
agronomy

Article

Morphological and Biochemical Responses of Glycine
max (L.) Merr. to the Use of Seaweed Extract

Sławomir Kocira 1,* , Agnieszka Szparaga 2 , Maciej Kuboń 3 , Ewa Czerwińska 4 and
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Abstract: Currently, modern agriculture aims to improve the quantity and quality of crop yield,
while minimizing the negative impact of treatments on the natural environment. One of the methods
to increase plant yield and quality, especially after the occurrence of both abiotic or biotic stress
factors, is the application of biostimulants. The aim of the study was to determine the effect of Ecklonia
maxima extract on plant growth, and the yield, nutritional, and nutraceutical properties of soybean
seeds. A field experiment was conducted in three growing seasons (2014–2016). Soybean seeds of
Atlanta cultivar were sown in the third 10-day period of April. Ecklonia maxima extract was applied
in the form of single or double, spraying in the concentrations of 0.7% and 1.0%. Determinations
were conducted for: biometric traits, seed yield, seed number, thousand seeds weight, contents of
lipids, and proteins in seeds. Further analyses included the contents of total polyphenols, flavonoids,
anthocyanins, and reducing power. The number of seaweed extract applications and its concentration
modified biometric traits, yield, and quality of crop, while also also altering the nutraceutical and
antioxidative potential of soybean. The application of this preparation improved the growth and
yield of soybean without any negative effect on the nutritive value of seeds.
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1. Introduction

Soya (Glycine max (L.) Merrill.) is one of the most important leguminous plants that are cultivated
around the world because it is a precious source of both protein and fat [1,2]. Its use for production
of food, oil, and fodder means that the demand for this plant is continuously growing [3]. Due to
its broad use, it is called a “wonderful crop” [4]. However, this plant is sensitive to unfavourable
climatic conditions [5]. Thus, to ensure its effective protection against biotic and abiotic factors, it is
recommended to use it in the cultivation of biostimulants, which may improve the biochemical,
morphological, and physiological processes that take place in a plant [6–8].

Biostimulants as plant-growth promoters were defined for the first time in the world literature
by Kaufman [9]. In turn, Du Jardin [10] claims that “a plant biostimulant is any substance or
microorganism, in the form in which it is supplied to the user, applied to plants, seeds or the root
environment with the intention to stimulate natural processes of plants to benefit their nutrient use
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efficiency and/or their tolerance to abiotic stress, regardless of its nutrients content, or any combination
of such substances and/or microorganisms intended for this use”. The European Biostimulants
Industry Council (EBIC) was established in order to develop legal regulations regarding the registration
of biostimulants, according to the specificity of their action. However, currently, the registration of
these preparations is still based on legal regulations that are set for fertilizers and plant protection
products [11–13]. According to Colla et al. [14,15] and Battacharyya et al. [16], among the entire group of
those preparations, extracts from seaweed and protein hydrolysates constitute the two most-important
categories of substances of natural biostimulants. According to Aguilar, brown algae are the most often
used in agriculture [17]. The most popular are, among others, Ecklonia maxima (Osbeck) Papenfuss
and Ascophyllum nodosum (L.) Le Jolis. Brown-algae extracts include various phytohormones, such as
auxins, gibberellins, cytokininis, abscisic acid, ethylene, betaine, and polyamins, and other growth
promoters as well as trace elements and microelements [18]. Seaweeds also include a varied range of
organic compounds, among others, aminoacids, such as asparaginic acid, glutamine acid, and alanine.
While, alginic acid, laminarin, and mannitol constitute almost half of the total content of carbohydrates
in such biostimulating preparations. Seaweeds also contain a wide range of vitamins that can be used
by plants, such as C, B2, B12, D3, E, K, niacin, panthotenic acid, and folic acid. Although, vitamin A
does not occur in algae extracts, the presence of its precursor—carotene and another possible precursor,
fucoxnathin—was determined [18–20].

According to Ecoforce [21] and Van Oosten et al. [22], seaweed extracts that are used as
biostimulants increase the yield and its quality in two ways: a. they stimulate hormone synthesis,
influence absorption, and translocation of nutrients; b. they condition the soil, improving its ability to
retain moisture and stimulate the activity of favourable microorganisms. Medjdoub estimates that
the use of biostimulants, which include extracts from seaweeds, has greater meaning in agriculture.
That is because plant growth and development is controlled by plant hormones, which directly or
indirectly control the course of various physiological reactions and their integration with the total
metabolism [23]. Many studies on seaweed extract indicate that they may increase: a. plant growth,
b. activity of photosynthesis, c. resistance to fungi, bacteria and viruses, d. tolerance to ground frost,
drought, and salt content, and e. yield and productivity of many cultivations [24–26], mainly by
activation of protective mechanisms of plants [27]. Foliar application of biostimulants that are based
on seaweeds is an agrotechnical treatment that brought many advantages in numerous cultivations,
including grapevine, watermelon, strawberry, apple, tomato, spinach, onion, bean, pepper, carrot,
potato, wheat, corn, barley, rice, and turf grass. The results show that plants treated with lower
concentrations of extract indicated a stronger growth, higher yield, and higher mineral and nutritive
elements content relative to the control [28–33]. Positive reactions also included an improved flowering
and fructification ability, product quality and efficiency, and resistance to abiotic stress [31,34,35].
Studies that were performed on a wide group of crops proved that the application of sea-algae-based
biostimulants stimulates the primary and secondary metabolisms in plants through the absorption
and assimilation of nutrients [36–44]. Growth of productivity of crops induced by the use of such
biostimulants in optimal and suboptimal conditions may be related to several direct and indirect
mechanisms, including the stimulation of enzymatic activities that are related to carbon, nitrogen
metabolism, Krebs cycle, and glycolysis. Such use may also induce activity similar to hormones,
especially the one that is assigned to auxins and gibberellins, and improve the nutrition of treated
plants by the modulation of the root system [14–16,45].

However, other results indicate that the application of such biostimulants, despite its numerous
advantages, like faster germination and earlier growth [46,47], may inhibit the growth and development
of many plants. This calls for greater care in the use of seaweeds extracts [48]. Therefore, the inhibition
of plant growth after application of biostimulants is a potential problem in plant production.
The concentration of these products is an important factor in this regard [49]. This issue may be caused
directly by elements that are included in the extract [50], or it might be a consequence of modifications
in the regular physiological growth of the plant [51,52]. Improvement of commercial-product formulas,
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and knowing the mechanisms of active substances in plants and their persistence, should mitigate such
negative effects. The exact effect of various elements (e.g., nutrients, betaines, oligomers, polymers)
from seaweeds on improving plant growth, vigour, and fractioning of extracts is not fully known.
Therefore, a detailed analysis of composition and the fractioning of elements on plant physiology,
together with a better ability to monitor the impact of such extracts on those variables and on the
expression of genes, would shed light on some of the performance mechanisms [53,54].

Among biostimulants that include seaweeds, Kelpak is particularly interesting. It is extracted
from the species Ecklonia maxima Osbeck and then harvested along the shores of Africa. Kelpak contains
phytohormones, such as auxins (11 mg dm−3) and cytokinins (0.031 mg dm−3), and also alginates
(1.5 g L−1), amino acids (total 441.3 mg 100 g−1), mannitol (2261 mg L−1), neutral sugars (1.08 g L−1),
and small amounts of macro- (mean composition: N 0.09%, P 90.7 mg kg−1, K 7163.3 mg kg−1,
Ca 190.4 mg kg−1, Mg 337.2 mg kg−1, Na 1623.7 mg kg−1) and microelements (mean composition:
Mn 17.3 mg kg−1, Fe 40.7 mg kg−1, Cu 13.5 mg kg−1, Zn 17.0 mg kg−1, B 33.0 mg kg−1) [55,56].
Moreira Sisalema [57] indicates that Kelpak, due to the unique extraction process, contains a very-high
auxins-to-cytokinins ratio. The dominance of auxins stimulates the dynamic growth of plant roots,
which increases the absorption of indispensable nutrients and minerals, and consequently, of plant
production. Activity of this biostimulant may also increase plant resistance to drought and enable
faster plant regeneration after water stress. Cals [58] shows that Kelpak should be used in leguminous
plants before flowering in the dose of 2.0 L ha−1, in relation to the condition of plant nutrition.
The concentration of these preparations in foliar applications is usually from 0.2% to 1% and it rarely
exceeds these concentrations. Depending on the specific cultivation, cultivar, and climatic conditions,
farmers are usually recommended to use these biostimulants in the form of two-week spraying in the
stage of intense plant growth [28,59,60].

Because of the varied reactions of many plants to the application of biostimulants from seaweeds,
and due to small number of studies on their influence in soya cultivation, a three-year log field
study was carried out. Its main aim was to assess the impact of the application of Ecklonia maxima
extract (Kelpak) on plant growth, yield size, and the quality and nutraceutical potential of genetically
non-modified seeds of Atlanta cultivar. The initial hypothesis was that the introduction of agrotechnical
treatment to soya cultivation in the form of plant spraying with Kelpak preparation would modify
the plant growth, yield, and chemical composition of soya seeds. To test this hypothesis, the yield
and structural elements of soya cropping were assessed, as well as the protein, fat, and anti-oxidant
potential of seeds in relation with the applied doses and concentrations of the tested preparation.
In order to know the morphological and biochemical plant reaction on seaweed extract performance,
the responses of treated and untreated control plants in the same environmental conditions were
compared. It was expected that the observation of plant reaction would considerably increase
knowledge regarding the manner of seaweed extract performance, particularly in leguminous plants
cultivation, which are sensitive to biotic and abiotic stresses. The present work is a concrete step
towards broadening the understanding of the advantages of the application in agricultural practice of
Ecklonia maxima seaweed extracts for the improvement of the size and quality of crops.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The field experiment was carried out in 2014–2016 in Perespa (50◦66’ N; 23◦63’ E, Poland).
It was established in a randomized block design in four replications on experimental plots with an
area of 10 m2. Soybean was cultivated on the soil belonging to the Gleyic Phaeozems, which was
characterized by alkaline pH (pH in 1M KCl: 7.4–7.5). The soil content in the assimilable nutrients
was at the medium level, as follows: P (12.6–14.2 mg P2O5 in 100 g soil), K (15.3–17.1 mg K2O in
100 g soil), and Mg (6.2–6.8 mg Mg in 100 g soil). Each year, winter wheat was used as a forecrop.
Soybean seeds (Glycine max (L.) Merr.) of Atlanta cultivar (Agroyoumis, Poland) were sown on
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the 25 of April in 2014 and 2015, and 23 of April in 2016 in rows every 30 cm at a raw spacing of
3.5 cm. The weeds were mechanically and manually removed. No pesticides were used (pests did
not exceed the thresholds of harmfulness). In the growing season, the plants were sprayed with
biostimulant (water solutions) that was based on the Ecklonia maxima extract (Kelpak). Kelpak contains
phytohormones (mostly auxins 11 mg kg−1, cytokinins 0.03 mg kg−1, and auxin: cytokinin ratio 367:1),
carbohydrates (16.9 g kg−1), amino acids (2.5 g kg−1), vitamin B1 (0.9 mg kg−1), B2 (0.1 mg kg−1),
C (20 mg kg−1), and E (0.7 mg kg−1). The elemental profile of the biostimulant is: N 3.6 g kg−1, P 8.2
g kg−1, K 7.2 g kg−1, Ca 0.8 g kg−1, Mg 0.2 g kg−1, Fe 13.6 mg kg−1, Mn 8.4 mg kg−1, B 0.24 mg kg−1,
Zn 4.2 mg kg−1, and Cu 0.2 mg kg−1 [14,61]. The scheme of doses, developmental stages of plants,
and terms of spraying are presented in Table 1.

Table 1. Plant developmental stages and dates of biostimulants application.
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Number of Sprays and Plant
Developmental Stages in

Which the Biostimulants were
Applied

C
on

ce
nt
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ti

on Volume of
Wrking

Solution/
Working
Pressure

Date of Spraying

2014 2015 2016

Kelpak SL

Single spraying BBCH 13-15
(LSS) 0.7%

300 l·ha−1/
0.30 MPa

June 21 June 20 June 7

Double spraying BBCH 13-15,
BBCH 61 (LDS) 0.7% June 21,

July 5
June 20,
July 3

June 7,
June 23

Single spraying BBCH 13-15
(HSS) 1.0% June 21 June 20 June 7

Double spraying BBCH 13-15,
BBCH 61 (HDS) 1.0% June 21,

July 5
June 20,
July 3

June 7,
June 23

Plants sprayed with water served as the control. The biostimulant (or water) was sprayed with a
GARLAND FUM 12B battery field sprayer (Lechler LU 120-03) at a pressure of 0.30 MPa, using 300 l
liquid per hectare. The average temperature and rainfalls in the soybean growing season are shown in
Table 2.

Table 2. Temperature (T) and rainfalls during the soybean growing season 2014–2016.

Month

Year Average from 2002
to 20132014 2015 2016

T (◦C)
Average

(min/max)

Rainfall
(mm)

T (◦C)
Average

(min/max)

Rainfall
(mm)

T (◦C)
Average

(min/max)

Rainfall
(mm) T (◦C) Rainfall

(mm)

IV 9.4
(−6.0/22.7) 36.5 8.2

(−1.7/24.3) 30.1 9.2
(−1.2/22.6) 68.4 8.5 41.2

V 13.7
(0.5/27.7) 208.3 12.7

(1.5/24.9) 108.6 13.8
(2.6/26.7) 61.3 12.7 63.4

VI 16.1
(6.7/28.9) 67.1 17.4

(6.6/30.5) 14.1 18.1
(4.2/31.5) 97.1 17.7 68.6

VII 20.3
(10.0/31.0) 104.2 19.6

(8.4/33.4) 59.2 19.5
(8.8/31.2) 107.6 18.9 79.1

VIII 18.2
(6.3/34.0) 115.4 21.6

(5.6/35.5) 23.4 18.2
(7.1/30.7) 95.3 19.4 71.8

IX 13.7
(3.7/25.8) 89.4 15.1

(4.2/34.5) 137.6 15.2
(1.6/28.7) 41.2 14.1 69.2

Average/Total 15.1 620.9 15.8 373.0 17.1 470.9 15.2 393.3

2.2. Plant Growth, Yield, and Nutritional Value Determination

After the pods have matured, when the seeds have obtained a typical color and hardness (BBCH
89), the plant height, the internode number on the main shoot, and the first pod height were recorded.
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In addition, after harvesting, the number of pods per plant, the number of seeds per 1 m2, the weight
of seeds, and the weight of thousand seeds were determined. Subsequently, the seeds were dried and
then grinded. The flour was used for further analysis.

Protein content was determined with the Kjeldahl method, whereas the content of lipids was
based on the acid hydrolysis method [62].

2.3. Nutraceutical Potential

Seed extract was prepared following the methodology that was proposed by Świeca et al. [63].
The ground soybean seeds were extracted with a mixture of acetone, water, and hydrochloric acid
(70:29:1; v/v/v). Afterwards, the samples were centrifuged for 10 min (6800× g) and the resulting
supernatant was collected and then used for further analyses.

2.3.1. Phenolics Determination

Determination of Total Phenolic Compounds (TPC)

The content of total phenolic compounds (TPC) was determined with the method of Singleton
and Rossi using the Folin–Ciocalteau reagent [64]. Absorbance of the samples was measured with a
UV-vis spectrophotometer at a wavelength of 725 nm, then TPC was computed and expressed as gallic
acid equivalents (GAE) in mg per g of dry matter (DM).

Determination of Flavonoid Content (TFC)

The total content of flavonoids was determined acc. to the method that was presented by Lamaison
and Carnet [65]. The prepared soybean extract was mixed with a methanolic solution of AlCl3 × 6H2O.
After incubation, the absorbance was measured with a UV-vis spectrophotometer at the wavelength of
430 nm. The total flavonoid content was expressed as quercetin equivalents (QE) in mg per g DM.

Determination of Anthocyanins (TAC)

Using the method that was proposed by Fuleki and Francis using potassium chloride and
sodium acetate buffer at two pH values (1.0 and 4.5), the content of anthocyanins was assayed [66].
After 15 min, absorbance of each sample was measured at wavelengths of 520 nm and 700 nm.
Subsequently, anthocyanin content was calculated as cynidin-3-glucoside equivalents (Cy3-GE) in mg
per g DM.

2.3.2. Reducing Power

Reducing power was measured following the method that was provided by Pulido et al. [67].
The soybean extract was mixed with a phosphate buffer (200 mM, pH 6.6) and 1% solution of
K3[Fe(CN6)]. Next, the samples were incubated at 50 ◦C for 20 min. The reaction was stopped with
trichloroacetic acid and the samples were centrifuged (6800× g, 10 min). The resulting supernatant
was mixed with distilled water and FeCl3. Afterwards, absorbance was measured at the wavelength of
700 nm. Reducing power was expressed as Trolox equivalents in mg per g DM.

2.4. The Index of Biostimulant Effect

The index of biostimulant effect (ABT-C) was determined as the difference between the mean
result that was obtained after biostimulant application (ABT) and the control (C), which enabled
the evaluation of the effect of biostimulant type on the analyzed traits. The mean value for each
treatment has been obtained clustering the means of lower concentration single spraying (LSS),
lower concentration double spraying (LDS), single application of the higher concentration (HSS),
and higher concentration double spraying (HDS) from different years all together. The standard
deviation value (SD) was determined for all reported mean values of ABT-C [5].
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2.5. Statistical Analysis

The obtained results were statistically elaborated with Statistica 13 software (StatSoft, Inc.).
The materials were collected over three seasons (2014–2016). Laboratory analyses were performed in
triplicate. Normality of data distribution was assessed with the Shapiro–Wilk test. The significance of
differences between the evaluated mean values was estimated with the Tukey test at a significance
level of p < 0.05.

3. Results

3.1. Effect of Biostimulants on Biometric Traits

3.1.1. Plant Height

The single application of the higher concentration (HSS) of Kelpak biostimulant ensured better
effects in increasing soybean plant height (increased by 35% as compared to the control) (Table 3).
The highest plants were obtained in the growing season 2016 after their single spraying with the
higher concentration of Kelpak. In contrast, the smallest plants were produced in the 2015 season and
their height differed significantly from the values noted in seasons 2014 and 2016. The biostimulant
increased the height of plants, which was indicated by a value of the Kelpak effect index (ABT-C) of
28.2 cm for this trait (Table 4).

Table 3. Effect of Ecklonia maxima extract (Kelpak) treatment on biometric traits of soybean (average
from 2014-2016).

Parameters Ecklonia maxima
Treatment

Season Average from
2014 to 20162014 2015 2016

Plant height (cm)

C 85.4a 81.9a 88.1a 85.1a

LSS 114.9b 107.7b 112.6b 111.7b

LDS 117.5b 108.0b 117.0b 114.1b

HSS 118.8b 106.4b 120.0b 115.0b

HDS 114.9b 108.0b 114.4b 112.4b

AS 110.3b 102.4a 110.3b

Number of
internodes in the

main shoot

C 11.2a 10.1a 9.6a 10.3a

LSS 10.4a 8.6a 10.2a 9.7a

LDS 9.9a 9.3a 9.0a 9.4a

HSS 10.0a 9.8a 10.3a 10.0a

HDS 9.9a 8.8a 11.1a 9.9a

AS 10.3b 9.3a 10.0ab

Location height
of the first pod

(cm)

C 12.5a 11.1a 11.7a 11.7a

LSS 13.0a 14.2a 12.2a 13.2ab

LDS 13.8a 14.0a 13.3a 13.7b

HSS 12.0a 12.5a 12.2a 12.2ab

HDS 13.0a 12.7a 13.3a 13.0ab

AS 12.8a 12.9a 12.5a

Number of pods
(per plant)

C 15.2a 14.7a 16.3a 15.4a

LSS 20.9b 22.5cd 21.0b 21.5bc

LDS 22.4b 23.4d 21.5b 22.4c

HSS 19.9b 21.4bc 21.1b 20.8b

HDS 20.4b 20.3b 20.8b 20.5b

AS 19.8a 20.4a 20.1a

Abbreviations: C, control; LSS, lower concentration single spraying; LDS, lower concentration double spraying;
HSS higher concentration single spraying; HDS, higher concentration double spraying. Means in the columns,
concerning the selected traits, followed by different small letters are significantly different at p < 0.05.
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Table 4. The index of biostimulant effect (ABT-C).

Parameters Kelpak

Plant height (cm) 28.2
Number of nodes in the main shoot −0.5
Location height of the first pod (cm) 1.3

Number of pods (per plant) 5.9
Number of seeds (per m−2) 622

Seed yield (t ha−1) 0.824
1000 seed weight (g 1000−1) −10.7

Total protein (% DM) 0.35
Total fat (% DM) −1.56

Total phenols (mg g−1 DM) 2.53
Total flavonoids (mg g−1 DM) 1.23
Anthocyanins (mg g−1 DM) 0.01

Reducing power (mg TE g−1 DM) 0.15

3.1.2. Number of Internodes in the Main Shoot

Internode number decreased regardless of the Kelpak concentration and the number of its
applications, although the differences were insignificant (Table 3). The highest number of internodes
on the main shoot was obtained in the first and third season. The highest number of internodes on
the main shoot was obtained in the first season and it differed significantly from the number that was
determined in 2015. The value of the ABT-C index computed for Kelpak was negative (Table 4).

3.1.3. Location Height of the First Pod

Biostimulant treatment increased the height of the first pod as compared to the control. Significant
differences were observed between the double application of the lower concentration of Kelpak and
the control (increased by 17%) (Table 3). The tallest heights of the first pods were observed in the 2015
season, however they did not significantly differ from the values that were reported in the two other
seasons. Values of the ABT-C index demonstrate that the height of the first pod was larger with the
application of Kelpak preparation (Table 4).

3.1.4. Number of Pods per Plant

Double foliar application of the lower concentration of Kelpak permitted achieving the highest
number of pods per plant (increased by 45% as compared to the control) (Table 3). The study
demonstrated that the mean number of pods determined in particular growing seasons was at a
similar level and did not significantly differ among seasons. In turn, biostimulant increased the pod
number per plant because the value of Kelpak effect index was 5.9 pods/plant after spraying with this
preparation (Table 4).

3.2. Effect of Biostimulants on Soybean Yield

3.2.1. Number of Seeds

Double spraying soybean plants with the higher concentrations (HDS) of Kelpak had the largest
effect on the increase in seed number per m2 (increased by 43% as compared to the control) (Table 5).
The analysis of growing seasons demonstrated the largest value of this trait in 2016 and the smallest
one in 2015 (lower by 5% than that noted in 2016). The application of seaweed extract increased this
number, which was indicated by values of the ABT-C index that were calculated for this trait (Table 4).
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Table 5. Effect of Ecklonia maxima extract (Kelpak) treatment on yield and nutritional properties of
soybean (average from 2014–2016).

Parameters Ecklonia maxima
Treatment

Season Average from
2014 to 20162014 2015 2016

Number of
seeds (per m-2)

C 1793a 1581a 1907a 1760a

LSS 2255b 2210b 2337b 2267b

LDS 2340b 2376bc 2406bc 2374b

HSS 2344b 2350b 2401bc 2365b

HDS 2466c 2528c 2576c 2524c

AS 2240a 2209a 2326b

Seed yield
(t ha-1)

C 3.267a 2.664a 3.262a 3.064a

LSS 3.677b 3.636b 3.767b 3.693b

LDS 3.805b 3.876b 3.852bc 3.844b

HSS 3.758b 3.874b 3.907bc 3.846b

HDS 4.137c 4.171c 4.198c 4.169c

AS 3.729a 3.644a 3.797b

1000 seed
weight (g)

C 182.2b 168.5a 171.0b 173.9b

LSS 163.1a 164.6a 161.2a 162.9a

LDS 162.6a 163.2a 160.1a 161.9a

HSS 160.3a 164.9a 162.7a 162.3a

HDS 167.8a 165.0a 163.1a 165.3a

AS 167.2b 165.2ab 163.6a

Total protein
(% DM)

C 36.8a 46.5d 35.9a 39.7a

LSS 37.7b 45.7c 38.6d 40.7a

LDS 37.7b 47.4e 36.3b 40.5a

HSS 38.0b 42.7b 38.9d 39.9a

HDS 39.1c 40.9a 38.1c 39.4a

AS 37.9b 44.6c 37.6a

Total fat
(% DM)

C 17.5d 15.0d 16.6c 16.4b

LSS 14.5a 15.5e 14.5a 14.8a

LDS 15.4b 12.8a 15.1b 14.4a

HSS 15.5b 13.8c 15.1b 14.8a

HDS 15.7c 13.3b 16.4c 15.2ab

AS 15.7c 14.1a 15.5b

Abbreviations: C, control; LSS, lower concentration single spraying; LDS, lower concentration double spraying;
HSS higher concentration single spraying; HDS, higher concentration double spraying. Means in the columns,
concerning the selected traits, followed by different small letters are significantly different at p < 0.05.

3.2.2. Seed Yield

The most positive response of plants to the use of biostimulant was observed after double spraying
with the higher concentration of Kelpak preparation, as indicated by their seed yield increase by 36%
when compared to the control (Table 5). The highest mean seed yield for Atlanta cv. was obtained in
2016. In contrast, the seed yield of 2015 season turned out to be the lowest among the studied seasons
(lower by 4% than that noted in 2016). Foliar application of Kelpak increased the seed yield of soybean
of Atlanta cv., which was indicated by positive values of the ABT-C index that were calculated for this
trait (Table 4).

3.2.3. Thousand Seed Weight

Foliar application of Kelpak decreased 1000 seed weight. Its lowest value was determined after
double application of Kelpak in the lower concentration (decrease by 7% as compared to the control)
(Table 5). The least decrease of 1000 seed weight was achieved after double plant spraying with the
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higher concentration of Kelpak biostimulant. The highest mean 1000 seed weight was reported in the
2014 growing season. The values of the biostimulant effect index calculated for this trait were negative,
which points to the negative impact of Kelpak preparation on 1000 seed weight (Table 4).

3.3. Effect of Biostimulant on the Nutritional Properties

3.3.1. Total Protein in Soybean Seeds

Depending on concentration and number of applications, Kelpak increased or decreased the
protein content in a dry matter of seeds. However, the statistical analysis demonstrated that differences
in the effects of biostimulant on this trait were insignificant. Increased protein content was determined
in seeds of plants single-sprayed with the lower concentrations of Kelpak (Table 5). Concerning
growing seasons, the highest protein content of seeds was noted in 2015. Values of the ABT-C index
that were calculated for this trait were positive for this preparations (Table 4).

3.3.2. Total Fat in Soybean Seeds

Regardless of the number of sprayings and concentration of biostimulant, its use decreased the
fat content in dry matter of soybean seeds, with the greatest decrease (by 14% as compared to the
control) being noted after double spraying the plants with the lower concentration of Kelpak (Table 5).
In contrast, the smallest decrease in fat content of the seeds as compared to the control was determined
after double spraying with the higher concentrations of Kelpak. The highest fat content of soybean
seeds was noted in season 2014 and the lowest in 2015. The values of the ABT-C index that were
calculated for this preparation were negative (Table 4), which is indicative of its negative effect on fat
content in of Atlanta cv. soybean seeds.

3.4. Effect of Biostimulants on the Antioxidant Potential in Soybean Seeds

3.4.1. Total Phenolic Content

The use of Kelpak in soybean cultivation caused changes in contents of total polyphenols (TPC)
in seeds (Table 6), which varied depending on both the number of applications and the concentration
of this preparation. The use of the biostimulant based on Ecklonia maxima extract caused an increase
in phenolics compounds content in soybean seeds. However, significant differences were only
demonstrated in plants that were single-sprayed with 1% Kelpak (HSS). The TPC content that was
determined for this combination was over twofold higher, when compared to the control combination.
This nutraceutical property of soybean was influenced by meteorological conditions that occurred in a
given growing season. The highest significant differences were observed in 2014 and 2016. A positive
value of the difference between contents of phenolics in combinations that were treated with Kelpak
biostimulant and the control samples (ABT-C) was calculated for soybean seeds (Table 4).

3.4.2. Total Anthocyanins Content

The presence of anthocyanins was detected in seven out of the 15 analyzed combinations of
Kelpak biostimulant use in soybean cultivation. These compounds were not detected in the control
samples in any of the growing seasons studied.

The use of Kelpak affected the content of anthocyanins in soybean seeds. However, their presence
was only detected in 17% of the analyzed combinations. The number of applications and concentration
of the biostimulant were the factors that determined anthocyanins content. The highest value of which
was noted after plants spraying with the higher concentration of Kelpak. In this case, significant
differences were also observed as influenced by conditions that occurred during the plant growth stage
(Table 6). The values of biostimulant effect ABT-C index calculated for this trait were positive (Table 4).
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Table 6. Effect of Ecklonia maxima extract (Kelpak) treatment on the antioxidant potential in soybean
seeds (average from 2014–2016).

Parameters Ecklonia maxima
Treatment

Season
AA

2014 2015 2016

Total phenols
(mg g−1 DM)

C 5.77a 4.50a 5.77b 5.35a

LSS 7.36b 5.85e 7.74c 6.98a

LDS 8.56c 4.70b 8.40d 7.22a

HSS 15.02d 5.05c 15.20e 11.76b

HDS 5.78a 5.26d 5.54a 5.53a

AS 8.50b 5.07a 8.53b

Total flavonoids
(mg g−1 DM)

C 1.99a 1.44a 1.99a 1.81a

LSS 1.87a 1.92c 1.92a 1.90a

LDS 2.64b 1.84b 2.59b 2.36a

HSS 5.10d 2.93e 5.15d 4.39b

HDS 4.18c 2.08d 4.21c 3.49b

AS 3.16b 2.04a 3.17b

Anthocyanins
(mg g−1 DM)

C 0.00a 0.00a 0.00a 0.000a

LSS 0.00a 0.00a 0.00a 0.000a

LDS 0.00a 0.02b 0.00a 0.007a

HSS 0.00a 0.04c 0.00a 0.013ab

HDS 0.04b 0.00a 0.05b 0.030b

AS 0.008a 0.012b 0.010ab

Reducing power
(mg TE g−1 DM)

C 0.15a 0.10 0.15a 0.13a

LSS 0.30bc 0.22 0.33c 0.28b

LDS 0.21ab 0.14 0.28b 0.21ab

HSS 0.45d 0.08 0.42e 0.31b

HDS 0.38cd 0.16 0.37d 0.30b

AS 0.30b 0.14a 0.31b

Abbreviations: C, control; LSS, lower concentration single spraying; LDS, lower concentration double spraying;
HSS higher concentration single spraying; HDS, higher concentration double spraying. Means in the columns,
concerning the selected traits, followed by different small letters are significantly different at p < 0.05.

3.4.3. Total Flavonoid Content

Flavonoid content analysis showed a significant effect of the application of biostimulant on its
values. The foliar application of Kelpak resulted in the increased content of flavonoids in seeds.
Significantly, the highest content of these compounds was noted after plant spraying with 1% solution
of this preparation, regardless of the number of applications.

The analysis of the effect of biostimulants with different composition revealed that their foliar
application resulted in an increased content of flavonoids when compared to the control samples
(a positive value of the ABT-C difference) (Table 4).

3.4.4. Reducing Power

The evaluation of the effect of applying biostimulants with different compositions on the
antioxidant activity of soybean included the determination of the reducing power, the value of which
was increased by almost all combinations of this biostimulant.

Significant differences in reducing power values were observed upon the application of Kelpak
biostimulant (Table 6). A tendency for an increase of reducing potential was noted after the application
of this preparation in the higher concentration and after single spraying the plants with its 0.7%
solution. In the second study year, the value of reducing power was the lowest when compared to the
other analyzed years (over twofold decrease of RP value). Foliar application of Ecklonia maxima extract
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increased its reducing power values, which was indicated by positive values of the ABT-C index that
were calculated for this trait (Table 4).

4. Discussion

Biostimulants induce the growth and development of plants, from seed germination throughout
the entire ontogenesis. They affect the metabolic processes that occur in the plant by enhanced activity
and synthesis of phytohormones, by stimulating the growth of the root system, and by improving
the uptake, translocation, and retention of nutrients, which determines quantity and quality of crop
yield [6,68].

Our study demonstrates a significant increase in the growth of soybean plants after the foliar
application of biostimulant that is based on Ecklonia maxima extract. An earlier study also showed
the growth stimulation of soybean treated with a biostimulant (Fylloton) containing Ascophyllum
nodosum extract and free amino acids [8]. The marked growth responses in soybean plants are possibly
due to Ecklonia maxima extract (Kelpak) composition, especially the PGRs (Plant Growth Regulator)
that were identified (cytokinins, auxins, polyamines, gibberellins, brassinosteroids) and the mineral
content in this biostimulant [55,69,70]. Additionally, the stimulatory role of Kelpak in the production of
phytohormones has been demonstrated. For example, it increased the content of cytokinins in Eucomis
autumnalis [70].

However, despite the observed favourable effects related to the application of biostimulants,
including seaweeds, the precise mechanism of their activity still remains mostly unknown [26].
It should be emphasised that a full explanation of the principle or principles of their operation
may cause a potential increase in the use of these preparations. According to Crouch and Van
Staden [71] and Craigie [72], a wide scope of reported physiological responses of plants in cultivations
where seaweed extracts were used is related to the fact that those products include numerous active
compounds. Cytokinins, auxins, gibberellins, brassinosteroids, and other activating particles, like,
for example, oligomers and polysaccharides are included [73]. According to Depuydt and Hardtke [74],
cytokinines, together with auxins, function as regulators of various physiological processes, including
those that are related to plant growth and development [75–79]. Thus, each change in the concentration
of endogenic cytokinines influences the regulation of many physiological processes and as a result
impacts the growth of the entire plant [80,81]. Studies by Aremu et al. [70] proved that the total content
of cytokinines increases in plants after the application of the Kelpak preparation. The qualitative
composition of the listed compounds is changed, which is related to their functional and physiological
role, in particular, during plant morphogenesis. According to Strnad [76], isoprenic cytokinines
determine the growth processes that include a continuation of the cell cycle. On the other hand,
aromatic cytokinines model growth processes, such as morphogenesis and ageing. Aremu et al. [70]
even assumed that the quantification of the endogenic content of cytokinins might provide information
regarding possible physiological mechanisms that are related to the application of Kelpak biostimulant.
However, researchers stress that, due to numerous active substances and compounds that are contained
in Kelpak, the observed, favourable impact on the growth and development of plants may not only
be assigned to cytokinins, but instead be the result of possible cross reactions of those compounds
with other biologically active particles that are included in seaweed biostimulants. Therefore, further
research concerning those fields is indispensable in order to obtain a full explanation for the Kelpak
performance [70].

Still, in the literature, the prevailing hypothesis is that the majority of responses of plants that
were cultivated with biostimulants’ application, including seaweeds, results from the presence of
compounds from the group of plant hormones, namely cytokinins [18]. The assumption stems from
the fact that these compounds, isolated from seaweed extracts and individually tested in cultivations,
mitigates the stress that is caused by free radicals through direct capturing and the prevention of
reactive oxygen forms (ROS). This is done through the inhibition of xanthine oxidation [18,34,82–84].
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Khan et al. [85] and Panda et al. [18] additionally indicate that extracts from seaweeds, such as Kelpak,
support plant tolerance to stress, influencing the increase of K+ capture in plants.

Additionally, in the literature, we may find hypotheses regarding modelling the growth and
development of plants through the application of biostimulants from seaweeds as an effect of the
presence of substances that are similar to gibberellins [86]. Research by Stephenson [19] indicates that
these extracts include at least two compounds that behave like gibberellins (GA3 and GA7). However,
they also show the presence of terpenoids and α-tokopherol, the performance of which may imitate
gibberellins’ activity on plants [18,87,88].

Recent theories indicate that the activity of seaweed extracts may be the result of their content of
betains. Panda et al. shows that these compounds have a similar impact on plants as the aforementioned
cytokinins [18]. It was proved that seaweed extracts include, among others, gamma aminobutyric acid
betaine, 6-amino valeric acid betaine, and glyco betaine. Mancuso et al. [89] suggested that, due to the
presence of those active compounds, extracts influence the mitigation of the osmotic and oxidization
stress in plants, which may lead to the damage of DNA lipids, carbohydrates, and proteins, and also
disturb correct cell signalling. Genard et al. [90] and Blunden et al. [91] even assigned an improvement
of plant yield to the presence of betaines in extracts, since that led to the increased concentration of
chlorophyll. According to Naidu et al. [92], betaines constitute a source of nitrogen when they are
provided in low doses, or act as osmolites in higher concentrations. Many studies also show that
betaines play a role in the correct formation of somatic germs from cotyledons tissues and mature
seeds [18,93,94].

The stimulation of plant growth and development may also result from the occurrence of
polyamins in biostimulants based on seaweed extracts, since these compounds may act as plant
growth regulators. However, it should be emphasised that they are not classified as plant hormones.
Several amino groups that usually replace hydrogen in the alkaline chain (putrescine, spermidine,
and spermine) are characteristic of polyamins’ structure. Research by Haman et al. [95] proves that
polyamins determine the stability of various RNA and DNA conformation states. These compounds
are often related to important stages of the cell division cycle. They also ensure the stability of a
membrane to various cell membranes. Thus, due to the fact that polyamins affect a wide scope of
physiological growth processes, their occurrence in biostimulating products that are made of seaweed
may influence plant growth [18].

In our study, the use of biostimulant increased the fat and protein content in soybean seeds.
The stimulating effect of biostimulants on the nutritional composition of various plants is mainly due
to the number of PGR contained in the solutions [89]. In addition, the increased nutritional content in
C. triloba is probably related to the ability of biostimulators to improve the slow release of nutrients
and their uptake by plants [68,96]. A stimulating activity of seaweeds extract is also found in the
presence of abscisic acid (ABA) [97,98]. However, the ABA function remains not fully characterized.
Nevertheless, it is known that this acid induces protein synthesis, which are needed by plants in
dealing with stress factors during water deficiencies [99,100]. Davies [101] shows that, during drought,
this compound in plants caused numerous physiological reactions, including the closing of stoma,
increase of a trend for accumulation of protein in seeds, gene transcription for proteinase inhibitors,
as well as inhibition of sprouts growth or initiation of some states of seeds dormancy.

Unfortunately, the precise mechanisms that are activated by those biostimulants are still
difficult to be identified, despite even greater knowledge on the composition of extracts from
seaweeds. This is also due to the fact that these preparations constitute an abundance of many
biologically active chemical compounds. They also include bioactive secondary metabolites, vitamins,
and vitamin precursors [102,103]. Many authors underline the meaning of their synergetic cooperation,
which stimulates that growth of plants assuming a mechanism that has not been fully known
yet [24,72,104]. One of the main components of seaweed extracts are polysaccharides, including
alginians, fucoidans, and laminarans [85,105]. Fucoidans have various structures due to a varied
degree of methylation, sulphurization, and branching [72]. Alginians are polymers of mannuronic and
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galuronic acid, with a confirmed activity of plant-growth promotion [106]. Finally, laminarins that
are included in extracts are registered compounds that increase plant resistance to fungi and bacteria
pathogens [107].

Improvement of a nutritive value of soya seeds observed in our research, as expressed in protein
and fat content, could also be caused by the fact that seaweeds are rich in phenolic compounds
(complex chloroclucinol, eckol, and dieckol polymers). Phenols belong to secondary metabolites
synthesized in plants under the influence of stress. Their task is to protect cells and the components of
cell nuclei [108,109]. The ability to chelate metal ions [110] is a significant role of these compounds,
besides their antioxidant activity. Research by Raj et al. [60] confirms that phenolic compounds with
dihydroxybenzene or trihydroxybenzene groups show strong chelating activity. Rengasamy et al. [111]
also shows that eckol belonging to phenolic compounds proves to have a strong auxinosimilar activity.
According to the authors, the impact of these polyphenols, included in seaweed extracts, on the
endogenic content of auxins is a key element that is necessary for understanding basic mechanisms of
these preparations. Korasick et al. [112] reached similar conclusions. They conclude that auxins have a
strong impact on many important stages of physiological growth in the life cycle of a plant. Researchers
emphasise that maintaining proper concentration of active auxin in cells is of key significance for
controlling almost all aspects that are related to the plant growth. The concentration of cell auxin is
affected by the speed of anabolism, catabolism, transport, and conjugation [113]. In relation to the type
of concentration, polyphenols may inhibit or stimulate the development of vegetative plants. It mainly
takes place due to their abilities to modulate the metabolism and concentration of active auxin forms
in plants [114–117]. Gaspar et al., [118] proves that the phenolic inhibitors of oxidase IAA, such as
chlorogenic acid, influence the activity of auxins. Some of the mentioned compounds even constitute
alternative substrates for the oxidizing enzyme, which in turn is related to the protection of auxins
before oxygen decomposition. Wilson and Van Staden [119] prove that some of the phenolic acids that
protect auxins before decarboxilation increase the concentration of active forms of auxins, which are
indispensable for the stimulation of growth and development of crop roots. However, according to
Arem et al., attempts to explain mechanisms that are responsible for a positive response of plants to
application of extracts from seaweeds should take into account the possible cross reactions between
phytohormones included therein and the quantitative concentration of auxins, which may justify the
observed morphological differences [120].

In the literature, one may find hypotheses that assume that the increased growth and yield of
plants that are treated with seaweed extracts resulted from a positive impact of those preparations on
the activity of esterase enzymes. This enzyme is considered to be a marker of plant growth processes
due to its role in organogenesis. It also works as an index of somatic embryogenesis [121–124].
According to Aremu et al., a higher activity of esterase in plants that were treated with seaweed
extracts indicated their stimulating impact on the increase of plant biomass production [120].

Plant metabolism may be modelled through the use of biostimulants. According to Nardi et al.,
this group of active preparations affects most of all carbon and nitrogen metabolism, which is associated
with an enhanced activity of enzymes participating in, among others, the process of glycolysis,
Krebs cycle, or nitrogen assimilation [125]. Oboh at al. and Ertani et al. demonstrated that biostimulants
application yielded metabolic pathways that are linked with secondary metabolites, like e.g. phenolic
compounds [126,127]. It should also be emphasized that the synthesis of secondary metabolites
proceeds as an element of chemical defense [128]. Already, in 1959, these compounds were no longer
treated as ballast substances [129]. Today, they are believed to play a significant role in plant protection
against adverse factors [130]. The most common indicator of plants resistance to biotic factors is the
content of phenolic compounds [131], which are precursors of more complex phenolic structures,
like flavonoids or lignins [132].

In our study, the foliar application of Ecklonia maxima extract (Kelpak) caused a significant
increase in polyphenols content. Ertani et al. and Lakhdar et al. showed that the application of
biostimulants in plant cultivation enhanced the synthesis of antioxidative compounds, which are
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indicators of increased plant resistance to biotic and abiotic stress factors [38,133]. The physiological
response of plants to the use of biostimulants results from the presence of active substances in them,
such as phytohormones, amino acids, proteins, phenols, or triacontanol [38,127,134].

A positive impact of compounds that are included in seaweed extracts on the total content of
phenolic compounds in soya seeds has a significant meaning in the attempt to explain the mechanisms
of operation of those biostimulants. The antioxidant potential of plants is inseparable from the
amount and quality of phenolic compounds [135]. In real environmental conditions, the regulation of
phytochemical synthesis includes a range of advanced mechanisms that enable a precise control of
production of specific particles in a suitable place and time, and also in response to outside signals [136].
Such compounds include those in seaweed extracts that may activate specific biochemical pathways
that are responsible for the synthesis of secondary metabolites in plants [136–138]. According to
Cheynier et al., eckol that is contained in biostimulants influences the phenylpropanoid pathway in
the biochemical synthesis of phenolic acids [136]. Researchers assume that this impact is caused by the
regulation of the enzymatic activity of ammonia lyase of pheyloalanin and chalconic sythase. However,
only the approach that is based on the genetic analysis will enable the observation of gene regulation
engaged in those pathways [16,120]. Research results that were carried out by Jannin et al. proved
that cysteine protease, related to the process of synthesis of phenolic compounds, were regulated
downwards, while the expression of genes that are related to photosynthesis, cell metabolism,
response to stress, and nitrogen metabolism were significantly raised in the case of plants treated
with seaweed extracts [139]. Roupahel et al. observed an increased concentration of phenolic
compounds after the application of such biostimulants assigned to their main components, such as
polysaccharides (alginians, fucoidans, and laminarins) [140]. These compounds influence endogenic
hormonal homeostasis [63,64]. Additionally, processes of synthesis and accumulation of secondary
metabolites may be related to the activity of enzymatic groups that are engaged in phytochemical
homeostasis (the so-called direct effect) [127,140]. They also depend on the plant nutrition condition
and potassium and magnesium concentration (direct effect) [41]. Roupahel et al. [140] also search for
the growth of the concentration of bioactive compounds in the activation of key enzymes, such as
chalkone isomerase, which is engaged in the biosynthesis of flavon precursors [141].

According to Azcona et al. [142] and Ertani et al. [127], the high effectiveness of biostimulants
in plant crops is also influenced by the number of treatments at the appropriate stages of plant
development. The first treatment of plant with these preparations resulted most of all in the increased
number and weight of leaves, which is referred to as “short-time effect”. Another dose of biostimulants,
applied at the plant blooming stage, led to the long-term effect, which was manifested by changes
in crop size and quality. In the case of fruits, it results in, among others, an increase in their number
and weight when compared to control samples that were not treated with biostimulants [125,127].
The increased content of polyphenols in the crop may indeed result from the use of biostimulants
at the appropriate growth stages of plants. Experiments that were conducted by Oboh et al. [126]
and by Zhang and Hamauzu [143] confirmed that the first application of these preparations led to
an increased content of phenolic compounds in leaves, and that this increase was smaller after the
second application of biostimulants. According to Ertani et al. [127], changes in the total polyphenolics
content resulting from different numbers of applications of biostimulants are also linked with changes
in contents of individual phenolic acids.

This was since the increasing total content of phenolic acids led to an increased number of their
functional groups, which are sequesters of free radicals [144]. It must be emphasized that the increased
content of polyphenols in plant tissues, as evoked by the action of biostimulants, is a beneficial
phenomenon, not only because of the increased plant resistance to stress factors, but also because
of significant importance to consumers, since such plant products are rich sources of antioxidative
compounds being valuable to the human body [145,146]. Phenolic acids, such as caffeic, gallic,
and ferulic, are claimed to exhibit anticarcinogenic and antimicrobial activities [147,148].
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To sum up, biostimulants that contain seaweed extracts enable many opportunities to improve
plant growth. Their use in agriculture is considered to be favourable for cropping. However,
the operation mechanism of such products is not completely described [149]. That is because
the impact of the application of growth regulators on plants is not only a consequence of their
direct ability to control metabolic pathways, since their activity may be multidirectional. Limited
knowledge on the mechanisms of the preparations’ activity are still mainly based on assumptions and
hypotheses highlights the need of further research within this scope [5]. So far it has been proved
that seaweed extracts influence the plant physiology through changes in their general profile of
transcriptome, and also in metabolism [139,150]. Research by Fan et al., concerning the analysis of gene
expression, expanded the understanding of the possible mechanisms that regulate the activity of these
preparations [141]. Researchers indicate that, after the application of extracts from seaweed, increases
in the amount of transcripts of regulatory enzymes that are related to the nitrogen metabolism (cytolase
glutamine synthesis), antioxidant ability (glutathione reductase), and glycine betaine synthesis (betaine
aldehyde dehydrogenesis and choline monooxigenesis) were observed [16,18,22,72].

Although biostimulants are extensively used in agricultural practice, presently the most
significant research on those preparations requires a better understanding of the mechanism of
their influence [22,151]. According to Van Osten et al. [22] and Povero et al. [152], only after
obtaining a complete explanation of those mechanisms, can the design and production of new
generation biostimulants can take place. Due to their complex composition and interactions between
particular compounds, mechanisms of operation of preparations based on seaweed extracts are slowly
and successively discovered, with applications of molecular biology, metabolomics, and genomics
techniques. However, according to many researchers, observed favourable biological effects of extracts
activity is caused by the activity of small organic particles, as well as polymers that are included in
products that have an ability to regulate genes’ operation responsible for ensuring and modelling plant
resistance systems [16,71,139].

5. Conclusions

The number of biostimulant applications and its concentration modified the biometric traits,
crop size, and yield, as well as the nutraceutical and antioxidative potential of soybean seeds. The study
demonstrated that the foliar application of Ecklonia maxima extract improved the growth and yield
of soybean without any negative effect on the nutritive value of its seeds. Our experiment showed a
positive effect of double foliar application of the higher concentrations of this biostimulant on soybean
seed number and yield. The application of Ecklonia maxima extract increased the antioxidative activity
of soybean seeds, and content of total phenolic compounds, flavonoids, and anthocyanins. The results
of our study indicate the need for continuing investigations and extending their scope with the aim to
identify responses of different cultivable plants on the use of biostimulants that are based on various
biologically-active compounds.
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