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Università degli Studi di

Palermo

Italy

Antonella Maria Maggio
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Medicinal and Aromatic Plants in Agricultural Research, When
Considering Criteria of Multifunctionality and Sustainability
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Over the last twenty years, agriculture has witnessed significant changes regarding
energy requirements, advanced technologies and practices. This is in response to the
impacts of crop production on the climate and environment and increasing awareness
of the importance of agricultural sustainability through organic farming. Agriculture
encompasses complex production systems, and certain aspects of multi-functionality and
sustainability have become fundamental to these systems.

Agricultural activity can provide various functions in agro-ecosystems, such as pro-
ducing food, managing natural resources, and conserving landscape and plant biodiversity,
contributing to the cultural, historical and economic viability of rural areas. Agriculture
must now adopt scientific innovations to produce food that consider not only human well-
being and the environment but also the requirements of farmers. Aromatic and medicinal
plants (MAPs), as open-field crops, can play an important role in multifunctional and
sustainable agriculture, due to their low energy requirements for cultivation and their
many uses, from the production of nutraceuticals, phytonutrients and phytotherapy to
land valorization. Various MAPs are used in the food sector to flavor foods or prolong
their shelf-life, while others are used in modern and traditional medicine in the production
of phytocomplexes for human health and well-being. The cultivation of MAPs, when
based on an integrated and sustainable approach, can contribute to the conservation of,
and increase in, biodiversity in agro-ecosystems, as well as the recovery of degraded and
marginal lands. One of the main aspects that highlights the quality of MAPs is the content
and composition of essential oils, which are influenced by several factors, some of which
depend on the plant (endogenous or genetic factors) and others on the environment (ex-
ogenous or environmental factors and biotic factors), while others concern the collection,
preparation and conservation of the plant or the processed products.

On this basis, the main aim of the Special Issue “Medicinal and aromatic plants in
agricultural research, when considering multifunctionality and sustainability criteria” is
to illustrate the role of MAPs in agriculture under low-impact farming practices and the
benefits they can generate in terms of functional products. A total of thirteen papers
were published under this Special Issue, including twelve original research papers and one
review article. Papers were submitted from six countries: Chile, China, India, Iran, Italy and
Spain. The papers cover diverse scientific macro-areas related to MAPs, such as agronomy,
chemistry and pharmacy, food and nutrition and ecology and provide new scientific data on
natural products obtained from these species. In most papers (9), the authors investigated
the effects of agronomic and environmental factors on the morphological, physiological
and production characteristics of MAPs. In the remaining papers (4), the authors reported
information on the biological activity of some MAPs and their metabolites, explained how
MAPs could be used to enhance the quality of food products and provided technological
data about the drying process of aromatic herbs.

Agriculture 2022, 12, 529. https://doi.org/10.3390/agriculture12040529 https://www.mdpi.com/journal/agriculture1
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In this Special Issue, La Bella et al. [1] highlighted the effects of irrigation and peat-
alternative substrates on the morphological, aesthetic and production characteristics of
potted Sicilian rosemary (Rosmarinus officinalis L.) biotypes with different habitus types.
The authors used four types of substrates with varying percentages of peat and perlite
and irrigated the plants, integrating 100% field capacity every four days and every two
days. They concluded that the greatest percent content in essential oil was obtained when
irrigation events were less frequent, and that the substrates with 20% and 30% compost led
to excellent performance results.

In a study carried out in Chile, Pinto-Morales et al. [2] reported the effect of different
doses of compost on productive and physiologic parameters, including the polyphenolic
composition and antioxidant activity of the fruit of calafate (Berberis microphylla G. Forst)
grown under an intensive agronomic management. The authors demonstrated that the use
of increasing doses of compost was beneficial to the physiological, productive, and quality
parameters of the species but, at the same time, generated an increase in organic matter in
the soil and the nutritional content of the soil.

In Italy, Angelini et al. [3] investigated different chemical and physical treatments to
overpass seed dormancy and enhance the seed germination rates of Passiflora incarnata
L. Different pre-germination treatments (pre-chilling, gibberellic acid, leaching, and scar-
ification) were examined under different light and temperature conditions. The authors
showed that the pre-germination treatments stimulated a faster germination compared to
the control, with the best results obtained in the dark and with high temperatures.

In a study conducted in Spain, Fernández-Sestelo and Carrillo [4] estimated the effect
of variable climate and fixed factors, such as soil and geographic location, on the essential
oil yield and quality of 34 Spanish populations of spike lavender (Lavandula latifolia Medik).
They found that the composition of the soil influenced the essential oil yield and quality, as
well as some climatic and geographical factors such as rain and altitude.

Lazzara at al. [5] assessed the yield and phytochemical composition of three Hypericum
perforatum biotypes, obtained from different Italian geographical areas, with contrasting
cultivation methods, pot and open-field cultivation. The authors highlighted that the
cultivation of Hypericum required a properly tuned cropping technique, along with a sound
choice of the genotype to be cultivated. Furthermore, they stated that pot cultivation did
not reflect the performance obtained from open-field cultivation.

Clemente et al. [6] evaluated the agronomic and qualitative performances of nine
Stevia rebaudiana (Bertoni) genotypes cultivated in open field conditions, under the Mediter-
ranean climate of central Italy. The authors found high variability among genotypes and
provided useful information on the influence of crop age and harvest time in defining
quanti-qualitative traits in stevia.

In another study, La Bella et al. [7] investigated the agronomic and production behavior
of some caper biotypes (Capparis spinosa L. subsp. rupestris), identified on the island of
Linosa (Italy) for growing purposes. This article takes an underused species, such as caper,
into consideration, and highlights its agronomic importance in the context of Linosa island,
identifying accessions of interest for the introduction of innovation into the new caper field.

In Iran, Izadi et al. [8] studied the propagation of rosemary (Rosmarinus officinalis L.)
by stem cuttings and found that iron chelate application promotes root emergence and
improves root and shoot biomass, leaf photosynthetic pigment concentrations and survival
percentage. In China, Yang et al. [9] demonstrated that interplanting Ficus carica L. with
Taxus cuspidata Sieb. increased the plant growth biomass, photosynthesis, soil organic
carbon, total nitrogen, and secondary metabolites, such as psoralen and paclitaxel, with
respect to monocultures. The authors stated that these results could provide a feasible
theoretical basis for the large-scale establishment of Ficus carica and Taxus cuspidata mixed
forests and obtain high-quality medicine sources for extracting psoralen and paclitaxel. In
a study carried out in India, Singh et al. [10] explored the antiarthritic potential of different
fractions of Swallow wort (Calotropis procera Aiton) for the evaluation of antiarthritic
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potential using Freund’s complete adjuvant model on wistar rats, as no such study has
been carried out to date.

Regarding the impact of essential oil on the qualitative properties of food products,
Barreca et al. [11] added different essential oils of Sicilian accessions of common sage
(Salvia officinalis L.), oregano (Origanum vulgare L. ssp. hirtum (Link) Ietswaart), rosemary
(Rosmarinus officinalis L.) and thyme (Thymbra capitata (L.) Cav.) to improve both the food
shelf-life and aromatic flavour of extra-virgin olive oil. The results of this original study
showed that no significant change in oleic acid percentage was detected in the mixture of
extra-virgin olive oils with essential oil samples but seemed to highlight the presence of an
antioxidant effect of essential oils of MAPs on extra-virgin olive oil.

Considering the technological aspects of MAPs, Catania et al. [12] designed a low-cost,
real-time monitoring and control system for the drying process of sage (Salvia officinalis
L.) and laurel (Laurus nobilis L.), and assessed drying efficacy in the microbial community
associated with the studied MAPs. In particular, the authors found that the two species
showed a different microbial stability with the adopted drying method and had a different
shelf life.

In the only review included in this Special Issue, Rossini et al. [13] reported in-depth
information on the cultivation, quality aspects, sustainable production and uses of hops
(Humulus lupulus L) in the Mediterranean area.

The thirteen papers in this Special Issue of “Medicinal and aromatic plants in agricul-
tural research, when considering multifunctionality and sustainability criteria” represent
an excellent contribution to scientific research on MAPs. More than one author contributed
several papers to this Special Issue, exploring various research fields regarding MAPs. We
believe that the data provided by all published papers can greatly improve the knowledge
of MAPs and prove useful for researchers, technicians and students.

Author Contributions: M.L., A.M.M., S.L.B. and T.T. made equal contributions to this article. All
authors have read and agreed to the published version of the manuscript.
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Design and Implementation of a Smart System to
Control Aromatic Herb Dehydration Process
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Abstract: Drying is a process aimed at reducing the water content in plant materials below a limit
where the activity of microbes and decomposing enzymes deteriorate the quality of medicinal and
aromatic plants. Today, the interest of consumers towards medicinal and aromatic herbs has registered
a growing trend. This study aims at designing a low-cost real-time monitoring and control system for
the drying process of aromatic herbs and evaluating drying efficacy on the microbial community
associated with the studied herbs. Hot-air drying tests of sage and laurel leaves were carried out
in a dryer desiccator cabinet at 40 ◦C and 25% relative humidity using three biomass densities
(3, 4 and 5 kg/m2). The prototype of the smart system is based on an Arduino Mega 2560 board,
to which nine Siemens 7MH5102-1PD00 load cells and a DHT22 temperature and humidity sensor
were added. The data acquired by the sensors were transmitted through Wi-Fi to a ThingSpeak
account in order to monitor the drying process in real time. The variation in the moisture content of
the product and the drying rate were obtained. The system provided a valid support decision during
the drying process, allowing for the precise monitoring of the evolution of the biomass moisture
loss and drying rate for laurel and sage. The three different biomass densities employed did not
provide significant differences in the drying process for sage. Statistically significant differences
among the three tests were found for laurel in the final part of the process. The microbial loads of the
aromatic herbs after drying were influenced by the different leaf structures of the species; in particular,
with laurel leaves, microbial survival increased with increasing biomass density. Finally, with the
drying method adopted, the two species under consideration showed a different microbial stability
and, consequently, had a different shelf life, longer for sage than laurel, as also confirmed by water
activity (aw) values.

Keywords: laurel; microbial load; oven drying; real time monitoring; sage; sensor

1. Introduction

In the last few years, the interest of consumers towards aromatic and medicinal herbs has
registered a growing trend both in terms of product types and consumption [1]. In the past, these plants
mainly concerned the derivatives and ingredients industries, while today we are witnessing a growing
use in different sectors, such as functional food (nutraceutics) or infusion drinks (herbal teas) and
bio-ecological cosmetics [2].

Plants from historical times are applied for fitness in addition to the supply of drug treatments;
regarding the fact that 80–85% of the world-wide population depends on ancient medicines [3–5].
Furthermore, since ancient times, aromatic plants have been used in food preparation, not only to
ameliorate the taste and flavor of the final products, but also as preservatives, due to their antimicrobial
properties [6,7].

Agriculture 2020, 10, 332; doi:10.3390/agriculture10080332 www.mdpi.com/journal/agriculture
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At least 2000 species of medicinal and aromatic plants are marketed in Europe. Italy has a
contributes to 3% of overall European production. Italian imports are around 161 thousand tons with
an outlay of around USD 1.14 billion. The Italian production of medicinal plants satisfies only 30%
of the national needs, the remaining 70% of the herbs consumed in our country come from abroad;
in particular, from countries of Eastern Europe and North Africa, but their cultivation is certainly
expanding [8].

The cultivation of aromatic plants has many similarities with the cultivation of horticultural
species in the open field and, therefore, a fairly intensive cultivation system, which provides for
planting, frequent cultivation care and one or more harvests during the development cycle of the crop
in the production season. The plants are harvested in the green field, in bloom. When the parts mature,
except for a few and rare cases, they are a product that contain variable percentages of vegetation
water and, therefore, cannot be conserved and transported, except in a short range. Harvesting can be
done by hand or by machine, depending on the type of crop and the characteristics of the farm.

Once harvested, the biomass has a short life, from a few hours to a maximum of half a day.
It needs immediate processing or stabilization. After harvesting, primary processes for the product to
be marketed are required. These processes are specific to the type of farm and production chain—that
is, each company definitively chooses its own basic production orientation: dried, essential oils,
or fresh [9].

Drying is a process that consists in reducing the water content of the product below a value that
limits the microbiological and enzymatic reactions responsible for its deterioration [10]. In addition to
traditional methods, plants can be dried by automated methods with stoves or dryers.

Artificial drying is necessary in industrial production. It allows for drying a large quantity of
material in a short time (24–48 h), always using low temperatures below 50 ◦C with an optimum
of 40 ◦C [11–13]. It is a very expensive system both from an energy and an economic point of view,
also affecting up to 50% of the production cost of the dry plant [14–17].

During the drying process, the aromatic herbs are subjected to chemical and physical changes
that influence the quality of the finished product. The extent of these changes mainly depends on the
drying conditions and the biological characteristics of the herbs [18].

The principle is to dry the free waters with a forced flow of dry air, passed through the
biomass, spread over large surfaces on one or more layers. Hot-air drying, using convective ovens,
is a fundamental technology for the postharvest preservation of aromatic and medicinal plants in
non-tropical countries, since it allows a fully controlled operation, resulting in a desired end product.
The most essential parameter influencing the end product quality of dried herbs is the temperature
used [19].

In general, hot-air drying can lead to a drastic reduction in the quality of the end product compared
to the original foodstuff [20]; principally high temperature causes the decomposition of bioactive
ingredients and changes in colorful components [21,22]. On the other hand, drying at 35–50 ◦C allows
for the preservation of heat-sensitive compounds [23,24]. In addition, high temperature has been used
successfully to decrease the concentration of toxic compounds or reduce adverse taste characteristics
in dried herbs. The main disadvantages of hot-air drying are the excessive shrinkage that is sometimes
observed, color changes and overall product collapsing.

The consulted literature sources show that the optimal temperature to be used in the dehydration
processes of aromatic herbs through the use of oven-drying is in the range of 40–45 ◦C. In fact,
Diaz-Maroto et al. [11] confirm that by drying laurel leaves at 45 ◦C, the losses of volatile compounds
are negligible compared to air drying, and Hadjibagher Kandi and Sefidkon [12] stated that, to obtain
the highest yield value in essential oil from laurel leaves, the best drying method is oven-drying at
40 ◦C. Sadowska et al. [13] found that, by drying sage at 40 ◦C, polyphenols content and antioxidant
activity did not show statistically significant differences compared to the values obtained with the
naturally dry method.
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From these studies, it appears that temperature control during the drying process is of fundamental
importance for the quality of the final product. In fact, in recent years numerous studies have been
carried out on the application of modern systems to control and monitor the main environmental
parameters [25–27].

The aim of this study was the design of a low-cost real-time monitoring and control system for
the drying process of aromatic herbs inside a dryer desiccator cabinet. During the process and at the
end, microbiological analyses were carried out on biomass samples to evaluate the stability achieved
in the dried product.

2. Materials and Methods

2.1. Plant Material

The texts were carried out in June 2019. The biomass was harvested from plants of the campus area
of the Department of Agricultural, Food and Forest Sciences, University of Palermo, Italy (N 38◦06′28′′,
E 13◦21′00′′, 31 m asl), where two experimental plots were selected (20 m × 20 m each). The climate
of the area is Mediterranean with mild and humid winters and hot and dry summers; the climate is
classified as Csa, according to Köppen and Geiger (hot-summer Mediterranean climate). The average
temperature is 18.4 ◦C and the average annual rainfall is 605 mm. The soils have a sandy clay texture
(Aric Regosol, 54% sand, 23% silt and 23% clay) with a pH of 7.6, 14 g kg−1 organic matter, 3.70% active
limestone [28].

The sage (Salvia officinalis L.) was taken from 5 year-old plants, with a shrubby creeping habitus in
a planting layout of 1 × 2 m; the apical leaves were collected using scissors.

The laurel (Laurus nobilis L.) plants had a shrub habitus, were 1 m high, 5 years-old, and had
a planting lay out of 1 × 2 m. Using pruning shears, 1–2 year-old branches with leaves of about
0.30–0.40 m long, were taken.

The collected material was immediately transported to the laboratory, placed in polyethylene
vented crates and put inside the drying chamber after about 1 h from harvest.

2.2. Drying

Hot-air drying tests of sage and laurel leaves were carried out in a dryer desiccator cabinet
(KW Apparecchi Scientifici s.r.l, Italy). The cabinet is entirely made of AISI 304 stainless steel, it has
95 × 60 × 150 cm internal dimensions, equipped with two split opening doors with sealing. It is 1250 W
powered and the temperature ranges from +5 ◦C above ambient temperature to 130 ◦C, controlled
by means of a thermostat. The dryer desiccator cabinet is also equipped with a ventilation system to
control relative humidity. Heating is achieved with specific air heaters with ascending flow to facilitate
the evacuation of vapors. The steam discharge inside the chamber occurs by means of a centrifugal
electro-aspirator with 40 m3/h flow rate, placed in the upper part of the cabinet.

Three biomass densities (kg/m2) were used for each species. The tests, named 1, 2 and 3,
respectively, with biomass densities of 3, 4 and 5 kg/m2, were placed inside the shelves of the cabinet
using polypropylene vented crates (dimensions 40 × 60 × 22 cm, 52 L capacity, 62% hollow surface).
Three replicates for each test, named A, B and C, were randomly arranged inside the drying chamber
(Figure 1). This was possible because the drying chamber was equipped with an automatic heating
and ventilation system that guarantees to maintain both constant temperature and relative humidity
inside, and because the contact surface between the biomass and the air inside the chamber was the
same in the different tests.
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Figure 1. Scheme of the drying chamber and test repetitions.

After preheating the dryer desiccator cabinet, the drying temperature was maintained constant
at 40 ◦C since a higher temperature may result in a darkening of the samples due to non-enzymatic
browning and leading to a loss of quality. Relative humidity was kept at 25% for the entire duration of
the process [18].

Overall, about 30 kg of leaves were taken to carry out the tests, 15 kg of sage and 15 kg of laurel.
A sample of leaves was brought to the laboratory for the determination of the dry weight of each species.
Dry weight was determined by weighing 10 g of herb samples and drying until a constant weight at
105 ◦C in the drying oven (Termaks TS 800, Norway). The initial moisture content of sage was found to
be 73.2 ± 0.6% (wet basis); for laurel it was found to be 55.3 ± 0.5% (wet basis). Water activity (aw) was
measured to evaluate microbiological stability using a Rotronic Hygropalm HC2-AW (Rotronic AG,
Bassersdorf, Switzerland), both on fresh and dried herbs (i.e., before and after dehydration).

The variation in the moisture content of the product during drying was experimentally determined
through the evaluation of the following parameters.

The moisture content at time t MCt [%] was calculated as:

MCt =
Wbt−Wred H2Ot

MCi
(1)

where: Wbt is the normalized biomass weight [g] at time t [h]; Wred H2Ot is the reduced water weight
[g] at time t [h]; MCi is the initial biomass moisture content [g].

The drying rate at time t, DRt [g/g h−1] was then calculated as:

DRt =
Wred H2O t

Wb t
t−1 (2)

The experimentally obtained curves for MCt and DRt are the variation during drying of the
moisture content of the product and the drying rate as a function of time.

The end of drying was defined when the biomass weight remained stable for more than 10 min
and the moisture content was lower than 14% for sage and 32% for laurel.
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2.3. Smart Sensors System Structure

The system is based on sensors capable of real time monitoring the biomass weight of the
individual samples and temperature and relative humidity inside the drying chamber.

The choice of the components to be used in the realization of the prototype of the biomass drying
measuring system was based on low-cost, reliable and small-sized components, which can be assembled
inside the cabinet with the plastic boxes used to hold the sage and laurel samples. The system is based
on an Arduino Mega 2560 board which, thanks to the large availability of inputs/outputs, allowed for
the connection of (Figure 2):

• Five HX711 modules that power, amplify and convert to digital signal of the nine load cells;
• A DS3231 Real Time Clock (RTC) module that provides the system with the year, month, day,

hours, minutes and seconds time reference;
• An ESP8266-05 module to transmit, through Wi-Fi, the data acquired by the various sensors to a

ThingSpeak account every 15 min;
• A DHT22 sensor that allows for the detection of relative humidity and ambient temperature and

to digitally transmit it to a micro-controller;
• Nine Siemens 7MH5102-1PD00 load cells capable of measuring static loads with medium precision

with a maximum capacity of 5 kg;
• A Serial OpenLog module that allows the acquired data to be stored on a microSD card in the

form of appropriately structured strings, so as to contain the data of the individual sensors in
the various fields (e.g., Data/Time; Sensor 1; Sensor 2; . . . . . . ; Sensor N), and transmitted from
Arduino Mega serial output 2. This represents a security system that, even in the absence of a
Wi-Fi connection, allows data recording from the sensors.

Figure 2. Smart sensors system structure. 1: Power supply; 2: Arduino Mega 2560 R3; 3: Load Cell
Amplifier HX711; 4: Load Cell; 5: Digital temperature and humidity sensor DHT22; 6: Real- time clock
DS3231; 7: OpenLog Data Logger; 8: Transceiver Wireless Module ESP8266-05; 9: External antenna.
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Arduino Mega 2560 R3 is a module based on the ATmega2560 microcontroller, which can be
programmed using the Arduino IDE through the USB interface, which also acts as a power connection.

This card provides developers of simple embedded systems with a fast prototyping tool, thanks
to the discrete calculation power and to the possibility of being interfaced with other cards or sensors
through the different inputs and outputs available (54 I/O Digital Pin and 16 Analog Inputs Pin),
allowing for the rapid creation of relatively complex systems. In fact, the Arduino Mega choice as a
micro-controller was dictated by the need to use the numerous I/O pins available to simultaneously
acquire the weight of the different medicinal herb samples placed in the cabinet, as well as temperature
and relative humidity.

The specifications of the components used are:

• A/D converter module: Based on the HX711 chip, it is a 24-bit Analog-to-Digital Converter (ADC)
for weighing scales specifically designed to interface the load cells, which exploit the Wheatstone
bridge, to a microcontroller, such as Arduino or another that is compatible. It is also intended for
process control applications. The module has two differentiated input channels, selectable through
a multiplexer: a programmable and low noise gain amplifier allowing for the selection of the gain
at 32, 64 and 128; a load cell on-chip power regulator; an analog ADC power supply; an on-chip
oscillator that requires no external component intervention with external crystal. Since the output
signal from a load cell is an analog signal proportional to the deformation of the cell, and is
therefore proportional to the applied force, the signal is acquired through the analog to digital
converter which reads the voltage difference in the Wheatstone bridge over the cells and then
converts it into a 24-bit digital string, which can be acquired by a microcontroller (Arduino) via
serial communication. The data are sampled at a frequency of 80 Hz.

• 2C real time clock module (RTC): Based on the DS3231 chip, it is a low consumption clock/calendar
that allows the Arduino to have a time reference to assign to the various analog samples acquired.
Communication with the Arduino board takes place on the I2C serial bus, which is accessed in
SLAVE mode. The time count is based on a 32 kHz quartz oscillator, which ensures good accuracy.

• SP8266-05 module with external antenna: This is a Wi-Fi integrated SoC (system-on-a-chip) with a
32 bit LX106 Micro Controller Unit (MCU). It is a system suitable for providing Wi-Fi connectivity
to an Arduino-like card but it is possible to use it to directly create IoT (Internet of Things) projects.
As a simple Wi-Fi module, it is possible to manage it via AT commands and it is programmable
with the Arduino IDE. It supports 802.11 b/g/n transmission protocols and Wi-Fi Direct (P2P)
and soft-AP modes. It integrates the TR switch, the RF amplifier and the antenna, a PLL (power
regulator).

• The DHT22 is a basic digital temperature and humidity sensor. It uses a capacitive humidity
sensor and a thermistor to measure the surrounding air, and gives out a digital signal on the data
pin, while no analog input pins are needed and the specifications are: 3 to 5 V power and I/O,
2.5 mA max current use during conversion (while requesting data), 0–100% relative humidity
range with 2–5% accuracy, −40 to 80 ◦C temperature range ±0.5 ◦C accuracy, 0.5 Hz maximum
sampling rate (once every 2 s), dimensions 15.1 mm × 25 mm × 7.7 mm, 4 pins with 0.1” spacing.

• The single point, medium precision (class III) load cell—Siemens 7MH5102-1PD00—is designed
for use in platform scales equipped with a single load cell. It is very easy to use and apply in a
wide variety of applications, where the center of force acting is 62.5 mm from the vertical axis
of the load cell. It offers good performance and very small dimensions (25 × 40 × 150 mm).
The cell is made of aluminum and the recommended excitation voltage is between 5 and 12 V DC,
while the output at nominal load is 2 mV/V. It has an IP65 protection degree and allows 4 or 6
wire connections.

• Openlog module: A simple serial datalogger, based on an ATmega328 microprocessor clocked at
16 MHz, capable of handling large capacity microSD cards (up to 64 GB) with FAT16 and FAT32.
The main connection interface is FTDI type, with a configurable baud rate (up to 115,200 bps);
4 pins are also available for the SPI interface.
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All the electronic components are assembled inside a box from which only the power cables,
connecting to the load cells and the external antenna, come out. Each load cell is fixed on one side on a
stable steel support base, on the other side of a metal weighing plate. The whole system takes on a Z
shape. Nine of them were realized and placed under each polypropylene vented crate containing the
biomass samples inside the drying chamber.

2.4. System Calibration and Data Processing

For each individual cell, connected to its HX711 module, calibration was performed through
4 load conditions (0, 1.5, 3 and 5 kg), which allowed us to determine the offset and compensation
values of each individual sensor. Considering that the system had to work inside the dryer desiccator
cabinet (≈40 ◦C), the response of the sensor to three different temperature conditions (10, 25, 40 ◦C)
was also verified to assess the possible need for thermal compensation.

Using the Arduino IDE, a first calibration sketch was developed, which allowed us to determine
the calibration factors subsequently inserted in the operating sketch. The acquisition of the values of
weight, temperature and relative humidity was expected every 15 min, as the respective average of a
sample of 20 measurements, as well as the login parameters to the Wi-Fi network and the API keys for
writing the data in the various ThingSpeak channels, were set up.

ThingSpeak is a cloud platform provided by Mathworks intended for IoT applications, capable
of collecting, displaying and analyzing data from sensors in real time. In addition to allowing
instantaneous displays of data from IoT devices, the platform can run MATLAB code on these data,
for advanced “live” analysis and possibly for sending alerts.

After the complete assembly and the loading of the operating sketch, some tests were carried out
to verify the correct functioning of the sensors, the transmission system (Wi-Fi and ThingSpeak) and
data storage under operating conditions. To this end, the system and sensors were placed in the dryer
desiccator cabinet and measurement tests were started. Metal loads were applied to the weighing
plates and heating was started until the temperature reached 45 ◦C was reached, keeping it constant
for 48 h. From the analysis of the data collected during these preliminary tests, no significant errors in
the measurements emerged, both during the heating transient (22–45 ◦C) and during the steady state.

2.5. Microbiological Analysis

The microbial loads of sage and laurel were determined before and after each drying process.
Ten grams of each herb sample were suspended in 90 mL of Ringer’s solution (Sigma-Aldrich, Milan,
Italy) and subjected to homogenization by means of the stomacher BagMixer® 400 (Interscience,
Saint Nom, France) for 2 min at the highest speed. The decimal serial dilutions of the cell suspensions
were plated and incubated as follows: total mesophilic count (TMC) were spread plated on plate count
agar (PCA), incubated aerobically at 30 ◦C for 72 h; members of the Enterobacteriaceae family were pour
plated on double-layer violet red bile glucose agar (VRBGA), incubated aerobically at 37 ◦C for 24 h;
total yeast spread plated on yeast extract peptone dextrose (YPD) nutrient agar incubated at 28 ◦C for
48 h; molds spread plated on malt agar (MA), incubated aerobically at 25 ◦C for 7 days. To inhibit the
growth of bacteria, chloramphenicol (0.05 mg/mL) was added to YPD and MA. Microbiological counts
were performed in triplicate.

2.6. Statistical Analysis

The simple regression and the polynomial regression procedures were used to construct statistical
models describing the impact of a single quantitative factor—that is time (t) in our study—on a
dependent variable as the parameters moisture content (MC) and drying rate (DR) expressed through
(1) and (2). A linear model involving t or a polynomial model involving t and powers of t were
considered appropriate to fit to the data. In addition, the analysis of variance (ANOVA) was considered
in order to test if there were differences in the three biomass densities (3, 4 and 5 kg/m2) in MC during
time (a value every 6 h throughout the process was considered, named t0, t6, etc.). To test if there were
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statistical differences, Tukey’s test was performed. Differences were considered significant at 5% level
of significance.

Microbiological data were subjected to the one-way analysis of variance (ANOVA), too.
The comparison of treatment means was achieved by Tukey’s test; differences were considered
significant at 5% level of significance.

All the analyses were performed with the statistical software package Statgraphics centurion,
version XV (Statpoint Inc., The Plains, VA, USA, 2005).

3. Results and Discussion

3.1. Dehydration Process

The data continuously acquired by the drying process monitoring system are displayed through
the ThingSpeak platform, which provides diagrams of the type shown in Figure 3, referring to a 24-h
time span for three tests performed on the sage samples, in which the progressive weight decrease
during drying is observed.

Figure 3. Example of real time data acquisition through ThingSpeak during the sage dehydration
process for the three tests conditions (S1 = 3 kg/m2; S2 = 4 kg/m2 and S3 = 5 kg/m2).

The aw values of fresh and dried herbs are reported in Table 1. The dehydration process
consistently reduced the availability of water for the microbial development in laurel and, especially,
sage. Fresh herbs were characterized by aw 0.993 and 0.968 (sage and laurel, respectively), which reduced
during the drying process inversely to the biomass density with the lowest value (0.335) shown by the
trial S1 involving sage. The levels of aw after the drying of laurel were significantly higher (0.766 on
average) than those showed by the corresponding biomass densities of sage, and this is undoubtedly
imputable to the different leaf structure of the two aromatic plants.
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Table 1. Water activity (aw) values before and after dehydration.

Sage Laurel

Test aw Test aw

Fresh 0.993 ± 0.001 Fresh 0.968 ± 0.001
S1 0.335 ± 0.002 L1 0.679 ± 0.001
S2 0.339 ± 0.001 L2 0.787 ± 0.003
S3 0.377 ± 0.003 L3 0.831 ± 0.002

The curves of the three biomass densities show a very similar trend (Figure 4A). The whole process
has a total duration of 65 h. The starting MC mean value is 73% and the final mean value is 13%. In the
first 14 h of the process, the curves relating to the three tests are overlapping. After 32 h, halfway
through the process, MC decreases about 59% of the total. These results are in agreement with those
obtained in [29].

Figure 4 shows the progress of the sage dehydration process for the three biomass densities
(S1 = 3 kg/m2; S2 = 4 kg/m2 and S3 = 5 kg/m2).

Figure 4. Curves of moisture content MCt (A) and drying rate DRt (B) as a function of time for
sage dehydration process. Data are means of three replications (S1 = 3 kg/m2; S2 = 4 kg/m2 and
S3 = 5 kg/m2).
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The MC value of dried sage at the end of the process represents the bound water and is reflected
in the water activity value obtained after dehydration in the three tests.

As for the DR values obtained (Figure 4B), a falling drying rate trend can be observed, due to the
difficulty of the capillary forces in transferring water from inside the tissues to the surface of the plant.
DR starts from a value of 0.01 g/g h−1; then it constantly decreases, reaching the value of 0.006 g/g h−1

at the end of the process.
Regarding the laurel dehydration process, MC continuously decreases with the drying time

(Figure 5A). The drying of laurel leaves takes more than 40 h. Test L3 ends the dehydration process
with a moisture content below 30%, while tests L1 and L2 show an MC value higher than 30%. In the
first 10 h of the process, the curves related to the three tests are nearly coincident. After 20 h, in the
middle of the process, MC decreases by about 60% of the total value. The results obtained from this
study are in agreement with those obtained in [30]. DR (Figure 5B) shows a sudden decrease in the
first 3 h of the process, going from 0.02 to 0.01 g/g h−1. Then, the curves take on a horizontal trend up
to half of the drying process. Starting from the 20th hour, in fact, there is a DR reduction up to the final
value of 0.006 g/g h−1.

Figure 5. Curves of moisture content MCt (A) and drying rate DRt (B) as a function of time for
laurel dehydration process. Data are means of three replications (L1 = 3 kg/m2, L2 = 4 kg/m2 and
L3 = 5 kg/m2).
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The MC value of present dried laurel at the end of the process is reflected in the water activity
obtained after dehydration, which was equal to 0.766 on average.

The DR curves both for sage and laurel are representative of the drying kinetics of the two species
under the test conditions applied. The difference in the drying kinetics found in the two species is due
to the different structural characteristics of the biomass processed. Sage leaves have a lower vegetative
thickness than laurel leaves, that are also leatherier.

The laurel drying process was stopped after 42 h from the start, since the smart system detected,
for the three tests, MC values on average equal to 30%. This is in accordance with the mean water
activity value of the laurel obtained after dehydration (0.766). Considering that, in the literature, there
are no sources regarding laurel water activity, the only explanation that can be provided is related to
the particular physical–mechanical characteristics of the leaf of this species compared to those of other
aromatic herbs. The laurel leaf, in fact, is very leathery and the internal cells offer great resistance to
the release of water. Therefore, it would have been necessary to increase the process temperature to
reach MC values similar to those obtained in sage. This choice was not made, since it would have
been in contrast with many studies present in the literature. Sellami et al. [31], in fact, showed that
increasing drying temperature resulted in a significant decrease in the concentration of most volatiles.
Additionally, Hadjibagher Kandi et al. [12] state the importance of keeping temperature below 45 ◦C to
limit the essential oil content losses.

As for sage, on the other hand, the dehydration process ended after 66 h, therefore requiring
a drying time higher than 30% compared to laurel. Furthermore, also in this case, the process was
stopped by the smart system when the detected MC variations were negligible. This made it possible
to reach an average final MC value of 13%. This corresponds to the water activity value obtained
after dehydration (0.350). The process time and temperature used for sage are in agreement with [13];
they dehydrated sage using temperatures of 40 ◦C for 77 h and the drying process was conducted until
achieving 10% of humidity of drying material. As a consequence, the two species have a different
“expiration dates”, laurel’s being shorter than that of sage.

Regarding the polynomial regression analysis applied to the MC values for sage in the three tests,
since the p-value in Table 2 is less than 0.05, there is a statistically significant relationship between MC
and t at the 95% confidence level. The R-squared statistic indicates that the model, as fitted, explains
the reported percentage of the variability in MC. The order of the polynomial is appropriate as the
p-value on the highest order term of the polynomial equals 0.0.

Table 2. Polynomial regression analysis results for moisture content MC as a function of time for sage
dehydration process in the three tests (S1 = 3 kg/m2; S2 = 4 kg/m2 and S3 = 5 kg/m2).

Parameter Estimate Standard Error T Statistic p-Value

constant 73.0722 0.01008 7246.57 0.0000
t −1.57941 0.00070 −2254.84 0.0000
t2 0.00992658 0.00001 973.36 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 107,623 2 53,811.3 14,211,543.51 0.0000
Residual 1.24953 330 0.00378645

Total 107,624 332
R-squared 99.9988%

MC equation for S1: MC_S1 = 73.0722 − 1.57941·t + 0.00992658·t2

Parameter Estimate Standard Error T Statistic p-Value

constant 73.0656 0.01029 7101.54 0.0000
t −1.4671 0.00071 −2052.77 0.0000
t2 0.00885007 0.00001 850.511 0.0000
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Table 2. Cont.

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 97,873.4 2 48,936.7 12,414,254.04 0.0000
Residual 1.30085 330 0.00394198

Total 97,874.7 332
R-squared 99.9987%

MC equation for S2: MC_S2 = 73.0656 − 1.4671·t + 0.00885007·t2

Parameter Estimate Standard Error T Statistic p-Value

constant 73.0712 0.01040 7022.69 0.0000
t −1.51967 0.00072 −2102.55 0.0000
t2 0.0088421 0.00001 840.245 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 109,701 2 54,850.3 13,605,034.19 0.0000
Residual 1.33043 330 0.00403162

Total 109,702 332
R-squared 99.9988%

MC equation for S3: MC_S3 = 73.0712 − 1.51967·t + 0.0088421·t2

With reference to the simple regression analysis applied to sage DR in the three tests, since the
p-value in Table 3 is less than 0.05, there is a statistically significant relationship between DR and t
at the 95.0% confidence level. The R-squared statistic indicates that the model, as fitted, explains the
reported percentage of the variability in DR.

Table 3. Simple regression analysis results for drying rate DR as a function of time for sage dehydration
process in the three tests (S1 = 3 kg/m2; S2 = 4 kg/m2 and S3 = 5 kg/m2).

Parameter Least Squares Estimate Standard Error T Statistic p-Value

intercept 0.0107142 0.000003 3922.41 0.0000
slope −0.0000667179 7.10 × 10−8 −939.53 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 0.000542987 1 0.000542987 882,716.62 0.0000
Residual 2.02993 × 10−7 330 6.15 × 10−10

Total 0.00054319 331
R-squared 99.9626%

DR equation for S1: DR_S1 = 0.0107142 − 0.0000667179·t
Parameter Least Squares Estimate Standard Error T Statistic p-Value

intercept 0.00994843 0.000003 3386.19 0.0000
slope −0.0000593194 7.64 × 10−8 −776.65 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 0.000429237 1 0.000429 603,193.33 0.0000
Residual 2.34831 × 10−7 330 7.12 × 10−10

Total 0.000429472 331
R-squared 99.9453%

DR equation for S2: DR_S2 = 0.00994843 − 0.0000593194·t
Parameter Least Squares Estimate Standard Error T Statistic p-Value

intercept 0.0103152 0.000002 5467.19 0.0000
slope −0.0000594371 4.90 × 10−8 −1211.77 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 0.000430944 1 0.000431 1,468,382.14 0.0000
Residual 9.6849 × 10−8 330 2.93 × 10−10

Total 0.00043104 331
R-squared 99.9775%

DR equation for S3: DR_S3 = 0.0103152 − 0.0000594371·t
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Tables 4 and 5 show the polynomial regression analysis results respectively for MC and DR as a
function time for laurel dehydration process.

Table 4. Polynomial regression analysis results for moisture content MC as a function of time for laurel
dehydration process in the three tests (L1 = 3 kg/m2; L2 = 4 kg/m2 and L3 = 5 kg/m2).

Parameter Estimate Standard Error T Statistic p-Value

constant 54.1725 0.02741 1976.49 0.0000
t −0.875258 0.00297 −294.44 0.0000
t2 0.00879715 0.00007 130.24 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 8491.8 2 4245.9 233,311.76 0.0000
Residual 3.83986 211 0.0181984

Total 8495.64 213
R-squared 99.9548%

MC equation for L1: MC_L1 = 54.1725 − 0.875258·t + 0.00879715·t2

Parameter Estimate Standard Error T Statistic p-Value

constant 54.6339 0.01557 3509.28 0.0000
t −0.981658 0.00169 −581.39 0.0000
t2 0.0101928 0.00004 265.68 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 10,204.7 2 5102.33 868,994.45 0.0000
Residual 1.23889 211 0.00587153

Total 10,205.9 213
R-squared 99.9879%

MC equation for L2: MC_L2 = 54.6339 − 0.981658·t + 0.0101928·t2

Parameter Estimate Standard Error T Statistic p-Value

constant 54.5935 0.02813 1940.74 0.0000
t −1.05426 0.00305 −345.56 0.0000
t2 0.00990105 0.00007 142.83 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 13,458.6 2 6729.28 351,040.99 0.0000
Residual 4.04477 211 0.0191695

Total 13,462.6 213
R-squared 99.97%

MC equation for L3: MC_L3 = 54.5935 − 1.05426·t + 0.00990105·t2

Table 5. Polynomial regression analysis results for drying rate DR as a function of time for laurel
dehydration process in the three tests (L1 = 3 kg/m2; L2 = 4 kg/m2 and L3 = 5 kg/m2).

Parameter Estimate Standard Error T Statistic p-Value

constant 0.016539 0.00021 77.44 0.0000
t −0.00178689 0.00007 −25.97 0.0000
t2 0.000128877 0.00001 19.78 0.0000
t3 −0.00000381636 2.28 × 10−7 −16.70 0.0000
t4 3.87457 × 10−8 2.65 × 10−9 14.63 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 0.000861156 4 0.000215289 586.36 0.0000
Residual 0.0000763696 208 3.67161 × 10−7

Total 0.000937526 212
R-squared 91.8541%

DR equation for L1: DR_L1 = 0.016539 − 0.00178689·t + 000128877·t2-0.0000038164·t3+3.87457 × 10−8·t4
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Table 5. Cont.

Parameter Estimate Standard Error T Statistic p-Value

constant 0.0143628 0.00022 66.06 0.0000
t −0.0012179 0.00007 −17.39 0.0000
t2 0.0000893886 0.00001 13.48 0.0000
t3 −0.00000270083 2.33 × 10−7 −11.61 0.0000
t4 2.76817 × 10−8 2.70 × 10−9 10.27 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 0.00049453 4 0.000123633 324.94 0.0000
Residual 0.0000791405 208 3.80483·10−7

Total 0.000573671 212
R-squared 86.2045%

DR equation for L2: DR_L2 = 0.0143628 − 0.0012179·t + 0.000089389·t2 − 0.0000027008·t3 + 2.76817 × 10−8·t4

Parameter Estimate Standard Error T Statistic p-Value

constant 0.0160073 0.00017 92.84 0.0000
t −0.00143272 0.00005 −25.79 0.0000
t2 0.000105325 0.000005 20.02 0.0000
t3 −0.00000311549 1.84 × 10−7 −16.89 0.0000
t4 3.12868 × 10−8 2.14 × 10−9 14.63 0.0000

Source Sum of Squares Df Mean Square F-Ratio p-Value

Model 0.000491812 4 0.000122953 513.82 0.0000
Residual 0.0000497726 208 2.39292 × 10−7

Total 0.000541584 212
R-squared 90.8098%

DR equation for L3: DR_L3 = 0.0160073 − 0.00143272·t + 0.00010532·t2 − 0.0000031155·t3 + 3.12868 × 10−8·t4

ANOVA results on MC values for sage taken every 6 h during the dehydration process do not
show statistically significant differences between the three tests under study (Table 6).

Table 6. Analysis of variance results on moisture content values every six hours (MC) for sage
dehydration process in the three tests (S1 = 3 kg/m2; S2 = 4 kg/m2 and S3 = 5 kg/m2). Data are
means ± SD (n = 3).

Time S1 S2 S3 p-Value Significance 1

t0 72.7 ± 1.9 72.7 ± 1.3 72.7 ± 2.1 1.0000 n.s.
t6 63.9 ± 2.4 64.5 ± 1.9 64.2 ± 1.9 0.9379 n.s.
t12 55.5 ± 1.9 56.7 ± 1.4 56.0 ± 1.7 0.6860 n.s.
t18 47.8 ± 2.2 49.5 ± 2.5 48.5 ± 1.3 0.6206 n.s.
t24 40.8 ± 2.0 42.9±2.4 41.6 ± 1.7 0.4942 n.s.
t30 36.4 ± 2.3 37.0 ± 2.0 35.4 ± 1.6 0.3542 n.s.
t36 29.0 ± 2.0 31.7 ± 2.0 29.8 ± 2.2 0.3285 n.s.
t42 24.2 ± 2.2 27.0 ± 2.0 24.8 ± 2.5 0.3232 n.s.
t48 20.1 ± 1.9 23.0 ± 1.0 20.5 ± 1.9 0.1388 n.s.
t54 16.7 ± 1.5 19.6 ± 1.8 16.8 ± 2.1 0.1582 n.s.
t60 14.0 ± 2.0 16.9 ± 2.2 13.7 ± 2.2 0.1986 n.s.
t60 12.1 ± 2.2 14.8 ± 2.2 11.3 ± 1.5 0.1572 n.s.

1 n.s. = not significant.

ANOVA results on MC values for laurel taken every 6 h during the dehydration process (Table 7)
show statistically significant differences between the three biomass densities in the last part of the
process; in particular at t30, t36 and t42, (corresponding to the MC value registered after 30, 36 and 42 h
from the beginning of the process).
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Table 7. Analysis of variance results on moisture content values every six hours (MC) for laurel
dehydration process in the three tests (L1 = 3 kg/m2; L2 = 4 kg/m2 and L3 = 5 kg/m2). Data are
means ± SD (n = 3). Values in each row with different letters are significantly different from one another
at p < 0.05 (Tukey’s test).

Time L1 L2 L3 p-Value Significance 1

t0 55.0 ± 1.4 55.0 ± 1.3 55.0 ± 2.0 0.9986 n.s.
t6 49.3 ± 1.7 49.1 ± 1.2 48.7 ± 1.7 0.8789 n.s.
t12 45.1 ± 1.1 44.3 ± 1.6 43.5 ± 1.6 0.4040 n.s.
t18 41.1 ± 1.2 40.2 ± 0.8 38.8 ± 1.5 0.1123 n.s.
t24 38.4 ± 1.9 37.0 ± 1.0 35.0 ± 1.2 0.0683 n.s.
t30 35.9 ± 1.8 a 34.3 ± 1.4 ab 31.6 ± 1.4 b 0.0334
t36 34.1 ± 1.9 a 32.5 ± 1.7 ab 29.4 ± 1.9 b 0.0479
t42 32.8 ± 1.4 a 31.4 ± 1.6 ab 28.0 ± 1.7 b 0.0207

1 n.s. = not significant.

3.2. Microbiological Aspects

The results of the microbiological analyses are reported in Figure 6. The drying processes
completely eliminated members of Enterobacteriacea family, yeasts and molds from sage, since their
levels were below the detection limit (reported as zero in the graphic), independently on the biomass
density applied (Figure 6A). TMM were still detected after drying, but the thermal process consistently
decreased their levels (until 3.47–3.74 CFU/g). Even though no statistical differences were registered
among the biomass densities during drying, the trend observed is that microbial mortality decreased
when the biomass density increased inside the drying chamber.

The same drying process applied to laurel indicated how the different leaf structure influenced
microbial survival. In this case, all four microbial groups object of investigation showed a higher
resistance than those searched in sage, because their levels were clearly detectable (Figure 6B).
The drying process did not significantly reduce the levels of TMM and molds when the biomass density
was 5 kg/m2. With laurel leaves, it is undoubtedly shown that the biomass drying density influenced
microbial death kinetics, since the viability of all populations registered at 3 kg/m2 was at the lowest
levels and increased with biomass drying density.

Figure 6. Cont.
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Figure 6. Microbial loads of aromatic herbs subjected to drying. (A), sage; (B), laurel.

The results of TMM in our study are little below the levels of total bacterial counts at 22 and
37 ◦C detected by [32], where the authors analyzed different dried herbs, including sage, cultivated in
family-managed fields. The differences could not be explained in terms of drying process, since the
drying process reported in [32] consisted of a ventilated drying at 40 ◦C for 24 h, but the information
about the load density of the leaves was not reported. The same authors also reported for sage total
coliforms, which are part of Enterobacteriaceae family, values below 104 CFU/g. In [33], several potential
pathogenic species were found, including Yersinia intermedia, Shigella spp. and Enterobacter spp. in
several commercialized dried spices and herbs, highlighting the importance of acquiring information
on the efficacy of the drying process. Considering that the microbiological quality of commercialized
herbs can influence the final safety of different formulated foods [34], the drying process assumes
a relevant role during the processing of fresh herbs, even though the conditions applied during
conservation are of paramount importance [35].

To our knowledge, this is the first work performed on the microbiological characterization of
laurel leaves. Our data clearly show how these leaves exert a protective effect on bacteria, yeasts and
molds, highlighting the importance of acquiring information on the microbiological characteristics of
herbs used in food formulation and preparation. The disappearance of all microbial groups from sage
is easily explained by the very low water activity values registered for the species after the dehydration
process, which was in the range 0.335–0.377 for the different biomass densities. Water activity represents
an intrinsic parameter of paramount importance for the development of microorganisms in food.
This factor greatly influences microbial thermal resistance; thus, low moisture foods are particularly
hostile for microbial survival [36]. On the contrary, laurel structure did not allow a consistent removal
of water, determining the higher survival of bacteria and fungi in comparison to sage. However, unlike
sage, laurel is not commonly consumed raw and generally undergoes a thermal treatment before
consumption, such as boiling (e.g., for the preparation of chestnuts boiled in water flavored with fennel
seeds or laurel leaves) [37] or roasting (when added to meat) [38].

4. Conclusions

The smart system tested has provided valid decision support during the entire drying process,
allowing the precise monitoring of the evolution of the biomass moisture loss and drying rate. It allowed
us to stop the drying process at time “t” in which the biomass gave negligible weight variations—that
is, at the temperature of 40 ◦C it was no longer possible to lower MC for both species. This made
it possible to limit the loss of volatile and phenolic compounds of the dried product. In fact, in the
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literature it is well known that very long drying times and temperatures above 40 ◦C lead to a reduction
in the quality of the final product. The two species examined, after drying at the same temperature,
achieved a different microbial stability, higher in sage than in laurel. This difference can be attributed
to the different structural characteristics of the leaves of the two species, which influence the quantity
of bound water present in the plant tissues. The three different biomass densities employed (3, 4 and
5 kg/m2) did not provide significant differences in the drying process for sage. Statistically significant
differences among the three tests were found for laurel in the final part of the process. It follows
that biomass density up to 5 kg/m2 is not a limiting factor in the duration of the process. Further
tests with higher biomass densities will be necessary in order to identify the biomass density beyond
which the duration of the drying process is higher than that obtained for the two species. Monitoring
and controlling the process also allows us to identify any critical points during drying, including the
malfunction of the drying chamber, with temperature variations inside, such as to compromise the
product in the event of temperatures above 40 ◦C, or to be carried out for very long process times in
the event of temperatures below 40 ◦C. The microbial loads of the aromatic herbs after drying was
influenced by the different leaf structures of the species; in particular, with laurel leaves, microbial
survival increased with increasing biomass density. Finally, with the drying method adopted, the two
species under consideration showed a different microbial stability and, consequently, will have a
different shelf life, longer for sage than for laurel.
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Abstract: Spike lavender, Lavandula latifolia Medik., is a species of economic importance for its
essential oil (EO). The purpose of this study was to estimate the effect of the variable climate and fixed
factors such as soil and geographic location on EO yield and quality. The study material was collected
in 34 populations from four different Spanish bioregions for three years. The EO extraction from
spike lavender leaves and flowers was done with simple hydrodistillation, in Clevenger. Soil samples
were also collected. Climate data were provided by the State Meteorological Agency. The EO average
yield was obtained for the bioregion mean and in each bioregion. The higher EO yield is related
clearly to the climate condition. A greater amount of annual rainfall produced a higher EO yield
in the four bioregions and of better quality. Soils richer in organic matter and minerals produced
higher EO yield but with less quality. The altitude had little effect on EO yield. Higher altitude
favored obtaining higher EO quality. At lower latitude, further south, the populations obtained a
higher EO yield. The evaluation of the environmental effect on the EO yield and quality could allow
better natural conservation and more accurate selection of the best populations for breeding and
spike lavender cultivation protocols.

Keywords: spike lavender; essential oil; 1,8-cineole; linalool; camphor; edaphic characteristics;
altitude; latitude; longitude

1. Introduction

The genus Lavandula of the Lamiaceae family comprises about 39 species [1]. This genus is made
up of small perennial green shrubs, with aromatic flowers and forage from which essential oil (EO) can
be obtained. The main species of the genus from which commercial EO is obtained are Lavandula
latifolia Medik. with an estimated average annual production of 200 t, Lavandula angustifolia Mill. with
another 200 t, and the hybrid of the two previous species, called Lavandin (L x intermedia Emerik ex
Loisel) with about 1000 t [2]. In France, in 2018, 4662 ha of L. angustifolia Mill were cultivated with
a production of 116.62 t of EO and 20,770 ha of Lavandin with a production of 1646.13 t of EO [3],
which represents slightly more than 3 times kg/ha yield than lavender.

The spike lavender (L. latifolia Medik.) is native to the Mediterranean region, growing wild
mainly in the former Yugoslavia, Italy, France, Spain, and Portugal [1]. It grows in forest clearings,
especially in limestone rocky or dry pastures on sunny slopes, in basic substrates and alluvial sands [1].
It prefers areas between 600–1000 m of altitude [4]. It is collected in the field and cultivated for
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its EO, to which antibacterial and antifungal, sedative, and antidepressant properties have been
attributed, highly appreciated in aromatherapy and phytotherapy [5–7], and is a source of natural
antioxidants [8,9]. The spike lavender has been in the past in Spanish regions the species with the
highest incidence in its spontaneous collection for the perfume industry [4].

Due to its economic importance, the composition of the spike lavender EO has been widely studied
(bibliographic reviews by Boelens [10], García-Vallejo [11], Lis-Balchin [12]). Spike lavender EO consists
mainly of monoterpenes and is produced and stored in the glandular trichomes that cover the surface
of the aerial parts of the plant, although its production and composition are different in the flower
than in other parts of the plant [13]. The main monoterpenes are 1,8-cineole, linalool, and camphor,
which determine the olfactory body of EO and comprise about 80% of EO [10,12]. The commercial value
of an aromatic plant is determined by the EO yield and composition. Higher levels of linalool and lower
amounts of 1,8-cineole and camphor in L. latifolia Medik. are positive factors for the pharmaceutical
and cosmetic industry and are considered higher quality EO [10,14]. EO with high proportions of
camphor is used in the phytosanitary industry [7,15].

The EO of spike lavender, like that of other EOs, is the end product of a complex biological process
and its production and composition can vary considerably at the intraspecific level depending on
the genotype, on the part of the plant that is used for extraction [10,13], on environmental factors
such as climatic conditions and soil composition, geographic location [16], and date of collection [17].
Despite the commercial importance of spike lavender EO, the influence of some environmental factors
on its production and quality has been poorly characterized.

Spain is the largest producer of spike lavender EO with 150–200 t per year [2] and its EO is the most
important of the essential oils commercially produced in Spain [12]. The Spanish Ministry of Agriculture
publishes joint data on lavender and lavandin on acreage and biomass production. In 2018, there were
4725 ha and 15,844 t of biomass [18]. Most studies on the production and chemical composition of
EO have been carried out in wild populations in different Spanish regions. The most extensive study of
populations has been carried out by Herraiz-Peñalver et al. [16], analyzing 194 samples from 6 different
biogeographic Spanish regions. Muñoz-Bertomeu et al. [13] analyzed the differences in production and
quality in 7 populations of the Valencian region. Salido et al. [17] analyzed the seasonal behavior in
samples from 3 different localities in Andalucía. Its behavior has also been analyzed under cultivation
conditions in Spanish regions adapted to the species [4,7].

The quality of an aromatic plant is determined by its secondary metabolite content and its biomass
yield. The prospecting and chemical characterization of wild populations and the analysis of the factors
that influence their quantity and quality provide essential starting information for the conservation
programs and for the selection of parental lines that allow obtaining in future adapted cultivars.
Productions from wild collections carry products that are difficult to trace and can pose environmental
problems due to overexploitation of natural populations. It is more convenient to collect the species
plants in culture.

The objective of this study is to estimate the environmental effects on the production and
composition of spike lavender EO in wild populations of various Spanish regions of the North, Center,
and Southeast with the dual purpose of conserving natural populations and selecting populations in
order to obtain suitable genotypes for spike lavender cultivation and as progenitors of new Lavandin
varieties in crosses with L. angustifolia.

2. Materials and Methods

2.1. Vegetable Samples

Plant samples were collected in 34 wild populations of L. latifolia Medik. for three consecutive
years in 2011, 2012, and 2013 in three Biogeographic Regions: Atlantic European 4, Cévenno-Pyrenean
7, Mediterranean Central Iberian 18, defined by Rivas-Martínez and Rivas-Saenz [19]. The populations
were distributed in four bioregions dividing the Mediterranean Biogeographic region in two due
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to its extension. The Cantabroatlantic bioregion 4a (C-4a) with 9 populations, the Prepyrenean 7a
(P-7a) with 9 populations, the Mediterranean Castillian 18a (MC-18a) with 7 populations, and the
Mediterranean Oroiberian 18b (MO-18b) with 9 populations were the four bioregions (Figure 1).
Biogeographic regions layer source Ministerio para la Transición Ecológica (MITECO) (10 February
2018). Software Diva-GIS is available at https://www.diva-gis.org/download. Table S1 shows the
latitude and longitude coordinates and collection date for three years of the 34 populations studied.

Figure 1. Map with location of the 34 wild populations of Lavandula latifolia Medik. by bioregions.

The plant samples collected consisted of flowers and leaves of about 25 plants per population
until reaching an approximate weight of 500 g. The collections were made at the time of full flowering,
with more than 50% of the plants with open flowers [20] at the end of August–September, depending
on the geographical location. The samples from each population were dried at room temperature in
shade, and they reached a constant weight in a week.

2.2. Soils

To establish the edaphic characteristics, soil samples were collected from each population in which
the plant material was collected. By removing the first centimeters of soil to eliminate the vegetation
cover, a kg of soil was collected from the first 20 cm or until reaching bedrock. The characteristics that
were analyzed are: pH using a CRISON BASIC 20 (CRISON INSTRUMENTS, S.A., Alella, Spain) [21]
model pH meter, % fines, percentage of soil less than 2 mm in diameter, electrical conductivity (EC)
using a model conductivity meter micro CM 2200 CRISON (CRISON INSTRUMENTS, S.A., Alella,
Spain) [22], the oxidizable carbon content in the soil (SOC) according to Walkley and Black [23], the total
nitrogen content of the soil (SN) according to the Kjeldahl method, the assimilable phosphorus (P)
content [24] using a spectrophotometer Genesys 10S UV-VIS (Thermo Scientific, Madison, WI, USA),
and the bioavailable potassium (K) content [25] using an inductively coupled plasma atomic emission
spectrometer ICP-AES Óptima 5300 DV (Perkin Elmer, Wellesley, MA, USA).

2.3. Climatic Data

The climatic variables were obtained from the information provided by the State Meteorological
Agency (AEMET) Ministry of Agriculture, Food, and Environment.
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For the meteorological data, the three campaigns from August 2010 to August 2013 were
considered, the end of the agricultural year coinciding with the collection of the material to be distilled.
From the data of extreme temperatures by months and monthly precipitation, the quarterly values
were calculated taking the agricultural years: Quarter 1: from September to November; Quarter 2:
from December to February; Quarter 3: from March to May; Quarter 4: from June to August.

A Gaussen climogram was constructed [26] to represent the climatic variability to which the
sampled populations were subjected.

2.4. Analysis and Quantification of Chemical Parameters

The EO was obtained following the methodology proposed by the European Pharmacopoeia
with simple hydrodistillation, in Clevenger [27]. Each sample (180 g of leaves and flowers of dry
material) is introduced so as to form a fixed bed in an alembic with water (2L) and boiled for 150 min.
The identification of the volatile active principles that make up the EO is analyzed with Gas–Liquid
chromatography. The analyses were performed on a Hewlett-Packard Agilent HP 6890N GC system
equipped with a quadrupole mass spectrometer Agilent 5973N (Agilent Technologies, S.L., Palo Alto,
CA, USA) and DB-5 capillary column with stationary phase phenyl methyl silicone (non-polar) of
30 m long (0.25 mm in diameter and 0.25 μm in film thickness), applying a temperature gradient from
343.15 K to 513.15 K, with an increase of 276.15 K per minute, maintaining the final temperature for
two minutes. Additionally, an Agilent 5975 B (Agilent Technologies, S.L., Santa Clara, CA, USA) model
gas chromatograph (GC/MS) was used, coupled to an electronic impact mass spectrometer (70 eV)
with a column equal to that used in the FID gas chromatograph, to check the active principles.

For the identification of the EO components, n-alkanes standards from C6 (hexane) to C25
(pentacosane) have been injected into the GC/MS column under the same conditions as the samples,
the relative retention times of pure substances (standards) and the corresponding Kovats retention
indices (RI) were used. The quantification of the percentages of the components is performed according
to the areas of the chromatographic peaks. With this methodology, there are several samples in which
some active principles do not separate well, so they are considered together. These active principles
are: sabinene + β pinene and limonene + 1,8-cineole.

The EO yield and the active principles that were detected with a percentage higher than 1% that
appear in the ISO-4719 [28] were EO yield, α pinene, camphene, sabinene + β pinene, limonene +
1,8-cineole, linalool, camphor, borneol, andα-terpineol. Given the low percentage of limonene, around a
mean value of 1% [13,16,17,29], the result tables will show only 1-8-cineole instead of limonene +
1,8-cineole, so the percentage of 1,8-cineole will be somewhat overrated.

2.5. Statistical Analysis

In order to compare the different variables, they were standardized. The means are presented
with their standard differences (±S.D). One-way analysis of variance (ANOVA) was used to test the
effect of experimental years and different geographical origins on the variables EO yield, 1,8-cineole,
linalool, camphor, and rainfall. Tukey’s test was performed to determine differences between treatment
means. The Pearson correlation coefficients between EO yield, 1,8-cineole, linalool, and camphor
were also determined. Linear regressions of the dependent variables, EO yield, 1,8-cineole, linalool,
and camphor, were made on edaphic and location characteristics of the populations. The level of
statistical significance was set at p < 0.05 and p < 0.01 (**). All statistical analyses were performed
with the InfoStat statistical package (InfoStat v2016; Grupo InfoStat, FCA, Universidad Nacional de
Córdoba, Argentina, 2016).
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3. Results

3.1. EO Yield and Composition

The EO yield mean value in the 34 populations of the four bioregions for three years was 2.95%,
with values between 1.75–4.58% (Table 1). Of the 8 components that represent around 90% of the
EO, three components account for 80% of the EO: 1,8-cineole represents 36.62%, linalool 26.74%,
and camphor 17.23%.

Table 1. Essential oil (EO) yield (% of dry weight) and major components (in EO %) in 34 wild
populations of L. latifolia Medik. Year mean and by bioregions.

Bioregion Component na Min. Mean S.D. Max.

All populations

essential oil yield 34 1.75 2.95 0.71 4.58
α-pinene 34 0.85 1.73 0.53 3.13

camphene 34 0.37 0.81 0.27 1.45
sabinene+β-pinene 34 1.52 2.85 0.87 4.75

1,8-cineole 34 20.96 36.62 9.89 54.30
linalool 34 11.42 26.74 7.74 45.36

camphor 34 4.23 17.23 7.97 31.39
borneol 34 1.05 2.36 1.00 5.97

α-terpineol 34 0.38 0.88 0.21 1.39

Cantabroatlantic
(C-4a)

essential oil yield 9 1.75 2.52 b 0.63 3.51
1,8-cineole 9 21.51 38.20 a 8.63 46.91

linalool 9 25.29 30.69 a 6.92 45.36
camphor 9 7.23 12.34 b 4.46 20.73

Prepyrenean
(P-7a)

essential oil yield 9 2.37 2.86 ab 0.47 3.70
1,8-cineole 9 20.96 24.46 b 2.18 26.82

linalool 9 22.43 29.39 ab 4.73 38.81
camphor 9 23.17 27.04 a 2.58 31.39

Mediterranean
Castillian
(MC-18a)

essential oil yield 7 2.30 2.77 b 0.46 3.55
1,8-cineole 7 35.45 41.84 a 6.19 51.41

linalool 7 20.01 25.60 ab 5.58 36.28
camphor 7 7.76 13.43 b 7.04 24.83

Mediterranean
Oroiberian
(MO-18b)

essential oil yield 9 2.28 3.63 a 0.74 4.58
1,8-cineole 9 30.40 43.13 a 7.41 54.30

linalool 9 11.42 21.03 b 9.49 36.60
camphor 9 4.23 15.28 b 6.80 25.61

na Number of populations in which the component appears. Different letters indicate significant differences
among bioregions.

There are significant differences among the bioregions in the EO yield and the proportion of
its components (Table 1). The MO-18b region is with the highest significant EO mean yield, 3.63%.
The other three bioregions obtain a similar yield, P-7a with 2.86%, MC-18a with 2.77%, and the C-4a
region having the lowest value, 2.52%.

The EO composition is different in the four bioregions (Table 1). The major component is
1,8-cineole, with values around 40% in the two Mediterranean regions and in C-4a, while in the P-7a
region its proportion falls to less than 25%. Linalool is the first EO component in P-7a with 29.39% and
is the second in the other bioregions, 30.69% in C-4a and somewhat lower in the two Mediterranean
regions, 25.60% in MC-18a and 21.03% in MO-18b. The proportion of camphor is 27.04% in P-7a,
about double the values of the other bioregions.

There are significant differences in EO yield among years (Table 2). The average value of the 34
populations in 2013 is the highest EO yield (3.99%), followed by 2011 (2.77%), and with the lowest yield
is 2012 (2.06%). The same order of years in EO yield is maintained in the bioregions C-4a (Table S2),
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P-7a (Table S3), MC-18a (Table S4), and MO-18b (Table S5). In MC-18a, the difference is not significant
in EO yield between 2011 and 2012.

Table 2. EO yield (% of dry weight) and major components (in EO %) in 34 wild populations of
L. latifolia Medik. for each of the years analyzed.

Year Component na Min. Mean S.D. Max.

2011

essential oil yield 33 0.83 2.77 b 1.08 5.78
1,8-cineole 34 13.05 32.89 b 8.99 50.51

linalool 31 0.23 21.17 b 15.95 48.94
camphor 31 4.17 20.07 a 10.15 36.67

2012

essential oil yield 34 0.97 2.06 c 0.64 3.18
1,8-cineole 34 14.08 42.04 a 13.55 66.13

linalool 34 3.03 24.36 b 11.13 49.94
camphor 34 4.94 17.11 ab 7.83 31.97

2013

essential oil yield 34 1.69 3.99 a 1.30 6.80
1,8-cineole 34 17.09 34.92 b 10.67 55.03

linalool 34 5.31 34.00 a 10.18 54.08
camphor 34 3.60 15.49 b 7.65 31.82

na Number of populations in which the component appears. Different letters indicate significant differences
among years.

In each of the three years, the order from highest to lowest proportion of 1,8-cineole, linalool,
and camphor is maintained in the EO composition (Table 2). However, their percentages differ among
the years. In 2012, the percentage of 1-8 cineol is 42.04%, significantly higher than in the other two years.
In 2013, linalool presents a significantly higher proportion, 34.00%, and camphor, a significantly lower
value, 15.49%, than in 2012 and 2011. In each bioregion (Tables S2–S5), there are the same orders in the
percentages of the EO components in the years 2012 and 2013 that occur in the 34 population means.

3.2. Climate

Comparing rainfall among years (Table 3), the agricultural year 2013 was the year of significantly
higher rainfall in all bioregions, followed by 2011, and 2012 with the worst record; however,
the differences between these two years are not statistically significant, except in P-7a where, in 2012,
precipitation is significantly lower.

Table 3. Values of precipitations by agricultural quarters (TRI1: September to November; TRI2:
December to February; TRI3: March to May; TRI4: June to August) by bioregions in each year.

Year Bioregion TRI1 TRI2 TRI3 TRI4 Annual *

2011

C-4a 239.34 a 197.07 a 150.51 a 119.63 b 706.54 a B
P-7a 238.67 a 157.18 ab 162.07 a 177.56 a 735.47 a B

MC-18a 134.01 b 145.69 ab 194.06 a 89.48 bc 563.24 ab AB
MO-18b 128.92 b 98.8 b 178.94 a 49.17 c 455.84 b B

2012

C-4a 180.36 a 196.79 a 200.73 a 71.35 bc 649.23 a B
P-7a 188.87 a 40.33 b 240.69 a 131.22 a 601.11 a C

MC-18a 108.37 b 66.15 b 165.11 b 76.91 bc 416.55 b B
MO-18b 110.99 b 36.92 b 107.67 c 51.34 c 306.92 b B

2013

C-4a 218.28 b 430.94 a 281.3 a 119.72 b 1,050.25 a A
P-7a 296.47 a 232.69 b 288.2 a 204.16 a 1,021.51 a A

MC-18a 162.02 bc 173.29 bc 257.01 a 97.52 b 689.85 b A
MO-18b 197.07 c 95.89 c 206.58 a 124.34 b 623.87 b A

Lowercase letters indicate the difference in precipitation among bioregions within each year. * Capital letters in the
last column indicate the difference among years for each bioregion for annual precipitation. Source of meteorological
data: AEMET.
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Comparing rainfall among bioregions (Table 3), MO-18b has the lowest annual rainfall in the
three years, followed by MC-18a with slightly higher values. The two northern bioregions, C-4a and
P-7a, have significantly higher annual rainfall than the two Mediterranean bioregions for the three
years. They have very similar annual values, but taking into account the rainfall of the fourth quarter
of the plant cycle (June, July, and August), P-7a has a significantly higher value than C-4a in the three
years. In this fourth quarter, the two Mediterranean bioregions have rainfall values significantly lower
than P-7a, and with respect to C-4a, the difference is significant only in 2011. Figure S1 shows a Gaussen
climogram with the maximum and minimum temperatures in ◦C and quarterly precipitation (mm)
during the three years and in the four bioregions.

3.3. Edaphic Characteristics

The soils of the populations of the four bioregions (Table 4) present a similar pH value, between 7.5
and 8, these are basic soils. The P-7a bioregion shows lower mean values than the other bioregions
in all the edaphic variables and with more homogeneous values in its 9 populations than the other
bioregions. It has a lower percentage of fines, that is, more stony soil and a lower electrical conductivity
(EC), which may indicate a lower presence of salts in its soil and also lower values with respect to the
other bioregions in organic soil (SOC) in soil nitrogen content (SN), potassium (K), and phosphorus (P).

The soil values of MO-18b populations present a greater dispersion, less in the physical texture of
the soil, with a high value of fines %, somewhat lower than the other Mediterranean bioregion. It also
presents higher mean values than the other bioregions in EC, SOC, SN, P, and a high K value.

The EO yield % does not show a relationship with the variability of the values of the different
edaphic variables of the 34 populations. In the EO composition, the 1-8 cineol increases significantly
with higher values of fine grain % (Figure 2A), EC (Figure 2B), SOC (Figure 2C), and SN (Figure 2D),
and the proportion of linalool decreases significantly with higher values of fine grain % (Figure 2E),
EC (Figure 2F), SOC (Figure 2G), and P (Figure 2H). The different pH values in the populations show
no relationship with changes in the EO component proportions, although there is a trend of more EO
yield in more basic soil.

3.4. Altitude, Latitude, and Longitude of the Populations

The altitude mean of the populations (Table 5) is similar in the Mediterranean bioregions and
higher than in the Nord bioregions. The altitude is 997 in MC-18a and is 937 m in MO-18b. The C-4a
bioregion has a lower mean height of 700 m. The P-7a is the most homogeneous in altitude, almost all
the localities with a height greater than 800 m and an average value of 900 m.

To analyze whether the population altitude was related to the EO yield and components, regressions
were performed of the 34 populations’ mean values in EO yield, linalool, 1,8-cineole, and camphor on
their altitude. None regression gave significant values, and there seems to be a trend towards a higher
EO yield as the altitude of the population increases.

Analyzing the regression by bioregions, none have shown any relationship of greater EO yield as
altitude increases. Regarding the relationship with the EO components (Figure 3), there is a significant
negative relationship in P-7a with 1,8-cineole (Figure 3A); with linalool, there is a positive relationship
in the two Mediterranean, MO-18b (Figure 3B); and with camphor, there is a positive relationship in
C-4a (Figure 3C) and negative in the two Mediterranean, M-18b (Figure 3D).
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Table 4. Edaphic characteristics of the 34 L. latifolia Medik. populations by bioregions.

CAT pH % Fine-Grain EC SOC SN K P Altitude

C-4a

558 8.12 46.89 157.7 3.46 0.460 158.85 1.51 530
559 7.56 69.92 163.4 37.09 2.360 418.97 14.95 566
560 7.45 41.21 158.7 16.42 1.321 108.96 6.41 676
561 7.45 60.19 143.0 13.12 1.271 391.81 5.13 584
562 8.04 54.91 173.7 30.56 2.615 321.50 11.32 710
563 7.95 43.55 183.0 26.65 2.041 378.44 8.83 769
564 8.25 58.90 143.1 7.09 0.535 86.92 10.11 676
565 8.04 57.62 163.4 13.94 0.958 235.93 4.99 848
566 7.99 59.75 134.0 27.15 2.105 301.09 6.23 939

Mean 7.87 a 54.77 ab 157.78 a 19.50 a 1.52 a 266.94 a 7.72 a 699.78 b
S.D. 0.30 9.22 16.62 11.37 0.79 125.15 4.01 134.79

P-7a

530 7.81 38.51 154.3 6.34 0.555 68.38 5.55 977
531 7.60 24.85 118.3 1.36 0.584 28.54 3.48 838
534 7.63 43.23 174.6 22.20 1.788 102.24 9.69 781
535 7.46 65.38 159.9 5.83 0.550 90.91 1.57 802
536 8.33 55.55 133.3 6.76 0.370 139.15 18.43 973
537 7.52 54.56 155.2 12.96 1.066 61.12 6.83 1048
538 7.88 56.46 147.3 5.38 0.510 64.53 3.84 993
539 8.19 62.46 151.3 4.21 0.412 83.45 3.71 793
540 7.59 54.27 146.7 8.58 0.773 115.77 5.42 892

Mean 7.78 a 50.59 b 149.00 a 8.18 a 0.734 a 83.79 b 6.50 a 899.67 ab
S.D. 0.30 12.80 16.00 6.13 0.447 32.89 5.04 100.58

MC-18a

552 7.52 63.76 194.0 34.54 2.830 45.63 22.66 1133
553 7.75 77.35 174.9 17.72 0.884 36.30 6.83 940
554 7.87 74.80 157.5 15.27 1.335 40.96 5.40 1008
555 7.75 66.51 158.9 10.69 0.794 24.69 4.76 1130
556 7.85 58.16 152.2 1.42 0.314 35.04 1.58 835
557 7.59 61.46 199.6 28.04 2.245 186.34 11.90 879
567 8.10 60.21 168.4 37.26 3.215 323.31 11.11 1056

Mean 7.78 a 66.04 a 172.21 a 20.70 a 1.66 a 98.90 ab 9.18 a 997.29 a
S.D. 0.19 7.38 16.44 13.10 1.11 113.80 6.95 117.76

MO-18b

529 8.00 57.63 149.9 3.37 0.292 126.13 2.86 1255
544 8.42 62.58 151.0 5.70 0.417 40.87 3.42 604
545 8.17 57.91 162.9 5.45 0.384 153.03 3.42 968
546 7.20 60.46 234.0 17.14 1.384 154.64 8.53 941
547 7.65 66.78 208.0 77.98 4.164 687.71 23.66 1012
548 8.08 50.20 181.2 13.57 0.766 144.84 7.98 777
549 7.82 59.54 143.2 3.32 0.298 129.83 3.71 757
551 7.73 66.85 357.5 87.35 5.004 353.52 75.01 790
568 7.30 45.90 631.5 28.60 2.711 417.79 13.95 1333

Mean 7.82 a 58.65 ab 246.58 a 26.94 a 1.71 a 245.37 ab 15.84 a 937.44 a
S.D. 0.40 6.97 159.12 32.71 1.81 204.13 23.20 238.49

CAT: Population code. Edaphic variables and units: pH; % fine-grain < 2 mm; EC: Electric Conductivity (μs/cm);
SOC: Soil Organic Carbon. (g/kg); SN: Soil Nitrogen (g/kg); K: Potassium assimilable (mg/kg); P: Phosphorus Olsen
(mg/kg). Different letters indicate significant differences among bioregions.
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Figure 2. Regressions of 1,8-cineole on % fine-grain < 2 mm (A); EC: Electric Conductivity (μm/cm) (B);
SOC: Soil Organic Carbon (g/kg) (C); and SN: Soil Nitrogen (g/kg) (D) and regressions of linalool on %
fine-grain < 2 mm (E); EC: Electric Conductivity (μm/cm) (F); SOC: Soil Organic Carbon (g/kg) (G);
and P Olsen: P assimilable (g/kg) (H).
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Table 5. Altitude (m), EO yield (% on dry weight), and major components (EO %) of the 34 wild
populations of L. latifolia Medik. by bioregion.

CAT Bioregion Altitude Essential Oil Yield 1,8-Cineol Linalool Camphor

558

C-4a

530 3.51 21.51 45.36 14.52
559 566 1.75 38.53 37.15 7.23
560 676 2.01 46.36 26.19 11.60
561 584 2.35 43.69 29.43 7.85
562 710 1.90 46.91 25.42 9.24
563 769 2.38 45.09 26.89 10.37
564 676 2.87 38.57 25.29 12.33
565 848 2.52 33.69 26.17 20.73
566 939 3.41 29.41 34.31 17.18

Mean 699.78 b 2.52 b 38.20 a 30.69 a 12.34 b
S.D. 134.79 0.63 8.63 6.92 4.46

530

P-7a

977 2.37 23.16 38.81 23.17
531 838 2.48 26.49 30.05 28.25
534 781 3.38 26.82 24.54 28.61
535 802 2.61 26.20 22.43 29.25
536 973 3.01 24.81 30.75 26.51
537 1048 2.47 20.96 27.35 25.08
538 993 3.70 22.74 31.65 26.58
539 793 3.13 26.51 27.70 24.54
540 892 2.55 22.47 31.27 31.39

Mean 899.67 ab 2.86 b 24.46 b 29.39 ab 27.04 a
S.D. 100.58 0.47 2.18 4.73 2.58

552

MC-18a

1133 3.26 51.41 26.59 7.76
553 940 2.30 43.07 26.56 8.64
554 1008 2.55 39.51 27.07 10.87
555 1130 2.50 38.78 36.28 8.76
556 835 3.55 48.70 20.01 10.93
557 879 2.74 35.98 20.72 24.83
567 1056 2.47 35.45 21.94 22.25

Mean 997.29 a 2.77 b 41.84 a 25.60 ab 13.43 b
S.D. 117.76 0.46 6.19 5.58 7.04

529

MO-18b

1255 3.94 49.46 29.53 4.23
544 604 3.68 35.99 11.69 25.61
545 968 3.55 37.98 16.32 21.04
546 941 2.28 54.30 17.10 9.39
547 1012 2.80 46.72 11.89 13.23
548 777 3.35 43.12 30.95 10.22
549 757 4.58 42.41 23.76 19.19
551 790 4.33 47.82 11.42 20.44
568 1333 4.11 30.40 36.60 14.15

Mean 937.44 a 3.63 a 43.13 a 21.03 b 15.28 b
S.D. 238.49 0.74 7.41 9.49 6.80

CAT: population code. Different letters indicate significant differences between bioregions.
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Figure 3. Regressions on altitude: (A) 1,8-cineole in P-7a; (B) linalool in MO-18b; (C) camphor in C-4a;
(D) camphor in MO-18b.

Populations with lower latitude have significantly higher EO yield (Figure 4A), a higher proportion
of 1,8-cineole (Figure 4B), and a lower proportion of linalool in EO composition (Figure 4C). Therefore,
populations with higher latitude produce less EO, a lower proportion of 1,8-cineole, and a significantly
higher proportion of linalool.

Regarding the longitude location of the populations, the EO yield and the linalool proportion do
not have a significant relationship with the longitude. There are significant values of 1,8-cineole and
camphor with a greater longitude, negative and positive, respectively (Figure 4D,E).

3.5. Relationship between EO Yield Main Components

Considering the mean values of the 34 populations for the three years, the higher or lower EO
yield does not show a correlation with the variability of the values of the three main EO components
(Table 6). For the mean values in each of the four bioregions, there is only a significant and negative
correlation in C-4a between EO yield and 1,8-cineole (−0.82 **) (Table S6).

Table 6. Relationship between EO yield main components means of 34 populations of L. latifolia Medik.
for three years based on the Pearson correlation matrix with standardized variables.

Essential Oil Yield 1,8-Cineole Linalool Camphor

essential oil yield 1.00
1,8-cineole −0.02 1.00

linalool −0.15 −0.48 ** 1.00
camphor 0.15 −0.76 ** −0.13 1.00

** Correlation is significant at the 0.01 level.
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In the relationship between the three main components (Table 6), 1-8 cineol shows a significant and
negative correlation with camphor (−0.76 **) and with linalool (−0.48 **). In the bioregions (Table S6),
the correlations between 1-8 cineol and camphor and linalool show negative non-significant values;
only in C-4a, it is significant with linalool (−0.78 *).

Figure 4. (A) Regression of EO yield on decimal latitude (LatDEC); (B) Regression of 1,8-cineole on
LatDEC; (C) Regression of linalool on LatDEC; (D) Regression of 1,8-cineole on decimal longitude
(LongDEC); and (E) Regression of camphor on LongDEC.

4. Discussion

4.1. EO Yield and Composition

The EO yield mean value of 2.95% with respect to the dry weight of flowers and leaves of the
plant could be a fairly real estimate of the average EO yield of L. latifolia in its natural environment
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and on a national scale (Table 1). That mean value has been obtained as an average of three years of
different climatology and of four different bioclimatic and edaphological regions.

There are almost no estimates of EO yield in L. latifolia from a high number of wild populations
and several years. The study by Herraiz-Peñalver et al. [16] stands out, with an average EO yield of
4.2%, in a two-year analysis and with a wide sample of populations. The higher value obtained in their
study could be due to the weather being more favorable or to the fact that only flowers were used for
extraction [13]. To be able to compare EO yield per unit area extracting from flowers and leaves or
only from flowers, it would be necessary to know the percentage of the flower weight with respect to
flowers and leaves weight in the plant.

The estimate of the average EO yield in three years in the four bioregions is also a good
approximation to the production capacity of each of the bioregions. The MO-18b bioregion stands out
in a significant way with respect to the other bioregions, with EO yield of 3.63%. The C-4a bioregion has
the lowest EO yield with 2.52%, but it does not differ significantly from P-7a and MC-18a, with 2.86%
and 2.77%, respectively. Herraiz-Peñalver et al. [16] did not find significant yield differences due to
biogeographic origin. There is little information on EO yield in wild populations of spike lavender.
Burillo [4] found significant differences in yield trials between different localities in the region of
Aragón. Salido et al. [17] found values of 1.5%–2.2% of EO yield in 6 populations from southern Spain.

The EO composition is relevant because of the implication in its quality and commercial
value. There is usually a high variability between populations and between plants within the
same population [13]. The EO composition may vary depending on the part of the plant, flowers,
or leaves, which is used for its extraction [13], the geographical situation, and the climatic differences [10].
García-Vallejo [11] in a bibliographic review on the proportion of the main EO constituents gives ranges
of 20.5–44.8% for 1,8-cineole, 11.0–53.9% for linalool, and of 5.3–35.3% for camphor. Linalool is usually
the main component in most studies, so in wild populations [16], and in cultivated plots [7,29,30].
The linalool content is higher if the EO is extracted only from flowers instead of all parts of the plant
because the glandular trichomes of the leaves do not secrete linalool, only 1,8-cineole and camphor [13].
In our study, the main EO component is 1,8-cineole, 36.62%, followed by linalool, 26.74%, and camphor,
17.13%, in the mean values of the 34 populations (Table 1). The average values do not give high-quality
oil for perfumery, even though the % of camphor is low.

The EO composition in the bioregions (Table 1) gives a more realistic idea of the EO quality
extracted in the natural populations of spike lavender. The bioregion P-7a is that diverges the most
in the EO composition from the others. Linalool (29.39%) is its first EO component, while in the
other three bioregions, 1,8-cineole is the main component with values around 40%. P-7a differs
significantly in a higher % of camphor (27.04%), twice of the others, and in a lower % of 1,8-cineole
(24.46%). The two northern bioregions have a significantly higher value in linalool % with respect to
the two Mediterranean ones. The highest camphor % in the Prepyrenean region, P-7a, coincides with
Herraiz-Peñalver et al. [16] and differs in which the Mediterranean regions have lower, not higher,
linalool mean.

4.2. Climate

The weather had a great impact on EO yield since the differences between years are significant
(Table 3), with 2013 having the highest yield with 3.99%, 2011 with 2.77%, and 2012 with the lowest
production, 2.06%. The yield difference between years also occurs in all bioregions (Tables S2–S5).
Herraiz-Peñalver et al. [16] found yield differences in two years, 4.6% and 3.9%, attributing the
difference to the high importance of annual climatic conditions.

In the present work, it is verified that the EO yield difference in spike lavender between years has
clear correspondence with the different rainfall between years. There are significant differences in
the annual rainfall quantity between years (Table 3). The agricultural year 2013 is the rainiest in all
the bioregions, followed by 2011 and 2012. The greater or lesser rainfall coincides with the greater or
lesser EO yield. The year 2013 differs significantly from the other two years both in rainfall and in
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EO yield. Moreover, 2012 is the year with the lowest rainfall and EO yield (Tables 2 and 3). The same
relationship between rainfall and EO yield occurs in the 4 bioregions for the three years (Tables S2–S5).
The EO yield is estimated at a fixed weight of dry matter; therefore, the higher EO yield may be due to
a greater number of glandular trichomes or to the fact that they store more EO. In a situation of more
rain, the production per unit area would probably be higher than that shown in the tables since it has
been found that the EO yield per ha in spike lavender in cultivation follows a similar pattern to the
yield in vegetable matter, which is usually superior in rainy conditions [4].

The rainfall influences the yield and also the EO composition (Tables 2 and 3). In the wettest
year 2013, the higher EO yield is accompanied by a higher proportion of linalool, 34%, significantly
higher than the proportions in 2012 and 2011, and at the same time a significantly lower proportion
of camphor with respect to the other two years. The year 2012, the one with the lowest yield and
rainfall, significantly increased 1,8-cineole, 42%, with respect to the other two years. The same pattern
is observed in the four bioregions (Tables S2–S5). In L. angustifolia, the water deficit increases the
proportion of 1,8-cineole in the essential oil [31]. These results partially contradict what was obtained
in experimental plots of spike lavender by Burillo [4] who affirms that the scarcity of water influences
the biosynthesis of linalool, or by Usano-Alemany [32] that the high percentage of linalool obtained
in lavender and lavandin could be due to the drought during the quarter before harvest. In our
experiment, the fourth agronomic quarter is always the driest and could influence the biosynthesis of
more linalool, but the 4th quarter of 2013 is the least dry of the three years and is the year that shows
the highest proportion of linalool. With more annual rainfall, a higher EO yield with higher quality
was obtained.

However, rainfall was not the only determining factor in the EO yield in bioregions. MO-18b was
the bioregion with the highest EO yield in the three years and was the one with the lowest rainfall
during the three years. The other Mediterranean region does not differ significantly from the other
two northern bioregions in EO yield, although it differs significantly in lower annual rainfall over the
three years.

4.3. Edaphic Characteristics

The components of the soil of the different bioregions could influence the EO yield and
characteristics. The soil of MO-18b populations, with the highest significant EO yield (Table 1),
presents a set of characteristics conducive to greater production, such as a less stony soil due to its high
percentage of fines, a lower presence of salts due to their higher significant EC, and higher values than
in the other bioregions in SOC, in N, K, and P (Table 4). The edaphic variables could also influence
the EO composition. Considering the means of 34 populations, the 1,8-cineole proportion increases
significantly with higher values of the edaphic variables (Figure 2A–D) and the linalool proportion
decreases significantly (Figure 2E–H), and the camphor proportion show a tendency to lower values.
The two Mediterranean regions fulfill this composition on their oil. The inverse situation could be
applied to the P-7a bioregion, which has a higher significant value of camphor and presents lower
mean values than the other bioregions in all edaphic variables. We have not found bibliographic
references about the relationship between edaphic variants and the EO yield and composition of the
spike lavender. In L. angustifolia, the EO yield was remained unaffected under N and P different levels,
and 1,8-cineole and camphor of leaves EO were affected [33]. On the other hand, different levels of K
application affected both the EO yield and constituents [34].

4.4. Altitude, Latitude, and Longitude of the Populations

Other factors that could influence the EO yield and composition of the spike lavender are the
fixed and different factors of altitude, latitude, and longitude of the populations. The bioregions differ
in the mean altitude values, and the C-4a bioregion shows a significantly lower mean altitude than the
two Mediterranean bioregions (Table 5) and presents the lowest EO yield (Table 1) but was significant
only with respect to MO-18b. It could be one of the causes of lower C-4a EO yield comparing to the

38



Agriculture 2020, 10, 626

other bioregions. However, there is a considerable disparity between altitude and production data in
the bioregions (Table 5), and the regression of the altitude of all populations on the EO yield does not
give significant values, although it seems that there is a trend of greater EO yield at a greater altitude.

The EO composition in bioregions could be affected by their altitude. In P-7a, there is a significant
negative relationship between 1,8-cineole proportion and altitude (Figure 3A). In MO-18b, there is a
positive relationship between higher altitude and higher linalool proportion (Figure 3B). These data
may coincide with Muñoz-Bertomeu et al. [13] who, in spike lavender populations in the Valencia
region, described that the higher altitude favored populations with EO rich in linalool, and the lower
altitude favored the accumulation of 1,8-cineole. The camphor proportion showed a tendency in the
bioregion populations toward a lower content with higher altitude (Figure 3D), but not in C-4a where
it was positive (Figure 3C). Herraiz-Peñalver et al. [16] found a significant and negative correlation
between altitude and camphor concentration in their spike lavender population study. Our results
show that higher altitude favors obtaining plants with higher EO quality, more content in linalool and
less in 1,8-cineole and camphor.

The geographical location in latitude and longitude could be a factor influencing the EO
biosynthesis. There are differences between the populations in EO yield according to their latitudinal
situation. The populations with a lower latitude, further south, show significantly higher EO yield,
such as the MO-18b populations, and in the populations with higher latitude, further north, such as the
C-4a and P-7a populations, their EO yield is lower (Figure 4A). The longitudinal, west-east situation
of the populations shows no relationship with EO yield. The effect of the geographical location
on the EO yield and composition of L. latifolia has not been directly addressed by other authors.
Herraiz-Peñalver et al. [16] in their study in populations of different peninsular geographic regions
did not find differences in EO yield. They find differences in the EO composition, the northern and
eastern regions have higher camphor content, and the central and southern regions are characterized
by higher linalool content. In our study, it is agreed that the populations further north and east have
significantly higher camphor content (Figure 4E) as Prepyrenean bioregion, but it differs with respect
to linalool content. The populations located at less latitude, further south, have less linalool and more
1,8-cineole (Figure 4B,C).

Between the EO yield and its main components (Table 6), there is no significant correlation in
the mean values of the 34 populations and in the bioregions. There is a negative and significant
correlation between 1,8-cineole and linalool and camphor. There is a weak, non-significant negative
correlation between camphor and linalool, also in bioregions (Table S6), as it was described by
Herraiz-Peñalver et al. [16].

From the data provided on the EO yield and composition of the populations, valuable genotypes
could be selected and propagated to transfer them to culture (Table 5). Selecting for EO yield and
better quality in relation to linalool/camphor, in the C-4a bioregion, population 558 could be selected
with three-year mean data of 3.5% EO yield, and a 45.4%/14.1% ratio; in MC-18a, the population 552
with 3.3% EO yield and a ratio of 26.6%/7.8%; and in MO-18b, the population 568 with 4.1% EO yield
and a ratio of 36.6%/14.1%. These last two populations are located in localities above 1000 m of altitude,
and the genotypes obtained for cultivation could be competitive in that altitude compared to the hybrid
Lavandin adapted to more thermophilic conditions. In the P-7a region, there are genotypes with high
camphor % and could be selected to obtain EO for phytosanitary uses. The selected genotypes could
serve also as genitors in crosses with L. angustifolia to obtain new Lavandin lines since the current lines
in culture are of French origin [32] and hybrid lines with wider adaptation would be useful.

5. Conclusions

The new information provided in this work about EO yield and composition and the climatic,
edaphic, and geographic influence could serve as a reference for better conservation and possible
restoration of spike lavender populations. The study shows a fairly real value of the production and
quality of spike lavender EO obtained from wild populations, both on a national scale and in different
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Spanish regions. The influence of falling rain on the EO yield and quality is verified. Higher annual
rainfall results in higher EO yield in all bioregions and also better quality. There are other factors that
also influence EO yield and quality since the bioregion with the highest yield is the one with the least
rainfall. It is found that the composition of the soil influences the EO yield and quality. Soils richer in
organic matter and minerals result in more production and poorer quality. The altitude at which the
populations are found has little effect on their EO yield. It seems that the higher altitude influences the
quality of oils. The geographical location of the population could influence their production and quality.
At lower latitude, further south, the populations obtain a higher EO yield. The populations located to
the northeast have a higher content of camphor, and further south, less linalool. The detailed provision
of data from all populations, both in their location and in their behavior in EO yield and composition,
allows the selection of the best genotypes for different breeding plans and useful information to
improve culture protocols for L. latifolia Medik.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/12/626/s1,
Table S1: Decimal coordinates of the 34 populations of bioregions and collection date in the three years, Table S2:
EO yield (% on dry weight) and major components (in EO %) in 34 wild populations of L. latifolia Medik. for years
and the mean for each year. For the Cantabroatlantic (C-4a) bioregion, Table S3: EO yield (% on dry weight) and
major components (in EO %) in 34 wild populations of L. latifolia Medik. for the Prepyrinean (P-7a) bioregion,
Table S4: EO yield (% on dry weight) and major components (in EO %) in 34 wild populations of L. latifolia Medik.
for the Mediterranean Castillian (MC-18a) bioregion, Table S5: EO yield (% on dry weight) and major components
(in EO %) in 34 wild populations of L. latifolia Medik. for the Mediterranean Oroiberian (MO-18b) bioregion,
Table S6: Relationship between EO yield main components means of 34 populations of L. latifolia Medik. for three
years based on the Pearson correlation matrix with standardized variables by bioregions. With significance level
p < 0.05 (*) and p < 0.01 (**). Figure S1: Gaussen’s climatic diagrams by year quarters in each bioregion.
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Abstract: Irrigation and growing substrate are considered as essential cultivation practices in order
to obtain good productive and qualitative performance of potted rosemary plants. In pot growing,
the chemical, physical and biological characteristics of the substrate must be stable over time in order
to allow regular plant growth. However, the effects of cultivation techniques on the characteristics of
potted rosemary are little known. Peat is traditionally used as the organic growing medium; however,
despite numerous advantages, its use has determined a degradation of peatlands in the northern
hemisphere and an increase in greenhouse gases in the atmosphere. The aim of the present study
was to assess the effects of irrigation and peat-alternative substrates on the morphological, aesthetic
and production characteristics of potted Sicilian rosemary biotypes with different habitus types.
Two years, two different irrigation levels, three peat-alternative substrates and three types of rosemary
plant habitus were tested in a split-split-split-plot design for a four-factor experiment. The results
highlight that irrigation and substrate determined significant differences for all tested parameters.
Rosemary plants demonstrated the best performances when irrigation was more frequent; vice
versa, the greatest percent content in essential oil was obtained when irrigation events were less
frequent. The chemical–physical characteristics of peat-alternative substrates changed with decreases
in the peat content and increases in the compost content. The erect habitus biotype showed the best
adaptation capacity to the various treatments. Our results suggest that irrigation and peat-alternative
substrates significantly affect the growth of rosemary plants and should, therefore, be taken into
consideration in order to improve the cultivation of this species in pots for ornamental purposes.

Keywords: aromatic species; alternative substrates; irrigation; plant habitus; sustainable cultivation

1. Introduction

Rosemary (Rosmarinus officinalis L.) is a xerophytic, evergreen shrub widely used for
food and ornamental purposes, and is a long-time favourite for pot plants and private gar-
dens [1–4]. Due to its biotechnical characteristics and hardiness in times of environmental
stress [5,6], it is also used to protect against soil erosion and as a pioneer species during
reforestation in fire-damaged areas [5,7].

Its wealth of bioactive compounds is also considered to be highly effective, also
reported in the Pharmacopoeia [8,9].
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Numerous phytochemical studies have demonstrated the presence of polyphenolic
derivatives in the essential oil (EO) that provides the species with a number of pharmaco-
logical and medicinal properties, including antibacterial, anti-inflammatory, antioxidant,
antitumor and antidiabetic actions [1,10–12]. Recent studies have demonstrated that the
accumulation and composition of secondary metabolites in rosemary and, in general, in
medicinal and aromatic plants, are highly influenced by genetic [8,13–16], environmen-
tal [17–22] and cultivation factors [23–27]. With regard to cultivation aspects, a number of
studies have focused on the effects of some agronomic practices on growth, productivity
and essential oil constituents of rosemary, in open-field conditions. Some authors [28]
reported that the growth, quality and quantity of rosemary essential oil varied with organic
and inorganic fertilizers. It was demonstrated [29] that combined application of vermi-
compost and chemical fertilizers helped to increase crop productivity and sustained the
soil fertility. It was found [30] that the composition of rosemary oil could be altered by
fertilization programs in regions of poor soil. It was observed [22] that the application of
deficit irrigation affected the morphological and physiological characteristics of rosemary,
while humidity influenced parameters related with plant–water relations. Singh [31] found
that plant spacing, fertilizer and irrigation regimes affected herbage and oil yield but did
not influence oil-content percentage of the species. Other authors [32] highlighted that
growth media and regulators influenced significantly the vegetative propagation of rose-
mary. However, the effects of cultivation techniques on the morphological and production
characteristics in pot-grown rosemary are, as yet, little known. Most studies focus on
the influence of fertilization [33,34] and type of substrate [34–38] on plant growth and
essential-oil production of rosemary. In particular, the choice of the growing medium
seems to be crucial for cultivation of rosemary and, in general, of aromatic and medicinal
plants due to significant effects on their vegetative and productive characteristics.

Peat is traditionally used as the organic growing medium in pot cultivation [38,39].
Peat is partially decayed organic matter, the result of the degradation of bog plants and
bryophyte moss [40,41]. Although its use has many advantages—such as a reduction in
pH and salinity, good hydraulic retention capacity, a decrease in pathogen load and weeds,
and greater ease of handling and mixing—over time the continuous harvesting of peat for
agricultural purposes has led to the degradation of peatlands in the northern hemisphere
and an inevitable increase in greenhouse gases in the atmosphere [42]. As a consequence,
many countries have begun to impose restrictions on the use of this material. Peatlands
are home to a wide range of natural habitats that guarantee biological diversity and the
survival of a number of species currently considered at risk. This important ecosystem not
only plays a fundamental role in carbon-fixing and in storing natural water resources but
also safeguards the historical and geochemical memory of our planet [43–45].

In recent times, peat has become increasingly expensive and difficult to obtain [46],
leading to the search for alternative substrates [47]. The use of alternative substrates in pot
plants presupposes, however, that a number of chemical–physical and hydraulic properties,
such as bulk density, pH, electrical conductivity, cation-exchange capacity, hydraulic-
retention capacity, organic-matter content and porosity, can be guaranteed [48–51]. A num-
ber of studies [37,47,52–56] have demonstrated that organic residues, such as municipal
solid waste, sewage sludge and pruning residues (following an adequate composting
process) can be used as alternative growing substrates to peat, with optimal results. Some
authors [34] studied the effect of growing substrates on the EO content of rosemary, con-
cluding that all growing substrates are suitable when fertilization and irrigation practices
are well-controlled. It was demonstrated [35] that peat can be replaced with a mixture of
compost, chicken manure and biochar in rosemary cultivation, while other authors [37]
achieved better rooting and length/weight of rosemary roots when using vermicompost.

The main aim of this study was to assess the effects of irrigation, peat-alternative
substrates and plant habitus on the morphological, aesthetic and production characteristics
of Sicilian rosemary biotypes grown in pots.
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2. Materials and Methods

2.1. Rosemary Experimental Field

Tests were carried out in the two years 2016 and 2017 in Sciacca (Italy) (37◦30′33” N–
13◦05′20” E, 60 m a.s.l.), in an experimental field belonging to the Department of Agri-
culture, Food and Forest Sciences of the University of Palermo. Three Sicilian rosemary
biotypes (code RSM) were gathered from a collection field of 10-year-old rosemary mother
plants. Plant material was characterized taxonomically using analytical keys and by com-
paring it with exsiccata that had been previously prepared. The voucher specimen codes
of the exsiccata (SAAF-S/0357) were deposited at the Department of Agricultural, Food
and Forest Sciences Herbarium of University of Palermo (Italy). The plants were selected
according to different growth habitus types: RSM_2 (SAAF-S/0357_a) presented an erect
habitus, RSM_6 (SAAF-S/0357_b) a semi-erect habitus and RSM_5 (SAAF-S/0357_c) a
prostrate habitus (Figure 1).

  
(a) (b) (c) 

Figure 1. Types of plant habitus of rosemary biotypes in the study. (a) refers to erect habitus, (b) refers
to semi-erect habitus, (c) refers to prostate habitus.

Each accession was propagated using stem cuttings from the apical plant parts 6 cm
in length. The cuttings were treated with 1-Naphthaleneacetic acid (0.50%) and then rooted
in an open cold frame. The rooted cuttings were transplanted into 18-cm pots on 20 May
2016 and 15 May 2017. Four types of substrate were used with varying percentages of peat
(70, 50, 40 and 20%), compost (20, 30 and 50%) and perlite (constant at 30%). The substrate
was fortified with a slow-release N–P–K fertilizer + microelements (15–19−15 + 2 + 5) at a
rate of 3 gr L−1 prior to transplanting.

A drip irrigation system was used for water delivery. Irrigation management con-
sisted of integrating 100% field capacity every 4 days or 2 days. A split-split-split plot
experimental design was used for a 4-factor experiment with 3 replicates. The main plot
was year (Y) with two treatment levels: Y1 (2007) and Y2 (2008). The sub-plot factor was
irrigation (I) with two treatment levels: I1 (integration 100% field capacity every 4 days) and
I2 (integration 100% field capacity every 2 days). The sub-sub-plot factor was the substrate
(S) with four treatment levels: S1 (50% peat, 20% compost, 30% perlite); S2 (40% peat,
30% compost, 30% perlite); S3 (30% peat, 40% compost, 30% perlite) and S4 (70% peat,
30% perlite) as the control. The sub-sub-sub-plot factor was plant habitus (H) with three
treatment levels: H1 (erect habitus); H2 (semi-erect habitus) and H3 (prostrate habitus).

2.2. Morphological, Aesthetic and Production Characteristics of the Plants

For all of the rosemary treatments in the experiment, the main morphological and
aesthetic characteristics were determined approx. 90 days from transplanting in order to
attribute an ornamental value to the plant: plant height, plant diameter, height-to-diameter
ratio, number of primary and secondary branches per plant, branch length and width,
number of leaves per cm of branch and general appearance of the plant. Flowering stage
was assessed only when 50% of the plant had flowers and was determined using a visible
value scale between 1 (few flowers) and 3 (abundant flowers). The fresh-matter weight
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of plant parts was also determined. The plant material was subsequently dried in an
oven at 65 ◦C for 48 h until it reached a constant weight; the plant dry-matter weight was
then calculated. Essential oil content was obtained by hydrodistillation of air-dried plant
material (50–100 g) for 3 h in accordance with international guidelines [57].

2.3. Chemical-Physical Properties of Compost

At the beginning of plant growth, the main chemical–physical analyses were carried
out on all of the substrates used: pH, electrical conductivity, bulk density, total porosity, air
capacity at pF1 and available water capacity. In particular, the compost used was supplied
by the company SIRTEC Sistemi Ambientali SRL (Alcamo, Italy). The composting process
used by the company included treatment of the preselected organic waste (organic matter
from recycled municipal waste or organic residues from agro-industrial processing).

2.4. Weather Data

Data on rainfall and temperature were collected from a meteorological station be-
longing to Agro-Meteorological Information Service of the Sicilian Government [58]: the
station was situated close to the experimental field. The station was equipped with an MTX
datalogger (model WST1800) and various climate sensors. More specifically, a temperature
sensor MTX (model TAM platinum PT100 thermo-resistance with anti-radiation screen)
and a rainfall sensor MTX (model PPR with a tipping bucket rain gauge) provided data on
average daily air temperatures (◦C), total daily rainfall frequency (d mm > 1) (%) and rainy
days per year (d mm > 1) (%).

2.5. Statistical Analysis

Statistical analyses were carried out using MINITAB 19 for Windows. The data were
compared using analysis of variance. The difference between means of values was carried
out using the Tukey test.

3. Results

3.1. Temperature Trends

Maximum and minimum temperature trends for the experimental site over the two
years 2016/2017 are shown in Figure 2.

 

Figure 2. Maximum and minimum air temperature trends during the test period.

Average air temperatures over the approx. 90 days of testing in both years increased
between May and August. Maximum air temperatures were on average higher in 2016
than 2017 in May, July and August. In June, average maximum temperatures were similar
in both years. Regarding minimum air temperatures, average values were highest in July
and August in 2016, whilst in May and June in 2017.
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3.2. Chemical–Physical Properties of Substrates

Average values for electrical conductivity and pH (Figure 3) of the peat-alternative
substrates increased as the percentage content of the compost in the mix increased in the
4 test substrates.

 
(a) (b) 

Figure 3. Chemical properties of substrates. Graph (a) refers to electrical conductivity values, while graph (b) refers to pH
values of substrates.

Furthermore, an increase in average electrical conductivity and pH was recorded
following a decrease in the peat content in the substrates.

From a physical point of view, it was noted that the gradual substitution of the
peat in the mix also determined an increase in bulk density and a slight decrease in the
air capacity at pF1 and in porosity. Regarding available water content, the substrates
with a greater compost content produced higher average values compared to the control
substrate (Table 1).

Table 1. Physical properties of substrates. Average values are shown.

Parameter Growing Substrate

S1 S2 S3 S4

Bulk density (g cm−3) 0.23 0.25 0.33 0.17
Total porosity (%) 89.59 88.88 86.07 91.86

Air capacity at pF1 (%) 41.16 43.42 32.22 46.44
Available water (%) 20.65 19.81 24.33 18.32

3.3. Effects of Year, Substrate, Irrigation and Plant Habitus on Rosemary Plants

Data on the morphological, aesthetic and production characteristics of the rose-
mary plants, under the influence of the main factors, in years 2016 and 2017, are shown
in Tables 2 and 3 and in Figures 4–6.

No significant differences were found for the factor year regarding all of the parameters
in the study except for branch width. However, the factor irrigation produced significant
effects for all of the parameters tested. Looking more closely at the effect of the two levels of
irrigation on the morphological and production parameters, seemingly contrasting results
were found. The highest average values for primary branching, flowering stage, number
of leaves per cm/branch and percent content of EO were found under irrigation level
I1, whereas highest average values for height, diameter, height-to-diameter ratio, general
appearance of the plants, fresh and dry weight, number of secondary branches, and length
and width of branches were found under irrigation level I2.

The plants demonstrated the best morphological, aesthetic and production perfor-
mances when irrigation was more frequent. Vice versa, the greatest percent content in EO
was obtained when irrigation events were less frequent (Table 3, Figure 4).
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The factor substrate determined significant differences for all of the morphological and
production parameters, with the exception of plant height-to-diameter ratio and flowering.
More specifically, greatest average plant heights (29.46 cm) were recorded when the plants
were cultivated using the control substrate, whereas the lowest average values were
observed in the other substrates. Likewise, the highest average plant diameters (48.71 cm)
and general appearance scores (6.10) were recorded for the control substrate. The greatest
number of primary (15.29) and secondary (19.41) branches was obtained in rosemary
plants grown in the control substrate; the smallest number of primary and secondary
branches was found with substrates S1 and S3, respectively. The greatest average values
relating to branch length and width were found for substrate S3, whilst the lowest average
values were obtained with the control substrate. Regarding production parameters, the
greatest average fresh weights and dry weights were obtained using the control substrate,
confirming trends observed for most of the morphological parameters. The percent content
of EO ranged between 0.68% (S1 and S3) and 0.66% (S2 and S4); the difference between the
different substrates in terms of average percentages in EO was, therefore, minimal (Table 3,
Figure 5).

  

(a)  (b)  

Figure 4. Effect of irrigation on production characteristics of rosemary biotypes. Graph (a) refers to effect of irrigation on
fresh and dry weight, while graph (b) refers to effect of irrigation on essential oil. Means followed by the same letter are not
significantly different for p ≤ 0.05 according to Tukey’s test.

 
 

(a)  (b)  

Figure 5. Effect of substrate on production characteristics of rosemary biotypes. Graph (a) refers to effect of substrate on
fresh and dry weight, while graph (b) refers to effect of substrate on essential oil. Means followed by the same letter are not
significantly different for p ≤ 0.05 according to Tukey’s test.
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(a)  (b)  

Figure 6. Effect of plant habitus on production characteristics of rosemary biotypes. Graph (a) refers to effect of plant
habitus on fresh and dry weight, while graph (b) refers to effect of plant habitus on essential oil. Means followed by the
same letter are not significantly different for p ≤ 0.05 according to Tukey’s test.

The factor plant habitus had a significant effect on all of the parameters in the study.
More specifically, biotype RSM_2, with erect growth habitus, differed from the others in
terms of greater height (39.29 cm), greater height-to-diameter ratio (1.29), greater number
of primary branches, better general appearance, more abundant flowering, greater fresh
(106.08 g) and dry (35.05 g) weight and greater EO percent content (0.68%). The biotype
RSM 6 with semi-erect growth habitus, showed greater diameter (50.73 cm) and greater
branch length (33.12 cm) and width (3.80 cm) than other biotypes. The EO percent content
was intermediate between the other two biotypes. Biotype RSM_5 with prostrate habi-
tus showed the highest number of secondary branches but also obtained the lowest EO
percentage (0.65%) of the three rosemary biotypes (Table 3, Figure 6).

Considering the interaction between the main factors (Tables 2 and 3), analysis of
the variance showed that the interaction of the factor year with the other factors did not
determine significant effects on any of the morphological and production parameters. The
irrigation-by-plant habitus interaction determined significant differences for plant diameter
and the number of secondary branches; more specifically, the highest average diameter
was obtained with the I2-by-H2 interaction, whilst the lowest average value was found
with I1-by-H1 interaction, as showed in Supplementary Table S1.

The substrate-by-plant habitus interaction had significant effects on a series of char-
acteristics, such as plant diameter, fresh and dry weight, the development of secondary
branching, branch length and width, and EO content. With specific reference to the treat-
ments, the greatest plant diameter was recorded with the interaction between the control
substrate and the semi-erect habitus biotype. The lowest value was recorded with the
interaction between S3 (which contained the highest compost content) and H3. The greatest
number of secondary branches was observed with the interaction between the control
substrate and the prostrate habitus biotype, whilst the smallest number was found with
the interaction between the control substrate and the erect habitus biotype. The highest
average values for branch length and width were obtained with the S3-by-H2 interaction.
Regarding production parameters, the interaction between the control substrate and the
prostrate habitus biotypes produced the highest average value for fresh weight.

Considering dry weight, highest averages were found when the control substrate
interacted with the erect habitus biotype, whereas the lowest average values were pro-
duced with the interaction between substrate S3 and the biotype with prostrate habitus.
A closer look at EO content showed that the S1-by-H1 interaction produced the highest
EO percentage (0.73%). The lowest average EO percentage (0.64%) was recorded with the
S4-by-H1 and S2-by-H3 interactions, as showed in Supplementary Materials (Table S1).
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Table 3. Production characteristics of rosemary plants in response to year, irrigation, peat-alternative
substrate and plant habitus.

Treatment
Fresh Weight

(g plant−1)
Dry Weight
(g plant−1)

EO Content (%)

Year
Y1 98.35 a 28.25 a 0.67 a
Y2 96.66 a 27.61 a 0.67 a

Irrigation
I1 76.31 b 21.38 b 0.72 a
I2 118.76 a 34.49 a 0.62 b

Substrate
S1 89.78 b 26.01 b 0.68 a
S2 82.83 b 22.99 b 0.66 b
S3 84.63 b 22.89 b 0.68 a
S4 133.28 a 39.74 a 0.66 b

Plant habitus
H1 100.08 a 35.05 a 0.68 a
H2 92.43 b 27.01 b 0.67 ab
H3 94.01 b 21.75 c 0.65 b

Interactions (significance)
Y × I n.s. n.s. n.s.
Y × S n.s. n.s. n.s.
Y × H n.s. n.s. n.s.
I × S n.s. n.s. n.s.
I × H n.s. n.s. n.s.
S × H * * *

Y × I × S n.s. n.s. n.s.
Y × I × H n.s. n.s. n.s.
Y × S × H n.s. n.s. n.s.
I × S × H * n.s. n.s.

Y × I × S × H n.s. n.s. n.s.
Means followed by the same letter are not significantly different for p ≤ 0.05 according to Tukey’s
test; n.s. = not significant; * = significant at p ≤ 0.05.

The interaction between irrigation factors, substrate and plant habitus determined
significant differences for height, height-to-diameter ratio, number of secondary branches
and plant fresh weight. Observing the various test treatments, the greatest values for
height were obtained when irrigation level I2 interacted with the control substrate and
the biotype with erect habitus, whereas the lowest values for height were found with the
interaction I1-by-S1-by-H3. The greatest average values for height-to-diameter ratio were
determined with the interaction I2-by-S4-by-H1 and I2-by-S2-by-H1. The highest number
of secondary branches, however, was found in the interaction irrigation level I2 with the
control substrate and prostrate habitus biotype, whereas the lowest average values were
found with the interaction I1-by-S4-by-H1.

Regarding production parameters, it is worth noting that the interaction I2-by-S4-
by-H3 presented higher average values for fresh weight (174.72 g), whilst the interaction
I1-by-S2-by-H2 presented the lowest averages (64.57 g).

4. Discussion

In this study, over two years of tests, three Sicilian biotypes of Rosmarinus officinalis L.
were evaluated growing in pots with differing habitus types and two levels of irrigation.
Four substrates were compared containing different ratios of peat and compost to perlite.

All the biotypes showed good adaptation capacities to the irrigation conditions and
to the different substrate types in both years, showing significant differences for all of the
morphological and production characteristics in the study. The general appearance of the
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plants was monitored regularly and, for both levels of irrigation over the two years, no
signs of lack of water or water stress were noted. Various observations have been made
in scientific literature on the effects of irrigation on the morphological and production
characteristics of rosemary in open-field conditions. Some authors [59] stated that the
use of surface or underground micro-drip irrigation systems does not exert a significant
effect on the characteristics of rosemary plants. It was demonstrated [23] that the quality
of the irrigation water did not have a significant effect on rosemary. In contrast, other
authors [60] observed that irrigation significantly influenced the main characteristics of
rosemary plants grown in pots. In our study, it was noted that the interval of time between
irrigation events significantly influenced the characteristics of rosemary. In general, plant
growth was negatively affected by water stress, probably due to a decrease in the stomatal
aperture, which limits the circulation of CO2 in the leaves and reduces photosynthetic
activity, as reported in the literature [61].

Although little is known about the effects of cultivation techniques on potted rosemary,
it should be emphasized that almost all the studies focus on investigating the influence
of substrate on plant growth and production. The composition of the substrate and, in
particular, a decrease in the peat content in the mix, had significant effects on the growth
and on the production parameters of the plants. Peat represents the most frequently
used growing substrate due to its excellent chemical and physical properties for plants
grown in pots and its stability over time. Gruda [62] affirms that peat is the standard
constituent of substrates used in the production of ornamental plants in pots and that other
constituents may vary by 20% to 50%. However, several authors note that high-quality peat
is expensive and can cause environmental problems due to the depletion of unrenewable
resources [38,55]. Compost represents an interesting substrate alternative to peat and can
improve the physical, chemical and biological properties of the substrate [56,63]. Raviv [64]
highlights that compost is a bioresource and can be a valid alternative to peat, despite
the fact it is potentially a waste material. However, the qualitative properties of compost
are strongly linked to its maturity and stability. Rinaldi et al. [38] tested a number of
substrates by mixing increasingly greater amounts of eight different composts in place of
peat, with a fixed inert material. The authors observed that the most suitable substrates
for rosemary growth contained compost at a rate of up to 70%. De Lucia et al. [36] studied
four composts, obtained from agro-industrial, urban and green wastes, as growing media
components in Rosmarinus officinalis L. and obtained improved quality rosemary plants
by substituting peat with 30% compost. Our study also assessed the chemical–physical
properties of the substrates as these characteristics tend to change as the compost content
increases and the peat content decreases. In fact, the particle size of the growing substrate
and the geometry of the pot need to be carefully considered in order to balance water
availability and root aeration [65]. As reported in some studies [24,66], the decrease in
plant height in rosemary grown in pots, using substrates with decreasing quantities of
peat, is of interest in order to increase the ornamental value of the rosemary as a reduction
in height is a desirable ornamental characteristic. In this study, the greater length and
width of the main branches was obtained using a substrate with the greatest compost
content. According to Rinaldi et al. [38], compost from pruning residues or mixes with
agro-industrial or urban waste are of most interest in rosemary cultivation.

In our study, the factor year did not have significant effects on the rosemary character-
istics. This result was also confirmed by some authors [67], who state that the composition
and variability of rosemary mainly depend on the genetic background and origin rather
than on the environmental conditions and geographic location.

The factor irrigation, however, did have a significant effect on the percent content
of the EO. As highlighted in the literature, irrigation influences the morphological and
physiological characteristics determining the yield of the plants and also has a bearing on
the quantity of some of the principal components of the essential oils (EOs) [22,68–71]. In
particular, the percentage of EO increased following limited water availability, in agreement
with the results of Pirzad and Mohammadzadeh [27].
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The factor substrate affected the percent content of EO. This was confirmed by a
number of studies that demonstrated that the quantitative characteristics of EOs of various
species in the Lamiaceae family, such as Thymus caespititus Brot. [72], Ocimum basilicum L. [73]
and Lavandula agustifolia Mill. [15], are greatly affected by the composition of the substrate.
It is important to note that the production of EO depends on genetic characteristics, as
revealed by this study and in agreement with some authors [67,74–79] who stated that the
genetic pool contributes to a greater degree than other factors to determine both the quality
and the quantity of EOs.

Rosemary presents a variety of different habitus types, morphological traits, flower
colours and aromatic properties [80]. Our study confirms results reported by Flamini et al.
[81], who, in a recent study on the evaluation of the agronomic and production characteris-
tics of two rosemary biotypes, state that the best performances are produced by biotypes
with an erect habitus. Plant height, in particular, is a morphological characteristic under
genetic control; however, its manifestation could depend on environmental factors, such as
altitude, air temperature and solar radiation, but also growth techniques, such as irrigation,
fertilization and, in the case of pot plants, also the substrate used. The high significance
of the interactions substrate-biotype and irrigation-substrate-biotype on the agronomic
and production parameters could play an important role in the production of plants with
high ornamental value but also in the production of EOs, confirming results of other
authors [15,70,81–83].

5. Conclusions

The results of this study show that the use of peat-alternative substrates can represent a
valid opportunity for the cultivation of rosemary in pots, and, in general, for the cultivation
of numerous medicinal and aromatic plants. The use of compost could allow a partial
or total replacement of peat, leading to environmental benefits (the harvesting of peat
as a substrate has a strong environmental impact) energy and economic benefits (peat is
an expensive and functional material). It could also foster the use of biomass from agro-
industrial activities and recycled municipal organic waste. In this study, although the best
agronomic results were obtained using the substrate with greater peat content, it is worth
highlighting that the substrates with 20% and 30% compost also gave excellent performance
results, confirming the idea of a partial replacement of peat. The erect habitus biotype
showed the best adaptation capacity to the various treatments. Considering the various
interactions between the main factors, the substrate-by-irrigation-by-biotype interaction
had significant effects on the morphological and production characteristics of the rosemary
plants.

Further research is required, however, to assess both the performance of the various
components of the substrate and, more specifically, exactly when the various agronomic
factors interact with the substrate. A longer period is also needed to evaluate the mor-
phological and production characteristics. Finally, the various biometric and production
characteristics of the genotypes, together with the substrate types, could be of use when
selecting rosemary biotypes with good adaptability to cultivation in pots for ornamental
purposes, thus favouring the expansion of this species.
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Abstract: Calotropis procera (commonly known as Swallow wort) is described in the Ayurvedic
literature for the treatment of inflammation and arthritic disorders. Therefore, in the present work,
the antiarthritic activity of potential fractions of Swallow wort leaf was evaluated and compared with
standards (indomethacin and ibuprofen). This study was designed in Wistar rats for the investigation
of antiarthritic activity and acute toxicity of Swallow wort. Arthritis was induced in Wistar rats by
injecting 0.1 mL of Freund’s complete adjuvant (FCA) on the 1st and 7th days subcutaneously into
the subplantar region of the left hind paw. Evaluation of our experimental findings suggested that
antiarthritic activity of methanol fraction of Swallow wort (MFCP) was greater than ethyl acetate
fraction of Swallow wort (EAFCP), equal to standard ibuprofen, and slightly lower than standard
indomethacin. MFCP significantly reduced paw edema on the 17th, 21st, 24th, and 28th days. It also
showed significant effect (p < 0.01) on arthritic score, paw withdrawal latency, and body weight. The
inhibition of serum lysosomal enzymes and proinflammatory cytokines along with improvement
of radiographic features of hind legs was also recorded with MFCP. Finally, it was concluded that
MFCP can be a feasible therapeutic candidate for the treatment of inflammatory arthritis.

Keywords: Calotropis procera leaves; chronic inflammatory model; cytokines; Freund’s complete
adjuvant; indomethacin

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease which is characterized
by nonspecific inflammation of peripheral joints, destruction of articular tissues, and
deformities in the joints [1,2]. An epidemiology of RA in terms of males to females has
been reported as 1:3, and the prevalence was found to be 1% around the globe [3]. The
inflammatory cytokines such as “tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
and interleukin-6 (IL-6)” are the major biomarkers responsible for the inflammation and
joint damage during the development of RA [4–6].

Presently, the treatment strategies focus on the reduction in inflammation in the
joints, as no proper treatments are available. Conventional medicines including anal-
gesics, steroids, nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, disease-
modifying antirheumatic drugs (DMARDs), and anticytokines are reported to show very
limited success rates in the treatment of RA, although these medicines are helpful in con-
trolling the symptoms of acute RA [4,7]. Mild to moderate arthritis is relieved by the use of
different analgesics. However, these analgesics did not offer anti-inflammatory efficacy
and hence these are usually administered in combination with other drugs [8]. Most of the
NSAIDs are reported to possess both analgesic and anti-inflammatory efficacy but are not
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capable of preventing the destruction of joints [9]. Ultimately, the treatments with NSAIDs
fail to produce long-term benefits and produce serious adverse effects such as gastric
toxicity and cardiotoxicity, which limit their application in the treatment of RA [10,11].
Therefore, the search for drugs with low or no adverse effects are of prime importance to
treat RA. Herbal drugs constitute a major part of all the traditional systems of medicine.
According to the WHO, 80% of the world’s population use herbal medicines for primary
health care. Herbal medicine is a triumph of popular therapeutic diversity and is also
used to derive a number of synthetic medicines such as aspirin, paclitaxel, digoxin, and
morphine, etc. [12,13]. Several plant-based materials showed potent anti-inflammatory
activity in animal models which could also be useful in the treatment of RA [14,15]. These
plant-based medicines are supposed to have low incidence of serious adverse effects, low
cost, and be easily accessible to the consumers [16,17].

Calotropis procera Linn. (commonly known as Swallow wort), which belongs to the
Asclepiadaceae family, is an Ayurvedic plant with important medicinal properties [18,19]. It
is represented in India by two different species—viz., C. procera and C. gigantean [19,20]. Tradi-
tionally, it is used in the treatment of ulcers, leprosy, cancers, piles, and liver diseases [21,22].
It has also been reported to have purgative, anthelmintic, analgesic, anti-inflammatory, protec-
tive, anticoagulant, antipyretic, and antimicrobial activities [18,19,22,23]. C. procera (Swallow
wort) latex has been used as a hepatoprotective [21], anti-inflammatory [24], anthelmintic [25],
anticonvulsant [26], and antimicrobial agent [27].

A traditional claim made about Swallow wort includes its beneficial effects in in-
flammation and arthritis. Anti-inflammatory activity of the latex of this plant has been
demonstrated in various animal models [28]. The protective effects of different extracts of
Swallow wort latex have also been evaluated against inflammation and oxidative stress in
monoarthritis induced by different inflammatory mediators [29–34]. Although the leaves
of this plant are reported to have traditional uses regarding its beneficial effects in inflam-
matory conditions, these claims are not experimentally verified. Previous studies have
shown the significant anti-inflammatory activity of this plant both in in vitro and in vivo
models [24]. Therefore, the current investigations were planned to explore the antiarthritic
potential of different fractions of Swallow wort for the evaluation of antiarthritic potential
using Freund’s complete adjuvant (FCA) model on Wistar rats, because no such study has
been carried out in the past.

2. Materials and Methods

2.1. Procurement and Authentication of the Plant

The leaves of Swallow wort were procured from the herbal garden of Swami Ra-
manand Teerth Marathwada University, Nanded, in the month of January 2017. The
Swallow wort plant specimens were identified and authenticated at Botanical Survey of
India, Pune, India, where a voucher specimen is preserved (BSI/WC/100-1/Tech./2017/1).
The fresh leaves were washed properly with tap water and shade dried for one week. The
dried leaves were ground coarsely using an electrical mixer and stored in airtight plastic
bags in a cool and dark place until further use.

2.2. Materials

FCA was procured from “Sigma Aldrich (Bangalore, India)”. Indomethacin and
ibuprofen were received as gift samples kindly provided by “Wockhardt Research Center
(Aurangabad, India)”. Petroleum ether, chloroform, ethyl acetate, acetone, ethanol, and
methanol were procured from “S.D. Fine Chemicals (Mumbai, India)”. All the reagents
used were of analytical grade.

2.3. Plant Extraction and Characterization
2.3.1. Extraction Method

The successive extraction of dried powder of Swallow wort leaves was carried out
using Soxhlet extractor. The solvents used to obtain different fractions of Swallow wort
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leaves were petroleum ether, chloroform, ethyl acetate, acetone, ethanol, and methanol.
The fractions were concentrated by evaporating their respective solvents under reduced
pressure using rotary vacuum evaporator at 42–45 ◦C. The obtained fractions were fur-
ther dried at room temperature in a petri dish and stored in refrigerator at 4–6 ◦C till
further evaluation.

2.3.2. Qualitative Phytochemical Screening

The bioactive agents present in Swallow wort were detected by a standard phytochem-
ical screening procedure and inference was based on visual observations of color change or
precipitate formation [35]. The stock solution of the plant extracts was prepared with their
respective solvents. Mayer’s reagent (potassium mercuric iodide solution) was added to
1 mL of plant fraction, and the appearance of a cream precipitate was indicated as the end
point for the presence of alkaloids. In total, 1 mL of glacial acetic acid was added to 1 mL of
plant fraction, which was dissolved and then cooled, followed by addition of 2–3 drops of
ferric chloride. Then, 2 mL of conc. H2SO4 was carefully added along the walls of test tube;
the appearance of reddish brown ring at the junction of two layers indicated the presence
of glycosides. Steroids were investigated by adding 5 mL of chloroform and a few drops of
conc. H2SO4; this mixture was allowed to stand for some time, the reddish precipitate in
the lower layer indicates the presence of steroids. The formation of foam upon vigorous
shaking of plant fraction solution indicates the presence of saponins. Flavonoids were
investigated by adding basic lead acetate separately to 1 mL of plant fraction. A bulky
reddish brown precipitate indicates the presence of flavonoids.

2.4. Biological Evaluation
2.4.1. Prediction of Biological Activity

The prediction of the activity spectra for substance (PASS) is an online software
database program used to predict the various biological properties of compounds [36].
PASS software helps estimate the probable biological activity of drugs such as organic
compounds (pursuing molecular weights of 50 to 1250 Da) or phytoconstituents based
on structural activity relationship analysis of training set consisting of information on the
structures of more than 205,000 organic compounds which exhibit more than 3750 kinds
of biological activity [37,38]. The MDL mole file [V 3000] (*mol) structure of desired
phytoconstituent drawn with the help of ACD/Labs chemsketch software 2015 release (file
version C10E41) was fed in PASS online Way2drug online software. The software gave the
Pa and Pi values (active and inactive) [38]. The probability of experimental biological and
pharmacological activities is high if the value of Pa is greater than 0.7 and less if Pa value is
0.5 < Pa > 0.7 [39].

2.4.2. Experimental Animals

Male Albino Wistar rats (weighing 180–220 g) were purchased from “Wockhardt
Research Center (Aurangabad, India)”. The animals were housed under standard animal
housing facility with temperature (24 ± 1 ◦C), relative humidity (45–50%), and 12 h
light/dark cycle. The animals were fed with standard pellet chow diet and water ad
libitum. All rats were allowed to adopt laboratory conditions before starting experimental
studies. The study protocol was approved by the Institutional Animal Ethics Committee
(Reg. No. 731/PO/Re/2002/CPCSEA), Approval No. CPCSEA/CBPL/AH-11 under
the Committee for “Purpose of Control and Supervision of Experiments on Animals
(CPCSEA)”. The ethical protocol and guidelines were strictly followed throughout the
experimental studies.

2.4.3. Acute Toxicity Studies

The Swallow wort plant fractions were evaluated for acute toxicity as per the orga-
nization for economic co-operation and development (OECD) guidelines 425. The single
oral dose of 2000 mg/kg of plant fraction was administered to overnight fasted rats and
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observations were continuously recorded for behavioral profiles for 2 h and for mortality
up to 72 h.

2.4.4. FCA-Induced Arthritis

For the evaluation of FCA-induced arthritis, the rats were divided into six different
groups (each containing six rats) as follows:

Group I—Vehicle control, 1% w/v suspension of sodium carboxymethyl cellulose (SCMC)
was administered orally;
Group II—Arthritic control, 1% w/v suspension of SCMC was administered orally;
Group III—Arthritic animals treated with oral administration of standard indomethacin at
10 mg/kg dose;
Group IV—Arthritic animals treated with oral administration of standard ibuprofen at
15 mg/kg dose;
Group V—Arthritic animals treated with oral administration of methanolic fraction of
Swallow wort (MFCP) at a 300 mg/kg dose;
Group VI—Arthritic animals treated with oral administration of ethyl acetate fraction of
Swallow wort (EAFCP) at a 300 mg/kg dose.

Around 0.1 mL of FCA was administered subcutaneously into the subplantar region
of the left hind paw on 1st and 7th days to all the animals of all groups except vehicle
control [40]. Then, 300 mg/kg of each of MFCP and EAFCP were orally administered once
daily from day 12 to day 28 [41]. The standards (indomethacin and ibuprofen) at the dose
of 10 and 15 mg/kg, respectively, were also orally administered once daily from day 12
to day 28 for the evaluation of antiarthritic potential of these standards. The antiarthritic
activities of each plant fraction of Swallow wort and standards were determined using a
“Plethysmometer (Ugo, Basile, Italy)” by the hind paw method on days 1, 4, 7, 10, 12, 14, 17,
21, 24, and 28 [42]. The percentage inhibition value of each fraction of plant was calculated
using its standard formula, described previously [14,16].

Arthritic index was obtained using different pharmacological parameters such as hind
paw edema, mechanical withdrawal threshold, body weight, and arthritic score. On the
28th day, the rats were anaesthetized using anesthetic ketamine and blood samples were
withdrawn from the retro-orbital puncture for the determination of different biochemical
parameters. At the end of the experiment, X-rays of the joints of the hind paws of animals
were recorded under mild diethyl ether anesthesia for the evaluation of possible bone,
cartilage, and other structural degeneration.

2.4.5. Paw Volume Evaluation

The left paw volume was measured up to the lateral malleolus by the mercury dis-
placement method just before FCA injection on 1st day and subsequently at various time
intervals until the 28th day using a “Plethysmometer (Ugo, Basile, Italy)” [43]. The alter-
ations in the paw volume were considered as the difference between the final and initial
paw volumes.

2.4.6. Visual Arthritis Scoring System

The visual arthritis scoring systems were used to assess the severity of the arthritis,
as described previously [44]. The arthritis score was ranged from 0 to 4 which is graded
as follows: 0 = normal paw; 1 = mild swelling and erythema; 2 = swelling and erythema;
3 = severe swelling and erythema; 4 = gross deformity and inability.

2.4.7. Evaluation of Thermal Hyperalgesia

The thermal hyperalgesia/paw withdrawal latency of injected paw was evaluated
using hot plate method just before FCA injections on the 1st day and subsequently at
various time intervals until the 28th day. The paw was placed on the flat surface of the hot
plate which was maintained at 55 ± 5 ◦C. The reaction time to heat stimulus in terms of
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paw licking or jumping was recorded as the end point of the pain threshold [45]. A cut off
time was selected as 20 s to avoid tissue damage.

2.4.8. Body Weight Recording

The body weight was recorded during the experimental period using a Digital Weigh-
ing Balance (Sartorius 1413, MP 8/8-1, Bohemia, NY, USA) just before FCA injections on
the 1st day and subsequently at various time intervals until the 28th day [46].

2.4.9. Determination of the Weight of Spleen and Thymus

At the end of experimental studies, the rats were sacrificed using ketamine anesthesia.
Then, the thymuses and spleens of all rats were taken and weights were recorded.

2.4.10. Biochemical Estimation

On the 28th day, the blood samples of the rats were withdrawn from the retro-orbital
puncture of all the animal groups and various biochemical parameters such as aspartate
aminotransferase (AST), alanine transaminase (ALT), and alkaline phosphatase (ALP) were
estimated using a standard kit (Sigma-Aldrich assay kit) [47].

2.4.11. Estimation of Serum Parameters

Various hematological/serum parameters were estimated using routine laboratory
techniques. The levels of serum C-reactive protein (CRP) and rheumatoid factor (RF) were
estimated using commercial kits (Aspen laboratories) following the manufacturer’s instruc-
tions.

2.4.12. Proinflammatory Biomarkers (TNF-α and IL-6)

For the estimation of proinflammatory biomarkers such as TNF-α and IL-6, the blood
samples were left to stand for about 30 min. The serum was separated from the blood by
centrifugation at 3000 rpm for about 10 min. The obtained serum samples were stored
at −20 ◦C until further evaluation. Proinflammatory biomarkers (TNF-α and IL-6) were
estimated using readymade ELISA reagent kits [40].

2.4.13. Radiological Analysis of Ankle Joints

On the 28th day, the animals were anaesthetized using ketamine and radiographs of
FCA-injected hind paws were recorded using X-ray (GE DX-300). Radiographic analysis of
hind paws was carried out at 40 kV peak and 12 Ms. The X-ray image was interpreted for
the radiographic changes.

2.5. Data and Statistical Analysis

The values are expressed as mean ± SEM for 6 animals. The experimental results were
analyzed statistically using one-way ANOVA followed by Dunnett test using Graphpad
instant software. p < 0.05 was considered a statistically significant value.

3. Results

3.1. Plant Extraction and Characterization
3.1.1. Extractive Value of Fraction

After extracting 702 g of powder Swallow wort leaves with petroleum ether, chlo-
roform, ethyl acetate, acetone, and methanol, the fraction yields were found to be 12.25,
12.51, 5.87, 5.43, and 42.66 g of the fraction, respectively. The yield was recorded highest in
methanol fraction of Swallow wort leaves, while the lowest one was found in acetone frac-
tion. The yield was negligible for ethanol fraction. The yield of above mentioned fractions
of Swallow wort leaves was not found in the literature. However, the yield of methanol
fraction of Swallow wort latex was recorded as 25% (dry weight) in the literature [30]. In
the present study, the yield of methanol fraction of Swallow wort leaves was 42.66 g out of
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702 g of powder, which was approximately 6.10%. These observations suggested that latex
of Swallow wort is better than its leaves in terms of yield.

3.1.2. Phytochemical Screening

The preliminary phytochemical screening of MFCP and EAFCP demonstrated the
presence of alkaloids, glycosides, flavonoids, and steroids. Other studied fractions did not
show the presence of all these compounds.

3.2. Biological Evaluation
3.2.1. PASS Prediction

We performed the PASS prediction of various phytoconstituents of Swallow wort
leaves for the prediction of various biological activities such as anti-inflammatory and
antiarthritic activity. From this study, we found most of the constituents such as α-amyrin,
β-amyrin, β- sitosterol, and stigmasterol have shown good anti-inflammatory activity
(Table 1).

Table 1. Prediction of activity spectra for substance (PASS) of Swallow wort for antiarthritic activity.

Phytoconstituent Pa Pi Activity

α-amyrin
0.889 0.004 Anti-inflammatory

0.835 0.002 Nitric oxide antagonist

0.522 0.043 Antiarthritic

β-amyrin
0.411 0.011 Antioxidant

0.843 0.005 Anti-inflammatory

0.793 0.003 Nitric oxide antagonist

Calitropigenin
0.405 0.012 Antioxidant

0.357 0.119 Anti-inflammatory

0.490 0.060 Anti-inflammatory

Asclepin
0.357 0.119 Anti-inflammatory

0.490 0.060 Anti-inflammatory

0.608 0.005 Calcium regulator

β-sitosterol
0.572 0.038 Anti-inflammatory

0.482 0.004 Anti-inflammatory, Ophthalmic

0.740 0.011 Anti-inflammatory

Stigmasterol
0.669 0.004 Calcium regulator

0.662 0.006 Bone diseases treatment

0.373 0.017 Anti-inflammatory, ophthalmic

3.2.2. FCA-Induced Arthritis

The subplantar injection of FCA in the left hind paw of rats resulted in the pro-
gressive increase in the volume of the ipsilateral (injected) paw as well as contralateral
(noninjected) paw.

3.2.3. Effect of Swallow Wort Fractions on Paw Volume

FCA was administered on 1st and 7th days, which resulted in the progressive increase
in paw volume. The treatment with standards (indomethacin and ibuprofen) and plant
fractions (MFCP and EAFCP) started from the day 12 to day 28. As presented in Table 2, it
can be seen that both of the standards as well as fractions caused significant abatement of
paw volume which was noticed from day 17 to day 28. The MFCP demonstrated the same
level of antiarthritic effects (46.42%) with that of ibuprofen, which was slightly lower than
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that of indomethacin (51.78%). However, the antiarthritic effects of EAFCP (26.78%) were
found to be significantly lower than both of the standards (indomethacin and ibuprofen)
and MFCP (p < 0.01). Hence, MFCP could be used as an alternative to indomethacin and
ibuprofen in the treatment of RA.

Table 2. Effect of Swallow wort fractions on Freund’s complete adjuvant (FCA)-induced paw volume of rats.

Groups
Paw Volume on Different Days (mL) Inhibition

(%)4th 7th 10th 12th 14th 17th 21st 24th 28th

Normal 0.18 ±
0.009

0.19 ±
0.012

0.2 ±
0.008

0.20 ±
0.008

0.2 ±
0.08

0.19 ±
0.01

0.2 ±
0.02

0.21 ±
0.01

0.21 ±
0.008 _

Arthritic
control

0.38 ±
0.011 #

0.50 ±
0.012 #

0.59 ±
0.008 #

0.61 ±
0.01 #

0.59 ±
0.008 #

0.59 ±
0.008 #

0.58 ±
0.005 #

0.57 ±
0.005 #

0.56 ±
0.004 # _

Indomethacin 0.38 ±
0.009

0.51 ±
0.012

0.59 ±
0.014

0.61 ±
0.01

0.58 ±
0.004

0.42 ±
0.005 **

0.38 ±
0.005 **

0.34 ±
0.006 **

0.27 ±
0.01 ** 51.78

Ibuprofen 0.39 ±
0.011

0.51 ±
0.012

0.59 ±
0.008

0.60 ±
0.012

0.58 ±
0.012

0.44 ±
0.01 **

0.42 ±
0.008 **

0.37 ±
0.008 **

0.3 ±
0.008 ** 46.42

MFCP 0.38 ±
0.019

0.51 ±
0.012

0.58 ±
0.006

0.59 ±
0.012

0.58 ±
0.009

0.44 ±
0.005 **

0.42 ±
0.007 **

0.38 ±
0.01 **

0.30 ±
0.008 ** 46.42

EAFCP 0.39 ±
0.009

0.51 ±
0.012

0.59 ±
0.012

0.60 ±
0.011

0.59 ±
0.008

0.58 ±
0.007

0.56 ±
0.008 *

0.49 ±
0.007 **

0.41 ±
0.008 ** 26.78

Values are mean ± SEM for 6 animals. * p < 0.05, ** p < 0.01 vs. control group # p < 0.01 when compared to normal control. One-way
ANOVA followed by Dunnett test were used. Methanol fraction of Swallow wort (MFCP) showed similar percentages inhibition with that
of ibuprofen.

3.2.4. Arthritic Scoring System

The effect of the administration of different fractions (MFCP and EAFCP) and stan-
dards (indomethacin and ibuprofen) on arthritic score was assessed through visual obser-
vation. The different grading systems as described in the experimental section were used
to assess the arthritic scores. On the 28th day, the MFCP was found to reduce the arthritic
score significantly compared to the control and arthritic control (p < 0.01). The effect of
MFCP was similar to that of standard ibuprofen (Figure 1). Although EAFCP demonstrated
lesser effects than MFCP, a significant reduction in arthritic score was recorded compared
to the control and arthritic control (p < 0.01). Overall, MFCP was found to be better than
EAFCP in reducing the arthritic scores in the rats.

3.2.5. Measurement of Paw Withdrawal Latency

The significant increment in the paw withdrawal latency was witnessed on day 21
and day 28 in animals treated with MFCP, EAFCP, and standards (Figure 2). The paw
withdrawal latency of MFCP (2.11 ± 0.17) was found to be similar to that of standard
ibuprofen (2.33 ± 0.18) on the 28th day. However, the paw withdrawal latency of EAFCP
(1.74 ± 0.09) was found to be significantly lower than MFCP and both of the standards
(indomethacin and ibuprofen) on the 28th day (p < 0.05). These observations indicate the
superiority of MFCP over EAFCP in the increment of paw withdrawal latency.
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Figure 1. Effect of Swallow wort fractions on arthritic score. Values are mean ± SEM for 6 animals; statistical analysis
by one-way ANOVA followed by Dunnett test using Graphpad Instat software; * p < 0.05, ** p < 0.01 when compared to
arthritic control, and # p < 0.01 when compared to normal control.

Figure 2. Measurement of paw withdrawal latency. Values are mean ± SEM for 6 animals; statistical analysis by one-way
ANOVA followed by Dunnett test using Graphpad Instat software; * p < 0.05 and ** p < 0.01 when compared to arthritic
control normal control.
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3.2.6. Body Weight

All animals injected with FCA showed the reduction in the body weight which might
be due to the decreased absorption of nutrients of Swallow wort through the intestine [45].
However, the treatment with both of the standards (indomethacin and ibuprofen) and
plant fractions showed increase in the body weight from the 12th day onwards. The MFCP
and EAFCP were found to almost restore the body weight in the progressive manner such
as in case of indomethacin and ibuprofen (Figure 3). Overall, both MFCP and EAFCP were
found to have a good impact on the body weight of the rats.

 
Figure 3. Effect of Swallow wort fractions on body weight. Values are mean ± SEM for 6 animals; statistical analysis by
one-way ANOVA followed by Dunnett test using GraphpadInstat software; * p < 0.05, ** p < 0.01 when compared to arthritic
control, and # p < 0.01 when compared to normal control.

3.2.7. Measurement of Spleen and Thymus Weights

Immunological functions are related to the thymus and spleen indexes. On the 28th
day, the rats were sacrificed and thymus index and spleen index were determined. As
presented in Table 3, the weights of spleen and thymus for MFCP group animals were
found to be significantly lower than arthritic control group (p < 0.01). The MFCP also
showed greater effect in thymus weight (0.13 ± 0.017 g) than ibuprofen (0.14 ± 0.017 g) but
slightly lower effect in spleen weight (0.33 ± 0.014 g) than ibuprofen (0.37 ± 0.01 g). The
weight of spleen and thymus for EAFCP group animals was also found to be significantly
lower than the arthritic control (p < 0.01). Based on these observations, MFCP was found to
be much better than EAFCP in reducing the thymus and spleen weights.
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Table 3. Measurement of spleen and thymus weights in FCA-induced arthritis.

Groups
Organs Weight (g)

Spleen Thymus

Normal 0.21 ± 0.01 0.11 ± 0.01
Arthritic control 0.44 ± 0.012 # 0.2 ± 0.011 #

Indomethacin 10 mg/kg 0.29 ± 0.012 ** 0.13 ± 0.016 **
Ibuprofen15 mg/kg 0.37 ± 0.01 ** 0.14 ± 0.017 **
MFCP 300 mg/kg 0.33 ± 0.014 ** 0.13 ± 0.017 **
EAFCP 300 mg/kg 0.41 ± 0.024 ** 0.18 ± 0.008 **

Values are mean ± SEM for 6 animals. ** p < 0.01 vs. control group and # p < 0.01 when compared to normal
control. One-way ANOVA followed by Dunnett test were used.

3.2.8. Serum Lysosomal Enzymes in FCA-Induced Arthritis

Enzymes such as AST, ALT, and ALP have significant roles in the formation of bio-
logically active chemical mediators such as bradykinins in the inflammatory process [46].
In addition, serum AST, ALT, and ALP are the specific biomarkers which are useful in
the evaluation of liver damage [13]. Therefore, the levels of AST, ALT, and ALP were
measured in this study. All group animals treated with FCA caused an increase in the level
of these enzymes. However, the treatment of animals with MFCP (300 mg/kg), EAFCP
(300 mg/kg), indomethacin (10 mg/kg), and ibuprofen (15 mg/kg) significantly reduced
the elevated levels of serum enzymes (Table 4), while the animals treated with MFCP
showed greater effect than EAFCP.

Table 4. Serum lysosomal enzyme in FCA-induced arthritis.

Groups
Serum Enzymes on Different Days

AST (U/mL) ALT (U/mL) ALP (U/mL)

Normal 32.33 ± 0.81 26.16 ± 0.98 42.83 ± 1.72
Arthritic control 76.66 ± 1.63 # 74 ± 1.6 # 122.66 ± 1.63 #

Indomethacin 10 mg/kg 38.16 ± 1.72 ** 35.66 ± 1.3 ** 42.33 ± 1.36 **
Ibuprofen15 mg/kg 42.33 ± 1.36 ** 38.66 ± 1.03 ** 55.83 ± 1.16 **
MFCP 300 mg/kg 45.16 ± 0.75 ** 41.83 ± 0.75 ** 56 ± 1.78 **
EAFCP 300 mg/kg 49.66 ± 1.5 ** 47.5 ± 1.04 ** 62.16 ± 1.47 **

Values are mean ± SEM for 6 animals. ** p < 0.01 vs. control group and # p < 0.01 when compared to normal
control. One-way ANOVA followed by Dunnett test were used.

3.2.9. Alterations in CRP and RF in FCA-Induced Arthritis in Rats

The serum CRP and RF are the markers of the inflammation and antibody production
against the injected FCA. The high levels of CRP (7.1 mg/L) and RF (59.71 IU/L) were
recorded in the FCA control group animals. However, the MFCP, EAFCP, indomethacin,
and ibuprofen treatments significantly reduced the levels of CRP and RF (p < 0.01) as
shown in Table 5. The effects of MFCP were better than EAFCP. Hence, MFCP can be
effectively utilized in reducing the serum levels of CRP and RF compared to EAFCP.

3.2.10. TNF-α and IL-6

Proinflammatory cytokines such as TNF-α and IL-6 play essential roles in the patho-
genesis of RA. Therefore, the levels of TNF-α and IL-6 cytokines in the serum of arthritic
rats were analyzed and results are shown in Figure 4. The levels of TNF-α and IL-6 were
significantly elevated in FCA-induced arthritic rats (p < 0.01). However, the treatment of
arthritic rats with MFCP reduced the elevated levels of serum TNF-α and IL-6. This effect
was almost equivalent to that of standard ibuprofen. The treatment of arthritic rats with
EAFCP also reduced the elevated levels of serum TNF-α and IL-6 compared to arthritic
control but its level was significantly higher than MFCP and both of the standards (p < 0.05).
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Table 5. Alterations in C-reactive protein (CRP) and rheumatoid factor (RF) in FCA-induced arthritis
in rats.

Groups RF (IU/L) CRP (mg/L)

Normal control - 1.19 ± 0.3
Arthritic control 59.71 ± 1.18 # 7.1 ± 0.48 #

Indomethacin (10 mg/kg) 34.55 ± 0.96 ** 2.41 ± 0.51 **
Ibuprofen (15 mg/kg) 37.08 ± 0.91 ** 2.93 ± 0.51 **

MFCP 300 mg/kg 46.03 ± 1.25 ** 4.1 ± 0.49 **
EAFCP 300 mg/kg 49.34 ± 1.21 ** 6.38 ± 0.34 **

Values are mean ± SEM for 6 animals. ** p < 0.01 vs. control group and # p < 0.01 when compared to normal
control. One-way ANOVA followed by Dunnett test were used.

Figure 4. Effects of Swallow wort fractions on cytokine production in serum. Values are mean ± SEM for 6 animals; statistical
analysis by one-way ANOVA followed by Dunnett test using Graphpad Instat software; ** p < 0.01 when compared to
arthritic control and # p < 0.01 when compared to normal control.

3.2.11. Radiological Analysis of Ankle Joints

Figure 5A presents the photographs of the tarsotibial joint swelling of the left hind
paws from different groups on the 14th day after CFA injection. Figure 5B presents the
X-ray radiographs of the same paws recorded on the 28th day. The radiographic analysis
of the hind legs for FCA-induced arthritic rats presented soft tissue swelling (phalangeal
region) along with joint space narrowing (intertarsal joints), cystic enlargement of the
bone, and extensive erosions which clearly indicated the degeneration of the cartilage
(Figure 5). However, the treatment with MFCP, EAFCP, indomethacin, and ibuprofen
reduced the narrowing of joint space and improved the radiographic pattern of the joints.
The radiographic patterns of the joints were found to be better in MFCP treated animals
than EAFCP threated animals.
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Figure 5. Photographic and radiographic analysis of FCA-induced arthritis in rats. (A) Photographic of the left hind paw
taken 14 days after FCA injection and (B) radiographic analysis of the left and right hind paws at day 21 after FCA injection.

4. Discussion

Swallow wort is growing wildly as an Ayurvedic plant with important medicinal
properties. The leaves, latex, flowers, stems, and roots of Swallow wort are used tradi-
tionally to treat complications such as ulcers, leprosy, tumors, inflammatory disorders,
piles, and liver diseases [22]. Anti-inflammatory efficacy of the latex of Swallow wort has
been demonstrated in various animal models [28]. The warm leaf paste of Swallow wort is
usually applied on the swollen part to minimize the inflammation and pain [48]. Although
the leaves of this plant are reported to have traditional uses regarding its beneficial effects
in inflammatory conditions, these claims are not experimentally verified. In our earlier
studies, we found significant activity of Swallow wort (extract and fraction) in in vitro,
carrageenan-induced paw edema, and formalin-induced paw edema rat models [49]. The
PASS studies were performed to predict the biological activities of various phytocon-
stituents present in Swallow wort leaves. Based on current phytochemical analysis and
reported gas-chromatography mass-spectrometry data of Swallow wort leaves, several
reported phytoconstituents of Swallow wort leaves were utilized for the prediction of
biological activities [50]. The PASS studies predicted the anti-inflammatory potentials
of most of its constituents such as α-amyrin, β-amyrin, stigmasterol, and β- sitosterol.
These compounds also showed good anti-inflammatory activities in experimental animal
models [51,52]. So, in the present study, we have investigated the antiarthritic potential of
different fractions of Swallow wort leaves using an FCA-induced arthritis model. Due to
unavailability of female rats, these studies were carried out on male rats. In addition, no
differences were recorded in the susceptibility to RA between the genders previously in
the literature [53]. Hence, either sex of the rats can be selected for these studies.

FCA-induced arthritis model is the most common chronic model which is comparable
to the human RA model [54]. This model is predicted as a progressive increase in the
volume of the injected paw of rats and used to evaluate the pathogenesis of RA for the
screening of different therapeutics [55]. In this model, the primary reaction of edema and
soft-tissue thickening at the depot site is caused by the FCA, which has an irritant effect [56].
However, the secondary lesion is associated with the formation of antibodies [57].

An acute toxicity evaluation demonstrated the nontoxic nature of both of the extracts at
the dose of 2000 mg/kg. The selected dose of 300 mg/kg for both of the extracts was much
lower than studied dose of acute toxicity evaluation. Accordingly, a dose of 300 mg/kg
was selected in this study. Although FCA was administered on the 1st and the 6th days of
the treatment, the signs of inflammation appeared from the 2nd day, which might be due
to fluid exudation, neutrophil infiltration, and mast cell activation. It was followed by a
slow regression and the joint swellings [29]. Antiarthritic activity of MFCP was greater
than EAFCP, equal to standard ibuprofen, and slightly lower than standard indomethacin,
which is indicated by the reduction in paw volume of inhibiting the FCA-challenged rats.
Indomethacin, a nonselective COX inhibitor, is a more potent anti-inflammatory, analgesic,
and antipyretic than aspirin [58].
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The swelling of joints and the increased arthritic score are the real index for chronic
inflammation of FCA-induced arthritic model [40]. MFCP was found to reduce the arthritic
score and paw swelling significantly, which was similar to that of standard ibuprofen
(Table 2 and Figure 1). These observations suggest the possible immunosuppressant
effects of MFCP [54]. The animal groups that underwent MFCA and EAFCP treatments
showed a marked enhancement in rat body weight compared to the arthritic control
group. A significant reduction in rat body weight was witnessed due to the decreased
absorption of nutrients from the intestine in FCA-challenged rats. Similar to that of
standards indomethacin and ibuprofen, MFCP significantly restored the body weight of
the rats which may be due to the improvement in the arthritic condition, which in turn,
may normalize the absorption of nutrients from the intestine. These result also suggested
that there is a close relationship between the extent of inflammation and the loss of body
weight [59]. These results were in good agreement with those reported for the treatment of
monoarthritis in rats using a latex extract of Swallow wort [29].

In adjuvant arthritis, the spleen is an essential organ for the formation of cells and
antibodies, which are responsible for the immunological effects. The increase in the
cellularity occurs in the spleen of the arthritic rats [10]. The organ weight of the spleen
and thymus in FCA-induced rats was evidently increased in the present study [60]. The
MFCP and EAFCP resulted in the increased weight of the spleen and thymus, probably by
suppression of splenic lymphocytes and inhibition of the infiltration lymphocytes into the
synovium [11].

Additional verifications of the antiarthritic potentials of MFCP, EAFCP, indomethacin,
and ibuprofen were assessed by the estimation of the various biochemical parameters
of rat serum including AST, ALT, ALP, CRP, and RF, which are important tools to study
the antiarthritic potential of the drugs. In the inflammatory process, AST and ALT are
responsible for the formation of inflammatory mediators such as bradykinins [61]. In the
FCA model, the liver function indicative enzymes may be altered due to the enhancement
in liver and bone fractions. This is associated with localized bone erosion and periarticular
osteopenia. The CRP levels increased during inflammation which might be due to the
rise in the IL-6 levels. This is produced by the macrophages and the adipocytes [62].
FCA-induced arthritis is linked with an increase in the RF and CRP levels [54]. In this
study, the treatment of arthritic rats with MFCP, EAFCP, indomethacin, and ibuprofen
significantly reduced the elevated levels of AST, ALT, ALP, CRP, and RF in rat serum. The
animals treated with MFCP showed a greater effect than EAFCP. These studies suggested
the potential of studied fractions of Swallow wort in the treatment of RA. The significant
reduction in the elevated serum levels of AST, ALT, and ALP also suggested that the studied
fractions did not cause hepatic injury to the rats [13]. Overall, the results of lysosomal
enzyme measurements were found to be in good agreement with those reported previously
in the literature for the Solanum xanthocarpum fruit extract [13].

Cytokines are the mediators of inflammatory conditions. The synovial macrophages
and fibroblasts produce an excess amount of ILs, TNF-α, and other cytokines. Moreover,
the activated neutrophils are also the sources of leukotrienes and prostaglandins. Mediators
such as IL, IL-1β, IL-6, and TNF-α are responsible for the pathogenesis and progression of
RA [40]. In the present study, the serum TNF-α and IL-6 levels were significantly increased
in FCA-induced arthritic rats. However, the treatment with MFCP showed the maximum
inhibition of TNF-α and IL-6 levels compared to EAFCP. These results were in accordance
with those reported for latex extraction of Swallow wort [29].

For the diagnosis of tissue swelling, erosions, and joint deformity in arthritis patients,
radiographic images are used. This gives an idea about soft tissue lesions which are
observed as an early sign of the arthritis. The bone erosion and deterioration in trabecular
bone are also typical pathologic changes of human arthritis [63]. In FCA-induced arthritic
rats, soft tissue swelling along with a narrowing of the joint spaces was recorded, which
implies bone destruction in arthritic conditions. The radiographic observations of the
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treatments group with MFCP and EAFCP inhibited the arthritis-associated joint changes
(Figure 4).

The antiarthritic effects of MFCP and EAFCP could be due to the presence of different
classes of phytochemicals including flavonoids, alkaloids, terpenoids, glycosides, saponins,
tannins, and steroids, which were identified using preliminary phytochemical screening.
Accordingly, the current investigation showed that the leaf of Swallow wort markedly
reduced the paw inflammation, serum enzyme levels, and release of proinflammatory
mediators associated with RA and hence it has great potential in the treatment of RA.

5. Conclusions

The results of the current investigation contribute toward the exploration of Swallow
wort leaf extracts in the treatment of RA. The obtained data suggested that the antiarthritic
potentials of MFCP and EAFCP might be due to the protection of vascular permeability,
synovial membrane, and prevention of cartilage destruction, which could finally result in
improved health status. It also demonstrates its beneficial effects during recovery from
RA by including body weight, arthritic score, and organ weights along with clinical signs
including paw edema, paw withdrawal latency, and radiological pattern. This research
established the antiarthritic potential of MFCP in Wistar rats. However, further investi-
gations are required to identify and isolate the potential phytoconstituents responsible
for the antiarthritic efficacy, which could facilitate the utilization of Swallow wort in
arthritic disorders.
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Abstract: Stevia rebaudiana (Bertoni) is a promising medicinal and aromatic plant for Mediterranean
agroecosystems given its positive agronomic attributes and interesting quality features. It has
both food and pharmaceutical applications, since its leaves contain sweet-tasting steviol glycosides
(SVglys) and bioactive compounds, such as phenolics, flavonoids, and vitamins. We evaluated
the agronomic and qualitative performances of nine stevia genotypes cultivated, in open field
conditions, for two consecutive years under the Mediterranean climate of central Italy. Growth,
biomass production, and accumulation of bioactive compounds (SVglys, polyphenols, and their
related antioxidant activities) were evaluated, considering the effect of harvest time and crop age
(first and second year of cultivation). The results showed high variability among genotypes in terms
of both morpho-productive and phytochemical characteristics. In general, greater leaf dry yields,
polyphenol accumulation, and antioxidant activities were found in the second year of cultivation,
harvesting the plants in full vegetative growth. On the other hand, total SVglys leaf content reached
the highest values in the first year when plants were at the beginning of the reproductive phase. On
the other hand, although the SVglys profile (Rubusoside, Dulcoside A, Stevioside, Rebaudioside
A, C, D, E, and M) remained stable over harvest times, it differed significantly depending on the
crop age and genotype. Our findings provide useful information on the influence of crop age and
harvest time in defining quanti-qualitative traits in stevia, with PL, SL, BR5, and SW30 being the best
performing genotypes and thus suitable for breeding programs. Our study highlighted that stevia, in
the tested environment, represents a promising semi-perennial crop which offers new solutions in
terms of cropping system diversification and marketing opportunities.

Keywords: medicinal and aromatic plants; crop diversification; sustainability; leaf yield; biofunctional
products; genotypic variability

1. Introduction

In many Mediterranean areas, high evapotranspiration rates, increased precipitation
variability, and intense summer drought are the main environmental constraints to agricul-
tural management and crop production. Under such conditions, sustainable agricultural
practices and the introduction of new crops that are able to diversify cropping systems
and to mitigate climate changes are very promising strategies for addressing cropping
system sustainability.

Compared to continuous cropping systems, crop diversification involves better utiliza-
tion of land resources, lower risks from pests and diseases, and greater yield stability. In this
context, medicinal and aromatic plants (MAPs) can be included in low-input productive
systems: they can enhance the multifunctionality traits of the agricultural sector, produce
safe final products, respect the environment, and promote rural areas. Various MAPs find

Agriculture 2021, 11, 123. https://doi.org/10.3390/agriculture11020123 https://www.mdpi.com/journal/agriculture75



Agriculture 2021, 11, 123

optimal growth conditions in Mediterranean environments and, among these, perennial
and semi-perennial species can contribute to agro-ecosystem services.

The cultivation of perennial crops reduces soil erosion, minimizes nutrient leaching,
sequesters more C in soils, protects water resources, creates a better pest tolerance, and
provides a continuous habitat for wildlife [1–3]. In addition, perennial species require less
use of farm equipment than annual crops as well as fewer fertilizers and herbicides [4].
Among perennial MAPs, Stevia rebaudiana (Bertoni) is grown successfully in a wide range of
agro-ecological environments, from semi-humid, subtropical to temperate zones. Thanks
to its extreme versatility, it can be grown as a pluriannual crop (three to five years) in
temperate to warm climates and, as an annual crop, in colder regions [5–7]. Unlike other
traditional sweetener crops, such as sugar beet and sugar cane, stevia cultivation reduces
agronomic inputs, including nutrients, water, and energy [8].

Besides these agronomic benefits, stevia has an exceptional phytocomplex composition
that can be exploited in several applications, from the pharmaceutical to cosmetic and
nutraceutical industry. Metabolic disorders such as type-II diabetes and obesity, associated
with an excessive sugar consumption, are becoming more prevalent and stevia is the perfect
sugar substitute in foods and drinks, given that its leaves contain non-calorie high-intensive
sweetener compounds, namely steviol glycosides (SVglys) [9–11]. Its leaves also contain
a complex mixture of triterpenoids, sterols, essential oils, phenols, and flavonoids, with
functional and health-promoting properties [12–17]. Thanks to its positive agronomic and
phytochemical characteristics, stevia could thus offer new solutions in terms of cropping
system diversification and marketing opportunities.

Stevia cultivation is widespread all over the world and it has been introduced as
a commercial crop in several countries [8,18]. Experimental cultivations are increasing
in Europe aimed at producing higher-performing and yielding stevia genotypes [19–23].
Access to genotypes that can adapt to different environmental conditions is important
for the selection of those characterized by both high levels of secondary metabolites and
biomass yield.

To improve the competitiveness of stevia production in the Mediterranean region,
it is important to identify higher-performing genotypes in terms of yield and quality,
resource use efficiency, and resistance/tolerance to a wide range of biotic/abiotic stress
combinations. Therefore, the aim of this study was to determine the best performing
genotypes suitable for developing site-specific recommendations for stevia cultivation
under the Mediterranean climate of central Italy. Nine stevia genotypes and two harvest
times were compared for two consecutive years, exploring differences in plant growth
traits (growth cycle, biometric characteristics, leaf yield) and in desired compounds (SVglys
content and profile, total phenol and flavonoid accumulation, and antioxidant activity).

2. Materials and Methods

2.1. Experimental Design and Plant Materials

A field-plot trial was carried out during two growing seasons (2018 and 2019) at the
experimental Centre of the Department of Agriculture, Food and Environment (DAFE,
University of Pisa), located in San Piero a Grado, Pisa, central Italy (43◦40′ N; 10◦19′ E,
5 m above sea level). A completely randomized block experimental design, with four
replications, was adopted, with the plot as the experimental unit and selected plants within
the plot as the observational unit. The plot size was 3 m × 1.8 m (width × length), and
each plot consisted of six rows of six plants (36 plant plot−1), with a plant density of
6.67 plants m−2 by adopting an inter-row and intra-row spacing of 0.5 × 0.3 m. Seedbed
preparation included moldboard plowing (30 cm depth), disk harrowing, and use of a
cultivator. Pre-planting phosphorus and potassium fertilizations were performed at a rate
of 100 kg ha−1 of P2O5 by triple superphosphate and 80 kg ha−1 of K2O by potassium
sulfate. Nitrogen (as ammonium nitrate) was applied at a rate of 40 kg N ha−1 after
transplanting. Nine genotypes of different origins, belonging to DAFE’s germplasm
collection were used for the field-plot trial (Table 1). Plants for each genotype were

76



Agriculture 2021, 11, 123

first reproduced by micropropagation and then multiplied by stem cuttings to avoid
plant genetic variability in terms of both morphological and phytochemical characteristics.
Subsequently, they were kept under controlled conditions at the DAFE greenhouse until
open field transplanting between mid-May and early June 2018.

Table 1. Origin of S. rebaudiana genotypes.

Genotype ID Origin

PL Israel
BR16 Brazil
RG Italy
SL Israel
NU Italy
CO Israel
BR5 Brazil

SW30 Italy
BR1 Brazil

Weather parameters (daily minimum, Tmin, maximum, Tmax, and mean temperatures,
Tmean, and cumulative rainfall) were recorded by an automated weather station nearby the
experimental site, from the beginning of vegetative plant development (June) to the full
plant flowering (October) in each year of cultivation. Throughout the experiment, total
rainfalls were 164.2 and 233.2 mm, in 2018 and 2019, respectively, with a mean average
temperature of 19.0 ◦C and 16.4 ◦C in 2018 and 2019, respectively. Mean average Tmax and
Tmin temperatures did not differ notably between 2018 and 2019 (Table 2).

Table 2. Monthly cumulative (mm) rainfall and mean temperatures (Tmean, Tmax, and Tmin) through-
out the entire experimental period (May 2018–September 2019).

Year Month Tmax (◦C) Tmin (◦C) Tmean (◦C)
Rainfall

(mm)

2018 May 21.7 15.0 18.4 87.4
June 25.6 17.6 21.6 5.0
July 28.0 20.3 24.1 49.6

August 29.3 20.4 24.8 25.2
September 26.1 17.2 21.6 19.4

October 22.7 14.1 18.4 65.0
November 16.8 9.9 13.4 111.6
December 13.3 5.5 9.4 51.0

2019 January 11.4 1.9 6.6 41.6
February 13.9 4.1 9.0 58.6

March 15.6 6.6 11.1 3.0
April 17.6 9.0 13.3 112.2
May 18.6 11.6 15.1 87.6
June 26.3 17.8 22.1 2.8
July 28.6 20.2 24.4 88.4

August 28.9 20.2 24.6 3.6
September 25.5 17.3 21.4 72.6

Before beginning the experiment, soil samples were collected at 0 to 30 cm depth in
order to evaluate the physical and chemical characteristics of the soil (Table 3). The soil
was loam with a sub-alkaline reaction, a good content of total nitrogen, organic matter, and
exchangeable potassium, and with a low level of available phosphorus and salinity.
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Table 3. Physical and chemical characteristics of the soil at the experimental site.

Characteristics Values

Clay (<0.002 mm, %) 14.5
Silt (0.05–0.002 mm, %) 38.9
Sand (2–0.05 mm, %) 46.5

pH (H2O 1:2.5 soil:water suspension; McLean method) 7.6
N tot (Kjeldahl method, g kg−1) 1.4

S.O. (Walkley–Black method, g kg−1) 3.1
Available phosphorus (Olsen method, mg kg−1) 9.9

Exchangeable potassium (Thomas method, mg kg−1) 211.5
CE (mS cm−1) 0.4

CSC (Method BaCl2, pH 8.1, meq 100 g−1) 20.1

2.2. Crop Sampling and Agronomic Measurements

Phenological observations, from the beginning of vegetative plant development until
full plant flowering, were performed in the ratooning crop, starting from the regrowth
of new shoots, per each genotype and in each plot. For every observation, six plants per
genotype were randomly selected in the field, with 54 total plants observed. The length of
both the vegetative and reproductive phases was evaluated using accumulated thermal
time (◦C/day) and the accumulated growing degree days (GDDs) were calculated daily
according to the equation (1) presented by McMaster and Wilhelm [24],

GDD = Σ [(Tmax + Tmin)/2 − Tb] (1)

where Tmax is the daily maximum air temperature, Tmin is the daily minimum air tempera-
ture, and Tb is the base temperature, for which 10 ◦C was used [22].

For each growing season, two destructive samplings (namely HT1 and HT2) were
carried out at the following phenological stages (according to the BBCH scale by Le Bihan
et al. [25]): HT1–Stage 48 = about 80% of final leaf biomass is developed; and HT2–Stage
55 = 50% of apex leaves are differentiated and present inflorescence, but flower buds are
still closed.

HT1 corresponded to the full vegetative growth which was reached between 27 July–2
August in the 1st year and between 15–17 July in the 2nd year, depending on the genotype.
HT2 corresponded to the beginning of flowering, occurred in early September in the
1st year (10–13 September 2018) and between the end of August and the beginning of
September in the 2nd year (from 20 August to 2–3 September 2019). Samplings were
manually performed, collecting six plants per genotype (1 sample = 1 plant). After each
harvest, plant height (cm), basal stem diameter (mm), branching (n. stem/plant), fresh and
dry weight of leaves and stems (g plant−1), harvest index (HI), and specific leaf weight
(LSW) were measured. Leaves of each sample were air-dried in a ventilated oven from 30
to 40 ◦C until constant weight. Dry leaves were ground to a fine powder by a laboratory
mill (Grindomix GM 200, Retsch, Pedrengo (BG), Italy) and stored until the subsequent
analyses. The harvest index (HI), which represents the plant’s efficiency at producing
leaves, was calculated as the ratio between leaf dry yield (g plant−1) and total aboveground
biomass yield (leaves plus stems). Specific leaf weight (SLW) was calculated as the ratio
between dry leaf weight and leaf area (mg cm−2). The leaf area was measured by collecting
and subjecting to a color scan, two apical leaves, two middle leaves, and two basal leaves.
The leaf images were then analyzed with ImageJ (Fiji Particle Analysis plug-in).

2.3. Phytochemical Analysis
2.3.1. Chemicals

Common Steviol Glycosides Standards Kit (Rubusoside, Dulcoside A, Stevioside,
Rebaudiosides A, C, D, E and M) was purchased from Chromadex (LGC Standards S.r.L.,
Milan, Italy). Ferrous sulphate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), gallic acid mono-
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hydrate (3,4,5-trihydroxybenzoic acid), 2,4,6-tri(2-pyridyl)-triazine (TPTZ), trizma acetate,
Folin-Ciocalteu reagent, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid),
sodium carbonate, and ferric chloride were obtained from Sigma-Aldrich Chemical Co.
(Milan, Italy). All chemicals used in the present study, including solvents, were of analyti-
cal grade.

2.3.2. Sample Extraction

A total of 0.1 g of leaf powder per sample was extracted with 10 mL of 70% (v/v) EtOH,
and sonicated for 30 min at 60 ◦C. At the end of the sonication, the extracts were centrifuged
(3500 rpm for 10 min) and filtered with a syringe filter (Ø 0.45 μm) to remove any suspended
material. The extracts obtained were stored at 4 ◦C until subsequent analyses.

2.3.3. Steviol Glycosides Determination

The extraction procedure and the determination of steviol glycosides (SVglys) were
carried out following Zimmerman et al. [26]. Steviol glycosides were analyzed using a Jasco
PU980 HPLC system (JASCO Benelux B.V., Utrecht, Netherlands) coupled with a UV-visible
wavelength detector. A hydrophilic column (Luna HILIC 200A, Phenomenex Inc., Torrance,
CA, USA), 5 μm, 250 mm × 4.6 mm (Phenomenex Inc., Torrance, CA, USA) in combination
with the corresponding pre-column (4 × 3.0 mm) was used. UV detection was carried out
at 205 nm at room temperature with a flow rate of 0.68 mL/min and a run time of 20 min.
Separation was achieved in acetonitrile/water (80:20) as isocratic mobile phase at pH 3.6
regulated with acetic acid. Chromatograms were acquired online, and data were collected
using a Jasco interface (Hercules 2000 Interface Chromatography). Steviol glycosides
were quantified using authentic standards, through calibration curves (0.005–1.00 g L−1),
obtained from standard mixtures containing Rubusoside (Rub), Dulcoside A (Dulc A),
Stevioside (Stev), and Rebaudiosides A, C, D, E, and M (Reb A, C, D, E, and M).

2.3.4. Analysis of Total Phenols and Flavonoids

Total phenols were determined using the Folin-Ciocalteu method according to De-
wanto et al. [27] and expressed as gallic acid equivalents (mg GA g−1 dry leaf). This
method involved the reduction of Folin-Ciocalteu reagent by phenolic compounds, with a
blue complex formation determined at 765 nm by UV-Vis spectrophotometer (Varian Cary
1E, Palo Alto, CA, USA). Total flavonoids were determined using the aluminum trichloride
method according to Jia et al. [28] and expressed as catechin equivalents (mg CE g−1 dry
leaf). The flavonoids-aluminum reaction created a pink complex formation measured at
510 nm using a UV-Vis spectrophotometer (Varian Cary 1E, Palo Alto, CA, USA).

2.3.5. Ferric Reducing Antioxidant Power (FRAP) Assay and Free Radical-Scavenging Assay

The determination of ferric reducing antioxidant power and the free radical-scavenging
activity (FRAP and DPPH assay) of stevia leaf extracts followed Tavarini et al. [29]. The
FRAP method is based on the ability of the antioxidant compounds to reduce Fe3+ to
Fe2+ which, in the presence of TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) led to a blue complex
formation (Fe2+-TPTZ), measured at 593 nm using a UV-Vis spectrophotometer (Varian
Cary 1E, Palo Alto, CA, USA). The DPPH assay is based on the reducing activity of the
antioxidant molecules against the 1,1-diphenyl-2-picryl-hydrazil (DPPH) radical which
was characterized by a purple red color. The extent of the disappearance of DPPH is
directly proportional to the amount of antioxidant present in the reaction measured at
517 nm using a UV-Vis spectrophotometer (Varian Cary 1E, Palo Alto, CA, USA). Total an-
tioxidant activity and free radical-scavenging capacity were expressed as trolox equivalents
(mmol TE g−1 dry leaf).

2.4. Statistical Analyses

All data were subjected to analysis of variance (ANOVA) using GraphPad Prism
v. 8.0.2 (GraphPad Software, Inc., La Jolla, CA, USA). A three-way ANOVA analysis
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was conducted to assess the effect of genotype (G), crop age (CA), harvest time (HT),
and their reciprocal interactions, on the agronomic characteristics and on total phenols
and flavonoids, total SVglys and antioxidant activities (FRAP and DPPH). Means were
separated on the basis of the least significant difference (LSD) only when the ANOVA F
test showed significance at 0.05 or 0.01 probability level.

Hierarchical cluster (HC) and principal component (PC) analyses were performed on
(i) the total content of phenols, flavonoids, and steviol glycosides, and (ii) on the individual
steviol glycoside (Dulcoside A; Rebaudiosides A, C, D, E and M; Rubusoside, Stevioside)
concentrations with JMP® Pro 13.2.1 (SAS Institute Inc., Cary, NC, USA). As unsupervised
methods, the groups of samples obtained with hierarchical cluster analysis (HCA) and PCA
can be observed even when there are no reference samples that can be used as a training
set to establish the model. For both observation groups, the hierarchical cluster analysis
(HCA) was conducted on the normalized average values, with Ward’s algorithm, using
Euclidean distances as a measure of similarity among the samples. In addition, principal
component analyses (PCA) were carried out in order to reduce the dimensionality of the
multivariate data of the matrix, whilst preserving most of the variance [30]. For the PCA
of the total content of phenols, flavonoids, and steviol glycosides, a 35 × 3 (35 samples,
3 metabolite contents, 105 total data) dimensional matrix was used. The score plot obtained
was defined by a PC1 and a PC2 covering 78.3 and 21.3% of the variance, respectively,
for a total explained variance of 99.6%. For the PCA of the total content of individual
steviol glycoside (Dulcoside A; Rebaudiosides A, C, E, M, and D; Rubusoside, Stevioside)
concentrations, a 35 × 8 (35 samples, 8 steviol glycosides, 280 total data) dimensional
matrix was used. The score plot obtained was defined by a PC1 and a PC2 covering 68.2
and 19.3% of the variance, respectively, for a total explained variance of 87.5%.

3. Results

3.1. Growth, Biometric, and Productive Measurements

Figure 1 shows the accumulation of thermal time, expressed as growing degrees days
(GDDs), required by each genotype to pass from the vegetative phase to reproductive
one in the second year after transplanting. Significant differences among genotypes were
observed: RG, SL, CO, BR1, and NU (1414.4 GDD ◦C d−1) accumulated fewer GDDs to
develop the first flower buds than the others (BR16 and SW30 = 1779.15 ◦C d−1, PL, and
BR5 = 1575.2 ◦C d−1).

Figure 1. Effect of genotype (G) and plant development (PD), consisting of a vegetative (VP) and
reproductive phase (RP), on the thermal time accumulation (◦C d−1). The significance of variability
factors according to the F-test: ns, not significant; ***, significant at p ≤ 0.001 level.

Genotype (G), crop age (CA), harvest time (HT) and their reciprocal interactions
significantly affected biometric and productive traits, except for (i) branching, which did
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not vary depending on CA, (ii) basal stem diameter, in relation to G × HT interaction and
(iii) plant height and SLW which were not affected by CA×HT (Table 4).

Taking into account the genetic effect (G), plant height ranged from 47.31 to 58.19 cm,
reaching the highest values in RG and NU genotypes and the lowest values in SL, PL, and SW30.
On the other hand, SW30 was characterized by the greatest stem basal diameter (8.80 mm),
while BR16 showed the lowest value (5.06 mm), although along with RG, BR16 had the greatest
branching than the other genotypes (PL, SL, NU, CO, BR5, SW30, and BR1) (Table 4).

Regarding leaf dry yield per plant, NU and BR1 were the most productive, while BR16
appeared to be the least productive genotype. The other genotypes showed medium leaf
dry yields. Harvest index ranged from 73.51% (SL) to 52.79% (BR16), reflecting the plant
architecture, in terms of height and branching, and leaf yield. PL and SL exhibited the
highest specific leaf weight (SLW), while RG and NU showed the lowest weights.

In terms of crop age, all biometric and productive measurements showed significant
increases in the second year of cultivation, except for the stem basal diameter, which was
significantly smaller in 2-year-old plants, and branching, which did not vary in the two
years of cultivation (Table 4).

Additionally, harvest time played a key role in defining the agronomic responses
of stevia genotypes. In general, maximum plant height, stem basal diameter, branching
and leaf dry yield increased from the point of full vegetative growth to the beginning
of flowering (Table 4). On the other hand, the highest values of specific leaf weight and
harvest index were recorded during the full vegetative growth, with a significant decrease
in the subsequent harvest.

Table 4. Results of three-factorial analysis of variance (ANOVA) for agronomic characteristics of stevia genotypes tested in
the open-field experimental trial.

Factor
Main Effects

Factor Level Height (cm)
Basal Stem

Diameter (mm)
Branching (n.
Stem Plant−1)

HI (%)
SLW (mg

cm−2)

Leaf Dry Yield
(g Plant−1)

Genotype (G)

PL 47.9 ± 3.1 de 7.5 ± 0.4 bc 18.0 ± 2.3 b 65.1 ± 2.5 cd 11.3 ± 0.3 ab 43.7 ± 3.6 bc

BR16 48.5 ± 2.4 d 5.1 ± 0.2 e 27.0 ± 3.3 a 52.8 ± 2.7 g 9.4 ± 0.5 e 26.9 ± 3.2 f

RG 55.3 ± 4.4 ab 7.6 ± 0.3 b 24.0 ± 2.8 a 56.0 ± 3.4 f 9.9 ± 0.4 de 36.9 ± 4.3 cde

SL 44.5 ± 3.7 e 6.8 ± 0.4 cd 15.0 ± 1.7 b 73.5 ± 2.8 a 11.5 ± 0.4 a 29.1 ± 4.3 ef

NU 58.2 ± 4.7 a 7.7 ± 0.3 b 19.0 ± 1.7 b 55.5 ± 3.4 f 9.5 ± 0.3 e 55.7 ± 5.9 a

CO 56.6 ± 3.9 a 6.9 ± 0.4 cd 15.0 ± 1.3 b 64.0 ± 2.4 d 10.2 ± 0.3 cd 41.5 ± 3.0 bcd

BR5 52.9 ± 2.7 bc 7.2 ± 0.4 bcd 17.0 ± 1.3 b 67.1 ± 2.8 b 10.6 ± 0.4 c 44.3 ± 3.8 bc

SW30 47.3 ± 2.2 de 8.8 ± 0.2 a 15.0 ± 1.6 b 62.2 ± 2.7 e 10.8 ± 0.5 bc 33.9 ± 2.1 def

BR1 50.0 ± 4.5 cd 6.6 ± 0.2 d 15.0 ± 1.3 b 65.8 ± 2.2 bc 10.6 ± 0.5 c 48.5 ± 5.4 ab

Crop age (CA) 2018 48.8 ± 1.6 b 7.5 ± 0.2 a 19.0 ± 1.1 a 56.0 ± 0.8 b 9.3 ± 0.1 b 35.4 ± 2.9 b

2019 53.9 ± 1.8 a 6.8 ± 0.2 b 18.0 ± 1.1 a 67.9 ± 1.6 a 11.4 ± 0.2 a 44.6 ± 1.9 a

Harvest time
(HT) July 39.2 ± 0.8 b 6.6 ± 0.2 b 17.0 ± 1.0 b 69.3 ± 1.5 a 10.8 ± 0.2 a 34.3 ± 2.8 b

September 63.1 ± 1.2 a 7.7 ± 0.2 a 19.0 ± 1.1 a 55.4 ± 0.9 b 10.0 ± 0.2 b 45.8 ± 2.0 a

Significance Main effects
G *** *** *** *** *** ***

CA *** * ns *** *** ***
HT *** *** *** *** *** ***

G × CA *** *** *** *** *** ***
G × HT *** ns *** *** *** ***

CA × HT ns *** *** *** ns ***
G × CA × HT *** *** *** *** *** ***

Values followed by identical letters are not significantly different for p < 0.05, according to the LSD post-hoc test. The significance of
variability factors according to the F-test: ns, not significant; *, significant at p ≤ 0.05; ***, significant at p ≤ 0.001 level. HI, harvest index;
SLW, specific leaf weight.

3.2. Phytochemical Evaluation and Antioxidant Activities

Table 5 shows data on the secondary metabolites and antioxidant activities, depending
on genotype, crop age and harvest time. Total phenols and flavonoids, total SVglys, as well
as in vitro antioxidant activities (measured by FRAP and DPPH assays) were significantly
affected by all variability factors (G, CA, and HT) and their interactions. Regarding
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the effect of genotype, SL showed the highest values of both total phenols and DPPH.
Conversely, the highest total flavonoids and FRAP capacity were observed for BR5 and
BR1. Finally, SW30 showed the highest SVglys total content.

Interestingly, compared to the other genotypes, BR16, RG, and NU exhibited the lowest
values of all secondary metabolites (total phenols, total flavonoids and total SVglys), as well
as the lowest in vitro antioxidant activities (Table 5). Crop age (CA) positively influenced the
phytochemical characteristics of stevia leaf extracts, with an increase in their values in the
plants in the second year after transplanting. Only the total SVglys showed a significantly
decrease passing from the first to the second year of cultivation. Taking into account harvest
time, total phenols, total flavonoids, and the antioxidant activities decreased from the vegeta-
tive phase (July) to the beginning of the reproductive one (September). On the other hand, an
opposite trend, with a significant increase from the 1st to the 2nd harvest time, was observed
for total SVglys, confirming that the development of the first flower buds corresponds to the
time of major accumulation of SVglys in stevia plants.

Table 6 reports the SVglys profile and related statistical significance. A significant
effect of genotype was observed for almost all steviol glycosides, with the exception of
Dulcoside A. Interestingly, the identified compounds were not present in all genotypes.
This difference was evident for Reb M which was not detected in RG, SL, NU, and CO, and
for Reb D which was not detected in NU and CO. The reduction in SVglys content observed
in plants at the second year of age was also seen in the most represented compounds such
as Stev, Reb C, Reb A, and Reb C. On the other hand, Rubusoside increased with crop
age, while no effect was observed for Reb M and Reb D. With regard to harvest time, as
already noted for the total content, each steviol glycoside significantly increased from the
vegetative phase to the beginning of flowering, except for Rubusoside which remained
stable in both harvest times.

HCA and PCA were carried out for total phenols, flavonoids, and SVglys content.
The two-way dendrogram of the HCA is reported in Figure 2. The first macro-cluster (red)
was grouped by itself, while the second comprised three sub-clusters (green, blue, and
yellow). Among the metabolites analyzed, the total contents of phenols and flavonoids
were clustered together, while the total SVglys concentration was grouped by itself, thus
highlighting a higher degree of dissimilarity based on this parameter. Based on their total
SVglys concentration, samples in the yellow cluster, all from 2018, shared the highest
SVglys content; samples of the red cluster, all from 2019, were, instead, characterized by
intermediate concentrations of SVglys; the lowest concentrations of these metabolites were,
instead, common to samples of the blue and green clusters, especially those from 2019.
As evidenced by their grouping in a common macro-cluster, the total phenols and total
flavonoids showed a common quantitative distribution among the samples. In fact, higher
concentrations of both these chemical classes were evidenced for samples of the red cluster,
all from 2019; also, intermediate concentrations were evidenced for samples from 2019 in
the green cluster; finally, samples belonging to the blue and yellow clusters exhibited the
lowest contents of these compounds. With the exception of the green cluster, the samples
were homogeneously distributed in the groups based on the harvest time.

Some genotypes showed very similar total abundances of the analyzed compounds
between the two harvest times (July and September) within the same year: i.e., CO 2019, NU
2018 and 2019, RG 2018 and 2019, SW30 2018 and 2019, BR5 and BR1 2019 (Figure 2). The
score plot of the PCA (Figure 3) confirmed the HCA grouping: with the exception of two
samples (PL_2_2019 and BR5_2_2018), only the red samples were grouped in the upper
quadrants (PC2 > 0), due to their higher phenols and flavonoids contents.

Among the other groups, the higher content of SVglys detected in the yellow samples
meant that they were plotted in the right quadrants (PC1 > 0), whereas all the other
samples were in the left quadrants (PC1 < 0). The same multivariate analyses were
conducted on the SVglys profile of all the genotypes studied (Figures 4 and 5). The two-way
dendrogram (Figure 4) of the HCA on the compounds showed two main groups driving
the dissimilarities: Rubusoside, Stevioside, Rebaudiosides A, M, and D for macro-cluster 1;
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Rebaudioside E, Rebaudioside C, and Dulcoside A for macro-cluster 2. The samples in the
dendrogram (Figure 4) were distributed in two macro-clusters: the first comprised the red
and green sub-groups; the second comprised the blue and yellow sub-groups, of which the
latter only contained one sample (SW30_2_2018). The second macro-cluster was mainly
composed of 2018 samples, while the first macro-cluster comprised all the 2019 samples, as
well as a few of the 2018 ones (Figure 4).

Compared to the HCA of the total compounds, the dendrogram of the SVglys profile
suggested that the differences between the samples were less due to the year and more to
the steviol glycosides pool produced by each genotype (i.e., all the PL samples are in the
red cluster; all the BR16 samples are in the green cluster). In addition, the SVglys pool of
samples RG and NU appeared very similar, thus suggesting the proximity of these two
genotypes; the same seemed true for BR5, BR1, and BR16 (Figure 4). Regarding SVglys
profile, the influence of the year on the sample distribution was also confirmed by the PCA.
The score plot is reported in Figure 5. Samples belonging to the first HCA macro-cluster,
thus almost all 2019 samples were mostly distributed in the bottom quadrants (PC2 < 0); in
particular, green samples were almost all grouped in the bottom left quadrant (PC1 < 0),
while red ones were all positioned in the bottom right quadrant (PC1 > 0). The blue and
yellow HCA clusters, so all 2018 samples were instead almost all plotted in the upper
quadrants (PC2 > 0); blue samples were chiefly plotted in the left quadrant (PC1 < 0), while
the only yellow sample was plotted in the right one (PC1 > 0). The similarity evidenced
for genotypes RG-NU and BR5-BR1-BR16 was confirmed by the PCA plot (Figure 5); the
former (RG-NU), in particular, were grouped closely in the upper left quadrant in the
2018 genotypes, while the 2019 ones were plotted together in the bottom left one. Sample
BR5_2_2018 is plotted quite separately from all other samples, in the upmost area of the
upper right quadrant, due to its high Dulcoside A concentration.

Table 5. Results of three-way ANOVA for secondary metabolites (total phenols, flavonoids, and steviol glycosides) and
antioxidant activities of stevia leaf extracts.

Factor
Factor Level

Total Phenols (mg
GAE g−1 DW)

Total Flavonoids
(mg CE g−1 DW)

FRAP (mmol TE
g−1 DW)

DPPH (mmol TE
g−1 DW)

Total SVglys (g
100 g−1 DW)Main Effects

Genotype (G)

PL 58.2 ± 5.4 e 54.5 ± 3.9 d 0.34 ± 0.02 e 0.26 ± 0.03 d 25.2 ± 2.1 b

BR16 41.6 ± 4.7 f 41.3 ± 4.6 e 0.29 ± 0.03 f 0.22 ± 0.02 e 16.2 ± 1.5 d

RG 37.3 ± 3.5 g 33.3 ± 3.2 f 0.28 ± 0.02 f 0.20 ± 0.02 f 15.5 ± 1.9 de

SL 71.3 ± 7.0 a 74.1 ± 5.2 bc 0.47 ± 0.02 bc 0.36 ± 0.04 a 24.6 ± 1.4 b

NU 38.9 ± 3.7 fg 39.9 ± 2.9 e 0.27 ± 0.03 f 0.23 ± 0.02 e 12.2 ± 0.5 e

CO 63.7 ± 6.6 cd 74.9 ± 7.4 b 0.45 ± 0.03 c 0.32 ± 0.04 c 19.7 ± 1.4 c

BR5 66.1 ± 5.5 bc 81.2 ± 8.4 a 0.49 ± 0.03 ab 0.34 ± 0.04 b 23.9 ± 2.6 b

SW30 61.5 ± 5.9 d 70.9 ± 6.9 c 0.42 ± 0.04 d 0.31 ± 0.04 c 29.3 ± 2.7 a

BR1 67.9 ± 6.5 ab 84.1 ± 7.3 a 0.51 ± 0.02 a 0.31 ± 0.04 c 19.5 ± 1.6 c

Crop age (CA) 2018 32.2 ± 1.3 b 37.3 ± 1.8 b 0.32 ± 0.01 b 0.17 ± 0.003 b 24.3 ± 1.3 a

2019 78.3 ± 2.1 a 83.8 ± 3.2 a 0.46 ± 0.02 a 0.39 ± 0.01 a 17.1 ± 0.6 b

Harvest time
(HT) July 58.7 ± 2.8 a 64.2 ± 3.6 a 0.47 ± 0.02 a 0.31 ± 0.02 a 18.5 ± 0.6 b

September 53.2 ± 3.7 b 58.3 ± 4.0 b 0.32 ± 0.01 b 0.26 ± 0.01 b 22.5 ± 1.3 a

Significance Main effects
G *** *** *** *** ***

CA *** *** *** *** ***
HT *** *** *** *** ***

G × CA *** *** *** *** ***
G × HT *** *** *** *** **

CA × HT *** *** *** *** ***
G × CA × HT *** *** *** *** ***

Values followed by identical letters are not significantly different for p < 0.05, according to the LSD post-hoc test. The significance of
variability factors according to the F-test: ns, not significant; **, significant at p ≤ 0.01; ***, significant at p ≤ 0.001 level. FRAP, ferric
reducing antioxidant power; DPPH, 1,1-diphenyl-2-picrylhydrazyl; Total SVglys, total steviol glycosides.
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Table 6. Results of three-way ANOVA for steviol glycoside profile.

Figure

Factor Level Rub Dulc A Stev Reb C Reb A Reb E Reb M Reb D
Main Effects

Genotype (G)

PL 0.59 ± 0.12 c 1.01 ± 0.04 b 12.05 ± 0.66 b 1.29 ± 0.05 b 7.47 ± 0.53 a 0.93 ± 0.14 bc 0.09 ± 0.001 b 1.36 ± 0.05 bc

BR16 1.53 ± 0.12 b 1.71 ± 0.22 ab 3.86 ± 0.23 de 1.59 ± 0.19 b 5.15 ± 0.34 b 0.87 ± 0.06 c 0.08 ± 0.001 b 1.43 ± 0.03 ab

RG 2.77 ± 0.38 a 1.93 ± 0.19 ab 1.19 ± 0.14 ef 5.31 ± 0.33 a 0.88 ± 0.08 c 1.19 ± 0.16 ab nd 1.37 ± 0.01 bc

SL 2.47 ± 0.57 a 2.22 ± 0.65 ab 8.83 ± 0.23 c 1.72 ± 0.10 b 7.55 ± 0.20 a 0.89 ± 0.01 c nd 1.25 ± 0.02 bcd

NU 2.19 ± 0.53 a 2.08 ± 0.22 ab 0.94 ± 0.09 f 5.61 ± 0.34 a 1.01 ± 0.19 c 1.35 ± 0.27 a nd nd
CO 0.92 ± 0.02 bc 2.36 ± 0.25 a 4.51 ± 0.17 cd 5.70 ± 0.29 a 4.49 ± 0.31 b 0.94 ± 0.15 bc nd nd
BR5 0.92 ± 0.04 bc 2.83 ± 0.52 a 5.71 ± 0.55 cd 7.79 ± 1.19 a 6.10 ± 0.81 ab 1.12 ± 0.25 ab 0.27 ± 0.01 ab 0.74 ± 0.01 d

SW30 0.84 ± 0.04 c 1.76 ± 0.20 ab 16.02 ± 1.13 a 2.07 ± 0.30 b 4.39 ± 0.46 b 1.38 ± 0.26 a 0.54 ± 0.23 a 1.97 ± 0.19 a

BR1 0.86 ± 0.14 c 2.31 ± 0.31 a 4.50 ± 0.29 cd 5.42 ± 0.38 a 4.68 ± 0.50 b 0.88 ± 0.13 c nd 1.60 ± 0.01 a

Crop age (CA) 2018 0.40 ± 0.10 b 2.86 ± 0.28 a 7.17 ± 1.49 a 4.87 ± 0.87 a 5.30 ± 0.75 a 1.40 ± 0.13 a 0.81 ± 0.05 a 1.63 ± 0.18 a

2019 2.03 ± 0.21 a 1.23 ± 0.06 b 5.54 ± 0.96 b 3.42 ± 0.40 b 3.84 ± 0.53 b 0.61 ± 0.04 b 0.11 ± 0.02 a 1.32 ± 0.10 a

Harvest time (HT) July 1.50 ± 0.32 a 1.75 ± 0.17 b 5.97 ± 1.13 a 3.59 ± 0.48 b 3.88 ± 0.53 b 0.88 ± 0.11 b 0.11 ± 0.001 a 1.35 ± 0.08 a

September 1.20 ± 0.24 a 2.19 ± 0.35 a 6.74 ± 1.43 a 4.48 ± 0.85 a 5.05 ± 0.76 a 1.26 ± 0.18 a 0.39 ± 0.02 a 1.69 ± 0.25 a

Significance Main effects
G ** ns *** ** ** ** *** ***

CA *** *** * ** * *** ** ns
HT ns * ns * ** * ns ns

G × CA ** ns ** ** * ns *** ns
G × HT ns ns ns ** ** ns ns ns

CA × HT ns * ** ** ** ** ** **
G × CA × HT *** ns *** *** ** ** *** ns

Values followed by identical letters are not significantly different for p < 0.05, according to the LSD post-hoc test. The significance of
variability factors according to the F-test: ns, not significant; *, significant at p ≤ 0.05; **, significant at p ≤ 0.01; ***, significant at p ≤ 0.001
level. Rub, Rubusoside; Dulc A, Dulcoside A; Stev, Stevioside; and Reb A, C, D, E, and M, Rebaudiosides A, C, D, E, and M.

Figure 2. Hierarchical cluster analysis (HCA) on total phenols, flavonoids and SVglys. Each genotype
is followed by the indication of harvest time (1 = first harvest; 2 = second harvest) and crop age (2018
and 2019).
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Figure 3. Principal component analysis (PCA) on total phenols, flavonoids, and SVglys. Each
genotype is followed by the indication of harvest time (1 = first harvest; 2 = second harvest) and crop
age (2018 and 2019).

 

Figure 4. Hierarchical cluster analysis (HCA) on SVglys profile (Rub, Dulc A, Stev, Reb A, C, D, E,
and M). Each genotype is followed by the indication of harvest time (1 = first harvest; 2 = second
harvest) and crop age (2018 and 2019).
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Figure 5. Principal component analysis (PCA) on SVglys profile (Rub, Dulc A, Stev, Reb A, C, D, E and M). Each genotype
is followed by the indication of harvest time (1 = first harvest; 2 = second harvest) and crop age (2018 and 2019).

4. Discussion

We assessed the agronomic and phytochemical performances of nine S. rebaudiana
(Bertoni) genotypes for two consecutive growing seasons. The aim was to select the best
productive genetic resources to develop new and improved cultivars for the Mediterranean
area. To improve the competitiveness of stevia production as a semi-perennial crop in this
environment, it is important to produce higher-performing crops in terms of yield and
quality. Therefore, the identification of new varieties/cultivars of S. rebaudiana with long
stand duration, consistently high and stable leaf and SVglys yields, as well as a high level
of other beneficial substances, is the top priority for the successful introduction of stevia
into Mediterranean cropping systems.

Our results showed that some of the genotypes tested were characterized by a longer
vegetative period before flowering, as demonstrated by the higher thermal requirements
(Figure 1). This behavior promotes both higher leaf yield and steviol glycoside concen-
tration, which in turn determine higher SVglys yield. This is important given the time
required for the plant to synthesize and accumulate the steviol glycosides in the leaves.
In fact, the maximum accumulation of these compounds, which depends on several envi-
ronmental, agronomic, and physiological factors, is reached when the plant moves from
the budding phase to an initial flowering stage with less than 10% flowers [31]. Therefore,
the greater the vegetative period, the greater the accumulation of steviol glycosides in the
leaves. When the plant starts to flower, nutrients accumulate in the reproductive organs
and, as a result, vegetative growth declines.
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Given that the leaves are the commercially important part of stevia, a delay in flow-
ering can enhance vegetative growth and economic yield. In this regard, Ceunen and
Geuns [31] observed large amounts of SVglys within the upper leaves during the budding
phase and, as more and more buds become flowers, leaves contained lower amounts of
SVglys. This is important for the choice of best harvesting time, since the maximum SVglys
concentration is reached in the physiological stage of flowering-bud formation [32,33].
Flowering and, in general, plant growth are also affected by the photoperiod and tempera-
ture. Stevia is, in fact, a short-day plant with a critical photoperiod of between 12–13 h of
day length [34,35]. Regarding air temperature, in our environment vegetative growth was
lower when the maximum day temperature was below 10 ◦C or over 35 ◦C.

Overall, our results showed that genotype, crop age and harvest time represented key
pre-harvest factors for defining the morphological, phenological, and quanti-qualitative
traits in stevia.

Regarding differences in plant morphology and canopy architecture, we confirmed
previous findings [21,36,37], which reported a very high variability, due to genetic charac-
teristics, has been reported for plant height, basal stem diameter, branching, specific leaf
weight, and leaf yield. In order to investigate this great variability among stevia genotypes
and populations, some authors [21,22] have observed that increased yields were correlated
to a high leaf area index (LAI), which is responsible for a greater light interception and, in
turn, for a higher leaf photosynthesis.

We assessed the specific leaf weight (SLW), a leaf thickness index that is positively
correlated with leaf photosynthesis: leaves with high SLW values are thicker and generally
have a higher chlorophyll density per area unit (μg cm−2) and, therefore, greater photo-
synthetic capacities than thinner leaves [38]. SLW significantly changed depending on
genotype, crop age and harvest time. In particular, in 2-year-old plants, an increase in SLW
was accompanied by increased leaf dry yields, suggesting that, thanks to a greater SLW
leaf photosynthesis may have been enhanced with a consequent increase in crop yield [39].

Plants with a high SLW have leaves with a low surface/volume ratio, which is more
efficient in terms of water use [40]. This ratio plays an important role in leaf functioning
and is related to the strategies for acquiring and using the energy resources [41], as well
as a tool to evaluate plant productivity [42] with a view to sustainable agriculture. For a
better comprehension of the relationships between morphotype and light interception and
photosynthetic activity, future studies are needed in order to improve leaf yield in S. rebaudiana.

Regarding stevia productivity, we found that the least productive genotypes are those
with more branching, as reported by Tateo et al. [43]. In addition, our findings suggested
a positive relation between plant height and leaf dry yield in agreement with previous
studies [36,37]. Finally, the aerial biomass variability among genotypes exhibited high
heritability, and the differences can also be partly attributed to crop age, pedo-climatic
conditions of the cultivation site and plant development stage, as already observed in
previous studies [19,44,45].

In our environment, stevia productivity significantly increased from the first to the
second year of cultivation, with a very high winter survival rate. This suggests that stevia
could grow as a semi-perennial crop in central Italy. This could bring positive agronomic
advantages, such as, reductions in soil erosion and nutrient leaching, C soil sequestration,
which in turn have important implications in multifunctional and sustainable agriculture.

Our findings confirmed previous results [5,6] in which in the temperate area of central
Italy, the cultivation of stevia is long-term (5–7 years), with a vegetative period from April–
May to September-October. In the tested climatic conditions, during winter, above-ground
parts of the plant became dry, and there was regrowth through new shoots in the buried
rhizome the next spring, thus producing a new crop without replanting. On the other hand,
at higher latitudes as in central Europe (such as Belgium and Germany) and Canada [46–48],
with cooler winters, stevia behaves like an annual crop with annual replanting.
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We thus believe that stevia can be cultivated as a promising new crop in the Mediter-
ranean climate of central Italy, though the SVgly content and composition still need to
be optimized.

We found that the content and composition in bioactive compounds varied greatly
depending on the genotype, crop age and harvest time. Two-year-old plants generally
exhibited the highest content of total phenols and flavonoids, as well as the antioxidant
activities; conversely, total SVglys content peaked in the establishment year. The sam-
pling carried out at the beginning of the reproductive phase only improved total SVglys,
again confirming that, in stevia, plant development is a primary factor in influencing the
biosynthetic pathway.

Harvesting when plants were in full vegetative development (July harvest) maximized
the content of polyphenol compounds and improved the antioxidant activities. Similar
results have been obtained in a previous work [49] highlighting how the identification
of the optimal harvest time was able to maximize the bioactive compounds of interest
and, consequently, the health-promoting properties of stevia leaves. However, since the
biosynthesis of secondary metabolites is a plant defense mechanism against biotic and
abiotic stresses, through many physiological, biochemical, and molecular changes in plant
metabolism, it is not always easy to identify the optimal time in which the different
metabolites are maximally expressed.

The accumulation of polyphenols during the beginning of flowering stage could
be related to the ecological roles of these compounds, such as intensifying antifungal
defenses and attracting pollinators [32]. In addition, since different interactions among
environmental and agronomic factors may occur, it is difficult to select individual stimuli
that can influence a single metabolic pathway.

Of the secondary metabolites that have been synthesized and accumulated in stevia
leaves, the presence of phenolic compounds is the subject of increasing interest because
of their significant practical use for nutritional and medicinal applications. In fact, there
are important implications for the growing market of natural stevia products [50], where
they are employed as natural preservatives, thanks to their capacity to delay the oxidative
degradation of lipids and to improve the shelf life of foods and beverages. They are also
involved in the prevention of oxidative stress in humans, thanks to the hydroxyl groups in
their molecules which have antioxidant anti-inflammatory properties [51,52].

Our findings provide new knowledge about the dissimilarity among genotypes,
which was above all generated by the total SVglys content with respect to total phenols and
flavonoids. Previous studies have investigated the effect of farming practices and genotype
× environment interaction on stevia crop productivity, Reb A and Stev accumulation and on
their reciprocal ratio (Reb A/Stev) [19,21,22,53–55]. Our results showed that the differences
in the steviol glycoside profile are less due to crop age and more to genetics, as suggested
by the dendrogram of the SVglys profile. It is well-known that, while the SVglys content
in the leaves can vary depending on environmental and agronomic factors [56,57], the
SVglys qualitative profile remains quite stable, indicating the high genotypic determinism
of this trait [19].

We thus believe that our findings are a good starting point to screen the best genotypes
in terms of SVglys profile, taking into account that breeding programs for stevia are
increasingly aimed at varieties with an optimal Reb A/Stev ratio, which is considered
a good qualitative measure of sweetness, or with a high content of Reb M and Reb D,
characterized by a very sweet taste with no liquorice-like taste. We found that genotypes,
such as SL, BR5, PL, and SW30 accumulated significantly high amounts of Reb A, Reb
M, and Reb D. Among these genotypes, SL and BR5 were characterized by relatively low
content of Stevioside. Conversely, PL and SW30 exhibited high contents of Stevioside,
which negatively affect the Reb A/Stev ratio, lowering it below 1.

In our study, we try to identify the stevia ideotype, deriving from the combination of
morphological, productive, and phytochemical traits. Consequently, considering not only
the SVglys profile, but also leaf yield, growth crop cycle and the composition of their whole
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phytocomplex (polyphenols, total SVglys and their related antioxidant activities), SL, BR5,
PL, and SW30 seemed to be the best performing genotypes, in the given environment, and
thus suitable as starting point for future breeding programs.

5. Conclusions

Our findings highlighted that stevia, in the tested environment, represents a promising
semi-perennial crop, which can contribute to the diversification of traditional cropping
systems, thus increasing their sustainability and, at the same time, generating functional
products with high added value.

We revealed a strong dependence of growth, crop yield and quality on genotype, har-
vest time, and crop age. The high variability among genotypes highlighted the importance
of morpho-productive and qualitative traits for the identification of the best stevia ideotype,
for our environment and for targeted end uses. The best combination of morphological,
productive, and phytochemical traits was observed for SL, BR5, PL, and SW30 genotypes.

In conclusion, identifying genotypes characterized by specific SVglys profile (high Reb
A, Reb D, Reb M), together with high content of all bioactive compounds and satisfactory
yields, is crucial to establish future breeding programs for this crop.
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Abstract: Essential oils (EOs) from medicinal and aromatic plants (MAPs) are well-known as natural
antioxidants. Their addition to extra-virgin olive oil (EVOO) can contribute to reducing fat oxidation.
The main aim of this study was to improve both food shelf-life and aromatic flavour of EVOO,
adding different EOs of Sicilian accessions of common sage, oregano, rosemary and thyme. The
morphological and production characteristics of 40 accessions of MAPs were preliminarily assessed.
EOs from the most promising accessions of MAPs were analysed by gas-chromatography and mass
spectrometry. Photo-oxidative studies of the EOs were carried out and the determination of the
EVOO fatty acids obtained from 4 Italian olive varieties was also made. EO content was on average
1.45% (v/w) for common sage, 3.97% for oregano, 1.42% for rosemary and 5.90% for thyme accessions.
The highest average EO yield was found in thyme (172.70 kg ha−1) whilst the lowest (9.30 kg ha−1)
in rosemary accessions. The chemical composition of EOs was very different in the four MAPs in the
study. No significant change of oleic acid percentage was detected in the mixture of EVOO with EO
samples. The results seem to highlight the presence of an antioxidant effect of EOs on EVOO.

Keywords: extra-virgin olive oil; aromatic and medicinal plants; essential oil; gas-chromatography
and mass spectrometry analyses; antioxidant; oleic acid

1. Introduction

Extra-virgin olive oil (EVOO), an appreciated food especially in the countries of the
Mediterranean area, in recent years has gained interest among the consumers in North
America and Northern Europe, especially flavoured with spices, herbs or fruits. The
production of flavoured olive oils is a traditional practice in Mediterranean area, in order
to enhance the sensorial characteristics of the original olive oils and to improve the sensory
properties of the foods [1,2]. The success of these innovative products is associated with
various health benefits as well as with the taste and flavour. Flavoured olive oil can
represent an extremely interesting product for oil and aromatic plant producers to diversify
their offer.

The numerous health benefits of EVOO depend on its particular composition [3,4]. It
is composed primarily of triacylglycerols (around 97.00–98.00%), minor amounts of free
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fatty acids and glyceridic compounds, phospholipids and oxidized triacylglycerols and
around 1% of unsaponifiable constituents of varied structure and polarity. There are a high
proportion of monounsaturated fatty acids, mainly oleic acid, and a modest presence of
polyunsaturated fatty acids. In addition, some natural antioxidants such as tocopherols,
carotenoids, sterols and phenolic compounds are present. Some health properties of EVOO
depend on content of oleic acid that serves to slow down penetration of fatty acids into
arterial walls. The EVOO stability rate depends on both antioxidant compounds and
storage conditions. During storage nutritional and health properties of extra-virgin oil may
be changed by oxidative phenomena. The addition of naturally occurring antioxidants
causes an improvement on the shelf life and nutritional value of oil.

Recently a study has showed that the initial quality of EVOO enriched and not
enriched with lycopene commercially available prevails over the slight antioxidant activity
that lycopene could exert. The EVOO composition in the main and minor components
is the key factor that determines its performance in gastrointestinal conditions [5]. The
methods commonly used to flavour olive oils are different [6]. The “gourmet oils” are
prepared left herbs, spices and fruits mixed with oil at room temperature for a defined
time. The mixture is, then, filtered to remove turbidity and solid parts. Infusion is the
oldest method of oil aromatization and the most considered from the producers [7]. On the
other hand, comilling the olives with herbs, spices or fruits such as lemons and bergamots
during the oil productive process is a new approach for preparing clear and safe flavoured
olive oils. Another method is the ultrasound-assisted maceration.

The flavouring technique significantly influences the chemical and sensory quality
of the olive oils. In particular, the infusion of oils with spices caused a greater oxidative
degradation due to lower content of total phenols. On the other hand, the olive oils
obtained by combined malaxation of olives and spices were less bitter. The aromatic quality
was not significantly affected by the method of flavouring, except for sulphur compounds
that were greater in oils obtained by malaxation [8].

Rarely, the addition of essential oils (EOs) of medicinal and aromatic plants (MAPs)
is used to obtain flavoured olive oils. These plants have drawn more attention due to
the antimicrobial, antifungal, insecticidal and antioxidant effects [9–11]. Application of
antioxidants is one of the technically simplest ways of reducing fat oxidation. Natural
antioxidants from edible aromatic plants have many advantages such as (a) to be accepted
by consumers, (b) to be considered safe, (c) to come from natural resources and (d) to have
functional and sensory properties. Considering the beneficial effects of fatty acid contained
in olive oils, addition of the MAPs EOs could represent a useful technique to preserve fatty
acid profile in the EVOO composition. The results of preliminary studies showed that the
presence of oregano EO, preserve sensory quality of extra virgin olive oil prolonging the
shelf life of this product [12].

In Sicily (Italy), MAPs are widely present in the native flora. The great diversity
in climate, soil and habitat of this Mediterranean region has contributed and provided
good plant genetic resources. As reported in numerous studies [13–17], the exploitation of
MAPs biodiversity and the cultivation of native accessions under open field conditions
highlighted the effects of genetic and environmental factors on the qualitative and quanti-
tative production of the EOs [18]. Furthermore, when analysing the EO profile of various
aromatic species, specific Sicilian chemotypes were found. Following these findings, a
number of Sicilian MAPs have now been distinguished from the same species growing in
other Mediterranean regions, thus making their EOs of particular interest due to specific
compounds and aroma.

In this study, to keep the biological properties of EVOO unaltered and improve them
in long-term period, it was then decided to investigate the effect of adding EOs of MAPs to
prevent oxidative processes. Native accessions of common sage, oregano, rosemary and
thyme were used for obtaining EOs. Among different MAPs found in Sicilian areas, these
species were chosen as they were widely used as a condiment in the Mediterranean diet
and had already been used for the production of flavoured oils.
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Thus, the aims of this study were: (i) to select the Sicilian accessions of common sage,
oregano, rosemary and thyme, grown in collection fields, considering the best ratio between
EO content and plant dry weight and (ii) to test the efficacy of the different EOs of these species
as a natural antioxidant to improve both the shelf life and the quality of EVOO.

2. Materials and Methods

2.1. Experimental Site of MAPs

A number of Sicilian native accessions of common sage (Salvia officinalis L.), oregano
(Origanum vulgare ssp. hirtum (Link) Ietswaart), rosemary (Rosmarinus officinalis L.) and
thyme (Thymbra capitata (L.) Cav.) were grown in 4 separate collection fields (one for species)
at the “Orleans” experimental farm (Palermo, 31 m a.s.l., 38◦06′26.2′ ′ N, 13◦20′56.0′ ′ E)
belonging to the University of Palermo, north-west Sicily. These accessions had been
previously collected in various areas of Sicily and subsequently subjected to taxonomic
characterization using analytical keys and comparing them to exsiccata stored at the
Botanical Gardens of the University of Palermo.

Soil at “Orleans” experimental area was sandy clay loam (56% sand, 23% clay, 21%
silt) with a pH of 7.91, 19 g kg−1 organic carbon, 58 g kg−1 total carbonates, 37 g kg−1

active carbonates, 13.2 g kg−1 total nitrogen, 18.11 mg kg−1 assimilable phosphorus and
320 mg kg−1 exchangeable potassium.

The climate of the area is Mediterranean with mild, humid winters and hot, dry
summers [19]. The average annual temperature is 18.40 ◦C, with average minimum and
maximum temperatures of 14.80 and 21.70 ◦C, respectively. Annual average rainfall is
approx. 600 mm.

2.2. Collection Fields of MAPs and Main Cultivation Practices

In 2018, a total of 40 accessions of Sicilian MAPs (5 for common sage, 15 for oregano,
10 for rosemary and 10 for thyme) were assessed at the 4 collection fields (Figure 1).

  

(a) (b) 

  
(c) (d) 

Figure 1. Accessions of medicinal and aromatic plants (MAPs) grown in the collection fields. (a)
refers to common sage, (b) referes to oregano, (c) refers to rosemary and (d) refers to thyme plants.
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Common sage and rosemary were planted at 2 m × 1 m spacing while oregano and
thyme at 1.5 m × 1 m spacing. The accessions had previously been collected in various
Sicilian areas which were different for soil and climate conditions. Plants were 4 years old.
Each collection field was equipped with a drip irrigation system. However, plants were
grown in dry conditions, this being a traditional practice used for cultivation of MAPs in
Sicily. Plants exploited the residual soil fertility and no chemical fertilization application
was given during the year. Weed control was manual and no pesticides were used. Harvest
was carried out when most plants of the 4 species were at the full blooming stage.

2.3. Morphological and Production Parameters

Morphological and production measurements were made on a sample plot of 10 plants
per accession, excluding the border rows.

The main morphological parameters (data not shown) of each species, such as plant
height, number of branches, number of stems, floral spike length, flowers length and
width were recorded. The plant fresh weight of above and below-ground plant parts was
determined by harvesting the plants. The harvested plant material was, subsequently,
dried in an oven at 65 ◦C for 48 h. The plant dry weight was, then, calculated. Dry matter
yield per hectare was also estimated.

Samples of leaves and flowers were collected from the accessions of each species
when 80% of the plants were in full flowering stage. These samples were, subsequently,
hydrodistilled for 2 h in a Clevenger-type apparatus with a separated extraction chamber.
EOs obtained were dried over anhydrous sodium sulphate and stored in dark flask at
−18 ◦C in freezer until the EO samples were analysed by gas–liquid chromatography (GC)
and mass spectrometry (MS) or used in the studies. EO yield was calculated by multiplying
dry matter yield by oil content, by 0.90 (approximate specific gravity of oil) [20–22].

Finally, for each accession within the 4 species, the EO content was related to dry
weight in order to select the most promising accessions.

2.4. Chemicals

Potassium hydroxide and solvents were purchased from Sigma Aldrich (Steinhem,
Germany) (analytical grade) hexanal. (E)-2-hexenal and 2-methyl-pentanol were purchased
from Sigma (Steinhem, Germany). Activated charcoal (0.50–1.00 mm; 18–35 mesh ASTM)
was purchased from E. Merck (Schuchardt, Germany). The charcoal was cleaned by
treatment in a Soxhlet apparatus with diethyl ether and was tested in order to verify the
absence of any absorbed substances.

2.5. GC-MS Analyses of EOs

Analyses of EOs were performed by GC-MS Shimadzu QP 2010 plus equipped with
an AOC-20i auto-injector (Shimadzu, Kyoto, Japan), a split/split-less injector (t = 280 ◦C)
and a capillary column (30 m, 0.25 mm i.d. 0.25 mL film thickness) coated with DB WAX
(polyethylene glycol. JW).

The temperature program was 40 ◦C for 5 min and from 40 to 250 with a rate of
2 ◦C min−1 and from 250 to 270 with a rate of 10 ◦C min−1. The temperature of injector
was maintained at 250 ◦C while the temperature of detector was maintained at 280 ◦C.
The compounds were identified by comparing their retention time and mass spectra with
published data, Adams, NIST 11, Wiley 9 and FFNSC 2 mass spectral database.

The samples were injected in splitless mode. The quantitative composition was
obtained by peak area normalization, and the response factor for each component was
considered to equal 1.

2.6. Photo-Oxidative Studies

100 μL of olive oil was transmethylated with 10 mL of KOH (2M) methanol solution
according to the European Standard NF EN ISO 5509 (2000). Fatty acid methyl esters
(FAME) obtained were transferred in hexane and analysed according to the European
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Standard NF EN ISO 5508 (1995). Analyses were performed by using a Shimadzu gas
chromatograph (GC) equipped with a split/split-less injector (t = 280 ◦C) and flame
ionization detector (FID) (t = 250 ◦C). A capillary column (30 m, 0.25 mm i.d., 0.25 mm film
thickness) coated with DB WAX (polyethylene glycol, JW) was used. The inlet pressure of
the hydrogen as carrier gas was 154 kPa with a ratio of 70. The oven temperature program
was as follows: 40 ◦C for 5 min and from 40 to 250 with a rate of 2 ◦C min−1 and from 250 to
270 with a rate of 10 ◦C min−1. The temperature of injector was maintained at 250 ◦C while
the temperature of detector was maintained at 280 ◦C. The compounds were identified by
comparing their retention time and mass spectra with published data, Adams, NIST 11,
Wiley 9 and FFNSC 2 mass spectral database.

In this study, EVOOs of four varieties of olive (Olea europaea L.) were considered. In
Table 1, the initials of the varieties both in the preveraison (green fruit) and veraison (brown
fruit) stages are reported.

Table 1. List of the varieties of olive in two diverse stages with relative initials.

Variety of Olive
Preveraison Stage

(Green Fruit)
Veraison Stage
(Brown Fruit)

Arbequina AV AI
Biancolilla BV BI
Cerasuola CV CI

Nocellara del Belice NV NI

2.7. Fatty Acid Determination before and after Photo-Oxidative Studies

Olive oil in n-hexane was transmethylated with a solution of KOH (2M) according
to the European Standard NF EN ISO 5509 (2000). Fatty acid methyl esters (FAME)
were analysed according to the European Standard NF EN ISO 5508 (1995). Analyses
were performer by using a GC-MS Shimadzu QP 2010 plus equipped with an AOC-20i
autoinjector (Shimadzu, Kyoto, Japan), a split/split-less injector (t = 280 ◦C) and a capillary
column (30 m, 0.25 mm i.d. 0.25 mL film thickness) coated with DB WAX (polyethylene
glycol. JW) was used. Helium was the carrier gas (1 mL min−1); ionization voltage 70 eV.
The temperature was initially kept at 40 ◦C for 5 min. Then gradually increased to 250 ◦C
at 2 ◦C min−1 rate. Held for 15 min and finally raised to 270 ◦C at 10 ◦C min−1. One μL
of samples was injected at 250 ◦C automatically and in the splitless mode; transfer line
temperature, 295 ◦C.

2.8. Statistical Analysis

Statistical analyses were performed using the package MINITAB 17 (State College,
PA, USA) for Windows. Data of all production parameters of the MAPs accessions were
processed using analysis of variance. The difference between means was carried out
using Tukey’s test. Concerning percentage content of oleic acid in the EVOO samples
and in the mixture of EVOO with EO, all the representative values were shown using
mean ± standard error calculation.

3. Results and Discussion

3.1. Agronomic Assessment of Common Sage, Oregano, Rosemary and Thyme Accessions

Data regarding the production parameters of the Sicilian MAPs are shown in Table 2.
In the table, the initials CS indicate accessions of common sage, OR of oregano, RSM of
rosemary and THY of thyme.
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Table 2. Production characteristics of the four MAPs during the study period.

Species
Dry Weight
(g plant−1)

Dry Matter Yield
(kg ha−1)

EO Content
(% v/w)

EO Yield
(kg ha−1)

Common sage
CS1 134.06 d 671.33 d 1.08 d 6.35 e
CS2 329.53 b 1645.10 b 1.10 cd 16.32 b
CS3 105.53 e 529.07 e 2.04 a 9.47 d
CS4 284.27 b 1423.60 c 1.20 c 15.43 c
CS5 361.30 a 1810.73 a 1.80 b 29.55 a

Oregano
OR1 770.13 b 5139.44 b 5.82 b 268.51 a
OR2 399.60 k 2666.30 j 6.15 a 147.12 e
OR3 221.73 n 1478.53 m 3.01 k 36.74 n
OR4 504.03 g 3360.72 f 5.11 e 154.72 d
OR5 698.12 c 4652.69 c 5.12 d 218.52 b
OR6 503.93 g 3358.79 f 5.55 c 167.85 c
OR7 468.80 h 3125.88 g 4.02 f 113.12 h
OR8 441.77 i 2952.40 h 3.45 h 91.68 j
OR9 379.93 m 2529.14 l 3.52 g 80.14 k
OR10 413.20 j 2754.71 i 4.01 f 99.41 i
OR11 905.80 a 6039.59 a 2.26 n 122.33 g
OR12 684.12 d 4562.01 d 3.15 i 129.18 f
OR13 521.50 e 3476.67 e 3.11 j 97.30 i
OR14 390.70 l 2604.79 k 2.82 l 65.92 m
OR15 503.07 f 3364.21 f 2.32 m 70.51 l

Rosemary
RSM1 42.20 h 211.33 h 1.51 b 2.62 h
RSM2 79.23 f 396.51 f 1.21 d 4.20 g
RSM3 274.53 c 1376.77 c 0.78 g 9.65 c
RSM4 339.20 b 1709.11 b 1.01 e 15.37 b
RSM5 534.76 a 2684.33 a 1.52 b 36.61 a
RSM6 47.67 g 240.07 g 2.32 a 5.04 f
RSM7 18.53 j 93.52 j 2.31 a 2.03 i
RSM8 205.63 d 1034.81 d 0.91 f 8.42 d
RSM9 26.20 i 131.61 i 1.42 c 1.66 i

RSM 10 117.23 e 586.43 e 1.21 d 6.29 e

Thyme
THY1 337.67 i 2252.70 i 4.51 i 91.28 h
THY2 624.50 c 4174.77 c 5.96 d 223.94 c
THY3 416.67 g 2777.27 g 5.20 h 130.26 g
THY4 494.60 f 3294.80 f 6.02 c 178.45 e
THY5 656.17 a 4374.20 a 6.52 b 256.57 a
THY6 626.17 b 4177.20 b 6.80 a 256.51 a
THY7 75.17 j 501.73 j 5.52 g 25.58 i
THY8 381.30 h 2541.93 h 5.78 f 133.24 f
THY9 522.60 e 3486.93 e 5.90 e 185.94 d

THY10 607.20 d 4048.20 d 6.80 a 249.13 b

Means followed by the same letter in the same column are not significantly different for p ≤ 0.05 according to test
of Tukey.

Results of one-way ANOVA revealed significant differences between the accessions
within each species for all the production parameters tested.

For common sage, CS5 and CS2 were of considerable interest regarding dry weight,
dry matter yield and EO yield. The highest average value of EO content was obtained by
CS3 (2.04%), while the lowest value was found in CS1 (1.08%).

In the case of oregano, EO content percentage ranged from 2.26% (OR11) to 6.15%
(OR2). Average EO content of the 15 accessions was 4.01%. OR1 (268.51 kg ha−1) and OR5
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(218.52 kg ha−1) obtained the highest average EOs yields. Concerning other parameters in
the study, OR11 and OR1 performed best among the oregano accessions.

High variability in production parameters was observed also for rosemary accessions.
In particular, RSM5 obtained the highest average dry weight (534.36 g), dry matter yield
(2684.33 kg ha−1) and EO yield (36.61 kg ha−1); in contrast, lowest average values were
found in RSM7. EO percentage content ranged between 2.32% and 0.78%; the highest
average values of EO content were recorded by RSM6 and RSM7. It is worth noting
that RSM7, in contrast, recorded the lowest values for dry weight, dry matter yield and
EO yield.

Observing the data of thyme accessions, THY5 and THY6 performed the best and
produced values higher than the average for the field. Among the accessions, THY10 also
performed the best for EO content percentage (6.80%).

When considering the ratio between EO content and plant dry weight, it was found to
be highly different among accessions of each species (Figure 2).

 
(a) (b) 

 

(c) (d) 

Figure 2. Ratio between essential oils (EO) content and plant dry weight. Means followed by the same letter in the same
column are not significantly different for p ≤ 0.05 according to test of Tukey. Graph (a) refers to common sage, graph (b)
refers to oregano, graph (c) refers to rosemary and graph (d) refers to thyme.

For common sage, CS3 obtained the best performance while CS2 and CS4 recorded a
high average dry weight compared to those of EO content. In the case of oregano, the best
ratio between EO content and plant dry weight were found in OR2. On the other hand,
OR11 and OR12 showed low average EO content compared to dry weight. For rosemary,
RSM7 performed better than other accessions. However, RSM6 also showed high average
EO content compared to dry weight. Finally, THY7 was the most promising accession of
the thyme accessions. THY2 and THY5, however, were not remarkable in this respect.
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In this study, significant differences in terms of yield parameters were found between
accessions of each MAP during the test period. These differences mainly depend on the
effects of genetic and environmental factors. Various authors [23–27] have reported that
genetic variation occurring in native germplasm significantly affects EO content and yield
of MAPs. Others [17,26–32] have found that climate factors can greatly influence the
performance of MAPs in terms of dry weight, dry matter and essential oil yields. In our
study, all accessions of common sage, oregano, rosemary and thyme were assessed under
the same climate, soil and growth conditions, thus, the differences in production parameters
were due to genotype response to environmental conditions. In the Mediterranean area,
literature [33–37] shows different mean values of EO content and yield mainly depending
on the climate and soil characteristics of the area and cultivation practices of MAPs. When
comparing our findings with those reported in these studies, differences and similarities
were found which can be explained by the study of genetic and environmental factors. On
the basis of that, it is possible to say that changes in these factors can produce differences in
the chemical composition of the EOs in plants of the same species in different environments.

In this study, the ratio between EO content and dry weight yield was also assessed in
order to select the most promising accessions within each MAP. High production of EO in
relation to dry weight yield is crucial in the cultivation of MAPs. If the EO content is found
to be too low compared to plant dry weight, the production process would not be viable
for farmers from an economic point of view. On the contrary, when EO content is higher,
the production process is, instead, profitable. Therefore, the creation of mixtures of EVOO
with MAP EOs requires a preliminary assessment of the EO content and its availability
in the long term. This could allow for an estimation of the real cost of this condiment in
the market.

3.2. Chemical Composition of the MAPs EOs

The chemical composition of EOs of common sage, oregano, rosemary and thyme
accessions are shown in Table 3.

Table 3. Chemical composition of EOs of the common sage, oregano, rosemary and thyme accessions.

RT a KI b Compound Common Sage Oregano Rosemary Thyme

Monoterpene Hydrocarbons 27.73 31.31 31.47 28.86

10.22 938 α thujene 0.37 0.79 0.11 0.91
10.60 944 α pinene 4.93 0.90 11.25 1.04
11.59 957 camphene 6.88 t 6.88 0.41
11.92 961 thuja-2.4(10)-diene 0.32
13.10 974 verbenene 0.16
13.23 975 sabinene 0.39 0.16 0.05
13.46 978 ß pinene 8.39 0.01 3.53 0.16
14.61 990 ß-myrcene 3.83 2.24 1.93 2.36
15.39 997 Mentha-1(7),8-diene 0.04
15.56 999 phellandrene α 0.04 0.36 0.28 0.38
15.66 1000 δ-3-carene 0.11 2.64
16.34 1012 terpinene α 0.23 3.42 0.35 2.87
16.60 1017 ρ-cymene 0.01 0.03
16.89 1022 o-cymene 0.22 9.70 3.09 8.73
17.24 1028 sylvestrene 1.65 0.76 0.75
17.99 1042 (Z)-ß-ocimene 0.15 0.02
18.70 1053 (E)-ß-ocimene 0.02 0.10 0.05
19.37 1064 terpinene γ 0.43 12.59 0.32 10.98
21.32 1094 Mentha-2.4(8)-diene 0.20 0.13 0.40 0.22
21.70 1099 Cymenene 0.09
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Table 3. Cont.

RT a KI b Compound Common Sage Oregano Rosemary Thyme

Oxygenated Monoterpenes 51.20 64.06 61.87 65.00

17.37 1031 eucalyptol 20.58 0.06 39.38
20.21 1077 sabinene hydrate cis 0.14 0.64 0.43
22.43 1109 Sabinene hydrate <trans-> 0.10 0.12
22.51 1110 linalool 0.10
22.57 1111 Pinene oxide<α-> 0.09 0.36 2.27 0.22
22.79 1114 thujone<cis-> 8.25 0.02
23.62 1125 thujone<trans-> 5.78
23.68 1126 fenchol <exo> 0.05
24.29 1134 Campholenal α 0.03
25.14 1144 Pinocarveol trans 0.30
25.52 1149 camphor 13.77 4.81
26.29 1158 Eucarvone 0.09
26.55 1161 pinocamphone trans 0.16
26.69 1163 pinocarvone 0.60
27.29 1170 isocitral<(Z)-> 0.10
27.42 1171 Borneol 0.80 0.07 10.40 1.00
27.65 1174 pinocamphone cis 0.50
28.08 1178 terpinen-4-ol 0.27 0.32 0.46 0.61
29.18 1190 α terpineol 0.09 0.02 0.78
29.31 1192 dihydro carvone cis 0.06
29.91 1198 verbenone 0.26
31.68 1228 thymol methyl ether 0.24
32.27 1238 carvacrol methyl ether 3.70 0.17
32.68 1245 carvone 0.17
35.29 1287 Isobornyl acetate 0.04 1.43
35.54 1291 thymol 1.09 58.40 0.23
36.56 1307 carvacrol 0.11 62.35
39.42 1348 thymol acetate 0.03

Sesquiterpene Hydrocarbons 18.17 1.17 5.30 4.13

38.42 1334 elemene<δ> 0.03
40.80 1367 ylangene α 0.24 0.05
41.15 1372 copaene α 0.06
41.64 1379 Bourbonene ß 0.04
43.16 1398 Longipinene<ß> 1.40
43.34 1401 Longifolene 0.09
43.83 1409 caryophyllene (Z) 6.08 0.72 4.91 3.93
44.47 1419 caryophyllene (E) 0.31 0.02
44.93 1427 Aromadendrene 3.98
45.52 1436 Barbatene<ß> 0.35
46.05 1444 caryophyllene α 2.88 0.02 0.37 0.07
46.38 1449 Muurola-3-5-diene cis 0.30
47.21 1462 Unknown 0.03
47.42 1465 Cadina-1(6).4-diene cis 0.09 0.08
47.68 1469 Muurola-4(14).5-diene 0.07
48.16 1476 Aristolochene<4.5-di-epi-> 0.20
48.39 1480 Muurolene (γ) 0.84
48.55 1482 bicyclogermacrene 1.06
49.70 1499 amorphene γ 0.03 0.15 0.13
50.02 1503 amorphene δ 0.09 0.15

Other 0.26 0.00 0.67 0.65

14.14 985 octen-3-ol 0.20 t 0.52 0.58
14.40 988 octanone 0.06 t 0.15
15.36 997 octan-3-ol 0.07

Total 97.36 96.54 99.31 98.64
a Retention time. b Kováts retention index.
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The chemical composition of EOs was very different in the four MAPs in the study,
highlighting high diversity among the species.

The average percentage content of monoterpene hydrocarbons was found, however,
to be similar for the various species. It was, in fact, 27.73% in common sage EO, 31.31% in
oregano EO, 31.47% in rosemary EO and 28.86% in thyme EO, respectively. Among the
monoterpene hydrocarbons, α pinene was found to be one third of the total EO content in
rosemary, while γ terpinene represented almost half of the total EOs content in oregano
and thyme plants.

Oxygenated monoterpenes were the prevailing group of compounds in EOs of the four
species. The average content percentage of this group ranged between 51.20% (common
sage EO) and 65.00% (thyme EO). In particular, eucalyptol was found to be the main
compound in common sage (20.58%) and rosemary (39.38%) EOs. Analyses of EOs revealed
that borneol (10.40%) was more abundant in rosemary EO while its oxidation product,
camphor (13.77%), was more represented in common sage EO. In the case of oregano and
thyme plants, the main compounds among the oxygenated monoterpenes were thymol
(58.40%) and carvacrol (62.35%), respectively.

Concerning the average percentage content of sesquiterpene hydrocarbons, it was
found to be different in EOs of the four MAPs. It was 18.17% in common sage EO, 4.13% in
oregano EO, 5.30% in rosemary EO and 1.17% in thyme EO, respectively.

3.3. Photo-Oxidative Studies

In order to study the possible employment of EOs as antioxidant to EVOO, the
concentration 0.15% v/v of the MAPs EO/EVOO mixtures was chosen. This percentage
was the minimum that guaranteed the presence of plant volatile organic compounds
(VOCs) in the headspace. An amount of 10 mL of different mixtures were placed in a pyrex
tube and irradiated at 360 nm at 40 ◦C for different time by using an UV test. Oleic acid
was the most abundant fatty acid considered in the EVOO samples.

The percentage variation of oleic acid in the oil samples of Cerasuola “green” (CV)
after photo-oxidative at different irradiation time is showed in Figure 3.

 

Figure 3. Percentage content of oleic acid in Cerasuola “green” (CV); sample irradiated at
different time.

The higher percentage variation was detected during 8 h of irradiation, while, after
16 h, no significant percentage variation was detected.

Accordingly, the photo-oxidative experiments were carried out by irradiating the
different EVOOs and mixture samples for 32 h in the same experimental conditions. The
main results are showed in Figure 4.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
(g) (h) 

Figure 4. Percentage content of oleic acid in the extra-virgin olive oil (EVOO) samples not irradiated, irradiated and in the
mixture of EVOO with EO. Average values (±standard error) are shown. The initials NI in brackets in all graphs stand
for not irradiated; EOCS stands for essential oil of common sage; EOO stands for essential oil of oregano; EOR stands for
essential oil of rosemary; EOT stands for essential oil of thyme. (a) refers to Arbequina “green” (AV), (b) refers to Arbequina
“brown” (AI), (c) refers to Biancolilla “green” (BV), (d) refers to Biancolilla “brown” (BI), (e) refers to Cerasuola “green”
(CV), (f) refers to Cerasuola “brown” (CI), (g) refers to Nocellara del Belice “green” (NV) and (h) refers to Nocellara del
Belice “brown” (NI).

In all EVOOs samples exposed at irradiation performed at 360 nm, variations in
oleic acid composition were detected. Furthermore, in three different EVOOs samples
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(CV, BV and AI), a relevant variation in the percentage content of oleic acid (8.00%) was
recorded. This variation can be ascribed at photo-oxidative reaction. In fact, as reported in
literature [38], the fatty acid alkyl chain is susceptible to oxidation both at double bonds and
adjacent allylic carbons. In fact, free-radical and photo-oxidative reactions at allylic carbons
are responsible for deterioration of unsaturated oils and fats, resulting in rancid flavours
and reduced nutritional quality. In this context, light and oxygen, promotes oxidation
of unsaturated fatty acids. Ultraviolet radiation decomposes existing hydroperoxides,
peroxides and carbonyl and other oxygen-containing compounds, producing radicals
that initiate autoxidation. Moreover, naturally present pigments such as chlorophyll,
hematoporphyrins and riboflavin act as sensitizers. Light excites these sensitizers to the
triplet state that promotes oxidation processes.

No significant change of oleic acid percentage was detected in the mixture of EVOO
with EO samples. These results seem to bring out the presence of an antioxidant effect of
EOs on EVOO. This result is independent from the presence of phenolic compounds, such
as in the oregano and thyme EOs, which have a high percentage of phenolic compounds. It
would seem, therefore, a synergistic effect of all the components of EOs. Further studies
are needed to highlight a correlation between the chemical composition of the MAPs EOs
and antioxidant effects.

4. Conclusions

This work is an innovative study to assess the quality of flavoured EVOO prepared by
adding MAPs EO. The proposed preparation method is valid to obtain flavoured EVOO
and can represent a useful alternative to traditional methods. The addition of EO allows,
in fact, to maintain the biological properties of EVOO and prevent any oxidation process
which can occur due to light and oxygen. Furthermore, being that EO is rich in antioxidants,
its addition causes an improvement of the shelf life of EVOO. The study carried out through
the GC analysis can be also a support to the sensory analysis for the evaluation of the
oil quality. From a health point of view, it is possible to sustain that the use of flavoured
EVOO by adding MAPs EO can have several benefits for humans such as to come from
natural resources, to be considered safe and to have functional and sensory properties.
Furthermore, the addition of natural antioxidants from EOs, instead of synthetic ones,
could be of high interest to food industry whose primary objective is to offer good, healthy
and safe food products, with a balanced nutritional profile and economically accessible to
all consumers. The creation of natural mixtures and “new” condiments requires, however,
an evaluation of the production and availability of MAPs EOs. A high production of EO
in relation to plant dry weight seems to be considered crucial in the cultivation of MAPs.
Further studies are required to confirm these findings and assess the oxidative stability of
the mixtures in the long term, being that the literature in this field is very minimal.
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Abstract: The caper plant is widespread in Sicily (Italy) both wild in natural habitats and as special-
ized crops, showing considerable morphological variation. However, although contributing to a
thriving market, innovation in caper cropping is low. The aim of the study was to evaluate agronomic
and production behavior of some biotypes of Capparis spinosa L. subsp. rupestris, identified on the
Island of Linosa (Italy) for growing purposes. Two years and seven biotypes of the species were
tested in a randomized complete block design. The main morphological and production parame-
ters were determined. Phenological stages were also observed. Analysis of variance showed high
variability between the biotypes. Principal component analysis and cluster analysis highlighted a
clear distinction between biotypes based on biometric and production characteristics. Production
data collected in the two-year period 2007–2008 showed the greatest production levels in the third
year following planting in 2005. In particular, biotype SCP1 had the highest average value (975.47 g)
of flower bud consistency. Our results permitted the identification of biotypes of interest for the
introduction into new caper fields. Further research is needed in order to characterize caper biotypes
in terms of the chemical composition of the flower buds and fruits.

Keywords: caper plant; island of Linosa; morphological and productive characteristics; growing

1. Introduction

The caper plant belongs to the Capparaceae family, which includes approximately
40–60 tropical, subtropical and temperate genera, 700–900 species of which belong to
tree, shrub and herbaceous plants [1]. The genus Capparis L. includes approximately
250 species distributed in tropical and subtropical regions [2,3]. It is a minor crop but since
the origins of civilization man has taken an interest in this species due to its healing and
nutritional properties [4–7]. Populations of Capparis L. on the continent of Europe include
Capparis spinosa L. with two subspecies: subsp. spinosa and subsp. rupestris (Sibth and Sm)
Nyman [8].

In Sicily (Italy) and the surrounding islands, C. spinosa, with the two intraspecific taxa,
subsp. spinosa and subsp. rupestris, is widespread both wild in natural habitats and as
specialized crops [9], showing considerable morphological variation due to a number of
factors, such as phenotypic plasticity, eco-geographical differentiation and hybridization
processes, which promote the presence of intermediate phenotypes [3,10].

Caper buds, harvested from both wild and cultivated plants, are mainly used for food
and medicinal purposes [5]. Immature flower buds, called “capers”, the fruits, known as
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“cucunci” or “capperone” and the tender leaves, preserved in salt or vinegar, are popular
in cuisine, enjoying good levels of global trade [11–15]. The consistency of the caper
berries is central to the quality of the berry. Consistency is important in the creation
maturation indices, for the handling and preservation of the product and in customer
sensory perception. The size of the bud is also fundamental for commercialization purposes,
with a customer preference for small buds [16,17].

It is known for its medicinal use due to the marked therapeutic effects of its extracts.
Ethnobotanical research carried out in Sicily [18] shows how extracts of the stem of the
caper plant have been used in traditional Sicilian medicine to treat toothache for many years.
Various pharmacological properties are attributed to the extracts of leaves, stems, flowers,
fruits and roots, such as anti-hypertensive [19], anti-hepatic [20], anti-diabetic [21,22], anti-
obesity [23], anti-allergic [24], anti-inflammatory [25] and antibiotic [26] properties. It is to
be noted that the biochemical compounds of the caper are influenced by geographical and
environmental conditions, by the harvesting period of the immature flower bud and its size,
by storage methods, by genotype and by method of extraction and processing [12,27] as
evidenced in other Mediterranean species of the same Country [28]. Phenolic and flavonoid
compounds are amongst those bioactive compounds found in abundance in the various
parts of the caper plant [29–35]. According to various authors [36], in particular, rutin is
the most abundant phenolic compound in fresh berries, whereas quercetin (produced by
the hydrolysis of rutin and which has not been found in fresh caper berries), is the most
abundant phenolic compound in fermented berries. Recent studies [37–39] on quercetin
have shown that this flavonoid would interfere with the SARS-COV-2 virus by reducing or
eliminating the possibility of replication.

In addition to food and medicinal uses, the aesthetic properties of Capparis spinosa
also make it popular as an ornamental plant for gardens, walls and terraces [40–42].
Furthermore, due to its xerophilic nature highly extensive root system, extremely high
root/stem ratio and moderate water consumption [43,44], the caper is highly suited as a
crop to regions with harsh climatic conditions, such as those in the Mediterranean area.
The root system architecture and aerial biomass help limit erosion and protect the soil
from high temperatures, even in the presence of extreme climate change, thus creating
conditions suitable for microbiota and ensuring the agroecosystems are sustainable [10].
Therefore, it is a species of agronomic interest, able to reduce erosion and slow down the
desertification process [45]. It is also widely used in re-forestation and re-naturalization in
Sicily [46].

However, although contributing to a thriving market, innovation in caper cropping is
low. Caper crop specialization is limited by the absence of improved cultivars and the lack
of studies on the characterization and valorization of Sicilian caper germplasm. Current
knowledge on Capparis spinosa does not allow us to define the characteristics of the genetic
material being cultivated with any degree of certainty. Therefore, we cannot say that there
are any caper cultivars. Individual plants used in production are frequently of uncertain
origin, coming either from seedlings or from cuttings of plants harvested from the wild.
They are often selected by farmers based on certain highly appreciated characteristics from
within local populations [47].

The aim of the study was to evaluate agronomic and production behavior of seven
biotypes of Capparis spinosa L. subsp. rupestris, identified on the Island of Linosa (Italy),
over a four-year test period and to identify the most promising biotypes for cultivation.

2. Materials and Methods

2.1. Experimental Site, Cropping Techniques and Plant Material

The test was carried out over the four-year period 2005–2008, on the Island of Linosa,
Sicily, Italy, (35◦51′43′′ N 12◦52′37′′ E: Google Earth) at a local farm located in the village
Calcarella, between Monte Vulcano and Montagna Rossa, at an altitude of 32 m a.s.l. The
test site lies on North–West facing rolling terrain. The soil is typic xerorthents; volcanic,

108



Agriculture 2021, 11, 327

shallow, loose and with scarce organic matter [48] and vegetation is synanthropic, typical
of abandoned cropland on these soils (Euphorbia spp., Brassicaceae, etc.).

Prior to planting, biotypes identified in a previous study [49], classified as Capparis
spinosa L. subsp. rupestris and marked with the abbreviation SCP1-7 (Table 1), underwent
virological investigation for caper latent virus (CapLV) at the Rome Experimental Institute
of Plant Pathology (Italy) in order to ensure only “healthy material” was used.

Table 1. Main morphological characteristics of Capparis spinosa L. subsp. rupestris biotypes.

Biotype
Leaf Color
(Code n.)

Leaf
Morphology

Spiny
Stipulates

Flower Bud
Color (Code
Number) *

Bud
Morphology

SCP1 brown-green
(371)

obovate leaves with
retuse apices absent deep-green (412) rounded

SCP2 brown-green
(371)

obovate leaves with
retuse apices absent deep-green (412) rounded

SCP3 brown-green
(371)

ovate leaves with
marked retuse apices absent deep-green (412) rounded/

pyramidal

SCP4 deep-green
(421) ovate leaves absent deep-green (411) rounded/

pyramidal

SCP5 deep-green
(421)

ovate leaves with
marked retuse apices absent deep-green (412) rounded/

pyramidal

SCP6 deep-green
(426)

ovate leaves with
marked retuse apices absent deep-green with

dark spots (422)
rounded/
pyramidal

SCP7 deep-green
(426)

Ovate leaves with
marked retuse apices absent deep-green with

dark spots (423) rounded

* Seguy E.: Code universel des couleurs (Universal color code).

In December 2005, an experimental plot with a randomized block design with three
replicates was created using the plants of the 7 biotypes under evaluation, with a planting
spacing of 2.50 × 2.50 m. The photos of the experimental field and caper biotypes are
presented in Supplementary Figures S1–S4.

Local cultivation practices were used for the planting: rooted cuttings were placed in
holes 30 cm deep and 300 g of blond peat was placed at the bottom of each hole in order to
increase soil water holding capacity.

Subsequently, 3 to 4 lava stones were placed around the plantlings to protect them
from the wind and to limit water loss from evaporation (Figure 1).

 
Figure 1. Mitigating effect on evaporation of the lava stones.

During the first year of growth, five rescue irrigation were carried out in summer to
encourage establishment of the young plantlings. Pruning was carried out at the end of
each year during the autumn-winter period (November–December) by cutting branches
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to approximately 6–10 cm from the base (long pruning), (Figure 2). Crop care included
manual weeding 5 times and hoeing 3 times.

 

Figure 2. Pruning carried out in December 2007.

2.2. Plant Measurement

During the first year (2006), 6 months after planting, production was considered
negligible and no measurements were taken. In the two-year period (2007–2008), however,
weekly measurements of the main phenological stages were carried out according to
extended BBCH scale [50]: start of plant growth, flower bud formation, flowering, fruit
formation and plant dormancy. Each phenological phase was identified when each parcel
showed 70–80% of the plants in the considered phase. The following parameters were
also determined for each caper biotype: flower bud fresh weight (FW); flower bud dry
weight (DW); weight of 100 flower buds; percentage of flower bud dry matter; flower
bud diameter (Figure S5); flower bud consistency (Figure S6); average length of primary
branches; number of nodes per cm on primary branch; number of secondary branches on
primary branch; number of flower buds per primary branch; number of flower buds per
secondary branch. Data of all parameters showed normal distribution.

A penetrometer test (FT02, 0–1 kg) with a 2 mm ferrule was used to determine bud
consistency; values are expressed in grams.

2.3. Statistical Analysis

All biometric and production parameter data were subjected to analysis of variance.
The difference between means was carried out using the Tukey test.

In order to assess the correlation between the biometric and production parameters,
Pearson’s correlation coefficient was calculated for each year, prior to standardization
of data. By grouping the data from the two years, principal component analysis (PCA)
was carried out to evaluate the relationship between the different characteristics and
how the accessions behaved along the component axes. In addition, cluster analysis
(UPGMA) was performed and shown graphically on the principal components plot. Before
conducting principal component analysis (PCA) and cluster analysis (UPGMA), the data
was standardized. Data analysis was performed using Minitab 19 software for Windows.
Principal Component Analysis (PCA) score plots and cluster analysis (UPGMA) were
performed with Past 4.03 software for Windows.

3. Results

3.1. Analysis of Rainfall and Air Temperature Trends at the Test Site

Rainfall and air temperature trends during the test period are shown in Figure 3.
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(a) (b) 

 
(c) (d) 

Figure 3. Rainfall and air temperature trends during the test period in the experimental area. Graph
(a) refers to 2005, graph (b) refers to 2006, graph (c) refers to 2007 and graph (d) refers to 2008.

Rainfall levels during the 4 test years were not always typical of the test environ-
ment. In 2005, the year the caper plants were planted in the test field, precipitation depth
was consistent with the test environment, whereas in 2006, it was high at 725 mm of
rain. In 2007, when phenological and production measuring began, rainfall levels were
approximately 100 mm greater than typical of the test environment (414.40 mm). In
2008, the final test year, rainfall was consistent with the test environment (359.00 mm).
Rainfall events have always been concentrated mostly in January and in the months
between September and December. Average minimum air temperatures (2005:15.80 ◦C—
2006:17.30 ◦C—2007:18.60 ◦C—2008:18.60 ◦C) and average maximum air temperatures
(2005:22.10 ◦C—2006:22.60 ◦C—2007:24.60 ◦C—2008:24.60 ◦C) were found to be consistent
with the test environment.

3.2. Analysis of Biometric and Production Parameters

The biotype and year factors and biotype-by-year interaction determined significant
differences for almost all parameters in the study. Differences found in parameters during
the test years highlight the influence of plant age on biometric and production character-
istics. Only for variables: weight of 100 flower buds, flower bud diameter, flower bud
consistency, nodes/cm primary branch and ratio flower bud/secondary branches were no
statistical differences found (Table 2).
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During the test years, fresh weight, dry weight and flower bud dry matter were greater
in 2008 despite the fact that rainfall was approximately 50 mm lower than in 2007. The
same trend was found when evaluating the morphological characteristics, such as average
length of primary branch, number of secondary branches/primary branch and number of
flower buds/primary branch.

The highest average values of fresh and dry weight of flower bud were found, in
accessions SCP2, SCP3, SCP4, SCP5 and SCP1 (FW: 1167.61–1031.89 g; DW: 220.83–160.70 g),
while the lowest averages were recorded in SCP7 (FW:745.17 g; DW: 147.97 g) which were
also distinguished by the greatest weight of 100 flower bud (Table 2). The percentage of bud
dry weight varied from 19.84% (SCP7) to 14.23% (SCP4). The diameter of the largest flower
bud (8 mm) was recorded in SCP5, SCP2 and SCP4, while that of the smallest flower bud
(7 mm) was observed in SCP1, SCP7, SCP6 and SCP3. The highest flower bud consistency
(957.47 g) was determined in SCP1, while the lowest (842.16 g) in SCP4.

As regards the biometric parameters of the caper accessions in the study, the greatest
average length of the primary branch, the greatest number of nodes/cm of primary branch
and the highest number of flower buds/primary branch ratio were observed in SCP2.
SCP3, SCP5 and SCP4 had the highest number of secondary branches/primary branch
ratio while SCP7, together with accessions SCP1 and SCP5 showed the lowest. The highest
number of flower buds/secondary branch ratio (47.10) was recorded in SCP3 while the
lowest in SCPI (15.13) and SCP7 (14.16) for which no significant differences were found.

The main results for production characteristics of the caper accessions (Table S1) in
two year-study highlight that SCP2 and SCP5 obtained the best performance while SCP7
was the least productive accession. Evaluation of results for the first year of biometric and
production characteristics showed that both flower bud fresh weight and flower bud dry
weight were greater in SCP2 (FW: 533.76 g—DW: 97.07 g), whilst SCP7 was found to have
lower flower bud fresh. SCP6 and SCP7 were found to have greater 100 flower bud weight,
while SCP1 and SCP3 recorded the lowest in this weight. The greatest percentages for
flower bud dry matter varied from 18.82% (SCP5 and SCP7) to 13.88% (SCP4), while while
the flower bud diameter varied from 8.53 mm (SCP5) to 7.60 mm (SCP6). Greatest flower
bud consistency was found in SCP1 (980.44 g), while the lighest consistency was found in
SCP4 (840.40 g), SCP3 (851.08) and SCP5 (856.69).

The greatest average length of the primary branch and the greatest number of nodes/cm
of primary branch were found in SCP2. The greatest number of secondary branches/primary
branch was recorded in SCP5 and SCP3, while the lowest values for this ratio were
found in SCP7. The greatest number of flower buds/primary branch was found in SCP2
while the lowest number in SCP5, SCP4, SCP6 and SCP3. The greatest number of flower
buds/secondary branch was determined in SCP3 and SCP4 whilst the lowest in SCP7.

In the second year, the greatest fresh weight of flower buds were found in SCP2, SCP4,
SCP5, SCP3 and SCP1 while the lowest in SCP7. The greatest dry weight of flower buds
were found in SCP2 and SCP5 while the lowest in SCP7.

By analyzing the results of the accession for each year, no variations were found either
in the 100-flower bud weight or the flower bud dry matter %. Furthermore, the order of the
accession classification remained unchanged for both of the parameters. The same trend
was found for both of the parameters flower bud diameter and flower bud consistency. It is
worth noting that, in 2008, the results were slightly lower above all regarding flower-bud
diameter, and greater uniformity in characteristics was found between accessions. Flower
bud diameter ranged, in 2008, between 8.44 mm (SCP5) and 7.39 mm (SCP1), and flower
bud consistency ranged between 970.51 g (SCP1) and 843.92 g (SCP4). Accession SCP2
demonstrated the greatest production of longer primary branches, in the same way that
SCP7, SCP4 and SCP5 produced the highest number of shorter primary branches.

The number of nodes cm−1 on the primary branch was again greater in SCP2, whilst
the lower numbers were found in SCP7, SCP4, SCP6 and SCP3.

113



Agriculture 2021, 11, 327

The number of secondary branches on the primary branch was greater in SCP3, SCP4,
SCP5 and SCP6, whilst in the remaining accession, values were approximately one third of
the former: SCP1, SCP2 and SCP7.

The greatest number of flower buds/primary branch was found in SCP2 followed by
SCP1 and SCP7.

A similar trend as the previous year was also found for the number of flower buds/
secondary branches, with the greatest number of buds found for accession SCP3, whilst
accessions SCP1 and SCP7 developed the fewest flower buds/secondary branches.

3.3. Correlation Matrix

Table 3 shows correlations between the various morphological and production param-
eters divided by year.

Many correlations were founds between the characteristics observed, albeit only a few
were considered significant (p < 0.05; p < 0.01) and sometimes divergent.

In particular, worthy of note is the fact that the relationship between the fresh weight
of the flower buds per plant (FWFB/P) and the dry weight of the flower buds per plant
(DWFB/P) was found to be positive and significant only in 2007, whilst it remained medium
high (r = 0.70) in 2008. Furthermore, in 2008, the parameter fresh weight of the flower buds
per plant (FWFB/P), showed a significant but negative correlation with 100-flower bud
weight (W100FB) whilst, in 2007, these two parameters were found to be always negatively
correlated, but medium-high in value (r = −0.61).

The relationship between the number of nodes/primary branch (PBN) and the dry
matter % of the flower buds (FBDM) was significant and positive for 2007 but somewhat
absent (r = 0.16) in 2008. The same relationship was found, albeit with a stronger rela-
tionship (r = 0.66) in 2008 regarding the number of flower buds/primary branch (FBPB)
and the number of nodes/primary branch (PBN). In contrast, the positive correlation be-
tween the number of flower buds/secondary branch (FBSB) and the number of secondary
branches/primary branch (SBPB) was considered highly significant for both years.

All of the negative and significant correlations number of flower bud/secondary branches
(FBSB) and flower bud consistency (FBC); number of secondary branches/primary branch
(SBPB) and number of nodes/primary branch (PBN); number of flower buds/secondary
branches (FBSB) and number of nodes/cm/primary branch (PBN); number of flower
buds/primary branch (FBPB) ad number of secondary branches/primary branch (SBPB);
number of flower buds/secondary branches (FBSB) and number of flower buds/primary
branch (FBPB), found in 2007 corresponded to those found in 2008, with the exception of
number of secondary branches/primary branch (SBPB) and number of nodes/primary
branch (PBN), and of number of flower buds/secondary branches (FBSB) and number of
nodes/primary branch (PBN), which were negligible in 2008.

3.4. PCA Analysis

PCA analysis, carried out not only to assess relationships between the variables and
their importance, but also to reveal the behavior of the accessions along the component
axes, showed that the 3 principal components accounted for over 77.00 % of total variability
(Table 4).

For analytical purposes, however, only the first three were considered to be of interest.
In Table 5, it is clear that the largest principal component (PC1), at 36.44%, is strongly

correlated with as many as 6 out of 11 characteristics.
In particular, it is positively correlated with the percentage of flower bud dry mat-

ter, flower bud consistency, number of nodes/cm on primary branch and number of
flower buds/primary branch, and negatively correlated with the number of secondary
branches/primary branch and the number of flower buds/secondary branches.

The second component, which accounts for 23.82% of the total variance, is positively
linked to the flower bud fresh weight/plant, flower bud dry weight/plant and the number
of primary branch average length and negatively to the 100-flower bud weight.
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Table 4. Variance in principal components and cumulative contribution to total variance.

PC1 PC2 PC3

Eigenvalues 4.01 2.62 1.88
% variance 36.44 23.82 17.04

% cumulative variance 36.44 60.26 77.30

Table 5. Factor weights of properties on the three principal components.

PC1 PC2 PC3

Flower bud fresh weight/plant (g) −0.0170 0.7726 0.5975
Flower bud dry weight/plant (g) 0.0781 0.7551 0.6347

Weight 100 flower buds (g) 0.0483 −0.4720 0.2717
Flower bud dry matter (%) 0.5838 0.0633 0.3437
Flower bud diameter (mm) −0.1576 0.3101 −0.6735
Flower bud consistency (g) 0.7826 −0.4748 0.3420

Primary branch average length (cm) 0.0313 0.8279 −0.4013
Primary branch nodes/cm−1 (n/cm) 0.7238 0.2111 −0.3868
Second. branches/primary branch (n) −0.9526 0.0376 0.1472

Flower buds/primary branch (n) 0.8570 0.3944 −0.1708
Flower buds/secondary branches (n) −0.9240 0.1302 0.0663

The third component explains a lower percentage of variance (17.04%) compared
to PC1 and PC2 and is negatively correlated with the flower bud diameter however, it
was able to separate the accessions more distinctly compared to the second component,
confirming the diversity of the accessions.

Figure 4 shows a loading plot of factor weights relating to the two main principal
components.

 

Figure 4. Factor weight and grouping of Capparis spinosa subsp. rupestris accessions.
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Statistical data can be extracted from Figures 4 and 5, which projects the distribution
of the accessions on the plot for the two principal components.

 

Figure 5. Distribution of the accessions on the score plot for the two principal components. In the
graph, the dots refer to accessions of Capparis spinosa subsp. rupestris grown in the first year while the
squares refer to accessions grown in the second year, the same color refers to the same accession.

Representation on the plots of relationships between the accessions showed a relatively
wide variability. Cluster analysis lead to the identification of two main groups; the first
group containing all of the accessions grown in 2007 (shown in red) and all those grown in
2008 in the second group (shown in blue) (Figure 5).

The first main group (2007) can be subdivided into two further subgroups, one which
encompasses 4 accessions (SCP2, SCP5, SCP4, SCP3) and the other 3 accessions (SCP7,
SCP1 SCP6). The second main group (2008) is formed by 5 subgroups. With the exception
of one of these subgroups, which includes 3 accessions (SCP4, SCP5, SCP3), each of the
other subgroups is formed by one accession only (SCP1, SCP2, SCP6, SCP7).

Apart from the conformity in behavior shown by the species in both years and made
clear by the cluster analysis which formed two macro-groups, a number of subgroups
also emerged based on expressions of the most significant morphological and production
characteristics.

Accessions SCP2 and SCP1 from 2008, each of which form a group on their own,
located in the top right quadrant, showed the best characteristics associated with PC1
and PC2 (Figure 4). It is worth noting, however, that for SCP1 (2008), component 2
had little weight whilst PC3 assumed greater significance (Supplementary Figure S7).
Accession SCP1(2008) can be considered a good compromise of all the characteristics
being examined, as it performed well regarding production and produced the best the
biometric and quality parameters like SCP2 (2008), which performed the best for all of
the characteristics. However, SCP2 (2008) differed from SCP1 (2008) as it produced larger
flower buds. SCP2 (2008), in fact, is located in the lower right quadrant, as can be seen on
the plot between component 1 and 3, similar to SCP2 in 2007 (Supplementary Figure S7).

SCP2 (2007) is located in this same quadrant (lower right). Although it presented
characteristics favorably linked to PC1 and PC2 (Figure 5), unlike accessions SCP3, SCP4
and SCP5 (lower left quadrant), with which it shares a subgroup, all of the accessions are
defined by PC3 (Supplementary Figure S7). The abovementioned accessions are located
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in the quadrants along which PC3 assumes a negative value and, as component 3 is
negatively correlated to flower bud diameter, all the accessions produced larger flower
buds (Supplementary Figure S7).

The second subgroup (2007) included 2 of the 3 accessions (SCP1, SCP7) associated
with those parameters with greatest values for component 1, unlike the other accession
SCP6, which is located to the left of the origin. All 3 accessions, however, are located in
quadrants with negative values for PC2 (Figure 5). Regarding the characteristic linked to
PC3, the 3 accessions (SCP1, SCP6, SCP7), as they are positioned close to the origin, they
all have medium-sized buds. Furthermore, it is important to highlight that SCP6 produced
the smallest flower buds of the 3 accessions, as located in the top left quadrant, whilst the
other 2 accessions are located in the lower right quadrant (Supplementary Figure S7).

In addition, the flower buds produced by the accessions in the third subgroup (SCP3,
SCP4, SCP5) in the main 2008 cluster are near in size to the buds of accession SCP6 in
2007 (Supplementary Figure S7). However, the abovementioned accessions are positively
characterized by characteristics linked to PC2 and negatively for the parameters linked to
PC1 (Figure 5) SCP6 and SCP7, each of which form a subgroup on their own in the main
2008 cluster, although having certain production characteristics which are similar, differ
regarding the biometric characteristics linked to PC1 and PC3. In particular, SCP6 had a
lighter flower bud consistency, shorter average primary branch length, lower number of
flower buds/primary branch and a smaller flower bud diameter compared to SCP7.

3.5. Phenology

Table 6 shows average days, in the two test years, for the four phenological stages
considered.

Table 6. Average days per year corresponding to phenological stages.

Year
Plant Dormancy

(Day)
Plant Growth

(Day)

Flower Bud
Emergence

(Day)

Fruiting
(Day)

2007 90.14 b 267.00 a 212.57 b 175.71 b
2008 91.14 a 265.58 b 215.14 a 175.85 a

Significance ** ** ** **
Means followed by the same letter in the same column are not significantly different according to Tukey’s test
(p ≤ 0.05). ** significant at p ≤ 0.01.

Statistically significant differences regarding number of days (for the phenological
stages in consideration and in the two test years) were found for all the parameters un-
der study.

Accessions (Table 7) presented statistically significant differences for all phenological
stages measured.

Table 7. Average length of phenological stages based on accessions of C. spinosa subsp. rupestris.

Biotype
Plant Dormancy

(Day)
Plant Growth

(Day)

Flower Bud
Emergence

(Day)

Fruiting
(Day)

SCP1 94.00 b 264.0 1e 217.00 b 178.02 d
SCP2 80.01 g 297.02 a 233.02 a 181.51 a
SCP3 85.51 f 270.51 b 209.51 f 177.52 e
SCP4 98.50 a 260.01 f 212.02 e 178.02 c
SCP5 92.01 d 267.02 5 215.01 c 180.02 b
SCP6 91.01 e 266.52 d 208.02 g 170.03 f
SCP7 93.50 c 258.01 g 212.52 d 165.53 g

Significance ** ** ** **
Means followed by the same letter in the same column are not significantly different according to Tukey’s test
(p ≤ 0.05). ** significant at p ≤ 0.01.
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The duration of plant dormancy in particular was greater in accession SCP4 (98.50 days),
whilst shorter in accession SCP2 (80.0 days) by 18 days.

Plant growth stage (297.02 days), flower bud emergence (233.02 days) and fruiting
(181.51 days) were also longer in accession SCP2. Plant growth stage was shortest in
accession SCP7 (258.01 days); this accession also recorded the shortest fruiting stage
(165.52 days). However, shortest flower bud emergence stage was shortest for SCP6
(208.02).

In Figure 6, the flower and flower bud of the species are shown.

  
(a) (b) 

Figure 6. Flower (a) and flower buds (b) of caper plant.

4. Discussion

Increased demand for buds and caper fruits has prompted farmers to switch from wild
plant harvesting to specialized crops of caper plants [51]. Of fundamental importance for
the creation of new caper plants is undoubtedly the genetic material used for propagation
purposes. Therefore, the identification of biotypes in the wild and characterized by high
agronomic performance, which can be recommended to farmers or included in genetic
improvement programs, is considered an excellent strategy [52–54] Previous studies carried
out by Barbera [47] have led to specific characteristics to be identified which are deemed of
interest in crop development; for example, high productivity, long stems, short internodes
and high node fertility, spherical, dark green buds with closely-placed, non-pubescent
and late opening bracts, oval fruits with a light green pericarp and few seeds, absence of
stipular spines, easy separation of stems to simplify harvesting and post-harvest operations,
suitability for agamic reproduction and resistance to biotic and abiotic stresses. Bud
consistency is, without doubt, extremely important in the definition of quality. Amongst
those characteristics most sought-after is the diameter. The Boletín Oficial del Estado [55]
distinguishes seven classes of increasing diameter, from the smallest of 7 mm to the greatest
of 13 mm, highlighting the fact that those most highly appreciated by consumers are
actually smaller than 7 mm.

The characterization of the germplasm on the island of Linosa led to the evaluation
of 7 biotypes with at least one characteristic not in common, previously identified on the
island by Tuttolomondo et al. [49]. Biotypes included in the agronomic evaluation belong
to the species C. spinosa subsp. rupestris (Sm) Nyman which exhibits a narrower range than
species C. spinosa subsp. spinosa and is found in areas of the Mediterranean and North
Africa [56]. It is a spineless chamaephyte with few or no ramifications of the primary
branches and with uniform morphological traits [57].

Rainfall trends in the four test years were consistent with the test environment except
for rainfall depth in 2006. Such high levels (725 mm) undoubtedly contributed to the
successful establishment of the caper field and no failures were recorded (data not shown).
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Production data collected in the two-year period 2007–2008 showed the greatest pro-
duction levels in the fourth year following planting in 2005. This behavior is consistent
with the characteristics of the species. The caper plant begins production, although in
insignificant quantities, in the first year of planting. Full production is recorded as of the
fourth year and can reach an average yield of 4–5 kg plant−1 and over. This level of produc-
tion is thought to last up to 35–40 years and to be influenced not only by biotype, age and
cropping techniques (fertilizing, irrigation, etc.) but also by the growth environment [10,47].
In our case, production in the year following planting was considered negligible and no
measurements were taken.

In our study, in fact, already from 2008, all biotypes showed a significant increase
in yields corresponding to approximately three/four times those recorded in 2007. A
comparison of the test accessions showed that all seven biotypes differed significantly
for all biometric and production parameters. More specifically, in both years, biotype
SCP2 demonstrated greater production characteristics, both in terms of greater flower
bud fresh weight and dry weight and in morphometric terms. Furthermore, a greater
number of flower buds on the main branches were recorded for SCP2, in accordance with
previous studies [12,58] which found that a longer primary branch determined a greater
number of nodes, allowing greater differentiation of flower buds and, therefore, increased
productivity. Aytac et al. [58] demonstrates how the length of the primary branches of
caper plants increases by increasing the slope of the caper crop field.

In our study, conducted on a flat field, the length of the primary branches in the test
accessions, both during the first and second year of the test, was considerably longer than
the length obtained under similar environmental conditions but in older caper plants and
using different agronomic management by Tuttolomondo et al. [49]. These differences are
presumably due to genetic and non-environmental factors.

In 2008, yields expressed in grams of flower buds per plant, obtained from the remain-
ing accessions are consistent with previous tests conducted by Barbera et al. [59]. Yields
in these tests, albeit under different agronomic conditions and in different environments,
ranged from 1 to 1.5 kg plant−1 (Island of Pantelleria) and from 2 to 3 kg plant−1 (Island of
Salina). Biotype SCP2 also obtained the lowest number of secondary branches and relative
flower buds. This characteristic is valued by farmers as it is seen to facilitate harvesting
operations with lower production costs, as reported by Barbera [46]. Regarding flower
bud size, a valuable characteristic from a commercial point of view (the smaller they are,
the more they are valued), previous studies conducted by Aytac et al. [56] showed how
a harvest interval of 5 days was found to produce the highest number of flower buds
with a diameter of less than 7 mm—a diameter highly valued on a commercial level [53]—
highlighting how reducing harvest intervals determines smaller flower buds. In our study,
the smallest size of flower buds with a harvest interval of 8 days was found for accession
SCP1 with 7.57 mm and SCP6 with 7.58 mm.

Another useful element in defining the quality of buds and valued by consumers is
the consistency. This was measured using a penetrometer. Biotype SCP1 obtained the best
result at 975.47 g; A difference of a little over 100 g from the least substantial in consistency
(SCP4). Consistency determination, not previously noted by other authors, allowed caper
bud quality indexes to be expanded. This characteristic has been studied for other species
and is considered strategic as it seems that consumers are more sensitive to differences in
consistency than in taste [60]. The measurement of fruit consistency using a penetrometer
has long been used in apricots, peaches nectarines, peaches and plums as an index of
ripeness [61]. The use of penetrometric analysis in order to identify best bud and caper
fruit consistency not only adds value to the product in terms of consumer demand, but
also helps innovate mechanical processing and develop the caper supply chain. In order to
facilitate the design of machines to be used in the marketing of caper fruits, Lorestani [17]
studied the physical and chemical characteristics of unripe buds and caper fruits through
elasticity testing (Young Modulus) and the ZwickRoell universal testine machine.
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Phenological analysis allowed biotypes to be differentiated according to the duration
of the single phenological stage. Shorter plant dormancy and longer plant growth, and,
therefore, longer flower bud emission and fruiting stage (which presumably contributed to
the increased yield) was found for biotype SCP2. An earlier production stage inevitably
led to better use of soil water resources, built up during the autumn-winter period. It
is during this period that greatest rainfall levels were recorded for both years, thereby
creating an agronomic benefit for the crop. The length of the phenological stages observed
were consistent for all of the accessions in the test with those found in previous studies
carried out in Sicily by Fici [3]. On average, all of the biotypes began growth stage during
March and began to emit flower buds during April right up until November, when the
biotypes stopped growth. The phenological trends of the various accessions is a further
factor for accession characterization and is of great interest for the species and for cropping
technique development. Furthermore, studies carried out by Melgarejo et al. [62] show
that phenological behavior is fundamental for the improvement of cropping techniques of
this species as various edible parts are included in the term ‘yield’, (flower buds, young
sprouts and fruits) spanning over the entire annual growth cycle.

Characterization of biometric and production parameters (based on statistical methods
such as correlation matrix, PCA, and cluster analysis) is the first step towards successful
description and understanding of the variability of caper biotypes. It is well known that
biometric and production parameters are strongly influenced by genetic and environmental
factors [63]. Morphological and production variations found in plant populations can
demonstrate adaptation strategies to various selection pressures from phenotypic plasticity
or genetic differentiation due to natural selection or other evolutionary forces [64]. PCA
and cluster analyses showed a clear distinction between biotypes based on biometric and
production characteristics.

5. Conclusions

Agronomic characteristics linked to drought-resistance and tolerance to high tempera-
tures together with the use of accessions with good production results, makes this species
a good candidate for use in marginal lands from an environmental point of view. These
lands are increasingly more fragile due to climate change, which has caused not only a
reduction in rainfall levels but also anomalous intensity and irregular distribution.

The results of this study contribute to further knowledge on caper germplasm found
on the Island of Linosa. The biotypes which were analyzed showed good adaptability of
the test environment and good yield results. Although the best results in terms of flower
buds, length of primary branch, number of nodes/primary branch and precocity were
obtained with biotype SCP2, it is also worth noting that results for biotypes SCP1 and SCP5
were also satisfactory. Regarding quality parameters, such as average flower bud diameter
and consistency, the best results for both years were obtained with SCP1.

This first 4 years of tests on caper germplasm characterization is the first test in
the Mediterranean area to focus on the identification of accessions of interest for the
introduction of innovation into new caper fields. This work can contribute to ex situ
conservation of the species, since the best biotypes can be propagated and grown.

Further research is needed, however, in order to characterize caper accessions in terms
of the chemical composition of the flower buds, fruits and other parts of the plant with
application in the food, cosmetics, pharmaceutical and medicinal sectors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agriculture11040327/s1, Figure S1: A view of the experimental field. Figure S2: Caper
plantlings after 5 months from the transplanting in open field. Figure S3: Flowering stage of caper
biotypes. Figure S4: Growth stage of caper plants. Figure S5: Determination of flower bud diameter.
Figure S6: Determination of flower bud consistency using a penetrometer. Figure S7: PC3. Table S1:
Average values of the biometric and pro-duction parameters of accessions of Capparis spinosa subs.
rupestris in 2007 and 2008.

121



Agriculture 2021, 11, 327

Author Contributions: Conceptualization, S.L.B. and F.R.; methodology, S.L.B. and F.R.; software,
N.I. and G.V.; validation, M.L. and C.L.; formal analysis, N.I., R.R. and T.T.; investigation, M.L., G.V.
and R.R.; resources, S.L.B., F.R. and T.T.; data curation, M.L., G.V., R.R. and N.I.; writing—original
draft preparation, S.L.B., F.R., N.I. and T.T.; writing—review and editing, M.L. and G.V.; visualization,
R.R. and C.L.; supervision, S.L.B. and F.R.; project administration, C.L.; funding acquisition, C.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Sicilian Regional Ministry of Agriculture and Forestry
(Italy), grant number: DDS N. 509/2005.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available by contacting the authors.

Acknowledgments: The authors would like to thank the Sicilian Regional Ministry of Agriculture
and Forestry, funding the “Characterization, genetic breeding and safeguard of capper plant (Capparis
spinosa L.) of minor islands of Sicily”, research project. Special thanks go to Lucie Branwen Hornsby
for her linguistic assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Hall, J.C.; Sytsma, K.J.; Iltis, H.H. Phylogeny of Capparaceae and Brassicaceae based on chloroplast sequence data. Am. J. Bot. 2002,
89, 1826–1842. [CrossRef]

2. Jacobs, M. The genus Capparis (Capparaceae) from the Indus to the Pacific. Blumea 1965, 12, 385–541.
3. Fici, S. Intraspecific variation and evolutionary trends in Capparis spinosa L. (Capparaceae). Plant Syst. Evol. 2001, 228, 123–141.

[CrossRef]
4. Sozzi, O.G. Caper bush: Botany and horticulture. Hortic. Rev. 2001, 27, 125–188.
5. Rivera, D.; Inocencio, C.; Obón, C.; Alcaraz, F. Review of food and medicinal uses of Capparis L. subgenus Capparis (Capparidaceae).

Econ. Bot. 2003, 57, 515–534. [CrossRef]
6. Bhoyar, M.S.; Mishra, P.G.; Naik, K.P.; Murkute, A.A.; Srivastavar, B.R. Genetic variability studies among natural populations of

Capparis spinosa from cold arid desert of trans-Himalayas using DNA markers. Natl. Acad. Sci. Lett. 2012, 35, 505–515. [CrossRef]
7. Tlili, N.; El-Fallah, W.; Saadadoui, E.; Khaldi, A.H.; Triki, S.; Nasri, N. The caper (Capparis L.): Ethnopharmacology, phyto-chemical

and pharmacological properties. Fitoterapia 2011, 82, 93–101. [CrossRef] [PubMed]
8. Heywood, V.H. Capparis L. In Flora Europaea; Tutin, T.G., Heywood, V.H., Burges, N., Valentine, D.H., Walters, S.M., Webb, D.A.,

Eds.; Cambridge University Press: Cambridge, UK, 1993; p. 312.
9. Gristina, A.S.; Fici, S.; Siragusa, M.; Fontana, I.; Garfì, G.; Carimi, F. Hybridization in Capparis spinosa L.: Molecular and

morphological evidence from a Mediterranean island complex. Flora Morphol. Distrib. Funct. Ecol. Plants 2014, 209, 733–741.
[CrossRef]

10. Chedraoui, S.; Abi-Rizk, A.; El-Beyrouthy, M.; Chalak, L.; Ouaini, N.; Rajjou, L. Capparis spinosa L. in a systematic review: A
xerophilous species of multi values and promising potentialities for agrosystems under the threat of global warming. Front. Plant
Sci. 2017, 8, 1845. [CrossRef]

11. Saadaoui, E.; Khaldi, A.; Khouja, M.L.; Mohamed, E.G. Intraspecific variation of Capparis spinosa L. in Tunisia. J. Herbs Spices Med.
Plants 2009, 15, 9–15. [CrossRef]

12. Sozzi, O.G.; Vicente, A.R. Capers and caperberries. In Handbook of Herbs and Spices; Peter, K.V., Ed.; Woodhead Publishing Limited
and CRC Press: Boca Raton, FL, USA, 2006; pp. 230–256.

13. Aliyazicioglu, R.; Tosun, G.; Eyupoglu, E. Characterisation of volatile compounds by spme and gc-fid/ms of capers (Capparis
spinosa L.). Afr. J. Agric. Res. 2015, 10, 2213–2217.

14. Legua, P.; Martínez, J.; Melgarejo, P.; Hernández, F. Phenological growth stages of caper plant (Capparis spinosa L.) according to
the Biologische Bundesanstalt, Bundessortenamt and CHemical scale. Ann. Appl. Biol. 2013, 163, 135–141. [CrossRef]

15. Romeo, V.; Ziino, M.; Giuffrida, D.; Condurso, C.; Verzera, A. Flavor profile of Capers (Capparis spinosa L.) from the Eolian
Archipelago by HS-SPME/GC-MS. Food Chem. 2007, 101, 1272–1278. [CrossRef]

16. Barbera, G. Il Cappero; Edagricole: Bologna, Italy, 1993.
17. Lorestani, A.N. Some physical and mechanical properties of caper. J. Agric. Technol. 2012, 8, 1199–1206.
18. Tuttolomondo, T.; Licata, M.; Leto, C.; Gargano, M.L.; Venturella, G.; La Bella, S. Plant genetic resources and traditional knowledge

on medicinal use of wild shrub and herbaceous plant species in the Etna Regional Park (Eastern Sicily, Italy). J. Ethnopharmacol.
2014, 155, 1362–1381. [CrossRef] [PubMed]

122



Agriculture 2021, 11, 327

19. Ali, Z.N.; Eddouks, M.; Michel, J.B.; Sulpice, T.; Hajji, L. Cardiovascular effect of capparis spinosa aqueous extract. Part III:
Antihypertensive effect in spontaneously hypertensive rats. Am. J. Pharmacol. Toxicol. 2007, 2, 111–115. [CrossRef]

20. Gadgoli, C.; Mishra, S.H. Antihepatotoxic activity of p-methoxy benzoic acid from Capparis spinosa. J. Ethnopharmacol. 1999, 66,
187–192. [CrossRef]

21. Kazemian, M.; Abad, M.; Haeri, M.R.; Ebrahimi, M.; Heidari, R. Anti-diabetic effect of Capparis spinosa L. root extract in diabetic
rats. Avicenna J. Phytomed. 2015, 5, 325–332.

22. Mollica, A.; Zengin, G.; Locatelli, M.; Stefanucci, A.; Mocan, A.; Macedonio, G.; Carradori, S.; Onaolapo, O.; Onaolapo, A.;
Adegoke, J.; et al. Anti-diabetic and anti-hyperlipidemic properties of Capparis spinosa L.: In vivo and in vitro evaluation of its
nutraceutical potential. J. Funct. Foods 2017, 35, 32–42. [CrossRef]

23. Lemhadri, A.; Eddouks, M.; Sulpice, T.; Burcelin, R. Anti-hyperglycaemic and anti-obesity effects of Capparis spinosa and
Chamaemelum nobile aqueous extracts in HFD mice. Am. J. Pharmacol. Toxicol. 2007, 2, 106–110. [CrossRef]

24. Trombetta, D.; Occhiuto, F.; Perri, D.; Puglia, C.; Santagati, N.A.; Pasquale, A.D.; Saija, A.; Bonina, F. Antiallergic and anti-
histaminic effect of two extracts of Capparis spinosa L. flowering buds. Phytother. Res. 2005, 19, 29–33. [CrossRef] [PubMed]

25. Zhou, H.; Jian, R.; Kang, J.; Huang, X.; Li, Y.; Zhuang, C.; Yang, F.; Zhang, L.; Fan, X.; Wu, T.; et al. Anti-inflammatory effects
of caper (Capparis spinosa L.) fruit aqueous extract and the isolation of main phytochemicals. J. Agric. Food Chem. 2010, 58,
12717–12721. [CrossRef] [PubMed]

26. Mahboubi, M.; Mahboubi, A. Antimicrobial activity of Capparis spinosa as its usages in traditional medicine. Herba Pol. 2014, 60,
39–48. [CrossRef]

27. Tlili, N.; Khaldi, A.; Triki, S.; Munné-Bosch, S. Phenolic compounds and vitamin antioxidants of caper (Capparis spinosa). Plant
Foods Hum. Nutr. 2010, 65, 260–265. [CrossRef] [PubMed]

28. Perrino, E.V.; Wagensommer, R.P. Crop Wild Relatives (CWR) priority in Italy: Distribution, ecology, in situ and ex situ
conservation and expected actions. Sustainability 2021, 13, 1682. [CrossRef]

29. Yang, T.; Wang, C.; Liu, H.; Chou, G.; Cheng, X.; Wang, Z. A new antioxidant compound from Capparis spinosa. Pharm. Biol. 2010,
48, 589–594. [CrossRef]

30. Yang, T.; Wang, C.-H.; Chou, G.-X.; Wu, T.; Cheng, X.-M.; Wang, Z.-T. New alkaloids from Capparis spinosa: Structure and X-ray
crystallographic analysis. Food Chem. 2010, 123, 705–710. [CrossRef]

31. Zhang, S.; Hu, D.-B.; He, J.-B.; Guan, K.-Y.; Zhu, H.-J. A novel tetrahydroquinoline acid and a new racemic benzofuranone from
Capparis spinosa L., a case study of absolute configuration determination using quantum methods. Tetrahedron 2014, 70, 869–873.
[CrossRef]

32. Sharaf, M.; El-Ansari, M.A.; Saleh, N.A. Flavonoids of four Cleome and three Capparis species. Biochem. Syst. Ecol. 1997, 25,
161–166. [CrossRef]
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Abstract: Hypericum perforatum is an intensively studied medicinal plant, and much experimental
activity has been addressed to evaluate its bio-agronomical and phytochemical features as far.
In most cases, plant material used for experimental purposes is obtained from wild populations
or, alternatively, from individuals grown in vases and/or pots. When Hypericum is addressed to
industrial purposes, the most convenient option for achieving satisfactory amounts of plant biomass
is field cultivation. Pot cultivation and open field condition, however, are likely to induce different
responses on plant’s metabolism, and the obtained yield and composition are not necessarily the same.
To compare these management techniques, a 4-year cultivation trial (2013–2016) was performed,
using three Hypericum biotypes obtained from different areas in Italy: PFR-TN, from Trento province,
Trentino; PFR-SI, from Siena, Tuscany; PFR-AG, from Agrigento province, Sicily. Both managements
gave scarce biomass and flower yields at the first year, whereas higher yields were measured at
the second year (in open field), and at the third year (in pots). Plant ageing induced significant
differences in phytochemical composition, and the total amount of phenolic substances was much
higher in 2015 than in 2014. A different performance of genotypes was observed; the local genotype
was generally more suitable for field cultivation, whereas the two non-native biotypes performed
better in pots. Phytochemical profile of in-pots plants was not always reflecting the actual situation
of open field. Consequently, when cultivation is intended for industrial purposes, accurate quality
checks of the harvested material are advised.

Keywords: St. John’s wort; Hypericum perforatum; secondary metabolites; cropping technique

1. Introduction

Hypericum perforatum L. (fam. Hypericaceae) is one of the most famous and widespread
medicinal plants in the world. Due to its many pharmaceutical activities, ranging from
antioxidant [1], anti-inflammatory [2], antiviral [3], antimicrobial [4], and antiprolifera-
tive [5], this species is traditionally used throughout the world for a number of internal
and external applications. According to the European Pharmacopoeia, Hypericum drug
(Hyperici herba) consists of the plant’s dried aerial part and flowering tops, collected at
flowering time [6,7]. Within continental Europe and the whole Mediterranean area, the Hy-
pericum oleolite (Hyperici oleum) represents a very popular remedy against minor wounds
and skin conditions, burns, and sunburst [8,9]. This extract is obtained by macerating the
flowers in vegetable oil (mainly sunflower or olive oil), with a Drug Extract Ratio (DER)
varying from 1:4 to 1:20 according to the given traditional recipe [6,7,10].

The interest towards the plant sharply rose in the early 1980s, when specific antide-
pressant and anxiolytic properties were discovered [11,12]. For a long time, hypericin
was thought to be the main responsible for Hypericum antidepressant activity [13], and
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Hypericum-based products started to be valued according to their content in hypericins.
Later on, research enlightened the role played by hyperforin first [14], and then by other
plant constituents, including many phenolic compounds. So far, a general consensus has
been reached on the shared synergic pharmacological importance of the many constituents
of Hypericum extract, that therefore should be properly considered a phytocomplex [15–17].

Despite its high commercial importance, however, the availability of H. perforatum raw
material is presently rather limited. In Europe, the major production areas are located in
Germany, Italy, and Romania [18], but collection from wild populations still forms a large
part of the total Hypericum supply.

It appears that cultivating Hypericum for industrial purposes, i.e., aimed at achieving
high and stable amounts of the desired active metabolites, could be a great resource for
farmers. Nevertheless, the definition of a comprehensive set of information about the field
management techniques still requires a great research effort, as many factors are known
to deeply affect the yield and proportion of active compounds in Hypericum [19]. The
available literature shows that scarce research indeed is addressed to the evaluation of the
bio-agronomical and phytochemical response of H. perforatum to open field conditions. As a
matter of fact, the majority of available papers are based on plant samples collected from the
wild, or, when plants are cultivated, on individuals grown in constrained conditions, mostly
in vases and pots. Although these kinds of experiments have many advantages—first of
all reproducibility, some differences between pots cultivation and open field condition are
likely to occur [20], especially when physiological, chemical, or yield response are evaluated
on individually-grown plants. This issue can have striking consequences especially in
Mediterranean environments, where the high variability of climatic and environmental
conditions is expected to play an additional and important role on cultivated plants’
metabolism. Hence, there is room for a straightforward research, aimed at comparing the
phytochemical and biomass response of H. perforatum in pots and open field conditions. In
this work we analyze the results of a cultivation trial, performed throughout the whole
crop duration (2013–2016), of three H. perforatum biotypes, obtained from different Italian
geographical areas, with contrasting cultivation methods.

2. Materials and Methods

2.1. Plants Management and Data Collection

Mature seeds of H. perforatum were retrieved in spring-summer 2012 from three
different geographical areas of Italy: mount Bondone (TN-Trento province, Trentino),
Massa Marittima (SI-near Siena, Tuscany), and San Biagio Platani (AG-Agrigento province,
Sicily), representative of Northern, Central, and Southern Italy, respectively.

Since Hypericum seeds are usually considered “recalcitrant” to germinate [21], prior
to sowing, seeds were submitted to a 1-week vernalization period at T = 4 ◦C [22]. In
the second week of August 2012, seeds were sown in 104-holes expanded polystyrene
trays and, after germination, plantlets were transferred to larger (about 5 cm diameter)
plastic pots filled with a 1:1 sand-perlite mixed substrate for root establishment [23]. Three
months after sowing (November 2012), one half of the obtained fully established plants
(70 individuals per each biotype, i.e., a total of 210 plants) was transferred into larger pots
(18 cm diameter), filled with a growth substrate composed of a mixture of peat, sand, and
vermiculite (60%, 30%, and 10% in weight, respectively) and positioned into the facilities
of CREA-DC in Bagheria (PA, Sicily, 38◦5′ N,13◦31′ E, 25 m a.s.l.). The remaining plants
(70 individuals per each biotype) were transplanted in open field within the experimen-
tal farm “Sparacia” (Cammarata, AG, Sicily, 37◦38′ N–13◦46′ E; 415 m s.l.m.). The soil
(Table S1) was a vertic-xerofluvent [24], characterized by a definite clayey texture, and
scarcely endowed with nitrogen and organic matter. Climatic pattern recorded in Sparacia
throughout the whole trial period is reported in Figure S1. Three experimental plots were
set, one per each biotype, sized 10.80 m2 (3.6 by 3.0 m); plants were arranged in rows 50 cm
apart, at a distance of 40 cm one another (plant population: 5 plants m−2). During the four
years’ timeframe and in both management systems, the crop was monitored until harvest
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time, keeping note of plants’ phytosanitary state and general development conditions.
No intervention against pests was needed, except for weed control. That was carried out
manually once a year, in springtime, before the emission of flower buds. Fertilization
consisted in a light N supply in organic form. A commercial pelletized organic fertilizer,
containing 5% organic N, 37% total organic carbon, and 74% organic matter, was used;
fertilizer supply, corresponding to 50 kg ha−1 N, was distributed only once in 2012, be-
fore transplant. In all cultivation years and in both experimental conditions, plants were
watered throughout spring and summer, from the transplant (in the years after the first,
from the restarting of vegetation) to full flowering time (i.e., harvest time). In doing this,
the amount of administered water was managed in order to achieve and maintain field
capacity and, therefore, to entirely satisfy crop requirements.

From 2013 to 2016 at flowering time (between late May and early June in field, and in
mid-June in pots), all plants were cut at ground level, in order to allow a quick regrowth in
the following year. Samples of five plants were randomly taken per treatment, and data
on weight, height, and number of stems per plant were collected. Stems were considered
flowering when containing at least one fully developed flower; hence, stems of all plants
were sorted by flowering and vegetative stems (without flowers). Flowers were further
picked up and weighed. All separate plant fractions were open-air dried in the dark for
one week, and weighed again, in order to obtain the yields of herbal product.

2.2. Phytochemical Analyses

Analyses were conducted on samples of dried flowers obtained from all experimental
sets in 2014 and 2015, except for 2016, when only samples from pot-managed plants were
analyzed. In all treatments and years, the flowered tops (15–20 cm) of full-flowering
individuals were collected, and after cutting, plant samples were stored in paper bags and
dried at 20–25 ◦C in the dark for further analyses. The dried flowers collected from the
different experimental conditions were finely crushed and aliquots (1 g) of powder were
extracted with 20 mL of ethanol for 72 h under gently continuous stirring, avoiding light
exposure due to the photo sensibility of some of the metabolites of interest. The resulting
deep red colored suspensions were filtered on PTFE 0.45 filters (PALL Corporation), put
into 2 mL amber vials, and sent to analytical determinations.

Determinations involved some of the most relevant phenolic compounds, belong-
ing to the chemical families of naphthodianthrones (hypericins: hypericin, pseudohyper-
icin, protohypericin, and protopseudohypericin); phloroglucinols (hyperforin and adhyper-
forin); cinnamic acids and derivatives (3-O-caffeoylquinic acid, 5-O-caffeoylquinic acid, p-
coumaroilquinic acid, and p-coumaric acid); flavonols (quercetin, quercitrin, rutin, hyperoside,
isoquercitrin, myricitrin, and myricetin derivative); dimers (biapigenin and amentoflavone);
flavan-3-ols (catechin). Quantitative analyses were carried out following the procedure already
described in previous works [25]. Briefly, polyphenol quantitative analysis was carried out on
a Ultimate3000 instrument equipped with a binary high-pressure pump, a photodiode array
detector (Thermo Scientific, Milan, Italy). The data were processed through the Chromeleon
Chromatography Information Management System v. 6.80 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). All chromatographic runs were performed using a reverse-phase col-
umn (Gemini C18, 250 × 4.6 mm, 5 μm, Phenomenex, Italy). Chromatographic runs were
carried out with a gradient of 5%–90% Buffer B (2.5% formic acid in acetonitrile) in Buffer A
(2.5% formic acid in water) over 50 min after which the system was maintained for 7 min at
100% Buffer B, with a constant solvent flow of 1 mL/min. Quantifications were carried out
building calibration curves using the corresponding reference substance, if applicable, or a
similar molecule with analogue chromophore.

The quantitative analysis of naphthodianthrones and acylphloroglucinols was carried
out on a Hitachi Chromaster instrument, equipped with a binary high-pressure pump and
a photodiode array detector. Data were processed through Agilent OpenLab CDS version
A.04.05 (Agilent, Santa Clara, CA, USA). Chromatographic runs were performed using
the same column as the polyphenols, and were carried out with the following gradient
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of Buffer B (acetonitrile) in Buffer A (ammonium acetate 20 mM in water): 0 min: 50%
B; 25 min: 50% B; 35 min: 10% B; 45 min: 90% B; 50 min: 50% B. The solvent flow rate
was 1 mL/min. Quantifications were carried out building calibration curves using the
corresponding reference substance, if applicable, or a similar molecule with analogue
chromophore. All analyses were carried out in triplicate.

2.3. Statistical Treatment of Data

Statistical analyses were performed by means of the statistical package Minitab®

version 17.1.0 (Minitab Inc., State College, PA, USA, 2013). The GLM (General Linear Model)
procedure was used, setting as dependent variables the data measured in all experiments,
whereas the independent variables were “year,” “management”, and “Hypericum biotype,”
respectively. Data obtained in all trial years were preliminary submitted to the Levene’s test
for variance homogeneity, assessing a substantial equality of variances for some variables
(number of stems per plant—including stems with flowers, stems without flowers, and total
stems number—and fresh and dry weight of stems), and a significant non-homogeneity
for plant height, fresh and dry weight of flowers per plant, and fresh and dry weight of
total plant biomass. Hence, only in the former group of variables a complete ANOVA
on pooled data was run, setting the “year” as a random factor, and “management” and
“Hypericum biotype” as fixed factors. For the latter group of variables, separate ANOVA
procedures were otherwise carried out throughout each experimental year. Chemical data
were submitted to a Principal Component Analysis (PCA) by means of the PAST statistical
package version 3.26b [26,27]. Values of hypericin, pseudohypericin, and hyperforin were
submitted to a one-way ANOVA; because of the unbalanced structure of data, the analysis
was run separately for each treatment year. The differences among means were appreciated
through Tukey’s post-hoc comparison test.

3. Results and Discussion

3.1. Plant Growth and Yield

In the first cultivation year, the height of plants was not different between the two
managements (Table 1; Figure 1), whereas remarkable differences among biotypes emerged,
with the highest mean value (67.8 cm) in the AG biotype and rather small values (about
30 cm) in the other two biotypes. In the second year, higher values were observed but
the trend was similar: biotype from AG gained the maximum height value of the whole
experiment (85.0 cm) and, in general, plants grown in pots reached higher values than
those in open field. In the last two trial years, plant height seemed to stabilize on rather
constant values; however, plants managed in pots, although not statistically significant,
expressed an overall decrease in mean height.

The total number of stems per plant (vegetative + flowered) (Table 2) was significantly
influenced by the different management systems in all years and in each different biotype
(YxM and MxB interactions significant at p ≤ 0.05). This result, combined with the observa-
tion of the mean YxMxB interactions (Figure 2) allows to drive some general consideration
about the plants’ response throughout the different years and conditions.

Table 1. Results of ANOVA (F values) for the height of plants at flowering time of 3 H. perforatum
biotypes cultivated from 2014 to 2016 in open field and in pots.

Source of
Variability

DF 2013 2014 2015 2016

Management (M) 1 <1 n.s. 33.67 *** 2.14 n.s. 3.52 n.s.
Biotype (B) 2 111.94 *** 162.66 *** 1.71 n.s. <1 n.s.

M × B 2 <1 n.s. <1 n.s. <1 n.s. 1.03 n.s.

Error 24
Total 29

***: significant at p ≤ 0.001; n.s.: not significant.
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Figure 1. Height (cm) at flowering time of 3 H. perforatum biotypes cultivated from 2014 to 2016 with
two management systems. Mean values by biotype (AG—Agrigento, SI—Siena, and TN—Trento)
and plant management (P—pots and F—open field) across cultivation years. Error bars indicate
standard deviation. Symbols above each group refer to the significance at ANOVA (***: p ≤ 0.001;
n.s.: not significant).

Table 2. Results of ANOVA (F values) for the number and the fresh (FW) and dry (DW) weight of stems
per plant in 3 H. perforatum biotypes cultivated from 2014 to 2016 with two management systems.

Source of
Variability

DF

Number of Stems (no.) Weight of Stems (g)

with
Flowers

Vegetative Total FW DW

Year (Y) 3 <1 n.s. 2.65 n.s. <1 n.s. 7.69 n.s. 4.15 n.s.
Management (M) 1 1.10 <1 n.s. <1 n.s. 16.36 * 5.00 n.s.

Biotype (B) 2 <1 n.s. 15.73 ** <1 n.s. 2.37 n.s. 5.94 *
Y × M 3 3.27 n.s. 1.7 n.s. 4.87 * <1 n.s. <1 n.s.
Y × B 6 2.52 n.s. 1.53 n.s. 4.1 n.s. 1.31 n.s. 1.38 n.s.
M × B 2 10.16 * 1.4 n.s. 8.22 * 3.34 n.s. 4.81 n.s.

Y × M × B 6 3.28 *** 1.29 n.s. 1.67 n.s. 7.27 *** 5.40 ***

Error 96
Total 119

*: significant at p ≤ 0.05; **: significant at p ≤ 0.01; ***: significant at p ≤ 0.001; n.s.: not significant.

Although ANOVA did not highlight significant differences on the YxMxB interactions,
it is worth noting that pots in 2015 allowed both the maximum (27.5 stems/plant, biotype
TN) and the minimum (7.2 stems/plant, biotype SI) of the whole experiment. Nonetheless,
on average, the highest number of stems per plant was reached under field conditions in
2014 and 2016, whereas the lowest could be observed in pots in 2014. In the ANOVA table
of the weight of stems per plant (Table 2) a significant three-factor interaction (YxMxB)
shows up, underlining the outstanding differences in the behavior of the three biotypes as
a consequence of the tested experimental factors. In all four trial years, total aerial plant
biomass (stems + flowers), either fresh or air-dried, varied significantly according to all
experimental factors, and in all cases but 2016, the MxB interaction was also significant
(Table 3).
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Figure 2. Average number per plant of stems with flowers (blue bars) and vegetative stems (orange) in 3 H. perforatum
biotypes cultivated from 2014 to 2016 in pots and in open field. Error bars represent the standard deviations of each mean.
Vertical bars indicate the standard deviations of the total number of stems (flowered + vegetative).

Table 3. Results of ANOVA (F values) for the fresh (FW) and dry (DW) weight of aerial plant biomass from 2014 to 2016
according to crop management (M) and biotype (B).

Source of
Variability

DF
2013 2014 2015 2016

FW DW FW DW FW DW FW DW

Management (M) 1 8.18 ** 14.77 *** 1.96 n.s. 4.66 * 19.91 *** 5.94 * 11.12 ** 6.58 *
Biotype (B) 2 52.00 *** 59.67 *** 4.84 * 10.65 *** 38.04 *** 28.79 *** 2.01 n.s. 2.31 n.s.

M × B 2 9.03 *** 12.97 *** 13.11 *** 8.05 ** 13.25 *** 8.73 *** <1 n.s. <1 n.s.

Error 24
Total 29

*: significant at p ≤ 0.05; **: significant at p ≤ 0.01; ***: significant at p ≤ 0.001; n.s.: not significant.

These results indicate that the effect of management methods varied in years and,
within each year, among biotypes tested. Together with the lower height values (Figure 1),
lower number of stems (Figure 2), and weight of plant biomass (Figure 3), accounted for
an overall lower plant size in the first year. However, this general trend was differently
pronounced according to the biotype and the cultivation management. In terms of plant
biomass, the most productive year for plants grown in open field was the second (2014),
whereas, an increased plant biomass was observed in the third trial year (2015) in pot
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cultivation. Higher herbage yields of Hypericum in the second year after sowing have been
already reported by other authors [28]; however, various response patterns have been
recognized between different H. perforatum genotypes [29], and this inherent variability
may explain the different outcome obtained when the same genotype is cultivated with
contrasting cultivation managements.

  

  

Figure 3. Fresh (F) and dry (D) weight of flowers (yellow) and stems (blue) in 3 H. perforatum biotypes cultivated from 2014
to 2016 in two management systems. Error bars represent the standard deviations of each mean. Vertical bars in the upper
part of each graph indicate the standard deviations of the total aerial mass (flowers + stems) per plant.

All three biotypes reached the highest value of total aerial biomass in field cultivation,
with the only exception of the TN biotype, which, in this respect, found the best cultivation
conditions in pot. It must be observed that the TN biotype experienced the highest
susceptibility to contrasting cropping conditions, showing both the highest (170.7 g/plant
in pots in 2014) and the lowest (8.8 g/plant in open field in 2013) mean values of plant
biomass throughout the whole experiment (Figure 3).

In the last trial year (2016), in the majority of experimental conditions—except for the
SI biotype cultivated in a pot—plant biomass decreased, achieving values similar to those
obtained in the first year. As expected, similarly to the whole aerial biomass, flower yields
(Figure 3) were generally lower in the first year and higher in the second; in the remaining
two years, flower yields decreased, until reaching values similar to those achieved in the
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first year. However, relevant exceptions may be found, as assessed by the highly significant
MxB interactions in all trial years (Table 4). The highest yields (97.8 g fresh flowers/plant)
were obtained in the second trial year (2014) by the AG biotype grown in open field; in
most cases, open field conditions allowed highest flower yields in 2014, whereas, when
grown in pot, the same biotypes achieved the highest flower yields in the following year.

Table 4. Hypericum perforatum L. results of ANOVA (F values) for the fresh and dry mass of flowers according to crop
management (M) and biotype (B).

Source of
Variability

DF
2013 2014 2015 2016

FW DW FW DW FW DW FW DW

Management (M) 1 24.17 *** 6.42 * 31.26 *** 29.50 *** 104.10 *** 35.69 *** 8.56 ** 1.32 n.s.
Biotype (B) 2 34.54 *** 20.89 *** 13.97 *** 13.60 *** 38.74 *** 48.31 *** <1 n.s. 1.59 n.s.

M × B 2 18.34 *** 12.93 *** 11.56 *** 10.66 *** 25.34 *** 22.30 *** 5.81 ** 2.96 n.s.

Error 24
Total 29

*: significant at p ≤ 0.05; **: significant at p ≤ 0.01; ***: significant at p ≤ 0.001; n.s.: not significant.

3.2. Phytochemical Composition

The majority of the components in the extracts from H. perforatum flowers resulted
phloroglucinols (hyperforins) and flavonols (myricetin derivates, rutin, myricitrin, hypero-
side, isoquercitrin, quercitrin, and quercetin), adding up from 68% to 84% of total identified
phenols. This feature is typical of H. perforatum, and allows a rather precise separation of
this species from many others, even if taxonomically close [25,30].

The PCA on chemical data, grouped by families of compounds (Table 5; Figure 4),
allowed in first instance a sharp partitioning of samples among years. All samples are
closely distributed near the first Principal Component (PC), showing some dispersion
towards negative values above all in 2014. The first PC allows very easily to discriminate
samples collected in 2014 from those of 2015 and, to a lesser extent, 2016. Total phenolics
content and phloroglucinols affect the composition of the first PC, whereas flavonols affect
the second PC. Hence, total phenolics content and phloroglucinols appear to be a relevant
factor in discriminating among years. The retrieved amount of both groups of compounds
was indeed much lower in 2014 than in 2015 (Figure 5).

Table 5. Loadings, eigenvalues, and variance (%) accounted for by the 7 components found by PCA.

Loadings PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7

Cat 0.54750 0.59633 −0.01455 0.27531 −0.03179 0.51733 1.97 × 10−14

Phlor 0.98032 −0.19132 −0.04742 −0.00513 −0.00964 −0.00125 3.02 × 10−16

Napht 0.69665 −0.40432 0.58406 −0.09964 −0.01061 −0.00619 1.7 × 10−15

Cinn −0.48407 0.56480 −0.33371 −0.16055 0.55611 −0.01671 4.41 × 10−15

Flav −0.11142 0.98737 −0.07198 −0.06860 −0.05277 −0.00416 9.72 × 10−16

Dim 0.66202 0.63131 0.11850 0.38590 −0.00336 −0.01434 2.23 × 10−15

Phen 0.98775 0.15402 0.02353 0.00109 0.00800 0.00106 −2.6 × 10−16

Eigenvalues 1029.890 79.784 6.816 1.657 0.860 0.034 2.43 × 10−18

% variance 92.03 7.13 0.61 0.15 0.08 0.00 2.17 × 10−19
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Figure 4. PCA biplot for the major groups of phenolic compounds detected in flowering tops of 3 H. perforatum biotypes,
grown with two management systems and in three years. N = 15. Explained variance: PC1 = 92.1%; PC2 = 7.1%. Cinn—
cinnamic acids; Phlor—phloroglucinols; Dim—dimers; Napht—naphthodianthrones; Cat—catechins; Flav—flavonols;
Phen—phenols tot.

Figure 5. Radar diagrams of the detected content in metabolites, grouped by chemical family, in flowering tops of 3 biotypes
of H. perforatum. Results from 2014, 2015, and 2016 cultivations in pots and in open field.

133



Agriculture 2021, 11, 446

In 2015 and 2016, phloroglucinols (35 to 75 g kg−1 d.m.) shared more than 50% of
total Hypericum phenolic content, whereas in 2014 they were less abundant (from 3% to
43%). Hyperforins in plant material mainly take two forms: hyperforin and its homologue
adhyperforin. Both compounds are unstable in the presence of light, and are rapidly
oxidized [31,32]. According to environmental and cropping conditions, hyperforin content
in H. perforatum can range between 37–43 g kg−1 [9,25], and hyperforin high-yielding and
low-yielding genotypes are often recognizable [9]. In this trial, hyperforins production
(Figure 6) confirmed to be genotype-dependant, meaning the most high-yielding genotype
(the AG biotype) ranked first under all experimental conditions; however, field cultivation
seems to stabilize hyperforins yield of all genotypes.

Figure 6. Mean values of hyperforin content (g kg−1 d.m.) in flowering tops of 3 biotypes of H. perforatum (AG, SI, and TN),
obtained in 2014, 2015, and 2016 from cultivations in pots (P) and in open field (F). Within each year, means that do not
share a letter are significantly different at p ≤ 0.05 (Tukey’s test). Avg Y—yearly averages; Avg B—averages by biotype; Avg
M—averages by cultivation management.

Hypericins (naphthodianthrones) (Figure 7) significantly increased from 2014 to 2016
(on average, from 1.0 to 10.1 g kg−1 d.m.), while maintaining rather stable values across
biotypes and cultivation management. Within this chemical group, pseudohypericin was
always more abundant (from 30% higher, to more than twice) than hypericin. As previously
assessed [9], pseudohypericin and hypericin amounts were always linearly associated
(r = 0.82), consistent with the hypothesis that they originate from the same precursors [33].
On average, the highest hypericins content (hypericin + pseudohypericin + the precursors
protohypericin and protopseudohypericin) was measured within the local biotype (AG,
6.5 g kg−1 d.m.), which achieved the highest hypericins yield (13.4 g kg−1 d.m.) in 2016
and in pots cultivation. However, although a large variability in hypericins content was
found, all analyzed samples showed values higher than the threshold value of 0.8‰, i.e.,
the minimum amount pointed out by the European Pharmacopoeia [7].

Flavonols (Figure 5) were predominant in 2014, whereas in the two following years
they ranked second, after phloroglucinols. According to the European Pharmacopoeia [7],
flavonols are mainly represented by glycosides of the flavonol quercetin (hyperoside, rutin,
isoquercitrin, and quercitrin), and account for 2%–4% of phytochemical components in
Hypericum herb. Research has showed that this chemical group has a great importance
in determining Hypericum bioactivity, most importantly with regards to its significant
antioxidant and radical-scavenging activity [25,34]. Although flavonols content was slightly
higher in plants from open field than in pots (about 18.7 vs. 17.1 g kg−1 d.m.), the widest
variations in this group of compounds were undoubtedly due to the year of cultivation. In
flowers harvested in 2016, they averaged less than 9 g kg−1 d.m, compared to the 25.9 and
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19.7 g kg−1 d.m. obtained, in the same management conditions (pots) in 2014 and 2015,
respectively. Hyperoside, rutin, isoquercetin, and quercitrin, listed in decrescent order,
were the most represented flavonols in the analyzed samples.

 

Figure 7. Mean values of hypericin and pseudohypericin content (g kg−1 d.m.) in flowering tops of 3 biotypes of H.
perforatum (AG, SI, and TN), obtained in 2014, 2015, and 2016 from cultivations in pots (P) and in open field (F). Within each
year and compound, means that do not share a letter are significantly different at p ≤ 0.05 (Tukey’s test). Avg Y—averages
by year; Avg B—averages by biotype; Avg M—averages by cultivation management.

Cinnamic acids (3-O-caffeoylquinic acid, 5-O-caffeoylquinic acid, p-coumaroylquinic
acid, and p-coumaric acid), involved in the antioxidant properties of the plant [25], showed
a sharp decrease throughout experimental years (on average, 3.6, 2.4, and 0.5 g kg−1 d.m.
in 2014, 2015, and 2016, respectively) (Figure 5). This decrease was more evident in plants
cultivated in pots and less marked in plants derived from open field; in open field, two
biotypes (AG and SI) exhibited amounts of cinnamic acids similar (biotype AG) and even
higher (biotype SI) in 2015 with respect to 2014.

Although their mechanism of action is not perfectly elucidated yet, apigenin dimers
(biapigenin and amentoflavone) are thought to be involved in H. perforatum pharmacological
activity, being probably associated—together with phloroglucinols and naphthodianthrones—
to their overall anxiolytic and antidepressant effect [35]. These compounds (Figure 5) were
found in lower amounts in 2014 and 2016 (about 4.1 g kg−1 d.m), whereas in 2015 their total
content raised to 7.6 g kg−1 d.m. On average, their content was higher in the AG and SI
biotypes (6.7 and 6.2 g kg−1 d.m., respectively), and lower in the biotype from Northern
Italy (TN), averaging 4.4 g kg−1 d.m. Biapigenin (5.8 g kg−1 d.m in pots and 5.2 in open
field) shared the most part of this chemical group, whereas amentoflavone never surpassed
the amount of 0.28 g kg−1 d.m.; these values agree with previous results obtained on H.
perforatum [25].

4. Conclusions

The trial evidenced a high variability in both biomass and phytochemical response of
H. perforatum according to the growth conditions, also including the environmental effects,
enclosed in the factor “year”. Some general considerations—useful both for further research
and to give preliminary indications to farmers in Mediterranean environments—can be driven.

Firstly, it appeared clear that, although classed as a perennial herb [36], cultivated
Hypericum has a limited duration. In general, this was no longer than 2–3 years—although
plants grown in pots seemed more suitable for longer stands—and herbal yields tended to
thereafter stabilize on lower levels.
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Secondly, noticeable differences showed up between the results obtained by the two
management techniques. Under field conditions, Hypericum allowed satisfactory yield
levels, in terms of total biomass and herbal product (flowers), in the second cultivation year.
Contrastingly, cultivations in pots reached their best yield performances in the following
growth year, both in the local biotype and in one of the non-native ones. Some differences
could also be observed in the behavior of the biotypes. In general, the locally-obtained
biotype performed best in field cultivation, whereas the cultivation in pots seemed more
capable of meeting the requirements of non-native biotypes.

This last outcome seems to confirm the higher suitability to field cultivation of local
populations, that probably have developed in time a better fitness to local environmental
conditions. Of course, further research in different environments, adopting locally-selected
biotypes, is necessary to confirm this hypothesis.

All biotypes tested showed hypericins levels satisfactory for marketing. However,
from the phytochemical point of view, a remarkable variability was observed. A strong
variability of chemical composition due to the effect of cultivation year was expected,
as it was already assessed in Hypericum [37], as well as in many other medicinal and
aromatic plants. Therefore, the cultivation of Hypericum requires a properly tuned cropping
technique, along with a sound choice of the genotype to be cultivated. When cultivation
is addressed to the industry, the choice of the most proper genotype is necessary, but this
outstanding variability requires accurate post-harvest analyses to check the qualitative
features of each production prior to commercialization, in order to verify if the harvested
product meets the required industrial standards.

Finally, it must be observed that pots cultivation does not reflect the performance
obtainable from field cultivations, often leading to a biased response. That means, a biotype
that seems to achieve exceptionally high results in pots, does not necessarily keep this
exceptional performance under field conditions, and vice-versa. Hence, studies performed
on Hypericum in pots are not able to give a definite response on plants performance in open
field, making accurate post-harvest analyses necessary.
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Abstract: The common hop (Humulus lupulus L.) is a dioecious perennial climbing plant, mainly
known for the use of its female inflorescences (cones or, simply, “hops”) in the brewing industry.
However, the very first interest towards hops was due to its medicinal properties. Actually, the
variety of compounds present in almost all plant parts were (and still are) used to treat or prevent
several ailments and metabolic disorders, from insomnia to menopausal symptoms as well as obesity
and even cancer. Although hops are predominantly grown for hopping beer, the increasing interest in
natural medicine is widening new interesting perspectives for this crop. Moreover, the recent success
of the craft beer sector all over the world, made the cultivated hop come out from its traditional
growing areas. Particularly, in Europe this resulted in a movement towards southern countries
such as Italy, which added itself to the already existing hop industry in Portugal and Spain. In
these relatively new environments, a complete knowledge and expertise of hop growing practices
is lacking. Overall, while many studies were conducted globally on phytochemistry, bioactivity,
and the genetics of hops, results from public research activity on basic hop agronomy are very few
and discontinuous as well. The objective of this article is to provide an overview of possible uses,
phenology, and agronomic aspects of hops, with specific reference to the difficulties and opportunities
this crop is experiencing in the new growing areas, under both conventional and organic farming.
The present review aims to fill a void still existing for this topic in the literature and to give directions
for farmers that want to face the cultivation of such a challenging crop.

Keywords: hops; Humulus lupulus L.; Mediterranean environment; trellising system; medicinal plant;
industrial crop; hop shoots; powdery mildew; downy mildew; Japanese beetle

1. Introduction

The common hop (Humulus lupulus L.) is a dioecious perennial climbing plant, belong-
ing to the Cannabaceae family and native to Northern temperate climates [1,2]. Only female
plants are grown, as their inflorescences (strobiles or, more commonly, cones or “hops”)
are rich in constituents (mainly bitter principles and essential oils) used for both industrial
and medicinal purposes. Although wild hops are classified as lianose phanerophytes [3],
cultivated hops are forced to behave as hemicryptophytes. In fact, when cones are ripe for
harvest, climbing bines are cut at the ground level, thus stimulating the resprouting from
the rootstock in the following spring.

In the last ten years, annual hop production and area harvested worldwide have
increased by 34% and 18%, respectively [4]. Both those indicators continuously raised
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from 2012 to 2019, achieving a total production of about 131,000 t and about 66,000 ha
harvested, with an average cone yield near to 2 t·ha−1. The top producing countries are
the United States of America (a little less than 51,000 t), Germany (48,500 t), and Czech
Republic (7150 t). However, the European Union (EU-27) is largely the main global hop
producer, accounting for almost 50% of world hop production [4].

Hop cultivation area is limited mainly by the photoperiodic needs of the plant [2]. The
lowest latitudes at which a commercial production is feasible are approximately 34–35◦ in
both hemispheres and, even here, there are problems for the too short day length. Due to
these considerations, including Ethiopia (which lies between the 3◦ N and 15◦ N Latitude)
among the main hop producing countries [5], is an incorrect information. Moreover, for
optimal growth, yield, and cone quality, hop plants need particular climatic conditions such
as exposure to low temperatures during dormancy, mild temperature in spring, sufficient
moisture from irrigation or rainfall throughout the season, and dry weather during harvest
time [2,6,7]. For that reason, in Europe, hop cultivation historically developed in both
continental and temperate regions, characterized by Dfb and Cfb climate (humid continental
climate and oceanic climate, respectively), according to the Köppen–Geiger classification
system [8]. Traditional European hop production areas are the Hallertau in Germany, the
Žatec region in Czech Republic, Kent in the South East of England, the Lublin region in
Eastern Poland, Savinja Valley, Ptuj, and the Koroška region in Slovenia, Alsace in France,
the Poperinge area in Belgium [9,10].

The global growing popularity of craft beer in the last decades [11] fostered many
brewpub owners and microbrewers to grow their own local hopyard, thus making hop
overstep its typical cultivation borders. In Europe, this resulted in a movement towards
southern countries such as Italy, which added itself to the already existing hop industry of
Portugal and Spain. In these environments, a very limited knowledge about hop growing
practices exists, since hop phenology, crop requirements, and hopyard management may
be very different from those known and applied in the traditional hop lands. Overall,
while many studies were conducted globally on phytochemistry, bioactivity, and genetics
of hops ([12], and references therein), results from public research activity on basic hop
agronomy are very few and discontinuous as well [13,14].

The objective of this article is to provide an overview of possible uses, phenology,
and agronomic aspects of hops, with specific reference to the difficulties and opportunities
this crop is experiencing in the new growing areas, under both conventional and organic
farming. The review aims to fill a void still existing for this topic in the literature and to
give directions for farmers that want to face the cultivation of such a challenging crop.

2. Uses

Even though hops are mainly known as one of the four ingredients of beer, their first
use was as a medicinal plant [15]. Almost all plant parts are rich in bioactive compounds
such as bitter acids, and flavonoids [16,17], having potent antimicrobial, antioxidant, and
antifungal activity. These features coupled with the growing interest in natural health-
promoting substances, open new interesting perspectives for hops beyond the beer indus-
try [18,19]. During centuries and until now, from hop cultivation human beings obtained
several products such as tea, cordage (using stems), food (cooking the young shoots), and
even a preservative for bread [2,20,21]. In the following sections, all ways to use hops will
be reviewed, with an emphasis on their health-promoting properties.

2.1. As Medicinal Crop

Since ancient times, hop has been recognized as a medicinal plant [22,23]. Over cen-
turies, hops were used as remedy for leprosy, pulmonary tuberculosis, silicosis, indigestion,
ear infection, and many other complaints ([24,25], and reference therein). Starting from the
19th century, hop preparations have always been recommended as a mild sedative useful
for relief of mental stress and to aid sleep [26]. The potential sedative effect of hops was
first supposed observing the bizarre characteristic known as “hop-picker fatigue”. It was
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noticed that hop-pickers tired easily during their job and this was attributed to inhalation
of the volatile oil of the hop plant or even to the transfer of hop resin from hands to mouth
during harvesting and processing of cones [27,28]. Even now, pillows filled with hops
(alone or together with valerian and lavender) are sold as an efficient remedy for insomnia.
Despite this and different published researches suggesting hop sedating properties [29,30],
there is still insufficient evidence from clinical studies to confirm the real effectiveness of
hops in the treatment of sleeplessness [25]. However, a more recent study, conducted on
17 female nurses, concluded that, thanks to its hop components, a moderate consumption
of non-alcoholic beer favors night-time rest [31].

Beside sedative effect, another medicinal property of hops was discovered thanks to
hop-pickers: its estrogenic activity [32]. When hops were harvested by hand, menstrual
disorders frequently happened among female pickers [33]. Initially, the estrogenic activity
was attributed to xanthohumol [34], until a potent phytoestrogen, 8-prenylnaringenin
(8-PN), was identified in hops and beer [33,35]. Nowadays, supplements containing hop
phytoestrogens are often used for menopausal symptoms, breast enhancement, and bone
health [36–38].

In the last 25 years, many studies have been conducted to demonstrate the anti-
carcinogenic properties of hop secondary metabolites ([24,25,39], and reference therein).
Xanthohumol was the compound mainly investigated for its properties of chemopreventive
agent, but also bitter acids and essential oils proved to have an anti-cancer activity ([24,25],
and reference therein).

In general, the strong antimicrobial, antioxidant, and antifungal effectiveness of
hop extracts is well documented [12,15,40–42]. The bitter acids, particularly humulone
and lupulone, are the main agents of the antibacterial and antifungal effects ([25], and
reference therein).

Recently, treatment with iso-α-acid extracted from hops was found to soothe or
prevent different ailments such as liver steatosis, inflammation, and fibrosis as well as
metabolic disorders such as obesity and diabetes ([43,44], and reference therein).

2.2. As Industrial Crop

The use of hops in brewing has more than a thousand years of history, since the
first records on hops as a cultivated plant were dated between the 8th and 9th century
A.D. [2,45,46]. Hop cultivation started in Central Europe (in the regions of Bohemia,
Slovenia, and Bavaria) and, from there, it gradually spread across Europe and, then, in the
rest of the world [2]. Currently, hop is almost entirely grown for the brewing industry [47].

Even though hop cones contain a variety of compounds, such as resins, essential oils,
proteins, polyphenols, lipids, waxes, cellulose, and amino acids, the brewing value of hops
is mainly attributed to hop resins and essential oils. Both these components are synthesized
in the glandular trichomes (lupulin glands, Figure 1) of hops [48]. Total hop resins can be
divided into soft and hard resins. Soft resins are more important than hard ones in the
brewing process and consist of the α-acids, β-acids, and the so-called uncharacterized soft
resins. The α-acids are the source of the bittering agents of beer, the iso-α-acids, which also
have a remarkable bacteriostatic activity during wort boiling. However, the dependence
on pasteurization made the preservative function of the hops irrelevant in the modern and
industrial brewing process.

On the basis of their chemical composition, hop varieties are simply classified as
“bittering hops” or “aroma hops”. Besides that, according to α-acid content, bittering hop
cultivars are classified as “bittering hops”, “high alpha”, and “super high alpha”. Similarly,
the hop oil composition distinguishes “fine aroma hops” from “aroma hops” [47]. A further
distinction was proposed to define the so-called “flavor hops” [47]. This kind of hops are
characterized by adding a distinct taste and intense flavor to beer, and can come either
from bittering or aroma cultivars [47].
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Figure 1. Glandular trichomes from female hop bracts.

For many years, the main role of hops in brewing was to give a bitter taste to the beer,
and, often, hops were purchased just for this reason. This is particularly still true for many
big brewing companies that are more interested in the α-acid content than in other hops’
characteristics. Conversely, current consumers’ attitude shows a growing appreciation of
flavor and perceived quality of beer [49,50], while less importance is given to bitterness.
As a result, in the last decade, many farmers shifted their production to more aroma
hops [10]. Unfortunately, many traditional aroma hop varieties are often characterized by
low yields and high susceptibility to pathogens, thus making them unappealing for hop
growers [51]. For this reason, much of the effort of the hop breeders is devoted to obtaining
genotypes having quality traits similar to those of traditional varieties but with improved
yield potential and disease resistance.

2.3. Other Uses

Picking and cooking the young and tender hop shoots emerging from rootstock in the
spring, was probably the very first way to use hop plants. It seems that the first written
document on this habit was the Naturalis Historia in which Pliny the Elder (23–79 A.D.)
claims that lupum salictarium (probably, the young shoots of common hop), and other
wild plants, are eaque verius oblectamenta quam cibos, namely, “more a pleasure than a
food”. Besides their culinary appreciation in many European regions (from Belgium
to Spain, from England to Italy), young hop shoots, both wild and cultivated, have a
very low fat content and were found to be a good source of dietary fiber, proteins, and
vitamins C, E, and B9 [52–54]. Additionally, in a recent study carried out in Slovenia
by Vidmar et al. (2019) [55], white hop shoots from different cultivars showed a better
antioxidant activity than hop cones and leaves.

Since only the female inflorescences have interest in the industrial cultivation of hops,
a large quantity of plant residue is left on the field after cone harvest. This leftover material
consists almost exclusively of leaves and stems. Similarly to hemp (Cannabis sativa L.,
belonging to the same family of hops), hop stems are rich in bast fibers usable for paper-
and rope-making [20]. Thus, applying the principles of circular economy to the hopyard
management, dead stems could be efficiently re-used as training strings supporting living
stems. However, it is worth mentioning that the retting process of the long, twisted stems
of hops is difficult compared to straight stems of flax, hemp, and nettle [20].

Besides the pharmaceutical application, the well-known antimicrobial and antifungal
activity of many hop compounds was exploited also for the biocontrol of pests and plant
diseases. Specifically, bitter acids and essential oils were found to be effective control agents
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or repellants against the invasive mosquito Aedes albopictus (Skuse) (Diptera Culicidae)
and fresh water snail Physella acuta (Draparnaud) (Mollusca Physidae) [56], insect pests of
stored foods [57], the honeybee mite Varroa destructor (Anderson and Truman) [58], and the
ascomycete fungus Zymoseptoria tritici (Desm.) Quaedvlieg & Crous [15].

Moreover, the efficiency of hop extracts as a natural food preservative was demon-
strated for meat, cheese, and bread, thus meeting the increasing demand for products
without additional chemicals [21,59,60].

3. Hops in the Mediterranean Basin

Even though hops belong to the spontaneous flora of many European countries
surrounding the Mediterranean Basin, its cultivation never widespread significantly in that
region. The reasons can be found in the following social, historical, and environmental
aspects: (i) lower beer consumption as compared to central and northern Europe; (ii)
strong competition with grape and political power of wine producers over the history;
(iii) high irrigation requirement during crop cycle in a region well known for its water
shortage issues.

3.1. Phenology

Hop phenology is divided into nine principal growth stages (Figure 2): (0) sprouting;
(1) leaf development; (2) formation of side shoots; (3) elongation of bines; (5) inflorescence
emergence; (6) flowering; (7) development of cones; (8) maturity of cones; (9) senescence
and entry into dormancy [61]. A specific heat sum, expressed as growing degree days
(GDD), is required for the completion of each phenophase in different crops and varieties.
For this reason, studying hop phenology in new growing areas (e.g., southern European
environments) can give useful directions for both selection of cultivars and temporal
optimization of agronomic practices. To the best of our knowledge, just two studies, both
in Italy, described the phenology of hops in the Mediterranean Basin [14,62]. Specifically,
Rossini et al. (2016) [14], in a three-year open field study, calculated the GDD accumulation
for the onset of each of the four key growing stages (sprouting, flowering, development
of cones and maturity of cones) of twenty hop cultivars in Central Italy. They found that
‘Cascade’, ‘Phoenix’, and ‘Yeoman’ were always the earliest cultivars in each phenological
stage, while ‘Perle’, ‘EKG’, and ‘H. Spat’ were the latest ones. Marceddu et al. (2020) [62],
in their two-year pot experiment, showed the progress of development stages for three
hop varieties in the semi-arid environment of Sicily. They calculated GDD accumulation
starting from transplanting date in which plants were at the second pair of leaves unfolded
(phase 1.2, according to BBCH scale, [61]). They found the hop growing cycle varying
from 108 days for ‘Chinook’ in 2019 to 147 days for ‘Nugget’ in 2018. The duration of
vegetative stages prevailed, in almost all cases, on that of reproductive ones. However, this
study did not consider the first hop phenophase: the break of rootstock dormancy and
the emergence of shoots from the soil. Conversely, this stage was accurately monitored
by Ruggeri et al. (2018) [63] for nine commercial cultivars in a two-year open field study
in Central Italy. The authors found that some cultivars such as ‘Cascade’, ‘H. Magnum’
and ‘Yeoman’ were consistently recorded as the earliest sprouting varieties, while ‘Perle’,
‘H. Bitter’, and ‘Tettnager’ as the latest ones. Conversely, ‘Fuggle’ showed the highest
variability between the two years for the breaking of dormancy (79 GDD vs 301 GDD).
The difference between the earliest and latest cultivar (‘Cascade’ and ‘Perle’, respectively)
was about 111 GDD (20 days) in 2013 and 208 GDD (31 days) in 2014. The high variability
in shoot emergence date between years led the authors to conclude that further studies
should be conducted to find the model that best predicts the break of dormancy. Overall,
recording the date of shoot emergence (growth stage 09) in Central Italy (42◦26′ N, 12◦04′ E,
altitude 310 m a.s.l.) over five years, we observed the majority of cultivars emerging from
the soil between the last decade of March and the first decade of April (Table 1).

Since hop is a short-day plant, the transition between vegetative and reproductive
growth happens when day length drops below the critical threshold of 15–16 h [2,64].
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The timing of flowering can significantly affect cone yield, because a complete vegetative
growth (about 5–6 m height) prior to flower differentiation is pivotal to obtain high yields.
Day length depends on latitude, and latitude varies approximately from 36◦ and 45◦ N in
the Mediterranean regions of Europe. In that range, the longest day length of the year varies
from 15 h to 16 h, thus allowing hop plants to reach an adequate vegetative growth before
flowering. Observing the phenology of hops in Central Italy (42◦26′ N, 12◦04′ E, altitude
310 m a.s.l.) for many years and cultivars, we recorded flowering phase approximately
from mid-June to mid-July; development of cones, from the end of June to the end of July;
cones ripe for picking, from the last decade of August to the last decade of September.

Figure 2. Some phenological growth stages of hop: (A) shoot emergence; (B) leaf development; (C)
flowering; (D) development of cones; (E) maturity of cones.

Table 1. Dates of shoot emergence recorded over five years for different hop commercial cultivars in
Central Italy.

Cultivar 2013 2014 2015 2017 2018

Cascade 25 March 28 March 19 March 18 March 27 March
Challenger 22 March 2 April 31 March 16 March 26 March
Columbus 22 March 28 March 19 March 21 March 26 March

Fuggle 29 March 18 April 30 March 4 April 30 March
H. Aroma 8 April 14 April 27 March 22 March 26 March
H. Bitter 12 April 23 April 30 March 18 March 30 March

H. Magnum 29 March 31 March 23 March 18 March 26 March
H. Mittlefruh 6 April 10 April 23 March 16 March 29 March

HNB 15 April 23 April 31 March 28 March 28 March
H. Spat 6 April 23 April 31 March 24 March 30 March

H. Taurus 3 April 10 April 2 April 4 April 29 March
H. Tradition 3 April 24 April 31 March 4 April 26 March

Omega 8 April 14 April 27 March 22 March 27 March
Perle 15 April 29 April 31 March 29 March 6 April

3.2. Cultivation

Although many amateur hop growers consider hops as an easy-to-grow plant, man-
aging a commercial-scale hopyard is markedly more challenging. Professional hop cultiva-
tion requires a well-designed structure, well-timed pruning, careful bine training, and the
proper application of all the other agronomic practices to succeed in obtaining high yields
and production quality.
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3.2.1. Trellising System

Commercial hop production requires a trellising system to support plants. The conven-
tional high trellising system consists of a permanent structure of poles and wire to which
strings are attached each year to provide support for the hop bines [2]. Poles can be made of
treated wood, iron, steel, or concrete. Pre-stressed concrete poles are much more expensive
than wood ones, but they better withstand mechanical stress. Growers should be informed
that the trellis is an engineered structure subject to heavy loads, including the plant (heavier
when wet) and wind. The top height of such structures can vary, but usually ranges from
5 m to 8 m. The most common training system used for hop production worldwide is the
V-trellis (Figure 3), and the same is also used in the Mediterranean region [14,65].

Figure 3. V-trellis system.

Since the standard high trellising system is very expensive and labor-intensive, alter-
native solutions have been searched over years. Low trellis is probably the most famous
growing system proposed as a substitute of the typical high trellis. Overall, the low
trellising system consists in growing hops on netting fastened to 3/4 m tall poles.

Generally, hops growing on low trellis yield less compared to those thriving on high
trellis [66]. However, the benefits related to plant health (easier and more effective control
of pests and diseases, [67]), harvest efficiency, worker safety, and cost for construction and
maintenance, make low trellis very interesting for small-scale producers and worthy of
deeper investigations in different environments and with suitable cultivars (e.g., dwarf
or low-cone setting genotypes). Currently, no studies comparing low and high trellising
systems, under Mediterranean climatic conditions, have been published. Additionally, our
experience suggests that, probably, the most used 6 m high trellis is not the best system to
train the hops under climatic conditions of Italian peninsula. In fact, we observed many
hop bines grow taller than the top wire and develop horizontally more than required.
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This behavior creates serious problems during harvest for bine intertwining and during
cultivation for plant shading.

3.2.2. Cultivars and Propagation

According to the International Hop Growers’ Convention (IHGC), commercial hop
varieties produced in 2020 by 21 member countries were 291 (excluding experimental
selections and no-named records): 69 labelled as bitter hops and 222 as aroma hops [68].
The most cultivated hop varieties in the top producing countries are ‘Citra® HBC 394′,
‘Mosaic® HBC 369′, ‘Perle’, ‘Hall. Tradition’, and ‘Saaz’ for aroma hops and ‘Herkules’,
‘Hall. Magnum’, ‘Pahto® HBC 682′, and ‘CTZ’ (stands for ‘Columbus’, ‘Tomahawk’, and
‘Zeus’) for bitter hops. As for the Mediterranean Basin, ‘Nugget’ is largely the predominant
cultivar in Spain (90% of the total harvested area), and probably in Portugal too. In Italy,
there are no published statistics but, presumably, ‘Cascade’ is the most planted cultivar for
both its good adaptability to a wide range of pedoclimatic conditions and its common use
in many brewing recipes. Other varieties that performed well under different experimental
conditions were ‘Hall. Magnum’, ‘Chinook’, and ‘Yeoman’ [14,62,63]. Understandably, the
agronomic data available from open field trials in such a new growing country are very
few and collected on a limited number of plants (from three to five per replicate). Thus,
there is an urgent need for more reliable data collected from commercial hopyards and
in different environmental conditions. At the same time, screening of germplasm from
wild hop populations is gaining interest for breeding programs having as main target the
creation of different local varieties [69,70].

Vegetative propagation is the common way to multiply hops because it is both a quite
simple method and a fast tool to obtain a clone of the mother plant. For these reasons, seeds
are used just in breeding programs for the improvement of genetic variability. Rhizomes
collected from mature rootstocks and one-node green cuttings from stems are the most
commonly used materials for propagation (Figure 4). Rhizome cuttings can be planted
directly into the soil or potted and then transplanted from 6 to 12 months later. While the
limited availability of suitable rhizomes hampers the adoption of this method, the use of
green cuttings allows a faster and more effective multiplication of hop plants.

Tissue culture is another tool to obtain large amounts of clonal plants in a short
period [71]. Micropropagation was used in hops mainly for virus eradication [72], cry-
opreservation [73], and mass shoot production [74]. Very recently, trials conducted in
Southern Italy evidenced that micropropagation protocol adopted for hops, although suc-
cessful for many other crops, did not perfectly succeed in obtaining healthy and vigorous
plants [62].

3.2.3. Soil Preparation and Planting Techniques

Although hops can thrive on a wide range of soils, those loose and well drained have
to be preferred when an adequate water supply and manuring is provided [2]. Light-
textured soils also facilitate cultivation and management operations in the hopyard during
both winter and summertime. Hops can grow well also in clay soils but raised beds have
to be realized and an accurate surface and subsurface drainage system has to be designed
prior to planting hills [65]. In fact, while hops naturally thrive along riverside and moist
riparian zones, they do not tolerate waterlogged soils. Even though the majority of nutrient-
collecting roots develop in the top 0–30 cm of soils, the root system of hops extends far
down over the years (from 1 m up to 2.25 m, [75]) and, thus, takes advantage from deep
soils. Plowing and amending soil is a common practice before planting a new hopyard.
Deep cultivation, or ripping, is suggested on compacted soils, as this will improve drainage
and root penetration.
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Figure 4. Vegetative propagation of hops: (A) rhizomes; (B) rooted cutting.

Potted plants are transplanted on the top of raised beds in spring or autumn, following
different planting designs. Generally, plant spacing varies according to cultivar (plant
vigor and cone setting), trellising system, location and available machinery [76,77]. The
most used planting designs in hop producing countries consist of 2.5 m to 4 m row spacing
and from 1 to 2 m plant spacing, accounting for 1700 to 4000 plants per hectare. Even
though, plant spacing is one of the most important agro-technical issues in designing a
hopyard [76], very few studies have been conducted on this aspect so far and, to the best of
our knowledge, no one in the Mediterranean Basin.

3.2.4. Pruning, Training, and Stripping

Pruning is the spring removal of the upper part of rootstock, also known as “crown”
(Figure 5). Generally, pruning is the first spring agrotechnical operation, aiming to remove
shoots and crown buds. While multiple ways of mechanical and chemical pruning exist,
the reasons to apply this agronomic practice are essentially two: (i) to reduce downy
and powdery mildew inoculum [78] and (ii) to promote a more uniform regrowth from
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rootstock [63,77]. It was suggested that, depending on timing and severity of pruning,
growers could eliminate one fungicide application per year [78]. Specifically, a four-
week delayed pruning can significantly reduce powdery mildew incidence on leaves and
cones [79]. Moreover, combining the mechanical and chemical intervention generally leads
to a more thorough effect compared with the application of a single method [78,79]. In new
growing areas, no herbicide is currently registered for this purpose, as such, mechanical
pruning is the only option available.

Figure 5. Hop pruning: (A) not pruned rootstock; (B) pruned rootstock.

Once secondary shoots regrow from “crowned” rootstock and reach the height of
50–60 cm, it is time to train them. Training means wrapping hop bines in a clockwise
direction around each string to promote vertical growth. As a rule, from two to four bines
are trained up each of the supporting strings, as this results in the optimal growth for high
yield and good quality [2]. Established rootstocks produce much more shoots than are
needed [63] and, after training is completed, it is necessary to remove the exceeding. Sur-
plus shoots can be collected and sold as vegetables, like asparagus spears (see Section 2.3).
Indeed, leaving the excess shoots at the base of the plants would favor the development of
mildew diseases and would weaken the vertical growth of trained bines.

Choosing the appropriate training date is pivotal for obtaining maximum hop yields.
Moving away from the optimal date, production could be reduced by nearly 40% [80].
Understandably, the training date depends on the pruning date, with training occurring
about 3–4 weeks later. While in traditional hop producing zones, the long experience with
this crop led to the acquisition of a practical “know-when”, pruning and training in new
growing areas are mostly driven by growers’ invention.

Leaf stripping (removing lower leaves and laterals) is another common management
practice applied during the vegetative phase of hops. The aim is to increase air flow in the
basal part of the plant, thus limiting the spread of downy mildew. Mechanical stripping

148



Agriculture 2021, 11, 484

can start when bines are at least 3 m high, while chemical defoliation is usually done
when bines reach the top wire [2]. In the new growing areas, such as Italy, because of
the absence of registered herbicides and thanks to the limited dimensions of the existing
hopyards, stripping is carried out by manually removing the lower leaves up to 0.90–1 m
from the ground. Very interesting is the way of stripping hopyards in New Zealand,
the top producer of organic hops. In this country, sheep are often used to graze the hop
gardens with the following benefits: direct control of weed flora, sucker pruning, lower
bine defoliation and manure supply. Hopefully, this strategy could be exported in those
areas of the Mediterranean Basin where growers are interested in organic hop production
and a sheep farming system already exists.

3.2.5. Irrigation and Fertilization

Under Mediterranean climatic conditions, irrigation is unavoidable to have a mar-
ketable hop production. In Southern European environments, severe drought and heat
often occur when hops are in phenological phases particularly sensitive to such stresses,
i.e., flowering, cone formation and early ripening. Cone yield was found to significantly
increase with crop transpiration (r2 = 0.92) in Spain, with hop transpiration representing
92% of actual evapotranspiration during the mid-season [81]. In the same study, yield
obtained in the rainfed plots was 37% lower than in the irrigated ones. The picture of hops
as water intensive crop clashes with water scarcity that typically afflicts Mediterranean
countries. Despite this, limited studies were conducted to investigate (i) the effect of deficit
irrigation on hop yield and quality, (ii) the drought tolerance in hop cultivars, and (iii) the
management of irrigation systems [82,83]. Deep knowledge on these aspects will be crucial
for successful hop cultivation in a global climate change scenario [7,84].

The most used irrigation systems in the Mediterranean hopyards are (i) surface
irrigation system by flooding the space between rows [65] and (ii) drip irrigation along
rows [14,63,81]. The latter system is more expensive than the former one but it is more
water efficient. Moreover, a drip irrigation system can allow targeted application of
soluble or liquid fertilizers by fertigation and reduces the incidence of fungal diseases.
Recently, Nakawuka et al., 2017 [82], reported that the use of a subsurface drip irrigation
system can substantially reduce water use in hop production even before deficit irrigation
is considered.

Hops do not thrive under acidic soil conditions and liming should be carried out when
necessary to prevent the pH from falling below 6.5 [2]. Additionally, extreme pH values
alter the absorption of many micronutrients. For example, when pH is acid, manganese
(Mn) levels can become toxic in hop tissues [65], while zinc (Zn) deficiencies are often
associated with alcaline soils (above 7.5, [6]).

Hop nutrient requirements vary depending on soil testing, cultivars, yield potential,
and growing region. Nutrient application guidelines have yet to be developed for hop
production in new growing zones. Thus, indications published in other countries currently
are the best available reference. As for nitrogen (N), 160 kg·ha−1 (split in two applications)
were recommended in Slovenia [85], 168 kg·ha−1 in the USA [86], and 135 kg·ha−1 in
England [2]. In the Mediterranean basin, Afonso et al. (2020) [65] reported 150 kg·ha−1 of
N (split in three applications) in Portugal, while 100 kg·ha−1 of N (split in two applications)
was used in Italy [14].

The need for phosphorus (P) fertilization is often overestimated. Hops typically have
low P requirements, with suggested P amount to be applied ranging from 67 to 110 kg·ha−1,
when soil P concentration into the soil is very low (0–30 ppm, [87]).

Hops take up 90–170 kg·ha−1 of potash (K), but 75% can return to the soil with
vegetative plant parts [87]. With high soil contents or heavy applications of farmyard
manure, no additional phosphate or potash is generally considered necessary [2].

With the increasing interest towards organic hops, alternative ways to improve
soil fertility have been proposed such as the use of leguminous cover crops, compost,
slurry, farmyard manure, and other soil amendments [2,6,88]. However, meeting crop
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nutrient demands (especially for N) remains a challenging task when using organic
fertilization [89,90].

Fertilizer placement is also important when considering plant nutrient needs. Broad-
casting fertilizer makes the nutrients more available for weeds and can encourage their
growth and competition with crops [91]. Thus, the best way to feed hop plants is the local-
ized applications of fertilizers or, even better, the use of fertigation systems.
Brant et al. (2020) [75], studying the distribution of root system in hop plants, suggested to
place the fertilizers at 50 cm far from the center of the rootstock in both sides.

Besides having an annual soil testing report, tissue analysis is a recommended method
to determine plant nutrient needs and detect potential deficiencies [92]. Hop petioles from
mature leaves should be collected during growing season and analyzed for macro- and
micronutrient content. If results show deficiencies, foliar fertilization or fertigation must be
applied to restore a correct plant nutrition.

Finally, it is worth mentioning that, despite the growing interest towards the applica-
tion of plant biostimulants in other crops, studies conducted on this topic are very few for
hops and no one in the Mediterranean Basin. In a recent study, Prochazka et al. (2018) [93]
found that complex formulations of biologically active substances, such as fulvic and
humic acids and phytohormones, appear to be highly effective for the optimization of hop
production performance in Czech Republic.

3.2.6. Disease, Pest, and Weed Control

Our ten-year experience in hopyard management, under the Mediterranean climatic
conditions of Italy, underscored that mildew pathogens, aphids, and spider mites were
the constant and most problematic diseases and pests that can really compromise the hop
production. It should be noted that in Northern Italy, where maize is largely cultivated,
another pest that can damage hops is the corn borer (Ostrinia nubilalis Hübner). The
restricted availability of plant protection products registered for hops severely limits the
strategies for pest and disease control in both organic and conventional farming. Thus,
hop protection management must focus on the proper agronomic practices, preventive
intervention and biostimulants for induction of plant resistance [93]. These products
determine a higher resistance of plant tissues (e.g., vaterite) and a higher synthesis of
phytoalexins. Additionally, they are not dangerous for health and do not leave toxic
residues into the soil.Hereafter, the main diseases and pests detected in our surveys will be
shortly described. Lastly, some thoughts about weed control strategies in hopyard will be
briefly discussed.

Downy mildew Caused by Pseudoperonospora humuli (Miyabe & Takah.) G. W. Wilson

Downy mildew can overwinter in infected hop rootstocks in the form of mycelium ([2],
and references therein). Contaminated buds originate primary infected shoots (known as
“basal spikes” due to their resemblance to a wheat spike) with a characteristic stunted form
and pale down curled leaves [2,78]. These spikes are the primary source of infection each
year. In our experience, this first infection can be limited by pruning. Infections of buds
and leaves can develop at any time during the growing season, depending markedly upon
weather conditions and the amount of inoculum being released [2]. This secondary infection
can be controlled with copper-based products, when the hops flower, the developing burr,
and cones may also become infected. Diseased cones turn brown and tend to break with
mechanical harvesting.

Powdery mildew Caused by Podosphaera macularis (Wallr.) U. Braun & S. Takam.

Disease symptoms appear as powdery white colonies on leaves, buds, stems, and
cones. Raised blisters can be visible when plant grows rapidly. In the same way of
downy mildew, primary infection starts from diseased shoots (termed as “flag shoots”)
and then the pathogen spreads on young leaves, moving up the bine in sync with plant
growth [78,79]. Disease development is favored by rapid plant growth, mild temperatures,
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high humidity, and cloudy weather [2]. Burrs and young cones are very susceptible. We
have never recorded severe attacks of powdery mildew in Italy. However, where infections
have been detected, sulfur-based products have well controlled the pathogen. It should be
noted that recently, in Italy, orange oil-based products have been registered for the control
of powdery mildew in hops, but we have not had any experience about their effectiveness.

Spider Mite (Tetranychus urticae C.L. Koch)

Together with aphids, spider mite (also known as two-spotted mite) is the key pest
of hops in the Northern hemisphere [2]. In small numbers, the mites do not cause much
damage but, under favorable conditions, they can multiply very rapidly and become a
serious problem [2]. Since spider mites thrive in hot and dry environments, it is clear that
it could represent a serious problem under Mediterranean climatic conditions. Personal
observations on open-field trials suggested that Beauveria bassiana-based products and
mineral white oil-based products were effective in controlling these pests. Ground cover
mixes have been shown to host mite predators, thus regulating their presence [67].

Damson-hop aphid (Phorodon humuli Schrank)

This pest usually causes both direct damage, by feeding sap and debilitating the plants
and an even worse indirect damage, by transmitting viruses. The main problem arises
after cone formation, because sooty molds easily develop on the honeydew produced
by the aphids, thus compromising the quality and commercial value of the hops [2].
Personal observations on open-field trials suggested that pyrethrum-based products and
Beauveria bassiana-based products were effective in controlling these pests. Enhancing
habitat to favor the presence of beneficial predators gave contrasting results in the reduction
of aphid population [67].

The biotic stresses described until now are managed, both organically and conven-
tionally, in all countries where hops are traditionally grown. In these countries, different
options are available for hop growers to protect their crops. Understandably, in new
growing countries such as Italy, products registered for use on hops are very few. In 2020,
copper-based and sulfur-based products were temporarily allowed as an exception for the
control of fungal diseases. A Bacillus thuringensis-based product was also registered for use
on hops against the corn borer. Currently, there is nothing else as authorized product for
hop protection.

Viroids

Even though we did not survey any stunted hop plant infected with viroids in our
field trials, we touch this topic because viroids represent serious damaging pathogens in
the neighboring hop producing countries such as Slovenia [94]. Hop latent viroid (HLVd)
is the most diffuse viroid of hops and has been recently detected in many commercial
cultivars sampled along the Italian peninsula [95]. Hop stunt viroid (HSVd), Apple fruit
crinkle viroid (AFCVd), and Citrus bark cracking viroid (CBCVd) are the other viroids
infecting hop plants around the world [96]. Among them, CBCVd seems to be the most
aggressive type, causing yellowing, leaf malformation, bine cracking, and plant stunting
after a post-inoculation period of only 14-months [94,97]. Since infected plants often show
no visible symptoms (e.g., plants infected by HLVd), the vegetative propagation of hops
easily diffuses the pathogens. The use of virus/viroid-free planting material is the most
effective and obvious strategy to limit the spread of this plant disease.

Japanese beetle (Popillia japonica Newman)

Popillia japonica Newman (Coleoptera: Rutelidae) is a scarab beetle native to Japan
and established in North America, the Azores and, more recently, in Northern Italy [98].
Japanese beetle is a highly polyphagous species that is listed in Annex IAII of the Directive
2000/29/EC. In our experience, we have been able to observe the damage caused by this
pest in a hopyard located near Milan (Northern Italy). The presence of adults on hop
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plants was recorded in the period July–August 2019, and it was deleterious (Figure 6).
Japanese beetle fed on the hop leaves, significantly reducing the photosynthetic activity of
the plants. It seemed they were not interested in feeding on the flowers, but this was only
an observation. Since the Japanese beetle is an alien species for our territory, the control of
this pest is rather complicated. Solutions could involve agronomic practices applied to the
meadows where the larvae overwinter, and the registration of pesticides (for organic and
conventional farming) before this insect becomes a real emergency.

Figure 6. Japanese beetles (Popillia japonica Newman) feeding on hops.

Weed Control

Hop demand for nutrients and water is very high in the period of intensive growth,
and weeds can greatly compete for these resources [99]. Obviously, competition for light is
temporarily limited to the phenological phase of shoot emergence. Thus, weed manage-
ment in dormant–early spring season is necessary to maintain a weed-free strip along the
rootstocks [77]. Moreover, weed presence can interfere with some field operations such as
spraying, training, and harvesting, thus reducing both the efficacy and efficiency of these
agronomic practices. Mechanical cultivation, chemical control, and mulching are the most
common ways to control weeds in hop production [6,13]. Generally, in conventionally
managed hopyards, weed control involves mechanical tillage between rows and in-rows
herbicide applications [99]. Conversely, organic hop growers rely mostly on a combination
of tillage practices, the use of cover crops, mulching, and grazing sheeps [13,100]. We
hypothesize that, in small-scale Mediterranean hopyards, scratching poultry also might
be effective. Cover-cropping the inter-rows may be a useful way to control weeds in
organic hopyards as well as to attract beneficial insects and enable machinery to drive in
the field sooner after precipitations [13]. Ideal cover-crop species should be native, with
low requirements and low competitive ability. Studies targeted to identify cover crops
suitable for hopyard management in the Mediterranean environment are lacking [101].

Paradoxically, in new growing areas, such as Italy, where registered herbicides for
use on hops does not exist yet, conventional and organic weed management coincide.
Identifying the weed species and their life cycles are the crucial aspects for a successful
weed management plan. In our experience, the most common and problematic hop
weeds in Italy are the summer annuals like Amaranthus retroflexus L., Solanum nigrum L.,
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Chenopodium album L., and the perennials such as Cynodon dactylon (L.) Pers., Sorghum
halepense (L.) Pers., Calystegia sepium (L.) R. Br., and Convolvulus arvensis L.

Findings on weed management in the Mediterranean hopyards were not published
so far.

3.2.7. Harvesting, Yield, and Post-Harvest Processing

Mature cones must be harvested, cleaned, and dried in the shortest time possible, to
ensure optimum quality and storability. Depending on maturity timelines of cultivars,
a typical hop harvest period can be approximately one month [77]. In Southern Euro-
pean environments, hop maturity generally occurs during the months of August and
September [63,65].

The hop harvest takes place in two phases: cutting of the whole plant in the field
(harvesting) and the separation of the cones from the bines (picking). For both operations,
different types of machinery are used.

The global average yield for hops was 2.12 t·ha−1 in 2019, with some national yield
reported in Table 2 [68]. Other yield reports for Southern Europe come from the very few
open field studies conducted in Italy and Portugal [14,63,65]. In Italy, cone yield largely
varied with cultivar and plant age, from about 30 g to 700 g per plant [63], while in Portugal,
cultivar Nugget yielded from 75 g to 1193 g per plant [65]. However, it must be noticed that,
in these first experimental studies, few plants were sampled per plot (from 3 to 6). Further
studies with increased plot dimensions are needed to have a more realistic quantification
of hop yield potential [85].

Moisture content of freshly harvested hops must be lowered from nearly 80% to 8–12%,
to ensure optimum quality and storability [2]. There are different types of ovens used in
the various traditional cultivation areas: tower, tunnel or trench. All systems are based on
the circulation of hot and dry air (which can be conveyed to the hops mass from above or
below) and on the extraction of cold and humid air. The air can be heated with different
methods (gas, coal, petroleum derivatives, electricity, or solar). Generally, the process
should not exceed 10–12 h with a maximum temperature of the hops mass of 45–50 ◦C.

Table 2. Average cone yield for some hop producing countries in 2019.

Country 2019 Hop Yield (t·ha−1)

Czech Republic 1.43
Germany 2.40

Poland 2.14
Slovenia 1.61

Spain 1.61
UK-England 1.77

USA 2.15

Finally, the dried hops need to be packed in food-grade plastic bags by means of
presses dedicated to packaging hops. These bales can have a weight of 40–50 kg and it
is good to store them in a cold room at 4–5 ◦C to avoid oxidation of the mass and the
deterioration of the product.

All these machinery and processing systems have industrial dimensions, not economi-
cally sustainable for the small-scale production. For these reasons, most of the small Italian
farms and companies have resorted to (i) the purchase of used machinery from Central
European markets or (ii) the creation of smaller prototypes suitable for the small-scale
production. Both solutions have pros and cons. Used machines are very cheap, they offer a
certain reliability, even if, in most cases they are more than thirty years old. Conversely,
they have the serious issue of not meeting with workplace safety standards. The second
approach allows to obtain high-performance machines for the small-scale production (i.e.,
small, easily transportable, and multifunctional machines), fully compliant with safety
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regulations, but very expensive. This can only be justified for farms that do not only
produce hops but also make beer and sold it directly on the market.

A separate discussion is warranted for the last post-harvest operation: the pelletization.
To minimize deterioration, many brewers either keep their hops in cold store or have them
processed into pellets [2]. A process that retains most of the character of the hop cones
is to grind them to a powder, which is then compressed into pellets. Packing the pellets
in vacuum or inert gas ensures they have a long shelf life with limited losses in brewing
value [2]. Hop cones have a density varying between 130 kg·m−3 and 150 kg·m−3. The
greater density of pellets, around 500 kg·m−3, reduces the transport volume and enables
long storage stability through quality-preservation packing in a protective atmosphere.
The pellets, known commercially as type 90 pellets, obtain their name from the ratio of
approx. 90 kg of pellets obtained from 100 kg of hops. The lupulin-enriched hop pellets,
also known as type 45 pellets, are obtained through mechanical enrichment of the lupulin
gland when the hop is frozen (−35 ◦C) [102].

The Italian market almost exclusively requires pelleted hops. In fact, modern micro-
and industrial breweries are designed for the use of hop pellets. It is therefore evident that
the Italian hop producers are equipping themselves to supply pelleted hops to national
brewers. To obtain pellets from their hop cones, Italian producers send their hop cones to
foreign pelletization centers or, with small machinery, pelletize directly in their farms.

While pellet has innumerable advantages in terms of storage space and shelf life,
using hop cones can provide beer with a panorama of wider and more intense taste
descriptors [14]. We recently verified that, with a relatively simple modification to the
production systems, also the hop cones could be safely used in the homebrewing process.

The Italian hop supply chain need one or more modern and efficient pelletizing
centers serving the market of industrial hops. Conversely, for small-scale hop growers,
who produce their own craft beer, probably would be better to equip their breweries for
the use of self-produced hop cones, in order to better transfer the “terroir” of their hop
fields to their beers.

4. Quality Aspects and Sustainable Production

The brewing value of hops is mainly determined by the α-acid content and composi-
tion of essential oil. Results from research aiming to characterize quality in hops cultivated
under Mediterranean climatic conditions are much more numerous than those from agro-
nomic studies [70,103–105]. This is because the craft beer sector is mainly interested to
assess the “terroir” that each growing environment can impress to hops and, consequently,
to beer [105]. This approach is prone to leading to a half-truth, since the chemical composi-
tion of hops is not only affected by environmental conditions but also by variety, harvesting
time, pest and disease control, and other agronomic practices [2,7,106–110]. Anyway, all au-
thors consistently showed that quality attributes and sensory features of hops grown under
Mediterranean environment are similar or even better than that coming from traditional
growing zones [14,70,103].

Quality in crop production is often linked to the farming system [111]. In particular,
many consumers believe that organic foods are healthier and taste better, in addition to
being environmental-friendly [112]. A recent survey showed that, even if the average
American consumer is not willing to pay a premium price for certified organic beer, buyers
who regularly drink craft beers are willing to pay more for organic beers [113]. The authors
suggested that microbreweries have an additional edge on the organic beer market, because
craft beer consumers are more commonly looking for new flavors and styles of beers to
try. In Italy, organic certification was found to be the fourth (on thirteen) most important
beer attribute for craft beer drinkers, following taste, fermentation process, and color [114].
Analyzing beer consumer perceptions and preferences along ten years, in a just published
systematic review, the authors suggested that consumer perceptions of new styles of beer
and speciality beers (such as sustainable or organic beer) require additional attention from
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scholars and market analysts [115]. The authors also argued that these aspects might
represent factors generating differentiation strategies in the beer market for the future.

Whereas growing hop organically is an option for the large majority of hop growers,
it is practically the only way to manage hopyards in new growing areas such as Italy.
Currently, since no chemicals are yet registered for the protection of hops in Italy, the
only discriminating factor between organic and conventional hops is the use of chemical
fertilizers. Our experience suggests that growing hop under organic farming conditions
is feasible in Italy, but it requires a deep knowledge of all agronomic strategies that can
either limit pathogen, pest and weed pressure, or increase soil fertility without resort
to chemicals. Moreover, plant requirements in different phenological phases must be
precisely known to timely apply the needed agronomic practices. Currently, finding this
expertise is extremely rare in small-scale Italian hop production system, since hopyard
managers are often brewers or pub owners and not professional farmers. This implies that
an extensive and specialized consulting system must be created to help farmers that want
to face this new challenging crop. However, to accomplish this goal, adequate public and
private funding must be provided for the acquisition of reliable scientific data. Otherwise,
the development of hop cultivation in the Mediterranean Basin will ever remain in its
early stage.

5. Concluding Remarks and Future Perspectives

The growing popularity of craft beer and the increasing interest in natural medicine is
widening appealing scenarios for hops, even in the new growing areas of Southern Europe.
However, structural constraints and absence of registered products for plant protection
heavily hinder the progress of cultivation in these emerging zones. One of the biggest
challenges for new hop growers is finding harvesting and processing equipment that is
affordable and scaled appropriately for their activity [77].

Currently, the major knowledge gaps are at the beginning of the hop supply chain. Al-
though some information we have about the adaptation to the Mediterranean pedo-climatic
conditions of different commercial hop cultivars, the effects that agronomic practices and
trellising systems have on yield and quality of hops are mostly unknown. For this reason,
reliable field data urgently need to optimize hop cultivation, thus avoiding the stagnation
of such a promising crop. This means that public investments should increase and support
research activity and hop growers in overcoming the abovementioned limitations. The aim
should be to produce a high quality hops not only for the craft beer sector but also for the
pharmaceutical and food industry.
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Abstract: Perennial medicinal and aromatic plants (MAPs) may represent interesting, environ-
mentally friendly crops for the Mediterranean environments. Among MAPs, Passiflora incarnata L.
(maypop) represents a very promising crop for its wide adaptability to diverse climatic conditions,
low input requirements, and high added-value due to its unique medicinal properties. The main
problem in P. incarnata large-scale cultivation is the poor seed quality with erratic and low seed
germination, due to its apparent pronounced seed dormancy. Therefore, the aim of this work was
to investigate different chemical and physical treatments for overpassing seed dormancy and en-
hancing seed germination rates of P. incarnata. The effects of (i) different pre-germination treatments
(pre-chilling, gibberellic acid—GA3, leaching, scarification, non-treated control), (ii) light or darkness
exposure, and (iii) temperature conditions (25, 30, and 35 ◦C constant and 20–30 ◦C alternating
temperatures) have been examined in seed germination percentage and mean germination time of
three P. incarnata accessions (F2016, FF2016, and A2016) grown in field conditions in Central Italy.
Data showed that the pre-germination treatments generally stimulated faster germination compared
to the control, with the best results obtained in the dark and with high temperatures. These findings
are useful for the choice of the most suitable seed pre-germination treatment that can facilitate stable,
high and agronomically acceptable germination rates in P. incarnata.

Keywords: maypop; medicinal and aromatic plants; crop diversification; sustainability

1. Introduction

Among conservation agriculture practices, the introduction of perennials in crop
rotations has been proposed as a viable opportunity to improve the long-term sustainabil-
ity and productivity of systems thanks to the reduction in tillage, the protection of the
soil surface, and the decrease in erosion and runoff. As a consequence, a considerable
improvement in soil organic matter and nutrient cycling, as well as the overall physical
and biological health of the soil, can be achieved. In this context, perennial medicinal
and aromatic plants (MAPs) may represent interesting environmentally friendly crops for
Mediterranean countries. In recent years, the attraction of MAPs as worthy farm crops
has grown due to the demand created by consumer interest for these plants for culinary,
medicinal, and other anthropogenic applications. Among MAPs, Passiflora incarnata could
represent an interesting crop for Mediterranean systems, due to its perennial cycle and
its potential agronomic benefits. Passiflora is a genus belonging to Passifloraceae’s family,
consisting of more than 500 species, which mostly live in tropical and subtropical regions,
except for P. incarnata, which is native to temperate North America (southeast of the USA)
and it has been introduced into Australasia, Bermuda, Europe, and Hawaii [1]. P. incarnata
(maypop) is mainly cultivated for its pharmaceutical and cosmetic properties. It was
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historically used as a sedative and anxiolytic plant and for the treatment of insomnia in
North America; as an analgesic, anti-spasmodic, anti-asthmatic, wormicide, and sedative
in Brazil; as a sedative and narcotic in Iraq; in diseased conditions like dysmenorrhea,
epilepsy, insomnia, neurosis, and neuralgia in Turkey; to cure hysteria and neurasthenia in
Poland; and for morphine deaddiction in the traditional system of medicine in India [2–5].
P. incarnata contains, in its leaves, flavonoids (mainly C-glycosides of apigenin and luteolin),
which probably are responsible of the pharmacological effects, and alkaloids—based on the
β-carboline ring system, namely harmane, harmol, harmine, harmalol, and harmaline. The
main active ingredients include chrysin, vitexin and isovitexin, schaftoside, isoschaftoside,
coumerin, and umbelliferone, with considerable variation in qualitative and quantitative
composition according to the source [6–9]. The presence of gynocardin (a cyanogenic gly-
coside) and essential oil in traces, comprising more than 150 components, have been also
revealed [6–8]. Various other constituents have been identified, including γ-benzo-pyrone
derivative maltol, carbohydrates such as raffinose, sucrose, D-glucose, and D-fructose [10].

P. incarnata is successfully cultivated in Florida, Guatemala, and Italy. In Italy, P. incarnata
is grown mostly in the central regions of the country, where it behaves as perennial spring–
summer crop with a stand duration of 5–7 years [11]. In winter, the aerial part of the plant
dies and, at the beginning of springtime, there is the vegetative upturn from the bottom of
the plant.

P. incarnata is one of the most important medicinal plants in Italy, where it is cultivated
on a total area of approximately 150–180 hectares, of which 50 ha operate under organic
farming conditions, with a production of 800–1000 tons/year. The main problem in its
large-scale cultivation is the poor seed quality, with erratic and low seed germination, due
to its apparent pronounced seed dormancy. This makes it difficult to grow P. incarnata
crops from seeds, so the nursery reproduction is generally carried out by cuttings, with a
substantial increase in the cultivation costs. Little is known about the seed germination
behavior of Passiflora species, and no information is reported in the “International Rules for
Seed Testing” [12] regarding minimum germination requirements or optimal conditions
for germination. Dormancy and germination rates are factors that can control the number
of progenies a plant can make, and they are variable both in space and time, with large
environmental effects [13]. Several studies seem to have confirmed that Passiflora spp.
have exogenous dormancy due to a combination of both mechanical and chemical factors.
De Oliveira et al. [14] and Torres [15] highlighted that the semi-domesticated passionfruit
have strong dormancy effects. However, the presence of other kinds of dormancy cannot be
excluded, depending on the species, such as a physical dormancy due to the impermeable
seed coat or even a physiological dormancy. Although for some Passiflora species, a combi-
nation of physical and physiological dormancy has been highlighted, studies regarding
P. incarnata are very limited and not conclusive. In order to remove seed dormancy in
P. incarnata, mechanical scarification was the widely used method; nevertheless, it never
gave satisfactory results with potential risk of embryo damaging [16]. On the contrary,
chemical scarification appeared to be more effective in overpassing dormancy in this
species, but an extended period of soaking could reduce seed viability and germination
rate [17]. Furthermore, among pre-germination treatments tested on P. incarnata seeds,
different light and temperature conditions have been tested [18,19], highlighting that the
seed negative photoblasty of this species increased at suboptimal temperature. To the best
of our knowledge, pre-chilling treatment on Passiflora spp. has been never tested before,
even though it is a well-known procedure for some medicinal and aromatic plants [20].

Therefore, with the objective to improve knowledge about seed germination and
dormancy mechanisms of P. incarnata for enhancing nursery production, this work aimed to
discover better and appropriate pre-germination treatments for overpassing seed dormancy
and enhancing seed germination rates. For this purpose, the responses of seed lots of three
P. incarnata accessions grown in 2016 in Central Italy with different treatments (pre-chilling,
GA3, leaching, scarification, non-treated control), different light or darkness exposure, and
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different temperature conditions (25, 30, and 35 ◦C constant temperatures and 20–30 ◦C
alternating temperatures) have been examined.

2. Materials and Methods

2.1. Plant Materials

The experiments were carried out at the Seed Research and Testing Laboratory of the
Department of Agriculture, Food, and Environment (DAFE) of the University of Pisa.

The seeds of three P. incarnata accessions, namely F2016, FF2016, and A2016, were
kindly supplied by F.I.P.P.O. (Federazione Italiana Produttori Piante Officinali) and by
Aboca s.r.l. company (Sansepolcro, Arezzo, Italy). Mature fruits were collected during 2016
from plants grown in an open field in Central Italy (Tuscan-Umbrian, Val Tiberina, Italy),
under the same pedo-climatic conditions and with an organic management system. The
planting had been carried out in 2014 by transplanting the seedlings on a clay loamy soil.
The crop was carried out without irrigation since rainfall in the area was able to satisfy
crop water requirements.

During the growing period, between the flowering and ripening stages, until fruit
harvesting (from August to October 2016), rainfall and temperatures (maximum and
minimum air temperature) were recorded using a weather station located nearby the
cultivation area (Figure 1).

 

Figure 1. Cumulative (mm) precipitation and air temperatures (Tmax, Tmin, and Tmean) throughout
the period between flowering and the harvesting of fruits. Data are reported for each decade (I, II,
and III), from August to October 2016.

2.2. Pre-Germination Treatments

Fruits were harvested and soaked in tap water for a couple of days until maceration
occurred. At the end of maceration process, the seeds were separated from the pulp,
washed with tap water at room temperature, air dried, and cleaned with sieves and flows
of air (Figure 2). Subsequently, seeds were stored in darkness at 4–5 ◦C and 60% relative
humidity for 6 months.

Different pre-germination treatments in a completely random block design have
been examined. In detail, the treatments were: (i) pre-chilling, (ii) Gibberellic acid (GA3),
(iii) leaching, (iv) scarification, and (v) non-treated control. For each of these treatments,
different light (or darkness) and temperature conditions (25, 30, and 35 ◦C constant temper-
atures and 20–30 ◦C alternating temperatures) were also examined. For each P. incarnata
accession, four replications of 50 seeds each for every pre-germination treatment and for
the control, were used.
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Figure 2. Dehydrated fruit of Passiflora incarnata, with seeds enclosed in the red and mucilaginous
aril (on the left). Seeds used in experiments (on the right).

The seeds were placed in 12 cm Petri dishes and incubated in climatic cabinets.
Preliminary tetrazolium tests, according to the International Seed Testing Association
(ISTA) [12], were conducted to estimate the seed viability of each accession.

For pre-chilling treatment, seeds in groups of 25 were placed in Petri dishes between
two sheets of filter paper and moistened with 5 mL of tap water, then they were put in
a refrigerator at 4–5 ◦C for 4 days. The hormone treatment was conducted using GA3
(200 ppm or 0.2 g/L) prepared starting from gibberellic acid, 90% gibberellin A3 basis
(TLC) (Fluka Biochemika, Buchs, Switzerland). Seeds were placed between two sheets
of filter paper, moistened with 5 mL GA3 solution. The third treatment consisted of
seed leaching in tap water for 8 h, which were then put in Petri dishes between two
sheets of filter paper moistened with only 3 mL of tap water, because they were already
partially imbibed. Finally, mechanical scarification was carried out by rubbing seeds
manually on sandpaper to damage the hard outer layers, after which they were put in
Petri dishes between two sheets of filter paper moistened with 5 mL of tap water. The
dishes were put in climatized cabinets (Officine Meccaniche K.W. Mod. 1040, Siena, Italy)
at different temperature and light conditions: 25, 30, and 35 ◦C, both in complete light or
dark conditions or under 20–30 ◦C alternating temperature with a photoperiod of 16–8 h
and 8–16 h. The light was provided by cool white-light fluorescent lamps Osram L18 W/20
(10 μmol photons s−1 m−2 photosynthetically active radiation) (Osram GmbH, München,
Germany).

2.3. Germination Test and Measurements

Prior to the germination test, thousand seed weight, for each accession, was assessed
according to ISTA [12]. Germination was monitored every two or three days up to 30 days
as a function of temperature. Germination ended with the appearance of cotyledons. Ger-
minated seeds were counted, and germination counts were stopped when final germination
percentages were reached.

Germination percentage (G %) and mean of germination time (MGT) were calculated
according to following equations:

- G (%) = SNG/SNO × 100; where SNG is the number of germinated seeds and SNO is the
number of experimental seeds with viability, respectively.
- MGT = Σ (n × d)/N, where n = number of germinated seeds per day; d = number of days
needed for germination, and N = total number of germinated seeds.

2.4. Statistical Analyses

Data of both seed germination and MGT tests were subjected to an analysis of variance
(ANOVA) using the statistical software Costat Cohort V6.201 (CoHort Software, Monterey,
CA, USA). For each accession, the effect of pre-treatments (A, i.e., prechilling, GA3, leaching,
scarification, and control) and the temperature/light treatments (B, i.e., different constant
and alternating temperatures and light/dark conditions) and their reciprocal interactions
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(A × B) were analyzed by two-way ANOVA. Means were separated on the basis of a least
significant difference (LSD) test only when the ANOVA F-test per treatment was significant
at the 0.05 probability level [21]. For germination percentage, data arcsin transformation
[(x + 0.5)/n]1/2 was performed before variance analysis.

3. Results

The 1000 seeds weights (TSW), evaluated before starting the experiment, are reported
in Table 1. TSW significantly varied depending on accession, with the highest value reached
by F2016, followed by A2016 and, finally, FF2016.

Table 1. Determination of the thousand seed weight (TSW) for each investigated accession of
P. incarnata (F2016, FF2016, and A2016).

Accession TSW (g)

F2016 32.36 ± 0.14 a
FF2016 31.07 ± 0.26 c
A2016 31.79 ± 0.11 b

Values are mean (±standard deviation) of four replications. Different letters mean statistically significant
differences at p ≤ 0.05, according to LSD post hoc test.

The main results of the two-way ANOVA, performed to assess the effects of pre-
germination treatments (A), temperature/light (T&L) exposure (B), and A × B interaction
on germination percentage and MGT, are reported in Table 2. The results showed that
germination percentage was significantly affected by pre-germination treatments and T&L
exposure, as well as by their reciprocal interactions, in all P. incarnata accessions. On the
other hand, pre-germination treatments did not show any significant effect on MGT values
of any accession. T&L exposure and the interaction between the two variability factors,
instead, played a key role in affecting mean germination time in all three accessions.

Table 2. Effect of pre-germination treatment (A), temperature/light exposure (B), and their interac-
tions (A × B) on germination percentage and mean germination time (days) of P. incarnata seeds,
separately for each accession.

Accession Source of Variation Germination (%) MGT † (Days)

F2016
pre-germination treatments (A) ** NS

T&L exposure (B) ** ***
A × B ** ***

FF2016
pre-germination treatments (A) ** NS

T&L exposure (B) ** ***
A × B ** *

A2016
pre-germination treatments (A) ** NS

T&L exposure (B) ** ***
A × B ** ***

† MGT data at 25 ◦C were not included. The significance of variability factors (A and B) and their interactions
(A × B) according to the F-test is reported as follows: NS, not significant; *, significant at p ≤ 0.05; **, significant
at p ≤ 0.01; ***, significant at p ≤ 0.001.

In Tables 3–5, the differences in germination percentage, separately for each P. incarnata
accession, are reported. Regarding the effect of temperature and light/dark (L/D) con-
ditions, no germination was achieved for the control at 25 ◦C both in light and dark
conditions, confirming that this temperature value represents, for maypop, the below
threshold for germination. In F2016 accession (Table 3), the highest germination rate was
achieved at 35 ◦C/D, while the lowest one was observed at 25 ◦C/L. Considering the
effect of pre-germination treatments, significantly higher germination percentages were
registered with prechilling, GA3, and leaching in comparison with the control. Scarification
worsened germination rate, with values equal to control. Taking into account the effect of
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AxB interaction, interestingly, the best conditions were found at 35 ◦C/D in control and
after prechilling, GA3, and leaching. It is important to note that, in all other conditions
(25 ◦C/D; 30 ◦C/D&L; 35 ◦C/L), the pre-germination treatments significantly increased
the germination rates in comparison with the control, except for scarification.

Table 3. Effect of the pre-germination treatments (A), temperature/light conditions (B), and their reciprocal interactions
(A × B) on germination percentage of P. incarnata F2016 accession.

F2016 Accession Prechilling GA3 Leaching Scarification Control Mean T/L Conditions

25 ◦C/L 2.67 l–o 0.00 o 0.00 o 1.33 no 0.00 o 0.8 F
25 ◦C/D 8.00 h–n 16.00 f–i 9.33 g–m 2.67 l–o 0.00 o 7.2 E
30 ◦C/L 34.67 d–f 20.00 e–i 24.00 e–h 17.33 f–i 12.00 g–l 21.6 D
30 ◦C/D 49.33 cd 73.33 ab 76.00 ab 25.33 e–g 40.00 de 52.8 B
35 ◦C/L 70.67 bc 69.33 bc 81.33 ab 46.67 d 40.00 de 61.6 B
35 ◦C/D 80.00 ab 80.00 ab 84.00 ab 69.33 bc 90.00 a 80.7 A

20/30 ◦C–16/8 h 78.67 ab 25.33 e–g 17.33 f–i 12.00 g–l 21.33 e–h 30.9 CD
20/30 ◦C–8/16 h 46.67 d 29.33 d–f 46.67 d 33.33 d–f 8.00 h–n 32.8 C

Mean pre-treatments 46.3 A 39.2 A 42.3 A 26.0 B 26.4 B

A two-way ANOVA test was used to evaluate the effect of the interaction between pre-germination treatments (A) and temperature/light
conditions (B) (A × B). Means followed by the same letter are not significantly different at p ≤ 0.05 based on LSD test. Lower-case letters
indicate A × B interaction, upper-case letters indicate the effect of pre-germination treatments (A) and temperature/light conditions (B).

Table 4. Effect of the pre-germination treatments (A), temperature/light conditions (B), and their reciprocal interactions
(A × B) on germination percentage of P. incarnata FF2016 accession.

FF2016 Accession Prechilling GA3 Leaching Scarification Control Mean T/L Conditions

25 ◦C/L 2.67 st 6.67 rs 1.33 st 4.00 st 0.00 t 2.9 F
25 ◦C/D 22.67 n–q 28.00 l–q 13.33 qr 26.67 m–q 0.00 t 18.1 E
30 ◦C/L 20.00 o–q 34.67 g–o 24.00 m–q 21.33 n–q 20.00 o–q 24.0 D
30 ◦C/D 57.33 a–f 70.67 ab 53.33 b–g 64.00 a–d 60.00 a–e 61.1 A
35 ◦C/L 69.33 abc 42.67 e–m 46.67 d–l 49.33 d–i 48.00 d–i 51.2 B
35 ◦C/D 50.67 c–h 69.33 a–c 74.67 a 58.67 a–f 60.00 a–e 62.7 A

20/30 ◦C–16/8 h 74.67 a 30.67 i–p 17.33 pq 18.67 opq 20.00 o–q 32.3 CD
20/30 ◦C-8/16 h 38.67 f–n 42.67 e–m 33.33 h–p 33.33 h–p 20.00 o–q 33.6 C

Mean pre-treatments 42.0 A 40.7 AB 33.0 C 34.5 BC 28.5 D

A two-way ANOVA test was used to evaluate the effect of the interaction between pre-germination treatments (A) and temperature/light
conditions (B) (A × B). Means followed by the same letter are not significantly different at p ≤ 0.05 based on LSD test. Lower-case letters
indicate A × B interaction, upper-case letters indicate the effect of pre-germination treatments (A) and temperature/light conditions (B).

Table 5. Effect of the pre-germination treatments (A), temperature/light conditions (B), and their reciprocal interactions
(A × B) on germination percentage of P. incarnata A2016 accession.

A2016 Accession Prechilling GA3 Leaching Scarification Control Mean T/L Conditions

25 ◦C/L 0.00 s 4.00 p–s 1.33 rs 4.00 p–s 0.00 s 1.9 E
25 ◦C/D 0.00 s 6.67 o–r 6.67 n–r 4.00 p–s 0.00 s 3.5 E
30 ◦C/L 13.33 i–p 22.67 f–l 20.00 h–n 18.67 i–n 8.00 m–q 16.5 D
30 ◦C/D 65.33 a 50.67 a–c 37.33 c–g 28.00 e–l 48.00 a–d 45.9 B
35 ◦C/L 36.00 c–h 55.33 a–c 48.00 a–d 49.33 a–c 40.00 c–f 45.7 B
35 ◦C/D 53.33 a–c 60.00 ab 65.33 a 65.33 a 60.00 ab 60.8 A

20/30 ◦C–16/8 h 64.00 ab 16.00 i–n 18.67 h–n 13.33 i–p 21.33 g–m 26.7 C
20/30 ◦C–8/16 h 16.00 i–n 45.33 b–e 29.33 d–i 24.00 f–l 8.00 m–q 24.5 C

Mean pre-treatments 31.0 A 32.6 A 28.3 A 25.8 A 23.2 B

A two-way ANOVA test was used to evaluate the effect of the interaction between pre-germination treatments (A) and temperature/light
conditions (B). Means followed by the same letter are not significantly different at p ≤ 0.05 based on LSD test. Lower-case letters indicate
A × B interaction, upper-case letters indicate the effect of pre-germination treatments (A) and temperature/light conditions (B).
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For FF2016 accession (Table 4), the highest germination was obtained under both 35 ◦C/D
and 30 ◦C/D, while, as observed for F2016, the lowest germination occurred by adopting
the 25 ◦C/L condition. Differently to what was observed for F2016 accession, all the pre-
germination treatments significantly enhanced the germination percentage in FF2016 seeds.
Considering AxB interaction, a significant improvement of germination, going from the
control to pre-chilling under alternating temperatures of 20/30 ◦C (both photoperiods), as
well as under 35 ◦C/L, was observed (Table 4). Furthermore, the combination between
leaching and 35 ◦C/D conditions provided the highest germination percentage, followed
by the seeds subjected to GA3 and scarification treatments under the same T&L conditions.
For A2016 accession (Table 5), a similar trend as described for FF2016 was detected. In
fact, under 35 ◦C/D, the best germination conditions occurred, followed by 30 ◦C both
in light and dark. On the contrary, as observed for the other accessions, under 25 ◦C
(light and dark), the worst germination values were recorded. Once again, considering
the AxB interaction, the best conditions able to enhance germination percentage were due
to the combination of 20/30 ◦C 16/8 h and prechilling, and the combination of 35 ◦C/D
and leaching.

All these findings revealed that, among accessions, the untreated/control seeds of
F2016 had the highest germination rate (germination percentage up to 90%) when exposed
to 35 ◦C under dark conditions. This behavior confirmed that, for P. incarnata, the optimal
germination can be achieved at 35 ◦C in the dark. In such conditions, the untreated
seeds of FF2016 and A2016 achieved lower germination percentages (around to 60%) than
F2016. The higher values observed for control seeds of F2016 were expected on the basis of
1000-seed weight (Table 1). In FF2016 and A2016 accessions, pre-germination treatments
were absolutely necessary in order to improve the germination process.

MGT values showed that germination peaks usually occurred within two weeks.
Beyond this time, seeds sporadically sprouted. As a general trend, the time required for
germination (Figure 3) decreased progressively from light to dark conditions, depending
on pre-germination treatments, accession, and temperature. In F2016, this behavior was
particularly evident under 35 ◦C, while no differences were observed between light and
dark at 30 ◦C. Conversely, in FF2016 and A2016, a strong decrease in MGT was observed
from light to dark, both at 30 ◦C and 35 ◦C. MGT lasted roughly ten days in light conditions
(as mean value among accessions and pre-germination treatments) but fell to about one
week in dark conditions.

Figure 3. Effect of the interaction (A × B) between different pre-germination treatments (A) and temperature/light
conditions (B) on mean germination time (MGT) of P. incarnata F2016, FF2016, and A2016 accessions.

On the contrary, alternating temperature (20/30 ◦C) did not improve germination
energy, except when combined with prechilling. In fact, the interaction “pre-chilling ×
20/30 ◦C (16/8 h)” conditions resulted in MGT reduction in comparison with the control
(−200%). Alternating 20/30 ◦C temperatures, not associated with pre-chilling, gave the
longer germination times, as well as 35 ◦C under light conditions. Furthermore, in all
accessions, the adoption of an 8/16 h photoperiod significantly decreased MGT only in
the control and in seeds subjected to scarification and leaching in comparison with a
16/8 h photoperiod.
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Finally, considering the average values over the three accessions, all the pre-germination
treatments generally stimulated a faster germination compared to control. Among the
tested treatments, scarification seemed to lead to a quick germination process, even if
germination rate was not elevated.

4. Discussion

In the effort to improve and promote the cultivation of P. incarnata, the effects of
temperature, dark/light conditions, and pre-germination treatments on the germination
percentage and MGT of its seeds were investigated. The 1000 seeds weight (TSW) was
also evaluated as it represents one of the most important components in determining seed
quality. In fact, it is generally reported that seed germinability is positively related to seed
mass. Larger seeds germinated to a higher percentage thanks to their greater reserves,
which enable a greater tolerance to a range of hazards, including shade, drought, and
physical damage [22–24].

Definitively, the obtained results confirmed that P. incarnata seeds are photoblastically
negative and have pronounced heat requirements for germination. Optimal germination
percentages, in fact, were achieved with 35 ◦C in darkness, for each accession. In such
conditions, a significant and strong decline in MGT was also detected, confirming the trop-
ical origins of this species [25]. On the contrary, very low values were observed at 25 ◦C,
more pronounced under light conditions, for each pre-germination treatment and seed
accession. Data showed a significant interaction between complete light/dark exposition
and temperatures, underlining the fact that the light exposition has an inhibitory effect
on the germination of P. incarnata seeds. Among pre-germination treatments, pre-chilling,
GA3, and leaching appeared to be the most effective in enhancing normal seedling germi-
nation. Only for A2016, scarification gave similar results to pre-chilling, GA3, and leaching
treatments. On the contrary, in the other two accessions, under scarification, the dead
seeds percentage considerably increased, probably due to embryo damaging. A significant
interaction between pre-chilling and temperature was observed with significantly higher
germination values than control (+330%) at 20/30 ◦C (16/8 h).

Previous studies investigated the effect of different combinations of light and different
temperature regimes with the aim to improve seed germination in P. incarnata. In this re-
gard, Benvenuti et al. [18] tested combinations of white light (or darkness) and temperature
(20, 25, 30, 35, and 40 ◦C), or subjected P. incarnata seeds to different sequences of light
treatments (succession of red and far-red light, with 5 min each one) after 12 h of dark
incubation at 30 ◦C. These authors found that the germination threshold was surprisingly
high, both in darkness and light conditions (25.4 ◦C and 23.9 ◦C, respectively), while no
germination was observed at 20 ◦C. In addition, these authors observed that a suboptimal
temperature (lower than 35 ◦C) and far/far-red light both produced extremely low levels
of germination (around 5%). Zucarelli et al. [19] investigated the effect of alternate temper-
atures of 20–30 ◦C and 30–20 ◦C for periods of 16 and 8 h, simulating the photoperiod and
highlighting that alternating temperatures of 30–20 ◦C promoted the highest germination
rates. The results of these studies also demonstrated that high temperatures progressively
decreased the time required for germination, independently from light conditions. Simi-
larly, in our study, MGT decreased as result of the combination of high temperatures (35 ◦C)
and dark conditions, regardless of the pre-germination treatment.

In the literature, several studies have underlined the presence of dormancy in Passiflora
spp. [16,26] and, specifically in P. incarnata, a combination of physical and physiological
dormancy has been detected [27]. In general, all seed pre-germination treatments led to
enhanced water and oxygen exchange across seed coat layers. However, scarification did
not have the best result, as was supposed to be the case with physical dormancy. Otherwise,
results obtained with GA3 and leaching seem to confirm a possible physiological dormancy
in P. incarnata, as hormones and inhibitors were stimulated/removed, respectively.

Interestingly, our study, for the first time, pointed out that pre-chilling is an efficient
treatment to improve germination in P. incarnata seeds. Pre-chilling enhanced germi-
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nation as well, probably because this pre-treatment stimulated a variation in abscisic
acid/gibberellic acid rate (ABA/GA3) and free gibberellins biosynthesis [28]. Macchia
et al. [29] found that prechilling for 7–15 days in light or in darkness hardly affected per-
centage germination of Echinacea angustifolia seeds, but significantly increased the rate of
germination. On the contrary, GA3 treatment was not useful for this species.

The time conclusively required for seed germination decreased progressively with
increasing temperatures, but only under dark conditions, while in complete light conditions,
no variation was observed and MGT values remained almost constant with increasing
temperatures. Optimal germination times were achieved at 35 ◦C in dark conditions.
Similarly to germination percentages, even in MGT, alternating temperature (20/30 ◦C)
did not improve germination energy, except when combined with pre-chilling treatment.

5. Conclusions

The use of high-quality seeds is an important key factor in modern agriculture to
obtain a successful nursery and crop production, and particularly to enhance food security.
In fact, for a rapid and uniform crop establishment, the selection of good quality seeds with
improved vigor is of primary importance in order to enhance this critical and yield-defining
stage. Currently, in Italy, there are difficulties in the large-scale cultivation of Passiflora
incarnata, starting from the seed, due to dormancy. An enhancement of seed performance
during germination and seedling emergence is required for an efficient and competitive
nursery production. Little is known about the conditions under which the germination
process takes place and the treatments necessary to remove dormancy, since no guidelines
have been reported by the International Seed Testing Association (ISTA) for this species.
Thus, this study identified the main and most significant pre-germination treatments and
environmental parameters for improving the seed germination percentage and germination
energy of P. incarnata under controlled conditions. This makes possible to achieve stable
and agronomically satisfactory germination rates, thereby reducing seed propagation costs
for this species.
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13. Smẏkal, P.; Vernoud, V.; Blair, M.W.; Thompson, R.D. The role of the testa during development and in establishment of dormancy

of the legume seed. Front. Plant Sci. 2014, 5, 351.
14. De Oliveira, M.; São José, A.; Hojo, N.; Magalhães, O.; Novaes, F. Superação de dormência de maracujá-do-mato (Passiflora

cincinnata Mast.). Rev. Brasil. Fruticul. 2010, 32, 584–590. [CrossRef]
15. Torres, M. Seed dormancy and germination of two cultivated species of Passifloraceae. Bol. Cient. Mus. His. Nat. 2018, 22, 15–27.
16. Delanoy, M.; Van Damme, P.; Scheldeman, X.; Beltran, J. Germination of Passiflora mollissima (Kunth) L. H. Bailey, Passiflora

tricuspis Mast. and Passiflora nov sp. Seeds. Sci. Hort. 2006, 110, 198–203. [CrossRef]
17. Rego, M.M.; Rego, E.R.; Nattrodt, L.P.U.; Barroso, P.A.; Finger, F.L.; Otoni, W.C. Evaluation of different methods to overcome

in vitro deed dormancy from yellow passion fruit. Afr. J. Biotechnol. 2014, 13, 3657–3665. [CrossRef]
18. Benvenuti, S.; Simonelli, G.; Macchia, M. Elevated temperature and darkness improve germination in Passiflora incarnata L. seed.

Seed Sci. Technol. 2001, 29, 533–541.
19. Zucarelli, V.; Henrique, L.A.V.; Ono, E.O. Influence of light and temperature on the germination of Passiflora incarnata L. seeds.

J. Seed Sci. 2015, 37, 162–167. [CrossRef]
20. Aghilian, S.; Hosseini, M.K.; Anvarkhah, S. Evaluation of seed dormancy in forty medicinal plant species. Int. J. Agric. Crop Sci.

2014, 7, 760–768.
21. Gomez, A.A.; Gomez, K.A. Statistical procedures for agricultural research. In Statistical Procedures for Agricultural Research; John

Wiley & Sons: Hoboken, NJ, USA, 1984; p. 680.
22. Leishman, M.R.; Westoby, M. The role of seed mass in seedling establishment in dry soil conditions- experimental evidence from

semi-arid species. J. Ecol. 1994, 82, 249–258. [CrossRef]
23. Leishman, M.R.; Wright, I.J.; Moles, A.T.; Westoby, M. The evolutionary ecology of seed size. In Seeds: The Ecology of Regeneration

in Plant Communities, 2nd ed.; CABI Publishing: Wallingford, UK, 2000; pp. 31–57.
24. Elliott, R.H.; Mann, L.W.; Olfert, O.O. Effects of seed size and seed weight on seedling establishment, seedling vigour and

tolerance of summer turnip rape (Brassica rapa) to flea beetles, Phyllotreta spp. Can. J. Plant Sci. 2007, 87, 385–393. [CrossRef]
25. Killip, E.P. Supplemental Notes on the American Species of Passifloraceae with Descriptions of New Species; Bulletin of the United States

National Museum; Smithsonian Institution: Washington, DC, USA, 1960; pp. 19–20.
26. Salazar, A.; Ramírez, C. Fruit maturity stage and provenance affect seed germination of Passiflora mollissima (banana passion fruit)

and P. ligularis (sweet granadilla), two commercially valuable tropical fruit species. Seed Sci. Technol. 2017, 45, 383–397. [CrossRef]
27. Veiga-Barbosa, L.; Mira, S.; González-Benito, M.E.; Souza, M.M.; Meletti, L.M.M.; Pérez-García, F. Seed germination, desiccation

tollerance and cryopreservation of Passiflora species. Seed Sci. Technol. 2013, 41, 89–97. [CrossRef]
28. Rascio, N.; Carfagna, S.; Esposito, S.; La Rocca, N.; Lo Gullo, M.A.; Trost, P.; Vona, V. Elementi di Fisiologia Vegetale; EdiSES: Naples,

Italy, 2014; pp. 329–354.
29. Macchia, M.; Angelini, L.G.; Ceccarini, L. Methods to overcome seed dormancy in Echinacea angustifolia DC. Sci. Hortic. 2001,

89, 317–324. [CrossRef]

170



agriculture

Article

Enhancement of Interplanting of Ficus carica L. with Taxus
cuspidata Sieb. et Zucc. on Growth of Two Plants

Xue Yang 1,2,3,4,5, Yuzheng Li 1,3, Chunying Li 1,2,3,4,5,*, Qianqian Li 1,2,3,4,5, Bin Qiao 1,2,3,4,5, Sen Shi 1,2,3,4,5

and Chunjian Zhao 1,2,3,4,5

Citation: Yang, X.; Li, Y.; Li, C.; Li, Q.;

Qiao, B.; Shi, S.; Zhao, C.

Enhancement of Interplanting of

Ficus carica L. with Taxus cuspidata

Sieb. et Zucc. on Growth of Two

Plants. Agriculture 2021, 11, 1276.

https://doi.org/10.3390/

agriculture11121276

Academic Editors: Mario Licata,

Antonella Maria Maggio, Salvatore La

Bella and Teresa Tuttolomondo

Received: 24 November 2021

Accepted: 14 December 2021

Published: 15 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Key Laboratory of Forest Plant Ecology, Ministry of Education, Northeast Forestry University,
Harbin 150040, China; klp20yx@nefu.edu.cn (X.Y.); liyuzheng@3sbio.com (Y.L.); lqq21@nefu.edu.cn (Q.L.);
klp20qb@nefu.edu.cn (B.Q.); klp20ss@nefu.edu.cn (S.S.); zcj@nefu.edu.cn (C.Z.)

2 College of Chemistry, Chemical Engineering and Resource Utilization, Northeast Forestry University,
Harbin 150040, China

3 Engineering Research Center of Forest Bio-Preparation, Ministry of Education, Northeast Forestry University,
Harbin 150040, China

4 Collaborative Innovation Center for Development and Utilization of Forest Resources, Harbin 150040, China
5 Heilongjiang Provincial Key Laboratory of Ecological Utilization of Forestry-Based Active Substances,

Northeast Forestry University, Harbin 150040, China
* Correspondence: lcy@nefu.edu

Abstract: Medicinal-agroforestry systems are one of the multi-functional medicinal plant production
systems, gaining attention as a sustainable alternative to traditional monoculture systems. In this
study, three planting patterns were established which included: (1) monoculture F. carica (MF);
(2) monoculture T. cuspidata (MT); and (3) interplanting F. carica with T. cuspidata (IFT). The differences
of growth biomass, photosynthesis, soil nutrients, soil enzyme activities, soil microorganisms, and
main secondary metabolites of F. carica and T. cuspidata under the above three models were investi-
gated. Compared with the MF and MT patterns, IFT pattern for 5 months significantly increased the
plant growth biomass, photosynthesis, soil organic carbon, total nitrogen, and secondary metabolites
content. The activities of acid phosphatase, sucrase, protease, polyphenol oxidase, urease, dehy-
drogenase, and catalase in soil of IFT were significantly higher than MF and MT patterns. Results
showed that IFT pattern is preferred compared to the MF and MT patterns. Our result will help
to provide a feasible theoretical basis for the large-scale establishment of F. carica and T. cuspidata
mixed forests and obtain high-quality medicine sources for extracting important active ingredients,
psoralen and paclitaxel, which are crucial to the long-term sustainable development and production
of medicinal plants.

Keywords: Ficus carica L.; Taxus cuspidata Sieb. et Zucc.; medicinal-agroforestry system; soil enzyme
activity; secondary metabolites; photosynthesis; sustainability

1. Introduction

Ficus carica L. is a species of Ficus plant in the Moraceae family. It is a perennial
deciduous shrub with rapid growth and broad leaves [1,2]. F. carica is a robust and
highly productive traditional medicinal plant that can adapt well to weather changes. The
most important secondary metabolite in F. carica is psoralen [3]. Because of its strong
physiological activity, F. carica is considered to have anti-bacterial, anti-viral, anti-tumor,
and blood sugar lowering effects [4,5]. F. carica is cultivated widely in China, primarily
distributed in Xinjiang, Fujian, Shandong, and other places.

Taxus cuspidata Sieb. et Zucc. is a species of Taxus in the Taxaceae family, which
is a national first-level key protected wild plant that grows slowly and prefers a moist
and cool environment [6,7]. T. cuspidata is in an endangered state due to its reproductive
characteristics, habitat conditions, man-made destruction, and other factors, as well as the
need for moderate shade treatment in the early growth period (1 to 3 years). Paclitaxel
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is contained in the roots, stems, and leaves of T. cuspidata, which has a broad-spectrum
anti-cancer effect and is considered to be the most promising new anti-cancer drug, so its
demand is increasing with each passing year [8]. T. cuspidata resources in China account for
most of the worldwide T. cuspidata resources, but from the perspective of the worldwide
demand for raw materials for paclitaxel extraction, its resource reserves are still far from
sufficient. Therefore, it is urgent to adopt appropriate methods for large-scale cultivation
of T. cuspidata plantation.

A medicinal-agroforestry system is a traditional way of land use which combines
different plants according to the different suitable environments and the characteristics
of spatial location, such as deep and shallow roots, growth rate, etc., thus forming a
stable and efficient artificial compound ecosystem that promotes itself [9]. In addition, the
medicinal-agroforestry system is a multi-functional medicinal plant production system
and is gaining attention as a sustainable alternative to traditional monoculture systems.
Compared to monoculture patterns, the medicinal-agroforestry system is considered to
be a more beneficial land use practice, contributing to improved soil quality and soil
biodiversity [10,11]. Medicinal-agroforestry systems, which promote ecological diversity
and sustainability while also providing social, economic, and environmental benefits,
deserve to be vigorously pursued.

There are no reports on interplanting F. carica with T. cuspidata. In this study, according
to the characteristics of slow growth, deep root system, and shade-loving growth charac-
teristics of T. cuspidata, the heliophilous plant F. carica with medium shallow root system
and fast growth was selected for interplanting. In the cultivation practice of T. cuspidata,
due to the slow growth rate of T. cuspidata seedlings and intolerance to strong light, it is
often necessary to build shade sheds to block part of the sunlight. The F. carica seedlings
grow rapidly and can be quickly uplifted in the year of the transplanting and grow larger
leaves [1]. F. carica are interplanted with the T. cuspidata, so that the crowns of the F. carica
and T. cuspidata are located on the upper and lower layers, respectively. F. carica not only
decreases the damage on T. cuspidata caused by strong light but also reduces the cost of
building shade sheds.

This study investigated the effects of different planting patterns on the growth of two
plants. Indicators for proving the effects on plant growth include the growth biomass,
photosynthesis, soil nutrients, soil microbial communities, and secondary metabolites.
It is expected to provide a feasible theoretical basis for formulating a high-efficiency
interplanting patterns of F. carica with T. cuspidata and realizing sustainable land use.

2. Materials and Methods

2.1. Location of the Experiment and Plant Materials

This study was performed from April to September 2020 at the Xiazhuang experi-
mental field located in Rongcheng City, Shandong Province, China (37◦23’ N; 122◦52’ E)
(Figure 1). The study area has a warm temperate monsoon humid climate with the an-
nual average temperature of 12.4 ◦C, the annual average precipitation of 800 mm, and
the annual average humidity of 89%. It has an annual average sunshine of 2600 h, the
annual evaporation of 1930.7 mm, and the frost-free period was 208 days. Compared with
the inland areas at the same latitude, it is characterized by abundant rainfall, moderate
annual temperature, and mild climate. The soil was classified as typical brown soil and
has a paddy soil type with topsoil (0–20 cm) that the soil nutrient content was as follows:
pH 5.5; contained organic matter 55.2 mg·kg−1; total nitrogen 4.6 g·kg−1; alkali nitrogen
61.8 mg·kg−1; available phosphorus 38.2 mg·kg−1; and available potassium 319.7 mg·kg−1.

A F. carica annual cutting seedling was selected and seedling height was 40–50 cm. The
selected T. cuspidata were four-year-old seedlings and the seedling height was
25–35 cm. They were all grown at the Xiazhuang experimental field located in Rongcheng
City, Shandong Province, China (37◦23’ N; 122◦52’ E).
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Figure 1. Location of medicinal-agroforestry system in Xiazhuang County, Rongcheng City, Shandong
Province, China.

2.2. Experimental Design and Treatments

In this study, three planting patterns were established, which included: (1) monocul-
ture F. carica (MF); (2) monoculture T. cuspidata (MT); and (3) interplanting F. carica with T.
cuspidata (IFT) (Figure 2). All systems adopt the same agronomic management practices.
The experiment was arranged in plots in a randomized design. Four plots were randomly
set up for each pattern in this experiment. The area of each plot was 20 × 50 m2, and the
distance between adjacent plots was at least 10 m. In MF, F. carica was planted with a row
and plant spacing of 0.8 m × 1.0 m. In MT, T. cuspidata was planted with a row and plant
spacing of 0.8 m × 1.0 m. In IFT, a T. cuspidata was planted between every two adjacent F.
carica, and the spacing between the adjacent T. cuspidata and F. carica was 0.8 m; the row
spacing was 1.0 m.

F. carica and T. cuspidata were transplanted after a period of slow seedling and the
plants began to grow normally. The following experimental indicators were measured on
the 15th day of each month from May to September 2020.

Figure 2. Experimental design of three planting patterns.

2.3. Determination of Plant Biomass

F. carica growth measurement: We used a tape measure to measure the length of all
the branches of the current year. We used a traveling caliper to measure the diameter of
the base, base to end, and at the end position of the current year branches. The branch
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is approximately regarded as composed of several circular truncated cones whose height
does not exceed 5 cm. By calculating the volume of each circular truncated cone, the current
year branch volume of F. carica can be calculated. The total volume (cm3) of F. carica branch
in the current year was used as an index to evaluate the growth of F. carica.

T. cuspidata growth measurement: The plant height and base diameter were measured
by measuring tape and vernier caliper, respectively, and these indicators were used as the
evaluation indexes of T. cuspidata growth.

2.4. Determination of Plant Photosynthesis

When the temperature and humidity were suitable on a sunny day, the apical ma-
ture leaves of F. carica and T. cuspidata with good growth and consistent leaf orientation
were selected to ensure that the tested leaves received good light. The photosynthetic
parameters such as the net photosynthetic rate (Pn, μmol·m−2·s−1), stomatal conductance
(Gs, mmol·m−2·s−1), and intercellular carbon dioxide concentration (Ci, μmol·mol−1)
were measured using a Yaxin-1102 portable photosynthesis apparatus at the same time
every month.

2.5. Soil Sampling and Soil Chemical Analysis
2.5.1. Soil Sampling

Soil samples from the depth of 0–20 cm were randomly collected from the three
patterns (MF, MT, and IFT). Each pattern consisted of four sub-samples, repeated four
times. After collection, the soil samples were sealed in labeled vacuum plastic bags and
sent to the laboratory as early as possible. Each soil sample was divided into two parts:
one was air drying, grinding, and 0.20 mm sieving to determine soil organic carbon (SOC),
total nitrogen (TN), and enzyme activity analysis, and the other was stored in a refrigerator
at 4 ◦C for microbial determination.

2.5.2. Determination of Soil Organic Carbon and Total Nitrogen

In short, SOC was measured using the hydrated potassium thermo-dichromate oxida-
tion method [12], while the Kjeldahl digestion method was used to determine TN [13].

2.5.3. Determination of Soil Microbial Community

The abundance of soil microbial community was calculated by conventional plate
colony counting. Bacteria were cultured on beef extract-peptone medium (beef extract,
3.0 g; peptone,10.0 g; NaCl, 5.0 g; agar, 15–25 g; metalaxyl and propamocarb 1.25 g;
water, 1000 mL; pH 7.4–7.6 for 1 L) [14], while fungi were cultured on Martin medium
(KH2PO4·3H2O, 0.1 g; MgSO4·7H2O, 0.05 g; 0.1% Bengal red solution, 0.33 mL; distilled
water, 100 mL; natural pH 2%; sodium deoxycholate solution, 2 mL; streptomycin solution
(10,000 units·mL−1) 0.33 mL for 1 L) [15]. For the cultivation of bacteria and fungi, we took
50 μL 10−6 and 10−4 soil suspension, respectively, and added them to the corresponding
medium. Each treatment was repeated 4 times. After solidification, they were placed in a
28 ◦C constant temperature incubator. Bacteria and fungi were cultured for 3–4 days and
3–5 days, respectively.

2.5.4. Dynamic Changes of Soil Enzyme Activities

Seven kinds of soil enzyme activities (acid phosphatase, sucrase, protease, polyphenol
oxidase, urease, dehydrogenase, and catalase) were detected. Acid phosphatase activity
was determined by the disodium phosphate benzene colorimetric method [16], and the
3,5-dinitrosalicylic acid method was applied to assay the sucrase activity [17]. Protease
activity was assayed according to ninhydrin colorimetric method [18]. The activity of
polyphenol oxidase in the soil was determined by spectrophotometry [19]. Urease activity,
dehydrogenase activity, and catalase were measured by colorimetric analysis of sodium
phenate-sodium hypochlorite [20], the triphenyl tetrazolium chloride reduction [21], and
the potassium permanganate titration method [22], respectively.
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2.6. Determination of Secondary Metabolites Content
2.6.1. Determination of Psoralen in F. carica

The fresh leaves were collected from the sample plot and dried at 60 ◦C for 24 h, then
ground into powder. Dried powder samples were weighed (1 g) and dissolved in 25 mL of
methanol. Each sample was extracted for 40 min by an ultrasonic cleaner. After filtration,
the filtrate residue was ultrasonic with 25 mL methanol for 40 min, repeated twice. The
filtrate was combined and evaporated to dryness, redissolved with methanol to 10 mL, and
centrifuged to obtain the supernatant at 1200 rpm for 20 min, which was injected into a
high-performance liquid chromatography (HPLC) system. Chromatographic conditions:
The mobile phase was A: methanol and B: ACN-water (15:85, v/v), injection volume was
20 μL, the flow rate was 1.0 mL min−1, detection wavelength was 310 nm, and an analysis
cycle was 30 min [23].

2.6.2. Determination of Paclitaxel in T. cuspidata

The preparation method of the T. cuspidata extract is the same as 2.6.1. Chromato-
graphic conditions: The mobile phase was methanol/acetonitrile/water (25:35:40, v/v/v)
run over a period of 30 min at flow rate was 1.0 mL min−1. Injection volume was 20 μL,
detection wavelength was 232 nm [24].

2.7. Statistical Analysis

All experiments were conducted as completely randomized design in four replications.
All of the data were analyzed using SPSS 22.0; one-way ANOVA and Duncan’s multiple
range test (p < 0.01) were used to further deal with the experimental data differences
between treatments. Figures were created with Origin Pro 9.0.

3. Results

3.1. Variation of Plant Biomass in Different Planting Patterns
3.1.1. Variation of F. carica Growth in Different Planting Patterns

Variation of total volume of F. carica new branch under different planting patterns are
shown in Table 1. The new branch total volume of IFT for 1–5 months was significantly
(p < 0.01) higher than MF. The biomass of IFT for 5 months in the same year was 96.8 cm3,
which was 23.5% higher than that of MF. In terms of the total volume of F. carica new
branch, the IFT pattern was better than MF.

Table 1. Variation of total volume of F. carica new branch under different planting patterns.

Month
Planting Patterns

Interplanting (cm3) Monoculture (cm3)

5 45.8 ± 1.1 Ea 40.5 ± 2.0 Eb
6 63.4 ± 1.3 Da 56.1 ± 1.9 Db
7 75.9 ± 1.7 Ca 67.2 ± 2.1 Cb
8 85.7 ± 1.8 Ba 73.8 ± 1.4 Bb
9 96.8 ± 2.1 Aa 78.4 ± 1.8 Ab

Different uppercase letters indicate significant differences between different treatments time at p < 0.01, while
different lowercase letters indicate significant differences in different planting patterns p < 0.01.

3.1.2. Variation of T. cuspidata Growth in Different Planting Patterns

Variation of T. cuspidata plant height under different planting patterns is shown in
Table 2. Regardless of the planting pattern, the plant height of T. cuspidata increased
significantly monthly (p < 0.01), and there was no significant difference in the growth rate
of plant height between MT and IFT planted for 1 month (p > 0.01). The growth rate of
plant height of IFT planted for 2–5 months was significantly (p < 0.01) higher than MT.
The growth rate of plant height of IFT for 5 months was 121.7%, which was 1.2 times the
growth rate of MT.
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Table 2. Variation of T. cuspidata plant height under different planting patterns.

Month
Interplanting Monoculture

Plant Height (cm) Growth Rate of Plant Height (%) Plant Height (cm) Growth Rate of Plant Height (%)

4 34.1 ± 1.9 Fa — 30.2 ± 1.5 Fb —
5 40.9 ± 1.7 Ea 19.9 ± 1.9 Ea 34.7 ± 2.4 Eb 14.9 ± 2.4 Ea
6 47.4 ± 2.1 Da 39.0 ± 1.6 Da 40.2 ± 1.3 Db 33.1 ± 0.4 Db
7 57.9 ± 1.8 Ca 69.8 ± 1.8 Ca 48.7 ± 1.7 Cb 61.3 ± 0.7 Cb
8 68.5 ± 2.4 Ba 100.8 ± 1.3 Ba 57.5 ± 1.6 Bb 90.4 ± 1.8 Bb
9 75.6 ± 1.6 Aa 121.7 ± 1.2 Aa 61.8 ± 1.3 Ab 104.6 ± 0.9 Ab

Different uppercase letters indicate significant differences between different treatments time at p < 0.01, while different lowercase letters
indicate significant differences in different planting patterns p < 0.01.

Variation of T. cuspidata basal diameter under different planting patterns is shown in
Table 3. The growth rate of basal diameter of IFT planted for 2–5 months was significantly
(p < 0.01) higher than that of MT. The growth rate of basal diameter of IFT for 5 months
was 45.3%, which was 2.1 times the growth rate of MT. Considering the growth of plant
height and basal diameter of T. cuspidata, IFT pattern is better than MT.

Table 3. Variation of T. cuspidata basal diameter under different planting patterns.

Month
Interplanting Monoculture

Basal Diameter (mm) Growth Rate of Basal Diameter (%) Basal Diameter (mm) Growth Rate of Basal Diameter (%)

4 14.54 ± 0.11 Fa — 14.46 ± 0.17 Fa —
5 15.38 ± 0.32 Ea 5.8 ± 2.1 Ea 14.98 ± 0.14 Eb 3.6 ± 7.8 Eb
6 16.89 ± 0.28 Da 16.2 ± 5.4 Da 15.71 ± 0.24 Db 8.6 ± 5.7 Db
7 18.53 ± 0.23 Ca 27.4 ± 2.2 Ca 16.63 ± 0.33 Cb 15.0 ± 8.0 Cb
8 20.23 ± 0.37 Ba 39.1 ± 3.2 Ba 17.35 ± 0.26 Bb 20.0 ± 4.1 Bb
9 21.13 ± 0.25 Aa 45.3 ± 1.2 Aa 17.63 ± 0.22 Ab 21.9 ± 7.3 Ab

Different uppercase letters indicate significant differences between different treatments time at p < 0.01, while different lowercase letters
indicate significant differences in different planting patterns p < 0.01.

3.2. Variation of Plant Photosynthesis in Different Planting Patterns
3.2.1. Variation of F. carica Photosynthesis in Different Planting Patterns

Variation of F. carica Pn, Gs, and Ci in different planting patterns was investigated
and results were shown in Figure 3. The Pn in the IFT pattern was better than MF, which
increased significantly (p < 0.01) by 22.0%, 14.4%, 14.3%, 12.1%, and 8.8% from May to
September. Compared with MF, the Gs of IFT was significantly increased (p < 0.01) by 10.2%
and 11.1% from August to September, but there was no significant difference from May
to July. The Ci of IFT pattern was 3.8%, 4.1%, 4.4%, 3.8%, and 3.7% (significantly, p < 0.01)
higher than those of the MF from May to September, respectively. These results indicated
that the IFT pattern had the advantage of enhancing the photosynthesis of F. carica.

Figure 3. Variation of net photosynthetic rate (A), stomatal conductance (B), and intercellular carbon dioxide concentration
(C) of F. carica under different planting patterns. Values are reported as Mean ± SD, n = 4.
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3.2.2. Variation of T. cuspidata Photosynthesis in Different Planting Patterns

Figure 4 shows that the variation of Pn, Gs, and Ci of T. cuspidata under different
planting patterns. Regardless of the planting pattern, the Pn, Gs, and Ci of T. cuspidata
increased significantly monthly and reached the highest point in September. Compared
with MT, the Pn, Gs, and Ci of IFT were significantly (p < 0.01) increased by 10.0%, 6.7%,
and 9.0% in September, respectively. In terms of photosynthesis, the IFT pattern was better
than MT.

Figure 4. Variation of net photosynthetic rate (A), stomatal conductance (B), and intercellular carbon dioxide concentration
(C) of T. cuspidata under different planting patterns. Values are reported as mean ± SD, n = 4.

3.3. Variation of Soil Chemical Analysis in Different Planting Patterns
3.3.1. Variation of Soil Organic Carbon and Total Nitrogen in Different Planting Patterns

Both monoculture and interplanting patterns had significant effects on the contents of
SOC and TN (Figure 5). The SOC content ranged from 2.02 mg g−1 to 3.45 mg g−1 among
all planting patterns and SOC content increased as time increase, where it was observed as
the highest in September. For SOC content, IFT had the highest content among all planting
patterns. Overall, the SOC contents among all planting patterns were in the order of
IFT > MT > MF (Figure 5A).

Figure 5. Variability in (A) soil organic carbon (SOC) and (B) total nitrogen (TN) in different planting patterns. Values are
reported as mean ± SD, n = 4.

Similar results compared with SOC, the TN showed the same trend between the
monoculture and interplanting patterns. The TN content ranged from 1.13 mg g−1 to
2.52 mg g−1 among all planting patterns. For TN content, IFT had the highest content
among all planting patterns. Overall, the TN contents among all planting patterns were in
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the order of IFT > MT > MF (Figure 5B). In terms of SOC and TN content, the IFT pattern
was better than MF and MT.

3.3.2. Variation of Soil Microbial Community in Different Planting Patterns

Variability in bacteria, fungus, and bacteria/fungus in soil under different planting
patterns is shown in Figure 6. Regardless of the planting pattern, the number of bacteria
increased significantly monthly and reached the highest point in September. Overall, the
number of bacteria were in the order of MT > MF > IFT (Figure 6A). The amount of fungus
in the IFT pattern was 13.8% significantly higher than MF in September. Compared with MT,
the amount of fungus in IFT was significantly increased (p < 0.01) by 22.2% in September.
Overall, the amount of fungus was in the order of IFT > MF > MT (Figure 6B). The ratio of
bacteria/fungus reached the lowest value under IFT pattern in August, which was 0.89.
Overall, the ratio of bacteria/fungus was in the order of IFT > MT > MF (Figure 6C).

 

Figure 6. Variability in (A) bacteria, (B) fungus, and (C) bacteria /fungus in soil under different planting pat terns. Values
are reported as mean ± SD, n = 4. Different uppercase letters indicate significant differences between different treatments
time at p < 0.01, while different lowercase letters indicate significant differences in different planting patterns p < 0.01.

3.3.3. Variation of Soil Enzyme Activities in Different Planting Patterns

Figure 7 shows the variability in soil enzyme activities of acid phosphatase, sucrase,
protease, polyphenol oxidase, urease, dehydrogenase, and catalase with time under three
planting patterns. Regardless of the planting pattern, seven soil enzyme activities increased
significantly monthly and were observed to be the highest in September. The seven enzyme
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activities of IFT pattern were 14.4%, 60.0%, 5.1%, 47.3%, 15.4%, 9.2%, and 30.0% higher than
that of MF in September, respectively. Compared with MT, the soil corresponding enzyme
activities of IFT were significantly increased (p < 0.01) by 34.8%, 52.4%, 13.8%, 131.0%,
48.4%, 15.3%, and 47.7% in September, respectively. In terms of soil enzyme activities, the
IFT pattern was better than MF and MT.

Figure 7. Variability in (A) acid phosphatase, (B) sucrase, (C) protease, (D) polyphenol oxidase, (E) urease, (F) dehydroge-
nase, and (G) catalase bacteria soil enzyme activities under different planting patterns. Values are reported as mean ± SD,
n = 4. Different uppercase letters indicate significant differences between different treatments time at p < 0.01, while different
lowercase letters indicate significant differences in different planting patterns p < 0.01.

3.4. Variation of Secondary Metabolites Content in Different Planting Patterns

The psoralen content in F. carica and paclitaxel content in T. cuspidata under different
planting patterns are shown in Figure 8. The psoralen content in F. carica planted for
1–5 months in IFT was significantly (p < 0.01) higher than that of MF. The psoralen content
in F. carica of IFT pattern for 5 months was 4.12 mg g−1, which was 1.1 times of MF
(Figure 8A).

The paclitaxel content in T. cuspidata planted for 1–5 months was significantly (p < 0.01)
higher than that of MT. The paclitaxel content significantly increased as time increased,
where it was observed as the highest in September. In addition, the paclitaxel content of
IFT was 34.3% higher than that of MT in September (Figure 8B). These results indicated
that IFT pattern had the advantage of improving the secondary metabolites content.
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Figure 8. Variability in (A) psoralen content in F. carica and (B) paclitaxel content in T. cuspidata under different planting
patterns. Values are reported as mean ± SD, n = 4.

4. Discussion

Compared with the monoculture pattern, the growth biomass of F. carica and T.
cuspidata under interplanting pattern were significantly improved. It was reported that
interplanting can effectively improve the growth of some plants [25,26]. F. carica could
weaken the damage of strong light to T. cuspidata under IFT pattern, which could partly
explain the promoting effect of F. carica on T. cuspidata growth under the interplanting
pattern. The photosynthetic index under IFT pattern was significantly higher than that
of MF, which indicated that there was more dry matter accumulation in the interplanting
pattern [27]. In theory, interplanting did not significantly change the light, temperature,
water, air, or other ecological factors that might affect the growth of F. carica, so it was
speculated that the change of soil factors caused by interplanting pattern was the important
factor promoting the growth of F. carica and T. cuspidata.

In our study, we found that the most significant effect of IFT was the increase of SOC
and TN contents. Great SOC accumulation in the presence of the interplanting pattern
was ascribed to enhance SOC input from higher plant biomass production [28]. The higher
SOC and TN contents in the interplanting pattern might be a sign of improved soil nutrient
cycling and accumulation [29–31]. The presence of high diversity interplanting pattern
promoted soil fertility and storage of SOC and TN contents compared to monoculture
pattern. Another possible reason was that interplanting can provide more comprehensive
ground coverage and better water use efficiency [32,33]. The combination of different
plant species affects the composition of the soil nutrient; in particular, plant diversity has
a significantly higher impact on soil nutrients than any other factor, which is likely due
to the more developed roots of the IFT pattern and the surrounding soil and results in
more favorable nutrients for root development [34–36]. Thus, it was speculated that the
IFT pattern increases the soil nutrient conversion cycle and might help the suppression of
plant disease.

Our research suggests that the amount of bacteria in soil tends to be lower than that of
the monoculture pattern following the IFT while the amount of fungus tends to be higher.
Moreover, the total number of microorganisms showed an increasing trend. Combined
with the growth indicators of the two kinds of plants, a decrease in bacteria and an increase
in fungi allowed the plants to grow more luxuriantly. The number of microorganisms in
soil plays an important role in plant growth [37]. Interplanting can significantly increase
the number of soil microorganisms, thus promoting the release of soil nutrients, so that
plants absorb nutrients more conducive to growth [38–40]. The IFT pattern enhanced the
relative number of potentially beneficial microorganisms in the soil, which is crucial to
decreasing the prevalence of soil-borne diseases and keeping soil healthy. To some level, it
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may be attributed to complex interactions between plants, such as allelopathy. Plant roots
can release chemicals into the soil affecting the soil microbial community and can thus
affect soil properties in many ways [41].

Soil enzymes are a kind of special metabolite in soil, and also an indicator of relatively
stable and sensitive soil biological activity [42]. A superior understanding of the soil
enzymatic activity in different planting patterns with a profundity effect can lead to a
better knowledge about how interplanting patterns enhance soil microbial activity and
soil fertility. Soil enzyme activity can affect soil physical and chemical properties, thus
affecting plant growth. Acid phosphatase is the main enzyme in the cycle of phosphorus
in soil and can catalyze the transformation of soil organic phosphorus into inorganic
phosphorus available to plants [43–45]. Sucrase is an important catalytic enzyme for
carbon cycling and its activity can reflect soil ripening degree and fertility level [46,47].
Protease enzyme plays a crucial role in the catalysis of nitrogen minerals and nitrogen
cycling [48] while polyphenol oxidase could protect roots from bacteria and viruses as
they grow [49]. Urease’s primary function is to catalyze the transformation of soil amide
nitrogen into ammonium nitrogen that can be absorbed directly by plants and its activity
is closely related to nitrogen use efficiency [50]. It has been reported that dehydrogenase
activity participates in the biological oxidation of soil organic matter, proteolytic activity,
and respiration [51]. To some level, catalase activity is a critical factor that prevents the
oxidation of nutrients in root protoplasts [52,53].

In our present study, a very significant improvement in seven soil enzymatic activities
was observed in the interplanting pattern compared to in the monoculture pattern. F. carica
and T. cuspidata in interplanting pattern could absorb more nutrients, make more direct use
of ammonium nitrogen, protein, and inorganic phosphorus in the soil, and can protect from
the threat of bacteria and viruses in the soil, allowing the plant to grow more smoothly.
These results indicated that an interplanting pattern can improve the level of soil fertility
and increase the utilization rate of nitrogen and phosphorus [54], which may be another
important reason for the increase of the growth biomass of these two plants, especially
F. carica. Nutrients, enzymes, and microorganisms work together to achieve a dynamic
balance and have a positive impact on plant growth. Therefore, from the perspective of
soil enzyme activity index, the IFT pattern was superior to that of MF and MT.

Psoralen is a secondary metabolite in F. carica and paclitaxel a secondary metabolite
in T. cuspidata. In our study, the IFT pattern significantly increased the psoralen content
in F. carica. This is similar to the result of where the IFT pattern could increase the pacli-
taxel content in T. cuspidata. As an agrotechnical approach, interplanting normally has a
crucial factor in the production and accumulation of plant secondary metabolites [55,56].
Secondary metabolites secreted can also have a wide range of biological activities that
either protect the plant against pests and pathogens or act as plant growth promotors
which can be beneficial for the agricultural crops [57,58]. This study forms the theoretical
basis for a sustainable way to optimize medicinal-agroforestry systems. F. carica provides
shade for the T. cuspidata, reducing the cost of building shade sheds. Thus, medicinal-
agroforestry systems enhance land utilization, realize a joint increase in production, and
enhance economic benefits. In addition, further long-term monitoring is needed to confirm
the usefulness of such a plant combination for human health.

5. Conclusions

In conclusion, the IFT pattern can enhance the ecological environment of soil and
soil quality by increasing plant biomass, photosynthesis, soil enzyme activities, number of
potentially beneficial microorganisms, and secondary metabolite content, hence improving
the yield and quality of F. carica and T. cuspidata. The results of our study can provide a
feasible theoretical basis for the large-scale establishment of F. carica and T. cuspidata mixed
forests and obtain high-quality medicine sources for extracting psoralen and paclitaxel.
The IFT pattern is an excellent example of a new strategy for ecological medicinal plants
planting, which plays a crucial role in long-term sustainable development and production
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of medicinal plants. Future management should be cognizant of medicinal-agroforestry
interplanting patterns, as they have multiple benefits over monoculture patterns.
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Abstract: Different concentrations of compost applied as organic fertilizer can modify productive,
quality, and chemical parameters in several fruit tree species. The objective of this study was to
determine the effect of increasing applications of compost on physiological, productive, and quality
parameters in calafate fruit during the seasons of 2018–2019 and 2019–2020. The study was conducted
on a commercial calafate orchard using a randomized complete block design with four treatments
(CK: no compost application, T1: 5 Ton ha−1, T2: 10 Ton ha−1, and T3: 15 Ton ha−1), each with four
repetitions. The results did not show statistical significance for stomatal conductance (Gs), quantum
yield of PSII, or photosynthetic active radiation (PAR) within treatments. As for fruit yield, a statistical
difference was found between the control treatment and T1, which were lower than T2 and T3 in both
seasons. The trees reached a higher leaf area index with T2 in both seasons. The highest antioxidant
capacity was obtained with T3 and T2 for the first and second season, respectively. Polyphenols and
total anthocyanin production showed statistical significance, with a higher content at the second
season with T2. It is concluded that the dose under which yield, quality, and nutraceutical content of
calafate fruit are optimized is the one used in T2, 10 Ton ha−1.

Keywords: polyphenols; Berberis; negative fruits; organic agriculture

1. Introduction

Calafate (Berberis microphylla G. Forst) is a bush native of the Chilean and Argen-
tine Patagonia. In Chile, it can be found from the metropolitan region to Punta Arenas
(34◦ 59′0′′ South to 53◦ 28′33′′ South). However, its existence is concentrated in the Aisén
and Magallanes regions. In these regions, an increasing demand for products made from
calafate has been observed [1,2]. Currently, this plant is a subject of study due to its bio-
logical properties, attributed mainly to the content of polyphenols present in it [3]. The
antioxidant capacity of B. microphylla compared with other species has shown to be up
to 10 times more than apples, oranges, and pears, and more than four times higher than
blueberries [4]. Different studies have detected 18 anthocyanins in the calafate fruit, with a
total concentration between 14.2 and 26 μmol g−1 of fresh weight [5,6]. These polyphenols
(PF) substantially reduce the presence of degenerative, cardiovascular, and carcinogenic
diseases [7]; therefore, they are beneficial compounds for human health [8].

Most studies of B. microphylla have been developed in the so-called Austral Zone
of Chile; all of them use wild calafate for which vegetative growth takes place by mid-
spring [9]. Furthermore, a comparative study about the morphology and anatomy of
mature leaves of calafate, growing under two different conditions, showed that leaves
change their morphology and structure to adapt to new environmental conditions [10]. This
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makes it important to analyze the behavior and/or adaptation of B. microphylla focusing
on both physiology and phenology mainly in agroclimatic zones different from its natural
habitat, which could also lead to negative effects of the quality of the product [11,12] as
well as variations in photosynthetic efficiency [13,14]. Thus, a question that the present
research addresses is: could the introduction of B. microphylla into an intensive commercial
environment, different from the original, generate changes on productive and quality
parameters of the fruit? [15].

Currently, there is an unsatisfied demand for this fruit that wild species have not been
able to meet [16], generated by educated consumers who are eager for a more natural and
nutritious alimentation to have a healthier life. This has increased safe and environmental
friendly food production [17].

Calafate is a species capable of growing under several environmental conditions [5].
However, no agronomic research has been conducted under intensive-commercial con-
ditions that allow for optimized productivity and polyphenolic content in the fruit [10].
Despite the fact that compost application is a widely used technique of organic fertilization
to use bio-residues [18], however, it is known that compost usage has beneficial effects on
both quality and soil fertility but also on the environment [19].

Compost, as an organic fertilizer, has been shown in other species to enhance fruit
quality, as pointed out by Vásquez and Maravi [20], where applications of 10 Ton ha−1 of
compost in Morus alba L. significantly increased yield and quality of the fruit. Similarly,
in a study on strawberries (Fragaria × ananassa Duch) cvs. Allstar and Honeoye grown in
pots with an organic fertilization, the concentration of anthocyanins, phenolic content, and
antioxidant capacity of the fruit increased with the increasing compost doses [21].

Furthermore, in macadamia (Macadamia integrifolia), compost application to the soil
increased its total cationic exchange capacity, organic matter, potassium (K), calcium (Ca),
and magnesium (Mg), among other micronutrients [22]. Compost also modifies physical
properties in the soil, such as total porosity and water retention capacity. It has also been
observed on studies on wine grapes (Vitis vinifera cv. Chardonnay), improving nitrogen
mineralization and its availability to the studied crop [23]. Additionally, in research
conducted for 21 years of organic applications to eroded soils that were nutritionally
deficient and with low pH, it significantly increased soil pH, organic carbon content, total
nitrogen, phosphorus, potassium, available nitrogen, and biological activity [24].

According to the stated above, the objective of this research was to determine the
effect of different doses of compost on productive and physiologic parameters, including
polyphenolic composition and antioxidant activity of the fruit of calafate grown under an
intensive agronomic management in the central zone of Chile.

2. Materials and Methods

2.1. General Characteristics of the Site of the Study and Orchard Establishment

The study was conducted at the Universidad Adventista de Chile (UnACh), located
in the Kilometer 12 route to Tanilvoro, province of Chillán, region of Ñuble (36◦31′ S;
71◦ 54′ W), Chile. The site of the study has volcanic soil (Melanoxerand) (Stolpe, 2006), a
temperate Mediterranean climate, hot and dry summers, cold and humid winters, with an
annual precipitation of 815 mm concentrated in winter and early spring [25]. The study was
conducted in a commercial calafate orchard established in August of 2017, using two-year-
old plants with an average height of 70 cm. The plants were multiplied from seeds in 2015.
The plant population density was 1 m within a row and 3 m between rows, planted on
berms 1 m wide and 20 cm high. After establishing the orchard, the soil was physically and
chemically characterized at a depth of 0 to 40 cm, where most parts of the roots are found [9]
(Table 1). These analyses were carried out at the laboratory of chemistry and physics of
soils of the Agricultural Research Institute of Chile (INIA Quilamapu, Chillán, Chile).
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Table 1. Physical-chemical analysis of the soil before treatments.

Analysis 1 Unit Result

Organic matter % 9.70
Water pH 6.40

Nitrogen availability mg kg−1 19.00
Phosohorus availability mg kg−1 15.30
Potassium availability mg kg−1 496.00

Sulfur availability mg kg−1 24.00
Exchangeable calcium cmol + kg−1 8.70

Exchangeable magnesium cmol + kg−1 1.60
Exchangeable potassium cmol + kg−1 1.30

Exchangeable sodium cmol + kg−1 0.01
Sum of bases cmol + kg−1 11.60

Interchangeable aluminum cmol + kg−1 0.02
CEC cmol + kg−1 11.59

Aluminum saturation % 0.14
Boron mg kg−1 0.40

Copper mg kg−1 1.63
Zinc mg kg−1 0.90
Iron mg kg−1 44.00

Manganese mg kg−1 3.02
1 Samples were obtained at the beginning of the study in August of 2017, 0–40 cm depth. CEC = cation exchange
capacity of soil.

At establishment, a base fertilization was applied into the plantation hole of 150 g of
urea (45% N), 200 g of triple superphosphate (46% P2O5). and 200 g of potassium sulfate
(50 % K2O) [19]. In addition, hydraulic replenishment was standardized for all treatments
and estimated according to the daily potential evapotranspiration of the crop (ETCc) using
the methodology suggested by Romero et al. [26]. This was performed with the objective
of maintaining optimum humidity levels in the soil during the entire development of
the crop. Weed control was also standardized for all treatments and consisted of the
manual elimination of them when establishing the orchard, plus three times a year, equally
distributed, according to the annual cycle of the crop. In parallel, the same phytosanitary
management was applied to all treatments, which consisted of six annual applications
during the growing season, alternating two active ingredients, which were Tebuconazole
(Orius 43 SC) at a concentration of 25.8 g per hectoliters and cuprous oxide (Cuprodul WG)
at a concentration of 180 g per hectoliter of the active ingredient.

The experimental design used for the study was a randomized complete block design
with a total of 4 treatments of compost doses, with 4 repetitions per treatment. Each treat-
ment and repetition consisted of 4 plants in which only the 2 central plants were evaluated.
Additionally, there were border rows to help diminish the border effect. Compost treat-
ments consisted of: (1) control treatment (CK) with no compost application, (2) 5 tons per
hectare (Ton ha−1) of compost (T1), (3) 10 Ton ha−1 of compost (T2), and (4) 15 Ton ha−1 of
compost (T3). All treatments were applied each year in August to each experimental unit,
administering the first application at the plantation.

The compost used in the study was commercially produced by the composting and
recycling center of the Universidad Adventista of Chile, which was created from chicken
manure, produced at the same institution, and oat bales. The manure and bales were mixed
at a rate of 3:1 (Vol/Vol). The creation process lasted 5 months, controlling during that time
the temperature, humidity, and ventilation [27–29]. The physical–chemical characterization
of the compost used for this study is detailed in Table 2.
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Table 2. Physical–chemical analysis of compost used for this study.

Analysis Units Result

Humidity (dry basis) % 22.20
Apparent density (dry basis <16 mm) Kg m−3 NS *

Porosity (sample <16 mm) mg kg−1 NS *
pH in water 1:5 7.41

Electric conductivity 1:5 dS/m 0.19
Organic matter % 21.60
Organic carbon % 12.00
Total nitrogen % 0.87

Nitrogen–ammonia (N–NH4
+) mg kg−1 0.50

Nitrogen–Nitric (N–NO3
−) mg kg−1 59.64

Carbon/Nitrogen Ratio – 13.78
Ammonium/Nitrate Ratio – 0.008

* Undetermined.

2.2. Characterization of Physiological and Environmental Conditions of the Plant
2.2.1. PAR Radiation and Leaf Area Index

For the purposes of environmental records, the photosynthetic photon flux density
(PPFD, μmol m−2 s−1) was quantified at five times of the day: 09:00, 11:00, 13:00, 15:00,
and 17:00 h, in ambient conditions of a completely sunny day. The radiation parameters
correspond to the direct, diffuse, residual, and reflected photosynthetically active radiation
of the soil and plant throughout the development of the crop, and with these parameters,
the intercepted PAR was estimated. For this, an AccuPAR LP-80 ceptometer (Decagon
Devices Inc., Washington, DC, USA) was used, which delivers the average of 80 quantum
sensors. The readings of the leaf area index (LAI; m2 m−2) were made at noon and were
measured in post-harvest (January) when the growth of the plant had already stopped,
using the same instrument and in parallel to the PAR radiation measurements [30].

2.2.2. Chlorophyll Fluorescence and Stomatal Conductance

The maximum intensity of fluorescence (Fm) was measured as well as the minimum
intensity of fluorescence (Fo) of chlorophyll. This was achieved by using a portable fluo-
rimeter model OS-5p (Opti-Sciences, Hudson, NH, USA) during a clear day at five times of
the day, respectively: 09:00, 11:00, 13:00, 15:00, and 17:00 h, on leaves exposed to the sun
and in the second third of a branch of the season [31].

Both Fo and Fm were determined after a period of 30 min in which the leaves were
adapted to darkness [31,32]. For this, foliar clips that included a mobile obturation plate
were used. With these parameters, the maximum photochemical efficiency of photosystem
II (Fv/Fm) was quantified using the following relationship proposed by Kooten and Snell
and Maxwell and Johnson [33,34]: Fv/Fm = (Fm − Fo)/Fm.

At the same time, stomatal conductance measurements (Gs, mmol m−2 s−1) were
performed. For this, a portable porometer model SC-1 (Decagon Devices INC, Washington,
DC, USA) was used. The Gs measurements were performed on fully illuminated leaves
of the same plant, shoots, location, and frequencies used in the chlorophyll fluorescence
measurements. Using the same equipment and the same frequencies as for Fv/Fm, a record
of the leaf temperature (Tf; ◦C) was kept. In order for the data collected to be representative,
these were taken on leaves exposed to the sun and in the second third of a branch of the
season [14].

2.3. Yield and Chemical Parameters of the Fruit
2.3.1. Calafate Fruit Productivity

The harvest was carried out 130 days after full flower for both study seasons. The
harvest was done manually in which the total weight (g) of fruits per plant was quantified.
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2.3.2. Determination of Total Polyphenol Concentration

Total polyphenols were determined by colorimetry using the method of Folin Ciocalteu
in the food chemistry laboratory of the Universidad de Concepcion, Chillán, Chile. To
calculate the polyphenol content, a calibration curve with gallic acid was used, with
concentrations between 0 to 1000 mg L−1 of gallic acid according to the methodology
proposed by Yıldırım et al. [35]. The results are expressed in mg of gallic acid 100 g−1 [10].

2.3.3. Determination of Anthocyanin Content

Total anthocyanins were determined by a differential pH technique. The determination
of the anthocyanin content is based on the Lambert–Beer Law (A = ε * C * L), where A
corresponds to the absorbance that is measured with a spectrophotometer; ε corresponds
to the molar absorbance, a constant physics for molecular species in a solvent at a given
wavelength; C is the molar concentration; and L is the length of the route, expressed in
cm. Molar absorbance values for purified pigments were obtained from the literature. The
concentration in mg L−1 was determined by multiplying by the molecular weight (MW)
of the pigment. To calculate the anthocyanin content, the molecular weight and molar
absorbance of the anthocyanin pigment present in the highest proportion were used [5].
The calculation of the anthocyanin concentration was carried out with the equation shown
below, and data was expressed as mg of cyanidin 100 g−1 of fresh weight:

A × 1000 × 449.2
26, 900

× 3000
100

× 5
1000 × g sample

× 100 (1)

2.3.4. Determination of Antioxidant Capacity

The DDPH antioxidant capacity was determined through the decolorization of the
1.1-Diphenyl-2-picrylhydrazyl free radical, proposed by Brand-Williams et al. [36]. The
DPPH radical is reduced in the presence of antioxidants, manifesting a color change in the
solution over time. To quantify the inhibition, a calibration curve was elaborated using the
TROLOX reagent in methanol, achieving concentrations of 25, 50, 75, 100, 150, 200, 250,
300, 350, and 400 ppm. A methanol solution was used as a blank, and all solutions were
incubated in the dark for 30 min; absorbance was measured in the spectrophotometer at
515 nm after 60 min. The antioxidant capacity was expressed in μmol Trolox equivalent
(TE) 100 g−1 fresh weight).

2.4. Statistical Analysis

The effect of the treatments was estimated by an ANOVA and the Fischer LSD test,
with a level of statistical significance of 0.05; for this, the INFOSTAT software was used
(Infostat, Cordoba, Argentina, 2015).

3. Results

3.1. Edaphoclimatic and Physiological Parameters of Calafate

In Figure 1a, the average of direct photosynthetically active radiation (μmol m−2 s−1)
can be observed in the 2018–2019 and 2019–2020 seasons, quantified at five times of the day:
09:00 a.m., 11:00 a.m., 1:00 p.m., 3:00 p.m., and 5:00 p.m, presenting the lowest PAR values
at 09:00 for both seasons, with values close to 750 μmol m−2 s−1. In both seasons, the same
trend of increasing PAR was observed from the first hours of the day until reaching the
maximum values, close to 2000 μmol m−2 s−1, towards the end of the day, with values
close to 1500 μmol m−2 s−1, in both seasons (Figure 1a). In Figure 1b, the absorbed photo-
synthetically active radiation can be observed, which did not show significant differences
between treatments for each of the seasons under evaluation, registering similar values
(p < 0.05) in both seasons, which were on average 866, 878, 893, and 873 μmol m−2 s−1 for
CK, T1, T2, and T3, respectively.
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(a) (b)

Figure 1. Average photosynthetically active radiation (PAR); (a) direct PAR (μmol m−2 s−1) and (b) ab-
sorbed PAR (μmol m−2 s−1) for the different treatments for the seasons 2018–2019 and 2019–2020. For
(b): according to Fischer’s LSD test (p < 0.05), there are no significant differences between treatments;
the experimental error was very small, so the error bars were not observed.

Table 3 shows the variations in the physicochemical parameters of the soil at the end
of the study for the different compost treatments. It should be noted that the percentage
of organic matter increased in the different treatments as the volume of compost applied
increased, being CK < T1 < T2 < T3, with values of 9.8%, 10.40%, 11.00%, and 11.90%
for each treatment, respectively. For the pH parameter, no significant modifications were
observed between treatments towards the end of the study, corresponding to 6.59, 6.56,
6.50, and 6.60 for CK, T1, T2, and T3, respectively. The nutritional levels of the soil tended
to improve with increases in the dose of compost applied, mainly in the case of P, K, Ca,
S, and Mg (Table 3). Together, the cation exchange capacity increased close to 12% in the
treatments with the application of compost (Table 3). On the contrary, the concentration of
iron and manganese decreased by 12 and 89%, respectively.

Table 3. Physicochemical analysis of the soil in the 2019/2020 season at the end of the study.

Analysis Units
Treatments 1

CK T1 T2 T3

Organic matter % 9.80 10.40 11.00 11.90
Water pH — 6.59 6.56 6.50 6.60

Nitrogen available mg kg−1 16.00 18.00 16.00 13.00
Available phosphorus mg kg−1 10.00 14.00 9.00 13.00
Available potassium mg kg−1 342.00 332.00 372.00 359.00

Available sulfur mg kg−1 9.00 12.00 29.00 27.00
Exchangeable calcium cmol+ kg−1 9.25 10.90 10.04 10.86

Exchangeable magnesium cmol+ kg−1 2.17 2.33 1.82 2.19
Exchangeable potassium cmol+ kg−1 0.87 0.85 0.95 0.92

Exchangeable sodium cmol+ kg−1 0.30 0.27 0.29 0.29
Sum of bases cmol+ kg−1 12.59 14.36 13.10 14.26

Interch. aluminum cmol+ kg−1 0.010 0.001 0.010 0.010
CEC cmol+ kg−1 12.60 14.37 13.11 14.27

Aluminum saturation % 0.08 0.07 0.08 0.07
Boron mg kg−1 0.45 0.48 0.50 0.45
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Table 3. Cont.

Analysis Units
Treatments 1

CK T1 T2 T3

Copper mg kg−1 2.06 2.11 2.14 1.85
Zinc mg kg−1 0.90 1.62 1.17 1.74
Iron mg kg−1 35.00 33.10 31.30 30.80

Manganese mg kg−1 3.02 3.50 3,20 6.00
1 CK = Control treatment (without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2
(10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). CEC = cation exchange capacity of soil; all samples were obtained
at the end of the study in August 2020 at a depth between 0–40 cm.

In Figure 2, the results obtained for the leaf area index parameter can be observed.
In the first season, the treatment that registered the highest leaf area index (LAI) value
was T2 (LAI: 2.5), which was significantly higher than CK and T3 and with no significant
differences from T1 (Figure 2). For the second season, the same trend was observed, with
T2 showing the highest LAI value (2.41; p < 0.05) compared to treatments CK, T1, and T3,
which did now show statistical significance (p > 0.05) between the three of them; the results
were 1.9, 1.9 and 2.08 LAI, respectively.

Figure 2. Leaf area index (LAI; m2 m−2) of calafate (Berberis mycrophilla G. Forst) for the different
compost treatments for the 2018–2019 and 2019–2020 seasons. For each figure: CK = Control treatment
(without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1);
T3 = Treatment 3 (15 Ton ha−1). For each season, different lowercase letters indicate significant
differences for the leaf area index between treatments according to Fischer’s LSD test (p < 0.05). The
bars correspond to the experimental error of each treatment.

The results for the variation of maximum quantum yield of photosystem II (Fv/Fm)
analysis can be observed in Figure 3a,b for the 2018/2019 and 2019/2020 seasons, respec-
tively. Emphasizing that, in the first season, all treatments presented similar values at the
beginning of the day (p < 0.05), close to 0.8. Similar results were observed at 11:00, 13:00,
15:00, and 17:00, where the average values recorded for Fv/Fm were 0.79, 0.78, 0.76, and
0.77, respectively. In all treatment values, Fv/Fm decreased as the day passed (Figure 3a)
without significant differences between the treatments (p < 0.05). For the second season, the
same trend and values obtained in the first season were observed, on average, with only
a lower average value of Fv/Fm towards the end of the day in the second season under
evaluation (Figure 3b).
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(a) (b)

Figure 3. Variation of maximum quantum yield of photosystem II (Fv/Fm) in calafate plants (Berberis
mycrophilla G. Forst) for the different compost treatments, evaluated at different times of the day,
09:00, 11:00, 13:00, 15:00 and 17:00, corresponding to the figure: (a) season 2018–2019; (b) season
2019–2020. For each figure: CK = Control treatment (without compost application); T1 = Treatment
1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). For each hour of
the day, different lowercase letters indicate significant differences between treatments according to
Fischer’s LSD test (p < 0.05). The bars correspond to the experimental error of each treatment.

In Figure 4, it is possible to observe the registered values of the stomatic conductance
(mmol m−2 s−1) of the calafate leaf at different hours of the day and for different compost
dose treatments. Highlighting that, for the 2018–2019 season, no significant differences were
observed among treatments, with average values of 260, 289, 308, and 291 mmol m−2 s−1

(p > 0.05) for CK, T1, T2, and T3, respectively. However, for the control treatment, from
11:00 until the end of the day, Gs values were always above 260 mmol m−2 s−1 unlike the
rest of the treatments, which, after obtaining the maximum values of stomatal conductance,
their values decreased by up to 40% (data not shown). For the 2019/2020 season, the same
trend was observed as in the 2018/2019 season. However, recorded values were slightly
lower than the previous season, with averages of Gs for CK, T1, T2, and T3 of 227, 214, 257,
and 230 mmol m−2 s−1 (p > 0.05), respectively.

Figure 4. Effect of different doses of compost on stomatal conductance (mmol m−2s−1) of the calafate
leaf (Berberis mycrophilla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment
(without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1);
T3 = Treatment 3 (15 Ton ha−1). For each treatment, different lowercase letters indicate significant
differences in both seasons according to Fischer’s LSD test (p < 0.05). The bars correspond to the
experimental error of each treatment.
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3.2. Productive and Quality Parameters of the Calafate Fruit

In Figure 5, the antioxidant capacity of the calafate fruit can be observed for the
2018–2019 and 2019–2020 seasons. For the first season under study, the highest value
of DDPH antioxidant capacity was recorded at the dose of 15 Ton ha−1 (T3; p < 0.05)
with 4900 μmol TE/100 g fw, followed by treatments CK, T1, and T2 with 3961, 4130, and
4172 μmol TE/100 g fw, respectively, being similar to each other (p > 0.05). For the second
season, a greater effect was observed where T2 was the one that reported the highest
antioxidant capacity of the calafate fruit with 4905 μmol TE/100 g fw (p < 0.05), followed
by treatments T1 and T3, with values of 4406 and 4435 μmol TE/100 g fw, respectively, both
without significant differences. Finally, the control treatment showed the lowest DDPH
antioxidant capacity of all the treatments (p > 0.05) with a value of 3958 μmol TE/100 g fw
(Figure 5).

Figure 5. Effect of different doses of compost on the antioxidant capacity of the Calafate fruit (Berberis
mycrophilla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment (without
compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment
3 (15 Ton ha−1). For each treatment, different lowercase letters indicate significant differences in both
seasons according to Fischer’s LSD test (p < 0.05). The bars correspond to the experimental error of
each treatment.

Figure 6 shows the total content of polyphenols in the calafate fruit grown with
different doses of compost for the 2018–2019 and 2019–2020 seasons. In the first season,
no significant differences were observed between treatments. However, for the 2019/2020
season, the average polyphenolic content of the fruit decreased by 25% compared with CK.
T2 and T3 were the ones that contributed the highest CPT values (p < 0.05), these being 764
and 718 mg of gallic acid/100 g of fresh weight, respectively (Figure 6). However, T3 did
not show significant differences with T1 (645 mg of gallic acid/100 g of fresh weight). CK
was the one that registered the lowest PFT content (543 mg of gallic acid/100 g of fresh
weight) (p < 0.05) among all treatments.
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Figure 6. Effect of different doses of compost on the total polyphenolic content of calafate fruit
(Berberis mycrophilla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment
(without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1);
T3 = Treatment 3 (15 Ton ha−1). For each treatment, different lowercase letters indicate significant
differences in both seasons according to Fischer’s LSD test (p < 0.05). The bars correspond to the
experimental error of each treatment.

Figure 7 shows the total anthocyanin content (TAC) in the calafate fruit for the dif-
ferent compost treatments in the 2018–2019 and 2019–2020 seasons. For the first season
under evaluation, the same behavior as the CPT was observed, not registering signifi-
cant differences between CK, T1, T2, and T3, whose values averaged 573 mg cyanidin-
3-glucoside/100 g fw. For the second season, more noticeable effects were observed,
although there was a decrease in TAC in most treatments. T2 was the one that registered
the highest TAC (p < 0.05), with 545 mg cyanidin -3-glucoside/100g fw. This was fol-
lowed by T1 and T3, without significant differences between them, with values of 445
and 431 mg cyanidin-na-3-glucoside/100 g fw, respectively. Finally, the one that registered
the lowest TAC (p <0.05) was CK, with a value of 363 mg cyanidin-3-glucoside/100g fw
(Figure 7).

In Figure 8, the yields of fresh calafate fruit (g plant−1) grown under different doses
of compost in the 2018–2019 and 2019–2020 seasons are observed. For the first season, the
treatments that recorded the highest fruit production were T2 and T3 (p < 0.05), without
significant differences, with values of 629 and 561 g plant−1, respectively. On the contrary,
the treatment that registered a lower production was CK, with an average fruit yield of
249 g plant−1 (p < 0.05). In the second season, there was an increase in performance in most
treatments, with T3 and T2 as the ones that registered the highest average fruit production
of 924 and 726 g plant−1 (p > 0.05), respectively, and without significant differences between
them. Finally, lower fruit production T1 and CK registered an average production of 424
and 370 g plant−1 (p > 0.05), respectively.
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Figure 7. Effect of different doses of compost on the total anthocyanin content of the calafate fruit
(Berberis microphylla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment
(without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1);
T3 = Treatment 3 (15 Ton ha−1). For each treatment, different lowercase letters indicate significant
differences in both seasons according to Fischer’s LSD test (p <0.05). The bars correspond to the
experimental error of each treatment.

Figure 8. Effect of different doses of compost on the yield of calafate fruit (Berberis microphylla
G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment (without application
of com-post); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment
3 (15 Ton ha−1). For each season, different lowercase letters indicate significant differences in the
different treatments according to Fischer’s LSD test (p < 0.05). The bars correspond to the experimental
error of each treatment.
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4. Discussion

Despite that photosynthetically active radiation (Figure 1a) was 26% higher at the site
of study with respect to the habitat of origin of the plants (1600 μmol m−2 s−1; Valdivia,
Chile), no symptoms of excess radiation were observed. This was possibly due to the great
structural and physiological plasticity that this species possesses [15,37–41], managing to
adapt to higher ambient temperature conditions, as indicated by Radice and Arena [10]. The
above is confirmed by Romero-Román et al. [42], who observed that productive and some
physiological parameters of the calafate plant were not influenced by extreme temperatures;
however, these environmental conditions could influence chemical parameters of the
fruit [42] in response to higher levels of radiation, such as those observed at the study site
(Figure 1a). Even though the radiation was high, no higher levels of absorbed PAR radiation
between treatments and seasons were registered (Figure 1b), which could be showing that
calafate, despite having morphological plasticity, has low variability of its light saturation
point. The light saturation point of calafate is 800 μmol m−2 s−1 [43], and at values higher
than 1000 μmol m−2 s−1, photosynthesis rates would be constant. Therefore, higher levels
of PAR radiation could be generating photo-oxidative damage due to an excess of radiation.
Studies developed by Arenas et al. [15] point out that low levels of irradiation improve
plant development and nutrient content in the calafate leaf. In this study, however, no
improvements were observed in indirect parameters used as indicators of photosynthetic
performance, such as stomatal conductance (Figure 4). Results showed that this species
does not respond strongly to changes in fertilization levels in relation to Gs, with values
between 200 and 300 mmol m−2 s−1 between treatments and evaluation seasons (p > 0.05).
These results are in contrast to those found in a study carried out on blueberries, where Gs
was affected by the fertilization doses together with the water regime, where a correlation
was found between the fertilization dose and moisture content in the soil [44]. As the soil
moisture was constant for all treatments in this study, it could be strongly influential so
that no significant differences in Gs are observed between treatments [44].

On the other hand, the application of compost to the soil increased levels of organic
matter (OM) in all treatments (Tables 1 and 2), which could be affecting the moisture
retention capacity, aeration, porosity, and soil carbon content as reported in multiple
studies [45–47]. Said OM modifications in the soil could be having an impact not only on
the physical parameters of the soil, but also to the nutritional status and biomass of the
plant and consequently on the foliar area of the plant [44,45]. In the present study, the LAI
was higher in both seasons in Q3 (Figure 2), showing an increase in the second season of
more than 20% compared to CK and T1 (p < 0.05) and close to 10% higher than T3 (p < 0.05).
These results are consistent with other authors, who point out that the application of
compost not only increases the vegetative development of the plant, but also the total
chlorophyll content of the leaf [15,45].

In a study carried out on vine (Vitis vinifera cv. Chardonnay), during 9 years of compost
applications, equal yields were observed with inorganic fertilization. However, fertilization
with compost significantly increased levels of organic matter in the soil; in addition, there
was a substantial increase in the concentrations of mineralizable nitrogen in the soil [23].
The former could have happened in this study since the applied levels of nitrogen reached
60 mg kg−1 of soil (Table 2), but they were not strongly affected until the third year from the
implementation of the study (Table 3). Interestingly, nitrogen levels in the soil fluctuated
between 13 and 16 mg kg−1 in all treatments; this response of low nitrogen availability
in the soil could be generated by the high levels of nitrogen that the plant is extracting to
satisfy the greater vegetative development [48] (Figure 2) in conjunction with the higher
levels of productivity [45] (Figure 8), as those observed in T2 and T3, which were 100%
higher in both seasons for the treatments of 10 and 15 ton ha−1 of compost, compared to
the control treatment. The treatments that obtained the best productive results, both at
the beginning and at the end of the study, were the treatments with the highest doses of
compost, corresponding to 10 and 15 tons ha−1 and with productivity levels close to 1000 g
per plant (Figure 8), coinciding with the results of other authors [45,48,49]. These results
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suggest that the long-term application of compost to the soil, in addition to improving
the physical and chemical properties of the soil, as indicated above, could improve its
biological activity. [24]. Although, the aforementioned is an uncertainty in this new species
for commercial purposes since there are no studies related to the microbial activity in
the soil and rhizosphere. Therefore, this study opens the door to future investigations
that propose to understand and/or analyze the interaction of agronomic management
with the activity and microbiological diversity of the soil and the response of the calafate
plant [15,42].

In the present study, it can be observed that the evaluated nutraceutical parameters
were positively influenced by the dose of compost application when compared with the
control treatment (Figures 5–7). Regarding the content of polyphenols (Figure 6) and total
anthocyanins of the calafate fruit (Figure 7), these decreased in the second evaluation
season by 25% on average between treatments. The compost treatment of 15 Ton ha−1

was the one that contributed the greatest decrease in polyphenolic content in the second
season. However, the average total polyphenol contents observed in this study (764 mg
of gallic acid/100 g fw) were below the polyphenolic contents observed in wild plants
in studies developed by other authors [50]. Nevertheless, the results obtained in the
compost treatments were superior to the control treatment. This has been corroborated
in other species, such as strawberries, where the effect of an organic fertilization based
on compost increased the contents of anthocyanins, phenolic contents, and antioxidant
capacity, and also in the Rhubarb (Rheum rhabarbarum L.) crop, where organic fertilization
also improved the levels of polyphenolic content and antioxidant capacity of the fruit [48,51].
In a study conducted by Cojocaru et al., no increase in fruit yield was observed as it was
observed in this study (Figure 8) and was probably associated with the low doses of
compost (2.4 Ton ha−1) used in their study [51], which was associated with the high levels
of extraction given by the levels of fruit production.

Regarding the contents of total anthocyanins, despite the fact that these plants are
being cultivated and subjected to intensive agronomic management, the total concentrations
of anthocyanins observed were higher than the results obtained in wild calafate plants in
different locations in Usuahia (Argentina) and Buenos Aires (Argentina) [10], with values
close to 118 and 316 mg cyanidin-3-glucoside/100 g fw, respectively, as well as values
lower than the results observed in Chile [16,43,52], with values over 1000 mg cyanidin-
3-glucoside/100 g of fresh weight. These differences in concentrations of anthocyanins
and total polyphenols could be stimulated by multiple factors, which could affect the
biosynthesis of bioactive compounds, such as different light intensities, ultraviolet radiation,
extreme temperatures, and availability of nutrients and water, among other factors, specific
to each environment where this species grows [15,53]. However, it is suggested that, among
the factors that could be influencing the differences in results between the different studies,
the most influential is the great variability in the opportune moment of harvest, which is
influenced by the aforementioned parameters. It is important to mention that in this study,
the harvest time corresponded to 130 days after full flower, which is longer than the harvest
dates observed in other polyphenolic evaluation studies of wild calafate fruits, fluctuating
from 98 to 126 days after full flower [40,54].

5. Conclusions

The use of increasing doses of compost turned out to be beneficial to the physiological,
productive, and quality parameters of calafate during the studied seasons. Treatment T2 at
a rate of 10 Ton ha−1 obtained the highest index of foliar area, antioxidant capacity, total
polyphenols, and total anthocyanins in the second study season. The compost application
rates of 10 and 15 Ton ha−1 obtained the highest fruit production per plant, with a produc-
tion of 3300 kilos per hectare. On the other hand, increasing compost doses generated an
increase in organic matter in the soil and nutritional content of the soil. Therefore, the dose
that optimizes the yield, fruit quality, and nutraceutical content of the calafate fruit is set at
a rate of 10 Ton ha−1. However, this study opens the doors to future research in this matter
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to answer questions regarding the behavior of soil microbial activity and its interaction
between agronomic management and the calafate plant, which could alter the nutraceutical
properties of calafate fruits.
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Abstract: Adventitious root formation in stem cuttings is affected by exogenous and endogenous
factors. The study assessed the effect of Fe(III)-EDDHA (ethylenediamine-N,N-bis 2-hydroxyphenyl
acetic acid) on the rooting of 4 indol-3-butyric acid (IBA)-treated hardwood cuttings of the aromatic
and medicinal species Rosmarinus officinalis. Cuttings treated with 0, 1000, 2000 or 3000 mg L−1

IBA were placed in pots filled with sand:perlite mixture and irrigated daily with nutrient solution
pH 5.8, containing 0, 5, 10 or 20 μM Fe(III)-EDDHA. Ten days later, the number of new emerging
roots were recorded. After 20 days, leaf photosynthetic pigments and morphological traits, including
root number, fresh (FW) and dry weight (DW), shoot FW and DW, mean length of the longest
roots, number of new shoots and new growth in old shoots, were measured. Finally, plants were
transplanted to pots filled with a sand:soil mixture and survival was measured after 10 days. Results
indicate that Fe application promotes root emergence and improves root and shoot biomass, leaf
photosynthetic pigment concentrations and survival percentage. This indicates that using low
concentrations of Fe(III)-EDDHA (5–20 μM) in the growth medium could be a good management
strategy to facilitate the production of vigorous R. officinalis plants from hardwood cuttings.

Keywords: rooting; hardwood cuttings; iron chelates

1. Introduction

Adventitious root formation in plant cuttings is influenced by a large set of exogenous
and endogenous factors [1]. Root initiation involves de-differentiation of specific cells
leading to the formation of the root meristems [1]. Endogenous factors that could act as
rooting co-factors and auxin transport modulators are transferred from the stock plants to
the propagules [2]. These include auxin and carbohydrates [3], mineral nutrients [4] and
other metabolites, including phenolic compounds [5].

Among the exogenous rooting factors, the auxin IBA (indole-3-butyric acid) is widely
used to stimulate rooting processes in cuttings, because of its high ability to promote root
initiation. This effect of IBA is thought to be due to its conversion in the plant tissue to
indole-3-acetic acid (IAA), which is needed for the rooting process. Endogenous IAA can
be readily oxidized in plants by peroxidase, but IBA is quite stable and is only slowly
transported from the site of application at the base of the cuttings, resulting in a localized
IAA production [6]. Exogenous IBA application has been shown to have positive rooting
effects in many woody plant species, including Citrus medica [7], R. damascena [8], Hibis-
cus rosa-sinensis [9], Olea europaea [10,11], Zizyphus jujuba [12], Tilia rubra [13], Eucaliptus
spp. [14,15], Sterculia foetida [16], Castanea spp. [17] and Populus [18]. For instance, in Cin-
namomum bodinieri, exogenous IBA was shown to modify the auxin signaling pathway and
carbohydrate metabolism, improve the formation of lateral root initiation site and root cell
elongation, and enhance d-glucose synthesis as well as sucrose and starch utilization [19].
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Other exogenous factors involved in rooting are mineral nutrients, which are involved
in many metabolic processes associated with differentiation and root meristem formation,
which is essential for root initiation [1]. Transcriptome analysis of adventitious root for-
mation in Petunia × hybrida revealed an increase, starting from the initiation phase, in the
expression of 18 genes involved in the uptake and assimilation of N, P, K, S, Fe and Zn [4].
For instance, within this period a high transcript abundance was observed for a plasma
membrane H-ATPase, which may energize nutrient uptake [4]. The mineral nutrient com-
position of the cuttings, especially regarding micronutrients such as Fe, Zn, Mn and B, plays
a key role in controlling root morphogenesis. Iron and Mn are cofactors and structural
components of peroxidase and can therefore directly affect IAA catabolism [20]. Iron is
an essential micronutrient for plants, which plays vital roles in many metabolic processes
in plants, including photosynthesis, respiration and N2 fixation [21]. Additionally, auxin
is involved in the root responses to Fe deficiency [21–23]. A boosting effect of mineral
nutrients (including Fe) on propagation of plant cuttings has also been reported in different
studies [24,25]. In hardwood cuttings from Fe-deficient peach trees, the application of Fe
compounds significantly reduced chlorotic symptoms and improved rooting [26].

Rosemary (Rosmarinus officinalis) is a xerophytic, aromatic, evergreen shrub widely
used for food and as an ornamental species in gardens. Because of its hardiness under
environmental stress, it is also used to protect against soil erosion and is planted in fire-
damaged areas. Rosemary is a medicinal species that contains polyphenols, resulting in
a number of pharmacological effects, including antioxidant, antitumor, antidiabetic and
antibacterial ones [27–29]. Rosemary plants can be propagated by seed and stem cuttings,
but propagation from seeds is rarely used, because of the long times needed for blooming
and germination and the low germination rates (10–20%) [30,31]. Rooting of R. officinalis
cuttings is facilitated by using hormone treatments [32,33], and different approaches are
being used to further improve the rooting ability, with the aim to reduce costs and allow
for mass production. For instance, it has been recently shown that using blue light induces
an upregulation of auxin signaling and leads to better root formation [30].

The aim of this work was to assess the hypothesis that Fe supplementation in the form
of Fe(III)-chelate can promote rooting in stem cuttings of the medicinal and aromatic plant
R. officinalis treated with IBA. Four concentrations each of Fe and IBA were used and shoot
and root biomass as well as rooting parameters were studied.

2. Materials and Methods

2.1. Greenhouse and Propagation Conditions

This study was carried out in March 2018, in an experimental greenhouse of the
Lorestan University, Khorramabad, Lorestan Province, in the western part of Iran
(33◦45′ N 48◦26′ E). The greenhouse was north–south oriented, the mean temperature
and relative humidity were maintained at 22/28 ◦C (night/day) and 55–75%, respectively,
and the light intensity was approximately 500 ± 100 μmol quanta m−2 s−1 (photosyntheti-
cally active photon flux density).

2.2. Plant Material and Growth Conditions

Cuttings were taken from vigorous and healthy bushes of R. officinalis, 10 years old, growing
in the Faculty of Agriculture, Lorestan University (originated from cuttings obtained at the
National Botanical Garden of Iran, Tehran). Cuttings consisted of hardwood branches (including
the apical meristem), excised approximately 1 cm below a leaf node, at least 15 cm in length
and with 7–8 nodes. In each cutting, leaves in the lower 5 cm were removed, and the basal
1 cm was dipped for 5 s [34] in a solution containing different IBA (CAS number 133-32-4)
concentrations (0, 1000, 2000 or 3000 mg IBA L−1 –0, 4.9, 9.8 or 14.8 mM, respectively; these
concentrations were thereafter called 0, 1000, 2000 and 3000 IBA). Cuttings were then placed
in pots (28.0 cm height and 25.5 cm in diameter; ten cuttings per pot) filled with a sand:perlite
(1:1, w:w) mixture, and irrigated daily with a nutrient solution containing (in mM) 0.1 KH2PO4,
0.1 MgSO4, 0.25 CaCl2 and 2 NH4NO3, and (in μM) 50 H3BO3 and 5 MnSO4; the solution also

202



Agriculture 2022, 12, 210

contained 1 mM MES (2-(N-morpholino)ethanesulfonic acid), and the pH was 5.8. The nutrient
solution was supplemented with 0, 5, 10 or 20 μM Fe(III)-EDDHA (ethylenediamine-N,N-bis
2-hydroxyphenyl acetic acid; Sequestrene 138 Fe, 6% chelated Fe, Syngenta, Basel, Switzerland).
These Fe concentrations are thereafter called 0, 5, 10 and 20 Fe. Pictures of the plants are shown
in Figure S1 in the Supplementary File. Pots were covered with a clear polyethylene sheet to
keep the medium moist. Pots were irrigated daily with the same nutrient solutions (1 L per pot),
with the excess being drained. After 10 days new roots had emerged, and after 20 days new
shoot tissue and leaves had developed. At that date, three plants per treatment were transferred
to pots filled with a sand:soil mixture (1:2, w:w) and grown for 10 more days. Four replications
(pots) were used for all treatments.

2.3. Plant Morphological Traits

Ten days after the root induction treatment, three cuttings were taken from each pot (a
total of 12 cuttings per treatment) and used to count the number of newly developed roots.
Twenty days after rooting induction, four plants from each pot were used to determine
morphological traits, including root number, fresh (FW) and dry weight (DW), shoot FW
and DW, mean length of the longest roots, number of new shoots and new growth in old
shoots (a total of 16 cuttings were considered per treatment). The three remaining plants
from each pot were transferred to the sand:soil mixture, and plant survival was recorded
after 10 days.

2.4. Pigment Analysis

Chlorophyll a (Chl a), Chl b, total Chl (Chl a + b) and carotenoid (Car) concentrations
were determined 20 days after the rooting induction treatment, in leaves of the same
plants considered for analysis of morphological parameters. Leaf tissue (0.1 g FW) was
collected from young, fully expanded leaves pooled from four plants in each pot, ground
in liquid N2 with mortar and pestle, homogenized with 10 mL 100% acetone, centrifuged
for 15 min at 4000 rpm, and the supernatant collected. The absorbance of the extracts
was measured as 470, 662 and 645 nm using a spectrophotometer (Mapada UV-1800,
Shanghai, P.R. China), and the leaf pigment concentrations were calculated as follows:
Chl a = 11.24 × A662 − 2.04 × A645; Chl b = 20.13 × A645 − 4.19 × A662; Chl a + b = Chl
a + Chl b; Car = (1000 × A470 − 1.90 Chl a − 63.14 Chl b)/214 [35]. Leaf pigments were
expressed as (mg g FW−1).

2.5. Statistical Analysis

The experiment was carried out with a completely randomized design with four repli-
cations per IBA × Fe treatment (16 treatments in total, four IBA and four Fe concentrations;
64 pots in total). All data were subjected to analysis of variance (SAS 9.1.3, SAS Institute
Inc., Cary, NC, USA), and normality and homogeneity tested. Post hoc multiple comparison
of means corresponding to the different treatments was carried out (at p ≤ 0.05) using a
LSD test; comparisons were carried out for the Fe treatments in a given IBA treatment,
and also for the IBA treatments in a given Fe treatment (significance letters are shown
in all Figures in lower case and capitals, respectively). Values shown are means of four
replications—pots—each averaging values from three and four plants per pot in the cases
of root number and the rest of parameters, respectively.

3. Results

Both factors that were used, IBA and Fe doses, had statistically significant effects on
all parameters analyzed, with the only exception of Car content for Fe, and the interaction
IBA × Fe was also significant (Table S1 in the Supplementary File).

3.1. Application of Fe Enhance the Rooting Performance in IBA-Treated Cuttings

Ten days after the IBA/Fe treatments, the percentage of rooting was between 0 and
100% (Figure 1). At that time, the control 0 IBA/0 Fe cuttings did not show any root-
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ing signs, whereas cuttings under the 2000–3000 IBA/5 Fe, 1000–3000 IBA/10 Fe and
1000–3000 IBA/20 Fe treatments showed 100% rooting. The 1000–3000 IBA/0 Fe,
0–1000 IBA/5 Fe, 0 IBA/10 Fe and 0 IBA/20 Fe treatments led to intermediate percentages
of rooting. In the absence of Fe, treatments with 1000–3000 IBA increased this parameter.

Figure 1. Percentages of rooting 10 days after the rooting induction treatments in Rosmarinus officinalis
stem cuttings. Cuttings were treated with different concentrations of IBA (0, 1000, 2000 and
3000 mg L−1) at the start of the experiment and then grown with different concentrations of Fe
(0, 5, 10 and 20 μM). Values shown are means ± SE (n = 4 pots). Letters above the columns indicate
significant differences at p ≤ 0.05 for the Fe treatments in a given IBA treatment (in lower case) and
for the IBA treatments in a given Fe treatment (in capitals).

3.2. Application of Fe Increase Biomass in IBA-Treated Root Cuttings

Twenty days after the start of the experiment, the root FW was between 0.19 and 0.66 g
per plant, depending on the treatment (Figure 2A). The highest values were observed in
some treatments including IBA and Fe (3000 IBA/5 Fe, 2000 IBA/10 Fe and 1000 IBA/20 Fe),
and the lowest in the 0 IBA/0 Fe and the 0 IBA/5 Fe treatments, whereas other treatments
led to intermediate values. The 10–20 Fe treatments increased root FW in cuttings not
treated with IBA. On the other hand, in the absence of Fe treatments with 1000–3000 IBA
increased this parameter.

The root DW was between 0.013 and 0.077 g per plant depending on the treatments
(Figure 2B). The highest values were observed in some treatments including IBA and Fe
(1000–3000 IBA/5 Fe, 1000–2000 IBA/10 Fe and 1000–3000 IBA/20 Fe), and the lowest in
the 0 IBA/0 Fe control, whereas other treatments led to intermediate values. All treatments
with Fe increased root DW in cuttings not treated with IBA. In the absence of Fe, treatments
with 1000–3000 IBA increased this parameter.
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Figure 2. Root parameters 20 days after the rooting induction treatments in Rosmarinus officinalis stem
cuttings. Cuttings were treated with different concentrations of IBA (0, 1000, 2000 and 3000 mg L−1)
at the start of the experiment and then grown with different concentrations of Fe (0, 5, 10 and 20 μM).
Root fresh weight ((A), in g plant−1), root dry weight ((B), in g plant−1), mean of longest roots ((C),
in cm) and root number per plant (D). Values shown are means ± SE (n = 4 pots). Letters above the
columns indicate significant differences at p ≤ 0.05 for the Fe treatments in a given IBA treatment (in
lower case) and for the IBA treatments in a given Fe treatment (in capitals).

3.3. Application of Fe Increase Root Length and Number in IBA-Treated Root Cuttings

The mean length of the longest roots was in the range 2.9–9.7 cm, and it was markedly
affected by the IBA/Fe regimes (Figure 2C). The highest value was observed in the
2000 IBA/10 Fe and 3000 IBA/20 Fe, and the lowest in the 0 Fe treatments. All treat-
ments with Fe increased this parameter in cuttings not treated with IBA, whereas in the
absence of Fe treatments with IBA did not have any effect.

The number of roots per plant was in the range 7–23, and it was markedly affected
by the IBA/Fe regimes (Figure 2D). The highest value was observed in the 3000 IBA/5 Fe
treatment, and the lowest in the 0 IBA/0 Fe. All treatments with Fe increased root number
in cuttings not treated with IBA. In the absence of Fe, treatments with 1000–3000 IBA
increased root number.

3.4. Application of Fe-Chelate Causes Positive Changes in Shoot Parameters by IBA

Shoot FW was between 2.1 and 4.7 g per plant depending to the treatment (Figure 3A).
The highest values were observed in the 1000–3000 IBA/5 Fe, 1000–2000 IBA/10 Fe and
1000 IBA/20 Fe treatments, and the lowest in the 0 IBA/0 Fe control one. All treatments
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with Fe increased shoot FW in cuttings not treated with IBA. Treatments with 1000–3000 IBA
increased this parameter in the absence of Fe.

Figure 3. Shoot parameters 20 days after the rooting induction treatments in Rosmarinus officinalis stem
cuttings. Cuttings were treated with different concentrations of IBA (0, 1000, 2000 and 3000 mg L−1)
at the start of the experiment and then grown with different concentrations of Fe (0, 5, 10 and 20 μM).
Shoot fresh weight ((A), in g plant−1), shoot dry weight ((B), in g plant−1), shoot new growth ((C), in
cm), and new shoot number per plant (D). Values shown are means ± SE (n = 4 pots). Letters above
the columns indicate significant differences at p ≤ 0.05 for the Fe treatments in a given IBA treatment
(in lower case) and for the IBA treatments in a given Fe treatment (in capitals).

Total shoot DW was between 0.54 and 0.95 g per plant, and values were markedly affected
by the Fe regime (Figure 3B). The highest values were observed in the 1000–3000 IBA/5–10 Fe
and 1000–2000 IBA/20 Fe treatments and the lowest in the 0 IBA/0 Fe control. Treatments with
Fe increased shoot DW in cuttings not treated with IBA, and in the absence of Fe treatments
with 1000–3000 IBA increased this parameter.

Shoot new growth was between 1.5 and 10.9 cm depending on the treatment (Figure 3C).
The highest values were observed in the 1000–3000 IBA/5–10 Fe and 1000 and 3000 IBA/20 Fe
treatments, and the lowest in the 0 IBA/0 Fe control one. Treatments with Fe increased shoot
new growth in cuttings not treated with IBA, whereas in the absence of Fe treatments with
1000–3000 IBA increased this parameter.

The number of new shoots per plant was in the range 0.7–3.2, and it was affected by the
IBA/Fe regimes (Figure 3D). The highest values were observed in the 1000–3000 IBA/5–20 Fe
and the lowest in the 0 IBA/0 Fe control one. All treatments with Fe increased the number of
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new shoots in cuttings not treated with IBA, and treatment with 1000–3000 IBA increased this
parameter in the absence of Fe.

3.5. Fe-Chelate Increase Leaf Photosynthetic Pigment Concentration of Cuttings

The concentrations of Chl a, Chl b, total Chl and Car were in the ranges 4.0–9.7, 1.1–6.0,
5.2–15.2 and 0.7–2.5 mg g FW−1, respectively, and values were markedly affected by the
IBA/Fe regimes (Figure 4). The highest total Chl was observed in the 2000–3000 IBA/10 Fe
and 1000–3000 IBA/20 Fe treatments, the highest Car value was in the 1000 IBA/20 Fe
treatment, and the minimum value for all pigments were observed in the 0 Fe treatments.
In cuttings not treated with IBA, all treatments with Fe increased the level of Chls, and treat-
ments with 10–20 Fe increased total Car. On the other hand, in the absence of Fe treatments
with IBA did not cause any change in the leaf concentration of photosynthetic pigments.

 
Figure 4. Leaf photosynthetic pigment concentrations 20 days after the rooting induction treatments
in Rosmarinus officinalis stem cuttings. Cuttings were treated with different concentrations of IBA
(0, 1000, 2000 and 3000 mg L−1) at the start of the experiment and then grown with different
concentrations of Fe (0, 5, 10 and 20 μM). Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C),
and carotenoid (D) concentrations. Values shown are means ± SE (n = 4 pots). Letters above the
columns indicate significant differences at p ≤ 0.05 for the Fe treatments in a given IBA treatment (in
lower case) and for the IBA treatments in a given Fe treatment (in capitals).

3.6. Cutting Survival Percentage Increased by Applying IBA and Fe-Chelate Simultaneously

Ten days after transfer to the sand:soil substrate, cutting survival was between 35.3 and
89.3%, and values were markedly affected by the IBA/Fe regimes (Figure 5). The highest
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values were observed in the 1000–3000 IBA/5–20 Fe and the lowest in the 0 IBA/0 Fe
control one. All treatments with Fe increased survival significantly in cuttings not treated
with IBA. In the absence of Fe, treatments including 1000–3000 IBA increased survival.

Figure 5. Survival (in %) of Rosmarinus officinalis stem cuttings 10 days after transfer to a sand:soil
mixture. Cuttings were treated with different concentrations of IBA (0, 1000, 2000 and 3000 mg L−1)
at the start of the experiment, then grown for 20 days with different concentrations of Fe (0, 5, 10 and
20 μM) and finally transplanted to the sand:soil mixture. Values shown are means ± SE (n = 4 pots).
Letters above the columns indicate significant differences at p ≤ 0.05 for the Fe treatments in a given
IBA treatment (in lower case) and for the IBA treatments in a given Fe treatment (in capitals).

4. Discussion

Results confirm that the application of IBA improves rooting in R. officinalis cuttings,
in line with previous results obtained in this plant species [30–33], as well as in many other
woody plants [7–18]. Data shown here indicate that when Fe supplementation is not used,
an IBA concentration of 1000 mg L−1 appears to be adequate for R. officinalis, since higher
IBA concentrations (2000–3000 mg L−1) do not provide any supplementary advantage. Each
plant species needs an appropriate concentration of IBA to promote cell proliferation and
expansion [19,36], and excessive IBA concentrations may impair development [11,15,37].
For instance, O. europaea needs a 3500 mg L−1 IBA concentration [11], and 2000 mg L−1

IBA induced a higher percentage of adventitious rooting in Eucalyptus benthamii [15].
Even in the absence of IBA, Fe(III)-EDDHA supplementation improves to some extent

rooting (at 10 days), root biomass and number, shoot biomass, new growth and number of
new shoots, and leaf photosynthetic pigment levels (at 20 days), as well as cutting survival
(10 days after transplant to sand:soil mixture). The low root biomass in cuttings grown
with 0 μM Fe may be related to the auxin increases known to occur in Fe-deficient plants,
which usually exhibit in roots morphological changes such as inhibition of elongation and
swollen root tips [21,22,38]. The reason behind the positive effects of Fe(III)-EDDHA in the
absence of IBA are not known at the current stage, although Fe is a co-factor of peroxidase,
which is known to mediate the catabolism of auxin in the rooting process [38]. Evidence for
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a role of mineral nutrients (including Fe) in the basal part of the cutting during rooting has
been shown in Petunia × hybrida [4] and Euphorbia pulcherrima [39], as well as in the woody
species Eucalyptus globulus [14], Prunus persica [26] and Pinus taeda [40]. In Petunia × hybrida
leaf cuttings, it has been shown that adventitious root formation depends on the local
provision of Fe, since shoot-to-root translocation of Fe from the aerial part of the cuttings
is ineffective [4]. Stimulation of adventitious root development by Fe requires auxin and
involves auxin polar transport, but both the fact that spatial distribution and activity of
the auxin-reporter GFP-GUS are not affected by Fe supply and the additive effect of Fe
and 1-naphthaleneacetic acid suggest that Fe and auxin may have parallel mechanisms of
stimulation of adventitious root formation [4].

The Fe-mediated improvements in all parameters studied are generally more marked
in the presence than in the absence of IBA. These results confirm the hypothesis that supple-
menting IBA-treated R. officinalis cuttings with 5–20 μM Fe(III)-EDDHA improves rooting
(at 10 days), and root biomass and number, shoot biomass and number of new shoots and
the leaf levels of photosynthetic pigments (at 20 days), as well as cutting survival (10 days
after transplant to sand:soil mixture). Generally speaking, the treatments including 10 μM
Fe and 2000 mg L−1 IBA appear to give adequate values for most parameters measured.

Application of Fe increased leaf photosynthetic pigment levels, in line with previous
studies with other plant species [41,42], including woody ones such as Pyrus communis [43]
and P. persica [44]. The increase with Fe was more marked for Chl b than for Chl a and
Car, also in agreement with previous studies [43]. Iron plays roles in chlorophyll [45]
and carotenoid biosynthesis [46] and is also part of many components in the chloroplast
thylakoid membrane, which can be assembled only when all of them are present [45,47].
For instance, Calendula officinalis grown under low Fe showed decreases in Chl and Car
concentrations under low Fe in the growth media [48,49]. An increase in photosynthetic
pigment levels leads to higher photosynthetic rates, and therefore increases the resources
for the formation and development of the root system. This would better facilitate water
and nutrient uptake, therefore favouring plant survival [42,50].

In the present study, shoot new growth, number of new shoots, and shoot FW and
DW were positively correlated with the root number (R2 values of 0.70, 0.76, 0.72 and 0.64,
respectively, data not shown). This is in line with the finding that in IBA-treated Hibiscus
rosa-sinensis rootstock, propagated using stenting, there was a positive correlation between
shoot and root number [51]. This may be caused by a higher cytokinin generation in cuttings
with a higher root number. Cytokinins are mainly synthesized in roots and transported
to the shoot in the xylem transpiration stream, and they affect many aspects of plant
development, including morphogenesis and shoot initiation [52,53].

5. Conclusions

Results indicate that the application of 5–20 μM Fe(III)-EDDHA and 1000–3000 mg L−1

IBA can improve rooting, root and shoot biomass, photosynthetic pigment levels and plant
survival in cuttings of the aromatic and medicinal species R. officinalis. These results show
that the application of Fe(III)-chelate during rooting can lead to the production of vigorous
new plants in a shorter time. The application of this type of treatment for the propagation
of other rare and valuable aromatic and medicinal plant species via cuttings would deserve
further studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12020210/s1, Figure S1: Pictures of the cuttings a
few days after placing them in pots with the sand:perlite mixture; Table S1: Analysis of variance
(ANOVA) of morphological and biochemical traits in R. officinalis treated with different concentrations
of IBA (0, 1000, 2000 and 3000 mg L−1) at the start of the experiment and then grown with different
concentrations of Fe (0, 5, 10 and 20 μM).
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