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Abstract:



The wild wheat Aegilops tauschii Coss. has extensive natural variation available for breeding of common wheat. Drought stress tolerance is closely related to abscisic acid (ABA) sensitivity. In this study, 17 synthetic hexaploid wheat lines, produced by crossing the tetraploid wheat cultivar Langdon with 17 accessions of Ae. tauschii, were used for comparative analysis of natural variation in drought tolerance and ABA sensitivity. Ae. tauschii showed wide natural variation, with weak association between the traits. Drought-sensitive accessions of Ae. tauschii exhibited significantly less ABA sensitivity. D-genome variations observed at the diploid genome level were not necessarily reflected in synthetic wheats. However, synthetic wheats derived from the parental Ae. tauschii accessions with high drought tolerance were significantly more tolerant to drought stress than those from drought-sensitive accessions. Moreover, synthetic wheats with high drought tolerance showed significantly higher ABA sensitivity than drought-sensitive synthetic lines. In the hexaploid genetic background, therefore, weak association of ABA sensitivity with drought tolerance was observed. To study differences in gene expression patterns between stress-tolerant and -sensitive lines, levels of two Cor/Lea and three transcription factor gene transcripts were compared. The more tolerant accession of Ae. tauschii tended to accumulate more abundant transcripts of the examined genes than the sensitive accession under stress conditions. The expression patterns in the synthetic wheats seemed to be additive for parental lines exposed to drought and ABA treatments. However, the transcript levels of transcription factor genes in the synthetic wheats did not necessarily correspond to the postulated levels based on expression in parental lines. Allopolyploidization altered the expression levels of the stress-responsive genes in synthetic wheats.
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1. Introduction


Abiotic stress signal pathways have been studied using artificially generated mutants in the model plant Arabidopsis thaliana. However, naturally occurring variants still provide an important alternative source of genetic variation [1]. Recent progress in the analysis of natural variation in Arabidopsis demonstrates the usefulness of wild populations for identification of genetic loci accounting for naturally occurring variation in abiotic stress tolerance [2–4]. Naturally occurring variants are useful in determining which specific allelic variants exist in nature, where they might either be neutral or have a selective advantage under specific conditions [1].



Abiotic stresses such as drought, temperature and salinity reduce yield of common wheat (Triticum aestivum L.). Under abiotic stress conditions, plant cells undergo drastic physiological, biochemical and metabolic changes leading to the development of stress tolerance at the cellular level. One of the mechanisms behind development of stress tolerance is induction of the Cor (cold-responsive)/Lea (late-embryogenesis-abundant) gene family; COR/LEA proteins promote the development of stress tolerance by protecting cellular components from stress [5]. A number of Cor/Lea genes are not only responsive to low temperature but also to drought and abscisic acid (ABA). Many low temperature- and drought-inducible genes contain both C-repeat (CRT)/dehydration-responsive element (DRE) and ABA-responsive element (ABRE) motifs in their promoters, and these cis elements are considered to function independently. Expression of these Cor/Lea genes is regulated by major transcription factors in the CBF/DREB and AREB/ABF families under abiotic stress conditions such as low temperature and osmotic stress [6].



ABA is one of the key plant hormones responding to environmental stress [7]. ABA is synthesized de novo mainly in response to drought and high salinity stress in vegetative tissues [8,9]. Several Cor/Lea genes, the expression of which correlate with increased freezing and drought tolerance, are also responsive to exogenous ABA [10], and ABRE sequences exist in the promoter regions of these Cor/Lea genes in Arabidopsis [11–13]. The Arabidopsis basic region/leucine zipper (bZIP)-type AREB/ABF proteins bind as dimers to ABRE and activate ABA-dependent gene expression [14–16].



CRT/DRE, ABRE and other cold-responsive motifs have been identified in the 5′ upstream regions of many wheat Cor/Lea genes such as Wdhn13 and Wrab17 [17–20]. Wheat CBF homologs such as TaCBF, TaDREB1 and WCBF2 encode transcription factors recognizing the CRT motif [21–24]. Of the CBF homologs, TaDREB1 expression is clearly responsive to drought stress and ABA. In addition, wheat bZIP-type transcription factors, WABI5, TaOBF1 and WLIP19, bind to the Cor/Lea promoter regions and directly activate Cor/Lea gene expression [25,26]. Expression of WABI5, TaOBF1 and WLIP19 is increased after drought stress and ABA treatment in leaves of common wheat seedlings. Thus, Cor/Lea gene expression mediated by CBF/DREB and bZIP-type transcription factors might play a central role in development of abiotic stress tolerance in wheat.



Aegilops tauschii Coss. (syn. Ae. squarrosa Eig.), a wild relative of wheat, is one of the diploid progenitors of common wheat [27,28]. Common wheat is an allohexaploid species that originated from natural hybridization between tetraploid wheat (Triticum turgidum L.), including emmer and durum wheats, and Ae. tauschii [29,30]. Ae. tauschii is widely distributed in Eurasia and shows abundant genetic variation [31–36]. The birthplace of common wheat is considered to lie within the area comprising Transcaucasia and the southern coastal region of the Caspian Sea [37]. Therefore, the Ae. tauschii populations involved in the origin of common wheat are limited to a narrow distribution range relative to the entire species range, suggesting that this species holds vast genetic diversity that is not represented in common wheat [37]. Natural variation in the Ae. tauschii population provides potential for improving modern varieties of common wheat. In fact, hexaploid synthetic wheat derived from crosses between tetraploid wheat and Ae. tauschii has the potential to provide new genetic variation for abiotic stress tolerance [38].



In the present study, we surveyed naturally occurring genetic variation in drought tolerance and ABA sensitivity in Ae. tauschii. Next, we examined expression of the natural variation in synthetic hexaploid lines produced by crossing the tetraploid wheat cultivar Langdon with Ae. tauschii accessions. In addition, we compared expression of the Cor/Lea and Cor/Lea transcription factor genes to analyze the molecular nature of the natural variation in both synthetic wheats and their parental accessions. Based on these results, we discuss the relationship between drought tolerance and ABA sensitivity and the usefulness of Ae. tauschii variation in wheat breeding.




2. Results


2.1. Natural Variation in Dehydration Tolerance and ABA Sensitivity in Aegilops Tauschii


Thirty accessions of Ae. tauschii were examined to evaluate the level of drought tolerance and exogenous ABA sensitivity (Table 1). The drought tolerance level was calculated based on the survival rate of 10-d-old seedlings after 24 h of drought treatment at 25°C; it varied widely from 0 ± 0.0% (KU-2811) to 90.0 ± 17.3% (KU-2093) in the 30 Ae. tauschii accessions (Figure 1A). All accessions from Iran (n=7) showed high tolerance to drought stress, whereas Transcaucasus accessions exhibited comparatively low levels of drought tolerance. The average survival was 37.4 ± 34.1%. Thirteen of all the accessions examined showed less than 30% survival, and only three accessions exhibited more than 70% survival under drought conditions (Figure 1B).


Figure 1. Natural variation in drought tolerance and ABA sensitivity in 30 Ae. tauschii accessions.(A) Survival rates (%) after 24 h drought stress. Means ± SDs were calculated from data from three independent experiments. In each experiment, at least 10 plants were tested. (B) Frequency distribution of the drought tolerance levels (%) in the 30 Ae. tauschii accessions. (C) Growth inhibition rate (%) in the presence of 10 μM ABA. Means ± SD were calculated from data from three independent experiments. In each experiment, at least five plants were tested. (D) Frequency distribution of ABA sensitivity in the 30 Ae. tauschii accessions.
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Table 1. Origin and identity of Ae. tauschii accessions used in this study.







	
Origin

	
Accession number






	
Afghanistan

	
KU-2059a, PI476874b, KU-2027




	
Armenia

	
KU-2811a, KU-2816




	
Azerbaijan

	
IG47188, IG47193




	
China

	
PI499262b, AT47c, AT76c




	
Dagestan

	
KU-20-1, IG120866




	
Georgia

	
AE454c, KU-2829Ac




	
Kazakhstan

	
AE1090




	
Kyrgyzstan

	
IG131606c




	
India

	
IG48042c




	
Iran

	
KU-2076b, KU-2078a, KU-2093b, KU-2126b, KU-2160c, KU-2069, KU-2088




	
Pakistan

	
IG46663a




	
Syria

	
IG46623, IG47259




	
Tajikistan

	
IG48554a




	
Turkmenistan

	
IG48518, IG126387








KU: Plant Germ-Plasm Institute, Faculty of Agriculture, Kyoto University, Japan.



PI: National Small Grains Research Facility, USDA-ARS, USA.



IG: International Centre for Agricultural Research in the Dry Areas (ICARDA), Syria.



AE: Institut für Pflanzengenetik und Kulturpflanzenforschung (IPK), Germany.



AT: Faculty of Agriculture, Okayama University, Japan.



a:Parental accessions for synthetic hexaploids produced in this study.



b:Parental accessions for synthetic hexaploids reported in Takumi et al. [50].



c:Parental accessions for synthetic hexaploids from triploids in Matsuoka et al. [33].








It was previously reported that cultivar difference of responsiveness to exogenous ABA was corresponding to the difference of abiotic stress tolerance in common wheat [19]. Here, we called the responsiveness to exogenous ABA as ABA sensitivity. ABA sensitivity was evaluated by inhibition of post-germination growth in the presence of 10 μM ABA. ABA greatly reduced root length in most accessions of Ae. tauschii. The ABA sensitivity was measured by the relative growth inhibition rate (% reduction in the presence ABA relative to growth in the absence of ABA).



It also varied widely from 2.0 ± 7.3% (KU-2811) to 65.4 ± 22.4% (KU-2160) in the 30 Ae. tauschii accessions (Figure. 1C, 1D). The average ABA sensitivity was 29.1 ± 21.1%.



The ABA sensitivity of each of the 30 Ae. tauschii accessions was compared with its drought tolerance. KU-20-1 showed exceptionally low drought tolerance in spite of high ABA sensitivity. In the 29 other accessions, the correlation between drought tolerance and ABA sensitivity was positive (R2=0.0993), but not significant (Figure 2A). These 29 accessions were classified into three groups: drought-sensitive (<20% survival rate), moderately tolerant (20–50%) and highly tolerant (>50%) groups. Student’s t-test showed that the ABA sensitivity of the drought-sensitive group was significantly (P < 0.05) lower than that of the moderately and highly tolerant groups (Figure 2B).


Figure 2. Correlation between drought tolerance and ABA sensitivity in Ae. tauschii.(A) Scatter plot showing drought tolerance and ABA sensitivity in 30 Ae. tauschii accessions. (B) Comparison of ABA sensitivity for three Ae. tauschii groups (excluding KU-20-1, which had a distinct level of drought tolerance). Student’s t-test was used to test for statistical significance (*P < 0.05) between the different categories of drought tolerance.
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2.2. Expression of Dehydartion Tolerance and ABA Sensitivity in Synthetic Wheats


Seventeen lines of synthetic wheats were used to evaluate the level of drought tolerance and ABA sensitivity. These 17 lines were derived from interspecific crosses between a tetraploid wheat accession Triticum durum cv. Langdon and 17 Ae. tauschii accessions (Table 1). The somatic chromosome number was 42 in all F3 seeds examined from single F2 plants of each synthetic. All the synthetics were highly fertile and there was no segregation of plants with excessively reduced height (indicative of haploidy or aneuploidy) in the F2 populations (data not shown), suggesting that the synthetics were hexaploid and stable.



Seedlings of the synthetic wheat lines were treated by dehydration stress for four days, because the synthetic wheats were tolerant to the 24-h drought treatment. The synthetic wheats showed wide variation for both drought tolerance and sensitivity to exogenous ABA, but the range of variation in the synthetic wheats was narrower than in the parental Ae. tauschii accessions (Figures 3A, 3D). The average drought tolerance level was 38.3 ± 11.3% in synthetic wheats, and the tolerance levels varied from 16.7 ± 5.8% (Langdon x PI499262) to 56.7 ± 25.2% (Langdon x KU-2160). There was a positive correlation of drought tolerance levels between synthetic wheats and the parental Ae. tauschii accessions (R2=0.238), but the correlation was not significant (P=0.24) (Figure 3B). The 17 synthetic lines were divided into three groups based on the level of drought tolerance of their parental Ae. tauschii accessions. Group A consisted of four lines, of which the parental Ae. tauschii accessions PI499262, KU-2059, KU-2811 and AT47 showed drought sensitivity (less than 15% survival rates). A total of six synthetic wheats were classified into group B and seven into group C, for which the respective parental Ae. tauschii accessions exhibited moderate (20–50%) and high (>50%) drought tolerance levels. The group C lines showed significantly higher drought tolerance than group A (Figure 3C). In group C, the synthetic lines were more tolerant to drought stress than the parental Langdon (Figure 3A).


Figure 3. Variation in drought tolerance and ABA sensitivity of 17 synthetic wheats and their parental lines.(A) Drought tolerance revealed by survival rate after a 4 d drought treatment. (B) Scatter plot of drought tolerance in the synthetics and parental Ae. tauschii accessions. (C) Comparison of drought tolerance for three categories of synthetics having parental Ae. tauschi lines with distinct levels of drought tolerance. Student’s t-test was used to test for statistical significance (*P < 0.05) compared with the drought-sensitive group with low drought tolerance. A, drought-sensitive accessions; B, accessions with moderate drought tolerance; C, highly drought tolerant accessions. (D) ABA sensitivity based on relative growth inhibition (%) due to 20 μM ABA treatment. Means ± SD were calculated from data from three independent experiments. In each experiment, at least five plants were tested. (E) Scatter plot of ABA sensitivity in the synthetics and parental Ae. tauschii accessions. (F) Comparison of ABA sensitivity for three categories of synthetics having parental Ae. tauschi lines with distinct levels of ABA sensitivity. I, low ABA-sensitivity accessions; II, moderately ABA-sensitive accessions; III, highly ABA-sensitive accessions.
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The average ABA sensitivity was 70.3 ± 6.9% in synthetic wheats, and varied from 56.7 ± 10.6% (Langdon x KU-2811) to 83.5 ± 8.2% (Langdon x KU-2829A) under the 20 μM ABA condition. The correlation (R=0.424) of the ABA sensitivity between synthetic wheats and parental Ae. tauschii accessions was not significant (P=0.09) (Figure 3E). The 17 synthetic wheats were classified into three groups based on the ABA sensitivities of their parental Ae. tauschii accessions. Five synthetic lines with less than 21% of their parental Ae. tauschii sensitivity belonged to group I and seven with 21–40% sensitivity belonged to group II. Group III consisted of five accessions with more than 40% the ABA sensitivity of their parental Ae. tauschii accessions. No significant difference, however, was observed among the three groups. Although all parental Ae. tauschii accessions showed lower ABA sensitivity than Langdon, seven synthetic wheat lines were more sensitive to exogenous ABA than the parental Langdon (Figure 3D).



The relationship between the level of drought tolerance level and ABA sensitivity was studied in the hexaploid genetic background. Correlation (R) values between drought tolerance and ABA sensitivity were 0.49 (P=0.122) in the parental Ae. tauschii accessions and 0.29 (P=0.26) in the synthetic wheats (Figures 4A, 4B). No significance was observed between the drought tolerance level and ABA sensitivity at either the diploid or hexaploid level. The range of variation in the level of drought tolerance and ABA sensitivity was narrower in the synthetic lines than in the parental Ae. tauschii accessions. The ABA sensitivity of the 17 synthetic wheat lines was also compared with the level of drought tolerance of both parental Ae. tauschii accessions and synthetic lines. No significant difference in ABA sensitivity was observed among the three groups based on the drought tolerance of the parental Ae. tauschii accessions (Figure 4C). The highly drought-tolerant group with more than 45% tolerance in the synthetic wheats was significantly more sensitive to exogenous ABA treatment than the other groups (Figure 4D).


Figure 4. Correlation between drought tolerance and ABA sensitivity in synthetic wheats and parental accessions.(A) Scatter plot of drought tolerance and ABA sensitivity in the parental Ae. tauschii accessions. (B) Scatter plot of drought tolerance and ABA sensitivity in the synthetic lines. (C) Comparison of ABA sensitivity for three groups of Ae. tauschii accessions with distinct levels of drought tolerance. A, drought-sensitive accessions; B, accessions with moderate drought tolerance; C, highly drought-tolerant group. (D) Comparison of ABA sensitivity for three groups of synthetic wheats with distinct levels of drought tolerance. Student’s t-test was used to test for statistical significance (*P < 0.05) compared with the >45% survival group with low drought tolerance.
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2.3. Expression Patterns of Cor/Lea Genes under Stress Conditions


To compare gene expression patterns between lines with low and high ABA sensitivity, two Ae. tauschii accessions, KU-2811 (low ABA sensitivity) and KU-2829A (high ABA sensitivity), and synthetic lines derived from them were selected. Both KU-2811 and a synthetic wheat line derived from Langdon and KU-2811 showed the lowest ABA sensitivity, while KU-2811 was the most drought-sensitive. The ABA sensitivity of both KU-2829A and a synthetic wheat line derived from Langdon and KU-2829A was high, and the drought tolerance of the KU-2829A-derived synthetic line was also high.



Two Cor/Lea genes, Wrab17 and Wdhn13, are responsive to exogenous ABA and drought stress treatment [17–19]. Expression levels of the Actin gene used as an internal control were not changed by stress treatment in any of the accessions and lines examined. Wrab17 transcript accumulation was clearly induced by ABA and drought treatment in both Ae. tauschii accessions (Figure 5A). KU-2829A accumulated Wrab17 transcripts more abundantly than KU-2811 under both stress conditions. In Langdon and the two synthetic wheats, induction of Wrab17 expression was not clear, and the accumulation was highly abundant. No significant difference in expression pattern was observed for the ABA and drought treatments among Langdon and the two synthetic wheats.


Figure 5. Expression patterns of two Cor/Lea genes (Wrab17 and Wdhn13) and three transcription factor genes (TaDREB1, WABI5 and TaOBF1) in the synthetic wheats, parental Ae. tauschii accessions and Langdon after ABA and drought-stress treatment.(A) ABA-responsive expression. Gene expression patterns were revealed by RT-PCR analysis using the same set of RNA preparations. Actin was used as internal control. Total RNA was extracted from leaves of seedlings after the indicated times in the 20 μM ABA treatment. (B) Drought-responsive expression. Total RNA was extracted from leaves of seedlings after the indicated drought treatment.
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Wdhn13 expression was responsive to ABA and drought stress in all accessions and lines examined (Figure. 5B). The Wdhn13 transcript levels were higher in KU-2829A than in KU-2811 under the drought stress conditions. The ABA- and drought-responsive expression patterns in both synthetics seemed to correspond to the sum of those of Langdon and the parental Ae. tauschii accessions. ABA-responsive accumulation of Wdhn13 transcripts occurred earlier in the KU-2829A-derived synthetic line than in the KU-2811-derived line. Under drought stress, the Wdhn13 transcript level reached a high plateau earlier in the KU-2829A-derived synthetic line than in the KU-2811-derived line.




2.4. Expression Patterns of Transcription Factor Genes under Stress Conditions


In previous studies, we reported that Wrab17 and Wdhn13 expression is at least partly controlled by CBF/DREB-related transcription factors as well as by WABI5, WLIP19 and TaOBF1 transcription factors [19,20,24,25]. In the present study, expression patterns of three transcription factor genes, TaDREB1, WABI5 and TaOBF1, were compared for lines with low and very high ABA sensitivity. The RNA samples used for the analysis of expression of these transcription factor genes were the same ones used for profiling Wrab17 and Wdhn13 gene expression.



Expression of TaDREB1, WABI5 and TaOBF1 was responsive to exogenous ABA treatment in Langdon and the parental Ae. tauschii accessions (Figure 5A). KU-2829A more abundantly accumulated TaDREB1 and WABI5 transcripts than KU-2811 after ABA treatment. TaDREB1 and WABI5 transcript levels were higher in the KU-2829A-derived synthetic line than in the KU-2811-derived line. Expression of the three transcription factor genes was responsive to drought stress treatment, but the induction was more rapid than after ABA treatment (Figure 5B). The drought-responsive expression patterns of TaDREB1, WABI5 and TaOBF1 in both synthetics seemed to correspond to the sum of those of Langdon and the parental Ae. tauschii accessions.



For quantitative comparison of transcript levels of TaDREB1, WABI5 and TaOBF1, real-time RT-PCR analysis was conducted using RNA samples obtained after exogenous ABA (0.5, 5 and 12 h) and drought (0.5, 4 and 12 h) treatments. Transcript levels relative to Langdon (0.5 h) were calculated for both the parental Ae. tauschii accessions and the synthetic wheat lines. The transcript levels in the synthetic wheats were also compared with the postulated transcript levels, which were calculated as a 2:1 mixture of Langdon and the parental Ae. tauschii accession. Transcript levels of TaDREB1, WABI5 and TaOBF1 in KU-2829A were much higher than those in KU-2811 after ABA treatment (Figure 6). The TaDREB1, WABI5 and TaOBF1 transcript levels in the KU-2829A-derived synthetic line were also higher than those in the KU-2811-derived line, but they were different than the postulated levels. Under drought stress conditions, TaOBF1 transcript in KU-2829A and the KU-2829A-derived synthetic line accumulated more abundantly than in KU-2811 and the KU-2811-derived synthetic line. Similarly to the expression levels after ABA treatment, the TaOBF1 transcript levels in the synthetic lines differed from the postulated levels.


Figure 6. Comparison of transcript levels in synthetic wheats and their parental lines. Quantitative RT-PCR analysis was conducted using leaves from ABA- and drought stress-treated seedlings. The postulated levels in the synthetic wheats were calculated as 2:1 ratio mixtures of the transcript levels of the parental Langdon and Ae. tauschii accessions. Each transcript level was represented as the value relative to the Langdon level at 0.5 h.(A) TaDREB1 transcript levels after ABA treatment. (B) WABI5 transcript levels after ABA treatment. (C) TaOBF1 transcript levels after ABA treatment. (D) TaOBF1 transcript levels under drought conditions.
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3. Discussion


Naturally occurring genetic variation is one of the most important basic resources for plant biology [1]. Ae. tauschii has a wide natural species range in central Eurasia, ranging from northern Syria and Turkey to Western China. In previous studies, the natural variation of Ae. tauschii populations was analyzed for several traits, including flowering and morphological traits and hybrid lethality in crosses with tetraploid wheat [33–35]. Ae. tauschii is also known as the D-genome progenitor of hexaploid bread wheat. Therefore, hexaploid synthetic wheat lines can be artificially produced through allopolyploidization between tetraploid wheat and Ae. tauschii [39,40], implying that agronomically important genes from natural variation of the Ae. tauschii population are available for wheat breeding by making synthetic wheats. In this study, natural variation in drought tolerance level and ABA sensitivity was evaluated in the Ae. tauschii population. ABA is a plant hormone known to be tightly associated with environmental stress such as drought and salt [7]. Ae. tauschii showed wide natural variation for the level of drought tolerance and ABA sensitivity (Figure 1), and weak association between the two traits was observed (Figure 2). Drought-sensitive accessions of Ae. tauschii exhibited significantly less ABA sensitivity. This observation agreed with previous knowledge of the function of ABA in abiotic stress responses. Therefore, the natural variation analysis in this study suggested that ABA plays at least an important partial role in development of drought stress tolerance in wild diploid wheat. However, the correlation between the level of drought tolerance and ABA sensitivity was low in the Ae. tauschii accessions. Seven accessions of Ae. tauschii from Iran, mostly originating from the Caspian coastal region, showed high levels of drought tolerance. Drought-sensitive accessions of Ae. tauschii were distributed over a wide area including Syria, the Transcaucasus, Afghanistan and China. The correlation of drought stress response with geographical origin of the accessions was not necessarily found for ABA sensitivity. The low correlation value might be due to the presence of other factors contributing to drought stress tolerance or to methodological problems used to assess the level of drought tolerance. In this study, the survival rate after drought-stress treatment was used as a measure of the drought tolerance level. Other bioassay systems should also be examined to evaluate drought tolerance.



The 17 synthetic hexaploids used in this study were derived through endoreduplication forming triploid gametes in the interspecific ABD hybrids obtained by crossing Langdon with 17 of the Ae. tauschii accessions. Thus, the genetic variation among the lines fundamentally originated from the D genome because the A and B genomes of the synthetics were all derived from the same genotype. All 17 lines were somatically stable with 2n = 42 and did not show any abnormal phenotype, such as hybrid weakness or hybrid lethality, often observed in triploid hybrids between tetraploid wheat and Ae. tauschii [33,41,42]. Therefore, these 17 synthetic wheat lines provide a large potential not only for use in wheat breeding but also in the study of transmission and expression of genetic variation in the D genome in a hexaploid genomic background. In this study, large variation was observed in the level of drought tolerance and ABA sensitivity among these synthetics. For both traits, correlation between the synthetic wheats and parental Ae. tauschii accessions was positive, but not statistically significant. Therefore, the D-genome variations observed at the diploid genome level were not necessarily reflected in the synthetic wheats. However, the synthetic wheats derived from the parental Ae. tauschii accessions with high drought tolerance were significantly more tolerant to drought stress than those from the drought-sensitive accessions (Figure 3C). Moreover, the synthetic wheats with high drought tolerance showed significantly higher ABA sensitivity than the drought-sensitive synthetic lines (Figure 4D). In the hexaploid genetic background, therefore, some association of ABA sensitivity with drought tolerance could be observed. These results indicated that Ae. tauschii accessions with high levels of abiotic stress tolerance are good candidates for genetic resources to breed abiotic stress-tolerant cultivars of bread wheat.



Two Cor/Lea genes, Wrab17 and Wdhn13, were responsive to exogenous ABA and drought-stress treatment in Ae. tauschii as well as common wheat [19]. In common wheat, these genes are also cold-inducible, and the timing and level of induction are correlated with the level of freezing tolerance under low temperature in two cultivars with contrasting levels of freezing tolerance [43]. Similarly, KU-2829A, with high ABA sensitivity and drought tolerance, showed more rapid response in Cor/Lea gene expression than the ABA-insensitive and drought-sensitive KU-2811 (Figure 5). Although growth inhibition following ABA treatment was dramatic in KU-2811, for unknown reasons, Cor/Lea expression was ABA-responsive. The ABA responsiveness of KU-2811 seems to be quite low in the growth response but not completely disrupted in the gene response, suggesting that Wrab17 and Wdhn13 are involved in downstream genes functioning in the ABA-dependent signal pathway for development of drought tolerance. In the 5′ upstream regions of Wrab17 and Wdhn13, several cis-elements, such as CRT/DRE and ABRE, were recognized in our previous study [20]. TaDREB1 is a candidate for the transcription factor of Wrab17 and Wdhn13 [22], and WABI5 and TaOBF1 directly activate Wrab17 and Wdhn13 expression in common wheat [25,26]. The more tolerant accession KU-2829A tended to accumulate transcripts of the transcription factor genes more abundantly than the sensitive accession KU-2811 under stress conditions (Figure 6). These results indicated that the differences in abiotic stress responses between the two Ae. tauschii accessions might be due to further upstream genetic factor(s) in the ABA-dependent signal pathway. In Arabidopsis, the Versailles core collection contains significant natural variation in freezing tolerance, CBF gene sequences and CBF and Cor/Lea gene expression patterns [44]. Although there tends to be more CBF and Cor gene expression in freezing-tolerant accessions, neither CBF nor Cor gene expression is closely correlated with freezing tolerance, and the CBF genes alone cannot explain all differences in the level of freezing tolerance [44], which implies difficulties in assessing the function of single transcription factors. Major genetic loci resulting in phenotypic differences in drought tolerance among the Ae. tauschii accessions should be identified via a mapping-based approach.



Allopolyploidization alters gene expression profiles in allopolyploid cells [45]. Gene expression patterns are stochastically and epigenetically changed during the generation of allopolyploid plants [46–48]. Synthetic wheat lines are powerful tools to study the effects of polyploidization on gene expression [49]. For example, a significant change in the WDREB2 gene expression pattern has been reported in hexaploid synthetic wheats [50]. Our RT-PCR analysis of Cor/Lea genes and the genes encoding their transcription factors indicated that their expression patterns in the hexaploid synthetics seemed to be additive of those in their parental lines under both exogenous ABA treatment and drought conditions (Figure 5). However, real-time RT-PCR analysis demonstrated that accumulation of transcripts of transcription factor genes in the hexaploid synthetics did not necessarily correspond to the postulated levels based on expression in parental lines (Figure 6). These observations indicated that hexaploidization through production of the synthetic wheats altered the expression levels of ABA- and drought-responsive genes under stress conditions. It was quite difficult to evaluate the effect of the altered expression levels on stress tolerance. In fact, the drought tolerance levels of the synthetic wheats were generally higher than those of their parental Ae. tauschii accessions (Figure 3D). Alteration of gene expression profiles through allopolyploidization should be further studied in synthetic wheats using transcriptome-based approaches.




4. Experimental Section


4.1. Plant Materials


A total of 30 Ae. tauschii accessions representing the entire natural habitat range of the species was used in the study (Table 1). Passport data for these accessions, including the geographical coordinates of the original collection sites, have been given in Matsuoka et al. [33,34]. For each accession, we used seeds propagated from a single plant by self-pollination. Twelve hexaploid synthetic wheats previously reported [33,51] were used, and five synthetic hexaploids were additionally produced in this study (Table 1). For production of the 17 synthetics, tetraploid wheat accession Triticum durum cv. Langdon was used as the female parent and crossed with each of the 17 Ae. tauschii accessions. The F1 progeny were grown and selfed to produce synthetics (herein designated the F2 generation). All 17 synthetics were independently generated through unreduced gamete formation in each of the triploid F1 hybrids [40]. The synthetics thus contained the A and B genomes from Langdon and the diverse D genomes originating from the Ae. tauschii male parents. All grew normally and showed none of the hybrid lethality or weakness, such as necrosis and chlorosis, often observed in triploid hybrids between tetraploid wheats and Ae. tauschii [33,41,42]. Somatic chromosome numbers were determined from root-tip mitotic preparations of three F3 seeds from one F2 plant of each synthetic, using the standard acetocarmine squash method.




4.2. Bioassay for Abiotic Stress Tolerance


Seedlings were grown under standard conditions (23°C) according to Kobayashi et al. [43]. For analysis of drought tolerance, 10-day-old seedlings (n=20) of Ae. tauschii were removed from the soil and kept on dry filter paper for 24 h at 25°C. Seven-day-old seedlings (n=20) of synthetic wheats (F3 generation) were dehydrated on dry paper for 4 d at 23°C. Stress-treated seedlings were transferred back to the standard conditions, and on the 7th day after transfer, the number of surviving seedlings was recorded. To bioassay ABA sensitivity based on post-germination growth, seeds were imbibed under tap water for 5 h and kept overnight at 4°C. Imbibed seeds were placed in a glass petri dish containing filter paper wetted with distilled water, and incubated for 24 h at 20°C in darkness. Ten synchronously germinated seeds were further treated with distilled water or 10 or 20 μM ABA solution under the same conditions as the germination assay. After 3 d, the length of primary roots was recorded. The whole experiment was repeated at least three times. The data were statistically analyzed using JMP software ver. 5.1.2 (SAS Institute). Correlations among the morphological traits were estimated based on Pearson correlation coefficient values.




4.3. Expression Analysis


Total RNA was extracted from the leaves of 7-d-old seedlings for various times under stress conditions. Seven-day-old seedlings were also treated with a solution containing ABA (20 μM) by a foliar spray or were dehydrated on dry filter paper in a desiccator. The transcript accumulation of Cor/Lea genes such as Wdhn13 and Wrab17 and their three transcription factor genes, TaDREB1, WABI5 and TaOBF1, was detected by RT-PCR amplification as previously reported [19,20]. RT-PCR for TaDREB1 was conducted with the following gene-specific primer pair: 5′-AGTCTCCTCCTTCTC TTATCTC-3′ and 5′-TTCTTGTACCCGTTGACTTATG-3′. The actin gene (Actin) was used as an internal control with the following gene-specific primer pair: 5′-GGCTGGTTTTGCTGGTGACGA AT-3′ and 5′-AATGAAGGAAGGCTGGAAGAGGA-3′. The PCR products were separated by electrophoresis through a 1.5% agarose gel and stained with ethidium bromide for detection.



Quantitative RT-PCR was performed using a Thermal Cycler Dice® Real Time System (Takara-Bio, Ohtsu, Japan) and gene-specific primer sets. For TaDREB1 and WABI5, the following two primer pairs were designed: 5′-TCTCTCTCGTCCCTCTTCTC-3′ and 5′-TTTTCCTCCTTCCACTTCTT-3′, and 5′-GGGATTGTGAGGGGGAGGAG-3′ and 5′-GGCGGACTCCCTGTTCTTGA-3′, respectively. For the other genes, the same primer pairs used for RT-PCR amplification were used in the quantitative RT-PCR. As an endogenous control, Actin was used. The rate of amplification was monitored by SYBR® Premix Ex Taq™ II (Takara-Bio) according to the manufacturer’s protocol. Results were presented as 2−ΔCt, where Ct is the number of PCR cycles required to reach the log phase of amplification for the examined genes minus the number of cycles to reach the same stage for Act, and then were represented as values relative to the transcript levels in samples of Langdon obtained at 0.5 h.





5. Conclusions


A wild wheat progenitor, Ae. tauschii, had large genetic variation in drought tolerance and exogenous ABA sensitivity. The level of drought tolerance was at least partly related to ABA sensitivity. Similarly, synthetic wheats derived from hybrids between Langdon and Ae. tauschii accessions showed wide variations in drought tolerance and ABA sensitivity, although no significant correlation between the synthetic wheats and their parental Ae. tauschii accessions was observed. However, synthetic wheats derived from the parental Ae. tauschii accessions with high drought tolerance were significantly more tolerant to drought stress than those from the drought-sensitive accessions. Therefore, Ae. tauschii accessions with high levels of abiotic stress tolerance are expected to be useful resources to breed abiotic stress-tolerant cultivars of bread wheat. Allohexaploidization altered the expression profile of abiotic stress-responsive genes. Previous studies on the transcriptome in allopolyploids used a limited number of artificially produced lines. Therefore, further studies, including detailed systematic analyses, will be needed to explain the molecular basis of modifications of D-genome variation patterns following allopolyploidization.
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