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Abstract

This study examines the chemical composition and antifungal properties of essential oil extracted from
the rhizomes of wild ginger (Zingiber zerumbet Smith) and evaluates its major constituents against three
pathogenic fungi: Bipolaris oryzae, Fusarium moniliforme, and Rhizoctonia solani. The essential oil was
obtained via hydrodistillation and analyzed using GC-MS to identify both major and minor components.
Key constituents included endo-borneol (15.77%), limonene (11.95%), zerumbone (10.73%), and
camphene (11.53%), along with minor compounds such as caryophyllene (1.80%), caryophyllene oxide
(3.99%), 4-terpineol (2.01%), and borneol formate (2.14%). Bioactivity-guided isolation led to the
identification of three prominent terpenoids: limonene, caryophyllene, and zerumbone. Among them,
zerumbone exhibited the strongest antifungal activity and was further derivatized into its alcohol and
epoxide forms to investigate structure-activity relationships. The alcohol derivative demonstrated
enhanced antifungal efficacy against all tested fungi, comparable to a standard fungicide. These findings
underscore the potential of wild ginger essential oil, particularly zerumbone, as a natural fungicide for
managing fungal pathogens.

Introduction

Essential oils, also known as essences or volatile oils, are natural substances biosynthesized by living
organisms. These oils can be extracted through various methods, including distillation, solvent
extraction, or mechanical pressing, depending on the plant material and desired yield. Essential oils are
valued for their aromatic and bioactive properties, making them indispensable in industries such as
fragrance, food, cosmetics, and pharmaceuticals. The composition of these oils often varies based on
factors like the region of cultivation and prevailing climate conditions, which can influence the presence
and concentration of bioactive compounds.(1-3)

Zingiber zerumbet (L.) Smith, commonly known as wild ginger or shampoo ginger, is a perennial,
aromatic herb belonging to the Zingiberaceae family. This plant is native to shaded areas and tropical
regions in Southeast Asia, where it is widely cultivated for its medicinal properties.(1) The rhizome, the
underground stem of the plant, is the most frequently used part for therapeutic purposes. Traditional
uses of Z. zerumbet include treatments for fever, indigestion, sprains, constipation, toothaches, diarrhea,
inflammation, and pain relief. It has also shown potential in addressing various types of cancer.(4-10)

Recent studies have highlighted the biological activities of Z. zerumbet essential oil and its constituents.
These include antimicrobial, antioxidant, anticancer, and antidiabetic properties, which contribute to its
growing popularity in natural medicine.(11) The plant’s bioactive compounds span several classes, such
as polyphenols, terpenes, and alkaloids, offering a wide range of therapeutic benefits. The chemical
composition of Z. zerumbet essential oil varies depending on geographical factors. Zerumbone and a-
caryophyllene are among the major constituents identified in the rhizome and leaf oils. Zerumbone, in
particular, is a highly bioactive compound with notable potential for drug development due to its diverse
biological properties.(12-15)
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Fungal pathogens pose a significant threat to global agricultural production, contributing to substantial
yield losses. Rice (Oryza sativaL.) is one of the world’'s most important food crops, serving as a staple
for nearly half of the global population. Asia accounts for over 90% of rice cultivation and consumption,
given that 55% of the world’s population resides in this region.(16-20) Several fungal diseases impact
rice crops, with Bipolaris oryzae (causing brown spot), Rhizoctonia solani (causing sheath blight), and
Fusarium moniliforme (causing foot rot) being the most destructive. These diseases are prevalent
across temperate, subtropical, and tropical regions, leading to significant yield losses. Various strategies
have been employed to manage rice diseases, including cultural practices, biological control agents,
chemical fungicides, and the development of resistant varieties. While chemical control remains
effective, its continuous use raises concerns about environmental safety and the emergence of
fungicide-resistant pathogens. These challenges have driven the search for natural, eco-friendly
antifungal agents that can offer sustainable alternatives for disease management.(16, 20-22)

Essential oil from Z. zerumbet has demonstrated significant bioactive properties, including antifungal
potential. Although its efficacy against several fungi has been documented. but its toxicity and
effectiveness against rice pathogens such as Bipolaris oryzae, Fusarium moniliforme, and Rhizoctonia
solani have not been thoroughly assessed.

This study focuses on the bioactivity-guided isolation and derivatization of compounds from Z. zerumbet
essential oil and their antifungal activity against rice fungi. The findings underscore the importance of
plant-derived compounds as sustainable solutions for managing fungal diseases in rice cultivation. The
antifungal properties of Z. zerumbet essential oil, particularly its major component zerumbone, offer
promising avenues for eco-friendly disease control. By reducing reliance on synthetic fungicides, these
natural agents can mitigate environmental risks and address the growing challenge of fungicide
resistance in agricultural practices.

Experimental
Plant materials:

Rhizomes of Zingiber zerumbet were collected in 2016 from the Punjab, India. The plant was formally
identified and authenticated by the Principal Scientist and Head of the Department of Floriculture and
Landscaping at PAU with voucher specimen number K0014928324. The precise location of the
collection is at coordinates 30.900965°N latitude 75.857277°E longitude. The plant species was formally
identified and authenticated by the Principal Scientist and Head of the Department of Floriculture and
Landscaping at PAU.

Chemicals

Silica gel (60-120 mesh size, Qualigens Fine Chemicals, Mumbai) was utilized for column
chromatography. Cerium chloride and sodium borohydride were procured from Loba Chemie Private
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Limited, Mumbai. All solvents used were of analytical grade. FT-IR spectra were recorded using a Perkin
Elmer RX-1 FT-IR spectrophotometer. NMR spectra, including both 'H and '3C, were obtained on a Bruker
AC (400 MHz) spectrometer with CDCI3 as the solvent. Melting points were measured using a Buchi B-
545 melting and boiling point apparatus with open capillaries and are reported as uncorrected. Fungi
Culture

Pure cultures of wheat fungus (Bipolaris oryzae, Fusarium moniliforme and Rhizoctonia solani) were
obtained from the Department of Plant Pathology, Punjab Agricultural University, Ludhiana. The
pathogens were collected from diseased plants, maintained on potato dextrose agar (PDA), and
incubated and stored at 25+ 1°C in a BOD incubator.

Isolation of Essential Qil

The rhizomes (500 g) were thoroughly cleaned by washing under running water and rinsing twice with
sterilized water to remove soil and debris. They were then crushed and soaked overnight in 2.5 L of
water within a 5-liter round-bottom flask. Essential oil extraction was performed using steam distillation
with a Clevenger apparatus for 4 hours. This procedure was repeated five times to obtain a sufficient
quantity of essential oil for further analysis, including the study of bioactive compounds and antifungal
properties. The oily layer, along with water, was collected and extracted with diethyl ether. The organic
phase was dried over anhydrous sodium sulfate, and the solvent was removed under reduced pressure
to obtain the crude essential oil. The oil was stored in dark-colored vials at 4°C until it was ready for
analysis. (20)

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis of
Essential Oil

The chemical composition of essential oil extracted from the rhizomes of Zingiber zerumbet was
analyzed using a Shimadzu QP2010 Plus gas chromatography-mass spectrometry (GC-MS) system. A
single injection was performed with the split valve closed for the first minute to optimize sample
introduction. The injector temperature was set at 280°C, and helium was used as the carrier gas at a
constant pressure of 69 kPa. Separation of components was achieved using an Rtx-5 MS capillary
column (30 m length, 20 mm internal diameter, 0.25 pm film thickness). The column temperature
program began at 50°C (held for 2 minutes), then increased at 3°C/min to 180°C, followed by a rise to
280°C at 10°C/min. Mass spectrometric detection was conducted under electron ionization conditions
at 70 eV, with the interface temperature also set at 280°C. The scan range spanned from 40 to 600 amu,
enabling a comprehensive analysis of the oil's constituents. Retention indices were calculated for the
detected peaks using a series of n-alkanes (C9-C33) under identical conditions. These indices were
cross-referenced with reference values obtained from the ADAM RI system and databases such as
NISTO08, WILEYS, and specialized fragrance and flavor libraries. Additionally, the retention indices were
validated against the NIST Chemistry WebBook. This rigorous analytical procedure ensured accurate
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identification of the oil's components, forming a critical basis for evaluating its antifungal properties.
(20)

Isolation of pure compounds

A sample of Zingiber zerumbet essential oil (10 g) was dissolved in a minimal amount of hexane and
adsorbed onto silica gel to form a free-flowing powder. This prepared material was loaded into a pre-
packed silica gel column (60—120 mesh size, activated by heating at 110°C for 1 hour) containing a
slurry of silica gel in hexane. The column was eluted using hexane and dichloromethane as solvents, and
fractions were collected for further analysis.(23-30)

Limonene (1). Limonene (1, 1.5g), Colourless liquid, b.p.175 °C, was isolated using pure petroleum ether
as eluting solvent. IR spectrum (Nujol, v, cm”~ 1): 3082, 2919, 1643, 1437 and 1376. "THNMR signals
(CDCls, 400MHz, 8, ppm, J/Hz): 1.65 (3H, s, Cqp), 1.73 (3H, s, Cy), 4.7 (2H, d, J= 0.92 Hz, Cg) and 5.39-
5.40 (1H, m, C,). "*CNMR signals (CDCl, 100MHz, 8, ppm): 133.76 (C;), 120.65 (C,), 30.81 (C3), 41.09
(C4), 27.92 (Cs), 30.6 (Cg), 150.28 (C), 108.36 (Cg), 20.82 (Co) and 23.47 (C;). (See Sl for the NMR)

Caryophyllene (2). Caryophyllene (2, 0.2 g), colourless oily liquid, b.p. 130 °C, was also isolated from the
petroleum ether fraction after complete removal of limonene. IR spectrum (Nujol, v, ., cm™1): 3068.1,
2926.7,2858.1, 1631.3, 1449.5 and 885.9. "THNMR signals (CDClg, 400MHz, 6, ppm, J/Hz): 5.32 (1H, t,
Cq1),4.85(1H,d, Cy5), 4.93 (1H, d, C;5), 1.65 (3H, s, C45), 1.05 (3H, s, C43), 1.04 (3H, s, C14), 1.76 (2H, 1,
Co). "*CNMR signals (CDCly, T00MHz, 8, ppm): 154.50 (C+5), 135.26 (C), 124.41 (Cq4), 111.73 (Cy), 53.62
(C,), 48.5 (Cs), 40.41 (C), 40.02 (C,), 34.84 (Cy), 30.09 (Cs), 22.72 (C43). (See Sl for the NMR)

Zerumbone (3). Zerumbone (3, 1.2g), yellow colored needle crystals, m.p. 65°C was isolated using pure
dichloromethane as eluting solvent. IR spectrum (KBr, v,,,., cm™'): 2958.8, 2923.9, 2852.8, 1735.6 and
1658.6. "THNMR signals (CDCls, 400MHz, 8, ppm, J/Hz): 1.09 (3H, s, C;5), 1.23 (3H, s, C14), 1.56 (3H, s,
C13), 1.82 (3H, s, Cq5), 5.91 (1H, d, J=16.2 Hz, C;4), 5.87 (1H, d, J=16.2 Hz, C{4), 1.90 (2H, m, Cg), 5.29
(1H, m, C5), 2.59 (2H, m, Cs), 2.28 (2H, m, C,), 6.02 (1H, m, C3). ">*CNMR signals (CDCl3, 100MHz, 6, ppm):
11.8 (Cqy), 15.2 (Cy3), 24.2 (C15), 24.4 (C14), 29.4 (C,), 37.8 (Cy), 39.4 (Cy), 42.3 (Cg), 124.9 (C5), 127.1
(C11), 136.3 (Cg), 137.9 (C,), 148.9 (C5), 160.8 (C4y), 204.4 (C,). (See S for the NMR)

Derivatization of Zerumbone

Zerumbol (4). In a conical flask, cerium chloride (25 mg) was added to zerumbone (1.0 g) dissolved in 3
mL of methanol. The mixture was stirred for 15 minutes, after which sodium borohydride (1 g) was
gradually added in small portions over 5 minutes with continuous stirring. (23) Upon completion of the
reaction, the mixture was poured into water, and the product was extracted using dichloromethane. The
solvent was then evaporated under reduced pressure, yielding pure white crystals of zerumbol. (4). Yield
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80%, mp 77.5-78 °C. IR spectrum (KB, v, ., cm™1): 1664, 2929, 3340.7. "HNMR signals (CDCl,;, 400MHz,
8, ppm, J/Hz): 1.06 (3H, s, Cy4), 1.08 (3H, s, Cy5), 1.43 (3H, s, C3), 1.66 (3H, s, Cq5), 4.63 (1H, d, C4), 4.80
(1H, m, C,) and 5.52-5.85 (1H, m, C3). ">CNMR signals (CDCl,, T00MHz, 6, ppm):12.68 (C,), 15.06 (Cg),
22.93 (C,), 24.17 (Cg), 29.46 (Cq), 37.15 (Cqg), 39.15 (Cs), 41.93 (Cg), 78.66 (C,), 124.70 (Cs), 124.89 (C-),
131.41 (C4,), 132.99 (Cg), 139.29 (C4(), 141.92 (C,). (See Sl for the NMR)

Epoxy zerumbone (5). Zerumbone (1.0 g) dissolved in chloroform (20 ml) was treated with perbenzoic
acid as per the method used by Urvashi et a/(2018).(43) Upon Vacuum evaporation of solvent, white
colored crystals epoxy zerumbone were obtained (5). Yield 80%, m.p. 76—78 °C. IR spectrum (KBr, V.4

cm™1):2958.9, 2925.5, 2869.4, 1734.0, 1649.0, 1458.8, 1116. "HNMR signals (CDCl;, 400MHz, 6, ppm,
J/Hz):1.18 (3H, s, Cq5), 1.25 (3H, s, Cq4), 1.32 (3H, s, C43), 1.85 (3H, s, Cq5), 1.95 (2H, m, Cg), 2.17 (2H, m,
C4),2.63 (2H, m, Cs), 2.75 (1H, d, C5), 6.03 (1TH, m, C4), 6.112 (1H, m, C44), 6.11 (1TH, m, C;3). ">*CNMR
signals (CDCl5, T00MHz, 8, ppm): 12.09 (C4,), 15.62 (C13), 24.68 (C14), 24.01 (C;5), 29.27 (C,), 35.97 (Cy),
37.39 (Cy), 42.65 (Cg), 61.39 (C-), 62.82 (Cg), 128.28 (C44), 139.45 (C,), 147.71 (Cs), 159.44 (C,(), 202.91
(C,). (See Sl for the NMR)

Antifungal assay

The antifungal activity of all components was assessed against Bipolaris oryzae, Fusarium moniliforme,
and Rhizoctonia solani using the poisoned food technique at various concentrations: 100, 250, 500, and
1000 pg/mL. (16, 28, 29) The Department of Plant Pathology, PAU, Ludhiana provided pure cultures of
the rice fungi. The fungal strains were sub-cultured on Potato Dextrose Agar (PDA) slants and stored at
4°C for maintenance during the experiments. The test mixture (PDA + antifungal material) was poured
into sterilized 90 mm Petri dishes and allowed to solidify. Each treatment was performed in triplicate. A 5
mm mycelial disk, cut from a seven-day-old fungal culture, was placed at the center of each PDA plate.
The plates were incubated in the dark at 25 + 1°C for seven days. Colony growth diameter was recorded
once the control treatments exhibited full growth across the Petri dishes. Carbendazim and
propiconazole were used as reference standards. Mycelial growth (in cm) was measured along three
diametric directions for both treated (T) and control (C) groups.(20, 30—35) The percentage inhibition of
growth (PI%) was calculated using the following formula:
Average increase in mycelial growth in control — Average increase
Percent mycelial
growth mnhibition

= in mycelial growth in treatment =100

Average increase in mycelial growth in control

The graphs were plotted for different compounds at different concentrations. Effective
dose/concentration (ED5,) where 50% inhibition takes place was obtained from graph.

Result and Discussion
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Isolation and GC-MS analysis

The essential oil of Zingiber zerumbet rhizomes was extracted using the hydro-distillation method with a
Clevenger apparatus, yielding 0.4% (w/v) oil. This yield aligns with previous reports.(35-40) The
essential oil appeared as a pale yellow, viscous liquid with a strong characteristic odor. Its measured
properties included a pH of 5.5, a refractive index of 1.50, and a specific gravity of 0.887. The oil was
insoluble in water, sparingly soluble in non-polar solvents such as hexane and benzene, and completely
soluble in polar solvents like acetone, methanol, dichloromethane, and ethanol. GC-MS analysis
identified 30 components, representing 99.93% of the total oil (Table 1). Sesquiterpenes dominated the
composition, with 60—70% as oxygenated sesquiterpenes, 15-20% as sesquiterpene hydrocarbons, and
only trace amounts of fatty acids. The major compounds identified included endo-borneol (15.77%),
limonene (11.95%), zerumbone (10.73%), and camphene (11.53%). Minor constituents included
caryophyllene (1.80%), caryophyllene oxide (3.99%), 4-terpineol (2.01%), and borneol formate (2.14%).
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Table 1
GC-MS analysis of Z. zerumbet essential oil

Sr. No. Compounds Retention Area (%) Chemical Formula
Time (min)
1. Nonane 4.269 0.95 CoH,0
2 Tricyclene 4778 1.67 CioH16
3 1-Decene,2,4-dimethyl 4,993 0.55 C,,H,4
4 a-Pinene 4,992 2.83 CioH16
5 Camphene 5.363 11.53 CioH1e
6. Mesitylene 5.744 0.61 CoH4,
7 Benzene,1,2,3-trimethyl 6.325 0.67 CoH4,
8 Decane 6.422 2.47 C,oH2,
9 Decane,4-methyl 6.965 1.07 C,4Hs,
10. B-Cymene 7.085 1.05 CioH14
11. Limonene 7.225 11.95 CioH16
12. Camphenilone 8.697 1.04 C,0H,:60
13. Undecane 9.082 4.32 C,,H,.4
14. Camphor 10.476 1.41 C10H160
15. Endo-borneol 11.264 15.77 C,oH+50
16. 4-Terpineol 11.440 2.01 C,0H150
17. Cuminyl acetate 11.635 0.80 C,,H460,
18. 3-Cyclohexene-1-methanol,q,q,4- 11.872 2.97 C,oH,s0
trimethyl
19. Dodecane 11.934 2.87 C,,Hs6
20. Undecane,2,5-dimethyl 12.287 0.62 C,3Hag

Chemical constituents are categorize as follows: Hydrocarbons: Alkanes (Saturated Hydrocarbons):
Nonane (4.269); Decane (6.422); Decane, 4-methyl (6.965); Undecane (9.082); Dodecane (11.934);
Tetradecane (1 4.782;; Pentadecane (20.163) Alkenes (Unsaturated Hydrocarbons): 1-Decene, 2,4
dimethyl (4.993) Cyclic Hydrocarbons: Tricyclene (4.778); a-Pinene (4.992); Camphene (5.363)
Aromatic Hydrocarbons: Mesitylene (5.744); Benzene, 1,2,3-trimethyl (6.325); B-Cymene (7.085);
Benzene, 1,2,4-trimethyl-5-(1-propenyl) (21.397) Alcohols: Endo-borneol (11.264); 4-Terpineol
(11.440); 3-Cyclohexene-1-methanol, a,a,4-trimethyl (11.872) Ketones: Camphor (10.476);
Camphenilone (8.697); Zerumbone (25.914) Esters: Cuminyl acetate (11.635); Borneolformate
(12.797); Trans-bornylacetate (14.363) Chlorinated Hydrocarbons: Octadecane-1-chloro (17.538)
Terpenoids: Limonene (7.225); Caryophyllene oxide (22.340); a-Caryophyllene (28.353)
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Sr. No. Compounds Retention Area (%) Chemical Formula
Time (min)

21. Borneolformate 12.797 2.14 C,,H;50,

22. Nonane,3-methyl 13.970 0.55 C,oH5,

23. Trans-bornylacetate 14.363 0.92 C,,H,00,

24. Tetradecane 14.782 2.041 C,4Hs0

25. Octadecane-1-chloro 17.538 2.47 C,gHs,Cl

26. Pentadecane 20.163 0.58 C,sHs,

27. Benzene,1,2,4-trimethyl-5-(1- 21.397 7.61 C,oHqe
propenyl)

28. Caryophyllene oxide 22.340 3.99 C,5sH,,0

29. Zerumbone 25.914 10.73 C,sH,,0

30. a-caryophyllene 28.353 1.80 C,sH,,

Chemical constituents are categorize as follows: Hydrocarbons: Alkanes (Saturated Hydrocarbons):

Nonane (4.269); Decane (6.422); Decane, 4-methyl (6.965); Undecane (9.082); Dodecane (11.934);

Tetradecane (1 4.782;; Pentadecane (20.163) Alkenes (Unsaturated Hydrocarbons): 1-Decene, 2,4

dimethyl (4.993) Cyclic Hydrocarbons: Tricyclene (4.778); a-Pinene (4.992); Camphene (5.363)

Aromatic Hydrocarbons: Mesitylene (5.744); Benzene, 1,2,3-trimethyl (6.325); B-Cymene (7.085);

Benzene, 1,2,4-trimethyl-5-(1-propenyl) (21.397) Alcohols: Endo-borneol (11.264); 4-Terpineol

(11.440); 3-Cyclohexene-1-methanol, a,a,4-trimethyl (11.872) Ketones: Camphor (10.476);

Camphenilone (8.697); Zerumbone (25.914) Esters: Cuminyl acetate (11.635); Borneolformate

(12.797); Trans-bornylacetate (14.363) Chlorinated Hydrocarbons: Octadecane-1-chloro (17.538)

Terpenoids: Limonene (7.225); Caryophyllene oxide (22.340); a-Caryophyllene (28.353)

Isolation of pure compounds:

The essential oil of Zingiber zerumbet was chromatographed on silica gel, isolating three significant
compounds: limonene (1), caryophyllene (2), and zerumbone (3). These compounds were characterized
using IR, TH NMR, and 13C NMR spectroscopy, revealing detailed structural information. Additionally,
two derivatives, zerumbol (4) and zerumbone epoxide (5), were synthesized from zerumbone and
analyzed for structural confirmation.(34, 36, 39)

Limonene (1) was identified as a monoterpene. Its IR spectrum displayed characteristic bands at 3082
cm-~" for = C—H stretching, 2919 cm~" for C—H stretching of methylene, 1437 cm~" for C-H bending, and
1643 cm-" for C = C stretching. The TH NMR spectrum showed two singlets at 6 1.65 ppm (3H, C10) and
6 1.73 ppm (3H, C9), a doublet at 4.7 ppm (2H, J = 0.92 Hz, C8), and a multiplet at & 5.39-5.40 ppm
(1H, C2). The 13C NMR spectrum exhibited ten signals corresponding to the carbons of limonene, with
notable peaks at 6 150.28 and 108.36 ppm indicating an exocyclic double bond, and 6 133.76 and
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120.65 ppm confirming an endocyclic double bond. These spectral features confirmed the structure of
limonene as a cyclic monoterpene with both exocyclic and endocyclic double bonds.

Caryophyllene (2), a sesquiterpene, showed characteristic IR bands at 3068.1 cm-", 2926.7 cm-~", and
2858.1 cm~" due to -CH, and -CHj, stretching, as well as a distinct band at 1631.3 cm~' corresponding to
C = C stretching. The absence of aromatic Csp?-H stretching confirmed the non-aromatic nature of the
double bonds. The 13C NMR spectrum revealed 15 signals, consistent with a sesquiterpene structure,
with & 53.62 ppm (cyclobutane carbon) and & 48.5 ppm (cyclononene carbon) standing out. Terminal
olefinic carbons were identified at 6 111.73 ppm (C8) and & 154.5 ppm (C15). The TH NMR spectrum
further supported the structure with a multiplet at 6 5.28—5.30 ppm (C11 alkene proton) and signals at 6
4.93 ppm and 6 4.80 ppm for terminal ethylene protons. The data confirmed the bicyclic nature of
caryophyllene.

Zerumbone (3) was characterized as a sesquiterpene with an a,B-unsaturated ketone group. Its IR
spectrum showed significant bands at 2958.8 cm~" and 2923.9 cm~" for sp® C—H stretching, 1658.6 cm™
for the conjugated C = O group, and 1735.6 cm~" for a C = C bond. The TH NMR spectrum indicated
germinal dimethyl groups at & 1.23 ppm and & 1.09 ppm (C14, C15), a methyl group on an isolated
double bond at & 1.56 ppm (C13), and additional methyl groups at 6 1.82 ppm (C12). Multiplet signals at
5 1.90 ppm (C8) and & 2.28-2.59 ppm (C4, C5) were also observed. Olefinic protons appeared as
doublets at 6 5.29 ppm (C7), 6 5.87 ppm (C10), and 6 5.91 ppm (C11), with a multiplet at 6 6.02 ppm
(C3). The 13C NMR spectrum identified olefinic carbons (6 148.9, 124.9, 160.8, and 127.1 ppm) and a
carbonyl carbon (6 204.4 ppm), confirming the presence of the conjugated ketone group.(See Sl for the
NMR).

Zerumbol (4), a reduced derivative of zerumbone, was characterized by the disappearance of the
carbonyl signal in the IR spectrum and the appearance of a broad hydroxyl band at 3340.7 cm~"'. The 1H
NMR spectrum showed a doublet at & 4.63 ppm for the hydroxyl proton, confirming the reduction of the
carbonyl group while the double bonds remained unaffected. Zerumbone epoxide (5) was identified by a
new IR band at 1116 cm~" for C-0 stretching, indicating epoxidation. The TH NMR spectrum displayed
shifts, with the olefinic proton at C7 replaced by a doublet at & 2.75 ppm (J = 15.6 Hz), confirming
epoxide formation. The 13C NMR spectrum further supported the structure, with signals at 6 62.8 ppm
and 6 61.4 ppm corresponding to epoxidized carbons (C6 and C7). These detailed characterizations not
only confirm the structures of the isolated compounds and their derivatives but also highlight their
potential reactivity and functional group diversity, essential for further chemical and biological
investigations. (See Sl for the NMR)

Antifungal effects

The antifungal activity of the essential oil and its isolated components from Zingiber zerumbet rhizomes
was evaluated against three phytopathogenic fungi: Bipolaris oryzae, Fusarium moniliforme, and
Rhizoctonia solani. The essential oil exhibited significant inhibitory effects, with ED50 values of 1.23,
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1.39, and 1.59 mg/mL, respectively, for the three fungi.(41-46) This activity can be attributed to its
complex chemical composition, including both major and minor terpenoid constituents, which are known
to disrupt fungal cell walls and interfere with enzymatic processes essential for fungal growth and
morphogenesis. Previous studies suggest that terpenoids reduce mitochondrial activity, leading to
increased reactive oxygen species (ROS) and disrupted ATP generation, which ultimately affect fungal
viability.(6, 13, 15)

Among the isolated compounds, zerumbone (3) demonstrated the highest antifungal activity, with ED50
values of 0.77,0.92, and 1.07 mg/mL against B. oryzae, F. moniliforme, and R. solani, respectively. The
superior activity of zerumbone may be attributed to its a,8-unsaturated carbonyl group, which enhances
its reactivity with fungal cell components. The literature supports this finding, highlighting zerumbone as
a highly bioactive sesquiterpene with potential applications in managing fungal diseases in plants. For
example, when used as a seed treatment, zerumbone has been reported to control up to 85.7% of
damping-off disease in Phaseolus aureus caused by R. solani. (Table 2)

Caryophyllene (2) showed moderate antifungal activity with ED50 values of 1.43,1.61, and 1.92 mg/mL
against the three fungi, respectively. While not as potent as zerumbone, caryophyllene's sesquiterpene
nature contributes to its antifungal properties, as documented in earlier studies. However, limonene (1),
a monoterpene, was the least effective, with ED50 values of 1.99, 2.35, and 2.64 mg/mL, despite
showing moderate activity against B. oryzae. The reduced effectiveness of limonene may be due to its
simpler molecular structure and lower chemical reactivity compared to sesquiterpenes like
caryophyllene.

The remarkable antifungal potential of zerumbone prompted the synthesis of two derivatives: zerumbol
(alcohol derivative) and zerumbone epoxide. Both derivatives exhibited improved antifungal activity
compared to the parent compound. Zerumbol showed the highest activity, with ED50 values of 0.47,
0.57, and 0.38 mg/mL, surpassing even zerumbone epoxide, which had ED50 values of 0.63, 0.77, and
0.91 mg/mL against the respective fungi. The enhanced activity of zerumbol may be attributed to its
hydroxyl group, which can disrupt fungal RNA and modify membrane permeability, leading to cell death.
Similar findings have been reported for other alcohol derivatives, such as carotol and daucol, which
exhibit strong antifungal activity against various fungal pathogens. (Figs. 2 and 3) (See Sl for the
images)

Despite the promising activity of the natural compounds and their derivatives, their antifungal potential
was lower than that of commercially available fungicides, such as carbendazim and propiconazole,
which demonstrated much lower ED50 values. These results suggest that while natural compounds like
zerumbone and its derivatives have significant potential as eco-friendly alternatives for managing fungal
pathogens, further optimization and formulation are needed to match the efficacy of synthetic
fungicides.

In conclusion, the study highlights the potential of Z. zerumbet essential oil and its components as
effective antifungal agents. The findings underscore the importance of chemical derivatization in
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enhancing the bioactivity of natural compounds, paving the way for the development of sustainable
fungicidal agents for agricultural applications.

Table 2

Fungicidal activity of Z. zerumbet components against three
phytopathogenic plant fungi

Components Fungal Strains

B. oryzae F. moniliforme  R. solani

EDgy EDgy EDgg EDsq EDgg EDg

Essential oil 428 123 503 1.39 543 1.59
Limonene 7.36 199 8.59 2.35 9.69 264
Caryophyllene 528 143 575 1.61 599 1.92
Zerumbone 376 077 4.20 0.92 421 1.07
Zerumbol 3.31 0.47 3.53 0.55 3.83 0.38

Zerumbone epoxide 3.57 0.63 3.89 0.77 424 0.91
Carbendazim - - 0.038 0.012 0.16 0.022

Propiconazole 0.42 0.04 0.021 0.006 0.08 0.018

Structure-activity relationship

The structure-activity relationship (SAR) of the antifungal compounds derived from Zingiber zerumbet
was examined by evaluating the antifungal potential of the isolated and derivatized compounds.
Limonene, a monoterpene, contains one exocyclic and one endocyclic double bond, both of which are
important for its antifungal activity. However, limonene exhibited relatively modest antifungal activity
compared to other compounds. This can be attributed to its simpler molecular structure, as it lacks
functional groups such as a carbonyl or hydroxyl group that could enhance its reactivity with fungal cells.
The presence of these unsaturated bonds is necessary for activity but not sufficient alone for optimal
inhibition. (10, 18, 34)

Caryophyllene, a sesquiterpene and structural isomer of zerumbone, showed marginal antifungal activity.
While it did not possess the key a,-unsaturated carbonyl moiety found in zerumbone, its antifungal
activity was greater than limonene’s. The higher activity of caryophyllene can be attributed to its larger
molecular structure, which includes more carbon chains. These chains likely contribute to its ability to
interact with fungal cell membranes or interfere with fungal metabolism. Nevertheless, caryophyllene’s
lack of a functional group like a carbonyl group, which plays a crucial role in the activity of zerumbone,
limited its overall effectiveness.
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Zerumbone itself demonstrated the highest antifungal potential among the compounds tested. The
presence of an unsaturated a,3-carbonyl group in zerumbone is likely responsible for its potent
antifungal activity. This structure, characterized by a conjugated double bond system and an isolated
double bond, enhances the compound’s reactivity, making it more effective at disrupting fungal cell
membranes and interfering with enzymatic processes crucial to fungal growth.(11, 22)

In an effort to explore the impact of structural modifications on zerumbone’s antifungal potential, the
compound was derivatized into two forms: zerumbol and zerumbone epoxide. The transformation of
zerumbone into zerumbol involved replacing the a,B-carbonyl group with a hydroxyl group while
maintaining the double bonds in the structure. The alcohol derivative, zerumbol, exhibited even greater
antifungal activity than the parent compound, suggesting that the hydroxyl group enhances the
compound's ability to interact with fungal cell components. The presence of the alcohol group likely
improves the compound’s ability to interfere with fungal metabolism, inhibiting growth more effectively.

Epoxidation of zerumbone, which involved attaching an epoxide group to the isolated double bond
without affecting the other two double bonds, also increased its antifungal activity compared to
zerumbone. The resulting epoxide derivative retained the unsaturated a,8-carbonyl group and gained the
additional reactivity of the epoxide moiety. This modification further enhanced the compound's ability to
disrupt fungal cell structures and metabolic pathways, as epoxide groups are known to be highly reactive
and capable of forming covalent bonds with biological molecules, including proteins and nucleic acids.

Overall, the structure-activity relationship indicates that the presence of functional groups such as the
a,B-carbonyl group, hydroxyl group, and epoxide moiety significantly contribute to the antifungal activity
of these compounds. Among all the derivatives tested, zerumbol, which contains the hydroxyl group,
exhibited the most potent antifungal activity. This suggests that the introduction of a hydroxyl group
enhances the compound's ability to interfere with fungal metabolism, making it the most effective
antifungal agent in this study. These findings highlight the importance of chemical derivatization in
improving the bioactivity of natural compounds and underscore the potential of zerumbol as a candidate
for the development of novel antifungal agents.

Conclusion

In conclusion, the essential oil and its isolated components from Zingiber zerumbet demonstrated
significant antifungal activity against the three phytopathogenic fungi, Bipolaris oryzae, Fusarium
moniliforme, and Rhizoctonia solani. Among the tested compounds, zerumbone exhibited the highest
antifungal potential, which was further enhanced through chemical derivatization to form its alcohol
(zerumbol) and epoxide derivatives. The structure-activity relationship revealed that the presence of key
functional groups, such as the a,B-unsaturated carbonyl group, hydroxyl group, and epoxide moiety,
played a critical role in the antifungal efficacy of these compounds. Notably, zerumbol, the alcohol
derivative, demonstrated the most potent antifungal activity, suggesting that the hydroxyl group
significantly enhances the compound's ability to interfere with fungal metabolism. While the natural
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compounds showed promising antifungal properties, their activity was still lower than that of
commercially available fungicides, indicating room for further optimization. These findings highlight the
potential of Zingiber zerumbet derivatives as valuable candidates for the development of natural
antifungal agents, offering an alternative to synthetic fungicides for sustainable agricultural practices.
Further studies are needed to explore the detailed mechanisms of action and to assess the
environmental and economic feasibility of these compounds for use in crop protection.
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Compounds isolated from the essential oil from Zingiber zerumbet
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Figure 3

EDy, value Antifungal activity of essential oil and its isolated compound
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