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Abstract

Objective

Low production of bioactive metabolites remains one of the major limitations in commercial
production of Lavandula angustifolia. Chitosan has been proposed as an effective elicitor for
enhancing secondary metabolite biosynthesis under in vitro conditions. This study aimed to
evaluate the effect of chitosan, a biological derivative of chitin, on the growth and active
compound content of lavender plants cultured in vitro.

Materials and methods

A completely randomized design with four chitosan concentrations (0, 50, 100, and 200 mg L")
was used. Moreover, ten biological replicates per treatment were used for in vitro cultured
Lavandula angustifolia plantlets. Vegetative growth parameters, including plant height, branch
number, leaf number, fresh weight, and dry weight were recorded, after four weeks of culture.
GC-MS was used for analysing volatile metabolites and HPLC was applied for quantifying
phenolic compounds.
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Results

The results of the current study showed that plant growth and metabolite accumulation are
significantly influenced by chitosan (p <0.05). Using chitosan (100 mg L") produced the highest
biomass, except for number of branches that the greatest number of branches was recorded at 50
mg L. This treatment, in comparison with the control increased plant height (90%), fresh weight
(199%), anddry weight (142%). Atthis concentration, the highestlevels for quercetin, rosmarinic
acid, luteolin, apigenin, caffeic acid, and ferulic acid were 95.6 ppm, 90.5 ppm, 88.7 ppm, 83.9
ppm, 81.4 ppm, and 70.6 ppm, respectively. In contrast, 50 mg L™ chitosan induced the
accumulation of 2-nitroethyl propionate, whereas 200 mg L' reduced both growth and phenolic
accumulation, indicating inhibitory effects at higher concentrations.

Conclusion

The current research showed that chitosan can successfully increase the growth and secondary
metabolite production of Lavandula angustifolia cultured in vitro in a concentration-dependent
manner. Overall, 100 mg L' was the optimum concentration because it produced the highest
biomass and phenolic accumulation, although the maximum branch number was observed at 50
mg L'. Our results showed that supplementing in vitro culture media with 100 mg L™ chitosan
can be used as a practical strategy for improving the production of valuable bioactive compounds
in lavender. For validation of the underlying mechanisms and support commercial application, it
would be better to perform further molecular and greenhouse studies.
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Introduction

Lavenderbiologically classified as Lavandula angustifolia Mill is belongs to the Lamiaceae
family (Lamiaceae), which comprises approximately 39 species (Sayafi et al., 2025). These
aromatic plants were characterized by its grayish-green leaves and purple flowers, which contain
a complex mixture of fragrant and biologically active volatile compounds (Prusinowska et al.,
2014). Lavender originated in the Mediterraneanregion (Demasietal.,2018; de Melo Alves Silva
et al., 2023) now widely cultivated worldwide (Husseini et al., 2016; Demasi et al., 2018).
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Recently, extraction methods and techniques using natural compounds have been widely studied
and considered as a useful and effective strategy for increasing the production of secondary
metabolites in medicinal plants cultivated in vitro. Among them, chitosan has been widely
investigated. Chitosan is a biodegradable diacetylated derivative of chitin. Chitin has a high ability
to stimulate plant defense responses and activate biosynthetic pathways related to phenolic
compounds, flavonoids and other bioactive metabolites. The results of various studieshave shown
that chitosan supplementation increases the accumulation of rosmarinic acid and phenolic
compounds in medicinal plants such as lemon balm (Melissa officinalis) and basil (Ocimum
basilicum) (Kimetal.,2005; Fooladi Vandaetal.,2019). This supplementalso improves biomass
production at optimal concentrations. Chitosan can increase the biosynthesis of secondary
metabolites in laboratory cultures of several medicinal plants (Sun et al., 2023). This supplement
does this by activating defense-related signaling pathways, including jasmonic acid-mediated
responses and phenylpropanoid metabolism. However, factors such as plant species, culture
conditions, and elicitor concentration affect the response of medicinal plants to chitosan. In
addition, excessive levels potentially inhibit growth. However, information on the effects of
chitosan on biomass accumulation and targeted production of bioactive compounds in laboratory
cultures of lavender (Lavandula angustifolia) is very limited. Lavenderis considered animportant
natural source of secondary metabolites, especially for pharmaceutical and therapeutic
applications (Chianese et al., 2023). However, its cultivation in Iraq remains challenging due to
the harsh environmental conditions, including extremetemperatureand heatstress. These stresses
negatively impact plant growth and productivity and may result in crop failure. Under such
condition, plant tissue culture techniques provide a promising solution to support lavender
propagation and restoration, helping to overcome the limitations imposed by desertification,
elevated temperature and degraded soils associated with global warming (Vianaetal., 2022). In
vitro culture systems enable the efficient production of lavender independent of geographical
constraints, thereby increasing plant availability and uniformity (Neumann et al., 2020).
Compared with mother plants, cell cultures offer the advantage of continuous, year-round
production of secondary metabolites under well-controlled environmental conditions, ensuring
consistent quality, purity and yield (Alrawi et al., 2022). Furthermore, metabolite accumulation
can be enhanced by supplementing nutrient media with biotic or chemical elicitors (Abed et al,
2020), a widely used strategy in plant biotechnology. Among natural biotic elicitor, chitosan had
been shown to effectively stimulate secondary metabolites production in a wide range of
medicinal plant species (Fooladi Vandaetal., 2019). Therefore, this study aimed to investigate
the effect of different chitosan concentrations on in vitro growth, phenolic accumulation, volatile
metabolites, and biomass production of Lavandula angustifolia, and to identify the optimum

elicitor concentration.
Materials and methods

Seed source and germination: Lavender Seeds were obtained from Wadi seeds, a
specialized production seed enterprise located in the southern region of Iraq. Upon acquisition,
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the seeds were transported and also stored under controlled laboratory conditions at the Plant
Tissue Culture Laboratory, Center of Desert Studies, University of Anbar, until further use.
Germination was conducted at a constant temperature of 25 £ 1°C under aseptic conditions. For
the germination process, a basal culture medium consisting of half-strength Murashige and Skoog
(Y2 MS) salts, supplemented with 0.5mgL™" gibberellic acid (GAs)and 7 gL' agar, was prepared.
Moreover, all components were dissolved in distilled water, in addition to the pH was adjusted to
5.7 using 1 N NaOH or HCI before sterilization. The medium was gently heated to achieve full
dissolution, dispensed into glass culture tubes (10 mL per tube), sealed with sterile caps and
sterilized in an autoclave at 121°C, 1.04 kg cm™ for 20 minutes. Moreover, after sterilization, the
tubes were positioned in a slanted orientation to provide a larger surface area for seed placement
(Miclea et al., 2018). Surface sterilization of the seeds was carried out using 3% sodium
hypochlorite (NaOCl) for 15 minutes, followed by three rinses with sterile distilled water (3
minutes each rinse), without the addition of ethanol or Tween-20. Notably, under a laminar
airflow hood, sterilized seeds were aseptically placed on the surface of the prepared germination
medium (100 tubes in total). The cultures were later transferred to a controlled growth chamber
maintained at 25 °C, a 16-hour photoperiod, in addition to a light intensity of 40—60 umol m2s.
Germination commenced within two weeks. After four weeks (March 1, 2025), the germination
percentage was recorded. Selection of seedlings for subsequent in vitro propagation was
performed based on uniform morphological characteristics, including similar plant height, leaf
development, and overall vigor. For minimizing experimental variation, seedlings with abnormal
growth, contamination, or developmental differences were notused for further study. (Sekhi et
al., 2025).

Establishment and preparation of multiplication medium: For the shoot multiplication
phase, a culture medium was prepared using full-strength MS salts (4.74 g L) supplemented
with two plant growth regulators: 2,4-dichlorophenoxyacetic acid (2,4-D) and benzyl adenine
(BA) at concentrations of 0.5 mg L™ in addition to 2 mg L', respectively. Because initial
optimization experiments and previous reports had shown that low concentrations of 2,4-D, when
combined with higher levels of cytokinin, could increase cell division. They also improved the
regeneration capacity ofnodal explants withoutinducing excessive callus formation, we used this
combination in this study. Therefore, low concentrations of 2,4-D (0.5 mg/L) were used to
stimulate primary meristem activity. While BA (2 mg/L) was used to promote lateral branch
proliferation. With this selection, regeneration of the dominant branch and callus formation were
negligible. The composition of the multiplication medium was done based on the protocol
reported by Sekhi et al., (2025), with no modifications. They have shown that it supported
efficient shoot multiplication of Lavandula angustifolia under in vitro conditions. Each treatment
was replicated ten times to ensure statistical reliability. The pH of the medium was adjusted to
5.7,1in additionto 7 g.L ™' agar was added as a solidifying agent. Then completed dissolution, the
medium was autoclaved under standard conditions (121°C for 20 minutes) and allowed to cool.
Vegetative shoot segments approximately I c¢cm in length were excised from the previously
germinated seedlings and cultured on the prepared medium under aseptic conditions. Cultures

were maintained in the growth chamberunder the same environmental conditions as before (25
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°C, 16-h photoperiod, 40—60 umol m2 s™"). Within four weeks, multiple shoots developed,
providing sufficient material for the subsequent elicitation experiment (Sekhi et al., 2025).

Preparation of bioactive compound elicitation medium: Following the completion of the
multiplication stage, the obtained plantlets were transferred to MS media supplemented with
varying concentrations of chitosan 0, 50, 100, and 200 mg L™ to investigate the elicitor’s
influence on growth and secondary metabolite accumulation. These chitosan concentrations were
selected based on previous studies (Mohammed et al., 2020; Fooladi Vanda et al., 2019; Elateeq
etal., 2021). These concentrations included control (0 mg/L), low level of stimulus (50 mg/L),
medium concentration (previously reported to maximize biomass and secondary metabolite
production,i.e. 100mg/L), and relatively high concentration (to assess potential inhibitory effects
associated with excessive stimulus, i.e. 200 mg/L). Each treatment included ten replicates, and
cultures were maintained under identical environmental conditions (25 °C, 16-hour photoperiod,
40—60 pmol m2 s light intensity) (Mohammed et al., 2020). The time used to evaluate the in
vitro growth of lavender (Lavandula angustifolia) seedlings after chitosan treatment was four
weeks. A ruler was used to measure the plant height (cm). This was measured from the base of
the stem to the tip of the branch. All visible lateral branches produced in each seedling were
counted as the number of branches. All fully developed leaves on each seedling were considered
as the number of leaves. Fresh weight (g) measurements were made immediately after removing
the seedlings from the culture medium. To remove excess moisture, the roots were gently dried
with sterile filter paper. Dry weight (g) was determined after drying the samples in a compressed
air oven at 70°Cuntil constant weight was reached (usually 48 hours). An analytical balance was
then used to weigh the samples. Ten seedlings were evaluated for each treatment. The average of
these ten values was then used for statistical analysis.

Extraction and analysis of bioactive compounds: Bioactive compounds were extracted
and analysed using GC-MS for volatile metabolites and HPLC for phenolic compounds as
described below.

Extraction and analysis of volatile compounds by GC-MS: The extraction and qualitative
analysis of bioactive compounds (Volatile and semi-volatile compounds) were carried out
followingthe method described by Mohammedetal. (2020), with slight modifications to optimize
compound recovery. Fresh green tissues of Lavender plantlets from each chitosan treatment were
harvested, and 100 mg of fresh tissue perreplicate was used for extraction. Samples were finely
homogenized a in ceramic mortar and pestle with 1 mL of analytical-grade of methanol (99%) to
ensure complete cellular disruption and efficient solubilization metabolites. The resulting
homogenate was quantitatively transferred to a 10 mL volumetric flask, and the was volume
adjusted to 10 mL with methanol (99%) to maintain uniform solvent concentration across all
samples. The mixture was then filtered through Whatman No. 1 filter paper to remove insoluble
and obtain a clear filtrate suitable for chromatographic analysis. The methanolic extracts were
analyzedimmediately by Gas Chromatography—Mass Spectrometry (GC—MS) to identify volatile
and also semi-volatile secondary metabolites. The system GC—MS was operated under standard
analytical conditions and each extract was injected in triplicate to ensure reproducibility and also
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measurement precision. Instrumentation: Agilent 7890B GC coupled to a 5977A MSD. Column:
HP-5 (30m 0.25mm, 0.25 pm). Injection: split/Splitless mode, film). injection volume 1pL.
Carrier gas: helium at 1.0 min-!. Oven program: initial 50° C (2min), ramp C 3° min™' to C, 250°
hold 5 min. Ionization: electron impact (EI) at 70 eV. Mass range: m/z 40-500. To identify
compounds, we compared their mass spectra and inhibition indices with spectra in the National
Institute of Standards and Technology (NIST) mass spectral library. Positively identified
compounds were those with a similarity index (coefficient of agreement) of >80% (or >90%,
according to laboratory identification criteria). Where valid reference standards were available,
the identity of compounds was further confirmed by comparison of inhibition times and mass
spectra with the standards. Consequently, it is enabling reliable characterization of the chemical
profiles and detection of dominant bioactive constituents in both treated and control plantlets
(Mohammed et al., 2020). Where, it was reported the retention time (RT) and relative percentage
area for each identified peak.

Extraction and analysis of phenolic compounds by HPLC: For the determination of
phenolic compounds (non-volatile compounds), extraction was performed using dried powdered
plant material. A total of 3 g powdered of tissue from each treatment was extracted with 12 mL
chloroform under continuous stirring for 8 hours at room temperature to ensure maximum
extraction efficiency. The mixture was than sonicated in an ultrasonic bath for 15 to minutes to
enhance solvent penetration and solubilization of phenolics. After sonication, 100 mL of butanol
was added to the extract, which was subsequently transferred to a separating funnel for phase
partitioning. The butanol layer, containing the majority of phenolic compounds, was collected
and concentrated to dryness using a rotary under evaporator reduced to obtain pressure a crude
phenolic extract. This extraction procedure was repeated three times to accumulate sufficient
quantities of for extract analytical replication. Each extract was analyzed with High-performance
liquid chromatography (HPLC), (Sykum-German) system; Separation was performed on C-18
column (250 x 4.6 mm) at 30°C. Acetonitrile and water in 75:25 (v/v) were set as the mobile
phase. The elution mode was in an isocratic program with a flow rate of 1.4 mL-min-1; injection
volume (20ul); UV detection was at (210 nm). Quantitative method was performed by extermal
calibration. Compound identification and quantification were conducted by the comparing
chromatographic retention times and UV-visible spectra with those of authentic phenolic
standards. All standards were obtained from Sigma-Aldrich (USA) (Abed et al., 2020).

Evaluation of growth parameters and statistical analysis: The in vifro growth
performance of Lavandula angustifolia seedlings was evaluated four weeks after chitosan
treatment. Plant height (cm) was measured. [t was done from the base of the stem to the tip of the
branch. Thenumber of fully developed branches andleaves for each seedlingwas recorded. Fresh
weight (g) was determined immediately after removing the seedlings from the culture medium. It
gently dried to remove excess moisture. While, dry weight (g) was measured after drying the
samples in a compressed air oven at 70°C until constant weight was reached. A completely
randomized design (CRD) with four chitosan treatments (0, 50, 100 and 200 mg/L) was used in
this study. Each treatment consisted of ten biological replicates (one seedling per culture dish

represented one biological replicate). Samples were taken from each biological replicate to
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