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Abstract
DENG, C. N., G. X. ZHANG, X. L. PAN and K. Y. ZHAO, 2010. Chlorophyll fluorescence and gas exchange
responses of maize seedlings to saline-alkaline stress. Bulg. J. Agric. Sci., 16: 49-58
Responses of photosynthesis rate, stomatal conductance, chlorophyll fluorescence characteristics and chlorophyll content of maize (Zea mays L.) seedlings under combined salinity-alkalinity stress were examined. Investigation revealed that the net photosynthesis rate (Pn) and stomatal conductance (gs) decreased rapidly with increasing of salinity-alkalinity stress. The intercellular CO2 concentration (Ci) decreased at low salinity-alkalinity
and increased at high salinity-alkalinity. The maximal efficiency of photosystem II (PSII) photochemistry (FV/FM)
decreased only at high salinity-alkalinity. The comprehensive photosynthesis performance index (PIABS) gradually
decreased with increasing of salinity-alkalinity concentration. The JIP test showed that the electric transfer of
donor side and acceptor side of PSII in maize seedlings were inhibited by high salinity-alkalinity stress. Stomatal
limitation is the main reason of decreased photosynthesis rate at low salinity-alkalinity, and non-stomatal limitation, i.e. decreased photosynthesis activity in PSII plays an important role in decreased photosynthesis rate at high
salinity-alkalinity.

Key words: fast chlorophyll fluorescence induction, photosystem II, photosynthesis rate, salinity-alkalinity, Zea
mays L.

Introduction
Soil salinization is one of the reasons for crop yield
reduction in arid and semi-arid areas (Khan et al.,
2001). The saline and sodic soils cover about 10% of
total arable lands world-widely. About 23% (0.34x109
ha) of the cultivated lands are saline and 37% (0.56 x
109 ha) are sodic (Tanji, 1990). Salinity induces many
adverse effects on the photosynthesis of plants includE-mail: dengchunnuan@yahoo.com.cn
*Corresponding author’s E-mail: zhgx@neigae.ac.cn

ing reducing CO2 assimilation and stomatal conductance (Bongi and Loreto, 1989; Flanagan and
Jefferies, 1989) and decelerating the activity of electron transport of photosystem II (PSII) (Everard et
al., 1994; Lu and Vonshak, 2002). The reduction of
photosynthesis may be the consequences of stomatal
closure (Downton et al., 1985; Youssef, 2007) and/
or non-stomatal inhibition of photosynthesis
(Jeranyama and DeMoranville, 2008). Alkalinity, al-
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though not investigated as thoroughly as salinity (Shi
and Wang, 2005), inhibits photosynthesis and retards
the growth of plant in some investigations (Yang et al.,
2009).
Soil salinization and alkalization frequently co-occur in many areas, especially in northeastern China
(Kawanabe and Zhu, 1991). To our best knowledge,
only a few reports are available indicating the effect
of combined salinity-alkalinity stress on plants (Anjum
et al., 2005; Shi and Wang, 2005; Zhang and Yin,
2009). Previous limited studies showed that salt-alkaline mixed stress led a decrease in chlorophyll concentration (Kaya et al., 2002), stomatal conductance
and transpiration rate (Khan and Abdullah, 2003), and
inhibited the growth of plant. When different concentrations of salinity and alkalinity were combined, the
effect on photosynthesis of plants was much more
complex, but the underlying basis in photosynthetic
capacity under salinity-alkalinity stress is yet not fully
understood. Measurement of chlorophyll fluorescence
is a potential indicator of photosynthetic efficiency in
plants and be proved as a rapid, non-invasive, and
reliable method to assess photosynthetic performance
under environmental stress (Krause and Weis, 1991;
Schreiber et al., 1994) and allows the location of primary site of damage induced by environment stress.
Maize is one of the most cultivated and widely
grown crops all over the world. Unfortunately, in many
areas, especially in northeastern China, the productivity of maize is significantly reduced due to soil salinization and alkalinity. The improvement of productivity of maize requires fully understanding the combined
effect of salinity and alkalinity on the photosynthesis
of this crop. The present study aimed at investigating
the photosynthetic responses of maize under salinityalkalinity stresses probed by chlorophyll (Chl) fluorescence and gas exchange in vivo.

Materials and Methods
Materials and treatments
The fully-nourished seeds of maize (Zea mays
L).were selected sterilized by 0.1% HgCl2 for 10 min
and repeatedly washed by distilled water. After 12-h
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soaking, the seeds were cultured in an incubator for
germination with a constant temperature of 280C.
When the buds length reached 1-2 cm, the seeds were
planted into sand pots under a photosynthetic photo
flux density of approximately 350μmol/m2/s, 65±5%
relative humidity, a photoperiod of 14h, and a day/
night temperature of 25/180C. Each pot contained five
seedlings. Seedlings were watered with half-strength
Hoagland nutrient solution (Hoagland and Arnon,
1950) until the heights of seedlings reached around
20 cm for treatment.
Neutral salt (NaCl) and alkaline salt (NaHCO3)
were choused based on the main salt component in
saline-alkaline soil in western Jilin Province, China.
The salts were mixed in various concentrations with
gradually increased salinity-alkalinity concentration as
shown in Table 1. The combination of five concentrations of NaCl (12.5, 25, 50, 75 and 100 mmol/l) and
NaHCO3 (2.5, 12.5, 25, 50 and 100 mmol/l) were
referred to SA1-SA5. Plants in salinity-alkalinity treatments were watered with half-strength Hoagland solution containing various concentration salts. Plants in
control were watered with half-strength Hoagland
nutrient solution without NaCl and NaHCO3.
Growth measurement
Seedling heights were measured as the distance
between the stem base and the shoot tip, and recorded
at the beginning and the end of the experiment. The
calculation of plant growth increments were estimated
as follows: Height increment =H2- H1. H1= plant height
Table 1
The concentrations of NaCl and NaHCO3
in different treatments
Treatment group
Control
Salinity-alkalinity 1 (SA1)
Salinity-alkalinity 2 (SA2)
Salinity-alkalinity 3 (SA3)
Salinity-alkalinity 4 (SA4)
Salinity-alkalinity 5 (SA5)

NaCl,
mmol/l
0
12.5
25
50
75
100

NaHCO 3,
mmol/l
0
2.5
12.5
25
50
100
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at start of treatment; H2 = plant height at end of treatment.
At the end of the experiment, plants were carefully
removed from the pots, and roots were thoroughly
rinsed with tap water to remove the attached soil. The
fresh weights of the plants were recorded.
Measurement of polyphasic fast
fluorescence induction
The polyphasic fast fluorescence induction curve
provides valuable information about the function of
PSII (Strasser et al., 1995; van Heerden et al., 2003).
Upon the triggering of strong actinic light, the increase
in Chl a fluorescence of dark-adapted photosynthetic
materials will follow a triphasic kinetic from its initial
level (FO), two intermediate level (FJ and FI) and its
maximal level (FM or FP) (Lazar, 2006). The initial Chl
fluorescence FO (fluorescence intensity at 50 μs) indicates all molecules of QA are in the oxidized state.
FJ (fluorescence intensity at around 2 ms) reflects the
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accumulation of QA-. FI (fluorescence intensity at
around 30 ms) demonstrates an accumulation of QAQB-, whereas FM (maximal fluorescence intensity, usually reached at 200-500 ms) indicates all molecules
of QA are in the reduced state with the accumulation
of QA-QB2- (Strasser and Govindjee, 1992; Strasser
et al., 1995). It can be used to analyze changes in
electron transfer reaction on both donor (Delosme and
Joliot, 2002) and acceptor side of PSII (Strasser and
Govindjee, 1992).
The JIP-test (Strasser and Strasser, 1995) was
employed to analyze each of Chl a fluorescence transient. FO, F300μs, FJ and FM from the original measurements were used. The JIP-test represents translation
of the original data to biophysical parameters that
quantify the energy flow through PSII. The formulae
(Table 2) illustrate how each of the biophysical parameters can be calculated from the original fluorescence measurements (Strasser et al., 2000).
The third full-expanded leaf was used for fast chlo-

Table 2
Formulae and terms used in the JIP-test (Strasser et al., 2000)
Formulae and terms

Illustrations

VJ = (F2ms–FO)/(FM–FO)
FV = FM−FO
MO = 4(F300 μs–FO)/(FM–FO)

Relative variable fluorescence intensity at the J-step
Variable fluorescence
Approximated initial slope of the fluorescence transient
Quantum efficiencies or flux ratios
φPo = TRO/ABS = [1−(FO/FM)] = FV/FM
Maximum quantum yield for primary photochemistry (at t = 0)
φEo = ETO/ABS = [1−(FO/FM)]ΨO
Quantum yield for electron transport (at t = 0)
φDo = 1−φPo= FO/FM
Quantum yield for energy dissipation (at t = 0)
ΨO = ETO/TRO = (1−VJ)

Probability that a trapped exciton moves an electron
into the electron transport chain beyond QA (at t = 0)

Specific fluxes or specific activities
ABS/RC = MO(1/VJ)(1/φPo)
Absorption flux per reaction center
TRO/RC = MO(1/VJ)
Trapped energy flux per reaction center (at t = 0)
ETO/RC = MO(1/VJ)ΨO
Electron transport flux per reaction center (at t = 0)
DIO/RC = (ABS/RC)−(TRO/RC)
Dissipated energy flux per reaction center (at t = 0)
Performance indexes
PIABS=(RC/ABS)[φPo (1−φPo)][ΨO/(1−ΨO)]
Performance index on absorption basis
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rophyll fluorescence measurements with a portable
fluorometer (FP100, PSI, Brno, Czech Republic). The
plant leaf was dark-adapted for 10 min before fluorescence measurement. Fluorescence was excited by
a visible light band peaking at 475 nm (half bandwidth 25 nm). Fast fluorescence transients induced
by actinic light were recorded at sampling intervals
varying from 10 μs to 10 ms.
Gas exchange measurement
After chlorophyll fluorescence measurement, the
same leaves were used for measurement of net photosynthesis (Pn), stomatal conductance (gs) and internal CO2 concentration (Ci) at a PPFD level of 1500
μmol/m2/s1 at ambient CO2 concentration (350 μmol/
mol) with a portable photosynthesis system (LI-6400,
LI-COR Biosciences Inc., Lincoln, USA).
Leaf chlorophyll content
Finally, the chlorophyll content of the same leave
used for chlorophyll fluorescence and gas exchange
measurement was measured with a CCM-200 chlorophyll content meter (Opti-Sciences, Tyngsboro,
MA, USA).

Results and Discussion
Growth measurement
After 7 days, a notable reduction (64% and 93%,

at SA3 and SA5 treatment) in height increment of
maize seedling was observed (Figure 1). Height increments of treated plants decreased gradually with
increasing salinity-alkalinity concentration. The fresh
weight per plant was also affected by salinity-alkalinity stress. The fresh weights of plants under SA3, SA4
and SA5 treatment were only 83%, 61% and 53% of
control, respectively (Figure 2). The plant growth and
fresh weight were markedly reduced with increasing
salinity-alkalinity concentration, which is in good agreement with pervious studies. Shoot growth in maize
seedling appears to be sensitive to salinity stress (Bilgin
et al., 2008). Restriction in plant height and
aboveground biomass is one of the obvious symptoms of salinity-alkalinity stress (Guan et al., 2009;
Yang et al., 2008), which mainly resulted from the
inhibited expansion of new leaves and the elongation
of shoot. The restriction in leaf expansion under saline-alkaline conditions minimizes water losses, which
happens to many species under osmotic stress (Ribeiro
et al., 2006; Tabatabaei, 2006).
Photosynthesis analysis
The responses of net photosynthesis rate (Pn),
stomotal conductance (gs) and intercellular CO2 concentration (Ci) under different salinity-alkalinity treatments were shown in Table 3. There was a clear decreasing tendency for photosynthesis rate and stomatal
conductance. As shown in Table 3, the Pn was downFresh weight (g per plant)

Height increment (cm)

12
10
8
6
4
2
0
co ntrol

SA1

SA2

SA3

SA4

SA5

Treatments

Fig.1. Height increments of maize seedlings
exposed or not (control) to salinity-alkalinity
stresses (SA1-SA5). Data points and error bars
represent mean ± S.E. of five replicates (n = 5).
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Fig. 2. Fresh weights of maize seedling under
salinity-alkalinity (SA1-SA5) stresses and
control condition. Data points and error bars
represent mean ±S.E. of five replicates (n = 5)
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Table 3
Effect of salinity-alkalinity (SA1-SA5) stresses on the leaf net photosynthesis (P n), stomatal
conductance (g s ) and intercellular CO2 concentration (C i)
Treatment group
Control
SA1
SA2
SA3
SA4
SA5

P n (μmol CO2 /m2 /s)

g s (mol H 2O /m2/s)

C i (μmol/mol)

20.80 ± 1.51
20.77 ± 1.00
15.97 ± 1.26
12.37 ± 0.78
1.09 ± 0.02
-3.61 ± 0.05

0.158 ± 0.011
0.146 ± 0.009
0.103 ± 0.007
0.080 ± 0.006
0.036 ± 0.001
0.026 ± 0.002

116 ± 12
102 ± 9
86 ± 10
89 ± 5
296 ± 6
597 ± 6

regulated to 60% and 0% of control at SA3 and SA5
treatment, respectively. The sensitivity of Pn is an ideal
indicator under saline stress (Rozema and van
Diggelen, 1991), as well as under salinity-alkalinity
stress in present study. This was in agreement with
many studies (Xu et al., 2008). Reduction in net photosynthesis rate was strongly correlated with depressed growth. This implies that inhibition of plant
growth can be partially attributed to the reduction of
carbon assimilation under stress (Lovelock and Ball,
2002). The stomotal conductance (gs) showed a reduction from 0.158 mol H2O /m2/s for control to 0.08
and 0.026 mol H2O /m2/s for plants under SA3 and
SA5 stresses. Intercellular CO2 concentration (Ci)
showed a decrease under SA1, SA2 and SA3 treatment, but a strong increase under SA4 and SA5 treatment. According to Farquhar et al. (1989), lower Pn
accompanied by lower gs (stomatal conductance) and
lower Ci (intercellular CO2 concentration) at low salinity-alkalinity (SA1, SA2 and SA3) might be mainly
ascribed to stomatal closure, which restricts CO2 entry into leaves. Whereas, lower Pn accompanied by
lower gs and higher Ci at high salinity-alkalinity (SA4
and SA5) may be attributed to non-stomatal limitation, including changes in leaf biochemistry that results in inhibition or down-regulation of photosynthesis. Past studies demonstrated that stomatal limitation
is more significant at medium salinities and non-stomatal restriction is more pronounced at high salinity
(Everard et al., 1994; Netondo et al., 2004), and a

similar pattern under different concentration of salinity-alkalinity stress was found in present study. Present
results suggest that the stomatal closure is likely the
first defense of plant against salinity-alkalinity stress.
Non-stomatal limitation increases progressively with
the increase of salinity-alkalinity, even playing a major
role, for example, through inhibiting biochemical metabolism and adversely affecting chlorophyll a fluorescence.
Chlorophyll fluorescence
To investigate the effect of salinity-alkalinity on the
electron transport in PSII, the polyphasic fast fluorescence induction was performed. Figure 3 showed
the fast kinetic induction curves of plants treated with
salinity-alkalinity at different concentrations. There was
no significant change of FO under different stresses.
FM decreased drastically and the J-P phase gradually
leveled off with increasing salinity-alkalinity concentration, indicating that salinity-alkalinity had inhibitory
effect on the photochemical activity of maize seedling, and it is usually be explained as an increase of
number of the closed PSII reaction centers, which do
not participate in electron transport (Toth et al., 2005).
It was observed that the peak at P step (FM) disappeared and the J-P almost became a straight line for
plants treated with SA5 stress, suggesting that electron transport chain was broken after QA (Haldimann
et al., 1995 ; (Strasser et al., 1995; Toth et al., 2005)
, and OEC failed to provide electrons for PSII to reduce the quinone acceptors (Falk and Palmqvist,
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Fig. 3. Examples of fast chlorophyll fluorescence transient of maize seedlings under
different salinity-alkalinity (SA1-SA5) stresses

Fig. 4. Chlorophyll content of maize seedlings
exposed or not to salinity-alkalinity (SA1-SA5)
stresses. Data points and error bars represent
mean ±S.E. of five replicates (n = 5)

1992); that is, the electron transport at the donor side
of PSII was inhibited, and P680+, a strong fluorescence quencher, accumulated (Govindje, 1995) at
higher level salinity-alkalinity concentration. The disappearance of FM after treated with high salinity-alkalinity indicates a complete malfunction of PSII
(Schreiber et al., 1971). This result indicates that salinity-alkalinity stress had inhibitory effects on the donor side of PSII. The depression of FM under stress
condition was also found in other reports (Appenroth
et al., 2001; Pan et al., 2008).
Since the O-J-I-P fluorescence transient reflects
the state of QA, QB and PQ pool (Strasser and
Govindjee, 1992), more information was obtained
from the O-J-I-P curves according to JIP-test analysis. The selected JIP-test parameters were listed in
Table 4. The decrease of FM led to a decrease of the
variable fluorescence (FV), and finally led to a decline
of maximal efficiency of PSII photochemistry (FV/FM).
FV decreased to 83%, 80% and 2% of control under
SA1, SA3 and SA5 treatment, respectively. FV/FM
remained relatively constant at low and moderate salinity - alkalinity, and decreased only when salinityalkalinity concentration was high enough (83% and
6% under SA4 and SA5, respectively; Table 4).
Present results were in conformity with many investigations (Larcher et al., 1990; Netondo et al., 2004;
Xu et al., 2008). FV/FM of plants under moderate
stress usually changes little, and the decline in FV/FM

ratio under severer stress reflects a reduction in the
ability of PSII to reduce the primary acceptor QA
(Calatayud and Barreno, 2001).
It was observed that an increase of salinity-alkalinity concentration resulted in an increase of the effective antenna size per reaction center (ABS/RC,
Table 4). The value of ABS/RC increased to 117%
and 3400% of control under SA3 and SA5 treatment, respectively. However, the electron transport
(ETO/RC) was not significantly affected under SA1,
SA2 and SA3 stresses. The values of ϕDo under SA3
and SA5 stresses increased to 119% and 365% of
control, respectively. Similar results was reported
(Zribi et al, 2009), which the electron transfer was
less inhibited than photosynthesis rate/stomatal conductance at moderate stress. Lower ϕEo (1% of control) and ψo (43% of control) under SA5 stress revealed that the activity of electron transport beyond
QA, i.e. the acceptor side of PSII was considerably
hindered at high salinity-alkalinity concentration. These
changes resulted in decreases in the performance index (PIABS). PIABS decreased to 67% and 0% of control under SA3 and SA5 stresses, respectively. These
changes are similar to various reports (Dernetriou et
al., 2007). These parameters such as PIABS, ϕDo and
ABS/RC, derived from JIP test, showed a greater
sensitivity than FV/FM, being in agreement with many
findings (van Heerden et al., 2003; Christen et al.,
2007). This is because these parameters give infor-
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Table 4
The selected parameters obtained from JIP test of the control and salinity-alkalinity treated
samples. All parameters were normalized to the values of control
Treatment
Control
SA1
SA2
SA3
SA4
SA5

FV

FV/FM

ΨO

φEo

φ Do

PI ABS

ABS/RC

TRO /RC

100%
83%
82%
80%
63%
2%

100%
98%
97%
93%
83%
6%

100%
102%
102%
98%
95%
43%

100%
99%
98%
92%
79%
1%

100%
107%
109%
119%
148%
365%

100%
88%
87%
67%
51%
0%

100%
106%
107%
117%
132%
3400%

100%
103%
103%
109%
105%
111%

mation on the heterogeneity of PSII reactive centers,
while FV/FM just reflects the efficiency of all the PSII
units including both activated reactive centers and inactivated reactive centers (Wen et al., 2005). Present
results in chlorophyll fluorescence confirmed that photosynthetic activity was more inhibited under high salinity-alkalinity than that under low and moderate salinity-alkalinity.
Chlorophyll content
To further understand the damage of salinity-alkalinity on photosynthesis, chlorophyll content was measured. After 7-days treatment, the chlorophyll contents of maize seedlings under SA1-SA3 stress were
little affected, however, the chlorophyll contents of
maize seedlings decreased significantly under SA4 and
SA5 treatments, being 67% and 29% of the control,
respectively (Figure 4). Chlorophyll content under
salinity-alkalinity stress was less reduced than plant
growth, except at a high level of salinity-alkalinity concentration. A decrease in leaf chlorophyll content has
been described in maize irrigated with water containing high concentration NaCl (Demir and Kocacaliskan,
2008). This decrease may be attributed to the formation of proteolytic enzymes such as chlorophyllase,
which is responsible for the chlorophyll degradation
(Sabater and Rodriguez, 1978) as well as damaging
the photosynthetic apparatus (Yasseen, 1983).

ETO/RC DI O/RC
100%
104%
105%
106%
99%
42%

100%
113%
117%
139%
207%
250%

Conclusions
Chlorophyll fluorescence and gas exchange measurement provide useful tools to estimate the potential degree of injury of plant in saline-alkaline soil and
determine the underlying mechanism of injury. In conclusion, the growth of maize was affected by salinityalkalinity stress including down-regulation of plant
growth and chlorophyll content, and inhibition in photosynthesis. Decreased photosynthesis rate under low
salinity-alkalinity condition is associated with the increase of stomatal closure, while decreased photosynthesis rate under high salinity-alkalinity stress is
mainly attributed to non-stomatal limitation, i.e. downregulation of photochemical activity and damage of
photosynthetic apparatus. Both donor and acceptor
sides of PSII are the target sites under high level of
salinity-alkalinity. With the increasing of salinity-alkalinity concentration, the electric transfer was gradually inhibited, and energy dissipation enhanced and
finally the comprehensive photosynthesis performance
index and photosynthesis rate decreased.
Acknowledgements
This study was financed by Knowledge Innovation Programs of Chinese Academy of Sciences (No.
KZCX2-YW-Q06-2).

56

References
Anjum, R., A. Ahmed, R. Ullah, M. Jahangir and
M. Yousaf, 2005. Effect of soil salinity/sodicity on
the growth and yield of different varieties of cotton. Int. J. Agri. Biol., 7 (4): 606-608.
Appenroth, K.J., Stockel, J., Srivastava, A.,
Strasser, R.J., 2001. Multiple effects of chromate
on the photosynthetic apparatus of Spirodela
polyrhiza as probed by OJIP chlorophyll a
ûuorescence measurements. Environ. Pollut., 115
(1): 49–64.
Bilgin, O., I. Baser, K. Z. Korkut, A. Balkan and
N. Saglam, 2008. The impacts on seedling root
growth of water and salinity stress in maize (Zea
mays indentata Sturt.). Bulg. J. Agric. Sci., 14
(3): 313-320.
Bongi, G. and F. Loreto, 1989. Gas-Exchange Properties of Salt-Stressed Olive (Olea-Europea L.)
Leaves. Plant Physiology, 90 (4): 1408-1416.
Calatayud, A. and E. Barreno, 2001. Chlorophyll a
fluorescence, antioxidant enzymes and lipid
peroxidation in tomato in response to ozone and
benomyl. Environmental Pollution, 115 (2): 283289.
Christen, D., S. Schonmann, M. Jermini, R. J.
Strasser, G. Defago and I. Wagschal, 2007. Characterization and early detection of grapevine (Vitis
vinifera) stress responses to esca disease by in
situ chlorophyll fluorescence and comparison with
drought stress. Phytopathologia Mediterranea,
46 (1): 112-113.
Delosme, R. and P. Joliot, 2002. Period four oscillations in chlorophyll a fluorescence. Photosynthesis Research, 73 (1-3): 165-168.
Demir, Y. and I. Kocacaliskan, 2008. Effects of proline on maize embryos cultured in salt stress.
Fresenius Environmental Bulletin, 17 (5): 536-542.
Dernetriou, G., C. Neonaki, E. Navakoudis and
K. Kotzabasis, 2007. Salt stress impact on the molecular structure and function of the photosynthetic
apparatus - The protective role of polyamines.
Biochimica Et Biophysica Acta-Bioenergetics,
1767 (4): 272-280.

C. N. Deng, G.. X. Zhang, X. L. Pan and K. Y. Zhao

Downton, W. J. S., W. J. R. Grant and S. P.
Robinson, 1985. Photosynthetic and Stomatal Responses of Spinach Leaves to Salt Stress. Plant
Physiology, 78 (1): 85-88.
Everard, J. D., R. Gucci, S. C. Kann, J. A. Flore
and W. H. Loescher, 1994. Gas Exchange and
Carbon Partitioning in the Leaves of Celery (Apium
Graveolens L.) at Various Levels of Root Zone
Salinity. Plant Physiology, 106 (1): 281-292.
Falk, S. and K. Palmqvist, 1992. Photosynthetic Light
Utilization Efficiency, Photosystem II Heterogeneity, and Fluorescence Quenching in Chlamydomonas Reinhardtii during the Induction of the CO2Concentrating Mechanism. Plant Physiology, 100
(2): 685-691.
Farquhar, G. D., J. R. Ehleringer and K. T.
Hubick, 1989. Carbon Isotope Discrimination and
Photosynthesis. Annual Review of Plant Physiology and Plant Molecular Biology, 40: 503-537.
Flanagan, L. B. and R. L. Jefferies, 1989. Photosynthetic and Stomatal Responses of the Halophyte,
Plantago Maritima L. to Fluctuations in Salinity.
Plant Cell and Environment, 12 (5): 559-568.
Govindje, E., 1995. Sixty-Three Years Since Kautsky:
Chlorophyll Fluorescence. Functional Plant Biology, 22 (2): 131-160.
Guan, F. C., C. Yan and Z. W. Liang, 2009. Differences of the soil and vegetation in Phragmites australis community between enclosed and grazed alkali-salinity wetlands. Wetland science, 7 (1): 4752 (Ch).
Haldimann, P., A. Srivastava and R. J. Strasser,
1995. in: P. Mathis (Editor), Photosynthesis: From
Light to Biosphere, vol. II, Kluwer, Dordrecht, pp.
911-914.
Hoagland, D. R. and D. I. Arnon, 1950. The waterculture for growing plants without soil. Calif. Agric.
Exp. Stn. Circ., 347 (Rev.).
Jeranyama, P. and C. J. DeMoranville, 2009. Gas
exchange and chlorophyll content of Cranberry
under salt stress. Acta Hort. (ISHS), 810: 753-75
http://www.actahort.org/books/810/810_100.htm
Kawanabe, S. and T.C. Zhu, 1991. Degeneration and
conservation of Aneurolepidium chinense grass-

Chlorophyll Fluorescence and Gas Exchange Responses of Maize Seedlings to Saline-Alkaline Stress

land in Northern China. J. Jap. Grassland Soc.,
37: 91-99.
Kaya, C., D. Higgs and A. Ikinci, 2002. An experiment to investigate ameliorative effects of potassium sulphate on salt and alkalinity stressed vegetable crops. Journal of Plant Nutrition, 25 (11):
2545-2558.
Khan, A. A., T. McNeilly and F. M. Azhar, 2001.
Stress tolerance in crop plants. Int. J. Agric. Biol.,
3 (2):250-255.
Khan, M. A. and Z. Abdullah, 2003. Salinity-sodicity
induced changes in reproductive physiology of rice
(Oryza sativa) under dense soil conditions. Environmental and Experimental Botany, 49 (2): 145157.
Krause, G. H. and E. Weis, 1991. Chlorophyll Fluorescence and Photosynthesis - the Basics. Annual
Review of Plant Physiology and Plant Molecular Biology, 42: 313-349.
Larcher, W., J. Wagner and A. Thammathaworn,
1990. Effects of Superimposed Temperature Stress
on In vivo Chlorophyll Fluorescence of Vigna Unguiculata under Saline Stress. Journal of Plant
Physiology, 136 (1): 92-102.
Lazar, D., 2006. The polyphasic chlorophyll a fluorescence rise measured under high intensity of exciting light. Functional Plant Biology, 33 (1): 9-30.
Lovelock, C. E. and M. C. Ball, 2002. Influence of
salinity on photosynthesis of halophytes. In: A.
Lauchli and U. Lutge (Editors), Salinity: Environment–Plants–Molecules. Kluwer Academic Publishers, New York, pp. 315-340.
Lu, C. and A. Vonshak, 2002. Effects of salinity stress
on photosystem II function in cyanobacterial
Spirulina platensis cells. Physiologia Plantarum,
114 (3): 405-413.
Netondo, G. W., J. C. Onyango and E. Beck, 2004.
Sorghum and salinity: II. Gas exchange and chlorophyll uorescence of sorghum under salt stress. Crop
Science, 44 (3): 806-811.
Pan, X., C. Deng, D. Zhang, J. Wang, G. Mu and
Y. Chen, 2008. Toxic effects of amoxicillin on the
photosystem II of Synechocystis sp. Characterized by a variety of in vivo chlorophyll fluorescence

57

tests. Aquatic Toxicology, 89 (4): 207-213.
Ribeiro, R. V., G. B. Lyra, A. V. Santiago, A. R.
Pereira, E. C. Machado and R. F. Oliveira,
2006. Diurnal and seasonal patterns of leaf gas
exchange in bahiagrass (Paspalum notatum Flugge)
growing in a subtropical climate. Grass and Forage Science, 61 (3): 293-303.
Rozema, J. and J. van Diggelen, 1991. A comparative study of growth and photosynthesis of four halophytes in response to salinity. Acta Ecol., 12(5):
673-681.
Sabater, B. and M. T. Rodriguez, 1978. Control of
Chlorophyll Degradation in Detached Leaves of
Barley and Oat through Effect of Kinetin on
Chlorophyllase Levels. Physiologia Plantarum, 43
(3): 274-276.
Schreiber, U., R. Bauer and U. F. Frank, 1971. In:
G. Forti, M. Avron and A. Melandri (Editors), Proceedings of the 2nd International Congress on
Photosynthesis. Junk, The Hague, pp. 169-179.
Schreiber, U., W. Bilger and C. Neubauer, 1994.
Chlorophyll fuorescence as a non-invasive indicator for rapid assessment of in vivo photosynthesis.
In: E. D. Schulze and M. M. Calswell (Editors),
Ecophysiology of Photosynthesis. Springer, Berlin, pp. 49-70.
Shi, D. and D. Wang, 2005. Effects of various saltalkaline mixed stresses on Aneurolepidium
chinense (Trin.) Kitag. Plant and Soil, 271 (1-2):
15-26.
Strasser, B. J. and R. J. Strasser, 1995. Measuring
fast fluorescence transients to address environmental questions: The JIP-test. Photosynthesis: From
Light to Biosphere,5: 977-980, 1066.
Strasser, R. J. and Govindjee, 1992. On the O-J-IP Fluorescence Transient in Leaves and D1 Mutants of Chlamydomonas Reinhardtii. Photosynthesis Research, 34 (1): 135-135.
Strasser, R. J., A. Srivastava and Govindjee, 1995.
Polyphasic Chlorophyll-Alpha Fluorescence Transient in Plants and Cyanobacteria. Photochemistry and Photobiology, 61 (1): 32-42.
Strasser, R. J., A. Srivastava and M. TsimilliMichael, 2000. The fluorescence transient as a

58
tool to characterize and screen photosynthetic
samples. In: M. Yunus, U. Pathre and P. Mohanty
(Editors), Probing Photosynthesis: Mechanism,
Regulation and Adaptation. Taylor & Francis,
London, pp. 443-480.
Tabatabaei, S. J., 2006. Effects of salinity and N on
the growth, photosynthesis and N status of olive
(Olea europaea L.) trees. Scientia Horticulturae,
108 (4): 432-438.
Tanji, K. K., 1990. Nature and Extent of Agricultural
Salinity. In: K. K. Tanji, (Ed.), Agricultural Salinity Assessment and Management. American Society of Civil Engineers, New York, pp. 1-18.
Toth, S. Z., G. Schansker and R. J. Strasser, 2005.
Intact leaves, the maximum fluorescence level (FM)
is independent of the redox state of the plastoquinone pool: A DCMU-inhibition study. Biochimica
Et Biophysica Acta-Bioenergetics, 1708 (2): 275282.
Van Heerden, P. D. R., M. Tsimilli-Michael, G.
H. J. Kruger and R. J. Strasser, 2003. Dark
chilling effects on soybean genotypes during vegetative development: parallel studies of CO2 assimilation, chlorophyll a fluorescence kinetics O-J-I-P
and nitrogen fixation. Physiologia Plantarum, 117
(4): 476-491.
Wen, X., N. Qiu, Q. Lu and C. Lu, 2005. Enhanced
thermotolerance of photosystem II in salt-adapted
plants of the halophyte Artemisia anethifolia.
Planta, 220 (3): 486-497.
Xu, Z. Z., G. S. Zhou, Y. L. Wang, G. X. Han and Y.
J. Li, 2008. Changes in chlorophyll fluorescence in

C. N. Deng, G.. X. Zhang, X. L. Pan and K. Y. Zhao

maize plants with imposed rapid dehydration at different leaf ages. Journal of Plant Growth Regulation, 27 (1): 83-92.
Yang, C.-W., H.-H. Xu, L.-L. Wang, J. Liu, D.-C.
Shi and D.-L. Wang, 2009. Comparative effects
of salt-stress and alkali-stress on the growth, photosynthesis, solute accumulation, and ion balance
of barley plants. Photosynthetica, 47 (1):79-86.
Yang, F., W. Deng, G. Zhang, J. Yang and X. Li,
2008. Spatial variation of soil saline ions and its relations with vegetation community of phragmites
australis in a saline-sodic soil. Acta pedologica
sinaca, 45 (4): 594-600 (Ch).
Yasseen, B. T., 1983. An analysis of the effects of
salinity on leaf growth in Mexican wheats. Ph.D.
Thesis, University of Leeds.
Youssef, T., 2007. Stomatal, biochemical and morphological factors limiting photosynthetic gas exchange in the mangrove associate Hibiscus
tiliaceus under saline and arid environment.
Aquatic Botany, 87 (4): 292-298.
Zhang, Y. and B. Yin, 2009. Influences of salt and
alkali mixed stresses on antioxidative activity and
MDA content of Medicago sativa at seedling stage.
Acta Prataculturae Sinica., 18 (1): 46-50 (Ch).
Zribi, L., G. Fatma, R. Fatma, R. Salwa, N. Hassan
and R. M. Nejib, 2009. Application of chlorophyll
fluorescence for the diagnosis of salt stress in tomato “Solanum lycopersicum (variety Rio
Grande)”. Scientia Horticulturae, 120 (3): 367372.

Received October, 1, 2009; accepted for printing December, 22, 2009.

