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Cumulative effect of gibberellic acid and
phosphorus on crop productivity, biochemical
activities and trigonelline production in Trigonella
foenum-graecum L.

Tarig Ahmad Dar**, Moin Uddin?, M. Masroor A. Khan?, Akbar Alit, Nadeem Hashmi! and
Mohd Idrees!

Abstract: Fenugreek (Trigonella foenum-graecum L.) is an antidiabetic plant. Its
bioactive compound, trigonelline, is known to counter diabetes through insulin
secretion, modulation of p cell regeneration and quick activity of glucose metabolism
related enzymes. A pot experiment was conducted in the natural conditions of net
house of the Department of Botany, Aligarh Muslim University, Aligarh (UP), India, to
evaluate the effect of four concentrations of GA, (0, 107 M, 10° M and 10~ M), alone
and in combination with phosphorus (40 kg P ha™), on growth, biochemical and yield
attributes of fenugreek. Compared to control, the combination of GA, and phosphorus
(P40 + 10°° M GA3) significantly increased the activities of nitrate reductase (30.8%)
and carbonic anhydrase (30.7%) enzymes; it also enhanced the seed yield (140.6%)
and the content of total chlorophyll (28.5%) and carotenoids (26%). There was also

significant increase (19.51%) in the content of seed trigonelline.

Subjects: Medicine; Science; Technology; Plant Biology; Diabetes
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Our research group deals with Plant Physiology
and Biochemistry with a thrust on the study
“Effect of plant growth regulators, mineral
nutrients, nanoparticles and marine
polysaccharides on growth, physiology and
secondary metabolite production of medicinal
and aromatic plants”.

The present work shows that the combined
application of gibberellic acid and phosphorus
significantly enhanced the growth, physiological
activities and trigonelline production in Trigonella
foenum-graecum L. Further research is needed to
find how GA, acts at molecular level to increase
the production of trigonelline in this plant.

PUBLIC INTEREST STATEMENT

Trigonella foenum-graecum L., commonly known
as fenugreek, is an annual herb belonging to the
family Leguminosae. It is used as an antidiabetic
plant. It contains bioactive compounds as
trigonelline, diosgenin, 4-hydroxyisoleucine

(4-HI), galactomannan flavonoids, carotenoids,
coumarins, saponins and lipids. Diosgenin is used
by pharmaceutical and nutraceutical industries as
a precursor for the production of steroidal drugs
and hormones such as testosterone, progesterone
and glucocorticoids. Diabetic patients are
recommended to take fenugreek as a vegetable
in diet. Being such an immense medicinal plant,
there is a need to enhance the growth and

active constituents of this plant. Gibberellic acid
(GA)) is a plant growth hormone (C,;H,,0,) that
regulates seed germination, stem elongation,
leaf expansion, fruit development, flowering and
stimulation of secondary metabolite production
in plants. In the present study, the foliar
application of GA, in combination with soil applied
phosphorus enhanced growth, biochemical
attributes and yield of fenugreek. It significantly
enhanced the trigonelline production as well.
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Figure 1. Structure of
gibberellic acid (GA,).

Keywords: biochemical; high performance liquid chromatography; diabetes mellitus; yield;
carbonic anhydrase; nitrate reductase

1. Introduction

Diabetes mellitus is one of the most common diseases in the present day world with 150 million
of diabetics worldwide and the number is unfortunately likely to increase to 300 million by 2025
(Shaw, Sicree, & Zimmet, 2010). For centuries, mankind has been using the medicinal plants to
overcome numerous diseases and according to World Health Organization, 80% of the people in
developing countries get through traditional medicines. Trigonella foenum-graecum L., commonly
known as fenugreek, is one such medicinal plant that has been comprehensively used as a source of
antidiabetic compounds, from its leaves, seeds and extracts in different model systems (Khalki,
M’hamed, Bennis, Chait, & Sokar, 2010; Srinivasan, 2006). In India, fenugreek is mostly used in Unani
and Ayurvedic therapeutic systems (Srinivasan, 2006). The important constituents of fenugreek include
4-hydroxyisoleucine (4-HI), trigonelline, galactomannan flavonoids, carotenoids, coumarins, proteins,
saponins and lipids (Basch, Ulbricht, Kuo, Szapary, & Smith, 2003). Trigonelline controls the diabetes
through operation of the mechanism of insulin secretion, modulation of f cell regeneration and
stimulation of activity of glucose metabolism-related enzymes (Abd El-Mawla & Osman, 2011; Zhou,
Chan, & Zhou, 2012). The seeds of fenugreek contain about 50% of fibre that is known to slow the rate of
post-parandial glucose absorption, which may be responsible for the hypoglycaemic activity. The seed
extract of fenugreek stimulates the secretion of insulin from pancreatic cells and inhibits the activities of
a-amylase and sucrose (Amin, Abdul Ghani, & Suleiman, 1988). Fenugreek seeds have sapogenins which
are known to lower serum cholesterol level in humans (Yadav, Moorthy, & Baquer, 2004, 2005).

Gibberellins (GAs) constitute a group of tetracyclic diterpenoids, involved in plant growth and
development. Gibberellic acid (GA,), (Figure 1) a well known phytohormone, has numerous physiological
effects on plants including seed germination, growth, stem elongation, leaf expansion, photosynthesis,
flowering and cell expansion (Taiz & Zeiger, 2010; Yuan & Xu, 2001). Exogenous application of GA, to
plants causes the increase in the activities of many key enzymes like carbonic anhydrase (CA),
nitrate reductase (NR) (Afroz, Mohammad, Hayat, & Siddiqui, 2005; Aftab et al. 2010) and ribulose-1,
5-biphosphate carboxylase/oxygenase (RuBPCO) (Yuan & Xu, 2001).

Phosphorus (P) is the second growth-limiting nutrient after nitrogen (Moinuddin et al.,, 2014) and is
an integral constituent of biological macromolecules such as that of nucleic acids, phospholipids and
ATP. Consequently, plants cannot grow successfully without a reliable supply of this nutrient. There
may be large quantities of phosphorus present in the soil but its amount, available to plants, is
generally low because of the insoluble forms of soil phosphorus. For that reason, phosphate fertilizers
are added to the soil to overcome the phosphorus deficiency. In fact, there is significant gap in the
knowledge regarding phosphorus nutrition of crops in Indian cropping systems. We also need to fill
the gaps in our knowledge about how crops respond to phosphorus in different situations and how
can phosphorus efficiency be improved supplying adequate P for crop productivity.

The present study was conducted to investigate the effect of foliar application of GA, alone and in
combination with the soil applied P on the crop productivity, physiological and biochemical
parameters, and trigonelline yield of T. foenum-graecum L.
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2. Material and methods

2.1. Plant material, chemicals and growth conditions

Gibberellic acid (GA,) was purchased from Duchefa Biochemie B.V, The Netherlands (Product Number:
G0907; CAS Number 77-06-5) and Trigonelline hydrochloride was brought from Sigma Aldrich
(Product Number: T5509; CAS Number 6138-41-6). The seeds of T. foenum-graecum L. were
purchased from National Seed Corporation Unit, Indian Agricultural Research Institute (IARI), New
Delhi, India. Healthy seeds of T. foenum-graecum L. were initially surface sterilized with 80% ethyl
alcohol for 5 min and then washed thoroughly with double distilled water before sowing. Each
experimental pot carried 5 kg homogenous mixture of soil and farmyard manure (4:1). The soil
samples were tested at Soil Testing Laboratory, IARI, New Delhi, India. The experimental soil was
sandy loam with pH (1:2) 7.94, E.C (1:2) 0.57 mmhos/cm, and available N, P and K 98.45, 7.15 and
141.8 mg kg™ soil, respectively.

2.2. Experimental design and pot culture

The pot experiment was conducted at the Botany Department, Aligarh Muslim University, Aligarh,
India (27° 52’ N latitude, 78° 51’ E longitude, and 187.45 m altitude) in order to ascertain the
changes mediated by GA, and P, applied alone or in combination, on physiological and biochemical
parameters as well as on growth, yield and quality attributes of T. foenum-graecum L. The
experiment was conducted according to simple randomized design in the natural conditions of
Net house using earthen pots (25 cm diameter x 25 cm height). Deionised water (DIW) was used
as the control. Four levels of GA,, viz. 0 M (DIW), 107 M GA,, 10 M GA, and 10 M GA,] were
employed as foliar spray treatments. Two P levels, viz. 0 (P0O) and 40 kg P ha™* (P40), were applied
to the soil in the form of KH,PO,. Four concentrations of GA, and two levels of P were employed to
constitute eight treatments [(I) Control (DIW), (II) 1077 M GA, (III) 10 M GA, (IV) 10 M GA, (V)
40 kg P ha™ (P40) (VI) P40 + 1077 GA, (VII) P40 + 107° GA, (VIII) P40 + 10~° GA,]. In about 90% of
the seeds, the germination took place within 5-6 days of sowing. After a month of germination,
the number of seedlings was maintained to five per pot. Totally, 40 pots were employed for the
experiment. Seeds were sown at a depth of 2 cm. Each treatment was replicated five times. Totally,
six spray treatments were given at 7 days interval, using a hand sprayer, the first foliar spray
treatment being applied at 30 days after sowing (DAS). The pots were watered and made weeds-
free as and when required.

2.3. Determination of growth and yield attributes

Growth attributes of the T. foenum-graecum L. were determined at 60 and 90 DAS. At the respective
sampling stage, five plants from each treatment (one plant from each replicate) were carefully
harvested with the roots and washed with running tap water to remove adhering foreign particles.
Water adhering to the roots was removed with blotting paper. Fresh weight of the clean and blot-
dried plants was recorded using an electronic balance. Thereafter, the plants were oven-dried at
80°C for 24 h. Dry weight of plants was recorded subsequently. The shoot and root length of the
plants was measured with the help of a metre scale. Number of leaves was counted and leaf area
was measured by the graph paper method. Yield parameters were noted at the time of harvesting.
From each pot, the plants were harvested above ground to measure the different yield attributes,
viz. seed yield and total biomass per plant, harvest index, 1,000-seed weight, number of pods per
plant, number of seeds per plant, number of seeds per pod and pod length. The harvest index was
calculated as (seed yield/total biomass) x 100.

2.4. Determination of biochemical parameters
2.4.1. Total chlorophyll and carotenoids contents
Contents of total chlorophyll and carotenoids were estimated on fresh weight basis by the method

of Mac Kinney (1941) and Maclachlan and Zalik (1963), respectively. Fresh tissue from interveinal
leaf areas was grinded with mortar-pestle using 80% acetone. The optical density (OD) of the
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solution was recorded at 645 and 663 nm for chlorophyll estimation and at 480 and 510 nm for
carotenoids estimation employing a spectrophotometer (Spectronic UV-1700, Shimadzu, Japan).
Concentrations of chlorophyll and carotenoids were expressed as mg g™ FW.

2.4.2. Determination of NR activity
NR activity was estimated by the intact tissue assay method developed by Jaworski (1971), which is
based on the reduction of nitrate to nitrite according to the following biochemical reaction:

NO,™ +NADH+H* -5 NO,” +NAD* +H,0

The amount of nitrite (NO, ") formed was determined spectrophotometrically. Interveinal area of
fresh chopped leaves, weighing 0.2 g, was transferred to each of the plastic vials. Reaction mixture of
each vial was comprised of 2.5 mL phosphate buffer (pH 7.5), 0.5 mL of potassium nitrate solution and
2.5 mL of 5% isopropanol solution. The vials, carrying the reaction mixture, were kept in an incubator
maintained at 30°C for the manifestation of maximum enzyme activity. After the incubation period
(2 h), 0.4 mL of the content was transferred to a test tube. To it, 0.3 mL each of 1% sulphanilamide
and 0.02% N-(1-Naphthyl) ethylenediamine dihydrochloride (NED-HCI) was added. The test tubes
were kept for 20 min at room temperature for maximum colour development. The OD of the content
was recorded at 540 nm using the spectrophotometer. The NR activity was expressed as nanomoles
of nitrite produced per gram fresh weight of the leaf tissue per hour (h(MNO, ™ g "' FW h™?).

2.4.3. Determination of CA activity

CA activity was analysed in fresh leaves using the method as described by Dwivedi and Randhawa
(1974). Two hundred milligram (0.2 g) of fresh interveinal leaf tissue was transferred to Petri plate,
followed by its incubation in 10 mL of 0.2 M cystein hydrochloride solution for 20 min at 4°C.
Thereafter, 4 mL of 0.2 M sodium bicarbonate solution and 0.2 mL of 0.02% bromothymol blue was
added to the homogenate. The reaction mixture was titrated against 0.05 N HCl using methyl red as
indicator. The activity of CA was expressed as moles of CO, produced per kg of fresh leaf tissue per
second (mM CO, kg™ leaf FW s7).

2.4.4. Estimation of N, P and K contents in leaves

Leaf samples from each treatment were digested for the estimation of leaf-N, -P and -K contents.
The leaves were dried in a hot-air oven maintained at 80°C for 24 h. Dried leaves were powdered
using mortar-pestle, followed by passing the powder through a 72 mesh. The sieved leaf powder
was used for the estimation of N, P and K contents. One hundred mg of oven-dried leaf powder was
carefully transferred to a digestion tube, to which 2 mL of concentrated sulphuric acid (analytical
grade) was added subsequently. The content was heated for about two hours on a temperature-
controlled digestion assembly maintained at 80°C; and then, the content was cooled at room
temperature for about 15 min. To the cooled content, 0.5 mL of 30% hydrogen peroxide (H,0,) was
added drop by drop. The addition of H,0, was followed by gentle heating of the content and then
cooling at room temperature. This step was repeated until the content of the tube turned colourless.
The aliquot (peroxide-digested leaf material), thus prepared, was used to estimate the percentage
of N, P and K contents in the leaves on dry weight basis.

2.4.4.1. Determination of leaf-N content: Leaf-N content was estimated according to method of
Lindner (1944) with slight modification by Novozamsky, Houba, van Eck, and van Vark (1983). A 10 mL
aliquot (peroxide digested leaf material) was poured into a 50 mL volumetric flask. Toit,2 mL of 2.5 N
sodium hydroxide solution and 1 mL of 10% sodium silicate solution was added to neutralize the
excess acid and prevent turbidity, respectively. A 5 mL aliquot of the peroxide digested material was
poured into a 10 mL graduated test tube, followed by addition of 0.5 mL of Nessler’s reagent. The OD
of the solution, thus obtained, was recorded at 525 nm using the spectrophotometer.

2.4.4.2. Determination of leaf-P content: The method of Fiske and Subba Row (1925), with slight
modification by Rorison, Spencer, and Gupta (1993), was used to estimate the leaf-P content. A5 mL

aliquot of the peroxide-digested leaf material was poured into a 10 mL graduated test tube. To it,
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Figure 2. HPLC chromatogram
of standard trigonelline
hydrochloride showing
retention time of 2.8 min.

1 mL of molybdic acid (2.5%) was added, followed by addition of 0.4 mL of 1-amino-2-naphthol-4-
sulphonic acid. When the colour of the content turned blue, its volume was made up to 10 mL
usingdouble distilled water. The OD of the solution, thus obtained, was recorded at 620 nm using the
spectrophotometer.

2.4.4.3. Determination of leaf-K content: Leaf-P content was determined using a flame photometer
(Model, C150, AIMIL, India) with the help of emission spectra using specific filter. In the flame
photometer, the solution (peroxide-digested leaf material) was discharged through an atomizer in
the form of a fine mist into a chamber, where it was drawn into a flame. Combustion of the solution
elements produced the light of a particular wavelength [k max for K= 767 nm (violet)]. The light, thus
produced, was passed through an appropriate filter to impinge upon a photoelectric cell that
subsequently activated a galvanometer (electric current detector).

2.5. Seed alkaloid content

To estimate total seed alkaloid content, 1 g of seed powder was ground with 80% methanol and a
pinch of magnesium oxide (MgO), using mortar-pestle. The sample was incubated at 60°C for about
30 min; the homogenate was centrifuged, followed by collecting the supernatant. Methanol was
evaporated completely and the residue was dried. Thereafter, the weight of the beaker containing
the residue and that of the empty beaker was recorded.

Total seed alkaloid content (%) was calculated using following formula:
(WA-WE/WR)x 100

where WE is the Weight of empty beaker (g); WA is the Weight of porcelain dish after evaporation
(9); and WR is the Weight of the seed powder (g).

2.6. Extraction and estimation of trigonelline by high performance liquid chromatography

To extract seed trigonelline content of T. foenum-graecum L., the method of Zheng and Ashihara
(2004) was adopted with a slight modification. One gram of seed powder was grinded with 80%
methanol with a pinch of magnesium oxide (MgO) using mortar-pestle. The sample was incubated
at 60°C for about 30 min, the homogenate was centrifuged, followed by collecting the supernatant.
Methanol was evaporated and the extract was dissolved in distilled water. The content was filtered
using disposable syringe filter unit and stored thereafter in sealed vials for the determination of
trigonelline by high performance liquid chromatography (HPLC). Seed trigonelline content was
determined by isocratic HPLC equipment (Model, LC-20AD, Shimadzu Corporation Analytical &

C:\LabSolutions'\Data\Project1\TRIGONELLINE 001 30-12-2013.lcd
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Measuring Instrument Division, Kyoto, Japan) with reverse phase C-18 (5 pm, 150 mm, 4.6 mm 1.D,)
column. Mobile phase consisted of methanol and water in the ratio of 50:50 (v/v) and the pH was
adjusted to 5 using acetic acid. The elution was made in an isocratic mode at the flow rate of
1 mL min~? and the detection was made at 268 nm by UV-vis detector. Calibration curve was made
by using graded concentrations (0,50, 100, 150 and 200 mg L™?) of standard trigonelline hydrochloride
(Sigma Aldrich, USA), (Figure 2) with the help of HPLC equipment.

2.7. Statistical data analysis

The data were analysed statistically using SPSS-17 statistical software (SPSS Inc., Chicago, IL, USA)
according to randomized design. Means were compared applying the Fisher’s least significant
difference (LSD) test at p < 0.05.

3. Results

Among different concentrations of gibberellic acid, 10° M GA, proved to be the best for most of
the parameters studied. GA,, applied in combination with phosphorus (i.e. P, + 10 M GA,) proved to
be the best treatment for almost all of the parameters studied. This treatment was followed by
P+ 107 M GA,. The spray treatment of DIW (control) resulted in the lowest values (Tables 1 and 2;
Figures 3 and 4).

3.1. Growth attributes

Foliar application of GA, progressively improved the growth attributes of fenugreek both at 60 and 90
DAS (Table 1). The highest values of growth parameters were attained at 90 DAS with the combination
treatment, i.e. P,,+10°° M GA,. In comparison to the control, P, + 10" M GA, increased the shoot length
by 41 and 44%, root length by 31.33 and 45.19%, leaf number by 33.32 and 43.24%, leaf area by 33.26
and 32.43%, shoot fresh mass by 41.46 and 39.96%, root fresh mass by 37.65 and 39.95%, shoot dry
mass by 46.73 and 42.45%, root dry mass by 36.59 and 40% at 60 and 90 DAS, respectively (Table 1).

Table 1. Effect of foliar application of different concentrations of gibberellic acid and soil applied phosphorus on growth

parameters of fenugreek (T. foenum-graecum L.)

Treatments | Sampling Shoot Root Shoot fresh| Root fresh Shoot dry Rootdry | Number |Leaf area per
stage (DAS) | length (cm) |length (cm)| mass (g) mass (mg) | mass (mg) | mass (mg) | of leaves | plant (cm?)
Control 60 38.50£1.65 | 830%0.35 410+0.13 | 332.00+8.50 | 55000814 | 82.00*4.51 |2200+£0.76 | 132.00+1.97
90 59.00 £2.57 | 10.40+£0.47 | 533%£0.13 | 438.00£6.56 | 1,060.00+8.14 | 110.00+8.39 | 37.00+1.00 | 222.00 *+ 4.04
P,+1077 GA, 60 44.00+0.31 | 9.60+0.08 485+0.06 | 385.00+5.00 | 645.00%5.13 | 91.30+0.15 |23.90+£0.20 | 150.00 +1.05
90 69.00£1.03 | 12.00+0.08 | 6.51+0.07 | 505.00£6.03 | 1,310.00+8.66 | 124.00 + 4.04 | 42.00+0.45 | 255.00 = 2.00
P,+107° GA, 60 46.40+0.64 | 10.50£0.08 | 520+0.04 | 417.00+4.73 | 740.00£5.69 | 98.00+1.45 |2570+£0.21 | 159.00+1.04
90 75.00£0.60 | 13.30+0.21 | 7.00+0.05 | 555.00%6.24 | 1,400.00+5.13 | 142.00+7.23 | 48.00+0.60 | 270.00 + 2.65
P,+107° GA, 60 4490020 | 10.20+0.10 | 5.05+£0.03 | 400.00+4.04 | 670.00+8.14 | 92.10+£0.45 |24.70£0.25| 150.00 £1.02
90 72.00£0.61 | 1240+0.15 | 6.75+0.07 | 535.00+10.0 | 1,355.00+7.64 | 132.00+8.14 | 43.00+0.70 | 262.00 = 2.00
Po 60 43.00+0.28 | 10.00£0.15 | 490+0.04 | 385.00£2.89 | 640.00£5.77 | 90.00+0.44 |23.80+£0.19 | 147.60+0.61
90 66.00£0.76 | 12.00+0.09 | 6.45+0.06 | 503.00£9.00 | 1,283.00+6.08 | 125.00+9.29 | 42.00+0.50 | 246.00 = 3.51
P, +107 GA, 60 50.00£1.00 | 10.90+£0.10 | 550%0.04 | 440.00+2.52 | 768.00+6.24 |105.00+1.61|27.00+0.50 | 163.00%1.31
90 79.00£1.50 | 1420+0.23 | 7.20+0.07 | 580.00+7.55 | 1,440.00+8.66 | 135.00+6.11 | 50.00+0.50 | 280.00 * 2.65
P10 GA, 60 54.28+1.86 | 11.70+0.20 | 5.80+0.08 | 457.00+4.36 | 807.00+6.43 |112.00+2.52|29.33+0.84| 175.90*3.80
90 85.00£1.04 | 1510+0.26 | 7.46+0.10 | 613.00+£5.57 |1,510.00+10.15| 154.00 + 6.24 | 53.00+0.93 | 294.00 = 3.79
P10 GA, 60 46.40+0.65 | 10.45+0.05 | 518+0.05 | 415.00+3.79 | 738.00+6.11 | 97.00+£1.16 |2565£0.24| 153.00+0.76
90 74.00%0.50 | 13.30+0.21 | 6.90+0.04 | 558.00+5.77 | 1,390.00+7.64 | 135.20+6.11 | 45.00+0.87 | 268.00 + 2.52
LSD (p < 0.05) 60 3.80 0.62 0.247 18.03 24.60 7.63 1.77 6.51
90 4.70 0.90 0.289 27.26 29.71 11.78 271 11.22

Notes: Control: DIW; DAS: Days after sowing; GA,: Gibberellic acid; P,: 40 kg P ha™.

Data shown is the mean of five replicates.

40°
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Table 2. Effect of foliar application of different concentrations of gibberellic acid and soil applied phosphorus on yield

parameters of fenugreek (T. foenum-graecum L.) recorded at 120 DAS

Treatments | Seed yield Biological Harvest 1,000 Seed | Number of | Number of | Number of | Pod length
(9) yield (g) index (%) weight (g) seeds per pods per seeds per (cm)
plant plant pod
Control 0.91+0.10 4.00£0.08 22.75%+0.63 8.82£0.19 103.20+6.48 8.60£0.31 12.00£1.53 8.80£0.30
P,+107 GA, 1.39+0.02 4.70+0.08 29.57£0.12 9.65+0.05 144.30£2.33 11.10+0.13 13.00+£0.58 9.85+0.09
P,+10°° GA, 1.70+0.07 5.3010.06 32.00 £ 0.54 10.35+£0.06 165.00 £ 2.89 12.50£0.13 13.20+0.61 11.10£0.09
P,+107° GA, 1.49 +0.04 4.95+0.06 30.10£0.28 9.85+0.06 152.10 £ 1.56 11.70+0.13 13.00+£1.15 10.15£0.05
P 1.33+0.02 4.50£0.05 29.55%£0.12 9.60 + 0.04 139.00 £ 2.65 10.70 £ 0.09 13.00£1.53 9.70+£0.08
P,+t107 GA, 1.93+0.06 5.5010.10 35.00£0.30 10.60 £0.08 182.25+ 434 13.50£0.10 13.50£0.76 11.10£0.13
P, t107¢GA, 2.19+0.03 590+0.12 37.11£0.36 11.20£0.06 196.00 £ 7.37 14.00+0.25 1400+ 1.15 12.40+0.13
P10 GA, 1.60+0.03 5.15+0.04 31.00£0.39 10.15+£0.06 158.00 £ 1.53 12.10+0.05 13.10+£0.59 10.40£0.13
LSD (p < 0.05) 0.191 0.287 1.43 0.327 15.77 0.627 3.963 0.532

Notes: Control: DIW; DAS: Days after sowing; GA,: Gibberellic acid; P,: 40 kg P ha™.
Data shown is the mean of five replicates
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3.2. Physiological and biochemical characteristics

3.2.1. Photosynthetic pigments
Gibberellic acid treatment increased the total chlorophyll and carotenoids content in the treated

plants significantly. Of all the GA, concentrations applied alone, 10° M GA, proved to be the best.
However, among combinations, P,,+ 10° M GA, gave the best results. In comparison to the control,
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Figure 4. Effect of different
concentrations of foliar
sprays of GA, (107 M, 10° M,
10-5 M) and soil applied
phosphorus (40 kg P ha?) on
leaf-nitrogen content (A),
leaf-phosphorus content (B),
leaf-potassium content (C),
total alkaloid content in seed
(D) seed trigonelline content
(E) trigonelline yield (F) of
fenugreek (Trigonella foenum-
graecum L.) studied at 60 and
90 days after sowing (DAS).
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application of P,,+ 10¢ M GA, enhanced the total chlorophyll content by 26.34 and 28.57% and
carotenoids content by 20 and 26% at 60 and 90 DAS, respectively.

3.2.2. NR activity
Treatment combination P, + 107 M GA, increased the NR activity to the highest extent, increasing
the leaf NR activity by 27.91 and 30.88% at 60 and 90 DAS, respectively.

3.2.3. CA activity

In the present investigation, CA activity was found to be improved over the control as a result of
phosphorus application along with 107 M GA,. In the present study, P, ,+ 10" M GA, exhibited greater
CA activity than those sprayed with deionized water (control) to the extent of 28.13 and 30.77% at
60 and 90 DAS, respectively.
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3.2.4. Leaf-N, -P and -K contents

Leaf-N, -P and -K contents were also significantly enhanced by foliar application of GA,, with optimum
combination treatment (P,, + 10° M GA,) proving the best. The application of 10 M GA, in
combination with soil-applied P increased the content of leaf-N by 17.47 and 19.20%, leaf-P by 17.80
and 22.22% and leaf-K by 13.78 and 17.24% at 60 and 90 DAS, respectively.

3.3. Yield attributes

Among all the treatments, the combined treatment, i.e. P,,+ 10° M GA,, proved to be the best; it
resulted in significant increase in the seed yield (140.66%), total alkaloid content (35.25%), biological
yield (47.50%), harvest index (63.12%), 1,000 seed weight (26.98%) pod length (40.91%) and number
of pods per plant (62.79%). Of the treatments, combination treatment P, + 107¢ M GA, resulted in the
maximum increase in the content (19.51%) and yield (187.67%) of trigonelline as compared to the
control.

4. Discussion

Very few studies have been carried out to investigate the effect of gibberellic acid (GA,) on fenugreek.
Besides, no work has till date been cited exploring the effect of GA, and P combination on fenugreek,
which is an antidiabetic plant. Hence, it might be considered as the first report of its kind, revealing
the combined effect of GA, and P on growth and other physiological attributes, yield and bioactive
constituents of fenugreek. Plant growth and development is known to be governed by several
exogenous and endogenous factors, including the growth requlators (Taiz & Zeiger, 2010). In the
present investigation, the significant increase in the shoot and root length, fresh and dry weight,
number of leaves and leaf area might be ascribed to the well known effects of GA, and P in plants. It
is a recognized fact that GA, promotes cell enlargement and cell division (Buchanan, Gruissem, &
Jones, 2000; Taiz & Zeiger, 2010). The studies conducted by Srivastava and Srivastava (2007) also
support the fact that foliar application of GA, could increase the plant height and leaf length in
Catharanthus roseus. Increase in growth parameters in the plants treated with GA, might be ascribed
to the induction of inherent genetic potential of the plant by exogenous application of PGRs, which
might cause increase in elongation of internodes as a result of cell division and cell wall extensibility
(Khan et al., 2006; Taiz & Zeiger, 2010). In the present study, GA, increased the leaf area of fenugreek;
similar results were obtained regarding Saccharum officinarum (Dhaliwal, Malik, Gosal, & Dhaliwal,
1997) and several field grown plants (Zhou, MacKenzie, Madramootoo, & Smith, 1999) on account of
GA, application. Growth promotion by the exogenous application of GA, is also reported in C. roseus
(Srivastava & Srivastava, 2007) and Nigella sativa (Shah, Ahmad, & Samiullah, 2006). In view of the
essential role of phosphorus in plant growth and development (Marschner, 2002), the increment in
plant fresh and dry mass could be expected as a result of soil-applied phosphorus (Table 1). In the
present study, the interactive effect of P and GA, resulted into the best values of growth parameters.
The beneficial effects of phosphorus on growth of plants have been reported with regard to different
medicinal plants (Chaudhary et al., 2009; Dutta & Bandyopadhyay, 2009; Naeem, Khan, &
Mohammad, 2009; Naeem, Masroor, & Khan, 2009).

As per the present study, massive improvement (28.57 and 26%) was found in chlorophyll and
carotenoids content when P and GA, were applied together (Figure 3). The increased contents of
chlorophyll and carotenoids could, possibly, be attributed to the enhancement of ultrastructural
morphogenesis of plastids by GA, as suggested by Arteca (1996). Our results are in agreement with
other studies conducted by different workers in different plants like Zea mays (Sinha, Srinivatsa, &
Tripathi, 1993), Glycine max (Zhao, Lin, Shi, & Chang, 1995) and Schefflera arboricola L. (Salehi
Sardoei, Roein, Shahadadi, Sadeghi, & Mokhtari, 2014). The enhancement of the photosynthetic
pigments due to P application has earlier been reported by Naeem and Khan (2009) and Naeem,
Khan, et al. (2009) and Naeem, Masroor, et al. (2009).

CA is one of the most abundant zinc containing proteins in plants. It catalyzes the reversible
hydration of CO, to carbonic acid, thereby increasing the availability of CO, to RuBisCO in photosynthesis
(Khan, Javed, & Samiullah, 2004). An increase in CA activity in this study could be ascribed to the
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ample accessibility of phosphorus at the site of its metabolism. A probable reason for the enhancement
of CA activity by the foliar application of GA, alone or in combination with soil-applied P might be the
de nova synthesis of CA which might involve translation/transcription of respective genes (Okabe,
Angela, Mikio, & Shigetoh, 1980). Furthermore, the enhanced activity of CA in the treated plants
might have increased the CO, fixation, which ultimately might be responsible for the increase in fresh
and dry mass of treated plants (Table 1).

NR is known to be a rate-limiting enzyme in nitrogen assimilation and its level depends on a
variety of factors, either external or internal. The activity of this enzyme in plants gives a good
approximation of the nitrogen eminence of the plant and is very often correlated with growth, yield
and protein synthesis. One of the reasons of GA,- enhanced NR activity in this study might be the
GA,- improved leaf nitrogen content that might have increased the concentration of nitrate in the
leaves to be acted upon by NR (Figure 4). Above all, P,,+ 10® M GA, treatment proved to be the best
and increased the NR activity by 30.88% over the control. Phosphorus application has resulted in
increased NR activity in other plants like Zea mays (de Magalhdes et al., 1998) and Phaseolus vulgaris
(Gniazdowska, Krawczak, Mikulska, & Rychter, 1999), which confirmed the enhanced assimilation of
leaf NO, ™ content due to P application. Besides, enhancement in leaf NR activity with phosphorus
application has also been reported in different medicinal and aromatic plants such as Cassia tora
(Naeem & Khan, 2005), Cyamopsis tetragonoloba L. (Burman, Kumar Garg, & Kathju, 2007) and
Senna occidentalis L. (Naeem & Khan, 2009).

Foliar application of GA, alone and in combination with soil-applied P proved effective for N, P and
K contents in fenugreek (Figure 4). The concentration of leaf nutrients (N, P and K) was significantly
greater in plants treated with P, + 10 M GA, as compared to the control. According to Al Wakeel,
Hamed, and Dadoura (1995) application of GA, increased the root membrane permeability, which
might ultimately facilitate the absorption, transport and utilization of mineral nutrient in plants as
argued by Khan, Ansari, and Samiullah (1998) in the case of Brassica juncea. Moreover, the
plants treated with GA, had more biomass as reflected from the shoot and root dry mass of the
plants (Table 1). The enhancement in plant biomass in the present investigation could presumably
be as aresult of increased uptake of nutrients, enhanced photosynthesis and improved translocation
of photosynthates and other metabolites to the reproductive parts as suggested by Miniraj and
Shanmugavelu (1987) regarding Capsicum annum. As per Figure 4, the enhancement in leaf-N, -P
and -K content could be due to phosphorus-encouraged absorption of additional amount of nutrients
from the soil as noted by Graciano, Goya, Frangi, and Guiamet (2006) with regard to Eucalyptus
grandis. Our results in this regard are consistent with those of earlier studies on different medicinal
crops (Khan, Samiullah, Afaqg, & Afridi, 2000; Naeem & Khan, 2005, 2009; Naeem, Khan, et al. (2009);
Naeem, Masroor, et al. (2009).

GA, application improved the seed yield in fenugreek (Table 2). Such an observation has been
made in other plants also like Zea mays (Naghashzadeh, 2007) and Glycine max (Azizi, Moradii,
Heidari, Khalili, & Feizian, 2012). The increase in seed yield due to GA, might be accounted for its
possible positive effects on 1,000 seed weight, pod set, increased CO, fixation and increase in leaf
area. Besides, the enhanced values of yield parameters with phosphorus might be because of its
important role in root and shoot development, energy translocation and other metabolic processes
of plants (Marschner, 2002). In fact, the adequate amount of phosphorus in the early plant growth
causes rapid cell division and cell elongation in the meristematic regions, leading to enhanced
development of seeds and increased seed yield (Spencer & Chan, 1991; Turk, Tawaha, & Samara,
2003). The increase in seed yield ultimately might cause the increase in the yield of trigonelline.
Trigonelline (N-methylnicotinic acid) is derived from nicotinic acid and the reaction is catalyzed by
S-adenosyl-L-methionine (SAM)-dependent nicotinate enzyme N-methyltransferase. The positive
effect of GA, on trigonelline content could be attributed to the improved plant growth and metabo-
lism as observed in our study (Tables 1 and 2; Figures 3 and 4). Srivastava and Srivastava (2007)
claimed that GA, enhanced the accumulation of secondary metabolites like steroids, terpenoid and
anthocyanin production. In addition, GA, improved the accumulation of steroidal alkaloids in
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Solanum aviculare (Subroto & Doran, 1994). In Catharanthus roseus, application of GA, significantly
enhanced the alkaloids content in stem, leaves and roots as compared to untreated plants

(Srivastava & Srivastava, 2007).

5. Conclusion

The present investigation will help to find out the optimum concentration of gibberellic acid to
enhance the growth aspects and productivity of fenugreek. The results concluded that application of
10¢ M GA, in combination with phosphorus (40 kg P ha™) was the best among all treatments for
most of the parameters studied. Also, the combination of GA, and P was favourably effective in

production of the antidiabetic alkaloid trigonelline.
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