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Abstract: Finding environmentally friendly solutions for crop growth and productivity has been
gaining more attention recently. This meta-analysis aims to understand the combined application
of arbuscular mycorrhizal fungi (AMF) and hydroponic systems compared to AMF in conventional
(soil) systems. The analysis of up-to-date studies revealed that the root colonization, calculated as
the proportion of colonized root segments relative to the total root length, by AMF in conventional
(soil-based) culture exceeded hydroponic (or soilless) culture systems by 16.8%. The mean root
colonization by AMF was determined to be 52.3% in hydroponic systems and 61.1% in conventional
systems. Within hydroponic systems, the root colonization ranged from 2% to 20% after 10 days of
inoculation, and notably, it exceeded 50% after 30 to 65 days, depending on the growing substrate and
species. Under hydroponics, AMF application had a higher (compared to none-inoculated) positive
effect on crop biomass and yield than fruit and leaf quality (antioxidants, phenols, and sugars) as
well as leaf nutrients. However, AMF do not always have the potential to improve crop growth,
quality and productivity in hydroponics. Among the studies analyzed in this review, approximately
34% (no effect: 29%; negative: 5%) reported no discernible positive effect on biomass or yield, 37%
(no effect: 16%; negative: 21%) on fruit or leaf quality, and 60% (no effect: 47%; negative: 13%) on
nutrient levels within plant tissues. To improve the performance of AMF in hydroponic systems,
the meta-analysis recommended maintaining phosphorus levels in the nutrient solution within the
range of 0.15 to 15.5 mg L−1 as elevated levels (40–75 mg L−1) were found to significantly reduce
AMF colonization. Additionally, it was observed that certain hydroponic techniques, such as the
presence of air bubbles generated by air pumps in floating hydroponic systems (Deep Flow technique)
and continuous circulation of the nutrient solution (Ebb and Flow systems), may create dynamic
conditions that could potentially hinder the introduction of AMF spores into hydroponic systems
and potentially compromise the integrity of the spores and hyphae.

Keywords: arbuscular mycorrhizal fungi (AMF); soilless culture; crop production; root colonization;
sustainable agriculture

1. Introduction

Climate change, the growing human population, soil nutrient depletion, water scarcity,
the excessive utilization of fossil fuels, biodiversity loss, the emergence of superweeds,
and the resistance of insects and phytopathogens collectively constitute a group of factors
that hinder optimal production of crops and threat food security [1]. Soilless culture
represents an advanced horticultural method that facilitates the provision of precisely
calibrated nutrient levels to plants within controlled settings, commonly within greenhouse
environments, as elucidated by Tzortzakis et al. [2]. When soilless cultivation is mentioned,
it is mainly referred to the techniques of hydroponics, which come from two Greek words
‘hydro’ meaning water and ‘ponos’ meaning labor [3,4]. Hydroponics is, therefore, the
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technique of growing plants in a soilless condition with inert media (coir, volcanic tuff,
perlite, etc.) or with their roots immersed in a nutrient solution without the use of any
substrate [2,3]. The global market of this culture system is valued at $9.5 billion in 2020
and is anticipated to reach $17.9 billion by the year 2026 [5]. Among the water culture
techniques, float hydroponics is adopted for the cultivation of leafy-green crops, such as
lettuce, while substrate-based (solid) culture is commercially used for fruiting vegetables
like tomatoes and peppers [6]. The primary advantage of hydroponics is the separation
of plant growth from the constraints typically associated with soil, including soil-borne
diseases, non-arable soil, soil salinity, poor physical properties, low temperature, and
limited nutrient availability [2]. The plant microclimate, including pH, nutrients, and
moisture content can be easily managed in hydroponic systems, thereby having a positive
influence on growth and overall productivity [7].

Soil contains abundant beneficial microorganisms that play crucial roles in supporting
plant nutrition, generating phytohormones, managing phytopathogens, and enhancing soil
structure [8]. In contrast, hydroponic culture systems typically lack these advantageous
microorganisms unless deliberately introduced into the system [8]. Arbuscular mycorrhizal
fungi (AMF) have long been recognized in agriculture for their dependable and efficient
symbiotic attributes towards a wide range of important crops [9]. AMF are a group
of beneficial fungi that form symbiotic associations with the roots of most land plants.
They belong to the Glomeromycota phylum and are characterized by their ability to form
arbuscules and vesicles within plant root cells. These specialized structures facilitate the
exchange of nutrients between the fungus and the plant host, with the fungus providing
essential nutrients such as phosphorus and nitrogen to the plant in exchange for carbon
compounds. Common species of AMF include Rhizophagus irregularis (formerly Glomus
intraradices), Funneliformis mosseae (formerly Glomus mosseae), and Claroideoglomus etunicatum
(formerly Glomus etunicatum) [10]. AMF can be applied as inoculants to seeds, roots, or
growing media to establish symbiotic associations with plants and promote their overall
health and productivity. AMF is being strongly promoted as a solution to the challenges
caused by current unsustainable agricultural practices [9]. These fungi possess the ability
to enhance crop growth and yield, mitigate the negative impacts of abiotic stressors such as
drought, heat, and salinity, as well as biotic stressors like pests and diseases [10]. Advances
in modern techniques have enabled us to investigate multiple AMF domains, such as
physiology, function, and community associations of mycorrhizal fungi [11]. Worldwide, a
diverse array of businesses, spanning from small to large enterprises and start-ups, actively
participate in the production and distribution of AMF formulations or consortia products
that encompass advantageous soil bacteria [12]. Over the past few decades, a substantial
number of patents, exceeding 40 in total, have been generated, specifically pertaining to
AMF. These patents encompass a broad spectrum of aspects related to AMF, including their
advantageous attributes, techniques for inoculum preparation, formulation methodologies,
and diverse application approaches [13–15]. In 2019, the global market for AMF biofertilizer
reached $268.8 million, with a projected increase of 131.25% expected by 2025, bringing it
to an estimated $621.6 million [16]. Consequently, AMF stands as a prominent alternative
technology, holding great promise forwards sustainable agriculture production amid the
global food crisis and the unpredictable challenges posed by shifting climate conditions [1].

The use of AMF approach in hydroponic-grown crops offers a promising approach to
achieve both environmental sustainability and improved crop quality [17]. The combined
use of bacteria and mycorrhiza bio-fertilizers in a soilless system successfully reduced
mineral fertilizers by 20% [18]. Furthermore, when 80% of mineral fertilizers are used in
combination with a mixture of mycorrhiza and bacteria bio-fertilizers, the concentration
of mineral nutrients (N, P, K, Ca, Mg, Fe, Mn, Zn, Cu) in the leaves of pepper (Capsicum
annuum L.) plants were higher than that of the control (100% mineral fertilizer without
bio-fertilizers) [18]. However, the use of AMF in hydroponic culture is controversial. The
process of inoculating AMF is labor intensive [14]; for example, plants need to be cultured
in sand and then transferred to the common nutrient solution. Moreover, in hydroponic
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culture, the system directly supplies all the necessary nutrients rendering the need for AMF
to assist in nutrient uptake is quite luxurious [19]. In this context, all nutrients are provided
in ionic or readily accessible forms, eliminating the necessity for root expansion in search
of water and nutrients in hydroponics, as these resources are abundantly available [19].
Nevertheless, several studies indicated that the application of AMF in soilless or hydro-
ponic culture has the potential to promote growth and productivity [10,20,21]. Hydroponic
methods such as nutrient film technique (NFT) provide AMF with adequate air and nu-
trient solution without disturbing hyphal development [22]. Soilless (substrate, sawdust)
grown tomato (Solanum lycopersicum L.) inoculated with Funneliformis monosporum (Glomus
monosporum), F. mosseae (G. mosseae) had higher plant length, fruit yield and fruit number
compared to the control [10]. Additionally, Fusarium oxysporum infection was significantly
lower in the root inoculated with AMF compared to untreated control plants. Similarly,
tomato seedlings inoculated with Entrophospora etunicata (G. etunicatum) and Rhizophagus
intraradices (G. intraradices) grown in soilless culture (vermiculite) for six weeks exhibited
increased shoot fresh weight, shoot-to-root ratio, root biomass, and relative growth rate
with a root colonization of 23.3% [23]. While the beneficial relationship between plants and
AMF has been extensively studied for several terrestrial plant species, its exploration in
aquatic environments such as hydroponic culture and emergent aquatic species remains
relatively limited.

The objective of this review is to critically analyze and expand the knowledge of
the utilization of AMF in hydroponic systems compared to soil-based culture with the
goal of elucidating the primary factors influencing the AMF-hydroponic association to
promote crop growth and productivity. One novelty of this review is the assessment of
substantial, up-to-date available research results exploring the effect of AMF inoculation
under hydroponic system culture. This offers an overview of the effectiveness associated
with the combined utilization of AMF in conjunction with hydroponic systems for crop
production, contrasting it with either hydroponic or AMF-supported soil cultivation. Such
insights aim to stimulate further research efforts and the development of commercial
applications in the future. Moreover, we discussed why the crops did not consistently
exhibit a positive response to AMF inoculation in hydroponics and the possible solutions
to enhance their activity under these soilless cultivation systems.

2. AMF and Hydroponics Culture

The growing interest in the applications and associated benefits of AMF worldwide is
evident through the abundant scientific literature, comprising research and review articles.
Data mining from scientific database using ‘mycorrhizal’ as the search term showed that
the total published research was 20,544 publications in the Springer Nature database, 3378
in Taylor and Francis, 1066 in MDPI and 17,621 in ScienceDirect® over the last two decades
(Figure 1). Arbuscular mycorrhizae which are found in more than 80% of terrestrial plants
constitute the most prevalent form of symbiosis on Earth [24]. These beneficial fungi,
belonging to the Glomeromycota sub-phylum within the Fungi kingdom, form a symbiotic
relationship known as arbuscular mycorrhiza (AM) with the roots of terrestrial plants,
including several economic crops [25]. Within this relationship, AMF enhances nutrient
uptake by plant roots, particularly phosphate, while receiving carbohydrates and lipids
from the host plant in return [24]. AMF are obligate biotrophs and extremely depend
on their host plant to get organic carbon, while plants benefit from essential soil-derived
nutrients (such as phosphorus (P), nitrogen (N), and zinc (Zn) provided by the fungi) and
improved water relations [26–28]. Obligate biotrophic fungi like AMF have developed
complex mechanisms for accessing plant roots and benefiting from their resources [28]. The
transport of nutrients by AMF occurs through tree-shaped structures called arbuscules [29].
The root system of plants has fewer competing microbes compared to the surrounding root
rhizosphere. Additionally, it benefits from a consistent and plentiful supply of resources
over time and space. When this space is filled, obligate biotrophs become highly reliant on
the living host to the extent that they lose their ability to grow on non-living material [28].
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During the symbiotic process, AMF is typically regulated by effector proteins, which are
messenger proteins released by AMF to maximize compatibility with the host plant and
reduce the probability of attack by disease-resistance proteins [29]. Additionally, AMF
releases biochemical compounds such as glycoprotein (ex. Glomalin), which can enhance
soil physical and chemical properties, especially soil fertility [30].
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Mycorrhizal associations enhance plants’ tolerance against biotic stressors like diseases
and insect pests, as well as abiotic stressors such as drought and salinity [30]. AMF is
known to regulate the translocation of heavy metals (e.g., Cadmium) in the root system and
therefore, AMF is an essential consideration when cultivating plants in polluted soils [31].
AMF provides an eco-friendly approach to a sustainable environment [18]. The symbiotic
relationship between AMF and plants plays a significant role in ecosystem management
and agricultural practices [32]. The synergistic interaction between AMF and rhizobia
can stimulate enhanced root colonization, thereby further promoting plant growth and N
acquisition [33]. In white clover (Trifolium repens), the inoculation of both AMF (Paraglomus
occultum) and rhizobium (Rhizobium trifolii) showed positive effects on leaf and root biomass
production, and plant height, and taproot length within 15–20 days of inoculation [33].

Soilless cultivation encompasses various plant growth systems that replace tradi-
tional soil with porous substrates or nutrient solutions, such as the NFT [2]. Employing
AMF in hydroponic cultivation represents a promising and environmentally friendly ap-
proach to increasing crop yields, improving quality, increase antioxidant compounds
all while reducing reliance on chemical fertilizers [8]. Despite the significant volume of
research studies focused on hydroponic culture or AMF (e.g., Springer–Nature, hydropon-
ics/soilless 13,307; AMF/mycorrhiza 26,500), the total number of publications specifically
dedicated to the use of AMF in hydroponics (soilless) culture remains limited. Online
searches using ‘AMF/mycorrhiza × hydroponic/soilless’ as search term within the pe-
riod between 2002–2023 (2002–2006 + 2007–2011 + 2012–2016 + 2017–2023) yielded 1240
publications in Springer Nature database, 200 in Taylor and Francis, 61 in PubMed® and
848 in ScienceDirect® (Figure 1). The incorporation of AMF into hydroponic systems
presents challenges stemming from cost and complexity, as growers may face additional
expenses and logistical difficulties in sourcing AMF inoculants, optimizing inoculation
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methods, and managing the symbiotic relationship between fungi and plants in a soilless
environment. Furthermore, limited research and awareness about the potential benefits of
AMF in hydroponics contribute to their underutilization, with growers often prioritizing
factors such as nutrient management and disease control over the integration of AMF. The
relatively low popularity of AMF in hydroponics (Figure 1), as evidenced by the scarcity
of recent publications, is influenced by various factors. Traditional hydroponic systems,
designed to deliver optimized nutrient solutions directly to plants, diminish the perceived
necessity for root symbionts like AMF to scavenge for nutrients. Moreover, the historical
focus of AMF research on soil-based agricultural systems diverts attention from their poten-
tial advantages in hydroponics. Challenges related to the application of AMF inoculants,
coupled with skepticism about their efficacy and cost-effectiveness, may further discourage
exploration of their use in hydroponic setups. Despite these barriers, growing interest in
sustainable agriculture and soil health may catalyze renewed exploration and adoption of
AMF in hydroponic systems in the future [34].

3. Does the Plant Consistently Exhibit a Positive Response to AMF Inoculation in
Hydroponic Systems?

The metadata analysis results unveiled noteworthy differences in AMF root coloniza-
tion over time between conventional agriculture (soil) and hydroponic cultivation systems
(Figure 2). On average, the root colonization percentage by AMF was 16.8% higher in
soil-based systems compared to hydroponic systems. Specifically, the mean root coloniza-
tion (%) by AMF was approximately 52.3% in hydroponic systems and 61.1% in soil-based
systems. In a study by Robinson Boyer et al. [35], it was observed that the colonization of
strawberry roots by AMF (R. irregularis) was reduced when grown in soilless substrates.
One possibility is that the absence of soil in soilless substrates alters the microenvironment
and conditions required for AMF colonization. Furthermore, the physical characteristics of
AMF colonization on strawberry roots exhibited disparities between soilless and soil-based
cultivation. In hydroponically grown plants (using coir as a substrate), the colonization
structure appeared to be more compact and smaller in size [35]. In another study by Hung
and Sylvia [36], the germination rate of G. etunicatum spores in aeroponic cultures was
found to be significantly lower than that observed in soil, with rates of 46% and 64%,
respectively, after a 2-week incubation period at 28 ◦C. However, it’s worth noting that
this difference did not affect the inoculum’s infectivity potential. The water regime was
identified as a significant factor influencing root colonization. For instance, in the case of
Panicum hemitomon and Leersia hexandra, root colonization by AMF was diminished, and
the plants exhibited reduced size in waterlogged soil conditions [37].
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The use of AMF when growing plants in a hydroponic system is controversial. There
is conflicting evidence of the feasibility of such use (Figure 3). Based on the comprehensive
examination of studies within this review, it has been demonstrated that approximately
34% of these studies reported either a negative outcome or no significant effect of AMF
on biomass or yield; around 37% of the studies found no substantial impact or negative
effects on the quality of fruits or leaves; and in the case of nutrient levels within plant
tissues, approximately 60% of the studies revealed no or negative effect when AMF were
employed within hydroponic systems (Figure 3). Recent investigations focused on the
application of AMF in organic soilless vegetable production unveiled that Glomus spp.
did not demonstrate a significant association with improved physiological parameters
(e.g., photosynthesis, stomatal conductance, transpiration) or yield for eggplant (Solanum
melongena L.) [103]. In another study by Hawkins and George [53], root O2 and CO2 fluxes
were measured in hydroponically grown AMF and non-AMF Triticum aestivum. Seedlings
were cultivated with 4 mM N and 10 mM P. The total root colonization reached 48%,
with 18% attributable to G. mosseae. While the root O2 uptake rate remained consistent
between the two groups, CO2 release was higher in AMF-associated wheat compared to
non-mycorrhizal wheat. However, there were no discernible differences in biomass and
nutrient concentration (specifically N and P) between the mycorrhizal and non-mycorrhizal
wheat [53]. In the context of strawberry, the inoculation with bacteria and AMF (B. velezensis
and G. intraradices) resulted in an increased chlorophyll content index but decreased certain
fruit quality components, including total soluble solids, titratable acidity, and pH [46]. Fur-
thermore, when lettuce seedlings were inoculated with AMF (G. mosseae and G. intraradices)
and grown in soilless substrates such as rockwool or coconut coir, the leaf concentrations
of Cu, Mn, and Zn were lower compared to non-inoculated specimens. Additionally, no
significant differences were observed in terms of yield and macronutrient content between
AMF-inoculated and non-inoculated lettuce [55]. In the case of cucumber (C. sativus) grown
in a modified Johnson nutrient solution and inoculated with AMF (G. mosseae), certain find-
ings were noted such as lower plant growth and shoot phenol content, higher shoot SPAD
values, photosynthesis rates, transpiration rates, mesophyll conductance, root exudate
phenol content, and antioxidant activity [104].
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Several explanations have been suggested to clarify why plant response to AMF inocu-
lation is not consistently positive under hydroponic systems [14,29,64]. In hydroponics, the
systems provide the required mineral nutrients and water to the roots and therefore there
is no need to stimulate the AMF symbiosis [29]. The addition of macro- and micronutrient
fertilizers in hydroponics can potentially lead to an increase in the soilless nutrient solution
electrical conductivity. The electrical conductivity of full-strength commercial nutrient
solution’s ranges from 1.2 to 2.5 dS m−1, and in closed-hydroponic systems, salinity levels
can potentially increase. Irrigation with saline water containing 4500 ppm of NaCl, MgCl2,
and CaCl2 (in a 3:1:1 ratio by weight) has been shown to reduce AMF colonization [82].
Under salinity conditions, AMF reduced leaf Na+, Ca2+ and sucrose concentration while
increasing the ratios of K+, K+/Na+, Ca2+/Na+ and Mg2+/Na+. Additionally, AMF can
enhance glucose, fructose, and proline concentrations in trifoliate orange (Poncirus trifoliata)
seedlings [66]. The spread of pathogens such as root rot have become a continuous threat
to crop production in commercial soilless systems [7]. This can increase the risk of attack by
root pathogens because the inoculum is distributed by recirculating nutrient solution [116].
In comparison, AMF-inoculated strawberry plants grown in soil exhibited higher tolerance
to soil-borne pathogens and water stress than those grown in soilless (coir) substrate [35].

4. Potential Use of AMF in Hydroponic Culture

In hydroponic systems where nutrient levels are already optimized, mycorrhizal
fungi play crucial roles beyond nutrient extraction. They facilitate enhanced water uptake,
improve nutrient absorption efficiency, and promote stress tolerance in plants, thereby
contributing to overall plant health and productivity [8,19]. Additionally, mycorrhizal sym-
biosis fosters robust root growth and structure, supports beneficial microbial communities,
and ultimately enhances plant growth and yield [23,30]. While nutrient extraction may not
be their primary function, mycorrhizal fungi offer multifaceted benefits that make them
valuable additions to hydroponic systems, aiding in the creation of resilient, healthy crops.

Various hydroponic techniques have been proposed for integrating AMF, including
floating, nutrient film technique (NFT), aeroponics, and Ebb and flow systems. In the
floating system, plant roots are suspended in a nutrient solution-filled bed or reservoir,
with an air pump ensuring adequate oxygen supply to prevent root oxygen deprivation.
NFT systems involve suspending plants above a continuous film of nutrient solution. In
aeroponics, plants are suspended in the air, with AMF-inoculated roots exposed to a mist
of nutrient solution [14]. These enclosed frameworks enhance the aeration surrounding the
root system and could play a significant role in improving the performance of AMF. For
example, Bahia grass (Paspalum notatum) and sweet potato (Ipomoea batatas) pre-inoculated
with G. deserticola, G. etunicatum, and G. intraradices showed significant root colonization
ranging from 28–45%, after 12 weeks in aeroponic cultures [36]. The spores count ranged
from 4.0 spores per cm of colonized root for G. etunicatum to 51 spores per cm for G.
intraradices [36]. In another study involving Hibiscus sabdariffa, inoculation with AMF
species such as Glomus sp., Gigaspora sp. and Scutellospora sp. under soilless culture
resulted in the proliferation of fungal spores in the growing medium, ranging from 55 to 61
spores/10 g substrate. Root colonization levels ranged from 59% to 64%, and root volume
doubled compared to the control [38].

The combined utilization of AMF and hydroponic culture has revealed a potential
positive effect on the growth and productivity of several crops, as summarized in Table 1.
In a floating hydroponic culture system, AMF contributed to the increased formation of
lateral branches in the basil plants (Ocimum basilicum L.) without causing the thickening of
their stems. In addition, AMF enhanced nutrient uptake including N, P, K, Ca, Mg, Fe, Mn,
Zn, Cu [8]. When considering the total harvest data, AMF increased basil yield by 13.94%
compared to 50% control (the response of the bio-fertilizers where mineral fertilizers are
reduced by 50%) [8]. Under soilless culture using coir substrate, AMF inoculation led to
an increase in the size and quantity of class 1 strawberry fruit, especially under low N
input condition [35]. In a perlite-based hydroponic system, the mycorrhizal inoculation of
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pepper plants hydroponically grown showed an increase in plant dry weight by 17% to
36% compared to un-inoculated plants with two AMF species (G. caledonium and G. clarum)
used [39]. In a close hydroponic system, corn seedlings colonized by AMF exhibited a sig-
nificantly higher P uptake rate (from Hoagland solution reservoir at 9 and 21 h) compared
to the non-colonized plantlets [117]. Under soilless culture utilizing peat moss and perlite
mix (1:1 v/v), AMF-inoculated pepper plants displayed higher photosynthesis, stomatal
conductance, leaf chlorophyll, leaf nutrient (N, P, K), leaf area, and fruit production com-
pared to the non-AMF plants [118]. Saffron (Crocus sativus) cultivation commonly occurs in
soil, with spice yield ranging from 0.15 to 1.5 g m−2, depending on cultural practices [105].
In soilless systems, saffron can benefit from essential nutrients without competition with
pathogens or abiotic stresses associated with nutrient-soil interaction. These systems pro-
vide an optimal environment for saffron growth, allowing for precise control over nutrient
availability and minimizing the risk of soil-borne diseases. Additionally, soilless cultivation
methods reduce the likelihood of nutrient imbalances or deficiencies, promoting healthier
plant development and potentially higher yields. Although saffron corms inoculated with
AMF (R. intraradices) and produced in hydroponic system exhibited spice yields like those
in soil, they showed higher levels of polyphenols, anthocyanins, vitamin C, and elevated
antioxidant activity [105].

Table 1. Crops reactions to AMF within hydroponic systems.

Plant Host AMF Substrate/Hydroponic
Type

Response References

Lettuce
(Lactuca sativa L.)

F. mosseae Calcined
clay/Ebb and flow.

AMF improved leaf gas exchanges
and the nutritional quality (leaf
content of chlorophylls,
carotenoids, and phenols) of
lettuce even at sub-optimal P.

[20]

Basil
(O. basilicum L.)

Mixture of G. intraradices,
G. aggregatum, G. mosseae,
G. clarum, G. monosporus,
G. deserticola, G. brasilianum,
G. etunicatum, and
Gigaspora margarita.

No substrate/Floating
culture.

Compared to the control (none
treated) bacteria, mycorrhiza, and
micro-algae treatments increased
basil yield by about 18.94%,
13.94%, and 5.72%, respectively. In
addition, bio-fertilizers enhanced
the intake of nutrients N, P, K, Ca,
Mg, Fe, Mn, Zn and Cu.

[8]

Tomato
(L. esculentum Mill.)

Rhizophagus irregularis Mixture of organic peat
and vermiculite (1:1
v/v)/Ebb and flow.

AMF transplants had higher shoot
total dry weight, survival rate, leaf
N and P content.

[107]

Tomato Piriformospora indica
fungi + mixture of mixture
of AMF (Rhizophagus clarus,
C. etunicatum and
Gigaspora albida)

Coconut fiber/Ebb
and flow.

Growth-promoting fungi and K
doses improved cherry tomato
yield and fruit quality.

[108]

Baby Spinach
(S. oleracea L.)

G. intraradices,
G. aggregatum, G. mosseae,
G. clarum, G. monosporus,
G. deserticola, G. brasilianum,
G. etunicatum, G. margarita

No substrate/Float
culture.

Biofertilizers improved the
internal leaves’ quality (total
phenolic, vitamin C, total
soluble solids).

[17]

Onion (Allium cepa) Glomus sp. (INVAM-FL329) Sand/Ebb and flow. Higher levels of magnesium
sulfate (2.6 vs. 11.7 mM MgSO4) in
nutrient solution significantly
reduced tissue-Ca levels, root
colonization and sporulation.

[42]
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Table 1. Cont.

Plant Host AMF Substrate/Hydroponic
Type

Response References

Tomato G. monosporum and
G. mosseae

Sawdust/Ebb and flow. AMF significantly increased plant
height, fruit yield and
fruit number.

[10]

Saffron (C. sativus) R. intraradices Sand/Ebb and flow. Corms had similar spice yield
compared to soil, but these corms
had higher polyphenols,
anthocyanins, vitamin C, and
elevated antioxidant activity.

[105]

Tomato G. mosseae, G. intraradices,
G. etunicatum and G. clarum

Rockwool/Ebb and
flow.

Although AMF had no effect on
the total and marketable yield,
tomato fruit inoculated with AMF
contained higher sugars compared
to the plants growing without
mycorrhiza.

[109]

Tomato F. mosseae Sand: vermiculite
mixture (1:1 v/v)/Ebb
and flow

Leaf photosynthetic capacities
were higher in mycorrhizal plants
when leaves contained more
proteins and/or the plant-internal
moisture stress was lower than in
non-mycorrhizal plants.

[43]

Petunia
(Petunia × hybrid)

G. mosseae, G. intraradices
and Gigaspora rosea

Vermiculite/Ebb
and flow.

Disease symptoms caused by the
root pathogen Thielaviopsis basicola
were significantly reduced in G.
mosseae colonized plants. A
negative effect of the pathogen on
root colonization by G. intraradices
was observed.

[44]

Lettuce G. mosseae No substrate/NFT,
Perlite/Ebb and flow.

In both systems, AMF-inoculated
lettuce had higher shoot dry
weight than the non-inoculated.

[22]

Lettuce G. verruculosum No substrate/Float
culture.

AMF-inoculated lettuce plants had
higher mycorrhizal colonization
(86%), spore population (no/g
sand, 303) and shoot and root dry
weight compared to the control

[21]

Tomato G. etunicatum and G.
intraradices

Vermiculite/Ebb and
flow.

AMF-inoculated seedling had
higher biomass and relative
growth rate compared to the
control.

[23]

Strawberry (Fra-
garia × Ananassa)

G. clarum and G. caledonium Sterilized potting mix
soil: sand: perlite (1:1:1
v/v/v)/Ebb and flow.

AMF increased yield and reduced
fruit total soluble solids and pH
compared to the control.

[45]

Strawberry G. intraradices, Bacillus
velezensis

Coconut fiber/Ebb
and flow.

AMF increased chlorophyll
content index (SPAD) and
decreased fruit total soluble solids,
titratable acidity and pH
compared to the control

[46]

Cucumber
(Cucumis sativus)

G. mosseae Sand/Ebb and flow. AMF increased leaf SPAD, fresh
weight, and fruit quality
component (antioxidant activity
and phenol content).

[110]
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Table 1. Cont.

Plant Host AMF Substrate/Hydroponic
Type

Response References

Snapdragons
(Antirrhinum majus)

G. intraradices 90% perlite and 10%
peat-moss/Ebb
and flow.

AMF significantly increased
flower vase-life and reduced
ethylene production.

[40]

Cucumber G. mossea No substrate/Float
culture.

AMF-plants had higher shoot
SPAD, gas exchange
(photosynthesis rate, transpiration,
and stomatal conductance), root
phenol content, and
antioxidant activity.

[104]

Pepper
(Capsicum annuum)

G.caledonium and G. clarum Perlite/Ebb and flow. AMF-increased shoot dry weight. [39]

Tomato Piriformospora indica Sand/Ebb and flow. AMF increased leaves biomass by
20% and reduced disease severity
caused by Verticillium dahliae by
more than 30%.

[111]

Tomato G. monosporum,
G. vesiculiferum,
G. deserticola, G. intraradices,
G. mosseae

Sawdust/Ebb and flow. Inoculation with G. monosporum
and G. mosseae significantly
increased fruit yield and fruit
number and reduced Fusarium
oxysporum root infection compared
to the untreated control plants.

[10]

gerbera
(Gerbera jamesonii)

G. mosseae and G. intradices Sand/Ebb and flow. AMF inoculation increased yield
by 16% and vase life by 19%.

[112]

Tomato G. fasciculatum Perlite/Ebb and flow. AMF increased yield significantly. [47]

Tomato 9 species of mychorriza;
G. intraradices, G. clarum,
G. mosseae, G. margarita, G.
aggregatum, G. etunicatum,
G. monosporus, G. deserticola,
G. brasilianum

Peatmoss: perlite (1:1,
v/v)/Ebb and flow.

Mychorriza treatment increased
tomato juice electrical conductivity
and reduced vitamin C.

[113]

Melon
(Cucumis melo)

G. intraradices,
G. aggregatum, G. mosseage,
G. clarum, G. monosporus,
Glomus deserticola,
G. brasilianum,
G. etunicatum, Gigaspor
margari

Coco-peat: perlite (1:1,
v/v)/Ebb and flow.

Growing AMF-inoculated
watermelon seedlings in
hydroponic system (80% full
strength nutrient) increased total
yield by 49.5% (12.4 vs. 8.3 kg/m2)
compared to the control.

[106]

Pepper Mixture of 9 AMF species:
G. intraradices,
G. aggregatum, G. mosseae,
G. clarum, G. monosporus,
G. deserticola, G. brasilianum,
G. etunicatum, and
G. margarita

Coco pith slabs/Ebb
and flow.

The use of 80% mineral fertilizers
in combination with mycorrhiza
and bacteria, provided a 32.4%
higher yield than the control (100%
mineral fertilizer without
bio-fertilizers).

[18]

In terms of its environmental impact, the use of AMF can lead to a reduction in
the necessity for chemical fertilizers and pesticides by improving nutrient uptake and
enhancing plant resistance to diseases [8,117–119]. For example, cultivating watermelon
seedlings inoculated with AMF in a hydroponic system, using 80% full-strength nutrient
solution, resulted in a 49.5% increase in total yield (12.4 vs. 8.3 kg m−2) compared to the
control [106]. Additionally, the P content in AMF-inoculated melons increased by 80%
in the 80% full-strength nutrient solution compared to the full-strength control [106]. In
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the case of hydroponically grown baby spinach (Spinacia oleracea L.), where AMF was
used in combination with 50% mineral fertilizers, leaf yields were 20% lower than those
achieved with 100% mineral fertilizers [17]. However, AMF significantly improved the
quality of the internal leaves, including enhancing total phenolic content, vitamin C levels,
and total soluble solids [17]. Inoculating tomatoes with AMF (F. mosseae) grown in a
nutritional solution within a coconut coir medium resulted in increased root biomass,
total root length, surface area, and volume compared to the control [120]. Moreover, the
expression levels of N transporters such as LeAMT1.1, LeAMT1.2, and LeNRT2.3 were
significantly up regulated by AMF inoculation [120]. Mycorrhizal colonization in soilless
grown cut flower snapdragons (Antirrhinum majus L.) significantly increased the vase life
of flowers by reducing ethylene production [40]. Although AMF did not lead to an increase
in the number of flowers per spray or the concentration of flower P, its broader influence
on host ethylene production indicates that this microbial association might offer a viable
alternative to chemical ethylene inhibitors like silver thiosulfate and silver nitrate, which
are known for their high toxicity [40,121,122].

5. The Percentage of AMF Root Colonization over Time within Hydroponic Systems

Figure 4 illustrates the progressive colonization of roots by AMF over time across
various substrates, including nutrient solutions, soil, sand, vermiculite, and peatmoss.
Despite the extensive research related to AMF (as shown in Figure 1), relatively few studies
have specifically focused on the dynamics of root colonization over time (Figure 4). These
studies have revealed that after an initial 10 days following inoculation, the percentage
of root colonization by AMF typically falls within the range of 2% to 20%, depending
on the specific growing substrate. Notably, in soilless substrates, root colonization by
AMF consistently exceeded 50% after 30 to 65 days, with variations influenced by both
the growing substrate and the plant species under investigation. In the early stages of
transplanting Linum usitatissimum in the hydroponic floating system (inoculation was
done before transplanting), the degree of AMF colonization in the nutrient solution was
slower compared to the sand culture. However, over time, the colonization percentage
gradually increased, eventually reaching levels like those observed in the sand culture, at
approximately 90%, after 8 weeks [41]. This could be attributed to the rapid growth of the
root system in nutrient solution.

For Sudan grass (Sorghum sudanese), roots inoculated with AMF (G. intraradices)
and grown using a hydroponic technique, specifically an ultrasonic nebulizer aeroponic
system, the root colonization percentage reached a substantial 80% [123]. Moreover, the
total number of viable AMF propagules per gram of inoculum increased to 175,000 after
12 weeks of pre-inoculation [123]. In the case of Chile pepper (Capsicum annuum L. cv.
San Luis) plantlets grown in a soilless system composed of peatmoss and perlite (in a 1:1
v/v ratio), AMF colonization proceeded gradually, reaching approximately 50% within
45 days. This colonization significantly contributed to enhancements in photosynthesis,
stomatal conductance, and water relations adjustments. These improvements facilitated
rapid recovery during acclimatization and subsequently resulted in greater growth
during the post-acclimatization period [118]. Furthermore, in the context of white clover
(T. repens), following inoculation with AMF (P. occultum), the roots exhibited an increase
in hydrogen peroxide (H2O2), which serves as a signaling molecule for plant defense
against microbial infestations. This increase occurred between day 5 and day 10 after
AMF inoculation [33].
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6. How to Enhance AMF Activity in Hydroponic Systems?
6.1. Phosphorus Level in Nutrient Solution

The composition of the nutrient solution in hydroponic systems plays a significant
role in influencing root colonization and sporulation of AMF [127]. Plants could control the
AMF colonization extent based on their nutritional requirements, possibly as a mechanism
to optimize energy resources and minimize the carbon input cost generated with AMF
symbiosis [29]. The symbiosis relationship, specifically the delivery of phosphate, is one
of the main determinants of this relationship [29]. When phosphate availability in root
rhizosphere is high, the colonization and the symbiotic phosphate uptake pathway are
inhibited. Conversely, when phosphate levels are low, the process shifts from the direct
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rhizodermal-uptake pathway to the symbiotic-uptake pathway [29]. For instance, when
P. notatum was inoculated with AMF (G. intraradices, Acaulospora longula, Scutellospora
heterogama, G. margarita) and grown in soilless culture (sandy media) of different Hoagland
nutrient solutions, the sporulation of AMF varied significantly. The addition of NH4NO3
reduced both colonization and sporulation of AMF (G. intraradices) compared to nutrient
solutions without P. Hoagland nutrient solutions without P increased sporulation in the
growing media and root colonization of all AMF compared to those produced by a tap
water or full-strength nutrient solutions containing the recommended P levels [127]. In this
review, the meta-analysis revealed that in hydroponic systems, the recommended P level in
nutrient solutions ranged from 0.15 to 15 mg L−1 and higher levels (40–75 mg L−1) could
have a negative effect on AM fungus colonization and activity (Figure 5).
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When there is an excess of phosphorus (P) in the root rhizosphere, the formation of
intact arbuscules may decrease, and instead, vesicles may develop [128]. Since phosphorus
availability in the growing substrates is restricted, plants have evolved various mechanisms
to boost their absorptive surfaces, such as root elongation and branching [130]. In a study
conducted by Vejsadová et al. [131], the influence of P-solubilizing bacterial isolates and a
collection of bacterial strains on the development of native G. fasciculatum colonization in
corn roots was investigated. Under hydroponic conditions, the P-solubilizing isolate F27
significantly increased the number of arbuscules in roots and P concentration in the shoots
(by 30–35%), compared to plants with AMF alone [131].

Arbuscular mycorrhizal (AM) symbiosis offers a promising strategy for enhancing
plant P acquisition. However, when the substrate contains high P levels, it can reduce fungal
colonization and impede mycorrhizal P uptake [128]. In a study conducted by Valentine
and Kleinert [129], the impact of increased P availability on the respiration of AMF (G.
mosseae) in tomato roots grown hydroponically for 72 h was investigated. Initially, seedlings
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were cultivated in a low P environment (2 µM, approximately 0.06 mg L−1) for three weeks.
Subsequently, the same inoculated transplants were exposed to elevated P doses (2 mM P,
around 62 mg L−1) for 72 h. The additional P led to a reduction in AMF activity, root CO2
and O2 fluxes, as well as the concentration of organic acids produced from root-zone CO2
assimilation [129]. This short-term increase in low P conditions (72 h) negatively impacted
the activity of the fungal symbiont, AMF root respiration, and the metabolism of root-zone
CO2-derived organic acids [129]. A study involving Lythrum salicaria grown in soilless sand
culture at various P concentrations (0, 0.04, 0.40, 4.0, and 17 mg L−1 nutrient solution) for
49 days, with or without AMF inoculation, revealed that AMF colonization occurred in
plants at the 0.04, 0.40, and 4.0 mg-P L−1 concentrations, but there was no colonization in
plants grown at the 17 mg-P L−1 nutrient solution [65]. Another experiment with wheat
(T. aestivum) inoculated with G. mosseae and grown in nutrient solution with different P
levels showed that the modified Long Ashton solution (10 µM P, 0.3 mg L−1) resulted
in higher root dry weight and viable cultures of mycorrhizal colonization compared to
the modified Knop plus Hoagland medium (900 µM P, approximately 28 mg L−1) [93].
Interestingly, mycorrhization by Glomus occurred in bean roots colonized by rhizobia when
the P concentration in the hydro-aeroponic solution was ranged from 75 µM (~2.3 mg L−1)
to 250 µM (~7.7 mg L−1) [64]. For the 75 µM P treatment, the roots exhibited colonization
percentages of 14% for hyphae, 7% for arbuscules, and 2.66% for vesicles. In the case of the
250 µM P treatment, the colonization percentages were 32% for hyphae, 15% for arbuscules,
and 8% for vesicles [64].

6.2. Static vs. Dynamic Hydroponic System

When the fungus spores are located at a distance from the root, plant-secreted flavonoids
encourage hyphal elongation and stimulate pre-symbiotic fungal growth [132]. During
this stage (presymbiosis), both plant and fungus communicate via oligosaccharides and
butenolides [132]. After that, AM fungus becomes close to the root and a high degree of
hyphal branching is mediated by plant strigolactones. Perception of cutin monomers by
germinated spores triggers hyphopodium development on the root surface. After that,
the tips of growing hyphae attach to the root epidermis hyphopodia, and the hyphae
penetrate the root epidermis and colonize the cortex [26,133]. In addition, germinated
fungal spores of AM fungi secrete sulfated and non-sulfated lipochitooligosaccharide that
trigger lateral root formation [133]. The cultivation of AMF independently of the host
plant is not possible [53]. There is a unique process that occur between AMF and the plant
that might require a steady (static) state around the root rhizosphere. Permanent nutrient
solution circulation in NFT, aerobic hydroponics as well as the bursting of air bubbles
(air pump) in floating systems create a dynamic state that could reduce the possibility
of injecting AMF spores to the hydroponic system and might damage the spores and/or
hyphae [22,53]. In floating systems where the nutrient solution remains static, the bursting
of air bubbles from air pumps may damage the delicate extraradical hyphae or restrict their
formation [14].

Nurbaity et al. [59] assessed the use of Deep Flow (where plant roots are completely
submerged in the nutrient solution) and Ebb and Flow (where roots are periodically flooded
with nutrient solution and then drained) to optimize the production of mycorrhizal fungi;
with AMF-inoculated Sorghum bicolor was used as host plants. They found that Ebb and
Flow resulted in higher plant biomass, root mycorrhizal colonization (79%), and spores’
number (962 spore/10 g medium) when compared to Deep Flow technique. However,
aeration pumps may turn on periodically to reduce the negative impact on AM fungal
formation and development [41,53]. A discontinuous aeration approach involving short
periods of aeration (2 h periods, four times per day) has been successfully provided
adequate aeration with minimal disturbance of the fungus [53].
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6.3. Effects of Aeration, Substrate Type, pH, and Inoculation Frequency on
Mycorrhizal Colonization

The oxygen concentration (aeration) in hydroponic systems plays a critical role in
root and shoot growth as well as nutrient uptake. For instance, shoot and root biomass of
AMF-inoculated Sorghum bicolor, and Guizotia abyssinica increased with O2 concentration
up to 16% [91]. However, when inoculated plants were exposed to a root oxygen con-
centration of 21%, as well as the non-aerated conditions, they exhibited lower shoot and
root biomass compared to the 16% oxygen concentration [91]. However, that study used a
soil-peat-sand mixture, so, this study was not conducted under hydroponic conditions. An
assessment of hydroponic culture aiming to develop a tripartite symbiosis involving AMF
species (G. intraradices, Gigaspora rosea, and Acaulospora mellea), beans, and rhizobia showed
interesting findings [64]. When transplants were transferred from the initial sand culture to
nutrient solution, common bean roots were intensely colonized by AMF. Gigaspora colo-
nized well under sand culture conditions, but not in nutrient solution (liquid), while no
root-colonization was found with Acaulospora under either culture condition [64].

Monitoring CO2 release in the growing substrate is a useful technique for assessing
microorganism activity [134]. An analysis of structure and activity, including CO2 released
by substrates, potential enzymatic activity, and lignocellulosic composition, of spontaneous
fungal communities in various organic substrates used for soilless culture (wood fibers,
coir fibers, and peats) showed that enzymatic activity performance was poorly correlated
with microbial respiration and lignocellulosic composition. The structure of fungal com-
munities was unique to each substrate, with the highest specificity for wood fibers and
the lowest for peat. Additionally, activity was highly dependent on substrate origin and
production process. Overall, the spontaneous development of microorganisms within a
soilless growing media could have specific effects on organic matter development and
disease reduction [134]. Hydroponic culture pH can significantly influence root coloniza-
tion of AMF. Sorghum plants (S. bicolor L.) were grown in a soilless system with different
pH levels (4.0, 5.0, 6.0, and 7.0) using four VAM isolates. Root colonization varied with
pH, increasing as pH levels rose, particularly with certain isolates. Roots colonized by
specific isolates showed higher dry matter yield but lower shoot concentrations of certain
nutrients. Overall, shoot concentrations of magnesium, calcium, manganese, zinc, and
copper remained consistent across VAM isolates [57]. In Thompson’s [135] study, the
impact of nutrient concentration and pH on the performance of AMF in wheat and corn
was investigated. He found that the presence of the NH4-N form had a negative effect
on the colonization process as well as the sporocarp and ectocarpic spores in both crops.
For optimal vesicle and arbuscule development by G. mosseae in corn, it was determined
that the nutrient solution should have a pH level exceeding 7.4 and a phosphorus content
below 0.1% (10 mg L−1). Furthermore, the ideal nutrient solution composition for the
interaction between corn and G. fasciculatum was identified as having a pH range between
5.6 and 6.2, with root phosphorus levels below 0.08% (equivalent to 8 mg L−1), and root N
concentrations around 1.5% (equivalent to 150 mg L−1). In the case of wheat-G. mosseae
interactions in a hydroponic setting, it was found that the most favorable conditions in-
volved a nutrient solution with a pH range of 7.2 to 7.7, root phosphorus levels below
0.055% (equivalent to 5.5 mg L−1), and root N concentrations exceeding 1.07% (equivalent
to 170 mg L−1) [135]. To increase the colonization rate in hydroponic systems, one possible
approach is to re-inoculate the plants multiple times or add AMF spores to a nutrient
solution tank [33]. Double inoculation of AMF and rhizobia favored root AMF colonization
and nodules compared to single inoculation [33].

7. Conclusions

AMF have been extensively evaluated for their beneficial effects on crop growth and
productivity in conventional (soil-based) agriculture systems. However, their potential in
hydroponic systems has received less attention but is still promising. The integration of
AMF with various hydroponic techniques offers a range of advantages for crop growth and
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productivity. Interestingly, the combination of AMF and hydroponics presents a promising
approach for modern and eco-friendly crop cultivation. Insights from hydroponic experi-
ments highlight variations in initial colonization rates, with gradual increases observed
over time. These differences in colonization patterns between soilless and soil-based culti-
vation suggest a complex interaction of factors influencing AMF interactions. The level of
phosphorus in the nutrient solution in hydroponic systems plays a crucial role in shaping
the colonization and sporulation of AMF. Plants exhibit a sophisticated control mechanism
over AMF colonization, adjusting it according to their nutritional requirements, particularly
phosphate availability.

The complex process of AMF colonization involves a series of finely tuned interactions
between the plant and fungus. Plant-secreted flavonoids encourage early fungal growth
and communication, while strigolactones mediate hyphal branching and root attachment.
Oxygen concentration, pH levels, and nutrient solutions play pivotal roles in shaping the
dynamics of AMF colonization in hydroponic systems. The pH levels significantly influence
root colonization, and the interaction between pH and specific AMF isolates can impact
nutrient uptake. Monitoring microbial activity through CO2 release in substrates reveals
substrate-specific effects on organic matter development. Additionally, strategies like
double inoculation can enhance root colonization and nodulation in hydroponic systems,
offering promising avenues for optimizing AMF interactions in controlled environments.

Overall, although there is evidence supporting the potential advantages of integrating
AMF into hydroponic systems, additional research is necessary to optimize their application
and evaluate their effectiveness across various scenarios. These scenarios could be when
there are nutrient-deficient conditions, drought environments, stressful conditions (salinity,
heavy metals), disease suppression, and certain crop requirements. Certainly, exploring
future studies and practical applications of combining AMF with hydroponic systems
opens up exciting possibilities in agricultural research and practice. Future studies could
focus on optimizing the integration of AMF with hydroponic systems to maximize plant
growth, nutrient uptake, and overall system efficiency. Further research is also needed to
better understand the mechanisms underlying the interactions between AMF and hydro-
ponic systems. It is also essential to assess the economic viability of incorporating AMF
into hydroponic production systems. The key consideration lies in determining whether
inoculating with AMF enhances the economic yield of a crop compared to solely increasing
element concentrations in the nutrient solution.
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