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Abstract: The ammonium (NH4
+) tolerance of plants is an important issue in agriculture, associated

with several plant characteristics. So far, plant tissue acidification has been shown as the primary
cause of NH4

+ toxicity. Suppressed plant growth caused by excess NH4
+ can be counteracted by

potassium (K+) application. However, the effects of NH4
+ tolerances on the differences regarding pH

changes together with K+ uptake remain to be determined. Here, we performed an 84 h hydroponic
cultivation of five species with different NH4

+ tolerances, subjected to three NH4
+:NO3

− solutions
(0:100, 50:50, or 100:0), to investigate the pH changes and ion uptakes. Consequently, the solution
pH was lowered over time to varying extents in the presence of NH4

+. The NH4
+-tolerant ageratum

and lettuce, shown to be tolerant to NH4
+ in this trial, rapidly lowered the solution pH, whereas

extremely NH4
+-sensitive salvia and cabbage only gave a minor decrease in the solution pH when

grown with 100:0 NH4
+:NO3

−. Additionally, the increased external NH4
+ level led to a substantial

decline in the net cation influxes (K+, Ca2+, and Mg2+). As compared to solely NH4
+-fed salvia and

cabbage, solely NH4
+-fed ageratum and lettuce ultimately showed a relatively greater net K+ influx.

Taken together, this study discusses how the decreases in pH and K+ are related to NH4
+ tolerance in

five hydroponically cultured species.

Keywords: hydroponics; acidification; calcium; magnesium; electrical conductivity (EC)

1. Introduction

As two predominant inorganic nitrogen (N) forms for higher plants absorption and
assimilation, ammonium (NH4

+) and nitrate (NO3
−) not only show varying preferences by

plants, but also affect the plant growth and physiology in a distinct manner [1–3]. Theoreti-
cally, the use of NH4

+ appeared to be superior to that of NO3
−, because NH4

+ was more
metabolically efficient than NO3

−, requiring relatively less energy for assimilation [4,5].
Paradoxically, only a small number of plant species exhibited better growth when supplied
with NH4

+ as the sole N source than when supplied with NO3
− or a mixture of NH4

+

and NO3
−. Indeed, plants cultured exclusively with millimolar NH4

+ often developed
ammonium toxicity symptoms, as characterized by stunted plant growth accompanied by
leaf chlorosis and necrosis [6,7].

Several classical and current hypotheses have been advanced to elucidate the major
NH4

+ toxicity causes: carbohydrate limitation for efficient detoxification; futile trans-
membrane NH4

+ cycling; disorders of photosynthesis and electron transport homeostasis;
extracellular acidification shifting to an intolerable level; and disruption of the plant
ion balance [8–12].

Fortunately, one consensus on the NH4
+ toxicity cause has been built recently: Hachiya

and colleagues proposed that an elevation of the shoot acidity primarily caused NH4
+

toxicity in plants [13]. It has been well-established that the NH4
+ uptake is a proton-release
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process, resulting in external acidification when NH4
+ is present in excess [14]. In addition,

the assimilation of NH4
+ was identified to be a proton-generating process. A great deal of

hydrogen (H+) was secreted due to the NH4
+ nutrition in the rhizosphere. As a consequence,

the cell metabolism was interfered with, and the pH in the root environment decreased.
In this regard, the root environment acidification and intracellular pH disturbance was
accordingly related to the NH4

+ toxicity symptoms. It was often observed that thrive plants
grown under extremely acidic conditions where the N form was usually dominated by the
existence of high NH4

+ levels, such as lowland rice [15]. It seems that plants capable of
high resistances or adaptations to NH4

+ nutrition have low rhizosphere pH [16].
Furthermore, the reduction in the level of certain cations (i.e., K+ in particular, Ca2+

and Mg2+) inside plant tissues was recognized as a result of excessive NH4
+ nutrition

and therefore NH4
+ toxicity [12,17]. The uptake of NH4

+ was regarded to be coupled
to the H+ efflux and subsequently stimulated the K+ efflux (in an antagonistic way) [18].
Therefore, K+ channels should be a prime candidate for transporting considerable amounts
of low-affinity NH4

+, thereby suppressing the NH4
+ flux. On the other hand, the vital

correlation between K+ and NH4
+ has shown that a high external K+ level was able to

deliver a protection strategy for plants against NH4
+ toxicity [19,20]. For instance, an

elevated supply of K+ was found to have a pivotal role in attenuating the NH4
+ toxicity by

reducing the NH4
+ influx [21]; the NH4

+ entrance was eventually inhibited when imposed
with a progressively increasing K+ ranging from 0.02 mM to 40 mM in solely NH4

+-fed
rice (NH4

+-tolerant plant) [22]. However, there is little research to date on how pH or K+

metabolism is affected by NH4
+ nutrition in hydroponically cultured plants.

Many studies have suggested that NH4
+ tolerance is species-specific and most likely

conferred by key NH4
+ assimilation enzymes, such as GS and NADH-GDH [6,23–25], while

largely neglecting the aforementioned effects from the pH and K+ supply. Even though pH
and K+ were outlined to be related to NH4

+ toxicity, the agreement towards the relationship
between the root pH, K+ transport, and plant NH4

+ tolerance has yet to be established.
Specifically, controversy remains regarding rhizospheric pH changes and K+ metabolism in
response to a prolonged, excessive NH4

+ supply.
Accordingly, the experiment undertaken herein was designed, condensed, and con-

ducted to investigate root pH changes and the kinetics of K+ uptake by means of monitoring
the hydroponic solutions. Five plant species underpinning contrasting NH4

+ tolerances
were hydroponically cultured in order to circumvent the interference of the growing media,
since considerable amounts of Fe2+ were readily yielded from the inert medium [26]. The
present study aims to evaluate the influence of different NH4

+ tolerances of plant species
grown with different forms of nitrogen (N) on hydroponic solution pH and ion uptake,
while seeking a practical tool for selection of NH4

+-sensitive or -tolerant species.

2. Materials and Methods
2.1. Plant Materials and Environmental Conditions

Seeds of three bedding plants (Salvia splendens ‘Vista Red’, Petunia hybrid ‘Madness
Red’, and Ageratum houstonianum ‘Aloha Blue’) and two leafy vegetables (Korean cabbage
’Ssamchu’ and lettuce ’Caesar Green’), were ordered from PAN American Seeds Company
(West Chicago, IL, USA), germinated in 200-cell plug trays containing the BVB medium
(EN-12580, The Netherlands), and moistened with running tap water. The experiment was
carried out in a glasshouse at Gyeongsang National University (35◦90′ N, 128◦06′ E, Jinju,
Gyeongnam, Korea) from April to May and September to October of 2021. The temperature
ranged from 25 ± 2 ◦C (light for 13 h) to 17 ± 2 ◦C (darkness for 11 h).

2.2. Hydroponic Cultivation Experiment
2.2.1. Preparation of the Plants

Subsequently, seedlings were placed on a metal bench and irrigated with a multipur-
pose nutrient solution (MNS) for 20 days, which contained macronutrients (6.0 me·L−1 Ca2+,
2.0 me·L−1 Mg2+, 5.0 me·L−1 K+, 2.0 me·L−1 NH4

+, 11.0 me·L−1 NO3
−, 2.0 me·L−1 SO4

2−,
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and 2.0 me·L−1 H2PO4−) and micronutrients (20 µM B, 0.5 µM Cu, 10 µM Fe, 10 µM Mn,
0.5 µM Mo, and 4 µM Zn) [24]. Juvenile plants with uniform growth and status were
screened and taken out of the trays; the growth media on the plant roots were carefully
washed off using distilled water and surface-blotting with absorbent paper.

2.2.2. Preparation of the Hydroponic System

Afterwards, three plants with massive root systems were anchored through the indi-
vidual side holes in 450 mL hydroponic solutions using tissue culture vessels (PhytoCon™,
Phyto Technology Laboratories, Lenexa, KS, USA). Three side-punched holes and one
center-punched hole were designed for holding plants erect and providing air for the
nutrient solutions, respectively (Figure 1). The air generated from a temporary immersion
system (TIS) [27] used a pump (RITA type, Plantima, A-Tech Bioscientific Co., Taiwan). All
the containers and lids were wrapped with cooking tin foil to avoid sunlight penetration.
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Figure 1. The container and lid retrofitted for the hydroponic system. Side holes were punched for
the plants; the central hole was punched for a rubber hose linked to the air pump.

2.3. Treatment Solutions and Layout of the Plants

The multipurpose nutrient solution (MNS) was modified in order to supply a constant
concentration of N (13 me·L−1) at different NH4

+:NO3
− ratios (0:100, 50:50, or 100:0).

The details are shown in Table 1. Modifications as affected by NH4
+:NO3

− ratio were
made by balancing with the Cl− level in order to keep an equal concentration (me·L−1) of
cations and anions. However, three hydroponic solutions contained identical levels of other
micronutrients, as described above. All the solutions’ pH levels were initially adjusted to
6.0 with analytical grade 0.1 M HCl. The treatment solutions were not supplemented after
the start of the experiment.

Table 1. Macronutrient composition (me·L−1) along with a constant concentration (13.0 me·L−1) of
N, but three different ammonium to nitrate ratios, used as the treatment solutions.

Nutrient Source
Ammonium to Nitrate Ratios in the Nutrient Solutions

0:100 50:50 100:0

Ca(NO3)2·4H2O 6.9 5.9 -
KNO3 4.8 - -

Mg(NO3)2·6H2O 1.3 0.6 -
MgSO4·7H2O 1.0 1.4 1.7

KH2PO4 1.0 - 2.0
NH4H2PO4 - 2.0 -
(NH4)2SO4 - 4.5 13.0

K2SO4 - 4.5 1.2
CaCl2·6H2O - - 4.9
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Each biological replicate, randomly arranged with three NH4
+:NO3

− ratios, was laid
out as shown in Figure 2, and consisted of one pump for five species and one control
(without plants). In total, 3 air pumps, 54 containers, and 27 plants per species were
undertaken for 3 replicates in the experiment.
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2.4. Monitoring of the pH and EC Variations in the Hydroponic Solutions

Cultivations for a period of 84 h were performed for the plants with an uninterrupted
air supply. The pH and EC values of the hydroponic solutions were individually monitored
at 0, 12, 36, 60, and 84 h after treatment initiation with a portable microprocessor benchtop
pH meter (Lab-SP-2300, Suntex Instruments Co., Ltd., Taiwan, China). To minimize the
light influences on the plants during the research, this experiment started at 9:00 am, and
the subsequent measurements were implemented after sunset.

2.5. Determinations of Potassium (K), Calcium (Ca), and Magnesium (Mg) Concentrations in
Hydroponic Solutions

At the end of each experiment, the hydroponic solutions from 0 h and 84 h specimens
were individually collected and passed through the filter paper to remove the residues, to
obtain clear, impurity-free samples for the assay. Finally, the ion content was quantified
three times and analyzed using an inductively coupled plasma (ICP) spectrometer (Optima
4300DV/5300DV, Perkin Elmer, Rodgau, Germany). The control (t = 0 h) was employed as
the baseline for the analysis of the ion uptake. Changes in the ion content were expressed
as a reduction after 84 h, compared to the control.

2.6. Ammonium Tolerances of Salvia, Petunia, Ageratum, Cabbage and Lettuce

The ammonium tolerances of the five selected plants species used in this study were
determined on the basis of their responses, such as physiology and morphology, photo-
synthetic capacity, N-C distribution, and activities of major N assimilation enzymes, to
high NH4

+ concentration supply according to our pioneer research [6,24]. Korean cabbage
‘Ssamchu’ and salvia were extremely sensitive to high concentrations of NH4

+; petunia was
moderately sensitive to NH4

+; ageratum was NH4
+-tolerant or NO3

−-sensitive; and lettuce
was also highly NH4

+-tolerant.
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2.7. Statistical Analysis and Graphing

The statistical analysis was carried out with the SAS 8.2 statistical software (SAS
Inst., Cary, NC, USA). All represented data are the mean ± SD of at least three biological
replicates. Significant differences among multiple groups were tested according to one-way
ANOVA (Duncan’s multiple range test) with a probability (p) of less than 0.05. GraphPad
Prism 8.0 was employed for graphing.

3. Results
3.1. Major pH Changes of the Hydroponic Solutions during the 84 h Cultivation

When the comparisons were conducted on identical species, the pH of the hydroponic
solutions were remarkably affected by the NH4

+:NO3
− ratios, regardless of the species

(Figure 3). In a whole, the pH of hydroponic solutions supplied with 50:50 NH4
+:NO3

− and
100:0 NH4

+:NO3
− substantially declined, whereas the pH of hydroponic solutions supplied

with 0:100 NH4
+:NO3

− were detected to show varying degrees of increase. The control
group solutions maintained a 6.0 pH as initially set throughout the 84 h experimental period
(Figure 3A). Notably, the significant pH changes caused by the different NH4

+:NO3
− ratios

were exhibited from 12 h after treatments were initiated (Figure 3B,D,F).
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−

ratios, as affected by 5 species during an 84 h cultivation. (A) Control without plants; (B) salvia;
(C) petunia; (D) ageratum; (E) cabbage; and (F) lettuce. Data are expressed as means ± SD of n = 3
biological replicates. p less than 0.05 was considered significantly different, indicated by different
lower case letters according to the one-way ANOVA (Duncan’s multiple range test).
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More importantly, the pH of solutions 50:50 NH4
+:NO3

− and 100:0 NH4
+:NO3

− were
dramatically altered among species during the cultivation. Ageratum and lettuce grown
with 50:50 NH4

+:NO3
− sharply reduced the solution pH to 3.76 and 3.92, respectively, after

84 h cultivations, whereas salvia changed the solution pH to 6.29 after 84 h (Figure 3B,D,F).
Likewise, in the absence of NO3

−, the pH of hydroponic solutions supplied for ageratum
and lettuce declined to as low as 3.34 and 3.83, respectively, whereas salvia treated with
sole NH4

+ nutrition decreased in solution pH to only 5.39 (Figure 3B,D,F). The solution pH
changes were similar according to the species grown with 0:100 NH4

+:NO3
−. Moreover,

it is noteworthy that ageratum displayed the biggest pH increase of 14.7% among all the
species examined (Figure 3D).

Interestingly, the pH of solutions used to grow petunia exhibited minor changes in the
pH, irrespective of the NH4

+:NO3
− ratios (Figure 3C). In these, a highly conserved trend

was observed from the baseline (Figure 3A) because of the relatively small root systems
of petunia.

3.2. Ion Concentrations in the Hydroponic Solutions as Affected by the NH4
+:NO3

− Ratios and
Plant Species

To figure out the kinetics of major ion (K+, Ca2+, Mg2+) uptakes after 84 h cultivations,
the ion concentrations in the hydroponic solutions were individually estimated and an-
alyzed. As presented in Figure 4, on the basis of the control, ion uptake amounts were
negatively correlated with the NH4

+ level, regardless of the species. Specifically, as the
external NH4

+ concentrations increased from 0% to 50%, the greatest decrease in the K+

uptake was observed in lettuce, with a 78.73% reduction, followed by petunia (71.78%
reduction); on the other hand, the NH4

+-tolerant species ageratum showed the smallest
decline (35.87%) (Figure 4C,D,F).

As the external NH4
+ level was raised from 50% to 100%, salvia and cabbage plants

treated with 100% NH4
+ even excreted certain K+ to the hydroponic solutions, resulting in

a net efflux of K+ from plant cells; by contrast, solely NH4
+-cultured ageratum absorbed

18-fold and 16.7-fold higher K+ than salvia and cabbage grown with same solution, respec-
tively (Figure 4B,D,E). Unlike the sharp reductions in the K+ uptake observed in salvia and
cabbage, moderately NH4

+-sensitive species petunia exhibited a gradual decline in the K+

uptake in response to the 100% NH4
+ treatment, which was in parallel with such trend

shaped by ageratum and lettuce (Figure 4B,E).
Concomitantly, the changes in the Ca2+ and Mg2+ concentrations in hydroponic solutions

were investigated and compared. Significant differences in the Ca2+ and Mg2+ concentrations
were also observed in response to the different NH4

+:NO3
− ratios (Figures S1 and S2), as

well as presenting the same regulatory patterns as that of K+ as described above. How-
ever, with the exception of Ca2+ changes in petunia, neither the Ca2+ nor Mg2+ showed
a net influx when supplied with 100% NH4

+ (Figures S1 and S2). Furthermore, approx-
imately equal amounts, but the highest efflux of Ca2+ and Mg2+ were observed in the
100:0 NH4

+:NO3
− hydroponic solutions supplied for NH4

+-tolerant ageratum and lettuce
(Figures S1D,F and S2D,F).

Apparently, the NH4
+ fluxes were strongly regulated by the K+, Ca2+, and Mg2+

concentrations. Consistently, an addition of NH4
+ to sole NO3

− solutions rapidly decreased
the cation concentrations in the hydroponic solutions. This decrease trend of cation levels
differed according to the tested species.
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Figure 4. The K+ content changes in three NH4
+:NO3

− hydroponic solutions supplied for (A) the
control (without plants); (B) salvia; (C) petunia; (D) ageratum; (E) cabbage; and (F) lettuce. Data are
means ± SD representing n = 3 biological replicates. Columns accompanied by different lower-case
letters were regarded as significantly different, according to the one-way ANOVA following the
Duncan’s multiple range test at p = 0.05.

3.3. Minor EC Changes of the Hydroponic Solutions during the 84 h Cultivation

The collections of EC were concomitantly performed with the pH monitoring. Despite
substantial differences in each solution at the initial time point (t = 0 h), in comparison
with the control, only minor variations in the EC of solutions were observed regardless
of the species or treatment (Figure 5). Overall, apart from the ageratum treated with sole
NO3

−, the EC of the hydroponic solutions progressively increased over certain cultivation
time ranges.



Horticulturae 2022, 8, 228 8 of 13

Horticulturae 2022, 8, x FOR PEER REVIEW 8 of 13 
 

 

3.3. Minor EC Changes of the Hydroponic Solutions during the 84 h Cultivation 
The collections of EC were concomitantly performed with the pH monitoring. De-

spite substantial differences in each solution at the initial time point (t = 0 h), in compari-
son with the control, only minor variations in the EC of solutions were observed regard-
less of the species or treatment (Figure 5). Overall, apart from the ageratum treated with 
sole NO3−, the EC of the hydroponic solutions progressively increased over certain culti-
vation time ranges. 

Additionally, NH4+-tolerant ageratum and lettuce gradually reinforced the 100:0 
NH4+:NO3− solution EC from 2.15 to 2.51 mS·cm−1 and 2.15 to 2.53 mS·cm−1, respectively, 
whereas slight changes from 2.22 to 2.34 mS·cm−1 and 2.22 to 2.36 mS·cm−1 were found in 
extremely NH4+-sensitive salvia and cabbage, respectively (Figure 5B,D–F). In the control, 
the EC of the 100:0 NH4+:NO3− solution was observed to slightly increase (2.25~2.48 
mS·cm−1) (Figure 5A). 

 
Figure 5. Kinetic variations of the EC of the three NH4+:NO3− hydroponic solutions over an 84 h 
period cultivation on (A) the control without plants; (B) salvia; (C) petunia; (D) ageratum; (E) cab-
bage; and (F) lettuce. Data are means ± SD of n = 3 biological replicates. p less than 0.05 was consid-
ered significantly different, indicated by different lower-case letters according to the one-way 
ANOVA (Duncan’s multiple range test). 

  

Figure 5. Kinetic variations of the EC of the three NH4
+:NO3

− hydroponic solutions over an 84 h
period cultivation on (A) the control without plants; (B) salvia; (C) petunia; (D) ageratum; (E) cabbage;
and (F) lettuce. Data are means ± SD of n = 3 biological replicates. p less than 0.05 was considered
significantly different, indicated by different lower-case letters according to the one-way ANOVA
(Duncan’s multiple range test).

Additionally, NH4
+-tolerant ageratum and lettuce gradually reinforced the 100:0

NH4
+:NO3

− solution EC from 2.15 to 2.51 mS·cm−1 and 2.15 to 2.53 mS·cm−1, respec-
tively, whereas slight changes from 2.22 to 2.34 mS·cm−1 and 2.22 to 2.36 mS·cm−1 were
found in extremely NH4

+-sensitive salvia and cabbage, respectively (Figure 5B,D–F). In
the control, the EC of the 100:0 NH4

+:NO3
− solution was observed to slightly increase

(2.25~2.48 mS·cm−1) (Figure 5A).

4. Discussion

Ammonium tolerance is not a new subject and is directly related to the ammonium
toxicity developed by plants. Few studies have elucidated which traits were mirrored
towards NH4

+ tolerance, even though extracellular acidification and cation inhibition were
targeted to be the major factors leading to the NH4

+ toxicity in plants [8,11,28]. This study
accordingly investigated the relationships between the plant NH4

+ tolerances and pH
changes at the rhizosphere and uptake of certain cations. It is noteworthy that a closed
hydroponic cultivation approach was employed in this experiment with a high feasibility
for on-site measurement of the real-time pH [29]. Consequently, in our trials, distinct
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differences were shaped regarding pH change and K+ metabolism of hydroponic solutions
over the cultivation time by the selected five plant species with different levels of NH4

+

tolerance. Nevertheless, the net uptake of Ca2+ and Mg2+ by the test species failed to show
a consistent tendency as K+ metabolism with respect to the NH4

+ tolerance.
Since chloride (Cl) was introduced in this study for balancing cation and anion

(Table 1), it is worth noting the roles of chloride (Cl) in plant growth and development, as
well as the impact of it on the results obtained in this study. The evidence that it functions
as an essential nutrient in higher plants has been documented [30,31]. In particular, there is
a widespread belief that the uptake of NO3

− can be antagonized by increasing level of Cl,
whereas the latter likely acts as a major companion ion for NH4

+ uptake [31]. Furthermore,
it has been well-established that Cl assists NH4

+ uptake as a detoxification strategy, confer-
ring a necessary role in the determination of NH4

+ tolerance [32]. We therefore added more
Cl in the 100:0 NH4

+:NO3
− solution because the manipulation capacity of Cl combined

with NH4
+ by plants was regarded as a vital indicator of NH4

+ tolerance according to
Jeong and Lee [32,33]. Additionally, the minor amount of additional Cl in form of HCl
to 0:100 and 50:50 NH4

+:NO3
− solutions for the pH adjustments could be negligible for

the acquired results. Equally importantly, Jeong and Lee [33] proposed that solution Cl
level did not significantly influence the solution pH throughout the cultivation period. We
therefore disregarded the effect of Cl on solution pH and target ions, although Cl level was
initially different in three test solutions (Table 1).

4.1. Declined pH of Hydroponic Solutions May Be Attributed to H+ Extrusion from Roots

The declined pH of hydroponic solutions over the cultivation period when supplied
with 50:50 NH4

+:NO3
− and 100:0 NH4

+:NO3
− stemmed from the fact that NH4

+ uptake
generated protons, whereas the pH of solutions supplied with 0:100 NH4

+:NO3
− slightly

increased because the NO3
− assimilation consumed protons (Figure 3) [34]. Concomitantly,

we noticed varying degrees of pH decrease in solutions supplied with 100:0 NH4
+:NO3

−

among species in response to an 84 h cultivation. The results well agreed with the previous
findings performed on salvia and ageratum [33]. Specifically, the most likely explanation
is that extremely NH4

+-sensitive species (salvia and cabbage) failed to secrete excessive
hydrogen ions (H+) from the root cells, or did so to a limited extent, resulting in a slight
decrease in the solution pH (Figure 3B,E). In contrast, NH4

+-tolerant species (ageratum and
lettuce) possessed a greater capacity in the hydrogen ion (H+) extrusion, and thereby, the
pH of ageratum and lettuce solutions was rapidly decreased to a very low level for a better
maintenance of the H+ homeostasis (Figure 3D,F). It is worth noting that lettuce showed a
similar NH4

+ tolerance with ageratum in the current study, even though, theoretically, it
possessed a similar NH4

+ tolerance as petunia [6,24]. Probable reasons for that could be as
follows: lettuce had a relative bigger root system, which could detoxify high levels of NH4

+;
and this experiment was conducted in a short period of time (84 h), and NH4

+ toxicity
symptoms were not yet obvious in lettuce. Therefore, at least in this trail, lettuce was
defined as an NH4

+-tolerant species as ageratum, and this was confirmed by the variation
in its solution pH. Lettuce displayed a rapidly decreased pH curve over time, which was
very similar to that of ageratum (Figure 3D,F).

Additionally, pioneering studies on the NH4
+/H+ exchange mechanism implied

that the uptake of NH4
+ could be limited by the capacity of H+ excretion [35,36]. For

the similar hypothesis in our case, considerable amounts of hydrogen ions (H+) were
pumped out, which can be regarded as a detoxification strategy of excessive NH4

+ by
ageratum and lettuce. Nevertheless, the NH4

+-sensitive species salvia and cabbage were
shown to be susceptible for NH4

+ toxicity, which were probably attributed to the poor
manipulation of the H+ efflux [6,24,33,37]. Further explanation referred to these findings
was the plasma membrane H+-ATPase, which is located in plant roots and is responsible
for the H+ transport [38,39]. Rhizosphere acidification was proven to promote the gene
expression regarding the plasma membrane H+-ATPase activity under a constant supply of
NH4

+ [40]. Here, NH4
+-tolerant species (ageratum and lettuce) may have a more effective
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plasma membrane H+-ATPase in the maintenance of H+-homeostasis than NH4
+-sensitive

species do (salvia and cabbage).

4.2. Net Influx of K+ by Ageratum May Help Prevent NH4
+ Toxicity

Apart from the pH disorders, disruptions of the typical cation ion balance (including
K+, Ca2+, and Mg2+) also constitute the integrated effect regarding excess NH4

+ [8,11,17].
On average, plants grown with 0:100 NH4

+:NO3
− accumulated more cations from the

hydroponic solutions, regardless of the cation type and species (Figures 4, S1 and S2),
which were consistent with the results of previous studies [7,17,33,41]. The high uptake
of cations for solely NO3

−-fed plants were required for the maintenance of the ‘kinetic
cation-anion equilibrium’ so that the N assimilation occurred normally [42]. Our findings
revealed that the uptake of cations was inhibited by the uptake of NH4

+.
Outstandingly, the uptake of K+ by solely NH4

+-fed ageratum ultimately appeared
to be 18-fold higher than that by salvia cultured with 100% NH4

+ (Figure 4B,D). Simi-
larly to the discussion detailed above, and defined as an NH4

+-tolerant species, lettuce
also displayed a nine-fold higher K+ net influx than salvia with a 100% NH4

+ nutrition
(Figure 4B,F). It has been established that an adequate K+ played a protective role against
the detrimental aspects of NH4

+ toxicity [7,43]. Large quantities of K+ taken up by solely
NH4

+-fed ageratum and lettuce possibly act to reinforce the NH4
+ tolerance; a net K+

efflux was observed in extremely NH4
+-sensitive species (salvia and cabbage) when the

external NH4
+ level was elevated to 100% (Figure 4B,E), highlighting the fact that salvia

and cabbage were unable to mitigate the NH4
+ toxicity posed by 100:0 NH4

+:NO3
− [6,24].

In explanation of this observation, a reciprocal inhibition role was found between K+ and
NH4

+, directly leading to ion competition [44]. This clearly demonstrates that NH4
+ enters

plant tissues primarily through K+ channels, but also partly through other channels when
the external NH4

+ is abundant [22,45]. Unexpectedly, there were no major differences in
the Ca2+ and Mg2+ variations among species in the absence of NO3

− (Figure S1 ‘100:0
part’ and Figure S2 ‘100:0 part’); in other words, NH4

+-tolerant species grown with 100:0
NH4

+:NO3
− ultimately did not introduce net influxes of Ca2+ or Mg2+ for detoxifying

excess NH4
+, suggesting that neither Ca2+ nor Mg2+ contribute to the NH4

+ tolerance.

4.3. Minor EC Changes of Hydroponic Solutions Is a Negligible Indicator of the NH4
+ Tolerance

EC (electrical conductivity) was a direct estimator of the amount of dissolved salt
content or ions present in the hydroponic solutions [46]. Usually, the EC of the culture
medium increased over time in a closed hydroponic system because the nutrients were not
rapidly removed by plants or run off via leaching [47]. Even though the initial EC of the
hydroponic solutions were very different, the present study showed that except for solely
NO3

−-fed ageratum (Figure 5D), the ECs of all hydroponic solutions slightly increased as
plants were cultivated, because ageratum is tolerant to NH4

+ and sensitive to NO3
− [6,33].

However, the EC of the hydroponic solution with 100:0 NH4
+:NO3

− in the control groups
exhibited a highly similar increase to that in that supplied for ageratum and lettuce, which
rendered the EC changes in the hydroponic solution for ageratum and lettuce supplied
with 100:0 NH4

+:NO3
− as negligible. Succinctly, the enhanced EC of hydroponic solutions

may not reflect the NH4
+ tolerance in hydroponically cultured plants.

5. Conclusions

To sum up, the pH of the hydroponic solutions declined when NH4
+ was served as the

exclusive N source or as a combination with NO3
−; more importantly, the pH of hydroponic

solutions supplied with 100:0 NH4
+:NO3

− remarkably decreased when culturing the NH4
+-

tolerant species ageratum and lettuce, but only slightly declined when culturing extremely
NH4

+-sensitive species salvia and cabbage. Comparisons of the ion uptake between 0 and
84 h after culture initiation showed that, in general, the external NH4

+ level is negatively
correlated with the cation uptake level; outstandingly, NH4

+-tolerant species ageratum and
lettuce ultimately took up drastically greater amounts of K+ when cultured with a 100%
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NH4
+ supply, whereas the extremely NH4

+-sensitive species salvia and cabbage presented
a net K+ efflux regulatory pattern in response to high concentrations of NH4

+. The data
regarding the plants with contrasting NH4

+ tolerances tested in this study revealed that the
declined pH of hydroponic solutions, together with greater net K+ influx by plants, was
linked to NH4

+ tolerance. To the best of the authors’ knowledge, this research is the first
to identify a promising tool for practically selecting NH4

+-tolerant or -sensitive species
using hydroponics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8030228/s1, Figure S1: The Ca2+ content changes in
three NH4

+:NO3
− hydroponic solutions supplied for (A) the control (without plants); (B) salvia;

(C) petunia; (D) ageratum; (E) cabbage; and (F) lettuce. Data are means ± SD representing n = 3 bio-
logical replicates. Columns accompanied by different lower case letters were regarded as significantly
different, according to the one-way ANOVA following the Duncan’s multiple range test at p = 0.05;
Figure S2: The Mg2+ content changes in three NH4

+:NO3
− hydroponic solutions supplied for (A)

the control (without plants); (B) salvia; (C) petunia; (D) ageratum; (E) cabbage; and (F) lettuce. Data
are means ± SD representing n = 3 biological replicates. Columns accompanied by different lower
case letters were regarded as significantly different, according to the one-way ANOVA following the
Duncan’s multiple range test at p = 0.05.
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