
Salt pretreatment alleviated salt-induced photoinhibition
in sweet sorghum

Kun Yan . Shijie Zhao . Zhaoni Liu .

Xiaobing Chen

Received: 28 February 2015 / Accepted: 21 May 2015 / Published online: 30 May 2015

� Brazilian Society of Plant Physiology 2015

Abstract Sweet sorghum is an important energy

crop. This study aimed to investigate the effects of salt

pretreatment on the interaction between photosystem

II (PSII) and photosystem I (PSI) upon salt stress. In

this study, sweet sorghum was pretreated with

150 mM NaCl for 10 days, and subsequently, the

pretreated plants were subjected to severe salt stress at

300 mM NaCl. PSII and PSI photoinhibition occurred

in non-pretreated plants after 4 days of salt stress, as

the maximum quantum yield of PSII (Fv/Fm) and the

maximal photochemical capacity of PSI (4MR/MR0)

significantly decreased, and their normal coordination

was destroyed. The significant positive correlation

between Fv/Fm and 4MR/MR0 under salt stress

indicated that PSII photoinhibition was in relation to

PSI photoinhibition, and PSI photoinhibition might

lead to PSII photoinhibition through inhibiting elec-

tron transport at the acceptor side of PSII. Salt stress

did not induce PSII photoinhibition in salt-pretreated

plants, and thus, salt pretreatment protected PSI

against photoinhibition not by aggravating PSII pho-

toinhibition. Salt pretreatment mitigated the decrease

in CO2 assimilation, reduced the feedback inhibition

on photosynthetic electron transport and then con-

tributed to suppressing PSI and PSII photoinhibition in

sweet sorghum under salt stress. Therefore, the normal

coordination between PSII and PSI was maintained in

salt-pretreated plants. In conclusion, salt pretreatment

ensured normal PSII and PSI coordination by pre-

venting photoinhibition in sweet sorghum under salt

stress.
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Abbreviations

Ci Intercellular CO2 concentration

ETo/ABS Quantum yield for electron transport

ETo/TRo Probability that an electron moves further

than primary acceptor of PSII

Fv/Fm The maximal quantum yield of PSII

gs Stomatal conductance

MDA Malondialdehyde

PSI Photosystem I

PSII Photosystem II
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ROS Reactive oxygen species

4MR/

MR0

The maximal photochemical capacity of

PSI

UPSII Actual photochemical efficiency of PSII

1-qP Excitation pressure of PSII

1 Introduction

Soil salinity is always an agricultural problem due to

the inhibition on crop growth (Rozema and Flowers

2008). Besides soil remediation, it is feasible to

combat salinity by improving crop salt tolerance (Lea

et al. 2004; Schroeder et al. 2013). Eco-physiological

methods seem more convenient and easier to be

applied in agricultural practice, in contrast to genetic

engineering and conventional breeding (Yan et al.

2013c; Guerrero et al. 2014). For example, salt

pretreatment with sublethal level of salinity has been

evidenced as an available way for enhancing crop salt

tolerance (Amzallag et al. 1990; Umezawa et al. 2000;

Djanaguiraman et al. 2006; Tajdoost et al. 2007; Saha

et al. 2012).

Photosynthesis closely correlates with plant growth

and is sensitive to salt stress, and photosynthetic

capacity is an important criterion for diagnosing plant

adaptability to salinity (Kalaji and Pietkiewicz 1993;

Kalaji et al. 2011; Wani et al. 2013; Yan et al. 2015).

Salt stress inhibits CO2 assimilation by inducing

stomatal limitation and reducing the activities of key

enzymes for CO2 fixation (Loreto et al. 2003; Feng

et al. 2007; Yang et al. 2008; Lu et al. 2009). The

inhibited CO2 assimilation will cause over-reduction

of photosynthetic electron transport chain, elevate

excitation pressure in chloroplast and may eventually

lead to the increase of ROS production as well as

photoinhibition (Takahashi and Murata 2008; Oukar-

roum et al. 2014). Photosystem II (PSII) photoinhibi-

tion is a result of the imbalance between PSII

photodamage and the repair of such damage (Murata

et al. 2007), whereas photosystem I (PSI) photoinhi-

bition is induced by ROS produced at the acceptor side

of PSI through Mehler reaction in vivo (Sonoike

2011). The electron flow from PSII is essential for PSI

photoinhibition, and the interception of electron flow

from PSII can suppress PSI photoinhibition and help

PSI recovery after photoinhibition (Sonoike 1996;

Zhang et al. 2011).

PSI photoinhibition is more dangerous than PSII

photoinhibition because of the difficult recovery

process of PSI (Kudoh and Sonoike 2002; Zhang and

Scheller 2004). PSII photoinhibition under high tem-

perature or high light stress can protect PSI against

photoinhibition by restricting the electron flow to PSI

(Yan et al. 2013a, b; Zivcak et al. 2014). Oppositely,

PSI photoinhibition often arises under chilling stress

with low light because of the limited restriction on

electron flow to PSI (Li et al. 2004; Zhang et al. 2011).

Therefore, PSII and PSI interaction is crucial for

protecting PSI or even the whole photosynthetic

apparatus. Under salt stress, chilling-induced PSI

photoinhibition was attenuated due to the aggravation

of PSII injury in cucumber (Yang et al. 2014). Salt

stress also induced PSII photoinhibition and lowered

electron flow to PSI in diploid honeysuckle, however,

more severe photoinhibition occurred in PSI than PSII

(Yan et al. 2015). Thus, the interaction between PSII

and PSI under salt stress seems complex.

Salt pretreatment can alleviate salt-induced stom-

atal limitation on CO2 fixation by increasing accu-

mulation of osmolytes (Sivritepe et al. 2005). In

addition, the decreased leaf Na? accumulation by

salt pretreatment also may reduce the toxic effects

on the enzymes for CO2 fixation. As a result, salt-

induced PSII and PSI photoinhibition may be

mitigated by salt pretreatment because of the

lowered feedback inhibition on photosynthetic elec-

tron transport. Djanaguiraman et al. (2006) reported

that salt pretreatment abated PSII photoinhibition in

rice. However, it has not been evidenced that salt

pretreatment can alleviate salt-induced PSI photoin-

hibition, and it is not clear about the effects of salt

pretreatment on the interaction between PSII and

PSI in plants upon salt stress.

Sweet sorghum is an annual C4 crop and has been

considered as an important energy crop for exploiting

marginal land (Vasilakoglou et al. 2011). Amzallag

et al. (1990) reported that salt pretreatment enhanced

salt tolerance of sorghum with less Na? accumulation

in the shoot. In contrast to sorghum, sweet sorghum

has greater salt acclimation ability and more fer-

mentable sugars (Almodares et al. 2008). This study

aimed to investigate the effects of salt pretreatment on

PSII and PSI interaction in sweet sorghum upon salt

stress through an analysis of chlorophyll afluorescence

transient and 820 nm reflection transient. We hy-

pothesized that salt pretreatment could alleviate PSI
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photoinhibition in sweet sorghum under salt stress,

and the normal PSII and PSI coordination could be

maintained. Our study may present a deep insight into

the mechanism of salt pretreatment for improving

plant salt tolerance.

2 Materials and methods

2.1 Plant material and treatment

Seeds of sweet sorghum (Sorghum bicolor (L.)

Moench. cv. YaJin) were immersed in 30 �C water

for 2 h, and then placed between two sheets of filter

paper in a Petri dish to germinate at 25 �C in the

dark. The filter paper was kept wet by spraying

Hoagland nutrient solution with pH at 5.7 (Arnon

1950). After 2 days, seeds with similar buds (about

0.6 cm) were transferred to perforated plastic pots

(1 l volume) filled with vermiculite (one bud in each

pot) and grown in artificial climatic chambers

(Huier, China). The photon flux density (PFD) was

approximately 200 lmol m-2 s-1 (12 h per day

from 07:00 AM to 07:00 PM), and day/night

temperature and humidity were controlled at

25/18 �C and 65 %. The seedlings were daily

watered with Hoagland nutrient solution (pH 5.7).

After 30 days, plants with uniform growth pattern

(about 0.30 m height and 0.8 mm diameter of the

stem) were selected as experimental materials and

separated to four groups.

In the first group, plants were watered with

Hoagland solution without NaCl addition. In the

second group, plants were always exposed to

150 mM NaCl. These two groups were used as

control. In the third group, plants were pretreated at

150 mM NaCl for 10 days, and then subjected to

severe salt stress with 300 mM NaCl for 7 days. In

the fourth group, the non-pretreated plants were

subjected to 300 mM NaCl for 7 days. In all groups,

NaCl was added to nutrient solution to provide the

final concentration by 50 mM step per day. The

solution in the pots was refreshed every 2 days, and

in order to avoid accumulation of ions, nutrient

solution was used to leach the culture substrate

before refreshing solution. The newest fully expand-

ed leaves were selected for measuring physiological

parameters.

2.2 Measurements of gas exchange

and chlorophyll fluorescence parameters

Gas exchange and modulated chlorophyll fluorescence

parameters were simultaneously detected by using an

open photosynthetic system (LI-6400XTR, Li-Cor,

Lincoln, NE, USA) equipped with a fluorescence leaf

chamber (6400-40 LCF, Li-Cor).

The leaves were exposed to actinic light

(800 lmol m-2 s-1) in leaf cuvette, and maintained

for about 30 min until CO2 assimilation reached a

steady state. The temperature, CO2 concentration and

relative humidity were respectively set at 25 �C,
400 lmol mol-1 and 65 % in the leaf cuvette. Pho-

tosynthetic rate (Pn), stomatal conductance (gs) and

intercellular CO2 concentration (Ci) were simultane-

ously recorded. In addition, steady-state fluorescence

yield (Fs) was also recorded. Subsequently, a saturat-

ing actinic light pulse of 8000 lmol m-2 s-1 for 0.7 s

was used to produce maximum fluorescence yield

(Fm0) by temporarily inhibiting PSII photochemistry,

and the minimum fluorescence in the steady state (Fo’)

was determined during a brief interruption of actinic

light irradiation in the presence of far-red light

(k = 740 nm). At last, actual photochemical efficien-

cy of PSII (UPSII) and excitation pressure of PSII

(1-qP) were calculated as: UPSII = (Fm0-Fs)/Fm0

and 1-qP = (Fs-Fo0)/(Fm0-Fo0) (Maxwell and

Johnson 2000).

2.3 Measurement of chlorophyll a fluorescence

and modulated 820 nm reflection transients

The measurements were made by using a multifunc-

tional plant efficiency analyzer (MPEA, Hansatech,

UK). The operating mechanism of this instrument has

been elucidated in detail by (Strasser et al. (2010);

Kalaji et al. 2012). The leaves were adapted in dark for

30 min before the measurement (Kalaji et al. 2014b).

Thereafter, the leaves were orderly illuminated with

1 s red light (627 nm, 5000 lmol photons m-2 s-1),

10 s far red light (735 nm, 200 lmol photons

m-2 s-1) and 2 s red light (627 nm, 5000 lmol

photons m-2 s-1). Chlorophyll a fluorescence and

modulated 820 nm reflection were simultaneously

recorded during the illumination.

Chlorophyll a fluorescence transients in the first 1 s

red illumination were quantified according to JIP test
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(Strasser et al. 2000) by using the following original data:

(1) fluorescence intensity at 20 ls (Fo, when all reaction
centers of PSII are open); (2) the maximum fluorescence

intensity (Fm, when all reaction centers of PSII are

closed) and (3) fluorescence intensities at 2 ms (FJ, J

step). By using these original data, some parameters

could be calculated for quantifying PSII behavior. The

maximum quantum yield of PSII (Fv/Fm), probability

that an electron moves further than primary acceptor of

PSII (QA) (ETo/TRo) and quantum yield for electron

transport (ETo/ABS) were calculated as: Fv/

Fm = (Fm-Fo), ETo/TRo = (Fm-FJ)/(Fm-Fo) and

ETo/ABS = (Fm-FJ)/Fm (Strasser et al. 2010).

PSI oxidation is known to cause an increase in

absorption in 820 nm. Monitoring modulated reflec-

tion change near 820 nm is a very convenient way to

follow the redox state of PSI. The relative value of the

maximal difference of 820 nm reflection during the

last 2 s red illumination was used to indicate the

maximal photochemical capacity of PSI (4MR/MR0)

(Schansker et al. 2003). MR0 is the value of 820 nm

reflection at 0.7 ms (the first reliable MR measure-

ment).4MR is the value of the maximal difference of

820 nm reflection at the last 2 s red light illumination.

2.4 Measurements of leaf dry weight, Na?

and leaf relative water content

Leaves were sampled, dried at 105 �C for 10 min in an

oven, and dried to constant weight at 70 �C. The

extraction of Na? was performed according to Song

et al. (2011). Deionized H2O was added to 0.1 g dried

plant powder and boiled for 2 h. The supernatant was

diluted with deionized H2O for measuring Na?

content by using an atomic absorption spectropho-

tometer (TAS-990, China).

Fresh leaves were harvested and weighed (fresh

weight, FW), and then were immersed in distilled water

for 4 h at room temperature to determine saturated fresh

weight (SW). At last, the leaves were dried completely

in an oven at 70 �C and weighed (dry weight, DW).

Relative water content (RWC) was calculated as:

RWC = (FW - DW)/(SW - DW) 9 100 %.

2.5 Measurement of malondialdehyde (MDA)

content

The lipid peroxidation degree was determined in terms

of MDA content by the thiobarbituric acid reaction

method. Leaf tissues (0.5 g) were ground under liquid

nitrogen and then homogenized in 5 ml of 50 mM

potassium phosphate buffer (pH 7.8). After centrifu-

gation at 4 �C and 130009g for 10 min, the super-

natant was prepared for the assay of MDA content

(Yan et al. 2010).

2.6 Statistical analysis

The experiment was designed to analyze the differ-

ence of parameters among four sets of plants. One-way

ANOVA was carried out by using SPSS 16.0 (SPSS

Inc., Chicago, IL, USA) for all sets of data. The values

presented are the mean of measurements with five

replicate plants in each set. The total freedom degree,

freedom degree among and within groups was 19, 3

and 16. The comparisons of means were determined

through LSD test. Difference was considered sig-

nificant at P\ 0.05. Pearson correlation analysis was

also carried out by using SPSS 16.0.

3 Results

3.1 Leaf dry weight, MDA, Na? and leaf relative

water contents

After salt stress for 7 days, leaf dry weight and leaf

relative water contents were significantly decreased in

non-pretreated and salt-pretreated plants compared

with the control plants exposed to 0 and 150 mM

NaCl, whereas leaf Na? content was significantly

increased (P\ 0.05), and the greater change was

found in non-pretreated plants than salt-pretreated

plants (Table 1). The extent of lipid peroxidation

represented by MDA content reflects the state and

integrity of membranes in plant cells (Blokhina et al.

2003; Yazici et al. 2007). Leaf MDA content was

significantly increased by salt stress (P\ 0.05), and

the greater increase was observed in non-pretreated

plants than in salt-pretreated plants (Table 1).

3.2 Gas exchange, PSII actual quantum yield

and excitation pressure

After 1 day of salt stress, Pn, gs, Ci and UPSII were
decreased in non-pretreated and salt-pretreated plants

compared with the control plants exposed to 0 and

150 mM NaCl, whereas 1-qP was increased (Fig. 1).
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Upon salt stress for 4 and 7 days, Pn decreased

respectively by 68.37 and 82.03 % in salt-pretreated

plants and 84.6 and 95.61 % in non-pretreated plants

compared with the control plants exposed to 0 mM

NaCl (Fig. 1a), and the decrease was greater in non-

pretreated plants. gs was significantly lowered in non-

pretreated and salt-pretreated plants upon 4 and 7 days

of salt stress, and the significant increase in Ci was just

noted in non-pretreated plants (P\ 0.05) (Fig. 1b, c).

3.3 Chlorophyll a fluorescence and modulated

820 nm reflection transients

J step appears because accumulation of QA
- reaches the

maximal level (Strasser et al. 1995; Kalaji et al.

2014a). After 4 days of salt stress at 300 mM NaCl, J

step was elevated in non-pretreated plants (Fig. 2a),

suggesting the electron transport at PSII acceptor side

was inhibited. Upon 7 days of salt stress, J step in salt-

pretreated plants was also elevated, but greater

elevation was observed in non-pretreated plants

(Fig. 2b). The 820 nm reflection signals are presented

by MR/MR0 ratio, where MR0 is the value at the onset

of actinic illumination (at 0.7 ms). Decrease in MR/

MR0 fromMR0 to the minimal value (MRmin, at about

29 ms) reflects PSI oxidation process, and the oxida-

tion amplitude in the first 1 s red illumination was

expressed as MR0-MRmin. The minimal value of MR

is a transitory steady state with equal oxidation and re-

reduction rate of PSI. Subsequently, increase in MR/

MR0 indicates PSI re-reduction driven by the electron

flow from PSII. Thus, 820 nm reflection transient in

the first 1 s red illumination was influenced by both

PSII and PSI capacity and could reflect their coordi-

nation. Salt stress significantly decreased PSI

oxidation amplitude and obviously changed 820 nm

reflection transient in non-pretreated plants, indicating

the negative effects on PSII and PSI coordination,

whereas normal PSII and PSI coordination was

maintained in salt-pretreated plants (Fig. 2c, d).

3.4 PSII behaviors and the maximal

photochemical capacity of PSI

After 4 and 7 days of salt stress, Fv/Fm and 4MR/

MR0 were significantly decreased in non-pretreated

plants (P\ 0.05), indicating the occurrence of PSII

and PSI photoinhibition, but they were not markedly

affected in salt-pretreated plants (Fig. 3a, b). In

accordance with the elevated J step (Fig. 2a), sig-

nificant decrease in ETo/TRo and ETo/ABS was

observed in non-pretreated plants and salt-pretreated

plants respectively upon 4 and 7 days of salt stress

(P\ 0.05).

3.5 Relationship between PSII and PSI activity

4MR/MR0 was positively correlated with Fv/Fm,

ETo/TRo, ETo/ABS and UPSII and negatively corre-

lated with 1-qP in sweet sorghum upon salt stress

(P\ 0.05) (Table 2), indicating that PSII photoinhi-

bition was in relation to PSI photoinhibition. Pn was

positively correlated with UPSII and negatively cor-

related with 1-qP (P\ 0.05) (Table 2).

4 Discussion

Salt pretreatment enhanced salt acclimation in sweet

sorghum, because salt-pretreated plants accumulated

Table 1 Dry weight, malondialdehyde (MDA), Na? and relative water contents in the leaf of sweet sorghum after 7 days of salt

stress at 300 mM NaCl. Data in the table indicate the mean of five replicates (±SD)

Treatments DW per leaf (g) MDA content (mg g-1 DW) Na? content (mg g-1 DW) Leaf relative water content (%)

T1 0.50 ± 0.01a 0.021 ± 0.0035c 0.81 ± 0.15d 89.20 ± 0.77a

T2 0.45 ± 0.10b 0.022 ± 0.0041c 1.71 ± 0.41c 83.15 ± 0.78b

T3 0.31 ± 0.05b 0.028 ± 0.0051b 5.53 ± 0.62b 78.05 ± 0.32c

T4 0.20 ± 0.03c 0.040 ± 0.0047a 8.79 ± 0.59a 72.04 ± 0.46d

Within each column, means followed by the same letters are not significantly different at P\ 0.05

DW indicates dry weight. T1 indicate plants exposed to 0 mM NaCl; T2 indicates plants exposed to 150 mM NaCl; T3 indicates

plants pretreated with 150 mM NaCl for 10 days and then exposed to 300 mM NaCl; T4 indicates non-pretreated plants exposed to

300 mM NaCl
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greater biomass and maintained higher photosynthetic

activity than non-pretreated plants under salt stress

(Table 1; Fig. 1a). Stomatal aperture often declines

under salt stress for reducing water loss from transpi-

ration (Chaves et al. 2009; Yan et al. 2012). The lower

salt-induced decrease in leaf relative water content

suggested the enhanced osmotic resistance in

pretreated plants (Table 1). Thus, pretreated plants

could maintain higher gs and mitigate stomatal

limitation on photosynthesis under salt stress

(Fig. 1b). As the primary toxic component, Na? can

inhibit CO2 fixation by inducing negative effects on

the enzymes for CO2 fixation (Yang et al. 2008). Salt

pretreatment decreased Na? accumulation in the leaf

Fig. 1 Photosynthetic rate (Pn, a), stomatal conductance (gs,

b), intercellular CO2 concentration (Ci, c), actual photochemical

efficiency of PSII (UPSII, d) and excitation pressure (1-qP, e)
in the leaves of sweet sorghum exposed to 300 mM NaCl. Data

in the figure indicate mean of five replicates (±SD). Different

letters on error bars indicate significant difference at P\ 0.05.

T1 indicate plants exposed to 0 mM NaCl; T2 indicates plants

exposed to 150 mM NaCl; T3 indicates plants pretreated with

150 mM NaCl for 10 days and then exposed to 300 mM NaCl.

T4 indicates non-pretreated plants exposed to 300 mM NaCl.

These symbols are also used in the following figures
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under salt stress and then could reduce ionic toxicity

on photosynthetic activity (Table 1).

Inhibition on CO2 assimilation can reduce the

utilization of reducing equivalents, increase ROS

production and lead to PSII photoinhibition by inhibit-

ing the recovery of D1 protein (Nishiyamaa et al. 2011;

Koyro et al. 2013). Under salt stress, the decrease in Pn

might induce the elevation of 1-qP and the decrease in

UPSII because of their remarkable correlation

(Table 2), and could increase the possibility of ROS

generation in PSII. As a result, PSII photoinhibition

arose in non-pretreated plants (Fig. 3b). As the tradi-

tional viewpoint, PSII is more susceptible to abiotic

stresses than PSI, and PSII photoinhibition can protect

PSI against photoinhibition by reducing the electron

transport to PSI (Sonoike 2011). In parallel with PSII

photoinhibition, electron transport in PSII acceptor

side was depressed in non-pretreated plants (Fig. 2a,

b), which restricted electron donation for PSI (Fig. 3c,

d). As a consequence, PSI re-reduction should not be

effectively driven and PSI oxidation amplitude would

be increased in the 1 s red light illumination. On the

contrary, PSI re-reduction was not delayed, and PSI

oxidation amplitude was even significantly decreased

(Fig. 2c, d). This contradict resulted from PSI pho-

toinhibition which inhibited electron transport to its

acceptor side and could depress PSI oxidation, and

more severe photoinhibition of PSI brought about the

Fig. 2 Chlorophyll a fluorescence transient and 820 reflection

transient during the first 1 s red illumination in the leaves of

sweet sorghum exposed to 300 mM NaCl for 4 days (a, c) and
7 days (b, d). O, J, I and P indicates the specific steps in this

transient. MR0 is the value at the onset of actinic illumination (at

0.7 ms), and MR was the reflection signal during the 1 s of red

illumination. MRmin is the minimal value of MR/MR0 at

about 29 ms. PSI oxidation amplitude was expressed as

MR0 - MRmin. Data in the figure indicate mean of five

replicates (±SD). Different letters on error bars indicate

significant difference at P\ 0.05
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significant decrease in PSI oxidation amplitude. Thus,

PSI seems more susceptible to salt stress than PSII in

sweet sorghum. On one hand, PSII photoinhibition can

alleviate or prevent PSI photoinhibition by reducing

electron flow to PSI, and they do not change in the same

way, as severe PSII photoinhibition appears without

PSI photoinhibition (Yan et al. 2013a; Yang et al.

2014). On the other hand, PSI photoinhibition can

result in PSII photoinhibition due to the feedback

inhibition on electron transport at PSII acceptor side,

and they share the same change pattern and have

positive correlation (Zhang et al. 2012, 2014). In this

study, the significant positive correlation among Fv/

Fm, 4MR/MR0, ETo/TRo and ETo/ABS indicated

that salt stress might initially induce PSI photoinhibi-

tion, and then inhibited the electron transport at the

Fig. 3 The maximum PSI redox activity (4MR/MR0, a), the
maximum quantum yield of PSII (Fv/Fm, b), probability that an
electron moves further than QA (ETo/TRo, c) and quantum yield

for electron transport (ETo/ABS, d) in salt-pretreated plants

exposed to 300 mM NaCl. Data in the figure indicate mean of

five replicates (±SD). Different letters on error bars indicate

significant difference at P\ 0.05

Table 2 Correlation

among Fv/Fm, 4MR/MR0,

ETo/TRo, ETo/ABS,

UPSII, 1-qP and Pn in salt-

pretreated and non-

pretreated sweet sorghum

during salt stress at

300 mM NaCl

* P\ 0.05, ** P\ 0.01

Fv/Fm 4MR/MR0 ETo/TRo ETo/ABS UPSII 1-qP Pn

Fv/Fm 1 0.938** 0.923** 0.936** 0.834* -0.866* 0.710

4MR/MR0 1 0.887* 0.885* 0.857* -0.853* 0.741

ETo/TRo 1 0.998** 0.868* -0.893* 0.778

ETo/ABS 1 0.874* -0.905* 0.788

UPSII 1 -0.987** 0.966**

1-qP 1 -0.965**

Pn 1
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acceptor side of PSII (Table 2). As a result, excitation

pressure of PSII was elevated with the occurrence of

PSII photoinhibition. In agreementwith the occurrence

of photoinhibition, lipid peroxidation was significantly

increased in non-pretreated plants by salt stress

(Table 1), confirming the oxidative damage of ROS.

In line with the study on rice, salt pretreatment

alleviated PSII photoinhibition in sweet sorghum

under salt stress (Fig. 3b), and the actual electron

flow from PSII to PSI was in a higher level in salt-

pretreated plants than non-pretreated plants (Fig. 1d).

Under abiotic stress, more electron donation from PSII

is hazardous for PSI (Sonoike 2011; Zhang et al.

2011). However, PSI photoinhibition did not occur in

salt-pretreated plants (Fig. 3a), and the normal coor-

dination between PSII and PSI was maintained

(Fig. 2c, d). Therefore, salt pretreatment protected

PSI against photoinhibition not by aggravating PSII

photoinhibition. PSI photoinhibition is induced by

ROS produced at its acceptor side, and besides the

electron donation from PSII, the amount of ROS

generation also depends on the electron use efficiency

at PSI acceptor side. CO2 assimilation is mainly

responsible for consuming reducing equivalents and

quenching electrons at PSI acceptor side. When CO2

assimilation is inhibited, the possibility of photoinhi-

bition will increase, because more electrons will be

transferred to O2 to generate ROS (Takahashi and

Murata 2008). Thus, salt pretreatment contributed to

suppressing PSI photoinhibition and then alleviating

PSII photoinhibition in sweet sorghum under salt

stress by mitigating the decrease in CO2 assimilation

(Figs. 1a, 3a, b). It is worth to note that the decreased

amplitude of Pn in salt-pretreated plants after 7 days

of salt stress is nearly equivalent to that in non-

pretreated plants after 4 days of salt stress (Fig. 1a),

however, PSI photoinhibition did not appear yet in

salt-pretreated plants. In addition, excitation pressure

of PSII was also remarkably elevated in salt-pretreated

plants (Fig. 1e), but PSII photoinhibition was not

observed. Therefore, salt pretreatment suppressed salt-

induced PSI and PSII photoinhibition not just by

alleviating the decrease in CO2 assimilation. There are

protection mechanisms such as xanthophyll cycle, PSI

cyclic electron transport and antioxidants to dissipate

the excess excitation energy or scavenge ROS in

chloroplast (Lu et al. 2008; Azzabi et al. 2012; Zivcak

et al. 2013; Kiani-Pouya 2015). We supposed that salt

pretreatment might stimulate these protection

mechanisms to resist the negative effects of salt stress

on photosynthetic apparatus.

To summarize, salt pretreatment protected PSII and

PSI against photoinhibition in sweet sorghum under salt

stress and ensured their normal coordination. To some

extent, the alleviated decrease in CO2 assimilation by

salt pretreatment helped to suppress PSI photoinhibition

and then alleviate PSII photoinhibition.
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