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Abstract
Several plant parasitic nematode genera were identified in the Robusta coffee (Coffea canephora Pierre ex A. Froehn) tree roots
and surrounding soil samples from three different coffee groups: coffee planted at 5 years (CYG), 18 years (CBG) and 40 years
(COG) in Central Highland, Vietnam. They included Meloidogyne spp., Pratylenchus spp., Apratylenchus spp., Criconemella
spp., Xiphinema spp. and Rotylenchulus spp. Meloidogyne spp. was the most abundant genus, at 77% across all three groups.
Endophytic bacteria were isolated from healthy tissues of roots of the same Robusta coffee trees. In total, 77 bacterial strains were
isolated and determined to be Bacillus spp., Serratia spp., Paenibacillus spp., Enterobacter spp. and Streptomyces spp. based on
colony morphological and 16S rRNA gene sequence analysis. Overall, Streptomyces was the dominant genus and accounted for
49.35% of total isolated strains. Using statistical methods, we found a tendency in the abundance of endophytic bacterial isolates
with the elevation or decrease of several nematode populations, indicating a relation between endophytic bacteria occurrence and
nematode distribution. In in vitro anti nematode screening test, a Streptomyces sp. strain named CBG9 showed significant
nematicidal activities againstMeloidogyne incognita, inhibiting egg hatching (85.8%) and causing mortality of secondary stage
juveniles (85%). This study explored the anti-nematode potency of endophytic bacteria isolated from coffee trees, which could
provide a future application in suppression and management of pathogenic nematodes without the use of chemical pesticides.
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1 Introduction

Coffee is one of the most exchanged commodities in interna-
tional agricultural trade and represents a large source of

income for several countries (Waller et al., 2007). Vietnam is
the second largest producer of coffee in the world, accounting
for 17.6% of the total global production in 2017 (Statistics,
May 2018 – International Coffee Organization). Among the
two main coffee production species, Arabica and Robusta,
Vietnam is the largest Robusta producer in the world
(Wirryadiaputra & Tran, 2008). According to the statistics
from the Western Highlands Agriculture & Forestry Science
Institute, 198,000 ha of coffee plantations in Vietnam
contained trees that were more than 20 years old, which
accounted for 30.4% of coffee production area. These old
coffee trees produce less than 2 ton of coffee per hectare per
year which is a decrease in yield of 80% compared to the yield
produced by younger trees. To revitalize and increase
production, these older coffee trees were replanted in a
World Bank programme associated with the Vietnam
Ministry of Agriculture and Rural Development
(MARD) called the Vietnam Sustainable Agriculture
Transformation (VnSAT), which aims to replant a total
of 120,000 ha of coffee farms in the Central Highlands
between 2014 and 2020 (Truong 2018).
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However, plant-parasitic nematodes pose a major problem for
coffee replanting in various parts of the world (Chapman 2014).
In Vietnam, replanted coffee plantations face serious challenges
by root-knot nematode Meloidogyne spp. and the lesion nema-
tode Pratylenchus spp. (Chapman 2014; Le et al., 2019; Trinh
et al., 2009; 2013; 2019; Villain et al. 2018; Wirryadiaputra &
Tran, 2008), which are one of the most aggressive and harmful
plant-parasitic nematodes attacking coffee plantations (Bell et al.,
2018; Bertrand et al. 2000). The leaves of trees infected with
nematodes become yellow, and show symptoms of rot root or
galling. Infected trees are stunted in growth and can eventually
die (Vu et al., 2014). It was reported to the Food and Agriculture
Organization (FAO) in Vietnam that the amount of coffee trees
that will suffer and eventually will die from nematode-induced
disease could reach 80% or higher during the replantation pro-
cess (Chapman 2014).

Meanwhile, the control of parasitic nematodes following the
2016 replanting protocol by the MARD has been largely based
on methods such as soil sanitation before planting, rotation of
crops, soil resting and the use of nematicides (MARD, 2016).
These methods are labor intensive, expensive (Truong 2018),
hazardous and not fully effective based on experiences in
Indonesia (Chapman 2014). On the other hand, bacterial endo-
phytes are promising candidates for the long-term biocontrol of
plant-parasitic nematodes in agriculture (Reys et al., 2017; Ryan
et al., 2008; Vetrivelkalai et al., 2010). Endophytic bacteria that
secrete anti-nematode metabolites have been found in agricultur-
al crops and have been shown to exhibit strong and stable anti-
nematode activity (Ruanpanun et al., 2011; Ward & Allenby,
2018). Bacterial endophytes colonize an ecological niche similar
to that of phytopathogens, which makes them suitable as biocon-
trol agents, and numerous studies have shown that endophytic
microorganisms can have the capacity to suppress damage from
plant pests such as fungi, insects and nematodes (Hallmann et al.,
2009; Lacava et al., 2014;Maheshwari et al., 2017; Shiomi et al.,
2006; Su et al., 2017; Taechowisan et al., 2003). In some cases,
they can also accelerate seedling emergence, promote plant es-
tablishment under adverse conditions and enhance plant growth
(Maheshwari et al., 2017). Bacterial endophytes have been
shown to prevent disease development through endophyte-
mediated de novo synthesis of novel compounds and antifun-
gal metabolites. Investigation of the biodiversity of en-
dophytic strains for novel metabolites may identify new
drugs for effective treatment of diseases in humans,
plants and animals (Campbell 2016; Magarvey et al.,
2006; Mohammed et al., 2017).

Endophytic bacteria have been isolated from coffee (Oliveira
2013; Vega et al., 2005) and reported to have potential in con-
trolling diseases such as leaf rust (Shiomi et al. 2006; Silva et al.
2012) and Meloidogyne nematodes (Hallmann et al. 2009).
However, studies focused on the endophytic microbiota in coffee
plants are scarce with limited follow-up results. In particular,
there have been no reports on endophytic bacteria in coffee plants

in Vietnam to date; and as a result, many potential endophytic
species and their effects on plant health remain unknown.
Therefore, the present study was conducted to extract, isolate
and characterize endophytic bacteria in Robusta coffee roots,
and subsequently investigate their potential as biocontrol agents
against pathogenic nematodes. We selected three coffee tree
groups that were successfully replanted and classified by their
agricultural age from a study field in Dak Lak province in
Vietnam, and analysed endophytic bacteria and plant nematode
community diversity as well as the correlation between plant
nematode occurrence and culturable endophytic bacteria using
statistical methods. The most significant endophytic bacterial
strains identified were then screened against the most predomi-
nant nematode species present to estimate their biocontrol value.
Our results indicate novel options for the development of bio-
control agents to replace the current nematicides.

2 Material and methods

1.1. Sample collections

Successful replanted coffee trees at 5 years old (pre-produc-
tion, CYG group), 18 years old (production, CBG group) and
40 years old (old trees, COG group) were identified in a study
field in Dak Lak province in May, 2016. These plants showed
normal growth and no sign of disease. Soil characteristics, such
as pH, physical and chemical properties, were measured and
analyzed to confirm homogeneity across the field (see supple-
mentary data Table S5). In each age group, three plants were
chosen randomly for sample collection. Soil and roots from these
plants were collected at three separated spots surrounding the tree
trunk and were combined to make a composite sample. A soil
auger was used to collect soil from 0 to 20 cm depth at each
sampling site, from which pathogenic nematodes were immedi-
ately extracted. At the same time, root samples were stored in
sterile plastic bags, kept at 8 °C and brought to the laboratory for
further analysis within 24 h of collection.

1.2. Nematode extraction and community study

Nematodes were extracted from 100 g of collected soil and
5 g of root from each site using decanting and modified
Baermann tray method (Whitehead & Hemming 1965). The
extracted nematodes were relaxed, killed by hot water (70 °C),
and fixated in 4% formaldehyde. Total nematode numbers were
counted under a stereomicroscope (×50 magnification). The
fixed individuals were gradually transferred to anhydrous glyc-
erol following the de Grisse’s (1969) technique and mounted on
permanent glass slides. The nematodes were identified to the
genus level by morphological analysis using the keys from
Nguyen & Nguyen (2000), Vovlas & Castillo (2007) and
Adams et al. (2009).
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Furthermore,Meloidogyne species were identified by molec-
ular techniques. DNA was extracted from individual second-
stage juveniles (J2) using the Lysis buffer protocol (Holterman
et al., 2009). The reaction components were as follows: 5 μl of
Taq PCRMasterMix 2X, 0.5 μl of primers (10 mM: Far/Rar (5’-
TCGGCGATAGAGGTAAATGAC-3′; 5’-TCGGCGAT
AGACACTACAAACT-3′); Mi2F4/Mi1R1 (5’-ATGAAGCT
AAGACTTTGGGCT-3′; 5’-TCCCGCTACACCCTCAACTT
C-3′); Fjav/Rjav (5’-GGTGCGCGATTGAACTGAGC-3′; 5’-
CAGGCCCTTCAGTGGAACTATA-3′), 1 μl of total DNA
and 1 μl of molecular grade water. PCR conditions were as
follows: 95 °C for 2 min, 40 cycles of 96 °C for 35 s, 59 °C
for 30 s and 72 °C for 45 s, and continued at 72 °C for 3min. The
products were run on 1.5% agarose gel, 100 V, for 60 min, dyed
with ethidium bromide and photographed under UV lamp. DNA
bands specific for species were determined based on standard
100 bp DNA ladder and compared with the results of
Kiewnick et al. (2013).

1.3. Endophytic bacteria study

1.3.1. Endophytic bacteria isolation

The root samples were cleaned using running tap water, then
air dried on sterile filter paper for 48 h. Surface disinfection was
conducted by washing consecutively with 5% NaOCl for 4–
10min, 2.5%Na2S2O3 for 10min, 75% ethanol for 5min, rinsed
in sterile water and subsequently in 10% NaHCO3 for 10 min.
The surface-treated tissues were then dried at 100 °C for 15 min,
under sterile conditions (Qin et al., 2009). In order to confirm the
success of the disinfection process, 100 μL aliquots of the rinsed
water from the final washing step were plated on Luria-Bertani
(LB) agar andYeastMalt Agar (ISP2) (Taechowisan et al., 2003)
at optimized temperature (28 °C and 37 °C respectively) for
seven days. The success of the surface sterilization protocol
was confirmed by culturing of the sterile rinsed water culture
after incubation which remained negative, indicating that the
epiphytic microbes were completely removed with no observa-
tion of bacterial colonies.

The treated-plant roots were fragmented and grown on selec-
tive media: (M1) Nutrient Agar medium; (M2) Tap Water Yeast
Extract Agar (Coombs & Franco 2003); (M3) ISP2
(Taechowisan et al., 2003). The plates were incubated at 28 °C
for 2 to 30 days. The colonies recovered from each root were
purified and grouped on the basis of phenotypic bacterial char-
acteristics, cell shape and colony morphology observed from
scanning electron microscope (SEM) images, motility, growth
rate, and Gram reaction. Colonies with different morphological
characteristics from the plates of each sample were chosen as
different strains according to Bergey’s Manual of
Determinative Bacteriology (1994). Similar colonies were enu-
merated, and one was selected (see supplemental information
Table S3).

1.3.2. 16S rRNA sequencing and phylogeny construction

Genomic DNA was extracted from single bacterial colonies
using a QIAamp DNA mini kit (#51306, Qiagen, Germany) ac-
cording to the manufacturer’s instructions. The extracted genomic
DNA was used to amplify the 16S rRNA gene fragment, using
universal bacterial primers; 27F (5′-GAGTTTGATCACTG
GCTCAG-3′) and 1492R (5′-TACGGCTACCTTGTTACGAC
TT-3′) (Byers et al., 1998). The PCR reaction was performed in
a volume of 25 μL containing 10 μL of GoTaq® Green Master
Mix (# 9PIM712, Promega, USA), 0.5 μL of each primer, 100 ng
of bacterial genomic DNA and 11 μL of nuclease-free water. The
thermal conditions was as follows: an initial denaturation at 95 °C
for 5 min, followed by 30 cycles of 95 °C for 30 s, 58 °C for 30 s,
72 °C for 30 s and a final extension at 72 °C for 5 min. The PCR
products were analyzed on a 1% agarose gel to verify the target
size. The PCR products were then purified using the GeneJET
PCR Purification Kit (#K0701, Thermo Scientific, USA) follow-
ing the manufacturer’s manual. The Sanger sequencing reaction
was performed with 15 ng of the purified template, using the
BigDye® Terminator v3.1 Cycle Sequencing Kit (#4337455,
Thermo Scientific, USA) on a 3500xL Genetic Analyzer
(Applied Biosystems, USA) at the National Key Laboratory of
Gene Technology (IBT – VAST, Hanoi, Vietnam). The 16S
rRNA gene sequencing results were analyzed with BLASTN
(Altschul et al., 1990) and any 16S rRNA gene sequence with
an identity score from 97% and above was imported into Mega
7.0 software and aligned usingClustalW (Kumar et al., 2016). The
alignments were manually adjusted, and a phylogenetic analysis
was performed using the maximum likelihood method. The phy-
logenetic distance was computed using the p-distance method and
the robustness of the resulting trees and the statistical significance
levels of the interior nodes were obtained by bootstrap analysis
with 1000 replicates. Bootstrap values greater than 70%were kept,
since nodes supported by values below this number are considered
to have weak resolution (Pavlopoulos et al., 2010).

1.3.3. Screening of isolates against pathogens

The isolated Streptomyces strains were screened for inhib-
itory activity against eight pathogens: the bacteria
Staphylococcus aureus 533R4 (reference: ACT12600)
(Firmicutes), Escherichia coli WA321 (Dam mutant of
E.coli K12 AB1157) (Gammaproteobacteria) and
Micrococcus luteus ATCC49732 (Actinobacteria); the fungi
Rhizoctonia solani (Basidiomycota), Candida albicans
BSMY 212 (DSMZ 10697), Fusarium oxysporum and
Fusarium solani (ARSEF 2597) (Ascomycota); and the
oomycetes Pytophthora capsici. The pathogenic species were
kindly provided by prof. Jos Raaijmakers by the Netherlands
Institute of Ecology (NIOO). The pathogens and test condi-
tions used here were previously described by Agamennone
et al. (2018).
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1.4. In vitro screening of bacterial culture filtrates against the
nematode Meloidogyne incognita

1.4.1. Nematode culturing for in vitro screening

Nematodes from original materials of sampled coffee
tree roots and the surrounding soil were cultured on
tomato plants (Lycopersicon esculentum L. cultivar
Rutgers) in greenhouse (Southey 1986). Single egg

mass isolates of each population were separated and
plated in distilled water in a glass staining block in a
refrigerated incubator (Shanghai Yuejin, China) until
hatching, which were inoculated again in fresh tomato
seedling 250 cm3 pot.

Pure Meloidogyne incognita isolates were confirmed
by PCR identification assay (Kiewnick et al., 2013).
Eggs and J2 of M. incognita were harvested in accordance
with methods described by Carneiro et al. (2004).

Fig. 1 Distribution of nematodes (a), endophytic bacteria (b) and phylogeny tree of endophytic bacteria (c) isolated from young coffee roots stage –
CYG, business stage – CBG and old coffee stage – COG
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1.4.2. Preparation of bacterial filtrates and in vitro screening
with Meloidogyne incognita

Ten selected Streptomyces strains were grown on
ISP2 medium (Taechowisan et al., 2003) at 28 °C for
72 h. The culture was centrifuged at 500 x g for 15 min
and then filtered through a Whatman no.2 filter paper.
Antagonizing effects of selected bacterial strains were
tested against the eggs of M. incognita by using bacte-
rial culture filtrates (CF) in three different volume ratios
(10%, 20% and 30%) of total liquid medium. A dish
with an equal volume of sterile water was used in place
of CF prepared as a negative control for each level of
bacterial concentrates. The CF were then added sepa-
rately to Petri dishes (35 cm diameter) containing ap-
proximately 300 eggs. Hatching success was observed
under a stereoscopic microscope 168 h after exposure.
Similarly, the anti-nematode activity of bacterial strains
against M. incognita J2 was performed, with 3 different
rate ratios of bacterial liquid volume (10%, 20% and
30%). Dead J2 were observed and mortality was calcu-
lated as ((number of dead J2/total number of J2) ×
100%) at 168 h after exposure (Yoon et al., 2012).
Nematodes were considered dead if they did not move
when probed with a fine needle. The experiment was
performed with three replications and in triplicate.

1.5. Data analysis

In order to evaluate the effectiveness of bacterial isola-
tion in collected samples and the potential effect of
culturable endophytic bacteria on nematodes at different
stages of growth, one-way ANOVA (α = 0.05) for the
number of isolates was performed.

Principal component analysis (PCA) was used to analyze the
correlation between the endophytic bacteria and plant parasitic
nematode communities at the genus level, using the XLSTAT
6.502 trial version (Addinsoft Inc., USA).

Data from all three anti-nematode activity test runs were
pooled. The differences in J2 mortality and egg hatching be-
tween treatment and control solutions were analyzed by one-
way ANOVA (SPSS for Windows version 14.0).

3 Results

1.6. Nematode community diversity

The nematode component that belonged to different genera
was Meloidogyne, Pratylenchus, Criconemella, Xiphinema and
Rotylenchulus, of whichMeloidogyne was the most abundant ge-
nus (p= 0.039, p< 0.05) (see supplemental information Table S1).
Group CYG (5-year-old) had the largest number of nematodes

Fig. 2 Principle component analysis of the correlation of plant nematodes (red) and endophytic bacteria (green) in three coffee groups (blue)
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collected, followed by group COG (40-year-old), with
Meloidogyne as the predominant genus (89% and 98% respective-
ly, see Fig. 1a). On the other hand, in group CBG (18-year-old),
Meloidogyne nematodes account for just 5.3% of the total nema-
tode population,whilePratylenchus andRotylenchulus nematodes
are the most abundant in densities (Fig. 1a).

Meloidogyne populations collected from the field showed a
300 bp band from the multiplex PCR indicatingM. incognita
(Kiewnick et al., 2013).

3.1 Diversity of endophytic bacteria

Based on the visible morphological differences, a total of 77
bacterial strains were isolated from coffee root samples (Fig.
1b). 16S rRNA sequencingwas used to confirm that these strains

mainly belong to Bacillus spp., Serratia spp., Paenibacillus spp.,
Enterobacter spp. and Streptomyces spp. (Fig. 1c).

1.7. Correlation of plant nematodes with status of endo-
phytic bacterial distribution

Principal component analysis (PCA) explained 100% of the
data variability within the first two axes, with axis 1 accounting
for 66.13% of variables (including Meloidogyne, Pratylenchus,
Rotylenchulus, Criconemella, Xiphinema and Enterobacter spp.)
and axis 2 accounting for 33.87% of variables (including
Apratylenchus spp., Paenibacillus spp., Serratia spp.,
Streptomyces spp. and Bacillus spp.) (Fig. 2). The 18 year-old
CBG production group showed a relationship between the oc-
currence of endophytic bacterial groups (Bacillus, Paenibacillus,
Serratia and Streptomyces) and the absence of plant nematodes.
On the other hand, the 40-year-old COG group was associated

Fig. 3 The screening of
antagonistic effects by 10
endophytic bacterial strains on
Meloidogyne incognita’s egg
hatching (a) and second-stage ju-
venile J2 mortality (b)
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with the parasitic nematode genera Pratylenchus, Criconemella
and Rotylenchulus while Enterobacter was the major bacterial
occurrence. The young replant CYG group showed a tendency
towards grouping with the occurrence of plant nematodes
(Meloidogyne, Xiphinema and Apratylenchus) and showed an
absence of endophytic bacteria.

1.8. In vitro screening of endophyte antagonistic activity
against Meloidogyne incognita

Thirty-five isolated Streptomyces strains were screened for
their ability to inhibit the growth of a variety of pathogenic
microorganisms. The results of the inhibition assays are sum-
marized in Table S4. Of the culturable strains, 91.4% inhibited
at least one pathogen and the positive control Pseudomonas
protegens Pf5 inhibited the growth of all pathogens on all
media. Ten strains that showed the most significant antimicro-
bial activities were selected for antagonistic tests against the
plant-parasitic nematode M. incognita. (see Fig. 3a and b)
After 7 days, five strains showed no significant nematicidal
activity with a normal hatching success, no sign of parasitic
eggs and small numbers of dead J2 after incubation. The
Streptomyces strain COG21, however, showed a high hatch
success rate at low and medium addition concentrations (CF
10% (76.9%) and 20% (71.4%) respectively), but a substantial
reduction in hatching rate at CF30% (20.3% hatching suc-
cess). Similar results were observed for the Streptomyces
strains CBG31 and COG14. All three CF levels of the
Streptomyces CBG26 strain inhibited approximately 50%
hatching. Treatment with Streptomyces CBG9 medium

showed the highest effect on nematode hatching success at
all CF levels with the lowest point at 14.2% hatching of the
eggs at CF 20% (Fig. 3a). Additionally, while other strains had
no significant effect on J2 survival compared to the control,
Streptomyces CBG9 showed dramatic nematicidal activity.
We observed that while the number of J2 in the control was
unchanged, the survival rate of J2 decreased sequentially to
approximately 15% (p < 0.05) with increasing bacterial medi-
um concentration (10, 20 and 30% CF) (Fig. 3b). The effect
on nematode physiology upon treatment with Streptomyces
CBG9 medium with the suggested nematicidal mechanisms
is shown in Fig. 4. When M. incognita eggs were exposed to
bacterial culture filtrate of Streptomyces CBG9 we observed
lysis of 85.8% of the eggs and a subsequent negative effect on
the hatched juveniles. In the antagonistic experiments with
M. incognita J2, 85% of the J2 were dead and showed a
shrunk body after five days and were lysed after seven days
of incubation time. This effect suggests a toxic mechanism of
bacteria on nematode eggs and juveniles.

4 Discussion

Nematodes have been studied extensively, with Meloidogyne
spp. and Pratylenchus spp. being established as both the dom-
inant species and as important pests in coffee in Vietnam
(Chapman 2014; Trinh et al., 2009; Trinh et al., 2019; Vallain
et al. 2018) as well as in other countries (Barros et al., 2014;
Bell et al., 2018; Vallian et al., 2018). The number of nematodes
that we extracted from the field was relatively high (200+ indi-
viduals per 100 g of soil and 5 g of root of fresh sample) in all

Fig. 4 The morphological pattern of dead Meloidogyne incognita J2, picture of dead nematode after 1 day (a), 3 days (b), the observation of shrunken
body at 5 days (c, d) and with the body that were lysed at 7 days (e, f) after incubation
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studied groups. This highlights the problem that nematodes
pose in coffee fields in Vietnam, as their population remains
high at the time point of sample collecting (May), which is not
the annual peak of population number (December) (Nguyen
2016).

Based on our observation, the abundance of nematode den-
sities differed depending on the age of the coffee trees, with
the highest number found in the COG group, followed by the
older age CYG and CBG groups (Supplementary Table S1).
This coincides with the varied number of endophytic bacterial
isolates collected from the roots of these groups (Supplementary
Table S2). Using selective growthmedia, wewere able to culture
several different endophytic bacterial species. Streptomyces spp.
was identified as the predominant genera, with the combined
proportion of 85% among the isolated strains in all the replanted
coffee groups. Previous studies of culturable endophytic bacteria
in coffee reported that different Bacillus spp. are the abundant
genus in coffee trees in Brazil (Nunes et al., 2006), Mexico,
Columbia, Hawaii (Vega et al., 2005) and Ethiopia (Hallmann
et al., 2009). This difference in dominant species, however, can
be explained by the media that we used. In our case, the selective
medium (M3 medium) selects for the growth of Actinomycetes
rather than other species leading to the increased number of
Streptomyces genus in the isolated strains. More importantly, it
can still be observed that in the CBG group, the number of
extracted nematodes was lower as the number of endophytes
was higher than in the other groups. This relationship was dem-
onstrated by PCA (Fig. 2), showing the tendency of nematode
occurrence and density associatedwith the presence of endophyt-
ic bacteria. Thus, we suspected that the residing endophytic bac-
terial community could affect the distribution of nematodes in
these coffee trees with similar soil characteristics. In particular,
Meloidogyne genus distribution varied significantly between
CBG group and the other two groups, suggesting the multiple
presences of endophytic bacterial genera in CBG negatively in-
fluenced the number of Meloidogyne nematodes, giving the ge-
nusPratylenchus andRotylenchulus opportunities to have higher
population densities.

Previous report have shownM. incognita as the most wide-
ly distributed root knot nematode species in Vietnam (Trinh
et al., 2013), agreeing with our finding thatMeloidogyne was
the majority genus by total number in all three groups. In
addition, statistical analysis strongly suggested that endophyt-
ic bacteria have a specific effect on Meloidogyne. Hence, we
chose M. incognita as the model species for our in-vitro an-
tagonistic screening. The two antagonistic experiments
showed that among the ten strains, four strains of
Streptomyces (COG21, CBG26, CBG31 and COG14)
inhibited the hatching of M. incognita eggs, while only
Streptomyces CBG9 exhibited antagonistic ability on both
eggs and juveniles of the plant-parasitic nematode
M. incognita. Under in vitro conditions, Streptomyces CBG9
strain inhibited 85.8% of nematode hatching, which was

higher than the inhibitory effect of Streptomyces rubrogriseus
HDZ-9-47 reported by Jin et al. (2017). Also through in vitro
screening, StreptomycesCBG9 killed 85% ofM. incognita J2,
compared to the 50% killed by the Streptomyces sp. in Su et al.
(2017) and 80% mortality of J2 by Streptomyces cacaoi
GY525 in Yoon et al. (2012). Streptomyces is a well-known
actinomycete genus that acts against plant-parasites (El-Nagdi
et al., 2004) by producing a wide variety of important antibi-
otics. Previously, secondary metabolite products that were
isolated from Streptomyces species were avermectin (Burg
et al., 1979), nanchangmycin, bafilolides, valinomycin,
salinosporamide A, milbemycin, kalafungin, thiamycins and
axenomycins. These compounds are reported to have high
antagonistic activity against many harmful plant-parasitic
nematodes. They colonize the same ecological niches as plant
pathogens and therefore may be better suited than rhizosphere
bacteria to outcompete or directly antagonize pathogens
(Aravind et al., 2010; Ryan et al., 2008).

In conclusion, our results indicated endophytic
Streptomyces strain as potential biocontrol agent of pathogen-
ic nematodes (in particular, M. incognita) in coffee trees and
open new opportunities for further research into the opportu-
nity to develop biocontrol agents to combat and control path-
ogenic nematodes in e.g., coffee plants.

4.1 Nucleotide accession numbers

All 16S rRNA gene fragment sequences of isolated bacteria in
this study were submitted to NCBI GenBank under the acces-
sion numbers shown in Table S6.
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