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Abstract

Food security and supply networks are becoming an ever-increasing concern requiring
innovative practices to deal with the contributing factors. Controlled Environment Agri-
culture (CEA) offers an alternative to conventional cropping systems for increasing the
yields of certain produce types. Crop yields (tons/hectare/year) in CEA are reported to
range between 10 - 100 times higher than open-field agriculture, and the water use in CEA
is typically about 4.5-16% of that from conventional farms per unit mass of produce. How-
ever, these systems can be energy intensive due to temperature regulation requirements,
compromising their environmental and economic viability. Energy is the second largest
overhead cost in CEA with carbon footprints being reported as 5.6-16.7 times and 2.3-3.3
times greater than that of open-field agriculture for indoor vertical farms and green-
houses, respectively. This can be offset, in part, by reducing reliance on cooling systems.
However, high temperature stress negatively impacts crops at morphological, cellular,
metabolic, and molecular levels, reducing produce quality and quantity. Biostimulants
are additives which can benefit plant growth through ameliorating stress. This review
considers recent research on the effects of heat stress on a variety of crops commonly
grown in CEA and the categories of biostimulants that have known thermoprotective
qualities. Seaweed extracts, chitin/chitosan, protein hydrolysates and amino acids, inor-
ganic compounds, beneficial microorganisms and humic substances are explored, along-
side the known benefits, limitations, and knowledge gaps.

Keywords: Controlled Environment Agriculture, biostimulants, heat stress, hydroponics,
vertical farming, temperature stress,

1. Introduction

Our environment is becoming increasingly variable and unpredictable, as is the sta-
bility of international trade, presenting unique challenges to the security of food produc-
tion and supply networks. Given the projected population increase to 9.7 billion by 2050,
the need for resilient and reliable sources of food is more pressing than ever [1-3]. The
adoption of alternative agricultural practices is a key component of strengthening the
food supply network [1-3]. Controlled Environment Agriculture (CEA), including hydro-
ponic systems, offers the potential to alleviate pressure on land use from agriculture. Crop
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yields (tons/hectare/year) in CEA are reported to range between 10 and 100 times higher
than open-field agriculture and the water use in CEA is typically about 4.5-16% of that
from conventional farms per unit mass of produce [4]. CEA also has the potential to re-
duce the impact of environmental stresses on crops by protecting them from the external
environment and its fluctuations, resulting in a more secure food supply pathway.

Whilst already accepted as being a key industry for continued food production, there
are known issues associated with controlling the growth environment, primarily regard-
ing the energy consumption associated with lighting and temperature regulation [5]. En-
ergy is the second largest overhead cost in CEA, with carbon footprints being reported as
5.6-16.7 times and 2.3-3.3 times greater than that of open-field agriculture for indoor ver-
tical farms and greenhouses respectively [4]. It was identified that 23-35% of energy load
is a result of cooling systems alone [6]. Limited ventilation capacity can also result in tem-
peratures increasing above the optimum range, which can lead to high humidity levels,
further impacting the productivity of plants, as well as driving up the energy demand [6].
Moderating temperature properly can result in reduced overall energy demand directly
reducing the energy expended on temperature maintenance systems, as well as through
indirect control of relative humidity within the space [6].

At present, CEA systems rely on a consistent provision of optimal environments to
be able to obtain the highest quality yields possible, and as such are vulnerable to disrup-
tions to these. High temperature stress can impact the morphology, physiology, and bio-
chemistry of plants, causing declines in nutritional value and yield [1], highlighting a risk
not only to caloric provisions, but also to the availability of nutrients, micronutrients, and
protein that are essential for nutritionally complete diets [2]. In addition, temperature
maintenance-associated costs are the second highest cost for some CEA systems [4]. Heat-
ing, ventilation, and air conditioning constitute 50% of operational costs in warmer cli-
mates, and up to 85% in extreme climates [4, 5]. Many CEA and vertical farm start-ups are
limited significantly by the costs of powering these systems. Furthermore, in many CEA
systems, limited ventilation capacities result in temperatures increasing above the opti-
mum range for growth. Even in climate-controlled glasshouses, heat waves can cause tem-
peratures to rise above the safe operating limits of the cooling systems which can result in
the loss of entire harvests of plants. Therefore, for CEA systems to make a significant con-
tribution to food security it is important to consider methods for reducing both their en-
ergy consumption and, consequently, the effects of the less stringent growth conditions,
including those from high temperatures, on plants [6]. Whilst there are options, such as
demand response programs, to CEA facilities in reducing the financial costs associated
with the energy consumption [5], this does not negate the need to reduce the carbon emis-
sions being emitted to operate these systems, particularly in areas which do not have a
green grid.

One such measure could be the application of biostimulants which are additives,
usually of biological origin, that have the capacity to induce a level of tolerance to a wide
variety of stressors including increased temperatures [7, 8]. Biostimulants therefore offer
the potential to reduce the reliance of CEA systems on temperature maintenance controls
as well as providing a failsafe should the temperature controls cease operating. Energy
supplies could be interrupted due to a variety of reasons such as extreme weather events
bringing down power lines, cyber-attacks, or damage to the production facility infrastruc-
ture itself. Under such circumstances, biostimulants could reduce the damage to crops by
the resulting temperature increases, thus limiting food waste and reducing the income
lost by the production facility. Consequently, biostimulants could contribute significantly
to the security of food supply networks, both domestically and globally, to meet the needs
of the growing population. In this review we consider the effects of heat stress on a variety
of crops commonly grown in different CEA systems and discuss recent advances in
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biostimulant usage for the amelioration of heat stress effects in these systems. We also 91
identify knowledge gaps and suggest future research avenues in this area for the benefit 92
of CEA, including hydroponics and vertical farms, and biostimulant industries. 93

2. Temperature Stress Effects 94

The responses of plants to temperature stress depend on the temperature and dura- 95
tion of the stress [9]. High temperature stress encompasses several different categories of 96
stress. ‘Heat stress’ is a term often used to describe ‘heat shock’, the short-term exposure 97
to severe high temperatures up to 20 °C above optimum. Heat shock is not commonly 98
encountered in CEA systems, therefore responses associated with this type of stress are 99
not covered in this review. ‘Heat wave’ studies expose plants to temperatures 5-10 °C 100
above optimum for a longer period, usually multiple days, sometimes with multiple inci- 101
dences of exposure with recovery periods in between [9]. ‘Climate warming’ studies con- 102
sider the effects of temperatures increases of 2-6 °C over much longer periods lasting from 103
weeks to years [9]. The last two categories of high temperature stress, heat wave and cli- 104
mate warming studies, are most pertinent to this review. These are the most akin to the 105
kinds of temperature stress plants may experience in CEA systems should the reliance on 106
energy intensive temperature controls be reduced, and/or if climate events become more 107
frequent/extreme. Whilst there are important distinctions between responses observed in 108
each category of high temperature stress, responses are not discrete in their scale and are 109
proportional to the level of stress encountered. There are key areas of overlap, such as 110
morphophysiological responses, changes to metabolic processes, and modulation of mo- 111

lecular pathways, which are discussed in the following sections. 112
113
2.1 Morphological Temperature Responses 114

Thermomorphogenesis refers to the architectural and morphological adaptations ob- 115
served in response to elevated temperatures that occur within a plant’s optimal tempera- 116
ture range. Morphophysiological changes include leaf elongation, increased leaf petiole 117
angle (hyponasty), and decreased stomatal indices [10]. Above the upper limitation of 118
these optimal temperature ranges, plants begin to experience heat stress [9]. Although 119
there is variation in the upper limits of tolerated temperature increases between species, 120
unlike thermomorphogenesis, heat stress always has negative impacts on plant growth 121
and development [10]. Heat stress can impact plants at any point during their lifecycle. In 122
the vegetative stage, the most obvious signs of heat stress are slowed growth and the wilt- 123
ing of plant architecture. In the more sensitive reproductive stage, heat stress can induce 124
low pollen viability and abnormal fertilisation [10], which can impact the yield and prof- 125
itability of a growth cycle. 126

The most significant impacts of high temperature stress are observed during the 127
flowering stage, where accelerated flowering rates result from shortened developmental 128
phases. Pollen development and function are highly thermosensitive, and male sterility 129
occurs at moderate temperature increases of only 4-5 °C above optimum [11]. Heat stress 130
decreases the number of pollen grains developed and released, and reduces pollen viabil- 131
ity. Should a plant achieve fertilisation despite these issues, high temperatures impact 132
flower morphology and the metabolite content of fruits, as well as the production of seeds 133
with reduced germination rates. Metabolites such as carbohydrates, polyamines, and pro- 134
line directly impact reproduction and eventually seed quality [11, 12], limiting the contin- 135
ued viability of crops grown under these conditions. 136

Reduced root growth also occurs at high temperatures due to changes in energy re- 137
source allocation and hormonal regulation, including of auxin and auxin-related hor- 138
mones, which impairs nutrient-uptake [13]. Alterations in sugar levels, protein levels, and 139
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the uptake and assimilation of macro-nutrients such as nitrogen and carbon can cause 140
shifts in the source-sink dynamics between roots and shoots [9, 13]. This often negatively 141
impacts both vegetative and reproductive growth, further contribution to reduced yields 142
and fruit quality [9]. In addition to these factors, many plants balance water loss and heat 143
dissipation under mild or transient heat stress through the regulation of respiration and 144
transpiration rates due to changes in abscisic acid (ABA). ABA directly impacts the water 145
use efficiency of plants through altering stomatal conductance and apertures [9]. 146

Importantly, one of the key benefits of hydroponic growth systems, often utilised in 147
CEA systems, is that they prevent nutrient deficiency through the use of solutions opti- 148
mized for nutrient availability and uptake. The effect of high temperatures on root 149
growth, nutrient uptake and assimilation have the potential to negate this benefit if al- 150
lowed to become too significant. Additionally, many of the crops that could be targeted 151
for growth in CEA rely on healthy flowers to produce fruits and vegetables, such as to- 152
matoes and cucumbers. With compromised flower morphology and pollen viability, the 153
productivity of plants grown under high temperatures is significantly reduced, which 154

negatively impacts the profitability and proliferation of commercial CEA ventures. 155
156
2.2 Cellular Temperature Stress Responses 157

High temperature stress induces a range of different responses at the cellular level 158
(See Figure 1). Increased membrane fluidity and protein aggregation disrupt plasma 159
membrane homeostasis, increasing membrane permeability, and resulting in the leakage 160
of ions and amino acids [10]. Additionally, protein denaturation impairs the activity of 161
individual proteins and acts as a trigger for the unfolded protein response (UPR) in the 162
endoplasmic reticulum (ER), which is induced by both the accumulation of unfolded pro- 163
teins and the disruption of the cell’s redox state. These responses occur due to a combina- 164
tion of the direct impacts of heat stress as well as the subsequent oxidative stress mecha- 165
nisms that take place within cells [14]. The UPR instigates a cascade of stress responses 166
which transfer to the nucleus, activating the expression of stress response genes [14]. De 167
novo protein synthesis is also impaired as transcription and translation processes become 168
inhibited, creating a positive feedback loop for the UPR as the load on the ER increases. 169
This load increases due to the need to produce proteins to incite the stress responses [14]. 170

171

Figure 1. A summary of the cellular responses and key molecular regulatory actors for heat stress 172
responses in plant cells. This image includes the flow of ions following membrane disruption, the 173
denaturation of proteins inducing the unfolded protein response (UPR) on the endoplasmic reticu- 174
lum (ER), as well as denaturation occurring within chloroplasts, inducing retrograde signaling re- 175
sponses. The summary also includes a brief summary of the Heat Shock Factors (HSFs) and Heat 176
Shock Proteins (HSPs) involved in the nuclear response to heat stress induced by the signaling path- 177
ways induced, which results in the upregulation of enzymes related to the creation of non-enzy- 178
matic antioxidants as well as enzymatic antioxidants. These participate in the elimination of Reac- 179
tive Oxygen Species (ROS) from the cell. 180
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Oxidative stress induction as a result of high temperature stress involves the produc-
tion of Reactive Oxygen Species (ROS), including singlet oxygen (102), superoxide radi-
cals (02-), hydrogen peroxide (H202), and hydroxyl radicals (OH-) [15], to a level which
overwhelms the cell’s antioxidative defence systems [16]. Once the optimal temperature
of a plant is exceeded by just 5-10 °C, an ROS burst occurs causing irreversible oxidative
damage [10]. This process includes protein degradation, enzyme denaturation, lipid pe-
roxidation disrupting membranes, and degradation of DNA, all which contribute to cell
damage, and ultimately can lead to cell death [9]. ROS, specifically heat stress-induced
H202 and 102, alongside calcium ions released by cell walls, can trigger stress responses
in plants by activating operational retrograde signalling, from chloroplasts to nuclei, to
induce upregulation of nuclear genes. Genes which are upregulated include those which
induce antioxidant enzyme production and stress response mechanisms, which are cen-
trally controlled by heat shock proteins and heat shock factors [10, 16] which are discussed
in more detail in section 2.3.

ROS activity within plant cells can be quenched by the activity of various classes of
antioxidants, which can be either enzymatic or non-enzymatic (See Table 1). This is a com-
plex system which regulates the cellular redox potential of cells; antioxidant enzymes,
such as superoxide dismutase (SOD), peroxidases (POD), ascorbate peroxidase (APX),
glutathione peroxidase (GPX), catalase (CAT), dehydroascorbate reductase, monodehy-
droascorbate reductase (MDAR), glutathione reductase (GR), and peroxiredoxins (PRX)
are upregulated as part of the retrograde signaling response [17]. Non-enzymatic antiox-
idants, such as ascorbate, ascorbic acid (AsA), glutathione, alpha-tocopherol, flavonoids,
and carotenoids detoxify ROS by interrupting chain reactions of free radicals to counteract
the production cascade of ROS that occurs in response to stress [17].

Non-enzymatic antioxidants can interact with enzymatic antioxidants for the metab-
olism of ROS, and the upregulation or overexpression of antioxidant enzymes has been
shown to confer better abiotic stress tolerance in plants by reducing ROS levels [17]. ROS
and the subsequent upregulation of ROS-scavenging enzymes, which occur on a scale that
is proportional to the stress experienced, suggesting that at least some heat stress re-
sponses are not discrete, but continuous [9]. Denatured enzymes and increased ROS con-
tent of cells impact various metabolic processes, including photosynthesis.
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Table 1. A summary of significant antioxidants mentioned in this review, indicating whether they

are enzymatic or non-enzymatic, the full name, and any abbreviations [17].

Classification Full Name Abbreviation
Enzymatic Ascorbate peroxidase APX
Enzymatic Catalase CAT
Enzymatic Glutathione reductase GR
Enzymatic Glutathione Peroxidase GPX
Enzymatic Monodehydroascorbate reductase MDAR
Enzymatic Peroxidase POD
Enzymatic Peroxiredoxins PRX
Enzymatic Superoxide dismutase SOD

Non-enzymatic Ascorbate n/a
Non-enzymatic Ascorbic acid AsA
Non-enzymatic Carotenoids n/a
Non-enzymatic Flavonoids n/a
Non-enzymatic Glutathione n/a
Non-enzymatic Isoprenoids n/a
Non-enzymatic Tocopherols n/a

Photosynthetic efficiency is significantly reduced by heat stress, resulting in reduced
productivity and shortened life cycles [15], resulting in less productive plants, thus reduc-
ing yields. Chloroplast structure is impaired due to protein denaturation; some major
components of the photosynthetic machinery, such as PSII and rubisco, are highly sensi-
tive to elevated temperatures [15]. Photosystem II (PSII), located in the thylakoid mem-
brane, is the least thermotolerant component of the light-dependent stage of photosynthe-
sis, and experiences drastically reduced, even halted, productivity under increased tem-
peratures [15]. At high temperatures, the light-harvesting complexes dissociate due to in-
creased membrane fluidity which impairs the complex’s integrity, initiating the disrup-
tion of the electron transport chain (ETC) [18]. Disruption continues down the ETC as the
oxygen evolving complex also becomes dissociated, causing further oxidative stress and
impacting the regeneration of rubisco, NADPH, and ATP molecules, creating a feedback
loop which further inhibits the photosynthetic process [15].

Furthermore, reductions in chloroplastic CO2 levels combined with elevated external
temperatures result in stomatal closure, which causes internal leaf temperatures to rise
further. In response, metabolic reactions shift towards photorespiration and away from
photosynthesis, reducing carbon fixation and decreasing sugar production [18]. Rubisco
activity is altered in these conditions by disruptions to various proteins including rubisco
itself, as well as highly thermosensitive regulatory proteins such as the key chaperone
rubisco activase [18]. Reduced photosynthetic pigment production also impacts on ru-
bisco activity and related components, inhibiting energy production and carbon fixation
[15, 18]. Reductions in photosynthetic pigment production can also cause reduced nutri-
tional value of plant produce, meaning that the yield is of lower quality, containing fewer
antioxidants and other phytonutrients [10]. The presence of denatured proteins not only
impairs individual protein activity but also acts as a trigger for the unfolded protein re-
sponse (UPR) in the endoplasmic reticulum (ER). The UPR instigates a cascade of stress
responses which transfer to the nucleus, activating the expression of stress response genes
[14]. The ER is key for protein synthesis, folding and processing, post-translational modi-
fications, lipid biosynthesis, and homeostatic regulation. The UPR is induced by the
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accumulation of unfolded proteins, or the disruption of the redox state, which occur from
the effects of heat stress directly and from subsequent oxidative stress [14]. The ER con-
tains sensors which activate downstream organelle-nucleus signalling pathways to invoke
the cytoprotective UPR, to reinstate ER homeostasis [14]. De novo protein synthesis is also
impaired as transcription and translation processes become inhibited, creating a positive
feedback loop for the UPR as the load on the ER increases to produce proteins to incite a
response [14].

2.3 Hormonal and Molecular Response

The detection and response to high temperature requires the convergence of multiple
signalling pathways, such as those of light, circadian rhythms and plant hormones, as well
as the activity of proteins [10]. Temperature sensing mechanisms in plants include phase
separation, isomerisation, subcellular protein translocation, RNA structural reconfigura-
tion, and chromatin remodelling, although at present, the thermosensing of heat stress is
not completely understood [10]. Exogenous application of plant hormones including
ABA, auxins, brassinosteroids (BR), cytokinins (CK), gibberellins (GA), jasmonic acid (JA),
and salicylic acid (SA) results in reduced heat-induced damage and thermotolerance en-
hancement indicating a role for hormone signalling in plant heat stress responses [19] (See
Table 2). Alongside the integration of hormonal mechanisms in heat stress responses, mo-
lecular mechanistic responses are also induced to coordinate responses. When plants are
subjected to elevated temperatures, heat-stress responsive genes are upregulated through
ROS and calcium ion-related retrograde signalling to code for the enzymatic antioxidants
and molecular chaperones required for thermotolerance [15].

Table 2. A summary of significant role of phytohormones in regulating heat tolerance with key
effects and known or suggested molecular mechanisms. Abbreviations: ABA = abscisic acid, APX =
ascorbate peroxidase, BR =brassinosteroids, CAT = catalase, CK = cytokinin, HSF = heat shock factor,
HSP = heat shock protein, PIF4 = phytochrome interacting factor 4, POD = peroxidases, ROS = Reac-
tive Oxygen Species, SOD = Superoxide Dismutase. [19-23]

Hormone

Key Effects Mechanism

Abscisic Acid (ABA)

Induction of stomatal closure to decrease Unknown. Proposed mechanism through reg-
transpiration rates. Increases ROS levels to  ulation of HSFs and HSPs. Sucrose metabo-
enhance antioxidant capacity by elevating lism activated by ABA under heat stress, su-

ROS scavenging enzyme activity. Modulates crose and ABA show synergistic effects for
carbohydrate and energy status. [19] heat tolerance. [19]

Auxin

Auxin Response Factors activate auxin-re-
sponsive gene expression. HSP90 required for
induction of auxin-responsive genes. PIF4
controls the expression of auxin biosynthesis

Thermomorphogenesis, specifically stem
elongation and leaf hyponasty. [19]

in thermomorphogenesis. [19]

A significant increase in thermotolerance is Downstream signaling processes. Translation
induced by BRs. Increase protein synthesis, initiation and elongation factors higher in

Brassinosteroids (BR) including membrane proteins such as translational machinery of BR-treated seed-
ATPase and aquaporins. Promotes growth.  lings. BZR1 regulates growth-promoting
Induces root elongation. [19] genes and activates PIF4. [19]
Protective role for developing flowers, en-  Heat-induced CK activates transcription

Cytokinin (CK)

hancing activity of enzymatic antioxidants, genes of photosynthesis and carbohydrate
including SOD and APX. CK important for metabolism. Heat and CK response proteo-
long-term temperature acclimation and  mes target chloroplasts. Most of the nature of
CK activity remains unknown. [19]
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changes in development to recover chloro-
plast and photosynthetic abilities. [19]

Salicylic Acid (SA)

Reduces heat stress related membrane dam-
age, modulates antioxidant enzyme activi-
ties such as SOD, CAT and POD. Improves
photosynthetic efficiency and scavenging of
ROS through induction of antioxidants un-

der stress and protects PSII function. [19]

Mechanism largely not understood. Found to
increase HSP expression. Increased proline
content observed in treated plants. [19]

Jasmonic Acid (JA)

Largely not well understood. Suggested to be
Regulates plant growth and development, through JA-inducible TFs regulating stress re-
flower development, leaf senescence, root sponse-related genes to promote specific pro-
formation, stomatal opening, [21] tective mechanisms that are suppressed un-
der normal conditions [23]

Gibberellin (GA)

Regulate plant height, leaf expansion, dry
matter accumulation, tissue differentiation,
flower blooming and transpiration [20] In-
hibits growth under stress conditions [21].

Mechanisms not yet understood [21]

Heat shock proteins (HSPs) are key molecular regulators of thermotolerance in
plants. HSPs are modulated by heat shock factors (HSFs), which rapidly induce HSP ex-
pression. As such, both play central roles in the induction of thermotolerance mechanisms
in a manner that is thought to be synergistic in activity, rather than responses being con-
ferred by single HSFs or HSPs [15]. HSFs are split into highly conserved classes named
HSFA, HSFB, and HSFC. These HSF classes are known to be key regulators of heat toler-
ance in many plants. HSFAs are essential for transcriptional activation; HSFA1 is a master
regulator which triggers the expression of other heat-stress response transcription factors
such as HSFA2, HSFA7, and HSFBs. HSFA1 activity is induced through interactions with
HSP70 and HSP90. HSFBs are negative regulators of many HSPs and HSFs and are down-
stream targets of HSFA1 to form a regulatory network that is responsible for HS-respon-
sive gene expression in many plants, including tomato and Arabidopsis [15]. Other families
of transcription factors such as multiprotein-bridging factor 1C, WRKY, Myb and basic
leucine zippers (bZIP) are also regulators of heat stress response genes, which have indi-
cated the ability to induce thermotolerance. bZIP28 and bZIP60 are both involved in the
UPR response, and many WRKY transcription factors positively regulate HSPs and HSFs
to confer thermotolerance responses [15].

Currently, work in Arabidopsis and other species has suggested that the various sig-
nalling pathways converge upon the regulation of basic helix-loop-helix (0bHLH) tran-
scription factors known as Phytochrome Interacting Factor 4 (PIF4) and 7 (PIF7). Both PIF4
and PIF7 act as master regulators for the mediation of growth, under both ambient and
high temperature conditions [10]. PIF4 has been identified as being key for regulation of
thermosensitive physiological responses such as hypocotyl and petiole growth, leaf hy-
ponasty, and stomatal index changes, as well the regulation of flowering [10]. PIF4 stabil-
ity is regulated by PHYTOCHROME B (phyB), which is both a red/far-red photoreceptor
and a heat sensor, which induces PIF4 accumulation under elevated temperatures. PIF4 is
also regulated through blue light receptor CRYPTOCHROME 1 (cry1) at lower tempera-
tures, where it directly interacts with PIF4 to inhibit transcriptional activity [24, 25]. Fur-
thermore, PIF4 mediates hormone pathways involved in thermomorphogenesis, includ-
ing those of auxin, BR, and GA [10]. PIF4 directly activates auxin biosynthesis genes, such
as YUCCA 8, TAA1 and CYP79B2, as well as transcription factor AUXIN RESPONSE
FACTOR 6. AUXIN RESPONSE FACTOR 6 expression dramatically increases under in-
creased temperatures, inducing physiological responses such as stem elongation and leaf
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hyponasty [26]. Thermoresponsive growth induced by BR action is also linked to PIF4 for 309
regulation, and GA is known to be a negative regulator of thermomorphogenesis through 310
inhibition of PIF4 [10]. 311

312

2.4 Effects of Temperature Stress on Crops and the Role of Controlled Environment Agriculture 313

Food quality and food quantity are both compromised by high temperature stress 314
exposure due to the stress responses outlined above. High temperatures typically result 315
in fewer, smaller fruits. In addition to this, temperature stress alters the compounds pre- 316
sent, such as increasing polyamines, proline, and carbohydrates, Compromising nutri- 317
tional value and the quality of seed available for future growth cycles [12]. Many phyto- 318
nutrients in fruits and vegetables including carotenoids, polyphenols, sterols, saponins, 319
catechins, curcumins, anthocyanins, quercetin, AsA and chlorogenic acid, have beeniden- 320
tified as having positive effects on human health, such as having roles in anti-cancer ac- 321
tivity, neuroprotection, treatment of metabolic disorders, and other diseases [27]. The bi- 322
osynthetic pathways of these compounds are often impacted by the presence of heat 323
stress, reducing the nutritional value of the resultant crop. Consequently, to meet recom- 324
mended daily intakes, each person will need to consume a higher volume of stressed pro- 325
duce to reap the long-term health benefits of these compounds, and the number of plants 326
needed to yield the same quantity of produce will be higher under stressful conditions. 327

Among the better studied of these phytonutrients, and those with the most known 328
benefits for human health, are carotenoids, polyphenols, and sterols. Carotenoids are well 329
known to be crucial for human health across various facets including eye health, brain 330
function, and skin health, as well as many of them being Vitamin A precursors. The carot- 331
enoid contents of some produce exposed to high temperature stress during the ripening 332
process have been found to be significantly lower under heat stress than under standard 333
conditions, such as the lycopene levels of heat stressed tomatoes (35 °C) being suppressed 334
by up to 80% of the unstressed levels [29]. Phenolic compounds have been found to posi- 335
tively influence human antioxidant response pathways and inhibit enzymes associated 336
with the development of human diseases through reducing oxidative damage; the pro- 337
gression of conditions such as hypotension, metabolic disorders such as type 2 diabetes, 338
and neurodegenerative diseases such as Alzheimer’s Disease are all impacted by oxida- 339
tive stress [30]. Environmental changes have been shown to significantly alter polyphenol 340
and flavonoid prevalence in stressed plants [31]. Further to these, plant sterols are also 341
widely considered to be beneficial to human health due to their cholesterol lowering ac- 342
tivity and immune-modulating properties [32], however there are some reports that their 343
activity can be detrimental to women’s health; currently much of their mechanisms are 344
not well understood [32]. The sterol content of plants is recorded to be impacted by heat 345
stress, though this can increase or decrease depending on the species of plant [33]. 346

Adopting CEA systems into widespread agricultural and horticultural practiceis one 347
option for reducing the potential effects of extreme weather events, including high tem- 348
perature stress. Through creating a physical barrier between the plants and the external 349
climate, and within those barriers ensuring that optimal conditions are present, plants can 350
be protected against the large temperature fluctuations, insufficient light, and biotic 351
stresses which compromise crop yields. However, as previously mentioned, these benefits 352
do not come without the energetic and financial costs associate with their maintenance. 353
Biostimulants provide another method for the reduction of the harmful effects discussed 354
above, with different varieties yielding varying results. There are multiple reviews dis- 355
cussing biostimulants broadly, such as those produced by du Jardin [7], Rouphael and 356
Colla [34], and Yakhin et al [8], which discuss the underpinning components of biostimu- 357
lants. There are also condition specific reviews, such as those looking at outdoor row crops 358
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[35], amongst others. For this review article, we have focused specifically on the role of 359
biostimulants for the cultivation of crops in CEA systems, including hydroponics, which 360
thus far has not been undertaken. 361

3. Biostimulants 362

The term ‘biostimulant’ has had many definitions over the years. Beginning in 1947 363
with Filatov’s “biogenic stimulators”, this class of substances was initially defined as be- 364
ing comprised of substances of a non-specific nature that stimulate the ‘life reactions of 365
the organisms’ [36]. In many cases, plant biostimulant activity comes from complex inter- 366
actions between the constituent parts of the treatment and the plant alongside synergistic 367
activity between the components as well. The definition proposed by Yakhin et al. [§] was 368
“a formulated product of biological origin that improves plant productivity as a conse- 369
quence of the novel or emergent properties of the complex of constituents, and not asa 370
sole consequence of the presence of known essential plant nutrients, plant growth regula- 371
tors, or plant protective compounds”. This definition encapsulates the notion that itisnot 372
one single element of the biostimulant that is responsible for its effects, but rather the 373
combined interactions of the compounds present produce the responses, and it is this 374
which sets these treatments apart from other plant additives. At present, at the govern- 375
mental regulatory level, there is little consensus on how biostimulants should be classi- 376
fied, although Caradonia et al. [37] has compiled an overview of regulatory frameworks 377
related to biostimulants. In the time following Caradonia’s review, the European Union 378
defined biostimulants as products that should not be evaluated against their nutrient con- 379
tent, but that their effects include increased plant nutrient absorption and use efficiency, 380
tolerance to abiotic stress, and better produce quality [38]. The earlier definition proposed 381
by du Jardin [7] of biostimulants being “any substance or microorganism applied to plants 382
with the aim to enhance nutrition efficiency, abiotic stress tolerance and/or crop quality 383
traits, regardless of its nutrients content” is considered one of the most concise definitions 384
of ‘biostimulants’ available in literature to date. As such, this is the definition adopted for 385
the purpose of this review. 386

Biostimulants are diverse in their nature and functions, and there is wide variation 387
in the reporting of effects regarding whether the reported biostimulant is the bioactive 388
ingredient, or if it is another component of the commercial product which is eliciting re- 389
sponses [7, 8]. Whilst understanding the mode of action is frequently a regulatory require- 390
ment for many agricultural chemicals, this is often unattainable when it comes to biostim- 391
ulants due to their diverse, holistic, and variable effects in different species and cultivars. 392
At present, research in the area is beginning to focus on the “mechanism of action” and 393
the identification of general impacts on physiological pathways/processes, without the 394
definition of the basis of molecular specificity [8]. 395

As such, biostimulant classification is now tending towards a more holistic approach, 39
rather than basing regulatory categories upon response complexities. The variety of re- 397
sponses observed in different species and cultivars indicate that the activities of different 398
pathways are modulated variably between model crops, which can make regulations 399
complex and inaccurate. That being said, understanding how treatments interact with in- 400
ternal stress response pathways in different species is important for the development of 401
the field, and the development of more effective biostimulants. It is possible that through 402
analysing the effects of different biostimulatory compounds on the responses and path- 403
ways discussed above in different species and cultivars, we could curate tailored treat- 404
ment packages that yield the most effective responses in target plants. This knowledge, 405
relating to both soil-based and soil-less practices, will assist in moving towards the goal 406
of reducing the negative effects of stress as we look to the future of food production, and 407
the integration of CEA systems into standard practice. 408
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409
3.1 Seaweed Extracts 410

Seaweed is a broad term for varieties Of macro-algae. These primarily fall into the 411
categories of Chlorophyta, Phaeophyceae, and Rhodophyta, also known as green, brown, and 412
red seaweed, respectively [39]. Macroalgae are nutritionally dense, containing various 413
stress-related compounds, including minerals (Mg, Ca, P, K and I), proteins, vitamins, 414
indigestible carbohydrates, and fibres, as well as exhibiting plant hormone-like activities 415
[40]. At present, the most comprehensively researched seaweed extract (SE) is obtained 416
from Ascophyllum nodosum, an intertidal variety of brown seaweed [39], although this is 417
by no means the only variety being researched at present. 418

Globally, seaweed extracts comprise more than 1/3 of the biostimulant market value 419
[41]. There are multiple methods of extraction used to create SEs which can heavily impact 420
both the type and the potency of the bioactive compounds obtained, as well as what form 421
the extract takes [42, 43]. Carmody et al. [48] identified through their study that a SE bi- 422
ostimulant extracted under high temperatures and alkaline conditions outperformed an- 423
other SE extracted at lower temperatures with gentler conditions. These differing effica- 424
cies were attributed to the molecular mass distribution profiles, where lower molecular 425
weights were preferable [48]. SEs can be applied both as soil and foliar treatments [40]. 426
When applied to plant leaves, SEs have mitigated nutrient deficits and influence the hor- 427
mone levels of treated plants, including of ABA, auxin, CK and GA. When applied to soil, 428
various effects including the induction of microflora, enhanced soil retention, and soil re- 429
mediation, such as through metal chelation, have also been observed [44]. 430

Numerous other bioactive compounds and structures have been identified in SEs 431
that provide potential mechanisms of action in different species and cultivars. These in- 432
clude sulphated polysaccharides, peptides, sterols, polyphenols, carotenoids and terpe- 433
noids [39]. In addition to these, SEs have been found to contain different plant growth 434
hormones such as auxins, ABAs, GBs, CKs, BRs, jasmonates, betaines, and polyamines, as 435
well as macro- and micronutrients, vitamins, and amino acids [39]. It has been found that 436
the composition of these compounds vary between the different species of seaweed from 437
which the extract has been obtained [39], which suggests that extracts from different spe- 438
cies may be more or less appropriate to treat different types of stress, although more re- 439
search will be needed to ascertain the best pairings of cultivars of SE and target plants. An 440
in-depth analysis of the different species of SE was compiled by Mughunth et al. [39]. 441
Whilst there are a wide variety of bioactive compounds present in different types of SEs, 442
gene expression studies in Arabidopsis treated with A. nodosum show that it is possible that 443
SE application effects are due to the induction of plant hormone biosynthesis pathways 444
by non-hormonal actives, and not the activity of exogenous plant hormones contained 445
within the SEs [45]. 446

New evidence suggests that seaweed carbohydrates contribute to observed biostim- 447
ulatory activity of SEs in tomatoes. It is proposed that low molecular weight carbohy- 448
drates can contribute to enhanced stress tolerance in the reproductive stage [43, 46]. Ku- 449
mar et al. [44] suggest that some beneficial effects of SEs in soil grown plants may be due 450
to the role of the polysaccharides present, which may aid water retention, gel formation, 451
and soil aeration. Furthermore, the action of oligosaccharides acting as signalling mole- 452
cules triggering changes in endogenous plant hormones through selective regulation of 453
genes associated with their metabolism has also been suggested [47]. 454

Various effects of heat stress have been found to be ameliorated through the applica- 455
tion of SEs. Carmody et al. [43] showed that soil-grown tomato plants treated with a foliar 456
spray of A. nodosum extracts exhibited improved pollen viability, an 86% increase in fruit 457
setting, and improved retention of leaf sugar content after exposure to temperatures up 458
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to 31 °C compared to untreated, stressed plants (See Table 3). These responses may be
linked to the improved fruit yields observed in the stressed, biostimulant-treated tomato
plants [43]. SEs have also shown the ability to mitigate other abiotic stress effects in plants,
including low temperature stress [42], salinity stress [49], low nutrient availability [47],
and drought stress [50], in addition to generally improving plant growth and develop-
ment. SE application under non-stressful conditions has been found to improve fruit qual-
ity, yield, physiological qualities, and overall plant growth in various crops as well [42,
51-53]. SEs can be applied either as foliar treatments or as root treatments, and can also be
applied in tandem with other forms of biostimulants (Table 3).

At present the studies conducted suggest that the application of SEs to crops grown
in CEA systems, would be beneficial under elevated temperatures for the maintenance of
food production, improving shoot and root length, fresh weight, flower development,
pollen viability, and fruit production [43, 47].

Table 3. A summary of studies of different biostimulant treatments on crops commonly grown
in CEA systems. Table includes biostimulant type and concentration, model crop, experiment con-
ditions, key findings, and references. Abbreviations; AsA: Ascorbic Acid. ABA: Abscisicacid. BR:
Brassinosteroids. CK: Cytokinins. JA: Jasmonic Acid. MDA: malondialdehyde, POD: Peroxidases.
PSI: Photosystem I. PSII: Photosystem II. SOD: Superoxide Dismutase [43, 45, 47,48, 58-65].

BIOSTIMULANT CROP CONDITIONS RESPONSES REF
SEAWEED EX- Lycopersi- Greenhouse, inert Shoot and root length increased by a  [47]
TRACT (PADINA con escu-  media of vermiculite  total of 16%. Leaf area increased by
GYMNOSPORA) lentum and sand and irri- 181%, root area by 17%, fresh weight
(ROOT) (Tomato)  gated, natural light- by 150%, and dry weight by 73%. No
8g L1 ing, day temperatures  acceleration of flowering identified.
27°C +2°C and night
>15°C +2°C. Two
treatments, once at
day 1 and the other at
day 15. No heat
stress.
SEAWEED EX- Lycopersi- ~ CE Growth Room,  Both treatments improved flower de-  [43]
TRACTS con escu-  soil, 31°C long-term  velopment, increased pollen viability
(ASCOPHYLLUM lentum exposure during re-  and fruit production, improve sugar
NODOSUM) (Tomato) productive stage retention in leaves. PSI-494 increased
PSI-494 (HIGH (mild heat stress) fruit number by 86% compared to
TEMP EXTRAC- untreated stressed plants. C129 and
TION): 0.106% W/V PSI-494 increased pollen viability re-
C129 (LOW TEMP duction by 3.2 and 4.4 compared to
EXTRACTION): the 80% reduction of the untreated
0.106% W/V plants. Fruit number increased in
both C129 and PSI-494 by 22 and 33%
respectively.
CHITOSAN Lycopersi- Greenhouse, inert Increased plant height (4.7%), leaf [58]
(BOTH FOLIAR con escu- media of coco coir, ir- area (46.43%), and stem diameter
AND ROOT IN lentum rigated with nutrient ~ (10.23%). Increased chlorophyll con-
TANDEM) (Tomato) solution. No tempera-  tent (SPAD) (23%). Increased fruit

ROOT: 0.3 mg L

ture control —

weight and volume. Increased fruit

459
460
461
462
463
464
465
466
467
468
469
470
471
472

473
474
475
476
477
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FOLIAR: 0.6 ML L

daytime 23-28°C,
night 18-20°C.

total soluble solids, phenol content,
and flavonoid content by 17%, 27%,
and 46% respectively.

CHITOSAN
(FOLIAR)
50 ML OF 100mg kg™

Fragaria x
ananassa
(Straw-

berry)

CE cabinets, media
not listed. High tem-
perature (38°C) and

high light.

Post-stress chlorophyll content in-
creased by 16.9% compared to posi-
tive control. PSII damage reduced.
Reduced accumulation of H202 and
Oe-. Proline content increased by
9.9%. Reduced electrolyte leakage.
Increased ascorbic acid levels.

[60]

PROTEIN HYDROL-
YSATE FROM
SUGAR CANE AND
YEAST (ROOT)
3glL?

Lycopersi-
con escu-
lentum
(heat tol-
erant
LA3120
and non-
heat toler-
ant E42)
(Tomato)

Greenhouse, growth
media with nutrient
solution irrigation.

Control day tempera-

ture: 25°C. Control
night temperature:

20°C. Heat Stress day

temperatures: 31°C.
Heat Stress Night
temperatures: 30°C.

Variable physiological responses be-

tween cultivars. Non-tolerant benefits

included an increased total AsA con-
tent and a lower reduced-AsA con-
tent. Lipid peroxidation was lower,
and stomatal densities were reduced,
indicating that leaf structure was pro-
tected from thermal stress through
membrane stabilisation and water
loss preventing mechanisms.
In heat tolerant variety LA3120, the
reduced-AsA content was increased,
and H20O: content was decreased. Li-
pid peroxidation was higher than in
other groups, stomatal density was
akin to the unstressed untreated
group, and lower than the untreated
stressed group; however, stomatal
width was significantly larger indi-
cating that stomatal response path-
ways were differentially affected
yielding little benefit to water use ef-
ficiency.

[64]

PROTEIN HYDROL-
YSATE FROM LEG-
UME SEED (FO-
LIAR, ROOT, AND
TANDEM)
FOLIAR: 6 g L
ROOT: 285.71 g L

Lycopersi-
con escu-
lentum
(Tomato)

Growth Chamber,
vermiculite growth
media. 12h photoper-
iod. PH used contains
17 free amino acids
and soluble peptides,
macronutrient, and
micronutrients. Com-
pared PH and PH-
fraction, which con-
tained higher concen-
tration of free amino
acids.

Increased root length across both
treatments. Metabolomic analysis
identified over 250 compounds in-
volved in secondary metabolism re-
lated pathways influenced by treat-
ments. Biochemical processes includ-
ing N-containing secondary metabo-
lites, phenylpropanoids and terpenes
were most influenced by treatments.
PH treatment increased flavonoid ac-
cumulation. BR, CK and JA biosyn-
thesis related compounds downregu-
lated. Gibberellins elevated in re-
sponse to both treatments. PH-frac-
tion provided auxin-like activity and

[65]
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a decrease in cytokinins and abscisic
acid accumulation. PH containing
lower quantity of free amino acids

had higher effect on root growth and

micronutrient accumulation than the
fractionated formula.

AMINO ACIDS Lycopersi- Greenhouse, inert Plant height not significantly im- [58]
(FOLIAR AND con escu-  media of coco coir, ir-  pacted, but leaf area and number in-
ROOT IN TANDEM)  lentum rigated with nutrient  creased by 33% and 73% respectively,
ROOT: 1.76 g L! (Tomato) solution. No tempera-  with chlorophyll content (SPAD) in-
FOLIAR: 0.6 g L! ture control — day- creasing by 19%.
time 23-28 °C, night  Increased total soluble solids of fruit
18-20 °C. increased by 27%, EC by 10%, and
phenols and flavonoids by 19% and
174% respectively, without signifi-
cant impact on pH or titratable acid-
ity.
AMINO ACIDS Lactuca Glasshouse. Hydro- Methionine treatment: leaf area in- [68]
(ROOT) sativa L. ponic (NFT) with creased 31.41%.
METHIONINE: (Lettuce)  Hoagland’s nutrient ~ Tryptophan treatment: leaf area de-
20 mg L solution. Daytime creased by 86.25% and height by
TRYPTOPHAN: temp 34 °C, night 24 82.91%.
220 mg L+ °C. 12h photoperiod. Glycine treatment: leaf area de-
GLYCINE: creased by 29.67%.
200 mg L!
INORGANIC COM- Fragaria x  Greenhouse, Tosilee Both foliar and root treatments of [62]
POUND (SILICON, ananassa  growth media. Initial =~ K25iOs mitigate H2O2and Oz accu-
K2S10s, NA2SIO:s, (Straw-  growth temperature:  mulation in leaves (indicative of oxi-
CASIO:s) (FOLIAR, berry) 25°C. Temperature dative damage mitigation). Photo-
ROOT AND BOTH) stress: 33°C and 41°C  synthetic components of PSI and PSII
3 CONCENTRA- for 48hr in CE cam- were maintained at high tempera-
TIONS: bers. 16h photoper-  tures, somewhat maintaining photo-
35 AND 70 mg L iod. synthesis. SOD, CAT and APX in-
creased under temperature stress and
Si application in all forms. Most ef-
fective form of Si was K25iOs
INORGANIC COM- Lycopersi-  CE Chamber, peat  Increased shoot length and shoot bio-  [63]
POUND (SILICON, conescu- moss. Day Tempera- mass both with (31% and 70% respec-
NA:SIOs) (FOLIAR) lentum tures: 30°C, heat tively) and without stress (36% and
50mlOF1MMSI  (Tomato) stress up to 61%). Stem diameter also increased

43°C+0.5°C for 6h per

12hr day for 10 days.

Night Temperatures:
30°C

by 72% and 36% with and without
heat stress. Root morphology, length,

and fresh weight increased by 41%,
42% and 28%. Chl a, Chl b, and carot-
enoid content increased by 38%, 38%

and 39%. O2>— production compara-
tively reduced, indicating decreased

ROS generation. Oxidative stress
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indicators reduced, specifically relat-
ing to lipid perodixation. CAT, SOD

and PPO activity increased in
stressed treated plants by 61%, 450%
and 167% compared to normal condi-
tions. Upregulation of antioxidant
enzyme biosynthetic genes SICAT,
SIAPX, SIPOD, SISOD. HSF genes
upregulated under stress (SIHsfAla,
SIHsfA1b, SIHsfA2, SIHsfA3 and
SIHsfA7). Reduced ABA under stress
and control conditions. Salicylic acid
content also reduced through down-
regulation of biosynthetic pathway
genes SIR1b1, SIPrP2, SIICS and
SIPAL. Leaf silicon levels increased
but sodium levels did not signifi-
cantly increase with treatment with a
silicate, however potassium levels
did.
INORGANIC COM- Capsicum  Greenhouse then CE  Decreased flower dropping at all lev-  [61]
POUND (SeCl) annum chamber in nutrient  els to lower than control. Shoot fresh
(ROOT) (pepper) solution. Control weight increased for 4mg, but in-
4/6/8 mg L temp 25/17 °C, high ~ creased for 6 & 8mg. Fruit fresh and
temp 3542 °C for dry weight increased at all concentra-
4h/day then returned  tions. 4mg decreased negative vege-
to control. 14h photo-  tative effects most. Se more effective
period. at low concentrations for vegetative
growth, and at high concentrations
for fruit growth.
PLANT GROWTH  Lycopersi- Greenhouse, inert Growth parameters statistically sig-  [58]
PROMOTING RHI- conescu- media of coco coir, ir- nificantly increased: 4.12% taller,
ZOBACTERIA lentum rigated with nutrient ~ 60.78% greater leaf area, and 2.88%
BACILLUS SUB- (Tomato) solution. No tempera- larger stem diameter. 20.9% increase
TILIS, BACILLUS ture control — day- in chlorophyll content (SPAD). 56%
MEGATERIUM, time 23-28°C, night  increase in both fruit weight and vol-
PSEUDOMONAS 18-20°C. ume. 12% increase total soluble solids
FLUORESCENS in fruit, 89% increased phenol con-
(BOTH FOLIAR tent, 47% increase in flavonoid con-
AND ROOT IN tent, and 24% increase in EC, indicat-
TANDEM) ing increased mineral nutrient accu-
ROOT:1ml L mulation broadly. However, pH de-
FOLIAR: 3 ml L1 creased, meaning acidity increased.
AMF Lycopersi- Greenhouse, inert Total length increased by 37. Fresh ~ [47]
(ROOT) con escu-  media of vermiculite ~ weight and dry weight increased by
3 g L SEED TREAT-  lentum and sand and irri- 666% and 83% respectively. Devel-
MENT (Tomato)  gated with nutrient  oped 5 flowers where others had not

solution, day

other than combined treated plants.
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temperatures 27°C +
2°C and night >15°C
+2°C.. No heat stress.

HUMIC SUB- Lycopersi-  Greenhouse, auto- Significantly reduced ABA content  [48]

STANCES (HUMIC, conescu-  claved soil, distilled  (1.5-2 fold). MDA increase was lower

FULVIC AND lentum  water. HA applied at ~ compared to untreated (187% com-

HUMINS) (ROOT)  (tomato) 500mg/L. pared to 385%). Increased APX, SOD

500 mg L1 Heat stress of 37°C and reduced glutathione activity
applied for 14 hours,
dropped to 30°C for
10 hours.

HUMIC SUB- Lycopersi- Greenhouse, inert Plant height increased by 7.65% Leaf  [58]

STANCES (FULVIC  conescu- media of coco coir, ir-  area by, 41.14%, and stem diameter
ACID) (BOTH lentum rigated with nutrient by 5.95%. SPAD-Chlorophyll read-

ROOT AND FO- (tomato)  solution. No tempera- ings increased by 11.55%. Total solu-

LIAR IN TANDEM) ture control — day- ble solids increased by 16%, pH un-
ROOT: 1.5 gL" time 23-28°C, night changed, but total phenolic and fla-
FOLIAR:1gL? 18-20°C. vonoid content increased by 32% and

217% respectively.

SEAWEED EX- Lycopersi- Greenhouse, inert Greater physiological responses than  [47]
TRACT AND AR- con escu-  media of vermiculite = independent treatments, improved
BUSCULAR MY- lentum and sand and irri- growth values. Increased protein,

CORRHIZAL (Tomato)  gated with nutrient carbohydrate and phosphorus con-
FUNGI IN TANDEM solution, day temper- tent in leaves. Downregulation of

(ROOT) atures 27°C£2°Cand  electron transport rate on PSII indi-

SE: 8 gL night >15°C +2°C. cating optimisation of energetic re-
AMEF: 3 g L* SEED Nutrient deficiency. sources under nutrient deficiency.

TREATMENT

HUMIC ACID AND  Lycopersi-  Greenhouse, auto-  Decreased ABA levels than each indi-  [48]

BACILLUS CEREUS  con escu- claved soil, distilled vidual treatment, but increased SA

ISOLATE lentum water. Heat stress of  Increased amino acid content. Upreg-

HA: 500 mg L. (tomato)  37°C applied for 14 ulated SIHsfAla expression and re-

ISOLATE: 10° CFU hours, dropped to duced relative expression of heat-
m] 30°C for 10 hours. stress response genes WRKY and

ATG under heat stress. Increased ion
uptake (Fe, P and K).

3.2 Chitin and Chitosan

Chitin is a polymer derived from various natural sources including the shells of crus-

taceans, insects, molluscs, and the walls of fungi. It is considered the second most abun-
dant polymer on earth [54]. Chitin is a hydrophobic molecule, meaning that it does not
dissolve easily into a sprayable compound, limiting its applications in agriculture [55].

Chitosan, on the other hand, is a chitin derivative which is highly soluble and therefore

more easily applied to plants than chitin [56]. The extraction methods used to create chi-

tosan from chitin often yield inconsistent results at a high environmental cost. With the

growing global interest in these versatile compounds, there is much interest in the devel-

opment of alternative biotechnological extraction methods, with particular interest in the

478
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process of converting chitin to chitosan [57]. Chitin and chitosan can both be applied asa 489
pre-sowing seed treatment, a foliar treatment, a root treatment, or in consortium with 490
other treatments (see Table 3 and section 3.6). Chitosan application through nanoparticles 491
is now being researched as an alternative application method, however at present the lit- 492
erature pertaining to its use to confer heat stress tolerance is extremely limited, especially = 493
with regards to crops commonly grown in CEA systems, and as such has not been ad- 494
dressed in this review. 495

When chitosan has been applied to CEA-grown strawberries exposed to high tem- 496
perature and light stress, increased chlorophyll contents of leaves post stress, as well as 497
reduced accumulation of H202 and Oz, and preserved PSII activity compared to untreated 498
stressed plants, indicate that chitosan has photoprotective qualities. An increase in AsA 499
was also observed in leaves, demonstrating increased antioxidant activity in response to 500
the applied stress, which is consistent with the reported preservation of PSII activity [60]. 501

When applied to glasshouse grown, soil-based lettuce plants, chitin has been associ- 502
ated with increasing photosynthetic activity and inducing tolerance to abiotic stressors, as 503
well as increasing antioxidant enzyme activity and upregulation of defence genes [59]. 504
Interestingly, this study found that the growth promoting effects of the chitin was still 505
significantly different to the controls under the more variable conditions of a non-temper- 506
ature regulated glasshouse, suggesting the growth promoting effects of chitin are inde- 507
pendent of strict environmental conditions. This supports the inclusion of chitin-based 508
biostimulants in commercial CEA practices, specifically to reduce reliance on energetically 509
demanding temperature maintenance equipment, as they already have demonstrated 510
beneficial effects in these conditions. 511

Chitosan application in hydroponic systems also seems to be promising; hydroponi- 512
cally grown tomatoes treated with chitosan demonstrated increased plant height and leaf 513
chlorophyll content compared to controls [58]. Fruit size parameters and the phenol, fla- 514
vonoid, and vitamin C contents were also increased in the fruit produced by chitosan- 515
treated plants. This suggests that chitosan treatment enhanced the tomato plants” vegeta- 516
tive and reproductive growth [58], increasing yields. The findings of this study are con- 517
sistent with previous soil-based studies, which found that yield and bioactive compound 518
accumulation in tomatoes was dose-dependent [66]. In addition, Dasgan et al. [58] suggest 519
that benefits of the biostimulant application may be transferable between growth prac- 520
tices, indicating that it is the cultivar that determines the efficacy of a treatment rather 521
than the growth practice [58]. This is supported by the conclusion drawn by Li et al. [59], 522
which was that the growth promoting effect of chitin did not appear to be dependent on 523
consistent environmental conditions, as findings from this less environmentally rigorous 524
study were consistent with previous studies that had much stricter environmental param- 525
eter control. Whilst these two studies do not include specific temperature stress, their 526
cross-applicability highlights the need for future research into the modulation of temper- 527
ature stress responses in specific plants cultivars using biostimulants under different ex- 528

perimental conditions. 529
530
3.3 Protein Hydrolysates, N-Containing Compounds, and Amino Acids 531

Biomass is generated at a massive scale by food and agricultural industries. It is a 532
byproduct rich in secondary metabolites, which can undergo extraction processes to pro- 533
duce protein hydrolysates. Protein hydrolysates include polypeptides, oligopeptides, and 534
free amino acids which have all demonstrated biostimulatory activity [67]. Protein hydrol- 535
ysate treatments have been shown to result in increased plant growth, improved photo- 536
synthetic rates, and enhanced productivity, both in the presence and absence of stress in 537
tomatoes [64]. In addition to this, enhanced soil microbial activity and improved nutrient 538
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uptake have been reported in response to protein hydrolysate application, which hasbeen 539
suggested to result from increased solubility and micronutrient mobility through com- 540
plexations with amino acids and peptides [67]. 541

Increases to primary and secondary metabolism by application of protein hydroly- 542
sates have also been observed, including production of phenylpropanoids, terpenes, fla- 543
vonoids, and alkaloids [34, 65], all of which have the capacity to improve heat stress re- 544
sponses. The antioxidant contents of protein hydrolysate treated plants under heat stress 545
has been found to be higher than untreated counterparts, with decreased ROS levels pre- 546
sent in the harvested tomatoes [64]. These effects could be due to protein hydrolysates 547
possessing hormone-like activity, although it has been suggested that they may play arole 548
in the regulation of endogenous hormonal stress responses, like that seen under treatment 549
with SEs. It is proposed that they may elevate levels of auxin, CK, ABA, and GA levels, as 550
well as decreasing BR, CK and JAs within treated plants [64, 65]. Metabolomic analysis 551
identified over 250 compounds involved in secondary metabolism related pathways in- 552
fluenced by treatments [65]. 553

A study of two tomato varieties grown in soil under heat stress up to 30-31°C, treated 554
with a protein hydrolysate, highlighted how biostimulants can yield different effects in 555
individual cultivars [64]. The effects of a biostimulant treatment on the response of a heat 556
tolerant tomato cultivar (LA3120) to high temperature stress differed markedly from those 557
of a standard Italian cultivar (E42) treated with the same protein hydrolysate-based bi- 558
ostimulant. Whilst some positive responses were observed in the standard variety, such 559
as increased AsA contents, reduced H20: content, modulated lipid peroxidation, and re- 560
duced stomatal effects, the same could not be said of the heat-tolerant variety (Table 3). 561
Interestingly, the heat-tolerant variety had an unexpected response to the to the biostim- 562
ulant under heat stress, with observed responses being almost the opposite to those which 563
enhance heat tolerance. Additionally, when plants were exposed to a combined heat and 564
drought stress, the drought stress responses and combined stress responses were more 565
consistent and significantly more positive than those to heat stress alone [64]. This sug- 566
gests that this particular biostimulant would be better placed to support plants of these 567
cultivars experiencing only drought, or drought in combination with heat, rather than 568
heat stress alone. This study highlights the need for more comprehensive investigation 569
into different biostimulants, the responses of individual cultivars, and the metabolic im- 570
pacts of these combinations for optimisation of usage. 571

Whilst protein hydrolysate biostimulants contain a variety of different lengths of pol- 572
ypeptides and free amino acids [65], applications of free amino acids alone can also elicit 573
biostimulatory responses [58]. Free amino acid application can improve plant growth pa- 574
rameters, such as increased leaf growth, improved chlorophyll content of leaves, enhance- 575
d fruit quality, and increased fruit yields. Tomatoes harvested from free amino acid 576
treated plants also demonstrated increased phenolic content, ascorbic acid content, and 577
flavonoid content, all contributing to the nutritional quality of the produce (Table 3) [58]. 578
Assessment of the impacts of 3 amino acids on hydroponic lettuce grown under temper- 579
ature stress indicated that different amino acids yield different impacts, with methionine 580
being identified as being most beneficial in this instance, and tryptophan and glycine neg- 581
atively impacting plant growth and development [68]. This, again, highlights the signifi- 582
cance of identifying the most appropriate treatment for application on a case-by-case ba- 583

S1S. 584
585
3.4 Inorganic Compounds 586

Whilst there are many known macro- and micro-nutrients which are essential for 587
plant growth and development, many additional inorganic compounds have been 588
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identified as being beneficial to plants, and are considered biostimulants for this. Exam- 589
ples of such inorganic compounds include phosphite salts and ‘beneficial elements’, 59
which are defined as those which stimulate plant growth and initiate other effects, such 591
as metabolite synthesis and toxicity amelioration, especially at very low concentrations 592
[69]. 10 beneficial elements have been identified previously: Selenium (Se), Silicon (5i), 593
Aluminium (Al), Cerium (Ce), Cobalt (Co), Iodine (I), Lanthanum (La), Sodium (Na), Ti- 594
tanium (Ti) and Vanadium (V), although there is some debate around whether some 595
might also be considered essential micronutrients, which can vary between different plant 5%
taxa [69, 70]. 597
Se is one of the most studied beneficial elements and it is often used for biofortifica- 598

tion purposes due to its known human health benefits [70]. The two most bioavailable 599
forms of Se are selenate and selenite which are transported by sulphate and phosphate 600
transporters, respectively [70]. Haghighi et al. [61] studied the effects of Se on hydropon- 601
ically grown Capsicum annum L. (pepper) exposed to temperatures as high as 35+2°C. Se 602
application resulted in increased vegetative growth, going as far as to outperform the un- 603
stressed control in some parameters. Se was found to decrease the rates of flower drop- 604
ping at all concentrations, to a rate below that observed in the controls. The phenol and 605
antioxidant concentrations of fruit were significantly increased under Se application, with 606
increased SOD and POD activity observed. Photosynthetic capacities were benefited by 607
the application of Se through the increased antioxidant activity. Lower concentrations of 608
Se application were associated with improved vegetative growth, contrasting with higher 609
concentrations yielding improved fruit and flower performance. This study shows clearly 610
that Se application can ameliorate negative high temperature stress effects in hydroponic 611
systems, at least in pepper [61], demonstrating that Se application is a viable option for 612
use in CEA. The study also demonstrated that Se application can be applied at variable 613
rates to yield desired results at different developmental stages, suggesting that this is an- 614
other area of biostimulant usage that should be investigated for full utilisation. 615
Si is another element which has been proven to be a beneficial additive, having both 616
physiological and molecular effects [71]. The biostimulatory effect of Si to improve the 617
growth of heat-stressed plants has been attributed to enhanced levels of photosynthetic 618
pigments (Chl a, Chl b, and carotenoids), enhancement of cell stability, and the modula- 619
tion of endogenous hormone biosynthesis pathways (see Table 3) [62, 63, 72]. Si-supple- 620
mentation has been shown to enhance the expression of antioxidant enzyme genes and 621
the biosynthesis of enzymatic antioxidants in peppers and strawberries, including CAT, 622
APX, POD, SOD, and GPX [62, 63], which protect cells from heat-induced oxidative dam- 623
age, and improve growth-related attributes in many plants [62]. In addition, ROS activity = 624
has been shown to be influenced by Si application, with the O»- levels of treated pepper 625
plants being less than half than that of untreated plants, with by-products of lipid perox- 626
idation also being significantly decreased [63]. This indicates that Si can limit lipid perox- 627
idation during heat stress and confirms that Si application can reduce oxidative stress, as 628
well as protect photosynthetic processes [62, 63]. In addition to the effects of Si listed 629
above, Si application to soil specifically has been shown to improve seed germination, root 630
and shoot development, nutrient uptake, nitrogen fixation, and secondary metabolism 631
[72]. 632
Endogenous hormone production in pepper was linked to downregulation of SA bi- 633
osynthetic genes, which is thought to benefit thermotolerance mechanisms [63]. The 634
upregulation of heat stress factors, such as HSFAla, HSFA1b, HSFA2, HSFA3 and HSFA7, 635
has also been observed. This resulted in enhanced heat stress responses and the preven- 636
tion of ROS accumulation, which can protect cells from oxidative stress in both peppers 637
and strawberries [62, 63]. 638
639
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640
3.5 Beneficial Microorganisms 641

Currently there is no consensus as to whether microorganisms should be classed as 642
biofertilisers or as biostimulants. However, the production of metabolites by microorgan- 643
isms, combined with their improvements to nutrient uptake and assimilation, suggests 644
that they can be considered both [73]. Microorganisms can enhance nutrient uptake and 645
assimilation through nutrient solubilisation processes [73]. 646

Microbial biostimulants increase tolerance to abiotic stress through direct and indi- 647
rect mechanisms. Direct mechanisms include the production and enhanced bioavailability 648
of essential nutrients and the production and regulation of plant growth regulating com- 649
pounds through changes in gene expression, such as auxin-responsive genes [74]. Plant 650
growth is also affected indirectly, however whilst this is widely recognised in scientific 651
literature, it is a claim that cannot be made from a regulatory standpoint for products sold 652
in the EU [74]. 653

Microbial biostimulants can be a single microorganism, or multiple microorganisms 654
used in combination. These are broadly known as Plant Growth Promoting Microorgan- 655
isms (PGPMs), and are generally classified as either Plant Growth Promoting Rhizobacte- 656
ria (PGPRs) or Arbuscular Mycorrhizal Fungi (AMFs) [75]. PGPRs are endophytic bacteria 657
found in the rhizosphere, including Proteobacteria, Firmicutes, Actinobacteria, and Bac- 658
teroidetes, which enhance soil productivity and abiotic stress tolerance [75]. AMFs are a 659
functional group of soil biota which exert positive effects on crop production, as well as 660
supporting ecosystem sustainability [47]. AMFs form symbiotic relationships with the 661
roots of nearly all land-based plants, and can enhance productivity through improving 662
nutrient acquisition, regulating growth, and potentially influencing and protecting eco- 663
systems under both biotic and abiotic stressors [76]. The arbuscular mycorrhizal interface 664
allows plants and fungi to exchange nutrients, signalling molecules, and protective com- 665
pounds which can regulate the antioxidant defence systems, hormones, and osmotic pro- 666
cesses involved in heat stress response coordination [76]. Photosynthetic products from 667
host plants are utilised by the AMF which in return provide plant root systems with nu- 668
trients. It has been found that this can promote primary and secondary metabolite synthe- 669
sis, such as that of phenols and flavonoids, which are essential for abiotic stress alleviation 670
[47]. Soil quality is enhanced by AMF hyphal networks through improved soil particle 671
aggregation and reduced erosion; soil nutrient leaching is also limited, promoting nutrient 672
retention and decreasing the risk of ground water contamination [47]. Under abiotic 673
stress, AMFs trigger plants morphological, physiological, and molecular responses, mod- 674
ulating antioxidant defence mechanisms, osmotic adjustments, and hormone regulation. 675
These responses promote plant performance, enhancing photosynthetic efficiency 676
through modulation of antioxidant genes and biomass production [76]. 677

The use of PGPRs on tomatoes grown hydroponically in coconut coir, without tem- 678
perature control mechanisms, has been shown to result in enhanced fruit qualities, includ- 679
ing size, weight, and total phenolic content [58] (see Table 3). Additionally, treated plants 680
showed increased vitamin C content, total flavonoids, and mineral nutrient accumulation 681
compared to controls, making for more nutritionally dense fruit [58]. Phenol and flavo- 682
noid concentrations were also found to be significantly increased under treatment with 683
the PGPR, which is indicative of a plants ability to withstand abiotic stress such as high 684
temperature, as well as enhancing nutritional value [58]. In a separate study [47], tomatoes 685
grown hydroponically in a glasshouse and treated with the AMF Rhizophagus intraradices 686
had a higher combined root and shoot length than the untreated plants, with significantly 687
higher fresh and dry weights. The plants treated with both nutrient solution and AMF 688
also had flowers, whereas the AMF treated plants alone did not, indicating that the AMF, 689
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when combined with adequate nutrients, resulted in accelerated flowering, but that AMFs 690
cannot overcome nutrient deficiency alone. Furthermore, the antioxidant and photopro- 691
tective capacities were shown to be higher in AMF treated plants, indicating that benefits 692
were not only at the morphophysiological level, but that biostimulatory benefits were ex- 693
tending to the molecular and metabolic levels too. These studies provide intriguing in- 694
sights into the potential use of PGPMs to mitigate stress effects in CEA systems, specifi- 695

cally in hydroponics despite the absence of soil. 696
697
3.6 Humic Substances and Other Potential Biostimulants 698

Humic Substances (HS) are substances which comprise one of the key fractions of 699
organic matter and soil, derived from the metabolic activity of soil microbes during the 700
process of humification [67]. HS have been suggested to contain various compounds, in- 701
cluding lipids, proteins, tannins, polysaccharides, and inorganic elements which are re- 702
leased during the humification process. They are traditionally categorised by their molec- 703
ular weights and solubility into the subcategories of humic acids, fulvic acids, and humins 704
[7]. 705

Humic acids and fulvic acids have both been reported to increase antioxidant activ- 706
ity, chlorophyll content, photosynthesis, and nucleic acid synthesis, as well as promoting 707
root hair production, root elongation, and lateral root growth [58, 67, 77]. At the metabolic 708
and biochemical level, HS have been found to benefit both primary and secondary metab- 709
olite biosynthetic pathways [58], and stimulate nitrogen and sulphur metabolic processes, 710
which improves the nutritional quality of treated crops [78]. Transcriptional networks are 711
impacted by HS application through both plant hormone-linked and independent signal- 712
ing pathways [79]. The properties of a given sample of HS vary depending on the source 713
of the raw material and the extraction conditions [80]. 714

Studies in Arabidopsis thaliana identified that the application of humic acid induced 715
the transcriptional activation of HSPs through the upregulation of related genes, specifi- 716
cally identifying HSP101 as a specific potential molecular target of humic acid activity =~ 717
[81]. 718

The application of humic acids to tomato plants under high temperature stress 719
yielded significant reductions in oxidative stress effects, which was assessed through 720
MDA quantification. The activity of both SOD and APX activity was enhanced as well 721
[48]. Amino acid levels were modulated through the application of this treatment —under 722
control temperatures, increased levels of aspartic acid, glutamic acid, alanine, phenylala- 723
nine, arginine and proline were observed. When exposed to heat stress, the amino acid 724
contents of the plants were significantly increased in contrast to the untreated plants, 725
which exhibited decreased levels of amino acids [48]. 726

Whilst there are somewhat limited studies into the use of HS in hydroponic systems 727
for mitigation of high temperature stress, there are studies assessing both the effects of HS =~ 728
on heat tolerance, and studies assessing the use of HS in hydroponic systems. For exam- 729
ple, a study exploring the impacts of fulvic acid on tomatoes grown hydroponically ina 730
greenhouse under normal temperature conditions found that increased plant height, stem 731
diameter, and leaf numbers occurred in treated plants in comparison to the untreated ones 732
[58]. Furthermore, leaf chlorophyll content was significantly higher and fruit quantity and 733
quality improved, with total soluble solids increasing by 16%, flavonoid content increas- 734
ing by 318%, and phenolic compounds increasing by 20% compared to the controls [58]. 735

736

3.7 Combined Treatments 737

Whilst biostimulants can be used individually to elicit responses from plants in a 738
holistic manner, there are many instances whereby the best results have been obtained 739
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through the co-application of more than one biostimulant at a time. Activation of multiple 740
pathways of protection can result in synergistic responses, resulting in more holistic ther- 741
moprotective activity. Combined treatments can be applied in different manners, includ- 742
ing the consortia of microbes discussed previously, combined microbial and non-micro- 743
bial biostimulant treatments, and the deployment of multiple non-microbial biostimu- 744
lants. Combined treatment can also involve co-application of treatments through different 745
means, e.g. a foliar and a root treatment applied simultaneously (see Table 3). 746

Often microbial and non-microbial treatments are applied in tandem, such as in the 747
study conducted by Cardarelli et al. [82] where a protein hydrolysate and Trichoderma 748
atroviride MUCL42632, were deployed in an ebb and flow hydroponic system to both to- 749
matoes and lettuce. In this instance, whilst the protein hydrolysates alone did increase 750
shoot and root growth, combining the two resulted in further improved growth. This 751
study also highlighted how different application methods may need to be deployed to get 752
the most out of the treatments being applied. The protein hydrolysate applied in liquid 753
form yielded less significant results than that applied in microgranular form, and the mi- 754
crogranular protein hydrolysate combined with liquid AMF application yielded the most 755
significant results of the study. 756

Gonzalez-Gonzalez et al. [47] showed that tomato plants treated separately with SE 757
and an AMF demonstrated increased growth parameters compared to their untreated 758
counterparts, however when the treatments were applied in tandem even more signifi- 759
cantly improved results were obtained [47]. Both fresh and dry weights were significantly 760
higher in the combined treated sets than was observed in the individually treated plant 761
sets. The dual treatment treated plants also had higher leaf protein contents, and higher 762
carbohydrate and phosphorus contents being recorded. Interestingly, of the individually 763
treated plants, only those treated with the AMF had any flowers - those treated with both 764
AMF and SE exhibited a 150% increase in flower quantity compared to the AMF alone. 765
When root mycorrhizal colonisation was analysed, SE was found to significantly increase 766
the colonisation observed when compared to the AMF alone, confirming that SE can en- 767
hance AMF effects through synergistic mechanisms. 768

Treatment of tomato plants with humic acid and an SA1 isolate of Baccius cereus 769
yielded interesting results which indicated differential regulation of oxidative stress path- 770
ways and responses that were unique to each individual treatment and the combined 771
treatment [48]. Combined application did not always yield better results, with SA, ABA, 772
and MDA levels being modulated individually. Modulation of gene expression was sig- 773
nificantly enhanced when treatments were combined; slHsfAla demonstrated a 2.9 fold 774
increase in comparison to the individual treatments which yielded a 0.3-1.4 fold increase, 775
indicating that the stress response coordination was greater. sIWRKY33b, a transcription 776
factor involved in stress responses, was downregulated in treated plants by 2.3-4-fold, in 777
comparison to a 13-fold upregulation observed in untreated plants [48]. 778

These studies all highlight the potential for enhancing thermoprotection for crops at 779
different levels, and the applicability of biostimulants for this goal specifically in CEA 780
systems. Investigation into how co-application of biostimulants work, what pairings are 781
most effective in specific species/cultivars, and how pathways are regulated both individ- 782
ually and in tandem, could open the forecourt for a variety of developments in biostimu- 783
lant research. For example, research into cross-stress biostimulant application, or enhance- 784
ment of observed effects under known stress levels could reduce the quantity of treatment 785
required to reap the benefits, thus further reliving the economic burden. Conversely, un- 786
derstanding which treatments do not work together is also vital if growers are utilising 787
multiple biostimulants/treatments for different end goals — for producers of biostimulants 788
to be able to warn growers of interactions could prevent significant crop loss. 789
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4. Conclusion and Perspectives 790

Biostimulants encompass a broad spectrum of treatments which provide holistic pro- 791
tection for plants against abiotic and biotic stressors, which are becoming increasingly 792
pressing issues faced by the agricultural and horticultural industries. The biostimulant 793
categories discussed in this review demonstrate their ability to ameliorate high tempera- 794
ture stress effects, as summarised in Figure 2, across numerous species and cultivars. The 795
variation in the effects observed between different cultivars, developmental stages, and 796
stress conditions highlights the need for further research to ascertain how best to target 797
specific economically or culturally significant cultivars for maximal benefit optimisation. = 798
Applications of biostimulants must be appropriate not just for the crop in question, but 799
also for the stress that is to be mitigated and the stage of development at which it is being 800
applied, as inappropriate application of a biostimulant can result in substandard crops 801
yields. 802

Figure 2. Summary of biostimulant types, pathways, known molecular effects and the observed 803
responses. Arrows are used to signify whether biostimulant types are applied to leaves or to roots 804
and the observed responses. Arrows are used to signify whether biostimulant types are applied to 805
leaves or to roots. (Created in BioRender. Gardiner-Piggott, A. (2025) https:// BioRen- 806

der.com/1j6cxq7.) 807
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In addition to providing an option for managing plant responses to naturally occur- 809
ring environmental stressors, biostimulants have the potential to alleviate the energy de- 810
mands associated with maintaining the optimal growth conditions of plants grown in 811
CEA systems to reduce the energetic and financial costs, as indicated by the outcomes of ~ 812
the studies discussed in this review. Wider implementation could support the use of CEA 813
practices for food in regions that experience extreme weather events, are projected to be 814
subjected to increased average temperatures as the climate continues to change, or where 815
there is restricted electricity available to grow. This could have far-reaching benefits, help- 816
ing to support the communities who could experience the most severe disruption to their 817
food supply networks throughout the 21t Century. 818

Whilst the implementation of biostimulants in hydroponic, and specifically vertical 819
farming systems, is not as well documented as it is in soil, emerging evidence shows that 820



Agronomy 2025, 15, x FOR PEER REVIEW 24 of 29

similar positive effects are obtained when applied to appropriate species and cultivars. 821
The inclusion of hydroponics into biostimulant studies could further support the advance- 822
ment of food production towards future demands and limitations, taking into considera- 823
tion the effects of both environmental stressors and financial feasibility for this cultivation 824
practice. Despite the variability of pathways and responses induced by biostimulants, 825
they provide great opportunity for alternative means of food supply network fortification 826
when used in conjunction with other alternative plant growth production practices. Fur- 827
ther research is therefore required to maximise the potential for biostimulant usage in hy- 828
droponic growing and vertical farming systems. Understanding how different plants re- 829
act in these systems compared to soil, and whether responses transfer over simply, will 830
allow for the advancement and broadening of understanding of their applications in this 831
field through research that considers the needs of growers. 832

Whilst the potential uses of biostimulants are numerous, the paucity of knowledge 833
surrounding their mechanisms or modes of action means that, at present, legislation 834
around classification is vague. This means that commercial products can be sold as “bi- 835
ostimulants” without any underpinning research to support this classification, which has 836
resulted in some research and industrial communities being wary of commercial biostim- 837
ulants and their claims. Increasing understanding of how and why variability occurs and 838
broadening the knowledge of biostimulatory activity across species, cultivars, and culti- 839
vation practices could provide avenues for improved regulatory standards. Investigations ~ 840
utilising “omic technologies could assist in this regard, and the inclusion of proteomic and 841
genomic assessment, specifically with regards to crops of significant economic im- 842
portance, could deepen the scientific knowledge base around how observed responses 843
come to be. This level of understanding could influence regulatory guidelines, which in 844
turn could increase the acceptance of these advantageous technologies, assisting move- 845
ment towards the goal of improving the quality and quantity of food produced across a 846
variety of different systems. Comparative analyses of the activity and efficacy of biostim- 847
ulants in single cultivars, such as that conducted by Dasgan [58] exemplifies a compre- 848
hensive analytical approach to identifying the best biostimulant for a cultivar, would ben- 849
efit particularly economically significant varieties to allow for more widespread adoption 850
of practice into the mainstream food supply network. Integration of ‘omic analyses could 851
greatly increase the understanding held from both the theoretical and practical perspec- 852
tives. 853

High temperature stress effects also need to be investigated more thoroughly along- 854
side the investigations into biostimulants and their activity. Development of the under- 855
standing of different economically important crop responses to heat stress, specifically 856
considering the cellular and molecular impacts and how these translate using ‘omic tech- 857
nologies, will allow for more targeted developments of systems and treatments to ame- 858
liorate the negative effects. At present there is a significant deficit of knowledge around 859
the genetic and molecular processes which underpin much of heat tolerance, specifically 860
and singularly. The role of plant hormones in the modulation of molecular heat stress 861
responses, and the mechanism by which hormone biosynthesis occurs at elevated temper- 862
atures, remains largely opaque. Much of this could be elucidated through ‘omic investi- 863
gation, as is occurring for other stress response pathways, such as drought and salinity. 864
This information would also assist in the breeding and/or genetic modification of cultivars 865
towards the same goal. Increasing temperatures are being faced globally, and any research ~ 866
into how and why observed responses occur will benefit every stage of the food supply 867
chain, from growers to consumers, by aiding in reducing food waste at each stage. 868

At present there is a significant lack of studies which consider the effects of high tem- 869
perature stress as a single stressor, not in combination with water deficit or salinity. Whilst 870
these stressors are often combined in the natural environment, hence a focus on them in 871
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the research, within CEA it is often the case that heat is the only factor that cannot be 872
controlled. In soil-based systems, irrigation with clean and/or deionised water can resolve 873
the issues of drought and high salinity. In hydroponic systems, water is not a scarce re- 874
source for crops, and salinity is easily resolved through regular replenishment of nutrient 875
solutions — as such, a renewed focus on the impacts of temperature stress and its mitiga- 876
tion in a singular capacity would greatly benefit the development of this area. 877
Another line of investigation which could be explored is the potential for magnetised 878
water for in CEA. Water magnetisation has shown potential for use in agricultural set- 879
tings, having both positive and negative impacts on treated model crops, including phys- 880
iological, metabolic, and biochemical responses. Whilst this would be of particular interest ~ 881
to soilless CEA methodologies, such as hydroponic and aeroponic systems, it has already 852
indicated that it impacts soil-grown crops [83]. Investigation of this more novel treatment, 883
such as elucidation of suitable target cultivars, potential treatment programmes, and mo- 884
lecular mechanisms of actions could greatly improve this area of research and support it 885
into more mainstream practice as we are already observing with the main categories of 886
biostimulant outlined above [83]. 887
This review highlights the potential for biostimulants and CEA systems to add to the 888
range of options available for fortification of the food supply network towards more sus- 889
tainable agricultural practices. With the twin goals of reducing carbon emissions and feed- 890
ing the growing population in mind, the deployment of these technologies, alongside 891
modification of land-based practices and other food production systems, could enable a 892
systemic change towards a more productive, sustainable, and secure food supply net- 893
work. 894
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bZIP Basic Leucine Zipper
CAT Catalase

CE Controlled Environment
CEA Controlled Environment Agriculture
CK Cytokinin

ER Endoplasmic Reticulum
ETC Electron Transport Chain
GA Gibberellin

GPX Glutathione Reductase
HSF Heat Shock Factor

HSP Heat Shock Protein

JA Jasmonic Acid

PGPM Plant Growth Promoting Microorganisms
PGPR Plant Growth Promoting Rhizobacteria
PIF4/7 Phytochrome Interacting Factor 4/7

POD Peroxidases
PSI Photosystem I
PSII Photosystem II
ROS Reactive Oxygen Species
SA Salicylic Acid
SE Seaweed Extract
SOD Superoxide Dismutase
UPR Unfolded Protein Response
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