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Abstract

Phytophthora species pose a significant threat to citrus production in the Mediterranean, particularly in Sicily, a major citrus-
producing region. This study explores the diversity and distribution of Phytophthora taxa in Sicilian citrus orchards, address-
ing the urgent need to tackle increasing agricultural challenges, such as climate change. Specifically, it aimed to evaluate
how environmental factors, such as the type of management (organic vs. conventional) and geographical area influence the
composition of Phytophthora communities in Sicilian citrus orchards, and whether these communities correlate with tree
health. An additional objective was to compare the effectiveness of traditional baiting and high-throughput metabarcoding
techniques (targeting the ITS1 region and RPS10 gene) in capturing this diversity, as well as to assess potential shifts in
community structure resulting from climate change by comparing current data with historical records. Soil samples were
collected from ten citrus-producing areas under two distinct agronomic management and tree health conditions. Traditional
baiting recovered 556 isolates of three already described Phytophthora species, while ITS1 metabarcoding identified ten
additional taxa, demonstrating higher specificity (99.5% of ITS1 reads classified as Phytophthora compared to 82.5% for
RPS10). Our findings indicate that geographical location is a key driver of community composition. Although statistical
analyses did not reveal significant differences in Phytophthora diversity between organic and conventional management
systems, these results provide valuable insights into the factors shaping pathogen communities. These insights are crucial
for developing targeted disease management strategies and for understanding how environmental stressors, including climate
change, impact pathogen dynamics in Mediterranean citrus orchards.
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includes plant species from Citrus and other genera, such as
Eremocitrus, Fortunella, Microcitrus, and Poncirus (Rovetto
et al. 2024). Citrus are cultivated in more than 140 countries
worldwide, with international production primarily focused
on sweet oranges and, to a lesser extent, mandarins, lemons,
limes, pomelo, citron, and grapefruits (FAO 2021). Among
the citrus-producing regions in the Mediterranean, Sicily
(Italy), particularly the provinces of Catania and Siracusa,
is notable for its production of oranges and lemons as well
as for distinctive local varieties of blood oranges (Rovetto
et al. 2023). Citrus crops are subject to various abiotic and
biotic stresses. Of the latter, diseases caused by Phytoph-
thora species are among the major limiting factors for citrus
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cultivation worldwide (Gams 2000; Naqvi 2006; Cacciola
and Magnano di San Lio 2008; Liu et al. 2013; Talibi et al.
2014; Puglisi et al. 2017; Rovetto et al. 2024). The genus
Phytophthora comprises over 250 plant pathogenic species
well-known for their ability to cause severe diseases in a
broad range of plants from both natural environments and
agro-ecosystems (Erwin and Ribeiro 1996; Cacciola and
Magnano di San Lio 2008; Jung et al. 2016; Riolo et al.
2022; Abad et al. 2023; Aloi et al. 2023; Conti Taguali et al.
2024; Bacova et al. 2024). The life cycle of Phytophthora is
predominantly associated with roots, soil, and aquatic envi-
ronments. Phytophthora species may infect roots often with-
out showing evident symptoms in host plants until advanced
stages of disease occur (Erwin and Ribeiro 1996). Within the
framework of citrus crops, Phytophthora spp. are known to
cause root and collar rots, gummosis, and brown rot of fruit
(Cacciola and Magnano di San Lio 2008). The major species
associated with these diseases worldwide are P. nicotianae,
P. citrophthora, and P. palmivora. Other species isolated
less frequently include P. cactorum, P. cinnamomi, P. citri-
cola, P. cryptogea, P. hibernalis, P. syringae, P. humicola,
P. insolita P. inundata, P. palmivora, P. prodigiosa, and P.
mekongensis (Ko and Ann 1985; Naqvi 2006; Vial et al.
2006; Cacciola and Magnano di San Lio 2008; Das et al.
2012; Crous et al. 2017; Khanchouch et al. 2017; Puglisi
et al. 2017; Chi et al. 2020; Gai et al. 2021).

In Sicily, the predominant Phytophthora species asso-
ciated with diseases of citrus are P. citrophthora and P.
nicotianae, two highly polyphagous species (Cacciola and
Magnano di San Lio 2008). In citrus orchards, the primary
inoculum for Phytophthora species consists of long-lasting
structures such as chlamydospores and oospores, primarily
found in the plant’s rhizosphere as well as mycelium asso-
ciated with plant debris. When environmental conditions
become favorable, these dormant propagules reactivate,
leading to the infection of rootlets and fruit. Infected parts
then act as sources of secondary inoculum, mainly as spo-
rangia forming on their surfaces. The main inoculum reser-
voir of these species is the rhizosphere soil, where they per-
sist as mycelium within the roots or associated plant debris.
Infected rootlets and fruit with brown rot serve as sources of
secondary inoculum, with sporangia forming on their sur-
faces. Sporangia are produced in contact with air in the most
superficial soil layers and are dispersed by rain, irrigation
water, and wind. Their germination occurs in water and is
influenced by temperature and soil water potential (Cacciola
and Magnano di San Lio 2008).

The incidence of either P. citrophthora or P. nicotianae
in citrus orchards is reported to depend on the temperature.
Phytophthora nicotianae has an optimum temperature for
mycelium growth of 28 —30 °C, while P. citrophthora of
25 —-28 °C. These features make P. citrophthora more active
than P. nicotianae during cooler months. Conversely, the
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activity of P. citrophthora is significantly reduced during the
summer months (Cacciola and Magnano di San Lio 2008).
Apart from P. citrophthora, P. nicotianae, and the other less
frequent Phytophthora spp. associated with citrus crops,
interesting new records of additional Phytophthora taxa have
emerged in citrus orchards. In this respect, a recent study by
La Spada et al. (2022), using an ITS1 Illumina metabarcod-
ing protocol, recorded the presence of DNA from P. occul-
tans and of two unknown Phytophthora taxa belonging to
ITS clade 8b in a Sicilian citrus orchard. The findings from
the study by La Spada et al. (2022) suggest that Mediterra-
nean citrus orchards may be favorable for the establishment
of Phytophthora species uncommon in these environments
and that they could also host still unknown Phytophthora
taxa, whose presence warrants further investigation. Moreo-
ver, recent studies have significantly increased the number
of described Phytophthora species, thereby highlighting the
diversity and complexity of this genus (Abad et al. 2023;
Jung et al. 2024).

Due to the climatic change that has occurred globally
in recent years, the Mediterranean climate is undergoing
significant changes characterized by unusually warm and
dry winters (Toreti et al. 2024). These changes are having a
severe effect on Sicily. In fact, in February 2024, the regional
government was forced to declare a state of natural disaster.
This was due to the severe drought that affected the entire
region (Council of Ministers, Deliberation of 6 May 2024).
The potential impact of Mediterranean climate change on
the diversity of Phytophthora communities and level of root
disease in citrus orchards should not be underestimated, as
it could have significant phytopathological implications.
These changes may create conditions that favor certain spe-
cies over others, leading to potentially harmful consequences
for Sicilian citrus orchards. This risk is particularly concern-
ing in organically managed orchards, where the absence of
scheduled chemical treatments may increase the effects of
Phytophthora infections.

Given these factors, a comprehensive investigation into
the presence and distribution of Phytophthora species
in Sicilian citrus orchards is warranted. In recent years,
advanced environmental monitoring techniques, such as
metabarcoding combined with traditional isolation methods,
like baiting, have emerged as the most effective approach
for reliable and accurate monitoring of Phytophthora com-
munities in environmental samples (La Spada et al. 2022;
Sarker et al. 2023). Baiting, which uses plant baits to isolate
living propagules of pathogens from the soil, is a crucial
tool not only for detecting the presence of active Phytoph-
thora species, but also for conducting in-depth studies on
the biology and pathogenicity of newly isolated taxa (Jung
et al. 2019; Riolo et al. 2022). Concurrently, metabarcoding
technologies, which employ high-throughput DNA sequenc-
ing of amplified barcodes, identify known and unknown
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microbial species in an environmental sample and can also
be used to examine the genetic diversity within a specific
taxonomic group (Catala et al. 2015; Riddell et al. 2019;
Van der Heyden et al. 2024). Currently, two barcode regions
are emerging as the best tools for recording the diversity of
Phytophthora taxa within an environmental sample: (i) the
Internal Transcribed Spacer 1 (ITS1) region of the nuclear
ribosomal DNA (rDNA gene) (Scibetta et al. 2012) and (ii)
the mitochondrial 40S ribosomal protein S10 (RPS10) gene,
encoding the 40S ribosomal protein (Foster et al. 2022).
Other studies have also applied mitochondrial genes such as
cytochrome oxidase subunit I (COX1) and subunit Il (COX2)
as alternative barcodes for metabarcoding of Phytophthora
communities, particularly in forest and riparian environ-
ments (Sapp et al. 2019; Landa et al. 2021). Although the
ITS1 barcode has been the most widely used so far, it is
unable to resolve some closely related taxa (Redekar et al.
2019). Conversely, the assay based on the RPS10 gene (Fos-
ter et al. 2022) offers amplification of a wider taxonomic
range and has demonstrated higher taxonomic resolution
than ITS1, allowing for greater discrimination of closely
related species. The amplification of both barcodes in sim-
plified ecosystems, such as citrus orchards, where a limited
number of Phytophthora taxa is expected, should provide a
valuable comparison of their specificity and accuracy.

This study aimed to evaluate how environmental factors
such as the type of management (organic versus conven-
tional) and the geographical area, influence the diversity
of Phytophthora communities in citrus orchards in Sicily.
Moreover, this study investigated whether the structure of
Phytophthora communities on these samples is correlated
with the health status of trees. An additional specific objec-
tive of this study was to compare the effectiveness of two
methods, i.e., baiting and metabarcoding based on ITS1 and
RPS10 as barcodes, in revealing the diversity of these com-
munities. Finally, the hypothesis that in the last years the
structure of Phytophthora communities in citrus orchards
of Sicily has changed because of climate change was con-
sidered. To this aim, results of this study were compared
with historical data of previous investigations in the same
geographical areas.

Material and methods
Citrus orchards

The field research for this study was conducted in March
2024, at the start of the spring season and in the citrus-
producing areas in the Sicilian locations of Siracusa, Lentini,
Mineo, and Ramacca (Table 1). These areas differ in cli-
matic conditions as shown in Table 1 which details tempera-
ture and rainfall figures for October 2023 to March 2024.

Within these citrus-producing areas, ten citrus orchards
were selected as sampling sites (Table 1). These orchards
consisted of orange (Citrus X sinensis (L.) Osbeck) and
lemon (Citrus X limon (L.) Osbeck) plantations, from dif-
ferent varieties, with all plants grafted onto sour orange
(Citrus X aurantium L.) as rootstock. Among the selected
orchards, five were managed conventionally and five organi-
cally (Table 1). Orchards under conventional agronomic
management used glyphosate, 2,4-dichlorophenoxyacetic
acid, and oxyfluorfen as herbicides, along with various syn-
thetic insecticides and copper-based fungicides. Organic
orchards used paraffinic oils, primarily against scales, and
copper-based fungicides to control fungal and oomycete
pathogens, such as Colletotrichum spp., Alternaria spp.,
and Phytophthora spp. Additionally, inputs in conventional
orchards included complex NPK fertilizers, while animal
manure and organic commercial fertilizers were applied
in organically managed orchards. Both organic and con-
ventional orchards incorporated pruning material into the
soil. Orchards were also categorized on the basis of over-
all plant health status as “healthy,” with vigorous plants, or
“unhealthy,” with plants showing generalized poor vigor.

In all the selected orchards, the irrigation regime per plant
during the seasons preceding the field sampling (namely,
autumn and winter—from October 2023 to March 2024)
consisted of 1.0 m® of water, delivered through drip irriga-
tion every 20 days. This regime was far below the desired
water amount (300 mm/mz) and, therefore, served as emer-
gency irrigation to compensate for the water shortage caused
by the scarcity of precipitation during the autumn and winter
of 2023/2024.

Collection of rhizosphere soil samples
and establishment of sub-samples
for metabarcoding and baiting processing

A total of 50 composite rhizosphere soil samples were col-
lected from ten citrus orchards in this study (Table 1). For
each citrus orchard, soil was sampled from beneath five trees
located in representative positions. Specifically, to ensure the
representativeness of the soil samples in the rhizosphere and
minimize within-plot variability, the trees were selected for
a uniform distribution across the citrus grove, adequately
representing the prevailing agronomic and microclimatic
conditions in the studied area. The procedures for the collec-
tion of rhizosphere soil samples from each tree are detailed:
the top 5-cm layer of litter was removed; four soil cores (at
a depth of approximately 20-30 cm), including secondary
roots, were collected at four cardinal points located approxi-
mately 50-100 cm from the trunk; the four soil cores were
combined and mixed to form a single composite soil sam-
ple of approximately 1 L. All tools used for soil sampling
were sterilized between trees using 70% ethanol to prevent
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cross-contamination. Immediately after sampling in the
field, a 50.0 mL aliquot of each composite sample containing
fine roots and soil was placed in a sterile Falcon tube, kept
on dry ice during transport to the Molecular Plant Pathology
Laboratory (MPPL) of the Department of Agriculture, Food
and Environment (Di3A) of the University of Catania (Cata-
nia, Italy), and stored at — 80 °C until use for metabarcoding
analyses. The remaining rhizosphere soil (soil associated
with fine roots) was placed in sterile bags and stored until
bait testing.

Baiting processing, isolation procedure,
and molecular identification

For each composite rhizosphere soil sample, the baiting
process was carried out in a walk-in growth chamber, with
12 h of natural daylight and at a temperature of 20 °C. Bait-
ing procedures were in accordance with Jung et al. (2019):
each sample was placed in a plastic container and flooded
with distilled water. After approximately 30 min any organic
debris floating on the water surface was removed and then,
young and tender leaves from carob (Ceratonia siliqua),
sweet orange (Citrus sinensis), and oak (Quercus spp.) were
floated on the water surface of the flooded soil. Following
an incubation period of 24 —48 hs, leaves showing necrotic
spots were examined under a stereo-microscope at 80 X mag-
nification to detect any emerging hypha. Each necrotic spot
was excised and plated on selective PARPNH agar media
and incubated at 20 °C in the dark. After incubation, isolates
were obtained by transferring outgrowing hyphae into clari-
fied V8 agar (V8A). All isolates were maintained on VSA
at 15 °C in the MPPL Culture Collection of Di3A at the
University of Catania (Catania, Italy).

For each composite rhizosphere soil sample, the isolates
obtained were grouped in morphotypes; then, one isolate
per morphotype was selected for the subsequent molecular
identification.

For each isolate selected for molecular identification,
total DNA was extracted from a 7-day-old culture grown on
V8A at 20 °C using the DNeasy® Plant Mini Kit (QIAGEN,
Hilden, Germany) following the manufacturer’s instructions.
Identification was carried out by amplification, sequencing,
and analysis of the internal transcribed spacer (ITS) regions
of ribosomal DNA (rDNA). In detail, PCR amplifications
were conducted using the Tag DNA polymerase recombinant
kit (Invitrogen™, Waltham, MA, USA). Each amplification
was carried out in a 25 pL reaction mixture containing PCR
buffer (1x), dNTP mix (0.2 mM), MgCl, (1.5 mM), for-
ward and reverse primers (ITS6 and I'TS4; Cooke et al. 2000;
0.5 pM each), Taq DNA polymerase (1 U), and 100 ng of
DNA. The thermocycler conditions were as follows: 94 °C
for 3 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for
30 s, and 72 °C for 30 s, and followed by 72 °C for 10 min.

Amplicons were detected on 1% agarose gels and sequenced
in both directions by an external service (Macrogen, Seoul,
South Korea). Obtained sequences were analyzed using
FinchTV v.1.4.0 and MEGA11. Consensus sequences were
compared with those of species ex-types deposited in the
NCBI nucleotide database (https://www.ncbi.nlm.nih.gov/
nucleotide/). Isolates were assigned to a species when their
sequences had at least 99% identity to a reference isolate.
The ITS sequences of representative isolates from this study
have been deposited in GenBank (accession numbers pro-
vided in Table S1).

Sample processing for metabarcoding analyses

Environmental DNA (eDNA: extraction from rhizosphere
soil samples and PCR amplification

For each 50 mL rhizosphere soil sub-sample, eDNA was
extracted from three replicates using the DNeasy Power-
Soil® kit (Qiagen, Hilden, Germany) and following the
manufacturer’s instructions.

Screening for the eligibility of eDNA samples
to Phytophthora-metabarcoding processing

All eDNA samples obtained in the previous step were sub-
jected to a preliminary PCR screening step to assess their
suitability for the subsequent metabarcoding protocols. For
this purpose, all eDNA samples were subjected to nested
PCR as reported in Scibetta et al. (2012). In detail, the
primer pair 18Ph2F (5'-GGATAGACTGTTGCAATTTTC
AGT-3’) and 5.8S-1R (5'GCARRGACTTTCGTCCCY
RC-3") (Scibetta et al. 2012) was used in the first round;
primer pairs ITS6 (5’GAAGGTGAAGTCGTAACAAGG-
3" (Cooke et al. 2000) and 5.8S-1R were used in the second
round. After the PCR run, all PCR products were subjected
to electrophoresis in 1% agarose gel. Samples that produced
amplicons were subject to metabarcoding.

PCR amplifications

ITS-1 region barcode The internal transcribed spacer 1
(ITS1) region of the nuclear ribosomal DNA (rRNA gene)
was amplified through a nested PCR assay conducted in
accordance with the protocol of Riddell et al. (2019). In
detail, the primer pair 18Ph2F (5'-GGATAGACTGTTGCA
ATTTTCAGT-3') and 5.85-1R (5'GCARRGACTTTCGTC
CCYRC-3’) (Scibetta et al. 2012) was used in the first round;
primer pairs ITS6 (S’GAAGGTGAAGTCGTAACAAGG-3")
(Cooke et al. 2000) and 5.8S-1R were used in the second
round. Primers employed in the second round were modi-
fied with overhang adapters to ensure compatibility with
the [llumina indexing and sequencing adapters. These were:
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forward overhang; 5' TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAG-[ITS6] and reverse overhang; 5' GTC
TCGTGGGCTCGGAGATGTGTATAAGAGACAG-[5.8S-
IR] (Illumina 2013). PCRs were performed using the KAPA
HiFi HotStart ReadyMix kit (KAPA Biosystems, Wilming-
ton, MA, USA) following the manufacturer’s instructions,
and the amplicons were checked on a 1.5% agarose gel.

RPS10 gene barcode The RPS10 gene was amplified using
the metabarcoding method described in Foster et al. (2022).
This method involves the use of a multiplex PCR with two
forward primers, rps10_F1 (5-TCGTCGGCAGCGTCA
GATGTGTATAAGAGACAGGTTGGTTAGAGYAAA
AGACT-3") and rps10_F2 (5'"TCGTCGGCAGCGTCAGAT
GTGTATAAGAGACAGGTTGGTTAGAGTAGAAGACT-
3"), and a pool of seven reverse primers, rps10_R1 (5'-GTC
TCGTGGGCTCGGAGATGTGTATAAGAGACAG ATG
CTTAGAAAGATTTGAACT-3'), rps10_R2 (5'- GTCTCG
TGGGCTCGGAGATGTGTATAAGAGACAGATACTTAG
AAAGATTTGAACT-3'), rps10_R3 (5-GTCTCGTGGGCT
CGGAGATGTGTATAAGAGACAGATGCTTAGAAAGAC
TTGAACT-3"), rps10_R4 (5'- GTCTCGTGGGCTCGG
AGATGTGTATAAGAGACAGATGCTTAGAAAGACTCG
AACT-3"), rps10_RS5 (5-GTCTCGTGGGCTCGGAGATGT
GTATAAGAGACAG ATGCCTAGAAAGACTCGAACT-
3", rps10_R6 (5'- GTCTCGTGGGCTCGGAGATGTGTA
TAAGAGACAGATGTTTAGAAAGATTCGAACT-3'), and
rps10_R7 (5'- GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAG-3").

PCR amplifications were carried out using the QIAGEN
Type-it Mutation Detect PCR Kit (Qiagen) following the
manufacturer’s instructions. The obtained amplicons were
checked on a 1.5% agarose gel.

lllumina sequencing library preparation and sequencing

For the preparation of libraries intended for metagenomic
sequencing, the Nextera XT Index Kit (Epicentre, Madison,
WI, USA) was used, in accordance with the instructions pro-
vided in the Illumina 16S Metagenomic Sequencing Library
protocol. As the first step, all PCR products were purified
using the Agencourt® AMpure® XP kit (Agencourt Biosci-
ence, Beverly, MA, USA). Subsequently, an indexing PCR
was performed to add dual indices and Illumina-specific
sequencing adapters to each sample, thus ensuring their
unique identification during sequencing. Following this, a
second PCR purification was conducted, after which the
DNA from each sample was visualized on a 1.5% agarose gel
and quantified via fluorometry using the Quant-iT™ Pico-
Green™ dsDNA kit (Invitrogen™, Waltham, MA, USA).
The final concentration was adjusted to 5 nM. Subsequently,
the samples were subjected to sequencing at the James

@ Springer

Hutton Institute (Dundee, UK) using the [llumina Next-
Seq2000 reagent kit (P1 Reagents (600cycles, 20075294)
[llumina, San Diego, CA, USA) for a paired-end sequencing
run (2 X300 bp). Subsequently, the resulting FASTQ files,
comprising reads from each sample, were exported for bio-
informatic analysis. This process ensured quality control and
accurate de-multiplexing.

Bioinformatics analyses

For each sequenced sample, sequence data were processed
and reduced down to unique barcode sequences termed
amplicon sequence variants (ASVs) using v1.0.14 of the
sequence-based diagnostic/profiling Tree Health and Plant
Biosecurity Initiative (THAPBI) Phytophthora ITS1 Clas-
sifier Tool (PICT) (Cock et al. 2023). Species identification
was based on the curated THAPBI PICT v1.0.14 Phytoph-
thora ITS1 database and on BLAST searches on a local
database containing sequences of ex-type or key isolates
from published studies (Cooke et al. 2000; Aghighi et al.
2012; Scanu et al. 2014; Safaiefarahani et al. 2015; Jung
et al. 2019, 2024; Riolo et al. 2020; Abad et al. 2023). For
the RPS10 gene, the reference database was downloaded
from OomyceteDB (Foster et al. 2022) and consisted of 351
oomycete sequences, primarily Phytophthora (144 species)
and Pythium (133 species). For both ITS1 and RPS10 gene
sequences, ASVs were assigned to a species when they
were identical or only differed at a single base pair from
the sequences of a reference isolate. ASVs that were not
assigned to a species following the above procedures were
compared to those deposited on the NCBI nt database by
using BLASTN + (Altschul et al. 1990). Only hits with 100%
identity and 100% query coverage were considered reliable
for species-level assignment. In all other cases, including
slightly lower similarity values or multiple top hits from
different species, ASVs were conservatively assigned at the
genus level, based on the consensus among the best matches.
Finally, ASVs that were not assigned to any species but
were closely related to Phytophthora taxa were subjected
to phylogenetic analysis to determine their position within
Phytophthora clades. To this aim, sequences were aligned
using MUSCLE, and the phylogenetic reconstruction was
conducted by using the maximum likelihood method with
the Tamura-Nei model with a bootstrap of 1000 replicates
(the software MEGA 11 was used).

Statistical analyses

To evaluate the effects of explanatory variables associated
with each orchard (i.e., “overall health of plants”— healthy/
unhealthy, “agronomic management” — conventional/
organic, and “citrus-producing area” — Siracusa/Lentini/
Mineo/Ramacca) on the distribution of Phytophthora taxa
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detected by the combined approach of baiting, ITS1 meta-
barcoding, and RPS10 gene sequencing, multivariate sta-
tistical analyses were performed using R software (version
4.3.1). For each Phytophthora taxon, presence/absence data
was recorded for each rhizosphere sample.

To analyze differences in species composition among
groups, a distance matrix was calculated based on the
Jaccard index using the vegan package (version 2.6-6.1),
which is appropriate for binary (presence/absence) data.
Subsequently, a PERMANOVA (permutational multivari-
ate analysis of variance) was conducted using the adonis2
function from the vegan package, with 999 permutations to
test for statistical significance. This analysis was performed
separately for each independent variable (“overall health of
plants,” “agronomic management.” and “citrus-producing
area”) to determine whether significant differences in species
composition were associated with each variable. Non-met-
ric multidimensional scaling (NMDS) based on the Jaccard
index was employed to visualize any multivariate relation-
ships among samples. The NMDS analysis was performed
using the metaMDS function from the vegan package, speci-
fying two dimensions (k=2) and a maximum of 100 itera-
tions to achieve convergence. The stress value obtained from
the NMDS was assessed to ensure a reliable representation
of the data; a stress value below 0.2 was considered accept-
able. The NMDS results were visualized through plots gen-
erated using the ggplor2 package. NMDS component scores
were extracted and integrated with environmental variables,
and two-dimensional graphs were produced in which sam-
ples were represented as points in NMDS space, colored
according to the variables “overall health of plants,” “agro-
nomic management.” and “citrus-producing area.” Addition-
ally, confidence ellipses were added using the stat_ellipse
function to highlight trends within groups. To identify spe-
cies contributing most to the observed patterns, the envfit
function from the vegan package was utilized to fit species
vectors onto the NMDS ordination. These vectors represent
the direction and strength of the association between spe-
cies presence and the NMDS axes. The inclusion of species
vectors allowed for the visualization of how individual taxa
are associated with the multivariate gradients represented
in the NMDS plots.

Results
Phytophthora species isolated by baiting

A total of 556 Phytophthora isolates were recovered from
40 of the 50 rhizosphere soil samples processed by bait-
ing. Phytophthora was recovered from all citrus orchards
except at the sampling site CO_08—Tenuta Biviere — Len-
tini (Catania, Italy) (Table 1). Sequencing of the ITS regions

identified three Phytophthora species: P. nicotianae, P. cit-
rophthora, and P. citricola. The dominant species was P.
nicotianae, found in 31 of 50 rhizosphere soil samples and
eight of the ten sampling sites (Table 1). Additionally, P.
nicotianae was isolated from both organic and convention-
ally managed orchards, as well as from orchards with both
healthy and unhealthy plants (Table 1). The other common
species, P. citrophthora, was isolated from 21 of the 50 sam-
ples from six of the ten sampling sites, distributed across
all production areas except Ramacca (Table 1); this spe-
cies occurred in both organically and conventionally man-
aged orchards and from those presenting both healthy and
unhealthy plants. Finally, isolates of P. citricola were recov-
ered from only three rhizosphere soil samples, all collected
in an organically managed orchard presenting unhealthy
plants (CO_06—Tenuta Giardina Pantanelli in the citrus-
producing area of Siracusa) (Table 1).

Phytophthora taxa identified by metabarcoding

Preliminary screening for checking suitability of eDNA
samples to Phytophthora-metabarcoding processing

The preliminary screening of the 150 replicated eDNA
samples obtained in this study resulted in 75 suitable for
Phytophthora-metabarcoding processing. These 75 samples
represented 25 of the 50 rhizosphere soil samples collected
from seven of the ten sampled citrus orchards (Table 1).
Rhizosphere soil samples from the orchards CO_08—
Tenuta Biviere, CO_09—Tenuta Guastella, and CO_10—
Tenuta Salinella tested negative by PCR and thus not used
for metabarcoding. Nevertheless, all orchards that passed
this preliminary screening were distributed across all the
citrus-producing areas selected in this study.

Phytophthora taxa identified by metabarcoding of the ITS1
region

The Illumina sequencing of the ITS1 PCR products gener-
ated 14,291,223 ITS1 sequence reads that passed the qual-
ity threshold and had an abundance of 1000 or more reads
per sample. Their bioinformatic processing revealed that
sequences belonging to the genus Phytophthora constituted
99.52% of the reads and 87.18% of the ASVs, while those
from other oomycetes represented only 0.48% of the reads
and 12.82% of the ASVs (Fig. 1). Oomycetes other than
Phytophthora were assigned to the genera Phytopythium and
Peronospora. Specifically, 5 ASVs of Phytopythium and Per-
onospora were identified, including three unknown Phyto-
pythium taxa and two unknown Peronospora taxa (Fig. 2).
Bioinformatic and phylogenetic analyses of ITS1 data
resulted in 13,867,259 Phytophthora reads across 39 Phy-
tophthora ASVs in 13 categories with almost identical
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Fig. 1 Relative abundance (%)
of amplicon sequence variants
(ASVs) and number of reads
assigned to Phytophthora
species and other oomycetes
though internal transcribed
spacer 1 (ITS1) and 40S
ribosomal protein S10 (RPS10)
protocols
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Fig.2 Proportion of reads assigned to Phytophthora taxa and other oomycete genera though internal transcribed spacer 1 (ITS1) (left) and 40S

ribosomal protein S10 (RPS70) (right) protocols

variants within 1 to 2 bp. These comprised: (i) six clearly
distinguishable known species: P. nicotianae, P. oleae,
P. citricola, P. citrophthora, P. occultans, and P. pachy-
pleura; (ii) an ASV matching a pair of closely related spe-
cies, P. crassamura and P. megasperma, that could not be
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differentiated using ITS1 barcodes; and (iii) six unknown
Phytophthora taxa (Table 1).

The proportion of ITS1 reads assigned to known Phy-
tophthora taxa indicated that the most recorded species
were P. citrophthora (35.53%), P. nicotianae (35.08%),
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P. occultans (16.59%), and P. citricola (10.37%) (Fig. 2).
Less abundant ITS1 reads were those assigned to P. oleae
(0.01%), P. pachypleura (0.08%), and to P. crassamuralP.
megasperma (1.69%) (Fig. 2).

The two species most commonly detected across the
sampling sites were P. citrophthora and P. nicotianae. The
former was detected in 18 of 25 Phytophthora ITS1 metabar-
coding-positive samples collected from four citrus orchards
distributed across the citrus-producing areas of Siracusa and
Mineo (Table 1). Notably, P. citrophthora was not recorded
in any orchard from the citrus-producing areas of Lentini
and Ramacca (Table 1). ITS1 reads of P. citrophthora were
recorded in orchards defined as both healthy and unhealthy,
as well as in those managed conventionally and organically
(Table 1). Reads of P. nicotianae were detected in 22 out of
25 Phytophthora ITS1 metabarcoding-positive samples col-
lected from seven citrus orchards distributed across all the
citrus-producing areas analyzed in this study. P. nicotianae
was also recorded without distinction between organically
and conventionally managed orchards, as well as in orchards
with trees defined as both healthy and unhealthy.

Reads of P. occultans were detected in 18 out of 25 Phy-
tophthora ITS1 metabarcoding-positive samples collected
from four citrus orchards distributed only across the citrus-
producing areas of Siracusa and Mineo (Table 1). As with
P. citrophthora and P. nicotianae, P. occultans was found
in both organically and conventionally managed citrus
orchards, as well as in those characterized by either healthy
or unhealthy plants.

P. citricola reads were recorded in seven out of 25 Phy-
tophthora ITS1 metabarcoding-positive samples collected
from three citrus orchards located in the citrus-producing
areas of Lentini, Siracusa, and Ramacca (Table 1). Notably,
P. citricola was not recorded in orchards from the citrus-
producing area of Mineo. Additionally, P. citricola was only
recorded in organically managed citrus orchards and almost
exclusively on trees defined as unhealthy (Table 1).

P. oleae was recorded in only one rhizosphere soil sam-
ple collected from an organically managed citrus orchard
(CO_1—Tenuta Grimaldi), with healthy plants and in the
citrus-producing area of Lentini.

P. pachypleura was recorded in three out of 25 Phytoph-
thora ITS1 metabarcoding-positive samples collected from
the citrus orchard CO_06—Tenuta Giardina Pantanelli,
which was organically managed, characterized by unhealthy
plants, and located in the citrus-producing area of Siracusa.

Finally, reads assigned to the P. crassamural/P. meg-
asperma ITS1 barcode were found in two rhizosphere soil
samples collected from healthy plants in the conventionally
managed citrus orchard CO_2—Tenuta Grimaldi, in the
citrus-producing area of Lentini.

Unknown ITS1 Phytophthora ASVs, designated here as
“Phytophthora ITS1 unknown taxon” (Phytophthora ITS1

unk1 to unk6) were found in very low numbers: 0.08%,
0.06%, 0.02%, 0.02%, 0.01%, and 0.01% of the reads respec-
tively. Phylogenetic analyses placed Phytophthora ITS1 unk
1 — 3 in the Phytophthora ITS clade 1d, Phytophthora ITS1
unk 5 —6 in the Phytophthora ITS clade 2a, and Phytoph-
thora ITS1 unk4 in the Phytophthora ITS clade 2c (Fig. 3).

Overall, these unknown Phytophthora taxa occurred
rarely across the sampling sites. Specifically, Phytophthora
ITS1 unkl was recorded in three out of 25 Phytophthora
ITS1 metabarcoding-positive samples collected from two
healthy citrus orchards, one conventionally and one organi-
cally managed, located in Lentini (Table 1). Phytophthora
ITS1 unk2 and unk3 were recorded in only one rhizosphere
soil sample from healthy plants collected in the organi-
cally managed orchard CO_1—Tenuta Grimaldi in Lentini
(Table 1). Phytophthora ITS1 unk4 was recorded in one
rhizosphere soil sample from organically managed and
unhealthy plants collected in the orchard CO_6—Tenuta
Giardina Pantanelli in the Siracusa area (Table 1). Finally,
reads of the taxa designated as Phytophthora ITS1 unk5
and unk6 were recorded in only one rhizosphere soil sam-
ple collected from healthy plants in the conventionally man-
aged orchard CO_10—Tenuta Salinellain the Mineo area
(Table 1).

Phytophthora taxa identified by metabarcoding
of the RPS10 gene

The Illumina sequencing of the RPSI0 gene produced
4,949,494 high-quality reads. Phytophthora constituted
82.5% of the reads and 33.9% of the ASVs, while other
oomycetes accounted for the remaining 17.5% of the reads
and 66.1% of the ASVs (Fig. 1). Oomycetes other than Phy-
tophthora were assigned to the genera Globisporangium and
Phytopythium. Specifically, 62 ASVs of Globisporangium
and Phytopythium, grouped into 34 categories with nearly
identical variants differing by only 1 to 2 bp, were identified,
including (i) three clearly distinguishable known species,
Globisporangium nodosum, Globisporangium ultimum, and
Phytopythium cucurbifacearum; (ii) one ASV matching a
group of closely related species Globisporangium dabar-
yanum, Globisporangium lucens, and Globisporangium
viniferum that could not be differentiated using RPS10
barcodes; (iii) ten unknown Globisporangium taxa and 20
unknown Phytopythium taxa (Fig. 2).

The bioinformatic and phylogenetic analyses of the
RPS10 data enabled the discrimination of 4,080,517 Phy-
tophthora reads, organized into 21 Phytophthora ASVs,
comprising (i) three clearly distinguishable known spe-
cies: P. nicotianae, P. citrophthora, and P. citricola, and
(i1) seven unknown Phytophthora taxa (Table 1). Among
the known taxa, P. citrophthora was the most prevalent
taxon with an abundance of reads at 62.8%; followed by
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Fig.3 Sections from the phylogenetic tree of the Phytophthora ITS1
showing the position of Phytophthora ITS1 unk 1—-6 ASVs recorded
in this study (highlighted in red). The tree was generated by the
Maximum Likelihood method, based on the Tamura-Nei model. The
percentage of trees in which the associated taxa clustered together is

P. nicotianae (14.7%), and P. citricola (4.1%). These three
species were distributed across all the sampling sites; P. cit-
rophthora in 17 of 24 Phytophthora RPS10 metabarcoding-
positive samples collected from four citrus orchards dis-
tributed across the citrus-producing areas of Siracusa and
Mineo (Table 1). Noteworthy is that P. citrophthora was not
recorded in any orchard from the citrus-producing areas of
Lentini and Ramacca (Table 1). Moreover, RPS10 reads of

@ Springer

Phytopythium vexans AP21 OQ372986

shown next to the branches (bootstrap values >50%, 1000 replicates).
The tree is drawn to scale, with branch lengths measured in the num-
ber of substitutions per site. Phytopythium vexans was used as out-

group

P. citrophthora were recorded in both healthy and unhealthy
orchards, as well as in those managed either convention-
ally or organically (Table 1). Reads of P. nicotianae were
recorded in 11 out of 24 Phytophthora RPS10 metabarcod-
ing-positive samples collected from seven citrus orchards
distributed across all the areas analyzed in this study. The
species P. nicotianae was also recorded in both organically
and conventionally managed orchards, as well as in orchards
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with both healthy and unhealthy plants (Table 1). Finally, P.
citricola was recorded in four out of 24 Phytophthora RPS10
metabarcoding-positive samples, all of them collected in an
organically managed citrus orchard, which was characterized
by the presence of unhealthy plants and within Siracusa area
(Table 1).

The unknown RPS10 Phytophthora ASVs, designated
here as “Phytophthora RPS10 unknown taxon” 1 (Phytoph-
thora RPS10 unk1) through to 7 (Phytophthora RPS10 unk7)
were found at relative abundances of 0.09%, 0.05%, 0.57%,
0.09%, 0.03%, 0.03%, and 0.02%, respectively. Phylogenetic
analyses placed Phytophthora RPS10 unkS5 in Phytophthora
clade 1, Phytophthora RPS10 unk 1, 3, 4, 6, 7, in clade 2,
and Phytophthora RPS10 unk2 in clade 6 (Fig. 4).

Regarding the distribution of these unknown Phytoph-
thora taxa across the sampling sites, Phytophthora RPS10
unk1 was recorded in four rhizosphere soil samples collected
from as many citrus orchards in the citrus-producing areas
of Lentini, Siracusa, and Mineo (Table 1). The occurrence
of Phytophthora RPS10 unk1 was recorded in orchards man-
aged both organically and conventionally, as well as in those
with either healthy or unhealthy plants. Reads of Phytoph-
thora RPS10 unk2 were recorded in only one rhizosphere
soil sample collected in the conventionally managed citrus
orchard CO_2—Tenuta Grimaldi, which was characterized
by healthy plants and was located in the citrus-producing
area of Lentini (Table 1). Phytophthora RPS10 unk3 was
recorded in three rhizosphere soil samples, all of them col-
lected in the organically managed citrus orchard CO_06—
Tenuta Giardina Pantanelli, which was characterized by
unhealthy and was located in the citrus-producing area of
Siracusa (Table 1). The orchard CO_06—Tenuta Giardina
Pantanelli was also the only location in which reads of Phy-
tophthora RPS10 unk4 and unk7 were recorded. Finally,
Phytophthora RPS10 unkS and unk6 were recorded in only
one rhizosphere soil sample collected in the conventionally
managed citrus orchard CO_03—Tenuta Serravalle, which
was characterized by healthy plants and was located in the
citrus-producing area of Mineo (Table 1).

Comparison of outcomes from baiting
and metabarcoding of ITS1 and RPS10 gene

The combined use of baiting and metabarcoding of the ITS1
region and RPS70 gene enabled the detection of Phytoph-
thora taxa in 40 out of 50 rhizosphere soil samples collected
from all the citrus orchards studied (Table 1). Baiting identi-
fied 40 Phytophthora-positive rhizosphere soil samples. All
samples that tested positive through metabarcoding of either
the ITS1 region or the RPS10 gene were among the Phytoph-
thora-positive rhizosphere soil samples detected by baiting.
Specifically, metabarcoding of the ITS1 region detected
25 Phytophthora-positive rhizosphere soil samples, while

that of the RPS10 gene identified 24 Phytophthora-positive
samples. Additionally, all samples that were Phytophthora-
positive through metabarcoding of the RPSI0 gene were also
identified as Phytophthora-positive by metabarcoding of the
ITS1 region.

The Phytophthora taxa identified through the combined
use of baiting and metabarcoding of the ITS1 region and
RPS10 gene included several known species, such as P. nico-
tianae, P. citrophthora, P. citricola, P. occultans, P. oleae,
and P. pachypleura, as well as taxa that could not be dis-
tinguished from each other, P. crassamura/P. megasperma,
along with 13 unknown Phytophthora taxa (Table 1). Six
of these unknown taxa were detected by metabarcoding of
the ITS1 region (i.e., Phytophthora ITS1 unk 1 —6), and
seven were identified through the RPSI0 gene (i.e., Phy-
tophthora RPS10 unk 1—7) (Table 1). Both ITS1 and RPSI10
metabarcoding protocols detected all three taxa isolated by
baiting. In addition to identifying six unknown Phytoph-
thora taxa (Phytophthora ITS1 unk 1 — 6), metabarcoding
of the ITS1 region also detected additional known species
such as P. occultans, P. oleae, P. pachypleura, and the indis-
tinguishable taxon P. crassamura/P. megasperma. Finally,
apart from the known species P. nicotianae, P. citrophthora,
and P. citricola, which were detected by both baiting and
ITS1 metabarcoding, the RPS10 gene exclusively identified
unknown Phytophthora taxa (i.e., Phytophthora RPS10 unk
1-7) (Fig. 5).

Known Phytophthora taxa recorded
per citrus-producing area—comparison of baiting
and metabarcoding

Data on the presence/absence of the known Phytophthora
taxa recorded by each technique were combined to assess
the individual performance of baiting, metabarcoding of the
ITS1 region, and the RPS10 gene (Fig. 6). In detail, in Len-
tini (Fig. 6a), P. nicotianae was the only species recorded
by all three techniques. P. citrophthora was exclusively
recorded by baiting, while P. crassamuralP. megasperma,
P. oleae, and P. citrophthora were recorded only through
metabarcoding of the ITS1 region. The metabarcoding of the
RPS10 gene did not record any exclusive species (Fig. 6a).
In Siracusa (Fig. 6b), P. nicotianae, P. citrophthora, and P.
citricola were recorded by all three techniques. P. pachy-
pleura was exclusively recorded through metabarcoding of
the ITS1 region, while neither baiting nor the metabarcoding
of the RPS10 gene provided any exclusive records (Fig. 6b).
In Ramacca (Fig. 6¢), P. nicotianae was the only species
recorded by all three techniques. P. citricola was exclusively
recorded through metabarcoding of the ITS1 region, and no
exclusive records were provided by either baiting or RPS10
metabarcoding (Fig. 6¢). Finally, in Mineo (Fig. 6d), P.
nicotianae and P. citrophthora were recorded by all three
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Fig.4 Sections from the phylogenetic tree based on Phytophthora
RPS10 showing the position of Phytophthora RPS10 unk 1—7 ASVs
recorded in this study (highlighted in red). The tree was generated
by the Maximum Likelihood method, based on the Tamura-Nei
model. The percentage of trees in which the associated taxa clustered
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together is shown next to the branches (bootstrap values >50%, 1000
replicates). The tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. Phyfopythium vexans was used
as outgroup
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Baiting

CRA/MEG; RPS10 unkl;
OCC; OLE; PAC; RPS10 unk2;
ITS1 unkl; ITS1 unk2; RPS10 unk3;
ITS1 unk3; ITS1 unk4; RPS10 unk4;

ITS1 unks; RPS10 unkS;
ITS1 unk6 RPS10 unk6;
RPS10 unk7

ITS1 metabarcoding RPS10 metabarcoding

Fig.5 Comparison among the different Phytophthora taxa (CITR, P.
citricola; CIT, P. citrophthora; CRA/MEG, P. crassamura/P. megasp-
erma; NIC, P. nicotianae; OCC, P. occultans; OLE, P. oleae; PAC, P.
pachypleura); ITS1 unk 1—6, Phytophthora ITS1 unk 1—-6; RPS10
unk 1—7, Phytophthora RPS10 unk 1—7) recorded by baiting, and
the metabarcoding of the ITS1 and RPS10 gene

techniques. P. occultans was exclusively recorded through
metabarcoding of the ITS1 region, and no exclusive records
were provided by either baiting or RPS10 metabarcoding
(Fig. 6d).

Influence of environmental factors on the overall
occurrence of Phytophthora taxa

The combined approach of baiting and metabarcoding
of ITS1 and RPSI0 revealed an unexpected diversity of
Phytophthora taxa in citrus orchards. Figure 7 shows the
grouping of recorded Phytophthora taxa related to the envi-
ronmental variables, including “overall healthy status of
trees” in the orchard (healthy versus unhealthy), “type of
agronomic management” (organic versus conventional) and
“citrus-producing area” (Siracusa/Lentini/Mineo/Ramacca).

To investigate the statistical significance of the occurrence
of Phytophthora taxa across these environmental variables,
records on their presence/absence, in relation to “overall health
of trees” (healthy/unhealthy), “type of agronomic management”
(organic/conventional), and “citrus-producing area” (Siracusa/
Lentini/Mineo/Ramacca), were subjected to PERMANOVA
analysis. The results of this analysis showed a significant impact
of the variables “overall health of trees” and “citrus-producing
area” on the presence/absence of Phytophthora taxa, while
“agronomic management’ had no significant impact (Table 2).

In detail, the “overall health of trees,” which took into
account wether the orchard was characterized by large

prevalence of either healthy or unhealthy trees, explained
26.90% of the variance in determining the presence/
absence of recorded Phytophthora taxa (R*=0.26903,
p=0.001). The “citrus-producing area,” Siracusa, Lentini,
Mineo, or Ramacca, accounted for 31.66% of the variance
(R?=0.31655, p=0.001) in determining the composition of
Phytophthora communities. Finally, the “agronomic man-
agement,” organic or conventional, did not have a signifi-
cant effect in determining the recorded Phytophthora taxa
(R*=0.03152, p=0.253).

To further describe the impact of the three variables in
determining the probability of presence/absence of Phytoph-
thora taxa, a non-metric multidimensional scaling (NMDS)
ordination was conducted based on the Jaccard index. The
NMDS ordination produced a two-dimensional solution with
a stress (Stress NMDS: 0.09783) value below 0.2, indicat-
ing an acceptable representation of the data, whose results
are visualized in Fig. 8. The NMDS ordination provides a
graphical representation of the community structure across
the sampled orchards, showing clear patterns associated with
the health status of the trees (Fig. 8a), agronomic manage-
ment practices (Fig. 8b), and citrus-producing area (Fig. 8c).
In the NMDS ordination, species vectors that are longer in
the NMDS plot (e.g., P. crassamura/P. megasperma and P.
oleae) indicate taxa that are more constrained to fewer sites
or variables. In contrast, shorter vectors (e.g., P. citrophthora
and P. nicotianae) reflect taxa that are more widespread
across multiple samples, indicating a broader distribution
across the ns examined.

Unhealthy trees were associated with Phytophthora
taxa, such as P. citrophthora and P. occultans, as evi-
denced by their proximity to the unhealthy tree category
and their longer species vectors (Fig. 8a). Conversely, taxa
such as P. nicotianae were more strictly associated with
healthy plants. Although the agronomic management prac-
tice was not shown as significant in PERMANOVA, the
NMDS plot suggests a tendency for certain species, like P.
pachypleura, Phytophthora ITS1 unkS, and Phytophthora
ITS1 unk6 to be more frequent in conventionally man-
aged orchards, though this pattern is not as pronounced as
with the other explanatory variables (Fig. 8b). In terms of
the region, orchards from Siracusa, Lentini, Mineo, and
Ramacca show distinct clusters in the ordination space
(Fig. 8c). For example, taxa such as P. pachypleura, P.
citricola, Phytophthora 1TS1 unk4, Phytophthora RPS10
unkl, and Phytophthora ITS1 unk4 appear prevalent in the
area of Siracusa. Other taxa, such as P. oleae, Phytoph-
thora ITS1 unkl1, and Phytophthora ITS1 unk3 are more
common in Lentini, while P. citrophthora, P. occultans,
Phytophthora ITS1 unk5, Phytophthora ITS1 unk6, Phy-
tophthora RPS10 unkS, and Phytophthora RPS10 unk6
are more common in Mineo. Finally, P. nicotianae was
associated with the area of Ramacca.
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a Lentini

Baiting

ITS1 metabarcoding RPS10 metabarcoding

C Ramacca

Baiting

B
B

ITS1 metabarcoding RPS10 metabarcoding

Fig.6 Known Phytophthora taxa (CITR, P. citricola; CIT, P. cit-
rophthora; CRA/MEG, P. crassamura/P. megasperma; NIC, P. nico-
tianae; OCC, P. occultans; OLE, P. oleae; PAC, P. pachypleura)

Conventional

Unhealthy

Healthy

CRA/MEG; OLE;
1TS1 unk;
1TS1 unk2;
1TS1 unk3;
ITS1 unkd;
ITS1 unks;
ITS1 unke;

RPS10 unk2;
RPS10 unks;
RPS10 unks;

Fig.7 Grouping of Phytophthora taxa (CITR, P. citricola; CIT, P.
citrophthora; CRA/MEG, P. crassamura/P. megasperma; NIC, P.
nicotianae; OCC, P. occultans; OLE, P. oleae; PAC, P. pachypleura);
ITS1 UNK1-6, Phytophthora ITS1 unk 1—6; RPS10 unk 1-7, Phy-
tophthora RPS10 unk 1—7) recorded through the combined approach
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recorded by baiting, metabarcoding of ITS1 region or RPS10 gene in
the citrus-producing areas of Lentini (a), Siracusa (b), Ramacca (c),
and Mineo (d)

c Siracusa

Organic

Ramacca

CRA/MEG; OLE; ITS1 unk1;
1TS1 unk2; ITS1 unk3;
RPS10 unk2

Lentini

of baiting and metabarcoding of the ITS1 region and RPS10 gene,
based on the environmental variables. a “Overall health of plants”
(healthy/unhealthy). b “Agronomic management” (organic/conven-
tional). ¢ “Citrus-producing area” (Siracusa/Lentini/Mineo/Ramacca)
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Table2 PERMANOVA analysis of the impact of the variables “overall health of plants,” “agronomic management,” and “citrus-producing area’
in determining the recorded composition in Phytophthora taxa detected by all methods

Name of the variable R? p value Variance explained Significance
(%)

Overall health of plants (healthy/unhealthy) 0.26903 0.001 26.90% HkE

Agronomic management (conventional/organic) 0.03152 0.253 3.15%

Citrus-producing area (Siracusa/Lentini/Mineo/Bamaca) 0.31655 0.001 31.66% HkE

*p <0.05; ** p <0.01; *** p < 0.001 (significance levels from the PERMANOVA analysis)
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Fig.8 Non-metric multidimensional scaling (NMDS) of Phytoph- thora taxa with the different explanatory variables. Longer vectors
thora taxa presence/absence data in relation to: a tree health sta- indicate species that are more restricted to certain conditions, while
tus (healthy/unhealthy); b agronomic management (conventional/ shorter vectors represent species that are more widespread across
organic); and c¢ citrus-producing area (Siracusa, Lentini, Mineo, condition. The ellipses represent the confidence intervals for the cen-
Ramacca). Vectors represent the association of individual Phytoph- troids of each grouping
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Discussion

This is the first study to investigate the diversity of Phy-
tophthora communities in citrus orchards of Eastern Sic-
ily using the complementary methods of leaf-baiting and
metabarcoding, the latter based on both the ITS1 region
and the RPS10 gene. Baiting detected three Phytophthora
species: P. citrophthora, P. nicotianae, and P. citricola.
In contrast, metabarcoding identified a total of 20 taxa,
including those detected by baiting and additional ones
like P. oleae, P. pachypleura, and P. occultans, an ASV
matching a pair of closely related species, P. crassamura
and P. megasperma, along with 13 unidentified taxa. This
discrepancy underscores the greater sensitivity of the
metabarcoding approach. While baiting effectively isolates
actively sporulating species, metabarcoding is capable of
detecting species that may not sporulate as readily, are
present at a lower frequency or more difficult to grow on
agar media. These findings are consistent with previous
studies that reported a higher number of species detected
through metabarcoding compared to traditional isola-
tion techniques (Vannini et al. 2013; Bose et al. 2018;
Legeay et al. 2020; Burgess et al. 2021; La Spada et al.
2022; Sarker et al. 2023). The analysis of metabarcod-
ing results, utilizing both PERMANOVA and non-metric
multidimensional scaling (NMDS), revealed a significant
correlation between the presence of certain Phytophthora
taxa and both the health status of trees and the geographi-
cal areas of the orchards. This suggests that these fac-
tors are significant influences shaping the communities
of these oomycetes in the rhizosphere soil of citrus trees
in investigated citrus orchards. Conversely, no significant
correlation was found between the diversity and distri-
bution of Phytophthora species and the type of orchard
management, i.e., organic versus conventional. Although
organic and conventional orchards differed in fertilization
and pesticide regimes, all received the same irrigation vol-
ume during the dry season. This uniform moisture input
likely homogenized soil water availability, a key environ-
mental driver of Phytophthora sporulation, dispersal, and
survival, thus reducing potential differences in community
composition between management systems. Expanding the
sampling effort in subsequent studies will be essential to
better capture the dynamics of these communities across
a broader range of orchards and to confirm the observed
pattern throughout Eastern Sicily.

Moreover, although in this study the sampling campaign
was carried out after a prolonged period of drought, perhaps
related to the desertification process impacting some areas
of the Mediterranean macroregion including Sicily (Toreti
et al. 2024), no evidence supported the hypothesis that in
recent years substantial modifications have occurred in
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Phytophthora communities of the rhizosphere soil of citrus
orchards. According to Toreti et al. (2024), the Mediterra-
nean region, including Sicily, has experienced a significant
increase in drought events over the last decade, leading to
prolonged periods of soil moisture deficit. These extreme
conditions may influence both pathogen survival and plant
susceptibility, emphasizing the role of climate change as a
key factor in future pathogen dynamics. However, the lack
of observable shifts in Phytophthora diversity in this study
may be attributed to increased irrigation practices used to
counteract drought stress, which could buffer the immediate
effects of reduced rainfall. Long-term projections suggest
that without mitigation strategies, the cumulative impact of
drought on soil microbial communities and pathogen dynam-
ics could become more pronounced (Loiko and Islam 2024).

As a matter of fact, in this study, P. citrophthora and P.
nicotianae were by far the most prevalent species identi-
fied by both leaf baiting and metabarcoding. These two
species were also the most frequently isolated species in
citrus orchards of Eastern Sicily during surveys carried out
decades ago using less precise and sensitive detection meth-
ods such as fruit baitings or direct isolation from tissues
and soil using selective media (Cacciola and Magnano di
San Lio 2008; Favaloro and Sammarco 1973, Magnano di
San Lio et al. 1988). Although drought is known to influ-
ence and alter microbial community structures, its effects
are expected to be mitigated in irrigated crops. On the other
hand, it is known that drought may increase host suscepti-
bility to infections by pathogens due to reduced water and
nutrient availability (Pautasso et al. 2012; Ruiz-Gémez et al.
2019a; Ulrich et al. 2019). This has particular relevance in
the case of waterborne pathogens, like oomycetes, which
are favoured by irrigation. Previous studies have shown that
drought conditions do not significantly impair the infectivity
of Phytophthora species (Serrano et al. 2021; Contreras-
Cornejo et al. 2023). However, drought may exert a selective
pressure on Phytophthora communities by favoring species
more resistant to water stress conditions. For instance, it has
been hypothesized that the thick oospore wall of P. multi-
vora, a homothallic species segregated from the P. citricola
complex, is an ecological adaptation to extreme seasonally
dry soil conditions (Scott et al. 2009).

In this study, 50 rhizosphere soil samples were collected
from a total of ten sampling sites, corresponding to an equal
number of citrus orchards across four major citrus-producing
areas of Eastern Sicily, i.e., Siracusa, Lentini, Mineo, and
Ramacca. The sampling design included orchards either
organically or conventionally managed, as well as orchards
with predominantly either healthy-looking or unhealthy-
looking trees. Overall 40 out of 50 rhizospheric soil sam-
ples tested positive for Phytophthora using baiting. This
detection technique enabled the isolation and identification
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of the three most common Phytophthora species pathogenic
to citrus, confirming its robustness as a routine diagnostic
method. In fact, baiting can be regarded as more effective
than metabarcoding given that 25 out of 50 soil eDNA sam-
ples collected in this study did not produce PCR amplicons
and may be considered false negatives. Specifically, 25 sam-
ples tested positive with ITS1 region metabarcoding assay,
compared to 24 with the RPS10 gene metabarcoding assay.
Several factors may explain why some samples were unsuit-
able for molecular analysis. An important consideration is
the volume of soil employed in different techniques. Molecu-
lar analyses typically utilize much smaller sample volumes
compared to baiting methods, which may account for the
higher number of Phytophthora-positive samples obtained
through baiting (La Spada et al. 2022). Additionally, drought
conditions not only reduce Phytophthora activity, but may
also compromise the representativeness of the soil sample by
reducing the overall microbial biomass (Qu et al. 2023) and
DNA concentration, further diminishing the likelihood of
detecting Phytophthora using molecular techniques. Finally,
the use of RPS10 oomycete primers may preferentially
amplify oomycetes other than Phytophthora, as reported in
previous studies using the RPS10 gene (Foster et al. 2022).

This suggests that baiting could be more sensitive in
conditions where the presence of Phytophthora is dimin-
ished, such as during drought periods. Conversely, molecular
analyses may be more affected by variables related to the
quality of DNA extracted from soil samples collected under
suboptimal climatic conditions.

It is noteworthy that all samples that tested positive using
metabarcoding were also positive via baiting, further con-
firming the efficacy of the classical method for detecting
Phytophthora inoculum in rhizosphere soil of citrus trees.
However, metabarcoding showed greater resolving power in
revealing a higher diversity of Phytophthora communities
in almost all examined rhizosphere soil samples. Besides
the three Phytophthora species identified with baiting, i.e.,
P. nicotianae, P. citrophthora, and P. citricola, ASVs con-
sistent with 20 known species and new unknown taxa were
detected with barcoding (Table 1). Among the unknowns,
those designated as Phytophthora ITS1 unkl, unk2, and
unk3 in the phylogenetic analysis clustered closely with
both P. nicotianae and P. X pelgrandis. This result suggests
that these unknown taxa could be variants of either P. nico-
tianae or P. X pelgrandis. However, the close phylogenetic
alignment between P. nicotianae and P. X pelgrandis can
be explained by the fact that P. X pelgrandis is a hybrid of
P. nicotianae and P. cactorum, as previously described by
Nirenberg et al. (2009). Despite minor sequence differences,
the hybrid nature of P. X pelgrandis contributes to its strong
similarity with P. nicotianae in the ITS region. Given that
P. X pelgrandis has not previously been recorded either by
isolation or through metabarcoding of eDNA in association

with rhizosphere soil of citrus orchards, and that the occur-
rence of P. nicotianae in citrus orchards is well-documented
worldwide, it is therefore more likely that the unknown taxa
represent minor ITS variants of P. nicotianae that need to
be added to the reference database. Similarly, the phyloge-
netic analysis based on the ribosomal RPS10 gene revealed
a high genetic similarity among the sequences attributed to
P. citricola and the unidentified taxa Phytophthora RPS10
unk3, unk4, and unk7, as well as between P. citrophthora, P.
occultans, and Phytophthora RPS10 unkl. In both cases, the
detection of a single nucleotide substitution within a highly
conserved gene suggests that these ASVs are intraspecific
variants of the respective reference species rather than dis-
tinct taxa. Indeed, metabarcoding, which examines pooled
environmental DNA rather than individual pure isolates,
is more likely to amplify and identify such minor variants
which may limit its ability to distinguish closely related taxa
and/or intraspecific variants. Furthermore such minor vari-
ants may be PCR errors or [llumina sequencing artifacts.
Phytophthora occultans is a homothallic species in the ITS
phylogenetic clade 2a (Man in’t Veld et al. 2015), the same
subclade as P. citrophthora, a well known aggressive patho-
gen of citrus (Puglisi et al. 2017), while P. pachypleura is a
homothallic species in subclade 2¢ (Henricot et al. 2014), the
same subclade as P. citricola, also an aggressive pathogen
of citrus (Thomidis et al. 2005). Phytophthora oleae is also
in clade 2, but in a distinct subclade (2d) (Ruano-Rosa et al.
2018). The range of known hosts and the geographical dis-
tribution of this species are relatively restricted (Ruano-Rosa
etal. 2018; Gonzalez et al. 2019; Riolo et al. 2020; Linaldeddu
et al. 2023; Deidda et al. 2025). As reported by Abad et al.
(2023), all clade 2 species occur in terrestrial habitats, and
most are aggressive plant pathogens. In humid environments,
some can temporarily adapt to an aerial lifestyle and infect the
above-ground organs of the plant, including fruit and leaves.
In citrus, aerial infections on fruit and leaves cause the dis-
eases known as brown rot and blight, respectively (Rovetto
et al. 2024). After the recent description of 43 new species,
clade 2 has become the largest clade of Phytophthora (Jung
et al. 2024). The prevalence of reads of P. citrophthora and P.
nicotianae, identified as the most abundant species by both
ITS1 and RPSI0 gene, supports the established role of these
two species as key citrus pathogens in Mediterranean areas
and major species responsible for Phytophthora diseases of
citrus worldwide (Gams 2000; Cacciola and Magnano di San
Lio 2008; Rovetto et al. 2024). Phytophthora citrophthora was
the most abundant species in both metabarcoding analyses,
with a prevalence of 35.5% in ITS reads and 62.8% in RPS10
reads. This species is well-documented as one of the main
causative agent of trunk rot in citrus (Ippolito et al. 2002;
Dirac et al. 2003; Alvarez et al. 2009). The dominance of its
reads in both ITS1 and RPS10 metabarcoding confirms is sig-
nificance under Sicilian agroecological conditions. Similarly,
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P. nicotianae, with 35.1% of ITS1 reads and 14.7% in RPS10
reads, has been reported as an important pathogen in citrus
orchards, being more active under warm conditions and pri-
marily attacking fine roots (Timmer et al. 1998; Ippolito et al.
2002; Dirac et al. 2003; Alvarez et al. 2009). Interestingly, a
series of previous studies aimed at characterizing the genetic
varibility of a global collection of isolates of this species from
a wide range of hosts using both mitochondrial and nuclear
molecular markers, demonstrated that isolates of P. nicotianae
from citrus grouped separately from isolates recovered from
other hosts, suggesting either a host-specific subgroup or a
founder effect in citrus propagation stocks (Mammella et al.
2011, 2013; Biasi et al. 2016). The identification of Phytoph-
thora occultans (16.6% of ITS reads) and P. citricola (10.4%
of ITS reads; 4.1% of RPSI0 reads) adds complexity to the
Phytophthora communities in Sicilian citrus orchards. Ini-
tially isolated from Buxus (Man in’t Veld et al. 2015) and now
other horticultural crops (Gitto et al. 2018; Ghaderi 2023), this
pathogen has not been reported as a pathogen of Citrus. In a
previous survey, however, it was detected in association with
citrus trees in Eastern Sicily using ITS1 region metabarcoding
(La Spada et al. 2022). Consequently, P. occultans appears to
be a widespread albeit less damaging occupant of the citrus
tree rhizosphere in this production area. To assess the poten-
tial threat that P. occultans and sporadically occurring Phy-
tophthora species, such as P. oleae and P. pachypleura, along
with the 13 unidentified Phytophthora taxa, pose to citrus
orchards, a more detailed understanding of their ecology and
tests of their pathogenicity are required. Unfortunately, living
isolates of these species and unidentified taxa are not availa-
ble, as they were detected exclusively through metabarcoding.
The detection of Phytopythium and Globisporangium species
in the rhizosphere soil of citrus trees using metabarcoding
based on amplification of the RPSI0 gene would support a
possible involvement of these oomycetes in the etiology of
trunk gummosis and crown rot of citrus as reported by Ben-
fradj et al. (2017).

As expected, the ITS1 marker assay was significantly
more specific and sensitive at detecting Phytophthora spe-
cies than that based on the RPS10 gene; 99.5% of the ITS1
reads and 87.2% of the amplified sequence variants (ASVs)
were detected as Phytophthora, compared to 82.5% of the
reads and 33.9% of the ASVs for RPSI10. These results
are consistent with previous studies that demonstrated the
greater discriminative power of the ITS1 region assay based
on the Scibetta et al. (2012) primers in detecting Phytoph-
thora species compared to other genetic markers (Burgess
et al. 2022; Migliorini et al. 2023). However, in this study,
the RPS10 gene metabarcoding amplified genera other than
Phytophthora, confirming the assay’s value in obtaining a
wider overview of the oomycete community in soil (Foster
et al. 2022). This result is supported by previous studies
indicating that RPS10 can be a useful marker for large-scale
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investigations of oomycete communities (Burgess et al.
2022; Migliorini et al. 2023).

Overall, these results confirm the potential of metabar-
coding in revealing the complexity of Phytophthora com-
munities in natural, agricultural, and horticultural ecosys-
tems, as demonstrated in several recent studies (Prigigallo
et al. 2015, 2016; Catala et al. 2017; Khaliq et al. 2018;
Ruiz Gémez et al. 2019b; Burgess et al. 2021; La Spada
et al. 2022; Green et al. 2025). The metabarcoding find-
ings in this study reported P. oleae and P. pachypleura in
association with citrus rhizosphere soil for the first time
worldwide. Similarly, for the identical P. crassamura or P.
megasperma ITS1 barcode, this is the first report in associa-
tion with citrus worldwide if the ASV is considered as P.
crassamura, whereas it is the first report in association with
citrus in Italy if the ASV is considered as P. megasperma.

Phytophthora crassamura, first described by Scanu et al.
(2015) from natural Mediterranean vegetation in Sardinia, was
later isolated from declining wild olive trees (Olea europaea
var. sylvestris) in the same region, where pathogenicity tests
confirmed its ability to cause root rot (Deidda et al. 2025).
These findings suggest that this species may be expanding its
ecological range to include cultivated Mediterranean systems.
Its detection in the rhizosphere of citrus trees in the present
study, although based solely on ITS1 metabarcoding, high-
lights the need for targeted follow-up studies involving isola-
tion, multilocus characterization, and pathogenicity testing to
assess its potential role as a citrus pathogen.

To explain the selectivity of baiting, it has been hypothe-
sized that baiting conditions favor parasitic species that sporu-
late early, are able to infect baits with relatively few zoospores
and grow more rapidly than others on selective agar media.

The correlation seen in PERMANOVA and NMDS analy-
sis between the unhealthy status of orchards and the presence
of P. citrophthora and P. occultans confirms the pathogenic-
ity of the former species on citrus and suggests the latter can
be regarded as a potential citrus pathogen. Conversely, the
significant correlation between the presence of P. nicotia-
nae and the absence of symptoms on trees can be explained
assuming that citrus trees infected by this pathogen, which
typically infects roots, show symptoms in the canopy only
if a high proportion of roots are infected. Only quantitative
studies can shed light on this aspect. Finally, there is no
single explanation as regards the relationship between the
distribution of diverse Phytophthora taxa and the geographi-
cal area where the orchards were located. This may depend
on either a founder effect, i.e., the dominant Phytophthora
taxa in the nurseries which originally supplied the plants, or
local ecological conditions. The latter hypothesis aligns with
other studies that emphasized the effect of both environment
and climate change on Phytophthora diversity in natural eco-
systems (Burgess et al. 2019; Riddell et al. 2019). Further in-
depth sampling would be required to resolve these questions.
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Conclusions

This study confirmed the complementarity between the tra-
ditional baiting and metabarcoding to identify the diversity
and distribution of oomycete communities associated with
the rhizosphere of citrus trees. Baiting proved to be a robust
diagnostic method to detect the most dominant and aggres-
sive species, such as P. citrophthora, P. nicotianae, and P.
citricola. Metabarcoding was more effective in revealing
the diversity and complexity of oomycete communities in
these Sicilian citrus tree rhizosphere samples. The number
of Phytophthora taxa identified with this molecular diag-
nostic method was greater than the number detected with
baiting; 20 versus three. Beside the seven described species,
metabarcoding detected numerous still unknown taxa. Some
of the Phytophthora species identified with metabarcoding
are new reports on citrus. The sensitivity of this molecular
diagnostic technique makes it a powerful tool to study the
impact of environmental factors, such as climate change on
oomycete soil populations. An interesting novelty of this
study is that the analysis of metabarcoding data using PER-
MANOVA and NMDS identified a correlation between the
composition of Phytophthora communities in rhizosphere
soil of citrus trees and both the health status of the trees
and the geographic area of the citrus orchard. Conversely
no substantive differences were observed in Phytophthora
communities between organically and conventionally man-
aged citrus orchards. In general, this type metabarcoding
study appears very promising to identify major environmen-
tal factors shaping the diversity of oomycete communities
associated with the rhizosphere of crop plants.
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