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Abstract — One of the major issues with brassica oil seed production is the water require-
ment of the brassica crop. To address the problem, field experiments were conducted to
evaluate the effect of potassium (K) and water deficiency levels on canola (Brassica napus
L.). Analysis of the data revealed that application of K, irrigation and interactions between
irrigation and cultivar (I x C), irrigation and potassium (I x K), potassium and cultivar (K
x C), and irrigation and cultivar and potassium (I x C x K) had a significant (p < 0.05) ef-
fect on shoot proline content, relative water content, plant fresh weight and grain yield.
Potassium application, irrigation and interaction between I x C, K x C, and I x C x K had
a significant (p < 0.05) effect on shoot sugar content. Water deficiency increased shoot
proline and sugar contents and decreased relative water content. Potassium application in-
creased shoot proline level in a dose dependent manner. Minimum proline and sugar con-
tents and maximum relative water content, plant fresh and dry weight and yield were ob-
tained when 100% irrigation was applied. Maximum grain yield was obtained upon
application of 100% irrigation in combination with 120 kg ha' K.

Keywords: Brassica napus, grain yield, potassium, proline, relative water content, water
deficiency

Introduction

Plants can cope with drought stress through genetic and adaptive mechanisms. Plants
possess the mechanisms to escape, avoid and/or resist to drought. They can also escape
drought by adjusting their physiological and biochemical development according to the
availability of water in their habitat (ARRAUDEAU 1989). Water stress induces a significant
decrease in metabolic factors such as decrease in chlorophyll content and enhanced accumu-
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lation of proline (GiBon et al. 2000, DI et al. 2011). Free proline accumulation and sugar in
high concentration under abiotic stress has been reported to have an adaptive mechanism
(SarkEeR et al. 1999, RonDE et al. 2004, Soro et al. 2004, MonREAL et al. 2007, Javapi et al.
2008, Keyvan, 2010, MAFakHERI et al. 2010, MousTakas et al. 2011, BAkHT et al. 2013).
Potassium plays a vital role in photosynthesis, translocation of photosynthates, protein syn-
thesis, control of ionic balance, regulation of plant stomata and water use, activation of plant
enzymes and many other processes (REpDY et al. 2004). Potassium is not only an essential
macronutrient for plant growth and development, but also a primary osmoticum in the main-
tenance of the low water potential of plant tissues. Therefore, accumulation of K in plant
tissues under drought stress may play an important role in water uptake along a soil-plant
gradient (GLENN and BrRowN 1998).

The accumulation and release of potassium by stomatal guard cells lead to changes in
their turgor, resulting in stomatal opening and closing (OutLaw 1983). In water-stressed
plants, increased abscisic acid (ABA) levels are known to stimulate the release of potassi-
um from guard cells, giving rise to stomatal closure (AssMANN and SHIMAZAKI 1999). Nu-
merous studies have shown that application of K fertilizer mitigates the adverse effects of
drought on plant growth (ANDERSON et al. 1992, SANGAKKARA et al. 2001). FUSHEING (2006)
has revealed that the lower water loss from plants supplied with sufficient K is due to the
reduction in transpiration, which not only depends on the osmotic potential of mesophyll
cells, but is also controlled to a large extent by the opening and closing of stomata. The ob-
jective of this study was to test the effectiveness of potassium application in mitigation of
water deficiency, with reference to the physiological changes like proline, sugar and rela-
tive water content in four canola cultivars. These findings could be used as screening basics
for further study in breeding programs.

Materials and Methods
Site description

The experimental site of the University of Agriculture Peshawar KPK Pakistan is situ-
ated at 34° N, 72° E and an altitude of 290 meters above sea level. Field experiments were
conducted at Malakandher Research Farm (The University Agricultural Peshawar, KPK
Pakistan) using a randomized complete block design with split plot arrangement. Four cul-
tivars of Brassica napus were investigated: ‘Wester’, ‘Rainbow’, ‘Oscar’, and ‘Legend’.
The following treatments were studied during the course of study: (1) irrigation levels:
100% replacement of evapotranspiration (Et ), 80% replacement of ET , and 60% replace-
ment of Et ; (2) potassium (K) levels: 60 kg ha™' (K1),90 kg ha™' (K2), and 120 kg ha™' (K3).

Biochemical analysis

Moisture content was determined through the gravimetric method by taking samples at
each treatment at 3 depths i.e. 0-30, 30—-60 and 60-90 cm. The moisture content on mass
and volume basis, bulk density, depth of water needed and duration of irrigation were deter-
mined as described by JaMEs (1993). Moisture content was first determined on mass basis
(0,) and was converted to moisture content on volume basis (0 ) by multiplying with bulk
density and dividing by water density. From this the depth of water needed was calculated
for each treatment. Fresh and dry weights of all samples were determined two months after
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sowing. After the taking of fresh weight, plant samples were dried in an oven at 80 °C for
three days to record plant dry weight. Plant height was measured two months after sowing.
In each treatment, plant heights of three plants were measured in cm and then average values
were calculated. Grain yield was calculated by threshing all pods of the plants in each treat-
ment and then converted into grain yield kg ha™'.

Shoot proline content was determined 60 days after sowing using the method of Bates
et al. (1973) with minor modifications. Briefly, frozen plant material of 500 mg was ho-
mogenized in 1.0 ml of sterilized iron free water and centrifuged at 5000 rpm for 5 minutes.
Extract (100 ul) was mixed with acid ninhydrin for 1 h at 100 °C and the reaction was ter-
minated in an ice bath. The reaction mixture was thoroughly shaken and the optical density
was determined at 520 nm. Level of shoot proline content was determined from a standard
curve in the range of 0-20 pg ml™' of L-proline.

Sugar concentration was measured 60 days after sowing as described by Dusois et al.
(1956). Briefly, 20 mg plant tissue was crushed in 4 ml of extraction buffer, centrifuged for
5 minutes at 9000 rpm and the pellet was re-extracted. Two ml each of chloroform and dis-
tilled water were added to the pooled supernatant. Two ml of the sample was mixed with 1
ml of distilled water, 1 ml phenol (C,H,OH) (5%) and 5 ml sulfuric acid. After the appear-
ance of a dark pink color, the mixture was kept at 80 °C for 30 minutes inside the oven. The
samples were then shaken and placed in a water bath at 30 °C for 20 minutes and absor-
bance was measured at 490 nm. Standard of D-glucose (0, 0.2, 0.4, 0.6, 0.8 pmol) was also
prepared using the same procedures.

Relative water contents were determined 60 days after sowing adopting the standard
procedure of Baui et al. (2001). The leaf samples (about 5 cm? each) from all the treatments
were weighed to obtain fresh weight (FW). Turgid weight (TW) was measured by com-
pletely immersing the samples in distilled water and placing them in the dark at 4 °C for 24
h. The samples were blotted on filter paper and weighed. The samples were dried at 70 °C
for 48 h and finally dry weight (DW) was obtained. Relative water content was calculated
by the following formula:

RWC = [(FW — DW) / (TW — DW)] x 100

Statistical analysis

Data were analyzed according to the randomized complete block (RCB) design with
split plot arrangements using ANOVA (GoMmEz and GomEez 1984). MSTAT computer soft-
ware was used for the analysis of the data (BrRickEr 1991). Interaction between the variables
was measured by analysis of variance. Differences in means were separated by the least
significant difference (LSD) test (STEEL and TorrIE 1997).

Results
Plant growth and development

Analysis of the data indicated that K application, irrigation and interaction between I x
C,IxK,KxC,and I x C x K had a highly significant (p < 0.01) effect on shoot fresh weight
of canola (Fig. 1). Maximum shoot fresh weight was observed in 100% irrigated plants.
Similarly, maximum shoot fresh weight was produced by the ‘Legend’ when 100% irriga-
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Fig. 1. Effect of water deficiency and potassium application and their interactions on shoot fresh
weight (g) 60 days after sowing of Brassica napus cultivars (‘Wester’, ‘Rainbow’, ‘Oscar’
and ‘Legend’). Potassium application: 60 kg ha™ (K1), 90 kg ha™! (K2), and 120 kg ha™!
(K3). Bar represents + LSD at p < 0.05.

tion of actual evapotranspiration was applied. In the case of potassium treatments, maxi-
mum shoot fresh weight was gained by plants treated with 120 kg K ha™'. Further, ‘Wester’
produced maximum shoot fresh weight when treated with 120 kg K ha™'. Interaction be-
tween [ x K showed that maximum shoot fresh weight was produced by the ‘Legend’ at
100% irrigation level and 60 kg K ha™'. Irrigation, cultivars and interaction between I x C
had a significant (p < 0.01) effect on shoot dry weight of canola whereas the effect of K ap-
plication and all other interactions were non-significant (p > 0.05) (Fig. 2). Maximum shoot
dry weight was observed in those treatments where a 100% irrigation level was applied.
Similarly, maximum shoot dry weight was produced by ‘Legend’ when 100% irrigation of
actual evapotranspiration was applied. Analysis of the data revealed that irrigation applica-
tion and interaction of I X C X K had a significant (p < 0.01) effect on plant height 60 days
after sowing and at physiological maturity (Fig. 3). The effect of K application and all other
interactions were non-significant (p > 0.05). Taller plants were observed in those treatments
where 100% irrigation was applied followed by 80% irrigation level. Cultivars ‘Rainbow’
and ‘Legend’ attained maximum plant height when treated with 100% irrigation level. Po-
tassium application produced non-significantly taller plants in those treatments where 120
kg K ha™! was applied. Maximum plant height was noted in ‘Wester” and ‘Rainbow’ when
they were treated with 120 kg K ha!. I x K interaction revealed maximum plant height in
100% irrigated plants treated with 60 kg K ha™'.
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Fig. 2. Effect of water deficiency and potassium application and their interaction on shoot dry
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weight (g) 60 days after sowing of Brassica napus cultivars (‘Wester’, ‘Rainbow’, ‘Oscar’
and ‘Legend’). Potassium application: 60 kg ha™' (K1), 90 kg ha™' (K2), and 120 kg ha™!
(K3). Bar represents + LSD at p < 0.05.
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Fig. 3. Effect of water deficiency and potassium application and their interactions on plant height

(cm) after 60 days of sowing of Brassica napus cultivars (‘Wester’, ‘Rainbow’, ‘Oscar’ and
‘Legend’). Potassium application: 60 kg ha™' (K1), 90 kg ha™ (K2), and 120 kg ha™' (K3).
Bar represents + LSD at p < 0.05.
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Shoot proline

Statistical analysis of the data revealed that the application of K, irrigation and interac-
tion between I x C, I x K, K x C and I x C x K had a significant (p < 0.01) effect on shoot
proline content of B. napus (Fig. 4). Maximum shoot proline content was observed in those
treatments where 60% irrigation of actual evapotranspiration (ET,) was applied. Maximum
shoot proline content was produced by ‘Rainbow’ at 60% irrigation of actual evapotranspi-
ration. Similarly, K application also increased proline concentration in all cultivars in a dose
dependent manner, although, the magnitude of increase varied among the different cultivars.
Maximum shoot proline content was noted in plants treated with 120 kg K ha™!. Our results
also indicated that maximum shoot proline content was produced in plants treated with 60%
irrigation of actual evapotranspiration (ET ) and 120 kg K ha™'.
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Fig. 4. Effect of water deficiency and potassium application and their interaction on shoot proline
contents (umol g! FW) of Brassica napus cultivars (‘Wester’, ‘Rainbow’, ‘Oscar’ and ‘Leg-
end”). Potassium application: 60 kg ha (K1), 90 kg ha! (K2), and 120 kg ha' (K3). Bar
represents + LSD at p < 0.05.

Shoot sugar content

Analysis of the data revealed that K application, irrigation and interaction between I x C,
K x Cand I x C x K had a significant (p < 0.05) effect on shoot sugar content of canola
whereas the effect of interaction of I x K was non-significant (p > 0.05) (Fig. 5). Maximum
shoot sugar content was produced by ‘Rainbow’ at 60% irrigation of actual evapotranspira-
tion (ET). In case of K application, maximum shoot sugar content was produced in plants
treated with 120 kg K ha!. Similarly, maximum shoot sugar content was produced by ‘Os-
car’at 120 kg K ha™'.
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Fig. 5. Effect of water deficiency and potassium application and their interaction on shoot sugar
contents (umol g! FW) of Brassica napus cultivars (‘Wester’, ‘Rainbow’, ‘Oscar’ and ‘Leg-
end’). Potassium application: 60 kg ha™ (K1), 90 kg ha™ (K2), and 120 kg ha™' (K3). Bar
represents + LSD at p <0.05.

Relative water content of shoot

Statistical analysis of the data showed that K application, irrigation and interaction be-
tween I x C, I x K, K x C, and I x C x K had a significant (p < 0.01) effect on relative water
content (Fig. 6). The data revealed that maximum relative water content was observed in
those treatments in which a 100% irrigation level was applied. Further, maximum relative
water content was maintained by ‘Wester’ when applied with a 100% irrigation level. In the
case of interaction between I x K, maximum relative water content was observed in plants
treated with a 100% irrigation level and treated with 60 kg K ha!. Similarly, maximum
relative water content was retained by “Wester’ when it was treated with 60 kg K ha™' and
applied with 100% irrigation of actual evapotranspiration (ET)). Furthermore, it can be also
inferred from the data that K application resulted in a decrease in RWC under full irrigation,
but had a protective role under water deficit conditions, resulting in improvement of RWC.

Grain yield

Grain yield was significantly (p < 0.01) affected by K, irrigation and interaction between
IxC,IxK,KxC,and I x C x K (Fig. 7). Maximum grain yield (2093.9 kg ha') was
noted in 100% irrigated treatments. Similarly, grain yield was maximum (2287.62 kg ha™')
in ‘Oscar’ when applied with 100% irrigation. Potassium application at 120 kg K ha™' pro-
duced maximum grain yield (1816.71 kg ha™"). The data also suggested that maximum grain
yield (1995.62 kg ha™!) was produced by ‘Wester’ when treated with 120 kg K ha™'. In the
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Effect of water deficiency and potassium application and their interactions on grain yield (kg ha™)
of Brassica napus cultivars (‘Wester’, ‘Rainbow’, ‘Oscar’ and ‘Legend”). Potassium applica-
tion: 60 kg ha™! (K1), 90 kg ha™! (K2), and 120 kg ha™! (K3). Bar represents = LSD at p < 0.05.
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case of I x K interaction, maximum grain yield (2335.1 kg ha™!) was noted in those plants
which received 100% irrigation level and 120 kg K ha™'. It is clear from the data that maxi-
mum grain yield (2549.47 kg ha™') was produced by ‘Oscar’ at 100% irrigation level and
120 kg K ha''.

Discussion

Water deficiency increased proline concentration in all the cultivars of canola; however,
this increase varied between the different cultivars. Accumulation of proline under stress
conditions is used as an adaptive mechanism by many plant species (CHu et al. 1974, FrRAN-
cisco et al. 2007, ALl et al. 2008, HasaN et al. 2008, BAKHT et al. 2011, SuaFr et al. 2011,
Baknr et al. 2012, BakHr et al. 2013, Havar et al. 2013). Enhancement of proline concen-
tration was noted in canola plants under drought stress at different growth stages (D et al.
2011). Difference in proline content of different cultivars may be due to up-regulation of
degrading enzymes such as proline dehydrogenase. Proline is also considered as a storage
compound of reduced N and carbon skeletons for post-stress growth recovery (VARTANIAN
et al. 1992). Similarly, K application also increased proline concentration in all the cultivars
in a dose dependent manner. However, the magnitude of increase was variable among the
cultivars. Similar results are also reported by MUKHERIEE (1974), WIEMBERG et al. (1988),
and Aziz et al. (1999) who concluded that proline did not start to accumulate in leaves until
the concentration of total monovalent cations, particularly of K, in leaves reached a certain
threshold levels. This might have happened in our study when the K level was increased
from 60 to 120 Kg per ha. The vital role of potassium in photosynthesis, translocation of
photosynthates, protein synthesis, ionic balance, regulation of plant stomata and water use,
activation of plant enzymes and many other processes is well recognized (MARSCHNER
1995, RepDY et al. 2004). Adequate K fertilization of crop plants facilitates osmotic adjust-
ment, which maintains turgor pressure at lower leaf water potentials and improves the abil-
ity of plants to tolerate drought stress (EciLLa et al. 2001, MENGEL and ARNEKE 1982). The
promotion of root growth and protection of photosynthetic machinery and osmotic adjust-
ment after enhanced K application under drought stress resulted in continued carbon fixa-
tion. Consequently, K application increased proline concentration at all water levels, the
maximum being at 60% Et .

Though K is the major osmoticum, accumulation of compatible solutes is an important
component of the adaptive mechanism under drought stress conditions (McCuE and Han-
soN) 1990). Our results indicated that water deficit and interaction of K and water applied
resulted in an increase in the sugar concentration in different cultivars. Fixation of assimi-
lated carbon into a particular plant metabolite is determined by the capacity of the plant for
photo assimilates production, which decreases under drought stress conditions. AKATSUKA
and NELsoN (1966) indicated that K increased starch synthetase activity and protected the
enzyme from thermal inactivation. Biswas et al. (1992) reported increased sugar and starch
content of sugarcane, tomatoes and potatoes under water stress. This increase in sugar con-
centration under drought stress may be due to increased production of starch. However, a
negative correlation between sugar accumulation and starch content was noted in many
plant species (Sitva and ArRrRaBAca 2004). Furthermore, K application enhances the ability
of plants to produce assimilates resultantly increasing its ability of sugar production. Pro-
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tection of photosynthetic machinery and production of assimilates may be the major rea-
sons for the increased accumulation of sugars under drought stress conditions. ALLAN et al.
(2008) and Rogiers et al. (2011) reported that accumulation of sucrose was inversely cor-
related to leaf and root water status.

Relative water content of different canola cultivars decreased with a lowering of the ir-
rigation levels under field conditions. Potassium application positively affected the RWC in
all genotypes. Similarly, K application negatively affected RWC at full irrigation, but had a
positive effect on RWC during decreasing water availability. Decreasing water availability
and the continued need for gas exchange and cooling results in greater loss of water under
drought stress conditions. Resultantly, a decrease in RWC was noted in this experiment, and
even the enhanced production of proline and sugars under drought stress did not manage to
maintain RWC. Kace et al. (2004) attributed the difference in the leaf relative water content
of rapeseed varieties to their root system variations. Decrease in the leaf relative water con-
tent in plants under water deficit has been reported (ALLan et al. 2008). Furthermore, it can
be also inferred from the data that K application resulted in a decrease in RWC under full
irrigation, however, had a protective role under water deficit conditions resulting in im-
provement of RWC. The maintenance of plant water economy by K application in terms of
a high RWC level under water deficiency condition could be ascribed to the supposed role
of K in stomatal resistance, water use efficiency and lowered transpiration rate. These results
are supported by Umar and DN (2002), who reported that application of K improves RWC
of plants under water stress conditions. High drought stress intensity increases the potassi-
um requirement for improving the water status and maintaining photosynthesis (UMAR
20006). Apart from the disorder in photosynthesis electron transport chain, the production of
active oxygen formed by potassium deficiency is increased by NADPH oxidation (an im-
portant source for active oxygen production in plants subjected to potassium deficiency
stress). It has been reported that plants become more susceptible to environmental stress in
potassium deficient conditions (Cakmak 2005).

It can be inferred from the data that shoot fresh and dry weights were negatively affected
by water deficit, but positively affected by K application. Furthermore, there was a negative
effect of K application on shoot fresh and dry weight under full irrigation, and yet a positive
effect was observed under water deficit conditions. Irrigation and irrigation and K interac-
tion had significant effects whereas K application had a non significant effect on plant height
of B. napus cultivars under study. It was further observed that there was a decrease in plant
height with decreasing availability of irrigation water and an increase in plant height with
increasing K application. When the different rates of K were applied with different irriga-
tions, there was a decrease in plant height with increasing K application at full irrigation, but
an increase in plant height with increasing K application at 80% or 60% ET supplementa-
tion through irrigation. Potassium has a positive role in turgidity maintenance and continual
cell growth (EciLra et al. 2005, FusHEING 2006). Stomata closer in response to leaf turgor
decline to high vapor pressure deficit in the atmosphere or to root-generated chemical sig-
nals, the latter being common in drought conditions (CHaves et al. 2009). Thus photosynthe-
sis is one of the key processes to be affected by water deficit via decreased CO, diffusion to
the chloroplast and metabolic constraints. The relative impact of those limitations varies
with the intensity of the stress, the occurrence (or not) of superimposed stresses, and the
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species. Furthermore, at the cellular level, though moderate water deficits had opposite ef-
fects on cell number and cell size, a more severe stress reduced both variables (AGUIRREZA-
BAL et al. 2006). The decreased photosynthate production and assimilation thus reduced the
growth of the seedlings, as evident in the lower fresh and dry weights. Fresh and dry weight
data were collected at 60 days after sowing. At 60 days after sowing, most of the photosyn-
thates are directed towards grains. Similarly, K application also affected photosynthate
translocation positively, which might have reduced fresh and dry weight of the subject plant
species (MARSCHNER et al. 1996). The osmotic adjustment through production of compatible
solutes (proline and sugar) and increased K availability with application facilitates the main-
tenance of cell turgor during periods of water stress (TURNER and JoNES 1980, MorGaN 1984)
and contributes to leaf survival by maintaining higher RWC at low water potentials (FLOWER
and LupLow 1986, BasNnayakk et al. 1993) and during recovery. The leaf survival also results
in an increase in the absorption of sunlight, increasing the photo assimilates produced,
which results in increased biomass production. Therefore, for plants growing in drought
conditions, accumulation of abundant K in their tissues may play an important role in water
uptake along a soil-plant gradient (FanaEr et al. 2009). Numerous studies have shown that
the application of K fertilizer mitigates the adverse effects of drought on plant growth (An-
DERSON et al. 1992, TiwaRri et al. 1998, SANGAKKARA et al. 2001, EGiLLa et al. 2005, SINGH and
Kunap 2005, Fanakr et al. 2009). Similarly, early maturation is one among the different
mechanisms known to increase plant survival under water stress conditions (LEvITT 1980).
Consequently, a decrease in number of days to 50% flowering and physiological maturity
was noted in this experiment as well (data not shown). The acceleration of the flowering
and/or maturity processes probably contributed to a reduction of the impact of drought stress
in canola genotypes (MoGHADAM et al. 2009).

Grain yield was negatively affected when the quantity of irrigation water was reduced.
Potassium application positively increased grain yield at all irrigation levels; however, it is
evident from the slope of the regression line that the unit increase with increasing quantity
of K was more pronounced under drought stress conditions. The different physiological
traits like photosynthesis, velocity and rate of assimilate transfer from source to sink deter-
mine seed yield (CHHABRA et al. 2007, ALBARRAK 2006). Furthermore, at any stage of crop
growth such as germination, moisture stress can cause an irreversible loss in yield potential
(RegmNaTo 1983, Hossemt and Hassisr 2011, KHaLiL et al. 2012). Genotypic differences in
efficiency of K uptake and utilization have been reported for all major economically impor-
tant plants (RENGEL and Damon 2008). Niknam et al. (2003) also showed that compared with
B. napus, B. juncea genotypes maintained good yield under water deficit when osmotically
adjusted. Potassium application under drought stress resulted in the protection of mem-
branes resulting in increase in photosynthesis and enhanced partitioning of photo-assimi-
lates to the roots (Cakmak 2005). This would result in enhanced fixation of carbon and ac-
quisition of nutrients from the soil. Resultantly, an increase in grain yield was noted with
enhanced K application under drought stress. Furthermore, in addition to photosynthate
production, the partitioning between different organs is also an important component of
drought adaptation. Under stress conditions, the metabolic process are altered to produce
substances involved in conferring protection and consequently, fewer resources are allocat-
ed to grain production.
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