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Abstract: Vertical farming is on its way to becoming an addition to conventional agricultural practices,
improving sustainable food production for the growing world population under increasing climate
stress. While the early development of vertical farming systems mainly focused on technological
advancement through design innovation, the automation of hydroponic cultivation, and advanced
LED lighting systems, more recent studies focus on the resilience and circularity of vertical farming.
These sustainability objectives are addressed by investigating water quality and microbial life in a
hydroponic cultivation context. Plant growth-promoting rhizobacteria (PGPR) have been shown to
improve plant performance and resilience to biotic and abiotic stresses. The application of PGPRs
to plant-growing media increases microbial functional diversity, creating opportunities to improve
the circularity and resilience of vertical farming systems by reducing our dependency on chemical
fertilizers and crop protection products. Here, we give a brief historical overview of vertical farming,
review its opportunities and challenges in an economic, environmental, social, and political context,
and discuss advances in exploiting the rhizosphere microbiome in hydroponic cultivation systems.

Keywords: vertical farming; growing media; rhizosphere; microbiome; plant factory; sustainability;
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1. Vertical Farming: A Brief History

Vertical farming has been given many different definitions depending on the size,
density, amount of control, layout, building type, location, and purpose of use. As a result,
depending on the stakeholder, vertical farming is viewed as a marginal crop production
activity up to a system that is essential for providing future food security. Further confusion
is created by the interchangeable use of “vertical farming” as an activity and “vertical farm”
as a noun [1]. In its simplest form, “vertical farming” as an activity can be defined as the
multilayered production of plants to increase yield per surface area. In this review, “vertical
farm” as a noun will be defined as a highly controlled indoor plant production system as
interpreted by SharathKumar et al. [2]:

“A multilayer indoor plant production system in which all growth factors, such
as light, temperature, humidity, carbon dioxide concentration ([CO2]), water, and
nutrients, are precisely controlled to produce high quantities of high-quality fresh
produce year-round, completely independent of solar light and other outdoor
conditions.”

Vertical farms are divided according to size and purpose of use [3]:

1. Plant factory with artificial lighting (PFAL), an industrial-scale vertical farm located
in a devoted building.

2. Container farm, a modular vertical farm contained in a shipping container.
3. In-store farm, a vertical farm located at the place of consumption or purchase (i.e.,

retail and restaurants).
4. Appliance farm, a vertical farm appliance integrated into a home or office.
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Examples of vertical farming date back as far as 600 BC with the Hanging Gardens of
Babylon, one of the Seven Wonders of the Ancient World listed by Hellenic culture [4]. In
1909, a full-page cartoon by A.B. Walker was published in Life magazine [5]. The cartoon
depicts an advertisement for a fictional real-estate company, showing an open skyscraper
frame with vertically stacked homes amid a countryside landscape. The illustration had a
significant influence on architecture. It was an inspiration for Rem Koolhaas in his definitive
book Delirious New York, first published in 1978 [6]. Koolhaas interpreted the illustration
as a theorem describing the ideal performance of a skyscraper [7].

The term “vertical farming” was first coined by the geologist Gilbert Ellis Bailey in
1915, though he gave the term an entirely different meaning, suggesting to farm deeper into
the soil by using explosives to reach the depths of root growth [8]. A more contemporary
interpretation of vertical farming is found in the first release of the Belgian comic strip
Suske en Wiske (English: Spike and Suzy) Op het eiland Amoras by Willy Vandersteen
(Figure 1) [9]. It depicts a primitive vertical farm being artificially watered and lit.
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Figure 1. Two panels from the first Suske en Wiske (English: Spike and Suzy) comic strip Op het
eiland Amoras by Willy Vandersteen depict a primitive vertical farm. The Belgian comic strip was
published in De Nieuwe Standaard from 19, 1945 December to 13 May 1946. Its caption reads: “Every
patch of cultivated land is storeyed and artificially watered and lit, yielding a double harvest.” With
copyright permission from Standaard Uitgeverij [9].

In the 1930s, William Gericke laid the groundwork for hydroponic cultivation in his
book The complete guide to soilless gardening, which was a milestone in the history of
vertical farming [2,10–12]. Later, in the 1960s, the Austrian engineer Othmar Ruthner
constructed multiple greenhouse towers that use hydroponics [13]. Although the principle
of Ruthner’s invention remains important to date, the concept of vertical farming lost its
appeal due to the high energy and maintenance cost. Then, in the early 2000s, Dickson
Despommier rejuvenated Ruthner’s concept of vertical farming, proposing it as a solution
to improve food safety and security for an expanding urban world population [14]. At the
same time in Japan, Toyoki Kozai et al. developed a multilayered closed plant production
system with artificial lighting [15].



Agronomy 2022, 12, 2 3 of 15

The current rapid expansion in vertical farming initiatives is mainly driven by (1) the
increased consumer demand for sustainably grown fresh, healthy, and local produce and
(2) the development of affordable light-emitting diode (LED) lighting technologies [3].
Today, the vertical farming industry is expanding rapidly, with many investors, start-ups,
established greenhouse industry companies, and even companies previously unknown
to horticulture (e.g., lighting, furniture, and retail industry) entering the vertical farming
space [3]. In addition, the interest in vertical farming has amplified research on controlled
environment agriculture, which also has a stimulating effect on the existing horticulture
industry.

Today, vertical farming businesses can be divided into four organizations: (1) growers,
(2) technology developers and suppliers, (3) research and educational institutes, and (4) con-
sultancy [16]. First, the goal of the grower organization or so-called commercial vertical
farms is to produce high-quality food, meeting the demands of the end-user (i.e., retail
industry, restaurants, and consumers) [17]. Examples of successful growers are AeroFarms
(PFAL; Newark, NJ, USA), Bowery Farming (PFAL; New York, NY, USA), Jones Food
Company (PFAL; North Lincolnshire, UK), Spread (PFAL; Kyoto, Japan), and Agricool
(container farm; Paris, France). Second, the technology organization develops and supplies
vertical farming technologies such as lighting, hydroponic, and automation systems and
supplies. They often operate small vertical farms as a proof of concept to showcase to
potential buyers and for research and development purposes [17]. Examples of technol-
ogy providers are Urban Crop Solutions (PFALs, container farms, and lighting solutions;
Waregem, Belgium), Freight Farms (container farms; Boston, MA, USA), Agrilution (ap-
pliance farms; Munich, Germany), Infarm (in-store farms; Berlin, Germany), Heliospectra
(lighting solutions; Göteborg, Sweden), and Signify (lighting solutions; Eindhoven, The
Netherlands). Third, the institutional organization also operates small vertical farms for
research and teaching rather than production. These institutions are generally private
research centers, universities, governmental or non-profit organizations (e.g., BrightBox in
Venlo, The Netherlands, and the Japan Plant Factory Association in Kashiwanoha, Japan).
Fourth, the consultancy organization advises and helps the other organizations with com-
plex vertical farming-related questions (e.g., Agritecture in New York, NY, USA) [17].

2. Closed-Loop Hydroponics: The Principal Circular Component of a Vertical Farm

A vertical farm comprises six structural components required to achieve optimal
conditions for multilayered crop growth (Figure 2) [18]. A hydroponic system delivers
mineral nutrients (N, P, K, Ca, Mg, S, Fe, Mn, Zn, B, Cu, Mo, and Si) to the roots of the
plant through a stagnant aerated nutrient solution (deep water culture), a continuous flow
of nutrient solution (nutrient film technique), alternating water levels (ebb and flow), a
nutrient mist (aeroponics), or by dripping the nutrient solution to individual plants (drip
irrigation) [19,20]. Inorganic (e.g., mineral wool, perlite, sand) or organic (e.g., peat, coir
pith, wood fiber) growing media provide root support, a balance between water and air in
the root zone, and a buffer for pH and nutrients [21]. This stable rooting environment is
especially critical during seedling germination and development.
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Figure 2. The layout of a vertical farm. (1) A multi-tier system with light-emitting diode (LED)
lighting elements; (2) a hydroponic system; (3) a heating, ventilation, and air conditioning (HVAC)
unit; (4) CO2 fertilization; (5) thermally well-insulated and airtight walls; and (6) an environmental
(i.e., light, temperature, humidity, CO2, and airflow) and nutrient solution (i.e., electrical conductivity
(EC), pH, O2, root zone temperature) control unit.

The nutrient solution is captured and recirculated. During its use and reuse, the
composition of the nutrient solution may change substantially [22]. Precipitation and
complexation reactions may occur, affecting bioavailability [23]. In addition, the nutrient
absorption ratios differ from the nutrient solution ratios, resulting in nutrient balance
changes [20]. For example, plants’ differential uptake of N forms can cause NO3

−/NH4
+

ratio imbalances, resulting in toxicity symptoms [22]. Differences in quantities and usable
forms of iron supplied to plants can cause iron deficiency also [24]. In addition, Na+ has a
relatively low absorption rate, gradually increasing in the nutrient solution [20]. Moreover,
antagonistic nutrient reactions such as the interference of NaCl in the uptake of both K+ and
NO3

−, and inhibition of K+ uptake by NH4
+, can limit nutrient acquisition [22]. Therefore,

to date, EC-based hydroponic systems are used to minimize nutrient imbalance by injecting
a stock solution because high-precision ion sensors are relatively expensive and inaccurate
upon long-term use [20].

Nutrient solution recirculation can also result in the accumulation of phytotoxic or-
ganic acids exuded by the roots [25,26]. Different techniques are used to remove phytotoxic
compounds from the nutrient solution, such as activated charcoal, electrodegradation, and
slow sand filtration [26]. However, these methods are not always adequate or require
expensive investments, coercing growers to flush the nutrient solution.

Although the prevalence of pathogens is lower in hydroponic systems than in soil
production systems, they can spread to other plants more easily through the nutrient
solution. Therefore, microbial growth in nutrient solutions is controlled using disinfection
systems such as hydrogen peroxide, filters, heat, ozone, and UV radiation [20,27].
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3. Opportunities and Challenges: Is Growing Skywards a Fairytale?

Vertical farming potentially contributes to future food production, offering a tech-
nologically advanced production system. However, vertical farming is still a relatively
new technology, and its cost-effectiveness, scalability, and environmental sustainability
currently do not exceed conventional agricultural practices [28–32]. The opportunities and
challenges involved can be grouped into four dimensions: (1) economic, (2) environmental,
(3) social, and (4) political [29].

3.1. Economic

Vertical farming creates specific economic advantages compared to conventional
agricultural production systems. It allows layered growth, ensuring maximum yield per
square meter of growing space, which is a feature that is especially advantageous in
urban areas [11]. For example, a vertical farm can achieve lettuce yields per square meter
of more than 80 times the yield of open-field agriculture and more than 12 times that
of greenhouses [30–34]. In addition, indoor growth systems shield plants from outside
weather and climate change [35]. Thus, indoor growth not only allows for year-round
crop production without risk for yield losses due to weather or climate change, but it also
makes it possible to grow crops in harsh environments where the climate can make using
conventional agricultural practices challenging.

Another economic advantage is the decrease in food transportation requirements,
since positioning vertical farms close to the consumers can drastically decrease travel times
and storage, refrigeration, and transport costs [28,29,36]. In addition, consumers are not
the only end-user. Vertical farms can be placed at different positions in the food chain, for
example, at the distributor or retail sites.

Next to the land price, the construction costs of the vertical farm make the initial
investment cost very high [29]. For example, the initial investment cost per square me-
ter of growing space for a vertical farm can be up to ten times higher than a high-tech
greenhouse [3]. In addition, the estimated total operating costs per square meter of grow-
ing space can be up to five times higher than that of a high-tech greenhouse [3]. Energy
consumption is the primary source of these operational costs, with artificial lighting and
HVAC as primary energy consumers [30]. According to Graamans et al. [30], the high use of
artificial lighting in vertical farms makes greenhouses in Europe currently more efficient in
terms of purchased energy. Furthermore, they suggest that vertical farms are more suitable
than greenhouses at higher latitudes, since heating requires more electricity than lighting in
extremely dark and cold regions [30]. In addition, vertical farms currently cannot minimize
energy consumption in hot and arid regions, as freely available solar energy saves more
electricity than is needed for cooling purposes [30]. However, the viability of vertical farms
does not solely depend on energetic performance, since the local scarcity and price of
resources also determine production system suitability. For example, in areas where energy
is cheap or water is scarce (e.g., Middle East), water use-efficient vertical farms can be more
desirable [17,30].

As the production cost in vertical farming is relatively high, mainly rapid growing
crops short in height with a large ratio of salable plant parts (i.e., leafy greens, microgreens,
and herbs) are currently grown in vertical farms to be cost-effective [12,29,36]. Pattison
et al. [37] estimated that even if LEDs reach their maximal efficiency in the future, the
effective photon cost greatly exceeds the value of many general vegetables and staple crops
(e.g., potatoes, wheat, rice). They suggest that the production of tomatoes in vertical farms
will become viable in the future, and leafy (micro)greens will remain the most cost-effective
crops [37]. However, the cost-effectiveness of vertical farms can be increased by marketing
crops as a premium product that is traceable, pesticide- and herbicide-free, fresh, and
locally produced [3,17,28,29]. In some cases, vertical farm-grown crops can be marketed as
organic products (e.g., United States of America). Unfortunately, though, soilless-grown
crops cannot be certified organic in the European Union [3,28]. In addition, the interest of
breeding companies in vertical farming can lead to the development of dwarf, fast-growing,
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high-yielding, high-quality, and easy-to-harvest crops optimized for a highly controlled
vertical farm environment [2,3,38].

3.2. Environmental

The circularity of a vertical farm mainly comes from the capacity of its hydroponic
system to capture and recirculate the nutrient solution for an extended period without
the need to evacuate the nutrient solution. Recirculation drastically improves water-use
efficiency and reduces fertilizers and pesticides emitted to the environment compared
to open-loop agricultural systems [39]. The use of closed-loop hydroponics and lower
ventilation requirements in vertical farms dramatically reduces water use [12,29,30,34]. For
example, a vertical farm’s water use per kg dry lettuce can be up to 18 times lower than
open-field agriculture using surface irrigation and up to nine times lower than open-field
agriculture using drip irrigation [34]. Moreover, production in vertical farms can reduce
water use up to 95% compared to greenhouses, mainly because greenhouses require a
fogging system for cooling, and crop transpiration losses need to be compensated for, while
transpired water can be collected in indoor vertical farms [30].

In open-field agriculture, run-off and leaching of excessively used phosphorus and
nitrogen can cause the eutrophication of aquatic and terrestrial ecosystems [40]. In contrast,
the nutrient solution is captured and reused in vertical farms, minimizing the impact
on eutrophication. As a result, a 70 to 90% eutrophication reduction can be achieved in
vertical farms compared to open-field agriculture [34]. Since high-tech greenhouses also
generally use closed-loop hydroponics, the positive impact of vertical farms on minimizing
freshwater pollution compared to greenhouses is more limited [34].

Another opportunity that vertical farms create is the integration of domestic wastewa-
ter as a source of nutrients. Human excreta are the primary source of essential nutrients in
domestic wastewater, and source separation of urine for fertilizer production can reduce the
environmental impact compared to synthetic fertilizers [41,42]. In addition, urine-derived
fertilizers have been successfully applied in soilless cultures [43–45]. Thus, urine-derived
fertilizers could provide a source of nutrients for crops produced in vertical farms in an ur-
ban environment, allowing us to transition toward a complete closed-loop nutrient cycling
approach.

One of the main arguments for supporting vertical farming is reducing land use,
since multilayered growth increases yields per surface area, reducing the need for extra
land, which can be returned to its original ecological function [14,29]. Indeed, different
sources have found that vertical farms can save land compared to conventional horticulture
systems [31,33]. However, these studies only consider the physical dimensions of a vertical
farm and not the use phase of a vertical farm’s life cycle [34]. Furthermore, within the
use phase, the large electricity production significantly increases a vertical farm’s land
footprint compared to open-field agriculture and greenhouses [34]. Thus, electricity pro-
duction requires a lot of land area, which outweighs the land use gained from multilayered
production, suggesting that the claim that a vertical farm uses less land area is incorrect [34].

Focusing on the impact of vertical farms on GHG emissions, reducing food mileage by
placing vertical farms closer to the consumer can reduce GHG emissions [12,34]. However,
the great electricity demand of vertical farms has a considerable influence on GHG emis-
sions, resulting in higher GHG emissions than conventional agriculture depending on the
energy source [32,34]. However, vertical farm GHG emissions can be substantially reduced
when using nuclear or renewable energy (wind, water, solar) instead of fossil-based energy
(coal and gas) [32]. Thus, a transition from fossil-based energy sources toward nuclear or
renewable energy is required to make vertical farming environmentally sustainable. This
transition is already happening, and a survey on the state of the vertical farming industry
indicated that participants believe that the inevitable shift toward renewable energy will
reduce operational costs [17,34].
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3.3. Social and Political

The vertical farming industry will create new job opportunities for farmers, technol-
ogists, project managers, maintenance workers, marketing, and retail staff, and promote
local industries [4,12,29]. However, surveyed vertical farmers have mentioned the need for
more specialist employers educated in plant science, growing, and plant maintenance, as
the vertical farming industry currently mainly attracts technically trained staff who do not
have a lot of agricultural expertise [17].

The rise of health and environmentally-conscious consumers has increased the demand
for clean and healthy food produced with a low impact on the environment. Vertical
farming can improve food safety by maximizing the traceability of crops and reducing or
eliminating the need for pesticides and herbicides [12,29]. In addition, food security can be
improved by increasing food self-sufficiency in urban areas or areas with scarce resources
or harsh climates [4,12,17].

The social acceptance of vertical farms in urban areas is generally negative [28,46,47].
For example, urban residents were more likely to reject the implementation of high-tech
vertical farming projects in their neighborhoods and perceived soilless crops as unnatural
and unhealthy products due to their growing environment (without soil and urban pollu-
tion) [46,47]. However, the negative effect of air pollution in cities on urban-grown food is
a common preconception that has been refuted [48,49]. In general, consumers are poorly
informed on the concept of soilless cultivation and have a negative perception of crop
cultivation in a vertical farming setting. Therefore, better communication and education on
the quality of such crops and the advantages should be organized [17,29,47].

Vertical farmers have indicated that the major integration issues they had to face were
related to local regulatory constraints [28]. For example, urban regulations for vertical
farms that reuse empty buildings are still unclear and require revision by local govern-
ments, preventing vertical farms’ entrance into urban areas [17]. Interviewed farmers also
mentioned the functional incompatibility of their vertical farm with the direct surroundings,
which were mainly residential [17]. Vertical farmers also mention the need for proof of
technology and standardization in the industry, since many vertical farming stakeholders
over-promise and underdeliver their technology [17].

4. Plant-Growing Media in a Vertical Farm

Soils typically harbor strong cation exchange capacity, which is unavailable when roots
are directly exposed to the nutrient solution. This buffering effect dampens inadvertent
alterations in nutrient availability [19]. In addition, soils provide proper aeration and a
physical structure for rooting, which is lacking in a low-oxygen nutrient solution [19,21].
Therefore, using a plant-growing medium is generally preferred in a hydroponic system,
as it provides physical support, an optimal water/air ratio, and a degree of buffer capacity,
making plants behave more similarly to plants grown in soil [19,21]. A wide variety of
plant-growing media, inorganic or organic, are used, most of which are combinations of
various materials such as peat, coir pith, wood fiber, compost bark, green waste compost,
perlite, sand, and mineral wool [21,50].

As a result of its wide availability, low cost, and excellent performance, peat is the most
used plant-growing medium to this day [51,52]. In 2017, peat represented an estimated 60%
of the globally used volume of plant-growing media [53]. The increased environmental
awareness of consumers, pressure from policymakers to restrict the exploitation of ecologi-
cally important peatlands, and a sense of personal responsibility have made plant-growing
medium manufacturers shift toward a peat-reduced future [54,55]. Many organic materials
have been introduced as a peat-alternative plant-growing media in horticulture [56]. Of
those, only coir pith, wood fiber, composted bark, and green waste compost have become
well-established plant-growing medium materials [57,58]. Other organic materials (e.g.,
rice hulls, almond shells, hazelnut husks, seaweed, and paper waste) are not explicitly
produced for use as a plant-growing medium and can be highly inconsistent [39].
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The use of plant-growing media in hydroponic cultivation is expected to increase
exponentially by 2050 [53]. For example, compared to 2017, the global use of peat is
expected to grow 200%, coir 418%, bark 500%, compost 500%, and wood fiber 1000% [53].
Competition for use will mainly be driven by material quality, with peat and coir pith
becoming volume-limited materials and compost quality limited [53]. As the fast-growing
market develops, different blends of materials will be used, which is expected to influence
the microbial composition of plant-growing media.

5. The Vertical Farm Root-Associated Microbiome
5.1. The Role of Plant-Growing Media in Microbiome Functioning

The different plant-growing media materials used in hydroponic systems can vary
significantly in physicochemical properties, affecting the microbial community composition
and structure [56]. Different plant-growing media materials (green waste compost, com-
posted bark, coir pith, wood fiber, peat) show distinct levels of microbial activity driven
by the physicochemical characteristics of the materials [59,60]. Humidity, K-content, pH,
and EC are the major physicochemical properties driving microbial communities in the
growing medium [61]. In addition, optimization of the water-filled porosity (WFP) of the
plant-growing medium is needed to maximize microbial activity [60]. Montagne et al. [62]
compared the microbial communities of peat, coir fiber, and wood fiber raw materials.
Peat and coir fiber had a high bacterial diversity, while wood fiber had a low bacterial
diversity but high fungal diversity [62]. In addition, significant differences in the microbial
community structure (bacterial and fungal) were observed between the three types of
raw materials [62]. Microbial composition depended on the type of raw material, with
Actinobacteria, Proteobacteria, Bacteroidetes, Ascomycota, and Basidiomycota prevailing in the
raw materials [62]. Wood fiber was dominated by Eurotiomycetes (85%) and Proteobacteria
(90%) in particular [62]. Contrary, inorganic materials such as perlite and mineral wool
have a low microbial load because they are produced at high temperatures [63]. Their
primary source of microbes comes from transplants, handling processes, fertigation, and
aerial transmission [64].

The microbial community structure, activity, and diversity of plant-growing media
have a significant impact on the resilience of hydroponic systems. The microbial community
of an organic growing medium (a mixture of 80% v/v white peat and 20% v/v coir
fiber) is higher in richness, evenness, and diversity than mineral wool [61]. In addition,
the microbiome of the organic growing medium is more stable and competitive against
Agrobacterium rhizogenes pathogenicity (hairy roots syndrome) [61].

Composted materials such as composted bark and green waste compost have a much
more diverse microbial community than other plant-growing media materials [50,65]. The
compost feedstock is an important determinant of the compost microbiome, and compost
maturation increases microbial diversity, favoring beneficial microbes [65]. In addition,
composts have disease-suppressive properties linked to the compost’s high microbial
activity and the presence of beneficial microbes such as Trichoderma, Pseudomonas, Pantoea,
and Bacillus spp., which are known to contribute to the biocontrol effect [65]. These studies
suggest that a diverse and competitive microbiome in the plant-growing medium provides
functional diversity and resilience to the environment. Thus, proper selection of the plant-
growing medium is essential to improve vertical farm resilience.

5.2. The Plant Host: A Picky Landlord?

A continuum of microbial colonization exists within the root zone, from the sur-
rounding bulk soil to the root cortex, which can be divided into three compartments: (1)
rhizosphere, (2) rhizoplane, and (3) endosphere [66,67]. The rhizosphere is the soil influ-
enced by the roots, generally extending only a few cm from the root epidermis [67,68]. The
rhizoplane includes the root epidermis and the rhizosheath (soil adhered by root hairs
and mucilage) extending 1 mm from the root epidermis [67,68]. Finally, the endosphere
comprises the microbes inhabiting the root cortex [66,67]. There are no apparent boundaries
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between these compartments, and thus, the root zone must be seen as soil to endosphere
continuum [67,69].

The bulk soil microbiome constitutes the greatest source of biological diversity, con-
taining up to one-quarter of our world’s diversity [70,71]. Among the major microbial
taxa colonizing the bulk soil (bacteria, archaea, fungi, protists, and viruses), bacteria and
fungi are the most influential, having 102 to 104 times more biomass C per g soil than
the other microbial taxa [72]. In addition, bacterial densities in bulk soil can reach 108 to
1010 colony-forming units (CFU) per g soil, while the bacterial density in the root zone is
typically two to three orders of magnitude greater than the bacterial density in bulk soil,
containing up to 1011 CFU per g root [71,73–76].

Of the more than 80 bacterial phyla currently described, only a relatively small number
(Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Planctomycetes, Proteobac-
teria, and Verrucomicrobia) represent most of the bacterial diversity in bulk soils [67,72,77].
These dominant phyla are generally represented in the root zone, although their relative
abundances can differ greatly from the surrounding bulk soil. For example, Proteobacteria,
Actinobacteria, and Bacteroidetes are significantly enriched compared to bulk soil, while
Acidobacteria is underrepresented in the root zone [67,77,78]. The bacterial density is high
in the root zone, while the bacterial richness decreases from bulk soil to endosphere [66,67].
This shift to a larger but specific bacterial community in the root zone indicates a niche
adaptation characterized by a dynamic system of processes [66–68].

Organic carbon availability is the main limiting factor for microbial growth in most
soils [67,71]. Plants invest a significant amount of carbon and energy to shape the root-
associated microbiome [66,68,71,77]. Plants exude an estimated 17 to 40% of photosyn-
thetically fixed carbon into the root zone in the form of organic acids, inorganic ions,
siderophores, sugars, vitamins, amino acids, purines, and nucleosides [66,67,71,77]. In
addition, the loss of root cap and border cells, death, and lysis of root cells, polysac-
charide mucilage produced by the root cap, volatile organic carbon, and flow of carbon
to root-associated symbionts are other essential processes contributing to rhizodeposi-
tion [66,77,79]. These rhizodeposits act as (1) carbon sources for microbes, (2) chemotactic
factors, (3) antimicrobial agents, or (4) change the physicochemical properties of the root
zone [66–68,71]. In return, different root-associated microbiomes can induce systemic
changes in the root exudation of secondary metabolites [80]. For example, the systemic root
exudation of acyl sugars, known for their insecticidal and fungicidal function, was triggered
by the local colonization of Bacillus subtilis, suggesting that microbiome-reprogrammed
systemic root exudation promotes root zone conditioning [80,81]. Moreover, different root-
associated microbiome structures changed the tomato leaf and systemic root metabolomes
and transcriptomes [80]. Overall, rhizodeposition turns the root zone into a nutrient hotspot
with beneficial physicochemical properties attracting a dense microbiome to settle while
simultaneously defending against pathogenic invaders.

There is a link between plant host genotype diversification and root-associated mi-
crobiome establishment [66,67,71,72,77]. However, the impact of plant host genotype
on the root-associated microbiome depends on the phylogenetic distance between plant
hosts [67,82–85]. For example, Hernández-Terán et al. [84] observed that the differenti-
ation in root-associated microbiome composition between five wild cotton populations
(Gossypium hirsutum L.) was mainly related to the abundance of specific microbial groups.
Similarly, differences between the root-associated bacterial communities of wild and do-
mesticated accessions of barley (Hordeum vulgare L.) were primarily quantitative, which
was also observed between four Brassicaceae species [82,83]. However, more qualitative
differences can be observed when comparing more distantly related plant species [82]. For
example, monocotyledonous barley and dicotyledonous Arabidopsis thaliana, grown in the
same soil type, showed apparent differences in representative taxa with members of the
families Pseudomonadaceae, Streptomycetaceae, and Thermomonosporacea enriched in the root
zone of Arabidopsis and members of the Microbacteriaceae family in barley [82].
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The limited impact of plant host genotype on the qualitative properties of the root-
associated microbiome indicates that a priori individual bacterial taxa are not predictive for
a given host genotype nor vice versa, and taxa are relatively conserved across closely related
plant species [72,82,83]. So, the plant host’s influence on the root-associated microbiome
is primarily quantitative, with only a 5.0–7.7% in microbiome structure variance being
attributed to the host genotype [82,85]. Instead, the root medium (e.g., soil type) explains
more variation in root-associated community structure [67,82,86]. Depending on this
rooting environment, the influence of the plant on the root-associated microbiome may be
variable as a response to the environment’s suitability for plant growth [86].

Although studies suggest a weak effect of the host genotype, current high-throughput
amplicon sequencing techniques are limited to identifying bacteria at the species level or
higher taxonomic ranks [77]. Subspecies genetic variation of pathogenic microorganisms
may play an important role in host genotype-dependent colonization [87]. Thus, if sub-
species genetic variation of the root-associated microbiome would contribute to plant host
colonization success, the actual host genotype-dependent effect cannot be determined with
current identification techniques [77].

5.3. Plant Growth-Promoting Rhizobacteria Amendment to Improve Vertical Farm Circularity and
Resilience

The application of plant growth-promoting rhizobacteria (PGPR) can improve plant
growth, nutrient uptake, and (a) biotic stress resistance. These favorable properties make
PGPR amendment of interest, as it can improve vertical farm circularity by reducing the
use of chemical fertilizers and crop protection products and help improve vertical farm
resilience [88].

Thousands of PGPR strains have been isolated to date and are being hailed for their
plant growth-stimulating properties [77]. However, the application of PGPRs in an agricul-
tural context is still a black box [77,89]. Indeed, PGPR isolates that show promising effects
in the lab often have inconsistent and varied responses in a practical environment, which
results from differences in the rooting medium’s physicochemical properties, competition
with the resident microbial community, and compatibility with the plant host [90].

In addition, this field of research has generally studied the effect of single PGPR strains
on plant performance [66]. However, Wagg et al. [70] demonstrated that microbiome diver-
sity is of critical importance for microbiome multifunctionality, as (1) a diverse microbiome
provides a greater likelihood that there are taxa present that are needed to support any
given function and (2) a rich microbiome provides a more significant number of taxa that
support different functions. Therefore, a transition from studying a single PGPR strain
to testing PGPR consortia is taking place [66]. Complex multifunctional PGPR amend-
ments could provide more efficient and consistent plant growth promotion and disease
resilience [66]. Future studies should address how their network of members interact
with each other, the resident community, plant host, and plant-growing medium, which
determines the PGPR consortium’s competence to establish in the root zone, promote plant
growth, and vertical farm resilience.

Indeed, established microbial communities tend to be resistant, returning to a simi-
lar community structure after introducing new species, making microbiome shifts from
equilibrium to an alternative state a major challenge for microbiome engineering [88]. For
example, the probiotic effect of Bifidobacterium or Lactobacillus introduced to the human gut
does not last, requiring continuous supply to have beneficial results, and it is only useful in
a disturbed gut microbiome [91]. Nonetheless, most agronomically important crops are
annuals allowing easier control of microbiome assembly during the early developmental
stages rather than treating unhealthy hosts as required in human therapeutics [88]. In
addition, early colonizers have an advantage in microbial community assembly because
they can occupy the space and resource niches earlier and create barriers against subsequent
(pathogenic) colonization attempts, making the control of early microbiome assembly of
interest for plant growth promotion [88].
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The majority of studies focusing on PGPR amendment have been carried out in soil
conditions, while less is known about the performance of PGPRs in hydroponic systems [22].
Just like in soils, the effectivity of PGPR amendment in hydroponic systems depends on
their ability to establish in these specific environments [22]. Since environmental conditions
are controlled in hydroponic systems, microbes are more likely to persist [92]. Several
studies report a positive effect of PGPRs on plant growth, disease control, and biotic stress
alleviation in hydroponic systems [92,93]. For example, lettuce showed improved growth
in the presence of Bacillus spp. [94] and tolerance against Pythium root rot improved after
adding Bacillus subtilis to the nutrient solution [95]. PGPR applications have been shown
to stabilize the root-associated microbiome even when only a small proportion of the
inoculated microbes could successfully colonize the root zone [96]. For a recent overview of
PGPRs that have been successfully applied in hydroponics, we refer to Azizoglu et al. [92]
and Lee and Lee [93].

Our studies indicate that plant-growing medium composition plays a role in the effec-
tiveness of bacterial community amendments in lettuce [97]. The plant-growing medium
composition, the bacterial community inoculum, and interactions between these factors
determined lettuce growth performance. In the same study, a community inoculum was
shown to possess plant growth-promoting activity, increasing shoot fresh weight (FW;
+57%), lettuce head area (LHA; +29%), root fresh weight (RW; +53%), and NO3

−-content
(+53%). The effectiveness of the treatment depended on the plant-growing medium com-
position increasing FW in only five of the ten plant-growing media compared to the
non-inoculated control. Moreover, the good-performing inoculum amended to blends con-
taining black peat and green waste compost were dominant, outperforming a commercial
plant-growing medium. Thus, raw material selection was critical for the efficacy of bacterial
amendments and achieving optimal plant performance inside a vertical farm.

These studies show that PGPRs are potentially useful for improving crop performance
in hydroponic systems. Using plant-growing media in hydroponic systems provides an
opportunity to create bacterially-enhanced plant-growing media.

6. The Future Potential of Vertical Farming: The Need for Niche Expansion

Indoor crop cultivation using artificial lighting makes vertical farming an energy-
intensive production method, which leads to high environmental impacts in our current
fossil-based economy [30,34]. However, as we transition toward nuclear and renewable
energy sources, vertical farms will become a sustainable addition to conventional agri-
cultural practices that can improve food safety and security for the growing the urban
world population [32]. Even today, vertical farming can already reduce food transport
requirements, water use, and eutrophication [30,34].

Nonetheless, because of the high investment and running costs, vertical farms are
only profitable in specific niche markets of specific geographical context (based on the
local climate or the degree of urbanization) or because they are integrated into an added
value chain. The market opportunities need to be expanded to make vertical farming
more widely applicable. Even though LED PPE is still being improved and there are
opportunities to improve automation or integrate artificial intelligence, niche expansion
through the technological advancement of vertical farms is reaching its limits [98]. Many
other aspects are envisioned, such as developing vertical farm adapted crops through
breeding programs generating dwarf, fast-growing, high-yielding, high-quality, and easy-
to-harvest crops [38]. In addition to improved plant genetics, there is much potential in
engineering the root-associated microbiome.

Indeed, the consensus emerges that root-associated microbiomes are important for
plant growth performance and resilience. PGPR amendment is being hailed as a promising
technique to promote plant growth, nutrient uptake, and (a)biotic stress resistance in soil
and soilless systems, making it a sustainable alternative for chemical fertilizers and crop
protection products [77,88]. More and more evidence shows that microbiome diversity
is critical for microbiome multifunctionality, and complex PGPR consortia provide more
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efficient and consistent plant growth promotion [66,70]. In addition, plant-growing media
with a diverse and competitive microbiome provide more functional diversity, temporal
stability, and resilience in a hydroponic environment [61]. These emerging properties offer
opportunities to improve vertical farm performance and resilience through microbiome
engineering. For example, a rich and diverse multifunctional microbial community could
be selected by blending different plant-growing medium materials, which supports the
establishment of PGPR consortia. These bacterially enhanced plant-growing media could
be used to control early microbial community assembly in the root zone. However, the
complexity of plant–microbe-growing medium interactions inside vertical farms need to be
unraveled further, requiring a multidisciplinary approach (plant biology, microbial ecology,
and plant-growing medium physicochemistry).
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