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Abstract
Background

Free-living nematodes are very important part of agricultural soil ecosystems, especially members of the
Cephalobidae family. Morphological and morphometric analysis is efficient for genus-level classification
of Cephalobidae members, but to achieve species-level identification, molecular characterization is
imperative.

Methods and Results

The nematodes extracted from the collected soil of the bitter gourd field were cultivated on NGM (nutrient
growth medium) agar plates under standardized laboratory conditions. The morphological characteristics
of 42 females and 6 males were captured under a digital microscope and processed using the ImageJ
analysis tool for De-Man measurements and compared with previously submitted databases. DNA
barcoding was carried out with the 18S small RNA subunit gene, and the resulting sequence was then
processed to BLASTN after alignment and annotation. The phylogenetic tree was constructed from the
processed data files and further evaluated by branch lengths and bootstrap values. Blast analysis
showed 98% similarity with the A. maximus strain, which was also supported by high bootstrap values
(96%). Acrobeloides maximus was identified based on morphological features described by Throne, 1925
and confirmed by molecular characterization.

Conclusion

The nematodes collected from the soil sample were cultivated and identified as A. maximus by a
combined approach of morphological, pictorial, morphometric, and molecular analysis, which may further
be used in the future identification of Acrobeloides spp. To our knowledge, this is the first recorded A.
maximus from the bitter gourd field of Gujarat, India. Pictogram and measurement of eggs inside the
female body is also shown for A. maximus for the first time.

Introduction

At all layers of the agricultural ecosystem, a wide range of nematodes can be found. These include
nematodes that feed on bacteria and fungi in the soil as free living, parasitize on plants and insects, and
even consume other nematodes. Among them, the Cephalobidae family is most abundant in agricultural
fields. Precision in species level identification is critical for comprehension and communication of any
organism's ecological role. Andrassy (1974) coined suborder Cephalobina to comprise exceptionally
diversified bacterivores of free-living nematodes [1-2]. Family Cephalobidaeincludes 4 subfamilies:
Cephalobinae, Acrobelinae, Kirjanoviinae and Panagrocephalinae, with approximately 275 species,
including 24 genera. Following their report, taxonomy of the genus Acrobeles has been questioned from
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the beginning. Von Linstow based his theory on the identification of Acrobeloides ciliatus as a new
species with similar characteristics to Cephalobus [3]. In the same way, De Man (1884), Steiner (1914),
Cobb (1924) and others grouped Acrobeloides and similar species with Cephalobus, and classified it as a
subgenus of Cephalobus[3-6]. Cobb's new study shows Acrobelesas a distinct genus and proposes the
subgenera Acrobeles and Acrobeloides, a separation that appears to be highly appropriate. Regarding
characteristics, cheilorhabdion are wider than stomas in Cephalobinae. The family Cephalobidae includes
a large number of organisms and a wide range of habitats, but they are difficult to identify and classify
taxonomically based on morphological features. The genus and species of Cephalobidae can be
differentiated by the anatomy of the lip, stoma [7], probolae and posterior region characters, such as the
length, position and shape of the tail [3]. Among these, probolae is an important feature for identifying
most Cephalobidae members, but in the case of Acrobeloides and Cephalobus, it is difficult to distinguish
between them because both share similar features, including simple and low probolae and tail shapes.
Such morphological and morphometric characters can lead to erroneous identification of species, which
could be authenticated by a molecular phylogenetic approach for identification purposes. In addition, the
knowledge from phylogenetic analysis contributes to the basic (e.g., evolutionary history of species,
evolution of genes, and identification of sampled species) as well as applied biology (e.g., investigation
of the route of pathogenic microorganism infection).

Traditionally, morphological identification is performed by pictorial and morphological diagnostic keys.
The taxonomy of the genus Acrobeloides was first mentioned by Cobb in 1924 [5]. After that, this group
recorded many morphological variations, such as body length, shape of the tail, position of metacorpus,
and shape of reproductive organs [8—11]. In general, species identification, selective morphometric data
were compared as mentioned in de Man Indices, a method given by De Man in 1876 and 1880 and then
revised by Cobb (1914) and Thorne (1949), and these data were then matched with a nematode
database, popularly known as nemaplex [12]. All characters were confirmed with various identification
keys and public databases [3, 9, 13-14]. In the field of nematology, traditional identification has been
widely accepted for years, but it requires experience and expertise, with the ability to identify species-level
discriminatory characters. Moreover, in some cases, revision of identification was reported due to lack of
accuracy in identification of characters [15]. Recent developments in technology, on the other hand, may
question human-dependent image analysis. Consequently, the sequencing-based method is influencing
the field of nematode taxonomy to overcome the limitations posed by morphological identification.
Holterman (2008), and his coworkers performed ribosomal DNA sequencing and employed that data for
evolutionary and identification studies [16]. Recently, PCR-based DNA barcoding of the internal
transcribed spacer (ITS) region using selective primers has become a highly efficient technology in the
identification field [17—-18]. Despite the fact that the genome database of nematodes has improved in the
current period, some nematode groups, including Acrobeloides have not been widely, studied and data of
partial fragments only are available in INSDC (GenBank). A. maximus has been studied for its role in soil
decomposing activity, biocontrol by entomopathogenic nematode (EPN) activity, evaluation of parasitism
and microbial relationships, which shows its crucial role in the agricultural food web, even though only 29
partial sequences of A. maximus are submitted to GenBank [14, 19—-20]. Phylogenetic studies can lead us

Page 3/22



in the direction of the relationship of nematodes with their surrounding ecosystem. Mitochondrial DNA-
based phylogeny proved to be a good molecular marker and it can provide us with insight into the close
ancestry of nematodes [21]. One such phylogenetic study of 33 Acrobeloides and Cephalobus samples
disclosed the core of 22 related clades, which did not describe any monophyletic relationship between
Acrobeloides and Cephalobus, since it was not clear from morphological studies alone [19].

To the best of our knowledge, only a few studies have reported the molecular characterization of A.
maximus [2, 9]. Thus, the aim of the present investigation was to cultivate and identify nematode species
extracted from bitter gourd fields with the help of molecular, morphometric and morphological data. Their
evolutionary relation was inferred with the help of phylogenetic analysis based on the 18S ribosomal
gene. This study will improve the molecular and morphological database of Acrobeloides species which
includes species specific primers for identification, pipeline of molecular taxonomy of nematodes,
pictorial and morphometrics information of A. maximus, which will contribute towards accurate
identification of A. maximus species. In addition phylogenetic analysis of extracted species improves our
understanding regarding A. maximus specie's ecological role in agricultural fields.

Material And Methods

Sample Collection

Agricultural field soil samples were collected from bitter gourd farms in Devda Village
(23°580726204810233N, 72° 58412992582637E) of Gujarat, India, twice in June and December 2019.
Using a sterile spatula, soil approximately 2-2.5 cm deep around the roots of bitter gourd (Momordica
charantia) was collected into sterile sample bags, as nematodes do not survive in the upper layer of the
soil because of extreme environmental factors. The collected soil samples were sprayed with water to
maintain humidity until further processing. Roots, leaves, stems and fruits from the field were also
collected to check the parasitic activity of nematodes. All bags were tagged with date of collection, code
for sample, and location. The map of the sampling site created with QGIS is provided in Figure 1.

Extraction of nematodes

From the collected soil, a sample labeled Nema2BG showed the presence of nematodes during primary
screening, which was then extracted by modified Cobb’s [22-23] filtration, followed by placing soil onto
muslin cloth attached to a sieve, as shown in Figure 2. The sieve with soil was placed on top of a water
field petri plate for 2-3 days, which led to crawling of nematodes into the water due to gravity. Based on
the principle of density, the nematodes can be separated from mixed organisms present in water-filled
petri plates. For that, water from the Petri dishes was collected into centrifuge tubes after incubation and
centrifuged at 3000 rpm for 5 minutes, after that, the pellet was collected into small Petri plates and
visualized under a stereoscopic microscope to confirm the presence of nematodes.

Morphological and morphometric characterization
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The pellets of nematodes were washed with M9 buffer at 2000 rpm before slide preparation.
Morphological and morphometric image analysis was performed with extracted nematodes by
transferring a 10 ym nematode pellet onto the cavity slides, and dilute methanol was used as a
paralyzing agent. Thereafter, slides were visualized with a digital light microscope (Panthera L with built-
in image system), and all morphological observations were recorded with inbuilt microscope software
(motic image) in the form of images for further analysis. In addition, measurements of total body length,
width, tail length, distance from the anterior part to the esophageal bulb and spicule length were recorded
with the help of image analysis software Fiji in micrometers. The obtained ratios were calculated as
described by De manian indices [24]. The recorded data were compared and analysed with online
databases and pictorial identification keys [9, 25-26]. A micrograph of the important morphological
characteristics of A. maximus described by Thorne [3] is shown in Figure 3. Species-specific characters,
such as body length, width and % vulva position, as described by Throne [3], were used

for morphometric comparison. A list of characters and abbreviations considered are listed below:

n - Number of organisms used for the study
L - Total Body Length

W - Body Width

AV - anterior to Metacarpus valve distance
S - Spicule length

T - Tail length

V - % Position of Vulva from Anterior end
a -L/Greatest body length

b-L/AV

c-L/T

Cultivation of nematodes

NGM medium was prepared in 100 ml distilled water containing 4% agar, 0.24% peptone, 1.2% NaCl in
2.5% phosphate buffer (pH 8) along with a natural nutrient mixture (5%) prepared in our laboratory. The
prepared media was autoclaved and poured into petri plates. After solidification of NGM

medium, extracted nematodes were inoculated on NGM plates. Later, growth was observed for 10 days
under a stereoscopic microscope. The plates were stored at 25°C in an incubator. Nematodes were
inoculated into new NGM plates every 7 days to maintain fresh culture.

Molecular characterization
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Genomic DNA was extracted from fresh nematode samples by a DNA Extraction Kit: ‘Genomic DNA
Purification Kit' (SCMR006) manufactured by SLS research, based on Spin Column Technology. A
fragment of the gene was amplified by PCR with Primers FP GCAAGTCTGGTGCCAGCAGC - RP
CCGTGTTGAGTCAAATTAAG. The following thermal conditions for cycling profiles were used for PCR:
95°C for 5 minutes, 35cycles at 95°C for 30 seconds (sec.) 50°C for 30 sec, 20°C for 10 min, and a final
extension at 72°C for 7 minutes with primers that amplified approximately 650 bp of product [27]. The
quality of the PCR product was evaluated by1.0% agarose gel, which resolved a single discrete PCR
amplicon band on gel. The PCR amplicon was purified by column purification to remove contaminants.
Furthermore, DNA sequencing of the PCR amplicon was carried out with both primers using BDT v3.1
Cycle sequencing kit on ABI 3730x| Genetic analyser. The acquired forward and reverse sequences
were aligned to obtain a consensus query sequence. The BioEdit tool was used to visualize sequences
[28]. Finally, the altered sequence was submitted to the National Center for Biotechnology Information
(NCBI) GenBank database with the ON533625.1 accession number.

Sequence alignment and phylogenetic analyses

The consensus sequence of Sample Nema2BG was converted to FASTA file format using the BioEdit tool.
These FASTA files were uploaded to the NCBI Basic Local Alignment Search Tool (BLASTN). Afterwards,
the NCBI BLASTIN results were filtered based on the maximum identity score and lower E value, and the
first 20 sequences (Table 1) were aligned with the Nema2BG query sequence using the ClustalW
alignment tool of MEGA 11. All gaps were removed from the aligned sequences, and the file was
converted into mega format. The best model for analyses, named Hasegawa-Kishino-Yano, was
suggested by the ‘Finding the best DNA' tool. Using this Hasegawa-Kishino-Yano model (the best model
for analysis in the NJ method), a 1000 bootstrap replicated phylogenetic tree was constructed. The
evolutionary history was inferred by using the maximum likelihood method and Hasegawa-Kishino-Yano
model [29]. The tree with the highest log likelihood (-10423.43) was obtained as a result. The initial tree
for the heuristic search was obtained automatically by applying the neighbor-joining and BioNJ
algorithms to a matrix of pairwise distances estimated using the Hasegawa-Kishino-Yano and then
selecting the topology with a superior log likelihood value. The rate variation model allowed for some
sites to be evolutionarily invariable ([+1], 26.55% sites). This analysis involved 21 nucleotide sequences,
and there were a total of 1957 positions in the final dataset. Likewise, the evolutionary analyses were also
conducted in MEGA11 [30].

Results

Morphological identification

Image analysis of micrographs shown in Figures 4a and 4b showed similar characteristics like mouth
structure, shape of metacorpus, lip structure of vulva and tail shape to A. maximus species as described
by Thorne, 1925.
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The current morphological observations revealed that the anterior end starts with a circular arrangement
of papillae surrounding the lips, which are isolated by axils followed by three circular, sleek, thin plates
surrounding the mouth in the labial probolae. The pharynx has extensive cuticle impregnation in several
areas followed by cylindrical shaped esophagus with midway swelling. However, the vulva is visible in
adult females. Acrobeloides females showed a large difference between the two lip sizes, one facing the
tail was larger in size compared to one facing the mouth. Although the anal cavity is surrounded by lips
that merge inside the body cavity, the anus was clearly visible at the tail region. Conoid-shaped tails
showed minute differences in morphology, as the tip of the male tails wasventrally arcuate, while that of
the female tails was blunt. Spicules and gueraculum were present midway to the tail in males. The
occurrence of males was found to be rare in the population.

Description of A. maximus (Thorne, 1925) Thorne, 1937 (Figs. 3-4)
Morphometrics

The body length of nematodes varies rapidly from juvenile to adult age. A thick layer of cuticle was found
on the body wall. Body measurements of females were recorded in 10x lenses, whereas 4x

lenses were used for males. As per de Man's measurement metrics, important body measurements of 42
females and 6 males were recorded, as listed in Table 2.

Forty-two females and six males were selected for current morphemetric studies. Different characters,
such as body length, width, tail length and anterior to metacarpus valve distance, were measured. The
ratios, standard deviations and mean values were calculated in Microsoft Excel 2007 as mentioned in
Table 2 According to the findings of this study, female body size is comparatively larger than male body
size. The largest female in the study was 1965 pm long, whereas the largest male was 1066 pm long. The
shortest female was found to be 688 pm long, and the male was 894 ym long. In the current

study, female tail length varied from 77 pm to 118 pym, and male tail length ranged from 73 pmto 116
um. In comparison, the male tail was found to be longer than the female tail length. The values of
a(L/GBD), b (L/AV)and c (L/Tail) also fall within the range of Throne, 1925 studies, as mentioned in Table
1, total egg size of 141 um was recorded in the female body during image analysis (Fig. 4b).

Table 1 Comparative measurement of various body parts of Acrobeloides maximus as reported
by Thorne (1925) and Pervez (2011) with Nema2BG measurements. All measurements are in
micrometers (except n, ratio and percentage) and in the form: meant standard deviation.
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Characters

n

Body Length(L)
Width

Egg size(1)
A-V length
Tail Length
a(Ls/GBD)
b(LS/AV)
c(LS/Tail)
Spicule length

References

Table 2 List of the top 20 BLASTs used in phylogenetic studies.

Female (¥)
16
1200

**
**

*%

66
20
5.7
18

*%*

Thorne, 1925 [3]

Female (¥)
43

1250 + 305
72+13
141

376 £ 63
118 £+ 24
11+28
3+0.39
10+3

*%
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Male ()

900

**
**
*%*

*%*

27
7.2
18

*%*

Pervez,2011 [31]

Male (I)
6
1066 + 101
57t6
*x
298 + 56
92+ 16
16+1.5
3+0.72
11+1.4
62+ 12



10
11
12
13
14
15

16

17
18
19
20

Description

A. maximus strain RT2-R25A
A. maximus strain RT1-R15C
A. maximus isolate wb4

A. maximus strain DF5048

A. bodenheimeri strain PS2160
A. bodenheimeri strain PS1158
Pseudacrobeles sp. OH-2016

Dicelisussuriensis

A. thornei strain DWF1109
A. varius strain LKC27

A varius strain PS1959
A.varius strain LKC52

A. nanus

A. varius

Acrobeloides cf. buetschlii 1 JH-
2012

Acrobeloides cf. buetschlii 2 JH-
2012 isolate AcLoBue2Z

Acrobeloides sp. KJA
A. buetschlii strain DWF1107
A. apiculatusisolate AcLoApi

A. nanus

Molecular Analysis

Scientific name

Acrobeloidesmaximus
Acrobeloidesmaximus
Acrobeloidesmaximus
Acrobeloidesmaximus
Acrobeloidesbodenheimeri
Acrobeloidesbodenheimeri

Pseudacrobeles sp. OH-
2016

Dicelisussuriensis
Acrobeloidesthornei
Acrobeloidesvarius
Acrobeloidesvarius
Acrobeloidesvarius
Acrobeloidesnanus
Acrobeloidesvarius

Acrobeloidesct.buetschlii
7JH-2012

Acrobeloidescf. buetschlii
2JH-2012

Acrobeloides sp. KJA
Acrobeloidesbuetschlii
Acrobeloidesapiculatus

Acrobeloidesnanus

Percentage

98%
98%
98%
98%
97%
97%
97%

97%
97%
97%
97%
97%
97%
97%
97%

97%

97%
97%
97%
97%

Accession
No.

JQ237850.1
JQ237849.1
EU306344.1
EU196016.1
AF202162.1
AF202159.1
KU180672.1

EU573706.1
EU543175.1
MK636581.1
MK636580.1
MK636579.1
KX669638.1
KX889085.1
JQ957905.1

JQ957904.1

HQ130506.1
EU543174.1
AY284673.1
DQ102707.1

Molecular characterization of A. maximus was performed by the 18S small subunit rRNA gene partial
sequence. A BLASTN search of the query sequence showed 98% identity score with previously submitted
A. maximus sequences to GenBank. The top 21 sequences (Table 3) along with Nema2BG sequences
were selected from the BLASTN search results for annotation and trimming. The resulting 654 bp
sequence with 50.3% GC content was accepted by the NCBI gene bank and released publicly with
accession numberON533625 for the 18Sribosomal region of A. maximus species.
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Phylogenetic Analysis

GenBank BLASTN nucleotide sequence analysis showing 97-98% sequence match with

Acrobeloides species as listed (Table 2). Among them A. maximus is on the top of the list with highest
species identity high as 98%. Top 20 sequences were selected from BLASTN results for the phylogenetic
analysis. The maximum likelihood tree (Fig.5) representing the top 18S rRNA sequences with the highest
identity score for the Nema2BG sequence (ON533625) showed that the query sequence was closely
related to the A. maximus strain RT2-R25A sequence, which also showed 91% bootstrap support.
Sequences within the sister clade included three A. maximus species (EU196016.1, EU306344.1 and
JQ237849.1) highlighted with red dots in the phylogenetic tree (Fig.5), which showed 96%,95% and 48%
bootstrap support, respectively, in the bootstrap phylogeny. This phylogenetic tree also displayed other
Acroeloides strains that are part of sister clades. The clade with three A. maximus species shares a clade
with A. varius (MK636580.1, KX889085.1, MK636579.1 and MK636581.1), A. apiculatus (AY284673.1), A.
bodenheimeri (AF202162.1 and AF202159.1), and A. buetschlii (JQ957905.1), and Clade with Nema2BG
shares a clade with A. maximus (JQ237850.1), Acrobeloides nanus (KX669638.1 and DQ102707.1), A.
buetschlii (EU543174.1) and A. thoruei (EU543175.1). From the sister clades, JQ237850.1 showed the
highest support (100%), followed by AY284673.1 (96%) and EU306344.1 (95%). The interpretation of the
above mentioned phylogenetic tree represents utmost support values with nodes of the A.

maximus species. Bootstrap analysis values also exhibited very high support values of 100%
(JQ237849.1),96% (EU196016.1), and 95 % (EU306344.1) and 91 % (JQ237850.1) for A.

maximus species clades (Bootstrap tree in the supplementary file). ME tree inferred a close relationship
of Nema2BG samples with A. maximus species present in the NCBI GenBank.

Discussion

The Cephalobidae family has a substantial number of bacterial feeding nematodes with diverse
morphologies and worldwide ranges [32]. Multiple reports have suggested the association of
Acrobeloides with insects and bacterial species in the past [14, 33—34]. In the present study, nematodes
were extracted from bitter gourd soil fields and cultivated on modified NGM agar plates. The samples
were identified as A. maximus on the basis of morphometric and molecular characterization.
Acrobeloides spp. has previously been recorded in various agricultural fields around the world; A. ishraqi
and A. mushtaqi from chickpea fields and A. maximus from decaying pea roots [35]. Nicholas (1962)
cultivated Acrobeloides species with some modification in Rhabditidae species culture media, and axenic
cultivation was successfully performed for A. buetschlii[36]. Considering some critical factors, such as
temperature, pH and essential elements for the survival and growth of nematodes, large-scale cultivation
of nematodes can be preferred by effectual in vivo techniques based on solid-state culture [37, 38]. In the
current cultivation experiment, different pH, temperature and nutrient media were standardized for the
best growth conditions of A. maximus.

A. maximus belongs to the Cephaloboidea family [eol.org/pages/463236]. Cephaloboidea includes large
numbers of microbe feeder nematode species with diverse labial morphology. It has been studied over the
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last half century, but to date, some genera from this family are facing systematic is suesdue to their labial
morphological variations [7]. Nematodes belonging to the Cephaloboidea family show variation in their
labial morphology, and labial taxonomy is one of the important characters for taxonomists to identify
Acrobeloides species [19]. Since Thorne's pioneering research, this exceptional labial variety has been
progressively emphasized in systematic investigations of Cephalobidae, often comprising various
elaborations of body wall cuticle, enclosing labial probolae and cephalic probolae. Because of the same
labial morphology, Acrobeloides is often misdiagnosed as Cephalobus [3-5]. Accordingly, Neuyen (2016)
transferred Cephalobus to the Acrobeloides genus [39]. In some species, including A. maximus and A.
saeedi, the body size was almost equal [9], whereas the body designs of A. saeediand A. bodoenheimeri
were most similar [40]. In such cases, A. maximus can be identified on the bases of the absence of hair-
like structures on lips [9].In recent studies, many new species based on morphological changes in
Acrobeloides (Cobb, 1924) have been recorded, but due to the lack of molecular data, the identification
efficacy of the genus Acrobeloides was reduced. In the present investigation, the morphometry and
morphology were matched with the Nemaplex database, and the comparative morphometrics of
Acrobeloides species with cultivated A. maximus are described in the results. The findings suggested that
the labial morphology was the same as that mentioned by Throne (1925) [3]. Based on the morphological
characters listed below, the A. maximus species was partially confirmed: two separated lips, a thick
cuticle layer inside the mouth cavity, heavily cuticularized outer body layer, a considerably developed
digestive tract with a bulged metacorpus attached to a cylindrically shaped esophagus, and an elongated
intestine. The posterior end of the nematodes has vulva in females and spicules in males followed by
conoid-shaped tails. The female tail shape is slightly blunt, while males have conoid but point and curve
at the end. The posterior lip of the vulva is larger than that of other Acrobeloides spp. females.
Morphometric analysis also showed similarity with body length reported in earlier species. Different
studies have reported that the average body length and body width of Acrobeloides spp. range between
610-1570 pm and 160-370 um, respectively [3, 41]. In our morphometric analysis, A. maximus showed
1250 pm body length and 72 pm widths in female populations and 1066 um body length and 57 pm
widths in males. Female body measurements were the same as those mentioned by Throne 1925, but the
males were not reported in his study. Thereafter, Pervez (2011) recorded A. maximus male body
measurements [31], which are congruent with our records. However, in a study by Anderson (1965) during
the cultivation of A. uberrinus on agar plates, there was a slight difference in body measurements in
comparison to soil cultures [8]. In the same way, changes in the morphology of the tail and mouth regions
during cultivation have also been reported during studies [42]. To troubleshoot identification errors due to
morphological and morphometric analysis, evolutionary and molecular analysis is the latest requirement
to improve nematode systematic. The DNA barcoding technique is one such technique that can
potentially be used to identify each species based on the knowledge that all organisms have unique
nucleotide sequences. It is a fast and economical genomic tool for identification and evolutionary studies
[43]. Most studies of molecular characterizations select mitochondrial cytochrome c oxidase subunit |
(COXT) and rDNA, of which the small subunit ribosomal DNA gene in invertebrates, such as nematodes, is
a popular choice due to its highly conserved nature and favorable PCR amplification [44-47].
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Phylogenetic analysis based on ribosomal genes provides high-resolution phylogenetic trees and
elevated bootstrap values for taxonomical purposes [48]. Smythe and Nadler (2006) showed a
comparative phylogenetic framework of morphological characters of Cephalobidae and Acrobeloides, but
they did not find any common ancestor during their study [19]. Another molecular characterization of A.
saeedirevealed that morphologically similar samples of A. saeediand A. maximus were proven to be
conspecific with the help of ribosomal small subunit sequence alignment [9]. According to these findings,
phylogenetic analysis can be very helpful for identifying conspecific or closely related nematode species.
Cultured A. maximus samples were subjected to 18S small RNA gene sequencing, and the obtained
sequence was submitted to GenBank, which contributed immensely to the enhancement of the A.
maximus molecular database for identification. Blast analysis of the submitted sequence showed 98%
similarity with 4 previously submitted A. maximus sequences. This sequence was employed for
phylogenetic analysis by plotting the maximum likelihood tree (Fig. 5) of nematode species listed in
Table 2 with the highest log likelihood(-10423.43). Bootstrap values (1000 replicates) were also
performed for the same dataset used in the ME tree and showed high bootstrap values (91%-100% for A.
maximus species). Moreover, both analyses represented evolutionary closeness with other 18S ribosomal
RNA gene sequences of Acrobeloides spp., apart from Pseudoacrobeles spp. and Dicelisussuriensis, as
they both belong to different genera. The results of the study also suggested that the morphological
features such as lip, shape of the tail and digestive tract of the Nema2BG sample show a polyphyletic
relation with other species presented in the phylogenetic tree. The ME tree showed a strong support value
(100%) with the A. maximus strain (JQ237850.1). Finally, the collected nematode species was identified
as A. maximus by combining morphological data with molecular analysis.

Conclusions

In the present study, nematodes were extracted from bitter gourd agricultural field soil located in Gujarat,
India, and cultivated on agar plate medium under laboratory conditions. Morphological data were
collected as pictographs and further processed to obtain morphometric De man measurements. The
results conclude that the labial morphology, shape and length of the tail, position and measurements of
the A-V valve, and shape of the vulva are key characteristics for A. maximus identification. However, then
early comparable morphological traits of the same genus and the paucity of research on this species
make morphological identification less efficient. Thus, molecular and phylogenetic analyses were
employed to troubleshoot such uncertainties. The obtained sequence was submitted to NCBI GenBank
with the ON533625.1 accession number, and BLAST analysis showed 98% similarity with A. maximus
species. These results were validated with phylogenetic studies. In summary, our study offered details on
cultivation methods and morphologic, pictorial, morphometric, and molecular identification features for A.
maximus species found in agricultural soil populations and this information would be extremely pertinent
for future evaluation studies. Future prospects for adding accuracy to nematode systematic include SEM
image analysis for morphological parameters and whole-genome sequencing for further downstream
molecular characterization.

Page 12/22



Declarations

Compliance with ethical standards

Conflict of interest

The authors declare that they have no competing conflict of interest regarding the content of this article.
Ethics approval

No approval of research ethics committees was required to accomplish the goals of this study because
experimental work was conducted with an unregulated invertebrate species. This article does not contain
any studies with human participants.

Funding
No funding was received.
Data availability

The nucleotide sequence (654 bp) of the small subunit ribosomal RNA gene of Acrobeloides maximus
species was submitted to NCBI GenBank with accession no ON533625.

Acknowledgment

The authors would like to express their sincere thanks to the Department of Zoology, Biomedical
Technology, Human Genetics, and Wildlife Conservation and Biology at Gujarat University, Ahmadabad,
for providing research facilities for such experiments. Shweta Thakar and Sunita Chauhan would like to
thank KCG, Education Department, and Government of Gujarat for the ScHeme of Developing High
Quality Research (SHODH) fellowship program for providing fellowship and contingency to support
research. SLS laboratory is thanked for sequencing platforms. Ridham Dave's experience with QGIS
software, Krishna Desai's and Unnati Patel’s proofreading, and Jeet Bijlani's micrograph preparations
were extremely helpful to the authors.

Author Contributions

The study's conception and design involved input from all authors. Shweta Thakar carried out sample
collection, morphological identification, image analysis, molecular analysis, sequence alignment, and
phylogenetic analyses, Sunita Chauhan assisted with morphological identification and laboratory setup.
With their superior intellectual abilities, Drs. Linz-Buoy George and Hyacinth Highland conceived the
study, supervised the data analysis and checked the manuscript. All authors offered feedback on earlier
draughts of the manuscript. The final manuscript was read and approved by all authors.

References

Page 13/22



10.

11

12.

13.

14.

. Li, Q,, Liang, W., Zhang, X., & Mahamood, M. (2017). Soil nematodes of grasslands in Northern China.

Academic Press ISBN: 978-0-12-813274-6.

. Thorne, G. (1925). The Genus Acrobeles Von Linstow, 1887. Transactions of the American

Microscopical Society, 44(4), 171-210. https://doi.org/10.2307/3221829

.de Man, J. G. (1884). Die, frei in der reinen Erde und im siissen Wasser lebenden Nematoden der

Niederldndischen Fauna: eine systematisch-faunistische Monographie (Vol. 1). EJ Brill.

. Steiner, G. (1914). Freilebende nematoden aus der Arch. Hydrobiol. Plank- tonk., 9:259-276, 29

Schweiz. https://handle.nal.usda.gov/10113/IND44011483

. Cobb, N. A. (1924). Food of rhabdites and their relatives, with descriptions of two new rhabdites and

a new rhabditoid genus. J. Parasit, 17,116-117.

. Van Megen, H., van den Elsen, S., Holterman, M., Karssen, G., Mooyman, P, Bongers, T., Holovachoy,

0., Bakker, J., & Helder, J. (2009). A phylogenetic tree of nematodes based on approximately 1200
full-length small subunit ribosomal DNA sequences, Nematology, 11(6),927-950. doi:
https://doi.org/10.1163/156854109X456862

. Carta, L., Li, S., Skantar, A. & Newcombe, G. (2022). Morphological and Molecular Characterization of

Two Aphelenchoides endophyticin Poplar Leaves. Journal of Nematology, 48(1) 28-33.
https://doi.org/10.21307/jofnem-2017-006

. Karmezi, M., Bataka, A., Papachristos, D., & Avtzis, D. N. (2022). Nematodes in the Pine Forests of

Northern and Central Greece. Insects, 13(2), 194. http://dx.doi.org/10.3390/insects13020194

. Rana A, Bhat AH, Bhargava S, Chaubey AK, Abolafia J. Morphological and molecular characterization

of Acrobeloides saeedi Siddiqi, De Ley and Khan, 1992 (Rhabditida, Cephalobidae) from India and
comments on its status. J Nematol. 2020, 52:1-21. doi: 10.21307/jofnem-2020-027. PMID:
32342680, PMCID: PMC7266034.

Kim, T, Lee, Y., & Park, J.-K. (2021). First report and morphological description of two Acrobeloides
species(Nematoda: Rhabditida: Cephalobidae) in South Korea. Journal of Species Research, 10(4),
405-411. https://doi.org/10.12651/JSR.2021.10.4.405

. Ruiz-Cuenca, A., & Abolafia, J. (2021). Characterization of Nothacrobeles lanceolatus Abolafia &

Pefia-Santiago, 2003 (Rhabditida, Cephalobidae), a typical species of coastal dunes from Spain.
Journal of Helminthology, 95, E58. doi:10.1017/S0022149X21000535

Ferris, H. (2001). NEMAPLEX: The Nematode-Plant Expert Information System. Online at:
http.//plpnemweb. ucdavis. edu/nemaplex/Nemaplex. htm [Accessed 25 April 2005].

Bert, W., Leliaert, F, Vierstraete, A. R., Vanfleteren, J. R, & Borgonie, G. (2008). Molecular phylogeny of
the Tylenchina and evolution of the female gonoduct (Nematoda: Rhabditida). Molecular
phylogenetics and evolution, 48(2), 728-744.https://doi.org/10.1016/j.ympev.2008.04.011

Baquiran JP, Thater B, Sedky S, De Ley P, Crowley D, et al. (2013) Culture-Independent Investigation of
the Microbiome Associated with the Nematode Acrobeloidesmaximus. PLOS ONE 8(7): e67425.
https://doi.org/10.1371/journal.pone.0067425

Page 14/22



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Borgonie, G., Garcia-Moyano, A, Litthauer, D., Bert, W., Bester, A., van Heerden, E.&Onstott, T. C. (2011).
Nematoda from the terrestrial deep subsurface of South Africa. Nature, 474(7349), 79-82

Holterman, M., Rybarczyk, K., Van den Elsen, S., Van Megen, H.,Mooyman, P, Santiago, R. P& Helder,
J. (2008). A ribosomal DNA-based framework for the detection and quantification of stress-sensitive
nematode families in terrestrial habitats. Molecular Ecology Resources, 8(1), 23-34

Kiewnick, S., Holterman, M., van den Elsen, S. et al. (2014). Comparison of two short DNA barcoding
loci (COIl and COIl) and two longer ribosomal DNA genes (SSU & LSU rRNA) for specimen
identification among quarantine root-knot nematodes (Meloidogyne spp.) and their close relatives.
Eur J Plant Pathol 140, 97-110 https://doi.org/10.1007/s10658-014-0446-1

Schenk, J., Hohberg, K., Helder, J., Ristau, K., & Traunspurger, W. (2017). The D3-D5 region of large
subunit ribosomal DNA provides good resolution of German limnic and terrestrial nematode
communities, Nematology, 19(7), 821-837. doi: https://doi.org/10.1163/15685411-00003089

Ashleigh B Smythe, Michael J Sanderson, Steven A Nadler, Nematode Small Subunit Phylogeny
Correlates with Alignment Parameters, Systematic Biology, Volume 55, Issue 6, December 2006,
Pages 972-992, https://doi.org/10.1080/10635150601089001

Horiike, T. (2016). An introduction to molecular phylogenetic analysis. Reviews in Agricultural
Science, 4, 36-45. https://doi.org/10.7831/ras.4.0_36

Kim, S. W.,, Kim, D., Jeong, S. W., & An, Y. J. (2020). Size-dependent effects of polystyrene plastic
particles on the nematode Caenorhabditis elegans as related to soil physicochemical properties.
Environmental Pollution, 258, 113740 https://doi.org/10.1016/j.envpol.2019.113740

Garcia-Ruiz, R., Ochoa, V, Vinegla, B., Hinojosa, M. B., Pena-Santiago, R., Liébanas, G. & Carreira, J. A.
(2009). Soil enzymes, nematode community and selected physico-chemical properties as soil quality
indicators in organic and conventional olive oil farming: Influence of seasonality and site features.
Applied soil ecology, 41(3), 305-314. https://doi.org/10.1016/j.aps0il.2008.12.004

Van Bezooijen, J. (2006). Methods and techniques for nematology (p. 20). Wageningen: Wageningen
University. Methods and techniques for nematology.
http://www.nem.wur.nl/NR/rdonlyres/CCOA519F-3ADD-4FFA-
B473959062BC9C7F/47004/MethodsandTechniquesforNematology.pdf

SE Spiridonov& TH Cribb (2012) TravassosinemaThelastomatoideadaleisp. n. (, Nematoda) from the
hind gut of an Australian scarabaeid larva, New Zealand Journal of Zoology, 39(4), 291-300, DOI:
10.1080/03014223.2012.668855

Scholze, V. S., & Sudhaus, W. (2011). A pictorial key to current genus groups of ‘Rhabditida€’. Journal
of Nematode Morphology and Systematics, 14(2), 105-112.

Bell, N. (2002). A computerised identification key for 30 genera of plant parasitic nematodes. New
Zealand Plant Protection, 55, 287-290. https://doi.org/10.30843/nzpp.2002.55.3954

Bhat, A.H., Chaubey, A.K. & Askary, T.H. Global distribution of entomopathogenic nematodes,
Steinernema and Heterorhabditis. Egypt J Biol Pest Control 30, 31 (2020).
https://doi.org/10.1186/s41938-020-0212-y

Page 15/22



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hall, T., Biosciences, |, & Carlsbad, C. J. G. B. B. (2011). BioEdit: an important software for molecular
biology. GERF Bull Biosci, 2(1), 60-61. https://bioedit.software.informer.com/

Jukes, T. H., & Cantor, C. R. (1969). Evolution of protein molecules. Mammalian protein metabolism,
3,21-132

Koichiro Tamura, Glen Stecher, Sudhir Kumar, MEGA11: Molecular Evolutionary Genetics Analysis
Version 11, Molecular Biology and Evolution, Volume 38, Issue 7, July 2021, Pages 3022-3027,
https://doi.org/10.1093/molbev/msab120

Rashid Pervez (2011) Acrobeloidesishraqi sp. n. and Acrobeloidesmushtagi sp. n. (Nematoda:
Rhabditida) from chickpea rhizosphere, Uttar Pradesh, India, Archives of Phytopathology and Plant
Protection, 44:15, 1438-1446, DOI: 10.1080/03235408.2010.505363

Denver, D. R, Clark, K. A, &Raboin, M. J. (2011). Reproductive mode evolution in nematodes: insights
from molecular phylogenies and recently discovered species. Molecular phylogenetics and evolution,
61(2), 584-592.https://doi.org/10.1016/j.ympev.2011.07.007

Azizoglu, U., Karaborkly, S., Ayvaz, A, &Yilmaz, S. (2016). Phylogenetic relationships of insect-
associated free-living Rhabditid nematodes from eastern Mediterranean region of Turkey. Applied
Ecology and Environmental Research, 14(3). 10.15666/aeer/1403_093103

Bird AF, Ryder MH. Feeding of the Nematode Acrobeloides nanus on Bacteria. J Nematol. 1993 Sep,
25(3):493-9. PMID: 19279801, PMCID: PMC2619394

Syed Sharafat Ali, Rashid Pervez, RiyazAndrabi, Ruchika Sharma & V. Verma (2011) Oscheius
amsactaen. sp. (Nematoda: Rhabditida), a necromenic associate of red-hairy caterpillar, Amsacta
moori (Lepidoptera: Arctiidae) from Kanpur district, India, Archives of Phytopathology and Plant
Protection, 44:9, 871-881, DOI: 10.1080/03235400903345323

Nicholas, W.L. (1962). A Study of a Species of Acrobeloides (Cephalobidae) in Laboratory Culture,
Nematologica, 8(2), 99-109. doi: https://doi.org/10.1163/187529262X00314

A. Peters, R. Han, X. Yan, L.G. Leite, Chapter 10 - Production of Entomopathogenic Nematodes,
Editor(s): Lawrence A. Lacey, Microbial Control of Insect and Mite Pests, Academic Press, 2017,
Pages 157-170, ISBN 9780128035276, https://doi.org/10.1016/B978-0-12-803527-6.00010-X.
Luambano, N. D., Manzanilla-Lépez, R. H., Kimenju, J. W., Powers, S. J., Narla, R. D., Wanjohi, W. J., &
Kerry, B. R. (2015). Effect of temperature, pH, carbon and nitrogen ratios on the parasitic activity of
Pochonia chlamydosporia on Meloidogyneincognita. Biological Control, 80, 23-
29.https://doi.org/10.1016/j.biocontrol.2014.09.003

Nguyen TA, Bonkowski M, Pefia-Santiago R, Abolafia J. Redescription of Cephalobus topali Andrassy,
1970 (Rhabditida, Cephalobidae) from Vietnam, and transfer to Acrobeloides(Cobb, 1924) Thorne,
1937. Zootaxa. 2016 Mar, 4092(4):593-600. DOI: 10.11646/zootaxa.4092.4.9

de Jong Y, 2016. Fauna Europaea. Fauna Europaea Consortium. Checklist dataset.
https://doi.org/10.15468/ymk1bx.

Bostrom, S., Holovachov, O. & Nadler, S.A. Description of Scottnema lindsayae Timm, 1971
(Rhabditida: Cephalobidae) from Taylor Valley, Antarctica and its phylogenetic relationship. Polar

Page 16/22



42.

43.
44.

45.

46.

47.

48.

Fig

=PI P>P=CH

PZpPpuvmI>»Z

Biol 34, 1-12 (2011). https://doi.org/10.1007/s00300-010-0850-8
Nadler, S. A, De Ley, P, Mundo-Ocampo, M., Smythe, A. B., Stock, S. P, Bumbarger, D. & Baldwin, J. G.
(2006). Phylogeny of Cephalobina (Nematoda): molecular evidence for recurrent evolution of

probolae and incongruence with traditional classifications. Molecular Phylogenetics and Evolution,
40(3), 696-711.https://doi.org/10.1016/j.ympev.2006.04.005

Christoforou, M., Orford, M., & Tsaltas, D. (2017). Molecular diagnostic tools for nematodes.
Nematology-concepts, diagnosis and control, 37.http://dx.doi.org/10.5772/intechopen.69075

Kjer KM. Aligned 18S and insect phylogeny. Syst Biol. 2004 Jun,53(3):506-14. doi:
10.1080/10635150490445922. PMID: 15503677.
Bhadury, P, Austen, M.C,, Bilton, D.T., Lambshead, PJ.D., Rogers, A.D., Smerdon, G.R., 497 2006.

Molecular detection of marine nematodes from environmental samples: 498 overcoming eukaryotic
interference. Aquatic. Microb. Ecol. 44, 97-103. 499 https://doi.org/10.3354/ameo44097

Creer, S., Fonseca, V. G., Porazinska, D. L., Giblin-Davis, R. M., Sung, W., Power, D. M. & Thomas, W. K.
(2010). Ultrasequencing of the meiofaunal biosphere: practice, pitfalls and promises. Molecular
Ecology, 79, 4-20.https://doi.org/10.1111/j.1365-294X.2009.04473.x

Porazinska, D.L., Giblin-Davis, R.M., Esquivel, A., Powers,T.0,, Sung, W. & Thomas, W.K. (2010)
Ecometagenetics confirms high tropical rainforest nematode diversity. Molecular Ecology, 19, 5521-
5530https://doi.org/10.1111/j.1365-294X.2010.04891.x

Bogale, M., Baniya, A., & Di Gennaro, P. (2020). Nematode Identification Techniques and Recent
Advances. Plants, 9(10), 1260. MDPI AG. http://dx.doi.org/10.3390

ures
I___ P P P P I 72.000 72,500 73.000
EREESERIE
3I - _i}‘é ﬂ;__g _j':_j .|e g ifzflf\\ﬁ /\ g
| | R~ L - "NI/ A ’“
J L ] { ;' —— .|5 J‘? (
I
Tt —u \ﬂ\_/(jl\
i | P
fﬂc;}?- .; &};f*w z-gzi?m e rrX
A _‘L ' |‘ NV Densn |
ot S b 21 §

73.000

Ixocalhmnlofiluesaungﬂjmq;siha(jtﬂithu()ill])evthn,hdb&gézzag(iujral(ﬂf[ndﬁa?%gualanms‘m%atacIealeaiIuﬁxqg(Q(ilﬁi

Page 17/22



Figure 1

QGIS map of sampling site

R T |

Sample Collection Extraction of Nematodes From Soil

Washing and Observing Nematodes Pellet of Nematodes

Figure 2

Steps for nematode extraction from soil samples
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3A

Figure 3

A) Neck and head, B) Lip region, C) Tail, D) Vulva (Thorne, 1925)
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Figure 4

a Morphological characteristics of Acrobeloides maximus. 1. Entire male A) Round metacorpus, 2. Head
Region B) Duplex lips, 3. Male posterior end C) Spicules, 4. Female posterior D) Anus

b A) Egg B) Vulva
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MK636580.1 Acrobeloides varius strain PS1959 small subunit ribosomal RNA gene partial sequence
KX889085.1 Acrobeloides varius small subunit ribosomal RNA gene partial sequence

AY284673.1 Acrobeloides apiculatus isolate AcLoApi 188 small subunit ribosomal RNA gene partial sequence

95| KU180672.1 Pseudacrobeles sp. OH-2016 185 ribosomal RNA gene partial sequence

. EU196016.1 Acrobeloides maximus strain DF5048 185 ribosomal RNA gene partial sequence

. EU306344.1 Acrobeloides maximus isolate wb4 18S ribosomal RNA gene partial sequence

. JQ237849.1 Acrobeloides maximus strain RTI1-R15C 185 ribosomal RNA gene partial sequence

AF202162.1 Acrobeloides bodenheimeri strain PS2160 185 small subunit ribosomal RNA gene partial sequence

AF202159.1 Acrobeloides bodenheimeri strain PS1158 188 small subunit ribosomal RNA gene partial sequence

EUS573706.1 Dicelis ussuriensis 188 ribosomal RNA gene partial sequence

| HQ130506.1 Acrobeloides sp. KJA 185 ribosomal RNA gene partial sequence

MK636579.1 Acrobeloides varius strain LKCS52 small subunit ribosomal RNA gene partial sequence

MK636581.1 Acrobeloides varius strain LKC27 small subunit ribosomal RNA gene and internal transcribed spacer 1 partial sequence

JQ957905.1 Acrobeloides cf. buetschlii 1 JH-2012 isolate AcLoBuelZ small subunit ribosomal RNA gene partial sequence

JQ957904.1 Acrobeloides cf. buetschlii 2 JH-2012 isolate AcLoBue2Z small subunit ribosomal RNA gene partial sequence

ON3533625.1 Acrobeloides maximus isolate Nema2BG small subunit ribosomal RNA gene partial sequence

100 | . JQ237850.1 Acrobeloides maximus strain RT2-R25A4 188 ribosomal RNA gene partial sequence
OM KX669638.1 Acrobeloides nanus 18 small subunit ribosomal RNA gene partial sequence
9 EUS543174.1 Acrobeloides buetschlii strain DWF1107 small subunit ribosomal RNA gene partial sequence
EU543175.1 Acrobeloides thornei strain DWF1109 small subunit ribosomal RNA gene partial sequence

DQ102707.1 Acrobeloides nanus small subunit ribosomal RNA gene partial sequence

0.50

Figure 5

Bayesian consensus tree with the highest log likelihood (-10423.43) based on the maximum likelihood
method and Hasegawa-Kishino-Yano model from the top 20 sequences from the database and the newly
submitted sequences of A. maximus. The percentage of trees in which the associated taxa clustered
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together is shown above the branches. Red dots represent the A. maximus species. The tree is drawn to

scale, with branch lengths measured in the number of substitutions per site (Bootstrap support tree was
showed in supplementary files).
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