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The diversity of culturable bacterial and fungal communities was assessed from leaves, trunk and
rhizosphere of coconut palms infected and non-infected by the Cote d’lvoire lethal yellowing (CILY)
phytoplasma. Bacterial and fungal microbes were isolated from leaves, trunk and rhizosphere samples
collected from two villages of Grand-Lahou, Braffedon and Yaokro, by using a high-throughput
'dilution-to-extinction' cultivation method coupled with PCR and sequencing with primers that amplified
both the 16S ribosomal RNA and intergenic transcribed spacer (ITS) genes. The relative abundance was
higher for Bacillus and Candida in Braffedon, and Burkholderia and Neodeightonia in Yaokro.
Commonly genera identified from rhizosphere included Bacillus, Burkholderia, Pseudomonas,
Streptomyces, Cryptococcus, Penicillium, Purpureocillium and Trichoderma. The most abundant
endophytes identified were Pantoea, Candida, Cryptococcus, Bacillus, Pseudomonas, Penicillium,
Aspergillus and Rhodotorula. Genera limited to symptomless palms included Arthrininum,
Chaetomium, Phialemonium, Fusarium, Klebsiella and Candida. Results indicate that the CILY
phytoplasma may be a factor determining the level of diversity of a microbial community in a given
location. Our research provides the basis to investigate the possible effect of endophytic and
rhizosphere microbes against the CILY phytoplasma to further effectively improve the management of
CILY in Grand-Lahou.
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INTRODUCTION

Grown in tropical and subtropical regions, the versatile coconut (Cocos nuciferaL.) is an important source of



food, shelter, and household income for smallholder
farmers around the globe (Batugal et al., 2005). Céte
d’lvoire is among the top 20 coconut producers in the
world, with an annual production of 182,170 tonnes
(FAOSTAT, 2015), and it is the top African exporter of
coconut oil from copra to Europe and West Africa.
However, the Ivoirian coconut industry is currently
impacted by the Cbéte d’lvoire lethal yellowing disease
(CILY) (Konan Konan et al., 2013a). Lethal yellowing-like
diseases are considered a serious world threat for
coconut-producing countries in Central America and the
Caribbean, West and East Africa, and Mozambique
(Danyo, 2011).

The disease CILY has been associated with a
phytoplasma of the group 16SrXXIl, subgroup B,
‘Candidatus  Phytoplasma palmicola’-related strains
(Harrison et al., 2014). It is widespread throughout the
south coast littoral of Grand-Lahou, where it has caused
the destruction of more than 400 ha within the last ten
years, and losses of 12,000 tonnes of copra per year (Kra
et al., 2017).

Phytoplasmas are bacteria-like phloem-inhabiting
pathogens of the class Mollicutes transmitted by
Hemiptera insect vectors that cause diseases in over a
thousand plant species, including crops, fruit trees, and
ornamental plants (Maejima et al., 2014). Management
and control of phytoplasma diseases have been based
on the removal of infected plants that can act as an
inoculum source (Romanazzi et al., 2009), the use of
resistant varieties, and the control of insect vectors;
however, no effective disease control has been achieved
so far. No genotypes are available that show reliable
resistance to phytoplasma diseases, and particularly for
coconut lethal yellowing, the sort of unexplained
resistance breakdown seen in some widely used hybrids
is a global concern for replanting programs (Baudoin et
al., 2008). Phytoplasma vector control has been focused
on insecticidal treatments against natural vectors such as
Macrosteles  quadripunctulatus, the  vector of
chrysanthemum yellows phytoplasma (Saracco et al.,
2008), and Cacopsylla pyri, the vector of pome fruit
phytoplasmas (Bangels et al., 2010).

Some other strategies tested to control phyoplasma
diseases include transgenic plants as in the case of
tobacco plants expressing antibodies against the stolbur
phytoplasma (Malembic-Maher et al., 2005); the use of
elicitors such as indole-3-acetic acid/butyric acid (Perica,
2008; Lherminier et al., 2003); organic fertilizers or algal
extracts; natural and synthetic peptides and essential
oils; or recovery promoted by abiotic stress in grapevines
affected by 'bois noir' (Romanazzi et al., 2009). Previous
studies have shown that applying the arbuscular
mycorrhizal fungus Glomus intraradices can improve
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tolerance to pear decline phytoplasma (Garcia-Chapa et
al., 2004). Similarly, it has been shown that plant-growth
promoting bacteria like Pseudomonas, isolated from the
rhizosphere of daisy plants, when applied to
phytoplasma-infected daisies, are able to extend the
daisy’s life span (D’Amelio et al., 2007).

The plant rhizosphere harbors numerous bacteria
capable of stimulating and aiding plant growth and are
termed plant growth promoting rhizobacteria (Lugtenberg
and Kamilova, 2009). They exert their beneficial effects
through biofertilization, stimulation of root growth, rhizo-
remediation, plant stress control, or biological control
including antibiosis, induction of systemic resistance and
competition for nutrition and niches, besides they have
become the new inoculants for biofertilizers. Studies on
the bacterial population isolated from the rizhosphere of
coconut palms resistant and tolerant to Kerala wilt
disease phytoplasma in India (Gopal et al.,, 2005) have
suggested that rhizosphere microflora could play a role in
evading phytoplasma infection.

Over the last few years, there has been an increasing
interest in the use of endophytes to control plant
pathogens (Romanazzi et al., 2009). Indeed, one of the
latest trends is the identification of fungal or bacterial
endophytes  with biocontrol potential  against
phytoplasmas (Compant et al., 2013; Martini et al., 2009;
Romanazzi et al, 2009). Endophytes refer to
endosymbionts that colonise the inside of the plants
without causing any disease to the plant host (Schulz and
Boyle, 2006; Wilson, 1995). They can inhabit different
plant parts such as tubers, stems, leaves and roots, and
can enter the plant via insect sucking or by passive
diffusion or active selection from the adjacent rhizosphere
(Romanazzi et al., 2009).

Endophytes establish mutualistic relationships with
plants and produce important secondary metabolites and
compounds that can act as plant growth promoters or
enhancers of plant resilience to certain pests and plant
pathogens, as well as to abiotic factors such as
environmental stress and drought (Golinska et al., 2015;
Rodriguez et al., 2009).

The interaction of endophytic bacteria and fungi in
phytoplasma-affected plants has been poorly studied,
and limited to a few crops like grapevine infected with the
“flavescence dorée” and “bois noir” phytoplasmas
(Bulgari et al., 2011; Grisan et al.,, 2011), and apple
infected with the apple proliferation phytoplasma (Bulgari
et al., 2012; Musetti et al., 2011). Recently, endophytic
communities associated with healthy and phytoplasma-
infected plants have been characterised (Bulgari et al.,
2009; Martini et al., 2009) to find possible biocontrol
agents. Martini et al. (2009) identified Aureobasidium
pullulans and Epicoccum nigrum as fungal endophytes
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associated with grapevine varieties that spontaneously
recovered from phytoplasma disease. Musetti et al.
(2011) showed that periwinkle plants, Catharanthus
roseus L. G. Don, grafted with ‘Ca. Phytoplasma mali’-
infected apple scions, and treated with E. nigrum
exhibited reduced symptoms, and lower concentration of
the phytoplasma when compared with untreated control
plants. Grisan et al. (2011) identified A. pullulans and
other fungal species when characterising the fungal
endophytic bio-diversity in both healthy and phytoplasma-
infected grapevines. Other species included Alternaria
sp., Phoma sp., Cladosporium sp., Pestalotiopsis sp.,
and Pestalotia sp.

A number of endophytes have been studied for their
potential as biocontrol in coconut palms. A member of the
genus Cordyceps has been reported as a biocontrol
against Lecopholis coneophora, the causal agent of
coconut root grub (Kumar and Aparna, 2014). Endophytic
bacteria such as Pseudomonas, Bacillus, and
Enterobacter have been commonly isolated from a wide
range of monocots and dicots including coconut
(Rajendran et al., 2008). Rajendran et al. (2015) used
endophytic bacteria Bacillus subtilis and Pseudomonas
fluorescens in a bioconsortium with Trichoderma viride as
a soil application against Ganoderma lucidum (Leys)
Karst, the causal agent of basal stem rot on coconut
palm, and showed a higher induction of defense related
enzymes.

High-throughput cultivation — ‘dilution-to-extinction'
cultivation — has proven to be an effective method to
assess endophytic diversity (Unterseher and Schnittler,
2009). The method increases the diversity of cultivable
species as inoculum density decreases (Collado et al.,
2007). It has been primarily used to lower species
richness so functional ability can be correlated with
biodiversity.

A multi-well plate is used to provide spatial separation
and reduce interspecific interactions. This increases the
possibility of detecting slow-growing and weak
competitors, while, at the same time, allows the isolation
of ubiquitous and dominant taxa. The ‘dilution-to-
extinction' cultivation method has been widely used to
study the modified microbial diversity in different
materials such as mineral soils (Wertz et al., 2006, 2007;
Griffiths et al., 2001), peat (Dimitriu et al., 2010) and
sewage (Franklin and Mills, 2006). It has been applied to
assess the fungal endophytic community of leaf-litter
fungi in beech, Fagus sylvatica L. (Unterseher and
Schnittler, 2009), and to isolate ammonia-oxidizing
bacteria from arable and lead-contaminated soil (Aakra et
al., 1999).

The present work aimed at characterizing the culturable
bacterial and fungal communities residing in leaves,
trunk, and the rhizosphere of CILY phytoplasma-infected
and CILY phytoplasma-free coconut palms by using the
'dilution-to-extinction' cultivation method coupled with
PCR and sequencing approaches.

MATERIALS AND METHODS

Sampling from leaves, trunks and rhizosphere from coconut
palms

Samples were collected in 2016 from Braffedon during April, and
from Yaokro in June. Braffedon and Yaokro are two coconut-
growing villages of the Grand-Lahou village area, located at 18 and
43 Km from Grand-Lahou downtown, respectively (Arocha Rosete
et al, 2017). Samples included leaves, trunk borings and
rhizosphere from PB121 coconut palm ecotypes. Two symptomless
coconut palms were sampled per village. Coconut palms exhibiting
CILY-like symptoms were also surveyed. Samples were collected
from two palms with symptoms resembling those of each disease
stage 1, 2 and 3 for a total of six symptom-bearing coconut palms
per village. Symptoms of disease stage 1 (S1) corresponded to
palms with initial yellowing in the older leaves and initial blackening
of the inflorescences. Symptoms of disease stage 2 (S2) were
related to the progress of yellowing from the older to the younger
leaves, and increase of the inflorescence blackening. In palms
showing symptoms similar to those of disease stage 3 (S3), the
older yellowed leaves turned brown and desiccate, and in some
cases hanged down forming a skirt around the trunk. This latter
sign along with full blackening of the inflorescences were only
observed in coconut palms from Yaokro.

Rhizosphere samples were collected from clay-rich sandy tertiary
soils, characteristic of the Grand-Lahou coastal littoral zone at 10
cm from the trunk, and 26 cm deep in the soil with a stainless steel
soil-probe sampler (Konan Konan et al., 2013b). Three young
leaves emerging from the coconut heart were collected per palm,
then individually surface sterilised with both 0.5% sodium
hypochlorite and 70% ethanol, and rinsed in Sigma-graded sterile
deionized water (SDW). Small plastic bags were used to collect
around 2 g of trunk borings by boring into the trunk at one meter
from the trunk base using an eight cm long drill bit sterilised with
70% ethanol before collecting each sample (Harrison et al., 2013).
For the trunk borings, 1 g of each sample was weighed and placed
in a 15 mL Falcon™ tube, and sterilized with 10 mL of 0.5% sodium
hypochlorite, followed by 10 mL of 70% ethanol, and rinsed in 10
mL of Sigma-graded SDW. UV-sterilized Whatman paper was used
to dry up the wet trunk borings after the final rinse. The trunk
borings were transferred to a clean sterile 1.5 mL microtube. All
samples were kept at 4°C until further analysis.

Culture isolation of bacterial and fungal organisms

Bacterial and fungal organisms were isolated by using a modified
‘dilution-to-extinction’ cultivation method (Collado et al., 2007) with
some modifications explained below and illustrated in Figure 1.

Rhizosphere culture sample preparation

One gram of rhizosphere was weighed from each palm, and the
weighed amounts from each two replicates representing each
disease stage (1, 2 and 3) were pooled in a 15 mL Falcon™ tube,
and mixed by a 10 sec vortexing. A total of 0.1 g of each mixture
was taken with a small spatula and added to 900 pL of SDW in
individual 2 mL microtubes resulting in a 10™ dilution.

Trunk culture sample preparation

A total of 0.5 g of trunk borings collected was weighed from each
tree, and the weighed amounts from each two replicates
representing each disease stage (1, 2, and 3) were pooled in a 15
mL Falcon™ tube, and mixed by a 10 sec vortexing. A total of 0.1 g
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Figure 1. Conventional isolation method in 35 mm Petri dishes with 100 pL of fungal (A) or bacterial (B)
suspensions. Fungal (C) and bacterial (D) isolations obtained by 'dilution-to-extinction' cultivation method
in 48-well plates. Fungal (A and C) isolates were grown on Rose Bengal Agar with chloramphenicol.
Bacterial (B and D) isolates were grown on Tryptic Soy Agar with amphotericin B.

of each pool was taken with a small spatula and added to 900 L of
SDW in individual 2 mL microtubes resulting in a 107 dilution.

Leaf culture sample preparation

Since three leaves were collected per palm, 0.5 g of leaf midrib
from each leaf sample were finely cut into 0.5 cm square pieces
with a sterile scalpel, and pooled together in a 15 mL Falcon™
tube, and briefly vortexed. A total of 1 g from each pool
representing each disease stage was weighed, placed in a sterile
porcelain mortar and macerated with a sterile pestle in 2 mL of
SDW. The homogenate was collected per sample in 2 mL
microtubes and diluted six-fold (10®) in SDW.

Sample plating

An aliquot of 100 pL of each dilution series was plated in duplicate
in 35 mm Petri dishes with Tryptic Soy Agar (TSA) medium
(BD Difco™) supplemented with amphotericin B (4 pg/mL; TSAA)
for bacterial isolation. Plates were incubated for 2 days at 35°C. For
fungal isolation, fresh 100 pL aliquots were plated in 35 mm Petri
dishes with Rose Bengal agar (RBA medium; Oxoid) supplemented
with chloramphenicol (50 mL; RBAC). Plates were incubated at
25°C for 4 to 6 days.

Endophytic sterility check

For the verification of the effectiveness of the disinfection procedure
and the confirmation that microbial growth was endophytic and not
from leaf surface or trunk contamination, sterility checks were
carried out for each leaf and trunk sample. For these checks, 0.1
mL from the final SDW rinse were plated out on TSAA and RBAC
plates. Plates were incubated as described above. The
effectiveness of the sterility checks was measured based on the
absence of bacterial or fungal growth in both TSAA and RBAC
plates after the corresponding incubation period.

Colony counts

Colony forming units (CFU) were counted for each duplicate sample
and averaged to approximate the dilution factor in SDW to 100
CFU/mL. Duplicates of 48-wells of RBAC and TSAA Falcon™
Polystyrene Microplates (Fisher) were used per sample and
inoculated with 10 pL of the final dilution resulting in approximately
1 colony per well. TSAA and RBAC microplates were incubated for
2 days at 35°C, and for 4 to 6 days at 25°C, respectively.

Colony morphology identification

Bacterial and fungal colonies were morphologically identified based
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on the colony shape and appearance, texture and pigmentation.
Colonies of similar morphologies were assigned the same number.
A colony representative of each number was subcultured into
corresponding TSAA or RBAC Petri dishes. TSAA plates were
incubated for 2 days at 35°C, while RBAC plates were incubated for
4 to 6 days at 25°C.

Total DNA extraction

After incubation, plates were used for total DNA extraction using the
FastDNA® SPIN Kit (MP Biomedicals, USA) following
manufacturer's recommendations. Total DNA was also extracted
directly from leaf and trunk boring samples (Harrison et al., 2013).

PCR amplification

All PCR reactions (25 pL) were performed with illustra PuReTaq
Ready-To-Go PCR Beads (GE Healthcare, UK) with a starting
concentration of 50 ng of genomic DNA and 0.4 pM final primer
concentrations. The CILY phytoplasma was detected by nested
PCR with universal 16S rRNA PCR primers P1 and P7 (Schneider
et al., 1995; Deng and Hiruki, 1991) with an initial denaturation of
the template at 94°C for 3 min, followed by 35 cycles: 94°C for 40 s,
54°C annealing for 40 s, 72°C extension for 1 min 40 s, and a final
10 min extension at 72°C. One microliter of the first PCR reaction
was diluted 1:30 in SDW and used as a template for the nested
PCR with primers G813f and AwkaSR (Tymon et al., 1998) specific
for West African phytoplasma strains. The nested PCR protocol
followed 35 cycles of initial denaturation of the template at 94°C for
3 min, 94°C for 40 s; 53°C annealing for 40 s; 72°C extension for 1
min, and a final 10 min extension at 72°C. P1 and P7 primers were
nested with phytoplasma generic primers U5 and U3 (Lorenz et al.,
1995) to confirm the detection of any other phytoplasma group in
samples yielding no amplification with primers G813/AwkaSR.

For bacterial identification, the 16S rRNA gene was amplified
with universal primers 27f and 907r (Lane, 1991) with an initial
denaturation of the template at 94°C for 3 min, followed by 30
cycles of 94°C for 30 s, 50°C annealing for 30 s, 72°C extension for
1 min and 20 s, and a final 7 min extension at 72°C. For fungal
identification, the ITS region of the rRNA gene was amplified using
the universal primers ITS5 and ITS4 (White et al., 1990) with the
following amplification protocol: initial template denaturation at 94°C
for 3 min, followed by 35 cycles of 94°C for 30 sec, 55°C annealing
for 30 sec, 72°C extension for 1 min and 15 s, and a final 5 min
extension at 72°C.

Sequencing and sequence analyses

All PCR amplicons were purified using the E.Z.N.A.® Cycle-Pure
Kit (Omega Bio-tek, USA), and sequencing reactions were
prepared using the BigDye® Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, USA) following the manufacturer's
recommendations. Samples were directly sequenced at the Centre
for the Analysis of Genome Evolution and Function (CAGEF;
University of Toronto). The sequences obtained were assembled
into contigs using the Sequencher 4.9 software (Gene Codes
Corporation, USA). Bacterial and phytoplasma contigs were
compared to NCBI (Genbank https://www.ncbi.nlm.nih.gov), and in
the case of bacteria, the sequences were also analyzed at the
Ribosomal Database Project (RDP; http://rdp.cme.msu.edu/).
Fungal contigs were compared to the CBS Fungal Biodiversity
Centre (http://www.cbs.knaw.nl/) by pairwise sequence similarity
search. A sequence similarity greater than 97% was used to assign
a genus to the bacterial and fungal isolates. Multiple sequence
alignments of the obtained contigs were made with Clustal W and

phylogenetic analyses were performed with MEGA version 7
(Kumar et al., 2016), using the maximum likelihood method based
on the Tamura-Nei model (Tamura and Nei, 1993) with a bootstrap
analysis of 1000 replicates.

Diversity analyses

Shannon (H’) and Simpson (D) diversity indices were calculated for
the microbial communities using PAST version 3.14 (Hammer et al.,
2001). A modified t-test for the above-mentioned diversity indices
(Brower et al., 1998; Hutcheson, 1970) was used in order to assess
the differences in diversity between the microbial communities
identified. Relative abundance was calculated by dividing the
number of species from one given group (bacterial or fungal) by the
total number of species from leaves, trunk and rhizosphere.

RESULTS
Screening for the presence of CILY phytoplasma

Total DNA from leaf and trunk boring samples was
subjected to nested PCR for the detection of the CILY
phytoplasma. No amplification was obtained for any of
the two symptomless palms collected in Braffedon or
Yaokro with any of the primer combinations. The six
coconut palms exhibiting S1, S2 and S3 CILY symptoms
collected from Yaokro tested positive for the presence of
the CILY phytoplasma with the specific primers
G813/AwkaSR. Sequences were 99% identical to those
of the CILY phytoplasma isolates from Grand-Lahou from
previous studies (Harrison et al., 2014). Interestingly, no
CILY phytoplasma was detected with primers
G813/AwkaSR in any of the leaf or trunk samples
collected in Braffedon regardless the presence of CILY-
like symptoms. Only four out of the six palms exhibiting
CILY-like symptoms collected in Braffedon: two palms
with S3-like symptoms (from trunk and leaf, respectively),
one palm with S2-like symptoms (from trunk), and one
palm with S1-like symptoms (from trunk) yielded P1/P7
amplicons. After PCR purification and sequencing, the
partial P1/P7 sequence was determined to belong to the
Gram positive bacterium Bacillus megaterium. Besides,
nested PCR with phytoplasma generic primers U5/U3
yielded no amplification for all the six coconut palms
surveyed in Braffedon that exhibited CILY-like symptoms.

Characterization of isolated microbial communities

Six palms per location and a total of 24 leaf, 40
rhizosphere (24 from Braffedon and 16 from Yaokro), and
32 trunk (24 from Braffedon and 8 from Yaokro) samples
were processed. Eighty-seven bacterial and 97 fungal
isolates were taxonomically identified and their respective
16S rDNA and ITS sequences compared. The resulting
95 operational taxonomic units (OTUs) represented 3
phyla (Actinobacteria, Firmicutes, and Proteobacteria), 5
classes, and 26 genera for the bacterial isolates (Table 1
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and Figure 2), and 3 phyla (Ascomycota, Basidiomycota,
and Zygomycota), 7 classes, and 27 genera for the
fungal isolates (Table 1 and Figure 3). One
representative sequence of each OTU was deposited in
GenBank (Accession numbers shown in Figures 2 and
3).

Diversity of bacterial and communities

isolated per geolocation

fungal

There was no significant difference with regards to the
whole microbial community diversity (combined analysis
of bacterial and fungal genera/species) identified from
Yaokro and Braffedon (Shannon and Simpson’s indexes
3.0975 and 0.068594, respectively, for Braffedon and
3.1489 and 0.066162, respectively for Yaokro, Table 2).
However, statistical differences were observed among
diversity levels when the bacterial and fungal microbial
communities were analyzed independently by village.

The bacterial community in Braffedon was more
diverse than that of Yaokro (Shannon and Simpson’s
indexes 2.7085 and 0.091545, respectively, for
Braffedon; Shannon and Simpson’s indexes 2.4027 and
0.147, respectively, for Yaokro, Table 2). Six bacterial
genera were commonly identified in both locations, which
included Bacillus, Burkholderia, Enterobacter,
Pseudomonas, Ralstonia and Streptomyces. Eight
bacterial genera were only found in Braffedon (Table 1
and Figure 4A, 5A and 5C): Agrobacterium, Alcaligenes,
Chryseobacterium, Curtobacterium, Leifsonia,
Paenibacillus, Pantoea and Streptococcus, while thirteen
genera were only found in Yaokro: Blastococcus, Dyella,
Herbaspirillum, Kitasatospora, Herbaspirillium, Klebsiella,
Lysinibacillus, Ochrobactrum, Rhodococcus, Serratia,
Sinomonas, Stenotrophomonas, and Variovorax. Althoug
Braffedon showed a higher bacterial diversity level than
Yaokro, the latter scored a higher number of genera
limited to that particular location.

Conversely, the fungal community was more
significantly diverse in Yaokro when compared to that
observed in Braffedon (Shannon and Simpson’s indexes
2.0339 and 0.20588, respectively, for Braffedon and
Shannon and Simpson’s indexes 2.5142 and 0.11985,
respectively, for Yaokro). Seven fungal genera were
isolated from both Braffedon and Yaokro: Aspergillus,
Candida, Cryptococcus, Fusarium, Penicillium,
Purpureocillium, and Trichoderma. Five genera were only
found in Braffedon (Table 1 and Figure 4B, 5B and 5D):
Exophiala, Meira, Pestalotiopsis, Pseudozyma, and
Rhodosporidium, while fifteen genera were only found in
Yaokro: Arthrininum, Chaetomium, Cladophialophora,
Clonostachys, Cunninghamella, Eupenicillium,
Gibberella, Gliocladium, Neodeightonia, Nirograna,
Phialemonium, Phialocephala, Pseudallescheria,
Rhodotorula, and Triplosphaeria.

In Braffedon, the largest number of bacteria belonged
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to the genus Bacillus, representing 15% of all the
bacterial isolates identified, while Candida was the most
abundant fungal genus, representing 24% (Table 1). In
Yaokro, Burkholderia was the most abundant bacterial
genus, while Neodeightonia was the most abundant
fungal genus, corresponding to 19 and 12% of all the
bacterial and fungal isolates identified, respectively
(Table 1).

When comparing Braffedon and Yaokro, no difference
was found on the microbial community diversity levels
among the different CILY stages S1, S2 or S3. The
commonly identified bacterial and fungal genera: Bacillus,
Burkholderia, Enterobacter, Pseudomonas, Aspergillus,
Penicillium, Purpureocillium, and Trichoderma previously
found indistinctly across the symptomatic palms in
Braffedon and Yaokro were also found in the
symptomless palms surveyed in both locations (Figure
5A to 5D). The genus Fusarium although found in both
locations was limited to symptomless palms in Braffedon,
and palms showing S2-like symptoms in Yaokro.
However, there were isolates identified solely in each
specific location. In Braffedon, Paenibacillus was only
isolated from palms showing CILY S3-like symptoms. In
Yaokro, four bacterial genera were only associated with
symptomatic palms such as Pseudomonas and
Herbaspirilum in those with Sl-like symptoms,
Blastococcus in those with S2-like symptoms and
Ralstonia in those with S3-like symptoms. The fungal
genera Cunninghamella was limited to palms with S1-like
symptoms, and Cladophialophora and Gibberella to those
with S3-like symptoms, while six other fungal genera
Eupenicillium, Hypocrea/Trichoderma, Nirograna,
Phialocephala, Pseudallescheria, and Triplosphaeria
were only found in palms with S2-like symptoms (Figure
5A to 5D).

Microbial community in the rhizosphere

The most abundant genera found in the rhizosphere in
Braffedon (Table 1) were Bacillus (9.9%) followed by
Penicillium (3.3%) then Candida (2.3%), while in Yaokro,
these were Bukholderia (19%) followed by Neodeightonia
(12.5%), Penicillium (6.6%) then Trichoderma (4.4%).
Commonly genera identified from rhizosphere samples in
both  locations included Bacillus, Burkholderia,
Pseudomonas, Streptomyces, Cryptococcus, Penicillium,
Purpureocillium and Trichoderma. Four fungal genera
Arthrininum, Candida, Chaetomium, and Phialemonium
were solely isolated from symptomless palms in Yaokro.

Endophytic community in leaves and trunks
The most abundant genera found in leaves in Braffedon

(Table 1) were Pantoea (9.9%) followed by Cryptococcus
(6.8%) then Bacillus (4.7%). For trunk samples, the most
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Table 1. Relative abundance of bacterial and fungal isolates identified from leaves, trunk and rhizosphere in
Braffedon and Yaokro.

Braffedon Yaokro
Bacteria Leaves Trunk Rhizosphere Trunk Rhizosphere
Agrobacterium sp. 0.5070
Alcaligenes faecalis 0.4225
Bacillus 4.6895 9.8859 6.0558 3.2669
B. aquimaris 1.2674
B. cereus 1.5139
B. indicus 0.5492
B. megaterium 4.6895 0.5915
B. mycoides 0.6337 1.1952
B. niacini 0.3187
B. pseudomycoides 0.5915
B. pumilus 0.0797
B. subtilis 0.2390 0.0797
B. vietnamensis 1.2674
Bacillus sp. 4.9852 5.7371 0.1594
Blastococcus sp. 0.0797
Burkholderia 0.3802 0.2535 18.7251
B. anthina 0.2535
B. cepacia 0.3802 0.3984
B. glumae 0.1594
B. nodosa 4.8606
Burkholderia sp. 13.3068
Chryseobacterium sp. 0.5915
Curtobacterium 1.8166 0.8450
C. flaccumfaciens 0.8450
Curtobacterium sp. 1.8166
Dyella 0.7171
D. japonica 0.6375
Dyella sp. 0.0797
Enterobacter 2.6193 0.6337 3.2669
E. hormaechei 0.6337
Enterobacter sp. 2.6193 3.2669
Herbaspirillum sp. 0.0797
Kitasatospora sp. 1.1952
Klebsiella pneumoniae 0.1594
Leifsonia sp. 3.1263 1.8589
Lysinibacillus sphaericus 0.2390
Ochrobactrum sp. 0.9562
Paenibacillus assamensis 0.0422
Pantoea 9.8859 1.1407
P. agglomerans 1.2252
P. dispersa 8.6608
Pantoea sp. 1.1407
Pseudomonas 1.8166 8.7452 1.0984 0.0797
P. denitrificans 0.0797
P. plecoglossicida 8.7452 1.0984
P. psychrotolerans 1.8166
Ralstonia sp. 0.5492 0.0797
Rhodococcus sp. 0.2390
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Streptococcus sp. 4.1403
Streptomyces sp.

Fungi

Aspergillus 0.1267 0.0422 1.5936 1.0359
A. aculeatus 0.0422 1.5936 0.7968

Aspergillus sp. 0.1267

Candida 1.5632 19.9831 2.2814 8.1275
C. carpophila 0.2535 6.8441 8.1275
C. tropicalis 1.3097 13.1390 2.2814

Cryptococcus 6.8019 1.6054 2.6295
Cryptococcus aff taibaiensis 6.8019
Cryptococcus podzolicus 1.6054 2.6295

Exophiala alcalophila 0.4647
Fusarium 0.0845 0.3984

Fusarium sp. 0.0845

Meira sp. 0.2957

Penicillium 1.9434 3.3376 6.6135
P. citreonigrum 0.3802 0.0797
P. citrinum 0.8450 1.4787 0.7171

P. oxalicum 0.0845 0.0845

P. simplicissimum 4.8606 3.7450

P. verruculosum 0.7171

Pestalotiopsis sp. 0.2112
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Table 1. Contd.

Pseudozyma sp. 0.4225

Purpureocillium lilacinum 0.1690 0.3984

Rhodosporidium sphaerocarpum 1.8166

Rhodotorula mucilaginosa 7.4900

Trichoderma/Hypocrea 1.6054 4.3825
T. erinaceum 3.2669
T. helicum 0.6375
T. koningiopsis 0.3187
T. lixii 0.2535 0.0797
T. virens 1.3519 0.0797

Triplosphaeria sp. 0.0797

Relative abundances are presented as proportions. Braffedon isolates are shown as light gray shaded rows. Yaokro isolates
are shown as dark gray shaded rows. Commonly found bacterial and fungal isolates in Yaokro and Braffedon are shown as
not shaded rows.
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Figure 2. Phylogenetic analysis based on thel6S rRNA gene sequences of the bacterial isolates.
Branches are grouped by classes. Bootstrap percentages from 1000 replicates > 75 are shown above
branches. The tree is drawn to scale, with branch lengths measured in the number of substitutions per
site. (B): Braffedon. (Y): Yaokro.



Morales-Lizcano et al.

KY315683 Penicliium simplicissimum (B)
|k<Y316535 Penicillium oxalicum (B)
KY315578 Peniallium ctreonigrum {B)
KY315582 Penicillium dolege (Y)
KY315688 Peniciliium javanicum (Y)
KY315662 Aspergillus sp. (B)
KY31588 Aspergillus aculeatus (B)

100 |KY315881 Aspergilius aculegtus (Y)
KY316684 Penicillium simplicissimum (Y)
KY315579 Penicillium citrinum {B)
29 IKY315680 Penicillium citrinum (Y)
 KY316581 Penicillium coffeae (Y)

KY315586 Penicillium verruculosum (Y)
100 | KY315587  Penicillium verrucuiosum {B)
84 __ KY315565 Cladophialophora sp. (Y)

& L KY315671 Exophiaia aicalophila {B)

9 —KY316576 Neodeightonia subglobosa (Y)

90 KY315577 Nigrograna sp. (Y)
_{:mssss Triplosphaeria sp. ()
&7 |  KY315589 Pestaiotiopsis sp. (B)

KY315591 Phialocephala sp. (Y)
KY316573 Gliocladium cibotii (Y)

80

KY316572 Fusarium solani (Y)
st [KY315593 Purpureocillium lilacinum (Y)

KY315594 Furpureocillium filacinum (B)
KY315690 Phialemonium curvatum (Y)
I—gﬁnwgz Pseudallescheria sp. (Y)
Ky31ssss Clonostachys candelabrum (Y)
KY315598 richoderma koningiopsis (Y)
KY316691 Trichoderma virens (Y)
KY315695 Trichoderma helicum (Y)
71/ K¥318674  Trichoderma lixii (Y)
KY315697 Trichoderma harzianum (B)
KY315563 Candida tropicalis (B)

KY316664 Condida carpophila (B)
KY315570 wmnghamelia binariae (Y)

_
]

KY316675 Meirasp. (B)
KY3165687 Cryptococcus afftiobaiensis (B)

% | KY315569 Cryptococcus podzolicus (Y)
%8 |KY315568 Cryptococcus podzolicus (B)
bt
0.050

Eurotiomycetes

JL

Dothidomycetes

Sordariomycetes
Leotiomycetes

JL 1Lt

Sordariomycetes

Saccharomycetes ]

Exobasidiomycetes

Tremellomycetes

Figure 3. Phylogenetic analysis based on the ITS region of the rRNA gene sequences of the fungal isolates. Branches are
grouped by classes. The percentage of trees (based on 1000 replicates) in which the associated taxa clustered together is
shown above branches > 75. The tree is drawn to scale, with branch lengths measured in the number of substitutions per

site. B: Braffedon. Y: Yaokro.

abundant genera in Braffedon were Candida (20%)
followed by Pseudomonas (8.7%) then Penicillium
(1.9%); and in Yaokro, Candida (8.1%) followed by
Rhodotorula (7.5%) then Penicillium (4.8%). No bacteria
were commonly isolated from trunk samples in Yaokro
and Braffedon. However the opposite occurred for fungal

isolates, since commonly fungal genera identified from
trunk samples in both locations included Aspergillus and
Candida. The genus Fusarium was limited to trunk
samples from Braffedon symptomless palms, while
Klebsiella and Candida were only found in trunk samples
from symptomless palms from Yaokro.
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Table 2. Diversity of microbial communities associated with geolocation of coconut plantations in Yaokro and Braffedon.

Isolate Shannon H Simpson D
Braffedon Yaokro Braffedon Yaokro
Bacteria 2.7085° 2.4027" 0.091545° 0.147°
Fungi 2.0339° 2.5142° 0.20588? 0.11985°
Bacteria + fungi 3.0975° 3.1489° 0.068594% 0.066162%

2bDifferent letters indicate significant differences between geolocations at p < 0.05 level with t test.

Yaokro

Braffedon

Bacterial microbes

Braffedon Yaokro

Fungal microbes

Figure 4. Venn diagram of the bacterial and
fungal genera from Braffedon and Yaokro. A. Comparison
of bacterial microbes either commonly for both
geolocations or only in Braffedon or Yaokro. B.
Comparison of fungal microbes either commonly for both
geolocations or only in Braffedon or Yaokro. Venn
diagram was done using VENNY
(http://bioinfogp.cnb.csic.es/tools/venny/index.html).

DISCUSSION

The diversity of bacterial and fungal communities in
coconut palms infected and not infected by the CILY

phytoplasma was investigated by coupling a high-
throughput culturing method (‘dilution-to-extinction’) and
sequence analysis, in order to increase the range of
diversity explored in each sample. The ‘dilution-to-
extinction' cultivation methodology allows for a better
recovery of species since it eliminates interaction
between colonies, which supports the findings of bacterial
and fungal species that seem to be limited to either
Braffedon or Yaokro village.

It is noteworthy that no CILY phytoplasma was
detected after PCR testing with the specific primers
G813/AwkaSR in any of the six coconut palms collected
in Braffedon exhibiting symptoms resembling those of
CILY. No phytoplasma DNA was neither detected with
the phytoplasma generic primers U5/U3. It is known that
phytoplasmas are present at very low concentrations in
the phloem of plants they infect (Maejima et al., 2014), so
this may have prevented phytoplasma detection in the
coconut palms. However, the partial 16S rDNA sequence
recovered from P1/P7 amplifications from four out of six
symptomatic palms confirmed the presence of Bacillus
megaterium. Previous studies have confirm the
amplification of bacterial DNA particularly Bacillus
species with primers P1/P7 due to their lack of specificity
(Harrison et al., 2002; Yankey et al., 2014). Harrison et
al. (2002) reported the detection of B megaterium from
Canary Island date palms infected with the lethal decline
phytoplasma. Moreover, PCR and sequencing results
from our study were supported by the isolation of B.
megaterium (4.7%, Table 1) from the endophytic bacterial
community of coconut palm leaves in the Braffedon
village, not found in Yaokro.

The fact that no phytoplasma DNA was detected from
the symptomatic palms in Braffedon with the second
phytoplasma generic primer pair U5/U3 ruled out the
possibility of any detectable phytoplasma in those palms.
Instead, B. megaterium was detected in the coconut palm
phloem and amplified with universal primers P1/P7,
hence, the probably higher titre of B. megaterium may
have prevented any phytoplasma to be detected, if any.
CILY-like signs seen in the coconut palms surveyed may
be related to other factors, for instance, environmental.
Sampling in Braffedon was conducted during April 2016
within the dry season, which fell within a period of a very
severe drought during that season in early 2016. This
was registered by SODEXAM (Société d’Exploitation
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et de Devéloppement aéroportuaire, Aéronautique et
Météorologique) in Cbte d’lvoire (Diallo, personal
communication), so the drought may have had an impact
on the agronomic performance of those six coconut
palms in Braffedon.

No significant differences were observed in the overall
diversity levels for fungal and bacterial organisms
regardless the origin (leaves, trunk or rhizosphere)
between Braffedon and Yaokro (Table 2). However, when
bacterial and fungal communities were screened
separately per location, Yaokro scored a higher number
of both bacterial (13) and fungal (15) species limited to
the location when compared to Braffedon. Since the CILY
phytoplasma was detected in all symptomatic coconut
palms from Yaokro, this suggests that the presence of
the CILY phytoplasma in the symptomatic coconut palms
may be a factor determining the level of diversity of a
microbial community in that given geolocation. Bulgari et
al. (2014) confirmed that indeed the endophytic bacterial
community composition in grapevine is correlated to
phytoplasma infection from studies of the endophytic
bacterial community in grapevines healthy and infected
with the "flavescence dorée" phytoplasma.

Burkholderia (18.7%) and Neodeightonia (12.5%) were
the most abundant bacteria identified from the
rhizosphere in Yaokro. Species of Burkholderia included
B. cepacia and B. nodosa, known as plant growth
promoters, nitrogen-fixing enhancers, and siderophore
producers have been used for soil bioremediation for
better water management, and biocontrol of soil-borne
plant pathogenic fungi (de los Santos-Villalobos et al.,
2012; Parke, 2000) and bacteria (Nion and Toyota,
2008). Although it is not clear its role, the fact that
Burkholderia was mostly isolated from symptomless and
S1-like symptom bearing palms suggests it as a
candidate to further assess as a possible biocontrol
against the CILY phytoplasma.

The plant-growth promoter Enterobacter was isolated
from rhizosphere only from Braffedon, while Penicillium
and Trichoderma were identified from Yaokro. In all
cases these genera were present in both symptomless
and symptomatic palms. Enterobacter has been isolated
from the rhizosphere of coconut palms in India and
proposed as a candidate for further biofertilizer
development (Gupta et al., 2014); while Penicillium and
Trichoderma have been combined and used as biocontrol
against Ganoderma wilt of coconut (Srinivasulu et al.,
2001). Since these genera have been tested in coconut
palms, further investigation may help clarifying their
possible role as potential bioinoculant or biofertilizer to
mitigate CILY.

There are no records of Neodeightonia as biocontrol.
This genus was isolated from symptomless coconut
palms, as well as palms with S1-, S2-, and S3-like
symptoms; however, it may be more directly associated
to the early stages of the CILY phytoplasma colonization
since it was mostly isolated from palms exhibiting S1-like

symptoms. Bacillus (9.9%) was the most abundant
genus isolated from the rhizosphere in Braffedon. In
India, Bacillus sp. have been isolated from coconut
rhizosphere and proved to have antagonistic activity
against coconut fungal pathogens (George et al., 2011).
Bacillus sp. have been also proven as plant growth
promoting rhizobacteria to be used as effective
bioinoculants to support coconut organic farming
(Geetanjali et al., 2015; George et al., 2012). Coconut
palms in Braffedon showed signs that although not
associated with the CILY phytoplasma, may be related to
drought exposure, so more investigation could support a
possible role of Bacillus sp. in enhancing coconut palms
resilience to this environmental constraint.

Arthrinium, Chaetomium and Phialemonium were solely
isolated from the rhizosphere of symptomless coconut
palms in Yaokro. Chaetomium and Phialemonium have
been long used as biocontrols of several fungal diseases
(Hung et al., 2015; Shanthiyaa et al., 2013; Hiratsuka and
Chakravarty, 1999), while Arthrinium has been
recommended as a potential biocontrol of the bayoud
disease in palm trees (Calvo et al., 2005). The fact that
specific fungal organisms were limited to the rizosphere
of symptomless palms in Yaokro raises many
expectations for the possibility of assessing these for
their biocontrol potential against the CILY phytoplasma.

Previous studies have shown that the endophytic
species composition and frequency vary with different
tissues of host plants. In fact, Petrini et al. (1993)
suggested that plant organs resemble distinct
microhabitats for endophyte colonization. Therefore,
endophytic species richness and composition within a
tree species will always differ among individual trees,
even within homogenous investigation sites (Collado et
al., 2007; Petrini et al., 1993). The results of the present
study are in consonance with these observations; hence,
every palm at a given location is at different risk of CILY,
compared to its neighbouring palms.

The occurrence of bacterial and fungal endophytes
identified in either Braffedon or Yaokro varies upon the
microhabitat and location. For instance, B. megaterium
was restricted to leaves in Braffedon, while B. pumilus
and B. subtilis were only isolated from trunk samples
from Yaokro; Enterobacter was found in trunks from
Yaokro, and in leaves in Braffedon, while Curtobacterium,
Pantoea and Streptococcus were limited to leaf samples
from Braffedon. For fungal species, Aspergillus and
Candida were found in trunks and leaves in Braffedon,
and in trunk in Yaokro; Pestalotiopsis, Pseudozyma and
Fusarium in trunks from Braffedon, and Meira sp. and
Cryptococcus sp. from leaves in Braffedon. Pantoea
agglomerans, Curtobacterium, Bacillus, Burkholderia,
Pestalotiopsis have been recorded as biocontrol agents
against a broad spectrum of plant pathogens, or part of
endophytic communities in a number of crops (Bulgari et
al., 2011; Grisan et al., 2011). The above mentioned
observations support the fact that apart from the nature of
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Figure 6. Relative abundance of isolated bacterial and fungal classes from Braffedon and Yaokro.. SO, Symptomless
palms. Coconut palms with CILY-like symptoms; S1, Disease stage 1; S2, Disease stage 2; S3, Disease stage 3.

the host tissue, the geographic location may influence the
host composition of the microbial community, including
the endophytic population (Suryanarayanan and
Vijaykrishna, 2001; Petrini et al., 1993), aspects that
would worth be further investigated.

Klebsiella pneumoniae and Candida were solely found
in trunk samples corresponding to symptomless coconut
palms in Yaokro. There are records of K. pneumoniae as
part of endophytic communities such as that from
soybean (Kuklinsky- Sobral et al., 2005), but not yet from
coconut palms. Interestingly, Tagliavia et al. (2014)
recently identified K. pneumoniae as the major bacterial
microbe within the gut microbiota of Rhyncophorus
ferrugineus, the red palm weevil, one of the major pests
of palms, including coconut. Candida is a known
antagonistic agent used as biological control of
postharvest diseases, available as commercial products
such as Aspire and Yield-Plus (Sui et al., 2015). The fact
that K. pneumoniae and Candida are only present in

symptomless palms in Yaokro opens up expectations of
their possible potential as biocontrol against the CILY
phytoplasma, which should be further studied. On the
other hand, Fusarium was limited to trunk samples from
symptomless palms in Braffedon, which may make it a
good candidate as bioinoculant to boost plant resilience
against drought.

As previously reported, Proteobacteria is the most
abundant phylum identified in plants (Bulgari et al., 2012).
From our study, the dominant bacterial classes identified
in Yaokro from all the disease stages, including the
symptomless palms were Betaproteobacteria followed by
Bacilli, while in Braffedon the dominant bacterial classes
were Gammaproteobacteria followed by Bacilli (Figure 6).
These results coincide with those from Bulgari et al.
(2012), where Betaproteobacteria was the dominant
bacterial class isolated from apple tree roots, healthy and
infected with ‘Ca. P. mali’.

The dominant fungal classes in Yaokro corresponded
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to Saccharomycetes for the symptomless palms and
Dothiomycetes, Urediniomycetes and Sordariomycetes;
whereas in Braffedon, the fungal dominant class was
Saccharomycetes. Results show that there is more
diversity for the fungal endophytic communities in CILY
phytoplasma-infected coconut palms, which suggests
that the presence of the CILY phytoplasma may influence
the composition of the fungal endophytic community.
Furthermore, the 'dilution-to-extinction' cultivation method
proved to be a reliable high-throughput method for
isolation of both endophytes and rhizosphere-limited
species from either Braffedon or Yaokro villages.

Since the endophytic control is one of the desirable
sustainable approaches for the possible control of
phytoplasma diseases, bacterial and fungal endophytes
identified in the present study from coconut palms from
either Braffedon or Yaokro should be further investigated
to assess their biocontrol potential against the CILY
phytoplasma. Most of the bacterial and fungal
endophytes isolated from coconut palms from Braffedon
and Yaokro have been already reported as potential
biocontrols for a number of bacterial, fungal and
phytoplasma diseases around the world. These are so far
the first results that refer to the rhizosphere, as well as
the bacterial and fungal endophytic populations isolated
through a high-throughput cultivation method, ‘dilution-to-
extinction’” from coconut palms symptomless and with
CILY-like symptoms, as well as, infected and non-
infected with the CILY phytoplasma.

The study offers a baseline for future research on
culturable  endophytic or rhizosphere  microbial
communities that may be used as future biocontrols, or
bioinoculants to enhance plant resilience against CILY or
environmental constraints like drought in Céte d’lvoire. At
this stage it may be too early to recommend which
bacterial or fungal species could be effectively used to
tackle CILY in Cote d’lvoire without having further
evidences on the assessment of their role as potential
biocontrols. Further testing should be done to explore the
richness of the endophytic microbial population profiles,
and to further clarify the possible environmental and
physiological factors that may govern their occurrence in
both Braffedon and Yaokro. Once more data and
research evidence become available, the present
research outcomes can be used as groundwork to help
designing new strategies for the effective management of
CILY in Grand-Lahou.
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