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Furan derivatives are recognized for their diverse biological activities,
particularly their antimicrobial properties. In this study, three new furan
derivatives were isolated from acid-treated Chrysanthemum indicum
flowers. The structures were elucidated using spectroscopic techniques
and identified as methyl (E)-3-((5-(methoxymethyl)furan-2-yl)methylene)-
4-oxopentanoate (), methyl (2)-3-((5-(methoxymethyl)furan-2-
yl)methylene)-4-oxopentanoate (2), and methyl  (E)-3-(furan-2-
ylmethylene)-4-oxopentanoate (3). These compounds were evaluated for
antibacterial activity against Vibrio spp. and Microcystis aeruginosa.
Compound 3 showed the highest inhibition (63.5%) against M. aeruginosa
at 50 pg/mL, with compounds 1 and 2 demonstrating lower activities
(36.1% and 58.3%, respectively). The structural difference between
compounds 1 and 2, limited to the double bond geometry, likely
contributes to their varying efficacies. These findings indicate that furan
derivatives from C. indicum could be promising candidates for
antimicrobial applications, particularly in aquaculture.
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INTRODUCTION

The flowers of Chrysanthemum indicum L. (Asteraceae) have been widely used in
traditionally Vietnamese medicine for treating a variety of ailments, including cough,
headaches, and conjunctivitis. Additionally, an aqueous infusion of the flowers is
commonly consumed for alleviating insomnia and eye discomfort (Akram et al. 2019).
Numerous phytochemical studies have identified essential oil, sesquiterpenes, flavonoids,
and alkaloids in C. indicum (Reyad-ul-ferdous et al. 2015; Suryawanshi and Umate 2020).
These compounds are responsible for many of the plant’s reported biological activities such
as anti-oxidation, killing cancer cells, disease resistance, and cardiovascular protection
(Wang et al. 2023). Increasing attention has been given to the antibacterial potential of
these compounds, particularly in the field of aquaculture, where pathogenic bacteria pose
significant threats to marine species and the sustainability of the industry (llieva et al.
2024).
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Aguaculture, the cultivation of aquatic organisms such as fish, crustaceans, and
mollusks, is a vital industry globally, contributing substantially to food security and
economic development (Azra et al. 2021). However, it faces significant challenges,
particularly diseases caused by pathogenic bacteria such as Vibrio species, which are highly
detrimental to shrimp farming (Rajeev et al. 2021). For example, white-leg shrimp
(Penaeus vannamei), one of the most widely farmed shrimp species, is particularly
susceptible to bacterial infections such as vibriosis, which can cause tissue necrosis,
lethargy, and high mortality rates (Arulmoorthy et al. 2021). The prevalence of such
infections is exacerbated by environmental factors such as water pollution and temperature
fluctuations, which promote bacterial growth and make disease outbreaks more frequent.
Among the pathogens, Vibrio harveyi is notorious for causing luminescent vibriosis, while
Vibrio parahaemolyticus and Vibrio vulnificus are known for their biofilm formation and
virulence, making them resistant to both antibiotics and disinfectants (Galanis et al. 2020).
The widespread use of antibiotics in aquaculture has led to the emergence of multidrug-
resistant strains, further complicating disease management and creating an urgent need for
alternative antimicrobial agents (Shah et al. 2021).

In addition to the direct impact of bacterial pathogens, environmental pollution
plays a critical role in aquaculture health and productivity. Pollutants such as heavy metals,
agricultural runoff, and untreated wastewater accumulate in aquaculture environments,
degrading water quality and placing stress on aquatic organisms. This stress weakens their
immune systems, making them more vulnerable to bacterial infections (Wu et al. 2024).
Furthermore, pollutants can enhance the virulence of pathogens, leading to more severe
infections. Therefore, managing environmental pollution is essential for disease prevention
in aquaculture systems. Bioremediation, the use of biological agents to detoxify polluted
environments, is emerging as a promising strategy for maintaining the sustainability of
aquaculture operations. Plant-derived compounds with antimicrobial properties, such as
flavonoids, have been extensively studied as eco-friendly alternatives to synthetic
antibiotics. These compounds are not only potent antimicrobials but are also biodegradable,
reducing the risk of further resistance development (Citarasu 2012; Soltani et al. 2019;
Patel et al. 2024).

This research aimed to identify effective antibacterial agents from natural sources
for use in aquaculture, leading to the isolation of three novel furan derivatives from the
flowers of C. indicum. These compounds demonstrated significant antibacterial activity
against several pathogenic Vibrio species and the cyanobacterium Microcystis aeruginosa,
which is responsible for harmful algal blooms. The antimicrobial activity of C. indicum is
largely attributed to its diverse phytochemical composition, particularly its flavonoids and
furan derivatives. Flavonoids synthesized from levulinic acid are recognized for their
strong antioxidant and antibacterial properties (Ecevit et al. 2022). These furan derivatives
not only act as direct antibacterial agents but also show great promise for bioremediation,
particularly in detoxifying polluted water in aquaculture environments (Alam et al. 2022).
Their ability to be synthesized from biomass provides a sustainable solution for their
production, further aligning with the growing demand for eco-friendly aquaculture
practices (Wo et al. 2024).

The incorporation of natural compounds, such as those from C. indicum, into
aquaculture aligns well with the industry’s shift toward more sustainable and
environmentally conscious farming practices. These compounds could be employed in the
development of functional feeds that enhance the immune systems of farmed species or as
disinfectants to mitigate the spread of bacterial infections (Bhanja et al. 2023).
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Furthermore, their application in bioremediation could reduce the environmental footprint
of aquaculture by improving water quality and preventing disease outbreaks. The use of
these natural agents not only supports the sustainability of aguaculture but also minimizes
the reliance on conventional antibiotics and chemical disinfectants, which are becoming
less effective due to the rise of antibiotic resistance (Bhat et al. 2023).

This study highlights the potential of natural products, particularly the new furan
derivatives isolated from C. indicum (Fig. 1), in replacing synthetic antibiotics and
chemical disinfectants, which have become less effective in aquaculture due to the
emergence of resistant bacterial strains. Additionally, the use of these natural agents as
both biocides and environmental detoxifiers represents a novel and sustainable approach
to disease management in aquaculture. By integrating these compounds into aquaculture
practices, the industry can mitigate the environmental impact of farming operations while
maintaining healthy and productive systems. The findings from this research underscore
the importance of continued exploration of plant-derived compounds for their potential
applications in aquaculture and other industries.

Fig. 1. Chemical structure of compounds 1-3

EXPERIMENTAL

Plant Materials

The flowers of Chrysanthemum indicum were collected in February 2022 from
Hung Yen province, Vietnam. The species was identified by Dr. Nguyen The Cuong at the
Institute of Ecology and Biological Resources, Vietnam Academy of Science and
Technology. Voucher specimens have been preserved and deposited in the Agro-
Pharmaceutical Department of the Center for High Technology Research and
Development.

General Experimental Procedures

Thin layer chromatography (TLC) was conducted using Kiesel gel 60 F254
(Merck), visualized under UV light 254 nm, and further developed using 10% H2SO4
followed by heating. Column chromatography (CC) employed silica gel 60 (Merck, 70-
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230 mesh) and C18 reverse-phase powder (ODS-A, YMC, Japan). High-performance
liquid chromatography (HPLC) analysis was using a Thermo Ultimate 3000 system.
Nuclear magnetic resonance (NMR) experiments were carried out on a Bruker AM500 FT-
NMR spectrometer (Bruker, Rheinstetten, Germany), and high-resolution electrospray
ionization mass spectrometry (HR-ESI-MS) was recorded on a Waters Q-TOF micromass
spectrometer.

Extraction and Isolation

The air-dried and powdered flowers of Chrysanthemum indicum (1.2 kg) were
refluxed with 1IN HCI (2 L) for 4 h. After cooling, the acidic solution was neutralized to
pH 7.0 using 1IN NaOH followed by extraction with ethyl acetate (1 L x 3 times). The
combined organic layers were concentrated under reduced pressure to yield a crude extract
(232 g). This extract was subjected to silica gel column chromatography using a gradient
of methanol (0 to 100%) in dichloromethane, resulting in five fractions (F1-F5). Compound
1 (20.0 mg) was isolated from F1 through repeated silica gel chromatography, first eluting
with 100% dichloromethane and then with a mixture of n-hexane-ethyl acetate (2:1 v/v).
A silica gel column chromatography was applied for fraction F2 using dichloromethane-
methanol (6:1 v/v) to give 2 subfractions F2.1 and F2.2. Compound 2 (6.5 mg) were
purified from fraction F2.2 by a RP-Cis column eluted with methanol-water (1:3 v/v).
Fraction F3 was fractionated on a silica gel column eluted with dichloromethane-methanol
(5:1 viv) to give 3 (7.2 mg).

Methyl (E)-3-((5-(methoxymethyl)furan-2-yl)methylene)-4-oxopentanoate (1):
colorless solid; *H-NMR (500 MHz, CD30D) and *C-NMR (125 MHz, CD30D): see
Table 1; HR-ESI-MS m/z: 253.1071 [M + H]" (calcd 253.1076, C13H170s).

Methyl  (2)-3-((5-(methoxymethyl)furan-2-yl)methylene)-4-oxopentanoate (2):
colorless solid; *H-NMR (500 MHz, CD3sOD) and *C-NMR (125 MHz, CD3OD): see
Table 1; HR-ESI-MS m/z: 253.1077 [M + H]" (calcd 253.1076, C13H170s).

Methyl (E)-3-(furan-2-ylmethylene)-4-oxopentanoate (3): colorless solid; H-
NMR (500 MHz, CD3sOD) and 3*C-NMR (125 MHz, CD30D): see Table 1; HR-ESI-MS
m/z: 208.0742 [M + H]" (calcd 208.0736, C11H1204).

Antimicrobial Assay

The antimicrobial activity of the test compounds against Vibrio parahaemolyticus,
V. harveyi, V. wvulnificus, V. cholerae, and V. alginolyticus was evaluated using a
microdilution method in 96-well microtiter plates, following a previously established
protocol. Bacterial strains at a concentration of 2 x 105 CFU/mL were treated with various
concentrations of the test compounds dissolved in DMSO. The plates were incubated at 37
°C for 24 h, after which the absorbance at 650 nm was measured using a microplate reader
to assess bacterial growth. Kanamycin served as a positive control (Luyen et al. 2024).

The growth inhibition of Microcystis aeruginosa was similarly evaluated according
to the method described by Luyen et al. (2024) and Pham et al. (2019). The cyanobacterial
strain was cultured in CB medium under controlled conditions (25 + 1 °C, 1000 lux, 12:12
light/dark cycle). Test compounds dissolved in DMSO were added to the culture tubes, and
after 72 h of incubation, growth was assessed by measuring the optical density (OD) at 680
nm. Copper sulfate (CuSOa) at 5 pg/mL was used as a positive control to benchmark the
efficacy of the tested compounds.
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RESULTS AND DISCUSSION

Chemical Structures Elucidation

Compound 1 was obtained as a colorless solid. The HR-ESI-MS of 1 showed a ion
peak at m/z 253.1071 corresponding to the molecular formula C13H160s of 1. The *H NMR
spectrum of 1 showed a pair of olefinic proton resonances at on 6.69 (1H, d, J = 3.5 Hz, H-
6) and 6.45 (1H, d, J = 3.5 Hz, H-7), an olefinic proton singlet at éu 7.35 (1H, s, H-4), and
two methylenic singlets at 61 3.80 (2H, s, H-2) and 4.41 (2H, s, H-9). Three methyl singlets
were also recognized at o1 3.38 (3H, br s, 9-OCHs), 3.67 (3H, br s, COOCH3), and 2.44
(3H, br s, H-11). The 13C-NMR and HSQC experiments revealed the presence of thirteen
carbon signals including two methoxies [6c 58.2 (9-OCHs), and 51.9 (COOCHB3)], two
aliphatic methylenes [dc 32.0 (C-2), and 66.4 (C-9)], three olefinic methines [6c 128.4 (C-
4), 117.6 (C-6), and 111.7 (C-7)], three olefinic quaternary carbon [dc 130.7 (C-3), 150.6
(C-5), and 155.0 (C-8)], a carboxylic group [6c 171.5 (C-1)], and an acetoxy group [dc
197.9 (C-10), 25.2 (C-11)]. The small coupling constant between H-6 and H-7 (J = 3.5
Hz) and the HMBC correlations from H-6 and H-7 to C-5 and C-8 suggested the 1,4-
disubstituted furan backbone of compound 1 (Fig. 2). Further HMBC investigations
indicated the coupling from H-2 to C-1, C-3, C-4 and C-10; from H-4 to C-2, C-3, C-5, C-
6 and C-10; from H-9 to C-7 and C-8. These data suggested that compound 1 was similar
to (E)-3-[5-(hydroxymethyl)furan-2-yl]methylene-4-oxo-pentanoic acid (Amarasekara et
al. 2015). The NOESY spectrum of 1 showed NOE crosspeak between H-2 and H-6 but
not H-2 and H-4, which confirmed the E configuration of C-3,C-4 double bond. The
presence of two methoxy groups which were correlated to C-1 and C-9, as illustrated in the
HMBC spectrum indicated that 1 was (E)-3-((5-(methoxymethyl)furan-2-yl)methylene)-4-
oxopentanoate.

Fig. 2. Key HMBC (=, showing the long-range coupling from a *H signal to the related *3C signal)
and NOESY (<----->, revealing the *H-'H through-space interactions) correlations of compounds
1-3
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The NMR patterns of compound 2 were almost identical with those of 1 except for
the difference in the *C chemical shifts of C-2, C-3, C-4 and C-10 (Table 1). The strong
deshielded chemical shift of C-2 of 2 (9.0 ppm) comparing to 1 suggested that the
difference in the double bond configuration between these two structures. The NOESY
experiment revealed the NOE correlation of H-2 and H-4 confirmed the Z- geometry. Thus
compound 2 was elucidated as (Z)-3-((5-(methoxymethyl)furan-2-yl)methylene)-4-
oxopentanoate.

Although the structure of compound 3 was synthesized by Salli et al. (1968), its
NMR data was reported for the first time in the present work.

Table 1. NMR Data of Compounds 1-3

1 2 3
No OH Oc OH Oc OH Oc
1 - 1715 | - 1711 | - 171.6
2 3.80 (2H, s) 32.0 |[3.43(2H,d, 1.0) | 41.0 | 3.82(2H, s) 32.0
3 - 130.7 | - 133.0 | - 130.7
4 7.35 (1H, s) 128.4 | 6.46 (1H, br s) 122.0 | 7.36 (1H, s) 128.4
5 - 150.6 | - 149.8 | - 150.7
6 6.69, 1H,d, 3.5 | 117.6 | 6.53 (1H, d, 3.5) | 113.7 | 6.72 (1H, d, 3.5) 117.0
7 6.45,1H,d,3.5 | 111.7 | 6.36 (1H, d, 3.5) | 111.3 | 6.52 (1H, dd, 3.5,1.5) | 1124
8 - 155.0 | - 153.4 | 7.57 (1H, d, 1.5) 145.3
9 4.41 (2H, s) 66.4 | 4.36 (2H, s) 66.3 | - -
10 - 197.9 | - 204.3 | - 198.1
11 2.44 (3H, brs) | 25.2 | 2.37 (3H, br s) 29.9 | 2.45(3H, brs) 25.2
9-OCH3 | 3.38(3H, br s) 58.2 | 3.35(3H, brs) 58.0 |- -
COOCH3 | 3.67 (3H,brs) |51.9 | 3.69 (3H, brs) 52.1 | 3.67 (3H, brs) 52.0

Antimicrobial Activities

The antibacterial activities of the three furan derivatives isolated from
Chrysanthemum indicum were evaluated against multiple pathogenic Vibrio species and
the cyanobacterium Microcystis aeruginosa. The results revealed distinct differences in
inhibition rates across the compounds, with compound 3 consistently displaying superior
efficacy. At a concentration of 50 pg/mL, compound 3 exhibited the highest inhibition rate
of 63.5% against M. aeruginosa, a harmful cyanobacterium responsible for toxic algal
blooms in aquaculture systems. In contrast, compounds 1 and 2 showed lower inhibition
rates of 36.1% and 58.3%, respectively. This disparity can be attributed to structural
differences between the compounds, specifically in their double bond geometries.
Compounds 1 and 2 share the same core structure but differ in the orientation of their
double bonds - compound 1 has an (E)-configuration, while compound 2 has a (Z)-
configuration. The geometry of the double bonds is known to influence molecular
interactions with microbial membranes, likely affecting their antimicrobial efficacy (Zou
et al. 2015; Uppu et al. 2016). Compound 3, which possesses a distinct structural feature
compared to compounds 1 and 2, likely achieves superior inhibition due to enhanced
interactions with microbial cell membranes. The absence of the methoxymethyl group,
which is present in compounds 1 and 2, may enhance the penetration or binding efficiency
of compound 3 within microbial cells, leading to greater antimicrobial activity (Hegde et
al. 2022).
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Table 2. Anti-Vibrio Activities of Compounds and Extract

MIC (pg/mL)
Compounds V. parahaemolyticus | V. harveyi | V. vulinificus | V. cholerae | V. alginolyticus
1 128 - - - 256
2 128 256 - - 256
3 64 128 256 256 -
EtOAc Extract 64 256 - - -
Kanamycin® 128 64 64 32 32

# Positive control; (-) compound did not exhibit antimicrobial and antifungal activities (MIC >256
Hg/mL)

The minimum inhibitory concentrations (MICs) of the compounds were also
assessed against five different Vibrio species - Vibrio parahaemolyticus, V. harveyi, V.
vulnificus, V. cholerae, and V. alginolyticus - all of which are pathogenic to marine
organisms and are responsible for severe diseases in aquaculture. The results, shown in
Table 2, indicated that compound 3 exhibited significant inhibitory activity across a range
of Vibrio species, with MICs of 64 ug/mL against V. parahaemolyticus and 128 ug/mL
against V. harveyi. These MICs are comparable to those of kanamycin, a widely used
antibiotic, which displayed an MIC of 64 pg/mL against V. harveyi. Compound 1 exhibited
weaker activity, with MICs of 128 pg/mL against V. parahaemolyticus and 256 pg/mL
against V. alginolyticus. Compound 2 displayed a broader spectrum of activity but required
higher concentrations for inhibition, with an MIC of 256 pg/mL against both V. harveyi
and V. alginolyticus. These findings suggest that compound 3 has considerable antibacterial
potential and may serve as a promising alternative to traditional antibiotics in aquaculture,
especially in cases where antibiotic resistance is prevalent (Bondad-Reantaso et al. 2023;
Chuah et al. 2016). The lower MICs of compound 3, compared to compounds 1 and 2,
reinforce the hypothesis that slight structural modifications, such as the absence of the
methoxymethyl group, can enhance the antibacterial properties of furan derivatives. The
broader spectrum of activity observed for compound 2, albeit at higher concentrations,
indicates that further structural refinement of these furan derivatives could potentially
improve their antibacterial efficacy across a wider range of pathogens (Hernandez et al.
2023).

70 1 =10 pg/mL
60 - =30 pug/mL

50 -
40 -

30 -

% Inhibition

20 -

10 -

0 4

1 2 3 EtOAc  CuSO4

Fig. 2. Inhibitory effect of compounds and extract against M. aeruginosa. EtOAc extracts at 100
and 300 pg/mL. CuSOa (5 pg/mL) was used as positive control. Error bars represent SD (n = 3).
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The antimicrobial activities of the furan derivatives are consistent with the known
mechanisms of action for compounds containing furan rings. Previous studies have shown
that furan derivatives exert their antibacterial effects by disrupting bacterial cell wall
synthesis and interfering with nucleic acid function. The differences in activity between
the compounds are likely due to variations in how these structural elements interact with
the microbial cell membranes. For example, the methoxymethyl group present in
compounds 1 and 2 may hinder their ability to fully penetrate microbial cells or bind
effectively to target sites within the bacterial membrane (Rout et al. 2020). These findings
are supported by other research into plant-derived compounds, such as flavonoids, which
have been shown to influence microbial cell membrane permeability. The addition or
removal of functional groups in these compounds can drastically alter their bioavailability
and compatibility with bacterial targets. This supports the observation that the structural
configuration of furan derivatives, particularly double bond geometry, significantly
impacts antimicrobial activity (Grygorenko et al. 2020). The promising antimicrobial
activity of the isolated furan derivatives, particularly compound 3, highlights their potential
use as alternative treatments for bacterial infections in aquaculture. Vibrio species are
notorious for causing mass mortality events in aquaculture species such as shrimp and fish,
leading to significant economic losses. The overuse of conventional antibiotics has
exacerbated the problem by accelerating the emergence of antibiotic-resistant strains,
necessitating the development of new, eco-friendly solutions (Islam et al. 2024). The furan
derivatives isolated from C. indicum offer a potential alternative to synthetic antibiotics, as
they are biodegradable and have demonstrated substantial efficacy against key pathogens
in aquaculture.

Additionally, the ability of compound 3 to inhibit M. aeruginosa, which is
responsible for harmful cyanobacterial blooms, presents a promising application for
controlling algal overgrowth in aquaculture systems. Cyanobacterial blooms pose a
significant threat to water quality, as they deplete oxygen levels and produce toxins that
are harmful to both marine organisms and humans. By integrating natural antimicrobial
agents like furan derivatives into aquaculture practices, it may be possible to reduce the
environmental impact of harmful chemicals, such as copper sulfate (CuSQOa), while
maintaining healthy and productive aquaculture systems (Alam et al. 2022). The use of
plant-derived antimicrobials, such as those from C. indicum, aligns with recent trends
toward sustainability in aquaculture. The overuse of chemical antibiotics not only
contributes to the development of resistant bacterial strains but also poses environmental
risks, particularly in marine ecosystems. Natural compounds offer a dual benefit by
providing effective antimicrobial action while minimizing environmental harm. The
biodegradable nature of furan derivatives, combined with their potent activity against both
Vibrio species and M. aeruginosa, suggests that they could play a crucial role in sustainable
aquaculture practices (Alves et al. 2020).

The findings from this study underscore the potential of furan derivatives from C.
indicum as effective antimicrobial agents for use in aquaculture. Compound 3, in particular,
demonstrated superior activity against both Vibrio species and M. aeruginosa, making it a
promising candidate for further development. Future research should focus on optimizing
the structural properties of these compounds to enhance their bioactivity and broaden their
application scope, particularly in environmentally sustainable aquaculture. Additionally,
large-scale field trials are needed to validate the practical application of these compounds
in aquaculture as well as to explore their use in bioremediation to improve water quality
and reduce environmental impacts.
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CONCLUSIONS

1. The antimicrobial activities of three furan derivatives isolated from Chrysanthemum
indicum were successfully evaluated, with compound 3 exhibiting the highest
inhibition rate (63.5%) against Microcystis aeruginosa and significant activity against
Vibrio species, indicating its potential as a potent antibacterial agent for aquaculture
applications.

2. Structural differences between compounds 1 and 2, specifically their double bond
geometries, impacted their efficacy, with compound 1 (E-configuration) showing
greater antibacterial activity than compound 2 (Z-configuration). This emphasizes the
influence of molecular geometry on the antimicrobial effectiveness of furan
derivatives.

3. Compound 3, with an MIC of 64 pg/mL against Vibrio parahaemolyticus and 128
ug/mL against V. harveyi, demonstrated activity comparable to that of kanamycin,
underscoring its potential as a natural alternative to conventional antibiotics in
managing bacterial pathogens in aquaculture systems.

4. The study highlights that C. indicum derivatives may serve not only as effective
antimicrobials, but also as eco-friendly alternatives to synthetic chemicals, contributing
to more sustainable practices in aquaculture, particularly by controlling cyanobacterial
blooms caused by Microcystis aeruginosa.

5. The findings suggest that further structural modifications to these furan derivatives
could enhance their efficacy and broaden their range of antimicrobial activity,
presenting opportunities for developing new treatments for aquaculture-related
diseases.
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