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ABSTRACT: Aromatic herbs of the family Lamiaceae are mainly represented by several economically
important genera in the subfamily Nepetoideae, including Mentha, Ocimum, Origanum, Rosmarinus,
Thymus, Lavandula, and Perilla. These plants originated mainly in the Mediterranean region, Southwest
Asia, and tropical America, and are now widely distributed throughout Europe, Asia, Africa, and the
Americas. This paper systematically reviews the global history of breeding within this taxonomic group of,
key aromatic genera of Lamiaceae synthesizes the patterns of its utilization and dissemination, and divides
its development and evolution into four key phases: The first phase is the pre-breeding stage (before 1000
BCE), driven primarily by basic human survival needs, during which wild resources were utilized directly
without the development of artificial cultivation or directed selection; The second stage is the early
introduction and preliminary domestication stage (1000-500 BCE), during which the expansion of ancient
trade facilitated the cross-regional dissemination of species, and the domestication of germplasm began
through simple phenotypic selection under artificial cultivation; The third phase is the conventional
breeding stage, from 500 BCE to the late 20th century, which was driven by increasing commercial demand.
During this period, clonal selection, phenotypic selection, and hybridization were gradually developed and
widely applied, enabling the stable retention of desirable traits and the formation of diverse regionally
distinctive local germplasm. The fourth phase is the modern molecular breeding stage, from the 21st century
to the present, which has developed alongside scientific and technological advances. This stage includes
molecular breeding strategies based on genome sequencing, identification of genes associated with essential
oil biosynthesis and stress tolerance, and marker-assisted selection. However, despite significant progress
in the breeding of these key aromatic plant genera of Lamiaceae, the commercialization process still faces
multiple bottlenecks: low genetic conversion efficiency in most species, scarcity of genomic resources for
niche groups, lengthy traditional breeding cycles, and the lack of a comprehensive germplasm evaluation
system, as well as the fragmentation of phenotype-genotype association databases. Future research priorities
include: (1) establishing a globally standardized database of Lamiaceae aromatic germplasm resources; (2)
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integrating multi-omics approaches, including transcriptomics, metabolomics, and proteomics, to elucidate
the genetic regulatory networks underlying essential oil biosynthesis and stress resistance; and (3) optimizing
gene-editing and genetic transformation protocols for both major and underutilized aromatic Lamiaceae
species. This review provides a historical and theoretical framework for the genetic improvement, germplasm
utilization, and industrial development of key aromatic genera of Lamiaceae.

Keywords: Lamiaceae; Key aromatic genera; Breeding history; Germplasm utilization; Multi-omics approaches

1. Introduction

The Lamiaceae family represents one of the most species-rich lineages of angiosperms [1]. Within this
family, the subfamily Nepetoideae comprises several economically important aromatic genera, including
Mentha, Ocimum, Origanum, Thymus, Rosmarinus, Lavandula, and Perilla [1]. Quadrangular stems and
opposite leaves typically characterize these plants, and they possess specialized glandular structures that
synthesize essential oils through diverse secondary metabolic pathways [2]. These essential oils, composed
mainly of terpenoids, phenolic compounds, and other volatile constituents, not only confer characteristic
aromas but also exhibit a wide range of bioactivities, including anti-inflammatory, antibacterial, antioxidant,
and digestive-promoting effects [3]. These properties constitute the biochemical basis for their utilization
in food, medicine, health care, and related industries [4].

Phylogenetic evidence suggests that the high species diversity of aromatic Lamiaceae plants is closely
associated with multiple centers of origin, and that diversification shows clear geographical patterns.
Mentha, Lavandula, Origanum, Rosmarinus, and Thymus originated predominantly in the Mediterranean
region, whereas Ocimum and Perilla originated mainly in the mountainous regions of tropical Asia and
East Asia [5—11]. These native distribution patterns shaped the chronological order in which different
aromatic plants were discovered, utilized, and disseminated by humans. The use of aromatic herbs from the
Lamiaceae family dates back thousands of years. In classical civilizations, the ancient Egyptians, Greeks,
and Romans used rosemary, thyme, oregano, and lavender for ritual incense, mummification, aromatic
bathing, purification, and healing practices [9,12—14]. Mint and basil were also recorded for their use in
relieving gastrointestinal discomfort and promoting physical and mental well-being [15]. Basil was
regarded as a sacred herb in ancient India [6], whereas perilla has long been used for both medicinal [16]
and culinary purposes in China and later became established in Japan, Korea, and Southeast Asia through
cultural exchange within the East Asian cultural sphere [16,17].

The subsequent dissemination of these aromatic plants was facilitated by military expansion, long-
distance trade, religious and cultural exchange, and colonial migration. Mediterranean herbs gradually
spread across Europe, the Americas, and Oceania through the expansion of Roman legions, trade along the
Silk Road, monastic exchange, and European colonial activities. In parallel, Asian-origin basil and perilla
expanded outward along ancient spice routes and regional cultural networks, becoming integrated into local
culinary traditions, folk medicine, garden cultivation, and symbolic systems. With the development of plant
chemistry and pharmacology in modern times, the practical value of these species has been increasingly
supported by scientific evidence. In the food sector, mint, basil, and oregano have become widely used
natural herbs in teas, desserts, Western cuisine, and meat processing [18]. Rosemary essential oil, owing to
its strong antioxidant activity, has been developed as a natural food preservative capable of extending shelf
life [19]. In medicine and health-related applications, menthol is widely used in throat lozenges and topical
anti-pruritic formulations; rosemary extracts are incorporated into functional dietary supplements; and
lavender essential oil is widely applied in aromatherapy for emotional regulation and sleep improvement
[20]. The traditional medicinal value of thyme and mint has also been supported by modern
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pharmacological studies, particularly with respect to their antibacterial, antiviral, and immunomodulatory
activities [14].

Driven by advances in breeding technologies and the deep processing of natural products, cultivars
with enhanced aroma profiles and improved stress tolerance have continued to emerge. The value of
aromatic plants in the Lamiaceae family is therefore no longer limited to traditional uses in ritual practices,
medicine, seasoning, and cultural symbolism. Instead, their applications are expanding into natural
medicines, functional foods, eco-friendly personal care products, and the aromatherapy industry.
Meanwhile, because of their strong adaptability, some species have become naturalized and spread in
introduced regions [21], forming a plant group with combined economic value, ecological relevance, and
cultural significance.

This review systematically summarizes the global breeding history of these representative aromatic
Lamiaceae genera, integrates their utilization and dissemination trajectories, and divides their development
into four major phases. According to Figure 1, the first phase is the pre-breeding stage (before 1000 BCE)
[6,13,15], driven primarily by basic human survival needs, during which wild resources were utilized
directly without the development of artificial cultivation or directed selection; The second stage is the early
introduction and preliminary domestication stage (1000-500 BCE), during which the expansion of ancient
trade facilitated the cross-regional dissemination of species, and the domestication of germplasm began
through simple phenotypic selection under artificial cultivation; The third phase is the conventional
breeding stage, from 500 BCE to the late 20th century, which was driven by increasing commercial demand.
During this period, clonal selection [22,23], phenotypic selection, and hybridization were gradually
developed and widely applied [24], enabling the stable retention of desirable traits and the formation of
diverse regionally distinctive local germplasm. The fourth phase is the modern molecular breeding stage,
from the 21st century to the present, which has developed alongside scientific and technological advances.
This stage includes molecular breeding strategies based on genome sequencing [25], identification of genes
associated with essential oil biosynthesis and stress tolerance [2,26], and marker-assisted selection [27].

‘ . Pre-breeding Stage III. Conventional Breeding Stage

Core Driving Force: Basic human survival needs Core Driving Force: Growing commercial and industrial
Core Technologies: Direct utilization of wild demand
resources Core Technologies: Selection breeding, hybridization, and

artificial mutagenesis

500 BCE-Late 20th Century

1000-500 BCE 21st Century—Present

Core Driving Force: Expansion of ancient trade Core Driving Force: Scientific and technological
routes advances
Core Technologies: Simple phenotypic selection Core Technologies: Genome sequencing,

functional gene identification, marker-assisted

selection, and gene editing

II. Early Introduction & Preliminary Domestication Phase IV. Modern Molecular Breeding Stage

Figure 1. Breeding timeline of key aromatic genera in Lamiaceae.

Despite substantial progress in the breeding of these key aromatic plant genera, their commercial
improvement still faces several major constraints [28]. These include low genetic transformation efficiency
in most species [29], limited genomic resources for underutilized taxa [25], long breeding cycles associated
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with traditional selection [30], the lack of comprehensive germplasm evaluation systems [31], and
fragmented phenotype—genotype association databases [27]. Future research should prioritize: (1) the
establishment of globally standardized databases for aromatic Lamiaceae germplasm resources [32]; (2) the
integration of transcriptomics, metabolomics, proteomics, and other multi-omics approaches to elucidate
the genetic regulatory networks underlying essential oil biosynthesis and stress resistance [33]; and (3) the
optimization of gene-editing and genetic transformation systems for both major and underutilized aromatic
Lamiaceae species [34,35].

2. Global Distribution, Collection, and Conservation of Lamiaceae Aromatic Plant Germplasm
Resources

2.1. Origin and Spread of Crops

The origin and dissemination of key aromatic genera in Lamiaceae exhibit characteristics of
“polycentric origin and gradient diffusion”. Their cross-regional spread was not an isolated botanical
phenomenon, but rather closely associated with major geopolitical and economic transitions in human
history. From the integration of Europe under the Roman Empire to the global expansion of European
colonialism, the dissemination trajectories of these plants reflect the processes of imperial expansion, the
development of trade networks, and intercultural exchange (Figure 2). Based on their historical and
geographical patterns of spread, this study proposes two major “dissemination complexes”. The first is the
Mediterranean dissemination complex, represented by mint, rosemary, lavender, thyme, and oregano,
whose early expansion was promoted by the Roman Empire and later globalized through European colonial
powers. The second is the Asian dissemination complex, represented by basil and perilla, whose
dissemination pathways differed markedly, with westward spread along ancient spice trade routes toward
the Mediterranean world [36,37].

PACIFIC NORTHWEST

+ MIDWESTERN US. A

NORTH AMERICA % OREA JAPAN

Legend Species
Origanum vulgare
3 Perilla frutescens

5 Ocimum basilicum

SOUTH
—3—Other Mediterranean species AFRICA

—s—Secondary diffusion routes

Figure 2. Dissemination Path Map of Key Aromatic Genera in Lamiaceae.

The global dissemination of key aromatic genera in Lamiaceae can be divided into three major periods.
The first period, from 1000 BCE to 500 CE, was driven primarily by ancient land and maritime trade. The
core routes originated in the Mediterranean region and Southwest Asia and extended eastward to East Asia
via the ancient Silk Road. Roman legions and administrative officials facilitated the spread of mint,
rosemary, and thyme from the Mediterranean region to northern Europe and Britain, whereas Persian and
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Arab merchants introduced basil from India to the Mediterranean region [14,18,38—42]. In the 2nd century
CE, mint and basil were introduced into China through the Silk Road, leading to the establishment of early
localized cultivation areas in Hainan, Yunnan, and other regions. During the same period, rosemary also
entered China through Silk Road exchanges [40].

The second period, from the 15th to the 17th century, corresponded to the Age of Discovery and was
driven mainly by European colonial expansion and cross-cultural exchange. European colonizers
introduced mint, lavender, thyme, and rosemary to North America; Spanish colonizers brought oregano to
Latin America; and Portuguese traders introduced basil to Indonesia [23,25,40,43]. Within the East Asian
cultural sphere, perilla was introduced from China to Japan during the 8th—9th centuries through Buddhist
monks and broader cultural exchanges [15]. It subsequently spread to Southeast Asian regions, such as
Vietnam, through Chinese migration, while its introduction to the Korean Peninsula occurred earlier [16,17].

The third period, from the 17th century to the present, represents the era of globalized trade and
commercialized breeding. Modern breeding technologies have substantially improved the climatic
adaptability of key aromatic genera in Lamiaceae. For example, the “Mitcham” mint developed in the
United States has been successfully cultivated in Canada and Australia, while the “large-leaf basil” bred in
China has been widely promoted in Southeast Asia. The center of commercial mint cultivation has shifted
from the U.S. Midwest to the Pacific Northwest, and the United States has become an important global
exporter of mint oil [24]. Perilla was introduced to Europe and North America as an ornamental plant in
the mid-19th century, whereas rosemary, lavender, and other herbs spread to South Africa and Oceania
through colonial expansion [16,44,45].

In the modern context of crop dissemination and industrial development, climate adaptability has
become a key factor shaping the geographical distribution of key aromatic genera in Lamiaceae. In
Mediterranean-climate regions such as Italy, Greece, and Morocco, oregano and mint are among the
dominant crops. In tropical and subtropical regions, including India, Hainan, China, and Brazil, basil holds
a prominent position. In temperate regions such as the United States and Germany, mint is cultivated on a
large scale. Meanwhile, the clustering effect of the essential oil processing industry has further accelerated
the global expansion of these crops. Benefiting from its well-developed essential oil extraction industry,
India has become one of the world’s largest producers and exporters of basil and mint, with annual essential
oil exports exceeding 20,000 metric tons (FAO, 2023). Some species, such as perilla and thyme, have
naturalized in introduced regions, including New Zealand and Australia, and, in certain cases, have become
invasive [7,46,47]. These patterns indicate the transition of key aromatic genera in Lamiaceae from
traditional culinary and medicinal plants to globally commercialized crops with significant economic and
ecological relevance.

2.2. Germplasm Resource Collection and Preservation

The systematic collection of global key aromatic genera in Lamiaceae germplasm resources began in
the 1960s, driven by the international initiative for plant genetic resource conservation and rising demand
for aromatic crop diversity in the food and pharmaceutical industries [48] (FAO, 1967). Currently, a global
conservation network has been established, led by international institutions and supported by national
research organizations. This network integrates in situ conservation (wild population protection) and ex situ
conservation (seed banks and living collections) to safeguard the long-term maintenance of genetic
diversity (IPGRI, 2001). The International Plant Genetic Resources Institute (IPGRI) has established a core
germplasm repository for Lamiaceae species in Rome, Italy, preserving 1300 accessions covering 15
species of Mentha, 8 species of Ocimum, and 5 species of Origanum. Wild resources account for 40% of
the collection, including 12 wild accessions of the endangered species Salvia pratensis L. Such wild
germplasm is particularly valuable for breeding stress-tolerant cultivars due to its abundant genetic
variation [49] (IPGRI).
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Major germplasm repositories in key producing countries exhibit distinct characteristics tailored to
regional agricultural demands: India’s National Bureau of Plant Genetic Resources (NBGPR) preserves
850 accessions of Lamiaceae aromatic plant resources, with a focus on cultivars, indigenous basil varieties
(e.g., “Tula” basil) of high medicinal value, and wild mint resources adapted to the tropical climate of the
Indian subcontinent. The institute has established a preliminary database associating essential oil
composition with genotypes, supporting marker-assisted selection for high-essential-oil-yielding lines [27].
The United States Department of Agriculture (USDA) germplasm repository in Maryland, USA, preserves
620 accessions, mainly from the genus Mentha genus (including Mentha piperita L.), such as the highly
disease-resistant “USDA-N2” mint. This repository uses next-generation sequencing to characterize the
genetic background of mint accessions, accelerating the discovery of genes associated with essential oil
synthesis [49]. The National Lamiaceae aromatic plant Germplasm Resource Garden in Yunnan Province,
established in 2005, functions as a key repository for both aromatic and medicinal Lamiaceae in China. It
maintains 580 accessions representing 23 distinct species with diverse functional traits. Indigenous
resources—including Mentha haplocalyx Briq. (wild mint) from Yunnan and Ocimum americanum L.
(large-leaf basil) from Hainan—accounting for more than 60% of the collection, reflecting their strong
adaptability to China’s diverse climatic conditions from the subtropical coastal regions to the arid northwest
zones. To strengthen its ex-sifu conservation, the garden has also established a cryopreservation system for
Lamiaceae seeds, effectively extending the preservation duration of rare germplasm to over 30 years [50].

2.3. Research on Genetic Diversity of Germplasm Resources

Genetic diversity in the Lamiaceae family is manifested at morphological, molecular, and ecological
levels [31]. Morphologically, remarkable intraspecific variation exists. Within the genus Mentha,
peppermint (M. piperita L.) displays long-oval leaves and a high essential oil content (1.5-2.5%), while
spearmint (M. spicata L.) has lanceolate leaves rich in carvone [31]. In the genus Ocimum, ‘Sweet Basil’
presents features green leaves with a mild aroma; ‘Purple Basil’ is characterized by anthocyanin
accumulation and purple foliage [51]; and ‘Lemon Basil’ exudes a lemon-like fragrance due to limonene
[52]. Studies on Indian holy basil (Ocimum tenuiflorum L.) further support the presence of substantial
morphological and germplasm diversity [53]. Physiologically, different varieties exhibit obvious
divergence in stress tolerance. Mediterranean oregano shows strong drought and heat resistance, Chinese
mint varieties from Yunnan can tolerate low temperatures ranging from —5 °C to 0 °C, and Indian basil
varieties adapt well to high-humidity environments (80—90% RH) [53]. Drought stress significantly affects
growth and essential oil yield in basil, with differential responses detected among sweet basil (O. basilicum
L.), African basil (O. gratissimum L.), and American basil (O. americanum L.) [54]. At the molecular level,
studies using markers like SSR and other markers have clarified the genetic structure of Lamiaceae species.
For Mentha, genetic differentiation is strongly with correlation between genetic differentiation and
geographical distribution: the genetic distance between Mediterranean and East Asian populations is the
largest (similarity coefficient 0.32), while genetic similarity between European populations exceeds 0.75
[55]. Molecular phylogenetic analysis of Ocimum suggests genetic divergence between cultivated basil and
its wild relative Ocimum americanum L. occurred approximately 5000 years ago, consistent with the
timeframe of human domestication timelines [56]. In addition, chloroplast genome studies have identified
genetic diversity hotspots in cpDNA genes like matK and rbcL, and other cpDNA genes, which are valuable
for species identification and phylogenetic analysis [28]. The rbcL sequence has been verified as an
effective DNA barcoding for Mentha, enabling the discrimination of morphologically cryptic species.
Combined use of matK and rbcL has successfully supported identification and classification across multiple
Lamiaceae taxa [57].

In summary, studies on Lamiaceae molecular genetic diversity support three major conclusions: (1)
Lamiaceae species generally maintain high genetic diversity, with wild germplasms and geographically
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isolated populations exhibiting significantly greater variation than cultivated varieties. (2) Such diversity
patterns are mainly driven by geographical isolation (promoting allopatric speciation and genetic
divergence) and human domestication (reducing genetic variation via artificial selection). (3) Chloroplast
genes such as matK and rbcL serve as reliable markers for assessing genetic diversity and phylogenetic
relationships, providing technical support for germplasm identification and resource classification.
Meanwhile, single-copy nuclear genes with higher variability than cpDNA show good potential for species-
level phylogenetic analysis [58].

The application of genetic diversity has become a core driver of modern breeding programs, with an
obvious trend of multi-regional cooperation. In India, the cross between medicinal ‘Tulsi’ basil and high-
yielding ‘Sweet Basil’ produced the variety ‘Basil No. 1°, with 2.1% essential oil content and strong mildew
resistance, effectively balancing medicinal and economic values [53]. In the United States, researchers
introduced disease-resistant genes from wild mint (Mentha longifolia) to improve the main cultivar
‘Mitchem’, increasing root rot resistance by 40% and providing key genetic support for stable production
[49]. In China, the Institute of Botany, Chinese Academy of Sciences, successfully bred the new lavender
variety ‘Luoshen’, which exhibits superior heat and humidity (81.9% survival rate) and high content of
linalool and linalyl acetate, with considerable market potential [59]. Alongside these applications, progress
in basic research—including genome sequencing of common lavender, population diversity analysis and
molecular breeding of thyme, and innovation of new oregano germplasms—has deepened understanding
of genetic mechanisms in Lamiaceae. Exploring wild resources remains a key strategy to broadening the
genetic foundation for breeding, with antioxidant genes from Salvia africana L. and cold-tolerance genes
from South American wild basil representing promising genetic resources for future breakthrough cultivar
improvement [60,61].

3. Breeding History of Key Aromatic Genera in Lamiaceae

The development of global key aromatic genera in Lamiaceae breeding technology can be categorized
into four distinct phases based on breeding methodologies: the pre-breeding stage, early introduction and
preliminary domestication, conventional breeding, and modern molecular breeding [30]. The latter two
stages have generated a wide range of important cultivars (Tables 1 and 2), which are widely cultivated in
major production regions across Southeast Asia, the Americas, and Africa. Historically, breeding efforts
were dominated by traditional producing countries such as India, Italy, and the United States. Since the
mid-20th century, emerging producers including China, Brazil, and Morocco have gradually established
systematic breeding programs.
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Table 1. Global Dissemination Matrix of Key Aromatic Genera in Lamiaceae.

Species Exact Origin

Ancient Spread (500 BCE)

Medieval & Early Modern Spread (500—
1700 CE)

Modern Spread and Commercialization (Post-1700
CE)

Origin: Mediterranean — Destination:
Mint (Mentha spp.) Mediterranean Basin [5] Northern Europe; Agent: Roman
legions and administrators [38]

Origin: Europe — Destination: North America;
Agent: British and other European colonists
[38]

Origin: U.S. Midwest — Destination: U.S. Pacific
Northwest (shift of commercial cultivation center); U.S.
exports mint oil globally [38]

India (Punjab and

Basil (Ocimum Himachal Pradesh

foothills) [6]

Origin: India — Destination:
Mediterranean; Agent: Persian/Arab
basilicum) merchants via overland and maritime
spice routes [41]

Origin: Italy — Destination: France, England;
Agent: Culinary and cultural exchange [42];
Origin: Europe — Destination: Americas;
Agent: European colonists [21]

Global culinary popularization, especially promoted in
the U.S. by Italian immigrant communities [43]

Perilla (Perilla China/Indian mountains
frutescens) [7]

Origin: China — Destination: Korea;
Agent: Introduced before the Unified
Silla period [17]

Origin: China — Destination: Japan; Agent:
Transmitted during the 8th—9th centuries
through cultural/monastic exchanges [16];
Origin: China — Destination: Southeast Asia
(e.g., Vietnam); Agent: Chinese migration and
cultural influence [16]

Introduced to the West (England, U.S.) as an
ornamental plant in the mid-19th century; later became
an invasive species in some regions [16]

Arid, rocky regions of the
Rosemary (Salvia  Mediterranean (including
rosmarinus) Portugal and northwestern
Spain) [8]

Origin: Mediterranean — Destination:

Britain; Agent: Roman legions (43 CE) Origin: Europe — Destination: Americas;
[40]; Origin: Mediterranecan —
Destination: China; Agent: Silk Road
trade (c. 220 CE) [40]

Agent: Early 17th-century European colonists
[40]

Spread to South Africa and Australia through European
colonial expansion [44]

Western Mediterranean
mountains, Middle East,

(Lavandula spp.) India [13]

Origin: Mediterranean — Destination:
Lavender Europe (including Britain); Agent:
Romans, used for bathing and
preservation [20]

Origin: Europe — Destination: North America;
Agent: English Puritan colonists (1620)

Spread to Oceania (Australia, New Zealand) through
European colonial expansion [45]

Origin: Mediterranean — Destination:
Thyme (Thymus Southwestern Europe and Europe (including Britain); Agent:
vulgaris) southeastern Italy [10] Roman legions, used for purification
and as a symbol of courage [9]

Origin: Europe — Destination: North America;
Agent: Early European colonists [23]

Naturalized successfully in New Zealand, Australia,
and other regions; becomes an invasive species in some
areas [46]

Mediterranean and
Western Asian mountains

[11]

Oregano (Origanum
vulgare)

Origin: Mediterranean — Destination:

Europe; Agent: Roman expansion [43]; Origin: Spain — Destination: Latin America;
Origin: Europe — Destination: Asia;
Agent: Trade routes [43]

Agent: Spanish colonists [43]

Brought to North America by Italian/Greek immigrants
in the early 20th century; became widespread after
World War II [43]
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Table 2. Table of diverse variety characteristics of key aromatic genera in Lamiaceae at different stages.
. 3 . Molecular L .
Breeding . Representative . . . Breeding L. Application Promotion
Variety Type . Pedigree Breeding Institution Characteristics Marker .
Method Variety Scenarios Area
Technology
L Greek local Carvacrol content 60—70%, citronellal content Western food
Natural domestication . Early . . . Greece, Italy,
Greek Oregano . farmers/agricultural 10—-15%, drought and barren-tolerant, growth / seasoning, essential .
of wild oregano i 1900s ) . Mexico
cooperatives cycle 120 days oil extraction
Carvacrol content 60—70%, linalool content
.. Oregano, . . Artificial domesticationLombardy Agricultural . . Fresh side dish, Italy, France,
Domestication ) . Italian Basil . . Mid-1900s 8—10%, drought-tolerant, fresh yield up to 30 / . . .
. Basil, Mint, of wild basil Research Center, Italy 5 spice processing  Spain
Breeding S t/hm
age
& . Oleanolic acid (uric acid class) content .
Traditional ) L ) Traditional . .
. . . L. . Karnataka Agricultural 1.2%, rosmarinic acid content 0.8%, . . India, Sri
Indian Tulsi Basil domestication of wild ) . Late 1900s . . .. / medicine, religious
. . Research Institute, India significant medicinal value, heat, and L. . Lanka, Nepal
tulsi basil L sacrificial spice
humidity-tolerant
L Clonal screening of . Essential oil content 2.3%, menthol content Food additives, .
Michigan Improved Horticultural Research ) . . USA, India,
. natural mutants of 1935 78%, menthone content 5%, mint rust- / daily chemical .
Mint . Center, USDA . . . China
spearmint resistant, fresh grass yield 60 t/hm? flavor preparation
. Powdery mildew-resistant (incidence < 5%), . .
Breeding Clonal . . . . . Large-scale spice India,
: . . Indian Institute of yield increased by 35% compared with S )
Clonal . . Basil No. 3 propagation of superior _ . 1968 . . A cultivation, deep  Pakistan,
. Mint, Basil L. .. Spices Research (IISR) ordinary sweet basil, essential oil content .
Selection individual sweet basil 1 8% processing Bangladesh
. 0
L Horticultural Research i . Open-field .
Lo Directional clonal . . Strong cold resistance, can tolerate winter low . East China,
Shanghai Mint No. . . Institute, Shanghai L. cultivation in )
selection of Jiangsu . 972 temperature of —8 °C, root overwintering / . North China
1 . Academy of Agricultural . . . northern China, .
purple-stem mint . survival rate 90%, essential oil content 2.1% . . (China)
Sciences mint tea processing
Continuous individual ) ) . . Mediterranean
. . .. Council for Agricultural Root rot (fusarium oxysporum)-resistant, .
Italian Oregano  plant selection of wild . . agricultural Italy, Greece,
Research and Economics 1956 incidence reduced from 60% to 15%, / . .
No. 1 oregano natural planting, spice Turkey
) ) (CREA), Italy carvacrol content 65%
Selection Oregano, Mint, mutants export
Breeding Basil (69Co) Essential oil content increased by 20% Industrial essential
-ra o
. vy . ) Crop Genetics Research compared with the parent, citral content 12%, oil extraction, USA, Canada,
USDA-M5 Mint mutagenesis of mint . 1981 ) . . .
Institute, USDA continuous cropping-tolerant, suitable for large-scale Australia

cultivar ‘Spearmint’

mechanized harvesting

cultivation
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. Early flowering (15 days earlier than the Protected . i
EMS chemical . . . . . . India, Brazil,
. . . Indian Institute of Spices parent), growth period 65 days, double agriculture rapid
Basil No. 8 mutagenesis of basil 1993 . . . / o Yunnan
. Research (IISR) cropping per year possible, fresh grass yield cultivation, fresh- .
cultivar ‘Genovese’ (China)
45 t/hm? cut vegetables
SSR marker (primer  Institute of Vegetables . . High-value essential North China,
. . . Menthol content increased to 82%, fusarium . .
. Marker-Assisted RM128)-assisted and Flowers, Chinese . ] L . oil production, Northwest
Mint, Oregano _ . . . . 0 wilt (fusarium oxysporum)-resistant, saline- SSR marker . . . .
Mint No. 1 selection of mint Academy of Agricultural . saline-alkali land  China (China),
. alkali tolerant (pH 7.5-8.5) L.
germplasm Sciences (CAAS) cultivation Europe
Molecular SSR marker (primer  Spice Research Center, Large-scale Brazil,
. ® P . . Essential oil yield increased by 40%, vanillin g L
Marker- . . Bs11)-assisted Brazilian Agricultural cultivation in Southeast
. Basil, Oregano SSR-Basil No. 5 . . . 2015 content 0.5%, heat-tolerant (normal growth ~ SSR marker . . .
Assisted pyramiding breeding of Research Corporation bove 35 °C) tropical regions,  Asia, South
above
Breeding basil germplasm (EMBRAPA) flavor production  America
SNP marker (locus  Agricultural Cultivation in arid
. ) Carvacrol content up to 75%, salt-tolerant L
SNP-Oregano No. OreSNP23)-assisted  Biotechnology . and semi-arid Italy, Greece,
Oregano . . . 2018 (NacCl concentration 0.6%), drought tolerance SNP marker . . .
2 selection of oregano ~ Laboratory, University of ) . regions, medicinal North Africa
index increased to 0.85 .
genome Florence (Italy) extraction

Note: Abbreviations of breeding institutions in this table are defined as follows: USDA: United States Department of Agriculture; IISR: Indian Institute of Spices Research; CREA: Council for
Agricultural Research and Economics (Italy); CAAS: Chinese Academy of Sciences; EMBRAPA: Brazilian Agricultural Research Corporation.
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3.1. Pre-Breeding Stage

The pre-breeding stage, before 1000 BCE, represents the earliest phase of human interaction with
aromatic herbaceous plants. Human use during this period was mainly driven by basic survival needs,
including food acquisition, disease relief, pain alleviation, and improvements in living environments [4].
At this stage, plant utilization was characterized primarily by passive adaptation and direct harvesting.
Conscious artificial cultivation and targeted selection had not yet been established [62]. The distribution of
these herbs was determined entirely by natural dispersal, and human intervention was limited to the
collection and simple use of wild resources [62].

Among the representative Lamiaceae aromatic herbs, Mentha, Rosmarinus, Lavandula, Thymus, and
Origanum originated mainly in the Mediterranean region, where they grew naturally in coastal mountains,
coastal zones, and arid rocky habitats under the influence of distinctive regional climatic and edaphic
conditions. Ocimum originated in the foothill regions of India and Southeast Asia [41], whereas Perilla was
native to mountainous areas of China and India. During this period, these taxa remained confined to their
respective native ecosystems, with no substantial interregional plant exchange. Human use of these seven
aromatic herbs was therefore local, small-scale, and closely associated with immediate survival needs. Their
early utilization can be summarized in three major aspects.

Medicinal use and disease prevention constituted the most fundamental applications of these herbs. In
the absence of effective medical systems, early human communities relied on wild plants to relieve
discomfort, treat illness, and prevent disease. The ancient Egyptian Ebers Papyrus, dating to approximately
1550 BCE, records the use of mint to alleviate indigestion, reflecting an early medicinal application derived
from the collection of wild mint [15]. Thyme was used by the ancient Egyptians in mummification, taking
advantage of its natural preservative and antibacterial properties to prolong the preservation of bodies [63].
Basil was also recorded in Indian Vedic texts approximately 5000 years ago [6]. In its early use, basil was
applied mainly for simple medicinal purposes and had not yet acquired the religious significance it later
acquired in later cultural contexts. During this period, medicinal use generally involved the direct collection
of wild stems, leaves, or seeds, followed by simple processing methods such as crushing, soaking, or
steeping to obtain active components. No artificial cultivation or systematic selection of these plants had
yet been practiced.

Culinary seasoning represented another important early use. During hunting and gathering activities,
early humans discovered that the stems, leaves, and seeds of certain aromatic herbs could mask undesirable
odors in food and improve flavor. These plants were therefore gradually used as natural seasonings.
Oregano, native to the Mediterranean mountains, was initially collected by the ancient Greeks from wild
populations to season simple foods; its name, meaning “joy of the mountains™ [43], reflects the sensory
value associated with its aroma. Thyme stems and leaves were also used for flavoring, and wild thyme was
often added to cooked game to enhance taste. At this stage, culinary use depended entirely on wild resources.
The harvested amount was generally limited to immediate dietary needs, and practices such as storage,
large-scale collection, or cultivation had not yet developed.

In addition to medicinal and culinary uses, aromatic herbs were also used to improve living
environments. The distinctive scents of some herbs helped mask damp or musty odors in dwellings. For
example, early humans collected lavender and placed it in living spaces for deodorization, while mint was
used around dwellings because its scent could help repel mosquitoes and reduce insect disturbance. These
practices did not require cultivation but relied solely on the direct collection of wild plants, representing an
early and rudimentary exploitation of the functional traits of aromatic herbs.

Overall, the pre-breeding stage was characterized by the direct utilization of naturally distributed wild
germplasm, without domestication, artificial cultivation, or directed selection [64]. With the subsequent
development of human civilization, particularly the expansion of the Roman Empire, the rise of ancient
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spice trade networks, and later European colonial activities, these aromatic herbs gradually spread beyond
their native ranges and entered a new phase of cross-regional dissemination and utilization.

3.2. Early Introduction and Initial Domestication and Cultivation Phase

During the early introduction, initial domestication, and cultivation phase, from 1000 to 500 BCE,
ancient regional trade networks gradually developed. Trade along the Mediterranean coast and across the
Asian continent became increasingly active, serving as a major driving force in the cross-regional
dissemination of aromatic herbaceous plants. In contrast to the predominantly natural dispersal that
characterized the pre-breeding stage, plant spread during this period was largely mediated by human
transport. The main objective was to reproduce the uses of native herbs in new habitats to meet basic needs
such as food seasoning and medicinal treatment [65], thereby breaking the earlier distribution pattern in
which these seven herbs had remained largely confined to their native regions.

Building on the introduction of plant species across regions, the utilization of aromatic herbs shifted
from simple collection to preliminary domestication efforts. The core mechanism of this process involved
basic phenotypic selection: based on immediate needs, humans selected plants that were robust, had a
stronger aroma, and exhibited more pronounced medicinal effects, preserving their seeds or rhizomes for
subsequent cultivation, thereby gradually achieving the initial domestication of plant germplasm. For mint,
this involved selecting plants with a more intense aroma, aligning with the medicinal requirement described
in the “Shennong Bencao Jing” that mint “treats foul odors and abdominal distension”, driving humans to
prioritize individuals with superior medicinal efficacy and stronger fragrance. The line “passing the mint
to dance” in the “Chu Ci”, later verified by scholars to refer to mint, corroborates the widespread recognition
and tendency toward its use during this stage [66]. For oregano and thyme, humans selected individuals
with more vigorous growth and better flavor-enhancing properties. Theophastus’s records of oregano’s
vermifuge and flavor-enhancing effects, along with Hippocrates’s discussions of over forty uses for oregano
in his works, both indirectly reflect humanity’s tendency to screen for superior phenotypes. As for thyme,
its status as a “symbol of courage” as recorded in “The Odyssey” drove humans to prioritize individuals
with a more intense aroma and robust growth. Domestication at this stage remained in its early stages; the
core traits of these herbaceous plants had not undergone fundamental changes, retaining many wild
characteristics, and stable cultivated varieties had not yet been established. Human intervention was limited
to selection and simple cultivation.

3.3. Conventional Breeding Phase

The conventional breeding stage, from 500 BCE to the late 20th century, was characterized by
increasing commercial demand for aromatic herbs. During this period, vegetative propagation and empirical
selection were widely adopted [67], enabling the stable preservation of desirable traits. This process
ultimately promoted the formation of diverse locally adapted germplasm resources and represented a
pivotal stage in the transition of aromatic herb domestication from early utilization to more mature
cultivation systems.

3.3.1. Clonal Selection Breeding

Clonal selection breeding is one of the primary breeding methods for aromatic crops in the Lamiaceae
family and has been most widely applied in the genus Mentha, particularly in peppermint and spearmint
[68]. This method is generally based on local varieties developed during the traditional empirical selection
stage and represents a core component of conventional breeding systems. It is characterized by technical
maturity, operational simplicity, and strong practical applicability. Its main advantage lies in the stable
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preservation of varietal genetic characteristics, effectively avoiding trait segregation caused by sexual
reproduction and ensuring the inheritance of superior traits across generations.

In 1954, the U.S. Department of Agriculture screened natural variation populations of “Mitcham” mint
and identified an elite individual with an essential oil content of 2.3% and a menthol content of 78%.
Through vegetative propagation methods such as rhizome propagation and cuttings, the clonal variety
“Mitcham Improved” was developed. Owing to its stable quality and high productivity, this variety became
one of the major cultivated types for mint essential oil production worldwide and was subsequently
introduced into major production areas in several countries [25]. In 1975, to address the limitations of
traditional spearmint, the UK Council for Agricultural and Food Research screened local clonal materials
and identified an individual plant with an essential oil content of 1.8% and a carvone content exceeding
90%. Through cutting propagation, “British Spearmint No. 1”” was developed. This variety is well adapted
to the climate of the United Kingdom and has become a major cultivar for regional spearmint essential oil
production. In 1986, the Indian Institute of Spices Research screened powdery mildew-resistant individuals
from sweet basil clones and developed “Basil No. 3”. In areas with a high incidence of powdery mildew,
this variety increased yield by 35% compared with the control and effectively reduced the adverse effects
of the disease. In 1988, the Japanese Institute of Aromatic Plants screened imported “Mitcham Improved”
mint clones and selected an individual with a mild aroma and a menthol content of 65-70%, leading to the
development of “Japanese Mint No. 17. This variety is well suited to local climatic conditions and is mainly
used in high-end cosmetics and food flavoring. In 1990, Chinese researchers selected cold-tolerant
individuals from traditional local mint varieties and developed “Shanghai Mint No. 1. This variety can
safely overwinter at —8 °C, is adapted to the climatic conditions of eastern China, and has become a major
cultivar in the region [69].

Despite its practical value, clonal selection breeding has inherent limitations. These include limited
genetic variation, the accumulation of pathogens during long-term vegetative propagation, potential clonal
degeneration, difficulty in generating continuous innovation through genetic recombination [70], and
relatively narrow ecological adaptability of selected varieties. innovation through genetic recombination,
and the limited ecological adaptability of the varieties.

3.3.2. Selection Breeding

Selection breeding has been widely used [71] for varietal improvement in aromatic Lamiaceae plants
and can be broadly divided into two categories: selection from natural variation and selection following
induced mutation [72,73].

Selection from natural variation relies on the identification and utilization of superior individuals
within existing populations. In 1962, the Italian Agricultural Research Institute screened wild oregano
populations and selected individuals resistant to root rot, leading to the development of “Italian Oregano
No. 1”. This variety reduced disease incidence in continuous cropping fields from 50% to 15%. In 1978,
Morocco developed “Moroccan Mint” through selective breeding. This material has an essential oil menthol
content of 45% and is suitable for perfume production.

Induced mutation breeding mainly involves the creation of novel variation through radiation or
chemical mutagenesis, followed by the selection of desirable mutants. In 1985, mint seeds were irradiated
with gamma rays in the United States, resulting in a mutant with a 20% increase in essential oil content,
which was subsequently developed into “USDA-M5”. In 2000, India treated basil seeds with ethyl
methanesulfonate (EMS) and developed the early-flowering variety “Basil No. 8”. This variety shortened
the growth period from 90 days to 65 days, making it suitable for multi-season cultivation.

However, selection breeding also has clear limitations. Its efficiency is restricted by the low frequency
of favorable mutations and the relatively long breeding cycle. For example, the selection breeding cycle for
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oregano generally requires 5-8 years. In addition, this approach is often constrained by the genetic
background of the original material, making it difficult to achieve breakthroughs in traits.

3.3.3. Hybrid Breeding

Hybrid breeding is one of the core approaches for improving key aromatic genera in Lamiaceae [24].
By recombining parental traits, this method enables the coordinated improvement of yield, quality, and
stress tolerance [56,74]. Hybrid breeding in the genus Mentha is among the most representative examples.
In 1790, British breeders crossed peppermint (M. piperita) with spearmint (M. spicata) to develop “lemon
mint”, which combines the cooling sensation of mint with a lemon-like aroma. In 1992, researchers in the
United States crossed “Mitcham” mint with wild mint (M. longifolia) and developed “USDA-MS8”, which
showed a 50% improvement in rust resistance and achieved an essential oil yield of 120 kg-ha™! [71].

In basil, hybrid breeding has focused mainly on combining superior quality with stress tolerance. In
2005, India crossed “Sweet Basil”, a high-yielding type, with “Tulsi” basil, which has high medicinal value,
and developed “Basil No. 10”. The essential oil of this variety contains 1.2% eugenol, and its yield is 25%
higher than that of “Sweet Basil”. In 2010, the Chinese Academy of Tropical Agricultural Sciences
developed “Qiong Basil No. 1” by crossing “large-leaf basil” with “lemon basil”. Its essential oil contains
30% limonene, and the variety is suitable for cultivation in tropical regions [74].

Interspecific hybridization is an important strategy for broadening the genetic base of aromatic
Lamiaceae crops. In 1998, Italy developed the aphid-resistant variety “Italian Basil No. 6 by crossing basil
(O. basilicum) with wild basil (O. americanum). Nevertheless, interspecific hybridization remains
constrained by reproductive isolation. For example, the hybridization success rate between Mentha and
Ocimum is less than 5%, and embryo rescue techniques are often required to improve hybrid recovery and
hybridization efficiency [75].

3.4. Modern Molecular Breeding Stage
3.4.1. Genome Assembly and Analysis of Cultivars

To date, chromosome-level genome assemblies have been accomplished for multiple key aromatic
genera in Lamiaceae worldwide. In 2017, the Kunming Institute of Botany, Chinese Academy of Sciences,
completed the genome assembly of peppermint (Mentha piperita L. ‘Mitcham’), with a size of 620 Mb and
a contig N50 of 25.3 Mb. The genome was successfully anchored to 12 pseudo-chromosomes and annotated
with 58,234 protein-coding genes. Among these annotated genes, 128 were associated with terpenoid
biosynthesis (e.g., the TPS gene family), providing a solid molecular foundation for investigating the
mechanisms of essential oil synthesis [25]. In 2020, Cornell University (USA) completed the genome
assembly of covering Ocimum basilicum L. ‘Genovese’, covering 385 Mb with a contig N50 of 18.7 Mb.
The study identified 45 members of the MYB gene family involved in anthocyanin synthesis, which
explains the color difference between “purple basil” and “green basil” [51].

In 2022, a research team from the University of Florence (Italy) completed the draft genome assembly
of oregano (Origanum vulgare L.) with a genome size of approximately 410 Mb. A key gene regulating
carvacrol biosynthesis, CYP71DI, was identified in the genome. This finding is consistent with the
conclusion regarding the terpenoid metabolic diversity in four Lamiaceae aromatic plants revealed by
Bornowski et al. [76], further clarifying the molecular synthesis mechanism of the core active components
in oregano essential oil. In 2023, a research team from the University of Thessaly Greece, conducted a high-
throughput pre-breeding evaluation of Greek oregano (Origanum vulgare L. subsp. hirta). By constructing
a genotype fingerprint using SSR molecular markers and integrating essential oil component analysis, they
identified three specialized genotypes, establishing precise linkage between molecular markers and
phenotypic traits [77].
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In recent years, genomic research on aromatic Lamiaceae plants has achieved a series of breakthroughs,
providing critical insights into their evolutionary history and the mechanisms underlying the biosynthesis
of active compounds. In 2021, a team from the Institute of Botany, Chinese Academy of Sciences,
completed the chromosome-level genome assembly of Lavandula angustifolia Mill. Through comparative
genomic analysis, they revealed two whole-genome duplication events in Lamiaceae plants and identified
key gene clusters regulating monoterpene essential oil biosynthesis, laying a molecular basis for the
directional improvement of lavender essential oil quality [78]. In 2023, the research team led by Professor
Chengwei Yang at South China Normal University constructed the first chromosome-level reference
genome of Salvia rosmarinus L. spreng, elucidating the evolutionary mechanism of the rosmarinic acid
biosynthetic pathway. They found that the tandem duplication and functional divergence of key enzyme
genes are the core drivers of high antioxidant accumulation in rosemary [79]. In 2024, the team led by
Professor Dangquan Zhang at Henan Agricultural University further completed a high-quality genome
assembly of Salvia rosmarinus L. spreng using the multi-resistant new line ‘Albus-2’. This work not only
improved the continuity and completeness of the genome but also deeply dissected the molecular regulatory
network linking antioxidant biosynthesis and environmental adaptation, providing key targets for its stress-
resistant breeding and active ingredient metabolic engineering [80].

3.4.2. Identification and Utilization of Genes Associated with Key Breeding Traits
Disease Resistance Genes

Major diseases affecting aromatic Lamiaceae plants include downy mildew, root rot, and rust, making
the mining of disease resistance genes a core focus of molecular breeding efforts. Sweet basil (Ocimum
basilicum L.) is highly susceptible to downy mildew caused by Peronospora belbahrii Thines, and to date,
no commercial resistant varieties have been developed. In 2018, studies confirmed that the highly resistant
wild basil (Ocimum americanum L. var. americanum PI 500945) harbors the dominant downy mildew
resistance gene Pb/—specifically a pair of dominant genes Pb/A and Pbh1A’. By combining interspecific
hybridization with embryo rescue technology, this resistance trait was successfully transferred to
susceptible sweet basil lines, and the disease resistance of the F1 and backcross progenies was stably
inherited [81]. In 2020, an American research team identified a quantitative trait locus (QTL) associated
with rust resistance on chromosome 5 of mint through a genome-wide association study (GWAS). The Tm-
1 gene located within this locus can inhibit the proliferation of Puccinia menthae, (the causal agent of mint
rust). The introduction of Tm-1 into ‘Mitcham’ mint significantly enhanced its rust resistance by 45% [82].

Quality-Related Genes

Their essential oil composition primarily determines the commercial quality of Lamiaceae aromatic
plants. Research into the mining and functional verification of quality regulatory genes has mostly focused
on the terpenoid and phenolic biosynthetic pathways [83], leading to the characterization of several core
functional genes and regulatory mechanisms. In Mentha, MmPMR (menthol reductase gene) is a key
determinant of menthol biosynthesis. Specifically expressed in leaves, it and directly catalyzes the rate-
limiting step of menthol formation. Functional validation experiments have demonstrated that the
overexpression of MmPMR significantly increases menthol accumulation by 30%, thereby providing a
pivotal molecular target for the directional breeding of Mentha varieties with superior essential oil quality
[84]. In Ocimum tenuiflorum L., ObUGT (UDP-glycosyltransferase gene) acts as a core regulatory gene in
the ursolic acid biosynthetic pathway, with its overexpression leading to a 25% increase in ursolic acid
content. Concurrently, the terpene synthase (7PS) gene family in Ocimum tenuiflorum L. exhibits
significant differences in expression abundance and patterns, which directly drives the chemical diversity
of essential oil and serves as a critical molecular basis for quality formation [33]. Studies on Rosmarinus
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officinalis L. have revealed that the interaction between arbuscular mycorrhizal fungi and the plants can
significantly up-regulate the transcription level of terpene synthase genes via signal transduction pathways.
This process accelerates the conversion of terpenoid precursors into essential oil components and ultimately
enhances essential oil yield, and thereby providing a novel regulatory strategy for the efficient and green
production of Rosmarinus officinalis L. essential oil [85].

Stress-Resistant Genes

In recent years, research on the stress resistance of key aromatic genera in Lamiaceae has focused on
the molecular response mechanisms to drought, low-temperature, and salt stress, with remarkable progress
achieved. Regarding drought tolerance, Bai et al. (2023) identified the McWRKY57-like gene (a group Ilc
WRKY transcription factor) in Mentha canadensis L. Under drought stress, the transcriptional level of this
gene in leaves was up-regulated by 33 folds; its heterologous expression in Arabidopsis thaliana enhanced
leaf chlorophyll content, soluble sugar, soluble protein, and proline levels, while increasing the activities
of antioxidant enzymes including catalase, superoxide dismutase, and peroxidase, thereby alleviating yield
loss under drought conditions [86]. For cold tolerance, Rezaie et al. (2020) analyzed the effects of low-
temperature stress on Ocimum basilicum L. They found that cold stress altered the antioxidant defense
system and phenylpropanoid metabolism, and up-regulated the expression of genes involved in
phenylpropanoid biosynthesis, thereby enhancing the cold tolerance of plants [87]. In addition, Wang et al.
(2024) performed comparative transcriptome analysis of Ocimum basilicum L. under salt stress, identifying
ObWRKY16 and ObPAL? as key regulators of salt stress response. Overexpression of these two genes in
transgenic Arabidopsis thaliana significantly improved salt tolerance, thereby expanding our understanding
of the genetic regulatory network of salt stress in Lamiaceae plants [88].

3.4.3. Advances in Genetic Transformation and Gene Editing Technologies

Agrobacterium-mediated transformation is the core technique for genetic transformation of key
aromatic genera in Lamiaceae, with mature systems established for several species. Yu et al. (2022)
established a stable Agrobacterium-mediated genetic transformation protocol for Mentha piperita L. and
Mentha canadensis L. using internodal explants, achieving 100% regeneration rates and producing 3 to 4
transgenic lines per 500-600 explants [29]. Deschamps et al. (2002) established the first Agrobacterium-
mediated transformation system for Ocimum basilicum L. and O. citriodorum L., achieving a 96% infection
rate using leaf explants and successfully obtaining stable transgenic plants [89]. The gene editing
technology for key aromatic genera in Lamiaceae is still in the initial stage, with most studies focusing on
the regulation of essential oil components and the improvement of agronomic traits. Yun et al. (2023)
utilized CRISPR/Cas9 to knockout the PfHd3a gene in perilla (Perilla frutescens (L.) Britt.), resulting in
significantly delayed flowering and a ~50% increase in leaf biomass [90]. Currently, some Lamiaceae
aromatic plant species suffer from low regeneration efficiency, and the proportion of stably edited plants is
less than 5%, indicating that the relevant technical systems require further optimization.

4. Advances in Seedling Propagation Techniques

The propagation techniques of key aromatic genera in Lamiaceae are selected based on their biological
characteristics and industrial production requirements, with seed propagation, cutting propagation, grafting
propagation, and tissue culture propagation being the four core technical methods currently in use. Each
technique has unique advantages and scopes of application.
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4.1. Seed Propagation

Seed propagation is the core method for commercial seedling production of annual and biennial key
aromatic genera in Lamiaceae, and serves as the fundamental basis for their germplasm innovation and
hybrid breeding. In relevant studies, technical measures, including seed priming, substrate optimization,
and environmental regulation, have effectively addressed the industrial problems of low natural
germination rates and uneven seedling emergence in some species, providing solid technical support for
large-scale seedling cultivation. Customized technical schemes have been developed for different species:
When sweet basil seeds were primed with salicylic acid and potassium nitrate, their germination rate and
seedling growth potential were significantly improved under salinity stress [91]. Under conditions of 25 +
2 °C and 70% relative humidity, oregano seeds soaked in 200 mg/L. GA3 for 8 h under showed an increase
in germination rate from 65% to 89.5%, which significantly reduced seedling loss caused by fungal
contamination [92]. Rosemary seeds subjected to 4 °C stratification for 30 d, combined with 100 mg/L GA3
soaking, had their germination rate increased from less than 20% to 68% [92]. Lavender seeds treated with
50 mg/L GA3 for 12 h had exhibited 35% better germination uniformity and a 7-10 day shorter seedling
cycle [93]. Seed propagation is characterized by a high propagation coefficient, low cost, and simple
operation, which can meet the demand for commercial large-scale production and provide genetic variation
for elite variety breeding. However, it has certain limitations: perennial species with heterozygous genomes
exhibit certain severe trait segregation in their progeny. Species such as lavender and rosemary have small
seeds with long dormancy periods, and their field germination rate is less than 30% without proper treatment.
Additionally, their germination is sensitive to environmental conditions, leading to fluctuations in seedling
quality across batches and increased management difficulty [94].

4.2. Cutting Propagation

Cutting propagation is the mainstream asexual propagation technology for perennial key aromatic
genera in Lamiaceae, including mint, lavender, and rosemary. It serves as a means to stably preserve the
excellent essential oil quality and agronomic traits of mother plants, while avoiding trait segregation in seed
propagation, thereby ensuring the commercial quality uniformity of spices. Relevant research on cutting
selection, exogenous regulator application, substrate optimization, and precise environmental control has
effectively addressed the problems of low rooting rate and poor root development in some species,
improving the efficiency and stability of seedling cultivation. Customized propagation protocols have been
formulated for different species. For mint upper semi-lignified stem segments, treated with 100 mg/LL NAA
treatment, exhibit a 98.5% rooting rate when planted in peat-perlite-vermiculite (2:1:1) substrate [95]. For
Lavandula angustifolia Mill. annual stems with 30-50% lignification, when soaked in a mixture of 200
mg/L IBA + 50 mg/L NAA under suitable conditions, show a significant increase in rooting rate, increasing
from 55% to 92.1% [96]. For rosemary cuttings pretreated at 4 °C and treated with ABT1 rooting powder,
treated with rooting elevated rise from 38% to 79.3% [97]. This technology features simple operation and
a short seedling cycle, making it suitable for large-scale production; however, it has obvious limitations.
The supply of high-quality cuttings is limited by the quantity of the mother plant, resulting in a much lower
propagation coefficient than with seed or tissue culture propagation. Cuttings are prone to carrying
pathogens that can cause basal rot; their rooting is sensitive to environmental conditions, leading to batch-
to-batch variation. Long-term continuous cutting propagation leads to germplasm degradation of mother
plants, requiring regular germplasm renewal [67].

4.3. Grafting Propagation

Grafting propagation is a specialized asexual propagation technique for key aromatic genera in
Lamiaceae. It involves fusing scions of elite varieties with stress-tolerant rootstocks to form symbiotic
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plants through wound healing. This approach not only fully preserves the superior traits of scions, such as
essential oil quality and agronomic performance, but also enhances the plants’ resistance to diseases, cold,
and salt-alkali stress through the well-developed root systems of rootstocks, while effectively mitigating
the obstacles posed by continuous cropping. Currently, the application of this technique is far less
widespread than that of cutting propagation, and research and practical application of grafting for oregano
and mint remain relatively limited. Mature protocols have only been established for specific species; for
instance, approach-grafting sweet basil scions onto Ocimum gratissimum L. rootstocks reduces the
incidence of fusarium wilt by 45% in continuously cropped soil [98]. Grafting facilitates the complementary
advantages of scions and rootstocks, thereby stabilizing spice quality and improving plant growth
performance [99]. However, this technique imposes high requirements on operational expertise and labor
costs. Additionally, there are significant variations in graft compatibility among different species, and
tailored grafting schemes for oregano, mint, and related species have not yet been developed. Furthermore,
its propagation coefficient is considerably lower than that of cutting and seed propagation, and the
prolonged seedling cycle further increases production inputs [99].

4.4. Tissue Culture Propagation

Tissue culture is a core technology for efficient asexual propagation and germplasm preservation of
key aromatic genera in Lamiaceae. By inoculating explants onto artificial media under aseptic conditions,
complete plants are regenerated through dedifferentiation and redifferentiation, enabling the rapid
acquisition of large quantities of high-quality seedlings with consistent genetic traits [100]. This technology
overcomes limitations of traditional asexual propagation, such as low propagation coefficients and seasonal
restrictions, and can produce virus-free seedlings to address germplasm degradation in species like mint
and lavender caused by long-term asexual propagation, thereby providing a technical platform for
germplasm innovation and genetic engineering improvement [101]. Adapted technical systems have been
established for different species: Mint shoot tips achieve efficient proliferation (proliferation coefficient >
15) on MS medium supplemented with 6-BA and NAA, and their virus-free seedlings exhibit a 20% higher
essential oil yield [101]; Sweet basil cotyledons form regenerated plants via callus induction, with a 99%
rooting rate and >95% transplant survival rate [102]; Rosemary stem segments resolve vitrification issues
by optimizing the hormone ratios of the medium, shortening the proliferation cycle to 25 days [103];
Lavender realizes somatic embryogenesis through embryogenic callus culture, which improves propagation
efficiency and enables long-term germplasm preservation [104]. Tissue culture is characterized by high
propagation coefficients and short seedling cycles, making it suitable for annual factory-scale seedling
production; it also preserves maternal plant traits and enhances plant stress resistance [100]. However, this
technology imposes strict requirements on laboratory conditions and operational skills. The costs for media
and aseptic environments are relatively high, rendering it unsuitable for small-scale growers. Immature
regeneration systems persist in some species (e.g., oregano), with unresolved issues including explant
browning and transplant difficulties. Tissue culture seedlings have weak root systems, requiring refined
management; long-term culture is prone to somatic variation, which necessitates regular trait screening [105].

5. Outlook

At present, traditional selection breeding and crossbreeding remain the core approaches for breeding
key aromatic genera in Lamiaceae. Although improved lines with increased essential oil content and
optimized agronomic traits have been developed for major varieties such as Mentha haplocalyx Briq.,
Lavandula angustifolia L., Ocimum basilicum L., and Rosmarinus officinalis L., the overall breeding
efficiency is relatively low with a long cycle, and the breeding progress of varieties with disease resistance,
high quality, and high yield is sluggish. In recent years, modern biotechnologies, including molecular
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markers, multi-omics analysis, and tissue culture, have been gradually integrated into breeding research,
achieving phased breakthroughs in the regulatory mechanisms of key traits, precise identification of
germplasm resources, and high-efficiency seedling raising. However, the high-efficiency genetic
transformation system for most species remains imperfect, and biotechnology-based breeding is still in
transition from laboratory exploration to industrial application, with no large-scale, commercially available
biotech-bred varieties available so far. To break through the bottlenecks in industrial development and
provide sustainable variety support for the Lamiaceae aromatic plant industry, future breeding efforts
should focus on the following core directions.

5.1. Breeding Objectives: Focus on Disease Resistance, Quality Improvement, High Yield, and Medicinal
Breeding

Disease resistance is the primary core objective of Lamiaceae aromatic plant breeding. In actual
production, the frequent occurrences of fusarium root rot, powdery mildew, downy mildew, continuous
cropping obstacles, as well as abiotic stresses such as drought and salinization, severely restrict the stability
of yield and quality. Therefore, it is urgent to directionally cultivate varieties with broad-spectrum disease
resistance and high stress tolerance (Figure 3), reduce agricultural chemical input, and consolidate the
foundation for stable industrial production [106]. High quality is the core commercial attribute of varieties.
It is necessary to systematically analyze the genetic mechanisms underlying the synthesis of characteristic
flavor substances (e.g., linalool, menthol, and thymol), directionally improve the components and content
of essential oils, and cultivate high-quality lines that meet the demands of the food and daily chemical
industries. Meanwhile, it is imperative to strengthen the medicinal breeding direction based on food and
medicinal homology, and targetedly increase the content of bioactive components with both edible and
medicinal values in varieties so as to expand the dimensions of their medicinal development and application
[107]. High yield is the core demand for the large-scale development of the key aromatic genera in
Lamiaceae industry. It is required to optimize plant type, improve photosynthetic efficiency and seed setting
rate through agronomic trait improvement, and combine the precise pyramiding of disease resistance and
high quality traits to breed new high-yield varieties with excellent comprehensive agronomic traits, thereby
realizing the coordinated improvement of disease resistance, high quality, and high yield [108].
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Figure 3. Integrated Breeding Strategies for Lamiaceae Aromatic Plants.
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5.2. Intensifying the Collection, Identification, and Innovative Utilization of Germplasm Resources

Germplasm resources serve as the material foundation for key aromatic genera in Lamiaceae breeding.
Lamiaceae plants exhibit abundant germplasm diversity, and their wild relatives harbor excellent genetic
resources related to disease resistance, stress tolerance, high essential oil content, and high bioactive
component content [ 109]. For example, the introduction, cultivation, and comprehensive evaluation of basil
germplasm resources have confirmed the diversity of these traits in wild materials [109]. However, most
currently cultivated varieties have a narrow genetic background and a single base of breeding materials. It
is thereby necessary to conduct systematic field collection, ex-sifu conservation, and precise identification
of key aromatic genera in Lamiaceae germplasm resources, construct a standardized and information-based
germplasm resource bank, and clarify the agronomic traits, resistance performance, and genetic background
of the resources. Such systematic collection and conservation work has been effectively applied in the
process of lavender resource introduction and new variety breeding [110]. Meanwhile, DNA barcoding
technology can act as a core method for precise identification this technology has been used to identify 13
types of medicinal and edible spice plants in the Lamiaceae family [111], and has also realized species
differentiation of important Lamiaceae medicinal plants in India [112]. At the same time, it is essential to
break the barriers to germplasm resources circulation, strengthen cross-regional and international
germplasm exchange and cooperation, broaden the genetic background through intraspecific crossing and
Interspecific distant hybridization, and explore and pyramid excellent alleles associated with disease
resistance, high quality, high yield, and high bioactive component content. For instance, wild relatives have
become core germplasm resources for mint variety improvement [68], providing a reference for other key
aromatic genera in Lamiaceae. In this way, abundant material support can be provided for breeding
innovation and solving the current problems of insufficient genetic diversity and difficult pyramiding of
excellent traits in current breeding.

5.3. Accelerating the Construction of an Efficient and High-Throughput Seedling Breeding System

Seed propagation and cutting propagation are the main propagation methods for key aromatic genera
in Lamiaceae in production, both of which have obvious shortcomings: seed propagation is prone to genetic
segregation, and perennial varieties have low germination rate and long dormancy period; cutting
propagation has a low propagation coefficient and limited supply of high-quality cuttings, and long-term
asexual propagation is likely to cause germplasm degradation, which affects the stable expression of disease
resistance, high quality and high yield traits of varieties [113]. As an efficient asexual propagation
technology, tissue culture can rapidly produce large numbers of high-quality seedlings with consistent
genetic traits and cultivate virus-free seedlings, thereby solving the problem of germplasm degradation at
the source, which is an important development direction for large-scale seedling production of key aromatic
genera in Lamiaceae. At present, preliminary tissue culture regeneration systems have been established for
some varieties, but there are still technical bottlenecks, such as explant browning, vitrification, low rooting
rates, and low survival rates during transplanting and acclimatization [114]. It is urgent to optimize the
medium formula, hormone ratio and environmental control conditions according to the characteristics of
different species, establish an efficient, stable and standardized tissue culture regeneration system, and
construct a high-throughput seedling breeding system combined with soilless culture and factory seedling
raising technology to realize the annual supply of high-quality seedlings, thus providing solid technical
support for the rapid popularization and industrial application of new disease-resistant, high-quality and
high-yield varieties [115].
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5.4. Integrating and Innovating Modern Biotechnology to Break Through the Bottlenecks of Traditional
Breeding

Most key aromatic genera in Lamiaceae are perennial plants, and some varieties have high genomic
heterozygosity and complex ploidy. Traditional breeding has such bottlenecks as a long cycle, low
efficiency of trait selection, and incompatibility of distant hybridization, making it difficult to rapidly
realize the precise pyramiding of disease resistance, high quality, and high yield traits. Modern
biotechnology provides precise and efficient tools to break through these problems. Interspecific distant
hybridization combined with embryo rescue technology can overcome reproductive isolation, introduce the
excellent traits of disease resistance, high yield, and high bioactive component content from wild relatives
into cultivated varieties, and create breakthrough germplasm materials [75]. Molecular marker-assisted
selection technology can realize the early and precise identification of target traits such as disease resistance,
high quality, and high bioactive component content, eliminate inferior individual plants, greatly shorten the
breeding cycle, and improve breeding efficiency [116]. Whole-genome sequencing and pan-genome
analysis can elucidate the molecular regulatory networks of key traits related to disease resistance, essential
oil synthesis, and yield, explore functional genes and molecular markers, and provide a theoretical basis for
precise breeding [117]. Meanwhile, it is necessary to accelerate the construction of an efficient genetic
transformation system, and combine with gene editing technology to realize the precise regulation of key
genes related to essential oil synthesis, disease and stress resistance, yield, and bioactive component
synthesis, so as to breed breakthrough new varieties with disease resistance, high quality, and high yield.
Haploid breeding technology can rapidly obtain homozygous lines and solve the problem of the long
breeding cycle of heterozygous varieties, while genome-wide association study can locate gene loci of key
traits and provide precise targets for Molecular marker-assisted selection [118,119].

5.5. Cross-Disciplinary Collaboration and Technology Transformation for Sustainable Industrial
Development

Key aromatic genera in Lamiaceae are characteristic economic crops with edible, medicinal, and
industrial values. The cultivation and popularization of new disease-resistant, high-quality, and high-yield
varieties is not a single-discipline work, and the industrial chain covers breeding, planting, processing,
application, and other links. It is necessary to strengthen cross-disciplinary cooperation among breeding
science, botany, molecular biology, processing engineering, agricultural mechanization, and other
disciplines to realize the whole-chain connection from variety cultivation to industrial application. At the
same time, it is essential to establish an in-depth cooperation mechanism between breeding institutions and
planting bases, processing enterprises, pharmaceutical and food enterprises, promote the integrated
development of breeding, propagation, popularization and application, and accelerate the demonstration,
popularization and technology transformation of excellent new varieties with disease resistance, high
quality, high yield and food-medicinal homology, so as to enable the rapid industrial application of breeding
achievements [120].

In addition, it is required to strengthen international exchange and joint research on breeding
technology, share research achievements and technical experience, jointly address global industrial
challenges such as diseases, pests and climate change, popularize innovative technologies such as molecular
breeding, green seedling raising and high-efficiency cultivation, improve the breeding level and production
efficiency of the global key aromatic genera in Lamiaceae industry, and promote variety upgrading and the
high-quality and sustainable development of the industry [121].
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