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Abstract: Although exogenous application of glycinebetaine (GB) is widely reported to regulate a myriad
of physio-biochemical attributes in plants under stressful environments including drought stress, there is
little information available in the literature on how and up to what extent GB can induce changes in
anatomical features in water starved plants. Thus, the present research work was conducted to assess the
GB-induced changes in growth, physio-biochemical, and anatomical characteristics in two cultivars (CK-1
and F-411) of oat (Avena sativa L.) under limited water supply. After exposure to water stress, a
considerable reduction was observed in plant growth in terms of lengths and weights of shoot and roots,
leaf mesophyll thickness, leaf midrib thickness, root cortex thickness, root diameter, stem diameter, stem
phloem area, and stem vascular bundle area in both oat cultivars. However, water stress resulted in a
significant increase in leaf total phenolics, hydrogen peroxide (H2O2), ascorbic acid (AsA), GB contents,
activities of enzymes (CAT, SOD and POD), total soluble proteins, leaf epidermis (abaxial and adaxial)
thickness, bulliform cell area, sclerenchyma thickness, root endodermis and epidermis thickness, root
metaxylem area, stem metaxylem area and stem sclerenchyma thickness in both oat cultivars.
Foliar-applied 100 mM GB suppressed H2O2 contents, while improved growth attributes, free proline and
GB contents, activity of SOD enzyme, leaf abaxial epidermis thickness, leaf bulliform cell area, leaf
midrib thickness, leaf sclerenchyma thickness, root cortex thickness, root endodermis, epidermis thickness,
root stele diameter, stem diameter, stem epidermis thickness, stem metaxylem area, and stem phloem and
vascular bundle area in both oat cultivars. For both oat cultivars, CK-1 was superior to F-411 in leaf
abaxial epidermis thickness, leaf mesophyll, leaf sclerenchyma, root metaxylem area, stem diameter, stem
epidermis, sclerenchyma thickness, stem metaxylem area, and stem vascular bundle area. Overall, both oat
cultivars showed inconsistent behavior to water stress and foliar-applied GB in terms of different
physio-biochemical attributes, however, CK-1 was superior to F-411 in a number of anatomical features
of leaf, root, and stem.
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1

Introduction

Global environmental changes occurring currently at a fast pace are exacerbating stressful factors
such as drought, salinity and extreme temperatures that are serious threats to global food security
(Chaves and Oliveira, 2004; Ashikari and Feng-Ma, 2015) because almost all crops grown these
days are prone to experience the drastic effects of such harsh environmental stresses, thereby
resulting into low productivity (Ashraf, 2010). For example, drought stress is believed to
adversely affect growth and development of all plant organs, and interrupt water use efficiency
and stomatal conductance which make photosynthesis very sensitive to water stress (Seki et al.,
2003; Ashraf and Harris, 2013). However, the detrimental effects of water stress depend on crop
developmental stage and severity of the stress.
Plant cells experience various morphological, anatomical, physiological, and metabolic
changes in response to drought stress, some of which have tolerance and adaptive significances
that assist the plants to defend themselves against the stress (Cha-um and Kirdmanee, 2010;
Nawaz and Ashraf, 2010). Moreover, these responses may cause the alteration in metabolic
pathways leading to depletion or accumulation of metabolites such as organic compounds,
hormones, carbohydrates, quaternary ammonium compounds, amino acids, and key enzymes
(Chen and Murata, 2008; Rezaei et al., 2012). The organic compatible solutes such as
glycinebetaine (GB), soluble sugars and proline can take part in the maintenance of cellular
osmoregulation by regulating water relation components such as water, osmotic and turgor
potentials (Khan et al., 2009; Hossain and Fujita, 2010).
Furthermore, these compatible solutes can also be used as markers of stress tolerance
(Mahmood et al., 2009; Giri, 2011). It is believed that these compatible solutes protect the
macromolecules and enzymes from oxidation by excessive reactive oxygen species (Ashraf and
Foolad, 2007). Drought stress like other stresses can also affect anatomical structures of different
organs, tissues and even cells analogous (Nemeskeri et al., 2010). For example, Nawaz et al.
(2013) reported some drought-induced anatomical adaptations and modifications such as thick
leaves and epidermis well developed bulliform cells, severe sclerification, smaller metaxylem
vessels, increased leaf epidermal thickness, condensed and fibrous leaves, decreased stomatal
area and density in blue panic (Panicum antidotale Retz.) ecotypes. It is believed that anatomical
modifications such as reduced vessel size, mesophyll, and cortical parenchyma formation are
essential to survive under water deficit conditions (Boughalleb et al., 2014).
It is evident that the synthesis of GB in plants is significantly lower than the level necessary for
plant defense against stressful environments (Subbarao et al., 2001). Thus, the plants with an
ability to produce low amount of GB require external application of GB to resist water stress. For
example, foliar application of GB showed a beneficial effect on yield production and
development of different crops, particularly in those crops that are deficit in amount of GB under
water deficit conditions (Cha-um and Kirdmanee, 2010; Shahbaz et al., 2011). Shahbaz et al.
(2011) have found that with foliar-applied of GB, yield production could be enhanced from 10%
to 50% in wheat crop even under mild field water deficit conditions, while the effectiveness of
GB application depends on the developmental stage of plant, number of applications, dose, stress
conditions and the type of species (Ashraf et al., 2008).
As an important cereal and fodder crop, oat (Avena sativa L.) is grown all over the world. The
productivity of this crop hampers under water deficit conditions (Iqbal et al., 2009). Keeping in
view of these facts, we undertook a research study to examine that up to what extent drought stress
can affect key physio-biochemical attributes and anatomical features of different plant organs.
Moreover, it was also assessed whether exogenous application of GB could alleviate the adverse
effects of water stress on the anatomical and physiological attributes of oat plants.

2

Materials and methods

Two oat cultivars F-411 and CK-1 were randomly selected for this experiment. A pot experiment
with four replicates arranged in a completely randomized design was carried out in the Botanic
Garden, Government College University, Faisalabad, Pakistan under natural environmental
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conditions. The seeds of selected cultivars were sown in 32 plastic pots (2 cultivars, 2 drought
levels, 2 GB levels, and 4 replicates) of uniform size (30 cm in diameter and 24 cm deep) at a rate
of 8 seeds/pot and all pots filled with soil (8 kg; sandy-loam). Thinning of the plants was
carried-out after sprouting of the seeds as uniform five plants per pot were maintained. The
average ambient temperature varied between 10°C and 24°C during the growing season and soil
moisture contents maintained on daily basis. Two levels of water stress (control (100% field
capacity) and drought (60% field capacity)) were initiated after 15 days of seed germination. After
30 days of water stress treatments, GB at the concentration of 100 mM including 0.1% Tween-20
applied as a foliar spray once with 20 mL per plant by using a hand-sprayer pump. After 15 days of
GB application as a foliar spray, the data were collected for the following attributes.
2.1 Growth attributes
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Two plants per replicate that having the heights of 14–16 cm (control) and 8–10 cm (drought)
were harvested and washed with distilled water and recorded the shoot and root dry weights.
2.2 Anatomical features
At the same time, leaf, stem and root samples for anatomical studies were collected from two
plants. All plant samples were processed in formalin-acid-alcohol (FAA) solution, which was
prepared by taking distilled water (525 mL), acetic acid (75 mL), formaldehyde (150 mL) and
ethyl alcohol (750 mL). An aliquot of 30 mL of the FAA solution was taken from the stock
solution and added to each bottle. Flag leaves, stems and roots were taken (2–3 cm) from each
treatment, washed well in distilled water and preserved them in the FAA solution. The plant
samples were then fixed in acetic alcohol solution for 24 h at the room temperature. The sections
of all samples were free-hand cut following Ruzin (1999). After completing the staining
procedure, the sections were shifted on slides, added one drop of Canada balsam on each of the
sections, and covered the section with a cover slip. The permanent slides were preserved for
taking micrographs. Finally, measurements of the micrographs were done using a light
microscope (MEIJI Techno, ML2100, Japan). During the study, data for anatomical features of
leaf, stem, and root (thickness, size of parenchymatous cells, dermal, mechanical, and conducting
tissues) were recorded.
2.3 Physio-biochemical characteristics
Leaf samples were collected and preserved in an ultra-low freezer for the determination of
physio-biochemical parameters.
2.4 Chlorophyll content
Following Arnon (1949), 0.5 g fresh leaf was extracted in 80% acetone (10 mL; v/v) and the
supernatant was used for the determination of chlorophyll a and b contents.
2.5 Ascorbic acid (AsA)
Each leaf sample (0.25g) was extracted with 10 mL of 6% (w/v) TCA. AsA contents were
determined following Mukherjee and Choudhuri (1983).
2.6 Total phenolics
The method of Julkunen-Titto (1985) was used to determine total phenolics in leaf tissues.
2.7 Hydrogen peroxide (H2O2)
In a pre-chilled pestle and mortar, fresh leaf material (0.5 g) was homogenized in 5 mL of 0.1%
(w/v) trichloro-acetic acid (TCA) and H2O2 concentration was determined following Velikova et
al. (2000).
2.8 Malondialdehyde (MDA)
Fresh leaf material (0.5 g) was homogenized in 5 mL of 5% (w/v) TCA, and then it was
centrifuged at 12,000g for 15 min. The remaining procedure was adopted as proposed by Cakmak
and Horst (1991).
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2.9 Free proline content
According to the method of Bates et al. (1973), we prepared the samples and recorded the optical
density of the mixture at 520 nm using a UV-visible spectrophotometer.
2.10 Glycinebetaine (GB)
The dry leaf sample (0.5 g) was ground in 10 mL of 0.5% toluene solution and the extract was kept
overnight at 4°C. Then, the remaining procedure proposed by Grieve and Grattan (1983), was
followed, and absorbance was recorded at 365 nm.
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2.11 Enzymatic antioxidants
Fresh leaves (0.5 g) were extracted in 5 mL phosphate buffer (50 mM) of pH 7.8. After
centrifugation at 15,000 g for 20 min at 4°C, the supernatant was used for determining the
activities of the antioxidant enzymes, i.e., peroxidase (POD) and catalase (CAT), following
Chance and Maehley (1955) along with superoxide dismutase (SOD) following Giannopolitis and
Ries (1977). We recorded the enzyme activities on the basis of total soluble proteins estimated
following Bradford (1976).
2.12

Statistical analysis

The collected data for all attributes were subjected to analysis of variance technique (ANOVA)
using Co-Stat version 6.2 (Monterey, CA, USA). The least significance difference was calculated
following Snedecor and Cochran (1980).

3

Results

Shoot and root dry weights were significantly suppressed due to water deficiency (P≤0.001; Figs.
1a and b). Foliar-applied GB at the concentration of 100 mM considerably improved growth
attributes of both oat cultivars particularly the shoot and root dry weights under water stress as
well as non-stress conditions. The response of both oat cultivars was similar to water stress as well
as foliar-applied GB. Meanwhile, a significant decline was observed in shoot and root lengths of
both oat cultivars under water deficit conditions (P≤0.001; Figs. 1c and d). Shoot length was
observed to be improved significantly both in water stressed and non-stressed plants of both
cultivars due to foliar application of GB, however, no change was observed in root length. Both
cultivars were similar in shoot and root lengths.
An increase in leaf total phenolics was observed in both oat cultivars due to water stress
(P≤0.05; Fig. 1e). A similar response of both oat cultivars in total phenolics was observed to
drought stress and foliar-applied GB applications. Leaf free proline contents remained unchanged
in both oat cultivars under water deficit conditions. However, exogenous application of GB
increased the proline contents in both oat cultivars particularly under water deficit conditions (Fig.
1f). Both cultivars showed a similar response in terms of proline accumulation under both water
regimes. No change in malondialdehyde (MDA) contents was observed due to water stress as well
as foliar-applied GB. Similarly, no change was observed in the response of both oat cultivars to
MDA accumulation (Fig. 1g). A significant increase in hydrogen peroxide (H2O2) contents was
observed in both oat cultivars under water deficit conditions (P≤0.001; Fig. 1h). Foliar-applied
GB considerably suppressed the H2O2 contents in both oat cultivars under water limited
conditions. Almost a similar response was observed in both oat cultivars in terms of H2O2
accumulation under water deficit conditions.
Chlorophyll a and b contents were not affected under water deficit conditions as well as
foliar-applied GB. There was no significant difference between the two oat cultivars in
chlorophyll contents (Figs. 2a and b). Ascorbic acid (AsA) contents significantly increased under
drought stress conditions but exogenous application of GB had no effect on AsA contents in both
oat cultivars (P≤0.01; Fig. 2c). Of both oat cultivars, F-411 was relatively higher in AsA contents
than CK-1 particularly under water deficit conditions. Accumulation of GB contents increased
due to imposition of water deficit conditions as well as foliar-applied GB at the concentration of
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Fig. 1 Shoot (a) and root dry weights (b), shoot (c) and root lengths (d), total phenolics (e), proline (f),
malondialdehyde (MDA, g), and hydrogen peroxide (H2O2) contents (h) of oat (Avena sativa L.) plants
foliar-treated with glycinebetaine (GB) at vegetative stage under varying water regimes. *, **, and *** indicate
significances at the 0.05, 0.01 and 0.001 levels, respectively; ns, non-significant; Cv, Cultivars; D, Drought. The
significance value was shown for each treatment; f.wt., fresh weight.

100 mM. No significant difference was observed between the two oat cultivars in GB
accumulation.
The activities of antioxidant enzymes such as catalase (CAT), peroxidase (POD), and
superoxide dismutase enzymes (SOD) increased significantly in both oat cultivars by exposure to
drought stress (P≤0.001; Figs. 2e–g). However, foliar application of GB was effective only in
enhancing the activity of SOD enzyme in both oat cultivars under both watering regimes. Of both
cultivars, F-411 was relatively higher in CAT activity than CK-1, while in case of other enzymes
there was no significant difference between the two cultivars. Drought stress significantly
improved the total soluble proteins of both oat cultivars particularly under water deficit conditions
(P≤0.001; Fig. 2h). No effect of GB application was observed on total soluble proteins. Both oat
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Fig. 2 Chlorophyll a (a) and b (b), ascorbic acid (c), glycine betaine contents (d), activities of catalase (CAT, e),
peroxidase (POD, f), and superoxide dismutase enzymes (SOD, g) and total soluble proteins (h) of oat (Avena
sativa L.) plants foliar-treated with glycinebetaine (GB) at vegetative stage under varying water regimes. *, **, and
*** indicate significances at the 0.05, 0.01 and 0.001 levels, respectively; ns, non-significant; Cv, Cultivars; D,
Drought. The significance value was shown for each treatment; f.wt., fresh weight.

cultivars were similar in total soluble proteins under water deficit conditions as well as GB
treatments.
Leaf epidermis (abaxial and adaxial) thickness was found to be considerably increased in both
oat cultivars under water deficit conditions (Figs. 3a and b). Exogenously applied GB was
effective in improving only the leaf abaxial epidermis thickness. Of both oat cultivars, CK-1 was
relatively superior to F-411 in leaf abaxial epidermis thickness, while leaf adaxial epidermis
thickness was similar in both oat cultivars under varying water regimes. However, no change was
observed in leaf blade thickness and leaf metaxylem area due to imposition of water stress as well
as foliar-applied GB (Figs. 3c and f). Of both oat cultivars, CK-1 was relatively better than F-411
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in leaf blade thickness, while leaf metaxylem area was similar in both oat cultivars under varying
water regimes.
Leaf bulliform cell area considerably increased in both oat cultivar due to water deficit
conditions and foliar-applied GB (Fig. 3d). The response of both oat cultivars was similar to water
stress and exogenously applied GB. Leaf mesophyll thickness decreased in F-411, while no
change was observed in CK-1 under water limited conditions (Fig. 3e). Exogenously applied GB
was ineffective in altering the leaf mesophyll thickness in both oat cultivars. Of both oat cultivars,
CK-1 was relatively better than F-411 in leaf mesophyll thickness under both water regimes.

Fig. 3 Leaf abaxial epidermis (a), adaxial epidermis (b), blade thickness (c), bulliform cell area (d), mesophyll
thickness (e), metaxylem area (f), midrib thickness (g), phloem area (h), vascular bundle area (i) and
sclerenchyma thickness (j) of oat (Avena sativa L.) plants foliar-treated with glycinebetaine (GB) grown under
varying water regimes. *, **, and *** indicate significances at the 0.05, 0.01 and 0.001 levels, respectively; ns,
non-significant; Cv, Cultivars; D, Drought. The significance value was shown for each treatment.
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Meanwhile, a significant decrease in leaf midrib thickness was observed in both oat cultivars at
60% field capacity (P≤0.05; Fig. 3g). However, foliar-applied GB significantly improved the leaf
midrib thickness in both two cultivars subjected to water stress conditions. The response of both
cultivars was significantly different, and CK-1 was inferior to F-411 in leaf midrib thickness
particularly under drought stress conditions.
Drought stress (60% field capacity) significantly improved the leaf sclerenchyma thickness
(P≤0.001; Fig. 3j). However, foliar-applied GB further improved this anatomical feature in both
two oat cultivars subjected to water stress conditions. Furthermore, of both oat cultivars, CK-1
was superior to F-411 in leaf sclerenchyma thickness under drought stress conditions.
The root cortex thickness and root diameter in both oat cultivars significantly decreased
(P≤0.001; Figs. 4a and b). However, foliar-applied GB significantly improved only root cortex
thickness in both oat cultivars subjected to water stress as well as non-stress conditions. Drought
stress significantly increased the root endodermis and epidermis thickness of both oat cultivars
(P≤0.001; Figs. 4c and d). Foliar-applied GB significantly improved (P≤0.01) the root
endodermis and epidermis thickness in both oat cultivars subjected to water stress as well as
non-stress conditions. No significant difference between the two cultivars was observed in root
endodermis and epidermis thickness under varying water regimes. Meanwhile, drought stress
significantly increased the root metaxylem area, while no change was observed in root stele

Fig. 4 Root cortex thickness (a), diameter (b), endodermis thickness (c), epidermis thickness (d), metaxylem
area (e), and stele diameter (f) of oat (Avena sativa L.) plants foliar-treated with glycinebetaine (GB) at vegetative
stage under varying water regimes. ** and *** indicate significances at the 0.05, 0.01 and 0.001 levels, respectively;
ns, non-significant; Cv, Cultivars; D, Drought. The significance value was shown for each treatment.
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diameter in both two cultivars (P≤0.001; Figs. 4e and f). Foliar-applied GB did not change the
root metaxylem area, while an increase in root stele diameter in both oat cultivars was observed
after exposure to water stress conditions. Of both oat cultivars, CK-1 was better than F-411 in root
metaxylem area under drought stress conditions.
Drought stress significantly decreased the stem diameter, while no change was observed in
stem epidermis thickness due to water stress conditions in both cultivars (P≤0.001; Figs. 5a and
b). However, foliar-applied GB significantly improved (P≤0.001) both the anatomical features in
both oat cultivars subjected to water stress as well as non-stress conditions. The response of both
oat cultivars was significantly different, i.e., CK-1 showed better results of both anatomical
features as compared to F-411 after exposure to water stress and GB applications.

Fig. 5 Stem diameter (a), epidermis thickness, metaxylem area, phloem area, stem sclerenchyma thickness and
vascular bundle area of oat (Avena sativa L.) foliar-treated with glycinebetaine (GB) at vegetative stage under
varying water regimes. *, **, and *** indicate significances at the 0.05, 0.01 and 0.001 levels, respectively; ns,
non-significant; Cv, Cultivars; D, Drought. The significance value was shown for each treatment.

Stem metaxylem area and sclerenchyma thickness significantly increased in both oat cultivars
under drought conditions (P≤0.001; Figs. 5c and e). However, foliar-applied GB improved only
the stem metaxylem area in both oat cultivars subjected to water stress as well as non-stress
conditions (Figs. 5d). Of both oat cultivars, CK-1 was superior to F-411 in stem metaxylem area
and sclerenchyma thickness under different water regimes. Meanwhile, a significant decrease in
stem phloem area was observed in both oat cultivars due to drought stress. However,
foliar-applied GB significantly improved the stem phloem area in both oat cultivars subjected to
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both water regimes. The response of both oat cultivars in stem phloem area was similar to drought
stress conditions (Fig. 5d). Similarly, water stress caused a significant reduction in stem vascular
bundle area in both oat cultivars (Fig. 5f). However, foliar-applied GB significantly improved the
stem vascular bundle area in both oat cultivars subjected to water stress as well as non-stress
conditions. Of both oat cultivars, CK-1 showed a better response in stem vascular bundle area
than F-411 to drought stress and GB applications.
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Discussion and conclusions

Drought stress is one of the major causes for crop yield loss worldwide especially in arid and
semi-arid regions. This dynamic stress is projected to reduce average yields of major crops by
more than 50% (Wang et al., 2003). However, it is well reported that plants modulate their
physio-biochemical processes and anatomical features according to the internal or external
climate so as to survive under such harsh conditions (Shafiq et al., 2015; Akram et al., 2016). In
the present study, plant growth measured as shoot and root dry weights of both oat cultivars
decreased under water deficit conditions, which is in agreement with some earlier findings which
also reported a water stress-induced decline in growth of various crops such as wheat (Jatoi et al.,
2011; Raza et al., 2012), mungbean (Sadiq et al., 2017), sugar beet (Bloch et al., 2006), grasses
(Akram et al., 2007), maize (Zhang et al., 2012) and radish (Akram et al., 2015). They found that
water stress-reduced plant growth is linked to the interior status of the plant with respect to
specifically photosynthesis, nutrients, hormones, antioxidants, primary and secondary
metabolites, fluorescence, quantum use efficiency, respiration, and photosynthetic pigments, etc.
(Ashraf and Harris, 2013; Sadiq et al., 2017).
It is found that exogenous application of different compatible organic solutes is one of the most
prospective shotgun means for improving plants stress tolerance (Ashraf and Foolad, 2007;
Ahmad et al., 2016). It is well noted that exogenous application of GB can effectively regulate
some key physio-biochemical attributes in plants under stress conditions and alleviate the adverse
effects of water stress, however, the response of different plants was found to be a species or
cultivar specific (Mahmood et al., 2009; Akram et al., 2016). For example, exogenously applied
GB showed a beneficial effect on the growth of different plants under drought stress, e.g.,
sunflower (Hussain et al., 2008), rice (Farooq et al., 2008), wheat (Ma et al., 2006), and tobacco
(Ma et al., 2007).
Leaf free proline and total phenolics contents have been reported to increase under water deficit
regimes in different plant species, e.g., cotton (Ahmed et al., 2011), wheat (Hameed et al., 2013),
cowpea (Hamidou et al., 2007), chickpea (Mafakheri et al., 2010), soybean (Mwenye et al., 2016),
and rice (Lum al., 2014). Similarly, leaf total phenolics increased in both oat cultivars under
drought stress conditions as well as foliar application of GB in this study. While, a contrasting
pattern has been observed in the case of proline content in the present study, e.g., free proline
contents remained unchanged in both oat cultivars due to water deficit conditions; however,
exogenously applied GB enhanced the leaf proline contents in both cultivars under drought stress.
Usually, accumulation of proline within cells/tissues not only depends on the type or intensity
of a stress, but also on the levels of endogenous primary and secondary metabolites, as well as
type of a plant species to be investigated (Ashraf et al., 2011). It is widely reported that
endogenous levels of proline and total phenolics are the indicators of a stress and can be used as
selection criteria for stress tolerance (Akram et al., 2016; Sadiq et al., 2017).
Similarly, levels/activities of antioxidants (non-enzymatic/enzymatic) can be used as the vital
selection criteria for stress tolerance. In the present study, ascorbic acid, one of the potential
non-enzymatic antioxidants, markedly increased in both oat cultivars under drought stress
conditions, although externally applied GB had no significant effect on ascorbic acid content.
Similar to our study, previously an increase in ascorbic acid content was found in tomato plants
exposed to low water stress in two different studies (Behnamnia et al., 2009; Ghorbanli et al.,
2013). The enzymatic antioxidants were found to be also increased in both oat cultivars in the
present investigation, which is parallel to what had been earlier observed in different
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cultivars/lines of rice (Lum et al., 2014), black gram (Pratap and Sharma, 2010), pigeon pea
(Kumar et al., 2011), and wheat (Hasheminasab et al., 2012; Omar, 2012). Interestingly,
foliar-applied GB significantly enhanced the activity of SOD enzyme more than those of CAT and
POD in both oat cultivars under different water regimes. So, the GB-induced growth improvement
in both oat cultivars could be linked to elevated activities of these key antioxidant enzymes.
In the present study, in addition to regulating some key physio-biochemical attributes,
exogenous use of GB was found to be effective in up-regulating some anatomical features which
are directly or indirectly involved in water stress tolerance of oat plants. In view of some earlier
studies, considerable anatomical changes in different plants have been observed under water
limited environments (Makbul et al., 2011). However, not a single study has been carried out so
far to assess the effect of exogenously applied osmoprotectants including GB in altering the leaf,
stem, or root anatomy of plants. In a previous study, Ozorgucu et al. (1991) demonstrated that the
anatomical features were influenced by environmental conditions. The anatomical features
undergo significant changes particularly under stress conditions (Makbul et al., 2006; Makbul et
al., 2008). For example, Aldesuquy et al. (2013) found that water stress caused considerable
decreases in leaf thickness, ground tissue thickness, metaxylem vessel area, xylem vessel area,
phloem tissue area, vascular bundle area in wheat plants. However, in the present study, drought
stress caused significant decreases in leaf vascular bundle area, midrib thickness, blade thickness,
and mesophyll thickness in both oat cultivars (F-411 and CK-1). Furthermore, the application of
GB was proved to be ineffective in altering leaf blade and leaf mesophyll thickness, while, the leaf
midrib thickness of the GB-treated plants increased under water stress conditions. Balsamo et al.
(2006) reported that increased epidermis thickness and development of bulliform cells are directly
linked to drought tolerance in most plants. Similar results were observed in the present study that
drought stress increased leaf bulliform cell area and abaxial epidermis thickness by the
exogenously applied GB in both oat cultivars. In view of an earlier report, increase in leaf
thickness under drought stress could be due to parenchymatous cells, which are the most
important storing cells of leaf, and therefore, are chiefly important under water deficit
environments (Abdel and Al-Rawi, 2011).
The most promising anatomical features associated with drought resistance include the
increases in metaxylem area, exodermis thickness, and severe sclerification in vascular region
(Nawaz et al., 2013). Recently, Saeed et al. (2016) examined some anatomical changes in the roots
of chickpea (Cicer arietinum L.) under drought stress conditions. They found that root length and
number of secondary roots decreased, while number of medullary rays and vascular region
increased under water deficit conditions. Boughalleb et al. (2014) found that anatomical
variations such as reduced vessel size, mesophyll thickness, and cortical parenchyma
development were observed in Astragalus gombiformis under water stress conditions for the
maintenance of energy storage and improved resistance for survival of the plants in dry areas.
Vasellati et al. (2001) reported that under water deficit conditions, diameter of root and
metaxylem area decreased in Paspalum dilatatum, thereby lowering the risk of embolism,
increasing the water-flow resistance and number of root hairs, which could increase the water
uptake ability in the plant. While, in the present study, leaf abaxial epidermis thickness, leaf
bulliform cell area, leaf midrib thickness, leaf sclerenchyma thickness, root cortex thickness, root
endodermis, epidermis thickness, root stele diameter, stem diameter, stem epidermis thickness,
stem metaxylem area, and stem phloem were improved by foliar-applied GB in both oat cultivars
exposed to water deficit conditions, which proved that GB can modify some key anatomical
features in plants like oat for making the plants resistant to harsh environmental conditions.
In conclusion, foliar-applied GB suppressed H2O2 contents, while improved growth attributes,
free proline and GB contents, activity of SOD enzyme, leaf abaxial epidermis thickness, leaf
bulliform cell area, leaf midrib thickness, leaf sclerenchyma thickness, root cortex thickness, root
endodermis, epidermis thickness, root stele diameter, stem diameter, stem epidermis thickness, stem
metaxylem area, and stem phloem and vascular bundle area in both oat cultivars. Of both oat
cultivars, CK-1 was superior to F-411 in leaf abaxial epidermis thickness, leaf mesophyll, leaf
sclerenchyma, root metaxylem area, stem diameter, stem epidermis and sclerenchyma thickness,
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stem metaxylem area, and stem vascular bundle area. Overall, the response of both oat cultivars was
similar to water stress and foliar-applied GB in terms of different physio-biochemical attributes
appraised; however, CK-1 was superior to F-411 in a number of anatomical features of leaf, root,
and stem.
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