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Hedychium flavescens is recognized for its medicinal and pesticidal potential, yet its comprehensive phyto-
chemical profile and bioactivity against nematodes remain underexplored. This study offers a comparative
analysis of the chemical composition, nematicidal activity and acetylcholinesterase (AChE) inhibition of essential
oils (EOs) and extracts from the plant’s aerial and rhizome parts. GC-MS analysis identified significant chemical
variation between the parts, with monoterpenes and sesquiterpenes predominating in both EOs. The major
compounds were a-pinene, f-pinene, 1,8-cineole, linalool, and E-caryophyllene. On the other side, the extracts
were dominated by fatty acids, sterols, and diterpenoids. Nematicidal activity was evaluated against Meloidogyne
incognita, with rhizome EO showing higher potency (76% mortality at 1 pL/mL). Aerial and rhizome EOs
exhibited significant nematode egg hatching inhibition, with 77.59-89.66% inhibition at 1000 pg/mL after 96 h
of exposure. In-vitro AChE inhibition assays demonstrated potential neuroprotective properties in terms of ICsg
values with rhizome EO showing best inhibition activity (ICso = 181.03 pg/mL). Additionally, in silico docking
studies provided insights into the mechanism of action of key compounds on AChE. The findings support
H. flavescens as a natural alternative to synthetic nematicides and AChE inhibitors. Further studies are needed to
explore its broader applications.

containing bioactive compounds such as labdane-type diterpenes, ses-
quiterpenes and diarylheptanoids (Arya et al., 2020). Their essential oils
exhibit diverse medicinal properties, including anti-inflammatory,

1. Introduction

The genus Hedychium J. Koenig, is the largest in the Zingiberaceae

family, comprising around 102 species globally (Ray et al., 2017). Ac-
cording to the World Flora Online (WFO), the genus Hedychium J.
Koenig reported to contain 93 species (WFO, 2025). Hedychium species
have a history of traditional medicinal use for various ailments,
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antimalarial, antimicrobial, antihyperglycemic, antitumor, antifungal,

chemopreventive and pediculicidal activity (Hartati et al., 2014).
Hedychium flavescens Carey ex Roscoe, commonly known as yellow

ginger, cream ginger lily or cream garland lily, is native to the eastern
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Himalayas including regions of northeast India and Nepal (Sarangthem
et al., 2013). While primarily distributed in India, recent observations
have documented its presence in the semi-evergreen forests of Niyamgiri
hills in Odisha (Misra and Sahoo, 2015). However, research on the
phytochemical and pharmacological aspects of H. flavescens are limited.
To date, only the antibacterial, insecticidal, and antimicrobial properties
of its essential oil have been investigated (Sabulal et al., 2007; Suksathan
et al., 2013; Sakhanokho et al., 2013; Canton et al., 2023). The essential
oil primarily comprises linalool, g-pinene, and 1,8-cineole as its main
constituents (Sakhanokho et al., 2013; Kumar et al., 2023). Additionally,
Subramanyan et al. (2021) investigated the antiproliferative activity of
four labdane diterpenes from H. flavesecens, including coronarin E, C-14
epimers of isocoronarin D, C-15 epimers of coronarin D methyl ether,
and isocoronarin D.

Plant-parasitic nematodes (PPNs) are significant global pests,
causing yearly losses of around US$157 billion. Among them, root-knot
nematodes (RKNs), Meloidogyne spp., are particularly troublesome due
to their broad host range, leading to substantial crop damage in various
plants. Meloidogyne incognita, in particular, is notorious for causing crop
failure in the absence of effective control measures (Sikandar et al.,
2020). The overuse of chemical nematicides, like carbamates and or-
ganophosphates, has led to environmental and health issues, as well as
pesticide-resistant pest populations. Chemical nematicides disrupt the
nematode nervous system by inhibiting acetylcholinesterase (AChE) and
other enzymatic activity, leading to paralysis and altered behavior.
AChE levels serve as a crucial biomarker for exposure to these nemati-
cides (Chen et al., 2020). Molecular docking is crucial for predicting the
binding interactions between nematicidal agents and essential biolog-
ical targets such as AChE. It provides insights into the mode of action
and potential efficacy of compounds. This approach aids in the rational
design of more potent and selective nematicidal agents.

The utilization of plant-derived essential oils, extracts and phyto-
compounds as natural alternatives for pest control, has gained mo-
mentum in agricultural practices worldwide. With concerns over the
environmental impact and health hazards associated with synthetic
pesticides, there is a growing demand for sustainable and eco-friendly
alternatives. Plants, with their rich reservoir of bioactive compounds,
present an attractive source for the development of novel nematicidal
agents.

While the aerial parts of the plant, H. flavescens have traditionally
been the focus of research, the rhizome also possess bioactive com-
pounds that are worth exploring. However, there are no reports on the
efficacy the plant against nematodes. Additionally, there is less explo-
ration into the phytochemical screening of various extracts derived from
this plant. A comparative analysis of these constituents and their efficacy
against nematodes can provide valuable insights into the potential of
H. flavescens as a source of natural nematicidal agents.

This paper aims to elucidate the chemical composition of essential
oils and extracts obtained from the aerial parts and rhizome of
H. flavescens and evaluate their nematicidal activity against plant-
parasitic nematode. Further, the samples were tested for their ability
to inhibit acetylcholinesterase in vitro. In addition, to study the inhibi-
tion mechanism, molecular docking was performed on the main com-
pounds of the acetylcholinesterase enzyme from Meloidogyne incognita to
understand how they bind.

2. Material and methods
2.1. Plant material collection

Fresh aerial (including leaves, stems, and flowers) and rhizomes of
H. flavescens was collected from Kausani (Latitude: 29°50'38"N; Longi-
tude: 79°36'29"E; Elevation:1727 m), Uttarakhand, India in the month
of September 2022. The plant material was identified by Dr. D.S. Rawat,
one of the authors and a plant taxonomist from the Department of
Biological Sciences, GBPUAT Pantnagar. A voucher specimen (GBPUH-
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1613) has been deposited in the herbarium of the Department of Bio-
logical Sciences, GBPUAT Pantnagar for future reference.

2.2. Essential oil extraction

The essential oils extracted from the aerial parts and rhizomes of
H. flavescens underwent hydro-distillation for 4 h using a Clevenger-type
apparatus. They were labeled as HFAO and HFRO, respectively.
Following extraction, the essential oils were dehydrated using anhy-
drous sodium sulfate (NaSO4) to remove any moisture content and then
preserved in amber glass vials at a low temperature (4 °C in a refriger-
ator) for further applications. Oil yield (v/w) was documented as 0.1%
(v/w) and 0.06% (v/w) for HFAO and HFRO, respectively.

2.3. Extract preparation

Extracts were prepared from finely ground plant material using cold
percolation method. DCM (dichloromethane) was chosen as the
extraction solvent due to its moderate polarity, allowing it to efficiently
dissolve a wide range of non-polar and slightly polar compounds. Its
volatility also facilitates easy removal post-extraction making it ideal for
cold percolation of plant material to preserve thermolabile compounds.
Aerial parts (750 gm) and rhizomes (1000 gm) were soaked successively
in DCM (Manandhar et al., 2019). The supernatant was filtered through
Whatman filter paper, and the residues underwent additional extrac-
tions. Each extraction was filtered and stored in glass bottles. The
combined filtrates were evaporated under reduced pressure at 40 °C
using a rotary evaporator to yield the crude extract. The extracts yield
(w/w) was documented as 2.53% (w/w) and 0.42% (w/w) for aerial
parts (HFAE) and rhizomes (HFRE), respectively.

2.4. GC-MS analysis of essential oil

The extracted essential oils were analyzed using Shimadzu GCMS-
QP2010 Plus system, equipped with a thermal desorption system,
Ultra DB-5, and GCMS-QP2010 Ultra Rtx-5MS column. The analysis was
performed under the following conditions: the column oven temperature
was set at 50.0 °C and the injection temperature was 260.0 °C with a
split injection mode. The flow control mode was linear velocity, with a
pressure of 69.0 kPa, a total flow of 28.4 mL/min, column flow of 1.21
mL/min, linear velocity of 39.9 cm/s and a purge flow of 3.0 mL/min.
The split ratio was set at 20.0, with high pressure injection, carrier gas
saver, and splitter hold all turned off. The oven temperature program
was set with an initial temperature of 50.0 °C held for 2.00 min then
ramped at 3.00 °C/min to 210.0 °C held for 2.00 min and finally ramped
at 6.00 °C/min to 280.0 °C held for 11.00 min. Mass spectrometer
conditions included a source temperature of 220.0 °C and an interface
temperature of 270.0 °C. The components of the essential oils were
identified based on retention time, by comparison of the retention index
(RI) which was calculated relative to C;9-C4o n-alkane homologous se-
ries under similar examination conditions, matching with mass spectra
NIST (NIST version 2.1) and WILEY (7th edition) libraries and by
comparing the fragmentation pattern of the mass spectral data with
those reported in the literature (Adams, 2007).

2.5. GC-MS analysis of extracts

The non-volatile compounds are not detected in standard GC-MS
analysis. To overcome this limitation, the extract samples were deriv-
atized into their trimethylsilyl (TMS) derivatives, enhancing their
volatility and enabling their detection by GC-MS. For GC-MS analysis,
5-6 mg of dry aerial and rhizome extract were dissolved in 220 pL of
pyridine. The analysis was performed using an HP7890A gas chro-
matograph equipped with a 5975C VL MSD Triple-Axis Detector (Agi-
lent Technologies, USA) and an HP-5ms capillary column (30 m x 0.25
mm i. d., 0.25 pm film thickness). The injector, operated at 280 °C in
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split mode (1:20) and a 1-pL sample was introduced via an Agilent 7693
A autosampler. Helium was used as the carrier gas at a constant flow rate
of 1 mL/min. The column temperature was initially set to 50 °C then
increased to 320 °C at 3 °C/min and held for 10 min. The MSD detector
parameters included a transfer line temperature of 280 °C, MS source
temperature of 230 °C and MS quadrupole temperature of 150 °C.
Electron impact mass spectra (EIMS) were recorded at 70 eV ionization
energy, with full scan detection ranging from 41 to 650 a.m.u. A hexane
solution of C10—Cy9 n-alkanes was used to calculate retention indices
(Rlcal) under these conditions.

2.6. Nematicidal activity

2.6.1. Nematode culture preparation

Meloidogyne incognita, root-knot nematode (RKN), was cultured in a
greenhouse at the Department of Plant Pathology, G.B.P.U.A. & T.
Pantnagar, Uttarakhand, using infected tomato plants. Nematode egg
masses were extracted from these rhizomes and incubated at 27 + 1 °C
in Petri plates containing distilled water. The hatched nematodes were
then suspended in distilled water to create a stock solution, with a

(Egg hatching in control) — (Egg hatching in treatment)
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Petri plates. Essential oil and extract solutions were added to achieve a
final volume of 2.00 mL, at the same concentrations. Control treatments
contained only nematode suspension with 1.00% Tween 20 solution.
The observations of dead nematodes were recorded at 24, 48, 72, and 96
h using a stereoscopic microscope (Olympus 2C43606) at 40 x magni-
fication. Nematodes with motionless, straight bodies were counted as
dead. Mortality percentage was calculated using Abbott’s formula
(Abbott, 1925):

(Mortality in treatment) — (Mortality in control)
(100 — Mortality in control)

Percent mortality =

x 100

2.6.4. Egg hatching inhibition assay

This assay followed a similar procedure to the mortality assay, using
1 mL solutions containing ~100 nematode eggs instead of larvae. Egg
hatching was observed at 24, 48, 72 and 96 h using a stereoscopic mi-
croscope at 40 x magnification. The percentage of egg hatching inhi-
bition was calculated by comparing the number of eggs hatched in
treated samples to the control using Abbott’s formula (Abbott, 1925).

P hatching =
ercent egg hatching (Egg hatching in control)

concentration of approximately 100-110 s-stage juveniles (J2) per mL.

2.6.2. Preparation of essential oil and extract emulsions

Essential oil emulsions were prepared using a 1.00% Tween 20 sur-
factant solution. A primary stock solution (2 pL/mL) was made and
serially diluted to secondary concentrations (1.0, 0.5, and 0.25 pL/mL).
Similarly, crude extracts (20 mg) were dissolved in minimal acetone,
then emulsified with 1.00% Tween 20 surfactant. A primary stock so-
lution (2000 pg/mL) was prepared by diluting the mixture to 10 mL with
Tween 20 aqueous solution. Serial dilutions of this stock were made to
obtain secondary concentrations ranging from 1000 to 250 pg/mL.

2.6.3. Mortality assay

The in-vitro mortality assay followed Mahawer et al. (2023). A so-
lution containing ~100 J2 nematodes per mL was placed in gridded

= Monoterpene hydrocarbons

m Oxygenated Monoterpenes

x 100

2.7. In-vitro acetylcholinesterase (AChE) inhibition assay

The acetylcholinesterase (AChE) inhibitory activity of the samples
was assessed using a slightly modified spectrophotometric method based
on Ellman et al. (1961) and Alimi et al. (2022). Larvae of Meloidogyne
incognita were homogenized in ice-cold phosphate buffer (50 mM, pH
8.0) and centrifuged at 1000 rpm for 5 min at 4 °C. The supernatant
served as the enzyme source. The substrate, acetylthiocholine iodide
(ATChI, 1.0 mM), was used in the reaction. The extracts and the essential
oils were prepared in five concentrations (1000-100 pg/mL) via serial
dilution in buffer with up to 10% methanol. The reaction mixture con-
sisted of 20 pL of the extract, 150 pL of phosphate buffer (0.1 M, pH 8.0),
and 20 pL of AChE solution (0.1 units/mL), incubated at 25 °C for 15

m Sesquiterpene hydrocarbons
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Fig. 1. Relative percentage of compound classes in essential oils and extracts of Hedychium flavescens.



H. Karakoti et al.

Table 1
GC-MS analysis of aerial and rhizome part essential oils of Hedychium flavescens.
No.  Name Molecular R RI““"  HFAO HFRO
Formula
Monoterpene hydrocarbons including: 65.89 41.95
1 a-Thujene C1oHie 930 930 0.31 0.23
2 a-Pinene CioH16 939 937 14.57 9.72
3 Camphene CioHie 954 953 0.07 0.64
4 p-Pinene C1oHi6 979 979 32.93 26.59
5. Myrcene CioHie 990 995 1.44 0.76
6 a-Phellandrene CioHi6 1002 1002 2.91 0.71
7 3-Carene C1oHie 1011 1011 - 0.18
8. a-Terpinene CioHie 1017 1020 0.63 0.18
9. p-Cymene CioHie 1024 1022 4.91 0.67
10. Limonene CioH1e 1029 1028 0.98 -
11. E-p-Ocimene C1oHie 1050 1049 0.68 -
12. y-Terpinene CioHie 1059 1064 6.18 1.91
13. Terpinolene CioHie 1088 1088 0.28 0.36
Oxygenated Monoterpenes including: 6.84 48.70
14. 1,8-Cineole Cy0H;80 1031 1031 2.91 12.96
15.  Linalool C1oH;50 1096 1097 1.87  27.33
16. Fenchyl alcohol C10H180 1116 1115 - 0.29
17. Limonene dioxide C10H1602 1136 1136 - 0.04
18. trans-Pinocarveol C10H160 1139 1138 0.15 0.13
19. trans-Verbenol C10H160 1144 1145 0.05 -
20. Camphene hydrate C10H180 1149 1149 - 0.09
21. Pinocarvone C10H140 1164 1163 0.11 0.19
22. Borneol CyoH180 1169 1169 0.09 1.41
23. Terpinen-4-ol Cy0H180 1177 1180 0.69 2.50
24. a-terpineol C10H180 1188 1188 0.70 -
25.  Myrtenal C1oH140 1195 1194 0.18 0.08
26. cis-Piperitol C10H180 1196 1196 - 0.05
27. cis-Geraniol C10H180 1229 1228 - 0.13
28. Bornyl acetate C12H2002 1285 1284 - 0.10
20. Isoascaridole C10H1602 1307 1307 0.09 -
30. Linalyl propionate C13H2205 1337 1337 - 3.40
Sesquiterpene hydrocarbons including: 17.24 3.38
31. Bicycloelemene Cis5Hag 1330 1331 0.11 -
32. S-Elemene Cy5Ha4 1338 1340 0.43 0.14
33.  p-Elemene CisHas 1390 1391 0.49 0.07
34. E-Caryophyllene Cis5Hag 1419 1420 12.33 1.02
35. y-elemene Ci5Hag 1436 1440 0.05 -
36. Guaia-6,9-diene Cys5Has 1447 1451 0.30 0.26
37. a-Humulene CisHog 1454 1455 0.73 -
38. 9-epi-E- Ci5Hog 1466 1460 0.11 0.13
Caryophyllene
39. p-Chamigrene Cis5Hag 1477 1476 - 0.21
40. Germacrene D Ci5Hog 1481 1487 0.72 0.40
41.  p-Selinene Cy5Has 1490 1491 0.07 0.23
42, Bicyclogermacrene CysHog 1500 1499 0.70 -
43. a-Farnesene Cis5Hag 1505 1504 0.31 -
44. a-Bisabolene CisHog 1507 1507 - 0.33
45, 7-epi-a-Selinene Cis5Hayg 1522 1520 - 0.10
46. 5-Cadinene CisHog 1523 1523 0.34 -
47. Germacrene B Ci5Hog 1561 1560 0.44 0.40
48. p-Calacorene CysHao 1566 1566 0.11 0.09
Oxygenated Sesquiterpenes including: 8.64 4.24
49. Kessane Cy5H260 1530 1529 - 0.17
50. Z-Nerolidol C15H260 1532 1535 0.31 0.02
51. Spathulenol Cy5H240 1578 1579 - 0.44
52. Caryophyllene oxide C15H240 1583 1583 5.62 -
53. (—)-Globulol C15H260 1590 1588 0.38 0.26
54. Viridiflorol Cy5H260 1592 1590 - 0.59
55. Ledol Cy5H60 1602 1602 0.08 0.07
56. 1,10-di-epi-Cubenol Cy5H260 1619 1615 0.18 0.22
57. Muurola-4,10(14)- C15H240 1631 1630 - 0.08
dien-1-$-ol
58. Isospathulenol C15H240 1639 1639 1.32 1.01
59. a-Muurolol C15H260 1646 1645 - 0.24
60. a-Cadinol Cy5H60 1654 1658 019 -
61. Selin-11-en-4-a-ol Cy5H260 1656 1656 - 0.40
62. trans-Calamenen-10- C15H220 1669 1670 0.06 -
ol
63. Shyobunol Cy5H60 1689 1685 0.06 -
64. Juniper camphor Ci15H260 1700 1700 - 0.06
65. Longifolol C15H260 1714 1715 0.02 0.14
66. Ambrial Cy6H260 1809 1810 0.42 0.54
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Table 1 (continued)

No. Name Molecular RIMT RI®**  HFAO  HFRO
Formula

Oxygenated Diterpenes including: 0.13 1.47

67. Geranyl linalool CooH340 2027 2026 0.13 -

68. Coronarin E CooH2s0 2135 2141 - 1.47

Total 98.74 99.74

RI®Al = calculated retention indices; RI"'" = Literature retention indices value
on a DB-5 MS column in reference Adams (2007) and NIST web book (William
et al., n.d.).

min. Then, 10 pL of dithiodinitrobenzoic acid (DTNB, 10 mM) was
added, followed by 10 pL of ATChI to initiate the reaction. The enzyme
catalyzed the breakdown of ATChI into thiocholine, which reacted with
DTNB to produce a yellow color. The absorbance was measured at 405
nm using a UV-Vis spectrophotometer (GENESYS 10S UV-VIS). Meth-
anol (10% in buffer) served as the blank, phosphate buffer was used as
the negative control, and physostigmine salicylate (HIMEDIA) was the
positive control. All assays were conducted in triplicate.

Inhibitory activity (%) = ((Ao — At))/Ao x 100
Where, Ao and At are the absorbance values of control and tested
samples respectively. The percent inhibition was plotted against con-

centrations and the equation for the line was used to obtain the ICsq
(half-maximal inhibitory concentration) values.

2.8. Molecular docking study

A molecular docking study was conducted to explore the binding
modes of key components from the samples that demonstrated good

HO

a-Pinene

B-Pinene Linalool

1,8-Cineole

[E-Caryophyllene

OH
Linolenic acid

a-Tocopherol

o
OH HO'

Stigmasterol jB-Sitosterol

NN N

Retinal

Fig. 2. Structures of some major compounds identified in H. flavescens essential
oils and extracts.
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Table 2

Relative composition (% TIC) of Hedychium flavescens aerial and root extracts.
No. Compounds Ret Time (min) RIMT RICA % HFAE % HFRE
Monoterpene hydrocarbons including: 0.59 4.33
1. a-Pinene 7.137 936 937 £3 0.08 0.91
2. Sabinene 8.435 974 974 £ 2 trace -
3. p-Pinene 8.552 978 979 £ 2 0.36 2.78
4. p-Cymene 10.332 1024 1025 + 2 0.07 0.39
5. Limonene 10.486 1028 1030 £ 2 0.08 0.16
6. y-Terpinene 11.70 1062 1060 + 2 trace 0.09
Oxygenated monoterpenes including: 0.49 3.04
7. Eucalyptol 10.579 1032 1032 £ 2 0.25 1.49
8. Linalool 13.447 1099 1099 + 2 0.09 1.33
9. Pinocarveol 15.06 1137 1138 + 4 trace -
10. p-Damasceone 24.37 1352 - trace 0.22
11. Dihydroactinidiolide 31.541 1528 1532 + 10 0.15 -
Sesquiterpene hydrocarbons including: 1.72 2.97
12. p-Caryophyllene 27.142 1418 1419 + 3 1.33 0.25
13. Aromandendrene 28.15 1443 1440 £1 - 0.31
14. Aristolene 28.36 1448 1447 + 19 - 0.55
15. a-Humulene 28.53 1452 1454 £ 3 0.15 -
16. Alloaromadendrene 28.82 1460 1461 + 2 0.11 0.21
17. y-Muurolene 29.48 1476 1477 £3 - 0.83
18. Aristolochene 29.77 1483 1487 £ 8 - 0.18
19. p-Guaiene 30.14 1492 1490 + 3 - 0.38
20. S-Cadinene 31.363 1523 - 0.13 0.26
Oxygenated Sesquiterpenes including: 3.77 2.13
21. Spathulenol 33.43 1576 1576 £ 2 0.23 0.21
22. Caryophyllene oxide 33.63 1581 1581 £ 2 0.75 0.25
23. Globulol 33.82 1586 1591 £ 11 - 0.14
24. Sesquiterpenoid (161,105,121,93,81,204,189) 35.27 1625 - - 0.25
25. Isospathulenol 35.386 1628 1624 + 2 0.46 0.66
26. Sesquiterpenoid C;5H»,0 (136,69,91,41,79, 218) 35.634 1635 - 0.12 -
27. Sesquiterpenoid C;5H240 (109,43,125,124,81,220) 35.73 1637 - 0.11 -
28. a-Cadinol 36.32 1653 1653 + 2 - 0.15
29. Sesquiterpenoid C;5H240 (109,81,123,95,137,220) 36.876 1668 - 0.26 0.41
30. Sesquiterpenoid C;5H240 (95,191,121,109,41 ... 220) 39.447 1740 - 0.16 0.06
31. Dehydrovomifoliol 41.184 1790 1800 + 2 0.20 -
32. Hexahydrofarnesyl acetone 43,11 1847 1844 + 4 1.48 -
Diterpenes including: 6.15 0.80
33. 3,7,11,15-Tetramethylhexadec-2-ene 42.701 1835 1830 + 3 0.38 -
34. Neophytadiene 42.882 1840 1838 £ 3 3.75 -
35. Diterpene CyoHsg (82,81,95,68,57 ... 278) 43.707 1865 - 2.02 -
36. Kaur-16-ene 49.5 2047 2040 + 6 - 0.80
Oxygenated diterpenes including: 7.4 11.89
37. Ambrial 41.397 1796 1809 + N/A 0.61 2.70
38. Isophytol 46.434 1949 1948 + 2 0.09 -
39. (E)-15,16-Dinorlabda-8(17),12-dien-14-al 46.678 1956 1958 + 10 0.17 0.31
40. (E)-15,16-Dinorlabda-8(17),11-dien-13-one 47.528 1983 1989 £ 6 0.43 0.49
41. Thunbergol 50.35 2074 2073 £ 21 - 0.54
42. Phytol 51.54 2114 2114+ 6 4.36 -
43. Coronarin E 51.747 2121 2136 = N/A 0.31 -
44. Diterpenoid CyoH300- (137,81,95,69 ... 302) 58.36 2355 - 0.68 0.92
45. Diterpenoid (69,81,43,41,95) 59.153 2384 - 0.13 -
46. Retinal 61.28 2465 2466 + 0 - 3.82
47. Diterpenoid (137,81,123,95,41) 65.923 2650 - 0.21 -
48. Villosin 63.219 2541 2559 £+ 17 0.23 0.74
49. Diterpenoid CpoH2502 (137,123,95,81,167,191,300) 68.88 2775 - - 2.37
50. Diterpenoid (98,137,81,123,109) 64.943 2610 - 0.18 -
Fatty acids and Fatty acid esters: 23.15 7.7
51. Methyl palmitoleinate 45.043 1905 1899 + 8 0.18 -
52. Methyl hexadecenoate 45.642 1924 1923 0.24 0.77
53. Methyl palmitate 45.771 1928 1926 + 2 3.01 -
54. Hexadecanoic (palmitic) acid 47.079 1969 1962 + N/A 4.66 1.42
55. cis-10-Heptadecenoic acid, methyl ester 48.446 2012 2016 + N/A 0.16 -
56. 1-Octadecanol 50.64 2084 2082 + 2 - 0.41
57. Methyl linoleate 50.971 2095 2093 + 3 1.37 0.44
58. Methyl linolenate 51.173 2101 2099 + 3 3.24 0.44
59. 13-Octadecenoic acid, methyl ester 51.341 2107 2120 £ N/A 0.26 0.32
60. Methyl octadecanoate 51.983 2129 2128 + 4 0.45 -
61. Linoleic acid 52.30 2140 2133 £ 11 1.13 0.87
62. 9-Octadecynoic acid, methyl ester 52.37 2142 2141 + N/A - 1.03
63. Linolenic acid 52.496 2147 2139 £ N/A 7.04 0.40
64. Octadecanoic acid 53.066 2166 2172+ 8 0.92 -
65. Eicosanal 54.77 2225 2224 + 4 - 0.14
66. Eicosen-1-ol, cis-9 55.79 2261 2261 £ N/A - 0.22
67. 1-Eicosanol 56.53 2287 2282+ 6 - 0.56

(continued on next page)
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Table 2 (continued)

No. Compounds Ret Time (min) RIMT RICAL % HFAE % HFRE
68. Glycidyl palmitate* 56.79 2297 2294 + N/A - 0.30
69. Behenic alcohol 61.97 2492 2496 + 6 - 0.38
70. Methyl docosanoate 62.981 2532 2528 + 3 0.09 -

71. Methyl tricosanoate 65.482 2632 2628 + 4 0.17 -

72. Methyl tetracosanoate 67.896 2733 2730 + N/A 0.23 -
Tocopherols 10.2 0.31
73. a-Tocospiro A 70.638 2852 2860 + N/A 0.16 -

74. a-Tocospiro B 71.142 2874 2882 £ N/A 0.21 -

75. S-Tocopherol 72.65 2942 - 0.41 -

76. y-Tocopherol 74.64 3033 - 0.23 -

77. p-Tocopherol 74.954 3048 - 1.45 -

78. a-Tocopherol 76.721 3132 3131 £ N/A 7.74 0.31
Sterols and Steroids including: 26.96 25.79
79. Sterol (251,197,155,376,69) 72.83 2950 - - 0.25
80. Sterol CyoHyg (stigmasta-3,5-diene*) 75.609 3087 - 0.35 -

81. Dehydroergosterol 77.149 3152 3149 + N/A 0.17 0.17
82. Cholest-5-ene, 3-methoxy-, (3p) 78.36 3212 3217 £ N/A - 1.84
83. Sterol CgHss0 78.367 3213 - 1.33 -

84. Stigmasterol 79.063 3248 3249 + N/A 4.65 5.24
85. Sterol (271,107,119,272,105) 79.313 3260 - 0.69 -

86. Obtusifoliol* 79.727 3282 - 0.15 -

87. a-Spinasterol 79.913 3291 3295 £ N/A 0.25 0.28
88. p-Sitosterol 80.279 3310 3308 + N/A 13.48 11.65
89. y-Sitosterol 80.58 3325 3321 +£31 - 0.50
90. Gramisterol* 80.669 3330 - 1.35 -

91. Cycloeucalenol* 80.891 3341 - 1.16 -

92. 24(S)-Hydroxycholesterol 80.89 3341 3346 - 0.28
93. Sterol (396,147,145,81,105) 81.52 3374 - - 0.54
94. 4,22-Stigmastadiene-3-one 81.67 3382 3383 £ 16 - 0.62
95. 3,5-Stigmastadien-7-one 82.02 3400 - - 0.26
96. Stigmast-4-en-3-one 82.801 3441 3447 + 12 2.07 1.79
97. 5a-Hydroxy-6-ketocholesterol 84.2 3515 3513 - 0.29
98. Ergosterol peroxide acetyl derivative* 84.73 3543 3545 + N/A - 0.53
99. 5q-Stigmastane-3,6-dione 85.867 3606 3601 + N/A 1.31 1.55
Aliphatic Hydrocarbons including: 12.75 13.79
100. 1-Dodecene 17.42 1192 1190 + 3 - 0.19
101. 4-ethenyl-4-methyl-3 Cyclohexene 23.75 1337 1338 £ 2 - 0.33
102. 1-Tetradecene 26.087 1392 1392 £1 0.31 0.48
103. 1-Hexadecene 34.066 1593 1592 +1 0.58 0.87
104. 1-Octadecene 41.302 1793 1793 £1 0.94 1.42
105. 1-Eicosene 47.888 1994 1994 £ 1 1.29 1.76
106. 1-Docosene 53.91 2195 2194 £1 1.63 1.80
107. 1-Tetracosene 59.47 2396 2394 £+ 2 - 1.50
108. n-Pentacosane 62.199 2500 2500 0.94 -
109. 1-Hexacosene 64.59 2596 - 0.71 1.42
110. n-Hexacosane 64.706 2600 2600 0.23 0.31
111. n-Heptacosane 67.132 2700 2700 0.56 0.36
112. 1-Octacosene 69.373 2796 - 0.45 0.75
113. n-Octacosane 69.473 2800 2800 0.42 0.28
114. 1-Nonacosene 71.374 2884 2885+ 8 0.30 -
115. n-Nonacosane 71.735 2900 2900 0.88 0.51
116. 1-Triacontene 73.84 2997 - 0.30 0.72
117. n-Triacontane 73.92 3000 3000 0.76 -
118. n-Hentriacontane 76.079 3100 3100 1.25 0.63
119. n-Dotriacontane 78.12 3200 3200 0.63 0.46
120. n-Tetratriacontane 82.025 3400 3400 0.48 -
121. n-Pentatriacontane 83.937 3500 3500 0.09 -
Phytyl esters including: 2.11 3.27
122. Phytyl hexadecanoate 85.014 3559 - 0.98 -
123. Phytyl ester 86.607 3647 - 0.23 -
124. Phytyl ester 88.277 3741 - 0.28 -
125. Phytyl ester 94.408 >4000 - 0.17 3.27
126. Phytyl ester 99.51 >4000 - 0.45 -
Non identified compounds: 1.4 23.57
127. NN (147,81,137,160,199 ... 284) 51.77 2122 - - 4.10
128. NN (55,69,97,83,109) 53.79 2191 - - 0.24
129. NN (97,137,81,110,69,123,177,191 ... 302) 54.98 2232 - - 0.20
130. NN (190,137,85,95,69,175,149,275 ... 341) 55.32 2244 - - 0.30
131. NN (97,137,81,69,109,177,150,191,284 ... 302) 56.28 2278 - - 0.48
132. NN (137,81,95,123,110,248,177,149 ... 446) 57.08 2307 - - 0.32
133. NN (57,123,190,339,283,227,395 ... 410) 58.83 2372 - - 0.89
134. NN (137,110,123,81,95,248,215,177,149 ... 348) 58.96 2377 - - 0.49
135. NN (97,83,57,55,69) 59.457 2395 - 0.82 -
136. NN (137,123,69,95,177,149,219,301 ... 446) 59.67 2404 - - 0.31
137. NN (162,110,81,95,121,149,285,300 ... 355) 60.64 2441 - - 0.19
138. NN (137,81,95,123,287,177,205,149,302 ... 446) 62.15 2499 - - 1.27

(continued on next page)
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Table 2 (continued)
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No. Compounds Ret Time (min) RIMT RICAL % HFAE % HFRE
139. NN (137,81,95,123,176,203,285 ... 300) 63.32 2545 - - 10.24
140. NN (98,137,81,123,95) 64.96 2611 - - 1.77
141. NN (176,109,131,164,285,203,368 ... 446) 65.47 2632 - - 0.33
142. NN (137,123,109,95,151,191,287 ... 405) 65.94 2651 - - 1.68
143. NN (137,95,81,109,191,318,249 ... 405) 66.44 2672 - - 0.41
144. NN (55,97,83,69,81) 84.729 3543 - 0.58 -

145. NN (316,57,191,206,291,367,479 ... 591) 86.1 3619 - - 0.35
Total 98.36 98.43

Trace = below 0.01% of TIC, Compounds labeled with an asterisk mark (*) signify that the identification is tentative, + indicates the error range of the retention index,

while N/A means the error or value is not available, NN indicates the non-identified compounds, RT = retention time; R

I°AL = calculated retention indices; RI'T =

Literature retention indices value on a DB-5 MS column in reference Adams (2007) and NIST web book (William et al., n.d.).

nematicidal and AChE inhibition activity with the acetylcholinesterase
(AChE) enzyme of Meloidogyne incognita, a critical player in synaptic
transmission and locomotion. The AChE protein structure was modeled
using homology modeling, following Rajasekharan et al. (2020), based
on its sequence available in the NCBI GenBank (Kundu et al., 2016). The
SWISS-MODEL web server was utilized to generate the 3D protein
model, which was subsequently employed in docking assays using PyRx
software.

The ligand structures were sourced from the PubChem database in
SDF format, imported into PyRx via the Open Babel tool and subjected to
energy minimization using the universal force field. The ligands were
then converted to PDBQT format for compatibility with AutoDock.
Molecular docking was executed using PyRx’s Vina Wizard tool, which
assessed binding affinities and ligand-receptor interactions. The docking
results were analyzed and exported as CSV files. For visualization of 2D
and 3D interactions, Biovia Discovery Studio-2023 Client was employed.

2.9. Statistical analysis

The in vitro bioassays were conducted in triplicate. Statistical anal-
ysis involved a one-factor analysis of variance (ANOVA) and two-factor
ANOVA using the OriginPro 2024 (64-bit) SR19.9.5.171 software, spe-
cifically the student trial version. A p-value less than 0.05 was signifi-
cant, indicating differences among treatment means. Mean values were
further compared using Tukey’s test. LCsq values for the studied samples
obtained from concentration-mortality data were subjected to Probit
analysis.

3. Results and discussion
3.1. Chemical composition

The GC-MS analysis of the essential oils from aerial parts (HFAO) and
rhizomes (HFRO), revealed a complex profile of volatile compounds,
predominantly comprising monoterpenes, oxygenated monoterpenes,
sesquiterpenes and oxygenated sesquiterpenes as showed in Fig. 1. The
detailed results are reported in Table 1. A total of 50 and 53 components
were detected in HFAO and HFRO contributing about 98.99% and
99.87% of the total oil composition, respectively. The analysis revealed
significant differences in the chemical profiles of HFAO and HFRO.
p-Pinene (32.93%), a-pinene (14.57%), E-caryophyllene (12.33%),
y-terpinene (6.18%), caryophyllene oxide (5.62%) and p-cymene
(4.91%) were major compounds identified in HFAO, while linalool
(27.33%), p-pinene (26.59%), 1,8-cineole (12.96%) and a-pinene
(9.72%), were dominant in HFRO. Structures of some major compounds
are shown in Fig. 2 f-Pinene was the most abundant compound in both
HFAO and HFRO, consistent with the results from previous studies on
related species. For instance, Ray et al. (2017) and Kumar et al. (2023)
also reported high g-pinene content in rhizomes essential oil from West
Bengal, India and Himachal Pradesh. The high percentage value of
linalool in HFRO aligns with previous studies where linalool was a major
component in the rhizome essential oils from various regions, such as

from Kerala, Mauritius, Mississippi, USA and Thailand (Gurib-Fakim
et al., 2020; Sakhanokho et al., 2013; Sabulal et al., 2007). The presence
of 1,8-cineole in HFRO is also corroborated by findings from Sabulal
et al. (2007) and Sakhanokho et al. (2013). There are limited studies on
the chemical composition of essential oils from aerial parts of this plant.
In some of these studies, the essential oil from the flowers has been
found to be rich in linalool and g-pinene. However, in the current study,
the amount of linalool in HFAO is relatively low, comprising only
1.87%.

The GC-MS analysis of the aerial and root part extracts yielded a total
of 145 components, each constituting at least 0.01% of the total ion
current (TIC) in the chromatograms as shown in Table 2. The identifi-
cation of these components was conducted at various levels in this study.
Speciation involves the determination of chemical structure and name.
In cases where mass spectrometric identification could not be confirmed
by chromatography due to unavailable authentic standards or retention
indices, the identification was considered tentative. The molecular for-
mulas and chemical classes of several components were determined
using mass spectrometric data, specifically by identifying the molecular
ion (M) and key fragment ions within the mass spectrum (Table 2). A
total of 19 components remained unidentified and could not be assigned
to any specific organic compound groups. 49 Components were found to
be common in between HFAE and HFRE. Fig. 1 shows the relative per-
centage of compound classes in HFAE and HFRE. HFAE showed lower
percentage of monoterpenoids in traces amounts compared to HFRE. In
both HFAE and HFRE, sterols and steroid acids were identified as major
compounds. Notably, f-sitosterol and stigmasterol were the dominant
constituents in both extracts. HFAE showed a higher amount of fatty
acid esters, with linolenic acid and palmitic acid being the predominant
components. Structures of some major compounds are shown in Fig. 2.
Both extracts showed higher percentage of aliphatic hydrocarbons.
Notably, HFAE contained a higher percentage of tocopherols, particu-
larly a-tocopherol (7.74%). Both the extract showed good percentage of
diterpenoids (>10%). There are no reports available in the literature on
the phytochemical composition of these plants extracts. However, one
previous study on the rhizomes of Hedychium flavescens highlighted the
isolation of four labdane diterpenes namely coronarin E, C-14 epimers of
isocoronarin D, C-15 epimers of coronarin D methyl ether and iso-
coronarin D (Subramanyan et al., 2021). The dinorlabdane diterpenoids
identified in this study, such as (E)-15,16-Dinorlabda-8(17),
12-dien-14-al and (E)-15,16-Dinorlabda-8(17),11-dien-13-one, have
been previously reported in other Hedychium species, including
H. acuminatum, H. coronarium and H. ellipticum (Suekaew et al., 2020;
Weyerstahl et al., 1995). Additionally, these compounds have also been
found in Zingiberous species like Curcuma moonga and Globba schom-
burgkii (Doungchawee et al., 2019). g-Sitosterol, major compound in
both HFAE and HFRE, has been previously identified and isolated from
Hedychium species such as H. Coronarium, H. Spicatum (Van Kiem et al.,
2011; Sravani et al., 2015). The current investigation reveals the pre-
dominant presence of these components aligning and validating the
findings of the previous study. However, for some components it was not
possible to attribute a certain identification due to the absence in the
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Table 3
Percent egg hatching inhibition for H. flavescens samples against M. incognita.

Nematode egg hatching inhibition % (Mean + SD)

Sample  Concentration 24 h 48 h 72h 96 h
HFAO  0.25 pL/mL 54.17 £ 0.47>°  62.86 + 68.18 68.97
0.47° +0.47°¢ &+
0.81¢d¢
0.5 pL/mL 83.33 £ 0.47° 7143 + 70.45 74.14
0.47%° + +
0.47"d 0.00°¢
1 pL/mL 75.00 £ 0.81°®  74.29 + 75.00 77.59
0.81%° + +
0.47%0d  (.47%¢
HFRO  0.25 puL/mL 79.17 + 0.47° 7714 + 72.73 77.59
0.47%° + +
0.00%%4  0.47%¢
0.5 pL/mL 87.50 + 0.81°  88.57 + 84.09 87.93
0.47° +0.47%° &
0.47%°
1 pL/mL 87.50 + 0.81° 8571 + 86.36 89.66
0.94° +0.81°  +0.81°
HFAE 250 pg/mL 80.00 £ 0.47°°  74.29 + 61.36 62.07
0.00%" +0479 +
0.47%
500 pg/mL 72.00 £ 0.47°°  71.43 + 70.45 65.52
1.24% + +
0.47bcd 0.47cde
1000 pg/mL 84.00 £ 0.47°  80.00 % 79.55 72.41
0.47%° + +
0.00?> 0.47°¢
HFRE 250 pg/mL 29.17 + 0.47°°  37.14 + 31.82 39.66
0.47¢ +0.81°  +1.24f
500 pg/mL 66.67 + 0.47°°  71.43 + 61.36 58.62
0.47%° +0.94¢  +0.81°
1000 pg/mL 70.83 + 0.94°°  74.290.81%°°  72.73 75.86
+ +
0.81%%d (.47

SD = Standard deviation, The Tukey’s test (p < 0.05) indicates that there is no
statistically significant difference between mean values in a column that are
followed by the same letter.

literature of information on their isolation from Hedychium flavescens, as
well as the lack of authentic standards and available retention indices.
As aresult, their identification remains a tentative. This study highlights
the need for further research to isolate and fully characterize these
compounds using advanced spectroscopic techniques.

3.2. Nematicidal activity

In this study, the egg hatching inhibition of Meloidogyne incognita was
assessed using different concentrations of HFAO, HFRO, HFAE and

Table 4

Biochemical Systematics and Ecology 121 (2025) 104987

HFRE over 24-96 h. HFAO showed increasing inhibition with time at
0.25 pL/mL, reaching 68.97% by 96 h. At higher concentrations (0.5 and
1 pL/mL), inhibition remained stable around 74-77%. HFRO demon-
strated stronger and more consistent inhibition across all concentrations
with a peak at 89.66% at 1 pL/mL after 96 h. HFAE showed moderate
initial inhibition (80% at 250 pg/mL) that decreased over time. Simi-
larly, HFRE exhibited low inhibition at 250 pg/mL but improved at
higher concentrations, reaching 75.86% at 1000 pg/mL by 96 h. Overall,
essential oils (HFAO, HFRO) were more effective than the extract frac-
tions (HFAE, HFRE), with HFRO showing the highest inhibition across
all time points and concentrations, indicating its stronger egg hatching
inhibition potential as shown in Table 3.

The nematode mortality was assessed over 24-96 h for various
concentrations of HFAO, HFRO, HFAE, and HFRE. HFAO showed a dose-
dependent increase in mortality, with the highest concentration (1 pL/
mL) reaching 70.67% at 96 h (Table 4). Similarly, HFRO exhibited
strong nematicidal activity with mortality rising to 76% at 1 pL/mL by
96 h. In contrast, HFAE and HFRE showed lower efficacy. HFAE at 1000
pg/mL achieved 65.67% mortality at 96 h, while HFRE at the same
concentration reached only 47.67%. Overall, HFRO and HFAO demon-
strated superior nematicidal effects, with HFRO showing the highest
mortality, suggesting that the oil-based fractions are more potent than
the extracts. Table 4 shows the LCs( values for mortality assay indicating
least for HFRO at different time interval.

The strong nematicidal potential observed in HFRO can likely be
attributed to its chemical constituents. Previous studies have shown that
linalool, the major component of HFRO, exhibits potent nematicidal
activity against several nematode species, including Meloidogyne incog-
nita Elsharkawy et al., 2022; Sinha et al., 2006; Sangwan et al., 1990.
Another predominant monoterpene in HFRO, 1,8-cineole, has demon-
strated either moderate or negligible nematicidal effects in earlier
studies (Echeverrigaray et al., 2010; Avato et al., 2017; Lima et al.,
2021). It is plausible that the nematicidal activity of HFRO arises from
synergistic interactions between its major and minor components since
essential oils are complex mixtures of numerous compounds with
different abundances. Both HFAO and HFRO are rich in monoterpenes
such as a- and fS-pinene, which have been reported to possess nemati-
cidal properties in several studies. These monoterpenes have been
identified in essential oils known for their significant activity against
plant and animal pathogenic nematodes, including those from Achillea
wilhelmsii, Tanacetum polium, Pinus nigra and Myrtus communis (Kundu
et al., 2021; Mamoci et al., 2022; Sarri et al., 2024). These compounds
have demonstrated effectiveness in inhibiting egg hatching and inducing
mortality in second-stage juveniles (J2) of M. incognita at specific con-
centrations. The relatively lower nematicidal activity observed in the
extracts compared to the essential oils may be attributed to differences
in chemical composition. In fact, the extracts were rich in sterols mainly

Percent mortality (%) of tested samples of H. flavescens against Meloidogyne incognita across various concentrations and time intervals.

Samples  Concentration  Mortality % of second stage juvenile (J2) of Meloidogyne incognita (Mean + SD)
24h LCso 48 h LCso 72h LGCso 96 h LCso
HFAO 0.25 pL/mL 17.67 + 3.09%  5.089 pL/mL 33.67 + 1.24%F  1.258 pL/mL 43.33 + 3.68%  0.513 pL/mL 4733 +3.29°  0.341 pL/mL
0.5 pL/mL 25.00 + 2.16* 41.67 + 1.69% 55.33 + 2.05° 61.67 + 2.49°¢
1 pL/mL 30.67 + 2.49% 48.67 + 2.62%° 58.00 + 1.41° 70.67 + 2.86%
HFRO 0.25 pL/mL 17.67 +1.24%  4.176 pL/mL 36.67 + 1.69%  0.967 pL/mL 47.67 +1.24°0 0.377 pL/mL 54.67 + 1.88%  0.234 pL/mL
0.5 pL/mL 26.67 + 46.00 + 58.00 + 0.81° 65.67 + 0.94%
1.24%¢ 1.63%¢
1 pL/mL 31.67 + 1.69° 52.33 + 2.62* 66.00 + 0.81° 76.00 + 1.63*
HFAE 250 pg/mL 15.67 +1.69%  4350.17 pg/mL  18.00 + 1.63"  1511.42 pg/ 22.00 + 1.63°  1034.25 pg/ 26.33 +1.241  721.58 pg/mlL
500 pg/mL 21.00 + 0.81%¢ 25.67 +1.245  mlL 32,67 £2.05  mL 38.00 + 1.418"
1000 pg/mL 30.33 + 0.47%° 43.33 + 2.05™ 52.67 + 2.05™ 65.67 + 2.05™
HFRE 250 pg/mL 12.00 + 1.63°  17,085.40 pg/ 15.00 + 1.63"  5911.98 pg/ 24.00 + 2.94%  2820.83 pg/ 33.33 + 1.24"  1639.25 pg/
500 pg/mL 20.33 +2.05%¢  mL 25.33 +1.245  mlL 3567 + 1.24F mL 41.33 £0.94% mL
1000 pg/mL 21.33 + 1.24% 27.67 + 2.05%® 38.33 + 1.24° 47.67 + 1.69°

Results are expressed as mean =+ standard deviation, (n = 3), The Tukey’s test (p < 0.05) indicates that there is no statistically significant difference between mean

values in a column that are followed by the same letter.
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Table 5

Percentage of inhibition of the acetylcholinesterase enzyme extracted from
M. incognita using different concentrations of Hedychium extracts and essential
oils.

Sample Concentration Inhibition of the AChE  ICsq value (pg/mL)
(pg/mL) (%) (Mean =+ SD) (Mean =+ SD)
HFAO 1000 81.144 + 1.16" 376.72 + 2.73
750 68.215 + 0.11f
500 54.276 + 0.11%
250 45.791 + 0.11™
100 35.75 + 0.34°
HFRO 1000 77.77 + 0.00° 181.03 + 3.5
750 72.25 + 0.11°
500 66.39 + 0.118
250 57.91 + 0.11'
100 39.93 + 0.30"
HFAE 1000 62.424 + 0.00" 612.14 + 2.01
750 55.218 + 0.11)
500 45.858 + 0.00™
250 40.606 + 1.06"
100 30.235 + 0.239
HFRE 1000 56.363 + 0.00’ 870.72 + 1.30
750 45.05 =+ 0.00™
500 31.717 + 0.00°
250 24.309 + 0.11°
100 18.114 + 0.23°
Physostigmine 1000 83.92 + 1.15° 83.83 + 3.04
750 73.96 + 0.12¢
500 66.73 = 0.008
250 58.03 + 0.32!
100 48.63 + 0.21'

Results are expressed as mean =+ standard deviation, (n = 3). AChE: acetylcho-
linesterase. ICso: 50% inhibitory concentration. Physostigmine: positive control.
Different small letters following the data indicate significant differences
(ANOVA followed by Tukey’s test, p < 0.05). Values with the same letters are not
significantly different.

p-sitosterol, which has shown only moderate to strong nematicidal ef-
fects in previous studies (Bano et al., 2019; Velasco-Azorsa et al., 2021),
while the essential oils were dominated by volatile terpenoids that have
demonstrated stronger nematicidal properties (Echeverrigaray et al.,
2010). The extracts also exhibited a certain degree of nematicidal ac-
tivity, which is directly linked to their chemical composition. In this
study, both aerial and rhizome extracts were rich in fatty acids and ester
compounds. However, the aerial extract contained a higher proportion
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of fatty acid esters and demonstrated stronger nematicidal activity than
HFRE. Previous studies (Davis et al., 1997; Panda et al., 2020) have
reported the potent nematicidal effects of these compounds against
various nematodes, including the root-knot nematode. Additionally,
steroid compounds such as stigmasterol, and sitosterol which are
abundant in HFAE and HFRE, are known for their nematicidal proper-
ties. The structural similarity between stigmasterol and a-ecdysone, a
key molting and sex hormone in nematodes, suggests a potential
mechanism of action. a-Ecdysone plays a crucial role in the biosynthesis
and metabolism of hormones that regulate molting and reproduction in
nematodes. By disrupting steroid metabolism, sterols may interfere with
hormonal balance, accelerating development and leading to impaired
growth and reproduction. This disruption ultimately contributes to the
nematicidal activity (Naz et al., 2013; Velasco-Azorsa et al., 2021).
Furthermore, the synergistic interactions among various compounds in
the extracts likely enhance their overall nematicidal potential.

3.3. In-vitro acetylcholinesterase inhibition activity

The acetylcholinesterase (AChE) inhibitory activities of different
essential oils and extracts (HFAO, HFRO, HFAE, HFRE) were evaluated
and compared with the standard inhibitor, physostigmine. The results,
summarized in Table 5 revealed varying degrees of AChE inhibition
across different samples at concentrations ranging from 100 to 1000 pg/
mL, with the ICs¢ values providing a measure of the efficacy of each
sample. Among the tested samples, HFAO exhibited the highest inhibi-
tory activity with an ICs¢ value of 376.72 pg/mL, achieving 81.14%
inhibition at the highest concentration (1000 pg/mL). HFRO demon-
strated a slightly lower inhibitory effect, with an ICsq value of 181.03
pg/mL, but displayed comparable inhibition (77.77%) at the maximum
concentration. HFAE and HFRE showed relatively lower AChE inhibi-
tion, with ICsq values of 612.14 pg/mL and 870.72 pg/mL respectively,
reflecting their reduced potency respect to HFAO and HFRO. In com-
parison, the reference standard physostigmine exhibited higher AChE
inhibitory activity across all concentrations, with an ICsq value of 83.83
pg/mL and a maximum inhibition of 83.92% at 1000 pg/mL, under-
scoring its potency as an established AChE inhibitor. Overall, the data
indicate that both HFAO and HFRO exhibit promising AChE inhibitory
activities although they are not as potent as physostigmine.

The acetylcholinesterase inhibitory activity exhibited by HFRO and
HFAO can be closely associated with their chemical constituents in

Table 6
Binding energy (-kcal/mol) of selected phytocompounds from HFAO and HFRO.
S. Compound name CID Docking score Interactions
No. (-kcal/mol) ) o
Van der Waals Pi-alkyl Pi-sigma H-bond
1. a-Pinene 6654 —6.2 TRP391, TYR173, LEU344, GLY170, GLY171, SER252, TRP138, TRP138, -
HIS514, TYR516 TYR390 TYR390
2. p-Pinene 14,896 -5.2 ASP180, LEU179, ASP183, PRO177, ASN152, SER178, LEU85, PRO117, - -
ASN142, ARG185 TRP154
3. p-Cymene 7463 —6.1 TYR173, GLY170, SER252, GLY169, GLU251, HIS514, - TRP138 -
GLY515, TYR390, ASP126, SER174
4. y-Terpinene 7461  —6.1 SER174, GLY175, GLY170, LEU179, GLY169, TYR182, - TRP138 -
GLU251, GLY515, HIS514, TYR390
5. Eucalyptol 2758 —6.6 TRP391, TYR173, LEU344, GLY170, GLY515 TYR390, TYR390, HIS514
TRP138 TRP138
6. Linalool 6549 -7.1 GLY335, SER124, ARG125, ASP126, LEU344, ASP347 PRO345, - TYR394
TYR173
7. Linalyl 61,098 -5 LEU344, TYR394, ASN139, ASP126, SER174, ALA135, HIS514, TRP138 TRP138 TYR390,
propionate GLY170, GLY515 TYR173
8. E-Caryophyllene 5,281,515 —6.3 LEU344, TYR173, TYR390, ASP126, ALA135, SER174, TRP138 TRP138 -
HIS514, TRP391, SER252, GLY170, GLY169, GLY515,
GLU251
9. Caryophyllene 1,742,210 —-5.8 ARG588, VAL576, TYR496, VAL593, HIS594, ASP592, TYR590 - -
oxide VAL591
“Physostigmine 5983 -6.3 LEU597, TYR448, ALA447, LEU451, THR453, ARG459, PRO452, - HIS450
GLN456, ASP462, GLN458 ARG466

2 = standard inhibitor of AChE.
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Fig. 3. (A-D): Docked conformations of compounds in the binding cavity of
AChE. The complex established are [A]: AChE-Physostigmine; [B]: AChE-
Eucalyptol; [C]: AChE-Linalool; [D]: AChE- E-Caryophyllene.

particular with the presence of key terpenoids and compounds identified
in the GC-MS analysis. Acetylcholinesterase is a crucial enzyme
responsible for breaking down the neurotransmitter acetylcholine at
synaptic junctions. Inhibition of this enzyme leads to the accumulation
of acetylcholine, causing continuous stimulation of the nerve cells which
ultimately results in paralysis and death of the target organism in this
case, nematode. Among the identified compounds, 1,8-cineole, a major
component in both HFRO and HFAO, is known for its inhibitory effect on
AChE (Pavarino et al., 2023; Dohi et al., 2009). The presence of 1,
8-cineole in both essential oils likely plays a pivotal role in the
observed AChE inhibition. Additionally, a-pinene and p-pinene, also
found in the essential oils, have been reported to exert AChE inhibitory
effects. a-Pinene, in particular, is known to inhibit the enzyme by
interacting with its peripheral anionic site, a mechanism that comple-
ments the active-site inhibition by other compounds (Dohi et al., 2009;
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Kim et al., 2013; Politeo et al., 2011; Bonesi et al., 2010). Linalool, the
major compound identified in HFRO, has been well-documented for its
acetylcholinesterase inhibitory activity against various insect species
(Radwan et al., 2024; Praveena and Sanjayan, 2011). This established
bioactivity of linalool could be a significant contributing factor to the
AChE inhibition observed in the current study of HFRO. The inhibitory
effects observed in HFRO and HFAO can thus be attributed to these
active compounds, with a likely synergism enhancing their potency. The
combined action of these constituents may result in stronger and more
effective inhibition of acetylcholinesterase than that observed with the
compounds taken alone, strengthening the idea that essential oils act
through complex and multicomponent mechanisms.

3.4. Molecular docking study

A molecular docking study assesses how well a ligand fits into the
active site of a target protein allowing the binding affinity to be pre-
dicted based on the orientation of the ligand. In vitro research has shown
that essential oils exhibit notable nematicidal effects and inhibit
acetylcholinesterase (AChE) activity. Consequently, a molecular dock-
ing analysis has been conducted on the major compounds (>4%) from
HFAO and HFRO to explore their interactions with target protein. AChE
was selected for these studies due to its crucial role in regulating syn-
aptic transmission and movement in nematodes. The docking results for
the major constituents of the EOs are summarized in Table 6, which
details the optimal binding interactions between the ligands and AChE.
Fig. 3 illustrate the 3D and 2D binding interactions of the selected li-
gands with AChE. Linalool exhibited the highest binding affinity at —7.1
kcal/mol, followed by 1,8-cineole at —6.6 kcal/mol, and E-car-
yophyllene at —6.3 kcal/mol, while physostigmine, a standard AChE
inhibitor, also showed a binding affinity of —6.3 kcal/mol. Other com-
pounds like a-pinene, $-pinene, p-cymene, y-terpinene, linalyl propio-
nate and caryophyllene oxide, demonstrated lower binding affinities
compared to physostigmine. The docking analysis revealed that the
compounds interact favourably within the active site of acetylcholin-
esterase thus indicating potential as an AChE inhibitor. These findings
are consistent with the observed in vitro nematicidal and AChE inhibi-
tion activities. Predominant compounds such as 1,8-cineole and linalool,
which are abundant in the rhizome essential oil, demonstrated signifi-
cant mortality effects and AChE inhibition. Furthermore, their favorable
docking scores in the current study strongly suggest their contribution to
the observed bioactivities.

4. Conclusion

In conclusion, this comprehensive study highlights the significant
bioactive potential of Hedychium flavescens, revealing its chemical pro-
file and noteworthy pesticidal and neuroprotective activities. The
chemical composition of the plant varied distinctly between its aerial
parts and rhizomes, with essential oils predominantly rich in mono-
terpenes and sesquiterpenes, while the extracts were characterized by
fatty acids, sterols, and diterpenoids. Among the essential oils, rhizomes
EO exhibited the highest nematicidal activity and both aerial and
rhizome oils demonstrated robust inhibition of nematode egg hatching.
Additionally, the acetylcholinesterase inhibition assays revealed that the
rhizome essential oil possessed the strongest neuroprotective potential.
The in silico docking studies further reinforced these findings by eluci-
dating the interactions of key compounds, such as a-pinene, $-pinene,
and 1,8-cineole, with AChE, providing insight into the mechanism of
action behind this bioactivity. Overall, this research underscores the
multifunctional potential of H. flavescens as a natural alternative to
synthetic nematicides and acetylcholinesterase inhibitors, offering po-
tential both agricultural and pharmacological applications. However, to
translate these laboratory findings into practical use, further studies
with field trials and toxicological assessments, are crucial. These steps
will help assess the broader ecological impact and safety of this plant’s
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bioactive compounds, paving the way for its potential commercializa-
tion and wider acceptance in both pest management and therapeutic
applications.
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