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1 | INTRODUCTION

Abstract

Bud rot, caused by Phytophthora palmivora, is one of the major lethal diseases of the
coconut palm. Itis a sporadic disease but can assume epidemic proportions occasion-
ally. There is a high risk involved in carrying out studies of plant-pathogen interac-
tions through field trials, especially in a crop like coconut. We have developed an in
vitro leaf assay, which would enable an easy and close monitoring of interactions
occurring between P. palmivora and coconut during the course of infection by recre-
ating the field infection process in the laboratory. Spindle leaves from adult coconut
palms were surface sterilized and inoculated in basal Y3 medium in Petri plates. After
a week in culture, the surface of the leaves was pricked and inoculated with zoospore
suspension of P. palmivora culture. Typical lesion development was noticed on the
surface of the coconut leaves 12-24 hr after inoculation of the pathogen. Electrolyte
leakage assays and histological studies using scanning electron microscopy, were also
undertaken to study the disease progression. The presence of the pathogen in the
coconut leaflets was confirmed using PCR and RT-PCR with Phytophthora-specific
primers. The pathogen could be re-isolated from the infected regions, fulfilling Koch's
postulates. The novel in vitro leaf assay developed through this study is rapid, space-
effective, precise and inexpensive. It could be utilized for detailed investigations of

the qualitative interactions between coconut and P. palmivora.
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Coconut (Cocos nucifera L.), eulogized as the ‘Tree of Life’, forms an
essential backbone of the economies of regions along the tropics.

Phytophthora spp. are notorious phytopathogens with a substan-
tial global impact as they affect an extensive array of crops rang-
ing from vegetables, ornamentals, plantation crops to forest trees.
Placed under Stramenopiles (syn. Heterokonta; kingdom Chromista,
SAR super-group), they are oomycetes which can produce hy-
phae (Cavalier-Smith, 2018). While some species like P. ramorum
and P. sojae possess a narrow host range, others like P. cactorum

and P. palmivora have a broad host range (Erwin & Ribeiro, 1996).

Apart from the importance of copra and coconut oil, which is widely
used as edible oil and in the manufacture of hair oils, soaps, cos-
metics and other industrial products, the husk is a source of fibre
which supports a sizeable coir industry. The tender nut supplies co-
conut water, a popular thirst quencher of health and hygienic value.
P. palmivora and P. katsurae have been mainly associated with dis-
eases of the coconut palm (Dollet et al., 2012). P. palmivora is the only

species reported till date as a pathogen infecting coconut palms in
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India and causes bud rot disease, which causes significant economic
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loss to the palms in states of Kerala, Karnataka, Tamil Nadu and
Andhra Pradesh (Srinivasulu et al., 2008). It is usually a fatal disease
of the coconut palm, characterized by the rotting of the terminal bud
and surrounding tissues. Even though it affects the palms of all ages,
young palms in low lying and moist situations are more susceptible
to the disease. The disease is usually sporadic but has been reported
to assume epidemic proportions (Srinivasulu & Raghava Rao, 2009).
Climatic conditions play a significant role in the disease spread and
its severity (Srinivasulu et al., 2008).

Detection of the disease in the early stages and adopting ap-
propriate remedial measures may avert the palm's eventual loss.
Integrated disease management strategies are recommended
throughout the vyear, especially in endemic areas, for effec-
tively managing the disease. Severely affected trees need to be
removed and burnt. If disease detection is done early, the in-
fected tissue has to be removed and the cut portion protected
with Bordeaux paste (Chidananda & Pandurang, 2001; Ramesh &
Maruthadurai, 2014).

Crop breeding programmes, aiming for development of disease-
resistant cultivars, assume significance in a crop like coconut given
the cryptic nature of the P. palmivora and its detection at a stage
in which successful control measures can be implemented. Whole
plant testing is of limited relevance for large-scale screening of bud
rot disease in coconut for apparent reasons; also, studies can be
restricted only to seedlings in containment/quarantine facilities or
assessment in regions with a history of disease outbreaks. A deep
understanding of molecular mechanisms underlying plant-pathogen
interactions could enable novel approaches for crop protection. One
of the techniques frequently used for investigating plant defence re-
sponses to pathogens, under laboratory conditions, is the detached
leaf assay, which has been utilized in several studies such as soy-
bean (Surin et al., 1993), wheat (Arraiano et al., 2001), alfalfa (Irwin
et al., 2003), rice (Jia et al., 2003) and durian (Vawdrey et al., 2005).
This laboratory assay possesses several advantages: higher repro-
ducibility, the requirement of less space, labour, plant materials and
inoculum, more consistent delivery of inoculum, uniform incubation
conditions can be maintained, inoculation site can be localized to
specific areas of the leaf, and more accurate quantification of dis-
ease is possible (Dhingra & Sinclair, 1995). Besides, contamination
can be controlled, more replicates can be maintained, and there is no
risk of spreading the phytopathogen to the environment. However,
this assay also possesses disadvantages: detached leaves may not
be a typical reflection of the variability of whole plants in terms of
actual physical condition and age/phyllotaxy of leaves, and some of
the host defence responses may be attenuated in detached leaves
(Parke et al., 2005).

Histopathological and molecular events occurring during P.
palmivora infection have not been reported in coconut. In the cur-
rent study, an in vitro leaf assay was developed through challenge
inoculation of P. palmivora on the coconut leaf segments cultured in
vitro. Tracking of the infection and disease progression was under-

taken using histological studies, electrolyte leakage assays, and PCR

and RT-PCR with specific primers. This assay would enable detailed
molecular investigations on the cascade of events during P. palmiv-
ora infection in coconut.

2 | METHODOLOGY

2.1 | Isolation and morphological characterization of
the pathogen

Samples were collected from bud rot affected coconut palms from
Kasaragod and Dakshina Kannada districts of Kerala and Karnataka
state, respectively, India, during South-West monsoon season (June-
July) in 2017 (Table 1). The infected palms showed typical symptoms
such as decaying of the spindle leaf and its bending, commonly as-
sociated with bud rot disease (Figure 1a). The palms' infected bud re-
gion (Figure 1b) also had a characteristic foul smell and conspicuous
irregular water-soaked lesions in the leaf lamina (Figure 1c).

Along with young infected leaves, the bud region was collected
in an autoclaved polythene bag and brought to the laboratory in an
icebox. Tender leaves with lesions were separated in laminar airflow.
Segments of 1 x 1 cm size were surface sterilized by rinsing with a
0.01% mercuric chloride solution followed by washing in sterile dis-
tilled water thrice. Direct plating method (Chowdappa et al., 2014)
was used to isolate pathogen by placing the leaf segments in car-
rot agar medium supplemented with rifampicin (125 ppm). The in-
oculated samples were kept in a growth chamber with a constant
temperature (25 + 2°C) and humidity (95%). The individual isolates
obtained were characterized through morphological traits as de-
tailed by Gallegly and Hong (2008). Mating or compatibility type of
P. palmivora isolate was determined using the method adopted by
Chowdappa and Chandramohanan (1997) where the isolates were
paired with known Phytophthora isolates obtained from ICAR-Indian
Institute of Spices Research (ICAR-1ISR), Kozhikode, Kerala, India.
Individual isolates were inoculated separately on to carrot broth me-
dium and maintained at 25 + 2°C for the formation of mycelial mats.
They were filtered and washed thoroughly with sterile water and
dried using sterile filter paper.

2.2 | Molecular characterization of the pathogen

To confirm the identity of each Phytophthora species, DNA
was extracted from the mycelial mats of individual iso-
lates using the DNeasy Plant Mini Kit (Qiagen, USA). The
ITS6 (5-GAAGGTGAAGTCGTAACAAGG-3’) and ITS4
(5-TCCTCCGCTTATTGATATGC-3') primer pairs (Cooke et al., 2000;
White et al., 1990) were used to amplify the complete sequence of
5.8S ribosomal RNA gene, and | and Il spacer regions completely
and partial sequence of 18S ribosomal RNA gene and 28S ribosomal
RNA gene regions of the pathogen. PCR, gel electrophoresis, elu-
tion of bands, sequencing and sequence analysis were conducted
as described by Prathibha et al. (2018). A phylogenetic tree was
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TABLE 1 List of Phytophthora palmivora isolates collected in the present study

Sl. GPS

No. District/State Place of collection Isolate no. co-ordinates

1 Kasaragod/Kerala Mannipady TR-PP-1 12°32'12.1"N 74°59'55.5"E

2 Kasaragod/Kerala Pachakkad TR-PP-2 12°32'38.0"N 74°57'45.7"E

3. Dakshina Kannada/Karnataka Kidu TR-PP-3 12°42'25.1"N 75°34'27.6"E

4 Kasaragod/Kerala Konnakkad TR-PP-4 12°21'59.3"N 75°22'35.7"E

5 Kasaragod/Kerala Elerithattu TR-PP-5 12°19'54.3"N 75°18'33.0"E

FIGURE 1 Bud rotinfection in coconut palm. (a) Bud rot-infected palm. (b) The bud region of the infected palm showing decaying. (c) Leaf

lamina of the infected palm showing typical water-soaked lesions

constructed based on ITS sequence of TR-PP-2 isolate with other
P. palmivora isolates, including various species of Phytophthora,
Pythium, Peronospora and Fusarium, sourced from GenBank, with
the software MEGA -X version 10.2.0 (Kumar et al., 2018) using the
neighbour-joining (NJ) method (Saitou & Nei, 1987) under 1,000
bootstrap replicates. The details of selected species for phyloge-
netic analysis are listed in Supplementary Table S1.

2.3 | Screening P. palmivora isolates for
virulence levels

P. palmivora isolates collected from bud rot affected palms were initially
screened for their virulence level using the detached leaf technique
(Sharadraj & ChandraMohanan, 2014). For this, zoospore suspensions
were prepared from the isolates by growing 5-mm mycelial disc in carrot
agar and incubated at 25 + 2°C. After sporulation at the 7th day, ster-
ile distilled water (20 ml) was added and incubated at 15°C for 15 min.
Plates were then kept at room temperature till the release of zoospores
(for approximately 20 min). The concentration of zoospores was stand-
ardized based on the procedure given in Mohamed-Azni et al. (2017). A
haemocytometer (Rohem, India) was utilized for the calculation of zoo-
spore concentration. A series of inoculum concentrations, viz,, 1, 2, 3,4
and 5 x 10%/ml, were prepared to determine the zoospore concentra-
tion capable of inducing severe infection. Based on this experiment, the
zoospore concentration was fixed at 2 x 10%/ml.

To screen its virulence, spindle leaves, sampled from Chowghat

Orange Dwarf (COD), a cultivar susceptible to bud rot, were wiped

with sterile water and pricked (four times) on its dorsal side with
a sterile needle to facilitate easy entry of the pathogen to the leaf
and kept above sterile test tubes lying horizontally on wet cotton
in a tray. Ten microlitres of zoospore suspensions (2 x 10%/ml) of
each isolate were individually inoculated in the pricked region, and
the inoculated area was covered with a thin layer of wet cotton.
The entire set-up was covered with a polythene sheet and kept in
a humid chamber at 25 + 2°C (Rachana & Rajesh, 2019; Sharadraj
& ChandraMohanan, 2014). Different isolates were screened for
its level of virulence based on the time required for the initiation of
infection and the size of the lesion formed after five days of inocu-
lation. The highly virulent isolate of P. palmivora obtained from this
exercise was used for the rest of the studies.

2.4 | Invitro leaf assay

Spindle leaves, sampled from three-year-old COD palm, were cleaned
by swiping with 70% ethanol, and the midrib portion was removed
(Figure 2a-f). Leaf lamina was cut into segments (approx. 5 cm) asep-
tically under laminar airflow chamber (Figure 2g), surfaced sterilized
with mercuric chloride (0.01%) for 10 min with constant shaking
(Figure 2h) and then washed 4-5 times in sterile water (Figure 2i).
These leaf segments were then placed with its dorsal side upwards
in Y3 medium (Eeuwens, 1976), supplemented with sucrose (30 g/L),
agar (6.5 g/L) and charcoal (0.5 g/L), in Petri plates (Figure 2j). All the
cultures were kept at 25 + 2°C and 95% humidity in a plant growth
chamber (Panasonic MLR-352H-PE). After a week in culture, leaf
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FIGURE 2 Invitro leaf inoculation
assay followed. (a) Three-year-old
Chowghat Orange Dwarf seedling. (b-e)
Collection of bud tissues from seedlings.
(f) Separating the leaf tissues. (g) Making
tissue bits. (h) Surface sterilization. (i)
Subsequent washing. (j) Inoculation of leaf
bit on Y3 media. (k) Pinpricking on leaf
bit using a sterile syringe. (I) Inoculation
of Phytophthora palmivora zoospore
suspension on leaf bit. (m) Inoculated
leaf bit

(h)

lamina segments were pricked (five equal pricks) using a sterile needle

(Figure 2k) before inoculation with zoospore suspension (10 ul) of the
highly virulent isolate (Figure 2| & 2m). Non-inoculated leaf segments
with similar pricks served as control. Cultures were observed at regu-
lar intervals to record the initiation of infection, its advancement and
other attributes such as the size of the lesions. Postinfection, the iden-
tity of pathogen was confirmed through morphological and molecular
techniques, as described earlier.

2.5 | Leaf viability assay using membrane
stability index

The viability of the in vitro cultured leaf segments was assessed using
membrane stability index (Sairam et al., 1997) since this parameter
is negatively related to senescence or leaf death (Gupta et al., 2012).
Detached leaflets were taken for comparison. Approximately 100 mg
of leaf segments were taken, immersed in 10 ml distilled water and
initial electrical conductivity (pScm'l; Model PP20, Sartorius) was
determined (C1) after overnight incubation in room temperature.

Final electrical conductivity was determined (C2) after placing the

test tubes in boiling water for 30 min. The membrane stability index
(MSI) was calculated as:

MSI= {1- (C1/C2)} x 100

2.6 | Histopathological studies using scanning
electron microscopy

For scanning electron microscopy, leaf bits (1 x 1 cm) with infected
portion were placed in aluminium cylinder adhered with a graphite
tape and placed in a vacuum chamber. The sample was coated with
high vacuum evaporator for six minutes in an ionizing metal JEOL
JFC-1100 (Fine Coat® sputter ion, JEOL Ltd). The gold-coated sam-
ples were observed in a scanning electron microscope (JEOL-JSM-
6490LV) under vacuum to get higher resolution.

2.7 | Disease assays and pathogenicity tests

To satisfy Koch's postulate, pieces of in vitro inoculated leaf bits,

showing disease lesions at 48 hpi, were removed from the Petri
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plates, surface sterilized with 70% ethanol, plated on to carrot agar
medium in Petri plates and maintained at 25 + 2°C and 95% humidity
in a plant growth chamber (Panasonic MLR-352H-PE). Subsequent
growth of mycelia was recorded. Pathogenicity tests were con-
ducted by detached leaf assay (Sharadraj & ChandraMohanan, 2014),
as mentioned in Section 2.3.

2.8 | RNA extraction and expression studies

Infected leaf samples collected for the isolation of RNA, include samples
12 hr postinoculation (12 hpi) and 12 hr uninoculated control (12 hc),
24 hr postinoculation (24 hpi) and 24 hr uninoculated control (24 hc) and
36 hr postinoculation (36 hpi) and 36 hr uninoculated control (36 hc). Total
RNA was extracted from these samples using the NucleoSpin® RNA
Plant Kit (Macherey Nagel). The quality and the purity of the extracted
RNA were assessed by observing the absorbance fromA,, ,q, ratio.
RNA integrity number was analysed using an Agilent Technologies 2,100
Bioanalyzer with the Agilent RNA chip. cDNA was synthesized using the
PrimeScript cDNA Synthesis Kit (Takara). The reaction mixture included
4.0 pl of 5 X PrimeScript buffer, 1 ul of PrimeScript RT enzyme mix, 1 pl
of random hexamer primer and 100 ng of RNA. The reactions were incu-
bated at 37°C for 15 min, followed by 85°C for 5 s and then kept at 4°C.
Phytophthora spp. are known to secrete numerous effectors into their
hosts to promote infection, and therefore, the expression of effector
genes is up-regulated during the infection process (Wang & Jiao, 2019).
Primer pairs were designed for an RxLR effector (POM73696.1) previ-
ously reported in P. palmivora (Al et al., 2017). Also, 40S ribosomal gene
(G40S) was taken as an internal control for P. palmivora (Ali et al., 2017),
while eukaryotic translation initiation (CnelF-4y) from coconut was taken
as an internal control for coconut (Rachana & Rajesh, 2019). The details of
the primers are given in Table 2.

After cDNA synthesis, RT-PCR was conducted on a thermal
cycler (MJ Mini™, Bio-Rad). Each reaction included 1 pl of diluted
cDNA (~200ng), 1 ul of forward and reverse primer (0.5 pmol), 10 pl
of GeNei™ Red Dye PCR Master Mix (1X) and 6 pl distilled water. The
reactions conditions were 94°C for 2 min, followed by 34 cycles of
94°C for 30's, 55°C for 1 min, 72°C for 1 Min, and a final extension at
72°C for 10 min. Samples were visualized on 1.5% agarose gel elec-
trophoresis (Blue Marine) in 1X TBE buffer and documented.

Journal of PN 5
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2.9 | Statistical analysis

For statistical analysis, the data recorded on the size of the lesions
and their relative growth rates due to infection by P. palmivora, and
the membrane stability index (MSI) in in vitro cultured coconut leaf
segments in comparison to detached leaflets, were subjected to
one-way analysis of variance (ANOVA) as the experiment was laid
out in completely randomized design (CRD). The means obtained
were then compared using Duncan's multiple range test (DMRT)
using SPSS 15.0.

3 | RESULTS

3.1 | Initiation of cultures and morphological
characterization

Strains isolated from bud rot infected palms and cultured in carrot
agar medium, showed similar morphological attributes like greyish
white colony, with stellate colony pattern, the colony possessing
sharp well-defined leading edges (Figure 3a). The growth rate of
the cultures was 1-1.3 cmz/day, and among the isolates, TR-PP-5
recorded the maximum growth rate (1.3 cm?/day). The isolates
showed network-like mycelia without cross walls (Figure 3b). Also,
abundant ovoid to ellipsoid sporangia, with a round base and con-
spicuous papilla were produced (Figure 3c). The sporangia of the
pathogen showed sympodial arrangement and were caducous,
breaking away rapidly from sporangiophore. The average size of
sporangia was found to be 59.03 x 26.63 um with 2.21 LB ratio.
Globose chlamydospores were found terminal as well as interca-
lary on mycelia of the isolate (Figure 3d). The average diameter
of the chlamydospore was 27 um. All the isolates found to be A2
mating type. The oogonia were spherical, and the average size
was 34 um (Figure 3e). All the above said morphological features
are highly similar to those reported for P. palmivora. Challenge in-
oculation on the detached leaflets indicated that necrotic lesions
reached a maximum size (7.11 cm?) on the fifth day after inocula-
tion (Figure 3f). Among the isolates, the isolate TR-PP-2 showed
the highest virulence in detached leaf assay. Hence, this isolate was

used for the rest of the study.

TABLE 2 Primers used for amplification of genes of host and pathogen genes via RT-PCR

Gene name Primer Primer sequence Product
Sl. No. (organism) name (5-3’) size (bp)
1. Eukaryotic initiation factor- 4y (CnelF-4y) CnelF-4yF CACCAGGAGACTTGGGAACT 110

(C. nucifera) ChelF-4yR CAGCTTACCAACCACTTCACC
2. 40 S rRNA (G40S) G40SF AACTCTGATTGAGGCCTTCG 243

(B e G40SR AACTCTGATTGAGGCCTTCG
3. RxLR effector (GRXLR) GRXLRF CCTTCAAGCGGTAATCCAAA 244

(P. palmivora) GRXLRR ATGACCCTTGTGGTTCTTGC



Journal of

KARYATH PALLIYATH ET AL.

6
J—Wl LEY— " phytopathology

(a) Culture (b) Mycelia

TR-PP-1

TR-PP-2

TR-PP-3

TR-PP-5

(¢) Sporangia

(f) Infection
lesion

(d) Chlamydospore (e) Oogonia

FIGURE 3 (a-e) Colony morphology of different isolates (TR-PP-1 to TR-PP-5). (f) The infection lesions on the detached leaflet of coconut

3.2 | Molecular characterization of the
virulent isolate

Molecular characterization of the isolate TR-PP-2 was undertaken
using Phytophthora-specific internal transcribed spacer (ITS) primers.
The expected amplicon of around ~ 900 bp was obtained (Figure 4).
The amplicon was sequenced, and a sequence of 846 bp (48.6%
G + C) was obtained (GenBank accession no. MK500842.1). The
phylogenetic tree constructed, based on NJ method, based on 23
ITS regions of the different Phytophthora spp. and other phytopatho-
gens, revealed two main clusters (Figure 5). Within the first main
cluster, the isolate TR-PP-2 formed a separate sub-cluster with other
P. palmivora isolates from coconut, cocoa and oil palm. Also, TR-PP-2
isolate was genetically closest to a P. palmivora isolate from coconut
from India (GenBank accession no. AM422704). P. megakarya repre-
sented the closest group to other P. palmivora isolates. The second
sub-cluster within the first main cluster was formed by Peronospora

spp. and Pythium spp. formed the third sub-cluster. Fusarium isolates

formed the second main cluster.

3.3 | Invitro leaf assay

The morphological and molecular level characterization confirmed
the causal agent as P. palmivora and challenge inoculation study veri-
fied its virulence. When the TR-PP-2 isolate was inoculated in the
pricked portion of the spindle leaf segment cultured in Eeuwens Y3
medium, mild necrotic lesions were first observed by 24 hpi. The le-
sion became more extensive and more conspicuous with an irregular
pattern 48 hpi. No significant changes were observed on the leaf
surface of the control samples. The necrotic lesion reached an aver-
age of 228 mm? on the fourth day after inoculation (Figures 6 and 7).

Viability of the leaf segments cultured on in vitro medium was
revealed through membrane stability index (MSI) assay. Preliminary
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TR-PP-2

FIGURE 4 Molecular characterization of the isolate TR-PP-2.
Gel image of the amplicon (TR-PP-2: Phytophthora palmivora DNA,
W: -ve control and 1Kb L: 1Kb Ladder)

observations indicate that MSI did not decrease significantly in the
leaf segments even at 20 days of in vitro culturing in the medium,

whereas it rapidly decreased in detached leaflets (Figure 8).

3.4 | Assessment of infection by scanning
electron microscopy

Scanning electron micrographs of the leaf segments from this in vitro
leaf assay gave further evidence on the pathogen interaction. It re-
vealed the development of hyphae along the epidermal cell surface
with an appressoria like hyphae and its penetration along the walls of
the trichome. Fungal hypha seems to emerge through stomata to pro-
duce sporangial structures at the surface of the epidermal layer. In the
later stages of the infection, the sporangial formation and network like

hyphae on the surface seem to proliferate to form lesions (Figure 9).

3.5 | Pathogenicity studies

Re-isolation of the pathogen from the lesions in the leaflets (48 hpi), of

in vitro leaf assay, fulfilled Koch's postulates. When cultured in carrot

Journal of y | 7
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agar medium, the pathogen exhibited similar morphological charac-
teristics like greyish white colony, with stellate colony pattern, with
sharp well-defined leading edges. Detached leaf inoculation experi-
ments, with zoospores derived from the mycelia, resulted in typical

lesions in the leaves, with initial symptoms being observed at 24 hpi.

3.6 | RT-PCR analysis

RT-PCR analysis revealed amplification of coconut housekeeping
gene (CnelF-4y) in both uninoculated and inoculated leaf samples
at all the three time points (12, 24 and 36 hpi). The expression of
P. palmivora housekeeping gene (G40S) could be observed only in in-
oculated leaf samples at all the three time points (12, 24 and 36 hpi)
and not in uninoculated samples. Expression of P. palmivora RxLR
effector gene (GRxLR) was observed only in inoculated leaf samples
at 24 and 36 hpi (Figure 10).

4 | DISCUSSION

Phytophthora palmivora infects approximately 170 different plant
species in the tropics. The management of this destructive phy-
topathogen has been dependent on various cultural and chemical
techniques and resistance breeding. Standard screening protocols
for crops, for assessing resistant/susceptible plantlets against phy-
topathogens, include spraying plants with conidial suspensions of
pathogen isolates (Xu & Ko, 1998) under greenhouse or field condi-
tion. However, these strategies are challenging to adopt in a crop
like coconut. Interaction studies of this pathogen with coconut have
been challenging due to the lack of an easy, reliable and practical
assay method for extensive screening. The palm structure and the
long life cycle limit the feasibility of whole plant pathogenicity tests
in coconut. Therefore, in this study, we have attempted to mimic the
infection progression, occurring in actual field conditions, under in
vitro conditions in the laboratory.

We have initially screened multiple isolates of P. palmivora
collected from various regions of Kerala and Karnataka States,
India, during the peak monsoon season, for their virulence using
the detached leaf technique. We have undertaken primary iden-
tification of these isolates utilizing morphological characteristics.
All the isolates exhibited morphological traits similar to those re-
ported previously for P. palmivora (Erwin & Ribeiro, 1996; Martin
et al., 2012; Martinez et al., 2010). The mycelia are network-like
and without any cross walls, while the sporangia are ovoid and
ellipsoid, possessing a round base and conspicuous papilla. Among
the four isolates, TR-PP-2 was identified as the most virulent
among the isolates based on the lesion size (Figure 4). The most
virulent isolate's identity was further validated by identifying
the ITS sequence data via BLASTN and phylogenetic analysis.
Phylogenetic analysis, undertaken using ITS sequence data, clus-
tered the P. palmivora TR-PP-2 isolate with other P. palmivora iso-

lates and P. megakarya (Figure 5); both these species have been
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L P palmivora Coconut KL/CD-6 India | JX155790
F. palmivora Coconut KL/CO-8 India | JX155791
F. palmivora Coconut 94130 Indonesia | AJS17463
~ P palmivora Oil palm M8 Colombia | GO398157

P palmivora Cocoa PP11 Malaysia | KR920763

Phytophthora spp.

F. palmivora Coconut TR-PP-2 India | MKS00842 @
P. palmivora Coconut India | AM422704
P. arecae Arecanut TART 22074 Taiwan | GUI11683
F. megakarya Cocoa PPGA Ghana | MKS00842
L P infestans Potato 1013 Colombia | EU200240
;—LR micotinnae Pineapple BL2 Chania | JX978447
P. katsurae Korean chestnut TPMLOS001 South Korea | JO901391

F. capsici Long pepper TARI 9232 Taiwan | GUI11645

F. meadii Arecanut KL/CO-16 India | IX15579

Peronespora sp. Fabaceae MG17% Germany | EF174%66
E Peronospora trifoliorum Fabaceae MG1795 Germany | EF174972

Peronospora spp.

’-— Pythium cryptoirregulare Soybean Erie-2-6-4 USA | MF765734
Pythinm spp.

100 = Pyihium kunmingense Cucumber UNOOT Oman | MTS09708

,—ann‘um oxysporum Signal grass RM150 Uganda | MG664770

Fusarium spp.

100

Fusarium solani Mexican mint TA-9 India | ME612962

FIGURE 5 Phylogenetic tree, constructed from 23 ITS sequence data, depicting the evolutionary relationships of Phytophthora palmivora
isolates. Numbers at nodes indicate the bootstrap values in percentage (%)

placed together in Clade 4 based on comprehensive phylogenetic
studies undertaken by Yang et al. (2017).

The TR-PP-2 isolate was further used for standardizing the in
vitro leaf assay. This isolate caused necrotic lesions on all treated
samples, and lesions were first observed 12 hr postinoculation, after
which it increased in size (Figure 5). Under field conditions, as the
infection progresses, sunken leaf spots are visible on leaves, the spot
margins being irregular in shape and are water-soaked (Srinivasulu
et al., 2008). The symptom development and its characteristics
under in vitro leaf assay were consistent with the symptoms occur-
ring under natural conditions in the field.

The membrane stability index (MSI) of in vitro cultured leaf seg-
ments did not change significantly for up to 20 days in the media
suggesting that the medium used (Y3) keeps the leaf healthy and tur-
gid till the symptoms develop and most importantly this method did
not affect the virulence of the pathogen P. palmivora (Figure 7). The
consistent MSl indicates the viability as this parameter is negatively
related to senescence or leaf death (Gupta et al., 2012). However,
the MSI of the detached leaflets showed a rapid decrease indicat-

ing loss of viability of leaves. This indicates that actual molecular

mechanisms underlying pathogen-host interactions cannot be stud-
ied in the detached leaves.

Further, the detection of the pathogen could be performed suc-
cessfully, and the symptom of the spread of the mycelia and sec-
ondary growth assessment was substantiated by SEM (Figure 8).
The growth of the lesion size over time and the scanning electron
micrographs suggest that the detached in vitro leaf assay is reliable
and the interaction between the pathogen and the host proceeds
normally akin to field conditions. Also, the conditions of incubation
have minimal effect on disease development. The pathogenicity of
isolates was investigated by detached leaf assay. Zoospores, derived
from mycelia from isolated regions of in vitro infected leaves, could
further infect the leaves in detached leaf assays, fulfilling Koch's
postulates.

Phytophthora spp. secrete several effector proteins into plants,
to suppress the basal plant immunity and promote infection (Wang
& Jiao, 2019). To confirm the interaction at the molecular level, we
used RT-PCR to detect the secretion or presence of effectors in the
inoculated leaves. P. palmivora effector gene, GRxLR, was detected
at 24 hpi and 36 hpi (Figure 10). The internal control for P. palmivora
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FIGURE 6 Invitroinoculation of Phytophthora palmivora on coconut spindle leaf. Ha: un-pricked and uninoculated; Hb: pricked and
uninoculated, Hc: pricked and inoculated and Hd: un-pricked and inoculated. Observations were taken at 24, 36, 48, 60, 72, 84 and 96 hr
postinoculation (hpi)
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300 - G40S was detectable at 12 hpi (Figure 10). The detection of effector
in the in vitro leaf assay suggests the feasibility of using this method
250 a

to map and study finer aspects of host-pathogen interactions, espe-

cially identification of specific effectors.

g

In our study, we observed that wounding was required for pro-
ducing localized lesions using the in vitro leaf assay in coconut, which
corroborates the previous report of Sharadraj and ChandraMohanan
(2014) who had reported the same observation using detached leaf-

Lesion size (mm’)
2

. [ < lets. One reason could be the presence of epicuticular wax (Escalante
50 4 d et al., 2002; Riedel et al., 2009) and phenols in mature coconut leaf-
£ = lets (Jay et al., 1989) could form barriers to infection. Under natural

0 - conditions in the field, P. palmivora is known only to attack the sin-
12 24 36 48 60 72 B4 96 gle terminal bud or ‘cabbage’ of coconut, which consists of several

Hours after P. palmivora inoculation on folded embryonic leaves, but is devoid of sufficient epicuticular wax

in vitro cultured leaf segment and phenols. Sarria et al. (2016) and Mohamed-Azni et al. (2019) had

FIGURE 7 Size of the lesions and their relative growth rate reported the development of typical infection in un-wounded, im-

caused by the P. palmivora on coconut leaf segments cultured in mature leaflets of oil palm inoculated with zoospores of P. palmivora.
vitro. Observations were taken at 24, 36, 48, 60, 72, 84 and 96 hr Also, the study by Mohamed-Azni et al. (2019) revealed differences
after inoculation in cross pathogenicity of P. palmivora isolates from Malaysia, on dif-

ferent crops. While infection was observed, either directly or via
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leaf segments up to 20 days
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FIGURE 9 Scanning electron micrographs of the leaf segments inoculated with P. palmivora using the in vitro method. (a) Mycelial growth
through stomata, (b) Sporangia attached in trichome of the leaf and (c) Self-emerging sporangia
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FIGURE 10 RT-PCR products after electrophoresis; M1: 1 Kb
DNA ladder; M2: 100 bp DNA ladder; G1: eukaryotic translation
initiation (CnelF-4y) in coconut; G2: 40S ribosomal gene (G40S) of
Phytophthora palmivora; and G3: P. palmivora RxLR effector gene
(GRXLR)

wounding, on cocoa, durian and rubber seedlings, it did not result
in severe bud rot symptoms in oil palm. Freeman and Beattie (2008)
reported that disease progression is prevented if the plant's external
barriers were not damaged.

The in vitro leaf assay developed in this study requires less
human resources and time for screening coconut accessions world-
wide for their resistance/susceptibility to P. palmivora. The molecular
basis underlying the pathogenesis in P. palmivora-coconut interac-
tion remains unclear. This assay would be a very useful tool for the
detailed examination of the repertoire of potential pathogenic mol-
ecules possessing the capacity to induce disease symptoms. This
assay would also facilitate studies of the kinetics of the regulatory
partners in the disease biology in coconut. The causative elements
that regulate programmed cell death, and more specifically, interact-
ing molecules in coconut can also be addressed by using the in vitro

infection assay experiments.

Journal of y 1
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5 | CONCLUSION

P. palmivora-coconut interaction is less studied partly due to the lo-
gistics and lack of suitable assay method. In this study, we have de-
veloped a rapid, efficient, reliable and economical method to study
the pathogenicity of P. palmivora, which could be performed under
controlled conditions and can be used to determine the effectors
from P. palmivora. The advantage of in vitro leaf screening methods
is that despite providing favourable disease expression conditions
if the cultivar is identified as resistant to disease, the cultivar can
further be considered for breeding programmes. Also, this method
reduces the risk of the pathogen spreading to the surrounding. This
method is a useful tool for epidemiological studies and beneficial for
laboratories and research centres with limited plant growth facilities

and minimal budget.

ACKNOWLEDGEMENTS
The authors would like to thank the Indian Council of Agricultural
Research (ICAR) for funding (ICAR-CPCRI Project No. 1000765039).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

Peer Review
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/jph.12988.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are openly available
in NCBI at https://www.ncbi.nlm.nih.gov/nuccore/MK500842.1/

ORCID

Rajesh Muliyar Krishna https://orcid.org/0000-0003-3815-0365

REFERENCES

Ali, S. S., Shao, J., Lary, D. J., Kronmiller, B. A., Shen, D., Strem, M. D.,
Amoako-Attah, I., Akrofi, A. Y., Begoude, B. A. D., ten Hoopen, G. M,
Coulibaly, K., Kebe, B. I., Melnick, R. L., Guiltinan, M. J., Tyler, B. M.,
Meinhardt, L. W., & Bailey, B. A. (2017). Phytophthora megakarya and
Phytophthora palmivora, closely related causal agents of cacao black
pod rot, underwent increases in genome sizes and gene numbers by
different mechanisms. Genome Biol and Evol, 9(3), 536-557. https://
doi.org/10.1093/gbe/evx021

Arraiano, L. S., Brading, P. A., & Brown, J. K. (2001). A detached seed-
ling leaf technique to study resistance to Mycosphaerella gram-
inicola (anamorph Septoria tritici) in wheat. Plant Pathology, 50(3),
339-346.

Cavalier-Smith, T. (2018). Kingdom Chromista and its eight phyla: A new
synthesis emphasising periplastid protein targeting, cytoskeletal and
periplastid evolution, and ancient divergences. Protoplasma, 255(1),
297-357. https://doi.org/10.1007/s00709-017-1147-3

Chidananda, H. R., & Pandurang, G. D. (2001). “Bud Rot Management in
Coconut Palm". Technical Folder No.26, ICAR Research Complex for
Goa (Indian Council of Agricultural Research), Old Goa-403 402,
Goa, India.


https://publons.com/publon/10.1111/jph.12988
https://publons.com/publon/10.1111/jph.12988
https://www.ncbi.nlm.nih.gov/nuccore/MK500842.1/
https://orcid.org/0000-0003-3815-0365
https://orcid.org/0000-0003-3815-0365
https://doi.org/10.1093/gbe/evx021
https://doi.org/10.1093/gbe/evx021
https://doi.org/10.1007/s00709-017-1147-3

Journal of

KARYATH PALLIYATH ET AL.

2| \wiLey—

Chowdappa, P., & Chandramohanan, R. (1997). Occurrence and distri-
bution of mating types of Phytophthora species causing black pod
disease of cocoa. Indian Phytopathology, 50(2), 256-260.

Chowdappa, P., Madhura, S., Kumar, B. N., Kumar, S. M., & Hema, K. R.
(2014). Phytophthora boehmeriae revealed as the dominant patho-
gen responsible for severe foliar blight of Capsicum annuum in South
India. Plant Disease, 98(1), 90-98.

Cooke, D. E. L., Drenth, A., Duncan, J. M., Wagels, G., & Brasier, C.
M. (2000). A molecular phylogeny of Phytophthora and related
oomycetes. Fungal Genetics and Biology, 30, 17-32. https://doi.
org/10.1006/fgbi.2000.1202

Dhingra, O. D., & Sinclair, J. B. (1995). Basic plant pathology methods, 2nd
ed. (p. 341). Lewis Publishers, Boca Raton, Florid.

Dollet, M., De Franqueville, H., & Ducamp, M. (2012). Bud rot and
other major diseases of coconut, a potential threat to oil palm.4th
IOPRI-MPOB International Seminar, 13-14 December 2012, Bandung,
Indonesia.

Eeuwens, C. J. (1976). Mineral requirements for growth and callus initi-
ation of tissue explants excised from mature coconut palms (Cocos
nucifera) and cultured in vitro. Physiologia Plantarum, 36(1), 23-28.

Erwin, D. C., & Ribeiro, O. K. (1996). Phytophthora Diseases Worldwide. :
APS Press.

Escalante, F., Gamboa, M. R,, Lecher, J. G., Arroyo, G. A., Zizumbo, D.,
Oropeza, C., & Pefia-Rodriguez, L. M. (2002). Major components from
epicuticular wax of Cocos nucifera. Rev Soc Quim Méx, 46, 247-250.

Freeman, B. C., & Beattie, G. A. (2008). "An Overview of Plant Defenses
against Pathogens and Herbivores". The Plant Health Instructor.
Plant Pathology and Microbiology Publications. 94. DOI: 10.1094/
PHI-1-2008-0226-01

Gallegly, M. E., & Hong, C. (2008). Phytophthora: Identifying Species by
Morphology and DNA. : APS Press.

Gupta, S., Gupta, N. K., Arora, A, Agarwal, V. P., & Purohit, A. K. (2012).
Effect of water stress on photosynthetic attributes, membrane sta-
bility and yield in contrasting wheat genotypes. Indian Journal of Plant
Physiology, 17(1), 22-27.

Irwin, J. A. G., Musial, J. M., Mackie, J. M., & Basford, K. E. (2003). Utility
of cotyledon and detached leaf assays for assessing root reactions
of lucerne to Phytophthora root rot caused by Phytophthora med-
icaginis. Australasian Plant Pathology, 32(2), 263-268. https://doi.
org/10.1071/AP03006

Jay, M., Bourdeix, R., Potier, F., & Sanslaville, C. (1989). Premiers Résultats
De L'étude Du Polymorphisme Des Polyphénolsfoliaires Du cocotier.
Oléagineux, 44, 151-161.

Jia, Y, Valent, B., & Lee, F. N. (2003). Determination of host responses to
Magnaporthe grisea on detached rice leaves using a spot inoculation
method. Plant Disease, 87(2), 129-133.

Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X:
Molecular evolutionary genetics analysis across computing plat-
forms. Molecular Biology and Evolution, 35(6), 1547-1549. https://doi.
org/10.1093/molbev/msy096

Martin, F. N., Abad, Z. G., Balci, Y., & Ivors, K. (2012). Identification and
detection of Phytophthora: Reviewing our progress, identifying our
needs. Plant Disease, 96(8), 1080-1103.

Martinez, G., Sarria, G. A., Torres, G. A., Varon, F., Romero, H. M., & Sanz,
J. 1. (2010). Advances in research on Phytophthora palmivora, causal
agent of bud rot of oil palm in Colombia. Palmas, 31, 55-63.

Mohamed-Azni, I. N. A., Sundram, S., & Ramachandran, V. (2019).
Pathogenicity of Malaysian Phytophthora palmivora on cocoa, durian,
rubber and oil palm determines the threat of bud rot disease. Forest
Pathology, 49(6), €12557. https://doi.org/10.1111/efp.12557

Mohamed-Azni, I. N. A., Sundram, S., Ramachandran, V., & Seman,
I. A. (2017). An in vitro investigation of Malaysian Phytophthora
palmivora isolates and pathogenicity study on oil palm. Journal of
Phytopathology, 165(11-12), 800-812.

Phytopathology

Parke, J. L., Roth, M. L., & Choquette, C. J. (2005). Detached-Leaf Assays
With Phytophthora ramorum: Are They Valid?. In: Sudden Oak Death
Second Science Symposium: The State of Our Knowledge, 1821
January 2005. Monterey, California, pp 535.

Prathibha, V. H., Hedge, V., Sharadraj, K. M., Rajesh, M. K., Rachana,
K. E., & Chowdappa, P. (2018). Differentiation of Phytophthora
species associated with plantation crops using PCR and high-
resolution melting curve analysis. Journal of Plant Pathology, 100(2),
233-240.

Rachana, K. E., & Rajesh, M. K. (2019). Selection and validation of reference
genes for gene expression normalization in coconut (Cocos nucifera L.)
under biotic stress and hormone stimuli. Plant Gen 19:100184.

Ramesh, R., & Maruthadurai, R. (2014) "Manual on Diagnosis of Insect
Pests and Diseases of Plantation and Spice Crops of Goa". Technical
Bulletin No. 38. Old Goa, India, ICAR RC for Goa.

Riedel, M., Riederer, M., Becker, D., Herran, A., Kullaya, A., Arana-
Lépez, G., Peia-Rodriguez, L., Billotte, N., Sniady, V., Rohde, W.,
& Ritter, E. (2009). Cuticular wax composition in Cocos nucifera L.:
Physicochemical analysis of wax components and mapping of their
QTLs onto the coconut molecular linkage map. Tree Genetics and
Genomes, 5(1), 53.

Sairam, R. K., Deshmukh, P. S., & Shukla, D. S. (1997). Tolerance of
drought and temperature stress in relation to increased antioxidant
enzyme activity in wheat. Journal of Agronomy and Crop Science,
178(3), 171-178. https://doi.org/10.1111/j.1439-037X.1997.tb004
86.x

Saitou, N., & Nei, M. (1987). The neighbor-joining method: A new
method for reconstructing phylogenetic trees. Molecular Biology and
Evolution, 4(4), 406-425.

Sarria, G. A., Martinez, G., Varon, F., Drenth, A., & Guest, D. |. (2016).
Histopathological studies of the process of Phytophthora palmivora
infection in oil palm. European Journal of Plant Pathology, 145(1), 39-
51. https://doi.org/10.1007/s10658-015-0810-9

Sharadraj, K. M., & ChandraMohanan, R. (2014). A new detached coco-
nut leaf let technique for bioassay of fungicides against Phytophthora
palmivora-the incitant of coconut bud rot. International Journal of
Plant Pathology, 7(1), 161-165.

Srinivasulu, B., Gaautam, B., Sujatha, A., Kalpana, M., Vijayalakshmi, P.,
Pavanirani, A., Chandran, B.S.R. S., & Ramakrishna, Y. (2008). Bud rot
disease of coconut. Technical Bulletin, AICRP on palms, Horticultural
Research Station, Andhra Pradesh Horticultural University,
Ambajipeta, pp 1-24.

Srinivasulu, B., & Raghava Rao, D. V. (2009). Biocontrol of major diseases
of coconut. In P. M. Ponmurugan, & A. Deepa (Eds.), Role of Biocontrol
Agents for Disease Management in Sustainable Agriculture (pp. 352-
368). : Scitech Pvt.

Surin, P., Srivakorn, N., Imrie, B., & Lawn, R. (1993). A detached leaf cul-
ture technique for resistance screening against bacterial pustule in
soybean. Kasetsart Journal-Natural Science, 27, 240-250.

Vawdrey, L. L., Martin, T. M., & De Faveri, J. (2005). A de-
tached leaf bioassay to screen Durian cultivars for suscepti-
bility to Phytophthora palmivora. Australasian Plant Pathology, 34(2),
251-253.

Wang, W., & lJiao, F. (2019). Effectors of Phytophthora pathogens are
powerful weapons for manipulating host immunity. Planta, 250, 413~
425. https://doi.org/10.1007/s00425-019-03219-x

White, T. J., Bruns, T., Lee, S. J. W. T., & Taylor, J. (1990). Amplification and
direct sequencing of fungal ribosomal RNA genes for phylogenet-
ics applications. In N. Innis, D. Gelfand, J. Sninsky, & T. White (Eds.).
PCR Protocols: A Guide to Methods and Applications (pp 315-322). :
Academic Press, Inc.

Xu, X. L., & Ko, W. H. (1998). A quantitative confined inoculation method
for studies of pathogenicity of fungi on plants. Botanical Bulletin of
Academia Sinica, 39, 187-190.


https://doi.org/10.1006/fgbi.2000.1202
https://doi.org/10.1006/fgbi.2000.1202
https://doi.org/10.1071/AP03006
https://doi.org/10.1071/AP03006
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1111/efp.12557
https://doi.org/10.1111/j.1439-037X.1997.tb00486.x
https://doi.org/10.1111/j.1439-037X.1997.tb00486.x
https://doi.org/10.1007/s10658-015-0810-9
https://doi.org/10.1007/s00425-019-03219-x

KARYATH PALLIYATH ET AL.

Journal of __WI LEY 13

Yang, X., Tyler, B. M., & Hong, C. (2017). An expanded phylogeny for
the genus Phytophthora. IMA Fungus, 8(2), 355-398. https://doi.
org/10.5598/imafungus.2017.08.02.09

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

Phytopathology

How to cite this article: Karyath Palliyath G, Kilingar
Subrahmanya M, Antony G, Binod Bihari S, Hegde V, Muliyar
Krishna R. A rapid in vitro leaf inoculation assay to
investigate Phytophthora palmivora-coconut interactions. J
Phytopathol. 2021;00:1-13. https://doi.org/10.1111/
jph.12988



https://doi.org/10.5598/imafungus.2017.08.02.09
https://doi.org/10.5598/imafungus.2017.08.02.09
https://doi.org/10.1111/jph.12988
https://doi.org/10.1111/jph.12988

