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ABSTRACT: Mexican oregano (Lippia graveolens Kunth) is an aromatic species of high culinary and medicinal
relevance. In Mexico, more than 40 taxa with characteristic aroma and flavor are commercially recognized as
oregano, with L. graveolens being the most widely distributed and economically important. Despite its relevance, few
domesticated or semi-domesticated cultivars exist, and wild populations remain the main source of raw material,
raising concerns regarding sustainability and quality standardization. The essential oil and oleoresins of L. graveolens
possess recognized bioactivity, including antioxidant, antifungal, antibacterial, and anti-inflammatory properties,
largely attributed to phenolic compounds such as thymol and carvacrol. Given the increasing global demand for
natural bioactives and functional foods, optimizing cultivation practices is essential to enhance both the yield and
phytochemical quality of this species. This study evaluated the effect of organic fertilization (0, 5, 10, and 15 t ha−1 of
vermicompost) on the phenolic profile, flavonoid content, and antioxidant capacity of oregano oleoresin obtained
from a semi-domesticated population across three harvests. The highest phenolic concentration (≈500 mg GAE g−1
extract) and greatest antioxidant activity (ABTS > 3.5 × 105 µmol TE g−1 extract) were observed at the 5 t ha−1 dose
during the second harvest. Flavonoid content peaked in the third harvest (480–620 mg QE g−1 extract), whereas
the unfertilized control exhibited the highest DPPH activity in the first harvest. Overall, the results indicate that
vermicompost dosage and harvest timing substantially influence the functional quality of L. graveolens. Moderate
organic fertilization, particularly 5 t ha−1, enhances the biosynthesis of bioactive secondary metabolites, underscoring
its potential for sustainable production systems.

KEYWORDS: Antioxidant capacity; aromatic herbs; oleoresin; phenolic compounds

1 Introduction

Oregano is an aromatic–medicinal plant widely known and used worldwide in food preparation due
to its aromatic and organoleptic qualities [1]. There are four major species (also referred to as groups)
of oregano studied globally: Turkish (Origanum onites L.), Spanish (Coridohymus capitatus L.), Greek
(O. vulgare L.), and Mexican oregano (Lippia graveolens Kunth) [2]. L. graveolens grows extensively in the
wild, mainly in arid and semiarid regions [3] of different countries such as the United States, Guatemala,
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Mexico, and others [4]. In Mexico, around 40 related subspecies or ecotypes with characteristic smell and
flavor are recognized as oregano; one of the most well-known and used is L. graveolens, distributed across
more than 15 states [5,6].

Mexico is the second-largest oregano exporter worldwide, surpassed only by Turkey. Remarkably, the
Codex Alimentarius Commission (2019) identified Mexico as the second-largest source of L. graveolens,
making it the species with the broadest geographic distribution and highest economic importance in the
country [7,8]. Oregano plants are primarily used to obtain essential oils (EOs) and various types of extracts
composed of terpenes, which give oregano its strong aroma and flavor [9,10]. Currently, a large number of
plants are known and valued for their EO content, and oregano is among the most widely used [11].

In recent years, the characterization of biologically active compounds in EOs has been widely
investigated for use in the food and pharmaceutical industries [12,13]. Moreover, the demand for bioactive
compounds is increasing; the EO market was estimated to have reached $3226.2 million in 2019 [14]. The
essential oil of Mexican oregano has been reported to have high nutritional and therapeutic value, composed
mainly of thymol and carvacrol, as well as phenolic compounds associated with antioxidant capacity [15],
antifungal and antibacterial properties [16], food supplementation [17], insecticide production [18], and
inhibition of microorganisms of industrial relevance, representing an ecological alternative for various
applications [19]. It also shows high potential as a functional food due to the diversity of applications and
benefits provided by its phytochemical profile [20].

Numerous factors influence the phytochemical and organoleptic properties of oregano. These
characteristics vary according to chemotype, geographic and climatic factors, and agronomic
management [4,21]. However, information on the ecophysiology of oregano remains scarce in both basic
and applied aspects [22]. In Mexico, there are few cultivated varieties of L. graveolens, with wild populations
representing the primary source of raw material [23]. One of the main limitations of this production
system is the variability in chemical composition, which hinders commercialization, as the market demands
homogeneity of its main components [4,24]. Cultivated oregano production has been considered unattractive
to farmers because it is classified as an informal economy and due to insufficient knowledge dissemination
about crop production systems. Nevertheless, the superiority of cultivated oregano in all studied variables
compared to wild populations has been reported [25].

Cultivated oregano presents several advantages over wild oregano, particularly regarding agronomic
control, phytochemical standardization, and sustainability. Several studies have shown that cultivation
conditions allow optimization of essential oil yield [26]. Controlled cultivation enables a more stable
chemical composition between production cycles, which is crucial for industrial applications requiring
reproducible phytochemical profiles, such as the pharmaceutical and food industries [27]. A recent study
conducted in Sicily showed that organic oregano production supplemented with organic amendments
improves both biomass yield and the concentration of compounds of interest [28]. Furthermore, intensive
harvesting of wild oregano can pose an ecological threat, whereas cultivated oregano offers a sustainable
alternative [29].

Therefore, it is highly important to generate information and promote sustainable technification
for this type of crop to mitigate ecosystem impacts and the decline of native populations, as well as to
ensure resource availability to meet current market demand [30]. The main objectives of this study were to
characterize the oleoresin of Mexican oregano and to evaluate the content of total phenolic compounds,
flavonoids, and antioxidant activity in a semi-domesticated oregano population under different organic
fertilization doses.



Phyton-Int J Exp Bot. 2026;95(2):2 3

2 Materials and Methods
2.1 Study Area

The experiment was conducted in 2024 at an experimental site belonging to the Center for Research
on Natural Resources (CIRENA), located at 27◦ 54′ 09′′ North and 105◦ 12′ 22′′ West, in the community of
Salaices, municipality of López, in the state of Chihuahua, at an elevation of 1500 m above sea level. The
climate is extremely semi-arid, with a maximum temperature of 41.7◦C and a minimum of –14.1◦C. The
annual average temperature is 18.3◦C. The average annual rainfall is 363.9 mm, with an annual average of
61 rainy days and a relative humidity of 48%.

2.2 Treatments and Experimental Design

The oregano plot at the Experimental Station had not been cultivated for 5 years. During this time, no
conventional crop management practices were applied; for this reason, the plot is considered not wild but a
semi-domesticated population. The total plot area was 90 m2. Soil analyses were conducted to determine
the initial conditions of the soil, and final analyses were performed to assess the possible effects of organic
fertilization on its basic physicochemical properties (Table 1).

Table 1: Initial and final physicochemical characteristics of the soil in the experiment.

Initial Characteristics Final Characteristics

E.C. (mScm−1) 2.29 1.51
C.E.C. (mEq/100 g) 27.07 29.83

pH 7.94 7.95
O.M. (%) 2.66 2.61
N-NO3 (%) 5.98 9.44
P (ppm) 13.73 11.36
K (ppm) 567.75 458.66

EC = electrical conductivity; C.E.C. = cation exchange capacity; pH = hydrogen potential; OM = organic matter; N-NO3 = nitrate;
P = phosphorus; K = potassium; ppm = parts per million.

The biofertilizer used was obtained from GAIA Agro Orgánicos, which holds several certifications
such as OMRI (OMRI Listed®) for use in organic agriculture under USDA National Organic Program (NOP)
standards, product code (aeh-19640) [31]. The product characteristics are shown in Table 2.

Table 2: Characteristics of biofertilizer (worm humus).

Nutritional Composition

Organic matter 40% Iron Fe 76,000 PPM*
Nitrogen N 1.8% Zinc ZN 435 PPM

Phosphorus P 1% Magnesium Mg 0.9%
Potassium K 2% Manganese Mn 650 PPM
Calcium Ca 3% Total organic acids 6.5%

Phytobeneficialmicroorganisms

Aerobic bacteria 1.5 × 106 Trichoderma sp. 553 propagules/g
Anaerobic bacteria 3.0 × 104 Aspergillus sp. 275 propagules/g
Nitrifying bacteria 1.9 × 105 Actinomycetes 3.1 × 104

Bacillus sp. 1.0 × 105
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Table 2: Cont.

Physical-Chemical Characteristics

Carbon-nitrogen ratio less than 15 Greasy grain size <5 mm
pH 7.5 Density 0.98 g/cm3

Electrical conductivity ratio (1:5) 3.7 Humidity % (gravimetric method) 24.5%
*PPM: parts per million.

The experiment followed a randomized block design with four treatments and three replications,
totaling 12 experimental units (EU). On average, six plants were sampled per EU. Treatments consisted
of different doses of organic fertilizer. Although few studies mention optimal doses for this species under
open-field cultivation, several studies on crops such as pepper [32] and related species such as Salvia
officinalis L. [33] were used as references to determine fertilization doses. The treatments consisted of soil
application of earthworm humus at the following rates: T1 = 5 t ha−1, T2 = 10 t ha−1, T3 = 15 t ha−1, and
T4 = 0 t ha−1 (control).

The experiment began on 15 May 2024, with field clearing, site measurements, and setup of the
experimental design.

For harvest, a complete row was selected from each EU by choosing the most uniform row. An initial
collection of plants from each selected row was conducted as the first crop cutting (C1). Afterward, all
plants in the plot were harvested at 15 cm above ground level to ensure uniformity in the experiment.

On 16 May 2024, the fertilizer doses were applied to each EU. Two additional cuttings were carried
out 60 (15 July 2024) and 140 (4 October 2024) days after fertilization. At 60 days, plants showed vigorous
growth and height similar to—or even greater than—those harvested in C1. Irrigation was supplied via drip
irrigation, with an average of six hours per week.

2.3 Sample Preparation and Obtaining Oregano Oleoresin (Passive Maceration)

All samples were washed with distilled water, and excess moisture was removed using brown paper.
Drying was carried out at room temperature (25 ± 2◦C) for 15 days. After dehydration, samples were ground
into a fine powder [34].

Five grams of dried plant material were placed in a 100 mL beaker with 50 mL (1:10) of solvent (99.9%
ethanol). The mixture was stirred using a magnetic plate (AC-CUPLATE™ ANALOG HOTPLATE STIRRER
Labnet) at room temperature for 24 h [35].

The macerate was filtered through Whatman No. 4 filter paper into an Erlenmeyer flask. The solvent
was recovered using a conventional distiller adapted to a water bath for better temperature control. Once
the solvent was fully removed, the oleoresin was stored in 5 mL amber vials until analysis.

2.4 Quantification of Total Phenolic Compounds

Total phenolic content was quantified using the method by Singleton et al. [36], with modifications for
microplates. This analysis is based on the reaction of phenolic compounds with the Folin–Ciocalteu reagent
in an alkaline medium, generating a blue coloration proportional to phenol concentration, measured at
740 nm. The reaction mixture consisted of 30 µL of extract (prepared at 0.125 mg oleoresin/mL solvent),
150 µL of Folin–Ciocalteu reagent, and 120 µL of 7.5% sodium carbonate solution (pH 10). The mixture
was incubated for 30 min at 25◦C in the dark, after which absorbance was recorded in a microplate reader
(VeloScan™ LUX, Thermo Scientific). Results were expressed as milligrams of gallic acid equivalents per
gram of extract (mg GAE/g), using a calibration curve with gallic acid (0–0.4 mg/mL).
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2.5 Quantification of Total Flavonoids

Total flavonoids were quantified following the colorimetric method described by Zhishen et al. [37],
with modifications for microplate reading. This method involves the reaction of flavonoids with sodium
nitrite (NaNO2) and subsequently with aluminum chloride (AlCl3) under alkaline conditions provided by
sodium hydroxide (NaOH). Hydroxyl groups of flavonoids form stable complexes with aluminum ions,
producing an intense yellow color.

The Samples were incubated for 15 min in the dark at room temperature, and absorbance was
measured at 510 nm using a multimode microplate reader (VeloScan™ LUX, Thermo Scientific). Flavonoid
concentration was calculated using a quercetin calibration curve, and results were expressed as milligrams
of quercetin equivalents per gram of extract (mg QE/g).

2.6 Antioxidant Capacity Assessment

Antioxidant capacity was evaluated using the ABTS+ and DPPH• assays with a VeloScan™ LUX
microplate reader (Thermo Scientific) and 96-well plates. Absolute ethanol was used as the blank in
both assays.

For the ABTS+ assay, adapted from Re et al. [38], antioxidants in the extract neutralize the ABTS•+
cation radical generated by oxidation with potassium persulfate. The reaction was initiated by mixing 20 µL
extract with 280 µL ABTS•+ solution, followed by incubation for 7 min at 25◦C in darkness, and absorbance
was measured at 734 nm.

For the DPPH method, adapted from Palafox-Carlos et al. [39], 20 µL extract were mixed with 280 µL
DPPH• solution in methanol (0.1 mM), incubated 30 min in darkness at room temperature, and absorbance
was measured at 515 nm. Results were expressed as Trolox equivalents per gram of extract: mg TE/g for
ABTS+ and µmol TE/g for DPPH.

2.7 Statistical Analysis

Data are expressed as mean ± SD from three replicates. Normality and homogeneity of variance
were verified before ANOVA. Correlations among parameters were evaluated with Pearson’s correlation
test (p < 0.05). Statistical Analysis Software (SAS) version 9.0 [40] was used with the ANOVA procedure
(two-way). LSD tests (p < 0.05) were used to determine differences between treatments (fertilization rate/cut).
Figures were created with SigmaPlot version 12.0 [41].

3 Results and Discussion
3.1 Phenolic Compounds

Quantification of total phenolic compounds in oregano oleoresin showed significant differences among
treatments with different doses (0, 5, 10, and 15 t ha−1) and among the three crop cuttings (C1, C2, and C3)
(Fig. 1).

The highest phenolic content was observed in the 5 t ha−1 treatment under C2, reaching approximately
500 mg GAE/g extract (Table 3). Similar values were reported by Ríos et al. [42] in Mexican oregano
essential oils obtained from different regions. Overall, the 5 t ha−1 treatment promoted higher phenolic
compound concentrations compared to the other treatments. These values exceeded those reported by
Fukalova et al. [43] in a comparative study of oregano morphotypes, as well as those reported by Aarland
et al. [44].
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Treatments
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Figure 1: Average values obtained for total phenolics compounds. C1: Crop cutting one; C2: Crop cutting two;
C3: Crop cutting three. Values presented are the means ± 1 S.D. Different letters above histograms indicate statistically
significant differences using the least significant difference (LSD) test at p ≤ 0.05 among the mean values of the
different treatments at the 3 sampling dates.

Table 3: Content of total phenolic compounds and flavonoids in the different treatments.

Code Treatment Total Phenolic Compounds
µg EAG/g of Extract

Total Flavonoids
µg QT/g of Extract

C1T1 5 t ha−1 309.3735 ± 5.7896 BC 276.4552 ± 11.7702 EDF
C1T2 10 t ha−1 273.0368 ± 9.5492 BC 189.0659 ± 46.2562 EF
C1T3 15 t ha−1 175.8697 ± 3.2149 D 157.5087 ± 10.2794 F
C1T4 0 t ha−1 287.0332 ± 6.1535 BC 172.4204 ± 80.1101 EF
C2T1 5 t ha−1 416.8584 ± 145.2637 A 411.1225 ± 247.0545 BDC
C2T2 10 t ha−1 343.7364 ± 12.0743 BA 231.7202 ± 128.3597 EDF
C2T3 15 t ha−1 320.8577 ± 44.1861 B 340.4568 ± 191.9727 EDC
C2T4 0 t ha−1 334.4055 ± 41.8707 BA 414.6481 ± 64.5826 BDC
C3T1 5 t ha−1 221.6271 ± 42.1913 CD 606.2456 ± 109.0222 A
C3T2 10 t ha−1 308.5660 ± 17.5513 BC 507.5281 ± 13.1427 BAC
C3T3 15 t ha−1 259.3993 ± 49.8917 BCD 596.8824 ± 36.7344 A
C3T4 0 t ha−1 262.8984 ± 63.6276 BCD 542.6687 ± 117.0320 BA

Values presented are the means ± standard deviation of n = 36. Values followed by different letters in
the same column indicate statistically significant differences using the least significant difference (LSD) test
at p ≤ 0.05.

The 10 t ha−1 treatment yielded intermediate values, while 15 t ha−1 produced the lowest phenolic
content, particularly under C1. The control (0 t ha−1) also exhibited relatively low levels. Results suggest
that applying 5 t ha−1 of vermicompost favors biosynthesis or accumulation of phenolic compounds in
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oregano oleoresin, especially in C2. This may result from moderate stimulation of secondary metabolism
promoted by improved nutrient availability or optimal physiological conditions [45].

In contrast, the highest dose (15 t ha−1) may cause nutrient excess or imbalance that inhibits synthesis
of secondary metabolites, negatively affecting phytochemical qualities of the extract. Differences among
cuttings may be attributed to biotic or abiotic factors [46].

3.2 Total Flavonoids

The According to the LSD test (p ≤ 0.05), there were statistically significant differences among
treatments (Table 2). In all four treatments, the third crop cutting (C3) consistently showed the highest
total flavonoid values, ranging from 480–620 mg QE/g extract. C2 showed intermediate values, while C1
presented the lowest.

Although no clear linear trend was observed, the highest peaks in C3 occurred at 5 t ha−1 and 15 t ha−1
(610 and 620 mg QE/g extract), exceeding the values (25.8–180.7 mg CE/g extract) reported in a study of
alcoholic extracts from Mexican oregano residues [47]. The intermediate dose (10 t ha−1) showed a slight
decrease, suggesting possible inhibition at medium doses. The control treatment showed moderate values.
Based on the results, there appears to be an increasing trend in flavonoid accumulation over time (Fig. 2).
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Figure 2: Average values obtained for total flavonoid. C1: Crop cutting one; C2: Crop cutting two; C3: Crop cutting
three. Values presented are the means ± 1 S.D. Different letters above histograms indicate statistically significant
differences using the least significant difference (LSD) test at p ≤ 0.05 among the mean values of the different
treatments at the 3 sampling dates.

The progressive increase from C1 to C3 suggests that secondary metabolites such as flavonoids continue
to accumulate over time. Thismay be related to biotic and abiotic stresses that activate biosynthetic pathways
promoting flavonoid synthesis [48].
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The treatment showing the highest values (5 t ha−1) may indicate that this dose induces moderate
stress and nutritional conditions that favor flavonoid synthesis [49]. This supports the “optimal moderate
stress” theory, which states that suboptimal conditions stimulate secondary metabolite production as an
adaptive mechanism [50]. In this study, hormesis induced under the lowest fertilization dose likely increased
flavonoid synthesis [51,52]. Studies on aromatic plants report that mild water deficit, high radiation, or
moderate salinity can increase essential oils, phenolic compounds, and flavonoids [53,54].

Thus, harvest timing and fertilization dose must be considered together. Optimal crop management
combined with fertilization can maximize oregano’s bioactive compounds. This aligns with findings by
Bettaieb et al. [55], who showed that phenological stage and nutritional conditions influence the phenolic
profile of Origanum spp. and other aromatic species.

3.3 Antioxidant Capacity

Results showed significant statistical differences among treatments (Table 4). The 5 t ha−1 vermicompost
dose promoted the highest antioxidant capacity, especially in C2, exceeding 3.5 × 105 µmol TE g−1 extract.
These values were higher than those reported by Uskutoğlu T. [56] in a study on three oregano species,
where 997 µg TE/g dry extract were recorded.

Table 4: Values obtained for antioxidant capacity by the ABTS and DPPH methods.

Code Treatment ABTS Inhibition
µmol TE/g of Extract

DPPH Inhibition
µmol TE/g of Extract

C1T1 5 t ha−1 188,797.6979 ± 4708.6835 B 1009.3136 ± 54.9782 B
C1T2 10 t ha−1 193,439.1796 ± 1792.6377 B 904.0366 ± 44.6918 CB
C1T3 15 t ha−1 173,132.6972 ± 2160.4921 CBD 1035.8401 ± 63.1674 B
C1T4 0 t ha−1 184,852.4385 ± 6557.2052 CB 1512.2017 ± 65.9021 A
C2T1 5 t ha−1 312,472.4978 ± 50,387.5836 A 871.2493 ± 220.9848 CB
C2T2 10 t ha−1 139,366.4216 ± 8772.5680 EFD 1014.7353 ± 65.3527 B
C2T3 15 t ha−1 131,150.1553 ± 20,805.7391 EF 934.5876 ± 106.8487 CB
C2T4 0 t ha−1 147,092.8011 ± 18,599.2714 CEBD 910.6925 ± 99.6810 CB
C3T1 5 t ha−1 120,665.3226 ± 4657.8201 F 760.4711 ± 293.8250 C
C3T2 10 t ha−1 169,409.8006 ± 40,318.4049 CEBD 1027.7705 ± 70.5968 B
C3T3 15 t ha−1 128,933.7730 ± 20,078.7612 F 874.5957 ± 184.3167 CB
C3T4 0 t ha−1 141,130.1368 ± 20,782.3387 EFD 1046.7305 ± 313.3746 B

Values presented are the means ± standard deviation of n = 36. Values followed by different letters in
the same column indicate statistically significant differences using the least significant difference (LSD) test
at p ≤ 0.05. The antioxidant activity of DPPH and ABTS was performed by the inhibition curve.

Conversely, higher doses (10 and 15 t ha−1) were associated with progressive decreases in antioxidant
capacity. C2 generally showed the highest antioxidant values compared to C1 and C3, indicating that
harvest timing plays a critical role in the accumulation of secondary metabolites (Fig. 3).

Several studies have shown that the chemical composition of spices varies with harvest time, processing
method, and postharvest handling, all of which significantly affect medicinal properties [57]. The timing
of C2 coincided with the peak flowering stage, suggesting that this phenological phase is critical for
maximizing antioxidant potential of L. graveolens, as also reported by Uskutoğlu [56].

Overall, For the DPPH method, significant statistical differences were also observed (Table 4). In
C1, the highest antioxidant value (1500 µmol TE/g) was found in the control (0 t ha−1), suggesting that
lack of fertilization induced moderate nutritional stress, increasing antioxidant compound synthesis and
radical scavenging activity [58]. Additionally, fertilization may alter both the quantity and the phenolic
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profile—affecting relative proportions of compounds reacting with DPPH. Differences between control and
treated samples may be linked to differences in free radical neutralization [59].
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Figure 3: Average values obtained for antioxidant capacity by the ABTS method. C1: Crop cutting one; C2: Crop
cutting two; C3: Crop cutting three. Values presented are the means ± 1 S.D. Different letters above histograms
indicate statistically significant differences using the least significant difference (LSD) test at p ≤ 0.05 among the
mean values of the different treatments at the 3 sampling dates.

Variability between ABTS and DPPH values especially in the control may result from differences
in solubility, reaction mechanisms (hydrogen vs. electron transfer), kinetics, and compound sensitivity.
Comparative studies show that ABTS generally yields higher antioxidant values in plant extracts due to
greater solubility in both aqueous and organic media [38,60]. As fertilization dose increased (from 5 to
15 t ha−1), antioxidant capacity generally decreased (Fig. 4).

This aligns with the hypothesis that moderate stress (such as low nutrients) stimulates secondary
metabolite production. Studies on oregano have also shown that high fertilization doses reduce antioxidant
capacity [61]. Overall, C1 exhibited higher values than C2 and C3 in most treatments, especially in the
control. These results may stem from fertilization reducing secondary metabolism activity, thereby diluting
compound concentrations [58].

Findings suggest that moderate vermicompost doses may promote antioxidant synthesis, possibly
by improving nutrient availability and stimulating soil microbial activity, as noted by Manzoor [62].
Furthermore, the type and dose of organic fertilization influence the enhancement or reduction of phenolic
compounds depending on dose and soil matrix, leading to varied responses among treatments [63].

Conversely, higher doses were associated with decreased antioxidant values, likely due to nutritional
imbalance or overfertilization stress, effects previously reported in aromatic species exposed to excessive
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organic fertilization. These results align with those of Novák et al. [64], who reported that phenological stage
and environmental conditions significantly influence phenolic and volatile compound content in oregano.
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Figure 4: Average values for antioxidant capacity by the DPPH method. C1: Crop cutting one; C2: Crop cutting
two; C3: Crop cutting three. Values presented are the means ± 1 S.D. Different letters above histograms indicate
statistically significant differences using the least significant difference (LSD) test at p ≤ 0.05 among the mean values
of the different treatments at the 3 sampling dates.

4 Conclusion

The results of this study demonstrate that both vermicompost dosage and harvest timing are key
factors for optimizing the functional quality of L. graveolens. Findings confirm that organic amendments
not only improve vegetative growth and yield but also enhance the biosynthesis of nutraceutical secondary
metabolites such as phenolics and antioxidants. Vermicompost may act as a modulator of plant metabolism
by improving nutrient availability and stimulating physiological processes associated with stress adaptation.

Among the treatments evaluated, the application of 5 t ha−1 prior to the second harvest produced
the highest concentrations of phenolic compounds and antioxidant activity. These results indicate that
moderate organic fertilizer doses, paired with appropriate harvest scheduling, can promote both growth
and functional quality in oregano. Similar patterns have been reported in other aromatic plants under
organic fertilization, where intermediate nutrient availability enhances secondary metabolism without
reducing biomass. Thus, combining organic management with optimal harvesting schedules represents a
viable strategy to increase the added value of L. graveolens and strengthen its agro-industrial, medicinal,
and culinary potential.

Furthermore, these results contribute valuable information for developing sustainable production
systems aimed at balancing agricultural yield and phytochemical quality. Adopting organic fertilization
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practices such as vermicompost application may reduce reliance on synthetic inputs, promote soil health,
and improve the nutraceutical profile of oregano biomass.

However, some limitations should be noted. This experiment was conducted in a single location
and soil type, which may limit extrapolation to different edaphoclimatic conditions. Additionally, only a
limited number of harvests and fertilizer doses were evaluated, and the study was carried out in a small
experimental plot, which may not reflect the variability observed in commercial production systems. These
factors should be considered when interpreting results and making recommendations.
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