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Abstract: Cannabis sativa L. is a species of great economic value. It is a medicinal plant that produces
several bioactive phytochemicals, and the stems of the industrial cultivars, commonly referred
to as “hemp”, are sources of both cellulosic fibers and hurds used in textiles and bio-composites.
Environmental stresses of biotic and abiotic nature affect plant development and metabolism and
can, consequently, impact biomass yield and phytochemical content. Stress factors can be divided
into eustressors and distressors; while the former stimulate a positive response in terms of growth,
productivity, and resistance, the latter impair plant development. Eustressors are factors that, applied
at low–moderate doses, can improve plant performance. Several studies have investigated different
types of distress in C. sativa and evaluated the impact on biomass and phytochemicals, while less
attention has been paid to the study of eustress. This review discusses the concept of plant eustress
by referring to the recent literature and extrapolates it to applications in C. sativa cultivation. The data
available on the response of C. sativa to exogenous factors are reviewed, and then, salinity eustress
applied to hemp cultivation is taken as a proof-of-concept example. The knowledge developed
on plant eustress and the results collected so far are discussed in light of future applications to
improve the production of biomass and phytochemicals in plants of economic interest. Emphasis
is placed on the potential use of eustress in conjunction with other factors shown to impact both
the physiological response and metabolism of Cannabis, among which there are macronutrients and
biofertilizers. Perspectives are also drawn with respect to applying the knowledge developed on the
elicitation of whole plants to Cannabis cell suspension cultures, which provide a controlled, scalable,
and season-independent platform to produce secondary metabolites.
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1. Introduction

The term “stress” in plant biology refers to any substance or condition impairing
plant growth, metabolism, or development [1]. Plants in the field are exposed to several
stress factors (“stressors”) of biotic and abiotic nature and mixtures thereof. As sessile
organisms, they have developed both physical and chemical defenses. The former are
linked to the structural/tissular features of organs, namely trichomes, prickles, spikes, and
thorns, as well as suberization, lignification, silicification, and the accumulation of crystals
such as calcium oxalate [2]. The latter involve the production of specialized metabolites via
secondary metabolism [3].

Plant stressors can be distinguished by their nature (biotic or abiotic), as well as their
effect on plants (positive—eustressors or negative—distressors). The positive or negative
outcome is determined by both the dose and duration of a given stress [4]; stressors
applied at low–moderate levels can positively affect plant growth via hormesis and act as
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eustressors. The plant hormetic stress response is a non-linear, biphasic dose–response with
the highest stimulatory effect below the NOAEL (the no observed adverse effect level, i.e.,
the highest concentration of a stressor with no/negligible effects) [5]. Although hormesis is
a phenomenon known since the 19th century [6], its study in relation to plants has gained
momentum only in the last few years; a search with the words “plant hormesis” in PubMed
in October 2023 during the preparation of the present review showed >60 publications per
year only since 2020.

The positive effect that eustressors can have on plant yield has been documented
in several species, both economically relevant crop models and those that are not, as
detailed in the following paragraphs. More examples are provided in Section 2. For
instance, in Solanum lycopersicum L., the insecticide acephate applied at a concentration five
times lower than the recommended dosage increased the biosynthesis of chlorophyll and
stimulated photosynthesis by impacting the antenna complex at the transcriptomic level [7].
Additionally, tomato seedlings treated with AgNPs (nanoparticles) at 5 mg/L showed
increased concentrations of nitrogen–phosphorus–potassium (N, P, and K) in the leaves in
a hormetic manner [8]. A study on another well-known plant model, Arabidopsis thaliana,
showed that both young and more mature leaves displayed a hormetic response of the
effective quantum yield of PSII to water deprivation; defense responses were activated
by reactive oxygen species—ROS at mild water deficit stress, and acclimation occurred at
moderate stress [9].

Literature evidence is also available for the hormetic effect exerted by other abiotic
stressors, namely ozone and salinity. The application of ozone (120 ppb for 5 h per day
and a total of 36 consecutive days) to sage plants induced an accumulation of phenolic
compounds and sesquiterpenes; the induction was observed 14 days from the beginning of
the exposure and disappeared at the last time point [10]. With respect to salinity, it is worth
mentioning the value of halophytes here, which can contribute to a resilient food system
with their interesting nutritional profile; this is, for example, the case for Salicornia europaea,
which can be produced via indoor farming and which showed increased production of
carotenoids upon exposure to medium doses of UVB (2.5 kJ·m−2·s−1) [11]. This stress dose
did not cause necrosis, chlorosis, or growth impairment but induced the production of
abscisic acid—ABA and carotenoids as defense mechanisms to protect the photosystems
against the altered oxidative status of the UVB-exposed tissues (increased H2O2 levels) [11].

Mechanical stimuli applied in a controlled manner can also trigger eustress in plants
with a consequent impact on secondary metabolism. A robotic platform with an arm capa-
ble of stroking basil plants at a rate of 100 repetitions per day was used in an experimental
set-up aimed at determining the impact on the metabolism and sensory quality of the
derived pesto sauce [12]. Among the significantly different metabolites between the control
and mechanically stimulated plants, terpenes, benzenoids, amino acids, and organic acids
were among the most affected; in particular, linalool glucoside positively correlated with
the overall improved taste [12].

Data on hormetic effects also exist for compounds such as allelochemicals and her-
bicides, although specific experimental conditions and different plant species need to
be considered before drawing general conclusions. The natural plant toxin parthenin,
a sesquiterpene lactone, showed hormetic effects on Lactuca sativa in an experimental
condition-dependent manner [13]; under conditions promoting root growth (the exclu-
sion of light, increasing T), the stimulatory effect decreased or disappeared. Seedlings of
Coffea arabica L. (cv Catuaí Vermelho IAC-144) exposed to the herbicide glyphosate showed
enhanced growth parameters (i.e., number of leaves, height, and dry biomass) when
14.5–30 g acid equivalents were used per hectare [14]. The use of glyphosate at low doses
can have a different hormetic effect in other plants, and while showing anti-fungal activity
against some pathogens, it can increase the susceptibility to others [15].

Eustress has also been studied in plants grown in aquaponics; the organically enriched
water formed via the waste products of fish and via microorganisms can cause eustress and
impact secondary metabolism by acting as a biostimulant. For example, Cuphea hyssopifolia
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grown in aquaponics showed an increase in apigenin > 60% compared to plants cultivated
conventionally, together with higher total phenol content [16]. Studying the impact of
eustress on plants and understanding its physiological and molecular implications will be
useful in designing successful agricultural practices for different crops.

In the context of bioeconomy, the multi-purpose plant Cannabis sativa L. certainly de-
serves attention; it is a fast-growing herbaceous species supplying industry with cellulosic
fibers known as bast fibers [17] for bio-composites, phytochemicals for cosmetics/pharma,
oil for food applications, and also biodiesel, bioethanol, biomethane, platform chemicals,
biopolymers [18]. Because of their stimulatory effect on plant performance, eustressors hold
great potential to boost the production of C. sativa biomass and phytochemicals. Hereafter,
a synthesis is offered on what is documented in the literature concerning the response of
plants to (a)biotic eustressors with a perspective of transferring the current knowledge to
C. sativa cultivation.

2. Plant Hormesis and Its Links with Priming, Preconditioning, Biostimulation,
and Elicitation

The concept of hormesis was formulated in the last decades of the 19th century, but
its scientific interest soon decreased and encountered hostility until the late 20th century
as it was linked to homeopathy (for a review, see [19]). The linear non-threshold response
(also known as the proportionality rule, i.e., linear inhibition with increasing stress dose)
and threshold response models (no inhibition observed until a threshold value is reached)
started to be questioned in plants when increasing evidence was gathered for the existence
of a biphasic dose–response [19].

The terms priming, biostimulation, elicitation, and preconditioning are very often
found in publications covering plant hormesis [20,21]. Priming and preconditioning
refer to the same concept of pre-activating the plant defenses with low-level stress to
help tolerate a subsequent severe exogenous constraint [19]; priming–elicitation [22] and
elicitors–biostimulants [19] have been interchangeably employed as synonyms. Therefore,
priming, preconditioning, biostimulation, and elicitation all refer to the phenomenon of
hormesis and are all manifestations of the beneficial response when a low stress dose is
applied (eustress).

The functional mechanism behind the beneficial effects of eustressors can depend on
several factors, namely the species, eustressor types, and experimental conditions used.
Three mechanisms are hereafter discussed as examples, focused on different eustressors,
but they only provide a partial picture of the mechanisms triggered by eustressors. There
is a need to generate more data encompassing different omic layers for different species,
eustressors, and experimental conditions and to analyze them bioinformatically to identify
a common set of genes, gene products, and metabolites [15]. The first example shown
concerns the possible impact of eustressors on phytohormone-regulated processes. The
hormetic effects of the allelochemical parthenin on irradiated roots of L. sativa was sug-
gested to be due to the an auxin-like effect of the sesquiterpene lactone [13]. Experiments
conducted using two approaches, i.e., binary interaction of a natural auxin with well-known
auxin-related compounds and a genetic screen using A. thaliana mutants resistant to auxins
or inhibitors of auxin-related processes, showed that the inhibitory effects of parthenin
at high doses is not linked to auxin-like activity, while the link between auxin-related
processes and hormetic effects at low doses could not be ruled out [23]. The second and
third examples are based on a transcriptomic study in response to low-dose applications
of UVC irradiation [24] and Cd [25]. The pre-harvest treatment of lettuce with low level
doses of UVC followed by inoculation with Xanthomonas campestris pv. vitians activated
genes involved in the return to homeostasis, the resumption of normal growth, and defense
response [24]; genes involved in both the production (by interacting with NADPH oxidases)
and control of ROS (protein kinases), as well as transcripts involved in primary metabolism,
photosynthesis (genes associated with RuBisCo), and cell wall reinforcement, were induced
by UVC treatment. These findings suggest the activation of a primed state following low
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doses of UVC treatment. Cadmium-Cd applied to young peppermint plants at low doses
(1.6 mg/L) enhanced the total content of flavonoids, as well as the transcription of polyphe-
nol oxidase, an enzyme involved in quinone biosynthesis [25]. The enhanced formation
of quinones and flavonoids following low-dose Cd treatment suggests the promotion of a
non-enzymatic mechanism protecting against oxidative stress [25].

Several literature data sources exist on the effect of eustressors in improving plant
performance. Examples are provided in the next paragraph.

2.1. Potentially Toxic Elements and Eustress

The analysis of 18 biomarkers in Tillandsia ionantha Planch. exposed to Cd 5 mM
showed a hormetic response for seven of them, namely six Cd resistance genes and
glutathione—GSH [26]. Another species of Tillandsia, T. usneoides, showed a predomi-
nant biphasic hormetic response at 10 different atmospheric lead—Pb concentrations; the
hormetic response was confirmed by the levels of malondialdehyde (MDA) and super-
oxide anion radical and the superoxide dismutase (SOD) activity after 6–12 h, as well
as by GSH and metallothionein—MT content after 12 h [27]. SOD, GSH, and MT also
showed a hormetic response in T. usneoides exposed to different mercury—Hg atmospheric
concentrations [28].

Other evidence of the existence of hormetic responses in plants come from two studies,
one on Lonicera japonica Thunb. and the other on young peppermint (Mentha piperita L.) ex-
posed to Cd. In L. japonica, 5 mg/L Cd promoted growth and photosynthesis; interestingly,
in the presence of an electric field, a synergistic improvement in leaf and root biomass, as
well as photosynthetic pigment content and photosynthetic parameters (i.e., net photosyn-
thetic rate, stomatal conductance, transpiration rate, and intercellular CO2 concentration),
was observed [29]. M. piperita treated with Cd 1.6 mg/L showed growth promotion and the
induction of genes in the phenylpropanoid pathway and flavonoid biosynthesis; the activi-
ties of antioxidant enzymes (peroxidase, catalase, superoxide dismutase, and polyphenol
oxidase) also increased [25].

Corn coleoptiles grown in the presence of Pb or Cd and then subsequently excised and
grown in the absence of the heavy metals showed increased growth due to higher content
of H2O2 and indole-3-acetic acid (IAA) [30]. When the experiment was repeated with corn
seedlings and different sub-toxic concentrations of Pb and Cd, a significant growth increase
compared to the control was observed with 10 µM Cd and 5 µM Pb; this stimulatory effect
coincided with a higher content of IAA and flavonols, together with the maintenance of
H2O2 levels to the control ones [30].

A study performed on three representative annual species commonly found in urban
areas, Cardamine hirsuta L., Poa annua L., and Stellaria media (L.) Vill., revealed that all or some
plants (depending on the elements) displayed hormetic responses when exposed, in hydro-
ponics, to urban concentrations of Cd (up to 2 µM), Pb (up to 15 µM), and chromium—Cr
(up to 100 µM) [31]. This study therefore highlights how urban concentrations of Cd,
Pb, and Cr are not harmful but rather stimulatory for plants. It should be highlighted,
however, that the results were obtained for plants exposed to the single elements and not
their combination, which is a condition likely to occur in real urban environments.

2.2. Nutrient Eustress

Some examples have been reported on the use of nutrient eustress in plants. A recent
one studied the application of eustress to closed soilless systems to produce vegetables,
which was shown to be effective in boosting bioactive content. This was proven in lettuce,
where nutrient eustress (applied in the form of half-strength nutrient solution) led to a
remarkable increase in phenolic compounds, as well as carotenoids [32].

Eustress has also been reported in plants supplemented with the non-essential metal-
loid silicon-Si (nano-forms of it are discussed in Section 2.4). For example, Si applied to
pepper plants triggered a hormetic response, with an increase in chlorophyll content, total
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free amino acids, and soluble sugars in the range of 60–125 mg/L, while inhibitory effects
were observed at a higher dose (250 mg/L) [33].

2.3. Salinity Eustress

Soil salinity is a global ecological issue and one of the most damaging environmen-
tal stress factors disturbing physiological, biochemical, and morphological processes in
crops [34]. However, the application of salinity in mild-to-moderate doses and during
specific phenological states can positively influence the aroma, flavor, taste, and content of
antioxidant compounds [35].

For instance, in red lettuce, the application of moderate salt stress (50 mM NaCl)
for fifteen days in hydroponics induced the biosynthesis of secondary metabolites (e.g.,
polyphenols and flavonoids) and also improved their antioxidant activity [36].

In green and red Perilla frutescens cultivated in a greenhouse, mild and moderate
NaCl (10–20–30 mM) induced an increase in the accumulation of rosmarinic acid, as well
as total polyphenols and aromatic volatile compounds [37]. Salinity eustress is thus an
effective strategy to boost the nutritional and functional quality of plants grown under
controlled conditions.

Mild salinity stress can also be useful in limiting the accumulation of nitrate in leafy
vegetables. Some concerns, which are difficult to prove because of inconsistencies in
epidemiological studies (referred to in [38]), have indeed been put forward in relation
to dietary nitrate and different types of cancer. For instance, salinity eustress (induced
with 20 mM NaCl) in hydroponically grown Valerianella locusta reduced the nitrate content,
without impacting agronomical traits (leaf fresh weight, leaf number, and relative growth
rate) or macro–micronutrient content [38].

Increasing the electrical conductivity (EC) by means of controlled salt addition in
soilless cultivation systems proved to be an effective way to stimulate the production of
bioactive compounds in plants without significant effects on growth (reviewed in [39]);
this was the case in tomato, which showed enhanced lycopene, β-carotene, vitamin C,
and total phenolic content [40], as well as cauliflower in which a two-fold increase in
neoglucobrassicin was measured with a saline nutrient solution [41].

Amaranthus gangeticus exposed to salinity up to 100 mM NaCl showed increased con-
tent of phenolic acids and antiradical potential, as well as micro- and macro-elements [42],
with 50 and 100 mM NaCl representing the conditions at which the highest ascorbic acid, β-
carotene, and pigment (betalain) contents were measured [43]. A. gangeticus thus constitutes
an excellent example of a substitute crop that can be grown in soils affected by salinity [42].

2.4. Nanoparticle Eustress

A detailed literature review has been recently provided on the hormetic effects of
essential metal nanoparticles in plants [44]; the physico-chemical nature of the metal
nano-forms, as well as the developmental stage of the plants, dictate the type of response
observed. In this paragraph, the focus will be put on recent data (maximum 2 years old)
on nanoparticles of the quasi-essential element Si, or derived silica—SiO2 nano-forms,
given their increasingly reported use for agronomical applications [45]. Nano-forms of this
element have biotechnological relevance as biocompatible delivery systems to alleviate
stress symptoms in plants [46,47]. Hence, it is anticipated that more research will be
devoted to their synthesis and the study of their effects in planta.

Nano-Si (0.5 ppm, foliar application) positively impacted tomato growth under salt
stress and after grafting on two different rootstocks [48]; vitamin C and mineral content,
total soluble solid percentage, and fruit firmness increased when nano-Si was applied to
plants grafted on the Edkawy rootstock.

Nano-SiO2 applied for wheat seed priming (at 15 mg/L) improved germination, water
uptake, and amylase activity, together with seedling growth, vigor, and drought tolerance [49].

Nano-SiO2 (either porous, SBA-15, or consisting of hexagonal arrays, SBA-16) applied
to chili pepper plants via spraying (at 100 and 50 ppm, respectively) had a positive effect
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on seedlings’ growth and stimulated the expression of genes involved in defense, namely
Mn-superoxide dismutase and peroxidase, as well as transcripts related to the synthesis
of phenylpropanoids (phenylalanine ammonia lyase and chalcone synthase) [21]. The
induction of these genes was proposed to be related to the higher resistance to cold stress
reported for SBA-16.

The paragraphs that follow will be focused on Cannabis; the response to exogenous fac-
tors will be reviewed first, by referring to recent studies, and then, the prospects of applying
eustress in C. sativa cultivation will be discussed by providing salinity as an example.

3. Response of C. sativa to Exogenous Factors

Several papers have been published on the response of Cannabis to exogenous factors,
with several angles being studied, namely molecular, physiological, and agricultural angles.
Part of this literature is hereafter discussed with a focus on drought, salinity, cold, heavy
metals, light, and macronutrients.

3.1. C. sativa vs. Drought

An experiment conducted on 47 Iranian ecotypes of C. sativa revealed the impact of
water stress on dry matter yield and water use efficiency and highlighted a clear distinction
between tolerant and susceptible genotypes. This distinction could be determined by
analyzing the geometric mean productivity, mean productivity, and stress tolerance index,
which are parameters that allow the identification of genotypes suitable for growth in arid
environments under both non-stress and stress conditions [50].

The dependence on the genotype of the water stress response in Cannabis was con-
firmed in a study focused on 26 commercial European cultivars [51], as well as two essential
oil cultivars, ‘Wife’ and ‘Cherry’ [52]. The cultivar ‘Wife’ responded by adopting a rapid
leaf-shedding mechanism; ‘Cherry’ showed anisohydric behavior, with it maintaining a
full canopy and open stomata.

The supplementation of the plant growth retardant uniconazole has been shown to
protect C. sativa against the injuries caused by drought; the triazole chemical protected
chlorophyll against degradation and ameliorated the histological features of the mesophyll
(chloroplast and starch grain number), which improved photosynthesis under drought
and mitigated the production of ROS [53]. The treatment with uniconazole impacted the
expression of several genes involved in porphyrin/chlorophyll, starch/sucrose, and N
metabolism, the synthesis of photosynthesis–antenna proteins, and plant hormone signal
transduction [54]. Despite the sensitivity of Cannabis to water deprivation, studies have
shown that some cultivars can complete their life cycle and produce seeds even when
growing in soils with very low water content. For example, the hemp cultivar ‘Black Label’
grown under well-watered, moderately watered, or water stressed conditions showed a
reduction in biomass (roots and shoots), plant height, leaf area, and water potential but
produced seeds in all conditions, which were lower in number but with comparable size
and weight to those produced under non-stress conditions [55]. Hemp plants are thus able
to prioritize quality seed production over quantity under drought.

Drought applied in a controlled manner can be used as a stimulator of secondary
metabolite biosynthesis in medicinally important plants such as Cannabis. A study in-
vestigating the effects of water deprivation in the flowering stage revealed that despite
the significant decrease in net photosynthetic rate and plant water potential, the yield of
cannabinoids increased after drought, together with an increased yield of inflorescence
dry weight [56]. The response to drought of different cultivars needs to be determined,
however, since at least one other study has shown that drought does not lead to an increase
in THC and CBD content [52].

3.2. C. sativa vs. Salinity

Salinity is known to affect Cannabis development both in soil and hydroponics. For
instance, after 150 mM or 200 mM of NaCl, the seed germination percentage decreased in the



Horticulturae 2024, 10, 127 7 of 17

four different industrial hemp varieties ‘CFX-2’, ‘Joey’, ‘Bialobrzeskie’, and ‘Henola’; ‘CFX-2’
and ‘Bialobrzeskie’ tolerated up to 100 mM of salt by maintaining a high seed germination
percentage and increasing the activities of ROS-scavenging enzymes in the roots [57].

Concentrations ≥ 200 mM impact both young and adult plants with effects on the
vascular tissue anatomy in the hypocotyl and leaves (smaller xylem vessels [58]), leaf
biomass accumulation, and drooping with the loss of turgidity [46].

A transcriptome analysis coupled to metabolomics performed on the leaves of Longma
#3 and #9 revealed a >10-fold increase in glutamic, succinic, and gamma–aminobutyric
acids under salinity, accompanied by the activation of genes related to the tricarboxylic
acid cycle and the MAPK pathway [59]. The involvement of the MAPK pathway was
further confirmed in two additional varieties, ‘W20’, widely cultivated in China, and ‘K94’,
cultivated in Russia [60]. Transcriptomics also revealed that salinity had an impact on genes
involved in the phenylpropanoid pathway and plant hormone signal transduction.

NaCl at 40 mM was shown to be phytotoxic for a drug-type cultivar of C. sativa
grown in hydroponics with negative effects on reproductive parameters already evident
at 5 mM [61]. Both the inflorescence dry mass and potency (content of THC, CBD, CBC,
and CBG) decreased with salinity; however, aquaponics mitigated the adverse effects of
salinity probably by providing Si, organic particles, and bacteria acting as PGPMs (plant
growth-promoting microorganisms).

A study comparing seedlings of seed- and fiber-type hemp revealed different sensitiv-
ity to salinity, which was reflected in the different gene expression trends for transcripts
involved in stress response (encoding the chloroplast protein CP12, polyphenol oxidase
glutathione S-transferase, and peroxiredoxins); notably, when comparing alkali to salinity
stress, hemp was found to be more sensitive to the former [62]. The transcriptomic signa-
ture of hemp growing in the presence of alkali stress provided the molecular explanation
of its sensitivity to alkali stress; research performed on plants in hydroponics revealed
the differential expression of genes involved in phytohormone signal transduction and
synthesis, as well as pathways connected to the metabolism of starch, sucrose, nitrogen,
and amino acids [63].

3.3. C. sativa vs. Cold

Some literature is available on the impact of cold stress on C. sativa. A study was
conducted on two different cultivars, ‘AutoCBD’ and ‘Finola’, to investigate the effect
of temperature on plant health and cannabinoid levels. This experiment consisted of
three different age groups, old–middle age–young (seeds sown at 14-day intervals), with
half of the plants exposed to cold acclimation for 10 days at 10 ◦C. Then, four treatment
groups were studied: group 1 corresponded to the control (no cold treatment), group 2 was
subjected to one cold exposure, group 3 was exposed to two consecutive exposures, and
group 4 was exposed to three consecutive exposures. The consecutive cold exposures took
place within an interval of 24 h [64]. The content of cannabinoids in the variety ‘AutoCBD’
decreased in non-acclimated plants exposed to cold, with the old group showing the most
dramatic effect after two consecutive exposures; the plants of the same age that were
cold acclimated showed lower cannabinoid content, but the differences in content were
mitigated upon cold exposure compared to the non-acclimated groups [64].

From a molecular point of view, the CsDGAT genes (diacylglycerol acyltransferases)
were shown to be involved in the response to cold stress in C. sativa [65]. Membrane lipid
composition is indeed important in low T stress tolerance. Of the members composing the
DGAT family, CsDGAT1, CsDGAT2, and CsDGAT3 were upregulated both in the leaves and
roots upon cold stress, while others showed a tissue- and time-specific response [65].

3.4. C. sativa vs. Heavy Metals

Several studies have addressed the impact of Cd pollution on C. sativa growth. Among
those, it is worthwhile commenting on the transcriptomic investigation performed on
two varieties differing in their tolerance to Cd, ‘Ym’ (tolerant) and ‘Nx’ (sensitive) [66].
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The tolerant variety could activate, at the transcriptomic level, the pathways involved in
phytohormone signaling, enzymatic ROS scavenging, and cell wall remodeling. MYB genes
were also correlated to the response of C. sativa to Cd stress and cannabinoid biosynthesis
(upon Cd stress, CBD/CBDA levels increased in flowers but decreased in leaves) [67].
Seven MYBs were proposed to be key regulators of the response: MYB016, MYB067,
MYB045, and MYB098, which were upregulated, and MYB005, MYB061, and MYB010,
which were downregulated instead. Three MYBs, MYB024, MYB048, and MYB062, were
highly expressed in the variety with higher CBD content, with MYB024 likely mediating
the increased CBD biosynthesis under Cd stress in flowers [67].

3.5. The Impact of Light on C. sativa Development and Secondary Metabolism

Light quality has been studied in relation to cannabinoid production in plants growing
under controlled conditions [68]. Increasing light intensity increased the density of the
apical inflorescence and the harvest index but not the cannabinoid potency [69], while
long-term exposure to short-wavelength UV negatively impacted growth and inflorescence
quality. The commercial benefit of applying UV stress to C. sativa remains to be unequivo-
cally proven [70], although exposure to UVA+UVB was reported to increase the density of
trichomes on the sugar leaves [71].

An experiment comparing different light regimes (natural light, white light, and
different combinations of red–blue–green–far red–UV light) showed that the combination
red + blue + green at 70:20:10 produced all of the cannabinoids at higher concentrations
in aeroponic-grown plants and led to a lower stress response and that green light plays a
significant role in CBD/CBDA synthesis [68].

Cultivar-dependent as well as light spectra-dependent responses have been observed
with respect to inflorescence yield and cannabinoid content [72]. A 1:1 ratio of red:blue
light resulted in the highest inflorescence yield, and blue light stimulated cannabigerolic
acid content (CBGA), as well as impacting the architecture of the plants, which were
compact. With respect to architecture, C. sativa plants’ shape has relevant consequences
for secondary metabolite production; for example, manipulations of the plant architecture
such as pruning can improve light penetration and result in uniformity of cannabinoid
content (by increasing the concentration in the bottom parts which normally have lower
abundance compared to the top) and biomass yield [73,74].

3.6. The Impact of Macronutrients on C. sativa Growth and Metabolism

Studies have investigated the impact of macronutrients on Cannabis growth and
the production of secondary metabolites by investigating the effect of different ranges
of concentration.

Increasing N supply showed that while biomass increased, the content of terpenoids
and cannabinoids decreased. More specifically, although a N concentration of 30 mg/L led
to the highest amount of secondary metabolites, below 160 mg/L, plant development was
impaired; a N concentration of 160 mg/L was shown to be the most appropriate to achieve
both high biomass yield and relatively high content of secondary metabolites [75]. Increased
N supply was shown to have an impact on both primary and secondary metabolism of
Cannabis by affecting the plant C:N ratio [76]; chlorophyll and amino acids increased in
content, while sugars and phosphates decreased, with a concomitant decrease in flavonoids,
olivetolic acid, and phenols, besides cannabinoids and terpenoids. Under the condition of
high N supply, phenylalanine (the precursor of flavonoid biosynthesis) is shunted towards
the synthesis of proteins to sustain growth. Cannabis inflorescences are a stronger sink for N
than leaves and draw, from these, N, C skeletons and energy; this process is enhanced with
higher N input due to increased photosynthesis in the leaves, with the resulting higher
accumulation of most amino acids at the expense of C metabolites [76].

P supply > 5 mg/L reduced the contents of THCA and CBDA, but concentrations lower
than 15 mg/L were insufficient to sustain optimal plant development and
physiology [77]. K inputs < 60 mg/L induce Cannabis secondary metabolism, while an
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increasing K concentration negatively affects cannabinoid and terpenoid content; K input
of 60 mg/L is optimal to maintain both high yield and secondary metabolite content [78].

Mg has also been shown to impact C. sativa growth [79]; between 2–20 mg/L, plants
showed clear signs of deficiency, with older leaves impacted first, while concentrations of
35–70 mg/L were optimal for development during the vegetative stage.

4. Prospects of Applying Eustress for C. sativa Cultivation: Salinity as a Proof-of-Concept

C. sativa is a valuable medicinal plant and a source of fibers; hence, improving its
cultivation is relevant in boosting the yield of phytochemicals and biomass, as well as their
quality (e.g., the presence of different secondary metabolites and the mechanical properties
of the fibers). Eustress applied to hemp in the field would be an ideal way to reach this
goal without consequences on the environment and could also be a strategy used in vitro
to elicit micro-propagated plants. Micro-propagated C. sativa plants have the advantage of
being totally free from pathogens, they occupy less space than pot-grown plants, and their
propagation can be easily scaled up. The prospects of eustress in C. sativa cultivation will be
discussed herein with respect to applications for field-grown and micro-propagated plants.

Preliminary proof-of-concept data were gathered by the authors in support of the
existence of a stimulatory effect of salt stress applied at low doses (Figure 1). NaCl at the
concentrations of 12.5–25–50–100 mM positively impacted germination, shoot and root
length, and growth of the plantlets (‘Santhica 27’ fiber variety) 2 weeks after sowing. In
this respect, comparing different industrial varieties bred for different traits (fibers, grains,
or both) is relevant in understanding whether common molecular mechanisms exist in
response to eustress.
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Figure 1. Stimulatory effect of NaCl at low doses on the germination and growth of C. sativa ‘Santhica’ 27.

In connection with salinity eustress, it would be interesting to study, from an agro-
nomical, physiological, and molecular perspective, the response of C. sativa to growth
when irrigated with diluted seawater. This could be especially interesting for coastal ar-
eas. Alternatives to freshwater irrigation are becoming urgent in light of climate change,
and the prospect of using diluted seawater would not further aggravate the problem
of soil salinization [80]. For example, cherry tomatoes were shown to benefit from irri-
gation with 12% seawater (corresponding to 10 mS/cm), with berries characterized by
higher nutritional value (i.e., higher amounts of vitamin C and E and dihydrolipoic and
chlorogenic acids [81]).

The authors of this review preliminarily experimented with the use of diluted Mediter-
ranean seawater at 5 and 10% v/v (corresponding to soil conductivity of 3.78 and 6.66 mS/cm
and pH values of pH 7.88 and 7.80, respectively) to irrigate pot-grown hemp (‘Santhica
27’) for 3 weeks (Figure 2). More research will have to be performed to understand the
impact on the fibers, but the preliminary results indicate that the use of diluted seawater
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at 5% v/v led to thicker and more abundant secondary fibers and primary bast fibers with
wider lumens, while 10% seawater had a negative impact on both the number and cell wall
thickness of primary and secondary bast fibers (Figure 2b,c).
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Figure 2. Microscope observations after FASGA staining of 10 µm cross-sections obtained for hemp
hypocotyls (‘Santhica 27’) irrigated with tap water (a), seawater 5% v/v (b), and seawater 10% v/v (c).
pf: primary bast fibers; sf: secondary bast fibers. Bars indicate 10 µm. The seawater was autoclaved
and filtered before use. The plants were irrigated with 100 mL diluted seawater or water twice a
week for 3 weeks.

Although unwanted for textile applications or the manufacture of high-performance
bio-composites, hemp secondary bast fibers can be used as a source of nanocellulose (to
manufacture nano-papers or nano-composites) [82]. The disordered decortication method
could be applied and, given the lower content of lignin with respect to woody fibers, milder
delignification treatments can be used with lower impact on the environment.

The use of diluted seawater could also induce higher content of secondary metabolites
in C. sativa via a hormetic response; it will therefore be interesting to evaluate the impact of
irrigation with diluted seawater on the metabolome of leaves and flowers. Irrigation with
diluted seawater or, more generally, the application of salinity eustress to C. sativa could be
coupled with the supplementation of beneficial elements known to exert a priming action
on plants, for example Si, which was demonstrated to be taken up by hemp [83] and to be
effective in mitigating the negative effects caused by distress [58,84].

With respect to the soil cultivation of C. sativa, it will be interesting to explore the
interaction between salinity eustress and organic substrates. In cucumber, the combination
of nutrient solution with high electrical conductivity and lignite substrate resulted in fruits
with high content of β-carotene and lutein [85]. The combination of abiotic eustress and
growth in the presence of humic acids (HAs) is also worth future investigation; HAs
indeed act as chemical eustressors, since they can interact as aggregates with the root
surface and cause a rise in ROS, which in turn activate scavenging enzymes by working
as signaling molecules [86]. The mechanisms leading to the bioactivity of HAs is still a
matter of discussion, but among the possible mechanisms, there is the dissociation of the
HA superstructure into fractions able to mimic phytohormones [86,87]. As an example of
the eustress effect generated by HAs, a study on rice is hereafter reported. The addition of
HAs extracted from vermicompost, soil, and sediments of the Negro River to rice plants
resulted in a decrease in photosynthetic performance after 96 h followed by an increase
after 144 h; this positive effect was accompanied by an increase in chlorophyll a and an
impact on carotenoid content which depended on the source of HAs (higher with HAs from
sediments of the Negro River) [86]. HAs also increased soluble sugars in the roots, and
HAs from vermicompost significantly increased the root volume in rice plants [86]. The
positive impact of HAs on plant height, chlorophyll content, and photosynthetic efficiency
was demonstrated in C. sativa subjected to moderate water stress when applied alone or
together with a biofertilizer (composed of active and dormant cells of yeast, algae, bacteria,
and filamentous fungi) [88]. Additionally, HA application to C. sativa resulted, on one hand,
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in a reduction in THC levels from 11.8 to 7.4% in the top flowers, but, on the other, less
spatial variability in cannabinoid content [89].

Eustress can be applied to Cannabis plants that are micro-propagated; micro-propagation
is a cost-effective and rapid procedure to mass-propagate, in a standardized manner,
pathogen-free plants, and it has been effectively used in conjunction with elicitation or pre-
cursor feeding to produce rare and added-value phytochemicals [90,91]. Micro-propagated
Cannabis could be exposed to different eustressors in vitro or even their combination; salin-
ity could be combined with nutrient eustress, for example, as well as the supplementation
of Si and/or biotic elicitors. The possibilities are many, and the space-saving advantage of
micro-propagation provides the possibility of screening several conditions at the same time
in biological replicates.

5. Future Avenues of Research and Conclusions
5.1. Future Research Avenues

Some of the research avenues related to eustress deserving future efforts are (1) un-
derstanding the impact of eustress on epigenetic mechanisms and (2) the activation of a
trans-generational memory [92]. Eustress could be used as a tool for breeding once the
epigenetic marks linked to the improved stress response are identified and their stability
and heritability proven and understood [92].

The study of eustress can have even broader implications which go beyond Earth
applications and concern space farming [93]; even when reducing to a minimum the occur-
rence of stressors in set-ups for plant cultivation on orbiting stations or future settlements
on the Moon and Mars, it will be impossible to recreate an environment like the one on
Earth, and stressors will be largely unpredictable in space. However, there could be the
possibility of utilizing some of the known space stressors as eustressors, provided some
crucial growth conditions can be ensured and maintained. Such an example is radia-
tion; instead of shielding the plant cultures completely, it could be envisaged to filter out
the detrimental components and leave those that could be stimulatory and, ultimately,
beneficial to growth [93].

Research on eustress using stressors known to occur in space can not only help
understand the response of different species from a physiological and molecular angle but
also identify the stress ranges that can be tolerated by plants with minimal impacts, as well
as those that can instead stimulate their physiology. This knowledge can, in turn, help in
designing the equipment needed for the space cultivation of the selected species.

Studies on Earth will be needed to understand and create predictive models of space
farming; the use of artificial intelligence tools such as deep learning to process and interpret
different sets of data (genomics, proteomics, metabolomics, and phenomics) will offer great
help in constructing models and predicting eustress response in plants [94].

5.2. Conclusions

There is much potential in studying the response of C. sativa (Figure 3) and, more
generally, multi-purpose plants to eustress for different applications, e.g., pharmaceuticals,
nutraceuticals, and biomaterials. Coupling eustress application to NPK inputs optimized
according to the desired production purpose can have significant results in terms of biomass
accumulation or secondary metabolite content in Cannabis (see Section 3).
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Figure 3. Prospects of applying eustress (here, salinity, cold, heat, biotic stress, light, and potentially
toxic elements derived from anthropogenic activities and drought stress are schematically represented)
to C. sativa cultivation in soil or in vitro to produce phytochemicals and/or biomass for fibers.

The use of biofertilizers also constitutes an interesting line of research, in light of
the positive effects against stress and their role in promoting sustainable agriculture. The
application of PGPMs and arbuscular mycorrhizae to Cannabis and their positive impact on
yield and the mitigation of stress symptoms have already been investigated in the literature
in conjunction with both abiotic and biotic stresses [95–97].

Exploring the connection between stress and phytochemistry through elicitation is also
worthwhile to increase the content of bioactive substances and the therapeutic potential
of medicinal plants [98]. Salicylic acid and γ-aminobutyric acid have already been shown
to positively impact the expression of THC biosynthetic genes and the content of THC
in plants grown under controlled conditions [99]. Methyl jasmonate and salicylic acid
applied at 0.1 mM were effective in increasing THCA and CBDA concentrations both in
inflorescences and leaves [100]. However, genotype and environmental conditions, as well
as pests (shown to impact cannabinoid and terpene content [101]), pose a challenge to the
application of C. sativa plants’ elicitation on a large scale, i.e., under field conditions, as
these factors can contribute to a great variability in secondary metabolite content. Elicitors’
type, concentration, duration, synergistic action, and cost, as well as the complexity of the
shoot–root feedback mechanism, the impact on the synthesis of the target molecules and
effect on other pathwaysleading to undesired effects need to be considered before applying
C. sativa elicitation at a large scale [98,102].

Besides applications to whole plants, it is also worth mentioning the application of
eustress to plant cell culture-based bioprocesses here; the scalability of this technology
coupled with standardization, good manufacturing practice compliance, and the absence of
contaminants make it very powerful to produce high-added-value compounds. A few stud-
ies have started investigating the cultivation of C. sativa cell suspension cultures [103,104],
and the increasing interest that plant cell culture technology is attracting for cosmetics,
nutraceutics, and pharmaceutics will, in the coming years, further promote its use [105,106].
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