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Abstract: Cyclamen (Cyclamen persicum Mill.) is an ornamental plant that is highly susceptible
to pathogens, requiring high amounts of phytosanitary products. Therefore, the development of
more sustainable alternatives has been required. The present study aimed to analyze the effect of C.
canadensis root extract (aqueous and with dichloromethane) applied via foliar or soil, in C. persicum,
on gas exchange and the SPAD index and on the biomass of cyclamen. The aqueous extract treatment
increased net CO; assimilation, the transpiration rates, and instantaneous carboxylation efficiency.
The water use efficiency values were reduced in the treatments with both extracts. The greatest
increases in the SPAD index were provided by the aqueous extract. The cyclamens that received the
aqueous extract applied in soil or the dichloromethane extract applied in leaves showed an increase
in total biomass and number of leaves. To identify the compounds present in the extracts, CG-MS and
LC-MS/MS analyses were performed. The positive effects obtained indicated a high biostimulant
effect of C. Canadensis. Thus, the root extracts of C. Canadensis, particularly the aqueous extracts,
have the potential to be used to reduce the use of mineral fertilizers and pesticides, promoting
agroecological practices and contributing to sustainable agriculture.

Keywords: plant extract; C. canadensis; C. persicum; gas exchanges; SPAD index; sustainable agricul-
ture; allelopathy; biostimulant

1. Introduction

The application of plant extracts, which have biostimulant properties, can significantly
contribute to sustainable production, promoting greater resistance of cultivated plants to
biotic and abiotic stresses, increasing productivity, and improving the quality of harvested
products, as well as reducing the use of mineral fertilizers and pesticides [1-3].

The organic and inorganic compounds present in several plant species can influence
the metabolism and physiological response of recipient plants, as they are able to stimulate
the growth/development rate of these species under normal conditions or under stress
conditions. These compounds act on the modulation of phytohormone, water, and soil
nutrient absorption, in the control of enzymatic functions, in the photosynthetic rate, in
gene expressions, in the defense system against biotic threats, and in the control of water
relations [4-6].

The use of biostimulants derived from plants or microorganisms represents an eco-
logical and efficient technology and can be used as an important tool integrated into
sustainable agricultural practices [7-9]. An annual growth of 11.24% is estimated in the
global biostimulants market [10].
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Several plants, including their waste and by-products, can be used in the production
of extracts with the aim of allowing the biostimulation of other plant species, and the
part of the plant to be used in the production of extracts can also be segmented (leaves,
flowers, fruits, roots, stems, and seeds), which can change the result of biostimulation [11].
Furthermore, various extraction methods can be used in the production of plant-derived
biostimulants. Selection of the most appropriate method is of fundamental importance to
ensure that the final extract has a high content of biologically active compounds. In this
sense, simple and traditional methods, or even advanced extraction techniques, which
include enzyme-assisted extraction (EAE), microwave-assisted extraction (MAE), pressur-
ized liquid extraction (PLE), supercritical fluid extraction (SFE), and ultrasound-assisted
extraction (UAE) can be used [3]. Water is the most commonly used solvent in the extraction
of active compounds from plant biomass, due to the fact that it is more environmentally
friendly [12,13].

Plant extracts are normally applied in agriculture by foliar spraying; so, they normally
need to go through a filtration process to avoid clogging the spray tips, with concentrations
of up to 10% being the most used [3]. The effectiveness of plant extract applications
depends on a series of factors, such as the target plant species (culture), cultivar, plant
development stage at the time of application, plant extract concentration, number of
applications, application method, and environmental conditions before, during, and after
applications [14-16].

In addition to the response in the growth of recipient plants, the identification of the
bioactive substance (s) present in the plant extract is of fundamental importance for under-
standing the mechanism (or mode) of action [17,18]. It is common for the same plant extract
to contain more than one bioactive compound; these compounds can interact with each
other, making it difficult to understand how they act on the receiving plant [19]. Favorable
effects on the growth of recipient plants are often attributed to organic substances such
as polyphenols, amino acids, phytohormones, vitamins, antioxidants, osmoprotectants,
and micro- and macronutrients [3,11]. The function of these molecules is to provide better
development and growth and, in turn, to be a defense mechanism; so, they can promote
the development and maturation of other plants through biostimulation. [20].

Among the various mechanisms of action of plant biostimulants already studied, the
improvement of the performance of the photosynthetic apparatus stands out as it ulti-
mately results in higher growth rates and productivity. For example, the foliar application
of Moringa oleifera extract in different crops promoted an increase in the synthesis of chloro-
phyll, carotenoids, and stomatal conductance, resulting in an increase in photosynthesis
rates in arugula crops and also in beans grown under saline stress [9]. When applied to
geranium (Pelargonium graveolens), moringa extract increased the content of chlorophyll and
carotenoids, which function as antenna pigments in capturing light energy for the reaction
centers of the photosystems, thus favoring the photochemical stage of photosynthesis [21].

Likewise, the foliar application of aqueous extract of garlic (Allium sativum) to eggplant
(Solanum melongena) seedlings promoted an increase in the synthesis of photosynthetic
pigments, increasing the rates of carbon assimilation, stomatal conductance, and transpira-
tion [17]. Psyllium (Plantago ovata) leaf extract ensured the protection of the photosynthetic
apparatus and stomata, reducing oxidative stress in corn seedlings subjected to hydric
stress [22]. The treatment of pea (Pisum sativum) with Lolium perennial leaf extract, which
is naturally rich in proline, reduced the effects of NaCl and NiCl, toxicity, increasing gas
exchange rates, water use efficiency, and relative water content in the leaves, and was
more effective than the application of exogenous proline [23]. The increase in the electrical
conductivity of irrigation water negatively affected the growth rates and gas exchange of
Physalis peruviana; however, the application of seaweed extract increased the photosynthetic
capacity by 43.3% and reduced transpiration (26.5%), attenuating the effects of salinity on
specific leaf area and stomatal conductance [24]. In another study with three cultivated
species, tomato, melon, and cucumber, the application of seaweed extract (Ecklonia maxima)
promoted an increase in photosynthetic rates by inducing greater production of photosyn-
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thetic pigments, thus promoting better conversion of light energy into chemical energy for
the assimilation of carbon and carbohydrate synthesis [25].

The relationship between biostimulants and the SPAD index in plants is a point
of great relevance. In many cultivated vegetables, the SPAD index is widely used as a
non-destructive estimate of chlorophyll contents and, generally, lower SPAD values are
correlated with leaf senescence in response to severe abiotic stress, including salinity [26].
Studies carried out with zucchini (Cucurbita pepo) indicated that the application of seaweed
extract to the leaves resulted in higher values of leaf area, carbon assimilation, and the
SPAD index. The application of two different commercial biostimulants based on plant
extracts, in combination or not with nitrogen, promoted leaf expansion and increased the
SPAD index in arugula (Eruca sativa) [27].

The plant Conyza canadensis L. is a species considered invasive in agricultural areas; it is
widespread worldwide and can cause significant impacts on biodiversity and the structure
and functioning of many ecosystems [28-30]. This plant has a height ranging from 0.8 to
2.3 m and quickly forms high-density populations due to the high production of seeds per
plant and the ease of seed dispersal by the wind [31-33]. At high densities, this species
can cause productivity losses of up to 90%, with high adaptation in areas cultivated under
the no-tillage system (without soil disturbance) [34]. Furthermore, species of the genus
Conyza spp. release allelopathic compounds into the environment to inhibit the growth
of other spontaneous plant species, thus promoting the rapid occupation of agricultural
spaces [35-37].

Due to their allelopathic effects, extracts from C. canadensis plants have been investi-
gated in several research centers, mainly for the use as pesticides, such as possible herbicidal
activity. It was found that aqueous extracts of C. canadensis impaired the germination and
initial growth of the species Plantago asiatica, Digitaria sanguinalis and Youngia japonica [32].
Methyl 4-hydroxybenzoate and hispidulin, isolated from Conyza bonariensis plants, were
shown to be active in inducing the germination of Phelipanche ramosa and Orobanche cumana
seeds. On the other hand, the authors also isolated two allelochemicals from C. bonar-
iensis, (4Z)-lachnophyllum lactone e (4Z,8Z)-matricaria lactone, which inhibited the root
growth of Orobanche crenata, Orobanche cumana, and Orobanche minor e Phelipanche ramosa.
Other authors observed that aqueous extracts of C. canadensis (whole plant), in different
concentrations, weakened the root activity of Arabidopsis thaliana and caused the accu-
mulation of reactive oxygen species [38]. The lactones, (4Z,8Z)-matricaria lactone and
(4Z)-lachnophyllum lactone, found in the aerial part of C. canadensis, inhibited the growth
of the monocot Agrostis stolonifera and the dicot Lactuca sativa [39].

Cyclamen (Cyclamen persicum Mill.) is an ornamental plant grown in pots that has
flowers of the most diverse shades, including white, pink, and red. It is a plant with a
relatively long cycle (up to 7 months), compared to other ornamental plants, and is highly
susceptible to pathogens, requiring high investments in phytosanitary treatments [40]. The
national production of species with flowers and potted plants represents 39% of the revenue
of the flower and ornamental plant chains in Brazil [41]. The municipality of Holambra/SP
is a major producer of this species in Brazil, representing 0.8% of all sales movement in the
largest wholesale market located in the region (Veiling, Holambra/SP).

It is known that allelochemical compounds have an influence on photosynthetic
activity, but to date, no studies have been reported on the effects of C. canadensis extracts
on gas exchange in plants. The main aim of the present study is to analyze the effect of C.
canadensis root extract (aqueous and with dichloromethane) on gas exchange and the SPAD
index of C. persicum grown in a greenhouse.

2. Materials and Methods
2.1. Study Location
The present study was carried out from August to December 2023, at the experimental

facilities of Embrapa Meio Ambiente located in the municipality of Jaguaritna, SP (22°43' S,
47°01’ W, 570 m altitude).
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2.2. Obtaining and Growing Cyclamen

Healthy seedlings of var. Halios® Red Rebelle® cyclamen with approximately 60 days
of development, obtained from the BALL seedling production company, based in the city
of Holambra (SP), were transplanted into plastic pots 10 cm high by 12 cm in diameter,
containing commercial Sphagnum peat-based substrate fertilized with 10 g of NPK 10:10:10.
The pots, containing two plants each, were kept in a greenhouse with daily drip irrigation,
average relative humidity of 65%, average minimum temperatures of 23.5 °C, and average
maximum temperatures of 30.5 °C. The experimental design in completely randomized
blocks contained 5 replications per treatment, with each pot considered as 1 replication.
The treatments consisted of leaves (foliar) or a soil application of an aqueous extract and a
dichloromethane extract obtained from C. canadensis. For comparison purposes, a control
treatment, without the application of extracts, was also carried out.

2.3. Cultivation and Obtaining C. canadensis Extract

C. canadensis seeds, obtained from a supplier of agricultural products in the city of
Engenheiro Coelho (SP), AgroCosmos, were germinated in the greenhouse located at
Embrapa Meio Ambiente, in Jaguaritina (SP). With the resulting plants, developed over
a period of 110 days, their roots were harvested, aiming to produce the studied extracts.
The plants were harvested at the phenological stage of white bell inflorescence, washed
in distilled water, and dried on absorbent paper, and the roots were separated to prepare
the extracts. The aqueous extract of the roots was prepared from 307.7 g of fresh roots and
1 liter of water, crushed in a high-speed industrial blender for 10 min. The mixture was then
filtered through clean, fine-mesh fabric, consisting of viscose and polyester fibers, resin,
and antibacterial agents; 750 mL of aqueous extract was recovered at the end of filtration.
Figure 1 shows this process. Immediately after preparation, the extracts were applied to
cyclamen seedlings. Each of the 5 pots received 5 mL of extract applied to the soil (treatment
with aqueous extract applied to the soil, AES), and the other 5 pots received 5 mL of extract
sprayed on the leaves (treatment with aqueous extract sprayed on leaves, AEL). The extract
from the roots of C. canadensis, dried and ground, was prepared using the organic solvent
dichloromethane. A total amount of 293 g was extracted with 720 mL of dichloromethane
for 3 days at 25 °C and stirring at 150 rpm. The extract was filtered and partially evaporated
in a rotary evaporator. The extract obtained was then dried under nitrogen flow, resulting
in a final mass of 2.4523 g. To prepare the solution, 1303.3 mg of the extract was dissolved in
254.8 mL of deionized water with the addition of 5.2 mL of Tween-80® surfactant, resulting
in a final concentration of 5 mg/mL of extract. The solution was homogenized using an
ultrasound bath and magnetic stirrer to ensure complete dissolution. Figure 1 illustrates
this procedure. Immediately after preparation, the extracts were applied to the plants, with
5 pots receiving 5 mL of extract in the soil (treatment with organic extract to the soil, OES)
and 5 pots receiving 5 mL of extract sprayed on the leaves (treatment with organic extract
sprayed on leaves, OEL). The first application of the both extracts was performed at 6 days
after transplantation (DAT) and the second at 60 DAT, and both extracts were prepared
again for the second application, immediately before the referenced moment.

m _

Filtration . Extract
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Conyza canadensis \/
roots

Figure 1. Cont.
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Figure 1. Process of obtaining the studied extracts.

2.4. SPAD Index Measures

The SPAD index readings were taken in the central region of the leaf blade of the 1st
leaf completely expanded from the apex, using the SPAD-502 portable chlorophyll meter
(Konica Minolta, INC., Japan). All five pots were evaluated and the two plants in each pot
were examined, thus obtaining 10 SPAD values per treatment. The SPAD index readings
were taken at 30, 50, and 70 days after the first application of the extracts to the plants
(carried out in 2 doses, at 6 and 60 days after transplanting the seedlings); the application
was carried out in the morning, between 9 am and 11 am.

2.5. Biomass Measurements and Number of Leaves

The same plants evaluated by the SPAD index were also measured, on the same dates,
for the total number of leaves. After the last leaf count, at the end of the experiment, three
plants were selected and separated into roots and aerial parts (bulbs, branches, leaves, and
flowers). The plant organs were dehydrated in an oven with constant circulation of hot air
(£60°C) for 72 h. After cooling to room temperature, the plant tissues were weighed and
the results expressed in grams of dry mass (biomass).

2.6. Determination of Gas Exchange Rates

The gas exchange rates were determined between 9 am and 11 am in the fully expanded
leaves of three plants, from different pots, per treatment. The following parameters were
quantified: (a) net CO; assimilation rates (A, pmol CO, m~2 s~ 1); (b) stomatal conductance
(gs, mol H,O m2s71); (c) transpiration rates (E, mmol H,O m~2 s~ 1); (d) intracellular CO,
concentration (Ci, umol CO, mol~1); water use efficiency (WUE, umol CO,/mmol H,0),
calculated as the A/E ratio; and instantaneous carboxylation efficiency (ICE, umol CO,
mol air '), calculated as the A/Ci ratio. All the measurements were carried out using an
infrared gas analyzer (IRGA, mod. Li-Cor® 6400 XT). Inside the leaf chamber, the following
conditions were maintained: (PAR) of 1000 pmol de fétons m—2 s 1, previously determined
after light response curve analysis; relative humidity of 60%; internal CO, concentration of
420 ppm; and air flow of 400 mL s~ 1.

2.7. LC-MS/MS and GC-MS Analysis

The organic and aqueous extracts of C.canadensis roots were injected into a liquid chro-
matography system (Waters Acquity Ultra Performance LC; Milford, MA, USA) connected
to a Synapt Quadrupole Time-of-Flight mass detector (Waters Synapt HDMS; Milford, MA,
USA) equipped with an electrospray ion source. Separation of compounds was performed
using an Acquity UPLC BEH C18 column (100 mm X 2.1 mm; 1.7 um, waters). The mo-
bile phase was composed of solvent A: 0.1% formic acid aqueous solution and solvent
B: methanol.

The following gradient program was used: 0——2 min 5% B, 2.1-—6 min 5-—40%
B, 6.1-10 min 40-45% B, 10-11 min 45% B, 11.1-18 min 45-—75% B, 18.1-20 min 75% B,
20.1-21 min 75-98% B, 21.1-22 min 98% B, 22.1 min 5% B, min 5% B. The mobile phase
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flow rate was 0.3 mL min~!, the column temperature was 30 °C, and the injection volume
of the samples and blanks was 10 pL. Positive and negative ion modes were recorded
(separately), and the instrument was operated in both MS and MS/MS (low energy: 10 V,
high energy: 35 V) modes in the m/z range of 50-1000, under the following conditions:
capillary voltage, 3.0 kV (positive mode of ionization) or 2.0 kV (negative ionization mode);
cone voltage, 30 V; source temperature, 110 °C; desolvation gas temperature (nitrogen),
400 °C; desolvation gas flow (nitrogen), 500 L/h.

A sodium formate solution (10% formic acid/0.1% sodium hydroxide/ACN, 1:1:8,
v/v/v) was used for calibration, and sodium formate ions m/z 566.8891 and 588.8970 in
positive and negative ion modes, respectively, were used as a lock mass for accurate mass
measurements. MassLynx V4.1 software (Waters, Milford, MA, USA, 2005) was used for
data acquisition and processing.

The organic extract was also analyzed using gas chromatography (Agilent 7890A) cou-
pled with a mass spectrometry system (triple quadrupole-Quattro Micro, Waters) (GC-MS)
equipped with an automatic injector (CombPal). The software for system control and acquisi-
tion was MasslynxV4.1. The DB-5MS capillary column (length: 30 m x 0.250 mm X 0.25 pum,
J&W Scientific, Folson, CA, USA) was used to separate the compounds. The oven temperature
started at 50 °C (kept for 2 min) and was increased at a rate of 8 °C/min to 250 °C (kept for
5 min); then, it was increased at a rate of 30 °C/min to 300 °C (kept for 2 min). The source
used was electron ionization (EI) and electron energy of 70 eV, with a temperature source
of 200 °C and a transfer line of 280 °C. Helium was used as a carrier gas at 1 mL/min, and
argon was used as a collision gas (2.5 x 1073 mBar). The injection volume was 1 uL, and
the injector temperature was 220 °C.

2.8. Statistical Analysis

Analysis of variance was applied to all the data using R software version 4.2.3 [42]. The
normality of the distribution of residuals was checked with the Shapiro-Wilk test, while the
homogeneity of variance was checked with the Levene test; means were compared using
the Tukey test, and differences were considered significant at 5% probability.

3. Results and Discussion
3.1. Gas Exchange Parameters

The treatment of cyclamen seedlings with extracts from C. canadensis roots resulted in
specific changes in gas exchange parameters. The treatment with aqueous extract applied
to the leaves (AEL) showed a 27% increase in CO, assimilation rates (A), whose average
values were 18.4 umol CO, m~2 s~!, while in the untreated plants the average values were
14.5 umol CO, m—2 s~ 1 (Figure 2A). The same treatment (AEL) increased the transpiration
rates (E) by 81%, and the average values were 2.5 mmol H,O m~2 s~!, whereas in the
untreated plants the averages were 1.4 mmol H,O m~2 s~! (Figure 2C). The average water
use efficiency values (WUE) in the AEL treatment (7.2 umol CO;, /mmol H,O) were reduced
by 23% since this variable is the result of the A/E ratio (Figure 2E). As a result of the increase
in A, the instantaneous carboxylation efficiency (ICE) values increased by 142% in the AEL
treatment (Figure 2F). The treatment with organic extract applied to the soil (OES) reduced
the WUE values by 22% without significant changes in the A and E values (Figure 2E). No
significant changes were observed in the stomatal conductance (gs) (Figure 2B) and internal
net CO; concentration (Ci) (Figure 2D).

Among the different ways of calculating water use efficiency (WUE), in this study this
variable was measured at the leaf scale, considering the ratio between net CO, assimilation
and transpiration [43]. Although the WUE values were negative in the AEL and OES
treatments, there was no negative effect on the biomass gain of the cyclamen; conversely,
there was a positive effect of the AES and OEL treatments on the number of leaves and
total biomass. Despite the occurrence of negative WUE values, there was no negative effect
on the biomass gain variables in the cyclamen grown under controlled conditions with
unrestricted water availability.
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Figure 2. Effect of C. canadensis root extract application on net CO, assimilation (A), stomatal
conductance (B), transpiration (C), intercellular CO, concentration (D), water use efficiency (E), and
instantaneous carboxylation efficiency (F) of C. persicum at 30 days after the second application of
aqueous extract in the soil (AES), aqueous extract on the leaves (AEL), organic extract in the soil
(OES), or organic extract on the leaves (OEL). The values are the mean of (n = 3) & SD. Different
lowercase letters above the error bars indicate significant differences between treatments (p < 0.05).

Several studies indicate that the application of biostimulants formulated from plant
extracts can promote physiological processes, including water absorption, photosynthesis,
nutrient assimilation, hormone synthesis, water use efficiency, germination, and delay of
senescence [44]. As observed in our study, alterations in the A and WUE values were related
to the application of Lolium perenne foliar extract to pea leaves, which reversed the negative
effects from water and chemical stress [23]. In spinach leaves treated with biostimulants,
increases in A and E were reported, without changes in gs [45]. The high E values observed
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in cyclamen treated with AEL may have reflected the cultivation conditions in a greenhouse,
since, in situations of optimal water availability, plants generally have high transpiration
rates [46]. The increase in ICE, also observed in the AEL treatment, indicated higher rates
of carbon fixation by the Rubisco enzyme, which was reflected in higher A values, an
effect that was also observed in physalis (Physalis peruviana L.) treated with biostimulant
by foliar application [24]. The positive effects on several corn gas exchange parameters
were amplified when the application of biostimulants to the grains, before planting, was
complemented with foliar application at a certain vegetative stage, resulting in greater
efficiency in water absorption and nutrient assimilation by the plants [46]. As observed in
other studies, the application of biostimulants via soil is subject to interference from soil
composition and texture, which may interfere with the community of microorganisms and
root-soil interaction [45]. Thus, the insignificant effect of the other treatments, on some
gas exchange parameters, may be related to the type of application, foliar or soil, which
influences the mode of action of the plant extract, or even to the type of solvent used in the
treatment extract preparation (aqueous or organic) [45,47]. Furthermore, the effect of plant
extracts can be species-specific, and it also depends on the age of the treated plant [47].
This study showed that foliar application, unlike soil application, had positive effects on
gas exchange, corroborating studies carried out with extracts from other plant species
applied to corn [45], stevia [48], eggplant [17], squash [49], arugula [50], and countless other
grown vegetables [11]. Some studies indicate that allelochemical compounds, as well as
environmental factors, are also capable of significantly influencing photosynthesis [17]. It
is known that C. canadensis, as well as other species of the genus Conyza, contains several
allelochemical compounds that contribute to the phytotoxicity of its exudates and extracts,
inhibiting the germination of plants around it [28,32,36,37,51] and promoting resistance to
both herbicides [51-53] and pathogenic microorganisms [39,54,55]. Furthermore, it has been
demonstrated that C. canadensis root exudates are capable of modifying nutrient cycling,
enzymatic activity, and soil microbiota under different occupancy densities [28]. Therefore,
the results of this study indicate that components of C. canadensis root extracts applied to
the soil may have affected the cyclamen roots by interfering with gas exchange rates.

3.2. SPAD Index Assessment

The first evaluation, carried out at 30 days after transplanting (DAT) of the seedlings,
indicated that cyclamens treated with extracts of C. canadensis, aqueous or organic, via
foliar or soil application, increased the average value of the SPAD index when compared
to the cyclamens that did not receive C. canadensis extracts (Figure 3). The SPAD values
increased by 17.5%, 13.8%, 12.5%, and 11.6% in the AEL, AES, OEL, and OES treatments,
respectively, compared to the control. In the second evaluation, at 50 DAT, the SPAD values
of the treatments were also higher than those of the control. The increases were 28.8%,
13.6%, 9.9%, and 7.3% in the AES, OEL, AEL, and OES treatments, respectively. In the
third and final evaluation, at 70 DAT, all the treatments with C. canadensis extract again
resulted in increases in SPAD values in relation to the control. The values were 28.8%,
15.3%, 9.8%, and 5.8% higher in the AES, AEL, OES, and OEL treatments, respectively,
in relation to the average value observed in cyclamens that did not receive C. canadensis
extracts. Greater increases in the SPAD index were provided by the aqueous extracts, via
foliar or soil application, to the detriment of organic extracts, which also increased the
index, though in smaller proportions.
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Figure 3. Effect of Conyza canadensis root extract application on the SPAD index of Cyclamen persicum
subject to aqueous extract in the soil (AES), aqueous extract on the leaves (AEL), organic extract in
the soil (OES), or organic extract on the leaves (OEL). Seedlings received extracts at 6 and 60 days
after transplanting (DAT). The SPAD index was determined at 30, 50, and 70 DAT. The values are the
mean of (n = 10) & SD. Different lowercase letters above the error bars indicate significant differences

between treatments (p < 0.05).

3.3. Biomass and Leaf Quantity Measurements

The treatments with C. canadensis root extract showed different effects on cyclamen
growth variables. According to the data, the seedlings that received aqueous extract via soil
(AES) and organic extract via foliar (OEL) had 49% and 29% increases, respectively, in the
number of leaves, compared to the control (15 leaves): 22 leaves in the AES treatment and
19 leaves in the OEL treatment (Figure 4A). Additionally, in the same treatments, AES and
OEL, increases of 30% and 26%, respectively, in the amount of total biomass were observed,
compared to the cyclamens that did not receive C. canadensis extracts (Figure 4B).

Oroots Blaerial parts Bwhole plant B
A 12
d
c

10 ¢ d
b — e
T C o
‘5 s c c HH
a @ H i
T 5 o b L b HHH
= > it i i
6 % H H FHH
: i P
4 imm HH Ht
H [

: |

E |

OControl EIAES MAEL ROES HOEL Control AES AEL OES OEL

Figure 4. Effect of C. canadensis root extract application on the number of leaves (A) and the biomass (B)
of the root, aerial part, and total of C. persicum. The treatments were aqueous extract in the soil (AES),
aqueous extract on the leaves (AEL), organic extract in the soil (OES), or organic extract on the leaves
(OEL). Seedlings received extracts at 6 and 60 days after transplanting. The values are the mean of
(n =3) £ SD. Different lower case letters above the error bars indicate significant differences between

treatments (p < 0.05).

Such results are in line with several studies in which the application of plant extracts
and other plant-based biostimulants promoted an increase in several growth and pro-
duction parameters in different cultivated species [2,48,50,56]. As verified in our study,
increases in chlorophyll content and gas exchange rates were reported, resulting in greater
growth and production of arugula (Eruca sativa) treated with Moringa oleifera leaf extract [50].
Similarly, photosynthetic activity, leaf chlorophyll levels, and number of leaves per plant
were increased after application of moringa leaf extract to Freesia x hybrida leaves; in this
case, the authors attributed the effects to the increase in growth-promoting substances and
minerals, which were naturally contained in the extract [56]. Finally, the application of
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moringa leaf extract increased the growth, photosynthetic pigment content, and SPAD
index of Stevia rebaudianna [48].

3.4. Identification of Bioactive Compounds

Biostimulants based on plant extracts may contain various bioactive compounds
such as phenolics, organic acids, phytohormones, minerals, photosynthetic pigments,
amino acids, nucleotides/nucleosides, and lipids, which can act as signaling molecules
and regulators of metabolic processes, activating gene transcription and promoting the
growth, development, yield, and resistance to water and biotic stress of cultivated plants,
making it difficult to identify the exact mechanism of action [57]. The literature reports
numerous studies on plant extracts used in various crops; however, most of the time,
the extracts are produced from leaves or aerial parts of plants. Few studies have been
reported on extracts produced from roots, especially C. canadensis, as reported in this study.
More comprehensive chemical analyses of the components of the aqueous/organic root
extracts of C. canadensis would allow a more in-depth analysis of the results obtained in this
study. Therefore, analyses of the extracts were carried out using GC-MS and LC-MS/MS
chromatographic techniques.

Important factors that influence the phytochemical compounds and bioactivity of
plant extracts include the different parts of the plant and the type and experimental condi-
tions of the extraction methods, including the polarities of the solvent. In this work, the
biostimulant effect of extracts from the roots of C. canadensis obtained using different types
of extraction solvents (organic and aqueous) was investigated. Between the comparative
profiles obtained for the two extractions, significant differences in the chemical composition
could be observed. Table 1 shows the LC-MS data for compounds detected in aqueous
and organic extracts of C. canadensis L. roots. The m/z 193.0501 was found in both extracts,
and it was attributed to ferulic acid (C19H10O4). It is a phenolic compound, widely found
in species of the genus Conyza spp., also known as horseweed [58]. This compound is
related to the protection of plants against pathogens, UV radiation, and environmental
stress [58-60]. Other phenolic compounds were found in the aqueous extract (Table 1).
Phenolic compounds are organic compounds that are usually soluble in water. They in-
clude a wide range of plant substances and are considered to be one of the more abundant
secondary metabolites synthesized in plants during normal development and in response
to stress conditions. Resveratrol (C14H1,03), like other compounds identified in Conyza
spp. extracts, is strongly related to the antioxidant bioactivity that protects the plant against
infections and oxidative stress [59]. Other classes of compounds, such as carboxylic acids
and disaccharides, were also detected and may contribute to the biostimulating effect of
the extracts.

The major volatile compounds identified in the organic extract by GC-MS were
the well-known (2Z,8Z)-matricaria acid methyl ester (C11H0O, (M*, m/z 174)); (4Z,82)-
matricaria lactone (C1oHgO, (M*, m/z 160)); (4Z)-lachnophyllum lactone (C10H19O, (M*,
m/z 162.)); and cis-lachnophyllum ester (C11Hj,0;; (M*, m/z 176)). The mass spectra are in
accordance with those previously described by [39,61]. These compounds have antifungal
and herbicidal activities.



AgriEngineering 2024, 6

2936

Table 1. The identified compounds present in the aqueous and organic extracts by LC-MS/MS.

Ent m/z Experi- mlz Error iFit Retention Proposed Compound Compound
vy mental Calculated  (ppm) Time Formula Class P
1 193.0494 193.0501 —3.6 0 6.26 C10H1904 Phenolic Ferulic acid &P
2 199.0613 199.0606 35 0 1.14 CyoH;1¢05 Phenolic Syringic acid ?
B . Ethyl 2,4-dihydroxy-5,6-
3 209.0789 209.0814 12 0 9.00 C11H140;4 Phenolic dimethylbenzoate
4 215.1287 215.1283 1.9 0 14.46 C11HagO4 Caj’c‘i)glhc Undecanedioic acid ?
5 229.0861 229.0865 -17 0 9.04 C14H1203 Phenolic Resveratrol @
6 229.1436  229.1440 17 02 1610 CioHp04 Caj’c‘i)glhc Dodecanedioic acid @
7 245.0798 245.0814 —6.5 0.9 14.10 C14H1204 Phenolic trans-piacetannol ?
Phenolic . - a
8 291.0864 291.0869 -1.7 0.6 6.20 C15H140¢ (flavonoid) Epicathechin
9 341.1108 341.1084 7 0 13.99 C1o2H»»Oq7  Disaccharide Sucrose @
Phenolic 1 a
10 577.1339 577.1346 -1.2 0.7 10.20 C30H4012 (flavonoid) Procianidin
Phenolic Sorbifolin 6-O-o-
11 607.1677 607.1663 2.3 0.1 6.30 CpgH3,015 (glycoside rhamnopyranosyl(1’"' —6'')-
flavonoid) -glucopyranoside 2

2 = Aqueous extract; ® = Organic extract.

Figure 5 shows the main compounds identified in the aqueous extract. To confirm the
biological activity, as well as the mode of action of each compound, further investigation
would be necessary. However, compounds that exhibit structural similarities tend to also
share similar physicochemical attributes and biological functionalities [62]. Thus, the
possible modes of action of the classes of molecules detected in the extracts may have
the following biostimulant functions, among others: (i) Phenolic acids serve as structural
units in lignin biosynthesis and cell wall formation [63], as a growth regulator involved in
root development, plant growth, and crop yield [64,65], and as a plant growth-promoting
natural compound that stimulates cell division and expansion [66]; (ii) Flavonoids function
as indirect growth regulators through interaction with phytohormone signaling [67]; they
regulate nodulation and symbiotic nitrogen fixation [68] and stimulate fungal growth in
arbuscular mycorrhizal symbiosis and phosphorus acquisition [69]; (iii) Soluble sugars
eliminate reactive oxygen species and are osmoprotectors that stabilize membranes [70].

Although C. canadensis L. has previously been evaluated due to its allelopathic effects,
using more sensitive indicator plants, such as lettuce, and applied to more delicate struc-
tures, such as seeds [39], this research describes for the first time studies involving the
application of root extracts of C. canadensis L. to cyclamen plants, with a significant positive
effect on their growth and development. Thus, it was possible to demonstrate that there
may be a differentiated positive response in other plants when using different parts of
the plant, such as the root, different solvents for extraction, application at different stages
of plant development, and different methods of application to the plant, such as foliar or
soil. All these issues highlight the importance of new research to generate extracts with
beneficial compounds for economically important cultivated plants.
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Figure 5. Structural formulas of the compounds found in the aqueous extract ((1) Ferulic acid; (2) Sy-
ringic acid; (3) Ethyl 2,4-dihydroxy-5,6-dimethylbenzoate; (4) Undecanedioic acid; (5) Resveratrol;
(6) Dodecanedioic acid; (7) Trans-piacetannol; (8) Epicathechin; (9) Sucrose; (10) Procianidin).

4. Conclusions

Both extracts from the roots of C. canadensis (aqueous and dichloromethane) showed
biostimulant effects when applied to C. persicum; however, the effects were dependent on the
composition and application method of the extracts. The aqueous extract showed a greater
positive effect when compared to dichloromethane. Furthermore, it has the advantage
of using water as the extraction solvent, which can be considered more environmentally
friendly and less expensive. Therefore, the natural compounds extracted from the roots of C.
canadensis have biostimulant properties and have the potential to be explored in agriculture
to reduce the application of agrochemicals, promoting agroecological practices, towards
sustainable agriculture.
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