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Abstract

In contrast to angiosperms, the mechanisms of hyperosmotic stress responses in 
liverworts, the evolutionarily important land plants remain more or less elusive. The 
present investigation was set with liverwort, Marchantia polymorpha to find out the 
approaches essential for hyperosmotic stress acclimation in distant land plants. The 
gemmae of M. polymorpha cultured in ½ B5 medium were subjected to control (0 mM 
NaCl) and osmotic stressed conditions led by 50 mM and 100 mM NaCl to find their 
morphological, biological and physiological responses. Compared to non-stress control, 
the thallus body of M. polymorpha showed strong growth inhibition while acclimating 
to hyperosmotic stress led by 100 mM NaCl. The significant reduction of chlorophyll 
content and tissue damage were recorded by hyperosmotic stress led by 100 mM NaCl 
compared to control. The negligible tissue damage and more or less similar chlorophyll 
content were recorded in control and by 50 mM NaCl. Further, the gemmalings 
showed enhanced accumulation of osmolytes proline and soluble sugar by 100 mM 
NaCl compared to the control which was consistent with the increased accumulation of 
soluble sugar by hyperosmotic stress led by 0.2 M sucrose. Hyperosmotic stress led by 
100 mM NaCl showed a higher rate of electrolyte leakage in the gemmalings which was 
consistent with the higher amount of lipid peroxidation; malondialdehyde and hydrogen 
peroxide in the gemmalings treated with 100 mM NaCl compared to the control. 
However, the activity of enzymatic antioxidants such as superoxide dismutase; catalase; 
ascorbate peroxidase; dehydroascorbate reductase and glutathione S-transferase were 
greatly induced by 100 mM NaCl as compared to control. Therefore, the findings 
suggest that the basal land plants liverworts followed morpho-physiological alterations 
during acclimation to hyperosmotic stress which were crucial for the terrestrialization 
of land plants.
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Introduction

During the evolution, adaptation and thereafter 
radiation process, the land plants followed 
numerous changes at their cellular and 

molecular levels and investigation of which 
has been a major research topic for several 
years (Seki et al., 2003; Saruhashi et al., 2015; 
Ghosh et al., 2021; Jahan et al., 2022). Due to 
the wide nature of the environment, plants are 
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being frequently exposed to different abiotic 
stresses. Among those, the most important one 
is salinity stress which causes a considerable 
yield loss of crop plants across the globe 
(Seleiman et al., 2022). The excess occurrence 
of sodium in soil leads to hyperosmotic stress 
resulting in imbalance condition in cellular 
osmotic adjustment and ionic homeostasis 
which ultimately cause cellular desiccation. 
The plants having the capability to survive in 
cellular desiccation are known as desiccation 
tolerant species. Although such tolerance 
is common among plant’s propagules, such 
as spores, pollen grains, and seeds, the vast 
majority of vegetative and reproductive 
tissues do not survive under desiccation 
(Proctor et al., 2007). As compared with 
angiosperms, the higher degree of desiccation 
tolerance is present in early diverging land 
plants though the mechanism is yet to be 
clarified completely. It has been postulated 
that among today’s land plants, the plants with 
bryophytes type organization are the first land 
plants (Kenrick and Crane, 1997; Wellman 
et al., 2003). The bryophytes comprised of 
mosses, liverworts and hornworts possess 
very simple morphology with alteration of 
generation and haploid dominating like cycle 
which makes them ideal for biochemical 
and molecular studies in response to abiotic 
stress. This type of unique desiccation 
tolerance attribute of bryophytes is very 
similar to the ancestral traits of land plants 
which has been lost from the vascular plants 
during evolution (Oliver et al., 2000; 2005). 
Among the bryophytes, moss Physcomitrium 
patens (Physcomitrella patens) and liverworts 
Marchantia polymorpah have been widely 
used as the models to answer the evolutionary 
questions (Decker et al., 2006; Rensing et 

al., 2008; Bowman et al., 2016; Ghosh et al., 
2016; Jahan et al., 2019). Therefore, analysis 
of hyperosmotic stress acclimation process 
of this basal representatives at biochemical 
and molecular levels should reveal the novel 
mechanisms of stress tolerance. As the 
ancestors of land plants; bryophytes had to 
face a lot of challenges for cellular desiccation 
during their evolution and thereafter 
adaptation, analysis of hyperosmotic stress 
acclimation ability with this sort of plants 
might explore some mechanisms crucial for 
today’s land plants. 

Although, likewise angiosperms, the 
basal representative of land plants follows 
adequate changes in their morphology while 
acclimating to osmotic stress and cellular 
desiccation (Takezawa et al., 2015; Ghosh 
et al., 2021; Jahan et al., 2022), the mode of 
changes while facing to salinity stress is still to 
examined in bryophytes. Along with growth, 
the information regarding the maintenance 
of photosynthetic pigments during abiotic 
stress adaptation of bryophytes is very poor. 
Additionally, plants develop the protective 
mechanisms at their cellular levels by 
accumulating different osmolytes like proline 
and soluble sugar for enhancing tolerance to 
abiotic stress including drought and salinity 
(Liang et al., 2013). Though the desiccation 
tolerance of moss P. patens and liverworts 
M. polymorpha mediated by phytohormone 
abscisic acid (ABA) was confirmed by 
several investigations (Minami et al., 2003; 
Takezawa et al., 2015; Akter et al., 2014), 
the direct role of the cellular osmolytes is 
yet to be clarified during hyperosmotic stress 
acclimation of basal land plants. Additionally, 
the higher plants accumulate different cellular 
enzymatic antioxidants such as superoxide 
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dismutase (SOD), ascorbate peroxidase 
(APX), glutathione reductase (GR), etc. as 
the scavengers of excess Reactive Oxygen 
Species (ROS), overproduction of which 
result in cellular damage and death (Raja et al., 
2017; Laxa et al., 2019), but the clarification 
of the role of those components in basal land 
plants is not considered yet. Even though, our 
most recent investigation on M. polymorpha 
demonstrated that cellular protectants such as 
proline and enzymatic antioxidants including 
SOD, CAT, APX, DHAR and GST are greatly 
induced under physiological drought (Ghosh 
et al., 2021), the information regarding those 
are still to be examined under hyperosmotic 
stress led by NaCl.

Considering the above facts, we set our 
present efforts and submitted the gemmae 
(asexual reproductive unit of liverwort M. 
polymorpha) to sodium chloride (NaCl)-
induced hyperosmotic stress for showing the 
alteration in morpho-physiological attributes 
such as growth, occurrence of photosynthetic 
pigments, accumulation of proline and soluble 
sugars, occurrence of ROS and the activity 
of enzymatic antioxidants. Thus, by this 
investigation, we explored that hyperosmotic 
stress acclimation in liverworts was regulated 
by limiting morphology, and by accumulating 
higher level of proline, soluble sugar and 
enzymatic antioxidants and the characters 
of those are conserved in evolutionarily 
important land plant liverworts.

Materials and Methods
Plant materials’ culture and their growth
The gemmae; asexual reproductive unit 
of liverwort M. polymorpham (accession 
Takaragaike-1; TAK-1) were cultured in 
Gamborg ½ B5 medium containing 2% 

sucrose by maintaining standard conditions 
such as temperature range; 23°C-24°C with a 
light cycle of 16 h of light/8 h of darkness and 
a light intensity of 55 μmol s−1 m−2 which was 
followed by Ghosh et al. (2021).  

Treatments combination for hyperosmotic 
stresses
For the analysis of growth, after taking initial 
weight, 15-d old cut thallus body was directly 
cultured in ½ B5 solid medium (control) or 
osmotic stresses provided with ½ B5 solid 
medium supplemented with 50 mM and 100 
mM NaCl for another 15-d by following 
previous study (Tanaka et al. 2018). We 
also standardized the doses of NaCl by using 
different concentrations and found 150 mM 
showed very lethal effects to the gemmalings 
by only 2-d (data not shown). The growth 
performances of the thallus body were 
measured by making comparison of both final 
and initial weights of fresh tissue after 15-d 
of culture. The weight gained by 15-d was 
recorded in both control and treated thallus 
body. For measuring the degree of tissue 
damaged, we supposed the thallus body to the 
Evan’s blue staining as followed by Takezawa 
et al. (2015). For photosynthetic pigments and 
proline accumulation assay, liquid culture was 
followed.  After 3-d normal culture in ½ B5 
liquid medium, the gemmalings were subjected 
to either ½ B5 liquid medium (control) or 
1/2B5 liquid medium supplemented with 50 
and 100 mM NaCl for another 2-d. For showing 
electrolyte leakage, ROS accumulation and 
antioxidant assay, after 3-d normal culture, 
the gemmalings were subjected to either ½ 
B5 liquid medium (control) or 1/2B5 liquid 
medium supplemented with 100 mM NaCl for 
2-d.  For soluble sugar assay, the gemmalings 
were subjected to either ½ B5 liquid 
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medium (control) or 1/2B5 liquid medium 
supplemented with 100 mM NaCl and 0.2 
M sucrose. The experiment was followed 
by maintaining at least three independent 
replications.

Determination of chlorophyll content and 
electrolyte leakage
Chlorophyll content in the treated and non-
treated gemmalings was estimated from the 
thallus body of M. polymorpha using the 
method described by Porra (2002). Electrolyte 
leakage from the damaged tissue was 
measured by an electrical conductivity meter 
as described by Takezawa et al. (2015). 

Determination of proline and soluble sugar 
content
Proline extraction from treated and non-
treated gemmalings was done by following 
the method of Bates et al. (1973). A 
standard curve was prepared using different 
concentration of proline as standard and 
proline concentration was calculated as µmole 
g−1 FW. The soluble sugar content in the 
gemmalings was quantified by the anthrone-
sulfuric acid assay using glucose as a standard 
(Yemm and Willis, 1954). 

Phylogenetic analysis for sugar biosynthesis 
gene
Phylogenetic analysis of sucrose biosynthesis 
gene (sugar phosphatase 1) was made using 
protein sequences of representative bryophyte 
models; P. patens and M. polymorpha and 
angiosperms’ models; Arabidopsis thaliana 
and Oryza sativa. The blast search was 
made using the website of Phytozome v13 
and amino acid sequences were aligned by 
ClustalW program. The tree was made using 
MEGA 6 Program by following neighbor-
joining method (Saitou and Nei, 1987).

Determination of MDA and H2O2 content
The amount of lipid peroxidation product; 
malondialdehyde (MDA) in both treated and 
non-treated gemmalings were determined 
using Trichloroacetic acid (TCA) and 
thioberbutyric acid (TBA) by following the 
method used by Ghosh et al. (2021).  The 
MDA content was measured as nmol g -1 
FW. The H2O2 was measured as µmol g -1 
FW using the method followed by Ghosh et 
al. (2021). 

Analysis of enzymatic antioxidant activities
For analyzing the activities of various 
antioxidant enzymes, gemmalings (0.1 g) 
were crushed in 300 µl of extraction buffer 
comprised with 50 mM ice-cold KP buffer (pH 
7.0), potassium chloride (100 mM), ascorbate 
(AsA, 1 mM), β-mercaptoethanol (5 mM) and 
glycerol (10%; v/v). The homogenates were 
centrifuged at 11,500 × g for 12 min, and 
the supernatant was collected for estimating 
enzyme activities. Protein concentration was 
determined using Bradford reagent assay 
using Bovine Serum Albumin (BSA) as 
standard. The activity of The SOD activity 
was estimated using xanthin-xanthin oxidase 
system as suggested by Beyer and Fridovich 
(1987). SOD activity was calculated as unit; 
U mg−1 protein (inhibition of NBT reduction 
by 50% per minute). The activity of Catalase 
(CAT) was determined by using the procedure 
of Aebi (1984). The activity of CAT was 
determined as µmol min−1mg −1 protein. The 
activity of APX was determined according 
to the protocol used by Nakano and Asada 
(1981). The activity of APX was determined 
as µmol  min−1mg −1  protein. GST activity 
was measured following the procedure 
of Hossain  et al. (2010). The activity of 
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DHAR was determined according to the 
protocol used by Nakano and Asada (1981). 
The activity of DHAR was determined 
as nmol  min−1mg −1  protein. Finally, 
the activity of GST was determined as 
nmol min−1mg −1 protein. 

Microscopy and image analysis 
The damaged tissue of the gemmalings 
stained with Evans blue dye was marked with 
the help of advanced microscopy by following 
the method used by Takezawa et al. (2015). 

Statistical analysis 
Completely Randomized Design (CRD) 
was followed for setting experiments. Least 
significant difference (LSD) at P < 0.05 and 
student t-test was used for comparison of 
treatments. The numerical values used in 
the figures represented as means ± standard 
errors (SEs). The experiment was conducted 
by following at least three independent 
replications. The data were analyzed by 
Statistix 10 program.

Results and Discussion

The findings regarding morphological, 
physiological and biochemical attributes of 
the gemmalings exposed to hyperosmotic 
stress led by different concentrations of NaCl 
are presented, discussed and explained as 
different sub-heads. 

Effect of hyperosmotic stress on the growth 
of M. polymorpha

While acclimating to drought and osmotic 
stresses, land plants follow numerous 
changes in their morphology especially in the 
reduction or alteration of vegetative growth 
to mitigate excess water loss (Ansari et al., 

2019). To see the morphological alteration of 
M. polymorpha, the gemmae were cultured in 
½ B 5 solid medium for 15 days of culture. 
Then the thallus body was cut and after 
taking initial weight, that was supposed to 
subculture in control (1/2 B5 solid medium), 
and hyperosmotic conditions provided with 
1/2 B5 solid medium supplemented with 
50 mM and 100 mM NaCl. After 15 days 
of subculture, the final weight of the thallus 
body was recorded. The weight gain was 
calculated from final and initial weight. When 
cut thallus body of M. polymorpha were 
supposed to hyperosmotic stressed condition, 
it showed suppression of phenotypic growth 
significantly (Fig.1A). The highest rate of 
thallus weight gain was observed at control 
condition (0.325g), and the lowest (0.041g) 
was found by 100 mM NaCl (Fig.1B). Since 
the quality and quantity of plant growth 
depend on many cellular events like cell 
division, differentiation, development and 
involves genetic, physiological, ecological and 
morphological events, the changing of growth 
pattern should be the important strategy of 
plants for the acclimation to the existing 
condition. As compared to angiosperms, 
very few reports were made in the growth 
inhibition of basal land plants during abiotic 
stress. As for example, very strong growth 
inhibition was reported in basal land plant 
moss P. patens and liverwort M. polymorpha 
in response to phytohormone ABA (Akter et 
al., 2014; Takezawa et al., 2015; Arif et al., 
2019). Another reports on M. polymorpha 
suggested the interruption of growth 
appearance in response to salinity and drought 
stress (Tanaka et al., 2018; Godinez-Vidal 
et al., 2020). Our most recent investigation 
supported strong growth inhibition of M. 
polymorpha thallus under physiological 
drought induced by polyethelene glycol 
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(PEG), sucrose and mannitol (Ghosh et al., 
2021). In our observation, the gemmaling 
growth was drastically reduced in responses 
to hyperosmotic stress induced by 100 mM 
NaCl (Fig. 1) which was consisted to the 
previous findings. Therefore, along with 
the findings of previous efforts, the present 
observation suggest that growth inhibition 
caused by drought and osmotic stresses are 
very common to all sort of land plants and 
the attributes were gained in early and distant 
land plants liverworts. 

Effect of hyperosmotic stress on the 
chlorophyll content and the tissue damage 
of M. polymorpha
As proper maintenance of photosynthetic 
efficiency is a big challenge for land plants 
during acclimation to abiotic stresses, 
synthesis of photosynthetic pigments specially 
chlorophyll should be good indicator for 
stress tolerance. Hence, the gemmalings 
of M. polymorpha after 3 days of normal 
culture were submitted to control (1/2 B5 
liquid medium) and 1/2 B5 liquid medium 
supplemented with hyperosmotic stressed 

A. B.

a

b

c

Control

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0

50 mM NaCl

T
ha

ll
us

 w
ei

gh
t g

ai
n 

(g
)

50 mM NaCl

100 mM NaCl

100 mM NaClControl

Fig. 1. 	Effect of NaCl-induced hyperosmotic stress on the size (A) and weight (B) of the thallus body of 
Marchantia polymorpha. Suppression of thallus size was observed when 15-d old cut thallus body was 
exposed to osmotic stressed condition led by 50 and 100 mM NaCl for another 15-d (A). As compared to 
control (1/2 B5 solid medium), thallus weight gain was significantly reduced under osmotic stressed conditions 
provided with ½ B5 medium supplemented with 50 and 100 mM NaCl (B). Error bar indicates standard error 
(n=3). Different alphabetic letters above the bars show significant differences among the treatments (P < 0.05). 
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condition led by 50 and 100 mM NaCl. The 
chlorophyll content; Chl a and Chl b and 
Chl (a+b) were determined from control and 
treated gemmalings after 2 days of culture. 
The hyperosmotic stress showed profound 
effects on the chlorophyll content of the 
gemmalings of M. polymorpha (Fig. 2). The 
lowest Chl a content; 1.72 mg g−1 FW was 
recorded in 100 mM NaCl treatment while the 
highest value 2.49 mg g−1 FW was observed 
in control treatment (Fig. 2A). Likewise, Chl 
a, the effect of hyperosmotic stress on chl 
b content was also significant. The Lowest 
amount of Chl b content; 1.11 mg g−1 FW was 
recorded in 100 mM NaCl treatment while the 
highest value; 1.39 mg g-1 FW was observed 
in control treatment (Fig. 2A). Therefore, the 
highest amount of chl (a+b) (3.88 mg g-1 
FW) was found in control condition followed 
by 50 mM NaCl (3.81 mg g-1 FW) and 100 
mM NaCl (2.90 mg g-1 FW) (Fig. 2A). The 
chl a (2.44 mg g-1 FW), Chl b (1.37 mg g-1 
FW) and Chl (a+b) (3.81 mg g-1 FW) content 
under 50 mM NaCl were more or similar to 
control condition; 2.49, 1.39 and 3.89 mg g-1 
FW respectively which indicates little osmotic 
pressure created by 50 mM NaCl (Fig. 2A). To 
see the tissue damaged, the treated and non-
treated gemmalings were stained with Evan’s 
blue dye and damaged tissue was monitored 
by recoding blue-colored death tissue. The 
Evan’s blue test indicated higher degree of 
tissue damage by 100 mM NaCl rather than 
50 mM NaCl which showed little tissue 
damage as compared to control (Fig. 2B). 
The finding was consistent to the lower and 
higher reduction of photosynthetic pigments 
in the gemmalings by 50 mM and 100 mM 
NaCl respectively (Fig. 2A). A lot of research 
efforts in angiosperms suggested that drought 

or water limiting environment led to the 
drastic reduction of photosynthetic pigments 
specially chlorophylls (Thaloot et al., 2006; 
Liu et al. 2018; Fallah, 2020). Along with 
that, salt stress reduced chlorophyll contents 
in the plant that might be the malfunctioning 
of the pigment molecules, and protein-
pigments complexes, and structural instability 
of light harvesting complexes (Geissler et al., 
2009). However, increased salinity also leads 
to the higher generation of ROS in chloroplast 
which further damages chloroplast membrane 
and thereby causes leakage of chlorophyll 
from thylakoids (Sun et al., 2010). As contrast 
to angiosperms, basal land plants mosses and 
liverworts also compromised to photosynthetic 
pigments while facing physiological drought 
and osmotic stresses (Pizarro et al., 2019; 
Ghosh et al., 2021). The possible reasons 
for decreasing chlorophyll content might be 
the damaging of photosynthetic pigments 
as well as thylakoid membranes during 
drought stress. Along with those findings, 
significant reduction of chlorophyll content 
under hyperosmotic stress in evolutionary 
important land plant M. polymorpha (Fig. 2A) 
reflects that chlorophyll pigments were very 
indispensable during the first acclimation of 
land plants to dry terrestrial habitats.

Effect of NaCl-induced hyperosmotic stress 
on the proline content of M. polymorpha
Enhanced accumulation of compatible 
solutes or osmolytes are very common in 
angiosperms during acclimation to drought 
stress. Therefore, we submitted gemmalings 
to hyperosmotic stress to find out the possible 
accumulation of one of the essential osmolyte; 
proline. We found a remarkable increase in 
proline content by100 mM NaCl where more 
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or less similar pattern of proline accumulation 
in control (0.11 μmol g-1 FW) and 50 mM 
NaCl (1.13 μmol g-1 FW mM NaCl) indicates 
negligeable osmotic pressure by 50 mM NaCl 
(Fig. 3). Maximum proline accumulation; 
0.33 μmol g-1 FW was observed in 100 mM 
NaCl treatment. In contrast, minimum proline 
accumulation; 0.11 μmol g-1 FW was found 
in control condition. Enhanced accumulation 
of proline was previously reported in 
response to drought stress in Petunia hybrida 
(Yamada, 2005), pea (Alexieva et al., 2001) 
and rice (Saddique et al., 2020). Very recent 
investigation on M. polymorpha resulted 
the higher accumulation of proline under 
physiological drought induced by PEG, 

Sucrose and Mannitol (Ghosh et al., 2021). 
The accumulation of proline is therefore, a 
physiological strategy used by many plants to 
overcome abiotic stresses including drought 
and osmotic stresses. Increased accumulation 
of proline and soluble sugar under salt stress 
contributed to osmotic adjustment by reducing 
cell water potential, maintaining cellular 
turgidity and protecting metabolic processes 
(Munns and Tester, 2008; Azeem et al., 2023). 
In our observation, proline accumulation was 
found to be enhanced under hyperosmotic stress 
induced by 100 mM NaCl (Fig. 3) indicating 
that the machinery for the accumulation of 
cellular osmolytes was developed during the 
earlier stages of land plants’ terrestrialization 
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Fig. 2. 	Effect of NaCl-induced hyperosmotic stress on the chlorophyll content (A) and tissue damage (B) of the 
gemmalings of Marchantia polymorpha. As compared to control, Chl a, Chl b and total Chl (a+b) content 
(mg g-1 FW) were significantly reduced when 3-d culture gemmalings were treated with 100 mM NaCl for 
another 2-d (A). Error bar indicates standard error (n=3). Different alphabetic letters above the bars show 
significant differences among the treatments (P < 0.05). Treated and non-treated gemmalings were stained 
with Evan’s blue dye for measuring tissue damage (B). Scale bar indicates 1 mm. 
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and the characters are conserved throughout 
the land plants. However, the occurrence 
of proline biosynthesis gene Δ1-pyrroline-
5-carboxylate synthase 1  (P5CS1) in M. 
polymorpha by phylogenetic analysis made 
further confirmation of the protective role of 
osmolyte proline during land plant evolution 
(Ghosh et al., 2021). 

Effect of NaCl-induced hyperosmotic stress 
on the sugar content of M. polymorpha
As plants follow accumulation of soluble 
sugar during acclimating to different abiotic 
stresses (Takezawa et al., 2015), we measured 
sugar content in treated and non-treated 
gemmalings. The present investigation 
showed higher accumulation of soluble sugar 

by both 100 mM NaCl (27.66 mg g−1FW) 
and 0.2 M sucrose (32. 14 mg g−1FW) as 
compared to control (17.64 mg g-1 FW) 
(Fig. 4A). Enhanced accumulation of soluble 
sugar by salt stress was reported to maintain 
osmotic adjustment by means of lower cell 
water potential in plant (Azeem et al., 2023). 
Higher accumulation of soluble sugar was 
also reported in moss P. pates under a variety 
of abiotic stresses including cold, ABA and 
osmotic stress (Bhyan et al., 2012; Takezawa 
et al., 2015).  In the present investigation, 
significant increase of soluble sugar under 
osmotic stress led by 100 mM NaCl and 0.2 
M sucrose suggesting that evolutionarily 
important land plants liverworts engaged 
sugar against hyperosmotic stress acclimation 
process (Fig. 4A). Phylogenetic analysis of 
present investigation showed that the presence 
of sugar biosynthesis gene in all sort of land 
plants including basal land plants moss, P. 
patens and liverwort M. polymorpha (Fig. 4B) 
which was consistent to the higher accumulation 
of soluble sugar in M. polymorpha under 
hyperosmotic stress led by 100 mM and 0.2 M 
sucrose in this study (Fig. 4A).

Effect of NaCl-induced hyperosmotic 
stress on the electrolyte leakage, lipid 
peroxidation and H2O2 

Since cell membrane stability is greatly injured 
during drought stress, the measurement of 
electrolyte leakage suggests the rate of injury 
caused at cellular level. To measure the level 
of injury, the gemmalings were submitted to 
hyperosmotic stress induced by 100 mM NaCl 
and electrolyte leakage was measured by EC 
meter. As compared to control, a significant 
increase in electrolyte leakage was recorded 

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0.0

b b

a

Pr
ol

in
e 

co
nt

en
t (

μm
ol

 g
-1
FW

)

Control 50 mM NaCl 100 mM NaCl

Fig. 3. Effect of NaCl-induced hyperosmotic stress 
on the proline content of the gemmalings 
of Marchantia polymorpha. As compared 
to control, proline content was significantly 
increased when 3-d culture gemmalings were 
treated with100 mM NaCl for another 2-d. No 
significant difference was found when treated 
with 50 mM NaCl. Error bar indicates standard 
error (n=3). Different alphabetic letters above 
the bars show significant differences among the 
treatments (P < 0.05).
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while acclimation to hyperosmotic stress 
(Fig. 5A). The higher electrolyte leakage 
(92.42%) was recorded in gemmae of M. 
polymorpha by 100 mM NaCl as compared to 
control (32.63%) (Fig. 5A). Since electrolyte 
leakage is related to ROS and membrane 
lipid peroxidation, we determined H2O2 and 

MDA in the gemmalings treated or non-
treated with hyperosmotic stress led by 100 
mM NaCl. Our observation resulted the 
significant induction of H2O2 and MDA under 
hyperosmotic stress. The higher rate of H2O2 

(12.9 µmol min-1 mg-1 FW) and MDA (94.5 
nmol min-1 mg-1 FW) were recorded in the 

gemmalings treated with 100 mM NaCl (Figs. 
5B and 5C). The values of H2O2 (6.3 µmol 
min-1 mg-1 FW) and MDA (33.5 nmol min-
1 mg-1) were recorded in control condition 
(Figs. 5B and 5C).  Abiotic stress including 
drought and osmotic stress causes disruption 
of membrane integrity due to peroxidation 
of membrane lipids by the enhanced activity 
of ROS resulting in the increased membrane 
permeability and decreasing the stability 
(Guo et al., 2018). Likewise, angiosperms, 
the membrane instability with higher degree 
of electrolyte leakage was reported in basal 
representative P. patens and M. polymorpha 
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during acclimation to osmotic stresses induced 
by PEG, sucrose and mannitol (Takezawa 
et al., 2015; Ghosh et al., 2021). In our 
observation, hyperosmotic stress induced by 
100 mM NaCl greatly enhanced the amount 
of electrolyte leakage in the gemmalings of 
M. polymorpha as compared to control (Fig. 
5A). However, the enhanced accumulation of 
reactive oxygen species ROS; H2O2 and lipid 
peroxidation product MDA in the present study 
was very consistent to the previous findings. 
In the current study, enhanced accumulation 
of H2O2 and MDA in the gemmalings of M. 
polymorpha by higher concentration of NaCl 
(Figs. 5B and 5C) suggesting the implication 
of ROS in osmotic stress acclimation process 
in evolutionarily important land plants 
liverworts. 

Hyperosmotic stress-induced antioxidant 
activity in the gemmalings of M. polymorpha
 Since accumulation of ROS was induced by 
100 mM NaCl in gemmalings, we analyze 
the activity of enzymatic antioxidants which 
are very essential for the recovery of stress 
induced cell death. In the present study, the 
higher value of SOD was recorded as 26.69 
U mg-1 protein by 100 mM NaCl where 
the lower value; 17.91 U mg-1 protein was 
recorded under control condition (Fig. 6A). 
The CAT activity was significantly increased 
in the gemmalings under hyperosmotic stress 
(16.6) as compared to control (6.22) (Fig 
6B.). The APX activity was higher; 0.30 
µmol min-1 mg-1 protein in 100 mM NaCl 
and lower; 0.078 µmol min-1 mg-1 in control 
condition (Fig. 6C). We determined the 
activity of DHAR in gemmalings exposed to 
control and hyperosmotic stress induced by 
100 mM NaCl. Likewise other antioxidants, 

the activity of DHAR was also found to be 
increased during acclimation to physiological 
drought (Fig. 6D). The activity of DHAR 
were recorded as 92.72 and 75.70 nmol 
min-1 mg-1 under 100 mM NaCl and control 
conditions respectively (Fig. 6E). The GST 
activity was also significantly increased in the 
gemmalings exposed to hyperosmotic stress 
induced by 100 mM NaCl (Fig. 6E). The 
higher activity; 0.80 nmol min-1 mg-1 protein 
was recorded under 100 mM NaCl where 
the lower activity; 0.67 nmol min-1 mg-1 
was found under control condition (Fig. 6E). 
During abiotic stress, enhanced accumulation 
of ROS in angiosperms has pivotal roles 
in increasing lipid peroxidation; MDA and 
damaging membrane integrity and interfering 
cellular homeostasis. Therefore, the alteration 
of antioxidant metabolisms is fundamental 
metabolic processes that influences the 
drought and osmotic stress tolerance of plants 
(Laxa et al., 2019). In enzymatic systems, SOD 
was reported as first line defense to scavenges 
O2

•- to H2O2 for protecting cellular damage 
(Bowler et al., 1992). POD, CAT, APX and 
DHAR were responsible for decomposing 
H2O2 to H2O at different cellular locations 
during oxidative stress (Mittler, 2002). APX 
converts H2O2  into water by using ascorbate 
in choloroplast whereas CAT and GPX 
detoxify it in the cytoplasm. Salt stress in plant 
caused a substantial increase of enzymatic 
antioxidants such as SOD, CAT, APX and 
GPX to counteract the effects of excess ROS 
burst all over the cell (Azeem et al., 2023). 
Therefore, in angiosperms, stimulation of 
antioxidant capacity has been considered as 
the integral part of the defense mechanisms 
to combat ROS toxicity under abiotic stresses 
including drought and osmotic and salinity 
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stresses. In contrast to angiosperms, very 
little reports about the activity of enzymatic 
antioxidant were made in basal land plants. As 
for example, the activity of SOD was found 
to be increased in moss Sanionia uncinata 
in responses to abiotic stresses (Pizarro et 
al. 2019). Our most recent investigations 
suggested the enhanced activity of SOD under 
physiological drought (Ghosh et al., 2021). 
Along with that, enhancement of SOD activity 
by NaCl-induced hyperosmotic stress in this 
investigation (Fig. 6A) claimed the early 
adaptive role of this enzymatic antioxidant 
in hyperosmotic stress acclimation of land 
plants. Notably, plant triggers CAT activity in 
order to eliminate the detrimental H2O2 which 

is produced during metabolic processes and 
cause damage to the cell functioning (Gasper 
et al., 2002). CAT activity was also found to 
be enhanced in the primitive plant Selaginella 
tamariscina and M. polymorpha under 
abiotic stresses (Wang et al., 2010; Ghosh 
et al., 2021). In the present observations, 
the enhanced accumulation of CAT activity 
in M. Polymopha under hyperosmotic 
stress indicates that the mechanism was 
developed during the earlier stages of land 
plant’s terrestrialization (Fig. 6B). Several 
investigations also reported the increased 
activity of APX, an important member of 
ascorbate-reduced glutathione (ASA-GSH) 
cycle enzyme in angiosperms under abiotic 
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Fig. 5. 	Effect of NaCl-induced hyperosmotic stress on the electrolyte leakage (A), hydrogen peroxide (H2O2) (B) 
and lipid peroxidation product malondialdehyde (MDA) (C) content in the gemmalings of Marchantia 
polymorpha. As compared to control, significantly higher amount of electrolyte leakage (A), H2O2 (B) and 
malondialdehyde; MDA (C) content were recorded when gemmalings were treated with hyperosmotic stress 
led by 100 mM NaCl. Asterisk indicates significant differences among the treatments (*P < 0.05, **P < 0.01). 
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stresses (Wang et al., 2017). Paciolla and 
Tommasi (2003) reported the activity of APX 
to the removal of H2O2 in moss Brachythecium 
velutinum and liverwort, M. polymorpha. With 
the findings of elevated activity of APX in 
M. polymorpha in response of physiological 

drought (Ghosh et al., 2021), our observations 
of the enhanced activity of APX upon getting 
NaCl-induced hyperosmotic stress suggest 
the activity of APX are conserved throughout 
the land plants including liverworts (Fig. 6C). 
We further analyzed the activity of DHAR 
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which is another key component of AsA-GSH 
cycle enzyme regulating the level of AsA and 
its redox state under oxidative stress. Increased 
activity of DHAR was reported in plant during 
acclimation to various osmotic stresses induced 
by PEG, sucrose and mannitol in evolutionarily 
important land plant M. polymorpha (Ghosh 
et al., 2021). In the present investigation, 
increased activity of DHAR in M.  polymorpha 
under NaCl-induced hyperosmotic stress 
suggests the primitive role of this enzyme for 
stress acclimation (Fig. 6D). Besides these, 
the activity of GST was reported to be greatly 
induced by various abiotic stresses in plants 
(Dixon et al., 2010). Ghosh et al. (2021) 
reported enhanced activity of GST in liverwort 
M. polymorpha under physiological drought 
and the results of which supported our present 
findings regarding enhanced level of GST 
activity in M. Polymopha under hyperosmotic 
stress (Fig. 6E) suggesting the early adaptive 
roles of this superfamily enzymes in regulating 
glutathione metabolism. 

Conclusion
Based on the morpho-physiological and 
biochemical strategies of liverwort M. 
polymorpha for acclimation to hyperosmotic 
stress, it can be summarized that the gemmae; 
asexual reproductive unit of M. polymorpha 
showed the reduction of thallus growth 
under hyperosmotic stress induced by 100 
mM NaCl. The induction of H2O2, MDA, 
and electrolyte leakage by 100 mM NaCl 
suggest that M. polymorpha was supposed 
to be affected by oxidative stress during 
acclimation to hyperosmotic stress. The 
enhanced level of proline and soluble 
sugar accumulation in M. polymorpha 
under hyperosmotic stress led by 100 mM 

NaCl and possible occurrence of sugar 
biosynthesis gene in this basal representative 
indicate the evolutionary role of those 
osmolytes in hyperosmotic stress tolerance. 
Additionally, the significant induction of 
the NaCl-induced enzymatic antioxidants 
such as SOD, CAT, APX, DHAR and GST 
activities in M. polymorpha indicates the 
cellular mechanisms for the detoxification of 
ROS during hyperosmotic stress acclimation 
were developed during the terrestrialization 
land plants. However, further comprehensive 
studies for the accumulation of stress related 
proteins and transcriptomic analysis of stress 
tolerance genes are needed to fine-tune the 
understanding of the hyperosmotic stress 
tolerance mechanisms in basal land plants.

Acknowledgements
The authors convey their special thanks and 
gratitude to the Research Management Wing 
(RMW), Bangabandhu Sheikh Mujibur Rahman 
Agricultural University for providing financial 
and instrumental supports. The authors are 
highly grateful to Professor Daisuke Takezawa 
for providing experimental materials.

Authors’ contributions: Planning, designing 
and conceptualization were made by N.H.T 
and T.K.G. Data collection, curation, analysis, 
preparation of figures, discussion and 
explanation were made by N.H.T and T. K.G. 
Manuscript preparation and editing were made 
by N.H.T and T.K.G, M. M. U and M.S.B. 

Author’s declaration
All the authors carefully read and edited the 
manuscript and agreed to publication. The 
authors did not make any conflict of interest 
with others’ findings.



N. H. Tompa, M. Mohi-Ud-Din, M. S. Biswas and T. K. Ghosh	 15

References
Aebi, H. 1984. Catalase in vitro.  Methods 

Enzymol. 105: 121-126. 
Akter, K., M.  Kato, Y.  Sato, Y.  Kaneko and 

D. Takezawa. 2014.  Abscisic acid-
induced rearrangement of intracellular 
structures associated with freezing 
and desiccation stress tolerance in the 
liverwort  Marchantia polymorpha.  J. 
Plant Physiol. 171: 1334-1343.

Alexieva, V., I. Sergiev, S. Mapelli and E. 
Karanov. 2001. The effect of drought and 
ultraviolet radiation on growth and stress 
markers in pea and wheat. Plant Cell & 
Environ. 24(12): 1337-1344.

Ansari, W. A., N. Atri, M. Pandey, A. K. Singh, 
B. Singh and S. Pandey. 2019. Influence 
of drought stress on morphological, 
physiological and biochemical attributes 
of plants: A review. Biosci. Biotech. Res. 
Asia. 16(4): 697-709.

Arif, M. A., M. Hiss, M. Tomek, H. Busch, R. 
Meyberg, S. Tintelnot, R. Reski, S. A. 
Rensing and W Frank. 2019. ABA-
induced vegetative diaspore formation 
in  Physcomitrella patens.  Front. 
Plant Sci. 10: 315. doi:  10.3389/
fpls.2019.00315.

Azeem, M., K. Pirjan and M. Qasim. 2023. Salinity 
stress improves antioxidant potential 
by modulating physio-biochemical 
responses in Moringa oleifera Lam.  Sci. 
Rep.  13: 2895. https://doi.org/10.1038/
s41598-023-29954-6

Bates, L. S., R. P. Waldron and I. D. Teare. 1973. 
Rapid determination of free proline for 
water stress studies. Plant Soil. 39: 205-208.

Beyer, W. F. and I. Fridovich. 1987. Assaying 
for superoxide dismutase activity: some 
large consequences of minor changes in 
condition.  Anal. Biochem. 161(2): 559-
566. doi: 10.1016/0003-2697(87)90489-1.

Bhyan, S. B., A. Minami, Y. Kaneko, S. 
Suzuki, K. Arakawa, Y. Sakata and D. 

Takezawa. 2012. Cold acclimation in 
the moss Physcomitrella patens involves 
abscisic acid-dependent signaling. J. Plant 
Physiol.169(2): 137-145. doi:  10.1016/j.
jplph.2011.08.004.

Bowler, C., M. V. Montagu and D. Inze. 1992. 
Superoxide dismutase and stress 
tolerance.  Annu. Rev. Plant Biol.  43(1): 
83-116.

Bowman, J. L., T. Kohchi and K. T. Yamato. 
2017. Insights into land plant evolution 
garnered from the  Marchantia 
polymorpha  genome.  Cell.171(2): 287-
304. doi: 10.1016/j.cell.2017.09.030.

Decker, E. L., W. Frank, E. Sarnighausen and R. 
Reski. 2006. Moss systems biology en 
route: phytohormones in Physcomitrella 
development. Plant Biol. 8: 397-406.

Dixon, D. P., M. Skipsey and R. Edwards. 2010. 
Roles for glutathione transferases in 
plant secondary metabolism. Phytochem. 
71(4): 338-350. doi:  10.1016/j.
phytochem.2009.12.012.

Fallah, A. 2020. Effect of drought stress and zinc 
sulfate spraying on growth, yield and 
photosynthetic pigments in wheat cultivar 
Alvand.  Plant Ecophysiol. (Arsanjan 
Branch).11(39): 217–228.

Gasper, K. and G. L. Clore. 2002. Attending to the 
big picture: Mood and global versus local 
processing of visual information. Psychol. 
Sci.13(1): 34-40.

Geissler, N., S. Hussin and H. W. Koyro. 2009. 
Interactive effects of NaCl salinity and 
elevated atmospheric CO2 concentration on 
growth, photosynthesis, water relations and 
chemical composition of the potential cash 
crop halophyte Aster tripolium L. Environ. 
Exp. Bot. 65: 220-23.

Ghosh, T. K., M. Kaneko, K. Akter, S. Murai, K. 
Komatsu, K. Ishizaki, K. T. Yamato, T. 
Kohchi and D. Takezawa. 2016. Abscisic 
acid-induced gene expression in the 
liverwort  Marchantia polymorpha  is 



16	 Exogenous sodium chloride explores the mechanisms for hyperosmotic stress acclimation in liverwort

mediated by evolutionarily conserved 
promoter elements. Physio. Plant.156(4): 
407-420. doi: 10.1111/ppl.12385.

Ghosh, T. K., N. H. Tompa, M. M. Rahman, M. 
Mohi-Ud-Din, S. Z. Al-Meraj, M. S. Biswas 
and M. G. Mostofa. 2021. Acclimation 
of liverwort Marchantia polymorpha to 
physiological drought reveals important 
roles of antioxidant enzymes, proline and 
abscisic acid in land plant adaptation to 
osmotic stress. Peer J. 9: e12419.

Godinez-Vidal, D., G. López-Leal, A. A. Covarrubias 
and J. L. Reyes. 2020. Early events 
leading to water deficit responses in the 
liverwort Marchantia polymorpha. Environ. 
Exp. Bot. 178: 104172. 

Guo, P., Y. P. Qi, Y. T. Cai, T. Y. Yang, L. T. 
Yang, Z. R. Huang and L. S. Chen. 2018. 
Aluminum effects on photosynthesis, 
reactive oxygen species and methylglyoxal 
detoxification in two Citrus species 
differing in aluminum tolerance.  Tree 
Physiol. 38(10): 1548-1565. 

Hossain  M. A.,  M. Hasanuzzaman and 
M. Fujita. 2010. Up-regulation of antioxidant 
and glyoxalase systems by exogenous 
glycine betaine and proline in mung bean 
confer tolerance to cadmium stress. Physiol. 
Mol. Biol. Plants. 16(3): 259-272.

Jahan, A., K. Komatsu, M. Wakida-Sekiya, 
M. Hiraide, K. Tanaka, R. Ohtake, T. 
Umezawa, T. Toriyama, A. Shinozawa, 
I. Yotsui, Y. Sakata and D. Takezawa. 
2019. Archetypal roles of an abscisic acid 
receptor in drought and sugar responses 
in liverworts. Plant Physiol. 179(1): 317-
328. doi: 10.1104/pp.18.00761. 

Jahan. A., Y. Yamazaki, M. Islam, T. K. Ghosh, 
N. Yoshimura, H. Kato, K. Ishizaki, A. 
Shinozawa, Y. Sakata and D. Takezawa. 
2022. Differential regulations of abscisic 
acid-induced desiccation tolerance and 
vegetative dormancy by group B3 Raf 
kinases in liverworts. Front. Plant Sci. 13: 
952820. doi: 10.3389/fpls.2022.952820. 

Kenrick, P. and P. R. Crane. 1997. The origin 
and early evolution of plants on 
land. Nature. 389(6646): 33-39.

Laxa, M., M. Liebthal, W. Telman, K. Chibani 
and K. J. Dietz. 2019. The role of the 
plant antioxidant system in drought 
tolerance.  Antioxidants. 8(4): 94. 
doi: 10.3390/antiox8040094.

Liang, X., L. Zhang, S. K. Natarajan and D. F. 
Becker. 2013. Proline mechanisms of 
stress survival. Antioxid. Redox Signal. 
19: 998-1011. 

Liu, X., L. Li, M. Li, L. Su, S. Lian, B. Zhang, 
X. Li, K. Ge and L.  Li.  2018. 
AhGLK1  affects  Chlorophyll biosynthesis 
and photosynthesis in peanut leaves during 
recovery from drought.  Sci. Rep.  8(1): 1. 
doi: 10.1038/s41598-018-20542-7. 

Minami, A., M. Nagao, K. Arakawa, S. Fujikawa 
and D. Takezawa. 2003. Abscisic acid-
induced freezing tolerance in the moss 
Physcomitrella patens is accompanied 
by increased expression  of stress-related 
genes. J. Plant Physiol. 160: 475–483.

Mittler, R. 2002. Oxidative Stress, Antioxidants 
and Stress Tolerance. Trends Plant Sci. 
7: 405-410. http://dx.doi.org/10.1016/
S1360-1385(02)02312-9

Munns, R. and M. Tester. 2008. Mechanisms 
of salinity tolerance.  Annu. Rev. Plant 
Biol. 59: 651–681.

Nakano, Y. and K. Asada. 1981. Hydrogen 
peroxide is scavenged by ascorbate-
specific peroxidase in spinach 
chloroplasts.  Plant Cell Physio.  22(5): 
867-880. doi:  10.1093/oxfordjournals.
pcp.a076232.

Oliver, M. J., Z. Tuba and B. D. Mishler. 2000. 
The evolution of vegetative desiccation 
tolerance in land plants. Plant Ecol. 151: 
85-100.

Oliver, M. J., J. Velten and B. D. Mishler. 2005. 
Desiccation tolerance in bryophytes: a 
reflection of the primitive strategy for 



N. H. Tompa, M. Mohi-Ud-Din, M. S. Biswas and T. K. Ghosh	 17

plant survival in dehydrating habitats? 
Integr. Comp. Biol. 45: 788-799.

Paciolla, C. and F. Tommasi. 2003. The ascorbate 
system in two bryophytes:  Brachythecium  
velutinum  and Marchantia polymorpha. Biol. 
Plant. 47(3):387-393. 

Porra, R. J. 2002. The chequered history of the 
development and use of simultaneous 
equations for the accurate determination 
of chlorophylls a and b.  Photosynthesis 
Res. 73:149-156.

Proctor, M. C., M. J. Oliver, A. J. Wood, P. Alpert, 
L. R. Stark, N. L. Cleavitt and B. D. 
Mishler. 2007. Desiccation-tolerance in 
bryophytes: a review. Bryologist.110(4): 
595-621. 

Raja, V., U. Majeed, H. Kang, K. I. Andrabi and R. 
John. 2017. Abiotic stress: interplay between 
ROS, hormones and MAPKs.  Environ. 
Exp. Bot. 137(4): 142-157. doi: 10.1016/j.
envexpbot.2017.02.010.

Rensing, S. A., D. Lang and A. D. Zimmer et al. 
2008. The Physcomitrella genome reveals 
evolutionary insights into the conquest of 
land by plants. Science. 319: 64-69.

Saddique, M. A. B., Z. Ali, M. A. Sher, B. 
Farid, M. I. Ikram, M. S. Ahmad. 2020.  
Proline, total antioxidant capacity, 
and  OsP5CS  gene activity in radical 
and plumule of rice are efficient drought 
tolerance indicator traits.  Int. J. Agron. 
2020 : 1-9. doi: 10.1155/2020/8862792.

Saitou, N. and M. Nei. 1987. The neighbor-joining 
method: a new method for reconstructing 
phylogenetic trees. Mol. Biol. Evol. 4(4): 
406-425.

Saruhashi, M, T. Kumar Ghosh, K. Arai, Y. 
Ishizaki, K. Hagiwara, K. Komatsu, Y. 
Shiwa, K. Izumikawa, H. Yoshikawa, T. 
Umezawa, Y. Sakata and D. Takezawa. 
2015. Plant Raf-like kinase integrates 
abscisic acid and hyperosmotic stress 
signaling upstream of SNF1-related 
protein kinase2.  Proc. Natl. Acad. 

Sci. U.S.A. 112(46): E6388-E6396. 
doi: 10.1073/pnas.1511238112.

Seki, M., A. Kamei, K. Yamaguchi-Shinozaki and 
K. Shinozaki. 2003. Molecular responses 
to drought, salinity and frost. common 
and different paths for plant protection. 
Curr. Opin. Biotechnol. 14: 194-199.

Seleiman, M. F., M. T. Aslam, B. A. Alhammad, 
M. U. Hassan, R Maqhool and M. U. 
Chattha. 2022. Salinity stress in wheat: 
effects, mechanisms and management 
strategies. Phyton-Intern. J. Exp. Bot. 91: 
667-694.

Sun, Y. L., F. Li and N. Su, et al.  2010. The 
increase in unsaturation of fatty acids 
of phosphatidylglycerol in thylakoid 
membrane enhanced salt tolerance in 
tomato.  Photosynthetica. 48: 400-408. 
https://doi.org/10.1007/s11099-010-
0052-1

Takezawa, D., N. Watanabe, T. K. Ghosh, M. 
Saruhashi, A. Suzuki, K. Ishiyama, 
S. Somemiya, M. Kobayashi and 
Y. Sakata. 2015. Epoxycarotinoid-
mediated synthesis of abscisic acid 
in Physcomitrella patens implicating 
conserved mechanisms for acclimation 
to hyperosmosis in embryophytes. New 
Phytol. 206: 209-219. doi:10.1111/
nph.13231.

Tanaka, H., R. Suzuki, N. Okabe, T. Suzuki 
and Y. Kodama. 2018. Salinity stress-
responsive transcription factors in the 
liverwort Marchantia polymorpha. Plant 
Biotechnol. 35(3): 281-284. 

Thaloot, A. T., M. M. Tawfik and H. Magda 
Mohamed. 2006. A comparative study 
on effect of foliar application zinc, 
potassium, magnesium on growth, yield 
and some chemical constituents of mung 
bean plants grown under water stress. 
World J. Agri. Sci. 2(1): 37-46.

Wang, X., S. Chen, H. Zhang, L. Shi, F. Cao, 
L. Guo and S. Dai. 2010. Desiccation 
tolerance mechanism in resurrection fern-



18	 Exogenous sodium chloride explores the mechanisms for hyperosmotic stress acclimation in liverwort

ally  Selaginella tamariscina  revealed 
by physiological and proteomic 
analysis. J. Prot. Res. 9(12): 6561-6577. 
doi: 10.1021/pr100767k.

Wang, J., B. Wu, H. Yin, Z. Fan, X. Li, S. Ni, 
L. He and J. Li. 2017. Overexpression 
of  CaAPX  induces orchestrated 
reactive oxygen scavenging and 
enhances cold and heat tolerances in 
tobacco. Biomed Res. Int. 2017: 4049534. 
doi: 10.1155/2017/4049534.2017.

Wellman, C. H., P. L. Osterloff and U. Mohiuddin. 
2003. Fragments of the earliest land 
plants. Nature. 425: 282-285.

Yamada, M., H. Morishita, K. Urano, N. Shiozaki, 
K. Yamaguchi-Shinozaki, K. Shinozaki 
and Y. Yoshiba. 2005. Effects of free 
proline accumulation in petunias under 
drought stress.  J. Exp. Bot.  56(417): 
1975-1981.

Yemm, E. W. and A. J. Willis. 1954. The estimation 
of carbohydrates in plant extracts by 
anthrone. Biochem. J. 57: 508-514.


