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Growth and photosynthetic characteristics, inducibility of the CAM pathway and the functioning of the antioxi-
dant defense system were investigated in Rosularia elymaitica (Crassulaceae) under drought and UV stresses.
Drought did not substantially affect the growth of the plants, but it significantly reduced leaf thickness as well
as osmotic potential, water potential and relative water content. In contrast, UV radiation treatment affected nei-
ther growth nor the water relations of leaves. Water limitation for 12 days caused a significant increase in night-
time PEPC and NAD-MDH activity and an increase in Atitratable acidity relative to well-watered plants. The night-
time CO, net assimilation rate increased significantly in drought-stressed plants but was still negative, resem-
bling a C,-like pattern of gas exchange. Twenty days of UV treatment, increased Atitratable acidity slightly and
increased only daytime PEPC activity, and did not affect other parameters of carbon metabolism. As judged by
maintenance of membrane integrity and stable amounts of H,0, under UV stress, the antioxidant defense sys-
tem effectively protected the plants against UV radiation. In contrast, oxidative stress occurred under severe
drought stress (20 days of withholding water). Except for higher daytime APX activity in the UV-treated plants,
enzyme activity in the control and in the drought- and UV-stressed plants did not show any diurnal fluctuation
during 24 h. Temporal changes in Atitratable acidity and APEPC activity coincided closely with those of antioxi-
dant enzymes; both started to increase after 12 days of drought stress. These results indicate that drought stress

but not UV radiation induced the CAM-cycling pathway in R. elymaitica.
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INTRODUCTION

Crassulacean acid metabolism (CAM) is the second
most common pathway of photosynthesis in vascu-
lar plants (Winter and Smith, 1996). In CAM-per-
forming plants, stomata are closed during most of
the day and opened at night. During the night, pri-
mary fixation of CO, results in the formation of
malic acid stored in the vacuole. During the day,
malate is decarboxylated to provide CO,, for fixation
by the Calvin cycle (Liittge, 2004).

Plants that predominantly exhibit the CAM
pathway are commonly known as obligate CAM
plants and have a constitutive type of CAM. C,
species with an ability to switch their carbon metab-
olism to the CAM pathway have also been found.
Transition to CAM has been reported so far in 407
species from 23 angiosperm families (Sayed, 2001).
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Crassulaceae has the greatest number of species
with the capability of CAM transition. Among genera
of Crassulaceae, CAM inducibility has been docu-
mented for 26 Sedum, 23 Cotyledon and 13
Kalanchoé species (Sayed, 2001).

On the basis of gas exchange and the day/night
pattern of organic acid turnover, CAM-inducible
species are categorized as C;,-CAM intermediate and
CAM-cycling species (Ting and Sipes, 1985). CAM-
cycling is characterized by CAM-like acid concentra-
tion fluctuations with a C; gas exchange pattern
(Sayed, 2001). The shift from C; photosynthesis to
CAM-cycling has been documented in Clusia
aripoensis (Borland et al., 1998) and Sedum inte-
grifolium (Gravatt and Martin, 1992). In species
such as Sedum telephium, net CO, uptake could
not be detected in the dark when shifted to CAM
metabolism. In such cases of CAM-cycling, an
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increase in phosphoenolpyruvate carboxylase
(PEPC) activity may reveal the C,;-CAM transition
(Groenhof et al., 1988). Other modes of CAM such
as latent CAM are indicated by organic acid concen-
trations elevated above those normally present in Cg
plants but without a diel fluctuation, which may rep-
resent a nascent C;-CAM progression (Cushman and
Borland, 2002).

Various environmental stressors are capable
inducing the CAM pathway in some plant species.
Sedum album is an example of a C;-CAM interme-
diate in which the CAM pathway is induced by
drought (Castillo, 1996). CAM has facilitated the
exploitation, by more than 7% of vascular plant
species, of predominately hot and arid climates,
semi-arid regions with seasonal water availability, or
microclimates characterized by intermittent water
availability (Smith and Winter, 1996).

Intense UV radiation in high mountains affects
the plants growing at those elevations. The deleteri-
ous effects of UV radiation on growth, productivity
and photosynthesis in higher plants have been stud-
ied extensively (Rybus-Zajac and Kubis, 2010;
Skorska, 2011). UVB radiation impairs all major
processes of photosynthesis, including photochemi-
cal reactions in thylakoid membranes (Skorska
2011), and causes oxidative damage and growth
inhibition in higher plants (Rybus-Zajgc and Kubis,
2010). UVA/blue light has been reported to induce a
switch from the C; pathway to CAM in Clusia minor
(Grams and Thiel, 2002).

Stress factors such as drought and UV radiation
trigger common reactions in plants and lead to cell
damage mediated by reactive oxygen species (ROS).
The term oxidative stress refers to a serious imbal-
ance between the production and removal of ROS.
Antioxidative enzymes such as superoxide dismutase
(SOD), ascorbate peroxidase (APX) and catalase
(CAT) play an important role and protect against
oxidative stress (Apel and Hirt, 2004). An increase in
carbon cycling during the C;-CAM transition has been
suggested to confer enough protection against pho-
toinhibition under drought stress (Griffiths et al.,
1989), but other reports showed that antioxidative
enzymes also make an important contribution to pro-
tection of plants during CAM induction (Slesak et al.,
2002). Moreover, stress factors involved in induction
of the CAM pathway are simultaneously responsible
for the increasing activity of antioxidative enzymes. In
M. crystallinum, induction of CAM by water limita-
tion was accompanied by increased antioxidant
enzyme activity (Slesak et al., 2002).

Rosularia elymaitica (Crassulaceae) grows
along an altitudinal gradient of increasing UV radia-
tion in a mountainous area in northwest Iran. This
species tends to occupy habitats that experience fre-
quent low soil matric potentials, where periodic
drought can occur. Since the CAM pathway con-
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tributes significantly to plants' survival under arid
and semi-arid conditions (Cushman and Borland,
2002), the ability to shift from C; to CAM may be
important in R. elymaitica's adaptation and survival
in its natural habitat. There are no published studies
examining the CAM pathway in this species. Our pre-
vious work demonstrated that water deficit induces
typical CAM in Sedum album, while S. stoloniferum
and R. elymaitica exhibit CAM-cycling following
drought stress (Habibi and Hajiboland, 2010).

Here we compare drought with UV radiation in
terms of their ability to induce the CAM pathway in
R. elymaitica. To find the starting time point of
CAM induction, in addition to monitoring the
dusk/dawn changes in titratable acidity (Atitratable
acidity) and PEPC activity (APEPC activity), we
examined the temporal changes of these parameters
through 20 days of drought or UV radiation stress.
To analyze the relationship between stress-induced
CAM and the ability to cope with oxidative stress
during the C;-CAM shift, we studied the functioning
of the antioxidant defense system: specifically, the
diurnal pattern of antioxidative enzyme activity and
temporal changes in the functioning of the antioxi-
dant defense system at different time points after
imposition of drought and UV stress.

MATERIALS AND METHODS

PLANT MATERIAL AND TREATMENTS

Rosularia elymaitica Boiss. & Hausskn. is an Irano-
Turanian element, a perennial succulent with rosette
leaves and pink flowers occurring in north, northwest
and central Iran (Akhiani, 2000). Plants were collect-
ed from Mishou-Dagh, NW Iran, at 1890 m a.s.l. The
plants were growing in rock crevices and on thin soil
in the shade of boulders and shrubs. Collected plants
were transferred to plastic pots containing washed
sand and were grown for two months prior to the
start of treatments. The plants were watered twice
weekly with distilled water and received 50% modi-
fied Hoagland nutrient solution once weekly
(Johnson, 1957). Following two months of acclima-
tion, plants in separate pots were selected randomly
and subjected to drought or UV radiation treatments
and their respective controls.

Drought-stressed plants received no water for
20 days, a period defined as severe drought stress
for S. album (Castillo, 1996), while control plants
were watered twice a week with distilled water to
field capacity. To minimize evaporation the exposed
surface of each pot was covered with aluminum foil.
For UV radiation treatments, in addition to photo-
synthetically available radiation (PAR, 400-700 nm)
supplied by cool white fluorescent lamps throughout
the daytime, UVAB fluorescent lamps (30 W, Hagen,
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Japan) were used without filters for UVA+B, with a
transparent plexiglas filter cutting wavelengths
under 320 nm for UVA, and with a yellow plexiglas
filter to cut wavelengths under 400 nm for control
plants, with 6 h irradiance periods centered midway
through the photoperiod. The photosynthetic pho-
ton flux density (PPFD) was 150 umol m™ s’ for all
three lighting treatments. The spectral outputs of
the three lighting conditions were measured with a
calibrated spectrophotometer (Shimadzu, UV-2450)
and the biologically effective UV doses employed
were 30 kJ m? d! calculated based on Caldwell's
generalized plant damage action spectrum normal-
ized to 300 nm (Caldwell, 1971).

Plants were grown under environmentally con-
trolled conditions under fluorescent white light at
~150 umol m™? s! with an 18 h photoperiod from
5:00 a.m. to 8:00 p.m, 25/17°C day/night tempera-
ture and relative humidity 60/70%.

PLANT HARVESTING AND ANALYSIS
OF GAS EXCHANGE

Twenty days after treatment the plants were har-
vested. Leaves were washed with distilled water,
blotted dry on filter paper and after determination of
fresh weight (FW) they were dried for 48 h at 70°C
for determination of dry weight (DW). Gas exchange
parameters were measured before harvesting. Net
CO, fixation (A, umol m? s!), transpiration rate (E,
mmol m? s!) and stomatal conductance to water
vapor (gs, mol m? s’!) were measured with a cali-
brated portable gas exchange system (LCA-4, ADC
Bioscientific Ltd., UK) either 5 h into the light peri-
od (day samples) or 5 h into the dark period (night
samples), sealed in the leaf chamber under PPFD
380 umol m™ s’! for the day samples.

ANALYSIS OF WATER RELATIONS
AND TITRATABLE ACIDITY

Leaf osmotic potential (y,) was measured with an
osmometer (Micro-Osmometer, Heman Roebling
MESSTECHNIK, Germany), water potential (y,,)
was determined using a pressure chamber (DTK-
7000, Japan), and relative water content (RWC) was
measured and calculated according to Lara et al.
(2003), all in the second youngest leaf harvested at
1 h after lights on in the growth chamber. Total
titratable acidity was measured in the leaves at the
end and beginning of the photoperiod according to
the method described by Lara et al. (2003).

ASSAY OF ENZYME ACTIVITY
AND RELATED METABOLITES

Phosphoenolpyruvate carboxylase (PEPC, EC
4.1.1.31) activity was determined according to
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Groenhof et al. (1988). Samples were taken at 5 h
into the light (day samples) or dark (night samples)
period. Extraction and assay of NAD malate dehy-
drogenase (NAD-MDH, EC 1.1.1.37) and NAD malic
enzyme (NAD-ME, EC 1.1.1.39) was performed
according to the methods described by Holtum and
Winter (1982) and Wang et al. (2007) respectively.

The activity of superoxide dismutase (SOD, EC
1.15.1.1), ascorbate peroxidase (APX, EC 1.11.1.11)
and catalase (CAT, EC 1.11.1.6) was determined as
described by Habibi and Hajiboland (2010). Lipid
peroxidation was estimated from the amount of mal-
ondialdehyde (MDA) formed in a reaction mixture
containing thiobarbituric acid, and the H,O, con-
centration was determined by the potassium titani-
um oxalate method (Hajiboland and Hasani, 2007).

Temporal changes in the measured parameters
were studied by taking samples at 1, 4, 8, 12, 16 and
20 days after the start of treatments. Because the
amount of plant material was limited, sampling for
some analyses was confined to only some of these
time intervals. Twenty days after the start of treat-
ments, diurnal changes in enzyme activity were exam-
ined by sampling plants at different times of the day.

The experiments were done in a complete ran-
domized block design with 4 replicates. Statistical
analyses employed Sigma Stat ver. 3.02 with the
Tukey test (P<0.05).

RESULTS

Fresh weight of plants was not influenced by
drought stress and dry weight was rather increased.
However, the ratio of fresh to dry weight (FW/DW)
and relative water content (RWC) decreased signifi-
cantly due to water deficit (Tab. 1). Leaf osmotic and
water potential also decreased in plants grown
under water limitation. The leaf area of stressed
plants increased slightly, while leaf thickness
decreased significantly by ~33% versus the con-
trol. Unlike the drought treatment, UV radiation
did not affect dry weight, fresh weight or the
FW/DW ratio. Nor were water relation parameters
and leaf morphology affected by the UV radiation
treatment (Tab. 1).

Drought stress affected the daytime gas
exchange parameters. The transpiration rate and
stomatal conductance diminished slightly, but net
CO, assimilation decreased significantly in drought-
stressed plants during the light period. The night-
time transpiration rate and stomatal conductance
showed a significant reduction relative to daytime
values, but like daytime parameters they were not
significantly influenced by drought stress. Under
control conditions there was net CO, release during
the night. Under drought stress the net CO, release
was significantly lower than in control plants. The
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TABLE 1. Fresh and dry weight (mg plant’l) of leaves, ratio of fresh to dry weight (FW/DW), relative water content
(RWC, %), leaf osmotic (y,, MPa) and water potential (y,,, MPa), area (cm?) and thickness (um) in R. elymaitica grown
for 20 days under drought or UV radiation treatments. Data for each parameter within treatment followed by the same

letter do not differ significantly (P<0.05)

Water stress treatment

UV treatment

Control Drought -uv UVA UVA+B
FW 384142 a 382428 = 381+30 = 382+19 = 362+17 =
DW 22.8+2. 61 28.0+2.2 2 22.842.2 2 23.5+2.1 a 22.8+1.3 2
FW/DW 16.9+0.8= 13.7+£0.6°® 16.8+1.2a 16.320.6 = 16.0£0.8 =
RWC 80.6+1.7 » 60.7+6.1 b 80.4%0.1 = 77.5+£3.3 = 77.4£2.5 2
Ws -0.56+0.04 = -0.75+0.03 v -0.61+0.02 = -0.60+0.02 = -0.60+0.03 =
W -0.41+0.12 = -0.63+0.21 b -0.47+0.16 = -0.50+0.22 = -0.45+0.18 »
Leaf area 5.04+0.49 = 5.60+1.24 - 4.90+0.52 = 4.954£0.97 a 6.18+0.28 =
Thickness 825450 = 550457 b 800481 » 850£129 a 855+120 a

TABLE 2. Net assimilation (A) and transpiration (E) rate and stomatal conductance to water vapor (g) in R. elymaitica
grown for 20 days under drought or UV radiation treatments. Data for each parameter within treatment followed by the

same letter do not differ significantly (P<0.05)

A E gs
umol m2s-! mmol m2 s! mol m? s!
Day Night Day Night Day Night
Control 0.84£0.16 = -1.11+0.12 ¢ 1.07+0.26 2 0.35+0.05 0.45+0.13= 0.09+£0.03 ©
Drought 0.32+0.26 & -0.02+0.05 ® 0.72+0.15 = 0.27+0.01¢® 0.30+0.08 = 0.08+0.01¢®
-Uv 0.9440.18 = -0.66+0.41 b 0.96+0.21 = 0.47+0.09 b 0.37+0.07 = 0.13+£0.03 ®
UvAa 0.90£0.15 = -1.19+0.61 v 0.97+0.20 = 0.47+0.10 ® 0.31+0.08 = 0.13+0.02 ®
UVA+B 0.80£0.04 = -0.91+0.60 ¥ 0.96+0.12 = 0.46 +£0.09 © 0.36+0.08 = 0.14£0.01 ®

TABLE 3. Daytime and nighttime PEPC activity (nmol
NADH mg! protein min) in R. elymaitica grown under
drought or UV radiation treatments. Daytime and night-
time data within each treatment time followed by the same
letter do not significantly differ (P<0.05).

TABLE 4. Activity of NAD-MDH and NAD-ME (nmol NADH
mg?! protein min?) 1 and 20 days after drought and UV
treatment in R. elymaitica. Data for each parameter with-
in treatment followed by the same letter do not differ sig-
nificantly (P<0.05)

of trogpment Treatment G iy
§ Control 7617 a 97+15=
Drought 8019 a 88+10=
i Control 8049%b 8915%®
Drought 9648 ab 123427 »
55 Control 8148¢b 87+1¢b
Drought 10446 ab 126427 =
-Uv 8144 = 8816+
1 UVA 80452 8013
UVA+B 7714 a 857 a
-uv 82481 9615 ab
20 Uva 10048 a 10747
UVA+B 8447 b 8718%

UV radiation treatment did not affect any of the gas
exchange parameters and, as expected, the transpi-

NAD-MDH NAD-ME
Treatment
1 day 20 days 1 day 20 days

Control 150422 b 149424 b 52 a 613 2
Drought 141t16°> 29037 = 4+£] = 52 =
-uv 13010 = 128420 = 6+3 a 5+2 a
UVA 1414+28= 125410 = 612 a 613 2
UVA+B 113+12 = 10647 = 6+2a 613 a

ration rate, stomatal conductance and net CO,
assimilation were significantly lower at night than
during the day (Tab. 2).

Water limitation for 8 days did not affect the
fluctuation of total titratable acidity. From day 12
onwards, however, Atitratable acidity increased in
drought-stressed plants versus control leaves.
Following 20 days of drought stress, leaves present-
ed an almost fivefold increase in Atitratable acidity
as compared with well watered plants. UVA treat-
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Fig. 1. Changes in Atitratable acidity during 20-day
drought and UV radiation treatments in R. elymaitica.

ment elevated the fluctuation of titratable acidity
only slightly (Fig. 1).

Significant increases of nighttime PEPC activity
were noted after 12 and 20 days of drought stress.
APEPC activity (nighttime PEPC activity/daytime
PEPC activity) reached 27 at day 12 of drought treat-
ment. At day 20, daytime PEPC activity was stimu-
lated significantly by UVA but not by UVA+B radia-
tion (Tab. 3). Drought stress for 20 days caused a
significant increase in NAD-MDH activity, up to 48%,
and had no effect on NAD-ME. UV radiation treat-
ment influenced neither NAD-MDH nor NAD-ME
after 20 days of treatment (Tab. 4).

Antioxidant enzyme activity was affected by
drought stress. Twelve days of drought stress signif-
icantly increased SOD and APX activity. Before day
12, SOD, CAT and APX activity did not differ
between water-stressed plants and well watered
ones. Continuation of the water stress for more than
12 days caused a significant reduction of the activi-
ty of all analyzed antioxidant enzymes. After 20 days
of stress the activity of APX and CAT was even lower
than at the beginning of treatment. Unlike in
drought-stressed plants, in well watered plants the
activity of antioxidant enzymes remained quite sta-
ble over the 20-day experimental period (Fig. 2).

In UV-treated plants, SOD activity was affected
only slightly. APX activity was increased by UVA
and that of CAT was increased by both the UVA and
the UVA+B treatments. UV treatment affected
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Fig. 2. Specific activity of superoxide dismutase (SOD),
ascorbate peroxidase (APX) and catalase (CAT) at different
intervals of drought treatment in R. elymaitica. Bars with
the same letter do not differ significantly (P<0.05).

enzyme activity after relatively long exposure: at day
16 for APX activity and at days 12-16 for CAT activ-
ity (Fig. 3).

In general, the activity of APX, SOD and CAT did
not show any significant 24-hour fluctuation in the
control or in drought-stressed plants, but we did
observe a slight rise in SOD and APX activity in the
samples taken at 16:00, irrespective of the watering
regime (Tab. 5). In the control plants of the UV exper-
iment, no significant change in diurnal enzyme activi-
ty was observed. In the UV-treated plants, SOD and
CAT activity also remained unchanged through the
day. APX activity in the samples taken at 24:00 was
slightly or significantly lower than in the samples
taken at 9:00 and 16:00 (Tab. 6).
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TABLE 5. Daily fluctuations of the specific activity of
superoxide dismutase (SOD, U mg! protein min'!), ascor-
bate peroxidase (APX, umol ascorbate mg' protein min!)
and catalase (CAT, umol H,0, mg' protein min') in
R. elymaitica grown for 20 days under drought treatment.
Data for each parameter within treatment followed by the
same letter do not differ significantly (P<0.05)

Time of day Control Drought

9:00 234 be 3114.9 =b

SOD 16:00 234 be 33+3.5=
24:00 214 c 27+4.9 abe

9:00 0.83£0.01 ab 0.64+0.03 ¢
APX 16:00 0.87+0.09 = 0.67+0.09 b<
24:00 0.79£0.04 ab 0.62+0.09 ©

9:00 2143 a 16+1.7 ab

CAT 16:00 194 ab 14+3.0 b

24:00 1943 ab 15+1.6 b

MDA content remained unchanged up to day 16
of drought stress, but was slightly higher than in the
corresponding control plants in samples taken at
day 20. Content of H,0, in these samples was lower
than in well watered plants, however (Fig. 4). In con-
trast to drought stress, UV treatment did not influ-
ence MDA of H,0, content even after 20 days of
exposure to radiation (Fig. 5).

DISCUSSION

In contrast to the known behavior of leaf morpho-
logical parameters, such as succulence and increas-
es in palisade and spongy parenchyma in drought-
resistant species (Ennajeh et al., 2010), severe water
stress rather negatively affected leaf thickness in
Rosularia elymaitica. Its lack of increasing leaf suc-
culence in response to drought is similar to that
observed in the succulent Portulaca oleracea (Lara
et al., 2003).

Exposing R. elymaitica plants to severe water
stress, defined as RWC lower than 60% (Castillo,
1996), did not reduce their dry matter production.
This indicates high tolerance to drought stress.

The remarkable reduction in leaf RWC and v,
in drought-stressed plants was associated with sig-
nificant reduction of net CO, assimilation. Reduced
stomatal conductance (gs) due to decreased leaf
water potential, which inhibits CO, supply and con-
sequently reduces CO, assimilation (A), is a well
known phenomenon in drought-stressed plants
(Ben Ahmed et al., 2009). In our work, however, a
slight reduction of g, (33%) was associated with sig-
nificant impairment of A (up to 62%) in drought-
stressed plants. This probably indicates a reduction
of Rubisco activity and supply of reducing equiva-
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Fig. 3. Specific activity of superoxide dismutase (SOD),
ascorbate peroxidase (APX) and catalase (CAT) at different
intervals of UV treatment in R. elymaitica. Bars with the
same letter do not differ significantly (P<0.05).

lents (e.g., NADPH) through photosynthetic electron
transport (Lawlor and Cornic, 2002).

Facultative CAM plants predominantly exhibit
C; photosynthesis when well watered but develop
CAM when water-stressed, thereby reducing water
loss through transpiration (Liittge, 2004). After a
period of at least 12 days without watering, R. ely-
maitica plants showed significant daily Atitratable
acidity and APEPC activity, both characteristics typ-
ical of CAM (Herrera et al., 2010). Continuation of
drought conditions further increased Atitratable
acidity, so that by day 20 of drought stress it was
5-6 times higher than in the respective control
plants; however, it was considerably lower than that
reported for C;-CAM intermediate plants such as
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TABLE 6. Daily fluctuations of the specific activity of superoxide dismutase (SOD, U mg! protein min!), ascorbate per-
oxidase (APX, pmol ascorbate mg' protein min') and catalase (CAT, umol H,0, mg' protein min') in
R. elymaitica grown for 20 days under UV treatment. Data for each parameter within treatment followed by the same

letter do not differ significantly (P<0.05)

UV treatment

Time of day
-uv UVA UVA+B
9:00 22+5a 29+4.18 & 2846 =
SOD 16:00 234 a 25+3.19 a 2644 a
24:00 1942 a 25+3.76 & 2414 a
9:00 0.82+0.01 =« 0.96+0.08 b 1.26+0.19 »
APX 16:00 0.89+0.09 =« 1.10+£0.11 ® 0.97+0.14 be
24:00 0.75+0.03 ¢ 0.86+0.04 « 0.88+0.03 «d
9:00 1942 ab 25454 2243 ab
CAT 16:00 16+2 b 2443 ab 2543 a
24:00 1942 ab 2143 ab 2244 ab
8 — 87
(O Control a = 0-UV mUVA = UVA+B
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g 6 1 RN Toa T :
e, b b <] a
g b b : b b b g \ a a
£ 4 = a
= g 41
3 c
5 3
o 2
< 5 2
g =
0 ’ ' .
0 -
0.5 q
0,5 —
= =
s 4 L 04
- 047 o a a
=2 a S a a 2 a a A
it a a o a
g o031 : i A ’ E 034
: ¥ .3
8 o2 £ o2
5 o
o [&]
N
S o Q, 0.1 -
- T
0 . . ;
1 12 16 20 0 ' '
1 12 20

Days of treatment

Fig. 4. Leaf content of malondoialdehyde (MDA) and
hydrogen peroxide (H,0,) in R. elymaitica at different
intervals of drought treatment in R. elymaitica. Bars with
the same letter do not differ significantly (P<0.05).

Sedum album (Castillo, 1996). This probably indi-
cates performance of weak CAM-cycling metabolism.
Although there was a significant increase in the
nighttime net CO, assimilation rate, it was still neg-
ative after 20 days of drought stress. This response
is similar to that reported in CAM-cycling plants
such as Clusia aripoensis (Ting and Sipes, 1985;

Days of treatment

Fig. 5. Leaf content of malondoialdehyde (MDA) and
hydrogen peroxide (H,0,) of R. elymaitica at different
intervals of UV radiation at 30 kJ m™ d'!. Bars with the
same letter do not differ significantly (P<0.05).

Borland et al., 1998) and Sedum integrifolium
(Gravatt and Martin, 1992), where the amounts of
Atitratable acidity under drought stress were similar
to what we noted.

CAM inducibility under increased irradiance or
UVA/blue light radiation has been reported in some
species such as Clusia minor (Grams and Thiel,
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2002). In our work, UV treatment elevated
Atitratable acidity only slightly and did not affect
other parameters such as net CO, exchange, night-
time PEPC and NAD-ME activity. The UV radiation
dose we applied was in the range used by authors
who reported effective induction of CAM in UV treat-
ment, but photosynthetic photon flux density was
much lower than in their work (Grams and Thiel,
2002). The difference in applied light intensity may
explain the divergence between our results and
theirs, so we cannot rule out inducibility of CAM by
UV radiation stress in R. elymaitic, but we point out
that R. elymaitic does not experience higher light
intensities in its natural habitats because it grows in
the shade of boulders and shrubs and in other semi-
shaded to shaded sites. In Clusia minor it has been
reported that exposure to high-intensity light rather
suppresses CAM activity under well watered condi-
tions (Kornas et al., 2010).

The significant increase in daytime PEPC activi-
ty observed after 20 days of UVA radiation treatment
may be explained as a common response to UVA
radiation without any relationship to changes in
photosynthetic carbon metabolism. Although PEPC
plays a vital role in primary carbon fixation in leaves
of C, and CAM plants, it is also highly regulated by
several other external factors such as light or inor-
ganic nutrients (Murmu et al., 2003).

UV radiation stress did not affect the plants' dry
matter production, a response characteristic for
plants growing at high elevations (Filella and
Penuelas, 1999). Plants are known to react to UV
radiation by increasing their free radical scavenging
capacity and/or synthesis and accumulation of leaf
pigments (Jacobs et al., 2007). We did not analyze
leaf carotenoids and flavonoids, but evidence from
enzyme activity suggests that the antioxidant defense
system effectively protected the plants against UV
radiation. The amounts of MDA and H,0, remained
unchanged under UV stress, presumably as a result
of efficient scavenging following significant enhance-
ment of CAT and APX activity.

The responses of antioxidant enzymes to
drought depend on the plant's species and develop-
mental stage, and on the intensity and duration of
the imposed stress (Apel and Hirt, 2004). In our
work the activity of antioxidant enzymes increased
after 12 days of water stress, that is, mild stress, but
decreased again during the following days under
stress. This seems to indicate that the antioxidant
defense system protected the plants under mild
stress conditions but that under severe stress the
imbalance between ROS production and scavenging
produced oxidative stress, as judged by accumula-
tion of MDA. We did not study the isozyme profiles
of the antioxidant enzymes, so the contribution of
each individual isozyme to the defense mechanism
cannot be pinpointed. Different diurnal patterns of

change in the activity of various SOD isozymes have
been observed in some C,-CAM species (Kornas et
al., 2007), suggesting that the role of individual
isozymes varies depending on the time of day.

Temporal changes in Atitratable acidity and
APEPC activity coincided with those of the antioxidant
enzymes, and both began to increase from day 12
onwards. This suggests a role for antioxidant enzymes
in the signaling pathway that shifts C; to CAM-cycling,
On the other hand, ROS such as H,0,, with lower
reactivity and a greater ability to diffuse from the pro-
duction site to initiate intracellular and systemic sig-
naling as compared with other ROS (Mullineaux et al.,
2006), may play a role in stress signaling (Neill et al.,
2002). Also, H,0, provides essential information on
the cell redox state, and regulates gene expression
associated with biotic and abiotic stress responses to
optimize defense and survival (Hong-Bo Shao et al.,
2008). Oscillations of H,O, content as a consequence
of its production or scavenging by enzymes may deter-
mine the final response of plants to this signal. As in
our work, a strong diurnal rhythm in the activity of
some antioxidative enzymes has been observed in C,-
CAM intermediate plants (Slesak et al., 2002;
Niewiadomska, 2004; Miszalski et al., 2007; Kornas et
al., 2007; Kuzniak et al., 2011).

In this study we showed induction of CAM
cycling by drought and effective protection against
UV radiation by antioxidant enzymes in Rosularia
elymaitica. These metabolic responses are clearly
adaptive, suiting the plant to the environment in
which it grows: in thin soils of rock crevices in high-
altitude habitats characterized by extended dry peri-
ods and elevated UV radiation.
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