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Adaptability of Indocalamus decorus to climate change based on physio-
logical and biochemical responses to elevated carbon dioxide and ozone

Ziwu Guo (1), Minghao Zhuang (2), 
Yingchun Li (1), Shuanglin Chen (1),
Qingping Yang (1)

Carbon dioxide (CO2) and ozone (O3) are important greenhouse gases that con-
tribute to global climate change. The effects of elevated CO2 and/or O3 on
plants remain unclear. Plant responses to mixtures of the two gases at high
concentrations are likely to be complex. Previous studies have shown that the
ability to tolerate elevated levels of the two gases varies among plant species;
physiological adaptability in the face of changing atmospheric composition also
differs among taxa. However, the effects of mixtures of the two greenhouse
gases on the growth and physiology of bamboo are largely unexplored, even
though bamboos are important vegetation elements throughout tropical and
subtropical regions of the planet. In this study, we used open-topped chambers
(OTC) to double the concentrations of atmospheric CO2 and O3, and examined
changes  in  membrane  lipid  peroxidation,  photosynthetic  physiology,  and
antioxidase activities in Indocalamus decorus leaves. After 103 days of treat-
ment, elevated O3 depressed net photosynthetic rate (Pn) without changing
stomatal function, but caused no significant oxidative damage in the leaves.
High levels of antioxidase activities were maintained in the leaves, indicating
that this species had a strong tolerance to elevated O3. Decreases in reactive
oxygen content and antioxidase activity in the leaves highlighted the signifi-
cant positive effects of elevated CO2 on photosynthesis in I. decorus. When a
mixture of both gases was supplied at high concentrations, we detected no
oxidative  damage,  although photosynthetic  capacity  was  reduced.  Negative
effects of O3 were very marked during the early part of the treatment period,
but  the  effects  of  CO2 were  positive.  CO2  mitigated  the  oxidative  damage
caused by O3 and promoted the growth of  I. decorus. Thus,  I. decorus tole-
rated the two greenhouse gases, and was able to adapt to elevated CO2 and O3

levels.  These  findings  contribute  to  the  current  knowledge  base  on  the
response of bamboo to global climate change.

Keywords: Antioxidant Enzyme, Carbon Dioxide,  Indocalamus decorus, Mem-
brane Lipid Peroxidation, Ozone, Photosynthetic Physiology

Introduction
The impacts of global climate change on

terrestrial ecosystems are intrinsically com-
plex.  In spite of  the complexity,  they are
issues of broad public concern. Carbon di-
oxide (CO2) and ozone (O3) are important
greenhouse gases that drive global climate
change. A wide range of human activities,
such as the rapid development of industry
and transportation, heavy use of nitrogen
fertilizers  in  agriculture,  significant  emis-

sions  of  nitrogen  oxides  (NOx)  and  oxy-
gen-containing volatile organic compounds
(VOCs),  have  increased  atmospheric  CO2

and  O3 concentrations  to  levels  that  are
significantly higher than those prior to the
industrial  revolution.  The rate of  increase
has  been  relatively  stable  over  time.  By
2050, the atmospheric CO2 concentration is
expected to reach concentrations that will
be double those of preindustrial levels; O3

is  increasing by up to 2.5% annually  (IPCC

2007).  Significant  increases  in CO2 and O3

concentrations will lead to increased radia-
tion levels and contribute to global warm-
ing,  and  they  will  also  directly  affect  the
microscopic  structures,  physiological  and
biochemical functions, and the growth and
development  of  plants  and  ecosystems.
Thus, the impacts of increased surface la-
yer  CO2 and  O3 concentrations  on  plants
have been a focus of attention worldwide
(Gaucher et al. 2006, Noormets et al. 2010).

O3 is a strong oxidant that enters plant tis-
sues  via the  stomatal  apertures.  This  gas
may cause visible leaf injuries (Guidi et al.
2000),  inhibit  plant  growth,  and  reduce
plant height, leaf area (Bai et al. 2005) and
biomass (Pleijel et al. 2006). O3 also increa-
ses leaf malonyldialdehyde (MDA) and re-
active oxygen species contents, membrane
permeability,  and  membrane  lipid  peroxi-
dation (Tausz et al. 2007). It reduces chlo-
rophyll content, changes chloroplast struc-
ture,  reduces  the  number  and  activity  of
photosynthetic  enzymes  and  the  photo-
synthetic  rate,  and  changes  the  distribu-
tion of photosynthetic products (Meyer et
al. 2000, Noormets et al. 2001).
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CO2 is  a photosynthetic  substrate;  chan-
ges  in  its  atmospheric  concentration  are
likely to affect physiological and biochemi-
cal reactions in plants. Many previous stu-
dies have demonstrated that elevated CO2

levels  may  promote  plant  growth  (Noor-
mets et  al.  2001,  Nowak et  al.  2004)  and
improve  plant  photosynthesis  performan-
ce (Donnelly et al. 2001, Wang et al. 2007).
Plants subjected to high CO2 levels also re-
duce their rates of reactive oxygen species
generation,  thereby  balancing  metabolic
function and maintaining cell stability (Vur-
ro et al. 2009). Thus, elevated O3 levels may
damage plants,  but  elevated CO2 concen-
trations may promote photosynthesis and
accelerate metabolism. Is the damage cau-
sed by increases in O3 offset by the bene-
fits conferred by increased CO2 levels? The
results of investigations into plant respon-
ses to combinations of elevated CO2 and O3

are  inconsistent.  Some  studies  indicate
that  elevated  CO2 may  reduce  stomatal
conductance,  thereby limiting the volume
of O3 entering leaves, or raise antioxidant
enzyme  activity  to  alleviate  the  damage
inflicted by O3 (Gaucher et al. 2003, Darbah
et al.  2008).  However,  other  studies  indi-
cate that  elevated CO2 does  not  mitigate
the negative effects of O3 on plants (Pao-
letti et al. 2007); long-term elevation of CO2

may even exacerbate the damage caused
by O3 (Wustman et al. 2001).

Bamboo is an unusual evergreen plant. It
grows rapidly, can be sustainably managed
after reafforestation, and provides a varie-
ty of useful products and services for hu-
man use. It has important roles in regional
water  and  soil  conservation,  carbon  fixa-
tion, oxygen emission, and climate regula-
tion,  making  it  an  important  element  of
terrestrial  ecosystems.  Indocalamus  deco-
rus,  a  member  of  the  subfamily  Bambu-
soideae  (family  Poaceae),  has  sympodial
rhizomes and large green leaves. The spe-
cies is very adaptable across a wide range
of environmental conditions, including low
temperatures,  drought  and  barren  soil.
Accordingly, it is widely used in soil  stabi-
lization  and  landscaping  (hedging,  strati-
fied  planting,  etc.).  In  the  present  study,
we  aimed  to  identify  the  mechanisms
underlying the physiological and biochemi-
cal  responses  of  bamboo  plants  to  ele-
vated atmospheric CO2 and O3, and provide
reference  data  for  the  adaptive  manage-
ment of bamboo plants during changes in
global  climate.  Thus,  we investigated  the
shifts in membrane lipid peroxidation, pho-
tosynthetic  physiology,  and  antioxidant
enzymes  in  I.  decorus leaves  exposed  to
doubled  CO2 and  O3 concentrations  in
open-topped chambers (OTCs).

Materials and methods

Experimental site
The experimental site was located in the

Hangzhou  Lin’an  Taihuyuan  Ornamental
Bamboo Planting Garden, Taihuyuan Town-
ship,  Lin’an City,  Zhejiang Province,  China

(29° 56′ - 30° 23′ N, 118° 51′ - 119° 72′ E). The
region  has  a  typical  central  Chinese  sub-
tropical  climate  with  an  annual  precipita-
tion of 1250-1600 mm. The average annual
temperature was 15.4 °C; the maximum and
minimum temperatures  were 40.2  °C and
-13.3  °C,  respectively.  The  average  annual
frost-free period was 233 days (d).

Experimental materials
I.  decorus specimens  were  planted  with

soil-free roots into 120 pots during March
2011. Each black plastic pot held 2051.5 cm3

of soil. The potting medium was a uniform
mixture  of  red  soil  and  silver  sand  (3:1
vol/vol) with a pH value of 5.8, a hydroly-
zable nitrogen level  of  198.47 mg kg-1,  an
available phosphorus level of 67.25 mg kg -1,
and  an available potassium level  of  74.16
mg kg-1.  We transplanted 15 annual  speci-
mens with normal rhizomes in clumps and
dark green leaves into each pot. The mean
diameter  and  height  of  the  plants  were
4.54 ± 0.08 mm and 37.28 ± 0.15 cm, res-
pectively. We manually watered at regular
intervals,  and  managed  bamboo  shoots
and  weeds  regularly.  The  experimental
treatments  with  elevated  CO2 and  O3 be-
gan in July 2011.

Experimental design and methods
OTCs  were  constructed  from  stainless

steel  tubes  and colorless  clear  glass.  The
eight-prism chamber had an octagonal ba-
se, a 4-m high aboveground section and a
0.8-m  belowground  section;  the  upper
walls leaned inward at an angle of 45°. The
aboveground  section  was  wrapped  with
impermeable  clear  glass,  leaving  the  top
totally open. The bottom was an octagon
with sides of 1.5 m and a height of 4 m. Car-
bon  dioxide  and  ozone  were  obtained
from steel cylinders of pure CO2 and from a
CFG-20  O3 generator  (Sankang  Environ-
mental Technology Co., Ltd., Jinan, China),
respectively. Ambient atmospheric air was
filtered through activated carbon. The sup-
plementary  gases  were  supplied  to  the
chambers  through  pressure-relief  valves.
The volume of additional air added was cal-
culated from the air chamber volume and
the flow velocity through an axial flow ven-
tilator; adjustments were made with a flow
meter. Supplementary gases were supplied
to the OTCs by 750 W ventilation pumps.

We applied four  treatments:  (i)  controls
(ambient air,  with an O3 concentration of
40 ± 5 nmol ml-1, and a CO2 concentration of
360 ± 20 μmol ml-1);  (ii)  EO treatment (O3

concentration  of  100  ±  10  nmol  ml-1,  CO2

concentration of  360 ± 20 μmol ml -1);  (iii)
EC treatment (O3 concentration of 40 ± 5
nmol  ml-1,  CO2 concentration  of  700 ±  35
μmol  ml-1);  and  (iv)  ECEO  treatment  (O3

concentration  of  100  ±  10  nmol  ml-1,  CO2

concentration of 700 ± 35 μmol ml-1). Each
treatment  was  replicated  threefold.  We
placed ten pots containing experimental I.
decorus seedlings at a similar growth stage
in evenly spaced positions within each air
chamber. The O3 and CO2 concentrations in

the  OTCs  were  monitored  using  a  Model
205  double  beam  UV-O3 analyzer  (Kang-
zhuo Automation Systems Engineering Ser-
vice Co.,  Ltd.,  Shanghai,  China) and a CO2

infrared  sensor  (Zhuoxing  Environmental
Instrument Co., Ltd., Shanghai, China), res-
pectively.  Concentrations  were  measured
in the upper, middle, and lower regions of
the air chambers at 3 d intervals.

The experiment began on 10 July 2011 and
ended on 30 October 2011. We provided O3

on  each  experimental  day  from  07:00  to
17:00. CO2 was provided continually.

Determination of photosynthetic gas 
exchange parameters

During  a  one  hour  period  (09:00-10:00)
on  two  sunny  days  in  the  course  of  the
treatment  process  (days  55  and 103),  we
selected three complete mature leaves of
I. decorus in each OTC and measured their
net photosynthetic rate (Pn), transpiration
rate  (E),  stomatal  conductance  (Gs),  and
intercellular CO2 concentration (Ci) using a
LiCor-6400  portable  photosynthesis  sys-
tem  analyzer  (Licor,  Lincoln,  NE,  USA)
equipped  with  a  standard  assimilation
chamber  (2  ×  3  cm)  under  standardized
conditions  (photon flux:  900 μmol m -2 s-1;
relative humidity: 75 %; temperature: 29 °C).

Determination of physiological 
indicators

In  the  mornings  (10:00-10:30)  of  treat-
ment days 55 and 103, we randomly selec-
ted a mixed sample of 10-12 mature leaves
of  I.  decorus from  each  air  chamber  (fol-
lowing  completion  of  photosynthetic  gas
exchange  parameter  measurements)  and
determined  their  main  physiological  and
biochemical indexes.

Chlorophyll content and electrolyte 
leakage rate

Chlorophyll  content  was  estimated  fol-
lowing the method described by  Zhang &
Chen (1994), with slight modifications. We
extracted 50 mg samples  in a mixture of
2.5 ml acetone and 2.5 ml ethanol for 24 h
in darkness at room temperature. After ex-
traction,  we measured absorbances  spec-
trophotometrically  at  663 and 645 nm to
calculate the contents of chlorophyll a and
b, and total chlorophyll.

Electrolyte leakage rate was estimated by
measuring  electric  conductance.  Twenty
leaf  discs with a diameter  of  8 mm were
rinsed  with  distilled  water,  submerged  in
20 ml distilled water, vacuum infiltrated for
20 min and then shaken for 2 h to measure
the  initial  electric  conductance (S1).  Sam-
ples were digested in water at 100 °C for 20
min to determine the final electric conduc-
tance (S2). The electrolyte leakage was cal-
culated as: EL (%) = (S1/S2) × 100.

Superoxide anion radical (O2·-) and MDA
contents

O2·- content  was  determined  by  the  hy-
droxylamine oxidation method of  Ke et al.
(2002), with slight modification. Fresh lea-
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ves (0.5 g) were ground in liquid nitrogen
with  5  ml  of  50  mM  (pH  7.8)  phosphate
buffer using a mortar and pestle. The ho-
mogenate  was  filtered  through  a  45  μm
nylon mesh and centrifuged at 10 500 ×  g
for 20 min at 4 °C. We added 1 ml of hydro-
xylammonium chloride (1 mM) to 0.5 ml of
the supernatant and incubated the combi-
nation for 10 min at 25 °C. We subsequently
added  1  ml  4-aminobenzenesulfonic  acid
(17 mM) and 1 ml α-aphthylamine (7 mM)
and held the mixture for 20 min at 25 °C to
develop the color. Specific absorption was
measured  at  530 nm.  Sodium  nitrite  was
used as the standard solution to calculate
the content of O2·-.

The MDA content was determined by the
thiobarbituric acid (TBA) method. We tran-
sferred 1.5 ml of the centrifugation super-
natant to a stoppered test tube containing
2.5 ml of  0.5 % TBA solution.  The mixture
was incubated in a boiling water bath for
20 min,  cooled and centrifuged.  We mea-
sured the absorbances of the supernatant
at 532 nm, 600 nm and 450 nm, and calcu-
lated  MDA  concentration  (μmol  L-1)  as:
MDA  =  6.45  ×  (OD532-OD600)  -  0.56OD450

(Chen & Wang 2006).

Enzyme extraction and assay
Fresh leaves (0.5 g) were ground in liquid

nitrogen using a mortar and pestle; ground
samples were individually homogenized in
an ice bath in 10 ml of 50 mM phosphate
buffer (pH 7.8). The homogenate was cen-
trifuged at 10 500 × g for 15 min at 4 °C. The
supernatant  was  used  for  the  following
enzyme assays.

Superoxide  dismutase  (SOD;  EC  1.15.1.1)
activity  was  assayed  by  monitoring  the
inhibition of  the photochemical  reduction
of  nitroblue  tetrazolium  (NBT).  The  3  ml
reaction  mixture  contained  50  mM  phos-
phate buffer (pH 7.8), 13 mM methionine,
75 μM NBT, 2 μM riboflavin, 0.1 mM EDTA,
and  0.05  ml  of  enzyme extract.  Reaction
mixtures were illuminated for 20 min at a

photon flux of 72 μmol m-2 s-1. One unit of
SOD activity was defined as the amount of
enzyme required to cause a 50% inhibition
of  NBT  (monitored  at  560  nm  -  Chen  &
Wang 2006).

Peroxidase (POD; EC 1.11.1.7) activity was
measured  using  the  guaiacol  oxidation
method. The assay mixture contained 1 ml
of 0.3% H2O2, 0.95 ml of 0.2% guaiacol and 1
ml  of  50  mM  phosphate  buffer  (pH 7.0).
We added 0.05 ml of  enzyme solution to
the reaction mixture to make up a total vo-
lume of  3.0 ml. To calculate POD activity,
we started recording changes in the absor-
bance of  guaiacol  (at  470 nm) 30 s  after
the  reaction  mixture  had  been  made  up,
and finished recordings 3.0 min later.

Catalase  (CAT;  EC  1.11.1.6)  activity  was
determined by directly  measuring the de-
composition of H2O2 at 240 nm. The reac-
tion mixture contained 1.0 ml of 0.3 % H2O2,
1.9 ml of H2O, and 0.1 ml of enzyme solu-
tion. We mixed 0.1 ml of enzyme solution
with 2.9 ml of reaction mixture, then added
1.0 ml of 0.3 % H2O2 to begin the reaction.
We recorded absorbances at 240 nm at 30
s  intervals.  CAT  activity  was  followed  by
the decrease in absorbance in the period
0.5-3.0 min after the reaction had been ini-
tiated. A decrease of OD by 0.01 per minute
was  defined  as  an  activity  unit  (Chen  &
Wang 2006).

Ascorbate  peroxidase  (APX;  EC  1.11.1.11)
activity  was  determined  by  following  the
decrease in absorbance at 290 nm (extinc-
tion coefficient 2.8 mM-1 cm-1) in 3.0 ml of a
reaction mixture  containing 2.4  ml  of  0.5
mM ascorbate, 0.3 ml of  2 mM H2O2,  and
0.3  ml  of  enzyme extract  (Knorzer  et  al.
1996).

Statistical analysis
Microsoft Excel® ver.  2007 was used for

data  sorting  and  constructing  graphical
plots. We used the SPSS® ver. 16.0 statisti-
cal  software (SPSS Inc.,  Chicago,  IL,  USA)
to  perform  one-way  analyses  of  variance

(ANOVA);  the  least  significant  difference
(LSD) multiple comparisons test was used
for pairwise comparisons (p < 0.05). All va-
lues presented are means ± SD.

Results

Effects of elevated CO2 and O3 on 
contents of O2·- and MDA, and 
electrolyte leakage rates

By day 55 of the experimental period, the
contents  of  O2·- and  MDA,  and  the  elec-
trolyte  leakage  rate  of  leaves  in  the  EO
treatment  had  decreased  slightly  in  com-
parison with controls. In contrast, the con-
tents of O2·-  and MDA in the EC treatment
had decreased markedly (p < 0.05 -  Fig. 1);
the electrolyte leakage rate had decreased
slightly in comparison with the controls. By
day 103,  the O2·- content in  the  EO treat-
ment had increased slightly, but the MDA
content  and  electrolyte  leakage rate  had
decreased  slightly.  Measured  parameters
in the EC treatment had decreased signifi-
cantly (p  < 0.05)  compared with the con-
trols.  By  days  55  and  103  of  EOEC  treat-
ment,  the contents  of  O2·- and MDA,  and
the electrolyte leakage rate had changed
only  slightly  in comparison with leaves in
the  control  and  EO  treatment.  However,
the contents of O2·- and MDA in the EOEC
treatment  were  significantly  higher  than
those in the EC treatment (p  < 0.05).  O2·-

contents after 103 days of exposure to all
treatments  were  significantly  higher  than
those measured on day 55, but MDA con-
tents on day 55 exceeded those on day 103.
Electrolyte leakage rates were not signifi-
cantly different (p > 0.05) between days 55
and 103 across all treatments.

Effects of elevated CO2 and O3 on leaf 
photosynthetic physiology

Compared with the controls,  Pn, Gs and
Tr values of  I.  decorus leaves after 55 and
103  days  of  EO treatment  had decreased
significantly (p < 0.05), but Ci had increased

iForest 9: 311-317 313

Fig. 1 - Effects of elevated ozone and/or elevated carbon dioxide on (A) superoxide anion radical (O 2·-) content, (B) malonyldialde-
hyde (MDA) content, and (C) electrolyte leakage in the leaves of Indocalamus decorus. Values are means ± standard deviation of the
three independent open-topped chambers (OTCs). Different upper case letters indicate significant differences between days of
exposure (p < 0.05); different lowercase letters indicate significant differences among treatments (p < 0.05).
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significantly  (p  <  0.05).  The  total  chloro-
phyll in leaves after 55 d of EO treatment
had decreased significantly in comparison
with  the  controls  (p  <  0.05);  after  103  d
under the same conditions, the chlorophyll
content  was  only  slightly  different  from
the controls (Fig. 2). Compared to the con-
trols,  the  EC  treatment  caused  slight
changes  in  Pn  and  chlorophyll  contents,
but Cs,  Ci  and Tr values in this  treatment
were significantly higher (p  < 0.05) by day
55.  In  treatment  EC,  all  photosynthetic
parameters were significantly elevated (p <
0.05) by day 103. Pn and chlorophyll  con-
tents  were  not  significantly  different
between the EOEC treatment and the con-
trols (p > 0.05), but Ci and Tr values in the
EOEC treatment  were  significantly  higher
than those in controls (p < 0.05) on days 55
and 103. Gs values in the EOEC treatment
were significantly higher than those in the
controls (p  < 0.05) after 55 d of exposure,
but the treatment effect was slight by day

103.  Other  than  Ci,  all  of  the  photosyn-
thetic parameters of  I. decorus leaves sub-
jected to EOEC treatment were significant-
ly higher than those in the EO treatment (p
< 0.05), and significantly lower than those
in the EC treatment (p  < 0.05) (Fig. 2). Pn
and E values of I. decorus leaves after 55 d
of exposure to all treatments were signifi-
cantly  higher  than  those  after  103  d  of
exposure  (p  <  0.05),  but  this  trend  was
reversed for Ci. After 55 d of exposure, Gs
values in the EOEC treatment, and chloro-
phyll contents in the control and treatment
EOEC  were  also  significantly  higher  than
those on day 103  (p  < 0.05).  Overall,  the
responses of  Gs and chlorophyll  contents
to  EO  and  EC  treatments  were  slight  on
days 55 and 103.

Effects of elevated CO2 and O3 on 
antioxidant enzyme activities

Compared with the controls, the APX ac-
tivity of  I.  decorus leaves after 55 d of EO

treatment  was  significantly  elevated  (p  <
0.05),  but the activities of  SOD, POD and
CAT were significantly reduced (p  < 0.05)
(Fig. 3). After 103 d of the same treatment,
the  activities  of  CAT,  APX and POD  were
significantly  elevated (p  < 0.05),  but  SOD
activity changed only slightly. After 55 and
103 d of exposure to the EC treatment, the
activities of all enzymes had decreased sig-
nificantly (p < 0.05). After 55 d of exposure
to  the  EOEC  treatment,  the  activities  of
SOD, POD and CAT were significantly redu-
ced (p  < 0.05), but APX activity was little
affected.  After  103  d  of  exposure  to  the
same treatment, the activities of SOD and
POD were significantly reduced (p  < 0.05),
but the activities of CAT and APX were little
affected. The antioxidant enzyme activities
of  I. decorus leaves in the EOEC treatment
were generally lower than those in the EO
treatment, but higher than those in the EC
treatment. On day 55, the activities of SOD
and  POD  in  all  treatments  were  signifi-

314 iForest 9: 311-317

Fig. 2 - Effects of elevated ozone and/or 
elevated carbon dioxide on (A) photosyn-
thetic rate (Pn), (B) stomatal conduc-
tance (Gs), (C) intercellular CO2 concen-
tration (Ci), (D) transpiration rate (E), and
(E) chlorophyll content in the leaves of 
Indocalamus decorus. Values are means ± 
standard deviation of the three indepen-
dent open-topped chambers (OTCs). Dif-
ferent upper case letters indicate signifi-
cant differences between days of expo-
sure (p < 0.05); different lowercase let-
ters indicate significant differences 
among treatments (p < 0.05).
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cantly  higher than those on day 103  (p  <
0.05). CAT activities in the control and EC
treatments followed the trends in SOD and
POD  activities;  however,  CAT  activities  in
the  EO  and  EOEC  treatments  tracked  a
reverse  trend.  APX  activity  after  55  d  of
exposure to the EO treatment was signifi-
cantly higher than the activity on day 103,
but this difference in APX activity between
experimental  days  was  not  apparent  in
other treatments.

Discussion

Elevated O3 tolerance
Yan et  al.  (2010) reported severe oxida-

tive  damage and  breakage  of  membrane
structures in selected crops and deciduous
trees  subjected  to  O3 treatment.  In  con-
trast,  we found  that  the  contents  of  O2·-

and MDA, and the electrolyte leakage rate
in the leaves of  I. decorus were not signifi-
cantly affected by elevated O3 treatments
(100 or  80 nmol  ml-1).  Thus,  this  bamboo
species is strongly tolerant of elevated O3

levels. This adaptive trait has also been re-
ported for subtropical evergreen tree spe-
cies, such as  Pinus elliottii and  Ilex integra
(Zhang et al. 2011).

However,  the photosynthetic  physiology
parameters of I. decorus leaves were sensi-
tive  to  elevated  O3.  Pn  decreased  signifi-
cantly  after  55  d of  exposure,  which is  a
common effect among plants. Gs reduction
may  be  an  important  protective  mecha-
nism that limits the entry of O3 into the lea-
ves through the stomatal apertures when

the  gas  is  at  elevated  concentrations,  as
demonstrated in previous investigations on
Populus (Guidi  et  al.  2001),  Ginkgo  biloba
(He  et  al.  2007),  and  Quercus  mongolica
(Yan et al. 2010). The reversed trends in Gs
and  Ci  values  in  the  leaves  of  I.  decorus
under elevated O3 conditions indicate that
the Pn decline was not due to a Ci decrease
caused  by  changes  in  stomatal  conduc-
tance (Gs);  the decline of  photosynthesis
was mainly due to a decline in the activity
of  photosynthetic  organs.  Based  on  the
reverse trends of Gs and Ci in the leaves,
Pn  reduction  was  most  likely  caused  by
non-stomatal  factors,  in  accordance  with
the theory of  Farquhar  & Sharkey (1982).
The chlorophyll content of I. decorus leaves
decreased significantly in elevated O3 treat-
ments, which also indicates that Pn reduc-
tion was caused mainly by the activity of
the photosynthetic system (including light
energy utilization) and not by stomatal li-
mitation (Li et al. 2012). At 103 d of exposu-
re, Pn also decreased significantly; chloro-
phyll content had changed slightly by that
time, indicating that the Pn decrease was
caused mainly by inhibition of the the car-
boxylation  process  by  elevated  O3 levels.
Thus, the carbon fixation rate was reduced
(Mediavilla et al. 2002, Yan et al. 2010).

At 55 d of elevated O3 exposure, the acti-
vities  of  SOD,  POD and CAT of  I.  decorus
leaves  decreased  significantly  compared
with control leaves. The O2·- and MDA con-
tents, and the electrolyte leakage rate also
decreased to some extent. All of these indi-
cators  show  that  elevated  O3  resulted  in

stomatal  closure,  thereby  preventing  the
entry  of  this  gas  into  the  leaf  mesophyll
(Zhuang et al. 2012). Thereafter, the gene-
ration of O2·- and MDA, and the substrate
for enzyme synthesis decreased over time.
We found that APX was strongly sensitive
to elevated O3 concentrations. After 103 d
of exposure to elevated O3 levels, the acti-
vities of CAT and APX were significantly ele-
vated,  but the contents  of  O2·- and MDA,
and the electrolyte leakage rate were little
affected.  Yan  et  al.  (2010) demonstrated
that elevated O3 levels enhance the activi-
ties of antioxidant enzymes, thereby main-
taining a balance between the generation
and elimination of reactive oxygen species
(ROS) and the integrity of the cell membra-
ne structures in the leaves. POD with IAA
oxidase properties is an important H2O2  eli-
minator that also catalyzes oxidation pro-
ducts  of  the  electron  donor  to  generate
ROS  that  promote  plant  aging  (Asada
1992). We showed that the POD activity of
I.  decorus leaves  decreased  significantly
when O3 concentrations were elevated, de-
monstrating that POD played a vital role in
H2O2 elimination. The enhancement of anti-
oxidant enzyme activities in leaves during
the late treatment period increased O3 to-
lerance in I. decorus.

Physiological and biochemical 
responses to elevated CO2 levels

CO2 is the substrate of Rubisco. The con-
centration  of  this  gas  affects  the  activity
and catalytic direction of Rubisco, and ad-
justs the electron transfer rate and the pro-

iForest 9: 311-317 315

Fig. 3 - Effects of elevated ozone and/or
elevated carbon dioxide on the activity of
(A) superoxide dismutase (SOD), (B) per-

oxidase (POD), (C) catalase (CAT), and (D)
ascorbate peroxidase (APX) in the leaves

of Indocalamus decorus. Values are means
± standard deviation of the three inde-

pendent open-topped chambers (OTCs).
Different upper case letters indicate sig-

nificant differences between days of
exposure (p < 0.05); different lowercase

letters indicate significant differences
among treatments (p < 0.05).
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portions  of  diverse  metabolic  pathways.
Thus,  elevated CO2 levels  may impact  the
photosynthetic  process,  but  may also ad-
just the states of reactive oxygen species
(Lin & Wang 2000). Elevated CO2 levels can
inhibit  the  formation  of  reactive  oxygen
species (Karnosky et al.  2005) and reduce
the degree of membrane lipid peroxidation
(Gaucher  et  al.  2003)  by  increasing  the
CO2/O2 ratio. We showed that elevated CO2

levels  reduced the  generation of  reactive
oxygen species in the leaves of  I.  decorus,
reduced the degree of membrane lipid pe-
roxidation, maintained the integrity of the
cell membrane, and enhanced acclimation
capability through 103 d of treatment. The
effects  of  CO2 elevation  are  probably  ex-
pressed in the next shoot growth season.
It is likely that increased CO2 benefits shoot
sprouting,  growth  and  development  in
young bamboo plants with a high carbohy-
drate demand.

Since CO2 is a substrate for plant photo-
synthesis, carboxylation and photosynthe-
tic rates will be improved by enhancing CO2

competition for binding sites on the Rubis-
co molecule (which also catalyzes a reac-
tion between the ribulose-1.5-bisphosphate
and  molecular  oxygen),  and  by  inhibiting
photorespiration  (Ellsworth  et  al.  2004,
Handa et al.  2005,  Noormets et  al.  2010).
However, elevated CO2 may promote pho-
tosynthetic acclimation and a reduction in
Pn (Zheng & Peng 2001). We found that Pn
increased significantly in  I.  decorus during
the period of elevated CO2 treatment, sug-
gesting  that  photosynthetic  acclimation
did not occur during the treatment;  thus,
we identified a significant positive effect of
elevated CO2. In most cases, elevated CO2

reduces Gs in leaves, reduces Tr,  and ele-
vates Ci (Kimball et al. 2002,  Booker & Fis-
cus 2005). However, that was not the case
in our study. After 103 d of CO2 exposure,
Gs and Tr had increased significantly, and Ci
had decreased (significantly). We propose
that these responses represent an adapti-
ve  adjustment  that  prevented  the  occur-
rence of photosynthetic acclimation. How-
ever,  the  mechanism  underlying  this  ad-
justment remains unclear. Chlorophyll con-
tent  increased significantly after  103  days
of  CO2 exposure.  We  propose  that  the
extended elevated CO2 treatment promo-
ted photosynthesis in I. decorus, enhanced
leaf  transpiration,  and  accelerated  plant
growth rate.

The  antioxidant  enzyme  activities  of  I.
decorus leaves  decreased  significantly  in
the elevated CO2 treatment, confirming an
earlier  proposal  that  elevated  CO2 levels
shift  antioxidant  enzymes  into  a  “slack”
state (Schwanz & Polle 1998). Elevated CO2

levels increase intercellular CO2 concentra-
tions and raise the CO2/O2 ratio at Rubisco
binding sites to promote increased carbo-
xylation efficiency of the enzyme, thereby
enhancing the photosynthetic  phosphory-
lation in I. decorus leaves. Increased carbo-
hydrate contents in leaves improves NADP+

utilization by the PSI electron acceptor and

limits  electron flow to  molecular  oxygen,
thereby inhibiting the Mehler reaction and
reducing  the  generation  rate  of  toxic  O2

and  reactive  oxygen  species.  Antioxidant
enzyme  activity  decreases  in  response
(Ruan et al. 2007).

Physiological and biochemical 
responses to combinations of elevated 
O3 and CO2

The combined effects of elevated O3 and
CO2 on contents of O2·-  and MDA, and elec-
trolyte leakage rate were similar to those
of  the  elevated  O3 treatment,  and  were
slightly  different  from  those  in  the  con-
trols.  Thus, we detected no significant in-
teraction between elevated O3 and eleva-
ted CO2 on leaf membrane lipid peroxida-
tion.

At 55 d of the combined O3 and CO2 treat-
ment, the Gs and Ci values of I. decorus lea-
ves  had increased significantly,  but  those
of  Pn  and  chlorophyll  content  decreased
slightly.  However, Gs values in the combi-
ned gas treatment were significantly high-
er than those in elevated O3 treatment, and
lower than those in the elevated CO2 treat-
ment.  Thus,  we  detected  an  interaction
between the elevated levels of O3 and CO2,
and suggest that the elevated CO2 increa-
sed stomatal conductance, thereby increa-
sing the volumes O3 and CO2 entering the
tissues  simultaneously.  We  propose  that
the  measured  reduction in  the  photosyn-
thetic  rate  was  related  to  the  elevated
inflow of O3 and the metabolic dominance
of this gas, as reported in a previous study
of soybean (Glycine max – Booker & Fiscus
2005). After 103 d of combined gas treat-
ment, the Gs and Ci levels in the bamboo
leaves decreased; these reductions contri-
buted to the balancing of intracellular CO2

and  O3 levels,  improving  photosynthesis
and reducing transpiration,  thereby main-
taining  normal  physiological  activities  in
the  plants.  The  process  was  associated
with  significant  increases  in  chlorophyll
content,  which promoted a  significant  in-
crease in Pn and a reduction of Tr in leaves,
indicating  that  CO2 may have  been  domi-
nant.

At 55 d of the combined gas treatment,
the  activities  of  SOD,  POD  and  CAT  de-
creased significantly; APX activity declined
slightly.  This  combination  of  effects  may
have been related to the dominance of O3

on day 55. The low levels of reactive oxy-
gen species in the leaves indicate that that
the antioxidant enzymes had played a role
in  the  elimination  of  reactive  oxygen
species. The sensitivities of SOD, POD and
CAT exceeded that of APX. After 103 d of
the combined gas treatment, the activities
of  SOD  and  POD  were  significantly  re-
duced,  but  the activities  of  CAT and APX
had not changed significantly. This combi-
nation  of  effects  may  be  related  to  CO2

dominance, which promoted an increase in
the CO2/O2 ratio, reductions in the genera-
tion  of  reactive  oxygen  species,  and  de-
creases in membrane peroxidation.

Conclusions
Elevated O3 levels inhibited photosynthe-

sis to a measurable extent in I. decorus. Pn
limitation was related to non-stomatal fac-
tors,  and  was  not  associated  with  mem-
brane  lipid  peroxidation.  Thus,  I.  decorus
was strongly tolerant of elevated O3.

Elevated  CO2 levels  significantly  promo-
ted photosynthesis in  I. decorus, increased
the CO2/O2 ratio, and reduced the reactive
oxygen  species  content  and  antioxidant
enzyme activities in leaves. Therefore, ele-
vated  CO2 had  significant  positive  effects
on I. decorus growth.

The combination of elevated CO2 and O3

concentrations  did  not  reduce  photosyn-
thesis or cause oxidative damage in I. deco-
rus; we detected an interactive effect bet-
ween  the  gases.  In  the  early  treatment
period (after 55 days), O3 may have been
dominant,  with  consequently negative ef-
fects on I. decorus growth, but later in the
treatment period (103 days), CO2 may have
been dominant, with consequently positive
effects on I. decorus growth.
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