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Abstract

Dehydration and rejuvenation during rehydration is the salient feature of certain plants which can withstand drought. The pre-
sent study was undertaken to justify the tolerance capacity of Campylopus flexuosus, the moss of the Ponmudi belts of Thiru-
vananthapuram, against dehydration followed by rehydration. Fresh leafy plants of C. flexuosus were hydrated, afterwards
dried, and rehydrated under in vitro environment. In the course of loss of water from cells, the relative water content of desic-
cated thallus was reduced after 4 h with intense inward curling. Upon rehydration, the RWC was regained 85% of its initial water
content within hours. The rehydrated thallus showed the normal morphology. Photosynthetic parameters like chlorophyll b (1.01
to 1.56 ug g —1 ), and total carotenoid (0.251 to 0.514 ug g —1 ) increased remarkably in the desiccated state. Superoxide radi-
cal (O,-) content increased (11.4 nmol/g FW), resulting in an oxidative burst during desiccation. Consequently, antioxidant en-
zymes such as catalase (0.369 U mg protein -1), superoxide dismutase ( 2.68 to 6.02 Units mg-1), peroxidase ( 0.12 ymol
min—1 g—1 protein) and glutathione reductase ( 312 Units mg—1 protein) activities were up-regulated in the desiccated thallus to
ameliorate oxidative damage. Increased malondialdehyde (1.08 nmol g-1 FW) content during desiccation substantiates mem-
brane damage and loss of its integrity. During desiccation, the osmolytes sucrose and proline (27.6 and 2.57 ymol/g FW re-
spectively) were enhanced to maintain cell structure integrity. After rehydration, biochemical and morphological properties were
maintained similar to hydrated conditions. Thus, the study reflects the unique adaptations of the moss to tide over desiccation
tolerance.
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INTRODUCTION anti-oxidant mechanisms play a major role in unravel-
ling tolerance to desiccation (Banupriya et al., 2020).
Water stress results in the accumulation of proline in

plants, hydration of the leaves lead to the decline of

Desiccation tolerance (DT) is the adaptive feature to
dry and withstands intracellular water level > 90 %. It is

regulated by multiple genes via proteins (Hassan et al.,
2017). Many of the angiosperms and pteridophytes are
tolerant to desiccation, i.e., they withstand drying up to
10—20% of their dry weight and recover metabolism by
rehydration (Yathisha et al., 2020). According to Phylo-
genetic and ecological studies desiccation tolerance is
a primitive character of land plants, which lost in the
course of evolution of the homoiohydric vascular-plant
shoot system, and retained in spores, pollen or seeds,
and re-evolved in resurrection plants. In higher plants,

proline. Resurrection plants show peculiar mechanisms
to protect their cell membrane (Ahanger and Siddique,
2021). Generally, desiccation tolerance was analysed
and documented mostly in flowering plant groups and
ferns.

The physiology of bryophytes differs from that of vascu-
lar plants. Non-vascular plants like bryophytes, the
leafy shoots equilibrate rapidly with the water potential
in their surroundings and tend to be either fully hydrat-
ed or desiccated and metabolically inactive (Banupriya
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et al., 2020). Bryophytes show poikilohydry and desic-
cation tolerance that is the optimal pattern of adaptation
at their scale and, possess water content equivalent to
that of their environment. Bryophytes are considered to
be desiccation-tolerant plants, i.e., capable of reviving
from an air-dry state (de Carvalho et al., 2019). Accord-
ing to Gao et al. (2018), most bryophytes can survive
-20 to —40 MPa desiccation for short durations, which
is beyond the range that most crop species can with-
stand. 1% out of total bryophyte species have been
experimentally determined to be desiccation tolerant
(Wood, 2007). In this scenario, the present study was
targeted in Campylopus flexuosus, a moss species, to
understand the biochemical, morphological and physio-
logical adaptions to survive and recover from the pro-
cess of desiccation-resurrection.

MATERIALS AND METHODS

The plant species selected was C. flexuosus, a moss of
the family Dicranaceae. It is dioecious, and olive-green
grows as tufts with size varied to 1-10 cm. It is hairy
and dichotomously branched. Leaves erect, flexuose,
when dry £ 6 mm long, lanceolate- subulate and a grad-
ual wider base.

Relative water content (RWC)

Fresh and healthy thallus was hydrated until fully satu-
rated and had no further weight gain. Fully hydrated
thalli were desiccated (air dry) to lose water under room
temperature until no further weight loss occurred. Sub-
sequently, the desiccated thalli were rehydrated till no
further weight gain. Fully hydrated, desiccated and re-
hydrated thalli were ground using liquid nitrogen and
stored at —80°C for the biochemical and physiological
analysis. The percentage of RWC was calculated as
the difference between fresh to dry weight (Banupriya
et al., 2020).

Chlorophyll and carotenoid contents

0.5 g of fully hydrated, desiccated and rehydrated
C.flexuosus tissues were homogenized using liquid
nitrogen. The samples were grounded using 10 ml of
80% acetone, the crude extract was centrifuged at
3,000 g for 5 min and the supernatant was collected.
The OD of the supernatant was read at 663.6 nm,
646.6 nm, and 440.5 nm using a Spectrometer. The
total chlorophyll and carotenoid contents were quanti-
fied using the methodology of Porra et al. (1989). The
results were expressed on the basis of ug chl/g dry
sample.

Quantitative assay of superoxide radical (O, ")

One gram fully hydrated, desiccated and rehydrated
thalli were extracted with 100 mM potassium phosphate
buffer -pH 7.2. To the reaction mixture, 500 ul of 2 mM

nitro blue tetrazolium was mixed and incubated for 20
min. The reaction was arrested by adding ml of
1.4-dioxan. The tubes were heated at 70°C in a water
bath for 15 min, it was then cooled, and centrifuged at
2,000 g for 10 min and the OD of the supernatant was
recorded at 540 nm. O,~ was calculated as per the pro-
tocol of Fontana and Rosei (2001) and was expressed
as pymol/g FW.

Quantification of soluble sugar and starch

To one gram of fully hydrated, desiccated and rehydrat-
ed C.flexuosus thalli ice-cold 1 M perchloric acid was
added and ground, the slurry was centrifuged at 12,000
g for 2 min at 4°C. 5 M Potassium carbonate was add-
ed for neutralizing the supernatant and was precipitated
with potassium perchlorate. The supernatant was used
to estimate sucrose, while the pellet was used to esti-
mate starch. Sucrose and starch were estimated by
following the protocol of Banupriya et al. (2020) and
were expressed as umol/G FW.

Quantification of proline

1 g of fully hydrated, desiccated and rehydrated thalli
was used for estimating proline content (Yathisha et
al.,2020). The thalli were homogenized using 3% sul-
fosalicylic acid. And after 72 h, the released proline
was recorded. For the purpose, the homogenate was
centrifuged at 3,000 g and the obtained supernatant
was boiled for 1hr after treating with acetic acid-
ninhydrin, and OD was read at 520 nm and was ex-
pressed as mg g 'dw .

Quantification of lipid peroxidation (LPX)

Lipid peroxidation was measured according to the pro-
tocol of Li et al. (2000), using 2-thiobarbituric acid
(TBA). 0.5 g of fully hydrated, desiccated and rehydrat-
ed C.flexuosus thalli was homogenised using 2 ml of
0.25% TBA made in 10% Trichloroacetic acid. Crude
extract was heated at 95°C in a boiling water bath for
30 min and cooled suddenly. It was centrifuged at
10,000 g for 10 minutes. The collected supernatant was
used for reading OD at 532 and 600 nm. LPX level was
expressed as nmol g”'FW of malondialdehyde (MDA),
calculated using an extinction coefficient of 155 mM
cm™.

Antioxidant enzymes assay

Different antioxidant enzymes like superoxide dis-
mutase (SOD), catalase (CAT), peroxidase (POX) and
glutathione reductase (GR) were assayed in fully hy-
drated, desiccated and rehydrated thalli of C.flexuosus.
For assay of SOD and CAT), the tissues were ground-
ed separately in 6 ml of extraction buffer-1 containing
50 mM phosphate-buffered saline (PBS), pH 7.8 and
for assay of POX and GRb 6 ml extraction buffer-2 (100
mM PBS), pH 7.0 at 4°C. The homogenates were cen-
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trifuged for 20 min (15,000 g at 4°C). NBT was used as
a control to estimate SOD. The reaction solution of
SOD consisted 50 mM PBS (pH 7.8), 130 mM methio-
nine, 20 UM riboflavin, 750 yM NBT chloride, 100 uM
EDTA-Na2+, and 0.1 ml of enzyme extract. The reac-
tion mixture was incubated under fluorescent light with
an intensity of 50 ymol m-2 s—1 for 20 minutes. The
OD was read at 560 nm. SOD activity was expressed in
Units mg—1 protein.

CAT activity was measured according to the methodol-
ogy of Change and Maethly (1995), analysing the rate
of disappearance of H,O,. The absorbance at A240
was recorded, and the activity was expressed as the
number of y mol of H,O, catalyzed by a unit of CAT per
min. The activity of POX was measured using the reac-
tion a mixture containing 100 mM PBS (pH 7.0), 50 mM
o-methoxyphenol, 40 mM H,0,, and 0.1 ml of enzyme
extract and results were expressed in ymol min-1 g-1
protein.

According to the method of Halliwell and Foyer (1978),
GR activity was determined. The reaction mixture con-
sisted of 0.2 mM nicotinamide adenine dinucleotide
phosphate hydrogen, 50 mM Tris-HCI, 0.5 mM Glutathi-
one disulfide and 5 mM MgCl,. OD was noted at 340
nm, within 3 min, the number of pmol of NADPH oxidi-
zation and was expressed in Units mg—1 protein.

Statistical analysis

The results obtained were subjected to one-way analy-
sis of variance. The significant differences among the
test groups (p < 0.05) were obtained by Tukey’s hon-
estly significant difference post hoc test using SPSS
software (SPSS20.0, SPSS Inc., Chicago IL). The val-
ues shown were the means + standard deviations (SD)
of three independent replicates.

RESULTS AND DISCUSSION

Mechanisms to prevent desiccation stress include in-
creased pigment synthesis in tissues such as carote-
noids and anthocyanins, which protect photosynthetic

): Q“;‘:L i = ===

Fig. 1a. Fully hydrated thallus of C. flexuosus

tissue from photoinhibition and photobleaching by re-
ducing light intensity. Similarly, the tissues balance the
formation of ROSs/free radicals.

Level of relative water content

Relative water content (RWC) was estimated in fully
hydrated (Fig.1a), desiccated (Fig.1b) and rehydrated.
The fresh intact total water content being at 100%, the
fresh weight was 0.421 g. After 4 h of water loss by air
dry, the weight of desiccated thallus was found to be
0.062 g and after rehydration, the weight was 0.315 g.
Therefore, the percentage of RWC after 4 h of desicca-
tion and rehydration was found to be 25.2% and
85.2%, respectively. The RWC % in desiccated and
rehydrated thalli reveals that C.flexuosus displays fea-
tures of resurrection.

Amount of chlorophyll and carotenoid content
Reduced photosynthetic activities during desiccation
were reported by many researchers (Yathisha et al.,
2020; Banupriya et al., 2020). The present study, it was
noticed that there was remarkable difference in Chl a
and chl b among hydrated, desiccated, and rehydrated
thalli. The Chl a was decreased during desiccation
from 12.4 ug g-1 to 8.71 pug g, while chl b increased
1.01 pg g~ to 1.56 pg g~'. Upon rehydration, chloro-
phyll a and chlorophyll b contents regained to almost
normal values of hydrated thallus, i.e., 12.4 ug g 'and
1.1 ug g~'. The overall results suggest the recovery of
major photosynthetic pigments during desiccation-
rehydration reaction. Interestingly, the increase in Chl
b further supports its role in photoprotection of Chl a
during desiccation. Carotenoids content significantly
increased during 4 h of desiccation, i.e., 0.251
(hydrated) to 0.514 ug g~' (desiccated).

O, radical level

Increased superoxide radical level was seen during the
desiccation phase, i.e., the content of superoxide radi-
cal in hydrated thallus was 5.26 nmol/g FW, which was
up-regulated in the desiccated thallus to 11.4 nmol/g

Fig.1b. Desiccated thallus of C.flexuosus
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FW (2 fold higher than hydrated condition). However, it
recalled to 6.23 nmol/g FW in the rehydrated condition,
which was marginally higher than hydrated thallus.
Enhanced superoxide radical level in desiccated thallus
reflects the sign of oxidative stress which was indicated
by the level of superoxide radical content in the thalli.

Starch and sugar contents

Resurrection plants protect their cell membrane during
desiccation by enhancing the synthesis and storage of
soluble sugars like sucrose and raffinose oligosaccha-
rides (Farrant et al.,2009). Sucrose content was
expressed as ymol/g FW and it increases in the desic-
cated and rehydrated thalli. The starch level in the
desiccated thallus was decreased when compared to
hydrated thallus.

Thus, the present study revealed that a decrease in
starch content and increase in sucrose content might
be due to the breakdown of the polysaccharides in the
moss to sugar to counter desiccation. Also, increased
sucrose concentration helps in maintaining the protein
integrity during the period of severe water loss (Fig. 2).

Proline content

Accumulation of free amino acids has been recorded in
many resurrection species to tide over desiccation
stress (Pandey et al., 2010). Proline is an osmolyte and
scavenger of reactive oxygen species (ROS), and also
a molecular chaperone stabilizing the structure of pro-
teins, thereby protecting the cells from damage due to
oxidative stress. Proline levels in fully hydrated, desic-
cated and rehydrated were expressed in terms of pmol/
g FW. It was clear that the proline level was remarkable
during desiccation. In the hydrated stage, it was found
to be 1.68 umol/g FW and in desiccated, it increased to
2.57 ymol/g FW and during rehydration, it almost re-
gained to 1.72 p mol/g FW. The results substantiate the
role of proline in physiological specificity during
desiccation.

Lipid peroxidation (LPX)

The major cellular molecules liable to damage by free
radicals are polyunsaturated lipids (peroxidation of un-
saturated fatty acids in cell membranes). LPX is an
indicator of oxidative stress in response to desiccation
which will result in damage to cell membranes and de-
naturation of enzymes, i.e., resulting in loss of cell via-
bility. It was noticed that 0.692 nmol g”' FW and 1.08
nmol g-1 FW in hydrated and desiccated, reflecting an
uplift in LPX thus indicating the plausibility of cellular
damage during oxidative stress. Furthermore, it re-
duced to 0.74 nmol g-1 FW in rehydrated as a result-
ant of the recovery events. The results indicated that
membrane damage leads to the loss of membrane in-
tegrity due to desiccation stress (Fig. 3).

Antioxidant enzymes

Oxidative stress is a chain of biochemical reactions as
a consequence of up-regulation of ROSs. ROS includes
singlet oxygen ('0,), superoxide (O,"), hydrogen perox-
ide (H,0,), hydroxyl radical (HO) and also reactive ni-
trogen species (RNSs). The generation of ROS due to
desiccation may be lethal. Antioxidant machineries are
triggered during the abiotic stress to counterbalance
oxidative burst.

Oxidative stress is a deleterious event associated with
a water deficit in plants. The present results reflected
that anti-oxidation enzymes had been induced to bal-
ance desiccation damage via scavenging ROSs accu-
mulation. Oxidative stress is a complex chain of reac-
tions counterbalanced by antioxidant and non-
antioxidant systems. The increased level of soluble
sugars and proline content seen in the moss are exam-
ples of non-antioxidant system. SOD, CAT, POX and
GR were examples of antioxidant systems in the moss.
A decrease in chlorophyll content is thought to be linked
to the protection of plants against UV light and damage
due to oxygen free radical generation during desicca-
tion. In the present study, chlorophyll content was re-
duced during desiccation but regained after rehydration.
Chlorophyll b content was enhanced in the desiccated
stage, indicating that no complete dismantling of
photosynthetic apparatus took place in water deficit
(1.01 ug g™ to 1.56 pg g~'). However, the chlorophyll a
content in desiccated was lower than the control sug-
gesting degradation probably occurred but was not se-
vere (since the plant recovered the normal morphology
and biochemical efficacies during rehydration). It must
be noted that the higher carotenoid in desiccation state
indicates the desiccation stress did not completely
affect the photosynthesis (0.251 (hydrated) to 0.514
ug g (desiccated).

The activity of SOD was increased from 2.68 to 6.02
Units mg~"protein from hydrated to desiccated thalli.
The POX activity in hydrated thallus was 0.051 pmol
min~' g™" protein which was increased in desiccated to
0.12 umol min~"g " protein (Table 1). The GR activity
noticed in desiccated thallus was 312 Units mg™" protein
as compared to rehydrated thallus 287 Units mg™" pro-
tein. The CAT activity, like other antioxidant enzymes,
was found to be 0.369 units/mg protein in desiccated
thallus as compared to hydrated thalli (0.168 + 0.02
units/mg protein).

Almeselmani et al. (2009) correlated temperature stress
among wheat genotypes with antioxidant defence en-
zymes. GR enzyme involves in balancing the reduced
glutathione content in the cell system during abiotic
stress. In the moss, the activity was more remarkable in
the desiccated state, i.e., 312 Units mg'1 protein as
compared to the heat stress in wheat (67.8 Units mg™").
Das and Roychoudhury (2014) reported varied profile
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Fig. 2. Sugar and starch content (u mol/g FW) in hydrated,
desiccated and rehydrated thallus of C.flexuosus

levels of reactive oxygen species (ROS) and their re-
sponse to antioxidants during environmental stress in
plants. But, in the present study, a positive correlation
was noticed between superoxide anion content and
SOD enzyme activity. The enzyme SOD catalyzes the
dismutation of the toxic free radical superoxide anion
into less reactive oxygen species hydrogen peroxide,
thus substantiating the efficacy of the msoos in terms of
desiccation tolerance. Abbasi et al. (2016) reviewed the
mechanism of salt tolerance and the role of potassium
in its alleviation. Acosta-Motos et al. (2017) also docu-
mented plant responses to salinity stress and its enzy-
mic adaptive mechanisms. In the present analysis, wa-
ter loss in the moss induced oxidative stress reflected
in superoxide anion content and lipid peroxidation lev-
els. But, interestingly, the moss species ameliorated
the oxidative stress via the osmolyte content (sugar
and proline) and AOX enzymes.

Wang et al. (2010) proved this in the resurrection spe-
cies Selaginella tamariscina. Deeba et al.(2009) estab-
lished the balancing role of antioxidant enzymes such
as CAT, SOD, and GR in S. bryopteris. As compared to
S. bryopteris the activity profile of the AOX enzymes
displayed by the moss species was less. Lubaina et al.
(2016) and Kavitha & Murugan (2016) in Adiantum lati-
folium and Dicranopteris linearis confirmed the role of
CAT, SOD, and GR and POX activity under dehydrated
and hydrated conditions using synthetic dehydrating
agent polyethylene glycol. In the present study,
C.flexuosus was desiccated under natural conditions,

Fig. 3. LPX level (nmol/g FW) in hydrated, desiccated and
rehydrated thallus of C.flexuosus

reflected the uplifting of the above enzyme activities
and regained the normal morphology during rehydra-
tion (Table 1). Desoky El-Sayed et al. (2021) and Bur-
nett et al. (2021) analyzed ionic, osmotic and oxidative
stress factors towards salinity tolerance in barley. In
their study the enzyme CAT was displayed much mea-
ger activity when compared to the moss species i.e.,
0.369 * 0.04 (desiccated) vs 0.075 U mg/ protein.
Thus, the moss bioengineered the tolerance power
during water stress. Antioxidant responses under salini-
ty and drought in three closely related wild monocots
with different ecological regimes have been correlated
(Al Hassan et al., 2017). In their study, POX showed
more response as compared to CAT enzyme. Contra-
dictorily, in the present study CAT was more active in
the moss species than POX enzyme (Table 1). Allel et
al.( 2019) evaluated salinity tolerance indices in terms
of sugar and proline content in the North African barley
accessions at the reproductive stage. The present data
of osmolytes such as sugar (27.6 pmol/g FW) and pro-
line (2.57 pmol/g FW) was more or less at par with the
barley species. Behrouzi et al. (2015) analyzed cata-
lase and peroxidase antioxidant enzyme activities in
barley cultivars seedling under salt stress and the
obtained data was lower than the moss species. POX
and CAT enzymes peroxidatively or catalytically oxidize
hydrogen peroxide into water or water and oxygen,
respectively.

Ben Chikha et al. (2016) compared barley landrace
genotypes with contrasting salinity tolerance at the

Table 1. SOD (Units mg-1 protein), POX pmol min-1 g-1 protein , GR (Units mg-1 protein ) and CAT (Units mg-1
protein) activities in hydrated, desiccated and rehydrated thallus of C.flexuosus

SoD
(Units mg-1 protein)

POX

pmol min-1 g-1 protein

GR
(Units mg-1 protein )

CAT
(Units mg-1 protein)

Hydrated 2.68 £ 0.021 0.051 + 0.0090.0054 167 + 0.86 0.168 + 0.02
Desiccated  6.02 £ 0.042 0.12 £ 0.0032 312+ 0.54 0.369 + 0.04
Rehydrated  3.02 + 0.03 0.071 £0.005 287 +0.92 0.211 £ 0.01
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vegetative growth stage. In their study, the enzymes
showed high profound of activity at matured stage than
juvenile condition. Ben Khaled et al. (2012) evaluated
salt tolerance of 14 wild landraces of barley genotypes
from southern Tunisia using multiple parameters. In the
present study, the primitive moss species displayed
remarkable recovery during rehydration suggests its
tolerance to water stress. Bornare et al. (2013) com-
pared biochemical indicators of salinity tolerance of
barley with other crops. The AOX enzyme displayed by
the moss species strongly suggests that these en-
zymes may be used as bioindicators of oxidative stress
in plants.

Hasanuzzaman et al. (2013) explained the physiologi-
cal, biochemical, and molecular mechanisms of heat
stress tolerance in plants. Zhang et al. (2015) narrated
the clones of FeSOD, MDHAR, DHAR genes from
Trifolium repens and gene expression analysis of
ROS-scavenging enzymes during abiotic stress and
hormone treatments. The overall data obtained in the
present analysis require a further extension in terms of
identifying the isozyme profile of SOD enzymes and
tracing the Asada Halliwell cycle. Khalvandi et al.
(2021) reported drought tolerance signalling networks
of desiccation in potato species induced by salicylate
with carbon assimilation features and leaf proteins in
winter variety wheat. The data of AOX enzyme protein
activity in the moss species during water loss stress
and the rejuvenating caliber of the species warrant fu-
ture study at molecular levels to substantiate the
drought tolerance of the species.

Conclusion

The results point out that C. flexuosus is a desiccation
-tolerant species which regains complete physiologi-
cal and biochemical activities after rehydration.
The moss tide over water deficit by up-regulation anti-
oxidant enzymes such as SOD, POX, CAT and GR,
thereby mitigating oxidative stress in the leafy thallus.
The amount of superoxide anion and the level of LPX
increased during desiccation were regained to normal
during rehydration. Chlorophyll b and carotenoid were
functioning like sunscreen and protect the chlorophyll
a from photooxidation. Similarly, soluble sugars and
proline function as signalling molecules and function
as an osmolyte in regulating abiotic stress. Therefore,
the present study confirms the mechanisms
underlying desiccation tolerance in the moss species.
Future studies are warranted at the molecular level to
elucidate the genes linked with this mechanism in the
species.
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