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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.
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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, Fernandez-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., AM.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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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/m?). 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



Agriculture 2020, 10, 332

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 (2448 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 4045 °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°21700”, 31 m asl), where two experimental plots were selected (20 m X 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 Koppen 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~ 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 X 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 X 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.], Italy). The cabinet is entirely made of AISI 304 stainless steel, it has
95 x 60 x 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/m?) were used for each species. The tests, named 1, 2 and 3,
respectively, with biomass densities of 3, 4 and 5 kg/m?, were placed inside the shelves of the cabinet
using polypropylene vented crates (dimensions 40 x 60 X 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 (a\) 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 MC; [%] was calculated as:

Wht-Whed 1,0t

MG = MC;

)
where: Wy, is the normalized biomass weight [g] at time ¢ [h]; W4 5,0 is the reduced water weight
[g] at time ¢ [h]; MC; is the initial biomass moisture content [g].

The drying rate at time ¢, DR; [g/g h~1] was then calculated as:

Whed H,Ot ,q
DRy = ——2— ~ )
t Wy
The experimentally obtained curves for MC; and DR; 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 DHT?22 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.

oG CIX

:

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:

e 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.

e 2Creal 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 I12C serial bus, which is accessed in
SLAVE mode. The time count is based on a 32 kHz quartz oscillator, which ensures good accuracy.

e 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).

e  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 1/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 X 25 mm X 7.7 mm, 4 pins with 0.1” spacing.

e 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 x 40 x 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.

e  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 (240 °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/m?) in MC during
time (a value every 6 h throughout the process was considered, named to, t4, etc.). To test if there were

11
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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.

Field 1 Chart 2 o 72 x Field 2 Chart 2 o 7 x
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Time Time
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S3

°
&
°

Weight (g)
2 2
E3 2

16:00 20.Jul 08:00
Time

ThingSpeak com

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

The ay 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 a,, 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 a,, 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/m?; S2 = 4 kg/m? and S3 = 5 kg/m?).
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Figure 4. Curves of moisture content MC; (A) and drying rate DR; (B) as a function of time for
sage dehydration process. Data are means of three replications (S1 = 3 kg/m?; S2 = 4 kg/m? and

S3 = 5 kg/m?).
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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™!; then it constantly decreases, reaching the value of 0.006 g/g h™!
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™!. 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~!.
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Figure 5. Curves of moisture content MC; (A) and drying rate DR; (B) as a function of time for

laurel dehydration process. Data are means of three replications (L1 = 3 kg/m?, L2 = 4 kg/m? and
L3 = 5 kg/m?).
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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/m?; S2 = 4 kg/m? and S3 = 5 kg/m?).

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
2 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-t>
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
2 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-t>
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
2 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-t>

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/m?; S2 = 4 kg/m? and S3 = 5 kg/m?).

Parameter Least Squares Estimate Standard Error T Statistic p-Value
intercept 0.0107142 0.000003 3922.41 0.0000
slope —0.0000667179 710x 1078 —-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 x 1077 330 6.15 x 10710
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 7.64x 1078 —-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 x 1077 330 712 x 10710
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 490 x 1078 -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 x 1078 330 2.93 x 10710
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/m?; L2 = 4 kg/m? and L3 = 5 kg/m?).

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
t? 0.00879715 0.00007 130.24 0.0000
Source Sum of Squares Df Mean Square F-Ratio p-Value
Model 8491.8 2 42459 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-t>
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
2 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-t>
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
t? 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-t>

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/m?; L2 = 4 kg/m? and L3 = 5 kg/m?).

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
t? 0.000128877 0.00001 19.78 0.0000
5 -0.00000381636 2.28 x 1077 -16.70 0.0000
t 3.87457 x 1078 2.65%x 1077 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 x 1077
Total 0.000937526 212
R-squared 91.8541%
DR equation for L1: DR_L1 = 0.016539 — 0.00178689-t + 000128877-t>-0.0000038164-t3+3.87457 x 10~8.t*
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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
2 0.0000893886 0.00001 13.48 0.0000
5 —0.00000270083 233 %1077 -11.61 0.0000
tt 2.76817 x 1078 2.70 x 10~ 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 3.80483-1077
Total 0.000573671 212
R-squared 86.2045%

DR equation for L2: DR_L2 = 0.0143628 — 0.0012179-t + 0.000089389-t> — 0.0000027008-t> + 2.76817 x 10~8.t*
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
2 0.000105325 0.000005 20.02 0.0000
& —0.00000311549 1.84 x 1077 -16.89 0.0000
tt 3.12868 x 1078 2.14 x 1077 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 x 1077
Total 0.000541584 212
R-squared 90.8098%
DR equation for L3:  DR_L3 = 0.0160073 — 0.00143272-t + 0.00010532-t> — 0.0000031155-t> + 3.12868 x 1075+

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/m?; S2 = 4 kg/m? and S3 = 5 kg/m?). Data are
means + SD (n = 3).

Time S1 S2 S3 p-Value Significance !
to 72719 72.7+1.3 727 +21 1.0000 n.s.
te 639 +24 645+1.9 642 +1.9 0.9379 n.s.
to 55.5+1.9 56.7 £ 1.4 56.0 1.7 0.6860 n.s.
t1g 478 +22 495+25 485+13 0.6206 ns.
tog 40.8 +2.0 429+2.4 416 +1.7 0.4942 n.s.
t3o 364 +2.3 37.0+2.0 354 +1.6 0.3542 ns.
t3g 29.0+2.0 31.7+2.0 29.8 £2.2 0.3285 n.s.
tn 242422 27.0+2.0 248 +£25 0.3232 ns.
tyg 20.1+1.9 23.0+1.0 205+1.9 0.1388 n.s.
tsq 16.7+15 196 £1.8 16.8 £2.1 0.1582 n.s.
teo 140+ 20 169 +22 13.7+22 0.1986 n.s.
teo 121+£22 148+22 11.3+15 0.1572 n.s.

Tn.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 t3g, t36 and typ, (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/mz; 12=4 kg/m2 and 1L3 =5 kg/mz). Data are
means + SD (n = 3). Values in each row with different letters are significantly different from one another
atp < 0.05 (Tukey’s test).

Time L1 L2 L3 p-Value Significance !
to 55.0+14 55.0+1.3 55.0+2.0 0.9986 n.s.
te 493+1.7 491+12 487 +1.7 0.8789 n.s.
to 451+1.1 443+1.6 435+1.6 0.4040 n.s.
tig 411+12 402+0.8 388 +1.5 0.1123 n.s.
tog 38.4+19 37.0+1.0 350+1.2 0.0683 n.s.
t30 359+18a 343+14ab 316+14b 0.0334
t36 341+19a 325+ 1.7 ab 294+19b 0.0479
tap 328+14a 314 +1.6ab 28.0+1.7b 0.0207

I 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/m?. 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/m? was at the lowest
levels and increased with biomass drying density.

a
a
a
|bbb b b b |bbb

™M Enterobacteriaceae Yeasts Molds

7

w

Log CFU/g

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. Itallowed
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/m?) 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/m? 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. latifolin 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], Garcia-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-Pefialver et al. [16], analyzing 194 samples from 6 different
biogeographic Spanish regions. Mufioz-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 Andalucia. 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-Martinez 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 Transicion Ecolégica (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.

Cantabroatlantic 42

Mediterranean
Castillian 18a

Mediterranean

Oroiberian 18b @ 1:3

Prepyrinean 7a
4
M. Oroberian 18b
]

M. Castiian 183

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 Optima 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 pum 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 + {3 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, « pinene, camphene, sabinene + 3 pinene, limonene +
1,8-cineole, linalool, camphor, borneol, and «-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
Cordoba, 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 n? Min. Mean S.D. Max.
essential oil yield 34 1.75 2.95 0.71 4.58

a-pinene 34 0.85 1.73 0.53 3.13

camphene 34 0.37 0.81 0.27 1.45

sabinene+[3-pinene 34 1.52 2.85 0.87 4.75

All populations 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

a-terpineol 34 0.38 0.88 0.21 1.39

essential oil yield 9 1.75 2.52Db 0.63 3.51

Cantabroatlantic 1,8-cineole 9 21.51 38.20 a 8.63 46.91
(C-4a) linalool 9 25.29 30.69 a 6.92 45.36
camphor 9 7.23 12.34b 4.46 20.73

essential oil yield 9 2.37 2.86 ab 0.47 3.70

Prepyrenean 1,8-cineole 9 20.96 24.46b 2.18 26.82
(P-7a) linalool 9 2243 29.39 ab 4.73 38.81
camphor 9 23.17 27.04a 2.58 31.39

Mediterranean essential oil yield 7 2.30 2.77b 0.46 3.55
Castillian 1,8-cineole 7 35.45 41.84a 6.19 51.41
(MC-18a) linalool 7 20.01 25.60 ab 5.58 36.28
camphor 7 7.76 13.43 b 7.04 24.83

Mediterranean essential oil yield 9 2.28 3.63a 0.74 4.58
Oroiberian 1,8-cineole 9 30.40 43.13a 7.41 54.30
(MO-18b) linalool 9 11.42 21.03b 9.49 36.60
camphor 9 423 15.28 b 6.80 25.61

n® 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 n? Min. Mean S.D. Max.
essential oil yield 33 0.83 2.77b 1.08 5.78

2011 1,8-cineole 34 13.05 32.89b 8.99 50.51
linalool 31 0.23 21.17b 15.95 48.94

camphor 31 417 20.07 a 10.15 36.67

essential oil yield 34 0.97 2.06 ¢ 0.64 3.18

2012 1,8-cineole 34 14.08 42.04a 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

essential oil yield 34 1.69 3.99 a 1.30 6.80

2013 1,8-cineole 34 17.09 3492b 10.67 55.03
linalool 34 5.31 34.00 a 10.18 54.08

camphor 34 3.60 15.49b 7.65 31.82

n?® 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 *
C-4a 23934 a 197.07 a 150.51 a 119.63 b 706.54 a B

2011 P-7a 238.67 a 157.18 ab 162.07 a 177.56 a 735.47 a B
MC-18a 134.01b 145.69 ab 194.06 a 89.48 be 563.24 ab AB

MO-18b 128.92b 98.8b 178.94 a 49.17 ¢ 455.84b B

C-4a 180.36 a 196.79 a 200.73 a 71.35 bc 649.23 a B

2012 P-7a 188.87 a 40.33b 240.69 a 131.22 a 601.11a C
MC-18a 108.37 b 66.15b 165.11b 76.91 be 416.55b B

MO-18b 110.99b 36.92b 107.67 ¢ 51.34c 306.92 b B

C-4a 218.28 b 430.94 a 2813 a 119.72b 1,050.25 a A

2013 P-7a 296.47 a 232.69 b 288.2a 204.16 a 1,021.51a A
MC-18a 162.02 be 173.29 be 257.01a 97.52b 689.85b A

MO-18b 197.07 ¢ 95.89 ¢ 206.58 a 124.34b 623.87b 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 sSOC SN K P Altitude
C-4da
558 8.12 46.89 157.7 3.46 0.460 158.85 151 530
559 7.56 69.92 163.4 37.09 2.360 418.97 14.95 566
560 7.45 4121 158.7 16.42 1.321 108.96 6.41 676
561 7.45 60.19 143.0 13.12 1.271 391.81 513 584
562 8.04 5491 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 157.78a  19.50a  1.52a 26694a  7.72a  699.78Db
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 818a  0.734a 83.79b 6.50a  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 778 a 66.04 a 172.21a  2070a 1l.66a 9890ab  9.18a  997.29a
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 7.82a 58.65 ab 246.58a  2694a  17la 24537ab 1584a 93744a
S.D. 0.40 6.97 159.12 3271 1.81 204.13 23.20 238.49

CAT: Population code. Edaphic variables and units: pH; % fine-grain < 2 mm; EC: Electric Conductivity (us/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 (um/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 (um/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

558 530 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 C-4a 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 2.52b 3820 a 30.69 a 12.34b
S.D. 134.79 0.63 8.63 6.92 4.46
530 977 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 P-7a 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 24.46b 29.39 ab 27.04a
S.D. 100.58 0.47 2.18 4.73 2.58
552 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 MC-18a 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 2.77b 4184 a 25.60 ab 13.43 b
S.D. 117.76 0.46 6.19 5.58 7.04
529 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 MO-18b 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 411 30.40 36.60 14.15
Mean 937.44 a 3.63a 4313 a 21.03b 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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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
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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 *).
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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-Pefalver 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-Penalver 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
Aragon. 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,
orleaves, which is used for its extraction [13], the geographical situation, and the climatic differences [10].
Garcia-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-Penalver 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-Penalver 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

37



Agriculture 2020, 10, 626

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
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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 Munioz-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-Penalver 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-Pefialver 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-Penalver 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.
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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
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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.1.), 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).

() (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) ata
rate of 3 gr L™! 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: Y; (2007) and Y, (2008). The sub-plot factor was
irrigation (I) with two treatment levels: I; (integration 100% field capacity every 4 days) and
I, (integration 100% field capacity every 2 days). The sub-sub-plot factor was the substrate
(S) with four treatment levels: S; (50% peat, 20% compost, 30% perlite); S, (40% peat,
30% compost, 30% perlite); Sz (30% peat, 40% compost, 30% perlite) and Sy (70% peat,
30% perlite) as the control. The sub-sub-sub-plot factor was plant habitus (H) with three
treatment levels: Hy (erect habitus); Hy (semi-erect habitus) and Hj (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.
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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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Electrical conductivity (uS cm™)

S1

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.

o

»

L 0
S2 S3 S4 S1 52 S3 S1

Substrate Substrate

(a) ()

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
S: S, S3 Sy
Bulk density (g cm ) 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 2433 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
I;, 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 I.

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 S; and S, 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% (S, and Sy); the difference between the
different substrates in terms of average percentages in EO was, therefore, minimal (Table 3,
Figure 5).
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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.
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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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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 I,-by-H, interaction, whilst the lowest average value was found
with I;-by-H; 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 Hj. 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-H, 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 S and the biotype with prostrate habitus.
A closer look at EO content showed that the S;-by-H; interaction produced the highest
EO percentage (0.73%). The lowest average EO percentage (0.64%) was recorded with the
S4-by-H; and S,-by-Hj 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.

Fresh Weight Dry Weight

Treatment (g plant 1) (g plant 1) EO Content (%)
Year
Y, 98.35a 28.25a 0.67 a
Y, 96.66 a 27.61 a 0.67 a
Irrigation
I; 76.31b 21.38b 0.72a
I, 118.76 a 34.49 a 0.62b
Substrate
S 89.78 b 26.01b 0.68 a
S, 82.83b 22.99 b 0.66 b
S3 84.63 b 22.89b 0.68 a
Sy 133.28 a 39.74 a 0.66 b
Plant habitus
H; 100.08 a 35.05a 0.68 a
H, 9243 Db 27.01b 0.67 ab
Hj 94.01b 21.75 ¢ 0.65b
Interactions (significance)
Y x I n.s. n.s. n.s.
Y xS n.s. n.s. n.s.
Y x H n.s. n.s. n.s.
IxS n.s. n.s. n.s.
IxH n.s. n.s. n.s.
s X H * * *
Y xIxS n.s. n.s. n.s.
Y xIxH n.s. n.s. n.s.
Y xS x H n.s. n.s. n.s.
IxSxH * n.s. n.s.
YxIxSxH 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 I, interacted with the control substrate and
the biotype with erect habitus, whereas the lowest values for height were found with the
interaction I;-by-S;-by-Hj. The greatest average values for height-to-diameter ratio were
determined with the interaction I-by-S4-by-H; and I,-by-S,-by-H;. The highest number
of secondary branches, however, was found in the interaction irrigation level I, with the
control substrate and prostrate habitus biotype, whereas the lowest average values were
found with the interaction I1-by-Sy-by-Hj.

Regarding production parameters, it is worth noting that the interaction I,-by-S4-
by-Hj presented higher average values for fresh weight (174.72 g), whilst the interaction
I1-by-S,-by-H, 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 CO, 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
MECP 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-a (TNF-«), interleukin-13 (IL-1p3),
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. HySO4 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. HySOy; 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-a and IL-6)

For the estimation of proinflammatory biomarkers such as TNF-« 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-« 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 x-amyrin,
B-amyrin, (3- 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
0.889 0.004 Anti-inflammatory
a-amyrin 0.835 0.002 Nitric oxide antagonist
0.522 0.043 Antiarthritic
0.411 0.011 Antioxidant
B-amyrin 0.843 0.005 Anti-inflammatory
0.793 0.003 Nitric oxide antagonist
0.405 0.012 Antioxidant
Calitropigenin 0.357 0.119 Anti-inflammatory
0.490 0.060 Anti-inflammatory
0.357 0.119 Anti-inflammatory
Asclepin 0.490 0.060 Anti-inflammatory
0.608 0.005 Calcium regulator
0.572 0.038 Anti-inflammatory
B-sitosterol 0.482 0.004 Anti-inflammatory, Ophthalmic
0.740 0.011 Anti-inflammatory
0.669 0.004 Calcium regulator
Stigmasterol 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 018+ 019+ 02+ 0.20 + 02+ 0.19 + 02+ 021+ 021+
0.009 0.012 0.008 0.008 0.08 0.01 0.02 0.01 0.008 -
Arthritic 038+ 050+ 059+ 061+ 059+ 059+ 058+ 057+ 056+
control 0.011%  0.012%  0.008* 0.01#* 0.008*  0.008%  0.005*  0.005*  0.004%* -
Indomethacin 038+  051& 059+ 061+ 058+ 042+ 038+ 034k 027+ 5178
0.009 0.012 0.014 0.01 0.004  0.005*  0.005*  0.006*  0.01*
Tbuprofen 039+ 051+ 059+ 060+ 058+ 044+ 042+ 037+ 03+ 164
0.011 0.012 0.008 0.012 0.012 0.01*  0.008*  0.008*  0.008**
MECP 0384+ 051+ 058+ 059+ 058+ 044+ 042+ 038+ 030+ 164
0.019 0.012 0.006 0.012 0.009  0.005*  0.007*  0.01*  0.008**
0394+ 051+ 059+ 060+ 059+ 058+ 056+ 049+ 041+
EAFCP 0.009 0.012 0.012 0.011 0.008 0.007 0.008*  0.007*  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.
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Figure 2. Measurement of paw withdrawal latency. Values are mean 4 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.

300

250

200

150

Body welght (zm)

100

4 7 10 12 14 17 21 24 28
Time (days)
= Normal m Arthritic control ® Indomethacin
H [buprofen B MFCP HEAFCP

Figure 3. Effect of Swallow wort fractions on body weight. Values are mean 4 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.

Organs Weight (g)
Groups
Spleen Thymus
Normal 0.21 4+ 0.01 0.11 4 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 **
MEFCP 300 mg/kg 0.33 + 0.014 ** 0.13 £+ 0.017 **
EAFCP 300 mg/kg 0.41 4+ 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.

Serum Enzymes on Different Days

Groups

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+ 16% 122.66 4 1.63 *
Indomethacin 10 mg/kg 38.16 + 1.72** 35.66 + 1.3 ** 42.33 +1.36 **
Tbuprofen15 mg/kg 42.33 +1.36 ** 38.66 + 1.03 ** 55.83 + 1.16 **

MFCP 300 mg/kg 45.16 4 0.75 ** 41.83 4 0.75 ** 56 + 1.78 **
EAFCP 300 mg/kg 49.66 + 1.5 ** 4754 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-c and IL-6

Proinflammatory cytokines such as TNF-« and IL-6 play essential roles in the patho-
genesis of RA. Therefore, the levels of TNF-« and IL-6 cytokines in the serum of arthritic
rats were analyzed and results are shown in Figure 4. The levels of TNF-o 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-« 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-« 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+ 048*
Indomethacin (10 mg/kg) 34.55 £ 0.96 ** 241 +0.51%*
Ibuprofen (15 mg/kg) 37.08 £ 0.91 ** 2,93 +£0.51**
MEFCP 300 mg/kg 46.03 £ 1.25** 4.1 +0.49*
EAFCP 300 mg/kg 4934 £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.
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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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Tbuprofen 15 meg/ks (1) Ibuprofen 15 mg/ke (B) MFCP 300 mg/ke (A)MFCP 300 mg/ke (B) EAFCP 300 me/ke (A) EAFCP 300 me/ke (B)

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 a-amyrin, 3-amyrin, stigmasterol, and f3- 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 ond 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-«, and other cytokines. Moreover,
the activated neutrophils are also the sources of leukotrienes and prostaglandins. Mediators
such as IL, IL-1$3, IL-6, and TNF-« are responsible for the pathogenesis and progression of
RA [40]. In the present study, the serum TNF-« and IL-6 levels were significantly increased
in FCA-induced arthritic rats. However, the treatment with MFCP showed the maximum
inhibition of TNF-« 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
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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 x 1.8 m (width X length), and
each plot consisted of six rows of six plants (36 plant plot~!), with a plant density of
6.67 plants m 2 by adopting an inter-row and intra-row spacing of 0.5 x 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~! of P,O5 by triple superphosphate and 80 kg ha! of K,O by potassium
sulfate. Nitrogen (as ammonium nitrate) was applied at a rate of 40 kg N ha~! 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
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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 Ttaly
CcO Israel
BR5 Brazil
SW30 Italy
BR1 Brazil

Weather parameters (daily minimum, T, maximum, Tpay, 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 Tpin) through-
out the entire experimental period (May 2018-September 2019).

Year Month Timax °C) Tmin O Tiean (°C) Rg::fﬁ“
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 41 9.0 58.6
March 15.6 6.6 111 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 20.2 244 88.4
August 28.9 20.2 24.6 3.6
September 255 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 (H,O 1:2.5 soil:water suspension; McLean method) 7.6
N tot (Kjeldahl method, g kg’l) 14
S.0. (Walkley-Black method, g kg~ 3.1
Available phosphorus (Olsen method, mg kg™1) 9.9

Exchangeable potassium (Thomas method, mg kg‘l) 211.5
CE (mScm™1) 0.4

CSC (Method BaCl,, 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 = X [(Tmax + Tmin)/2 — Tp] @

where Tay is the daily maximum air temperature, Tpiy, is the daily minimum air tempera-
ture, and T, 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™!), 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—!) 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 Image]J (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 (& 0.45 pm) 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 um, 250 mm X 4.6 mm (Phenomenex Inc., Torrance, CA, USA) in combination
with the corresponding pre-column (4 x 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~! 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~! 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
Fe?* which, in the presence of TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) led to a blue complex
formation (Fe?*-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~ ! 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 ]MP® 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 x 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 x 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~!) 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°Cd~1).
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§  SL- [ |
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=
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& co- .,
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T T T
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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 x HT interaction and
(iii) plant height and SLW which were not affected by CA xHT (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 . Basal Stem Branching (n. SLW (m; Leaf Dry Yield
Main Effects Factor Level Height (cm) Diameter (mm) Stem Plangt*1) HI (%) cm*z)g (g Plant—1)
PL 479 +3.19e 7.5+ 0.4 b¢ 18.0 +£2.3P 65.1+25¢ 113 +£032® 43.7 +3.60¢
BR16 485 +244 51+02¢ 27.0+332 528+278 94+05¢ 269 +32f
RG 55.3 & 4.4 7.6+03° 24.0+282 56.0 +3.4f 9.9 4 0.4 de 36.9 & 4.3 «de
SL 445+37¢ 6.8 4+ 0.4 4 150 £ 1.7P 735 +28° 11.5 4+ 0.4° 29.1 + 4.3
Genotype (G) NU 582 +472 77 +03P 19.0 +1.7° 555 +3.4f 95+03¢ 557 +£592
co 56.6 +£3.92 6.9 +04cd 150 +1.3° 64.0+244 102 +0.3<d 41.5 43,0
BR5 529 +2.7bc 7.2 4 0.4 bed 17.0+£1.3" 67.1+28" 10.6 +0.4¢ 443 +3.8b¢
SW30 473 +224de 88+02° 150+ 1.6° 622 +27°¢ 10.8 4 0.5 b¢ 33.9 + 2.1 def
BR1 50.0 + 4.5 6.6+024 150+ 1.3 65.8 +2.2b¢ 10.6 £0.5¢ 485+ 542
Crop age (CA) 2018 488+ 16" 754022 19.0+1.12 56.0 + 0.8 93+0.1P 354+29P
2019 539 4+ 1.8° 6.8402P 18.04+1.12 679+ 1.6° 11.4 4022 446+192
Har‘(’;sTt)“me July 392408° 66+02° 170+10°  693+15%  108+02° 343+28°
September 631+ 12° 774022 19.0 4+ 1.12 55.4+09° 100 +£0.2° 458 +£2.02
Significance Main effects
G *kk 22 E2 ) *%% k% 22
CA . ns
G X CA k% *k% EEEd *k% EEEd *ok%
G X HT EEed ns LR EEed EEEd *ok%
CA X HT ns sl LR EEed ns EEsd
G X CA X HT %% s LR ok Ead EEd

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 Total Phenols (mg Total Flavonoids FRAP (mmol TE DPPH (mmol TE Total SVglys (g
Main Effects Factor Level GAEg'DW)  (mgCEg ! DW) g1 DW) g1 DW) 100 g~ DW)
PL 582 +54°¢ 5454394 0.34 +0.02¢ 0.26 +0.03 4 2524+21°
BR16 416+47F 413+46¢ 0.29 4+ 0.03 f 0.22 4+0.02¢ 162 +154
RG 37.3+358 333 +32f 0.28 +0.02f 0.20 £ 0.02f 15.5 + 1.9 de
SL 71.34+7.02 741 +52b¢ 0.47 =+ 0.02 be 0.36 + 0.042 2464 14"
Genotype (G) NU 389 +371% 399 £29¢ 0.27 £ 0.03 f 0.23 £0.02°¢ 1224+05¢
co 63.7 + 6.6 4 749 +£74° 0.45 4+ 0.03 ¢ 0.32 +0.04 ¢ 19.7 +1.4°
BR5 66.1 +5.5b¢ 812 +842 0.49 £ 0.03 2> 0.34 4 0.04° 239426"
SW30 615+594 709 +£69°¢ 0.42 +0.044 0.31 4 0.04°¢ 2934272
BR1 67.9 + 6.5 % 8414732 0.51 +0.022 0.31 4+ 0.04°¢ 1954+ 16°¢
Crop age (CA) 2018 322+13° 373+ 18P 0.3240.01° 0.17 + 0.003 ® 2434+132
2019 7834212 83.8 +32° 0.46 +0.022 0.39 +0.012 171+06°
Harzgslﬁ)“me July 587 +2.82 642 +362 0.47 +£0.02° 0.31 +0.02° 185+ 06"
September 532+ 3.7b 583 +4.0° 0.32+0.01° 0.26 +0.01° 225+132
Significance Main effects
CA *%% *kk kA% *kk *kk
G X CA *A% *%% *%% *k% *k%
G X HT *k% *k% *k% *%% *%
CA X HT *ok% *ok% *kk *ok% *k%
G X CA X HT EEad EEed EEed EEed EEed

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
PL 059 +£012°¢ 1.01 +0.04P 12.05 + 066 ° 1.29 +0.05° 747 £0.532 0.93 +0.14 b¢ 0.09 + 0.001 P 1.36 + 0.05 b¢
BR16 153+ 0120 171+ 0223 3.86 =023 9de 159 + 0190 515+ 034P 0.87 £ 0.06€ 0.08 + 0.001 P 1.43 +£ 0033
RG 27740382 1.93 +0.192b 119 + 014 53140332 0.88 +0.08 € 1.19 +0.16 2P nd 1.37 £0.01 b¢
Genotype (G) SL 24740572 2220653 8.83+023¢ 172+0.10P 7.55£0202 0.8940.01¢ nd 125 + 0,02 bed
NU 21940532 208+ 0223 094 4009 f 56140342 1014019 13540272 nd nd
co 092 = 0.02b¢ 23640252 451+017¢d 57040292 449 +031P 0.94 = 0.15b¢ nd nd
BR5 092+ 0,04 be 28340522 571+ 055 ¢d 779 £1.192 610+ 0.812P 1124 0252b 027+ 0.012P 074 +0019
SW30 0.84:+004¢ 176 +0203b 1602+ 1.132 207 +030P 439 + 046> 13840262 05440232 19740192
BRI 086+ 0.14¢ 23140312 450+ 0294 54240387 468+ 050P 088 +0.13¢ nd 160+0012
Crop age (CA) 2018 040+ 0.10P 2,86 + 0282 717 +1492 48740872 53040752 14040132 08140059 16340182
2019 20340212 1.23 + 006 > 554+ 0967 342040 384+ 053b 0.61 +0.04b 01140022 13240102
Harvest time (HT) July 150 +0322 1.75 £ 0170 597 +1132 359 +048P 38840530 088 £011P 0.11 +0.001 2 135+ 0082
September 12040242 21940352 674+1432 44840859 5.05+0769 12640182 039 +£0029 16940252
Significance Main effects
G - s - - -
CA . - R - s
HT ns * ns * - * ns ns
GxCA - ns - - * ns ns
G x HT ns ns ns - - ns ns ns
CA x HT e . - - - ™ - ™
G % CA x HT s - o s

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.
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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).
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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 (g cm~?) 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 