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Abstract: Field surveys conducted on nine farms over a 2-year period showed the widespread
presence of Phytophthora-related diseases on globe artichoke plants in the main growing area in
Sardinia (Italy). Characteristic symptoms included wilting and necrosis of the outermost leaves and
dark brown discoloration of stem tissues, as well as root rot. A total of 18 Phytophthora colonies
belonging to three species were isolated and characterized. Based on morphological features and ITS
sequence data, Phytophthora isolates were identified as P. crassamura (eight isolates) and P. cactorum
(four isolates). Six isolates could not be assigned to any formally described species of Phytophthora
and are therefore described here as Phytophthora marrasii sp. nov. The ITS phylogeny places P.
marrasii in a terminal clade basal to the sister taxa (P. foliorum, P. hibernalis, P. lateralis, and P. ramorum)
of the clade 8c. In particular, P. marrasii is phylogenetically related to P. foliorum, a species from
which it differs in 62 nucleotides in the ITS region. At the same time, it can easily be distinguished
morphologically from P. foliorum mainly because of the low minimum temperature for growth, the
bigger and persistent non-papillate sporangia, and smaller oogonia. Pathogenicity tests confirmed
that all three Phytophthora species are pathogenic on globe artichokes, which represent a new host for
these pathogens.

Keywords: micropropagation; varieties; emerging pathogens; taxonomy; ITS clade8

1. Introduction

The globe artichoke (Cynara cardunculus L. subsp. scolymus (L.) Fiori) is a perennial
edible plant well adapted to the xerothermic conditions of the Mediterranean region, where
it is traditionally cultivated as an open-field crop [1,2]. The main product consists of
the immature inflorescence (capitulum), which can be used as an ingredient in several
traditional dishes [3,4]. Globe artichoke is also a multipurpose crop that can be utilized
for a series of secondary products, such as inulin, biopharmaceuticals, oil, and biomass for
energy [5-8]. Globe artichoke cultivation is based mainly on clones vegetatively propagated
via “stumps” (basal stem pieces with attached root sections) or underground dormant
buds “ovoli” [9,10]. In both traditional and emerging globe artichoke-producing countries,
a number of different varieties are cultivated, but 12 are considered to be of commercial
relevance [11-13]. The varieties can be distinguished chiefly on the basis of capitulum
morphology, colour, and harvest time [3,13].
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Italy is the leading artichoke-producing country, with a total crop area of 40,500
hectares and a total production of 388,000 tons [2]. Commercial plantings are mainly
concentrated in southern regions and on the two main islands, Sicily and Sardinia [1,2]. In
particular, Sardinia encompasses 21% of the national cultivated area with a production of
50,000 tons. The cultivar “Spinoso sardo” is the main cultivated variety as it is appreciated
by local, national, and international markets [14,15]. Recently, some cultivars with thornless
capitula, such as “Romanesco” and “Tema”, have been growing in importance thanks to
the use of micropropagated plants [4,16,17]. In Sardinia, cropping is biannual or annual,
depending on water availability and the incidence and impact of diseases [18,19].

Despite the economic importance of globe artichoke worldwide, very few studies
have addressed the diseases affecting this open-field crop. Among the main diseases
that affect the normal development of artichoke, Verticillium wilt, caused by the fungus
Verticillium dahliae, is becoming a threat to artichoke production and its industry [20-22].
Other fungal pathogens associated with artichoke crops worldwide are Athelia rolfsii (syn.
Sclerotium rolfsii), Rhizoctonia solani, two crown rot agents, and Botrytis cinerea, the causal
agent of the disease known as gray mould rot [23-27]. In Sardinia, A. rolfsii and R. solani
are considered the main yield-limiting factors due to their virulence and ability to persist
in the soil through long-living sclerotial structures [23,24,28]. To limit the impact of these
soil-borne pathogens, the artichoke crop is rotated with other crops, such as alfalfa, wheat,
or tomato [29,30]. Besides fungal diseases, several bacteria and viruses can decrease both
the productivity and quality of the crop [31-33].

Since 2018, a severe globe artichoke disease responsible for heavy yield losses has
been observed in the major artichoke-producing area in southern Sardinia. Since the
symptoms were indicative of Phytophthora root rot, but no Phytophthora species were
reported associated with globe artichoke in the literature, a survey was conducted to
establish the causal agents.

2. Materials and Methods
2.1. Sites, Sampling Procedure, and Phytophthora Isolations

An extensive field survey was performed from 2020 to 2021 in one of the most impor-
tant Sardinian globe artichoke production districts in southern Sardinia (locality Samassi)
(Table 1). Nine farms were surveyed for disease incidence, and 19 symptomatic plants
showing stunted growth, chlorosis of lower leaves, and crown and root rot were randomly
collected for diagnostic analyses (Table 1). From the same plants, rhizosphere samples
(about 300 g) were collected for Phytophthora isolation. Plant and rhizosphere samples were
sealed in plastic bags, labelled, and used for Phytophthora isolations within 48 h. In the
laboratory, artichoke samples (rhizosphere soil and necrotic roots) were placed in plastic
boxes with 2 L of distilled water. After 24 h at 20 °C, the water surface was cleaned and 5-7
young Quercus suber leaves taken from 5-months-old seedlings were placed on the surface
as bait [34]. Boxes were kept at 20 °C under natural daylight for 7 days. Leaves showing
dark-brown spots were checked for occurrence of sporangia, cut into small pieces (5 mm?),
and placed on Petri dishes containing potato dextrose agar (PDA 39 g/L, Oxoid Ltd.,
Basingstoke, UK), supplemented with 100 mL/L of carrot juice, 0.013 g/L of pimaricin,
and 0.05 g/L of hymexazol (PDA+) [35]. Hyphal tips from Phytophthora-like colonies were
taken with a sterile needle under microscope and then sub-cultured on PDA and carrot
agar (CA) [36].

Furthermore, Phytophthora isolations were performed from capitula, basal leaves, and
crown and root samples with dark-brown lesions. After disinfecting the external surface
with 70% ethanol, small fragments (5 mm?) were aseptically cut from the margin of necrotic
lesions with a sterile scalpel and placed onto 90 mm Petri dishes containing PDA+. The
plates were incubated in the dark at 18 °C and examined every 612 h for Phytophthora-like
colonies. Pure colonies were obtained as described above.
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Table 1. Details of surveyed farms and number of plants collected for Phytophthora isolation.

Farm Cultivar Origin of Plants Planting Period Sampling Period Number of Samples
F1 Romanesco Micropropagated July 2019 February 2020 3
F2 Romanesco Micropropagated July 2019 February 2020 3
F3 Romanesco Micropropagated July 2019 February 2020 1
F4 Romanesco Micropropagated July 2019 July 2020 1
F5 Romanesco Micropropagated July 2019 July 2020 1
F6 Romanesco Micropropagated July 2019 July 2020 1
F7 Romanesco Micropropagated July 2020 February 2021 3
F8 Romanesco Micropropagated July 2020 February 2021 3
F9 Romanesco Micropropagated July 2020 February 2021 3

2.2. Morphological Identification and Characterization of Isolates

All Phytophthora isolates obtained in pure culture were preliminarily grouped in
morphotypes and identified by morphological analysis (colony appearance, shape, and
size of sporangia, as well as gametangial features). Colony morphology was determined
on 7-day-old cultures incubated at 25 °C in the dark on CA, PDA, and malt extract agar
(MEA, 20 g/L, Oxoid Ltd., Basingstoke, UK). The production of chlamydospores, hyphal
swellings, and sporangia was evaluated on CA. To enhance sporangia production, mycelial
agar plugs (5 mm diameter) taken from the margin of actively growing colonies (4-day-old)
on CA were placed with mycelial side up in Petri dishes containing unsterile pond water
and 3 Quercus suber roots 1 cm long [36]. Petri dishes were kept at 12-18 °C in the dark,
and sporangia production was assessed every 12 h for 4 days. Gametangial production
in single culture was examined on CA Petri dishes (90 mm) incubated for 21 days in the
dark at 18 °C. The mating behaviour was also tested in dual culture on CA, pairing two
isolates of the same species together or with a heterothallic isolate of the known mating
type (Al and A2) of Phytophthora cambivora [CB67 (A1); CB1 (A2)], P. cinnamomi [CBS 144.22
(A2)], P. citrophthora [CB314 (A1)], and P. nicotianae [CB315 (A1); CB316 (A2)], as described
by Brasier [37]. In addition, gametangial induction was studied, placing a 5 mm diameter
plug from the edge of an actively growing colony on CA incubated at 18 °C in the dark for
5 days in Petri dishes with 5 mL of unsterile pond water.

The effect of temperature on growth was tested in vitro on 90 mm CA Petri dishes
incubated at 2, 5, 10, 15, 19, 20, 23, 25, 27, 28, and 30 °C (£0.5 °C) in the dark. In more detail,
agar plugs (5 mm diameter) taken from 4-day-old colonies, growing at 20 £ 0.5 °C on
CA, were placed top side down in the centre of new media plates, with five replicates per
isolate. After 96 h, the diameter of resulting colonies was measured twice at right angles
on each plate and then averaged after subtraction of the original plug diameter.

Measurements and photos of the main morphological structures (chlamydospores,
hyphal swellings, sporangia, oogonia, and antheridia) were taken at 400x and 600x mag-
nification and recorded using the software Motic Images Plus 3.0, paired with a Moticam
10+ camera connected to a Motic BA410E microscope. Dimensions of the morphological
structures are presented as mean values £ standard deviation of 50 measurements.

Representative isolates of each species were stored on PDA and CA slants under oil in
the culture collection of the Dipartimento Territorio e Sistemi Agro-Forestali, Universita
degli Studi di Padova. Ex-type culture of the new species was deposited at the Westerdijk
Fungal Biodiversity Institute, Utrecht, The Netherlands, and nomenclatural data in My-
coBank (www.MycoBank.org, accessed on 16 July 2021). The holotype was lodged with the
herbarium of Westerdijk Fungal Biodiversity Institute as a dried culture on CA.

2.3. DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and Sequencing

The identities of all isolates were confirmed by DNA sequence analysis. Genomic DNA
was extracted from mycelium of 4-day-old cultures, as described by Linaldeddu et al. [38].
The entire internal transcribed spacer (ITS) region of the ribosomal DNA, including the 5.85
rRNA gene, was amplified and sequenced using primers ITS1 and ITS4 [39]. ITS sequences
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were used to confirm the identification at species level. For the isolates of the new species,
another two DNA regions, namely f-tubulin (Btub) and cytochrome c oxidase subunit
I (cox1), were amplified and sequenced using the primer-pairs TUBUF2/TUBUR1 and
FM84 /FM83 [40,41]. PCR amplification conditions and reaction mixtures were performed,
as described by Bregant et al. [34].

PCR products were purified using a EUROGOLD gel extraction kit, according to the
manufacturer’s instructions (EuroClone S.p.A., Pero, Italy). Both strands were sequenced
by BMR Genomics DNA sequencing service (www.bmr-genomics.it (accessed on 16 July
2021)). Sequences were edited with FinchTV v1.4.0 (http:/ /www.geospiza.com/finchtv
(accessed on 16 July 2021)) and compared with sequences of ex-type culture deposited in
GenBank. New sequences were deposited in GenBank (Tables 2 and 3).

Table 2. Phytophthora isolates belonging to clade 8 included in the Maximum Likelihood (ML) analyses. Ex-type cultures are

given in bold typeface, and sequences obtained in this study are indicated in italics.

GenBank Accession Number

Species Code Host ITS Btub cox1

P. austrocedrae CBS 122.911 Austrocedrus chilensis MG783380 - -

P. austrocedrae AG318 A. chilensis KU953997 - -

P. brassicae CBS 179.87 Brassica oleracea NR147859 - -

P. brassicae CBS 112277 B. oleracea KC478766 - -

P. cichorii CBS 115029 Cychorium intybus KC478773 - -

P. cichorii CBS 115030 C. intybus KC478775 - -

P. cryptogea CBS 113.19 n/d MG865483 - -

P. cryptogea SCRP 205 Solanum tuberosum AY659423 - -

P. dauci CBS 127102 Daucus carota MH620160 - -

P. dauci CBS 114039 D. carota KC478762 - -

P. drechsleri CBS 292.35 Beta vulgaris MG865484 - -

P. drechsleri LEV 6732 Petunia x hybrida MHO025882 - -

P. erythroseptica CBS 129.23 Solanum tuberosum MG865486 - -

P. erythroseptica MUC 837 S. tuberosum MG196242 - -
P. foliorum CBS 121655 Rhododendron sp. MGB865492 MH493937 MH136889

P. foliorum FC160118 R. ponticon KX364273 - -
P. foliorum P10969 Rhododendron sp. HQ261561 - HQ261308
P. hibernalis CBS 114104 Citrus sp. MG865506 MH493948 MH136900

P. hibernalis CBS 270.31 Citrus sinensis KT183039 KX252120 -
P. hibernalis 116-0007 n/d MF441623 - MF441668

P. lactucae P19872 Lactuca sativa MH620161 - -

P lactucae BPIC1988 L. sativa KC478770 - -
P. lateralis CBS 168.42 Chamaecyparis sp. MG865522 MH493964 MH136917
P. lateralis P2522 C. lawsoniana JQ837654 JQ837665 JQ837677
P. marrasii CB150 Cynara scolymus MZ569854 MZ7603724 OK054535
P. marrasii CB149 C. scolymus MZ569855 Mz603723 OK054536

P. medicaginis CBS 119902 Medicago sativa MG865532 - -

P. medicaginis 23A4 M. sativa KF358223 - -

P. obscura CBS 129273 Soil MG865554 - -

P. obscura 6.18 Acer pseudoplatanus MN228692 - -

P. porri CBS116662 Allium porrum KC478749 - -

P. porri CBS127099 A. porrum KC478750 - -

P. primulae CBS 114346 Primula polyantha MG865571 - -

P. primulae CBS110162 Primula sp. HQ643324 - -

P. pseudocryptogea CBS 139749 Isopogon buxifolius KP288376 - -

P. pseudocryptogea SUC 633 Solanum melongena KP099906 - -
P. ramorum CBS 101553 Rhododendron sp. MG865581 LC595884 MH136973
P. ramorum P2058 Rhododendron sp. MW300319 MW323707 MW323671

P. sansomeana CBS 117693 Glycine max MG865585 - -

P. sansomeana KSSO 6-47 G. max KU209481 - -

P. syringae CBS 110161 Syringa vulgaris MG865590 - -

P. syringae CBS 364.52 Prunus armeniaca HQ643358 - -

P. trifolii CBS 117687 Trifolium sp. MG865594 - -

P. trifolii P1462 Trifolium sp. HQ261719 - -
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Table 3. Disease severity detected on globe artichoke plants inoculated with the representative
Phytophthora isolates obtained in this study.

Scheme Isolate Code GenBank Accession Disease Re-Isolation
Number Severity * Frequency (%)
P. cactorum CB266 MZ569852 29+03 100%
P. crassamura CB267 MZ569853 25405 100%
P. marrasii CB150 MZ569854 1.9+ 0.6 100%
Control - - 1 (asymptomatic) -

* Data are presented as mean values + standard deviation.

2.4. Phylogenetic Analysis

Single and multi-gene phylogeny based on concatenated ITS/Btub and ITS/cox1
sequences was used to reconstruct evolutionary relationships among two Phytophthora
isolates obtained in this study and the 20 formally described Phytophthora species in the
clade 8, including ex-type culture (Table 2).

Sequences were aligned with ClustalX v. 1.83 [42], using the parameters reported by
Bregant et al. [34]. Alignments were checked and edited with BioEdit Alignment Editor v.
7.2.5 [43].

Maximum likelihood (ML) analyses were done with MEGA-X 10.1.8 [44]. MEGA-
X was also used to determine the best fitting DNA evolution model to be used for ML
analysis. All gaps were included in the analyses. ML analysis was performed with a
neighbour-joining (NJ) starting tree generated by the software. A bootstrap analysis (1000
replicates) was used to estimate the robustness of nodes. Alignments and trees are available
in TreeBase (studies 28540, 28541, and 28728).

2.5. Pathogenicity Tests

Pathogenicity of the Phytophthora species obtained in this study was evaluated on
1-month-old globe artichoke plants grown in plastic pots (0.3 L volume). Ten seedlings (cv.
Romanesco) were inoculated for each Phytophthora species using the isolates CB266, CB267,
and CB150. The same number of globe artichoke seedlings were used as the control.

Inoculation was performed on the upper surface of the leaf. The inoculated point was
initially surface-disinfected with 70% ethanol and an agar-mycelium plug (3 mm diameter),
taken from the edge of an actively growing colony on PDA, applied on the leaf surface
with the mycelial side down. Four leaves were inoculated for each plant. The inoculation
point was covered with cotton wool soaked in sterile water. Controls were inoculated with
a sterile PDA plug. All inoculated seedlings were kept in a climatic chamber at 24 °C and
watered daily. After 5 days, all plants were checked for the presence of disease symptoms
and the disease severity was estimated on the basis of the proportion of wilted foliage
following the scale: 1 = no disease; 2 moderate = partial wilt of leaves; 3 severe = wilted
leaves, death of the plant.

Re-isolation was performed from necrotic leaves. Small fragments were taken ran-
domly around the leaves and placed onto PDA+. Growing colonies were sub-cultured onto
CA and PDA, incubated in the dark at 18 °C and identified by analysis of the ITS region to
confirm Koch’s postulates.

3. Results
3.1. Symptomatology and Aetiology

Field surveys conducted on nine farms over a 2-year period showed the widespread
presence of Phytophthora-related diseases in globe artichokes in the main producing area
in Sardinia. Characteristic symptoms were represented by stunted growth, wilting and
necrosis of basal leaves, dark brown discoloration of stem tissues, and crown and root rot.
Furthermore, the plants eventually died (Figure 1). In addition, dark brown lesions with
water-soaked halos were observed on bracts; the lesions often merged, affecting the entire
capitula. Symptoms were more severe on inner bracts.
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Figure 1. Overview of disease symptoms observed on globe artichokes: artichoke plantation severely impacted by the
disease: red arrows indicate dead plants, whereas yellow arrows indicate plants with stunted growth and leaf symptoms
(a); progressive wilting symptoms (b—d); dark brown lesions on bracts, basal stem and roots (e-g). Colony morphology of
Phytophthora cactorum (h), P. crassamura (i), and P. marrasii (j) after 7 days growth at 25 °C on CA in the dark. Symptoms
observed on globe artichoke plants 5 days after inoculation with P. cactorum (k,0), P. crassamura (1,p), and P. marrasii (m,q).
Control plants (n,r).

The 19 field-collected samples yielded a total of 18 Phytophthora colonies belonging
to three species placed in three different clades. Based on morphological features, colony
appearance, and ITS sequence data, Phytophthora isolates were identified as P. crassamura
(eight isolates) and P. cactorum (4). In addition, six isolates, on the basis of morphological
features and DNA sequence data, could not be assigned to any formally described species
of Phytophthora and are therefore described here as Phytophthora marrasii sp. nov.

Phytophthora crassamura was the most common species detected in this study. Isolates
were obtained from necrotic plant tissues and rhizosphere samples collected on six farms.
Phytophthora cactorum was isolated from four samples (root and basal stem) collected on
two farms, whereas the new Phytophthora species was obtained from symptomatic plant
tissues on two farms. The plant mortality rates, especially in two-year-old plantations,
were very high, with losses close to 30-40%. In particular, farm F1 was the most impacted
by the disease.
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3.2. Phylogeny Clade 8

Phylogenetic relationships among the described Phytophthora species belonging to
clade 8 sensu Griinwald et al. [45] and the two isolates obtained in this study from artichokes
were elucidated using ITS sequences. In addition, for species belonging to the subclade
8c, phylogenetic relationships were studied using concatenated ITS and Btub sequences,
as well as ITS and cox1 sequences. Fragments of approximately 800, 920, and 700 bp were
obtained for ITS, Btub, and cox1 regions, respectively.

The ML evolutionary reconstruction allowed for the differentiation of 21 distinct

species within clade 8 (Figure 2).

CBS129.23 - P. erythroseptica
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Figure 2. Maximum likelihood tree obtained from ITS sequences of Phytophthora species belonging
to clade 8. Data are based on the General Time Reversible model. A discrete Gamma distribution
was used to model evolutionary rate differences among sites. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. Bootstrap support values in percentage are

given at the nodes. Ex-type cultures are in bold.

The monophyly of each of the previously recognized four subclades was generally
well supported, and the two artichoke isolates clustered together in a well-supported
terminal clade (ML bootstrap = 100%) basal to sister species in the subclades 8c. Therefore,
they were considered to represent a new species, described here as Phytophthora marrasii
sp. nov.

Phylogenetic relationships of Phytophthora species belonging to subclade 8c based on
the sequence data from concatenated ITS/Btub and ITS/cox1 regions were in accordance
with that obtained with ITS sequences. Topology and branch lengths of maximum like-
lihood analysis are shown in Figures 3 and S1. Phylogenetically, the new Phytophthora
species, is closely related to P. foliorum, from which it can be distinguished on the basis of
62,41, and 49 bp in ITS, Btub, and cox1 loci, respectively. The other evolutionarily closest
species, P. ramorum, differs by a total of 153 nucleotides in the studied DNA regions.
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100/ CBS 114104 - P. hibernalis

| CBS 270.31 - P. hibernalis

100 | CBS 168.42 - P. lateralis
] |P2522 - P. lateralis
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100 CBS 101553 - P. ramorum
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0.010

Figure 3. Maximum likelihood tree obtained from concatenated ITS and Btub sequences of Phytoph-
thora species belonging to clade 8c. Data are based on the general time reversible model. A discrete
Gamma distribution was used to model evolutionary rate differences among sites. The tree is drawn
to scale, with branch lengths measured in the number of substitutions per site. Bootstrap support
values in percentages are given at the nodes. Ex-type cultures are in bold.

3.3. Taxonomy

Phytophthora marrasii Bregant, Rossetto, and Linaldeddu sp. nov. (Figure 4).

MycoBank: MB840582.

Etymology: in honour and memory of Professor Francesco Marras for his outstanding
work on globe artichoke diseases.

Holotype: CBS H-24776.

Host/distribution: globe artichoke plants with crown and root rot symptoms in
Sardinia (Italy).

Description: Sporangia were abundantly produced on CA plugs flooded in unsterile
pond water after 36-72 h of incubation at 18 °C on simple sporangiophores. Morphology
of sporangia: persistent, non-papillate, from ovoid to ellipsoid, less frequently elongated,
sometimes with distorted shapes, constrictions, with a tapered base or a conspicuous basal
plug (Figure 4). Sporangia average 74.2 = 19.2 x 30.9 & 5.1 um (total range 47.8 — 132.6 x
21.6 — 41.6 um), with a length /breadth ratio of 2.4 & 0.2 (n = 50). Sporangial proliferation,
usually external, sometimes internal, both nested and extended (Figure 4). Zoospores
were abundantly produced in liquid cultures after 3648 h at 18 °C (Figure 4). Hyphal
swellings globose to subglobose, lobate, or irregular (Figure 4). Spherical chlamydospores
principally terminal were rarely produced on CA (Figure 4). Chlamydospores average 24.9
£ 4.2 um (total range 17.4 to 31.1 um). None of the P. marrasii isolates studied produced
gametangia in single culture or when paired with other P. marrasii isolates or with Al
and A2 tester strains of P. cambivora, P. cinnamomi, P. citrophthora, and P. nicotianae on
CA, whereas all isolates formed oogonia abundantly in single culture when flooded with
non-sterile pond water. Smooth wall oogonia with an average of 30.7 £ 3.1 um was
principally terminal. Oospores spherical and usually aplerotic average 28.4 4= 2.8 um.
Antheridia average 10.5 £ 1.9 x 9.1 & 1.5 um hyaline, rounded, club-shaped, or irregular
mostly amphigynous (98%), rarely paragynous (2%).

Cultural characteristics: colony growth pattern cottony on PDA with an irregular
border, stellate on MEA, and rosaceous to stellate on CA. On the PDA and MEA colony,
growth was slow, whereas on the CA colony, growth reached a 62 mm diameter in 7 days
at 23 °C.

Cardinal temperatures for growth: minimum < 2 °C, maximum > 28 °C, and optimum
23 °C. Isolates failed to grow at 30 °C, and mycelium did not resume growth when plates
were moved to 20 °C (Figure S2).
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Figure 4. Colony morphology of Phytophthora marrasii (CB150) after 7 days growth at 25 °C on PDA (a), MEA (b), and CA
(c). Non-papillate and persistent sporangia (d-h), release of zoospores (i,j), internal (k1) and external (m) proliferations,
intercalary hyphal swellings (n), and a terminal chlamydospore (0). Oogonium with an amphygynous antheridium (p).

Scale bars = 20 um.

Material examined: ITALY: Samassi, isolated from a globe artichoke root, 17 February
2021, collected by B.T. Linaldeddu, isolated by Carlo Bregant, HOLOTYPE CBS H-24776, a
dried culture on CA, culture ex-holotype CB150 = CBS 148033. ITALY: Samassi, isolated
from rhizosphere and fine roots of a globe artichoke plant, 17 February 2021, collected by
B.T. Linaldeddu, isolated by Carlo Bregant (isolate CB149).

Notes: Phytophthora marrasii differs from the closely related species P. foliorum and P.
ramorum through a combination of unique morphological and molecular features, such as
sporangia shape and sizes, cardinal temperature values, as well as a total of 152 (P. foliorum)
and 153 (P. ramorum) fixed nucleotide differences in the ITS, Btub, and cox1 sequences.

3.4. Pathogenicity Tests

All three Phytophthora species were shown to be pathogenic on globe artichokes. After
5 days, all plants inoculated with P. cactorum, P. crassamura, and P. marrasii displayed symp-
toms such as leaf chlorosis and collar and stem rot; the symptoms caused by P. cactorum
were markedly more severe than those caused by other species (Table 3). Phytophthora
cactorum rapidly colonized the entire plants, causing wilting symptoms and eventually
death of the plants (Figure 1). Phytophthora crassamura and P. marrasii were shown to be less
aggressive, although all the plants at the end of the test were symptomatic (Figure 1).

Control plants inoculated with sterile PDA plugs remained symptomless. All three
Phytophthora species were successfully re-isolated from aerial tissues of all plants, thus
fulfilling Koch’s postulates. No Phytophthora colonies were isolated from control plants.
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4. Discussion

Diseases caused by Phytophthora species are reported in a wide range of economi-
cally important vegetable crops worldwide [46—48]. Despite the wide diffusion of globe
artichoke cultivation in countries with a Mediterranean climate, little is known about the
susceptibility of this winter-crop plant to the Phytophthora species.

Until now, studies on globe artichoke diseases have chiefly concerned the attacks
of soil-borne fungal pathogens, such as A. rolfsii, R. solani, and Sclerotinia sclerotiorum
agents of crown and root rot, wilting, and leaf chlorosis [23,25,27]. In addition, V. dahliae is
reported as the main vascular pathogen worldwide [20,22]. Among the oomycetes, Pythium
aphanidermatum is the only species reported as a root rot agent in California [49].

Investigations conducted in this study allowed us to expand knowledge about globe
artichoke diseases and to detect severe attacks of Phytophthora spp. in the main globe
artichoke producing area in Sardinia. In particular, diagnostic analysis allowed us to isolate
and characterize three species of Phytophthora, which are reported here for the first time on
globe artichokes. Inoculation experiments conducted on globe artichoke plants confirmed
that all three Phytophthora species are pathogenic, supporting their direct involvement in
the severe mortality that is currently threatening this herbaceous winter-crop in Sardinia.
The species obtained are representative of three phylogenetic clades and included two
previously known species: P. cactorum and P. crassamura, as well as a previous unknown
species, described here as P. marrasii sp. nov.

Phytophthora marrasii was found to be associated with collar and root rot symptoms
of globe artichoke plants. Phylogenetically, P. marrasii resides in clade 8, which currently
encompasses 21 species, and is split into four subclades, which include species typical of
both the agricultural and forestry fields [48,50]. The ITS phylogeny places P. marrasii in a
terminal clade basal to the sister taxa (P. foliorum, P. hibernalis, P. lateralis, and P. ramorum) of
clade 8c. In particular, P. marrasii is phylogenetically related to P. foliorum, a species from
which it differs in 62, 41, and 49 nucleotides in the three DNA regions studied, respectively.
At the same time, morphologically, P. marrasii can easily be distinguished from P. foliorum,
mainly because of the low minimum temperature for growth, the bigger and persistent
non-papillate sporangia, and smaller oogonia. None of the P. marrasii isolates obtained in
this study produced gametangia in single or dual culture nor when paired with Al and A2
tester isolates of different Phytophthora species. Isolates of Phytophthora species that appear
sterile on suitable vegetable-based media, such as CA, may produce oogonia under specific
external stimuli, suggesting a functioning but dormant breeding system [37,46,51]. This
aspect has been observed for other species of Phytophthora [48,52].

Ecologically, P. marrasii is closer to the Phytophthora species of subclade 8b because
all of them are host-specific pathogens of herbaceous crops, whereas the sister species of
subclade 8c (P. foliorum, P. hibernalis, P. lateralis, and P. ramorum) are typically associated with
foliar blight, twig blight, and bleeding stem cankers on ornamentals and woody hosts in
both timber plantations and natural ecosystems [48,53-55]. Interestingly, except P. marrasii,
all clade 8c species known to date are characterized by caducous sporangia functional to
aerial infections on leaves, twigs, and branches on ornamentals and trees [55-59].

In the present study, P. crassamura was the most frequent Phytophthora species iso-
lated from the globe artichoke samples. Phytophthora crassamura was originally described
in Sardinia from a Picea abies seedling and rhizosphere of Juniperus phoenicea [60] and
more recently has been reported on several declining hosts in California, Australia, and
Turkey [61,62]. Its reports have increased in the last years in both natural and semi-natural
environments with a Mediterranean climate. A re-evaluation of ITS sequences deposited
in GenBank as P. megasperma revealed that P. crassamura was previously recorded from
different herbaceous plants, including Brassica napus and Solanum tuberosum in Australia
(WPC P6820 and P7105) [60,63].

Phytophthora cactorum was the most aggressive species detected in this study. It is
a widespread pathogen in natural environments and agriculture ecosystems in Europe,
America, Asia, and Australia [64-66]. In the agriculture sector P. cactorum causes signif-
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icant economic losses in strawberry production worldwide [67,68]. Phylogenetically, P.
cactorum falls within the phylogenetic clade 1, together with other Phytophthora species,
such as P. infestans and P. phaseoli, notorious for the severe diseases caused to agricultural
plants [69,70].

All three Phytophthora taxa represent a new threat to globe artichoke production and
need to be properly managed. This could be achieved through a combination of agronomic
and phytosanitary practices, such as the selection of resistant varieties, adoption of proper
irrigation practices, avoiding rotation with susceptible crops, and through the use of
chemical treatments, although the oomycota fungicides currently available are very limited.
The constant discovery of new Phytophthora diseases on crops [71-73] has exacerbated the
problem of the correct management of these pathogens, emphasizing the need for new
bioactive molecules [74].

5. Conclusions

Over the last decade, new Phytophthora species have continued to be discovered at an
accelerated rate, especially in forest ecosystems and nurseries [75], whereas relatively few
new species have been described from herbaceous crops [48]. The discovery of this new
Phytophthora species emphasizes the importance of expanding the surveys on Phytophthora
species associated with agricultural herbaceous crops to study disease potential, cycles
of infection, survival strategies, and resistance to agrochemicals. In the specific case of
P. marrasii, it will be interesting to evaluate the globe artichoke varietal resistance to this
pathogen. Globe artichoke biodiversity in the Mediterranean area is vast, but the risk
of genetic erosion posed by the limited number of vegetatively propagated varieties is
high [76]. Sardinia harbours many artichoke varieties, representing an inestimable source
of germplasm [77]; however, recently, to meet market needs and increase productivity,
micro-propagated plants have been increasingly used [9]. The low temperature value
for growth and a high production of sporangia in a temperature range between 12 and
18 °C suggest that P. marrasii is well adapted to infect winter crops and survive in the
Mediterranean winter.

The origin of P. marrasii is not known. A survey is currently in progress to map the
distribution of P. marrasii in Sardinia and to establish the natural and potential host range
of this new faxon, as well as the possible threat posed to woody plants of the Mediterranean
maquis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture11090873/s1, Figure S1: maximum likelihood tree obtained from concatenated ITS
and cox1 sequences of Phytophthora species belonging to clade 8c. Data are based on the General Time
Reversible model. A discrete Gamma distribution was used to model evolutionary rate differences
among sites. The tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. Bootstrap support values in percentage are given at the nodes. Ex-type cultures are in bold,
Figure S2: mean colony diameter (£ standard deviation) of P. marrasii (isolates CB149 and CB150)
after 96 h on CA in the dark at different temperatures.
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