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The rice root nematodes, Hirschmanniella spp., are considered the predominant plant-parasitic nematode
in the clay soils of Battambang’s lowland rice fields in Cambodia. In this study, we compared the nema-
tode population dynamics, rice yield parameters, and soil organic matter content in lowland rice fields
under conservation agriculture (CA) system with conventional tillage systems with green manure man-
agement (GMCT) or with plough-based tillage (CT) systems. Results demonstrated that GMCT for one
year (GMCT1) and the long-term CA for seven years (CA7) reduced nematode densities in both soil
and in rice roots, almost throughout the study period, compared to the CT. In the GMCT with tillage
for two years (GMCT2), however, the Hirschmanniella spp. densities were high at the beginning, but
reduced at later stages of the cycle. For rice yield components and soil fertility, CA7 proved to be effective
in increasing plant height, the number of tillers/plant and soil organic matter. Based on molecular, mor-
phometric and morphological features, the nematodes were identified as H. mucronata. The phylogenetic
trees of three nuclear markers displayed similarity among 18S, 18S-ITS1-5.8S and D2D3 regions, identi-
fying nematodes as H. mucronata clade I (bootstrap values of 79–100) and related to H. kwazuna and H.
loofi sisters. Morphologically the long body (1,512–2,665 mm), long stylet (25–29 mm) and obvious
mucron at the end of terminus matched with H. mucronata. Therefore, long term CA, with reduced tillage
and using leguminous cover crops provides a promising system to control H. mucronata and promote rice
yields and soil organic matter in Cambodian lowland rice fields.
� 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rice (Oryza sativa L.) is an economically important crop in many
countries. Currently, rice cultivation faces a number of challenges,
including soil fertility depletion and pest and disease issues due to
continuous cultivation in the same fields over long periods (Shelley
et al., 2016). Plant-parasitic nematodes (PPN) are among the most
serious pests of rice reported from numerous countries (Jones
et al., 2013; Bernard et al., 2017). Hirschmanniella oryzae and H.
mucronata, or rice root nematodes, are commonly associated with
damage to rice roots, with yield losses up to 70% reported
(Mahapatra and Rao, 1980). These migratory nematodes occur fre-
quently on rice, being found in approximately 80% of paddy rice
fields and with a wide range of alternative hosts of over 30 plant
species (Youssef and Eissa, 2013). Youssef and Eissa (2013)
reported that yield losses caused by H. oryzae in Egypt amounted
to approximately 25%, or 53,734 MT. Management of these nema-
todes, however, has proved difficult to effectively practice.
Although chemical control is considered to be among the most
popular due to convenience and ease of application, this method
has environmental side-effects, contaminates waterways and is
harmful to farmers and consumers (Aktar et al., 2009). The use of
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Biological Control Agents (BCA) is becoming increasingly accepted
and widely used to control nematodes, such as Arthrobotrys oligos-
pora, Arthrobotrys dactyloides, Dactylaria brochopaga, Monacrospo-
rium gephyropagum, and Lecanicillium muscarium, which could
control Meloidogyne arenaria, M. graminicola, M. hapla and Hetero-
dera schachtii (Singh et al., 2007; Vouyoukalou, 1993; Hussain
et al., 2017a; Hussain et al., 2017b). However, this method has
been of limited interest in combining with agricultural practices
for integrated control (Lewis and Papavizas, 1991). Additional
methods to manage PPN include the use of leguminous crops, for
instance, as cover crops in rice fields. Some species of cover crops
(e.g. Crotalaria juncea) have been shown to suppress PPN by mod-
ifying the soil conditions, attracting predators or directly secreting
allelopathic molecules or nematicides into the soil (Wang et al.,
2002). In addition, cover crops lend themselves well to improving
soil fertility and are environmentally compatible (Claudius-Cole
and Fawole, 2016; Stagnari et al., 2017).

Conservation agriculture (CA) is a crop production system,
which mainly focuses on proper soil management to increase the
carbon levels by reducing tillage and increasing biomass return
to the soil, by using a permanent soil cover (mulch) and suitable
rotations (Hobbs et al., 2008; Friedrich et al., 2012). Leguminous
cover crops are frequently used because they raise nitrogen levels
through atmospheric nitrogen fixation via their mutualistic rela-
tionship with rhizobial bacteria (Liu et al., 2011; Stagnari et al.,
2017). They also enhance organic matter contents in the soil when
carbon input is higher than carbon output (Six et al., 2002). Other
studies emphasized that green manure practice associated with
incorporating sunhemp (C. juncea) leaf and stem residuals into
the soil significantly reduced Meloidogyne spp. densities by 94%
and reproduction by between 56 and 98% (Marla et al., 2008;
Kankam et al., 2015; Patel and Dhillon, 2017). Claudius-Cole and
Fawole (2016) also found that the use of Stylosanthes guianensis
as a cover crop would reduce Scutellonema bradys densities in Nige-
rian yam production systems. Leguminous crops can, however, be
susceptible to various pests and diseases, some of which may addi-
tionally attack the major crop, promoting a parasite bloom. Crota-
laria spp., for instance, are known as hosts of Spodoptera frugiperda
(Montezano et al., 2018) and certain PPN species, including Praty-
lenchus spp., Helicotylenchus spp., Scutellonema spp., and Cri-
conemella spp. (Wang et al., 2002). With the advantage of CA and
cover crops, our main research objective was to examine the effect
of the CA strategy on Hirschmanniella population dynamics, soil
organic carbon and rice yield components in lowland paddy rice
in Cambodia. A secondary objective was to accurately characterize
the Hirschmanniella species present in these rice fields.
2. Materials and methods

2.1. Population dynamics of Hirschmanniella spp. in conservation
agriculture fields

2.1.1. Description of the study sites
This research was conducted in a CA experimental field, estab-

lished seven years previously by Department of Agricultural Land
Resources Management (GDA/DALRM), team of the Conservation
Agriculture Service Center (CASC) and the AIDA research unit of
the French Agricultural Research for Development (CIRAD), Battam-
bang province, Cambodia (Latitude 13�00019.000N, Longitude
103�04020.000E). The study was conducted between March 2018 –
January 2019 in rice-based cropping systems consisting of: (1) con-
ventional plough-based tillage (CT), (2) green manure cover crops
plus tillage for one year (GMCT1), (3) greenmanure cover crops plus
tillage for two years (GMCT2), and (4) conservation agriculture for
seven years (CA7). The size of each rice plot was one hectare. In the
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CA system, three leguminous crops Centrosema pascuorum, S. guia-
nensis, and C. juncea (6 kg ha-1for C. pascuorum and S. guianensis
and 15 kg ha�1 for C. juncea) were concomitantly grown,without til-
lage. In CT, leguminous crops were not planted, but tillage was per-
formed three times/year (two ploughing and one harrowing). In
GMCT, twocover cropswere simultaneouslyplantedand tillagecon-
ducted three times/year; inGMCT1 S. guianensis and Sorghumbicolor
were used (December 2017) at the rate of 6 and 25 kg ha�1 respec-
tively, while in GMCT2 S. guianensis and Pennisetum typhoides were
used at the rate of 6 and 15 kg ha�1 respectively. The field soils had
a clay soil texture, with 46–67% clay, 27–36% silt, and 6–23% sand
(soil texture analysis was conducted by the Faculty of Agronomy,
Royal University of Agriculture, Cambodia). Inorganic fertilizers,
diammonium phosphate (18% N, 46% P2O5 and 0% K2O) and potas-
sium chloride (0% N, 0% P2O5 and 60% K2O), were applied at the rate
of50kgha�1 eachduring rice transplantation. For controllingweeds,
the herbicides 2,4 D (2,4-dichlorophenoxyacetic acid) and bispyri-
bac sodium, were applied at the rate of 1 L ha�1 and 0.25 L ha�1,
respectively. The locally preferred jasmine rice cultivar ‘‘Phkar Rum-
dourl” was used in all treatments.

2.1.2. Soil sampling, soil analysis and yield component measurements
Eighty-four composite soil samples were collected at the depth

of 10–30 cm from the soil surface from 14 plots (six composite soil
samples/plot) of conservation agriculture, green manure cover
crops plus tillage for one or two years, and conventional plough-
based tillage (Fig. 1). Soil sampling was conducted four times:
viz. in March 2018, at flowering stage of cover crops; in June
2018, during land preparation; in October 2018, at 120th day of
rice cultivation (both soil and rice roots); and in January 2019, at
30th day of cover crop planting. Soil and rice root samples were
placed in plastic bags and transported to the laboratory for nema-
tode extraction.

Total organic carbon (TOC) from each plot was analyzed from
soil samples (collected separately from those for nematode extrac-
tion and at the depth of between 0 and 30 cm from soil surface)
using the Walkley and Black method (Walkley, 1947). In addition,
rice yield components of plant height, number of tillers and one-
thousand-seed weights were randomly measured according to
Shahwani et al. (2014):

1. Plant height (cm): Recorded at crop maturity from a random
selection of six locations per plot (six plants/location), using a
measuring tape from bottom to tip of the spike.

2. Number of tillers per plant: Determined at crop maturity from
six locations per plot (six plants/location).

3. One thousand rice seed weight (g): Six � 1000 seeds from each
plot were collected at random and weighed.

2.1.3. Nematode processing
Nematodes were extracted from 150 g soil using the Cobb’s

Sieving and Decantation and the Modified Baermann’s Funnel tech-
niques (Christie and Perry, 1951). In brief, nematodes were
extracted from soil by pouring the supernatants of soil suspensions
through nested 250, 105 and 37 mm aperture sieves. Nematodes
suspended on the 105 and 37 mm sieves were collected and placed
on tissue papers lined on a wire screen, suspended on the funnels.
Nematodes were collected from the bottom of the funnel after
48 h, observed, and counted under a compoundmicroscope (Olym-
pus BX50).

Rice roots were cut into about ~ 25 mm-long pieces, thoroughly
mixed and six samples randomly selected from each plot in the
field. Roots from each sample were rinsed free of soil under tap
water, a 10 g sub-sample selected, which were further cut into
0.5–1 cm length, and then placed on the tissue papers lined on a
plastic sieve in a tray. Water was then gently added into the tray



Fig. 1. Plot layout in Battambang province, Cambodia; CT = conventional plough-based tillage; GMCT1 = green manure cover crops plus tillage for one year; GMCT2 = green
manure cover crops plus tillage for two years; CA7 = conservation agriculture for seven years (Veng, 2019).
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until the roots were completely submerged (Coyne et al., 2007).
After 48 h, nematodes suspended in tray were collected by
37 mm sieves, observed, and counted under a compound micro-
scope (Olympus BX50).
2.1.4. Statistical analysis
Data were statistically analyzed using the SPSS software (ver-

sion 16.0; SPSS Inc.; Chicago, IL, USA). Differences among CT,
GMCT1 or GMCT2 and CA7 were determined by the Student’s
paired-plot design test at the 0.05 level as follows: GMCT1 with
CT1, GMCT2 with CT2, and CA7 with CT3 (Fig. 1).
2.2. Identification of nematodes

2.2.1. Molecular characterization
A total of fifteen Hirschmanniella adults, randomly selected from

a pool of the nematodes collected from the entire field of CA at
Banan district, Battambang province, Cambodia, were used for
DNA and phylogenetic analysis. In brief, one adult Hirschmanniella
was placed in a 0.5 mL PCR tube filled with 25 ml of distilled water.
Then, 25 ml of lysis buffer [200 mM NaCl (A&D Technology, Japan),
200 mM Tris-HCl pH 8.0 (A&D Technology, Japan), 1% (v/v) b-
mercaptoethanol (Sigma, Japan), and 800 mg/ml proteinase K (Wor-
thington Biochemical, USA)] was added. The reaction was incu-
bated for 90 min at 65�C, followed by 5 min at 99�C (to deactivate
the proteinase K) in a PCR Thermocycler (Biometra Tgradient Ther-
moblock). The extracted DNA was stored at �20 �C until used as
DNA template (Holterman et al., 2006).

The polymerase chain reaction (PCR) was conducted by using
extracted nematode DNA as the template (Five Hirschmanniella
DNA samples/primer set). A 30 ml PCR reaction included 3 ml of
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DNA template, 9 ml of sterilized distilled water, 1.5 ml each of
10 mM forward and reverse primers [three primer sets including
SSU18A/SSU26R for the 18S region (Mwangi et al., 2016), rDNA2/
rDNA1.58 s for the 18S-ITS1-5.8S regions (Suong et al., 2019),
and D2A/D3B for the D2D3 region (Subbotin et al., 2008)], and
15 ml of 2x PCR master mix with dye solution i-taq (Intron Biotech-
nology, Korea). The PCR condition was performed as follows:
denaturation at 94 �C for 5 min, followed by 35 cycles of 94 �C
for 30 s, 56 �C for 30 s (all primers) and 72 �C for 1 min, and final
extension at 72 �C for 5 min. The PCR products were purified and
sequenced by Solgen Inc., Korea. Then, the DNA sequences were
compared with those in the Genbank of the National Center for
Biotechnology Information (NCBI), which was available online at
https://www.ncbi.nlm.nih.gov/.

Multiple gene sequence alignments and phylogenetic recon-
struction were performed by Molecular Evolutionary Genetics
Analysis version 7.0. In brief, DNA sequences of four species of
Hirschmanniella and plant-parasitic nematodes damaging rice roots
based on 18S, 18S-ITS1-5.8S and D2D3 regions were selected from
the Genbank. Then, the alignments were conducted to compare
between these Genbank nucleotide sequences with those gener-
ated from each primer set using ClustalW. Phylogenetic trees were
performed via the Maximum Likelihood (ML) methods based on
Gamma distribution (GTR + G) model and the test of phylogeny
conducted using the rapid bootstrap algorithm (1000 iterations)
(Besnard et al., 2019).
2.2.2. Morphological identification
Live Hirschmanniella were killed by hot water at 50 �C and

mounted on a drop of distilled water on a glass slide. Then,
nematodeswere observed and photographed using a digital camera

https://www.ncbi.nlm.nih.gov/


Fig. 3. Densities of Hirschmanniella mucronata per 10 g rice roots collected in
October 2018. Bars refer to standard error of the mean of each treatment (n = 6). *
significant at the 0.05 level; CT = conventional plough-based tillage; GMCT1 = green
manure cover crops plus tillage for one-year system; GMCT2 = green manure cover
crops plus tillage for two-year system; CA7 = conservation agriculture for seven
years.
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(Canon Power Shot A640) equipped with EOS Utility program and
mounted on the compound microscope (Olympus BX50). Nema-
todes were measured via Axio Vision SE64 Rel. 4.9.1 program, and
finally compared with the polytomous key (Khun et al., 2015). The
morphometrics were then calculated as: L = Mean body length,
a = Body length/Body width, b = Body length/Anterior end to
pharyngo-intestinal junction (PIJ), b0 = Body length/Pharynx length,
c =Body length/Tail length, c0 =Tail length/Maximumtailwidth,V%=
Head to vulva length/Body length � 100, Stylet length, Maximum
body width, Pharynx length, Anterior end to PIJ, Head to vulva
length, Maximum tail width, and Tail length (Khun et al., 2015).

3. Results and discussion

3.1. Population dynamics of Hirschmanniella spp. in conservation
agriculture fields

The GMCT1 and CA7 systems suppressed Hirschmanniella in the
soil for almost the entire study period (Fig. 2A and C). Conversely,
Fig. 2. Effect of (A) green manure cover crops plus tillage for one-year system
(GMCT1), (B) green manure cover crops plus tillage for two-year system (GMCT2),
and (C) conservation agriculture for seven years (CA7) on population dynamics of
Hirschmanniella mucronata in 150 g soil, as compared with conventional plough-
based tillage (CT). Bars refer to standard error of the mean of each treatment (n = 12
for GMCT1, CT1, CT3 and CA7; n = 18 for GMCT2 and CT2). *, significant at the 0.05
level.
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the GMCT2 system showed no reduction of Hirschmanniella densi-
ties in soil during the early period, compared to the CT system
(Fig. 2B). A similar trend was observed in Hirschmanniella root den-
sities, which showed the greatest reduction in densities, as com-
Fig. 4. Effects of conservation agriculture for seven years (CA7), green manure cover
crops plus tillage for one year (GMCT1), green manure cover crops plus tillage for
two years (GMCT2), and conventional plough-based tillage (CT) on plant height (A),
number of tillers (B), and one-thousand-seed weights (C). Bars refer to standard
error of the mean of each treatment (n = 12 for GMCT1, CT1, CT3 and CA7; n = 18 for
GMCT2 and CT2). * significant at the 0.05 level.



Fig. 5. Total organic carbon (TOC) (g kg�1) in plots managed by the concept of
conservation agriculture for seven years (CA7), green manure cover crops plus
tillage for one year (GMCT1), and green manure cover crops plus tillage for two
years (GMCT2), as compared to conventional plough-based tillage (CT). Bars refer to
standard error of the mean of each treatment (n = 6 for GMCT1, CT1, CT3 and CA7;
n = 9 for GMCT2 and CT2). * significant at the 0.05 level.
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pared to CT, in CA7, followed by GMCT1 and GMCT2, respectively
(Fig. 3). This result reflects that of Mcsorley and Gallaher (1993)
and Govaerts et al. (2006), which found that crop residue retention
under zero tillage reduced Pratylenchus thornei densities in maize
fields, compared with conventional tillage, while conventional til-
lage with continuous maize and residue removal, the common
Fig. 6. Phylogenetic reconstruction based on: (A) 18S, (B) 18S-ITS1-5.8S, and (C) D2D3
Numbers beside branches represent ML bootstrap support values � 70%. Scale bar represe
the species names.
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farmer practice, had lower yields and dramatically higher P. thornei
densities.

Results from our study demonstrated that CA strategies can
influence the population densities of Hirschmanniella nematodes.
At least three different scenarios could explain these impacts on
Hirschmanniella densities. Firstly, secondary metabolites produced
and released by cover crops roots (C. pascuorum, S. guianensis and C.
juncea) affect the survival of plant-parasitic nematodes. This
assumption was supported by reports from Wang et al. (2002),
Marla et al. (2008) and Danahap and Wonang (2016), which
demonstrated that C. juncea is suppressive to plant-parasitic nema-
todes viz. Meloidogyne spp., Rotylenchulus reniformis and Radopho-
lus similis by acting as a non-host and by generating
allelochemicals, including pyrrolizidine alkaloids and monocro-
taline, that are toxic to PPN. Secondly, some leguminous crops
recruited microbiomes that suppress soil-borne diseases, e.g. Lotus
corniculatus, Trifolium repens and Ononis repens, additionally result-
ing in increased soil microbial diversity and persistence of ento-
mopathogenic fungi (Vukicevich et al., 2016). Thirdly, the
continuous practice of tillage could enhance the population
build-up of Hirschmanniella spp., which was observed in GMCT2
and CT plots. This result coincided with the report by Zhong
et al. (2017), which illustrated that reduction of tillage together
with residue addition could control PPN (Hirschmanniella spp.,
Rotylenchulus spp. and Tylenchorhynchus spp.) in part through the
promotion of bacterivorous, fungivorous and omnivorous nema-
todes in soil. Wang et al. (2012) reported that tillage had significant
effects on soil properties and soil microbial communities, where
regions of Hirschmanniella spp. and some other plant-parasitic nematodes in rice.
nts substitutions per nucleotide position. NCBI accession numbers are listed behind



Fig. 7. Photomicrographs of Hirschmanniella mucronata found at Banan district, Battambang province, Cambodia. A: Whole body (100 � ); B: Anterior region (1000 � ); C:
Middle region (1000 � ); D: Female tail (1000 � ); E: Male tail (1000 � ).
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no-till systems increased microbial biomass carbon, total nitrogen,
abundance of microbial communities, and arbuscular mycorrhiza
fungi. Thierfelder and Wall (2010) and Singh and Dhumal (2019),
concluded that ploughing resulted in soil compaction, reducing
water infiltration, soil aeration and SOM content. Moreover,
ploughing disturbed the habitat of soil microbial communities
and faunas, thereby causing loss of microbial abundance and diver-
sity. On the other hand, Ligowe et al. (2017) explained that CA
increased pH, SOM content, soil aggregation and the abundance
of earthworms. Consequently, different circumstances and situa-
tions can behave differently.

Although the current study used a range of cover crops, S. guia-
nensis was incorporated in all treatments. Suong et al. (2019)
reported that S. guianensis and C. pascuorum acted as non-hosts
of Meloidogyne graminicola. Amaral et al. (2009) illustrated that S.
guianensis produced compounds that were active against J2 of M.
exigua, while Claudius-Cole and Fawole (2016) found that S. guia-
nensis controlled Scutellonema bradys on yam by interrupting its
life cycle over a 45-d duration. Sritharan et al. (2007) reported that
crop rotation with pearl millet cv. CFPM 101 effectively controlled
root-lesion nematodes (Pratylenchus penetrans) in on-farm trials
with potato in Canada. Using sorghum as a green manure was also
effective at decreasing root-knot nematode infestation in the soil
(Djian-Caporalino et al., 2019). However, additional studies are
needed to evaluate the direct and indirect effects of these cover
crops on Hirschmanniella spp.

Aside from reducing the Hirschmanniella densities, CA7 also
improved some rice yield components; significantly increasing rice
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plant height and numbers of tillers, compared to CT. GMCT1 and
GMCT2, however, had no effect on height and tiller number, rela-
tive to CT (Fig. 4). For one thousand seed weights, these were not
significantly different among all treatments, except GMCT2 that
was slightly lower than in CT. Total organic carbon (TOC) was sig-
nificantly improved in CA7 and GMCT2 (p < 0.05) (Fig. 5). These
results are similar to those of Samal et al. (2017), who reported
that long term CA increased total soil organic carbon (SOC) content,
passive pool of SOC and rice yields. Increased level of SOC also acti-
vates and diversifies important soil biological activities by promot-
ing new energy sources, which supports soil microbial activity,
leading to higher densities of free-living nematodes and lower
PPN densities (Widmer et al., 2002).

3.2. Identification of nematodes

3.2.1. Molecular characterization
Three primer sets (SSU18A/SSU26R, rDNA2/rDNA1.58 s and

D2A/D3B) were used to amplify three different DNA targets of
the nuclear marker (18S, 18S-ITS1-5.8S, and D2D3 regions). Com-
parison of the sequences (GenBank accession no. MT259211-
MT259213, MT259222-MT259224, and MT260850-MT260852)
with those in databases (NCBI) showed high homology with
Hirschmanniella mucronata (more than 98–99% similarity). These
results were similar to previous reports in Asia viz. Cambodia
(Takeo and Kampong Thom provinces), Philippines, and China,
where H. mucronata was identified from lowland paddy rice fields
(Khun et al., 2015; Suong et al., 2019; Pascual et al., 2014; Chen



Table 1
Morphometrics of Hirschmanniella mucronata isolated from Battambang, Cambodia, and their comparison with those from other reports from Takeo–Cambodia, Luzon–
Philippines and Puyan–China. All measurements are in mm and in the form of mean ± S.D. (max.-min.)

Character Battambang,
Cambodia
(This study)

Takeo,
Cambodia
(Khun et al., 2015)

Luzon,
Philippines
(Pascual et al., 2014)

Puyan,
China
(Chen et al., 2006)

Female Male Female Male Female Female

n 25 20 30 21 1 21
L 2,217 ± 206.8

(2,665–1,881)
1,988 ± 191.6
(2,270–1,512)

1,775 ± 188
(2,160–1,260)

1,734 ± 186
(2,109–1,421)

2,136 2,020 ± 20
(2,370–1,770)

V (%) 51.8 ± 2.5
(57.3–46.6)

– 52 ± 2.3
(59–49)

– 50.3 51 ± 2.4
(55.2–43.5)

a 66.2 ± 5.7
(80.9–51.9)

64.8 ± 5.9
(80.4–54)

58 ± 5.2
(67–47)

59 ± 7.6
(81–45)

69.6 60.6 ± 6.1
(76.8–49.5)

b 17.3 ± 1.9
(21.8–12.7)

16.2 ± 1.5
(19.2–13.9)

14 ± 1.1
(16–12)

13.9 ± 1.7
(16.7–11)

– 23.5 ± 1.4
(26.6–20.9)

b’ 6.1 ± 0.6
(7.9–4.9)

6 ± 0.6
(7.3–4.8)

5.9 ± 0.7
(7.4–4.4)

5.8 ± 0.7
(7–4.5)

– 6.3 ± 0.4
(6.8–5.6)

c 25.8 ± 2.1
(33.5–22.7)

24.5 ± 2.4
(30.1–21.1)

22 ± 2.7
(28–16)

21 ± 2.2
(25–17)

28.3 22.0 ± 2.4
(26.4–18.4)

c’ 4.1 ± 0.4
(4.9–3.2)

5 ± 0.5
(6–3.8)

3.7 ± 0.4
(5–2.8)

4.4 ± 0.4
(5.1–3.5)

3.5 3.8 ± 0.3
(4.4–3.3)

Stylet length 27.5 ± 1.1
(29.4–25)

27.3 ± 1
(29–25)

22.2 ± 0.6
(23–21)

23 ± 1.2
(26–21)

25.4 24.7 ± 0.8
(26.7–23.3)

Maximum body width 33.6 ± 2.9
(38.3–28)

30.7 ± 2
(34–28)

30.5 ± 2.3
(35–25)

30 ± 3.6
(35–22)

30.7 –

Pharynx length 362.8 ± 34.5
(427–286)

335.4 ± 34.1
(396–266)

300 ± 40
(399–229)

299 ± 38
(371–215)

– –

Anterior end to PIJ 128.5 ± 9.9
(153.6–109)

123.1 ± 7.5
(136–109)

124 ± 12
(147–84)

125 ± 10.9
(144–108)

– 121 ± 13
(137–98)

Anterior to vulva length 1,146.1 ± 95.5
(1,334–998)

– 936 ± 104
(1,160–630)

– – –

Spicule length – 32 ± 1.8
(35–28)

– 34 ± 1.6
(37–31)

– –

Maximum tail width 21.2 ± 2.8
(26.1–15)

22.04 ± 1.7
(24–19.4)

22 ± 2.3
(27–18)

18.5 ± 1
(20–16)

– 24 ± 2
(28–22)

Tail length 86.2 ± 9
(104.5–71.1)

80.7 ± 6.2
(88.7–69.4)

81 ± 8.2
(99–60)

82.6 ± 9.9
(98–63)

75.5 92 ± 9
(108–77)
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et al., 2006). However, only H. oryzae was reported from Myanmar,
based on identifications using morphological characteristics
(Maung et al., 2010).

The phylogenetic reconstruction for Hirschmanniellawas similar
among 18S, 18S-ITS1-5.8S and D2D3 regions (Fig. 6). Three sam-
ples collected from Battambang province, Cambodia, were identi-
fied as H. mucronata clade I and related to H. kwazuna and H.
loofi sisters, with all nodes significantly supported (bootstrap val-
ues of 79–100) even though clade II showed only H. oryzae with
a low support to clade I. Our results correspond with those of
Khun et al. (2015), who also showed that H. mucronata shared a
clade with H. kwazuna and H. loofi, the single nucleotide polymor-
phisms (SNPs) at D2-D3 region of H. mucronata differed from H.
loofi and H. kwazuna by 7.7%–8.3% and 8.1%–8.7%, respectively,
while at ITS1-5.8S-ITS2 were 22.8%–23.4% and 22.7%–23%, respec-
tively. Moreover, Pascual et al. (2014) reported that the sister
phylogenetic position of H. mucronata to the clade of H. loofi and
H. kwazuna was observed, while H. oryzae is located in a different
clade.
3.2.2. Morphological identification
Morphological characteristics of males and females had similar

(Fig. 7 and Table 1) body length ranging from 1,512–2,665 mm, sty-
let length from 25 to 29.4 mm depending on body size of nema-
todes, basal knob round, distinctly offset, the mean values of
anterior end to pharyngo-intestinal junction (PIJ) 109–153 mm,
long overlapping of esophagus over intestine, pharyngeal glands
elongated, pharynx lengths 266–427 mm, tail lengths 69.4–104.5 m
m, maximum tail widths 15–26.1 mm and the end of tail terminal
an obvious mucron. For female, the position of vulva was located
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at approximately 50% of body length with two ovaries, while
Hirschmanniella male tail had a distinct bursa and spicules of
32 ± 1.8 mm long.

The morphometric characteristics of the Hirschmanniella speci-
mens were: L = 1,512–2,665 mm, V% = 46.6–57.3, a = 51.9–80.9,
b = 12.7–21.8, b’ = 4.8–7.9, c = 21.1–33.5 and c’ = 3.2–6. These val-
ues correspond with the descriptions by Khun et al. (2015) in
Takeo province, Cambodia, Pascual et al. (2014) in Luzon province,
Philippines and Chen et al. (2006) in Puyan province, China for H.
mucronata. However, the size of nematodes in our study was larger
than in these reports. So et al. (2012) reported that nematode size
is dependent on food, sex and temperature. Consequently,
Hirschmanniella, found in rice fields in Banan district, Battambang
province, Cambodia, was identified by using nematode morpholog-
ical characteristics as H. mucronata.
4. Conclusion and recommendation

This current study demonstrates that long-term CA for seven
years, incorporating leguminous crops, such as C. pascuorum, S.
guianensis, and C. juncea as cover crops and no tillage, significantly
lowers H. mucronata densities and improves rice yields (plant
heights and number of tillers) and soil organic carbon, when com-
pared with a system using green manure cover crops plus tillage
and conventional plough-based tillage. Regarding the identifica-
tion of nematode species, based on molecular, morphometric,
and morphological characteristics, H. mucronata is the main Hirsch-
maniella species in Battambang’s lowland rice fields, Cambodia.
Further studies are needed, especially to determine the effect of
these leguminous crops on the growth and development of H.
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mucronata and to elucidate the mechanisms of CA practice in sup-
pressing plant-parasitic nematodes in rice fields.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The authors extend their gratitude to the Department of Plant
Pathology, Kasetsart University, Thailand, the Department of Ento-
mology, Faculty of Agriculture, Royal University of Agriculture,
Cambodia and the PISAI project under the Erasmus + programme.
This study was partially funded by the Capacity Building of KU Stu-
dents on Internationalization Program (KUCSI) and Center for
Advanced Studies for Agriculture and Food (CASAF), 2019, Kaset-
sart University. In Cambodia, the field implementation was made
possible through the generous support of the American people
through support by the United States Agency for International
Development Feed the Future Innovation Labs for Sustainable
Intensification (Cooperative Agreement No. AID-OAA-L-14-00006,
Kansas State University) through the projects Appropriate-Scale
Mechanization (ASMC, Royal University of Agriculture and Univer-
sity of Illinois at Urbana-Champaign) and Women in Agriculture
Network (WAgN, Royal University of Agriculture and Pennsylvania
State University); the Agroecology for South-East Asia research
platform (ASEA). We would also like to thank Mr. Sar Veng and
Mr. Hok Lyhong from the Department of Agricultural Land
Resources Management, Conservation Agriculture Service Center,
for providing support for the field activities. Special thanks go to
Dr. Danny Coyne from the International Institute of Tropical Agri-
culture (IITA) for his helpful comments and suggestions on the
manuscript. The opinions expressed herein are those of the
author(s) and do not necessarily reflect the views of the U.S.
Agency for International Development.

References

Aktar, M.W., Sengupta, D., Chowdhury, A., 2009. Impact of pesticides use in
agriculture: their benefits and hazards. Interdiscip. Toxicol. 2 (1), 1–12. https://
doi.org/10.2478/v10102-009-0001-7.

Amaral, D.R., Oliveira, D.F., Campos, V.P., Pantaleão, J.A., Carvalho, D.A., Nunes, A.S.,
2009. Effect of plant and fungous metabolites on Meloidogyne exigua. Ciência e
Agrotecnologia 33, 1861–1865. https://doi.org/10.1590/S1413-
70542009000700027.

Bernard, G.C., Egnin, M., Bonsi, C., 2017. The impact of plant-parasitic nematodes on
agriculture and methods of control. In: Shah, M.M., Mohamood, M. (Eds.),
Nematology Concepts, Characteristics and Control. InTech, London, pp. 121–
151. 10.5772/intechopen.68958.

Besnard, G., Thi-Phan, N., Ho-Bich, H., Dereeper, A., Nguyen, H.T., Queneherve, P.,
Aribi, J., Bellafiore, S., 2019. On the close relatedness of two rice-parasitic root-
knot nematode species and the recent expansion of Meloidogyne graminicola in
Southeast Asia. Gene 10, 175. https://doi.org/10.3390/genes10020175.

Chen, D.Y., Ni, H.F., Yen, J.H., Chen, R.S., Tsay, T.T., 2006. Distribution of rice root
nematode Hirschmanniella oryzae and a new recorded H. mucronata (Nematoda:
Pratylenchidae) in Taiwan. Plant Pathol. Bull. 15, 197–210.

Christie, J.R., Perry, V.G., 1951. Removing nematodes from soil. Proc. Helminth. Soc.
Wash. 18, 106–108.

Claudius-Cole, A.O., Fawole, B., 2016. Reproduction and biology of Scutellonema
bradys in roots of tropical cover crops. Nematropica 46, 22–30.

Coyne, D.L., Nicol, J.M., Claudius-Cole, B., 2007. Practical Plant Nematology: A Field
and Laboratory Guide. SP-IPM Secretariat, International Institute of Tropical
Agriculture (IITA), Cotonou, Benin.

Danahap, L.S., Wonang, D.L., 2016. Antinematicidal efficacy of root exudates of some
Crotalaria species on Meloidogyne incognita (Root-knot nematode) (Kofoid and
White) Chitwood isolated from infected Lycopersicum esculentum L. (Tomato)
plant. IJSTR 5, 79–84.

Djian-Caporalino, C., Mateille, T., Bailly-Bechet, M., Marteu, N., Fazari, A., Bautheac,
P., Raptopoulo, A., Duong, L.V., Tavoillot, J., Martiny, B., Goillon, C., Castagnone-
Sereno, P., 2019. Evaluating sorghums as green manure against root-knot
nematodes. Crop Prot. 122, 142–150. https://doi.org/10.1016/j.
cropro.2019.05.002.
144
Friedrich, T., Derpsch, R., Kassam, A., 2012. Overview of the global spread of
conservation agriculture. Field Actions Sci. Rep. 6, 1–7.

Govaerts, B., Mezzalama, M., Sayre, K.D., Cressa, J., Nicol, J.M., Deckers, J., 2006.
Long-term consequences of tillage, residue management, and crop rotation on
maize/wheat root rot and nematode populations in subtropical highlands. Appl.
Soil Ecol. 32 (3), 305–315. https://doi.org/10.1016/j.apsoil.2005.07.010.

Hobbs, P.R., Sayre, K., Gupta, R., 2008. The role of conservation agriculture in
sustainable agriculture. Phil. Trans. R. Soc. B 363, 543–555. https://doi.org/
10.1098/rstb.2007.2169.

Holterman, M., Wurff, A., Elsen, S., Megen, H., Bongers, T., Holovachov, O., Bakker, J.,
Helder, J., 2006. Phylum-wide analysis of SSU rDNA reveals deep phylogenetic
relationships among nematodes and accelerated evolution toward crown
clades. Mol. Biol. Evol. 23, 1792–1880. https://doi.org/10.1093/molbev/msl044.

Hussain, M., Zouhar, M., Rysanek, P., 2017a. Effect of some nematophagous fungi on
reproduction of a nematode pest, Heterodera schachtii, and growth of sugar beet.
Pak. J. Zool. 49 (1), 189–196. https://doi.org/10.17582/journal.pjz/
2017.49.1.189.196.

Hussain, M., Zouhar, M., Rysanek, P., 2017b. Potential of some nematophagous fungi
against Meloidogyne hapla infection in Czech Republic. Pak. J. Zool. 49 (1), 35–
43. https://doi.org/10.17582/journal.pjz/2017.49.1.35.43.

Jones, J.T., Haegeman, A., Danchin, E.G.J., Gaur, H.S., Helder, J., Jones, M.G.K., Kikuchi,
T., Manzanilla-Lopez, R., Palomares-Rius, J.E., Wesemael, W.M.L., Perry, R.N.,
2013. Top 10 plant-parasitic nematodes in molecular plant pathology. Mol.
Plant Pathol. 14 (9), 946–961. https://doi.org/10.1111/mpp.12057.

Kankam, F., Suen, F.A., Adomako, J., 2015. Nematicidal effect of sunn hemp
Crotalaria juncea leaf residues on Meloidogyne incognita attacking tomato
Solanum lycopersicum roots. J. Crop Prot. 4, 241–246.

Khun, K., Decraemer, W., Couvreur, M., Karssen, G., Steel, H., Bert, W., 2015.
Deceptive morphological variation in Hirschmanniella mucronata (Nematoda:
Pratylenchidae) and a polytomous key to the genus. Nematology 17, 377–400.
https://doi.org/10.1163/15685411-00002867.

Lewis, J.A., Papavizas, G.C., 1991. Biocontrol of plant diseases: the approach for
tomorrow. Crop Prot. 10, 95–105. https://doi.org/10.1016/0261-2194(91)
90055-V.

Ligowe, I.S., Nalivata, P.C., Njoloma, J., Makumba, W., Thierfelder, C., 2017. Medium-
term effects of conservation agriculture on soil quality. Afr. J. Agric. Res. 12 (29),
2412–2420. https://doi.org/10.5897/AJAR2016.11092.

Liu, Y., Wu, L., Baddeley, J.A., Watson, C.A., 2011. Models of biological nitrogen
fixation of legumes. A review. Agron. Sustain. Dev. 31, 155–172. https://doi.org/
10.1051/agro/2010008

Mahapatra, N.K., Rao, Y.S., 1980. Seasonal prevalence of the rice root nematode
Hirschmanniella mucronata Das 1960. Indian Acad. Sci. (Plant Sci.) 89, 485–489.
https://doi.org/10.1007/BF03046178.

Marla, S.R., Huettel, R.N., Mosjidis, J., 2008. Evaluation of Crotalaria juncea
populations as hosts and antagonistic crops to manage Meloidogyne incognita
and Rotylenchulus reniformis. Nematropica 38, 155–161.

Maung, Z.T.Z., Kyi, P.P., Myint, Y.Y., Lwin, T., Waele, D., 2010. Occurrence of the
rice root nematode Hirschmanniella oryzae on monsoon rice in Myanmar.
Trop. Plant Pathol. 35, 3–10. https://doi.org/10.1590/S1982-567620100
00100001.

Mcsorley, R., Gallaher, R.N., 1993. Effect of crop rotation and tillage on nematode
densities in tropical corn. J. Nematol. 25, 814–819.

Montezano, D.G., Specht, A., Sosa-Gόmez, D.R., Roque-Specht, V.F., Sousa-Silva, J.C.,
Paula-Moraes, S.V., Peterson, J.A., Hunt, T.E., 2018. Host plants of Spodoptera
frugiperda (Lepidoptera: Noctuidae) in the Americas. Afr. Entomol. 26, 286–300.
https://doi.org/10.4001/003.026.0286.

Mwangi, J.M., Gichuki, C., Wanjohi, W., Runo, S., Maina, P.K., 2016. Sequence
variation in the rDNA region of root-knot nematodes (Meloidogyne spp.)
infecting indigenous leafy vegetables in Kisii and Transmara Sub-counties.
Kenya. Annu. Res. Rev. Biol. 9, 1–10. https://doi.org/10.9734/ARRB/2016/
17985.

Pascual, M.L.D., Decraemer, W., Tandingan De Ley, I., Vierstraete, A., Steel, H., Bert,
W., 2014. Prevalence and characterization of plant-parasitic nematodes in
lowland and upland rice agro-ecosystems in Luzon, Philippines. Nematropica
44, 166–180.

Patel, S., Dhillon, N.K., 2017. Evaluation of sunnhemp (Crotalaria juncea) as green
manure /amendment and its biomass content on root knot nematode
(Meloidogyne incognita) in successive brinjal crop. J. Entomol. Zool. Stud. 5,
716–720.

Samal, S.K., Rao, K.K., Poonia, S.P., Kumar, R., Mishra, J.S., Prakash, V., Mondal, S.,
Dwivedi, S.K., Bhatt, B.P., Naik, S.K., Choubey, A.K., Kumar, V., Malik, R.K.,
Donald, A.M., 2017. Evaluation of long-term conservation agriculture and crop
intensification in rice-wheat rotation of Indo-Gangetic Plains of South Asia:
Carbon dynamics and productivity. Eur. J. Agron. 90, 198–208. https://doi.org/
10.1016/j.eja.2017.08.006.

Shahwani, A.R., Baloch, S.U., Baloch, S.K., Mengal, B., Bashir, W., Baloch, H.N., Baloch,
R.A., Sial, A.H., Sabiel, S.A.I., Razzaq, K., Shahwani, A.A., Mengal, A., 2014.
Influence of seed size on germinability and grain yield of wheat (Triticum
aestivum L.) varieties. J. Nat. Sci. Res. 4 (23), 147–155.

Shelley, I.J., Takahashi-Nosaka, M., Kano-Nakata, M., Haque, M.S., Inukai, Y., 2016.
Rice cultivation in Bangladesh: present scenario, problems, and prospects. J.
Intl. Cooper. Agric. Dev. 14, 20–29 http://doi.org/10.18999/jouica.14.20.

Singh, K.P., Jaiswal, R.K., Kumar, N., Kumar, D., 2007. Nematophagous fungi
associated with root galls of rice caused by Meloidogyne graminicola and its
control by Arthrobotrys dactyloides and Dactylaria brochopaga. J. Phytopathol.
155, 193–197. https://doi.org/10.1111/j.1439-0434.2007.01208.x.

https://doi.org/10.2478/v10102-009-0001-7
https://doi.org/10.2478/v10102-009-0001-7
https://doi.org/10.1590/S1413-70542009000700027
https://doi.org/10.1590/S1413-70542009000700027
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0015
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0015
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0015
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0015
https://doi.org/10.3390/genes10020175
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0025
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0025
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0025
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0030
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0030
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0035
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0035
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0040
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0040
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0040
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0045
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0045
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0045
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0045
https://doi.org/10.1016/j.cropro.2019.05.002
https://doi.org/10.1016/j.cropro.2019.05.002
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0055
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0055
https://doi.org/10.1016/j.apsoil.2005.07.010
https://doi.org/10.1098/rstb.2007.2169
https://doi.org/10.1098/rstb.2007.2169
https://doi.org/10.1093/molbev/msl044
https://doi.org/10.17582/journal.pjz/2017.49.1.189.196
https://doi.org/10.17582/journal.pjz/2017.49.1.189.196
https://doi.org/10.17582/journal.pjz/2017.49.1.35.43
https://doi.org/10.1111/mpp.12057
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0090
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0090
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0090
https://doi.org/10.1163/15685411-00002867
https://doi.org/10.1016/0261-2194(91)90055-V
https://doi.org/10.1016/0261-2194(91)90055-V
https://doi.org/10.5897/AJAR2016.11092
https://doi.org/10.1007/BF03046178
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0120
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0120
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0120
https://doi.org/10.1590/S1982-56762010000100001
https://doi.org/10.1590/S1982-56762010000100001
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0130
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0130
https://doi.org/10.4001/003.026.0286
https://doi.org/10.9734/ARRB/2016/17985
https://doi.org/10.9734/ARRB/2016/17985
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0145
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0145
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0145
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0145
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0150
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0150
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0150
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0150
https://doi.org/10.1016/j.eja.2017.08.006
https://doi.org/10.1016/j.eja.2017.08.006
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0160
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0160
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0160
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0160
http://doi.org/10.18999/jouica.14.20
https://doi.org/10.1111/j.1439-0434.2007.01208.x


N. Beesa, A. Sasnarukkit, K. Jindapunnapat et al. Journal of the Saudi Society of Agricultural Sciences 20 (2021) 137–145
Singh, P., Dhumal, G., 2019. Effect of pollution on physical and chemical properties
of soil. In: Kumar, A., Sharma, S. (Eds.), Microbes and Enzymes in Soil Health and
Bioremediation. Springer Nature Singapore Pte Ltd., Singapore, pp. 75–98.

Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002. Stabilization mechanisms of soil
organic matter: Implications for C-saturation of soils. Plant Soil 241, 155–176.
https://doi.org/10.1023/A:1016125726789.

So, S., Garan, Y., Miyahara, K., Ohshima, Y., 2012. Body size change in various
nematodes depending on bacterial food, sex and growth temperature. Landes
Bioscience 1, 93–97. https://doi.org/10.4161/worm.20175.

Sritharan, R., Potter, J.W., Kumar, K.A., Dangi, O.P., 2007. Crop rotation with forage
pearl millet for control of root-lesion nematodes in on-farm trials with potato. J.
New Seeds 8 (3), 51–61. https://doi.org/10.1300/J153v08n03_04.

Stagnari, F., Maggio, A., Galieni, A., Pisante, M., 2017. Multiple benefits of legumes
for agriculture sustainability: an overview. Chem. Biol. Technol. Agric. 4, 2.
https://doi.org/10.1186/s40538-016-0085-1.

Subbotin, S.A., Ragsdale, E.J., Mullens, T., Roberts, P.A., Mundo-Ocampo, M., Baldwin,
J.G., 2008. A phylogenetic framework for root lesion nematodes of the genus
Pratylenchus (Nematoda): evidence from 18S and D2–D3 expansion segments of
28S ribosomal RNA genes and morphological characters. Mol. Phylogenet. Evol.
48, 491–505. https://doi.org/10.1016/j.ympev.2008.04.028.

Suong, M., Chapuis, E., Leng, V., Tivet, F., Waele, D., Thi, H.N., Bellafiore, S., 2019.
Impact of a conservation agriculture system on soil characteristics, rice yield,
and root-parasitic nematodes in a Cambodian lowland rice field. J. Nematol. 51,
1–15. https://doi.org/10.21307/jofnem-2019-085.

Thierfelder, C., Wall, P.C., 2010. Rotation in conservation agriculture systems of
Zambia: Effects on soil quality and water relations. Exp. Agric. 46, 309–325.
https://doi.org/10.1017/S001447971000030X.
145
Veng, S., 2019. Identifying pathways for an agroecological transition of rice-based
farming systems in Cambodia. Kasetsart University, Thailand. MS Thesis.

Vouyoukalou, E., 1993. Effect of Arthrobotrys irregularis on Meloidogyne arenaria on
tomato plants. Fundam. Appl. Nematol. 16, 321–324.

Vukicevich, E., Lowery, T., Bowen, P., Úrbez-Torres, J.R., Hart, M., 2016. Cover crops
to increase soil microbial diversity and mitigate decline in perennial
agriculture. A review. Agron. Sustain. Dev. 36, 48. https://doi.org/10.1007/
s13593-016-0385-7.

Walkley, A., 1947. A critical examination of a rapid method for determining organic
carbon in soil-effect of variations in digestion conditions and of inorganic soil
constituents. Soil Sci. 63 (4), 251–264.

Wang, J.J., Li, X.Y., Zhu, A.N., Zhang, X.K., Liang, W.J., 2012. Effects of tillage and
residue management on soil microbial communities in North China. Plant Soil
Environ. 58 (1), 28–33. https://doi.org/10.17221/416/2011-PSE.

Wang, K.H., Sipes, B.S., Schmitt, D.P., 2002. Crotalaria as a cover crop for nematode
management: a review. Nematropica 32, 35–57.

Widmer, T.L., Mitkowski, N.A., Abawi, G.S., 2002. Soil organic matter and
management of plant-parasitic nematodes. J. Nematol. 34 (4), 289–295.

Youssef, M.M.A., Eissa, M.F.M., 2013. The rice root nematode, Hirschmanniella
oryzae, its identification, economic importance and control measures in Egypt: a
review. Arch. Phytopathology Plant Protect. 47, 2340–2351. https://doi.org/
10.1080/03235408.2013.876747.

Zhong, S., Zeng, H., Jin, Z., 2017. Influences of different tillage and residue
management systems on soil nematode community composition and
diversity in the tropics. Soil Biol. Biochem. 107, 234–243. https://doi.org/
10.1016/j.soilbio.2017.01.007.

http://refhub.elsevier.com/S1658-077X(20)30115-6/h0175
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0175
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0175
https://doi.org/10.1023/A:1016125726789
https://doi.org/10.4161/worm.20175
https://doi.org/10.1300/J153v08n03_04
https://doi.org/10.1186/s40538-016-0085-1
https://doi.org/10.1016/j.ympev.2008.04.028
https://doi.org/10.21307/jofnem-2019-085
https://doi.org/10.1017/S001447971000030X
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0215
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0215
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0220
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0220
https://doi.org/10.1007/s13593-016-0385-7
https://doi.org/10.1007/s13593-016-0385-7
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0230
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0230
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0230
https://doi.org/10.17221/416/2011-PSE
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0240
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0240
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0245
http://refhub.elsevier.com/S1658-077X(20)30115-6/h0245
https://doi.org/10.1080/03235408.2013.876747
https://doi.org/10.1080/03235408.2013.876747
https://doi.org/10.1016/j.soilbio.2017.01.007
https://doi.org/10.1016/j.soilbio.2017.01.007

	Species characterization and population dynamics of Hirschmanniella mucronata in lowland rice fields managed under conservation agriculture in CambodiaHirschmanniella mucronata --
	1 Introduction
	2 Materials and methods
	2.1 Population dynamics of Hirschmanniella spp. in conservation agriculture fields
	2.1.1 Description of the study sites
	2.1.2 Soil sampling, soil analysis and yield component measurements
	2.1.3 Nematode processing
	2.1.4 Statistical analysis

	2.2 Identification of nematodes
	2.2.1 Molecular characterization
	2.2.2 Morphological identification


	3 Results and discussion
	3.1 Population dynamics of Hirschmanniella spp. in conservation agriculture fields
	3.2 Identification of nematodes
	3.2.1 Molecular characterization
	3.2.2 Morphological identification


	4 Conclusion and recommendation
	Declaration of Competing Interest
	Acknowledgements
	References


