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Abstract: Biostimulants can enhance horticultural crop production. However, their application in
hydroponically grown lettuce is still limited, and information regarding their relative efficacy is
lacking. A greenhouse trial was conducted to address this issue. Five nutrient solution treatments
were evaluated on two lettuce cultivars: butterhead and red oak-leaf. The treatments included
a half-strength modified Hoagland solution (Hs-H); a full-strength modified Hoagland solution
(Fs-H); and Hs-H supplemented with 50 mg L−1 fulvic acid (FA), 334 mg L−1 seaweed extract (SE),
or 5 mL L−1 gamma polyglutamic acid (PGA). The results indicated that the shoot biomass observed
after biostimulant supplementation was significantly greater than or comparable to that observed
with Fs-H. Nutrient solutions supplemented with SE and PGA led to a greater increase in the root
biomass than that realized with Hs-H and Fs-H treatments. The Hs-H + FA treatment resulted in the
lowest root-to-shoot ratio on a fresh weight basis among all treatments. The nitrate concentration
in the shoot was significantly reduced following biostimulant supplementation compared to that
realized with Fs-H and Hs-H treatments. Nutrient solutions supplemented with SE and PGA also
decreased soluble sugar concentrations compared to that achieved using Hs-H and Fs-H treatments.
FA and SE improved nutrient uptake for both cultivars, but PGA had a minimal effect on nutrient
uptake. The two cultivars varied in their responses to biostimulant supplementation with regard
to biomass, quality traits, and nutrient uptake. This study supports using fulvic acid and seaweed
extract, rather than γ-PGA, in hydroponic lettuce production systems.

Keywords: biostimulants; seaweed extract; fulvic acid; γ-PGA; biomass; quality; nutrient uptake

1. Introduction

The global population is expected to grow in the next three decades and reach 9.7 bil-
lion by 2050 [1]. It will be challenging to manage resources, reduce environmental pollution,
and satisfy the growing demand for food under ever-changing climate conditions [2,3].
Increasing productivity through controlled environment agriculture (CEA) is widely con-
sidered a sustainable approach to feed the entire world by 2050. Hydroponics is a common
cultivation practice for CEA, offering greater yield and higher-quality products while
maintaining a lower environmental impact. Generally, hydroponic systems use water and
nutrients more efficiently than traditional open-field production systems [4,5].

Among the factors determining crop yield and quality in hydroponic systems, a proper
understanding of nutrient solution management is critical. To date, numerous nutrient
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solution formulas for hydroponic production systems have been designed, and most
of them contain only inorganic ions from soluble salts of elements essential for higher
plants [6]. However, it has been reported that the concentration of currently used nutrient
solutions can be reduced by up to 50% without adverse effects on biomass and quality
of floral crops, such as gerbera [7] and anthurium [8], as well as horticultural crops, such
as tomato [9] and zucchini squash [10]. Such results indicate inefficient nutrient use in
hydroponic production, possibly because the nutrient composition for the best plant growth
and nutrient uptake by plants differs [11,12]. Balancing supply and demand may decrease
production costs and reduce the risk of water pollution; however, the best plant growth may
not be achieved if a nutrient solution based on the nutrient uptake is used [13]. One way to
reduce nutrient use without damaging crop productivity in hydroponic production is to
enhance crop uptake of nutrients by using biostimulants [14,15].

Plant biostimulants are “substance(s) and/or microorganisms whose function when
applied to plants or the rhizosphere is to stimulate natural processes to enhance/benefit
nutrient uptake, nutrient efficiency, tolerance to abiotic stress, and crop quality” [16]; the
most researched plant biostimulants are humic-like substances, seaweed extracts, and
protein hydrolysates [15,17–19]. In terms of application, most plant biostimulants are foliar
sprays or applied directly to the soil [20,21]. In contrast, Vernieri et al. [22] considered
the combination of hydroponics and biostimulants as a promising environment-friendly
production strategy for vegetables grown in greenhouses. However, studies regarding the
direct addition of biostimulants to hydroponic solutions are still limited, and their effects
on crop production still need verification.

Different biostimulants play different roles in plant growth [23–26]. For example, fulvic
acid (FA), the main constituent of humic-like substances with small molecular size [27], can
improve root growth by increasing the number and length of lateral roots [28]; shoot weight;
and uptake of N, P, K, Ca, Mg, Cu, Fe, and Zn [15]. Seaweed extract (SE) is highly nutritious
in terms of essential macro and micronutrients for higher plants and growth-promoting
hormones [18]. Gamma poly glutamic acid (γ-PGA) was reported to enhance nutrient
uptake, promote nitrogen utilization and metabolism, and alleviate abiotic stress [29–31].

As the most important leafy vegetable and the most consumed salad vegetable world-
wide, lettuce is rich in health-promoting compounds [32,33]. The total growing area of
lettuce (Lactuca sativa L.) is 186 million hectares globally [34]. China has the largest lettuce
production worldwide and annual consumption of 15.96 million tons [34]. Hydroponic
cultivation is widely used for lettuce production, especially at agricultural facilities. Typical
hydroponic nutrient solutions have been modified from the classic Hoagland nutrient
solution, which has a high electrical conductivity (EC) [35]. Several studies have modified
the composition of the Hoagland nutrient solution for leafy vegetables [36–38], but there
is potential for improved lettuce yield and quality [39]. Previous studies have reported
positive effects on leafy vegetable growth, nutrient absorption, and qualities following the
application of fulvic acid, seaweed extract, and γ-PGA [40]. Despite this, studies directly
comparing the effectiveness of various types of biostimulants on hydroponically grown
lettuce are limited and warrant further investigation. To address this issue, this study
assesses the effect of a traditional hydroponic nutrient solution combined with supplemen-
tary biostimulants on the yield, quality, leaf pigment, and nutrient uptake in butterhead
and red oak-leaf lettuce.

2. Materials and Methods
2.1. Experimental Design and Growth Conditions

A greenhouse trial was conducted at the Chengdu Academy of Agricultural and
Forestry Sciences in Chengdu, Sichuan, China (103.9◦ N, 30.7◦ E). The experiment had a
split-plot design with three replicates, and both the main plots and subplots were randomly
arranged. Two lettuce (Lactuca sativa L.) cultivars, butterhead and red oak-leaf, were evalu-
ated as the main-plot factors due to their popularity among growers. The sub-plot factors
included five treatments of nutrient solutions: a half-strength modified Hoagland solu-
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tion (Hs-H), which also served as the negative control treatment; a full-strength modified
Hoagland solution (Fs-H), which also served as the positive control treatment; Hs-H with
50 mg L−1 fulvic acid (FA); Hs-H with 334 mg L−1 seaweed extract (SE); and Hs-H with
5 mL L−1 γ-PGA (PGA). The Fs-H treatment was prepared following the formula presented
by Hoagland and Arnon [35]. The nutrient composition of the Hs-H treatment was 4 mM
KNO3, 0.8 mM KH2PO4, 0.3 mM K2HPO4, 1.5 mM MgSO4, 3 mM Ca(NO3)2, 0.08 mM
Fe-Na EDTA, 60 µM H3BO3, 3 µM ZnSO4, 20 µM MnSO4, 0.4 µM CuSO4, and 0.03 µM
(NH4)6Mo7O24. All biostimulants evaluated in this study were commercially available. The
fulvic acid was extracted from leonardite (Zhongnongrunze Biotech Co., Ltd., Chengdu,
China), the seaweed extract was derived from Sargassum spp. using alkaline extraction,
and the γ-PGA was produced by fermentation using proprietary microbial strains and
substrates (Leading Bio-agricultural Co., Ltd., Qinhuangdao, China). The nutrient con-
centrations of the evaluated biostimulants are listed in Table 1. The description, EC, and
original pH of all nutrient solution treatments are presented in Table 2. The evaluated
biostimulants were added directly to the nutrient solutions. The application rate was ex-
trapolated from the manufacturer’s instructions for foliar spray and soil application, as no
recommended rate for a hydroponic production system has been defined. To eliminate the
effect of different pH values among treatments, the pH of each nutrient solution treatment
was adjusted weekly and maintained at pH 5.8 during the entire growing period.

Table 1. Nutrient concentration in evaluated biostimulants.

Biostimulant C
(%)

N
(%)

P
(mg kg−1)

K
(mg kg−1)

S
(mg kg−1)

Ca
(mg kg−1)

Mg
(mg kg−1)

Fe
(mg kg−1)

Mn
(mg kg−1)

Cu
(mg kg−1)

Zn
(mg kg−1)

FA 29.21 0.71 200.34 60,198.85 31,793.12 1054.90 1111.34 10,174.43 83.08 17.78 23.19
SE 27.26 0.86 64.50 83,309.58 35,666.93 242.19 425.13 1556.07 22.99 1.39 6.34

PGA 3.58 1.28 616.10 6137.83 1.88 7.88 105.56 7.60 0.34 0.23 0.49

Table 2. Description, electrical conductivity (EC), and original pH of nutrient solution treatments.

Treatment Description EC
(mS cm−1) Original pH

Hs-H Half-strength Hoagland solution 1.28 6.46
Fs-H Full-strength Hoagland solution 2.74 5.94
FA Hs-H + 50 mg/L fluvic acid 1.79 6.02
SE Hs-H + 334 mg/L seaweed extract 1.88 6.92

PGA Hs-H + 5 ml/L gamma polyglutamic acid 1.96 6.74
Note: To eliminate the effect of the original pH, the pH of each treatment was adjusted weekly and maintained at
pH 5.8 throughout the entire growing period.

Seeds of the two lettuce cultivars were germinated on a sponge in deionized (DI) water
in a growth chamber with day/night temperatures of 24/22 ◦C and relative humidity of
60%. Seeds were germinated in darkness for three days before subsequent cultivation under
LED lights with a photosynthetic photon flux density of 150 µmol m−2 s−1 and a photope-
riod of 16 h (06:00–22:00). Upon unfolding of the first pair of true leaves (i.e., 10 day after
sowing), uniform seedlings were transferred to a deep-floating hydroponic system in the
greenhouse and grown for another 45 day under natural sunlight and temperature. The
individual plot size was 5 m2, and the spacing between plants was 0.2 m. The daily maxi-
mum and minimum temperatures and daily light integral in the greenhouse are illustrated
in Figure S1.

2.2. Harvest and Sample Analysis

Upon harvest, the chlorophyll, flavonoid, and anthocyanin in the second pair of fully
expanded leaves were measured in 24 uniform plants within each subplot using a Dualex 4
Scientific optical leaf-clip meter (FORCE-A, Orsay, France). Three plants from each sub-plot
were randomly collected, thoroughly mixed to represent a composite sample, and stored in
a −80 ◦C freezer to determine crop quality. Nitrate, soluble sugar, and soluble protein were
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analyzed using commercial testing kits that utilized classic and widely used colorimetric
methods (Suzhou Grace Biotechnology Co., Ltd., Suzhou, China). For nitrate determination,
0.1 g of fresh leaves was homogenized in 1 mL deionized water, extracted in a water bath
at 100 ◦C for 30 min, cooled to room temperature, and centrifuged at 12,000× g for 15 min.
Then, 10 µL of the supernatant was thoroughly mixed with 40 µL of 5% salicylic acid
solution in concentrated sulfuric acid and 950 µL of 8% sodium hydroxide solution. The
absorbance was measured at 410 nm (http://www.geruisi-bio.com/pro/proshow/id/268,
(accessed on 20 March 2022) [41]. For soluble sugar determination, fresh leaves (0.1 g) were
homogenized in 1.5 mL of 80% ethanol in an ice bath, extracted in a 50 ◦C water bath for
20 min, and centrifuged at 12,000× g for 15 min. Then, 100 µL of the supernatant was
thoroughly mixed with 300 µL DI water, 120 µL anthrone reagent, and 1 mL concentrated
sulfuric acid and incubated in a 95 ◦C water bath for 10 min. After cooling to room
temperature, the absorbance was measured at 620 nm (http://www.geruisi-bio.com/pro/
proshow/id/431, (accessed on 20 March 2022) [42]. For soluble protein determination, 0.1 g
of fresh leaves were homogenized in 1 mL 0.1 M phosphatic buffer solution (pH = 6) in
an ice bath and centrifuged at 12,000× g for 15 min at 4 ◦C. The supernatant (160 µL) was
thoroughly mixed with 800 µL Coomassie Brilliant Blue G250 solution, and the absorbance
was measured at 600 nm (http://www.geruisi-bio.com/pro/proshow/id/247, (accessed
on 20 March 2022) [43].

Thirty plants from each sub-plot were harvested to determine the fresh weight of the
shoots and roots. The shoot and root samples were dried in an air-forced oven at 75 ◦C
for 48 h and weighed. Dried shoot samples were ground into a fine powder using a ball
mill and digested with concentrated sulfuric acid and 30% hydrogen peroxide. Nitrogen
was determined using the Kjeldahl method, and phosphorus was determined using the
molybdenum blue colorimetric method [44]. Sulfur, calcium, magnesium, potassium, copper,
manganese, iron, and zinc were analyzed using an Agilent 7700e inductively coupled plasma
mass spectrometer (ICP-MS; Agilent Technologies, Inc., Santa Clara, CA, USA). Nutrient
content was calculated by multiplying nutrient concentration with dry biomass.

2.3. Data Analysis

A mixed-model methodology was used to analyze the data. Fixed effects included
nutrient solution treatment and lettuce cultivar, while random effects included the replicate
and replicate × cultivar. Statistical analysis was performed using SAS software (version 9.4;
SAS Institute, Cary, NC, USA). To test for differences among fixed effects and their inter-
actions, p-values were generated using Tukey’s honestly significant difference method as
implemented by the PROC GLIMMIX procedure. Principal component analysis (PCA) and
heatmap analysis were performed using GraphPad Prism 9 software (GraphPad Software,
San Diego, CA, USA).

3. Results

Significant treatment × cultivar interactions (p < 0.05) were observed for most of the
biomass, quality, and nutrient uptake traits and were thus demonstrated separately by
using nutrient solution treatment and cultivar in the following analyses.

3.1. Biomass

Shoot biomass of both cultivars responded to the nutrient solution treatment
(Figure 1A,B). The positive control treatment (i.e., Fs-H) significantly increased shoot
biomass relative to the negative control treatment (i.e., Hs-H); however, the shoot dry
weight of butterhead decreased relatively (Figure 1C,D). The Hs-H and Fs-H treatments
did not lead to significantly different root fresh weights (Figure 1E), but the Fs-H treatment
led to a significantly higher root dry weight (Figure 1F). The Hs-H and Fs-H treatments
afforded similar root-to-shoot (R/S) ratios based on the fresh weight (Figure 1G). However,
on a dry weight basis, the Fs-H treatment notably improved the R/S ratio for butterhead
but decreased it for red oak-leaf (Figure 1H).

http://www.geruisi-bio.com/pro/proshow/id/268
http://www.geruisi-bio.com/pro/proshow/id/431
http://www.geruisi-bio.com/pro/proshow/id/431
http://www.geruisi-bio.com/pro/proshow/id/247
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Figure 1. (A,B) Growth status, (C,D) fresh weight (FW) and dry weight (DW) of shoot, (E,F) FW and
DW of root, and (G,H) root-to-shoot (R/S) ratio by nutrient solution treatments and lettuce cultivars.
Data represent mean ± standard deviation (SD) (n = 30). Different upper- and lowercase letters
indicate significant differences among nutrient solution treatments for butterhead and red oak-leaf,
respectively (α = 0.05). T—main effect of treatment; C—main effect of cultivar; T × C—treatment by
cultivar interaction. * and *** indicate significant difference at α = 0.05 and 0.001, respectively; n.s.
indicates not significant.

All three biostimulants significantly improved shoot biomass compared to that achieved
with the Hs-H treatment (Figure 1C,D). Biostimulant supplementation also resulted in
notably greater or comparable shoot biomass relative to that achieved with the Fs-H
treatment; however, the PGA treatment led to a significantly lower shoot dry weight
than that achieved using the Fs-H treatment (Figure 1C,D). The SE and PGA treatments
produced significantly greater root biomass than that achieved using the Hs-H, Fs-H,
and FA treatments. Only the SE treatment notably improved the root fresh weight when
compared to that achieved using Hs-H and FA treatments (Figure 1E,F). The R/S ratio on
a fresh weight basis following PGA treatment was similar to that realized with Hs-H and Fs-
H treatments, but it was significantly greater than that achieved using FA and SE treatments
(Figure 1G). An inconsistent trend was observed for the root-to-shoot ratio (R/S ratio) on
a dry-weight basis. For butterhead, all three biostimulants resulted in a significantly higher
R/S ratio relative to that achieved using the Hs-H treatment but a significantly lower R/S
ratio relative to that realized using the Fs-H treatment (Figure 1H). In contrast, the R/S
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ratio following PGA treatment was significantly greater than that observed after FA, SE,
and both negative and positive control treatments (Figure 1H).

3.2. Crop Quality

The crop quality of lettuce leaves grown in Hs-H and Fs-H nutrient solutions did
not significantly differ for either cultivar, except for the fact that Fs-H notably increased
soluble protein content compared to that achieved with the Hs-H treatment for red oak-leaf
(Figure 2). PGA treatment for butterhead and FA treatment for red oak-leaf significantly de-
creased nitrate concentrations compared to that achieved using Hs-H and Fs-H treatments
(Figure 2A). SE and PGA significantly reduced soluble sugar concentrations relative to that
achieved using Hs-H and Fs-H treatments in both cultivars (Figure 2B). Soluble protein
was not significantly affected by biostimulant supplementation for butterhead, whereas
FA significantly increased soluble protein in red oak-leaf compared to that achieved using
Hs-H (Figure 2C). FA and PGA resulted in chlorophyll contents that were not significantly
different from those achieved using Hs-H and Fs-H treatments; however, SE induced
a notably lower chlorophyll content than that realized using the Fs-H, FA, and PGA treat-
ments (Figure 2D). FA did not significantly change the flavonoid content compared to that
achieved using the Hs-H and Fs-H treatments in either cultivar (Figure 2E). SE and PGA
significantly reduced flavonoids content in butterhead compared to that realized using
Fs-H, whereas PGA significantly increased flavonoids content in red oak-leaf (Figure 2E).
The nutrient solution treatments did not significantly affect the anthocyanin content in red
oak-leaf (Figure 2F).
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Figure 2. Concentration of (A) nitrate, (B) soluble sugar, and (C) soluble protein, and content of
(D) chlorophyll, (E) flavonoids, and (F) anthocyanins in fresh leaves by nutrient solution treatments
and lettuce cultivars. Anthocyanin content was below the detection limit for butterhead and is
thus not shown here. Data represent mean ± SD (n = 3, (A–C); n = 24 (D–F)). Different upper- and
lowercase letters indicate significant differences among nutrient solution treatments for butterhead
and red oak-leaf, respectively (α = 0.05). T—main effect of treatment; C—main effect of cultivar;
T × C—treatment by cultivar interaction. ** and *** indicate significant difference at α = 0.05, 0.01,
and 0.001, respectively; n.s. indicates not significant.
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3.3. Nutrient Concentration and Content

The heatmap associated with cluster analysis in the current study depicted a clear
hierarchy of nutrient uptake (Figures 3 and 4). Butterhead and red oak-leaf responded
differently to the nutrient solution treatments. Within those responses, the different bios-
timulants had inconsistent impacts on the concentration and uptake of different mineral
nutrients in the shoot.

A more thorough examination of the data indicated that increasing the nutrient con-
centration from half-strength (Hs-H) to full-strength (Fs-H) did not increase the nutrient
concentration in the shoot proportionately and significantly (Table 3). Fs-H notably reduced
Ca concentration in both cultivars (Table 3). FA, SE, and PGA significantly reduced the
N concentration in butterhead compared to that achieved with Hs-H and Fs-H treatments.
In contrast, for red oak-leaf, the evaluated biostimulants either significantly increased
(i.e., FA and SE) or maintained a consistent N concentration (i.e., PGA) relative to that
realized with Hs-H and Fs-H treatments (Table 3). All three biostimulants significantly
reduced S concentrations in both cultivars compared to that achieved using Fs-H. SE and
PGA significantly increased the Mn concentration in both cultivars relative to that achieved
using Hs-H and Fs-H treatments, whereas FA did not. FA and PGA significantly increased
and decreased Zn concentrations in both cultivars, respectively, compared to that realized
using Hs-H and Fs-H treatments (Table 3).
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Figure 4. Macro and micronutrient content in the shoot of (A) butterhead and (B) red oak-leaf under
different nutrient solution treatments. Nutrient concentration was normalized by the z-score; the red
and blue colors indicate upregulation and downregulation, respectively.

The effect of nutrient solution treatment on nutrient content in the shoot was inconsis-
tent with that of the nutrient concentration. For example, significant differences in N content
among treatments did not occur for butterhead (Table 4), despite significantly lower N
concentrations following biostimulant supplementation (Table 3). For red oak-leaf, Fs-H
resulted in a significantly higher N content relative to that achieved with Hs-H (Table 4),
although the N concentration was similar after Hs-H and Fs-H treatments (Table 3). In
butterhead, FA enhanced the Mn and Zn contents compared to those achieved using the
Hs-H treatment; however, in red oak-leaf, all but S, Ca, Mg, and Cu contents were enhanced.
Only the Zn content was significantly elevated by FA when compared to that achieved
using the Fs-H treatment (Table 4). For both cultivars, SE significantly improved or tended
to improve the content of most nutrients compared to that realized using Hs-H; however,
PGA had a minimal effect on nutrient content (Table 4).
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Table 3. Macro and micronutrient concentration in the shoot of butterhead and red oak-leaf lettuce. Data represent mean ± SD (n = 3). Means within each column
followed by different uppercase and lowercase letters are significantly different for butterhead and red oak-leaf (α = 0.05).

Treatment N
(g kg−1)

P
(g kg−1)

K
(g kg−1)

S
(g kg−1)

Ca
(g kg−1)

Mg
(g kg−1)

Fe
(mg kg−1)

Mn
(mg kg−1)

Cu
(mg kg−1)

Zn
(mg kg−1)

Butterhead
Hs-H 33.1 ± 1.21 A 9.9 ± 0.54 A 79.2 ± 1.55 B 2.45 ± 0.06 AB 1.55 ± 0.04 A 3.55 ± 0.03 A 81.8 ± 4.75 A 48.6 ± 0.29 C 7.48 ± 0.32 AB 54.1 ± 2.58 B
Fs-H 31.7 ± 1.22 A 10.1 ± 0.09 A 80.3 ± 2.21 B 3.09 ± 0.16 A 1.14 ± 0.06 B 3.20 ± 0.07 AB 81.9 ± 6.93 A 64.6 ± 2.42 B 7.16 ± 0.50 AB 51.3 ± 0.81 B
FA 27.3 ± 3.46 B 10.8 ± 0.19 A 78.4 ± 3.91 B 2.15 ± 0.21 B 1.12 ± 0.01 B 3.69 ± 0.17 A 75.2 ± 4.94 A 60.6 ± 2.29 B 5.33 ± 0.43 B 74.4 ± 1.19 A
SE 24.7 ± 0.41 B 10.1 ± 0.05 A 107 ± 2.91 A 1.64 ± 0.04 B 1.37 ± 0.05 AB 3.64 ± 0.12 A 86.8 ± 0.15 A 101 ± 2.72 A 7.86 ± 0.19 A 71.9 ± 3.37 A

PGA 27.2 ± 0.74 B 9.7 ± 0.40 A 81.4 ± 1.65 B 2.25 ± 0.01 B 1.19 ± 0.02 B 2.58 ± 0.31 B 54.1 ± 2.61 B 96.0 ± 0.68 A 6.23 ± 0.28 B 41.9 ± 2.37 C

Red oak-leaf
Hs-H 24.5 ± 0.44 b 12.6 ± 0.92 ab 81.7 ± 2.79 c 3.88 ± 0.43 a 2.46 ± 0.14 a 4.22 ± 0.11 a 58.4 ± 2.93 b 53.5 ± 0.29 c 8.55 ± 0.74 a 68.8 ± 1.68 b
Fs-H 27.9 ± 1.11 b 12.0 ± 0.41 b 89.8 ± 0.89 b 3.76 ± 0.21 a 1.65 ± 0.06 c 3.02 ± 0.11 bc 68.7 ± 1.20 b 55.2 ± 1.26 c 6.69 ± 0.84 b 70.9 ± 4.00 b
FA 39.5 ± 1.14 a 12.4 ± 0.52 ab 84.5 ± 4.27 b 1.96 ± 0.06 b 1.57 ± 0.11 c 3.33 ± 0.26 b 67.0 ± 2.60 b 55.0 ± 5.35 c 4.21 ±0.10 c 86.3 ± 5.89 a
SE 40.3 ± 0.49 a 13.6 ± 0.21 a 118 ± 1.94 a 2.09 ± 0.00 b 2.14 ± 0.06 b 3.53 ± 0.09 b 96.4 ± 1.00 a 95.6 ± 1.55 a 5.30 ± 0.36 bc 71.1 ± 3.09 b

PGA 25.9 ± 1.72 b 10.8 ± 0.33 b 82.0 ± 2.29 b 2.42 ± 0.13 b 1.69 ± 0.10 c 2.60 ± 0.27 c 36.7 ± 3.47 c 85.3 ± 1.06 b 4.57 ± 0.48 c 35.3 ± 3.69 c

Table 4. Macro and micronutrient content in the shoot of butterhead and red oak-leaf lettuce. Data represent mean ± SD (n = 3). Means within each column followed
by different uppercase and lowercase letters are significantly different for butterhead and red oak-leaf (α = 0.05).

Treatment N
(mg plant−1)

P
(mg plant−1)

K
(mg plant−1)

S
(mg plant−1)

Ca
(mg plant−1)

Mg
(mg plant−1)

Fe
(µg plant−1)

Mn
(µg plant−1)

Cu
(µg plant−1)

Zn
(µg plant−1)

Butterhead
Hs-H 107 ± 15.8 A 31.9 ± 4.20 B 255 ± 25.2 B 7.89 ± 0.92 B 4.99 ± 0.59 A 11.5 ± 1.36 B 265 ± 43.0 B 157 ± 17.4 C 24.0 ± 2.22 B 174 ± 12.6 B
Fs-H 116 ± 7.10 A 36.7 ± 2.76 AB 293 ± 27.2 B 11.3 ± 1.37 A 4.15 ± 0.23 A 11.7 ± 0.71 B 298 ± 27.2 B 236 ± 17.2 BC 26.2 ± 3.30 B 187 ± 16.0 B
FA 120 ± 3.76 A 47.9 ± 4.39 AB 348 ± 26.9 B 9.53 ± 1.06 AB 4.97 ± 0.50 A 16.4 ± 1.43 AB 336 ± 47.3 AB 271 ± 38.9 B 24.0 ± 4.48 B 332 ± 36.2 A
SE 128 ± 10.9 A 52.4 ± 3.56 A 554 ± 50.2 A 8.54 ± 0.78 AB 7.11 ± 0.60 A 18.9 ± 1.50 A 451 ± 32.4 A 525 ± 25.9 A 40.8 ± 3.26 A 375 ± 42.2 A

PGA 119 ± 6.28 A 42.3 ± 4.36 AB 356 ± 29.2 B 9.84 ± 0.61 AB 5.21 ± 0.40 A 11.4 ± 2.05 B 236 ± 7.36 B 420 ± 28.6 A 27.3 ± 2.98 B 184 ± 22.1 B

Hs-H 81.7 ± 10.7 c 42.3 ± 7.26 b 273 ± 39.2 b 13.1 ± 2.89 b 8.27 ± 1.47 ab 14.1 ± 1.62 ab 195 ± 28.7 b 179 ± 22.6 c 28.5 ± 4.57 ab 230 ± 31.6 bc
Fs-H 139 ± 12.4 b 59.8±7.18 ab 450±51.7 a 18.9±2.78 a 8.32±1.32 ab 15.2±2.28 ab 344±39.2 a 277±40.1 bc 33.2±4.04 a 353±24.9 b
FA 22 6± 18.9 a 71.1 ± 6.18 a 485 ± 51.6 a 11.2 ± 0.80 b 9.02 ± 1.13 ab 19.2 ± 2.53 a 384 ± 29.6 a 315 ± 18.7 b 24.1 ± 1.70 ab 496 ± 61.9 a
SE 186 ± 22.8 a 63.0 ± 7.81 a 545 ± 64.2 a 9.64 ± 1.06 b 9.87 ± 0.84 a 16.3 ± 1.52 a 446 ± 52.9 a 442 ± 51.4 a 24.7 ± 4.48 ab 330 ± 50.8 b

PGA 93.6 ± 2.81 c 39.2 ± 2.78 b 297 ± 19.5 b 8.75 ± 0.59 b 6.14 ± 0.63 b 9.44 ± 1.36 b 133 ± 16.7 b 309 ± 13.9 b 16.6 ± 2.27 b 128 ± 18.2 c
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3.4. Principal Component Analysis

PCA was performed to explore relationships among growth traits, quality traits, pig-
ment contents, and macro and micronutrients and their responses to nutrient solution and
lettuce cultivar treatments. The PCA results are presented as biplots, including variables
leading to each selected trait component being combined with treatment component scores.
The association between the traits represented by the first and second principal components
is shown in Figure 5. These two primary components accounted for approximately 57%
of the total variation. The first principal component (x-axis) mainly includes biomass,
soluble protein, and concentrations of Fe and Mn on the positive side of the scale, and
crop quality traits (including chlorophyll, anthocyanins, flavonoids, soluble sugar, nitrate,
and concentrations of Ca, S, and P) on the negative side of the scale. The second principal
component (y-axis) mainly includes the Cu concentration and the R/S ratio (on a dry
weight basis) on the positive side and the N, K, and Zn concentrations on the negative side.
These results indicate that the Ca, S, and P concentrations and most crop qualities were
negatively correlated with shoot biomass. In contrast, the Fe, Mn, and K concentrations
were positively correlated with biomass. The vector for the concentration of Mg was shorter
than that for other traits, indicating that only a small proportion of variability was explained
by principal components 1 and 2.
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Figure 5. Principal component pattern for correlations of yield, quality, and nutrient concentration
traits in butterhead and red oak-leaf. SFW—shoot fresh weight; SDW—shoot dry weight; RFW—root
fresh weight; RDW—root dry weight; TFW—total fresh weight; TDW—total dry weight; R/SFW
—ratio of root to shoot in fresh weight; R/SDW—ratio of root to shoot in dry weight; SN—shoot nitrate
concentration; SSS—shoot soluble sugar concentration; SP—soluble protein; Chl—leaf chlorophyll
content; Flav—leaf flavonoids content; Anth—leaf anthocyanins content; N, P, K, S, Ca, Mg, Fe, Mn,
Cu, and Zn—their respective concentrations in the shoot.

4. Discussion
4.1. Biomass

Hs-H, which served as the negative control treatment in this study, is widely used in
lettuce production. However, our study found that Fs-H produced ~23% greater shoot fresh
biomass than that realized using Hs-H, indicating that a higher EC of nutrient solution (i.e.,
higher nutrient concentration) may increase the yield of hydroponically produced lettuce.
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Previous studies have reached the same conclusion, but an interaction between the EC
of the nutrient solution and air temperature may exist and needs to be considered when
determining the optimal EC for lettuce production in a hydroponic system [45,46].

In the current study, Hs-H combined with each biostimulant (i.e., FA, SE, and PGA)
elevated lettuce yield to a level comparable to or higher than that of the Fs-H treatment,
which is in agreement with previous studies [15,47,48]. As fertilizer prices have been
increasing and may continue to increase in the future, biostimulant supplementation
in the currently adopted hydroponic solutions may be a more sustainable approach to
increase crop production. Additionally, we compared the efficacy of different categories of
biostimulants on plant growth. SE and FA improved shoot biomass more efficiently than
PGA did in both cultivars. SE and FA were equally effective in butterhead with regard to the
shoot biomass, which is consistent with a previous study reporting no significant difference
in shoot FW between Ascophyllum nodosum extract and humic acid treatments [48]. In
contrast, SE was more effective than FA in improving shoot FW of red oak-leaf, indicating
that different cultivars differed in their response to exogenous biostimulants.

Root biomass responded differently to biostimulant treatments compared to shoot
biomass. FA exhibited a lower performance relative to that of SE and PGA with regard
to enhancing root FW; consequently, the lowest and highest R/S was observed for FA
and PGA, respectively. A similar result was reported in a study evaluating the impact of
different types of leonardite-derived humic acid on 60-day old corn seedlings [49]; this
study indicated that fulvic acid (i.e., low molecular weight humic acid) enhanced shoot
and root biomass, but a decrease in the R/S ratio from 1.3 to 0.84 was observed. A meta-
analysis also revealed that a brown coal-derived humic substance had no significant effect
on root growth [50]. Moreover, Wang et al. [51] found that the addition of PGA significantly
improved the shoot and root biomass concentrations and R/S ratio of cucumber seedlings.
Taken together, these results indicate that the effect of FA on lettuce growth is more evident
in shoots than in roots, and this trend is reversed for PGA.

4.2. Crop Quality

Biostimulants affect biomass production and improve crop quality by altering plant
physiology and metabolism [24,40]. Excessive accumulation of nitrates in vegetables is
a common issue that poses a potential threat to human health [52]. Our studies demon-
strated a decreasing trend in nitrate concentration following the addition of biostimulants
relative to that achieved using Hs-H (Figure 2A). This is especially true for the PGA treat-
ment, which decreased the nitrate concentration in the shoot by ~50% in butterhead lettuce.
A similar conclusion was reached in a study evaluating hydroponically cultivated maize
seedlings [53]. Their results indicated that adding protein hydrolysates could increase plant
shoot and root growth while decreasing nitrate concentration by >85%. In addition, Di
Mola et al. [54] found that the foliar application of legume-derived protein hydrolysates
and seaweed extract can increase lettuce yield and quality. However, PGA resulted in
significantly lower leaf nitrate content than SE content under various mineral N rates
(i.e., 0–30 kg N kg−1). Protein hydrolysates offer abundant organic nitrogen, including
polypeptides and amino acids [55]. Compared to mineral fertilizers that directly provide
nitrate, organic fertilizers gradually release nitrogen, limiting the excessive accumulation
of nitrate in vegetables [52]. The beneficial effects of seaweed extract on the quality of
horticultural crops such as tomato, mint, basil, grape, and olive have been previously
reported [21]. However, studies on lettuce are limited. Soluble sugar, soluble protein,
flavonoids, anthocyanins, and chlorophyll content were the common traits used to evalu-
ate the quality of lettuce. These components modulate the plant photosynthesis process
and nitrate assimilation and play important roles in human health. Flavonoids also play
an important role in flavor (i.e., bitterness) [56–58]. The current study found that the SE
treatment significantly decreased leaf soluble sugar concentration compared to that of
the negative control treatment in both butterhead and red oak-leaf cultivars (Figure 2B,E).
PGA slightly reduced flavonoid content in butterhead but significantly increased it in red
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oak-leaf. Similar inconsistent effects on quality traits (i.e., soluble sugars and carotenoids)
following the application of protein hydrolysates and amino acids have been reported in
two carrot cultivars [59]. Such changes in physiochemical quality traits are possibly due to
SE and PGA being able to alter carbon metabolism [47,60].

4.3. Nutrient Uptake

Although extensive studies indicate that different categories of biostimulants could pro-
mote the uptake of plant macro and micronutrients by stimulating root growth [23,24,40,50],
inconsistencies in their effectiveness may exist. For example, the effect of applied biostim-
ulants on shoot nitrogen concentration and content showed an opposite trend between
a butterhead and red oak-leaf, indicating an apparent genotypic effect on nitrogen accu-
mulation. Typical leonardite-derived humic substances contain only 1–2% nitrogen, which
may not be an adequate contributor to the nitrogen pool and may not be readily available
for plant uptake [61]. In the current study, root biomass did not notably improve following
the FA treatment. However, FA treatment still significantly enhanced N uptake in red
oak-leaf, suggesting that other mechanisms may be involved in FA-mediated enhancement
in N assimilation in certain cultivars. In addition, Xu et al. [31] reported that γ-PGA was
involved in nitrogen metabolism, improving nitrogen reduction and assimilation. However,
this study showed that the application of PGA did not significantly improve N uptake, even
though the N content in PGA was greater than that in FA and SE (Table 2). A relatively low
utilization rate (6–25%) of amino acids that are added to the cultivation medium by plants,
mainly due to microorganism competition and hydrolysis of amino acids, may explain this
phenomenon [62]. Taken together, the impact of biostimulants on nutrient uptake varies
depending on plant variety, substrate conditions, and application rates [63]. Our study
evaluated only one application rate for each biostimulant according to the recommended
foliar spray or soil application rate. Thus, the optimal rate for hydroponic cultivation needs
to be determined in the future.

Higher Zn and Mn uptake was detected in the FA and SE treatments in this study.
One possible reason is that the FA and SE treatments contained a high concentration of
the respective micronutrients, possibly in a form readily available for plant absorption
(Table 2). Meanwhile, an increase in root growth, particularly the lateral root, could
enhance the capability of plants to acquire nutrients [24,40,47,60]. In contrast, the Fe
concentrations in FA and SE were also abundant. However, an increase in Fe uptake was
not observed, possibly because Fe exists in forms that are not readily available to plants
or for the competitive uptake of other cations. In this study, the two evaluated cultivars
responded differently to added biostimulants with respect to nutrient concentration and
uptake, indicating that the role of genotype should not be ignored when comparing the
efficacy of different biostimulants.

4.4. Mode of Action

Currently, determining the mode of action of biostimulants is difficult because of the
complex nature of the components. Standardization is challenging because the source
material may vary in composition and quality [20]. The underlying mechanism affecting
lettuce growth may differ among seaweed extracts, fulvic acid, and γ-PGA. For exam-
ple, extensive studies have reported that Ascophyllum nodosum-based commercial sea-
weed extract could enhance the fresh matter production of different crops. Craigie [64]
suggested that the higher content of plant hormones in seaweed extract (including ab-
scisic acid, gibberellic acid, auxins, brassinosteroids, and cytokinins) is responsible for
improved plant growth [60], especially root growth [65]. However, experiments conducted
by Mondal et al. [66] demonstrated that K. alvarezii extracts, from which gibberellins and
auxins were removed by solvent extraction, maintained their activity (such as increasing
maize (Zea mays L.) biomass production and grain yield). This suggests that gibberellins
and auxins may not be the active ingredients in the seaweed extract. Fulvic acid is the major
constituent of humic substances with low molecular weight and has been reported to have
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the greatest stimulatory effect on plant growth, physiological metabolism, and assimilate
accumulation. Unlike seaweed extract, phytohormones in fulvic acid were detected in
many studies [67–69]; however, it has been well established that humic substances are
positively correlated with plant shoot and root growth, physiological performance, and
nitrogen metabolism in higher plants [23,24,40,50], as other molecules in fulvic acid may
exhibit auxin-like effects.

Biostimulants may play a more critical role when plants are subjected to abiotic
stress [21]. In the current study, the shoot FW after the SE treatment was enhanced two-fold
when compared to that observed after the Hs-H treatment in both butterhead and red oak-
leaf varieties. This may be explained by enhanced tolerance to cold environments irradiated
with weak light after SE application. The present study was performed in Chengdu, China,
during winter, which is characterized by low temperatures and lack of sunlight irradiation,
as illustrated in Figure S1 [70]. During the study period, the daily mean temperature
(approximately 10 ◦C) was significantly lower than the optimum temperature for lettuce
growth (20–24 ◦C) [71,72]. Studies on Arabidopsis thaliana have indicated that the lipophilic
components extracted from the brown seaweed Ascophyllum nodosum could alleviate cold
stress by elevating synthesis and accumulation of osmoprotectants and modifying cellular
fatty acid composition [73].

It is generally accepted that biostimulants can enhance crop production. However,
a lack of a yield increase or a negative impact on yield has also been reported in many crops
such as lettuce [74], tomato [75], and wheat [76,77]. Therefore, one should proceed with
caution when deciding whether to use biostimulant directly or the type and application
rate of a particular biostimulant [54,78]. For example, the effectiveness of humic substances
is coordinated by the application rate, properties, environmental conditions, and plant
type [50]. Humic substances could be divided into different categories based on the
extracted sources, and brown-coal-extracted humic substances are common commercial
products [50]. However, humic substances extracted from brown coal did not notably
improve root biomass, whereas those extracted from peat and manure promoted root
growth by 12–40% [50].

5. Conclusions

Compared to the half-strength nutrient solution treatment, the full-strength nutrient
solution further improved biomass; however, it did not increase crop quality traits or
nutrient uptake. The supplemental fulvic acid, seaweed extract, and γ-PGA solutions
improved shoot and root biomass by different magnitudes when compared to that achieved
using the half-strength nutrient solution. FA resulted in the lowest R/S ratio, while
SE resulted in the lowest soluble sugar and chlorophyll contents among all treatments.
The addition of biostimulants tended to reduce nitrate accumulation in the leaves. Crop
responses to biostimulants with regard to nutrient concentration varied according to
cultivar and mineral nutrient contents.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12040786/s1, Figure S1: Daily maximum and minimum
temperatures and daily light integral during the period of lettuce growth.
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Nitrate, nitrite, protein, amino acid contents, and photosynthetic and growth characteristics of tatsoi cultivated under various
photon flux densities and spectral light compositions. Sci. Hortic. 2019, 258, 108781. [CrossRef]

58. Zhang, X.; Bian, Z.; Yuan, X.; Chen, X.; Lu, C. A review on the effects of light-emitting diode (LED) light on the nutrients of
sprouts and microgreens. Trends Food Sci. Tech. 2020, 99, 203–216. [CrossRef]

59. Grabowska, A.; Kunicki, E.; Sekara, A.; Kalisz, A.; Wojciechowska, R. The effect of cultivar and biostimulant treatment on the
carrot yield and its quality. Veg. Crops Res. Bull. 2012, 77, 37–48. [CrossRef]

60. Ali, O.; Ramsubhag, A.; Jayaraman, J. Biostimulant properties of seaweed extracts in plants: Implications towards sustainable
crop production. Plants 2021, 10, 531. [CrossRef] [PubMed]

61. Valdrighi, M.M.; Pera, A.; Agnolucci, M.; Frassinetti, S.; Lunardi, D.; Vallini, G. Effects of compost-derived humic acids on
vegetable biomass production and microbial growth within a plant (Cichorium intybus)-soil system: A comparative study. Agric.
Ecosyst. Environ. 1996, 58, 133–144. [CrossRef]

62. Colla, G.; Nardi, S.; Cardarelli, M.; Ertani, A.; Lucini, L.; Canaguier, R.; Rouphael, Y. Protein hydrolysates as biostimu-lants in
horticulture. Sci. Hortic. 2015, 196, 28–38. [CrossRef]

63. Moe, L.A. Amino acids in the rhizosphere: From plants to microbes. Am. J. Bot. 2013, 100, 1692–1705. [CrossRef] [PubMed]
64. Craigie, J.S. Seaweed extract stimuli in plant science and agriculture. J. Appl. Phycol. 2010, 23, 371–393. [CrossRef]
65. Ertani, A.; Francioso, O.; Tinti, A.; Schiavon, M.; Pizzeghello, D.; Nardi, S. Evaluation of seaweed extracts from Laminaria and

Ascophyllum nodosum spp. as biostimulants in Zea mays L. using a combination of chemical, biochemical and morphological
approaches. Front. Plant Sci. 2018, 9, 428. [CrossRef]

66. Mondal, D.; Ghosh, A.; Prasad, K.; Singh, S.; Bhatt, N.; Zodape, S.T.; Chaudhary, J.P.; Chaudhari, J.; Chatterjee, P.B.; Seth, A.; et al.
Elimination of gibberellin from Kappaphycus alvarezii seaweed sap foliar spray enhances corn stover production without
compromising the grain yield advantage. Plant Growth Regul. 2015, 75, 657–666. [CrossRef]

67. Aguirre, E.; Lemenager, D.; Bacaicoa, E.; Fuentes, M.; Baigorri, R.; Zamarreno, A.M.; Garcia-Mina, J.M. The root application of
a purified leonardite humic acid modifies the transcriptional regulation of the main physiological root responses to Fe deficiency
in Fe-sufficient cucumber plants. Plant Physiol. Biochem. 2009, 47, 215–223. [CrossRef]

68. Azcona, I.; Pascual, I.; Aguirreolea, J.; Fuentes, M.; García-Mina, J.M.; Sánchez-Díaz, M. Growth and development of pepper are
affected by humic substances derived from composted sludge. J. Soil Sci. Plant Nut. 2011, 174, 916–924. [CrossRef]

69. Chen, Y.; Magen, H.; Riov, J. Humic substances originating from rapidly decomposing organic matter: Properties and effects
on plant growth. In Humic Substances in the Global Environment and Implication on Human Health; Senesi, N., Tiano, E.M., Eds.;
Elsevier: Amsterdam, The Netherland, 1994; pp. 427–433.

70. Yang, X.; Qin, W.; Wang, L.; Zhang, M.; Niu, Z. Long-term variations of surface solar radiation in China from routine meteorologi-
cal observations. Atmos. Res. 2021, 260, 105715. [CrossRef]

71. Gent, M.P.N. Effect of temperature on composition of hydroponic lettuce. Acta Hortic. 2016, 1123, 95–100. [CrossRef]
72. Miller, A.; Langenhoven, P.; Nemali, K. Maximizing Productivity of Greenhouse-grown Hydroponic Lettuce during Winter.

HortScience 2020, 55, 1963–1969. [CrossRef]
73. Nair, P.; Kandasamy, S.; Zhang, J.; Ji, X.; Kirby, C.; Benkel, B.; Hodges, M.D.; Critchley, A.T.; Hiltz, D.; Prithiviraj, B. Transcriptional

and metabolomic analysis of Ascophyllum nodosum mediated freezing tolerance in Arabidopsis thaliana. BMC Genom. 2012, 13, 643.
[CrossRef] [PubMed]

74. Colla, G.; Svecová, E.; Cardarelli, M.; Rouphael, Y.; Reynaud, H.; Canaguier, R.; Planques, B. Effectiveness of a Plant-Derived Protein
Hydrolysate to Improve Crop Performances under Different Growing Conditions. Acta Hortic. 2013, 1009, 175–179. [CrossRef]

75. Koukounaras, A.; Tsouvaltzis, P.; Siomos, A.S. Effect of root and foliar application of amino acids on the growth and yield of
greenhouse tomato in different fertilization levels. J. Food Agric. Environ. 2013, 11, 644–648.

76. Dunstone, R.L.; Richards, R.A.; Rawson, H.M. Variable responses of stomatal conductance, growth, and yield to fulvic acid
applications to wheat. Aust. J. Agric. Res. 1988, 39, 547–553. [CrossRef]

http://doi.org/10.1016/j.biortech.2007.05.052
http://www.ncbi.nlm.nih.gov/pubmed/17681465
http://doi.org/10.3390/foods9060732
http://www.ncbi.nlm.nih.gov/pubmed/32503134
http://doi.org/10.1002/jpln.200800174
http://doi.org/10.3390/agronomy9100571
http://doi.org/10.3934/agrfood.2017.3.221
http://doi.org/10.1016/j.foodres.2017.06.040
http://doi.org/10.1016/j.scienta.2019.108781
http://doi.org/10.1016/j.tifs.2020.02.031
http://doi.org/10.2478/v10032-012-0014-1
http://doi.org/10.3390/plants10030531
http://www.ncbi.nlm.nih.gov/pubmed/33808954
http://doi.org/10.1016/0167-8809(96)01031-6
http://doi.org/10.1016/j.scienta.2015.08.037
http://doi.org/10.3732/ajb.1300033
http://www.ncbi.nlm.nih.gov/pubmed/23956051
http://doi.org/10.1007/s10811-010-9560-4
http://doi.org/10.3389/fpls.2018.00428
http://doi.org/10.1007/s10725-014-9967-z
http://doi.org/10.1016/j.plaphy.2009.06.004
http://doi.org/10.1002/jpln.201000264
http://doi.org/10.1016/j.atmosres.2021.105715
http://doi.org/10.17660/ActaHortic.2016.1123.13
http://doi.org/10.21273/HORTSCI15351-20
http://doi.org/10.1186/1471-2164-13-643
http://www.ncbi.nlm.nih.gov/pubmed/23171218
http://doi.org/10.17660/ActaHortic.2013.1009.21
http://doi.org/10.1071/AR9880547


Agronomy 2022, 12, 786 17 of 17

77. Michalak, I.; Chojnacka, K.; Dmytryk, A.; Wilk, R.; Gramza, M.; Roj, E. Evaluation of Supercritical Extracts of Algae as
Biostimulants of Plant Growth in Field Trials. Front. Plant Sci. 2016, 7, 1591. [CrossRef]

78. Cristofano, F.; El-Nakhel, C.; Pannico, A.; Giordano, M.; Colla, G.; Rouphael, Y. Foliar and Root Applications of Vegetal-Derived
Protein Hydrolysates Differentially Enhance the Yield and Qualitative Attributes of Two Lettuce Cultivars Grown in Floating
System. Agronomy 2021, 11, 1194. [CrossRef]

http://doi.org/10.3389/fpls.2016.01591
http://doi.org/10.3390/agronomy11061194

	Introduction 
	Materials and Methods 
	Experimental Design and Growth Conditions 
	Harvest and Sample Analysis 
	Data Analysis 

	Results 
	Biomass 
	Crop Quality 
	Nutrient Concentration and Content 
	Principal Component Analysis 

	Discussion 
	Biomass 
	Crop Quality 
	Nutrient Uptake 
	Mode of Action 

	Conclusions 
	References

