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Abstract 

Lavender (Lavandula angustifolia Mill.) is a globally significant crop, with Bulgaria maintaining a 

leading position in essential oil production. This study presents the first comprehensive, multi-

regional analysis of commercial lavender plantations in Bulgaria, integrating phenotypic, 

biochemical, and genetic data. A novel Field Quality Index (FQI) was developed to objectively 

quantify production efficiency by balancing yield, essential oil quality, and intra-field homogeneity. 

Genetic profiling of 285 individual plants via Start Codon Targeted (SCoT) markers revealed 

significant genetic diversity and a population structure derived from two primary clusters (Delta K 

= 2), with high intra-field heterogeneity (64%). Our results demonstrate that peak FQI values are 

achieved in fields with moderate genetic diversity (Genetic Homogeneity Index HI = 0.6–0.7) and 

high polymorphic information content (PIC ≥ 0.35), whereas excessive clonal uniformity 

compromises both yield and phytochemical complexity. Regions in Northeastern Bulgaria (Shumen, 

Shabla) outperformed traditional areas, showing superior resilience to heat stress, which was found 

to suppress linalool biosynthesis while stimulating trans-ocimene accumulation. Association analysis 

identified six SCoT loci with high potential for Marker-Assisted Selection (MAS), explaining up to 

33.97% of the variation in key terpenoids. These findings establish the FQI as a robust tool for 

genome-informed management and provide a strategic framework for the sustainable production of 

high-value lavender oil in a changing climate. The SCoT markers demonstrate substantial potential 

for practical use in assessing yield and quality, as well as for integration into breeding programs 

aimed at advancing lavender production. 

Keywords: Lavandula angustifolia Mill.; SCoT markers; Field Quality Index (FQI); genetic diversity; 

Marker-Assisted Selection (MAS); essential oil quality and yield 

 

1. Introduction 

Lavender is a strategic crop for Bulgaria, providing high value-added raw materials for the 

perfume, cosmetics, and pharmaceutical industries [1–4]. Historically, cultivation was concentrated 

primarily in Central Bulgaria as a result of national zoning policies for oilseed crops [5]. However, 

over the past two decades, lavender acreage has expanded significantly across almost all regions of 

the country. Many of these new plantations were established haphazardly, using planting material 

of unknown origin and characteristics, leading to substantial deviations from established essential oil 

quality standards [6,7]. Such practices have negatively impacted the competitiveness and 

marketability of Bulgarian lavender oil on global markets [8,9]. 

In addition to the issues regarding the authenticity of planting material, contemporary lavender 

production in Bulgaria faces the challenges posed by global climate change. Recent studies indicate 

that extreme temperature fluctuations and prolonged droughts during the budding and flowering 

stages directly impact the chemical profile of the essential oil, altering the ratio between the primary 
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components, linalool and linalyl acetate [9,10]. This necessitates a re-evaluation of the adaptive 

capacities of established Bulgarian cultivars under the conditions of new agro-climatic regions, where 

soil characteristics deviate from those traditional to the Sub-Balkan valleys [11]. 

Parallel to abiotic factors, the uncontrolled distribution of planting material from uncertified 

nurseries has led to an increased phytosanitary risk. There is a growing prevalence of economically 

hazardous pathogens, such as Phoma lavandulae and phytoplasma infections, which cause premature 

wilting of the shrubs and compromise entire plantations [12]. In this context, the resistance of 

Bulgarian cultivars to diseases and pests, combined with their genetic stability, has become a critical 

factor in maintaining the country’s leading position in the international market [13,14]. 

To date, there is an absence of published data characterizing the genetic profile of these 

production areas. A critical challenge facing the sector is the lack of effective, routine quality control 

methods within the market for lavender planting material. Utilizing homogeneous planting material 

is essential for ensuring high yields and premium essential oil quality [11–15]. Nevertheless, scientific 

studies investigating how the heterogeneous genetic structure of lavender fields influences overall 

yield and quality remain scarce. 

Essential oil derived from Lavandula angustifolia Mill. is widely recognized for its superior 

quality, primarily due to its significantly lower camphor content compared to Lavandula latifolia 

Medikus or the hybrid Lavandula x intermedia (LI) Emeric ex Loiseleur [16]. All Bulgarian lavender 

varieties are the result of rigorous selection within this species at the Institute of Roses, Essential and 

Medical Cultures (IREMC), aimed at developing varieties with optimal agronomic and technological 

traits. Despite these efforts, variations in oil yield and quality between different fields and seasons 

remain high, rendering production unpredictable and complicating export planning [11,15,17].  

In this regard, Start Codon Targeted (SCoT) molecular markers represent a reliable, rapid, and 

cost-effective tool for assessing genetic diversity and population structure in aromatic and essential 

oil plants [18–23]. While modern Single Nucleotide Polymorphism (SNP) based methods offer higher 

resolution, SCoT analysis remains particularly effective for exploring the relationship between 

genetic variability and phenotypic or economic characteristics under real production conditions. 

Their application is especially valuable for local populations with limited genomic information [24], 

such as Bulgarian lavender. Previous studies have discussed the efficiency and capability of SCoT 

markers for assessing genetic diversity in L. angustifolia genotypes [25] and their advantages over 

other marker systems [26]. SCoT markers target functionally significant regions involved in the 

regulation of gene expression, demonstrating potential for the development of functional markers 

and gene characterization [27–30], as well as cultivar identification, phylogenetic analysis, and gene 

mapping [31]. To date, the construction of a Simple Sequence Repeat (SSR) based genetic linkage map 

for L. angustifolia has led to the mapping of 43 QTLs (Quantitative Trait Loci) associated with the 

accumulation of 25 different floral volatile compounds, identifying candidate genes for some of them 

[32]. In recent years, significant genomic milestones have been reached, including the assembly of the 

mitochondrial genome, the chloroplast genome, and a chromosome-level reference genome of L. 

angustifolia [33–36], along with large-scale SNP identification using Next-Generation Sequencing 

(NGS) technologies [37]. Furthermore, 207 members of the WRKY (LaWRKY) gene family have been 

characterized across the L. angustifolia genome; notably, 12 of these genes show high expression in 

flower buds and calyces in response to both intense light and low temperatures, playing a key role in 

terpenoid biosynthesis [38]. 

Despite this robust research foundation, an accessible and efficient marker system for the 

evaluation of planting material and the quality and yield control of commercial plantations has yet 

to be proposed. 

The present study aims to establish the correlations between genetic structure and field 

indicators of productivity and essential oil quality. To this end, a new integrated methodology for 

field assessment has been developed—the Field Quality Index (FQI)—which enables a quantitative 

and comparable evaluation of the total production efficiency across various lavender plantations. 
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The necessity for implementing an integrated indicator such as the FQI is dictated by the 

inherent complexity of secondary metabolism in Lavandula angustifolia, which cannot always be 

unambiguously predicted solely through genetic or agro-climatic data. While SCoT markers reveal 

polymorphism at the functional level related to translational start codons, field homogeneity and 

technological parameters reflect the adaptive capacity of the genotype to the specificities of the 

region. Synthesizing these data into a unified criterion provides a framework for establishing an 

objective link between genetic structure and the actual economic value of the plantations. This 

provides breeders and producers with a reliable tool for optimizing cultivar composition and 

forecasting the market potential of the production. 

2. Materials and Methods 

2.1. Plant Material 

The study was conducted between 2023 and 2025. At the onset of the growing season in April–

May 2023, a comprehensive survey of the primary lavender-producing regions in Bulgaria was 

performed. From each region, three representative commercial fields were selected for inclusion in 

the study (Figure 1).  

To evaluate the quantity and quality of the essential oil from each site, three distinct types of 

samples were collected per field (s1, s2, and s3). Specifically, s1 represented a composite (bulk) sample 

of randomly selected plants reflecting the overall field average, while s2 and s3 were collected from 

individual plants to assess intra-field variability.  

Inflorescences were harvested in July-August 2023 during the peak flowering stage (65–75% 

bloom) to serve as the exclusive material for both steam distillation and subsequent gas 

chromatography (GC) analysis, ensuring consistency in the evaluation of essential oil yield and 

chemical composition. 

For the molecular analysis, DNA was extracted from 19 randomly selected individual plants per 

field (including the plants designated as s2 and s3) to characterize the genetic structure of the 

populations.  
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Figure 1. Location map and illustrative images of the sampling sites. 

2.1. Essential Oil Distillation and Yield Determination 

The study was conducted between July and August 2023, coinciding with the peak flowering 

stage of the plantations. Fresh inflorescences were harvested under dry and warm weather conditions 

during the midday hours to ensure optimal essential oil secretion. To determine the quantity of 

essential oil, the steam distillation method was used with the following parameters: raw material 350 

g, hydromodule 1:8 (w/v), duration 1 hour. 

2.2. Essential Oil Chemical Characterization 

The chemical composition of the essential oils was analysed using an Agilent Technologies 

7820A Gas Chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a flame 

ionization detector (FID) under the following operating parameters: A non-polar capillary column 

(30 m length × 320 µm internal diameter × 0.25 µm film thickness); The oven temperature was 

programmed from 60°C to 300°C at a heating rate of 5°C/min;The injector and detector temperatures 

were maintained at 250°C and 300°C, respectively and Carrier Gas: Hydrogen (H2) at a constant flow 

rate of 0.5 mL/min. 

Quantitative analysis was performed using the area normalization method, with the relative 

percentage of each component calculated based on the total peak area (100%). The sample injection 

volume was 0.1 µL. 

2.3. Dna Extraction and Scot-Pcr Amplification 

Total genomic DNA was isolated from frozen leaves using a Disruptor Genie® homogenizer 

(Scientific Industries, Inc., Bohemia, NY, USA) and the Quick-DNA Plant/Seed Miniprep Kit (Zymo 

Research, Irvine, CA, USA), following the manufacturer's protocol. The quality and concentration of 

the extracted DNA were checked using a NanoVue Plus spectrophotometer (GE Healthcare UK 
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Limited, Amersham Place, Little Chalfont, Buckinghamshire, UK) and 1% (w/v) agarose gel 

electrophoresis.  

A set of five SCoT primers were selected for DNA amplification (Table 1). The PCR reactions 

were performed in a total volume of 20 µL, containing: 1 µL (50 ng) genomic DNA, 10 µL Red Taq 

DNA Polymerase 2×Master Mix, 1 µL (10 pmol) primer, and 8 µL nuclease-free ddH2O. The SCoT-

PCR amplification was carried out using a Doppio Gradient 2 × 48 well thermal cycler (VWR®, 

Darmstadt, Germany), as follow: initial denaturation at 94°C for 5 min; 35 cycles of denaturation at 

94°C for 45 s, primer- specific annealing at 56 – 61°C for 45 s, and extension at 72°C for 90 s; followed 

by a final extension at 72°C for10 min. The PCR products (10 µL mixed with 2 µL loading buffer) 

were separated on 2% (w/v) agarose gel electrophoresis in 1×TBE buffer for 130 minutes at 110 V. 

NZYDNA Ladder VI (50 - 1500 bp) was used as a molecular weight marker. Gels were stained with 

GelRed® (Biotium, Fremont, CA, USA) and documented using a UV transilluminator system (Bio-

Imaging System, Modi’in-Maccabim-Re’ut, Israel). 

Table 1. The SCoT primers used and their specific annealing temperature (sTa°). 

Primer  Sequence sTa° 

SCoT 2 CAACAATGGCTACCACCC 56 

SCoT 3 CAACAATGGCTACCACCG 56 

SCoT 12 ACGACATGGCGACCAACG 61 

SCoT 15 ACGACATGGCGACCGCGA 61 

SCoT 24 CACCATGGCTACCACCAT 56 

2.4. Data Analasis 

2.4.1. Agronomic and Economic Performance Indices 

To conduct a comparative analysis of the performance across different lavender fields, several 

integrated indices were developed and calculated: 

Field Quality Index (FQI) - An integrated field assessment score composed of three primary 

components: Quality Index (Q), Yield Index (Y) and Intra-field Homogeneity Index (H). 

Quality Index (Q): 

The Q index quantifies the compliance of the oil’s chemical profile with the reference limits defined 

by the ISO 3515:2002 standard [39] for each component measured in this study. For each field, an 

individual conformity index was calculated using the following formula:  

𝑄 = ∏ 𝑞
𝑖

𝑤𝑖
∑ 𝑤𝑗𝑗

𝑖 , (1) 

where: 

𝑞𝑖 – conformity of component i; 𝑤𝑖  - weighting factor for component i. The weighting factors 

were normalized to satisfy the following condition: 

∑𝑤𝑖

𝑖

= 1 
(2) 

The resulting index (Q) resides in the range [0,1]. The weights ensure that components with 

higher assigned values exert a more substantial influence on the overall quality index. The specific 

weighting factors (wi) used for the Q index calculation were: 

Linalool (2.0), Linalyl acetate (2.0), Camphor (2.0), cis-Ocimene (1.5), trans-ocimene (1.5), 

Terpinen-4-ol (1.5), Lavandulyl acetate (1.5), 3-Octanone (1.5), Lavandulol (1.0), α-terpineol (1.0) 

Yield Index (Y) 

For each field, an average yield was calculated from three distinct samples (s1, s2, s3) according to the 

formula: 
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𝑦𝑖 =
𝑠1 +

𝑠2 + 𝑠3
2

2
 (3) 

where: 

yi – average field yield; s1 – representative bulk sample for the field; s2, s3 – individual plant 

samples. To allow for objective comparisons between fields, the yield values were normalized to a 

scale of [0,1] via min-max scaling against the observed sample values, using the formula: 

𝑌𝑖 =
𝑦𝑖 − 𝑦𝑚𝑖𝑛

𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛

 (4) 

where: 

Yi - normalized field yield; ymin- minimum average sample yield observed; ymax- maximum average 

sample yield observed. 

Intra-field Homogeneity Index (H) 

To assess the intra-field (economic) homogeneity, Principal Component Analysis (PCA) was applied 

to the observations of the three samples (s1, s2, s3) for each field, considering both yield and essential 

oil chemical composition. The index is calculated as follows. 

𝐻𝑘 = 1 −
(𝑑𝑘 − 𝑑𝑚𝑖𝑛)

(𝑑𝑚𝑎𝑥 − 𝑑𝑚𝑖𝑛)
, 𝐻𝑘 ∈ [0,1] (5) 

where: 

Hk - Intra-field homogeneity index for field k, with values ranging from [0,1]. A value of 1 

indicates a perfectly homogeneous field, while 0 represents maximum internal variability. 

𝑑𝑘- The average Euclidean distance between the three samples (s1, s2, s3) for the field k in the 

space of the first two principal components (PC1, PC2). This distance reflects the disparities between 

samples regarding yield and/or chemical profile. 

𝑑𝑚𝑖𝑛   - The minimum average distance observed among all fields (reference for the most 

homogeneous field). 

𝑑𝑚𝑎𝑥   - The maximum average distance observed among all fields (reference for the most 

homogeneous field). 

Aggregation — Final Integrated Index FQI (Multiplicative) 

The final integrated field score, Field Quality Index (FQI), is formed by the three normalized indices 

(Q, Y, H) through a multiplicative combination with exponential weighting factors. 

𝐹𝐿𝑄𝐼 = 100 ∗ (𝑄𝑎𝑙𝑝ℎ𝑎 ∗ 𝑌𝑏𝑒𝑡𝑎 ∗ 𝐻𝑔𝑎𝑚𝑚𝑎) (6) 

where: 

alpha, beta, gamma - Assigned weights, which for the purposes of this analysis were set as follows: 

Quality weight (α) = 0.6; Yield weight (β) = 0.3; Homogeneity weight (γ) = 0.1 

2.4.2. Genetic Profiles and Genetic Diversity 

The SCoT banding profiles were scored and converted into a binary data matrix based on the 

presence (1), absence (0), or missing/unclear (-1) bands. To evaluate the efficiency of the selected 

primers, the following parameters were calculated [25]: Polymorphic Information Content (PIC) by 

[40]; Effective Multiplex Ratio (EMR) by [41]; Marker Index (MI) by [42]; and Resolving Power (RP) 

by [43]. 

The genetic diversity represented by different (Na) and effective (Ne) number alleles, Shannon's 

Information Index (I), and expected heterozygosity (He) were calculated using GenALEx 6.5 [44]. 

Nei's genetic distance [45] and gene diversity [46] among all plants was determined in PopGen32. 

The genetic relationships were further explored by Principal Coordinate Analysis (PCoA) and 

Analysis of Molecular Variance (AMOVA), all performed in GenALEx v.6.5 [44]. Genetic 

differentiation among accessions was estimated using ΦPT (PhiPT) (an FST analogue for dominant 

markers) via AMOVA. The first two principal coordinate axes (PC1 vs. PC2) of Genalex were used 

for visualization in GraphPad Prism 10.6.1 (GraphPad Software, Boston, MA, USA). An Unweighted 

Pair Group Method with Arithmetic Mean (UPGMA) cluster tree was constructed using MEGA12 

software [47] and visualized using iTOL v.6 [48] to enhance the graphical presentation.  
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The genetic structure of the population was analysed using STRUCTURE v.2.3.4, employing a 

Bayesian clustering model to estimate individual genetic ancestry (Q-values) [49]. The optimal 

number of clusters (K) was tested within a range of K= 2 to K= 15. Each K-value underwent 20 

repetitions, with a burn-in iteration of 100,000 followed by 10,000 Markov Chain Monte Carlo 

(MCMC) replications post burn-in [50]. The resulting date were uploaded to the CLUMPAK web 

server, http://clumpak.tau.ac.il for determine the optimal K-value based on the Evanno method (ΔK), 

identifying the most probable number of genetic clusters [51].  

2.4.3. Marker-Trait Association Analysis (Glm and Mlm) 

Marker–trait associations (MTAs) were identified using TASSEL v.5.2 [52], employing both 

General Linear Model (GLM) and Mixed Linear Model (MLM) approaches to evaluate the 

relationships between 15 essential oil chemical components and 90 SCoT loci. For the GLM analysis, 

"location" was included as a fixed factor, while the Q-matrix (population structure) was used as a 

covariate to account for the chemotypic and genotypic variation among 30 selected plants (samples 

s2 and s3 from all 15 production fields). In the MLM analysis, a Kinship (K) matrix representing 

individual relationships was integrated alongside the Q-matrix as a covariate to minimize the 

detection of false-positive associations. The statistical significance of the associations between the 

chemical variations in lavender essential oil and the genetic profiles of the plants was evaluated. A 

significance threshold of p < 0.05 was employed to identify potential marker–trait associations, while 

a more stringent threshold of p < 0.01 was used to highlight the most robust and highly significant 

loci, ensuring the reliability of the findings after multiple testing considerations. 

2.4.4. Correlations Between Economic and Genetic Characteristics 

To evaluate the relationship between economic performance and genetic profile, a Genetic 

Homogeneity Index (HI) was developed. This index represents a normalized inversion of Nei’s 

genetic distance [45] and is calculated as follows: 

𝐻𝐼 = 1 −
(𝑁𝑒𝑖𝑚𝑒𝑎𝑛 − 𝑁𝑒𝑖𝑚𝑖𝑛)

(𝑁𝑒𝑖𝑚𝑎𝑥 − 𝑁𝑒𝑖𝑚𝑖𝑛)
 (7) 

where: 

Neimean - the average of the Nei’s genetic distance for a given field, 

Neimin, Neimax - the minimum and maximum Nei’s genetic distance values observed across all 

plants in the same field. 

The resulting HI values range from [0,1], where higher values indicate greater genetic 

homogeneity (i.e. lower intra-field variability). 

All statistical computations and graphical visualizations were performed in Python v3.13 

environment using standard scientific libraries (NumPy, Pandas, Matplotlib, and Seaborn) and 

software GenAlEx 6.5. 

Correlation analysis between the calculated indices was performed using Pearson and Spearman 

rank correlation methods with two-tailed significance testing at α = 0.05. 

To account for multiple comparisons, Holm’s correction was applied, while model robustness 

was verified using cross-validation [53,54]. 

2.4.5. Meteorological Data: Era5-Land Reanalysis 

Given the spatial distribution of the experimental fields and the requirement for consistent agro-

climatic indicators, meteorological data were retrieved from the ERA5-Land (ERA5L) reanalysis 

dataset [55,56]. ERA5L provides high-resolution hourly atmospheric and land-surface variables at a 

spatial resolution of ~9 km, which is highly suitable for assessing environmental impacts on 

agricultural crops [57–59]. For each experimental site (Kazanlak, Chirpan, Shumen, Shabla, and 

General Toshevo), hourly data were extracted for the grid cells corresponding to the fields' 

coordinates. 
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The raw hourly data were processed to derive monthly aggregates for the critical vegetation 

period (May–July 2023). The analyzed variables included: mean 2-meter air temperature (t2m), 2-

meter dewpoint temperature (d2m), total precipitation (tp), surface solar radiation downwards (ssrd), 

and wind speed at 10 meters (wind). Additionally, volumetric soil water (layer 1: 0–7 cm, swvl1) was 

included to evaluate the impact of soil moisture on lavender performance. All time-series data were 

adjusted for the local time zone (UTC+2). These variables were utilized to establish the environmental 

context for the Field Quality Index (FQI) and to perform the correlation analysis presented in the 

study. 

Correlation matrices and heatmaps were further processed and refined using GraphPad Prism 

v11.0.0 (GraphPad Software, Boston, MA, USA). 

3. Results 

This section presents the findings of the integrated analysis of chemical, phenotypic, and genetic 

traits across fifteen lavender fields located in five major Bulgarian production regions (Table 2). By 

combining quantitative assessments of essential oil quality (Q), yield (Y), intra-field homogeneity (H), 

and genetic structure derived from SCoT markers, we investigated the correlation between genetic 

diversity and the agronomic performance of the plantations.  

Table 2. Location details, regional distribution, and essential oil yield parameters of the studied lavender 

plantations. 

Region Location 
Field 

ID 
Coordinates 

Quantity of essential oil 

(ml) 

S1 S2 S3 

Kazanlak 

 

Kazanlak IREMK 42.637189, 25.388629 4.7 7 6.3 

Kazanlak KS 42.646777, 25.375778 4.9 5.2 5.4 

Gabarevo GB 42.634043, 25.173031 4.6 4 3.3 

Chirpan 

 

Zetyovo ZA 42.1210759, 25.3431017 4.3 4 4.5 

Rupkite Rup 42.2357990, 25.3477580 3 3.3 3.5 

Zetyovo ZB 42.1190038, 25.3854098 4.9 3.7 4.5 

General 

Toshevo 

 

Lyulyakovo MS 43.6577236, 28.0889702 10.4 8.6 10.5 

General 

Toshevo 
MY 43.718357, 28.019853 8.7 2.4 9.6 

Kapinovo KGT 43.739277, 27.991201 10.9 9.4 10.5 

Shabla 

 

Gorun Gor 43.4837457, 28.4834800 8.7 7.4 8.8 

Ezerets EZ 43.5806808, 28.5258270 8.1 4.1 8.1 

Shabla Sh 43.5511740, 28.5400645 12.3 12.8 10.3 

Shumen 

 

Shumen VP 43.2998906, 27.0798766 11.5 11.7 7.3 

Kaspichan KSP 43.303020, 27.079809 13.2 12.4 11.6 

Shumen VSP 43.308879, 27.085359   8.7 7.3 8.6 

1 S1 - Composite Plant Sample, S2, S3 - Randomly Chosen Plant Samples. 

3.1. Economic Characteristics of the Fields 

3.1.1. New Integrated Indices 

The comprehensive evaluation of the production fields was performed using integrated Field 

Quality Index (FQI). As defined in the methodology, the FQI is a multiplicative function of three 

primary components: The Quality Index (Q), the Yield Index (Y), and the Intra-field Homogeneity 

Index (H), with exponential weights of 0.6, 0.3, and 0.1, respectively. This integrated approach allows 

for a simultaneous capture of the chemical, agronomic, and technological performance of lavender 

plantations. 
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The results reveal a clear regional differentiation in both quality and productivity (Table 3, 

Figure 2). Fields located in the Shumen, General Toshevo and Shabla regions (Northeastern Bulgaria) 

exhibited the highest FQI values, ranging from 61.76 to 87.45. These locations effectively combined 

high essential oil yields (Y range: 0.56 - 1.00) with excellent chemical profiles (Q range: 0.90 – 1.00). 

Notably, field KSP (from the Shumen region) achieved the highest overall score (FQI = 87.45), driven 

by a superior Yield index (Y = 1.00). Fields from the Shumen and Shabla regions (VP and Sh) are 

characterized by a near-optimal balance between quality (Q = 0.97 – 0.99) and yield (Y ≥ 0.82), reaching 

FQI value of 81.46 and 86.81, respectively. In contrast, fields from the Kazanlak and Chirpan regions 

exhibited lower yield indices (Y range: 0.25 - 0.45), despite maintaining high oil quality (Table 3). 

Across the study, the indices varied as follows: Q ranged from 0.76 (GB) to 1.00 (KS, ZA, Rup, ZB, 

KGT, Gor, EZ); Y ranged from 0.25 (Rup) to 1.00 (KSP); and H range from 0.10 to 0.31. Homogeneity 

index values exceeding 0.30 (e.g., KSP and Sh) indicate a stable and predictable chemical profile, 

whereas values below 0.25 reflect higher spatial heterogeneity. Such variability suggests a need for 

enhanced technological precision during harvesting and distillation to maintain batch consistency. 

The lowest FQI scores among the 15 studied fields were recorded for GB (FQI = 56.42), Rup (FQI = 

56.95) and IREMK (FQI = 58.49). 

Table 3. Economic assessment and integrated performance indices of the experimental lavender fields, Yield (Y), 

Quality (Q), Intra-field Homogeneity (H), and Field Quality Index (FQI). 

Region Field ID Yield,mL Y Q H FQI 

Kazanlak 

 

IREMK 5.68 0.45 0.81 0.18 58.49 

KS 4.12 0.33 1.00 0.21 61.30 

GB 5.10 0.40 0.76 0.26 56.42 

Chirpan 

 

ZA 4.28 0.34 1.00 0.20 61.64 

Rup 3.20 0.25 1.00 0.22 56.95 

ZB 4.50 0.36 1.00 0.24 63.68 

General Toshevo 

 

MS 9.98 0.79 0.90 0.22 75.17 

MY 7.35 0.58 0.99 0.22 72.88 

KGT 10.42 0.83 1.00 0.01 61.76 

Shabla 

 

Gor 8.40 0.67 1.00 0.29 78.11 

EZ 7.10 0.56 1.00 0.16 70.2 

Sh 11.92 0.95 0.99 0.31 86.81 

Shumen 

 

VP 10.35 0.82 0.99 0.24 81.46 

KSP 12.60 1.00 0.97 0.31 87.45 

VSP 8.32 0.66 0.99 0.10 69.64 

The mean FQI values, aggregated by production region, are illustrated in Figure 2. A clear spatial 

trend is observed, where fields located in the northeastern regions (Shumen and Shabla) exhibit the 

highest composite scores, whereas field in the southern regions (Kazanlak and Chirpan) show lower 

overall values, primarily due to higher within-field variability and lower yield indices, despite their 

stable essential oil quality, Supplementary Table S1. 
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Figure 2. Regional evaluation of the integrated field quality index (FQI). 

3.1.2. Analysis of Index Interrelationships and Integrated Performance 

The correlation analysis among the three primary components (Q, Y, and H) revealed weak to 

moderate correlations (|r| < 0.30), confirming that these parameters describe largely independent 

aspects of production efficiency (Figure 3).  

Essential oil quality (Q) and yield (Y) exhibited a weak positive relationship (r = 0.15), indicating 

that high chemical quality does not inherently guarantee high agronomic productivity. This 

independence is expected, as chemical composition and essential oil yield are governed by distinct 

physiological and genetic mechanisms. The Intra-field Homogeneity Index (H) showed a minimal 

association with yield (r = 0.09) and a slightly negative relationship with quality (r = −0.12), supporting 

its interpretation as a stabilizing factor rather than a direct driver of productivity. However, its 

influence on the Final Integrated Index (FQI) was moderate but statistically significant (r = 0.48), 

highlighting its role as a key indicator of predictability and technological reliability of the plantations 

(Figure 3). Fields with H ≥ 0.30 demonstrated superior repeatability of results and lower internal 

variation in their chemical profile. In contrast, fields with H < 0.25 exhibited pronounced deviations 

among samples, increasing the environmental and technological risk of inconsistent harvesting 

outcomes. 

The FQI showed the strongest correlation with yield (r = 0.84), followed by homogeneity (r = 

0.48) and quality (r = 0.34), Figure 3. This pattern reflects the broader dispersion of yield values within 

the dataset and identifies productivity as a primary economic driver in the studied regions. 

Nevertheless, the higher weight assigned to quality in the FQI formula (α= 0.60) mathematically 

compensates for this statistical imbalance, ensuring that the final assessment prioritizes chemical 

excellence alongside agronomic performance. 
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Figure 3. Heatmap of the correlation matrix between Quality (Q), Yield (Y), Homogeneity (H), and the integrated 

Field Quality Index (FQI). 

3.2. Scot Marker Efficiency and Genetic Diversity 

3.2.1. Scot-Amplification Results 

The five SCoT markers used for 285 lavender plants successfully amplified a total of 90 bands, 

of which 89 were polymorphic, resulting in a high average polymorphism of 98.94% (Table 4). Across 

all primers, the number of polymorphism amplified bands ranged from 14 (SCoT 2) to 21 (SCoT 15). 

The Polymorphic Information Content (PIC) value ranged between 0.41 (SCoT 2) and 0.80 (SCoT 24), 

with an average value of 0.64. Furthermore, the calculated mean values for Effective Multiplex Ratio 

(EMR), Resolving Power (RP), and Marker Index (MI) were 147.28, 18.4, and 90.72, respectively. The 

maximum and minimum Shannon’s information index (I) were 0.570 (SCoT 12) and 0.475 (SCoT 24), 

with average value of 0.503. The highest gene diversity (H) was recorded for SCoT 12 (0.409), while 

the minimum was observed for SCoT 2 (0.3111), and a mean value of 0.336 across all SCoT tested 

markers. These values confirm the high efficiency of the selected markers for detecting the genetic 

diversity of the studied lavender accessions. SCoT-PCR fingerprinting patterns generated with 

different SCoT markers in the lavender commercial fields are shown in Figure 4. 

Table 4. The SCoT primers used, Specific annealing temperature (sTa°), Total bands (TB), Polymorphic bands 

(PB), Monomorphic bands (MB), Resolving power (Rp), Polymorphic information content (PIC), Effective 

multiplex ratio (EMR), Marker index (MI). 

Primer  TB PB %PB Rp PIC EMR Mi N Ne H I 

SCoT 2 14 14 100 20.77 0.41 211.4 87.66 268.92 1.506 0.3111 0.478 

SCoT 3 19 18 94.7 19.70 0.64 140.0 89.81 278.84 1.543 0.319 0.480 

SCoT 12 17 17 100 16.50 0.72 138.1 99.71 280.88 1.744 0.409 0.570 

SCoT 15 21 21 100 21.5 0.65 145.7 95.10 278.00 1.567 0.376 0.493 

SCoT 24 19 19 100 13.49 0.80 101.2 81.30 280.57 1.526 0.313 0.475 
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Total 90 89            

Mean   98.94 18.39 0.64 147.28 90.72  1.577 0.35 0.50 

 

Figure 4. SCoT-PCR fingerprinting patterns generated by SCoT markers for 19 lavender plants in the 15 

commercial fields from Bulgaria. The plants of the fields are presented as follow: A: IREMK1-19; B: KS1-19; C: 

GB1-19; D: ZA1-19, E: Rup1-19; F: ZB1-19, G: MS1-19; H: MY1-19, I: KGT1-19; J: Gor1-19; K: EZ1-19; L: Sh1-19, 

M: VP1-19; N: KSP1-19, O: VSP1-19; The markers are presented as follow: SCoT 3: K, L, M, O; SCoT 12: D, E, F, 

I, J, N; SCoT 24: A, B, C, G, H. For all gels NZYDNA Ladder VI (50–1500 bp) was sign as L. 

3.2.2. Genetic Diversity and Differentiation Among Lavender Fields in Bulgaria 

Genetic diversity indices were calculated for 19 individual plants per field across the 15 studied 

location (Table 5). The accessions from the General Toshevo region (MS, MY and KGT) exhibited the 

highest genetic uniformity, as evidenced by the lower values for the percentage of polymorphic loci 

(PB: 46.67% - 48.89%), Shannon’s Information Index (I: 0.266 - 0.283), and expected heterozygosity 

(He: 0.169 - 0.193). In contrast, the highest levels of genetic diversity were recorded in the Shabla 

region, specifically in field EZ (PB = 71.11%, I = 0.384, He = 0.259). The lowest overall diversity 

parameters were observed in field GB (Gabarevo) within the Kazanlak region. Generally, lavender 

acessions in the Shabla and Shumen regions demonstrated higher genetic diversity (PB % ≥ 62.22, I = 

0.320 - 0.384, He = 0.215 - 0.259) compared to those in the Kazanlak and Chirpan regions (PB ≤ 62.22%, 

I = 0.246 - 0,340, He = 0.167 - 0.229). The observed number (Na) and the effective number of alleles 

(Ne) across all fields ranged from 1.156 (field GB) to 1.489 (field EZ), and from 1.292 (field MY) to 

1.454 (field EZ), respectively. These results, derived from the analysis of 285 individual plants, reveal 

significant variations in genetic diversity levels among the productive lavender fields in Bulgaria, 

Supplementary Table S2. The higher diversity in the Shabla/Shumen regions likely reflects a broader 

genetic base or the use of diverse seedling material, whereas the uniformity in General Toshevo 

suggests more standardized clonal propagation. 

Table 5. Genetic diversity indices for the 15 lavender fields studied based on SCoT marker analysis. Number of 

individual (N), different (Na) and effective (Ne) alleles; Shannon’s information index (I); Expected 

heterozygosity (He), Percentage of polymorphic loci (PB%) Standard errors are shown in parentheses. 

Fields ID N Na Ne I He PB % 

IREMK 18.700 (0.070) 1.400 (0.083) 1.367 (0.041) 0.315 (0.031) 0.212 (0.022) 58.89 

KS  18.733 (0.079) 1.311 (0.082) 1.341 (0.042) 0.282 (0.032) 0.192 (0.022) 50.00 
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GB 17.422 (0.501) 1.156 (0.089) 1.294 (0.040) 0.246 (0.031) 0.167 (0.022) 44.44 

ZA 18.700 (0.100) 1.267 (0.089) 1.349 (0.041) 0.293 (0.032) 0.199 (0.022) 52.22 

Rup  18.789 (0.068) 1.433 (0.084) 1.392 (0.039) 0.340 (0.031) 0.229 (0.021) 62.22 

ZB 18.678 (0.075) 1.289 (0.087) 1.353 (0.042) 0.292 (0.032) 0.199 (0.022) 52.22 

MS  18.456 (0.224) 1.256 (0.086) 1.338 (0.041) 0.283 (0.032) 0.193 (0.022) 48.89 

MY 18.389 (0.231) 1.278 (0.084) 1.292 (0.040) 0.252 (0.030) 0.169 (0.021) 48.89 

KGT 18.311 (0.333) 1.211 (0.087) 1.320 (0.041) 0.266 (0.032) 0.182 (0.022) 46.67 

Gor 18.678 (0.075) 1.411 (0.088) 1.433 (0.043) 0.356 (0.032) 0.243 (0.022) 63.33 

EZ  18.289 (0.214) 1.489 (0.088) 1.454 (0.041) 0.384 (0.030) 0.259 (0.021) 71.11 

Sh  18.722 (0.067) 1.322 (0.096) 1.402 (0.041) 0.340 (0.031) 0.231 (0.022) 62.22 

VP 18.444 (0.107) 1.389 (0.088) 1.373 (0.041) 0.320 (0.031) 0.215 (0.022) 61.11 

KSP 18.822 (0.064) 1.456 (0.087) 1.432 (0.041) 0.364 (0.030) 0.247 (0.022) 66.67 

VSP 18.711 (0.079) 1.378 (0.093) 1.385 (0.039) 0.339 (0.030) 0.227 (0.021) 64.44 

Grand mean 18.523 (0.051) 1.336 (0.023) 1.368 (0.011) 0.311 (0.008) 0.211 (0.006) 56.89 

3.2.3. Analysis of Molecular Variance (Amova) 

To determine the genetic variation among and within the lavender fields studied, an analysis of 

molecular variance (AMOVA) was performed (Table 6). The results indicate that the most of total 

genetic variation (64%) is retained within the accessions in each field (p < 0.001), while a significant 

portion is attributable to genetic differences among fields (36%) (p < 0.001). These results 

demonstrated that a higher of genetic variation exsist at the intra-field level. This is further supported 

by the ΦPT (PhiPT) value of 0.356, indicating a high level of population differentiation among the 

lavender accessions. 

Table 6. Analysis of molecular variance (AMOVA) of studied lavender accessions, df = degrees of freedom; SS 

= sum of squares; MS = mean squares; Est. Var. = estimated variance; % Var. = percentage of total variance. 

Source df SS MS Est. Var. % Var p Value 

Among Fields 14 1749.754 124.982 6.006 36% <0.001 

Within Fields 270 2934.737 10.869 10.869 64% <0.001 

Total 284 4684.491  16.875 100%  

3.2.4. Principal Coordinate Analysis (Pcoa) and Genetic Structure 

To assess the genetic relationships and population structure among the 285 lavender accessions 

from 15 fields, PCoA, UPGMA clustering, and STRUCTURE analysis were applied.  

The first three axes of the PCoA based on genetic distances derived from SCoT-PCR profiles 

explained 52.98% of the total variance among 15 fields with individual contributions of: 23.96%, 

15.21%, and 13.81% (Figure 5a). For the individual-level analysis of 285 plants, the first three axes 

accounted for 20.38% of the cumulative variation: 9.77%, 15.30%, and 20.38%, respectively (Figure 

5b). The results demonstrate a significant genetic overlap among individual plants (Fig. 5b), 

indicating a shared and cohesive genetic pool across the studied Bulgarian lavender accessions. 

Despite this overlap, a clear regional trend emerges when observing the fields (Fig. 5a). This suggests 

that while the base germplasm is similar, local selection and environmental adaptation have led to 

the emergence of distinct regional genetic signatures. Specifically, accessions from the Kazanlak 

region (IREMK, KS and GB; purple) и and General Toshevo (MS, MY, and KGT; blue) were clearly 

separated from those in the Shumen (VP, KSP, and VSP; red) and Shabla (EZ and SH; green) regions. 

Fields from the Chirpan region (ZA, Rup, and ZB; orange) were positioned between the two main 

clusters. Notably, field MY (Malina Y) stood out as a genetic outlier, exhibiting a unique profile that 

separated it from other regional representatives along the upper part of the second axis. 
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(a) (b) 

Figure 5. Principal coordinate analysis (PCoA) biplot of the studied lavender accessions: (a) Distribution of 15 

fields illustrating regional differentiation; (b) Distribution of 285 individual plants showing genetic overlap and 

intra-field variation. Colors represent different production regions: purple (Kazanlak), orange (Chirpan), blue 

(General Toshevo), red (Shumen) and green (Shabla). 

The subsequent cluster analysis based on Nei’s genetic distances reveals a complex, non-linear 

distribution of the studied accessions. Individuals from the same production fields do not form 

exclusive monophyletic groups. Instead, they are distributed across multiple sub-clusters, confirming 

the high intra-field genetic variation observed in the AMOVA and PCoA analyses. This mosaic 

structure underscores the shared genetic heritage of Bulgarian lavender and suggests that the current 

plantations are a result of significant germplasm exchange and potential multi-clonal compositions 

within individual fields. Plants from the fields in Chirpan (ZB), Shabla (Gor), and Kazanlak (KS) 

grouped together in Cluster 1. Cluster 2 integrated plants from Chirpan (Rup), Shumen (KSP, VS), 

and Shabla (EZ, Sh). Plants from General Toshevo (MY, MS, KGT), Kazanlak (IREMK, GB), and 

Chirpan (ZA) were primarily distributed in Cluster 3. Notably, plants from the VP field were 

identified as a distinct, independent clone. Furthermore, specific individual genotypes from one field 

were frequently found nested within groups of another field, originating from different geographic 

regions. Examples include genotypes ZB15, EZ2, EZ3, and EZ4; VS5, VS8, and VS9; Sh13; KSP9; Gor4, 

Gor5, and Gor 19; IREMK17, IREMK18, and IREMK 19; Gor17 and Gor 18.  
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Figure 6. UPGMA dendrogram of 285 lavender plants based on Nei’s genetic distance. The colors represent 15 

different production fields, illustrating the high degree of genetic admixture and intra-field heterogeneity. The 

plants of the fields are presented as follow Kazanlak: IREMK1-19, KS1-19 and GB1-19; Chirpan: ZA1-19, Rup1-

19 and ZB1-19; General Toshevo: KGT1-19, MS1-19 and MY1-19; Shumen: VS1-19, VP1-19 and KSP1-19; Shabla: 

Sh1-19, Gor1-19 and EZ1-19. 

The population structure analysis was performed, and Evanno’s ∆K method was used to 

determine the optimal number of genetic clusters (K). The highest ∆K value was observed at K = 2 

(Figure 7). These results indicated that the 285 lavender accessions from 15 fields can be assigned into 

two major groups, based on their Q values. Some plants fall into a mixed group (Q <0.6), 

Suplementary table S3. The proportional membership of each individual to a given ancestral cluster 

is visualized in the STRUCTURE plot, with the two clusters represented in green and red (Figure 8). 

Cluster Q1 (in red) contains 118 accessions from fields in Kazanlak: IREMK (18), KS (3), GB (19); 

Chirpan: ZA (18), ZB (6); General Toshevo: KGT (19), MS (19), Shumen: VP (1) and Shabla: Gor (15). 

Cluster Q2 (in green) includes 135 accessions from Kazanlak: IREMK (1), KS (6), Chirpan: Rup (15), 

ZB (10), General Toshevo: MY (15), Shumen: VSP (19), VP (16), KSP (17) and Shabla: Sh (19), EZ (18). 

Notably, mixed ancestral origins exhibited 35 accessions from fields in IREMK (1), KS (13), ZA (1), 

Rup (4), ZB (3), MY (4), Gor (4), EZ (1), VP (2), KSP (2). This population structure results aligns with 

the UPGMA dendrogram and explains the significant overlap observed in the PCoA plots. The 

widespread distribution of both genetic groups across all geographic regions indicates a lack of strict 

isolation and suggests that the current industrial plantations are characterized by high intra-field 

heterogeneity, likely due to the historical use of diverse or admixed planting materials. 
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Figure 7. Delta K plot by Evanno based on SCoT-PCR profiles of 285 lavender accessions. 

 

Figure 8. STRUCTURE bar plot representing the estimated genetic membership of 285 lavender accessions into 

two inferred clusters (K=2). Each vertical bar represents a single individual. The red color indicate membership 

in Cluster 1(Q1), while green color indicate membership in Cluster 2 (Q2). The length of each colored segment 

corresponds to the estimated proportion of the individual’s genome assigned to that specific cluster. The plants 

of the fields are presented as follow: Kazanlak: IR1-19, KS1-19 and Gab1-19; Chirpan: ZA1-19, Rup1-19 and ZB1-

19; General Toshevo: KG1-19, MS1-19 and MY1-19; Shumen: VS1-19, VSp1-19 and Ksp1-19; Shabla: Sh1-19, Gor1-

19 and EZ1-19. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 April 2026 doi:10.20944/preprints202604.2001.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.2001.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 33 

 

3.3. Marker–Trait Association Analysis 

To identify robust genetic markers associated with the chemical composition of lavender 

essential oil, General Linear Model (GLM) and Mixed Linear Model MLM analyses were performed. 

Association analysis identified seven significant marker-trait associations (p < 0.01) in MLM results 

and ten in the GLM results, involving ten distinct traits and explaining 19.57-34.19% of the observed 

chemotype variation (Table 7). Six of the investigated loci demonstrated high stability across both 

statistical analyses, indicating their superior potential for future marker-assisted selection (MAS): 

SCoT 12_550 bp, SCoT 24_1200 bp, SCoT 15_450 bp,  SCoT 3_700 bp and SCoT 24_700 bp. Notably, 

the MLM model, which accounts for population structure (Q) and kinship (K), identified high-impact 

associaton for Camphene with SCoT 12_550 bp (33.97%), for 3-octanone with SCoT 24_1200 bp 

(25.13%), for Limonene+1.8 cineole with SCoT 24_1200 bp (21.37%), for Camphor with SCoT 12_400 

bp (31.40%), for Borneol with SCoT 15_450 bp (31.87%), for Terpinen 4-ol with SCoT 3_700 bp 

(23.43%), for β-carphyllene wth SCoT 24_700 bp (32.95%). 

Table 7. Association analysis results among SCoT markers and chemotypic traits based on MLM and GLM (p < 

0.01**). R2 percentage of phenotypic variance explained by the marker. 

Trait Marker bp MLM GLM 
   

p R2 p R2 

Camphene (CampE) SCoT 12 550 0.0063** 33.97% 0.0003** 36.12% 

3-octanone (3-oct) SCoT 12 450 0.0379* 14.08% 0.009** 17.86% 

3-octanone (3-oct) SCoT 24 1200 0.0065** 25.13% 0.0017** 25.13% 

Cis-ocimene (Cis_oc) SCoT 2 250 0.0291* 21.84% 0.0095** 21.84% 

Limonene+1.8 cineole (Lim_c) SCoT 24 1200 0.0057** 21.37% 0.0006** 22.77% 

Linalool (Lin) SCoT 15 350 0.0202* 19.47% 0.0033** 22.78%  

Camphor (CampO) SCoT 12 400 0.0072** 31.40% 0.0155* 19.57% 

Borneol (Born) SCoT 12 450 0.0309* 24.65% 0.0037** 31.45% 

Borneol (Born) SCoT 15 450 0.0094** 31.87% 0.0007** 89.11% 

Borneol (Born) SCoT 15 220 0.0471* 17.43% 0.0054** 26.88% 

Lavandulool (Lavand) SCoT 15 1000 0.0196* 24.78% 0.0079** 24.78% 

Terpinen 4-ol (Terp) SCoT 3 700 0.0096** 23.43% 0.0023** 23.43% 

β-carphyllene (B_ca) SCoT 24 700 0.0055** 32.95% 0.0071** 34.19% 

β-carphyllene (B_ca) SCoT 15 450 0.0209* 21.54% 0.0085** 22.17% 

*GLM, General Linear Model; MLM, Mixed Linear Model; p < 0.01** indicates high statistical significance. 
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Figure 9. Q-Q plots of marker-trait associations for six chemotypic traits based on the Mixed Linear Model 

(MLM). The red dots represent individual SCoT loci. The horizontal blue lines indicate the threshold for high 

statistical significance (p < 0.01). Loci positioned above these lines are considered significantly associated with 

the respective traits. A: Camphene, B: 3-octanone, C: Camphor, D: Borneol, E: Terpinen 4-ol, F: β-carphyllene. . 

3.4. Relationships Between Genetic Diversity Indices and Agronomic Traits 

This section explores the correlations between genetic polymorphism—both at the level of 

individual SCoT markers and as an aggregate reflection of population consistency—and the 

agronomic characteristics of the studied lavender fields. This approach enables an assessment of how 

local genetic variation and the integrated effect of SCoT loci influence the chemotype and overall field 

productivity. To maintain focus on the most informative results, only relationships with statistical 

significance (p < 0.05) are presented. However, markers that did not strictly meet this threshold but 

showed a consistent trend (particularly with 0.05 < p < 0.10) were also considered, as they may 

indicate biological dependencies within the complex environment of field trials [60,61]. 

The analysis determined both the impact of genetic distance between plants within an individual 

field—expressed as the Genetic Homogeneity Index (HI), calculated according to Formula (7)—and 

the influence of significant genetic diversity indices, such as the Polymorphic Information Content 

(PIC) (Table 8). 

Table 8. Summary of genetic characteristics across the studied lavender fields, Polymorphic Information Content 

(PIC) and Genetic Homogeneity Index (HI). 

Index 

Field 

Kazanlak Chirpan 
General 

Toshevo 
Shabla Shumen 

IREM

K 
KS GB ZA Rup ZB MS MY KGT Gor EZ Sh VP KSP VSP 

PIC (mean) 0.29 0.36 0.30 0.36 0.39 0.37 0.31 0.35 0.36 0.37 0.40 0.39 0.32 0.39 0.39 

HI 0.74 0.76 0.82 0.75 0.7 0.74 0.76 0.78 0.76 0.71 0.65 0.65 0.74 0.66 0.65 
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3.4.1. Genetic Homogeneity Index (Hi) 

Genetic analysis based on Start Codon Targeted (SCoT) markers revealed significant correlations 

between intra-fields genetic structure and the production performance of the studied lavender 

plantations. The results indicate that the minimum genetic distance between plants (min_Nei) is 

positively correlated with the integrated Field Quality Index (FQI) (r = 0.68, p = 0.01) and normalized 

yield (Y) (r = 0.55, p = 0.04), Table 9. These findings suggest that optimal productivity is achieved 

under conditions of moderate, rather than extreme, genetic proximity between individual plants 

within a field. 

The Genetic Homogeneity Index (HI), which reflects the degree of intra-field uniformity, 

indicates that higher HI values correspond to lower genetic diversity or reduced differentiation 

within the accessions in the fields. The analysis identified a negative correlation between HI and 

essential oil quality (Q) (r = -0.45, p = 0.09), Table 8. This suggests that while genetic uniformity is 

beneficial for yield stability, excessive homogeneity may slightly diminish the phytochemical 

complexity and overall quality of the lavender essential oil. 

Table 9. Correlation analysis between genetic distance metrics and Genetic Homogeneity Index (HI), Field 

Quality Index (FQI), Essential oil quality (Q), Normalized yield (Y). 

Nei_metric Trait rho p 

min_Nei FQI 0.68 0.01 

min_Nei Y 0.55 0.04 

Nei_cv FQI -0.46 0.08 

Nei_mid FQI 0.46 0.08 

HI Q -0.45 0.09 

The relationship between Genetic Homogeneity (HI) and essential oil quality (Q) exhibits a 

distinct non-linear trend (Figure 10). Peak quality values are observed at intermediate HI levels 

ranging from 0.65 to 0.74, suggesting that moderate genetic diversity provides an optimal balance 

between field stability and aromatic complexity. However, when the homogeneity exceeds the 

threshold of HI ≈ 0.72, quality parameters begin to fluctuate. A sharp decline in phytochemical 

indicators is observed once the index surpasses 0.78, indicating that extreme genetic uniformity may 

lead to a loss of essential oil richness. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 April 2026 doi:10.20944/preprints202604.2001.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.2001.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 33 

 

Figure 10. Non-linear relationship between the Genetic Homogeneity Index (HI) and essential oil quality (Q). 

The LOESS trend line illustrates the optimal range of genetic uniformity for maintaining high phytochemical 

quality. 

Among all genetic indices, Polymorphic Information Content (PIC) stands out as the only 

statistically robust predictor of essential oil quality after applying the Holm adjustment (p_adj = 0.02). 

Approximately 60% of the variation in the quality indicator (Q) can be explained by the mean PIC 

per field. This confirms that PIC serves as a highly reliable molecular indicator for assessing both the 

genetic fitness and phytochemical potential of lavender plantations (Table 10, Figure 11) 

Table 10. Correlation between Polymorphic Information Content (PIC) and Essential Oil Quality (Q) after Holm 

correction. 

Genetic Pheno Method r/rho/τ/D p-raw p-adj Signif 

PIC Quality Pearson 0.77867 0.00063 0.02253 True 

 

Figure 11. Regression analysis illustrating the predictive power of mean field PIC for essential oil quality. The 

high correlation coefficient (r = 0.7787) identifies PIC as a reliable molecular indicator for lavender field fitness. 

Analysis of specific binary parameters identified SCoT-2 and SCoT-24 as the most significant 

markers associated with essential oil quality and yield, Figure 12. Both markers exhibited strong 

positive statistical correlations (r > 0.71 for ScoT 2) и (r > 0.71 за ScoT 24). Notably, both linear and 

monotonic models demonstrate a consistent trend, positioning SCoT-24 as a balanced molecular 

marker with high potential for marker-assisted selection (MAS) to identify genotypes with superior 

productivity and a stable aroma profile. 

 

Figure 12. Linear and monotonic Spearman and Pearson correlations between Polymorphic Information Content 

(PIC) and essential oil quality (Q). The high correlation coefficients for SCoT-2 and SCoT-24 identify these loci 

as robust molecular indicators for predicting lavender phytochemical profiles. 
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Results for the Expected heterozygosity (He) in the studied plantation revealed that marker 

SCoT-3 demonstrates a stable negative correlation with production indicators (r ≈ –0.61; p < 0.05), At 

this stage, this marker serves as a molecular indicator of risk regarding overall productivity (Figure 

13). Conversely, SCoT-2 showed a positive correlation with quality (r ≈ 0.72; p < 0.05) identifying it 

as a key indicator for improving essential oil phytochemical characteristics. 

 

Figure 13. Impact of expected heterozygosity (He) on lavender essential oil quality (Q) and normalized yield (Y). 

The contrasting trends observed for SCoT-2 and SCoT-3 illustrate the trade-off between genetic diversity and 

agronomic performance. 

The integrated correlation analysis, visualized through a heatmap (Figure 14), confirms the 

distinct genetic architecture underlying oil quality and yield. Genetic diversity indices for SCoT-2 

and SCoT-24, specifically Allelic Diversity (AD), Polymorphic Information Content (PIC), and 

Percentage of Polymorphic Bands (PB%), show strong positive correlations (r = 0.63 to 0.74) with both 

quality and yield. Notably, the Relative Multi-Locus Genotype index (relMLG) which reflects the 

proportion of unique genetic profiles within a plants exhibits a significant negative correlation with 

normalized yield (r = -0.53 to -0.58) for markers SCoT 2 and SCoT 24. This suggests that while high 

allelic diversity (PIC and AD) is essential for essential oil quality, an excessive increase in unique 

genotypes (high relMLG) may negatively impact field productivity. 

 

Figure 14. Heatmap of significant Pearson and Spearman correlations (p < 0.05) between SCoT-marker genetic 

diversity indices Allelic Diversity (AD), Polymorphic Information Content (PIC), Percentage of Polymorphic 

Bands (PB%), Multi-Locus Genotype index (relMLG) and phenotypic traits – Quality (Q) and Normalized Yield 
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(Y) for 1 – SCoT 2; 3 – SCoT 12; 4 – SCoT 24. Red color indicates positive correlations, while blue indicates 

negative correlations, highlighting the diverging genetic drivers for oil quality and field productivity. 

3.5. Agro-Climatic Characterization and Environmental Drivers of the Lavender Cultivation Sites 

To ensure a precise and in-depth interpretation of the results, meteorological data for the 

lavender vegetation period were analyzed across five distinct regions in Bulgaria by ERA5-Land 

(ERA5L) reanalysis dataset (Table 11). The 2023 data indicate that the highest mean temperatures 

(t2m) were recorded in the Chirpan region, reaching their peak in July (27.49 °C). Conversely, the 

coastal region of Shabla exhibited the highest solar radiation levels (ssrd) during June (743.56 MJ/m²) 

and significantly stronger wind speeds throughout the season compared to the other sites (4.54 - 4.60 

m/s). Regarding soil moisture (swvl1 at 0-7 cm depth), the lowest values were consistently observed 

in Shabla (0.22 m³/m³), General Toshevo (0.28 m³/m³) and Shumen (0.29 m³/m³), whereas the Kazanlak 

and Chirpan fields maintained higher soil water content during the early growth stages (0.37 - 0.41 

m³/m³). These contrasting agro-climatic profiles between the experimental sites provide the necessary 

environmental context for understanding the variations in essential oil yield and quality indices. 

Table 11. Summary of the monthly meteorological conditions across the five experimental sites: Kazanlak, 

Chirpan, General Toshevo, Shabla, and Shumen for the period May–July 2023. Mean 2-meter dewpoint 

temperature (d2m, °C), Mean 2-meter air temperature (t2m, °C), Total precipitation (tp, mm), Surface solar 

radiation downwards (ssrd, MJ/m²), Volumetric soil water layer 1 (vswl1, 0–7 cm depth, m³/m³), Mean wind 

speed at 10 meters height (m/s). 

 
Kazanlak: 

IREMK, KS, Gab 

Chirpan: ZA, 

Rup, ZB 

General 

Toshevo: KGT, 

MS, MY 

Shabla: Sh, 

Gor, EZ 

Shumen: VS, 

VSP, KSP 

 May Juny  July May Juni July May Juni July May Juni July May Juni July 

d2m 9.87 14.31 16.75 10.37 13.58 15.15 9.38 13.60 16.40 11.33 16.06 18.88 9.38 13.46 15.75 

t2m 13.93 19.36 24.29 15.88 21.92 27.49 14.70 19.87 24.42 15.18 20.90 24.34 14.98 20.17 25.47 

tp  95.16 
102.3

0 
33.77 65.52 39.48 20.30 87.83 56.49 48.94 29.41 19.83 28.68 87.81 46.08 44.29 

ssrd 
586.0

6 

661.5

6 

722.5

1 

585.4

4 

674.4

8 

734.2

6 

636.9

2 

700.9

7 

694.3

2 

694.2

0 

743.5

6 

714.5

5 

604.5

4 

680.6

6 

706.1

1 

swvl1 0.37 0.37 0.26 0.41 0.34 0.29 0.28 0.25 0.21 0.22 0.16 0.16 0.29 0.25 0.20 

wind 1.63 1.31 1.46 2.20 1.91 1.99 3.25 2.82 3.27 4.54 3.88 4.60 2.47 2.12 2.37 

The correlation analysis (Figure 15, Suplementary Table S4) revealed a complex interplay 

between environmental conditions and the phenotypic expression of lavender genotypes. A 

dominant climatic signal was observed during June and July. Notably, solar radiation (ssrd-07) and 

soil moisture (swvl1-07) in July exhibited strong negative correlations with essential oil yield indices 

(r < -0.70, p < 0.001). This suggests that excessive solar exposure and high soil moisture levels—as 

observed in the Chirpan and Kazanlak fields—act as primary limiting factors for oil yields. Weak to 

moderate correlations were also identified between yield and July precipitation (r = 0.63, p = 0.01), as 

well as wind speed throughout the summer months (r < 0.53, p < 0.04). Interestingly, lavender oil 

quality (Q) remained remarkably stable, showing only negative correlations with June precipitation 

(r = -0.69, p = 0.004). In contrast, the Field Quality Index (FQI) was moderately influenced by June 

solar radiation (r = 0.57, p = 0.03) and wind speed (r = 0.59, p = 0.02), while soil moisture during both 

months emerged as a decisive factor for the overall field performance (r ≤ -0.74, p < 0.001). 

Furthermore, the percentage of polymorphic bands (PB%) demonstrated a moderate negative 

correlation with precipitation and soil moisture (r ≤ -0.54, p < 0.02), suggesting that genetic 

polymorphism in the studied genotypes might be sensitive to high hydrothermal stress. 
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Figure 15. Heatmap of the Pearson correlation coefficients (r) between genetic diversity indices: Polymorphic 

Information Content (PIC), Percentage of Polymorphic Bands (PB%), Climatic variables (temperature (t2m), 

precipitation (tp), solar radiation (ssrd), soil moisture – 0-7 sm (swvl1), wind for June and July), and Phenotypic 

traits: Quality (Q), Yield (Y), Final Quality Indices (FQI) of lavender genotypes in 15 fields. The color scale 

represents the strength of the correlation, ranging from dark blue (strong negative, r ≤ -0.70) to dark red (strong 

positive, r ≥ 0.70). The light-colored cells indicate non-significant or weak to moderate relationships (|r| < 0.50). 

Regarding the chemical composition of the essential oil across the different regions, mean daily 

temperatures throughout the entire vegetation period were found to be strongly correlated with 

increased levels of trans-ocimene (r < 0.71, p < 0.001), and moderately correlated with camphor (r < 

0.54 – 0.62, p < 0.03) and terpinen-4-ol (r < 0.58 – 0.68, p < 0.02), Figure 16, Supplementary Table S5. 

This confirms that heat stress stimulates the biosynthesis of compounds often associated with lower 

perfumery quality. A moderate negative correlation was observed between high summer 

temperatures for June and July and linalool content (r < -0.54, p < 0.04), highlighting that oil quality 

may be compromised in hotter regions. Furthermore, high temperatures in May appear to suppress 

the accumulation of limonene + 1,8-cineole (r = -0.75, p = 0.001), likely shifting metabolic pathways 

toward competitive biochemical routes (specifically trans-ocimene (r = 0.7, p = 0.002)) involved in 

early-season heat adaptation. This trend persists through May and June, leading to a moderate 

suppression of 3-octanone levels as well (r < -0.64, p < 0.01).  
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Figure 16. Heatmap of the Pearson correlation coefficients (r) between Climatic variables (temperature (t2m), 

precipitation (tp), solar radiation (ssrd), soil moisture – 0-7 sm (swvl1) for May, June and July), and Phenotypic 

traits of 30 lavender genotypes in 15 fields from five region-Kazanlak, Chirpan, General Toshevo, Shabla and 

Shumen. The color scale represents the strength of the correlation, ranging from dark blue (strong negative, r ≤ 

-0.70) to dark red (strong positive, r ≥ 0.70). The light-colored cells indicate non-significant or weak to moderate 

relationships (|r| < 0.50). 

4. Discussion 

The yield and quality of lavender essential oil (Lavandula angustifolia Mill.) are profoundly 

influenced by a multitude of factors [62]. Variations in the chemical profile are frequently observed, 

even within the same genotype grown under identical conditions and subjected to the same 

harvesting and extraction methods [63–65]. According to numerous studies, these factors include the 

harvest timing—specifically the flowering stage and time of day [66,67]; plant age [68–70]; the specific 

genotype utilized [64,65]; cultivation technology, such as fertilization and irrigation [71–73]; the role 

of pollinators [74,75]; microclimatic conditions, including temperature and precipitation distribution 

[64,66,70]; soil structure [76]; and altitude [77,78]. 

We conducted the first comparative genetic and phenotypic study of commercial lavender 

plantations across the five primary cultivation regions in Bulgaria for the 2023 season. For the first 

time, an integrated methodology for evaluating lavender plantations has been developed and 

applied, unifying chemical, phenotypic, and genetic parameters. The newly introduced Field Quality 

Index (FQI) allows for a quantitative expression and comparability of production efficiency by 

simultaneously reflecting essential oil quality, yield, and intra-field homogeneity. Overall, our 

findings confirm that high essential oil quality alone cannot fully offset low productivity. The 

balanced contribution of all three components (Q, Y, and H) ultimately determines the true economic 

value of a field. The FQI structure provides an objective and robust framework where high 

productivity is a necessary but insufficient condition for success; true field excellence is attained only 

through the synergy of superior quality and intra-field stability. 
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4.1. Characteristics of the Bulgarian Lavender Regions 

Our study demonstrates that the regions in Northeastern Bulgaria—Shumen, General Toshevo, 

and Shabla—which are considered relatively new and non-traditional for commercial lavender 

cultivation [65], achieve significantly higher yields than traditional regions like Kazanlak and 

Chirpan, without compromising the quality of the essential oil (Table 3, Figure 2). Specifically, fields 

from these regions, such as Kaspichan (FQI = 87.45) and Shabla (FQI = 86.81), received the highest 

Field Quality Index (FQI) scores, reflecting their superior performance in terms of yield, 

homogeneity, and oil quality. These findings align with previously reported high quality of the 

Bulgarian cultivars 'Hemus', 'Sevtopolis', 'Yubileyna', and 'Druzhba' in field trials, which identified 

'Sevtopolis' as the highest-yielding for the region, while 'Hemus' exhibited the best chemical 

composition [65]. The authors concluded that these cultivars successfully realize their productive 

potential in this new region, confirming that essential oil yield depends not only on meteorological 

conditions during harvest but also significantly on the genotype [65]. In a similar study conducted in 

Eastern Bulgaria (Aytos), it was emphasized that the qualitative and quantitative parameters of the 

essential oil for 'Hemus', 'Sevtopolis', and 'Yubileyna' are determined by both precipitation during 

the vegetation period and the specific genotype, with 'Yubileyna' emerging as the most productive 

for that specific area [79]. 

Due to the field-based nature of this study, the strict varietal identity of the 285 individual plants 

sampled across 15 locations cannot be definitively guaranteed. Consequently, the specimens were 

categorized based on the results of the clustering analyses. Data from PCoA, UPGMA, and 

STRUCTURE population analysis consistently identified two primary genetic clusters. In the regions 

of Northeastern Bulgaria, plants cultivated in Shabla (Sh, EZ) and Shumen (VP, VSP, KSP) 

predominantly belong to the second genetic group (Q2), making this genotype prevalent for the area. 

Notably, however, a field from Rupkite (Chirpan, Southern Bulgaria) also clustered within this group 

yet recorded the lowest overall yield. This clearly emphasizes that yield is more significantly 

influenced by environmental conditions than by genotype alone, suggesting that the strategic 

synchronization of both factors is essential for optimal production. Existing research highlights that 

abundant rainfall during May and June typically leads to a decline in essential oil yield [65,79]. This 

is consistent with the higher humidity levels recorded in our study for the Kazanlak and Chirpan 

regions, which showed a strong correlation with lower yields (Figure 15, Table 9). Furthermore, 

higher mean monthly temperatures during the harvest period—particularly in Chirpan—

demonstrated a significant negative correlation with yield across the studied regions. 

In contrast to yield, essential oil quality remained stable across all sites. Quality showed only a 

moderate positive correlation with mean June temperatures, but a strong correlation with the 

measured field polymorphism (PIC). This suggests that quality is significantly more dependent on 

the genotypes present in the fields than on environmental fluctuations. Recent analysis of gene 

expression patterns across 10 genes noted that expression in flower buds is primarily stimulated by 

intense light and low temperatures, whereas gene expression in leaves is triggered by drought [38]. 

The authors identified two specific genes (LaWRKY57 and LaWRKY75) as potential negative 

regulators in terpenoid biosynthesis [38], providing a molecular basis for the observed metabolic 

shifts under environmental stress. In the present study, the negative correlation confirms that high 

temperature acts as a limiting factor. This suggests that the more moderate temperature regimes in 

Northeastern Bulgaria favor the gene expression responsible for linalool biosynthesis, which explains 

the preservation of high essential oil quality in these regions, Figure 16. 

The combined analysis of phenotypic and genetic parameters in this study indicates that an 

excessively narrow genetic base limits both the yield and the phytochemical complexity of the oil. 

Fields with moderate genetic diversity (HI = 0.66–0.74) demonstrate the highest values for quality 

and productivity. Conversely, when fields become overly genetically homogeneous (HI > 0.80), the 

quality index drops drastically (falling below 0.80 at HI ≈ 0.82), suggesting that extreme clonal purity 

may act as a limiting factor for lavender oil quality. The observed decline in FQI at high homogeneity 

levels (HI > 0.80) may be attributed to the loss of heterosis or genetic segregation, often resulting from 
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uncontrolled farm-level propagation. Such practices likely lead to the erosion of essential agronomic 

traits, compromising the plant's ability to maintain a complex phytochemical profile under 

environmental stress. The presence of outliers outside the main trend suggests that while genetics is 

a primary driver, other local factors—likely agro-climatic or edaphic—can also diminish quality 

(Figure 10). 

Furthermore, while certain levels of genetic diversity positively influence quality, they may 

contribute to a slight decline in total yield (Figure 13). Based on these findings, it is recommended 

that new plantations maintain a minimum Nei’s distance of ≥ 0.25 between plants and utilize 

vegetatively propagated planting material from at least three different genotypes. To avoid the risks 

of genetic segregation and loss of heterosis associated with informal farm-level propagation, it is 

crucial that the recommended genetic diversity (at least three genotypes) be established using 

certified, vegetatively propagated starting material. This ensures that the field maintains both the 

necessary robustness and the high phytochemical standards required by the industry. This strategy 

aims to maintain optimal genetic diversity and ensure the stability of production indicators. Finally, 

the SCoT-1 and SCoT-4 markers can serve as genetic indicators for selecting high-quality, stable 

plantations, while SCoT-2 could be used to identify areas with lower productivity, which should be 

harvested separately (Figures 11, 12, 13). The PIC (Polymorphic Information Content) values derived 

from SCoT markers serve as effective tools for the early diagnosis of plantation quality. While both 

SCoT-1 and SCoT-4 markers proved valuable, SCoT-4 exhibited a stronger monotonic relationship (ρ 

= 0.71), making it more precise for detecting non-linear shifts in quality. Correlations for SCoT-1 and 

SCoT-4 (Figures 12, 14) and the generalized regression (Figure 11) demonstrate a robust positive 

correlation between PIC and quality index Q (r ≈ 0.71 – 0.78). Furthermore, the non-linear analysis 

(Figure 10) confirms that field homogeneity significantly impacts quality only after reaching a specific 

critical threshold. Moreover, while overall homogeneity tends to increase yield (Figure 12), the 

percentage of polymorphic bands (PB%)—another metric of genetic diversity—also correlates 

positively with yield (r = 0.74, Figure 14). This suggests that genetic diversity is not inherently 

detrimental to productivity; rather, the presence of specific polymorphic loci (particularly those 

identified by SCoT-4) may indicate the presence of high-yielding alleles. These data confirm that 

while heterozygosity in the planting material must be maintained, an excessive prevalence of certain 

multi-locus genotypes (MLGs) can negatively affect both yield (for 4-relMLG, r = -0.53) and quality 

(for 1-relMLG, r = -0.58), as shown in Figure 14. 

4.2. Genetic Diversity Characteristics of Lavender Genotypes in Bulgaria 

The population structure analysis performed via STRUCTURE software (Figure 8) is 

fundamental to understanding the origin of the studied plantations. The Delta K method (Figure 7) 

showed a distinct peak at K = 2, indicating that the entire sampled population originates from two 

primary genetic sources. A significant level of uncontrolled mixing of planting material was 

observed, with almost no field being genetically uniform. This is further corroborated by the Analysis 

of Molecular Variance (AMOVA), which revealed high intra-field heterogeneity (64%). Previous 

studies of the Bulgarian lavender gene pool using 13 SCoT markers reported genetic diversity levels 

(He = 0.27, I = 0.39) comparable to the results obtained here for the 285 individual plants (He = 0.35, I 

= 0.50). Most modern cultivars are derived from the 'Hemus' variety, which has consistently proven 

to be of the highest quality [25]. This shared lineage likely explains the significant overlap and 

admixture of genetic components observed in our study; most commercial fields in Bulgaria utilize 

cultivars that are closely genetically related. 

In the PCoA analysis at the individual plant level (Figure 5b), this trend of overlap persists; 

however, at the field level, a clear separation along the horizontal axis (PCo1 = 23.96%) is observed, 

suggesting a potential for regional genetic profiling of lavender in Bulgaria. The UPGMA 

dendrogram further illustrates this heterogeneity by grouping plants from the same field into distinct 

genetic clades across different regions. 
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This explains the low Homogeneity Index (HI) observed in certain fields, which are likely 

composed of genetically distant individuals—a factor that diminishes both yield and quality, thereby 

reducing their overall Field Quality Index (FQI). Based on the clustering analyses and genetic 

diversity data for the General Toshevo sites, it can be concluded that the planting material used there 

possesses a more homogeneous but distinct origin compared to other northern locations. The results 

indicate that the genetic foundation of lavender in General Toshevo is more closely aligned with 

certain southern sites or represents distinct, purer lines that differ from the predominant genetic 

cluster (Q2) characteristic of Northeastern Bulgaria. This distinct genetic profile likely accounts for 

the intermediate position that General Toshevo occupies between the high-productivity and low-

productivity fields in the studied regions. 

4.3. Effectively of Scot Markers И Mas 

SCoT markers demonstrate a high capacity for revealing genetic diversity and differentiating 

closely related individuals within the studied samples. This is evidenced by the robust average values 

calculated for Marker Index (MI = 90.72), Resolving Power (Rp = 18.39), Polymorphic Information 

Content (PIC = 0.64), and Effective Multiplex Ratio (EMR = 147.28). The analysis of 285 individuals 

established significant genetic diversity (He = 0.35, I = 0.50), and ΦPT (PhiPT) value of 0.356 indicating 

substantial potential for the improvement and strategic utilization of existing germplasm. High 

intraspecific diversity is fundamental to plant adaptation and evolution. Understanding the relative 

contributions of genetic and environmental factors to chemical variation is essential for identifying 

adaptive traits, thereby enhancing cultivar selection and the development of locally adapted varieties 

[80]. In the present study, an association analysis between 90 loci and 30 individuals identified 6 loci 

with high potential (p < 0.01) for Marker-Assisted Selection (MAS). These loci explain between 21.37% 

and 33.97% of the phenotypic variation for camphene, 3-octanone, limonene + 1.8-cineole, borneol, 

terpinen-4-ol, and β-caryophyllene, Table 7, Figure 9. In comparison, other studies utilizing SCoT 

markers and the General Linear Model (GLM) accounted for only 8.24% to 12.30% of the variation in 

quantitative gene effects controlling rust in orchardgrass; notably, these effects remained consistent 

across two sampling years, further validating the reliability of this marker system [81]. Similarly, 

researchers using the Mixed Linear Model (MLM) identified eight SCoT markers in Chrysanthemum 

morifolium Ramat associated with six key traits (e.g., flowering duration, plant architecture, and pest 

resistance), explaining 11.18–20.92% of the phenotypic variation [82]. The superior explanatory 

power observed in our study highlights the precision of SCoT markers for lavender metabolic 

profiling. 

Studies examining the impact of climate change on the chemical composition of essential oils 

from Salvia officinalis and Inula viscosa have shown a sharp increase in secondary metabolites 

concurrent with rising temperatures and progressive water stress during an initial two-year period; 

however, this trend plateaued or declined in subsequent years under prolonged stress [83]. Our data 

comparing different regions and oil compositions align with these observations, suggesting that 

rising temperatures as early as May trigger plants to accumulate higher levels of trans-ocimene while 

suppressing the limonene + 1,8-cineole pathway (Figure 16). 

The inherent complexity and variability of essential oils, the risk of adulteration, and the 

challenges in producing consistent high-quality products lead to undesirable heterogeneity in the 

lavender oils available on the market [16]. Comparative analyses of various lavender species (L. 

angustifolia, L. x intermedia, L. spica, L. latifolia, L. stoechas from Egypt, Australia, and France) have 

revealed significant variations in both oil quality and yield [84]. Even within L. angustifolia alone, 

reported ranges for linalool and linalyl acetate vary widely, from 10.0–57.5% and 4.0–55.0%, 

respectively [85]. In our study, the levels of linalool and linalyl acetate across 45 samples from 15 

commercial fields in Bulgaria’s primary production regions ranged from 19.92–40.32% and 20.29–

39.39%, respectively. These results confirm that while Bulgarian lavender oil maintains a competitive 

profile, regional environmental pressures and genetic heterogeneity significantly influence its 

chemical consistency.   
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5. Conclusions 

The findings of this study demonstrate that the highest integrated FQI values are achieved in 

lavender fields characterized by moderate genetic diversity (HI = 0.6–0.7) and high polymorphic 

information content (PIC ≥ 0.35). The established correlations confirm that excessive genetic 

uniformity limits both the yield and the phytochemical complexity of the essential oil, whereas 

moderate differentiation ensures production stability. To maintain this balance, it is recommended 

that new plantations establish a minimum Nei’s genetic distance of ≥ 0.25 between individuals and 

utilize certified planting material from at least three distinct genotypes.  

Fields in the Shumen region and Northeastern Bulgaria demonstrated an optimal balance 

between productivity and quality, highlighting the profound influence of regional agro-climatic 

conditions. Specifically, more moderate temperature regimes in these areas appear to favor the gene 

expression responsible for linalool biosynthesis, preventing the quality degradation associated with 

high-temperature stress. 

Among the molecular tools tested, markers ScoT 2 and ScoT 24 emerged as the most reliable 

indicators for breeding programs targeting enhanced quality and yield, while ScoT 12 can serve as a 

diagnostic tool for identifying lower-efficiency production areas. The integration of genetic and 

phenotypic parameters within the FQI framework provides a robust model for genome-informed 

management, offering a strategic pathway for the sustainable production of lavender oil with high 

and predictable economic value in the face of shifting climatic conditions. 
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