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ABSTRACT
Radopholus similis (Cobb 1893) (Rhabditida, PratylenchidaeYis a co

and destructive pest that
causes significant yield losses in Cavendish bananas. The i

pesticides to control
rnative approach to

e leaves and stems of Eupato-
ts under in vitro and on-plant
well as on-plant trials, concen-
sed to evaluate nematode mortality
root infection, root necrosis index, shoot and
ameter, leaf number, and leaf surface area
nematode mortality rate due to EAEO ranged from
ompared to the mortality rate in the control treatment

rates, infection levels in root segments (in v
root fresh weight, and growth parameters suc

th fenamiphos and EAEO. Maximum effectiveness was observed at the
jon. These findings provide valuable insights into the nematicidal me-

INTRODUCTION

Banana plants are often considered the
orld’s first globally traded commodity and con-
tinue to be the most exported fruit on the planet.
Banana cultivation and exportation have provided
livelihoods for thousands of small and large farms.

*Corresponding author
e-mail: lephamtanquoc@iuh.edu.vn

Despite the advantages of a warm tropical climate,
this industry is threatened by fungal populations,
insects, and plant-parasitic nematodes. These fac-
tors have led to significant declines in banana pro-
duction and exports (Bartholomew et al. 2014).
Plant-parasitic nematodes significantly threaten ba-
nana production in tropical and subtropical regions.
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Nematode infestation in bananas leads to lower
bunch weight and longer crop cycles, which can sig-
nificantly affect yield (Kisaakye et al. 2023).
Radopholus similis is a migratory endoparasitic nem-
atode primarily found in plant roots and is widely
known as a destructive pest of bananas, citrus, and
black pepper. It has been found in over 250 plant spe-
cies in tropical and subtropical regions, with bananas
being its primary host plant. Globally, R. similis con-
sidered bananas’ most dangerous nematode pest
(Haegeman et al. 2010). R. similis feeds on the cell
walls and creates tunnels in the roots and stems, lead-
ing to lesions and necrotic root damage that affects
the plant’s ability to absorb water and nutrients, re-
sulting in reduced banana bunch development and
decreased fruit yield. Damaged and necrotic root tis-
sues also affect the anchorage of the plant, leading to
plant toppling or uprooting. Therefore, effective con-
trol of R. similis is crucial for the sustainability of the
banana industry (Jesus et al. 2015).

Nematicides (chemical agents) such as carbofu-
ran and methyl bromide have been used to mamee
the damaging nematode R. similis in banana pNg
However, these chemicals are associated with nu
ous health and environmental hazards, including s§
pollution, plant, and groundwater cg ion, and

Therefore, their use is disco
2010). There is a growin,

ealthy plant materials is vital to
atode R. similis in bana-

n various parts of the world. Previous
studies have reported that various components of
odoratum extracts exhibit antibacterial, anti-in-
matory, antioxidant, analgesic, cell-protective,
antimicrobial, and other significant medicinal prop-
erties (Vijayaraghavan et al. 2018). Furthermore, the

plant’s soft and easily degradable characteristics
make it an ideal botanical for effective weed and
pest control. Extracts from E. odoratum increase the
mortality rate of various insects and parasitic pest;
while reducing their population. These attrib
E. odoratum in protecting plants against nag
emies contribute to the potential discove
plant source with biological activitig

E. odoratum were collected
une, Cu Chi district, Ho Chi
m, in December 2022. The plant
ere sent to the Plant Biotechnology La-

hopped, air-dried in the shade, and subsequently
ied at 40 °C for three days until reaching a mois-
ture content of approximately 10-12%. For further
research, the dried product was ground into powder
and stored in moisture-proof bags at 25 °C.
Preparation of EAEO

The powdered plant material (1.5 g) was added to
20 mL of distilled water and boiled for 5 min, then
allowed to cool and filtered through a thin cotton
cloth and filter paper (Whatman No. 1). The volume
of water was adjusted to 25 mL to obtain 6% (W/v)
extract. The extract was then collected, sterilized us-
ing a 0.22 pm Millipore filter (Merck-Millipore, Bur-
lington, MA, USA), and frozen until use. The stock
solution was diluted with distilled water at 1:2, 1:4,
1:8, 1:16, and 1:30. The five dilution ratios corre-
sponded to five concentrations: 12500, 6250, 3120,
1560, 780 mg DW-L! (mg dry weight per liter).
Phytochemical EAEO compounds

A standard phytochemical screening method was
used to evaluate the phytochemical profile of EAEO.
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Chemical reactions and color changes were used as
indicators to determine the presence of major chem-
ical groups, such as tannins, saponins, flavonoids,
phenols, terpenoids, alkaloids, glycosides, couma-
rins, and steroids in EAEQO (Table 1) (Nascimento et
al. 2013; Hodges & Minich 2015; Kumar et al.
2016; Loman & Ju 2017; Wang et al. 2018).

R. similis culture and preparation

The population of burring nematodes (R. similis) was
collected from the roots of Cavendish bananas grown
at a banana farm in Phu My Hung commune, Cu Chi
district, Ho Chi Minh City, Vietnam. The process of
culturing R. similis was carried out in a growth cham-
ber on fresh organic carrots that had been washed and
soaked in a 2% sodium hypochlorite solution, follow-
ing the method described by Koshy and Sosamma
(1980). The carrot cores were prepared according to
Moody et al. (1973). Centrifuge tubes of 1.5 mL were
used to collect and multiply the nematodes. Twenty-
five female nematodes were selected under a dissect-
ing microscope and transferred to tubes with 600 pL
of 1% ampicillin using a fine needle. :
minutes, most of the ampicillin solution was
and replaced with 200 pL of sterile wate
minutes later, most of the tube water was re

Approximately 800 nematodes of R. similis, second-
stage juveniles (J2) were tested for their survival ability
after exposure to EAEO for 48 h. Five dilutions of
EAEO were prepared corresponding to concentra-
tions of 12500, 6250, 3120, 1560, 780 mg DW-L"!

(EAEOlzsoo, EAEOezso, EAEO3120, EAEO1560, and
EAEOQ7g treatment, respectively), and two controls
(fenamiphos at a concentration of 4.65 mg-mL"!
— positive control, water — negative control). Three g

indicating tryptophan. T
lated using the follov
Mortality (%) = N

otiter plate (7 mm diameter and
ed with 0.6 g of sterile fine sand
t segments 4 mm long were ex-

volume of 25 mL of test EAEQO, fenam-
and water was distributed to each well, before
a single root segment horizontally in the
growth medium, and adding an extra 0.28 g of dry
sand. Nematode cysts were extracted from carrot disk
cultures, quantified, and resuspended in sterile deion-
ized water at 8,000 nematodes per mL concentration.
A 25 mL of the nematode cyst suspension (~200
nematodes) was added to each well. The microtiter
plates were covered with plastic lids and placed in
a humidity chamber (100% RH at 25°C) for 24 h.
The root pieces were then collected, and the active
nematodes were extracted by soaking in 300 mL of
sterile deionized water in separate microtiter plate
wells. The plates were then incubated in the humidity
chamber (100% RH at 25°C) for 48 h. The nematode
extracts were quantified under a compound micro-
scope using phase-contrast illumination. To detect
any remaining nematodes, the root segments were
soaked in 1% NaOCl for 10 min, rinsed under running
tap water for 15 min, and stained for 30 seconds at
boiling temperature with acid fuchsin solution in wa-
ter. The root segments were placed between two mi-
croscope slides (25 x 75 mm), and all nematodes were
counted. The experiment was designed and analyzed
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in a completely randomized design with three repli-
cates. The data were transformed with log10 (x + 1)
before analysis.
Greenhouse experiment
Cavendish banana plants from tissue culture were
grown in 414 mL foam cups (top diameter 8.9 cm,
height 13.6 cm). A 1:1 mixture of sterile coarse river
sand and 254 um sand (autoclaved for one hour at
121 °C) was used as the growth medium. A complete
nutrient solution (Hydro Umat F, Vietnam) was sup-
plemented twice a week. Before nematode inocula-
tion, the plants were grown for four weeks at 27 °C
and 80% relative humidity (RH) in the greenhouse.
Nematode cysts were extracted from carrot disk cul-
ture medium, quantified, and resuspended in sterile
deionized water (40 cysts per mL). Five milliliters
of nematode cyst suspension (~200 nematodes)
were added to the base of each plant. The experi-
ment was designed with seven treatments as above.
The EAEO and fenamiphos solution were distrib-
uted in 40 mL aliquots and applied to the plants at
zero and five days after inoculation. The plants
maintained for eight weeks at approximately
and 80% RH in the greenhouse (Marin et al. 20
At the end of the experiment, the plants w

root decay, the RNI
tholomew et al. (2

Plant growth
Throughout the research process, the following plant
measurements were recorded on a weekly basis: (a)
pseudostem length (measured from the lowest lea
point to the base of the pseudostem, cm); (b) 4

halfway along the pseudostem length, c
number of fully opened functional
area (LA, cm?) predicted using 1

represents leaf length and
The third leaf from the t

tode of root segments, ro rosis index, roots and
corm fr pht, and gro ameters were ana-
. Transfo means were re-
les, and only significant dif-
considered. A post hoc anal-
D test, was conducted to ex-
erences further. All statistical
rmed using the statistical software

ics Centurion XIX.
SULTS AND DISCUSSION

AEQO phytochemicals

e presence of plant chemicals in EAEO was
demonstrated through positive chemical reactions
(Table 1), indicated by notable color changes. Phy-
tochemical screening of EAEO revealed the pres-
ence of plant chemicals belonging to the following
groups: phenols, flavonoids, terpenoids, alkaloids,
tannins, and saponins. Glycoside, steroids, and cou-
marins were absent in the extract.

Test Observations i}:lr%sggg
2 mL extract + 2 mL H20 + 2-3 drops FeCls (5%) green precipitate +
1 mL extract + 1 mL Pb(OAc)4 (10%) yellow +
2 mL extract + 2 mL (CH3CO)20 + 2-3 drops conc. H2SO4 dark red +
Saponins (foam test) 5mL extract + 5 mL H2O + heat foam +
Steroids (Salkowski test) 2 mL extract + 2 mL CHCI3 + 2 mL H2SOs4 (conc.) sepia circle at the junction -
cosides (Liebermann test) 2 mL extract + 2 mL CHCI3 + 2 mL CH;COOH purple to blue to green -
Alkaloids (Hager test) 2 mL extract + few drops of Hager’s reagent yellow precipitate +

Phenols

2 mL extract + 2 mL FeCl3

bluish color

Coumarin

I mL extract + 1 mL NaOH 10%

yellow formation -

Presence of phytochemicals in EAEO: (+) present and (-) absent
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The nature of the structure and mode of action
of most plant chemicals with pesticidal properties
has been extensively discussed. The EAEO has been
reported to have the ability to increase mortality
rates and reduce populations of various insects and
parasitic nematodes (Kato-Noguchi & Kato 2023).
It is known that extracts from the E. odoratum plant
are rich in alkaloids, phenolics, glycosides, and fla-
vonoids. Extracts containing alkaloids have been
found to exhibit ovicidal properties against nema-
tode eggs. Alkaloids can affect and paralyze the cen-
tral nervous system of nematodes, exhibiting strong
antibacterial effects. Phenolic compounds interfere
with energy production mechanisms by disrupting
the process of oxidative phosphorylation and inhib-
iting glycoprotein on the cell surface of parasites,
leading to their death. The nematicidal effect of gly-
cosides is attributed to their function as inhibitors of
cholinesterase enzymes, preventing the typical ac-
cumulation of nematodes. Flavonoids, as low-mo-
lecular-weight secondary metabolites, have diverse

(Kato-Noguchi & Kato 2023).
Effect of EAEO on R. simili

90.1% and 78% mortality rates, respectively. Never-
theless, the mortality rate decreased to approximately
35.3% at the 1:30 dilution (780 mg DW-L), the
lowest mortality rate among the tested doses.

annins are a diverse group of polyphe-
agipounds, showing strong sensitivity to
R. similis at high extract concentrations. Some plant
extracts rich in saponins and alkaloids have demon-
strated strong nematicidal activity (Kirwa et al.
2018). In the current study, EAEO secondary me-
tabolites significantly increased the mortality rate of
R. similis compared to water control. The produc-
tion of biologically active secondary metabolites by
E. odoratum may play an important role in the con-
trol of R. similis. It is consistent with the findings of
Kato-Noguchi and Kato (2023) regarding the inter-
action and nematicidal activity of E. odoratum.

Treatments (mg DW-L")

water fenaml;.)hos_l EAEOi12500 EAEOe250 EAEOs120 EAEO1s60 EAEO7s0
(4.65 mg-mL")
Number ofdead 159, 5 50 761245 723+68  624+68  512+50  409+67° 282475
nematodes
Mortality (%) 16.1 £0.32 95.1 £0.6% 90.1 +0.7f 78 £0.9¢ 64 + 0.64 51.1+0.8¢ 353 +0.9b

Values are expressed as Mean + SD, using Tukey’s HSD test to compare Means and letters (a, b, ¢, d, e, f, k) represent the difference between

treatments (p < 0.05)
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Effects of EAEO on R. similis infection of root
segments
Separate analyses were conducted on nematodes re-
covered from disease-infected roots and nematodes
remaining in the roots after a 48-hour incubation in
EAEQ, fenamiphos, and water. In both analyses, all
treatments significantly reduced nematode infection
in the roots compared to the water control (Fig. 1).
The number of live nematodes inside the roots for
the EAEO treatments at 780 and 1560 mg DW-L"!
(31.3 £4 and 27.7 £ 4.2, respectively) was higher
than the EAEO at 12500 mg DW-L"! and the
fenamiphos treatments (14.7 + 3.5 and 11.7 + 2.5,
respectively). However, the number of live nema-
todes in these treatments was still significantly
lower than in the water control group (Fig. 1A).
The highest number of nematodes escaping from the
roots was observed in the treatment with EAEO at
780 mg DW-L! (36.7 & 2.5), which was significantly
lower than in the water control group (78.7 + 4.7).
EAEO at 12500 and 6250 mg DW-L! (18.7 +4.5 and
22.7 £ 3.2, respectively) provided nematode control
similar to fenamiphos (21.7 &+ 3.5) (Fig. 1B).
All developmental stages of R. similis ca
found inside banana roots. The nematodes punctd
the root epidermal cells with a sharp g

nematodes rely on the presence of plant
secondary metabolites with antinematode activity
ato et al. 2019). Particularly in roots, leaves, and
s, a variety of plant secondary metabolites, such
as phenolic compounds, terpenoids, saponins, ben-
zoxazinoids, organosulfur compounds, alkaloids,
and glucosinolates are present and released, acting

as attractants, repellents, stimulants, or nematode
inhibitors (Sikder & Vestergard 2020). After a 48-
hour incubation in EAEQ, fenamiphos, and water,
the number of surviving nematodes inside the roots
and some nematodes emerging from the
showed variations among the treatments. T

sults once again affirm t

used in the con-
as a limitation,

have impacted our under-
cts. Additionally, the exclu-
ilis, without extending the

pde control should have been addressed in depth,
warranting further examination in future studies.
uture research directions should encompass a more
tensive series of experiments to establish a de-
tailed dose—response relationship. Such investiga-
tions will aid in determining the optimal dosage for
effective and economically viable nematode control.
Concurrently, research into the persistence and po-
tential development of drug resistance by nema-
todes under EAEO conditions is essential. Expand-
ing the scope beyond R. similis, experiments on var-
ious nematode species are warranted to evaluate the
broad-spectrum efficacy of EAEO. Furthermore,
delving into the molecular mechanisms through
which EAEO impacts nematodes represents a cru-
cial research avenue. Gaining insights into these
mechanisms can facilitate the optimization of
EAEQ’s application. Lastly, the environmental im-
pact of EAEO usage, encompassing soil health, ef-
fects on nontarget organisms, and the overall dy-
namics of ecosystems, should be rigorously evalu-
ated. This approach will ensure that using EAEO as
a nematode control method is positive and sustaina-
ble in the long term.
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b, ¢, d, e, and f) are significantly different (p < 0.05)

Greenhouse experiment
Root necrosis index

Differences in RNI between treatments (fenarm—
phos and EAEO12500) were statistically sig
compared to the water control in all expe
(Fig. 2). All other EAEO treatments resulted
RNI that was not s1gn1ﬁcantly greater than th

well with the observed
of nematodes remaimi

Figure 2. Effects of EAEO compared to fenamiphos and water
ontrol on roots necrosis index (RNI) values

Values are the average of three replicates (mean + standard deviation)
and using Tukey’s HSD test to compare means; Bars with various letters
(a and b) are significantly different (p < 0.05)

U segments:

nematode is an endoparasitic
hat invades banana roots, feeds,
uces within the root tissues.
haracteristic symptoms of root
ing reddish-brown to blackish-brown
due to disruption of cell walls as they move
and within cells, deep cavities in the roots,
and destruction of phloem and cambium, leaving be-
hind pockets filled with nematodes. External cracks
may appear on the lesions, and tissue decay occurs
after secondary fungal and bacterial infections. The
root system becomes stunted, poorly developed, and
necrotic (EPPO 2008). These symptoms correspond
well with the condition of the infected and damaged
roots observed in the surveyed banana groups af-
fected by nematode infestation. Particularly in the
water-treated group, the plant roots were severely
damaged with a high RNI value (2.7). However, this
outcome was reversed in the groups treated with
EAEOQO and fenamiphos. The RNI also significantly
decreased in the groups treated with Azadirachta in-
dica and Allium sativum extracts, which is consistent
with the findings of Bartholomew et al. (2014) and
supports the results of the current study.

Banana root and corm fresh weight

All EAEO treatments were effective in maintain-
ing healthy banana roots and stems. EAEO-treated
plants consistently showed higher root and corm
fresh weight (RCFW) than plants treated with water.
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The plants treated with the highest concentration of
EAEO and fenamiphos had the greatest weight
(Fig. 3). The quantity of R. similis in the roots and
stems corresponds to their RCFW. According to
Moens et al. (2001), root weight decreases linearly
with increasing R. similis inoculum density. Marin
etal. (1999) also observed a reduction in root weight
ranging from 8% to 80% after R. similis inoculation.
The data obtained in this study align with the re-
ported literature, as the water treatment exhibited
the highest quantity of R. similis in the roots — 45.3
+ 3.8, and RNI - 2.7 = 0.6 (Fig. 1A & 2), resulting
in the lowest total RCFW (1.5 + 0.1 kg) (Fig. 3).
However, the data wholly reversed for the groups
treated with EAEO and fenamiphos. In these
groups, the quantity of R. similis in roots decreased
significantly in the EAEO12500 14.7 & 3.5 and RNI
1.33 £ 0.58, and fenamiphos treatments 11.7 £ 2.5
and RNI 1.3 £0.6 (Fig. 1A & 2), leading to the high-
est total RCFW EAEO\ 2500 2.6 + 0.1 and fenami-
phos treatments 2.4 + 0.1 kg.

3,0 1
2,5
2,0
15
1,0
0,5

Root and corm fresh weight (g)

R. similis is considered one of the top 10 most
dangerous plant-parasitic nematodes worldwide,
causing devastating diseases in banana plants. Ac-
cording to the European and Mediterranean Pla;
Protection Organization (EPPO 2008), R. sinyj

ease it causes in bananas. The burrowing
destroy the root system and make th

nols, terpenoids,
c., have the potential to con-
todes (Kosma et al. 2011),
have also been found in
e increased RCFW observed

ent can be comparable to fenamiphos regarding
prowth parameter values (Table 3). The pseudostem
gth of EAEO-treated banana plants was signifi-
cantly greater compared to the negative control. The
highest values were recorded in plants treated with
fenamiphos and EAEO 12500 and decreased with low-
ering EAEO concentration. It indicates the effec-
tiveness of controlling R. similis nematodes, pro-
tecting and ensuring the growth of bananas. Simi-
larly, parameters such as stem diameter, leaf number,
and leaf surface area also yield favorable results in
the groups treated with EAEO and fenamiphos.

atments on the growth parameters of banana plant

Treatments (mg DW-L-")

water fenamiphos — pApG .0 EAEOmss =~ EAEOsi  EAEOis0  EAEOmo
(4.65 mg-mL™")
Pseudostem 67.8 + 22 959+3.1¢ 92724 86.6 +2¢ 82.6+2.1° 786420  75.9+2.4b
length (cm)
Girth (cm) 234+ 10 286 1° 27.4 £ 1% 282+ 1.6%  266+1.1%d  254+1.01% 259%1b
caf numbers 8.3+0.6° 6.3+0.6 6.7+0.6% 71 73+06%  77+06%  7.7+0.6

Leaf area (cm?) 2071.7 £23.7* 2589.3 £36.6° 2510.3 £27.5¢ 2490.3 +£34.89 2397.7 £43.9° 2341 +29.5 2286.7 +36.3°

Note: see Table 2
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The experimental study presented here still
bears certain limitations. A more comprehensive
elucidation of the mechanisms by which EAEQO in-
fluences nematode reproduction and root damage
is needed. Furthermore, the sustainability of the
control method needs to be adequately assessed,
and there has been no discussion regarding poten-
tial hidden environmental consequences, includ-
ing soil health and nontarget organisms, associ-
ated with using EAEO. Assessment of plant devel-
opment, fruit, and overall plant health must also
be improved and there is no specific quantitative
data or statistical comparisons to substantiate the
claim of equivalence between EAEO and fenami-
phos. Future research endeavors should consider
the potential for synergy between EAEO and other
nematode control methods (biological control and
cultivation practices) to formulate integrated nem-
atode management strategies. Field trials should
be conducted in authentic banana cultivation envi-

ronments to evaluate the practicality a
tiveness of treatment methodologies. A th
cost-effectiveness analysis of EAEO usage

disseminating research f
community to enc

nd consequently stimulated growth pa-
rameters, such as stem length, diameter, leaf num-
ber, and leaf surface area. The application of
AEO has proven to be an effective alternative to
synthetic nematicides, as it is comparable with
fenamiphos in preventing the development of
R. similis.
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