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Abstract

This study examined the effects of both nitrogen (N) rate and form on the growth, nutrient
uptake, and quality parameters of hydroponically grown purslane (Portulaca oleracea L.)
during a spring cultivation cycle. Purslane was cultivated in a floating hydroponic system
under either adequate or limiting N conditions. More specifically, under adequate N
conditions, plants were supplied with NS where ammonium nitrogen (NH4-N) accounted
for either 7% (Nr7) or 14% (Nr14) of the total-N. The limiting N conditions were achieved
through the application of either an NS where 30% of N inputs were compensated with
Cl (N30), or an NS where 50% of N inputs were balanced by elevating Cl and S by 30%
and 20%, respectively (N50). The results demonstrated that mild N stress enhanced the
quality characteristics of purslane without significant yield losses. However, further and
more severe N restrictions in the NS resulted in significant yield losses without improving
product quality. The highest yield reduction (20%) occurred under high NH;-N supply
(Nr14), compared to Nr7-treated plants, which was strongly associated with impaired N
assimilation and reduced biomass production. Both N-limiting treatments (N30 and N50)
effectively reduced nitrate accumulation in edible tissues by 10% compared to plants grown
under adequate N supply (Nr7 and Nr14); however, nitrate levels remained relatively
high across all treatments, even though the environmental conditions of the experiment
favored nitrate reduction. All applied N regimes and compensation strategies improved the
antioxidant and flavonoid content, with the highest antioxidant activity observed in plants
grown under high NH,-N application, indirectly revealing the susceptibility of purslane to
NHjy-N-rich conditions. Overall, the form and rate of N supply significantly influenced
both plant performance and biochemical quality. Partial replacement of N with CI (N30)
emerged as the most promising strategy, benefiting quality traits and effectively reducing
nitrate content without significantly compromising yield.

Keywords: ammonium nitrogen; chloride; floating system; nitrate nitrogen; plant nutrition;
Portulaca oleracea L.; uptake concentrations
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1. Introduction

Recent advancements in botanical research have resulted in the expansion of the
global database of plant species, revealing their vast potential for human use. It is currently
estimated that at least 7039 plant species are suitable for human consumption, with addi-
tional applications in other sectors such as medicine, construction, and environmental and
energy-related industries [1]. Despite this huge number of species, the Food and Agricul-
ture Organization (FAO) has stated that only 50 species are actively cultivated worldwide,
with just 17 species accounting for 90% of the global food supply [2]. This situation of
heavily relying on a limited number of crops, coupled with the predicted escalation of the
global population from approximately 8 billion to 9.7 billion individuals by the year 2050,
raises profound concerns about ensuring food security and availability, while preserving
biodiversity [3].

Addressing these challenges necessitates both shifting towards novel small-scale and
local cultivation systems [4-6] and exploiting and preserving novel and regionally adapted
plant species able to enhance food diversity and agricultural sustainability [7,8]. Such
plant species, often overlooked by global markets, are characterized as “underutilized” or
“neglected” species (NUS). Both terms refer to species that are naturally grown in a specific
region and traditionally cultivated by local farmers due to their high nutritional value
but lack widespread commercial adoption [9]. Portulaca oleracea L., commonly referred
to as purslane, is a prime example of NUS. Purslane, primarily originating from the
Mediterranean region but distributed globally, is considered a highly nutritious leafy
vegetable [10,11]. This is ascribed to its significant amounts of potassium (K), calcium
(Ca), magnesium (Mg), and iron (Fe), making it a valuable source of these important
nutrients [12]. The high concentrations of linolenic acid (x- & <y-), beta-carotene, and
ascorbic acid found in purslane exceed the levels found in major commonly cultivated
leafy vegetables [13,14], while the notable abundance of cholesterol-free omega-3 fatty
acids constitutes this crop an alternative to fish oils, thereby characterizing it a “niche”
product [14-16].

Apart from its high nutritional properties, purslane has been characterized as a climate-
resilient crop due to its ability to thrive in challenging conditions, making it a valuable
option for advancing sustainable agriculture in the face of climate change [17]. A con-
siderable number of studies have been conducted with the aim of evaluating the level of
resilience of purslane to abiotic stresses. More specifically, purslane showed a notable adap-
tation to mild salinity stress (50 mM), maintaining growth performance, net photosynthetic
rate, and macronutrient concentration (Na, K, Mg, and Ca) [18]. According to [19], purslane
has been shown to possess significant resilience to drought-related stress, with the capacity
to trigger a range of physiological responses that facilitate more expeditious recovery under
rehydration. Furthermore, research based on combined stresses has highlighted the ability
of purslane to combat combined abiotic stresses through the activation of physiological and
metabolic pathways [20-22]. Additionally, purslane has been recognized as a phytoremedi-
ation species, a term given to a plant that is capable of accumulating significant quantities
of heavy metals in contaminated habitats. Indeed, purslane has demonstrated noteworthy
phytoremediation efficiency with respect to lead (Pb), cadmium (Cd), and nickel (Ni), as
well as plant tolerance to mild concentrations of the above-mentioned elements [23-25].
All the above constitute this species’” low input and cost-effectiveness, strengthening its
potential to be introduced into sustainable and highly productive cultivation systems.

Despite its resilience, purslane is highly responsive to fertilization practices, espe-
cially those concerning N application, an essential macronutrient that determines yields
in cropping systems. Specifically, N fertilization is critical for optimizing both yield and
quality of purslane in both soil and soilless systems; however, excessive N fertilization
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may not have a beneficial effect on yield [26-29] or even hinder plant growth and quality
performance [30,31]. Moreover, excessive N application can result in increased nitrate
abundance, with major environmental burden via groundwater contamination and green-
house gas emissions, contributing to eutrophication, soil degradation, and biodiversity
loss [32,33]. Ammonium fertilization, as an alternative nitrogen management strategy, has
been adopted to reduce nitrate accumulation in sustainable agriculture [34,35]. However,
its overapplication can also disrupt ecological balance due to its adverse effects, including
soil acidification, ammonia volatilization, and ammonia toxicity, which can negatively
impact crop performance, soil microbial communities, and aquatic organisms [36—40]. Con-
sequently, the substantial losses of anthropogenic nitrogen pose a risk to human health
and contribute to the triple planetary crisis of climate change, pollution, and biodiversity
loss [41]. Therefore, optimal N nutrition can not only increase food quality and consumer
safety but also prevent N leaching to soil and water bodies and atmospheric N losses.

A major concern regarding the nutritional properties of leafy vegetables is their ten-
dency to accumulate excessive amounts of nitrate, resulting in high concentrations in the
edible part of the plant [42,43]. There are several proposed strategies to overcome this issue,
such as reduced N supply or partial substitution of NO3-N with NH4-N. However, exces-
sive ammonium supply is associated with ammonia toxicity, which can disrupt cytosolic
pH regulation, nutrient uptake, photosynthetic efficiency, plant morphology, and nitrogen
assimilation processes [44—46], while reduced N application may result in reduced growth.
Moreover, replacing NO3-N with chloride (Cl) has been efficiently proven effective in
enhancing N use efficiency (NUE) and suppressing nitrate accumulation in leafy vegetables
without compromising yield in soilless cultivation systems [47-49].

Taking all the above into consideration, an experiment was designed with the aim of
suggesting nitrogen-related fertilization strategies that aim to reduce nitrate levels in the
plant tissue of hydroponically grown purslane without compromising crop performance
and nutritional value. To attain this goal, the three different strategies mentioned above (i.e.,
reduced N supply, substitution of NO3-N with either NH4-N or CI) were tested to reveal
the most effective one for mitigating nitrate accumulation without adversely affecting yield
or nutritional quality.

2. Results
2.1. Yield and Growth Parameters

According to Table 1, plant fresh weight was significantly reduced in both severe-N
(N50) and Nr14 treatments compared to Nr7-treated plants, by 10% and 20%, respectively.
In N50-treated plants, the yield gap was accompanied by a 12% decrease in leaf area, while
the total leaf number per plant did not significantly differ from that of Nr7. In contrast, the
yield gap in Nrl4-treated plants was due to both a 17% reduction in leaf number and a
20% decrease in leaf area compared to Nr7. In addition, the negative effects of Nr14 were
observed in both shoot and root dry weight, indicating a detrimental impact on purslane
biomass characteristics. Nr14 treatment also led to an increase in aboveground biomass
dry matter content, a common stress indicator, which was approximately 8% higher than
in Nr7. However, plants treated with mild N stress (N30) did not exhibit any negative
effects on growth, as none of the evaluated biomass characteristics were affected under
this condition.
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Table 1. Impact of the different N management treatments on yield, leaf number (LN), leaf area (LA),
shoot dry weight (SDW), aboveground biomass dry matter content (DMC), and root dry weight
(RDW) of hydroponically grown purslane.

N Treat ¢ Yield LN LA SDW DMC RDW
reatments (g Plant-1) (N Plant-1) (cm?2 Plant-1) (g Plant-1) (%) (g Plant™1)
Nr7 84.8 a 202 a 748 a 3.00 a 3.53b 0.218 a
Nrl14 68.5 ¢ 168 b 600 ¢ 2.60b 3.80a 0.188b
N30 81.7 ab 204 a 737 ab 293 a 3.59b 0.202 ab
N50 76.5b 183 ab 660 bc 2.78 ab 3.64b 0.203 ab
Statistical . " o " ™ "
Significance

Mean values within the same column followed by different letters indicate statistically significant differences
according to the Duncan multiple range test at p < 0.05. *, ** and *** denote significance at p < 0.05, p < 0.01, and
p < 0.001, respectively. Nr7 denotes for 7% constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen
(NH4-N), Nr14 denotes for 14% constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen (NH4-N), N30
denotes for compensating 30% of N inputs with Cl, and N50 denotes for compensating 50% of N inputs in the
nutrient solution (NS) with 30% Cl and 20% S. Standard errors for each mean value are reported in Table S1.

2.2. Plant Nutrient Profile

Plants treated with Nr7 and N30 showed higher levels of reduced N (Nred) (Table 2).
In contrast, N50 and Nrl4 treatments resulted in Nred reductions of 3.5% and 11%, re-
spectively, compared to Nr7. Both nitrogen deficit treatments (N30 and N50) resulted in
a 13% reduction in mineral N (Nmin) levels compared to plants receiving an adequate N
supply (Nr7 and Nr14). In addition, all alternative N fertilization strategies resulted in a
reduction of about 7% in the total N content of purslane plant tissues. With regard to the
ratio of reduced N to total N, plants receiving limited N inputs (N30 and N50) showed
higher values, whereas plants receiving high NH4-N (Nr14) inputs showed lower values.
Additionally, under sufficient N supply, Nr14 plants recorded a reduced Nred/Ntotal ratio
by 4% compared to Nr7-treated plants. Finally, both nitrogen deficit treatments resulted in
a 10% decrease in nitrate (NO3) accumulation in fresh purslane leaves when compared to
plants grown under adequate N supply (Nr7 and Nr14).

Table 2. Impact of N management treatments on N reduced forms (Nred), NO3-N content (Nmin),
total N content (Nred + Nmin), and Nred /Ntotal ratio in plant aboveground dry biomass and nitrate
accumulation (NOj3) in fresh produce.

Nred Nmin Ntotal NO;3
N Treatments (%) (%) (%) Nred/Ntotal (mg kg—1 FW)
Nr7 4.08 a 1.82a 590 a 0.692 b 2877 a
Nrl4 3.63 ¢ 1.85a 5.48b 0.663 ¢ 2902 a
N30 3.97 ab 1.62b 5.59b 0.710 ab 2588 b
N50 3.94b 1.57b 5.50b 0.717 a 2585 b
Statistical e . . 2t —_—
significance

Mean values within the same column followed by different letters indicate statistically significant differences
according to the Duncan multiple range test at p < 0.05. *** denotes significance at p < 0.001. Nr7 denotes for 7%
constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen (NH4-N), Nr14 denotes for 14% constitution of
nitrate nitrogen (NO3-N) with ammonium nitrogen (NH4-N), N30 denotes for compensating 30% of N inputs
with Cl, and N50 denotes for compensating 50% of N inputs in the nutrient solution (NS) with 30% Cl and 20% S.
Standard errors for each mean value are reported in Table S2.

The different N fertilization practices strongly affected both the macro- and micronu-
trient profile of purslane shoots (Table 3). As for macronutrients, high NH4-N application
favored P and Na contents compared to the control and mild N treatments. Both deficit
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N treatments (N30 and N50) resulted in higher Cl content, a reasonable effect due to the
Cl supplementation in NS. Concerning the micronutrient content, Nr7- and N30-treated
plants recorded higher values for Fe concentration in the purslane shoot. However, the
Nr7-treated plants also recorded the lowest Cu concentration. Finally, the different N treat-
ments had no effect on the levels of K, Ca, Mg, B, Zn, and Mn in purslane shoots. Regardless
of the fertilization management, plants recorded a considerably high K concentration, more
than twice of N content, and a too low Ca concentration. In contrast to the nutrient lev-
els in the shoots, the different N management practices did not have a significant effect
on the nutrient concentration in the roots of purslane (Table 4). In particular, the only
significant variation was observed in Cu content, where higher values were recorded in
Nrl4-treated plants.

Table 3. Impact of N management treatments on macro- (P, K, Ca, Mg, Na, and Cl) and micronutrients
(B, Fe, Mn, Zn, and Cu) concentrations on plant aboveground dry biomass.

Nutrient % Nr7 Nri4 N30 N50 ngt:‘sz:;‘ie
P mg/g 8.23b 9.82a 8.77b 9.13 ab *
K mg/g 143 145 138 146 ns

Ca mg/g 0.308 0.295 0.307 0.282 ns
Mg mg/g 8.37 8.53 7.80 7.93 ns
Na mg/g 3.00b 393 a 2.88b 3.46 ab *
Cl mg/g 12.08 ¢ 1229 ¢ 2479b  26.38a ok
B ug/g 52.8 62.3 64.1 64.0 ns
Fe ug/g 106.9 a 914b 101.7 a 89.1b o
Zn ng/g 232 230 237 246 ns
Mn ug/g 194 194 195 181 ns
Cu ug/g 18.7Db 21.7 a 20.0 ab 21.0a *

Mean values within the same column followed by different letters indicate statistically significant differences
according to the Duncan multiple range test at p < 0.05. *, **, and *** denote significance at p < 0.05, p < 0.01, and
p < 0.001, respectively. ns = non-significant. Nr7 denotes for 7% constitution of nitrate nitrogen (NO3-N) with
ammonium nitrogen (NHy4-N), Nr14 denotes for 14% constitution of nitrate nitrogen (NO3-N) with ammonium
nitrogen (NH4-N), N30 denotes for compensating 30% of N inputs with Cl, and N50 denotes for compensating
50% of N inputs in the nutrient solution (NS) with 30% Cl and 20% S. Standard errors for each mean value are
reported in Table S3.

Table 4. Impact of N management treatments on macro- (N, P, K, Ca, Mg, and Na) and micronutrients
(B, Fe, Mn, Zn, and Cu) concentrations on plant root dry biomass.

Nutrient (gfw‘) Nr7 Nr14 N30 N50 ngtit;?:ie
N mg/g 42.5 429 429 42.7 ns
P mg/g 7.93 7.86 7.73 7.64 ns
K mg/g 49.0 453 525 56.0 ns

Ca mg/g 0.476 0.503 0.499 0.472 ns
Mg mg/g 3.98 3.99 3.94 4.09 ns
Na mg/g 0.463 0.517 0.488 0.550 ns
B ug/g 60.5 62.2 65.1 68.4 ns
Fe ug/g 1063 1196 1300 1293 ns
Zn ug/g 646 588 643 689 ns
Mn ug/g 136 130 157 165 ns
Cu ug/g 545b 654a 541b  60.2ab *

Mean values within the same column followed by different letters indicate statistically significant differences
according to the Duncan multiple range test at p < 0.05. * denotes significance at p < 0.05. ns = non-significant.
Nr7 denotes for 7% constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen (NH4-N), Nr14 denotes for
14% constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen (NH4-N), N30 denotes for compensating
30% of N inputs with Cl, and N50 denotes for compensating 50% of N inputs in the nutrient solution (NS) with
30% Cl and 20% S. Standard errors for each mean value are reported in Table S4.
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2.3. Uptake Concentrations

The two different methods employed to determine nutrient requirements for hydro-
ponic production of purslane had a great impact on plant macronutrient uptake concentra-
tions (Table 5). The UCs estimated through plant tissue nutrient analysis (UC-DB) were
significantly lower than those estimated through NS analysis (UC-NS). Specifically, UC-DB
was lower than UC-NS for N, P, K, Mg, and Na by 2.6%, 12.8%, 8.9%, 9.3%, and 12.3%,
respectively. Greater variation was observed in UC of Ca, where the UC-DB value repre-
sented approximately 6% of that of UC-NS. Irrespective of the different methods employed,
the different N managements affected only the UCs of N and Cl. Particularly, Nr7-treated
plants recorded the highest UC (14.39 mM) of N, while in plants treated with either Nr14
and N30 or N50, the respective values were limited by 8% and 14% compared to Nr7-treated
plants, respectively. The interactions between the two factors revealed that the UC of N in
Nr14-treated plants was equal to that of N17 under the NS method (UC-NS). Under the
DB method, the UC (UC-DB) of N in Nrl4-treated plants decreased by 14.2% compared to
Nr7 and ranged at the same levels as that recorded by the plants in deficit N treatments
N30 and N50. Concerning C1 UC, plants grown under both deficit N applications recorded
twice the values compared to those of the N adequate supply.

Table 5. Impact of the uptake concentrations (UC) estimation method (UC-NS vs. UC-DB) and the N
management treatments on macronutrient (N, P, K, Ca, Mg, Na, and Cl) UCs of hydroponic purslane.

Macronutrient UC (mM)

Main Effects
ucC N Treat-
Method ments N P K Ca Mg Na c
UC-NS 13.48 a 1.09 a 12.74 a 0.435 a 1.18 a 0.506 a 1.85
UC-DB 13.13b 0.95b 11.61b 0.026 b 1.07b 0.444 Db 1.68
Nr7 14.39 a 1.02 12.37 0.197 1.19 0.461 1.15b
Nrl4 13.37 b 1.05 11.94 0.279 1.08 0.526 1.10b
N30 13.10b 0.97 12.04 0.250 1.12 0.44 233 a
N50 12.39 ¢ 1.04 12.30 0.208 1.11 0.485 232 a
Interactions
Nr7 1442 a 1.11 12.57 0.365 1.23 0.493 1.19
UC-NS Nrl4 1443 a 1.10 12.57 0.534 1.09 0.536 1.17
i N30 12.95b 1.00 12.66 0.472 1.20 0.485 2.45
N50 12,37 b 1.14 13.12 0.392 1.21 0.516 241
Nr7 14.35a 0.92 12.17 0.028 1.15 0.428 1.10
UC-DB Nrl4 12.31b 1.00 11.30 0.025 1.08 0.515 1.03
i N30 13.25b 0.94 11.42 0.027 1.05 0.396 2.20
N50 12.40Db 0.94 11.49 0.024 1.01 0.454 2.23
Statistical significance
UC method * Ex *% k% * *% ns
N treatment oo ns ns ns ns * o
UC method* N o
ns ns ns ns ns ns
treatment

Mean values within the same column followed by different letters indicate statistically significant differences
according to the Duncan multiple range test at p < 0.05. *, ** and *** denote significance at p < 0.05, p < 0.01, and
p <0.001, respectively. ns = non-significant. Nr7 denotes for 7% constitution of nitrate nitrogen (NO3-N) with
ammonium nitrogen (NHy-N), Nr14 denotes for 14% constitution of nitrate nitrogen (NO3-N) with ammonium
nitrogen (NH4-N), N30 denotes for compensating 30% of N inputs with Cl, and N50 denotes for compensating
50% of N inputs in the nutrient solution (NS) with 30% Cl and 20% S. UC-NS and UC-DB denote the uptake
concentrations (UCs) of nutrients based on the nutrient levels in the nutrient solution (NS) and the nutrient
content in plant dry biomass (DB). Standard errors for each mean value are reported in Table S5.
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Contrary to the macronutrient UCs, neither the different N management nor the
interactions between the experimental factors resulted in significant variations (Table 6).
However, a similar trend was observed for micronutrient UCs for the effect of the dif-
ferent methods used. Specifically, the UC-NS method resulted in higher UCs for all mi-
cronutrients except Cu. The UC-DB method resulted in lower UCs for B and Zn by
7.5% and 12.5%, respectively, while the respective decrease in UCs for Fe and Mn was
17% and 20%, respectively.

Table 6. Impact of the uptake concentrations (UC) estimation method (UC-NS vs. UC-DB) and N
management treatments on micronutrient (B, Fe, Zn, Mn, and Cu) UCs of hydroponic purslane.

Micronutrient UC (uM)

Main Effect
UC Method N Treatment B Fe Zn Mn Cu
UC-NS 21.25a 12.17 a 14.38 a 14.38 a 1.25
UC-DB 18.58 b 10.20b 13.30b 11.39b 1.15
Nr7 19.39 11.50 13.76 13.30 1.24
Nr14 19.26 10.79 13.03 12.98 1.18
N30 20.30 11.26 14.24 12.96 1.18
N50 20.55 11.09 14.12 12.33 1.20
Statistical significance

UC method ** id * g ns

N treatment ns ns ns ns ns

UC Method * N treatment ns ns ns ns ns

Mean values within the same column followed by different letters indicate statistically significant differences
according to the Duncan multiple range test at p < 0.05. *, ** and *** denote significance at p < 0.05, p < 0.01 and
p < 0.001, respectively. ns = non-significant. Nr7 denotes for 7% constitution of nitrate nitrogen (NO3-N) with
ammonium nitrogen (NHy4-N), Nr14 denotes for 14% constitution of nitrate nitrogen (NO3-N) with ammonium
nitrogen (NH4-N), N30 denotes for compensating 30% of N inputs with Cl, and N50 denotes for compensating
50% of N inputs in the nutrient solution (NS) with 30% Cl and 20% S. UC-NS and UC-DB denotes for the uptake
concentrations (UCs) of nutrients based on the nutrient levels in the nutrient solution (NS) and the nutrient
content in plant dry biomass (DB). Standard errors for each mean value are reported in Table S6.

2.4. Nitrogen Use Efficiency (NUE)

The impact of diverse nitrogen management treatments on the three nitrogen indices
(NUtE, NUpE, and NUE) was investigated. In particular, the lowest NUtE value was ob-
served in plants cultivated in Nr7 NS, while the NUpE value exhibited variation depending
on the N treatments, attaining its maximum value under N50 and its minimum value
under Nr14 (Figure 1). The same pattern was also observed in the NUE index, where N50
increased NUE values, followed by N30-treated plants.

20 a a 0.4 8-
b 4 a wm Nr7
a
15 0.3 6 W Nri4
" b b s N30
w 11}
3 104 So2d ¢ D4 ¢ == NS0
2 =z d 4 d
54 0.1 24
0- 0.0- 0-
N fertilization N fertilization N fertilization

Figure 1. Impact of the different N managements on NUtE (1A), NUpE (1B), and NUE (1C). Error
bars extending above and below each point represent the standard error of the mean (SE). Different
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letters indicate statistically significant differences according to the Duncan multiple range test at
p <0.05. Nr7 denotes for 7% constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen
(NH4-N), Nr14 denotes for 14% constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen
(NH4-N), N30 denotes for compensating 30% of N inputs with Cl, and N50 denotes for compensating
50% of N inputs in the nutrient solution (NS) with 30% Cl and 20% S.

2.5. Biochemical Profile

In this study, to determine the antioxidant properties of purslane methanolic extracts,
two assays were performed, the Trolox equivalent antioxidant capacity (TEAC) and fer-
ric reducing antioxidant power (FRAP). Both methods revealed that Nr7-treated plants
recorded the lowest antioxidant capacity, while the supply of NS rich in NH4 (Nr14) pro-
duced purslane plants with the highest antioxidant potential (Figure 2). Additionally, all
alternatives to Nr7 fertilization management equally enhanced the plant total flavonoid
content. Finally, total phenolic content in purslane extracts seems not to be affected by the
applied N fertilization practices.

FRAP TEAC
30+ a2 20-
a a
b . o p b
- - 15—
D) 20 o))
(o)) o)
E E 4o-
b3 b3
(e (e
S 10- o
== — 54
0- 0-
N fertilization N fertilization
TPC TFC
4- 4-
a w#m Nri7
< < a a
g 3- >34 b =8 Nri14
£ g’ #m N30
T 2- = 24 == N50
B °
o o
= 11 S 14
o G
0- 0-
N fertilization N fertilization

Figure 2. Impact of the N management treatments on plant biomass antioxidant activity (FRAP and
TEAC) and total phenolic (TPC) and flavonoid content (TFC). Error bars extending above and below
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each point represent the standard error of the mean (SE). Different letters indicate statistically
significant differences according to the Duncan multiple range test at p < 0.05. Nr7 denotes for
7% constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen (NH4-N), Nr14 denotes for
14% constitution of nitrate nitrogen (NO3-N) with ammonium nitrogen (NH4-N), N30 denotes for
compensating 30% of N inputs with Cl, and N50 denotes for compensating 50% of N inputs in the
nutrient solution (NS) with 30% Cl and 20% S.

3. Discussion

Purslane (Portulaca oleracea), while exhibiting notable tolerance and adaptability to
adverse environmental conditions and suboptimal soil quality, is highly responsive to N
fertilization practices. As a key macronutrient, N plays a crucial role in optimizing both
yield and quality of purslane grown under either soil or soilless culture systems. Although
N fertilization is essential for purslane production, several studies have demonstrated that
over-fertilization may have either no significant yield benefits [26-29] or even detrimental
impacts on crop performance [30,31]. On the other hand, [50] reported that purslane
biomass was not significantly influenced by nitrogen concentrations ranging from 1 to
7.5 mM under hydroponic conditions. However, these levels are considered suboptimal
for the hydroponic cultivation of leafy greens [51], which may have affected the observed
response. This study supports the notion that purslane demonstrates moderate sensitivity
to external N levels. In particular, yield losses (by 10%) were observed when plants were
exposed to a 50% reduction in N application (N50), a response that is attributed to both
the restricted leaf number and total leaf area. On the contrary, plants that received 70% N
(N30) input compared to the control did not experience any negative effect on either plant
yield or plant biomass characteristics.

Beyond the importance of nitrogen (N) application rates, the source of N appears
to play an even more critical role in hydroponic purslane production. According to the
outcomes of this study, elevating the Nr ratio (Nr14), while maintaining high total-N inputs,
resulted in the most detrimental effects on plant biomass characteristics. This suggests
that the form of N supplied may have a greater impact on plant performance than total-N
quantity, in agreement with prior research on hydroponically grown leafy vegetables [52,53].
Purslane’s negative responses in terms of growth under elevated NHy-N levels were also
observed in numerous studies [54-56], where purslane was supplied with an NS where
Nr ranged above 0.25. However, in these studies, the NH4-N/Total-N ratios investigated
surpass the generally recommended ratios of 0.10 to 0.15 for optimal hydroponic vegetable
production in closed-loop systems [51-53,57-59]. Within this recommended range, in a
study, it has been reported that ratios above 0.1 during spring cultivation periods can
inhibit the growth of purslane grown in NFT systems [60]. In the present study, the
Nred/Total-N ratio and Total-N content in purslane plant tissues were greater in control-
treated plants than that of plants treated with high ammonia supply, indicating that excess
ammonia application restricted both N uptake and plant N assimilation rate. Excessive
ammonium supply is associated with ammonia toxicity, which can disrupt cytosolic pH
regulation, nutrient uptake, photosynthetic efficiency, plant morphology, and nitrogen
assimilation processes [44—-46]. In addition to plant N content, the different N management
strategies also influenced the concentrations of P, Na, Cu, and Fe in the aboveground
biomass of purslane. In particular, higher Nr enhanced significantly the P concentration
of the plants. Similar reports were also observed in the study of Savvas et al. [61] where
high Nr ratio benefited P uptake, a trend that was mainly attributed to the beneficial
acidifying effects of NHy-N application in the root-zone pH. Comparable effects of the N
managements on P content were also observed in Na and Cu content in plants. Provided
that higher P, Na, and Cu concentrations were recorded in plants that suffered the most
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detrimental effects on biomass production due to the different N managements, and that
the N managements did not influence the uptake rate of these nutrients, we can conclude
that these higher concentrations are mainly ascribed to the accumulation of these nutrients
at the dry aboveground biomass of plants. In the case of Fe concentration, higher levels
were recorded in Nr7 and N30 plants, which were also associated with elevated Nred levels.
These outcomes are in line with earlier findings that link efficient N uptake and assimilation
with improved Fe acquisition and transport in plants [62,63].

In the current study, both UC estimation methods and N fertilization practices con-
tributed significantly to the variation in plant N uptake concentration. Specifically, as the N
supply increased the N uptake rate by the plants was also increased, which agrees with
previous studies reporting that increased N supply results in rich N uptake by plants [64].
Regarding the different estimation methods, a significant gap in N uptake concentration
was observed only in plants grown under high Nr. Specifically, the NS-based method that
considers the whole N losses from NS during the whole cropping period recorded higher
N UC values compared to UC-DB method that reflects the total amount of N utilized by
plants. Considering that this significant variation was observed only in high-NH4-treated
plants, this gap is presumably attributed to the losses of N from the NS via denitrification,
a trend that has previously been reported by Daum and Schenk [65] and Xaxiri et al. [66].
Estimates by Karlowsky et al. [67] and Lin et al. [68] suggested that denitrification can
account for approximately 12% of the total N supplied in hydroponic systems. Further-
more, several studies have highlighted the role of root zone pH in influencing nitrification
and denitrification rates. Simek and Cooper [69] reported that pH levels above 7 favor
denitrification, while Daum and Schenk [70] demonstrated that maintaining root zone pH
between 5.5 and 6.2 can effectively limit N losses below 10%.

Beyond N, the use of different estimation methods resulted in notable discrepancies
in the UC values for nearly all nutrients evaluated in this study. For K, Na, CI, and Mg,
the observed differences between the NS- and DB-based estimation methods remained
within 10%, a variation considered acceptable given the methodological differences in
nutrient quantification across solution and biomass matrices. Similar findings were also
reported by other studies [47,66,71], where no substantial or significant variations were
observed in assessing UC values through NS and DB calculations. The minor differences
in P and Ca UCs, amounting to approximately 0.15 and 0.4 mM, respectively, are mainly
attributed to the precipitation of these nutrients due to the formation of insoluble salts, a
common occurrence in soilless culture that is further exacerbated as pH in the rootzone
increases [72,73]. Both UC determination methods indicated a poor uptake capacity for
Ca. Interestingly, regardless of the N management strategy applied, purslane exhibited an
unusually high accumulation of K and a remarkably low accumulation of Ca, deviating
from the typical mineral composition reported in prior studies [14,74,75]. The diminished
Ca uptake can primarily be attributed to both the K/Ca ratio in the root zone and, more
significantly, the exceptionally rapid growth of the plant [51,76,77]. In this study, Ca
concentrations in the dry aboveground biomass averaged approximately 0.3 mg/g, which
is notably below the 1.0 mg/g threshold commonly associated with the onset of tip burn in
lettuce [51]. Nonetheless, no visual symptoms of Ca deficiency or tip burn were observed
in purslane throughout the cropping period.

In addition to Ca and P, the availability of trace elements in hydroponic systems is
also influenced by the chemical characteristics of the nutrient solution. Specifically, trace
elements, including Fe, Mn, Zn, and Cu, can form insoluble bases, limiting their availability
due to precipitation, particularly under elevated pH conditions in the nutrient solution,
restricting also their bioavailability for plant uptake [66,73,78,79]. Except for the varying
nutrient availability due to the chemical properties of the nutrient solution, discrepancies
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observed in micronutrient UC may also be attributed to methodological differences in
nutrient quantification. Specifically, the recovery of micronutrients such as Fe and Mn from
dried plant tissue can be significantly influenced by the digestion method, particularly the
temperature and retention time of the ashing process, thereby introducing variability in
measured concentrations [80].

In terms of product quality, nitrogen (N) limitation has been previously associated with
improved biochemical profiles in leafy vegetables. Prior studies have demonstrated that
reduced N availability can enhance secondary metabolite synthesis, including antioxidant
compounds and flavonoids [81-84]. The result of the study indicates that both deficit N
treatments (N30 and N50) primarily enhanced antioxidant activity and flavonoid content
without significantly affecting total phenolic content. This pattern aligns with the findings
of de Jesus et al. [26], who reported similar responses in purslane cultivated under varying
N regimes. Both antioxidant assays revealed that the higher antioxidant performance was
reported in plants treated with higher Nr, indicating indirectly that the plants experienced a
higher oxidative stress. This interpretation is further supported by the observed detrimental
effects of high Nr on both nitrogen assimilation rate and plant vigor.

Regarding nitrate accumulation in edible plant tissues, both Nr7 and Nrl4 and
NOs-N partial substitution by Cl comprise fertilization strategies to either monitor or
maintain nitrate levels within acceptable thresholds according to EU (No1258/2011)
regulation [18,47,61,85-87]. The replacement of NO3-N inputs by Cl has been efficiently
adapted as a strategy to reduce nitrate accumulation in hydroponically grown leafy vegeta-
bles without compromising yield [47-49]. In the current study, however, only the N-deficit
treatments suppressed nitrate accumulation, while, irrespective of the N management,
the nitrates ranged in considerably too high levels, provided that the trial was conducted
during the spring cultivation period with ambient light conditions. Similar trends were
also reported by Nicola et al. [88], where nitrate accumulation was suppressed by either
limiting N supply or elevating the extreme Nr (>0.4) ratio in hydroponic purslane.

4. Materials and Methods
4.1. Plant Material, Growth Conditions, and Experimental Setup

The experiment was conducted at the glasshouse facilities of the Laboratory of Veg-
etable Production at the Agricultural University of Athens (37°58'57.8" N, 23°42'14.3" E).
On 14/03/2024, purslane seeds (Primasem SA, Athens, Greece) were sown on rockwool
trays (AO Plug, Grodan, Roermond, The Netherlands), and at the stage of first 2-3 true
leaves (approximately X days after sowing), the seedlings were transplanted on 16 floating
tanks (Figure 3). Each tank measured 30 cm deep, 55 cm wide, and 180 cm long, constructed
with stainless steel (IntelAgro, Thermi, Greece) and contained 180 L of nutrient solution
(NS). Tanks accommodated 40 plants each, resulting in a plant density of 40 plants m 2.
To ensure that the dissolved oxygen (O5) concentration remained above 6 mg L1, each
tank was equipped with an air stone, while the recirculation of the nutrient solution was
facilitated by an immersion pump.

In this study, the impact of diverse nitrogen (N) fertigation strategies on hydro-
ponic purslane (Portulaca oleracea) cultivation was examined. Specifically, the plants
were cultivated under two distinct nitrogen (N) regimes. Plants that grown under ade-
quate N conditions were supplied with an NS, where NH4-N levels represented either
7% (N7 = 0.07, Control) or 14% (Nr14 = 0.14, High NH4-N) of total N content. In deficit
N conditions, plants were either supplied with an NS where 30% of NO3-N inputs were
compensated with CI (Mild-N stress: N30), or an NS where 50% of NOs3-N inputs were
compensated by elevating Cl and S by 30% and 20% (Severe N stress: N50). Each treatment
was replicated four times, with each floating tank representing one treatment replication.
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The NSs among the treatments were isosmotic, and their composition, reported on Table 7,
was determined via NUTRISENSE (https:/ /nutrisense.online/, accessed on 1 April 2024),
an online Decision Support System [89]. The electrical conductivity (EC) and pH in the NSs
were recorded in daily intervals and are shown in Figures S1 and S2, respectively.

Figure 3. The crop progresses from the stage of transplanting (A), to 5 days after transplanting (B),
10 days after transplanting (C) and finally to the stage of harvest stage ((D), which occurred 14 days
after transplanting).

Table 7. Chemical composition of NSs among the different treatments.

Nutrient Nr7 Nr14 N30 N50 Unit
EC 2.6 2.6 2.6 2.6 dS/m
pH 5.3 5.3 5.3 5.3
NO3~ 14 12.9 9.8 7 mM
K* 7.77 7.40 7.77 7.94 mM
Ca2* 458 4.36 458 4.68 mM
Mg?* 2.98 2.84 2.98 3.05 mM
S0,42~ 4.24 4.79 4.24 5.98 mM
H,PO,~ 1.4 14 14 1.4 mM
NH,* 1 2.1 1 0.5 mM
Fe 20 20 20 20 uM
MnZ* 9 9 9 9 uM
Zn?* 5 5 5 5 uM
B 30 30 30 30 uM
Cu?t 0.8 0.8 0.8 0.8 uM
Mo 0.5 0.5 0.5 0.5 uM
Cl- 0.4 0.4 46 3.9 uM
K*/(K* + Ca®* + Mg?*) 0.51 0.51 0.51 0.51 mol/mol
CaZ* /(K + Ca%t + Mg?*) 0.3 0.3 0.3 0.3 mol/mol
Mg?* (K* + Ca®* + Mg?*) 0.19 0.19 0.19 0.19  mol/mol
N/K* 1.93 2.03 1.39 0.94 mol/mol
NH,;—N/Total-N 0.07 0.14 0.09 0.07 mol/mol

4.2. NS Sampling

The cropping period from the transplanting (2 April 2024) to harvest (16 April 2024)
lasted only 15 days (Figure 3). NS samples were collected from each floating tank on the
start and end dates of the cultivation period. The samples were analyzed for their nutrient
concentration immediately after sampling. In addition to NS sampling, at the harvest date,
the volume of NS per tank that was consumed by plants during the whole growth cycle
was recorded.
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4.3. Plant Tissue Sampling

The harvesting of the plants occurred at the point of first flower emergence. During the
harvesting process, eight fully grown, well-developed plants were randomly selected from
each treatment to ensure uniformity. The fresh weight (g/plant), leaf number (N/plant),
and leaf area (cm?/plant) of these plants were meticulously recorded, and the values
were averaged to obtain the mean per treatment replication. For the determination of
dry matter content and nutrient composition, the eight sampled plants were divided into
two subsamples per tank. In addition, the roots of all 40 plants per tank were harvested.
Both fresh shoot and root samples were washed with distilled water and then placed in
an oven at 65 °C (STF-N 400, FALC Instruments S.L.R, Treviglio, Italy) for drying up to a
constant weight. Following the determination of the dry weight of the samples, the dried
material was pulverized using an MF 10 Microfine grinder (IKA Werke, Staufen, Germany)
and stored for the subsequent determination of their nutrient content. In addition, the
remaining 32 plants per tank were harvested, and their fresh weight was recorded to
estimate the yield (g/plant) per treatment replication. Finally, five of these plants were
pooled, and their fresh biomass was immediately stored at —80 °C to determine the impact
of the different N managements on purslane biochemical properties.

4.4. Determination of Nutrient Content

The analytical procedure that was followed to determine the nutrient concentration
in both plant tissues and NS samples was consistent with the methodology employed by
Voutsinos-Franztis et al. [90]. Particularly, the pulverized dried shoot and root samples
were subjected to dry ashing at 550 °C for 8 h, and the resultant ash was then dissolved in
0.1 N HCL. In both plant extracts and NS samples, P and B were determined colorimetrically
via Murphy and Riley [91] and azomethine [92] methods, while the nutrients K, Na, Ca, Mg,
Fe, Zn, Cu, and Mn were assessed using an atomic absorption spectrophotometer (AA-7000,
Shimadzu Co., Ltd., Tokyo, Japan). The NO3-N and NH4-N levels in NS samples were
also determined colorimetrically by applying VCI3 reduction [93] and indophenol blue [94]
methods, respectively. Additionally, the dried plant tissues were subjected to a hot water
extraction [95] to determine Cl and NOs concentration via mercury thiocyanate [96] and
salicylic acid method [97], respectively. The reduced N (Nred) content was determined via
the Kjeldahl method [98]. Subsequently, the values of NO3-N (Nmin) and reduced-N were
then added to calculate the total-N (Ntotal) content of the dried plant tissues. All analytical
measurements were performed in duplicate, with two technical replicates per sample.

4.5. Determination of Plant Biochemical Profile

To determine the impact of the different treatments on plant biochemical profile, the
fresh plant tissue samples were freeze-dried and subjected to methanolic extraction as
described by Karavidas et al. [99]. Ferric reducing antioxidant power (FRAP) [100] and
Trolox equivalent antioxidant capacity (TEAC) [101] assays were employed to determine
the antioxidant properties of purslane extracts, and the values were expressed in Trolox
equivalents per gram of dry biomass. The total phenolic content of purslane was estimated
using the Folin—-Ciocalteu reagent method as described by Jan et al. [102], and the values
were expressed in mg gallic acid equivalent per g of dry biomass. Finally, to assess the total
flavonoid content, the aluminum chloride colorimetric method was employed as described
by Safafar et al. [103], and the values were expressed in mg quercetin equivalent per g of
dry biomass. All biochemical analyses were conducted in duplicate, with two technical
replicates performed per sample.
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4.6. Nutrient Uptake Concentrations

The uptake concentrations (UCs) of macro- (N, P, K, Ca, Mg, and Na) and micronutri-
ents (B, Fe, Zn, Mn, and Cu) were estimated by considering the nutrient levels in either the
NS (UCs-NS) or plant dry biomass (UC-DB) and the total volume of water consumed by
plants [66]. Particularly, the UCs-DB were determined using Equation (1):

UC-DBx = (Cx x DBs + Cx x DBr)/(Vw x Arx) (1)

"

where “x” denotes the nutrient, “C” denotes the concentration of the “x” nutrient in dry
biomass (in mg per g of dry biomass), “DBs-r”" denotes for the weight (g) of dried biomass
of shoot and root, respectively, “Vw” the total volume (L) of water consumed by plant, and
“Arx” denotes for the atomic weight (g/mol) of “x” nutrient.

Accordingly, the UCs-NS were calculated using the following equation as suggested

by Savvas et al. [104]:

UC-NSx = (Cex x Ve — Ctx x Vt)/[(Ve — Vi) x Arx] )

“u “u

where “x” denotes the nutrient, “Ce” denotes the concentration (mg/L) of “x” nutrient into
the NS during the crop establishment, “Ve” denotes the volume (L) of NS during the crop
establishment, “Ct” denotes the concentration (mg/L) of x nutrient at crop termination,
“Vt” denotes for the volume (L) of NS at the crop termination, and “Arx” the molecular
weight (g/mol) of x nutrient.

Both UCs were expressed in mM for macronutrients, while the obtained values of UCs
were multiplied by 103 to express the results of micronutrient UCs in puM.

4.7. Nitrogen Use Efficiency

The N utilization efficiency (NUtE), N uptake efficiency (NUpE), and N use efficiency
(NUE) were determined according to Congreves et al. [105] using the following equations:

NULE = Dry biomass (g/plant)/Plant N content (g/plant) 3)
NUPpE = Plant N content (g/plant)/Total N applied via NS (g/plant) (4)
NUE = NUtE x NUpE )

4.8. Statistical Analysis

The recorded values of leaf number and leaf area of purslane plants per treatment
replication were averaged. The obtained values along with those of the rest biomass
characteristics, plant nutrient content, and biochemical profile were subjected to one-way
ANOVA, with the main factor being the different treatments (Nr7, Nr14, N30, and N50,
respectively). Additionally, the obtained UC values were subjected to factorial-ANOVA,
with factor A the different N treatments and factor B the different estimation method
(UC-DB vs. UC-NS). Once ANOVA analysis was significant at p < 0.05, the treatment
means were separated by applying Duncan’s multiple range test. In the current study, the
statistical analysis was performed using the STATISTICA software package, version 12.0
for Windows (Tulsa, OK, USA).

5. Conclusions

The present study demonstrates that, although purslane exhibits substantial adapt-
ability to suboptimal growing conditions, its yield and nutrient dynamics remain highly
sensitive to both the rate and form of N supplied. A 30% partial substitution of NO3-N
with Cl is recommended as an efficient fertilization strategy that optimizes both yield
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and product quality in hydroponically grown purslane. In contrast, further reductions in
N supply or partial substitution with NH4-N are not advisable, as these practices have
proved to offer limited quality benefits while significantly compromising plant growth
and yield performance. Besides N management, further research should be conducted to
address the optimal K/Ca ratio that allows for proper Ca utilization for the hydroponic
production of purslane during the spring cultivation period. Discrepancies in UC between
nutrient solution and plant tissue-based methods were minimal for most elements but
seem to be highly influenced by the NS chemical properties and the applied analytical
methodology. Despite these discrepancies, the estimation of plant UC values based on
the NS analysis suggests a more practical method that generates more reliable data for
refining nutrient solution formulations. Collectively, these findings offer a framework for
fine-tuning nutrient delivery in closed-loop hydroponic systems and support the develop-
ment of targeted fertilization strategies to maximize yield, nutrient efficiency, and product
quality in purslane cultivation during spring conditions.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/plants14142160/s1, Figure S1: Fluctuation of pH level during the
growing season. Data points represent mean values &+ SE. Nr7 denotes for 7% substitution of nitrate
nitrogen (NO3-N) with ammonium nitrogen (NHy-N), Nr14 denotes for 14% substitution of nitrate
nitrogen (NO3-N) with ammonium nitrogen (NHy4-N), N30 denotes for compensating 30% of N
inputs with Cl, and N50 denotes for compensating 50% of N inputs in the nutrient solution (NS) with
30% Cl and 20% S. Figure S2: Fluctuation of electrical conductivity (EC) level during the growing
season. Data points represent mean values & SE. Nr7 denotes for 7% substitution of nitrate nitrogen
(NO3-N) with ammonium nitrogen (NHy-N), Nr14 denotes for 14% substitution of nitrate nitrogen
(NO3-N) with ammonium nitrogen (NH4-N), N30 denotes for compensating 30% of N inputs with
Cl, and N50 denotes for compensating 50% of N inputs in the nutrient solution (NS) with 30% Cl and
20% S. Table S1. Standard errors (S.E.) of the mean values reported in Table 1: Impact of the different
N management treatments on yield, leaf number (LN), leaf area (LA), shoot dry weight (SDW),
aboveground biomass dry matter content (DMC), and root dry weight (RDW) of hydroponically
grown purslane. Table S2. Standard errors (S.E.) of the mean values reported in Table 2: Impact
of N management treatments on N reduced forms (Nred), NO3-N content (Nmin), total N content
(Nred + Nmin), and Nred/Nrtotal ratio in plant aboveground dry biomass and nitrate accumulation
(NO3) in fresh produce. Table S3. Standard errors (S.E.) of the mean values reported in Table 3:
Impact of N management treatments on macro- (P, K, Ca, Mg, Na, and Cl) and micronutrients (B, Fe,
Mn, Zn, and Cu) concentrations on plant aboveground dry biomass. Table S4. Standard errors (S.E.)
of the mean values reported in Table 4: Impact of N management treatments on macro- (N, P, K, Ca,
Mg, and Na) and micronutrients (B, Fe, Mn, Zn, and Cu) concentrations on plant root dry biomass.
Table S5. Standard errors (S.E.) of the mean values reported in Table 5: Table 5. Impact of the uptake
concentrations (UC) estimation method (UC-NS vs UC-DB) and the N management treatments on
macronutrient (N, P, K, Ca, Mg, Na, and Cl) UCs of hydroponic purslane. Table S6. Standard errors
(S.E.) of the mean values reported in Table 6: Impact of the uptake concentrations (UC) estimation
method (UC-NS vs. UC-DB) and N management treatments on micronutrient (B, Fe, Zn, Mn, and Cu)
UCs of hydroponic purslane.

Author Contributions: Conceptualization, I.K. and G.N.; methodology, LK., G.PS, TN.,SM, E.G,,
G.G. and G.N,; software, LK., G.PS., T.N., S M. and E.G,; validation, LK., G.PS., TN.,SM., EG,, G.G,,
E.A., LS. and G.N.; formal analysis; LK., G.PS., TN. and E.G.; investigation, LK., G.P.S. and T.N.;
resources, D.S. and G.N.; data curation, LK., G.PS,, TN,, E.G,, L.S. and G.N.; writing—original draft,
LK., G.PS, TN. and G.N.; writing—review and editing, I.K., G.PS.,, TN, SM., E.G.,, G.G,EA., LS,
D.S. and G.N.; visualization, LK., G.PS., G.G., E.A. and L.S,; supervision, D.S., L.S. and G.N.; project
administration, G.N.; funding acquisition, G.N. All authors have read and agreed to the published
version of the manuscript.


https://www.mdpi.com/article/10.3390/plants14142160/s1
https://www.mdpi.com/article/10.3390/plants14142160/s1

Plants 2025, 14, 2160 16 of 20

Funding: This research was funded by the European Commission within the project “RADIANT: Re-
alising Dynamic Value Chains for Underutilised Crops”, which received funding from the European
Union’s Horizon 2020 research and innovation program under grant agreement no. 101000622.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ulian, T.; Diazgranados, M.; Pironon, S.; Padulosi, S.; Liu, U.; Davies, L.; Howes, M.].R.; Borrell, ].S.; Ondo, I.; Pérez-Escobar, O.A;
et al. Unlocking Plant Resources to Support Food Security and Promote Sustainable Agriculture. Plants People Planet 2020, 2,
421-445. [CrossRef]

Koohafkan, P; Stewart, B.A. Water and Cereals in Drylands; Food and Agriculture Organization: Rome, Italy, 2008.

Gu, D.; Andreev, K.; Dupre, M.E.; Gu, D.; Andreev, K.; Dupre, M.E. Major Trends in Population Growth Around the World. China
CDC Wkly. 2021, 3, 604-613. [CrossRef] [PubMed]

McDonagh, J.; Farrell, M.; Conway, S. The Role of Small-scale Farms and Food Security. In Sustainability Challenges in the Agrofood
Sector; Wiley: Hoboken, NJ, USA, 2017; pp. 33-47. [CrossRef]

Hazell, P. Importance of Smallholder Farms as a Relevant Strategy to Increase Food Security. In The Role of Smallholder Farms in
Food and Nutrition Security; Springer: Berlin/Heidelberg, Germany, 2020; pp. 39—43. [CrossRef]

Gahukar, R.T.; Gahukar, R.T. Local Plants for Rural Food Security; Springer: Berlin/Heidelberg, Germany, 2015; pp. 141-158.
[CrossRef]

Mabhaudhi, T.; Hlahla, S.; Chimonyo, V.G.P.,; Henriksson, R.; Chibarabada, T.P.; Murugani, V.G.; Groner, V.P; Tadele, Z.; Sobratee,
N.; Slotow, R.; et al. Diversity and Diversification: Ecosystem Services Derived From Underutilized Crops and Their Co-Benefits
for Sustainable Agricultural Landscapes and Resilient Food Systems in Africa. Front. Agron. 2022, 4, 859223. [CrossRef] [PubMed]
Singh, R.K,; Sreenivasulu, N.; Prasad, M. Potential of Underutilized Crops to Introduce the Nutritional Diversity and Achieve
Zero Hunger. Funct. Integr. Genom. 2022, 22, 1459-1465. [CrossRef]

Knez, M.; Rani¢, M.; Gurinovié, M. Underutilized Plants Increase Biodiversity, Improve Food and Nutrition Security, Reduce
Malnutrition, and Enhance Human Health and Well-Being. Let’s Put Them Back on the Plate! Nutr. Rev. 2024, 82, 1111-1124.
[CrossRef]

Karkanis, A.C.; Petropoulos, S.A. Physiological and Growth Responses of Several Genotypes of Common Purslane (Portulaca
oleracea L.) under Mediterranean Semi-Arid Conditions. Not. Bot. Horti Agrobot. Cluj-Napoca 2017, 45, 569-575. [CrossRef]
Petropoulos, S.A.; Fernandes, A.; Dias, M.L; Vasilakoglou, I.B.; Petrotos, K.; Barros, L.; Ferreira, I.C.ER. Nutritional Value,
Chemical Composition and Cytotoxic Properties of Common Purslane (Portulaca oleracea L.) in Relation to Harvesting Stage and
Plant Part. Antioxidants 2019, 8, 293. [CrossRef]

Kamal Uddin, M.; Quan, L.; Mahmudul Hasan, M.; Selamat Madom, M. Purslane: A perspective plant source of nutrition and
antioxidant. Plant Arch. 2020, 20, 1624-1630.

Liu, L.; Howe, P; Zhou, Y.F; Xu, Z.Q.; Hocart, C.; Zhang, R. Fatty Acids and 3-Carotene in Australian Purslane (Portulaca oleracea)
Varieties. |. Chromatogr. A 2000, 893, 207-213. [CrossRef]

Uddin, M.K.; Juraimi, A.S.; Hossain, M.S.; Nahar, M.A.U.; Ali, M.E.; Rahman, M.M. Purslane Weed (Portulaca oleracea): A
Prospective Plant Source of Nutrition, Omega-3 Fatty Acid, and Antioxidant Attributes. Sci. World J. 2014, 2014, 951019.
[CrossRef]

Popescu, C.; Popescu, C.; Manea, S.; Vladut, V.; Caba, I.; Covaliu, I.C.; Abbas, H.; Dune, A.; Lupuleasa, D. Study on Portulaca
oleracea Native Species as Vegetal Source of Omega-3 and Omega-6 Fatty Acids. Rev. Chim. 2018, 69, 2973-2980. [CrossRef]
Platis, D.P,; Papoui, E.; Bantis, F,; Katsiotis, A.; Koukounaras, A.; Mamolos, A.P.; Mattas, K. Underutilized Vegetable Crops in the
Mediterranean Region: A Literature Review of Their Requirements and the Ecosystem Services Provided. Sustainability 2023,
15, 4921. [CrossRef]

Kumar, A.; Sreedharan, S.; Singh, P.; Achigan-Dako, E.G.; Ramchiary, N. Improvement of a Traditional Orphan Food Crop,
Portulaca oleracea L. (Purslane) Using Genomics for Sustainable Food Security and Climate-Resilient Agriculture. Front. Sustain.
Food Syst. 2021, 5, 711820. [CrossRef]

Xiang, S.; Wu, S.; Zhang, Q.; Liu, Y.; Ruan, R. A Nitrogen Dynamic Hydroponic Culture on Performance and Quality of Water
Spinach (Ipomoea aquatica). J. Plant Nutr. 2020, 43, 773-783. [CrossRef]

Jin, R.; Shi, H.; Han, C.; Zhong, B.; Wang, Q.; Chan, Z. Physiological Changes of Purslane (Portulaca oleracea L.) after Progressive
Drought Stress and Rehydration. Sci. Hortic. 2015, 194, 215-221. [CrossRef]

Giiven, E.D.; Ozmlhgl, S.; Akinci, G.; Tumer, B.; Uyar, M. Investigation of the Development of Purslane Plant (Portulaca oleracea L.)
under Soil Stress Conditions. Turk. J. Agric.—Food Sci. Technol. 2022, 10, 3014-3021. [CrossRef]


https://doi.org/10.1002/ppp3.10145
https://doi.org/10.46234/ccdcw2021.160
https://www.ncbi.nlm.nih.gov/pubmed/34594946
https://doi.org/10.1002/9781119072737
https://doi.org/10.1007/978-3-030-42148-9
https://doi.org/10.1007/978-3-319-16742-8_6
https://doi.org/10.3389/fagro.2022.859223
https://www.ncbi.nlm.nih.gov/pubmed/37680880
https://doi.org/10.1007/s10142-022-00898-w
https://doi.org/10.1093/nutrit/nuad103
https://doi.org/10.15835/nbha45210903
https://doi.org/10.3390/antiox8080293
https://doi.org/10.1016/S0021-9673(00)00747-0
https://doi.org/10.1155/2014/951019
https://doi.org/10.37358/RC.18.11.6665
https://doi.org/10.3390/su15064921
https://doi.org/10.3389/fsufs.2021.711820
https://doi.org/10.1080/01904167.2020.1711942
https://doi.org/10.1016/j.scienta.2015.08.023
https://doi.org/10.24925/turjaf.v10isp2.3014-3021.5756

Plants 2025, 14, 2160 17 of 20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

Jin, R.;; Wang, Y,; Liu, R.; Gou, J.; Chan, Z. Physiological and Metabolic Changes of Purslane (Portulaca oleracea L.) in Response to
Drought, Heat, and Combined Stresses. Front. Plant Sci. 2016, 6, 1123. [CrossRef]

Saffaryazdi, A.; Ganjeali, A.; Farhoosh, R.; Cheniany, M.; Lari, Z. Interactive Effects of Chilling and Wounding Stresses on
Antioxidant Compounds and Fatty Acid Profile of Purslane. Acta Physiol. Plant 2022, 44, 47. [CrossRef]

Elshamy, M.M.; Heikal, Y M.; Bonanomi, G. Phytoremediation Efficiency of Portulaca oleracea L. Naturally Growing in Some
Industrial Sites, Dakahlia District, Egypt. Chemosphere 2019, 225, 678-687. [CrossRef]

Thalassinos, G.; Petropoulos, S.A.; Antoniadis, V. The Response of Purslane (Portulaca oleracea) to Soil-Added Pb: Is It Suitable as
a Potential Phytoremediation Species? Toxics 2023, 11, 153. [CrossRef]

Yadegari, M. Performance of Purslane (Portulaca oleracea) in Nickel and Cadmium Contaminated Soil as a Heavy Metals-Removing
Crop. Iran. J. Plant Physiol. 2018, 8, 2447-2455.

De Jesus, S.; Alves-Pereira, I.; Santos, R.V.; Machado, R M.A; Ferreira, RM.A. Effects of Nitrogen Level on Purslane Antioxidant
Activity. Acta Hortic. 2019, 1242, 93-99. [CrossRef]

Nastou, E.; Thalassinos, G.; Polyzos, N.; Antoniadis, V.; Petropoulos, S.A. The Effect of Nitrogen Fertilization Rate on Growth and
Physiological Parameters of Three Purslane Genotypes Grown in a Soilless Cultivation System. Acta Hortic. 2021, 1321, 125-132.
[CrossRef]

Santos, R.V.; Machado, RM.A.; Alves-Pereira, L; Ferreira, RM.A. The Influence of Nitrogen Fertilization on Growth, Yield, Nitrate
and Oxalic Acid Concentration in Purslane (Portulaca oleracea). Acta Hortic. 2016, 1142, 299-304. [CrossRef]

Thalassinos, G.; Nastou, E.; Petropoulos, S.A.; Antoniadis, V. Nitrogen Effect on Growth-Related Parameters and Evaluation of
Portulaca oleracea as a Phytoremediation Species in a Cr(VI)-Spiked Soil. Horticulturae 2021, 7, 192. [CrossRef]

Mohammed, T.M.S.; Suliman, ES.O. The Response of Portulaca oleracea L to Different Concentration of Nitrogen Fertilizer. Am. J.
Biosci. Bioeng. 2019, 7, 19-21. [CrossRef]

Chrysargyris, A.; Xylia, P.; Zengin, G.; Tzortzakis, N. Purslane (Portulaca oleracea L.) Growth, Nutritional, and Antioxidant Status
under Different Nitrogen Levels in Hydroponics. Horticulturae 2024, 10, 1007. [CrossRef]

Bijay-Singh; Craswell, E. Fertilizers and Nitrate Pollution of Surface and Ground Water: An Increasingly Pervasive Global
Problem. SN Appl. Sci. 2021, 3, 518. [CrossRef]

Tyagi, J.; Ahmad, S.; Malik, M. Nitrogenous Fertilizers: Impact on Environment Sustainability, Mitigation Strategies, and
Challenges. Int. J. Environ. Sci. Technol. 2022, 19, 11649-11672. [CrossRef]

Ayiti, O.E.; Babalola, O.O. Factors Influencing Soil Nitrification Process and the Effect on Environment and Health. Front. Sustain.
Food Syst. 2022, 6, 821994. [CrossRef]

Subbarao, G.V,; Searchinger, T.D. A “More Ammonium Solution” to Mitigate Nitrogen Pollution and Boost Crop Yields. Proc.
Natl. Acad. Sci. USA 2021, 118, €2107576118. [CrossRef] [PubMed]

Pahalvi, H.N.; Rafiya, L.; Rashid, S.; Nisar, B.; Kamili, A.N. Chemical Fertilizers and Their Impact on Soil Health. Microbiota
Biofertil. 2021, 2, 1-20. [CrossRef]

Powlson, D.S.; Dawson, C.J. Use of Ammonium Sulphate as a Sulphur Fertilizer: Implications for Ammonia Volatilization. Soil
Use Manag. 2022, 38, 622-634. [CrossRef]

Shilpha, J.; Song, J.; Jeong, B.R. Ammonium Phytotoxicity and Tolerance: An Insight into Ammonium Nutrition to Improve Crop
Productivity. Agronomy 2023, 13, 1487. [CrossRef]

Skorupka, M.; Nosalewicz, A.; Krasilnikov, P.; Taboada, M.A. Ammonia Volatilization from Fertilizer Urea—A New Challenge for
Agriculture and Industry in View of Growing Global Demand for Food and Energy Crops. Agriculture 2021, 11, 822. [CrossRef]
Xiao, C.; Fang, Y.; Wang, S.; He, K. The Alleviation of Ammonium Toxicity in Plants. |. Integr. Plant Biol. 2023, 65, 1362-1368.
[CrossRef]

FAO. FAO Sustainable Nitrogen Management in Agrifood Systems; FAO: Rome, Italy, 2025. [CrossRef]

Htwe, N.M.P.S.; Ruangrak, E. A Review of Sensing, Uptake, and Environmental Factors Influencing Nitrate Accumulation in
Crops. J. Plant Nutr. 2021, 44, 1054-1065. [CrossRef]

Luetic, S.; Knezovic, Z.; Jurcic, K.; Majic, Z.; Tripkovic, K.; Sutlovic, D. Leafy Vegetable Nitrite and Nitrate Content: Potential
Health Effects. Foods 2023, 12, 1655. [CrossRef]

Esteban, R.; Ariz, I.; Cruz, C.; Moran, J.F. Review: Mechanisms of Ammonium Toxicity and the Quest for Tolerance. Plant Sci.
2016, 248, 92-101. [CrossRef]

Hachiya, T.; Inaba, J.; Wakazaki, M.; Sato, M.; Toyooka, K.; Miyagi, A.; Kawai-Yamada, M.; Sugiura, D.; Nakagawa, T.; Kiba,
T.; et al. Excessive Ammonium Assimilation by Plastidic Glutamine Synthetase Causes Ammonium Toxicity in Arabidopsis
Thaliana. Nat. Commun. 2021, 12, 4944. [CrossRef]

Mokhele, B.; Zhan, X.; Yang, G.; Zhang, X. Review: Nitrogen Assimilation in Crop Plants and Its Affecting Factors. Can. J. Plant
Sci. 2012, 92, 399-405. [CrossRef]

Neocleous, D.; Savvas, D.; Giannothanasis, E.; Ntatsi, G. Partial Substitution of Nitrate by Chloride in Fertigation Recipes Allows
for Lower Nitrate Input in Hydroponic Lettuce Crops. Front. Plant Sci. 2024, 15, 1411572. [CrossRef] [PubMed]


https://doi.org/10.3389/fpls.2015.01123
https://doi.org/10.1007/s11738-022-03379-6
https://doi.org/10.1016/j.chemosphere.2019.03.099
https://doi.org/10.3390/toxics11020153
https://doi.org/10.17660/ActaHortic.2019.1242.13
https://doi.org/10.17660/ActaHortic.2021.1321.16
https://doi.org/10.17660/ActaHortic.2016.1142.45
https://doi.org/10.3390/horticulturae7070192
https://doi.org/10.11648/J.BIO.20190701.14
https://doi.org/10.3390/horticulturae10091007
https://doi.org/10.1007/s42452-021-04521-8
https://doi.org/10.1007/s13762-022-04027-9
https://doi.org/10.3389/fsufs.2022.821994
https://doi.org/10.1073/pnas.2107576118
https://www.ncbi.nlm.nih.gov/pubmed/34039714
https://doi.org/10.1007/978-3-030-61010-4_1
https://doi.org/10.1111/sum.12733
https://doi.org/10.3390/agronomy13061487
https://doi.org/10.3390/agriculture11090822
https://doi.org/10.1111/jipb.13467
https://doi.org/10.4060/cd3388en
https://doi.org/10.1080/01904167.2021.1871757
https://doi.org/10.3390/foods12081655
https://doi.org/10.1016/j.plantsci.2016.04.008
https://doi.org/10.1038/s41467-021-25238-7
https://doi.org/10.4141/cjps2011-135
https://doi.org/10.3389/fpls.2024.1411572
https://www.ncbi.nlm.nih.gov/pubmed/39114473

Plants 2025, 14, 2160 18 of 20

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Urli¢, B.; Dumici¢, G.; Romié, M.; Ban, S.G. The Effect of N and NaCl on Growth, Yield, and Nitrate Content of Salad Rocket
(Eruca sativa Mill.). J. Plant Nutr. 2017, 40, 2611-2618. [CrossRef]

Zhu, Z.; Gerendas, J.; Sattelmacher, B. Effects of Replacing of Nitrate with Urea or Chloride on the Growth and Nitrate
Accumulation in Pak-Choi in the Hydroponics. In Plant Nutrition for Sustainable Food Production and Environment; Springer:
Berlin/Heidelberg, Germany, 1997; pp. 963-964. [CrossRef]

Kopsell, D.A.; Whitlock, K.J.; Sams, C.E.; Kopsell, D.E. Nutritionally Important Pigments in Purslane (Portulaca oleracea) Differ
between Cultivars and in Response to Nitrogen. HortScience 2016, 51, 784-787. [CrossRef]

Sonneveld, C.; Voogt, W. Nutrient Solutions for Soilless Cultures. In Plant Nutrition of Greenhouse Crops; Springer:
Berlin/Heidelberg, Germany, 2009; pp. 257-275. [CrossRef]

Chatzigianni, M.; Alkhaled, B.; Livieratos, I.; Stamatakis, A.; Ntatsi, G.; Savvas, D. Impact of Nitrogen Source and Supply Level
on Growth, Yield and Nutritional Value of Two Contrasting Ecotypes of Cichorium spinosum L. Grown Hydroponically. J. Sci. Food
Agric. 2018, 98, 1615-1624. [CrossRef] [PubMed]

Papadimitriou, D.M.; Daliakopoulos, L.N.; Lydakis-Simantiris, N.; Cheiladaki, I.; Manios, T.; Savvas, D. Nitrogen Source and
Supply Level Impact Water Uptake, Yield, and Nutrient Status of Golden Thistle in a Soilless Culture. Sci. Hortic. 2024, 336, 113384.
[CrossRef]

Camalle, M.; Standing, D.; Jitan, M.; Muhaisen, R.; Bader, N.; Bsoul, M.; Ventura, Y.; Soltabayeva, A.; Sagi, M. Effect of Salinity
and Nitrogen Sources on the Leaf Quality, Biomass, and Metabolic Responses of Two Ecotypes of Portulaca oleracea. Agronomy
2020, 10, 656. [CrossRef]

Fontana, E.; Hoeberechts, J.; Nicola, S.; Cros, V.; Palmegiano, G.B.; Peiretti, P.G. Nitrogen Concentration and Nitrate/Ammonium
Ratio Affect Yield and Change the Oxalic Acid Concentration and Fatty Acid Profile of Purslane (Portulaca oleracea L.) Grown in a
Soilless Culture System. J. Sci. Food Agric. 2006, 86, 2417-2424. [CrossRef]

Szalai, G.; Dai, N.; Danin, A.; Dudai, N.; Barazani, O. Effect of Nitrogen Source in the Fertilizing Solution on Nutritional Quality
of Three Members of the Portulaca oleracea Aggregate. J. Sci. Food Agric. 2010, 90, 2039-2045. [CrossRef]

Gonziélez-Garcia, J.L.; Rodriguez-Mendoza, M.N.; Sanchez-Garcia, P.; Osorio-Rosales, B.; Trejo-Téllez, L.I.; Alcantar-Gonzilez, G.;
Sandoval-Villa, M. Ammonium/Nitrate Ratios in Hydroponic Production of Aromatic Herbs. Acta Hortic. 2009, 843, 123-128.
[CrossRef]

Santamaria, P; Elia, A.; Papa, G.; Serio, F. Nitrate and Ammonium Nutrition in Chicory and Rocket Salad Plants. J. Plant Nutr.
1998, 21, 1779-1789. [CrossRef]

Wang, Y.; Zhang, X.; Liu, H.; Sun, G.; Song, S.; Chen, R. High NH#** /NO3~ Ratio Inhibits the Growth and Nitrogen Uptake of
Chinese Kale at the Late Growth Stage by Ammonia Toxicity. Horticulturae 2022, 8, 8. [CrossRef]

Chrysargyris, A.; Hajisolomou, E.; Xylia, P.; Tzortzakis, N. Ammonium to Total Nitrogen Ratio Affects the Purslane (Portulaca
oleracea L.) Growth, Nutritional, and Antioxidant Status. Heliyon 2023, 9, €21644. [CrossRef] [PubMed]

Savvas, D.; Passam, H.C.; Olympios, C.; Nasi, E.; Moustaka, E.; Mantzos, N.; Barouchas, P. Effects of Ammonium Nitrogen on
Lettuce Grown on Pumice in a Closed Hydroponic System. HortScience 2006, 41, 1667-1673. [CrossRef]

Ning, X.; Lin, M.; Huang, G.; Mao, J.; Gao, Z.; Wang, X. Research Progress on Iron Absorption, Transport, and Molecular
Regulation Strategy in Plants. Front. Plant Sci. 2023, 14, 1190768. [CrossRef]

Parveen, S.; Ranjan, RK.; Anand, A.; Singh, B. Combined Deficiency of Nitrogen and Iron Increases Senescence Induced
Remobilization of Plant Immobile Iron in Wheat. Acta Physiol. Plant 2018, 40, 211. [CrossRef]

Marschner, P. Marschner’s Mineral Nutrition of Higher Plants, 3rd ed.; Academic Press: Cambridge, MA, USA, 2011. [CrossRef]
Daum, D. Gaseous Nitrogen Losses from a Soilless Culture System in the Greenhouse. Plant Soil 1996, 183, 69-78. [CrossRef]
Xaxiri, E.; Darivakis, E.; Karavidas, I.; Ntatsi, G.; Savvas, D. Comparing the Nutritional Needs of Two Solanaceae and One
Cucurbitaceae Species Grown Hydroponically under the Same Cropping Conditions. Plants 2023, 12, 3642. [CrossRef]
Karlowsky, S.; Buchen-Tschiskale, C.; Odasso, L.; Schwarz, D.; Well, R. Sources of Nitrous Oxide Emissions from Hydroponic
Tomato Cultivation: Evidence from Stable Isotope Analyses. Front. Microbiol 2023, 13, 1080847. [CrossRef]

Lin, W,; Li, Q.Z.; Zhou, W,; Yang, R.; Zhang, D.; Wang, H.; Li, Y.; Qi, Z.; Li, Y. Insights into Production and Consumption Processes
of Nitrous Oxide Emitted from Soilless Culture Systems by Dual Isotopocule Plot and Functional Genes. Sci. Total Environ. 2023,
856, 159046. [CrossRef]

Simek, M.; Jisova, L.; Hopkins, D.W. What Is the So-Called Optimum PH for Denitrification in Soil? Soil Biol. Biochern. 2002, 34,
1227-1234. [CrossRef]

Daum, D.; Schenk, M.K. Influence of Nutrient Solution PH on N20O and N2 Emissions from a Soilless Culture System. Plant Soil
1998, 203, 279-288. [CrossRef]

Voogt, W.; Ismael, A.D.; Oud, N.; Leyh, R. Dealing with Na Accumulation in Soilless Systems with Recirculation of Drainwater: A
Case Study with Sweet Pepper (Capsicum annuumy). Acta Hortic. 2021, 1321, 141-148. [CrossRef]

Cerozi, B. da S.; Fitzsimmons, K. The Effect of PH on Phosphorus Availability and Speciation in an Aquaponics Nutrient Solution.
Bioresour. Technol. 2016, 219, 778-781. [CrossRef]


https://doi.org/10.1080/01904167.2017.1381122
https://doi.org/10.1007/978-94-009-0047-9_313
https://doi.org/10.21273/HORTSCI.51.6.784
https://doi.org/10.1007/978-90-481-2532-6_12
https://doi.org/10.1002/jsfa.8636
https://www.ncbi.nlm.nih.gov/pubmed/28842916
https://doi.org/10.1016/j.scienta.2024.113384
https://doi.org/10.3390/agronomy10050656
https://doi.org/10.1002/jsfa.2633
https://doi.org/10.1002/jsfa.4049
https://doi.org/10.17660/ActaHortic.2009.843.14
https://doi.org/10.1080/01904169809365523
https://doi.org/10.3390/horticulturae8010008
https://doi.org/10.1016/j.heliyon.2023.e21644
https://www.ncbi.nlm.nih.gov/pubmed/38027987
https://doi.org/10.21273/HORTSCI.41.7.1667
https://doi.org/10.3389/fpls.2023.1190768
https://doi.org/10.1007/s11738-018-2782-9
https://doi.org/10.1016/C2009-0-63043-9
https://doi.org/10.1007/BF02185566
https://doi.org/10.3390/plants12203642
https://doi.org/10.3389/fmicb.2022.1080847
https://doi.org/10.1016/j.scitotenv.2022.159046
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1023/A:1004350628266
https://doi.org/10.17660/ActaHortic.2021.1321.18
https://doi.org/10.1016/j.biortech.2016.08.079

Plants 2025, 14, 2160 19 of 20

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

De Rijck, G.; Schrevens, E. PH Influenced by the Elemental Composition of Nutrient Solutions. . Plant Nutr. 1997, 20, 911-923.
[CrossRef]

Fukalova, T.F; Garcia-Martinez, M.D.; Raigén, M.D. Nutritional Composition, Bioactive Compounds, and Volatiles Profile
Characterization of Two Edible Undervalued Plants: Portulaca oleracea L. and Porophyllum ruderale (Jacq.) Cass. Plants 2022, 11, 377.
[CrossRef] [PubMed]

Uddin, M.K; Juraimi, A.S.; Ali, M.E.; Ismail, M.R. Evaluation of Antioxidant Properties and Mineral Composition of Purslane
(Portulaca oleracea L.) at Different Growth Stages. Int. ]. Mol. Sci. 2012, 13, 10257-10267. [CrossRef]

Huett, D.O. Growth, Nutrient Uptake and Tipburn Severity of Hydroponic Lettuce in Response to Electrical Conductivity and
K:Ca Ratio in Solution. Aust. ]. Agric. Res. 1994, 45, 251-267. [CrossRef]

Sago, Y. Effects of Light Intensity and Growth Rate on Tipburn Development and Leaf Calcium Concentration in Butterhead
Lettuce. HortScience 2016, 51, 1087-1091. [CrossRef]

Alexopoulos, A.A.; Marandos, E.; Assimakopoulou, A.; Vidalis, N.; Petropoulos, S.A.; Karapanos, I.C. Effect of Nutrient Solution
Ph on the Growth, Yield and Quality of Taraxacum Officinale and Reichardia picroides in a Floating Hydroponic System. Agronomy
2021, 11, 1118. [CrossRef]

De Rijck, G.; Schrevens, E. Elemental Bioavailability in Nutrient Solutions in Relation to Precipitation Reactions. J. Plant Nutr.
1998, 21, 2103-2113. [CrossRef]

Hoenig, M. Sample Dissolution for Elemental Analysis | Dry Ashing. In Encyclopedia of Analytical Science, 2nd ed.; Elsevier:
Amsterdam, The Netherlands, 2005; pp. 131-136. [CrossRef]

Stefanelli, D.; Winkler, S.; Jones, R.; Stefanelli, D.; Winkler, S.; Jones, R. Reduced Nitrogen Availability during Growth Improves
Quality in Red Oak Lettuce Leaves by Minimizing Nitrate Content, and Increasing Antioxidant Capacity and Leaf Mineral
Content. Agric. Sci. 2011, 2, 477-486. [CrossRef]

Zhou, W,; Liang, X.; Li, K; Dai, P,; Li, J.; Liang, B.; Sun, C.; Lin, X. Metabolomics Analysis Reveals Potential Mechanisms of
Phenolic Accumulation in Lettuce (Lactuca sativa L.) Induced by Low Nitrogen Supply. Plant Physiol. Biochem. 2021, 158, 446—453.
[CrossRef]

Zhou, W,; Liang, X,; Zhang, Y.; Li, K;; Jin, B.; Lu, L.; Jin, C.; Lin, X. Reduced Nitrogen Supply Enhances the Cellular Antioxidant
Potential of Phenolic Extracts through Alteration of the Phenolic Composition in Lettuce (Lactuca sativa L.). ]. Sci. Food Agric. 2019,
99, 4761-4771. [CrossRef] [PubMed]

Zhou, W.; Lv, T.; Hu, Y,; Liu, W.; Bi, Q.; Jin, C; Lu, L.; Lin, X. Effect of Nitrogen Limitation on Antioxidant Qualities Is Highly
Associated with Genotypes of Lettuce (Lactuca sativa L.). Pedosphere 2020, 30, 414-425. [CrossRef]

Boon, ].V.D,; Steenhuizen, J.W.; Steingrover, E.G. Growth and Nitrate Concentration of Lettuce as Affected by Total Nitrogen and
Chloride Concentration, NH4/NO03 Ratio and Temperature of the Recirculating Nutrient Solution. J. Hortic. Sci. 1990, 65, 309-321.
[CrossRef]

Wang, B.; Shen, Q. Effects of ammonium on the root architecture and nitrate uptake kinetics of two typical lettuce genotypes
grown in hydroponic systems. . Plant Nutr. 2012, 35, 1497-1508. [CrossRef]

De Souza, D.; Wenceslau, L.; Faotima De Oliveira, D.; De Oliveira Rabelo, H.; Ferreira Ferbonink, G.; Antonio, L.; Gomes, A.;
Carina, E.; Leonel, A.; Caione, G. Nitrate Concentration and Nitrate/ Ammonium Ratio on Lettuce Grown in Hydroponics in
Southern Amazon. Afr. J. Agric. Res. 2021, 17, 862-868. [CrossRef]

Nicola, S.; Egea-Gilabert, C.; Nifiirola, D.; Conesa, E.; Pignata, G.; Fontana, E.; Ferndndez, J.A. Nitrogen and Aeration Levels of
the Nutrient Solution in Soilless Cultivation Systems as Important Growing Conditions Affecting Inherent Quality of Baby Leaf
Vegetables: A Review. Acta Hortic. 2015, 1099, 167-178. [CrossRef]

Savvas, D.; Drakatos, S.; Panagiotakis, I.; Ntatsi, G. NUTRISENSE: A New Online Portal to Calculate Nutrient Solutions and
Optimize Fertilization of Greenhouse Crops Grown Hydroponically. Acta Hortic. 2021, 1320, 149-156. [CrossRef]
Voutsinos-Frantzis, O.; Ntatsi, G.; Karavidas, I.; Neofytou, I.; Deriziotis, K.; Ropokis, A.; Consentino, B.B.; Sabatino, L.; Savvas, D.
Exploring the Simultaneous Effect of Total Ion Concentration and K:Ca:Mg Ratio of the Nutrient Solution on the Growth and
Nutritional Value of Hydroponically Grown Cichorium spinosum L. Agronomy 2022, 12, 2214. [CrossRef]

Murphy, J.; Riley, ].P. A Modified Single Solution Method for the Determination of Phosphate in Natural Waters. Anal. Chim. Acta
1962, 27, 31-36. [CrossRef]

Gaines, T.P,; Mitchell, G.A. Boron Determination in Plant Tissue by the Azomethine H Method. Commun. Soil Sci. Plant Anal.
1979, 10, 1099-1108. [CrossRef]

Schnetger, B.; Lehners, C. Determination of Nitrate plus Nitrite in Small Volume Marine Water Samples Using Vana-
dium(III)Chloride as a Reduction Agent. Mar. Chem. 2014, 160, 91-98. [CrossRef]

Ivancig, I.; Degobbis, D. An Optimal Manual Procedure for Ammonia Analysis in Natural Waters by the Indophenol Blue Method.
Water Res. 1984, 18, 1143-1147. [CrossRef]


https://doi.org/10.1080/01904169709365305
https://doi.org/10.3390/plants11030377
https://www.ncbi.nlm.nih.gov/pubmed/35161358
https://doi.org/10.3390/ijms130810257
https://doi.org/10.1071/AR9940251
https://doi.org/10.21273/HORTSCI10668-16
https://doi.org/10.3390/agronomy11061118
https://doi.org/10.1080/01904169809365547
https://doi.org/10.1016/B0-12-369397-7/00537-9
https://doi.org/10.4236/as.2011.24061
https://doi.org/10.1016/j.plaphy.2020.11.027
https://doi.org/10.1002/jsfa.9721
https://www.ncbi.nlm.nih.gov/pubmed/30932195
https://doi.org/10.1016/S1002-0160(19)60833-7
https://doi.org/10.1080/00221589.1990.11516060
https://doi.org/10.1080/01904167.2012.689910
https://doi.org/10.5897/AJAR2020.15087
https://doi.org/10.17660/ActaHortic.2015.1099.17
https://doi.org/10.17660/ActaHortic.2021.1320.19
https://doi.org/10.3390/agronomy12092214
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1080/00103627909366965
https://doi.org/10.1016/j.marchem.2014.01.010
https://doi.org/10.1016/0043-1354(84)90230-6

Plants 2025, 14, 2160 20 of 20

95.

96.

97.
98.
99.

100.

101.

102.

103.

104.

105.

Asch, J.; Johnson, K.; Mondal, S.; Asch, F. Comprehensive Assessment of Extraction Methods for Plant Tissue Samples for
Determining Sodium and Potassium via Flame Photometer and Chloride via Automated Flow Analysis. J. Plant Nutr. Soil Sci.
2022, 185, 308-316. [CrossRef]

Yoshinaga, T.; Ohta, K. Spectrophotometric Determination of Chloride Ion Using Mercury Thiocyanate and Iron Alum. Anal. Sci.
1990, 6, 57-60. [CrossRef]

Lastra, O.C. Derivative Spectrophotometric Determination of Nitrate in Plant Tissue. |. AOAC Int. 2003, 86, 1101-1105. [CrossRef]
Nelson, D.W.; Sommers, L.E. Total Nitrogen Analysis of Soil and Plant Tissues. J. AOAC Int. 1980, 63, 770-778. [CrossRef]
Karavidas, I.; Ntatsi, G.; Marka, S.; Ntanasi, T.; Consentino, B.B.; Sabatino, L.; Iannetta, PPM.; Savvas, D. Fresh Pod Yield,
Physical and Nutritional Quality Attributes of Common Bean as Influenced by Conventional or Organic Farming Practices. Plants
2023, 12, 32. [CrossRef]

Benzie, LEF; Strain, ].J. Ferric Reducing/Antioxidant Power Assay: Direct Measure of Total Antioxidant Activity of Biological
Fluids and Modified Version for Simultaneous Measurement of Total Antioxidant Power and Ascorbic Acid Concentration.
Methods Enzym. 1999, 299, 15-27. [CrossRef]

Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant Activity Applying an Improved ABTS
Radical Cation Decolorization Assay. Free Radic. Biol. Med. 1999, 26, 1231-1237. [CrossRef] [PubMed]

Jan, S.; Khan, M.R.; Rashid, U.; Bokhari, J. Assessment of Antioxidant Potential, Total Phenolics and Flavonoids of Different
Solvent Fractions of Monotheca Buxifolia Fruit. Osong. Public Health Res. Perspect. 2013, 4, 246-254. [CrossRef] [PubMed]
Safafar, H.; Van Wagenen, J.; Meller, P.; Jacobsen, C. Carotenoids, Phenolic Compounds and Tocopherols Contribute to the
Antioxidative Properties of Some Microalgae Species Grown on Industrial Wastewater. Marine Drugs 2015, 13, 7339-7356.
[CrossRef] [PubMed]

Savvas, D.; Oztekin, G.B.; Tepecik, M.; Ropokis, A.; Ttizel, Y.; Ntatsi, G.; Schwarz, D. Impact of Grafting and Rootstock on
Nutrient-to-Water Uptake Ratios during the First Month after Planting of Hydroponically Grown Tomato. J. Hortic. Sci. Biotechnol.
2017, 92, 294-302. [CrossRef]

Congreves, K.A ; Otchere, O.; Ferland, D.; Farzadfar, S.; Williams, S.; Arcand, M.M. Nitrogen Use Efficiency Definitions of Today
and Tomorrow. Front. Plant Sci. 2021, 12, 637108. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/JPLN.202100344
https://doi.org/10.2116/analsci.6.57
https://doi.org/10.1093/jaoac/86.6.1101
https://doi.org/10.1093/jaoac/63.4.770
https://doi.org/10.3390/plants12010032
https://doi.org/10.1016/S0076-6879(99)99005-5
https://doi.org/10.1016/S0891-5849(98)00315-3
https://www.ncbi.nlm.nih.gov/pubmed/10381194
https://doi.org/10.1016/j.phrp.2013.09.003
https://www.ncbi.nlm.nih.gov/pubmed/24298440
https://doi.org/10.3390/md13127069
https://www.ncbi.nlm.nih.gov/pubmed/26690454
https://doi.org/10.1080/14620316.2016.1265903
https://doi.org/10.3389/fpls.2021.637108

	Introduction 
	Results 
	Yield and Growth Parameters 
	Plant Nutrient Profile 
	Uptake Concentrations 
	Nitrogen Use Efficiency (NUE) 
	Biochemical Profile 

	Discussion 
	Materials and Methods 
	Plant Material, Growth Conditions, and Experimental Setup 
	NS Sampling 
	Plant Tissue Sampling 
	Determination of Nutrient Content 
	Determination of Plant Biochemical Profile 
	Nutrient Uptake Concentrations 
	Nitrogen Use Efficiency 
	Statistical Analysis 

	Conclusions 
	References

