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Abstract
Background The presence of oxygen in the growth medium is absolutely essential for root development and the 
overall metabolic processes of plants. When plants do not have an adequate oxygen supply for respiration, they can 
experience a condition known as hypoxia. In order to investigate the impact of different nitrogen forms and varying 
oxygen levels in nutrient solutions on the growth, photosynthesis, and chlorophyll fluorescence parameters of bell 
pepper plants, a comprehensive study was conducted. The experiment was designed as a factorial experiment, 
considering two main factors: nitrogen forms (calcium nitrate and ammonium sulfate) with a fixed nitrogen 
concentration of 5 mM, and the oxygen levels of the nutrient solutions (ranging from 1.8 ± 0.2 to 5.3 ± 0.2 mg. L-1).

Results The study examined the effects of nitrogen (NH4
+ and NO3

−) application on various parameters of vegetative 
growth. The results demonstrated that the use of ammonium (NH4

+) led to a reduction in the most measured 
parameters, including the fresh and dry mass of both the root and shoot, at low O2 concentrations of 1.8 ± 0.2; 
2.6 ± 0.2 and 3.8 ± 0.2 mg. L-1. However, an interesting observation was made regarding the impact of oxygen levels on 
root growth in plants grown with nitrate (NO3

−). Specifically, the highest levels of oxygen significantly increased root 
growth in NO3

−-fed plants. Additionally, the application of NH4
+ resulted in an increase in chlorophyll concentration in 

the leaves, particularly when combined with high oxygen levels in the nutrient solution. On the other hand, leaves of 
plants fed with NO3

− exhibited higher photosynthetic rate (A), intrinsic water use efficiency (iWUE), and instantaneous 
carboxylation efficiency (A/Ci) compared to those fed with NH4

+. Furthermore, it was found that NO3
−-fed plants 

displayed the highest instantaneous carboxylation efficiency at oxygen levels of 3.8 and 5.3 mg. L-1, while the lowest 
efficiency was observed at oxygen levels of 1.8 and 2.6 mg. L-1. In contrast, NH4

+-grown plants exhibited a higher 
maximal quantum yield of PSII photochemistry (Fv/Fm), as well as increased variable fluorescence (Fv) and maximum 
fluorescence (Fm), compared to NO3

−-grown plants. Interestingly, the NO3
−-fed plants showed an increase in Fv/Fm, Fv, 

and Fm with the elevation of oxygen concentration in the nutrient solution up to 5.3 mg. L-1.

Conclusion This study showed that, the growth and photosynthesis parameters in bell pepper plants are sensitive 
to oxygen stress in floating hydroponic culture. Therefore, the oxygen level in the nutrient solution must not be lower 
than 3.8 and 5.3 mg. L-1 in NH4

+ and NO3
− –supplied culture media or nutrient solutions, respectively.
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Background
Nitrogen (N) is a vital element for plant growth, and 
plants primarily acquire it through the uptake of NO3

− 
and NH4

+ forms [1]. Nitrogen plays a crucial role as a 
constituent of many essential plant cell components, 
including amino acids and nucleic acids. However, it 
is widely recognized that high concentrations of NH4

+ 
can have toxic effects on plants, leading to significant 
growth inhibition [2]. To understand the mechanisms 
underlying NH4

+ toxicity, several hypotheses have been 
proposed [3]. These hypotheses primarily focus on the 
physiological changes associated with NH4

+ assimilation, 
such as the uncoupling of photophosphorylation, as well 
as the disruption of ion balances due to reduced uptake 
of vital cations like potassium (K+), magnesium (Mg2+), 
and calcium (Ca2+) [3–5]. By investigating these hypoth-
eses, researchers aim to shed light on the causes of NH4

+ 
toxicity and develop strategies to mitigate its impact on 
plant growth and productivity. In many hydroponic sys-
tems, a combination of NO3

− and NH4
+ sources of nitro-

gen is commonly utilized for better growth of the plants 
[4]. The enhancing impact of NH4

+ supplementation in 
NO3

−-fed plants is linked to decreased energy demands 
(3–12%) and changes in phytohormone equilibrium [6].

In higher plants, oxygen plays a crucial role as a limit-
ing substrate for efficient energy production, necessitat-
ing metabolic adjustments based on oxygen availability. 
Despite their ability to produce oxygen in the presence of 
light, plants can encounter low oxygen conditions when 
oxygen diffusion from the environment fails to meet the 
demands set by metabolic rates [7]. This oxygen defi-
ciency is particularly prevalent in certain hydroponic sys-
tems, notably floating culture [8]. Low concentrations of 
oxygen significantly impact root physiological functions, 
leading to decreased respiration and water uptake [9]. 
Furthermore, studies have reported that oxygen depri-
vation in the nutrient solution results in reduced nutri-
ent levels in both the leaves and roots of tomato plants 
[10]. Morard et al. [11] demonstrated that oxygen depri-
vation leads to the accumulation of nitrite in the nutri-
ent solution and xylem, with nitrite accumulation being 
one of the factors contributing to tissue damage under 
oxygen-deficient conditions. Additionally, their research 
revealed that diminished root activity resulting from oxy-
gen deprivation leads to reduced absorption of water and 
essential nutrients such as potassium (K), magnesium 
(Mg), calcium (Ca), phosphorus (P), and sulfur (S). The 
lack of oxygen can also have a negative impact on plant 
metabolism, including nitrogen (N) uptake and assimi-
lation [11]. Under oxygen-deficient conditions, the rates 
of NO3

− and NH4
+ uptake are significantly reduced [12]. 

Consequently, plants grown in oxygen-deficient environ-
ments often exhibit symptoms of nitrogen deficiency 
alongside those associated with oxygen stress, as oxygen 

deficiency inhibits N uptake [13]. The impact of oxygen 
deficiency on various plant species has been extensively 
studied, revealing significant effects on critical physi-
ological processes. For instance, flooding treatment has 
been observed to have a substantial influence on pho-
tosynthesis, antioxidant enzyme activity, shoot growth, 
and N absorption in rapeseed plants [14]. The growth of 
watermelon plants has also been found to decrease under 
oxygen-deficient conditions [15]. In another experiment, 
soybean plants exposed to oxygen deficiency and high 
carbon dioxide levels exhibited a reduction in the green-
ness index compared to plants grown under normal con-
ditions. Furthermore, when the plant roots were exposed 
to 100% nitrogen gas, the chlorophyll content experi-
enced the most significant decrease [16]. These findings 
highlight the detrimental consequences of oxygen defi-
ciency on plant health and photosynthetic processes, 
emphasizing the importance of maintaining adequate 
oxygen levels for optimal growth and development.

Aeration plays a crucial role in closed hydroponic sys-
tems, but the specific conditions can vary across different 
systems. In the Nutrient Film Technique (NFT) system, 
as well as to some extent in Deep Flow Technique (DFT), 
the flow of nutrient solution through the plant cultivation 
channels promotes aeration and consequently enhances 
the level of dissolved oxygen. However, in these systems, 
plants with bulky roots can create anaerobic conditions 
around their roots by obstructing the flow of the nutri-
ent solution. This issue becomes more pronounced in the 
floating culture system, where the absence of nutrient 
solution flow necessitates the introduction of air into the 
solution to ensure adequate aeration. Therefore, it is cru-
cial to conduct research on the growth and physiology of 
plants under varying oxygen concentrations in the float-
ing culture system, particularly when different nitrogen 
sources are present. This investigation will provide valu-
able insights into optimizing oxygen supply and nutrient 
delivery, ultimately leading to improved plant productiv-
ity and health in hydroponic systems.

Limited information currently exists regarding the cor-
relation between inorganic nitrogen forms and dissolved 
oxygen levels, as well as their impact on pepper growth, 
photosynthesis, and chlorophyll fluorescence param-
eters. To address this knowledge gap, we conducted a 
hydroponic experiment wherein pepper plants were cul-
tivated, and their growth, photosynthesis, and chloro-
phyll fluorescence parameters were measured. The study 
investigated the effects of four different concentrations of 
dissolved oxygen (1.8 ± 0.2; 2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. 
L-1) and two forms of nitrogen nutrition (NH4

+ and 
NO3

−) on the aforementioned plant characteristics.
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Methodology
Plant material and culture conditions
The experiment was conducted using pepper plants 
(Capsicum annuum cv. California Wonder) and fol-
lowed a completely randomized design with three rep-
lications, employing a factorial combination. The first 
factor involved two forms of nitrogen (calcium nitrate 
and ammonium sulfate) at a concentration of 5 mM. The 
second factor consisted of four levels of dissolved oxy-
gen in the nutrient solution: 1.8 ± 0.2; 2.6 ± 0.2; 3.8 ± 0.2; 
5.3 ± 0.2 mg. L-1 O2.

The germination process began by sowing the pepper 
seeds in pots filled with a coarse (2–5 mm diameter) per-
lite medium. Once the seedlings reached the 4-true leaf 
stage (5 weeks after sowing the seeds), they were trans-
planted into individual buckets (16  cm diameter and 
20 cm height) containing 4 L of aerated nutrient solution. 
Four plants were grown together in each bucket. Culti-
vation buckets were covered with lids and seedlings were 
placed in the holes built in the lid of the bucket so that 
there was a one-centimeter gap between the lid of the 
bucket and the nutrient solution, which was filled with 
air. The greenhouse’s reverse osmosis system, equipped 
with five filters, effectively supplied the necessary water. 
The outflow water from this system had an electrical con-
ductivity (EC) of 14 µS.cm-1. The formula of the nutrient 
solution used in this experiment is shown in Table 1 [4]. 
. The greenhouse grade of chemicals was used to make 
the nutrient solution. The nutrient solution remained 
consistent across all treatments, except for the nitrogen 
form. The temperature of the nutrient solution remained 
at 22 ± 2 ºC during plant growth.

During the cultivation period, the pH of the nutrient 
solution was maintained between 6 and 6.8 by utilizing 
2.5 g/bucket calcium carbonate (CaCO3) as a buffer. The 
solutions were completely replaced every week for the 
initial five weeks, after which they were refreshed every 
fourth day [8]. The pepper plants were grown in a glass 
covered greenhouse located at Vali-e-Asr University, 
Rafsanjan, Iran, with an 11-hour photoperiod (26 ± 3 ºC) 
followed by a 13-hour dark period (23 ± 3 ºC), and 55% 

relative humidity. The temperature was controlled using 
an air conditioning system.

Oxygen measurement and adjustment
During the treatment, an air pump with a power of 2 W 
was used to provide the necessary atmospheric O2. The 
air was distributed between the Buckets using a medical 
serum set by changing air follow into the nutrient solu-
tion. The oxygen levels were monitored daily and man-
ually using a portable O2 meter (OXi 315, WTW Co., 
Germany) [8]. To achieve the desired O2 concentrations, 
a capsule containing nitrogen gas was used to inject N2 
into the nutrient solution.

Vegetative growth parameters
The plants were harvested 10 weeks after transplanting 
and their fresh mass was measured. The shoot and roots 
were then dried in an oven at 72 °C for 72 h and their dry 
mass was determined [8].

Chlorophyll index
The SPAD-502 Chlorophyll Meter (Minolta Camera Co. 
Ltd., Osaka, Japan) was used to record the chlorophyll 
index in mature leaves. Three leaves were measured per 
plant, every 10 days.

Leaf gas exchange
To evaluate plant leaf gas exchange parameters, a por-
table photosynthesis system (ADC BioScientific Ltd, 
Hoddesdon, UK) was utilized precisely 60 days after 
the initial planting. The parameters that were assessed 
included the net CO2 assimilation rate (A, µmol CO2 
m-2.s-1), intrinsic water-use efficiency (WUEi, µmol CO2 
mol− 1 H2O), stomatal conductance (Gs, mol H2O m-2 s-1), 
transpiration rate (E, mmol H2O m-2.s-1), sub-stomatal 
CO2 concentration (Ci, µmol CO2 mol-1), and instanta-
neous carboxylation efficiency (A/Ci, mol CO2 m-2 s-1). 
These measurements were specifically conducted on fully 
expanded leaves between the hours of 9:00 AM and 1:00 
PM.

Chlorophyll fluorescence
The parameters were measured and calculated at the end 
of the growing period, specifically 60 days after planting. 
To carry out the measurements, a portable photosyn-
thetic efficiency analyzer (PEA) manufactured by Hansat-
ech Inc. Co., UK was used. The PEA allowed for the 
assessment of various parameters relevant to the photo-
synthetic activity of the plants.

The measured parameters included: Variable fluo-
rescence (Fv): This parameter indicates the difference 
between the minimal and maximal fluorescence levels 
emitted by the photosystem II (PSII) during light expo-
sure. It provides insights into the efficiency of the light 

Table 1 Concentration of nutrients used in the nutrient solution 
of this experiment
Macronutrients Concentration

(mmol.L-1)
Micronutrients Concentration

(µmol.L-1)
KH2PO4 0.2 Fe(III)-EDTA-Na 20
K2SO4 0.2 H3BO3 2
MgSO4.7H2O 0.3 MnSO4.H2O 7
Ca(NO3)2.4H2O* 5 ZnCl2 0.7
(NH4)2SO4

* 5 CuSO4.5H2O 0.8
NaCl 0.1 Na2MoO4.2H2O 0.8
*with either 5 mM nitrogen as calcium nitrate (Ca(NO3)2.4H2O) or ammonium 
sulfate ((NH4)2SO4)
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energy conversion process. Maximal fluorescence of the 
dark-adapted state (Fm): Fm represents the highest pos-
sible fluorescence emission under dark-adapted con-
ditions. It serves as a reference point for assessing the 
photosynthetic efficiency of the plant. Minimal fluores-
cence yield of the dark-adapted state (Fo): Fo signifies the 
minimal fluorescence emission under dark-adapted con-
ditions. It aids in evaluating the efficiency of the energy 
transfer processes within the photosynthetic system. 
Maximal quantum yield of PSII photochemistry (Fv/Fm): 
This parameter is derived by dividing Fv by Fm and pro-
vides a measure of the maximum efficiency of the photo-
synthetic apparatus.

To conduct the measurements, fully expanded leaves 
were collected from each plant. Special tags were affixed 
to the upper leaf blades to ensure consistent positioning 
and to facilitate a dark adaptation period of 15 min before 
taking the measurements. Following the dark adaptation, 
a sensor cup was carefully placed on the leaf surface for 
the measurement process.

Chlorophyll fluorescence transients were induced by 
exposing the leaves to red light with an intensity of up 
to 3,500 µmol (photon) m–2 s–1. The fluorescence sig-
nals were recorded within a time range of 10 µs to 1  s, 
with the peak wavelength set at 627 nm. These measure-
ments provide valuable information about the dynamic 
response of the photosynthetic system to light stimuli 
and help assess the overall photosynthetic performance 
of the plants. The fluorescence transients were analyzed 
according to the equations of the JIP-test [17].

Statistical analysis
An analysis of variances was conducted utilizing SAS 
software (SAS Institute, Cary, NC) to enhance the 

statistical analysis. In the event that the treatments dis-
played significant effects (with a P-value of less than 0.05 
according to the F-test), a Duncan’s test was employed to 
discern differences among the treatment means.

Results and discussion
Vegetative growth
The study revealed a significant interactive effect between 
the form of nitrogen (N) and the concentration of oxygen 
(O2) in nutrient solutions on the fresh and dry mass of 
shoot and root. Plants that were fed with NO3

− exhibited 
higher fresh and dry mass of shoot and root in compari-
son to those fed with NH4

+, at low O2 concentrations of 
1.8 ± 0.2; 2.6 ± 0.2 and 3.8 ± 0.2  mg. L-1 (Figs.  1, 2, 3 and 

Fig. 3 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on root fresh mass 
of bell pepper. Different letters show significant different, Duncan’s test 
(p ≤ 0.01)

 

Fig. 2 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on shoot dry mass 
of bell pepper. Different letters show significant different, Duncan’s test 
(p ≤ 0.01)

 

Fig. 1 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2  mg. L− 1) of nutrient solution on shoot fresh 
mass of bell pepper. Different letters show significant different, Duncan’s 
test (p ≤ 0.01)
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4). Moreover, an increase in the concentration of O2 to 
5.3 mg. L-1 resulted in a significant increase in root fresh 
and dry mass of NH4

+ fed plants compared to lower O2 
concentrations. As a result, the difference in root growth 
of plants fed with NO3

− and NH4
+ was not significant at 

this O2 level (Figs. 3 and 4). However, there was no sig-
nificant difference in shoot fresh mass of NH4

+ grown 
plants at different O2 levels (Figs. 1 and 2). While there 
was a notable variance in the shoot fresh and dry mass 
of plants fed with NH4

+ and NO3
− at three low concen-

trations of O2, no significant distinction was observed 
between the two nitrogen forms at the highest O2 con-
centration of 5.3 mg L-1 (Figs. 1 and 2).

Many studies have reported a decrease in biomass in 
plants that are fed with sole NH4

+, including tomato [18], 
cucumber [19], lettuce [20], and onion [21]. This reduc-
tion in plant growth can be attributed to various factors, 
such as a decrease in nutrient uptake, hormonal imbal-
ance, ethylene evolution, futile transmembrane NH4

+ 
cycling, and carbon skeleton depletion in the root [2]. 
The reduction in photosynthesis [22] and leaf area [23] 
is also related to the reduction in plant growth caused 
by NH4

+. On the other hand, an increase in biomass has 

been observed in cucumber [24], tomato [25], eggplant 
[8], and watermelon [26] when the O2 concentration is 
increased. It has been shown that tomato growth is inhib-
ited at 33% of the ambient oxygen concentration (2.5-3 
mg.L-1) in a hydroponic system [27]. The lack of oxygen in 
the root environment not only directly reduces the activ-
ity of the root, but also indirectly reduces the amount 
of photosynthesis, which in turn reduces the transfer of 
photosynthetic materials to the root, ultimately lead-
ing to a sharp reduction in root growth and destruction 
[28]. Biczak et al. [29] found a significant reduction in 
the maximum quantum yield of photosystem II under 
hypoxia conditions, especially in leaves at lower positions 
on the pepper plant. In the current experiment, consis-
tent outcomes were noted in plants grown with NO3

−, 
showing similar results. However, there was no discern-
ible variance in the maximum quantum yield of photo-
system II among pepper plants fed with NH4

+ regardless 
of the varying levels of oxygen concentration. Oxygen 
deficiency in the nutrient solution can have a detrimental 
effect on photosynthesis in pepper plants. Without suf-
ficient oxygen available in the root zone, the plant’s abil-
ity to uptake nutrients [30] and water is hindered, leading 

Fig. 4 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on root dry mass of bell pep-
per. Different letters show significant different, Duncan’s test (p ≤ 0.01)
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to decreased nutrient and water availability for the plant. 
This can disrupt the plant’s metabolic processes, includ-
ing photosynthesis, as oxygen is necessary for energy 
production through the electron transport chain. As a 
result, photosynthetic activity is reduced [28], leading to 
decreased growth, lower yields, and overall poor plant 
health in pepper plants. Ensuring proper aeration and 
oxygen levels in the nutrient solution is crucial for opti-
mizing photosynthesis and promoting healthy growth in 
pepper plants.

Waterlogging and reduced oxygen levels can negatively 
impact plant growth by decrease in chlorophyll produc-
tion or its decomposition can lead to less intense photo-
synthesis and a lack of carbohydrates in the plant [30].

SPAD index, photosynthesis, and chlorophyll fluorescence
The results showed that chlorophyll content (SPAD 
index) was higher in leaves of plants fed with NH4

+ than 
those fed with NO3

− at all O2 concentration in nutri-
ent solution (Fig.  5). The highest O2 level caused a sig-
nificant increase in chlorophyll content in NH4

+ fed 
plants, although different O2 levels in nutrient solu-
tion do not affect chlorophyll content of NO3

− grown 
plants. Increased chlorophyll content in NH4

+-fed 
plants has been reported in cucumber [4, 19]. Ammo-
nium has been found to have varying effects on chloro-
phyll concentration in plants. Studies have shown that 
mild (5 mM) ammonium concentration can lead to an 
increase in chlorophyll content in certain plant species, 
independent of their tolerance capacity [31]. However, 
exposure to higher concentrations of ammonium has 
been associated with a decrease in chlorophyll content 
in plants, leading to oxidative stress and changes in the 
activity of antioxidative enzymes [29, 32]. Therefore, 

the effect of ammonium on chlorophyll concentration 
in plants is dependent on the concentration of ammo-
nium, and the specific plant species. The opposite results 
observed, where higher chlorophyll levels were found in 
NH4

+-grown plants but with lower overall growth com-
pared to nitrate-fed plants, can be explained as follows: 
The relationship between chlorophyll concentration and 
plant growth is intricate and can be influenced by various 
factors. For instance, studies have shown that NH4

+ can 
enhance foliar color and increase chlorophyll concentra-
tion, but at the same time, it can negatively impact plant 
growth, as observed in cucumber [4] and tomato [19]. 
Similar results were observed with shading on Kalmia 
latifolia cultivars [33], while salt stress decreased chlo-
rophyll concentration and inhibited the growth of maize 
plants [34]. In our previous experiment, we also found 
that NH4

+-grown plants exhibited higher nitrogen (N) 
uptake compared to nitrate-fed plants [4]. Additionally, 
higher concentrations of total amino acids were observed 
in the NH4

+-fed plants [4]. Therefore, the higher chlo-
rophyll concentration in NH4

+-grown plants could be 
attributed to the increased N absorption by these plants. 
However, the elevated N concentration resulting from 
NH4

+ uptake can lead to nutrient imbalances within 
the plants [4]. Consequently, the relationship between 
chlorophyll concentration and plant growth is context-
dependent, influenced by environmental conditions, and 
may vary across different plant species. In an experi-
ment, it was observed that waterlogging (2 mg L-1 O2 
concentration) had a significant impact on the amount 
of chlorophyll in leaves of tropical tolerant trees. While 
some species showed little change, others exhibited no 
difference in chlorophyll levels [35]. The hypoxia stress 
treatment significantly inhibited Phyllostachys prae-
cox plant growth. Leaf chlorophyll contents was initially 
improved and then reduced with plant growth time [36]. 
The decrease in chlorophyll content can be attributed to 
several factors. One possible reason for the decrease in 
chlorophyll is the reduction in enzymes responsible for 
synthesizing photosynthetic pigments [37]. Under stress 
conditions, the activity of the chlorophyllase enzyme 
tends to increase [38], leading to a breakdown of chloro-
phyll. Additionally, the biosynthesis of new chlorophyll 
is hindered as stress conditions promote the synthesis 
of other compounds like proline. This shift in synthesis 
pathways reduces the availability of glutamate, a precur-
sor needed for both chlorophyll and proline production. 
The variation in chlorophyll levels among plants under 
oxygen stress conditions can also be influenced by factors 
such as root structure and defense mechanisms. Some 
plants may develop misplaced roots [35] or employ other 
defense mechanisms to cope with waterlogging, which 
could affect chlorophyll content. Previous studies have 
reported significant decreases in fresh and dry mass in 

Fig. 5 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on leaf SPAD index 
(leaf chlorophyll content) of bell pepper. Different letters show significant 
different, Duncan’s test (p ≤ 0.01)
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roots and stems, as well as chlorophyll content in corn 
plants exposed to waterlogged conditions [39]. These 
findings support the results of the current research. 
Waterlogging conditions can cause visible changes in 
leaf appearance and physiological characteristics include 
closing of stomata, reductions in the rate of photosynthe-
sis and uptake of essential mineral nutrients, as well as 
alterations in plant growth hormones, often resulting in 
leaf discoloration and eventual yellowing [40]. This can 
be attributed to alterations in leaf structure and func-
tion caused by waterlogging. Furthermore, studies have 
shown that the concentration of chlorophyll decreases 
during oxygen deprivation [41]. Increased respiration has 
been observed in plants supplied with NH4

+ [42], which 
requires higher oxygen levels. The assimilation of NH4

+ 
necessitates an adequate oxygen supply for root cell res-
piration and the provision of carbon skeletons from the 
Krebs cycle. Higher oxygen levels in the nutrient solution 
may mitigate NH4

+ toxicity by facilitating the detoxifica-
tion of this ion through the provision of carbon skeletons 
for its incorporation into amino acids [43].

Nitrate has been found to improve plant tolerance to 
oxygen deficiency, with foliar NO3

− assimilation being 
relevant to plant tolerance to oxygen deficiency [44]. 
Additionally, it has been observed that nitrogen applica-
tion increases the plant’s tolerance to oxygen deficiency, 
with NO3

− treated plants showing higher CO2 assimila-
tion and sucrose production compared to NH4

+ treated 
plants under flooding conditions [45]. The current exper-
iment demonstrated that the rate of photosynthesis was 
significantly higher in leaves of plants that were fed with 
NO3

− compared to those fed with NH4
+ in all O2 con-

centration in nutrient solution (Fig.  6). Specifically, the 
plants fed with NO3

− exhibited the highest leaf photo-
synthetic rate at 3.8 and 5.3 mg. L-1 O2 levels, while the 

lowest rate was observed at O2 levels of 1.8 and 2.6 mg. 
L-1. These findings suggest that the detrimental impact 
of NH4

+ supply on pepper growth may primarily be 
attributed to the inhibition of net photosynthesis activ-
ity. Previous studies by Board [46] and Lizaso et al. [41] 
have reported that a deficiency in O2 can reduce net pho-
tosynthesis. Furthermore, it was observed that leaves of 
plants fed with NO3

− had a higher stomatal conductance 
compared to those fed with NH4

+ at O2 levels of 2.6 ± 0.2 
and 3.8 ± 0.2 mg. L-1 (Fig. 7). Pepper plants exhibited the 
highest stomatal conductance with NO3

− nutrition at an 
O2 level of 2.6 mg. L-1 and the lowest with NH4

+ nutri-
tion at a level of 3.8  mg. L-1 O2. The nitrogen form did 
not affect stomatal conductance at the lowest and high-
est O2 concentrations in the nutrient solution. Addition-
ally, the sub-stomatal CO2 concentration was found to be 
higher in leaves of NH4

+-fed plants compared to those 
of NO3

−-fed plants at 3.8 and 5.3  mg. L-1 O2 levels. As 
shown in the current experiment (Fig. 6), NH4

+ nutrition 
can influence photosynthetic rates in plants. High levels 
of ammonium can inhibit photosynthesis, leading to a 
decrease in CO2 fixation. This reduction in CO2 assimi-
lation can indirectly affect sub-stomatal CO2 concentra-
tions. In contrast to NH4

+-fed plants, NO3
−-supplied 

plants generally exhibited a trend of decreasing sub-
stomatal CO2 concentrations with increasing O2 lev-
els in the nutrient solution (Fig. 8). These results can be 
related to the higher rate of photosynthesis in these treat-
ments (Fig.  6). Stomatal resistance was higher in leaves 
of NH4

+-fed plants compared to those of NO3
−-fed 

plants, with the highest stomatal resistance observed at 
3.8 mg. L-1 O2 in the nutrient solution for NH4

+-grown 
plants (Fig.  9). This response is thought to be a mecha-
nism by which plants regulate water loss, because, NH4

+ 
restricts the water uptake in plants [47]. Unlike NH4

+-fed 

Fig. 7 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on stomatal con-
ductance of bell pepper plants. Different letters show significant different, 
Duncan’s test (p ≤ 0.01)

 

Fig. 6 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on photosynthetic 
rate of bell pepper plants. Different letters show significant different, Dun-
can’s test (p ≤ 0.01)
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plants, O2 levels had no effect on stomatal resistance 
in NO3

−-supplied plants. Water use efficiency was 
higher in leaves of NO3

−-fed plants compared to those 
of NH4

+-fed plants at all O2 concentration in nutrient 
solution (Fig.  10). NO3

−-fed plants exhibited the high-
est water use efficiency at 3.8 and 5.3 mg. L-1 O2 levels, 
while the lowest efficiency was observed at a level of 1.8 
and 2.6  mg. L-1 O2. In NH4

+-grown plants, different O2 
levels in the nutrient solution had no effect on water 
use efficiency. In contrast of the current experiment, 
research has shown that NH4

+-fed Casuarina equiseti-
folia plants exhibited higher water use efficiency and 
lower water consumption compared to plants supplied 
with NO3

–, regardless of the water supply conditions 
[48]. This higher water use efficiency in NO3

– grown 
plants, as shown in the current experiment, was due to 

the higher rate of photosynthesis in these plants. The 
effect of oxygen deficiency in the nutrient solution on 
water use efficiency is a topic of interest in agricultural 
research. Studies have shown that oxygen deficiency 
in the nutrient solution can have immediate effects on 
the water uptake of plants [10]. Root asphyxia caused a 
decrease in water uptake [10]. Additionally, under root 
asphyxia conditions, plants may adapt to the new condi-
tion by relying on a metabolism of “nitrate respiration,” 
which could impact water and nitrate uptake processes, 
important factors for plant nutrition [10]. These findings 
highlight the importance of considering oxygen levels 
in the nutrient solution when aiming to optimize water 
use efficiency in plant cultivation. Moreover, the instan-
taneous carboxylation efficiency was higher in leaves of 
NO3

−-fed plants compared to NH4
+-fed plants (Fig. 11). 

Fig. 11 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on mesophyll ef-
ficiency of bell pepper plants. Different letters show significant different, 
Duncan’s test (p ≤ 0.01)

 

Fig. 10 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on water use ef-
ficiency of bell pepper plants. Different letters show significant different, 
Duncan’s test (p ≤ 0.01)

 

Fig. 9 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2  mg. L− 1) of nutrient solution on stomatal re-
sistance of bell pepper plants. Different letters show significant different, 
Duncan’s test (p ≤ 0.01)

 

Fig. 8 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on sub-stomatal 
CO2 concentration of bell pepper plants. Different letters show significant 
different, Duncan’s test (p ≤ 0.01)
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Nitrate-fed plants demonstrated the highest instanta-
neous carboxylation efficiency at 3.8 and 5.3  mg. L-1 
O2 levels, while the lowest efficiency was observed at a 
level of 1.8 and 2.6 mg. L-1 O2. Similar to water use effi-
ciency, different O2 levels in the nutrient solution had no 
effect on the instantaneous carboxylation efficiency in 
NH4

+-grown plants. The effect of ammonium nutrition 
on instantaneous carboxylation efficiency varies among 
plant species. Some studies have shown that ammo-
nium nutrition can lead to a higher CO2 assimilation rate 
per leaf area compared to nitrate nutrition, indicating a 
potentially higher instantaneous carboxylation efficiency 
[49]. However, other research suggests that the growth of 
plants under high ammonium nutrition may be impaired, 
which could potentially affect carboxylation efficiency 
[50]. Additionally, the redox metabolism and mitochon-
drial electron transport chain play a role in the response 
to ammonium nutrition, which may also impact carbox-
ylation efficiency [51]. Overall, the effect of ammonium 
nutrition on instantaneous carboxylation efficiency is 
complex and may depend on various factors such as 
plant species, growth conditions, and the specific mecha-
nisms involved in ammonium assimilation and tolerance. 
Lastly, leaf transpiration was found to be the highest in 
NO3

−-fed plants at the two initial concentrations of O2 
(1.8 and 2.6 mg. L-1). The leaf transpiration of the other 
treatments remained at the same level (Fig. 12). The low-
est leaf transpiration was observed in NH4

+-fed plants 
at the 3.8 mg. L-1 O2. The effect of ammonium nutrition 
on transpiration is influenced by various factors, includ-
ing the water lodging conditions. Research has shown 
that plants grown on ammonium nutrition exhibit lower 
water use efficiency compared to those receiving nitrate 
[52]. Additionally, the relationship between transpiration 
and soil water content suggests that once plants wilt, the 
transpiration rate should be roughly proportional to the 
available water content of the soil [53]. However, the spe-
cific interaction between ammonium nutrition and water 
lodging on transpiration requires further investigation.

The maximal quantum yield of PSII photochemistry, 
variable fluorescence, and maximum fluorescence were 
higher in NH4

+ grown plants compared to NO3
− grown 

plants, but they increased in NO3
− -fed plants with the 

elevation of O2 concentration in the nutrient solution 
to 5.3  mg. L-1, without significant difference with NH4

+ 
grown plants in the same O2 level (Figs. 13, 14 and 15). 
Minimum fluorescence also was higher in NH4

+ grown 
plants compared to NO3

− grown plants, but it decreased 
with the elevation of O2 concentration in the nutrient 
solution to 5.3 mg. L-1 to the level of NO3

− grown plants, 
in the same O2 level (Fig. 16). In NO3

− grown plants, dif-
ferent O2 levels in nutrient solution had no effect on the 
minimum fluorescence of leaves. Ammonium nutrition 
has been shown to enhance chlorophyll fluorescence, 

specifically the Fv/Fm parameter, in plants. A study on 
kohlrabi plants revealed that those given nitrogen as 
NH4

+ showed a 21% increase in chlorophyll content, 
along with a reduction in the chlorophyll a: b ratio and 
decreased ground state fluorescence compared to plants 
supplied with nitrate [54]. In agree with the results of 
the current experiment, it was observed that the NH4

+ 
-grown Salvinia natans plants exhibited a higher maxi-
mum quantum yield of PSII photochemistry (Fv/Fm) in 
hypoxic and anoxic conditions compared to NO3

− -fed 
plants [55]. However, Roosta et al. [19] reported that 
the form of nitrogen source does not affect the chloro-
phyll fluorescence of cucumber, which did not agree with 
the results of this research. The high nonphotochemi-
cal quenching shown in tomatoes fed with NH4

+ or urea 

Fig. 13 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on maximal quan-
tum yield of PSII photochemistry (Fv/Fm) of bell pepper plants. Different 
letters show significant different, Duncan’s test (p ≤ 0.01)

 

Fig. 12 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2  mg. L− 1) of nutrient solution on transpiration 
of bell pepper plants. Different letters show significant different, Duncan’s 
test (p ≤ 0.01)
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indicated that PS II was the inhibitory site of NH4
+-N 

which was directly uptaken by roots, or liberated via the 
urea hydrolysis cycle. However, in the current experiment 
opposite results were observed, which may be due to the 
lower concentration of NH4

+ in nutrient solution, and 
higher chlorophyll content in the NH4

+-fed plants com-
pared to the NO3

−-fed plants [56]. Similar to the pres-
ent study, Roosta and Schjoerring [4] found that NH4

+ 
nutrition at the medium concentration (5mM) compared 
to NO3

− nutrition increased the chlorophyll concentra-
tion in cucumber leaves. Therefore, NH4

+ does not affect 
the reaction center of photosystem II at 5 mM because 
of several protective mechanisms. If the carbon diox-
ide supply becomes limiting due to decreasing stoma-
tal conductance as it was shown in current experiment, 

photorespiration acts as an alternative electron sink for 
the light reaction [57]. The latter protects PSII from dam-
age during NH4

+ stress, and therefore, Fv/Fm is not a 
good indicator for detecting plant NH4

+ response at mild 
NH4

+ stress [58].
Hypoxic stress has been found to significantly impact 

the chlorophyll fluorescence parameter Fv/Fm, which 
serves as a sensitive indicator of environmental stress in 
plants [59]. A study conducted on cucumber plants sub-
jected to hypoxia treatment demonstrated a decrease in 
Fv/Fm, indicating the occurrence of photoinhibition in 
photosynthesis [60]. Interestingly, this outcome aligns 
with the results of the current experiment involving 
plants supplied with nitrate. These findings collectively 
underscore the detrimental effects of hypoxic stress on 
chlorophyll fluorescence and photosynthetic activity in 
plants.

Conclusions
This study has found that the overall growth of pep-
per plants was significantly reduced by NH4

+ at low O2 
concentrations in nutrient solution. However, the high-
est levels of oxygen increased vegetative growth, par-
ticularly root growth in NH4

+ fed plants. The results also 
showed that chlorophyll content was higher in leaves of 
plants fed with NH4

+ than in those fed with NO3
− at low 

O2 concentrations in nutrient solution. The highest O2 
level caused a significant increase in chlorophyll content 
in NH4

+ fed plants. Photosynthetic rate, water use effi-
ciency, and instantaneous carboxylation efficiency were 
all higher in the leaves of NO3

− -fed plants compared 
to those of NH4

+-fed plants at all O2 levels. Nitrate-fed 
plants had the highest instantaneous carboxylation effi-
ciency at 3.8 and 5.3 mg. L-1 O2 levels and the lowest at 

Fig. 16 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on minimum fluo-
rescence (Fo) of bell pepper plants. Different letters show significant differ-
ent, Duncan’s test (p ≤ 0.01)

 

Fig. 15 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on maximum fluo-
rescence (Fm) of bell pepper plants. Different letters show significant differ-
ent, Duncan’s test (p ≤ 0.01)

 

Fig. 14 Effect of N-forms (at 5 mM) and dissolved O2 levels (1.8 ± 0.2; 
2.6 ± 0.2; 3.8 ± 0.2; 5.3 ± 0.2 mg. L− 1) of nutrient solution on variable fluores-
cence (Fv) of bell pepper plants. Different letters show significant different, 
Duncan’s test (p ≤ 0.01)
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levels of 1.8 and 2.6 mg. L-1 O2. Maximal quantum yield 
of PSII photochemistry, variable fluorescence, and maxi-
mum fluorescence were higher in NH4

+ grown plants 
compared to NO3

− grown plants, but they increased in 
NO3

− -fed plants with the elevation of O2 concentration 
in the nutrient solution to 5.3 mg. L-1, without significant 
difference with NH4

+ grown plants in the same O2 level. 
Therefore, to grow healthy pepper plants in a floating 
hydroponic system, it is important to control the O2 level 
and ensure it is not lower than 5.3 mg. L-1.

Acknowledgements
Not applicable.

Author contributions
Hamid Reza Roosta: Conceptualization, Methodology, Software, Validation, 
Supervision, Visualization, Writing- Original Draft, Formal Analysis, 
Investigation, Resources, Data curation, Project administration, Writing - 
Review and preparation of final version. All authors have read and agreed to 
the published version of the manuscript.

Funding
The authors are grateful to the Arak University for funding this study.

Data availability
All the data generated or analyzed during the current study were included in 
the manuscript. The raw data is available from the corresponding author on 
reasonable request.

Declarations

Ethics approval and consent to participate
No plants were collected in this experiment. Pepper seeds were purchased 
from Azar Abkesht Sahand Company (Tehran, Iran).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 14 December 2023 / Accepted: 25 March 2024

References
1. Zhonghua T, Yanju L, Xiaorui G, Yuangang Z. The combined effects of salinity 

and nitrogen forms on Catharanthus roseus: the role of internal ammonium 
and free amino acids during salt stress. J Plant Nutr Soil Sci. 2011;174:135–44.

2. Britto DT, Kronzucker HJ. NH4 + toxicity in higher plants: a critical review. J 
Plant Physiol. 2002;159:567–84.

3. Aluko OO, Li C, Yuan G, Nong T, Xiang H, Wang Q et al. Differential effects 
of ammonium (NH4+) and potassium (K+) Nutrition on Photoassimilate 
partitioning and growth of Tobacco Seedlings. Plants. 2022;11.

4. Roosta HR, Schjoerring JK. Effects of ammonium toxicity on nitrogen 
metabolism and elemental profile of cucumber plants. J Plant Nutr. 
2007;30:1933–51.

5. Shilpha J, Song J, Jeong BR. Ammonium phytotoxicity and tolerance: an 
insight into ammonium Nutrition to Improve Crop Productivity. Agronomy. 
2023;13.

6. Gerendás J, Zhu Z, Bendixen R, Ratcliffe RG, Sattelmacher B. Physiological and 
biochemical processes related to ammonium toxicity in higher plants. J Plant 
Nutr Soil Sci. 1997;160:239–51.

7. van Dongen JT, Licausi F, Nick P. Low-oxygen stress in plants: Oxygen Sensing 
and adaptive responses to Hypoxia. Plant Cell Monogr. 2014;21.

8. Roosta HR, Bagheri MH, Hamidpour M, Roozban MR. Interactive effects of 
nitrogen form and oxygen concentration on growth and nutritional status of 
eggplant in hydroponics. J Agric Sci Technol. 2016;18:731–9.

9. Chun C, Takakura T. Rate of Root respiration of lettuce under various dissolved 
oxygen concentrations in Hydroponics. Environ Control Biol. 1994;32:125–35.

10. Morard P, Lacoste L, Silvestre J. Effect of oxygen deficiency on uptake of 
water and mineral nutrients by tomato plants in soilless culture. J Plant Nutr. 
2000;23:1063–78.

11. Morard P, Lacoste L, Silvestre J. Effect of oxygen deficiency on mineral nutri-
tion of excised tomato roots. J Plant Nutr. 2004;27:613–26.

12. Brix H, Lorenzen B, Morris JT, Schierup H-H, Sorrell BK. Effects of oxygen and 
nitrate on ammonium uptake kinetics and adenylate pools in Phalaris arun-
dinacea L. and Glyceria maxima (Hartm.) Holmb. Proc R Soc Edinb Sect B Biol 
Sci. 1994;102:333–42.

13. Greenway H, Gibbs J. Mechanisms of anoxia tolerance in plants. II. Energy 
requirements for maintenance and energy distribution to essential processes. 
Funct Plant Biol. 2003;30:999–1036.

14. Men S, Chen H, Chen S, Zheng S, Shen X, Wang C et al. Effects of supplemen-
tal nitrogen application on physiological characteristics, dry matter and nitro-
gen accumulation of winter rapeseed (Brassica napus L.) under waterlogging 
stress. Sci Rep. 2020;10.

15. Yetisir H, Çaliskan ME, Soylu S, Sakar M. Some physiological and growth 
responses of watermelon [Citrullus lanatus (Thunb.) Matsum. And Nakai] 
grafted onto Lagenaria siceraria to flooding. Environ Exp Bot. 2006;58:1–8.

16. Boru G, Vantoai T, Alves J, Hua D, Knee M. Responses of soybean to oxygen 
deficiency and elevated root-zone carbon dioxide concentration. Ann Bot. 
2003;91:447–53.

17. Strasser RJ, Srivastava A, Tsimilli-Michael M. The fluorescence transient as a 
tool to characterize and screen photosynthetic samples. Probing Photosynth 
Mech Regul Adapt. 2000;:443–80.

18. Roosta HR, Schjoerring JK. Response of tomato plant to ammonium and 
nitrate nutrition using the relative addition rate technique. Acta Hortic. 
2021;1315:495–501.

19. Roosta HR, Sajjadinia A, Rahimi A, Schjoerring JK. Responses of cucumber 
plant to NH4 + and NO3- nutrition: the relative addition rate technique vs. 
cultivation at constant nitrogen concentration. Sci Hortic (Amsterdam). 
2009;121:397–403.

20. Wheeler T. The Physiology of Crop Yield. Second edition., By RKM, Hay, Porter 
JR. Oxford: Blackwell Publishing (2006), pp. 314, £34.99(paperback). ISBN 
1-4051-0859-2. Exp Agric. 2007;43:530–530.

21. Gamiely S, Randle WM, Mills HA, Smittle DA, Banna GI. Onion plant growth, 
Bulb Quality, and Water Uptake following ammonium and Nitrate Nutrition. 
HortScience. 2019;26:1061–3.

22. Takács E, Técsi L. Effects of NO3-/NH4 + ratio on photosynthetic rate, Nitrate 
Reductase Activity and Chloroplast Ultrastructure in three cultivars of Red 
Pepper (Capsicum annuum L). J Plant Physiol. 1992;140:298–305.

23. Guo S, Chen G, Zhou Y, Shen Q. Ammonium nutrition increases photosynthe-
sis rate under water stress at early development stage of rice (Oryza sativa L). 
Plant Soil. 2007;296:115–24.

24. Yoshida S, Kitano M, Eguchi H. Growth of lettuce plants (Lactuca sativa L.) 
under control of dissolved O2 concentration in hydroponics. Biotronics. 
1997;26:39–45.

25. Kläring HP, Zude M. Sensing of tomato plant response to hypoxia in the root 
environment. Sci Hortic (Amsterdam). 2009;122:17–25.

26. Roosta HR, Akbari A, Raghami M, Bikdeloo M. Response of growth, physi-
ological characteristics and concentration of some mineral nutrients of local 
grafted watermelon to oxygen deficiency stress in hydroponic system. Iran J 
Hortic Sci. 2022;53:647–65.

27. Chérif M, Tirilly Y, Bélanger RR. Effect of oxygen concentration on plant 
growth, lipidperoxidation, and receptivity of tomato roots to Pythium F 
under hydroponic conditions. Eur J Plant Pathol. 1997;103:255–64.

28. Cakmak I. Possible roles of zinc in protecting plant cells from damage by 
reactive oxygen species. Rev New Phytol. 2000;146:185–205.

29. Biczak R. Quaternary ammonium salts with tetrafluoroborate anion: phytotox-
icity and oxidative stress in terrestrial plants. J Hazard Mater. 2016;304:173–85.

30. Steffens D, Hütsch BW, Eschholz T, Lošák T, Schubert S. Water logging may 
inhibit plant growth primarily by nutrient deficiency rather than nutrient 
toxicity. Plant Soil Environ. 2005;51:545–52.

31. Sanchez-Zabala J, González-Murua C, Marino D. Mild ammonium stress 
increases chlorophyll content in Arabidopsis thaliana. Plant Signal Behav. 
2015;10.



Page 12 of 12Roosta BMC Plant Biology          (2024) 24:281 

32. Wang J, Lu W, Tong Y, Yang Q. Leaf morphology, photosynthetic performance, 
chlorophyll fluorescence, stomatal development of lettuce (Lactuca sativa L.) 
exposed to different ratios of red light to blue light. Front Plant Sci. 2016;7.

33. Brand MH. Shade influences plant growth, leaf color, and chlorophyll content 
of Kalmia latifolia L. Cultivars. HortScience. 1997;32:206–8.

34. Turan MA, Elkarim AHA, Taban N, Taban S. Effect of salt stress on growth, 
stomatal resistance, proline and chlorophyll concentrations on maize plant. 
Afr J Agric Res. 2009;4:893–7.

35. Herrera A. Responses to flooding of plant water relations and leaf gas 
exchange in tropical tolerant trees of a black-water wetland. Front Plant Sci. 
2013;4:MAY.

36. Ma J, Rukh G, Ruan Z, Xie X, Ye Z, Liu D. Effects of Hypoxia stress on growth, 
Root respiration, and metabolism of Phyllostachys praecox. Life. 2022;12.

37. Murkute AA, Sharma S, Singh SK. Studies on salt stress tolerance of 
citrus rootstock genotypes with arbuscular mycorrhizal fungi. Hortic Sci. 
2006;33:70–6.

38. Reddy M, Vora A. Salinity induced changes in pigment composition and 
chlorophyllase activity of wheat. Indian J Plant Physiol. 1986;29:331–4.

39. Mahmood U, Hussain S, Hussain S, Ali B, Ashraf U, Zamir S et al. Morpho-
Physio-biochemical and molecular responses of maize hybrids to salinity and 
waterlogging during stress and recovery phase. Plants. 2021;10.

40. Kozlowski TT. Soil aeration, flooding, and Tree Growth. Arboric Urban for. 
1985;11:85–96.

41. Lizaso JI, Melendez LM, Ramirez R. Early flooding of two cultivars of tropical 
maize. II. Nutritional responses. J Plant Nutr. 2001;24:997–1011.

42. Kuzyakov Y, Gavrichkova O. REVIEW: Time lag between photosynthesis and 
carbon dioxide efflux from soil: a review of mechanisms and controls. Glob 
Chang Biol. 2010;16:3386–406.

43. Roosta HR, Schjoerring JK. Root carbon enrichment alleviates ammonium 
toxicity in cucumber plants. J Plant Nutr. 2008;31:941–58.

44. Oliveira HC, Freschi L, Sodek L. Nitrogen metabolism and translocation in 
soybean plants subjected to root oxygen deficiency. Plant Physiol Biochem. 
2013;66:141–9.

45. de Carvalho PA, de Oliveira LEM, Domiciano D, de Carvalho JN, Prudente D, 
de O, Guimarães RJ. Effect of nitrogen source and oxygen deficiency on car-
bon metabolism and antioxidant system of rubber tree plants (Hevea spp). 
Aust J Crop Sci. 2018;12:116–25.

46. Board JE. Waterlogging effects on Plant nutrient concentrations in soybean. J 
Plant Nutr. 2008;31:828–38.

47. Cao X, Zhong C, Zhu C, Zhu L, Zhang J, Wu L, et al. Ammonium uptake and 
metabolism alleviate PEG-induced water stress in rice seedlings. Plant Physiol 
Biochem. 2018;132:128–37.

48. Martínez-Carrasco R, Pérez P, Handley LL, Scrimgeour CM, Igual M, Martín D, 
Molino I, et al. Regulation of growth, water use efficiency and δ13C by the 

nitrogen source in Casuarina equisetifolia Forst. And Forst. Plant. Cell Environ. 
1998;21:531–4.

49. Guo S, Zhou Y, Shen Q, Zhang F. Effect of ammonium and nitrate nutrition 
on some physiological processes in higher plants - growth, photosynthesis, 
photorespiration, and water relations. Plant Biol. 2007;9:21–9.

50. Hoque MS, Masle J, Udvardi, MK, Ryan PR, Upadhyaya NM. Over-expression 
of the rice OsAMT1-1 gene increases ammonium uptake and content, but 
impairs growth and development of plants under high ammonium nutrition. 
Funct Plant Biol. 2006;:153–63.

51. Podgórska A, Ostaszewska M, Gardeström P, Rasmusson AG, Szal B. In com-
parison with nitrate nutrition, ammonium nutrition increases growth of the 
frostbite1 Arabidopsis mutant. Plant Cell Environ. 2015;38:224–37.

52. Ups SH, Leidi EO, Silberbush M, Soares MIM, Lewis OEM. Physiological aspects 
of ammonium and nitrate fertilization. J Plant Nutr. 1990;13:1271–89.

53. Gardner WR, Ehlig CF. The influence of soil water on transpiration by plants. J 
Geophys Res. 1963;68:5719–24.

54. Blanke MM, Bacher W, Pring RJ, Baker EA. Ammonium nutrition enhances 
chlorophyll and glaucousness in Kohlrabi. Ann Bot. 1996;78:599–604.

55. Jampeetong A, Brix H. Oxygen stress in Salvinia natans: interactive effects of 
oxygen availability and nitrogen source. Environ Exp Bot. 2009;66:153–9.

56. Nasraoui-Hajaji A, Gouia H. Photosynthesis sensitivity to NH4–N change with 
nitrogen fertilizer type. Plant Soil Environ. 2014;60:274–9.

57. Wilhelm C, Selmar D. Energy dissipation is an essential mechanism to sustain 
the viability of plants: the physiological limits of improved photosynthesis. J 
Plant Physiol. 2011;168:79–87.

58. Baker NR, Rosenqvist E. Applications of chlorophyll fluorescence can improve 
crop production strategies: an examination of future possibilities. J Exp Bot. 
2004;55:1607–21.

59. Ball MC, Butterworth JA, Roden JS, Christian R, Egerton JJG. Applica-
tions of chlorophyll fluorescence to forest ecology. Aust J Plant Physiol. 
1995;22:311–9.

60. Torzillo G, Bernardini P, Masojídek J. On-line monitoring of chlorophyll fluo-
rescence to assess the extent of photoinhibition of photosynthesis induced 
by high oxygen concentration and low temperature and its effect on the 
productivity of outdoor cultures of Spirulina platensis (Cyanobacteria). J 
Phycol. 1998;34:504–10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	The responses of pepper plants to nitrogen form and dissolved oxygen concentration of nutrient solution in hydroponics
	Abstract
	Background
	Methodology
	Plant material and culture conditions
	Oxygen measurement and adjustment
	Vegetative growth parameters
	Chlorophyll index
	Leaf gas exchange
	Chlorophyll fluorescence
	Statistical analysis

	Results and discussion
	Vegetative growth
	SPAD index, photosynthesis, and chlorophyll fluorescence

	Conclusions
	References


