
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Safaei et al. BMC Plant Biology          (2024) 24:968 
https://doi.org/10.1186/s12870-024-05693-2

BMC Plant Biology

*Correspondence:
Abolfazl Alirezalu
a.alirezalu@urmia.ac.ir

1Department of Horticultural Sciences, Faculty of Agriculture, Urmia 
University, Urmia, Iran
2Department of Food Science and Technology, Faculty of Agriculture, 
University of Tabriz, Tabriz, Iran

Abstract
Background The utilization of nutrition management, has recently been developed as a means of improving 
the growth and production of phytochemical compounds in herbs. The present study aimed to improve the 
growth, physiological, and phytochemical characteristics of lemon balm (Melissa officinalis L.) using different NH4

+ 
(ammonium) to NO3̄ (nitrate) ratios (0:100, 25:75, 50:50, 75:25 and 100:0) under floating culture system (FCS).

Results The treatment containing 0:100 - NH4
+:NO3̄ ratio showed the most remarkable values for the growth and 

morpho-physiological characteristics of M. officinalis. The results demonstrated that maximum biomass (105.57 g) 
earned by using the ratio of 0:100 and minimum at 75:25 ratio of NH4

+: NO3̄. The plants treated with high nitrate 
ratio (0:100 - NH4

+:NO3̄) showed the greatest concentration of total phenolics (60.40 mg GAE/g DW), chlorophyll a 
(31.32 mg/100 g DW), flavonoids (12.97 mg QUE/g DW), and carotenoids (83.06 mg/100 g DW). Using the 75:25 - 
NH4

+:NO3̄ ratio caused the highest dry matter (DM), N and K macronutrients in the leaves. The highest antioxidant 
activity by both DPPH (37.39 µg AAE/mL) and FRAP (69.55 mM Fe++/g DW) methods was obtained in 75:25 - 
NH4

+:NO3̄ treatment. The p-coumaric acid as a main abundant phenolic composition, was detected by HPLC analysis 
as the highest content in samples grown under 0:100 - NH4

+:NO3̄ treatment. Also, the major compounds in M. 
officinalis essential oil were identified as geranial, neral, geranyl acetate and geraniol by GC analysis. With increasing 
NO3̄ application, geraniol and geranyl acetate contents were decreased.

Conclusions The findings of present study suggest that the management of NH4+ to NO3̄ ratios in nutrient solutions 
could contribute to improving growth, physiological and phytochemical properties of M. officinalis. The plants 
treated with high nitrate ratio (especially 0:100 - NH4

+:NO3̄) showed the greatest effects on improving the growth 
and production of morpho-physiological and phytochemical compounds. By comprehensively understanding the 
intricate dynamics among nitrogen sources, plants, and their surroundings, researchers and practitioners can devise 
inventive approaches to optimize nitrogen management practices and foster sustainable agricultural frameworks.
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Background
Medicinal and aromatic plants, in addition to their 
important role in medical uses, are widely used in many 
fields related to the food, cosmetics and spice industries 
[1]. Today, medicinal plants are valuable natural resource 
that is considered by developed countries as a raw mate-
rial for the production of safe drugs for humans. Melissa 
officinalis L., commonly called lemon balm or bee balm, 
is a perennial herbaceous plant with alimentary and 
medicinal properties, belonging to the Lamiaceae fam-
ily and the subfamily Nepetoideae [2, 3]. Likewise, lemon 
balm has been utilized in traditional medicine for treat-
ment of diseases and fundamental health needs [2, 4]. In 
addition, the leaves of M. officinalis are used to remedy 
moderate abdominal disorders, rheumatism and bili-
ary dyskinesia due to their digestive and antispasmodic 
properties [2, 5]. The essential oil of this plant is obtained 
from fresh main and secondary branches, flowers and 
leaves. According to previous studies [6, 7] geranial, lin-
alool, citral and neral are main active constituents found 
in lemon balm essential oil, which are responsible for 
producing the distinct lemon scent. Lemon balm essen-
tial oil may also contain Herpes anti-virus compounds 
type 2 (HSV-2) [8, 9].

Certainly, Innovative methods for cultivating plants, 
such as hydroponics, aquaponics, and aeroponics, offer 
alternative approaches to traditional soil-based agricul-
ture. These methods utilize controlled environments 
and specialized techniques to optimize plant growth and 
resource utilization. These innovative cultivation meth-
ods offer benefits such as increased crop yields, faster 
growth rates, and reduced resource consumption, making 
them valuable tools for sustainable agriculture in diverse 
settings [10–12]. Hydroponics is a revolutionary food 
production technology that is environmentally friendly, 
sustainable, reliable and flexible [13–16]. Moreover, 
hydroponic culture systems present higher yields, greater 
production of secondary metabolites, and less pests and 
diseases damage in compared with soil cultivation [17–
19]. In hydroponic systems, pH can be checked and con-
trolled in addition to nutrient management. The impacts 
of various nitrogen forms on morphological, physiologi-
cal, and phytochemical plant parameters can be assessed 
by hydroponic systems due to nitrogen changes in the soil 
[20]. These techniques have already been used to evaluate 
nitrogen efficiency among plant species based on nitro-
gen forms (NO3̄ and NH4

+) [21]. Nitrogen (N) is the key 
element in soil fertility and production of agricultural 
crops and compared to other nutrients, is more needed 
by the plants [22]. Plants rely on nitrogen as an essential 
nutrient for their development, growth, yield, and quality. 
It is also a key element of the chlorophyll molecule that 
plays an important role in photosynthesis [23]. Nitrogen 
is one of the most important influencing elements in the 

synthesis of phytochemicals and photosynthetic rates. 
There is often a positive relationship between the activity 
of key enzymes of important biosynthetic pathways (such 
as phenylpropanoid pathway), and the accumulation of 
carbon-based phytochemical compounds in medicinal 
plants. These pathways and enzymes are directly related 
to the availability and type of nitrogen in the plant cul-
ture medium [24]. Ammonium and nitrate are the two 
primary forms of nitrogen that are commonly utilized by 
plants to fulfil their nitrogen needs [25]. In different stud-
ies on medicinal plants such as Echinacea purpurea (L.) 
Moench [26], Cannabis sativa L [27]. , Dracocephalum 
moldavica L [28]. , and Erythropalum scandens Blume 
[29] have been proven different effects of ammonium 
and nitrate treatments in morphological traits and phyto-
chemical compounds. Factors such as yield, quality, pho-
tosynthesis and plant growth are highly dependent on the 
form of nitrogen in soil or nutrient solution [30, 31]. It is 
more common for plants to use the NO3̄ form as a source 
of nitrogen. It is also possible for plant roots to absorb the 
NH4

+ form when there is limited access to NO3̄. When 
NH4

+ is used as the sole source of nitrogen, most plant 
species show reduced growth, small leaves, smoothing of 
the root system, and in severe cases leads to ammonium 
toxicity and chlorination of leaves [32]. The nitrate to 
ammonium ratio required for the best plant development 
and growth depends on a number of factors, including 
environmental factors, growth stage, genotype, and the 
availability to nitrogen [33, 34]. Ammonium (NH4

+) is 
a common nitrogen source, yet it can be toxic to plants 
at high concentrations, leading to various physiological 
and morphological disorders. Understanding the mecha-
nisms of nitrogen tolerance and the strategies for miti-
gating nitrogen toxicity is essential for improving crop 
resilience and efficiency. One of the primary strategies 
plants employ to mitigate ammonium toxicity is the co-
application of nitrate (NO3̄). Research has shown that 
the presence of nitrate can alleviate the toxic effects of 
ammonium, allowing for improved growth and devel-
opment even in high ammonium environments [35, 36]. 
The underlying mechanisms involve complex signaling 
pathways that regulate gene expression and physiological 
responses to different nitrogen sources. At the molecu-
lar level, plants respond to nitrogen stress through vari-
ous signaling pathways and transcriptional changes. The 
expression of genes related to ammonium transport and 
assimilation is tightly regulated in response to nitrogen 
availability [37, 38]. The use of transcriptome analysis 
has revealed distinct expression patterns in plants sub-
jected to low nitrogen stress, highlighting the adaptive 
responses that enable plants to cope with nitrogen defi-
ciency or excess [39]. These molecular responses include 
the upregulation of specific transporters and enzymes 
that facilitate nitrogen uptake and assimilation, as well as 
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the modulation of metabolic pathways to balance nitro-
gen levels within the plant. Furthermore, plant hormones 
are pivotal in overseeing diverse facets of nitrogen man-
agement within plants, impacting functions like nitrogen 
absorption, assimilation, redistribution, and distribution. 
The regulation of nitrogen tolerance in plants through 
hormones involves intricate interactions among diverse 
signaling pathways and molecular mechanisms. Nitro-
gen acquisition is controlled by adjusting nitrate uptake 
systems and promoting the growth of lateral roots. Gen-
erally, transporters encoded by the NRT1 and NRT2 fam-
ilies exhibit differing affinities for nitrate. Various signals 
influence the expression of NRT genes. The development 
of lateral roots is influenced by multiple signals, includ-
ing nitrate, nitrogen assimilation products, and several 
hormones such as ABA, AUX, ETH, CKs, BR, SLs, JA, 
and SA [40–43]. The absorption of NH4

+ by plant roots, 
leads to the rhizosphere pH reduction. To maintain an 
ionic balance in root zone, for every NH4

+ ion that enter-
ing roots, a H+ ion gets out from roots and can make a 
pH reduction in rhizosphere [44, 45]. In one study, the 
content and function of total rosmarinic acid and total 
flavonoids, as well as ursolic acid and oleanolic acid, 
decreased with NH4

+ from 100 to 25% and peaked at 
75:25 ratio of NH4

+ to NO3̄ [46]. Chen et al. [47] showed 
that biomass production of Prunella vulgaris L. increased 
from 25 to 100% by increasing the ratio of NH4

+, that the 
highest biomass production was observed in all organs in 
75:25 (NH4

+:NO3̄) treatment. Some plant species, such as 
corn, beans, peas, and tomatoes prefer nitrate as domi-
nant form of nitrogen in fertilizer recipes. However, some 
species, such as tea, prefer ammonium-rich nitrogen 
sources [48, 49].

The hydroponic systems such as floating culture (FCS), 
presents a high biomass, a superiority to the soil based 
growing systems. Nitrate and ammonium relations in 
hydroponic cultures is different from soil condition 
and complex somewhat. Additionally, nitrate to ammo-
nium ratios were less studied on hydroponic condition. 
Essential oil, phenolic compounds and other products of 
lemon balm have various uses. M. officinalis is in addition 
very vital and important in medicine field. Hydroponic 
systems are very efficient and safe to plant growing [13, 
15, 18]. The production of medicinal plants in hydro-
ponic systems is a new challenge. Alongside the higher 
biomass of medicinal plants obtained in FCS hydroponic, 
the phytochemical contents should be reach to an accept-
able range and to this, we need to manage the nutrient 
solution rightly, as an effective factor in plant metabo-
lites biosynthesis. To improve the phytochemical traits 
of lemon balm cultivated in a greenhouse using FCS, this 
study aimed to investigate the impact of varying propor-
tions of NH4

+ to NO3̄ on the plant’s morpho-physiologi-
cal and phytochemical properties.

Methods
Plant materials
An experiment in the greenhouse at the Horticultural 
Sciences Department, Urmia University, Urmia, Iran 
(West Azerbaijan province) in 2021 was designed with 
completely randomized design (CRD) and four replica-
tions. In this research study, the effect of various ratios 
of NH4

+ to NO3 ̄ (100:0, 75:25, 50:50, 25:75 and 0:100) on 
growth, yield, physiological and phytochemical proper-
ties and antioxidant activity of lemon balm in FCS was 
evaluated. Seeds are prepared from a reputable seed cen-
ter and sown in seed trays with 2.5 centimeters of cell 
diameter. A mixture of fine peat moss and perlite (70:30) 
were used for seed sprouting and as supporting media. 
Well grown seedlings with 3 to 4 leaves, were trans-
ferred to floating culture system (FCS). The treatments 
used in this study were applied just after the transplant-
ing in to the culture system. The day/night temperature 
of greenhouse was adjusted to 29/21°C during growth 
period and the relative humidity maintained at 55%. 
The light intensity was 560–640 µmol m− 2s− 1. Three-
layered polyethylene containers with the 200  L capacity 
were used as FCS containers. The container dimensions 
were 100 × 100 × 20  cm. The aeration of nutrient solu-
tion well done by a 0.75 kW side channel blower and air 
bubble diffusers. 16 plants take place in every container 
and floated by a polystyrene sheet. The pH of nutrient 
solutions monitored every week and if needed, the pH 
adjustment was done with sulfuric acid (H2SO4) or potas-
sium hydroxide (KOH). The inserted sulfur or potassium 
from H2SO4 or KOH, estimated and was added to other 
treatments also. When the nutrient solution level down 
to third, containers refilled with the fresh solution. The 
research steps were presented graphically in Fig. 1 (a-f ).

The Sampling for traits measuring and essential oil 
extraction was done in flowering stage. Nutrition recipes 
with the same concentration of total N and other nutri-
ents but different in NO3̄ to NH4

+ ratios, are used as 
nutrient solution for every treatment (Table 1).

Growth and morphological traits
Precision measuring tools like scales and meter mea-
suring tape were used to measure a variety of metrics, 
including plant height (in centimeters), the number of 
lateral branches, as well as the dry weights of the aerial 
parts and roots (in grams).

Nutrient concentration
The concentration of nitrogen in M. officinalis leaves was 
measured by Tedesco et al. [45] method and also other 
elements such as P, K, Ca and Mg were measured with 
using atomic spectroscopy absorption and colorimetry 
(AAS, Shimadzu AA-6300, Japan) as a result the nutrient 
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concentration of lemon balm leaves was reported based 
on the percentage of their dry weight [50].

Photosynthetic pigments measurement
The chlorophyll a, chlorophyll b and carotenoid content 
was measured by Lichtenthaler [51] method. Half a gram 
of leaf sample was poured into a porcelain mortar and 
crushed using liquid nitrogen. Then, 10 mL of acetone 
(80% v/v) was added to the plant material and subjected 
to sonication for 30 min at a temperature of 25  °C. The 
resulting mixture was then filtered through a filter paper, 
followed by transfer into a test tube and centrifugation 
at 4000  rpm for 10  min. The samples were transferred 
to a spectrophotometer and exposed to wavelengths of 
470, 646 and 663 nm (using 80% acetone as a blank con-
trol). The values of chlorophyll a, chlorophyll b, and total 

carotenoid were determined by applying the equations 
below:

 

Chlorophylla(Chla) = 12.25 A663
− 2.79 A646 × V/W.

Chlorophyllb(Chlb) = 21.50 A646
− 5.1 A663 × V/W.

Total carotenoid (TCC) = (1000A470
− 1.82Chla − 85.02Chlb)/198 × V/W.

Preparation of methanolic extract
For extraction, dried aerial parts of lemon balm (1  g) 
grounded and placed in apart vials containing 10 mL of 
CH3OH 80% (v/v) and subjected to an ultra-sonication 
process (Elmasonic, Germany) at 25  °C with frequency 
of 40 Hz for 45 min. Briefly, the recovered extracts were 
centrifuged (4000 rpm, 5 min) and poured into separate 
vials. The mentioned vials were maintained at 4  °C and 
in a dark place for doing phytochemical tests and HPLC 
analysis [52].

Total phenolic content (TPC)
The total phenolic content (TPC) was assessed using 
the method of Rahimi et al. [53], which involved the use 
of the Folin-Ciocalteu reagent. To do this process, 5 µL 
of the methanolic extract was first mixed with 600 mL 
of pre-diluted folin-ciocalteu (1:10) and subsequently 
placed at ambient temperature for 5–10 min; in the next 
step, 480 µL of sodium carbonate (7.5 g per 100 mL) was 

Table 1 Nutrients content in hydroponic solution for two 
N-form treatments
Nutrient con-
tent (mM)

NH4
+:NO3̄ ratios

100:0 75:25 50:50 25:75 0:100
N 15 11.25: 

3.75
7.5: 7.5 3.75: 

11.25
15

H2PO4
− 1.97 1.97 1.97 1.97 1.97

K+ 7.10 7.10 7.10 7.10 7.10
Ca2+ 4.41 4.41 4.41 4.41 4.41
Mg2+ 1.87 1.87 1.87 1.87 1.87
mM: millimolar; NH4

+: ammonium; NO3 :̄ nitrate, N: nitrogen, H2PO4
−: 

Dihydrogen phosphate; K+: potassium; Ca2+: calcium; Mg2+: magnesium

Fig. 1 Research steps (a-f) of lemon balm cultivation in a greenhouse using floating culture system (FCS)
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added to the resulting solution. After about 30  min of 
keeping the samples in the dark and at ambient tempera-
ture, the absorbance of the samples was read by means of 
a spectrophotometer (UNICO, China) at the wavelength 
of 760 nm against a blank (the same solution but without 
methanolic extract). To measure absorption at this step, 
distilled water and gallic acid were employed as blank 
and standard, respectively, whose absorption was initially 
read. The results were placed in the standard curve of 
gallic acid that is equivalent to mg of gallic acid (GAE) 
per gram of dry plant weight (mg GAE/g DW).

Determination of total flavonoid content (TFC)
Measurement of TFC performed using the AlCl3 reagent 
[54]. To measure the TFC, 15 µL extract was combined 
with 1.5 mL of methanol (80%), 100 µL of aluminum 
chloride solution (10%), 100 µl of potassium acetate solu-
tion (1 M) and 4.78 mL of distilled water. The absorbance 
of the mixture was read after 40 min at 415 nm against a 
blank (the same solution but without methanolic extract). 
The TFC of leaves is reported according to mg quercetin 
equivalent per g dry weight plant (mg QUE/g DW).

Phenolic compound analysis by HPLC
In the present study, the major phenolic composition 
of lemon balm samples containing caffeic acid, ros-
marinic acid, chlorogenic acid, cinnamic acid, gallic 
acid, coumaric acid, quercetin, rutin and apigenin were 
evaluated with HPLC. The HPLC equipment (Wilm-
ington, DE, USA) consisted of an integrated system 
with a Dionex UltiMate 3000, a 20 µL manual sample 
loop, a column oven, an ultrasound degasser (Hwashin, 
Korea), a quaternary pump (LPG-3400RS), and a pho-
todiode array detector with detection wavelengths of 
250, 272, 310, and 360  nm (DAD-3000RS). A filtered 
extract (20 µL) was separated using a ZORBAX Eclipse 
XDB column with a size of 4.6 × 250 mm and a pore size 
of 5 μm (produced by Dr. Mainsch, Germany) at a flow 
rate of 1.5 mL min− 1. Acetonitrile (solvent A) and ace-
tic acid solution pH 3.0 (1.0% V/V in water) (solvent B) 
were used as eluent (mobile phases) with the gradient 
elution program of 10%A/90%B (0–5  min), 15%A/85%B 
(1.5 min), 20%A/80%B (1.5 min), 25%A/75%B (1.5 min), 
25–65%A/75 − 35%B (increase in solvent A concentra-
tion on 5% from 25 to 65% and decrease in solvent B 
concentration on 5% from 75 − 35 during 10–20  min), 
remaining on 65%A/35%B (20–25 min) and 10%A/90%B 
(25–35 min). Peak identification of the studied phenolics 
were calculated using the retention time (RT) and pho-
todiode array (PDA) spectra comparison of commercially 
standard with real samples [55].

Determination of antioxidant activity
DPPH assay
First, 2000 µL of DPPH solution (0.006  g DPPH in 150 
mL methanol 80%) (2,2-diphenyl-1-picrylhydrazyl) was 
added to exactly amount of extract, then, the absorbance 
of the solution was measured (λ=517 nm) [56], after incu-
bation (30  min) of solution at laboratory temperature. 
Moreover, the inhibition percentage of the DPPH radical 
was calculated using the following approach:

 DPPHsc%x = Absorbance of control − Absorbance of sample
Absorbance of control × 100

The DPPH scavenging activity of extracts was calculated 
as ascorbic acid equivalent (AAE): (µg AAE/mL).

FRAP assay
According to Žugić et al. [57] 250 µL of the extract and 
3µL of fresh FRAP reagent (300 mM sodium acetate buf-
fer (pH 3.6), ferric-tripyridyl-s-triazine and ferric chlo-
ride) were mixed together. The resulting mixture was 
placed in a hot water bath (temperature 37 °C) for 30 min 
and its absorbance was read at 593  nm by spectropho-
tometer. Different concentrations of FeSO4.7H2O were 
employed for calibration, in order to draw a calibration 
curve; then it was exhibited as mM Fe++/g DW.

Essential oil analysis
Extraction of essential oil (EO)
First, we crushed the aerial part of the plants with a mill, 
then to extraction of essential oil (EO), 40 g of dried aer-
ial part was extracted by hydro-distillation method (40 g 
dry Plant tissue in 500 mL distilled water) for 3 h using a 
modified Clevenger-type apparatus. The obtained essen-
tial oil of M. officinalis, kept at 4 °C refrigerator until the 
chromatographic analysis time.

GC and GC/MS analysis
Essential oil was analyzed by using Agilent 6890  N gas 
chromatography (GC-FID) that has separated with a 
silica capillary column which filled with HP-5MS non-
polar fused (0.25  mm, film thickness: 0.25  μm length: 
30 m) and also N2 gases was used as a carrier gas which 
had flow rate of 1 mL per minute. The initial gas chro-
matography oven temperature was set with heating rate 
of 60 to 250 °C at 5 °C/ minutes and maintained for iso-
thermal mode for 10 min and then FID temperature was 
programmed at 250  °C and 280  °C, respectively. Used 
electrospray ionization energy was 70 eV. The split injec-
tion into the column was done with a split ratio of 1:100. 
The volume of injected sample was 0.1 µL. Chromato-
graphic (GC-MS) analysis was conducted with an Agi-
lent technologies gas chromatograph model 5973, fitted 
with an HP-5MS capillary column (0.25 mm, film thick-
ness: 0.25  μm length: 30  m). The GC-MS analysis was 
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conducted on an Agilent 5973 instrument fitted with 
a HP-5MS column (30  m × 0.25  μm mm; 0.25  μm film 
thickness) programmed as above. the carrier gas was 
helium (He) with a constant flow of 1 mL/min and split 
proportion was 1:50. Also used mass range of compounds 
was 2-800 amu. The essential oil compounds were identi-
fied by calculation of their retention indices (RI) by using 
n-alkanes (C6–C24) with the same injection conditions. 
Identification of essential oil compositions was made by 
comparison of their mass spectra (obtained using X Cali-
bur (2.07) with those of the internal reference mass spec-
tra library [58, 59].

S tatistical analysis
In this research study, the effect of various ratios of 
NH4

+ to NO3̄ (100:0, 75:25, 50:50, 25:75 and 0:100) on 
growth, yield, physiological and phytochemical proper-
ties and antioxidant activity of lemon balm in floating 
culture system (FCS) was evaluated. The obtained data 
were analyzed based on one-way ANOVA in completely 
randomized design (CRD) and four replications (4 obser-
vations per replication) using SAS software version 9.4 
(SAS Institute Inc., Cary, NC, USA). Comparisons of 
means was done using Duncan’s new multiple range test 
(DMRT) at p ≤ 0.01 probability level. Figures were gener-
ated using GraphPad Prism 8 (GraphPad Software, San 
Diego, CA, USA). Correlation coefficients heatmap plot 
based on Pearson’s method was created using corrplot 
R-package.

Results
Growth and morphological traits
In the present study, the significant increase of biomass 
was obtained with the decrease in NH4

+:NO3̄ ratios. The 
biomass, growth, morphological traits and number of 
lateral branches of M. officinalis in response to the vari-
ous ratios of NH4

+: NO3̄ were analyzed and the results 
demonstrated that maximum biomass (105.57  g), plant 
height (72.20 cm), and number of lateral branches (25.56) 
earned by using the ratio of 0:100 and minimum at 75:25 
ratio of NH4

+: NO3̄. Intermediate values achieved under 
the 50:50 and 25:75 ratios of ammonium to nitrate (Fig. 2: 
a-d). Plants grown under 100:0 ratio of NH4

+:NO3 ̄ were 
destroyed in the early stages of growth, due to NH4

+ 
toxicity.

Nutrient content
According to the results of this study, changes in 
NH4

+:NO3̄ ratio can affect absorption and accumula-
tion process of some elements, significantly, so that the 
studied elements accumulation generally increases with 
decreasing in NH4

+:NO3̄ ratio (Table  2). The results 
revealed that the highest and lowest content of Mg 
and Ca were observed in plants treated with 0:100 and 

75:25 ratios of NH4
+:NO3̄, respectively. Also, the high-

est amount of K (6.21%) and N (4.04%) earned by using 
the 75:25 ratio of NH4

+:NO3̄ and the lowest amounts 
was obtained in 0:100 and 50:50 ratios of NH4

+:NO3 ̄, 
respectively. The results of mean comparisons showed 
that there is no significant difference between 50:50 - 
NH4

+:NO3̄, and 25:75 - NH4
+:NO3̄ treatments in terms 

of N concentration in leaves. In addition, using the 25:75 
and 50:50 ratios of NH4

+:NO3̄ leads to maximum (1.22%) 
and minimum (0.79%) levels of P, respectively. Also, in 
terms of phosphorus concentration, no significant dif-
ference was observed between 75:25 - NH4

+:NO3̄, 50:50 
- NH4

+:NO3 ̄, and 0:100 - NH4
+:NO3̄ treatments. Even-

tually, plants treated with 75:25 ratio of NH4
+:NO3 ̄ had 

higher dry matter content while the NH4
+:NO3̄ ratio of 

0:100 cause lower dry matter content.

Photosynthetic pigments (Chl a, Chl b and TCC)
The content of Chl a, Chl b and TCC of leaves in the 
different NH4

+: NO3̄ ratios are presented in Fig. 3 (a-c). 
Plants fertilized with 0:100 - NH4

+:NO3̄ treatment had 
the highest TCC (83.06  mg/100  g DW) (Fig.  3c) and 
Chl a (31.32  mg/100  g DW) (Fig.  3a), but the high-
est (37.56  mg/100  g DW) and lowest (8.24  mg/100  g 
DW) amount of Chl b (Fig.  3b) was observed in 75:25 
- NH4

+:NO3̄ and 50:50 - NH4
+:NO3 ̄ treatments, respec-

tively. Also, no significant difference was observed 
between 50:50 - NH4

+:NO3̄, and 25:75 - NH4
+:NO3̄ treat-

ments in the Chl b content.

Effect of the NH4+:NO3̄ ratios on TPC and TFC
The various NH4

+:NO3̄ ratios in nutrient solution had an 
impressive impact on the TPC and TFC of lemon balm 
(Fig. 3: d-e). Our study showed that, the highest of total 
phenolic (60.40 mg GAE/g DW) and flavonoid (12.97 mg 
QUE /g DW) contents were observed in samples sup-
plied with a 0:100 ratio and the lowest in plants of 75:25 
ratio of NH4

+:NO3̄. Also, no significant difference was 
observed between 75:25 - NH4

+:NO3̄, 50:50 - NH4
+:NO3̄, 

and 25:75 - NH4
+:NO3̄ treatments in the amount of TPC. 

The results of mean comparisons showed that there is no 
significant difference between 75:25 - NH4

+:NO3̄, and 
50:50 - NH4

+:NO3 ̄ as well as 25:75 - NH4
+:NO3̄, and 0:100 

- NH4
+:NO3 ̄ treatments in terms of flavonoid content. In 

general, the biosynthesis of phenolic and flavonoid com-
pounds is strongly influenced by form of fertilizer nitro-
gen. The TPC and TFC contents increased significantly 
with decreasing NH4

+ from 75 to 0, and peaked in the 
0:100 (NH4

+:NO3̄) treatment.

Phenolic compound analysis by HPLC
Chromatogram of standards used for analysis of phenolic 
compounds by HPLC are shown in Fig. 4. The amounts of 
phenolic compounds in the various ratios of NH4

+:NO3 ̄ 
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Table 2 The nutrient content of M. Officinalis in response to the different NH4
+:NO3̄ ratios

NH4
+:NO3̄¯

ratios
Nutrient content (%)
DM N P K Ca Mg

100:00* - - - - - -
75:25 99.0 ± 1.30a 4.04 ± 0.21a 0.87 ± 0.06b 6.21 ± 0.26a 0.32 ± 0.01d 0.62 ± 0.04c
50:50 98.3 ± 1.30ab 3.06 ± 0.16c 0.79 ± 0.01b 5.38 ± 0.20bc 0.36 ± 0.02c 0.91 ± 0.02b
25:75 98.1 ± 0.40ab 3.18 ± 0.12c 1.22 ± 0.11a 5.67 ± 0.30b 0.44 ± 0.02b 0.91 ± 0.03b
0:100 96.8 ± 0.70b 3.73 ± 0.15b 0.87 ± 0.03b 4.94 ± 0.17c 0.52 ± 0.04a 1.12 ± 0.07a
Significant levels ** ** ** ** ** **
* The plants of 100 NH4

+:0 NO3 ̄ treatment was destroyed in mid-growth stages, due to ammonium toxicity. ** indicate significance at the 1% level. Means with 
different letters are statistically significant at 1% level of probability. DM: Dry matter; N = nitrogen; P = phosphorus; K = potassium; Ca = calcium; Mg = magnesium

Fig. 2 The biomass, growth and morphological properties of Melissa officinalis in response to the various NH4
+:NO3̄ ratios: a) plant height; b) dry weight 

of plant; c) dry weight of root; d) number of lateral branches. Various NH4
+:NO3̄ ratios had significant effects on biomass, growth and morphological 

properties of Melissa officinalis (p < 0.01). Different lowercase letters above bars indicate highly significant (p < 0.01) difference. Error bars represent SD
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Fig. 3 The phytochemical content of Melissa officinalis in response to the different NH4
+:NO3̄ ratios: (a) chlorophyll a (Chl a); (b) chlorophyll b (Chl b); 

(c) total carotenoid content (TCC); (d) total phenolic content (TPC); (e) total flavonoid content (TFC). Various NH4
+:NO3̄ ratios had significant effects on 

phytochemical content of Melissa officinalis (p < 0.01). Different lowercase letters above bars indicate highly significant (p < 0.01) difference. Error bars 
represent SD
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are shown in Table 3. Phenolic compositions in methano-
lic extracts of M. officinalis were shown that influenced 
by different ratio of NH4

+:NO3̄ (p < 0.01). The p-coumaric 
acid (1420.32-2286.94 mg/100 g) was as most main com-
position in samples. The highest content of quercetin 
(9.82  mg/100  g), p-coumaric acid (2286.94  mg/100  g), 
and gallic acid (18.18  mg/100  g) compounds were 
obtained in 0:100 - NH4

+:NO3̄ treatment. Furthermore, 
the highest contents of apigenin (7.68  mg/100  g) and 
cinnamic acid (1.80 mg/100 g) were identified in 50:50 - 
NH4

+:NO3̄ treatment. Plants demonstrated higher levels 
of rosmarinic and caffeic acids and rutin when they were 
exposed to NH4

+.

Antioxidant activity by DPPH and FRAP assays
The antioxidant capacity of the samples studied by two 
different assays including DPPH (Fig.  5a) and FRAP 
(Fig. 5b). According to the results, the highest and low-
est antioxidant capacity on both assays was recorded in 
75:25 - NH4

+:NO3̄ and 0:100 - NH4
+:NO3̄ treatments, 

respectively. The results of mean comparisons showed 
that there is no significant difference between 75:25 - 
NH4

+:NO3̄, and 50:50 - NH4
+:NO3̄ treatments in terms 

of antioxidant capacity based on DPPH assay. In general, 
plants treated with higher NH4

+ concentrations, had 
more antioxidant capacity as compared to plant’s feds 
with higher NO3̄.

Table 3 The phenolic compounds of M. officinalis in response to the different NH4
+:NO3̄ ratios

NH4
+:NO3̄

¯

ratios
Phenolic compounds (mg/100 g)
Gallic
acid

Caffeic
acid

Chlorogenic 
acid

Rutin p-Coumaric 
acid

Rosmarinic 
acid

Quercetin Cinnamic 
acid

Apigenin

100:00* - - - - - - - - -
75:25 8.90 ± 0.04b 83.2 ± 0.06a 11.34 ± 0.05b 46.68 ± 0.06a 1875.06 ± 0.06b 41.08 ± 0.02a 5.80 ± 0.06b 0.92 ± 0.02c 4.14 ± 0.05d
50:50 7.98 ± 0.03d 31.08 ± 0.04b 2.54 ± 0.02c 21.82 ± 0.03c 1420.32 ± 0.04d 28.96 ± 0.06d 2.34 ± 0.03c 1.80 ± 0.06a 7.68 ± 0.04a
25:75 8.38 ± 0.02c 6.14 ± 0.03c 23.20 ± 0.06a 23.68 ± 0.03b 1696.48 ± 0.05c 29.60 ± 0.03c 2.40 ± 0.05c 1.02 ± 0.03b 5.32 ± 0.06c
0:100 18.18 ± 0.05a 1.68 ± 0.04d 1.46 ± 0.04d 25.50 ± 0.06d 2286.94 ± 0.03a 36.68 ± 0.03b 9.82 ± 0.07a 0.98 ± 0.05bc 5.68 ± 0.04b
Significant 
levels

** ** ** ** ** ** ** ** **

* The plants of 100 NH4
+:0 NO3 ̄ treatment was destroyed in mid-growth stages, due to ammonium toxicity. ** indicate significance at the 1% level. Means with 

different letters are statistically significant at 1% level of probability

Fig. 4 Chromatogram of standards used for analysis of phenolic compounds by HPLC-DAD
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GC and GC-MS analysis of essential oil (EO)
The analysis of the volatile profile of essential oils, includ-
ing both qualitative and quantitative aspects, is presented 
in Table 4. In general, 58 volatile compounds were identi-
fied in M. officinalis essential oils from the 4 treatments. 
The neral, geranial, geraniol, and geranyl acetate were 
the main compounds identified. Analysis of essential oils 
by GC indicated that NH4

+:NO3̄ ratios had a significant 
effect on the essential oil compounds. With increas-
ing NO3̄, geranyl acetate and geraniol were decreased. 
On the other hand, the content of neral was increased 
and then decreased. Other constituents in essential oil 
were increased by increasing NO3̄ and some showed the 
opposite trend. According to the results of the research; 
the highest and the lowest amounts of geranyl acetate 
and geraniol were gained in 75:25 and 0:100 ratios of 
NH4

+:NO3̄, respectively. The maximum (47.30%) and 
minimum (21.42%) amounts of geranial were observed 
in 75:25 - NH4

+:NO3̄ and 50:50 - NH4
+:NO3 ̄ treatments, 

respectively. Moreover, the highest (25.92%) and low-
est (16.63%) content of neral were observed in 25:75 
and 75:25 ratios of ammonium to nitrate, respectively. 
Finally, the maximum (95.77%) and minimum (70.67%) 
of total major compounds (geranial, neral, geranyl ace-
tate, geraniol, β-caryophyllene, caryophyllene oxide, 
citronellal, and farnesol) were recorded in 75:25 and 
25:75 treatments of NH4

+:NO3̄, respectively. In general, 
the best ratio for main compositions was 75:25 ratio of 
NH4

+:NO3̄.

Correlation analysis
The simple correlation coefficients of the measured traits 
are shown in Fig.  6. Positive correlations are indicated 
in blue, while negative correlations are in red. Simple 
correlation coefficients between morpho-physiological 
traits and phytochemical compounds showed that some 
of them had a significant correlation (P ≤ 0.01, P ≤ 0.05), 
and in some cases no significant correlation was seen, as 
shown in the Fig. 6. In the present study, it was found a 
positive and remarkable correlation between antioxidant 
activity based on the DPPH method with TFC (r = 0.92), 
TPC (r = 0.91), element Mg (r = 0.85), gallic acid (r = 0.86), 
quercetin (r = 0.64), p-coumaric acid (r = 0.55) and with 
apigenin (r = 0.42). Also, it was obtained a positive and 
significant correlation between antioxidant activity based 
on the FRAP assay with element K (r = 0.96), geranyl 
acetate (r = 0.85), geraniol (r = 0.8), caffeic acid (r = 0.8), 
rutin (r = 0.62), Clb (r = 0.58) and with geranial (r = 0.54). 
Monoterpenes (geranyl acetate, geraniol and geranial) 
are obtained from lemon balm essential oils have shown 
antioxidant activity based on the FRAP assay. As regards 
the antioxidant properties are attributed to the presence 
of various phytochemical compounds such as pheno-
lic compounds, and photosynthetic pigment; hence, the 
high antioxidant capacity of samples may be strongly 
correlated to their high phenolic and monoterpene com-
pounds (Fig.  6). Other correlation coefficients between 
morpho-physiological traits and phytochemical com-
pounds showed in the Fig. 6.

Fig. 5 The antioxidant capacity of Melissa officinalis in different ratios of NH4
+:NO3̄ by DPPH (Fig. 5a) and FRAP (Fig. 5b) assays. DPPH = antioxidant activity 

based on 2,2-diphenyl-1-picrylhydrazyl assay; FRAP: antioxidant activity based on ferric reducing antioxidant power assay. Various NH4
+:NO3̄ ratios had 

significant effects on antioxidant capacity of Melissa officinalis (p < 0.01). Different lowercase letters above bars indicate highly significant (p < 0.01) differ-
ence. Error bars represent SD
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Component Essential oil composition (%) M. officinalis in different NH4
+:NO3 ̄¯ratios

100:0* 75:25 50:50 25:75 0:100
6-Methyl-5-hepten-2-one - 1.09 1.97 2.28 3.72
Neral - 16.63 21.08 25.92 22.04
Geranial - 47.30 21.42 23.69 27.86
Geraniol - 9.05 2.55 1.59 0.78
Geranyl acetate - 11.63 6.00 4.81 3.42
Farnesyl acetate - 0.09 0.64 0.14 0.26
Nerol - 0.68 0.13 0.09 0.31
Farnesol - 3.46 7.41 2.89 4.42
β -caryophyllene - 3.71 4.97 5.82 4.43
Caryophyllene oxide - 2.62 4.12 4.69 7.78
Citronellal - 1.37 4.91 2.65 2.02
Geranyl linalool - 1.63 5.25 3.79 2.18
6,11-Dimethyl-2,6,10-dodecatrien-1-ol - 0.13 0.49 1.09 0.15
Geranyl acetone - 0.54 - - -
α-Farnesene - - 0.43 0.91 0.29
β-farnesene - - 0.66 0.38 0.05
Linalool - - 1.03 1.27 1.71
trans-β-Ocimene - - 0.14 0.58 0.86
Rosefuran epoxide - - 0.66 0.83 0.23
β-Thujone - - 0.82 0.31 0.28
Methyl geranate - - 1.01 0.89 1.40
(E)-β-Ionone - - 0.56 0.69 1.17
α-Copaene - - 0.13 0.29 0.88
Fitone - - 0.84 0.65 0.55
β-Bisabolene - - 0.42 0.18 0.05
α- Caryophyllene - - 1.52 0.93 0.56
Neryl acetone - - 1.01 1.54 2.01
α-pinene - - 0.99 0.32 -
Camphor - - 0.43 1.60 -
γ-cadinene - - 0.30 0.20 -
(E)-Nerolidol - - 0.74 1.74 -
p-Menthane-3,8-diol - - 0.71 0.12 -
Myrcene - - 0.24 0.16 -
α-Terpinene - 0.67 0.97 1.36
Bergamal - - 0.13 0.19 0.38
α -Cubebene - 0.91 0.74 0.66
Camphene - - 0.26 - -
Sabinene - - 0.33 - -
1,8 Cineol - - 0.63 - -
β-Pinene - - 0.96 - -
Neryl acetate - - 0.21 - -
Cis -Rose oxide - - 0.22 - -
β-Cubebene - - 0.55 - -
Bicyclogermacrene - - 0.53 0.21 -
Citronellyl acetate - - 0.81 0.18 0.08
Eugenol - - 0.09 0.17 0.86
Geranic acid - - - 1.62 3.02
Thymol - - - 0.08 0.29
allo-Aromadendrene - - - 0.28 0.23
1 OCTEN 3 OL - - - 0.85 0.36
neo-Isopulegol - - - 0.59 -
trans- Carveol - - - 0.57 -

Table 4 The essential oil compositions of M. Officinalis in response to the different NH4
+:NO3̄ ratios
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Discussion
Growth and morphological traits
The highest plant dry mass and growth traits of M. 
officinalis in response to the different treatments of 
NH4

+:NO3̄, were gained at 0:100 - NH4
+:NO3̄ treat-

ment and the lowest values was obtained in the 75:25 
- NH4

+:NO3̄ treatment (Fig.  2: a-d). A similar result is 
reached in the study by Ahmadi et al. [60] and Schiefloe 
et al. [61], which decreasing ammonium to nitrate ratios 
(10 NH4

+:90 NO3̄) in the nutrient solution of purple 
coneflower (Echinacea purpurea) caused to improve in 
growth and morphological traits such as plant fresh bio-
mass, plant height and root fresh weight significantly. 
Decreased plant dry mass in response to NH4

+ nutrition 
may be associated to reduction in fresh weight of plant, 
number of lateral branches and root and plant height. 
Nitrogen is an essential nutrient for plants and, when 
limiting, can reduce crop growth and productivity [62]. 
Nitrogen deficiency reduces photosynthesis capacity and 
primary metabolism, thereby reducing biomass produc-
tion [63, 64]. One of the major processes for growing of 
plant is photosynthesis. Plants treated with NH4

+as main 
nitrogen source are suppressed by reduced net photo-
synthetic rate [65, 66]. Furthermore, root formation and 
growth of plants is sensitive to ammonium toxicity [67] 
and reduction of root mass and length may associated to 
ethylene signal transduction [68] or auxin transport [66, 
69]. Different mechanisms and factors involved in ammo-
nium-nitrogen toxicity in various plant species includ-
ing reducing glycosylation of proteins, acid-base balance 
disturbances, energy lost due to exporting excess NH4

+, 
and the external environment acidification [70]. In water-
melon (Citrullus lanatus (Thunb.) Matsum. & Nakai.) 
increase of biomass and large root system were obtained 
with a reduce in the NH4

+:NO3̄ ratio [66]. Also, accu-
mulation of biomass and some elements of tomato plant 
decreased when NH4

+ was predominant and the growth 
traits were negatively affected by high concentrations of 
NH4

+ in the nutrient solution [71]. The N fertilization 
is a main factor effective on basil yield [72]. In Ocimum 
basilicum L., the supply of NH4

+, even in the presence of 

NO3̄, disturbed the plant growth, considerably [64]. The 
negative impact of NH4

+ on photosynthetic rate, sur-
vival and growth has been attributed to high concentra-
tion of NH4

+ in leaf organ, which can cause separation 
of the phosphorylation from electron transfer reactions 
in chloroplast [73]. Similar results were found by Saloner 
and Bernstein [27], which total plant biomass generally 
increased with the increase in nitrate supply (NO3

−). 
Plants fertilized with 0:100 - NH4

+:NO3̄ treatment had 
the highest fresh and dry biomass.

Plant hormones such as salicylic acid (SA) and cyto-
kinin (CYT) play crucial roles in enhancing nitrogen 
tolerance in plants, particularly under varying environ-
mental conditions. Their interactions with nitrogen sig-
naling pathways and stress responses are vital for plant 
growth and resilience. Cytokinin mediates nitrogen sig-
naling by regulating nitrogen partitioning and develop-
ment, crucial for amino acid and nucleic acid synthesis 
[74]. Transgenic plants with increased cytokinin synthe-
sis showed improved nitrogen-use efficiency, maintain-
ing biomass under nitrogen deficiency [75]. Salicylic acid 
acts as a signaling molecule that helps plants cope with 
abiotic stresses, including those affecting nitrogen uptake 
[76]. Moreover, the interaction between cytokinins and 
other hormones, such as auxins, plays a significant role 
in regulating plant responses to nitrogen availability. The 
antagonistic relationship between auxins and cytokinins 
is crucial for maintaining the shoot/root growth ratio, 
which is essential for optimizing nutrient uptake and 
water use efficiency [77]. This hormonal balance allows 
plants to adapt their growth strategies in response to 
varying nitrogen and water availability in the soil, thereby 
enhancing their overall resilience to abiotic stresses.

Nutrient content
The results of this research nutrient content partially sup-
port the results of Roosta and Schjoerring [78] and Helali 
et al. [79] studies. They reported that the concentration 
of anionic elements such as P was higher than that of cat-
ionic elements such as Ca and Mg in plants whose main 
nitrogen source was ammonium, compared to plants 

Component Essential oil composition (%) M. officinalis in different NH4
+:NO3 ̄¯ratios

100:0* 75:25 50:50 25:75 0:100
Piperitone - - - 0.46 -
α-Humulene - - - 0.55 0.81
α-Cadinol - - - 0.27 0.44
Germacrene-D - - - 0.35 0.45
β -Elemene - - - 0.16 -
cis –Linalool oxide - - - - 0.18
Total amount of compounds - 99.93 99.88 99.89 99.92
* The plants of 100 NH4

+:0 NO3 ̄ treatment was destroyed in mid-growth stages, due to ammonium toxicity. Major components of the essential oils are highlighted 
in bold

Table 4 (continued) 
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whose source was nitrate. Toxicity of NH4+ can improve 
by a high availability of K [78, 80, 81]. With increasing 
N-NH4

+ supply, the potassium concentration of shoots 
decreased. Ammonium has been shown to affect the 
absorption and accumulation of K. Ammonium and K 
are highly similar regarding many characteristics such as 
size, hydration energy, and charge, that are important for 

membrane transport [81]. Generally, the potassium con-
tent (%) differences between treatments are not dramatic 
and all of them are in critical values range. However, the 
minor differences between potassium content may liaise 
with the dry matter content that higher potassium con-
tents gained in such treatments led to higher dry matter 
content (Table  2). Phosphorus element plays a crucial 

Fig. 6 Heatmap of the Pearson correlation coefficient matrix for the traits studied. The abbreviations used are as follows: N = element nitrogen; Rosma-
rinicA = rosmarinic acid; Cla = chlorophyll a; Clb = chlorophyll b; CaffeicA = caffeic acid; GeranylA = geranyl acetate; K = element potassium; P = element 
phosphorus; Ca = element calcium; ChlorogenicA = chlorogenic acid; CinnamicA: cinnamic acid; GallicA = gallic acid; CoumaricA = p-coumaric acid; 
Mg = element magnesium; PH = plant height; RFW = fresh weights of roots; NLB = number of lateral branches; RDW = dry weights of roots; PFW = plant 
fresh weight; TPC = Total Phenol Content; TFC = Total Flavonoid Content; TTC = Total Tannin Content; DPPH = antioxidant activity based on 2,2-diphenyl-
1-picrylhydrazyl assay; FRAP: antioxidant activity based on ferric reducing antioxidant power assay
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role in maintaining the anion and ion balance of plants 
supplied with NH4

+. Researchers have reported that, 
the amounts of elements in plant tissues were signifi-
cantly influenced by various nitrogen forms. It has been 
reported that higher contents of some nutrients such as 
nitrogen and phosphorus were obtained in samples fed 
with a suitable mixture of NH4

+ and NO3̄ as a source of 
nitrogen [80]. NH4

+ is toxic if aggregate in plant organs 
while NO3̄, can collect to high concentrations in plant 
organs without harmful sensible effects [82–84]. Com-
pared with the sole NO3̄ treatment (0:100 - NH4

+:NO3̄), 
the addition of NH4

+ affected the distribution of N, P, 
and K in plant tissues [85]. For instance, lisianthus plants 
(Eustoma russellianum (Hook.) G.Don) grown only in 
the NH4

+ medium that shown a decrease in amount of 
magnesium (Mg) absorption and accumulation [86].

Photosynthetic pigments (Chl a, Chl b and TCC)
Nitrogen is essential in many macro-molecules, includ-
ing amino acids, pigments, proteins, nucleic acids, chlo-
rophyll, and secondary metabolites [87, 88]. Various N 
forms have a different effects on the content of chloro-
plast photosynthetic pigments and photosynthesis rate 
of plant species [89]. Due to accessibility of more nutri-
ent such as nitrogen and magnesium (key components of 
photosynthetic pigments), plants fertilized with higher 
NO3̄ concentrations, prefer to present higher photosyn-
thetic pigments level. Similar results were found by Ma 
et al. [29], which amount of chlorophyll b was highest 
under the 0 NO3

−:100 NH4
+ treatment. Also, our results 

approved the earlier results were obtained by Liu et al. 
[71] and Qadir et al. [90]. The influence of NH4

+ and NO3̄ 
on photosynthesis in plants can vary based on factors like 
plant species, nitrogen availability, and environmental 
circumstances. NH4

+ uptake by plants may sometimes 
lead to elevated photosynthetic rates compared to NO3̄ 
uptake. This is because NH4

+ assimilation demands less 
energy than NO3̄ assimilation, enabling more efficient 
carbon allocation to photosynthesis. However, excessive 
NH4

+ absorption can induce toxicity, disrupting cellu-
lar functions and hindering photosynthesis, which may 
manifest as chlorosis, reduced chlorophyll levels, and 
diminished photosynthetic capacity. NO3̄ is typically the 
preferred nitrogen source for many plants under normal 
conditions. Its conversion to NH4

+ before assimilation 
into organic compounds necessitates energy, poten-
tially affecting photosynthetic efficiency. Despite this 
energy requirement, NO3 ̄ assimilation provides an addi-
tional source of reducing power (NAD(P)H), which can 
enhance photosynthetic electron transport and ATP pro-
duction [91, 92].

The interplay between ammonium (NH4
+) and nitrate 

(NO3
−) ratios significantly influences various physi-

ological parameters in plants, particularly in relation to 

photosynthesis and growth. Understanding these dynam-
ics is crucial for optimizing nutrient management in 
agricultural practices. Research indicates that higher 
ratios of NH4

+ relative to NO3
− can lead to reduced pho-

tosynthetic rates. A study on lettuce demonstrated that 
when the NH4

+ concentration exceeded 30% of the total 
nitrogen source, photosynthesis and overall plant growth 
were adversely affected [93]. This decline in photosyn-
thetic activity is often attributed to the inhibitory effects 
of NH4

+ on the absorption of essential nutrients such 
as potassium (K), calcium (Ca), and magnesium (Mg), 
which are vital for chlorophyll synthesis and function [94, 
95]. Additionally, the presence of NO3

− has been linked 
to improved stomatal conductance, which enhances CO2 
uptake and subsequently boosts photosynthesis [96].

The sensitivity of various photosynthetic parameters 
to NH4

+: NO3
− ratios varies among plant species and 

environmental conditions. Parameters such as net pho-
tosynthesis rate, chlorophyll content, and stomatal con-
ductance are particularly sensitive to changes in nitrogen 
source ratios. NH4

+ is known to require more energy for 
assimilation compared to NO3

−, as it necessitates the 
conversion to amino acids through the action of enzymes 
such as glutamine synthetase [97]. This increased energy 
demand can lead to a reduction in available energy for 
photosynthesis, particularly under conditions where 
NH4

+ is the predominant nitrogen source [98]. Addi-
tionally, high NH4

+ concentrations can induce oxidative 
stress, leading to the production of reactive oxygen spe-
cies (ROS) that can damage chloroplasts and impair pho-
tosynthesis [99].

Phenolic compounds
Results of TPC and TFC are also consistent with other 
studies [46, 85]. Also, a similar result is reached in the 
study by Ahmadi et al. [26], which The TPC value was 
improved by increasing of NO3

−:NH4
+ ratio. The high-

est TPC was obtained with 10:90 - NH4
+:NO3̄ ratio. The 

using of NH4
+ as main nitrogen source, reduced the bio-

synthesis of phenolics in plant organs (roots and leaves) 
in several plant species such as Pisum sativum L [100]. , 
maize [101], and purple coneflower [102]. The availability 
and type of nitrogen can potentially impact the regulation 
of genes responsible for biosynthesizing and controlling 
phenolic compounds. Transcription factors and signal-
ing pathways engaged in nitrogen detection and response 
might indirectly govern the activity of genes encoding 
enzymes responsible for phenolic compound metabolism 
[103]. There is limited and contradictory evidence avail-
able with respect to how the biosynthesis of phenolic 
compounds is affected by the form of N. The NH4

+ may 
by changing intracellular pH that affects the synthesis of 
phytochemicals including phenylpropanoid metabolism 
[104]. However, the accurate mechanisms by which such 
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metabolic changes occur are still unknown [105]. Phe-
nolic compounds have critical roles as antioxidant and 
therapeutic potential in many illnesses such as antican-
cer, anti-inflammatory, anti-diabetic and anti-Alzheimer 
[106]. It seems plant stress can be caused by high NH4

+ 
levels and have a positive impact on the production 
of phytochemicals in M. officinalis. In addition, Olsen 
et al. [107] suggested that high amount of ammonium 
could play an important role in increasing phenylalanine 
ammonia-lyase (PAL) activity and consequently increase 
in synthesis phytochemicals through the phenylpro-
panoid metabolism. In basil (Ocimum basilicum L.), the 
supply of NO3̄ form as source of nitrogen decreased the 
content of important phenolic acids such as rosmarinic 
acid, which was similar to the results of this research 
[108]. Nevertheless, other information is not accessible 
about of effect of various nitrogen forms on accumula-
tion of phenolic acids and flavonoids. Current research 
suggests that the providing of NH4

+ to M. officinalis in 
floating culture system could have lower effect than NO3̄ 
on the quantity of these components, indicating that this 
nutritional strategy could be desirable make better the 
medicinal and commercial values of M. officinalis. Plant 
roots absorb and integrate ammonium and nitrate into 
organic nitrogen compounds via distinct metabolic pro-
cesses. These pathways play a role in modulating the pro-
duction and buildup of phenolic compounds in plants. 
The assimilation of ammonium entails its conversion 
into glutamine and glutamate through the GS/GOGAT 
pathway. This process may indirectly impact pheno-
lic compound synthesis by modifying the availability of 
precursor molecules. Nitrate assimilation involves the 
conversion of nitrate into nitrite and subsequently into 
ammonium, facilitated by nitrate reductase and nitrite 
reductase enzymes. The intermediates and by-products 
generated during nitrate reduction can directly influence 
the synthesis of phenolic compounds [109, 110].

Antioxidant activity
In the present study, it was found a positive correla-
tion between antioxidant activity based on the DPPH 
method with phenolic compounds including TFC, TPC, 
and other phenolics such as gallic acid, quercetin, p-cou-
maric acid, and apigenin. Also, it was obtained a nega-
tive correlation between antioxidant activity based on 
the FRAP assay with TPC and TFC. According to the 
different nature of antioxidant evaluation methods, the 
results of this study showed that, DPPH assay would be 
an appropriate technique for determining antioxidant 
in M. officinalis extract. Our study results showed that, 
the antioxidant activity of the samples had a consider-
able positive correlation with major phenolic compo-
sitions which proves that great antioxidant capacity is 
a result of higher accumulation of these compounds. 

Therefore, NH4
+ can plays a role in antioxidant capacity 

enhancement, indirectly. Phenolic compounds (such as 
p-coumaric acid, gallic acid, caffeic acid, and quercetin) 
generally act as electron donors and detoxify free radicals 
[111, 112]. Gallic acid and rosmarinic acid, have a role of 
antioxidant, that help to protect of cells against oxidative 
damages. Moreover has been proven to have many other 
important physiological functions, including anticancer, 
antiallergy and astringent [113, 114]. Also, it is known 
that quercetin and coumaric acid is an intense antioxi-
dant with therapeutic efficacy potential [115, 116]. The 
result of present study, was in accordance with the find-
ings of other researchers [108, 117, 118]. The study con-
ducted by Naseri et al. [28] was also in agreement with 
the findings of this study that Dracocephalum moldavica 
L. species treated with high amount of NH4

+, revealed 
considerably a greater amounts of antioxidant activity 
by DPPH assay. The measured phenolic acids including 
caffeic and gallic acids had strong correlation with anti-
oxidant capacity. On a broader scale, there is a direct rela-
tion between higher levels of phenolic compounds and 
higher resistance to pathogens and herbivore bugs. Thus, 
agroecosystems can benefit by reducing pesticide use by 
adjusting nitrogen complements. Research indicates that 
the type of nitrogen source available to plants (ammo-
nium or nitrate) can impact their responses to stress, 
including oxidative stress and defense mechanisms. 
Phenolic compounds like flavonoids are recognized for 
their involvement in safeguarding plants against oxida-
tive stress and environmental adversities. Ammonium-
based nutrition has been linked to heightened oxidative 
stress in plants when compared to nitrate-based nutri-
tion. This heightened oxidative stress could prompt the 
production and buildup of phenolic compounds, serving 
as a component of the plant’s defense mechanisms [28, 
119]. The equilibrium between ammonium (NH4

+) and 
nitrate (NO3̄) concentrations in the nutrient solution has 
the potential to impact antioxidant activity within plants 
[120]. Several research findings propose that maintaining 
a balanced ratio of NH4

+ to NO3̄ could enhance the activ-
ity of antioxidant enzymes. To sum up, NH4

+ can trigger 
oxidative stress in plants, thereby affecting the antioxi-
dant defense mechanisms and the synthesis of phenolic 
compounds [28, 119].

Essential oil (EO) composition
The levels of various volatile compounds found in the 
essential oil of M. officinalis can be affected by the ratio 
of ammonia to nitrate that is supplied to the plant. The 
importance of M. officinalis essential oil is shown by 
the large amount of published works, describing chemi-
cal compositions, biological attributes, and applications 
[121–124]. Nitrogen is a key factor in the production 
of phytochemicals such as essential oils and it also 
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activate specific biosynthetic pathways for the produc-
ing of essential oils in medicinal plants [125]. In medici-
nal plants, N helps increase photosynthesis efficiency in 
leaves, chlorophyll content, and enzyme activity, which 
increases essential oil production [126]. Furthermore, 
N is the most valuable element in higher plants since it 
helps synthesize many organic structures containing 
enzymes, amino acids, etc., essential in producing essen-
tial oils [127].

Sustainable farming endeavors to maximize crop yield 
while minimizing negative environmental repercus-
sions, notably nitrogen pollution. By carefully managing 
various nitrogen sources and adopting precise nutrient 
management techniques, agricultural sustainability can 
be bolstered, thereby curtailing nitrogen runoff into the 
environment, lessening greenhouse gas emissions, and 
safeguarding water quality. The incorporation of inte-
grated methods such as crop rotation, cover cropping, 
and biological nitrogen fixation serves to amplify nitro-
gen cycling efficiency and bolster ecosystem resilience 
within agricultural settings. Ultimately, the ecological 
and physiological facets of employing ammonium and 
nitrate in agriculture involve a complex array of inter-
connected factors, encompassing plant nourishment, 
soil vitality, nitrogen circulation, stress reactions, and 
environmental stewardship. By comprehensively under-
standing the intricate dynamics among nitrogen sources, 
plants, and their surroundings, researchers and prac-
titioners can devise inventive approaches to optimize 
nitrogen management practices and foster sustainable 
agricultural frameworks [128–130].

Conclusion
It has been proven that NO3̄ and NH4

+ are main 
N-sources for higher plants for growth and develop-
ment. In general, there is nothing information related to 
the impact of various N forms on lemon balm (Melissa 
officinalis) under FCS such as yield, growth, physiologi-
cal and phytochemical traits. The results of the cur-
rent research showed that studied traits of lemon balm 
were significantly affected by the different ammonium 
to nitrate ratios. Ammonium indicated toxic impacts on 
morphological properties (plant height, fresh and dry 
matter of plant and root and number of lateral branches) 
at higher concentrations and also when it was used as 
the only source of N. Also, in high concentrations of 
ammonium as nitrogen source, antioxidant activity was 
reported at the highest level. The plants treated with high 
nitrate ratio (especially 0:100 - NH4

+:NO3̄) showed the 
greatest concentration of total phenolics, chlorophyll a, 
total flavonoids, total carotenoids, and individual phe-
nolics including p-coumaric acid, gallic acid, and quer-
cetin. The findings of present study suggest that the 
management of NH4+ to NO3̄ ratios in nutrient solutions 

could contribute to improve growth, physiological and 
phytochemical properties of M. officinalis. Consider-
ing the high demand of the pharmaceutical industry 
for the phytochemical compounds of medicinal plants 
(including Melissa) for the production of safe products, 
as well as the limitations of the production of medici-
nal plants in the field due to destructive environmental 
conditions such as temperature, salinity and drought 
stress, in the near future, it will be necessary to produce 
medicinal plants in hydroponic systems (due to its many 
advantages).

Acknowledgements
The authors wish to thank research council of Urmia University.

Author contributions
A.A. contributed to the study conception and design. Data collection and 
analysis were performed F.S. and P.N. The first draft of the manuscript was 
written by F.S. and A.A. K.A. and P.N. prepared research material and revised the 
manuscript. All authors have read and agreed to the published version of the 
manuscript.

Funding
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors.

Data availability
The datasets used and/or analyzed during the current study available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 15 August 2023 / Accepted: 11 October 2024

References
1. Alirezalu K, Pateiro M, Yaghoubi M, Alirezalu A, Peighambardoust SH, 

Lorenzo JM. Phytochemical constituents, advanced extraction technolo-
gies and techno-functional properties of selected Mediterranean plants for 
use in meat products. A comprehensive review. Trends Food Sci Technol. 
2020;100:292–306.

2. Shakeri A, Sahebkar A, Javadi B. Melissa officinalis L. - A review of its 
traditional uses, phytochemistry and pharmacology. J Ethnopharmacol. 
2016;188:204–28.

3. Szabó K, Malekzadeh M, Radácsi P, Ladányi M, Rajhárt P, Inotai K, Tavaszi-Sárosi 
S, Németh ÉZ. Could the variety influence the quantitative and qualitative 
outcome of lemon balm production? Ind Crops Prod. 2016;83:710–6.

4. Miraj S, Rafieian-Kopaei, Kiani S. Melissa officinalasreviewRstudy withy 
Wiantioxidantxprospectiveective. J Evidence-Based Complement Altern Med. 
2017;22:385–94.

5. Beloued A. Plantes médicinales d’Algérie. Alger Off des Publ Univ; 2009. p. 
134.

6. Sharafzadeh S, Khosh-khui M, Javidnia K. Aroma Profile of Leaf and Stem of 
Lemon Balm (Melissa officinalis L.) grown under. Advances. 2011;5:547–50.

7. Uysal B, Sozmen F, Buyuktas BS. Solvent-free microwave extraction of 
essential oils from Laurus nobilis and Melissa officinalis: comparison with 



Page 17 of 19Safaei et al. BMC Plant Biology          (2024) 24:968 

conventional hydro-distillation and ultrasound extraction. Nat Prod Com-
mun. 2010;5:111–4.

8. Chung MJ, Cho SY, Bhuiyan MJH, Kim KH, Lee SJ. Anti-diabetic effects of 
lemon balm (Melissa officinalis) essential oil on glucose- and lipid-regulating 
enzymes in type 2 diabetic mice. Br J Nutr. 2010;104:180–8.

9. Turhan M. Hand book of herbal plants. In: Peter KV, editor. Melissa officinalis. 
Sawston, Cambridge: Woodhead Publishing; 2006. pp. 184–245.

10. Tunio MH, Gao J, Shaikh SA, Lakhiar IA, Qureshi WA, Solangi K, Chandio FA. 
Potato production in aeroponics: an emerging food growing system in 
sustainable agriculture for food security. Chil J Agric Res. 2020;30:118–32.

11. Braglia R, Costa P, Di Marco G, D’Agostino A, Redi EL, Scuderi F, Gismondi A, 
Canini A. Phytochemicals and quality level of food plants grown in an aqua-
ponics system. J Sci Food Agric. 2022;102:844–50.

12. Lakhiar IA, Gao J, Syed TN, Chandio FA, Buttar NA. Modern plant cultivation 
technologies in agriculture under controlled environment: a review on 
aeroponics. J Plant Interact. 2018;13:338–52.

13. AlShrouf A, Hydroponics. Aeroponic and Aquaponic as compared with 
conventional farming. Am Acad Sci Res J Eng Technol Sci. 2017;27:247–55.

14. Gwynn-Jones D, Dunne H, Donnison I, Robson P, Sanfratello GM, Schlarb-
Ridley B, Hughes KA, Convey P. Can the optimisation of pop-up agriculture in 
remote communities help feed the world? Glob Food Sect. 2018;18:35–43.

15. Li G, Tao L, Li X, Peng L, Song C, Dai L, Wu Y, Xie L. Design and performance 
of a novel rice hydroponic biofilter in a pond-scale aquaponic recirculating 
system. Ecol Eng. 2018;125:1–10.

16. Rakocy JE, Masser MP, Losordo TM. Aquaculture tank production systems. 
SRAC. 1998;451:18–31.

17. Abeysinghe DC, Wijerathne SMNK, Dharmadasa RM. Secondary metabolites 
contents and antioxidant capacities of Acmella Oleraceae grown under differ-
ent growing systems. World J Agric Res. 2014;2:163–7.

18. Marques G, Aleixo D, Pitarma R. Enhanced hydroponic agriculture environ-
mental monitoring: an internet of things approach. Int Conf Comput Sci 
Appl. 2019;658–69.

19. Pradhan B, Deo B. Soilless farming - the next generation green revolution. 
Curr Sci. 2019;116:728–32.

20. Hajari E, Snyman SJ, Watt MP. The effect of form and level of inorganic N on 
nitrogen use efficiency of sugarcane grown in pots. 2016;40:248–57.

21. Robinson N, Brackin R, Vinall K, Soper F, Holst J, Gamage H, Paungfoo-Lonhi-
enne C, Rennenberg H, Lakshmanan P, Schmidt S. Nitrate paradigm does not 
hold up for sugarcane. PLoS ONE. 2011;6:19045.

22. Berenguer P, Santiveri F, Boixadera J, Lloveras J. Nitrogen fertilisation of irri-
gated maize under Mediterranean conditions. Eur J Agron. 2009;30:163–71.

23. Barker AV, Pilbeam DJ. Handbook of Plant Nutrition. 2rd ed. Boca Raton: CRC; 
2015.

24. Reshi ZA, Ahmad W, Lukatkin AS, Javed S, Bin. From nature to lab: a review of 
secondary metabolite biosynthetic pathways, environmental influences, and 
in vitro approaches. Metabolites. 2023;13:895.

25. Tschoep H, Gibon Y, Carillo P, Armengaud P, Szecowka M, Nunes-Nesi A, 
Fernie AR, Koehl K, Stitt M. Adjustment of growth and central metabolism to 
a mild but sustained nitrogen-limitation in Arabidopsis. Plant Cell Environ. 
2009;32:300–18.

26. Ahmadi F, Samadi A, Sepehr E, Rahimi A, Shabala S. Perlite particle size 
and NO3-/NH4 + ratio affect growth and chemical composition of purple 
coneflower (Echinacea purpurea L.) in hydroponics. Ind Crops Prod. 
2021;162:113285.

27. Saloner A, Bernstein N. Nitrogen source matters: high NH4/NO3 ratio reduces 
cannabinoids, terpenoids, and yield in Medical Cannabis. Front Plant Sci. 
2022;13:830224.

28. Naseri A, Alirezalu A, Noruzi P, Alirezalu K. The effect of different ammo-
nium to nitrate ratios on antioxidant activity, morpho-physiological and 
phytochemical traits of Moldavian balm (Dracocephalum moldavica). Sci Rep. 
2022;12.

29. Ma D, Teng W, Yi B, Lin Y, Pan Y, Wang L. Effects of the nitrate and ammonium 
ratio on plant characteristics and Erythropalum scandens bl. Substrates. PLoS 
ONE. 2023;18:0289659.

30. Ali S, Farooq MA, Jahangir MM, Abbas F, Bharwana SA, Zhang GP. Effect of 
chromium and nitrogen form on photosynthesis and anti-oxidative system in 
barley. Biol Plant. 2013;57:758–63.

31. Lošák T, Hlušek J, Kráěmar S, Varga L. The effect of nitrogen and sulphur 
fertilization on yield and quality of kohlrabi (Brassica oleracea L). Soil Fertility 
Plant Nutr. 2008;32:697–703.

32. Tabatabaei SJ, Yusefi M, Hajiloo J. Effects of shading and NO3:NH4 ratio on the 
yield, quality and N metabolism in strawberry. Sci Hortic. 2008;116:264–72.

33. 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.

34. Guo XR, Zu YG, Tang ZH. Physiological responses of Catharanthus roseus to 
different nitrogen forms. Acta Physiol Plant. 2012;34:589–98.

35. Xiao C, Fǎng Y, He K. The alleviation of ammonium toxicity in plants. J Integr 
Plant Biol. 2023;65:1362–8.

36. Hachiya T, Watanabe C, Fujimoto M, Ishikawa T, Takahara K, Kawai-Yamada 
M, Uchimiya H, Uesono Y, Terashima I, Noguchi K. Nitrate addition alleviates 
ammonium toxicity without lessening ammonium accumulation, organic 
acid depletion and inorganic cation depletion in Arabidopsis thaliana shoots. 
Plant Cell Physiol. 2012;53:577–91.

37. Wang J, Song K, Sun L, Qin Q, Sun Y, Pan J, Xue Y. Morphological and tran-
scriptome analysis of wheat seedlings response to low nitrogen stress. Plants. 
2019;8:98.

38. Wan Y, King R, Mitchell R, Hassani-Pak K, Hawkesford M. Spatiotemporal 
expression patterns of wheat amino acid transporters reveal their puta-
tive roles in nitrogen transport and responses to abiotic stress. Sci Rep. 
2017;7:5461.

39. Song Y, Zhang R, Gao S, Zhiyong P, Guo Z, Yu S, Wang Y, Jin Q, Chen X, Zhang 
L. Transcriptome analysis of walnut seedling roots under nitrogen starvation 
and excess nitrogen stress. Sci Rep. 2022;12:12066.

40. Hua R, Yu WW, Li TT, Wang GB, Cao FL. Effect of ammonium nitrate ratios on 
the growth and leaf quality and yield of Ginkgo biloba seedlings. Non-wood 
for Res. 2021;39:1–9.

41. Wang F, Gao J, Yong J, Liu Y, Cao D, He X. Glutamate over-accumulation may 
serve as an endogenous indicator of tricarboxylic acid (TCA) cycle suppres-
sion under NH4

+ nutrition in wheat (Triticum aestivum L.) seedlings. Environ 
Exp Bot. 2020;177:104130.

42. Duan Y, Yang H, Yang H, Wu Y, Fan S, Wu W, Lyu L, Li W. Integrative physiologi-
cal, metabolomic and transcriptomic analysis reveals nitrogen preference 
and carbon and nitrogen metabolism in blackberry plants. J Plant Physiol. 
2023;280:153888.

43. Ma J, Fan WG. Effects of different ratios of nitrate and ammonium on the 
dynamic kinetic and growth for Eriobotrya japonica Lindl. Seedlings. Scientia 
Agricultura Sinica. 2016;49:1152–62.

44. Borges R, Dal’Sotto TC. Análise econômico-financeira De um sistema de 
cultivo hidropônico. Custos E Gronegócio. 2016;12:217–39.

45. Keeping MG, Rutherford RS, Sewpersad C, Miles N. Provision of nitrogen as 
ammonium rather than nitrate increases silicon uptake in sugarcane. AoB 
Plants. 2015;7:1–13.

46. Zhu ZB, Yu MM, Chen YH, Guo QS, Zhang LX, Shi HZ, Liu L. Effects of ammo-
nium to nitrate ratio on growth, nitrogen metabolism, photosynthetic effi-
ciency and bioactive phytochemical production of Prunella vulgaris. Pharm 
Biol. 2014;52:1518–25.

47. Chen Y, Guo Q, Liu L, LL-J of M. Influence of fertilization and drought stress on 
the growth and production of secondary metabolites in Prunella vulgaris L. J 
Med Plants Res. 2011;5:1749–55.

48. Chang J, Liu D, Cao H, Chang S, Wang X, Huang C, Ge Y. NO3–/NH4
+ ratios 

affect the growth and N removal ability of Acorus calamus and Iris pseud-
acorus in a hydroponic system. Aqua Bot. 2010;93:216–20.

49. 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.

50. Tedesco MJ, Volkweiss SJ, Bohnen H. Análise de solo, plantas e outros materi-
ais. Porto Alegre: Univ Fed do Rio Gd do Sul; 1985.

51. Lichtenthaler HK. Chlorophylls and carotenoids: pigments of photosynthetic 
biomembranes. Methods Enzymol. 1987;148 C:350–82.

52. Alirezalu A, Salehi P, Ahmadi N, Sonboli A, Aceto S, Hatami Maleki H, Ayyari M. 
Flavonoids profile and antioxidant activity in flowers and leaves of hawthorn 
species (Crataegus spp.) from different regions of Iran. Int J Food Prop. 
2018;21:452–70.

53. Rahimi M, Mortazavi M, Mianabadi A, Debnath S. Evaluation of basil (Ocimum 
basilicum) accessions under different drought conditions based on yield and 
physio-biochemical traits. BMC Plant Biol. 2023;23:1–15.

54. Shin Y, Liu RH, Nock JF, Holliday D, Watkins CB. Temperature and relative 
humidity effects on quality, total ascorbic acid, phenolics and flavonoid con-
centrations, and antioxidant activity of strawberry. Postharvest Biol Technol. 
2007;45:349–57.

55. Gholizadeh-Moghadam N, Hosseini B, Alirezalu A. Classification of barberry 
genotypes by multivariate analysis of biochemical constituents and HPLC 
profiles. Phytochem Anal. 2019;30:385–94.



Page 18 of 19Safaei et al. BMC Plant Biology          (2024) 24:968 

56. Nakajima JI, Tanaka I, Seo S, Yamazaki M, Saito K. LC/PDA/ESI-MS profiling 
and radical scavenging activity of anthocyanins in various berries. J Biomed 
Biotechnol. 2004;2004:241–7.

57. Žugić A, Đorđević S, Arsić I, Marković G, Živković J, Jovanović S, Tadić VM. 
Antioxidant activity and phenolic compounds in 10 selected herbs from 
Vrujci Spa, Serbia. Ind Crops Prod. 2014;52:519–27.

58. Davies NW. Gas chromatographic retention indices of monoterpenes and 
sesquiterpenes on methyl silicon and Carbowax 20 M phases. J Chromatogr 
A. 1990;503 C:1–24.

59. Sparkman OD. Identification of essential oil components by gas chroma-
tography/quadrupole mass spectroscopy Robert P. Adams. J Am Soc Mass 
Spectrom. 2005;16:1902–3.

60. Ahmadi F, Samadi A, Sepehr E, Rahimi A, Shabala S. Increasing medicinal and 
phytochemical compounds of coneflower (Echinacea purpurea L.) as affected 
by NO3–/NH4 + ratio and perlite particle size in hydroponics. Sci Reports 
2021 111. 2021;11:1–11.

61. Schiefloe M, Jakobsen ØM, Pannico A, Quadri C, Jost AK. From urine to food 
and oxygen: effects of high and low NH4

+: NO3̄ ratio on lettuce cultivated in a 
gas-tight hydroponic facility. Front Plant Sci. 2023;14:1229476.

62. Piwpuan N, Zhai X, Brix H. Nitrogen nutrition of Cyperus laevigatus and Phor-
mium tenax: effects of ammonium versus nitrate on growth, nitrate reductase 
activity and N uptake kinetics. Aquat Bot. 2013;106:42–51.

63. Bryant JP, Chapin FS, Klein DR. Carbon/Nutrient Balance of Boreal Plants in 
relation to Vertebrate Herbivory. Oikos. 1983;40:357.

64. Kiferle C, Maggini R, Pardossi A. Influence of nitrogen nutrition on growth and 
accumulation of rosmarinic acid in sweet basil (Ocimum basilicum L.) grown 
in hydroponic culture. Aust J Crop Sci. 2013;7:321–7.

65. Claussen W, Lenz F. Effect of ammonium and nitrate on net photosynthesis, 
flower formation, growth and yield of eggplants (Solanum melongena L). 
Plant Soil. 1995;171:267–74.

66. Na L, Li Z, Xiangxiang M, Ara N. Effect of nitrate / ammonium ratios on 
growth, Root morphology and nutrient elements Uptake of Watermelon 
(Citrullus lanatus). Seedlings. 2014;37–41.

67. Li Q, Li BH, Kronzucker HJ, Shi WM. Root growth inhibition by NH4+ in Arabi-
dopsis is mediated by the root tip and is linked to NH4+ efflux and GMPase 
activity. Wiley Online Libr. 2010;33:1529–42.

68. You W, Barker AV. Ethylene evolution and ammonium accumulation 
by tomato plants after root-applied glufosinate-ammonium treatment 
in the presence of ethylene inhibitors. Commun Soil Sci Plant Anal. 
2004;35:1957–65.

69. Cao Y, Glass ADM, Crawford NM. Ammonium inhibition of Arabidopsis root 
growth can be reversed by potassium and by auxin resistance mutations 
aux1, axr1, and axr2. Plant Physiol. 1993;102:983–9.

70. Liu Y, Von Wirén N. Ammonium as a signal for physiological and morphologi-
cal responses in plants. J Exp Bot. 2017;68:2581–92.

71. Liu G, Du Q, Li J. Interactive effects of nitrate-ammonium ratios and tem-
peratures on growth, photosynthesis, and nitrogen metabolism of tomato 
seedlings. Sci Hortic. 2017;214:41–50.

72. Biesiada A, Kuś A. The effect of nitrogen fertilization and irrigation on yielding 
and nutritional status of sweet basil (Ocimum basilicum L). Acta Sci Pol Horto-
rum Cultus. 2010;9:3–12.

73. Roosta HR, Schjoerring JK. Effects of nitrate and potassium on ammonium 
toxicity in cucumber plants. J Plant Nutr. 2008;31:1270–83.

74. Sakakibara H. Cytokinin biosynthesis and transport for systemic nitrogen 
signaling. Plant J. 2020;105:421–30.

75. Rubio-Wilhelmi M, Sanchez-Rodriguez E, Rosales M, Begona B, Rios J, Romero 
L, Blumwald E, Ruiz JM. Effect of cytokinins on oxidative stress in tobacco 
plants under nitrogen deficiency. Environ Exp Bot. 2011;72:167–73.

76. Sharma N, Magray M, Narayan S, Bhat S. Effect of foliar application of varying 
doses of salicylic acid at different growth stages on growth, quality and 
nutrient uptake efficiency of French bean (Phaseolus vulgaris L). Pharm Innov. 
2023;12:2:1582–9.

77. Kurepa J, Smalle J. Auxin/cytokinin antagonistic control of the shoot/root 
growth ratio and its relevance for adaptation to drought and nutrient defi-
ciency stresses. Int J Mol Sci. 2022;23:1933.

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

79. Helali SM, Nebli H, Kaddour R, Mahmoudi H, Lachaâl M, Ouerghi Z. Influence 
of nitrate-ammonium ratio on growth and nutrition of Arabidopsis thaliana. 
Plant Soil. 2010;336:65–74.

80. Britto DT, Kronzucker HJ. Review NH4
+ toxicity in higher plants: a critical 

review. J Plant Physiol. 2002;159:567–84.
81. Hoopen F, Ten, Cuin TA, Pedas P, Hegelund JN, Shabala S, Schjoerring JK, Jahn 

TP. Competition between uptake of ammonium and potassium in barley and 
arabidopsis roots: molecular mechanisms and physiological consequences. J 
Exp Bot. 2010;61:2303–15.

82. Lasa B, Frechilla S, Lamsfus C, Aparicio-Tejo PM. The sensitivity to ammonium 
nutrition is related to nitrogen accumulation. Sci Hortic. 2001;91:143–52.

83. Meng S, Peng JS, He YN, Zhang G, Bin, Yi HY, Fu YL, Gong J. Arabidopsis NRT1.5 
mediates the suppression of nitrate starvation-induced leaf senescence by 
modulating foliar potassium level. Mol Plant. 2016;9:461–70.

84. Zheng X, He K, Kleist T, Chen F, Luan S. Anion channel SLAH3 functions in 
nitrate-dependent alleviation of ammonium toxicity in Arabidopsis. Plant Cell 
Environ. 2015;38:474–86.

85. Zhang J, Lv J, Dawuda MM, Xie J, Yu J, Li J, Zhang X, Tang C, Wang C, Gan Y. 
Appropriate ammonium-nitrate ratio improves nutrient accumulation and 
fruit quality in pepper (Capsicum annuum L). Agronomy. 2019;9.

86. Hernández-Pérez A, Valdez-Aguilar LA, Villegas-Torres OG, Alía-Tejacal I, 
Trejo-Téllez LI. Sainz-Aispuro M De J. Effects of ammonium and calcium on 
lisianthus growth. Hortic Environ Biotechnol. 2016;57:123–31.

87. Andrews M, Raven JA, Lea PJ. Do plants need nitrate? The mechanisms by 
which nitrogen form affects plants. Ann Appl Biol. 2013;163:174–99.

88. Tuncay Ö, Eşiyok D, Yaǧmur B, Okur B. Yield and quality of garden cress 
affected by different nitrogen sources and growing period. Afr J Agric Res. 
2011;6:608–17.

89. Xiao K, Zhang SH, Zou DHZR. The effects of different nitrogen nutrition 
forms on photosynthetic characteristics in wheat leaves. Acta Agron Sin. 
2000;:26:53–8.

90. Qadir O, Siervo M, Seal CJ, Brandt K. Manipulation of Contents of Nitrate, 
phenolic acids, chlorophylls, and carotenoids in Lettuce (Lactuca sativa L.) 
via contrasting responses to Nitrogen Fertilizer when grown in a controlled 
environment. J Agric Food Chem. 2017;65:10003–10.

91. Zhang K, Wu Y, Hang H. Differential contributions of NO3̄ /NH4
+ to nitrogen 

use in response to a variable inorganic nitrogen supply in plantlets of two 
Brassicaceae species in vitro. Plant Methods. 2019;15:86.

92. Shi S, Xu F, Ge Y, Mao J, An L, Deng S, Ullah Z, Yuan X, Liu G, Liu H, Wang Q. 
NH4

+ toxicity, which is mainly determined by the high NH4
+/K+ ratio, is allevi-

ated by cipk23 in Arabidopsis. Plants. 2020;9:501.
93. Söylemez S. The impact of different growth media and ammonium-nitrate 

ratio on yield and nitrate accumulation in lettuce (Lactuca sativa var. Longifo-
lia). Not Bot Horti Agrobo. 2021;49:12540.

94. Barreto R, Cruz F, Gaion L, Prado R, Carvalho R. Accompanying ions of ammo-
nium sources and nitrate: ammonium ratios in tomato plants. J Plant Nutr 
Soil Sci. 2018;181:382–7.

95. Rosado S. Nitrate/ammonium ratios and nitrogen deficiency impact on nutri-
ent absorption and photosynthetic efficiency of Cedrela odorata. Nitrogen. 
2023;5:1–15.

96. Collado-González J, Piñero M, Otálora G, López‐Marín J, Amor F. Assessing 
optimal nitrate/ ammonium- ratios in baby-leaf lettuce to enhance the heat 
stress tolerance under elevated CO2 conditions. PLoS ONE. 2022;17:e0278309.

97. Mantovani C, Prado R, Pivetta K. Impact of nitrate and ammonium ratio on 
nutrition and growth of two epiphytic orchids. Acad Bras. 2018;90:3423–31.

98. Tan J. Physiological response and comparative proteomic analysis of tobacco 
seedling roots to NH4

+. Int J Agric Biol. 2017;19:1270–8.
99. García-López JI, Niño-Medina G, Olivares-Sáenz E, Lira-Saldivar RH, Barriga-

Castro ED, Vázquez-Alvarado R, Rodríguez-Salinas PA, Zavala-García F. Foliar 
application of zinc oxide nanoparticles and zinc sulfate boosts the content of 
bioactive compounds in habanero peppers. Plants. 2019;8:254.

100. Domínguez-Valdivia MD, Aparicio-Tejo PM, Lamsfus C, Cruz C, Martins-Loução 
MA, Moran JF. Nitrogen nutrition and antioxidant metabolism in ammonium-
tolerant and -sensitive plants. Physiol Plant. 2008;132:359–69.

101. Vuletić M, Šukalović VHT, Marković K, Maksimović JD. Antioxidative system in 
maize roots as affected by osmotic stress and different nitrogen sources. Biol 
Plant. 2010;54:530–4.

102. Wu CH, Dewir YH, Hahn EJ, Paek KY. Optimization of culturing conditions for 
the production of biomass and phenolics from adventitious roots of Echina-
cea angustifolia. J Plant Biol. 2006;49:193–9.

103. Narvekar AS, Tharayil N. Nitrogen fertilization influences the quantity, com-
position, and tissue association of foliar phenolics in strawberries. Front Plant 
Sci. 2021;12:613839.

104. Dixon RA, Paiva NL. Stress-Induced Phenylpropanoid Metabolism. Plant Cell 
Online. 1995;7:1085–97.



Page 19 of 19Safaei et al. BMC Plant Biology          (2024) 24:968 

105. Naik PM, Manohar SH, Murthy HN. Effects of macro elements and nitrogen 
source on biomass accumulation and bacoside A production from 
adventitious shoot cultures of Bacopa monnieri (L). Acta Physiol Plant. 
2011;33:1553–7.

106. Shahidi F, Yeo JD. Bioactivities of phenolics by focusing on suppression of 
chronic diseases: a review. Int J Mol Sci. 2018;19:1–16.

107. Olsen KM, Slimestad R, Lea US, Brede C, Løvdal T, Ruoff P, Verheul MJ, Lillo C. 
Temperature and nitrogen effects on regulators and products of the flavo-
noid pathway: experimental and kinetic model studies. Plant Cell Environ. 
2009;32:286–99.

108. Prinsi B, Negrini N, Morgutti S, Espen L. Nitrogen starvation and nitrate or 
ammonium availability differently affect phenolic composition in green and 
purple basil. Agronomy. 2020;10.

109. Miflin BJ, Habash DZ. The role of glutamine synthetase and glutamate dehy-
drogenase in nitrogen assimilation and possibilities for improvement in the 
nitrogen utilization of crops. J Exp Bot. 2002;53:979–87.

110. Wen B, Li C, Fu X, Li D, Li L, Chen X, Wu H, Cui X, Zhang X, Shen H, Zhang 
W, Xiao W, Gao D. Effects of nitrate deficiency on nitrate assimilation and 
chlorophyll synthesis of detached apple leaves. Plant Physiol Biochem. 
2019;142:363–71.

111. Martínez L, Jongberg S, Ros G, Skibsted LH, Nieto G. Plant derived ingredients 
rich in nitrates or phenolics for protection of pork against protein oxidation. 
Food Res Int. 2020;129:108789.

112. Wang X, Huang S, Zhu L, Tian X, Li S, Tang H. Correlation between the adsorp-
tion ability and reduction degree of graphene oxide and tuning of adsorp-
tion of phenolic compounds. Carbon N Y. 2014;69:101–12.

113. Goleniowski M, Bonfill M, Cusido R, Palazón J. Phenolic acids. In: Ramawat KG, 
Mérillon JM, editors. Natural products: Phytochemistry, Botany and Metabo-
lism of alkaloids, phenolics and terpenes. Berlin/Heidelberg: Springer; 2013. 
pp. 1951–73.

114. Shekarchi M, Hajimehdipoor H, Saeidnia S, Gohari AR, Hamedani MP, Hajime-
hdipoor H. Comparative study of rosmarinic acid content in some plants of 
Labiatae family. Pharmacogn Mag. 2012;8:37–41.

115. Shen Y, Song X, Li L, Sun J, Jaiswal Y, Huang J, Liu C, Yang W, Williams LL, 
Zhang H, Guan Y. Protective effects of p-coumaric acid against oxidant and 
hyperlipidemia-an in vitro and in vivo evaluation. Biomed Pharmacother. 
2018;579–87.

116. Xie X, Shen Q, Cao L, Chen Y, Ma L, Xiao Q, Yu C, Fu Z. Depression caused by 
long-term stress regulates premature aging and is possibly associated with 
disruption of circadian rhythms in mice. Physiol Behav. 2019;199:100–10.

117. Jakovljević D, Topuzović M, Stanković M. Nutrient limitation as a tool for the 
induction of secondary metabolites with antioxidant activity in basil cultivars. 
Ind Crops Prod. 2019;138:111462.

118. Okello OP, Gweyi JPO, Nawiri MP, Musila W. Effects of water stress on phenolic 
content and antioxidant activity of African nightshades. Biofarmasi J Nat Prod 
Biochem. 2017;15:79–95.

119. Xu H, Lu Y, Xie Z, Song F. Changes in nitrogen metabolism and antioxidant 
enzyme activities of maize tassel in black soils region of northeast China. 
Front Plant Sci. 2014;5:515.

120. Neocleous D, Ntatsi G. Seasonal variations of antioxidants and other agro-
nomic features in soilless production of selected fresh aromatic herbs. Sci 
Hortic. 2018;234:290–9.

121. Adzet T, Ponz R, Wolf E, Schulte E. Content and composition of M. Officinalis 
oil in relation to leaf position and harvest time. Planta Med. 1992;58:562–4.

122. Hollá M, Svajdlenka E, Tekel J, Vaverková S, Havránek E. Composition of the 
essential oil from Melissa officinalis L. Cultivated in Slovak Republic. J Essent 
Oil Res. 1997;9:481–4.

123. Sari AO, Ceylan A. Yield characteristics and Essential Oil Composition of 
Lemon Balm (Melissa officinalis L.) grown in the Aegean Region of Turkey. 
Turkish J Agric for. 2002;26:217–24.

124. Shabby AS, El-Gengaihi S, Khattab M. Oil of Melissa officinalis L., as affected by 
storage and herb drying. J Essent Oil Res. 1995;7:667–9.

125. Oniszczuk T, Oniszczuk A, Gondek E, Guz L, Puk K, Kocira A, Kusz A, Kasprzak K, 
Wójtowicz A. Active polyphenolic compounds, nutrient contents and antioxi-
dant capacity of extruded fish feed containing purple coneflower (Echinacea 
purpurea (L.) Moench). Saudi J Biol Sci. 2019;26:24–30.

126. Hosseinpour M, Ebadi A, Habibi H, Nabizadeh E, Jahanbakhsh S. Enhancing 
enzymatic and nonenzymatic response of Echinacea purpurea by exogenous 
24-epibrassinolide under drought stress. Ind Crops Prod. 2020;146:112045.

127. Banica F, Bungau S, Tit DM, Behl T, Otrisal P, Nechifor AC, Gitea D, Pavel FM, 
Nemeth S. Determination of the total polyphenols content and antioxidant 
activity of Echinacea purpurea extracts using newly manufactured glassy 
carbon electrodes modified with carbon nanotubes. Processes. 2020;8:833.

128. Udvardi M, Below FE, Castellano MJ, Eagle AJ, Giller KE, Ladha JK, Liu X, Maaz 
TM, Nova-Franco B, Raghuram N, Robertson GP, Roy S, Saha M, Schmidt S, 
Tegeder M, York LM, Peters JW. A research road map for responsible use of 
agricultural nitrogen. Front Sustain Food Syst. 2021;5:660155.

129. Sharma LK, Bali SK. A review of methods to improve nitrogen use efficiency 
in agriculture. Sustainability. 2018;10:51.

130. Spiertz JHJ. Nitrogen, sustainable agriculture and food security. A review. 
Agron Sustain Dev. 2010;30:43–55.

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


	Phytochemical and morpho-physiological response of Melissa officinalis L. to different NH4+ to NO3̄ ratios under hydroponic cultivation
	Abstract
	Background
	Methods
	Plant materials
	Growth and morphological traits
	Nutrient concentration
	Photosynthetic pigments measurement
	Preparation of methanolic extract
	Total phenolic content (TPC)
	Determination of total flavonoid content (TFC)
	Phenolic compound analysis by HPLC
	Determination of antioxidant activity
	DPPH assay
	FRAP assay


	Essential oil analysis
	Extraction of essential oil (EO)

	GC and GC/MS analysis
	S tatistical analysis
	Results


