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Is foliar spray of proline sufficient for mitigation of salt stress
in Brassica juncea cultivars?
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Abstract The effects of foliar application of proline (20 mM)
on growth, physio-biochemical, and yield parameters were
assessed in two Brassica juncea (L.) Czern & Coss cultivars,
namely, Varuna and RH-30, at different levels (2.8, 4.2, or
5.6 dsm−1) of NaCl in soil. At 29 days after sowing (DAS),
plants were sprayed with either 20 mM proline or water in the
presence or absence of NaCl stress. The NaCl negatively af-
fected parameters related to growth, photosynthesis, and yield
in both varieties but more in RH-30 than in Varuna.
Exogenous application of proline counteracted the effects of
salt stress in Varuna only, by increasing the antioxidative ca-
pacity of the plants. Moreover, proline was not effective in
alleviating the detrimental effects of higher salt concentrations
on the studied parameters. Proline application to unstressed
plants increased growth, photosynthesis, and yield parameters
in both varieties; however, the effects were more prominent in
Varuna than in RH-30.
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Introduction

In arid and semi-arid regions, salt stress adversely affects
physiological and biochemical processes such as photosynthe-
sis, ion regulation, and water relations that ultimately lead to
the reduction in yields, posing serious threats to agriculture
(Ashraf 2004; Ashraf et al. 2008). Moreover, salinity stress
decreases the activity of carbonic anhydrase (CA) enzyme
which is important in plant carbon acquisition (Badger
2003). This enzyme catalyses the dehydration of HCO3−
and provides a constant supply of CO2 to Rubisco in the chlo-
roplast (Majeau and Coleman 1994). Plants respond to salt
stress in two phases, a rapid osmotic phase that inhibits growth
of young leaves and a slower ionic phase that accelerates
senescence of mature leaves.

Temperature increase due to global climate change will
intensify the effects of soil salinity in the near future (Huang
et al. 2013). Therefore, it is imperative to identify and cultivate
salt-tolerant plants. Many plants have evolved mechanisms to
adapt to saline environments; one such mechanism involves
osmotic adjustment for plant cellular homeostasis in saline
conditions (Chen and Jiang 2009). Plants undergo osmotic
adjustments under stress by excluding Na+ and Cl− ions which
cause ion toxicity and accumulating K+ and Ca2+ that enable
plants to withstand salt stress (Sahu et al. 2010). Moreover,
plants also accumulate several compatible solutes in the cyto-
sol such as polyols, betaine, trehalsose, ectoine, and proline
(Hasegawa et al. 2000). Among these, proline has been exten-
sively researched for osmoprotection against stress. Proline is
a critical osmoprotectant that safeguards plants against oxida-
tive stress (Ashraf and Foolad 2007). Proline is an essential
amino acid which is ubiquitous in all plants, where it serves
multiple metabolic roles (Szabados and Savoure 2009). It acts
as a plant growth regulator by activating various signaling
processes (Yang et al. 2009).
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It is known that plants increase their proline levels with
increase in salinity stress. When plants are relieved from the
stress, the accumulated proline is metabolized to produce re-
ducing agents which support mitochondrial oxidative phos-
phorylation and generation of ATP, for recovery and repair
of stress-induced changes (Hare et al. 1998). Exogenous pro-
line application as a foliar spray has been demonstrated to
decrease the detrimental effects of various abiotic stresses in
plants (Ali et al. 2007). Exogenous application of proline mit-
igated the negative effects of salt stress on plant growth
(Nounjan et al. 2012), improved gas exchange parameters
(Wani et al. 2012), up-regulated stress protective protein ex-
pression (Khedr et al. 2003), reduced lipid peroxidation
(Okuma et al. 2004), and increased activities of antioxidant
enzymes (Wani et al. 2012). With the above facts in mind, the
present work was designed to determine whether foliar appli-
cation of proline mitigates the toxicity generated by salt stress
in mustard plants.

Materials and methods

Seeds of Brassica juncea (L.) Czern & Coss cv. Varuna and
RH-30 were surface-sterilized by 0.01 % mercuric chloride
solution and washed two to three times with double-distilled
water (DDW) prior to sowing. The seeds were sown in earthen
pots (25 × 25 cm) containing soil amended with different
levels (2.8, 4.2, or 5.6 dsm−1) of NaCl. Pots were kept in the
net house under natural conditions. Three plants were main-
tained per pot, and each treatment had five replicates. The
experiment used a simple randomized block design.

Foliage was sprayed with DDW or proline (20 mM) at
29 days after sowing (DAS). The sprayer was adjusted such
that it pumped out 1 mL of either liquid in one spray. The
required number of plants was sampled at 60 DAS to assess
growth and physiology. The remaining plants were harvested
at maturity (about 120 DAS) to study yield characteristics.

Growth parameters

At 60 DAS, plants were removed along with soil and dipped
in water to dislodge adhering soil particles without injuring
the roots. The lengths of the root and shoot were measured on
ameter scale. The roots and shoots were weighed separately to
record fresh mass and were then oven-dried at 80 °C for 72 h.
The samples were weighed again to record respective dry
mass. Leaf area was determined by tracing the outline of the
leaf on graph paper and counting the squares covered.

Electrolyte leakage and leaf water potential

The method described by Sullivan and Ross (1979) was
followed to measure electrolyte leakage in leaves. The leaf

water potential (LWP) was measured using a Psypro® water
potential system (Wescor Inc., USA).

CA activity

CA activity was measured by the method of Dwivedi and
Randhawa (1974).

SPAD chlorophyll value and photosynthetic attributes

An SPAD chlorophyll meter (Minolta 502) was used to assess
the SPAD values of chlorophyll in intact leaves. The photo-
synthetic attributes [net photosynthetic rate (PN), stomatal
conductance (gs), internal CO2 concentration (Ci), and transpi-
ration rate (E)] were measured using a portable photosynthetic
system (LICOR-6400, Lincoln, NE, USA). These measure-
ments were recorded on the uppermost fully expanded leaf
of the main branch between 11:00 and 13:00 h under bright
sunlight. Atmospheric conditions during measurements were
photosynthetically active radiation 1016±61mol m−2 s−1, rel-
ative humidity 60±3 %, atmospheric temperature 22±1 °C,
and atmospheric CO2 360 μmol mol−1.

Maximum quantum yield of PSII

The maximum quantum yield of PSII (Fv/Fm) was measured
on the adaxial surface of the intact leaf using the LICOR-6400
photosynthesis system. Prior to measurements, plants were
left for 30 min in the dark at room temperature. The chloro-
phyll molecules were excited for 10 s by actinic light with a
photon flux density of 40 μmol m−2 s−1.

Activity of antioxidant enzymes

Fresh leaves (0.5 g) were homogenized with 5 mL of 50 mM
phosphate buffer (pH 7.0) containing 1 % polyvinylpyrroli-
done (PVP). The homogenate was centrifuged at 10,000×g for
10min. The supernatant was collected and used as a source for
enzyme assays. The entire extraction process was carried out
at 4 °C.

The activities of peroxidase (POX) and catalase (CAT)
were assayed by the method of Chance and Maehly (1956),
while the activity of superoxide dismutase (SOD) was assayed
by the method of Beauchamp and Fridovich (1971).

Proline content

Proline content in fresh leaves was determined by the method
of Bates et al. (1973).
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Statistical analysis

Treatment means were compared by analysis of variance
using SPSS® (SPSS version 17; Chicago, USA). Least signif-
icant difference (LSD) was calculated at the 5 % level of
probability. Standard error between the replicates was calcu-
lated. Duncan’s multiple range test was used to the data to
separate the means.

Experimental results

Growth parameters

Foliar application of proline significantly (p<0.05) increased
growth parameters (length, fresh mass and dry mass of shoot
and root, and leaf area) both in Varuna and RH-30 (Figs. 1 and
2a). Shoot length increased by 45 and 38 %, root length by 33
and 28 %, shoot fresh mass by 43 and 35%, root fresh mass by
34 and 27 %, shoot dry mass by 49 and 40 %, root dry mass by
41 and 32 %, and leaf area by 23 and 18 % in Varuna and RH-
30, respectively, over the control plants. However, plants
grown in the NaCl-amended soil exhibited a sharp decrease
in growth; variety RH-30 was more vulnerable than Varuna.
The application of proline as a follow-up treatment to the
stressed plants partially neutralized the damaging effects of
the salt (Fig. 1).

Electrolyte leakage and leaf water potential

The applied NaCl significantly (p<0.05) increased electrolyte
leakage in both varieties. The 5.6 dsm−1 rate was most damag-
ing; i.e., electrolyte leakage increased by 20 and 25% inVaruna
and RH-30, respectively, over the control plants at 60 DAS
(Fig. 2b). However, the proline spray significantly decreased
electrolyte leakage at 60 DAS as compared to the unsprayed
control plants. Moreover, the follow-up treatment with proline
spray to stressed plants completely neutralized the impact of the
lowest concentration (2.8 dsm−1) of NaCl on leakage; this effect
was more pronounced in Varuna than in RH-30.

Foliar application of proline increased LWP in both varie-
ties at 60 DAS (Fig. 2c). The proline treatment increased LWP
by 17 and 11 % in Varuna and RH-30, respectively, over the
control. Soil-applied NaCl caused significant reduction in
LWP, which was more pronounced in RH-30 than Varuna.
However, proline applied as a follow-up treatment completely
neutralized the LWP reduction caused by the lowest concen-
tration (2.8 dsm−1) of NaCl.

CA activity

The different levels of NaCl significantly (p<0.05) decreased
CA activity in leaves of Varuna and RH-30 in a concentration-

dependent manner at 60 DAS (Fig. 2d). However, proline
application to non-stressed plants enhanced CA activity sig-
nificantly by 17 and 10 % in Varuna and RH-30, respectively,
over the control. Moreover, the damaging effects of the lowest
concentration (2.8 dsm−1) of NaCl were completely neutral-
ized by the follow-up action of proline in Varuna and partially
in RH-30.

SPAD chlorophyll

Application of proline enhanced SPAD chlorophyll values in
both varieties (Fig. 3a). However, the presence of NaCl in the
soil significantly (p < 0.05) decreased SPAD chlorophyll
values in a concentration-dependent manner. The 5.6-dsm−1

NaCl rate decreased SPAD chlorophyll by 24 and 31 % in
Varuna and RH-30, respectively, compared with the control.
However, proline as a follow-up treatment to NaCl-stressed
plants neutralized the toxic effects of the lowest NaCl concen-
tration (2.8 dsm−1).

Photosynthetic attributes

Proline foliar spray significantly (p<0.05) increased the PN

and related attributes, i.e., gs, Ci, and E in both varieties
(Varuna and RH-30) at 60 DAS (Fig. 3b–e). The PN increased
by 25 and 18 %, gs increased by 40 and 36 %, Ci increased by
17 and 10 %, and E increased by 24 and 14 % in Varuna and
RH-30, respectively, over the control. NaCl in the soil resulted
in a significant (p<0.05) decrease in PN and its related attri-
butes in both varieties. These effects were more pronounced in
RH-30 than Varuna. Proline application to the stressed plants
completely neutralized the damaging effects of the lowest
NaCl concentration (2.8 dsm−1) in Varuna at 60 DAS.

Maximum quantum yield of PSII (Fv/Fm)

Proline application increased Fv/Fm values in both varieties
(Varuna and RH-30) at 60 DAS (Fig. 3f). The increases in Fv/
Fm values were 9 and 6 % in Varuna and RH-30, respectively,
over the control. Soil-applied NaCl significantly (p<0.05)
decreased Fv/Fm values. Proline application to the salt-
stressed plants completely overcame the toxic effects generat-
ed by the lowest NaCl concentration (2.8 dsm−1) in Varuna at
60 DAS. The variety RH-30 was less responsive to the proline
application than was the Varuna.

Activities of antioxidant enzymes

Proline application and/or different concentrations of soil
NaCl resulted in a significant (p< 0.05) increase in activ-
ities of the antioxidant enzymes (CAT, POX, and SOD)
over the control (Fig. 4a–c). The highest NaCl concen-
tration (5.6 dsm−1) with proline application generated
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maximal increases in CAT (41 and 23 %), POX (67 and
54 %), and SOD (74 and 50 %) in Varuna and RH-30,
respectively, over the control. Of the two varieties, RH-
30 expressed lower activity of antioxidant enzymes than
did Varuna.

Proline content

Foliar proline application significantly (p<0.05) increased
proline content by 17 and 13 % in Varuna and RH-30, respec-
tively, compared with the control at 60 DAS (Fig. 4d).

Fig. 1 Effect of proline (20 mM)
as foliar spray and/or soil-applied
sodium chloride (NaCl; 2.8, 4.2,
or 5.6 dsm−1) on length (a, b),
fresh mass (c, d), and dry mass (e,
f) of shoot and root in two
varieties (Varuna and RH-30) of
Brassica juncea (L.) Czern &
Coss. The letters A–H and A/–H/

above the bars denote the
statistical significance (Duncan’s
multiple range test) of the
differences between individual
treatments (only those marked
with different letters differ
significantly at p< 0.05)
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Moreover, soil-applied NaCl increased proline content and the
increase was proportional to soil NaCl concentration.
Furthermore, exogenous proline application to the stressed
plants imparted an additive effect. The maximum increase in
proline content was recorded in plants treated with the highest
NaCl concentration and sprayed with proline; this effect oc-
curred for both varieties.

Yield characteristics per plant

At the time of harvest, plants grown in the NaCl-amended soil
experienced a sharp decrease in yield characteristics (number
of pods per plant, number of seeds per pod, 100 seed mass,
and seed yield) in both Varuna and RH-30 (Fig. 5a–d). The
decrease was in proportion to degree of NaCl stress. However,
the foliar proline application to stress-free plants significantly
(p<0.05) increased number of pods per plant (24 and 21 %)
and seed yield (30 and 25 %) in Varuna and RH-30, respec-
tively, over the control plants. Moreover, proline application
to stressed plants partially neutralized the harmful effects of

NaCl (2.8 dsm−1) in Varuna. The negative effects of the other
NaCl concentrations (4.2 or 5.6 dsm−1) were not overcome by
the proline spray.

Discussion

Salt stress in soil decreased growth and production of mustard
plants by impacting specific physio-biochemical characteris-
tics (Wani et al. 2013). The excess salt present in the soil
decreased the activity of carbonic anhydrase in both varieties
in a concentration-dependent manner (Fig. 2d) due to the neg-
ative impact on gene expression of CA (Liu et al. 2012).
Similar results have been reported by others (Wani et al.
2013; Liu et al. 2012; Hayat et al. 2011). As discussed earlier,
CA plays a key role in enabling a constant supply of CO2 to
Rubisco. The assimilation of carbon dioxide and the Calvin
cycle are among the first processes adversely affected by the
stress, and a decrease in CA activity will therefore hinder
carbon availability for photosynthesis. Moreover, the

Fig. 2 Effect of proline (20 mM)
as foliar spray and/or soil-applied
sodium chloride (NaCl; 2.8, 4.2,
or 5.6 dsm−1) on leaf area (a),
electrolyte leakage (b), leaf water
potential (c), and carbonic
anhydrase (CA) activity (d) in
two varieties (Varuna and RH-30)
of Brassica juncea (L.) Czern &
Coss. The letters A–H and A/–G/

above the bars denote the
statistical significance (Duncan’s
multiple range test) of the
differences between individual
treatments (only those marked
with different letters differ
significantly at p< 0.05)
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inhibition of photosynthetic oxygen evolution may contribute
to CA activity that caused carbon availability decrease as in-
hibition of photosynthetic oxygen evolution inhibition indi-
cates inhibition of photosynthetic carbon fixation (Liu et al.
2012). However, the exogenous application of proline to
stressed or stress-free plants improved the activity of the en-
zyme. It is known that proline interferes with the side chains of

constituent amino acids of the proteins (enzymes) which gov-
ern their 3D structure, thus playing a protective role (Paleg
et al. 1981). This thereby increases the activity of enzymes. A
similar type of interaction might be taking place between CA
and proline to enhance the activity of this enzyme.

The plants under salt stress lost a significant level of leaf
chlorophyll (SPAD value) (Hayat et al. 2011;Wani et al. 2013;

Fig. 3 Effect of proline (20 mM)
as foliar spray and/or soil-applied
sodium chloride (NaCl; 2.8, 4.2,
or 5.6 dsm−1) on SPAD
chlorophyll (a), net
photosynthetic rate, PN (b);
stomatal conductance, gs (c);
internal CO2 concentration, Ci

(d); transpiration rate, E (e); and
maximum quantum yield of PSII,
Fv/Fm (f) in two varieties (Varuna
and RH-30) of Brassica juncea
(L.) Czern & Coss. The letters A–
H and A/–H/ above the bars
denote the statistical significance
(Duncan’s multiple range test) of
the differences between
individual treatments (only those
marked with different letters
differ significantly at p < 0.05)
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Akbari Ghogdi et al. 2012; Heidari 2012; Fig. 3a) in a
concentration- and variety-dependent manner. It is possible
that salinity either inhibits its synthesis or accelerates the deg-
radation of chlorophyll molecules (Iyengar and Reddy 1996).
However, the harmful effects of NaCl were overcome in the
plants sprayed with proline. Being membrane-bound, the sta-
bility of chlorophyll molecules depends on membrane integ-
rity which has been possibly maintained in our study by pro-
line application, as it acts as a membrane stabilizer (Ashraf
and Foolad 2007). These studies are in conformity with those
for other crops (Ahmed et al. 2010; Ahmed et al. 2011b;
Aggarwal et al. 2011).

Accumulation of ABA during salt stress causes closure of
stomata (Yang and Lu 2005), which results in a decrease in
partial pressure of CO2 in the stroma (Iyengar and Reddy
1996) that becomes the direct cause for the decrease in the
gs, Ci, and E as observed in the present study (Fig. 3c–e).
These factors, in combination, lead to the observed decrease
in the PN (Fig. 3b), as it has already been shown that PN is
positively correlated with gs and Ci (Lu et al. 2009). The loss
in SPAD chlorophyll values (Fig. 3a) and CA activity

(Fig. 2d) are other reasons to justify the decline of PN in the
stressed plants. These results get further support from Wu
et al. (2012), Wang et al. (2010), Ahmad et al. (2012), and
Wani et al. (2013). The recovery in photosynthetic attributes
in the stressed plants could be attained to some extent by
exposing them to proline as a follow-up treatment (Fig. 3b–
e). Photosynthesis depends on stomatal movement and meso-
phyll cell metabolism (proteins associated with PSI, PSII, and
chlorophyll) (Athar and Ashraf 2005). From the present work,
it can be therefore inferred that proline application causes an
increase in stomatal conductance by maintaining appropriate
cellular turgor (Kamran et al. 2009), thereby facilitating sub-
stomatal accumulation and assimilation of CO2 at a higher
rate. These observations suggest that photosynthetic enhance-
ment primarily corresponds to increased stomatal conductance
with a higher CO2 diffusion rate within the leaves to activate
PN. Ahmed et al. (2010), working with young Olea europaea
and Wani et al. (2012) with B. juncea plants proposed similar
inferences. Moreover, higher chlorophyll contents (Fig. 3a)
and CA activity (Fig. 2d) under exogenous proline application
would be expected to result in higher PN. Beyond these

Fig. 4 Effect of proline (20 mM)
as foliar spray and/or soil-applied
sodium chloride (NaCl; 2.8, 4.2,
or 5.6 dsm−1) on activities of
catalase, CAT (a); peroxidase,
POX (b); superoxide dismutase,
SOD (c); and proline content (d)
in two varieties (Varuna and RH-
30) of Brassica juncea (L.) Czern
& Coss. The letters A–H and A/–
H/ above the bars denote the
statistical significance (Duncan’s
multiple range test) of the
differences between individual
treatments (only those marked
with different letters differ
significantly at p< 0.05)
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findings, proline also improved cell water relations, i.e., leaf
water potential (Fig. 2c) and membrane structure and stability
(Slathia et al. 2012; Yan et al. 2011) in order to decrease
electrolyte leakage (Fig. 2b), which would have been helpful
in maintaining normal cellular metabolism.

The suppression of PSII activity resulted in decrease of
photochemical efficiency under salt stress (Fig. 3f; Mehta
et al. 2010). NaCl damages the PSII electron transport chain
(Megdiche et al. 2008) where it blocks the transfer of electrons
from the primary acceptor plastoquinone (QA) to the second-
ary acceptor plastoquinone (QB) at the acceptor side of PSII,
which leads to the decrease in Fv/Fm values (Mehta et al.
2010; Shu et al. 2012). Our results receive further support
from Kanwal et al. (2011), Wu et al. (2012), and Wani et al.
(2013). The spray of proline to the stressed/stress-free plants
improved the values of Fv/Fm (Fig. 3f). The similar results
were also reported by Oukarroum et al. (2012), Moustakas
et al. (2011), and Yan et al. (2011), who cultured plants under
various types of stresses.

Under normal conditions, the reactive oxygen species
(ROS) are generated at a very slow rate and an appropriate
balance is maintained between their production and
quenching. However, various environmental stresses disturb
this balance and give rise to rapid increases in intra- and inter-
cellular ROS levels (Sharma et al. 2010), which may induce
oxidative damage to lipids, proteins, and nucleic acids
(Sharma et al. 2012). In order to avoid this oxidative damage,
plants raise the level of enzymatic (such as CAT, POX, and
SOD) and non-enzymatic (such as proline) antioxidative com-
ponents (Fig. 4a–c; Sharma et al. 2010) to scavenge the ROS.
SOD, a metalloenzyme, is important in plant stress tolerance
and provides the first line of defense against the toxic effects
of ROS generated by the stress. These SODs remove the su-
peroxide (O2

−) radical by catalyzing its dismutation, one O2
−

being reduced to hydrogen peroxide (H2O2) and another oxi-
dized to anO2 molecule. Removal of the O2

− radical decreases
the risk of hydroxyl (OH•) radical formation via the Haber-
Weiss reaction.

Fig. 5 Effect of proline (20 mM)
as foliar spray and/or soil-applied
sodium chloride (NaCl; 2.8, 4.2,
or 5.6 dsm−1) on pods plant−1 (a),
seeds pod−1 (b), 100 seed mass
(c), and seed yield plant−1 (d) in
two varieties (Varuna and RH-30)
of Brassica juncea (L.) Czern &
Coss at harvest (120 DAS). The
letters A–G and A/–G/ above the
bars denote the statistical
significance (Duncan’s multiple
range test) of the differences
between individual treatments
(only those marked with different
letters differ significantly at
p< 0.05)
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Catalase is important in the removal of H2O2 generated in
peroxisomes by oxidases involved in β-oxidation of fatty
acids, photorespiration, and purine catabolism. The increase
in the antioxidant system in our study is further corroborated
by other authors (Noreen et al. 2009; Ahmad et al. 2012;Wani
et al. 2013). Moreover, salt-induced increase in proline con-
tent (Fig. 4d) could have been due to increased rate of protein
hydrolysis (Irigoyen et al. 1992), as protein synthetic machin-
ery is diverted toward proline accumulation (Claussen 2005).
Secondly, an enhanced level of proline could be due to its
slower rate of degradation (Kiyosue et al. 1996). Of the two
cultivars tested, Varuna possessed both higher proline content
and activities of CAT, POX, and SOD enzymes than did RH-
30. Such responses as a function of salt tolerance have been
reported earlier, in which salt-tolerant varieties possessed bet-
ter antioxidative defense systems (both enzymatic and non-
enzymatic components) than did salt-sensitive varieties (Sabir
et al. 2011; Hayat et al. 2011). In the present study, we noted
that treatment of stress-free and stressed plants with proline
improved antioxidant enzyme activity and increased proline
content (Fig. 4a–d). It is known that proline acts as a compat-
ible solute, osmoprotectant, and hydroxyl radical scavenger
(Ashraf and Foolad 2007; Hayat et al. 2012); therefore, the
increases in activities of SOD, CAT, and POX under salinity
stress in the presence of exogenous proline are expected.
These results receive further support from Khedr et al (2003)
who reported salinity-induced increases in CAT and POX ac-
tivities in the presence of proline. Moreover, exogenous pro-
line application suppresses H2O2 accumulation accompanied
by an increase in CAT activity under salt stress (Islam et al.
2009). Being a membrane stabilizer, proline application re-
sults in its rapid uptake coupled with de novo synthesis (Zhu
et al. 1990; Santos et al. 1996), thereby increasing the level of
proline (Fig. 4d). Proline action is carried over through its
involvement at transcription and/or translation level (Cuin
and Shabala 2007; Ashraf and Foolad 2007). Furthermore,
higher proline content improves water uptake (Jain et al.
2001), thereby maintaining leaf water potential (Fig. 2c).
These findings suggest that the exogenous proline application
improved salt tolerance in mustard plants by enhancing the
activities of antioxidant enzymes under salt stress. Moreover,
the increases in SOD, CAT, and POX activities and proline
accumulation in leaves of saline-stressed plants strengthen the
hypothesis of Khedr et al. (2003) that suggests a positive re-
lationship among the antioxidant enzymes and proline accu-
mulation under salt stress.

The mustard plants exposed to NaCl experienced reduction
in growth characteristics including decreases in length, fresh
and dry mass of shoots and roots, and leaf area (Figs. 1 and
2a). Salt stress results in decrease in division and elongation of
cells (Pitann et al. 2009), mainly due to alterations in nutrient
uptake, ROS accumulation (Ashraf 2009), inhibition of the
activities of cytoplasmic enzymes, turgor loss (Pitann et al.

2009), and hormonal imbalance (Iqbal and Ashraf 2013),
which impair plant growth and biomass production. Similar
impacts of salt stress on the growth of B. juncea (Wani et al.
2013), Solanum lycopersicum (Hayat et al. 2010), Helianthus
annuus (Akram and Ashraf 2011), Abelmoschus esculentus
(Saleem et al. 2011), and Panicum miliaceum (Sabir et al.
2011) have been reported. However, the adverse effects gen-
erated by salt stress can, to some extent, be overcome by the
application of proline as a follow-up treatment to salt-stressed
plants. The increase in proline content (Fig. 4d) following its
application to foliage protects enzymes (Khedr et al. 2003)
and the 3-D structure of proteins (Paleg et al. 1981), cell or-
ganelles, and membranes by checking lipid peroxidation
(Okuma et al. 2004) and facilitates the availability of energy
for plant growth and survival, thereby helping to overcome
stress (Ashraf and Foolad 2007). Therefore, a higher proline
content acts as an osmoregulator to overcome the impact of
salt stress and improves plant growth (Figs. 1 and 2a; Yancey
1994). Deivanai et al. (2011) and Shahbaz et al. (2013) report-
ed higher proline content associated with improved growth in
rice and eggplant.

During salt stress, the observed decrease in plant growth,
slower rate of photosynthesis (Chen et al. 2009), and unfavor-
able nature of the conducting pathway where the leaves start
behaving as sinks rather than source (Arbona et al. 2005)
result in the loss of yield parameters at harvest (Fig. 5a–d).
Varuna expressed slight resistance to salt stress as compared to
RH-30. However, proline applied to foliage improved yield
characteristics both in stressed and stress-free plants. The fo-
liar spray of proline improved almost all growth parameters
both in the presence or absence of the salt stress. However,
more study is needed at the molecular level to disclose the
cross talk between proline with other phytohormones in pro-
viding tolerance against stress. Of the two cultivars, Varuna
was found more tolerant to salt stress. This varied growth
response of the two mustard varieties could possibly be due
to differential regulation of the processes related to growth at
their genetic, biochemical, and physiological levels.

Conclusion

From the present study, it is concluded that salt stress occurring
in soil adversely affected growth, physio-biochemical charac-
teristics, and ultimately yield of both varieties of B. juncea (L.)
Czern & Coss. Salinity stress induced the increase in antioxi-
dant enzyme activity and proline content in both varieties.
Variety RH-30 was more prone to salinity stress than was
Varuna. In the absence of salt stress, foliar-applied proline im-
proved growth and physio-biochemical characteristics which
led to an increase in yield at harvest in both varieties.
Moreover, in the Varuna variety, proline application mitigated
the negative impact of the lowest concentration of NaCl.
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Overall, proline was not highly effective in alleviating the un-
desirable effects of higher degrees of salt stress in either variety.
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