, two wood cores per vine were taken
with a 95% ethanol pre-sterilised Pressler increment bor-
er at 30 and 110 cm above the ground level. All the 1600



Physiology of Esca-affected grapevines

vines were surveyed. To prevent further wood contami-
nation, wood core sampling holes were disinfected with
copper oxychloride solution (20% in water) and filled
with 2.5% copper oxychloride in linseed oil. Each core
was cut to fragments 1.5-2 cm in length. Slices were sur-
face-sterilized for 1 min in 70% ethanol, soaked for 1-2
min in a sodium hypochlorite solution (3% active chlo-
rine), and rinsed three times in sterile distilled water.
The slices were then aseptically cut into pieces that were
seeded onto 90 mm diam. Petri dishes (five per plate)
containing agar media. Malt extract (2%) agar (MEA),
MEA amended with 0.25% chloramphenicol (MEAC)
and MEA amended with 0.25% benomyl (MEAB) were
used as the isolation media. MEAC and MEAB were
used as semi-selective media for detection, respectively,
of phaeotracheomycotic and basidiomycete fungi. Inoc-
ulated plates were incubated at 25+1°C in the dark. The
isolation frequency (IF) of each fungus taxon was calcu-
lated as IF = 100 x (N,/N,), where N; was the number of
wood-fragments from which the fungus was isolated and
N; the total number of seeded wood tissue pieces.

At completion of characterizations of the vine
wood, associated with leaves and berries symptoms sur-
veyed during 12 years, 15 vines were selected, including
five with brown wood streaking, five with brown wood
streaking and white rot, and five healthy (symptomless)
that did not show any foliar symptoms, and any indica-
tions of wood or berry alterations.

Bleeding xylem sap sampling and characterization

To evaluate bleeding sap quantity, viscosity, and
ascorbate, glutathione and hormone concentrations,
bleeding xylem sap was collected from five vines with
brown wood streaking, five with brown wood streaking
and white rot, and five healthy vines. Bleeding xylem sap
was collected at the bud-break vine growth stage (Bag-
giolini, 1979; Wilcox et al., 2015). From each selected
plant, four vine shoots were cut and the end of each spur
was surface-treated with sodium hypochlorite solution
(3% active chlorine), then with 95% ethanol, and then
rinsed twice with sterile distilled water. The sap exuded
during the first 15 min was discarded. A sterile plastic
bottle covered with aluminium foil was secured at the
end of each bleeding spur to collect the liquid over the
following 4 d. All sap samples were filtered through 0.45
mm membranes (Millipore).

The dynamic viscosity (n,) of each sap sample was
calculated as n=[(p,xt,)/(p,Xxt,)]xn,, where p, = sap
density, p,, = water density, n,, = water dynamic viscos-
ity (0.8937°10 Poiseuille), t, = flow time of sap in sec,
and t, = water flow time (sec). Measurements of t, and
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t,, were carried at 25+0.1°C using an Ostwald glass capil-
lary viscometer (Cannon-Fenske Instruments).

For each sap sample, 2 mL were lyophilized, and the
resulting powder was treated with 5% metaphosphoric
acid (6 mL). After centrifugation (20,000g, 15 min, 4°C),
the supernatant was used for total ascorbate and total
glutathione determinations following the method of
Zhang and Kirkham (1996).

The physiological effects of growth regulator sub-
stances in the xylem sap were evaluated using the fil-
ter paper disk method (Zhao et al., 1992), with excised
cucumber (Cucumis sativus) cotyledon root formation
(auxin) and cucumber cotyledon expansion (kinetin)
bioassays. Indole-3-acetic acid and 6-furfurylaminopu-
rine were dissolved in 95% ethanol and tested in the
range of 0.3-50.0 pg mL?, and 95% ethanol was used as
a control.

Leaf sampling and characterization

To evaluate leaf fresh and dry weights, and areas, as
well as total chlorophyll, hydrogen peroxide, lipid per-
oxidation, ascorbic acid, dehydroascorbic acid, reduced
and oxidized glutathione concentrations and the activ-
ity of enzymes involved in ascorbate regeneration, leaves
were collected from the selected 15 vines. Leaves (ten per
vine) were randomly picked from each vine during the
unfolded leaf, fruit setting, cluster closing, and bunch
ripening vine growth stages (Baggiolini, 1979; Wilcox et
al., 2015). At the cluster closing and bunch ripening vine
growth stages of the diseased vines, symptomless and
symptomatic leaves were sampled. The leaf petioles were
removed, and the leaves were photographed.

Each leaf was weighed with a Sartorius BP 210S ana-
lytical balance (Data Weighing Systems, Inc.) to assess
leaf fresh weight.

Leaf area was estimated using Image] open-source
image-processing software (National Institutes of Health).

Leaf dry weight was measured by drying 100 mg of
leaves for 20 min at 105°C using an infrared LP 16-M
desiccator (Mettler-Toledo SpA). Leaf moisture was cal-
culated as a percentage (%) of fresh weight.

Total chlorophyll concentration was verified by
Harborne’s method (1973) using leaf lamina samples
(2 g each) and 80% acetone (16 mL) as extraction sol-
vent in an ice bath. Absorbance at 645 and 663 nm were
measured using a Beckman DU 640 spectrophotometer
(Beckman Coulter Inc.).

Hydrogen peroxide content was determined as
reported by Lee and Lee (2000), using 1 g of leaf lamina
ground with 4 mL of sodium phosphate buffer (0.1 M;
pH 6.5).



324

Lipid peroxidation was assessed as malondialde-
hyde (MDA) quantity in 200 mg of leaf lamina samples
(Heath and Packer, 1968).

Ascorbic acid, dehydroascorbic acid, and reduced
and oxidized glutathione were quantified in 2 g of
ground leaf lamina samples, at 4°C, in 5% metaphos-
phoric acid (6 mL). After centrifugation (20,000g, 15
min, 4°C), the supernatant was used as proposed by
Zhang and Kirkham (1996). The ascorbate redox state
(A-RS) was calculated as A-RS = [AsA / (AsA + DHA)],
where AsA represents ascorbic acid and DHA represents
dehydroascorbic acid. The glutathione redox state (G-RS)
was calculated as G-RS = [GSH / (GSH + GSSG)], where
GSH represents reduced glutathione, and GSSG repre-
sents oxidized glutathione.

The activity of enzymes involved in ascorbate regen-
eration was detected on 2 g of leaf lamina homogenized
in 6 mL of extraction buffer (50 mM Tris-HCI, pH 7.8;
0.3 mM mannitol; 10 mM MgCl,; 1 mM EDTA; 0.05%
cysteine) at 4°C. After centrifugation (25,000¢, 15 min,
4°C), the supernatant was dialyzed against 50 mM Tris-
HCI (pH 7.8) and used to determine activities of ascorbate
peroxidase (EC 1.11.1.11), dehydroascorbate reductase (EC
1.8.5.1), glutathione reductase (EC 1.6.4.2), and ascorbate
free radical reductase (= monodehydroascorbate reduc-
tase, EC 1.6.5.4), according to Paciolla et al. (2008).

Statistical analyses

Data were subjected to general linear analysis of
variance models using the SAS/STAT version 9.0 (SAS
Institute Inc.). Normal distributions were assessed
using the Shapiro-Wilk tests, and homoscedasticity was
assessed using Bartlett’s tests. Means were compared
using Fisher’s LSD test at P < 0.05. Data of morphologi-
cal and physiological features of the grapevine leaves
were analysed for vine typology (brown wood streaking,
brown wood streaking and white rot, or healthy), vine
growth stages (unfolded leaf, fruit setting, cluster clos-
ing, or bunch ripening), symptoms on leaves (presence
or absence), and their interactions.

RESULTS
Wood core and symptom examination

The wood core examinations showed that 562 vines
had brown wood streaking, 176 had brown wood streak-
ing and rotted wood in the trunks, and 862 vines were
healthy. P. chlamydospora and P. minimum were always
associated with brown wood streaking, while F. medi-

Giovanni Luigi Bruno et alii

Table 1. Isolation frequency (%) of fungus species obtained from
‘Ttalia’ vines that were healthy (H), affected with brown wood streak-
ing (BWS) or with brown wood streaking and white rot (BWSWR).

Vines?
Fungus
H BWS BWSWR

Phaeomoniella chlamydospora 0 45+4 38+3
Phaeoacremonium minimum 0 25%2 30+4
Fomitiporia mediterranea 0 0 8716
Other fungi ® 3+1 61 4+1
No isolations 97+2 10+2 9+2

2 For each group of vines, data are means for 900 woody chips +
standard deviation.

b Penicillium spp., Alternaria spp., Paecilomyces spp., Trichoderma
spp., Chaetomium spp., Cladosporium spp., Paraconiothyrium spp.
and sterile fungi.

terranea was isolated only from rotted wood (Table 1).
Other micromycetes, including species of Penicillium,
Alternaria, Paecilomyces, Trichoderma, Chaetomium,
Cladosporium, and Paraconiothyrium, and sterile fungi,
were also isolated from diseased vines. Species of Peni-
cillium and Alternaria were the only fungi isolated from
cores from the healthy vines.

During the survey, symptoms were recorded on
leaves and berries of diseased vines (Figure 1). The typi-
cal tiger stripe symptoms were first observed in July on
vines with brown wood streaking and with brown wood
streaking and rotted wood in the trunks. On plants
also infected with F. mediterranea, trunk cracking was
recorded. No apoplexy was viewed on selected vines
throughout the survey.

Bleeding xylem sap characterization

Healthy vines discharged the lowest quantities of
xylem sap. Both typologies of diseased vines discharged
four- and five-fold more sap than the healthy vines, and
the sap from these vines had the greatest dynamic vis-
cosity coeflicients, total ascorbic acid and glutathione
concentrations, and auxin-like and kinetin activities
(Table 2).

Leaf characterization

A selection of leaves sampled from the 15 selected
vines is illustrated in Figure 1G. Morphological and
physiological features were strongly affected by the vine
growth stages, vine typology, symptom development,
and their interactions (Table 3).
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Figure 1. Symptoms developed in the 20-year-old Vitis vinifera ‘Ttalia’ vineyard. Chlorotic areas (A) and ‘tiger stripes’ (B) on leaves; spots on
the skin (C-D) and wilt (E) of berries and cracking of the trunk (F) of the diseased vine. A selection of leaves (G) collected during the vine
growth stages of unfolded leaves, fruit set, cluster closing and bunch ripening, from healthy vines (HV), vines with brown wood streaking
(BWSV) or vines with brown wood streaking and white rot (BWSWRYV).

Table 2. Flux, viscosity coefficient (h,), concentrations of total ascorbate (T-ASC), glutathione (T-GLU), and growth regulator activity
(GRA) of bleeding xylem sap collected from Ttalia’ vines® that were healthy (H), or had brown wood streaking (BWS) or brown wood-

streaking and white rot (BWSWR).

Vines Flux® hd T-ASCe T-GLU® GRA (ug mL")

(mL vine!) (Poiseuille) (ug mL1) (pg mL1) Auxin © Kinetin ¢
H 144 £9.82 C 0.85+0.04 C 308.6 +26.4 A 181+3.1C 1025+ 1.7C 091 +0.27B
BWS 677 £ 11.79 A 1.13+0.04 B 211.2 £ 26.6 C 464 +8.6 B 20.10+35B 2225+245A
BWSWR 574 £ 9.165 B 1.73 £ 0.07 A 269.1 £ 269 B 178.2 £ 38.1 A 30.05+39A 2245 +2.04 A

2For each column, values accompanied by the same letters are not significantly different (P < 0.05), Fisher’s LSD test.

b Each value is the means of five vines + standard deviation.
¢ Data are means of 15 replicates + standard deviations.

4 Values are means of 50 replicates + standard deviations.

¢ Data are means of 20 replicates + standard deviations.

Only symptomatic leaves collected from vines with
brown wood streaking and white rot at cluster closing
stages showed a small decrease (29.6%) in fresh weight
compared with symptomless leaves collected from the
same vines. At bunch ripening, leaves from healthy
vines and symptomless leaves from vines with brown
wood streaking and white rot reached maximum fresh
weight. Symptomless leaves of vines with brown wood
streaking had reduced mean leaf fresh weight compared
with healthy vines. Symptomatic leaves from vines with

both disease typologies had leaves with fresh weights
that were further 35-40% less.

The greatest leaf dry weight (Figure 2B) was record-
ed at the bunch ripening phase from symptomatic leaves
of vines with brown wood streaking and white rot.

No statistically significant differences were found in
leaf moisture content for the different vine disease cat-
egories. Leaf moisture contents were in the range 90 to
95% of leaf fresh weight.

Surface areas of leaves sampled at unfolded leaf and



Table 3. Results of general linear analyses of variance considering effects of sampling time (ST), vine typology (VT), symptoms (SY) and their interactions on leaf fresh (Lfw) and
dry (Ldw) weights, moisture content (WC), surface area (LSA), and contents of chlorophyll (Chlo), hydrogen peroxide (H,0,), malondialdehyde (MDA), ascorbic acid (AsA), dehy-

droascorbic acid (DHA), reduced (GSH) and oxidized (GSSG) glutathione, and activities of ascorbate peroxidase (APX), dehydroascorbate reductase (DHA-R), glutathione reductase

(G-R), or ascorbate free radical reductase (AFR-R).

F values®

df

Sources of
variation

G-R

28.19**

AFR-R
27.85**

DHA-R

APX
0.16
5.23%

GSSG

GSH
173.96**
2211.61**

DHA
67.45*
68.80**

MDA AsA
22.67**

196.30*

H,0,

Chlo
47.83**

208.09**

LSA
476.46**

Ldw wch

177.11%*

Lfw
19.80**

22.45**

15.11%*
141.76**

75.27
35.80**
22.58**

3
2
6
1
1
1

ST
VT

168.52**
49.21*%*

83.32%*

89.61**

118.98**  279.69** 250.53** 2193.37**

23.60**

47.98**

41.28**

27.74%*

17.70** 14.71* 41.24**  66.28**  18.45%F  127.74** 149.93**  59.85** 5.77* 3.40 26.45**
73.09** 265.55** 59.59**

12.67**

STxVT
SY

2.36
0.32
3.10*

12 39.94**

1.51
0.12

0.

12.21%*

6.51**

176.76** 22.65 94.52**  22.84**  293.71**  187.21
12.15

84.39**

1.65
38.39**

6.90%* 291 14.67** 1.81* 62.38** 6.81* 189.80** 0.37 0.26 6.62
239.69** 12.68** 12.32%* 6.13** 52.59**

42.73**

5.27%*
27.56**

STxSY
VTxSY

0.31
1.62

9.08**

2.56

0.78

11.24
1.27

0.02 5.98 5.54 1.02

1.19

0.78 1.19 1.65 9.08** 26.24**

235.58**

0.89

2.69

STXVTxSY 1

0.05 and 0.01.

®In (Y) transformation used to stabilize variances.

a* and ** indicate, respectively, P
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fruit set stages did not show any statistically significant
differences, while the leaves of healthy vines were sig-
nificantly smaller than those of diseased plants during
the other two vine growth stages (Figure 2C). At cluster
closing stage, the surface areas of symptomless leaves
from diseased vines were 2-fold greater than for leave
from the healthy vines. At bunch ripening, symptomatic
and symptomless leaves of diseased vines had leaf sur-
face areas that were three times greater than leaves from
the healthy vines.

During the four sampling times, total chlorophyll
concentration in healthy vines was in the range of 160-
165 mg g leaf fresh weight (Figure 3A). At the cluster
closing and bunch ripening stages, diseased plants had
less total chlorophyll. At cluster closing, in comparison
with healthy vines, symptomless leaves from vines with
brown wood streaking had 20% less total chlorophyll.
This loss in symptomatic leaves was greater than 40%.
Symptomless leaves from vines with brown wood streak-
ing and white rot had 31% less total chlorophyll com-
pared with healthy vines, and symptomatic leaves had a
further 36% less total chlorophyll.

During the assessed four vine growth stages, healthy
vines showed the least H,0, concentrations (Figure 3B).
Symptomless leaves collected from vines with brown
wood streaking had increased H,0, content compared
with the healthy vines. Symptomatic leaves collected
during cluster closing and bunch ripening had 20%
more H,O, than healthy vines. Leaves from vines with
brown wood streaking and white rot, had more H,0,
than healthy vines at all four growth stages. Symptomat-
ic leaves collected during cluster closing or bunch ripen-
ing had 3% more H,0, than symptomless ones.

MDA concentrations were different between healthy
vines and the two categories of disease at the four vine
growth stages (Figure 3C). Healthy vines reached mini-
mum MDA contents in the unfolded leaf stage, and the
greatest MDA concentration was occurred during bunch
ripening. A similar trend was recorded in symptomless
leaves from vines with brown wood streaking, but the
final MDA concentrations were greater than in healthy
vines. Symptomless leaves from vines with brown wood
streaking and white rot, compared to healthy vines, had
greater MDA content at all the sampling times. At the
cluster closing and bunch ripening stages, symptomatic
leaves from the same vines showed, respectively, further
43% and 11% increases in MDA contents.

During the four sampling times, ascorbic acid con-
centrations in healthy vines were always greater than in
leaves from diseased vines (Figure 4A). At each assessed
growth stage, ascorbic acid contents were reduced by up
to 78% in leaves collected from vines with brown wood



Physiology of Esca-affected grapevines 327

10 -
b 8 ] a z a . T ab
o a 24 2 & 2
°© 6 A b b b
= T . b
§- 47
e
I 2 4
0 T T T 1
B [ 1Leaves from healthy vines
6 - [ Symptomless leaves from vines with brown wood streaking a
— [ Symptomatic leaves from vines with brown wood streaking
'g 4 | W Symptomless leaves from vines with brown wood streaking and white rot
'g 5 Symptomatic leaves from vines with brown wood streaking and white rot i
- b
be b
g 2{ o, be cc o be mbr:bc'c F‘GI
Sl sl IS s U8
c 1200 -

“leaa o okl AL

Vine growth stages

Figure 2. Fresh (A) and dry (B) weights, and surface areas (C) of ‘Ttalia’ leaves collected during the unfolded leaf (UL), fruit set (FS), clus-
ter closing (CC) and bunch ripening (BR) vine growth stages from infected or healthy vines. Data are the means of 50 replicates + stand-
ard deviations. For each parameter, values accompanied by the same letters are not significantly different (P < 0.05) according to Fisher’s
LSD test.
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Figure 3. Total chlorophyll (A), hydrogen peroxide (H,O,; B) and malondialdehyde (MDA; C) concentrations of ‘Ttalia’ leaves collected dur-
ing the unfolded leaf (UL), fruit set (ES), cluster closing (CC) and bunch ripening (BR) vine growth stages, from infected or healthy vines.
Data are the means of 50 replicates + standard deviations. For each parameter, values accompanied by the same letters are not significantly
different (P < 0.05) according to Fisher’s LSD test.
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Figure 4. Ascorbic acid (aAsA; A), dehydroascorbic acid (DHA; B), reduced (GSH; C) and oxidized (GSSG; D) glutathione concentrations
of ‘Ttalia’ leaves collected during the unfolded leaf (UL), fruit set (FS), cluster closing (CC) and bunch ripening (BR) vine growth stages,
from infected or healthy vines. Data are the means of 50 replicates + standard deviations. For each parameter, values accompanied by the
same letters are not significantly different (P < 0.05) according to Fisher’s LSD test.

streaking, and 91% in leaves from vines with brown
wood streaking and white rot.

Leaves from healthy vines showed similar levels of
dehydroascorbic acid during the four assessed growth
stages (Figure 4B). In the unfolded leaf and fruit set
stages, leaves collected from vines with brown wood
streaking and white rot showed the greatest dehy-
droascorbic acid concentrations.

The reduced glutathione contents of leaves collected
from healthy vines were greater than in leaves collected
from diseased plants (Figure 4C).

The oxidized glutathione amounts (Figure 4D) in
symptomless leaves collected from vines with brown
wood streaking, during the four considered growth stag-
es, were approx. 38% less than in leaves from the healthy
vines.

The lowest redox states (Table 4) were recorded in all
symptomatic leaves tested.

No significant differences were detected between
healthy and diseased vines in ascorbate peroxidase activ-
ity (Figure 5A) during the four growth stages.

Dehydroascorbate reductase activity (Figure 5B)
in leaves from healthy vines and symptomless diseased
vines reached minima in the unfolded leaf growth stage
and were greatest at the bunch ripening stage.

Ascorbate free radical reductase activity (Figure 5C)
in leaves from healthy vines was the least at the unfolded
leaf stage, increased during the next two growth stages,
and reached a maximum at the bunch ripening stage.
Compared to healthy vines, at the cluster closing and
bunch ripening stages, leaves from diseased vines had
reduced ascorbate free radical reductase activities.

Glutathione reductase activity (Figure 5D) in leaves
from healthy vines was least during the unfolded leaf
stage and reached a maximum at bunch ripening. Com-
pared to healthy vines, leaves from diseased vines had
reduced glutathione reductase activity. No significant
changes in glutathione reductase activity were detected
in symptomless compared to symptomatic leaves from
diseased vines.

DISCUSSION

In this study, in a 20-year-old ‘Ttalia’ vineyard sur-
veyed since 2006 for symptoms of diseases within the
Esca complex, we selected vines with brown wood
streaking, vines with brown wood streaking and white
rot, and healthy vines. The fungus isolation procedure
confirmed the presence of P. minimum and P. chlamydo-
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Table 4. Ascorbate and glutathione redox states in symptomless or symptomatic grapevine leaves collected from ‘Italia’ grapevines during
the vine growth stages of unfolded leaves (UL), fruit set (FS), cluster closing (CC) or bunch ripening (BR), from healthy vines (HV), or
vines with brown wood streaking (BWSV) or brown wood streaking and white rot (BWSWRV).

Vine growth stages

Leaves from

UL CcC BR
Ascorbate redox state®
HV 0.72 £ 0.05 0.75 + 0.05 0.69 £ 0.05 0.69 + 0.05
BWSV symptomless 0.36 + 0.02 0.38 + 0.02 0.15 +0.01 0.18 +0.02
symptomatic npt 0.12 + 0.01 0.28 + 0.01
BWSWRYV symptomless 0.07 £ 0.05 0.13 £ 0.01 0.11 £ 0.01 0.11 £ 0.01
symptomatic n.p. 0.10 £ 0.01 0.10 + 0.01
Glutathione redox state®
HV 0.95 + 0.05 0.95 + 0.05 0.95 + 0.05 0.79 +0.06
BWSV symptomless 0.83 + 0.04 0.73 + 0.04 0.69 + 0.04 0.73 £ 0.04
symptomatic n.p. 0.66 + 0.04 0.52 +0.02
BWSWRYV symptomless 0.38 £ 0.01 0.55 £+ 0.04 0.56 + 0.04 0.45 £ 0.02
symptomatic n.p. 0.45 + 0.02 0.37 £ 0.01

2 Data are means of 15 replicates + standard deviations.
b n.p. leaf typology not present.

spora in grapevine wood with brown wood streaking,
and F. mediterranea was always associated with white
rotted tissues. No Botryosphaeriaceae fungi or other
grapevine trunk disease pathogens were isolated from
diseased vines. No symptoms on foliage, wood, or ber-
ries were observed on healthy vines. Vines with brown
wood streaking and vines with brown wood streaking
and white rot showed ‘tiger-stripe’ symptoms on leaves,
and spots, shrivelling and wilt of berries. These observa-
tions agreed with those previously described for vines
affected by Esca complex pathogens (Bruno and Spara-
pano, 2007; Mondello et al., 2018).

The present study recorded differences in the con-
tents of bleeding xylem sap and leaves between healthy
and diseased vines. Bleeding of xylem sap is a process
that characterizes grapevines and many other peren-
nial plants as an effect of positive root pressure that
transports water upward. Bleeding occurs in the spring-
time because increasing soil temperatures stimulated
root pressure. Water fills the xylem vessels, dissolves,
and pushes out air bubbles formed during the winter
and restores xylem activity (Sperry et al., 1987). Cavi-
tation reduces sap flux density and sap surface tension
and induces xylem dysfunction (Hammond-Kosack and
Jones, 2015). To bypass obstructions or cavitation, and
restore vertical water conductivity, plants respond by
producing new xylem conduits or refill cavitated vessels
(Nardini et al., 2008).

Xylem-colonising pathogens, including P. minimum
and P. chlamydospora, cause xylem dysfunction asso-

ciated with imbalances between water absorption and
transpiration. Permanent xylem blockage results from
fungus presence and plant defence responses. Xylem-
associated pathogens produce conidia, hyphae, high
molecular weight substances and large molecules from
cell wall breakdown. Host plants affected by tracheomy-
coses develop tyloses or gummoses as barriers that limit
fungus invasion (Tyree and Zimmermann, 2002). Path-
ogen metabolites could develop thin films on host ves-
sel inner wall surfaces, minimize sap frictional pressure
and change xylem hydraulics, or increase transpiration
flux (Yoder, 1980; Bruno et al., 2007). F. mediterranea,
P. minimum and P. chlamydospora produce phytotoxic
metabolites (Evidente et al., 2000; Tabacchi et al., 2000;
Bruno and Sparapano, 2006a; Luini et al., 2010; Andolfi
et al., 2011) and enzymes (Chiarappa, 1959; Mugnai
et al., 1999; Marchi et al., 2001; Bruno and Sparapano,
2006¢). Polyphenol-rich zones, tyloses and gels in xylem
(Yadeta and Thomma, 2013), cell wall chemical modifi-
cations with suberin deposition (Pouzoulet et al., 2013),
and the accumulation of pathogenesis-related-proteins
contribute to impeding the spread of xylem-inhabiting
pathogens in host wood. Oxidative burst, peroxidases,
superoxide dismutase, glutathione S-transferase, phenol-
ic compounds, stilbenes and phytoalexins are also acti-
vated by these pathogens (del Rio et al., 2004; Calzarano
et al., 2016; 2017a; 2017b).

Presence of F. mediterranea and its wood-degrad-
ing action could alter xylem conductivity, and thus, the
quantity of bleeding sap. As in previous studies (Bruno
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Figure 5. Activities of the redox enzymes: A) ascorbate peroxidase (APX), B) dehydroascorbate reductase (DHA-R), C) ascorbate free radi-
cal reductase (AFR-R), D) glutathione reductase (G-R), D) ascorbate free radical reductase (AFR-R) in cv. Italia grapevine leaves, collected
during unfolded leaf (UL), fruit set (ES), cluster closing (CC) and bunch ripening (BR) vine growth stages, from infected or healthy grape-
vines. Data are means of 50 replicates + standard deviations. For each parameter, values accompanied by the same letters are not signifi-

cantly different (P < 0.05) according to Fisher’s LSD test.

and Sparapano, 2006b; Bruno et al., 2007), diseased
vines here analysed bled more abundantly than healthy
vines.

Viscosity is the capacity of a fluid layer to run with
an adjacent layer. In the present study, the dynamic vis-
cosity coefficient increased from healthy vines to the
vines with brown wood streaking or with white rot and
brown wood streaking. These results suggest that sub-
stances produced by fungal pathogens, and molecules
resulting from cell component degradation by pathogen
lytic enzymes, added to vine response molecules (such as
phenols, tannins, flavonoids), could affect dynamic vis-
cosity coeflicients, and, thus, the xylem sap flow.

The presence of several plant hormones in host
xylem sap has been assessed in herbaceous and woody
plants, including grapevine (Niim and Torikata, 1978).
In the present study the greatest auxin- and kinetin-like

activities were detected in diseased vines. Auxin activ-
ity increased when the vines showed white rot symptoms
associated with F. mediterranea.

This study also demonstrated that grapevine leaf
surface area, leaf fresh and dry weights, and chloro-
phyll contents varied according to the host growth
stages, but were significantly affected by the behaviour
of the pathogens inside the woody tissues and, conse-
quently, by altered physiological functions. Symptomatic
leaves always had the least fresh and dry weights, and
total chlorophyll concentrations. Diseased plants had
physiological dysfunctions related to photosynthesis
(i.e., reduced photosynthetic pigments) similar to those
reported for Esca affected ‘Cabernet Sauvignon’ and
‘Merlot’ grapevines (Christen et al., 2007). Decreased
gas exchange and chlorophyll fluorescence, and repres-
sion of photosynthesis-related genes have been detected
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for presymptomatic leaves of Esca-affected vines (Mag-
nin-Robert et al., 2011). Chlorophyll decline leads to
decreased photosynthesis efficiency, organic carbon pro-
duction, host growth, and general plant health. Sympto-
matic leaves showed further reductions in fresh and dry
weights associated with lamina necrosis and wilt. The
main aetiological agents of the Esca complex produced
phytotoxic metabolites involved, in vitro and in planta,
with symptom development on leaves (Evidente et al.,
2000; Bruno and Sparapano, 2006a, 2006b; Luini et al.,
2010; Andolfi et al., 2011). Chlorophyll decline could also
explain the decrease in leaf weight because of low photo-
synthesis efficiency. Activation of plant defence mecha-
nisms possibly modified host sugar metabolism, mov-
ing towards production of new molecules (Jeandet et al.,
2002) and reducing carbohydrates used for plant growth
and reproduction.

The experiments carried out in the present study
have shown increases in leaf surface area in diseased
plants. These results are similar to those where growth
regulator activities have been measured for bleeding
xylem sap from diseased vines. Hormone-like substances
with auxin activity, produced by P. minimum, P. chla-
mydospora and especially by F. mediterranea, could con-
tribute to host cell hyperplasia, hypertrophy, and leaf
lamina expansion.

The most prominent features of plant responses to
pathogens and, in general, against stresses, is the ‘oxi-
dative burst’, i.e. the rapid increase in the cellular con-
centration of Reactive Oxygen Species (ROS) and mainly
H,0, (De Gara et al., 2003; Torres et al., 2009). In the
present study, leaves collected from healthy vines had
the lowest H,0, concentrations during all the consid-
ered growth stages. In leaves of diseased plants, H,O,
increased about 3-fold in symptomless leaves com-
pared to healthy ones, regardless of growth stage, and
reached greatest amounts in symptomatic plants. This
evidence suggests strong correlation between the meta-
bolic activity of pathogens and H,O, production and
accumulation in host leaves. H,0, in leaves of diseased
plants may act as an antimicrobial to counteract patho-
gens, or as a strengthener of cell wall polymers, a pro-
moter of phytoalexin synthesis, or in triggering of pro-
grammed cell death. However, infected vines failed their
defence upgrades and eventually suffered the effects of
oxidative stress. H,O, increased oxidative stress and
damaged integrity and functionality of cell membranes
(Pérez et al., 2002), by lipid peroxidation of unsaturated
fatty acids. The lipid peroxidation levels clearly showed
changes in cell membranes. Levels of MDA, a product of
lipid peroxidation, were correlated to membrane damage
(Heath and Packer, 1968; Soares et al., 2019).
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Plants produce ROS-scavenging mechanisms under
biotic and abiotic stresses. Enzymes, including super-
oxide dismutase, catalase, peroxidase, ascorbate peroxi-
dase, and glutathione reductase (Zhang and Kirkham,
1996; Lee and Lee, 2000), and non-enzymatic antioxi-
dants such as tocopherols, ascorbic acid, and glutathione
(Noctor and Foyer, 1998), functioned as ROS detoxifi-
ers. Ascorbic acid is considered a key molecule for H,O,
elimination. Ascorbic acid reacts with H,O, directly
or by ascorbate peroxidase, a Class I heme-peroxidase
that uses ascorbic acid as an electron donor and is the
main peroxidase involved in H,O, detoxification (Asada,
1999). Monodehydroascorbate reductase, dehydroascor-
bate reductase and reduced glutathione regenerate ascor-
bic acid. Glutathione controls the redox state in plant
cells under abiotic and biotic stresses, and this com-
pound is involved in ascorbic acid regeneration through
the Ascorbate-Glutathione cycle (Noctor and Foyer,
1998; Asada, 1999; Mittler, 2002; Hung et al., 2005). If
the Ascorbate-Glutathione cycle operated well, ascorbic
acid content and ascorbate peroxidase activity increased
in host leaves of infected vines as expected (De Gara
et al., 2003; Hung et al., 2005). However, leaves of dis-
eased vines, during all the four growth assessed, showed
ascorbic acid, and reduced glutathione concentrations
that were less than in healthy vines. This trend was also
confirmed for total ascorbate presence in bleeding xylem
sap. In contrast, presence of pathogens in the grapevine
trunks stimulated total glutathione contents.

L-Ascorbic acid (2,3-didehydro L-threo-hexano-
1,4-lactone, the well-known functional form of vitamin
C) is a multifunction molecule (Gallie, 2013). Ascorbic
acid also plays indirect roles in plant responses against
pathogens, changes in gene expression and resistance
against biotic and abiotic stresses (Khan et al., 2011).

The results from the present study allow develop-
ment of the hypothesis that P. minimum and P. chla-
mydospora, or these fungi in association with F. medi-
terranea, can affect host antioxidant defences based on
both glutathione and ascorbic acid. This change could be
correlated with an unbalanced host oxidative state, dam-
age to membrane integrity and appearance leaf necrosis
symptoms.

Leaves of diseased vines showed significant decreas-
es in redox state, and shift of ascorbic acid and glu-
tathione towards oxidized forms. Ascorbate and glu-
tathione redox states provide reliable estimation of cel-
lular oxidative stress (Munné-Bosch and Alegre, 2003).
In the present study, diseased vines were more stressed
than healthy vines. To explain this change in physiologi-
cal status, we suggest that the cause was the metabolic
complex produced by F. mediterranea, P. minimum and
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P. chlamydospora (Bruno and Sparapano, 2006a, 2006b;
Bruno et al., 2007). The accumulation of resveratrol,
benzoic acid derivatives and flavonols as host defence
compounds (Amalfitano et al., 2000; Jeandet et al.,
2002; Bruno and Sparapano, 2006b; Calzarano et al.,
2016, 2017a, 2017b) were also suggested as causes. Phe-
nols or flavonoids contribute to ascorbic acid oxidation
in the scavenging of H,0, in grape leaves (Yamasaki et
al., 1997), i.e., phenoxy or flavonoxy radicals accept elec-
trons from ascorbic acid and produce the monodehy-
droascorbate radical (Pérez et al., 2002).

To prevent oxidative stress, following the glu-
tathione-ascorbate metabolic pathway, ascorbate per-
oxidase reduced H,O, to water converting ascorbic
acid to monodehydroascorbate that spontaneously dis-
proportionate into ascorbic and dehydroascorbic acids.
Using reduced glutathione, dehydroascorbate reductase
reduced dehydroascorbic acid to ascorbate and pro-
duced oxidized glutathione. Finally, glutathione reduc-
tase reduced oxidized glutathione using NADPH as an
electron donor (Asada, 1999). Under our conditions,
the activities of enzymes regenerating ascorbic acid,
also active in diseased as well as healthy vines, did not
show any marked differences. This implied that ascor-
bate peroxidase, dehydroascorbate reductase, ascorbate
free radical reductase, and glutathione reductase made
a non-significant contribution to increasing ascorbic
acid regeneration in diseased vines. Therefore, our data
on ascorbate peroxidase, the key-enzymes of Ascor-
bate-Glutathione cycle, were in contrast with the low
concentrations in cv Sultanina protoplasts (Papadakis
et al., 2001) and the absence in ‘Sultana’ leaves (Pérez et
al., 2002). This difference could be due to grape varie-
ties, stress considered, plant materials and assay proce-
dure applied.

In conclusion, the results of the present study sug-
gest that F. mediterranea, P. minimum and P. chla-
mydospora interfere with several morphological, physi-
ological, and biochemical functions in ‘Ttalia’ grapevines.
Alterations affected bleeding xylem sap and leaves. Flux,
dynamic viscosity, and growth regulator activity dis-
tinguished between bleeding xylem sap of vines infect-
ed with P. minimum and P. chlamydospora and those
infected with P. minimum, P. chlamydospora and F.
mediterranea. Leaf surface area, fresh, and dry weights,
chlorophyll, hydrogen peroxide contents, lipid per-
oxidation, and redox states were altered in leaves of all
assessed diseased vines. The presence of F. mediterranea
in wood tissues of infected vines further debilitated the
host physiological status. These alterations were detected
in symptomatic leaves and, at low intensity, in symptom-
less leaves of diseased vines. These deleterious effects
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marked a presymptomatic stage, for irreversible changes
inducing symptoms appearance. In diseased vines, low
concentrations of ascorbic acid, reduced glutathione, and
moderate levels of dehydroascorbic acid and oxidized
glutathione were also associated with increased amounts
of H,0, and MDA, and considerable oxidative stress.
Under these conditions, scavenging enzymes were not
able to sufficiently restore the balance between ROS and
the antioxidants managing host stress conditions. The
stresses caused by oxidative unbalance increased lipid
peroxidation of unsaturated fatty acids of host mem-
branes, damaged membrane integrity, and contributed
to cell death and development of leaf symptoms. The
present study has indicated that Ascorbate-Glutathione
cycle is likely to be involved in grapevine susceptibility
to fungi associated with the Esca complex.
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Summary. Ceratocystis ficicola causes vascular wilt of fig trees in Japan, invading root
systems and the main stems eventually leading to tree death. In surveys from 2018
to 2020 in fig orchards in Greece, this fungus was detected in two separated regions.
The fungus was consistently isolated from infected wood and from rhizosphere soil.
The isolates were identified based on multi-locus phylogenetic analyses of rpb2, btl
and tef] gene regions and detailed morphological characteristics, including compari-
sons with an ex-type isolate of C. ficicola from Japan. The pathogenicity of Greek iso-
lates was proven on Ficus carica and E benjamina plants. Ceratocystis ficicola is a soil-
borne pathogen, and the occurrence of vascular wilt outbreaks suggest that the patho-
gen spreads within and between orchards with infested soil and wood debris during
ploughing. The pathogen is also spreading in Greece with infected propagation mate-
rial. This is the first detailed report of C. ficicola outside Japan, and there is concern
over potential spread of the pathogen to other Mediterranean countries, where approx.
70% of the world fig production occurs.

Keywords. Ceratocystis ficicola, Ficus carica, soil-borne pathogen, vascular wilt,
Greece.

INTRODUCTION

Fig (Ficus carica L.) is one of the oldest domesticated tree crops global-
ly. According to Kislev et al. (2006) this tree was cultivated for its fruit dur-
ing the Early Neolithic period (11,400 to 11,200 years ago), preceding cereal
domestication. Ficus (Moraceae) includes more than 700 species, native to
the tropics or sub-tropics. Ficus carica is indigenous to the Middle East and
Asia Minor, and is mostly cultivated in warm and dry areas of the Mediter-
ranean region (Condit, 1955; Flaishman et al., 2008). Ficus carica has been
cultivated in Greece since ancient times, as mentioned by Homer (8th cen-
tury BC) The Odyssey, and Theophrastus (4-3rd century BC) described cross-
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fertilization of wild and domesticated figs (Condit, 1955).
Fig continues to be an important crop, in Greece, where
production in 2019 was 19,730 t (FAO, 2019). Thus, any
negative impact on these trees due to serious disease is
considered important from both a cultural and an eco-
nomic standpoint.

Since the 1970s, a serious disease caused by a
Ceratocystis species has been reported in Japanese fig
orchards. The causal agent of this disease was initially
attributed to Ceratocystis fimbriata sensu lato (Kato et
al., 1982). Kajitani and Masuya (2011) described the
pathogen as a new species, Ceratocystis ficicola Kajitani
and Masuya, based on discernable morphological char-
acteristics and DNA sequence data. Like many other
Ceratocystis species, C. ficicola is a soil-borne pathogen
that infects roots and main stems of susceptible hosts,
causing vascular wilt and eventually tree death. The
pathogen is dispersed by human activities, mainly with
contaminated plant material, and has spread to many
fig-growing areas of Japan (Kajitani and Masuya, 2011;
Kajii et al., 2013).

In 2018, a Ceratocystis species was isolated from
two neighbouring fig orchards in the Attica region of
Greece. The affected trees showed symptoms of wilt and
extensive crown defoliation, and some trees had died.
The morphological characteristics of the isolated fungus
were similar to those of C. ficicola (Tjamos et al., 2018).
In 2019 and 2020, the same fungus, based on morphol-
ogy, was also isolated from diseased fig trees at different
localities on Euboea Island, where considerable damage
was occurring in fig orchards.

The objective of the present study was to identify
Ceratocystis species, having similar morphology to C.
ficicola, found causing disease on F. carica in the two
regions of Greece. This was achieved based on multi-
locus phylogenetic analyses and detailed observation of
morphological characteristics of the fungus, including

Table 1. Occurrence of Ceratocystis ficicola in fig orchards of Greece.
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comparisons with the ex-type isolate of C. ficicola. Path-
ways of dispersal of the pathogen were also considered
and the extent of damage to fig orchards in Greece is
reported. Pathogenicity tests were also conducted with
the fungus on plants of F. carica and Ficus benjamina L.

MATERIALS AND METHODS

Sampling and fungus isolations

Field surveys for disease symptoms were conducted
from April to early September, corresponding to the
time of year that fig trees retain full foliage. In the fig
orchards of the Markopoulo Mesogaias municipality in
East Attica, surveys took place in 2018 and 2019, and in
the Istiaia-Aidipsos municipality on the Euboea Island,
in 2019 and 2020 (Table 1). These two regions are more
than 200 km apart.

Trees with symptoms including crown defoliation
and leaf wilt were sampled. The lower parts of the main
stems were examined for the presence of necrotic bark,
which was then removed to expose diseased cambial tis-
sues and discoloured wood (Figure 1C-E). Samples of
stained wood were then cut from the lesions using a sur-
face-disinfected chisel. Some of the young plants were
uprooted; the root systems examined for disease symp-
toms, and these were collected for laboratory exami-
nation. Soil samples were also collected from a depth
of 15-20 cm near the bases of symptomatic trees from
most of the surveyed orchards.

For isolation of fungi, PARPH V8 agar medium was
used (containing 5% clarified V8 juice, 5 ug mL"! pima-
ricin, 250 pug mL™? ampicillin, 10 pg mL"! rifamycin, 50
pug mL' PCNB, and 50 pug mL! hymexazol). This selec-
tive medium is widely used for the isolation of Phytoph-
thora species (Ferguson and Jeffers, 1999) but was also
effective for the isolation of Ceratocystis species.

Locality Fig cultivar

Dates investigated

Number of orchards ~ Number of trees sampled

Regional Unit of East Attica

o Vasilika honey-white May 2018 1 4
I\M/[:s“;;ﬁaai‘ty of Markopoulo Vasilika blacky Maz 2018 1 2
Vasilika honey-white April 2019 1 2
Euboea Island
Municipality of Istiaia- Aidipsos
Avgaria village Smyrna April, September 2019 2 3
Taxiarchis village Smyrna September 2019 1 2
Oreoi village Smyrna September 2020 2 4
Kastaniotissa village Smyrna September 2020 2 3
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Figure 1. Field images of infected fig trees. A, infected mature tree of Vasilika honey-white cultivar with symptoms of leaf wilt and defolia-
tion; B, infected young tree of Smyrna cultivar defoliated at the end of summer, with some of the unripe fruit still on the tree; and C, D and
E, cankers at the bases of Ficus carica trees, with extensive wood staining under the dead bark.

Direct isolation from wood samples was performed
after they had been surface-disinfested with 70% ethanol
and air dried in a laminar flow cabinet. Small pieces of
stained wood were aseptically removed from the samples
with a sterile scalpel and transferred to Petri dishes con-
taining PARPH V8A medium.

A carrot baiting method was also used for a sub-set
of samples. Small pieces of stained wood were placed
between two slices (each 5 mm thick) of carrot root, as
described by Moller and De Vay (1968). The carrot baits
were then placed in empty Petri dishes with moistened
filter paper and incubated for 7-10 d at 25°C. The car-
rot discs were subsequently examined for the presence of
ascomata under a dissecting microscope, and when these

were present, masses of ascospores were transferred to
PARPH V8A medium.

Isolations from soil samples were performed using
a modification of the trapping technique described by
Grosclaude et al. (1988) for Ceratocystis platani (Wal-
ter) Engelbrecht and Harrington. Soil samples (40-50
g) were placed in 250 mL capacity conical flasks, which
were filled with 200 mL of sterile deionized water. Fresh-
ly cut twigs from fig trees (approx. 10 cm long and 6-10
mm in diameter) with the bark removed were placed in
the flasks. Air was continuously pumped into the flasks
through a Pasteur pipette, using an aquarium pump
(Aqua-Air AP4, Interpet). The flasks were incubated
at room temperature (23-25°C). After 7-10 days, the
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twigs were examined under a dissecting microscope for
the presence of ascomata and, where present, masses of
ascospores were aseptically transferred to PARPH V8A
medium. In some cases, this trapping technique was also
used with pieces of infected wood in the flasks rather
than soil. In all cases, resulting, agar medium colonies
having Ceratocystis morphology were sub-cultured onto
V8A medium.

Growth in culture

Growth rates of fungal cultures were determined on
10% V8A at different temperatures from 10 to 40 °C at
5°C intervals. Two measurements of colony diameters
were made perpendicular to each other on each culture
plate after 7 and 14 d incubation at 25°C.

Measurements of fungal structures were made from
7 to 10d old pure cultures on V8A and malt extract agar
(MEA) with fungal structures mounted in water or 85%
lactic acid. A Zeiss Axioskop light microscope and SC30
camera (Olympus) or a Nikon Eclipse Ni microscope
and DS-Ri2 camera (Nikon) were used to capture imag-
es and to take measurements. Ascomata were exam-
ined at 50x or 100x magnification and the conidia and
ascospores at 400x or 1000x. For each of the two iso-
lates from Greece (CMW 56935 and CMW 54794), the
dimensions of 50 conidia of each type were measured.

Panaghiotis Tsopelas et alii

Besides the isolates from Greece, the ex-holotype culture
of C. ficicola from Japan (MAFF 625119 = CMW 38543)
was also examined.

DNA extraction, sequencing and phylogenetic analyses

To confirm the identity of the Ceratocystis spe-
cies isolated from infected fig trees, two cultures from
infected wood and two from the soil baiting (Table 2)
were subjected to DNA sequencing. Mycelium from the
cultures grown on 2% MEA for approx. 2 weeks was
scraped from the surfaces of the agar culture plates and
DNA was extracted using the Fungal DNA MiniPrep kit
(Zymo Research).

Three gene regions were PCR-amplified and
sequenced. Primers RPB2-5Fb and RPB2-7Rb were
used to amplify the second largest subunit of the RNA
polymerase II (rpb2) (Fourie et al., 2015), primers Ptla
and Ptlb (Glass and Donaldson, 1995) to amplify the
B-tubulin 1 (btI) region, and primers EF1-728F and EFI1-
986R (Jacobs et al., 2004) for the Translation Elongation
Factor 1-a (tef]) gene region.

PCR reactions and conditions, including optimal
MgCl, concentrations and annealing temperature for
the three gene regions, were carried out as described by
Fourie et al. (2015), with an Expand-PCR programme of
96°C for 10 min, (94°C for 30 s, primer specific anneal-

Table 2. Details of the Ceratocystis ficicola isolates from Japan and Greece analysed in the present study.

GenBank accession numbers

Species! Isolate No.2 Substrate Country Locality Year
collected btl tefl rpb2
C. ficicola™ MycoBank 518749; CMW Ficus carica Japan  Fukuoka Prefecture 1990  KY685077 KY316544 KY685082
38543; BPI 843724, MAFF
625119
C. ficicola  CMW 38544; NCF0801 Ficus carica Japan  Fukuoka Prefecture ~ 1991  KY685078 KY685079 KY685083
C. ficicola CMW 54793; FCE-1  Ficus carica cultivar  Greece Istiaia-Aidipsos, 2019 Sameas  Sameas  Same as
Smyrna Avgaria village KY685077 KY316544 KY685082
C. ficicola CMW 54794; FCE-2 Soil under infected  Greece Istiaia- Aidipsos, 2019 Sameas  Same as Same as
Ficus carica cultivar Avgaria village KY685077 KY316544 KY685082
Smyrna
C. ficicola CMW 54795; FCE-4 Soil under infected Greece Istiaia-Aidipsos, 2019 Same as Same as Same as
Ficus carica cultivar Avgaria village KY685077 KY316544 KY685082
Smyrna
C. ficicolla ~ CMW 54796; FCM-1  Ficus carica cultivar ~ Greece Municipality 2018 Same as  Same as Same as
Vassilika honey of Markopoulo KY685077 KY316544 KY685082
white Mesogaias

!'T = Ex-type material of Ceratocystis ficicolas

2 CMW = Culture collection of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, South Africa; BPI =

US National Fungus Collections, Beltsville, Maryland, USA; MAFF =

Ministry of Agriculture, Forestry and Fisheries Culture Collection,

Tsukuba, Ibaraki, Japan; FCE, FCM= Institute of Mediterranean Forest Ecosystems culture collection numbers



Ceratocystis ficicola causing a serious disease of Ficus carica in Greece 341

ing temperature for 45 s, 72°C for 1 min) for 10 cycles,
(94°C for 30 s, primer specific annealing temperature for
45 s, 72°C for 1 min + 5 s/cycle increase) for 30 cycles,
and 72°C for 10 min. All amplicons were purified using
6% Sephadex G-50 columns (Sigma-Aldrich), were
sequenced in both directions using the ABI PRISM™
Big DYE Terminator Cycle Sequencing Ready Reaction
Kit (Applied BioSystems), and the products were run
on an ABI 3100 Genetic Analyzer (Applied BioSystems,
Thermo Fisher).

The forward and reverse sequence reads were assem-
bled into contigs in CLC Bio Main workbench v.6 (CLC
Bio, www.clcbio.com), and the consensus sequences gen-
erated were used in BLAST analyses against the NCBI
GenBank database (NCBI; http://www.ncbi.nlm.nih.gov)
to determine the closest similarity matches with authen-
ticated Ceratocystis species.

Sequences were added to the combined rbp2, btl and
tefl Ceratocystis database obtained from Barnes et al.
(2018) (TreeBASE No. S22005), with a focus on retain-
ing all the Ceratocystis species in the Asian-Australian
Clade (AAC) in the phylogenetic analyses. Ceratocystis
albifundus was used as the outgroup taxon. Sequences
were re-aligned using the online version of MAFFT v. 7
(http://maftt.cbrc.jp/alignment/server/). Maximum par-
simony (MP) analyses performed in PAUP v. 4.0 (Swof-
ford 2002) and Maximum likelihood (ML) analysis in
RAxML (Stamatakis 2014) were carried out on the com-
bined dataset with the same parameters used by Barnes
et al. (2018).

Inoculation tests

Two isolates of C. ficicola collected from differ-
ent localities were used for inoculation trials. One of
these (CMW 56935) from the Attica region was used in
the first test (2018) and the other (CMW 54794) from
Euboea Island was used in the second test (2019). The
isolates used in the inoculation tests were grown for 2
weeks at 25°C in Petri dishes containing V8A. For inoc-
ulations, a 3 mm diam. cork-borer was used to remove
the bark from stems or branches of test trees (see below),
and a mycelium plug of similar size was inserted into
each wound which was then wrapped with Parafilm®.
Control plants were inoculated in the same way with
sterile V8 agar plugs.

The two inoculation tests were carried out at the
Institute of Mediterranean Forest Ecosystems in Athens,
Greece. In the first test, 11 branches (diam. 1-4 ¢cm) of a
wild F. carica tree were inoculated in June 2018 with iso-
late CMW 56935. In the second test conducted in Sep-
tember 2019, a total of 13 F. carica saplings (1-2 years-

old) of different size and grown in 7.5 L capacity pots,
were inoculated with isolate CMW 54794. Stem diam-
eters of these plants at the inoculation points was from 5
to 20 mm. Non-inoculated control plants were not used
in the first test, while in the second test six plants were
inoculated with sterile V8 agar plugs.

In September 2019, inoculations were also per-
formed on branches of two Ficus benjamina trees, in
the same area with isolate CMW 54794. A total of 16
branches on the two trees were inoculated. A third F.
benjamina tree was used as a control, by inoculating sev-
en branches with sterile V8 agar plugs.

After inoculation, the plants were monitored regu-
larly for expression of disease symptoms. In the first
inoculation test (2018), the inoculated branches were
harvested after 5 weeks. In the second test (2019), most
of the plants were harvested 6 weeks after inoculation,
although some of the plants displaying symptoms of wilt
were harvested at an earlier time to allow for lesions to
be measured. All inoculated stems and branches were
sliced open vertically above and below the inoculation
points, and the lengths of internal xylem staining were
measured. Re-isolations from these lesions were made
at different distances from the inoculation points, by
aseptically transferring pieces of stained wood onto the
selective V8A medium.

Statistical analyses were performed to compare the
means of internal lesion lengths for the inoculations on
F. carica and F. benjamina branches or stems of the F.
carica sapling plants. In these comparisons, only the
saplings of F. carica that were harvested after 6 weeks
were included. A Shapiro-Wilk test was used to test nor-
mality of the data, and a Levene’s test was used to assess
equality of variances. A Kruskal-Wallis H test was then
applied to compare the means of lesion lengths between
F. carica and F. benjamina plants, followed by Dunn-
Bonferroni post hoc method.

RESULTS
Disease symptoms and distribution

In the Markopoulo Mesogaias municipality in East
Attica, wilt of fig trees was detected at one location
with orchards of mature fig trees (20-30 years-old) of
the “Vasilika honey-white” and “Vasilika black’ cultivars,
distributed over approx. 10 ha (Table 1). In the Istiaia-
Aidipsos municipality, in the northern part of Euboea
Island, the disease was found in fig orchards at four
locations (villages) more than 10 km apart, on young
as well as mature trees. All the wilt-affected trees on
Euboea Island were of the ‘Smyrna’ cultivar (Table 1).
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Wilted mature trees were usually located in one
part of each orchard, and the disease appeared to have
spread to neighbouring fig trees. In some cases, more
than one disease centre was observed. Infected mature
trees of all three cultivars showed thinning and yellow-
ing of the foliage, either on some of the branches or over
the entire crowns (Figure 1A). In some trees, most of the
leaves had dropped by the end of summer, while some
of the unripe fruits were retained on the trees indicating
rapid death (Figure 1B). In many of the affected mature
trees, complete defoliation was observed by the end of
the summer, although full foliage had been present on
these trees early in the spring. The affected trees eventu-
ally died, and in many cases, where dead trees had been
replaced with new young plants; these were also dying
within 1 to 2 years after replacement.

On mature trees, extensive bark cankers were
observed at the bases of the trunks. Necrotic dark brown
sapwood was obvious after removal of the bark in the
lower part of the trunks (Figure 1C-E), and these lesions
extended upwards. Necrotic roots were also observed on
affected trees. In some symptomatic young (2-3 years-
old) trees, wood staining was not always present at the
trunk bases, although in these cases necrotic roots were
observed. Wood staining was not found on the branch-
es of wilted trees with chlorotic leaves, or on defoli-
ated trees. Infestations by wood boring insects were not
observed on any of the wilted fig trees examined.

In a newly planted 6 ha orchard on Euboea Island,
3 years after planting, approx. 40-50% of the trees were
dead or dying with evident disease symptoms. This land
had not previously been used for fig tree cultivation.

Fungus isolations

A Ceratocystis species was consistently isolated
directly from stained fig tree wood on the selective
PARPH V8A medium. The fungus was also isolated on
plain V8A, but in most of these cases it was overgrown
by saprotrophic fungi. On selective medium, colonies
were suppressed and scarcely formed ascomata, but they
resumed normal growth when transferred to plain V8A
medium and ascomata developed after 7-10 d.

The Ceratocystis species was also isolated using the
carrot baiting technique, but in many cases the carrots
were contaminated with bacteria and isolations were
inconsistent using this technique. The trapping tech-
nique with fig twigs as baits was effective for isolating
the Ceratocystis species from soil and from wood sam-
ples. For twig baiting, the fungus had colonized the
twigs and formed ascomata (Figure 2A) after 7-10 d,
at the water level. The fungus was easily isolated from
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ascospore masses transferred to selective medium. In a
few cases, it was not possible to isolate the fungus from
wood samples taken from symptomatic trees, especially
where these trees had died, but the fungus was read-
ily isolated from soil samples collected near the bases of
these trees using the twig baiting technique.

Fungus morphology

Colonies in V8A, after 7-10 d in culture, were cir-
cular with slightly undulate margins and were dark oli-
vaceous green. The optimum growth temperature was
25°C, with a radial growth of 20-23 mm week'. The
fungus grew well at 30°C but no growth was observed at
35 or 40°C. When the cultures were transferred to 25°C
after 2 weeks incubation at 35°C, the colonies resumed
normal growth, but incubation for 2 weeks at 40°C
killed the fungus and no growth was observed on the
plates after transferring these to 25°C.

Black ascomata (Figure 2A, B) were observed after
7-10 d incubation on V8A, and were partially embedded
in the agar. These measured 400-600 pum diam. and had
globose bases and long necks (1150-2200 um long). They
had ostiolar hyphae at the tips of the necks (Figure 2C)
which were 180-300 pum long. Ascospores exuding from
the tips of the ascomata necks formed sticky masses of
creamy colour (Figure 2A). Ascospores were one-celled,
ellipsoidal in top view, measured 5-7 x 4-5 um, with
the characteristic “bowler-hat” shape typical of Cerato-
cystis spp. (Figure 2D). The fungus produced abundant
cylindrical endoconidia (12-40 x 4-7 pm) with rounded
apices, and these varied slightly as bulged to straight,
from less to more round apices (Figure 2F, G). The
conidia were extruded in chains from tubular conidiog-
enous cells (Figure 2H). Aleurioconidia (Figure 2E) were
formed singly or in short chains on short conidiophores,
and these were ovoid to subglobose (9-13 x 7-12 um),
pigmented and thick-walled. Doliform endoconidia were
not observed.

Morphological characteristics of the Greek iso-
lates were identical to those of the Japanese isolate (ex-
holotype MAFF 625119 = CMW 38543), except that the
dimensions of the endoconidia were different. The Japa-
nese isolate had cylindrical endoconidia with dimen-
sions of 5-9.5 x 4.5-8 pm, whereas those made in the
present study were 12-40 x 4-7 pm.

Sequencing and phylogenetic analyses

Amplicons of the rpb2, btl and tefl gene regions
produced fragments of approx. 1123, 592 and 754 bp,
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Figure 2. Microscopic features of Ceratocystis ficicola. A, ascomata on a twig bait; B, ascoma; C, ostiolar hyphae; D, ascospores; E, an aleu-
rioconidium; F and G, cylindrical endoconidia; H, phialides. Scale bars: A = 1.5 mm; B = 500 um; C = 100 um; D to H = 10 pm.

respectively. For each of the three gene regions, the
sequences for all four isolates were 100% identical to
each other. Blast searches against the NCBI GenBank
database resulted in 100% identity matches to C. ficicola
ex-type isolate from Japan [Mycobank MB518749, CMW
38543 for rpb2 (KY685082), btl (KY685077) and tefl
(KY316544) gene regions (Table 2)].

The combined dataset (rpb2, btl and tefl) of the
sequences used for the phylogenetic analyses consisted
of 2127 aligned characters. MP analyses resulted in eight
most parsimonious trees with TL = 299, CI = 0.863, RI =
0.945 and RC = 0.815, with 238 parsimony-informative
characters and six uninformative characters. For the
ML analyses, using GTR-GAMMA as the best fit model,

the log-likelihood of the most likely tree obtained was
-5139.12. MP and ML analyses placed the isolates from
Greece, collected from infected F. carica, and those
obtained from the soil, in the same clade as those of C.
ficicola from Japan with 100% bootstrap support (Fig-
ure 3). These isolates form part of the Asian Austral-
ian Clade (ACC) of Ceratocystis, as defined by Li et al.
(2017).

Inoculation tests

All the plants of F. carica and F. benjamina inocu-
lated with C. ficicola developed symptoms of infections
(Figure 4), while no symptoms were observed on any
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Figure 3. Phylogenetic placement of the isolates from Greece with Ceratocystis ficicola from Japan in the Asian-Australian Ceratocystis
Clade. The ML phylogeny, constructed from the combined regions of the rpb2, bt1 and tefl gene sequences, is presented with MP and ML
bootstrap values >60 % indicated on the branch nodes. T indicates ex-type representatives of each species. Ceratocystis albifundus was used

as the outgroup.

of the control plants. Lesions on the inoculated plants
included necrotic bark around the inoculation point
(Figure 4B), which, in some cases, was evident as early as
2 weeks after inoculation. Exposure of the cambium in
stems showed brown-coloured streaked discolouration of
the woody tissues, extending longitudinally in the xylem
beyond the necrotic bark (Figure 4D, E).

Branch inoculations on Ficus carica

The internal lesions associated with the stained
wood on the F. carica branches inoculated in 2018,
and measured after 5 weeks, extended up to 12 cm
from the inoculation points. The lesion lengths were
10-23 cm (mean = 14.2 cm).
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Figure 4. Inoculations with Ceratocystis ficicola. A, Ficus carica symptoms of leaf wilt 6 weeks after inoculation; B, canker formed on a
branch twig of E carica 5 weeks after inoculation; C, canker formed on a branch twig of E benjamina 6 weeks after inoculation; D and E,
main stem of a E carica sapling with xylem discolouration extending longitudinally beyond the necrotic bark 6 weeks after inoculation.

Arrows in E show the edges of the lesion.

Inoculations on Ficus carica saplings

Three of the F. carica saplings inoculated in 2019 that
had small diameters (57 mm), showed stem girdling and
symptoms of wilt 2 weeks after inoculation. For these
three plants, the lesions were 6-12 cm long. For the oth-
er ten saplings, the internal lesion lengths were up to 21
cm long at 6 weeks after inoculation. The total lengths of
the stained wood associated with these inoculations was
from 2.6-37.8 cm (mean = 12.9 cm) (Figure 5).

Branch inoculations on Ficus benjamina

Inoculated-branches developed necrotic lesions
around the inoculation sites (Figure 4C). On this host,
wood staining was very limited, extending only 0.8-1.5
cm from the inoculation points with total length 1.4-3
cm (mean = 2.17 cm). Symptoms of wilt were not evident
on branches 6 weeks after inoculation.

Mean lesion length (cm)
25

20

15

a

Ficus carica
(twig)

Ficus carica
(stem)

control Ficus
carica

control Ficus
benjamina

Ficus benjamina

Figure 5. Mean internal lesion lengths (cm), after inoculation of
Ficus carica sapling stems and branch twigs, or E benjamina branch
twigs, with Ceratocystis ficicola. Columns accompanied by standard
deviations of means, and those accompanied by the same letters are
not significantly different (P < 0.05)

There were no statistically significant differences in
the mean internal lesion lengths between F. carica sap-
lings (stems) and branches (twigs) in the two experi-
ments, according to Kruskal-Wallis H test and Dunn-
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Bonferroni post hoc method (P < 0.05) (Figure 5). In
contrast, the mean lesion lengths on the F. benjamina
branches differed significantly from both of the F. car-
ica inoculations. There were also significant differences
between lesion lengths for the control plants and those
inoculated with the C. ficicola on both hosts (Figure
5). For F. carica, wood discolouration was limited to
approx. 3 mm around the inoculation sites.

The inoculated fungus was consistently re-isolat-
ed from stained wood from F. carica and F. benjamina
plants, and at different distances (up to 17 cm) from the
inoculation points. The re-isolated fungus had the typi-
cal morphology of the inoculated fungus. The fungus
could not be isolated from plants inoculated as experi-
mental controls.

DISCUSSION

This study has provided clear evidence for the pres-
ence of C. ficicola in fig orchards in two separate regions
(Attica and Euboea Island) of Greece. These two areas
separated by large distance. This is the first detailed
report of the presence of this fungus outside of Japan,
in this case also supported by morphological and DNA
sequence comparisons. This study also included inocula-
tion trials that confirmed the pathogenicity of Greek iso-
lates of C. ficicola.

A similar disease to that caused by C. ficicola in
Japan and Greece has been reported in Brazil on culti-
vated fig trees. In that case the pathogen was reported as
Ceratocystis fimbriata Ellis and Halsted sensu lato (Pas-
ura and Harrington, 2004). Kajitani and Masuya (2011)
showed that C. ficicola is different to the Ceratocystis
species from fig trees in Brazil, based on morphological
differences and ITS sequences. The distinct nature of the
fungus killing fig trees in Brazil and Japan was also con-
firmed by Harrington et al. (2011). Results of the present
study based on morphological comparisons and DNA
sequence data for three gene regions also confirmed that
C. ficicola from Greece is in the Asian-Australian clade
of Ceratocystis (Li et al., 2017). In contrast, isolates from
fig trees in Brazil form part of the Latin American Clade
(Harrington et al., 2011).

Observations in the present study agree with those
of Kajitani and Masuya (2011), confirming that C. ficico-
la has morphology that is distinct from other species of
Ceratocystis. This is relevant as many species of Cerato-
cystis, as defined by De Beer et al. (2014), cannot easily
be distinguished based on morphology. The most char-
acteristic structures in C. ficicola that distinguish it from
other Ceratocystis species are the large ascomata with
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very long necks (>2000 pum). Ascospores are very similar
in shape and size to those of Ceratocystis fimbriata sensu
stricto (Marincowitz et al., 2020). Doliform endoconidia
were not observed in the present study, and these were
also absent from observations of Kajitani and Masuya
(2011). However, there was a difference in the size of
the cylindrical endoconidia in the present study isolates
compared with those described by Kajitani and Masuya
(2011). This was confirmed in comparisons of the Greek
isolates and the Japanese ex-holotype isolate (CMW
38543) made in the present study.

In Japan, the disease of fig caused by C. ficicola is
commonly referred to as “Ceratocystis canker”, but Kajii
et al. (2013) stated that the disease is more typical of vas-
cular wilt. The pathogen invades the roots and the main
stems of host plants, causing xylem dysfunction and wilt
symptoms on infected fig trees. In cross sections of main
stems, dark brown radial discolouration of the sapwood
tissues was evident at the bases of affected trees, extend-
ing upwards and downwards to the roots (Kajii et al.,
2013). Consistent with the view of Kajii et al. (2013) that
infection by C. ficicola should be defined as a wilt disease,
Morita et al. (2016) and Sumida et al. (2016) in inocula-
tion studies on mature fig trees, as well as young seed-
lings, reported that xylem discolourations were corre-
lated with xylem dysfunction. The water supply to leaves
decreased when infection progressed causing leaf wilting
and extensive xylem dysfunction leading to plant death.

Ceratocystis ficicola also kills host cambium and the
bark tissues causing cankers, which were present at the
bases of the main stems on most symptomatic trees in
Greece. In our surveys, wood discolouration was not
evident in the branches of trees displaying wilt of the
leaves, and similar observations were made in Japan by
Kajii et al. (2013). However, the inoculated branch twigs
in our experiments developed cankers and extensive
wood discoloration. Overall, these symptoms are similar
to those of many other tree diseases caused by Cerato-
cystis species, and the disease is best described as can-
ker-wilt (Tsopelas et al., 2017; Nasution et al., 2019).

In the present study, inoculation experiments,
showed that F. benjamina and not only F. carica plants
can become infected with C. ficicola. However, this spe-
cies was less susceptible to the pathogen than F. carica.
In Japan, Ficus erecta Thunb., which is an indigenous
species, has been proven resistant to C. ficicola and has
been used in breeding programmes to develop resistant
fig tree rootstocks (Yakushiji et al., 2019).

In several studies carried out in Japan, it has been
shown that C. ficicola is a soil-borne pathogen. It has also
been suggested that the fungus persists in the soil as thick-
walled aleurioconidia, and newly planted trees in contami-
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nated soil are soon infected by the pathogen (Kajii et al.,
2013; Yakushiji et al., 2019). Our field observations, in both
regions of Greece considered, also suggest soil-borne dis-
ease problems, where trees were planted to replace those
that had died also became infected. We consistently isolat-
ed C. ficicola from soils associated with dying trees.

Detection of C. ficicola in the soil at an early stage
will be important for pathogen detection and applica-
tion of canker-wilt control strategies. In the present
study, using twig baiting, the fungus was readily isolated
from soil, even in cases where the pathogen could not be
directly isolated from wood samples from nearby sympto-
matic trees. This baiting method was originally described
by Grosclaude et al. (1988) for detection and isolation of
Ceratocystis platani, which causes the canker stain of
plane trees (Platanus). The method was also successfully
used to isolate C. platani from adult Platypus cylindrus
Fab. beetles, a vector of C. platani (Soulioti et al., 2015).
The present study is the first to use baiting technique to
isolate C. ficicola from soil and wood samples.

According to Kajitani and Masuya (2011), the dis-
persal biology of C. ficicola is not fully understood. One
of the suggested pathways of disease spread in Japan was
with infected propagation material (Kajii et al., 2013).
This was also evident in one of the orchards examined
on Euboea Island. The pathogen was widespread in a
new plantation over an area of 6 ha, 3 years after the fig
trees had been planted. Since there was no previous use
of this land for fig cultivation, the most probable means
of pathogen dissemination over such a short period
would be with infected nursery stock.

Every effort should be made to avoid further spread
of C. ficicola with planting material and via contaminat-
ed soil. This is a probable pathway for introduction and
spread of the pathogen into other areas and countries.
The pathogen can survive in soil associated with plants
for planting, when symptoms are not evident. While
nursery stock should be carefully examined for the pres-
ence of C. ficicola, disease symptoms may not be always
evident, especially during winter when new plants are
being established. This problem is exacerbated with fig
trees having no foliage during this period, and infected
plants may escape the attention during inspections.

Ceratocystis ficicola may also spread with tractors
used for ploughing that move infested soil and wood
debris within or between orchards. Deep ploughing also
causes root wounding, allowing pathogen infection sites.
The use of infested ploughing machinery is likely to be
a major pathway for pathogen dissemination in the fig
orchards of Euboea Island. A major pathway of disease
spread for C. platani in many areas of Europe has been
from terracing machinery that transmit the pathogen

over short and long distances (Tsopelas et al., 2017).
Some Ceratocystis species can also survive for long peri-
ods as aleurioconidia in infected wood. This spore form
was also observed by Kajii et al., (2013) in the vessel ele-
ments of fig trees infected with C. ficicola. Contaminated
pruning and cutting tools may therefore be involved in
the spread of the pathogen to healthy trees. Precaution-
ary measures, including disinfestation of pruning tools
and the machinery used in fig orchards have been recom-
mended to avoid further spread of C. ficicola in Greece.

Ambrosia beetles (Euwallacea interjectus Blandford)
have been suggested as possible vectors of C. ficicola in
Japan. These insects also contribute to expansion of the
fungus in sapwood of infected trees (Kajii et al., 2013). The
frass produced by the insects may also disseminate the
pathogen, as with other Ceratocystis species (Harrington,
2013; Tsopelas et al., 2017). Frass can be dispersed by wind,
rain splash or running water over short distances, and
can contaminate soil or initiate new infections in pruning
wounds (Harrington, 2013). In Greece, infestation by wood
boring insects in C. ficicola-infected fig trees has not been
observed. However, future surveys should include careful
inspection for the presence of such insects. The ambrosia
beetle Platypus cylindrus has been reported in Greece to
attack Platanus orientalis trees already infected by C. pla-
tani, and this insect may be involved in the spread of that
pathogen (Soulioti et al., 2015).

The origin of C. ficicola is unknown. Kajitani and
Masuya (2011) have suggested two possibilities; one that
the fungus is invasive in Japan, or alternatively, that it
is native to that country and has, over time, come into
contact with the highly susceptible F. carica. All evi-
dence emerging from the present study indicates that
C. ficicola is an alien invasive pathogen in Greece. This
because F. carica has been cultivated in Greece since
ancient times, but canker-wilt has only been detected in
recent years and at a small scale. An important question
remains as to how the pathogen was introduced into this
country, either from Japan or from another source in the
Mediterranean region where it is yet to be detected.

Ceratocystis ficicola causes a very important disease
of fig trees in Japan, resulting in severe outbreaks of
canker-wilt (Kajitani and Masuya, 2011; Yakushiji et al.,
2019). The presence of the pathogen in Greece is particu-
larly relevant. Fig is a very important crop in Mediterra-
nean countries, because it is adapted to the dry climatic
conditions of the region. About 70% of total world fig
production occurs in Mediterranean countries (Flaish-
man et al., 2008). Consequently, the disease could result
in severe loses if the pathogen were to be disseminated
to other countries, such as Turkey, Egypt or Morocco
where fig production is also important.
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Summary. Fomitiporia mediterranea M. Fisch. (Fmed) is a basidiomycete first
described in 2002, and was considered up to then as part of Fomitiporia punctata (P.
Karst) Murrill. This fungus can degrade lignocellulosic biomass, causing white rot and
leaving bleached fibrous host residues. In Europe Fmed is considered the main grape-
vine wood rot (Esca) agent within the Esca disease complex, which includes some
of the most economically important Grapevine Trunk Diseases (GTDs). This review
summarises and evaluates published research on Fmed, on white rot elimination by
curettage or management by treatments with specific products applied to diseased
grapevines, and on the relationship between wood symptoms and Grapevine Leaf
Stripe Disease (GLSD) in the Esca disease complex. Information is also reviewed on
the fungus biology, mechanisms of pathogenicity, and their possible relationships with
external foliar symptoms of the Esca disease complex. Information on Fmed control
strategies is also reviewed.
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INTRODUCTION

Grapevine Trunk Diseases (GTDs), mainly com-
prising Botryosphaeria dieback, Eutypiosis and the Esca
disease complex, are widespread in vineyards (Mugnai
et al., 1999; Bertsch et al., 2013; Bruez et al., 2013; Mon-
dello et al., 2018a). These diseases significantly affect
grapevine productivity causing yield losses and quality
degradation affecting wine alcohol content and flavour
components (Mugnai et al., 1999; Lorrain et al., 2012;
Calzarano et al., 2001, 2017).

For several decades the only effective pesticides used
to control GTDs were sodium arsenite, to reduce the leaf
stripe foliar symptoms in the Esca complex of diseases
(Ravaz, 1919; Bonnet, 1926; Rui and Battel, 1963; Svam-
pa and Tosatti, 1977; Del Rivero and Garcia-Mari, 1984),
and the fungicides benomyl and carbendazim, to reduce
infections by the agents of Eutypiosis and Botryospha-
eria dieback, respectively (Magarey and Carter 1986;
Ramsdell, 1995). All these pesticides were banned in
European countries in the early 2000s because of their
potential environmental and/or user toxicities, more
than 10 years after GTDs and especially Esca disease
complex were becoming acute problems in Europe and
in other grapevine growing countries. GTDs have been
described as “the biotic stress of the century” for grape-
vines (Songy et al., 2019a), and all wine-growing coun-
tries are likely to be affected by these diseases. In France,
the National Grapevine Trunk Disease Survey assessed
incidence and evolution of GTDs during a 10 year sur-
vey period. Up to 13% of productive vines were affected
by GTDs in French vineyards (Grosman, 2008; Grosman
and Doublet, 2012; Bruez et al., 2013). In Italy, incidence
of GTDs was between 8 to 19% (Romanazzi et al., 2009),
and was of average annual incidence of 12% in vineyards
younger than 10 years (Abbatecola et al., 2000), or up to
63% in 30 year old vineyards (Surico et al., 2000).

In several countries within and outside Europe,
there has been an upward trend of GTDs since the end
of the 20th century (Mugnai et al.,, 1999; Wicks and
Davies, 1999; Rubio and Garzén, 2011; Urbez-Torres et
al., 2014; Fontaine et al., 2016a; Guérin-Dubrana et al.,
2019; Kraus et al., 2019). GTDs have also caused severe
economic losses. These have been estimated as up to
$US 260 million in California (Siebert, 2001) for GTDs,
and $US 2000 to 3000 per hectare for “Esca disease”
(Vasquez 2007, in Rubio and Garzén, 2011), and approx.
one billion euros in wine production due to GTDs in
France (reported in 2014 by IFV, the French Wine Insti-
tute). Annual financial costs of dead vine replacements
in all wine production countries were estimated to be
1.132 billion euros (Hofstetter et al., 2012). These losses
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have been the major reason that professional winegrow-
ers, research agencies, financial consortia and the scien-
tific community have concentrated on GTDs research in
recent decades.

The complexity of symptoms and fungi involved in
these diseases is great, and this is particularly true for
“Esca disease” (in this paper, when the literature data
refer to this generic term - as well as when we will arbi-
trarily refer to this generic term to avoid nomenclature
confusion when critically discussing the literature - we
will place quotation marks around the term “Esca dis-
ease”). Historically, Esca, a word of indo-european ori-
gin meaning “food”, tinder for fire, used to indicate
“amadou” i.e. white rot (Viala, 1922, on the chapter
written by Gard in “Bulletin de la Societé de Patholo-
gie Vegetale”, 1922; Montanari, 2010), had been used
for a grapevine wood rot disease. Later, the term was
associated with foliar symptoms, described as chronic
or acute forms (Viala, 1926; Larignon and Dubos, 1997;
Letousey et al., 2010; Lecomte et al., 2012), and was
shown to involve several different symptoms associated
with different pathogens. It was then proposed as a dis-
ease complex involving multiple pathogens including
basidiomycetes and/or ascomycetes (Mugnai et al., 1999;
Surico, 2009; Bertsch et al., 2013). These caused sepa-
rate diseases including: i) white rot (Esca) that develops
mostly in old vines; ii) vascular diseases, widely present
in propagation material and young vines (brown wood
streaking of grape cuttings and Petri disease); and iii)
Grapevine Leaf Stripe Disease (GLSD), which has an
unusual epidemiology and symptomatology that can
be associated with some or all of the wood pathogens,
i.e. only vascular and canker agents, or, very often, also
wood decay in all possible combinations. The condition
where white rot (Esca) and GLSD occur together can be
indicated as “Esca proper”, in recognition of the origi-
nal disease description.

The frequency of GLSD foliar symptoms has
increased considerably over the last two decades. A
preliminary study (Fussler et al., 2008) indicated mean
incidence increase of 3.25% for “Esca disease” (leaf
stripe and apoplexy symptoms) in France between 2003
and 2005. “Esca disease” and Eutypiosis were respon-
sible together for 10% of vine replacements in Alsace
(Kuntzmann et al., 2010). Also in France, Bruez et al.
(2013) showed that incidence increase varied according
to region. In Austria, Reisenzein et al. (2000) estimated
a 2.7% annual increase of plants showing “Esca disease”
foliar symptoms. In Italy, Surico et al. (2006) indicated
an increase from 30 to 51% between 2000 and 2006, and
Romanazzi et al. (2009) showed how disease incidences
reached 60 to 80% in many old vineyards of south-
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ern Italy. A comprehensive survey for 22 European and
Mediterranean vine-growing countries (COST Action;
Guérin-Dubrana et al., 2019) described GLSD trends in
most surveyed countries as “increasing” and/or “worry-
ing”, particularly in France, Italy, Spain and Turkey. In
Germany, in 12 intensively pruned vineyards of red and
white grape varieties and resistant and traditional culti-
vars, incidence of GLSD increased from 1.9% in 2015 to
3.6% in 2018, and was greatest in 2017 at 4.5% of vines
affected (Kraus et al., 2019).

Some observations on Esca complex of diseases are
now well accepted, despite the complexity, terminology
evolution, and difficulties in understanding the interac-
tions of variables that affect symptom expression. These
include:

i) The interactions with environmental, pedo-climat-
ic and agronomic factors/practices that can affect symp-
tom expression and disease severity (Marchi et al., 2006;
Calzarano et al., 2018a; Lecomte et al., 2018; Fischer and
Peighami-Ashnaei, 2019; Songy et al., 2019a).

ii) No completely resistant grape cultivar has been
reported, but cultivar and clone contributions to symp-
tom expression and severity have been observed and
reviewed (Marchi, 2001; Quaglia et al., 2009; Murolo
and Romanazzi, 2014; Kraus et al., 2019; Moret et al.,
2019; Songy et al., 2019a; Moret et al., 2021).

iif) The nutritional (especially macronutrient) status
of vines can affect foliar symptom expression (Calzarano
et al., 2009, 2021).

iv) Although the presence of an exceptionally wide
mycoflora in Esca- and GLSD-affected vines has been
confirmed by meta-barcoding (Del Frari et al., 2019a;
Niem et al., 2020), the pathogens most frequently associ-
ated with the wood infections are the two Ascomycota
Phaeomoniella chlamydospora (W. Gams, Crous, M.J.
Wingf. & L. Mugnai) (Crous and Gams, 2000) (Pch) and
Phaeoacremonium minimum (Tul. & C. Tul.) Gramaje,
L. Mostert & Crous (Gramaje et al., 2015) (Pmin) (syn.
Phaeoacremonium aleophilum), while the most frequent-
ly isolated basidiomycete in Europe has been Fomitipo-
ria mediterranea M. Fisch. (Fischer, 2002) (Fmed). The
two Ascomycota species have mostly been associated
with the “phaeotracheomycotic complex” (brown wood
streaking, Petri disease and GLSD; Bertsch et al., 2013),
while Fmed or the other basidiomycetes causing wood
decay (Fischer and Gonzélez-Garcia, 2015) have only
been associated with white rot, Esca and “Esca proper”.
Nevertheless, decay elimination (curettage) reduced foli-
ar symptoms, and correlations between white rot extent,
elimination and foliar symptom expression have been
reported (Maher et al., 2012; Thibault, 2015; Cholet et
al., 2019, 2021; Pacetti et al., 2021).
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Fomitiporia mediterranea (as Fomitiporia punctata)
was shown to be a primary pathogen by artificial inoc-
ulations, either in vineyards or in greenhouse experi-
ments (Sparapano et al., 2000a; 2001a). The need for spe-
cific successions of fungi in wood colonization to detox-
ify wood cellular microenvironments from excesses of
polyphenols produced by plant reactions has been sug-
gested but was never fully proved (Larignon and Dubos,
1997; Mugnai et al., 1997; Amalfitano et al., 2000).
Microbial combinations between Fmed, Pch and some
bacterial taxa (i.e. Sphingomonas spp. and Mycobacteri-
um spp.) may have a role in the onset of “Esca disease”
in young vines (Bruez et al., 2020). Synergism between
Fmed and bacteria such as Paenibacillus spp. for grape-
vine wood component degradation has also been con-
firmed (Haidar et al., 2021).

Despite the year-to-year fluctuations in incidence,
foliar symptom surveys represent simple and non-inva-
sive ways to indirectly assess grapevine wood infection
by Esca complex pathogens, and for determining epide-
miology, crop losses and health status of vineyards (Gué-
rin-Dubrana et al., 2013). Claverie et al. (2020) summa-
rised knowledge on foliar symptom outbreak in the “tox-
ins hypothesis” and “hydraulic dysfunction hypothesis™.
The first describes how phytotoxic compounds produced
by “Esca disease” associated fungi could diffuse through
host transpiration stream sap flow to leaves, inducing
the typical tiger-striped leaf patterns (Abou-Mansour et
al., 2004; Bruno and Sparapano, 2006b; Andolfi et al.,
2011). The second hypothesis explains how impairment
of sap flow to leaves, mainly caused by vessel occlusions/
pathogen compartmentalization, could lead to cavitation
contributing to foliar symptom expression (Pouzoulet et
al., 2014, 2017, 2019). Recent findings, however, suggest
how these two hypotheses can be complementary and
not exclusive, due to observed association between foliar
symptoms, disruption of vessel integrity and presence of
some “Esca disease”-associated pathogens presence in
host trunks, which could elicit a distance-response (Bor-
tolami et al., 2019). Stem vessel occlusion has been relat-
ed to exacerbation of foliar symptom expression in the
following growth season (Bortolami et al., 2021).

Because the two Ascomycota Pch and Pmin have fre-
quently been associated with foliar symptoms of “Esca
disease”-symptomatic plants, considerable research has
been carried out on Pch and Pmin biology and patho-
genicity, and a more comprehensive and integrated view
on these species was presented by authors such as Val-
taud et al. (2009), Mostert et al. (2006) and Gramaje et al.
(2015). The same cannot be affirmed for Fmed. Despite
progress made since taxonomic description of this fun-
gus (Fischer, 2002), knowledge on the pathogen, its wood
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Figure 1. Number of published papers dealing with Fomitipo-
ria mediterranea from 2002 (Fmed identification date) to 2021, as
indexed in the Web of Science™ database (Thomson Reuters).

degradation process and relationship with the other Esca
complex diseases, is fragmented. There are few reviews
which consider Fmed as part of “Esca disease” or GTDs
in general, and to our knowledge no comprehensive
review on Fmed alone has been undertaken (Figure 1).

For this reason, along with contrasting reports of
correlations between amounts of white rot necrotic tis-
sues (thus Fmed presence) and the leaf stripe symptoms
(Maher et al., 2012; Bruez et al., 2014; Bruez et al., 2020;
Cholet et al., 2021; Pacetti et al., 2021), and reports of lit-
tle or no correlation between these factors (Edwards et
al., 2001; Calzarano and Di Marco 2007; Romanazzi et
al., 2009; Mugnai et al., 2010), a review of Fmed is neces-
sary, in order to collect knowledge of the fungus itself,
and to stimulate scientific debate and novel ideas in the
context of GTDs.

BASIDIOMYCETES ASSOCIATED WITH ESCA

Knowledge on basidiomycetes associated with “Esca
disease” has increased, and Fischer (2006), Fischer and
Gonzalez-Garcia (2015), and Cloete et al. (2015a, 2016)
provided a comprehensive compendium on the topic.
Ravaz (1909) was a pioneer in grapevine basidiomycete
identification, with the putative identification of Phelli-
nus igniarius (L.) Quél. (at the time Fomes igniarius (L.)
Fr. and formerly Polyporus igniarius (L.) Fr. based on
fruit bodies found on diseased grapevines in southern
France). Vinet (1909) and Viala (1926) also reported the
presence of Stereum hirsutum (Willd.) Pers. in French
vineyards. These two basidiomycetes were long con-
sidered as causal agents of Esca wood decay but patho-
genicity was only proven for P. igniarius (most likely a
Fomitiporia sp.) by Chiarappa (1997).

Studies on “Esca disease” and its etiology multiplied
in the late 1990s, especially when Larignon and Dubos
(1997) isolated Phellinus punctatus (P. Karst.) Pilat from
Esca wood decay in French vineyards. After studies of
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the infrageneric structure of Phellinus s.1. by Fiasson and
Niemeld (1984), Fischer (1996) and Wagner and Fischer
(2001, 2002), P. punctatus was grouped within Fomiti-
poria, as F. punctata (P. Karst) Murrill (= P. punctatus).
Multiple surveys of Italian vineyards by Cortesi et al.
(2000) concluded that the main cause of decay in Esca-
affected vines was F. punctata, later recognized as the
new species F. mediterranea (Fischer 2002), which is now
considered the main white rot agent in “Esca disease” in
Europe and Mediterranean regions.

Stereum hirsutum was isolated by Larignon and
Dubos (1997) from central decayed grapevine wood
inhabited by putative P. igniarius, but its role in GLSD
is still debated, although it is clearly a white rot basidi-
omycete agent. Some authors have suggested that this
fungus has little or no role in the Esca complex of dis-
ease because it is found only rarely in vineyards (Mugnai
et al., 1999; Cortesi et al., 2000; Reisenzein et al., 2000;
Vicent et al., 2001). In any case, S. hirsutum may act as
a weak facultative parasite, occasionally penetrating the
heartwood of host plants and producing very limited
infections and decay of the inner host tissues (Fischer
and Gonzalez-Garcia, 2015).

Many other basidiomycetes have been isolated from
decaying grapevine wood. White et al. (2011) character-
ised ten possibly novel taxa belonging to Hymenochaetales
associated with “Esca disease”, i.e. white rot on GLSD
symptomatic vines. For Europe, an annotated checklist
of GTD-related basidiomycete taxa has been published
(Fischer and Gonzalez-Garcia, 2015). With the advent of
metagenomic approaches, reports of basidiomycetes are
increasing (Del Frari et al., 2019a; Bruez et al., 2020). A
recent study by Brown et al. (2020) aimed to clarify the
relevance of basidiomycete colonisation within the Esca
complex of diseases. They isolated many taxa (including
new species, such as Inonotus vitis A.A. Brown, D.P. Lawr.
& K. Baumgartner, Tropicoporus texanus A.A. Brown,
D.P. Lawr. & K. Baumgartner, and Fomitiporia ignea A.A.
Brown, D.P. Lawr. & K. Baumgartner) from white rot and
black/brown discoloured wood collected from grapevine
plants expressing GLSD foliar or shoot symptoms in Cali-
fornian and Texan vineyards.

More Fomitiporia spp. have been associated with
“Esca-diseased” grapevines in other regions, includ-
ing Fomitiporia australiensis M. Fisch., Jacq. Edwards,
Cunningt. and Pascoe in Australia (Fischer et al., 2005),
Fomitiporia polymorpha M. Fisch. in California (Fischer
and Binder, 2004), Fomitiporia capensis M. Fisch., M.
Cloete, L. Mostert, F. Halleen in South Africa (Cloete
et al., 2014), F. ignea (Brown et al., 2020) in Texas, and,
more recently, Fomitiporia punicata Y.C. Dai, B.K. Cui
& Decock in China (Ye et al., 2021), originally described



Fomitiporia mediterranea M. Fisch., the historical Esca agent

on Punica granatum (Dai et al., 2008). As well, Fomiti-
poria erecta A. David, Dequatre & Fiasson, and F. punc-
tata were mentioned as occurring on grapevine in Spain
(Fischer and Gonzélez-Garcia, 2015). Of these species,
F. australiensis, F. capensis and F. ignea were exclusively
documented from grapevine.

Geographic distribution and host range of Fmed
have probably expanded in recent decades. This is sup-
ported by the number of host plants in the different
regions. In Central Europe the host range is largely lim-
ited to Vitis vinifera, given the scarcity of reports of the
fungus on other hosts: i.e. on Laurus nobilis (Fischer,
2006) and on Robinia pseudoacacia (Schmidt et. al.,
2012). However, Fmed occurs on several other hosts in
the Mediterranean area (see below). This discrepancy in
the reported host range indicates a recent invasion of the
fungus into the viticultural regions of Central Europe,
possibly associated with climatic changes leading to
increased temperatures in this region.

These observations indicate that intrinsic geographic
and climate conditions play roles in diffusion of Basidi-
omycota pathogens and influence spread of Fomitipo-
ria spp. in vineyards (Fischer et al., 2005; Fischer, 2006;
Cloete et al., 2014). Geographical variations influence
distribution of fungi among different locations (Hof-
man and Arnold, 2008; Dietzel et al., 2019), and climate
is a major abiotic factor shaping fungal biogeography
(Castillo and Plata, 2016; Vétrovsky et al., 2019). Spatial
analyses of “Esca-disease”-related basidiomycete taxa,
and comprehensive screening of possible non-Vitis host
plants, preferably from proximity of vineyards, could
help to identify key pedo-agroclimatic factors affecting
their diffusion, and could indicate why some Fomitiporia
spp. are retrieved from some areas but not others.

In Europe information on grapevine white rot agents
began to be revised in 2002: Fischer found that strains
formerly acknowledged as F. punctata collected from
grapevines in Italy and Germany differed from strains
from other hosts and other geographic areas (Central
Europe). Molecular diagnoses (ITS data), pairing tests of
single spore isolates, compared with temperature prefer-
ences of cultured mycelia allowed description of the new
species Fomitiporia mediterranea M. Fischer (Fischer,
2002). This is currently considered the main causal agent
of white rot in “Esca diseased” grapevines in Europe
and in Mediterranean climate areas, while F. punctata is
more ubiquitous, although a European centred distribu-
tion has been suggested by Decock et al. (2007).

Due to indistinguishable morphology between Fmed
and F. punctata, but the highlighted phylogenetic dif-
ferences, previous isolates and findings attributed to F.
punctata should be reconsidered as possibly assignable to
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Fmed (Fischer, 2002; Ciccarone et al., 2004; Fischer, 2006).
Recent findings on P. punctatus and P. pseudopunctatus
A. David Dequatre and Fiasson by Polemis et al. (2019)
and Markakis et al. (2019) have reinforced that possible
misidentification led to the underestimation of F. mediter-
ranea incidence in the Mediterranean region.

This review focuses only on Fmed and its role in
Esca-related wood degradation, with careful reconsid-
eration of previous reports where the pathogen may have
been incorrectly identified.

IDENTIFICATION, TAXONOMY, HOST RANGE, AND
SYMPTOMS INDUCED IN GRAPEVINES

Description of fruit bodies and mycelia

Morphology and anatomy of Fomitiporia mediterra-
nea (Hymenochaetaceae, Hymenochaetales, Agaricomy-
cetes, Basidiomycota) were described by Fischer (2002).

Fomitiporia mediterranea fruiting bodies (Figure 2)
are resupinate, inseparable, and hard woody, up to 15
mm thick with yellowish-brown narrow margins, con-
taining subglobose to oval basidiospores. The hyphal
system is dimitic, with generative and skeletal hyphae.
Detailed descriptions of the hyphal system, fruiting bod-
ies and basidiospores of this fungus were provided by
Fischer (2002, 2009) and Fischer and Gonzalez-Garcia
(2015).

Figure 3, A, B and C show, respectively, a tube
mouth with outgrowth of vegetative hyphae, outgrowing
hyphae from naturally infected grapevine wood and the
pore surface of a fruiting body of F. mediterranea.

After isolation from infected wood and/or fruit
bodies, mycelial isolates may develop into a so-called
“bleaching type” (Type B: Fischer, 1987) or a “staining
type” (Type S: Fischer, 1987) (Figure 4).

Type B mycelium has a cottony to woolly appear-
ance, and aerial hyphae are yellowish to brown. Medi-
um pigmentation is sparse or absent. Type S-mycelium
has sparse aerial hyphae, and medium pigmentation
is strong. Colony growth after 14 days at 21°C on Malt
Extract (ME) agar in complete darkness was more rapid
in bleaching-type isolates (colony diameter = 3.0 to 4.5
cm) than staining-type isolates (1.5 to 2.5 cm). The two
mycelium types may alternate over ensuing inoculations.
Growth was confirmed between 15 and 35°C, with opti-
mum growth at 30°C (Fischer, 2002, 2006; Fischer and
Kassemeyer, 2003). Under laboratory conditions, sporu-
lation is absent in Fmed. Spore germination tests with
spores from actively sporulating fruit bodies were per-
formed for some Fmed strains, indicating very low ger-
mination rates (less than 1%) with a high variation in
germination times (Fischer, 2002).
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Figure 2. Fruiting bodies of Fomitiporia mediterranea on a grape-
vine trunk. Photograph taken in July 2018, from ‘Sauvignon Blanc,
in a vineyard in Ehrenkirchen, Germany.

Spread by basidiospores is considered the main dis-
persal form for Fmed and this has been described to be
mainly via rain and wind (Cortesi et al., 2000). In Cen-
tral European vineyards, fruiting body sporulation is
increased after rainy periods and is related to daily tem-
peratures greater than 10°C and relative humidity great-
er than 80% (Fischer, 2009).

Mating system

Studies of the Fmed mating system were also
affected by misidentification of the pathogen. Fischer
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Figure 3. (A), Cryo-Scanning-Electron-Microscopy (Cryo-SEM)
micrograph (x500 magnification) of an Fmed tube mouth show-
ing outgrowth of vegetative hyphae. (B), Cryo-SEM micrograph
(x2,000) of hyphae in a cross section of a grapevine trunk natu-
rally affected by white rot. (C), Stereo micrograph of the surface of
an Fmed fruiting body (x50) The pores are 5-8/mm. The diseased
grapevine specimen was collected in a vineyard in Pfaffenweiler,
south-west Germany.
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Figure 4. Mycelium cultures of Fomitiporia mediterranea on malt
extract agar (ME) after 28 days of incubation. “Type B” (left, sur-
face and reverse side) and “Type S” (right, surface and reverse side).

(1996) described F. punctata strains (later distinguished
from Fmed) as homothallic, with no mating types evi-
dent in pairings of spores originating from one fruiting
body. The time lag between separation of Fmed from F.
punctata by Fischer (2002) and the research of Jamaux-
Despreaux and Péros (2003) initially provided conflict-
ing reports of the homothallic mating system described
for the fungus. Jamaux-Despreaux and Péros (2003)
observed outcrossing populations in France and Italy.
This was indicated by high genetic variation within and
between vineyards, and random assortment of genetic
markers. They therefore suggested possible existence of
non-outcrossing populations in other areas. Following
correct assignment of species, it was shown that Fmed
was a heterothallic bipolar species (Fischer, 2002), while
F. punctata was confirmed as homothallic.

A variety of pairing tests were conducted by Fischer
(2002), who demonstrated a range of compatible and
incompatible reactions (see Fischer, 2002 for details).
Growth of secondary mycelia was stronger in compat-
ible inter-strain than in intra-strain pairings. Mycelia
formed from inter-strain pairings could prevail under
natural conditions, resulting in high outcrossing rates.

It is now accepted that basidiomycete mating is regu-
lated by different genes, grouped in two types of homeo-
domain transcription factors (HD genes), in pheromones
genes and their related receptors and response genes (PR
genes). These genes can reside in linked or un-linked
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chromosome loci (James et al., 2006; Kiies et al., 2013,
2015). James et al. (2013) highlighted at least four HD
(two pairs of HDI and two pairs of HD2), and several
apparently functional PR genes in the Fmed genome, such
as 2 STE3, several MAP kinases and 3 Prfl. These authors
also suggested that the genes were not linked in a unique
mating locus (James et al., 2013; Kiies et al., 2015).

Further pairing tests, perhaps with other strains,
could better clarify the dispersal system of the fun-
gus, and identify other possible intersterility groups.
This would be further clarified if genetic variability data
retrieved from German vineyards were considered. Fis-
cher (2012) found 14 different Fmed genotypes out of 15
fruit bodies, all derived from one vineyard. Lentes and
Fischer (personal communication) identified 56 geno-
types out of 64 isolated mycelia, derived from different
vines in two vineyards in the Moselle region of Germany.

Available Fmed genome could provide new informa-
tion for expression analysis of mating-associated genes,
especially in response to changing environmental con-
ditions which are increasingly affecting European vine-
yards. Increasing this knowledge could provide a better
understanding on pathogen spread and genetic recombi-
nation, since Fomitiporia spp. are well adapted to differ-
ent conditions and climates, as reflected by their biogeo-
graphical variability.

Field identification

Compared to white rot presence, fruiting bodies of
Fmed are very rarely found in vineyards, mostly on the
uppermost parts of trunks, near pruning wounds, which
are the main sites of infection (Cortesi et al., 2000; Fis-
cher et al., 2005; Fischer, 2006; Fischer and Gonzélez-
Garcia, 2015). In vineyards in Central Europe, Fmed
fruiting bodies were only present on 1 to 3% of “Esca-
diseased” grapevines that were older than 15 years (Fis-
cher, 2009), and the pathogen was detected as vegetative
mycelium in infected hosts. In Germany, a 100:1 ratio is
mentioned by Fischer (2006) indicating a low co-occur-
rence of vegetative mycelium with white rot and fruiting
bodies. This was also reported in Tuscan vineyards by
Cortesi et al. (2000). Because compatibility groups were
identified (Fischer, 2002), the occasional occurrence of
fruiting bodies in vineyards may be partly explained by
the possibly rare contact between sexually compatible
basidiospores (Jamaux-Despreaux and Péros, 2003). Dead
grapevine trunks are the most favourable substrates for
development of fruiting bodies, and the dead trunks are
usually removed from vineyards. Another hypothesis to
explain the low ratio between white rot and fruiting bod-
ies in non-Central European countries is that the disease
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Table 1. Host range and geographic distribution of Fomitiporia mediterranea M. Fischer 2002. For each host (and each country), the table
includes first reports which used classical isolations, and some of the significant subsequent reports/studies which used molecular classifica-
tion and metagenomic approaches. References accompanied by “1” refer to studies which used former classifications (as Phellinus punctatus
or E punctata) which should be carefully reconsidered as representing F. mediterranea.

Host Country References
Vitis vinifera Algeria Berraf and Péros, 2005
Austria Fischer et al., 2006
Czech Republic Baranek et al., 2018
France Larignon and Dubos, 1997; fJamaux-Despreaux and Péros, 2003; Péros et al., 2008; Laveau et al.,
2009; Kuntzmann et al., 2010; Ouadi et al., 2019; Bruez et al., 2020
Germany Fischer, 2002; Eischer and Kassemeyer, 2003; Fischer, 2006; Fischer, 2012; Fischer and Gonzalez-
Garcia, 2015; Fischer, 2019
Greece fRumbos and Rumbou, 2001
Hungary Rabai et al., 2008
Iran "Karimi et al., 2001; Farashiyani et al., 2012; Mohammadi et al., 2013; Rajaiyan et al. 2013; Amarloo
et al.,2020; Mirabolfathy et al., 2021
Ttaly Mugnai et al., 19?9; TCortesi et al.., 2000; Ciccarone et al., 2094; Romanazzi et al., 2009; Quaglia et
al., 2009; Del Frari et al., 2019a; Girometta et al., 2020; Pacetti et al., 2021
Lebanon Choueiri et al., 2014
Portugal Sofia et al., 2006
Slovenia Rusjan et al., 2017
Spain fArmengol et al., 2001; Martin and Cobos, 2007; Sanchez-Torres et al., 2008; Luque et al., 2009;
Garcia Benavides et al., 2013; Elena et al., 2018
Switzerland Fischer, 2006
Turkey Akgtl et al., 2015
Acer negundo Italy Fischer, 2002
Actinidia spp. Greece TElena and Paplomatas, 2002
Italy Fischer, 2002; Di Marco et al., 2004a; Di Marco and Osti, 2008; Girometta et al., 2020
Albizia julibrissin Greece Markakis et al., 2017
Cistus sp. Italy Girometta et al., 2020
Citrus spp. Greece Elena et al., 2006
Italy Roccotelli et al., 2014
Corylus avellana Italy Pilotti et al., 2010; Girometta et al., 2020

Elaeagnus angustifolia Iran
Fagus sylvatica Italy
Fortunella japonica ~ Greece
Hedera helix Italy
Lagerstroemia indica  Italy
Laurus nobilis Slovenia
Ligustrum vulgare Italy
Olea europaea Greece
Ttaly
Platanus x acerifolia  Ttaly

Prunus dulcis Spain
Punica granatum Greece
Pyrus communis Greece
Quercus ilex Ttaly
Quercus robur Italy
Quercus rubra Italy

Robinia pseudoacacia Italy

Germany
Salix alba Italy
Ulmus spp. Iran

Ahmadyusefi and Mohammadi, 2019

Girometta ef al., 2020

Markakis et al., 2017

Girometta ef al., 2020

Fischer, 2002

Fischer, 2006

Fischer, 2006

‘tPaplomatas et al., 2006; Markakis et al., 2017; Markakis et al., 2019
Fischer, 2002 ; Carlucci et al., 2013

Pilotti et al., 2005

Olmo et al., 2017

Markakis et al., 2017

Markakis et al., 2017

Fischer, 2006

Girometta et al., 2020

Girometta et al., 2020

Fischer, 2006; Girometta et al., 2020

Schmidt et al., 2012

Girometta et al., 2020

Mirsoleymani and Mostowfizadeh Ghalamfarsa, 2019
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and fungus structures could occur in several alternative
hosts within or near vineyards (see Table 1). These sourc-
es of inoculum could be important. The discrepancies
between occurrence of vegetative mycelia and fruit bod-
ies are often large in lignicolous fungi. While the exist-
ence of F. mediterranea fruiting bodies may be underes-
timated (Fischer 2006), precise evaluation of exogenous
inoculum sources remains a challenging issue.

Field identification of Fomitiporia spp. on grapevines
is often complex. Because fruiting bodies are very rare
and have very similar morphologies, molecular diagno-
ses after isolations from infected wood tissues or fruiting
bodies are likely to be the most reliable tools for identifi-
cation of mycelia not clearly assignable to particular spe-
cies (Ciccarone et al., 2004).

Overview of molecular diagnosis, taxonomy and phylogeny

Amplifications and sequencing of ITS regions with
or without Large Sub-Unit (LSU) translation elonga-
tion factor subunit 1-a (tefl) and the second largest
subunit of RNA polymerase II (RPB2) sequence analysis,
have permitted new advances in classification of grape-
vine basidiomycetes using specific primers. Reports
are increasing, differentiating new Fomitiporia species
(Cloete et al., 2016; Chen and Cui, 2017; Brown et al,,
2020; Chen et al., 2021; Ye et al., 2021).

Fischer (2002) reported a specific method for identi-
fication, based on the nuclear encoded ribosomal DNA
region ITS1-5.8S-ITS2 using the primer pair prITS5 and
prITS4 (White et al., 1990). Compared to other Fomiti-
poria spp., Fmed strains showed unique small insertions
in both ITS regions: between nucleotides 201 and 206
(AATAAT) in ITS1 and between nucleotides 748 and
745 (CCTTTGA) in ITS2 (Fischer, 2002; 2006; Fischer
and Binder, 2004). Since 2006, specific primers based
on these insertions have been available for differentia-
tion of Fmed from other species such as F. punctata and
F. australiensis (Fischer, 2006). The primer sequences
and characteristics are as follows: prFmedl, 5° GCA
GTA GTA ATA ATA ACA ATC 3" (GC = 28.6%, TM
= 50.1°C); and prFmed2, 5" GGT CAA AGG AGT CAA
ATG GT 3’ (GC = 45%, TM= 55.3°C). A 550 bp prod-
uct is only obtained for Fmed. Parameters for successful
amplification were described by Fischer (2006).

With basidiospores being the main dissemination
agent of Fmed, considerable genetic variation in F. puncta-
ta (probably Fmed) has been described by Random Ampli-
fied Polymorphic DNA (RAPD) markers. This variation
has been shown among isolates derived from individual
vineyards (Pollastro et al., 2000; Jamaux-Despreaux and
Péros, 2003). Pollastro et al. (2001) successfully developed
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sequence-characterised amplified region (SCAR) primers
suitable as a molecular diagnostic tool for Frmed.

The primer pair ITSI and ITS4 (White et al., 1990)
have also been successfully used for identification of
Fmed isolates within an Italian mycological collection
based on fresh mycelial isolates (Girometta et al., 2020).

Other Fomitiporia species recorded from grapevine
include: F. polymorpha, F. capensis, F. australiensis, F.
ignea, F. erecta, F. punctata, and F. punicata. For F. poly-
morpha, F. australiensis, F. erecta and F. punctata, char-
acterization of the ITS1-5.8S-ITS2 region was sufficient
either to describe them as separate species, or to establish
phylogenetic relationships with other Fomitiporia spp.
(Fischer and Binder, 2004; Fischer et al., 2005; Fischer and
Gonzalez-Garcia, 2015). Implication of other conserved
genetic regions has distinguished these other species above
metioned, using the LSU unit ribosomal RNA-enconding
regions tefl and RPB2 together with ITS data to describe
them (Cloete et al., 2014; Brown et al., 2020; Ye et al.,
2021). Nevertheless, species-specific primers are available
only for Fmed (Fischer, 2006), although unique forward
primers paired with ITS4 primers have been designed to
successfully detect F. capensis (Bester et al., 2015).

Host range and geographical distribution

Fomitiporia mediterranea is considered to be a
highly adaptable species, based on the diversity of host
plants, and occurrence in different regions and climates.

Isolates from grapevine were retrieved from a range
of climate conditions, according to the most updated
version of the original Képpen-Geiger climate classifica-
tion map (Geiger, 1961; Beck et al., 2018): from “Mediter-
ranean and temperate humid-subtropical climates” (for
most of non-Central European isolates of the pathogen),
to “arid and semi-arid climate” (for Algerian, Iranian
and some of the non-Central European isolates), to “cool
temperate climate” (for most of the Central-European
isolates)” (see Figure 5 for the detailed geographical dis-
tribution of Fmed). Throughout its geographical range,
Fmed shows close affinity with V. vinifera. However,
this may be due to the economic significance of grape-
vine in these regions, resulting in detailed field observa-
tions for vineyards compared with other woody hosts.
The fungus is also found on other host plants outside
non-Central European countries, potentially resulting
in increased infection pressure on grapevines (see Table
1 for a detailed list of hosts in different countries). Fis-
cher (2002, 2006) postulated that, at least for non-Cen-
tral European countries, alternative hosts could be foci
for development of Fmed fruiting bodies, reinforcing
the observed high adaptability of the pathogen to mul-
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Distribution map of Fomitiporia mediterranea(M. Fisch.)
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Map built on QGIS from cartographic data recovered on european data portal (https://data.europa.eu/en) for the year 2020.

Figure 5. Distribution of Fomitiporia mediterranea, based on published reports of isolation of the fungus from grapevine, Vitis vinifera. The

map was constructed using QGIS software (version 3.10.9-A Coruna).

tiple host species. Although current data show only very
few isolations of Fmed from Central-European non-Vitis
hosts, i.e. Robinia pseudoacacia in Germany (Schmidt et
al., 2012) and Laurus nobilis in Slovenia (Fischer, 2006),
the potential for the fungus to colonize other hosts is
demonstrated. Future studies could focus on: i) surveys
of fruiting body incidence on alternative hosts in the
proximity of vineyards (to better assess inoculum sourc-
es); ii) performing comparative secretome and metabo-
lome assessment of wood from different hosts to increase
knowledge on Fmed colonization and growth and fruit-
ing body development; and iii) determine pathogenicity
to grapevine of isolates from different host plants.

Spread in grapevines and vineyards, wood symptoms and
their relationships with foliar symptoms

Fomitiporia mediterranea is mainly retrieved from
grapevine white rot necrotic tissue, although its presence

in necrosis borders between white rot and non-necrotic
tissues, and adjacent non-necrotic but recently colo-
nised wood has been demonstrated (Fischer, 2002; Péros
et al., 2008; Surico, 2009; Bruez et al., 2017; Elena et al.,
2018; Bruez et al., 2021; Pacetti et al., 2021). The patho-
gen needs some time to colonise and decay woody tis-
sues, explaining why it is predominantly found in trunks
greater than 10 years old, and only to a lesser extent
in young trunks (Sanchez-Torres et al., 2008; Fischer,
2009). White rot has also been mostly reported in old
vineyards although it can be sometimes found in young
vines and very occasionally in young GLSD symptomat-
ic vines (Edwards et al., 2001; Mugnai et al., 2010).

In the Esca complex of diseases, several diseases
have been recognised and have been related to infec-
tions by different fungi, and symptom expression can
be influenced by many agronomic and environmen-
tal factors (cultural practices, host plant age, soil type,
weather conditions) (Calzarano et al., 2018a; Gramaje et
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al., 2018; Lecomte et al., 2018). Distribution of sympto-
matic vines within a vineyard poorly indicates the dis-
semination mode of related fungi, including Fmed, but
diseased vines can be found grouped along vineyard
rows. This supports the hypothesis that human-mediated
practices are involved in pathogen spread (Mugnai et al.,
1999; Guérin-Dubrana et al., 2019). Research on F. punc-
tata (likely Fmed) isolates obtained from different vines
showed they belonged to different somatic incompat-
ibility types (Cortesi et al., 2000), indicating that each
vine was colonised by genetically distinct individuals.
Similarly, results for F. punctata (likely Fmed) (Jamaux-
Despreaux and Péros, 2003) on the genotypic differences
at vineyard level strongly indicated outcrossing repro-
duction via basidiospores. These results are not consist-
ent with the hypothesis that Fmed is spread through
wounds by pruning tools. In addition to this genetic evi-
dence, much epidemiological data has shown that “Esca
disease” symptoms were spatially random in vineyards
(Cortesi et al., 2000; Surico et al., 2000; Sofia et al., 2006,
Li et al., 2017), which is consistent with the hypoth-
esis that basidiospores are the likely agents of dispersal
for Fmed (Cortesi et al., 2000; Fischer, 2002). Although
sporulation is rare on grapevine trunks, the inoculum
could come from the many other hosts of the pathogen.

Typically, Fmed induces white rot in innermost
grapevine wood (Figure 6). The decay is most often
observed in arms, stem heads and trunks, with colonisa-
tion starting from pruning wounds and extending along
entire trunks, mostly in the central parts but occasion-
ally also at trunk bases, with desuckering wounds as
entrance points (Larignon and Dubos 1997; Mugnai et
al., 1999, 2010; Sparapano et al., 2000a, 2001a; Fischer,
2002; Fischer and Kassemeyer, 2003).

Rot diameters vary and decrease from infection ori-
gin points to boundaries with healthy wood (Mugnai et
al., 2010). Rootstocks are rarely affected because vines
die before white rot reaches rootstock tissues, although
white rot has been reported in rootstock tissues (Maher
et al., 2012; Elena et al., 2018). However, Fmed-related
white rot is common in rootstock mother plants (Fis-
cher, 2019).

The main symptom induced by Fmed on grapevines
is spongy yellowish or bleached decay in wood tissues,
but the relationship between wood and external foliar
symptoms of “Esca diseased” grapevines is debated.
To the best of our knowledge, Lafon (in 1921) was the
first author to make this association. He assumed that
P. ignarius (most likely a Fomitiporia sp.) present in the
decay was the main agent responsible for the apoplec-
tic form of “Esca disease” and leaf dessication (due to
sap flow impairment). However, information on Fmed,
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Figure 6. Macroscopic observation by stereo microscopy (x12 mag-
nification) of a cross section (1 cm thick) of the head of a grapevine
stem with a large area of white rot (WR) spreading from pruning
wounds (PW) into healthy wood (HW). The necrotic zones are sep-
arated from the healthy wood by demarcation lines (DL). Specimen
collected in May 2021 from a 28-year-old ‘Sauvignon Blanc’ plant,
from a vineyard in Pfaffenweiler, south-west Germany.

grapevine wood symptoms and foliar symptoms needs to
be re-examined. Demonstration of Fmed to act as a pri-
mary grapevine pathogen - after artificial inoculations
by mycelial plugs or toothpicks (Sparapano et al., 2000a,
2001a) - confirms the importance of this pathogen with-
in the Esca disease complex. However, research on the
actual colonization sequence of “Esca disease”-associ-
ated fungi in field-grown grapevines is still required to
increase knowledge of relationships between wood decay
and foliar symptoms. Under field conditions, basidio-
spores can be infection agents, and artificial basidiospore
inoculations in greenhouses would help to determine the
colonization ability of Fmed and its role in foliar symp-
toms. However, basidiospores are difficult to obtain, and
rarely germinate under laboratory conditions (Fischer,
2002). Therefore reviewing studies from last two decades
will provide insights on the impacts of Fmed on “Esca
disease” foliar symptoms (GLSD).

Different types of necrosis have been described in
“Esca diseased” wood (Larignon and Dubos, 1997). White
rot necrosis clearly shows the presence of Fmed, which
has been the main isolation source of this pathogen in
Europe (Larignon and Dubos, 1997; Mugnai et al., 1999;
Bruez et al., 2017). Through logistic regression analyses in
an old ‘Cabernet Sauvignon’ vineyard, Maher et al. (2012)
analysed data from presumably 20 to 25 year-old vine-
yards, and assumed white rot to be the tissue type most
strictly associated with the leaf stripe symptoms. A rela-
tionship between Fmed and “Esca disease” foliar symp-
toms (GLSD) was shown if white rot presence overcame
a 10% necrosis threshold, in vine grafts and/or cordons.
Using a similar approach, Calzarano and Di Marco (2007)
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showed that, in 32- and 36-year-old vineyards, there was
no relationship between severities of wood deteriora-
tion and external foliar symptoms. The leaf-symptomatic
vines percentage with discoloration (but no white rot)
was 46.2% in 32-year-old vineyards and 7.2% in 36-year-
old vineyards. Both of these findings have been supported
by other authors. Bruez et al. (2014) found white rot tis-
sue in cordons from 79% of GLSD-symptomatic 10-year-
old vines. Fischer (2012) found 100% of 366 trunks of
28-year-old “Traminer’ vines to be affected by white rot,
but less than 10% had foliar symptoms. Fischer (2019)
also reported a possible correlation between the pres-
ence of Fmed (but also other GTD related fungi) and leaf
symptoms in rootstock mother plants. Ouadi et al. (2019)
observed white rot on 15 to 50% of the total necrotic area
of trunks and cordons in 16-year-old ‘Cabernet Sauvi-
gnon’ grapevines expressing foliar symptoms. Edwards
et al. (2010), after fully dissecting trunks of ten GLSD
symptomatic vines (aged 4 to 7 years) detected white
rot in only one vine. Mugnai et al. (2010) dissected nine
symptomatic 5- and 6-years-old vines. They found that
four of the vines had no white rot and five had traces of
decayed wood, mainly following infections from desuck-
ering wounds (Mugnai et al., 2010). These results confirm
that white rot, and Fmed as the main white rot agent in
Europe, becomes increasingly present as vines age, thus
becoming increasingly associated with leaf symptoms.
The pathogen may play a fundamental role in activating
mechanisms leading to the onset of leaf stripe symptoms.
However, observations of foliar symptoms not linked to
white rot suggest that even if Fmed plays a very important
role, other factors are also likely to be involved.

In 10-year-old ‘Cabernet Sauvignon’ cordons
expressing foliar symptoms, Bruez et al. (2020) using
meta-barcoding, proposed the link between the onset of
GLSD with white rot and a combination of Fmed, Pch
as well as Sphingomonas spp. and Mycobacterium spp.
They suggested that microbiota interactions in white rot
necrotic tissues could induce production of phytotoxic
secondary metabolites, or increase some shared metabol-
ic pathway, thereby inducing typical GLSD foliar symp-
toms. In vitro production of fungal secondary metabo-
lites by co-culture with bacteria has been documented
(Haidar et al., 2016), but occurrence in natural condi-
tions is yet to be assessed.

Cholet et al. (2021) and Pacetti et al. (2021) have
also shown the correlation of white rot with foliar stripe
symptoms. Decay elimination (curettage, see below for
details) drastically reduced GLSD symptoms during the
years following curettage treatment, in 24-year-old ‘Sau-
vignon Blanc’ and in 14-year-old ‘Cabernet Sauvignon’
plants. Another interesting correlation between white rot
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and foliar symptoms came from the curative side: recent-
ly, Bruez et al. (2021) shown how after sodium arsenite
treatment (see below for details), 25-year-old ‘Gewiir-
ztraminer’, 27-year-old ‘Chardonnay’ and 40-year-old
‘Merlot’ plants did not shown any foliar symptoms.

In conclusion, the relationship between outbreak
of foliar symptoms and white rot in the Esca complex
of diseases is widely supported and linked to Fmed in
Europe, although this is not exclusive as the fungus is
absent in young symptomatic vines. Nevertheless, clari-
fying the mechanisms involved in this relationship will
be a big step towards full understanding of the processes
leading to the characteristic symptoms and symptom
expression timing of GLSD (the symptom fluctuations
is not found in other diseases of perennial hosts). Sev-
eral hypotheses have been proposed for etiology of leaf
stripe symptoms, but to understand the role of Fmed in
development of the disease, an important and essential
first step is to detect the signals reaching the leaves and
causing the outbreak of these symptoms. In the case of
Fmed we suggest the following etiology: i) joint action
of extracellular enzymes and toxins (from Fmed or the
entire white rot microflora); ii) vascular system destruc-
tion caused by lignocellulolytic enzymes; iii) the forma-
tion of low molecular weight diffusible compounds from
Fmed or from wood degradation-host infection reac-
tions; and iv) a combination of these situations and the
wood cellular microenvironment.

GENOMIC INFORMATION

Many fungal Agaricomycetes genomes have been
sequenced by the Joint Genome Institute (JGI) (http:/
jgi.doe.gov/fungi) (Grigoriev IV et al., 2011). According
to these data, 93% of the Agaricomycotina sequenced
genomes are from Agaricomycetes. This could be related
to the roles of these fungi in trees decay and to their
potential applications in biotechnology (Lundel et al.,
2014; Hyde et al., 2019). In a comparative genomic study,
Floudas et al. (2012) sequenced the Fmed genome. The
final draft assembly was obtained by in silico combina-
tion of Roche (454), Sanger Fosmids, and Illumina data.
Information on genome annotation statistics and com-
position are available at the MycoCosm portal (https://
mycocosm.jgi.doe.gov) (Grigoriev IV et al., 2014) and in
Floudas et al. (2012).

Fmed genome size is approx. 63.35 Mbp which
accounts for 11,333 predicted complete gene models with
start and stop codons. The genome shows a conspicu-
ous repetitive sequence component, mostly represented
by microsatellites and Transposable Elements (TEs). It is
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generally accepted that repetitive sequences play roles in
Basidiomycota genome rearrangements and gene muta-
tions, interrupting genome linearity between strains,
and producing strain polymorphisms (Castanera et al.,
2017). This could at least partially explain the level of
polymorphism detected between strains of Fmed (Pol-
lastro et al., 2001). Specifically, 4157 microsatellites were
detected, most of them (52.27%) being dinucleotides, fol-
lowed by tri-, mono-, penta-, hexa- and tetra-nucleotide
microsatellites. TE analysis revealed a high proportion of
TEs coverage (41.42%), representing the greatest for the
sequenced genomes in the study. The biggest portion of
TEs was LTR-Gypsy elements (21.33%), followed by LTR-
Copia, TIR, DNA-transposons and Helitrons. A consist-
ent number of non-classified TEs were reported (Floudas
et al., 2012).

Besides constitutive analysis of the genome, Floudas
et al. (2012) conducted a comparative study with 30 fun-
gal genomes (presenting different ecological strategies),
to establish the origin of ligninolytic activity. Through
molecular clock analysis of genes encoding Class II Per-
oxidases (PODs: responsible for lignin degradation), it
was possible to date the appearance of ligninolytic activ-
ity and the Agaricomycetes ancestor (a white rot agent,
most likely). The activity probably appeared approx. 290
Ma ago (between the end of Carboniferous and Permian
period, Paleozoic era). Subsequently, by Class II PODs-
encoding gene expansion through the lineage, five orders
of basidiomycetes differentiated, including the Hymeno-
chaetales (most likely approx. 237 Ma, during the Trias-
sic period, Mesozoic era). Fmed was estimated to have
up to 17 Class IT PODs-encoding genes in its genome,
and these genes can possibly be found clustered with cel-
lobiose dehydrogenase (CDH) encoding genes and other
unclassified genes.

Other gene copy numbers expanded in the lineage
during Fmed genome evolution, such as genes encod-
ing for glycoside hydrolases (GH) families, Fe (III)-
reducing glycopeptides (GLP), dye-decolourizing per-
oxidases (DyP) and laccases (Lac) (Floudas et al., 2012).
A detailed report on carbohydrate active enzymes
(Cazymes) and class II PODs is presented below.

PATHOGENICITY

In vivo white rot basidiomycete pathogenicity stud-
ies on grapevine have been rarely documented (Chiar-
appa, 1997; Larignon and Dubos, 1997; Sparapano et al.,
2000a, 2000b, 2001a; Gatica et al., 2004; Laveau et al.,
2009; Luque et al., 2009; Diaz et al., 2013; Akgil et al.,
2015; Cloete et al., 2015b; Amarloo et al., 2020; Brown

363

et al., 2020), but contrasting results to fulfil Koch’s pos-
tulates were obtained, and the role of basidiomycetes as
causes of grapevine foliar symptoms (GLSD) is not clear.
Experiments have been conducted either on young or
old grapevine plants, but very few of these studies used
Fmed as inoculum (Larignon and Dubos, 1997; Sparapa-
no et al., 2000a, 2000b, 2001a; Laveau et al., 2009; Luque
et al., 2009; Akgiil et al., 2015; Amarloo et al., 2020).

The first pathogenicity study on F. punctatus (prob-
ably Fmed) was conducted in France by Larignon and
Dubos (1997) to determine the pathogen’s role in wood
decay. After fungus inoculation of healthy ‘Caber-
net Sauvignon’ wooden blocks or rooted canes, they
observed formation of typical white rot only in wooden
blocks. As expected the fungus only colonised old wood.

Sparapano et al. (2000a), inoculating old vines and
assessing wound-induced wood discolouration and white
rot symptoms, found that inoculation with F. punc-
tata (probably Fmed) produced the symptoms with dif-
ferent timing dependant on the cultivar, host plant age
and portion inoculated. Specifically white rot formation
tooks: i) approx. 6 months after inoculation for symp-
toms to occur in trunks, branches and spurs of 6-year-
old ‘Ttalia’, and 9-year-old ‘Matilde’ plants; ii) 2 years
after inoculation of 13-year-old ‘Sangiovese’ vines spurs
and branches; or iii) 2 years after inoculation in 2-year-
old rootstock Kober 5BB grafted with ‘Italia’. No symp-
toms on leaves were induced. While F. punctata re-iso-
lation was successful, no other wood degrading fungi
were re-isolated. Sparapano et al. (2000a) concluded
that F. punctata (probably Fmed) could act as a primary
pathogen, and was able to colonize the grapevine woody
tissues without other previous fungal infections when
inoculated through wounds.

To gain details on the role of each fungus in “Esca
disease”, Sparapano et al. (2000b, 2001a) studied fungus-
to-fungus and fungus-to-plant interactions, both in vitro
and in planta co-inoculations. Sparapano et al. (2000b)
showed in vitro competitive interaction of F. punctata
(probably Fmed) with P. chlamydospora and antagonism
between P. aleophilum (= P. minimum) and F. punctata.
They also observed that each fungus could act as a pri-
mary pathogen by in planta inoculations. Moreover, the
effect of F. punctata (probably Fmed) on the woody tis-
sue of ‘Italia’ and ‘Matilde’ grapevines was limited by
P. aleophilum (= P. minimum) but not by P. chlamydos-
pora. Only F. punctata (probably Fmed) alone was able
to induce white rot. This fungus was re-isolated, but no
foliar symptoms were observed in the co-inoculation
experiments. Besides confirming the fungus-to-fungus
competitive and antagonistic interactions with Pch and
P. aleophilum (= P. minimum), Sparapano et al. (2001a)
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found that F. punctata causes wood discolouration fol-
lowed by limited and localised white rot lesions within
3 years after single-inoculations or all possible co-inoc-
ulations, in 5-year-old ‘Ttalia’ and 9-year-old ‘Matilde’
vines, when they were inoculated in the spurs, spreading
slightly more rapidly when trunks of plants were inocu-
lated. Fungus re-isolation was always successful, and few
foliar symptoms (even though not fully corresponding to
the typical tiger stripe pattern) were observed after 2 to
3 years from inoculation in all the inoculation combina-
tions. Non-inoculated plants (experimental controls) did
not develop foliar symptoms.

The most recent study of Fmed pathogenicity was
conducted by Amerloo et al. (2020). They inoculated
Fmed mycelium on 2-year-old rooted grapevine ‘Kolah-
dari’ cutting under controlled greenhouse conditions,
obtaining wood discolourations (but not white rot) 10
months after inoculation, confirming that white rot
formed only on old wood. The proportion of Fmed re-
isolation was approx. 60%, and no foliar symptoms were
recorded. These results were in agreement with findings
in rooted cuttings of ‘Cabernet Sauvignon’ (Laveau et
al., 2009), 1-year-old ‘Macabeo’ and ‘Tempranillo’ plants
grafted onto Richter 110 rootstock (Luque et al., 2009),
and 1-year-old rooted plants of ‘Sultana Seedless” (Akgiil
et al., 2015).

Data from pathogenicity tests of Fmed and grape-
vine are still too scarce for postulation of general con-
cepts, especially considering that multiple factors could
play a role in wood symptoms appearance (i.e. grapevine
cultivar, age, trunk portion). However, the experimental
evidence on ability of the pathogen to primarily colonize
grapevine wood, and on relationships between white rot
presence/amount and external foliar symptoms, require
further investigation, especially considering contrasting
results obtained from artificial inoculations versus the
ones obtained from curative experiments (see above).

Host specificity should also be considered. Fmed
isolates from different hosts have been used for path-
ogenicity tests on citrus trees (Elena et al., 2006).
According to the extent of wood discolouration in cit-
rus trees after inoculation with Fmed isolates from Cit-
rus, Vitis, or Actinidia, a degree of host specificity for
Citrus spp. was suggested. Other cross-pathogenicity
tests conducted by Markakis et al. (2017) shown a cer-
tain degree of host-specificity in Fmed: grapevine-iso-
lates inoculated in wood of pomegranate tree and kum-
quat tree shown shorter wood discoloration (and no
fungal re-isolation) than in pathogenicity test with iso-
lates from the same trees.

Study of host specificity for different Fmed isolates
could elucidate dissemination modes for Fmed.
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As indicated above, most wood and/or foliar vine
symptoms could be caused by enzymes, toxins and/or
other metabolites secreted by the pathogens individu-
ally or in combinations spreading through vines from
the colonised wood, together with products of host
defence reactions (Sparapano et al., 1998; Graniti et al.,
1999; Mugnai et al., 1999; Amalfitano et al., 2000, 2011;
Sparapano et al., 2000a, 2000b; Bruno and Sparapano,
2006b; Claverie et al., 2020). Recently, wood degradation
in grapevine diseases was critically reviewed in com-
parison with other tree species by Schilling et al. (2021),
reinforcing our observation that studying enzymatic and
non-enzymatic fungal degradation, together with host
defence related compounds, could be the key to under-
standing fungal adaptation to grapevine, and provide
insights into wood and foliar symptoms.

Enzymes

White rot in wood is the result of lignin, cellulose,
and hemicellulose degradation (either simultaneously or
preferentially) by extracellular enzyme activity (Blan-
chette, 1991). These enzymes include: i) carbohydrate-
active enzymes (CAZymes), such as endoglucanases
(EC 3.2.14), cellobiohydrolases (EC 3.2.1.91, classified
in the Glycoside Hydrolase family, GH), p-glucosidases
(EC 3.2.1.21) and cellobiose dehydrogenase, CDH (EC
1.1.99.18); ii) laccases (EC 1.10.3.2; p-diphenol:di-oxygen
oxidoreductases); and iii) Class II peroxidases (PODs),
such as manganese peroxidases (MnP; EC 1.11.1.13),
lignin peroxidases (LiP; EC1.11.1.14) and the versatile
peroxidases (VPs, EC 1.11.1.16) (Daniel, 2014). Auxiliary
activities (AA) redox enzymes are also considered to be
present in white rot agents: eight families of ligninolytic
enzymes and two of lytic polysaccharide mono-oxyge-
nases (LPMOs) are associated with CAZymes and Class
IT PODs, since they may contribute jointly to degrada-
tion of polysaccharides (Levasseur et al., 2013; Daniel,
2014). Carbohydrate-Binding Modules (CBMs) are non-
catalytic modules which were also found to be associated
with CAZymes, contributing to polysaccharide degrada-
tion activity (Boraston et al., 2004). All these enzymes
are currently collected for each fungus in the Carbohy-
drate Active Enzymes database (CAZy database, https:/
www.cazy.org), including its update for AA (http://www.
cazy.org/Auxiliary-Activities.html) (Levasseur et al.,
2013; Lombard et al., 2014).

Enzymes included in the pool of fungal secreted
proteins, the secretome, can be involved in Fmed patho-
genicity. Fomitiporia mediterranea and F. punctata (prob-
ably Fmed) secrete ligninolytic enzymes (such as laccases
and peroxidases), and cellulolytic enzymes (such as endo-
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1,4-B-glucanases and B-glucosidases), for which in vitro
activities in Fmed cultures have been assessed (Mugnai
et al., 1999; Bruno and Sparapano 2006a). Laccases are
known for their oxidase activity on a large set of phe-
nolic compounds, and on non-phenolic compounds in
the presence of mediators (Pérez et al., 2002). However,
the role of laccases in plant-pathogen interactions is still
discussed. Their importance in pathogenicity has been
suggested for some fungal species, such as the chest-
nut blight pathogen Cryphonectria parasitica (Murrill)
M.E. Barr, through tannin detoxification and involve-
ment in several other metabolic pathways, such as fun-
gal morphogenesis and pathogenesis (Singh Arora and
Kumar Sharma, 2010). For Fmed, Abou-Mansour et al.
(2009) purified a typical fungal 60kDa laccase from some
isolates. This enzyme oxidizes many natural polyphe-
nolic compounds. Complete lignin degradation was not
achieved alone, however, but only with the contributions
from ligninolytic class IT PODs. Three manganese per-
oxidase genes supplementing laccase activity were char-
acterized in the Fmed genome, as Fmmnpl, Fmmnp2 and
Fmmnp3 (Morgenstern et al., 2010). Cloete et al. (2015b)
highlighted the LiP activity of Fmed in vitro. It therefore
appears that Fmed produces a complete white rot-type
enzymatic pool, capable of oxidizing and mineralizing
lignin and polysaccharides. In addition, comparative
genomic studies supported laboratory data and highlight-
ed a rich enzymatic pool for Fmed. Floudas et al. (2012)
and Riley et al. (2014) showed that CDH gene copies, sev-
eral GH gene families, LPMOs and CBM family 1 (CBM1I)
genes were detected for the CAZymes pool. Other AAs
were identified for lignin degradation pathways, includ-
ing multicopper oxidases (MCO), copper radical oxidases
(CRO), benzoquinone reductase, iron permease (FTR),
and ferroxidase (Fet3) (Floudas et al., 2012). The genes
encoding for the latter five proteins have been described
as genes involved in the non-enzymatic wood degrada-
tion caused by some brown rot pathogens (Sista Kamesh-
war and Qin, 2020). This could support the hypothesis
that a similar non-enzymatic iron-dependent system
(as described by Goodell et al., 1997, for brown rot, and
by Osti and Di Marco, 2010, for the Pch and Pmin soft
rots) could also be part of the Fmed white rot process
(Moretti et al., 2019). Low Molecular Weight Compounds
(LMWC) Fe** reductants could also be involved in gen-
erating OH radicals through a mediated Fenton reaction
(Fe?* + H,0, > Fe** + "*OH + "OH), as suggested in the
Chelator Mediated Fenton (CMF) model proposed by
Goodell et al. (1997). Three studies support this hypoth-
esis, including: i) the Fmed draft genome revealed a
homologous SidA gene responsible for inducing sidero-
phore biosynthesis in Ustilago maydis (DC.) Corda (Mei
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et al., 1993; Floudas et al., 2012; Canessa and Larrondo,
2013); ii) F. punctata (probably Fmed) produces LMW
metabolites in vitro, some of which have iron-chelating
ability (Sparapano et al., 2000b; Di Marco et al., 2001);
and iii) the Fmed genome includes genes codifying for
reducing-polyketide synthase (R-PKS) which upregulate
in some brown rot fungi, and these have been related to
LMWC production likely involved in the redox chem-
istry of non-enzymatic degradation models (Goodell et
al., 1997; Riley et al., 2014; Goodell, 2020). These obser-
vations are in line with Riley et al. (2014), who observed
that the lignocellulolytic gene pathway does not capture
the prevailing paradigm of white rot/brown rot wood
decay fungi over several Basidiomycota genomes. A more
nuanced and less dichotomic categorization of rot types
could be implemented.

The Fmed genome also includes several gene copies
codifying for terpene synthase (TS), cytochrome P450
monoxygenase (CytP450) and glutatione transferas-
es (GSTs) (Floudas et al., 2012). Together with R-PKS,
TS could confer competition advantages against other
microorganisms through secondary metabolite produc-
tion (Riley et al., 2014). CytP450 could also be involved
in secondary metabolite production, and was originally
described with GSTs as part of fungal xenomes, often
associated with intracellular detoxification processes
against lignin and other secondary metabolites synthe-
sized by plants in reaction to fungus attack (Morel et al.,
2013). This could confer the “primary” pathogen charac-
ter reported by Sparapano et al. (2000a, 2001a).

Degradative enzymes (such as laccases, peroxidases
and tannases) produced by Fmed could also degrade
antimicrobial substances synthetized by host plants
(tannic acid and resveratrol), playing putative roles in
host-pathogen interactions. Moreover, detoxification
enzymes such as phenol-oxidases and peroxidases were
also detected in the contact zones of dual cultures with
Fmed and Pch or Fmed and Pmin, suggesting detoxifica-
tion activity by these enzymes against antimicrobial sub-
stances secreted by antagonistic fungi (Bruno and Spara-
pano, 2006a).

In conclusion, studying the complexity of the enzy-
matic pool, the secretome and xenome, together with
possible presence of a non-enzymatic iron-dependent
pathway, could provide further insight into Fmed-grape-
vine interactions and “Esca disease” symptomatology.

Phytotoxic compounds, organic acids, and other molecules
Toxin production and translocation to foliage via

sap flow has been often proposed as the possible cause
of “Esca disease” foliar symptoms (Claverie et al., 2020),
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Figure 7. Phytotoxins produced by Fomitiporia mediterranea, based
on relevant reports. (A), 4-Hydroxybenzaldehyde; (B), dihydroac-

tinolide; (C), 6-Formyl-2,2-dimethyl-4-chromanone. Chemical for-
mulae retrieved by PubChem (https://pubchem.ncbi.nlm.nih.gov/).

and its role in GTDs has recently been reviewed (Masi
et al., 2018). It has been postulated that an oxidative
burst triggered by the toxins in leaves could be more
likely involved in foliar symptoms appearance than tox-
ins themselves (Calzarano and Di Marco, 2018b). Toxic-
ity thresholds and possible interference with other foliar
susceptibility factors are still unclarified (Claverie et al.,
2020). Production of low molecular weight metabolites
with potential phytotoxicity was recorded (without iden-
tification) by Sparapano et al. (2000c), but phytotoxins
were identified by Tabacchi et al. (2000) in F. punctata
cultures (probably Fmed). They detected 4-hydroxyben-
zaldehyde, dihydroactinolide and 6-Formyl-2,2-dime-
thyl-4-chromanone (Figure 7), a phytotoxin related
to eutypine produced by Eutypa lata (Deswarte et al.,
1996a, 1996b; Andolfi et al., 2011). It was suggested that
hydroxyl-benzaldehyde and its derivatives (carrying the
aldehyde function) play important roles in the toxicity
of fungi implicated in “Esca disease”. Phytotoxicity was
reported only for 4-Hydroxy-benzaldehyde on living
protoplasts from V. vinifera ‘Cabernet Sauvignon’ at 10>
and 107° M, as well as on callus from V. vinifera ‘Gamay’
grown in media supplemented with different concentra-
tions of the metabolite (100, 250, and 500 mM) (Tabac-
chi et al., 2000). Further research is necessary to fully
assess phytotoxicity of fungal metabolites and their roles
in the diseases of Esca complex.

There is good correlation between fungus patho-
genesis and oxalic acid secretion (Dutton and Evans,
1996). This is especially true for wood decay agents,
where organic acids (mainly oxalic acid) may facilitate
lignocellulosic biomass degradation, due to pH acidifi-
cation, unstable and toxic divalent metal chelation, and
H,0, production (Kuan and Tien, 1993; Shimada et al.,
1994; Tanaka et al., 1994; Urzuda et al., 1998). Oxalic acid
metabolism is mainly regulated by two enzymes, i.e. oxa-
late decarboxylase (ODC, EC 4.1.1.2) and oxalate oxidase
(OXO, EC 1.2.3.4), both of which catabolize the organic
acid and reduce its level, which in high concentrations
could be cytotoxic for pathogenic fungi (Svedruzi¢ et
al., 2005; Zhuang et al., 2015). For F. punctata (probably
Fmed), despite pH lowering in liquid culture (from 6.8 to
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5.3; Sparapano et al., 2000¢), Liaud et al. (2014) observed
no organic acid production by Fmed in a comparative
liquid culture chromatography screening. However, the
presence of oxalate decarboxylase/oxidases gene copies in
the Fmed genome (Floudas et al., 2012) indicates that epi-
genetic regulation of their expression could often occur.

Basidiomycete species are well known to produce
pigments in response to abiotic and biotic stimuli, and
these pigments act as chemical mediators during interac-
tions between multiple organisms. Among them, terpene
polyketide and amino acid derivates are known to be
inducible, and to confer competition advantage (Spiteller,
2008, 2015; Halbwachs et al., 2016). In co-culture assays
with Hapalopilus rutilans (Pers.) Murrill, Fimed myce-
lium increased pigmentation earlier compared to axenic
culture, via hyperproduction of hypholomine B (Tauber
et al., 2018), suggesting a role in interaction modulation.
Interactions of Fmed with other microorganisms has been
studied by Bruno and Sparapano (2006a) and Sparapa-
no et al. (2000b, 2001b). In dual cultures with Pmin on
modified Czapek medium, Fmed colony margins turned
brown, became thicker and aerial hyphae formed ridge-
like barriers, but the fungus growth stops at the con-
tact zone. In dual cultures with Pch, after agonistic early
growth, Fmed overgrew Pch mycelium (Sparapano et al.,
2000b). The Pmin vs F. punctata (probably Fmed) antag-
onistic effect was confirmed in triple cultures with Pch
in that condition, Pch was not overgrown by the Fmed
mycelium, suggesting a suppressive role of Pmin (Spara-
pano et al., 2000b). Sparapano et al. (2001b) also studied
the possible biochemical motivation of these agonistic
and not-agonistic effects: Pmin and Pch culture filtrates,
depending on their dilution in culture media, inhibited or
reduced growth of F. punctata in Malt Extract Agar (ME).
No inhibition of Fmed in ME medium was observed for
Pmin or Pch crude organic extracts (ethyl acetate extrac-
tion of culture filtrates), purified scytalone from Pmin and
Pch (at 1 mg mL"), pullulan from Pch (at 0.2 mg mL")
and oligosaccharides up to 2.5 kDa obtained by digestion
of Pch-pullulan (2 mg mL") (Sparapano et al., 2001b).

Study of the metabolome and transcriptome of the
contact zones of different dual cultures to assess molecular
cross-talking between Fmed and its competitor, would be
worthwhile, to complete the partially studied secretome of
this pathogen (Bruno and Sparapano, 2006a).

HOST PHYSIOLOGY CHANGES AND DEFENSE
RESPONSES FOLLOWING E MEDITERRANEA
INFECTIONS

Data is sparse on changes in grapevine physiology
and defence mechanisms specifically related to Fmed.
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Effects of GTDs on grapevine physiology were
reviewed by Fontaine et al. (2016b), but no specific
responses to Fmed colonization and infection have been
reported. Nevertheless, research on re-established plant
vigour and quality grape production after 3 years from
curettage treatments (see below) has demonstrated that
white rot (where the main European decay agent Fmed
is overabundant; Fischer and Kassemeyer, 2003; Bruez
et al., 2017) probably affects grapevine physiology (Cho-
let et al., 2021). This follows observations by Ouadi et al.
(2019) on ‘Cabernet Sauvignon’ plants presenting foliar
symptoms of “Esca disease”. They linked the abundance
of necrotic wood (mainly white rot) in grapevine trunks
and cordons with a 30% reduction in vine sap flow cir-
culation, and thus leaf transpiration.

Few experiments have been performed to clarify
plant defence mechanisms against Fmed. In callus/fungus
dual culture experiments, Bruno and Sparapano (2006c)
identified a number of phenolic molecules (benzaldehyde
derivates, benzoic acid derivates, flavonols, flavonol-3-o
glycosides, quercetin 3-rhamnoside, catechins and stil-
benes) that were differentially induced in ‘Matilde’ and
‘Ttalia’ grapevines. Other studies have focused directly on
vine sap (Bruno and Sparapano, 2006b, d) or brown-red
symptomatic wood (Amalfitano et al., 2000, 2011; Agrelli
et al., 2009) of “Esca disease”-symptomatic plants. Sev-
eral stilbene-phenolic molecules were identified, which are
theoretically toxic to Fmed, that showed greater sensitiv-
ity to phenols than Pch or Pmin (Amalfitano et al., 2001,
2011). Similar results were obtained by Rusjan et al. (2017)
in wood of leaf stripe symptomatic vines, but with phe-
nolic alterations reflecting both presence of the pathogen
and wood condition in different parts of vines (trunks and
rootstocks). Rusjan et al. (2017) proposed a relationship
between the period of presence of the pathogen in differ-
ent vine portions and their phenolic profiles. However,
biomolecule concentration increases observed by Rusjan et
al. (2017) may not be related exclusively to Fmed. Diseased
plants are naturally infected by all the “Esca disease”relat-
ed fungi (Pch, Pmin, Fmed), and other possible microbial
consortia highlighted by metagenomic approaches. Nev-
ertheless, because a Fmed-Pch-Pmin interaction has been
demonstrated, a relationship is likely between those com-
pounds and Fmed (Sparapano et al., 2001b; Bruez et al.,
2020). For this reason, results from most metabolomic
studies in leaves responding to “Esca disease”™associated
pathogens should be treated with caution, when attempt-
ing to understand exact plant responses to Frmed (Goufo et
al., 2019; Moret et al., 2021). Further studies are necessary
to precisely determine grapevine metabolite production
burst specifically in response to Fmed colonization.
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Damage to host hydraulic systems caused by the
white rot necrosis could be the most important driver of
physiological effects in grapevies, but specific studies are
necessary to verify these hypotheses. To the best of our
knowledge there have been no reported studies of wood
compartmentalization specifically towards Fmed. The
metabolic changes induced by Fmed in planta could gen-
erate biochemical markers for presence of the pathogen
and wood degrading activity.

CONTROL STRATEGIES WITH A FOCUS
ON E MEDITERRANEA

Effective disease management is a major challenge in
crop protection, and particularly for disease complexes
such as “Esca disease”. Efficiency of individual control
methods for Esca complex of diseases is limited, and is
best managed using integrated disease management,
from nursery to vineyard. This includes cultural or
remedial practices, vineyard sanitation, and use of pes-
ticide chemicals or biological agents to protect grapevine
wounds from pathogen infections (Gramaje et al., 2018).
Methods to reduce or limit disease incidence, especially
against Fmed infection, are outlined below.

Disease resistance

Incidence of “Esca disease” symptoms have been
reported as cultivar-, rootstock-, and clone-related
(Marchi 2001; Fussler et al., 2008; Grosman, 2008;
Murolo and Romanazzi, 2014; Guan et al., 2016; Kraus et
al., 2019; Moret et al., 2019), but they were all related to
reduced presence of leaf symptoms, not to wood decay
development. Some hypotheses could explain cultivar
differences. Rolshausen et al. (2008) reported greater
lignin levels in ‘Merlot’ grapevines tolerant to E. lata
compared to susceptible ‘Cabernet-Sauvignon’ vines. A
similar correlation has been suggested for Fmed affect-
ing different olive tree varieties (Markakis et al., 2019).
Assessment of susceptibility of wild grapevine (V. vin-
ifera subsp. sylvestris) to Fmed could be worthwhile,
because this host has been shown to be a promising
potential source of resistance to Botryosphaeria dieback
(Guan et al., 2016). Some data are available on other
Vitis genotypes used in resistance source trials (Kraus et
al., 2019). Fischer (2019) also detected regular presence
of Fmed vegetative mycelium in rootstock mother blocks
of rootstocks SO4, 5BB and 125AA in Germany, all of
which were a cross population of Vitis berlandieri x Vitis
rupestris.
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Grapevine propagation material

The use of a good quality pathogen-free plant mate-
rial is essential to limit inoculum propagation. Although
Fmed has been shown to be present in blocks of root-
stock mother vines (Fischer, 2009, 2019), and thus the
derived plant material could be infected by “Esca
disease”-associated fungi before nursery stages or during
the propagation processes, Fmed has never been isolated
from grafted 1-year old cuttings or propagation materi-
al. Furthermore, this pathogen has not been reported in
grapevine nurseries (Larignon and Dubos 2000; Halleen
et al., 2003; Zanzotto et al., 2007; Larignon et al., 2008a;
Aroca et al, 2010; Gramaje and Armengol, 2011; Fischer,
personal communication).

Protective and curative disease control methods
Curative control

Removing white rot from diseased grapevines seems
to be efficient for reducing leaf stripe symptoms. This old
technique, called “curettage” or “trunk surgery”, consists
of cutting affected vines and removing white rot with
small precision chain saws. It provides good results; foli-
ar symptoms are reduced even several years after curet-
ting (Thibault, 2015). Cholet et al. (2021) demonstrated
how curettage in “Esca disease”-symptomatic plants
reduced foliar symptoms during 3 years after treatment,
and re-establish vine vigour and grape production. Pac-
etti et al. (2021) confirmed foliar symptom remission in
14-year-old GLSD symptomatic ‘Cabernet Sauvignon’
vines for the following 2 years after complete trunk sur-
gery, and demonstrated microbiome change induced
by the treatment. Fomitiporia mediterranea abundance
decreased after curettage, in parallel to an alpha-diversi-
ty increase in fungal population, suggesting a microbiota
shift as a likely explanation for foliar symptom reduction
during the post-curettage period.

Plant endotherapy is another promising curative
technique against white rot. This includes direct treat-
ment of white rot by drilling a vertical hole in grape-
vine trunks and injecting specific molecule solutions
(typically fungicides), aiming to reduce foliar symp-
toms. However, due to the complexity of microbial
consortia in diseased trunks, and because of the wood
peculiar structure in old cultivated vines, specificity of
the technique against Fmed needs to be refined. This
approach is the subject of ongoing research (Gellon et
al., 2017; Pacetti et al., 2019).

Sodium arsenite has been used in viticulture for a
long time as the only effective and curative treatment
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against “Esca disease” (Songy et al., 2019b), and stud-
ies on modes of action of this compound are increas-
ing. Larignon et al. (2008b) suggested Fmed as the most
sodium arsenite sensitive “Esca disease”-associated fun-
gus, and when Goddard et al. (2017) investigated the fate
of arsenite within “Esca-diseased” treated plants, they
found it concentrated in white rot necroses. Bruez et al.
(2017) demonstrated that Fmed isolations were reduced
from white rot necrotic tissue coming from sodium
arsenite treated plants. Bruez et al. (2021) showed how
in sodium arsenite treated ‘Gewiirztraminer’, ‘Chardon-
nay’ and ‘Merlot’ vines (25 to 40 years old) expressing
tiger stripe symptoms, the relative abundance of Fmed
decreased in white rot necroses and necrosis boundaries,
confirming Fmed as the most sodium arsenite sensitive
among GTDs-associated fungi (Larignon et al., 2008b).
Previously foliar symptomatic plants did not express
these symptoms after treatment, suggesting that the pos-
itive effect of sodium arsenite on GLSD was from specif-
ic toxicity to Fmed in white rot necrotic tissues and their
boundaries, where other parasitic and saprobic fungi
(Inonotus hispidus Bull. P. Karst., Lepiota brunneoincar-
nata Chodat & C. Martin) took place, increasing their
relative abundance (Bruez et al., 2021).

Except for host endotherapy, for which experiments
are ongoing, up to now curettage is likely to be the most
sustainable physical management method against Frmed.
More user- and environmentally-friendly chemical cura-
tive alternative should be proposed. The long-term effi-
cacy of curative treatments has not been fully assessed.
Data on reduction of foliar stripe symptoms provided
by these two curative techniques (curettage and sodium
arsenite) reinforce the link between GLSD and white rot,
suggesting that more studies are required on these dis-
ease management approaches.

Preventive control

Protection of grapevine pruning wounds is an essen-
tial point to reduce pathogen entry (Eskalen and Gubler,
2001; Eskalen et al., 2007). In some European countries,
some pesticide products (based on boscalid or pyra-
clostrobin) and biocontrol products (based on specific
strains of Trichoderma spp.) are available for protection
against GTDs. However, research with these products for
management of Fmed diseases has not been reported yet.

Beside the authorized and registered products con-
taining boscalid, pyraclostrobin or Trichoderma spp.,
many products or molecules have been tested in vitro for
the control of GTD pathogens, and these were reviewed
by Gramaje et al. (2018) and Mondello et al. (2018b). For
Fmed, however, only few reports are available. Chitosan
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in in vitro tests gave a low ECs, value (1.53 mg L) for
Fmed (Nascimento et al., 2007). Sensitivity of Fomiti-
poria spp. to chitosan was first reported by Bruno et al.
(2001). Incorporation of resveratrol in culture media
gave a direct antifungal effect against Fmed growth
(Mazzullo et al., 2000). Copper oxychloride and glu-
conate formulations slightly reduced Fmed mycelium
growth in vitro, with an ECs, of 11.242 mg Cu L' (Di
Marco et al., 2011). For biological control, sensitivity
of Fmed to crude protein extracts (CPE) from Bacillus
amiloliquefaciens AG1 has been recorded as 2.000 AU
mL? (Alfonzo et al., 2012). Del Frari et al. (2019b) dem-
onstrated with in vitro dual culture plates that growth
of Fmed and other “Esca disease”-associated fungi was
inhibited by Epicoccum spp., a member of ascomycet-
es which have been commonly identified in grapevine
microbiomes. No clear data have been provided about
effects of Trichoderma spp. on Fmed, in contrast to doc-
umented effects of these fungi on the growth of Pch and
E. lata (Di Marco et al., 2004b; John et al., 2005).

CONCLUSIONS AND FUTURE PERSPECTIVES

We have made careful attempts to collect and review
all relevant published information on F. mediterranea, to
stimulate debate within the GTD scientific community.
Approximately 20 years after formal classification of this
fungus, it is well established that it induces white rot
in the grapevine wood, but details of the relationships
between Fmed and GLSD essentially remain unknown.
The causes and biomolecular mechanisms of white rot,
and their relationships with external grapevine foliar
symptoms, has yet to be deciphered, especially in light
of knowledge and observations reviewed here. To fully
describe these processes could be a standing point in the
context of GTDs, and will allow viticulture to adopt new
solutions for management of grapevine trunk diseases.
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Summary. Wild plants produce abundant seeds and seedlings, but most die before
reaching maturity, and these premature deaths are often caused by pathogens. Major
genes for resistance protect some seedlings or juveniles. These selected individuals
can become a resistant, mature cohort. Alternatively, plants can exhibit mature, adult
plant resistance. These two explanations can be indistinguishable in the field, when
epidemics in natural pathosystems occur regularly resulting in annual selection for
resistance. This study included multi-year observations of a biennial plant where the
distinction could be made. White rust of Lunaria annua, a pathosystem native to the
Mediterranean Basin, took time in its introduced range in Idaho, USA, to generate
epidemics. After years of minimal white rust, an epidemic occurred in 2017 in which
first-year, juvenile plants had 20 times the sorus density of second-year, adult plants.
Since white rust incidence had been minimal for years prior to 2017, the greater
resistance of 2017 adults over 2017 juveniles may have been due to adult-plant resist-
ance. This could also be due to phenology: adult plants have mature leaves, and are
flowering and maturing seed, by the time that white rust begins to build up on leaves
of juveniles. The juvenile-adult difference was maintained in 2018. In white blister
rusts, interpretation of resistance can also be complicated by the frequency of asymp-
tomatic infections that adult plants would pass on to the next generation. However,
we found no asymptomatic infection of seeds of L. annua in our sampling of the Ida-
ho population.

Key words. Plant defense, biotrophic parasite, Brassicaceae, Albugo.

INTRODUCTION

Plants in nature vary in life history, and some pathogens only affect early
or late stages of the life history of their host plants (Agrios, 1997). For exam-
ple, damping-off pathogens attack seedlings of many plants, but wood decay
fungi only affect later stages of woody plants that may by then be many years
of age. Resistance to certain pathogens changes with the age of their host
plants. This is frequently called ‘age-related resistance’ (Panter and Jones,
2002), although ‘mature plant resistance” and ‘adult plant resistance’ are also
terms that are sometimes employed. Adult plant resistance has been inten-
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sively studied in crop hosts (e.g., wheat, maize, tomato,
Brassica spp. — Nazareno and Roelfs, 1981; Stewart et al,
1983; Bansal et al, 1999; Lin and Chen, 2007) and also
in model plants such as Arabidopsis and tobacco (Pant-
er and Jones, 2002; Develey-Riviere and Galiana, 2007).
Biennial plants are likely to be good hosts for study of
adult plant resistance in this way. First-year plants are
juveniles, and second-year plants are mature, having
flowered and set seed for the first and only time.

Lunaria annua (money plant) is a biennial native
to the Mediterranean Basin, that is introduced and
somewhat weedy in North America (Newcombe et
al, 2009). Many of the fungus and oomycete patho-
gens of L. annua have only been reported from west-
ern Europe (Farr and Rossman, 2018), where the plant
is an archaeophyte. White rusts are economically
important pathogens (Saharan and Verma, 1992), and
the host range of Albugo candida is well known (Choi
et al, 2009). The probable first specimen of white rust,
or ‘white blister rust’, of money plant, caused by Albu-
go candida, was collected in England in 1960 (BPI
184980). This disease was not reported in North Amer-
ica until 2004. in Washington State (Glawe et al., 2004),
and was collected in Oregon in 2000 and deposited in
CUP as CUP-065639. Subsequently, the disease was
found in the neighboring state of Idaho (Newcombe
et al., 2009). The present authors have made annual
observations since 2000 of this reconstituted pathosys-
tem (i.e., it is reconstituted in that both host and path-
ogen are native elsewhere).

Annual observations have been made in the Shat-
tuck Arboretum of the University of Idaho. Lunaria
annua is a common understory plant in the ‘Old Arbo-
retum’, with thousands of individuals representing each
of the two age cohorts. White rust was at very low inci-
dence and severity at the time of its discovery (New-
combe et al., 2009), and observations have been made
annually since then.

In 2017 an epidemic of white rust developed on
L. annua. The disease became obvious by early sum-
mer and juvenile plants were much more diseased than
adult plants. This epidemic was seen as an opportuni-
ty to gain insights, using observational methods, into
adult-plant resistance in a biennial, non-crop plant. In
particular, this allowed possible distinction between
selection in the juvenile phase and expression of adult-
plant resistance. Adult-plant resistance to white rust has
been noted in Arabidopsis thaliana (Holub, 2008), and
in many other pathosystems, where different names for
this phenomenon have been used (e.g., ontogenic, devel-
opmental, or age-related resistance; Develey-Riviére and
Galiana, 2007).

Diana Cervantes et alii

MATERIALS AND METHODS

Observations on white rust of Lunaria annua from 2009 to
2016

Incidence and severity of white rust were recorded
each year from 2009 to 2016, in early summer each year,
on paths through the ‘Old Arboretum’, where a robust
population of thousands of L. annua plants has been
present for several decades. Each year, incidence was
determined as the percentage of 500 plants (250 juve-
niles and 250 adults) with any white rust on any of their
leaves. Severity was determined as the number of white
rust sori on the worst affected leaf of each affected plant.

Severity of white rust during the epidemic years of 2017
and 2018

Intermixed juvenile and adult plants were scored
for while rust severity throughout the ‘Old Arboretum’
during the epidemic in early July of 2017 and 2018. A
1 m? quadrant was used to designate 26 representa-
tive quadrants containing totals of 194 adult and 348
juvenile plants. Sori were counted on each plant on the
second set of leaves from the bottom (i.e., the third and
fourth oldest leaves), that were typically the most severe-
ly affected by white rust. Each sorus was counted, occa-
sionally using a dissecting microscope to differentiate
between closely clustered sori. These data consisted of
counts of individual A. candida sori on the undersides of
the second sets of leaves of 542 plants in 2017 and 100 in
2018. This measure of incidence was conservative, in that
plants with no sori on the second set of leaves some-
times had rust sori on other leaves.

Molecular testing for Albugo candida in seeds of infected
plants

Seeds from 25 plants with some leaf white rust
infections were collected and tested for the presence of
Albugo candida. Ten seeds from each of 13 plants were
combined for testing (No. = 13). Ten seeds of each of 12
plants were tested individually (No. = 120). DNA was
extracted using the Qiagen DNeasy Plant Mini kit fol-
lowing the manufacturer’s protocol. Twenty-five micro-
liter PCR reactions were set up using Accuprime Pfx
Supermix and a two-step PCR was carried out using
oomycete- and Albugo-specific primers and conditions
described by Ploch and Thines (2011). The resulting PCR
products were visualized in a 1% agarose gel stained
with ethidium bromide.
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Statistical analyses

The Shapiro-Wilk and the Anderson-Darling tests
were used to evaluate normality of the data collected.
The data were then analyzed using the nonparametric
Kruskal-Wallis test to determine difference in disease
severity between the juvenile and adult individuals of L.
annua.

RESULTS

Observations on white rust of Lunaria annua from 2009 to
2016

Annual surveys from 2009 to 2016 inclusive, of the
500 plant samples from the population of thousands of
L. annua plants in the ‘Old Arboretum’, revealed low
white rust incidence. Each year only one to five plants
were found with white rust. Severity was also low with
from one to four sori on the worst affected leaves, that
were typically the third or fourth oldest on each affected
plant. In 2016, the last year preceding the 2017 epidemic,
incidence was negligible, with three white-rusted plants
with, respectively, two, four and four sori per most
affected leaf.

Severity of white rust during the epidemic years of 2017
and 2018

During the epidemic of 2017, 71% of 542 surveyed
plants had some white rust on the two surveyed leaves
per plant. According to this conservative measure of
incidence, 90% of 348 juvenile plants, and 36% of 194
second-year, adult plants were diseased. This was a
highly significant difference between the juvenile and
adult cohorts (x*> = 79.276, P < 0.0001). Average num-
bers of sori, as a measure of disease severity, were more
than 20 times greater on juvenile than in adult plants
(Figure 1a). This difference was also highly significant
(x* = 230.927, P < 0.0001). Numbers of sori on adult
plants averaged 4.2% of numbers on juvenile plants.
Only 1% of adult plants had 30 or more sori compared
to the 49.1% of juveniles with this white rust severity
(Figure 2a). Therefore, the second-year, adult plants had
much less white rust than first-year juveniles during the
2017 epidemic, and this difference was obvious from
visual observations.

During the epidemic of 2018, 83% of the 100 sur-
veyed plants had some white rust on the two surveyed
leaves per plant. According to this conservative meas-
ure of incidence, 96% of 50 juvenile plants, and 70% of
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Figure 1. (a) Average numbers of Albugo candida sori per plant on
Lunaria annua plants in 2017. (b) Average numbers of A. candida
sori per plant on L. annua plants in 2018.

50 second-year, adult plants were diseased. This was a
highly significant difference between the juvenile and
adult cohorts (x* = 7.1241, P = 0.0076). Numbers of sori
on leaves of juvenile plants were more than 23 times
greater than those on leaves of adult plants (Figure
1b). This difference was highly significant (x> = 58.205,
P < 0.0001). Numbers of sori on adult plants averaged
0.043% of those on juvenile plants. Only 2% of the
adult plants had 30 or more sori compared to the 80%
of juveniles with this severity (Figure 2b). Therefore,
the second-year, adult plants had much less white rust
than first-year juveniles, and this difference was visu-
ally obvious.
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Figure 2. Distributions of average numbers of Albugo candida sori
on Lunaria annua plants, in (a) 2017 and (b) 2018.

Molecular testing for Albugo candida in seeds of infected
plants

Any PCR products close to the expected size for the
Albugo-specific primers were sequenced. The sequenc-
es were very variable, and were probably randomly
attached to the host genome at multiple sites. No Albu-
go was detected in any seeds of leaf-infected L. annua.
To confirm that no Albugo was present, primers ITS 4
and ITS 5 (White et al., 1990) were used on the DNA
extracted from seeds. Only part of the ITS region of
L. annua was amplified. Sequences of Albugo or other
microorganisms were not detected.

DISCUSSION

This study has detected greater incidence and
severity of white rust in juvenile L. annua plants than
in adult plants. The study considered the possibil-
ity that greater resistance of adult plants could be due
either to prior selection for resistance or to persistent,
systemic infections. However, the observations and
data did not support these hypotheses. Instead, they
indicated that there were differing phenologies for juve-
nile and adult plants.
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Plants in this study were naturally interspersed.
However, without controlled inoculations, inferences
about juvenile and adult plant resistance face different
challenges. Firstly, there is the problem of prior selec-
tion. 2017 was the first year of a severe white rust epi-
demic, so the detection of stronger adult plant than juve-
nile resistance in that year was supported. Prior selec-
tion was unlikely given the much lower levels of white
rust in the preceding years.

A second challenge was the possibility of persis-
tent systemic infections, since simple counts of pustules
would then have been an inaccurate measure of infec-
tion. Systemic infection has been reported for Albugo
candida in some species of Brassicaceae, including Lepid-
ium campestre, Erysimum menziesii subsp. eurekense, and
Arabis lyrata (Jacobson et al., 1998). Systemic infections
frequently, but not always, result in sterile, distorted host
inflorescences that are commonly described as ‘stag-
heads’. In Brassica napus, stagheads are associated with
greatly reduced seed yields (Harper and Pittman, 1974;
Petrie, 1988). Stagheads in L. annua were not observed in
the UI Arboretum. Assessments for presence of A. can-
dida in bulked and individual seeds of 25 plants showed
no evidence of systemic infections, and no reports of sys-
temic white rust infections in L. annua have been found
in the literature. The absence of systemic infection may
in part be a function of the host responses, but there are
also likely to be differences related to host specificity that
were at first thought to be at the ‘strain’ level in A. can-
dida (Sansome and Sansome, 1974).

Another possible explanation for the present results
could be the difference in phenology of juvenile and
adult L. annua plants. Adult plants flower in the UI
Arboretum before juvenile plants begin to become
infected by A. candida. By early July, adult plants have
finished flowering and their seeds are maturing. Juve-
nile plants, in contrast, possess only relatively young and
susceptible leaves in late June and early July.

Differences in resistance between juvenile and adult
of species of Brassicaceae have been previously reported.
Adult plants usually showed greater resistance to white
rust than juvenile seedlings in a study involving growth-
chamber inoculations of Lepidium campestre, Erysimum
menziesii subsp. eurekense, and Arabis lyrata (Jacobson
et al., 1998). This was true even for new leaves of adult
plants, in that they were less susceptible than new leaves
of young seedlings in the three species examined by
Jacobson et al. (1998).

The present study has demonstrated adult plant
resistance in L. annua to white rust, and this allows
speculation on the theory of optimal host defense for
this pathosystem. This theory proposes that at the level
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of an individual host plant, defense is weakest when
tissues are most expendable, and is strongest when tis-
sues are most valuable. Vegetative tissues are consid-
ered to be more expendable, and reproductive tissues
more valuable, for overall plant fitness. This distinc-
tion has been demonstrated in another species of Bras-
sicaceae, Boechera stricta (Keith and Mitchell-Olds,
2017), in which defense-related glucosinolates were
more concentrated in reproductive than in vegetative
tissues. But this idea might be difficult to disentangle
from the phenological differences between juveniles
and adults.
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