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Abstract: Monitoring surveys of Phytophthora related diseases in four forest nurseries in Italy revealed
the occurrence of fourteen Phytophthora species to be associated with collar and root rot on fourteen
plants typical of Mediterranean and alpine regions. In addition, a multilocus phylogeny analysis
based on nuclear ITS and £-tubulin and mitochondrial cox1 sequences, as well as micromorphological
features, supported the description of a new species belonging to the phylogenetic clade 7c, Phytoph-
thora mediterranea sp. nov. Phytophthora mediterranea was shown to be associated with collar and root
rot symptoms on myrtle seedlings. Phylogenetically, P. mediterranea is closely related to P. cinnamomi
but the two species differ in 87 nucleotides in the three studied DNA regions. Morphologically P.
mediterranea can be easily distinguished from P. cinnamomi on the basis of its smaller sporangia, colony
growth pattern and higher optimum and maximum temperature values. Data from the pathogenicity
test showed that P. mediterranea has the potential to threaten the native Mediterranean maquis vegeta-
tion. Finally, the discovery of P. cinnamomi in alpine nurseries, confirms the progressive expansion of
this species towards cold environments, probably driven by climate change.

Keywords: cryptic species; emerging diseases; global trade; biosecurity

1. Introduction

Over the last few years, the horticultural industry has had a progressive expansion
worldwide, which resulted in an increase in the trade of plants and commodities among
continents [1,2]. In Italy, the horticulture industry is an important component of the
agricultural sector; its production covers over 30,000 hectares with 100,000 employees and
has a sellable production of about 2.5 billion euros per year [3].

Over the last few decades, the exponential increase in plant materials and commodities
traded, together with limited and often ineffective diagnostic measures to detect pests and
pathogens at the borders have contributed to a rapid diffusion of exotic and invasive species
worldwide [4,5]. Among the most destructive pathogens that are introduced annually
through trade and transport of plant material, many belong to the genus Phytophthora [6,7].

The genus Phytophthora encompasses a range of morphologically and ecologically
diverse taxa grouped into 12 well-defined phylogenetic clades [8-10]. Some species have a
saprophytic or opportunistic lifestyle, whereas others are aggressive pathogens that cause
root and collar rot, bleeding canker and leaf blight symptoms in a huge number of plant
species [11,12]. In particular, Phytophthora spp. are responsible for severe outbreaks with
reduced vitality and quality of nursery plants [13]. In addition to the direct economic losses
caused to the horticulture industry, Phytophthora spp. pose a threat to biodiversity of natural
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ecosystems as they are often introduced through the seedlings used for reforestation and
restoration programmes [14-16]. In this regard, the P. ramorum and P. lateralis outbreaks in
North America and P. cinnamomi in Australia are emblematic, having caused the devastation
of extensive ecosystems [17-20].

Due to intensive cultivation techniques and the occurrence of different plant species
in an often limited space, nurseries are an ideal place for many Phytophthora species [13].
Moreover, the proximity of many plant species and possible encounters between genet-
ically related species can easily give rise to new host—pathogen associations as well as
hybridization phenomena [21]. High-humidity conditions and recurrent water irrigation
can also favour the reproduction and dissemination of these pathogens [22-25]. Many
Phytophthora species, in fact, need water to complete their biological cycle [13,26]. Further-
more, many agronomic practices such as recycling of soil and pots could be pervasive
to increase Phytophthora inoculum inside nurseries [13,27-29]. At the same time, the in-
tensive use of chemicals can promote the formation of fungicide-resistance in pathogen
populations [30-32].

Phytophthora occurrence in North American, Australian and European nurseries is well
documented [33-39]. The increased attention paid to Phytophthora species in the last decade
has allowed the knowledge about biology and ecology of many species to be expanded, as
well as the discovery of about 30 new species in nurseries [10]. Some of these new faxa are
related to the aquatic environment and characterized by a saprophytic lifestyle [40—44]. In
contrast, others such as P. niederhauserii and P. kernoviae are polyphagous and potentially
invasive [45,46].

With the expansion of ornamental horticulture, Phytophthora related diseases are also
becoming a serious problem in Italy. Recent studies have revealed a very high diversity of
Phytophthora species in ornamental nurseries [47,48]. This is linked both to the widespread
presence of invasive and ubiquitous species such as P. nicotianae and P. palmivora, but also
of new species, such as P. parvispora, a cryptic species closely related to P. cinnamomi [48,49].
At the same time, the discovery of rare species on nursery plants, such as Phytophthora
pistaciae, characterized by a limited geographic distribution points out the risks posed
by nursery material to the conservation and integrity of natural ecosystems in the new
areas [50].

Therefore, given the constant discovery of new or rare Phytophthora species in Italian
nurseries, a thorough study was conducted to isolate, identify and characterize the main
Phytophthora species associated with symptomatic plants in four nurseries spanning from
the Mediterranean to the alpine climate region.

2. Materials and Methods
2.1. Surveys and Sampling Procedure

Field surveys were conducted from spring 2019 to autumn 2020 in four Italian forest
nurseries located in Sardinia (N1 and N2), Veneto (N3) and Friuli Venezia Giulia (N4)
regions (Table 1). In each nursery, all potting plants between 6 months and 5 years were
visually checked for the presence of Phytophthora related disease symptoms such as chloro-
sis, defoliation, shoot blight, sudden death, as well as collar and root rot. Among the
monitored plants, 76 were randomly selected for diagnostic analyses. The sampled species
included Abies alba, Arbutus unedo, Alnus incana, Castanea sativa, Fagus sylvatica, Helichrysum
italicum, Ilex aquifolium, Juglans regia, Laurus nobilis, Lavandula officinalis, Myrtus communis,
Phyllirea latifolia, Pistacia lentiscus and Quercus ilex (Table 1). The plant samples were sealed
in plastic bags, labelled and used for Phytophthora isolations within 2448 h.
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Table 1. Nurseries information and plant species monitored for Phytophthora.
Elevation Geographic -

Nursery (m. a.s.l.) Coordinates Plant Species
N1 860 40°25'54"" N 8°58'43"" E Cs (12),Ia (6), Jr (12), Ln (6), Phl (6)
N2 16 39°57'43" N 8°36'02"' E Au (4), Hi (4), Lo (2), Mc (3), P1 (7), Qi (6)
N3 1077 46°06'54"' N 12°26/05"" E Aa (2),Fs (2)
N4 191 46°11'51"" N 13°14/13" E Ai (4)

* In brackets the number of plants collected: Abies alba (Aa), Arbutus unedo (Au), Alnus incana (Ai), Castanea sativa (Cs), Fagus sylvatica (Fs),
Helichrysum italicum (Hi), Ilex aquifolium (Ia), Juglans regia (Jr), Laurus nobilis (Ln), Lavandula officinalis (Lo), Myrtus communis (Mc), Phyllirea
latifolia (Phl), Pistacia lentiscus (P1) and Quercus ilex (Qi).

2.2. Isolation of Phytophthora Species

In the laboratory, plant samples were initially checked for collar and root symptoms
and then used for Phytophthora isolation. From each sample about 300 g of rhizosphere
soil and roots were positioned inside plastic containers with 2 L of distilled water. After
24 h the water surface was cleaned and young Quercus suber and Sambucus nigra leaves
placed on the surface as bait [51]. Containers were kept at 20 °C under natural daylight
for 3-7 days. Leaves showing necrotic spots were cut in 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+) [50]. Hyphal tips typical of Phytophthora from the emerging colonies
were sub-cultured on PDA and carrot agar (CA) [11] and incubated at 20 °C in the dark.

Isolations of Phytophthora species were also performed from collar and root lesions.
After removing the outer bark, inner bark fragments were aseptically cut from the margin
of necrotic lesions with a sterile scalpel and placed onto 90 mm Petri dishes containing
PDA+. The dishes were incubated in the dark at 20 °C and examined every 6-12 h. Pure
colonies were obtained as described above.

2.3. Morphological Identification and Characterization of Isolates

All Phytophthora isolates were grouped into morphotypes on the basis of colony
growth patterns including surface and reverse colony appearance observed after 7 days of
incubation on PDA and CA at 20 °C in the dark and morpho-biometric data of oogonia and
sporangia. To enhance sporangia production, CA plugs (5 mm diameter) of each isolate,
taken from 4-day-old colonies, were positioned inside petri dishes containing unsterile
pond water and three cork oak fine roots (1 cm long). Petri dishes were kept at 20 °C in the
dark and sporangia production was assessed every 12 h for 4 days.

Colony growth patterns of the new species were evaluated 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). In addition, size and shape of fifty chlamydospores, hyphal swellings
and sporangia were recorded. Cardinal temperatures for growth were evaluated on 90 mm
CA plates incubated at 5, 10, 15, 20, 25, 30, 32, 35, 37 and 40 °C (£0.5 °C) in the dark for
96 h. Five replicate plates for each isolate were made. An isolate of both P. parvispora (CB86)
and P. cinnamomi (CB21) obtained in the study were also included in the growth bioassay
for comparison.

Measurements and photos of the main morphological structures were taken at 400 x
and 600x magnification and recorded using the software Motic Images Plus 3.0 paired with
a Moticam 10+ camera connected to a Motic BA410E microscope. Sporangia dimensions
are presented as mean values £ standard deviation.

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 4 May 2021). The holotype was lodged with the
herbarium of Westerdijk Fungal Biodiversity Institute as a dried culture on CA.
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2.4. DNA Extraction, Polymerase Chain Reaction (PCR) Amplification and Sequencing

For all isolates genomic DNA was extracted from mycelium of 5-day-old colonies
grown on PDA at 20 °C using Instagene Matrix (BioRad Laboratories, Hercules, CA, USA).
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 [52]. ITS sequences
were used to confirm the identification at species level. For four isolates belonging to the
clade 7 [8] including those of the new species, other 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 /FMB83 [53,54], respectively. Polymerase chain
reactions (PCR) were performed as described in Bregant et al. [51].

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, access on 4 May 2021).
Sequences were edited with FinchTV v1.4.0 (Geospiza, Inc., http://www.geospiza.com/
finchtv, accessed on 4 May 2021) and compared with sequences of ex-type culture available
in GenBank using the BLASTn algorithm (http:/ /blast.ncbi.nlm.nih.gov, access on 4 May
2021). New sequences were deposited in GenBank (Tables 2 and 3). Alignments and trees
are available in TreeBase (study ID 28180).

Table 2. Phytophthora isolates used in the phylogenetic analysis. Ex-type cultures are reported in bold and newly generated
sequences are indicated in italics.

GenBank Accession Number

Species Code Host
ITS Btub Cox1

P. asiatica CBS 133347 Pueraria lobata AB688422 AB539560 AB740169

P. attenuata CBS 141199 Castanopsis carlesii KU517154 KU899277 LC595899
P. cajani P3105 Cajanus cajan MG783386 MH493912 MH136859

P. cinnamomi CBS 144.22 Cinnamomum sp. MG865473 MH493920 MH136869
P. cinnamomi CB21 Abies alba MW892397 MW900442 MW900446
P. cambivora P19997 Castanea sativa MG783387 MH493913 MH136860
P. europaea CBS 109049 Quercus robur MG865488 MH493935 MH136884
P. flexuosa CBS 141201 Fagus hayatae KU517152 KU899302 LC595910

P. formosa CBS 141203 Araucaria sp. KU517153 KU899270 LC595912

P. fragariae CBS 209.46 Fragaria xananassa MG865494 MH493938 MH136890
P. fragariaefolia CBS 135747 Fragaria xananassa MG865495 MH493939 MH136891
P. intricata CBS 141211 Quercus tarokoensis KU517155 KU899284 LC595921
P. niederhauserii P10616 Hedera helix MG865552 MH493988 MH136944
P. melonis CBS 582.69 Cucumis sativus MG865536 MH493974 MH136931
P. mediterranea CB84 Myrtus communis MW892398 MW900443 MW900447
P. mediterranea CB85 M. communis MW892399 MW900444 MW900448
P. nagaii CBS 133248 Rosa sp. MGB865547 MN207274 MH136940

P. parvispora CBS 132772 Arbutus unedo KC478667 KC609402 KC609413
P. parvispora CB86 A. unedo MW892401 MW900445 MW900449
P. pisi CBS 130350 Pisum sativus MG865567 MH494000 MH477754

P. pistaciae P19883 Pistacia vera KT183043 KX251749 LC595934
P. rubi CBS 967.95 Rubus idaeus MG865584 MH494011 MH136976

P. sojae CBS 382.61 Glycine max MG865587 MN207279 MH136979

P. tyrrhenica CBS 142301 Quercus ilex KU899188 KU899265 LC595950
P. uliginosa CBS 109054 Q. robur MG865597 MH494023 MH136988
P. uniformis P16206 Alnus glutinosa MK496514 MH493905 MH136992
P. vignae P3019 Vigna sinensis MG865598 MH494024 MH136989

P. vulcanica CBS 141216 Fagus sylvatica MF036209 MF036235 LC595951
P. xalni IMI 392314 A. glutinosa MK496513 MH493903 MH136991

P. xheterohybrida CBS 141207 Water KU517151 KU899290 LC595953
P. xincrassata CBS 141209 Water KU517156 KU899286 LC595954

P. xmultiformis P16202 A. glutinosa MG783372 MH493904 MK493472
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Table 3. Number of isolates of Phytophthora species obtained from monitored plants in the investi-
gated nurseries.

Accession

Species Number ITS Clade Plant Species * Nursery
P. acerina MW892395 2 Ai (1) N4
P. bilorbang MW959911 6 Phl (2) N1
P. cactorum MW892396 1 Cs (1) N1

P. cinnamomi MW892397 7 Cs(8),Fs(2),Aa(2),Jr(8),Qi(6) N1-2-3

P. citrophthora MW959916 2 Ln (1) N1
P. mediterranea MW892398 7 Mc (2) N2
P. megasperma MW959913 6 Ln (3) N1
P. nicotianae MW892400 1 Lo (1), P1(2), Hi (4), Mc (2) N2
P. palmivora MW959917 4 Phl (5) N1
P. parvispora MW892401 7 Au (3) N2
P. pistaciae MW892402 7 P1(2) N2
P. plurivora MW892403 2 Ai (3) N4
P. pseudocryptogea MW959912 8 Ln (4) N1
P. pseudosyringae MW959914 3 Ia (3) N1
P. psychrophila MW959915 3 Ia (1) N1

* In brackets the number of Phytophthora isolates on: Abies alba (Aa), Arbutus unedo (Au), Alnus incana (Ai),
Castanea sativa (Cs), Fagus sylvatica (Fs), Helichrysum italicum (Hi), llex aquifolium (1a), Juglans regia (Jr), Laurus nobilis
(Ln), Lavandula officinalis (Lo), Myrtus communis (Mc), Phyllirea latifolia (Phl), Pistacia lentiscus (Pl) and Quercus
ilex (Qi).

2.5. Phylogenetic Analysis

ITS, Btub and cox1 sequences of four isolates obtained in this survey were compiled
in a dataset together with 78 sequences from 26 Phytophthora species representative of
described species in the clade 7 (including ex-type culture) for which molecular data are
available in GenBank (Table 2).

Sequence alignments were performed with ClustalX v. 1.83 [55], using the parameters
reported in Bregant et al. [51]. Alignments were checked and edited with BioEdit Align-
ment Editor v. 7.2.5 [56]. Phylogenetic analyses were completed with MEGA-X 10.1.8 [57].
All gaps were included in the analyses. The best model of DNA sequence evolution was
determined automatically by the software. Maximum likelihood (ML) analysis was per-
formed with a neighbour-joining (N]J) starting tree generated by the software. A bootstrap
analysis (1000 replicates) was used to estimate the robustness of nodes.

2.6. Pathogenicity Test

Pathogenicity of the new Phytophthora species was tested on 3-year-old myrtle (Myrtus
communis) and lentisk (Pistacia lentiscus) seedlings grown in plastic pots (20 cm diameter,
2 L volume). Eight seedlings of each plant species were inoculated with the isolate CB84
(ex-type culture). In addition, the same number of each plant species were inoculated with
the isolate CB21 of P. cinnamomi for comparison. Finally, the same number of seedlings were
used as control. Inoculation was performed at the collar. The inoculated point was surface-
disinfected with 70% ethanol and a small piece of outer bark (5 mm diameter) was removed
with a flame-sterilised cork borer and replaced with an agar-mycelium plug of the same
size, taken from the margin of an actively growing colony on CA. The inoculation point
was covered with cotton wool soaked in sterile water and wrapped with an aluminium foil
to retain moisture. Controls were inoculated with a sterile CA plug.

All inoculated seedlings were kept in a climatic chamber at 25 °C and watered every
two days until the end of the experimental period. After 20 days, all plants were checked
for the presence of disease symptoms and the length of necrotic lesion surrounding the
inoculation site was measured after removing the outer bark with a sterile scalpel.

Re-isolation was performed by transferring 10 pieces of inner bark taken around the
margin of the necrotic lesions onto PDA+. Growing colonies were sub-cultured onto CA
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and PDA, incubated in the dark at 20 °C and identified by morphological and molecular
analysis (ITS region) to confirm Koch’s postulates.

2.7. Data Analysis

Data from the pathogenicity assay were first checked for normality and then sub-
jected to analysis of variance (ANOVA). Significant differences among mean values were
determined using Fisher’s least significant differences multiple range test (p = 0.05) after
one-way ANOVA using XLSTAT 2008 software (Addinsoft).

3. Results
3.1. Symptomatology

Phytophthora related diseases were observed in all investigated nurseries. Regardless
of the species, potted plants showed wilting foliage, chlorosis, stunted growth and sudden
death symptoms (Figure 1). Sudden death was very common in plants of the alpine nursery
(N3) and, in particular, of silver fir and beech seedlings.

Figure 1. Overview of the forest nursery N1 (a), symptoms of wilting, sudden death and collar and root rot observed on:
Abies alba (b), Alnus incana (c,d), Arbutus unedo (e), Castanea sativa (f,g), Fagus sylvatica (h), Helichrysum italicum (i), Ilex
aquifolium (j), Juglans regia (k), Laurus nobilis (1), Lavandula officinalis (m), Myrtus communis (n), Phyllirea latifolia (o), Pistacia

lentiscus (p) and Quercus ilex (q) seedlings. On the right from the top, colony morphology of: Phytophthora acerina, P. bilorbang,
P. cactorum, P. cinnamomi, P. citrophthora, P. mediterranea, P. megasperma, P. nicotianae, P. palmivora, P. parvispora, P. pistaciae,
P. plurivora, P. pseudocryptogea, P. pseudosyringae and P. psychrophila after 7 days growth at 25 °C on CA in the dark.
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All canopy symptoms described above were associated with collar and root rot symp-
toms. In most cases, the root system was completely compromised and fine roots absent
(Figure 1). The mortality rates, especially in one-year-old seedlings, were very high with
losses close to 60-70%.

3.2. Phytophthora Species Associated with Nursery Plants

Isolations performed on 76 symptomatic plants yielded a total of 66 Phytophthora
isolates. The largest number of isolates (36) was obtained from site N1, followed by site N2
(22), whereas a total of 8 isolates were obtained from sites N3 and N4.

On the basis of micromorphological features and ITS sequence data, fourteen Phy-
tophthora species belonging to seven phylogenetic clades were identified: P. cinnamomi
(26 isolates), P. nicotianae (9), P. palmivora (5), P. pseudocryptogea (4), P. megasperma (3),
P. plurivora (3), P. parvispora (3), P. pseudosyringae (3), P. pistaciae (2), P. bilorbang (2), P. acerina
(1), P. cactorum (1), P. citrophthora (1) and P. psychrophila (1). For each species BLAST searches
against GenBank showed 100% identity to reference sequences of representative strains
including those of ex-type culture (Table 3). Two isolates obtained from declining myrtle
seedlings could not be assigned on the basis of morphological features and ITS sequence
data to any formally described species or informally designated Phytophthora and were
therefore considered a new taxon unknown to science.

Among the detected species, P. cinnamomi was the dominant one, being isolated
from five different hosts in three nurseries (Table 3). Phytophthora nicotianae was the most
abundant species in the nursery N2. The other species were isolated only from a single
host. Interestingly, some of the monitored plant species were positive for two or three
Phytophthora species.

3.3. Phylogenetic Analysis

Phylogenetic relationships among the Phytophthora species belonging to clade 7 and
four representative isolates obtained in this study were elucidated using a multilocus
analysis based on the sequences of ITS, Btub and cox1 regions.

Fragments of approximately 800, 920 and 1020 bp were obtained for ITS, Btub and
cox1 regions, respectively. Individual gene phylogenies revealed similar tree topologies,
indicating that the three loci could be combined (data not shown). The ML evolutionary
reconstruction allowed for the differentiation of 27 distinct lineages within clade 7, cor-
responding to 27 species and hybrids (Figure 2). The four isolates obtained in this study
were distributed into three sub-clades in clade 7c (Figure 2). In particular, isolate (CB21)
clustered with ex-culture type of P. cinnamomi and isolate (CB86) with ex-culture type of
P. parvispora. The remaining two isolates clustered together in a well-supported terminal
clade (ML bootstrap = 100%) and were considered to represent a new species described
here as Phytophthora mediterranea sp. nov. (Figure 2).

Phylogenetically, the new Phytophthora species is closely related to P. cinnamomi, from
which it can be distinguished on the basis of 15, 23 and 49 bp in ITS, Btub and cox1 loci,
respectively. The other evolutionarily closest species, P. parvispora differs by a total of
105 nucleotides in the investigated DNA regions.
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Figure 2. Maximum likelihood tree obtained from combined ITS, Btub and cox1 sequences of Phytophthora species belonging
to clade 7. 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 (1000 replicates) are given at the nodes. Ex-type cultures are
reported in bold.

3.4. Taxonomy
Phytophthora mediterranea Bregant, Mulas and Linaldeddu sp. nov. (Figure 3).
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Figure 3. Colony morphology of Phytophthora mediterranea (CB84) after 7 days growth at 25 °C on
potato dextrose agar (PDA) (a), malt extract agar (MEA) (b) and carrot agar (CA) (c). Sporangia
observed in pond water: non-papillate, persistent and ovoid (d), elongated (e), releasing zoospores
(f,g). External (h) and internal proliferations (i), hyphal swellings (j) and terminal chlamydospores
(k). Scale bars = 20 um.

MycoBank: MB839612.

Etymology: the epithet refers to the Mediterranean region, where the species was
originally discovered.

Holotype: CBS H-24768.

Host/distribution: potted Myrtus communis plants with root rot symptoms in Italy.

Description: sporangia were abundantly produced in unsterile pond water after
3648 h of incubation at 20 °C. They were non-papillate, rarely semi-papillate, persistent,
from ovoid to ellipsoid and less frequently elongated or distorted (Figure 3d,e h). Typically,
sporangia were borne terminally on unbranched sporangiophores and only occasionally
on compound sporangiophores. Sporangial proliferation was usually external and very
rarely internal (nested and extended) (Figure 3g—i).

Sporangia size ranged from 27.2 to 64.9 um in length (av. 42.9 £ 9.3 pm) and from 20.1
to 46.8 um in breadth (av. 29.8 &= 5.3 um) with a length /breadth ratio of 1.4 + 0.1 (n = 50).
Zoospores were abundantly produced in liquid cultures after 3648 h (Figure 3f,g). Globose
to sub-globose, irregular and catenulate hyphal swellings were abundantly produced on CA
(Figure 3j). Spherical chlamydospores were mostly terminal and only occasionally lateral
and intercalary, and were abundantly produced on CA and water (Figure 3k). Chlamy-
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dospores ranged from 14.9 to 37.5 um in diameter (av. 24.5 £ 5.0 um). No gametangia were
observed on pure cultures on CA suggesting a heterothallic behaviour.

Cultural characteristics: colonies were stellate on PDA and radiate on MEA whereas
on CA showed a regular margin with a cottony and aerial mycelium without a distinct
pattern. On PDA and MEA colony growth was slow, whereas on CA colony reached 80 mm
diameter in 7 d at 25 °C.

Cardinal temperatures: minimum <10 °C, maximum >37 °C and optimum 32 °C. Both
isolates failed to grow at 40 °C and mycelium did not resume growth when plates were
moved to 20 °C.

Material examined: ITALY: Oristano, isolated from roots of a potted plant of Myrtus
communis, 18 April 2019, isolated by Antonio Mulas, HOLOTYPE CBS H-24768, a dried
culture on CA, culture ex-holotype CB84 = CBS 147720. ITALY: Oristano, isolated from
rhizosphere and fine roots of a potted plant of Myrtus communis, 12 November 2020, isolated
by Carlo Bregant (culture CB85).

Notes: Phytophthora mediterranea differs from the closely related species P. cinnamomi
and P. parvispora through a combination of unique morphological characters and molecular
data such as sporangia shape and sizes, growth pattern on different culture media, a higher
maximum and optimum temperature value for growth (Figure 4) as well as a total of 87
(P. cinnamomi) and 105 (P. parvispora) fixed differences in the ITS, Btub and cox1 sequences.

——P. mediterranea

—P. parvispora

10 15 20 25 30 32 35 37 40
Temperature (°C)

Figure 4. Mean colony diameter (& standard deviation) of P. cinnamomi (CB21), P. mediterranea (CB84) and P. parvispora
(CB86) after 96 h on CA in the dark at different temperatures.

3.5. Pathogenicity Test

In artificial inoculation trials, P. mediterranea was shown to be pathogenic on myrtle and
lentisk seedlings. After 20 days from inoculation, all plants inoculated with P. mediterranea
displayed necrotic inner bark lesions that spread up and down from the inoculation site
(Figure 5). On myrtle, the necrotic lesions caused by the isolate of P. mediterranea were
significantly larger than those caused by P. cinnamomi; in contrast on lentisk, P. cinnamomi
showed itself to be more aggressive than P. mediterranea (Table 4).
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Figure 5. Symptoms observed on myrtle and lentisk seedlings 20 days after inoculation with
Phytophthora mediterranea (a,d) and P. cinnamomi (b,e). Control seedlings (c,f).

Table 4. Mean lesion length (cm) (£ standard deviation) caused by Phytophthora mediterranea
(CB84) and P. cinnamomi (CB21) on myrtle (M) and lentisk (L) seedlings and percentage of
positive re-isolations.

Re-Isolation

H * 3 *
Species Myrtle Lentisk Frequency (%)
Phytophthora mediterranea 1.01 + 0.4a 1.9 £ 0.6b 100 (M) and 100 (L)
Phytophthora cinnamomi 0.68 £ 0.3b 2.3 £0.8a 100 (M) and 100 (L)
Control - 0.5 +0.2¢ -

* Values in column with the same letter do not differ significantly at p = 0.05, according to LSD multiple range test.

Control plants inoculated with sterile CA plugs remained symptomless, only a light
brown discoloration limited to the inoculation point was observed on lentisk seedlings
(Figure 5). Both Phytophthora species were successfully re-isolated from all inoculated plants,
fulfilling Koch’s postulates. No Phytophthora isolates were re-isolated from control plants.
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4. Discussion

The results obtained allowed us to expand knowledge on the diversity of Phytophthora
species in Italian forest nurseries. The investigated nurseries are located in sites with very
different climatic conditions, ranging from the Mediterranean (N2) to alpine ones (IN3),
including an intermediate climate typical of temperate hilly and low mountain areas (N1
and N4). These differences were also reflected in the plant species cultivated, which were
typical of the different geographic regions.

Over the past two decades, diseases caused by Phytophthora species have been re-
ported in a wide range of economically important ornamental plants worldwide and are
considered yield-limiting factors in nursery production [13,29].

Our findings demonstrated that all the investigated nurseries were severally impacted
by Phytophthora diseases. The N1 in particular was the most affected by the problem, and
basically all cultivated plant species typical of the Mediterranean region were affected by
Phytophthora infections.

In total, 15 Phytophthora species were isolated in pure culture from 14 hosts and identi-
fied on the basis of morphological features and DNA sequence analysis. Nine Phytophthora
species were isolated in N1, five in N2, two in N4 and one in N3. The species obtained are
representative of seven phylogenetic clades and included 14 previously known species: P.
acerina, P. bilorbang, P. cactorum, P. cinnamomi, P. citrophthora, P. megasperma, P. nicotianae, P.
palmivora, P. parvispora, P. pistaciae, P. plurivora, P. pseudocryptogea, P. pseudosyringae and P.
psychrophila. In addition, two isolates could not be assigned to any known species and are
therefore described here as P. mediterranea sp. nov.

Phytophthora mediterranea was shown to be associated with collar and root rot symp-
toms of myrtle seedlings. Phylogenetically, P. mediterranea is closely related to P. cinnamomi
but the two species differ in 87 nucleotides in the three DNA regions studied. Morpho-
logically P. mediterranea can be easily distinguished from P. cinnamomi on the basis of its
smaller sporangia, colony growth pattern and higher optimum and maximum temperature
values. Data from the pathogenicity tests showed that P. mediterranea has the potential to
threaten the native Mediterranean maquis vegetation. A study is currently in progress to
evaluate the susceptibility of the main Mediterranean maquis species to this new pathogen
(Linaldeddu, unpublished data). The high optimum temperature value for growth of 32 °C
and the high production of long-term survival propagules (chlamydospores) suggest that
P. mediterranea is well adapted to survive in Mediterranean environments.

Phytophthora mediterranea belongs to clade 7c together with P. cinnamomi and P. parvis-
pora, which were also obtained in this study. Phytophthora cinnamomi was the domi-
nant species as it has been detected on five different hosts confirming its well-known
polyphagous nature [11,58], and in three of the four monitored nurseries. The three nurs-
eries are characterized by different environmental conditions ranging from the Mediter-
ranean climate of site 2 located in Sardinia to the cold habitat of site 3 in the pre-Alps. This
aspect emphasizes the potential of P. cinnamomi to survive in very different environments
including low temperature habitats, as confirmed by a recent study in which this pathogen
was detected in an outdoor blueberry stand in Germany [59]. Cold regions such as alpine
and sub-alpine regions were long considered P. cinnamomi free, due to the inactivity of
this species in soil at temperatures below 10 °C [60]. Analysis on current distribution data,
global change and a forecast model, have allowed a global map to be created, identifying
the cold areas of the planet as those at greatest risk of introduction and spread of P. cin-
namomi in the future [61]. The discovery of P. cinnamomi in mountain nurseries in Italy
confirms this trend and poses the risk of diffusion of this pathogen on new susceptible
hosts among the alpine species.

Phytophthora nicotianae was the second dominant species. It has been isolated from four
host species confirming the results of previously studies on the role of the nursery trade
as one of the main ways of spreading for this pathogen [48,62]. The other twelve species
have been isolated from a single plant host and only one nursery. Differences in species
diversity among nurseries are difficult to interpret. It is plausible that different agronomical
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practices including sanitation, water management, origin and treatment of seeds as well as
host plant diversity could have a role in the differences observed in terms of Phytophthora
assemblages. Some species such as P. parvispora and P. pistaciae have confirmed a specificity
towards some plant hosts already reported in other studies [49,50]. Phytophthora parvispora,
long considered a variety of P. cinnamomi, is closely linked to Arbutus unedo plants in
both nursery and natural areas of the Mediterranean Basin [49]. It has also recently been
reported in North American nurseries associated with seedlings destined for reforestation
programmes and in pomegranate orchards in Turkey [63,64]. Phytophthora pistaciae is a
species characterized by a very limited geographic distribution and host range; it was
originally described in Iran associated with Pistacia vera gummosis [65] and more recently
in Italy on potted Pistacia lentiscus seedlings [50].

The other species, except P. acerina, have already been reported in different nurseries
in Europe, Australia and North America on several plant hosts [34,39,48,63]. Nonetheless,
seven new Phytophthora—host associations were detected in this study: P. psychrophila/llex
aquifolium, P. pseudosyringae/l. aquifolium, P. pseudocryptogea/Laurus nobilis, P. megasperma/L.
nobilis, P. citrophthora/L. nobilis, P. bilorbang / Phyllirea latifolia and P. palmivora/P. latifolia.

Phytophthora acerina was originally described in Northern Italy from declining maple
trees [66] and more recently on declining olives with sudden death symptoms [67]. Its
reports have increased in the last years in both natural and agricultural environments in
Italy and its role in the onset of sudden death and dieback of kiwi, walnut and pomegranate
orchards as well as oaks, chestnut and ash forests has been ascertained (Linaldeddu,
unpublished data). In a nursery, P. acerina appears to be a very rare species, this is the
first report on nursery plants in Europe, but it was recently reported in nursery plants in
California [68]. The discovery of P. acerina and P. plurivora on seedlings potentially destined
to reforestation programmes highlights the risk of further spread of these species, directly
associated with the decline of grey alder on the Alps [51].

5. Conclusions

The findings obtained in this study highlight the occurrence of multiple Phytophthora
species in Italian forest nurseries. Many of the species isolated are common in Italian
nurseries, while others are rare or have never been reported. Phytophthora pistaciae is an
example of a rare and possibly exotic species with a high risk of spread to the Mediterranean
maquis. In addition, a new species closely related to P. cinnamomi and P. parvispora was
isolated from potted myrtle plants. The myrtle is a typical shrub of the Mediterranean
Basin, and Sardinia is recognized as one of its main local centres of diversity [69]. Its fruit
and leaves exhibit antioxidant, antibacterial and antifungal properties, as well as being
used for their content of essential oils and most commonly as an ingredient in a locally
made liquor [70]. Nursery plants are often used for the creation of new orchards [71]. The
use of infected plants could represent an important pathway for P. mediterranea.

Finally, the discovery of P. cinnamomi in alpine nurseries confirms the progressive
expansion of this species towards the coldest areas of the globe, probably driven by climate
change. A survey is currently in progress to map the distribution of Phytophthora species
in alpine nurseries in Italy, with the purpose of evaluating the risk of diffusion of these
pathogens through restoration and reforestation programmes.
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