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Abstract

Ganoderma boninense, the main causal agent of oil palm (Elaeis guineensis) basal stem rot (BSR), severely reduces oil palm
yields around the world. To reduce reliance on fungicide applications to control BSR, we are investigating the efficacy of
alternative control methods, such as the application of biological control agents. In this study, we used four Streptomyces-
like actinomycetes (isolates AGA43, AGA48, AGA347 and AGA506) that had been isolated from the oil palm rhizosphere
and screened for antagonism towards G. boninense in a previous study. The aim of this study was to characterize these four
isolates and then to assess their ability to suppress BSR in oil palm seedlings when applied individually to the soil in a ver-
miculite powder formulation. Analysis of partial 16S rRNA gene sequences (512 bp) revealed that the isolates exhibited a
very high level of sequence similarity (>98%) with GenBank reference sequences. Isolates AGA347 and AGA506 showed
99% similarity with Streptomyces hygroscopicus subsp. hygroscopicus and Streptomyces ahygroscopicus, respectively. Iso-
lates AGA43 and AGA4S8 also belonged to the Streptomyces genus. The most effective formulation, AGA347, reduced BSR
in seedlings by 73.1%. Formulations using the known antifungal producer Streptomyces noursei, AGA043, AGA048 or
AGAS506 reduced BSR by 47.4, 30.1, 54.8 and 44.1%, respectively. This glasshouse trial indicates that these Streptomyces
spp. show promise as potential biological control agents against Ganoderma in oil palm. Further investigations are needed
to determine the mechanism of antagonism and to increase the shelf life of Streptomyces formulations.
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Introduction

Oil palm diseases, such as vascular wilt (Fusarium oxyspo-
rum f. sp. elaedis), basal stem rot (Ganoderma sp.), red
ring disease (Rhadinaphelenchus cocophilus), sudden wilt
(Phytomonas staheli) and bud rot disease (Phytophthora
palmivora) (Idris 2011), can have a severe economic impact
on palm oil production. In Malaysia, basal stem rot (BSR)
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disease is the most serious disease of oil palm and a solu-
tion to this problem needs to be found urgently. The yields
obtained from an infected oil palm are reduced owing to their
reduced weight and the production of fewer fruit bunches.
The yield of fresh fruit bunches (FFB) from infected palms
is only 19-43% of that obtained from uninfected palms (Idris
2012). According to Singh (1991), a disease incidence of
31-67% can lead to a reduction in FFB yield of approxi-
mately 26—46%. In severe infection cases, palms are prone
to collapse and death. In 2009-2010, the incidence of BSR
disease was 3.71% with 59,148 hectares of palm oil affected,
which resulted in estimated yield losses of RM 1.5 billion
(~US$480 million) (Arif et al. 2011; Idris et al. 2011). Many
different strategies have been recommended and applied to
manage the disease and to prolong the economic lifespan of
the palm, including cultural practices, sanitation, chemical
fungicides and biological control (Idris 2012). Biological

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-017-2396-1&domain=pdf

XX Page 2 of 14

World Journal of Microbiology and Biotechnology (2018) 34:15

control is an attractive and green alternative to chemical
fungicides. Introducing an antagonistic control agent to the
rhizosphere area should manipulate the soil’s indigenous
microorganism communities, leading to the suppression
of soil-borne pathogens, and should interfere with the sur-
vival or disease-producing activities of the phytopathogen.
Although the control of pathogens using a biological con-
trol agent is not widely practiced on a commercial scale, a
number of experimental approaches have been reported that
show the potential of beneficial microorganisms, including
actinomycetes, bacteria and fungi, for further development
as biological control agents. For example, Azizah (2003)
reported that seedlings inoculated with beneficial microbes
were protected from Ganoderma. Most of the reports on
promising microbial agents for controlling Ganoderma
have emphasized the potential of endophytic fungi (Nur-
rashyeda et al. 2011), Trichoderma spp. (Sariah et al. 2005;
Susanto et al. 2005; Sundram et al. 2008), mycorrhiza (Sun-
dram et al. 2015), Pseudomonas sp. and Burkholderia sp.
(Maizatul Suriza and Idris 2009; Zaiton et al. 2008; Nur-
rashyeda et al. 2016), with little attention given to actinomy-
cetes. However, Tan et al. (2002) showed that actinomycetes
were able to affect the growth of Ganoderma in vitro. Our
initial in vitro study showed that Streptomyces sp. was able
to inhibit the growth of G. boninense in dual inoculations on
culture plates (Shariffah-Muzaimah et al. 2015).
Actinomycetes are widely distributed and are one of the
major groups of the soil population (Kustner 1968), repre-
senting a large part of the rhizosphere microbial flora (Sardi
et al. 1992). The important roles played by actinomycetes
in the rhizosphere in terms of influencing plant growth and
protecting plant roots against invasion by root pathogenic
fungi have been recognized by studies around the world (Cao
et al. 2004; Crawford et al. 1993). Actinomycetes, espe-
cially Streptomyces species isolated from the rhizosphere,
have been reported to have potential as biological control
agents for soil-borne plant diseases (Shimizu et al. 2000),
such as Pythium ultimum (Crawford et al. 1993), Colletotri-
chum spp. (Intra et al. 2011; Taechowisan and Lumyong
2003), Fusarium oxysporum (Alimuddin et al. 2011; Getha
and Vikineswary 2002; Taechowisan and Lumyong 2003),
Phytophthora sp. (Xiao et al. 2002), Magnaporthe oryzae
(Ebrahimi-Zarandi et al. 2009) and Sclerotium rolfsii (Erra-
khi et al. 2007). These inhibitory effects are probably related
to their ability to produce biologically active metabolites
such as antibiotics. Over 50% of the 10,000 antimicrobial
compounds known to be produced by microorganisms are
produced by actinomycetes (Anderson and Wellington
2001). Furthermore, approximately 60% of the biologically
active compounds developed for agricultural use originated
from Streptomyces species (Ilic et al. 2007). Many studies
around the world have shown that species belonging to the
Streptomyces genus are able to reduce the growth of fungal
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plant pathogens, such as Sclerotinia sclerotiorum (Baniasadi
et al. 2009), Helminthosporium solani (Elson et al. 1997),
damping-off in tomato (Sabaratnam and Traquair 2002),
Rhizoctonia solani (Shahrokhi et al. 2005) and Fusarium
wilt in tomato (Anitha and Rabeeth 2009). However, there
are no published reports on the use of actinomycetes as a
biological control against G. boninense in oil palm. This
paper describes the characterization of rhizosphere actino-
mycetes isolated from oil palm plantations and assessed their
potential to control Ganoderma disease in oil palm seedlings
under glasshouse conditions.

Materials and methods
Culture of Streptomyces-like actinomycete isolates

The four Streptomyces-like actinomycetes (AGA43, AGA48,
AGA347 and AGA506) used in this study had been iso-
lated as part of a previous study from the rhizosphere soil
of healthy 20-year-old oil palms (Elaeis guineensis Jacq.)
growing in oil palm plantations with some history of Gan-
oderma boninense infection (Shariffah-Muzaimah et al.
2015). Of the 600 actinomycetes that were isolated in our
initial investigation, these four isolates showed the strong-
est in vitro antagonistic activity against G. boninense in
dual culture inoculations (Shariffah-Muzaimah et al. 2015).
See Shariffah Muzaimabh et al. (2015) for the methods used
to isolate and culture the actinomycetes. Spore and myce-
lial suspensions (1 ml) of each isolate were maintained at
—80 °C in 20% (v/v) glycerol for long-term preservation.
Working cultures were obtained by streaking one loopful of
the stock suspension onto a yeast extract-malt extract isola-
tion medium (International Streptomyces Project Medium
No 2, ISP2), and incubated at 28 °C until a well-sporulated
mature colony was obtained.

Cultural and morphological characterization

Cultural characterization was performed by referring to
the International Streptomyces Project (ISP). All the iso-
lates were streaked on ISP2, oatmeal agar (ISP3), inorganic
salts-starch agar (ISP4) and glycerol-asparagine agar (ISP5)
(Shirling and Gottlieb 1966). The cultural characteristics of
the isolates on various media were recorded after incubation
at 28 +2 °C for 7 —14 days. The morphological and cultural
characteristics of the isolates were assessed by observing the
colour of mature sporulating aerial mycelium (the surface
colour of the isolates), substrate mycelium (the colour of
the isolates on the reverse side of the culture) and soluble
pigment production on the culture media, other than brown
or black (Lyons and Pridham 1965; Pridham 1965; Shirl-
ing and Gottlieb 1966). All the isolates were streaked on
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ISP2 agar before placing sterile microscope slide covers on
the culture streaks. The cover slides were viewed under a
light microscope after 7 days of incubation at 28 +2 °C. The
appearance of hyphae and spore chains was assessed using
Shirling and Gottlieb (1966) and Sousa et al. (2008).

Molecular identification

The isolates were grown in ISP2 liquid medium for 4 days
at 28 +2 °C with continuous shaking at 150 rev min~'. The
biomass was harvested by centrifugation at 10,000xg for
15 min and washed thrice with 50 ml of sterile distilled
water (Franco-Correa et al. 2010). Between 100 mgand 1 g
of biomass was ground in liquid nitrogen using a sterile mor-
tar and pestle. The homogenized tissues were transferred to
a clean tube for genomic DNA extraction using a DNeasy
Plant Mini Kit (Qiagen, Venlo, The Netherlands) following
the manufacturer’s protocol. The lysate (DNA) obtained was
then stored at —20 °C until ready for further analysis.

The PCR amplification reaction was performed in a total
volume of 20 pul of PCR mixture (Invitrogen, Waltham, MA,
USA) containing 2 pl of DNA template (50-500 ng pl™),
2 ul of 10X PCR buffer, 2 pl of 25 mM MgCl,, 1 ul of
10 mM dNTPs (0.25 pl of each of dCTP, dGTP, dATP and
dTTP), 0.5 ul of 1U pl~! Tag polymerase, 10.5 pl of sterile
distilled water, 1 pl of 10 nM forward 16S rDNA primer and
1 pl of 10 nM reverse 16S rDNA primer. The primers used in
this study were 16SF (5" ACGTGCCAGCAGCCGCGGTAA
TAC 3'), 16SR (5' GGCCCCCGTCAATTCCTTTGAGTT
T 3"), 16SActlF [16SActlF (5" CGCGGCCTATCAGCT
TGTTG 3")] and 16S ActIR (5' CCGTACTCCCCAGGC
GGGG 3'). All oligonucleotide primers were synthesized
by 1st Base Sdn Bhd, Selangor, Malaysia. The amplification
was performed in a Vapoprotect thermal cycler (Eppendorf,
Hamburg, Germany). The PCR programme involved 5 min
of initial denaturation at 94 °C, followed by 35 cycles of
denaturation for 1 min at 95 °C, annealing for 30 s at 58 °C
and elongation for 1 min at 72 °C, and a final 10 min exten-
sion at 72 °C. The size of the PCR product was estimated
to be 512 bp. Amplicons were analysed using electrophore-
sis on 1% agarose gel containing 5 ul of ethidium bromide
(EtBr) and run at 70 volts (V) for 1 hin 1 X TBE (1 M Tris-
base, 1 M boric acid, 0.02 M EDTA, 1 1ddH,0, pH 8). The
resulting DNA patterns were examined under UV light and
photographed by transillumination using Biospectrum Imag-
ing Systems (UVP, USA).

A single band amplicon was subsequently excised and
purified using a gel extraction kit (Qiagen) according to
manufacturer’s instruction. The purified PCR products
were sequenced using an ABI DNA analyser (NHK Bio-
science Solutions Sdn Bhd, Kuala Lumpur, Malaysia). The
sequences obtained were compared to actinomycete refer-
ence sequences in the NCBI GenBank database using the

Basic Alignment Search Tool (BLASTn, http://blast.ncbi.
nlm.nih.gov/). Multiple sequence alignments were per-
formed using ClustalW in Biology Workbench (http://seq-
tool.sdsc.edu/) using the sequences obtained from this study
and additional sequences obtained from GenBank or pub-
lished elsewhere. A phylogenetic tree of partial 16S rDNA
sequences was constructed using the MEGA6 program
(Tamura et al. 2011) using the neighbour-joining method
(Saitou and Nei 1987) for grouping and characterization
of the submitted sequences. A bootstrap analysis was per-
formed using 1000 resamplings of the data to provide sta-
tistical confidence values for the tree branches. The actino-
mycetes Actinoplanes regularis, Actinomyces urogenitalis,
Nocardia asteroides and Micromonospora sp. were included
as outgroups.

Extracellular enzymatic activity

To determine the enzymatic activity of the isolates, agar
plugs were excised from well-sporulating cultures and trans-
ferred to Tween 80 agar to determine lipase production,
carboxymethylcellulose (CM-cellulose) agar to determine
cellulase production and colloidal chitin agar to determine
chitinase production. After 7 days of incubation at 28 °C,
the formation of a clear zone in the growth media around the
colonies was noted. CM-cellulose plates were stained with
0.1% Congo red: clear areas around the colonies indicated
cellulase activity (Sahilah et al. 2010; Gopalakrishnan et al.
2013). Siderophore production was determined using the
double Chrome azurol S (CAS) agar method (Hu and Xu
2011). The CAS agar plates were spot inoculated with the
isolates and incubated for 24-48 h at 28 °C. The formation
of a distinct orange zone around a colony indicated positive
siderophore production.

p-1,3-Glucanase activity was determined using the
method described by Singh et al. (1999). All the actinomy-
cetes were cultured in ISP2 broth supplemented with 1%
(weight/volume) colloidal chitin and incubated at 28 °C.
After 4 days of incubation, the cultures were centrifuged at
10,000xg for 15 min and the supernatants collected. Then,
1 ml of the supernatant was added to 0.1 ml of laminarin
solution (2%, w/v) in 0.2 M acetate buffer (pH 5.4) and incu-
bated at 40 °C for 1 h. Next, 3 ml of dinitrosalicylic acid
(DNS) were added to the mixture and boiled for 10 min. The
development of a dark-red colour indicated the presence of a
reducing sugar. The concentration of the reducing sugar was
determined by measuring the absorbance at 540 nm using a
UV-Vis spectrophotometer (Genesys 10S UV-Vis, Thermo
Fisher Scientific, Waltham, MA, USA). A standard curve
was prepared using glucose ranging from 0 to 1 mg ml™!
with intervals of 0.2 mg ml~!. One unit of p-1,3-glucanase
activity was defined as the amount of enzyme that liberated
1 mol of glucose h™! under the defined conditions.
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Phosphate solubilization activity was determined follow-
ing the method described by Katznelson and Bose (1959).
Agar plugs excised from cultures of the isolates were trans-
ferred to phosphate solubilization agar consisting of 10 g of
glucose, 20 g of agar, 2 g of asparagine, 0.5 g of MgSO,,
0.1 g of NaCl, 0.1 g of KCI, 0.5 g of yeast extract and 11
of distilled water. The pH was adjusted to 7.0 with 1 M
NaOH before autoclaving. Fifty millilitres of sterile 10%
K,HPO, solution and 100 ml of sterile 10% CaCl, solution
were added aseptically after autoclaving. The formation of
a clear area around the colonies indicated phosphate solubi-
lization activity. The production of indole acetic acid (IAA)
was determined according to the method described by Bric
et al. (1991). A single colony of each of the isolates was
streaked onto ISP2 supplemented with 5 mM tryptophan,
0.06% sodium dodecyl sulfate (SDS) and 1% glycerol. The
plates were then overlaid with a nitrocellulose membrane
and incubated at 28 °C. After 7 days of incubation, the
membrane was removed and soaked into Salkowski’s rea-
gent until adequate colour developed. Isolates with positive
IAA production were identified by the formation of a red
halo surrounding the colony area on the membrane. Four
replicates of each assay were performed.

Effect of pH, salinity and temperature on isolate
growth

The effect of pH, salinity and temperature on isolate growth
on ISP2 agar was investigated. Normal ISP2 agar was used
to determine the temperature effect. Isolates were streaked
on agar and incubated at 28, 30, 40 or 50 °C for 7 days. ISP2
agar media with pHs ranging from 4.5 to 8.5 were used to
determine the effect of pH on growth. The isolates were
also streaked on ISP2 media supplemented with sodium
chloride (NaCl) at concentrations of 0, 2, 4, 6, 8, 10 or 12%
(Gopalakrishnan et al. 2014). The plates used to assess salin-
ity and pH effects were incubated at 28 °C in an inverted
position to avoid evaporation. The growth of each isolate
was recorded on the seventh day.

Preparation of Streptomycete powder formulations

Inoculum of each of the four Streptomyces-like isolates and
of Streptomyces noursei ATCC 11455 (a standard Strep-
tomyces strain that produces the antifungal compound
nystatin) was prepared by inoculating a flask of produc-
tion medium consisting of molasses, yeast extract, starch,
pharmamedia and trace elements and a pH of 7 with 10 ml
of starter culture of each isolate. The inoculated flask was
incubated at 28 °C on a rotary shaker (215 rev min~") for
7 days. Starter medium was prepared by inoculating indi-
vidual flasks containing starter medium [glucose 0.5%, solu-
ble starch 1%, NZ-case 0.3%, yeast extract 0.2%, tryptone
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(Difco Laboratories, Detroit, MI, USA) 0.5%, dipotassium
hydrogen phosphate (K,HPO,) 0.1%, magnesium sulfate
(MgS0,-7H,0) 0.05% and calcium carbonate (CaCO;) 0.3%
(pH 7.0)] with a loopful of mature spores of one of the Strep-
tomyces isolates. All the flasks were incubated on a rotary
shaker (215 rev min~!) at 28 °C for 3 days.

Fifty grams of vermiculite were weighed into individual
autoclavable plastic bags, autoclaved twice at 121 °C for
30 min on consecutive days and dried in an oven (Memmert,
Schwabach, Germany) at 60 °C for 2 days. Forty millili-
tres of 7-day-old cultures of each Streptomyces isolate (10®
c.fu. g7!) were added to a separate bag and mixed evenly
under sterile conditions. Three 1-g sub-samples of the for-
mulation were immediately diluted in 9 ml of sterile distilled
water (final culture, 10° c.f.u. g=!) and plated on to ISP2 agar
to determine the initial density of the viable cells in the for-
mulation. The formulation was stored at 28 +2 °C in a sealed
bag. The shelf life of each of the formulated isolates was
evaluated in triplicate at monthly intervals over an 8-month
period and expressed as the number of c.f.u. g~! based on
the standard dilution plate count method. The efficacy of
each powder formulation in vitro was assessed by adding
0.1 g of formulation to the centre of a PDA plate and then
inoculating the plate with two agar discs excised from a G.
boninense culture. The plates were incubated at 28 +2 °C for
7 days. Each formulation was replicated four times.

The Ganoderma inoculum was prepared using fresh
rubber wood blocks (RWB, 6 cmXx6 cm X 6 cm). The
RWB were autoclaved at 121 °C for 20 min before plac-
ing into individual heat-resistant polypropylene bags
(15 cmx 33 cm X 0.05 mm) containing 100 ml of malt
extract agar (MEA) and then re-autoclaved at 121 °C for
30 min. To ensure a good coverage of nutrients on the RWB,
the blocks were rotated in the polypropylene bag after 10
min cooling at room temperature. The RWB were inoculated
with five 5-mm plugs excised from a 5-day-old G. boninense
PER71 culture and incubated in the dark at 28 +2 °C for 3
weeks, or until the RWB were fully colonized by G. bonin-
ense mycelium (Idris et al. 2006).

Evaluation of Streptomyces spp. formulations
for biological control activity against Ganoderma
in oil palm seedlings

Commercial oil palm seedlings of the dura X pisifera
(DXP) cultivar were used in this experiment. The seedlings
were grown in individual polypropylene bags containing
a soil mixture of topsoil and sand (1:3) and kept in the
nursery under glasshouse conditions until they reached
the four- to five-leaf stage (3 months old). The soil mixture
was not sterilized so as to more closely imitate the soil
that palm oil seedlings experience under field conditions.
Seedlings were pre-treated with 50 g of the respective
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powder formulation by mixing the formulation with the
soil. Fourteen days after the pre-treatment, each seedling
was artificially inoculated with G. boninense PER71 using
the RWB sitting technique (Idris et al. 2006). A RWB that
was completely colonized by Ganoderma was placed in
direct contact with at least three seedling roots and then
covered with soil mixed with the respective powder for-
mulation. Seedlings treated with a vermiculite-based pow-
der that lacked Streptomyces and seedlings treated with
a vermiculite-based powder formulated with S. noursei
(ATCC 11455) acted as controls. All seedlings were
grown under glasshouse conditions in a shaded nursery
(30% light absorbance), supplemented with fertilizer once
a month and watered daily (Izzati and Abdullah 2008; Zai-
ton et al. 2008). The experiment involved six treatments
(five Streptomyces formulations and one formulation that
lacked Streptomyces) with three replicates of each treat-
ment (i.e. six seedlings/replicate) and was arranged in a
completely randomized design (CRD).

The incidence of BSR among the seedlings was assessed
on a monthly basis for sixth months following their inocula-
tion with Ganoderma. Qualitative assessments were based
on the observation of disease symptoms such as yellowing
and wilting of the leaves, and the appearance of white myce-
lia or a white button at the basal stem area of the seedling
that later developed into a fruiting body. These qualitative
data assessments were used to generate measurable quantita-
tive assessments: the percentage of disease incidence (DI),
the severity of foliar symptoms (SFS) and the number of
dead seedlings (DS). DI (%) referred to the proportion of
seedlings that were visually assessed as infected (chloro-
tic and necrotic leaves, with or without the production of a
fruiting body):

DI(%):% x 100

where a is the number of seedlings infected and b is total
number of seedlings assessed in this study.
The SFS (%) was calculated using the formula

{ax )+ ®x05)
C

SES (%) = 00

where a is the number of desiccated leaves (wilted/desic-
cated), b is the number of yellowing leaves, c is the total
number of leaves, I is the index of desiccated leaves and
0.5 is the index of yellowing leaves (Maizatul Suriza and
Idris 2009; Sariah and Zakaria 2000). Disease reduction was
expressed as area under the disease progress curve (AUDPC)
values and the effectiveness of each treatment in suppress-
ing the disease was measured by comparing the reduction
of disease incidence in treated seedlings with the untreated
control seedlings (Izzati and Abdullah 2008; Sundram et al.
2008; Zaiton et al. 2008).

All percentage data (DI, SFS and DS) values were arc-
sine transformed (Gomez and Gomez 1984) and subjected
to ANOVA. Means were compared using the least sig-
nificant different (LSD) at P <0.05 using SAS® software
(SAS Institute Inc., Cary, NC, USA).

Results
Characterization of isolates

The morphological characterization of the Streptomyces-
like isolates was performed on four agar media. At 1-3
days after streaking, the surface of all the colonies was
smooth. These colonies later developed aerial mycelia
with a powdery or velvety appearance and developed spor-
ulating aerial mycelium. Most of the isolates grew well on
ISP2 and showed poor to average growth on ISP3, ISP4
and ISP5 with no production of soluble diffusible pigments
(except for AGA43 and AGA48) on all the media tested.
The colonies of isolates AGA43 and AGA48 were grey
to light grey with a yellowish-brown reverse colour on
ISP2 media. The agar colour changed to greenish-yellow
indicating the production of a soluble diffusible pigment.
Aerial mycelia were abundant, light and powdery (Fig. 1,
i and ii) with a strong earthy smell. Colonies were visible
to the naked eye from 1 day after spreading or streak-
ing, forming colonies with irregular, lobate margins that
lacked aerial mycelia. White aerial mycelium developed
after 3 days, becoming grey (light-grey for AGA43) when
mature. The colonies of isolate AGA347 were white to
brownish-grey with a white to light-brown reverse. No
pigmentation was observed on plates. The colonies were
wrinkled on ISP2 and formed vegetative hyphae with an
undulating margin (Fig. 1, iii). Colonies were visible to
the naked eye 3 days after inoculation. Isolate AGA506,
was brownish to greyish brown with a white to light-brown
reverse. No pigmentation was observed on plates. The col-
onies were abundant, light, smooth and powdery. Colonies
were visible to the naked eye 3 days after inoculation. The
surface of each colony appeared convex, white and vel-
vety, becoming grey 5 days after inoculation as the aerial
spores matured (Fig. 1, iv). Observations under the light
microscope at 40X revealed that the four isolates possessed
either spiral or straight spore chains. Isolates AGA43 and
AGAA48 were characterized as open loop, whereas isolate
AGA347 was characterized as closed spiral and AGA506
as biverticillus with an open spiral at the tips of non-frag-
mented hyphae. The characteristics of each isolate are
summarized in Table 1.

@ Springer



XX Page 6 of 14 World Journal of Microbiology and Biotechnology (2018) 34:15

mycelium of strains at x40 magnification under a light microscope. i
Isolate AGAO043, ii isolate AGA048, iii isolate AGA347 and iv isolate

AGAS506. Scale bar=10 pm

Fig.1 3-5-day-old actinomycete colonies growing on yeast extract
malt extract agar (ISP2) that were isolated from the rhizosphere of oil
palm (Elaeis guineensis): a surface, b reverse and ¢ sporulating aerial
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Table 1 Characteristics of the

. AGA043 AGA048 AGA347 AGAS506
four Streptomyces isolates

Gram staining + + + +

Colony growth on ISP2 Abundant Abundant Moderate Abundant
Colour of aerial mycelia (surface) Grey Grey White-brown Brown
Colour of substrate mycelia (reverse) Yellow-brown Yellow-brown Brown White
Pigment production Yellow Yellow - -
Spore chain morphology Open loop Open loop Closed spiral Biverticillus spiral

Extracellular enzyme activity
Chitinase - - + +

B-1,3-Glucanase - - + -
Cellulase - - + -
Lipase + + + +

Plant growth promoting activity
Phosphate solubilization - - + +
Indole acetic acid - - - -
Siderophore + + + +

In vitro antagonistic activity against + + + +

Ganoderma boninense

Molecular identification of the Streptomycete-like
isolates

The molecular identity of the isolates was determined by
performing 16S rRNA gene sequence analysis. The partial
16S rRNA gene sequence (~512 bp) of isolates AGA43,
AGA48, AGA347 and AGA506 showed a very high level
of similarity (>98%) with sequences related to different
Streptomyces species deposited in the GenBank. Isolates
AGA347 and AGAS506 showed 99% similarity with known
Streptomyces species and were identified as Streptomyces
hygroscopicus subsp. hygroscopicus and Streptomyces ahy-
groscopicus, respectively. Isolates AGA43 and AGA48
were only identified down to genus level. The phylogenetic
tree that was constructed using partial 16S rRNA sequence
data showed the relationship between isolates AGA43,
AGA48, AGA347 and AGA506 and representatives of the
genus Streptomyces (Fig. 2). Although isolates AGA43 and
AGAA48 were both classified as Streptomyces sp., they were
clustered into the same group as Streptomyces flavogriseus
and Streptomyces sanglieri, with 96% sequence similarity
using Blastn analysis. Isolate AGA347 was predicted to be
Streptomyces hygroscopicus subsp. hygroscopicus (Acces-
sion number: AB184760.1), with a sequence similarity of
99%. Meanwhile, isolate AGAS506 was identical to Strepto-
myces ahygroscopicus (Accession number: GQ162433.1),
with a sequence similarity of more than 99%. All four iso-
lates showed divergence from the pathogenic actinomycetes
in the outgroups, and, herewith, were defined as putative
biological control agents that could potentially to be used to
control plant pathogens.

Production of extracellular enzymes and effect
of pH, salinity and temperature on isolate growth

All the isolates produced lipase and isolates AGA43 and
AGAA48 produced siderophores (Fig. 3). Only isolate
AGA347 showed positive chitinase and cellulase produc-
tion. Isolates AGA347 and AGA506 were able to solubilize
phosphate. The membranes used in the IAA assay showed
no colour changes, indicating that the isolates lacked the
ability to produce IAA. In general, the four Streptomyces
isolates were able to grow on ISP2 with a pH of 4.5 and 5.5.
Isolates AGA347 and AGA506 showed moderate growth
compared to isolates AGA43 and AGA48, which exhibited
poor growth. The colonies of isolates AGA43 and AGA48
were smaller than those of AGA347 and AGAS506, the sub-
strate mycelia adhered to the agar and no observable aerial
mycelia developed. By contrast, when inoculated on ISP2
with pH ranges from 6.5 to 8.5, all four isolates developed
abundant aerial spores as the mycelia matured. All four iso-
lates were able to grow and produce abundant aerial spores
on ISP2 when incubated at temperatures ranging from 20
to 40 °C. No differences in colony size or cultural char-
acteristics were observed within this temperature range.
However, none of the isolates was able to grow at 50 °C.
The salinity test revealed that all four isolates were able to
grow abundantly on ISP2 with NaCl concentrations of 2—4%.
The formation of spores was less abundant on ISP2 with 6%
NaCl and no growth occurred on plates of ISP2 with NaCl
concentrations of more than 6% (Table 2).
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EF670652.1 Streptomyces sp. HA-8416
EF063464.1 Streptomyces sp. 32(2)

g9 | EU285475.1 Streptomyces ahygroscopicus strain XSD-130

GQ162433.1 Streptomyces ahygroscopicus strain 04-2-2

90 JF427575.1 Streptomyces albulus strain PD-1

32

}

FJ799181Streptomyces lydicus strain MJUM5766*
EU559728.1 Streptomyces scabiei strain T1**
JN869290.1 Streptomyces misionensis strain PESB 25

NBRC 13063 Streptomyces misionensis

|AGA347|

100

NBRC 3401 Streptomyces hygroscopicus subsp. hygroscopicus
NBRC 13832 Streptomyces owasiensis
NR112313.1 Streptomyces griseoviridis*

64

48

56

NR 043488.1 Streptomyces gelaticus strain NRRL B-2928
96 | NR 041417.1 Streptomyces sanglieri strain NBRC 100784
NR 112503.1 Streptomyces atratus strain NBRC 3897
NR 041213.1 Streptomyces pulveraceus strain NBRC 3855
NR 118107.1 Streptomyces globisporus strain KCTC 9026
NR 028988.1 Streptomyces flavogriseus strain CBS 101.34
X53205.1 Nocardia asteroides

77 4|:NR1121041 Actinoplanes regularis
95

AB014164.1 Micromonospora sp.

0.02

Fig.2 Phylogenetic tree generated using the neighbour-joining
method showing the relationships of the partial 16S rRNA gene
sequences of the four Streptomyces isolates investigated in this study
(highlighted in green) and 18 Streptomyces reference species obtained
from GenBank (accession numbers are given parentheses). Single
asterisks denote species with known biological control activity. Dou-
ble asterisks denote known plant pathogenic actinomycetes. Branch

Viability of Streptomyces isolates in powder
formulation and efficacy against G. boninense
in vitro

The viability of each Streptomyces isolate when formulated
with vermiculite was monitored for 8 months. The initial
density of each of the Streptomyces isolates in the powder
formulation was 108 c.f.u. g=!. After 3 months storage, the
formulated isolates showed significantly different levels of
viability. Isolates AGA48 (10° c.f.u. g~!) and AGAS506 (10°
c.f.u. g7!) showed significantly higher levels of viability

@ Springer

NR025364.1 Actinomyces urogenitalis

lengths represent the number of nucleotide differences and the num-
bers at the branch nodes indicate the bootstrap percentage frequencies
of a given branch (1000 bootstrap replicates; most of bootstrap values
indicate more than 50% support). Actinoplanes regularis, Actinomy-
ces urogenitalis, Nocardia asteroides and Micromonospora sp. were
included as outgroups. The scale bar indicates 0.02 nucleotide substi-
tutions per nucleotide position

throughout the storage period than AGA43 (10* c.f.u. g7
and AGA347 (10* c.fu. g7!), which showed high viability
levels during the first few months after inoculation but then
started to decrease with time in storage. By contrast, the
S. noursei isolate showed a dramatic reduction in viability
during storage, with only 10° c.f.u. g7! of viable cells at the
end of the 8-month storage period.

After 7 days of incubation at 28 °C, the G. boninense colo-
nies on the control plates completely covered the plates. The
colonies developed white mycelial mats that were compact
and cottony. Colonies appeared dark in reverse due to the
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Fig.3 Streptomyces isolates AGA43, AGA347, AGA48 and AGA506
growing on chrome azurol agar medium to screen for siderophore
production. The orange areas surrounding colonies AGA43 and
AGAA4S8 indicate the release of siderophores by these isolates

formation of a brownish pigmentation. The darkened region
had an undulating surface that buckled into the agar. By con-
trast, the growth of the Ganoderma colonies on the assay
plates was significantly inhibited by the Streptomyces powder

formulations and showed a stunted growth pattern (Table 3;
Fig. 4).

Efficacy of Streptomyces powder formulations
as a pre-treatment for oil palm seedlings
to suppress the development of BSR

The oil palm seedlings showed no visible signs or symptoms
of BSR at 1-3 months after inoculation with Ganoderma.
However, 3 months after the seedlings were inoculated with
G. boninense, external symptoms of BSR started to appear,
such as a white mycelial mass at the basal area of the seed-
ling, which later developed into a white button, which was
followed by the emergence of fruiting body. At 3 months, the
lower leaves also became progressively yellow, which was
later followed by desiccation of the oldest to the youngest
leaves. Desiccation began at the leaf tip. This was followed
by the rapid yellowing and drying of the entire lamina.
Seedlings treated with Streptomyces AGA347 showed
lower levels of DI and SFS (33.3 and 35.6%, respectively)
than seedlings that received the other treatments. Seedlings
treated with Streptomyces AGA048 showed DI and SFS lev-
els of 53.33 and 57.2%, respectively. Seedlings treated with
Streptomyces AGAS06 showed DI and SFS levels of 66.7
and 67.2%, respectively. Seedlings treated with S. noursei
showed DI and SFS levels of 66.7 and 70.8%, respectively.
Seedlings treated with AGA043 showed DI and SFS levels

Table 2 Effect of pH and

Strept isolat H Salinity (NaCl %

salinity on the growth of the replomyces 1So1ates - p alinity (NaC1 %)

four Streptomyces isolates on 45 55 65 7.5 8.5 0 2 4 6 8 10 12

ISP2 after 7 days of incubation

at 28 °C AGA43 e e i s = o o R S
AGA48 e e T s a2 o R
AGA347 ++ - - -
AGA506 e = o e s a2 S S o S

Streptomyces growth: (-) no growth; (+) little growth with no aerial mycelia; (4) little growth; (+4)
medium growth; (+++) abundant growth

Table 3 Percent inhibition of radial growth (PIRG) of Ganoderma boninense by Streptomyces spp. formulations

Strain no. BCA growth Ganoderma growth PIRG* (%)
AGAA43 + Growth rate of culture slower than that of control; same morphology as control plate 91.25%
AGAA48 + Growth rate of culture slower than that of control; same morphology as control plate 87.295°
AGA347 + Growth rate of culture slower than that of control; same morphology as control plate 100*
AGA506 + Growth rate of culture slower than that of control; same morphology as control plate 100*

S. noursei + Growth rate of culture slower than that of control; same morphology as control plate 100*
Control - Normal growth of G. boninense; colony radius 3.5 cm on both the sides nearest and 0°

furthest from the vermiculite; white cottony surface with undulations on agar; brownish

reverse color

PIRG* is the mean PIRG of a triplicate set of antagonism assays. Values followed by the same superscript letter were not significantly different

BCA biocontrol agent (actinomycetes)
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Fig.4 Effect of Streptomyces formulations on G. boninense growth
in vitro. a Control, vermiculite (V) versus G. boninense (Gb): G.
boninense mycelia covers the entire plate. b Streptomyces isolate

of 80 and 70.8%, respectively. Untreated seedlings showed
the highest DI and SFS levels (93.3 and 83.8%, respectively).
Only 26.7 and 33.3% of the seedlings treated with Strepto-
myces AGA347 or Streptomyces AGA48 died. By contrast,
60.0% of the seedlings treated with Streptomyces AGA506,
S. noursei or Streptomyces AGA43 died and 86.67% of the
untreated seedlings died. By the end of the experiment,
severe root rot was seen in all seedlings with observable
foliar desiccation. Longitudinal sections of the affected seed-
lings showed extensive rotting that extended into the stem.
No root rot or stem decay was observed in healthy seedlings.
The disease severity index (DSI), was based on the extent of
the root rot and bole decay. Seedlings treated with Strepto-
myces AGA347 had the lowest DSI value (30.0%) followed
by Streptomyces AGA048 (38.7%). By contrast, seedlings
treated with Streptomyces AGA043, Streptomyces AGAS506
or S. noursei showed high DSI values (66.7, 60.0 and 65.0%,
respectively). The untreated seedlings showed the greatest
number of necrotic lesions in the bole (DSI, 88.7%) (Fig. 5).

The highest DSI (96.67%) was recorded for untreated
control seedlings sixth months after inoculation with G.
boninense, indicating the severe impact that a Ganoderma

Fig.5 Destructive sampling

of oil palm seedlings 6 months
after inoculation with G.
boninense. a Seedlings treated
with the Streptomyces AGA347
formulation with 20% tissue
rot (scale 1 on the DSI). b
Untreated seedlings showing
more than 50% tissue rot (scale
3). ¢ Untreated seedlings show-
ing more than 90% tissue rot
(scale 4)

@ Springer

AGA347 formulation versus G. boninense and ¢ Streptomyces isolate
AGAA43 formulation versus G. boninense

infection can have on seedlings. 6 months after inoculation
with G. boninense, seedlings treated with Streptomyces
AGAA48 and Streptomyces AGA347 recorded the lowest
DSI values (31.67 and 16.67%, respectively) and seedlings
treated with Streptomyces AGA43, S. noursei or AGAS506
(56.7%) showed the highest DSI values (66.7, 60.0 and
56.7%, respectively). Observable symptoms such as dying
leaves were in line with the production of G. boninense spo-
rophores at the base of stems on seedlings severely infected
with G. boninense. Seedlings treated with Streptomyces
AGA347 showed the lowest AUDPC value (83.34 units)
followed by Streptomyces AGA48 (139.99 units). Seedlings
treated with Streptomyces AGA043, Streptomyces AGAS06
and S. noursei showed AUDPC values of 216.66, 173.34
and 163.34 units, respectively. The percentage of disease
reduction (% DR), which was calculated using the AUDPC
values, indicated the ability of the Streptomyces powder for-
mulations to reduce BSR damage. Seedlings treated with
Streptomyces AGA347 showed the greatest % DR, followed
by those treated with Streptomyces AGAO048, S. noursei,
Streptomyces AGA506 and Streptomyces AGAS506 (73.11,
54.84, 47.31, 44.08 and 30.11%, respectively) (Table 4).
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Table 4 The effect of Streptomyces spp. formulations on BSR devel-
opment in oil palm seedlings 6 months after inoculation with G.
boninense

Treatment AUDPC DR (%)
Cl—Untreated + G. boninense 356.65 -
T1—AGAO043 +G. boninense 216.67 30.11
T2—AGAO048 + G. boninense 139.99 54.84
T3—AGA347 +G. boninense 83.34 73.11
T4—AGAS506 + G. boninense 173.34 44.08
T5—S. noursei+ G. boninense 163.34 47.31

AUDPC area under the disease progress curve
DR disease reduction

Discussion

Actinomycetes in the rhizosphere area may be beneficial for
plants owing to their production of plant growth hormones
such as IAA (Khamna et al. 2009) and siderophores, which
improve nutrient uptake (Merckx et al. 1987), and their abil-
ity to solubilize nutrients such as phosphate (Katznelson
and Bose 1959; Sousa et al. 2008). All the actinomycete
isolates investigated in this study demonstrated the poten-
tial to produce lipase and siderophores. The production of
siderophores gives a microorganism a competitive advan-
tage in soil. Enzymes such as chitinase, cellulase, lipase
and protease play important roles in nutrient mineralization
and decomposition (Gopalakrishnan et al. 2014; Sousa et al.
2008; Tokala et al. 2002). In addition, the ability to pro-
duce enzymes related to the fungal cell-wall degradation
enzymes chitinase and glucanase could also be a key factor
in biocontrol mechanisms given that polysaccharides such
as chitin and glucan are the main components of most fungal
cell walls (Gooday et al. 1992; Larralde-Corona et al. 2008;
Sousa et al. 2008). Larralde-Corona et al. (2008) demon-
strated a positive relationship between the enzymatic activ-
ity of Trichoderma strains and the degree of antagonism
that the Trichoderma strains showed towards Macropho-
mina phaseolina in an antagonistic assay. However, not all
the isolates investigated in this study showed a significant
positive relationship between their enzymatic assay results
and their antagonistic assay results. This suggests that the
inhibitory activity of some isolates may be due to the pro-
duction of secondary metabolites given that actinomycetes
are known to be prolific producers of metabolites with activ-
ity against a broad range of pathogens (Saxena and Pandey
2001). However, we did not investigate the production of
secondary metabolites in this study.

All the isolates were able to grow abundantly on ISP2
with a pH range between 6.5 and 8.5. Two of the four iso-
lates showed medium growth with less abundant mycelia at
apH of 4.5 and 5.0, indicating that they were acid-tolerant

isolates. The ability of isolates to grow on media with pHs
ranging from 4.5 to 5.5 suggests that these isolates are able
to compete and survive in acidic soils (Sousa et al. 2008).
The ability of the isolates to grow on ISP2 with NaCl con-
centrations of up to 6% signifies that these Streptomyces
isolates have a high salt tolerance. This result agrees with
a similar observation reported by Gopalakrishnan et al.
(2013), and the ability of Streptomyces strains to tolerate
high salt concentrations is well known (Waksman 1959).
The ability of isolates AGA43, AGA48, AGA347 and
AGAS506 to tolerate pH and salinity ranges may assist their
competitive ability in the rhizosphere and should enable
them to play a role in plant protection under various envi-
ronmental conditions (Sousa et al. 2008).

All four isolates showed typical morphological char-
acteristics of the genus Streptomyces. In general, Strep-
tomyces isolates show good sporulation on agar and form
velvety or powdery dry colonies of different colours (Lo
et al. 2002; Oskay 2009). The growth and physiological
appearance of a Streptomyces colony depends on the com-
position of the medium and the culture age (Awad et al.
2009). According to Mutitu et al. (2008), abundant myce-
lial growth indicates that an adequate level of nutrition
and other components required for growth are present in
the medium. A variety of pigmentation colours and col-
ony types can be produced on different media by the same
isolate. The different colours of the aerial mycelium are
produced by pigments such as phenazines, phenoxazinones
and prodiginines. However, in this study, culturing the iso-
lates on different media had little effect on the morphologi-
cal appearance of the isolates, other than showing some
variations in pigmentation and colony types.

16S rRNA gene sequence analysis confirmed that all the
isolates belonged to the genus Streptomyces and confirmed
the identity of isolate AGA347 as Streptomyces hygro-
scopicus subsp. hygroscopicus and AGAS06 as Streptomy-
ces ahygroscopicus. Both S. hygroscopicus and S. ahygro-
scopicus have been reported to have potential as biocontrol
agents against many pathogens, including Colletotrichum
gloeosporioides, which is the causal agent of anthrac-
nose disease in orchid (Prapagdee et al. 2008). They are
also known to reduce strawberry root rot by Fusarium
oxysporum (Shen et al. 2016) and to have an antagonistic
effect on Botrytis cinerea (Kim et al. 2015). The phylo-
genetic analysis grouped isolate AGA347 into the same
cluster as S. griseoviridis and isolate AGA506 was found
to share a high level of sequence similarity with S. lydi-
cus, which is known to exhibit biological control activity
towards many phytopathogens (Tahvonen 1988; Yuan and
Crawford 1995). Analyses of the 16S rDNA sequences of
AGAO043 and AGA048 showed that the isolates clustered
together on the same branch as Streptomyces sanglieri
strain A14. S. sanglieri has been reported to promote oil
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palm growth and to have an antagonistic effect on Gano-
derma (Nur Azura et al. 2016). Both isolates showed the
highest similarity (top BLAST hit and the lowest E-value)
with the adjacent Streptomyces sp. Analysis using mul-
tiple sequence alignments (http://www.ebi.ac.uk/Tools/
msa/) showed gaps within the sequence, indicating that
both isolates may belong to a different strain.

To evaluate the ability of these four Streptomyces iso-
lates to control Ganoderma disease in oil palm seedlings,
we formulated each isolate in a vermiculite-based powder.
Vermiculite was used as a carrier due to its ability to retain
water and to hold microbial cells within the porous material,
allowing the microbial agent to be slowly released into the
soil. In this experiment, the initial inoculum volume of each
Streptomyces sp. was 1x 108 c.f.u. g=!. The viability of each
product was maintained for the first 3 months of storage;
however, the viability then dropped to 10° c.f.u. g~! and
remained at this level until the sixth month of storage. This
phenomenon might reflect the unavailability or depletion
of nutrient sources other than the available nutrients left in
the fermentation broth. The storage temperature can also
affect the growth rate and pH of formulations. In this study,
the formulations were stored at room temperature (28 °C)
and the effect of temperature on cell viability was not deter-
mined. However, previous studies indicate that the shelf
life and efficacy of microbial cells in formulations stored at
temperatures ranging between 4 and 20 °C was maintained
for longer than those in formulations stored at higher tem-
peratures. Higher temperatures promote microbial growth,
which consequently cause the microbes to produce more
waste. The waste includes lytic enzymes, which are toxic to
microbial cells. According to Kolombet et al. (2008), as well
as nutrient depletion, the decreasing number of viable cells
may also be related to the accumulation of lytic enzymes
during storage. This may explain why the viability of the
Streptomyces formulations decreased throughout the storage
period, which would also affect the percentage inhibition of
Ganoderma radial growth.

To determine whether the Streptomyces formulations
were able to control Ganoderma disease in oil palm seed-
lings, we used an artificial inoculation technique. Artificially
inoculating oil palm seedlings with G. boninense PER71 is
an effective strategy for inducing the infection at the nursery
stage (Izzati and Faridah 2008). In this study, infected seed-
lings that were treated with the Streptomyces formulations
showed reduced disease and slower disease development
compared with the untreated controls. Lower DI and SFS
percentages in this experiment indicate disease suppression
by the Streptomyces sp. Among the isolates tested, treating
seedlings with a formulation of either the Streptomyces iso-
late AGA347 or AGA48 was the most effective strategy for
reducing Ganoderma disease in oil palm seedlings.

@ Springer

Streptomyces AGA347 and AGA48 may have established
in the rhizosphere, thus hindering pathogen proliferation and
invasion of the seedling roots. The vermiculite carrier may
provide the Streptomyces isolates with some protection from
the environment and support the growth and establishment
of the Streptomyces isolates in the soil rhizosphere. How-
ever, even though all the Streptomyces isolates were formu-
lated in the same carrier, S. noursei, Streptomyces AGA43
and Streptomyces AGAS506 were less effective at reducing
disease in infected seedlings, despite strong antagonistic
effects towards G. boninense in vitro. This phenomenon may
perhaps arise because the active compounds involved in the
antagonistic mechanism in vitro are reduced or less effective
in the soil environment. Similar results were reported by
Pattanapipitpaisal and Kamlandharn (2012).

This study indicates that Streptomyces AGA347 and
Streptomyces AGA347 show promise as potential biological
control agents against G. boninense to suppress the develop-
ment of BSR disease in oil palm. The Streptomyces formu-
lations will be further developed to prolong their shelf life.
Further studies should identify the mechanisms of action of
these potential biological control agents, which may lead to
the discovery of novel biocontrol activity and growth promo-
tion in oil palm.
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