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ARTICLE INFO ABSTRACT

Keywords: There is an urgent need to explore climate-resilient alternative agriculture production systems
Food security that focus on resilience, resource efficiency, and disease management. Hydroponics, a soilless
Potato cultivation system, gaining interest as it reduces the dependency on agricultural land, and pes-
Mini tubers - . . . . . T .
Hydroponics ticides, and can be implemented in areas with poor soil quality, thus mitigating the negative
AZropgnics effects of extreme weather events. Potato is an essential dietary staple crop grown throughout the

world and is a major source of food security in underdeveloped countries. However, due to the
climatic changes, it is predicted that a significant loss in the suitability of land for potato pro-
duction would occur, thus leading to potato yield loss. Recently, many case studies have emerged
to highlight the advancement of agricultural hydroponic systems that provide a promising so-
lution to the massive production of potato mini tuber at high efficiency. This review paper
evaluates popular hydroponic methods and demonstrates how hydroponic has emerged as the go-
to, long-term, sustainable answer to the perennial problem of insufficient access to high-quality
potato seed stock. The paper discusses the research and innovation possibilities (such as artifi-
cial intelligence, nanoparticles, and plant growth-promoting rhizobacteria) that potentially in-
crease tuber production per plant under optimal hydroponic growth circumstances. These
approaches are examined considering new scientific discoveries and practical applications.
Furthermore, it emphasizes that by enduring significant reforms in soilless food production sys-
tems (particularly for potatoes), the food supply of a rapidly growing population can be
addressed. Since hydroponics systems are productive and easily automated without soil and
optimal environmental conditions, future hydroponics farming is promising. In conclusion, the
hydroponics system provides better yield and crop productivity by saving water, energy, and
space. Henceforth, it can be the alternate choice for modern sustainable agriculture.

Sustainable agriculture
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1. Introduction

Sustainable agricultural practices safeguard the food supply and the land, and ensure global food security by addressing the
challenges posed by climate change. Hydroponic, is an alternative agriculture production system that focuses on climate resilience,
efficient resource utilization, and disease-free crop production [1]. In hydroponics, instead of soil, plants receive a nutrient-rich water
solution directly, providing them with the essential elements they need for growth. This method has several advantages, including
better control over nutrient levels, more efficient use of water, and the ability to grow plants in areas with poor soil quality [1-3].

Potato (Solanum tuberosum L) is a crucial agricultural crop used globally for its nutritional value [4]. Following wheat, rice, and
maize, it is the fourth most significant agricultural commodity [5]. Potato is an annual herbaceous plant being cultivated in temperate
climates. It was found to have originated in the Andean highlands of South America and belonged to the Solanaceae family. So far, it is
regarded as one of the most valuable staple crops and vegetables since they are reasonably inexpensive to cultivate and are rich in
nutrients. Fresh potatoes contain 75-80% water, 2.5-3.2% protein, 16-20% carbohydrates, 0.8-1.2% minerals, 0.6% crude fiber,
0.1-0.2% crude lipids, and specific vitamins. Despite its low protein content, it has a higher nutritious value than cereals [6]. Addi-
tionally, it includes amino acids such as isoleucine, leucine, and tryptophan [7].

The universal appeal and acceptance of potatoes across cultural boundaries suggest that may play a role in the global effort to
eradicate hunger. However, in order to meet the growing demands of a growing population, the production efficiency must be
increased. In many countries, the price of cultivating seed tubers might make up as much as half of the total cost of harvesting and
processing, which poses a significant challenge to potato farming [8]. Mini tuber production is the fundamental approach for potato
seed production since it relates the rapid multiplication of in vitro plantlets by nodal cuttings to the field for the multiplication of
potatoes [9]. Mini tubers, which range in size from 5 to 25 mm, are harvested year-round. Rooted micro plants grow under optimum
conditions to produce mini tubers and multiply over several generations to produce seed potatoes. Critical factors that can be modified
during the mini tuber production phase include 1) the number of mini tubers per unit area, 2) the number of mini tubers per in vitro
plantlet, and 3) mini tuber yield per plantlet, 4) mini tuber’s average weight, and 5) the yield per unit area of mini tuber [10].

In most developing countries, practitioners traditionally used varying growth media such as perlite mixtures, peat moss, or bare soil
to cultivate mini potato tubers. The most significant limitation of using soil as a growing medium is the difficulty in managing weeds
and disease prevalence [11]. However, the economic implications of soilless agriculture as a replacement are significantly raised
because it decreases soil disinfection and boosts water usage efficiency [12]. Hydroponics, a soilless system, has recently attracted
researchers to overcome the limitations faced in traditional soil-based cultivation since it can be used for the production of crops
irrespective of soil environment. Hydroponic systems, other than providing disease-free mini tubers, can provide multifold yield of
seed potato as compared to the conventional methods [13,14].

Accordingly, this review aims to analyze the quintessential questions surrounding hydroponic systems and identify prospects for
their field use while considering what has recently been proved, keeping potato mini-tuber production in focus. From a scientific
perspective, the paper interprets two factors (nutrients and substrate) that have been extensively studied but still need more inves-
tigation since this information is crucial for enhancing nutrient acquisition management in soilless systems. Additionally, smart
agriculture may make it possible for farmers to use cutting-edge technologies like artificial intelligence (AI), nanoparticles (NPs), plant
growth-promoting rhizobacteria (PGPR), and aeroponics [15].

1.1. Transition from a soil-based to a soilless production system

Drought, unpredictable weather, contaminated water sources, and undernutrition crops compelled producers to look for alter-
natives to soil-based agriculture (Table 1). In response, soilless agriculture, a revolutionary crop cultivation method, has been adopted
by growers for the past few decades to overcome the shortcomings faced by soil-based cultivation [16]. In comparison to soil-based
cultivation, the soilless technique is considered safer since it contains fewer or no soil-borne pathogens and pests. In the soilless
system, cultivation occurs in a nutrient solution or a customized cultivation substrate, including minerals [2]. The cultivation depends
on using proper equipment, and the crops that are produced may generate higher yields if the system is appropriately managed.

Table 1
Characteristics of traditional soil-based farming and soilless farming.
Characteristics
Traditional soil-based farming Soilless farming
Production e Yield- Depends on soil conditions and treatments o Yield- Extremely high with dense crop cultivation

e Good Manufacturing Practices- Depends on the soil
and managing skills
e Sanitation- Low quality water pose contamination risk

Good Manufacturing Practices- Depends on the supply of nutrients to plants
Sanitation- Contamination risk is less

Nutrient e Distribution- vary with quality of soil e Distribution- Nutrition supply is ensured at the root zone. Monitoring and
eUtilization Efficiency- Good additional handling skill is required
e Utilization Efficiency- No leaching and hence nutrients are uniformly distributed
Water Use o Efficiency- Susceptible to soil conditions o Efficiency- supply of water is controlled via sensors

eSalinity- Build-up of salt
Management e Labour and Equipment- Needed for ploughing and
harvesting

Salinity- Salt flushing makes more water requirement
Labour and Equipment- Skilled individual and costly equipment are needed
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Soilless culture can help accurately control the root environment, improving production and quality (Table 1).

1.1.1. Soilless methods for producing potato mini tubers

Utilizing a technique known as clonal multiplication, which involves repeatedly propagating a sample free of diseases, is the
traditional approach to producing mini tubers (also known as pre-basic seed potatoes). Unfortunately, this method of producing potato
seeds is time-consuming, costly, and ineffective at preventing or reducing the development of diseases in later generations [17].
Micropropagation with in vitro multiplication, either through plantlet regeneration or micro tuber formation, is a superior substitute to
clonal multiplication [18,19]. Stem cuttings, tissue culture, and—more recently—hydroponics are used in micropropagation. This
enables year-round production of pathogen-free micro tubers in large quantities. Similarly, mini tubers are produced in a controlled
environment with the help of soilless substrates, beds, containers, and nutrient solutions (hydroponics). Fig. 1 contrasts the various
mini tuber seed production processes.

1.2. Hydroponics systems: types and operational mode

Hydroponics is a soilless agri-production system widely suitable for the cultivation of greenhouse crops. Hydroponics is one of the
rapidly growing fields in agriculture and could be the alternate choice for sustainable agriculture. The world’s population is growing
faster than ever before, and this has led to the development of hydroponics, a potential method of growing vegetables without soil in
cities. Controlled conditions, nutrient substrate and solid support pave the way for the development of hydroponics systems across the
world, even in agro-climatic zones.

Commercial firms have recently cantered their efforts on hydroponics, which has risen fivefold in the last decade and has a global
market value of up to $8 billion US dollars [20]. According to estimates, the global hydroponics sector is predicted to reach $17.9
billion by 2026 [21]. Environmental parameters such as dissolved oxygen, nutrient concentration, pH, and temperature typically affect
the growth of hydroponic culturing plants; hence, sensors are necessary to monitor real-time measurements. Electrical conductivity
sensors may be used to monitor nutrient concentrations because an increase in ionized nutrient content increases electric current [22].
Numerous crops have been produced via the hydroponic system in developed countries to fulfil customer demands. Researchers are
concentrating their efforts on whole-plant potato physiology to optimize massive hydroponic systems used for commercial mini-tuber
production, easing the gathering of physiological and anatomical samples for study.

Hydroponic systems may be closed or open depending on the growth medium used and the mechanism of nutrient circulation.
Closed hydroponic systems do not need a growth medium. However, nutrient imbalances may occur in this system as time progresses if
not maintained appropriately [23]. Thus, hydroponic nutrient solutions must be examined regularly, which makes them challenging to
manage due to the varying mineral components. Specifically, in potato cultivation, plants absorb significant potassium (K) amount
from the nutrient solution, resulting in a disproportion in the solution’s potassium content [24]. In contrast, open systems continually
recycle, monitor, and adjust nutrient concentrations.

High multiplication rate

Low labour and land costs

y High tuber size control
- " No substrate sterilization

Initial high investment

Modest multiplication rate

Medium labour and land
costs

Easy harvesting

Substrate utilization
required

“h‘“ Low multiplication rate
y& Clonal -
Multiplication X
Cost effective
Modest multiplication rate Easy handling
High labour and land costs Substrate sterilization

) N required
Highly susceptible to pathogens

Time consuming

No substrate sterilization

Fig. 1. Comparative analysis of various mini tuber seed production processes
Red font represents undesirable characteristics, whilst green font suggests favorable characteristics.
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Multiple types of hydroponic systems vary in the pattern of their water/nutrition supply, among which Deep Water Culture, Wick
System, Ebb and Flow (or Flood and Drain), Nutrient Film Technique (NFT), and Drip System are the most popular hydroponics
systems (Fig. 2). Aeroponics is a more sophisticated hydroponic technique described later in this review. Table 2 comprises of the
studies on potato mini-tuber cultivation using different hydroponic cultivation techniques.

1.2.1. Wick system hydroponics

For indoor hydroponics, the wick method is the most straightforward. The system is passive, and since it lacks a water pump, it is
regarded as a self-feeding system (Fig. 2a) [36]. With the aid of a wick (usually nylon), the nutrient solution from the reservoir is
transported into the growth media via capillary action. Wick hydroponics was used by Kim et al. [25] to examine how the number of
wicks affected seed potato development and yield. The investigation’s primary objective was to compare the growth of two types of
wicks i.e., horizontal and vertical and also to determine the optimum wick number best for producing ‘Dejima’ seed potatoes (Solanum
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Fig. 2. Types of hydroponic systems (2a:Wick system, 2b: Drip system, 2c: Ebb-and-flow system, 2d: Deep water cultivation (DWC) system, 2e:
Nutrient film technique (NFT) system, 2f: Aeroponic system).



Table 2
Studies on potato mini-tuber cultivation using different hydroponic cultivation techniques.
Hydroponic Cultivars System specific condition Harvesting time (days) =~ Number of Tuber fresh Remarks Reference
Technique minitubers/ weight (g)
plants
Wick system Dejima 8 horizontal wicks 92 8.71 385 Horizontal wicks were observed showing better seed potato ~ [25]
growth than vertical wick
Wick system Dejima 8 wick/Multicote treatment (100 g/ 90 3.25 38.2 - [26]
box)
Drip system Spunta, lady - ~107 7 20 Aeroponic system provided higher productivity and also [27]
rosetta and less cost of tuber production per meter square
Hermes
Aeroponic Spunta, lady - ~107 18 25
rosetta and
Hermes
Deep-water Atlantic - 920 63.8 222 g/plant Deep-water culture was observed producing the highest [28]
cultivation Superior - 90 - 197 g/plant number of small tubers compared to the aeroponic and
hydroaeroponic system
Nutrient Film Monalisa Single harvest 920 18.98 25.07 Number of tuber/plant were observed to be 147% higherin  [29]
Technique NFT system as compared to bed and pot systems.
Nutrient Film Castrum - 120 7.5 — NFT system had a high number of tuber number and tuber [30]
Technique weight per plant
Aeroponics Hermes 25 plants/m? plant density 135 days with multiple ~ 22.7 3-8 The aeroponics system produced two to five times more [14]
Sante harvests involved 25.7 3-8 tubers per plant than the conventional system.
Aeroponic Agata & Monalisa ~ Observations of both cultivars were ~120 days with 49.3 6.8 Aeroponic system exhibited the best results and Monalisa [31]
taken as average in a hydroponic multiple harvests cultivar showed higher fresh mass and diameter than the
system involved Agata cultivar
Nutrient Film Agata & Monalisa ~ Observations of both cultivars were ~120 days with 39.5 6.2
Technique taken as average in a hydroponic multiple harvests
system involved
Aeroponic Agata - 95 days 46.9 - Aeroponic system exhibited the best results [32]
Nutrient Fim Agata - 95 days 34.8 -
Technique
Aeroponic Agata 2.2 dSem™! electrical conductivity 95 days 33 Planting density and electrical conductivity of the solution [33]
of the nutrient solution showed significant effects on seed potato production
Asterix 2.1 dSem ! electrical conductivity 95 days 20.4
of the nutrient solution
Aeroponic Desiree - 49 15.55 5.32 Aeroponic system produced 4.08 and 1.29 times higher [34]
Kenebbec - 49 11.99 7.61 mini-tubers than the substrate and combination system
Agria - 49 10.70 8.97
Cleopatra - 49 10.52 6.36
Sinora - 49 10.66 4.83
Aeroponic Kachpotl 24 plantlet/m? plant density ~150 22 - Aeroponic production was observed producing 8.5 times the [35]
Victoria 24 plantlet/m? plant density ~150 23.2 - mini-tubers than the conventional system
Ugandall 24 plantlet/m? plant density ~150 41.5 -
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tuberosum L.). The growing medium used in that study was a 1:2 perlite and peat moss mixture. In a prior optimization of growth
medium in wick system, Kim et al. [37] found the perlite and peatmoss system to be the most suitable. Two to ten wicks were placed
horizontally via holes in the polystyrene box’s base and six wicks were placed vertically. However, six horizontal wick generated more
tubers per plant than the six vertical ones, and the average tuber weight dropped. But, by increasing the wick count to eight, the
average tuber weight increased. The results suggested that eight wick per box was optimum for the production of ‘Dejima’ seed po-
tatoes. In a study conducted by Kang and Han [26], ‘Dejima’ seed potatoes were grown in a wick hydroponic system, where the effect of
nutrient solution, NPK fertilizer and control released fertilizers such as osmocote, multicote and Magamp K was tested on the pro-
duction of seed potato. The number of tubers per plant was observed to be the highest (3.25 tubers/plant) in Multicote (100 g/box)
treatment, whereas the highest average tuber (38.4 g/tuber) was observed in the nutrient solution treated plants. In a wick hydroponic
system, the yield of potato plug seedlings was studied by Kang [38]. Commercial growing mixtures such as Jeju scoria + cocopeat, Jeju
scoria + perlite, perlite + cocopeat (1:1 or 1:2, v/v), perlite + peat moss, and perlite + peat moss were used to make nine different types
of growing media. Among the media studied, the findings indicated that perlite + peat moss (1:2) and Jeju scoria + peat moss (1:2)
were the most suitable for seed tuber development and growth using a wick culture technique.

The prime factors for considering this hydroponics approach include operation without the involvement of pumps, electricity, or
aerators with low maintenance. Furthermore, because it doesn’t rely on electricity for the transportation of nutrients, it can be used in
places where electricity is a major concern [39]. The Wick system is appropriate for herbs, small plants and spices [23].

Even though the wick system is simple and affordable, nutrient recycling is impossible since water is transported to the plants by
capillary action, either by open or closed circulation [39]. Limited oxygen access, slower growth rate, and easily prone to algal growth
are the significant limitations to using this system in a wide range of commercial applications. Moreover, the system is suitable only for
small-scale crops with extensive periods that cannot be cultivated [20]. Similarly, many plants may consume the nutrient solution
before replenishing it with the wicks. So, cultivating plants that require a high amount of water is tedious [23].

1.2.2. Drip system hydroponics

Drip system hydroponics uses pipes, hoses, and a growing media to provide regular nutrition and watering (Fig. 2b). This tech-
nology is like drip irrigation in soil gardening, gaining popularity and becoming the industry standard in hot and dry locations. Long
pipes and hoses irrigate crops, save water, and decrease evaporation. Using an automated timer, a pump distributes water or fertilizer
solution to individual plants or pots [40]. Presently, Big Data and IoT (Internet of Things) are employed in smart farming to modernize
conventional agricultural farming to conserve nutrients and water. Sensors could help in monitoring the parameters such as tem-
perature and soil moisture. Kumari [41] examined the effect of drip irrigation on potato (Solanum tuberosum L.) water consumption
efficiency, leaf area maximization, and yield. That research evaluated the efficacy of a tangible way of repeated water delivery by the
drip irrigation system. Frequent watering with water ensured efficient water usage and minimized system water loss. Leaf area and
yield were considerably more remarkable in this system. In a recent conducted by Bakr et al. [27], a comparison between drip hy-
droponic and aeroponic and optimization of water productivity was done in potato mini-tuber production. The aeroponic system was
observed to be better in yield productivity of mini-tubers than the drip cultivation. A drip hydroponic system designed by Kusnierek
et al. [3] resulted in the production of ~300% higher potato tuber than the conventional system. The mineral composition of hy-
droponically grown potatoes was found to be similar to the ones grown in the field and their finding also suggested the potential of drip
hydroponics in biofortification of food crops.

The significant advantage of this method is less water consumption. A drip system can survive equipment failures and short-term
power. Moisture levels can be easily controlled in a drip system. Enough oxygen transfer favors crop cultivation in soil and hydroponic
systems [39]. Recirculation of excess nutrients is also possible in this system. Crops like cucumbers grow very well in the drip irrigation
system. Similarly, superior tomatoes and peppers typically grow higher in the drip system when compared to other systems because
they provide enough stability [42]. The major limitation of the drip system includes being easily prone to algal growth and clogging, so
regular cleaning is mandatory.

1.2.3. Ebb and flow (or flood and drain) hydroponics system

It is considered a more popular system in which plants are kept in large grow beds, usually filled with growing medium. A pump
generally coupled to a timer is used to accomplish this (Fig. 2c). The timer regulates the flow of nutrient solutions in the environment. If
the timer puts the pump on, it allows the nutrient solution in the growth tray, and if it shuts off, it pumps the nutrient solution back into
the reservoir. In this approach, one must rinse roots often for brief intervals. So, it is unnecessary to endure extended exposure to the
water, and they may remain wet, ensuring they can breathe. Nevertheless, continual observation is necessary to monitor water flow to
the system. Son et al. [43] analyzed the existing sub-irrigation systems for potted plants. Their study compared a diverse experimental
setup, such as a wick system with the nutrient-flow and nutrient-stagnant wick system, with the Ebb and flow method. While the water
content of the medium under the nutrient-stagnant system gradually climbed to over 40% without fluctuation, the water content under
the nutrient-flow and ebb & flow systems showed fluctuations from 30 to 40% and from 50 to 60% (by volume), respectively. The
evaporation rate was 50-70 % less in the nutrient wick when compared with other systems. No studies in literature were observed
where ebb and flow hydroponic system was used for potato seed production.

The ebb and flow system is affordable, enhances nutrient recirculation, and requires low maintenance. It is the preferred choice for
growing celery and melons. The primary limitations include the formation of root rot and crop loss due to technical failure. In addition,
it is easily prone to algal growth. In order to overcome this, the system can be improved, and the filtration unit can be incorporated
[44].
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1.2.4. Deep water cultivation (DWC) hydroponics system

DWC is a modified hydroponic system with an air stone, reservoir, air pump, tubing, and floating platform [45]. This system in-
cludes a tank (generally called a grow tank) containing the nutrient solution and a pump to supply oxygen to the roots (Fig. 2d). In the
presence of an air pump, more plants can be cultivated in a single grow tank. Plant roots usually float in nutritional solutions for water,
oxygen, and nutrients [46]. Oxygen, pH, and fertilizer levels must be monitored to optimize salinity [47].

Fong and Ulrich [48] first conducted a deep water cultivation study on potato cultivation. In their study, seedlings were collected
from certified white rose tubers and subjected to drying overnight before plantation 1 inch deep in flats containing alveolate. It was
given a nutritional solution without potassium (K). Seedlings of uniform size were selected and transplanted outside in five-gallon pots
containing 20 L of solution. The plant development was somewhat reduced in the potassium-deficient feed media. Meanwhile, adding
potassium to the nutrition solution increased plant growth. The water culture approach proved effectiveness in studying potassium
shortage symptoms in potato plants.

Chang et al. [28] performed a comparison of potato seed tubers production in three different hydroponic systems, i.e. aeroponic
(discussed later), aerohydroponic and deep-water culture. The aerohydroponic system was designed by maintaining the contact of the
root to the nutrient solution in lower bed part while spraying the upper root part intermittently. The deep-water cultivation system
showed a delayed tuberization in comparison to aeroponic and aerohydroponic cultivation. The deep water culture was observed
producing the highest number of tubers but the total tuber weight/plant was least among the three. In their conclusion, it was stated
that small tubers (1-5 g) for plant propagation can be produced using the deep water culture.

The system is reliable and cheap, and an air pump uninterruptedly supplies oxygen to the crop root zone. A simple experimental
setup in plastic boxes, glass basins, ice boxes, and fish ponds is enough for crop cultivation. Deep water cultivation is best suited for
producing cherry tomatoes, cucumber, Chinese cabbage, lettuce, spinach, and radish [49]. However, crop cultivation using this
method has not been commercialized extensively because of a few limitations, such as contact area between air and water and oxygen
transfer efficiency [50]. Moreover, a few parameters, such as concentration of the nutrients and oxygen, salinity, and pH, must be
critically monitored to evade algal and mold growth in the reservoir [23].

1.2.5. Nutrient film technique (NFT) hydroponics system

NFT technique requires only a thin layer of solution at the bottom of a deep tank (a “film” in actuality; Fig. 2e). Consequently, the
lower half of the roots will receive food and water, while the upper half will be allowed to breathe [51]. This technique is used when
plants respond by producing roots that reach the film and then extend horizontally when it is initially produced. This system exposes
the root surface to the air during nutrient solution circulation. The pump is generally in mode to monitor the nutrient solution
constantly [47].

In a study conducted by Corréa et al. [29], the researchers compared the potato seed tuber production of Monalisa and Agata
cultivars in NFT with traditional beds and pots methods. In terms of tubers/plant number in single and staggered harvest, the NFT
system performed better statistically. In a single harvest the number of tubers in hydroponically grown seed potato plants was 147%
higher than the bed and pot systems. Even in the staggered harvest, an increase of 286% in tubers was observed in the hydroponic
plants as compared to the ones grown in beds NFT was used to examine the yield of potatoes [52]. “Denali and Norland” potato
cultivars were grown in polyvinyl chloride trays using continuous flow nutrition film. Nutrient solution pH was automatically
maintained, and water was manually added daily, while nutrients were supplied twice a week. Each tray had one or two 112-day
plants. As a result, Denali plant trays produced 2850 and 2800 g of fresh tuber weight, respectively. Tican [30] compared
mini-tuber development in two industrial substrates (perlite and expanded clay) and two hydroponic systems (wilma and NFT). The
NFT was observed having positive results in terms of minituberization, mini-tuber number and weight. Medeiros et al. [53] conducted
an experimental study using different NFT systems to produce seed tubers and highlighted the significant advantages and drawbacks.
The first method dealt with the aid of deep channels of 6 cm, roofing with asbestos made of polyethylene membrane, spaced each other
by 18 cm, and placed on a wooden platform with a slope of 4%. The second method was the same as the previous method, with asbestos
roofing overlapped with PVC channels. These two strategies were tested for the potato growth of pre-basic seeds. The study revealed
that a greater multiplication rate was achieved by this technique when compared with other methods.

The NFT hydroponic system enhances the recirculation of excess solution of nutrients and aids in the proper oxygen supply. Also, it
is economical since it can be organized in multilevel, matrix farming, and vertical orientation. In addition, it minimizes land usage,
labor and fertilizers compared to other systems. Water consumption is also very minimal, and it is climate resistant. It is most suitable
for smaller and fast-growing plants such as lettuce [54] and is the most preferred technique for the cultivation of tomatoes. Blueberries,
strawberries, and melons can be cultivated in NFT since it provides an ideal environment. Herbal plants like chives prone to drought
stress can be cultivated better in NFT. Despite the fact that NFT is one of the most widely used hydroponics techniques, a lot of studies
are concerned that exposing tuber roots to an excessive amount of salt from the nutrition may harm their periderm tissue. Thus,
aeroponics has been promoted and applied in an effort to boost productivity.

2. Aeroponics: a modified version of hydroponics to grow mini tubers

Plants produced by aeroponics thrive in an air or thick fog environment (Fig. 2f). It involves spraying a nutrient-rich water solution
onto the plant’s hanging roots [55]. Lower stems occur in a closed or semi-closed environment using a high-pressure sprayer with a
micro inject nozzle and an electronic timer [56]. It provides highly oxygenated nutrients to the plants. However, it is essential to
customize the misting cycles for plants since their roots are exposed to the air and will dry rapidly. In addition, outside temperatures
can easily affect the mist and make the system more challenging to operate in frigid conditions [57]. Several countries (including South
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Korea, New Zealand, China, Africa, Spain, and Latin America) have used aeroponics to grow mass amounts of potato mini-tubers.
Aeroponics started with complicated equipment and relatively low yields, but by 2006, the International Potato Center (CIP) had
improved the yields and made aeroponics work in developing countries [58]. Aeroponics is the future of soil-free agriculture. Growing
tubers and rhizomes in an aeroponic system have the potential to be more profitable than growing them in a hydroponic or soil system.
Mini-tubers cultivated aeroponically are also harvested differently than those grown conventionally. The fundamental distinction is in
the sequential harvests of aeroponic plants. There is only one final harvest in the conventional system, while depending on the cultivar,
up to ten or more harvests are possible using aeroponics.

A competent aeroponics system may produce 100 tubers per plant [59,60]. Aeroponics is the most popular hydroponics system in
the world. Its application in tropical regions such as Brazil has attracted much attention since it improved the production of virus-free
seed potatoes [33]. This approach is the most popular alternative for potato seed growing in the highlands; nevertheless, in the
lowlands, implementation is one of the most significant restrictions due to high temperature, which affects the commencement and
growth of the tuber. Sumarni et al. [61] conducted a complex investigation on the cultivation of potatoes utilizing aeroponics and the
root zone cooling method in the lowlands. Approximately 579 tubers per square meter and a height of 115 m above sea level were
recorded at 10 °C using this method [62]. In a study by Brocic et al. [34], five virus-free potato cultivars were grown using a substrate
system, an aeroponic system, and a combination of the two systems. Mini tubers output by plants cultivated in an aeroponic system was
4.08 times higher than the substrate system and 1.29 times higher than the combination system, with the 16-19 °C optimum for initial
growth and 18-22 °C for filling. Caligkan et al. [14] in their evaluation of mini tuber production of three different cultivars in con-
ventional and aeroponic systems found the number of tubers per plant higher in aeroponic cultivation as compared The plant density
was observed to be playing a major role in the tuber production, where with increasing plant density in aeroponic system, the number
of tubers/plant was observed to reducing. The 200 plants/m? plant density showed a mean tuber number in a range of 9.6-16.8 in
three cultivars in two different cycles of plant growth, whereas 25-50 plants/m? density showed 14.0-25.7 mean tuber number.

In a comparison between three hydroponic systems, i.e., aeroponic, deep flow technique and NFT, for the production of potato
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Fig. 3. Feasibility of aeroponics farming to support potato cultivation irrespective of agroecosystem.
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mini-tubers by Factor et al. [31], the aeroponic system was observed to be producing the highest mini-tubers per plant (49.3/plant) as
compared to the deep flow technique (41.6/plant) and NFT (39.5/plant). However, the hydroponic system did not appear to have any
effect on the longitudinal diameters or fresh weights of the tubers. In a further study by Factor et al. [32], the same observations were
made where the aeroponic system was observed showing best results among the three types of hydroponic systems.

In Uganda, Kakuhenzire et al. [35] found that aeroponics increased potato mini tuber output by 8.5 times than the conventional
cultivation. Small tubers per plant determined multiplication rates. Low plantlet density resulted in high mini-tuber output. In another
study, Calori et al. [33] studied the role of electrical conductivity (EC) on nutrient intake and growth of Agata and Asterix potato
varieties. Potato seedlings were seeded in phenolic foam and then aeroponically. To follow tuber initiations, air temperature, growth
cycle, shoot development, and mini tuber output of both cultivars during different seasons, electrical conductivities (1, 2, 3, and 4 dS
m ') and planting densities (25, 44, 66, and 100 plants m~2) were evaluated. Both cultivars had optimal ECs below 2.1 and 1.7 dSm ™},
respectively. The selected cultivars responded economically at 100 plants m 2. Several African nations also employed aeroponics to
develop potato micro tubers [63]. It produces more flavonoids, phenolics, and antioxidants than soil cultivation and minimizes the
amount of water potato plants need and ensures they get enough oxygen [64,65].

Aeroponics farming requires less water and no soil, so it is a prudent option for promoting mini tuber production in challenging
potato cultivation environments, such as deserts, cold steep terrains, and coastal regions. Mini potato tubers grown in an aeroponic
system can either be transported to an adjacent open field, or the technique can be utilized for crop production in hostile environments.
Aeroponics systems don’t need fertile land to be installed, and closer plant spacing is possible. This has led to the emergence of
intriguing ideas about growing crops on space stations, sailing ships, and extraterrestrial colonies (Fig. 3). Recently, Klarin et al. [66]
presented an intriguing design for a marine aeroponic infrastructure that can enable the production of mini tubers on huge ships
utilizing solar and wind power. Aeroponics-based crop production in interplanetary colonies or space stations may soon be the subject
of enthralling research projects [67]. However, the technology is still in its infancy and has room for development. The system still
requires a good environment and appropriate techniques, and hence more elaborative research is warranted. For example:

e Optimizing nutrition solutions for various potato cultivars.
o Identifying the local nutrient source to reduce input costs.
e Cost-benefit analysis to determine the practicality of aeroponics systems for the generation of mini tubers in developing nations

Nevertheless, aeroponics can become a technology that contributes to global food security with adequate planning, research
funding, and the incorporation of advancements (described in the following section).

2.1. Technological advancements in hydroponics

Industrialization is changing the face of agricultural advancements just as it does to the rest of society. As a result of hydroponics
technology, it is possible to produce food crops in harsh environments such as hilly areas too high to cultivate, concrete school
playgrounds, and arctic settlements. Beyond staple crops and vegetables, hydroponics may also produce specialty crops like salad
leaves, spices, and ornamental plants in urban locations where land prices have replaced conventional farming [68]. Artificial lighting,
agricultural plastics, and pest and disease-resistant cultivars will enhance crop yields and cut production unit costs. Rahman et al. [69]
examined the effects of artificial LED light on potato pre-basic seed tuber production in their study. In their observations, the red + far
red light combination was seen to enhance the overall potato plant growth. Different artificial light combinations positively affected
the number of seed tubers, fresh tuber weight, photosynthetic pigment accumulation, carbohydrate and sucrose content. Different
studies have confirmed the positive influence of using artificial light in hydroponic and aeroponic potato mini-tuber production, which
can be harnessed for better yield and cost reduction by optimization of these systems [69-72]. Waste heat from industry and power
plants is now used in hydroponic greenhouses as an emerging trend to enhance energy efficiency [73].

Since the hydroponics system utilizes only water and nutrient solution without the involvement of soil, any failure or problem in
the nutrient distribution, water pump, or nozzle clogging will lead to rapid death of the growing plants. Special attention is required to
ensure real-time monitoring of the growth and development of the plant. As described below, hydroponic systems may benefit from
including a few new features (Fig. 3).

2.1.1. Sensors and artificial intelligence (AI) for real-time monitoring

Precision agriculture, a newer concept known as smart agriculture, uses cyber-physical techniques to combine information and
communication technology (ICT) in all phases of the farm management cycle [74]. Sensors and data analysis tools can be used
throughout the culture for real-time plant growth monitoring. Robots using position-based visual feedback could improve smart
hydroponic farming [75]. Smart hydroponics might help find the best way to grow a plant by combining hardware setup with a
software tool replicating the plant’s growth trajectory [56]. Nutrient and light sensors are now used in artificial intelligence
(AI)-assisted hydroponics [76]. One can gather information via sensors installed in the gadget to gather data—for example, shifts in
temperature, humidity, and light intensity. When the AI computer visualizes the developing plant’s colors, it identifies the parameters
to be executed, like providing nutrients to the soil based on the specific colors upon recognition.

The parameters of hydroponic solutions may be self-calibrated and managed using machine-learning algorithms based on sensor
data [77]. The Al system directly delivers the nutrient solution, water, and light to plant roots using sensors. However, as sensor
technology develops, more data is being created, making it challenging to utilize them correctly.
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2.1.2. Nanoparticles

Nanoparticles (NPs) are used in agriculture to increase nutrient management and crop production. Due to their large surface area
and relevant reactivity, NPs offer the plant readily accessible nutrients by enhancing the soluble and available forms of nutrients [78].
Precipitation and insolubilization processes are often related to bulk fertilizers. The use of nanoparticles as a delivery mechanism
promises to be significantly more efficient than current approaches [79-81]. Nanoparticles have been shown to alter critical responses
in plants, such as germination, seedling vigor, root development, and photosynthesis [82,83]. Additionally, several studies revealed
that nanoparticles might provide plants with a better defense against oxidative stress since these particles can imitate antioxidant
enzymes, viz., superoxide dismutase, catalase, and peroxidase [84]. It has been shown that nanoparticles can be used to reduce the
impacts of temperature, salt, and drought stress on plants by enhancing their tolerance to these stresses [85].

Benefits arising from this technology are relevant not only for soil but also for soilless systems. Nanoparticles were utilized in
hydroponics systems to accelerate the development of various plants such as spinach and tomato [86]. The introduction of nano-
particles produced promising plant growth and disease resistance outcomes. In a study conducted by Homaee and Ehsanpour [87], the
effects of silver nanoparticles (AgNPs) or silver nitrate (AgNO3) on in vitro culture of potato plants were investigated. It was observed
that growth parameters, such as leaf area, root length, shoot dry weight, and root dry weight, increased in the plants treated with
AgNO3 and AgNPs. Plants treated with AgNO3; or AgNPs at two mg/L had significantly more chlorophyll than control plants. All in-
dicators exhibited substantial growth and pigment differences treated with nanoparticles except for shoot length.

Since nanotechnology is still in its infancy, close attention needs to be paid to the toxicity and trophic transmission of nanoparticles
in our surroundings. To wrap things up on a bright note, recent studies have found that potatoes have far more nano Iron, Calcium, and
Zinc than they did a few years ago. This can result in lower rates of disorders such as iron deficiency anemia in less economically
developed nations. Recent interest has been focused on Engineered Nanoparticles because of their diminutive size [88]. Silicon (Si)
increased crop output when foliar-sprayed as nanoparticles under varied conditions, including salinity [89], toxic heavy metals [90],
and drought [91]. In a study by Saadian et al. [92], nano and ionized Si derived from sodium silicate were examined at concentrations
ranging from 0.8 to 3.2 mmol Si L™, In that investigation, 3.2 mmol Si L™ was determined to be the ideal concentration. In com-
parison with treatments employing ionized Si, nanoparticle Si yielded superior results. The application significantly increased
photosynthetic and biochemical indices. Additionally, it improved water use efficiency.

2.1.3. Plant growth-promoting rhizobacteria (PGPR)

PGPR are bacteria that may enter plant roots after being injected onto the seed and stimulate plant development. They inhabit
rhizospheres and rhizoplanes in nature. PGPR enhance the bioavailability of mineral nutrients in the rhizosphere by stimulating a
variety of processes such as atmospheric N fixation, P solubilization, and siderophores production for Fe3* chelation [93-96]. It can
act as a biocontrol agent and a nutrient-fixing organism. Therefore, adapting such microbes to a hydroponics system can potentially
boost productivity and reduce the cost of nutrients in the case of potato mini tuber.

Several beneficiary microorganisms were reported for the plant’s growth in the hydroponics system. Results revealed that sig-
nificant differences occur upon treatments with plant growth-promoting bacteria. Table 3 highlights the beneficiary microorganisms
used for plant growth in a hydroponic system.

3. Conclusion and perspective

Mini tuber production is a standard technique for propagating or acclimating in vitro material before its application in the field.
Traditional methods (soil-based) of cultivation need more heightened monitoring and micromanagement. Low mini tuber multipli-
cation rates are a further disadvantage of this production method. In recent years, hydroponic systems have emerged as incredibly
successful approaches to raising potato mini tubers. Very high rates of tuber multiplication, no concerns of tuber contamination by soil
pathogens, and reduced frequency of physiological disorders are only a few of the many benefits connected with hydroponics in
producing mini tubers. The nutrient film technique, deep flow cultivation, and recently, aeroponics are being exploited for growing
potatoes. Although aeroponics resulted in a significant increase in tuber yield relative to other methods now in use, additional work is
required to refine the technology and promote its widespread adoption. It includes the development of protocols for location-specific
cultivars, the examination of correlations between production components, and the standardization of plant densities, harvest

Table 3

Beneficial microorganisms and the host plant interaction in a hydroponics system.
Microorganism Host Plant References
Genus Species
Bacillus cereus, amyloliquefacians, thuringiensis, subtilis Carnation, bean, chickpea, lettuce, peppers, [97-102]

cucumber, potato, tomato, and radish
Pseudomonas aureofaciens, aeruginosa, corrugate, chlororaphis, fulva, fluorescens, putida, Chrysanthemum, tomato carrot, lettuce, cucumber, [103-110]
oligandrum, syringae marginalis, plecoglossicida, pepper,

Streptomyces  griseoviridis Tomato and cucumber [111,112]
Enterobacter aerogenes Cucumber [113]
Trichoderma atroviride, virens, asperellum, harzianum. Cotton, bean, maize, cucumber, and rice [114,115]
Gliocladium catenulatum Tomato and cucumber [116]
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frequency, and harvest intervals.

To produce mini tubers via hydroponics systems, periodic monitoring of the pH and nutrient levels is necessary. Even though a
variety of methods aid in the production of mini tubers, more sophisticated and cutting-edge methods to monitor potato crops in real-
time could be used. Nowadays, most people prefer it, but few farmers have access to such technology. Furthermore, the state of the art
in hydroponics may undergo significant changes as a result of PGPR and nanotechnology for improved nutrient absorption by mini
tubers, making it more sophisticated and sustainable. The whole concept of farming is evolving. It can be hypothesized that these
technological advancements in aeroponics and hydroponics will present countless opportunities to increase food security, particularly
important for farmers who usually farm less than 2 ha of land. Developing such sophisticated soil-less farming has, therefore, allowed
for a wide variety of research, raising expectations that can help nourishing the next generations. It should be no surprise that the
hydroponics/aeroponic system is the most promising method for mass-producing mini tubers in any environment that humans can
access, i.e., land, water, or space.

CRediT authorship contribution statement

Sasireka Rajendran: Writing — original draft, Conceptualization. Tenzing Domalachenpa: Writing — original draft, Conceptu-
alization. Himanshu Arora: Writing — review & editing. Pai Li: Visualization, Software. Abhishek Sharma: Writing — review &
editing, Supervision, Methodology, Conceptualization. Gaurav Rajauria: Writing — review & editing, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgement
The corresponding author would like to thank Founder President, Amity University for his consistent support and motivation.

References

[1] T. Woznicki, P.J. Mgllerhagen, P. Heltoft, K. Kusnierek, Growing potatoes (Solanum tuberosum 1.) hydroponically in wood fiber—a preliminary case-study
report, Agronomy 11 (2021) 1369.
[2] I.A. Lakhiar, J. Gao, T.N. Syed, F.A. Chandio, N.A. Buttar, Modern plant cultivation technologies in agriculture under controlled environment: a review on
aeroponics, J. Plant Interact. 13 (2018) 338-352.
[3] K. Kusnierek, P. Heltoft, P.J. Mgllerhagen, T. Woznicki, Hydroponic potato production in wood fiber for food security, NPJ Sci. Food 7 (2023) 24.
[4] H. Campos, O. Ortiz, The Potato Crop: its Agricultural, Nutritional and Social Contribution to Humankind, Springer Nature, 2020.
[5] S. de Haan, F. Rodriguez, Potato origin and production, in: Advances in Potato Chemistry and Technology, Elsevier, 2016, pp. 1-32.
[6] B.J. Reddy, R. Mandal, M. Chakroborty, L. Hijam, P. Dutta, A review on potato (Solanum tuberosum L.) and its genetic diversity, Int. J. Gen., ISSN (2018)
975-2862.
[7] M. Sharma, B.S. Khadda, Evaluation of biozyme granule and liquid formulation application on tuber yield and related characters in potato, J. Krishi Vigyan 11
(2023) 145-149.
[8] B. Wasilewska-Nascimento, D. Boguszewska-Mankowska, K. Zarzynska, Challenges in the production of high-quality seed potatoes (Solanum tuberosum L.) in
the tropics and subtropics, Agronomy 10 (2020) 260.
M. Hajiaghaei Kamrani, The effects of physicochemical properties of hydroponic substrates on the uptake of macronutrients in potato shoot, root and
minitubers, J. Plant Nutr. 44 (2021) 2476-2485.
[10] M. Hajiaghaei Kamrani, A. Rahimi Chegeni, H. Hosseinniya, Effects of different growing media on yield and growth parameters of potato minitubers (Solanum
tuberosum L.), Commun. Soil Sci. Plant Anal. 50 (2019) 1838-1853.
[11] K. Negash, Rapid multiplication techniques (RMTs): a tool for the production of quality seed potato (Solanum tuberosum L.) in Ethiopia, Asian J. Crop Sci. 6
(2014) 176-185.
[12] N.S. Gruda, Increasing sustainability of growing media constituents and stand-alone substrates in soilless culture systems, Agronomy 9 (2019) 298.
[13] V. Paul, T. Buckseth, R.K. Singh, G. Ravichandran, M.K. Lal, B. Singh, J.K. Tiwari, Alternative methods of seed potato (Solanum tuberosum) production: Indian
perspective—a review, Current Horticulture 10 (2022) 3-11.
[14] M.E. Caliskan, C. Yavuz, A.K. Yagiz, U. Demirel, S. Caliskan, Comparison of aeroponics and conventional potato mini tuber production systems at different
plant densities, Potato Res. 64 (2021) 41-53.
[15] P. Sambo, C. Nicoletto, A. Giro, Y. Pii, F. Valentinuzzi, T. Mimmo, P. Lugli, G. Orzes, F. Mazzetto, S. Astolfi, Hydroponic solutions for soilless production
systems: issues and opportunities in a smart agriculture perspective, Front. Plant Sci. 10 (2019) 923.
[16] M. Gonnella, M. Renna, The Evolution of soilless systems towards ecological sustainability in the perspective of a circular economy. Is it really the opposite of
organic agriculture? Agronomy 11 (2021) 950.
[17] T. Buckseth, A.K. Sharma, K.K. Pandey, B.P. Singh, R. Muthuraj, Methods of pre-basic seed potato production with special reference to aeroponics—a review,
Sci. Hortic. 204 (2016) 79-87.
[18] K. Mamiya, K. Tanabe, N. Onishi, Production of potato (Solanum tuberosum L.) microtubers using plastic culture bags, Plant Biotechnol. 37 (2020) 233-238.
[19] J.R. Mateus-Rodriguez, S. de Haan, J.L. Andrade-Piedra, L. Maldonado, G. Hareau, I. Barker, C. Chuquillanqui, V. Otaz, R. Frisancho, C. Bastos, Technical and
economic analysis of aeroponics and other systems for potato mini-tuber production in Latin America, Am. J. Potato Res. 90 (2013) 357-368.
[20] S. Lee, J. Lee, Beneficial bacteria and fungi in hydroponic systems: types and characteristics of hydroponic food production methods, Sci. Hortic. 195 (2015)
206-215.
[21] Y.H. Mir, S. Mir, M.A. Ganie, A.M. Shah, U. Majeed, M.H. Chesti, M. Mansoor, L. Irshad, A. Javed, S. Sadiq, Soilless farming: an innovative sustainable approach
in agriculture, Pharm. Innov. 11 (2022) 2663-2675.
[22] M. Bamsey, T. Graham, C. Thompson, A. Berinstain, A. Scott, M. Dixon, Ion-specific nutrient management in closed systems: the necessity for ion-selective
sensors in terrestrial and space-based agriculture and water management systems, Sensors 12 (2012) 13349-13392.
[23] N. Sharma, S. Acharya, K. Kumar, N. Singh, O.P. Chaurasia, Hydroponics as an advanced technique for vegetable production: an overview, J. Soil Water
Conserv. 17 (2018) 364-371.
[24] D.C. Chang, Y.B. Lee, Response of potatoes to different nutrient solution management in a closed hydroponic system, J. Plant Nutr. 39 (2016) 1547-1555.

[9

—

11


http://refhub.elsevier.com/S2405-8440(24)02854-8/sref1
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref1
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref2
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref2
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref3
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref4
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref5
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref6
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref6
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref7
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref7
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref8
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref8
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref9
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref9
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref10
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref10
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref11
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref11
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref12
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref13
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref13
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref14
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref14
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref15
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref15
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref16
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref16
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref17
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref17
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref18
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref19
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref19
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref20
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref20
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref21
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref21
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref22
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref22
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref23
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref23
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref24

S. Rajendran et al. Heliyon 10 (2024) 26823

[25]
[26]
[27]

[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]
[43]

[44]
[45]
[46]
[47]
[48]
[49]
[501]
[51]
[52]

[53]
[54]

[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]

[64]

[65]

[66]
[67]

[68]
[69]

C.-W. Kim, B.-K. Kang, C.-K. Song, S.-J. Park, Y.-K. Kang, Effects of wick number on growth and yield of seed potatoes grown in a wick-based hydroponics,
Korean J. Crop Sci. 54 (2009) 294-298.

B.K. Kang, S.H. Han, Production of seed potato (Solanum tuberosum L.) under the recycling capillary culture system using controlled release fertilizers, J. Jpn.
Soc. Hortic. Sci. 74 (2005).

S.A. Bakr, M.M. Hegazi, Y.A. Mohamed, O.M.A. Beder, Utilization of hydroponic technique for potato mini-tubers production, J. Pharm. Negat. Results 14 (1)
(2023) 1315-1323.

D.C. Chang, C.S. Park, S.Y. Kim, Y.B. Lee, Growth and tuberization of hydroponically grown potatoes, Potato Res. 55 (2012) 69-81.

R.M. Correéa, J.E.B.P. Pinto, C.A.B.P. Pinto, V. Faquin, E.S. Reis, A.B. Monteiro, W.E. Dyer, A comparison of potato seed tuber yields in beds, pots and
hydroponic systems, Sci. Hortic. 116 (2008) 17-20.

A. Tican, Experimenting hydroponic culture systems on different substrates to obtain potato minitubers, Rom. Agric. Res. 35 (2018) 147-153.

T.L. Factor, J.A.C. de Araujo, F.P.C. Kawakami, V. Iunck, Producao de minitubérculos bésicos de batata em trés sistemas hidroponicos, Hortic. Bras. 25 (2007)
82-87.

T.L. Factor, S. Lima Jtnior, H.S. Miranda Filho, J.A.C. de Aratjo, Potential hydroponics systems for seed potato production in tropical conditions, Acta Hortic.
927 (2012) 905-911.

A.H. Calori, T.L. Factor, J.C. Feltran, E.Y. Watanabe, C.C. de Moraes, L.F.V. Purquerio, Electrical conductivity of the nutrient solution and plant density in
aeroponic production of seed potato under tropical conditions (winter/spring), Bragantia 76 (2017) 23-32.

Z. Broc¢i¢, M. Milinkovi¢, I. Momcilovi¢, D. Posti¢, J. Oljaca, B. Veljkovi¢, D. Milosevi¢, Production of potato mini-tubers in the aeroponic growing system,
J. Process. Energy Agric. 22 (2018) 49-52.

R. Kakuhenzire, D. Tibanyendera, I.N. Kashaija, B. Lemaga, G. Kimoone, V.E. Kesiime, V. Otazu, O. Ortiz, I. Barker, Improving minituber production from
tissue-cultured potato plantlets with aeroponic technology in Uganda, Int. J. Agric. Environ. Res. 3 (2017) 3948-3964.

A. Shrestha, B. Dunn, Hydroponics. Oklahoma Cooperative Extension Service, Oklaoma State University, Division of Agricultural Sciences and Natural
Resources, 2013.

C.-W. Kim, C.-K. Song, J.-S. Park, H.-K. Mun, Y.-K. Kang, B.-K. Kang, Effects of medium and planting density on growth and yield of seed potatoes grown in a
wick hydroponic system, Korean J. Crop Sci. 53 (2008) 251-255.

B.-K. Kang, Effects of medium composition on growth and yield of potato plug plantlets under capillary hydroponic system, Hortic. Sci. Technol. 21 (2003)
90-93.

A. Grigas, A. Kemzuraité, D. Steponavicius, Hydroponic devices for green fodder production: a review, in: Proceedings of the International Scientific
Conference “Rural Development,”, 2019, pp. 21-27.

P. Maurya, S. Jain, V. Kumar, B. Kiran, P. Singh, U. Nishad, K. Kothiyal, Vertical farming: an option in modern food production: a review, Int. J. Environ. Clim.
Chang. 13 (2023) 883-893.

S. Kumari, Influence of drip irrigation and mulch on leaf area maximization, water use efficiency and yield of potato (Solanum tuberosum L.), J. Agric. Sci. 4
(2012) 71.

P. George, N. George, Hydroponics-(soilless cultivation of plants) for biodiversity conservation, Int. J. Mod. Trends Eng. Sci 3 (2016) 97-104.

J.E. Son, M.M. Oh, Y.J. Lu, K.S. Kim, G.A. Giacomelli, Nutrient-flow wick culture system for potted plant production: system characteristics and plant growth,
Sci. Hortic. 107 (2006) 392-398.

J. Macwan, D. Pandya, H. Pandya, A. Mankad, Review on soilless method of cultivation: hydroponics, Int. J. Recent Sci. Res. 11 (2020) 37122-37127.
A.A. Stegelmeier, D.M. Rose, B.R. Joris, B.R. Glick, The use of PGPB to promote plant hydroponic growth, Plants 11 (2022) 2783.

M.F. Saaid, N.A.M. Yahya, M.Z.H. Noor, M.S.A.M. Ali, A development of an automatic microcontroller system for Deep Water Culture (DWC), in: 2013 IEEE
9th International Colloquium on Signal Processing and its Applications, IEEE, 2013, pp. 328-332.

D.S. Domingues, H.W. Takahashi, C.A.P. Camara, S.L. Nixdorf, Automated system developed to control pH and concentration of nutrient solution evaluated in
hydroponic lettuce production, Comput. Electron. Agric. 84 (2012) 53-61.

K.H. Fong, A. Ulrich, Growing potato plants by the water culture technique, Am. Potato J. 46 (1969) 269-272.

G.J. Lee, B.G. Kang, T.I. Kim, T.J. Kim, J.H. Kim, Tomato hydroponics in Korea, fruit, veg, Cereal Sci. Biotech. 1 (2007) 104-109.

D. Savvas, G. Gianquinto, Y. Tuzel, N. Gruda, Soilless culture. FAO plant production and protection paper No. 217, in: Good Agricultural Practices for
Greenhouse Vegetable Crops. Principles for Mediterranean Climate Areas, 2013.

P. Megantoro, A. Ma’arif, Nutrient film technique for automatic hydroponic system based on arduino, in: 2020 2nd International Conference on Industrial
Electrical and Electronics (ICIEE), IEEE, 2020, pp. 84-86.

R.M. Wheeler, C.R. Hinkle, C.L. Mackowiak, J.C. Sager, W.M. Knott, Potato growth and yield using nutrient film technique (NFT), Am. Potato J. 67 (1990)
177-187.

C.A.B. Medeiros, A.H. Ziemer, J. Daniels, A.S. Pereira, Producao de sementes pré-bdsicas de batata em sistemas hidroponicos, Hortic. Bras. 20 (2002) 110-114.
D. Touliatos, I.C. Dodd, M. McAinsh, Vertical farming increases lettuce yield per unit area compared to conventional horizontal hydroponics, Food Energy
Secur. 5 (2016) 184-191.

M. Gangopadhyay, A.K. Das, R. Sahu, A. Saha, S. Dey, S. Bandyopadhyay, A. Mitra, Evaluation of growth response for mass production and accumulation of 2-
hydroxy-4-methoxybenzaldehyde in endangered Hemidesmus indicus by an aeroponic system, Ind. Crops Prod. 172 (2021) 114072.

LA. Lakhiar, G. Jianmin, T.N. Syed, F.A. Chandio, N.A. Buttar, W.A. Qureshi, Monitoring and control systems in agriculture using intelligent sensor techniques:
a review of the aeroponic system, J. Sens. (2018) 1-18.

U. Sharma, M. Barupal, N.S. Shekhawat, V. Kataria, Aeroponics for propagation of horticultural plants: an approach for vertical farming, Hortic. Int. J. 2
(2018) 443-444.

V. Otazu, International potato center, Quality Seed Potato Production Using Aeoponics. A Potato Production Manual. Lima Peru (2008) 35.

V. Otazu, Manual on Quality Seed Potato Production Using Aeroponics, International Potato Center, 2010, p. 44.

M.M. Nugaliyadde, H.D.M. De Silva, R. Perera, D. Ariyaratna, U.R. Sangakkara, An aeroponic system for the production of pre-basic seed potato, Annals of the
Sri Lanka Department of Agriculture 7 (2005) 199-208.

E. Sumarni, G.H. Sumartono, S.K. Saptomo, Aplikasi zone cooling pada sistem aeroponik kentang di dataran medium tropika basah, Jurnal Keteknikan
Pertanian 1 (2013).

E. Sumarni, A. Sudarmaji, H. Suhardiyanto, S.K. Saptomo, Produksi benih kentang sistem aeroponik dan root zone cooling dengan pembedaan tekanan pompa
di dataran rendah, J. Agron. Indones. 44 (2016) 299-305.

C. Lung’aho, M. Nyongesa, M.W. Mbiyu, N.M. Ng’ang’a, D.N. Kipkoech, P. Pwaipwai, J. Karinga, Potato (Solanum tuberosum) minituber production using
aeroponics: another arrow in the quiver, in: Proceedings of the 12th Biennial Conference of the Kenya Agricultural, Research Institute, 2010.

S. Chandra, S. Khan, B. Avula, H. Lata, M.H. Yang, M.A. ElSohly, I.A. Khan, Assessment of total phenolic and flavonoid content, antioxidant properties, and
yield of aeroponically and conventionally grown leafy vegetables and fruit crops: a comparative study, Evid. Based Complementary Altern. Med.: eCAM (2014)
253875.

I. Farran, A.M. Mingo-Castel, Potato minituber production using aeroponics: effect of plant density and harvesting intervals, Am. J. Potato Res. 83 (2006)
47-53.

B. Klarin, E. Garafuli¢, N. Vuceti¢, T. Jaksi¢, New and smart approach to aeroponic and seafood production, J. Clean. Prod. 239 (2019) 117665.

K. Janiak, A. Jurga, J. Kuzma, W. Bres, M. Muszynski-Huhajto, Surfactants effect on aeroponics and important mass balances of regenerative life support
system-Lettuce case study, Sci. Total Environ. 718 (2020) 137324.

S. Khan, A. Purohit, N. Vadsaria, Hydroponics: current and future state of the art in farming, J. Plant Nutr. 44 (2020) 1515-1538.

M.H. Rahman, M.J. Islam, M.O.K. Azad, M.S. Rana, B.R. Ryu, Y.-S. Lim, LED Light pre-treatment improves pre-basic seed potato (Solanum tuberosum L. cv.
Golden King) production in the aeroponic system, Agronomy 11 (2021) 1627.

12


http://refhub.elsevier.com/S2405-8440(24)02854-8/sref25
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref25
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref26
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref26
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref27
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref27
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref28
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref29
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref29
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref30
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref31
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref31
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref32
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref32
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref33
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref33
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref34
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref34
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref35
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref35
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref36
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref36
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref37
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref37
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref38
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref38
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref39
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref39
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref40
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref40
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref41
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref41
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref42
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref43
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref43
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref44
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref45
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref46
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref46
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref47
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref47
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref48
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref49
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref50
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref50
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref51
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref51
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref52
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref52
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref53
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref54
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref54
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref55
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref55
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref56
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref56
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref57
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref57
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref58
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref59
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref60
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref60
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref61
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref61
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref62
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref62
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref63
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref63
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref64
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref64
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref64
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref65
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref65
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref66
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref67
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref67
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref68
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref69
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref69

S. Rajendran et al. Heliyon 10 (2024) 26823

[70]
[71]
[72]
[73]

[74]
[75]

[76]
[77]
[78]
[79]

[80]
[81]

[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]

[97]
[98]

[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]

[112]

M. Romanova, E. Khaksar, O. Novikov, N. Leonova, Optimization of light conditions for growing well-improved potatoes in the laboratory, in: IOP Conf Ser
Earth Environ Sci, IOP Publishing, 2019 012025.

E. Sumarni, L. Soesanto, W.H. Purnomo, P. Priswanto, The effect of combination lighting of LED and neon light on the growth and yield of potato seeds on the
production of aeroponic seeds in the tropical highland, Agric. Eng. Int. CIGR J. 21 (2019) 115-120.

L. Chen, K. Zhang, X. Gong, H. Wang, Y. Gao, X. Wang, Z. Zeng, Y. Hu, Effects of different LEDs light spectrum on the growth, leaf anatomy, and chloroplast
ultrastructure of potato plantlets in vitro and minituber production after transplanting in the greenhouse, J. Integr. Agric. 19 (2020) 108-119.

G. Saha, Technological influences on monitoring and automation of the hydroponics system, in: 2021 Innovations in Power and Advanced Computing
Technologies (I-PACT), IEEE, 2021, pp. 1-8.

S. Wolfert, L. Ge, C. Verdouw, M.-J. Bogaardt, Big data in smart farming-a review, Agric. Syst. 153 (2017) 69-80.

A.LL. Maldonado, J.M.M. Reyes, H.F. Breceda, H.R. Fuentes, J.A.V. Contreras, U.L. Maldonado, Automation and Robotics Used in Hydroponic System, Urban
Horticulture-Necessity of the Future, 2019, pp. 1-25. Chapter IntechOpen.

G. Dbritto, S. Hamdare, An Al based system design to develop and monitor a hydroponic farm, in: 2018 International Conference on Smart City and Emerging
Technology (ICSCET), IEEE, 2018, pp. 1-5.

F. Modu, A. Adam, F. Aliyu, A. Mabu, M. Musa, A survey of smart hydroponic systems, Adv. Sci. Technol. Eng. Syst. J. 5 (2020) 233-248.

R. Liu, R. Lal, Potentials of engineered nanoparticles as fertilizers for increasing agronomic productions, Sci. Total Environ. 514 (2015) 131-139.

E.V.R. Campos, J.L. de Oliveira, L.F. Fraceto, Applications of controlled release systems for fungicides, herbicides, acaricides, nutrients, and plant growth
hormones: a review, Adv. Sci. Eng. Med. 6 (2014) 373-387.

R. Nair, S.H. Varghese, B.G. Nair, T. Maekawa, Y. Yoshida, D.S. Kumar, Nanoparticulate material delivery to plants, Plant Sci. 179 (2010) 154-163.

H.R. Roosta, M. Safarizadeh, M. Hamidpour, Effect of humic acid contained nano-fertile fertilizer spray on concentration of some nutrient elements in two
lettuce cultivars in hydroponic system, Journal of Soil and Plant Interactions-Isfahan University of Technology 7 (2017) 51-59.

U. Ageel, T. Aftab, M.M.A. Khan, M. Naeem, M.N. Khan, A comprehensive review of impacts of diverse nanoparticles on growth, development and
physiological adjustments in plants under changing environment, Chemosphere 291 (2022) 132672.

D.K. Tripathi, S. Singh, S. Singh, N.K. Dubey, D.K. Chauhan, Impact of nanoparticles on photosynthesis: challenges and opportunities, Mater, Focus 5 (2016)
405-411.

U. Burman, M. Saini, P. Kumar, Effect of zinc oxide nanoparticles on growth and antioxidant system of chickpea seedlings, Toxicol. Environ. Chem. 95 (2013)
605-612.

M.N. Khan, M. Mobin, Z.K. Abbas, K.A. AlMutairi, Z.H. Siddiqui, Role of nanomaterials in plants under challenging environments, Plant Physiol. Biochem. 110
(2017) 194-209.

W.H. Elmer, J.C. White, The use of metallic oxide nanoparticles to enhance growth of tomatoes and eggplants in disease infested soil or soilless medium,
Environ. Sci.: Nano 3 (2016) 1072-1079.

M. Bagherzadeh Homaee, A.A. Ehsanpour, Physiological and biochemical responses of potato (Solanum tuberosum) to silver nanoparticles and silver nitrate
treatments under in vitro conditions, Indian J. Plant Physiol. 20 (2015) 353-359.

D.K. Tripathi, V.P. Singh, S.M. Prasad, D.K. Chauhan, N.K. Dubey, Silicon nanoparticles (SiNp) alleviate chromium (VI) phytotoxicity in Pisum sativum (L.)
seedlings, Plant Physiol. Biochem. 96 (2015) 189-198.

M. Haghighi, M. Pessarakli, Influence of silicon and nano-silicon on salinity tolerance of cherry tomatoes (Solanum lycopersicum L.) at early growth stage, Sci.
Hortic. 161 (2013) 111-117.

E. Mateos-Naranjo, A. Gallé, 1. Florez-Sarasa, J.A. Perdomo, J. Galmés, M. Ribas-Carb0, J. Flexas, Assessment of the role of silicon in the Cu-tolerance of the C4
grass Spartina densiflora, J. Plant Physiol. 178 (2015) 74-83.

B. Cao, Q. Ma, Q. Zhao, L. Wang, K. Xu, Effects of silicon on absorbed light allocation, antioxidant enzymes and ultrastructure of chloroplasts in tomato leaves
under simulated drought stress, Sci. Hortic. 194 (2015) 53-62.

B. Saadatian, M. Kafi, H. Hammami, Effects of Nano and Ionized Silicon on Physiological and Biochemical Characteristics of Potato (Solanum tuberosum L.),
2021 (Pre-print).

B.R. Glick, Plant growth-promoting bacteria: mechanisms and applications, Sci. Tech. Rep. (Cairo) (2012) 963401.

B. Lugtenberg, F. Kamilova, Plant-growth-promoting rhizobacteria, Annu. Rev. Microbiol. 63 (2009) 541-556.

Y. Pii, A. Aldrighetti, F. Valentinuzzi, T. Mimmo, S. Cesco, Azospirillum brasilense inoculation counteracts the induction of nitrate uptake in maize plants, J. Exp.
Bot. 70 (2019) 1313-1324.

R.A. Terrazas, C. Giles, E. Paterson, S. Robertson-Albertyn, S. Cesco, T. Mimmo, Y. Pii, D. Bulgarelli, Plant-microbiota interactions as a driver of the mineral
turnover in the rhizosphere, Adv. Appl. Microbiol. 95 (2016) 1-67.

H. Bochow, Phytosanitary effects of Bacillus subtilis as biocontrol agent, Meded. Fac. Landbouwwet., Rijksuniv. Gent 57 (1992) 387-393.

Y.D. Chinta, K. Kano, A. Widiastuti, M. Fukahori, S. Kawasaki, Y. Eguchi, H. Misu, H. Odani, S. Zhou, K. Narisawa, Effect of corn steep liquor on lettuce root rot
(Fusarium oxysporum f. sp. lactucae) in hydroponic cultures, J. Sci. Food Agric. 94 (2014) 2317-2323.

W. Liu, J.C. Sutton, B. Grodzinski, J.W. Kloepper, M.S. Reddy, Biological control of Pythium root rot of chrysanthemum in small-scale hydroponic units,
Phytoparasitica 35 (2007) 159-178.

D. Renault, F. Déniel, E. Benizri, D. Sohier, G. Barbier, P. Rey, Characterization of Bacillus and Pseudomonas strains with suppressive traits isolated from tomato
hydroponic-slow filtration unit, Can. J. Microbiol. 53 (2007) 784-797.

C.R. Sopher, J.C. Sutton, Quantitative relationships of Pseudomonas chlororaphis 63-28 to Pythium root rot and growth in hydroponic peppers, Trop. Plant
Pathol. 36 (2011) 214-224.

N. Zhang, K. Wu, X. He, S. Li, Z. Zhang, B. Shen, X. Yang, R. Zhang, Q. Huang, Q. Shen, A new bioorganic fertilizer can effectively control banana wilt by strong
colonization with Bacillus subtilis N11, Plant Soil 344 (2011) 87-97.

S. Chatterton, J.C. Sutton, G.J. Boland, Timing Pseudomonas chlororaphis applications to control Pythium aphanidermatum, Pythium dissotocum, and root rot in
hydroponic peppers, Biol. Control 30 (2004) 360-373.

C. Chen, R.R. Belanger, N. Benhamou, T.C. Paulitz, Defense enzymes induced in cucumber roots by treatment with plant growth-promoting rhizobacteria
(PGPR) and Pythium aphanidermatum, Physiol. Mol. Plant Pathol. 56 (2000) 13-23.

C. Chen, R.R. Bélanger, N. Benhamou, T.C. Paulitz, Role of salicylic acid in systemic resistance induced by Pseudomonas spp. against Pythium aphanidermatum in
cucumber roots, Eur. J. Plant Pathol. 105 (1999) 477-486.

G. De Meyer, K. Capieau, K. Audenaert, A. Buchala, J.-P. Métraux, M. Hofte, Nanogram amounts of salicylic acid produced by the rhizobacterium Pseudomonas
aeruginosa 7NSK2 activate the systemic acquired resistance pathway in bean, Mol. Plant Microbe Interact. 12 (1999) 450-458.

M. Hultberg, B. Alsanius, P. Sundin, In vivo and in vitro interactions between Pseudomonas fluorescens and Pythium ultimum in the suppression of damping-off in
tomato seedlings, Biol. Control 19 (2000) 1-8.

M. Inam-ul-Hagq, N. Javed, R. Ahmad, A. Rehman, Evaluation of different strains of Pseudomonas fluorescens for the biocontrol of Fusarium wilt of chickpea,
Pakistan J. Plant Pathol. 2 (2003).

R. van Peer, B. Schippers, Plant growth responses to bacterization with selected Pseudomonas spp. strains and rhizosphere microbial development in
hydroponic cultures, Can. J. Microbiol. 35 (1989) 456-463.

L. Rankin, T.C. Paulitz, Evaluation of rhizosphere bacteria for biological control of Pythium root rot of greenhouse cucumbers in hydroponic culture, Plant Dis.
78 (1994) 447-451.

S. Khalil, B.W. Alsanius, Evaluation of biocontrol agents for managing root diseases on hydroponically grown tomato/Bewertung von Antagonisten zur
Kontrolle von Wurzelkrankheiten in hydroponischen Tomatenkulturen, J. Plant Dis. Prot. (2010) 214-219.

Z.K. Punja, R. Yip, Biological control of damping-off and root rot caused by Pythium aphanidermatum on greenhouse cucumbers, J. Indian Dent. Assoc. 25
(2003) 411-417.

13


http://refhub.elsevier.com/S2405-8440(24)02854-8/sref70
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref70
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref71
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref71
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref72
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref72
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref73
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref73
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref74
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref75
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref75
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref76
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref76
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref77
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref78
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref79
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref79
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref80
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref81
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref81
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref82
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref82
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref83
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref83
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref84
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref84
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref85
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref85
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref86
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref86
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref87
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref87
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref88
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref88
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref89
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref89
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref90
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref90
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref91
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref91
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref92
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref92
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref93
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref94
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref95
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref95
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref96
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref96
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref97
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref98
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref98
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref99
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref99
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref100
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref100
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref101
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref101
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref102
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref102
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref103
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref103
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref104
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref104
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref105
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref105
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref106
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref106
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref107
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref107
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref108
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref108
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref109
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref109
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref110
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref110
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref111
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref111
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref112
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref112

S. Rajendran et al. Heliyon 10 (2024) 26823

[113] R.S. Utkhede, C.A. Koch, Rhizobacterial growth and yield promotion of cucumber plants inoculated with Pythium aphanidermatum, J. Indian Dent. Assoc. 21
(1999) 265-271.

[114] G.E. Harman, C.R. Howell, A. Viterbo, I. Chet, M. Lorito, Trichoderma species—opportunistic, avirulent plant symbionts, Nat. Rev. Microbiol. 2 (2004) 43-56.

[115] I Yedidia, A.K. Srivastva, Y. Kapulnik, I. Chet, Effect of Trichoderma harzianum on microelement concentrations and increased growth of cucumber plants,
Plant Soil 235 (2001) 235-242.

[116] S.Rose, M. Parker, Z.K. Punja, Efficacy of biological and chemical treatments for control of Fusarium root and stem rot on greenhouse cucumber, Plant Dis. 87
(2003) 1462-1470.

14


http://refhub.elsevier.com/S2405-8440(24)02854-8/sref113
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref113
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref114
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref115
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref115
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref116
http://refhub.elsevier.com/S2405-8440(24)02854-8/sref116

	Hydroponics: Exploring innovative sustainable technologies and applications across crop production, with Emphasis on potato ...
	1 Introduction
	1.1 Transition from a soil-based to a soilless production system
	1.1.1 Soilless methods for producing potato mini tubers

	1.2 Hydroponics systems: types and operational mode
	1.2.1 Wick system hydroponics
	1.2.2 Drip system hydroponics
	1.2.3 Ebb and flow (or flood and drain) hydroponics system
	1.2.4 Deep water cultivation (DWC) hydroponics system
	1.2.5 Nutrient film technique (NFT) hydroponics system


	2 Aeroponics: a modified version of hydroponics to grow mini tubers
	2.1 Technological advancements in hydroponics
	2.1.1 Sensors and artificial intelligence (AI) for real-time monitoring
	2.1.2 Nanoparticles
	2.1.3 Plant growth-promoting rhizobacteria (PGPR)


	3 Conclusion and perspective
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


