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ABSTRACT

Background: Phenological development can strongly influence essential-oil (EO) production in aromatic plants, although
comparative evidence for Libyan Thymus species remains limited.

Aims: To quantify phenological variation in EO yield of Thymus algeriensis and Thymus capitatus from Tarhuna, Libya, and
to describe the in vitro antibacterial activity of the corresponding pooled oils.

Methods: Dried aerial parts collected at vegetative, flowering and post-flowering stages were hydrodistilled for 3 h using a
Clevenger apparatus. Three independent hydrodistillations were performed per species x stage combination. Yield was
analysed by two-way factorial ANOVA. The three oils from each combination were then pooled and screened by disc diffusion
against Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922 using three technical disc measurements.
Results: Yield was affected by species, stage and their interaction (all p < 0.0001). Flowering produced the highest yield in
both species: 1.85 = 0.05% in T. algeriensis and 3.22 £ 0.10% in T. capitatus. The species X stage interaction was very large
(partial n? = 0.942), reflecting a modest flowering increase in 7. algeriensis (+13.3% over vegetative) versus a much larger
increase in 7. capitatus (+62.2%). Mean inhibition zones of pooled oils ranged from 22.67 to 25.33 mm; the largest observed
zone was obtained against E. coli with post-flowering 7. capitatus oil.

Conclusion: Phenological timing has species-specific consequences for EO recovery, with flowering providing the highest
yield under the investigated conditions. Antibacterial patterns did not parallel the yield trajectory. Because oils were pooled
before antibacterial testing, activity differences are descriptive and require confirmation using independently tested extraction

replicates and quantitative dilution assays.
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1. Introduction
Medicinal and aromatic plants of the Lamiaceae are important sources of essential oils (EOs) used in traditional medicine, food

preservation, cosmetics, and fragrance-related applications. Essential-oil production is not a fixed taxonomic characteristic; both oil yield
and composition are influenced by genotype, developmental stage, environmental conditions, harvest timing, post-harvest handling, and
extraction procedure [1,2]. Phenological stage is therefore an important determinant of EO productivity because developmental changes in
vegetative growth, reproductive allocation, glandular structures, and secondary-metabolite biosynthesis can modify both the amount and
chemical profile of volatile constituents. Although maximum EO accumulation is frequently reported near flowering in aromatic Lamiaceae,

the magnitude and even direction of the response may vary among species and populations [1,2].

T. algeriensis Boiss. & Reut. is a North African thyme characterized by substantial geographic and chemical variability. Population-level
differences in EO yield and composition have been documented, indicating that geographic origin and local environmental conditions
contribute importantly to its volatile phenotype [3]. Sampling period may further modify extraction yield, chemical composition, and
associated biological activity [4,5]. Consequently, phenological responses observed in one population cannot necessarily be extrapolated to

another, particularly in environmentally heterogeneous Mediterranean habitats.

T. capitatus is similarly characterized by pronounced temporal and geographic variation. Studies of Mediterranean populations have
reported increases in EO accumulation toward flowering followed by decreases during later developmental stages, together with substantial
changes in volatile composition [6,7]. Geographic comparisons likewise demonstrate marked differences among populations in both EO yield
and constituent profiles [8,9]. Collectively, these findings indicate that harvest stage and population origin are important determinants of the
quantitative and qualitative EO phenotype of Thymus species.

Recent Libyan investigations provide particularly relevant evidence of this heterogeneity. Essential oil of T. algeriensis collected from
Gaser Alhaj was characterized by GC-MS as a strongly carvacrol-dominant profile, with carvacrol accounting for 77.01% of the identified
oil and with y-terpinene, thymol, and cymene derivatives among the accompanying constituents; the oil also showed antibacterial activity
against . coli [10]. Similarly, T. capitatus collected from Mesellata exhibited a carvacrol-rich profile dominated by carvacrol (56.27%),
followed by p-cymene (9.51%), y-terpinene (8.39%), and thymol (6.54%) [11]. The Mesellata study also placed this profile within the wider
chemical variability reported among Libyan populations and discussed harvest stage and local ecological conditions as possible contributors
to the observed differences [11]. These national data reinforce the need to interpret Libyan 7Thymus populations within their specific
geographic and developmental contexts rather than assuming a uniform chemical phenotype.

The broader Libyan EO literature likewise demonstrates considerable phytochemical and biological diversity. Artemisia herba-alba from
Zintan produced a camphor-thujone-dominant EO with antibacterial activity against methicillin-resistant Staphylococcus aureus [12],
whereas A. judaica collected from Al-Awaynat inhibited both S. aureus and E. coli, with different responses between direct-contact disc
diffusion and vapour-phase testing [13]. In the Green Mountain region, Satureja thymbra EO was reported to contain thymol as its
predominant identified constituent and exhibited antibacterial activity against S. aureus and E. coli [14]. More recently, Eucalyptus
camaldulensis from northwestern Libya showed a chemically distinct 1,8-cineole/a-pinene-dominant profile together with strain-dependent
antibacterial activity, with the greatest inhibition observed against S. aureus [15]. Taken together, these studies demonstrate an expanding
national evidence base for chemically diverse, biologically active Libyan EOs, while also illustrating that antibacterial responses depend on

botanical source, chemical profile, bacterial strain, and experimental methodology.
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Against this national background, both T. algeriensis and T. capitatus have documented antimicrobial potential. Comparative
investigations have demonstrated activity of their EOs against food-associated and reference microorganisms, including S. aureus and E. coli
[16]. Chemically characterized Libyan T. capitatus oil has likewise shown antimicrobial activity [17], while additional studies support
antibacterial and antibiofilm effects for these species [18,19]. Nevertheless, EO yield and antibacterial activity represent related but distinct
biological attributes. Total EO yield reflects the quantity of recovered volatile material, whereas antimicrobial activity depends on constituent
identity and relative abundance, interactions among components, organism susceptibility, EO concentration, and assay conditions [20].
Accordingly, greater oil production should not be assumed to correspond automatically to greater antibacterial activity.

Despite the expanding national and international literature, comparative information remains limited on how phenological stage
influences EO vyield in 7. algeriensis and T. capitatus growing at the same Libyan locality under a common sampling and extraction
framework, and whether the antibacterial screening patterns of the corresponding oils follow the same developmental trajectory. Addressing
this gap requires a same-locality comparison across defined developmental stages while distinguishing the inferential analysis of

independently replicated EO-yield measurements from descriptive antibacterial screening when extraction oils are pooled before testing.
Aims

This study aimed to quantify the effects of species, phenological stage and their interaction on essential-oil yield under a standardized Tarhuna
sampling and hydrodistillation framework, and to describe the antibacterial screening pattern of the corresponding pooled oils against S.
aureus ATCC 25923 and E. coli ATCC 25922.
2. Methods

Study design and plant material

The study used a balanced comparative design including two Thymus species (7. algeriensis and T. capitatus) across three phenological
stages: vegetative (V), flowering (F) and post-flowering (PF). Aerial parts were collected from wild growing plants in Tarhuna, Libya, during
2025. Plant material was dried before extraction. Botanical identity was authenticated at the National Herbarium, Department of Botany,
Faculty of Science, University of Tripoli, Libya, by Prof. Mohammed Makhlouf.
EO extraction and yield determination

For each separate extraction, 100 g of dried aerial plant material was subjected to hydrodistillation using a Clevenger-type apparatus for
3 h. These separate hydrodistillation runs were conducted for every species x phenological-stage combination, resulting in 18 independent
yield measurements. EO yield was expressed as percentage volume per dry mass (% v/w, on dry-weight basis). The three independent yield
values were kept separately for subsequent statistical analysis. Following yield measurements, the three oils obtained from each species x
stage combination were combined to produce a single pooled EO preparation for antibacterial screening.
Bacterial strains and disc-diffusion assay

Antibacterial activity was assessed using American Type Culture Collection (ATCC) reference strains S. aureus ATCC 25923 and E.
coli ATCC 25922. Mueller-Hinton agar served as the nutrient test medium and bacterial inoculum was standardized to 0.5 McFarland. Sterile
6-mm paper discs were impregnated with 1 pL of the respective pooled EO. Each pooled oil was tested using three technical disc
measurements against each bacterium. Plates were incubated at 35 °C for 18 h, and total inhibition-zone diameter, including the 6-mm disc,

was recorded in millimetres. The disc-diffusion assay is suitable for antibacterial screening, but zone diameter is influenced by compound
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diffusion through the agar matrix and should not be interpreted as a direct quantitative measure of intrinsic antimicrobial potency [21].
Gentamicin (10 pg/disc) served as the positive-control reference and produced a reported 20-mm inhibition zone for both bacterial strains.
The negative control (sterile disc) produced no inhibition (0 mm).
Statistical analysis

Each hydrodistillation run was considered an independent unit for analysis of EO yield (n = 3 per species X stage). Yield data were
expressed as mean + standard deviation (SD), coefficient of variation (CV), range and 95% confidence interval. Species, phenological stage
and their interaction were tested with a two-way factorial linear model with Type III tests. Model assumptions were assessed using residual
plots, Shapiro-Wilk, Brown-Forsythe and Levene tests, while partial eta squared (np?) was used for effect size. Estimated marginal means
and Tukey-adjusted pairwise comparisons were applied to compare groups. Antibacterial data were summarized descriptively as mean =+
technical SD, range and CV. Analyses were performed in R 4.6.0.

3. Results

Phenological variation in essential-oil yield

EO yield differed markedly between species and across developmental stages (Table 1; Figure 1). In 7. algeriensis, yield increased from
1.63 = 0.06% at the vegetative stage to 1.85 + 0.05% at flowering and then declined to 1.23 + 0.03% post-flowering. In 7. capitatus,
corresponding values were 1.98 £ 0.08%, 3.22 + 0.10% and 2.18 £ 0.03%. Flowering therefore represented the maximum-yield stage in both

species, but the amplitude of the flowering response was much greater in 7. capitatus.

Table 1. Essential-oil yield of 7. algeriensis and 7. capitatus across phenological stages.

q . EO yield (% v/w,
Species Phenological stage n DW), mean £ SD CV (%) Tukey group
T. algeriensis Vegetative 3 1.63 £ 0.06 3.53 a
T. algeriensis Flowering 3 1.85+£0.05 2.70 b
T. algeriensis Post-flowering 3 1.23+£0.03 2.34 d
T. capitatus Vegetative 3 1.98 £0.08 3.85 b
T. capitatus Flowering 3 322+0.10 3.24 c
T. capitatus Post-flowering 3 2.18+0.03 1.32 e

Note:Values are based on three independent hydrodistillations. Different lowercase letters indicate significant differences among the six species x stage
combinations in the Tukey-adjusted all-cell comparison (p < 0.05); means sharing a letter are not significantly different.

Factorial-model assumptions were satisfactory. Residuals did not deviate significantly from normality (Shapiro-Wilk W = 0.954, p =
0.495), and neither the Brown-Forsythe test (F5,12 = 0.482, p = 0.783) nor the mean-centred Levene test (F5,12 =1.923, p=0.164) indicated
significant variance heterogeneity. The model explained 99.29% of observed yield variation (R* = 0.9929; adjusted R = 0.9900).

Two-way analysis of variance (ANOVA) showed highly significant effects of species (F1,12 = 882.76, p = 1.32 x 107'?), phenological

stage (F2,12 =301.97, p = 5.47 x 107'") and species X stage interaction (F2,12 = 97.28, p = 3.85 x 10°®) (Table 2). Partial np? values were
0.987, 0.981 and 0.942, respectively, indicating large effects and phenological response differed substantially between the two species.

Table 2. Two-way factorial analysis of variance for EO yield.

Source Sum of squares df F P Partial np?
Species 3.556 1 882.76 1.32 x 10712 0.987
Phenological stage 2.433 2 301.97 547 x 101 0.981
Species x Stage 0.784 2 97.28 3.85x 10 0.942
Residual 0.048 12 — — —

Partial np? values were calculated from the Type III factorial model.
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Within 7. algeriensis, flowering yield exceeded vegetative yield by 0.217 percentage points (p = 0.0034) and post-flowering yield by
0.617 percentage points (p < 0.0001); vegetative yield also exceeded post-flowering yield (difference = 0.400 percentage points, p < 0.0001).
Within 7. capitatus, flowering exceeded both vegetative (difference = 1.233 percentage points, p < 0.0001) and post-flowering stages
(difference = 1.033 percentage points, p < 0.0001), while post-flowering also exceeded vegetative yield (difference = 0.200 percentage points,
p =0.0059).

Relative to the vegetative stage, flowering increased EO yield by 13.3% in T. algeriensis and 62.2% in T. capitatus. Yield declined from
flowering to post-flowering by 33.3% and 32.1%, respectively. Across matched stages, 7. capitatus produced 21.4% more oil than 7.
algeriensis during vegetative growth, 73.9% more at flowering and 77.0% more post-flowering; these between-species contrasts were
significant at every stage (all p < 0.0001 in stage-specific species comparisons). The only nonsignificant pair in the six-cell Tukey family
was vegetative 7. capitatus versus flowering T. algeriensis (p =0.1778).

Species
-@ T. algeriensis -A- T. capitatus
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Figure 1. Phenological variation in essential-oil yield of 7. algeriensis and 7. capitatus. Individual symbols represent
independent hydrodistillation runs (n = 3 per species x stage combination); central symbols and error bars represent mean +
SD. Different lowercase letters indicate significant differences among the six species X stage means after Tukey adjustment
(p <0.05).

Descriptive antibacterial activity of pooled oils

All pooled EO preparations produced measurable inhibition against both test strains, with mean zones ranging from 22.67 to 25.33 mm
(Table 3; Fig. 2). Against S. aureus, mean zones for 7. algeriensis were 24.67 + 0.58, 24.33 + 0.58 and 23.33 + 0.58 mm at vegetative,
flowering and post-flowering stages, respectively; corresponding values for T. capitatus were 24.67 £ 0.58, 23.67 = 0.58 and 23.33 + 0.58
mm. The observed S. aureus pattern showed a modest decline toward post-flowering in both species.

Against E. coli, T. algeriensis produced mean zones of 22.67 £ 0.58, 24.67 £ 0.58 and 24.67 + 0.58 mm, whereas T. capitatus produced
24.67+0.58,24.67+0.58 and 25.33 + 0.58 mm. The largest observed inhibition zone in the dataset occurred with post-flowering 7. capitatus
oil against E. coli. The mean technical CV across the 12 pooled-oil x strain combinations were 2.39%, indicating low dispersion among

technical disc measurements.
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Table 3. Descriptive antibacterial activity of pooled essential oils across phenological stages.

S. aureus ATCC 25923, zone

Species/treatment Stage i) E. coli ATCC 25922, zone (mm)
T. algeriensis \% 24.67 £0.58 (24-25) 22.67 £0.58 (22-23)
T. algeriensis F 24.33 +£0.58 (24-25) 24.67 +0.58 (24-25)
T. algeriensis PF 23.33£0.58 (23-24) 24.67 £ 0.58 (24-25)
T. capitatus v 24.67 £ 0.58 (24-25) 24.67 +0.58 (24-25)
T. capitatus F 23.67 +£0.58 (23-24) 24.67 £ 0.58 (24-25)
T. capitatus PF 23.33+£0.58 (23-24) 25.33 +£0.58 (25-26)

Gentamicin, 10 pg/disc —

Negative control

20
0

20
0

Essential-oil values are mean + technical SD with observed range in parentheses. The three independent extraction oils within each species x stage group were
pooled before antibacterial testing; biological n = 1 per pooled preparation, and no inferential species- or stage-level tests were performed. Control values were
single reported measurements.

All pooled oils produced mean zones numerically above the 20-mm gentamicin reference response. These numerical differences were
not tested statistically and should not be interpreted as evidence that the EOs were more potent than gentamicin, because dose,
physicochemical diffusion properties and replication structure were not equivalent between treatments.

Species
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Figure 2. Descriptive antibacterial screening of pooled essential oils against E. coli ATCC 25922 and S. aureus ATCC
25923. Points are technical disc measurements and error bars are technical SD. The horizontal dashed line denotes the
reported gentamicin 10 pg/disc reference response (20 mm). No inferential testing was performed for antibacterial activity
because independent extraction oils were pooled before disc testing.

4. Discussion
EO yield was strongly influenced by phenological stage, but the magnitude of this response differed between the two species. Flowering
produced the highest yield in both taxa, although the increase from vegetative to flowering was modest in 7. algeriensis (+13.3%) and much
greater in T. capitatus (+62.2%). The large species x stage interaction (partial np? = 0.942) therefore shows that phenological development
affects the two species differently.

The mechanisms responsible for this interaction were not measured directly. However, developmental changes in glandular tissues,
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secretory-trichome density, biomass allocation and monoterpene biosynthesis may contribute to stage-dependent variation, while
environmental factors such as temperature, light and water status may further modify EO production [2]. The 7. capitatus pattern agrees with
previous reports of increasing EO yield toward flowering followed by post-flowering decline [6,7]. In T. algeriensis, the response was less
pronounced and published evidence is more variable, with phenological effects differing among populations and locations [3,5].

T. capitatus produced more EO than T. algeriensis at all stages, with the difference increasing from 21.4% during vegetative growth to
73.9% at flowering and 77.0% post-flowering. Thus, harvest timing appears particularly important for 7. capitatus when the aim is to
maximize EO recovery. Flowering was the most productive stage for both species under the conditions studied. However, this conclusion
applies to EO quantity only. Previous studies show that EO composition can also change markedly during development [1,6,7]. Because
chemical profiling was not performed here, flowering should be considered the optimum stage for yield rather than necessarily for chemical
quality.

Geographic variation is common in Thymus species, with differences in EO yield and composition reported among populations [3,8,9].
Therefore, the flowering maximum observed here should be interpreted as a local optimum for the Tarhuna populations studied in 2025 rather
than a universal value.

All pooled oils inhibited S. aureus and E. coli, consistent with previous reports on these species [16—19]. However, antibacterial activity
did not follow the same pattern as EO yield. Flowering 7. capitatus produced the highest EO yield, whereas the largest inhibition zone
occurred with post-flowering 7. capitatus against E. coli. Similarly, T. algeriensis had its highest yield at flowering, but its largest S. aureus
inhibition zone occurred at the vegetative stage.

This divergence is biologically plausible because EO yield represents total volatile quantity, whereas antibacterial activity depends on
the composition, relative abundance and interactions of individual constituents. Carvacrol and thymol are important constituents of many 7.
capitatus oils [8,9,11,17]. More recently, GC-MS analysis of Libyan 7. capitatus collected from Mesellata identified a carvacrol-rich profile
dominated by carvacrol (56.27%), with p-cymene, y-terpinene and thymol among the other prominent constituents [11]. However, chemical
profiling was not performed on the Tarhuna oils investigated here; therefore, the Mesellata composition cannot be assumed for the present
samples, and the observed antibacterial patterns cannot be attributed to specific constituents. The results also do not support a simple Gram-
positive versus Gram-negative susceptibility pattern, because S. aureus inhibition tended to decrease after flowering, whereas E. coli
responses were maintained or increased [20,22].

5. Conclusion

Phenological stage exerted a major, species-dependent effect on EO yield of T. algeriensis and T. capitatus from Tarhuna, Libya.
Flowering produced the highest yield for both species, with a particularly large increase in 7. capitatus, whose yield increased by 62.2%
relative to the vegetative stage. The significant species x stage interaction shows that the effect of harvest stage differs between the two
species. All pooled oils produced measurable inhibition of S. aureus ATCC 25923 and E. coli ATCC 25922 in disc-diffusion screening, but
the descriptive antibacterial patterns did not mirror the yield trajectory. Because independently extracted oils were pooled before antibacterial
testing, these activity differences are descriptive rather than inferential. The study identifies flowering as the optimal stage for maximizing
EO recovery under the conditions studied, while highlighting the need for follow-up chemically characterized, biologically replicated

minimum inhibitory concentration/minimum bactericidal concentration studies before mechanistic or potency conclusions can be drawn.
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ABBREVIATIONS AND ACRONYMS

EO, essential oil; V, vegetative; F, flowering; PF, post-flowering; SD, standard deviation; CV, coefficient of variation; ANOVA, analysis of
variance; ATCC, American Type Culture Collection; MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration.
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