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Abstract 

 

There is a growing need to engineer an increased yield in food crops coupled with greater 

resistance to environmental stresses, such as drought, to meet the requirement of a 

growing population. As plant responses to drought (and other abiotic stress) are complex, 

many studies have attempted to understand the drought response in a holistic manner, 

for example, by analysing transcriptomics data obtained from plants subjected to drought. 

Preliminary work of obtaining time-series microarray data from a slow-drying experiment 

of Arabidopsis was used to construct Gene Regulatory Networks using Variational 

Bayesian State Space Modelling. This led to the identification of a number of transcription 

factors RAP2.12, FD, BHLH038, ANL2, and two unknown genes, UKTF and POZ, as 

possibly being important regulatory genes in the drought response. Loss- and gain-of-

function mutants of these genes, as well as those of AGL22 identified by Bechtold et al. 

(2016), were phenotyped under drought conditions. Only the flowering time AGL22 

showed a drought phenotype. Network connections in the gene network of AGL22 were 

tested by qPCR. Drought responsive transcription factors, such as DREB1A and 

WRKY20 were found to be induced by AGL22. 
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1.1. Increased demand for water  

 

With a projected population of 9.1 billion people by 2050 (UNDESA, 2009), there will be a 

need for an increase in food production by 70% to meet the growing demand (Bruinsma, 

2009). But with an increasing population comes not only a higher demand for food, but 

also an increased demand for more water resources and more land space. At the same 

time predicted climate change will cause changes in rainfall patterns, thus varying the 

amount of available water (WWAP, 2015). The demand for energy will increase by 60% in 

2050 (Steer, 2010), and hence the need for biofuels will result in more and more land 

being used in non-food crop production (Comprehensive Assessment of Water 

Management in Agriculture, 2007). While only 20% of agricultural land is irrigated, 50% of 

the worldôs food production comes from these irrigated lands. Thus, decreasing water and 

land availability, coupled with increasing atmospheric temperatures (and hence 

increasing water loss), will have a huge impact on food crop production in time to come. 

These predicted scenarios portray an increasingly urgent need to breed in or óintroduceô 

higher water-use efficiency in crops while also maintaining, or hopefully increasing, crop 

yields to feed the growing population (WWAP, 2015). 

 

 

1.2. Plant adaptation responses to water deficit 

 

Plants are regularly subjected to environmental stresses during their lifetime, and hence 

have evolved a number of adaptation mechanisms to deal with stresses (Chaves et al., 

2003; Lawlor, 2013). Plant responses to drought can involve escape, avoidance or 

tolerance of water-deficit situations. During drought escape, plants complete their 

lifecycle before the onset of drought, while water is still available, and hence ensure 

reproduction is successful.  

 

Drought avoidance involves the plants maintaining higher cellular water potential in the 

presence of decreasing levels of soil moisture. To do this, plants undergo adjustments to 

minimise the loss of water from the leaves, while trying to maximise the gain of water 

from the soil through the roots. Water deficit causes a loss of turgor due to a reduction of 

cellular water content. Loss of turgor in leaves (due to a decreased supply of water to the 

shoot region) directly causes a decrease in the growth rate of cells, which results in a 

decrease in leaf expansion and leaf area. Reduced stomatal conductance occurs in 

response to increasing water deficit, and thus there is a reduction in water-loss due to 

transpiration. As drought progresses, older leaves are shed to further conserve water by 
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minimising transpiration, while also ensuring that plant resources are diverted to younger 

leaves for growth. The partitioning of water resources away from the shoot and leaves is 

to enable an increase in water supply to roots to support their growth deeper into the 

moister areas of soil (Chaves et al., 2003). 

 

In drought tolerance, the cell adapts to the lower water potential by inducing the 

expression of genes needed for the adaptation process. Osmolytes and sugars are 

produced to help balance the change in water potential (Zhang et al., 1999; Serraj and 

Sinclair, 2002); the Late Embryogenesis Abundant (LEA) proteins help in protecting 

cellular structure from crystallisation during drought (Hara et al., 2001; Bravo et al., 2003) 

and ROS detoxifying enzymes are produced to modulate the production of ROS (Moran 

et al., 1994; Sharma and Dubey, 2005). Stomatal closure, and consequently 

photosynthesis, is also regulated by the hormone Abscisic Acid (ABA) and a number of 

regulatory genes that control stomatal function and photosynthetic capacity under stress 

(Schroeder et al., 2001). 

 

The changes observed during drought tolerance are a consequence of perception of an 

occurring water-deficit, transduction of the signal, expression of drought tolerance-related 

genes and production of proteins and osmolytes needed to overcome the effects of the 

reduction in cellular water content. Thus, a better understanding of the molecular events 

occurring during tolerance to water deficit might provide the basic knowledge needed to 

engineer plants for greater tolerance to prolonged periods of water deficit, while also 

maintaining productivity. 

 

 

1.3. Perception of water-deficit signal 

 

The process involved in sensing the osmotic stress component of drought at the cellular 

level is not well understood in plants. However, in yeast, the perception of the high 

osmolarity stress signal through the High Osmolarity Glycerol (HOG) pathway has been 

studied (Tamás et al., 2000), and a similar pathway may also exist in plants. Under 

normal osmotic conditions, the histidine kinase SLN1, phosphorylates an intermediate 

protein YPD1, another histidine kinase, which órelaysô the phosphorylation to regulator 

protein SSK1 (Reiser et al., 2003). The phosphorylated SSK1 remains inactive under 

normal osmolarity conditions. When external osmolarity increases, SLN1 is inhibited and 

SSK1 becomes dephosphorylated and activated. SSK1 acts through the mitogen-

activated protein kinase (MAPK) pathway to activate the HOG pathway through HOG1, 
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which mediates adaptation of the yeast cell to changes in osmolarity. Another protein, 

SHO1, is also activated in response to high external osmolarity and also activates the 

HOG pathway (Reiser et al., 2003). In Arabidopsis, a gene homologous to that coding for 

SLN1 has been identified (Urao et al., 1999). However, the whole pathway involved in 

sensing the onset of water deficit has yet to be characterised and many components of 

the pathway are still unknown. 

 

 

1.4. ABA plays a key role in drought stress response 

 

The transduction of the signal may be mediated through the production of ABA or may be 

ABA-independent (Shinozaki and Yamaguchi-Shinozaki, 2007). The action of ABA leads 

to the expression of genes that aid plants in acclimatising to environmental stresses. 

Levels of ABA have been found to increase in plants as drought progresses (Jiang and 

Zhang, 2002; Wang et al., 2004). This corresponds with an increase in the expression of 

genes that help in the acclimation of the plant to increasing water deficit ï genes that 

control stomatal closure, to help minimise water loss, genes that stimulate the production 

of osmolytes and LEA proteins, and other stress responsive genes (Shinozaki and 

Yamaguchi-Shinozaki, 2007).  

 

In response to water deficit, a key enzyme in the biosynthesis of ABA, 9-cis-

epoxycarotenoid dioxygenase3 (NCED3), is upregulated (Harb et al., 2010). It has 

already been shown that the overexpression of this gene confers a higher degree of 

tolerance to plants, while the nced mutant is more sensitive to water deficit (Iuchi et al., 

2001). This shows the importance of ABA to drought stress response, but what exactly 

happens at the cellular level to elicit this reaction is still not known, and is an important 

area of study. 

 

 

1.4.1. ABA mediates the expression of regulatory genes 

 

ABA induces the expression of a number of drought-responsive genes such as response 

to response to dessication22 (RD22; Yamaguchi-Shinozaki et al., 1992), RD29A and 

RD29B (Yamaguchi-Shinozaki et al., 1992; Yamaguchi-Shinozaki and Shinozaki, 1993), 

LEA genes (Galau et al., 1986; Skriver and Mundy, 1990) and dehydrins (Close et al., 

1989). The induction of these genes was mediated by the binding of transcription factors 

to cis-acting elements in the promoter region of these genes. The DNA-binding elements 
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of ABA-responsive genes are the ABA-responsive elements (AREs; Mundy et al., 1990), 

to which ARE-binding proteins (AREBs) or ARE-binding factors (ABFs) bind. 

Alternatively, ABA-responsive genes may also contain MYB or MYC recognition sites 

(Abe et al., 1997) to which MYB or MYC proteins bind. 

 

 

1.4.2. ABFs are important regulators of drought response 

 

A number of bZIPs (basic leucine zippers) are involved in a plantôs response to drought 

(Uno et al., 2000), and one family of bZIPs are the ABFs (Choi et al., 2000). ABF1, 

ABF2/ABRE1, ABF3 and ABF4/ABRE2 were found to be induced by abiotic stresses like 

drought, old and high salinity (Choi et al., 2000), and all four of these ABFs were induced 

by drought (Yoshida et al., 2015). Overexpression of ABF3 and ABF4 in Arabidopsis 

conferred drought tolerance in those plants (Kang et al., 2002), while overexpression of a 

constitutively active form of ABF2 also led to enhanced drought tolerance in the mutant 

plants compared to wild-type plants (Fujita et al., 2005). On the other hand, the 

abre1abre2abf3 triple knockout mutant exhibited increased drought sensitivity (Yoshida et 

al., 2010), while the quadruple knockout abre1abre2abf3abf1 displayed an even greater 

sensitivity to drought (Yoshida et al., 2015).  

 

 

1.5. Other regulatory sequences that modulate gene expression during the stress 

response  

 

In addition to ABA-responsive genes, there are a number of genes that are drought-

responsive but ABA-independent, such as RD19, RD21 and RD28 (Yamaguchi-Shinozaki 

et al., 1992). These genes are activated by the binding of transcription factors to 

dehydration-responsive elements (DREs; Yamaguchi-Shinozaki and Shinozaki, 1994), 

known as DRE-binding proteins (DREBs). Thus, the induction of drought-responsive 

genes is mediated either in an ABA-dependent or an ABA-independent pathway. Many 

studies have focussed on loss-of-function or gain-of-function mutants of transcription 

factors that bind to cis-acting elements in the promoter region of drought-responsive 

genes.  
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1.5.1. Evidence of the importance of DREBs and other ERFs during drought 

 

DREBs are a class of ethylene response factors (ERFs) that bind the DRE element 

present in the promoters of mostly stress-responsive genes, activating transcription of 

these genes (Liu et al., 1998). In Arabidopsis, DREB2A was found to be induced by 

dehydration, while DREB1A was induced only by low temperature. However, only 

overexpression of DREB1A conferred drought and cold tolerance to the plants, while 

overexpression of DREB2A in Arabidopsis did not (Liu et al., 1998). This was found to be 

due to the presence of a negative regulatory domain in the protein. Removal of this 

domain rendered the protein constitutively active, and overexpression of this altered 

protein conferred drought tolerance to the plants (Sakuma et al., 2006). DREB1D was 

also found to be induced by drought and overexpressors of this gene in Arabidopsis were 

also drought tolerant (Haake et al., 2002). 

 

Overexpressors of other ERFs, which are induced by drought, have also been shown to 

affect the drought phenotype of these plants compared to the wild-type. In Arabidopsis, 

ERF053 was shown to be induced by drought (Cheng et al., 2012). However, 

overexpression of this gene did not confer drought tolerance to the plants. This was due 

to the presence of a RING-finger E3 ligase called RGLG2, and its homologue, RGLG1, 

that target ERF053 for protein degradation. Overexpression of ERF053 in an rglg1/rglg2 

double knockout allowed for accumulation of ERF053, and subsequently, a drought-

tolerant phenotype was observed. Moreover, overexpression of ERF053 in the double 

knockout background conferred those plants with greater drought tolerance compared to 

just the double knockout with wild-type levels of ERF053 (Cheng et al., 2012). 

 

Similarly, the ERF gene RAP2.4 was also found to be induced by drought and 

overexpression of this gene lead to enhanced drought tolerance in these plants 

compared to the wild-type (Lin et al., 2008). Overexpression of tomato JERF1 in rice 

(Zhang et al., 2010) and tomato JERF3 in tobacco (Wu et al., 2008) led to greater 

drought tolerance in these mutants. On the other hand, overexpression of another ERF, 

ERF7, caused increased sensitivity to drought due to decreased sensitivity to abscisic 

acid, and thus insufficient stomatal closure (Song et al., 2005). This shows that 

differential expression of DREBs and ERFs is crucial during drought and these genes 

play important regulatory roles during the drought response. 
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1.5.2. Members of the NF-Y family are involved in the drought response 

 

The Nuclear Factor-Y (NF-Y) complex is formed from a heterotrimeric complex consisting 

of the NF-YA, NF-YB and NF-YC subunits (Forsburg and Guarente, 1989), and in plants 

there are a large number of genes coding for these subunits (Siefers et al., 2009). 

Members of the NF-YA family, namely NF-YA2, NF-YA3, NF-YA5, NF-YA7 and NF-YA10, 

have been shown to be differentially expressed by a range of abiotic stress, such as low 

nitrogen, drought, cold, heat, high glucose and abscisic acid (Levya-González et al., 

2012). Overexpression of NF-YA5 (Li et al., 2008), NF-YA2, NF-YA3, NF-YA7 and NF-

YA10 (Levya-González et al., 2012) in Arabidopsis showed increased drought tolerance 

in these plants while the knockout, nf-ya5, showed increased sensitivity to drought (Li et 

al., 2008). Increased levels of NF-YAs resulted in repression of cell growth and 

elongation, leading to growth arrest, an acclimation response (Levya-González et al., 

2012). 

 

Nelson et al. (2007) found that Arabidopsis NF-YB1 was also responsive to drought and 

plants overexpressing this gene were found to be more drought tolerant than wild-type 

plants after severe drought. It was also seen that these plants were able to maintain 

higher water potential and higher photosynthetic rate under drought compared to the wild-

type. Maize plant overexpressing NF-YB2 (a homologue of Arabidopsis NF-YB1) were 

also drought tolerant in field conditions and had higher chlorophyll content, higher 

stomatal conductance and photosynthetic rate and lower average leaf temperature 

(Nelson et al., 2007). These plants were also found to be better yielding under drought 

conditions compared to wild-type plants, with the highest yielding lines producing 50% 

more yield than wild-type plants under drought conditions. Drought avoidance involves 

reduced stomatal conductance, and subsequently reduced carbon assimilation rate, to 

avoid water loss and maintain normal water potential during drought (Chaves et al., 

2003). This has the effect of reduced yield due to lower carbon assimilation rate (Chaves 

and Pinheiro, 2011). However, overexpressors of NF-YB2 were able to maintain higher 

stomatal conductance and photosynthetic rate during drought than the wild-type plants, 

and thus have better yield than these plants when subjected to drought (Nelson et al., 

2007). 

 

Thus, a number of members of the NF-Y family of genes are differentially expressed 

during drought stress and, thus, important transcriptional regulators of drought response 

in plants. 

 



8 
 

1.5.3. WRKYs are also important genes involved during drought 

 

A number of WRKYs are also differentially expressed during drought and other abiotic 

stresses (Seki et al., 2002; Matsui et al., 2008). A gain-of-function T-DNA insertional 

mutant of the gene WRKY57 was found to be tolerant to drought stress (Jiang et al., 

2012), and a knockout of WRKY63 was drought-sensitive drought due to reduced 

stomatal closure during drought. Also, the overexpression of the drought-inducible 

GsWRKY20 from wild soybean in Arabidopsis led to enhanced drought tolerance. The 

gene GsWRKY20 is homologous to Arabidopsis WRKY63. The drought-tolerant 

phenotype was due to increased sensitivity to ABA resulting in adequate stomatal closure 

and a decreased stomatal density in these mutants.  

 

 

1.6. Signal transduction during the drought response 

 

1.6.1. Members of the MAPK pathway have been identified 

 

A number of genes have been identified in plants that are homologous to members of the 

MAP kinase signalling pathway characterised in other eukaryotes (Bartels and Sunkar, 

2005). Some of these genes have also been found to be differentially expressed in 

response to dehydration or osmotic stress (which is a consequence of water deficit). 

MAPK and its associated molecules, MAPKK and MAPKKK, are well-known signalling 

molecules involved in the activation of cellular responses to environmental signals in 

eukaryotes. Homologues of these proteins have been identified in plants, mostly through 

homology studies. The Arabidopsis MAP kinase protein, MPK3, has been found to be 

induced in response to drought (Mizoguchi et al., 1996); the proteins MPK4 and MPK6 

were also found to be activated post-translationally in response to osmotic stress 

(Ichimura et al., 2000). An Arabidopsis MAPKKK, AtMEKK1, has been found to be 

upregulated in response to water deficit (Mizoguchi et al., 1996). Another kinase that is 

overexpressed during drought is OXI1 (Oxidative Signal-Induced1), which is believed to 

act upstream of MPK3 and MPK6 (Rentel et al., 2004).  
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1.6.2. Other signal transduction-related molecules are differentially expressed in 

drought 

 

Another family of protein kinases has also been found to be upregulated in response to 

drought conditions. SNF1 (Sucrose-Nonfermenting1)-related protein kinases (SnRKs; 

also called Open Stomata1 [OST1]), have been implicated in carbon metabolism, as well 

as stress signalling and may involve ABA-dependent and ABA-independent pathways of 

activating downstream stress-related target genes (Coello et al., 2011). The Receptor-like 

Protein Kinase1 (RPK1) also appears to play an important role in the early stages of ABA 

signalling, although its exact mechanism and substrates are not yet known (Osakabe et 

al., 2005; 2010).  

 

Protein phosphatases, along with protein kinases, are also involved in transducing 

external stimuli into a genetic response. There are two types of phosphatases known ï 

protein (serine/threonine) phosphatases and protein tyrosine phosphatases (de Nadal et 

al., 2002). One sub-group of protein phosphatases, PP2C, has been found to mediate an 

ABA-dependent signal transduction, through ROS and Ca2+, and is a negative regulator 

of ABA signalling (Murata et al., 2001; Mustilli et al., 2002). Mutants having a disrupted 

form of PP2C gene, abi1 (ABA-insenstive1), have been found to be more drought-tolerant 

(Gosti et al., 1999). 

 

Despite the characterisation of many proteins involved in signalling the stress response, 

there are still gaps in our knowledge of the signalling process which have yet to be filled. 

 

 

1.7. Stomatal closure in response to stress is mediated by ABA 

 

ABA regulates the closing of stomata in response to water deficit and this process is 

mediated by a number of enzymes and signalling molecules that coordinate in a 

signalling cascade (Mishra et al., 2006; Zhang et al., 2009). The a subunit of a 

heterotrimeric G-protein (GPA1) was found to be upregulated under mild drought 

conditions. Also, Phospholipase Da1 (PLDa1) was found to be overexpressed under the 

same conditions (Harb et al., 2010). These findings corroborate a proposed mechanism 

of ABA-induced stomatal closure and inhibition of stomatal opening in response to 

drought (Mishra et al., 2006). PLDa1 catalyses the hydrolysis of membrane phospholipids 

to form phosphatidic acid (PA), which acts as a signalling molecule. PA binds PP2C, and 
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consequently inhibits the inhibiting effect of the phosphatase, allowing stomatal closure. 

PA has also been found to act upstream of GTP-bound GPA1, which signals the 

inhibition of stomatal opening (Mishra et al., 2006). PA appears to also interact and 

activate NADPH oxidase, which subsequently produces ROS (Zhang et al., 2009). ROS 

are known to induce Ca2+ transients by activation of Ca2+ channels, which has further 

implications in signal transduction (Mori and Schroeder, 2004).  

 

All the components of the pathway involved in stomatal response have not yet been 

characterised and it is also believed that SnRK2 plays a role in the ABA-mediated 

stomatal response and gene regulation (Mustilli et al., 2002; Coello et al., 2011). The 

binding of ABA to PYR/PYL/RCAR proteins, which act as ABA receptors (Ma et al., 2009; 

Park et al., 2009), causes the interaction between the ABA receptors and PP2C. This 

interaction prevents the dephosphorylation and inactivation of SnRK2, and hence it is free 

to activate downstream target genes through ABFs (Coello et al., 2011).  

 

 

1.8. The role of osmolytes and protective proteins in drought response 

 

It has been observed that the concentration of osmolytes increase in response to 

environmental stresses and it has also been found that these osmolytes are responsible 

for conferring tolerance in known stress-tolerant plant species (Zhang et al., 1999; Serraj 

and Sinclair, 2002). Not only do these osmolytes have osmoprotectant properties, by 

regulating osmotic potential during drought, but they also appear to have other protective 

properties, such as ROS scavenging and detoxification, and stabilisation of cellular 

components. Proteins, such as LEA proteins, proteases, redoxins, aquaporins and heat 

shock proteins, which have a similar protective role, have also been found to be induced 

during water deficit (Bartels and Sunkar, 2005). 

 

 

1.8.1. Sugars and sugar alcohols 

 

A number of sugars, such as sucrose, raffinose family of oligosaccharides (RFOs), 

trehalose and fructan, show increased levels during the drought response (Taji et al., 

2002; Ogbaga et al., 2016). They are believed to elicit a role in maintaining the osmotic 

potential of the cell during low water potential, by stabilising proteins and membranes 

through hydrogen bonding (Peters et al., 2007), and RFOs have also been demonstrated 

to have ROS-scavenging properties in Arabidopsis (Nishizawa et al., 2008). Elevated 
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levels of sucrose and RFOs have been found in the resurrection plant Xerophyta viscosa 

(Peters et al., 2007). Levels of sucrose are also increased in another resurrection plant 

Craterostigma plantagineum (Bianchi et al., 1991). C. plantagineum accumulates a high 

concentration of 2-octulose, which is converted to sucrose under conditions of 

dehydration. Trehalose also has protective properties against drought, as observed when 

the trehalose phosphate synthase (TPS) gene and other genes involved in the 

biosynthesis of trehalose were induced in plants (Garg et al., 2002; Avonce et al., 2004). 

Increases in levels of fructan, through overexpression of fructan biosynthetic genes, has 

also resulted in an increase in stress tolerance in tobacco and sugar beet plants (Pilon-

Smits et al., 1995; Pilon-Smits et al., 1999). 

 

Overexpression of the mannitol-1-phosphate dehydrogenase gene in wheat, required for 

the biosynthesis of mannitol, induces an increased tolerance to drought stress. Mannitol 

appears to act through the scavenging of harmful hydroxyl radicals (Abebe et al., 2003) 

and also through the protection of ROS-scavenging and detoxifying enzymes from the 

action of hydroxyl radicals (Shen et al., 1997), while D-ononitol is believed to act similarly 

(Sheveleva et al., 1997). 

 

 

1.8.2. Proline 

 

Proline may have many roles in ameliorating the effects of stress and inducing drought 

tolerance in plants, and accumulates in response to drought (Girousse et al., 1996; An et 

al., 2013). It is believed to aid in osmotic adjustment, help in the stabilisation of the 

membranes (Rhodes et al., 1986; Verbruggen and Hermans, 2008) and scavenge ROS 

(Cuin and Shabala, 2007). Overexpression of the proline biosynthetic gene, Pyrroline-5-

carboxylate synthase, in tobacco and rice has been shown to increase in tolerance to 

osmotic stress (Kavi Kishor et al., 1995; Zhu et al., 1998). 

 

 

1.8.3. LEA proteins 

 

Exogenously added ABA has been found to induce the expression of LEA proteins in 

plants and is associated with a higher degree of desiccation tolerance in these plants (Xu 

et al., 1996; Porcel et al., 2005). LEA proteins have been found to act as protective 

molecules. Group 1 LEA proteins may be involved in binding water during water deficit, 
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groups 2 and 4 may be responsible for stabilising membranes and proteins, and groups 3 

and 5 may sequester ions that accumulate during drought (Bartels and Sunkar, 2005). 

 

 

1.8.4. Heat shock proteins 

 

Heat shock proteins (HSPs) are induced by drought and correspond with an increase in 

tolerance (Wang et al., 2004; Aneja et al., 2015). Overexpression of HSP17.6A in 

Arabidopsis results in a gain of tolerance in these plants during water deficit, possibly 

through protein stabilisation (Sun et al., 2001). 

 

 

1.8.5. Proteases 

 

Proteases have been found to be induced in response to drought stress(Simova-Stoilova 

et al., 2006). This could be to ensure the turnover of damaged proteins to enable the 

synthesis of new proteins needed in the drought response. Cysteine proteases are 

induced ï ERD1 (Nakashima et al., 1997) and DegP2 (Hausühl et al., 2001) are two 

chloroplast-related proteases that appear to be upregulated during drought. 

 

 

1.8.6. Detoxifying proteins 

 

Stress inducible-aldehyde dehydrogenase (Sunkar et al., 2003) and aldehyde reductase 

(Oberschall et al., 2000) have been identified in Arabidopsis that are responsive to 

drought. These act to remove toxic aldehydes, produced as a result of lipid peroxidation 

and mediated by free radicals, to form carboxylic acids and alcohols, respectively. 

Peroxiredoxins are other enzymes that are capable of detoxifying toxic peroxides to 

alcohols, thus preventing harmful ROS-mediated cellular damage (Seki et al., 2002; Islam 

et al., 2015). Thioredoxins have been studied in other organisms to be important 

detoxifying-enzymes, however, not much is known about them in plants (Rey et al., 1998; 

Cha et al., 2014). 

 

Although some studies have been done about the effects of osmolytes and protective 

proteins during the drought response, and the genes that control them, there is still much 

more to be elucidated about the genes that initiate the osmotic responses and the 

pathways that lead to their osmotic effects. 
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1.9. Large-scale transcriptomics has been used to study drought transcriptomes 

 

It is clear that a large number of regulatory and functional genes are differentially 

expressed during drought, and single gene studies do not allow for a holistic 

understanding of gene networks activated or repressed during drought. On the other 

hand, microarrays can be used to conduct genome-wide expression analyses (Eisen and 

Brown, 1999), and this can be used to analyse the drought transcriptome, as has been 

performed in a number of studies.  

 

Among some of the earliest work on large-scale transcriptomics studies of drought-

stressed plants was the work of Seki et al. (2001). In this study, drought stress was 

imposed on plant rosettes, by dehydration on Whatman 3MM paper, under growth 

conditions. RNA was extracted from these stressed rosettes and hybridised on a 

microarray spotted with the full-length cDNA for 1300 genes. A number of known drought 

stress-responsive genes were differentially expressed during drought, such as RD29A, 

Figure 1.1. The components of the drought response in plants (adapted from Singh and Laxmi, 
2015) from perception of the drought through to ABA-dependent and ABA-independent induction 
of transcription factors that regulate the expression of stress responsive genes. 
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COR15A (cold-regulated15A), KIN1 (cold-induced1), KIN2, ERD10 (early response to 

dehydration10), RD17, RD20, ERD7, ERD4, ERD14, ERD3, RD19A, RD22 and P5CS 

(pyrroline-5-carboxylate synthase), involved in proline biosynthesis (Yoshiba et al., 1995). 

In addition to these 14 genes, another 30 genes, previously unknown to be drought-

responsive, were also differentially expressed during drought. Thus, this study showed 

that the use of microarrays could be used to identify new genes involved during drought.  

 

Seki et al. (2002) performed a time-series microarray analysis on rosettes subjected to 

dehydration, sampling at 1, 2, 5, 10 and 24 hours after the initiation of the stress. A full-

length cDNA microarray was used to measure the expression levels of approximately 

7000 genes. In this study, it was seen that 277 genes were induced during drought, while 

79 genes were down-regulated. 40 of the 277 genes that were induced were transcription 

factors (TFs), showing that TFs play an important role in the drought response. In addition 

to TFs, genes coding for the biosynthesis of osmoprotectants such as proline and sugars, 

for LEA genes, an aquaporin and other membrane proteins were also seen. Genes 

involved in the biosynthesis of hormones such as ABA, ethylene, jasmonic acid and 

auxin, were also up-regulated during drought and genes involved in cellular signalling and 

transduction, such as those coding for Ca2+-binding and calmodulin-binding proteins, 

protein kinases and phosphatases, were also induced. In total, genes belonging to 40 

functional categories, and a large group of unknown genes, were induced during drought. 

This shows that the drought response is a complicated one involving many different 

groups of functional and regulatory genes. In addition to the induction of a large number 

of genes during drought, 79 genes were also down-regulated. The largest group of genes 

that were down-regulated were those involved in photosynthesis. 19 functional groups of 

genes were repressed during drought, and again a large number of down-regulated 

genes were unknown.  

 

The type of drought experiment that was done in this study is unrepresentative of a 

normal drought that occurs in the field. It involved dehydration of plant rosettes for a few 

hours on the bench, while drought in the field lasts for days (Passioura, 2002). However, 

the use of a time-series analysis enabled the identification of genes that would not have 

been picked up from a single time-point study. Cold- and salinity-stressed plants were 

also analysed in a similar way and it was seen that more than half of the genes that were 

differentially expressed during drought were common to either cold or salinity or both. 

This shows that a large part of the stress response is common to different abiotic 

stresses, in addition to the many stress-specific genes that are induced or repressed 

(Seki et al., 2002).  



15 
 

Another study by Kreps et al. (2002) was done in which plants were subjected to osmotic 

stress, using mannitol, when the photoperiod began, and leaf and root tissue were 

harvested at 3 hours and 27 hours after the stress. Cold and salinity genes were also 

analysed. A large number of genes common to all three stresses were differentially 

expressed in both the shoots and the roots 3 hours after the stresses were applied. This 

involved many transcription factors and signalling-related genes. 27 hours after the 

stresses, the number of genes differentially expressed in roots and shoots decreased 

drastically. Similar to Seki et al. (2002), this study also showed that it is important to study 

the effect of stress over a period of time rather than at a single point, as the transcriptome 

varies as the stress progresses.  

 

In the drought analysis by Kilian et al. (2007), 24,000 genes were analysed in 18-day old 

plants. The plants were exposed to a stream of air for 15 minutes till 10% of the fresh 

weight was lost. Differentially expressed genes were also analysed in plants subjected to 

cold and UV-B light stress. The plants were returned to growth conditions after stressing 

them and the roots and shoots were harvested separately. Plant material was harvested 

15, 30, 60 minutes, 3, 6, 12 and 24 hours after the stress. At the beginning of the 

analysis, many of the differentially expressed genes (such as transcription factors and 

signalling genes) were those that were shared between two or all of the stresses. Over 

time, the number of shared genes decreased, while stress-specific genes continued to 

constitute the majority of those that were differentially expressed in both roots and 

shoots. From this study and from Kreps et al. (2002), it is clear that there is an initial 

response that is common to abiotic stresses which then develops into a stress-specific 

response over time, and the analysis of the transcriptome at a single time-point after 

drought does not provide the full picture of the response. 

 

The above studies used a variety of methods for imposing drought, such as quick 

dehydration of rosettes or seedlings, or using mannitol. These methods do not portray 

drought in the field accurately as they are not soil-based. Harb et al. (2010) performed a 

soil-based drought experiment to analyse the transcriptome under stress. They also 

compared a progressive drought experiment with a moderate drought experiment, where 

the relative soil water content is maintained at 30%. They believed that progressive 

drought is too severe and that moderate drought is more realistic to field conditions, and 

so performed a microarray analysis to compare the two types of drought stresses. 

Moderate drought was induced by withdrawing water till 2 g g-1 dry soil (30% field 

capacity) was reached, and then supplementing it to maintain this water content for the 

remainder of the experiment, while plants subjected to progressive drought were allowed 
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to wilt. 7648 genes were differentially expressed in wilting plants that were subjected to a 

progressive drought stress (pDr). In contrast, 2039 genes were differentially expressed 

on day 1 of the moderate drought (mDr day01), and 728 genes on day 10 (mDr day10).  

 

Despite the difference in the number of genes differentially expressed between the two 

types of drought, they found that some of the same GO terms associated with drought 

were differentially expressed in both pDr and mDr day 01 (Harb et al., 2010). These terms 

were response to water deprivation, response to ABA stimulus, osmotic, cold, and 

oxidative stresses, and DNA packaging, ribosome biogenesis and protein folding. Also, 

most of the differentially expressed genes in mDr day 01 were common to pDr, and were 

expressed in the same direction i.e. induced or repressed. The biggest difference in the 

expression levels of genes between the two types of stress was seen in those genes 

coding for cell wall modification enzymes ï these were up-regulated in mDr day 01, but 

down-regulated in pDr ï and in photosynthetic genes, which were down-regulated in pDr 

but showed no difference in expression in mDr day 01. These indicate an acclimation 

response in the plants subjected to moderate stress, as opposed to those subjected to 

progressive drought. However, as drought can be unpredictable, moderate drought 

represents an unlikely situation in the field. 

 

As mentioned in this section, a number of large-scale transcriptome studies have been 

performed. These analyses have identified many more targets for gene manipulation to 

produce drought tolerant plants. However, these studies have used artificial methods for 

inducing drought or have not measured the changing dynamic in the drought 

transcriptome, using a time-series analysis. A drought experiment that encompasses both 

of these factors could provide valuable information about the initiation and progress of the 

drought response under conditions that resemble drought in the field. 

 

 

1.10. Use of statistical algorithms to reverse-engineer gene regulatory networks  

 

The huge volumes of data arising from genomic technologies has led to the need to study 

organisms at the ósystemsô level, instead of at the single molecule level (Gutierrez et al., 

2005). Systems Biology aims to understand organisms from a whole-organism 

perspective, by integrating gene, protein, metabolite and other biological data to reverse 

engineer a network describing the interactions of each (Cho et al., 2007). Gene 

regulatory networks (GRNs) indicate the interaction between different genes and provide 

a wider view of gene networks that can potentially reveal novel connections. It also 
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provides a dynamic view of the interactions, indicating activation and repression (Yuan et 

al., 2008). 

 

Statistical algorithms can be used to reverse-engineer GRNs based on transcriptomics 

data and the most common types of mathematical models used are ordinary differential 

equations, Boolean networks and Bayesian networks (Bansal et al., 2007; Cho et al., 

2007). Ordinary differential equations represent the change in the level of a transcript as 

a function of the change in the levels of all other transcripts and also due to the effect of 

an external perturbation. Boolean networks represent the expression levels of genes as 

either ó0ô or ó1ô i.e. unexpressed state or expressed state. Both of these methods can only 

be applied to steady-state data and cannot be used on dynamic (time-series) data. 

Bayesian networks can either be static or dynamic; dynamic Bayesian networks are used 

to handle time-series data by applying Bayesian statistics to reverse-engineer the causal 

relationship between two ónodesô or genes. Examples of networks that have reverse-

engineered using each of these algorithms are given below (Gardner and Faith, 2005; 

Bansal et al., 2007; Cho et al., 2007). 

 

The three-loop feedback network in the circadian clock in Arabidopsis was 

mathematically modelled using differential equations (Locke et al., 2005). It predicted the 

presence of a gene, Y, in the network and also the dynamic of its expression during the 

photoperiod. Using this theoretical information, Y was soon identified experimentally to be 

GIGANTEA, an important gene involved in circadian rhythms in plants (Locke et al., 

2005; 2006). 

 

Espinosa-Soto et al. (2004) used Boolean networks to model the dynamics of cell type 

determination during flower development, using the ABC model and available 

experimental results. Novel predictions were identified and two of these were 

independently verified experimentally by Schmid et al. (2003) and Gómez-Mena et al. 

(2005). A Boolean network was also used by Li et al. (2006) to model ABA induction of 

stomatal closure, by integrating data from various experimental studies. They were able 

to model the effect of perturbing parts of the network on ABA-mediated stomatal closure, 

and identify potentially novel conditions that regulate this. 

 

A Dynamic Bayesian method called Variational Bayesian State Space Modelling 

(VBSSM; Beal et al., 2005) was used by Breeze et al. (2011) to model whole 

transcriptome data from a time-series senescence experiment. The model was able to 

correctly predict the positive effect that the gene ANAC092 would have on the expression 
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of known target genes. It also identified STZ as a highly connected gene in the network 

that regulates the expression of several genes during senescence, providing a candidate 

gene for experimental analysis. 

 

Windram et al. (2012) used a Nonlinear Dynamic System called Causal Structure 

Identification (CSI; Penfold et al., 2012) to model time-series transcriptional data from 

Arabidopsis plants subjected to Botrytis cinerea infection. This study identified TGA3 as 

an important gene potentially involved in the response to Botrytis infection, which was 

experimentally verified, as knockouts of the gene were more susceptible to infection that 

the wild-type plants. Hickman et al. (2013) modelled the time-series data from Breeze et 

al. (2011) and Windram et al. (2012) using CSI, and combining this with Yeast-1-Hybrid 

data, identified genes such as MYB genes that act upstream of the transcription factors, 

ANAC019, ANAC055 and ANAC072. These connections were experimentally verified 

using microarray analyses of mutants of the MYB genes.  

 

 

1.11. Objectives of the project 

 

This thesis is based on the work of Bechtold et al. (2016) in which a progressive drought 

experiment was performed with wild-type Arabidopsis Col-0, and time-series 

transcriptomics analyses were conducted using microarrays. In that work, differentially 

expressed genes were clustered in groups using hierarchical clustering, and these 

groups of genes were modelled into networks using the Dynamic Bayesian model 

VBSSM, just as in Breeze et al. (2011), and a network was generated around the 

flowering time gene, AGAMOUS-LIKE22 (AGL22) / SHORT VEGETATIVE PHASE 

(SVP). 

 

Using the same list of differentially expressed obtained in Bechtold et al. (2016), the 

genes were clustered using a temporal clustering algorithm and clusters were selected to 

model gene networks during drought using VBSSM. óHubô genes in the networks were 

selected for further analysis by phenotyping loss- and gain-of-function mutants of these 

genes. Finally, some of the networks were selected to verify gene connections between 

hub genes and potential downstream genes. 
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The main objectives of this project were: 

1. Generation of GRNs using the time-series transcriptomics data from Bechtold et al. 

(2016) and identification of hub genes that represent potentially important genes 

involved during the drought response. 

2. Phenotyping loss- and gain-of-function mutants of these hub genes under drought 

conditions to verify a potential role in drought stress signalling. 

3. Evaluation of the GRNs generated using VBSSM by testing the potential regulation of 

network genes by the hub genes. 
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Chapter 2 

 

Materials and Methods 
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2.1. Bioinformatics techniques 

 

2.1.1. Temporal Clustering of differentially expressed genes 

 

A list of differentially expressed genes with a Gaussian process two-sample test (GP2S; 

Stegle et al., 2010) score Ó 5 (as described in Chapter 3) was used for further analysis. 

The genes were grouped into clusters using the temporal clustering algorithm Temporal 

Clustering by Affinity Propagation (TCAP; 

http://www.wsbc.warwick.ac.uk/stevenkiddle/tcap .html; Kiddle et al., 2009) that was run 

in MATLAB® (MathWorks®, USA). TCAP clusters genes with similar expression profiles 

including early-, middle- and late-responding genes as well as those with inverse profiles. 

 

 

2.1.2. Enrichment of Biological Process terms 

 

The clusters were enriched for terms related to Biological Processes using the Database 

for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 

(http://david.abcc.ncifcrf.gov/; Huang et al., 2009) to identify groups of related functional 

genes clustered by TCAP.  

 

 

2.1.3. Modelling drought-responsive gene networks by Variational Bayesian State-

Space Modelling 

 

Gene clusters from TCAP were selected for further analysis, based on the results from 

DAVID. Individual clusters were used to model a number of gene regulatory networks 

(GRNs) using Variational Bayesian State-Space Modelling (VBSSM; Beal et al., 2005). A 

graphical user interface version of VBSSM (available from 

http://www2.warwick.ac.uk/fac/sci/systemsbiology/research/software/) was run in 

MATLAB® using the following settings: Number of seeds = 15; Maximum dimension of 

hidden states = 20; Maximum number of iterations = 2000. The gene networks predicted 

by the models were viewed using Cytoscape 2.8.2. 

 

 

 

 

 

http://www.wsbc.warwick.ac.uk/stevenkiddle/tcap%20.html
http://david.abcc.ncifcrf.gov/
http://www2.warwick.ac.uk/fac/sci/systemsbiology/research/software/
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2.2. Molecular Biology techniques 

 

2.2.1. Plant material and growth conditions 

 

Plants were grown in compost (Levington F2+S, The Scotts Company, Ipswich, UK) and 

maintained in a controlled environment ï 8/16 hour light/dark cycle at 23 °C and 60% 

relative humidity, under a photosynthetic photon flux density of ~200 µmol m-2 s-1.  

 

 

2.2.2. Primer design 

 

All primers used in this thesis were designed using the website Primer Blast 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/; Ye et al., 2012) which is available from 

the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/). 

Information about all the primers used in this thesis is given in Appendix C. 

 

 

2.2.3. Identification of knockout mutants from T-DNA insertional lines 

 

2.2.3.1. T-DNA insertional lines were obtained from NASC 

 

Multiple lines of putative T-DNA insertional mutants for each gene of interest were 

obtained from the Nottingham Arabidopsis Stock Centre (NASC, http://arabidopsis.info/). 

SALK (Alonso et al., 2003), SAIL (Sessions et al., 2002) and GABI-Kat (Rosso et al., 

2003) lines in a Col-0 background were used in this thesis, and a list of all T-DNA 

insertional mutants screened are given in Appendix B.  

 

 

2.2.3.2. Genomic DNA extraction 

 

Genomic DNA was extracted from plants using the protocol described by Edwards et al. 

(1991), with some modifications. A single leaf was taken from each plant and was ground 

using micropestles, along with 500 µl of DNA extraction buffer (200 mM Tris-HCl, pH 7.5, 

250 mM NaCl, 25 mm EDTA, 0.5% SDS). The samples were then centrifuged at 12,000 g 

for 10 minutes, and the resulting supernatant was mixed 1:1 with isopropanol. This was 

then centrifuged at 12,000 g for 10 minutes, the pellet was washed with 70% ethanol and 

the dried pellet was resuspended in 50 µl of Reverse Osmosis (RO) water. 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/
http://arabidopsis.info/
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2.2.3.3. PCR to identify T-DNA insertional mutants 

 

A Polymerase Chain Reaction (PCR) was performed to verify the presence of the T-DNA 

insertion within the gene of interest. Taq DNA polymerase (recombinant) (#EP0402, 

ThermoFisher Scientific, Loughborough, UK) was used for the PCR to a final 

concentration of 2.5 U/µl; the accompanying 10X Taq Buffer (100 mM Tris-HCl [pH 8.8 at 

25 °C], 500 mM KCl, 0.8% [v/v] Nonidet P40) was used at a final concentration of 1X and 

2.5 mM of MgCl2 was also added. A mix of deoxyribonucleotide triphosphates (dNTPs; 

#R0191, ThermoFisher Scientific) were added to a final concentration of 200 µM and 

100-200 ng of genomic DNA was used per reaction. The forward and reverse primers 

(sequence information in Appendix C) were added to a final concentration of 500 nM 

each and the volume was made up to 25 µl with RO water. Figure 2.1 shows the primers 

used to verify the presence of the T-DNA insertion and the zygosity of the plants.  

 

 

 

 

 

The conditions used for the PCR reactions were: an initial denaturation at 98 °C for 3 

minutes; 35 cycles of denaturation at 98 °C for 30 seconds, primer annealing at 60 °C for 

30 seconds and extension at 72 °C for 3 minutes; final extension at 72 °C for 10 minutes.  

 

 

2.2.3.4. Agarose Gel Electrophoresis and Visualisation of PCR products 

 

The PCR products were mixed with 6X DNA loading dye (10 mM Tris-HCl [pH 7.6], 

0.03% Bromophenol Blue, 0.03% Xylene Cyanol FF, 60% Glycerol, 60 mM EDTA) in the 

ratio of 6:1, respectively. These were run on a 1% agarose gel in TBE buffer (10.8 g Tris, 

5.5 g Boric acid, 4 ml of 500 mM EDTA [pH 8.0]) at 110V for 35 minutes, alongside the 

GeneRulerÊ DNA Ladder Mix (#SM0331; ThermoFisher Scientific). The agarose gel was 

Figure 2.1. Strategy (indicated by the block arrows) used to screen T-DNA insertions 
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stained with SafeView (#NBS-SV1, NBS Biologicals Ltd., Huntingdon, UK) in a 1:10,000 

dilution and the DNA was visualised using the GeneGenius Bioimaging system 

(SYNGENE, SYNOPTICS Ltd., Cambridge, UK), as per the supplierôs instructions. 

 

 

2.2.3.5. Gel extraction of PCR product from agarose gel 

 

PCR products were purified by extracting them from the agarose gel using the GeneJET 

Gel Extraction Kit (#K0691, ThermoFisher Scientific), as per the supplierôs instructions, 

with the exception that 20 µl of RO water was used to elute the DNA from the column 

instead of Elution Buffer. 

 

 

2.2.3.6. TA Cloning® of PCR product for sequencing 

 

To identify the position of the T-DNA insertion within the gene of interest, the PCR 

product obtained with the insertion-specific primer was first cloned into the pCR®2.1 

vector to allow for sequencing. TA Cloning® was performed using the TA Cloning® Kit 

(#K2020-20, ThermoFisher Scientific) according to the supplierôs instructions, before 

being transformed into chemically competent One ShotÈ OmniMAXÊ 2-T1R Escherichia 

coli cells (#C8540-03, ThermoFisher Scientific).  

 

 

2.2.3.7. Transformation of chemically competent E. coli cells 

 

E. coli OmniMAXÊ cells were transformed with the pCRÈ2.1 plasmid using the heat-

shock method. 2 µl of the plasmid was gently mixed with a 50 µl aliquot of E. coli 

competent cells and was incubated on ice for 30 minutes. Heat-shock was performed at 

42 °C for 30 seconds, and immediately incubated on ice for 5 minutes. 250 µl of Luria-

Bertani (LB) medium (#L2408, Melford Laboratories Ltd., Ipswich, UK) was then added to 

the cells and this was shaken at 37 °C for 1 hour. 40 µl of 100 mM IPTG (#I6758, Sigma-

Aldrich®, Dorset, UK) and 40 µl of 40 mg/ml X-Gal (#B4252, Sigma-Aldrich®) were 

spread on to LB Agar plates containing 50 µg/ml of Kanamycin (#K0126, Melford 

Laboratories Ltd.), to screen positive transformants by blue-white screening. 200 µl of the 

transformed cells were then plated till the plates were dry, and these were incubated 

overnight at 37 °C.  
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2.2.3.8. Colony PCR to verify positive transformants 

 

Colony PCR was performed on white colonies to verify positive transformants. The PCR 

reaction was set-up as described in section 2.2.3.3 and the M13 forward and reverse 

primers were used for the reaction. Instead of using genomic DNA as the template, white 

colonies were picked with clean tips, streaked onto a fresh LB Agar plate and dipped into 

the PCR mixture. The annealing temperature used for the M13 forward and reverse 

primers was 60 °C. The PCR products were run on a 1% agarose TBE gel, as mentioned 

in section 2.2.3.4. 

 

 

2.2.3.9. Extraction of plasmid DNA 

 

10 ml of LB medium containing 50 µg/ml of Kanamycin was inoculated with a positive 

colony from the freshly streaked plate, and incubated overnight at 37 °C. The grown 

culture was spun down at 3000 g for 20 minutes to pellet the cells and plasmid DNA was 

extracted using the QIAprep® Spin Miniprep Kit (#27104, Qiagen, Manchester, UK), as 

per the recommended protocol. 

 

 

2.2.3.10. Quantification of nucleic acids 

 

The plasmid was quantified and the purity ascertained by spectrophotometry, using the 

NanoDropÊ ND-1000 Spectrophotometer (ThermoFisher Scientific) as per the 

manufacturerôs instructions. 

 

 

2.2.3.11. Sequencing to determine the position of the T-DNA insertion 

 

The pCR®2.1 plasmid transformed with the PCR product obtained using the insertion-

specific primer (as described in section 2.2.3.6) was sequenced between the M13 

forward and reverse primers to identify the position of the T-DNA insertion in the gene of 

interest. 100 ng/µl of plasmid was sent to the sequencing company GATC Biotech 

(Konstanz, Germany) and the sequence was analysed using ContigExpress (Vector NTI 

Advance 10, ThermoFisher Scientific). 
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2.2.3.12. RNA extraction from plant leaf tissue 

 

Total RNA from identified T-DNA insertional mutants was extracted using TRI Reagent® 

solution (#AM9738, ThermoFisher Scientific), as per the supplierôs instructions with some 

changes. 100 mg of leaf tissue was harvested, immediately frozen in liquid nitrogen and 

subsequently finely ground using a mortar and pestle. 1 ml of TRI Reagent® was added 

to the tissue and incubated for 5 minutes at room temperature (RT). 200 µl of Chloroform 

was added and the solution was mixed well and again incubated for 5 minutes at RT. The 

samples were centrifuged at 12,000 g for 20 minutes at 4 °C. The aqueous phase was 

transferred to a new tube and mixed 1:1 with Isopropanol, before centrifuging at 12,000 g 

for 20 minutes at 4 °C to pellet the RNA. The RNA pellet was then washed with 1 ml of 

ice-cold 70% Ethanol at 12,000 g for 5 minutes at 4 °C and air-dried to remove excess 

Ethanol. The RNA was resuspended in 26 µl of RO water and DNase-treated. 

 

 

2.2.3.13. DNase treatment of RNA  

 

The extracted RNA was subjected to DNase treatment to ensure that the sample was 

DNA-free. Recombinant DNase I (rDNase I; #AM2235, ThermoFisher Scientific) was 

used to treat the RNA. To each sample, the 10X DNase I buffer was added to a final 

concentration of 1X along with 2 U of rDNase I, and the samples were incubated at 37 °C 

for 30 minutes. 2.4 mM of EDTA was then added and the rDNase I was heat inactivated 

at 75 °C for 5 minutes. 

 

 

2.2.3.14. cDNA preparation from RNA 

 

RNA was quantified, as mentioned in section 2.2.3.10, and 1000 ng of RNA was taken 

into a separate tube to convert to cDNA. 0.2 µg of Random Hexamer Primer (#S0142, 

ThermoFisher Scientific) was added to the RNA and made up to 12 µl. This was 

incubated at 65 °C for 10 minutes, after which it was immediately placed on ice. The RNA 

was reverse-transcribed using the RevertAid Reverse Transcriptase (#EP0442, 

ThermoFisher Scientific). The 5X buffer was added to a final concentration of 1X, dNTPs 

were added to give a final concentration of 1 mM and 200 U of the enzyme were added. 

The volume was made up to 20 µl using RO water and the tubes were incubated under 

the following conditions: 25 °C for 10 minutes, 42 °C for 60 minutes and 70 °C for 10 

minutes. 
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2.2.3.15. Expression analysis using RT-PCR 

 

The semi-quantitative Reverse Transcription-PCR (RT-PCR) was performed on the T-

DNA insertional mutants to verify that the gene of interest was knocked out. The forward 

and reverse primers used were specific to the start and end of the protein-coding 

sequence, and thus the full-length sequence was analysed. The sequence information for 

each primer is given in Appendix C. The PCR was setup as mentioned in section 2.2.3.3, 

with the exception that 0.5 µl of undiluted cDNA and 0.5 µl of DreamTaq DNA 

Polymerase (#EP0702, ThermoFisher Scientific) were used. MgCl2 was not added to the 

mix as it was already incorporated in the buffer. The PCR conditions used were the same 

as in section 2.2.3.3. 

 

 

2.2.3.16. Expression analysis using qPCR 

 

Quantitative PCR (qPCR) was used on T-DNA insertional mutants that appeared to have 

increased levels of the gene of interest when analysed by RT-PCR. The SensiFASTÊ 

SYBR No-ROX Kit (#BIO-98002, Bioline Reagents Ltd., London, UK) was used to 

perform the qPCR. The 2X SensiFASTÊ SYBR No-ROX Mix was diluted to 1X and the 

forward and reverse primers were added to a final concentration of 400 nM each. 1 µl of 

1:5 diluted cDNA was added to each reaction and made up to 20 µl with RO water. The 

sequences of the primers used for qPCR are given in Appendix C. The following PCR 

conditions were used for the reactions: Initial denaturation and DNA polymerase 

activation at 95 °C for 2 minutes; 50 cycles of denaturation at 95 °C for 5 seconds, 

annealing at 60 °C for 10 seconds and extension at 72 °C for 5 seconds. A melting curve 

was done from 65 °C to 90 °C in 0.5 °C increments for 5 seconds, to verify the 

amplification of just a single product. All replicates are biological replicates and stated in 

the legends. 

 

 

2.2.4. Production of lines overexpressing the gene of interest 

 

To construct overexpression vectors for the genes of interest, the Gateway® Technology 

(InvitrogenÊ from ThermoFisher Scientific) was used. This provides a quick and efficient 

method of cloning a gene of interest into a number of vectors for functional 

characterisation of the gene (Hartley et al., 2000). It involves cloning the gene into the 
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TOPO® vector and subsequently the use of site-specific recombination to clone the gene 

into a compatible vector of choice using LR ClonaseÊ II. 

 

 

2.2.4.1. Amplification of the gene of interest for Gateway® Cloning 

 

The full-length protein-coding sequence of the genes of interest was amplified from wild-

type Col-0 cDNA by PCR. The Phusion® Hot Start II High-Fidelity DNA polymerase (#F-

5495S, ThermoFisher Scientific) was used as per the supplierôs instructions for a 20 Õl 

reaction, and using the recommended PCR conditions. The forward primer contained the 

CACC sequence at the 5ô end to ensure directional cloning into the TOPOÈ vector. The 

sequences of the forward and reverse primers used in the PCR are given in Appendix C. 

100-200 ng of cDNA was added to each reaction and an annealing temperature of 60 °C 

was used. The PCR products were run on a 1% agarose TBE gel and purified by gel 

extraction as mentioned in section 2.2.3.4. 

 

 

2.2.4.2. TOPO® cloning of the amplified gene 

 

The PCR product was ligated into the pENTRÊ/D-TOPO® vector (#K2400-20, 

ThermoFisher Scientific) as per the supplierôs instructions. The vector was transformed by 

heat-shock into E. coli OmniMAXÊ cells, plated on Kanamycin (50 Õg/ml) LB Agar plates 

and incubated overnight at 37 °C. Positive transformants were identified by colony PCR 

with M13 forward and reverse primers. The positive colonies were inoculated in 10 ml 

cultures and grown overnight to extract the plasmid. A restriction digestion was performed 

to check the positive clones. The sequence and directionality of the genes in the TOPO® 

vector were confirmed by sequencing with the M13 forward and reverse primers. 

 

 

2.2.4.3. Restriction Digestion of TOPO® clones 

 

The TOPO® clones were further verified by restriction digestion of the plasmid. The 

restriction enzymes to be used were determined from the sequence of the plasmid with 

the gene insert and using the application PlasmaDNA (University of Helsinki) available 

from http://research.med.helsinki.fi/plasmadna/. The enzymes and corresponding buffers 

used for each of the constructs were obtained from ThermoFisher Scientific and are given 

in Table 2.1. To 1000 ng of the plasmid, 1 µl containing 10 U of each enzyme was added, 

http://research.med.helsinki.fi/plasmadna/
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and the 10X buffer was added to a final concentration of 1X. The volume of the reaction 

was made up to 20 µl with RO water and incubated at 37 °C for 1 hour. For the double 

digests, the correct buffer and the amount of enzyme to be added were determined using 

the DoubleDigest Calculator (https://www.thermofisher.com/uk/en/home/brands/thermo-

scientific/molecular-biology/thermo-scientific-restriction-modifying-enzymes/restriction-

enzymes-thermo-scientific/double-digest-calculator-thermo-scientific.html, ThermoFisher 

Scientific). The products of the restriction digestion were run on a 1% agarose TBE gel.  

 

 

Table 2.1 Table showing the restriction enzymes used to confirm the cloning of the gene 

of interest into the pENTRÊ vector. 

Gene construct 
Restriction enzymes used (with 

Catalogue number) 

Enzyme Buffer 

used 

AGL22 MluI (#ER0561) Buffer R 

ANL2 MluI Buffer R 

BHLH038 MluI and HindIII (#ER0501) Buffer R 

POZ MluI and HindIII Buffer R 

RAP2.12 NotI (#ER0591) and PstI (#ER0611) Buffer O 

UKTF NotI and PstI Buffer O 

FD EcoRI (#ER0271) and PvuII (#ER0631) Buffer R 

 

 

 

2.2.4.4. LR Cloning of the gene into a Destination vector 

 

The gene of interest was cloned into the destination vector pEarleyGate (Earley et al., 

2006) by LR Cloning, using the GatewayÈ LR ClonaseÊ II Enzyme Mix (#11791020, 

ThermoFisher Scientific) as per the supplierôs instructions. The binary vector pEarleyGate 

contains the Cauliflower Mosaic Virus (CaMV) 35S promoter and the termination 

sequences from the Octopine Synthase (OCS) Gene, for overexpression of the gene of 

interest. The vector contains the Basta Resistance (BaR) gene for in planta selection, and 

the Kanamycin Resistance (KanR) gene for selection in bacteria. The constructs were 

transformed by heat-shock into E. coli OmniMAXÊ cells, plated on LB Agar plates 

containing 50 µg/ml of Kanamycin and incubated overnight at 37 °C. Positive 

transformants were identified by colony PCR with the 35S promoter-specific forward 

primer (Appendix C) and the gene-specific reverse primer. A restriction digestion of the 

https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-scientific/double-digest-calculator-thermo-scientific.html
https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-scientific/double-digest-calculator-thermo-scientific.html
https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-scientific/double-digest-calculator-thermo-scientific.html


30 
 

plasmid extracted from the positive transformants was also done to further verify the 

results of the colony PCR, and the products of the digestion were analysed on a 1% TBE 

gel. 

 

 

 

 

 

 

 

 

2.2.4.5. Transformation of Agrobacterium tumefaciens 

 

The pEarleyGate expression constructs were transformed into electro-competent 

Agrobacterium tumefaciens, strain GV3101/pMP90 (Koncz and Schell, 1986) by 

electroporation. 1 µl of the plasmid was gently mixed with a 50 µl aliquot of the cells and 

transferred to ice-cold 2 mm electroporation cuvettes (#732-1136, VWR International, 

Lutterworth, UK). Electroporation was carried out at 1800 volts using the EasyJecT Prima 

Electroporator (Equibio Ltd., Ashford, UK). 1 ml of ice-cold LB medium was added to the 

cells and the samples were shaken at 28 °C for 3 hours. 200 µl of the cells were then 

plated on LB Agar plates containing 50 µg/ml of Rifampicin (#13292-46-1, Melford 

Laboratories Ltd.), 25 µg/ml of Gentamycin (#1405-41-0, Melford Laboratories Ltd.) and 

50 µg/ml of Kanamycin. The plates were incubated at 28 °C for 2 days and positive 

transformants were verified by colony PCR using the same primers used to screen E. coli 

colonies after LR cloning. 

 

 

2.2.4.6. Transformation of Arabidopsis by Agrobacterium-mediated transformation 

 

Positive colonies were grown overnight at 28 °C in 10 ml LB medium containing 50 µg/ml 

of Rifampicin, 25 µg/ml of Gentamycin and 50 µg/ml of Kanamycin. These were used to 

inoculate 500 ml cultures and wild-type Col-0 Arabidopsis plants were transformed with 

the overexpression vectors using the floral-dip method described by Clough and Bent 

(1998). The seeds (T1) of the transformed plants were screened on soil by watering the 

seedlings regularly with 0.62 mM of glufosinate-ammonium (Kaspar; Bayer CropScience, 

Figure 2.2. Vector map of the destination vector pEarleyGate. The pEarleyGate vector (Earley et 
al., 2006) contains the CaMV 35S promoter and the OCS terminator, between which the gene of 
interest is inserted by recombination between the attR sites on pEarleyGate and the attL sites of 
the pENTR

TM
 vector. This is contained between the right and left T-DNA border sequences, along 

with the BaR gene for in planta selection using Basta®. The vector also contains the KanR gene 
for selection in E. coli using Kanamycin. 
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Cambridge, UK). Positive transformants were analysed by qPCR, as mentioned in section 

2.2.3.16, to verify overexpression of the gene of interest. Homozygous lines were 

obtained by screening T2 or T3 seeds to confirm there is no segregation in the lines. 

 

 

2.3. Plant Phenotyping techniques 

 

2.3.1. Drought stress conditions 

 

The drought experiment was performed as described by Bechtold et al. (2016). To 

perform the drought experiments, 7x7x8 cm pots (Desch Plantpak, Maldon, UK) were 

filled with equal weight of a 6:1 mixture of compost and Vermiculite (Verve; B&Q, 

Colchester, UK) and 2-3 seeds were sown per pot. Control pots were filled to the same 

weight, soaked in water for a few hours till saturation and weighed to estimate 100% 

relative soil water content (rSWC). The pots were allowed to dry out completely and the 

pots were weighed to estimate 0% rSWC. 6 weeks after sowing, half of the plants were 

maintained as normally watered control plants, while water was completely withdrawn 

from the remaining plants. The pots subjected to drought were weighed every day and 

the rSWC was measured using the formula: 

 

 

 

 

The drought was continued until the rSWC reached 20%. Plants were either sampled for 

the experiments described below, or to estimate biomass (rosette, stalks and siliques, 

and seed). Plants that were used to harvest leaf material were discarded immediately. If 

the plants were used to measure plant biomass, then the plants were re-watered and a 

normal watering regime was maintained until the first silique matured, at which point the 

plants were bagged and allowed to dry out. The dried rosette, reproductive structures 

(stalks and siliques) and seeds were separated and weighed to estimate vegetative, 

reproductive and total biomass. 

 

 

2.3.2. Calculation of rosette area 

 

Digital images of the plants were taken using a Panasonic DMC-GF6K camera and the 

images were analysed using the image processing software ImageJ 

    Pot weight ï Empty pot weight ï Dry soil weight   x 100 

            Saturated pot weight ï Dry soil weight    
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(https://imagej.nih.gov/ij/) to calculate the rosette area of the plants, as described by 

Bechtold et al. (2010). 

 

 

2.3.3. Thermal imaging of drought-stressed and watered plants 

 

Thermal images of both droughted and watered plants were taken at multiple points 

during the drought using the TH7100 Thermal Tracer (NEC Avio Infra-red Technologies 

Co. Ltd., Tokyo, Japan), as described by Bechtold et al. (2010). The images were 

analysed using the TH91-719 software (NEC San-ei Instruments, Ltd., Tokyo, Japan) to 

extract the average temperature of the rosettes. 

 

 

2.3.4. Instantaneous measurements of assimilation rate and stomatal conductance 

 

Instantaneous measurements of assimilation rate (A) and stomatal conductance (gs) were 

performed under growth conditions using a CIRAS-1 (PP Systems, Amesbury, USA) as 

described by Lawson and Weyers (1999). The measurements were taken at multiple 

points during the drought for both droughted and watered plants.  

 

 

2.3.5. Measurement of hydrogen peroxide  

 

100 mg of leaf material was harvested in liquid nitrogen and ground on ice with 500 µl of 

100 mM HCl. The samples were centrifuged at 12,000 g for 10 minutes at 4 °C. The 

supernatant was purified through an activated charcoal column to remove interfering 

contaminants in the sample. Hydrogen Peroxide (H2O2) in the samples was measured 

using Homovanillic acid (HVA; #306-08-1, Sigma-Aldrich®; Guilbault et al., 1967). A 

master mix of 100 µl of 50mM HVA and 50 µl of 20 U/ml horseradish peroxidase 

(#P8375, Sigma-Aldrich®) was made and made up to 5 ml with 50mM HEPES. To 45 µl 

of the master mix, 5 µl of the extract was added and measured at an excitation of 315 nm 

and an emission of 425 nm using a FLUOstar Omega microplate reader (BMG 

LABTECH, Offenburg, Germany). The values obtained were compared against a 

standard curve of known concentrations of H2O2 to determine the concentration of H2O2 

in the samples. 

 

 

https://imagej.nih.gov/ij/
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2.3.6. Determination of electrolyte leakage 

 

Electrolyte leakage was determined as described by Shi et al. (2012). 100 mg of fresh 

leaf material was used to measure electrolyte leakage in droughted and watered plants. 

The leaf material was cut into three pieces with a clean, sharp blade and washed three 

times with RO water to remove surface and cut-generated electrolytes. The cut leaf 

pieces were incubated in 10 ml of RO water for 24 hours in the dark. The initial 

conductivity of the solution (Ci) was measured using the FG3 FiveGoÊ Portable 

Conductivity Metre (Mettler ToledoÊ, ThermoFisher Scientific), as per the manufacturerôs 

instructions. The samples were boiled for 20 minutes in a boiling water bath, allowed to 

cool to RT and then the conductivity of the lysed tissue (Cmax) was measured. The 

electrolyte leakage of the plants was determined using the formula: (Ci / Cmax) x 100.  

 

 

2.3.7. Calculation of relative leaf water content 

 

Relative leaf water content was measured as described by Bechtold et al. (2016). 

Rosettes of plants subjected to drought and their corresponding controls were detached 

from the rest of the plant and the fresh weight was measured. They were then soaked in 

wet tissue paper for 1 week at 4 °C to saturate them with water. The weight of the 

saturated rosettes was taken and they were subsequently dried out completely and the 

dry weight taken. The relative leaf water content was calculated using the formula: 

                                              

 

 

 

2.3.8. Measurement of Chlorophyll and Carotenoid content 

 

50 mg of leaf material was frozen on dry ice and used to measure the level of Chlorophyll 

a, Chlorophyll b, Carotenoid content and Total Chlorophyll in droughted and watered 

plants using the equations of Hill et al. (1985). The samples were ground in 1 ml of 80% 

Acetone using a mortar and pestle kept on ice. The ground sample was centrifuged at 

10,000 g for 5 minutes at 4 °C. 200 µl of the supernatant was directly used to measure 

absorbance at 470 nm, 646 nm, 652 nm and 663 nm using a SPECTROstar Omega 

microplate reader (BMG LABTECH). Chlorophyll and Carotenoid content per fresh weight 

(µg/g) were measured using the following formulae: 

 

   Fresh Weight ï Dry Weight       x 100 
Saturated Weight ï Dry Weight 
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2.3.9. Measurement of Anthocyanin content 

 

Anthocyanin content was measured as described by Nakata et al. (2013). 50 mg of leaf 

material was frozen on dry ice and ground in 1ml (20 times the volume of fresh weight) 

extraction buffer using a mortar and pestle. The extraction buffer consisted of 45% 

Methanol and 5% Acetic Acid. This was then centrifuged at 12,000 g for 5 minutes at 4 

°C. The supernatant was used directly to measure absorbance at 530 nm and 657 nm. 

The anthocyanin content (per g of fresh weight) in the samples was measured using the 

formula: 

 

 

 

 

2.3.10. Measurement of flowering time 

 

The flowering time of the droughted and watered plants was estimated by two methods: 

the number of leaves at emergence of the primary inflorescence (Bechtold et al., 2010) 

and the number of days from sowing till the emergence of the primary inflorescence. 

 

 

 

 

Chlorophyll a = (12.15 x A
663

) ï (2.55 x A
646

) 

                                     Fresh Weight 

Chlorophyll b = (18.29 x A
646

) ï (4.58 x A
663

) 

                                     Fresh Weight 

Carotenoids = ((1000 x A
470

) ï (3.27 x Chlorophyll a) ï (104 x Chlorophyll b)) / 229  

                                                                 Fresh Weight 

Total Chlorophyll = (27.8 x A
652

) 

                               Fresh Weight 

A
530

/g F.W. = (A
530

) ï (0.25 x A
657

) x 20 
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Chapter 3 

 

Modelling drought time-series 
transcriptome data to identify óhubô 
genes in gene regulatory networks 
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3.1. Introduction 

 

A number of studies have been done that have measured whole transcriptome changes 

during drought (Seki et al., 2002; Matsui et al., 2008; Harb et al., 2010, among others). 

However, these studies have only analysed a single time-point after the plant has 

experienced severe drought stress, and have not measured the changing dynamic as the 

drought progresses. The work described in this thesis is based on the work of Bechtold et 

al. (2016) in which a slow-drying time-series drought experiment was performed and 

whole transcriptome analysis was done using microarrays.  

 

Differentially expressed genes from this analysis were used to model gene regulatory 

networks (GRNs) using Variational Bayesian State Space Modelling (VBSSM; Beal et al., 

2005). GRNs are generated that consist of óhubô genes that are shown to have an 

interaction, either directly or indirectly, with other genes in the model, and thus the model 

is based around the óhubô gene. The output of the modelling produces a directed diagram 

consisting of genes or ónodesô connected to other nodes by óedgesô that indicate either 

activation or repression of the downstream gene. Nodes with a large number of 

connections originating from it are called óhubsô and are the focus of further studies. 

 

VBSSM has been used previously to generate GRNs for senescence (Breeze et al., 

2011). A model for the interactions of ANAC092 was produced which correctly predicted 

known interactions, as well as generating novel interactions for further experimentation. 

Thus, VBSSM has good potential in identifying novel interactions between genes that 

would not normally be deduced based on transcriptome data only. One disadvantage of 

VBSSM is that only a limited number of genes (not more than 100) can be modelled at a 

time, and hence it is useful to cluster the list of differentially expressed genes into groups 

of smaller numbers of genes. 

 

Clustering partitions a set of genes into groups based on the similarity of the genes. The 

similarity is usually determined based on simple vector distances, like Euclidean distance 

or Pearsonôs correlation coefficient (Thalamuthu et al., 2006; Yona et al., 2006). These 

algorithms find genes whose expression profiles look similar, i.e. they have highly 

correlated expressions, but are not suitable to picking out genes that regulate others. 

Genes that are regulated by other genes may have similar profiles to the regulating gene, 

but with a time lag, and these genes will not be clustered together using the above 

clustering algorithms (Kiddle et al., 2010). Temporal Clustering by Affinity Propagation 

(TCAP) allows for the clustering of genes that have similar expression profiles even if the 
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profiles or delayed or inverted, and thus can account for genes that are regulated by 

other genes (Kiddle et al., 2010). 

 

This chapter describes the selection of genes for further analysis using TCAP and then 

the selection of clusters for modelling GRNs using VBSSM. Knockout lines and 

overexpressors for the hub genes were screened for subsequent phenotyping of these 

mutants under drought conditions, to elucidate the role, if any, of the identified hub genes 

in the drought response and to verify the GRN. 
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3.2. Selection and hierarchical clustering of list of genes and cluster annotation  

 

In the work of Bechtold et al. (2016), a time-series transcriptomics analysis was 

performed on drought-stressed Arabidopsis Col-4 plants. These plants were subjected to 

a progressive drought in which water was withdrawn until a relative soil water content of 

20% was reached. This took 14 days, and each day drought-stressed and watered 

control plants were sampled during the middle of the photoperiod. RNA was extracted 

from these plant samples and used to measure the expression of >32,000 genes during 

drought and watered. All the genes were subjected to a Gaussian process two-sample 

test (GP2S; Stegle et al., 2010) to identify differentially expressed genes between the two 

conditions, and each gene was scored accordingly and ranged from 50.49 to -22.12 

(Bechtold et al., 2016). 

 

The work described in this thesis made use of the above list of genes. Genes with a 

GP2S score Ó 5 were selected and the expression profiles of these genes were visually 

inspected to confirm differential expression under drought. Genes were considered 

differentially expressed when there was no overlap of the respective gene expression 

profiles between the drought-stressed and normally watered plants for at least two 

consecutive time-points. A total of 2190 unique genes were extracted from this list (this 

list of genes is given in Appendix A) and used for further analysis. 

 

The list of 2190 genes was clustered using the clustering algorithm Temporal Clustering 

by Affinity Propagation (TCAP; Kiddle et al., 2010). TCAP clusters genes based on 

similarity in expression profiles, including those with a time lag or an inverted expression 

profile, and hence is able to cluster genes that are not only co-regulated but potentially 

regulate each other. Using TCAP, all 2190 genes were clustered into 153 clusters, and 

each cluster consists of up- or down-regulated genes with similar gene expression 

profiles. The expression profiles of all the genes in Cluster 1, which was used 

subsequently to model gene networks in drought, are shown as an example in Figure 3.1. 

It shows how genes of similar expression profiles, though opposite in their expression 

pattern, are clustered together in Cluster 1. TCAP also aligns all the genes within the 

cluster, and from Figure 3.1B it can be seen that, overall, Cluster 1 is induced during 

drought. 
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The 153 clusters obtained from the output of TCAP were analysed for over-represented 

terms related to Biological Processes using the Database for Annotation, Visualization 

and Integrated Discovery (DAVID v6.7; Huang et al., 2009). Enriched terms were 

identified for only 88 of these clusters, however, only 26 clusters were considered to have 

significantly enriched terms, with a P-value < 0.01 and a False Discovery Rate (FDR) Ò 3. 

Table 3.1 shows significantly enriched terms for all 26 clusters and the list of genes in 

each cluster is given in Appendix A. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. An example of a gene cluster obtained from TCAP. The expression profiles of the 

genes in the cluster are shown; the expression profiles of the majority of the genes in the cluster 

are shown in continuous lines, while genes with an inverted expression profile are shown in 

dashed lines. 

A B 
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Cluster 
Number 

Direction of 
expression 

Over-represented terms 

1 Up GO:0009056~catabolic process 

2 Down GO:0034728~nucleosome organization 

GO:0006334~nucleosome assembly 

GO:0031497~chromatin assembly 

GO:0065004~protein-DNA complex assembly 

GO:0006323~DNA packaging 

GO:0006333~chromatin assembly or disassembly 

GO:0034622~cellular macromolecular complex assembly 

GO:0044085~cellular component biogenesis 

GO:0006325~chromatin organization 

GO:0034621~cellular macromolecular complex subunit organization 

GO:0051276~chromosome organization 

GO:0065003~macromolecular complex assembly 

GO:0043933~macromolecular complex subunit organization 

GO:0015979~photosynthesis 

GO:0022607~cellular component assembly 

8 Up GO:0044237~cellular metabolic process 

GO:0009987~cellular process 

11 Up GO:0031537~regulation of anthocyanin metabolic process 

GO:0043455~regulation of secondary metabolic process 

GO:0050896~response to stimulus 

GO:0042221~response to chemical stimulus 

GO:0006950~response to stress 

14 Down GO:0006412~translation 

GO:0034645~cellular macromolecule biosynthetic process 

GO:0009059~macromolecule biosynthetic process 

GO:0010467~gene expression 

GO:0044267~cellular protein metabolic process 

GO:0019538~protein metabolic process 

GO:0044249~cellular biosynthetic process 

GO:0009058~biosynthetic process 

GO:0044260~cellular macromolecule metabolic process 

GO:0043170~macromolecule metabolic process 

Table 3.1. The significantly over-represented terms for each of the clusters obtained from TCAP. 
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GO:0042254~ribosome biogenesis 

GO:0022613~ribonucleoprotein complex biogenesis 

GO:0044237~cellular metabolic process 

GO:0044238~primary metabolic process 

GO:0044085~cellular component biogenesis 

GO:0008152~metabolic process 

GO:0009987~cellular process 

16 Down GO:0009733~response to auxin stimulus 

GO:0009725~response to hormone stimulus 

18 Down GO:0006412~translation 

GO:0034645~cellular macromolecule biosynthetic process 

GO:0009059~macromolecule biosynthetic process 

GO:0044249~cellular biosynthetic process 

GO:0009058~biosynthetic process 

19 Up GO:0015995~chlorophyll biosynthetic process 

GO:0015994~chlorophyll metabolic process 

GO:0006779~porphyrin biosynthetic process 

GO:0033014~tetrapyrrole biosynthetic process 

GO:0006778~porphyrin metabolic process 

GO:0033013~tetrapyrrole metabolic process 

GO:0046148~pigment biosynthetic process 

GO:0042440~pigment metabolic process 

20 Up GO:0009737~response to abscisic acid stimulus 

21 Down GO:0006325~chromatin organization 

GO:0051276~chromosome organization 

GO:0006334~nucleosome assembly 

GO:0034728~nucleosome organization 

GO:0031497~chromatin assembly 

GO:0065004~protein-DNA complex assembly 

GO:0006323~DNA packaging 

GO:0006333~chromatin assembly or disassembly 

28 Down GO:0045087~innate immune response 

GO:0006955~immune response 

GO:0002376~immune system process 

40 Down GO:0044249~cellular biosynthetic process 

GO:0009058~biosynthetic process 
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GO:0006412~translation 

42 Up GO:0080028~nitrile biosynthetic process 

GO:0050898~nitrile metabolic process 

48 Down GO:0006412~translation 

GO:0044249~cellular biosynthetic process 

GO:0034645~cellular macromolecule biosynthetic process 

GO:0009059~macromolecule biosynthetic process 

GO:0009058~biosynthetic process 

GO:0010467~gene expression 

GO:0044267~cellular protein metabolic process 

GO:0019538~protein metabolic process 

GO:0044237~cellular metabolic process 

GO:0044238~primary metabolic process 

49 Down GO:0005975~carbohydrate metabolic process 

GO:0044262~cellular carbohydrate metabolic process 

GO:0044238~primary metabolic process 

GO:0006796~phosphate metabolic process 

GO:0006793~phosphorus metabolic process 

55 Down GO:0006412~translation 

69 Up GO:0042398~cellular amino acid derivative biosynthetic process 

GO:0009813~flavonoid biosynthetic process 

GO:0009812~flavonoid metabolic process 

GO:0006575~cellular amino acid derivative metabolic process 

GO:0009718~anthocyanin biosynthetic process 

GO:0046283~anthocyanin metabolic process 

GO:0019748~secondary metabolic process 

GO:0009699~phenylpropanoid biosynthetic process 

GO:0009698~phenylpropanoid metabolic process 

GO:0006519~cellular amino acid and derivative metabolic process 

GO:0019438~aromatic compound biosynthetic process 

GO:0006725~cellular aromatic compound metabolic process 

GO:0046148~pigment biosynthetic process 

GO:0042440~pigment metabolic process 

87 Up GO:0009698~phenylpropanoid metabolic process 

GO:0006575~cellular amino acid derivative metabolic process 

GO:0009813~flavonoid biosynthetic process 
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GO:0009812~flavonoid metabolic process 

GO:0006725~cellular aromatic compound metabolic process 

GO:0019748~secondary metabolic process 

GO:0009699~phenylpropanoid biosynthetic process 

GO:0006519~cellular amino acid and derivative metabolic process 

GO:0042398~cellular amino acid derivative biosynthetic process 

GO:0019438~aromatic compound biosynthetic process 

94 Down GO:0006412~translation 

103 Up GO:0044272~sulfur compound biosynthetic process 

GO:0006790~sulfur metabolic process 

GO:0016144~S-glycoside biosynthetic process 

GO:0019761~glucosinolate biosynthetic process 

GO:0019758~glycosinolate biosynthetic process 

GO:0019760~glucosinolate metabolic process 

GO:0016143~S-glycoside metabolic process 

GO:0019757~glycosinolate metabolic process 

GO:0016138~glycoside biosynthetic process 

GO:0016137~glycoside metabolic process 

GO:0034637~cellular carbohydrate biosynthetic process 

GO:0016051~carbohydrate biosynthetic process 

GO:0019748~secondary metabolic process 

GO:0044262~cellular carbohydrate metabolic process 

131 Up GO:0050794~regulation of cellular process 

GO:0050789~regulation of biological process 

142 Down GO:0009165~nucleotide biosynthetic process 

GO:0034404~nucleobase, nucleoside and nucleotide biosynthetic 

process 

GO:0034654~nucleobase, nucleoside, nucleotide and nucleic acid 

biosynthetic process 

GO:0009117~nucleotide metabolic process 

GO:0006753~nucleoside phosphate metabolic process 

GO:0055086~nucleobase, nucleoside and nucleotide metabolic 

process 

GO:0044271~nitrogen compound biosynthetic process 

152 Up GO:0042180~cellular ketone metabolic process 
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The gene clusters that are upregulated during drought include those that are involved in 

various cellular metabolic processes (clusters 1, 8, 131, 152), regulation of anthocyanin 

metabolism and stress response (clusters 11, 69), chlorophyll biosynthetic genes (cluster 

19), response to abscisic acid stimulus (cluster 20), nitrile biosynthetic processes (cluster 

42), flavonoid biosynthetic processes (clusters 69, 87) and glucosinolate biosynthetic 

processes (cluster 103). On the other hand, genes that are downregulated during drought 

are those involved in nucleosome and chromatin organisation and assembly (clusters 2, 

21), translation (clusters 14, 18, 40, 48, 55, 94), response to auxin (cluster 16), innate 

immune response (cluster 28), carbohydrate metabolic processes (cluster 49) and 

nucleotide biosynthetic processes (cluster 142). 

 

In this work, four clusters of genes were selected to model gene regulatory networks 

using VBSSM. These are Clusters 1, 2, 8 and 16. The salient aspects of these gene 

clusters that explain the rationale for choosing these clusters are described below. 

 

Cluster 1 contains genes that are enriched for catabolic processes. A closer look at the 

genes that make up this category reveals that they are involved in proteolysis and protein 

catabolic processes. These genes encode the following proteins: nuclear pore 

localisation protein (NPL4) involved in proteasome-mediated ubiquitin-dependent protein 

catabolic process (UniProt); F-box protein, FBW2, which forms a part of the SCF (ASK-

cullin-F-box) E3 ubiquitin ligase complex (Earley et al., 2010); a ubiquitin-conjugating 

enzyme 32 (UBC32); Autophagy-related protein 3 (ATG3), an E2 protein (Yamaguchi et 

al., 2012); Regulatory Particle AAA-ATPASE 2B (RPT2B), that forms a part of the 

proteasome complex (Lee et al., 2011). In addition to proteolysis-related genes, genes 

involved in other catabolic processes such as homogentisate 1, 2-dioxygenase (HGO), 

involved in tyrosine catabolism (Dixon and Edwards, 2006); Pheophytinase (PPH), 

involved in chlorophyll breakdown (Ren et al., 2010); Peroxin 10 (Pex10), involved in 

importing proteins to the peroxisome (Schumann et al., 2003) are also in this cluster. 

Thus, it appears that genes involved in different catabolic processes are present in 

cluster 1, and most of the genes in this cluster are up-regulated during drought, indicating 

there is increased catabolic activity in cells experiencing water deficit. 

 

Cluster 8 was enriched for cellular metabolic processes and the genes in cluster 8 are 

involved in a range of different cellular metabolic processes. The gene products in this 

cluster include a number of transcription factors, a calmodulin-binding protein, a CBL-

interacting protein kinase, Asparagine Synthetase, (ASN2) and Trehalose-6-Phosphate 

Phosphatase H (TPPH). Thus, it appears that there are a number of functionally different 
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genes in this cluster that are possibly co-expressed and co-regulated, and so the genes 

in this cluster were also chosen to model gene regulatory networks involved in the 

drought response. 

 

In addition to these two gene clusters, clusters 2 and 16 were also chosen for the 

modelling. The genes in cluster 2 are involved in chromatin and nucleosome organisation 

and assembly and DNA packaging. These genes are down-regulated during drought, 

indicating that there is increased gene expression activity in drought-stressed plants. 

Cluster 16 consists of genes that are involved in response to auxin stimulus, in particular 

Small Auxin Up-regulated RNA (SAUR) genes. This group of genes is induced by auxin 

and promotes cell expansion (Spartz et al., 2012). Thus, during drought, cell expansion is 

inhibited through the down-regulation of these genes. Modelling these clusters could help 

identify drought-mediated regulatory genes involved in gene expression and plant growth. 

 

 

3.3. Gene networks were modelled and óhubô genes identified from these models 

 

Gene regulatory networks (GRNs) were modelled using Variational Bayesian State 

Space Modelling (VBSSM; Beal et al., 2005). VBSSM is a dynamic Bayesian algorithm 

that uses time-series transcriptomics data to generate models of gene regulation. These 

models could help identify potentially important drought-responsive regulatory genes. 

One restriction of VBSSM is the number of genes that can be input (less than 100 

genes), and so clustering all 2190 genes using TCAP not only helped to group together 

genes of similar expression profiles, but also created smaller genes lists that are suitable 

to input into VBSSM. The algorithm was run in MATLAB® with the settings: Number of 

seeds = 15; Maximum dimension of hidden states = 20; Maximum number of iterations = 

2000. The networks with a confidence of 95% were used and viewed using Cytoscape 

2.8.2.  

 

Six GRNs were generated from the four clusters and the list of genes in each network is 

given in Appendix A. Two GRNs were generated using the genes in Cluster 1 which led 

to the identification of two hub genes, one from each network: an unknown hub gene 

whose protein contains the BTB/POZ domain (henceforth known as POZ), and Flowering 

Locus D (FD), a bZIP (Basic Leucine Zipper) protein involved in the positive regulation of 

flowering (Abe et al., 2005). POZ was connected to all the genes in Cluster 1, while FD 

was connected to 55 out of a total of 56 genes. Both models generated from Cluster 1 are 

shown in Figures 3.3A and 3.4A. The modelling of genes from Cluster 2 generated a 
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gene network model that identified another unknown gene, designated as UKTF (Figure 

3.5A), which was connected to 28 of the 57 genes in Cluster 2. From the genes in Cluster 

8, two GRNs were generated and from these models two hub genes were identified: 

Related to AP2.12 (RAP2.12; Figure 3.6A), a member of the ERF (Ethylene Response 

Factor) subfamily of the ERF/AP2 transcription factor family which has been found to be 

stress-responsive (Licausi et al., 2011; Papdi et al., 2015); Basic Helix-Loop-Helix038 

(BHLH038; Figure 3.7A), a protein that regulates iron homeostasis (Wang et al., 2007). 

RAP2.12 was connected to 23 of the 40 genes in the cluster, while BHLH038 was 

connected to 36 genes. In the final GRN from genes in Cluster 16, Anthocyaninless2 

(ANL2; Figure 3.8A), a protein involved in the accumulation of anthocyanin and in root 

development (Kubo et al., 1999), was identified as a hub gene in the gene network and 

was connected to all 24 genes in the cluster. In addition to these six genes, the flowering 

time gene Agamous-like22 (AGL22; Hartmann et al., 2000) was identified as a hub gene 

by Bechtold et al. (2016), and together with the above six, was also included in the 

analysis described in this thesis.  

 

The expression profiles of all seven genes, as determined using the time-series 

transcriptomics analysis (Bechtold et al., 2016), are shown in Figures 3.2-3.8. Genes 

were classified as early- or late-responding depending on whether differential expression 

occurred between days 1 to 7 or between days 8 to 13, respectively, as similarly 

described in Bechtold et al. (2016). Among the early-responsive genes were AGL22 

(Figure 3.2) and UKTF (Figure 3.5B), which were induced at days 7 and 6, respectively. 

The other genes were late-responding genes: POZ was induced on day 8 (Figure 3.3B), 

BHLH038 was down-regulated on day 9 (Figure 3.7B), FD (Figure 3.4B) and RAP2.12 

(Figure 3.6B) were differentially expressed on day 10, and ANL2 was induced on day 12 

(Figure 3.8B). 
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Figure 3.2. The expression profile of AGL22 under drought-stressed (blue) and control (green) 

conditions over the course of the drought period as determined in Bechtold et al. (2016). 



48 
 

 

 

  

Figure 3.3. Identification of the hub gene POZ. 
(A) Gene regulatory network modelled from cluster 1 using VBSSM which identified POZ as a hub 
gene. The network with a confidence level of 95% is shown here. All 56 genes in the cluster were 
connected to POZ, including FD. (B) The expression profile of POZ under drought-stressed (blue) 
and control (green) conditions over the course of the drought period as determined in Bechtold et 
al. (2016). 

A 

B 
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Figure 3.4. Identification of the hub gene FD. 
(A) Gene regulatory network modelled from cluster 1 using VBSSM which identified FD as a hub 
gene. The network with a confidence level of 95% is shown here. 55 of the 56 genes in the cluster 
were connected to FD, including POZ. (B) The expression profile of FD under drought-stressed 
(blue) and control (green) conditions over the course of the drought period as determined in 
Bechtold et al. (2016). 

A 

B 
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Figure 3.5. Identification of the hub gene UKTF. 
(A) Gene regulatory network modelled from cluster 2 using VBSSM which identified UKTF as a 
hub gene. The network with a confidence level of 95% is shown here. 28 of the 57 genes in the 
cluster were connected to UKTF. (B) The expression profile of UKTF under drought-stressed 
(blue) and control (green) conditions over the course of the drought period as determined in 
Bechtold et al. (2016). 

A 

B 
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Figure 3.6. Identification of the hub gene RAP2.12. 
(A) Gene regulatory network modelled from cluster 8 using VBSSM which identified RAP2.12 as a 
hub gene. The network with a confidence level of 95% is shown here. 23 of the 40 genes in the 
cluster were connected to RAP2.12, including BHLH038. (B) The expression profile of RAP2.12 
under drought-stressed (blue) and control (green) conditions over the course of the drought period 
as determined in Bechtold et al. (2016). 

A 

B 
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Figure 3.7. Identification of the hub gene BHLH038. 
(A) Gene regulatory network modelled from cluster 8 using VBSSM which identified BHLH038 as 
a hub gene. The network with a confidence level of 95% is shown here. 36 of the 40 genes in the 
cluster were connected to BHLH038, including RAP2.12. (B) The expression profile of BHLH038 
under drought-stressed (blue) and control (green) conditions over the course of the drought period 
as determined in Bechtold et al. (2016). 

A 

B 
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Figure 3.8. Identification of the hub gene ANL2. 
(A) Gene regulatory network modelled from cluster 16 using VBSSM which identified ANL2 as a 
hub gene. The network with a confidence level of 95% is shown here. All the genes in the cluster 
were connected to ANL2. (B) The expression profile of ANL2 under drought-stressed (blue) and 
control (green) conditions over the course of the drought period as determined in Bechtold et al. 
(2016). 

A 

B 
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AGL22 and FD are negative (Hartmann et al., 2000) and positive (Abe et al., 2005) 

regulators of flowering time, respectively, and also affect flower development. As 

described in section 3.6 of this chapter, UKTF was identified as a possible MADS-Box 

interacting protein (MIP1). A MIP1 gene in Antirrhinum majus was shown to be involved in 

carpel development (Causier et al., 2003) and so UKTF may also be involved in carpel 

development. As three of the hub genes identified are potentially involved in flower 

development, AGL22, FD and UKTF were modelled with other flower development / 

flowering-related genes present in the list of 2190 genes (section 3.2). There were 85 

genes in total and this list is given in Appendix A. Figure 3.9 shows the gene network 

modelled from this list. It can be seen that AGL22 and UKTF are hubs in this network, 

while FD is only present as a downstream target node. 

 

 

 

 

 Figure 3.9. Gene regulatory network generated using genes involved in flowering, showing AGL22 

and UKTF as hub genes. The network with a confidence level of 95% is shown here. 
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An analysis of the above seven genes was performed using The Bio-Analytic Resource 

(BAR) for Plant Biology (http://bar.utoronto.ca/; Winter et al., 2007) to identify if these 

genes are abiotic stress-responsive. The abiotic stresses analysed were cold, osmotic, 

salt, drought and heat stresses, and the data is derived from the results obtained by 

Killian et al. (2007). In their experiment using 18 day-old seedlings grown on liquid media, 

cold stress was applied by maintaining the temperature of the medium at 4 °C using ice 

and a cold chamber, while osmotic and salt stresses were applied using 300 mM 

mannitol and 150 mM NaCl, respectively. Drought stress was applied by exposing the 

plants to a stream of air for 15 minutes till 10% fresh weight was lost, and heat stress was 

applied by exposing the seedlings to 38 °C for 3 hours. Shoots and roots were sampled 

separately at 0, 0.5, 1, 3, 6, 12 and 24 hours for all stresses, except heat which also 

included 0.25 and 4 hours samples. 

 

The results for six of the seven genes are shown in Figures 3.10-3.15, as no data was 

available for BHLH038. It can be seen that all the genes were differentially expressed in 

either shoots or roots or both under all stress conditions; however, only AGL22, FD and 

ANL2 were drought-responsive, while AGL22, POZ, FD, RAP2.12 were osmotic stress-

responsive. The nature of the drought stress used could explain the discrepancy between 

this analysis and the results of the microarray analysis by Bechtold et al. (2016). Thus, it 

would appear that VBSSM is able to identify known abiotic stress-responsive genes 

which could be potentially important in regulating gene networks during drought. The 

subsequent sections describe the isolation of knockouts and overexpressors of these 

seven genes, as well as in silico characterisation of the unknown hub genes UKTF and 

POZ. 

 

 

 

http://bar.utoronto.ca/
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Figure 3.10. BAR analysis for AGL22 in shoots and roots under different abiotic stresses. The 

gene was induced in shoots by cold, osmotic and drought stresses, and in roots by cold and heat 

stresses. AGL22 was also down-regulated in shoots by osmotic and salt stresses, and in roots by 

salt stress. 
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Figure 3.11. BAR analysis for POZ in shoots and roots under different abiotic stresses. The gene 

was induced in shoots by osmotic and salt stresses. POZ was also down-regulated in both shoots 

and roots by heat stress. 
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Figure 3.12. BAR analysis for FD in shoots and roots under different abiotic stresses. The gene 

was induced in shoots by cold, osmotic, salt, drought and heat stresses, and in roots by cold 

stress. FD was also down-regulated in shoots by cold, osmotic, salt and drought stresses, and in 

roots by osmotic stress. 
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Figure 3.13. BAR analysis for UKTF in shoots and roots under different abiotic stresses. The gene 

was down-regulated in shoots by cold and heat stresses, and in roots by cold, osmotic and salt 

stresses. 



60 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. BAR analysis for RAP2.12 in shoots and roots under different abiotic stresses. The 

gene was induced in shoots by cold and osmotic stresses. 
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Figure 3.15. BAR analysis for ANL2 in shoots and roots under different abiotic stresses. The gene 

was induced in shoots by drought stress and in roots by cold stress. ANL2 was also down-

regulated in shoots by cold and heat stresses, and in roots by osmotic, salt and heat stresses. 
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3.4. Isolation of knockouts for hub genes 

 

A number of T-DNA insertion lines (SALK, SAIL and GABI-Kat lines) for each of the hub 

genes were selected and ordered from the Nottingham Arabidopsis Stock Centre (NASC; 

http://arabidopsis.org.uk/).  A list of all the lines ordered and screened is in Appendix B. 

These lines were screened by PCR to verify the presence of the T-DNA insertion, and the 

expression levels of the respective genes of interest were analysed using RT-PCR.  

 

DNA was extracted from a single leaf and used in PCR to screen for T-DNA insertions in 

the obtained lines. As mentioned in Chapter 2, the PCR was done using gene-specific 

and insertion-specific primers in the combinations of: the gene-specific forward primer 

with the gene-specific reverse primer (F+R), the gene-specific forward primer with the 

insertion-specific primer (F+I) and the gene-specific reverse primer with the insertion-

specific primer (R+I) as shown in Figure 2.1. At least 10 plants from each of the lines 

were analysed to identify at least one homozygote for the T-DNA insertion in the gene of 

interest. PCR products obtained in the F+I and R+I reactions were sequenced through 

the DNA sequencing company GATC Biotech AG (Cologne, Germany), to map the 

position of the insertions within the genes. Gene knockout mutants were then identified 

from positive, homozygous T-DNA insertion lines, by RT-PCR with primers amplifying the 

full-length protein-coding sequence. The sequences of all the primers used for screening 

and RT-PCR are available in Appendix C. 

 

Figures 3.16 to 3.22 show the results obtained from screening knockout mutant plants. 

Only the lines that were subsequently used for further experiments and analyses are 

listed in Table 3.2 and described below. All the T-DNA insertional lines obtained from 

NASC and screened in this project are given in Appendix B. The figures show gel 

pictures confirming homozygous plants obtained from screening the T-DNA insertion lines 

and the position of the insertion(s) mapped within the gene by sequencing. The results of 

the RT-PCR showing the lack of full-length protein-coding sequence in these lines are 

also shown.  

 

As shown in Figures 3.16A and C, two T-DNA insertional lines were identified for AGL22 

that were homozygous for the presence of the insertion. agl22-3 was found to contain two 

insertions within the gene, the positions and orientations of which are shown in Figure 

3.16B. agl22-4 was found to contain a single T-DNA insertion in AGL22, as shown in 

Figures 3.16C and D. Figure 3.16E shows the absence of the full-length coding sequence 

of AGL22 in both agl22-3 and agl22-4 compared to the Col-0, confirming that these two 

http://arabidopsis.org.uk/
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lines are knockouts of AGL22. Compared to Col-0, knockouts of AGL22 display an early 

flowering phenotype as shown in Figure 3.16F.  

 

Two T-DNA insertional lines were identified for POZ, as shown in Figure 3.17, and both 

lines were found to have two insertions within the gene (Figures 3.17A and C). When the 

positions of the insertions were ascertained by sequencing, the insertions were found to 

be in exactly the same positions in both lines (Figures 3.17B and D). Despite the 

apparent mix-up of these two lines at NASC, they were treated as two independent lines 

for the remainder of this thesis, as no other T-DNA insertional lines were available for 

POZ. Both lines were confirmed as knockouts of the gene, as shown in Figure 3.17E. 

Under normal conditions, visually there appeared to be no difference in the phenotype of 

the knockouts compared to the wild-type (Figure 3.17F). 

 

Only one T-DNA insertional mutant was identified for FD (fd-5; Figure 3.18A and B), and 

this was determined to be a knockdown mutant of the gene (Figure 3.18C), even though 

it has been published as a knockout mutant (Wigge et al., 2005). There appeared to be 

no visual difference in phenotype between Col-0 and fd-5 (Figure 3.18D). A knockout of 

FD, fd-4, was obtained from Dr. Lucio Conti, University of Milan (Wigge et al., 2005; 

Riboni et al., 2013) and this was found to have a larger rosette than Col-0 (Figure 3.18E). 

 

Two T-DNA insertional lines of UKTF were identified, as shown in Figure 3.19. UKTF-3 

was found to contain two T-DNA insertions within the gene (Figures 3.19A and B), while 

UKTF-4 had one (Figures 3.19C and D). When RT-PCR was done for these lines, it was 

seen that UKTF was overexpressed, rather than knocked out (Figure 3.19E), due to the 

presence of the insertions within the promoter region of the gene in both lines (Figures 

3.19B and D). The up-regulation of UKTF in these lines was confirmed by qPCR (Figure 

3.19F), showing approximately 9-fold and 12-fold overexpression of the gene in UKTF-3 

and UKTF-4 compared to Col-0. However, there was no visual difference in the 

phenotype of these overexpressing plants, compared to the wild-type (Figure 3.19G). 

 

For each of the genes RAP2.12, BHLH038 and ANL2, two T-DNA insertional mutants 

were identified as shown in Figures 3.20, 3.21 and 3.22. rap2.12-1 was found to contain 

two T-DNA insertions within the gene (Figures 3.20A and B), while rap2.12-3 had only 

one insertion within the gene (Figures 3.20C and D). Both lines were confirmed as 

knockouts of RAP2.12 (Figure 3.20E), but visually did not show any phenotypic 

differences with Col-0 (Figure 3.20F). Both bhlh038-2 and bhlh038-4 were found to 

contain two copies of the insertion within the gene (Figures 3.21A, B, C and D) and were 
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confirmed as knockouts (Figure 3.21E). Once again, there was no visual difference in the 

phenotype of these mutants compared with the wild-type (Figure 3.21F).  

 

Two T-DNA insertion lines for ANL2, each carrying a single copy of the insertion within 

the gene, were identified as shown in Figure 3.22. Both anl2-2 and anl2-4 were verified to 

be knockouts of ANL2 (Figure 3.22E). As seen in Figure 3.21, the two knockouts of ANL2 

appeared to produce slightly curled leaves, but otherwise appeared to be similar to the 

wild-type, particularly in terms of rosette area (data shown in Chapter 4). 

 

 

 

 

 

 

Gene name Gene locus ID T-DNA insertional lines 

AGL22 AT2G22540 
agl22-3 (SALK_141674) 

agl22-4 (SAIL_583_C08) 

POZ AT1G55760 
poz-2 (SALK_127778c) 

poz-3 (SALK_075267c) 

FD AT4G35900 fd-5 (SALK_150991) 

UKTF AT1G16750 
UKTF-3 (SALK_144830c) 

UKTF-4 (SAIL_327_D01) 

RAP2.12 AT1G53910 
rap2.12-1 (GK-503A11) 

rap2.12-3 (GK-137C12) 

BHLH038 AT3G56970 
bhlh038-2 (SALK_108159c) 

bhlh038-4 (SAIL_447_H01) 

ANL2 AT4G00730 
anl2-2 (SALK_000196c) 

anl2-4 (SAIL_418_C10) 

 

Table 3.2. T-DNA insertional lines for the hub genes used in subsequent analyses. 
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Figure. 3.16. Identification and phenotype of T-DNA insertion lines for AGL22. 
(A) PCR showing agl22-3 is homozygous for the presence of T-DNA insertions in AGL22. (B) 
Schematic diagram showing the position of the T-DNA insertions and the primer-binding sites in 
the gene for agl22-3. The open rectangles represent the untranslated regions (UTRs), the black 
rectangles represent the exons and the introns are represented by lines. The black arrows indicate 
the orientation of the insertions in the gene and the bar indicates 100 bases of the gene. The red 
arrows indicate the binding sites of the screening primers and the lengths indicate the distance 
between the primer and the insertion site. (C) PCR showing agl22-4 is homozygous for the 
presence of a T-DNA insertion in AGL22. (D) Schematic diagram showing the position of the T-
DNA insertion and the primer-binding sites in the gene for agl22-4. (E) Results of the RT-PCR for 
both lines showing the absence of a full-length transcript for agl22-3 and agl22-4 compared to the 
control gene, Actin. (F) Image showing the early-flowering phenotype of agl22-3 (right) compared 
to a wild-type Col-0 (left). 
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Figure. 3.17. Identification of T-DNA insertion lines for POZ. 
(A) PCR showing poz-2 is homozygous for the presence of T-DNA insertions in POZ. (B) 
Schematic diagram showing the position of the T-DNA insertions and the primer-binding sites in 
the gene for poz-2. The open rectangles represent the untranslated regions (UTRs), the black 
rectangles represent the exons and the introns are represented by lines. The black arrows indicate 
the orientation of the insertions in the gene and the bar indicates 100 bases of the gene. The red 
arrows indicate the binding sites of the screening primers and the lengths indicate the distance 
between the primer and the insertion site. (C) PCR showing poz-3 is homozygous for the 
presence of T-DNA insertions in POZ. (D) Schematic diagram showing the position of the T-DNA 
insertions and the primer-binding sites in the gene for poz-3. (E) Results of the RT-PCR for both 
lines showing the absence of a full-length transcript for poz-2 and poz-3 compared to the control 
gene, Actin. (F) Images of poz-2 and poz-3 compared to the wild-type Col-0.  

F 
Col-0 poz-2 poz-3 
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Figure. 3.18. Identification of a T-DNA insertion line for FD. 
(A) PCR showing fd-5 is homozygous for the presence of a T-DNA insertion in FD. (B) Schematic 
diagram showing the position of the T-DNA insertion and the primer-binding sites in the gene for fd-
5. The open rectangles represent the untranslated regions (UTRs), the black rectangles represent 
the exons and the introns are represented by lines. The black arrows indicate the orientation of the 
insertions in the gene and the bar indicates 100 bases of the gene. The red arrows indicate the 
binding sites of the screening primers and the lengths indicate the distance between the primer and 
the insertion site. (C) Results of the RT-PCR for fd-5 showing the reduced levels of the full-length 
transcript compared to the control gene, Actin. Images of fd-5 (D) and fd-4 (E) compared to the 
wild-type Col-0. The knockout fd-4 has a larger rosette than Col-0, while no visual difference is 
seen between fd-5 and Col-0.  

D 
Col-0 fd-5 

fd-4 Col-0 
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Figure. 3.19. Identification of T-DNA insertion lines for UKTF. 
(A) PCR showing UKTF-3 is homozygous for the presence of T-DNA insertions in UKTF. (B) 
Schematic diagram showing the position of the T-DNA insertions and the primer-binding sites in 
the gene for UKTF-3. The open rectangles represent the untranslated regions (UTRs), the black 
rectangles represent the exons and the introns are represented by lines. The black arrows 
indicate the orientation of the insertions in the gene and the bar indicates 100 bases of the gene. 
The red arrows indicate the binding sites of the screening primers and the lengths indicate the 
distance between the primer and the insertion site. (C) PCR showing UKTF-4 is homozygous for 
the presence of a T-DNA insertion in UKTF. (D) Schematic diagram showing the position of the 
T-DNA insertion and the primer-binding sites in the gene for UKTF-4. (E) Results of the RT-PCR 
for both lines showing the absence of a full-length transcript for UKTF-3 and UKTF-4 compared 
to the control gene, Actin. (F) qPCR results confirming the overexpression of UKTF in UKTF-3 
and UKTF-4. (G) Images of UKTF-3 and UKTF-4 compared to the wild-type Col-0. 

G Col-0 UKTF-3 UKTF-4 
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Figure. 3.20. Identification of T-DNA insertion lines for RAP2.12. 
(A) PCR showing rap2.12-1 is homozygous for the presence of T-DNA insertions in RAP2.12. (B) 
Schematic diagram showing the position of the T-DNA insertions and the primer-binding sites in 
the gene for rap2.12-1. The open rectangles represent the untranslated regions (UTRs), the black 
rectangles represent the exons and the introns are represented by lines. The black arrows indicate 
the orientation of the insertions in the gene and the bar indicates 100 bases of the gene. The red 
arrows indicate the binding sites of the screening primers and the lengths indicate the distance 
between the primer and the insertion site. (C) PCR showing rap2.12-3 is homozygous for the 
presence of a T-DNA insertion in RAP2.12. (D) Schematic diagram showing the position of the T-
DNA insertion and the primer-binding sites in the gene for rap2.12-3. (E) Results of the RT-PCR 
for both lines showing the absence of a full-length transcript for rap2.12-1 and rap2.12-3 
compared to the control gene, Actin. (F) Images of rap2.12-1 and rap2.12-3 compared to the wild-
type Col-0. 

F 
Col-0 rap2.12-1 rap2.12-3 
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Figure. 3.21. Identification of T-DNA insertion lines for BHLH038. 
(A) PCR showing bhlh038-2 is homozygous for the presence of T-DNA insertions in BHLH038. (B) 
Schematic diagram showing the position of the T-DNA insertions and the primer-binding sites in 
the gene for bhlh038-2. The open rectangles represent the untranslated regions (UTRs), the black 
rectangles represent the exons and the introns are represented by lines. The black arrows indicate 
the orientation of the insertions in the gene and the bar indicates 100 bases of the gene. The red 
arrows indicate the binding sites of the screening primers and the lengths indicate the distance 
between the primer and the insertion site. (C) PCR showing bhlh038-4 is homozygous for the 
presence of T-DNA insertions in BHLH038. (D) Schematic diagram showing the position of the T-
DNA insertions and the primer-binding sites in the gene for bhlh038-4. (E) Results of the RT-PCR 
for both lines showing the absence of a full-length transcript for bhlh038-2 and bhlh038-4 
compared to the control gene, Actin. (F) Images of bhlh038-2 and bhlh038-4 compared to the wild-
type Col-0. 
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Figure. 3.22. Identification of T-DNA knockout lines for ANL2. 
(A) PCR showing anl2-2 is homozygous for the presence of a T-DNA insertion in ANL2. (B) 
Schematic diagram showing the position of the T-DNA insertion and the primer-binding sites in the 
gene for anl2-2. The open rectangles represent the untranslated regions (UTRs), the black 
rectangles represent the exons and the introns are represented by lines. The black arrows indicate 
the orientation of the insertions in the gene and the bar indicates 100 bases of the gene. The red 
arrows indicate the binding sites of the screening primers and the lengths indicate the distance 
between the primer and the insertion site. (C) PCR showing anl2-4 is homozygous for the 
presence of a T-DNA insertion in ANL2. (D) Schematic diagram showing the position of the T-DNA 
insertion and the primer-binding sites in the gene for anl2-4. (E) Results of the RT-PCR for both 
lines showing the absence of a full-length transcript for anl2-2 and anl2-4 compared to the control 
gene, Actin. (F) Images of anl2-2 and anl2-4 compared to the wild-type Col-0. 
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3.5. Generation of overexpressing lines for the hub genes 

 

Col-0 plants overexpressing each of the seven genes were generated using the 

Gateway®-compatible destination vector, pEarleyGate (Figure 3.23; Earley et al., 2006). 

The full-length protein-coding sequence (from the translation start codon to the stop 

codon) of the gene of interest was amplified from Col-0 cDNA using the Phusion® Hot 

Start II High-Fidelity DNA polymerase (Finnzymes). The primers used to amplify the gene 

of interest are given in Appendix C. The forward primer contained the CACC sequence at 

the 5ô end for directional cloning into the pENTRÊ/D-TOPO® vector (ThermoFisher 

Scientific), as per the supplierôs instructions. The entry vector was then used for LR 

cloning of the gene of interest into the pEarleyGate vector using the LR ClonaseÊ II 

Enzyme Mix (ThermoFisher Scientific), as per the supplierôs instructions. The entry and 

destination clones were verified by restriction digestion as described in Chapter 2. 

 

 

 

 

 

 

 

 

 

The expression vectors were transformed into Arabidopsis Col-0 plants by the floral dip 

method (Clough and Bent, 1998). T1 seeds obtained from these plants were screened on 

soil by watering with Basta® (Bayer CropScience Ltd.) until the negative, untransformed 

plants appeared yellow and died out. A single leaf (approximately 100 mg of fresh weight) 

was taken from the positive transformants and RNA was extracted to confirm 

overexpression of the gene of interest using qPCR (the primer sequences used for qPCR 

are given in Appendix C). Figures 3.24-3.30 show the general strategy used to clone the 

hub genes into the pEarleyGate vector, as well as confirmation of the cloning process at 

each stage. The expression levels for the independent, overexpressing lines obtained for 

each of the genes are also shown.  

 

Only one homozygous line each was obtained for AGL22 and FD in the T2 generation, 

namely AGL22ox-2 and FDox-7, and these were used for subsequent experiments 

Figure. 3.23. Vector map of the destination vector pEarleyGate. 
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described in Chapter 4. All other available lines for these two genes and the other genes 

were segregating in the T2 and T3 generations and so were not used for phenotyping due 

to lack of time. Two lines of positive transformants for RAP2.12 were identified, but it was 

not possible to determine the level of overexpression of the gene in these lines within the 

available time frame. 

 

In addition to the overexpressors of AGL22 generated here, another overexpressing line, 

henceforth known as AGL22ox-10, was obtained from Dr. Lucio Conti of the University of 

Milan (Masiero et al., 2004; Riboni et al., 2013). Both AGL22ox-10 and AGL22ox-2 plants 

produced the phenotype of sepaloid petals as shown in Figure 3.24F and as described in 

Masiero et al. (2004). 
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Figure 3.24. Generation of overexpressing lines of AGL22. 
(A) Cloning strategy used to clone AGL22 into the pEarleyGate vector using the Gateway® 
technology. The gel images show confirmation of the expected PCR and restriction digestion 
products at each stage of the cloning process, as given in the table. (B) The vector maps for the 
entry and destination vectors showing the restriction sites. (C) qPCR results measuring total 
transcript levels of AGL22 in the independent plant lines relative to wild-type levels. The values 
are mean + standard error (n=3). (D) qPCR results measuring total transcript levels of AGL22 in 
AGL22ox-10 relative to wild-type levels. The values are mean + standard error (n=3). (E) Images 
of AGL22ox-10 and AGL22ox-2 compared to the wild-type Col-0. Both overexpressors produced a 
larger rosette than the Col-0. (F) Flowers of overexpressors of AGL22 produce sepaloid petals 
(indicated by arrows) compared to wild-type flowers. 
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Figure 3.25. Generation of overexpressing lines of POZ. 
(A) Cloning strategy used to clone POZ into the pEarleyGate vector using the Gateway® 
technology. The gel images show confirmation of the expected PCR and restriction digestion 
products at each stage of the cloning process, as given in the table. (B) The vector maps for the 
entry and destination vectors showing the restriction sites. (C) qPCR results measuring total 
transcript levels of POZ in the independent plant lines relative to wild-type levels. The values are 
mean + standard error (n=3).  
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Col-0 FDox-7 

Figure 3.26. Generation of overexpressing lines of FD. 
(A) Cloning strategy used to clone FD into the pEarleyGate vector using the Gateway® 
technology. The gel images show confirmation of the expected PCR and restriction digestion 
products at each stage of the cloning process, as given in the table. (B) The vector maps for the 
entry and destination vectors showing the restriction sites. (C) qPCR results measuring total 
transcript levels of FD in the independent plant lines relative to wild-type levels. The values are 
mean + standard error (n=3). (D) Image of FDox-7 compared to the wild-type Col-0.  
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Figure 3.27. Generation of overexpressing lines of UKTF. 
(A) Cloning strategy used to clone UKTF into the pEarleyGate vector using the Gateway® 
technology. The gel images show confirmation of the expected PCR and restriction digestion 
products at each stage of the cloning process, as given in the table. (B) The vector maps for the 
entry and destination vectors showing the restriction sites. (C) qPCR results measuring total 
transcript levels of UKTF in the independent plant lines relative to wild-type levels. The values are 
mean + standard error (n=3).  
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Figure 3.28. Generation of overexpressing lines of RAP2.12. 
(A) Cloning strategy used to clone RAP2.12 into the pEarleyGate vector using the Gateway® 
technology. The gel images show confirmation of the expected PCR and restriction digestion 
products at each stage of the cloning process, as given in the table. (B) The vector maps for the 
entry and destination vectors showing the restriction sites. 
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Figure 3.29. Generation of overexpressing lines of BHLH038. 
(A) Cloning strategy used to clone BHLH038 into the pEarleyGate vector using the Gateway® 
technology. The gel images show confirmation of the expected PCR and restriction digestion 
products at each stage of the cloning process, as given in the table. (B) The vector maps for the 
entry and destination vectors showing the restriction sites. (C) qPCR results measuring total 
transcript levels of BHLH038 in the independent plant lines relative to wild-type levels. The values 
are mean + standard error (n=3).  
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Figure 3.30. Generation of overexpressing lines of ANL2. 
(A) Cloning strategy used to clone ANL2 into the pEarleyGate vector using the Gateway® 
technology. The gel images show confirmation of the expected PCR and restriction digestion 
products at each stage of the cloning process, as given in the table. (B) The vector maps for the 
entry and destination vectors showing the restriction sites. (C) qPCR results measuring total 
transcript levels of ANL2 in the independent plant lines relative to wild-type levels. The values are 
mean + standard error (n=3).  
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