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Abstract

Two distinct Phytophthora taxa were found to be associated with brown rot of pomelo (Citrus
grandis), a new disease of this ancestral Citrus species, in the Vinh Long province, Mekong
River Delta area, southern Vietnam. On the basis of morphological characters and using the
ITS1-5.8S-ITS2 region of the rDNA and the cytochrome oxidase subunit 1 (COI) as barcode
genes, one of the two taxa was provisionally named as Phytophthora sp. prodigiosa, being
closely related to but distinct from P. insolita, a species in Phytophthora Clade 9, while the
other one, was closely related to but distinct from the Clade 2 species P. meadiiand was
informally designated as Phytophthora sp. mekongensis. Isolates of P. sp. prodigiosa and
P. sp. mekongensis were also obtained from necrotic fibrous roots of Volkamer lemon

(C. volkameriana) rootstocks grafted with ‘King’ mandarin (Citrus nobilis) and from trees of
pomelo, respectively, in other provinces of the Mekong River Delta, indicating a widespread
occurrence of both Phytophthora species in this citrus-growing area. Koch’s postulates
were fulfilled via pathogenicity tests on fruits of various Citrus species, including pomelo,
grapefruit (Citrus x paradisi), sweet orange (Citrus x sinensis) and bergamot (Citrus x berga-
mia) as well as on the rootstock of 2-year-old trees of pomelo and sweet orange on ‘Carrizo’
citrange (C. sinensis ‘Washington Navel’ x Poncirus trifoliata). This is the first report of a
Phytophthora species from Clade 2 other than P. citricola and P. citrophthora as causal
agent of fruit brown rot of Citrus worldwide and the first report of P. insolita complex in Viet-
nam. Results indicate that likely Vietnam is still an unexplored reservoir of Phytophthora
diversity.
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Introduction

Pomelo [Citrus grandis (L.) Osbeck, syn. C. maxima (Burr.) Merr.], also known as pummelo,
pommelo, shaddock or lusho fruit, is native to South-East Asia where it is very popular as a
fruit crop and has an ancient history of cultivation and use dating back at least 4,000 years.
Pomelo cultivars vary in size, shape and flesh color of the fruit. They hybridize freely among
themselves and with other Citrus species, and numerous cultivars and local selections have
been developed as a result. Pomelo is almost exclusively produced for the fresh fruit market; it
has a very thick rind, which is an advantage for long term storage and transport, and reaches
10-30 cm in width and up to 9-10 kg in weight. It is, therefore, the largest of all citrus fruits,
even larger than grapefruit (Citrus x paradisi), considered a hybrid of pomelo. Together with
mandarin (C. reticulata) and citron (C. medica), pomelo is considered one of the few ‘true’
ancestral species from which all other cultivated citrus originated by hybridization [1]. Differ-
ent from other citrus species, which grow and produce better in Mediterranean and subtropi-
cal climates, pomelo prefers hot and humid tropical climates. Although the origins of pomelo
are debated, the islands of Fiji and Tonga, Malaysia and Thailand are considered the most
probable centers of origin of pomelo, as inferred from the great genetic diversity of native
germplasm [2]. As a matter of fact, in the Fiji islands pomelo grows wild on riverbanks.

In Vietnam, about 107,000 ha are cultivated with citrus and over 8,000 ha are planted with
pomelo. The most important pomelo production areas are in the south because of the favor-
able tropical climate, but there are also minor production areas in the north of the country.
The Vinh Long province, in the Mekong River Delta, is the leading growing area and here
pomelo is produced for both domestic consumption and export and it is normally propagated
by air layering (marcotting) or by grafting on Volkamer lemon (C. volkameriana). This root-
stock tolerates root asphyxiation as a result of flooding or poor soil drainage but is susceptible
to Phytophthora gummosis and root rot [3, 4].

Phytophthora species have been reported to cause diseases in a wide range of plant species
in Vietnam, including major crops such as tomato, potato, citrus, pineapple, plum, black pep-
per, rubber, durian and jackfruit [5, 6]. However, in most cases, identification was based on
disease symptoms and morphological characteristics of isolates. Phytophthora diseases of cit-
rus have been studied only sporadically in Vietnam and studies have often been limited to sur-
veys of disease incidence and severity.

In December 2012, during a survey aimed at identifying Phytophthora species infecting trop-
ical fruit crops in southern Vietnam, fruits of pomelo with typical symptoms of Phytophthora
brown rot were observed in commercial groves in Tam Bin, Vinh Long Province. Symptomatic
fruits showed a rind decay in which the affected area was light brown, but tended to remain
firm and leathery; white mycelium formed on the rind surface in humid conditions. An addi-
tional symptom was a characteristic pungent smell. Most symptomatic fruits were in the lower
part of the tree canopy, close to the ground, and on the sampling data corresponded to about
10% of the total fruit production in the groves. They readily dropped off and fell to the ground.

The objectives of this study were to determine the etiology of this new disease, to character-
ize the Phytophthora isolates recovered from symptomatic pomelo fruits sourced in Tam Bin
and compare these isolates with similar Phytophthora isolates recovered from necrotic roots of
asymptomatic citrus trees in other provinces of the Mekong River Delta area.

Materials and methods

Plant material and isolation method

The study was carried out on private lands and the owner of the lands gave permission to
conduct the study on this site. The study did not involve endangered or protected species.
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Symptomatic pomelo fruits were picked up from both the canopy and the soil under the tree
canopy in five commercial groves in Tam Bin, Vinh Long Province. Fruits were washed care-
fully with running tap water, blotted dry, surface sterilized using household bleach (NaOCl,
1% available chlorine) for 1-2 min and rinsed in sterile distilled water. Small (3-5 mm) pieces
of rind were cut out from the margin of brown lesions and plated onto BNPRA-HMI selective
agar medium (10 ppm Benomyl, 25 ppm Nystatin, 25 ppm Pentachloronitrobenzene, 10 ppm
Rifampicin, 500 ppm Ampicillin, 50 ppm Hymexazol and Potato Dextrose Agar (PDA) as
basal medium) [7]. Petri dishes were incubated at 24°C for 3-6 days in the dark. Pure cultures
of Phytophthora were obtained by transferring single hyphal tips under the stereomicroscope
onto PDA (BD Difco, Italy). Necrotic fibrous roots were sampled from five asymptomatic
‘King’ mandarin trees grafted on Volkamer lemon rootstock and 5 pomelo trees obtained by
marcotting, in two distinct groves in the Dong Thap and Ben Tre provinces, respectively. No
one of the 10 above-mentioned trees showed symptoms in the canopy notwithstanding the
presence of necrotic roots. Roots were washed free of soil under running tap water, blotted
dry, cut into short segments (3-5 mm) and plated onto BNPRA-HMI agar in Petri dishes.
Petri dishes were incubated at 24°C for 3-6 days in the dark. Subcultures of Phytophthora colo-
nies emerging from root pieces were obtained by transferring single hyphal tips under the ste-
reomicroscope onto PDA and V8 vegetable juice agar (V8A, Campbell Foods, Belgium).

Morphological and cultural characteristics

Colony types, growth rates at different temperatures and cardinal temperatures for growth,
and morphology of sporangia, chlamydospores and hyphal swellings were determined, on
both V8A and PDA following published methods [8, 9, 10]. Three 90 mm Petri dishes of
PDA and V8A (20 mL each) were inoculated centrally with mycelia agar plugs taken from an
actively growing colony kept at 24°C. Inoculated dishes were incubated in the dark between

4 and 40°C with 4°C intervals and measurements of mycelial growth were made by taking
two orthogonal diameters of the developed colonies before they reached the edge of the Petri
dishes. The experiment was repeated twice. Sporangia, hyphal swellings and chlamydospores
were examined after two weeks of growth at 24°C on the two agar media used for the growth
tests. Pieces from the margin of actively growing cultures on V8A were overlaid with non-ster-
ile soil filtrate, according to the method of Jung et al. [11], to stimulate sporangium formation.
Dimensions of 50 mature sporangia of each isolate, chosen at random, and their characteristic
features were determined using a light microscope at x400 and x1000 magnifications. For
microscopical examinations slides were mounted in distilled water.

Mating type tests were carried out on carrot agar (CA) and clarified V8 juice agar (cV8A),
prepared as described by Erwin and Ribeiro [12], and following the method reported by Bra-
sier et al. [8]. Al and A2 tester isolates were sourced from the Di3A culture collection and they
were Pf2b and CH230 for P. nicotianae, isolated from pomelo in Vietnam [13], and AX1aC
and CClal for P. citrophthora, isolated from the rhizosphere soil of Citrus aurantium trees in
Italy [14].

For both new Phytophthora species a detailed description of morphological characteristics,
morphometric data, cardinal temperatures and growth rates, and their comparison with
closely related species together with a multigene phylogeny will be presented in a separate
publication.

PCR amplification and sequencing

Genomic DNA was extracted from 10 mg of fresh mycelium collected from PDA plates using
the Power Plant Pro DNA Isolation Kit (MO BIO Laboratories, USA). Quality and quantity of
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extracted DNA samples were evaluated using a DNA Quant-it assay kit (Molecular Probes,
Carlsbad, CA, USA) and by electrophoresis in 1% agarose gels containing SYBR®) Safe (Invi-
trogen, Life Technologies, USA) DNA gel stain.

The internal transcribed spacer (ITS) region of the rDNA was amplified and sequenced for
all Phytophthora isolates using primers ITS6 and ITS4 as described by Cooke et al. [15]. PCR
consisted of 95°C for 5 min, 35cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C for 30 s and a
final cycle of 72°C for 10 min.

The oomycete-specific primers OomCoxILevup and Fm85mod were used to amplify the
fragment of cytochrome oxidase subunit 1gene (COI) from mitochondrial DNA as described
in Robideau et al. [16]. PCR consisted of 95°C for 2 min followed by 35 cycles of 95°C for 1
min, 55°C for 1 min, 72°C for 1 min and a final extension at 72°C for 10 min.

Amplicons were analyzed by electrophoresis, visualized in a 1.5% agarose gel and photo-
graphs were scanned through a Gel Doc System (Biorad). PCR products were quantified using
a DNA Quant-it assay kit (Molecular Probes, Carlsbad, CA, USA), purified using the ExoSA-
P-ITkit for PCR Product Cleanup (Affymetrix, UK) and sequenced using an external sequenc-
ing service (BMR-genomic, Italy).

Sequence analysis of ITS and COI regions

The Basic Local Alignment Search Tool (BLASTN) was used to compare sequences from the
National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov) and
the Phytophthora Database (www.phytophthoradb.org) [17, 18].

Sequences of all Vietnamese isolates were submitted to GenBank and the corresponding
accession numbers are listed in (S1 Table). ITS and COI sequences of the Vietnamese isolates
and from representative isolates of Clades 2 and 9 retrieved by Robideau et al. [16] were used
in the phylogenetic analysis to determine the phylogenetic position and taxonomic status of
the Vietnamese isolates (S2 Table). ITS and COI sequences were separately aligned and com-
pared with the reference sequences from Robideau et al. [16] using the software MUSCLE
(http://www.ebi.ac.uk/ Tools/msa/muscle/) and MEGAG®6 [19, 20]. Phylogeny reconstruction
was performed with MEGAG6 [19, 20] using Maximum Likelihood method and the Tamura-
Nei model [21]. Bootstrap values were obtained from 1000 repetitions.

Pathogenicity tests

To test the pathogenicity of Phytophthora species recovered from pomelo fruits and fine roots
of pomelo and “King” mandarin trees, three representative isolates from fruits, PF6a2, PF6f2
and PFé6e, as well as two representative isolates from roots, Pr3 from pomelo and Pr1 from
‘King’ mandarin, were inoculated singly on mature fruits of pomelo ‘Chandler’, grapefruit
‘Marsh Seedless’, sweet orange (Citrus x sinensis) “Tarocco Ippolito’ and ‘Valencia late’, and
bergamot (Citrus x bergamia) ‘Castagnaro’. Rind cores were cut aseptically from fruits (5 fruits
of each citrus species per isolate) with a cork-borer (3 mm diameter) and 3 mm agar plugs
from the edge of actively growing cultures were placed in the holes. Sterile agar plugs were
used for control fruits. The cores were replaced and sealed with adhesive tape. Fruits were
incubated in plastic bags at 24-26°C in darkness. In two additional separate experiments, fruits
of the same citrus varieties were inoculated without wounding using two different methods. In
the first experiment 3 mm agar plugs from actively growing cultures on V8A were placed on
the rind of fruits (5 fruits of each citrus variety per isolate) in an equatorial position without
wounding. Plain agar blocks were included as controls. Fruits were incubated in plastic bags at
24-26°C in darkness. Distilled water was nebulized, after inoculation, into the bags after the
inoculation to reach a high relative humidity and prevent dehydration of agar blocks.
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In the second experiment, a zoospore suspension was produced using the protocol
described by Scanu & Webber [22]. Discs, 1 cm in diameter, were cut from the edges of colo-
nies growing on CA and floated in plates containing sterile Petri solution for 48 h at 20°C
under continuous daylight. The Petri solution was then replaced with sterile water and plates
incubated for a further 48-72 h. Once sporangia were plentiful on the discs of mycelia, the
plates were kept at 4°C for 1 h and returned to room temperature to induce zoospore release.
Zoospore concentration was determined using a haemocytometer and its concentration was
adjusted to 104 zoospores ml-1. A drop (200 pl) of the suspension was pipetted onto the non-
wounded rind of fruits (5 fruits of each citrus variety per isolate) in a polar position near the
rosette. Sterile distilled water was included as a control. Fruits were incubated in plastic bags at
24-26°C in darkness. Distilled water was nebulized into the bags to reach a high relative
humidity and prevent dehydration of the inoculum. In all three experiments the size of each
lesion induced by artificial inoculation was determined as the mean of two orthogonal diame-
ters, six days after the inoculation.

The five Phytophthora isolates were also used to inoculate 2-year-old potted trees of pomelo
‘Chandler’ and sweet orange ‘Lane Late’ grafted on ‘Carrizo’ citrange (C. sinensis* Washington
Navel’ x Poncirus trifoliata) rootstock, which is known a Phytophthora-resistant rootstock [3,
4,23]. Trees (5 trees per treatment) were inoculated on the twigs (3 twigs, 1.5-2 cm in diame-
ter, per tree) by cutting bark disks with a cork-borer (diameter 3 mm) and inserting an agar
plug from actively growing cultures, with mycelium inside facing the wood. Trees were inocu-
lated also on the basal portion of the stem, on the rootstock, at two heights from the ground (5
and 15 cm). Trees inoculated with plain agar blocks were included as controls. The removed
bark disk was replaced, and the wound was then sealed with Parafilm®). Trees were grown in
a greenhouse at a temperature ranging from 22 to 32°C. After inoculation, twigs and stems
were inspected daily for symptoms. Thirty days after inoculation, the bark around the inocula-
tion points of both twigs and stem was removed and the length of discoloration on the wood
was measured. The measurement of the lesion included the diameter (5mm) of the hole made
with the cork borer. The test was repeated twice.

Statistical analyses

Pathogenicity data were analyzed by one-way analysis of variance (ANOVA) using Tukey’s
HSD test (Honestly Significant Difference) as a post-hoc test (XLSTAT 2008 software). Differ-
ences at P < 0.05 were considered significant.

Results
Morphological identification of Phytophthora isolates

Phytophthora isolates were consistently obtained from symptomatic pomelo fruits (Fig 1)
sampled in citrus groves at Tam Bin. A total of 89 Phytophthora isolates were characterized

in this study: 38 isolates were obtained from distinct pomelo fruits harvested from the tree
canopy and 41 from distinct pomelo fruits collected from the soil under the tree canopy; the
other 10 isolates were obtained in commercial citrus groves from fine roots of ‘King’ mandarin
trees grafted on Volkamer lemon (C. volkameriana) rootstock in the Dong Thap province

(five isolates) and marcotted pomelo trees in the Ben Tre province (five isolates), respectively.
Representative isolates of three distinct Phytophthora morphological groups recovered from
pomelo fruits during the survey and separated on the basis of colony morphology (isolates
PF6a2 = CBS 135136; PF6{2 = CBS 135137 and PF6e = CBS 135138) were deposited as living
cultures in the collection of Centraalbureau voor Schimmelcultures (CBS), Fungal Biodiversity
Centre, Utrecht, The Netherlands.
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Fig 1. Fruit of pomelo (Citrus grandis) with symptoms of brown rot caused by mixed infections of P.
sp. prodigiosa and P. sp. mekongensis from Vietnam.

doi:10.1371/journal.pone.0172085.9001

On the basis of colony growth patterns and characteristic features of morphological struc-
tures, the isolates were first grouped in three distinct morphotypes. The first and second type
were represented by isolates PF6a2 and PF6{2, respectively, and are informally designated here
as P. sp. mekongensis, while the third type was represented by isolate PF6e and is informally
designated here P. sp. prodigiosa. On V8A the colony pattern of morphotype 1 (isolate PF6a2)
was stellate while morphotypes 2 and 3 (isolates PF6{2 and PF6e) formed rosaceous colonies.
On PDA the colony pattern of morphotypes 1 and 2 (isolates PF6a2 and PF6f2) was stellate,
while morphotype 3 (isolate PF6) formed rosaceous colonies (Fig 2).

The morphology of sporangia produced by morphotypes 1 and 2 overlapped. Both mor-
photypes produced ovoid-obpyriform, ellipsoid to fusiform, papillate, frequently bi-papillate
and bilobed, often caducous (pedicel length 5 to 15 um) sporangia with an average size of 35 x
24 um (25-50 x 20-36 um) and a mean 1/b ratio of 1.5, with a conspicuous basal plug at the
point where the pedicel attaches to the sporangium (Fig 3). Morphotype 2 often produced tri-
lobed sporangia. The minimum, optimum and maximum temperatures for growth of the two
morphotypes were 12, 28 and 36°C and 8, 24-28 and 32°C, respectively.

Morphotype 3 produced pyriform to obpyriform, ovoid, non-papillate, persistent sporangia
that proliferated internally in a nested or extended way (Fig 3). Average dimensions were 45 x
32 pum (30 to 50 x 19 to 34 pm) with a mean I/b ratio of 1.4. Chlamydospores of variable size
(20 to 48 um), globose to obpyriform, sometimes attached laterally to the hypha, as well as
catenulate, elongated to globose hyphal swellings, often with a bizarre shape, were abundantly
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Fig 2. Five-day-old colonies of isolates PF6a2 and PF6f2 of P. sp. mekongensis and isolate PF6e of P.
sp. prodigiosa (from left to right) on V8 juice agar (top) and potato-dextrose agar (bottom).

doi:10.1371/journal.pone.0172085.g002

formed on V8A (Fig 4). No sexual structure was observed in single culture. The minimum,
optimum and maximum temperatures for growth were 12, 32 and 36°C.

None of the isolates of morphotypes 1, 2 and 3 produced gametangia in dual cultures with
Al and A2 mating type tester strains of P. nicotianae and isolates of P. citrophthora from citrus.

All three morphotypes were isolated together from all pomelo fruits collected from the soil,
with the prevalence of morphotype 2 (about 80% of the overall number of isolates), whereas
brown rot of pomelo fruits harvested from the tree canopy was exclusively caused by mixed
infections of morphotypes 1 and 2. During the survey, isolates of morphotype 3 were also

Fig 3. Morphology of vegetative structures of Phytophthoraisolates. A. Cluster of fusiform, papillate sporangia of P. sp. mekongensis. B. Obpyriform,
persistent, nonpapillate sporangium of P. sp. prodigiosa. C. Internal and external extended proliferations of persistent sporangia of P. sp. prodigiosa produced
in water. (Scale bar = 20 um).

doi:10.1371/journal.pone.0172085.9003
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Fig 4. Chlamydospores and hyphal swellings produced by P. sp. prodigiosa. (A). Globose, small, sessile chlamydospores on V8A, attached laterally to
the hypha and with a thin wall. (B-E) Hyphal swellings of P. sp. prodigiosa on V8A with bizarre shapes (Scale bar =20 pm).

doi:10.1371/journal.pone.0172085.9004
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Table 1. Phytophthora species sampled in the Mekong River delta (Vietnam), source, host, location of recovery and GenBank accession numbers
of ITS and COIl sequences of representative isolates.

Phytophthora
species

P. sp. mekongensis
P. sp. mekongensis
P. sp. mekongensis

P. sp. Prodigiosa
P. sp. Prodigiosa

Number of
isolates

34
35

doi:10.1371/journal.pone.0172085.t1001

Representative Source |Host Geographic origin ITS col

isolate (province)

PF6a2 Fruit rot | Pomelo Vinh Long KC875838 | KT366920

PF6f2 Fruit rot | Pomelo Vinh Long KC875839 | KT366919

Pr3 Root Pomelo Ben Tre KM501564 | KU640394
rot

PF6e Fruit rot | Pomelo Vinh Long KC875840 | KT366918

Pr1 Root Mandarin/ Volkamer Dong Thap KM501564 | KU363433
rot lemon

obtained from necrotic fibrous roots of ‘King mandarin’ trees in the Dong Thap province while
isolates of morphotype 2 were obtained from necrotic fibrous roots of pomelo trees in the Ben
Tre province. The complete list of isolates characterized in this study is given in S1 Table.

Molecular identification of Phytophthora isolates

A conventional sequence analysis of the internal transcribed spacer (ITS) region of ribosomal
DNA and the fragment of cytochrome oxidase subunit 1 gene (COI) was performed to identify
the species. Representative sequences of each Phytophthora isolate were submitted to GenBank
under the following accession numbers: KC875838 (ITS isolate PF6a2, P. sp. mekongensis),
KT366920 (COI isolate PF6a2, P. sp. mekongensis); KC875839 and KM501564 (ITS isolates
PF6f2 and Pr3, P. sp. mekongensis, respectively); KT366919 and KU640394 (COI isolate PF6{2
and Pr3, P. sp. mekongensis); KC875840 and KM501564 (ITS isolates PF6e and Pr1, P. sp. pro-
digiosa); KT366918 and KU363433 (COI isolate PF6e and Prl, P. sp. prodigiosa) (Table 1).
Both ITS and COI sequences of morphotype 2 isolates PF6f2 from fruit rot and Pr3 from a
necrotic fibrous root were 100% identical. Similarly, sequences of ITS and COI regions of mor-
photype 3 isolate PF6e from fruit showed 100% homology with the corresponding sequences
of morphotype 3 isolate Pr1 from a necrotic fibrous root. Furthermore, comparing ITS and
COI sequences of morphotype 1 isolate PF6a2 and morphotype 2 isolate PF6{2, 99.74% (8 bp
difference) and 100% identity was demonstrated for ITS and COI, respectively, despite the
morphological differences between these two isolates. A BLAST search for the ITS sequences
of the representative isolates PF6f2 and Pr3 (morphotype 2), PF6a2 (morphotype 1), and PFé6e
and Pr1 (morphotype 3) using the Phytophthora database (www.phytophthoradb.org), showed
99% identity to P. meadii (GenBank no. GU259182), P. colocasiae (GenBank no. GU258988)
and P. insolita (GenBank no. GU258764), respectively.

Fig 5 shows the phylogenetic position of isolates PF6a2 (morphotype 1) and PF6{2 and Pr3
(morphotype 2) using a maximum likelihood analysis of a combined data set of ITS and COI
sequences of these three isolates and other Phytophthora species from Clade 2 (S2 Table),
retrieved from Robideau et al. [16]. Both morphotypes resided in Clade 2 and were closely
related to, but distinct from, P. meadii and P. colocasiae. A similar tree topology was also
observed when the two regions were analyzed separately (data not shown). On the basis of the
phylogenetic analysis of ITS and COI sequences with 99.74% and 100% homology of the ITS
and COI sequences, respectively, the morphotypes 1 and 2, represented by isolates PF6a2,
PF6f2 and Pr3, are here provisionally designated as Phytophthora sp. mekongensis because
these isolates were recovered in the region of the Mekong river delta.

Results of phylogenetic analysis of the combined data set of ITS and COI sequences of mor-
photype 3 isolates PF6e and Prl and validated sequences of species in Clade 9 are shown in Fig
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Fig 5. Molecular phylogenetic analysis of the combined data set ITS and COl among isolates Pf6f2,
Pr3 and Pf6a2 of P. sp. mekongensis (indicated by arrows) within Phytophthora major Clade 2 by
Maximum Likelihood method, based on the Tamura-Nei model. The percentage of trees in which the
associated taxa clustered together is shown next to the branches. Initial trees for the heuristic search were
obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using the
Maximum Composite Likelihood (MCL) approach. The tree was drawn to scale, with branch lengths
measured in the number of substitutions per site. Bootstrap values were obtained from 1000 replications.
Asterisk (*) indicates the ex-type isolate.

doi:10.1371/journal.pone.0172085.9005

6. A similar tree topology was also observed when the two regions were analyzed separately
(data not shown). Morphotype 3 isolates are here provisionally designated as Phytophthora sp.
prodigiosa because of the bizarre and unusual shape of hyphal swellings although all 15 isolates
included in this morphotype (Table 1) showed many morphological characteristics corre-
sponding to the original description of P. insolita by Ann & Ko [12, 24, 25] and clustered with
reliable sequences deposited with this name. However, DNA sequences of the ex-type isolate
of this species are not available and alignments among sequences of isolates from pomelo and
reference sequences of P. insolita deposited in databases suggest that this taxon is polyphyletic.

Pathogenicity tests

Wound-inoculations and inoculations of non-wounded fruits, using both agar discs and zoo-
spore suspension, produced symptoms of brown rot 5-6 days after inoculation with all three
Phytophthora morphotypes. On fruits inoculated with P. sp. mekongensis isolates PF6a2,
PF6f2 and Pr3 a dense layer of white mycelium developed on the lesions. The mean diameter
of lesions induced by isolates of the three species on wounded and non-wounded fruits 6 days
after inoculation is shown in Table 2. In all three experiments, the highest values were obtained
for pomelo and grapefruit, indicating these were the most susceptible citrus species, while on

PLOS ONE | DOI:10.1371/journal.pone.0172085 February 16, 2017 10/19



@° PLOS | ONE

Phytophthora brown rot of Pomelo in Vietnam

P. quininea P8488
ﬁ P. quininea* CBS 407.48
100 | 'P. quininea P3247
P. macrochlamydospora P10267

80 | | P- macrochlamydospora IMI 351473
98

94 L P. macrochlamydospora P8017
99 [ P. captiosa P10720
P. captiosa P10719
100 P. fallax P10723
4{ P. fallax P10722
100
P. fallax P10725

499[ P. parsiana P15164
100 P. parsiana P21281

P. parsiana P21282

100 P. polonica P15004
L p. polonica P15005
98 | P. sp. prodigiosa CBS 135138 PF6e <
P. sp. prodigiosa Pr1 D

100 P. insolita IMI 288805
g1 |r P. insolita P6195
64 1P, insolita P6703

Fig 6. Molecular phylogenetic analysis of the combined data set ITS and COl among isolates PF6e
and Pr1 of P. sp. prodigiosa (indicated by arrows) within Phytophthora major Clade 9 by Maximum
Likelihood method, based on the Tamura-Nei model. The percentage of trees in which the associated
taxa clustered together is shown next to the branches. Initial trees for the heuristic search were obtained by
applying the Neighbor-Joining method to a matrix of pairwise distances estimated using the Maximum
Composite Likelihood (MCL) approach. The tree was drawn to scale, with branch lengths measured in the
number of substitutions per site. Bootstrap values were obtained from 1000 replications. Asterisk (*) indicates
the ex-type isolate.

doi:10.1371/journal.pone.0172085.9006
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bergamot fruits mean lesion size was lower compared to other tested citrus species. Moreover,
in all experiments and for all tested citrus species the P. sp. prodigiosa isolates were less aggres-
sive than the isolates of P. sp. mekongensis. Among the isolates of the latter species, PF6a2, rep-
resenting morphotype 1, was the most virulent in all tests whereas isolates Pf6f2, representing
morphotype 2, and Pr3 did not differ significantly. Also P. sp. prodigiosa isolates PF6e and
Pr1, from fruit and root respectively, did not differ significantly in virulence. Control fruits
showed no symptoms and the same Phytophthora taxa used to inoculate the fruits were re-iso-
lated solely from symptomatic fruits.

The results of pathogenicity tests on potted citrus trees in three separate experiments were
very similar and, hence, only results of a single experiment are reported. On twigs of pomelo
‘Chandler’ and sweet orange ‘Lane late’ inoculated with P. sp. mekongensis isolates PF6a2,
PF6f2 and Pr3, gum exudates oozing profusely from the bark were first observed 7 days after
the inoculation (Fig 7) while isolates of P. sp. prodigiosa did not induce gum exudation. Gum
exudates on the stem of ‘Carrizo’ citrange rootstock were first observed two weeks after the
inoculation and only on trees inoculated with P. sp. mekongensis isolates PF6f2 and Pr3. The
mean length of cankers induced by the isolates on twigs and stems 30 days after inoculation is
reported in Table 2. Isolates PF6f2 and Pr3 of P. sp. mekongensis were the most virulent on
both twigs and stems. The mean length of cankers induced by these two isolates did not differ
significantly whereas isolate PF6a2 was the least virulent among the isolates of this species. On
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Table 2. Area (cm?) of lesions caused by isolates PF6a2, PF6f2, and Pr3 of P. sp. mekongensis and isolates PF6e and Pr1 of P. sp. prodigiosa on
fruits of various citrus species and cultivar inoculated with (A) agar plugs on wounded fruits, (B) agar plugs on unwounded fruits and (C) a drop
(200 pl) of zoospore water-suspension on unwounded fruits, 6 days after inoculation.

Inoculation Phytophthora
method sp.

A P. sp.
mekongensis

P. sp. prodigiosa

Control

B P. sp.
mekongensis

P. sp. prodigiosa

Control

C P. sp.
mekongensis

P. sp. prodigiosa

Control

Isolate

code
PF6a2

PF6f2
Pr3
PF6e
Pr1

PF6a2

PF6f2
Pr3
PF6e
Pr1

PF6a2

PF6f2
Pr3
PF6e
Pr1

Citrus species and cultivar

Pomelo Grapefruit ‘Marsh Sweet orange Sweet orange Bergamot
‘Chandler’ Seedless’ ‘Tarocco Ippolito’ ‘Valencia Late’ ‘Castagnaro’
679a 62.2 ab 39.6 ef 41.8 df 26.49g
56.7 bc 45.3d 36.3f 38.5 ef 26.49g
55.4¢ 46.5d 38.5 ef 36.3f 26.49g
47.8d 41.8 def 27.3¢g 28.3¢g 2469
44.2 de 38.5 ef 26.49g 26.49g 23.79
Oh Oh Oh Oh Oh
50.2a 44.2 ab 24.6fg 28.3efg 16.6 hi
49.0 ab 38.5bc 30.2 def 32.2 cde 22.9gh
50.2a 43.0b 36.3cd 30.2 def 22.1 ghi
12.6 Imn 10.7 Imn 9.1n 9.6m 7.1n
15.9ilm 10.7 Imn 11.91n 9.1n 8.5n
0o 0o 0o 0o 0o
56.7 a 50.2ab 31.2e 32.2e 15.9gh
44.2 bc 40.7cd 36.3de 35.2d 21.2f
45.3 bc 43.0c 36.3de 322e 22.1f
24.6f 23.7f 10.2 hl 9.6 hl 711
23.7f 22.1fg 11.9hl 9.6 hl 8.01
Om Om Om Om Om

Each value represents the mean of five replicated values. In each experiment numbers followed by different letters are significantly different values of the
lesions according to Tukey’s HSD test (P < 0.05).

doi:10.1371/journal.pone.0172085.t002

twigs of susceptible citrus species, pomelo and sweet orange, it was more virulent than the iso-
lates PF6e and Prl of P. sp. prodigiosa, but did not differ significantly from them in stem inoc-
ulations of the resistant citrange rootstock. Controls inoculated with sterile agar showed no
symptoms. All inoculated Phytophthora taxa were re-isolated from inoculated symptomatic
twigs and stems whereas no Phytophthora could be isolated from the controls.

Discussion

Several species of Phytophthora are known to infect citrus worldwide, the most widespread
being P. nicotianae from Phytophthora Clade 1 and P. citrophthora from Clade 2 [12, 23, 26,
27, 28]. Phytophthora nicotianae, which has an optimum growth temperature of 28-30°C, is
more common in tropical and subtropical areas and causes foot rot, gummosis and root rot,
but usually does not infect tissues far above the ground. Phytophthora citrophthora, which has
alower optimum temperature, causes gummosis and root rot in Mediterranean climates,
where seasonal rainfall occurs during the cool winter months. This species also attacks aerial
parts of the trees and is the most common causal agent of brown rot of citrus fruits in Mediter-
ranean regions [29]. Phytophthora palmivora from Clade 4 is highly pathogenic on fibrous
roots and is a common agent of fruit brown rot in various humid subtropical and tropical
areas of the world [23]. All three species have been reported as citrus pathogens in Vietnam
[30]. Other species, including P. citricola from Clade 2, P. hibernalis and P. syringae (both from
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Fig 7. Gum exudate oozing from the twig of a sweet orange ‘Lane Late’ wound inoculated with isolate
PF6f2 of P. sp. mekongensis from Vietham, 12 days after inoculation.

doi:10.1371/journal.pone.0172085.9007
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Clade 8), have been reported worldwide to cause fruit brown rot occasionally and to a limited
extent [23, 31].

Phytophthora citrophthora, a species from ITS Clade 2a [15, 32], was the species most fre-
quently cited as a citrus pathogen in Vietnam. It was reported as causal agent of trunk gummo-
sis and fruit rot of oranges [5]. Phytophthora nicotianae, which is more thermophilic than P.
citrophthora, is another common citrus pathogen in Vietnam and was the prevalent species
found in citrus groves in the Ben Tre and Tien Giang provinces of southern Vietnam [33].
Phytophthora species in Clade 2a closely related to P. citrophthora and already reported in
Vietnam on other crops include P. botryosa, P. colocasiae and P. meadii. Phytophthora botryosa
was first reported and described by Chee [34] and is known as causal agent of leaf fall and pod
rot of rubber trees (Hevea brasiliensis) in several countries of south-east Asia, including Viet-
nam [5]. It also causes pod rot of cacao (Theobroma cacao) and was reported in China on taro
(Colocasia esculenta) [12]. Phytophthora colocasiae was first described in 1900 as the causal
agent of taro leaf blight in Indonesia and is considered to be primarily a foliar pathogen with a
limited host range [12]. This pathogen is the major limiting factor for the cultivation of this
important tropical storage food crop in south-east Asia and the Pacific and Caribbean regions
[35], although an Asiatic origin seems probable [36] as Asia is the center of origin of many
wild and cultivated species of taro [37]. Phytophthora meadii was first described in 1918 as a
pathogen of rubber tree (Hevea brasiliensis) and, like P. colocasiae, is considered a species
witha limited natural host range [12]. Very recently, a phylotype associated to P. meadii was
reported for the first time in Europe in the rhizosphere of ornamental and citrus plants using
an amplicon metagenomics approach based on 454 pyrosequencing and cloning/Sanger
sequencing [38, 39].

Phytophthora colocasiae and P. meadii have been previously reported in Vietnam on several
hosts, but not on citrus [30, 40]. In detail, morphological and molecular boundaries between
P. meadii, P. colocasiae and P. botryosa, and between these three species and other closely
related species in Clade 2 such as, P. citrophthora, P. himalsilva as well as the recently described
P. occultans and P. terminalis [41] are not well defined and ambiguities remain for identifica-
tion of these species. In agreement with Griinwald et al. [42], Kroon et al. [32] and Martin
et al. [43, 44], a standard integrated approach including both morphology and molecular char-
acterization (ITS and COI) was applied in this study to identify the new taxon from Phy-
tophthora Clade 2 isolated from fruits and roots of pomelo in southern Vietnam. Cooke et al.
[15] were the first to publish a database of ITS sequences (www.phytophthoradb.org) that cov-
ered all the known and available species of Phytophthora and, consequently, ITS has become a
DNA barcode accepted by the scientific community for identification of Phytophthora at the
species level [32, 16, 17, 45]. After the molecular revision of the taxonomy of Phytophthora,
both P. colocasiae and P. meadii have been included as separate species in Clade 2, one of the
largest clades in the Phytophthora phylogeny. Recently, however, it was shown that the ITS
region is highly variable in P. colocasiae, suggesting that the ITS region alone may in some
cases not be sufficient for species identification [46]. The DNA barcoding with cytochrome ¢
oxidase subunit I (COI) is a relatively new approach [16] that, due to the faster evolution
of COI as compared to ITS, in some cases can be more useful for discriminating recently
diverged species than ITS.

In this study, the Clade 2 isolates obtained from symptomatic pomelo fruits, harvested directly
from the tree, as well as from roots of pomelo trees, were clearly belonging to the same taxon on
the basis of their ITS and COI sequences, thus fulfilling the currently accepted prerequisites for
the identification of Phytophthora isolates at the species level [32, 25, 42, 44, 47, 48].

Morphologically, P. sp. mekongensis differs from P. meadii and P. colocasiae by being sterile
while isolates of P. meadii are either homothallic or heterothallic and P. colocasiae is
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heterothallic [12]. In pathogenicity tests on fruits of various citrus species including pomelo
and grapefruit, supposed to be a hybrid originating from pomelo as a parental species, isolates
of P. sp. mekongensis caused typical symptoms of brown rot and were re-isolated from
necrotic tissues of inoculated symptomatic fruits, thus fulfilling Koch’s postulates. In addition,
in pathogenicity tests carried out in citrus seedlings, they induced gummosis of twigs and
stems, a symptom commonly associated with infections of P. citrophthora, which is the most
common species from Clade 2 responsible for important citrus diseases. Both geographic
location and hosts may be relevant regarding the reports of P. colocasiae and P. meadii, as
described in the Isolate Map Browser available on www.phytophthoradb.org [18]. In fact,
according to Oudemans and Coftey [49], P. meadii has a high level of genetic similarity with
P. botryosa and these two species probably represent two geographically separate populations
that diverged from a common ancestor, since P. meadii was reported mainly from India
and Sri Lanka while most records of P. botryosa are from Thailand, Malaysia, and Vietnam.
Although partly outdated, this hypothesis is intriguing as minor differences in DNA sequences
between P. botryosa, P. citrophthora, P. colocasiae and P. meadii could be interpreted as an
ongoing speciation process resulting from geographic isolation or adaptation to either differ-
ent host-plants or ecological conditions. In particular, P. meadii has been reported as a com-
mon pathogen of rubber tree (Hevea brasiliensis), which originates from Amazonia but is
widely cultivated in southern Vietnam. Interestingly, ITS sequences of the new taxon P. sp.
mekongensis from fruits and roots of pomelo in the Mekong River delta showed 100% similar-
ity with the ITS sequence of a reference isolate of P. meadii (KC247914) sourced from rubber
tree in Vietnam and deposited at GenBank (www.ncbi.nlm.nih.gov/). Unfortunately, this
sequence has not been published in any scientific paper and the corresponding COI sequence
is not available; therefore, it was not possible to confirm the identity between the isolate from
rubber tree and the P. sp. mekongensis isolates from pomelo. This is the first report of Phy-
tophthora brown rot of pomelo and the first time that a Phytophthora Clade 2 species other
than P. citricola and P. citrophthora has been reported as a pathogen of citrus worldwide.
Recently, P. meadii has been detected as a phylotype in the soil and tree rhizosphere of a citrus
grove in southern Italy using an amplicon metagenomics approach based on genus specific
primers [38, 50]. However, its pathogenicity on citrus was not demonstrated as the authors did
not attempt to obtain living cultures. It is noteworthy that P. meadii is in the prioritization list
of Phytophthora species of concern to the United States [44], a country with intense trade rela-
tions with Vietnam. Pathogenicity tests indicate that P. sp. mekongensis from pomelo fruits
may infect other Citrus species and induce both fruit brown rot and gummosis of twigs and
stems. Mixed infections of different Phytophthora species on the same host plant or plant
organ are not unusual [51, 52, 53, 54] and their number is expected to increase rapidly with
more frequent applications of molecular diagnostic techniques based on metagenomic
approaches [38, 39, 55, 56]. In mixed infections, the incidence of each species as well as the iso-
lation frequency depend on several factors, including virulence, host specialization, sporula-
tion capacity and environmental conditions.

Phytophthora insolita sensu lato (s.1.), a high-temperature tolerant species within Clade 9
like P. macilentosa, P. aquimorbida, P. hydrogena, P. irrigata, P. parsiana, P. virginiana and
P. polonica [57, 58], has been found occasionally in soils from citrus orchards in Taiwan and
India [59, 60, 61]. It was originally described by Ann and Ko [59] as a homothallic species
producing peculiar oogonia without antheridia, that can be barely distinguished from chla-
mydospores by the thickness of the wall. To our knowledge, this is the first report of P. insolita
s.I. from Vietnam and the first report of this species causing brown rot of citrus fruits in the
world. P. insolita is a common soil inhabitant of citrus groves in south-east Asia and the results
from this study indicate that it is also a mild pathogen colonizing fibrous roots and citrus fruits
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lying on the ground. This species induced symptoms of brown rot on artificially inoculated
fruits, confirming previous results of other authors [59], but it was never recovered from
symptomatic fruits picked directly from the trees and did not induce gummosis on artificially
inoculated twigs and stems. Therefore, it could be hypothesized that P. sp. mekongensis species
isolated in Vietnam from pomelo fruits, being the prevalent and most virulent species, was
very probably the primary causal agent of brown rot, while P. sp. prodigiosa, although quite
common as a soil inhabitant in citrus groves in the tropics, colonized the fruits fallen to the
ground as a secondary opportunistic pathogen. An additional hypothesis is that the two new
taxa differ in their epidemiology. In fact, P. sp. mekongensis produces caducous sporangia
which can be dispersed by rain splash enabling the spores to reach the fruits on the canopy.
Conversely, P. sp. prodigiosa is characterized only by persistent sporangia, suggesting its
nature as soilborne Phytophthora species, thus could explain why it was isolated only from
fruits fallen to the ground. The epidemiological and economic relevance of P. sp. mekongensis
as causal agent of citrus diseases in commercial citrus groves in Vietnam, its phylogenetic
relationship to P. citrophthora and other pathogenic species in Clade 2 as well as regulatory
policies for prevention of its introduction and spread in other citrus-producing areas and
countries deserve further investigation. In conclusion, beyond the practical importance of the
case study, it is noteworthy that citrus are among the most important host plants of Clade 2
Phytophthora species and a new taxon of this Clade has been reported as a pathogen of an
ancestral Citrus species such as pomelo in South East Asia which has been indicated as a puta-
tive secondary diversification center of pomelo and other Citrus species [13]. Results of this
study confirm that P. insolita s. 1. is a common inhabitant of Citrus soils in Asia although itis a
weak pathogen. As isolates related to P. insolita sourced in Vietnam appeared genetically dis-
tinct from those ones originating from other regions they are informally referred to as P. sp.
prodigiosa. Interestingly isolates of this taxon from Vietnam did not form sexual structures,
suggesting that both the definition and description of P. insolita are updated and deserve to be
revised by examining a larger collection of isolates from different geographic areas. Overall
results of this study corroborate previous findings [6, 13, 33, 30] indicating that Vietnam is a
still unexplored reservoir of Phytophthora diversity.
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