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Abstract

Seaweed extracts (SWE) are widely used to improve plant growth, fruit quality, and stress tolerance. However, the functional link
between the complex composition of algal-based products and their mechanisms of action has been only marginally addressed. A
greenhouse experiment was performed on Microtom tomato plants in order to evaluate the effect of two Ascophyllum nodosum-
based algal derivatives, Rygex (R) and Super Fifty (SF), on a tomato exposed to salinity (0, 42.5, and 85 mM NaCl) and normal
and reduced nutrient availability (100 and 70% of the standard regimen). Bioactive compounds, with possible beneficial effects
on growth and stress adaptation, were characterized via gas chromatography-mass spectrometry analysis (GC-MS). Enhanced
growth of 13% was observed with Super Fifty treatment under a full-strength nutritional regimen, independent of the salinity
treatment. Although Rygex and Super Fifty treatments did not significantly enhance plant growth and yield under salt treatment,
they enhanced the accumulation of minerals, antioxidants, and essential amino acids in tomato fruits, with an overall improve-
ment in nutritional value. Overall, SWE may affect and ameliorate different aspects of nutrition and stress tolerance and thus
contribute to the sustainability of agricultural systems. Elucidating the link between bioactive compounds in SWE and plant
responses will be critical to characterizing the mechanism of action of SWE.
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Introduction

Reducing the use of chemical fertilizers in agriculture is essential
to minimize the environmental impact and improve the sustain-
ability of agricultural systems (du Jardin 2015; Van Oosten et al.
2017). In response to this need, biostimulants are gaining an in-
creasing market share since they possess several properties that
comply well with sustainability principles (Calvo et al. 2014).
Agricultural biostimulants include a diverse array of compounds,
substances, and other natural products that are applied to plants or
soils to regulate and enhance crop’s physiological processes
(http://www.biostimulants.eu/2011/10/biostimulants-definition-
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agreed). Biostimulants are products containing substances and/or
microorganisms that, when sprayed onto the plant canopy, sup-
plied via irrigation or given as liquid/solid fertilizers and stimulate
physiological and molecular processes that ameliorate both nutri-
ent uptake and nutrient use efficiency, stress tolerance, and crop
quality (du Jardin 2012; Bulgari et al. 2015; Van Oosten et al.
2017). Despite their extensive use in agriculture, biostimulants
have been mostly tested with respect to crop yield and quality
aspects (du Jardin 2015), whereas their potential role in biotic
and abiotic stress tolerance is still emerging. Considering that
climate change is predicted to exacerbate the outbreak of pests
and diseases (Rosenzweig etal. 2001), as well as crop exposure to
extreme temperatures, drought, and soil salinization (Ahuja et al.
2010), the contribution of biostimulants to the global crop yield as
stress protectants and general growth enhancers may become in-
creasingly important.

Various biostimulants have been used to increase plant toler-
ance to salt stress, such as protein hydrolysates, glycine betaine,
bacteria, mycorrhizal fungi, and algal extracts (Plaut et al. 2013;
du Jardin 2015). The effects of single molecules (duJardin 2012;
Calvo et al. 2014; Halpern et al. 2015) on plant growth and stress
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tolerance have been clearly demonstrated, while complex mix-
tures (Rayorath et al. 2008; Battacharyya et al. 2015) or living
microorganisms (Ahmad et al. 2008; Siddiqui et al. 2008) repre-
sent a more complex and challenging system to study. The ef-
fects of biostimulants have generally been attributed to
the presence of phytohormones and a range of organic
molecules (Battacharyya et al. 2015) acting as compatible
solutes, including betaines (Blunden et al. 2009).
Mixtures rich in carbohydrates and amino acids (Khan
et al. 2009) as well as bioactive secondary metabolites
such as vitamins and their precursors (Berlyn and Russo
1990; Blunden et al. 1985) also may play a role. Stress
tolerance may be augmented through high concentrations
of phenolic compounds with antioxidant properties that
protect against stress-induced reactive oxygen species
(ROS) (Lactitia et al. 2010). Brown seaweeds such as
Ecklonia maxima contain phytohormones including
auxins, cytokinins, gibberellins, abscisic acid, and
brassinosteroids (Stirk et al. 2014). These can act as sin-
gle molecules or in combinations that contribute to plant
growth and development and stress adaptation (Rouphael
et al. 2017). These components may exhibit a synergistic
effect although many of the single molecules present in
algal extracts and their modes of action remain unknown
(Vernieri et al. 2005; Wally et al. 2012). Brown seaweeds
(Phaeophyta) are commonly used in commercial extracts
for agriculture and Ascophyllum nodosum, Ecklonia
maxima, Macrocystis pyrifera, and Durvillea potatorum
are the most frequently used by the biostimulant industry
(Khan et al. 2009; Lotze and Hoffman 2016).
Ascophyllum nodosum extracts are a common component
in commercial formulations, and their application has
been proven to significantly increase yield, biometric
characteristics, and the quality of several crops (Abdel-
Mawgoud et al. 2010; Mattner et al. 2013; Dogra and
Mandradia 2014; Ali et al. 2016). Ascophyllum-based al-
gal derivatives may facilitate stress adaptation because of
their high concentration of betaines that may serve as
compatible solutes under osmotic stress (Khan et al.
2009). Most brown seaweed extracts also contain manni-
tol, which may also facilitate osmotic adaptation
(Battacharyya et al. 2015). However, the diverse and com-
plex nature of these formulations makes it difficult to
establish a univocal cause of the various biostimulant ef-
fects observed. Dissecting the mechanisms of action of
biostimulants is necessary to define leverage points that
can be used to improve their effects and to define techni-
cal guidelines to improve the efficacy and reliability of
commercial products.

In this context, the goal of this experimental work was to
profile the function of two A. nodosum-based algal deriva-
tives on a tomato crop exposed to increasing salinity and
nutritional deficiency. In addition to assessing the protective
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effects of these commercial products on yield and qualita-
tive parameters, these findings help to establish a functional
link between the main constituents of these algal derivatives
and plant responses to salinity.

Material and methods
Growth conditions and water relations

A greenhouse experiment was carried out at the experimental
station of the University of Naples Federico II, Southern Italy
(lat. 43° 31" N, long. 14° 58’ E; alt. 60 m above sea level) on
Microtom tomato plants (Solanum lycopersicum L.). The ex-
perimental design was a split plot in which were factorially
combined two nutrient concentrations, three levels of salinity,
and three algal applications, with five plants for each experi-
mental unit in three replicates (total = 270 plants). Tomato seeds
were germinated in peat in May 2014 and grown until the third
to fourth true leaf stage before transplanting. Plants were
transplanted in 10-cm plastic pots containing pure peat moss
(100%) and drip fertigated from 35 days after sowing (DAS).
The irrigation water had pH and electrical conductivity (EC) of
7.3 and 0.58 dS m™', respectively. A basic nutrient solution
(BNS) was used for all treatments: (mM) NO; =1.93,
P,05=2.53, K,0=7.64, MgO=1.48 and (uM) B=37, Cu
EDTA =0.84, Fe DTPA =10, Mn EDTA =3.45, Mo =2.08,
Zn EDTA =0.83, having an EC of 1.60 dS m'. The BNS
was given at two different concentrations (100 and 70%
BNS) and combined with three NaCl levels of 0, 42.5, and
85 mM NaCl (S0, S1, and S2, respectively). The nutrient solu-
tion was pumped from independent 100-L tanks through a drip
irrigation system, with one emitter per plant (2 L h™"). Three
fertigations were applied per day, each of 1-3-min duration. At
transplanting (35 DAS), the rhizosphere was treated with two
A. nodosum extracts: Rygex (R) (Agriges S.R.L., Benevento,
Italy) and Super Fifty (SF) (BioAtlantis Ltd., Kerry, Ireland).
The two seaweed extracts (SWE), in liquid formulation, were
diluted with deionized water by 1:400 for Rygex and 1:500 for
Super Fifty. The dilutions were applied at the substrate at a dose
of 200 mL per pot. Control plants were treated with only
200 mL of tap water. The SWE application was repeated every
2 weeks until the end of the cultivation cycle. During the culti-
vation cycle, the total water potential was measured at 75 DAS,
on young fully expanded leaves, in the sealed chamber of a
“dew-point” psychrometer (WP4, Decagon Devices, USA).

Biometric measurements

At 90 DAS, plants were harvested and separated into leaves,
stems, roots, and fruits for the fresh biomass determination,
and their tissues were dried to constant weight in a forced-air
oven at 80 °C for 72 h for the dry biomass determination. The
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final plant height, number of leaves and fruits per plant, and
plant leaf area were also measured. The leaf area was mea-
sured with a Li-Cor 3000 area meter (Li-Cor, USA).

GC-MS analysis of algal extracts

Derivatization of metabolites and GC-MS analysis was per-
formed as described in Lisec et al. (2006), using half of the
volume of the solutions for derivatization. Chromatograms
and mass spectra were evaluated by Chroma TOF 4.2 (Leco,
USA) and TagFinder 4.0 (Luedemann et al. 2012). Analytes
were manually identified using TagFinder by comparing to the
reference library mass spectra and retention indices in the
Golm Metabolome Database (Kopka et al. 2004). The amount
of metabolites was analyzed as relative metabolite abundance
calculated by normalization of signal intensity to that of '*C-
sorbitol, which was added as an internal standard normaliza-
tion (Obata et al. 2013). The concentrations of different me-
tabolites were normalized based on algal extract proline con-
centration, assayed according to Woodrow et al. (2017),
allowing the conversion of the results.

Mineral analysis of plant tissue

Ion measurements were performed according to a procedure
described by Carillo et al. (2011) with few modifications.
Powdered dried material, 100 mg per sample, was suspended
in 10 mL of Milli-Q grade water (Milli-Q PLUS, Millipore,
USA) and subjected to four freeze-thaw cycles by freezing in
liquid nitrogen and thawing at 40 °C. Samples were centri-
fuged at 34,000% g for 10 min, and the clear supernatants were
analyzed by ion exchange chromatography using a DX500
apparatus (Dionex, Switzerland) with an IONPACATC]1 an-
ion trap column (Dionex), an IONPAC-AGI1 guard column
(Dionex), and an analytical IONPAC-AS11 4-mm column
(Dionex), fitted with an ASRSII 4-mm suppressor for anions
(Dionex), an IONPAC-CTC cation trap column (Dionex), an
IONPAC-CGI12A guard column (Dionex), and an analytical
IONPAC-CS12A 4-mm column (Dionex), fitted with a
CSRS4-mm suppressor for cations (Dionex), with detection
by a CD20 conductivity detector (Dionex), according to the
manufacturer’s instructions.

Amino acids and antioxidants

Primary amino acids and proline extraction and determination
were performed according to Woodrow et al. (2017). Ascorbic
acid (ASCAc), dehydroascorbic acid (DHA), and reduced and
oxidized glutathione (GSH and GSSG) were extracted as de-
scribed by Annunziata et al. (2012) and Woodrow et al. (2012)
and determined according to Queval and Noctor (2007).

Statistical analysis

Data were analyzed by ANOVA, and least significant different
(LSD) multiple range comparison tests were used to determine
differences between means (P < 0.05).

Results
Algal extract composition

GC-MS analysis of the two SWE revealed the presence of a
large amount of bioactive compounds with significant differ-
ences between the two commercial formulations. Among the
identified metabolites, the most relevant were low molecular
weight soluble molecules. High concentrations of proline,
branched chain amino acids (valine, betaines, polyols, and
isoleucine), and polyol sugars (mannitol and sorbitol) were
detected (Fig. 1). The actual concentration of these molecules
as stress protectants was quantified by multiplying raw data
from GC-MS analysis by the actual biostimulant quantity ap-
plied to the plant as indicated by the manufacturer (i.e., con-
centrations in the nutrient solution adjusted for the number of
treatments received by the plants). R-treated plants received
approximately four times more proline and - aminobutyric
acid compared to SF-treated plants (Fig. 1a). In contrast, man-
nitol and sorbitol were applied to the plants only via Super
Fifty treatment (Fig. 1a). These molecules were virtually ab-
sent in the Rygex nutrient solution which, in contrast, deliv-
ered to the plants a much larger amount of essential amino
acids (Fig. 1b).

The ion content, also normalized by the product dosage,
was different for the two SWEs. Super Fifty treatment deliv-
ered more potassium and magnesium, approximately four
times more than Rygex (Fig. 1c¢). While the Rygex treatment
supplied substantially more Ca**, about seven times higher
than Super Fifty (Fig. 1c).

Biomass and water potential

The biostimulant treatment with both products did not have
any significant effect on fruit biomass (Table 1). A significant
interaction between biostimulant application and the nutrition-
al regimen was only found with respect to plant height and
above ground fresh biomass (Figs. 2 and 3). Under full
strength nutrient solution (100% BNS), the aboveground fresh
biomass and plant height increased by 13 and 16%, respec-
tively (Figs. 2 and 3), while Rygex did not affect these param-
eters in response to the variables tested.

S1 and S2 NaCl levels reduced the average fresh biomass
by 16 and 30%, respectively. Salinization also resulted in a
decrease of fruit production of 32% for the S1 treatment and of
45% for the S2. Tomato yield was not affected by the reduced
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Fig. 1 Main compatible solutes (a), essential amino acids (b), and ion (c)
content in the biostimulant solutions (2.5 and 2 mL L' H,O of Rygex (R)
and Super Fifty (SF), respectively). Within each variable, different letters
indicate significant differences. Vertical bars indicate means, n =3, = SE

strength of the nutrient solution (70% BNS), and no signifi-
cant differences were observed in terms of fruit fresh weight
between 100 and 70% BNS. Rygex applications reduced the
fruit fresh weight in all treatments (Table 1). While water
potential was significantly reduced by increasing salinity, it
was higher with SWE treatments and in particular by Rygex
application (Fig. 4).

Mineral analysis of plant tissues

Salinization increased the overall Na* and CI™ content in all
organs (data not shown). However, a different accumulation
pattern was observed in fruits. Fruit ion content was signif-
icantly altered by application of both algal extracts when
compared to control plants. The Ca®* content of fruits in-
creased by 31 and 22% for Rygex and Super Fifty, respec-
tively (Fig. 5a); K™ increased by 17 and 45% for Rygex and
Super Fifty, respectively (Fig. 5b); Mg?* increased by
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Fig.2 Effect of two seaweed extracts, Rygex (R) and Super Fifty (SF), on
plant height at different nutrient concentrations (100 and 70% of the
tomato nutritional requirements). Control plants (C) were treated with
only water. Different letters indicate significant differences at P <0.05.
Vertical bars indicate means, n=5, + SE

approximately 32% for both seaweed treatments (Fig. 5c).
In low nutrient conditions (70% BNS), the Ca** content of
fruits, negatively affected in control plants, was increased
by 66% under both SWE (Fig. 6).

Salinity stress enhanced Na* and CI” accumulation and
reduced K* and NOs~ in tomato leaves (Fig. 7). Under

Table 1 Effect of two seaweed

extracts, Rygex (R) and Super Plant height ~ Above ground fresh Fruits fresh Above ground dry Fruits dry
Fifty (SF), on the main biometric (cm) weight (g) weight (g) matter (%) matter (%)
parameters of Microtom grown at
two nutrient concentrations (100 Biostimulant (B)
and 70% of the tomato nutritional C 16.2+0.4 56.8+1.7b 347+22a 11.4+0.5 8.9+0.4
requirements) and three salinity R 159404  535+2.1b 288=18b 10.840.2 9.0+0.2
levels, SO, S1, and S2 (0, 42.5,
and 85 mM NaCl, respectively). SF 17.1+£0.5 602+23a 33.8+19a 103+£0.4 88+0.4
Control plants (C) were treated Nutrients (N)
with only water 100% 164+03  57.5+1.7 312+15 10.9+0.3 9.0+0.3
70% 16.4+0.4 56.2+1.8 33.6+1.8 10.8+0.3 8.8+0.2
Salinity (S)
SO 17.1£0.5 673+12a 43.6+1.6a 99+04c¢ 75+02b
S1 16.3+0.4 56.4+1.7b 29.6+1.7b 10.7+03 Db 93+03a
S2 15.9+0.5 469+1.8b 24.1+15¢ 11.8+04 a 99+03a
Significance
B ns * * ns ns
N ns ns ns ns ns
s ns £ * £ £
BxN * * ns ns ns
BxS ns ns ns ns ns
NxS ns ns ns ns ns
BxN ns ns ns ns ns
xS

Mean values, n = 5, + SE. Within each column and factor (B, N, S), different letters indicate significant differences

ns not significant

*Significant at P <0.05, respectively
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Fig.3 Effectof two seaweed extracts, Rygex (R) and Super Fifty (SF), on
the above ground biomass at different nutrient concentrations (100 and
70% of the tomato nutritional requirements). Control plants (C) were
treated with only water. Different letters indicate significant differences
at P <0.05. Vertical bars indicate means, n =5, + SE

moderate salt stress, treatments with Super Fifty seemed to
mitigate these effects increasing K* content by 18 and 12%
over that of Rygex treatments and control plants, respectively
(Fig. 7a). The Cl accumulation in leaves was reduced by the
Rygex treatment at both salinity levels (Fig. 7¢). While induc-
tion of salt stress reduced nitrate levels in controls, Super Fifty
increased the NOs ™ content in unstressed plants as well as both
levels of salt stress. Rygex treatment increased nitrate
levels over controls in unstressed and low salinity con-
ditions (Fig. 7d).

Essential amino acids and antioxidant accumulation

Rygex applications led to a general increase in the fruit content
of essential amino acids, independently of salinity and nutrient
concentration (Fig. 8). In particular, among the nine essential
amino acids, Rygex-treated plants showed increased levels for
lysine (37%), threonine (7%), isoleucine (19%), methionine
(9%), valine (20%), and phenylalanine (11%) over untreated

NaCl

Biostimulant
SO ‘ S1 ‘ S2 ‘

‘ C ’ R ‘ SF
0.10 -

-0.10
-0.30
-0.50
-0.70
-0.90
-1.10
-1.30
-1.50 c

Fig. 4 Effect of increasing salinity S0, S1, and S2 (0, 42.5, and 85 mM
NaCl, respectively) and two seaweed extracts, Rygex (R) and Super Fifty
(SF), on the total water potential. Control plants (C) were treated with
only water. Different letters indicate significant differences at P <0.05.
Vertical bars indicate means, n =35, = SE

Water potential (MPa)

b
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controls. The amino acid content of Super Fifty-treated fruits
showed no significant increases compared to the control.
Independently of nutrient concentration, the fruit ascorbate
content increased by 30% in untreated control plants under
salt stress (Fig. 9). Rygex-treated plants showed an increase
of 22% of ascorbate in S2 compared to SO treatment. Plants
treated with Super Fifty in salinity conditions (S1) had 39%
more ascorbate than the respective SO treatment (Fig. 9).

Discussion

Composition of algal-based biostimulants and their
effects on plant growth

Ascophyllum nodosum is the most studied algal biostimulant,
and the observed benefits to plant crops have been attributed
to the supply of essential nutrients (Craigie 2011).
Commercial extracts made from brown seaweeds contain a
diverse range of inorganic and organic components. The inor-
ganic components of A. nodosum extracts include nitrogen,
phosphorous, potassium, calcium, iron, magnesium, zinc, so-
dium, and sulfur (Rayorath et al. 2009). They also contain
compatible compounds such as betaines and amino acids
(Blunden et al. 2009). All these chemical components may
affect plant growth and confer tolerance to abiotic stresses
(Khan et al. 2009; Van Oosten et al. 2017). Insufficient infor-
mation on product composition and the amount of bioactive
substances that are actually delivered to the plants is available,
however. This is critical to establish a functional link between
specific molecules and/or specific combinations of molecules
that are delivered to the plant via bioeffector applications.
Some initial attempts to link the complex composition of these
products to a possible mechanism of action have been report-
ed (Norrie and Keathley 2005; Craigie 2011; Sharma et al.
2011). To move forward our understanding of the effects of
biostimulant applications to plants, in this paper, the compo-
sition of two algal-based products, their potential to enhance
growth, yield, adaptation to salt stress, and likely mechanisms
of action, were assessed (Figs. 1 and 2). Analysis of the GC-
MS results revealed the presence of specific compounds
known to be effective in the alleviation of abiotic stress and
improving plant growth with clear differences: Rygex had
higher concentrations of proline and GABA, whereas Super
Fifty had higher concentrations of mannitol and sorbitol (Fig.
1). It has been shown that increased levels of compatible sol-
utes (or osmoprotectants) through exogenous application to
plants improves performance under stress conditions (Heuer
2003). Proline for instance contributes significantly to
balancing the osmotic potential of the vacuole (Annunziata
et al. 2017), stabilizing subcellular structures and buffering
cellular redox potential under stress conditions (Ashraf and
Foolad 2007). In many cases, exogenous applications of
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Fig. 5 Effect of two seaweed Cal* A K* B
extracts, Rygex (R) and Super 025 - 450 -
Fifty (SF), on the fruits Ca®* (a), ) a 4'00 a
K* (b), and Mg** (c) content. 0.20 1 a el
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proline or glycine betaine enhanced drought/salt stress toler-
ance with varying effects on plants growth in different species
including tomato (Heuer 2003; Okuma et al. 2004; Barbieri
et al. 2011). Similarly, 'y- aminobutyric acid (GABA) is accu-
mulated at high levels in response to different environmental
stresses, and this finding is consistent with the presumed role
of GABA in stress mitigation against abiotic stresses
(Kinnersley and Turano 2000; Renault et al. 2010; Woodrow
et al. 2017). GABA exogenous treatment of tomato seedlings
under chilling stress increases sugars and proline concentra-
tions in comparison with non-treated plants, suggesting that
GABA is able to enhance free radical scavenging activity and
maintain membrane integrity (Malekzadeh et al. 2014).

Fig. 6 Effect of two seaweed 0.30 -
extracts, Rygex (R) and Super
Fifty (SF), on the Ca** fruit ac- g 0.25 -
cumulation at different nutrient =]
concentrations (100 and 70% of =
the tomato nutritional require- E ~ 0.20 ~
ments). Control plants (C) were = 3
treated with only water. Different g = 0.15 A
letters indicate significant differ- : 3
ences at P <0.05. Vertical bars X E 0.10 -
indicate means, n =3, + SE é ~

+

= 0.05 -

@)

0.00 -

Exogenous or endogenous accumulation of proline or
GABA, after relief from stress, can supply energy, carbon,
and nitrogen to recover and repair stress-induced damages
(Carillo 2018). Mannitol is also a well-known osmoprotectant,
ROS scavenger, and a stabilizer of protein and membrane
structure and acts to protect photosynthesis under abiotic
stress (Seckin et al. 2009; Kaya et al. 2013). Similarly, sorbitol
is known to serve as compatible solute that may act also as free
radical scavenger (Cuin and Shabala 2007). Amino acids can
directly or indirectly influence the physiological activities in
plant growth and development. Exogenous application of
amino acids has been reported to modulate growth, produc-
tion, and quality of tomato fruits (Boras et al. 2011). An

a
b . I ab
R ‘ SF C ‘ R ‘ SF

100% of nutrients

b
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70% of nutrients
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Fig.7 Effect of two seaweed extracts, Rygex (R) and Super Fifty (SF), on
the Na* (a), K* (b), CI” (c), and NO;™ (d), leaves accumulation at in-
creasing salinity SO, S1, and S2 (0, 42.5, and 85 mM NaCl, respectively).

increase of essential amino acids, and in particular of branched
chain amino acids (e.g., valine and isoleucine), can be very
useful because these metabolites can function as osmolytes for
osmotic adjustment and as alternative electron donors for the
mitochondrial electron transport chain (Woodrow et al. 2017).
In addition, GABA increases by means of a GABA shunt can

K* leaves content

CS0 CSI CS2 RSO RS1 RS2 SF SO SF S1 SF S2

NOj; leaves content

CS0 CSI1 CS2 RSO RSI RS2 SF SO0 SF S1 SF S2

Control plants (C) were treated with only water. Different letters indicate
significant differences at P <0.05. Vertical bars indicate means, n=3, £+
SE

provide NADH and succinate to the electron transport chain in
the case of impaired respiration and ROS excess (Carillo
2018). Despite proven evidence from the literature for the
role/effects of these metabolites delivered as single-
molecules on plant growth and stress protection, there is a
need for an in-depth analysis of the functional specificities

Fig. 8 Effect of two seaweed -; 0.90 7 , a
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. . . = .
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letters indicate significant differ- E ’ c b ek
ences. Vertical bars indicate 2 0.40 -
means, n=3,+SE = ] b2
E 0.30 aay b2y c
= 0.20 | app
5 0.10 -
2 0.00 A : : : : : : : : |
‘s . & @ S & & & 2 o
= ¥ & S o & > o N &
= S I N S
< < < < ¥ &
Q

@ Springer



J Appl Phycol (2018) 30:2675-2686

2683

4.0
2.0
0.0

3,+SE

Fig. 9 Effect of two seaweed 14.0
extracts, Rygex (R) and Super *E
Fifty (SF), on the ascorbate fruit 2 12.0
content at increasing salinity: SO, g ~10.0
S1, and S2 (0, 42.5, and 85 mM @5 :
NaCl, respectively). Control 2z 8.0
plants (C) were treated with only _2 L:n :
water. Different letters indicate 5 3 6.0
significant differences at P <0.05. $ E ’
Vertical bars indicate means, n = < £

2

£

=

that link plant responses with phenological stage, dosage, and
molecule interactions within a specific seaweed extract and/or
commercial formulation to growth enhancement and stress
protection. Applications of A. nodosum extracts may promote
growth and yield under field conditions (Ali et al. 2016) or
inhibit root growth at high concentrations (Finnie and van
Staden 1985). In our experimental conditions, feeding these
molecules via SWE may have contributed to a general growth
enhancement. A moderate increase (+ 13%) of plant biomass
with the Super Fifty applications was observed (Fig. 3), al-
though no specific effect on salt stress tolerance was found
under the experimental conditions used in this study. It is
worth noting, however, that both Rygex and Super Fifty in-
creased tomato leaf water potentials indicating that SWE may
have a potential as stress protectants under saline and/or
drought stress (Fig. 4).

Algal-based biostimulants enhanced qualitative
aspects of tomato fruits and reduced
the accumulation of toxic ions under salt stress

Treatment with both SWE formulations increased the content
of a number of ions required for adaptation to salinity. The
Ca* content of fruits increased by 31 and 22% for Rygex and
Super Fifty, respectively. Content of K* increased by 17% in
Rygex-treated plants and by 45% in the Super Fifty treatment.
Treatments with both SWEs increased Mg”* content by 32%.
At reduced nutrient concentrations, Ca®* increased by 66% for
both SWE applications compared to the control (Fig. 5). SWE
applications (Kappaphycus alvarezii) stimulated mineral nu-
trient uptake in tomato with increased accumulation of both
macronutrients (N, P, K, Ca, S) and micronutrients (Mg, Zn,
Mn, Fe) and a subsequent increase in yield of tomato fruits (+
60.89%) compared to control plants (Zodape et al. 2011).
Under salinity, modifications in the leaf mineral contents can
be mainly ascribed to competition between Na* and K* and
between CI and NOj; (Grattan and Grieve 1999).

Hyperaccumulation of Na* disturbs essential cellular mecha-
nisms such as protein synthesis, enzyme activity, and photo-
synthesis (Hasegawa 2013), and its exclusion paired with po-
tassium uptake is crucial in adaptation to high salinity
(Hasegawa et al. 2000). The algal extracts seem to improve
this adaptive mechanism with a reduced Na* cellular influx
and consequent enhanced K* accumulation in leaves of the
Super Fifty-treated plants under moderate salt stress (Fig. 7).
K* is involved in different cellular functions, such as activa-
tion of enzymatic reactions, charge balancing, and osmoregu-
lation (Wakeel et al. 2011). Therefore, the control of K* ho-
meostasis is fundamental in salinity tolerance. Salt stress gen-
erally reduced the NO5 ™ leaf contents (Wang et al. 2012), and
this effect could be mainly attributed to the competition with
CI'. The CI /NO5; balance was instead modified by the
Rygex treatment, with a significant Cl™ reduction in the leaf
tissues and higher NO3  accumulation compared to control
plants.

The GC-MS analysis of the two algal extracts revealed a
higher proline content in Rygex, whereas Super Fifty had
higher concentrations of polyols. This could explain the par-
tial osmoprotectant behavior observed in the two algal extracts
and the better exclusion of toxic Cl ions in Rygex-treated
plants. This was also observed in previous experiments with
exogenous applications of proline in tomato plants (Heuer
2003). Although the accumulation of osmolytes is most effec-
tive in cellular osmotic adjustment (Chen and Murata 2002),
proline and GABA are also substrate for mitochondrial respi-
ration and redox control and are involved in the nitrogen bal-
ance, storage, and transport (Hasegawa et al. 2000; Bouché
et al. 2004). GC-MS analysis on Super Fifty showed a larger
amount of potassium than Rygex, resulting in a larger K*
availability in the growth media. Adequate potassium in the
soil leads to a more efficient exclusion of sodium in higher
plants and thus contributes to tolerance (Bonhert and Shen
1999). While both SWE formulations did not enhance growth
under salt stress (Heuer 2003), they did reduce the impact on
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water potential through different effectors. Rygex contributed
more proline, while Super Fifty contributed more polyols and
K*. These results can contribute to novel formulations for the
improvement of osmotic stress tolerance.

Both SWE formulations enhanced the ascorbate content of
fruits, even in the presence of salt stress. Lola-luz et al. (2013)
evaluated the effect of three commercial extracts of A.
nodosum on phytochemical content and yield in cabbage.
They observed higher phenolic and flavonoid content for the
seaweed-treated plants; however, no statistically significant
increases in yield with any of the seaweed extracts was found.
Manna et al. (2012) obtained a significant increase in the fruit
ascorbic acid content of pepper treated with an A. nodosum
extract. Fan et al. (2011) obtained an increased phenolic and
flavonoid content in spinach treated with an A. nodosum ex-
tract. These results found similar increases in ascorbic acid for
tomato (Fig. 9) and demonstrate that these effects also extend
to fruit quality of plants subjected to salt stress.

Conclusions

In the experimental conditions reported here, only mod-
erate differences with both algal extracts and stress toler-
ance were observed. It was observed that plants had im-
proved water relations under stress treatment and a num-
ber of fruit quality traits. Rygex and Super Fifty possess
compositions that reduce the negative effects of water
potential imbalance in the plant and enhance fruit quality.
With the increased use of algal extracts as biostimulants
in agriculture, it is essential to understand which active
ingredients and their functional combinations in these
formulations elicit beneficial responses for plant growth,
yield, and stress adaptation.
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