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ABSTRACT 

Desiccation-tolerance (DT) is the ability to lose virtually all free intracellular water and then recover normal 
physiological functions. The phenomenon of DT is present in higher plants as well as few Pteridophytes which 
withstand drying up to 10%–20% of their dry weight and still resume metabolism following rehydration. 
The present investigation was carried to understand the biochemical adaptations against desiccation and 
also subsequent rehydration in Adiantum raddianum (AR), an omnipresent fern in the Devarayanadurga 
forest region of Tumakuru district of Karnataka, India. Detached fronds from healthy AR fern were fully 
hydrated, subsequently desiccated, and rehydrated under in vitro conditions. During the desiccation process, 
the relative water content (RWC) of detached fronds decreased to as low as 16% after 4 hours with intense 
inward curving. Upon rehydration, the RWC of the desiccated fronds regained 85% of the initial water content 
within 4 hours. The rehydrated fronds almost showed the original morphology. Furthermore, physiological 
activities of antioxidant enzymes such as superoxide dismutase, peroxidase, catalase, glutathione reductase, 
lipid peroxidation, and proline increased during desiccation but sucrose and starch content showed differential 
response. The result obtained in this study reveals that AR has desiccation-tolerant properties.

1. INTRODUCTION
Water is essential for all organisms on earth and the removal of water 
from cells represents lethal stress. The structure of intracellular 
biomolecules and membranes is maintained by water molecules, 
and thus loss of water leads to an often irreversible aggregation 
of macromolecules and disintegration of organelles. Desiccation 
tolerance (DT) is defined as the ability to dry to equilibrium with 
ambient air and to revive following the loss of all the protoplasmic 
water when moisture is available [1]. The vegetative tissues of 
most plants are sensitive to water deficit and cannot persist in the 
absence of water. However, there are a few species, referred to as 
“resurrection-plants” that tolerate desiccation to an extent where 
almost all protoplasmic water is lost, and upon water regains full 
physiological functionality in existing tissues [2]. These plants can 
tolerate extremely low water potential without damage and recover 
from the cessation of metabolic activities and anhydrobiosis [3].

Lower plants such as algae and bryophytes are considered to be “true 
desiccation-tolerant,” because they possess very few morphological 
features to retain water and rely on constitutive expression of 
highly evolved cellular protection through concentration of 
sucrose, dehydrin, or rehydrin proteins [4]; these plants actively 
induced various recovery mechanisms [5]. In contrast, larger and 
more complex desiccation-tolerant plants (e.g., vascular plants) are 
termed “modified desiccation-tolerant plants,” because they dry 
slowly, adjust morphologically and physiologically to conserve 
water and to establish tolerance [6]. These plants rely predominantly 
on the stress hormone abscisic acid [7] and/or drying induced gene 
expression changes to initiate cellular protection mechanisms such 
as accumulation of late embryogenesis abundant proteins [8] and 
sugars such as sucrose, raffinose, glucose, and trehalose [9].

Among the various types DT, several species rehydrate 
quickly upon the availability of saturation (minutes to hours, 
homoiochlorophyllous, where desiccation is constitutive, 
expressed in lower bryophytes) while others are slow (hours to 
days, poikilochlorophyllous, desiccation is induced, expressed in 
higher angiosperms).
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Several resurrection plant species have been extensively 
studied for understanding the molecular and physiological 
basis of DT: the bryophyte Tortula ruralis, [10] club mosses 
Selaginella lepidophylla and S. tamariscina, dicots Craterostigma 
plantagineum, [11] C. wilmsii, [12] Boea hygrometrica, [13] 
Myrothamnus flabellifolia, [14] the monocots Xerophyta viscosa, 
X. humilis, and Sporobolus stapfianus [15]. There are at least 
1,300 vascular desiccation-tolerant plants, of which 1,000 species 
are ferns and fern allies and 300 species of angiosperms. These 
plants have protection mechanisms, which include changes in 
metabolism associated with dehydration and rehydration process 
[16,17], physiological and biochemical networking [18] which 
influence the ability to tolerate desiccation.

Pteridophyte species like Selaginella are more moderate (hours) 
in terms of rehydration and employ both constitutive and induced 
mechanisms which are more beneficial for stable and durable 
expression of DT [19].

Further anti-oxidant mechanisms involving various enzymes also 
play an important role in unraveling tolerance to desiccation. 
Many studies have been carried out on both true and modified 
desiccation-tolerant plants which would lead to a comprehensive 
understanding of the mechanism of DT. 

However, Pteridophytes like Selaginella do not follow either of the 
two modules for survival and follow a more moderate approach 
of rehydration (hours) that induce both constitutive mechanism 
as well as rehydration and therefore a clear understanding of 
the mechanism of establishment of DT in Selaginella as well as 
other Pteridophytes is essential to establish the DT phenotype in 
Pteridophytes. Therefore, in this study, we have chosen Adiantum 
raddianum (AR) as a non-Selaginella Pteridophyte to study its 
putative DT properties and also report parallel physiological 
responses of AR during various stages of water loss and gain.

2. MATERIALS AND METHODS

2.1. Collection and Identification of AR
An extensive literature and also field survey were conducted to 
collect non-Selaginella Pteridophytes. In this study, we choose 
AR and further collected the Adiantum during July (monsoon) and 
November (non-monsoon) months of 2017.

Adiantum and its species were identified based on the following 
morphological features:

Types of rhizome, types and length of pinnae and size, color, and 
morphology.

Adiantum growing naturally on rocks in Devarayanadurga State 
forest of Tumakuru District, Karnataka, India at Coordinates 
13.3707° N, 77.1773° E were selected for the study. The collected 
samples were brought to the lab in sterile polythene bags and were 
maintained under greenhouse conditions for experimental purpose.

All the chemicals were procured from Sigma Aldrich except 
where mentioned.

2.2. Relative Water Content (RWC) Analysis
The plants of homogeneous age; the similar size of their aerial 
parts and collected from the same habitat were used for this study. 

The stages of water loss and gain were classified as below:

1.	�Hydrated fronds (HF): The young and healthy fronds of AR 
plants were detached and allowed to hydrate in a Petri dish (150 
mm × 20 mm Size) with double distilled water, till it reached 
saturation and no further weight gain.

2.	�Desiccated fronds (DFs): The HF tissues were allowed to 
desiccate (air dry) to lose water under room temperature until 
no further weight loss occurred.

3.	�Rehydrated fronds (RFs): Furthermore, the DF tissues were 
later rehydrated in a Petri dish (similar dimensions as mentioned 
above) with double distilled water for rewetting till no further 
weight gain. The light conditions were similar for all three 
sets of tissues. All three samples were treated the same way 
for all experimental purposes. Further HF, DF, and RF tissues 
were ground using liquid nitrogen and stored at −80°C for the 
physiological analysis. The RWC as percentage in the samples 
was calculated as the difference between fresh weight and dry 
weight divided by the fresh weight [43]. RWC was expressed 
in percentage. 

2.3. Chlorophyll and Carotenoid Measurements
0.5 g of HF, DF, and RF tissues of AR were weighed and frozen 
using liquid nitrogen and homogenized. From the homogenized 
samples, chlorophyll was extracted using 10 ml of 80% acetone. 
The test tubes (Borosil) were incubated in room temperature 
overnight covered with aluminum foil, then the crude extract 
was centrifuged at 3,000 g for 5 minutes using Centrifuge 5400R 
(Eppendorf, CA) and the supernatant was collected while the 
pellet was discarded. The absorbance of the supernatant was read 
at 663.6 nm, 646.6 nm, and 440.5 nm by using BioSpectrometer 
Kinetic (Eppendorf, CA), as they are the major absorption peaks 
of chlorophylls a, b, and carotenoids, respectively. The total 
chlorophyll (Chl a + b) contents were calculated using extinction 
coefficients provided by Porra et al. [20]. The chlorophyll and 
carotenoid concentrations were then expressed on the basis of μg 
chl/g dry sample (μg g–1).

2.4. Quantification of Superoxide Radical (O2
−)

1 g fronds of HF, DF, and RF of AR were extracted with 100 mM 
potassium phosphate buffer pH 7.2 (2 ml). To the reaction mixture, 
500 µl of 2 mM nitro blue tetrazolium (NBT) was added and 
the incubation was continued for 20 more minutes. The reaction 
was stopped by the addition of 2 ml of 1.4-dioxan. The tubes 
were heated in water bath at 70°C for 15 minutes, cooled, and 
centrifuged at 2,000 rpm using Centrifuge 5400R (Eppendorf, CA) 
for 10 minutes to allow the cells to settle and the absorbance of 
the supernatant was measured at 540 nm using BioSpectrometer 
Kinetic (Eppendorf, CA). Superoxide was determined according to 
[21]. Quantity of superoxide radical was expressed as µmol/g FW.
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2.5. Determination of Soluble Sugar and Starch
The frozen AR samples of HF, DF, and RF were ground in a 
mortar with ice-cold 1 M perchloric Acid (HClO4), the extract 
was centrifuged at 12,000 g (Eppendorf, CA), for 2 minutes at 
4°C–8°C. The supernatant was neutralized with 5 M Potassium 
carbonate (K2CO3) and precipitated potassium perchlorate (KClO4) 
was removed by centrifugation. The supernatant was kept on ice 
and used for the estimation of sucrose, while the pellet was used 
for the determination of starch. Sucrose and starch were estimated 
enzymatically according to the method given by Pandey et al. 
[22]. Sucrose and starch content were expressed as µmol/G FW.

2.6. Proline Estimation
Free proline accumulation in AR, HF, DF, and RF was determined 
using the method of Li et al. [23]. The 0.04 g frozen AR sample was 
homogenized with 3% sulfosalicylic acid and after 72 hours, proline 
released was measured. The homogenate was centrifuged at 3,000 g 
(Eppendorf, CA) for 20 minutes. The supernatant was treated with 
acetic acid ninhydrin, boiled for 1 hour, and then absorbance at 520 
nm was determined using BioSpectrometer Kinetic (Eppendorf, 
CA). Contents of proline were expressed as mg g−1 dw−1.

2.7. Estimation of Lipid Peroxidation
Lipid peroxidation was estimated depending on the intermediate 
metabolite malondialdehyde (MDA), using 2-thiobarbituric acid 
(TBA) as described by Li et al. [23]. 0.2 g of the tissues (HF, DF, 
and RF) were extracted using 2 ml of 0.25% TBA made in 10% 
Trichloroacetic acid. Extract was heated in a boiling water bath 
at 95°C for 30 minutes then cooled suddenly. The samples were 
centrifuged at 10,000 g (Eppendorf, CA) for 10 minutes. The 
supernatant was collected and the absorbance was read at 532 and 
600 nm using BioSpectrometer Kinetic (Eppendorf, CA), further 
by subtracting the absorbance value taken at 600 nm, correction 
of non-specific turbidity was carried out. The lipid peroxidation 
level was expressed in n mol g−1 FW of MDA calculated using an 
extinction coefficient of 155 mM cm−1.

2.8. Analysis of Antioxidant Enzymes
The antioxidant enzymes activity superoxide dismutase (SOD), 
peroxidase (POD), catalase (CAT), and glutathione reductase (GR) 
were determined in HF, DF, and RF of AR. The frozen tissues were 
grounded separately in 6 ml of extraction buffer-1 [50 mM phosphate 
buffered saline (PBS), pH 7.8 for assay of SOD and CAT] and 6 ml 
extraction buffer-2 (100 mM PBS, pH 7.0 for assay of POD and GR) 
at 4°C. The homogenates were collected and centrifuged at 15,000 
g (Eppendorf, CA) at 4°C for 20 minutes. The ability to inhibit the 
photochemical reduction of NBT was used as control to determine 
SOD. A 6 ml reaction solution of SOD consisted of 50 mM PBS (pH 
7.8), 130 mM methionine, 750 µM NBT chloride, 100 µM EDTA-
Na2+, 20 µM riboflavin, and 0.1 ml of enzyme extract. The reaction 
solution was incubated for 10 minutes under fluorescent light with 
an intensity of 50 µmol m−2 s−1 for 20 minutes. The absorbance was 
determined at 560 nm. One unit of SOD activity was defined as the 
amount of enzyme required to inhibit the photochemical reduction 
of NBT by 50% and expressed in Units mg−1 protein.

CAT activity was assayed by measuring the initial rate of 
disappearance of H2O2 by the technique described by Change and 
Maethly [24] The decline in absorbance at A240 was recorded by 
BioSpectrometer Kinetic (Eppendorf, CA), and the activity was 
expressed as the number of µ mol of H2O2 catalyzed by a unit 
of CAT per min and was expressed in units/mg protein. POD 
activity was analyzed using a modified method of Rao et al. [25]. 
The reaction solution contained 100 mM PBS (pH 7.0), 50 mM 
o-methoxyphenol, 40 mM H2O2, and 0.1 ml of enzyme extract and 
was expressed in µmol min−1 g−1 protein.

GR activity was determined according to the method described 
by Halliwell and Foyer [26]. The reaction solution consisted of 
50 mM Tris-HCl, 0.5 mM Glutathione disulfide, 5 mM MgCl2, 
and 0.2 mM nicotinamide adenine dinucleotide phosphate 
hydrogen (NADPH). GR activity was determined at 340 nm, 
within 3 minutes and expressed as the number of µmol of NADPH 
oxidization and was expressed in Units mg−1 protein.

2.9. Statistical Analysis
Data obtained were subjected to a one-way analysis of variance. 
Significant differences among the test groups (p ≤ 0.05) were 
obtained by Tukey’s honestly significant difference post hoc test 
using SPSS software (SPSS20.0, SPSS Inc., Chicago IL). Values 
shown in the Figures are the means ± standard errors (SEs) of 
three independent replicates.

3. RESULTS AND DISCUSSION

3.1. Collection and Identification of AR
The following field morphological features were used to identify 
Adiantum species. Short-creeping and irregularly branched 
rhizome up to 50 mm long and 2 mm wide. The rhizome and the 
bases of the frond stalks were covered with dark brown scales of 
less than 1 mm length. Fronds were arched to erect, 10–50 cm long 
and 6–20 cm wide, and triangular in shape. Frond stalks and axes 
were dark reddish-brown to blackish and shining. The frond stalk 
was longer than the lamina. Laminas were 3–4-pinnately divided, 
with the ultimate segments delicate, herbaceous, and up to 1 cm 
wide. Ultimate segments are wedge-shaped and have slender red-
black stalks. (Fig. 1)

3.2. Relative Water Content
RWC of AR was estimated in detached fronds in HF, DF, and 
RF stages in three independent experiments under laboratory 
conditions and photos were captured at all three stages using a 
digital camera (Nikon D3300 Digital single-lens reflex camera). 
The original total water content being at 100%, the weight before 
the water loss was 0.377 g. After 4 hours of water loss of the 
detached frond by air dry, the weight was found to be 0.059 g 
and after rehydration, the weight was 0.291 g. Therefore, the 
percentage of RWC after 4 hours of desiccation and rehydration 
was found to be 16% and 85.33%, respectively. The difference in 
the percentage of RWC in HF, DF, and RF reveals that AR exhibits 
typical resurrection traits [27] (Fig. 2).
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3.3. Chlorophyll Pigment Content
Photosynthetic activities of the ferns and fern-allies are reported 
to decline following dehydration [28]. From our study, it can be 
noted that there is a significant difference in Chl a and chl b among 
hydrated, desiccated, and rehydrated states. The concentrations of 
Chl a and chl b decreased during desiccation from 15.12 μg g–1 
to 10.20 μg g–1 of chlorophyll a and 2.25 μg g–1 to 1.172 μg g–1 
of chlorophyll b, respectively. Upon rehydration, chlorophyll a 
and chlorophyll b concentration gradually increased and returned 
to almost similar levels of HF, i.e., 14.81 μg g–1 and 2.19 μg g–1. 
Our results imply a significant difference in chlorophyll. The same 
pattern was observed in chlorophyll b, where the difference between 
the hydrated fern to desiccated was 64.15% in and upon recovery 
difference was 2% in rehydrated fern. Our results show that during 
desiccation, the chlorophyll loss was 38%. However, AR regains its 
most of chlorophyll. Since there is no complete loss of chlorophyll 
and AR can be homoiochlorophyllous in nature (Fig. 3).

3.4. Superoxide Radical
Superoxide concentrations were expressed as n mol/g fresh weight 
and were estimated in HF, DF, and RF tissues of AR. Increase 
in superoxide concentration was evident during the desiccation 
phase, the concentration of superoxide radical in HF was 6.53 n 
mol/gm FW, which increased in the DF to the concentration as 
10.13 n mol/g FW which was 43.21% more than HF. However, 
in the RF, it decreased to 5.3 n mol/g FW, which was 20% lower 
than HF. Increased rate of superoxide radical level in DF of 
AR suggests that oxidative stress which leads to the release of 
superoxide radical occurred due to desiccation (Fig. 4A).

3.5. Soluble Starch and Sugars
Some studies suggest that desiccation-tolerant ferns protect their 
membrane during dehydration by accumulating sugars such as 
sucrose and members of the raffinose family of oligosaccharides 
[29]. Sucrose content was expressed as µmol/g FW and it 
decreases in the desiccated and RFs. Sucrose content in HF, DF, 
and RF fronds was found to be 32.9 49.38, and 39.46 µmol/g FW, 
respectively, i.e., around 40.5% and 8.13% increase, respectively, 
in DF and RF. The starch concentration was found to be 79.31, 
23.26, and 43.3 µmol/g FW which corresponds to 86% (DF) and 
58% (RF), respectively, when compared to control (HFs). In this 
study, starch content decreases and sucrose content increased in 
DF of AR, it is therefore evident that the principle carbohydrate 
in the fern is broken down during desiccation. Also, increased 
sucrose concentration helps in maintaining the protein integrity. 
(Fig. 4B and C) during the period of severe water loss.

3.6. Proline Accumulation
Accumulation of amino acids has been observed in many studies on 
plants exposed to desiccation stress [30] Proline is an osmolyte, a 
reactive oxygen species (ROS) scavenger, and a molecular chaperone 
stabilizing the structure of proteins, thereby protecting the cells 
from damage occurring due to stress. Proline levels in HF, DF, and 
RF fronds of AR were expressed in terms of µ mol/g FW. It was 
clearly evident that the proline levels increased significantly during 
Desiccation. In hydrated stage, it was found to be 1.48 µ mol/g FW 
and in DF it increased to 2.01 µ mol/g FW and during rehydration, it Figure 1: AR growing naturally on rocks in Devarayanadurga State forest of 

Tumakuru District of Coordinates 13.3707° N, 77.1773° E.

Figure 2: Morphological changes of AR detached fronds in A. HF B. DF, and C. RF.
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almost regained its original level, i.e., 1.80 µ mol/g FW, the percentage 
increase in DF was 30.37% and in RF was 19.5% compared to HF. 
The results obtained showed a significant increase in the proline 
concentration during desiccation which probably indicates the vital 
role of proline in physiological specificity during DT (Fig. 5A).

3.7. Lipid Peroxidation
The main cellular components susceptible to damage by free 
radicals are lipids (peroxidation of unsaturated fatty acids in 
membranes). Lipid peroxidation indicates the oxidative stress in 

response to desiccation which will result in damage to membranes 
and inactivation of enzymes, i.e., resulting in loss of cell viability 
[31]. Lipid peroxidation in AR was estimated as reactive 
metabolites of 2-TBA mainly MDA. In HF, it was found to be 
0.68 n mol g−1 FW and 2.31 n mol g−1 FW in DF, indicating a 
drastic increase thus indicating a major role in cellular damage 
during abiotic stress. Furthermore, it reduced to 0.85 n mol g−1 FW 
in RF (21% more compared to HF) as a resultant of the recovery 
process. The results indicate significant damage was caused to the 
membrane integrity due to desiccation stress (Fig. 5B).

Figure 3: Chlorophyll a/b in AR in HF, DF, and RF stages. Error bars represent SE within the test group (p ≤ 0.05), obtained from three replicates.

Figure 4: Changes in the level of (A) Superoxide Radical (O2
−), (B) Starch, (C) Sucrose in HF, DF, and RF tissues of AR. 

Error bars represent SE within the test group (p ≤ 0.05) obtained from three replicates.
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3.8. Activity of Antioxidant Enzymes
Plant oxidative stress is a complex physiological phenomenon. 
It develops as a consequence of overproduction of ROS. ROS 
includes the singlet oxygen (1O2), superoxide (O2

–), hydrogen 
peroxide (H2O2), and hydroxyl radical (HO). The generation of 
ROS in plants due to desiccation could be lethal. Antioxidant 
mechanisms are generated during the stressful conditions to 
eliminate the excessive oxidative stress.

The activities of four antioxidant enzymes were analyzed in HF, 
DF, and RF stages of AR SOD, POD, CAT, GR, which are the part 
of the plant antioxidation system that counteracts free radical stress.

Several studies suggest that the activities of antioxidative enzymes 
vary with species. In Selaginella species such as S. tamariscina [7] 
and S. bryopteris [32], high enzyme activities of CAT, SOD, and 
GR were induced by dehydration. However, in Mohria caffrorum 
[25] and Dicranopteris linearis [33], enzyme activities of CAT, 
SOD, and GR and POD activity were high under dehydrated and 
hydrated conditions.

Concentration of SOD in AR fronds increased from 3.905 Units 
mg−1 protein in HF to 5.25 Units mg−1 protein in DF and upon 
rehydration; in RF, it was found to be 4.20 Units mg−1 protein. 
The percentage increase in DF was 29.3% and 7.2% in RF when 
compared to HF (Fig. 6A).

The POD concentration in HF of AR was 0.0424 µmol min−1 g−1 
protein which increases in DF to 0.101 µmol min−1 g−1 protein in 
DT an increase of 81.7%. Thereafter, in RF, it was 0.087 µmol 
min−1 g−1 protein, an increase of 54.4% when compared to control 
(HF) (Fig. 6B).

The GR activity of AR was found to be 410.98 Units mg−1 protein in 
HF which increased to 625.96 Units mg−1 protein in DF an increase 
of 41.4% and marginally reaching HF to 549.05 Units mg−1 protein 
in RF around 28.7% increase as compared to HF. (Fig. 6C).

The CAT activity in AR also increased in DF, the trend was similar 
to other antioxidant enzymes tested. In HF, it was found to be 0.57 
units/mg protein which increased to 0.76 units/mg protein which 
accounts to an increase of 28.5% in DF, and in RF, it was at 0.626 
units/mg protein which was 9.36% increase as compared to HF 
(Fig. 6D).

The results obtained clearly shows an increase in all the four 
antioxidant enzymes that are activated in response to the damage 
caused due to extreme water deficit/desiccation which leads to 
oxidative stress that has a deleterious effect on the physiology and 
also the survival of the fern.

4. DISCUSSION
Desiccation induces considerable stress for the plant to survive. 
Resurrection plants have developed strategies to minimize the 
impact of stress during desiccation to avoid damages. In order 
to survive in different microclimatic environments, plants must 
limit damage, maintain cellular integrity, and activate repair 
mechanisms. Similar studies have been carried out in Selaginella 
species, namely, S. bryopetris [22] and S. tamariscina [34] and 
non Selaginella species like Hymenophyllacea filmy ferns [35] 
and Adiantum labifolium [36].

AR upon desiccation also showed a drastic reduction of RWC from 
80% to 30% and 31% after 24, 48, and 72 hours after desiccation. 
The quick nature of the response to desiccation in Pteridophytes 
like AR is because Pteridophytes gain water in their cells through 
ectohydric and endohydric movements and also regulated strongly 
by the environment and therefore less physiological mechanisms; 
therefore, some Pteridophyte species demonstrate quick recovery 
and some show moderate recovery. 

Decrease in chlorophyll content of leaves is thought to be linked to 
the protection of plants against ultraviolet light and from damage 
as a result of oxygen free radical generation during desiccation 

Figure 5: (A) Concentration of proline and (B) MDA in HF, DF, and RF stages of AR. Error bars represent SE within the test group  
(p ≤ 0.05), obtained from three replicates.
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[37]. In our study, chlorophyll concentrations of AR were more or 
less equal during all the three stages. Chlorophyll a/b content in 
AR did not decrease too much in desiccated stage indicating that 
no complete dismantling of photosynthetic apparatus took place 
in HF. However, the chlorophyll content in desiccated was lower 
than the control suggesting degradation probably occurred but was 
not severe. It must be noted, however, that the total chlorophyll in 
DF was only 10% lesser in desiccation state, indicating that stress 
did not completely affect the photosynthesis. 

Oxidative stress is known as one of the most deleterious 
consequences of water deficit in plants [38]. The results obtained 
from our study indicated that anti-oxidation mechanisms have 
been triggered and support the hypothesis that the desiccation 
damage to the plants was mainly caused by oxidative stress, 
in terms of ROS accumulation. Plant oxidative stress is a 
complex physiological phenomenon. It develops as a result of 
the overproduction of ROSs. ROS includes the singlet oxygen 
(1O2), superoxide (O2

–), hydrogen peroxide (H2O2), and hydroxyl 
radical (HO). The generation of ROS in plants is triggered by 

desiccation. To eliminate excessive oxidative stress, antioxidant 
mechanisms are active during stressful conditions. In the absence 
of ROS scavenging systems, ROS accumulation inhibits proteins, 
nucleic acids [39], and lipids, which form lipid hydroperoxides 
that damage the integrity of the membranes [40] and eventually 
lead to the death of the affected plant [41]. Furthermore, we have 
observed the concentration of soluble sugars increased at the same 
time decrease in starch concentration was also observed. Sugars 
protect the cells during desiccation by maintaining hydrophilic 
interactions in proteins and membranes by substituting water from 
Hydroxyl groups of sugars. Hence, through hydrogen bonding, 
sugars interact with proteins and membrane; by this way prevent 
denaturation of the protein. The results from our studies showed 
a drastic increase in the proline concentration during desiccation 
which probably indicates its role in DT. The studies have showed 
that in desiccated S. tamariscina, 15.0% increase in proline 
content was noted in desiccated compared to hydrate stage and 
in rehydrated stage, proline content was lower relative to the 
desiccated stage [42]. Similarly, the results obtained here validate 
the role of proline during desiccation as shown in its increase 

Figure 6: Specific activity of (A) SOD (B) POD (C) GR (D) CAT in HF, DF, and RF stages of AR. All the four antioxidant enzymes 
increased in DF compared to HF and minimized in RF. Error bars represent SE within the test group (p ≤ 0.05), obtained from three 

replicates.
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during stress and its decrease when the plant was hydrated. Proline 
is considered to act as an osmolyte, a ROS scavenger, and a 
molecular chaperone stabilizing the structure of proteins, thereby 
protecting cells from damage caused by stress. Thus, the ability of 
resurrection fern to survive in varying environmental conditions is 
dependent on various physiological adaptations to ensure cellular 
protection during desiccation.

5. CONCLUSION
The in vitro hydration, desiccation, and rehydration experiment 
demonstrated the ability of the species to recover from desiccation 
stress and provide the basic physiological adaptation that helps to 
explain DT in ferns. The results obtained in this study demonstrate 
that desiccation stress in AR generated an oxidative stress 
condition, leading to morphological and biochemical changes. 
The activation of different biochemical mechanisms helps in 
mitigating the desiccation stress as expressed by this species.
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