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two key metabolic processes; photosynthesis and nitrogen 
metabolism.
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Abbreviations
ABS/RC  Energy fluxes for absorption of photon per 

active reaction centre
DI0/RC  Energy dissipation flux per active reaction 

centre
ET0/RC  Electron transport flux per active reaction 

centre
Fv/F0  Size and number of active reaction centres 

in photosynthetic apparatus
F0/Fv  Efficiency of water splitting complex
Fv/Fm (φP0)  Maximum quantum efficiency of PS II 

photochemistry
GS  Glutamine synthatase
GOGAT  Glutamate synthase
GDH  Glutamate dehydrogenase
NR  Nitrate reductase
NiR  Nitrite reductase
Psi_0 or Ψ0  Yield of electron transport per trapped 

exciton
Phi_E0 or φE0  Quantum yield of electron transport
RC  Reaction centre
TR0/RC  Trapped energy flux per active reaction 

centre

Abstract Heavy metal accumulation due to environmen-
tal pollution, especially in agricultural ecosystem can cause 
serious deterioration of crop yield and quality. In present 
study we assessed the effect of exogenous 28-homobrassi-
noloid (HBL;  10−8 M) on growth, photosynthesis, indices 
of chlorophyll a fluorescence and nitrogen metabolism in 
Solanum lycopersicum seedlings grown under two doses 
 (Cd1: 3  mg  kg−1 sand and  Cd2: 9  mg  kg−1 sand) of cad-
mium. Accumulation of Cd in root tissues was considerably 
higher than shoot hence, Cd declined the growth, pigment 
contents, and photosynthetic  O2 yield in its concentra-
tion dependent manner. Chlorophyll a fluorescence due to 
Cd stress was negatively affected as shown by decreased 
 QA

− reoxidation kinetics: φP0, ψ0, φE0 and  PI_ABS and 
increased energy flux parameters: ABS/RC,  TR0/RC,  ET0/
RC and  DI0/RC. HBL application under Cd stress improved 
the photochemistry of photosystem II (PS II) by affecting 
these parameters positively. Treatment of Cd in test seed-
lings resulted into significant decrease in nitrate reduc-
tase, nitrite reductase, glutamine synthetase and gluta-
mate synthase activities, and induced enhancing effect on 
ammonium content and glutamate dehydrogenase activity. 
Exogenous HBL treatment alleviated the negative effect of 
Cd on growth, photosynthesis, contents of protein, carbo-
hydrate and inorganic nitrogen and nitrogen assimilating 
enzymes. The data indicate that exogenous HBL protects 
the test seedlings during the early growth phase against Cd 
phytotoxicity by regulating Cd accumulation in tissues and 

 * Sheo Mohan Prasad 
 profsmprasad@gmail.com

1 Ranjan Plant Physiology and Biochemistry Laboratory, 
Department of Botany, University of Allahabad, 
Allahabad 211002, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s10725-017-0248-5&domain=pdf


162 Plant Growth Regul (2017) 82:161–173

1 3

Introduction

The agricultural activities in the catchment area of cities 
are highly affected as the farmers apply the contaminated 
water for irrigation which is discharged from sewage and 
factories (Sharma et  al. 2009), and due to such practices 
vegetables accumulate high amount of toxic heavy met-
als. Cadmium (Cd) contamination in agricultural soil is 
one of the serious problems as crops cultivated under Cd 
contaminated sites accumulate considerable amount of 
this metal, hence reduced growth and crop productivity 
(Gill et  al. 2011; Singh et  al. 2016). Cd concentration in 
crop field soil in Varanasi, India was reported in the range 
of 0.90–5.65 mg Cd kg−1 soil (Sharma et  al. 2006) while 
in peri-urban area of Titagarh, India which is a metal con-
taminated site showing several folds higher concentra-
tion of Cd i.e. 22.20–51.00 mg Cd kg−1 soil (Gupta et al. 
2008; Sharma et al. 2009). The toxic effects of Cd on plant 
metabolism such as inhibition in photosynthesis, pigment 
biosynthesis (Durand et al. 2010; Cao et al. 2015), uptake 
of nutrients (Sun and Shen 2007), and increased oxidative 
stress (Ahammed et al. 2013; Singh and Prasad 2014) may 
lead to decreased crop productivity. Cd in leaf tissues may 
affect chlorophyll fluorescence kinetics, hence it causes 
damage to structural and functional attributes of photosyn-
thetic apparatus (Strasser et al. 2000; Li et al. 2015).

Nitrogen is one of the important nutrients which play a 
crucial role in maintaining the growth and development of 
plants even under stressful condition. Inorganic nitrogen 
such as nitrate  (NO3

−) is readily taken up by the plants and 
assimilated into ammonia  (NH4

+) and finally into amino 
acids (Gajewska and Sklodowska 2009). Reduction of 
 NO3

− to  NH4
+ involves nitrate reductase (NR) and nitrite 

reductase (NiR) while ammonium assimilation is usually 
performed by GS–GOGAT pathway involving glutamine 
synthetase (GS), glutamate oxoglutarate aminotransferase 
(GOGAT) enzymes. However, under stressful condition 
ammonium assimilation is performed by an alternate path-
way involving glutamate dehydrogenase (GDH) enzyme 
(Ogawa et  al. 2000). It has been reported that glutamate 
dehydrogenase activity was moderately increased in nod-
ules and roots following the Cd (50  µM) treatment, and 
an impressive decrease in enzyme activity of glutamine 
synthetase/glutamate synthase in soybean plant was also 
noticed (Balestrasse et  al. 2003). Although nitrogen plays 
an essential role in plant metabolism, scant informa-
tion is available regarding the influence of Cd on nitrogen 
metabolism.

In recent years, various strategies are being develop to 
minimize the adverse effects of heavy metal and one such 
technique is exogenous application of plant hormones 
(Ahammed et  al. 2013; Singh and Prasad 2014; Soaresa 
et  al. 2016). Brassinosteroids (BRs) are plant specific 

steroidal hormones with strong growth promoting proper-
ties and induce resistance in plants against various biotic 
and abiotic stresses (Ali et al. 2008; Ahammed et al. 2014; 
Zhou et  al. 2014; Divi et  al. 2016; Soaresa et  al. 2016). 
More than 70 BRs analogs have been identified through-
out the plant kingdom, and among them Brassinolide (BL), 
24-epibrassinolide, (24-EBL) and 28-homobrassinolide 
(28-HBL) are being applied exogenously in recent studies 
(Rao et  al. 2002). 28-HBL  (10−6 and  10−11  M) has been 
reported to combat the impact of salt stress in Brassica jun-
cea (Hayat et al. 2007) and heavy metal (Ni, Cd) stress in 
Triticum aestivum, Beta vulgaris, Abelmoschus esculentus 
and Brassica oleracea (Singh and Prasad 2011; Yusuf et al. 
2011).

Considering the importance of BRs, in present study 
an effort has been made to investigate the impact of foliar 
application of 28-homobrassinoloid (HBL) on growth, 
photosynthesis and nitrogen metabolism of Solanum lyco-
persicum L. (tomato) growing under Cd stress. The study 
becomes significant as the tomato, a common vegetable 
being cultivated on the contaminated site in the catchment 
area of the city. Such practices not only affect the yield of 
tomato but also cause risk to human health. Application of 
BRs may improve the growth performance of test seedlings 
by affecting the Cd uptake and improving vital metabolic 
activities such as photosynthesis and nitrogen metabolism.

Materials and methods

Growth conditions and cadmium treatment

Healthy seeds of Solanum lycopersicum (tomato; var. 
NS-2535) were procured from local market of Allahabad 
city, India and surface sterilized with 2% (v/v) sodium 
hypochlorite solution followed by repeated washing with 
sterilized distilled water. Wet seeds were wrapped in 
sterilized moistened muslin cloth and left overnight for 
germination. The germinated seeds were sown in plas-
tic pots containing 150  mg of sterilized sand and kept in 
darkness at 26 ± 1 °C. After 2  days of sowing, seedlings 
were transferred in plant growth chamber (CDR model 
GRW-300 DGe, Athens, Greece) under photosynthetically 
active radiation (PAR) of 250 µmol photons m−2 s−1 with 
16:8 h day–night regime and 65 ± 5% relative humidity at 
26 ± 1 °C. On the basis of screening experiments with vary-
ing concentrations (1.5–15 mg Cd kg−1 sand) of Cd the two 
doses i.e.  Cd1 (3 mg Cd kg−1 sand) and  Cd2 (9 mg Cd kg−1 
sand) were selected for present study and mixed into the 
sand before seed sowing. After the emergence of primary 
leaf (5–6  days after sowing), the seedlings were irrigated 
with Hoagland and Arnon’s (1950) half strength nutrient 
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medium and with sterilized double distilled water on alter-
nate day.

Treatment pattern of hormone (HBL)

A stock solution of HBL  (10−4 M) was prepared by dissolv-
ing required quantity of the HBL (Sigma Aldrich, USA) in 
2 ml of ethanol in a flask (100 ml) and final volume was 
maintained by using double distilled water (DDW). The 
desired concentration of HBL (10  nM) was prepared by 
the dilution of stock solution with DDW. The seedlings 
were sprayed with HBL after 15 days of sowing. The stock 
solution was added with Tween-20 (0.1%, v/v) as leaf sur-
factant. The experimental set up included six combinations: 
control (without Cd as well as HBL treatment),  Cd1,  Cd2, 
HBL,  Cd1 + HBL and  Cd2 + HBL. The control plants were 
also sprayed with distilled water containing same amount 
of Tween-20 without HBL. After 15  days of HBL treat-
ment, seedlings were harvested and various parameters 
were analyzed immediately. There were three replicates for 
each treatment and each pot contained four seedlings.

Estimation of growth and cadmium accumulation

The seedlings from each set were uprooted and washed 
gently with water to ensure the removal of adhering sand 
particle from roots and were blotted to remove the surface 
water. Seedlings were weighed to record fresh weight by 
using single pan digital balance (Model, CA- 223, Contech, 
India). For analysis of Cd contents in root and shoot tissues, 
sample of HBL treated and untreated seedlings were car-
ried out according to Allen et al. (1986). Samples of each 
set were digested in tri acid mixture  (HNO3,  H2SO4 and 
 HClO4 in 5:1:1 ratio, v/v) at 80 °C until a transparent solu-
tion was obtained. After cooling, the digested sample was 
filtered using Whatman No. 42 filter paper. The content of 
Cd in digested samples was estimated by atomic absorption 
spectrometer (iCE 3000 Series, model-3500 AAS, Thermo 
scientific, UK), fitted with specific lamp of particular metal 
using appropriate drift blank.

Estimation of pigment contents and photosynthesis

Photosynthetic pigments i.e. chlorophylls (Chl a and Chl b) 
and carotenoids (Car) contents were extracted in 80% (v/v) 
acetone from fresh leaves (20 mg) until the pellets became 
colourless. The absorbance of the resulting solutions was 
recorded at 663.2, 646.5 and 470  nM spectrophotometri-
cally (Shimadzu double beam UV–Visible spectrophotom-
eter-1700, Japan). The amount of Chl and Car were calcu-
lated by the equations of Lichtenthaler (1987).

Photosynthetic oxygen yield and respiration rates in 
leaf discs were estimated by Clark type oxygen electrode 

(Digital Oxygen System, Model-10, Rank Brothers, UK) 
in presence of 3  ml of 50  mM HEPES–NaOH buffer 
(pH  7.6) containing 20  mM  NaHCO3 as described by 
Kurra–Hotta et al. (1987). Fresh leaves (50 mg) of treated 
and untreated samples were sliced into 1 mM wide strips 
in a Petri dish containing 1  ml of 0.5  mM  CaSO4. The 
sliced leaf discs were transferred into the temperature 
controlled air tight reaction vessel of oxygen electrode 
at 25 °C, and  O2 consumption (respiration) in darkness 
and evolution (photosynthesis) under the saturating light 
intensity of 400 µmol photons m−2  s−1 (PAR; photosyn-
thetically active radiation) were recorded.

Measurement of chlorophyll a fluorescence transient

For the photosynthetic performance, chlorophyll a flu-
orescence measurements were taken in 30  min dark 
adapted intact leaves of control and Cd treated seedlings 
using hand held leaf fluorometer (FluorPen FP 100, Pho-
ton System Instrument, Czech Republic). The fluores-
cence parameters: size and number of active reaction 
centre of photosynthetic apparatus  (Fv/F0), efficiency of 
water splitting complex  (F0/Fv),the quantum yield of pri-
mary photochemistry  (Fv/Fm or φP0), yield of electron 
transport per trapped exciton (Ψ0 or Psi_0), quantum 
yield of electron transport (φE0 or  Phi_E0), performance 
index of PS II  (PIABS), the energy fluxes for absorption 
of photon per active reaction center (RC) (ABS/RC), 
trapped energy flux per active RC  (TR0/RC), electron 
transport flux per active RC  (ET0/RC) and energy dis-
sipation flux per active RC  (DI0/RC) were determined 
according to Strasser et al. (2000).

Estimation of leaf carbohydrate and protein contents

The total carbohydrate content was estimated as per the 
method of Dubois et al. (1956). For this, 10 mg dried leaf 
from each sample was homogenized in 2.5 N HCl and then 
digested in a boiling water bath for 1 h. Reaction mixture 
consisted of 50 µl of sample, 1 ml of 5% phenol and 5 ml 
of concentrated  H2SO4. The assay mixture was incubated at 
25 °C for 20 min. The intensity of the characteristic straw 
color was determined by reading its absorbance at 490 nM 
and the total carbohydrate content was calculated from the 
standard curve prepared with graded solution of glucose. 
For the estimation of total protein content, fresh leaf from 
control and treated seedlings was homogenized in 50 mM 
potassium phosphate buffer. The aliquots were centrifuged 
at 10,000×g for 15  min at 4 °C. Protein contents of the 
extract were determined following the method of Bradford 
(1976).
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Estimation of inorganic nitrogen contents in leaves

For nitrate, nitrite and ammonium contents estimation, 
fresh leaves were homogenized in distilled water, boiled 
for 15  min and then filtered using Whatman No. 1 filter 
paper. Nitrate content was estimated using the method of 
Cataldo et  al. (1975) based on nitration of salicylic acid 
under acidic condition. Nitrate content was calculated 
using a calibration curve prepared for  KNO3 and expressed 
in µmol  NO3

−  g−1 FW and the nitrite content was deter-
mined according the method of Snell and Snell (1949) 
and calculated using a standard calibration curve prepared 
for  NaNO2 and expressed in µmol  NO2

−  g−1 FW. Ammo-
nium content was determined using the Nessler reagent as 
described by Molins-Legua et al. (2006). The reaction mix-
ture consisted of 0.1  ml supernatant, 0.01  ml 10% K–Na 
tartrate, 2.4  ml distilled water, and 0.1  ml Nessler rea-
gent (Fluka). After 5 min the absorbance was measured at 
425 nM. Ammonium content was calculated using a stand-
ard calibration curve prepared for  NH4Cl and expressed in 
µmol  NH4

+  g−1 FW.

Assay of nitrate assimilating enzymes

Nitrate assimilating enzymes: nitrate reductase (NR; EC 
1.6.6.1) and nitrite reductase (NiR; EC 1.7.7.1) activi-
ties were assayed by the modified method described by 
Debouba et al. (2006). For estimation of NR and NiR activ-
ities, fresh leaves were homogenized in an ice–cold mortar 
using 0.1 M potassium phosphate buffer (pH 7.5) contain-
ing 5  mM cysteine, 2  mM EDTA, and 0.5% PVP. After 
centrifugation (20,000×g for 20 min at 4 °C), the superna-
tant was used for the determination of enzyme activity. The 
reaction mixture for NR activity consisted of 0.1 M potas-
sium phosphate buffer (pH 7.5) containing 5  mM EDTA, 
7 mM  KNO3, 0.14 mM NADH, and enzyme extract. The 
reaction was started by addition of NADH. After 30 min of 
incubation at 28 °C, the reaction was stopped by addition of 
0.5 M zinc acetate and then centrifuged. The nitrite formed 
was determined spectrophotometrically after diazotation 
with 1% sulfanilamide and 0.01% naphthylene diamine 
dihydrochloride (NEDD).

The activity of NiR was measured as reduction in the 
amount of  NO2

− in the reaction mixture. The reaction 
mixture consisted of 0.1  M potassium phosphate buffer 
(pH 6.8), 0.4  mM  NaNO2, 2.3  mM methyl viologen, 
enzyme extract, and 4.3 mM sodium dithionite in 100 mM 
 NaHCO3, which started the reaction. After 30 min of incu-
bation, the reaction was stopped by vortexing and boiling 
for 1 min and nitrite that remained in the reaction mixture 
were determined at 540  nM after diatoziation with sulfa-
nilamide and NEDD.

Assay of ammonia assimilating enzymes

Glutamine synthetase (GS; EC 6.3.1.2) activity was meas-
ured by the method of Lillo (1984). The absorbance of 
reaction mixture was read at 540  nm and the enzyme 
activity was calculated by using standard curve prepared 
with γ–glutamylhydroxamic acid and enzyme activity 
is expressed as  A540 (g  FW)−1  h−1. Glutamine 2-oxoglu-
tarate aminotransferase also called as glutamate synthase 
(NADH-GOGAT; EC 1.4.1.14) activity was determined by 
the method of Singh and Srivastava (1986). The enzyme 
activity was calculated from the standard curve prepared 
with NADH. Enzyme activity is expressed as µmol NADH 
oxidized (g  FW)−1  h−1. Glutamate dehydrogenase (GDH; 
EC 1.4.1.2) activity (aminating) was assayed by the method 
of Singh and Srivastava (1983). Activity of glutamate 
dehydrogenase is expressed in terms of µmol NADH oxi-
dized (g FW)−1 h−1.

Statistical analysis

The experimental set up included six combinations: Con-
trol (without Cd as well as HBL treatment),  Cd1,  Cd2, 
HBL,  Cd1 + HBL and  Cd2 + HBL. Total three independ-
ent experiments were performed with three replicates of 
each and the results presented in figures and tables are the 
means ± standard error (SE) of the average values obtained 
from the three replicates of the individual experiments 
(n = 3). All the data were statistically evaluated by analy-
sis of variance (ANOVA) and Duncan’s multiple range 
test (DMRT) was applied for mean separation for signifi-
cant differences among treatments at P < 0.05 significance 
level. SPSS-16 software was used for DMRT. Correlations 
were done to show the impact of Cd and foliar application 
of homobrassinoloid (HBL) on different parameters of S. 
lycopersicum seedlings exposed to cadmium using Pear-
son’s correlation coefficient (r).

Results

Effect on growth and Cd accumulation

Seedlings under cadmium stress exhibited a significant 
reduction in fresh weight (Fig. 1), and the decrease was 8 
and 16% with  Cd1 and  Cd2 doses (without HBL), respec-
tively. Foliar application of homobrassinoloid (HBL) in 
Cd untreated seedlings (control) enhanced the fresh weight 
by 13% over the value of control (without Cd and/or HBL 
treatment). Further, the HBL treatments in  Cd1 stressed 
seedlings alleviated the toxic effect on growth and in  Cd2 
treated seedlings though there was significant alleviation 
but the values were still less than that of control.
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Accumulation of Cd in the roots and shoots of test seed-
lings was found to increase with increasing concentration 
of Cd in sand, and its content in  Cd2 treated seedlings was 
increased by 15% in root and 10% in shoot over the respec-
tive values recorded under  Cd1 treatment (Fig. 2). The Cd 
accumulation in root was 3.8-folds greater than shoot under 
 Cd1 treatment while in case of  Cd2 dose this ratio was 3.96-
folds. HBL application caused significant (P < 0.05) reduc-
tion in Cd accumulation in tissues showing reduction of 25 
and 33% in Cd content of root and 47 and 39% of shoot in 

test seedlings exposed to  Cd1 and  Cd2 stress, respectively. 
Cadmium content was not detected in control as well as 
HBL treated (without Cd) seedlings.

Effect on pigment contents, photosynthesis 
and respiration

Data pertaining to the photosynthetic pigments i.e. Chl a, 
Chl b and Car, and photosynthetic  O2 yield and dark res-
piratory rate are presented in Table 1. Supply of Cd to the 
seedlings had an adverse impact on the pigment contents 
showing a decrease of 3 and 5% in Chl a, 15 and 19% in 
Chl b and 7 and 13% in Car under  Cd1 and  Cd2 treatments, 
respectively. When Cd untreated seedlings were applied 
with HBL the photosynthetic pigment contents were 
greater than control (without Cd and/or HBL treatment). 
Further, in Cd treated seedlings foliar application of HBL 
though caused significant rise in Chl a, Chl b and Car con-
tents but the values were still less than that of control.

The rate of photosynthetic oxygen yield in S. lycopersi-
cum seedlings grown under  Cd1 and  Cd2 treatments showed 
significant (P < 0.05) reduction as the decrease was 10 and 
24%, respectively over the values of control. The HBL 
application alone showed stimulation in the rate of oxygen 
yield, and along with Cd doses, it ameliorated Cd induced 
toxicity showing a decrease of 3 and 17% in rate of pho-
tosynthetic oxygen yield in  Cd1 and  Cd2 treated seedlings, 
respectively. Unlike this, respiratory oxygen uptake rate 
was increased by 7 and 16% over the value of control when 
compared to  Cd1 and  Cd2 stressed seedlings, respectively 
(Table 1). Under HBL treatment on Cd stressed seedlings 
showed a declining trend in respiratory rate however, it was 
still greater than that of control.
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Effect on chlorophyll a fluorescence transient

In order to understand the impact of Cd on photosynthetic 
activity in presence and absence of HBL, the changes in 
photochemistry of photosystem II (PS II) was analyzed 
using JIP-test (Figs.  3, 4). The values related to changes 
in chlorophyll a fluorescence kinetics parameters i.e. size 
and number of active reaction centres in the photosynthetic 
apparatus  (Fv/F0), quantum yield of primary photochemis-
try  (Fv/Fm or φP0), yield of electron transport per trapped 
exciton (Ψ0 or Psi_0), the quantum yield of electron trans-
port (φE0) and performance index of PS II  (PIABS) were 
found to decrease in Cd stressed seedlings, while the values 
showing the efficiency of water splitting complex  (F0/Fv) 
exhibited an enhancement under similar condition (Fig. 3). 
Exogenous HBL caused significant increase in the values 
of  FV/F0,  FV/Fm, Ψ0, ϕE0 and  PIABS in  Cd1 and  Cd2 treated 
seedlings while the values related with the  F0/FV were 
found to decline. Furthermore, the treatment of Cd increase 
the energy fluxes parameters: ABS,  TR0,  ET0 and  DI0 per 
RC significantly hence indicated the decreased proportion 
of active reaction centre (RC) in seedlings under tested 
stress. On the other hand, the application of HBL lowered 
the values of energy flux parameters in Cd treated seedlings 
indicating an enhancement in active RC even under Cd 
stress (Fig. 4).

Effect on leaf carbohydrate and protein contents

Data pertaining to the carbohydrate and protein contents 
have been presented in Table  2. Seedlings grown under 
Cd stress showed significant reduction in carbohydrate and 
protein contents as the decrease was 3 and 12% in carbo-
hydrate and 12 and 32% in protein contents under  Cd1 and 
 Cd2 treatments, respectively (Table 2). Exogenous HBL on 
test seedlings induced appreciable rise in protein and car-
bohydrate contents in Cd unstressed seedlings, and a sig-
nificant increase in these contents was also noticed in Cd 

stressed seedlings but the contents were still lower than that 
recorded in control (without Cd and HBL).

Effect on inorganic nitrogen contents

Effects of HBL on nitrate, nitrite and ammonium contents 
in Cd treated and untreated seedlings are presented in 
Table 2. Results revealed that Cd stress caused significant 
decrease in leaf  NO3

− and  NO2
− contents in the test seed-

lings showing a reduction of 15 and 38% in  NO3
− and 13 

and 32% under  Cd1 and  Cd2 treatment, respectively. Fol-
lowing HBL application there was significant rise in the 
levels of  NO3

− and  NO2
− but the amount was still lower 

than that observe in control (Table  2). Unlike  NO3
− and 

 NO2
− contents, both the doses of Cd were found to increase 

the  NH4
+ content by 19% in  Cd1 and 26% in  Cd2 treated 

seedlings. Under similar condition, exogenous application 
of HBL resulted in significant decrease in  NH4

+ content, 
but it was still higher than that of control.

Effect on nitrate and ammonia assimilating enzymes

The results pertaining to nitrate and ammonia assimilating 
enzymes i.e. NR, NiR, GS, GOGAT and GDH activities are 
shown in Fig. 5. Cadmium at  Cd1 and  Cd2 doses declined 
NR activity by 12 and 25% and the corresponding decrease 
in NiR was 6 and 13%, respectively as compared to control. 
Foliar application of HBL ameliorated the inhibitory effect 
caused by both the doses of Cd on NR and NiR activities 
significantly (P < 0.05).

The activity of GS and GOGAT under Cd treatments 
was decreased considerably. Cadmium at  Cd1 and  Cd2 
doses declined GS activity by 19 and 34% and the corre-
sponding decrease in GOGAT was 20 and 33%, respec-
tively as compare to control. Contrary to GS and GOGAT, 
GDH activity showed stimulation under Cd treatment in 
test seedlings.  Cd1 and  Cd2 doses increased GDH activ-
ity by 18 and 29%, respectively as compare to control 
(Fig. 5e). Exogenous HBL caused alleviating effect on Cd 

Table 1  Impact of foliar application of homobrassinoloid (HBL) on chlorophyll (Chl a and b) and carotenoids (Car) contents (mg  g−1 FW), and 
photosynthesis and respiration (μmol  O2 evolved/consumed  g−1 FW  h−1) in S. lycopersicum seedlings exposed to cadmium stress

Data are means ± standard error of three independent experiments. Values with different letters within same column show significant differences 
(P < 0.05) between treatments according to the Duncan’s multiple range test

Treatments Chl a Chl b Car Photosynthesis Respiration

Control 1.534 ± 0.032b 0.379 ± 0.008b 0.603 ± 0.013ab 34.9 ± 0.69b 11.2 ± 0.23cd
Cd1 1.413 ± 0.029cd 0.341 ± 0.007de 0.563 ± 0.012c 31.5 ± 0.61c 12.2 ± 0.26ab
Cd2 1.356 ± 0.026d 0.303 ± 0.006e 0.549 ± 0.012c 27.1 ± 0.55e 12.6 ± 0.26a
+HBL 1.646 ± 0.032a 0.405 ± 0.008a 0.633 ± 0.014a 37.4 ± 0.72a 9.87 ± 0.20e
Cd1 + HBL 1.521 ± 0.029bc 0.357 ± 0.007c 0.584 ± 0.012bc 34.7 ± 0.69b 10.8 ± 0.23d
Cd2 + HBL 1.490 ± 0.029bc 0.335 ± 0.007cd 0.583 ± 0.012bc 29.4 ± 0.58d 11.9 ± 0.23bc
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induced inhibition in GS and GOGAT activities in the test 
seedlings. Further, exogenous HBL treatment on Cd  (Cd1 
and  Cd2) treated seedlings the GDH activity was reduced 
as compare to the respective values recorded under  Cd1 

and  Cd2 treatment without HBL however, it was still higher 
than that of control (without Cd and HBL exposure).

Correlation analysis was performed between the 
effects of Cd and HBL alone as well as in combination on 
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Fig. 3  Impact of exogenous homobrassinoloid (HBL) on maximum 
quantum yield of primary photochemistry  (Phi_P0), yield of elec-
tron transport per trapped exciton (Psi_0), quantum yield of electron 
transport  (Phi_E0) and performance index of PS II  (PIABS) of S. lyco-

persicum seedlings exposed to cadmium  (Cd1 and  Cd2) stress. Data 
are means ± standard error of three replicates. Values with differ-
ent letters show significant differences at P < 0.05 significance level 
between treatments according to the Duncan’s multiple range test
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growth, photosynthesis, respiration and nitrogen assimi-
lating enzymes of S. lycopersicum seedlings (Table  3). 
In the presence of Cd, growth (r = −0.929; P < 0.01) and 
photosynthesis (r = −0.961; P < 0.01) showed negative 

correlation and the respiration rate (r = 0.832; P < 0.01) 
was positively correlated while upon HBL + Cd treat-
ment the growth (r = −0.396; ns) and respiration rate 
(r = 0.506; P < 0.05) exhibited similar correlation but the 
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Table 2  Impact of foliar 
application of homobrassinoloid 
(HBL) on inorganic nitrogen: 
nitrate (µmol  NO3

−  g−1 FW), 
nitrite (µmol  NO2

−  g−1 FW) and 
ammonium (µmol  NH4

+  g−1 
FW) contents in S. lycopersicum 
seedlings exposed to cadmium 
stress

Data are means ± standard error of three independent experiments. Values with different letters within same 
column show significant differences (P < 0.05) between treatments according to the Duncan’s multiple 
range test

Treatment NO3
− NO2

− NH4
+ Protein Carbohydrate

Control 30 ± 0.58b 24 ± 0.48b 20 ± 0.40c 5.04 ± 0.06b 11.2 ± 0.23ab
Cd1 26 ± 0.46c 21 ± 0.35d 24 ± 0.47b 4.42 ± 0.06d 10.7 ± 0.23c
Cd2 19 ± 0.38e 17 ± 0.23f 25 ± 0.50a 3.42 ± 0.07e 9.6 ± 0.20d
+HBL 35 ± 0.69a 32 ± 0.63a 19 ± 0.38cd 6.12 ± 0.09a 12.8 ± 0.26a
Cd1 + HBL 30 ± 0.58b 22 ± 0.44c 20 ± 0.40c 4.92 ± 0.15c 12.0 ± 0.23b
Cd2 + HBL 24 ± 0.43d 19 ± 0.31e 21 ± 0.36e 4.44 ± 0.06d 10.7 ± 0.23d
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level of significance was less. Furthermore, the nitrogen 
metabolic enzymes such as NR (r = −0.966; P < 0.01), 
NiR (r = −0.885; P < 0.01), GS (r = −0.979; P < 0.01) 
and GOGAT (r = −0.979; P < 0.01) were also showing 

negative correlations and GDH (r = 0.962; P < 0.01) 
was positively correlated with the Cd alone while 
together with HBL the correlation was similar but the 
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Fig. 5  Impact of exogenous homobrassinoloid (HBL) on nitrate 
reductase (NR), nitrite reductase (NiR), glutamine synthase (GS), 
glutamate synthase (GOGAT) and glutamate dehydrogenase (GDH) 
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 Cd2) stress. Data are means ± standard error of three replicates. Val-
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nificance level between treatments according to the Duncan’s multiple 
range test
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level of significance was found to be decreased for NR 
(r = −0.544; P < 0.05) and NiR (r = −0.672; P < 0.05) 
only (Table 3).

Discussion

The present study was performed to analyze the mecha-
nisms of the beneficial effect of 28-homobrassinoloid 
(HBL) on S. lycopersicum seedlings exposed to two levels 
 (Cd1 and  Cd2) of cadmium. The toxicity of Cd increased 
with progressive rise in Cd concentration in sand cul-
ture. Such reduction in growth could be ascribed mainly 
to decrease in (i) pigment contents and photosynthetic  O2 
yield, (ii) performance of photosystem II (PS II) due to 
considerable accumulation of Cd in test seedlings (Fig. 2). 
In agreement with our result Hasan et  al. (2011) also 
noticed the decrease in growth parameters of S. lycopersi-
cum under increasing concentration of Cd. The foliar appli-
cation of HBL significantly (P < 0.05) alleviated Cd toxic-
ity in seedlings and it appeared that exogenous HBL played 
important role in counteracting the inhibitory effects of Cd 
stress on growth. The results are in agreement with those 
recorded by Ahammed et al. (2013) where brassinosteroids 
(BRs) modified the Cd toxicity in tomato plants. Further, 
the appreciable increase in the growth of seedlings owing 
to application of HBL could be correlated with increased 
photosynthetic activity as evidence by photosynthetic oxy-
gen yield and chlorophyll fluorescence indices. Accumu-
lation of Cd in roots at both the doses was considerably 
high (3.81- to 3.98-folds) as compared to shoots which 
indicates lower rate of translocation from roots to shoots. 
HBL application though caused substantial reduction in 
Cd accumulation in roots and shoots; however, the trans-
location ratio of Cd in roots to shoots was not affected. Our 
results are in agreement with earlier work where Cd accu-
mulation was about seven times greater in roots than shoots 
in tomato plants and in presence of other plant hormone 

24-epibrassinolide, a significant reduction in Cd accumu-
lation was noticed (Ahammed et al. 2013). The significant 
rise in growth performance of Cd exposed seedlings fol-
lowing HBL application could be explained on the basis of 
decreased Cd accumulation (Fig.  2). The damaging effect 
on Chl and Car contents in S. lycopersicum seedlings may 
directly be linked with Cd induced inhibitory effect on 
enzymes involved in pigment biosynthesis as reported in 
barley leaves (Sabater and Rodriquez 1978). In contrast to 
this, the appreciable rise in Chl and Car contents by HBL 
application in Cd treated seedlings may be correlated with 
stimulating effect on pigments biosynthesis and down regu-
lation of pigment degradation process. Similarly, Hayat 
et al. (2007) also reported that 28-HBL  (10−8 M) increased 
chlorophyll pigment concentration in Brassica juncea plant 
pre-treated with NaCl.

In order to understand the Cd induced impact on pho-
tosynthesis, photosynthetic oxygen yield and chlorophyll 
fluorescence indices were analyzed in HBL treated and 
untreated S. lycopersicum seedlings. Photosynthetic oxygen 
yield was found to decline with Cd concentration depend-
ent manner which may be correlated with the direct effect 
of Cd on oxygen evolving complex and different compo-
nents of light reactions (Prasad and Zeeshan 2005). Besides 
this, the decrease in oxygen evolution might have resulted 
due to substantial damaging effect on light harvesting pig-
ments. The dark respiration rate significantly increased with 
the increasing Cd concentrations which could be correlated 
with the supply of ATP needed to carry on the basic metab-
olism of plants (Prasad and Zeeshan 2005). Furthermore, 
Cd is known to induce uncoupling effect; hence enhanced 
respiratory oxygen uptake was noticed (Tiwari et al. 2002).

Photosynthetic  O2 evolution in plants is directly corre-
lated with photochemical activity of PS II thus the chloro-
phyll a fluorescence measurement which is emerged as a 
non-invasive and powerful technique to elucidate the dam-
aging alterations in photosynthetic organization (PS II) in 
stressed plants (Govindjee 1995). The maximum primary 

Table 3  Values of Pearson correlation coefficient to show impact of cadmium (Cd) and foliar application of homobrassinoloid (HBL) on differ-
ent parameters of S. lycopersicum seedlings exposed to cadmium stress

Positive correlation (+) showed that values for selected parameters were increased while negative correlation (−) showed that the values were 
decreased with increasing concentration of Cd and HBL
* Significant at P < 0.05, ** Significant at P < 0.01, ns non-significant

Treatments Parameters

Fresh weight Photosynthesis Respiration NR NiR GS GOGAT GDH

Cd r = −0.929**
P < 0.01

r = −0.961**
P < 0.01

r = 0.832**
P < 0.01

r = −0.966**
P < 0.01

r = −0.885**
P < 0.01

r = −0.979**
P < 0.01

r = −0.979**
P < 0.01

r = 0.962**
P < 0.01

HBL r = 0.908**
P < 0.01

r = 0.765*
–

r = −0.912*
P < 0.05

r = 0.980**
P < 0.01

r = 0.901*
P < 0.05

r = 0.978**
P < 0.01

r = 0.955**
P < 0.01

r = 0.696*
P < 0.05

Cd + HBL r = −0.396ns

–
r = −0.866**
P < 0.01

r = 0.506*
P < 0.05

r = −0.544*
P < 0.05

r = −0.672*
P < 0.05

r = −0.896**
P < 0.01

r = −0.907**
P < 0.01

r = 0.926**
P < 0.01
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yield  (Fv/Fm) of photochemistry of PS II was decreased by 
Cd. The reduction in  Fv/Fm signifies towards the inability 
of PS II in reducing the primary acceptor  (QA) under Cd 
stress, while decline in size and number of active photosyn-
thetic centres  (Fv/F0) is indicating either a decreased rate of 
photochemistry (as primary electron acceptor pool becomes 
increasingly oxidized), or a reduction of the pool size of  QA 
associated with PS II activity (Krause and Weiss 1991). 
Considerable decrease in  Fv/Fm (φP0), Ψ0, φE0 and  PIABS 
under Cd stress indicated an inhibition of downstream of 
 QA

− electron transfer. Hence, high concentration of Cd may 
inhibit the electron transport from  QA

− to  QB. Similarly, 
significantly decreased performance index  (PIABS) of test 
seedlings exposed to Cd was due to a decrease in the values 
of  Fv/F0,  Fv/Fm (φP0), Ψ0 and φE0. Furthermore, under Cd 
stress increased energy flux parameters such as ABS,  TR0, 
 ET0 and  DI0 per RC in PS II may due to (i) decreased num-
ber of active reaction centers (Singh and Prasad 2015) and 
(ii) decreased photosynthetic pigments and photosynthesis. 
However, in Cd stressed seedlings HBL application exhib-
ited an ameliorating effect on Cd induced toxicity on PS II 
photochemistry as evidence by less decrease in the values 
related with fluorescence kinetic parameters (i.e. φP0, Ψ0, 
φE0 and  PIABS) and a slower rise in energy flux (ABS,  TR0, 
 ET0 and  DI0) parameters. This effect was more prominent 
in  Cd1 stressed seedlings under HBL application.

Protein and nitrogen contents may be considered as 
important indicators to assess the growth performance of 
plants under stress conditions. Protein synthesis is closely 
related to the production of new tissue and considered as 
a principal sink for nitrogen compounds. Cd at both the 
doses decreased leaf protein content in test plant (Table 2). 
Our results are in agreement with the earlier findings where 
Balestrasse et  al. (2003) in Glycine max had correlated 
decrease in protein content under Cd stress as a result of 
enhanced protein degradation due to increased protease 
activity and/or decreased protein synthesis. Furthermore, 
the reduction in protein content under Cd stress might be 
associated with the possible decrease in amino acid con-
tent as a result of significant inhibition in GS and GOGAT 
activities in test plant (Fig. 5), and similar explanation has 
also been given for soybean by Balestrasse et  al. (2003) 
and for Solanum nigrum and Solanum torvum by Xu et al. 
(2012) under Cd stress. However, with 28-HBL treatment 
in Cd stressed seedlings significant rise in the protein con-
tent over the values recorded under Cd stress only may be 
explained on the basis of more amino acid influx through 
GS-GOGAT pathway. Our results are in agreement with the 
earlier finding where Cd and Hg stressed Raphanus sati-
vus showed significant rise in protein level following HBL 
application (Sharma et al. 2014).

Nitrogen is an integral part of proteins, nucleic acids 
and other important molecules like chlorophylls that 

determines growth and development of plants. The first 
step of nitrogen metabolism is catalyzed by cytosolic NR 
activity that converts  NO3

− into  NO2
− and subsequently 

 NO2
− is converted into  NH4

+ by the action of chloroplastic 
NiR activity (Ogawa et al. 2000). In this study, the decrease 
in  NO3

− contents in leaf tissues could also be correlated 
with (i) Cd-induced possible decrease in transpiration 
which may result into appreciable decrease in  NO3

− translo-
cation from root to shoot through xylem, (ii) excess genera-
tion of ROS induced by Cd which increased the membrane 
leakage in cells and decrease the nitrate absorption by root 
cells (Lu et al. 2009). Further, the reduction in  NO2

− con-
tent may directly be linked with reduced  NO3

− contents and 
also due to significant inhibition of NR activity. Contrary 
to this, increase in  NH4

+ under Cd stress in concentration 
dependent manner is probably due to (i) enhanced proteoly-
sis activity and (ii) hindrance in ammonia assimilation pro-
cess. On the other hand, Cd stressed seedlings upon HBL 
treatment exhibited significant rise in the nitrite contents 
even under Cd stress that may also be correlated with HBL 
induced increased activity of NR in leaf tissues of test seed-
lings. Cd stressed seedlings with 28-HBL treatment caused 
significant reduction in  NH4

+ content that could occur due 
to faster utilization of  NH4

+ to generate amino acid through 
increased GS and GOGAT pathway.

Furthermore, marked decrease was recorded in NR 
and NiR activities in test seedlings under Cd stress and 
this decrease might have occurred due to (i) reduced 
 NO3

− uptake by roots or low  NO3
− translocation through 

the xylem and subsequently low availability to plants or 
limitation in reducing capacity (Kumar and Joshi 2008), (ii) 
increased production of ROS that may alter the active site 
of enzymes and/or on enzyme synthesis (Balakumar and 
Paliwal 1998) and (iii) Cd might have down regulated the 
genes related to NR enzymes. Furthermore, in the present 
study, HBL  (10−8 M) improved nitrogen metabolism, i.e. 
activity of nitrate reductase that may be because of BR and 
ABA act antagonistically and co-regulate various develop-
mental process related to nitrogen metabolism (Chan and 
Gresshoff 2009).

In plants,  NH4
+ may be gradually formed at different 

metabolic reaction and its high level is deleterious to plant 
cell. Therefore, plants have developed a mechanisms via 
the GS/GOGAT cycle or GDH (an alternative routes for 
assimilating ammonium may be triggered when GS activ-
ity is impaired) pathways to minimize damage by ammonia 
(Britto and Kronzucker 2002). The  NH4

+ produced by NiR 
activity is then incorporated into an organic form primar-
ily by GS/GOGAT cycle (Hodges 2002). Our results indi-
cated that the decreased GS and GOGAT activities in seed-
lings seemed to be connected with the disturbance in  NH4

+ 
assimilation process as indicated by decreased protein 
and nitrogen contents, and increased  NH4

+ content under 
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Cd stress. On the contrary, we have reported a marked 
increase in GDH activity under Cd stress and this increase 
in GDH activity might have compensated decreased GS 
and GOGAT activities. However, under similar treatments 
it seems that increased GDH activity might not be suffi-
cient to sustain  NH4

+ assimilation as indicated by increased 
 NH4

+ content and decreased growth under Cd stress. It 
has been reported that GDH activity did not participate in 
primary  NH4

+ assimilation process in plants (Masclaux-
Daubresse et  al. 2006) however, under stress increase in 
GDH activity may play an important role in relieving pres-
sure of  NH4

+ accumulation and in the production of glu-
tamate for synthesis of protective compounds (Skopelitis 
et  al. 2006; Gajewska and Sklodowska 2009). Moreover, 
application of HBL together with Cd showed lower GDH 
activity in comparison to the activity in Cd alone treated 
seedlings. The results suggest that seedlings grown under 
Cd toxicity when sprayed with HBL have improved pri-
mary route of  NH4

+ assimilation i.e. GS/GOGAT pathway 
than in Cd alone treated seedlings. Further, the alleviation 
in Cd phytotoxicity by the exogenous application of HBL is 
mostly due to increased levels of protein and carbohydrate 
contents and sustained nitrogen metabolism compared to 
Cd treatments alone. The beneficial aspects of HBL are also 
justified by correlating the studied parameters with both the 
treatments using Pearson correlation analysis. It showed 
that when the HBL was applied with Cd then the reduc-
tion in growth of seedlings was non-significant (Table  3) 
whereas only with Cd it was highly significant (P < 0.01) 
that exhibited ameliorative role of HBL in the reduction of 
Cd toxicity on plant growth.

Conclusion

This study indicated that exogenous application of HBL 
caused differential changes in S. lycopersicum seedlings 
under Cd phytotoxicity. Cd decreases the growth, photosyn-
thetic pigments, photosynthesis and nitrogen metabolism, 
which was accompanied by significant increase in accumu-
lation of Cd in tissues. Foliar application of  10−8 M HBL 
in seedlings together with Cd improved the growth, pho-
tosynthesis and nitrogen metabolism along with the reduc-
tion in Cd accumulation compared to seedlings treated with 
Cd alone. Thus, results suggest that application of HBL has 
practical importance in agricultural systems, as it improves 
the yield as well as quality of crops by reducing the Cd tox-
icity and by regulating physiological performance of plant. 
It also minimizes risk to human health by decreasing the 
metal accumulation in vegetable crops significantly.
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