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Abstract

We compared the interactive effects of temperature and light intensity on growth, photosynthetic performance, and
antioxidant enzyme activity in Zizania latifolia Turcz. plants in this study. Plants were grown under field (average air
temperature 9.6-25°C and average light intensity 177-375 W m?) or greenhouse (20-32°C and 106-225 W m?)
conditions from the spring to the early summer. The results indicated that greenhouse-grown plants (GGP) had
significantly higher plant height, leaf length, and leaf width, but lower leaf thickness and total shoot mass per cluster
compared with field-grown plants (FGP). Tiller emergence was almost completely suppressed in GGP. Significantly
higher chlorophyll (Chl) content and lower Chl a/b ratio were observed in GGP than in FGP. From 4 to 8 weeks after
treatment (WAT), net photosynthetic rate (Py) was significantly lower in FGP than in GGP. However, from 9 to
12 WAT, Py was lower in GGP, accompanied by a decrease in stomatal conductance (g;) and electron transport rate
(ETR) compared with FGP. Suppressed Py in GGP under high temperature combined with low light was also indicated
by photosynthetic photon flux density (PPFD) response curve and its diurnal fluctuation 10 WAT. Meanwhile, ETR in
GGP was also lower than in FGP according to the ETR - photosynthetically active radiation (PAR) curve. The results
also revealed that GGP had a lower light saturation point (LSP) and a higher light compensation point (LCP). From 4 to
8 WAT, effective quantum yield of PSII photochemistry (®ps;), photochemical quenching (qp), and ETR were slightly
lower in FGP than in GGP. The activities of ascorbate peroxidase (APX), guaiacol peroxidase (POD), glutathione
reductase (GR), superoxide dismutase (SOD), and malondialdehyde (MDA) content were significantly higher from 4 to
8 WAT, but lower from 10 to 12 WAT in FGP. However, catalase (CAT) activity was significantly lower in FGP from
4 to 8 WAT. Our results indicated that the growth and photosynthetic performance of Z. latifolia plants were
substantially influenced by temperature, as well as light intensity. This is helpful to understand the physiological basis
for a protected cultivation of this crop.

Additional key words: antioxidant enzymes; chlorophyll a fluorescence; chlorophyll content; photosynthetic gas exchange;
temperature; Zizania latifolia.

Introduction

Temperature is a key parameter for plant growth and performance and productivity (Zinn et al. 2010), they
development. Under natural conditions, both high and significantly reduce yields and quality, and they can
low temperatures usually have damaging impacts on plant cease a production (Ruelland and Zachowski 2010).
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Photosynthetic process appears to be one of the most
temperature-sensitive processes in plants, and numerous
changes in a structure and function of the photosynthetic
apparatus can be caused by high or low temperature
(Wahid et al. 2007). At high temperatures, photochemical
reactions in thylakoid lamellae and carbon metabolism in
the stroma of chloroplasts have been reported to be the
primary sites of an injury (Berry and Bjoérkman 1980,
Wise et al. 2004), and photosynthetic activity can be
inhibited by the inactivation of PSII thereby reducing
ETR (Yamori et al. 2008). In addition, high temperatures
also significantly decrease the activity of Rubisco, a key
enzyme in the Calvin cycle (Weis 1981). Therefore, high
temperature-induced deleterious effects are manifested by
reduced metabolism, photosynthetic capacity and photo-
chemical efficiency (Percival 2005, Guo et al. 2006). As
a consequence, the plant growth is also affected due to
reduced photosynthesis and carbon gain. Under field
conditions, low temperatures are commonly experienced
by plants during the growth in the early spring (Berry and
Bjorkman 1980), which can greatly reduce their growth
due to a decrease in photosynthetic capacity accompanied
by reduced ETR and decreased rates of enzymatic
reactions (Groom and Baker 1992, Allen and Ort 2001).
The negative effect of low temperature on photochemical
efficiency is more serious when combined with light
stress that leads to photoinhibition (Groom and Baker
1992). For a plant, low temperatures affect the rate of the
growth by weakening the uptake of water and nutrients,
and consequently, the rates of photochemical processes
need to adjust to the reduced metabolic sink capacity.
Thus, the effects of low temperatures on photosynthesis
and assimilates eventually determine a productivity and
a growth of plants (Farage and Long 1991).

The light intensity is another important environmental
factor affecting plant photosynthesis. Under conditions of
reduced light, plants exhibit relatively lower Py, and
reduced light-saturated net photosynthetic rate (Pamax)s
Dpgy;, and ETR (Zheng et al. 2011). However, high light
usually causes an imbalance between an energy supply
and energy consumption, which generally leads to the
photoinhibition (Demmig-Adams and Adams 1992).

Reactive oxygen species (ROS) are believed to be the
major free radicals leading to cell damage in plants (Laloi
et al. 2004). They are able to initiate a range of metabolic
changes, such as reduced enzyme activities and
a decrease in the photosynthetic rate (Dizengremel et al.
2008). ROS are formed in many cellular processes in
a response to a variety of stress factors, such as, e.g. tem-
perature stress (Perelman et al. 2006, Wahid et al. 2007).
ROS induce an oxidative damage at the molecular and
cellular level; they can be detoxified or removed by
several antioxidant enzymes, such as APX, CAT, POD,
and SOD. Under low temperatures, some antioxidant
enzyme activities, such as APX, POD, GR, and SOD are
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observed to increase (Lee and Lee 2000, Turan and
Ekmekgi 2011). Thus, the improvement of a temperature
stress tolerance is often regarded as being related to the
enhanced activities of antioxidant enzymes in plants
(Almeselmani et al. 2006). In plant, MDA is the indicator
of a lipid peroxidation and plant oxidative stress (Salin
1988, Turan and Ekmekgi 2011).

In China, a perennial plant of Graminaceae family,
Z. latifolia, forms after the infection by Ustilago escu-
lenta the swollen culm that has been used as a vegetable
for several centuries (Zhang et al. 2012). The growth
period of this crop usually lasts from early February to
December in Hangzhou, and the yield of this crop as a
vegetable is determined to a great extent by the number
of tillers forming swollen culms. However, under paddy
field conditions, some of the culms of plants (tillers) are
unable to swell because of the relatively short growth
period. Therefore, an early and vigorous plant growth is
obviously important for the formation of culms capable
of swelling during a cultivation. In order to increase the
earliness and higher profitability of this crop, a plastic
tunnel cultivation is adopted and becomes one of the
efficient methods to promote the growth of overwintering
buds and subsequent culm swelling in summer-harvest
variety in China.

One of the most important features of such a protected
cultivation is a high temperature, which is often prevail-
ing in the late spring. It was found that the temperature
increase over the range of 10-25°C stimulated the pro-
duction of leaves and tillers in wheat, which was attribu-
table to the increased assimilate supply (Friend 1965).
Higher temperatures, however, can reduce the tiller
number (Ryle 1964), especially, when combined with low
light intensities due to decreased assimilate supply and
utilization (Hunt and Thomas 1985). Previous study also
showed that temperature beyond optimum may decrease
photosynthesis, and in turn, reduce plant growth and
biomass (Qaderi and Reid 2009). Although the physio-
logical effects of temperatures are fairly well understood
(Wahid et al. 2007, Ruelland and Zachowski 2010), the
effects of temperature on the growth and photosynthesis
of Z. latifolia are scarcely reported (Zhang 1991a,b). It is
unclear how the temperature-dependent growth of
Z. latifolia plants changes under the greenhouse condi-
tions and how photosynthesis is affected. These basic
physiological data could contribute to the greenhouse
cultivation of this crop for early harvest and high yield.

The aim of this experiment was to investigate the
interacting effects of temperature and light on the plant
growth, photosynthesis, and antioxidant enzyme activity
of Z. latifolia. For this purpose, the growth parameters,
Chl content, photosynthetic gas exchange, Chl a
fluorescence, and antioxidant enzyme activities of GGP-
and FGP were measured.
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Materials and methods

Plant materials and growth conditions: Sixteen clusters
of Z. latifolia (cv. Zhejiao No.2, a double-harvest variety
from the Experimental Station of Zhejiang University),
each having 10 tillers and a height of 10-15 cm, were
transplanted into 16 plastic containers (about 15 L) filled
with a nursery soil mixture, and then they were placed in
the field on February 13. The same number of the plants
in plastic containers were placed in a neighbouring

greenhouse. These plants were regularly watered to keep
a 5-10 cm layer of water above the soil. Greenhouse
climate was monitored and controlled by a Priva-Integro
Control System (P721, Priva, The Netherlands). The
temperature and light intensity in the field and in the
greenhouse are presented in Table 1. Measurements were
made in 2 experimental sets of plants, grown in the spring
0of 2011 and 2012.

Table 1. Temperature and light intensity (means) in field and greenhouse recorded in the experiment. Air temperature averages were

weekly averages of the day and night temperatures, respectively.

Week after treatment

4 5 6 7 8 9 0 11 12
Air temperature [°C] Field Day 12 15 15 15 18 25 22 21 24
Night 9.6 12 12 12 14 20 19 19 21
Greenhouse  Day 25 25 25 25 26 32 28 26 27
Night 21 21 21 21 20 23 22 22 22
Light intensity [W m™?]  Field 245 180 177 189 261 375 258 179 258
Greenhouse 147 108 106 113 157 225 155 108 155

Morphological index: The plant height, number of
leaves, leaf length, leaf width of the third fully expanded
leaf from the top and tiller number were measured weekly
from 4 WAT and thereafter until the end of the
experiment. Leaf thickness, fresh mass (FM) per tiller,
FM per cluster, dry mass (DM) per tiller and DM per
cluster were measured 12 WAT. DM was determined
after drying of plant material at 80°C for 96 h.

Chl content: About 1 g of the third fully-expanded
leaves from different plants was extracted in 80% acetone
after grounding. Chla and b were estimated with
a spectrophotometer (Shimadzu UV-2410, Kyoto, Japan)
by the procedure described by Lichtenthaler (1987).

Gas-exchange measurements: Py, g, intercellular CO,
concentration (C;), and transpiration rate (£) in the third
fully expanded leaves were measured with a portable
photosynthesis system (LI-6400, LI-COR, Lincoln, USA)
at 25°C under artificial light of 1,200 pmol m? s/,
relative humidity of 45%, and CO, concentration of
350 ppm. Measurements were carried out at 09:00—11:00 h
or 15:00-17:00 h on sunny days.

Light-response curves for the third fully expanded
leaves were obtained by varying the photosynthetic
photon flux densities (PPFD) from 2,000 pmol m ™~ s~ to
zero and a leaf equilibration in a measuring chamber for
3 min. The light-response curves were then adjusted
according to the equation of Prado and de Moraes (1997):
Px = Pumax [1 — €297, where Qc is the LCP, Q is the
PPFD, and k is the constant of adjustment. LSP at 90%
Prmax Was also obtained from the equation above.

Chl fluorescence: Chl a fluorescence parameters of the
third fully expanded leaves were measured with Ch/
Fluorescence System M-Series Imaging-PAM (Walz,
Effeltrich, Germany) after the leaves were dark-adapted
at room temperature (25°C) for 30 min. After dark
adaptation, the plants were successively illuminated at an
intensity of 0.5 pmol m 2 s for the measurement of the
minimal fluorescence yield of dark-adapted state (F),
with a saturating pulse of intensity 2,800 pmol m s ™' for
the measurement of the maximal fluorescence yield of
dark-adapted state (F,,), followed by the calculation of
variable fluorescence F, = F;, — F; and maximal quantum
yield of PSII photochemistry F./F, = (F, — Fo)/Fy
(Krause and Weis 1991). ®@pgyy, qp, ETR, and nonphoto-
chemical quenching (NPQ) were followed after the
cessation of the actinic light of 146 pmol m? s™', using
saturating pulses added periodically for 5 min. ®pgy,
NPQ, qp, and ETR were exported by the software
Imaging-WIN. The qp = (F,) — Fo)/(F' — Fy') and NPQ =
1 — (Fn'— Fo)/(F, — Fo) were calculated according to Van
Kooten and Snel (1990), where F,' is maximal fluo-
rescence yield of the light-adapted state and Fy' is
minimal fluorescence yield of light-adapted state. The
Dpg; = (Fi' — Fo)/Fy' was calculated as defined by Genty
et al. (1989) and ETR was calculated as follows: ETR =
(Fu' — Fo)/F' x PAR x 0.5 % 0.84, where F;is steady-state
fluorescence yield. The response curves of ETR vs. PAR
were obtained by varying PAR from 700 pmol m s ™' to
zero, because photosynthesis of the two experimental
plants was saturated below 700 umol m 2 s™'. The ETR-
PAR curves were adjusted by applying the equation: ETR
=ETR . (1 - e’kQ), where ETR ., is the maximal ETR .

129



N. YAN et al.

Antioxidant enzyme activity: For the enzyme assays,
0.15 g of the third fully-expanded leaves were ground
with 1.5 mL of ice-cold 50 mM HEPES buffer (pH 7.8)
containing 0.2 mM EDTA, 2 mM ascorbic acid (AsA),
and 2% PVP (w/v). The homogenates were centrifuged at
4°C for 20 min at 12,000 X g, and the resulting
supernatants were used for the spectrophotometric
determination of enzymatic activity. APX (EC 1.11.1.11)
activity was measured at 290 nm according to the method
of Nakano and Asada (1981). CAT (EC 1.11.1.6) activity
was determined at 240 nm by using the method of Patra
et al. (1978). POD (EC 1.11.1.7) activity was assayed at
470 nm by using the method of Lee and Lee (2000). GR
(EC 1.6.4.2) activity was measured at 340 nm according
to Foyer and Halliwell (1976). SOD (EC 1.15.1.1)
activity was assayed at 560 nm following the method of

Results

Plant growth: Influence of temperature and light inten-
sity on plant growth was reflected by the changes of plant
height, leaf growth, and tiller number (Fig. 14). The plant
height increased in GGP compared with FGP. In early
March, the plant height (21/25°C) was 327% higher than
that of FGP (9.6/12°C) 4 WAT. Afterwards, the plant
height increased with the further growth of plant and the
temperature rise, and only 54.4% increase in plant height
was observed in GGP 12 WAT(Fig. 14).

A number of leaves was apparently higher in GGP
than in FGP (p>0.05) (Fig. 1B). Although the number of
leaves was different, there was no difference in a new leaf
development rate between both two treatments. For
example, the number of leaves was 3.6, 4.0 at 4 WAT,
respectively, and it was 8.75 and 9.45 in FGP and GGP at
12 WAT, respectively.

The leaf length and leaf width significantly increased
in GGP compared with FGP (Fig. 1C,D). At 12 WAT, the
leaf length and leaf width exhibited an enhancement of
56.7% and 31.9%, respectively, but the leaf thickness was
reduced by 49.1% in GGP. Meantime, the FM and DM
per cluster were reduced by 14.2% and 12.0% in GGP
compared with FGP (Table 2).

Table 2. Fresh mass (FM) and dry mass (DM) per tiller, FM and
DM per cluster, and leaf thickness of Zizania latifolia plants
grown in field and greenhouse 12 week after treatment. Values
are means + SE (n = 6). * — p<0.05.

12 weeks after treatment

Field Greenhouse
FM [g tiller™! 2571 £3.34" 48.94 £9.52
DM [g tiller '] 4.03+£0.51" 12.92 £2.64
Leaf thickness [mm] 0.55+0.08 0.28 +0.04°
FM [g cluster '] 325.04+£10.10  279.8+921
DM [g cluster '] 56.21 £2.98 49.53+2.41"
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Stewart and Bewley (1980). All spectrophotometric
analyses were conducted on a spectrophotometer
UV-2410 (Shimadzu, Kyoto, Japan).

Lipid peroxidation: Oxidative damage to lipids was
estimated by measuring the content of MDA in leaf
homogenates, prepared with 10% TCA. Samples were
mixed with 10% TCA containing 0.65% 2-thiobarbituric
acid (TBA) and heated at 95°C for 25 min, as described
by Stewart and Bewley (1980).

Statistical analyses were performed with SPSS software.
All the data were subjected to analysis of variance
(ANOVA) and the significance of Tukey's test was
determined at 5% level.

A tiller number was the most significantly affected by
the greenhouse cultivation. Tillering was almost com-
pletely suppressed in GGP (under the average night
temperature higher than 20°C) compared with FGP
(Fig. 1E). The tiller number in GGP increased from 10 at
4 WAT to 10.2 at 12 WAT, while it reached 25.4 at
12 WAT in FGP.

Photosynthetic gas exchange: As the leaf extension
proceeded and the temperature rose from 4 to 11 WAT,
Py and g; increased in FGP, while those parameters were
relatively stable in GGP throughout the period of our
experiment except for a decrease 9 WAT (Fig. 24,B).
From 4 to 8 WAT, Py, g, and E were higher, but C; was
lower in GGP than in FGP. However, from 9 to 12 WAT,
Py and g; were lower, but C; was higher in GGP (Fig.
24,B,C).

The light response curve obtained 10 WAT, showed
that Pxmax Was much lower in GGP than in FGP, i.e. 16.8
vs. 22.9 umol(CO,) m™ s™'. Moreover, LSP was 970 and
1,210 pmol m? s for GGP and FGP, respectively.
However, LCP was higher in GGP compared with FGP,
i.e. 55.4 vs. 34.5 pmol m s ' (Fig. 3).

Diurnal variation in gas-exchange parameters indi-
cated that Py, g; and E were significantly lower in GGP
than in FGP (Fig. 44,B,D). By contrast, the plants had
higher C; when grown in the greenhouse (Fig. 4C).

The relationship between Py and g, as well as
between Py and £ in both types of plants was estimated
(Fig. 5). A close correlation between Py and g, was found
for GGP (Py = 37.2 g, + 2.82, * = 0.895, p<0.001) and
FGP (Py = 38.8 g, + 1.87, * = 0.969, p<0.001) (Fig. 54).
At the same time, there was also a close correlation
between Py and E in GGP (Py = 1.90 E + 643, /* =
0.658, p<0.001) and FGP (Py = 2.74 E + 1.78, r* = 0.940,
p<0.001) (Fig. 5B).
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Fig. 1. Plant height (4), number of leaves (B), leaf length (C),
leaf width (D), and tiller number (E) of Zizania latifolia plants
grown in field (open circle) and greenhouse (closed circle) from
4 to 12 weeks after treatment. Values are means + SE (n = 6).
* — p<0.05.

Chl content and Chl fluorescence: Chl a and b were
higher, but Chl a/b ratio was lower in leaves of GGP
compared with FGP from4to 12 WAT (Table 3).
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Fig. 2. Net photosynthetic rate (Py) (4), stomatal conductance
(gs) (B), intercellular CO, concentration (C;) (C), and
transpiration rate (E) (D) in leaves of Zizania latifolia plants
grown in the field (open circle) and in the greenhouse (closed
circle) from 4 to 12 weeks after treatment. Values are means =+
SE (n = 6). * — p<0.05.

From 4 to 8 WAT, F,/F, was significantly lower in
FGP than in GGP (Fig. 64). As the temperature rose
during the growth of plants, F,/F, also increased in FGP,
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Fig. 3. Photosynthetic photon flux density (PPFD) response
curve of net photosynthetic rate (Py) in leaves of Zizania
latifolia plants grown in field (open circle) and greenhouse
(closed circle) 10 weeks after treatment. Values are means = SE
(n = 6). Measurements were made at 25°C under relative
humidity of 45%, CO, concentration of 350 ppm and from 0 to
2,000 pmol m~ s~ PPFD.

and a difference in F,/F, between both treatments
became indistinguishable from 9 to 12 WAT (Fig. 64).
Dpgp, qp, and ETR were slightly higher from 4 to 8 WAT,
but they were moderately lower from 10 to 12 WAT in
GGP (Fig. 6B,D,E). By contrast, NPQ showed a different
trend; it was slightly lower from 4 to 8 WAT, but higher
from 10 to 12 WAT in GGP (Fig. 6C).

The saturations of ETR required about 480 and
590 umol m™ s™' PAR at 10 WAT for GGP and FGP,
respectively (Fig. 7). When PAR ranged from 0 to 146
umol m ™~ s™, there was no significant difference in ETR
between GGP and FGP. However, the significant diffe-
rence between both treatments was observed in ETR
when PAR ranged from 200 to 700 umol m s ™.

Antioxidant enzyme activity and lipid peroxidation:
From 4 to 8 WAT, the activities of APX, POD, GR, and
SOD were higher, but CAT activity was lower in FGP
compared with GGP (p<0.05). However, GGP exhibited
higher activities of APX, CAT, POD, GR, and SOD
(»>0.05) 10 and 12 WAT (Fig. 84-E).

Discussion

Plant growth: Low-temperature treatments and/or large
average temperature differences, especially combined
with a low light, inhibited typically the plant growth. Our
temperature data showed that FGP were exposed to low
temperatures and wide diurnal temperature ranges
(Table 1). There is no surprise that the growth of plants
was found to respond directly to changes of temperature
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Fig. 4. Diurnal fluctuation in net photosynthetic rate (Py) (4),
stomatal conductance (g;) (B), intercellular CO, concentration
(C) (C), and transpiration rate (£) (D) in leaves of Zizania
latifolia plants grown in field (open circle) and greenhouse
(closed circle) 10 weeks after treatment. Values are means + SE
(n=6). * — p<0.05.

From 4 to 8 WAT, MDA content was lower in GGP
than in FGP, while, from 10 to 12 WAT, there was no
great difference in MDA content between both types of
the plants (Fig. 8F).

and light intensity. Such a growth response has been well
characterized for other crop species including wheat (Bos
and Neuteboom 1998), ryegrass (Hunt and Thomas1985),
and stem mustard (Guo et al. 1994). In the present study,
temperature combined with a light intensity significantly
affected morphological characteristics of Z. latifolia, such
as the number of leaves, the plant height, the leaf length
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rate (E) (B) in leaves of Zizania latifolia plants grown in field (open circle, dashed line) and greenhouse (closed circle, solid line).
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Table 3. Chlorophyll (Chl) a, Chl b, total Chl content, and Chl a/b ratio in leaves of Zizania latifolia plants grown in field and
greenhouse from 4 to 12 weeks after treatment. Values are means + SE (n = 6). ¥ — p<0.05. FM — fresh mass.

Week after  Chl a [mg g”'(FM)] Chl b [mg g™ (FM)] Total Chl [mg g (FM)] Chl a/b

treatment Field Greenhouse  Field Greenhouse  Field Greenhouse  Field Greenhouse
4 129£0.05% 259005 044+£0.02* 095+002 1.73+0.07* 3.54£0.07 291£0.05 2.72+0.03*
5 140+0.16" 2.65+0.02 049+0.05 098+0.02 1.89+021" 3.63+0.04 2.87+0.06 2.70+0.03
6 135+£0.12" 2.69+0.14 046+0.06° 097+0.04 1.81+0.18" 3.66+0.18 2.95+0.06 2.76+0.05"
7 138+0.12° 2.86+0.14 0.46+0.06" 1.04+0.04 1.85+0.18 3.91+0.18 2.99+0.06 2.76+0.09°
8 1.44+0.18" 2.84+028 048+0.07 1.05+0.10 1.93+025" 3.89+0.38 2.99+0.04 2.70+0.03"
9 1.84+0.05° 2.83+023 0.65+0.06° 1.06+0.08 249+0.11" 3.89+031 2.83+0.04 2.66+0.06
10 1.94+0.18° 2.74+028 0.65+0.07 1.02+0.10 2.59+025 3.76+038 2.98+0.06 2.69+0.05
11 2.17+0.08° 2.65+026 0.75+0.04" 0.99+0.08 294+0.12" 3.65+034 291+005 2.67+0.04
12 2.11+£0.20% 2.66+0.17 0.72+0.08% 1.02+0.07 2.83+0.28*% 3.68+0.24 293+0.10 2.62+0.03*

the leaf width, and especially the tiller number (Fig. 1).
In a previous study, it has been reported that under field
conditions, the overwintering axillary buds of Z. latifolia
broke dormancy, when the average air temperature rose
above 5°C, and then it might grow into a tiller (Ding
et al. 1993). The results of the present study indicated
that the tiller emerged mainly in FGP during the period of
7 to 8 WAT, when the average air temperature ap-
proached 18°C, while the emergence of new tillers was
almost completely suppressed under the greenhouse
conditions, where the average day temperature was
generally above 25°C, in spite of the increased growth in
terms of plant growth characteristics compared with the
plants grown in the field (Fig. 1, Table 1). These
observations coincided with the reports by Zhang
(1991a,b) that tillering was suppressed, when average
temperature was over 28°C in a field. In this study, the
reduced tiller number in GGP might be caused, at least
partially, by a reduced endogenous cytokinin content,

especially, of free cytokinins, in plant tissues, which
could result from a high temperature exposure (Guo et al.
1994, Chou et al. 2000). In addition, lower light in the
greenhouse could be another causal factor for reduced
number of tillers since a high temperature together with a
low irradiation suppressed the tiller number in wheat
(Bos and Neuteboom 1998). Therefore, it is crucial to
maintain a proper temperature, ca. 5-25°C, for tiller
outgrowth during protected cultivation of Z. latifolia.

The FM and DM per cluster, which represent the
whole above-ground plant biomass, were much lower in
GGP than in FGP (Table 2). This was clearly due to much
fewer tillers and thinner leaves in GGP (Fig.1, Table2).
Although a single leaf photosynthesis seemed to be
higher in GGP during the early stages, the overall canopy
photosynthesis appeared to be lower due to fewer tillers,
leading to a reduced overall biomass. In this experiment,
the reduced leaf thickness and prolonged leaf length were
also an phenomenon usually observed under greenhouse
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Fig. 6. Maximal quantum yield of PSII photochemistry (F,/Fy,)
(A), effective quantum yield of PSII photochemistry (®psyy) (B),
nonphotochemical quenching (NPQ) (C), photochemical
quenching (qp) (D), and electron transport rate (ETR) (£) in
leaves of Zizania latifolia plants grown in field (open circle)
and greenhouse (closed circle) from 4 to 12 weeks after
treatment. Values are means + SE (rn = 6). * — p<0.05.

conditions with a higher temperature and lower light
intensity (Ballantine and Forde 1970, Hunt and Thomas
1985, Korner and Diemer 1987).

Temperature is the primary factor controlling the leaf
appearance rate, with a number of leaves, often linearly
related to accumulated thermal units (McMaster et al.
2003). In this study, unexpectedly, the leaf appearance
rate was not higher in GGP than in FGP except for 4
WAT, when GGP had relatively more rapid leaf
appearance. Since the leaf extension in GGP was clearly
enhanced (Fig. 1, Table 2), the apparent insensitive
response of a leaf emergence to temperature seemed to be
attributed to a weak light under the greenhouse conditions
(Bos and Neuteboom 1998).
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Fig. 7. Photosynthetically active radiation (PAR) response
curves of electron transport rate (ETR) in leaves of Zizania
latifolia plants grown in field (open circle) and greenhouse
(closed circle) 10 weeks after treatment. Values are means + SE
(n = 6). Measurements were made under 25°C and from 0 to
700 pmol m2 s™' PAR.

Photosynthetic gas exchange: In plants, photosynthetic
response to changes of the temperature depends on
various aspects (Silim et al. 2010). At low temperatures,
plants usually showed a decrease in photosynthesis
(Martin et al. 1981). However, high temperature gene-
rally caused a limitation to the carbon assimilation,
especially at temperatures over 40°C (Pastenes and
Horton 1996). In this study, from 4 to 8 WAT, Py, g, and
E were higher in GGP compared with FGP (Fig. 2). It is
clear that higher Py (Table 1) was directly related to the
higher temperature under the greenhouse conditions
(Yamasaki ef al. 2002), while lower Py in FGP during
this period was due to the low temperature, which
induced a decrease in g, and E (Fig. 2) (Islam et al
2011). Moreover, higher C; in FGP suggested that g, was
not responsible for decreased CO, uptake (Fig. 2C),
implying that the capacity of the mesophyll to assimilate
CO, was impaired. This observation is consistent with the
results reported by Mooney et al. (1978) that low
temperature increased C;. From 9 to 12 WAT, Py in GGP
decreased significantly, when the average day tem-
perature rose above 26°C (Table 1, Fig. 24). Although g
decreased in parallel to a high temperature, the decreased
Py at high temperature might not be caused by g
(Fig. 2B), but it was possibly induced by reduced ETR
and a decreased ribulose-1,5-bisphosphate (RuBP) rege-
neration capacity (Weis 1981, Salvucci et al. 2001, Wise
et al. 2004, Silim ef al. 2010).

We found that Pynm.x was much lower in GGP com-
pared with FGP 10 WAT, as shown by light-response
curve (Fig. 3). This might be in part due to thinner leaves,
which had a reduced light capture capacity (Table 2)
(Berry and Bjorkman 1980). However, GGP had higher
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LCP, implying that they were capable of using energy of
a lower light compared with FGP (Fig. 3). Similar pheno-
menon was also reported by Zheng et al. (2011). The

Fig. 8. Activities of ascorbate peroxidase (APX) (d4), catalase
(CAT) (B), guaiacol peroxidase (POD) (C), glutathione
reductase (GR) (D), superoxide dismutase (SOD) (E), and
malondialdehyde (MDA) content (F) in leaves of Zizania
latifolia plants grown in field (open circle) and greenhouse
(closed circle) from 4 to 12 weeks after treatment. Values are
means + SE (n = 6). FM — fresh mass. * — p<0.05.

plants grown under 60% of solar irradiance had lower Py
compared with plants grown under 100% irradiance.
Meanwhile, in this study, higher temperature might be
another factor causing a significant reduction in Py from
9 to 12 WAT; this inhibition of photosynthesis by high
temperature was also observed by Guo et al. (2006).
Therefore, decreased Py from 9 to 12 WAT was not only
caused by the high temperature, but also related to the
low light intensity.

We observed that there was a small midday
depression of Py in GGP and FGP (Fig. 44); such a
phenomenon was also reported in rice (Ishihara and
Saitoh 1987). Moreover, a midday decrease in g5 occurred
also in our plants (Fig. 4B). However, our results
indicated that a limitation of CO, availability by stomata
closure was unlikely to be the cause of the midday
depression of Py, since C; remained in plants relatively
higher at noon (Fig. 4C). The results suggested that a
decrease in ribulose-1,5-bisphosphate (RuBP) content
caused by a high temperature may be the major factor
responsible for the midday depression of Py (Tenhunen ez
al. 1984).

Chl content and Chl fluorescence: Chl content was
proportional to the temperature and inversely related to
the light intensity (Ballantine and Forde 1970). In this
study, we observed that GGP had much higher Chl
content under conditions of high temperature and
relatively lower light intensity (Tables 1,3). Furthermore,
the reduction in Chl a/b ratio found in these plants might
be attributed to a lower light (Tables 1,3), because it
decreased typically, when plants were subjected to a low
light intensity (Zheng ef al. 2011). Meanwhile, Chl a/b
ratio was relatively steady in GGP, indicating that the
plants were acclimated to the light conditions.

In this study, from 4 to 8 WAT, F,/F,, in FGP was
lower compared with GGP (Fig. 64). It suggests that
photoinhibition of photosynthesis in these plants occurred
due to low temperatures and the high light (Groom and
Baker 1992, Zheng et al. 2011). The ratio of F,/F, in
GGP sustained between 0.80 and 0.82 from 4 to 12
WAT, indicating that a suitable high temperature did not
damage the primary photochemical reactions of
photosynthetic apparatus (Govindachary et al. 2004). In
this study, there was no decrease in F,/F, in response to
high temperature (Fig. 64), although the temperature was
high in the greenhouse from 9 to 12 WAT (Table 1). This
may be due to a low light intensity in the greenhouse that
might alleviate a damage of photochemical process
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caused by high temperature. Meanwhile, ®pgy, qp, and
ETR in FGP were slightly lower than in GGP from 4 to 8
WAT (Fig. 6B,D,E); this was consistent with the reports
that low temperature caused a decrease of the photo-
chemical efficiency (Groom and Baker 1992).

However, from 9 to 12 WAT, ®pgy, qp, and ETR were
lower in GGP compared with FGP (Fig. 6B,D,F), which
could be due to relatively lower light intensity in the
greenhouse (Zheng et al. 2011). Moreover, the decreased
ETR was also related to high temperatures in the green-
house (Fig. 7, Table 1) (Yamasaki et al. 2002, Yamori
et al. 2008). Therefore, significant decreases of ®pgyy, qp,
and ETR in GGP were induced by the high temperature
combined with the low light intensity under the
greenhouse conditions 9 WAT (Fig. 6B,D,E). High
temperature suppressing ETR was also shown by ETR-
PAR response curve, and it was observed that maximum
of ETR was much lower in GGP 10 WAT, and a
difference in ETR between two groups of plants became
pronounced, when PAR ranged from 200 to 700 pmol
m s '(Fig. 7).

NPQ was significantly higher in GGP than in FGP 9
WAT, (Fig. 6C). It was apparently caused by high
temperature extremes during daytime, with 3 d and about
total 10 h exceeding 39°C under the greenhouse
conditions (data not shown), indicating that high
temperature in the greenhouse increased thermal de-
excitation of PSII and kept less energy for photochemical
reaction (Fig. 6C) (Gilmore 1997). Therefore, Py in GGP
showed a sudden decrease 9 WAT (Fig. 24).

Antioxidant enzyme activity and lipid peroxidation:
There are many processes affecting Py performance in
plants, including increased photorespiration, damage to
the CO, fixed reaction mechanism, as well as an
occurrence of ROS. The generation of ROS, particularly
under environmental constrains, is damaging to cellular
components and leads to the accumulation of lipid
peroxides (Lidon and Henriques 1993). Accumulation of
cytotoxic ROS is antagonized by antioxidant defence
system in plants that is pivotal for the maintenance of
membrane integrity, which, in turn, allows plants to
remain functioning for a longer time under environmental
stress. In this study, from 4 to 8 WAT, higher MDA
content was observed in FGP (Fig. 8F), indicating that
peroxidation of membrane lipids by ROS accumulation
occurred at a low temperature stress (Salin 1988).
Previous studies (Lee and Lee 2000, Perelman et al.
2006, Islam at al. 2011) demonstrated an increase in the
antioxidant enzyme activity in plants subjected to
different low temperatures. Similarly, in our study, there
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