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Morphological examination combined with phylogenetic analyses identified the studied Aphelenchoi-

des population as A. bicaudatus, representing the first record of this species from mangrove roots of
Excoecaria agallocha in India. The species can be readily distinguished from other “Group 2” Aphelen-
choides spp. by the presence of a distinctly bifurcate tail terminus, comparatively smaller body length
(564.6+31.9 um), short stylet with weakly developed basal knob, differences in length of the post-uterine
sac (PUS), and the number of lateral lines. Molecular characterization based on partial sequences of the
Internal Transcribed Spacer (ITS) sequence and D2-D3 expansion segment of the large subunit 28S rDNA
further corroborated the morphological identification of the population as 4. bicaudatus. The present
study reveals a host association between A. bicaudatus and mangrove vegetation, unreported to date, sug-
gesting that this species is capable of inhabiting mangrove-associated hosts.
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Introduction

Mangrove ecosystems are among the most threat-
ened ones on the planet (Duke 2016). Specifically
concerning the aphelenchid nematodes, Timm &
Franklin (1969) reported Aphelenchoides gyno-
tylurus from the bottom mud of a saltwater pool at
Cox’s Bazar, East Pakistan (now Bangladesh). Apart
from that, any earlier record of direct association of
a plant-parasitic Aphelenchoides sp. with mangrove
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roots and pneumatophores is unknown. The genus
Aphelenchoides currently contains approximately
200 nominal species (Handoo et al. 2020), with a to-
tal of 54 species reportedly present in India (Chanu
& Mohilal 2023). The species was first identified
from Japan in paddy field (Imamura 1931). Origi-
nally believed to be a nematode that feeds on fun-
gi, subsequent studies showed its association with
several crops (Jen et al. 2012, Sanchez-Monge et
al. 2015, Kim et al. 2016) in different countries like
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India (Das 1960), Australia (Colbran 1964), Unit-
ed States (Siddiqui & Taylor 1967), Taiwan (Jen et
al. 2012), South Africa (Shokoohi & Moyo 2022),
and Pakistan (Israr et al. 2017). According to the
reports of Das (1960) from India, the species was
morphologically characterized without any molecu-
lar studies. Nevertheless, molecular markers like the
Internal Transcribed Spacer (ITS) region, the D2—
D3 expansion segments of 28S rDNA, and the mi-
tochondrial COI gene provide sufficient information
for phylogeny reconstruction within genus Aphelen-
choides (Mobasseri et al. 2018, Gu et al. 2025a, b).

The present study characterizes 4. bicaudatus
using a polyphasic approach combining morpho-
logical, morphometric, and molecular (based on ITS
and D2-D3 rDNA) data. The results add to our cur-
rent knowledge of the species distribution in a ma-
rine-influenced environment and habitat-associated
differences for Aphelenchoides.

Materials and Methods

Nematode extraction and morphological studies

The surface roots (sometimes necrotic and dam-
aged) of Excoecaria agallocha (Fig. 1) were primar-
ily collected from Shankarpur Beach, West Bengal,
East coast of India (21.6366° N, 87.5624° E).

The roots were cut into small pieces, thorough-
ly washed with running tap water, and ground with a
domestic mixer grinder. Nematodes were extracted
by modified Baermann Funnel technique (White-
head & Hemming 1965). The extracted specimens
were fixed in hot triethanolamine-formalin (TAF)
fixative (2 mL triethanolamine + 7 mL of 40% for-
maldehyde solution + 91 mL distilled water). The
fixed specimens were processed by Seinhorst so-
lution I and II (Ravichandra 2014), and permanent
slides were prepared by mounting in anhydrous
glycerin. All morphological and morphometric
measurements, along with the photomicrographs,
were obtained using a Dewinter Ultima phase-con-
trast microscope equipped with a camera integrated
with DIGI-4K software.

Molecular characterization

A single nematode specimen was placed (with three
replicates) in a microcentrifuge tube and treated with
worm lysis buffer for molecular characterization fol-
lowing a standard protocol (Waghmare et al. 2022).
The ITS and D2-D3 genes were amplified using the
primer pairs described in Subbotin et al. (2000) and
Nunn (1992), respectively. The thermal cycling con-
ditions consisted of denaturation at 94 °C for 5 min;
followed by 40 cycles of denaturation at 94 °C for
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Fig. 1. Surface roots of Excoecaria agallocha (blind-
your-eye mangrove plant) at the collection site.

30 s, annealing at 51 °C (for both genes) for 30 s,
and extension at 72 °C for 30 s; and a final extension
at 72 °C for 10 min. The amplified PCR products
were cleaned using GeneJET PCR purification kit
(ThermoFisher Scientific) following the manufac-
turer’s protocol, electrophoresed on 1% agarose gel
for confirmation, and sequenced by Sanger dideoxy
method at Barcode Biosciences, Bangalore, Karna-
taka, India. The raw sequences were quality checked
against chromatograms, aligned, and consensus
sequences for each of the genes for all three repli-
cates were generated using BioEdit software (Ibis
Biosciences). The sequences were BLAST-searched
against the NCBI database to confirm validity. The
sequences were deposited under the accession num-
bers PX915468 (ITS rDNA) and PX872251 (D2—
D3 expansion segment of 28S rDNA). For phylo-
genetic analyses, the corresponding ITS and D2-D3
gene sequences of Aphelenchoides spp. (Miraeiz et
al. 2017, Mobasseri et al. 2018, Gu et al. 2025a, b)
were retrieved from the NCBI database and aligned
using ClustalW. The evolutionary history was de-
duced by the maximum likelihood (ML) method fol-
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lowing described methodologies (Phani et al. 2019).
Panagrellus sp. was selected as an outgroup for the
phylogenetic analyses (Mobasseri et al. 2018).

Results

Aphelenchoides bicaudatus (Imamura, 1931) Fil-
ipjev & Schuurmans-Stekhoven, 1941 (Figs. 2,3)

Measurements

All the morphometric measurements and de Man’s
ratio values are listed in Table 1.

Table 1. Morphometric parameters of Aphelen-
choides bicaudatus. All values are in micrometers
(um), and in the form of mean + SD (range).

Description

Females: Female body short in length (517.9-609.7
um), ventrally curved after fixation. Lip region off-

set, 4.2-5.4 um wide and 2.0-2.5 um high. Cuticle
finely annulated, lateral field about 1.88 pm wide
with two incisures. Stylet short (8.42-9.75 um) with
small basal knobs. Procorpus slender; median bulb
well developed, oval to spheroid, occupying about
three-fourth of body width, with a distinct central
valve plate. Esophageal gland lobe overlapping
intestine dorsally, may sometimes contain a small
ventral extension. Pharyngo-intestinal junction lo-
cated 35-42 pm posterior to median bulb. Nerve ring
and excretory pore situated posterior to the median
bulb, the latter 45.2-68.2 um from the anterior body
end. Reproductive system monodelphic; ovary out-
stretched, occupying around 44-47% of body length;
spermatheca weakly developed. Vulva represented
by transverse slit at 62.9-63.8% of body length, with
lips slightly raised; vulval flap absent. Post-uterine
sac well developed, around 68.33-115.57 pum long
(44.2-63.2% of vulva—anus distance). Tail cylindri-

Fig. 2. Light photomicrographs of Aphelenchoides bicaudatus. A: Entire female body; B: Entire male body; C: Ante-
rior region with intestinal junction; D: Magnified anterior region showing stylet; E: Lateral line; F: Oral opening; G,
H: Female tail showing bifurcate mucro; I: Male tail with magnified mucro; J: Vulva to anus with post uterine sac; K:
Entire female gonad; L: Magnified Vulva. (mb: median bulb, v: vulva, a: anus, spl: spicule, m: mucro. Scale bars (um):

A& B=50,C=20,D-F=10,G-L=20).
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Fig. 3. Line drawings of Aphelenchoides bicaudatus. A: Entire female body; B: Entire male body C: Anterior region;
D: Magnified anterior; E-F: Female tails with bifurcate mucro; G: Male tail with single mucro; H: Female gonad with
vulva; I: Lateral line. (median bulb, v: vulva, a: anus, m: mucro.)

cal, gradually tapering, with terminus having une-
qual bifurcation with a larger ventral lobe.

Males: Males comparatively smaller in length
than the females (444.1-539.3 pm). Body almost
J-shaped upon fixation. Anterior portion similar to
female. Tail morphology differs between the sexes.
For males, the tail gradually narrows and becomes
pointed, ending with a large mucro (3.15-3.28 pum).
Posterior body region slightly bent, resembling a
walking stick. Testes single, outstretched and ex-
tending more than 50% of the body length. Spicules
rose-thorn shaped with narrow base; dorsal limb
sclerotized and curved ventrally; ventral limb small-
er than the dorsal limb; approximately 17.2-18.1 um
long. Gubernaculum absent. Three sub-ventral cau-
dal papillae present below the cloaca level. Bursa
absent in tail.

Collection site and host

Specimens were collected in 2024 from the root
system of the blind-your-eye mangrove, Excoecaria
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agallocha, at Shankarpur Beach, West Bengal, India
(21.6366° N, 87.5624° E).

Relationship and diagnosis

In the present study, the concordance between mo-
lecular and morphological data supports the previ-
ously established phylogenetic relationships and
diagnostic criteria for species delimitation within
the genus (Jen et al. 2012, Kim et al. 2016, Handoo
et al. 2020). Based on the combined morphological,
morphometric, and molecular data, the studied pop-
ulation could be identified as 4. bicaudatus. A com-
prehensive comparative analysis of gross morpho-
logical and morphometric characters (not limited to
tail and mucro morphology) revealed that the stud-
ied population shows the closest affinity with sev-
eral species of genus Aphelenchoides, including A.
aerialis (Chanu et al. 2015), 4. hainanensis, A. bes-
seyi (Subbotin et al. 2020), A. blastophthorus (Con-
soli etal. 2019), and A. saprophilus (Adeldoost et al.
2017). However, A. bicaudatus can be clearly differ-
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Table 1. Morphometric parameters of Aphelenchoides bicaudatus. All values are in micrometers (um), and in the form

of mean + SD (range).

Morphological characters Females Males
n 15 8

Body length 564.6 +31.9 (517.9 - 609.7) 485.9 £39.1 (444.1 — 539.3)
a 36.3+4.3(30.7—-41.9) 33.4+4.1(28.7-36.4)
b 109+ 1.4 (8.8-12.7) 104+1.4(09.4-12.2)
b’ 142 +£2.6 (10.7—14.5) 12.2+2.7(10.1 -15.3)
c 12.1+0.3 (11.6 — 12.6) 13.2+0.5(12.9-13.8)
c’ 6.3+0.03(6.3—-6.4) 3.8+0.6(3.8—3.9)
Maximum body width 143+1.2(12.6-154) 149+ 0.5 (14.7-15.5)
Lip height 24+0.2(2.0-25) 22+02(2.2-23)
Lip width 51+044.2-54) 4.7+0.1(4.7-4.9)
Stylet length 9.4+0.5(84-9.7) 9.2+0.08 (9.1 -9.3)
Median bulb length (MBL) 11.7+1.5(10.5-14.2) 12.8+0.4 (12.4-13.2)
Median bulb width (MBW) 7.1+0.4(6.7-17.7) 7.9+0.2(7.8-8.1)
MBL/MBW 1.6 +0.1(1.5-1.9) 1.5+0.1(1.5-1.7)
Oesophagus length 50.3+12.1(30.2-68.9) 45.6 £ 1.3 (44.2-46.9)

Distance from anterior end to median bulb

475+3.8(41.2-51.2)

54.9 +1.4 (533 -56.1)

Distance from anterior end to excretory pore

55.6 + 8.4 (45.2 — 68.2)

582+1.9(56.4-60.2)

Distance from anterior end to nerve ring

52.3+7.4(43.1-61.8)

56.1+ 1.6 (53.3 - 58.2)

V%

63.1+0.3 (62.9 - 63.8)

Distance from vulva to anus

207.5 + 10 (192.4 — 220.3)

Anterior end to vulva distance

334.3 +51.6 (249.4 —389.3)

Length of postvulval uterine sac (PUS)

100.7 + 18.1 (68.3 — 115.5)

PUS/ V-A%

54.1+8.9(44.2-63.2)

Female gonad length

264.6 £26.9 (228.9 — 287.3)

Male gonad length - 233.1 +£39.3 (187.7 - 257.6)
Spicule length - 17.6 £0.3 (17.2-18.1)
Anal body width 7.2+£0.9(6.4-8.2) 9.4+0.7(8.6-9.9)

Tail length

48.6 £ 4.3 (40.9 — 52.4)

36.8 £2.2 (34.4 - 38.9)

entiated from A. hainanensis by shorter female body
length (517.9-609.7 um vs 900-1300 pum), lower a
ratio (30.7-41.9 vs 42.4-46.1), and tail morphology
(both sexes possess bifurcated tail in 4. hainanensis
vs only females possess bifurcated tail A. bicauda-
tus). A. bicaudatus can be further distinguished from
A. besseyi by shorter body length (517.9-609.7 pm
vs 660-750 um), lower a ratio (30.7-41.9 vs ~50),
shorter stylet length (8.4-9.7 um vs 11-12 pm),
tail shape (bifurcated tail terminus vs star-shaped
terminus), and the number of lateral lines (two vs
four); from A. blastophthorus in having a smaller
body size (517.9-609.7 pm vs 680-900 um), shorter
stylet length (8.4-9.7 pm vs 14-19 pm), more an-
teriorly positioned excretory pore (45.2-68.2 pm vs
74.4-89.7 um), anteriorly located nerve ring (43.1-

61.8 pm vs 69.3-83.5 um), and tail shape (unequally
bifurcated tail terminus vs tail with single pointed
mucro); from 4. aerialis by lip region morphology
(weakly set-off vs deeply set-off), shorter stylet (8.4-
9.7 um vs 15.3 um), shape of tail mucro (bifurcated
vs single central spine), higher ¢ value (11.6-12.6 vs
9.8-10.7), longer post-uterine sac (68.3-115.5 um vs
28.9 um), more anterior vulval position (62.9-63.8
vs 66.7-68.2), and shape of vulval lips (unmodified
lips vs raised); from A. fragariae by unequal bifur-
cated tail terminus, shorter stylet length (8.4-9.7
um vs 10-11 pm), and slightly longer spicule length
(17.2-18.1 um vs 14-17 um); and from A. saprophi-
lus in tail morphology, shorter stylet (8.4-9.7 um vs
11 pm), number of lateral lines (2 vs 4), and shorter
spicule length (17.2-18.1 um vs 22-23 um). The
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combination of diagnostic morphological and mor-
phometric characters strongly supports the identifi-
cation of the studied population as 4. bicaudatus.

Phylogenetic relationship

Amplification and sequencing of the ITS rDNA and
D2-D3 expansion segment of 28S rDNA generated
483 bp and 262 bp fragments, respectively. The se-
quences obtained from three independent technical
replicates for each gene were aligned and showed no
significant variation. The top three BLAST hit results
against the NCBI non-redundant database showed
the present A. bicaudatus 1TS sequence (PX915468)
to have 97.03% identity with 4. bicaudatus isolate
SABN2 from South Africa (OM910735), 93.59%
identity with A. bicaudatus from Indonesia (PP43986),

9

O

and 94.23% identity with A. bicaudatus isolate ABC
from Taiwan (MF669511). The top three BLAST hit
results for D2-D3 gene sequence (PX872251) showed
88% identity with A. bicaudatus isolates from the
USA (OK644282 and OK644281), and 87% identity
with members of several unidentified Aphelenchoides
spp. Phylogenetic analyses based on the D2-D3 and
ITS rDNA genes consistently placed the present pop-
ulation within well-supported clades comprising of
conspecific sequences retrieved from GenBank. In
the ITS-based phylogenetic tree (Fig. 4), the sequence
PX915468 grouped with previously published A. bi-
caudatus sequences, forming a strongly supported
clade with 80-99% bootstrap values. Similarly, in the
D2-D3 tree (Fig. 5), the sequence PX872251 clus-
tered with other A. bicaudatus sequences, forming

o3| Aphelenchoides oryzae isolate CD2471 MT271863
Aphelenchoides besseyi isolate 1391-2 OR478692
Aphelenchoides oryzae isolate JLSC6 PP903703

%4|' Aphelenchoides besseyi isolate CD2415 MT2718692

Aphelenchoides pseudobesseyi isolate CD2540 MT271865
Aphelenchoides pseudobesseyi isolate CD2704 MT271866
J Aphelenchoides pseudobesseyi clone APS.| Or557399

Aphelenchoides medicagus isolate CQ3 MH813009
Aphelenchoides ritzemabosi isolate 27957 clone 3 KX119142

60 Aphelenchoides salixae PP544379

Aphelenchoides primadentus isolate 492 MF991962

Aphelenchoides subtenuis EF213109
100 Robustodorus subtenuis 8378-54 KY695129
— Aphelenchoides roundicaudatus strain BC MK305904
% EAphelenchoides fragariae clone 9 PP067189

Aphelenchoides sp. P YF-2024 PQ363675
s6—Aphelenchoides sp. n. YF-2021 clone 12-2 0Q784601
r Pseudaphelenchus sp. c YF-2022 clone 4 OM331794

96

Aphelenchoides stammeri DQ841164

A
92 cryptaphelenchus sp. o XM-2023 isolate OR224061

Ruehmaphelenchus asiaticus AM269474

87 Bursaphelenchus sp. p YF-2024 PP728301

100, Aphelenchoides biacudatus OM910735
% | Aphelenchoides bicaudatus OM910735(2)
84| Aphelenchoides bicaudatus HQ259064
Aphelenchoides bicaudatus MF669511
Aphelenchoides bicaudatus isolate ABC MF669511
Aphelenchoides bicaudatus PX915468
Aphelenchoides prairiensis isolate ap6-84 PP729625

Potensaphelenchus stammeri isolate PQ685707

L \— Aphelenchoides avenae isolate A841 PP729629
r Panagrellus redivivoides PV054488
100" Panagrellus sp. 1 GVDU-2019 MN082326

Fig. 4. Maximum Likelihood phylogenetic tree showing the relationships of Aphelenchoides bicaudatus with related
species based on ITS rDNA sequences. The analysis was conducted using the Tamura—Nei model with 1000 bootstrap
replicates, and branches with less than 50% support were collapsed. Rate variation among sites was modeled using a
Gamma distribution (+G, 5 categories; parameter = 4.2537). Panagrellus spp. was used as an outgroup. The sequence

obtained in the present study is highlighted in bold.
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a distinct monophyletic group with strong bootstrap
support (84-100%). Based on the heat-map analysis
of genetic distances using ITS gene sequences (Fig.
6), high sequence similarity (~97%) and low genetic
divergence (p-distance = 0.03-0.08) were observed,
indicative of clear conspecific affinity. In contrast, the
D2-D3 gene sequence showed lower sequence simi-
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93

larity (87-88%), which may be attributed to intraspe-
cific variability, geographic differentiation, relatively
short length of the analyzed sequence, or the limited
availability of comparable sequences in the NCBI da-
tabase. Taken together, the combined morphological
and molecular evidence support the characterization
of the present population as A. bicaudatus.

Aphelenchoides varicaudatus HQ283353(2)
Aphelenchoides varicaudatus HQ283353
Aphelenchoides xui F1643488
Aphelenchoides kheirii MF706258
Aphelenchoides tenuis MW718653
Aphelenchoides paratenuis PQ306301
Aphelenchoides eucalypticola OP331231
Aphelenchoides cibolensis MFO70489
Aphelenchoides rutgersi OK644283
Aphelenchoides bicaudatus PX872251
Aphelenchoides bicaudatus OK644282
Aphelenchoides bicaudatus 0K644281
Aphelenchoides persicus OR146497
Aphelenchoides fuschi KT003987
Aphelenchoides graminis MN747799
Aphelenchoides roundicaudatus KF772859
Aphelenchoides unisexus 6Asp KY689005

100 Aphelenchoides limberi PP718974

L
100
94 |
62
98
100
—

Aphelenchoides sp. Sh-1 MN702965
Aphelenchoides fragariae AB368540
Aphelenchoides fragariae MK077677
Aphelenchoides microspica KX400573
Aphelenchoides paraxui KU738610
Aphelenchoides eldaricus LC191272
Aphelenchoides smolae MN396877
Aphelenchoides blastophthorus MK981894
Aphelenchoides blastophthorus MT982122
Aphelenchoides prairiensis PP718972
Robustodorus helicus KP264117
Laimaphelenchus deconincki KF998578
Laimaphelenchus persicus JINO06987
Laimaphelenchus pannocaudus MK649832
Laimaphelenchus australis EU287600
Aphelenchoides paradalianensis MT811980
Aphelenchoides besseyi isolate 57 MK294342
Aphelenchoides pseudobesseyi MT271868
Aphelenchoides ritzemabosi KT692713
Aphelenchoides obtusus KX977428
Aphelenchoides salixae MNO72367
Aphelenchoides fujinensis KY123688
Aphelenchoides pseudogoodeyi MK294343
Aphelenchoides pseudogoodeyi PP171561

— Bursaphelenchus xylophilus DQ364687
62— Basilaphelenchus SP. isolate L242 PQ549714

Pl

Aphelenchus avenae JQ348400
Panagrellus redivivus DQ408249

95 Paragrellus dubius DQ408254

Fig. 5. Maximum Likelihood phylogenetic tree showing the relationships of Aphelenchoides bicaudatus with related
species based on the D2—-D3 expansion segment of 28S rDNA sequences. The analysis was conducted using the Tamu-
ra—Nei model with 1000 bootstrap replicates, and branches with less than 50% support were collapsed. Rate variation
among sites was modeled using a Gamma distribution (+G, 5 categories; parameter = 1.0471). Panagrellus spp. were
used as an outgroup. The sequence obtained in the present study is highlighted in bold.
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Fig. 6. Heat-map showing pairwise genetic divergence among Aphelenchoides spp. based on ITS gene sequences. Ge-
netic distances were calculated using p-distance model in MEGAT11. Color gradients indicate the level of divergence

(Blue = low, Red = high).

Conclusion

The present study adds significant input to the ex-
isting knowledge of Aphelenchoides taxonomy by
providing updated polyphasic data for 4. bicaudatus
(both male and female) found in a mangrove-associ-
ated habitat in eastern India. While the morphologi-
cal characterization established the species delimita-
tion, phylogenetic analyses based on ITS and D2-D3
genes strongly supported the species identity. The
relatively short length of the examined sequences,
regional differentiation, intraspecific variability, or a
limited number of matching sequences in the NCBI
database could all be contributing factors to the very
low sequence similarity found in the D2-D3 gene
(87—88%). The present finding offers a basis for fu-
ture investigations into aphelenchid adaptation, host
associations, and ecological distribution in diverse
ecosystems.
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