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ABSTRACT

Prigigallo, M. L., Abdelfattah, A., Cacciola, S. O., Faedda, R., Sanzani,
S. M., Cooke, D. E. L., and Schena, L. 2016. Metabarcoding analysis of
Phytophthora diversity using genus-specific primers and 454 pyrose-
quencing. Phytopathology 106:305-313.

A metabarcoding method based on genus-specific primers and 454
pyrosequencing was utilized to investigate the genetic diversity of Phytophthora
spp. in soil and root samples of potted plants, from eight nurseries.
Pyrosequencing enabled the detection of 25 Phytophthora phylotypes
distributed in seven different clades and provided a much higher
resolution than a corresponding cloning/Sanger sequencing approach.
Eleven of these phylotypes, including P. cactorum, P. citricola s.str.,
P. palmivora, P. palmivora-like, P. megasperma or P. gonapodyides,
P. ramorum, and five putative new Phytophthora species phylogenetically
related to clades 1, 2, 4, 6, and 7 were detected only with the 454

pyrosequencing approach. We also found an additional 18 novel records
of a phylotype in a particular nursery that were not detected with
cloning/Sanger sequencing. Several aspects confirmed the reliability of
the method: (i) many identical sequence types were identified indepen-
dently in different nurseries, (ii) most sequence types identified with
454 pyrosequencing were identical to those from the cloning/Sanger
sequencing approach and/or perfectly matched GenBank deposited
sequences, and (iii) the divergence noted between sequence types of
putative new Phytophthora species and all other detected sequences was
sufficient to rule out sequencing errors. The proposed method represents a
powerful tool to study Phytophthora diversity providing that particular
attention is paid to the analysis of 454 pyrosequencing raw read
sequences and to the identification of sequence types.

Additional keywords: metagenomic analyses, ornamental nurseries.

The increasing international trade in rooted plants and the
continual introduction of new varieties and/or species exposes
nurseries, with particular emphasis on the potted ornamentals, to
new host—pathogen combinations and creates new disease threats.
Invasive pathogens have been frequently found on ornamental
plants and their trade is considered a primary driver of new discase
outbreaks since it causes large-scale distribution of pathogens
beyond their natural endemic ranges with severe socio-economic
impact (Brasier 2008; Themann et al. 2002).

Among plant pathogens, the approximately 140 species of the genus
Phytophthora are particularly destructive, affecting thousands of
cultivated and wild plants worldwide (Brasier 2009; Kroon et al. 2012;
Martin et al. 2012). The role of long-distance migration via the nursery
trade in the spread of Phytophthora inoculum has been accurately inves-
tigated focusing on major species such as P. ramorum and P. nicotianae
(Goss et al. 2011; Kamoun et al. 2015; Mammella et al. 2011, 2013).
However, many more species have been reported in nurseries of potted
plants in Europe and the United States (Cacciola et al. 2008; Moralejo
et al. 2009; Parke et al. 2014; Schwingle et al. 2007; Themann et al. 2002;
Yakabe et al. 2009). The presence of multiple plant species in nurseries
and the contact between related but previously geographically isolated
pathogens can also play a role in favoring hybridization and generate
better-adapted or entirely new pathogen species (Faedda et al. 2013).
Furthermore, the existence of many species of Phyfophthora still
unknown to the scientific community has been postulated (Brasier
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2009; Kroon et al. 2012). Having adapted to and coevolved with
their hosts, many of these pathogens may not cause noticeable damage
in their native ecosystems but represent a serious threat when introduced
into a new environment through the nursery trade (Roy et al. 2014).

The detection of Phytophthora spp. (including those currently
unknown to the scientific community) remains a challenge due to
the limits of conventional culturing and bating methods (Cooke
et al. 2007). As a consequence, several invasive and previously
unknown species have been identified only when they have caused
severe disease in nonnative environments. Several polymerase
chain reaction (PCR)-based molecular assays have been developed
for Phytophthora species, but most are inappropriate for broader
surveys of its diversity and distribution in ecosystems as they detect
only one or a few species (Bilodeau et al. 2014; Cooke et al. 2007;
Martin et al. 2012; Sanzani et al. 2014; Schena et al. 2013).

The massive sequencing of PCR amplicons with metabarcoding
approaches represents a powerful culture-independent technique to
investigate the genetic diversity in microbial communities (Abdelfattah
et al. 2015; Lindahl et al. 2013). A number of studies have focused
on the design of appropriate universal primers for the amplifi-
cation of specific barcode genes from all species of major
taxonomic groups of fungi and/or oomycetes (Toju etal. 2012). These
universal primers represent a valuable tool for ecological studies
since they enable the broad characterization of microbial diversity. In
particular, oomycete-specific primers proved valuable to study the
ecology of this important class of microorganisms using next
generation sequencing (Sapkota and Nicolaisen 2015; Vannini et al.
2013; Vettraino et al. 2012). However, primers specific to very broad
taxonomic groupings may complicate analyses focusing on specific
genera since the target organisms may represent a minority of the
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complete soil microbiome. Indeed, Sapkota and Nicolaisen (2015)
detected few sequences of Phytophthora spp. compared with other
dominant oomycete genera (Pythium, Saprolegnia, Pythiogeton, and
Aphanomyces). In this context, the use of more selective primers can
greatly improve analyses as demonstrated for the genera Phytoph-
thora, Trichoderma, and Colletotrichum (Friedl and Druzhinina
2012; Mosca et al. 2014; Scibetta et al. 2012).

In a recent study, Phytophthora diversity was analyzed in potted
ormamental plant nurseries using genus specific primers combined
with the Sanger sequencing of cloned amplicons (Prigigallo et al.
2015). The analyses highlighted a complex assemblage of Phytoph-
thora species with new host—pathogen combinations, evidence of
species previously unreported in the investigated area, and phylotypes
representative of species that remain to be taxonomically defined. The
use of a conventional cloning Sanger/sequencing (CSS) approach
guaranteed a very high level of reliability for detected sequences and
this was considered particularly relevant since several Phytophthora
species are differentiated by a limited number of consistent internal
transcribed spacer (ITS) nucleotide differences (Martin et al. 2012;
Robideau et al. 2011; Schena and Cooke 2006). However, the CSS
approach is much less powerful and more costly than high-throughput
sequencing approaches such as 454 pyrosequencing (454P). The large
number of reads produced in a single sequencing run with the latter
approach provides a far greater sampling depth, thus increasing the
detection of low abundance phylotypes. On the other hand, high-
throughput sequencing technologies have higher error rates than
Sanger sequencing (Knief 2014). This aspect may represent a
significant issue in the analysis of Phyrophthora species since some
genetically related species with very similar ITS sequences can have
quite different pathogenic behaviors (Martin et al. 2012).

The aim of the present study was to investigate the power and
reliability of a metabarcoding approach based on genus-specific
primers and 4354P to determine Phytophthora diversity in
environmental samples. To this aim, a number of soil and root
samples from potted ornamental nurseries, already analyzed using
the CSS approach (Prigigallo et al. 2015), were investigated and
results obtained with the two methods were critically compared.

MATERIALS AND METHODS

Sampling, DNA extraction, and PCR amplification. Samples
of soil and roots were collected from many ornamental potted plants

species during 2013 and 2014 in eight different nurseries across
Apulia and Calabria, Southern Italy (Table 1). Each sample
comprised five mixed subsamples of roots or soils collected from
individual plants of the same species showing general symptoms of
decline. Soil and roots from different plant species and nurseries were
kept separated and triplicate DNA extractions were performed from
each sample as previously described (Prigigallo et al. 2015). After
extractions, DNA samples from each nursery (soil and roots) were
pooled and the ITS1 region was amplified in triplicate using a semi-
nested approach with Phytophthora genus specific primers (Scibetta
et al. 2012) using the same procedure described by Prigigallo et al.
(2015). However, primers used in the present study in the second
round amplification were modified to obtain fusion primers
according to 454 GS-FLX amplicon pyrosequencing (http://
www.454.com/). In particular, eight different multiplex identi-
fier (MID) sequences were selected, paying attention to potential
secondary structures with primers and utilized to associate
amplicons to the different sampled nurseries (Table 1).

The triplicate amplicons obtained from each sample after the
second round PCR were pooled and purified and quantified as
previously described (Prigigallo et al. 2015). Finally, purified PCR
products from the eight different samples were pooled in equal
volume and sequenced using a 1/8 of a PicoTiter Plate with the 454
GS FLX+ System (Macrogen, Seoul, Korea).

Identification of Phytophthora phylotypes and sequence
types (STs). The complete data set of 454P sequences was
processed with the bioinformatics pipeline QIIME Version 1.8
(Caporaso et al. 2010). De-multiplexing and quality filtering
analyses were performed using a minimum quality score of 25, a
minimum/maximum length ratio of 100/1,000, and a maximum
number of homopolymer bases of 10. Additionally, the sliding
window test of quality scores (—w) was enabled with a value of 75
to discard sequences with bad windows according to the “-g”
command. Sequences were analyzed to reduce erroneous reads
(denoised) using the denoise wrapper script (Reeder and Knight
2010) and imeric sequences were identified and filtered using
USEARCh 6.1 (Edgar 2010). Cleaned sequences had a length
ranging from 150 to 202 bp and were analyzed with the software
ElimDupes  (http://hcv.lanl.gov/content/sequence/ELIMDUPES/
elimdupes.html) to identify identical sequences and determine
ITS1 STs, defined as the distinct and reproducible ITS | sequences
recovered in this study (Malacrino et al. 2015; Prigigallo et al.

TABLE 1. List of analyzed samples from eight different nurseries located in Apulia and Calabria (Southern Italy) along with multiplex identifier (MID) sequences
associated to each sample and corresponding number of sequences detected by 454 pyrosequencing

Samples Collected species (roots and soils)* MID Sequences”
Nursery TP Apulia Grevillea lanigera, Lavandula sp., Chamelaucium uncinatum (S), MID 28 18,199
Convolvulus cneorum, Armeria maritima (S)
Nursery CP Apulia Rosmarinus officinalis var. erectus, Salvia sp., Olea europaea, MID 30 495
Convolvulus mauritanicus, Rosmarinus officinalis var. prostratus,
Pistacia lentiscus, Cotoneaster salicifolius, Teucrium brevifolium,
Convolvulus cneorum, Origanum pseudodictamnus, Hebe
veronica, Eremophila nivea, Arbutus unedo, Erica canaliculata,
Cytisus sp., Russelia equisetiformis
Nursery ST Calabria Diospyros kaki MID 32 924
Nursery PV Apulia Cyclamen persicum var. halios, Cyclamen persicum var. lianis, MID 33 2,100
Tagetes erecta, Tagetes patula, Petunia parviflora, Petunia sp.
Nursery ZZ Apulia Cercis siliquastrum, Punica granatum, Arbutus unedo, Rosa sp., MID 37 139
Grevillea juniperina, Bougainvillea glabra
Nursery VM Apulia Polygala myrtifolia, Lantana sellowiana, Nerium oleander, MID 38 5,632
Grevillea lanigera, Lithodora sp., Eugenia myrtifolia, Euryops
pectinatus, Coleonema pulchrum
Nursery BL Apulia Thymus sp., Mentha sp., Allium schoenoprasum, Rosmarinus MID 39 375
officinalis, Armeria maritima, Cyclamen persicum, Petunia
parviflora, Fuchsia magellanica, Lobelia erinus, Dahlia
campanulata, Impatiens hawkeri
Nursery PG Apulia Quercus ilex, Prunus mariana, Prunus mahaleb, Crataegus azarelus MID 29 203

4 The presence of (S) after the species name indicates that only soil samples were analyzed.
b Number of detected sequences after quality trimming, denoising, and chimera removal.
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2015). Singletons (sequence reads occurring only once across the
complete panel of analyzed samples) were removed from the
data set.

To associate detected sequences to specific Phytophthora taxa,
STs were subject to phylogenetic analysis along with validated
barcode sequences of the genus Phytophthora (Robideau et al.
2011). Before analysis, sequences from a complete Phytophthora
reference panel (Robideau et al. 2011) were trimmed to match
the sequence lengths determined in this study and analyzed with
the software ElimDupes (http://hcv.lanl.gov/content/sequence/
ELIMDUPES/elimdupes.html) to delete multiple identical se-
quences for each species. Identical reference sequences were
included in the panel when they represented different Phytophthora
species. In cases where no matches were found in the reference
sequence from Robideau et al. (2011) more closely related
sequences were examined using BLAST searches of GenBank
and Phytophthora Database (http://www.phytophthoradb.org/)
with priority given to sequences associated to specific publica-
tions (Figs. 1 and 2).

The complete panel of selected reference sequences, STs detected
in the present study and STs detected using the CSS approach
(Prigigallo etal. 2015), were grouped according to their clade (Cooke
etal. 2000; Kroon et al. 2012), aligned using ClustalX and introduced
to TOPALI for phylogenetic analysis with the PhyML method based
on maximume-likelihood methods (Guindon and Gascuel 2003). By
this process, all STs were associated with a phylotype and compared
with those previously obtained with the CSS approach (Prigigallo
etal. 2015). A phylotype may be represented by single ST or a closely
related cluster of ITS1 sequences that are considered to represent a
single distinct taxon. The term phylotype was used as a proxy for
species in describing the results as species cannot be defined formally
in the absence of living isolates.

RESULTS

Sequencing results. A total of 76,612 sequence reads with an
average length of 270 bp were obtained by 454P. Data were deposited
in the SRA database (NCBI) with the accession number SRX884 122
(http://www.ncbi.nlm.nih.gov/sra/SRX884122). After quality trim-
ming, denoising, and chimera removal, 28,067 high quality ITSI
sequences were recorded. The number of reads per sample ranged
from 139 to 18,199 (Table 1).

Identification of Phytophthora phylotypes. After the
exclusion of singletons, 120 representative STs were identified
in the complete panel of analyzed samples (nurseries) and deposited
in GenBank with accession numbers KP691717 to KP691836
(Figs. 1 and 2). According to the phylogenetic analyses, all STs
clustered within the genus Phytophthora and were assigned to
25 Phytophthora phylotypes distributed in seven different clades
(Figs. 1 and 2).

Twelve phylotypes were identified to the species level:
P cactorum and P. nicotianae in clade 1; P. citricola s.str.,
P. citrophthora, and P. meadii in clade 2; P. palmivora in clade 4;
P. taxon Pgchlamydo in clade 6; P. parvispora, P. cambivora,
and P. niederhauserii in clade 7; and P. lateralis and P. ramorum in
clade 8 (Figs. 1 and 2). Four phylotypes were unresolved within their
species complexes because the available genetic variation within the
ITS1 region did not enable the reliable differentiation of species (Jung
and Burgess 2009; Robideau et al. 2011). They comprised the
following: (i) P, citricola 1, P. citricola 111, P. citricola E, or P. plurivora
in clade 2; (ii) P. pseudosyringae, P. ilicis, or P. nemorosa in clade 3;
(iii) P. gonapodyides or P. megasperma in clade 6; and (iv)
P. cryptogea, P. erythroseptica, Phytophthora sp. “kelmania”, or
P, himalayensis in clade 8 (Figs. | and 2). A further five STs were found
to be closely related to accepted Phytophthora species and defined
as P. meadii-like and P. pseudosyringae-like A and B (Fig. 1),
P. palmivora-like, and P. cinnamomi-like (Fig. 2). Finally, five STs
representative of five phylotypes clustered within the genus but

were phylogenetically distant from all currently defined species and
were indicated as Phytophthora spp. These putative new species
were associated with clade 1 (Ph-A), clade 2 (Ph-B and Ph-C), clade
4 (Ph-D), clade 6 (Ph-E), and clade 7 (Ph-F). These phylotypes were
6 (Ph-B), 7 (Ph-C), 11 (Ph-D), 16 (Ph-E), 22 (Ph-A), and 25 (Ph-F)
bp different from their closest related taxon (Figs. 1 and 2).

Analysis of phylotypes from 454P and Sanger sequencing.
The 454P approach enabled a much more accurate investigation of
the Phytophthora genetic diversity with the detection of a significantly
higher number of STs (120) and phylotypes (25) compared with those
previously detected using the CSS approach (55 and 15, respectively).
The higher number of STs resulted in the identification of a
conspicuous number of previously undetected phylotypes (Fig. 3).
They included P. cactorum in nursery ST and P. citricola s.str. in
nursery BL (Figs. 1 and 3), P. palmivora in nurseries TP, BL, CP,
PG, ZZ, and PV, P. palmivora-like in nursery TP, P. megasperma or
P. gonapodyides in nursery ZZ, and P. ramorum in nursery TP
(Figs. 2 and 3). Other phylotypes detected exclusively with the
454P represented five putative new Phytophthora species phylo-
genetically related to clade 1 (Ph-A), clade 2 (Ph-B and Ph-C), clade
4 (Ph-D), clade 6 (Ph-E), and clade 7 (Ph-F) species. Furthermore, 18
phylotypes already detected with the CSS approach were also detected
in other nurseries (new phylotype/nursery combinations) with the
454P (Fig. 3). In contrast, only two phylotypes (P. cinnamomi and
P. niederhauserii-like) and a phylotype/nursery combination
(P. niederhauserii in nursery PV) formerly detected with the CSS
approach were not confirmed with the 454P (Fig. 3).

With the exception of P. palmivora, phylotypes detected only
with the 454P were represented by a relatively low number of reads
suggesting the species were not abundant in the investigated
samples (Fig. 3). In terms of relative abundance, the 454P largely
confirmed CSS results (Fig. 3). P. nicotianae was the most abundant
species accounting for 31 out of 120 STs and was detected in six of
the eight nurseries. In four nurseries (TP, BL, PV, and DM) it was the
most prevalent species (Fig. 3). In other nurseries, the dominant
species were P. niederhauserii and P. cryptogea (nursery ST),
P. cambivora (nursery PQG), P. citrophthora and P. cryptogea
(nursery CP), and P. taxon PgChlamydo, P. cinnamomi-like, and
P. lateralis (nursery ZZ).

DISCUSSION

In the present study, a metabarcoding method based on genus-
specific primers (Scibetta et al. 2012) and 454P was utilized to
investigate the genetic diversity of Phytophthora spp. in soil and
root samples of potted ornamentals and fruit tree species collected
in nurseries located in Apulia and Calabria (Southern Italy). In order
to evaluate the method, the results were compared with those
obtained in a previous study with a validated CSS approach
(Prigigallo et al. 2015). Indeed, many conventional and real-time
PCR detection methods based on specific primers and probes have
been developed to detect Phytophthora species; however, such
molecular assays are geared to the detection of one, or very few,
specific known target species, and, therefore unsuitable in cases
where multiple, or as yet undescribed, Phytophthora spp. are
present (Cooke et al. 2007; Sanzani et al. 2014). The 454P enabled
the detection of 25 Phytophthora phylotypes distributed in seven
different clades and confirmed almost all phylotypes (15) pre-
viously identified with the CSS approach with two exceptions that
were likely the result of chance considering the low quantity of soil
and roots utilized for DNA extractions. On the other hand, the 454P
enabled a much more detailed view of the species diversity with the
detection of 11 previously undetected phylotypes including
P. cactorum, P. citricola s.str., P. palmivora, P. palmivora-like,
P. megasperma or P. gonapodyides, P. ramorum, and five putative
new Phytophthora species phylogenetically related to species in
clades 1, 2, 4, 6, and 7. Furthermore, the 454P made possible the
identification of 18 new phylotype/nursery combinations compared
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CLADE 1
A P. nicotianae AB688411 _————_____\
B Nic1 KJ601204
A P. nicotianae FJ499335
W Nic5 KJ601208
B Nic4 KJ601207
A P. nicotianae AB688380
W Nic18 KJ601221
@ Nic-Z KP691743 (BL 230, TP1)
A P. nicotianae EU660828
@ Nic-Y KP691742 (TP 6281, DM 70, BL 23, ST 9, PV 5, CP 2)
A P. nicotianae JF300218
W Nic13 KJ601216
W Nic10 KJ601213
W Nic9 KJ601212
W Nic8 KJ601211
W Nic11 KJ601214
B Nic3 KJ601206
A P. nicotianae EU301134
@ Nic-W KP691740 (TP 4)
@ Nic-X KP691741 (BL4)
@ Nic-B2 KP691745 (BL 935, DM 36, TP 11, PV 1)
A P. nicotianae HQ643303
W Nic12-KJ601215
W Nic15-KJ601218
- W Nic17-KJ601220
A P.nicotianae AB688413
W Nic14-KJ601217
- @ Nic-C2 KP691746 (BL 55)
@ Nic-A2 KP691744 (TP 116; BL 47)
W Nic19 KJ601222 A
92| |- M Nic20 KJ601223
A P. nicotianae DQ485412
W Nic22 KJ601225
@ Nic-B KP691719 (PV 43)
@ Nic-A KP691718 (TP 22, BL 135, ST 1)
@ Nic-C KP691720 (TP 764, BL 1)
- @ Nic-D KP691721 (PV 21)
@ Nic-E KP691722 (TP 10)
- @ Nic-G KP691724 (TP 4)
@ Nic-J KP691727 (TP 8)
@ Nic-1 KP691726 (PV11)
@ Nic-F KP691723 (BL 5)
B Nic6 KJ601209
B Nic21 KJ601224
@ Nic-K KP691728 (BL 26, TP 1)
@ Nic-V KP691739 (TP 25)
] I— @ Nic-T KP691737 (TP4)
- @ Nic-UKP691738 (TP 5)
@ Nic-R KP691735 (PV 305, DM 30, TP 3, BL 1)
@ Nic-E2 KP691748 (PV15)
@ Nic-L KP691729 (TP 408)
- @ Nic-H KP691725 (TP 11)
64 f @ Nic-M KP691730 (TP 8, BL 1)
@ Nic-N KP691731 (TP 2)
I @ Nic-O KP691732 (BL 38, DM 1)
@ Nic-P KP691733 (BL 17)
r + @ Nic-Q KP691734 (TP 2)
i @ Nic-S KP691736 (BL 3)
W Nic7 KJ601210
- @ Nic-D2 KP691747 (TP 4)

43

CLADE 2

—— A P. multivesiculata AF266790
Jﬁ A P. frigida HQ261567
A P. bisheria HQ261501

— A P. multivora HQ261625

@ Citr-D KP691768 (BL 108) D

A P. citricola s.str. FJ237526
@ Citr-B KP691766 (PG 177, BL 15)
A P.citricola | FJ392322
@ Citr-C KPB691767 (PG 64)

@ Citr-A KP691765 (BL 39)
A P.citricola Ill FJ392327
A P.citricola E EU263906
W Citr K/601199

74| A P. mengei HQ261618
A P. tropicalis HQ261720

100

W Nic16 KJ601219
B Nic2 KJ601205 -
® Ph-AKP691749 (BL 2) «—— B
75| A P. infestans HQ261584
83[L_ A P. mirabilis HQ261622
A P. phaseoli HQ261641

4? A P. tentaculata HQ261718
4‘::“ P. clandestina HQ261538
93 A P iranica HQ261598
A P. hedraiandra HQ261571
@ Cact KP691717 (ST 2)
A P. cactorum AB688324 C

88 - A P. idaei HQ261579
A P. pseudotsugae GU993913

=
0.02

A P. mexicana HQ261620

73

&7 A P. capsici DQ464019

@ Citro-G KP691756 (CP 59)

@ Citro-E KP691754 (PG 2)
- M Citro3 KJ601192

53| & P. citrophthora AF266785
—| B Citro1 KJ601190

A P. citrophthora JN618697
A P. citrophthora AY228566
M Citro2 KJ601191

48

W Citro4 KJ601193

W Citro5 KJ601194
— A P. botryosa HQ261507

— B Mea3 KJ601197

A P. meadii KC875839

B Mea1 KJ601195

- A P. colocasiae HQ261539
@ Mea-B KP691759 (BL 748)
1 Y& P meadii HQ261607

W Mea2 KJ601196

- @ Mea-D KPE91761 (BL 4)
- @ Mea-E KP691762 (BL 13)
B Meal KJ601198

_10 Ph-C KP691770 (BL 29)]
g @ Ph-B KP691769 (BL 5)

i
0.02

CLADE 3

100, A& P. quercina HQ261658

— @ Citro-H KP691757 (CP 13)

@ Citro-F KP691755 (CP 3, BL 2)

@ Citro-D KP691753 (CP 5)

@ Citro-C KP691752 (CP 88)
@ Citro-B KP691751 (CP 7)

50| | @ citro-A KP691750 (CP 19)

A P. citrophthora HQ643207

— @ Mea-A KP691758 (BL11, CP 1)

@ Mea-C KP691760 (BL 417, CP 1, DM 1)

A P. plurivora FJ2375223 E

A P. siskiyouensis HQ261674

A P. sp. glovera HQ261690

G

—

@ \ea Like-A KP691763 (BL 27) |H]
741 @ Mea Like-B KP691764 (BL 2)

A P. sp. ohioensis HQ261710

A P. psycrophila AF449494

— A P. pseudosyringae HQ643329

I A P. nemorosa HQ643298

A P. pseudosyringae JF300194

A P.ilicis HQ261583

A P. ilicis HQ261580 L
W Pseud KJ601243

89 | A P. pseudosyringae HQ643326

@ Pseud-C KP691774 (ZZ 482, PV 1)
@ Pseud-B KP691775 (ZZ 3)

@ Pseud-A KP691771 (ZZ 56)

@ Pseud Like-A KP691772 (ZZ 14) I\]
a6 @ Pseud Like-B KP691773 (ZZ 8)
—
0.02

Fig. 1. Phylogenetic trees built for Phytophthora clades 1, 2, and 3, using sequence types (STs) detected with 454 pyrosequencing (@) and cloning/Sanger
sequencing (M), along with reference sequences (A) representative of the genetic diversity within each clade (Robideau et al. 2011). Accession numbers are
reported for all sequences. The number of identical sequences represented by each ST and the nurseries in which they were detected (Table 1) are reported in
parentheses. Numbers on nodes represent the posterior probabilities for the maximum likelihood method. According to this analysis, STs obtained with the 454
pyrosequencing approach were associated with P. nicotianae (A), P. cactorum (C), P. citricola s.str. (D), P. citricola 1, P. citricola 111, P. citricola E or P. plurivora
(E), P. citrophthora (F), P. meadii (G), and P. pseudosyringae, P. nemorosa, or P. ilicis (L). Other STs were defined as P. meadii-like (H), P. pseudosyringae-like

(M), and Phytophthora spp. (B and I).
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CLADE 4

A P. megakarya HQ261611
@ Paim-B KP691777 (TP 1465, BL 36, CP 6, PG 6, ZZ 4, PV 2)
@ Paim-A KP691776 (TP 36)
@ P. palmivora HQ643305
94 | | A P. arecae HQ643146
@ Palm Like KP691778 (TP 3) %B
@ Ph-D KP691779 (TP 8) «— c
A P. litchii HQ643265
A P. quercetorum HQ261657
A P. alticola HQ261498

H
0.005

CLADE 7

53 M Cinnl2 KJ601233 ———
@ Cinn Like-E KP691792 (TP 3)
47 | '@ Cinn Like-F KP691793 (TP 38, ZZ 2)
@ Cinn Like-H KP691795 (TP 5)
@ Cinn Like-G KP691794 (TP 86, ZZ 15)
M CinnlL4 KJ601235
@ Cinn Like-A KP691788 (ZZ 30, TP 19)
M CinnL3 KJ601234
@ Cinn Like-D KP691791 (TP 11)
@ Cinn Like-B KP691789 (22 12, TP 2)
@ Cinn Like-C KP631790 (TP 15)
@ Cinn Like-1 KP691796 (TP 1459, ZZ 462)
A P. cinnamomi GU259227
W CinnL1 KJ601232
@ Cinn Like-J KP691797 (TP2)
@ Parv KP691806 (CP 13)
A P. parvispora HQ643200
B Parvl KJ601237
B Parv2 KJ601238
A P. parvispora HQ643199
M Parv3 KJ601239
A P. cinnamomi HQ643189
A P. cinnamomi AB688333
97 ' M Cinn KJ601236
99 | A P. europaea HQ643229
A P. uliginosa HQ261721
0, A P. alni subsp. alni AF139366
A P. alni subsp. multiformis AF139368
3 Ph-F KP691813 (BL 8) €<—— F
@ Camb-B KP691808 (BL37) =™ —
@ Camb-C KP691809 (PG 7)
W Camb3 KJ601242
@ Camb-A KP691807 (BL 2, PG 2)
A P. cambivora AF242794
@ Camb-F KPE91812 (BL 46, PG 1)
A P. cambivora HQ643179
A P. cambivora FJ801917
A P. alni subsp. uniformis AF139367
@ Camb-D KP691810 (BL 196, PG 3)
49 | A& P. cambivora GU259067
@ Camb-E KP691811 (BL 876, PG 104)
B Camb 1 KJ601240
A P. cambivora HQ643178
W Camb2 KJ601241
— B Niedl KJ601231
90 — A P. vignae HQ261723
A P. cajani HQ261515
A P. melonis GU993906
5 A P. sinensis HQ261670
X P. sojae HQ643349
A P. sojae HQ643348
@ Nied5 KJ601230 —
@ Nied-F KP691803 (TP 470, BL 2)
63| @ Nied2 KJ601227
@ Nied-H KP691805 (CP 15, TP 3)

66

47

52

I

60

82

@ Nied-E KP691802 (BL 155)
@ Nied-C KP691800 (BL 2)
100 | M Nied3 KJ601228 H
W Nied4 KJ601229
@ Nied-D KP691801 (BL 874, TP 32, ST 3)
A P. niederhauserii GQ911578
@ Nied-A KP691798 (TP 960, ST 40)
@ Nied-B KP691799 (ST 129, TP 14,BL 1)

W Nied1 KJ601226 46
A P. niederhauserii HQ261699 —__—

—
. 0.02

@ Nied-G KP691804 (TP 5) 74

CLADE®

A P. asparagi HQ261681

@ Ph-E KP691787 (ZZ 9, TP 1) «——
A P. rosacearum HQ261664
A P. sulawesiensis HQ261711
A P. lacustris HQ012956
A P. sp. personii EU301169
A P. inundata HQ261592
48 "L A P. humicola HQ261577

1 P. gonapodyides HQ643232
@ Meg KP691780 (ZZ 16)
A P. megasperma GU258797 L
A P. megasperma HM004230
A P. megasperma HQ643282
@ Pgch-A KP691781 (ZZ 108)
@ Pych-E KP691785 (ZZ 18)
A P.taxonPgchlamido HQ643352
A P.taxon Pgchlamydo JQ307189
88 | M Pgch KJ601244
A P.taxon Pgchlamydo HM004224
@ Pgch-F KP691786 (22 3)
60 | @ Pgch-C KP691783 (ZZ 21)
55| @ Pach-B KP691762 (2Z 7)

@ Pgch-D KP691784 (ZZ 17)

H
0.01

CLADE 8
— @ Cryp-EKP691818 (TP3) ———————

- @ Cryp-K KP691824 (TP 3)

@ Cryp-D KP691817 (BL 146, TP 1)
@ Cryp-J KP691823 (TP 29, ST 1)
- @ Cryp-F KP691819 (TP 9)

@ Cryp-L KP691825 (TP 5)

A P. cryptogea KJ855325

@ Cryp-A KP691814 (TP 4684, CP 185, BL 45, PG 8, ZZ 7, PV 2)
B Cryp2 KJ601201

I @ Cryp-B KP691815 (TP 3)

@ Cryp-C KP691816 (TP 62, CP 10)
@ Cryp-1 KPE91822 (CP 15, TP 1)

A P. drechsleri HQ261551
’: @ Cryp-H KP691821 (TP 12) N

A P. kelmania AB688368
| ' P. erythroseptica AY659445
@ Cryp-O KP691828 (CP 6)
F. Cryp-G KP691820 (TP 5)
@ Cryp-M KP691826 (TP 206, CP 10, ST 1)
@ Cryp-N KP691827 (CP 28)
40 A P. cryptogea KC855150
@ Cryp-P KP691829 (TP 401, CP 2, ST 1)
W Cryp1 KJ601200
LA P. cryptogea GQ428325
W Cryp3 KJ601202
A P. himalayensis HQ643242
4 A P.cryptogea HQ643212
6 @ Cryp-Q KP691830 (BL 60) -
A P. sansomea HQ643342
A P. trifoliif HQ643368
A P. medicaginis HQ643273

A .'gzsyringae HQ261714

A P. foliorum HQ261560
A P. ramorum KF181163
@ Ramo-B KP691836 (TP 70) 0
@ Ramo-A KP691835 (TP 3)
A P. hibernalis HQ261576
@ Lat-C KP691833 (ZZ 2)
@ Lat-B KP691832 (ZZ 93, PV 51)
@ Lat-A KP691831 (ZZ 44, PV 2)
A P lateralis JX121373 P
W Laf KJ601203
A P. lateralis FJ196746
@ Lat-D KP691834 (2Z 662, PV 454, CP 2, TP 1)

A P. brassicae HQ261512
P. primulae HQ261651

A P. niederhauserii JX494411 o7 I_EAP s

Fig. 2. Phylogenetic trees built for Phytophthora clades 4, 6, 7, and 8, using sequence types (STs) detected with 454 pyrosequencing (@) and cloning/Sanger
sequencing (M), along with reference sequences (A) representative of the genetic diversity within each clade (Robideau et al. 2011). Accession numbers are
reported for all sequences. The number of identical sequences represented by each ST and the nurseries in which they were detected (Table 1) are reported in
parentheses. Numbers on nodes represent the posterior probabilities for the maximum likelihood method. According to this analysis, STs obtained with the 454
pyrosequencing approach were associated with P. palmivora (A); P. parvispora (E); P. cambivora (G); P. niederhauserii (H); P. megasperma or gonapodyides (L);
P. taxon PgChlamydo (M); P. cryptogea, P. drechsleri, P. kelmania, P. erythroseptica, or P. himalayensis (N); P. ramorum (0); and P. lateralis (P). Other STs were
defined as P. palmivora-like (B), P. cinnamomi-like (D), and Phytophthora spp. (C, F, and I).
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with the CSS approach. Interestingly, most phylotypes and
phylotype/nursery combinations previously undetected with the
CSS approach were represented by a small number of sequences,
suggesting their presence as rare phylotypes in the tested samples.
Therefore, these STs were probably not detected with the CSS
approach, because of the lower resolution due to the limited number
of clones (20) that were sequenced per sample.
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A major issue in taxa identification in all metabarcoding
approaches is related to difficulties in discriminating phylogenet-
ically related species. The unreliable annotations of sequences in
public DNA repositories and the fact that many deposited ITS
sequences fail to reflect recent taxonomic advances further
complicate analyses (Nilsson et al. 2006). As a consequence,
currently utilized bioinformatics tools and genetic databases for
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Fig. 3. Histograms showing the relative abundance of the Phytophthora phylotypes in the investigated nurseries. Results obtained using 454 pyrosequencing and

cloning/Sanger sequencing approaches are compared.
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fungi and oomycetes enable a good identification up to the level of
the genus but may become less reliable when used to identify
species (Vannini et al. 2013). This is mainly due to the low genetic
variation within ITS regions that may be very limited or nonexistent
among closely related species. Indeed, the level of similarity (97%)
commonly suggested in literature for picking operational taxo-
nomic units would fail to discriminate many Phytophthora species
(Edgar 2010; Sapkota and Nicolaisen 2015). The use of a higher
similarity threshold (98 to 99%) may be useful to increase the level
of discrimination among taxa (Vannini et al. 2013; Vettraino et al.
2012). However, whatever the level of similarity used, it may not
reflect the current taxonomic status within the genus. Indeed, some
accepted Phytophthora species are differentiated by single or very
few consistent base variations within the ITS regions, while other
species are characterized by consistent intraspecific variation
(Martin et al. 2012, 2014).

In the present study, the detected 454P sequences were clustered
using a 100% similarity threshold and distinct and reproducible
ITS1 sequences occurring at least twice (STs) were subjected to
specific phylogenetic analyses along with selected validated
reference sequences. This approach made it possible to exploit all
detected ITS variation and enabled the identification of taxa with
the highest possible level of accuracy. Furthermore, the identifica-
tion of taxa according to specific phylogenetic analyses minimized
the impact of indels which are the most frequent type of error during
454 sequencing (Knief 2014). Indeed, the majority of the STs were
identified to the level of species and the remaining ones were
associated with a restricted number of taxa. This achievement is very
important for the analysis of Phytophthora species since related
species with very similar ITS sequences may be behaviorally distinct
from each other. Furthermore, our analyses enabled the phylogenetic
placement of a number of phylotypes not associated with any of the
currently known species. We anticipate the future use of more
variable markers in metabarcoding analyses of Phytophthora species
to enable a higher level of discrimination among species. However,
the single copy nature of possible alternative marker genes (http://
www.phytophthoradb.org/) is likely to provide lower levels of
sensitivity compared with the multicopy ITS regions. Furthermore,
difficulties in designing reliable universal primers and the lower
number of available reference sequences in genetic databases may
represent an issue in species identification (Schoch et al. 2012).

In agreement with results of our previous study using a CSS
approach (Prigigallo et al. 2015), the present investigation high-
lighted a very complex situation in potted ornamental nurseries with a
large number of Phytophthora taxa detected in all investigated sites.
The reader may refer to our previous study for details about the
relevance of taxa detected with both methods and the primary role of
nurseries in favoring the dissemination and the evolution of
Phytophthora species (Brasier 2008; Faedda et al. 2013; Jung et al.
2015; Leonberger et al. 2013). Here we briefly discuss the relevance
of some previously undetected taxa to underline the importance of the
deeper sequence analysis. The detection of P ramorum was
significant. This pathogen is a relatively recently described species
causing high mortality of native oak trees in California, where the
disease is known as sudden oak death (Garbelotto and Hayden 2012;
Hansen et al. 2012). The pathogen has also been found causing
Ramorum dieback and Ramorum leaf blight on a range of native
plants and species of conifer in California and on a range of
ornamental plants in Europe where it is a quarantine pathogen
included in the A2 list of the European Plant Protection Organization.
Furthermore, P. ramorum represents a growing threat to larch and
natural ecosystems in the U.K. (http://www.forestry.gov.uk/forestry/
INFD-8XLES56). Although, in the present study it was detected in a
single site and with a low number of sequence reads, its presence in
nurseries represents a great threat to horticulture and natural
ecosystems (Croucher et al. 2013; Hansen et al. 2012). In Italy,
P. ramorum was first detected in 2002 (Gullino et al. 2003) on potted
plants of the exotic Rhodondendron yakushimanum. The stock was

immediately destroyed and the pathogen was considered eradicated.
Subsequently, however, it was found on Viburnum tinus, a native plant
species, in a nursery in the Pistoia province (Tuscany), a major
production area of ornamentals (Ginetti et al. 2014). Infected plants
were once again destroyed but the detection of P. ramorum in a
chestnut grove in central Italy (Vannini et al. 2013) and now in an
ornamental nursery in southern [taly indicate that phytosanitary
measures have so far failed in limiting the spread of this quarantine
organism. Very likely the introduction of more sensitive diagnostic
methods, such as pyrosequencing, will facilitate controls by
phytosanitary regional services.

Particularly relevant is also the detection of P. lateralis, a
specialized pathogen whose main host plant is Port-Orford Cedar
(Chamaecyparis lawsoniana). This species was detected in two
nurseries (PV and ZZ) using the CSS approach (Prigigallo et al.
2015) and was found in four nurseries (TP, PV, ZZ, and CP) in the
present study. The presence of P. lateralis in nurseries where Port-
Orford Cedar was not grown suggests that the inoculum of this
pathogen is also being spread via other host plants. Furthermore, its
detection in four of the eight nurseries sampled in this study is
important as it suggests a recent widespread dissemination since it
was first reported in Italy in 2015 (Prigigallo et al. 2015). It was first
recorded in Europe in nurseries in France in 1996 and 1998 and in
the Netherlands in 2004 (Hansen et al. 1999). It was considered
eradicated until it was reported in shelter-belt trees in Brittany
(Robin et al. 2010) and, more recently, in U.K. sites where it
represents a serious threat to ornamental Chamaecyparis (Green
et al. 2012; hutp://www.forestry.gov.uk/pdf/FCPH-PL-02-2014.PDF/
$file/FCPH-PL-02-2014.PDF).

It is also important to highlight the detection of P. cactorum, a
pathogen occurring worldwide and capable of infecting more than
200 species in 160 genera including many economically important
crops such as apple, pear, rhododendron, azalea, and strawberry
(Erwin and Ribeiro 1996). Another polyphagous and exotic species,
P. palmivora, was detected in six different nurseries confirming it as
an emerging pathogen in ornamental nurseries in the Mediterranean
region (Van Tri et al. 2015). This pathogen is responsible for many
different diseases on a wide range of plants worldwide including
ornamental species (Erwin and Ribeiro 1996; Hansen et al. 2012).
The detection of P. citricola s.str. is also relevant considering that
isolates with ITS sequences identical to it are only known from
Citrus species in Taiwan, Japan, and Argentina and have never been
recovered from native forest trees in Europe (Jung and Burgess
2009).

In the present study a new phylotype defined as P. palmivora-like
and five phylotypes clustering within the genus Phytophthora but
phylogenetically distant from all currently known species were
detected. Each of these phylotypes was between 6 and 25 bp
different from its closest related taxon. Although, our data suggest
these putative new Phytophthora species were present at a low
frequency and one cannot speculate on their likely host range or
specific threats there is no doubt that their presence in nurseries
represents a potential new threat to plants in horticultural,
agricultural, and/or natural settings. The complementation of
metabarcoding with conventional isolation techniques to obtain
cultures will be important and in the future other “meta-" data
(metatranscriptomic, metaproteomic, and metabolomics) may be
useful to obtain a more complete view of microbial communities
under a given set of conditions (Segata et al. 2013; Zhang et al.
2010).

On the whole, the present study indicates that the use of genus-
specific primers combined with 454P is a valuable tool to
investigate Phytophthora diversity in different ecosystems. Com-
pared with the CSS approach, it enabled a deeper sequencing at a
fraction of the time and cost. This metabarcoding method represents
a powerful tool to study Phytophthora diversity providing that
particular attention is paid to the analysis of raw sequences in order
to minimize errors and misinterpretations. Technology is moving
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rapidly and it is now recognized that Illumina sequencing provides a
greater accuracy than 454 which has a higher error rate due to
homopolymeric miscounts (Knief 2014). Furthermore, a nested
approach with a high number of cycles (35) for both the first and
second round of amplification was utilized to increase sensitivity
since a single amplification round was found to be not sensitive
enough to detect the whole Phytophthora diversity (Prigigallo et al.
2015; Scibetta et al. 2012). The nested approach could have
theoretically increased the incidence of sequencing errors; however,
the use of a high-fidelity polymerase has been shown to significantly
reduce the risk of sequencing errors and of chimeric amplicons
(Oliver et al. 2015). Furthermore, the analysis of raw data with a
quality filter based on the removal of reads with one or more
unresolved bases or with errors in the barcode or primer sequence
was important to increase the quality of the sequence data. The
exclusion of singletons from downstream analyses was considered a
good compromise between the need to detect all genetic variation
and the need to increase reliability of the sequencing panel. Indeed,
according to our analysis the excluded singletons did not represent
any additional species or phylotypes and, in most cases, they
differed from the reported STs by single indels (data not shown).
On the other hand, although the presence of errors in STs cannot be
completely excluded, the analysis of the whole data set revealed
important indirect confirmation of the consistency of the method
since: (i) many identical STs were identified in different nurseries
i.e., as a consequence of separate extractions and amplifications, (ii)
most STs detected by 454P were identical to STs identified using
the CSS sequencing approach, (iii) most STs detected only with
454P were identical to GenBank deposited sequences, and (iv) STs
associated to new putative Phytophthora species were markedly
different from their most closely related taxon and thus not likely a
result of simple sequencing or PCR errors.
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