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Abstract: Human cancer and pathogenic microbes cause a significant number of deaths every
year. Modulating current sources of natural products that control such diseases becomes essential.
Natural algae, such as Ascophyllum nodosum and Ecklonia maxima, can modulate the metabolic
processes as well the bioactivities of Ruta graveolens L. The R. graveolens plants were subjected to
nine soil drenches of A. nodosum (7 mL L−1), E. maxima (7 mL L−1), or both extracts. Morphological
performance, gas exchange parameters, and essential oils (EOs) composition (GC-MS) were studied
and the bioactivity was assessed against several cancer cells and pathogenic bacteria or fungi.
Treatment with A. nodosum + E. maxima seaweed extracts (SWE) led to the highest morphological
performance and gas exchange parameters. The highest antiproliferative, apoptotic, and caspase-3/7
activities of EO were against HeLa in SWE mixture treated plants. The best EO antimicrobial activities
were obtained against Staphylococcus aureus and Penicillium ochrochloron. SWE mixtures treated
plants showed the best bioactivities against microbes and cancer cells. The highest abundance of
2-undecanone (62%) and 2-nonanone (18%) was found in plants treated with SWE mixtures and
caused the best anticancer and antimicrobial effects. Seaweed mixtures act as natural elicitors of
pharmaceutical industries and favored 2-undecanone and 2-nonanone in R. graveolens.
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1. Introduction

Ruta graveolens (Rutaceae) is an herbaceous species distributed across tropical and temperate
areas of the world including South America and Southern Europe and is considered native to the
Mediterranean region [1,2]. The plant, with its bitter taste and strong odor, has historical uses in folk
medicine of different civilizations [3,4], for example, for the control of menstrual disorders, headache and
earache, cramps, and skin inflammation [5]. The leaves contain essential oil (EO) and active ingredients,
such as phenols, flavonoids, alkaloids, and saponins [5]. EOs are used in perfumery, pharmaceutical,
and food (cheese flavoring) industries. The antioxidant, anti-inflammatory, anthelmintic, antiparasitic,
and antimicrobial properties have been described [6]. The main essential oil (EO) compositions of
R. graveolens are largely dependent on the ecotype, environment, and external elicitors (for secondary
metabolites) [7,8]. Constituents include 2-undecanone, 2-nonanone, and 2-acetoxy tetradecanone [7,8].
External elicitors such as growth regulators and natural biostimulants (e.g., seaweeds) can influence the
composition of EO in ornamental medicinal plants and increase their pharmaceutical potential [9–11].
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Seaweed extract (SWE) consists of natural marine algae, usually collected from seacoasts, then,
dried and processed to obtain liquid or dry extracts [12–14]. They contain micro and macro elements,
i.e., sugars, vitamins, and natural growth regulators that can influence the growth and performance of
several horticultural and medicinal crops [15]. Several active compounds have been identified in these
SWE such as alginic acid, uronic acid, and phenols in A. nodosum extract and IAA- and GA-like activity
in Laminaria extracts [16]. Ecklonia maxima has been successfully used as a biostimulant in several
crops and it contains auxins, cytokinins, alginates, amino acids, and sugars [17]. Interest has increased
in the use of SWE as a substitute for chemical and synthetic fertilizers, to increase vegetative crop
productions, control diseases, enhance flowering and fruiting, and ameliorate stress conditions [9,18].
However, modifying secondary metabolites of medicinal plants has not been studied as extensively.
Natural biostimulants, such as SWE can modify the composition and increase the quantity of the
secondary metabolite, including EO [9,14]. These modifications can have a great effect against human
and plant pathogenic bacteria and fungi, as well as human cancer cells.

Human cancer has caused significant deaths during this century and is considered to be the
main cause of deaths worldwide among human diseases [19]. Bacteria and fungi cause many human
diseases, leading to death in third world countries. They also influence the production cycle of field
crops, including the field growth stage and in post-harvest facilities [20,21]. These microorganisms
are usually controlled using antibiotics and commercial reagents; however, microorganisms have
developed into multidrug resistant strains, that are able to survive antibiotic or commercial reagent
applications [22]. These antibiotics and commercial reagents have several side effects, and therefore a
search for safer alternatives is necessary. Accordingly, researchers are mining new resources that can
control these bacteria and fungi, such as secondary plant metabolites which include EO. In this respect,
SWE mixtures of different algal species, could be a novel approach to increase the medicinal output of
the EO of R. graveolens.

The current study investigates the application of two SWEs, namely Ascophyllum nodosum (from
Canada) and Ecklonia maxima (from South Africa), on R. graveolens secondary metabolites. This study
proposed that these natural biostimulants are modulating the growth and EO constituents, leading
to enhanced bioactivity against selected cancer cells, bacteria, and fungi. Indeed, these effects have
potential for future applications in pharmaceutical and agricultural industries. This is the first study
exploring the use of marine algal species mixtures as elicitors of main EO constituents of the aromatic
R. graveolens.

2. Results

2.1. Morphological Responses to SWE

Morphological responses of the plant are the first indicators of the metabolic changes in response
to external elicitors. Leaf numbers increased following treatment with A. nodosum, E. maxima and their
combination (A + E) as compared with a control (Figure 1). The A + E treatment at 7 mL/L increased
leaf number to 67.8 ± 1.1, which is the highest value as compared with other treatments. The leaf area
increased in plants treated with A + E as compared with other treatments. Plant root dry weights
also increased in plants subjected to SWE. In addition, there was an increase in those morphological
parameters associated with increases in plant height. The mean plant height increased from 35.3 cm
(control) to 37.4 cm (E. maxima). The EO ratio showed increases in the SWE treated plants.
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Figure 1. Morphological parameters and essential oil ratio in treated plants. A + E: A. nodosum + E. 
maxima. Different letters on each column indicate significant different at p ≤ 0.05. 

2.2. Gas Exchange and SWE Mixture 

In general, gas exchange parameters are strongly associated with morphological and 
physiological performance of a plant. The A increased in R. graveolens treated with different SWE, as 
shown in Figure 2. The highest peak in the mean photosynthetic rate was in response to the A + E 
mixture treatment as compared with A. nodosum or E. Maxima SWE only. Indeed, the control showed 
much lower values of A as compared with the SWE treatments. E rates were higher in plants treated 
with SWE mixture and the highest value was 2.93 ± 0.1 mmol m−2 s−1. The stomatal conductance (gs) 
was highest (127.6 ± 1.4 mmol m−2 s−1) in plants treated with the SWE mixture as compared with that 
of single SWE and the control. 

Figure 1. Morphological parameters and essential oil ratio in treated plants. A + E: A. nodosum +

E. maxima. Different letters on each column indicate significant different at p ≤ 0.05.

2.2. Gas Exchange and SWE Mixture

In general, gas exchange parameters are strongly associated with morphological and physiological
performance of a plant. The A increased in R. graveolens treated with different SWE, as shown in
Figure 2. The highest peak in the mean photosynthetic rate was in response to the A + E mixture
treatment as compared with A. nodosum or E. Maxima SWE only. Indeed, the control showed much
lower values of A as compared with the SWE treatments. E rates were higher in plants treated with
SWE mixture and the highest value was 2.93 ± 0.1 mmol m−2 s−1. The stomatal conductance (gs) was
highest (127.6 ± 1.4 mmol m−2 s−1) in plants treated with the SWE mixture as compared with that of
single SWE and the control.
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Figure 2. Gas exchange parameters measurements in plants subjected to seaweed treatments. 
Different letters on columns indicate significant differences among treatments at p ≥ 0.05. A + E: A. 
nodosum + E. maxima. 
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constituents as compared with that of the control plants. The application of SWE mixtures showed 
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and their mixtures. The SWE mineral analyses showed moderate percentages of nitrogen (N, 0.5% 
and 0.2%) and phosphorus (P2O5, 0.19% and 0.14%) and potassium (K2O, 0.7% and 0.2%) in A. 
nodosum and E. maxima, respectively. Other important minerals were found such as magnesium (0.1% 
and 0.1%) and calcium (0.9% and 1.0%) in A. nodosum and E. maxima, respectively. Trace ratios (1−5% 
× 10−4%) of heavy metals (iron, zinc, manganese, boron, and copper) were detected. 
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1294 1294 + 2-undecanone 49.66 ± 0.5 c 54.38 ± 0.7 b 53.1 ± 0.9 b 61.9 ± 0.5 a 

Figure 2. Gas exchange parameters measurements in plants subjected to seaweed treatments. Different
letters on columns indicate significant differences among treatments at p ≥ 0.05. A + E: A. nodosum +

E. maxima.

2.3. Essential Oil and SWE Mixture

Essential oils are the major secondary metabolite of these plants which are very sensitive to
external elicitors. The EO was mainly composed of 2-undecanone (62%) and 2-nonanone (18.01%)
as shown in Table 1 and Figure 3. A. nodosum SWE showed higher increases in major essential oil
constituents as compared with that of the control plants. The application of SWE mixtures showed the
highest increases in major essential oil constituents. The EO of R. graveolens was affected by SWE and
their mixtures. The SWE mineral analyses showed moderate percentages of nitrogen (N, 0.5% and
0.2%) and phosphorus (P2O5, 0.19% and 0.14%) and potassium (K2O, 0.7% and 0.2%) in A. nodosum
and E. maxima, respectively. Other important minerals were found such as magnesium (0.1% and 0.1%)
and calcium (0.9% and 1.0%) in A. nodosum and E. maxima, respectively. Trace ratios (1−5% × 10−4%) of
heavy metals (iron, zinc, manganese, boron, and copper) were detected.

Table 1. Essential oil main chemical constituents (means expressed in percentage) of R. graveolens
as a response to seaweed extract treatments. Different letters indicate significant differences among
treatments within the same row at p ≥ 0.05. A + E: A. nodosum + E. maxima.

Identified
Compounds Control A. nodosum E. maxima A + E

RI LRI Standard
Identification

1096 1096 + 2-nonanone 17.01 ± 0.1 d 19.11 ± 0.3 b 18.21 ± 0.3 c 18.09 ± 0.5 a
1294 1294 + 2-undecanone 49.66 ± 0.5 c 54.38 ± 0.7 b 53.1 ± 0.9 b 61.9 ± 0.5 a
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Figure 3. Showing the GC-MS of R. graveolens.

2.4. Antiproliferative Activities and Apoptotic Assay

The antiproliferative activity of Eos, IC50 (µg mL−1), as affected by SWE treatments, is presented
in Table 2. The EO of control plants showed the lowest antiproliferative activity against different cancer
cell lines. The EO of plants subjected to SWE treatments with E. maxima/A. nodosum were stronger
against cancer cell lines than that of the control plants. The A + E treated plants EO showed the highest
antiproliferative activities expressed as IC50 (8.11, 4.3, 17.05, 82.2, and 70.53 µg mL−1) for MCF-7,
HeLa, JURKAT, T24, and HT29. All EO, 2-undecanone, and 2-nonanone, had no antiproliferative
activity against normal cancer cell lines of HEK-293. The apoptotic assay (Figure 4) revealed increased
accumulation of necrotic cells, as well as early and late apoptotic cells in all treatments except in
the control.

Table 2. In vitro antiproliferative activity, IC50 (µg mL−1), of R. graveolens EOs as affected by seaweed
extracts (SWE) treatments.

MCF-7 HeLa Jurkat T24 HT-29 HEK-293

Control 20.11 ± 0.9 6.5 ± 0.1 26.03 ± 0.1 95.3 ± 1.7 122.18 ± 2.3 >200
A. nodosum 15.0 ± 0.3 5.24 ± 0.2 19.5 ± 0.8 83.85 ± 2.4 90.14 ± 3.8 >200
E. maxima 16.7 ± 0.1 5.9 ± 0.3 20.46 ± 0.7 85.52 ± 3.1 101.17 ± 1.4 >200

A + E 8.11 ± 0.7 4.3 ± 0.1 17.05 ± 0.3 82.2 ± 1.9 70.53 ± 2.1 >200
2-undecanone 4.21 ± 0.3 2.1 ± 0.1 8.32 ± 0.2 41.5 ± 0.7 33.26 ± 1.5 >200

2-nonanone 7.02 ± 0.2 3.2 ± 0.1 14.15 ± 0.1 64.1 ± 2.1 57.33 ± 2.2 >200
Vinblastine sulfate - 2.4 ± 0.07 0.1 ± 0.03 61.44 ± 2.1 20.3 ± 0.8 50.3 ± 1.4

Taxol 0.08 ± 0.005 - - - - -
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2.5. Caspase-3/7 Activity Study 

The effects of EO, 2-undecanone, and 2-nonanone on caspase-3/7 activity in cancer cells are 
shown in Figure 5. The activity of caspase 3/7 increased in all seaweed treated plants and the mixture 
of seaweeds was higher than individual ones as well as control cells. Treatments with 2-undecanone 
and 2-nonanone showed higher activity in cancer cell lines than other treatments. 

 

Figure 5. Effect of seaweed treatments, 2-undecanone, and 2-nonanone (IC50) on the activity of 
caspase 3/7. The activity was expressed as a percentage (%) of untreated cells. Different letter on 
columns indicate significant differences within each treatment at p ≥ 0.05. A + E: A. nodosum + E. 
maxima. 

Figure 4. Response of different cancer cells in the apoptotic cell population assay using flow cytometry
to seaweed treatments, 2-undecanone, and 2-nonanone.

2.5. Caspase-3/7 Activity Study

The effects of EO, 2-undecanone, and 2-nonanone on caspase-3/7 activity in cancer cells are shown
in Figure 5. The activity of caspase 3/7 increased in all seaweed treated plants and the mixture of
seaweeds was higher than individual ones as well as control cells. Treatments with 2-undecanone and
2-nonanone showed higher activity in cancer cell lines than other treatments.
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Figure 5. Effect of seaweed treatments, 2-undecanone, and 2-nonanone (IC50) on the activity of caspase
3/7. The activity was expressed as a percentage (%) of untreated cells. Different letter on columns
indicate significant differences within each treatment at p ≥ 0.05. A + E: A. nodosum + E. maxima.
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2.6. EO and Antibacterial Activities

The antibacterial assay results are presented in Table 3. The MIC ranged from 0.04 to 0.42 mg
mL−1 and MBC from 0.08 to 0.93 mg mL−1. Control plant EOs exhibited low antibacterial potential
against most bacteria, whereas EO of plants subjected to SWE with E. maxima/A. nodosum were more
active against most bacteria. The A + E treated plants EO were the most active (as compared with
other extracts) showing high MIC (0.06 to 0.29 mg mL−1) and MBC (0.13 to 0.71 mg mL−1), S. aureus
and P. c. subsp.

2.7. EO and Antifungal Activities

The EO, 2-undecanone and 2-nonanone bioactivities against fungi were determined, as shown in
Table 4. High MIC and MFC values were measured in EO obtained from SWE treated plants. The values
ranged from 0.06 to 0.32 mg mL−1 and from 0.10 to 0.73 g L−1 for MIC and MFC, respectively. EOs
obtained from A + E treatments were the most active showing low MIC and MFC. The most sensitive
fungi for A + E treatment was P. ochrochloron. The activities of Eos, as well as the 2-undecanone and
2-nonanone, were comparable to commercial agents.
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Table 3. Minimum inhibitory (MIC, mg mL−1) and bactericidal concentrations (MBC, mg mL−1) of R. graveolens EOs as affected by SWE treatments.

Bacteria
Control

MIC
MBC

A. nodosum
MIC
MBC

E. maxima MIC
MBC

A + E
MIC
MBC

2-Undecanone 2-Nonanone Streptomycin Ampicillin

Bacillus cereus
0.21 ± 0.01 0.13 ± 0.01 0.16 ± 0.01 0.07± 0.01 0.04± 0.01 0.06± 0.01 0.07 ± 0.02 0.09 ± 0.01
0.43 ± 0.03 0.29 ± 0.01 0.37± 0.01 0.16 ± 0.01 0.08 ± 0.01 0.13 ± 0.01 0.15 ± 0.02 0.18 ± 0.01

Dickeya solani 0.42 ± 0.01 0.33± 0.01 0.38 ± 0.01 0.29 ± 0.01 0.16 ± 0.02 0.24 ± 0.02 0.22 ± 0.02 0.31 ± 0.01
0.93 ± 0.03 0.81 ± 0.03 0.85 ± 0.03 0.71 ± 0.02 0.32 ± 0.03 0.55 ± 0.01 0.43 ± 0.03 0.56 ± 0.01

Escherichia coli
0.10 ± 0.01 0.80 ± 0.01 0.90 ± 0.02 0.70 ± 0.02 0.31 ± 0.03 0.54 ± 0.02 0.10 ± 0.01 0.20 ± 0.01
0.23 ± 0.01 0.20 ± 0.01 0.21 ± 0.03 0.16 ± 0.03 0.16 ± 0.01 0.12 ± 0.03 0.25 ± 0.01 0.40 ± 0.01

Listeria
monocytogenes

0.21 ± 0.01 0.19 ± 0.01 0.20± 0.01 0.17 ± 0.01 0.09 ± 0.01 0.14 ± 0.01 0.13 ± 0.01 0.16 ± 0.01
0.45 ± 0.03 0.39 ± 0.01 0.42 ± 0.01 0.31 ± 0.01 0.16 ± 0.03 0.24 ± 0.01 0.27 ± 0.01 0.30 ± 0.01

Micrococcus
flavus

0.21 ± 0.02 0.18 ± 0.01 0.19 ± 0.01 0.17 ± 0.01 0.09 ± 0.01 0.13 ± 0.01 0.11 ± 0.01 0.10 ± 0.01
0.47 ± 0.03 0.39 ± 0.01 0.43 ± 0.01 0.32 ± 0.01 0.16 ± 0.01 0.26 ± 0.01 0.20 ± 0.01 0.20± 0.01

Pectobacterium
atrosepticum

0.31 ± 0.01 0.23 ± 0.01 0.26 ± 0.02 0.20 ± 0.00 0.10 ± 0.01 0.16 ± 0.00 0.08 ± 0.01 0.26± 0.03
0.71 ± 0.03 0.45 ± 0.01 0.49 ± 0.01 0.40 ± 0.01 0.20 ± 0.01 0.31 ± 0.01 0.16 ± 0.01 0.52 ± 0.03

P. c. subsp.
carotovorum

0.11 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.70 ± 0.01 0.33 ± 0.01 0.53 ± 0.01 0.09 ± 0.01 0.21± 0.01
0.25 ± 0.01 0.18 ± 0.00 0.23 ± 0.01 0.15 ± 0.01 0.07 ± 0.01 0.12 ± 0.01 0.20 ± 0.01 0.45 ± 0.03

Pseudomonas
aeruginosa

0.35 ± 0.01 0.28 ± 0.01 0.33± 0.01 0.25 ± 0.01 0.12 ± 0.01 0.21 ± 0.01 0.07 ± 0.02 0.11 ± 0.01
0.73 ± 0.01 0.54 ± 0.03 0.63 ± 0.01 0.53 ± 0.03 0.26 ± 0.01 0.42 ± 0.03 0.15 ± 0.01 0.24 ± 0.01

Staphylococcus
aureus

0.10 ± 0.00 0.08 ± 0.01 0.09 ± 0.01 0.06 ± 0.01 0.03 ± 0.00 0.05 ± 0.01 0.23 ± 0.02 0.10 ± 0.01
0.21 ± 0.01 0.19 ± 0.03 0.21 ± 0.01 0.13 ± 0.03 0.06 ± 0.01 0.10 ± 0.03 0.43 ± 0.01 0.21 ± 0.03

carotovorum and E. coli were the most sensitive bacteria. The antibacterial activity of EO from plants treated with A + E, were comparable to the antibacterial activity of antibiotics. Pure
2-undecanone and 2-nonanone showed lower values than all EOs.
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Table 4. Minimum inhibitory (MIC, mg mL−1) and fungicidal concentration (MFC, mg mL−1) of R. graveolens EOs as affected by SWE treatments.

Fungi
Control

MIC
MFC

A. nodosum
MIC
MFC

E. maxima
MIC
MFC

A + E
MIC
MFC

2-Undecanone 2-Nonanone
FLZ
MIC
MFC

KTZ
MIC
MFC

Aspergillus flavus 0.24 ± 0.01 0.19 ± 0.02 0.21 ± 0.01 0.17 ± 0.01 0.8 ± 0.01 0.14 ± 0.01 0.11 ± 0.01 0.20 ± 0.01
0.54 ± 0.01 0.47 ± 0.03 0.49 ± 0.01 0.43 ± 0.01 0.21 ± 0.01 0.37 ± 0.03 0.23 ± 0.03 0.42 ± 0.01

Aspergillus
ochraceus

0.22 ± 0.01 0.18 ± 0.01 0.20 ± 0.03 0.18 ± 0.01 0.09 ± 0.01 0.15 ± 0.01 0.19 ± 0.01 0.21 ± 0.01
0.51 ± 0.02 0.45 ± 0.01 0.49 ± 0.01 0.32 ± 0.01 0.15 ± 0.01 0.26 ± 0.01 0.33 ± 0.01 0.40 ± 0.01

Aspergillus niger 0.21 ± 0.01 0.18 ± 0.03 0.19 ± 0.01 0.17 ± 0.01 0.08 ± 0.01 0.13 ± 0.01 0.14 ± 0.01 0.10 ± 0.01
0.48 ± 0.03 0.39 ± 0.01 0.42 ± 0.03 0.34 ± 0.03 0.16 ± 0.01 0.26 ± 0.02 0.29 ± 0.01 0.20 ± 0.01

Penicillium
funiculosum

0.31 ± 0.01 0.26 ± 0.02 0.29 ± 0.01 0.24 ± 0.01 0.22 ± 0.03 0.20 ± 0.01 0.13 ± 0.01 2.10 ± 0.07
0.63 ± 0.03 0.58 ± 0.03 0.59 ± 0.09 0.55 ± 0.07 0.26 ± 0.02 0.41 ± 0.03 0.25 ± 0.01 3.58 ± 0.05

Penicillium
ochrochloron

0.15 ± 0.01 0.12 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 0.06 ± 0.01 0.10 ± 0.01 0.20 ± 0.01 0.17 ± 0.01
0.35 ± 0.01 0.25 ± 0.03 0.27 ± 0.03 0.22 ± 0.01 0.10 ± 0.01 0.17 ± 0.01 0.31 ± 0.01 0.31 ± 0.01

Candida albicans
0.32 ± 0.13 0.28 ± 0.03 0.29 ± 0.11 0.26 ± 0.02 0.12 ± 0.01 0.21 ± 0.01 0.10 ± 0.01 0.20 ± 0.01
0.73 ± 0.11 0.62 ± 0.05 0.67 ± 0.14 0.61 ± 0.06 0.30 ± 0.01 0.52 ± 0.02 0.20 ± 0.01 0.41 ± 0.01
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3. Discussion

The effects of SWE on the morphological characteristics of plants have been documented in
several previous studies [15,23]. The stimulatory effects of SWE is greatly attributed to macro- and
microelements, possible available natural growth regulators (cytokinins and auxins), oligosaccharides,
and vitamins. These nutrients and growth regulators stimulate the cellular metabolism and the
morphological growth. The nutrients found in SWE used here include nitrogen, phosphorus, potassium,
magnesium, calcium, and micro elements, all of which enhance the growth of plants.

The increases in the morphological performance of treated plants is strongly associated with gas
exchange, as found in several studies [9,10,14,24]. There were increases in A in R. graveolens, treated
with different SWE. These increases are strongly associated with improved metabolic performance
in seaweed treated plants. A previous investigation suggested that an increased leaf chlorophyll
content in SWE treated plants [25] leads to increase A, followed by increased gs and E [10]. In addition,
it was suggested that seaweed can reduce the chlorophyll degradation in treated plants [26]. The SWE
mixture (A + E) resulted in the best morphological and physiological performance in plants, which is
strongly related to the nutritional composition of the two seaweeds. This nutrient mixture showed the
best results and no previous study has found comparable results.

The control R. graveolens plants showed an EO profile matching global and local standards [7,27].
There were major shifts in EO dominant compounds of R. graveolens plants subjected to SWE mixtures.
These shifts in the EO profiles related to SWE treatment and peaked in SWE mixture treatment.
Specifically, major EO constituents increased (2-undecanone and 2-nonanone). These constituents
(ketones) are highly favored in the food industry (e.g., flavoring cheese) and in the perfumery industry
as well [27]. High medicinal value is associated with industrial and pharmaceutical potential, as we
found. Studies on mint and basil (medicinal plants) reported similar effects of single SWE on EO ratio
and composition [11]. However, the use of SWE mixtures to increase secondary metabolites (specific
EO constituents) is a novel methodology, resulting in synergism by both SWEs.

To study the effects SWE as external elicitors that can elevate the biological activities of R. graveolens,
the biological activities against cancer cells were investigated. In this study, there were obvious
antiproliferative activities of R. graveolens EO, 2-undecanone, and 2-nonanone against specific cancer
cells. In addition, the SWE mixture treated plants showed the highest antiproliferative activity.
Leaf extracts of R. graveolens had anticancer activities against breast, colon, and prostate cancers [28].
In addition, specific alkaloids in the leaves were associated with anticancer activities against MCF-7
and others [29]. However, studies regarding the anticancer potential of EO are lacking. The increased
activities of caspase-3 and -7 following treatment with seaweed treated plants EOS, 2-undecanone,
and 2-nonanone are strong indicators of apoptosis by DNA fragmentation [30–32].

To further investigate the elevated biological activities of EO against different microorganisms,
an antimicrobial study was conducted. The EO composition shifts by SWE mixtures maximized the
antibacterial and antifungal potential, as shown before. These shifts included increases of 2-undecanone
and 2-nonanone. The 2-undecanone had almost 50% of the antibacterial and antifungal activities values
of EO obtained from plants subjected to SWE mixture which is related to the ratio of the 2-undecanone
in the EO of these plants. Other reports indicated obvious potential of undecanone and nonanone for
microbial control [7,33]. The 2-undecano found in Indian EO of R. graveolens was related to the control
of S. aureus growth using the inhibition zone method [7]. The bioactivity of the EO of Houttuynia
cordata Thunb, (medicinal plant) is caused by 2-undecanone [34]. South African R. graveolens EO had
comparable ratios of nonanone and undecanone and activities against B. cereus and S. aureus [35].

This study explored the elevated bioactivities in response to novel external elicitor mixture to
two SWE. Furthermore, it associated the EO main constituents (2-undecanone and 2-nonanone) and
bioactivities against cancer cells. Modulation of R. graveolens EO by SWE mixture, showed clear
anticancer, antibacterial, and antifungal potential leading to enriching natural sources of pathogens
control, in addition to providing promising potential as anticancer agents. Plant pathogens studied here
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have great negative effects on crop production and post-harvest. The SWE mixture modulated EO found
here have great potential as safe alternative to bactericides and fungicides, against plant pathogens.

4. Materials and Methods

4.1. Plant Material, Treatments, and Microorganisms

R. graveolens L. uniform plants were obtained (March 2017 and 2018, in two successive seasons),
then identified and vouchered by Hosam Elansary and registered at the Faculty of Agriculture,
Alexandria University (voucher no. 002314-Elansary). Plants were raised in 2.1 L pots containing
brown peat and perlite (3:1 w/w) and supplemented with Crystalon® (20% N: 20% P: 20% K, 2 gL−1

media) under controlled environmental conditions. The temperature ranged between 15.2 ◦C (night)
and 27.6 ◦C (day); relative humidity between 68% and 71%; photosynthetically active radiation (PAR)
around 1000 m−2 µmol m−2 s−1 at 12.00 p.m.; and daily watering of 38 to 50 mL plant −1.

The plants were subjected to 9 treatments of SWE (Ascophyllum nodosum, Stella Maris TM, Acadian
Seaplants, Guelph, ON, Canada; 7 mL L−1 with irrigation water), SWE (Ecklonia maxima, Kelpak
TM, South Africa; 7 mL/L with irrigation water), or a mixture of both SWEs (1:1, 7 mL L−1 with
irrigation water). Treatments were repeated every 6 d until achieving 9 treatments. Untreated plants
were considered as a control. Plants were grouped into three blocks/repetitions (n = 3) containing 10
replicates per treatment for a total of 120 plants, in a factorial experimental design. The fungi and
bacteria were obtained from King Saud University. The 2-undecanone, 2-nonanone, and HPLC-grade
chemicals were obtained from Sigma-Aldrich, Berlin, Germany.

4.2. Measurements

After the 9 treatments, plant heights (cm) were determined before being harvested, and the roots
were cleaned for further measurements. Leaf number and leaf area were also determined. Leaf area
was determined by digital area meter. Plants were air dried in an oven dryer at 35 ◦C (to maintain the
oil composition and ratio) and the total dry weight and root dry weight were measured. The stomatal
conductance (gs), net photosynthetic rate (A), and transpiration rate (E) were determined using a
portable photosynthesis system analyzer (ADC BioScientific, LCi, Bioscientific Ltd., Hoddesdon, UK)
on fully expanded leaves, in clear, sunny conditions [36].

4.3. Essential Oil Isolation, Gas Chromatography/Mass Spectrometry (GC-MS), and Analyses of Seaweeds

The dried leaves were ground and hydro-distilled for 1 h using a Clevenger apparatus and
the EO were dried over anhydrous sodium sulfate and stored at 4 ◦C. The EO were subjected
to gas chromatography (Hewlett Packard 5890) and compounds identification were as described
before [11,37,38]. Briefly, separation was accomplished with a TG-1MS narrow bore column (length
30 m × 0.32 mm i.d. and 0.25 µm film thickness). Helium was used as the carrier gas. The oven
temperature was programmed to increase from an initial temperature of 45◦ to 165 ◦C, at 4 ◦C min−1,
with a holding time of 2 min at 45 ◦C, then, 15 ◦C min−1 to 280 ◦C, with a final holding time of
15 min. A total of 2 µL of each sample was injected at 250 ◦C on a splitless mode flow (1 mL min−1),
and splitless time (3 min), then, split flow (10 mL min−1). Reference literature was also used to confirm
compounds [7] as well as chemical standards (Sigma-Aldrich, Berlin, Germany). The mineral profile of
seaweeds used in this study were determined using inductively coupled plasma spectroscopic analysis
(ICPSA) (Optima 4300DV, Perkin-Elmer, Waltham, MA, USA) and ICP-OES as described before [39].

4.4. Antiproliferative Activity and Apoptotic Cell Population

The antiproliferative activities of the EO were tested against several cancer cell lines, including
MCF-7, HeLa, Jurkat, HT-29, and T24, as well as normal cells of HEK-293 following [40]. Five doses
of the EO, 2-undecanone and 2-nonanone were used to reach a final concentration of 50, 100, 200,
300, and 400 µg/mL culture media. Vinblastine sulfate and taxol were used as positive controls.
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The antiproliferative activities were expressed as the IC50 (µg mL−1) values of the EO, by plotting
the percentage of cell viability against the extract concentration. The IC50 was used to measure the
apoptotic cell population using flow cytometry (FAC Scan, Becton Dickinson, Burlington, MA, USA)
following [31,41].

4.5. Caspase-Glo 3/7 Assay

The effects of EO on caspase-3/7 activity against cancer cell lines was investigated using Caspase-Glo
3/7 Assay kit (Promega, Berlin, Germany). Twenty-four hour cultured cell lines (Roswell Park Memorial
Institute (RPMI) growth medium, Sigma-Aldrich) in IC50 of EOs, 2-undecanone and 2-nonanone
or DMSO (solvent control) were used [31]. Then, 100 µL of caspase-Glo 3/7 reagent was added to
96-well plates containing growing media, mixed, and then incubated for 1 h at room temperature.
An Infinite M2000 Pro™ (Tecan, Vienna, Austria) was used to detect the luminescence and the activity
was expressed as a percentage of the untreated samples.

4.6. Antibacterial Activities

The bacteria used were Bacillus cereus (ATCC 14579), Staphylococcus aureus (ATCC 6538),
Micrococcus flavus (ATCC 10240), and Listeria monocytogenes (clinical isolate) as Gram-positive bacteria
and Escherichia coli (ATCC 35210), Dickeya solani (D s0432-1), Pseudomonas aeruginosa (ATCC 27853),
Pectobacterium carotovorum subsp. carotovorum (ATCC 15713), and Pectobacterium atrosepticum (ATCC
33260) as Gram-negative bacteria. The microdilution method [31,41,42] was used to calculate the
minimum inhibitory concentration (MIC) and minimum bactericidal (MBC) concentration. Microtiter
plates (96-well) containing a serial concentration of the essential oil in each well mixed with bacterial
inoculum (1.0 × 104 CFU per well) in 100 µL tryptic soy broth were incubated at 37 ◦C for 24 h in a
rotary shaker. The minimum inhibitory concentration (MIC) was defined as the lowest concentration
of essential oil that exhibited no visible growth using a binocular microscope and was determined
following the incubation period of the microtiter plates. The minimum bactericide concentration
(MBC), which was defined as the lowest concentration that caused no visible growth and indicated
the killing of 99.5% of the inoculum, was determined using serial subculturing of the essential oil
(2 µL). The optical density was determined at a wavelength of 655 nm. A positive control was used
(streptomycin, 0.01 to 10 mg/mL), as well as a negative one (DMSO, 1%).

4.7. Antifungal Activities

Six fungi were used, including Aspergillus niger (ATCC 6275), Penicillium funiculosum (ATCC
56755), Aspergillus flavus (ATCC 9643), Aspergillus ochraceus (ATCC 12066), Penicillium ochrochloron
(ATCC 48663), and Candida albicans (ATCC 12066). The minimum inhibitory (MIC) and minimum
fungicidal (MFC) concentrations of the microdilution method were used [41–45].

4.8. Statistical Analyses

Data obtained from the two seasons of 2017 and 2018 were subjected to analyses of variance
(ANOVA) in SPSS v. 22 and showed no significant differences between the two seasons. Data from
both seasons were pooled together and the least significant differences was used to compare all means.

5. Conclusions

This is the first study to explore the use of marine algal species mixtures as elicitors of main
EO constituents of the aromatic R. graveolens, an application which could be beneficial to the
pharmaceutical industry as antimicrobial and anticancer sources. The application of A. nodosum
+ E. maxima SWE led to superior morphological performance and maximum gas exchange values in
treated plants. The main EO constituents were 2-undecanone, 2-nonanone, 2-acetoxy tetradecane,
and nonyl cyclopropanecarboxylate. The highest ratios of 2-undecanone, 2-nonanone, and nonyl
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cyclopropanecarboxylate were detected in plants treated with A. nodosum + E. maxima SWE.
Morphological and physiological parameters, as well as EO main constituents associated with the
bioactivity of the EO of treated plants against bacteria, fungi, and cancer cells. The highest antibacterial
and antifungal activities were found against S. aureus and P. ochrochloron, respectively. The highest
antiproliferative and necrotic activities were against HeLa MCF-7 and Jurkat. The anticancer activities
were confirmed by increased activities of the caspase-3 and -7 enzymes in treated cancer cells. The SWE
mixtures are recommended as natural elicitors of 2-undecanone and 2-nonanone of R. graveolens EO
which have good potential in the agricultural and pharmaceutical industries. Further investigations
could be conducted in this application on different crops.
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