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INTRODUCTION 

Solanum melongena L. commonly known as 

eggplant, aubergine, guinea squash or brinjal is 

an economically important vegetable crop of 
tropical and temperate parts of the world. Its 

fruits are quite high in nutritive value and 

comparable with tomato as a good source of 

vitamins, dietary fiber and minerals (particularly 
iron) (Salunkhe and Kadam 1998).  It is the 

most widely consumed fruits with annual 

production over 150 million metric tons (Laura 
Perez-Fons et al., 2014). It has been medicinal 

values also, such as, tissue extracts have been 

used for treatment of asthma, bronchitis, 

cholera, and dysuria; fruits and leaves are 
beneficial in lowering blood cholesterol 

(Kashyap et al., 2002). Its production is severely 

affected by biotic and a biotic stresses.  

Among biotic stresses, pest infestation is 

considered as a severe threat for plant growth 

and crop production (Paul W. Pare., 1999). In 
response to biotic stress, plants produce a 

diverse range of metabolites which play an 

important role in plant defence mechanism (Taiz 
& Zeiger., 2006) and it causes a re-allocation of 

resources to leaf and stem storage tissues which 

increases the plant's defence mechanism 
(Schultz J.C., 2013). There are reports in the 

metabolites, indicating a rapid and significant 

plant response due to herbivory damage (Xiao 
Ming Cai et al., 2013; Ming gang Wang et al., 

2014; U. Niinemets et al., 2013; Amy M. 2013). 

The most serious and widely distributed 

polyphagous insect pest is Helicoverpa armigera 
Hübner (Lepidoptera: Noctuidae). Its larvae 

stage causes severe damage to the reproductive 

and vegetative tissues of economically 
important crops including egg plant, tomato, 

cotton, chickpea, pigeonpea, tobacco, maize, 

sorghum, wheat, groundnut, sunflower and 
chillies etc (Gowda et al., 2005). The studies on 

variation of metabolites in connection to plant-

pathogen interaction have been reported by 

NMR technique (Lima et al., 2010; Bollina et 
al., 2010; Ward et al., 2010; Jones et al., 2011). 

The primary and secondary metabolites play an 

important role in plant survival (Zhao TJ et al., 
2007) in defence mechanism against biotic and 

abiotic stresses (Williams RJ et al., 2004). So, it 

is imperative to study the variation of the 
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metabolites in connection to plant-pest 

interaction. This will help in better 
understanding of metabolic responses from S. 

melongena L. during pest infestation. 

MATERIAL AND METHOD 

Egg plants (S. melongena BCB-11) seeds were 

sown in trays (52 cm x 27 cm) placed in a 
cultivation chamber at 24°C. Later, the 

seedlings were transplanted into pots. On fully 

matured brinjal plants (after 60 days), the larvae 

of H. armigera two per plant was inoculated. 
After one month, the egg plants were 

completely infested by larvae. The leaves and 

stems were collected after 30 days of the 
inoculation for the extraction process. Dried 

samples of 3 g each leaves and stems were taken 

for extraction by hexane (1:10 w/v). The solvent 

portion were collected by filtration and repeated 
five times until the hexane layers to become 

almost colourless. The separated solvent layer 

was concentrated under reduced pressure. The 
resulting hexane extracted sticky mass was 

stored at -5ºC and it was further used for 

derivatization prior to GC-MS analysis. After 
filtration the remaining solid plant material 

(residue) was further extracted by 80:20 of 

methanol: water solvent system. Methanol-water 

extracts was defatted with hexane. Defatted 
water-methanol layers were concentrated under 

reduced pressure. The samples were then 

lyophilized to dryness and the resulting solid 
was again stored at -80 ºC for further NMR 

analyses. 

All NMR experiments were carried out at 25°C 

unless otherwise stated. The known quantity of 
samples were dissolved in 500 µl of D2O 

containing 0.81µM TSP (99.9% Sigma-Aldrich) 

for NMR analysis. The 1H NMR spectra were 
recorded on a Bruker Avance 400 MHz 

spectrometer (Bruker Biospin AG, Fallenden, 

Switzerland) equipped with 5 mm Broadband 
Observe (BBO) probe equipped with Z-shielded 

gradient, in a 5 mm NMR tube (Wilmad no. 07; 

Wilmad Labglass Buena, NJ, USA). 0.81µM 

TSP in deuterium oxide was inserted into the 
NMR tube before recording the spectra. TSP 

served as chemical shift reference as well as 

internal standard for quantitative estimation. 
One-dimensional 1H NMR experiments were 

performed using a CPMG (Carr-Purcell-

Meiboom-Gill) pulse sequence and suppressing 
the residual water signal by pre-saturation with 

65,536 time-domain data points, a spectral 

width of 4807.692 Hz and 512 scans. The flip 

angle of radio-frequency pulse was 90° with the 

total relaxation delay of 3.7 s. Free-induction 
decays were multiplied by an exponential 

function with a line broadening of 0.30 Hz, prior 

to Fourier transformation. The quantification of 
metabolites was carried out taking into account 

the integrated area of NMR signals, molecular 

weight and number of protons of both TSP and 
metabolite.  

To confirm the assignments of the metabolites, 

one-dimensional (1D) 1H NMR and two-

dimensional (2D) total correlation spectroscopy 
(TOCSY) were carried out using the Bruker’s 

standard pulse program library.  In TOCSY, the 

spin locking time was set to 80 ms, which 
included duration of 2.5 ms for the trim pulses. 

For each t1, 40 transients were added with 2048 

complex data points. The data were weighted 
with 90°shifted squared sine window function in 

F1 and F2 dimensions before double Fourier. 

Evaluation version of Chenomx Metabolite 

profiler software (version 7.6) (Edmonton, 
Alberta, Canada) was used to confirm the 

assignments. 

All the chemical reagents were of analytical 
grade (Mallinckrodt Baker France, Noisy-Le-

Sec, France). D2O (99.9%) was purchased from 

Cambridge Isotopic Laboratories (Andover, 

MA, USA), TSP (98%) from Aldrich (Saint-
Quentin Fallavier, France). 

Quantification Of Polar Metabolites 

Identified polar metabolites were quantified by 
integrating the distinct signals of each 

metabolite with respect to the intensity of the 

nine protons of TSP (in D2O, 0.375% w/v) on 
the dry weight basis of leaves and stems using 

the following equation (Diehl et al., 2007). 

Weight of metabolite = Integral value of 

(metabolite)/ Integral value of (TSP)* Molecular 
wt (metabolite)/Molecular wt (TSP)*Number of 

Protons in TSP/Number of Protons in 

metabolite*wt of TSP 

RESULTS 

Different class of metabolites, such as amino 

acids, carbohydrates, sugars, sugar alcohols and 
organic acids, were detected in the 1H NMR 

spectra of the methanol/water (80:20) extract. 

Total forty-one chemically diverse metabolites 
were identified, in which twenty two 

metabolites were quantified both in leaf and 

stem. The entire 1H spectrum of aqueous 
fraction may be divided into three major 
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regions. (0.0-3.5 ppm) region is rich with amino 

acids. δ(3.5-5.5 ppm) contains sugars and rest 

of the spectrum  from δ (5.6-10.0 ppm) is 

dominated by aromatic compounds . 

The 1H NMR spectra showed signals of leucine, 

isoleucine, valine, asparagine, citrate, ornithine, 

γ-aminobutyric acid (GABA), malic acid, 
succinic acid, ketoglutaric acid (KGA), acetone, 

α-linolenic acid, sarcosine, methylamine, 

propyleneglycol, trimethylamine in the high-
field region (0.0-3.0 ppm). In the mid-field 

region (3.0-5.5 ppm) resonance assigned were 

glucose (Glc), sucrose, choline, fructose, 
glycerol, phenylamine and fucose. While in the 

downfield region (5.6-10.0 ppm), metabolites 

identified were formate, trigonelline, maleic 

acid, fumarate, tyrosine, uridine, chlorogenic 
acid, cytidine, adenine and guanosine. The 1H 

NMR chemical shifts along with its qualitative 

variability of identified metabolites are listed in 
Table 1.  

The 1H NMR spectral complexity (overlapping 

signals) did not allow quantification of all the 

metabolites. However, 22 metabolites in leaf 

while 21 metabolites in stem were quantified by 

integrating the distinct characteristic signals of 

each metabolite with respect to the intensity of 

the nine protons of TSP (in D2O, 0.375%, w/v) 

on the dry weight (Diehl and Holzgrabe, 2007; 

Sidhu et al., 2011). The concentration of all the 

metabolites varied significantly between healthy 

and pest infested brinjal leaves and stems. NMR 

spectra of aqueous extracts were analyzed by 

using a combination of 1D and 2D NMR 

experiments. The identification of metabolites 

was further validated by comparing the 1H 

spectra of reference compounds with the 

existing literature values (Bharti et al., 2011; 

Chatterjee et al., 2010; Gil et al., 2000; 

Jayaprakasam et al., 2004; Matsuda et al., 2001; 

Sobolev et al., 2005). The reference compounds 

in the Biological Magnetic Resonance Data 

Bank (BMRB) were also used for characterizing 

the metabolites (Markley et al., 2007). The 

stack-plot of 1H NMR spectra of healthy and 

pest infested leaf and stem showed signal 

intensities of the identified metabolites present 

in the healthy and pest infested  leaves. The 

assignments were confirmed by 1D proton 

NMR and 2D TOCSY spectrum of aqueous 

extract. The concentration of metabolites varied 

significantly in the healthy and pest infested 

leaves and stems (Table 2 and Table3). The 

stack-plot of 1H NMR spectra of aqueous 

extracts of all the developmental stages showed 

signal intensities of the identified metabolites 

present in the leaves. The resonances were 

confirmed by the use of the 1H TOCSY 

spectrum of aqueous extracts. Table 1 

summarizes all compounds identified in 1H 

NMR spectra with the chemical shifts and the 

coupling constants of the detected signals. 

 Leaf Metabolite Contents 

The polar extract of brinjal leaves mainly 

contains carboxylic acids, amino acids, sugars, 

sugar alcohol, nucleoside, and some other class 

of metabolites like acetone, methylamine, 

propylene glycol, trimethylamine, adenine and 

trimethylamine N- oxide (TMAO). (Table 2) 

Carboxylic Acids And Its Derivatives 

 Carboxylic acids are important metabolites in 

brinjal leaves and they are necessary for 

development of brinjal plant organs and 

coordination of growth. Total 11 carboxylic 

acids were detected in polar leaf extract. Out of 

eleven carboxylic acids, four were quantified. 

The higher concentration of lactate (8.48±1.29) 

mg/gm, 2-hydroxyisobutyrate (1.23±0.18), 

acetate (2.21±0.33) and succinic acid 

(4.05±0.61) mg/gm of dry weight was detected 

in pest infested leaf. 

 Amino Acids Contents 

Total 10 amino acids were detected in polar leaf 

extract. Out of ten amino acids, six metabolites 

were quantified. The higher concentration of 

alanine (12.31±1.87) mg/gm, leucine 

(3.49±0.53), tyrosine (3.00±0.45), valine 

(6.86±1.04), isoleucine (3.47±0.52)mg/gm of 

dry weight was detected in pest infested leaf 

while phenylalanine (3.62±0.55) mg/gm were 

present in pest infested leaf, not detected in 

healthy leaf.  

 Sugars And Sugar Alcohol Contents 

Four sugar metabolites were detected (glucose, 

fructose, fucose and sucrose) in polar extract of 

leaf. Among them three metabolites were 

quantified. The higher concentration of glucose 

(3.08±0.46), sucrose (35.10±5.33) and fructose 

(69.01±10.49) mg/gm of dry weight was in pest 

infested leaf. Sugar alcohols like myoinositol 

and scyloinositol were detected in polar leaf 

extract among them myoinositol was quantified 

and was higher (115.63±17.58) mg/gm of dry 

weight in pest infested leaf. 
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 Nucleoside Contents 

Two nucleosides (uridine and cytidine) were 
detected and quantified. Uridine concentration 

(2.14±0.32) was higher in pest infested leaf, 

while cytidine (0.97±0.14) mg/gm was present 
in pest infested leaf.  

 Other Metabolites Contents 

Other metabolites concentration like acetone 
(0.24±0.03) and methylamine (0.43± 0.06 

mg/gm of dry weight were present in pest 

infested leaf. 

 Stem Metabolite Contents 

 Carboxylic Acids And Its Derivatives 

Total 10 carboxylic acids were detected in polar 
stem extract. Out of ten carboxylic acids, six 

metabolites were quantified. The higher amount 

of lactate (11.39±2.81), 2-hydroxyisobutyrate 

(0.67±0.16), succinic acid (1.54±0.38), acetate 
(1.14±0.28) and GABA (8.15±2.01) mg/gm of 

dry weight were found in healthy stem. (Table 

3) 

 Amino Acids Contents 

Total 10 amino acids were detected in polar 
stem extract. Out of ten amino acids, six 

metabolites were quantified. The higher 

concentration of alanine (5.90±0.44) mg/gm, 
valine (3.60±0.27), phenylalanine (3.31±0.24), 

sarcosine content (0.34±0.02), tyrosine 

(1.64±0.12) and isoleucine (2.02±0.15) mg/ gm 
of dry weight were detected in pest infested 

stem. 

 Sugars and sugar alcohol contents 

Major three sugar metabolites (glucose, sucrose 
and fructose) were detected and quantified in 

polar extract of stem. Among these polar 

metabolites higher concentration of sucrose 
(54.63±13.50), glucose (20.91±5.16) and 

fructose (46.39±11.46) mg/ gm was present in 

healthy stems. Sugar alcohol, myoinositol and 
scyloinositol were detected. The higher amount 

of myoinositol was (67.22±16.61) mg/gm of dry 

weight in healthy stem. 

Table1. Chemical shift of 1H-NMR identified metabolites of leaves and stem samples from healthy and pest 

infested S. melongena. 

Sl.No. Metabolites Chemical Shift (ppm) Multiplicity Assignment 

1. Leucine 0.95 
3.50 

t 
m 

CH3 

CH2 

2. Isoleucine 

 

1.01 

1.24 
1.94 

d 

m 
m 

CH3 

CH2 
CH 

3. Valine 0.98 
1.04 

2.27 
3.60 

d 
d 

m 
d 

CH3 

CH3 

CH 
CH 

4. Glucose 3.64 
4.58 

5.23 

d 
d 

d 

CH 
CH 

CH 

5. Sucrose 4.05 

4.17 
5.41 

t 

d 
d 

CH 

CH 
CH 

6. Fructose 3.70 

3.71 
4.23 

m 

m 
d 

CH 

CH 
CH 

7. Asparagine 
 

2.93 
4.06 

m 
m 

CH2 
CH 

8. Citrate 
 

2.53 
2.71 

d 
m 

1/2CH2 
1/2CH2 

9. Ornithine 
 

1.98 
3.06 

s 
t 

CH2 
CH2 

10. GABA 

 

1.89 

2.33 
3.0 

m 

t 
t 

CH2 

CH2 
CH2 

11. Lactate 
 

1.33 
4.12 

d 
q 

CH3 
CH 

12. Alanine 1.48 
3.73 

d 
m 

CH3 
CH 
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13. Myoinositol 
 

3.28 
3.56 

4.05 

t 
dd 

t 

CH 
CH 

CH 

14. Formate 8.46 s CH 

15. Trigonilline 

 

8.01 

8.85 
9.16 

s 

m 
s 

CH 

CH 
CH 

16. Acetate 1.97 s CH3 

17. Malic acid 

 

2.62 

4.34 
2.37 

m 

dd 
dd 

CH2 

CH 
CH2 

18. Succinic acid 2.43 s CH2 

19. Choline 3.20 s +N-Me3 

20. Glycerol 3.59 
3.65 

d 
m 

CH2 
CH 

21. Phenylalanine 

 

3.11 

3.96 
7.28 

m 

dd 
m 

CH2 

CH 
CH 

22. Maleic acid 5.80 d -CH=CH 

23. Fucose 1.24 

5.20 

m 

d 

CH 

CH 

24. Fumarate 6.52 s CH 

25. Tyrosine 

 

6.93 

7.20 

d 

d 

CH 

CH 

26. KGA 

 

2.47 

3.0 

t 

t 

CH2 

CH2 

27. Uridine 
 

5.94 
7.94 

d 
d 

-CH=CH- 
-CH=CH- 

28. Acetone 2.01 s CH3 

29. Scylo inositol 3.23 s CH 

30. Chlorogenic 
acid 

 

5.97 
7.95 

5.61 

m 
d 

m 

CH 
CH 

CH 

31. α- Linolenic acid 0.96 
1.31 

t 
t 

CH3 
-CH2- 

32. Hydroxyisobutyrate 1.37 s (CH3)2 

33. Sarcosine 2.73 s CH3 

34. Methylamine 2.6 s CH3 

35. Cytidine 6.06 d CH 

36. Propylene glycol 1.01 d CH2 

37. Trimethylamine 2.9 s (CH3)3 

38. Asparagine 2.93 

4.06 

m 

m 

CH3 

39. Trimethylamine-N-

oxide (TMAO) 

3.26 s (CH3)3 

40. Adenine 8.26 s CH 

41. Guanosine 8.0 s CH 

Table2. Quantitative variability in NMR analyzed metabolites from aqueous extracts of healthy and pest 

infested leaf samples of S. melongena. Three numbers of replicates were taken in each group of different parts. 

Mean values ± SD of mg/gm of the dry weight of leaf sample, ND = not detected. 

Sl.No. Metabolites Healthy leaf Pest infested leaf 

1. Lactate 0.55±0.26 8.48±1.29 

2. Alanine 0.51±0.24 12.31±1.87 

3. Valine 0.53±0.25 6.86±1.04 

4. 2-Hydroxyisobutyrate 0.09±0.04 1.23±0.18 

5. Acetate 0.09±0.04 2.21±0.33 

6. GABA 0.57±0.27 15.08±2.29 

7. Succinic acid 0.06±0.03 4.05±0.61 

8. Sarcosine 0.04±0.02 1.65±0.25 

9. Choline 0.37±0.17 11.16±1.69 
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10. Trigonelline 0.02±0.01 5.33±0.81 

11. Isoleucine 0.21±0.10 3.47±0.52 

12. Leucine 0.32±0.15 3.49±0.53 

13. Acetone 0.07±0.03 0.24±0.03 

14. Methylamine 0.01±0.00 0.43±0.06 

15. Uridine 0.02±0.01 2.14±0.32 

16. Phenylalanine ND 3.62±0.55 

17. Tyrosine 0.19±0.09 3.00±0.45 

18. Cystidine ND 0.97±0.14 

19. Glucose 0.03±0.01 3.08±0.46 

20. Sucrose 0.90±0.43 35.10±5.33 

21. Fructose 1.73±0.82 69.01±10.49 

22. Myoinositol 4.38±2.08 115.63±17.58 

Table3. Quantitative variability in NMR analyzed metabolites from aqueous extracts of healthy and pest 

infested stem samples of S. melongena. Three numbers of replicates were taken in each group of different parts. 

Mean values ± SD of mg/gm of the dry weight of stem sample, ND = not detected. 

 

Figure1. 1H NMR spectra of polar extracts of healthy and pest infested leaf of S. melongena. 

Sl.No. Metabolites Healthy stem Pest infested stem 

1. Lactate 11.39±2.81 8.05±0.60 

2. Alanine 5.86±1.44 5.90±0.44 

3. Valine 3.37±0.83 3.60±0.27 

4. 2-Hydroxyisobutyrate 0.67±0.16 0.65±0.04 

5. Acetate 1.14±0.28 1.09±0.08 

6. GABA 8.15±2.01 6.91±0.51 

7. Succinic acid 1.54±0.38 0.67± 0.05 

8. Sarcosine 0.26±0.06 0.34±0.02 

9. Choline 13.29± 3.28 8.95±0.67 

10. Fumaric acid 0.14±0.03 0.67±0.05 

11. Trigonelline 3.62±0.89 0.67±0.05 

12. Isoleucine 1.24±0.30 2.02±0.15 

13. Leucine 3.77±0.93 2.27±0.17 

14. Uridine 7.18±1.77 0.71±0.05 

15. Phenylalanine 0.62±0.15 3.31±0.24 

16. Tyrosine 0.44±0.11 1.64±0.12 

17. Cystidine 3.96±0.98 0.06±0.004 

18. Glucose 20.91±5.16 11.33±0.84 

19. Sucrose 54.63±13.50 51.77±3.87 

20. Fructose 46.39±11.46 39.95±2.98 

21. Myoinositol 67.22±16.61 44.38±3.32 
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Figure2. 1H NMR spectra of polar extracts of healthy and pest infested stem of S. melongena. 
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Figure3. Two-dimensional homonuclear 1H-1H experiment (TOCSY) of  S. melongena recorded in (a) high 

field region (δ0.7- δ3.0), (b) mid field region (δ3.0- δ5.6) and (c) low field region (δ5.6- δ10) spectra. 

DISCUSSIONS 

Myo-inositol is a sugar-like carbohydrate 
produced by most plants and is important for 

phosphate storage, cell wall biosynthesis, the 

production of stress related molecules, cell-to-

cell communication, storage and transport of 
plant hormone (Loewus, F. and Loewus, M.W. 

1983). In our study myoinositol content was 

higher 115.63±17.58 mg/gm of dry weight in 
pest infested leaves.  

In plant GABA production is activated cytosolic 

acidification mechanism. This mechanisms is 

known to accompany biotic and abiotic stresses 
(Kinnersley and Turano, 2000; Fait et al., 2007). 

In our study GABA and alanine were detected 

higher in pest infested leaf. Similar types of 
observations were reported due to plant 

response to several types of stress (Wallace et 

al., 1984; Mayer et al., 1990; Monlise et al., 
2003; Kato-Noguchi and Ohashi, 2006; 

Miyashita et al., 2007; Allan et al., 2008). 

Accumulation of alanine and GABA metabolites 

during stress, contributes to protein and 
membrane stabilization as well as to 

maintaining osmotic pressure reported by 

Kaplan et al., 2004. 

The concentration of glucose, sucrose and 

fructose sugars were higher in pest infested leaf. 

It was well reported that soluble sugars such as 
glucose and sucrose help regulate many 

development and physiological processes in 

plants (Koch, 1996; Smeekens, 1997; Sheen et 

al., 1999). Sugars were also thought to control 
photosynthesis (Krapp et al., 1993), flowering 

(Bernier et al., 1993) and starch synthesis 

(Koch, 1996). 

CONCLUSION 

The results of the present study show that the 

metabolites such as changes amino acids, 

organic acids, sugars and sugar alcohols. During 
plant development and growth the chemical 

composition of the plant changes. This change 

in metabolite profile during healthy and pest 
infested leaf and stem represents the change in 

metabolomic fluxes in different pathways. 1H 

NMR spectroscopy used as a valuable tool for 

unbiased metabolite profiling of healthy and 
pest infested leaves and stem of S. melongena.  
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