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The quality and quantity of the nutrient solution and its application duration are critical factors
influencing essential growth processes such as photosynthesis and enzyme activity in plants. This
research sought to investigate the impact of nutrient supplementation on the yield, biochemical
composition, and antioxidant systems of the medicinal plant Andrographis paniculata (AP). To
achieve this, an experiment was conducted using a randomized complete block design (RCBD) by
four nutrient solution regimes (every day, every three days, every five days, and every week) and five
repetitions. Seedlings at the 8-leaf stage were placed in pots filled with a 50:50 mixtures of sand and
vermiculite, and maintained under greenhouse conditions for 30 days. The morphological analysis
revealed that the highest height of the plant (55.20 cm) and leaf dry weight (6.12 g) were recorded
after three days of nutrient solution application. Additionally, the comparison of root lengths
indicated that the shortest and longest roots were observed after one and three days of nutrient
solution application, respectively. The biochemical analysis demonstrated that the highest levels of
chlorophyll, FRAP, total phenols, and flavonoids were achieved after three days of nutrient solution
application. Consequently, the findings suggest that administering the nutrient solution every three
days in a nutrient-deficient sandy medium is an effective strategy for enhancing the yield and
physiological attributes of the A. paniculata plant.
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INTRODUCTION

Andrographis paniculata is a notable medicinal species
belonging to the Acanthaceae family. This erect annual herb is
characterized by its dark green, four-angled stem, lance-shaped
petiolate leaves, small white flowers, a long linear capsule, and
tiny yellow-brown seeds [1]. The plant extract, rich in active
principles, contains three main components, namely diterpenes,
flavonoids, and stigmasterols [2, 3]. The plant has a wide range
of properties pharmaceuticals including anti-HIV [4], anti-H1N1
[5], anticancer [6], anti-hepatitis [7], anti-inflammatory [8], blood
purifier, and antidiarrheal [9]. These compounds are mainly
produced by the aerial organs of the plant, especially the leaves.
In general, the growth and development of plants are influenced
by their genotype, their environment, and the interaction of these
factors. Therefore, one of the main environmental factors in
agricultural planning to achieve high yield and optimal quality,
especially in the case of medicinal plants, is the evaluation of
different plant nutrition systems [10]. Nutrition during the
vegetative phase, which is the basis of the generative phase, is
very important. Adequate nutrition during vegetative growth
improves the plant's ability to cope with adverse environmental
conditions. The transition from the vegetative phase to the

generative phase and meeting the plant's needs during this period
will increase the number of fertile flowers and increase the
number and weight of seeds in the plant, which ultimately leads
to increased yield. Therefore, nutrient use will be more efficient
when nutrients are carefully selected [11-13]. A critical aspect of
plant nutrition is to maintain soil fertility, ensuring that it can
supply nutrients in a timely and adequate manner for optimal
plant growth [14]. Fertilizer applications should be carefully
managed to reduce costs and mitigate environmental impacts
[14]. Low soil fertility affects all aspects of plant growth,
including photosynthesis [15], enzyme activity and secondary
metabolite production, root formation [16], and plant yield [17].
However, the impact of low soil fertility on nutrient content,
particularly that of immunomodulatory compounds, is less well
understood. Upon identifying a nutrient deficiency, whether
through morphological or physiological indicators, visible
symptoms, or tissue analysis, it must be corrected. In such cases,
the foliar application of the necessary nutrient can serve as an
effective strategy, particularly in soils where the availability of
mineral nutrients diminishes swiftly following fertilizer
application. The nutrition of plants plays a critical role in plant
growth and development. Both nutrient deficiencies and excesses
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can lead to significant secondary metabolite changes. Therefore,
the concentration of these metabolites is likely to be closely
linked to the availability of nutrients. The fundamentals of
managing plant nutrition entail understanding the nutritional
needs of plants and applying fertilizers to meet those needs [17].
Micronutrients are essential in minimal quantities, whereas
macronutrients are required in greater quantities. Each nutrient
has a specific function in plant growth and development.
Deficiencies of common nutrients in plants can cause a variety of
symptoms. To enhance the effective utilization of nutrients and
minimize environmental repercussions, accurate application is
essential. The internal levels of critical nutrients and their
absorption have been thoroughly researched [11, 12, 17].
Adequate nutrition is one of the most important factors for plant
growth and productivity. Proper nutrition is a critical element
influencing plant growth and productivity. Sufficient nutritional
intake leads to alterations in various physiological, biochemical,
and phytochemical responses within plants, thereby enhancing all
plant functions including improved photosynthesis, respiration,
protein synthesis, and nucleic acid metabolism [17, 18]. Few
studies have examined the concentration of nutrients and
simultaneous nutrient solution regimes in the vegetative and
generative phases of plant ponds [19]. This study aimed to
examine the morphophysiological characteristics of A. paniculata
as influenced by nutrient solution regimes, to identify the ideal
nutrient solution regimes necessary for satisfactory growth and
optimal quality within the systems.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

A. paniculata seeds were obtained from the Medicinal Plant
Research Center at Shahed University. The seeds underwent a
surface sterilization process utilizing a 5% sodium hypochlorite
solution for 5 minutes, as described by Talei et al., [20], and were
subsequently rinsed thoroughly with distilled water. Following
sterilization, the seeds were thoroughly rinsed with distilled
water. Subsequently, each seed was placed in individual Petri
dishes that were lined with filter paper and moistened with sterile
water. These dishes were then incubated in a controlled growth
chamber, maintaining a light/dark cycle of 14/10 hours at
temperatures ranging from 28 to 30 °C, with a relative humidity
of 65-75% [21]. Once the seedlings reached the two-leaf stage,
they were transferred to a jiffy medium.

Experimental Technique

To investigate the impact of nutrient solution (NS) regimes on the
morpho-physiological traits of A. paniculata, a randomized
complete block design (RCBD) was employed, consisting of four
treatment groups (daily, every third day, every fifth day, and
weekly) with five replications. Seedlings, aged 30 days, were
transferred into pots containing a 50:50 mixtures of sand and
vermiculite. These pots were kept in a controlled greenhouse
environment, featuring light/dark cycles at temperatures of 28/20
°C, relative humidity at 75%, and light intensity ranged 300-400
umol m?s?, Following a ten-day cultivation period, the plants
were irrigated according to the specified NS regimes (modified
Hoagland solution). After 30 days under varying NS conditions
(resulting in plants nearly 70 days old and before flowering),
measurements ~ were  taken  for  morpho-physiological
characteristics, including plant height and root length (PH and
RL), leaf dry weight (LDW), 2,2-diphenyl-1-picrylhydrazyl
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(DPPH), ferric reducing antioxidant power (FRAP), and the total
content of phenols and flavonoids.

Leaf Dry Weight

The leaves of the plant were collected and subsequently dried in
an oven (Memmert, Germany) at a temperature of 55 °C for 72
hours. The dried material was then cut into small fragments and
ground into a fine powder.

Determination of Chlorophyll Content

The content of chlorophyll in the leaves was assessed by the
Chlorophyll Meter XT SPAD-502 device. Measurements were
conducted on three distinct types of leaves: young, mature, and
old. The chlorophyll readings from these three leaves were
averaged. Measurements were taken in the morning between 9
amand 11 am.

Determination of Proline Content

Proline content was determined utilizing the ninhydrin method as
described by Bates et al., [22]. In this procedure, proline was
extracted from 0.5 g of fresh leaf tissue using 10 mL of 3%
sulfosalicylic acid, followed by filtration through Whatman No.
42 filters. The concentration of proline was then assessed using a
Shimadzu model UV-1201 spectrophotometer at a wavelength of
520 nm.

Extraction of Antioxidant Compounds

To extract antioxidant compounds, 0.5 g of fresh leaves from
each treatment was finely chopped and transferred into a 150 mL
conical flask. Subsequently, 25 mL of distilled water was
introduced, and the flask was sealed with aluminum foil. The
samples were then subjected to shaking at room temperature for
one hour in a dark environment. Following this incubation
period, the samples were filtered through Whatman filter paper
No. 2, and the obtained extracts were preserved in a refrigerator
at -80 °C.

DPPH Free Radical Scavenging Assay

A total of 40 uL of the extract was combined with three mL of a
0.1 mM DPPH methanolic solution, following the procedure
outlined by Wong et al., [23]. The resulting mixture was allowed
to incubate at room temperature for 30 minutes. Subsequently,
the initial absorbance of the DPPH solution in methanol was
recorded using a Shimadzu UV-1201 spectrophotometer at a
wavelength of 515 nm, continuing until a stable absorbance was
reached.

Ferric Reducing Antioxidant Power (FRAP) Assay

An aliquot of 200 pL of the extract was combined with three mL
of FRAP reagents, which were formulated using a combination
of 300 mM sodium acetate buffer adjusted to pH 3. This solution
included 6.10 mM 2,4,6-tri (2-pyridyl)-s-triazine (TPTZ) and 20
mM iron (I11) hexahydrate (FeCls:6H20) in a ratio of 10:1:1. The
resulting mixture was incubated in a water bath for 30 minutes at
a temperature of 37 °C [23].

Determination of Total Phenolic Compounds Content

The content of total phenolic compounds was assessed utilizing
the methodology outlined by Marinova et al., [24]. Initially, one
mL of the extract was diluted with 9 mL of distilled water and
subsequently mixed with 10 mL of Folin-Ciocalteu phenolic
reagent. After allowing the mixture to stand for 5 minutes, 10 mL
of 7% Na2COs was added. The solution was further diluted to a
final volume of 25 mL by incorporating 4 mL of distilled water
and was permitted to incubate at room temperature for 90
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minutes. Following this incubation period, the absorbance was
recorded using a spectrophotometer at a wavelength of 750 nm.

Determination of Total Flavonoids

The total flavonoid content was evaluated using the methodology
outlined by Marinova et al., [24]. A one mL sample of the extract
was introduced into a flask containing four mL of distilled water,

Talei et al.

to which 0.3 mL of 5% NaNO:z was subsequently added. After 5
minutes, 0.3 mL of 10% AICIs was incorporated into the mixture,
which was then brought to a final volume of 10 mL by
incorporating an additional 2.4 mL of distilled water. The
absorbance of the resulting solution was recorded at a
wavelength of 510 nm.

Table 1 Analysis of variance on some morpho-physiological characteristics of A. paniculata under different NS regimes.

Mean Square

s.0.V f PH RL LDW T. Chl Proline DPPH FRAP T. Phenol Flavonoid
NS regimes 3 387.87 ** 15.78 ** 4.26 ** 99.82 * 128.88 * 2.56 ns 8.53* 0.001 ** 285.33 *
Test error 16 13.08 3.98 0.50 23.16 57.620 4.21 1.65 0.000 65.08

CV (%) -- 829 15.40 11.82 10.27 12.80 22.16 13.67 24.62 14.28

PH; plant height, RL; root length, LDW; leaf dry weight, T. Chl; total chlorophyll, DPPH; 2, 2-diphenyl-1-picrylhydrazyl, FRAP; ferric reducing antioxidant power assay, T.

Phenol; total phenol.
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Fig. 1 Mean comparison of morphological traits in A. paniculata under
various nutrient solution (NS) regimes. a) plant height; b) root length and
c) leaf dry weight. The error bars represent the standard error of the mean
(SEM) based on three replicates, while distinct letters indicate significant
differences in nutrient irrigation durations, as assessed by Duncan’s
multiple comparison test at P< 0.01.

Statistical Analysis

The initial raw data were subjected to normality testing using
SPSS software version 26. Subsequently, the data were analyzed
through variance analysis, and mean comparisons were
conducted following Duncan's multiple range test at a
significance level of P < 0.05.

RESULTS

Impact of Nutrient Solution Regimes on the
Morphological Traits of A. paniculata

The variance analysis indicated that the supply of nutrient
solutions significantly influenced plant height (PH), root length
(RL), and leaf dry weight (LDW) at a significance level of
P<0.01 (Table 1). The findings demonstrated a negative
correlation between PH, RL, and LDW with the nutrient solution
regimes one-month post-application (P<0.01). Leaf dry weight
served as an indicator for assessing the morphological response
to nutrient solution application. After one month, a notable
increase in leaf dry weight was observed across all plants
subjected to nutrient solutions. The application of nutrient
solutions every third day resulted in a significant enhancement of
leaf dry weight by 17.11% in comparison to the control group.
The plants reached their peak height of 55.20 + 0.58 c¢cm on the
third day following the application of the nutrient solution, while
the minimum height recorded was 33.80 * 1.36 cm on the
seventh day. On the third day, there was a notable increase in
plant height of 61.23% compared to the height measured after
seven days of nutrient solution application (Fig. 1a).
Furthermore, the results demonstrated a significant variation in
root length across the different nutrient solution treatments, with
the longest root length of 14.00 + 1.02 cm observed after one day
of nutrient solution application, and the shortest root length of
10.80 + 1.02 cm recorded after three days (Fig. 1b). The
differences in leaf dry weight due to the various nutrient solution
treatments were found to be highly significant. Additionally, the
plants exhibited the highest leaf fresh weight of 308.00 + 12.41 g
and the lowest of 174.00 + 21.00 g at three and seven days of
nutrient solution application, respectively. Ultimately, the
maximum leaf dry weight recorded was 6.98 + 0.3 g at three
days, while the minimum was 4.74 + 0.38 g at seven days of
nutrient solution application. After three days of nutrient solution
application, the leaf dry weight showed an increase of 67.90%
compared to the weight measured after seven days (Fig. 1c).
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Impact of Various Nutrient Solution Regimes on
Chlorophyll and Proline Content in A. paniculata

The variance analysis revealed that the supply of nutrient
solutions significantly influenced chlorophyll and proline levels
(P < 0.05) (Table 1). Chlorophyll and proline content served as
indicators of the physiological response to nutrient solution
application. After one month, a notable increase in both
chlorophyll and proline content was observed across all plants
subjected to nutrient solution feeding. The chlorophyll content
significantly improved to 52.80 + 2.71 pg/g FW with a three-day
NS regime compared to the control, while the proline content
reached 218.57 + 7.36 pg/g FW with a five-day NS regime in
comparison to the control. The highest chlorophyll content
recorded was 52.80 + 2.71 ug/g FW at the three-day NS feeding,
while the lowest was 40.67 + 1.84 pg/g FW at the one-day
feeding (Fig. 2a). Proline content varied significantly among the
different NS regimes, ranging from 66.67 = 2.84 ug/g FW at the
five-day feeding to 218.57 + 7.36 pg/g FW at the one-day
feeding (Fig. 2b).
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Fig. 2 Mean comparison of chlorophyll and proline content in A.
paniculata under various nutrient solution (NS) regimes. a) chlorophyll
content and b) proline content. The error bars represent the standard error
of the mean (SEM) based on three replicates, while distinct letters
indicate significant differences in nutrient irrigation durations, as assessed
by Duncan’s multiple comparison test at P< 0.01.

Impact of Various Nutrient Solution Regimes on
Antioxidant Systems in A. paniculata

Analysis of variance indicated a notable difference among the
various nutrient solutions regarding FRAP, total phenolic content,
and flavonoid levels in the plants, whereas no significant
differences were observed in DPPH content (Table 1). The
highest values for total phenols, DPPH, and FRAP were recorded
in plants subjected to three days of nutrient solution application.
Although no significant differences were noted among the

nutrient solutions concerning DPPH, the highest DPPH value
(5.07%) was achieved during the three-day nutrient solution
regime. The findings demonstrated a significant difference in
FRAP levels across the different nutrient solution regimes
(P<0.05). Specifically, the highest FRAP value (96.03+0.63%)
was observed at three days of nutrient solution feeding, while the
lowest value (90.10+0.70%) was noted at one day (Fig. 3a). The
total phenolic content varied significantly among the nutrient
solution regimes, ranging from (0.071+0.01 mg/g) on the third
day to (0.029+0.008 mg/g) on the seventh day of nutrient
solution feeding (Fig. 3b).
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Fig. 3 Mean comparison of antioxidative systems in A.paniculata under
various nutrient solution (NS) regimes. a) FRAP; b) total phenol; and c)
flavonoid compounds. The error bars represent the standard error of the
mean (SEM) based on three replicates, while distinct letters indicate
significant differences in nutrient irrigation durations, as assessed by
Duncan’s multiple comparison test at P< 0.01.

Additionally, a significant difference was found in total flavonoid
content across the different nutrient solution regimes, with the
highest value (1982.67+13.71 mg/g) recorded at three days and
the lowest (1823.00+£12.93 mg/g) at one day of nutrient solution
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feeding (P<0.05) (Fig. 3d). Notably, the most frequent nutrient
solution regime (everyday feeding) led to a significant reduction
in both phenolic and flavonoid levels. The correlation analysis
revealed significant relationships among most of the measured
characteristics at P<0.01 (Table 2). A strong positive correlation
was identified among the three morphological characteristics.
Furthermore, a positive correlation was observed between FRAP
content and both phenols and flavonoids. The relationship
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between chlorophyll content and antioxidant systems was also
positively significant, whereas the correlation between proline
content and antioxidant systems was negatively significant. The
strongest positive correlation (r=0.880) was noted between
chlorophyll content and FRAP, while the weakest negative
correlation was found between proline content and leaf dry
weight (r = -0.451).

Table 2 Correlation coefficient (r) among measured traits of A. paniculata under different NS regimes.

PH LDW RL T. Chl Proline DPPH FRAP Phenol Flavo
PH 1 - - - - - - - -
LDW 0.821™ 1 - - - - - - -
RL 0.483" 0.562 ™ 1 - - - - - -
T. Chl 0.444 0.604 " 0.519 1 - - - - -
Proline 0.134 -0.451 ™ 0.168 0.395 1 - - - -
DPPH 0.139 -0.185 -0.314 0.719™ -0.541 ™ 1 - - -
FRAP 0.470 0.284 0.393 0.880 ™ 0.214 0.432 1 - -
Phenol 0.523 0.388 0.603 ~ 0.785™ -0.742™ 0.213 0.601 " 1 -
Flavo 0.477 0.125 0.421 0.357 0.644 ™ 0.545 0.582 " 0.576 1

The significant correlation is indicated by ** (P<0.01) and * (P<0.05). PH; plant height, LDW; leaf dry weight, RL; root length, DPPH; 2, 2-diphenyl-1-picrylhydrazyl, FRAP;

Ferric reducing antioxidant power assay, Flavo; Flavonoid

DISCUSSION

A. paniculata is a significant medicinal plant that has been
utilized in traditional medicine across South Asian countries. The
plant's therapeutic properties are attributed to the presence of
diterpenes, flavonoids, and stigmasterols. The nutrient solution
supplies essential micro and macro elements, as well as various
bioactive compounds, in a manner that promotes plant growth by
enhancing the physical, chemical, and biological characteristics
of the soil [25]. This study demonstrated that varying nutrient
solution (NS) regimes had a considerable impact on the
morphological traits and antioxidant systems of A. paniculata.
The development of shoots and roots serves as essential
indicators in agriculture, as demonstrated by various studies. The
growth and progression of A. paniculata are affected by varying
nutrient solution conditions. Parameters such as plant height, root
length, leaf dry weight, and antioxidant systems were modified
under various NS conditions. This study aligns with the findings
of Ma et al., [26] and Traenkner et al., [27], confirming that
mineral nutrition plays a critical role in the growth and
development of plants under different nutrient solution regimes.
These findings are particularly significant, as plants that received
the highest number of feeding days (seven days) exhibited
reduced yields. The low dry matter content observed during the
seven days of NS feeding suggests that the plant height may be
linked to the reduced moisture content in plant tissues, potentially
due to compromised root function. Our findings align with those
of EI-Nakhel et al., [28], who investigated the impact of
macronutrient deficiency on lettuce plants and found that reduced
nutrient availability led to a decrease in fresh weight. Similar
observations were made by Murphy and Pill [29], Wieth et al.,
[30], and Pannico et al., [31] in their studies on arugula, red
microgreens, and lettuce, respectively. Consequently, the
outcomes of our research can be linked to the nutrient deficiency
experienced by the plants subjected to more than three days of
nutrient solution (NS) feeding.

The observed increase in antioxidant activity after three days of
NS feeding corresponds with the rise in both fresh and dry
weights noted during the same treatment period, as these factors,
along with chlorophylls, are crucial pigments for the
photosynthetic process [32]. The elevated antioxidant activity
recorded during the three-day NS feeding can be attributed to the
high levels of antioxidant compounds present in this treatment,

including chlorophyll and phenolic compounds. Conversely,
flavonoid compounds were found to accumulate more
significantly in plants subjected to five days of NS feeding. It can
be inferred that while flavonoids are recognized as key
antioxidant components, other compounds may also play a role in
the overall antioxidant mechanisms observed in plant studies
[33]. Thus, although nutrient stress is anticipated to enhance the
levels of phytochemical compounds as part of the plants' defense
strategies against such stress [28, 32], the literature presents
conflicting results, suggesting that plant responses to nutritional
stress can vary based on species and the intensity of the stress.
One of the key mechanisms that plants employ in response to
stress is the accumulation of compatible soluble substances, such
as proline. Proline serves as an amino acid, osmoprotectant, and a
crucial signaling molecule that accumulates within the cytosol of
plants. It plays a vital role in stabilizing and safeguarding
membranes, protein enzymes, and various proteins. In this
investigation, it was observed that plants exhibited a significant
increase in proline levels over five days of NS feeding.
According to El Boukhari et al., [34], this accumulation of
proline may serve a protective function against nutritional stress,
safeguarding proteins from ionic damage and preventing the
degradation of proteins, membranes, and subcellular structures.
Numerous studies have indicated that proline accumulation is
typically linked to stress adaptation in plants, with the enhanced
production of secondary metabolites under stress conditions
believed to offer cellular protection against oxidative damage
[35-37].

The observed increase in leaf dry weight every three days of NS
feeding can be attributed to the elevated levels of antioxidant
compounds. During both short and long-term NS feeding, there
was a decline in antioxidant compounds such as FRAP, phenols,
and flavonoids; however, during medium-term NS feeding
(specifically on days three and five), there was an increase in the
production of these antioxidant compounds. Our findings are
consistent with those of Petropoulos et al., [12], who reported
that ten NS treatments resulted in high yields and bioactive
compounds, including polyphenols. Notably, the peak increase in
antioxidant compounds was recorded at three days of NS feeding,
which may be regarded as the critical threshold for NS feeding in
this particular plant.
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CONCLUSION

The utilization of a nutrient solution represents a valuable
agricultural technique aimed at enhancing both yield and the
concentration of antioxidant compounds. The levels of these
antioxidant compounds in medicinal plants are shaped by genetic
factors as well as environmental conditions, which are contingent
upon the cultivation environment. Consequently, optimizing
these growing conditions to maximize the production of
antioxidant compounds is possible. Findings from this research
indicate that a three-day application of nutrient solution feeding
is an effective method for boosting yield, biochemical properties,
and antioxidant levels in the A. paniculata plant. This increase in
the production of secondary metabolites, such as soluble
flavonoids, plays a crucial role in safeguarding cellular structures
against environmental stressors. Evidently, for medicinal plants
intended for direct pharmaceutical use, the quality and
concentration of active compounds hold greater significance than
the overall yield.
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