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severe drought in apical leaves of stay green compared to non-stay green lines (81% as 

opposed to 38%) which could be related to continued efficiency of stem transport under 

drought conditions, and altered transpiration efficiency (Vadez et al., 2011).  

1.2 QTL analysis and genetic mapping  

    There are several studies that describe the physiological, developmental and 

morphological features of the stay green phenotype, but there is limited understanding of 

the molecular mechanisms and processes that are responsible for the trait. The following 

studies employed quantitative trait locus (QTL) analysis to investigate associations between 

the phenotypic trait and genomic loci, in order to identify potential candidate genes and 

processes contributing to the stay green characteristic.  

    Four QTLs for the stay green trait have been identified, following analysis on a 

recombinant inbred line (RIL) population produced from the cross between B35 (stay green 

line originating from Ethiopia) and Tx7000 (which is susceptible to post-flowering drought) 

(Xu et al., 2000b; Sanchez et al., 2002). A total of 53.5% of the phenotypic variation within 

the RIL population was explained by the genetic variation in all 4 stay green QTLs combined 

(Stg QTL; Stg1, Stg2, Stg3, Stg4) (Subudhi et al., 2000). These stay green QTL regions have 

been mapped to areas in the sorghum genome; both Stg1 and Stg2 have been mapped to 

chromosome 3, Stg3 is located on chromosome 2, and Stg4 on chromosome 5 (Sanchez et 

al., 2002; Subudhi et al., 2000; Xu et al., 2000b).  

    Near isogenic lines (NILs) containing each of the 4 stay green QTLs individually in a 

Tx7000 background have been produced to investigate the individual contribution of the 

QTLs to the stay green trait (Harris et al., 2007). Each line displayed features of the stay 

green phenotype at varying levels of intensity, including universally higher grain yield than 

the non-stay green line, suggesting each QTL region has an important influence on 

determining the overall stay green phenotype (Harris et al., 2007; Borrell et al., 2014b). In 

the paper by Vadez et al., 2011, each QTL was also introgressed into different non-stay 

green lines in addition to Tx7000 (R16 and S35) and each line showed varying effects of the 

same QTLs in different genetic backgrounds. The number of QTLs identified, and the 

variability of their contribution to the stay green phenotype in different genetic contexts 

highlights the complexity of the trait (Borrell et al., 2014b).  

   There is a close association between the stay green phenotype and plant response to 

stress, as is illustrated in the co-localization of QTLs for stay green with QTLs for 
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line included a 26S proteasome regulatory subunit (required for the correct functioning of 

the proteasome, facilitating removal of polyubiquitinated proteins), a lipid transfer protein, 

and BiP (endosperm luminal binding protein, involved in the correct folding of proteins) 

(Zang and Komatsu, 2007). Another study by Benesova et al., in 2012 comparing maize 

cultivars found evidence of an increase in polysaccharide hydrolysis inhibitors in the more 

drought tolerant line compared to the drought-sensitive line, possibly reflecting an increase 

in lignification as a drought tolerance mechanism. Enhanced cell wall synthesis was 

suggested to be a response to changes in tugor pressure, where maintained mechanical 

strength minimizes further dehydration and cell wall loosening allows continued gradual 

growth and development even under stressed conditions (Benesova et al., 2012; Wang et 

al., 2016). In both apple (Zhou et al., 2015) and maize (Benesova et al., 2012) more tolerant 

varieties have been shown to have increased levels of light-harvesting chlorophyll a/b-

binding proteins compared to the sensitive lines in response to drought (Wang et al., 2016). 

It was suggested that enhanced levels of photosynthesis-related proteins reflect that 

photosynthetic efficiency is protected and maintained in these lines under stressed 

conditions, which is a typical feature of the stay green phenotype. In this way, reactive 

oxygen species (ROS) homeostasis is also protected by continued quenching of excitation 

energy through the light-harvesting complex system (Benesova et al., 2012; Wang et al., 

2016; Zhou et al., 2015).   

    Proteomic comparisons between transgenic and wildtype lines have also provided 

interesting insights into drought tolerance mechanisms. This is evident in the paper by Paul 

et. al., 2015 in which the drought-stressed proteome of a rice line overexpressing DREB1A 

(Dehydration responsive element-binding 1 A), compared to a wildtype line was analysed by 

2-dimensional gel electrophoresis (2-D GE). Stress-induced upregulation of carbohydrate 

metabolism-related proteins, including UDP-glucose pyrophosphorylase, was observed in 

the transgenic line in contrast to the wildtype. It was suggested that the increase in plant 

height and root exploration of the drought-stressed transgenic line could be explained by 

an effectively sustained carbohydrate and energy metabolism despite water limitations.  

    As previously mentioned, PTMs have a significant influence on protein function and 

several proteomic studies have focussed on protein modification changes in response to 

stress. The response of phosphoproteins to drought have been investigated in rice (Ke et 

al., 2009), wheat (Zhang et al., 2014) and maize (Bonhomme et al., 2012; Hu et al., 2015). 

These types of studies investigate the proteome to a greater level of complexity, and give 
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stress tolerance in sorghum (Xu et al., 2000b; Vadez et al., 2011; Emebiri, 2013; Thomas 

and Ougham 2014; Johnson et al., 2015b). Transcriptomic studies have also been used to 

identify the directional changes in gene expression levels as a response to applied abiotic 

stresses, or between different sorghum lines (Buchanan et al., 2005; Dugas et al., 2011; 

Johnson et al., 2014; Johnson et al., 2015b). Comparison of these results to the genetic 

mapping of QTLs has identified candidate genes/processes that could form the genetic 

basis of the stay green trait.  

    Whilst the transcriptome of B35 stay green and R16 senescent sorghum lines have been 

compared, a complementary proteomic comparison has yet to be conducted. Genes of 

interest identified in the transcriptomic comparison between these lines, such as SbSDIR1 

ubiquitin ligase (Johnson et al., 2015b), require further characterization to investigate their 

respective functions. 

Project plan  

General aim:  

To investigate the underlying mechanisms and pathways involved in the stay green trait in 

Sorghum, in relation to drought tolerance.  

Specific aims of my project:  

1. To conduct a proteomic comparison between the B35 stay green line and the R16 

senescent line to compare the difference in the levels of specific proteins between these 

lines. This data will be analysed alongside previous transcriptomic data for these lines. 

Candidate proteins for involvement in the processes and mechanisms that form the basis of 

the stay green trait can be selected for future study. 

2. To investigate the function of sorghum SbSDIR1 in relation to the stay green trait and 

drought stress response. Work by a previous student Stephanie Johnson (Johnson, 2015a) 

found SbSDIR1 to be upregulated in stay green B35 lines compared to non-stay green R16 

lines in sorghum, and overexpression in other species have shown increased drought 

tolerance characteristics (Xia et al., 2012; Zhang et al., 2007; Zhang et al., 2008). An 

SbSDIR1 overexpression construct was produced by Stephanie Johnson and used to 

transform wheat at NIAB. These were tested for evidence of the stay green phenotype such 

as improved drought tolerance, water use efficiency, stomatal conductivity, production of 

compatible solutes and expression of stress genes.  
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developmental stage (leaf 4) were detached and weighed at regular intervals over a period 

of 5 hours. The excised leaves were positioned flat with the abaxial side up throughout, and 

maintained at room temperature. One leaf from six individual plants was measured for 

each genotype, and the full experiment was repeated 3 times to produce 3 biological 

replicates.   

2.3.2 Assay for tolerance to polyethylene glycol (PEG) induced stress. 

Leaves of the same developmental stage (leaf 4) were excised from mature wheat plants 

(25 days old) and cut into sections of approximately 1cm in length. Leaf sections from 6 

individual plants per genotype were pooled and mixed, then divided into 6 equal groups. 

Grouped leaf sections were subsequently floated adaxial side up in 7ml of 0, 15 and 25% 

solutions of PEG (w/v) in 6-well plates, with two wells allocated to each unique treatment 

and genotype combination. Assays were maintained at 20°C with a 16hr photoperiod. 

Visible changes in chlorophyll degradation and senescence progression were documented 

photographically over the course of 7 days.  

2.3.3 Light and dark induced senescence assay 

Leaves of the same developmental stage (leaf 6) were excised from mature 28 days-old 

wheat plants and cut across the leaf blade into two equal halves. Leaf sections from 6 

individual plants per genotype line were pooled and mixed, then divided into two equal 

groups with equal numbers of leaf tip and base sections. These sections were then placed 

adaxial side up on wettened tissue in 6ml petri dishes (2 plates per genotype line) and 

sealed with micro-pore tape. One plate from each line was then covered in two layers of tin 

foil. All plates were incubated at 20°C under a 16-hour photoperiod. Visual changes in 

senescence progression between genotype lines and between light and dark exposed 

plates were then documented photographically over the course of 10 days. 

2.3.4 ABA-induced gene expression analysis by real time PCR 

Leaves of the same developmental stage (leaf 5) were excised from mature 25 days-old 

wheat plants and cut into sections of approximately 1 cm in length. Sections from 6 

individual plants from each genotype line were pooled and mixed together. Leaf sections 

were floated adaxial side up in 7ml of water in 6-well plates and allowed to equilibriate 

overnight in the dark. The water was then replaced with 7ml of 100µM ABA solution, with 

0.1% ethanol solution as a control treatment. Plates were incubated at 20°C in the dark, 

and samples were collected and frozen in liquid nitrogen at the intervals of 12 and 24 hours 
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Immobiline DryStrips strips (GE Healthcare), using the IEF unit Ettan IPGphor II (Amersham 

Biosciences, GE Healthcare, Little Chalfont, UK). The overnight programme used is detailed 

in Table 2.1. Once completed, the strips were equilibrated by 20-minute incubation in 10ml 

of equilibration buffer (6M urea, 30% glycerol, 2% SDS and 50mM Tris pH 8.8) with 1% 

(w/v) dithiothreitol (DTT) added. This was followed by a second 20-minute incubation in 

10ml equilibration buffer with 2.5% (w/v) iodoacetamide (IAA) added. SDS-PAGE was run in 

the second dimension using 12.5% 1mm polyacrylamide gels. Gels used for separating non-

labelled proteins were stained using Coomassie Brilliant Blue G-250 and scanned using an 

Image Scanner (Amersham Biosciences, GE Healthcare). DIGE gels were scanned using the 

Ettan DIGE Imager (Amersham Biosciences, GE Healthcare) using the final exposure times 

of cy2:1, cy3:0.1, cy5:0.2.  

Table 2.1- 1EF programme for IPG strips ph3-10 NL 18cm 

Step Volts Volt Hours 

1. Rehydration step 30 10 

2. Focussing step & 

hold 

500 500 

3. Focussing gradient 1000 800 

4. Focussing gradient 8000 13500 

5. Focussing step & 

hold 

8000 20000 

 

2.4.5 Statistical analysis of 2D-gels 

Aligned gel scans were analysed using Progenesis Samespots software 4.0 (Nonlinear 

Dynamics, Newcastle, UK). Gels were aligned to the reference gel image, and spot volumes 

were normalized to the total spot intensity. In DIGE analysis the spot volumes were 

normalized to the internal standard in each gel to minimize inaccuracy due to gel-to-gel 

variation. Each detected spot was confirmed manually to avoid artefacts. Differentially 

expressed proteins between the two lines were identified using the criteria of a 2-fold or 

greater change in gene expression (ratioB35/R16 , ANOVA p<0.05).  
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    The 2-D GE gels presented in this report were stained using Coomassie Brilliant Blue G-

250, and serve as a pilot study to test for the suitability of the total protein extraction 

method prior to use in the more sensitive DIGE analysis (see section 3.2.2). Progenesis 

Samespot software 4.0 (Nonlinear Dynamics) was used to align the gels to the reference gel 

image, detected spots were validated manually to avoid artefacts and spot volumes were 

normalized to total spot intensity.  

    A total of 919 protein spots were detected on the 2-D GE gels, and the comparative 

analysis using Progenesis SameSpots identified 27 of these spots as having a 2-fold or 

greater change in expression level between the two lines, statistically significant to a level 

of 95% confidence (ratioB35/R16 ANOVA p<0.05). Twelve protein spots were upregulated in 

B35, and 15 protein spots were downregulated in B35 compared to R16 (see Table 3.1). 

Figure 1a displays the reference gel image following separation by SDS-PAGE, with the 

differentially expressed protein spots numbered. Evidence of clearly defined spots over a 

range of isoelectric points (PIs) and molecular weights suggests that the protein extraction 

and analysis methods used are sufficient for analysis of total proteins from sorghum 

seedlings, with minimal degradation.    
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Figure 1- Gel images of second dimension 

protein separation by SDS-PAGE. Proteins 

were separated in the first dimension on 

Immobiline DryStrip strips pH 3-10 

(nonlinear) NL, then in the second 

dimension on 12.5% 1mm thick 

polyacrylamide gels and visualized using 

Coomassie Brilliant Blue G-250. Gels were 

scanned on ImageScanner (Amersham 

Biosciences) and analysed using 

Progenesis Samespot software 4.0 

(Nonlinear Dynamics). a. Reference gel 

image following spot analysis. Numbered 

spots relate to the 27 differentially 

expressed proteins as identified using a 

selection criteria of FC < 2, ANOVA P 

value < 0.05 b. Original gel scan for B35. 

c. Original gel scan for R16.   

a 

IEF3 

IEF10 IEF3 

IEF10 

IEF3 

IEF3 

IEF3 

IEF3 

c 

b 
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3.2.2    Comparison of the full proteome in B35 (stay green) and R16 (non-stay green) 14 

day old plants using 2-dimensional difference gel electrophoresis (DIGE). 

    Having confirmed the suitability of the extraction method and the quality of the proteins 

obtained, the protein samples were then separated using DIGE. In DIGE analysis, one 

replicate sample from each variety can be separated on the same gel in the presence of an 

internal standard (mixture of all replications). In this way, each gel exposes both genotypes 

to identical running conditions, and subsequent normalization to the internal standard can 

account for between gel variation, minimizing the risk of false positives (Jedmowski et al., 

2014). Accuracy is therefore improved upon compared to conventional staining methods, 

achieving greater sensitivity to true variation in protein levels. The results are highly 

reproducible, and technical replication is not required (Ettan DIGE System, User Manual, GE 

Healthcare, https://www.mcgill.ca/cian/files/cian/ge_dige_manual.pdf).           

    Protein samples were labelled with fluorescent dye prior to separation, and gel scans 

were again analysed using Progenesis Samespot software 4.0 (Nonlinear Dynamics). Gels 

were aligned to the refence image, and spot volumes normalized to the internal standard 

on each gel. This technique successfully identified only 329 true protein spots in total, 

suggesting the sensitivity of the labelling reaction was compromised. None of these 

identified protein spots met the criteria of a 2-fold threshold change in relative signal 

intensity between the two lines. Instead, potentially differentially expressed proteins were 

identified by the criteria of a 1.5 or greater fold change in spot intensity, statistically 

significant to a level of 95% confidence (ratioB35/R16 ANOVA p<0.05). Two candidate proteins 

satisfy this criterion, as highlighted in Table 3.2, neither of which appear to correlate with 

the differentially expressed proteins identified in the Coomassie Blue stained gels (see 

figure 1). Figure 2 and Table 3.2 list all proteins with a statistically significant variation in 

signal intensity at ANOVA p<0.05. There is a potential correlation between spot #790 

(figure2) at 1.4 fold change (FC) (ANOVA P value = 0.038) and #2252 (figure 1) which might 

illustrate corroboration between both techniques and could identify an upregulated 

protein in B35 that requires further functional analysis.     
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Figure 2 - Reference gel image of second dimension protein separation by SDS-PAGE. 

Proteins were fluorescently labelled then separated in the first dimension on IPG strips pH 3-

10 NL, then in the second dimension on 12.5% 1mm thick polyacrylamide gel. Gels were 

scanned on (Ettan DIGE Imager (GE Healthcare, Amersham Biosciences) and analysed using 

Progenesis Samespot software 4.0 (Nonlinear Dynamics). Numbered spots relate to the 

differentially expressed proteins as identified using a selection criteria of ANOVA P value < 

0.05. 
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binding 1A) transcription factor and a SbSDIR1 (salt and drought-induced RING finger 1) E3 

ubiquitin ligase. Identification of the proteins of interest in this proteomic study will reveal 

the degree of correlation between these two omics studies, revealing differences between 

the two lines at both the protein and transcript level. It could also indicate the level at 

which genes and processes contributing to the stay green phenotype may be regulated, i.e. 

either pre- or post-transcription.  

   Fifteen proteins were found to be lower in B35 compared to R16. Previous proteomic 

studies found proteins involved in damage and repair to be expressed to lower levels in the 

tolerant crop varieties than the more sensitive lines, indicating a greater efficiency of stress 

protective mechanisms and minimization of subsequent damage. This is evident in the 

proteomic comparison between two Egyptian sorghum lines where there was significant 

upregulation of an aspartate protease in the sensitive line, suggesting increased 

degradation activity, possibly as a manifestation of damage due to oxidative stress 

(Jedmowski et al., 2014). A study comparing the response of two maize cultivars to mild 

water deficit reported lower levels of ribosomal proteins in the drought tolerant cultivar 

compared to the sensitive line, suggesting potential differences in drought-induced 

photosynthesis regulation (Benesova et al., 2012). It would be interesting to discover 

whether the proteins found at lower levels in B35 also have similar functions to those 

proteins found at lower levels in other tolerant cultivars, or if different proteins and 

processes are downregulated in this particular sorghum stay green line compared to R16. 

Isolation and functional characterization of the target proteins in this experiment is 

required to fully explore the significance of the proteomic differences between B35 and 

R16.   

3.3.2 Conclusions for DIGE comparison of B35 and R16 proteome.  

    A total of 329 proteins were detected using DIGE analysis, and only 2 proteins showed a 

significant difference between B35 and R16 at FC > 1.5 (ANOVA P value = 0.05), both of 

which were upregulated in the stay green line compared to the senescent line. The 

previous Coomassie Blue stained 2D gels (described above in section 3.1.1) were used to 

separate 250µg of protein per sample, five times as much protein that was loaded onto the 

DIGE gels (at 50µg of protein per sample). CyDye fluorescent dyes are known to be 

significantly more sensitive than Coomassie Blue dye, and have been shown to detect 

approximately four times as many spots from the same initial protein load (Tonge et al., 

2001). Considering 919 protein spots were detected on the Coomassie Blue stained 2D gels 
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following separation of 5 times as much protein, we would expect a similar number of 

spots to be detected in the DIGE analysis. The weakness of the fluorescence signal and the 

low spot number detection, suggests that the CyDye is inadequately labelling the proteins. 

Consequently, it is unlikely that this DIGE analysis properly represents the differential 

expression of proteins between the stay green and senescent line, and the method should 

be improved prior to protein identification by MALDI-TOF-MS. One possible explanation is 

that the protein concentration in the lysate for the labelling reaction may have been 

measured incorrectly. 2D Quant Kit (GE Healthcare) was used to quantify the proteins in 

each sample and is a method compatible with thiourea containing buffers (see section 

2.4.1), but duplicates of the assay were not conducted due to limited sample volume. By 

confirming the protein concentration by duplication prior to the labelling reaction, a 

sufficient ratio of protein:dye can be ensured. Another option is to add more dye to ensure 

sufficient labelling despite any competition from contaminants that may still be present 

(Ettan DIGE System User Manual GE Healthcare 

https://www.mcgill.ca/cian/files/cian/ge_dige_manual.pdf). Alternatively, technical 

replicates of the Coomassie Blue stained 2-DE could be conducted, and these could be used 

instead to identify differentially expressed proteins by MALDI-TOF-MS.    

 

3.4 - Summary 

   In conclusion, progress has been made towards conducting a full proteome comparison 

between the stay green sorghum line B35 and the senescent line R16. This is an essential 

study to complement a previous transcriptomic comparison between the same lines, in 

order to observe changes at both the protein and transcript level. The suitability of the 

protein extraction method has been confirmed by a pilot study using 2-D GE with 

Coomassie Blue staining which picked up proteins in the stay green line which were higher 

and lower compared to the senescent line. 2-D DIGE was subsequently used to confirm 

differential protein expression. Weak signal intensity of the protein spots in the DIGE 

analysis suggests an inadequate level of labelling that was insufficient for identifying 

differentially expressed proteins using the required criteria. Modifications to the labelling 

method, or additional technical replicates of the Coomassie Blue stained gels are required 

before differentially expressed proteins can be confirmed reliably, prior to identification by 

MALDI-TOF-MS. Genes and proteins expressed at different levels in the stay green line 

compared to the non-stay green line can later be investigated for their potential function in 

stay green mechanisms. 

https://www.mcgill.ca/cian/files/cian/ge_dige_
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analysis of the differences in drought-responsive phosphoproteins between stay green and 

senescent sorghum lines could provide further information on the behavioural and 

functional differences of proteins in addition to expression level variation. For example, a 

paper by Zhang et al., in 2014 found differences in the phosphorylation level of high 

mobility proteins (HMG) between drought tolerant and sensitive wheat lines, and these 

proteins are associated with transcriptional regulation via chromatin modification (Zhang et 

al., 2014; Wang et al., 2016). Phosphoproteomics studies in maize and wheat have found 

an increase in phosphorylation of E3 ubiquitin ligases as a response to drought stress 

conditions (Hu et al., 2015; Wang et al., 2016; Zhang et al., 2014) which corroborates 

evidence of upregulation of the E3 ubiquitin ligase SbSDIR1 in B35 sorghum compared to 

R16 (Johnson et al., 2015b) (see chapter 4).    
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Chapter 4 

Analysis of transgenic wheat lines 
overexpressing SbSDIR1 

4.1 Introduction 

 

     Differentially expressed genes in drought tolerant crop lines compared to drought 

sensitive lines could potentially be involved in the stress tolerance mechanisms, and could 

reveal processes and pathways that underlie those phenotypes. Whilst some of these 

genes could have direct roles in protection from cellular damage and maintenance of 

osmotic homeostasis, others might be involved in signalling and regulatory pathways (Zang 

and Komatsu, 2007). For example, genes involved in post-translational modifications such 

as phosphorylation and ubiquitination are major players in signalling responses to drought 

(Gong et al., 2015; Lyzenga and Stone, 2012; Wang et al., 2016). Sorghum microarray data 

revealed the E3 ubiquitin ligase gene SbSDIR1 (salt and drought dependent 1) to be 

upregulated in the stay green variety B35 compared to the senescent R16 variety under 

normal unstressed conditions (Johnson et al., 2015b). E3 ubiquitin ligases are integral to 

ubiquitin-dependent protein degradation, a process which influences a wide variety of 

plant growth and developmental processes such as senescence, hormone regulation, 

photo-morphogenesis and pathogen response (Devoto et al., 2003; Gao et al., 2011; Xie et 

al., 2002). Considering the significant upregulation of this gene in B35 compared to R16 

(Johnson, 2015a; Johnson et al., 2015b), and its known role in drought stress tolerance as 

implicated by several previous studies (Gao et al., 2011; Tak and Mahtre 2013; Xia et al., 

2012; Xia et al., 2013; Zhang et al., 2007), the function of SbSDIR1 in relation to drought 

tolerance and the stay green phenotype is investigated in greater detail in this chapter.      

 

    The ubiquitin-proteasome system (UPS) is the principle mechanism for protein turnover, 

and principally involves three consecutively acting enzymes for ubiquitin attachment, and 

the 26S proteasome for proteolysis (Xia et al. 2012). The universally expressed ubiquitin 

protein is attached to target proteins as part of a polyubiquitin chain or as a single or 

multiple mono-ubiquitination. The topology of the chain or singular attachment determines 

the fate of the target protein (Chen et al., 2009; Cheng et al. 2012; Lyzenga and Stone 2011. 

It could be labelled for destruction by the 26S proteasome, or involved non-proteolytic 

functions such as gene silencing via chromatin modification, DNA repair or membrane 
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enhance ABA-dependent stress response (Joo et al., 2016; Lim et al., 2014; Li et al., 2016a; 

Lim et al., 2015; Liu et al., 2008; Park et al., 2016). Functional analysis of the pepper gene 

Rma1H1 in the paper by Lee et al., in 2009 suggested that this stress-induced E3 may 

regulate the ubiquitin-dependent degradation of the aquaporin PIP2;1. Reduction in 

aquaporins may help the plant to maintain tugor pressure by minimizing water transport 

across membranes via the symplastic pathway (Alexandersson et al., 2005).  

 

    There is also evidence of RING-type E3 ubiquitin ligases playing negative roles in drought 

response. DIS1 overexpression lines in rice displayed lower survival rates under water 

limiting conditions (Ning et al., 2011), and therefore appear to promote drought stress 

sensitivity. Ning et al., 2011 speculate that DIS1 may interfere with drought tolerance 

mechanisms by disrupting H2O2-dependent stomatal control, via suppression of the gene 

OsMT-14b which has a potential role in ROS elimination, and concurrent suppression of the 

RNA-binding protein OsGRP2A (Kim et al., 2008; Ning et al., 2011; Yang et al., 2009). A 

drought sensitive phenotype was also observed in hot pepper lines overexpressing AIR1, 

accompanied by differential expression of stress genes and impaired stomatal closure 

mechanisms (Park et al., 2015).        

     

    Transcriptomic comparison between the B35 stay green sorghum and the R16 senescent 

line revealed a higher level of expression of the E3 ubiquitin ligase SbSDIR1 (salt- and 

drought-induced RING finger1) under normal conditions in both 14 and 50 days old plants 

(Johnson et al., 2015b). Homologs of this gene have previously been studied in several 

other species following initial identification in Arabidopsis as a stress responsive RING 

finger protein, specifically associated with salt and drought stress response (Zhang et al., 

2007). Analysis of the amino acid sequence of the sorghum SbSDIR1 gene confirmed the 

presence of putative N-terminal transmembrane domains and a C-terminal C3H2C3 RING 

domain, features also identified in Arabidopsis, grapevine, tobacco, rice and maize 

homologs (Johnson, 2015a; Gao et al., 2011; Tak and Mahtre 2013; Xia et al., 2012; Xia et 

al., 2013; Zhang et al., 2007). This distinctive RING motif has been shown to be required for 

E3 ubiquitin ligase activity in both Arabidopsis and rice (Gao et al., 2011; Zhang et al., 

2007). There appears to be strong conservation of DNA and amino acid sequence across 

several different dicot and monocot species, and the putative ubiquitin ligase function may 

also be conserved in the sorghum gene although further functional analysis is required 

(Johnson, 2015a). SDIR1 and the homologs mentioned above all appear to be induced by 
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drought, but the sorghum and grapevine genes are additionally induced in response to salt, 

ABA and heat, and the rice gene is suppressed by cold treatment ((Johnson, 2015a; Gao et 

al., 2011; Tak and Mahtre 2013; Xia et al., 2012; Xia et al., 2013; Zhang et al., 2007). Spatial 

expression analysis of the maize homolog indicated highest expression in the aerial tissues, 

in agreement with that observed in Arabidopsis, but in rice the predominant expression 

appears to be in the roots (Gao et al., 2011; Xia et al., 2012; Zhang et al., 2007). It has been 

hypothesised that differential expression patterns may be a result of a slight divergence in 

regulation and function of SDIR1 in a monocot compared to dicot species (Xia et al., 2012).      

 

    Overexpression of SDIR1 and its homologs has enhanced drought tolerance across 

several species including Arabidopsis, maize, tobacco, rice and grapevine (Gao et al., 2011; 

Tak and Mahtre 2013; Xia et al., 2012; Xia et al., 2013; Zhang et al., 2007). It has frequently 

been hypothesised that the altered transpiration rates within these transgenic lines 

explains the improved tolerance, supported by measurements of reduced rate of water loss 

and reduced stomatal aperture under normal and drought-stressed conditions (Gao et al., 

2011; Tak and Mahtre 2013; Xia et al., 2012; Xia et al., 2013; Zhang et al., 2007). SDIR1 

could therefore be involved in ABA-controlled stomatal closure, consistent with 

observations of other ABA-related phenotypes in overexpression lines such as ABA-

hypersensitivity at germination and post-germinative stages, confirmed by observations of 

expanded and greener cotyledons and inhibited root growth in comparison to control lines 

(Zhang et al., 2007; Zhang et al., 2015). It has previously been suggested that the sorghum 

SbSDIR1 gene could function in a similar way, and overexpression of this gene in 

Arabidopsis lines also resulted in reduced rates of water loss from excised leaves, and 

reduced stomatal aperture compared to wild type lines (Johnson, 2015a). Considering stay 

green sorghum varieties are known to have reduced rates of transpiration, and that B35 

stay green has higher levels of expression of SbSDIR1 (along with SDD1, GTL1 and SLAC1 

which are also involved in stomatal regulation) compared to R16 senescent line (Johnson, 

2015a), it is possible that SbSDIR1 may be contributing to the stay green phenotype 

through ABA-mediated stomatal control thus improving water conservation (Berger and 

Altmann 2000; Borrell et al., 2014; Geiger et al., 2009; Johnson, 2015a; Vadez et al., 2011; 

Yoo et al., 2010).   

     

    Understanding of the mechanism by which SDIR1 contributes to drought tolerance and 

the stay green phenotype is still limited. Sequencing the promoter region of the sorghum 
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gene has revealed recognition sites for MYB, MYC, AREB and DRE elements, indicating 

potential for regulation by several different transcription factors (Johnson, 2015a). 

Consistent evidence using transgenic technology has suggested that SDIR1 is a positive 

regulator of drought tolerance. Considering the various ABA-associated phenotypes 

observed in overexpression lines, it is likely that it acts partly through positive regulation of 

ABA signalling pathways, potentially targeting negative regulators for proteasomal 

degradation, or promoting mono-ubiquitination and stabilization of ABA signalling 

components (Zhang et al., 2007; Zhang et al, 2015). In addition to changes in stomatal 

regulation, expression of Delta 1-pyrroline-5-carboxylate 1 (P5CS1) has also been found to 

increase following overexpression of the Arabidopsis and grapevine homologs, and higher 

proline levels have been observed in maize overexpression lines, potentially suggesting a 

role in osmoregulation at the cellular level (Tak and Mahtre 2013; Zhang et al., 2015). SDIR1 

has been shown to function upstream of bZIP transcription factors ABF3 and ABF4, and to 

interact with SDIR1-INTEREACTING PROTEIN 1 (SDIRIP1) which in turn acts upstream of the 

bZIP ABI5 (Zhang et al., 2015). A further 38 other potential interacting partners were 

identified in the paper by Zhang et al., in 2015, which could represent other pathways of 

response that require further investigation. Considering SDIR1 expression is also induced by 

heat stress in grapevine and sorghum, and overexpression of its homolog in maize 

enhances expression of antioxidant enzymes, it is also possible that SDIR1 contributes to 

heat stress response pathways (Johnson, 2015a; Tak and Mahtre 2013; Liu et al., 2013).          

 

    To investigate the function of SbSDIR1 within sorghum it would be best to overexpress 

the gene within sorghum itself rather than a different plant species. However previous 

attempts at stable sorghum transformation have been unsuccessful (Johnson, 2015a). This 

chapter instead analyses wheat lines transformed with an SbSDIR1 overexpression 

construct, produced by Stephanie Johnson in Durham University and Dr Emma Wallington 

at NIAB (Huntington Road, Cambridge, CB3 0LE). The sorghum gene was expressed using a 

rice actin promoter (see construct diagram Appendix B). By overexpressing this monocot 

gene in another monocot system such as wheat, the observed function and phenotype is 

likely to be more representative of its true function within sorghum, rather than 

overexpressing it in a dicot system such as Arabidopsis, which has been done previously 

(Johnson, 2015a).     
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suggested to be involved in stomatal regulation, particularly considering the differences in 

stomatal aperture reported in Arabidopsis SbSDIR1 overexpression lines (Johnson, 2015a). 

SbSDIR1 has previously been overexpressed in Arabidopsis, producing transgenic lines with 

decreased stomatal conductivity under well-watered conditions, and reduced rate of water 

loss from excised leaves, in comparison to control lines (Johnson, 2015a). To investigate 

whether overexpression of SbSDIR1 in wheat lines can produce stay green characteristics of 

improved transpiration efficiency, the loss of water from excised leaves of plants grown 

under normal conditions was measured over the course of 5 hours. Leaves of the same 

developmental stage were cut from 18 day old plants and placed abaxial side up. Leaf 

weight was measured at regular intervals over 5 hours, and percentage weight loss was 

recorded (see figure 6).  

 

    This experiment was conducted on 6 individual plants per line, and the experiment was 

repeated 3 times to give 3 biological replicates. In all experiment lines 81.5 (the lowest 

transgenic expresser of SbSDIR1) and 81.20 (the highest transgenic expresser of SbSDIR1) 

showed relatively faster rates of water loss and greater percentage relative weight loss 

after 5 hours compared to the control line. Figure 6 displays the average leaf weight loss 

over 5hours from all 3 experiments. At 300 minutes there was no significant difference 

between the mean leaf weight loss of any of the genotypes (F=0.908, P=0.495, 4 df). At the 

final time point of 300 minutes the control line, 81.5 and 81.20 showed 69%, 60% and 55% 

leaf weight respectively. While not statistically significant, these results suggest that 

transgenic lines 81.5 and 81.20 are less able to retain water, with line 81.20 showing the 

fastest rates of water loss compared to the control line. Line 81.22 appeared to have a 

similar capacity for water retention as the control line reaching 68% leaf weight at 300 

minutes compared to the control at 69%. Interestingly, line 81.21 shows a non-statistically 

significant reduced rate of water loss compared to the control at 73% leaf weight at 300 

minutes.  
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agreement with earlier evidence that this gene is ABA-induced (figure 9 (a)) (Sun et al., 

2015). Following 12 hours of ABA treatment, data for TaGBF1 transcript abundance is 

impaired by large and overlapping large error bars, leaving any trend uninterpretable with 

no statistically significant differences between lines (Figure 9 (a), (b), (c)). After 24 hours of 

ABA treatment initial upregulation of TaGBF1 in all wheat lines has begun to reduce with 

no statistically significant differences between transformed lines and the control (Figure 10 

(a)). Although statistically not significant, the line 81.21 does appear to have sustained a 

higher level of TaGBF1 expression compared to the control line in ABA treatment at the 24-

hour time point (Figure 10 (c)), suggesting that ABA-induction of this gene may have a 

longer duration of response in this line. There is also a non-statistically significant higher 

expression level of TaGBF1 in the non-ABA treated 81.21 line compared to the control at 

the 24 hour time point (figure 10 (b)), suggesting a possible upregulation of this gene even 

in the absence of ABA. Interestingly, 81.21 also shows the lowest rate of water loss in the 

excised leaf assay compared to all plant lines including the control (see figure 6).    
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4.2.5 PEG-induced osmotic stress senescence assay  

 

    Previous papers have reported that overexpression of SDIR1 and its homologs in various 

plant species has improved drought tolerance, and reduced the progression of senescence 

as a response to stress (Gao et al., 2011; Tak and Mahtre 2013; Xia et al., 2012; Xia et al., 

2013; Zhang et al., 2007). Considering SbSDIR1 is expressed significantly higher in sorghum 

stay green line B35 compared to R16, it may have a role in stay green-related drought 

tolerance mechanisms (Johnson et al., 2015b), possibly contributing to processes that allow 

the plant to delay senescence under water-limited conditions. To investigate stay green-

like characteristics in the wheat SbSDIR1 overexpression line, leaf sections from 25 day old 

plants were exposed to polyethylene glycol (PEG)-induced osmotic stress conditions by 

floatation on solutions of 15% (w/v) and 25% (w/v) PEG, compared to 0%. PEG solutions are 

high molecular weight osmotica that can impose low -water potential stress that is 

comparable to conditions of gradual soil drying, in contrast to low-molecular weight 

mannitol which can be taken up by plant cells and cause additional toxic effects as well as 

severe osmotic stress (Verslues et al., 2006). Sorghum SbSDIR1 expression has previously 

been shown to be induced by growth in 10% PEG, but not mannitol (Johnson, 2015a). 

Visual symptoms of senescence in the drought tolerance assay were documented 

photographically, and evidence of senescence progression after 5 days is shown in figure 

11. Section from leaves of the same developmental stage were used across all lines in order 

to account for age-related senescence variation.  

 

    Visible evidence of chlorophyll loss was first noticeable after 6 days (see figure 11). 

Surprisingly, variation in chlorosis between 0%, 15% and 25% (w/v) PEG within each line 

(including the control) was not clearly visible, despite 25% PEG being shown to be sufficient 

for initiating senescence-related drought responses in wheat (Konigshofer and Loppert 

2015; Liu et al., 2015a and Tian et al., 2013). However, at all concentrations of PEG there 

appears to be greater visible chlorophyll loss in all the transgenic lines compared to the 

control line, which remains much greener at this stage. Therefore, compared to the control 

the transgenic lines appear to have display premature senescence possibly as a protective 

response to stress conditions unrelated to PEG. Visual observation of senescence would 

need to be confirmed by quantitative chlorophyll content analysis in the future.   
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4.2.6 Light and dark induced senescence assay 

 

    In addition to delayed drought-induced senescence, stay green sorghum lines also 

display delayed developmental senescence (Thomas and Howarth 2000). Analysis of 

developmental senescence is problematic due to the lack of coordination in the 

development of individual cells within a leaf, particularly between the proximal and distal 

ends, resulting in asynchronous senescence progression (Buchanan-Wollaston et al., 2005). 

To investigate whether the wheat transgenic lines had acquired the stay green 

characteristic of delayed developmental senescence, an assay for dark-induced senescence 

in excised leaves was used. This method is frequently used as a model for age-triggered 

senescence, and produces synchronised senescence across the leaf to better facilitate 

comparison, as the leaf responds to the removal of light and subsequent carbon starvation 

(Keech et al., 2007; Song et al., 2014). The paper by van der Graaf et al., 2006 suggests 

dark-induced senescence shares many common pathways and processes to developmental 

senescence. 

 

    Leaves of the same developmental stage were excised from 24 days-old wheat plants, 

grown under normal conditions. These were incubated at 20 °C in petri dishes on wettened 

filter paper covered in tin foil, with uncovered plates used as a control. Visible progression 

of senescence was then documented photographically. Interestingly, light exposed leaves 

showed a greater rate of senescence than covered leaves, with significant chlorophyll loss 

observed in all lines after 5 days (figure 12), and extensive senescence after 7 days (figure 

13). The rapid and synchronized senescence across the entire leaf is characteristic of stress-

responsive senescence, possibly as a result of photodamage and oxidative stress 

(Buchanan- Wallaston 2005). There is possible evidence of more advanced senescence 

after 5 days in all transgenic lines compared to the control line (figure 12), but this minute 

variation requires confirmation by actual chlorophyll content measurement. In the covered 

plates, there is some initial evidence of senescence in the transgenic lines after five days 

but not the control (figure 12), but after 7 days the faster progression of senescence within 

the overexpression lines compared to the control is much more visible (figure 13). It is 

possible that the lowest SbSDIR1 expressing line 81.5 shows the lowest chlorophyll loss out 

of all the transgenic lines after 7 days (figure 13) but confirmation by chlorophyll content 

analysis would again be required to confirm this. The progression of dark-induced chlorosis 






















































































