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Abstract: Seaweeds are used in traditional agriculture practices because of their beneficial effects.
Recently, the rising demand for organically grown foods has amplified the use of organic fertilizers
such as seaweed extracts. Despite their beneficial effects, few studies have reported information about
compounds in seaweed extracts that are responsible for these benefits. Thus, the aim of this study
was to evaluate the potential relationships between the components and secondary metabolites in
four seaweed liquid extracts from Eisenia arborea, Macrocystis pyrifera, Padina caulescens, and Sargassum
horridum and their biostimulant activity through changes in the germination, growth, and protein
content of tomato seedlings (Solanum lycopersicum). The E. arborea and S. horridum extracts showed
similar compositions (ash, organic carbon, bicarbonates, and chlorides), minerals (Ca, Fe, and Cu)
and secondary metabolites (triterpenes and saponins), albeit with different component concentrations.
The chemical composition of the P. caulescens extract was significantly different from those of the other
extracts; it was characterized by high levels of total nitrogen, phenols, and carbohydrates. Almost
all seaweed extracts had beneficial effects on seed germination and seedling length, except the S.
horridum extract that inhibits germination. The hierarchical clustering plots and principal component
analysis indicated that germination and protein content are related to the presence of sterol. Shoot
length was closely related to mineral levels (K, Zn, B, Na) and the C:N ratio, whereas radicle length
was closely related to the content of nitrogen, carbohydrates, phenols, and flavonoids in the seaweed
extracts. However, the underlying mechanisms are still unclear and require further studies.

Keywords: brown algae; minerals; secondary metabolites; PCA analysis

1. Introduction

Many organisms benefit from low doses of bioactive compounds, especially the
seedlings of agricultural plants. Indeed, seaweed extracts, which contain distinct bioactive
compounds, are widely accepted as plant biostimulants and commonly used in agriculture
and horticulture [1]. Macroalgae species differ in their chemical compositions. Thus, their
extracts exhibit different levels of biological activity, which also depend on the dosage.
However, few studies have reported which compounds are responsible for the benefi-
cial effects of seaweed extracts. The action mechanisms of seaweed extracts are complex,
and understanding them requires a multidisciplinary approach to untangle the various
interactions among different bioactive compounds within each extract [1,2].

In Mexico, tomato is the second most economically important vegetable crop and the most
economically important worldwide [3]. In 2020, Mexico exported 3,461,766.43 metric tonnes of
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tomato (Solanum lycopersicum L.), with an estimated value of USD 1908 million [4]. According
to data from Faostat the world produced 186.821 million metric tonnes of tomatoes on
5,051,983 hectares in 2020, achieving an average yield of 37.1 metric tonnes/hectare [5].

Recently, in the country, in horticultural crops, there has been a growing interest in
using biostimulants such as seaweed extracts as crop management strategy to influenced
vegetative growth and improve the yield of fruits without any negative effects on plant
quality [6]. However, in Mexico, without legislation on biostimulants, seaweed extracts
are considered type 1 growth regulators [7]. This strategy allows for increasing biomass
production as well as increased tomato fruit nutritional quality [8,9]. Seaweed extract
application enhances nutritional quality through direct plant provision of both macro- and
micronutrients [10].

The delivery of seaweed extracts via foliar, soil drench, or seed coating (i.e., seed soak-
ing or priming) applications has been widely evaluated [11]. These delivery systems have
all been deemed suitable to enhance germination rates and the subsequent establishment
of seedlings [10]. In seed germination experiments employing different species of brown
algae, the application of seaweed extracts has been shown to increase germination [11-13].
In addition, seaweed extracts have been found to stimulate growth by inducing multiple
physiological processes in plants, even at low concentrations [14-17].

The beneficial effects of seaweed extracts can be attributed to chemical compounds,
including minerals, amino acids, vitamins, and phytohormones which enrich soils, high-
lighting their desirable and potential use in agriculture [18,19]. For example, multiple
compounds, such as polysaccharides, have been linked to growth-promoting activities
or found to elicit defensive mechanisms in plants [20-22]. The compounds within sea-
weed extracts biochemically alter plants by playing vital roles in many biological activities
such as seed germination, plant growth, and fruit production. These bioactive compounds
include a variety of highly diverse signal molecules and metabolites (e.g., polyphenolic com-
pounds, carotenoids, minerals, vitamins, phlorotannins, peptides, tocotrienols, proteins,
tocopherols, phytohormones, betaines, amino acid, carotenoids, vitamins, polyamines, and
polysaccharides) that differ among seaweed species [1,18].

Interest in the secondary metabolites of seaweed extracts stems from their vast bio-
logical applications [23]. Brown marine algae are rich in secondary metabolites, as can be
observed by their levels of phenolic compounds (e.g., phenols and flavonoids), terpenes,
sterols, saponins, coumarins, glycosides, and small acetogenins [24,25]. Indeed, in brown
algae, phlorotannin, phytosterol, and polyphenol are prominent secondary metabolites [26].
Secondary metabolites such as these can act as antioxidants, osmoprotectants, antimi-
crobial and antiviral agents, biostimulants, metabolic enhancers, and defense response
elicitors [27,28].

Thus, in the present study, it was hypothesized that the different chemical composi-
tions of four brown seaweed extracts (Eisenia arborea, Macrocystis pyrifera, Padina caulescens,
and Sargassum horridum) act as plant biostimulant but in different ways. The aim of this
study was to analyze the seaweed extracts components and their relationship with the seed
germination, growth and protein content of tomato seedlings.

2. Materials and Methods
2.1. Sample Collection and Seaweed Extract Preparation

Seaweeds Macrocystis pyrifera, Eisenia arborea, and Sargassum horridum were harvested
from wild populations of Temperate Northern Pacific along the coast of the Baja California
Peninsula from March to July 2020. The seaweeds were sun-dried to a 10% moisture content
and were milled with a manual mill to a 40-mesh size (0.38 mm?). The algae powder dry was
provided by the Interdisciplinary Center for Marine Sciences of the National Polytechnic
Institute of Mexico (CICIMAR-IPN; Baja California Sur, Mexico). Padina caulescens was
collected by hand from wild populations of Tropical Eastern Pacific, along the coast of
Jalisco, Mexico in intertidal zones from July 2021, and the samples were transported to
the laboratory in plastic bags, washed with tap water to remove surface salt, oven-dried
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for 72 h at 60 °C, and then ground in an electric mill (IKA-M 20) to a size of less than
0.50 mm. The algal biomass was proceeded on the Biotechnology Research Laboratory of
the University of Guadalajara (Guadalajara, Jalisco, Mexico). The seaweed extracts were
elaborated according to the protocol of Hernandez-Herrera et al. [14]. A dry alga sample
(10 g) was added to 1 L of distilled water with constant stirring for 15 min followed by
autoclaving at 121 °C for 1 h at 1.21 kg cm 2. Then, the hot extracts were filtered through a
Whatman No. 40 filter paper and stored at —4 °C for use on the following day.

2.2. Physicochemical Composition of the Seaweed Extracts

The chemical composition of the dried seaweeds (Supplementary Table S1) and sec-
ondary metabolites and physicochemical composition of the dried seaweeds and their
extracts were determined in the Biotechnology Research and Chemical Laboratories of the
University of Guadalajara in Jalisco, Mexico. For each seaweed liquid extract, pH, electro-
conductivity, and total solids were measured using a HI2550 multi-parameter benchtop
meter (HANNA Instruments, Woonsocket, RI, USA). The amount of organic matter was
calculated by subtracting the ash content from the total dried sample (100%). The nitrogen
content of the seaweed liquid extracts was determined by the micro-Kjeldahl technique
(method 976.05). Mineral content (K, Ca, P, Zn, Cu, and B) and other components, such
as macronutrients (organic carbon, total nitrogen, the C:N ratio, total potassium, total
calcium, total sodium, chlorites, and bicarbonates), were analyzed via atomic absorption
spectrophotometry. Phosphorus content was determined by the colorimetric method.

To identify the presence or absence of various phytoconstituents in the seaweed
extracts, they were characterized via the colorimetric method by employing standard
protocols [29]. Test for phenols: Ferric chloride test: Aqueous plant extracts were treated
with 3—4 drops of a 0.1% ferric chloride solution. The formation of a bluish green or
black color confirmed a positive presence of phenols. Test for tannins: About 0.5 mg of
crude plant extracts was added to 10 mL of their freshly prepared solvents (methanol,
distilled water) in a test tube and shaken to dissolve. A few (2-5) drops of 0.1% ferric
chloride were added, and brownish green or blue-black coloration was produced, which
confirmed the presence of tannins. Test for triterpenes and sterols: Salkowski test: The
crude extract (5 mL) was separately shaken with 2 mL of chloroform and followed by
careful addition of concentrated sulfuric acid (2 mL) along the test tube to form a layer.
A reddish-brown coloration of the interface formed, confirming a positive presence of
terpenoids. Test Flavonoids: Alkaline reagent test: Exactly 0.5 g of plant extract was first
dissolved with solvent (methanol and distilled water) up to 10 mL in a test tube, and
second, an aqueous solution of the extracts was treated with a 10% ammonium hydroxide
solution. The yellow fluorescence indicated a positive test for flavonoids. Test for Saponins:
About 0.5 g of crude plant extracts was dissolved with distilled water (10 mL) in a test
tube. The suspension was shaken in a test tube for about 10-15 min. A 2 ¢cm layer of foam
was taken as preliminary evidence for saponins. The layer of foam was used to determine
the concentration level of saponins, whereby the higher level of foam indicated a higher
level of saponins. Test for alkaloids: Dragendorff’s test: By adding 1 mL of Dragendorff’s
reagent to 2 mL of extract, an orange-red precipitate was formed, indicating the presence
of alkaloids. Mayer’s test: A few drops of Mayer’s reagent were added to 1 mL of extract.
A yellowish or white precipitate was formed, indicating the presence of alkaloids. Test for
proteins: Ninhydrin assay: Two drops of a 0.2% freshly prepared ninhydrin solution were
added to 1 mL of extract. Production of purple color showed the presence of proteins. Test
for carbohydrates: Molish assay: A few drops of an alcoholic a-naphthol solution were
added to 2 mL of extract. Later, a few drops of concentrated H,SO4 were added along the
walls of the test tube. At the junction of two liquids, a violet color ring appeared, indicating
that carbohydrates were present. Tests for glycosides: Keller Killiani assay: A solution of
0.5 mL, containing glacial acetic acid and 2-3 drops of ferric chloride, was mixed with 2 mL
of extract. Later, 1 mL of concentrated H,SO,4 was added along the walls of the test tube.
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The appearance of deep blue color at the junction of two liquids indicated the presence of
cardiac glycosides. All determinations were conducted in triplicate.

2.3. Bioassays: Germination and Growth under Laboratory Conditions

Experiments were conducted using certified tomato seeds (Solanum Iycopersicum cv. Rio
Fuego; Kristen seed®, San Diego, CA, USA). Germination was observed daily over 8 days
according to the methods of the Association of Official Seed Analysts [30]. Two groups
of 100 seeds were tested for germination per treatment according to the guidelines of
the International Seed Testing Association [31]. Experimental units were arranged in a
randomized complete block design. Before treatment with a seaweed extract, the tomato
seeds were surface sterilized in a 4% sodium hypochlorite solution for 10 min and triple
rinsed in sterile distilled water. Then, the tomato seeds were placed on Whatman No.
5 filter paper (Whatman International Ltd., Maidstone, UK) in sterilized 90 mm Petri
dishes and treated with 5 mL of distilled water (control) or varying concentrations of the
liquid extracts at 1.0%. The plates were incubated at 25 £+ 1 °C with a 16:8 h light/dark
regime. Germination was considered to have occurred once radicle protrusion was >2 mm
and observed daily over 8 d according to the methods of the Association of Official Seed
Analysts [30]. After 12 d, the tomato seedlings were weighed and photographed, and
their growth characteristics (i.e., shoot and radicle length) were measured using Image]J v.
1.52a. The protein content of the tomato seedlings was determined according to the AOAC
method 954.04 [32].

2.4. Statistical Analysis

All data were analyzed for significant differences (5% level) by an analysis of vari-
ance (ANOVA) with mean separation based on the least significant difference (LSD). To
identify patterns among the chemical compositions of the seaweed extracts, joint principal
component analysis (PCA) and cluster analysis were performed on the normalized data
(i.e., pH, electrical conductivity, total solids, total soluble salts, density, organic matter, ash,
and macro and micronutrients) of each seaweed extract, and the secondary metabolites
in each seaweed extract were determined. A second PCA and a cluster analysis were
performed to establish whether any relationships existed between the physicochemical
composition of the seaweed extracts and any growth benefits observed in the tomato plants
(i.e., improved germination, growth, and protein content). The cluster groups, PCA plots,
correlation values, and statistical analyses were generated using Statgraphics® Centurion
XVL II. StatPoint Technologies, Inc. The Plains, VA, USA.

3. Results
3.1. Chemical Composition of the Seaweed Extracts

Table 1 shows the physicochemical composition of each seaweed extract. The pH of the
E. arborea and S. horridum extracts (7.5 and 7.20) was neutral, and their electric conductivity
was low (0.68 and 0.86 dS m~!, respectively). The M. pyrifera and P. caulescens extracts
showed low pH values (5 and 5.9, respectively), with electrical conductivity values of 2.8
and 2.5 dS m~!, respectively. The biochemical properties of the extracts from E. arborea,
M. pyrifera, and S. horridum were similar, whereas the P. caulescens extract exhibited the
lowest values. Overall, carbon content ranged from 0.014% to 0.228% (g/100 mL), whereas
nitrogen content varied from 0.007% to 0.019%. Potassium level reached 1.60%, making
this element the most abundant in the seaweed extracts, followed by bicarbonates (HCOj3;
up to 0.80%) and calcium (up to 0.074%). Micronutrient (e.g., iron and boron) content was
also high in all seaweed extracts.
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Table 1. Physicochemical composition of seaweed liquid extracts from Eisenia arborea (EA), Macrocystis
pyrifera (MP), Padina caulescens (PC), and Sargassum horridum (SH).

Characteristic EA MP PC SH
pH 7.50 5.00 5.90 7.20
Electric conductivity (dS m™1 0.68 2.80 2.50 0.86
Density (g mL~1) 1.01 1.03 1.01 1.01
Total solids (%) 2.20 0.70 0.23 2.34
Organic matter (%) 0.35 0.20 0.02 0.39
Ash (%) 0.75 0.63 0.17 0.75
C/N ratio (%) 0.190 0.880 0.730 0.313
Organic carbon (%) 0.222 0.199 0.014 0.228
Total nitrogen (%) 0.010 0.010 0.019 0.007
Total phosphorous (%) <0.0001 <0.0001 <0.0001 <0.0001
Total potassium (%) 0.290 1.600 0.070 0.290
Potassium (K,O) (%) 0.350 1.100 0.080 0.340
Total calcium (%) 0.051 0.040 0.011 0.074
Total sodium (%) 0.100 0.888 0.538 0.137
Chloride (%) 0.040 0.060 0.039 0.075
Sulfates (S5-SOy) (%) 0.047 0.010 0.033 0.042
Bicarbonate (HCO3) (%) 0.180 0.060 0.004 0.160
Iron (%) 0.00080 0.00030 0.00020 0.00090
Zinc (%) 0.00002 0.00038 0.00010 0.00010
Copper (%) 0.00002 0.00001 0.00001 0.00010
Boron (%) 0.00040 0.00073 0.00016 0.00040

The qualitative test results for the seaweed extracts confirmed the presence of different
secondary metabolites. These substances contained phenols, tannins, triterpenes, sterols,
flavonoids, saponins, tannins, coumarines, carbohydrates, and glycosides (Table 2). Phenols,
tannins, carbohydrates, and glycosides were dominant in the seaweed extract of P. caulescens.
In contrast, the M. pyrifera extract did not include metabolites such as triterpenes, sterols,
flavonoids, and coumarines. Alkaloids and proteins were not detected in any seaweed
extract.

Table 2. Phytochemical analysis of seaweed liquid extracts from Eisenia arborea (EA), Macrocystis
pyrifera (MP), Padina caulescens (PC), and Sargassum horridum (SH).

Metabolite Assay EA MP PC SH

Phenols and tannins Ferric chloride (+) +) G+ )
Triterpenes and sterols Salkowski (+) = ) (+)
Flavonoids Alkaline reagent test (-) (=) +) +)
Saponins Foam +) (+) (=) +)
Coumarins Baljet (+) (=) +) (+)
Alkaloids Dragendroffs, Mayers (-) (=) (=) (=)

Proteins Ninhydrin (-) = =) ()
Carbohydrates and glycosides Molisch and Keller Killiani (+) +) ) ()

(+): presence; (++): more presence; (—): absence of the tested metabolite.

3.2. Germination, Growth, and Protein Content of Tomato Seedlings Treated with Seaweed Extracts

Tomato seed germination occurred in most of the treatments after 3 d. The highest
positive effect on seed germination (66%) was observed for seeds treated with the seaweed
extract from E. arborea, followed by the M. pyrifera extract (63% germination) and the P.
caulescens extract (57% germination), the effects of which were significantly higher than
those of the germination of the control (51%). In contrast, the S. horridum extract inhibited
the germination of tomato seeds (34%), resulting in significantly higher gemination in the
control plants (Figure 1a).



Seeds 2023, 2

441

100 - 10 - 10
C
8 b ~ 8-
S b b :
< 2 <
.§ ‘% 61 a EL 61
g ! L b op C b
E g4 844 ,
5 - 2
Q b~ T
0 ¢ )
2, M2
=2
0 0
C EA MP PC sH C EA MP PC SH C FA MP PC SH
(a) (b) ()

Figure 1. Effects of seaweed extracts on (a) tomato seed germination, (b) shoot length, and (c) radicle
length. Treatments: Eisenia arborea (EA), Macrocystis pyrifera (MP), Padina caulescens (PC), and Sar-
gassum horridum (SH) and Control (C). Bars with different letters are significantly different between
treatments according to the post hoc LSD mean comparison test (p < 0.05). Bars represent average
values £ SD (n = 300 seeds or seedlings).

All seaweed extracts had significant stimulatory effects (p < 0.05) on shoot and radicle
length. Tomato seedlings treated with the E. arborea extract showed greater shoot and radicle
lengths (up to 6.7 and 3.6 cm, respectively) compared to those of the control. Application
of the M. pyrifera extract resulted in the greatest (p < 0.05) average shoot length (up to
7.5 cm) and radicle length (3.4 cm) compared to those of the control (Figure 1b). Similarly,
application of the P. caulescens extract increased shoot length (6.6 cm) and radicle length
(4.0 cm) compared to those of the control. Lastly, applying the S. horridum extract resulted
in an increase in shoot length (up to 6.7%) and radicle length (up to 3.6%) compared to
those of the control (Figure 1c).

The protein content of the tomato seedlings was significantly higher (p < 0.05) follow-
ing the application of the seaweed extracts. Seedlings treated with the E. arborea extract
showed an increase in protein of up to 45%. In comparison, those treated with the M.
pyrifera and P. caulescens extracts exhibited 19% and 15.4% higher protein compared to that
of the control, respectively. Application of the S. horridum extract also resulted in increased
protein levels in seedlings, although this increase was only 9.14% higher than that of the
control seedlings (Table 3).

Table 3. Protein content of tomato seedlings treated with seaweed extracts (mg/100g DW) from
Eisenia arborea (EA), Macrocystis pyrifera (MP), Padina caulescens (PC), and Sargassum horridum (SH).

Control EA MP PC SH
25.05 +0.052 36.46 +0.252 29.86 + 0.55 € 28.93 4+ 0.25P 27.34 +0.25P

Data represent mean value + SD; different letters indicate significant differences among the treatments at p < 0.05.
(n = 3; each is a repetition of 100 seedlings).

3.3. Understanding Treatment—Variable Interactions through Hierarchical Clustering and PCA

A dendrogram classification based on seaweed extract type, physicochemical compo-
sition, and the presence of secondary metabolites resulted in the formation of three groups:
(1) E. arborea and S. horridum extracts, (2) M. pyrifera extract, and (3) P. caulescens extract
with similar chemical characteristics at a Euclidean distance of 2.0 (Figure 2a). By relating
the physicochemical variables via PCA (Figure 2b), we found that two factors explained
90.07% of the total variance. Factor 1 (PC1) explained 53.51% of the variance and was
negatively correlated with electrical conductivity, the C:N ratio, and total sodium, and
positively correlated with total solids, bicarbonates, iron content, and triterpenes. Factor 2
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(PC2) explained 36.56% of the variance and was negatively correlated with total nitrogen,
carbohydrates, and phenols, and positively correlated with density, potassium, zinc, and
boron (Figure 2b).
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Figure 2. Hierarchical clustering and principal components analysis (PCA) used to understand
treatment-variable relationships in the different seaweed liquid extracts from Eisenia arborea (EA),
Macrocystis pyrifera (MP), Padina caulescens (PC), and Sargassum horridum (SH). (a) The mean values
of different parameters were clustered in three groups, group 1 was the highlighted outline in
black, group 2 (green), and group 3 (red), and (b) all data were analyzed via a principal component
analysis (PCA). The lines originating from the central point of the biplots indicate positive or negative
correlations of different variables; their closeness indicates the correlation strength with a particular
treatment. The variables include characteristics physic (in blue) characteristic chemical (green and
black) and secondary metabolites (purple) and the type of seaweed extract (abbreviations of capital
letters in black) at 1.0% concentration.

According to the PCA results, the three seaweed extracts differed significantly in
the amounts of various compounds (Figure 2b). By plotting the data according to PC1
and PC2, clusters were clearly separated based on physicochemical variables. The first
group was composed of E. arborea and S. horridum extracts, of which the former was mainly
characterized by neutral pH sterols, triterpenes, coumarins and large quantities of sulphates.
The S. horridum extract showed higher organic matter and total solid levels, as well as higher
concentrations of elevated chlorides and bicarbonates, Fe, Cu, and saponins. The second
group comprised the M. pyrifera extract, which exhibited high electric conductivity, density,
C:N ratio, potassium, boron, and zinc. The third group comprised the P. caulescens extract,
which was characterized by high levels of total nitrogen, phenols, and carbohydrates
(Figure 2b).

A second dendrogram classification was based on the physicochemical composition
and presence of secondary metabolites in the seaweed extracts, in addition to germination,
shoot length, radicle length, and protein content. This dendrogram resulted in the formation
of four groups at a Euclidian distance of 1.5 (Figure 3a).

By relating growth parameters (germination, shoot, root length, and protein content)
to the physicochemical composition and secondary metabolites of the seaweed extracts
via a PCA, two factors were found to explain 82.3% of the total variation (Figure 3b).
Factor 1 (PC1) explained 45.7% of the variation and was negatively correlated with total
nitrogen, carbohydrates, and phenols, and positively correlated with ash, organic carbon,
Ca, and saponin levels. Factor 2 (PC2) explained 36.59% of the variation and was negatively
correlated with sulphates, coumarins, and triterpenes, and positively correlated with the
C:N ratio, total potassium, zinc, and boron. By plotting the data according to PC1 and
PC2, clusters were identified that were clearly separated based on the physicochemical
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variables of the different seaweed extracts and by the length and protein values. The
first group exhibited similar chemical composition (ash, organic carbon, bicarbonates, and
chlorides), minerals (Ca, Fe, and Cu) and secondary metabolites (triterpenes and saponins)
to those of the group formed by the E. arborea and S. horridum extracts. The second group
was defined by the C:N ratio, sodium, potassium, boron, zinc, and tomato seedling shoot
length. The third group was characterized by high total nitrogen, carbohydrates, other
organic components, phenols, and flavonoids, and was closely related to great radicle
length. The presence of sterols and high seedling protein content characterized the fourth
group (Figure 3b).
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Figure 3. Hierarchical clustering and principal component analysis (PCA) to understand treatment—
variable relationships in seaweed liquid extracts from Eisenia arborea (EA), Macrocystis pyrifera (MP),
Padina caulescens (PC), and Sargassum horridum (SH). (a) The mean values of different parameters were
clustered in four groups, group 1 was the highlighted outline in black, group 2 (green), group 3 (red)
and group 4 (pink), and (b) all data were analyzed via a principal component analysis (PCA). The lines
originating from the central point of the biplots indicate positive or negative correlations of different
variables; their closeness indicates the correlation strength with a particular treatment. The variables
include characteristics physicochemical (in blue and green) and secondary metabolites (purple) and
the type of seaweed extract (abbreviations of capital letters in black) at 1.0% concentration.

4. Discussion

In the present study, we evaluated the physicochemical properties of seaweed extracts,
which act as biostimulants when applied to tomato plants. Based on our analysis, seaweeds
contain considerable amounts of macro- and micronutrients, supporting their use as organic
plant biostimulants. Indeed, previous studies have found that seaweed extracts can be
applied conveniently to soils and plants, resulting in superior performance compared to that
of conventional chemical fertilizers [33-36]. Seaweed liquid extracts contain compounds
(e.g., plant growth-promoting hormones, polysaccharides, proteins, amino acids, vitamins,
and macro- and micronutrients) that promote nutrient uptake and increase abiotic stress
tolerance, thereby enhancing crop quality [11]. As growth biostimulants, the positive effects
of seaweed extracts are based on the synergistic action of their macro- and micronutrients,
amino acids, vitamins, and other components, which affect cellular metabolism, although
the associated mode of action remains unknown [18,37].

Differences in the chemical composition of the seaweed extracts can be ascribed to
the species of seaweed and sampling location. For example, the E. arborea and S. horridum
extracts collected in Temperate Northern Pacific (Baja California Peninsula) exhibited
similar mineral compositions and also contained proportions comparable to those reported
by other authors on these seaweeds on the same region [38—40]. In contrast, P. caulescens,
which was collected in Tropical Eastern Pacific, exhibited a different chemical composition
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from those of the three species analyzed in this study while showing mineral levels similar
to those of Padina gymnospora collected in the similar zone of the tropical region [14,17].

The heterogeneous nature of algal biomass makes it difficult to identify direct correla-
tions between general morphological features such as growth and the chemical components
of seaweed extracts [41,42]. In this study, the E. arborea (EA) extract was characterized by a
large amount of sterol. According to previous studies, plant sterols and their derivative
brassinosteroid serve important physiological functions in plant growth and development
such as seed germination [17,18].

As was observed by Di Filippo-Herrera et al. [38] with mung bean treated with an E.
arborea extract, the greatest benefits to germination in this study were observed in seeds
treated with the E. arborea extract, which exhibited 18% more germination than those of
the control. A possible explication could be that E. arborea contains considerable amounts
of cholesterol, 3-sitosterol, ergosterol, stigmasterol, and fucosterol, [43,44]. In contrast,
the S. horridum extract appeared to inhibit germination in this study, which may be due
to the presence of solids resulting from the level of hydrolysis employed during extract
production that could influence its osmotic potential [16,45]. The seeds in this treatment
may not have been able to efficiently imbibe water, which would account for their observed
germination failure. Moreover, the poor germination performance of the seedlings in this
treatment may have been due to the presence of sterols or saponins in the S. horridum
extract. Indeed, some steroidal saponins have been found to exhibit hormesis profiles
in different plant species, including tomatoes, with the inhibition of seed germination at
high concentrations and growth stimulation at low concentrations [46]. In this study, the
negative effects on seed germination treated with S. horridum extract could also be due to an
excess of particular components contained in seaweed biostimulants [47]. For example, Sun
et al. [48] found that compounds such as fucosterol, 24-hydroperoxy-24-vinylcholesterol,
and saringosterol, which were identified in S. fusiforme, showed allelopathic activity.

Moreover, the application of the M. pyrifera extract to tomato seedlings increased shoot
length. The M. pyrifera extract exhibited high levels of potassium, boron, and zinc, which
were closely related to tomato seedling shoot length. The potassium contained in seaweed
extracts could help seedlings regulate their water balance while helping them improve
meristematic growth and photosynthesis [49]. Trace element B plays a role in carbohydrate
metabolism, sugar translocation, hormone reactions, and the normal growth and functions
of the apical meristem and membrane [50,51]. According to Dell and Huang [52], enhanced
trace element B is a requirement for young growing tissues, as it plays essential roles in cell
division and elongation. In addition, Zn, which was present in considerable amounts in
the seaweed extracts, facilitates respiration and photosynthesis, promoting the reduction in
nitrates and sulphates and stimulating cation-activated enzymes [49].

In this study, the P. caulescens extract was characterized by high levels of total nitrogen,
carbohydrates, and phenols and beneficially affected radicle length. This benefit may be in
part because nitrogen is an essential macronutrient and a major component of the essential
organic compounds required for normal plant growth; it is also a constituent of proteins,
nucleic acids, and other indispensable organic compounds [53]. Many studies showed
that compounds such as polysaccharides from Padina spp. increase the root and shoot
length of plants [54-56]. In addition, Hernandez-Herrera et al. [45] assessed the effects of
polysaccharide-enriched extracts from P. gymnospora on the growth of tomato and mung
bean plants and found that the extracts resulted in significantly higher radicle length in
tomato and mung bean plants. Seaweed polysaccharides and their derived oligosaccharides
can stimulate plant growth by enhancing carbon and nitrogen assimilation, plant cell
division, and basal metabolism [57]. Overall, seaweed extracts are excellent sources of
carbohydrate polymers (e.g., fucoidans, laminarins, and alginates) [35]. Due to their
negatively charged cell walls, they can easily retain cations or positively charged molecules
from seawater [58]. In agriculture, these seaweed carbohydrates have attracted interest as
novel sources of environmentally friendly products to improve plant growth [8]. At this
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time, the most likely candidates responsible for the biostimulant effects of seaweed extracts
are complex carbohydrate compounds.

Seaweeds also contain secondary metabolites, with the phenol content in seaweeds
ranging from 1 to 4% (dry weight) [59]. Phenolic compounds are known for their bioactivity.
In brown algae, phlorotannins are produced via secondary metabolism and consist of
phloroglucinol polymers with molecular skeletons composed of eight phenol rings. In a
study by Rengasamy et al. [60], eckol and phloroglucinol, which were isolated from Ecklonia
maxima, increased Vigna mungo seedling length, root number, and weight. In addition,
treatment with eckol phloroglucinol resulted in significantly greater lengths of the shoots
and roots of maize seedlings when compared to treatment at 0.4% with Kelpak® Kelp
Products (Pty) Ltd. Cape Town, Western Cape, South Africa, and promoted x-amylase
activity by increasing the starch clearance zone in the maize scutellum [60].

Finally, we recognize that the relationships between the composition of seaweed
extracts and their biostimulant activity is complex, and progress in unravelling this rela-
tionship requires more comprehensive experiments that assess the effects of their major
and minor components.

However, these findings further our understanding of the importance of the composi-
tion of seaweed extracts to their biostimulant potential. The composition profile of each
extract was influenced by the seaweed species, highlighting the different effects of each
seaweed extract on key variables indicative of tomato seedling development.

5. Conclusions

Recent studies have demonstrated that mixtures of major and minor constituents
can stimulate complex biological activities at low concentrations, with seaweed extracts
modulating gene expression and inducing metabolic changes in treated plants. In doing
so, seaweed extracts enhance nutrient use efficiency, abiotic stress tolerance, germination,
and growth. However, very little data are available that link the chemical composition of
a seaweed extract with its biostimulant activity or the observable morphological changes
in treated plants. We observed significant differences in the levels of carbohydrates, min-
erals, metabolites, and bioactivity of extracts from four seaweed species, highlighting
the complexity of these extracts. In addition, the presence of micro- and macronutrients,
trace elements, carbohydrates, secondary metabolites, and other organic compounds in
the seaweed extracts significantly enhanced the growth of tomato plants, showcasing the
biostimulant potential of seaweed extracts.

Almost all seaweed extracts had beneficial effects on seed germination and seedling
length. The hierarchical clustering plots and principal component analysis indicated that
germination and protein content are related to the presence of sterol. Shoot length was
closely related to mineral levels (K, Zn, B, Na) and the C:N ratio, whereas radicle length
was closely related to the content of nitrogen, carbohydrates, phenols, and flavonoids in
the seaweed extracts. The S. horridum extract contained chemical compounds (i.e., saponins
and triterpenes) that may inhibit tomato seedling growth. In addition, the functional
groups (e.g., carbohydrates, phenols, and flavonoids) present in the P. caulescens extract
affected beneficially seedling root length. The minerals K, Zn, and B, which were present
in the M. pyrifera extract, positively affected shoot length. While these results advance
our understanding of how extract components influence plant germination and seedling
growth, the underlying mechanisms require further study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/seeds2040033/s1, Table S1: Proximate chemical analysis of seaweed
(g 100 g~ ! dry weight).
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