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ABSTRACT 
Desiccation is an important abiotic stress that reduces productivity of plants globally. The effects of desiccation on plants include reduced 

growth, toxicity, osmotic stress, mineral deficiencies, photosynthetic imbalance, and consortium of these effects. Antioxidant enzymes 
involves in scavenging reactive oxygen species in the cellular system and safe guard the cells from oxidative burst. The present study aims 

to unravel the relationship between the antioxidant indices and desiccation tolerance of the forked fern. The response parameters evaluated 

includes expression of isozymes of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR) 
and peroxidase (POX). The in vivo ferns were subjected to desiccation artificially using poly ethylene glycol from 2 to 10 days. The results 

showed that the expression of SOD isozymes in fronds was upregulated. CAT isozymes were induced well and overexpressed readily in 

leaves during desiccation stress. The expression pattern of POX isozymes was dissimilar to CAT. Similarly, APX and GR also showed 
remarkable expression. Thus it is possible to suggest that SOD, APX, CAT, POX and GR enzymes play significant role in determining 

response by up regulating their expression mitigate to desiccation stress in the ferns. 
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INTRODUCTION 

 

Desiccation-tolerance is a phenomenon exhibited by plants called resurrection plants which have certain 

outstanding ability to withstand extreme dehydration and rapid rehydration of vegetative tissues without much 

cell damage. The basic mechanisms underlying such rapid and ecologically beneficial changes in cellular 

activity achieved in these plants are not well documented. The main effect of abiotic stress in plants is the 

induction of imbalance in the free radical production and scavenging occurring inside cells leading to a 

condition oxidative stress. The production of reactive oxygen species (ROSs) is a common phenomenon in 

plants under drought stress. These reactive oxygen species generations lead to lipid peroxidation [1, 2], protein 

degradation [3] and nucleic acid damages[4]. To alleviate adverse effects of reactive oxygen species, plants have 

evolved an antioxidant defence system that includes enzymes like superoxide dismutase, peroxidase and 

catalase [5]. 

The enzyme-catalyzed reactions to remove excess ROSs is the most predominant mechanism for the 

removal of superoxide and H2O2 along with the utilisation of non-enzymic low molecular weight antioxidants 

such as ascorbate and reduced glutathione (GSH).Within the antioxidant network, catalases (CATs) and 

ascorbate peroxidases (APXs), are the main enzymes involved in H2O2 removal. In parallel, peroxidases, 

glutathione S-transferases and glutathione reductases reduce H2O2 and organic hydroperoxides by ascorbate-
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dependent thiol-mediated pathways. Many studies have reported effects of drought on the expression and 

activities of the major antioxidant enzymes such as superoxide dismutase SOD, CAT, APX, and so forth. 

Expression and/or activities are either measured after drought in comparison with well watered controls, or they 

are compared between plants that have differing drought sensitivity. A summary of data on total extractable 

enzyme activities provides little evidence for a striking, consistent response between different plant species, but 

the reported effects generally involve unchanged or increased activities [6]. In terms of extractable activities, the 

information provided by such analyses is potentially useful to understand the physiology underlying the 

response and/or as a marker in breeding programs. However, the interpretations that can be drawn from such 

analyses are complicated by several factors, notably the existence of multiple isoforms for these enzymes as 

well as the now-evident complexity of plant anti oxidative systems, meaning that only a partial picture of ROS 

metabolism is obtained.  

In this context, the aim of the present investigation is to analyse the changes in the isoenzyme patterns of 

the major enzymes involved the scavenging of ROSs in the desiccation stressed fronds of the terrestrial forking 

fern Dicranopteris linearis. This will help in acquiring an unambiguous picture on the role of anti-oxidative 

enzymes in mitigating the desiccation stress felt by the fern. 

 

MATERIALS AND METHODS 

 

Plant material: 

Dicranopteris linearis (Burm.f.) Underw. commonly known as forking fern belongs to Gleicheniaceae and 

is widespread in tropical and subtropical regions of the world .It grows horizontally at ground level with stalked 

compound fronds. It is found extensively growing along the road cuttings in shaded or open areas where water 

availability is scarce. The sporophyte of the fern is up to 3 m tall, with characteristic dichotomously divided 

leaves and rhizome is several meter long creeping, brown and covered with septate, branched hairs. 

 

Desiccation treatment protocol: 

Fresh D. linearis was fully hydrated and equilibrated in a controlled environment chamber for 48 h at 20°C 

and a radiant flux intensity 75 µM /m2/ s. The samples were desiccated in a desiccator over polyethylene glycol 

(PEG) in a controlled environment chamber using the same light and temperature regimes as described above. 

The selected species were subjected to five different desiccation regimes (a) 2 day (b) 4 day (c) 6 day (d) 8 day 

and (e) 10 day. Control plants were maintained in an optimal water conditions in each case during the whole 

experimental period. 

 

Native page and activity staining of various antioxidant enzymes: 

Native polyacrylamide gel electrophoresis (PAGE) was performed at 4◦C for SOD, CAT, POX, APX, and 

GR. Samples were mixed with 20% glycerol (v/v) and 0.25% bromophenol blue before loading onto the gels. 

An equal amount of protein (20 µg) was loaded in each lane. The gels were run at a constant 200 V at 4◦C in a 

Bio-Rad Mini protein electrophoresis system. Isoforms of SOD were resolved in a 10% native polyacrylamide 

gel and visualized by NBT staining [7].The different isoforms of SOD were identified by selective inhibition 

with H2O2 and potassium cyanide (KCN) following the method described earlier by Miszalski et al [8]. The 

isoforms of Cu/Zn SOD and Fe-SOD were inhibited by staining the gel in solution containing 5 mM H2O2 and 

selective inhibition of Cu/Zn SOD was carried out by incubating the gel in solution containing 3 mM KCN. 

CAT isoforms were separated in a 7.5% native polyacrylamide gel and were visualized by staining with 0.03% 

(v/v) H2O2, 1% ferric chloride, and 1% potassium ferricyanide following the method of Woodbury et al [9] APX 

isoforms were separated in a 10% native polyacrylamide gel and were stained following the method of Mittler 

and Zilinskas [10]. Isoforms of POX were resolved in a 7.5% polyacrylamide gel and visualized by staining 

with a solution containing 50 mM sodium acetate buffer (pH 5.4), 10 mM O-dianisidine and 10 mM H2O2. GR 

isoforms were separated in a 7.5% native polyacrylamide gel and detected by incubating the gels in 50mM 

KPO4 (pH 7.5) containing 0.24 mM monotetrazolium, 0.34 mM 2,6-dichloro phenol indo phenol, 3.4 mM 

oxidized glutathione (GSSG) and 0.5 mM NADPH. The gels were scanned and analyzed using a scanner. 

 

Lipid peroxidation: 

The level of lipid peroxidation in the cells was measured in terms of malondialdehyde (MDA) content 

determined by the thiobarbituric acid (TBA) reaction as described by Zhang and Kirkham [11]. The absorbance 

of the supernatant was read at 532 nm. The value for the nonspecific absorption at 600 nm was subtracted from 

the 532 nm reading. The concentration of malondialdehyde was calculated using the molar extinction coefficient 

of 155 mM cm-1.  

 

Results: 

ROS generation and its detoxification mechanisms vary in response to abiotic stress in plant species [12]. 
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To avoid excessive ROS accumulation, plants possess a complex antioxidant defense system including non-

enzymatic systems, for example, carotenoids, ascorbic acid, and glutathione in addition to ROS-scavenging 

enzymes such as SOD, CAT, POX, APX, and GR to protect the cellular membranes and organelles from 

detrimental effects of ROS. 

 

Lipid peroxidation: 

Efficiency of antioxidant defense may be correlated with the degree of membrane damage due to 

peroxidation of unsaturated fatty acids in the lipids structure of cell membranes. Oxidative stress factors induce 

enormous amounts of ROSs and alkyl peroxides, if these molecules are not effectively detoxified by specific 

antioxidant enzymatic and non-enzymatic compounds, oxidative membrane damage results. This leads to the 

formation of lipid peroxide derivatives, the most common and toxic of these being the malondialdehyde (MDA). 

The present results reflect that desiccation stress exerted on forked fern was significantly mitigated by 

antioxidants so that the membrane damage by lipid peroxidation was marginal. Interestingly the enhanced 

membrane lipid peroxidation, manifested in increased generation of malondialdehyde and other related, 

thiobarbituric acid-reactive substances, occurs upon exposure to 2nd day of desiccation stress condition 

compared to 4, 6, 8 and 10 days (Fig.1) (P < 0.05).This may be due to the sudden drastic impact of stress in the 

fern or delay in the induction of antioxidant machinery in the cells system. 

 

 
Fig. 1: Level of lipid peroxidation of D.linearis from 2nd day to 10th day of desiccation. 

 

Isozyme of SOD: 

Under desiccation stress conditions, five major SOD isozyme bands 1, 2, 3, 4 and 5 were clearly observed 

in the fronds of  Dicranopteris linearis when compared to control (one band only) (Fig. 2). The SOD isozyme 1 

was increasingly expressed from 2nd day to 8th day of desiccation stress, and then became slightly weaker in the 

10th day. SOD isozyme 2 and 3 were prominent throughout the desiccation periods. The isozyme 4 was feebly 

expressed. Isozyme 5 was up regulated from 2nd day to 8th day and was visible marginally on 10th day desiccated 

ferns. 

 
Fig. 2: Isozyme analysis of SOD enzyme of D.linearis under desiccation treatment from 2 to 10 day of 

desiccation. 
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Isozyme of CAT: 

During desiccation stress, single CAT isozyme band was clearly observed from 2nd to 8th day and less 

prominent at 10th day. The expression of CAT isozyme was induced by desiccation stress and was strong and 

stable in the fronds (Fig. 3). However, the CAT enzyme expression was weak in the control. 

 

 
 

Fig. 3: Isozyme analysis of CAT enzyme of D.linearis under desiccation treatment from 2 to 10 day of 

desiccation. 

 

Isozyme of POX: 

As shown in Fig. 4, POX isozymes were clearly seen as compared to control (single band only). On the 2nd 

day of desiccation stress, the expression of POX isozyme 1 was increased in the fronds up to 6th day. On the 10th 

day the expression became weak. The isozyme 2 expression was upregulated from the 2nd day to 10th day (Fig. 

4). The expression of the POX 3 was noticed throughout the periods of desiccation stress. 

 

 
 

Fig. 4: Isozyme analysis of POX enzyme of D.linearis under desiccation treatment from 2 to 10 day of 

desiccation. 

 

Isozyme of APX: 

The activity of APX 1 was increased significantly from 2nd to 8th day of desiccated ferns compared to the 

control (Fig. 5). However, APX 2 expressed from 2nd to 8th day and was marginally reduced in 10th day 

desiccated plants.  

 

 
Fig. 5: Isozyme analysis of APX enzyme of D.linearis under desiccation treatment from 2 to 10 day of 

desiccation. 
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Isozyme of GR: 

As evidenced from figure 6, there were marginally increased changes in GR activity in plants desiccated up 

to 10th days. Activity staining specific for GR showed three isoforms in a native gel (Fig. 6). The band intensity 

of GR 3 isoform was significant with 2nd and 4th days.  

 

 
 

Fig. 6: Isozyme analysis of GR enzyme of D.linearis under desiccation treatment from 2 to 10 day of 

desiccation. 

 

Discussion: 

Drought stress is one of the major environmental factors that adversely affect plant growth and productivity 

[13, 14]. The osmotic imbalance caused by desiccation stress can trigger many responses such as growth 

inhibition, synthesis of nontoxic molecules and increase in osmotic potential of the cell in natural and artificial 

habitats. Desiccation stress in plants leads to damage via overproduction of ROS or free radicals. 

Counterbalance against desiccation of plants was connected with antioxidant enzymes and regulation of these 

ROSs level. Increased POX activities and SOD in response to desiccation stress were reported by Kukreja et al 

[15]. The SOD activity is responsible for dismuting O2
.-radical in to H2O2 in plants [16]. It is well known that 

H2O2 is a complex signal transmission network in cell system. There are diverse types of stress reactions 

mediated by H2O2; the homeostasis of H2O2 is mostly due to its scavenging by CAT. Thus, H2O2 accumulation 

was possibly the trigger of SOD activation. So, the balance between ROS synthesis and its scavenging by anti-

oxidative mechanism is crucial for survival and tolerance of plants against stress. 

Stress-induced antioxidant activities are dependent on the intensity and duration of the treatment and also 

the plant species. For example, SOD activity increased or remained unchanged in the early phase of desiccation 

but decreased with prolonged water stress [17]. Many studies documented that desiccation stress alters the 

amount and the activities of the antioxidant enzymes involved in scavenging ROS [18]. In the present study, 

SOD 1 and 5 isozyme bands, POX 1 and 2 isozyme bands and APX 1 and 2 isozyme bands were clearly 

detected after native polyacrylamide gel electrophoresis (PAGE) analysis in the fronds of the fern under 2-10 

days of desiccation stress. These isozymes were involved in removing ROS in the fronds of the fern. The 

differential expression of these antioxidant enzymes was diverse under continuous desiccation stress. The 

concentration of H2O2 should correlate with SOD activity and the ability of species to adapt to the environment.  

Naderi et al [19] reported antioxidant enzyme changes in response to osmotic stress in wheat seedling. 

POX, CAT, GR and APX activities were increased significantly in the severe stress compared with control 

condition about 31, 61, 129 and 149 percent, respectively. Whereas, SOD activity increased significantly by 

41% in the mild stress compared with control treatment. The highest enzymatic activity was belonged to tolerant 

group under severe stress conditions for almost all of isozymes reported. Eslami et al [20]reported some 

antioxidant enzymes banding patterns and their correlation in common bean genotypes under water deficit 

stress. Gonzalez-Parraga et al [21] pointed out the role of antioxidant enzymatic defenses against oxidative 

stress (H2O2) and the acquisition of oxidative tolerance in Candida albicans. Weng et al [22] evaluated effects 

of drought stress on antioxidant enzymes in seedlings of different wheat genotypes using PEG-6000 solution for 

1~6 days. Expression of SOD isozymes showed variation among the cultivars. CAT isozymes were induced 

well and increased readily in Changwu134 and Xinong928 cultivars than in Xinong2208 and Shaan253. POX 

isozymes expression was similar to CAT. 

ROS synthesis its oxidative burst and detoxification mechanisms vary in response to biotic and abiotic 

stress [12]. For balancing of excessive ROS accumulation, plants possess a complex antioxidant defense system 

including non-enzymatic molecules such as carotenoids, ascorbate, tocopherol and reduced glutathione and 

ROS-scavenging enzymes like SOD, CAT, POX, APX, and GR in order to protect the cellular membranes and 

organelles from detrimental damages of ROS. SODs dismutate O2
•− into H2O2 and have been considered as the 

first line of defense against oxidative stress in plants [23]. SOD group includes Mn, Fe, and Cu/Zn isoforms 

occur in different cell compartments such as the cell wall, cytoplasm, mitochondria, and chloroplasts [24]. For 
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example, Cu/Zn SODs are within chloroplasts [8], in the cytosol [25], and in mitochondria [8], Fe-containing 

SOD in chloroplasts [8], Mn-SODs located in mitochondria, peroxisomes [8], and their localization in 

chloroplasts has been also reported by Slooten et al [26]. In plants, subcellular fraction as well as in vitro 

activity staining studies has established that CAT isoforms are dominantly localized in peroxisomes [27]. APX 

isozymes were reported from chloroplast, cytosol, mitochondria, and peroxisomes [28, 29]. Seckin et al [30]; 

Ellouzi et al [31] Srivastava et al[32] reported that the salt loving species have effective anti-oxidative 

machineries than glycophytes. Over production of ROS in cells can leads to oxidative damage to lipid 

membrane, proteins, and DNA, thereby affecting the structural integrity of membranes, enzyme activities, and 

the function of chloroplast [33]. However, in the present study in ferns, the tolerance to desiccation derives 

largely from the constitutively maintained higher anti-oxidative enzymatic activities. It is logic to assume that if 

there is over ROS accumulation in the fern that may leads to lipid peroxidation. But in contrasts the present data 

on the lipid peroxidation level shows that it was marginal after an initial up regulation during 2nd day of 

desiccation indicating the activity of an efficient anti-oxidative mechanism.  Nazar et al[34]; Shobbar et al[35]; 

Shaheen et al[36]; Ben Rejeb et al[37] reported that high level of LPX which increase progressively with 

salinity in mung bean, rice, egg plants and Arabidopsis. In the desiccated fern, the SOD level is quite high than 

control plants. These results suggest that the enzyme SOD is constitutively at remarkable level to scavenge the 

desiccation induced production of O2
•- . Similarly, the over expression of CAT is seen at all levels, whereas the 

POX isozymes increased tremendously. On the other hand, the up regulation of APX increased from 2 d to 10th 

day. The increase activity of CAT, APX and POX might be involved in the detoxification of H2O2 in the 

species. It has been reported that the turnover value of CAT is high and can scavenge millions of H2O2 

molecules [23]. The unregulated expression of APX suggests that the APX constitutively present in this plant 

might be involved in detoxify the H2O2 in chloroplast and cytosol. POXs are involved in many functions in plant 

cells such as ROS generation and regulation, H2O2 level regulation, oxidation of various substrates and also 

involved in loosening of the cross-linking of cell wall compounds [38] The present induced increase in both 

APX and POX was comparable with some halophytes [39, 40]. In contrast, Puccinellia tenuiflora, both the 

enzyme activity remained stable under salinity [33]. The GR is a redox regulatory enzyme like APX and it is 

essential for maintaining the redox state of ascorbate and glutathione [39]. GR plays an important role in the 

control of endogenous H2O2 content through an oxido-reduction cycle (Halliwell-Asada pathway) involving 

glutathione and ascorbate (Bose et al., 2014). GR isoform was found to up regulated by desiccation. GR is a 

versatile enzyme its level remains stable [33] or increases [23] under stress conditions among plants.  

Pompeu et al [41] reported the antioxidant isoenzyme responses to different concentrations of nickel-

induced stress in tobacco cell suspension culture. SOD 1, 2 isoenzymes, a Mn-SOD (band I) and a Fe-SOD 

(band II), as well as one CAT isoenzyme and four GR isoenzymes were observed in the study. Activity staining 

analysis revealed that CAT activity plays a major role in the early response to Ni induced oxidative stress, 

particularly when the Ni concentration used was low, whilst a specific GR isoenzyme appears to respond to the 

Ni-induced oxidative stress. Abedi and Pakniyat [42] antioxidant enzyme changes in response to drought stress 

in cultivars of oilseed rape revealed an enhancement of the activities of SOD and guaiacol peroxidase whereas 

CAT activity decreased. Native PAGE detected eight SOD isozymes and 5 POX isoforms. The intensities of 

POX-4 and -5 were enhanced under drought stress. 

 

Conclusion: 

The present study in the forked fern demonstrates that antioxidant enzymes isozyme forms responded 

differently to desiccation stress. The remarkable expression of these enzymes could be associated with 

antioxidant protection through increasing activities and maintaining the pool of ROSs.  Isozymes of SOD for O2
. 

- scavenging and increasing APX activities for H2O2 scavenging has been observed. Thus, a tolerant fern 

preferably should have greater expression of most of the antioxidant enzymes, such as SOD and Halliwell-

Asada Pathway enzymes, such as APX. Similarly, the differences in CAT and POX activities or their isozymes 

could also account for the species in desiccation tolerance. Manipulation of those antioxidant enzymes that 

exhibited differential responses to drought stress for species differing in drought tolerance may lead to 

improvement in tolerance. The direction involvement, cellular location, characteristics of these enzymes, and the 

isoforms related to drought tolerance in lower plant species are largely unknown, and deserve further 

investigation. 
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