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Abstract

The cultivation of vegetables is a cornerstone of global agriculture, evolving dramatically through
technological innovation and changing societal needs. This review maps the trajectory of vegetable
farming from its early roots in simple field agriculture to advanced controlled-environment systems.
We begin by recounting historical practices and key figures who shaped horticulture (from early
domesticators to modern breeders). Traditional farming methods (seed saving, hand sowing, manure
fertilization, etc.) are described alongside their cultural contexts. We then outline transition phases of
intensification in the 20th century (chemical fertilizers, irrigation and protected culture). The core
sections cover modern greenhouse-based methods: soilless culture (hydroponics, aeroponics), vertical
farming and comprehensive greenhouses equipped with climate controls, automated sensing and Al-
driven optimization. Each technology is explained along with its advantages and limitations. Crop
management topics are discussed in detail, including varietal selection, propagation techniques, nutrient
regimes and integrated pest and disease control. The analysis also addresses economic aspects
(investment, yield, market factors) and environmental considerations (resource use, emissions, waste).
Policy frameworks and socioeconomic barriers to adoption (regulatory, financial and educational) are
examined. Finally, we look forward to emerging trends and research needs, emphasizing the promise of
digital technologies, breeding innovations and sustainable practices in shaping the future of vegetable
production.

Keywords: Vegetable cultivation, greenhouse, hydroponics, aeroponics, vertical farming, controlled-
environment agriculture, crop management, integrated pest management, sustainability, automation,
Al, agricultural economics

Introduction

Vegetable cultivation has been central to human societies since the dawn of agriculture. At
its core, growing vegetables involves nurturing plants from seed to harvest, but this
seemingly simple task has undergone profound transformation. Historically, farmers relied
on empirical knowledge and manual labor, shaped by local climate and traditions ©, In
recent decades, advances in plant science and engineering have radically altered how we
grow vegetables, especially in controlled environments. The evolution spans from hand
tended plots and organic manures to automated, sensor equipped greenhouses and vertical
farms. Modern techniques emphasize precision and efficiency optimizing light, water,
nutrients and protection to achieve higher yields and quality 81,

This review aims to capture the breadth of this transformation. We begin by tracing
the history of vegetable cultivation, highlighting milestones and contributors from ancient
farmers to pioneering scientists. Next, we describe traditional farming practices how crops
were grown using age-old methods followed by a discussion of the transition phases that
introduced mechanization and early protected cultivation. The heart of the paper
examines modern greenhouse systems: soilless technologies like hydroponics and
aeroponics, the rise of vertical farming and the sophisticated climate management in
contemporary greenhouses. We then delve into crop management, covering plant breeding
(varieties), propagation, nutrition and pest/disease control within these systems [361,
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We further analyze the economics and scalability of high-
tech farming versus conventional methods, along
with sustainability and environmental impacts (water and
energy use, carbon footprints). We address policy and
adoption barriers factors that inhibit or slow the spread of
advanced  cultivation.  Finally, we  suggest future
directions and research gaps, considering innovations like
Al, robotics and advanced breeding. Through this detailed
exploration, we illuminate how vegetable farming has
advanced and what lies ahead for feeding a growing
population sustainably >4,

History of Vegetable Cultivation

e The history of vegetable cultivation is a journey from
simple garden plots to technological marvels. Early
humans began domesticating plants around 8000-5000
BCE, initiating the Neolithic Revolution. The first
farmers selected wild edible plants and gradually
improved them through careful selection selecting seeds
from the most vigorous individuals year after year.
These prehistoric cultivators had an intuitive grasp of
heredity, even without genetic science and effectively
began the process of plant breeding "4,

e Over millennia, various cultures added innovations.
Ancient Mesopotamians and  Egyptians developed
irrigation systems (canals and basins) to water fields
and gardens. The Hanging Gardens of Babylon (circa
600 BCE) are often cited (though semi-mythical) as an
early example of engineered -cultivation, possibly
resembling a hydroponic terrace for vegetables and
fruits. In the Roman Empire, Emperor Tiberius (1st
century AD) famously demanded cucumbers year-
round. Roman gardeners responded with wheeled
greenhouse-like structures (specularia) that could be
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moved indoors or outdoors to control temperature an
early form of protected cultivation 571,

Far East traditions also contributed: by the 15th century,
the Korean Joseon dynasty had developed Ondol
greenhouses glass-covered structures with underfloor
heating to grow vegetables in winter. Medieval Europe
had monastic gardens and later botanical gardens where
exotic crops were grown. During the Renaissance and
Enlightenment, naturalists  and horticulturists
systematically documented plant varieties. The
scientific revolution brought quantitative approaches: in
the 17" century, Jan Baptista van Helmont (Belgian
chemist) showed plants derive mass largely from water
(not soil alone) andJohn Woodward (English
physician) found that water quality affects plant growth
(leading to early fertilizer use ideas) [°l,

The 18th-19th centuries saw formal scientific
contributions. Justus von Liebig (Germany) pioneered
agricultural chemistry, identifying the role of minerals
(nitrate, phosphate) in plant nutrition spurring artificial
fertilizer development. Julius von Sachs developed
nutrient solutions to grow plants in water, laying
groundwork for hydroponics. Plant breeding advanced
as well: Luther Burbank (USA, late 1800s-early 1900s)
created thousands of new vegetable varieties (for
example, new strains of spinach and potatoes) through
hybridization and selection. Nikolai Vavilov (Russia,
early 1900s) identified centers of crop origin and
assembled seed collections, preserving the genetic
diversity of vegetables and other crops. By the mid-20th
century, controlled-environment agriculture took off:
NASA and agronomists experimented with soilless
culture and artificial lighting for space crops %1,

Table 1: Key Historical Milestones in Vegetable Cultivation [20.38.72]

Year/Period Event/Milestone
~8000-5000 BCE Neolithic Revolution: Domestication of edible plants (e.g. legumes, cereals, vegetables)
~600 BCE Hanging Gardens of Babylon (legend): Ancient irrigated terraces for year-round crops
1st century AD Roman “Greenhouses”: Emperor Tiberius’ mobile beds for winter cucumbers
1440s Korean Ondol Greenhouses: Heated glasshouses for winter vegetable growth
1627 Francis Bacon: Publishes Sylva sylvarum, including early greenhouse experiments
1648 Jan van Helmont: Willow experiment showing plant mass comes from water
1699 John Woodward: Demonstrates better growth in nutrient-rich water vs distilled
1865 Julius von Sachs: Formulates a liquid nutrient solution (foundation of hydroponics)
1870s Luther Burbank: Breeds thousands of new plant varieties (spinach, potato, etc.)
1914 Nikolai Vavilov: Identifies centers of origin for crops, establishes one of first seed banks
1937 William Gericke: Coins the term “hydroponics”, grows 7-meter tomatoes in nutrient culture
1940 Hoagland Solution: Standard nutrient solution introduced for hydroponic research
1960s NASA Plant Research: Development of Controlled Environment Life Support (MOWS unit)
1970s Commercial Hydroponics: Emergence of large-scale soilless vegetable production (plastic greenhouses, drip irrigation)
1999 Vertical Farming Concept: Dr. Dickson Despommier popularizes multi-layer indoor farms
2000s LED Grow Lights: Adoption of energy-efficient lighting transforms indoor cultivation
2010s Urban Vertical Farms: Establishment of commercial vertical farms (multi-tier greenhouses, aeroponics)
2020s Al & Robotics: Integration of sensors, Al and robaotics in greenhouses and vertical farms

Traditional and Age-Old Practices

Traditional vegetable farming methods were shaped by the
tools, climate and knowledge of their time. In many regions,
gardens were small and labour-intensive. Farmers hand-
tilled the soil with simple tools, broadcast or hand-planted
seeds in rows or hills and used crop rotations and animal
manures to maintain fertility. Seed selection was a key
practice;: farmers saved seed from the healthiest, most
productive plants, a form of early genetic selection ensuring
gradual improvement (9, Key traditional practices included:
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Soil Preparation: Ploughing or digging to loosen the
earth, addition of organic matter (farmyard manure,
compost) to enrich the soil. Clods were broken and
debris removed to create a fine tilts for sowing [61.

Sowing: Seeds were either broadcast by hand, scattered
in rows with a stick, or planted individually. Adequate
spacing (based on crop type) prevented overcrowding

and ensured each plant had enough light and nutrients
[73]
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Irrigation and Water Management: Most irrigation
was rudimentary. In wetter climates, reliance on rainfall
was common, in semi-arid regions, farmers used basic
canals, buckets or watering cans. They gauged soil
moisture by feel and observation. Raised beds or ridges
were used in flood-prone areas to improve drainage 1.
Nutrient Supply: In the absence of synthetic fertilizers,
fertility came from organic sources. Farmyard manure
was the primary amendment, often composted in
winter. In some cultures, ashes (lime), plant residues, or
animal bone/guano were added. Folk practices like
mulching with straw conserved moisture and added
organic matter [,

Weed and Pest Control: Weed removal was manual
(hand-pulling or hoeing). Pests and diseases were
managed by cultural and botanical means. For example,
certain plants (e.g., marigolds, onions, garlic) were

https://www.biochemjournal.com

interplanted or their extracts used as insect repellents.
Traditional biopesticides included extracts of neem,
chili or tobacco. Mechanical traps and barriers (sticky
traps, trapping boards) were also used. Crop rotation
helped reduce soil pathogens and pests 241,

Crop Rotation and Polyculture: Alternating crops
(legumes, grains, vegetables) in fields prevented
nutrient depletion and broke pest cycles. In some
systems (e.g. the Three Sisters of the Americas),
complementary species were grown together (maize,
beans, squash) to improve soil and utilization 50,
Harvesting and Post-harvest: Harvest was by hand
with knives or sickles, selecting ripe produce carefully.
Post-harvest, vegetables were often stored in cool
cellars or preserved (drying, pickling, fermentation) due
to lack of cold storage 1.

Table 2: Notable Contributors to Vegetable Cultivation 5740

Contributor (Years)

Contribution/Field

Justus von Liebig (1803-1873)

Advanced plant nutrition theory, pioneered artificial fertilizers

Gregor Mendel (1822-1884)

Genetics, principles of heredity from pea experiments

Julius von Sachs (1832-1897)

Plant physiology, formulated nutrient solutions for plant growth

Charles Darwin (1809-1882)

Evolutionary theory, studied plant variation and breeding

Luther Burbank (1849-1926)

Developed thousands of crop varieties (spinach, potatoes, etc.) by hybridization

Nikolai I. Vavilov (1887-1943)

Identified centres of crop origin, established one of the first seed gene banks

Albert Howard (1873-1947)

Promoted organic farming and composting in horticulture

Norman Borlaug (1914-2009)

“Green Revolution” breeder, increased crop yields through improved varieties (e.g. dwarf grains)

William F. Gericke (1887-1979)

“Father of hydroponics”, popularized soilless cultivation of vegetables

Dennis R. Hoagland (1886-1971)

Developed Hoagland nutrient solution, key figure in hydroponic research

Transition Phases in Vegetable Cultivation

In the 1970s, many farmers worldwide still relied on
knowledge passed down generations: hand-sowing in
soil amended with compost and manure. Labor was
intensive and pest control was mostly botanical or
mechanical. However, even then, new tools like plastic
seedling trays became popular. The introduction of drip
irrigation revolutionized water use, offering precision
hydration that saved water and increased yields. A
notable breakthrough of the era was the spread of low-
cost polyethylene greenhouse tunnels, making protected
cultivation accessible beyond wealthy operations [74],
The 1980s saw adoption of more modern inputs.
Synthetic ~ fertilizers and  pesticides  became
commonplace, boosting short-term yields but raising
environmental concerns. Greenhouses gained heating
systems (often propane or wood-fired boilers) in
temperate zones, enabling winter production of
tomatoes and cucumbers in Europe and North America.
The concept of raising seedlings in plugs (cells in trays)
became standard, improving uniformity. Crucially, the
notion of vegetable quality emerged, farmers began
selecting for traits like shelf-life, taste and nutritional
content, not just yield 22,

By the 1990s, biotechnology and precision farming
entered the picture. Seed technologies evolved: seed
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priming (pre-soaking seeds to improve germination)
and pelleting (coating seeds for easier handling) were
developed. Tissue culture became viable for mass-
producing disease-free seedlings, especially for high-
value crops like potatoes and ornamentals. There was a
surge in biologicals: biofertilizers (beneficial microbes)
and biopesticides (e.g. Bacillus thuringiensis toxins)
offered  eco-friendly  alternatives. = GPS-guided
equipment and GIS mapping started to be used on
farms, although more in row crops, the tools
foreshadowed precision applications in horticulture 12,
With the turn of the millennium, digital and automation
technologies began to influence vegetable production.
Farmers and scientists combined sensors with
satellite/GPS  data to  monitor  fields and
greenhouses. Drip and micro-spray irrigation became
finely tunable by computer controllers. In greenhouses,
climate computers regulated temperature, humidity and
CO: levels to optimal setpoints. Robotics made early
inroads: transplanters and harvest assistants appeared
and automatic climate screens and fans responded to
sensors. The grafting of tomatoes and cucurbits onto
disease-resistant rootstocks became popular in regions
plagued by soil pathogens, increasing resilience without
genetic modification of the fruit [*4,
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Table 3: Comparative Overview of Vegetable Cultivation Systems [7% 58]

System/Method

Characteristics, Advantages, Limitations

Open-field (traditional) | Outdoor soil-based production, low capital costs, subject to weather and pests, limited season, large land required

Irrigated field (soil)

Adds controlled watering (drip/flood) to fields, higher yield than dryland, still climate-dependent, risk of nutrient

leaching

Rainfed subsistence

Small-scale relying on natural rainfall, minimal inputs, low yield, very vulnerable to droughts and climate

variability

Shade house

Partially shaded structure (netting), lowers sunlight intensity, protects from sunscald, lower yield than full sun

Polytunnel/High tunnel

Plastic-covered unheated or passively heated greenhouse, extends season, inexpensive, modest climate control,
ventilation-dependent

Glasshouse (soil)

Glass/steel greenhouse with soil beds, year-round potential, higher yields, expensive structure and energy for

heating

Greenhouse (hydroponic)

Glass/plastic structure with nutrient solution systems, very high yields, precise water use, high setup & energy

costs

NFT Hydroponics

Shallow recirculating nutrient film over roots, water-efficient, easy to maintain, limited plant size buffer (pump

risk)

Deep Water Culture

Plants float roots in aerated solution, simple design, high oxygenation, risk of hypoxia if aeration fails

(DWCQC)
A . Roots suspended in mist, ultra water-efficient, rapid growth, requires precise pump/atomizer, sensitive to
eroponics - -
disruptions
Aquaponics Combines hydroponics with fish farming, recycles nutrients from fish waste, multi-use yields, complex balance,

requires skills

Vertical Farming

Multi-layer indoor cultivation with artificial light, maximizes space use, year-round, very high energy and capital

cost

These transition phases set the stage for the current era
of high-tech cultivation, blending genetics, engineering and
information technology. Traditional reliance on experience
and broad tools gave way to precise, data-driven
management. The next section examines the state of the art
in greenhouse-based vegetable production I,

Modern High-Tech Greenhouse Systems

Modern greenhouses and indoor farms represent the
convergence of multiple technologies. Unlike a simple
hothouse, these controlled-environment systems integrate
hydroponics, advanced lighting, precise climate control,
sensors, automation and sometimes robotics. Collectively,
such approaches are often called Controlled Environment
Agriculture (CEA). In this section we dissect the main
components of high-tech greenhouse cultivation [*2,

Soilless Cultivation: Hydroponics and Aeroponics
Hydroponics is the practice of growing plants without soil,
using nutrient-enriched water solutions. It allows direct
delivery of minerals, control of nutrient levels and
elimination of soil-borne pests P, There are several
hydroponic methods:
e Nutrient Film Technique (NFT): A thin film of
nutrient solution continuously flows past plant roots in
a sloped channel. Common for leafy greens and herbs.
Its advantages are very high water-use efficiency and
simplicity. Drawback: plants have little solution buffer,

so pump failure or power loss can quickly stress plants
[76]

e Deep Water Culture (DWC): Plant roots dangle in a
reservoir of oxygenated solution. Often used for larger
plants like tomatoes in greenhouses. Benefits include
simplicity and high oxygenation (with air stones). Risk:
any drop in dissolved oxygen (e.g. pump outage) can
rapidly harm roots 2%1,

e Drip Irrigation (closed-loop): Nutrient solution is
dripped onto plant roots (in a substrate like coco coir or
rockwool) and excess drains back to the reservoir.
Widely used for vegetables like tomatoes, cucumbers,

peppers. It supports larger plants and vyields, but
requires monitoring of EC (electrical conductivity) and
pH to prevent salt build-up M.

e Wick Systems: Passive, simpler for home or herb
gardens. Plants in a growing medium wick solution
from a reservoir. Low cost but not suitable for large or
water-demanding crops 59,

e Aeroponics: A related technology where plant roots are
suspended in air and periodically misted with nutrient
solution. It is extremely water-efficient and can
promote vigorous root growth. NASA has utilized
aeroponics for potential space agriculture. However, it
requires precise control of misting, nozzle or pump
failure can quickly desiccate roots. It is used in some
high-tech indoor farms 431,

Hydroponic greenhouses can dramatically increase yields.
For example, lettuce grown hydroponically can cycle every
30 days year-round, compared to one or two outdoor crops.
Studies report hydroponic systems using up to 90% less
water than field agriculture (by recirculating water).
Nutrient management is crucial: growers use formulations
(like the Hoagland solution) tailored to crop needs, often
adjusting for each growth stage (higher nitrogen during leaf
growth, more potassium/boron during fruiting, etc.) 7,
Many modern greenhouses feature fertigation controllers
automated injectors that mix and deliver precise nutrient and
pH levels as plants require 5%, Aeroponic systems (roots in
mist) share advantages with hydroponics but emphasize
even greater aeration and nutrient uptake. Research indicates
up to 95% water savings over soil culture. Aeroponics often
requires higher initial engineering (mist nozzles, timers,
filtration) and is sensitive to electrical disruptions, but it
yields fast growth cycles, especially for leafy greens and
some vegetables. For example, experiments have shown
tomato plants growing 50% faster in aeroponic conditions
than in traditional media ). Regardless of the specific
method, soilless systems offer uniformity and cleanliness.
Without soil pathogens, many diseases (Fusarium, Pythium)
are minimized. Greenhouses can be sterile zones: before
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planting, the substrate and benches are sanitized and then no
external soil is introduced. This hygiene level improves
seedling survival and reduces pesticide needs [*4,

Vertical Farming and Multi-Tier Cultivation

Vertical farming takes soilless cultivation to three
dimensions. Crops are grown in stacked layers (shelves,
towers, or re-purposed warehouses), enabling much higher
yields per ground footprint. For example, one analysis
suggests a vertical farm can produce the same yield in one
acre that would require up to 40 acres of traditional
farmland. Typically, vertical farms use hydroponic or
aeroponic methods combined with artificial lighting (usually
LEDs) 4. This approach is particularly suited for high-
value, fast-growing vegetables and herbs (lettuce, spinach,
microgreens, basil, strawberries) 3. Challenges include
high energy consumption for lights and climate control.
However, vertical farms can exploit waste heat and CO-
from adjacent industries, use renewable energy and place
production closer to consumers (e.g. in cities) to reduce food
miles. The yield benefits are enormous: some reports note
vertical yields 50-100 times greater per square foot than
conventional farming [,

Controlled Environment

Greenhouses

Controlled Environment Agriculture (CEA) encompasses

high-tech greenhouses and indoor farms with tight climate

regulation. Key features include:

e Structure and Envelope: Modern greenhouses use
glass or polycarbonate panels for high light
transmission with insulation. Designs may be arched,
gabled, or ridge-and-furrow, often with roof vents and
side curtains [621,

e Climate Control: Integrated systems monitor and
adjust temperature, humidity and CO.. Heating (boilers,
geothermal, biogas) is used in cold climates, cooling
can involve fans, evaporative pads, or adiabatic walls in
hot regions. Automated vents and shade screens
respond to weather sensors. CO: generators or
enrichment tanks boost CO: levels to 800-1200 ppm,
elevating photosynthesis and yields [78],

e Lighting: Supplemental lighting extends day length
and intensity. The shift to LED technology has been
transformative. LEDs consume far less power than
older high-pressure sodium lamps and can emit targeted
spectra (red, blue, far-red, etc.). Growers tune the light
spectrum for specific crops for instance, extra red light
to boost tomato fruiting, or blue light to produce
compact lettuce. Adjusting photoperiod (night duration)
can accelerate flowering in day-neutral crops. Light
intensity and duration are automated by sensors and
controllers 21,

e lrrigation and Nutrition: Drip and ebb-and-flow
systems precisely deliver water and dissolved nutrients.
Recycled systems capture drain water, filtering and re-
dosing it. The nutrient composition is continuously
monitored via electrical conductivity and pH sensors,
allowing fine-tuning. Some advanced setups even adjust
nutrient mixes automatically based on plant stage and
sensor feedback 2],

e Sensors and Automation: The heart of a smart
greenhouse is its sensor network. Sensors measure air
temperature, humidity, CO-, leaf wetness, root-zone

Agriculture (CEA) and
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moisture, nutrient levels and even plant stress
indicators. This data feeds into controllers or cloud-
based platforms. Automated actuators then adjust
heaters, vents, lights, pumps and misting nozzles. In
many facilities, climate computers integrate all sub-
systems: for example, turning off CO: injection if
ventilation is open or dimming lights if natural sun is
sufficient . Modern greenhouses often include
cameras and imaging sensors. These can do remote crop
monitoring: cameras detect leaf colour changes, growth
rate, or pest outbreaks. Artificial intelligence algorithms
analyse these images to forecast issues (e.g. nitrogen
deficiency signs) before visible symptoms appear [,

e Automation and Robotics: High-tech operations are
increasingly using robotics. In some large greenhouses,
robotic arms handle tedious tasks like sorting and
packaging tomatoes. Autonomous vehicles are being
developed to scout and act on plant health issues.
Pollination (essential for tomatoes, peppers) may be
performed by robotic pollinators or simply by
distributing  bumblebee hives under controlled
conditions 451,

Advantages and challenges

The payoff of high-tech greenhouses is improved vyield,
quality and resource efficiency. Yields per hectare can be an
order of magnitude higher than open field. Crops can be
grown year-round, free from seasonal limitations. Protection
from weather (frost, hail, heavy rain) and pests reduces
losses. However, these systems are capital-and skill-
intensive. The initial investment for a full controlled-
environment  greenhouse  (structure, heating/cooling,
lighting, controls) is high. Energy costs (especially for
heating and lighting) are a major factor. Economically, such
systems are typically justified for high-value vegetables
(e.g. tomatoes, peppers, leafy greens) where markets can
bear the added cost [,

Advances in Crop Cultivation within CEA

Beyond structural and environmental tech, modern

cultivation has innovated in plant materials and propagation:

e Variety selection: Breeding has created cultivars suited
for greenhouse conditions: compact growth, high fruit
set in low wind, disease resistance (e.g. Fusarium wilt-
resistant cucumbers). Hybrid seeds dominate, giving
uniform and predictable crops. Some varieties are
tailored to wvertical farming (e.g. red-leaf lettuce
responds well to certain LED spectra). Genetically
modified varieties (e.g. virus-resistant tomatoes or Bt
brinjal engineered to resist borers) exist in some
regions, though their use in CEA is mixed due to
regulations and market acceptance ",

e Propagation: Seedling production has become an
industry in itself. Many growers buy greenhouse-grown
plug seedlings rather than seeding directly. Tissue
culture (micropropagation) is used for crops like
potatoes and strawberries, producing disease-free
clones. Some vegetables (e.g. tomatoes, peppers) are
grafted onto vigorous rootstocks to improve
nutrient/water uptake and disease tolerance, grafting
stations have automated much of this once manual
process 61,

e Microbial technology: There is growing use of plant
growth-promoting rhizobacteria (PGPR) and
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mycorrhiza inoculants even in hydroponics, aiming to
mimic beneficial soil interactions. These can enhance
nutrient use efficiency and stress tolerance. Research is
also exploring the greenhouse microbiome to naturally
suppress pathogens, reducing need for chemical
fumigation 461,

In summary, modern high-tech greenhouses combine
advanced materials (glazing, plastics), engineering (climate
systems, lighting) and information technology (sensors, Al)
with  sophisticated horticulture  (hydroponics, IPM,
optimized genetics). This multi-disciplinary integration
allows unprecedented control over vegetable production !,

Crop Management in Vegetable Cultivation

Intensive production in either open fields or greenhouses
depends on optimized crop management. Key elements
include genetics (varieties), propagation methods, nutrition
management and pest/disease control %, Below, we outline
each component.

Varieties and Breeding

Modern agriculture uses improved vegetable varieties to

maximize yield, quality and stress tolerance 4. Breeding

programs (public and private) continuously develop hybrids
and pure lines for various traits:

e Hybrid vs Open-Pollinated: Most commercial
production relies on F1 hybrids. These are crossbred for
uniformity and vigour. Heirloom and open-pollinated
varieties are still valued by small farmers for heritage
qualities. Hybrids offer advantages like higher yield,
disease resistance and consistent maturation 641,

e Genetic Modification and Editing: A few genetically
modified vegetables exist (e.g. Flavr Savr tomato, Bt
eggplant), though many GM traits are found in
commodities. Gene editing (CRISPR/Cas9) is being
explored for traits like shelf-life and disease resistance
with potentially fewer regulatory hurdles [?6,

e Traits for Controlled Environments: Greenhouse-
specific traits include shorter internodes, better fruit
setting at high CO: and tolerance to low light. There is
also emphasis on nutritional content and flavour as
market demands rise [,

e Disease Resistance: Breeders incorporate resistance
genes to major pathogens (e.g. Fusarium wilt in
cucumbers, tomato mosaic virus), reducing reliance on
chemicals and improving consistency 71,

Propagation and Seedling Production

Vegetables propagate either by seed or vegetative means:

e Seeds: Most vegetables (tomatoes, beans, cabbages,
etc.) are grown from seed. Seed selection (size, vigour)
is key. Seed treatments (soaking, priming,
fungicide/insecticide coatings) enhance germination.
Many greenhouse operations pre-germinate or raise
seedlings in trays, then transplant robust seedlings into
final beds or systems [,

e Cuttings and Transplants: Some crops (e.g. basil,
strawberries, sweet potatoes) can be started from
cuttings or runners. Transplanting methods are
advanced: machines can set young plants (tomato,
pepper, eggplant) into beds rapidly. Tissue culture
laboratories produce disease-free transplants for potato,
vanilla, bananas and other crops [¢2,
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e Tissue Culture (Micropropagation): This in vitro
technique clones plants in sterile medium. It’s widely
used for crops like strawberries, lilies and seedless
cucumbers, ensuring large numbers of uniform,
pathogen-free plants. Specialized labs control the
process to avoid somaclonal variation [#7,

e Grafting: Common in tomato and cucumber
production, grafting combines a vigorous rootstock
(resistant to soil diseases, tolerant of high EC) with a
high-yielding scion. Mechanized grafting lines can
produce thousands of grafts per day [19,

Nutrition and Soil Management

Fertilization  strategies have shifted from broad

generalizations to precision management:

e Soil vs Soilless: In soil-based systems, fertilization still
relies on a combination of organic amendments and
synthetic fertilizers. Greenhouses often use soilless
media (coco coir, rockwool, perlite) or none
(hydroponics). Nutrient delivery is then via water-
soluble formulations 681,

o Fertigation and Precision Feeding: In high-tech
systems, fertilizers are delivered through irrigation
(fertigation) based on real-time needs. EC (electrical
conductivity) and pH sensors in the nutrient solution
ensure levels stay within target ranges. Automated
dosing pumps adjust nutrient supply daily or weekly as
plants grow 2,

e Nutrient Balancing: Different vegetables and growth
stages require specific N-P-K ratios. For example, leafy
crops demand higher nitrogen, whereas fruiting
vegetables need more phosphorus and potassium for
flower and fruit development. Micronutrients (Fe, Mg,
B, Zn, etc.) are also routinely supplied 28],

e Soil Health and Substrates: In greenhouses using soil
or compost, crop rotation and cover cropping (in cover
bed areas) help maintain fertility. Sterilization (steam or
chemical fumigation) is often practiced between crops
to kill soil pathogens. In hydroponics, substrates like
coco coir are occasionally refreshed or recharged to
prevent pH drift and salt build-up 61,

e Advanced Amendments: Technologies such as
controlled-release fertilizers (CRFs) release nutrients
slowly in soil systems, while organic coatings minimize
nutrient leaching. Microbial inoculants (mycorrhizae,
N-fixers for legumes) can be applied to promote root
health €],

Pest and Disease Management

Pests (insects, mites) and diseases (fungal, bacterial, viral)

are major constraints. Management strategies combine

preventive, cultural, biological and chemical methods:

e Prevention and Monitoring: Greenhouses implement
strict hygiene: workers may wear protective clothing,
tools are sterilized and incoming plant material is
quarantined. Yellow and blue sticky traps monitor
flying pests (whiteflies, thrips). Regular scouting
(visual or via cameras) detects early signs of infestation
or disease [,

e Integrated Pest Management (IPM): This approach,
now standard in modern cultivation, integrates multiple
tactics:
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e Physical/Mechanical: Insect screens on vents exclude .

pests, sticky traps catch adults, nets or row covers
physically protect crops 1,

e Cultural Controls: Crop rotation, debris removal and
disinfection (e.g. using hydrogen peroxide or UV-light
devices) reduce pathogen build-up. Adjusting humidity

and temperature can make conditions unfavourable for .

specific diseases (e.g. lowering humidity to prevent
powdery mildew) [¥71,

e Biological Controls: Beneficial insects (ladybugs,
predatory mites, parasitic wasps) are released to
suppress  pests.  Biopesticides  derived  from
entomopathogenic  fungi or bacteria are used
(e.g. Beauveria bassiana against whiteflies).

e Resistant Varieties: Using disease-resistant cultivars
(e.g. powdery mildew-resistant cucumber) is a key
strategy 21,
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Chemical Controls: Modern pesticides are used as a
last resort, often tailored precisely (spot treatments,
minimal-risk  compounds). Application may be
automated via sprayers or foggers. Even organic-
approved chemicals (Bt toxins, neem oil) are used
sparingly under IPM guidelines 4,

Disease Management: Fungal diseases (e.g. Fusarium,
Phytophthora, powdery mildew) are controlled by
sanitation, resistant cultivars and targeted fungicides.
Viruses are often managed by controlling insect vectors
(e.g. controlling thrips to prevent tomato spotted wilt
virus). Bacterial diseases require exclusion and
biocontrol (some beneficial bacteria compete with
pathogens) (€1,

Sanitation of Equipment: Trays, tools and
conveyances are sanitized regularly. In hydroponics,
ultraviolet (UV) lights or ozone may treat recirculating
nutrient water to kill microbes .

Table 4: Crop Management Attributes for Common Vegetable Crops [12-49. 661

Vegetable Propagation Typical Cultivation (Environment) Nutrient Focus
Tomato Seeds (hybrids), grafting  |Greenhouse or field, often hydroponics|  High potassium, balanced N
Lettuce Seeds Hydroponics/Greenhouse/Vertical High nitrogen (leafy growth)
Cucumber Seeds, cuttings (greenhouse) Greenhouse (often hydroponic) Balanced NPK, extra K for fruits
Onion Bulbs, sets, or seeds Field High sulfur and potassium
Carrot Seeds Field (deep, loose soil) Adequate potassium and boron
Broccoli Transplants Field or unheated greenhouse High nitrogen early, then balanced
Kale Seeds/transplants Field or greenhouse High nitrogen
Beans Seeds (legumes) Field or greenhouse (warmer climates) Phosphorus fﬁ?(rc:\?v?]t glevelopment,
Leafy Greens (e.g. arugula, etc.) Seeds Hydroponics/greenhouse High nitrogen
A . . Moderate N, prefer steady
Herbs (basil, mint) Seeds/cuttings Hydroponics or pots moderate feeding
Strawberry (fruit) Runners or tissue-cultured plants Greenhouse/vertical High potassium and calcium

Economics and Scalability

Economic viability is a crucial factor driving adoption of

cultivation methods. High-tech systems require substantial

capital investment but promise higher returns through

increased yield and value-added products.

e Capital Investment: Building a high-tech greenhouse
(with  glass panels, heating/cooling  systems,

automation, lighting) can cost hundreds to thousands of .

dollars per square meter. In contrast, open-field farming
requires minimal upfront infrastructure (beyond land
and basic tools). For vertical farms, the cost is even
higher due to multi-story construction and heavy
equipment. Large-scale studies show payback periods
for greenhouses can range from 5-15 years, depending
on crop prices and technology used 7],

e Production Costs: Operating expenses include energy,
labour, nutrients and maintenance. High-energy use

(heating in winter, lighting year-round) makes o

electricity and fuel major costs. However, automation
and mechanization can reduce labour requirements:
e.g., one worker can manage far more area in a
computerized greenhouse than in fields. Fertilizer and
water costs are lower per unit yield in hydroponics due
to efficiency, but the specialized nutrient formulations
can be expensive 131,

e Yields and Output Value: High-tech cultivation can
multiply yields several-fold. For example, greenhouse
tomatoes often produce 5-10 kg/m? annually, versus 3-5

~ 1110~

kg/m2 outdoors. Leafy greens in vertical farms can
produce 30-40 harvests per year per shelf space.
Combined with out-of-season production, growers
capture premium prices (winter tomatoes or fresh
lettuce in desert regions fetch higher prices). A report
noted vertical farming can produce up to 60 times the
yield per acre compared to field farming 5%,

Market and Demand: Urban markets can support
high-tech farms because of consumer demand for local,
fresh and pesticide-free produce. Direct-to-consumer
models (farmers’ markets, CSA, or grocery
partnerships) often yield better prices. In addition,
specialized products (seedlings, microgreens, organic-
certified produce) open niche markets. However,
growers must be careful of market saturation, if many
compete in a small area with similar crops, prices can
fall (31,

Scalability: Large-scale adoption of high-tech farming
is most advanced in places like the Netherlands, Japan
and now China and the UAE, where land is scarce or
climate harsh. Government incentives (subsidies,
research funding) have spurred growth in these regions.
Nevertheless, even small farms can adopt elements: for
example, a family can start a greenhouse with plastic
film and basic hydroponics to increase productivity on
limited land. Scalable technologies include modular
hydroponic kits and “smart” controllers that even
smallholders can use via smartphone apps 14,
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Table 5: Comparative Economics of Cultivation 5 &I

System Capital Cost | Yield per Area | Water Use Efficiency Energy Use Typical Crops
Open-field (soil) Low Baseline Low (high usage) Low Most field crops
Greenhouse (soil) Medium 5-12x field Medium (drip/recirc) Medium (heating in winter) Tomatoes, peppers
Hydroponic GH High 10-20x field | Very high (90% saved) High (lights, pumps) Lettuce, herbs, cucumbers

Vertical Farm Very High 50-100x field Extremely high Very High (lights, climate) Lettuce, microgreens
Aquaponics High 5-10x field High (recycled) High Leafy greens, herbs

Economic and Social Considerations

The high cost of technology is a major barrier for many.
Small farmers in developing countries may not afford
greenhouses or  hydroponic  setups.  Microfinance,
cooperatives, or public-private partnerships can help. For
example, community greenhouses have been implemented
in some regions to teach sustainable horticulture ©8. From a
workforce perspective, these systems require skilled
operators familiar with sensors and software, not just
traditional farming knowledge. Training and extension
services are crucial. On the other hand, they create new jobs
in engineering and IT related to farming. In aggregate,
global investment in advanced agriculture is rising,
reflecting the economic potential. The market for
hydroponic systems, greenhouse structures and vertical
farms is growing annually. Companies supplying LED
lights, climate computers and robotics see booming sales.
This suggests a strong belief in the profitability of high-tech
farming where conditions are right %2,

Sustainability and Environmental Impacts

One of the main motivations for high-tech vegetable

cultivation is sustainability producing more food with fewer

resources and lower environmental impact. We examine key
dimensions: water use, land use, energy and emissions and
broader ecological effects.

e Water Use: Controlled-environment systems excel at
water conservation. Recirculating hydroponics can use
up to 90% less water than comparable field irrigation
because runoff is collected, filtered and reused. Even
vertical farms (often cited as “10x” savings)
dramatically reduce water footprints, critical in arid
regions. This efficiency helps protect freshwater
resources. However, water quality must be monitored to
prevent salt accumulation, necessitating occasional
reservoir flushing or replenishment with clean water 23],

e Land Use: Vertical and greenhouse farming drastically
reduce land requirements. A vertical farm can cut land
use by over 95% compared to field farming for the
same output. This allows food production near or within
cities, reducing transportation emissions and land
conversion pressures. It also means less deforestation
and habitat loss for agriculture. On the other hand, these
systems may rely on non-renewable materials (plastics,
metals) and generate waste (spent media, bulbs) 521,

e Energy and Carbon Footprint: Energy is the
Achilles’ heel of indoor farming. Heating greenhouses
in cold climates and powering LED lights year-round
can generate significant CO: emissions unless
renewables are used. Life-cycle studies show vertical
farming lettuce, for example, can have a higher carbon
footprint per kg than field-grown, due largely to
electricity use. However, efficiency is improving: LED
efficacy (umol/J) doubles roughly every few years and
integration with solar/wind power can offset carbon. In
addition, thermal insulation and combined heat-and-

power (CHP) systems in greenhouses can reuse waste
heat and CO:, improving overall sustainability [,

e Chemical Use: High-tech systems can reduce pesticide
and fertilizer pollution. Since greenhouses exclude
many pests, pesticide applications are often lower or
replaced by biological controls. Hydroponics prevents
nutrient runoff, a common source of waterway pollution
in traditional farms. Any waste solution is contained
rather than discharged. However, reliance on synthetic
fertilizers (manufactured by energy-intensive processes)
remains an issue, bio-based nutrient sources or closed-
loop recycling of waste could improve this in the future
691

e Biodiversity and Local Impact: Urban farming can re-
green cities and provide jobs, but extensive greenhouse
complexes may change local microclimates (though
much smaller footprint than open fields). Discarded
nutrient solutions and growing media must be managed
properly. Some facilities compost crop residues or use
them for bioenergy, creating a circular system [, The
net environmental impact thus depends on context and
technology integration. Ideally, renewable energy
powers these farms, waste streams are minimized and
the benefits of high yields and local production offset
any energy costs. Policymakers and researchers are
studying these trade-offs to guide sustainable
deployment 261,

Future Directions and Research Gaps

Looking ahead, vegetable cultivation will continue evolving.

Key trends and unanswered questions include:

o Digital Agriculture and Al: The role of machine
learning and data analytics is still expanding. Future
greenhouses may use predictive models to anticipate
plant needs (watering, nutrients, pest risk) and actuate
systems in real time. Robots may do planting, thinning
and even harvesting delicate crops in lieu of manual
labour. Drones inside large greenhouses could monitor
plants or even assist pollination. Development of user-
friendly decision-support tools for farmers will be
critical 1341,

e Genetic and Biotechnologies: Gene editing could
produce varieties specifically tailored for hydroponics
or low-light environments (e.g. algae-based
photosynthetic ~ boost).  Microbiome  engineering
(introducing beneficial microbial consortia to nutrient
solutions) is a promising area to enhance resilience and
yield. There is also research into edible vaccines and
functional foods via plant biotechnology which might
be grown in contained systems for biosecurity 53,

e Energy and Climate Resilience: Innovations are
needed to cut the energy footprint. This includes more
efficient LEDs, greenhouse-integrated solar panels
(agrivoltaics), geothermal heating and novel insulation
materials (e.g. phase-change materials for thermal
buffering). In terms of climate change, controlled-
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environment systems themselves become refuges
against extreme weather for food production 7],

e Integration and Urban Farming: Plans to integrate
high-tech farms into urban planning (rooftop
greenhouses, vertical farms in buildings) are underway.
Research on how to scale city farms sustainably
including wastewater reuse and integrating with
municipal infrastructure is a gap. Social research is also
needed on how communities benefit (or not) from local
high-tech farms 9,

e Resource Recycling and Circularity: Closed-loop
systems (e.g. recycling all water and nutrients,
composting plant residues) are the ideal. However,
practical models for on-site waste processing, or
creating biogas from residues, need development.
Similarly, strategies to dispose of or repurpose spent
plastics and equipment sustainably are needed ",

e Economic Models: More economic analyses on long-
term viability under different scenarios (e.g. changing
energy prices, carbon taxes, crop prices) will help
investors. Research should target the viability of small-
scale systems (for developing countries) versus
industrial mega-farms [,

e Ecological Studies: Long-term ecological comparisons
(e.g. full life-cycle assessments of various crops in
different systems) will clarify true sustainability.
Effects on nutrition (e.g. differences in micronutrient
content when grown hydroponically vs soil) are still
being studied 171,

Conclusion

From the earliest kitchen gardens to towering vertical farms,
the journey of vegetable cultivation spans millennia of
innovation. This review charted that journey, highlighting
how age-old principles (like careful seed selection and
organic nutrition) now merge with sensors, automation and
biotechnology. Traditional farmers relied on seasons and
nature, modern growers augment nature with exacting
control over every growth factor. Key scientists and
pioneers laid the foundation (e.g. Liebig’s fertilizers,
Mendel’s genetics, Gericke’s hydroponics) that enabled the
current leap forward. In controlled environments, vegetables
can be produced more abundantly and with greater
consistency than ever before. At the same time, we are
learning how to do this efficiently: conserving water,
recycling nutrients and using clean energy to minimize
environmental costs. The economic case for high-tech
cultivation is compelling for high-value vegetables,
especially where land or climate is a constraint. However,
high-tech does not automatically equal sustainability.
Integrating renewable energy and circular practices is
essential. Smallholders and developing regions face hurdles
in financing and knowledge, inclusive solutions are needed
to ensure these advances benefit all. Looking forward,
advances in Al, robotics, genomics and materials science
will continue to reshape vegetable farming. The challenges
of feeding a growing population under climate change
demand that we refine and adapt these approaches. Research
must address current gaps (energy use, microbial
management, socio-economics) to fully realize the promise
of high-tech agriculture. Ultimately, the goal remains the
same as in traditional farming: to produce safe, nutritious
and abundant vegetables. What has changed is the scale and
precision with which we achieve that goal. As this review

https://www.biochemjournal.com

has shown, the horizon of vegetable cultivation continues
advancing toward ever greater efficiency, sustainability and
resilience. Each technological step builds on the last, forging
a continuum from ancient gardens to futuristic farms. The
collaboration of farmers, scientists, engineers and
policymakers will determine how fully these horizons are
reached in practice.
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