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Abstract

Root-knot nematodes (Meloidogyne spp.) are hidden enemies of crops and often-overlooked pests that cause severe yield losses in
diverse crops. A survey was conducted in Alappuzha district, Kerala, to assess the crop-specific occurrence and distribution of root-knot
nematodes (RKN) in coconut intercrops, including vegetables, fruits, tubers, and spice crops. The results revealed RKN infestation across
all sampled regions, with varying severity among crops. Elephant foot yam, ginger, and papaya were the most severely affected (gall index
3-5), whereas cassava and arrowroot showed only mild infestation (gall index 1). Molecular characterization confirmed Meloidogyne
incognita and M. javanica as the predominant RKN species, with 99.15-100% sequence identity to reference 28S rRNA sequences. The
invasive root-knot nematode Meloidogyne enterolobii was also detected in some samples, viz., guava, West Indian cherry, star apple, and
tomato. Farmer-participatory integrated nematode management strategies—including field sanitation, the use of nematode-free planting
materials, crop rotation with less-preferred hosts such as cassava, together with the application of Trichoderma harzianum and Pochonia
chlamydosporia-enriched organic amendments—resulted in a 52%—78% reduction in RKN infestation in the demonstration plots. These
validated integrated management practices enhanced awareness among farmers, facilitated cross-learning among stakeholders, and
promoted sustainable nematode management in coconut-based cropping systems.
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Introduction

Root-knot nematodes (Meloidogyne spp.) are among
the most damaging plant-parasitic nematodes worldwide,
infesting thousands of crops and causing substantial yield
losses (Karssen & Moens, 2006). These obligate endoparasites
have a wide host range, including weeds, and thrive in diverse
agroecosystems. Meloidogyne incognita and M. javanica
are the most widely distributed root-knot nematode species
in India, infesting numerous agricultural, horticultural and
plantation crops (Khan ez al., 2006). Owing to the polyphagous
nature, high virulence and ability to overcome host resistance
genes, the invasive root-knot nematode Meloidogyne
enterolobii (Yang & Eisenback, 1983) is threatening the
agri-production systems worldwide (Kiewnick et al., 2009;
Castagnone-Sereno, 2012). Meloidogyne enterolobii was
first reported in India from Tamil Nadu in 2016 (Poornima
et al., 2016) and later in Kerala (Anes et al., 2023). Its
aggressive reproductive potential and wide host range pose
serious biosecurity threats in terms of incursion potential in
different crops. In Kerala, severe RKN damage is frequently
observed in coconut intercrops, especially in the sandy soils
of coastal belts (Anes ef al., 2021). Coconut-based cropping
systems, designed to maximize farm income and climate
resilience, rely on intercropping with vegetables, fruits,
spices, and tuber crops. However, the prevalence of pests and
diseases, particularly nematodes, is a major limiting factor.
In this context, the present study was conducted to assess the
occurrence and distribution of RKN in coconut intercrops
in Alappuzha district, Kerala as well as to validate farmer-
participatory integrated nematode management strategies
under field conditions.

94

Materials and methods
Survey and collection of samples

Root and tuber samples were collected from different
intercrops viz., vegetables, fruits, tubers, and spices grown
in coconut-based systems across Kayamkulam, Pathiyoor,
Devikulangara, Vallikunnam, Cherthala, and Krishnapuram
regions of Alappuzha district. The collected roots and
tubers were gently washed, and the extent of gall formation
was visually assessed. Gall severity was scored using a
modified 1-5 gall index scale based on Hussey and Janssen
(2002): 1 =<20% roots galled; 2 = 21-40%; 3 = 41-60%;
4 = 61-80%; and 5 = >81% of the root/tuber area galled.
Adult females were separated from infested root/tuber
tissues under a stereomicroscope (Leica Wild M3Z) and
hand-picked for DNA extraction, while the perineal patterns
of adult females and the morphological characteristics of
juveniles were also examined for species identification.

Molecular characterization

Genomic DNA was extracted from single females using
the cetyltrimethylammonium bromide (CTAB) method.
PCR amplification of the D2-D3 expansion region of the
28S rRNA gene was performed using primers D2a and
D3b (De Ley et al., 1999). PCR products were purified
and sequenced (Biokart India Pvt. Ltd., Bengaluru). The
28S rRNA gene sequences under study were subjected
to BLAST analysis using the National Center for
Biotechnology Information (NCBI) database to identify
homologous sequences (Altschul et al., 1990). Additionally,



species-specific SCAR markers (Long et al., 2006) were
used to confirm the identity of M. enterolobii.

Integrated Nematode Management (INM)

Awareness programmes, diagnostic field visits, and
farmer training programmes were conducted to sensitise
farmers to the impact of nematode infestation in different
intercrops in coconut-based systems and to familiarise them
with available management options. Farmer-participatory
demonstration trials were established in one farmer’s field
each at Pathiyoor and Krishnapuram under the ICAR—
Farmer FIRST Programme. The INM package included
field sanitation, the use of nematode-free planting materials,
crop rotation with cassava as a less-preferred host, and
the application of Trichoderma harzianum (CPT28) and
Pochonia chlamydosporia (CPP1) enriched neem cake and
organic manures. The effectiveness of the interventions
was evaluated by comparing gall indices recorded before
intervention with those recorded during the first and second
years after intervention.

Statistical analysis

Root-knot nematode infestation was assessed using
a 1-5 gall index scale and observations were recorded
from ten randomly selected plants for each crop at each
surveyed location. Mean gall index and standard error (SE)
were calculated and expressed as mean+SE. The level of
infestation was categorised based on the mean gall index
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as follows: 1.0-1.9 = low infestation, 2.0-2.9 = moderate
infestation, 3.0-3.9 = heavy infestation, and 4.0-5.0 =severe
infestation. For the farmer-participatory integrated
nematode management trials, the percentage reduction in
gall index was calculated based on the difference between
the pre-intervention and post-intervention gall indices
relative to the pre-intervention value. Statistical analyses
were performed using standard statistical procedures
(Gomez & Gomez, 1984).

Results
Distribution of root-knot nematodes in coconut intercrops

Root-knot nematode (RKN) infestation was prevalent
in all coconut-based intercropping systems surveyed, though
severity varied across crops and locations (Table 1). Among
the intercrops in coconut-based systems, elephant foot yam
exhibited the highest mean gall index (3.4-5.0), indicating
severe infestation. Ginger and papaya also recorded high
infestation levels (3.4 to 4.5), with severe gall formation,
stunting, and yellowing of foliage. Turmeric exhibited
moderate to heavy galling (2.3-3.3), while colocasia
showed low to moderate infestation (1.3-2.6). In contrast,
cassava consistently showed low infestation levels (1.1-1.4)
across all villages, indicating relatively low susceptibility
to RKN infestation. Arrowroot, although less frequently
sampled, also showed minimal gall formation (1.2).
Molecular characterization indicated the predominance of
Meloidogyne incognita and M. javanica in most samples,

Table 1: Severity of root-knot nematode (Meloidogyne spp.) infestation in coconut intercrops at selected locations in Alappuzha district,

Kerala

S. No. Location Crop Gall index! Remarks
(Mean=SE) (level of infestation)

1 Kayamkulam Ginger 4.3+0.15 Severe

2 Turmeric 3.1£0.10 Heavy

3 Papaya 3.4+0.16 Heavy

4 Okra 4.2+0.13 Severe

5 Colocasia 2.6+0.16 Moderate

6 Arrowroot 1.240.13 Low

7 Cassava 1.1£0.10 Low

8 Pathiyoor Elephant foot yam 5.0+0.00 Severe

9 Brinjal 3.3+0.15 Heavy

10 Turmeric 3.3+0.15 Heavy

11 Ginger 4.2+0.13 Severe

12 Cassava 1.3+0.15 Low

13 Devikulangara Elephant foot yam 4.4+0.16 Severe

14 Colocasia 2.440.16 Moderate

15 Cassava 1.4+0.16 Low

16 Vallikunnam Elephant foot yam 3.4+0.16 Heavy

17 Ginger 4.0+0.00 Severe

18 Turmeric 2.3+0.15 Moderate

19 Cassava 1.2+0.13 Low

20 Cherthala Brinjal 2.54¢0.17 Moderate

21 Ginger 3.6+0.16 Heavy

22 Elephant foot yam 3.4+0.16 Heavy

23 Colocasia 1.3+0.15 Low

24 Cassava 1.1+0.10 Low

25 Krishnapuram Elephant foot yam 5.0+0.00 Severe

26 Ginger 3.4+0.22 Heavy

27 Turmeric 3.2+0.13 Heavy

28 Papaya 4.5+0.17 Severe

29 Brinjal 2.4+0.16 Moderate

30 Cassava 1.2+0.13 Low

'Gall index scale: 1 = <20%; 2=21-40%; 3=41-60%; 4=61-80%; 5 =>81% galling of roots; Gall index values represent the mean of 10 observations
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exhibiting 99.15-100% sequence identity in the 28S rRNA
gene region with corresponding sequences available in
GenBank. The invasive RKN, M. enterolobii (GenBank acc.
no. OP935640 and OP923224) was previously detected in
guava plants at Kayamkulam, marking the first record of this
invasive species in Kerala (Anes et al., 2023). Subsequently,
it was detected in guava from other locations as well as
in West Indian cherry, star apple, and tomato (Figure 1),
indicating its occurrence across multiple host species.

Symptom expression

The impact of RKN infestation on crop health was
evident from visible symptoms including gall formation,
stunting, and foliar yellowing. In ginger and turmeric,
nematode infestation was associated with severe root
galling and swelling of rhizomes (Figure 2), which may
predispose the plants to secondary rhizome-rot pathogens
and contribute to reductions in marketable yield. Elephant
foot yam corms developed large, rounded galls that
compromised marketability and storage quality, and may
have predisposed the corms to secondary fungal infections
and rotting during storage (Figure 3). In papaya, root
galling was associated with severe stunting, premature leaf
yellowing and inadequate fruit setting. These characteristic
symptoms were observed in association with nematode
infestation, highlighting the potential economic significance
of RKN in these coconut-based intercropping systems and
its possible impact on market returns.

Farmer-participatory integrated nematode management

Farmer-participatory demonstrations of integrated
nematode management practices resulted in a substantial
reduction in root-knot nematode infestation in the
demonstration plots over the two-year study period
(Table 2). At Pathiyoor, the gall index of elephant foot
yam decreased from 5.0 before intervention to 1.3 during
first year and remained relatively low (2.1) during the
second year, corresponding to reductions of 74.0% and
58.0%, respectively. Similarly, ginger and turmeric
exhibited marked reductions in galling, with reductions
of 52.4%-73.8% and 63.6%—69.7%, respectively, over
the two years. A comparable trend was observed at
Krishnapuram, where the gall index of elephant foot
yam decreased from 5.0 to 1.1 during the first year and

Figure 1: Agarose gel electrophoresis of PCR-amplified product
using the Meloidogyne enterolobii-specific SCAR marker. Lane
1 - 1kb DNA ladder; lane 2 - no-template control; lane 3 — RKN
from star apple; lane 4 - RKN from West Indian cherry; lane 5
— RKN from tomato; lanes 6 to 11 & 13 RKN from other crops;
lane 12 — RKN from guava
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remained low (2.0) during the second year, representing
reductions of 78.0% and 60.0%, respectively. In ginger
and turmeric, gall indices decreased from 3.4 and 3.2
before intervention to 1.1 and 1.0, respectively, during
the first year and remained at low levels (1.1-1.3) during
the second year. Across locations, the mean reduction in
gall index during the first year was 76.0% in elephant foot
yam, 66.2% in turmeric and 60.0% in ginger. During the
second year, the corresponding reductions were 59.0%,
67.7% and 67.8%, respectively. Overall, the integrated
nematode management interventions resulted in average
reductions of 67.4% and 64.8% in gall index during the
first and second years, respectively, reducing infestation
from severe or heavy to moderate or low levels and
demonstrating the effectiveness of the management
strategy under farmer-field conditions.

Discussion

The survey clearly established that RKN's are widely
prevalent in coconut-based intercropping systems in coastal
belts of Kerala, with varying levels of host susceptibility.
The high infestation observed in elephant foot yam, ginger,
and papaya corroborates earlier findings that these crops
serve as good hosts for Meloidogyne spp. (Rajendran
& Mathew, 1999; Nagesh & Reddy, 2005; Mohandas
et al., 2018), thereby potentially contributing to nematode
build-up in intercropped systems. Conversely, cassava and
arrowroot showed low galling, supporting their potential
role as relatively poor hosts in crop rotation programmes.
These crops may therefore be considered for inclusion
in crop rotation programmes in RKN-endemic areas of
coconut-based systems.

The detection of M. enterolobii from guava and
other horticultural crops is particularly significant. Since
M. enterolobii is recognised globally for its aggressiveness,
high virulence, wide host range, and ability to overcome
resistance (Castagnone-Sereno, 2012; Onkendi et al., 2014),
its detection in coconut-based cropping systems in Kerala
not only extends its known geographical distribution but
also necessitates strict quarantine vigilance. Invasions
of M. enterolobii have caused substantial yield losses
in guava and other horticultural crops in other parts of
India (Ghule ef al., 2020), and its spread in coconut-based
systems could adversely affect established intercropping
models if left unchecked. As non-native pests, including
nematodes, cause a shift in the native fauna with competitive
displacement, their entry into a new region is always viewed
as detrimental, causing biodiversity decline and setbacks to
economic livelihood. Despite the existence of quarantine
regulations, the high demand for planting materials across
the country, coupled with inadequate awareness among
some private nurseries, may facilitate the movement of
nematode-infested planting materials, thereby contributing
to the introduction and spread of destructive nematode
species such as M. enterolobii (Poornima & Walia, 2021).
This underscores the need for continued quarantine
surveillance and the development and adoption of resistant
or tolerant varieties to withstand nematode feeding pressure.
Adequate sensitisation and preparedness among different



Table 2: Reduction in root-knot nematode gall index following farmer-participatory integrated nematode management in coconut intercrops
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S. Village/ Crop Before intervention After one year After two years

No.  Farmer Gall index Gall Reduction Gall Reduction

'(Mean+SE) index' (Mean=SE) (%) index' (Mean=SE) (%)

1 Pathiyoor Elephant foot yam  5.0+0.00 (Severe) 1.340.15 (Low) 74.0 2.1+0.23 (Moderate) 58.0

Farmer 1 Ginger 4.2+0.13 (Severe)  2.0+0.26 (Moderate) 52.4 1.1£0.10 (Low) 73.8

Turmeric 3.3+£0.15 (Heavy) 1.240.13 (Low) 63.6 1.0+0.00 (Low) 69.7

2 Krishnapuram Elephant foot yam  5.0+0.00 (Severe) 1.1+0.10 (Low) 78.0 2.0+0.21 (Moderate) 60.0

Farmer 2 Ginger 3.4+0.22 (Heavy) 1.1+0.10 (Low) 67.6 1.34£0.15 (Low) 61.8

Turmeric 3.2+0.13 (Heavy) 1.0+0.00 (Low) 68.8 1.1+0.10 (Low) 65.6

'Gall index scale: 1 = <20%; 2=21-40%; 3=41-60%; 4=61-80%; 5 = >81% galling of roots; Gall index values represent the mean of 10 observations

Figure 2: a) Adult female of root-knot nematode (RKN), b) Developmental stages of RKN, c) Adult female inside turmeric root,
d) Adult female inside guava root, e) Adult females inside elephant foot yam, f) Adult females and egg masses inside ginger root, g) Gall
with egg mass on the feeder root of papaya, h) Symptoms of RKN infestation in turmeric and i) Symptoms of RKN infestation in ginger

h

Figure 3: a, b) Root-knot nematode (RKN) infestation in elephant foot yam, ¢) RKN infestation in colocasia, d) RKN infestation in okra,
¢) RKN infestation in bitter gourd, f) RKN infestation in little millet, g & h) RKN infestation in guava

stakeholders are key components of strategies to contain
the further spread of nematode infestation.

The farmer-participatory management trials
demonstrated that nematode problems, though largely
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hidden beneath the soil, can be effectively addressed through
integrated and preventive strategies. The combination of
clean planting materials, soil amendments, bioagents, and
field sanitation resulted in substantial reductions in gall
index, with reductions of up to 78% recorded in farmer
fields. Several strategies have been evolved to manage
the problem of RKN through cultural, chemical as well
as biological means. The efficacy of 7. harzianum in
suppressing the nematode population with direct application
and culture filtrates have been documented (Prasad & Anes,
2008). Crop rotation is an important cultural practice for the
management of plant-parasitic nematodes. It involves the
systematic alternation of susceptible crops with resistant,
tolerant, poor-host or non-host crops in a given field. Such
rotations help reduce nematode population densities by
interrupting their life cycle and limiting opportunities for
reproduction. The effectiveness of crop rotation largely
depends on the inclusion of crops that exhibit high levels of
resistance or are less-preferred hosts to the nematode species
prevalent in the field. Several workers have reported field
demonstrations in which integrated approaches combining
organic amendments, bioagents such as Paecilomyces
lilacinus and P. chlamydosporia, and improved crop
management significantly suppressed RKN incidence
(Siddiqui & Mahmood, 1996; Jonathan & Rajendran, 2000;
Mohandas et al., 2017).

The participatory mode of implementation under
the ICAR—Farmer FIRST Programme not only reduced
nematode infestation but also facilitated farmer involvement
and technology adoption. Farmers also reported noticeable
improvements in plant vigour, rhizome yield, and storage
quality, highlighting the economic benefits of the approach.
Similar success of participatory nematode management
has been reported in perennial and plantation-based
cropping systems elsewhere (Sikora & Fernandez, 2005;
Bridge & Starr, 2007; Coyne et al., 2018; Desaeger et al.,
2020). Community-level participation and coordinated
management may also help reduce the risk of re-infestation
from untreated neighbouring fields, which is a common
challenge in nematode management.

Conclusion

Root-knot nematodes are an important production
constraint in coconut-based intercropping systems of
Kerala, particularly in sandy soils. The detection of the
invasive M. enterolobii highlights a serious biosecurity
concern and underscores the need for continued surveillance,
preparedness, and awareness among stakeholders. The
systematic adoption of integrated nematode management
practices, including the use of nematode-free planting
materials, field sanitation, organic amendments enriched
with bioagents, and crop rotation, effectively reduced RKN
infestation levels under farmer-field conditions. Farmer-
participatory approaches further supported knowledge
sharing and technology adoption. Continued surveillance
and wider adoption of integrated management practices
are essential for the sustainable management of RKN in
coconut-based intercropping systems.
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