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Abstract: Industrial hemp (Cannabis sativa L.) is receiving increasing attention for its multiple end-
uses; therefore, an improvement in its production is needed to meet the increased demand. In the
present study, the effect of seed inoculation with two Trichoderma afroharzianum strains, T-AA and
T-22, on plant growth and root morphology of hemp plants at sixth-leaf (S6) and tenth-leaf (S10)
stages was assessed for two consecutive years (2020 and 2021). In addition, the ability of the two
strains to enhance the accumulation of phenolic compounds in hemp leaves was also evaluated.
The results obtained revealed the ability of T-22 to improve the growth and root morphology of
hemp plants both in 2020 and 2021, although with different impact, probably ascribable to the
different weather conditions in the two years. In 2020, the positive effects of T-22 were detected at
S10 stage with significant increases in the shoot and root length (38% and 17%, respectively) and
dried biomass (35% and 30%, respectively) compared to untreated plants. The total root surface area
and the number of tips, forks, and crossings also increased significantly (24–36%) at this stage. In
2021, significant increases in the shoot length and dried biomass (40% and 30%, respectively) were
observed at S6 stage, whereas root length and dried biomass increased significantly at S6 (55% and
47%, respectively) and S10 stage (121% and 40%, respectively). Significant increases in the total
surface area and volume, as well as in the number of tips, forks, and crossings were also observed at
both S6 and S10 stage (50–63% and 105–187%, respectively). Interestingly, in both years and at both
stages, the two strains induced significant increases in the leaf accumulation of phenolic compounds
and the antioxidant activity, which were greater in T-22- compared to T-AA-treated plants (18–102%
and 13–34%, respectively). The results are discussed in light of the potential practical applications
of T-22 as a biostimulant of hemp plant growth under favorable and unfavorable environmental
conditions, and of both strains as promising tools for the improvement of the leaves’ economic value
as a source of health-promoting compounds.

Keywords: industrial hemp; Trichoderma afroharzianum; biostimulant; plant growth; root morphology;
phenolic compounds; antioxidant activity

1. Introduction

Industrial hemp is a chemotype of Cannabis sativa L. characterized by very low levels
(less than 0.3%) of the psychoactive cannabinoid ∆9-tetrahydrocannabinol (THC) [1]. Due
to its agronomically, ecologically, pharmaceutically, and nutraceutically positive properties,
industrial hemp has been included in sustainable farming systems and used in different
kinds of applications. Industrial hemp is an eco-friendly crop since it has no need for
pesticides and has a low fertilizer demand [2]. Moreover, in recent years, this crop has been
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widely investigated for phytoremediation due to its ability to accumulate heavy metals
in its tissues, thus removing the contamination from the soil [3]. Regarding its multiple
applications, hemp fiber and hurd are used in the textile, papermaking, construction, and
biocomposite industries, whereas biomass is used for biofuel and energy production [4].
Seeds are used for feed, but their derivatives, such as meal, flour, oil, and proteins are
receiving a growing interest for human nutrition [5]. Recently, great attention has also been
paid to hemp inflorescences that, for their phytochemical profile rich in non-psychotropic
cannabinoids, terpenes, and phenolic compounds, can find application in the medical,
nutraceutical, agrochemical, and cosmetic industries [6].

Competing with other agricultural systems, hemp is a relatively high-yielding crop,
if we consider harvesting and using all its components. However, the demands for high-
quality fiber, renewable raw materials, and food/nutraceutical supplements have recently
increased, thus suggesting that improving the production of industrial hemp will help to
better meet the market needs for bio-based raw materials, and to promote the competitive-
ness of hemp-based products.

To increase crop productivity, new approaches are being developed based on the
application of biostimulants. Plant biostimulants include different classes of natural com-
pounds, such as polysaccharides, peptides, amino acids, phytohormones, humic acids,
and inorganic compounds, which have function in plant growth and development [7]. In
recent years, a novel and innovative technique that has garnered significant interest is the
application of plant-growth-promoting microorganisms, such as fungi and bacteria [8].
In particular, treatments with Trichoderma spp., such as T. afroharzianum, T. harzianum, T.
atroviride, T. longibrachiatum, T. gamsii, and T. asperellum, have demonstrated efficacy in
stimulating the plant growth and development, as well as the plant defense responses
against various pathogens, insects, and abiotic stress [9]. Trichoderma-based products are
therefore among the most common active ingredients in registered biofungicides and
biofertilizers [10].

Trichoderma spp. are endophytic fungi that are ubiquitous in soil and root ecosystems
of all types of plants, including both monocotyledonous and dicotyledonous species [11].
The most common benefit of Trichoderma spp. regards the development of the root appara-
tus, which is crucial for the early stand establishment of the seedling and the subsequent
plant productivity [12]. Indeed, evidence exists that the interaction between plant and
Trichoderma spp. successfully regulates the root architecture, thus increasing the total ab-
sorbent surface area; this results in better water use efficiency and more effective absorption
and translocation of nutrients in the shoot, which, in turn, leads to an increased plant
biomass accumulation [9].

Modifications in plant metabolism also arise from Trichoderma spp. colonization
of roots. It is generally assumed that Trichoderma spp. may induce the plant to shift
from primary to secondary metabolism with the consequent accumulation of secondary
metabolites of phenolic nature [13–15]. The buildup of these compounds may serve as an
antioxidant defense mechanism that protects the plant tissues from the oxidative stress
triggered by pathogen attack [16], but it also increases the nutraceutical value of treated
plants [17].

Taking into account what mentioned above, as well as the growing interest in the
industrial applications of the different components of hemp plants, the present study
was carried out to evaluate the effect of seed inoculation with two different strains of
T. afroharzianum on the plant growth and root architecture at early stages of growth. In
addition, the ability of the two strains to trigger the accumulation of phenolic compounds
in the leaves was also assessed. To achieve these goals, the dioecious Italian cultivar Eletta
Campana was chosen since it is widely cultivated in southern Italy for fiber production,
and recently it is also in great demand for the high levels of bioactive compounds detected
in its inflorescences, seeds, leaves, and roots [18,19].
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2. Materials and Methods
2.1. Preparation of the T. afroharzianum Liquid Culture

Two selected isolates of T. afroharzianum, T-22 and T-AA, were used to inoculate hemp
seeds. T-22 is one of the most effective strains capable of stimulating growth and defences
in different plant species and for this reason it is used as the active ingredient in a variety
of commercial products [11]. The T-AA strain was selected from a wide collection of
Trichoderma spp. wild-type isolates maintained at the Research Centre for Agriculture
and Environment in Bologna, Italy, for its promising characteristics like the absence of
anti-germinative effects, the ability to colonize root apparatus, and the promotion of plant
and root growth, as observed in previous experiments. For the fungal culture preparation,
two mycelium plugs from actively growing colonies on potato dextrose agar were used to
inoculate 30 mL of potato dextrose broth in 250-mL Erlenmeyer flasks plugged with cotton
wool previously sterilized at 120 ◦C for 20 min. The flasks were then incubated for 7 days
at 27 ◦C in static conditions. The whole liquid cultures were collected and homogenized
for 1 min in a blender (Waring, Torrington, WY, USA). The spore concentration in the
homogenates was checked at the microscope using a Burker camera (Poly-Optik GmbH,
Bad Blankenburg, Germany) and resulted in 1.1 × 108 and 2.2 × 108 spores mL−1 for T-22
and T-AA, respectively.

2.2. Seed Inoculation with the T. afroharzianum Strains

Seeds from the dioecious cultivar ‘Eletta Campana’ were made available by the Re-
search Centre for Cereal and Industrial Crops of Rovigo, Italy. Before treatment, undamaged
hemp seeds were surface sterilized for 1 min with 1% NaClO solution, then thoroughly
washed with distilled water and blotted on sterilized filter paper. After sterilization, 40 g
of seeds were treated with 10 mL of the spore homogenate in Petri plates. As the control,
potato broth without dextrose was used. Treated seeds were left under a vertical hood to
dry for 5 h, then collected and stored at 4 ◦C in paper bags until use. To check the final
concentration of the inoculum, ten treated seeds were vortexed in 100 mL distilled water for
15 min and then suitable dilutions were plated on a Trichoderma selective agarized medium.
The final concentration resulted in 1.0 × 105 and 8.9 × 105 Colony Forming Units g−1 of
seed for T-22 and T-AA, respectively, thus in the same order of magnitude.

2.3. Plant Growing Conditions and Experimental Design

The research was carried out at the experimental farm of the Research Centre for Cereal
and Industrial Crops of Foggia, Italy (41.460391 N, 15.501311 E) for two consecutive years,
2020 and 2021, following the same experimental design and agronomical practices. The
experimental design was completely randomized with two factors: three seed treatments
(control, T-AA, and T-22) and two growth stages (sixth-leaf, S6, and tenth-leaf, S10) and six
biological replicates for a total of 36 samples (3 treatments × 2 stages × 6 replicates). In
both years, seeds were sown on April 14 in plastic pots (7 cm diameter and 26 cm height)
placed in the open air and containing 1.3 kg of a mixture of soil and sand (60:50; v/v).
Fertilization was carried out at sowing by adding 0.5 g NH4NO3 fertilizer (26% N) to each
pot. For each replicate, three seeds were planted into each pot and, at the first-leaf stage,
the pots were thinned out leaving the largest plant. In 2020, plants reached the S6 and the
S10 stage on average after 23 and 47 days, respectively, while in 2021, they reached the S6
and S10 stage after 27 and 56 days, respectively. An automated meteorological station near
the experimental location recorded the amount of rainfall, as well as the minimum and
maximum temperatures and relative humidity, over the duration of the study. The results
are reported in Figure S1.

2.4. Determination of Parameters Related to Plant Growth and Root Morphology

To determine the growth parameters at S6 and S10 stages, plants were gently pulled
out of the pots and cut at the crown region between the shoot and the root system. The
maximum shoot length was measured, whereas the roots were immediately washed of
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debris and soil and subjected to scanner-based image analysis. The above- and below-
ground biomass of each plant was then oven-dried for 72 h at 40 ◦C until constant weight,
and finally weighed individually to obtain the shoot and root dry weight (DW). Dried
leaves from each plant were pooled for further chemical analyses.

As for the assessment of the root morphology, the root apparatus was scanned using
the interactive scanner-based image analysis Win-RHIZO system (version 4.0b; Regent
Instruments Inc., Quebec, QC, Canada). Before image acquisition, the roots were spread in
a thin layer of water in a transparent plastic tray (20 cm× 30 cm), expanded with tweezers,
and scanned at a resolution of 200 dots per inch (dpi 118.11 dots per cm). The following
traits were recorded individually using the root analysis software: total root length, total
root surface area, root average diameter, total root volume, number of root tips, forks, and
crossings. The total root length, total root surface area, total root volume, and number of
root tips were also classified into three different classes based on their diameter (0.0–0.5 mm,
0.5–1.0 mm, and >1.0 mm).

2.5. Chemical Determinations
2.5.1. Preparation of the Leaf Extract

Before the analyses, the dried leaves of each plant were ground into powder using a
planetary mill with jar balls (Pulverisette 7, Fritsch, Milan, Italy) and extracted according to
the protocol of Quitadamo and coworkers [20] with few modifications. Briefly, 20 mg of
each sample were extracted in an ultrasonic bath for 30 min at room temperature with 2 mL
of an 80% methanol solution acidified with 1% HCl. After that, the mixture was centrifuged
at 9000× g for 20 min at room temperature and the supernatant was stored at −20 ◦C until
the analyses.

2.5.2. Determination of the Total Phenolic and Total Flavonoid Content

Total phenolic content (TPC) and total flavonoid content (TFC) were assayed spec-
trophotometrically following the protocols previously reported by Beleggia and cowork-
ers [21] with minor modifications. For the TPC assay, the sample test solution was obtained
by mixing 40 µL of methanolic extract with 900 µL of Folin-Ciocalteu reagent (diluted 1:10),
900 µL of 6% (w/v) Na2CO3 solution and ultra-pure water to reach the final volume of
2 mL. The resulting solution was incubated in the dark for 1 h.

For the TFC assay, the sample test solution was obtained by mixing 100 µL of methano-
lic extract with 1 mL of distilled water and 80 µL of 5% (w/v) NaNO2. Then, 150 µL of 10%
(w/v) AlCl3 were added after 5 min, and 500 µL of 1 M NaOH after a further 5 min; the
final total volume was adjusted to 2 mL with ultra-pure water.

For the determination of TPC and TFC, the absorbance of the test solution at 725 nm
and 510 nm, respectively, was measured by using a Perkin Elmer Lambda 650 UV/Vis
Spectrometer (Perkin-Elmer, Waltham, MA, USA). Each biological replicate was analyzed
in triplicate. The results were expressed as mg of ferulic acid equivalents g−1 DW, and as
mg of catechin equivalents g−1 DW for TPC and TFC, respectively.

2.5.3. Determination of the Total Antioxidant Activity

The total antioxidant activity was determined by both the 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH) and 2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assays
according to the protocols reported by Beleggia and coworkers [22]. For the DPPH assay, a
DPPH radical (DPPH•) solution with a 0.8 absorbance at 525 nm was prepared on a daily basis
by dissolving 5 mg of DPPH in 100 mL of a 50:50 (v/v) methanol/water mixture. For the ABTS
assay, the radical cation (ABTS•+) was produced daily by mixing 7 mM ABTS solution and
2.45 mM K2S2O8 in water. The mixture was left to incubate in the dark at room temperature
for 16 h, and then it was diluted with ethanol to obtain a 0.8 absorbance at 734 nm.

For both assays, the sample test solution was prepared by adding 100 µL of the
methanolic extract to 4.9 mL of the radical solution and leaving the reaction mixture
for 30 min in the dark. Then, the absorbance at 517 nm and 734 nm was measured for
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the determination of the DPPH• and the ABTS•+ scavenging activity, respectively. Each
biological replicate was analyzed in triplicate. For both the assays, 6-hydroxy-2,5,7,8-
tetramethyl-chroman-carboxylic acid (Trolox) was used as the reference standard and the
results were expressed as µmol of Trolox equivalent g−1 DW.

2.6. Statistical Analysis

The JMP software version 8.0 (SAS Institute Inc., Cary, NC, USA) was used to perform
the three-way analysis of variance (ANOVA) to evaluate the effect of year (Y), stage (S),
treatment (T), Y × S, Y × T, S × T, and Y × S × T on the traits investigated. The software
was also used to estimate, for each stage and year, significant differences between control
and treatment by Student t-test (p ≤ 0.05), and significant differences, for each year, among
the six combinations of factors (two growth stages and three seed treatments) by Tukey’s
multiple test (p ≤ 0.05).

Sparse partial least-squares-discriminant analysis (sPLS-DA) was carried out by the
online tool MetaboAnalyst version 5.0 [23] to maximize the segregation among growth
stages and treatments and determine the most discriminating traits. All data were auto-
scaled (i.e., mean-centered and normalized to the standard deviation) prior to analysis.
The program default parameters (five components and ten variables for each component)
were used.

3. Results

Plants of the cv. Eletta Campana obtained from both uninoculated seeds and seeds
inoculated with the strains T-AA and T-22 were analyzed for their growth, root morphology,
leaf phenolic content and antioxidant activity, for two consecutive years, 2020 and 2021, and
at two growth stages, S6 and S10. These two stages were chosen because they represented
the intermediate and the final stage, respectively, of the main shoot development [24],
a crucial period for root establishment [12]. The datasets collected in 2020 and 2021 are
reported in Table S1 and Table S2, respectively.

3.1. Analysis of Variance

The results of the three-way ANOVA showed that almost all the traits investigated
were significantly affected by year (Y), stage (S), treatment (T), and Y × S interaction
(Table S3). Significant effects of Y × T, S × T and Y × S × T interactions on some of the
analyzed traits were also observed.

The year effect was due to the higher values detected in 2020 compared to 2021 for
all the traits investigated (except the shoot/root dry weight ratio) (Table S4). As for the
stage effect, higher values of the traits related to plant growth and root morphology were
observed at S10 compared to S6 stage as a consequence of the plant development. The
same trend was observed for the DPPH and the ABTS radical scavenging activity, while
TPC and TFC showed the opposite trend (Table S4). Consistently with the significant effect
of Y × S interaction, a different stage effect was observed in the two years (Table S4). For
the traits related to plant growth and root morphology, the extent of the increase moving
from S6 to S10 stage was greater in 2020 compared to 2021, while it was the opposite for
the DPPH radical scavenging activity. TPC and TFC decreased and increased moving from
S6 to S10 stage in 2020 and 2021, respectively, with an extent of variation that was greater
in 2020 compared to 2021.

The treatment effect is illustrated in detail in the next paragraphs. Given the significant
effect of Y × T, S × T and Y × S × T interactions on some traits, years and stages were
treated separately for a better understanding of these interactions.

3.2. Effect of Seed Treatment with the Strains T-AA and T-22 on the Plant Growth, Root
Morphology, and Leaf Phenolic Content and Antioxidant Activity

To give an overview of the differences among treatments, a radar chart was used
by normalizing the dataset of each year into the same scale (Figures 1 and 2). In 2020,
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T-AA induced a general inhibition of plant growth at S6 stage, whereas, except for a few
traits, no evident effects of T-22 were observed at this stage (Figure 1A,C). At S10 stage,
the morphological traits of T-AA-treated plants showed values comparable to those of
the control plants, whereas a general stimulation was observed in T-22-treated plants
(Figure 1B,D). At both stages, TPC, TFC, DPPH, and ABTS radical scavenging activity were
generally higher in the leaves of treated compared to control plants, with the highest values
detected in T-22 treatment (Figure 1E,F). Except for few traits, in 2021, the growth and root
morphology of plants treated with T-AA was almost similar to that of the control plants
(Figure 2A–D), whereas, generally higher values were observed in T-22-treated plants at
both S6 (Figure 2A,C) and S10 stages (Figure 2B,D). Similarly to 2020, also in 2021, treated
plants showed generally higher TPC, TFC and total antioxidant activity at both stages, with
the T-22-treated plants showing the highest values (Figure 2E,F).
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Figure 1. Radar charts comparing changes in the traits analyzed in control and treated plants at S6 and
S10 stages in 2020. (A,B) Traits related to plant growth and root morphology. (C,D) Different classes of
the total root length (TRL), total root surface area (TRSA), total root volume (TRV), and root tips (RT)
distinguished based on the root diameter. (E,F) Total phenolic content (TPC), total flavonoid content
(TFC), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2-azinobis-(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) radical scavenging activity. To represent the traits in the same scale, values from each
stage were normalized by subtracting the mean and dividing by the standard deviation.
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Figure 2. Radar charts comparing changes in the traits analyzed in control and treated plants at S6 and
S10 stages in 2021. (A,B) Traits related to plant growth and root morphology. (C,D) Different classes of
the total root length (TRL), total root surface area (TRSA), total root volume (TRV), and root tips (RT)
distinguished based on the root diameter. (E,F) Total phenolic content (TPC), total flavonoid content
(TFC), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2-azinobis-(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) radical scavenging activity. To represent the traits in the same scale, values from each
stage were normalized by subtracting the mean and dividing by the standard deviation.

To analyze in more depth the effects of the two strains on the plant growth and root
morphology, as well as on the accumulation of phenolic compounds and the antioxidant
activity in leaves, fold changes were calculated by comparing the value of each trait in
T-AA- or T-22-treated plants and control plants, and statistical analysis was used to identify
significantly different changes (Figure 3).

In 2020 (Figure 3A), T-AA-treated plants at S6 stage showed lower total root length,
shoot dry weight, shoot-to-root dry weight ratio, and total root surface area (about −20%),
as well as lower number of root crossings (−29%) compared to control plants. The reduction
in the total root length and surface area was more evident in the roots with a diameter larger
than 0.5 mm (from −40% to −44%) than for those with a smaller diameter (from −17%
to −19%). At this stage, T-AA-treated plants also showed higher TPC, TFC, DPPH, and
ABTS radical scavenging activity (from +13% to 34%) compared to control plants. Except
for a lower total root surface area (−10%) and higher TFC and ABTS radical scavenging
activity (+26% and +25%, respectively), no significant differences were observed at S10
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stage between T-AA-treated and untreated plants. Regarding the morphological traits
in T-22-treated plants, the only significant differences observed at S6 stage compared to
untreated plants were the higher shoot length and number of root forks (+10% and +27%,
respectively), whereas at S10 stage higher values for almost all the morphological traits
were observed. Notably, at this stage, higher length and dried biomass were observed both
in the shoot (+38% and +35%, respectively) and the root (+17% and +30%, respectively),
as well as higher total root surface area, number of tips, forks, and crossings (from +24 to
+36%). The variations in total root length and surface area mainly affected roots with a
diameter higher than 0.5 mm (from +74% to +113% and from +49 to +95%, respectively).
T-22-treated plants also presented higher levels of phenolic compounds and antioxidant
activity at both S6 (from +21% to +41%) and S10 stage (from +23% to +102%).
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Figure 3. Heatmap showing the fold changes for the traits analyzed in treated plants at S6 and
S10 stages compared to control plants in 2020 (A) and 2021 (B). The color intensity from blue to
red indicated the magnitude of variation. Red represented increases and blue represented de-
creases. Significant (p ≤ 0.05) differences in treated compared to control plants, according to Student
t-test, are highlighted in bold. TRL, total root length; TRSA, total root surface area; TRV, total
root volume; RT, root tips; TPC, total phenolic content; TFC, total flavonoid content; ABTS, 2,2-
azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) radical scavenging activity; DPPH, 2,2-diphenyl-
1-picrylhydrazyl radical scavenging activity.

In 2021 (Figure 3B), the only differences observed in T-AA-treated plants compared
to control plants were the higher total root surface area (+17%) and root crossing number
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(+30%) at S6 stage, and the higher total root length (+58%) at S10 stage, which mainly
affected roots with a diameter lower than 0.5 mm (+61%). Higher TPC, TFC, DPPH
and ABTS radical scavenging activity (from +12% to +20%) were also detected at S6
stage, whereas at S10 stage higher values were observed only for TFC and DPPH radical
scavenging activity (+23% and +19% respectively). As far as the T-22 treatment, higher
shoot length and shoot dry weight (+40% and +30%, respectively) were observed at S6 stage,
whereas higher values were detected at both S6 and S10 stages for several traits related
to root growth and morphology. Indeed, compared to control plants, T-22-treated plants
presented higher root dry weight at both S6 and S10 stages (+47% and +40%, respectively).
In addition, higher values of total root length, surface area and volume, number of tips,
forks, and crossings were observed at S6 stage (from +50% to +63%) and S10 stage (from
+105% to +187%). At both stages, the variation in total root length and surface area mainly
concerned the roots with a diameter lower than 0.5 mm at both S6 (+57% and +64%,
respectively) and S10 stage (+126% and +128%, respectively). In T-22-treated plants, higher
TPC, TFC, DPPH and ABTS radical scavenging activity were also detected at both S6 (from
+21% to +59%) and S10 stage (from +18% to +38%).

3.3. Multivariate Analysis

To allow the identification of those traits associated with the discrimination of the
six groups resulting from the combination of the two stages (S6 and S10) and the three
treatments (Control, T-AA and T-22), a sPLS-DA was carried out separately on the two
datasets collected in 2020 and 2021. For each year, the score plot was used to visualize
how the six groups were distributed in the projected spaces, whereas the sPLS-DA-derived
loading plots were used to identify the most discriminating traits. Multiple comparison
using a Tukey’s test was also carried out on these traits to determine significant differences
among the six groups and confirm the results obtained from the sPLS-DA model.

More than 89% of the overall variability in 2020 was described by the first five compo-
nents, with components 1 and 2 accounting for 66.5% and 8.7% of the variability, respec-
tively (Figures S2 and 4A). A clear separation of the two stages was observed on the first
component. Conversely, within each stage, the three treatments were separated mainly
on the second component, with a slight separation of T-22 from the other two treatments
also on the first component. At both stages, only T-22 was completely separated from the
control, whereas T-AA was partially overlapped. In line with the sPLS-DA separation on
the two components, the three top-ranked traits (loading > 0.3) selected by the model on
the first component (Figure 4B), i.e., number of root crossings, shoot dry weight and total
root surface area, were all significantly different between the two stages and, at S10 stage,
were significantly different in T-22 compared to control and T-AA treatment. On the second
component, the four top-ranked traits were TPC, DPPH and ABTS radical scavenging
activity, and TFC (Figure 4C). Within each stage, these traits differed significantly between
the control and the two strain treatments. TPC and TFC also differed between stages.

In 2021, the first five components accounted for 82.0% of the overall variability,
with components 1 and 2 accounting for 44.5% and 17.3% of the variability, respectively
(Figures S3 and 5A). The separation between the two stages and the three treatments oc-
curred mainly on the first component, with only a slight separation of T-22 at S10 stage
on the second component. At S6 stage, the T-22 treatment was clearly separated from the
control, whereas the T-AA treatment was partially overlapped. Conversely, at S10 stage,
both T-22 and T-AA were separated from the control. In line with the sPLS-DA separation
on the two components, two of the three top-ranked traits on the first component, i.e., the
shoot dry weight and shoot length, were significantly different between the two stages,
whereas the other one, i.e., the DPPH radical scavenging activity, was significantly different
between the two stages and, within each stage, differed between the control and the two
strain treatments (Figure 5B). On the second component, the two top-ranked traits, i.e., the
number of root crossings and forks, were significantly different only in the T-22 treatments
at S10 stage (Figure 5C).
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Figure 4. Partial least-squares-discriminant analysis (sPLS-DA) performed on the dataset collected
in 2020 to discriminate among the six groups resulting from the combination of the two stages (S6
and S10) and three treatments (control, T-AA and T-22). The six groups were as follows: control
at S6 stage, Ctr (S6); T-AA treatment at S6 stage, T-AA (S6); T-22 treatment at S6 stage, T-22 (S6);
control at S10 stage, Ctr (S10); T-AA treatment at S10 stage, T-AA (S10); T-22 treatment at S10
stage, T-22 (S10). (A) Score plot of the sPLS-DA in which the 95% confidence regions are displayed.
(B,C) Loading plots ranking the ten traits that are most significant in the separation among the
six groups on the component 1 and 2, respectively. To confirm the discriminating role of the top-
ranked traits (loading > 0.3), a Tukey’s multiple test (p ≤ 0.05) was carried out and the result
obtained for each trait was reported in the corresponding box plot, with different letters representing
significant differences among the six groups. TRL, total root length; TRSA, total root surface area;
TRV, total root volume; RT, root tips; TPC, total phenolic content; TFC, total flavonoid content;
ABTS, 2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) radical scavenging activity; DPPH,
2,2-diphenyl-1-picrylhydrazyl radical scavenging activity.
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Figure 5. Partial least-squares-discriminant analysis (sPLS-DA) performed on the dataset collected
in 2021 to discriminate among the six groups resulting from the combination of the two stages (S6
and S10) and three treatments (control, T-AA and T-22). The six groups were as follows: control
at S6 stage, Ctr (S6); T-AA treatment at S6 stage, T-AA (S6); T-22 treatment at S6 stage, T-22 (S6);
control at S10 stage, Ctr (S10); T-AA treatment at S10 stage, T-AA (S10); T-22 treatment at S10
stage, T-22 (S10). (A) Score plot of the sPLS-DA in which the 95% confidence regions are displayed.
(B,C) Loading plots ranking the ten traits that are most significant in the separation among the
six groups on the component 1 and 2, respectively. To confirm the discriminating role of the top-
ranked traits (loading > 0.3), a Tukey’s multiple test (p ≤ 0.05) was carried out and the result
obtained for each trait was reported in the corresponding box plot, with different letters representing
significant differences among the six groups. TRL, total root length; TRSA, total root surface area;
TRV, total root volume; RT, root tips; TPC, total phenolic content; TFC, total flavonoid content;
ABTS, 2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) radical scavenging activity; DPPH,
2,2-diphenyl-1-picrylhydrazyl radical scavenging activity.
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Overall, the multivariate analysis showed that, although with differences in the two
years, the traits responsible for the separation of both T-AA and T-22 treatment from the
control were mainly those related to the accumulation of phenolic compounds and the
antioxidant activity, while some traits related to the root morphology (i.e., total root surface
area, and number of root forks and crossings) further separated the T-22 treatment from
the control and the T-AA treatment at S10 stage. Most of these traits and those related to
shoot growth (length and dried biomass) also discriminated between stages.

4. Discussion

In recent years there has been a growing interest in the cultivation of industrial hemp
due to the promising multiple end-uses of this crop. Therefore, it is expected in the next few
years an increase in the demand for raw materials from industrial hemp. In this context, the
present study reports evidence about the efficacy of seed inoculation with the strain T-22 to
improve plant growth and root morphology at early growth stages, which are crucial for
the productivity of the adult plants. The ability of both T-AA and T-22 strains to trigger
the accumulation of phenolic compounds and enhance the antioxidant potential of the
leaves is also reported. To our knowledge, this is one of the very few evidence of the use of
Trichoderma strains as biostimulants on hemp plants. Indeed, although there is abundant
literature on the application of Trichoderma spp. on many crops [9], only a few studies have
been reported on their ability to affect the growth of hemp plants and to stimulate the
accumulation of secondary metabolites [25–27].

4.1. Hemp Plant Growth and Root Morphology and Their Modulation by Seed Treatment with T.
afroharzianum Strains

In the present study almost all the traits related to plant growth and root morphology
were found to be significantly affected by stage, year, and their interaction, which means
that the two years of cultivation affected the hemp plant growth differently. Indeed, the
growth rate of hemp plants in 2021 was found to be lower than in 2020. This is most
probably ascribable to the different environmental conditions that characterized the two
years. In 2021 the hemp plants received half the rainfall received in 2020 (42 mm vs. 81 mm)
and the differences were even greater from the end of April onwards, with 10 mm of rain
fell in 2021 compared to 40 mm in 2020. Therefore, while in 2020 hemp plants grew under
favorable weather conditions, in 2021 they were exposed to limited water availability. It is
well known that the hemp plant is characterized by a deep root apparatus that allows the
access to deep water and nutrient reserves [28]. However, these depths are not reached by
the root system during the first stages of growth, and this makes the hemp plant particularly
susceptible to water deficit when it occurs at the beginning of its development [29].

With regard to seed treatment, a significant effect was observed for almost of the traits
investigated. Overall, the strain T-22 led to a general improvement of plant growth and
root morphology at both stages and in both years, whereas the T-AA strain exerted only
a weak stimulation of the root growth in 2021. The beneficial effects of the T-22 strain
on the plant growth and biomass accumulation are in line with previous observations
reported for other crop species. For example, root treatment with different Trichoderma
strains including T-22 stimulated plant growth and increased fruit yield in strawberry
plants [30]. In maize, both soil inoculation and seed treatment with T-22 determined an
increase in plant height, root length, number of leaves per plant, area of leaves, and fresh
weights of shoots and roots [31]. An increase in plant growth and development triggered
by T-22 was also observed in crack willow, after root treatment [32], durum wheat, after
seed coating [33], and lentil, after seed and soil treatment [34]. The only other evidence
on hemp was reported by Kakabouki and coworkers [26]. Similar to the present study,
the authors carried out the T-22 treatment at early stages of hemp plant growth (10 and
30 days after sowing) and observed significant increases in the height and the aboveground
biomass of the adult plant, as well as in the number, fresh weight, and compactness of the
inflorescences. Although the method of application was different from that used in the
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present study (fertigation instead of seed treatment), the results obtained by Kababouki
and coworkers [26] clearly demonstrated that root treatment with T-22 carried out at
early stages of hemp plant growth can be effective in increasing the yield performance
of this crop. T-22-treated plants also presented generally higher total root length, surface
area, and volume, as well as higher number of root forks, tips and crossings compared to
control plants. This implies a larger horizontal and vertical distribution area of the root
apparatus in the soil, which allows greater soil occupation and better acquisition of water
and nutrients by the roots [35]. In line with these findings, Yedidia and coworkers [36]
reported an increase in the total root length and surface triggered by a T. harzianum strain
in cucumber plants, which determined a significant increase in the shoot Cu, P, Fe, Zn, Mn
and Na concentrations compared to untreated plants, thus confirming that exploration of a
larger region of soil induced by Trichoderma enables the plant to uptake more micro- and
macronutrients that give advantages to the plant as a whole. In line with these observations,
proteomic studies highlighted an over-representation of membrane proteins devoted to
the transport of water and solutes in strawberry plants irrigated with solutions containing
different Trichoderma strains including T-22 [30].

The analysis of variance revealed that some of the traits investigated, i.e., the shoot
length and dry weight, the total root surface area and volume (especially those of the
roots with diameter greater than 0.5 mm), and number of root forks, tips and crossings,
were affected not only by treatment but also by its interaction with stage and/or year of
cultivation. Indeed, the beneficial effects of T-22 on these traits were found to be higher
in 2021 compared to 2020, except for the total root surface area and volume of the roots
with diameter greater than 0.5 mm that showed the opposite trend. The extent of variations
also differed between stages, with higher values at S10 compared to S6 stage. Differences
between years and stages were also observed for the T-AA treatment that affected most
of these traits negatively in 2020, especially at S6 stage, whereas a weak positive effect
was observed in 2021. Altogether, these findings indicate that the strain T-22 and, to a
much lesser extent, the strain T-AA maximize their beneficial effects on the root density
and, consequently, on the shoot growth when the hemp plants are exposed to a stressful
environment. It can be hypothesized that the interaction of the two strains with the hemp
plant, in terms of level of colonization, types of activated pathways and magnitude of the
responses triggered in the host plant, may vary according to the environmental conditions.
In this regard, evidence has been reported that plant exposure to salinity strongly increased
the root colonization by Trichoderma strains and induced stress tolerance in Arabidopsis
plants [37], and that seed inoculation with the T-22 strain in certain crops gave greater
benefits under stress than under optimal growth conditions [38]. As for the mechanisms
activated by the fungus, evidence exists that Trichoderma spp. promote plant growth
and root architecture, through the production of auxin-related compounds, as well as
the emission of two volatiles, ethylene and 6-pentyl-2H-pyran-2-one, which modulate
the distribution of the auxin transporters in the tips of the primary root [39–41]. Under
drought stress conditions, Trichoderma further stimulates the root development, and triggers
additional mechanisms involved in plant cell protection, which include the activation of
the antioxidant machinery, the accumulation of osmolytes and secondary metabolites, and
the delays of the drought-induced changes to stomatal opening and photosynthesis [39].

Overall, the present findings indicate that strain T-22 has the potential to adjust the
extent of its effects based on environmental variables, and for this reason it can act as
biostimulant on hemp plants grown under favorable conditions and to be even more
effective under adverse environmental condition.

4.2. Accumulation of Phenolic Compounds and Antioxidant Activity in Hemp Leaves and Their
Modulation by Seed Treatment with T. afroharzianum Strains

Similar to what was observed for traits related to plant growth and root morphology,
TPC, TFC and antioxidant activity in leaves were significantly affected by stage, year of
cultivation, and their interaction. Overall, 2021 was characterized by lower accumulation of
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phenolic compounds and antioxidant activity compared to 2020. This was probably due to
the reduced rainfall in the former compared to the latter year. Previous multi-year studies
have reported similar findings in hemp inflorescences [21] and seeds [42]. In both studies,
the authors observed that the lowest accumulation of phenolic compounds occurred in the
cropping year with the lowest rainfall during the late period of inflorescence development.
Also, a two-year study carried out by Menga and coworkers [43] highlighted a positive
correlation between the rainfall and the accumulation of phenolic compounds in the seeds
of three different hemp cultivars. Nevertheless, unlike the hemp plants cultivated in 2020,
those cultivated in 2021 raised their leaf phenolic content over time, which suggested their
effort to cope with the stress condition. In this regard, evidence exists that the antioxidant
properties of this class of bioactive compounds, especially flavonoids, may help to prevent
plants from the adverse effects of water deficit conditions [44].

Regarding the effect of treatment, the present study reports the first evidence on
the ability of Trichoderma strains to trigger the accumulation of phenolic compounds in
hemp plants. Indeed, previous studies only highlighted an increase in the accumulation of
cannabinoids following soil amending with Trichoderma strains alone [26] or in combination
with other symbiotic fungi [25,27]. Anyway, the ability of Trichoderma spp. to trigger
the accumulation of phenolic compounds has been observed in other crops [14,45,46]. In
particular, the leaf treatment of two Olea europaea cultivars with the strain T-22 increased
the levels of phenolic compounds in the extra-virgin oil [47], whereas the root treatment of
Vitis vinifera and the seed treatment of onion plants increased the phenolic compounds in
grapes [48] and bulbs [45], respectively. Taken together, the results reported in these studies
revealed that when the strain was applied to the leaves, as occurred for the olive trees,
only a small increase (7%) in the phenolic content was detected [47]. Conversely, strong
increases were observed in grapes (up to 400%) [48] and onion bulbs (about 50%) [45]
with the T-22 applications carried out at root and seed level, respectively. These increases
are in line with that reported in the present study and suggest that T-22 treatment at root
or seed level is more effective than foliar treatment in stimulating the accumulation of
phenolic compounds.

As a consequence of the higher levels of phenolic compounds, the leaves of plants from
inoculated seeds also presented higher antioxidant activity compared to control plants. This
is consistent with the significant correlation (0.84 ≤ r ≤ 0.96, p ≤ 0.001) observed between
TPC and TFC and the two assays used to measure antioxidant activity, confirming the
important role that these phytochemicals play in the antioxidant capacity of hemp leaves.
This result is not unique, since a significant correlation between phenolic compounds
and antioxidant activity has been already detected in different plant species [49]. The
authors reported that among all the tested assays, DPPH and ABTS assays showed the
highest correlation with the phenolic content of the plant extracts (r = 0.939 and r = 0.966,
respectively), thus confirming the suitability of these assays for determining the antioxidant
activity related to the phenolic component in plant matrices.

Regarding the potential mechanism that could be responsible for the buildup of
phenolic compounds in hemp leaves induced by T-AA and T-22, evidence exists that
Trichoderma spp. may activate the enzymes involved in the phenylpropanoid pathway
through regulation at both gene and protein level. Phenylalanine ammonia lyase (PAL)
catalyzes the first step in the biosynthesis of phenolic compounds [50]. Several studies have
reported an up-regulation of this enzyme at both transcriptional and post-transcriptional
levels in plants treated with Trichoderma spp. By way of example, increased expression
levels of the PAL gene were detected after root treatment of potato seedlings with T.
harzianum [51] and of cucumber seedlings with T. asperellum [52], as well as increased PAL
activity was observed in cucumber seedlings treated with T. harzianum [53] and in leaves of
Vigna mungo plants obtained from seeds treated with T. viride [54]. Also, soil inoculation
with T. asperellum determined an increase of both PAL gene expression and enzymatic
activity in watermelon roots [55]. In the present study differences between the two strains
regarding their ability to stimulate the accumulation of phenolic compounds in the leaves
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were detected, with the T-22 outperforming the T-AA treatment. Strain-dependent increases
in the accumulation of phenolic compounds and other phytochemicals have been already
reported for other plant species [33,45,56,57] and suggest that different Trichoderma strains
mat have different aptitude to activate the enzymes involved in the phenylpropanoid
pathway. Interestingly, as observed in the present study, treatments with the strain T-22
determined greater increases compared to other Trichoderma strains [33,45]. In addition,
Kthiri and coworkers [33] reported that strains that did not affect the plant growth were
still able to stimulate the accumulation of phenolic compounds in durum wheat leaves, a
behavior similar to that observed for T-AA.

It is noteworthy that, except for a significant effect of treatment by year interaction
on TPC, which was mainly due to the greater beneficial effect of T-22 in 2020 compared
to 2021, the effect of treatment on the accumulation of phenolic compounds, especially
flavonoids, is rather independent of the year of cultivation and the growth stage. This
suggests that the activation of the phenylpropanoid pathway is not one of the mechanisms
triggered by these two strains to help the hemp plant cope with environmental stress
but is rather a mechanism activated by the fungus to stimulate the normal growth of
the hemp plant. However, the possibility that phenolic compounds may have a role in
the ability of Trichoderma strains to induce resistance in against other adverse conditions
cannot be ruled out. In this regard, several studies have associated the accumulation of
phenolic compounds triggered by Trichoderma strains with a protection mechanism against
pathogens. Singh and coworkers [58] reported that the protection of sunflower plants
afforded by T. harzianum against Rhizoctonia solani was associated with the accumulation of
antioxidants including phenolic compounds that played a crucial role in counteracting the
oxidative stress produced by the pathogen attack. Similarly, the accumulation of phenolic
compounds and other antioxidants induced by treatment with T. harzianum reduced the
severity of early blight disease in tomato plants [15] and alleviated the oxidative stress
caused by the Fusarium crown rot disease in durum wheat [33].

Furthermore, the augmentation of these compounds in hemp plants is of particular
interest from nutritional, nutraceutical, cosmeceutical, and pharmacological points of view.
Hemp leaves are usually consumed as a raw ingredient in the preparation of juices, salads,
or water infusions [59], and leaf extract can be further developed as pharmaceutical and
cosmeceutical products for anti-cancer, anti-inflammatory, anti-bacterial, and anti-aging
treatments [60]. Therefore, the seed inoculation with the strains T-AA and T-22 may
represent a promising tool to improve the economic value of hemp leaves as a source of
health-promoting compounds.

5. Conclusions

Trichoderma spp. are natural biostimulants known to promote plant growth and
defense. We found that seed inoculation with T. afroharzianum T-22 enhances the normal
plant growth of hemp plants but is also effective in helping hemp plants to cope with
the adverse effects of drought stress. Further, we report evidence that both T-22 and
T-AA trigger the accumulation of phenolic compounds and the antioxidant potential of
hemp leaves. These findings may have important practical applications, since commercial
products containing the strain T-22 as active ingredient are already available on the market
and are successfully used for seed treatment and growth promotion in other spring crops
such as corn, cotton, bean and soybean. The results reported in the present study show
great promise for the use of seed treatment with T-22-based products as a routine agronomic
practice aimed at stimulating the growth and yield of this crop, and improving the beneficial
properties of hemp leaf derivatives, thus promoting their uses in different industrial fields.
Further studies should be carried out in open field to verify whether T. afroharzianum T-22
has the potential for implementation of hemp production and to investigate the potential
use of both strains to manage hemp tolerance to environmental stresses and pathogens,
which is a crucial task to sustain the cultivation and production of industrial hemp also in
marginal lands.
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(see Table S3).
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