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Abstract Barbula fallax Hedw., Erythrodontium julaceum

(Schwaegr.) Par., and Bryum argenteum Hedw. are typical

rock mosses growing on rocks in different terrestrial

habitats. In this study, B. fallax and E. julaceum, which are

epilithic mosses growing in rock desertification in Guiz-

hou, China, were used as ecophysiological mosses in a

combination of field investigations and laboratory experi-

ments. We also investigated the reference moss B. argen-

teum, which is a widely distributed moss in habitats with

soil as substrate. Our research focused on the response of

the antioxidant defense system of epilithic mosses to

drought stress. Most antioxidant defense indicators

increased initially, then declined at later stages of drought

stress. In contrast, the carotenoid content increased con-

stantly. In addition, there was an initial increase (albeit

variable) in relative membrane permeability, with this

parameter showing a parabolic trend in all of the epilithic

mosses. Among the three species, E. julaceum demon-

strated the strongest resistance followed by B. fallax and

then by B. argenteum. The epilithic mosses displayed

stronger resistance compared to the native mosses; the

increase in O2
-� content and other reactive oxygen species

(ROS) at the early stage of drought stress induced the

enzymatic and non-enzymatic scavenging systems to

sequester ROS. Moreover, the radical scavenging ability

and strong drought tolerance was maintained. The long-

term growth of bryophyte under drought conditions in a

karst environment can help eliminate the intense response

of mosses to drought stress as they adapt.

Keywords Rocky desertification of karst � Epilithic

mosses � Antioxidase system � Drought stress

1 Introduction

Drought (water deficiency) is one of the major environ-

mental stresses that seriously limit plant distribution,

growth, and yield worldwide (Shi et al. 2014a). With

changes in the environment and global climate, drought

stress not only seriously affects plant growth and devel-

opment, but also disrupts the ecological balance of the

ecosystem (Zhao 2010). As a response to drought stress,

complex biochemical and physiological strategies have

evolved, allowing plants to adapt to sudden environmental

changes (Cutler et al. 2010; Harb et al. 2010; Hirayama and

Shinozaki 2010; Krasensky and Jonak 2012; Qin et al.

2011; Shi et al. 2014b).

Karst lands are widely distributed in China, particularly

in Southwest China, producing a unique landscape. How-

ever, karst lands in this region have been severely degraded

by prolonged human interference and the hot, humid cli-

mate; the desertified rocky karst lands in southern China

currently cover a total land area of 1.2 9 105 km2.

Desertification has led to environmental deterioration and

hampered social and economic development. The karst

lands in southern China are characterized by thin soil, few

soil nutrients, and low water-holding capacity (Cao et al.

2014).
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The southern karst plateau is located in a zone with a

subtropical monsoon humid climate. The characteristics of

seasonal drought habitat formed in karst were shallow soil

and exposed bedrock, a large infiltration coefficient of

atmospheric precipitation, and severe leakage. This kind of

drought is not caused by air-drying. Epilithic mosses grow

on the surface of limestone, and drought occurs through

rapid seepage of precipitation. Frequent rainfall allows for

moss growth. While studies in China have been an

important contributor to international academic knowledge

on the mechanism of antioxidant defense systems under

water stress, they have focused on seed plants, with few

studies conducted among epilithic mosses in karst areas

under drought stress. Bryophytes are a class of pioneer

plants in desert ecosystem succession, as well as in extre-

mely inhospitable environments. Therefore, studies on the

response to drought stress of the antioxidant defense sys-

tem of epilithic mosses in karst rocky desertification areas

offer important theoretical significance and practical value

in understanding drought resistance among mosses, as well

as in restoring or rebuilding degraded ecosystems. By

comparing the adaptability of Erythrodontium julaceum,

Barbula fallax, and Bryum argenteum to various habitat

conditions in rocky desertification environments, this study

provides the theoretical foundation for the rehabilitation

and management of rock desertification ecology.

Most bryophytes grow in humid environments. How-

ever, they can survive in extreme arid regions and in spe-

cial matrices such as in leaves of vascular plants; their

drought resistance is rendered by a special physiological

mechanism that makes them strongly adaptable to the

environment (Farrant and Moor 2011). As is commonly the

case with pioneer plants, mosses are indispensable in the

establishment of biological soil crusts (BSCs), which

determine the vegetation type, hold the soil, fix the sand,

and prevent erosion by water or wind in desert ecosystems.

BSC is not only a research hotspot worldwide in terms of

the processes of earth’s surface in arid regions but is also

related to both geographical and biological knowledge.

Comparative physiological analysis among bryophytes

suggests that changes in water availability and osmolyte

accumulation during drought stress contribute to the natu-

ral variation in drought resistance among these plants

(Zhang et al. 2012). However, the antioxidant defense

mechanisms underlying the response of mosses to drought

stress remain largely unknown. Drought stress–related

plant damage is mainly caused by oxidation induced by

reactive oxygen species (ROS). ROS demonstrate potential

toxic effects on cells, and the extent of ROS’ scavenging

ability indirectly reflects the drought resistance of plants

(Baxter et al. 2014). Under normal conditions, ROS

metabolism in plants is in equilibrium; however, drought

stress disrupts the steady-state production and scavenging

of ROS, resulting in reduced activity and in disrupted

membrane structure (Ajithkumar and Panneerselvam

2014). Consequently, the plant will either actively or pas-

sively mobilize its own antioxidant defense system,

including enzymatic and non-enzymatic defense systems.

Antioxidant defense systems protect the plants from stress-

induced injuries (Gao and Zhang 2008). Mosses exhibit

two types of antioxidant defense mechanism (Chobot et al.

2008). The first type removes or reduces free radicals,

including enzymes and antioxidants, such as superoxide

dismutase (SOD), catalase (CAT), peroxidase (POD) and

Vitamin C, carotenoids (Car), and Glutathione (GSH). The

second type produces antioxidants, such as glutathione

reductase and ascorbate peroxidase (Oliver et al. 2005).

2 Materials and methods

2.1 Plant materials

We collected E. julaceum, B. reflexa, and B. argenteum,

which are dominant in the Huaxi District of Guiyang City

where we collected rocks as experimental materials. The

samples were collected on a sunny day with an average

temperature of 25 ± 1 �C.

2.2 Material culture and treatment

For drought-stress treatment, three moss species grown in

pots were subjected to normal (sufficiently watered) and

drought (water-deficient) conditions in dishes for 7 days.

The mosses were then cultured in 1/10 Hoagland medium

for 1 week. Gametophytes of similar height were inserted

in polyethylene sheets, which were placed in dishes filled

1/10 Hoagland and PEG-6000 (-2.0 Mpa) solution. The

lower ends of the specimens were immersed in the solution,

whereas the upper ends were exposed to air. Protoplast

layers of plant cells have selective permeability and since

inside and outside solutions had different concentrations,

water molecules diffused through the protoplast layer. The

osmotic potential of PEG-6000 was measured according to

the methods described by Miehel and Kaufmann (1973).

The specimens were divided into two groups: (1) the

control group (CK), which was cultured in 1/10 Hoagland

solution; and (2) the treatment group, which was cultured

in 1/10 Hoagland and PEG-6000 (-2.0 Mpa) solution.

Indexes were determined at 0, 12, 24, 48, and 72 h post-

treatment. To investigate the effect of the antioxidant

defense system on drought-stress resistance, the three

mosses were watered with PEG-6000 (-2.0 Mpa) for

7 days prior to drought-stress treatment. At least three pots

from each variety were used in each independent experi-

ment, and all pots were rotated daily during drought-stress
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treatment to minimize environmental effect. The mosses

obtained from different limestones were subjected to con-

trol and drought-stress conditions according to the method

described by Zhang et al. (2010). All experiments were

repeated five times.

2.3 Research methods

2.3.1 Determination of antioxidant enzyme activity

For enzyme extraction, each sample (0.2 g) was placed in a

pre-cooling mortar and then quartz sand and sodium

phosphate buffer (0.05 mol�L-1) were added. The buffer

contained 0.2 mM of EDTA (pH 7.8) and 2% PVP.

In many stressful conditions, the anti-stress ability of the

protective enzyme system is a key factor in plant response

to environmental stresses (Zhou et al. 2000). SOD, POD,

and CAT are the most important antioxidases. The increase

in their activities enhances their ability to eliminate oxygen

free radicals and to provide antioxidant protection. The

activities of three antioxidant enzymes, namely, CAT (EC

1.11.1.6), SOD (EC 1.15.1.1), and POD (EC 1.11.1.7) were

assayed. SOD activity was determined using the nitrogen

blue four triazole (NBT) light reduction colorimetric

method (Giannopolitis and Ries 1977), whereas POD

activity was determined according to the method described

by Ya et al. (2009). The reaction system used in POD

activity determination included 0.025 mol�L-1 of sodium

phosphate buffer (pH 7.0 with 0.1 mM EDTA), 20 mM of

H2O2, 1% guaiacol, and 0.1 mL of enzyme liquid; POD

activity was measured at 470 nm wavelength. The changes

in OD470 absorbance value per minute indicated the

degree of enzyme activity expressed as lg min-1�g-1 FW.

CAT activity was determined according to the method

described by Aebi (1984). The reaction system for CAT

activity determination included 0.025 mol�L-1 of sodium

phosphate buffer (pH 7.0 with 0.1 mM of EDTA), 100 mM

of H2O2, and 0.1 mL of enzyme liquid; CAT activity was

measured at 240 nm wavelength. Enzyme activity is

expressed in units of 1 min OD240 to reduce the amount of

enzyme 0.1, with units of U�g-1�FW�min-1.

2.3.2 Determination of superoxide anion (O2
-�)

Enzyme extract (2 mL) was placed in a 10-mL centrifuge

tube and then 1.5 mL of phosphate buffer (pH 7.8) and

0.5 mL of hydroxylamine hydrochloride were added and

mixed; the mixture was incubated for 20 min in a bath at

25 �C. Subsequently, 2.0 mL of amino acid

(17 mmol�L-1) and 2.0 mL of a-naphthylamine were

added and allowed to react for 30 min in a bath at a con-

stant temperature of 30 �C. Absorbance was measured at

530 nm after the reaction. The O2
-�content of the mixture

was calculated from the standard curve (Zhang et al. 2008).

2.3.3 Determination of malondialdehyde content

and relative permeability of cell membrane

According to the thiobarbituric acid (TBA) colorimetric

method, measurements were obtained under high-temper-

ature acidic conditions (Davey et al. 2005). The above-

mentioned enzyme extraction (1 mL), TBA (3 mL), and

trichloroacetic acid were mixed in a test tube, allowed to

react in a bath for 30 min, and then cooled to room tem-

perature for centrifugation for 10 min at 1500 r�min-1. The

absorbance of the supernatant was measured at 532 and

600 nm. Distilled water (2 mL) was used instead of

enzyme extraction to determine the absorbance of the

control. Absorbance was determined by DDS-307A con-

ductivity meter. The relative permeability of cell mem-

brane represented the degree of cell damage. The relative

conductivity was determined using the following equation:

relative conductivity = initial boiling conductivity/final

boiling conductivity (Zhang et al. 2012).

2.3.4 Determination of carotenoid content

The Car content was determined according to the method

described by Bao and Leng (2005). Moss sample ends were

clipped and sediments were removed along with impurities.

Water on the surface was dried. Samples were cut into

small pieces (about 2 mm) for mixing. Approximately

0.2 g of each sample was placed into a mortar and a small

amount of quartz sand, calcium carbonate, and 2–3 mL of

95% ethanol added to homogenize the sample; this pro-

cedure was performed five times. Ethanol (10 mL) was

added and the mixture was ground further. The mixture

was allowed to stew for 3–5 min. The homogenate was

then filtered into a brown 25 mL volumetric flask and

rinsed several times with a small amount of ethanol. We

used 95% ethanol to achieve constant volume to determine

the absorbance at 665, 649, and 470 nm. The entire pig-

ment extraction was performed under weak light and low

temperature (4 �C) conditions. The pigment concentrations

were calculated according to the following formulas:

Chl a content (mg�L-1) = 13.95A665 - 6.88A649

Chl b content (mg�L-1) = 24.96A649 - 7.32A665

Car content (mg�L-1) = (1000 OD470 - 2.05 9

Chla content - 114.8 9 Chlb content)/245

Pigment content of samples (mg�g-1) = q 9 V 9

N/m 9 1000

q: colorimetric liquid pigment content of sample

(mg�L-1); V: extraction volume (mL); m: sample fresh
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weight or dry weight (g); 1000: coefficient that converts

mL into L.

2.4 Statistical analysis

All experiments were repeated at least five times. Data

were processed using SPSS13.0 software and were pre-

sented as mean ± SD of three independent experiments.

3 Results

3.1 Drought stress influenced the protective enzyme

system

SOD is the first line of defense against oxygen free-radi-

cal–induced injuries through a reaction (2 O2
-� ? 2-

H? = H2O2 ? O2) that removes excess superoxide anion

(O2
-�) (Wilkins et al. 2011; Smirnoff 1993). SOD can

inhibit NBT reduction in the light and thus can indicate

enzyme activity. Under aerobic conditions, riboflavin may

be deoxygenized by light but is easily re-oxidized to pro-

duce O2
-�. O2

-� reduces NBT into blue methyl hydrazone,

whose absorbance in this experiment peaked at 560 nm. By

contrast, SOD can inhibit methyl hydrazone generation by

removing O2
-�. In B. argenteum, SOD activity increased

slowly under stress for 24 h, then increased quickly. SOD

activity peaked after 48 h at 679.21 U�g-1�FW�h-1 in the

control and then decreased slowly (Fig. 1). In B. reflexa,

SOD activity decreased initially, then increased, and

decreased again. A stress for 24 h gradually reduced the

SOD activity which dropped to a minimum value of

519.41 U�g-1�FW�h-1, a reduction of 19.41%. In addition,

SOD activity increased rapidly under stress for 24–48 h

and peaked at 758.89 U�g-1�FW�h-1, an increase of 17.8%.

The SOD activity subsequently dropped to 573.67 U�g-1�
FW�h-1 (a reduction of 11.0%), which is lower than that of

the control (644.65 U�g-1�FW�h-1). In E. julaceum, stress

for 24 h rapidly decreased SOD activity from 814.5 to

660.46 U�g-1�FW�h-1. The activity remained unchanged at

12–48 h, having peaked at 814.5 U�g-1�FW�h-1 at 0 h, and

then declined slowly. Our results show that the increasing

stress level did not weaken SOD activity, thereby demon-

strating a sustained strong ability to clear O2
-�. SOD

activities of the three moss species displayed a similar

trend, where they first increased and then decreased, even if

the amplitudes of their increase and decrease varied. The

ability of the mosses to clear O2
-� according to degree of

reduction in SOD activity is as follows: E. julaceum [ B.

reflexa [ B. argenteum.

The POD activity of the three moss species all increased

first and then decreased. In B. argenteum, POD activity

increased under stress for 12 h, peaked at

9.08 lg�g-1�FW�min-1, a 1.63-fold increase, and then gradu-

ally decreased. In B. reflexa, POD activity peaked at

8.26 lg�g-1�FW�min-1 at 24 h and then rapidly declined to

4.57 lg�g-1�FW�min-1 (44.7% reduction). Compared with

that in the control, the POD activity in E. julaceum increased

gradually from 6.25 lg�g-1�FW�min-1 at 0 h to a maximum

value of 8.46 lg�g-1�FW�min-1 at 24 h, and then decreased
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Fig. 1 Effect of drought stress on SOD, POD, and CAT activity of

three epilithic mosses species
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rapidly. These results show that POD changed significantly in

the early stage of stress.

CAT is an important antioxidant enzyme that mainly

catalyzes H2O2 decomposition into H2O and O2. The

changes in CAT activity of the three moss species were

similar to those of POD. With intensified osmotic stress,

CAT activity increased first and reached its maximum

value at 48 h, and then decreased. At 48 h, the CAT

activity in B. argenteum, B. reflexa, and E. julaceum

peaked at 19.35, 11.35, and 17.24 U�g-1�FW�min-1,

showing an increase by 2.56, 1.85, and 2.46 times,

respectively, and then decreased rapidly.

3.2 Drought stress influenced carotenoid content

Found in animals, higher plants, fungi, algae, and bacteria

of yellow, orange, or red pigment, Car, mainly b-carotene

and c-carotene, are important natural pigments. Car are

also important antioxidants that effectively remove free

radicals and other harmful substances produced by stress,

thereby reducing damage to plant cells (Gomez and Car-

pena 2014). The Car contents in the three moss species

were significantly different (Fig. 2). Car content in the CK

was as follows: B. argenteum [ B. reflexa [ E. julaceum.

Following drought stress, the Car contents in B. reflexa and

B. argenteum increased gradually within 0–24 h to

0.266 mg�g-1�FW relative to that of the CK

(0.180 mg�g-1�FW), and then decreased rapidly after 48 h.

In B. reflexa, Car content also increased gradually within

0–24 h to 0.180 mg�g-1�FW relative to that of the CK

(0.147 mg�g-1�FW). After 24 h, Car content increased

rapidly, peaked at 0.302 mg�g-1�FW (an increase by 2.38

compared with the control) after 48 h, and then stabilized.

Car content rapidly increased, accumulated, and then

decreased slowly, indicating that Car sequestered the active

oxygen free radicals caused by drought stress. In E. jula-

ceum, Car levels increased to 0.356 mg�g-1�FW relative to

those in CK (0.131 mg�g-1�FW) at 72 h (increased by 2.72

times). Car slightly accumulated and then decreased

rapidly in B. argenteum; increased rapidly, considerably

accumulated, and decreased slowly in B. reflexa; and

consistently increased, continued to accumulate, and were

maintained at a high level in E. julaceum. The decreasing

ability of the species to eliminate active oxygen free rad-

icals was as follows: E. julaceum [ B. reflexa [ B.

argenteum.

3.3 Drought stress influenced active oxygen

metabolism

Free radical production and active oxygen elimination in

plant cells usually occur in a dynamic balance. Low con-

centrations of free radical and active oxygen do not cause

cell damage. This balance is disrupted when plants are

subjected to stress, and the free radical and active oxygen

contents will both increase sharply, increasing membrane

permeability and ion leakage through peroxidation, and

leading to plant death or injury (Proctor and Smirnoff.

2011).

Researchers have confirmed that drought stress can

induce generation of ROS, which induces the formation of

an antioxidant defense system (Uzilday et al. 2012). The

O2
-� content increased gradually with intensified drought

stress (Fig. 3). In B. argenteum, O2
-� content initially

increased significantly, peaked at 33.08 lg�g-1�FW after

24 h (an increase by 5.52 times relative to that of the

control), dropped to 12.39 lg�g-1�FW, and then recovered

slightly after 72 h. B. reflexa showed a similar trend,
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although its maximum O2
-� content was lower:

26.94 lg�g-1�FW at 24 h. In E. julaceum, O2
-� also initially

increased significantly, but peaked at 20.17 lg�g-1�FW,

declined sharply after 24 h, and returned to the control

level at 72 h. The O2
-� content of the three moss species all

increased first and then decreased.

3.4 Drought stress influenced the malondialdehyde

contents and the permeability of cell membrane

Excessive free radical production under stressful conditions

can cause membrane lipid peroxide to poison plants, whose

MDA content is often used as an indicator of the degree of

injury (Liu et al. 2013). Drought stress caused membrane

lipid peroxide to decrease, to form MDA, to destroy the

membrane structure, and to injure the plant. With

increasing stress level, MDA content first increased and

then decreased. In B. argenteum, MDA content peaked at

17.65 nmol�g-1�FW, 3.19 times greater that of the CK

(5.54 nmol�g-1�FW) within 24 h, and then declined shar-

ply. In B. reflexa, MDA content increased from 8.74 to

21.12 nmol�g-1�FW within 12 h, an increase of 2.12 fold,

and then declined gradually. In E. julaceum, MDA content

increased from 6.69 to 16.33 nmol�g-1�FW within 24 h, an

increase of 2.44 fold (Fig. 4). The MDA content in the

three moss species all peaked within 12–24 h; however,

some antioxidant enzymes and antioxidants played a pro-

tective role in succession, and MDA concentration began to

reduce. With further increase in stress, the antioxidant

defense system cannot remove excess ROS and might

cause irreversible damage to the cells.

The cell membrane structure is highly sensitive to stress.

When active oxygen production increases, peroxidation of

membrane lipid may also increase and thus destroy the

integrity of the membrane structure, leading to increased

membrane permeability. Therefore, the relative perme-

ability of the plasma membrane can reflect the degree of

injury to cell structure. The changes in the relative mem-

brane permeability of the three moss species showed a

pattern similar to a parabola; moreover, these changes

increased at different rates compared with the control. The

membrane permeability of the three moss species all

peaked at 24 h, an increase by 41.36% in B. argenteum,

39.45% in B. reflexa, and 55.84% in E. julaceum, and were

3.78, 2.03, and 3.65 times that of the control, respectively

(Fig. 4).

4 Discussion

Bryophytes can produce reactive oxygen free radical to

induce oxidative stress in order to form complex enzymatic

and non-enzymatic defense systems that will resist cell

damage caused by drought stress and thus ensure their

survival. SOD, POD, and CAT are the most critical

enzymes in the enzymatic defense system. SOD catalyzes

O2
-� to form H2O2, which is removed and decomposed by

POD and CAT. In the non-enzymatic defense system, Car

are the most important quenchers of O2
-�, which can pre-

vent peroxidation of unsaturated fatty acid, protecting the

membrane system. In our study, antioxidant enzyme

activities and Car content of the three moss species were

positively correlated with stress intensity under non-

drought stress. In the early stage of stress (i.e., low stress

level), SOD, POD, and CAT can scavenge active oxygen

free radicals by increasing their enzymatic activity to

prevent self-inflicted injury. As stress levels increased (i.e.,
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mosses suffering from severe drought damage for 48 h),

the balance between ROS generation and the antioxidant

system was disrupted, leading to damaged membrane

structure and inhibition of enzyme activity. Car slightly

accumulated and decreased rapidly in B. argenteum;

increased rapidly and showed a high rate of accumulation

and low rate of reduction in B. reflexa; and continuously

increased and was maintained at a high level in E. jula-

ceum. Mosses can accumulate a certain amount of Car to

protect the membrane system, can reduce light inhibition,

and can convert Car into xanthoxin by photolysis or

oxidative decomposition, forming ABA, to improve their

stress resistance (Oliveira et al. 2014).

The O2
-� content increased gradually with intensified

drought stress. In B. argenteum, O2
-� content increased 5.52

fold within 0–24 h, dropped significantly, and then

increased slightly after 72 h. B. reflexa showed a similar

trend, although its O2
-� content was lower. In E. julaceum,

O2
-� increased significantly within 0–24 h, declined shar-

ply, and then returned to the control level after 72 h. Thus,

the O2
-� content of the three moss species all increased first

and then declined.

MDA demonstrates strong cytotoxicity and is one of the

main products of lipid peroxidation; MDA destroys many

biological molecules, such as protein, nucleic acid, and

enzymes, as well as the structure and function of biological

membrane (Jiang and Zhang 2001). Under prolonged

stress, the MDA content of the three moss species

increased first and then declined. In B. argenteum, MDA

increased 3.19 fold and then declined sharply, but remained

slightly higher than that of the control. The MDA content

in B. reflexa increased 2.12 fold and then declined gradu-

ally. In addition, the MDA content in E. julaceum

increased 2.44 fold within 24 h. The changes in the relative

membrane permeability of the three moss species showed a

parabolic trend, where the maximum value was reached at

24 h and then declined. Compared with the control, they all

increased, although to varying degrees.

The drought resistance of a plant is affected by many

factors that are interrelated and mutually conditioned (Shi

et al. 2014a, b). Under drought stress, the mosses growing

on bare stone in the karst rocky desertification area coped

with temporary drought through their special antioxidant

defense system. Under water stress, the antioxidant enzyme

activities and antioxidant content of mosses were positively

correlated with antioxidant stress capacity. In the early

stage wherein water stress was mild, the mosses removed

excess active oxygen radicals by increasing their enzyme

activity and antioxidant content. In the later stages, the

mosses escaped extreme drought stress through physio-

logical dormancy, which can be restored by rehydration. In

the course of evolution, epilithic mosses have acquired a

series of physiological and metabolic mechanisms to adapt

to drought; these adaptations can reduce water loss through

morphological changes, as well as allow the mosses to cope

with harsh environmental conditions through adjustments

to physiological activity (Oliver et al. 2002, 2013).

The results of this study reveal the resistance mechanism

of mosses found in rocky desertification and arid envi-

ronments. Moreover, this study contributes to the restora-

tion of degraded rocky ecosystems through greater

understanding of drought response.

5 Conclusion

Studies on the response to drought stress of the antioxidant

defense system of epilithic mosses in karst rocky deserti-

fication areas offer important theoretical significance and

practical value in revealing the mechanism of drought

resistance among mosses, as well as in restoring or

rebuilding degraded ecosystems. The superoxide dismu-

tase, catalase, superoxide anion (O2
-�), and malondialde-

hyde contents, as well as peroxidase activity, of the

epilithic mosses initially increased under drought condi-

tions, although these parameters declined at later stages of

drought stress. In contrast, Car content was constantly

increasing. In addition, although the increase in relative

membrane permeability varied, this parameter showed a

parabolic trend in all of the epilithic mosses. Among the

three species, E. julaceum demonstrated the strongest

resistance followed by B. fallax and then by B. argenteum.

Moreover, the epilithic mosses growing on rocks displayed

stronger resistance compared with the native mosses. Our

conclusion is that the increase in O2
-� content and other

ROS at the early stage of drought stress induced the

enzymatic and non-enzymatic scavenging systems to

sequester ROS. Moreover, the radical scavenging ability

and strong drought tolerance was maintained. The long-

term growth of bryophyte under drought in karst environ-

ments can help eliminate the intense response to drought as

the mosses become adapted to drought stress.
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