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Introduction
Increased climatic variability leading to more frequent extreme conditions may 
result in plants being exposed to more than one extreme event in a single growing 
season. Increases in greenhouse gas concentrations may increase both mean air 
temperature and the frequency of periods with extremely high temperatures. As 
with temperature, variability in drought occurs via variation in its timing, intensity, 
and duration. Water deficits and high-temperature are major abiotic stress factors 
restricting plant growth and productivity in many regions, and they often occur 
simultaneously.

However, most of the studies done to date have focused on the impact of one 
single environmental stress event. The combined effect of more than one type of 
stress on plant metabolism has received less attention.

In plants, basic region/leucine zipper (bZIP) transcription factors regulate many 
processes including ABA mediated stress signaling, and are contributing to plant 
stress tolerance. 

The objective of the present study was to elucidate the function of ABP9 in terms of 
light- and carbon-use efficiencies during water deficits (WD), heat shock (HS), and 
both stresses (HSWD) in Arabidopsis thaliana.
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Materials and Methods
Arabidopsis thaliana ecotype Columbia (WT) and ABP9 transgenic homozygous line 
(5P2, with moderate ABP9 expression level) were used in this study. ABP9 (ABRE 
Binding Protein 9), which specifically binds to the ABRE2 (ABA responsive element) 
motif of the maize catalase1 gene is involved in the ABA-dependent signaling 
pathway. Downstream targets of ABP9 identified by microarray analysis revealed 
that expression of many stress-defensive genes and ABA-responsive genes were 
significantly enhanced, in particular those related to photosynthesis.

The seeds were sown in pots filled with a mixture of vermiculite, perlite and peat 
moss (1:1:1 by volume) and placed at 4ºC for four days in the dark to break residual 
dormancy. After emerging, plants were grown in the greenhouse at 20ºC. 

At about the 8-true-leaves stage, the plants were transferred to growth chambers. 
The plants in one chamber were imposed to water-deficits (WD), where the 
temperature was set to 20ºC and the well-watered plants severed as controls. The 
plants in the other chamber were assigned to heat shock (HS) and heat shock + 
water deficits (HSWD), where the temperature was set at 42ºC. HS was applied by 
raising the temperature in the growth chamber to 42ºC for 5h. 

The plants were harvested immediately after the treatments and samples were 
stored at -80ºC for ABA and pigment analysis. Gas exchange measurements were 
done with standard techniques and relative quantification of gene expression by 
Real-time PCR assay.

Materials and Methods
Arabidopsis thaliana ecotype Columbia (WT) and ABP9 transgenic homozygous line 
(5P2, with moderate ABP9 expression level) were used in this study. ABP9 (ABRE 
Binding Protein 9), which specifically binds to the ABRE2 (ABA responsive element) 
motif of the maize catalase1 gene is involved in the ABA-dependent signaling 
pathway. Downstream targets of ABP9 identified by microarray analysis revealed 
that expression of many stress-defensive genes and ABA-responsive genes were 
significantly enhanced, in particular those related to photosynthesis.

The seeds were sown in pots filled with a mixture of vermiculite, perlite and peat 
moss (1:1:1 by volume) and placed at 4ºC for four days in the dark to break residual 
dormancy. After emerging, plants were grown in the greenhouse at 20ºC. 

At about the 8-true-leaves stage, the plants were transferred to growth chambers. 
The plants in one chamber were imposed to water-deficits (WD), where the 
temperature was set to 20ºC and the well-watered plants severed as controls. The 
plants in the other chamber were assigned to heat shock (HS) and heat shock + 
water deficits (HSWD), where the temperature was set at 42ºC. HS was applied by 
raising the temperature in the growth chamber to 42ºC for 5h. 

The plants were harvested immediately after the treatments and samples were 
stored at -80ºC for ABA and pigment analysis. Gas exchange measurements were 
done with standard techniques and relative quantification of gene expression by 
Real-time PCR assay.

Conclusions
The results indicate that ABP9 transgenic plants are less susceptible to stress than the WT. 
The increased ABA contents in both WT and 5P2 plants in response to WD and/or HS 
stresses suggest that declines in A and gs might have been due to ABA-induced stomatal 
closure. Compared with WT, 5P2 plants exhibited higher ABA content. 
Collectively, our results indicate that constitutive expression of ABP9 improves the 
photosynthetic capacity of plants under stress by dissipating excess light energy, and 
elevating carbon-use efficiency as well as increasing ABA content, IWUE, and expression 
of stress-defensive genes, suggesting an important role of ABP9 in the regulation of plant 
photosynthesis under stress.
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Fig. 1. Effects of water deficits (WD), heat shock (HS) and combination (HSWD) on net CO2
assimilation rate (A), stomatal conductance (gs), transpiration rate (E) and instantaneous water use 
efficiency (IWUE).
WD, HS and HSWD significantly reduced net photosynthetic rate (A) in WT). In 5P2 transgenic plants 
WD and HS had less effect, indicating that ABP9 transgenic plants are not as susceptible to these 
stresses as the wild type. 
In both 5P2 and WT, gs showed a similar response as for A to the 3 stress treatments. Thus, the 
reduction of A was probably due mainly to lowered gs under stress conditions. 
E was slightly decreased by WD in both WT and 5P2 plants and was significantly increased by HS and 
HSWD. IWUE significantly decreased in the HS and HSWD treatments in both WT and 5P2. 

Fig 2. Leaf ABA content of wild-type (WT) 
and transgenic plants (5P2) under well-
watered (control), water deficits, heat 
shock and combination treatments.

Under WD, HS and HSWD, leaf ABA 
content in both WT and 5P2 plants was 
significantly increased. 

5P2 transgenic plants had significantly 
higher leaf ABA content than WT in all 
stress treatments.

Fig 3. Light response curves for electron transport rate 
(ETR), effective quantum yield (ΦPSII) and non-photo-
chemical quenching (NPQ) of WT and 5P2 under well-
watered (A, E), water deficits (B, F), heat shock (C, G) and 
combination (D, H).
WD had no distinct effects on ETR, but increased under HS 
and HSWD in both WT and 5P2 plants.
The responses of WD plants to ΦPSII were similar to the 
controls. HS and HSWD-stressed plants showed a much 
less steeper decline, indicating that light-use efficiency was 
increased by HS. 
5P2 plants increased NPQ under control as compared to 
the WT. When exposed to HS and HSWD, NPQ remained 
significantly higher in 5P2 than in the WT.

Fig. 4. Genes regulated in 5P2 plants over-expressing ABP9
identified by Real-time quantitative PCR in response to water 
deficits (WD), heat shock (HS) and in combination (HSWD). The 
amount of target gene, normalized to the endogenous (actin2) and 
relative to the calibrator (WT) is given by 2-ΔΔCT. The figure was 
plotted as LN amount of target genes vs. different treatments.
Compared with WT, transcript levels of PsbW, Lhca6 and Lhcb2.4 
were reduced under control in 5P2 plants. Under WD and HS 
stresses, 5P2 plants showed an increase in Lhca6 and Lhcb2.4 
RNA levels, while expression of PsbW was decreased under WD, 
and increased under HS. Under HSWD, the expressions of all the 
three genes were down-regulated. 
Transcript levels of the stress-responsive genes were enhanced in 
5P2 transgenic line under control, WD and HS conditions. These 
included DREB2A and HIS1-3, HSFa6a and HSP17.4. 
Nevertheless, under HSWD, the expression of HSFa6a and 
HSP17.4 was depressed, but DREB2A and HIS1-3 were still 
enhanced. 
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