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Abstract: Background: Hop cultivation requires an abundant quantity of nutrients to reach higher
cone yield and quality. The aim of this work was the evaluation of different fertilization plans to
obtain an improvement in product quality. Methods: Foliar analysis, anatomical analysis through
the use of light microscope and SEM; physiological measurements through atLEAF, Handy PEA
and spectrophotometry, were carried out to determine chlorophyll content, carotenoids and photo-
synthetic efficiency in two periods (t1, t2) for four experimental treatments and a Control (Treat 1,
Treat 2, Treat 3, Treat 4, Untreat). Leaf texture (texture analyzer), color (colorimeter), DPPH activity
(spectrophotometer), bitter acid content (HPLC-UV) and essential oil yields (steam distillation) and
cone yields were measured. Results: Treat 2 showed the best performance: (i) in leaves, in terms of
texture, chlorophyll content and color; (ii) in cones, with 6.98% of alpha acids, 1.78% of oil yield and
3.55 kg of fresh cones per plants. Conclusion: The fertilization plans caused alteration in micro and
macro elements content in hop leaves and in the composition of hop cones. In our conditions, the
best fertilization plan, in terms of cone productivity and quality, was Treat 2, highlighting the value
of a customized organic foliar fertilization plan for hop cultivation.

Keywords: leaf analysis; leaf anatomy; DPPH; chlorophyll; hop cones quality; bitter acids;
organic fertilization

1. Introduction

Hop, Humulus lupulus L., is a dioecious species whose female flowers are used as aro-
matizing and flavoring agents in beers, but also in traditional medicine due to the presence
of peculiar bioactive compounds. Hop cultivation is intensive and plants perform a rapid
growth in spring [1,2], which necessitates an increasing uptake of nutrients. Nitrogen (N)
is one of the most important macro-nutrients necessary for unconstrained growth of the
hop plants. It can influence plant yield, quality and health. Moreover, this nutrient has an
important role in fruit size, flavor and composition [3,4]. Nonetheless, excess N increases
the incidence of foliar and fruit diseases [5,6]. In hop plants, N in spring is normally
supplied ranging from 150 to 225 kg ha−1 [7], in dependence of organic matter content in
soil [8]. In hop plants, as in other crops, nitrogen fertilization could also have an impact on
the occurrence of pests and diseases, promoting their growth [9–11].

Another important macro-nutrient involved in the primary metabolism of plants
is phosphorus (P). P participated in particular in photosynthesis and various enzymatic
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activities; it is necessary for the formation of vitamins and reserve substances, and it has an
active role against pests and diseases [12–14]. P requirement in hop is modest, estimated in
7.5–9 kg ha−1 of P2O5 [2].

Another key nutrient for hop growth is potassium (K). In plants, K has a fundamental
role in osmotic pressure control, turgor adjustment, control of membrane polarization
and protein biosynthesis [15]. From different studies [16–18], it appears that the use
of K significantly reduces the occurrence of pests and diseases. In hops, fertilization
requirement of K (in K2O) varies from 80 to 138 kg ha−1. Also macro-nutrients, micro-
nutrients such as boron (B), calcium (Ca), magnesium (Mg), manganese (Mn), iron (Fe) and
zinc (Zn) are fundamental for the healthy growth of hops. The deficiency of these nutrients
determines chlorosis, and since they are involved in cone formation, plant metabolism and
accumulation of secondary metabolites, they play a fundamental role in the final quality of
hop production [1].

There are different methods to supply the required nutrients to plants; the traditional
ways are based on manuring and chemical fertilization that, however, have environmental
costs in terms of soil and groundwater leaching. Compared to this, a more environmentally
friendly method of nutrient supply is foliar fertilization. In fact, spraying nutrients on
leaves reduces the nutrient quantities required, determining a more efficient fertilizer
management and a more efficient plant uptake, while avoiding soil leaching [19]. This
method allows nutrients to be apportioned to plants in the exact moment they are required,
increasing absorption speed and giving a fast plant response [19,20]. However, it is
important to determine the right quantity of fertilizers to be used, in order to avoid
damage to leaves and preserve the soil and environment. Hop, as a susceptible crop with
scarce resistance to fungi and pests in many varieties, usually requires the use of both
pesticides and mineral fertilizers during its cultivation. The use of organic manure and
foliar fertilization for hop cultivation could reduce its environmental impact, and enhance
soil fertility and biodiversity, which are, on the other hand, damaged by the intensive use
of mineral fertilizers and pesticides [21,22].

With this premise, the aim of this study was the development and optimization of
organic fertilization in hop cultivation, in order to obtain better yield and cone quality, but
also to minimize the impact on the environment through foliar fertilization spraying. In
this study, we will focus on the differences (compositional, anatomical and physiological)
in hop plants treated with four different fertilization plans. All treatments were based on
organic fertilizers, whose effects were assessed through leaf chemical analysis, chlorophyll
activity, leaf anatomy, antioxidant power, as well as yield and quality of cones in terms of
bitter acids and essential oils.

2. Materials and Methods
2.1. Chemicals and Solvents

Dichloromethane (CH2Cl2) and anhydrous sodium sulfate were purchased from
Sigma-Aldrich (Milan, Italy). Toluene was purchased from Carlo Erba (Milan, Italy).
Ultra-pure water was in-house produced by using a Milli-Q-System (Millipore, Bedford,
MA, USA). Methanol (HPLC grade) was purchased from Sigma-Aldrich. Bitter acids
mixture standard (international calibration extract, ICE-3) was from Labor Veritas Co.
(Zürich, Switzerland). The standard mixture contained α-acids with 13.88% of cohumulone
and 30.76% of n-humulone + adhumulone, and β-acids with 13.44% of colupulone and
10.84% of n-lupulone + adlupulone. Xanthohumol from hop (Humulus lupulus L.) ≥ 96%
HPLC-grade standard was purchased from Sigma-Aldrich. Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), DPPH (2,2-diphenyl-1-picrylhydrazyl free radical)
and acetone, were purchased from Sigma-Aldrich, St. Louis.

2.2. Experimental Design

Experiments were carried out during the 2018/2019 season, in the farm “Azienda
Agricola Ludovico Lucchi”, located in Campogalliano (Emilia-Romagna Region, Italy;
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44◦42′19.9” N 10◦50′26.1” E) on the hop plants of the cultivar Cascade. Hop plants grow
on a loamy clay soil, with good nutritional properties (soil analysis in Supplementary
Materials Figure S1). During the growth season, 4 organic fertilizer plans (Treat 1, Treat
2, Treat 3 and Treat 4) with soluble fertilizers kindly provided by Caprara S.r.l. (Italy)
were tested. For each fertilization plan, different combinations of nutrients were applied
utilizing an atomizer machine (foliar treatments) (Table 1). The experimental plan involved
two periods of foliar treatment (t1 and t2), the first from the emission of lateral shoots to
the start of blooming (t1), and the second, from the 50% of blooming to complete blooming
(t2). For each period, three foliar treatments, one per week, were carried out (Table 1).
Non-treated plants were also included as a control (Untreat). For every treatment, three
independent replicates were used, and every replicate consisted in 150 plants (one hop
row). Each block (three replicates) was separated from other treatments by five rows of
untreated plants. Plant spacing was 1.2 × 3 m between plants and between the rows,
respectively.

Table 1. Total macro and microelements (g/ha) included in each nutrient mixture per period and treatment. For each period
(t1 and t2), three treatments were carried out.

Period Treatment N org. P2O5 K2O Mg
Chel

Zn
Solub

Zn
Chel

Mn
Solub

Mn
Chel

Fe
Solub

Fe
Chel.

Cu
Solub

Cu
Chel

B
Solub

Mo
Solub

t1

Treat 1 30 - 570 - 45 45 120 120 120 120 45 45 15 3
Treat 2 16.230 - 570 - - - - - - - - - - -
Treat 3 16.080 - 16.770 - 21 21 - - 1.950 1.950 - - - -
Treat 4 16.080 - 16.200 - 66 66 120 120 2.070 2.070 45 45 15 3

t2

Treat 1 - 1.125 1.500 360 - - - - - - - - 15 15
Treat 2 - - - 270 45 45 120 120 120 120 45 45 15 3
Treat 3 - 3.600 2.400 180 - - - - - - - - - -
Treat 4 - - 570 - - - - - - - - - 330 -

2.3. Leaf Sampling

The first leaf samplings were performed at the start of blooming (27 June 2019), and
the second leaf samplings were taken at end blooming (22 July 2019). For each replicate,
150 leaves were sampled (one for plant). The collected leaves were then homogenized and
used for the analysis. Leaves were collected with the same exposure and from 1.5 to 2 m
high.

In September hop cones were harvested (13 September 2019) and were immediately
dried by the farmer at 50 ◦C for 8 h. After drying, 1 kg of sample for each replicate, were
vacuum stored at −20 ◦C. Moreover, cone yield per plant and per row was measured.

2.4. Leaf Analysis
Determination of Macro- and Micro-Elements of Hop Leaves

Total macro- and micro-element contents in hop leaves were submitted to sample
digestion/mineralization in a microwave oven (Milestone, Sorisole, Bergamo, Italy) with
4:1 HNO3 (65% v/v):H2O2 (30% v/v), followed by ICP-OES (inductively coupled plasma-
optical emission spectrometry) of the resulting liquid, using a Spectro Arcos instrument
(Ametek, Berwin, PA, USA). The operating conditions were: 1300 W RF power, 15 L min−1

plasma flow, 2.0 L min−1 auxiliary flow, 0.8 L min−1 nebulizer flow, 1.5 mL min−1 sample
uptake rate. Axial view in the range 160–780 nm was used for element determination, while
2-point background correction and three replicates were used to measure the analytical
signal. The emission intensities were obtained for the most sensitive lines free of spectral
interference. The calibration standards were prepared by diluting the stock multi-elemental
standard solution (1000 mg L−1) in 0.5% (v/v) nitric acid. The calibration curves for all the
studied elements were in the range of 0.01 to 1.0 mg L−1. The BCR no. 60 certified reference
material, which consists of dried, ground and homogenized Lagarosiphon major at given
element concentrations, was used as standard for plant element concentrations. Three
replicates allowed us to validate the element recovery obtained with the above described
procedure vs. the element concentrations of the BCR no. 60 reference material.
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Elemental C and N analysis was performed through flash combustion (1000 ◦C), using
a CHNS-O analyser (Flash 2000, Thermo-Fisher, Waltham, MA, USA) with helium as carrier
gas. The CO2 and N2 resulting from combustion were separated in a gas-chromatographic
column, and were assessed by means of a thermal conductivity detector.

2.5. Anatomical Analysis of Leaves by Light Microscopy

The leaf samples were fixed in FAA solution (formalin: acetic acid: 60% ethanol
solution, 2:1:17 v/v) [23]. After two weeks, they were dehydrated with gradual alcohol
concentrations and included in paraffin. The resulting blocks were sectioned at 8 µm
thickness (transversal cuts) with a semi-thin Leitz 1512 microtome (Leitz, Wetzlar, Ger-
many). The sections were stained with a toluidine blue (TBO) solution [23] to evaluate
the structural characteristics after each treatment. The sections were observed under a
Leica DM 4000 optical microscope equipped with a digital camera Leica DMC 2900 (Leica
Imaging Systems Ltd., Wetzlar, Germania).

2.6. Anatomical Analysis of Leaves by Scanning Electronic Microscopy (SEM)

After the fixing procedure, the samples were dehydrated with gradual acetone con-
centrations. After this procedure, the critical point dryer CPD-030 (Bal-Tec AG, Balzers,
Liechtenstein) was used for sample drying. Leaf samples were mounted on aluminum
sample-holder stubs, sputtered with silver (Emitech K575X, Emitech Ltd., Ashford, UK)
and examined using a GAIA 3 Tescan electron microscope at 20 kV. The parameters evalu-
ated were: polar (PD), equatorial (ED) diameter, and density of the stomata (number of
stomata per square mm), stomatal functionality (ratio PD/ED); glandular trichome density
(number of glandular trichomes per square mm), non-glandular trichome density (number
of non-glandular trichomes per square mm). All of the counts were performed on three
leaves on a defined area of 1 cm2 on the basal central part of the adaxial side of leaf for
non-glandular trichomes, and of the abaxial side of leaf for glandular trichomes and for
stomata.

2.7. Chlorophyll Determination

Chlorophyll content was determined using different methods, in order to better
observe the effect of the different fertilization treatments on leaf functionality in all faceting.

2.7.1. Determination of Chlorophyll by atLEAF Measurements

The chlorophyll content of the leaves was measured and recorded using an atLEAF+
chlorophyll meter (FT Green LCC, Wilmington, DE, USA). The measurements were col-
lected at the same time of the day (12.00 h) for each sampling time, on 24 randomized
plants for each row in the field, on 72 leaves value per treatment. The measurements were
collected on blade tissue, avoiding unhealthy and discolored leaves and the midribs.

2.7.2. Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence measurements were performed on intact leaves in the two
sampling times. Field measurements were carried out at the same time of day (full light,
12.00 h) at ambient temperature immediately after dark adaptation using a Plant Efficiency
Analyzer, Handy PEA (Hansatech Instruments, King’s Lynn, UK). The right dark period
duration and the different analysis parameters were evaluated with different measurements
made every 5 min of darkness, from 0 to 30 min. The right time of darkness was evaluated
to be 20 min. To identify the right light intensity, seven different light intensities were
evaluated from 500 µmol m−2 s−1 to 3500 µmol m−2 s−1. The optimal was individuated
when Fv/Fm was stable, at 2500 µmol m−2 s−1. The gain parameter was set at 0.5.

First, fully expanded leaves were dark adapted for 20 min using a leaf clip (Hansatech
Instrument, King’s Lynn, England). The chlorophyll fluorescence parameters were mea-
sured immediately, according to the following setting: pre-illumination: 0.1 s, illumination:
1 s, number of flashes: 1 and intensity: 2500 µmol m−2 s−1.
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2.7.3. Determination of Chlorophyll a, b and Carotenoids

The samples were collected and frozen in liquid nitrogen and stored at −80 ◦C until
the analysis. The analysis was carried out using 100 mg of fresh tissue. The plant leaf
sample was homogenized with tissue homogenizer ultra turrax with 10 mL of 80% Acetone
(v/v). Homogenized sample mixtures were centrifuged at 5000× g for 10 min at 4 ◦C. The
solution mixture was analyzed for chlorophyll-a, chlorophyll-b and carotenoid content by
a UV-visible spectrophotometer (Perkin Elmer Inc. Waltham, MA). The quantification of
chlorophyll-a, chlorophyll-b, and carotenoids was performed according to the method of
Dere and collaborators [24].

2.8. Leaf Color Determination

Color determination was carried out using a Minolta Colorimeter (CM 2600d, Minolta
Co., Osaka, Japan) equipped with a standard illuminant D65. The assessments were carried
out on the surface of five different hop leaves. L* (lightness, black = 0, white = 100), a*
(redness > 0, greenness < 0), b* (yellowness, b* > 0, blue < 0), C (chroma or saturation, 0 at
the center of the color sphere) and Hue◦ (Hue angle or tone, red = 0◦, yellow = 90◦, green
= 180◦, blue = 270◦) were quantified on each sample using a 10◦ position of the standard
observer. Ten samples of each treatment at each sampling time were analyzed [25].

2.9. Dry Weight

The moisture content (g/100 g) of leaves and cones samples was evaluated by means
of a gravimetric technique following the official method (AOAC, 2002) [26].

2.10. Leaves Texture Determination

The texture of all treatments (Untreat, Treat 1, Treat 2, Treat 3, Treat 4) for each time (t1
and t2) were immediately analyzed by a texture profile analysis (TPA) test using a TA.XT2i
Texture Analyzer equipped with a 3 mm diameter cylindrical aluminium probe by means
of a single compression with a speed of 1 mm/s up to the complete penetration of the
sample.

The following parameters were determined from the force vs. time curves: first peak
force (FP1 given in Newtons (N)), which indicates the resistance opposed by external cell
layers to needle penetration; maximum puncture force (Fmax given in N), which indicates
the resistance opposed by the pulp to needle penetration; and area under the force/time
curve (area given in N*s), which represents the total work carried out by the needle probe
to penetrate the sample. The parameters were quantified using the application software
provided (Texture Exponent for Windows, version 6.1 10.0). Ten samples of each treatment
at each time of sampling were analyzed [27].

2.11. DPPH Free Radical Scavenging Activity Test

The hop leaves were homogenized through mortar with liquid nitrogen, and stored at
−80 ◦C until the analysis. Antioxidant molecules were extracted following the methodology
used by Paciulli and collaborators [28].

TEAC value (Trolox equivalent antioxidant capacity; mM Trolox/100 g) of samples
was obtained from the calibration curve calculated measuring the absorbance at 517 nm of
Trolox ((±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) methanolic solutions
at different concentrations [28]. Analyses were performed in triplicate.

2.12. Hop Cones Analysis
2.12.1. Hop Cone Growth Rate

Cone measurements took place in the 7th growth stage of the BBCH scale [29]. The first
measurements were made at the beginning of the cone formation; the last measurements
corresponded to the end of cone growth. Cone samples were measured in width and length
with a gauge, directly in the field, on plants.
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2.12.2. Hop Cone Yields

Cones from 45 plants per treatment were picked with the farmer picking machines
and weighted with electronic balance. Then, the average yields per plant were calculated.

2.12.3. Bitter Acids Extraction

Bitter acids were extracted from 0.5 g of dried cones in 20 mL of methanol in a flask
and homogenized with an Ultra Turrax mixer (IKA®, T18 Basic) twice for 20 s, to avoid
sample overheating [30]. Extracts were stirred for 3 h at room temperature in the dark to
prevent degradation and photo-oxidation. Subsequently the extracts were centrifuged at
1800× g at 20 ◦C for 20 min. Supernatant was then transferred to a volumetric flask (50 mL).
The exhausted matrix was re-extracted with methanol (15 mL), centrifuged as earlier and
the supernatant was pooled with the first extract; the volumetric flask was then filled to
the final volume with methanol. After filtration through 0.45µm polytetrafluoroethylene
(PTFE) filter, the sample (10 µL) was analyzed by high-performance liquid chromatography
with ultraviolet detection (HPLC-UV) [31].

2.12.4. High-Performance Liquid Chromatography with Ultraviolet (HPLC-UV) Analysis

The HPLC system was equipped with a pump, on-line vacuum degasser, auto-sampler,
Peltier column oven, UV–Vis detector (Perkin Elmer Series 200) and autosampler (Perkin
Elmer series 220). The chromatographic data was analyzed using a Perkin Elmer Total
Chrome workstation (version 6.3.1.). HPLC was equipped with Luna C18:2 column (5 µm,
100 A, 250 mm × 4.6 mm) (Phenomenex®, Castel Maggiore, Bologna, Italy). Solvent A
(water (H2O) + 0.1% ortophosphoric acid (H3PO4) and solvent B (methanol (CH3OH) +
0.1% H3PO4) were used for the mobile phase. Chromatographic conditions were set as
follows: the flow rate was 1.5 mL min−1 in isocratic, the column temperature was set at
30 ◦C; the injection volume was 10µL; the analysis was performed using eluent A 5% and
eluent B 95% for 15 min. Chromatograms were acquired at 314 nm. Three injections from
three independent extractions were performed for each sample. For the quantification of α-
and β- acids, a calibration curve was obtained from dilution of ICE-3 standard, according
to the official method (Analytica-EBC, method 7.7).

2.12.5. Essential Oil Extraction

Essential oils were extracted by steam distillation with a Clevenger apparatus for
4 h [32].

2.13. Statistical Analysis

All data obtained were evaluated by the XLSTAT software (Addinsoft SARL, Long
Island City, NY, USA). The collected data were analyzed for mean and standard deviation
(SD) and also by using univariate analysis of variance (ANOVA). One-way ANOVA was
carried out by applying Tukey’s post hoc test (p≤ 0.05) to separate levels of significant
traits.

3. Results and Discussions
3.1. Determination of Macro- and Micro-Elements of Hop Leaves

Macro elements data outlined a statistical difference at the ANOVA between the values
of two fertilization times for each studied element (Table 2).

In general N decreases from t1 (35.55 g/kg on average) to t2 (33.13 g/kg on average).
This result is due to the N translocation from different plant organs to the cones [2]. The
lower N quantity was found in Treat 1 (in both times), which represents the treatment with
the least N supplied. N shows the highest leaf concentration in Treat 2 (Table 2), reflecting
the N content in fertilization plans (Table 1); Untreat is unexpectedly quite high, despite
having received no N (Table 2). Also P content in leaves shows differences between the
two fertilization periods. P in t1 reaches the highest amount in Treat 4, even if P was not
applied, while in t2, P presence was in accordance with the fertilization plan, with the



Appl. Sci. 2021, 11, 6778 7 of 19

highest amount in Treat 3 which corresponds to the highest amount of phosphorous (P2O5)
applied (Table 1). In the same period, Untreat leaves show the lowest P content. K shows
differences only between the two fertilization periods, with a slight decrease between t1
and t2. Mg is involved in the enhancing of crop production [33], and shows an increase in
leaf content between the two fertilization periods, as a result of increased Mg amount. The
Mg content shows the highest level in Treat 3 in t1, and Treat 4 in t2, but these results do
not reflect the Mg contents of the fertilization plan. Calcium is not present in any treatment;
nevertheless, Untreat in t2 has the highest Ca content. This difference is probably due to an
altered response for the absorption of Ca due to the interaction with the other elements;
it is well known that some elements can promote or inhibit the absorption of others, as
in the case of an excess of P that inhibits the absorption of elements like Zn, Cu, Mn and
Ca [34,35]. Sulphur shows significant differences only at t1 (Table 2). In this case, the leaves
of Treat 4 show the highest values, while the lowest values are found in Treat 1.

Table 2. Macro- and meso-elements composition of leaves at the two sampling dates. In column and for each period,
different letters indicate significant differences (p < 0.05).

Time T N (g/kg) P (g/kg) K (g/kg) Mg (g/kg) Ca (g/kg) S (g/kg)

t1

Treat 1 29.78 ± 2.05 c 1.41 ± 0.07 b 8.00 ± 0.07 a 3.56 ± 0.15 b 22.67 ± 5.07 a 1.48 ± 0.13 c
Treat 2 39.58 ± 2.34 a 1.44 ± 0.01 b 7.93 ± 0.08 a 4.80 ± 0.37 ab 28.40 ± 1.53 a 2.08 ± 0.20 b
Treat 3 33.62 ± 2.16 bc 1.60 ± 0.07 ab 7.90 ± 0.25 a 6.60 ± 1.21 a 30.13 ± 2.50 a 1.91 ± 0.18 b
Treat 4 36.84 ± 3.32 ab 1.78 ± 0.16 a 7.95 ± 0.01 a 6.25 ± 1.32 ab 30.45 ± 5.60 a 2.67 ± 0.24 a
Untreat 37.91 ± 2.56 ab 1.39 ± 0.16 b 7.93 ± 0.05 a 5.42 ± 0.83 ab 33.36 ± 5.06 a 1.90 ± 0.12 bc

t2

Treat 1 27.55 ± 1.39 b 1.70 ± 0.21 b 7.45 ± 0.25 a 5.72 ± 1.22 b 30.96 ± 5.24 b 2.03 ± 0.14 a
Treat 2 35.14 ± 0.86 a 1.50 ± 0.01 b 7.20 ± 0.29 a 7.89 ± 0.96 ab 39.84 ± 4.80 ab 2.31 ± 0.17 a
Treat 3 34.00 ± 2.06 a 2.06 ± 0.06 a 7.35 ± 0.33 a 7.46 ± 0.38 ab 37.36 ± 0.94 ab 2.12 ± 0.18 a
Treat 4 33.81 ± 0.74 a 1.69 ± 0.08 b 6.88 ± 0.39 a 9.07 ± 0.99 a 42.61 ± 4.08 ab 2.36 ± 0.19 a
Untreat 35.17 ± 1.62 a 1.41 ± 0.07 b 6.76 ± 0.09 a 9.7 ± 0.12 a 45.44 ± 3.60 a 2.15 ± 0.16 a

Also, the microelements leaf content shows differentiation between the two sampling
periods (t1 and t2) (Table 3). The elements that show the largest variations is Zn, followed by
Mn and Fe. As they are involved in cone formation, the translocation of these microelements
from leaves to cones is a likely hypothesis [2]. The opposite trend may be observed for B,
which might be due to a greater B intake in the second period, especially in Treat 4, that
shows the highest leaf B concentration (Table 3).

Table 3. Micro- elements composition at the two sampling date. In column and for each period,
different letters indicate significant differences (p < 0.05).

Time Treatment B Zn Fe Mn

t1

Treat 1 65.04 ± 4.66 b 113.17 ± 22.51 c 218.27 ± 25.44 a 60.61 ± 10.45 a
Treat 2 66.96 ± 5.03 b 137.92 ± 18.02 bc 151.31 ± 17.70 bc 43.65 ± 1.72 a
Treat 3 77.01 ± 6.70 b 173.47 ± 19.22 b 129.20 ± 3.15 c 40.40 ± 2.40 a
Treat 4 112.80 ± 5.80 a 246.08 ± 23.11 a 186.69 ± 14.69 ab 54.48 ± 5.446 a
Untreat 79.23 ± 11.84 b 124.69 ± b5.17 c 114.51 ± 2.77 c 32.27 ± 1.33 a

t2

Treat 1 116.45 ± 4.34 ab 49.31 ± 9.55 bc 145.87 ± 11.23 a 58.93 ± 11.11 b
Treat 2 106.24 ± 5.30 b 70.88 ± 3.28 a 142.05 ± 13.62 a 93.97 ± 9.62 a
Treat 3 107.15 ± 8.21 b 65.49 ± 8.92 ab 118.00 ± 10.33 b 39.49 ± 7.33 b
Treat 4 130.56 ± 4.65 a 76.77 ± 7.03 a 143.87 ± 5.00 a 45.04 ± 10.99 b
Untreat 106.56 ± 7.24 b 45.79 ± 4.70 c 98.96 ± 3.64 b 48.45 ± 5.02 b

3.2. Anatomical Analysis of Leaves by Light Microscopy

The transverse section of Untreat leaves shows a large central vein and a thin leaf
mesophyll (125.05 ± 2.62 µm) (Figure 1A). The central vein consists of a large cribro-
vascular bundle immersed in a parenchyma and surrounded, in the adaxial and abaxial
part, by a collenchyma tissue. The foliar mesophyll appears to be made up of 2–3 layers of
palisade tissue cells with an average thickness of 75.54 ± 6.21 µm (Figure 1A). The spongy
tissue is on average 23.28 ± 1.36 µm thick (Figure 1B). The palisade tissue represents
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about 70%, while the spongy mesophyll is about 25% of the entire mesophyll/leaf blade.
The upper epidermis is generally made up of large cells with a longitudinal diameter of
32.68 ± 1.41 µm and a transverse diameter of 15.48 ± 0.99 µm; these cells then appear
elongated longitudinally. The thickness of the cuticle in the upper epidermis is 2.47 ±
0.61 µm (Figure 1A). The cells of the lower epidermis are smaller than those of the upper
epidermis: their average longitudinal diameter is 11.28 ± 0.98 µm, while the transverse
one is 12.03 ± 1.02 µm. These cells then appear isodiametric (Figure 1A). The thickness of
the lower epidermis cuticle is 2.43 ± 0.61 µm.
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To better understand the effect of foliar treatments in leaf anatomical parameters,
data are summarized in Table 4. The two sampling times (t1 and t2) did not show any
differences from a structural point of view, and for this reason the data averages of the two
times are shown in Table 4.

Table 4. Anatomical characteristics of hop leaves for each fertilizer plan. In rows, different letters indicate statistical
differences at p < 005 with Tukey’s test.

Untreat Treat 1 Treat 2 Treat 3 Treat 4

Upper epidermis cuticle
thickness (µm) 2.47 ± 0.61 c 2.26 ± 0.97 c 7.46 ± 1.08 a 3.90 ± 0.59 b 4.71 ± 0.90 b

Longitudinal diameter of
upper epidermis cells (µm) 32.68 ± 1.41 a 32.75 ± 1.61 a 21.16 ± 0.81 c 26.82 ± 1.77 b 27.22 ± 0.62 b

Transversal diameter of
upper epidermis cells (µm) 15.48 ± 0.99 a 15.61 ± 0.70 a 17.61 ± 0.78 a 16.81 ± 0.48 a 14.05 ± 0.41 b

% Palisade tissue 76.44 ± 2.02 a 77.15 ± 3.45 a 59.36 ± 2.14 c 67.82 ± 2.58 b 72.42 ± 4.54 ab

% Spongy tissue 23.55 ± 1.87 c 22.85 ± 2.01 c 40.63 ± 1.98 a 32.18 ± 3.24 b 27.58 ± 3.57 bc

Longitudinal diameter of
lower epidermis cells (µm) 11.28 ± 0.98 b 15.32 ± 2.62 a 15.85 ± 1.81 a 12.30 ± 1.12 b 14.40 ± 1.21 ab

Transversal diameter of
lower epidermis cells (µm) 12.03 ± 1.02 a 12.28 ± 1.01 a 11.82 ± 0.88 a 10.27 ± 1.06 a 10.22 ± 1.11 a

Lower epidermal cuticle
thickness (µm) 2.43 ± 0.61 b 2.39 ± 0.48 b 6.81 ± 0.89 a 2.05 ± 0.41 b 2.31 ± 0.91 b

The results show significant differences for some leaf anatomical features. The leaves
of the Treat 2 showed a significant increase in cuticle, of both the upper and lower epidermis
(Figure 1B; Table 4). In tomato, some authors [36] indicate that the concentration of foliar
N affects the thickness of the epidermal cuticle. It appears quite established that high
concentrations of N lead to a decrease in the cuticle thickness; peach trees treated with
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different concentrations of N have produced fruits with different cuticle thickness [5], and
thinner if N concentration was high.

In our study organic nitrogen has positive effects on increasing the cuticle thickness.
Furthermore, the percentage of palisade tissue was also found to be significantly lower in
Treat 2. Treat 2 is characterized by a low input of K in exchange for a high input of organic
N (Table 1). Hu et al. [37] indicated that, in Brassica napus L., the major difference in leaf
anatomical structure with reference to K treatments was that palisade tissue thickness was
reduced with increased K supply, and spongy tissue cell size and tissue thickness were
equally reduced under the K120 vs. K60 and K0 treatments (Table 4). In our study on hop, it
results that a high input of N and low input of K lead to reduced growth of the palisade
tissue.

3.3. Anatomical Analysis of Leaves by Electronic Microscopy (SEM)

Leaf stomata were observed in the different treated samples (Figure 2a,b).At the first
period of treatments (t1) the stomatal density of Untreat and Treat 1 exhibited no statistical
difference with a respective 671.64 and 689.55 stomata per mm2 (Figure 2a), while Treat 3
showed the greatest value (794.03 stomata per mm2; Figure 2b) (Table 5). At the second
period (t2), again Untreat and Treat 1 showed no statistically significant difference (674.6
and 710.45 stomata per mm2), Treat 2 displayed an increase of stomata (728.36 stomata per
mm2), while Treat 3 and Treat 4 recorded lower values (662.69 and 567.16 stomata per mm2,
respectively) in comparison with Untreat (Table 5). Comparing the treatments at t1 and t2,
it can be observed that while Untreat remains substantially unchanged, Treat 1 shows a
slight increase in stomatal density, while all the other treatments (Treat 2, Treat 3 and Treat
4) show a decrease in the number of stomata per unit area (Table 5). Regarding stomata
diameters, higher values were measured in Untreat (19.4 µm), Treat 4 (19.9 µm) and Treat 3
(19.7 µm) at t1, and in Treat 2 (18.5 µm) and Treat 4 (18.7 µm) at t2 (Table 5). At t1, Treat 3
showed higher PD/ED (1.97), while at t2 all treatments recorded a lower ratio compared to
Untreat (Table 5).

Two types of glandular trichomes were identified on hop leaves [38]: large peltate-type
known as lupulin glands, found on the abaxial side (Figure 2c), and stalked capitate glands,
called also bulbous trichomes, which are much smaller, fewer in number, and consist of a
stalk and four head cells, occurring on both adaxial and abaxial surfaces, located mostly
along the vessels, but rarely present on the lamina (Figure 2d black arrow). Since the
latter trichomes are present in small numbers, only lupulin glands were considered in this
study. At t1 all treatments showed no statistical differences with Untreat (Table 5). At t2,
while Untreat remained unchanged, all treatments underwent a decrease in the density of
glandular trichomes (Table 5). Two types of non-glandular hair are present on hop leaf: the
predominantly cystolith-containing hairs are generally restricted to the adaxial leaf surfaces
and contain calcium carbonate crystals (Figure 2e,f), as already described by Dayanandan
and Kaufman [39]; the second is the longer and rarer type of slender trichomes present only
on the midribs and major veins of the abaxial leaf surfaces (Figure 2d black triangle). Since
the cystoliths are more abundant and uniformly distributed, only this type was considered
in this investigation. At t1, Treat 3 had the same density of Untreat, in practice (12.85
and 12.7 hairs per mm2, respectively), while Treat 1, Treat 2 and Treat 4 outlined a small
decrease (Table 4). At t2, Treat 2 and Treat 3 showed no statistical differences with Untreat,
while Treat 1 and Treat 4 recorded the respective highest (16.84 hairs per mm2) and lowest
density (7.68 hairs per mm2).
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of Treat 3 leaf in t1; (c) lupulin gland, a large peltate glandular trichome; (d) stalked capitate glands
(black arrow) and slender non glandular trichome (black triangle), both on the midrib; (e) cystolith-
containing hairs; (f) a section of leaf where is evident the intracellular mineralized inclusion at the
base of the trichome (cystolith).

The polar and equatorial diameter ratio (PD/ED) is associated with guard cell shape
and is an important stomata feature. A higher ratio is correlated with an elliptic shape,
characteristic of more functional stomata. Conversely, a rounded shape (smaller PD/ED)
is associated with lower stomata functionality [40]. Thus, in this study, in the first period,
Treat 3 recorded the best results in terms of increased number of stomata and their func-
tionality (PD/ED ratio), while in the second period all treatments showed a worse stomata
functionality, compared to Untreat.
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Table 5. Characteristics of hop foliar features after each treatment at each time. In column and for each parameter, different
letters indicate significant differences (p < 0.05).

Time Untreat Treat 1 Treat 2 Treat 3 Treat 4

t1

SD (number/mm2) 671.64 ± 40 b 689.55 ± 33 b 776.12 ± 35 ab 794.03 ± 35 a 719.4 ± 31 ab
PD (µm) 19.4 ± 1.6 a 17.7 ± 2.2 b 18.4 ± 1.7 ab 19.7 ± 2.1 a 19.9 ± 1.6 a
ED (µm) 11.2 ± 1.0 ab 10.3 ± 1.3 c 10.6 ± 1.2 bc 10.0 ± 0.8 c 11.8 ± 1 a

Ratio PD/ED 1.74 ± 0.23 b 1.75 ± 0.31 b 1.76 ± 0.27 ab 1.97 ± 0.18 a 1.69 ± 0.18 b
TD (number mm2) 2.0 ± 0.22 a 2.27 ± 0.20 a 1.93 ± 0.10 a 2.06 ± 0.17 a 1.93 ± 0.10 a

NTD (number mm2) 12.7 ± 0.81 a 10.04 ± 0.63 b 10.04 ± 0.42 b 12.85 ± 0.51 a 8.86 ± 0.75 b

t2

SD (number/mm2) 674.63 ± 32.5 ab 710.45 ± 29.7 ab 728.36 ± 27.5 a 662.69 ± 32.5
b 567.16 ± 23 c

PD (µm) 18.1 ± 2.6 ab 16.4 ± 2.3 b 18.5 ± 2.6 a 17.7 ± 2.0 ab 18.7 ± 1.8 a
ED (µm) 9.52 ± 1.2 b 9.32 ± 1.3 b 10.6 ± 1.4 a 10.9 ± 1.2 a 11.4 ± 1.0 a

Ratio PD/ED 1.93 ± 0.38 a 1.78 ± 0.32 ab 1.77 ± 0.35 ab 1.66 ± 0.30 b 1.65 ± 0.22 b
TD (number mm2) 1.98 ± 0.15 a 1.67 ± 0.12 ab 1.36 ± 0.20 b 1.64 ± 0.16 b 1.32 ± 0.25 b

NTD (number mm2) 10.63 ± 0.55 b 16.84 ± 0.69 a 10.87 ± 0.87 b 10.93 ± 0.71 b 7.68 ± 0.43 c

Abbreviations: SD: Stomatal Density; PD: Stomatal Polar Diameter; ED: Stomatal Equatorial Diameter; TD Glandular Trichomes Density;
NTD: Non-Glandular Trichomes density.

The non-glandular trichomes analysed are hairs containing cystoliths. The cystoliths
(Figure 2d,e) are intracellular mineralized inclusions present in the leaf of some Angiosperm
families (Urticaceae, Moraceae, Ulmaceae, Cucurbitaceae and Acanthaceae). They consist
mostly of calcium carbonate but a small amount of magnesium is also present [41], which
probably helps to stabilize the amorphous calcium carbonate [42]. The high density of hairs
containing cystoliths in Treat 1 at time t2 could be a consequence of the higher dose of Mg
provided in this treatment; analogously, the lower Mg value in Treat 4 might be explained
by the absence of this element.

3.4. Chlorophyll Determination

Chlorophyll content, is used as an indirect way to assess plant productivity and
vegetative production [43–45]. The measurement of chlorophyll was used to determine
plant stress but also to determine plant nitrogen status [44].

3.4.1. Chlorophyll Rates on at LEAF Measurements

The atLEAF chlorophyll measurements showed statistically significant differences
between the two studied periods (t1 and t2), with the highest values reached in t2 (average
index in t2 49.8 versus 48.4 in t1) (data not shown). The increase in the measured chlorophyll
content in t2 is assumed to be caused by the rising requirements of photosynthesis products
during flowering and strobiles formation. In the comparison of treatments, the lowest
chlorophyll value was found in Treat 1 in t1 (45.05 atLeaf index) and Treat 1 and Treat 3
in t1 and t2 in t1 (47.78 and 47.06 atLeaf index in t2) (Figure 3A). The highest chlorophyll
value was found, instead, in the two periods in Treat 2 (51.26 and 53.84 atLeaf index). Treat
2 was the treatment with the highest amount of nitrogen supplied, while Treat 1 was the
treatment with the lowest (Table 1); an increase in chlorophyll content due to nitrogen
fertilization was observed in different studies [44,45], in particular, Coria–Cayupan and
collaborators [46] in a study on lettuce; the researchers also observed an important increase
of chlorophyll content when plants were fertilized with a mix of elements used by plants in
chlorophyll biosynthesis (Mn, Mg, Cu, Zn and Ca), and it is well known that Mn contributes
to chloroplast structure.
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Figure 3. Measurements of chlorophyll contents using different instrumentation. (A) Chlorophyll measured with atLeaf; (B)
measurements of photosynthetic efficiency using HandyPea photometer; (C,D) Measurements of chlorophyll a (ChlA)and b
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3.4.2. Chlorophyll Fluorescence Measurements

From the results obtained using the HandyPea fluorometer, it is possible to observe
the photosynthetic efficiency (Figure 3B). The only significant differences were observed
at t1 in Treat 2, which showed a lower photosynthetic efficiency, thus demonstrating the
importance of microelements. In fact, Treat 2 was the only treatment (together with Untreat)
where microelements were not supplied. Treat 2 denoted an interesting behavior: since Zn
is involved in the photosynthetic capacity [47], and in the first step Treat 2 did not comprise
Zn (Table 1), the effect at t1 was the lower photosynthetic efficiency when compared to the
other treatments; in the second step, Zn was added to Treat 2, thus causing an increase in
photosynthetic capacity to the levels of other treatments at t2.

3.4.3. Chlorophyll Quantification with Spectrophotometer

The spectrophotometer analysis in t1, for Untreat, Treat 2 and Treat 3 showed the
highest amount of chlorophyll A content; instead in t2 no significant differences were
highlighted (Figure 3C,D). Chlorophyll B showed the highest value in Treat 2 in the first
period (t1), when Treat 4 and Treat 1 had the lowest value (Figure 3C). In t2, instead, a
different trend is shown: Untreat and Treat 2 have the higher ChB values (Figure 3C).
Carotenoid content did not show significant differences in t1; in t2, instead, Treat 1, Treat 3
and Treat 4 showed higher amounts than Untreat and Treat 2 (Figure 3D). The carotenoid
content tended to decrease during the vegetative period [45].

Fe fertilization also increases chlorophyll concentration in plants [48], but in our
study the treatment with the highest Fe concentration (Table 1) did not correspond to the
treatment with the highest chlorophyll accumulation, showing in this case a non-dominant
role of Fe on hop chlorophyll content.

3.5. Color Determination

Leaf color is related to chlorophyll and carotenoid content and resulted, especially
in the first period, to be influenced by the applied treatments (Figure 4A,B). The highest
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green color at t1 was observed in Treat 2 (a* values of 3.36), where also ChA and ChB were
present in higher amounts. Instead, at t2 color values did not show any more significant
differences for the a* and b* parameters. The only significant differences at t2 were related
to brightness, with Treat 2 showing the highest L value.
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3.6. Dry Weight

The dry weight of leaves in t1 showed the highest level for Treat 1 and Treat 2
(Figure 5); instead in t2, later in the growth season, Untreat showed the highest solid
fraction. The data of t2 is in partial accordance with Gutíerrez-Rodríguez et al. [49], who
observed in spinach an increment in the leaf mass yield but a reduction in leaf dry weight
when spinach was treated with the highest amount of N (250 ppm).
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Figure 5. Percent of dry weight in hop leaves in each treatment at the two times (t1 and t2). Different
letters indicate significant differences (p < 0.05). Lowercase letters are used for t1 results, and capital
letters are used for t2 results.

3.7. Leaf Texture Determination

The highest value of texture (Figure 6), was in t1 (1.59 N versus 1.48 N in t2) (data
not shown), suggesting that fully developed but younger leaves possess more resistant
tissue than those in the second stage of fertilization. Among treatments, Treat 2 showed
the hardest leaves, with 1.81 Newton (N) in t1 and 1.70 N in t2. This result confirms what
was observed by the leaf anatomical analysis (Figure 3C,D) indicating a consistent increase
in cuticle thickness in Treat 2 (Table 4), already at t1.
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3.8. DPPH Free Radical Scavenging Activity Test

In t1, Treat 3 e Treat 4 showed the highest amount of radical scavenging activities
with 162.54 and 166.51 Trolox equivalent respectively (Figure 7); their difference with the
other treatments was the higher presence of K, Fe and Zn in these two treatments (Table 1);
thus, probably the increase of radical scavenging activity was promoted by one or all the
microelements, especially Fe, supplied to the plants. In the second part of the study, at t2,
the radical scavenging activity decreased (except for Treat 1) with no significant differences
among the treatments (Figure 7), despite a higher activity registered in Treat 1, which in
t2 was differentiated from the other treatments for the a higher Mg supply. In t2, only
Treat 2 contained Zn and Fe (in lower quantity compared to Treat 3 and Treat 4 in t1),
but no K, and the results indicate either a lower impact of this elements on antioxidant
activity in t2, or that the quantities involved are not sufficient to increase this activity. In the
literature, the studies on the effects of fertilization on free radical scavenging activity are
more frequently related to the nitrogen fertilization: Coria-Cayupán et al. [46], in a study
on lettuce, observed the low antioxidant activities in leaves in the presence of urea and
mineral nitrogen fertilization, in comparison with other fertilization treatments. In another
study on marigold under different organic foliar fertilizations, free radical scavenging
activities were higher in the treatments that implied less nitrogen quantity, and lower in
the treatments richer in nitrogen [50]. Nonetheless, these studies do not help to elucidate
the results that we obtained, because in the first period the high radical scavenging activity
was observed in the treatments with high N content.
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3.9. Hop Cone Analysis

Different aspects of cone quality were considered for the evaluation of the effect of
different fertilization plans. In particular, cone yields, bitter acids content and essential oil
content were observed.
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3.9.1. Hop Cone Growth Rate

From hop cone growth rate (Figure S2), it was possible to observe the growth trend
of cones treated with the different fertilization plans. At the beginning, there was an
homogenous growth of all cones, in the different treatments. Then, there was diversification
in the growing trend, a split occurring after July 22. Untreat showed a constant growth,
and on 9 August, it was the treatment showing the highest growth rate. In the same period,
Treat 3 and Treat 1 showed the slowest trend in cones growing. The other treatments
showed a similar trend in growing, arriving at a comparable result at final measurements
(September 3). Transversal growth showed similar trend for all treatments except for
Untreat that followed a different curve; however at the end of the growing time, all
treatments showed similar results with no statistical differences observed. It is interesting
to note that Untreat curve followed a different growth tendency, showing higher values
than the other treatments, until the beginning of August. The result mirror the phenological
observation find explanation the phenological observation; Untreat cones in fact ripened
earlier than the other treatments, at least 10 days before.

3.9.2. Hop Cone Yield

The cone yield per plant exhibits important differences among treatments. Treat 3
revealed the poorest yield performance, with 2.20 kg of fresh cones per plant (Table 6); Treat
2 instead, exhibited the best yield, staging a 1.35 kg per plant (i.e., +61%) yield increase
over Treat 3. Hop yield seems to be related not only to N fertilization, that characterizes
Treat 2, Treat 3 and Treat 4 at t1 (Table 1), but also to K, that was higher in Treat 2 and
Treat 4 in t1, and finally, to the use of microelements at t2 (Treat 2). In trees, usually K and
P promote fruit yields and quality [51]. From our study it does not appear clearly that
some nutrients were in excess, and might have affected hop yield. However, it may not
be excluded that high quantities of P and K in t2 (i.e., T3) could have reduced or inhibited
cone production, or inhibited the intake of Zn or other microelements that are involved
in cone formation. Moreover, Treat 4, characterized by enhanced content in Fe, Zn, Cu,
had a higher cone yield than Treat 1, Treat 3 and Untreat, thus confirming in this case the
contribution of Fe and Zn to cone growth [2].

Table 6. Fresh cone yield in the different fertilization treatments. Values followed by the same letter
indicate no significant differences (p < 0.05).

Treatment Fresh Weight
(Kg/Plant)

Treat 1 2.48 ± 0.482 b
Treat 2 3.55 ± 0.323 a
Treat 3 2.20 ± 0.404 b
Treat 4 3.03 ± 0.112 ab
Untreat 2.42 ± 0.275 b

3.9.3. HPLC-UV Analysis and Essential Oil

In Table 7 the best performance in alpha and beta acid production (6.98% of alpha
acids and 6.37% beta acids) is shown for Treat 2, the treatment with the highest amount of N
supplied (Table 1); the lowest quantity of alpha acids was registered for Treat 4 and Untreat
(5.08% and 4.32%) (Table 7), that are the treatments with the lowest amounts of N supplied.
This data was not in accordance with the study of Iskra et al. [7], who observed a reduction
of alpha acids with the increase of nitrogen. Their data can be explained by the fact that
in their study [7] N was supplied directly in soil through irrigation four times during the
growing season, thus giving an excess quantity of nitrogen that caused a reduction of
alpha acid synthesis, probably in favor of the vegetative (and cone) growth as explained by
Neve [1]. In our study, in Treat 2 that reached the highest alpha acid production (6.98%),
N was given only in the first part of the experiment, when plants were in the vegetative
stage and not yet in the reproductive stage. The second step of fertilization (t2) of Treat 2,
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instead, contained the highest amount of Mn, Fe, Cu and B, which determined the highest
productivity, as was shown in a study by Milosta and Regilevich [52]. Untreat showed the
lowest content of bitter acids, thus demonstrating the importance of fertilization for an
optimal production.

Table 7. Bitter acids (α- and β-acids) contents (% w/w) on dry weight, cohumulone (COH) % on the
total of alpha acids, and essential oil yield % v/w. Values followed by the same letter indicate no
significant difference (p < 0.05).

Treatment α-Acids % β-Acids % COH % Ess. Oil Yield %

Treat 1 5.83 ± 0.38 b 4.92 ± 0.52 b 26.74 ± 0.50 a 1.43 ± 0.06 b
Treat 2 6.98 ± 0.31 a 6.37 ± 0.11 a 26.77 ± 0.12 a 1.78 ± 0.09 a
Treat 3 5.84 ± 0.64 b 5.30 ± 0.18 b 26.14 ± 0.42 a 1.46 ± 0.17 b
Treat 4 5.08 ± 0.06 bc 5.05 ± 0.16 b 26.17 ± 0.38 a 1.34 ± 0.06 b
Untreat 4.32 ± 0.27 c 5.33 ± 0.24 b 26.19 ± 0.53 a 1.07 ± 0.07 c

The essential oil yield was highest in Treat 2, with 1.78%, and the lowest in Untreat
(1.07%) (Table 7). Treat 2 was the treatment in which microelements were added only in t2
(Table 1). This result showed that the introduction of micro-elements in the fertilization
plan is important, especially in the second part of hop growth, since they are likely involved
in the biosynthesis of the essential oils. In a study on the effect of foliar fertilization on
thyme [53], it was observed a positive influence of P on essential oil yield; this result is
not supported by our study, because P was given to plants only in t2, in Treat 1 and Treat
3; instead, Treat 2 was the only treatment that did not involve P in the fertilization plan.
This means, that hop essential oil production is likely to be more influenced by several
microelements.

4. Conclusions

From the micro- and macro-elements point of view, most results appear to be related
to the fertilizer used, and from the leaf analysis it was possible to observe the incidence
of time and fertilization plans on all element quantities. The anatomical measurements
showed differences in leaf structure and glandular trichome density and shape, as well as
the presence of cystoliths that could influence leaf functionality. The physiological mea-
surements show us the effect of the different fertilization plans on chlorophyll, carotenoids
and photosynthetic activity, as well as differences in color and texture. The texture of
leaves appears to be related to plant health and productivity, hence the higher force for
leaf rupture was needed for Treat 2 leaves. Concluding, all the tested treatments showed
differences in the various characters studied, from chlorophyll content to cone production,
to bitter acid content. This study allowed us to determine the most useful combination
of elements for hop cultivation in a loamy clay soil, rich in mineral substances. In this
case, Treat 2 was the treatment that showed the best results in terms of hop cone yields,
but also in bitter acids and essential oil content. This study demonstrated that soluble
organic fertilizers supplied with foliar treatments during hop growth could achieve good
results in terms of cone quality and quantity, and proved the importance of customizing
the fertilization plan in view of the agronomic requirements.

Further studies are necessary to deepen our knowledge of hop reproductive phys-
iology, determining the effect of the different fertilization schemes on the secondary
metabolism of aromatic substances present in hop essential oils.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11156778/s1, Figure S1: soil analysis; Figure S2: Longitudinal (Long) and transversal
(Trasv) growth of the hop cones sampled in the different data acquisition time.
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