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Abstract: Nowadays, the exponential expansion in human population has resulted in the massifi-
cation of intensive agricultural practices, with crop yield and sustainability being one of the most
pressing challenges. Therefore, there was a need for new and natural fertilizers and pesticides, which
has become a popular agricultural trend nowadays. Therefore, there was an increased interest to
apply seaweed and bacterial extracts in agriculture to promote new means of sustainability and soil
usage. This work aims to test seaweed inclusion in the agricultural field, as a simple or complex foliar
biofertilizer solution applied together with a nitrifying bacteria, to verify if there is a potential syner-
gistic effect of these two different types of biofertilizers on economically important vegetables. As a
result, experiments were conducted in a greenhouse using an aqueous extract of the brown seaweed
Saccharina latissima (1.2% v/v) and a biofertilizer based on BlueN bacteria (0.03% m/v), both simple
or in combination, on lettuce (Lactuca sativa L. var. crispa) plants. The seaweed extract (simple or in
combination), presented favorable effect on lettuce growth and nutritional properties. The aqueous
algal extract, and it in combination with BlueN, produced heavier lettuce leaves (74.25 ± 6.86 and
74.13 ± 3.07 g, respectively) than the controls and enriched leaf micronutrient contents (zinc and
manganese). Also, this study demonstrated that a combined seaweed-bacteria fertilizer did not show
synergistic behavior, being a non-profitable solution when compared to a simple seaweed extract.
In summary, this study demonstrated that simple (crude) seaweed extracts can be considered as
an important key for natural plant biofertilizers and growth stimulators concerned with the blue
circular economy.

Keywords: sustainable agriculture; biofertilizer; brown seaweeds; algal bioactive compounds;
nitrifying bacteria; synergistic approach

1. Introduction

Crop plants are important sources of macro- and micronutrients for a healthy human
diet [1]. However, our world will confront two main challenges in the future: climate
change and a global population growth. It was estimated that by 2050, the world would
require 60% more food than it does today, with around 80% of this increase coming from
land already under cultivation [1]. The significant rise in food demand must be met while
reducing agriculture’s global environmental footprint, and this must be done at a time when
agriculture is already under pressure due to climate change [2]. To fulfil contemporary food
demand, agriculture employs agrochemicals (synthetic fertilizers and pesticides), intensive
tillage, and over-irrigation [3,4].

The uncontrolled and excessive use of synthetic chemical inputs to enhance agricul-
tural productivity has been degrading the soil and threatening the environment, with it
being estimated that 40% of global arable land undergoes decreasing productiveness [5].
Recently, some eco-friendly alternatives to chemical fertilizers have been applied and sea-
weed can help in this endeavor [6]. These seaweed extracts contain cytokinins, auxins,
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betaines, gibberellins, carbohydrates, vitamins, polysaccharides, alginates, amino acids,
and trace elements (Fe, Cu, Zn, Co, Mo, Mn, and Ni) that are involved in plant growth
and regulation. The mechanisms of action of these seaweed compounds are complex,
and it is unknown why they are effective; nonetheless, it was likely that when these
molecules are combined, they work synergistically, promoting plant growth and well-
nurtured plants [7–9]. Seaweeds are marine resources that produce a wide range of primary
and secondary metabolites that have a significant positive impact on agricultural crops [10].
Quite a few studies have shown that different seaweed extracts can improve seed germi-
nation, plant growth, and development [11–17]. Furthermore, it has been demonstrated
that seaweed extracts can support plants in coping with biotic and abiotic stresses (such
as herbivory, deleterious microorganisms such as fungi and bacteria, and drought and
salinity), while also improving crop nutritional profile, mainly in mineral and vitamin
concentrations [16,18–21].

Saccharina latissima, known as sugar kelp, was a North Atlantic and North Sea nat-
ural seaweed. Numerous successful cases have demonstrated S. latissima’s farming and
economic potential for the food and cosmetic industry. Thus, there is a rising number
of S. latissima cultivation systems established in Europe [22–26]. S. latissima can be found
in some areas which can have problems with excessive nutrients (eutrophication), hy-
drocarbons and heavy metals, such as fishing ports, because seaweeds are natural bio-
accumulators of various compounds which can be dangerous for direct consumption by
humans. Thus, this seaweed, when found in or nearby polluted water, cannot be the best
supply for the food industry. However, algal biomass that does not meet food-grade stan-
dards can be used in agriculture rather than as organic waste (as it is today in some eutroph-
icated places) [27–31]. Regarding the regulations related with seaweed extract application
in agriculture, Spanish regulation was considered an exemplar in Europe. Agricultural
product chemical control and security, however, are crucial for assuring safe application.
They usually refer to arsenic levels and heavy-metal-compound thresholds [31].

Free-living bacteria can also be employed as an external nitrogen source for the crop,
promoting plant growth [32,33]. For example, Methylobacterium was a bacteria genus known
for its eco-friendly ability to improve plant growth through atmospheric nitrogen fixation,
phosphate solubilization, and the stimulation of plant growth promoters [33,34]. This
bacterium contains an enzyme nitrogenase, which converts atmospheric nitrogen (N2)
into ammonia (NH3). This bacterium colonizes the plant during its early growth stages,
providing it with ammonia without any risk of volatilization or leaching [35,36]. Lettuce
(Lactuca sativa L.) is a leafy herbaceous vegetable and one of the most popular salad crops,
in both fresh and ready-to-eat markets in the world, with 27 million tons of lettuce and
chicory produced globally in 2020 [37].

The purpose of this research was to better understand the biostimulant and fertilizer
impact of the aqueous extracts of the brown seaweed Saccharina latissima, alone, and
combined with a bacteria-based biofertilizer (Methylobacterium symbioticum), as a foliar
spray on lettuce (Lactuca sativa L.) plant growth and its nutritional profile. During this
work, it was important to monitory if a bacteria/seaweed-combined extract can show a
synergistic potential to enhance lettuce growth and its biochemical affluence. On another
hand, the study also aimed to understand if a more economic and simplistic approach
applying one of the extracts (seaweed or bacteria), alone to the plant or a combination of
both, can be effective as a good biofertilizer.

2. Materials and Methods
2.1. Seaweed Harvesting and Processing

On 24 July 2020, the brown seaweed Saccharina latissima (Figure 1) was gathered near
the entrance of Viana do Castelo harbor, Portugal (Lima River mouth, eutrophicated region)
(41◦41′17.7′′ N 8◦50′11.4′′ W). Following that, seaweeds were carried to the laboratory in
plastic bags in an electric cool box (to keep the biomass collected at least 5 ◦C) and frozen
at −20 ◦C for later use.
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biomass. The biomass was then quickly rinsed with distilled water to remove the salt con-
tent from the seaweed surface. After washing, seaweeds were put on plastic trays and 
dried for 48 h at 60 °C in an air-forced oven (Raypa DAF-135, R. Espinar S.L., Barcelona, 
Spain). Following this, the dry biological samples were milled (0.5–1 mm diameter, con-
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(Taurus aromatic, Oliana, Spain) and kept in sterile flasks at room temperature in a dark 
and dry environment. 
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Figure 1. Photographic record of Saccharina latissima (Phaeophyceae) (central part of the photo) on
Viana do Castelo harbor (Lima River mouth) (41◦41′17.7′′ N 8◦50′11.4′′ W).

The isolated seaweed specimens were classified according to their morphological
characteristics. This classification was carried out through observation of the specimens
with the naked eye and later observation with a magnifying glass and microscope, following
the keys of the identification guides by Pereira [38] with the support of Pereira [39] for
identification until the species name.

Following that, the seaweeds were washed with filtered saltwater obtained from the
sample location in order to remove sand, epiphytes, and other debris from the seaweed
biomass. The biomass was then quickly rinsed with distilled water to remove the salt
content from the seaweed surface. After washing, seaweeds were put on plastic trays and
dried for 48 h at 60 ◦C in an air-forced oven (Raypa DAF-135, R. Espinar S.L., Barcelona,
Spain). Following this, the dry biological samples were milled (0.5–1 mm diameter, con-
trolled by sieve to guarantee that all powder is homogeneous) with a commercial grinder
(Taurus aromatic, Oliana, Spain) and kept in sterile flasks at room temperature in a dark
and dry environment.

2.2. Extract Preparation

The aqueous extracts of S. latissima were prepared using the method described by
Sousa et al. [17]. S. latissima aqueous extracts were produced in a Moulinex LM811D11
blender (SEB, Selongey, France) with dried powder algal biomass and distilled water
to a concentration of 0.12 g/mL. The liquification time was 5 min at 2500 rpm at room
temperature. Following the liquification of the algae, the crude extracts were filtered under
vacuum through a cotton crude cloth with a pore size of 0.5 mm using a Buchner filter
(Linex, Marinha Grande, Portugal). After the extracts were filtered in a Goosh G2 funnel
under vacuum, the crude extract solution was diluted with distilled water in various ratios
to achieve the appropriate concentration for the experiment. This concentration solution
was developed using prior extract analysis and preliminary research to determine the
optimal concentration.

Apart from S. latissima extracts, for this study, commercially available products, “Pro-
fertil” (Adubos de Portugal, Alverca, Portugal) and “BlueN” (Hubel Verde, Faro, Portugal),
were used.

2.3. Experimental Conditions

A commercial curled lettuce (Lactuca sativa var. crispa L.) variety (Pombal Verde, Leiria,
Portugal) was used in this assay. Plants were produced in plastic pots (diameter of 18 and
height of 13 cm, with a volume of 3.3 L of soil) in conditioned substrate (SIRO, Coimbra,



J. Mar. Sci. Eng. 2023, 11, 1645 4 of 22

Portugal) under greenhouse conditions and watered every day with equal doses of ±1.5 L.
The temperature (maximum and minimum) and relative air humidity were monitored
daily with a thermohydrometer (Meter8 TA298, Shenzhen, China).

As a positive control, a commercially available leaf fertilizer (Profertil) was used at a
concentration of 1.5% (v/v), (CP) while tap-water-treated plants were used as a negative
control (CN). The treatments with the S. latissima extract were applied 21 days after potting
with a sprayer (Isolab BTPTI20500001, Eschau, Germany), and the treatments with BlueN
were applied one day after (day 22).

In Table 1, the treatments applied in the experiment are presented. Each treatment
was applied in twelve plastic pots organized in a randomized block design; thus, each
treatment was represented by a 0.3 m2 field area. The experiment lasted 80 days, from May
to July 2021.

Table 1. Description of the treatments employed in the experimental design. Each treatment was
applied in twelve plastic pots, in a randomized block design.

ID Designation Treatment

CP Positive control 12 mL of Profertil 1.5% (v/v)
CN Negative control No treatment
E Algal extract 12 mL of S. latissima aqueous extract 1.2% (v/v)

EB Algal extract + BlueN 12 mL of S. latissima aqueous extract (1.2% v/v)
+ 30 mL of BlueN 0.03% (m/v)

B BlueN 30 mL of BlueN 0.03% (m/v)

Due to the soil and climatic conditions, all plants per treatment were sprayed with
their respective treatment 38 and 45 days after the lettuce potting, and the substrate was
fertilized twice, with 1 g per pot of Agriazul (NPK/12-8-16/, Deiba, Setúbal, Portugal), 55
and 62 days after the lettuce potting.

2.4. Abiotic Parameters during the Experiment

Abiotic parameter variation was collected (maximum and minimum temperature,
and relative air humidity) (Figure 2), revealing a monthly rising trend in maximum and
minimum temperatures since the experiment was conducted in late spring. Even though
the relative air humidity varies daily, a similar monthly mean average value was recorded.
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Temperatures between 18 to 23◦ C are ideal for lettuce production, but air temperatures
above 23 ◦C can inhibit plant growth [40]. Furthermore, high humidity promotes diseases
such as powdery mildew and Botrytis, negatively affecting lettuce cultivation; hence,
greenhouses should be ventilated to reduce humidity [40].

2.5. Algal Biomass and Extract Characterization

In this section, all the analyses were performed in duplicate.

2.5.1. pH, Electrical Conductivity, and TDS Extract Analysis

A pH and electrical conductivity meter was used to test the pH and electrical conduc-
tivity of the aqueous extracts (Hanna Instruments, Vöhringen, Germany).

2.5.2. Moisture and Ash Content

The moisture and ash content were determined according to the international standard
of Official Methods of Analysis of AOAC International, method 930.04 [41]. The moisture
content of the algal samples was determined using the fresh weight of the samples and
after 48 h of oven drying (Memmert, Büchenbach, Germany). According to the AOAC
method 930.04 [34], dried samples at 105 ◦C were put in an incineration muffle for 2 h at
550 ◦C (Induzir, Leiria, Portugal) and then cooled in a desiccator and weighed to determine
the ash concentration.

The moisture at 65 ◦C was calculated according to standard method 930.04 of AOAC [41]:

Moisture at 65 ◦C(%) =
(P2− P3)
(P2− P1)

× 100 (1)

where P1—weight of the tray (g); P2—weight of the tray + sample (g); and P3—weight of
the tray + dried sample (g).

The moisture at 65 to 105 ◦C was calculated according to standard method 930.04 of
AOAC [41]:

Moisture (65 ◦C− 105 ◦C)(%) =
(P5− P6)
(P5− P4)

× 100 (2)

where P4—crucible weight (g); P5—crucible weight + sample (g); and P6—crucible weight
+ dried sample (g).

The moisture content was calculated according to standard method 930.04 of AOAC [41]:

Moisture (%) =

(P5−P4)×(P2−P1)
(P3−P1)−(P6−P4)
(P5−P4)×(P2−P1)

P3−P1

× 100 (3)

where P1—weight of the tray (g); P2—weight of the tray + sample (g); P3 weight of the
tray + dried sample (g); P4—crucible weight (g); P5—crucible weight + sample (g); and
P6—crucible weight + dried sample (g).

The ash content was calculated according to standard method 930.05 of AOAC [41]:

Ashes (% db) = 100× (P5− P6)
(P5− P4)

(4)

Ashes (% f b) =
ashes (% db)× (100− H)

100
(5)

where % db—percentage of dried biomass; % fb—percentage of fresh biomass; P4—crucible
weight (g); P5—crucible weight + sample (g); P6—crucible weight + ashes (g); and H—
moisture (%).
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2.5.3. Crude Lipids

Following a continuous extraction procedure with diethyl ether in a Soxhlet appa-
ratus (Behr Labor-Technik GmbH, Düsseldorf, Germany), the total lipids content was
gravimetrically measured using the worldwide standard AOAC technique 930.09 [12].

Crude lipids were determined according to the formula presented by the standard
method of AOAC 930.09 [41]:

Crude lipids (% db) = 100× P3− P1
P2

(6)

where, % db—percentage of dried biomass; P1—distillation flask weight (g); P2—sample
weight (g); P3—distillation flask weight + lipids (g).

2.5.4. Total Protein

The total nitrogen/protein content was determined using the Kjeldhal method (AOAC
method 978.04) [41], with a multiplication factor of 5 as a protein conversion factor on the
formula for total protein determination [42]. In a Kjeldhal tube, 0.5 g of previously dried
algal sample was added, followed by a selenium catalyst (PanReac AppliChem, Darmstadt,
Germany) and 12 mL of sulfuric acid (Chem-Lab NV, Zedelgem, Belgium). After that, the
tubes were put in the Kjeldhal digester (VELP Scientifica, Usmate Velate, MB, Italy) for
2 h at 400 ◦C. After cooling in the fume closet, each tube was filled with 50 mL of distilled
water and placed in the Kjeldhal distiller. Concurrently, 30 mL of boric acid (Chem-Lab NV,
Zedelgem, Belgium) was poured in an Erlenmeyer (one for sample), which was then placed
in the Kjeldhal distiller (VELP Scientifica, Usmate Velate, MB, Italy). Amounts of 50 mL of
distilled water and 50 mL of 40% (m/v) sodium hydroxide (NaOH) (JMGS—José Manuel
Gomes dos Santos, Odivelas Portugal) were added to the Kjeldhal tube. The distilled
solution was collected and titrated with 0.1 M HCl (Chem-Lab NV, Zedelgem, Belgium).

Total protein was determined according to the following formula [41]:

Total protein (% db) = f actor× 100× 0.01401× [HCl]× (V −V0)
P1× 10

(7)

where % db—percentage of dried biomass; P1—sample weight (g); [HCl]—hydrochloric acid
concentration (M); V—volume of titrant spent in sample titration (mL); and V0—volume of
titrant spent in control sample titration (mL).

2.5.5. Crude Fiber and Total Carbohydrates/Nitrogen-Free Extractives

According to the standard method 930.10 of AOAC [41], the crude fiber was deter-
mined by weighing 2 g (Sartorix, Göttingen, Germany) of algal samples that had previously
been oven dried (Memmert, Büchenbach, Germany) at 105 ◦C for 2 h and put in a 600 mL
goblet. After that, 200 mL of 12.5 g/L sulfuric acid (H2SO4) (Chem-Lab NV, Zedelgem,
Belgium) was added, and the samples were placed in a fiber analyzer (Labconco Corpora-
tion, Kansas City, MO, USA) for 30 min. Following this, the samples were filtered using a
filter crucible G2 (Robu, Hattert, Germany) under vacuum (General Electric, Boston, MA,
USA). The residue was then poured in a goblet with 250 mL of 12.5 g/L sodium hydroxide
(NaOH) (JMGS—José Manuel Gomes dos Santos, Odivelas Portugal) and placed in the
fiber analyzer for another 30 min. The samples were vacuum filtered and dried at 130 ◦C
for 2 h using the same filter crucible G2. After cooling in a desiccator, the samples were
weighed on an analytical scale (Sartorix, Göttingen, Germany) and put in an incinerator
muffle at 550 ◦C (Induzir, Leiria, Portugal) for 2 h. Finally, the samples were allowed to
cool before being weighed to determine the crude fiber. Nitrogen-free extractives are the
difference between 100 and the sum of the remaining constituents (moisture, lipids, protein,
crude fiber, and ash), whereas total carbohydrates are the difference between 100 and the
sum of moisture, ash, lipids, and protein.
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Total fiber was determined according to the following formula [43]:

Crude f iber (% db) = 100× P2− P3
P1

(8)

where % db—percentage of dried biomass; P1—sample weight (g); P2—crucible weight +
sample dried at 130 ◦C (g); and P3—crucible weight + sample dried at 550 ◦C (g).

2.5.6. Energy

The total energy was calculated by adding together the energy provided by the protein,
total fat, carbohydrate, and dietary fiber. Hereby, energy was calculated according to the
following equation [43]:

Energy (KCal) = 4 × (protein (g) + carbohydrate (g)) + 9 × (crude lipids (g)). (9)

2.5.7. Mineral and Trace Element Characterization

The mineral content of the ashes was determined using dry mineralization and flame
atomic absorption spectrometry (PerkinElmer PinAAcle 900 T, Waltham, MA, USA) [44].
An acid digestion with nitric acid 65% (m/v) (Chem-Lab NV, Zedelgem, Belgium) in a
water bath at 100 ◦C for roughly 30 min was conducted for this study. Finally, the samples
were transferred to a volumetric flask and the volume was adjusted using distilled water.
The analysis was carried out on the atomic absorption spectrophotometer fitted with the
cathode corresponding to each element after the requisite dilutions (1:10, 1:100, and 1:500),
except for the phosphorus analysis, which was conducted using spectrophotometry (PG
Instruments T80+ UV/VIS spectrophotometer, Leicestershire, UK) [45].

2.5.8. Total Phenolic Compounds Quantification

The Folin–Ciocalteu technique was employed to quantify total phenolic compounds,
and gallic acid was utilized as a reference (GAE—gallic acid equivalent units). Amounts
of 450 µL of crude extract, 50 µL of Folin–Ciocalteu reagent (Panreac, Barcelona, Spain),
1000 µL of aqueous sodium carbonate solution (75 g/L m:v) (Chem-Lab NV, Zedelgem,
Belgium), and 1000 L of distilled water were added to tubes for analysis. The samples were
immediately vortexed for 30 s and incubated at room temperature for 30 min in the dark.
The supernatant’s absorbance was measured at 750 nm using a Hitachi 2000 (Hitachi 2000,
Tokyo, Japan). The crude extracts’ total phenolic content (TPC) was evaluated in triplicate.
A standard curve (y = 0.0168x + 0.0159; r2 = 0.9998) with varied concentrations of gallic acid
(0, 4, 6, 8, 10, 20, 40, 60 mg GAE/L) was conducted to measure the total phenolic content.

2.5.9. Alginate Extraction

The seaweed alginate quantification was performed using the technique described by
Pacheco et al. [6].

The milled seaweed was added to a 1.23% (1:30 v/v) HCl solution (Fisher Chemicals,
Porto Salvo, Portugal) (3 mL of HCl: 87 mL of distilled water for 3 g of dry seaweed) and
stored at room temperature (23 ◦C) for 48 h. After 48 h, the solution was filtered out using
a Goosh 2 silica funnel under vacuum. The residue was rinsed twice or three times with
distilled water. The residue was then alkali extracted for 48 h in a 2% sodium carbonate
(Fisher Chemicals, Portugal) solution (90 mL for the initial weight of the dried biomass;
1:30 m:v) and the extract was filtered through a cloth filter supported in a Goosh 2 silica
funnel under vacuum to remove the residues from the alginate solution. The filtrate was
then treated with 37% HCl (Fisher Chemicals, Portugal) to precipitate sodium alginate
(1 mL of 37% HCl: 30 mL of final solution). Centrifugation (Christ Universal Junior II,
Christ, Osterode/Harz, Germany) (4000 rpm, for 15 min) separated the precipitate, and
the alginate was dried in an air-force oven (60 ◦C, 48 h) (Raypa DAF-135, R. Espinar S.L.,
Barcelona, Spain).
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2.6. Biometric and Biochemical Lettuce’s Characterization
2.6.1. Growth Parameters, Moisture and Ashes Content

Lettuces (twelve plants per treatment) were harvested, roots and leaves were separated,
and root length and aerial portion average diameter were measured using a ruler. The leaf
and root fresh weights (FW) were measured independently in each plant sample, and the
dry weights (DW) were acquired after plants were dried in an oven (60 ◦C for 3 days) until
a constant weight was attained. After cooling each sample, the dry leaf and root weights
were measured separately. Following that, the leaves were milled (<1 mm) and roughly
2 g of each sample was put in crucibles and dried for 2 h at 105 ◦C. The samples were then
placed in a desiccator until a constant weight was obtained, after which they were weighed
again to calculate the plant moisture content. This methodology was employed according
to the AOAC method (930.05) [41] (Section 2.5.2).

2.6.2. Total Nitrogen/Protein

The total nitrogen/protein content of each treatment was measured as described in
Section 2.5.4.

2.6.3. Mineral and Trace element Characterization

The lettuce’s mineral and trace element characterization of each treatment was per-
formed as described in Section 2.5.7.

2.7. Substrate Characterization

The initial and final substrate used for lettuce potting was dried in an air-forced oven
at 38 ◦C for 3 days, until it reached a constant weight. Then, the sample was milled in a soil
deagglomerator (FRITSCH GmbH Pulverisette 8, Midland, ON, Canada), through a sieve
of 2 mm, separating the thin (<2 mm diameter) and rough (>2 mm) material [46,47].

Then, the soil sample (<2 mm) was extracted with demineralized water at 22 ◦C
in a proportion of 1:5 (m/v) for 2 h in an agitator at 200 rpm (P Select Rotabit, Lisbon,
Portugal). Following this procedure, with the help of a magnetic stirrer (P Select, Agimatic-
N, Lisbon, Portugal), the pH was measured in a potentiometer (pH meter 3310 Jenway,
Staffordshire, SC, USA) and the electric conductivity in a conductometer (WTW 3110, Porto,
Portugal) [48].

For the extraction of phosphorus, sodium, potassium, calcium and magnesium of
the soil sample, the previously aqueous extract was filtrated with paper filter (Whatman
nº4, Portugal) to volumetric flasks. Then, the phosphorus (P2O5) was quantified through
the colorimetric method of ammonium molybdate in acidic medium and ascorbic acid
(final volume: 1000 mL; 800 mL of distilled water: 25 mL of ammonium molybdate in
acidic medium: 10 mL of ascorbic acid) in a molecular absorption spectrophotometer
(PG instruments T80+ UV/VIS spectrophotometer, Leicestershire, UK) at a wavelength of
650 nm. Meanwhile, for the sodium, potassium, calcium, and magnesium measurements,
2.5 mL lanthanum chloride (5%) was added to the previously filtrated samples (2.5 mL)
and the elements were quantified through atomic absorption spectrophotometry. The total
nitrogen content was calculated using the Kjeldahl technique (as described in Section 2.5.4).
In a Kjeldhal tube, 0.5 g of previously dried soil sample (2 mm diameter) was added,
followed by a selenium catalyst (PanReac AppliChem, Darmstadt, Germany) and 10 mL
of sulfuric acid (ChemLab NV, Zedelgem, Belgium) [47,49]. For the organic carbon (CO)
quantification, 0.5 g of the soil sample (<2 mm) was weighed onto a ceramic plate. Then,
the sample goes through an oxidative-reduction process in the Carbon/Sulfur analyzer
(Leco SC 144 DR, Madrid, Spain) in order to be quantified, measuring the resulting CO2
and SO2 in infra-red cells, which provide organic carbon and sulfur content [50,51].

2.8. Statistical Analysis

The statistical analysis was carried out using the Sigma Plot v.14 software. The data
were tested for normality (Shapiro–Wilk test) and homogeneity (Brown–Forsythe equal
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variance test). The lettuce’s treatment with seaweed/bacteria was then subjected to a
one-way analysis of variance (ANOVA) in randomized blocks to see whether there were
statistically significant variations in growth and elemental characterization. The statistical
analysis was carried out to compare the different treatments, which were considered
significantly different when the p-value was less than 0.05. Following the rejection of the
one-way ANOVA null hypothesis (Holm–Sidak technique), the Tukey multiple comparison
t-test was utilized.

3. Results
3.1. Algal Biomass and Extract Characterization

The brown seaweed S. latissima (dry algal biomass) used for the aqueous extracts’ prepa-
ration (Table 2) showed itself to be a rich source of carbohydrates, representing 60.64 g 100 g−1

of its dried biomass. Moreover, a significant part of its biomass (17.81 g 100 g−1) was com-
posed by nitrogen and other minerals, with the most representative being the nitrogen
(2.31 g 100 g−1) and sodium (1.26 g 100 g−1). From another perspective, manganese
(0.01 g 100 g−1) and copper (0.01 g 100 g−1) were the less-abundant minerals (Table 2,
the literature values are from the respective references).

Table 2. Chemical characterization of the dry seaweed S. latissima biomass and the respective data
obtained from the literature. The results are shown as mean values ± SD (n = 2; dry weight (DW)
basis). NA—not available.

g 100 g−1 of Dry Seaweed Concentration Literature Median Values Reference

Ash 17.81 ± 0.05 24.30–27.30

[52–54]
Crude lipids 1.52 ± 0.11 0.10–5.50

Fiber 6.39 ± 0.13 6.20–7.10
Protein 13.63 ± 0.02 7.40–11.70

Total Carbohydrates 60.64 ± 0.09 60.30–66.80

[53,54]

Energy (Kcal 100 g−1) 311 ± 1.22 NA
Nitrogen 2.31 ± 0.04 1.63

Phosphorus 0.11 ± 0.00 NA
Calcium 0.44 ± 0.01 0.92

Magnesium 0.28 ± 0.00 0.61
Potassium 0.25 ± 0.01 3.87

Sodium 1.25 ± 0.02 3.05
Iron 0.06 ± 0.13 0.19

Copper 0.01 ± 0.42 0.01
Zinc 0.01 ± 0.12 0.01

Manganese 0.01 ± 0.90 0.00056
Total Phenolic Content (g

GAE 100 g−1) 4.91 × 10−3 ± 1.08 × 10−4 1.11 × 10−4 [54]

Alginate (%) 24.90 ± 0.01 15–20% [55–57]

3.2. Extracts’ Physical-Chemical Characterization

The extracts’ physical–chemical characterization (Table 3) was performed on the
lettuce plants, since characteristics such as pH and electric conductivity can condition plant
development and growth [58–61]. Overall, the extracts had similar pH values ranging from
6.70 to 6.93. Despite this, the algal extract (331 µS/cm) had a higher electric conductivity
value than BlueN and the positive control (103 and 117 µS/cm, respectively). The algal
extract had a greater concentration of total dissolved solids (165 mg/L), but BlueN and
the positive control had comparable results (54 and 59 mg/L, accordingly). The pH,
electrical conductivity, and total dissolved solids (TDS) of both tap and distilled water, both
having a neutral pH, were also measured for quality control (7.45 and 7.00, respectively).
Nevertheless, as it was expected, tap water (106 µS/cm; 54 mg/L) presented a higher
electrical conductivity and total dissolved solids than distilled water (1.90 µS/cm; 1 mg/L).



J. Mar. Sci. Eng. 2023, 11, 1645 10 of 22

Table 3. The extracts’ physical–chemical characterization used in the assay.

Extract pH Electrical Conductivity
(µS/cm)

Total Dissolved Solids
(mg/L)

Profertil (positive
control) 1.5% 6.91 ± 0.01 117 ± 5 59 ± 2

BlueN 0.03% 6.70 ± 0.01 103 ± 5 54 ± 2
Algal extract 1.2% 6.93 ± 0.01 331 ± 5 165 ± 2

Tap water 7.45 ± 0.01 106 ± 5 54 ± 2
Distilled water 7.00 ± 0.01 1.90 ± 5 1 ± 2

3.3. Substrate Characterization

The composition of the substrate has a direct impact on plant biomass output since it
can satisfy the species’ needs [62]. At the end of the experiment, each treatment’s original
substrate was physically and chemically characterized and analyzed (Table 4). When
comparing the initial substrate with the final substrate of each treatment, the overall pH
slightly decreased and an increase in electrical conductivity was observed.

Table 4. Physical–chemical characterization of the initial and final substrate of each treatment. The
results are shown as mean values ± SD (n = 2). SI—initial substrate; CP—positive control; CN—
negative control; E—algal extract; B—BlueN; EB—algal extract + BlueN. Statistically significant
differences (p < 0.05) are expressed by letter a.

Physical–
Chemical

Parameters
SI CN CP E EB B

Material
<2 mm (%,

w/w)
79.48 71.00 70.2 73.07 71.89 73.03

pH 6.60 ± 0.01 6.52 ± 0.02 a 6.55 ± 0.01 a 6.39 ± 0.01 a 6.43 ± 0.01 a 6.42 ± 0.01 a

EC (mS/cm) 0.20 ± 0.01 0.37 ± 0.03 a 0.30 ± 0.01 a 0.45 ± 0.01 a 0.42 ± 0.01 a 0.52 ± 0.01 a

3.4. Biometric Lettuce’s Characterization

Both the extracts physical–chemical properties and the abiotic parameter variation
had an impact on lettuce development and nutritional characterization, resulting in distinct
growth patterns among treatments. Hence, through the photographic record (Figure 3),
and physiological (Figure 4 and Table 5) and biochemical (Table 6) parameter evaluation in
lettuce, it was possible to observe differences among the treatments.
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Table 5. Length and weight ratio between the root and the aerial part among the different treatments.
CP—positive control; CN—negative control; E—algal extract; B—BlueN; EB—algal extract + BlueN.

Treatment Ratio Root Length:
Aerial-Part Diameter

Ratio Root Weight:
Aerial-Part Weight

CP 2.04 0.27
CN 1.89 0.21
E 1.95 0.28

EB 1.59 0.37
B 2.07 0.47

The most-developed roots were achieved within the positive control (CP) (Figure 3a),
while the less-developed roots were registered with the negative control (Figure 3b) and
with algal extract + BlueN (Figure 3e). Regarding the leaves’ (or aerial part’s) development,
an increased plant growth in the positive control was noted (Figure 3a), while the least
developed were observed with the BlueN treatment (Figure 3d).

Regarding root length and root fresh weight (Figure 4a,c), no statistically significant
differences were found between the treatments. Despite this, the positive control (CP)
stands out with the higher root length (37.35 ± 1.73 cm), whereas the treatment with the
algal extract (E) and the one with BlueN (B) attained similar root length values (34.49 ± 1.91
and 34.37 ± 2.84 cm, respectively), while the application of both (EB) resulted in the less-
developed root (28.53 ± 2.83 cm). Herein, it was observed that a longer root has a lower
fresh weight, but a shorter root has a higher fresh weight. For instance, lettuces treated
with EB attained the highest root fresh biomass (24.35 ± 3.09 g), but quite like the value
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achieved with BlueN treatment (23.19 ± 3.96 g) and with the algal extract (21.12 ± 2.71 g),
the lowest value was registered on the positive control (16.43 ± 0.89 g).

Table 6. Mineral and trace element characterization of the lettuce leaves within each treatment. The
results are shown as mean values ± SD (n = 3, dry weight basis). CP—positive control; CN—negative
control; E—algal extract; B—BlueN; EB—algal extract + BlueN. NA—not available. Statistically
significant differences (p < 0.05) are expressed by different letters a,b.

Treatment CP CN E EB B
Values

Reported in
the Literature

Ref.

Moisture (%) 6.30 ± 0.18 a 6.52 ± 0.93 a 5.46 ± 0.61 a 5.90 ± 0.09 a 5.08 ± 0.47 a NA -

Ashes (%) 84.62 ± 0.34 a 83.80 ± 0.11 a 83.94 ± 0.75 a 84.79 ± 0.53 a 85.30 ± 1.8 a NA -

N (%) 1.44 ± 0.05 a 1.77 ± 0.12 a 1.73 ± 0.20 a 1.65 ± 0.08 a 1.50 ± 0.15 a NA -

P (%) 0.39 ± 0.01 a 0.38 ± 0.02 a 0.39 ± 0.02 a 0.41 ± 0.02 a 0.38 ± 0.01 a 0.24 [63]

Ca (%) 1.13 ± 0.12 a 1.25 ± 0.06 a 1.18 ± 0.13 a 1.09 ± 0.09 a 1.12 ± 0.11 a 0.04–0.81

[63,64]
Mg (%) 0.19 ± 0.01 a 0.18 ± 0.01 a 0.19 ± 0.02 a 0.17 ± 0.01 a 0.18 ± 0.02 a 0.01–0.50

K (%) 4.61 ± 0.51 a 5.09 ± 0.29 a 5.03 ± 0.21 a 4.97 ± 0.12 a 4.91 ± 0.45 a 0.36–1.89

Na (%) 0.24 ± 0.02 a 0.24 ± 0.03 a 0.20 ± 0.01 a 0.28 ± 0.03 a 0.25 ± 0.04 a 0.01–0.05

Cu (mg/kg) 5.68 ± 0.95 a 4.05 ± 0.51 a 4.96 ± 0.62 a 6.49 ± 1.06 a 4.82 ± 0.90 a NA

[63]
Zn (mg/kg) 51.72 ± 0.18 a 53.88 ± 0.44 a 58.45 ± 7.83 a 58.58 ± 4.97 a 47.70 ± 4.59 a 22.5

Fe (mg/kg) 1035.86 ±
226.55 a

1451.66 ±
558.50 a 1322.73 ± 54.37 a 1385.31 ±

438.49 a
1209.82 ±
108.89 a 26.8

Mn (mg/kg) 61.31 ± 3.81 a 57.48 ± 3.96 a 80.28 ± 9.92 b 62.72 ± 13.17 a 62.23 ± 21.59 a 14

Also, no statistical differences were found among the different treatments regarding
the aerial part diameter (Figure 4b). Still, the positive control was the treatment that
resulted in a longer aerial part (18.42 ± 0.50 cm), whereas the negative control (CN), the
algal extract treatment (E), and the algal Extract + BlueN treatment (EB) all had similar
aerial-part diameter values (17.91 ± 0.72, 17.73 ± 0.42, and 17.68 ± 0.52 cm, respectively),
and the BlueN (B) treatment had the lower aerial-part diameter (15.08 ± 0.39 cm).

However, the leaves’ weight statistically differed between treatments (Figure 4d),
particularly the one with BlueN (B: 49.28 ± 4.07 g), which stands out negatively when
compared with the algal extract (E) treatment and both applied together (EB). In fact, the
latter achieved the highest fresh leaf biomass (74.25 ± 6.86 and 74.13 ± 3.07 g, respectively).

3.5. Biochemical Lettuce’s Characterization

More than the growth characteristics, it was key to identify whether the different
treatments nutritionally improved the edible portion of the lettuces (Table 6). Even though
the differences in mean values between treatment groups are not large enough to rule out
the possibility that the differences are due to random sampling, and thus no statistically
significant differences exist, some treatments revealed an enrichment on specific elements.
For instance, the algal aqueous extract treatment (E) revealed an enrichment on manganese
(80.28 mg/kg), magnesium (0.19%, the same value as the positive control), but the lowest
content of sodium (0.20%). The treatment with BlueN (B) reflected the highest mineral
(ash) content (85.30%), but the lowest moisture and zinc amount (5.08% and 47.70 mg/kg,
respectively). However, the effect of the application of both treatments (EB) resulted in
an enrichment of phosphorus (0.41%), sodium (0.28%), copper (6.49 mg/kg) and zinc
(58.58 mg/kg)—but the lowest content of calcium (1.09%) and magnesium (0.17%). The
positive control (CP) stands out critically due to the lowest nitrogen, potassium, and iron
values (1.44, 4.61% and 1035.86 mg/kg, correspondingly). From a different perspective, the
negative control (CN) had the least mineral content (83.80%), which was reflected in the
lowest phosphorus (0.38%, the same as the BlueN (B) treatment), copper and manganese
tissue accumulation (4.05% and 57.48 mg/kg, respectively). Nonetheless, this treatment
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resulted in the highest moisture (6.52%), nitrogen (1.77%), calcium (1.25%), potassium
(5.09%), and iron (1451.66 mg/kg) content.

4. Discussion

The S. latissima was collected from an eutrophicated area, although, there was a need
to observe and search for information about other problematics in the regions where the
seaweeds were collected from. Nevertheless, Lima river estuary was obviously a focus of
great vigilance, and the environmental protection agency has a huge number of findings of
analyses performed on this river; it was certified that there are no heavy metals or excess
hydrocarbons present in the location [65–68].

The nutritional, macro-, and microelement analyses of an algal biomass can vary
depending of the harvesting season and geographic region [52–54]. Still, this biochemical
characterization might differ considerably based on biotic and abiotic components, which
can have direct or indirect impacts, such as seashore and the period of the year when the
biomass is harvested. Thus, there is a need to perform biochemical characterization of the
seaweed biomass for each assay batch. For example, S. latissima harvested in April 2015,
that was produced in a seaweed aquaculture in Northern France (Brittany), when com-
pared with our results, presented increased concentrations of sodium (3.0483 g 100 g−1),
potassium (3.87 g 100 g−1), calcium (0.92 g 100 g−1), magnesium (0.61 g 100 g−1), iron
(0.19 g 100 g−1), manganese (<0.01 g 100 g−1), and zinc (0.00386 g 100 g−1) [53]. In contrast,
lower concentrations of copper (<0.01 g 100 g−1), total protein (0.01 g 100 g−1) and lipids
(0.01 g 100 g−1) were registered [53]. Meanwhile, S. latissima wild harvested in the intertidal
region of Fink Cove, (Nova Scotia, Canada) in April 2010, exhibited higher mineral content,
representing 24.50 g 100 g−1 of this seaweed dry biomass, but a lower amount of total
protein (8.10 g 100 g−1), fat (5.50 g 100 g−1), carbohydrate (59.80 g 100 g−1) and phenolic
compounds (1.11 × 10−4 g GAE 100 g−1) [54].

This heterogeneity in algal chemical characterization was caused by the fact that algae
metabolic activity changes according to the season and geographical [69]. Based on these
findings and the literature reviewed, this brown seaweed appears to be a promising source
of alginic acid (the majority of the carbohydrates present in this seaweed are alginic acid),
which plays an important role in plant nutrition by lowering water surface tension, forming
a polymeric (alginic acid, primarily) film on the plant’s surface, increasing contact area,
and making it easier for water-soluble substances to enter the plant cell through the cell
membrane [70,71]. The economic potential of this brown seaweed is highlighted by its
alginic acid concentration, which may reach up to 20% of the algal dry weight and is
now being investigated by a range of sectors, including agriculture [55,56]. In fact, alginic
acid was recognized by the International Federation of Organic Agriculture Movements
(IFOAM) as an approved additive [72]. However, we compared dry seaweed biomass
values, the study of Sangu [73] and other preliminary small-scale studies demonstrated that
the main difference between the seaweed biomass and the liquid extract was only the water
content. Moreover, liquid extract analysis faces some technical–operational challenges and
the dehydration of the extract can increase chemical oxidation, hindering further analysis.

The nutrition solution used as a foliar spray treatment in our study can have a sig-
nificant impact on plant development and growth [74–76], and for this reason, extracts’
physical–chemical characterization was crucial to attain good results. Thus, the electrical
conductivity of the tested extracts was revealed to be suitable for lettuce growth, because
previous research has found that using nutrient solutions with an electric conductivity
higher than 1300 µS/cm in lettuce cultivation may cause nutrient imbalance, resulting
in decreased leaf number, area, and plant weight [77,78]. Furthermore, high electrical
conductivity values (>1700 µS/cm) in the nutrient solution can lead to early bolting, and
chlorotic and necrotic spots on lettuce’s lower leaves [40]. Another critical factor for plant
development was pH; hence, for lettuce development, nutrient solutions with values
around 6 are recommended [75,76,79–81]. On the other hand, researchers found that at
pH 5, the shoot and root weight was excellent, but with higher pH (above 7) these values
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were lower [82]. Moreover, total dissolved solids should also be monitored because high
levels (above 1000 mg/L) can impair plant growth [83].

However, bacteria can be absorbed by the seaweed polymer and not be as efficient
as expected. Observing the results, the nitrogen in the seaweed was mainly in organic
form (amino acids and protein), which was not the preferable nitrogen source for nitrifying
bacteria. This can explain the negative stimulant effect results of algal extracts on lettuce
growth. The seaweed extract can also have an anti-microbial effect [11–17], but in our case,
the lettuce plants were grown in separated pots. There was no antimicrobial effect observed
in the S. latissima extract used in our experiment [84].

The algal extract (E) alone and the combination of the algal extract and BlueN (EB)
had a positive effect on lettuce leaf development and weight (Figure 4), while the BlueN (B)
alone was found to be ineffective for lettuce development (Figure 4). The length and weight
ratio between the root and the aerial parts showed that there was a dependent connection
amongst these variables. Herein, it was possible to observe that the positive control (CP),
the algal extract (E) and BlueN (B) treatments alone exhibited higher ratios (2.04, 1.95
and 2.07, respectively) than the remaining treatments, resulting in a more developed root,
whereas the plant focused on the leaf growth development. In contrast, when compared
with the other treatments, the one with BlueN (B) and the combination between BlueN
and the algal extract (EB) led to a higher root vs. aerial part weight ratio (0.47 and 0.37,
respectively), indicating that the plant spent more energy on root biomass looking for
nutrients in the substrate, and thus not promoting foliar part development, which is the
economic part of the lettuce. Thus, the seaweed extract demonstrated an enhancement of
the lettuce aerial part development that results in less root development. This algal extract
resulted in an improvement of the plant foliar metabolism and an enhancement of the
lettuce root efficiency to absorb more nutrients to support better aerial part development.

As water and nutrients are not evenly distributed in the soil, the spatial organiza-
tion of the root system was critical for regulating the most efficient use of the available
resources [85]. Herein, White [86] showed that higher-crop-yielding cultivars are often
grown at optimal nutrient concentrations, resulting in the selection of smaller and less
plastic roots (less developed, lower specific root length, root demography, and biomass
allocation within the patch zone) [87,88]. In fact, based on the prior literature, when root
architecture contains a high number of nodal and lateral roots, the plant yields more and
produces a higher biomass because a significant investment in lateral root growth results in
the establishment of a shallow root system [89]. This happens because roots often prolifer-
ate when they come upon a nutrient-rich zone, improving their physiological ion uptake
capacity [88]. According to the literature, a reduction in soil pH values could be caused
by the use of a nitrogen-based fertilizer, which results in plant absorption of available
nutrients, leaving others in the soil to be oxidized [46]. Similarly, the electrical conductivity
values could have also been increased due to the application of the fertilizers which added
nutrients/minerals in the soil [46]. The soil substrate exhibited an electrical conductivity
lower than 0.50 mS/cm, except for the treatment with BlueN (B: 0.52 mS/cm), which was
suitable for lettuce growth, because this species was sensitive to a high salt concentra-
tion [46]. The root system’s plasticity or flexibility responses have been suggested as the
main system by which plants handle with soil’s innately arising nutrient heterogeneity [88].
So, if the plant root was longer and had more biomass than the aerial portion, it means that
the plant was not efficient in its use of nutrients to develop the aerial part and to realize
photosynthesis, which is very important for crops [86].

When compared with other studies where the nutritional characterization of lettuces
grown under greenhouse conditions was evaluated [63,64], it was possible to observe that,
in general, the other values were lower when compared to the present research, mostly in
calcium, potassium, zinc, iron, and manganese. This demonstrates that extract treatment
promotes a better nutrient uptake for the plants. Mainly, there was an enhancement of
manganese absorption in the lettuce treated with seaweed extract only.
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Nonetheless, genetic differences and environmental factors had a direct influence on
the phenotypic differences between treatments influencing the nutritional composition of
the edible portion of the lettuce [63].

When applied as a foliar spray alone or in conjunction with the biofertilizer BlueN, S.
latissima aqueous extract improved the bulk of lettuce leaves while also enhancing their
nutrition, particularly in micronutrients such as zinc and manganese, which are important
in the human diet. A part of 100 g can fulfil the zinc threshold value (10–11 mg, daily
intake for an average adult) according to the European Parliament and Council of the UE’s
daily recommended intakes of minerals and trace elements, while 35 g of lettuce per day
is enough to fulfil an average adult’s manganese dietary requirements (2–2.3 mg). Fur-
thermore, zinc and manganese are micronutrients that play important catalytic, structural,
and regulatory functions in human metabolism, and are especially important for the brain
and cardiovascular systems [90–92]. Zinc is an essential trace element that controls and
physically maintains cell membrane stability [93]. Manganese is required for enzymes
such as manganese superoxide dismutase, arginase, and pyruvate carboxylase [94,95].
Furthermore, this mineral participates in a variety of metabolic functions, including the
metabolism of amino acids, cholesterol, glucose, and carbohydrates. Manganese is also
involved in the scavenging of reactive oxygen species, bone formation, reproduction, and
immunological response [96–98].

Lettuce is a cool-season crop that grows best at daytime temperatures of 15–20 ◦C [99].
Because of the plant’s shallow root structure, it may be cultivated in a variety of soils as long
as they are fertile and moisture retaining [99]. It prefers neutral soil (pH values between
6.5 and 7.2) and will not grow in acidic soil. Heat-resistant cultivars can be cultivated
during the summer months; however, care should be taken to protect the leaves from direct
sunlight by shading or covering the plants to prevent bolting [29,31].

There are currently no restrictions on the use of seaweeds in agriculture; nevertheless,
due to the high-salt seaweed content, long-term or excessive use of row and not treated
seaweeds may contribute to an increase in salt content in a soil [100]. When analyzing the
soil, only the BlueN treatment was higher than 0.5 mS/cm, which indicates a rise of 0.3
mS/cm. This can be a dangerous rise if using more cultivars without revolving or adding
more healthy soil; this problem can be due a bigger root system which can shift the soil
structure and available nutrients.

BlueN, a commercially accessible product, was composed by Methylobacterium symbi-
oticum, an endophyte bacterium that naturally provides nitrogen to plants [101]. Several
experiments with this product have shown that it was beneficial to crops, increasing yield
and lowering the use of conventional nitrogen fertilization [101]. For example, only one
application of BlueN led to a yield increase of 56% in maize crop culture, 40% in grape, and
9% in raspberry [101]. Furthermore, the use of BlueN reduced 40% of the application of
conventional nitrogen fertilizer on wheat crop culture and resulted in a 60% reduction in
chicory cultivation [101]. Even though there have been no reports of this product (BlueN)
being used on lettuces, earlier research has demonstrated that Methylobacterium spp. can im-
prove the growth and productivity of several important crop cultures, including sugarcane,
wheat, corn, peanut, and tomato [102–104].

A patent study showed that the foliar application of a bacteria from the genus Methy-
lobacterium (1 × 106 CFU/mL to 1 × 1011 CFU/mL) can improve the rate of root and leaf
lettuce growth, as well as overall biomass production [105]. However, because lettuce was
a fast-growing crop, BlueN may have a greater impact on annual crops, as it persists longer
in soil.

Brown seaweeds, such as Alaria esculenta, Ascophyllum nodosum, Fucus serratus, F. spi-
ralis, F. vesiculosus, Laminaria digitata and Ecklonia maxima have been shown to enhance plant
growth, and based on these findings, various authors state that a continuous application
of seaweed-based fertilizers has more potential than plant-based or organic and synthetic
fertilizers in agriculture and horticulture [106–110]. For instance, the brown seaweed
Ecklonia maxima has shown a positive effect on lettuce growth, increasing the potassium
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(46%), magnesium (37%) and calcium (52%) concentration in plant leaves [111]. Another
example is the A. nodosum extract, which has also been shown to improve lettuce seedling
performance when exposed to high temperatures [112]. Moreover, previous research using
Profertil (in the same concentration) on lettuce presented slightly higher results, when
compared with the results obtained in this study, achieving an average aerial-part diameter
of 20 cm and an aerial-part weight of 80 g, as well as a higher root weight (24 g) [113].

Nutrients are absorbed by plants, depending on where they are applied, through
their roots or on the surface of their leaves. Thus, the biochemical components of seaweed
extract can significantly affect the plant’s nutrient profile [106]. Furthermore, seaweed
extracts can modify the physical, biochemical, and biological aspects of soil, as well as the
architecture of plant roots, resulting in increased nutrient absorption efficiency [114]. In this
context, extensive research regarding the chemical composition of several seaweed extracts
indicated that the extracts’ nutrient content (usually macronutrients such as nitrogen,
phosphorus, and potassium) can affect plant growth and yield [115–117]. Furthermore,
temperature, humidity, light intensity and leaf age all influence the stomatal opening and
the permeability of the cuticle and cell wall, influencing nutrition absorption from the leaf
surface [106,115,118].

In addition, brown seaweeds contain polysaccharides including alginates and fu-
coidans, which are beneficial to crop plants, promoting their growth [6]. Alginic acid,
for example, has soil-conditioning capabilities as well as the capacity to bind metal ions
and produce high-molecular-weight polymers [114,119]. In this setting, the presence of
a substantially cross-linked polymeric network improves soil water retention and root
development [120–122]. From another standpoint, alginate can compete with plants
for cation uptake, limiting the growth-promoting effect [120]. In this experiment, the
brown seaweed A. nodosum had nearly twice the alginate concentration of Laminaria
species, which could explain why the positive control had lower development in terms
of leaf weight, when compared with the aqueous algal extract of S. latissima (previously
known as Laminaria saccharina). Moreover, phenolic compounds have chelating properties,
which may explain why seaweed extracts can release soil components that are otherwise
unavailable [108,123,124].

However, not all seaweeds, and hence not all seaweed extracts, are the same; even
the same raw material extracted using different procedures yields extracts of varying qual-
ity [107]. Thus, S. latissima ever-changing biomolecular profile was one of the major bottle-
necks that hinders this species large-scale seaweed-based biostimulant production [125].

Furthermore, the concentration of seaweed extract is a crucial issue for good plant
growth that deserves additional investigation, as was the timing and frequency of its appli-
cation to achieve the desired results [106,107]. Moreover, the interaction of the brown algal
extract with the bacteria present in the BlueN was investigated to determine whether or
not both products used had synergistic effects that stimulated plant development. Previous
research has demonstrated that the application of a product composed by plant-growth-
boosting bacteria (Bacillus licheniformis, Bacillus megatherium, Azotobacter sp., Azospirillum sp.,
and Herbaspirillum sp.) and by the green microalgae Chlorella vulgaris substantially affected
the plant weight of romaine (18.9% at spring) and leaf lettuce (22.7% at summer) [126].

Murugan et al. [33] investigated the effect of bacterial–algal interaction on plant
growth. In this context, the bacteria Methylobacterium oryzae and a methanolic extract
of the brown seaweed Sargassum wightii collected on the Palladam coast (India) were
utilized in the investigation. As a result, the extract with the best yield in both crop
cultures (tomato/Lycopersicon esculentum L. and red pepper/Capsicum annum L.) had a sea-
weed:methanol ratio of 40:2500, and it outperformed the algal extract and the bacteria alone.

Still, there is little information regarding the interaction of Methylobacterium sp. with
seaweed-based liquid fertilizers on plant growth; therefore, more research is need.
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5. Conclusions

The brown seaweed Saccharina latissima proved to be a good source of not only im-
portant minerals like nitrogen, phosphorus, and potassium, but also of sulphated polysac-
charides like alginate and fucoidan, as well as other bioactive compounds like phenolic
compounds. As an outcome, results demonstrated that S. latissima aqueous extract em-
ployed as a foliar spray alone, and when combined with the biofertilizer BlueN, can increase
the lettuce leaves’ mass while also enhancing them nutritionally, particularly in the micronu-
trients zinc and manganese, important for a human diet. The obtained results demonstrated
that seaweed-based biofertilizer, resulting from a feasible extraction technique, produced a
more economic, diet-attractive, and low-cost lettuce.

BlueN, on the other hand, may have a higher influence on annual crops because lettuce
is a fast-growing crop. It was also proved that if the biofertilizer was seaweed-based, only
one basic biofertilizer was required for this type of crop. As it was a natural fertilizer, it is
both economically and environmentally beneficial to farmers. However, further research
is needed to fully understand the extract–bacteria mode of action in plants. Moreover,
additional biochemical characterizations of those seaweed extracts that improved outcomes
are needed to fully unveil their potential as crop plant biostimulants. Additionally, agro-
nomic characteristics, such as cultivar selection and biostimulant management, including
concentration and volume of the treatment, when and how many applications are can
be applied, and the administration approach (foliar, drench, seed treatment, and nutrient
solution) can make or break the crops’ complete potential and should be prudently engaged
in consideration.
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