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Significance of plant energy management 

The consequences of climate change and the increased urbanization of societies are 

topics that regularly feature in the news. As the changing climate is threatening 

human and animal wellbeing, this is understandably so. The increased urbanization 

coupled with reduction of arable land poses a similar threat. Importantly, the United 

Nations biennial publication on “World Population Prospects” shows that global 

population growth is rapidly increasing with a predicted population size of over 9 

billion in 2050. Stabilization of global population growth is unlikely to happen this 

century (Gerland et al., 2014). As a consequence ecosystem resources and global food 

supply are under tremendous pressure (Godfray et al., 2010; Godfray et al., 2011). 

Global trends necessitate that we improve our knowledge of how plants regulate 

their metabolism in response to environmental change. Such knowledge is needed 

for crop improvement so that yield is assured under unfavorable growth conditions.  

Plants and energy 

Plants have a photoautotrophic sessile lifestyle. Plants are able to convert light 

energy into chemical energy for growth. A consequence of the sessile lifestyle of 

plants is that plants must adapt to the prevailing environment, which presents a wide 

range of stressful conditions.  

Plants obtain most of their energy from light via photosynthesis (for a review of 

photosynthesis see (Taiz & Zeiger, 2010)). Photosynthesis can be divided into light 

dependent reactions and so called dark reactions that do not directly depend on light. 

The light reactions convert solar energy to chemical energy in the form of ATP and 

NADPH. Converting light energy into chemical energy requires absorption of photons 

by specialized pigments located in light harvesting complexes in the thylakoid 

membranes of chloroplasts. The light harvesting complex transfers light energy to 

two specialized chlorophyll molecules located in the photosystem reaction center 
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where an electron is excited to a higher energy level. The electron is then transferred 

to a primary electron accepter that is located in the reaction center of photosystem II. 

With this electron transfer the first step in the light reaction is complete. The energy 

from the primary electron acceptor is then transferred via a series of other electron 

carriers including plastoquinone, a cytochrome complex and plastocyanin to a 

specialized chlorophyll in the reaction center of photosystem I. In this electron 

transport chain the exergonic fall of the electron is used for the production of ATP. 

Photosystem I also has light harvesting complexes that transfer energy to the 

specialized chlorophyll in the reaction center. As in photosystem II, the excited 

electron is transferred to a primary acceptor that subsequently leads to the 

production of NADPH.  

The chemical energy from the light reaction (ATP and NADPH) is subsequently used in 

the dark reaction where atmospheric CO2 is converted to glyceraldehyde-3-

phosphate (G3P) in the Calvin cycle.  The produced G3P is subsequently used for the 

synthesis of sucrose and essentially all other organic compounds.  

Plants also stand out as a kingdom through the accumulation of storage compounds 

such as starch. Starch is a complex polysaccharide consisting of glucose monomers. It 

is stored in granules located in chloroplasts and other plastids. Illustrative for the 

importance of stored starch in growth regulation during the diurnal cycle is the 

starchless phosphoglucomutase (PGM) mutant (Caspar et al., 1985). The growth of 

this mutant is severely impaired in the dark where in wild type starch provides a 

supply of soluble sugar used for growth.  

Sugar signaling and plant development 

 Plants must cope with many stressful growth conditions during their life cycle. Plant 

stresses are defined as ‘any unfavorable condition or substance that affects or blocks 

a plant’s metabolism, growth or development’ (Lichtenthaler, 1998). In practice, 
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stresses include various abiotic and biotic conditions. The abiotic conditions include 

light availability, drought, flooding, temperature, salinity or nutrient availability. The 

biotic stresses include herbivore attacks as well as biotrophic and necrotrophic 

interactions between plants and fungi, bacteria and viruses. Plants have different 

strategies of coping with these stresses: stress escape, avoidance or tolerance (Levitt, 

2015). These coping strategies usually take a major toll on the energy reserves.  

Plant response to stresses involves sophisticated interactive phytohormone signaling 

networks that operate synergistic or antagonistic. These hormones include Abscisic 

Acid (ABA), Ethylene (ET), as well as the defense related Jasmonic Acid (JA) and 

Salicylic Acid (SA). Extensive hormonal crosstalk is needed to adjust the plant 

response to stresses (Cheong et al., 2002; Chinnusamy et al., 2004; Fujita et al., 2006; 

Knight & Knight, 2001; Mittler, 2006; Peleg & Blumwald, 2011; Smékalová et al., 

2014). The continued activation of defense responses has major negative 

consequences for the growth and development of plants (van Hulten et al., 2006). 

This illustrates the high energy cost of defense responses and the necessity for tight 

regulation of the signaling networks involved to balance the response with growth. 

Considerable synergistic overlap exists between the various stress responses. A 

universal response to all types of stresses is the accumulation of Reactive Oxygen 

Species (ROS). ROS consists of various forms of reactive oxygen radicals such as OH• 

and O2•- as well as non-radicals such as H2O2, as reviewed by (Gill & Tuteja, 2010). 

ROS induced damage is restricted by ROS scavenging compounds that include proline, 

glycerol, myo-inositol, acetylated glutamine dipeptides, trehalose and sucrose. These 

solutes are called organic osmolytes or compatible solutes that as well function as 

osmoprotectants (Smirnoff & Cumbes, 1989). Usually, combinations of osmolytes 

accumulate that are more effective than the additive effect of each single molecule 

(Gong et al., 2005; Janz et al., 2010; Lugan et al., 2010). While the main function of 

these osmolytes is osmotic protection, sugars can distort water structure and 
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influence the tetrahedral coordinated hydrogen bond structure (THB) (Branca et al., 

2005). 

Sugar sensing and signaling 

Plant growth and stress responses depend on the availability of nutrients, particularly 

sugars. Sugars provide the carbon building blocks of life and feed glycolysis and the 

citric acid cycle, and respiration, thereby producing ATP and reducing equivalents. 

Sophisticated and essential signaling systems provide plants with information on the 

sugar and energy status, allowing optimal use of resources for growth and 

reproduction. Core regulatory systems that promote plant growth in the presence of 

sugars are the Target of Rapamycin (TOR) and the Trehalose-6-phosphate systems. 

When sugars and energy are in limited supply it is important to inhibit growth to 

prevent cellular collapse. Key players in inhibiting plant growth in the absence of 

sugars are the SNF1-related Protein Kinase 1 (SnRK1) and the C/S1 bZIP transcription 

factor network.  

SnRK1 signaling 

SnRK1 history 

A conserved central regulator of metabolism in eukaryotes was first identified as a 

gene essential for fermentation in yeast and was named sucrose-non-fermenting 1 

(SNF1) (Carlson et al., 1981). It was found that SNF1 is a protein kinase that is 

essential for expression of glucose-repressed genes (Celenza & Carlson, 1984; Celenza 

& Carlson, 1986). In animals the AMP-activated protein Kinase (AMPK) was first 

identified in rat liver and was found to be the homolog of yeast SNF1 (Carling et al., 

1989). It was quickly established that these protein kinases function mainly to 

promote catabolism and inhibit anabolism. For example, the use of the AMPK 

activating drug 5-amino-4-imidazolecarboxamide ribonucleoside (AICAR) showed 
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inhibition of lipolysis and lipogenesis in isolated rat adipocytes through increased 

phosphorylation of acetyl-CoA carboxylase (ACC) (Sullivan et al., 1994).  

SNF1 as well as AMPK are important signaling components in a protein 

phosphorylation cascade. The proteins interacting with SNF1 are also regulated by 

glucose availability. In low glucose conditions the protein SNF4 can bind to SNF1 and 

relieve the repression of the SNF1 regulatory domain (Jiang & Carlson, 1996). AMPK 

and SNF1 regulate central enzymes in metabolism, including for example the acetyl-

CoA carboxylase, a key enzyme in lipid metabolism (Woods et al., 1994). Thus yeast 

SNF1 and its animal homologue AMPK have an evolutionarily conserved role in the 

regulation of metabolism, including carbon and fatty acid metabolism.  

The first identified plant homolog of SNF1 that could complement the yeast snf1 

mutation was identified as RKIN1 in Secale cereale (rye) (Alderson et al., 1991). SNF1 

homologs have subsequently been identified in other plant species, including the 

SNF1-RELATED PROTEIN KINASE 1 (SnRK1) in Arabidopsis thaliana (Le Guen et al., 

1992).In Arabidopsis there are multiple isoforms of SnRK1 KIN10 (SnRK1.1) as well as 

KIN11 (SnRK1.2) and KIN12 (SnRK1.3) (Baena-González et al., 2007). Whereas KIN12 is 

a pseudogene, KIN10 and KIN11 are partially redundant and perform the kinase 

function of the heterotrimeric SnRK1 protein complex (Baena-González et al., 2007).   

The SnRK1 complex in plants 

Next to the SnRK1 catalytic α subunits, KIN10 and KIN11, there are also conserved β 

and γ subunits that have a regulatory function (Figure 1). In Arabidopsis, the SnRK1β1 

(KIN β1) and β3 (KIN β3) subunit encoding genes are dark inducible and light 

repressible while the SnRK1β2 (KIN β2) has no such regulation (Polge et al., 2008). 

The three KIN β subunits β1, β2 and β3 subunits are all expressed in distinct areas and 

regulated by different promoter elements. Specifically, KIN β1 is regulated 

independently by both light and sugar signals and the promoter contains both 
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phytochrome and sugar responsive elements. Sugar is a powerful repressor of KIN β1 

transcription in a dose respondent manner (Polge et al., 2008). Interestingly, the KIN 

β3 gene is only induced in the dark but cannot be repressed by sucrose (Polge et al., 

2008). KIN β1 and KIN β2 have a Kinase Interacting Sequence (KIS), an Association 

with SnRK1 Complex (ASC) domain and an N-terminal conserved domain, whereas in 

KIN β3 the KIS domain is truncated and lacks the overlapping Glycogen Binding 

Domain (GBD) and the N-terminal domain altogether that is present in KIN β1 and KIN 

β2 (Gissot et al., 2004). 

 

Figure 1. The SnRK1 protein complex in Arabidopsis. 

Different protein subunits of the SnRK1 protein complex in plants are depicted with the distinct 

domains highlighted. The SnRK1 α-subunit contains a kinase domain, an auto-inhibitory (UBA) 

domain and the kinase associated (KA1) domain. The KA1 domain is where the interaction with the β-

subunit takes place. The conserved phosphorylation site is located in the T-loop of the α-subunit. The 

β-subunits, with the exception of SnRK1β3, contain a starch-binding domain (Ávila-Castañeda et al., 

2014) and binds to the βγ-subunit at the Association with the SNF1 Complex (ASC) domain. The γ-

subunit was identified without the starch-binding domain, which put it in the common class of Four-

Cystathionine β-synthase (CBS)-domain (FCD) proteins. The γ-subunit has no function in the SnRK1 

that is currently known (Ramon et al., 2013). The plant-specific βγ-subunit is the canonical γ-subunit 

that functions as the γ-subunit does in mammals and yeast. The βγ-subunit contains multiple 

Cystathionine β-synthase (CBS) domains and is essential for SnRK1 function. Figures adapted from 

(Tomé et al., 2014) 
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The SnRK1 functional KIN γ subunit is a hybrid molecule between the β and γ subunits 

called KIN βγ. The KIN βγ subunit has a highly conserved domain of four cystathionine 

β-synthase (CBS) motifs (Lang et al., 2000), a pre-CBS domain (Viana et al., 2007) and 

a GBD. The GBD is essential for KIN βγ functionality (Ramon et al., 2013). Initially, 

based on sequence conservation a γ subunit was identified without the GBD domain, 

which put it in the common class of Four-Cystathionine β-synthase (CBS)-domain 

(FCD) proteins that do not complement the yeast snf4 mutation. The KIN βγ can 

complement the yeast snf4 mutation and is essential for SnRK1 functionality (Ramon 

et al., 2013). 

The GBD in plants was recently renamed to Starch Binding Domain (SBD) to reflect its 

ability to bind starch (Ávila-Castañeda et al., 2014). Of the different β subunits only βγ 

is present in chloroplasts, reflecting its starch binding activity (Ávila-Castañeda et al., 

2014). Structural and sequence alignments of the Arabidopsis SnRK1 β1, β2, β3 and 

βγ SBD with the GBD of rat AMPKβ1 revealed 4 conserved alignments in the βγ 

subunit (W100, K126, N150 and W133) and only 2 alignments with the β1 and β2 

subunits (W100 and K126, and W100 and W133, respectively) (Ávila-Castañeda et al., 

2014). This indicates a higher sequence similarity of the βγ subunit with animal β 

subunits. This suggests that part of the animal SBD function could be derived from 

the plant βγ subunit (Ramon et al., 2013). 

Regulation of SnRK1 

SnRK1 is regulated at the transcriptional and protein activity levels. Transcriptional 

patterns of the α-subunits show that KIN10 is a broadly expressed gene while KIN11 is 

more spatially restricted.  While KIN10 expression can be found in most plant tissues, 

KIN11 is mainly expressed at the base of leaf primordia, in hydathodes and in vascular 

tissues (Williams et al., 2014). Another key difference in the expression pattern of 
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KIN10 and KIN11 subunits is the accumulation of KIN10 in small intracellular puncta in 

response to stresses such as wounding (Williams et al., 2014). 

The cellular energy status based regulation of SNF1, AMPK and SnRK1 is different. The 

animal AMPK binds to and is activated by AMP, indicating a direct link to the cellular 

energy status (Carling et al., 1989). Additionally, AMP was shown to activate the 

AMPK activating kinase (AMPKK) that phosphorylates and activates AMPK and that 

keeps AMPK activated by preventing dephosphorylation at the AMPKK 

phosphorylation site (Davies et al., 1995). Other studies show that the GBD of AMPK 

allows it to function as a glycogen sensor (McBride et al., 2009; Polekhina et al., 2003). 

In animals glycogen functions as carbon storage molecule similar to starch in plants. 

In the liver glycogen can be quickly metabolized into glucose and used for energy 

generation. The role of the Arabidopsis SnRK1 β1, β2, β3 and βγ subunits in starch 

sensing remains unclear. In contrast to AMPK, SnRK1 is not directly activated by AMP 

(Sugden et al., 1999). AMP functions as an inhibitor of SnRK1 T-loop 

dephosphorylation (Sugden et al., 1999), thereby keeping SnRK1 in the active state. 

SnRK1 interactions with adenylate kinase (ADK) were shown to take place and 

function in cellular response to ATP depleting stresses (Mohannath et al., 2014). In 

these conditions SnRK1 associates with ADK physically in the cytoplasm which leads 

to activation of ADK. This stimulation of ADK leads to production of AMP which in 

turn sustains SnRK1 activity (Mohannath et al., 2014).   

As shown for SNF1 and AMPK, the activity of SnRK1 depends on the phosphorylation 

in the highly conserved T-loop by upstream kinases (Sugden et al., 1999). Plant stress 

can promote the phosphorylation of the catalytic subunits when assembled into the 

heterotrimeric SnRK1 protein complex (Nunes et al., 2013). The upstream kinases 

responsible for the SnRK1 phosphorylation have been identified as SnRK1 activating 

kinase 1 (SNAK1/GRIK2) and SnRK1 activating kinase 2 (SNAK2/GRIK1) (Crozet et al., 

2010; Shen et al., 2009). SnRK1 is able to phosphorylate and inhibit SNAK1/2 
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indicating a negative feedback on SnRK1 activation itself (Crozet et al., 2010). The in 

planta role of the SNAKs in SnRK1 regulation remains unclear, and the role of SNAK’s 

in upstream SnRK1 regulation needs investigation. 

SUMOylation has also appeared as another regulatory mechanism of SnRK1 activity. It 

is a mechanism of protein activity regulation as reviewed by (Novatchkova et al., 

2012). SUMOylation is a well conserved regulatory mechanism that operates on SNF1 

(Simpson-Lavy & Johnston, 2013), AMPK (T. Rubio et al., 2013) and SnRK1 (Elrouby & 

Coupland, 2010). In the process of SUMOylation a SUMO precursor protein is made 

that is modified to a mature SUMO protein by a SUMO protease (Novatchkova et al., 

2012). The mature SUMO can bind to a SUMO activating enzyme (SAE1 and 2) as 

reviewed by (Park et al., 2011). The mature SUMO is then transferred to the SUMO 

conjugating enzyme (SCE) (Park et al., 2011). In Arabidopsis, the SUMO E3 ligase SIZ1 

in combination with SCE is able to transfer the SUMO protein to SnRK1 (Crozet et al., 

2016). In this way, chains of SUMO proteins can be conjugated to SnRK1. SUMO 

chains can trigger ubiquitination via SUMO-targeted ubiquitin ligases (Elrouby, 2015). 

Subsequently, this leads to SnRK1 degradation via the proteasome (Crozet et al., 

2016). Interestingly, the proteasomal degradation upon SUMOylation and 

ubiquitination of SnRK1 depends on its activity (Crozet et al., 2016). This presents an 

intricate negative feedback loop to control SnRK1 activity and prevents 

hyperactivation that would be detrimental to growth.   

SnRK1 activity can as well be regulated by myristoylation. Myristoylation covalently 

attaches a myristoyl group to an N-terminal glycine of a protein as reviewed by (Cox, 

2000). This modification leads to protein-protein and protein-lipid interactions and 

plays an important role in many signal transduction pathways as reviewed by (Boutin, 

1997). This is a conserved regulatory mechanism that functions in yeast SNF1 (Lin et 

al., 2003), the animal AMPK (Oakhill et al., 2010) and plant SnRK1 (Pierre et al., 2007). 
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In plants, mutants that lack N-myristoyltransferase show elevated SnRK1 levels and 

developmental arrest (Pierre et al., 2007).  

Several SnRK1 interacting proteins involved in signaling have been identified. These 

include the KIN10 interacting protein FUSCA3 (Tsai & Gazzarrini, 2012). FUSCA3 and 

KIN10 proteins interact and are co-expressed in the same tissues. KIN10 

phosphorylates FUSCA3 at one or more of the S55/S56/S57 residues while KIN10 is 

also phosphorylated by FUSCA3.  The KIN10 FUS3 interaction delays FUSCA3 

degradation through a yet unknown mechanism (Tsai & Gazzarrini, 2012).  

Development phase transitions controlled by FUSCA3 include embryonic 

development and germination (Parcy et al., 1997) and are linked to hormonal 

signaling pathways as well. FUSCA3 can negatively regulate GA synthesis and 

positively regulate ABA synthesis (Gazzarrini et al., 2004), impacting on seed 

dormancy and germination, processes controlled by ABA and GA, respectively. GA 

negatively regulates FUSCA3 protein stability, while ABA enhances FUSCA3 stability 

(Tsai & Gazzarrini, 2012). Moreover, the hormone auxin induces FUSCA3 expression 

and FUSCA3 induces auxin biosynthetic genes during embryonic development (Tsai & 

Gazzarrini, 2012). The fus3-3 mutation prevents FUSCA3 interaction with KIN10 and 

partially rescues the delayed phase-transitions in the KIN10 overexpression 

phenotype. 

SnRK1 is a central hub in the plant energy regulation networks but not much is known 

about its interacting partners. A recent study has found that certain proteins 

containing a domain of unknown function (DUF) interact with SnRK1. An extensive 

yeast-two-hybrid screen delivered 17 such DUF proteins (Nietzsche et al., 2015). Most 

interestingly, these 17 proteins could be mapped to a protein interaction network 

containing links to hormonal and MAPK pathways as well as the TOR kinase pathway 

(Nietzsche et al., 2015).  
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SnRK1 regulation by sugars 

It is well established that different stresses lead to energy depletion and activation of 

SnRK1 kinase. Even a relatively small drop in carbon supply is sufficient to trigger 

starvation responses (Smith & Stitt, 2007). The transcriptional regulation in response 

to carbon depletion leads to SnRK1 mediated metabolic reprogramming to adapt to 

the new situations (Eveland & Jackson, 2012; Hanson & Smeekens, 2009; Rolland et 

al., 2006). In this way, sugar availability gives rise to a tight regulation of appropriate 

transcriptional responses to the energy status (Eveland & Jackson, 2012).  

A study in the moss Physcomitrella patens illustrates the importance of SnRK1 activity 

in regulating the response to carbon status. In this study it was found that a snf1a 

snf1b double knockout mutant is viable but needs a continuous light regime to be 

able to grow and develop (Thelander et al., 2004). Most likely, the failure of this 

double mutant to accumulate starch limits its survival in the dark (Thelander et al., 

2004). The importance of SnRK1 activity for starch accumulation was also shown in a 

study in potato tubers (McKibbin et al., 2006). Overexpression of SnRK1 in potato 

tubers leads to increased expression of genes encoding sucrose synthase and ADP-

glucose pyrophosphorylase as well as a 23% - 30% increase in starch content 

(McKibbin et al., 2006). In agreement with these findings but perhaps counter 

intuitive, high growth rates in Arabidopsis are negatively correlated with starch 

content (Sulpice et al., 2009). Plants with high growth rates probably have low SnRK1 

activity and correspondingly low starch accumulation. 

While it is established that SnRK1 activity is essential for starch accumulation, the 

mobilization of starch into soluble sugars represses SnRK1 activity. It was first shown 

that the sugar phosphate glucose 1-phosphate (G1P) is able to inhibit SnRK1 activity 

(Nunes et al., 2013; Toroser et al., 2000). In addition to G1P, also Trehalose-6-

Phosphate (T6P) (Martinez-Barajas et al., 2011; Y. Zhang et al., 2009) as well as 

glucose and sucrose are able to inhibit SnRK1 activity (Baena-González et al., 2007; 
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Nunes et al., 2013). Interestingly, the inhibition of SnRK1 requires a compound that is 

not found in mature leaves and may therefore be tissue specific as reviewed by 

(Geigenberger, 2011). It has been shown that G1P and T6P function synergistically to 

inhibit SnRK1 activity (Nunes et al., 2013). Both G1P and T6P are important 

metabolites in the regulation of starch metabolism via ADP-glucose 

pyrophosphorylase (AGPase) (Kolbe et al., 2005). AGPase uses G1P as a substrate for 

starch synthesis and AGPase was proposed to be regulated by T6P via changes in the 

redox state of the chloroplast (Kolbe et al., 2005; Tiessen et al., 2003). These studies 

show that SnRK1, G1P and T6P are interconnected and control the starch 

accumulation in plant cells.  

The sugar trehalose is synthesized from UDP-glucose and G6P via the intermediate 

T6P by trehalose phosphate synthase (TPS) and trehalose phosphate phosphatases 

(TPP) as reviewed by (M. Paul, 2008). In Arabidopsis thaliana, 21 genes were found 

that encode only the TPP domain and are active  trehalose phosphate phosphatases 

(TPPA-J) or that contain both the TPS and TPP domains (TPS1–11) but of which the 

TPP domain is likely inactive (Leyman et al., 2001). Trehalose is hydrolyzed into 

glucose by trehalase, which in Arabidopsis is encoded by a single gene, TRE1 (Muller 

et al., 2001).  Several studies have shown that trehalose metabolism is important for 

stress tolerance (Garg et al., 2002; Ge et al., 2008; H. Li et al., 2011; Singh et al., 2011; 

Suzuki et al., 2008). Trehalose addition promotes starch synthesis by inducing the β-

amylase gene, AT-β-Amy (Wingler et al., 2000). Trehalose also inhibits breakdown of 

starch by inhibiting SEX1 and β-amylase via Abscisic Acid Insensitive 4 (ABI4) 

repression (Ramon et al., 2007). In addition, trehalose regulates other genes involved 

in metabolism, including ADP-GLUCOSE PHOSPHORYLASE 3 (ALP3) (Wingler et al., 

2000). 

The phosphorylated form of trehalose, T6P, has been identified as a key regulatory 

compound in plant development and as a proxy for the sucrose status in plants (Lunn 
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et al., 2006; Schluepmann et al., 2003). In addition, T6P has been identified as a 

regulator of glucose, abscisic acid (ABA) and stress signaling (Avonce et al., 2004). The 

SnRK1 α subunit KIN11 can be induced by trehalose and overexpressing KIN11 leads 

to increased leaf size and rosette diameter during early development, which is 

opposite to what is observed in KIN10 overexpressing plants (Baena-González et al., 

2007; Williams et al., 2014). T6P is also essential for developmental phase transitions 

in Arabidopsis thaliana. Mutants in the TPS1 gene that lack sufficient T6P are embryo 

lethal (Eastmond et al., 2002; Schluepmann et al., 2003). T6P is also required for the 

transition to flowering (Schluepmann et al., 2003; Wahl et al., 2013). In conclusion, 

trehalose metabolism has emerged as an important growth regulator in Arabidopsis 

thaliana via T6P regulation of SnRK1, starch synthesis, stress responses and 

developmental phase transitions. 

The PLEIOTROPIC REGULATORY LOCUS 1 (PRL1) has been identified as a regulator of 

SnRK1 (Németh et al., 1998). PRL1 represses KIN10 and KIN11 via protein-protein 

interaction (Bhalerao et al., 1999). Mutants in PRL1 are hypersensitive to glucose and 

sucrose application, probably due to an enhanced sensitivity to sugars. The 

interaction of PRL1 with the C-terminal domain of KIN10 and KIN11 can be reversed 

by sugars (Bhalerao et al., 1999). A loss-of-function mutant of a close homolog of 

PRL1 called PRL2 enhances the prl1 KO phenotype (Weihmann et al., 2012). The 

mechanisms by which PRL proteins regulate SnRK1 remain to be established. 

Targets of SnRK1 regulation 

SnRK1 can phosphorylate several enzymes and thereby target them for degradation. 

These include key metabolic enzymes such as nitrate reductase (Weiner & Kaiser, 

1999), sucrose-phosphate synthase (Toroser et al., 1998), trehalose-6-phosphate 

synthase, glyceraldehyde-3-phosphate dehydrogenase and glutamine synthase 

(Cotelle et al., 2000; Moorhead et al., 1999).  
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Important target genes of SnRK1 signaling include dark inducible genes such as DIN1 

and DIN6 (ASN1). Interestingly, these genes can be repressed by glucose 

independently of the known glucose sensor hexokinase (Baena-González et al., 2007). 

Metabolic reprogramming is facilitated by SnRK1 in a protoplast system using the 

ASN1 promoter fused to a luciferase reporter. It was found that the ASN1 promoter is 

repressed by sucrose and glucose and that activation of this promoter is dependent 

on the SnRK1 activity (Baena-González et al., 2007). Importantly, it was found that the 

SnRK1 complex causes large scale metabolic reprogramming in response to darkness, 

low sugar and other stress conditions (Baena-González et al., 2007).  

The way that transcriptional reprogramming takes places following SnRK1 activation 

is not clear. miRNAs have also been linked to starvation mediated gene regulation via 

SnRK1 (Confraria et al., 2013). miRNAs represent a powerful expression regulatory 

system that can target mRNA for degradation. SnRK1 has been found to be a major 

regulator of several miRNAs and represses miRNA transcription in energy limiting 

conditions (Confraria et al., 2013). In this way, miRNAs mediate SnRK1 dependent 

energy signaling in Arabidopsis as a means to regulate the transcriptome. 

bZIP transcription factor regulation by SnRK1 

Downstream factors in the SnRK1 signaling pathway that are activated via SnRK1 

signaling include members of the C and S1 class of bZIP transcription factors. There 

are several groups of bZIP transcription factors that together make up a large family, 

as reviewed by (Jakoby et al., 2002; Reinke et al., 2013). The S1 group consists of the 

members: bZIP1, 2, 11, 44 and 53. The bZIP S1 group proteins preferentially 

heterodimerize with the C group bZIP proteins. The C group bZIPs consist of: bZIP9, 

10, 25 and 63 (Ehlert et al., 2006). Interestingly, it is the presence of 

heterodimerization partners that controls the response to stress and developmental 

cues  bZIP11 (Weltmeier et al., 2006). Several of the bZIP S1 group proteins were 
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predicted to be involved in SnRK1 regulated transcriptional changes (Baena-González 

et al., 2007). Particularly, the C class partner bZIP63 is directly phosphorylated by 

SnRK1 and this changes its heterodimerization preference to regulate the response 

accordingly (Mair et al., 2015). Thus, the bZIP transcription factor system appears to 

function as an output for stress induced SnRK1 signaling, leading to reprogramming of 

transcription to adapt to the adverse condition.  

Several clues to the involvement of the bZIP system as downstream effectors of the 

SnRK1 response emerge when these bZIPs are examined more closely. When bZIP11 

or bZIP53 is overexpressed the resulting plant phenotype is reduced size and delay of 

developmental phase transitions such as bolting (Alonso et al., 2009; Hanson et al., 

2008). Similarly, plants overexpressing bZIP1 show a strong starvation response 

(Dietrich et al., 2011) while bZIP1 KO plants grow faster than wild type (Kang et al., 

2010). These mutant phenotypes are all indicative of a function in starvation 

response regulation. 

The identified downstream targets of the bZIP transcription factors suggest a role in 

starvation regulation. The C/S1 heterodimers can bind to the ACGT core sequence 

elements present in the G-box and C-box (Alonso et al., 2009). These elements are 

present in many genes involved in starvation, including the targets PROLINE 

DEHYDROGENASE 1 and 2 (PRODH1 and 2) and DARK INDUCIBLE 6/ASPARAGINE 

SYNTHETASE 1 (DIN6/ASN1) (Baena-González et al., 2007; Hanson et al., 2008). 

bZIP11 as well as heterodimers of bZIP1 and bZIP53 can induce PRODH1, which 

results in proline catabolism (Dietrich et al., 2011; Hanson et al., 2008).  

A link between the bZIP system and trehalose metabolism has also emerged via the 

regulation of trehalose phosphate phosphatases (J. Ma et al., 2011). It was shown 

that bZIP11 overexpressing plants are resistant to trehalose application, a possible 

mechanism being TPP mediated T6P degradation (T. L. Delatte et al., 2011) but also 

induction of TPP genes via bZIP11 (J. Ma et al., 2011).  
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A feedback mechanism on the effect of S1 group bZIPs has emerged through 

translational regulation. All five S1 bZIP transcription factors are translationally 

repressed by Sucrose Induced Repression of Translation (SIRT) via an upstream open 

reading frame (uORF) (Hummel et al., 2009; Rook et al., 1998). It has been postulated 

that increasing sucrose concentrations lead to accumulation of a sucrose control 

peptide (SC-peptide) on the translating ribosome resulting in a stalling complex 

(Hummel et al., 2009; Rahmani et al., 2009). This stalling complex blocks further 

translation of the main ORF by the ribosomes. Availability of sucrose restricts bZIP 

protein production, whereas low sucrose levels allow bZIP expression to handle 

starvation conditions (Wiese et al., 2004). Thus, translational stalling of bZIPs in 

response to sucrose availability works as a dynamic brake on the bZIP system to bring 

the starvation response to a halt when sugar is available.  

TOR signaling network 

TOR history 

A study of Easter Island soil samples in the 1970s identified the bacterial strain 

Streptomyces hygroscopicus (Vezina et al., 1975). This bacterial strain was of 

particular interest as it produced a universal antifungal compound that was labeled 

rapamycin (Vezina et al., 1975). This name originates from the local name for Easter 

Island ‘Rapa Nui’ and ‘mycin’ that is a suffix used for antibiotics made by a 

Streptomyces strain.  

The receptor for rapamycin was identified as a ubiquitous protein in animals named 

FKBP12 (FK506-binding protein, molecular mass of 12 kDa) (Harding et al., 1989; 

Siekierka et al., 1989; Siekierka et al., 1990). Further studies into the mode of action 

for rapamycin identified Target of Rapamycin (TOR) as a target in the yeast 

Saccharomyces cerevisiae (Heitman et al., 1991). It was found that the FKBP12 

protein interacts with TOR to form a ternary complex consisting of rapamycin, 
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FKBP12 and TOR that blocks downstream signaling (Cafferkey et al., 1993; Heitman et 

al., 1991; Helliwell et al., 1994; Kunz et al., 1993). Plants are resistant to rapamycin as 

a consequence of mutations in plant FKBP proteins (Sormani et al., 2007; Y. Xiong & 

Sheen, 2012). The production of rapamycin-sensitive plants through the heterologous 

expression of the yeast ScFKBP12 protein illustrates the conservation of the TOR 

pathway in eukaryotes (Sormani et al., 2007; Y. Xiong & Sheen, 2012). 

The TOR complex in plants 

Target of Rapamycin (TOR) is a protein kinase complex that is evolutionary conserved. 

The TOR protein is a large (280 kD) Ser/Thr protein kinase and contains several 

domains in addition to the kinase domain (Figure 2) (Kunz et al., 1993; Ren et al., 

2011). At the N-terminal end of TOR there is a series of HEAT repeats (Huntington, 

elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and the yeast kinase TOR1) 

that has been shown to be important for protein-protein interactions, cellular 

transport and membrane localization (Andrade & Bork, 1995; Kunz et al., 2000). The 

HEAT repeat domain binds to the 45S rRNA promoter and the 5’ external transcribed 

spacer elements motif in Arabidopsis (Ren et al., 2011). At the C-terminal end of the 

HEAT repeats is a Focal Adhesion Target (FAT) domain that is important for protein-

protein interactions (Bosotti et al., 2000). The binding site for the FKBP12 protein is 

named the FKBP12/rapamycin Binding site (FRB) (Kim et al., 2002; Loewith et al., 

2002; Schmelzle & Hall, 2000). The C-terminal end harbors the FATC domain that is 

named after FRAP, ATM, TRAP C-terminal (Bosotti et al., 2000). The FATC domain has 

been proposed to play a role in redox-dependent structural and cellular stability 

(Dames et al., 2005). The FATC domain is also a putative scaffolding domain (Dames, 

2010; Takahashi et al., 2000). The kinase domain is essential for TOR function while 

the FATC domain is dispensable in Arabidopsis (Ren et al., 2011).  
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Figure 2. The TOR protein complex in Arabidopsis.  

This figure depicts the TOR protein and 2 closely associated proteins that are incorporated in the TOR 

protein complex. The TOR protein contains a PI3K kinase domain, a FAT domain, a FATC domain 

(FRAP, ATM, and TRAP), a FRB domain (FKB12 rapamycin binding) for interaction with the inhibitor 

FKB12, and a number of HEAT repeats (Huntington, elongation factor 3 (EF3), protein phosphatase 

2A (PP2A), TOR1) for the interaction with RAPTOR. Next to HEAT repeats, RAPTOR contains a RNC 

domain (Raptor N-terminal Conserved/putative Caspase domain) and a number of WD40 repeat 

domains (Hay & Sonenberg, 2004). Figures adapted from (Tomé et al., 2014) 

Over the years many proteins that are associated with TOR in a protein complex have 

been identified as reviewed by (Wullschleger et al., 2006). An important associated 

protein for TOR function is Regulatory Associate Protein of Target of Rapamycin 

(RAPTOR) (Kim et al., 2002; Deprost et al., 2005; Mahfouz et al., 2006). RAPTOR 

interacts with the HEAT repeats domain of TOR and is important for the signaling 

function of TOR.  

The Lethal with Sec Thirteen 8/G protein β subunit-like (LST8/GβL was found to 

interact with the C-Terminal FRB-Kinase Domain of TOR (Moreau et al., 2012). 

LST8/GβL is evolutionarily conserved and complements yeast lst8 mutations (Moreau 

et al., 2012). Another associated protein of TOR is the PP2A-associated protein TAP46 

(Ahn et al., 2011). TAP46 was first identified as an interactor of the type 2A 

serine/threonine protein phosphatase (PP2A) (Harris et al., 1999), which is important 

for basic cellular processes such as metabolism, transcription, and signal transduction 

(Wera & Hemmings, 1995). TOR phosphorylates TAP46 directly (Ahn et al., 2011). 

Activated TAP46 functions by inhibiting PP2A activity and thereby activates the S6K1 
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and S6K2 proteins. PP2A dephosphorylate the S6K1 and 2 proteins, which is inhibited 

by TAP46 to promote TOR signaling (Ahn et al., 2015). 

Regulation of TOR is dependent on metabolic resources and phytohormones 

TOR can be activated in situations when sufficient resources for growth are available. 

These resources include sugars, amino acids as well as other plant nutrients. 

Additionally, regulation of the TOR response takes place via plant hormones including 

auxin, cytokinin, abscisic acid and brassinosteroids. In yeast and mammals, TOR is 

activated by amino acids and sugars (Jewell et al., 2013). The activation of TOR by 

sugars such as glucose requires the glycolysis-mitochondria-mediated energy and 

metabolic relays (Y. Xiong et al., 2013). Interestingly, sugar activation of TOR is 

completely normal in the hexokinase mutant gin2. This indicates that the TOR 

activation by sugar is decoupled from direct glucose sensing via the hexokinase 1 

(HXK1) glucose sensor. This could mean that there is another glucose sensor or the 

glucose is metabolized and other metabolic intermediates exert the signaling function. 

Transcriptional level regulation of TOR seems limited, but it was found using TOR 

RNAi lines that the level of TOR expression is closely correlated with plant 

development (Deprost et al., 2007). A dose dependent response was found for organ 

and cell size, seed production and resistance to osmotic stress with the level of TOR 

expression. Development is halted when TOR expression is downregulated in RNAi 

inducible lines (Deprost et al., 2007).  

Transcriptional downregulation and protein turnover in unfavorable growth 

conditions and subsequent transcriptional upregulation and protein translation under 

favorable growth conditions is more time consuming and less energy efficient than 

quick reversible protein modifications. The reason that a lot of regulation on TOR 

takes place on the protein level as discussed above could possibly be to facilitate a 



 

21 

 

quick and reversible response to rapidly changing environmental conditions and 

energy availability. 

TOR is a central regulator to promote plant growth 

TOR is an essential player in metabolic regulation and many developmental pathways 

depend on TOR signaling to promote anabolism over catabolism. In studying the TOR 

function, it was found that homozygous Arabidopsis tor null mutants are embryo 

lethal. Remarkably, the TOR kinase domain alone suffices to rescue embryo lethality 

and restore development (Ren et al., 2011).  

Glucose-TOR signaling specifically targets cell cycle regulation and the 

stem/progenitor cells in the root meristem (Y. Xiong et al., 2013). Glucose-TOR 

signaling leads to extensive transcriptional programming to favor anabolism and to 

activate typical G1-S phase genes in the root meristem and root growth factor (RGF) 

peptides. The S-phase transcription factor E2F is a direct substrate for TOR 

phosphorylation, thereby promoting the cell cycle. Most of the glucose-TOR signaling 

activity appears to be directed through E2F activation (Y. Xiong et al., 2013). TOR 

signaling leads as well to transcriptional repression of catabolism (Y. Xiong et al., 

2013). 

TOR acts as a central integrator of metabolic signals and light for the activation of 

stem cells at the shoot apex (Pfeiffer et al., 2016). Via a signaling pathway involving 

the phytohormone cytokinin, TOR is able to induce the expression of the 

homeodomain transcription factor WUSCHEL independent of photosynthesis (Pfeiffer 

et al., 2016). WUSCHEL is an important regulator of the Shoot Apical Meristem (SAM) 

via a regulatory loop with CLAVATA (Schoof et al., 2000). 

The interaction of the TOR signaling pathway with another phytohormone, 

brassinosteroids, has also been shown to be important for plant development to take 
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place (F. Xiong et al., 2016; Z. Zhang et al., 2016). Plant growth is stimulated through 

stabilization of BRZ1 via TOR signaling (Z. Zhang et al., 2016). BRZ1 is a stimulator of 

growth but is degraded via autophagy. Sugar induced TOR kinase activity is able to 

stabilize BRZ1 to prevent it getting degraded via autophagy (Z. Zhang et al., 2016). 

This creates a balance between the sugar availability and growth promoted via BRZ1 

(Z. Zhang et al., 2016). Moreover, the gene Brassinosteroid Insensitive 2 (BIN2) has 

been shown to act as a downstream effector in the TOR signaling pathway to regulate 

photoautotrophic growth (F. Xiong et al., 2016). BIN2 acts as a downstream effector 

of the TOR target ribosomal protein S6 kinase 2 (S6K2) that functions as an important 

player in TOR signaling to promote growth (F. Xiong et al., 2016). These studies on the 

TOR signaling network show TOR as an essential signaling hub and promoter of 

growth. 

TOR can regulate the expression of auxin-responsive genes. It does so by facilitating 

translation reinitiation of Auxin Response Factors (ARFs) mRNAs with uORFs in their 5′ 

UTRs (Schepetilnikov et al., 2013). In this way, TOR links auxin to general nutrient 

signaling. The hormone auxin is transported through plants in a directed manner to 

create concentration gradients that control cellular signaling for stem cell 

maintenance, cell proliferation and differentiation.  

The proteins associated with TOR have distinct signaling functions. lst8 mutants show 

reduced growth and apical dominance while at the metabolic level they accumulate 

more starch and amino acids. Additionally, it was found that LST8 is important in 

regulating myo-inositol and raffinose metabolism during plant adaptation to long 

days (Moreau et al., 2012).  

RAPTOR is important for the phosphorylation of S6 Kinase 1 (Mahfouz et al., 2006). 

S6K1 subsequently phosphorylates the small ribosomal protein S6 (RPS6) 

(Schepetilnikov et al., 2013). S6K1 also regulates the Retinoblastoma Repressor 
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Protein (RBP) that has been shown to promote cell growth and inhibit cell 

proliferation (Henriques et al., 2010; Henriques et al., 2013; Y. K. Kim et al., 2014). 

The TOR associated protein TAP46 is important for seed enlargement and general 

plant organ growth. Many anabolism related processes are stimulated by TAP46 

including nitrogen metabolism, ribosomal protein synthesis, lignin biosynthesis and 

cell wall biosynthesis (Ahn et al., 2015). Some catabolic processes are repressed by 

TAP46 signaling including autophagy and lipid degradation (Ahn et al., 2015). 

Repressing TAP46 via RNAi presents strong repression of translation, induction of 

autophagy and nitrogen mobilization (Ahn et al., 2011). This indicates that TAP46 

plays an important role in stimulating translation alongside TOR. 

TAP46 and TOR are important repressors of autophagy (Y. Liu & Bassham, 2010). Also 

in RNAi TOR plants autophagy is induced. Autophagy is the process in which 

cytoplasmic contents are recycled, mainly under stress conditions or during 

senescence. Autophagy related genes that are repressed by TOR activity include the 

gene ATG18a (Y. Liu & Bassham, 2010).  

 In animals the Translationally Controlled Tumor Protein (TCTP) stimulates TOR 

activity by activating Rheb GTPase activity as reviewed by (John et al., 2011). Also in 

Arabidopsis TCTP has an important signaling function in the TOR signaling pathway 

(Berkowitz et al., 2008). TCTP is required for viable pollen formation, and 

homozygous tctp null mutants are not viable (Berkowitz et al., 2008). Studies of TCTP 

RNAi lines have shown an important link between the hormone auxin and TCTP-TOR 

(Berkowitz et al., 2008).  

The TOR pathway affects the structure of cell walls (Leiber et al., 2010). LRR-extensins 

have a specific structure consisting of an N-terminal leucine-rich repeat domain and a 

C-terminal extensin domain that suggests a regulatory function in cell wall 

development (Ringli, 2005). It was found that a mutation in the gene LRR-extensin 1 
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(LRX1) leads to problems with cell wall formation in root hairs. The gene REPRESSOR 

OF LRX1 (ROL5) was found to repress this mutation (Leiber et al., 2010). Interestingly, 

repression of the TOR pathway suppresses the LRX1 mutant phenotype. The ROL5 

protein accumulates in mitochondria where it regulates reactive oxygen species (ROS) 

response. Mitochondria are an important TOR signaling target so the ROL5 protein is 

likely a downstream TOR component (Leiber et al., 2010).   

Translational regulation by TOR 

Translation is essential for cell proliferation and growth. Several studies in yeast and 

mammalian cells have shown that TOR is important for protein translation regulation. 

TOR regulates the production of ribosome components and ribosome biogenesis (H. 

Li et al., 2006; Michels & Hernandez, 2006; Tsang et al., 2010; Wei et al., 2009). For 

ribosome biogenesis the production of four different rRNAs as well as the production 

of 130 ribosomal proteins is required (Michels & Hernandez, 2006). In animals and 

yeast the production of 18S, 5.8S, 25S, and 5S rRNAs depends on TOR activity (H. Li et 

al., 2006; Michels & Hernandez, 2006). 

Several components have been identified in the regulation of translation via TOR 

signaling. Active TOR is recruited to polysomes where the S6K1 protein is located. 

TOR then phosphorylates S6K and the phosphorylated S6K in turn dissociates from 

the polysomes and regulates selective translation. Particularly, translation reinitiation 

after upstream open reading frames is stimulated by phosphorylation of the 

translation initiation factor eIF3h (Schepetilnikov et al., 2013).  

In plants about 30 % of the mRNAs have uORFs that can be translated to create small 

proteins. For reinitiation of translation following uORFs, translation initiation factors 

need to be recruited. TOR promotes translation reinitiation via eIF3h. eIF3h works 

together with RPL24 for reinitiation of uORF-mRNAs (Schepetilnikov et al., 2013). 

Auxin activated TOR protein phosphorylates S6K1 at T449. Many auxin response 
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factors (ARFs) have uORFs and thus depend on TOR signaling for proper translation. 

Blocking TOR activity with the TOR inhibitor Torin-1 blocks translation of such mRNAs. 

This leads to gravitropic defects which are typical for reduced ARF activity. Not only 

auxin-related genes are affected by this TOR signaling mechanism but also other 

uORF containing genes involved in metabolic regulation, including bZIP11. TOR was 

found to be essential for translation reinitiation of bZIP11 following translation of the 

conserved uORF-encoded sucrose control peptide (Lastdrager, 2015).  

The link between TOR and translation is further demonstrated by the downstream 

TOR ribosomal protein targets RPS6 A and B (Creff et al., 2010). The rps6a rps6b 

double mutant is lethal. RPS6b is a ribosomal protein that is linked to life span. The 

primary function of RPS6 is to regulate protein synthesis and total RNA production. 

RPS6 also interacts with histone deacetylase 2B (AtHD2B) to promote rDNA 

transcription and ribosome biogenesis (Y. K. Kim et al., 2014). Metabolic processes 

associated with growth and lifespan are coupled to nutrition and light energy. It has 

been shown that the lifespan of rps6a and rps6b mutants is increased (Ren et al., 

2012). The opposite is also true in TOR overexpression plants where the life cycle is 

accelerated and consequently the life span is reduced (Ren et al., 2012). 

ABA signaling regulation via SnRK and TOR signaling pathways 

Several links have emerged between the SnRK1 and TOR signaling pathways, and 

phytohormonal signaling. These include the ABA and auxin signaling pathways. 

Genetic approaches have demonstrated the importance of ABA signaling in sugar 

responses (Cheng et al., 2002). ABA biosynthesis genes including ABA2 are activated 

by glucose.  The aba2/gin1 null mutants show the function of endogenous ABA to 

promote growth of organs, body size and fertility in the absence of severe stress 

(Cheng et al., 2002). 
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SnRk1 and ABA signaling pathways seem functionally linked (Ananieva et al., 2008; 

Baena-González et al., 2007; Bhalerao et al., 1999; Bradford et al., 2003; Coello et al., 

2012; Jossier et al., 2009; Németh et al., 1998; Radchuk et al., 2006; Radchuk et al., 

2010; Rosnoblet et al., 2007). Overexpressing the SnRK1 α subunit (KIN10) leads to an 

ABA hypersensitive phenotype (Jossier et al., 2009). It was also shown that SnRK1 is 

phosphorylated via ABA dependent sugar signaling and an epistatic interaction 

between SnRK1 and the ABA biosynthesis gene ABA2 was proposed (Jossier et al., 

2009). A role of SnRK1 in regulating ABA responses during seed germination was as 

well proposed (Lu et al., 2007; Radchuk et al., 2006). Downstream of SnRK1, a link has 

emerged between the bZIP system and ABA signaling. The full repression of 

translation of bZIP63 and its homologue bZIP3 at high (6%) glucose concentrations 

requires the ABA biosynthetic pathway (Matiolli et al., 2011). 

SnRK1 is repressed via the protein phosphatase 2 C (PP2C) which is also named 

Abscisic Acid Insensitive 1 (ABI1) (Rodrigues et al., 2013). In total 76 PP2C proteins 

have been identified in Arabidopsis that are separated into 10 clades (A – J) (Kerk et 

al., 2002). Of the nine members of clade A (Schweighofer et al., 2004) at least seven 

are negative regulators of ABA signaling (Antoni et al., 2012; Gosti et al., 1999; Kuhn 

et al., 2006; Leonhardt et al., 2004; Merlot et al., 2001; Nishimura et al., 2007; S. 

Rubio et al., 2009; Saez et al., 2004; Yoshida et al., 2006). These seven PP2Cs, 

including ABI1 and ABI2, interact with SnRK2 proteins as reviewed by (Cutler et al., 

2010). Arabidopsis contains 10 SnRK2 proteins including SnRK2.2/2.3 and 2.6 that 

play an important role in the ABA pathway (Boudsocq et al., 2004; Fujii et al., 2007; 

Gomez-Cadenas et al., 2001; J. Li et al., 2000; Mustilli et al., 2002; Yoshida et al., 

2006). These SnRK2 proteins are deactivated via direct dephosphorylation by PP2Cs 

and by physical protein obstruction by PP2Cs (Soon et al., 2012; Umezawa et al., 

2009; Vlad et al., 2009). In the presence of ABA, the Pyrabactin 

Resistance1/Pyrabactin Resistance1-Like (PYL)/Regulatory Components of ABA 

Receptors are activated and PP2C proteins are inhibited, thereby activating SnRK2 
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and downstream signaling (Y. Ma et al., 2009; Soon et al., 2012). A positive feedback 

via a stress signal on the PP2C proteins ABI1 and ABI2 has also been identified 

(Meinhard et al., 2002). The H2O2 secondary messenger of ABA signaling activates 

ABI2 (Meinhard et al., 2002). Generally, ROS accumulation is an important stress 

signal (Vickers et al., 2009) that is as well activating SnRK1. ABI2 activation represents 

a repressive signal that likely functions to modulate the SnRK1 stress response via 

ABA signaling.  

An interesting link in the TOR SnRK1 signaling axis emerged through the protein 

DUF581-19.  DUF581-19 binds to both the TOR interacting protein RAPTOR1B as well 

as KIN10 (Nietzsche et al., 2015). DUF581-19 is a protein that was also identified as 

MEDIATOR OF ABA-REGULATED DORMANCY 1 (MARD1) (He & Gan, 2004). The 

MARD1 promoter has two ABA responsive elements (ABRE) through which ABA can 

stimulate expression of MARD1. A T-DNA insertion mutant in these two ABRE’s is less 

dormant and no longer able to respond to ABA signaling (He & Gan, 2004). DUF581-

19 may link SnRK1 and TOR signaling pathways through modification of ABA signaling. 

A link between ABA signaling and the TOR signaling network has emerged from an 

EMS mutant screen for suppressors of the chemical TOR inhibitor AZD8055 (L. Li et al., 

2015). A suppressor of AZD-8055 was identified and named TRIN1. Growth of trin1 

suppressor on 2 µM AZD8055 concentration displays a green cotyledon phenotype. 

Remarkably, TRIN1 is an ABI4 allele and ABI4 apparently acts as a downstream 

effector of TOR (L. Li et al., 2015). Furthermore, the ABA hormone signaling pathway 

is regulated by TOR as shown in lst8-1 and raptor3g mutants that are more sensitive 

to exogenous ABA application (Kravchenko et al., 2015). In these mutants the ABA 

levels are strongly downregulated and the phenotypes are characteristic for ABA 

signaling inhibition such as increased germination (L. Li et al., 2015).  
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Crosstalk between TOR and SnRK1 signaling networks? 

SnRK1 and TOR are both kinases with a central position in metabolic regulation. A 

close interaction between these two signaling pathways has therefore been 

suggested (Robaglia et al., 2012). Extensive transcriptome reprogramming has been 

observed for both signaling routes (Baena-González et al., 2007; Y. Xiong et al., 2013). 

It is therefore of importance to know how these two signaling pathways are 

interconnected. 

Animal studies have shown interactions between the TOR and AMPK signaling 

pathways. AMPK regulates the TOR pathway via phosphorylation of TOR signaling 

components. The TSC2/TSC1 complex is phosphorylated by AMPK which 

subsequently leads to inactivation of an important activator of TOR, Rheb GTPase, as 

reviewed by (Xu et al., 2012). AMPK also inhibits RAPTOR as reviewed by (Inoki et al., 

2012). A key protein for crosstalk between the AMPK and TOR signaling systems is 

ULK1 (J. Kim et al., 2011). ULK1 is a regulator of autophagy and is both activated and 

deactivated by different phosphorylation sites that are targets of AMPK and TOR as 

reviewed by (Inoki et al., 2012). 

The Rheb GTPase is a key component for inhibition of TOR signaling via AMPK but an 

Arabidopsis Rheb homolog has so far not been identified. It has been suggested that 

TCTP could be a regulator of a Rheb homolog in Arabidopsis but this needs further 

investigation (Berkowitz et al., 2008). This introduction presents a complex signaling 

network (Figure 3) where SnRK1 and TOR act as central regulatory hubs with 

important links to carbohydrate signaling and hormone signaling, particularly ABA. 

This network needs tight regulation to balance between nutrients and growth.  
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Figure 3. Model of the SnRK1-TOR signaling network in Arabidopsis thaliana. This figure shows the 

key players in the signaling network comprising both the SnRK1 and TOR kinase. TOR and SnRK1 

emerge as central hubs that take in signals from the plant nutrient status and relate these to 

development. SnRK1 is mainly a repressor of development via several signaling routes while TOR is a 

promoter. Many feedback loops have been identified illustrating tight regulation of the balance 

between nutrient status and growth. 
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Thesis outline 

Plant growth and development critically depend on carbon nutrient status. Over the 

past years several core regulatory systems that link plant carbon status to growth 

have emerged. The core regulatory systems studied include the trehalose 6-

phosphate (T6P) signaling system and the Target of Rapamycin (TOR) kinase pathway 

that both promote growth when activated by the presence of sugars while the SNF1-

related Protein Kinase 1 (SnRK1) and the C/S1 bZIP transcription factor network are 

inhibitory to growth in the absence of sugars.  

In this thesis, it is investigated how the core regulatory systems interact and how 

these are linked to the regulation of plant development in Arabidopsis thaliana. Gene 

regulatory networks are constructed for these systems, using available genomics 

information in public repositories and novel datasets produced with micro-array and 

RNA sequencing. Lastly, the connection is investigated between these signaling 

pathways to plant development. The phase transition from embryonic to vegetative 

growth is studied. A GWAS screen is done to pick up novel genes involved during this 

transition and the effects of the TOR and SnRK1 pathway are investigated. 

In Chapter 2 the transcriptional response to the SnRK1 and TOR signaling pathways as 

well as the influence of the bZIP11 transcription factor and T6P are studied via RNA 

sequencing in Arabidopsis seedlings. Transcriptional response to overexpression of 

bZIP11, TPS1, SnRK1 subunit genes KIN10, KIN11 as well as TOR inhibition shows 

strong links between metabolism and stress responses. Additionally, a strong positive 

correlation exists in transcriptional regulation between the effect of TOR inhibition by 

AZD-8055 treatment and the effects of KIN10 and bZIP11 overexpression.  

In Chapter 3 the crosstalk between SnRK1 and TOR on the transcriptional regulation 

is specifically addressed using Arabidopsis thaliana mesophyll protoplasts transfected 

with constructs to modify the activity of TOR, SnRK1, bZIP and T6P signaling and 
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combinations of these factors. Micro-Array analysis of transcriptionally regulated 

SnRK1 and TOR targets reveals crosstalk. Gene ontology analysis shows that TOR 

inhibited SnRK1 targets are associated with stress, metabolism and catabolism. 

Moreover, full length TOR activity is required for SnRK1 target suppression. TOR 

inhibition leads to SnRK1 target induction in seedlings and trehalose-6-phosphate 

signaling does not directly affect TOR – SnRK1 crosstalk. In conclusion, a large group 

of SnRK1 target genes is repressible by TOR activity. This indicates that these genes 

are under balancing control of the two signaling pathways in plants. 

The influence of sugar on the phase transition between skotomorphogenesis and 

photomorphogenesis will be used as a system to test how the different components 

of the TOR and SnRK1 signaling networks influence this developmental transition. As 

a start for this test, in Chapter 4 the genetic components underlying Sugar Induced 

Dark-Morphogenesis (SIDM) are investigated. During SIDM plants start to form leaves 

akin to photomorphogenesis upon application of sugar despite being in complete 

darkness. To identify the candidate loci underlying SIDM a Genome-Wide Association 

Study (GWAS) was conducted. GWAS reveals several loci involved in sucrose-induced 

dark morphogenesis including TRANSLATIONALLY CONTROLLED TUMOR PROTEIN 

(TCTP) and MYO-INOSITOL OXYGENASE 4 (MIOX4). TCTP is known to be involved in 

the molecular signaling network of Target of Rapamycin (TOR). This leads to 

subsequent investigation of the possible role of TOR during SIDM. It was found that 

TOR is required for SIDM. Moreover, the components of the TOR signaling pathway 

RAPTOR3G and TAP46 are also found to have a significant impact on SIDM. 

In Chapter 5 it is investigated what the roles of the SnRK1, TOR, trehalose and ABA 

signaling networks are in SIDM. SnRK1 signaling can inhibit sugar induced dark-

morphogenesis. Particularly, overexpression of the bZIP11 transcription factor 

showed strong repression of SIDM, while reduced expression of bZIP11 promote 

SIDM in a TOR dependent manner. Furthermore, ABA signaling inhibits dark-
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morphogenesis and ABA biogenesis mutants are more resistant towards TOR 

inhibition via AZD-8055. No role was found for Trehalose-6-phosphate in the 

regulation of SIDM. It can be concluded that bZIP11 is an important negative 

regulator of SIDM and that SIDM is negatively regulated by the SnRK1 and ABA 

signaling networks while promoted by the TOR signaling pathway. 

In Chapter 6 a summarizing discussion of the previous chapters is provided that 

included comparative data analysis for the transcriptomic data with similar datasets 

found in literature. 
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Abstract 

The regulation of plant energy status is critical for the development of plants. 

Unpredictable environmental stresses put a strain on plant energy production and 

affect the availability of energy rich compounds usable for growth and development. 

The SnRK1 and TOR signaling networks have been identified as critical regulators of 

plant energy consumption. The SnRK1 signaling network is critical for adjusting the 

metabolic response to energy limiting conditions and stress. The bZIP11 transcription 

factor is part of the SnRK1 signaling network and is able to induce transcriptional 

reprogramming in favor of catabolism over anabolism. On the other hand, the TOR 

signaling network has been identified as a positive regulator of energy consuming 

processes such as translation, cell division and photosynthesis. Sugar signaling also 

plays an important role in the regulation of energy consumption. The sugar 

phosphate trehalose-6-phosphate (T6P) is one of the key regulators of plant 

development and can repress SnRK1.  

In this study the transcriptional response to the SnRK1 and TOR signaling pathways as 

well as the influence of the bZIP11 transcription factor and T6P is studied via RNA 

sequencing in Arabidopsis seedlings. Targets involved in response to stress, ROS, 

metabolism control and defense signaling were induced upon KIN10 expression. 

While bZIP11 overexpression does have a distinct response from KIN10 

overexpression there was also considerable overlap in targets such as induction of 

genes involved in defense, ROS, general stress signaling and catabolism. Treatments 

with the TOR inhibitor AZD-8055 had a large impact on the transcriptome with over 

2000 significantly regulated genes. A considerable overlap between AZD-8055 

treatment with KIN10 and bZIP11 response was observed. This included induction of 

genes involved in defense, ROS, stress signaling and catabolism. Separately from 

other treatments, AZD-8055 caused a distinct and strong repression of genes involved 

in translation, anabolism and photosynthesis.   
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Due to the significant overlap and correlation between targets induced by 

overexpression of bZIP11, KIN10 and AZD-8055 treatment, a core group of 145 shared 

transcriptional targets was identified. The large overlap between AZD-8055 treatment 

and KIN10 overexpression shows that inhibiting TOR kinase function via AZD-8055 

leads to an increase in SnRK1 activity. This shows clear overlap and antagonistic 

regulation between the SnRK1 and TOR signaling networks. 

Introduction 

Plants continually adjust their metabolism to optimally fit the present growth 

conditions and regulate growth and development in concert with the metabolic 

changes. The use of energy and response to environmental conditions is a tightly 

regulated process. Several signaling networks have been identified over the past 

years that regulate the response to energy deprivation as well as facilitate growth 

under favorable or unfavorable conditions. Many types of stresses cause energy 

deprivation. The SNF1-related Protein Kinase 1 (SnRK1) has been identified as a key 

player to facilitate the response to stress and change metabolism to deal with energy 

limiting conditions (Baena-González et al., 2007; Polge & Thomas, 2007; Thelander et 

al., 2004). SnRK1 can be activated through energy deprivation and ABA signaling 

(Baena-González et al., 2007; Polge & Thomas, 2007). Overexpressing the SnRK1 α 

subunit (KIN10) leads to an ABA hypersensitive phenotype, showing that the SnRK1 

signaling network is closely connected with ABA (Jossier et al., 2009). Studies have 

identified large transcriptional changes to promote catabolism and repress anabolism 

in response to SnRK1 signaling (Baena-González et al., 2007). By expressing the kinase 

subunit of SnRK1, KIN10, it was shown that convergent transcriptional 

reprogramming takes place as a response to different kinds of stresses that negatively 

impact plant energy reserves (Baena-González et al., 2007). It has been shown that 

members of the bZIP transcription factor family were involved in the low energy 

signaling network (Baena-González et al., 2007). A direct link between SnRK1 
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signaling and the bZIP transcription factors has been shown via bZIP63 

phosphorylation by KIN10 (Mair et al., 2015). bZIP63 has been shown to be a central 

integrator of the Abscisic Acid (ABA) signals and glucose signals, providing an 

important link between the SnRK1 signaling network and the phytohormone ABA 

(Matiolli et al., 2011). The S1 group bZIP genes have in common a uORF in the 5’ 

leader sequence that encodes an evolutionary conserved sucrose control (SC) peptide 

that is proposed to induce a ribosomal stalling complex upon induction with sucrose 

that prevents translation of bZIP main ORFs (Wiese et al., 2004; Hummel et al., 2009; 

Rahmani et al., 2009; Weltmeier et al., 2009).  

The S1 group of bZIP transcription factors are directly regulated on the translational 

level by sucrose availability (Rook et al., 1998; Wiese et al., 2005; Rahmani et al., 

2009). These bZIP factors function together with the C group of bZIP transcription 

factors to regulate primary metabolism (Hanson et al., 2008; J. Ma et al., 2011). Many 

aspects of metabolism are affected including amino acid metabolism via the genes 

ASPARAGINE SYNTHETASE1 and PROLINE DEHYDROGENASE2 (Hanson et al., 2008). 

Additionally, bZIP11 signaling has been shown to repress trehalose-6-phosphate (T6P) 

via the induction of trehalose phosphate phosphatase (TPP) genes (J. Ma et al., 2011).  

T6P has been shown to play an intricate role in the regulation of development and 

metabolism via inhibition of SnRK1 kinase (T. Delatte et al., 2011; Y. Zhang et al., 

2009). The role of T6P is crucial during development for the phase transition from the 

vegetative stage to flowering (Schluepmann et al., 2003; Schluepmann et al., 2004; 

Martinez-Barajas et al., 2011; Debast et al., 2011; Wingler et al., 2012; Wahl et al., 

2013). T6P status is also considered a proxy for plant carbon status and is closely 

linked to plant sugar metabolism and starch content (Avonce et al., 2005; Kolbe et al., 

2005; M. J. Paul, 2008; Schluepmann et al., 2012). Additionally, trehalose has been 

linked to stress responses and has been shown to affect primary growth and recovery 

of plants following sink limitation (Delorge et al., 2014; Nunes et al., 2013).  
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The TOR protein is a large (280 kD) evolutionary conserved Ser/Thr protein kinase 

that consists of several domains (Kunz et al., 1993; Ren et al., 2011). TOR is a key 

regulator of metabolism and has been linked to several processes including 

translation, photosynthesis and phytohormone signaling (Caldana et al., 2013; Dong 

et al., 2015; Y. Xiong et al., 2013). It has been shown that TOR signaling can induce 

large scale metabolic regulation in favor of anabolism and repress catabolism 

(Caldana et al., 2013; Dong et al., 2015; Schepetilnikov et al., 2013; Y. Xiong et al., 

2013). Glucose-TOR signaling leads to extensive transcriptional reprogramming to 

favor anabolism (Y. Xiong et al., 2013). In the root meristem this leads to activation of 

typical G1-S phase genes and root growth factor (RGF) peptides. The S-phase 

transcription factor E2F is a direct substrate for TOR phosphorylation and is important 

to promote the cell cycle (Y. Xiong et al., 2013). TOR signaling leads as well to 

transcriptional repression of catabolism (Y. Xiong et al., 2013).  

SnRK1 and TOR are both kinases with a central position in metabolic regulation. A 

close interaction between these two signaling pathways has therefore been 

suggested (Robaglia et al., 2012). Extensive transcriptome reprogramming has been 

observed for both signaling routes (Baena-González et al., 2007; Y. Xiong et al., 2013). 

It is therefore of importance to know how these two signaling pathways are 

interconnected. Studies have shown interactions between the mammalian equivalent 

of TOR and SnRK1 (AMP-activated protein Kinase; AMPK) signaling pathways. AMPK 

regulates the TOR pathway via phosphorylation of TOR signaling components. The 

TSC2/TSC1 complex is phosphorylated by AMPK which subsequently leads to 

inactivation of an important activator of TOR, Rheb GTPase, as reviewed by (Xu et al., 

2012). A key protein for crosstalk between the AMPK and TOR signaling systems is 

ULK1 (J. Kim et al., 2011). ULK1 is a regulator of autophagy and is both activated and 

deactivated by different phosphorylation sites that are targets of AMPK and TOR as 

reviewed by (Inoki et al., 2012). A key step in the repression of TOR signaling by AMPK 

goes via the phosphorylation of the TOR associated protein RAPTOR (Gwinn et al., 
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2008). In a recent study it was found that in Arabidopsis SnRK1 can phosphorylate 

and repress RAPTOR 1B (Nukarinen et al., 2016). In this manner, the energy costly 

process of protein translation is repressed via phosphorylation of ribosomal protein 

S6 (Nukarinen et al., 2016). 

In plants, not much is known about crosstalk between these pathways and possible 

overlap in the signaling routes to adjust the transcriptome response to changes in 

carbon status. This study aims to investigate the transcriptional profiles of the SnRK1, 

TOR, bZIP11 and T6P signaling pathways to find key targets and important links in 

regulated processes to understand how these pathways are interconnected.  

Experimental Procedures 

Plant material and growth conditions 

Arabidopsis thaliana 17-β-estradiol inducible mutant lines were generated by 

transforming the wild type Col-0 (reference N60000) background (Alonso 2003). 

Plants were grown on half-strength Murashige and Skoog medium with vitamins and 

MES buffer at pH 5.9 and 10 g/L plant agar (Duchefa, Haarlem, NL) for 8 days under 

long day (16h light/8h dark) fluorescent light (100 µEm-2s-1) conditions. Seeds were 

chlorine gas sterilized for four hours and subsequently pipetted on solid growth 

medium using 0.1% agar solution before stratification in the dark at 4ºC for 2 days. 

Plants were grown for 7 days before 24 hour treatment with 10 µM 17-β-estradiol 

(Sigma-Aldrich), 1 µM AZD-8055 or mock treated. The 8 day old seedlings were 

harvested and snap frozen in liquid nitrogen. 

Transgenic plants used in the experiments include G1090:XVE-KIN10 line 8-2, 

G1090:XVE-bZIP11 line 1, G1090:XVE-TPS1 line 8-2 and G1090:XVE-amiR:KIN11 in the 

background of the kin10 line (GABI579E09) (kin10 ko/ kin11 ami). The line 

G1090:XVE-bZIP11 line 1 was obtained from Wolfgang-Dröge Laser and is described in 
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detail in Weiste & Dröge-Laser, 2014. The line kin10 ko/kin11 ami was also obtained 

from Wolfgang-Dröge Laser and is described in detail in Nukarinen et al., 2016. The 

lines G1090:XVE-KIN10 line 8-2 and G1090:XVE-TPS1 line 8-2 were created using 

Multi-Gateway cloning technology (Invitrogen, Thermo Fisher Scientific, Waltham, 

USA). 

Plasmid creation and plant transformation 

 

Constructs for the transformation of Arabidopsis plants and creation of 17-β-estradiol 

inducible mutant lines were created using Multi Gateway (Invitrogen, Thermo Fisher 

Scientific, Waltham, USA) technology. The MultiSite Gateway-Compatible cell type-

specific gene-inducible system for plants was used as described in detail in Siligato et 

al., 2016.  The G1090:XVE 17-β-estradiol inducible promoter, 

G1090.XVE.TER.LexA.MP, was cloned into pDONOR P4-P1r and a NosT terminator was 

cloned into pDONOR.P2r-P3 using the method described in  Siligato et al., 2016. The 

complete cDNA sequences for KIN10 and TPS1 were cloned into pDONOR221 using 

the method described in Siligato et al., 2016. attB1 sequence flanked primers were 

used to amplify KIN10 and TPS1 for direct recombination into pDONOR221. For KIN10 

the primers used were (attB1 5`-GGGG-ACA-AGT-TTG-TAC-AAA-AAA-GCA-GGC-TTC-

ACTTTTTCAG-CTCAGAAAAT 3' and attB2 5`-GGGG-AC-CAC-TTT-GTA-CAA-GAA-AGC-

TGG-GTC TGGAGTAAACAAAAACAAAA 3') and for TPS1 the primers used were (attB1 

5`-GGGG-ACA-AGT-TTG-TAC-AAA-AAA-GCA-GGC-TTC GGGCCATAAA CCAGAGACAA 3' 

and attB2 5`-GGGG-AC-CAC-TTT-GTA-CAA-GAA-AGC-TGG-GTC ATGTAATAAG 

AGCTTGTTCT 3'). The pDONOR221 vectors containing the gene of interest were used 

as Box2 entry vectors for Multi-Gateway cloning into the plasmid pB7m34GW. The 

pB7m34GW-G1090.EVE.TER.LexA.MP-KIN10-NosT and the pB7m34GW-

G1090.EVE.TER.LexA.MP-TPS1-NosT constructs were used drive the expression of 

KIN10 and TPS1 in transgenic plants. The pB7m34GW vectors containing KIN10 and 
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TPS1 respectively were used to transfect Agrobacterium tumefaciens of strain C58-1 

by electroporation. Arabidopsis Col-0 plants were transformed using the floral dip 

method as previously described (Clough & Bent, 1998). Transgenic plants were 

brought to a homozygous state through selection on solid half strength MS medium 

supplemented with the herbicide BASTA to select for the presence of the transgenic 

construct in the plant genome. 

RNA isolation 

The TRIzol® Plus RNA Purification Kit from Thermo Fisher Scientific was used to isolate 

RNA from frozen seedling samples according to the provided protocol 

https://www.thermofisher.com/order/catalog/product/12183555. The RNA samples 

were DNaseI treated to remove remaining genomic DNA and cleaned up with the 

PureLink™ spin column-based RNA isolation technology (Thermo Fischer).  

RNA sequencing data analysis 

RNA samples were sequenced using the Illumina HiSeq 2500 instrument using 

standard protocol by Macrogen (Korea). RNA libraries were made using Illumina 

TruSeq technology using standard protocols. Raw sequencing reads were aligned to 

the Arabidopsis genome (TAIR10) using TopHat v2.0.13 (Trapnell et al., 2009) with the 

parameter settings: ‘bowtie1’, ‘no-novel-juncs’, ‘p 6’, ‘G’, ‘min-intron-length 40’, 

‘max-intron-length 2000’. On average 97.0% (94.0 – 98.1%) of the RAW reads could 

be aligned to the genome per biological replicate. This represents an average of 51.1 

(40.7 – 73.3) million mapped reads. Aligned reads were summarized over annotated 

gene models using HTSeq-count v0.6.1 (Anders, 2010) with settings: ‘-stranded no’, ‘-i 

gene_id’. From the TAIR10 GTF file all ORFs (Open Reading Frames) of which the 

annotation starts with ‘CPuORF’ were manually removed prior summarization to 

avoid not counting all double annotated genes with two coding regions per transcript 

(including S1 bZIP genes). Sample counts were depth-adjusted using the statistical 

https://www.thermofisher.com/order/catalog/product/12183555


 

41 

 

computing environment R (R Core Team, 2013) using the median-count-ratio method 

available in the DESeq R package version 3.2.5 and the DESeq2 package version 1.4.5 

(Anders & Huber, 2010). For the generation of the heatmap of Euclidian distances and 

the PCA plot, raw counts were filtered on genes with more than 1 count in at least 

one out of 42 RNAseq samples. This reduced the number of genes from 33540 to 

28429. After filtering, rlog transformation was applied using the rlog function from 

the DESeq2 package. A heatmap of Euclidean distances between the 42 samples was 

generated using the function pheatmap from the DeSeq2 package. For the generation 

of a PCA plot of the 42 samples a modified version of the function PlotPCA from the 

DESeq2 was used with ntop set to 28429.  

For each comparison of three test replicate samples and three control replicate 

samples a DeSeq dataset of raw counts for all 33540 genes in the 6 samples of 

interest was generated. Log2 fold changes and Benjamini Hochberg FDR adjusted p-

values were generated using the DeSeq function from the DESeq2 package, with 

cooksCutoff set to false.  

Uninduced overexpressor lines (without estradiol) were not used as control samples 

for further analyses, as the number of genes that changed significantly in expression 

was either very small as is expected (uninduced bZIP11 OE 1, TPS1 OE 8-2, kin10 

ko/kin11 ami ) or unexpectedly high (uninduced KIN10 OE 8-2, even after removal of 

KIN10 OE 8-2 2). Samples that have been treated with 17-β-estradiol are defined by + 

Est in the text and figures (Figure 1). The comparisons used in this study include: 

COL0 + AZD-8055 versus COL, KIN10 OE 8-2 + Est versus COL + Est, bZIP11 OE 1 + Est 

versus COL + Est, TPS1 OE 8-2 + Est versus COL + Est and kin10ko/kin11 ami + Est 

versus COL + Est.  

Lists with significantly changed genes were generated using an absolute log2 fold 

change above 2 and Benjamini Hochberg FDR adjusted p-value below 0.05 as cutoffs.  

Pearson correlations and p-values for significantly changed genes (log2 fold change > 
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1, Benjamini Hochberg FDR adjusted p-value < 0.05) in different pairs of samples were 

calculated using the R functions cor and cor.test.  

GO analysis on gene lists of interest was performed using the BinGO plugin v 3.0.3 

(Maere et al., 2005) in Cytoscape v. 3.4.0 (Shannon et al., 2003). The hypergeometric 

test was used for Biological Process GO-terms that were over represented with a p-

value < 0.05 after multiple testing correction with Benjamini Hochberg FDR.  All 

26791 genes in our RNA sequencing dataset were used as reference gene list. TAIR 

GO annotations were downloaded on 7/3/2014 from 

www.geneontology.org/ontology/obo_format_1_2/gene_ontology_ext.obo and 

http://www.geneontology.org/GO.downloads.annotations.shtml. Creation of 

TreeMap figures from all significantly associated GO terms was done by REVIGO 

(http://revigo.irb.hr) with the settings small (0.5), medium (0.7) or large (0.9) allowed 

similarity as indicated with the results and sorted by p-value. The created TreeMap 

figures provide a visualization of the reduced and summarized list of association GO 

terms. 

Results 

RNA sequencing sample quality assessment 

To identify the primary transcriptional targets of the SnRK1 and TOR signaling 

networks, an RNA sequencing experiment was conducted. Transgenic plants 

containing the 17-β-estradiol sensitive promoter G1090:XVE fused to the CDS of each 

respective gene were used to show the transcriptomic response during a 24 hour 

time scale. Transgenic plants used in the experiments include G1090:XVE-KIN10 line 

8-2, G1090:XVE-bZIP11 line 1, G1090:XVE-TPS1 line 8-2 and G1090:XVE-amiR:KIN11 in 

the background of the kin10 line (GABI579E09) (kin10 ko/ kin11 ami). The kin10 ko/ 

kin11 ami line contains a point mutation in kin10 which leads to a premature stop 

codon. Because there is partial redundancy between the SnRK1 α-subunits KIN10 and 

http://www.geneontology.org/GO.downloads.annotations.shtml
http://revigo.irb.hr/
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KIN11 (Baena-González et al., 2007) the reduction of KIN11 mRNA via the induction of 

the amiR-KIN11 construct allows for the study of the transcriptomic response upon 

total reduction of SnRK1 activity. The transcriptional factor bZIP11 was included 

because it is known as a downstream SnRK1 signaling target (Baena-González et al., 

2007). TPS1 is a main enzyme responsible for the synthesis of T6P that reportedly has 

a repressive effect on SnRK1 activity (Zhang et al., 2009). The TPS1 line was used in 

this experiment to study the effects of increased T6P levels on SnRK1 induced targets.  

To assess the quality of the samples used in subsequent analysis the samples were 

analyzed using a clustering analysis as depicted in the heatmap (Figure 1). The 

heatmap shows that in most cases the 3 biological replicates of each line and 

treatment cluster together as expected. In the case of mock treated samples the 

clustering is not perfect. As the lines are 17-β-estradiol inducible the case of mock 

treated samples clustering together is not completely surprising as the background 

Col-0 (reference N60000) is the same and no induction has taken place. Furthermore, 

it can be seen that the treatment with TOR inhibitor AZD-8055 has a large effect on 

gene expression in all affected samples as they all cluster together and have a large 

distance to the other samples.  

To asses sample quality a Principal Component Analysis (PCA) was done (Figure 2). 

The PCA shows that PC1 explains the vast majority of the variance between the 

samples. The samples that cluster together correspond to samples that have received 

AZD-8055 treatment versus samples that have received other treatments. PC2 

explains mostly the variance between the induced KIN10 samples, KIN10 OE 8-2 2 and 

3. It can be seen in this PCA plot that one of the mock treated KIN10 samples, KIN10 

OE 8-2 2, is an outlier like it was in the clustering analysis. The 17-β-estradiol induced 

KIN10 OE 8-2 1 clusters together with the non-estradiol treated samples. Because the 

PCA and heatmap showed that the samples KIN10 OE 8-2 2 and KIN10 OE 8-2 + Est 1 

did not cluster as expected they were left out of further analysis.  
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Figure 1. Heatmap of the clustering analysis of all RNA sequencing samples. 

This heat map shows the Euclidian distance clustering of the raw counts of the transcripts of all the 

RNA sequencing datasets. Each sample consists of 3 biological replicates, named as 1 – 3. The blue 

colored rectangles represent the distance of a given sample on the y-axis with the corresponding 

sample on the x-axis. The dark blue rectangles represent 0 distance while the white rectangles 

represent the maximum distance. Samples that have been treated with 17-β-estradiol are defined by 

+ Est. 
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Figure 2. Principal component analysis of RNA sequencing samples. This figure depicts a 2-

dimensional plot between Principal Component 1 (x-axis) and Principal Component 2 (y-axis). The 

legend on the right indicates the comparisons used for the analysis.  

 

Transcriptional response to overexpression of KIN10, KIN11, bZIP11, TPS1 as 

well as TOR inhibition shows strong links with metabolism and stress responses  

Seedlings were induced for 24 hours with 17-β-estradiol or AZD-8055 starting 7 days 

post germination to study the initial transcriptional effect of each component on the 

signaling network (Table 1). To determine the amount of significantly regulated genes 

for each plant line a significance level cutoff was used at 2log FC > 2; p-value < 0.05. 

TOR repression by AZD-8055 treatment leads to a set of 2626 significantly regulated 

genes of which 1553 were induced (Table S1) and 1073 were repressed (Table S2). 

The AZD-8055 data shows a strong correspondence to data obtained in previous 

studies (Dong et al., 2015). KIN10 overexpression leads to a set of 867 significantly 

regulated genes of which 504 were induced (Table S3) and 363 were repressed (Table 

S4). bZIP11 overexpression leads to a set of 698 significantly regulated genes of which 

677 were induced (Table S5) and 21 were repressed (Table S6). TPS1 overexpression 

leads to a set of only 10 significantly regulated genes of which all 10 were induced 
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and no genes were repressed. Because of the low number of significantly regulated 

genes at this significance level, the threshold was lowered for this plant line to 2 log 

FC > 1 and p-value < 0.05. This leads to a set of 86 significantly regulated genes by 

TPS1 overexpression of which 72 were induced (Table S7) and 14 were repressed 

(Table S8). KIN11 repression in the kin10 ko/ kin11 amiR line leads to a set of 56 

significantly regulated genes of which 54 were induced and 2 were repressed. This 

low number of regulated genes impedes analysis and therefore the threshold was 

lowered for this plant line to 2 log FC > 1 and p-value < 0.05 like was the case for TPS1 

overexpression. This leads to a set of 320 significantly regulated genes KIN11 

repression in the kin10 ko/ kin11 amiR line of which 271 were induced (Table S9) and 

49 were repressed (Table S10). These results show that SnRK1 and TOR are major 

regulators of the transcriptome and can induce wide scale transcriptional 

reprogramming in agreement with previous publications (Baena-González et al., 

2007; Y. Zhang et al., 2009; Hanson et al., 2008; J. Ma et al., 2011; Caldana et al., 

2013; Y. Xiong et al., 2013; Dong et al., 2015).  

 

Table 1. Number of significantly regulated genes found by induction of the G1090:XVE promoter. 

The G1090:XVE promoter fused to the CDS of the specified genes was induced for 24 hours with 10 

µM 17-β-estradiol. In the case of the line kin10 ko/ kin11 amiR, plants were additionally treated with 

1 µM AZD-8055 or mock treated. The significance cutoff level is determined at 2 log FC > 2; p-value < 

0.05. The exception is the line with the G1090:XVE-TPS1 construct where the following significance 

level is used, 2 log FC > 1; p-value < 0.05. Three biological replicates of approximately ten 8-day-old 

seedlings each were used to determine the expression levels via RNA sequencing. 

  KIN10 bZIP11 TPS1 AZD-8055 kin10 ko/ kin11 amiR 

Induced 504 677   72 1553 54 
Repressed 363 21   14 1073 2 

Total 867 698   86 2626 56 

 

When the significantly regulated genes are compared it becomes apparent that there 

are large overlaps in the transcriptional targets that are regulated (Figure 3). 
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Remarkably, a large overlap can be identified in targets regulated by the inhibition of 

TOR and the overexpression of KIN10 and bZIP11. Genes induced by bZIP11 

overexpression largely correspond with previous data (Hanson et al., 2008). 

Significantly induced genes include PROLINE DEHYDROGENASE 2 and TPPG that are 

involved in the degradation of proline and trehalose-6-phosphate respectively. Genes 

induced by KIN10 overexpression include a strong induction of defense via PLANT 

DEFENSIN 1.1 and a strong repression of iron and nitrogen transport via repression of 

IRT1 and NRT1 respectively. AZD-8055 treatment induces many genes. Some 

remarkable examples include the induction of the sugar transporter SWEET10, 

induction of the defense related transcription factor WRKY70 and repression of auxin 

related signaling factor SAUR29.  

 
Figure 3. Venn diagram showing overlap between significantly induced genes by different 

treatments. Differentially regulated genes (2 log FC > 2; p-value < 0.05) from differently treated 

Arabidopsis seedlings. Depicted is the overlap between A) induced genes and B) repressed genes. 

Fold inductions are calculated based on a comparison between treated samples and mock treatment 

of Col-0 seedlings (AZD-8055) or estradiol treated Col-0 seedlings (KIN10 and bZIP11 samples). 
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These results indicate a strong link with metabolism as well as stress responses in the 

transcriptional regulation of target genes for each pathway. Interesting to note is a 

strong link with defense related genes for the SnRK1, bZIP11 and AZD-8055 

treatments. 

Strong positive correlations exist in transcriptional regulation between AZD-

8055 treatment and KIN10 and bZIP11 overexpression 

To further investigate the overlap that was apparent in the Venn-diagrams of the 

transcriptional changes by overexpressing SnRK1 function in the KIN10 line or 

inhibiting TOR functions in the AZD-8055 treated samples a clustering analysis was 

performed (Figure 4 a, b and c). Significantly changed genes based on a p-value cutoff 

of 0.05 were selected and clustering was performed between AZD-8055 treatment 

and KIN10 overexpression, between AZD-8055 treatment and bZIP11 overexpression 

and finally between bZIP11 overexpression and KIN10 overexpression. The overlap of 

changed genes between AZD-8055 treatment and KIN10 overexpression cannot be 

explained by random processes (Pearson correlation p-values of 4.24x10-293), similar 

non-random overlap was documented for AZD-8055 treatment and bZIP11 

overexpression (p=7.93x10-239) and between bZIP11 overexpression and KIN10 

overexpression (p=3.27x10-65).  

Gene ontology analysis 

To investigate which biological processes are affected in all the samples a GO analysis 

has been performed. It is found that AZD-8055 treatment greatly affects response to 

stress and defense (Figure 5). Most of the processes involved contain genes involved 

in regulation of ROS and defense via the salicylic acid and abscisic acid hormonal 

signaling pathways. 
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Figure 4. Clustering analysis between KIN10, bZIP11 and AZD-8055 treatment.  

The figure shows correlation analysis between significantly changed genes from different treatments 

based on a p-value cutoff of < 0.05. Comparisons are made between KIN10 overexpression and AZD-

8055 treatment (A), between bZIP11 overexpression and AZD-8055 treatment (B) and between 

overexpression of bZIP11 and KIN10 (C). The x and y-axis show the logarithmic fold change of the 

significantly changed genes for each respective treatment. The red and blue circles represent genes 

only significantly changed in one treatment as indicated by the legend on the top left while the green 

circles represent genes that are significantly changed in both treatments. The Pearson correlation p-

values are 4.24x10-293 between AZD-8055 and KIN10 overexpression, 7.93 x10-239 between AZD-8055 

treatment and bZIP11 overexpression and 3.27 x10-65 between bZIP11 overexpression and KIN10 

overexpression. 
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GO terms of repressed genes (Figure 5B) mostly show a repression of anabolic 

processes such as translation, cell division and metabolism. In agreement with 

previous clustering analysis the GO analysis of KIN10 overexpression revealed a very 

similar picture to AZD-8055 treatment. Most significantly associated GO terms involve 

response to stress, ROS and defense (Figure 5C). GO terms associated with repressed 

genes after KIN10 overexpression are not entirely in agreement with the data 

obtained from AZD-8055 treatment, indicating a broader response to AZD-8055 

treatment. In this case the GO terms include developmentally related processes such 

as tissue specific cell differentiation as well as response to metals and transport 

processes (Figure 5D). The bZIP11 GO analysis shows many overlapping terms with 

the AZD-8055 treated and KIN10 overexpressing samples for the induced genes. 

These include many defense and stress related processes such as multi-organism 

process, defense response, response to hypoxia, programmed cell death as well as 

seed maturation and aging. This further indicates that bZIP11 could operate as a 

downstream signaling component in the SnRK1 pathway as previously reported 

(Baena-González et al., 2007). Remarkably, there is very little overlap in the bZIP11 

repressed processes with the KIN10 and AZD-8055 repressed processes. With only 21 

ones genes total repressed by bZIP11, few processes are associated with this 

response and mainly include transport of several metal ions as well as lipid transport. 

This indicates that transcriptional repression via SnRK1 signaling likely goes via other 

signaling components. The bZIP11 protein is considered to be an activator of gene 

expression and therefore, the list of repressed genes is enriched for secondary effects, 

which may explain the lower degree of overlap.  
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Figure 5 A. TreeMap of significantly associated GO-terms of genes induced by AZD-8055 treatment. TreeMap generated by Revigo (http://revigo.irb.hr) 

with the settings: small (0.5) allowed similarity and sorted by p-value. Sizes of the blocks represent the significance of the association of the respective GO-

Term. Colors differentiate functional groups of GO-terms. GO terms are associated with genes significantly induced in the RNA sequencing data of 8-day-old 

Arabidopsis thaliana Col-0 seedlings that have been treated with 4 µM AZD-8055 for 24 hours. 

 

http://revigo.irb.hr/
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Figure 5 B. TreeMap of significantly associated GO-terms of genes repressed by AZD-8055 treatment. TreeMap generated by Revigo (http://revigo.irb.hr) 

with the settings: small (0.5) allowed similarity and sorted by p-value. Sizes of the blocks represent the significance of the association of the respective GO-

Term. Colors differentiate functional groups of GO-terms. GO terms are associated with genes significantly repressed in the RNA sequencing data of 8-day-

old Arabidopsis thaliana Col-0 seedlings that have been treated with 4 µM AZD-8055 for 24 hours.  

 

http://revigo.irb.hr/
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Figure 5 C. TreeMap of significantly associated GO-terms of genes induced by XVE::KIN10 8-2. TreeMap generated by Revigo (http://revigo.irb.hr) with  the 

settings: small (0.5) allowed similarity and sorted by p-value. Sizes of the blocks represent the significance of the association of the respective GO-Term. 

Colors differentiate functional groups of GO-terms. GO terms are associated with genes significantly induced in the RNA sequencing data of 8-day-old 

Arabidopsis thaliana mutant seedlings overexpressing KIN10 via the XVE::KIN10 8-2 construct for 24 hours.  

 

http://revigo.irb.hr/
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Figure 5 D. TreeMap of significantly associated GO-terms of genes repressed by XVE::KIN10 8-2. TreeMap generated by Revigo (http://revigo.irb.hr) with  

the settings: small (0.5) allowed similarity and sorted by p-value. Sizes of the blocks represent the significance of the association of the respective GO-Term. 

Colors differentiate functional groups of GO-terms. GO terms are associated with significantly repressed genes in the RNA sequencing data of 8-day-old 

Arabidopsis thaliana mutant seedlings overexpressing KIN10 via the XVE::KIN10 8-2 construct for 24 hours.  

 

http://revigo.irb.hr/
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Figure 5 E. TreeMap of significantly associated GO-terms of genes induced by XVE::bZIP11. TreeMap generated by Revigo (http://revigo.irb.hr) with  the 

settings: small (0.5) allowed similarity and sorted by p-value. Sizes of the blocks represent the significance of the association of the respective GO-Term. 

Colors differentiate functional groups of GO-terms. GO terms are associated with significantly induced genes in the RNA sequencing data of 8-day-old 

Arabidopsis thaliana mutant seedlings overexpressing bZIP11 via the XVE::bZIP11 construct for 24 hours.  

 

http://revigo.irb.hr/
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Figure 5 F. TreeMap of significantly associated GO-terms of genes repressed by XVE::bZIP11. TreeMap generated by Revigo (http://revigo.irb.hr) with the 

settings: large (0.9) allowed similarity and sorted by p-value. Sizes of the blocks represent the significance of the association of the respective GO-Term. 

Colors differentiate functional groups of GO-terms. GO terms are associated with significantly repressed genes in the RNA sequencing data of Arabidopsis 

thaliana mutant seedlings overexpressing bZIP11 via the XVE::bZIP11 construct for 24 hours.

http://revigo.irb.hr/
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The transcriptional impact on metabolism 

To analyze the effects of the 24 hour treatment with AZD-8055, KIN10 overexpression, 

bZIP11 overexpression, kin10 ko/kin11 amiR or TPS1 overexpression on the 

metabolism of 7-day-old Arabidopsis Col-0 seedlings an overview was made with 

Mapman (Thimm et al., 2004; Usadel et al., 2005; Urbanczyk-Wochniak et al., 2006; 

Usadel et al., 2009) of the overal transcriptomic effects of these treatments. In this 

overview several clear patterns emerge. The AZD-8055 had a wide scale impact on 

the transcriptional regulation of metabolism (Figure 6A) with the repression of the 

photosynthetic processes of the light reactions, photorespiration and the Calvin cycle. 

Moreover, synthesis of most amino acids and nucleotides is repressed while 

degradation is induced. Some processes that are overal induced upon AZD-8055 

treatment include the metabolism of flavonoids, phenylpropanoids, phenolics and 

tetrapyrrole. Interestingly, a similar pattern is visible upon KIN10 overexpression 

(Figure 6B) for the regulation of light reactions, the calvin cycle and photorespiration 

although the repression is not as strong in this treatment. Unlike the AZD-8055 data, 

repression of nucleotide and amino acids synthesis and degradation induction is not 

as pronounced but a pattern can be observed. In the case of bZIP11 (Figure 6C) few 

similar regulatory patterns to AZD-8055 and KIN10 overexpression can be observed in 

the overal picture of metabolic regulation. There is a clear overlap in a strong 

induction of nucleotide degradation and specific amino acids. In contrast to AZD-8055 

treatment and KIN10 overexpression the light reactions, calvin cycle and 

photorespiration are transcriptionally induced by bZIP11. The kin10 ko/kin11 amiR 

line (Figure 6D)  shows few clear patterns in the regulation of metabolism. This is 

likely due to the low number of significantly regulated genes in this line and simlarly, 

in the case of TPS1 overexpression (Figure 6E).  
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Figure 6. Mapman metabolism overview. Figures represent the effects of 24 hour treatment of 7-day-old Arabidopsis Col-0 seedlings with A) AZD-8055, B) 

KIN10 overexpression, C) bZIP11 overexpression, D) kin10 ko/kin11 amiR and E) TPS1 overexpression on the metabolism related gene expression. The RNA 

sequencing transcriptomic data was analyzed using the Mapman program (Thimm et al., 2004; Usadel et al., 2005; Urbanczyk-Wochniak et al., 2006; Usadel 

et al., 2009) with a cutoff selection above 2-fold change and p value < 0.05. Blue or red color intensity indicates expression change on a log2 scale.
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Discussion 

Over the last years several studies have been done to elucidate the transcriptional 

response to the major regulator TOR and SnRK1 kinase. In this study the 

transcriptome of 8-day-old Arabidopsis seedlings where the TOR and SnRK1 pathways 

were manipulated as well as related factors bZIP11 and TPS1 was investigated by 

mRNA sequencing.  

bZIP11 has been identified as a downstream factor in SnRK1 signaling (Baena-

González et al., 2007). An overlap between KIN10 overexpression and bZIP11 

overexpression was in the line of expectation of this research. The question remained 

what kind of processes would overlap and what kind of distinct responses there 

would be. KIN10 overexpression has previously been shown to induce stress 

responsive genes in agreement with a putative function of SnRK1 in mediating stress 

responses (Baena-González et al., 2007). The transcription factor bZIP11 has been 

shown to reprogram the transcriptome and regulate metabolism (Hanson et al., 2008; 

J. Ma et al., 2011). TOR on the other hand is known to promote anabolism and 

previous studies on the TOR transcriptome have identified links to development, cell 

cycle, photosynthesis and phytohormonal signaling pathways (Caldana et al., 2013; 

Dong et al., 2015; Y. Xiong et al., 2013). The results in this study show that the 

repression of TOR by AZD-8055 treatment has a large overlap with overexpression of 

KIN10 (Figure 3). Furthermore, clustering analysis shows significant positive 

correlation between KIN10 overexpression, TOR inhibition via AZD-8055 and bZIP11 

overexpression (Figure 4). The core group of induced genes (Figure 3) show overlap in 

response to oxygen stress and defense related genes. This gives an indication of 

negative crosstalk of the TOR signaling network on SnRK1 signaling. The TPS1 

inducible lines show a strong overexpression of TPS1 but this affected few genes. The 

mutant line kin10 ko/ kin11 amiR showed only small transcriptional changes in case 

of 17-β-estradiol induction of the kin11 amiR construct. Induction of kin11 amiR 
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resulted in 2 log fold induction of 54 genes and 2 log fold repression of only 2 genes. 

The small changes caused by this treatment are difficult to compare with the major 

changes of transcription caused by the other treatments.  

The continuous activation of defense responses has major negative consequences for 

the growth and development of plants (van Hulten et al., 2006). This illustrates the 

high energy cost of defense responses that have priority over growth. To regulate the 

response of energy as efficiently as possible, the plant response to biotic stresses 

involves sophisticated interactive phytohormome signaling networks that operate 

synergistic or antagonistic. These hormones include abscisic acid (ABA), ethylene (ET), 

jasmonic acid (JA), as well as the defense related salicylic acid (SA). Similarly, 

extensive hormonal crosstalk is needed to adjust the plant response to abiotic 

stresses (Cheong et al., 2002; Chinnusamy et al., 2004; Fujita et al., 2006; Knight & 

Knight, 2001; Mittler, 2006; Peleg & Blumwald, 2011; Smékalová et al., 2014). In this 

study it was found that the manipulation of SnRK1 and TOR kinases has direct 

influence on the defense related gene expression. This shows a direct feedback 

between these key signaling kinases for the regulation of energy and the investment 

in defense response. 

A universal response to all types of stresses is the accumulation of reactive oxygen 

species (ROS) (Apel & Hirt, 2004; F. Liu et al., 2005; Gill & Tuteja, 2010; Bailey-Serres 

et al., 2012) and that can be seen in our data as well in most associated GO-terms for 

KIN10 and AZD-8055 treatment (Figure 5). ROS consists of various forms of reactive 

oxygen radicals such as OH• and O2•- as well as non-radicals such as H2O2, as 

reviewed by (Gill & Tuteja, 2010). ROS induced damage is restricted by ROS 

scavenging compounds that include proline, glycerol, myo-inositol, acetylated 

glutamine dipeptides, trehalose and sucrose. These are compounds found to be 

significantly regulated in the transcriptional data of this study for KIN10, bZIP11 and 

AZD-8055 treatments and this overlaps also with previous published data on this 
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matter (Caldana et al., 2013; J. Ma et al., 2011; Y. Xiong et al., 2013). These solutes 

are called organic osmolytes or compatible solutes that as well function as 

osmoprotectants (Smirnoff & Cumbes, 1989). Usually combinations of osmolytes 

accumulate that are more effective than the additive effect of each single molecule 

(Gong et al., 2005; Janz et al., 2010; Lugan et al., 2010). While the main function of 

these osmolytes is osmotic protection, sugars can distort water structure and 

influence the tetrahedral coordinated hydrogen bond structure (THB) (Branca et al., 

2005). The production of these compounds might be an element of a general stress 

response triggered by overexpression of signaling components such as SnRK1 and 

bZIP11.  

Another aspect of plant pathogen interactions is reprogramming of metabolism in 

consequence to pathogen attack such as an increased activity and expression of cell 

wall invertases (Benhamou et al., 1991; Berger et al., 2004; Bonfig et al., 2006; Chou 

et al., 2000; Fotopoulos et al., 2003; Swarbrick et al., 2006). Cell wall invertases are 

key enzymes for determining sink strength by regulating apoplastic phloem unloading 

(Roitsch & González, 2004). Invertases do this by the cleavage of sucrose in the 

apoplast which results in a transport of the resulting hexoses by hexose transporters 

into the cell. Hexoses have also been attributed to the down regulation of 

photosynthetic genes (Berger et al., 2004; Chou et al., 2000; Pego et al., 2000). This 

means that upon pathogen infection, the tissue is transformed into a sink so more 

sugars go to the site of infection.  

Looking at the associated GO-terms for AZD-8055 treatment (Figure 5A), it can be 

seen that TOR is a major regulator of anabolism related processes. These processes 

include the translation machinery, cell development and differentiation, inhibition of 

autophagy, DNA replication and various kinds of metabolism. This is in agreement 

with what has thus far been found in other studies that inhibit the TOR signaling 

pathway (Dong et al., 2015; Y. Xiong et al., 2013).  



 

66 

 

The metabolic regulation that is visible in the mapman plots (Figure 6) shows a broad 

impact of the TOR pathway on metabolism as is in line with other studies (Caldana et 

al., 2013). In agreement with the correlation analysis, a similar regulatory pattern is 

visible between AZD-8055 treatment and KIN10 overexpression. While the impact on 

transcription of AZD-8055 treatment is considerably more pronounced similar 

processes such as the Calvin cycle are repressed in AZD-8055 treatment and KIN10 

overexpression. The impact of bZIP11 on metabolism does not show many similar 

patterns to AZD-8055 treatment and KIN10 overexpression. There are also some 

differences with previously published data for bZIP11 in a protoplast study which 

could be due to time scale differences and different tissues used for the samples (J. 

Ma, 2012). There are few significantly regulated genes for the kin10 ko/ kin11 amiR 

line which makes it difficult to draw any hard conclusions for this case as no clear 

patters were observed. There are few transcriptional changes upon TPS1 

overexpression as well and no clear patterns could be observed in the transcriptional 

regulation of metabolism. 

Concluding, it can be said that the TOR, SnRK1 pathway function at least in part 

antagonistically and are interconnected in a signaling web with the bZIP transcription 

factor as well as other sugar signaling such as T6P. The physiological and 

development consequences of the connections between these pathways remain a 

topic that is worth further investigations. 
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Supplemental Information 

Table S1. Top 10 significantly induced genes upon AZD-8055 treatment of kin10 ko/ kin11 ami. 

 
Description log2FC p-value 

AT1G01680 
plant U-box 54 (PUB54) involved in ubiquitin-
protein ligase activity 11.23178 4.63E-95 

AT5G13320 

AVRPPHB SUSCEPTIBLE 3 (PBS3); enzyme 
capable of conjugating amino acids to 4-
substituted benzoates involved in disease-
resistance 10.06413 1.61E-156 

AT1G21525 pseudogene 9.622299 1.87E-55 

AT5G24200 alpha/beta-Hydrolases superfamily protein 9.56662 5.27E-184 

AT5G25260 
SPFH/Band 7/PHB domain-containing 
membrane-associated protein 9.388254 1.09E-207 

AT1G05880 

Encodes ARIADNE 12 which belongs to a 
family of `RING between RING fingers' (RBR) 
domain proteins with E3 ligase activity 9.375943 1.49E-67 

AT2G45760 similar to BONZAI1-binding protein BAP1 9.284399 1.74E-51 

AT2G32140 transmembrane receptor 9.178207 2.19E-113 

AT3G48640 unknown protein 8.68791 7.33E-50 

AT4G11170 RMG1 (Resistance Methylated Gene 1) 8.651174 2.72E-97 

 

Table S2. Top 10 significantly repressed genes upon AZD-8055 treatment of kin10 ko/ kin11 ami. 

 
Description log2FC p-value 

AT5G46900 Bifunctional inhibitor/lipid-transfer protein -8.21028 6.05E-33 

AT4G12520 Bifunctional inhibitor/lipid-transfer protein -7.39644 2.76E-35 

AT5G46890 Bifunctional inhibitor/lipid-transfer protein -7.20265 8.74E-37 

AT4G15290 
ATCSLB05 ATCSLB5 similar to cellulose 
synthase -6.49132 4.97E-29 

AT4G12510 
member of the AZI family of lipid transfer 
proteins -6.3516 3.63E-17 

AT4G33790 alcohol-forming fatty acyl-CoA reductase -6.33454 3.20E-20 

AT2G39040 Peroxidase superfamily protein -6.28469 1.12E-16 

AT4G07820 

CAP (Cysteine-rich secretory proteins, 
Antigen 5, and Pathogenesis-related 1 
protein) -5.97122 1.30E-52 

AT3G18450 PLAC8 family protein -5.61522 2.64E-17 

AT4G08620 high-affinity sulfate transporter -5.46277 3.97E-21 

 

Table S3. Top 10 significantly induced genes upon KIN10 overexpression. 

 
Description log2FC p-value 

AT1G71470 unknown protein 8.603201 1.28E-52 

AT5G24200 alpha/beta-Hydrolases superfamily protein 8.420253 8.64E-170 

AT5G25260 
SPFH/Band 7/PHB domain-containing 
membrane-associated protein 8.020014 1.79E-57 

AT1G33960 induced by avirulence gene avrRpt2 and 7.722239 3.80E-203    
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RPS2 

AT4G11170 
Encodes RMG1 (Resistance Methylated 
Gene 1) 7.009495 3.46E-74 

AT4G37990 
ELICITOR-ACTIVATED GENE 3-2 (ELI3-2); 
aromatic alcohol:NADP+ oxidoreductase 6.865411 1.07E-129 

AT1G68250 unknown protein 6.782606 2.75E-27 

AT5G13320 

AVRPPHB SUSCEPTIBLE 3 (PBS3); enzyme 
capable of conjugating amino acids to 4-
substituted benzoates involved in disease-
resistance 6.66444 2.93E-32 

AT3G47480 Calcium-binding EF-hand family protein 6.476904 2.43E-99 

AT1G01680 
plant U-box 54 (PUB54) involved in 
ubiquitin-protein ligase activity 6.39005 3.24E-55 

 

 

Table S4. Top 10 significantly repressed genes upon KIN10 overexpression. 

 
Description log2FC p-value 

AT4G19690 IRON-REGULATED TRANSPORTER 1 (IRT1) -7.41692 5.30E-124 

AT5G06640 Proline-rich extensin-like family protein -6.95336 1.79E-36 

AT4G31940 Cytochrome P450 enzyme, CYP82C -6.63372 1.01E-21 

AT1G01580 FERRIC REDUCTION OXIDASE 2 (ATFRO2) -6.59268 2.09E-50 

AT2G24980 
EXT6; Proline-rich extensin-like family 
protein -6.2944 5.07E-22 

AT5G67400 
root hair specific 19 (RHS19)involved in 
peroxidase activity -6.27822 8.46E-43 

AT5G46900 
Bifunctional inhibitor/lipid-transfer 
protein -6.14942 1.82E-28 

AT5G04960 
Plant invertase/pectin methylesterase 
inhibitor -6.14754 7.05E-21 

AT5G57625 
Cysteine-rich secretory proteins, Antigen 
5, and Pathogenesis-related 1 protein -6.13125 5.26E-35 

AT3G12900 
2-oxoglutarate (2OG) and Fe(II)-
dependent oxygenase -5.66405 2.48E-15 

 

Table S5. Top 10 significantly induced genes upon bZIP11 overexpression. 

 
Description log2FC p-value 

AT3G28510 
nucleoside triphosphate hydrolase involved 
in ATPase activity 9.861936 1.34E-96 

AT1G19250 

FLAVIN-DEPENDENT MONOOXYGENASE 1 
(FMO1); required for full expression of TIR-
NB-LRR-conditioned resistance 8.956413 6.31E-139 

AT1G17615 TIR-NBS2 (TN2); atypical TIR-NBS protein 8.750997 6.05E-66 

AT1G30190 unknown protein 8.721058 5.36E-72 

AT1G05880 

Encodes ARIADNE 12 which belongs to a 
family of `RING between RING fingers' (RBR) 
domain proteins with E3 ligase activity 8.550292 2.96E-80 

AT4G29600 
Cytidine/deoxycytidylate deaminase family 
protein 8.440413 1.63E-66 
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AT2G24720 GLUTAMATE RECEPTOR 2.2 (GLR2.2) 8.366233 3.20E-67 

AT5G13320 

AVRPPHB SUSCEPTIBLE 3 (PBS3); enzyme 
capable of conjugating amino acids to 4-
substituted benzoates involved in disease-
resistance 8.266045 1.11E-81 

AT1G01680 
plant U-box 54 (PUB54) involved in ubiquitin-
protein ligase activity 8.252546 6.05E-121 

AT1G61095 unknown protein 8.167375 1.01E-53 

 

Table S6. Top 10 significantly repressed genes upon bZIP11 overexpression. 

 
Description log2FC p-value 

AT5G46900 Bifunctional inhibitor/lipid-transfer protein -3.85875 6.93E-25 

AT5G46890 Bifunctional inhibitor/lipid-transfer protein -3.34175 1.92E-12 

AT3G32920 
nucleoside triphosphate hydrolases 
superfamily protein -2.94945 8.32E-05 

AT5G45105 
zinc transporter 8 precursor (ZIP8) involved in 
cation trasport -2.75222 8.62E-10 

AT5G33395 CACTA-like transposase family -2.72893 3.58E-08 

AT5G33390 glycine-rich protein -2.6025 0.000245 

AT4G31940 cytochrome P450 enzyme, CYP82C -2.52568 0.000976 

AT5G44925 copia-like retrotransposon family  -2.47317 0.002395 

AT1G09790 COBRA-like protein 6 precursor (COBL6) -2.38974 0.000113 

AT4G12510 
Encodes a member of the AZI family of lipid 
transfer proteins -2.36886 8.16E-06 

 

Table S7. Top 10 significantly induced genes upon TPS1 overexpression. 

 
Description log2FC p-value 

AT1G56710 Pectin lyase-like superfamily protein 4.478184 1.21E-31 

AT1G78580 TREHALOSE-6-PHOSPHATE SYNTHASE (TPS1) 4.421623 8.75E-174 

AT1G71470 unknown protein 4.397892 4.45E-27 

AT3G58950 F-box/RNI-like superfamily protein 3.218222 2.84E-12 

AT5G57010 calmodulin-binding family protein 2.897873 1.05E-28 

AT5G59810 
SBT5.4; Functions in identical protein binding 
and serine-type endopeptidase activity 2.618521 1.97E-07 

AT1G33320 
Pyridoxal phosphate (PLP)-dependent 
transferase 2.434374 3.11E-09 

AT1G47405 pseudogene, similar to SAE1-S9-protein 2.312282 9.58E-11 

AT5G59845 Gibberellin-regulated family protein 2.217337 7.32E-09 

AT1G07550 Leucine-rich repeat protein kinase 2.196472 2.17E-07 

 

Table S8. Top 10 significantly repressed genes upon TPS1 overexpression. 

 
Description log2FC p-value 

AT5G39110 RmlC-like cupins superfamily protein -1.67113 0.008291 

AT5G53870 
early nodulin-like protein 1 (ENODL1); 
functions as electron carrier -1.63601 0.004259 
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AT5G35940 Mannose-binding lectin superfamily protein -1.58946 1.94E-07 

AT1G29100 
Heavy metal transport/ detoxification 
superfamily protein -1.52611 0.021246 

AT3G20470 GLYCINE-RICH PROTEIN 5 (GRP5) -1.49795 0.000326 

AT4G16240 unknown protein -1.48225 0.019959 

AT1G09240 NICOTIANAMINE SYNTHASE 3 (NAS3) -1.35421 0.039683 

AT3G17050 pseudogene, glycine-rich protein -1.14191 0.003045 

AT5G20240 PISTILLATA (PI); floral homeotic gene -1.12254 0.041025 

AT4G04410 copia-like retrotransposon family -1.11125 2.27E-05 

 

Table S9. Top 10 significantly induced genes upon KIN11 repression in the kin10 ko background. 

 
Description log2FC p-value 

AT4G23713 

MICRORNA319A (MIR319A); targets several 
TCP family members controlling leaf 
development 8.612804 1.46E-149 

AT3G01345 
Expressed protein that functions in 
hydrolase activity 7.999866 0 

AT1G71470 unknown protein 6.827637 7.57E-83 

AT1G56710 
Pectin lyase-like superfamily protein; 
functions in polygalacturonase activity 5.299997 8.40E-66 

AT5G24200 alpha/beta-Hydrolases superfamily protein 4.093114 5.75E-26 

AT1G53480 

MTO 1 RESPONDING DOWN 1 (MRD1); 
Down-regulated in mto1-1 mutant that over-
accumulates soluble methionine 3.925559 6.58E-23 

AT5G42530 unknown protein 3.411908 5.40E-29 

AT3G47480 Calcium-binding EF-hand family protein 3.191884 2.00E-15 

AT3G13672 TRAF-like superfamily protein 3.188311 7.99E-39 

AT1G60110 Mannose-binding lectin superfamily protein 3.156919 1.36E-37 

 

Table S10. Top 10 significantly repressed genes upon KIN11 repression in the kin10 ko background. 

 
Description log2FC p-value 

AT5G33390 glycine-rich protein -2.15157 7.26E-05 

AT3G61920 unknown protein -2.05797 7.21E-06 

AT5G33395 CACTA-like transposase family  -1.99668 9.05E-06 

AT1G05810 RAB GTPase homolog A5E (RABA5E) -1.78996 6.00E-07 

AT3G49570 RESPONSE TO LOW SULFUR 3 (LSU3) -1.59701 0.000473 

AT5G15360 unknown protein -1.5333 0.005099 

AT5G24660 RESPONSE TO LOW SULFUR 2 (LSU2) -1.47061 5.47E-08 

AT5G48850 SULPHUR DEFICIENCY-INDUCED 1 (ATSDI1) -1.46483 0.000233 

AT5G47450 TONOPLAST INTRINSIC PROTEIN 2;3 (TIP2;3) -1.4596 3.45E-12 

AT5G15290 
CASPARIAN STRIP MEMBRANE DOMAIN 
PROTEIN 5 (CASP5) -1.44417 1.72E-05 
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Abstract 

During the development of plants the energy balance is critical. To maintain the 

energy balance plants use several signaling networks. The internal levels of sugars are 

monitored such as sucrose, glucose and trehalose-6-phosphate (T6P), which have 

important regulatory functions. Two signaling pathways, the TOR and SnRK1 

pathways, are mediating the signaling from changed energy levels to changed growth 

and metabolism. The TOR kinase signaling network promotes anabolism during 

energetically favorable conditions and the SnRK1 signaling network promotes 

catabolism during stress conditions. The bZIP transcription factor network has been 

identified as an important network downstream of SnRK1. So far, there is very limited 

information about the interaction between these signaling pathways in plants. 

In this study the crosstalk between SnRK1 and TOR on the transcriptional regulation is 

specifically addressed using Arabidopsis thaliana mesophyll protoplasts transfected 

with constructs to modify the activity of TOR, SnRK1, bZIP and T6P signaling and 

combinations of these factors. The combinatorial treatments show that a large part 

of SnRK1, bZIP11 and TOR induced genes can be repressed by increased activity of the 

opposing   factors. The repression of SnRK1 target genes such as MIOX2, PRODH1, 

SEN5, DIN1, DIN4 and DIN10 by TOR overexpression is dependent on an active full 

length TOR protein. This repression can be suppressed by treatment with the 

chemical TOR inhibitor AZD-8055. Sucrose application to Arabidopsis seedlings shows 

that sucrose is a potent repressor of SnRK1 target genes and this inhibition is partly 

dependent on TOR activity.  

In conclusion, a large group of SnRK1 target genes is repressible by increased sugar 

levels. This repression requires a full length active TOR protein. This indicates that 

these genes are under balancing control of the two signaling pathways in plants.  
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Introduction 

Plants must cope with a stressful environment during their life cycle. Plant stresses 

are defined as ‘any unfavorable condition or substance that affects or blocks a plant’s 

metabolism, growth or development’ (Lichtenthaler, 1998). In practice, stresses 

include various abiotic and biotic conditions. The abiotic conditions include light 

availability, drought, flooding, temperature, salinity or nutrient availability. The biotic 

stresses include herbivore attacks as well as biotrophic and necrotrophic interactions 

between plants and fungi, bacteria and viruses. Plants have different strategies of 

handling these stresses: stress escape, avoidance or tolerance (Levitt, 2015). These 

strategies usually take a major toll on the energy reserves as reviewed by (McLaughlin 

& Shriner, 2012). 

The regulation of an energy balance in plants is critical for survival and growth. 

Following sensing of the energy status, several signaling pathways regulate growth 

and development as reviewed by (Lastdrager et al., 2014). These signaling pathways 

are essential to maintain the energy status. The core regulatory systems to promote 

growth in the presence of sufficient energy resources are the Target of Rapamycin 

(TOR) (Bogre et al., 2013; Deprost et al., 2007; Lastdrager et al., 2014; Loewith et al., 

2002; Menand et al., 2004; Robaglia et al., 2012; Schepetilnikov et al., 2013; 

Schmelzle & Hall, 2000; Wullschleger et al., 2006) and the Trehalose-6-phosphate 

system (Avonce et al., 2005; T. L. Delatte, Sedijani, Kondou, Matsui, de Jong, Somsen, 

Wiese-Klinkenberg, Primavesi, Paul, & Schluepmann, 2011; Dijken et al., 2004; M. J. 

Paul, 2008; Schluepmann et al., 2003; Wahl et al., 2013). In the absence of sugars it is 

important to inhibit growth to maintain sufficient energy reserves for cellular 

maintenance. This growth inhibition in the absence of sugars is regulated by the 

SNF1-related Protein Kinase 1 (SnRK1) (Baena-González et al., 2007; Baena-González 

& Sheen, 2008; Sugden et al., 1999) partly through the C/S1 bZIP transcription factor 

network (Baena-González et al., 2007; Hanson et al., 2008; Mair et al., 2015). While 
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the TOR signaling network mainly promotes anabolic processes via induction of 

energy consuming reactions, the SnRK1 network promotes catabolism via induction 

of energy producing reactions. Even a relatively small drop in carbon supply is 

sufficient to trigger starvation responses (Smith & Stitt, 2007).  

The TOR and SnRK1 signaling networks can induce a major transcriptional  

reprogramming by regulating hundreds of genes, many of which are related to 

metabolism (Baena-González et al., 2007; Hanson et al., 2008; Y. Zhang et al., 2009; 

Caldana et al., 2013; Y. Xiong et al., 2013; Dong et al., 2015). This transcriptional 

reprogramming may serve as adaptation to changed environmental conditions and 

regulates the growth and development in relation to the energy balance. Studies into 

the regulation of the transcriptome by TOR revealed that many processes are 

transcriptionally regulated such as translation, transcription, photosynthesis, 

metabolism, phytohormonal signaling and repression of autophagy (Caldana et al., 

2013; Y. Xiong et al., 2013; Dong et al., 2015). The SnRK1 mediated transcriptional 

change in response to carbon depletion leads to metabolic reprogramming to adapt 

to the new situations (Eveland & Jackson, 2012; Hanson & Smeekens, 2009; Rolland 

et al., 2006). In this way, sugar availability relates a tight regulation of appropriate 

transcriptional responses to the energy status (Eveland & Jackson, 2012).  Genes 

associated with processes such as stress response; defense, sugar metabolism and 

amino acid metabolism have been shown to be transcriptionally regulated by the 

SnRK1 signaling network (Baena-González et al., 2007). These processes are all 

associated with conditions that limit cellular energy availability and inhibit growth. 

The bZIP transcription factor family has also been shown to reprogram metabolism in 

favor of catabolism via transcriptional regulation (Hanson et al., 2008). The bZIP11 

transcription factor has been shown to be downstream in the SnRK1 signaling 

network (Baena-González et al., 2007). As shown previously in chapter 2, there is also 

a significant positive correlation in the regulation of target genes between bZIP11 and 

SnRK1 which strengthens the argument they are involved in overlapping processes.  



 

75 

 

Studies in other species have shown crosstalk between the SnRK1 and TOR pathways. 

From studies in mammalian systems it is known that the mammalian equivalent of 

SnRK1, AMPK, can inhibit the phosphorylation of the TOR associated protein RAPTOR 

(Gwinn et al., 2008). This indicates the possibility of rapid regulation of the pathway 

activity that takes place via modification of proteins in the signaling pathway to 

respond to rapidly changing environmental conditions. In a recent study it was found 

that in Arabidopsis SnRK1 can phosphorylate and repress RAPTOR 1B (Nukarinen et 

al., 2016). In this manner, the energy costly process of protein translation may be 

repressed via inhibition of the phosphorylation of ribosomal protein S6 (Nukarinen et 

al., 2016). While several studies in yeast, mammalian and plant systems have 

identified key players in the repression of the TOR signaling pathway via Snf1, AMPK 

or SnRK1 signaling respectively (Roustan et al., 2016), relatively little is known about 

inhibition of SnRK1 signaling in energy rich conditions.  

The phosphorylated form of trehalose, Trehalose-6-phosphate (T6P), has been 

identified as a key regulatory compound in plant development and as a proxy for the 

sucrose status in plants (Lunn et al., 2006; Schluepmann et al., 2003). Mutants in the 

TPS1 gene, that lack sufficient T6P, are embryo lethal (Eastmond et al., 2002; 

Schluepmann et al., 2003). T6P is also required for the transition to flowering 

(Schluepmann et al., 2003; Wahl et al., 2013). Furthermore, T6P has been identified 

as a repressor of SnRK1 (Y. Zhang et al., 2009). A study into the transcriptomic 

response of enhanced T6P levels shows a strong antagonistic regulation of genes 

compared to SnRK1 overexpression (Y. Zhang et al., 2009). Also a link has been 

identified between T6P and the bZIP11 transcription factor (J. Ma et al., 2011; J. Ma, 

2012). bZIP11 induces trehalose phosphate phosphatase (TPP) genes such as TPPG 

that dephosphorylate T6P (J. Ma et al., 2011). In addition, T6P has been identified as a 

regulator of glucose, abscisic acid (ABA) and stress signaling (Avonce et al., 2004). In 

conclusion, T6P has emerged as an important growth regulator in Arabidopsis 

thaliana via regulation of SnRK1, starch synthesis, stress responses and 
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developmental phase transitions. T6P could function as an important repressor of 

SnRK1. However, no direct link between T6P and the TOR signaling network is known. 

This study aims to show the effects of crosstalk between the SnRK1 and TOR signaling 

networks on the transcriptome. Furthermore, the effect of the TOR signaling on the 

SnRK1 transcriptional control is specifically investigated. Micro-array analysis provides 

an insight into the genes regulated by crosstalk between the SnRK1 and TOR signaling 

pathways. We show that genes involved in plant defense and immune systems as well 

as processes involving sugar metabolism, amino acid metabolism and transport of 

nitrogen containing compounds are antagonistically regulated by SnRK1 and TOR. 

Furthermore, we show that the crosstalk requires active TOR kinase. This indicates a 

mechanism of delicate regulatory balance between the two signaling pathways in 

plants. 

Methods 

Plant cultivation 

Seeds of plants that were to be used for protoplast experiments were stratified at 4ºC 

for 2 days  and subsequently grown for 4 – 5 weeks on soil at 22°C, 70% relative 

humidity and standard white fluorescent lighting (16h light period, 120µEm-2s-1).  

Seeds of plants used for sucrose and AZD-8055 treatments were chlorine gas 

sterilized for 4 hours and subsequently pipetted on solid growth medium using 0.1% 

agar solution before stratification in the dark at 4ºC for 2 days. Seeds were grown on 

half-strength Murashige and Skoog medium with vitamins and MES buffer at pH 5.9 

and 10 g/L plant agar (Duchefa, Haarlem, NL). Plants were grown in the dark at 22°C 

for 8 days post stratification in horizontal position at standard white fluorescent 

lighting (16h light period, 120µEm-2s-1).  
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RNA extraction and cDNA synthesis 

RNA of Arabidopsis thaliana seedlings was extracted using the Spectrum Plant Total 

RNA Kit (Sigma-Aldrich) and DNaseI treated (Thermo Fisher Scientific, 

www.thermofisher.com) to remove genomic DNA. RNA of protoplasts samples was 

extracted using the RNeasy Micro Kit (Qiagen) according to the provided protocol. 

DNaseI treatment was done on protoplast samples used for qRT-PCR according to the 

protocol provided by Thermo Fisher Scientific. cDNA was synthesized from the 

extracted total RNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo 

Scientific, Waltham (MA), USA), using the RT-PCR protocol provided by the 

manufacturer. Random primers are used for first strand cDNA synthesis. 

cDNA amplification with qRT-PCR 

For qRT-PCR experiments plant material and RNA were treated as described above. 

One-microgram RNA aliquots were reverse transcribed using M-MLV (Thermo Fisher, 

https://www.thermofisher.com). Per sample, 4 µl of cDNA, 1 µl 10 µM primers and 5 

µl Power SYBR® Green Master Mix (Life Technologies, Bleiswijk, Netherlands) was 

added to the wells for a total of 10 µl. cDNA samples are added to a 384-wells plate 

and amplified using the ViiA™ 7 Real-Time PCR System (Life Technologies, Bleiswijk, 

Netherlands). The gene MONENSIN SENSITIVITY 1 (MON1) was used as a reference 

gene for RNA quantity.  

Primer sequences used include, 

MON1 (FRW 5’- CAAGGCAGGAAATCACCAGGTTG; REV 5’- CTGTACAGCTGATGCAGACCAG),  

KIN10 (FRW 5’- CAACCGAACCCAGAATGATGGC; REV 5’- AGGCACGGAAACGATTGTCCAG),  

KIN11 (FRW 5’- TGTGCCATGACTTCACCCACTG; REV 5’- TTCCCGGGCTTTGTATAGCTGAAG),  

TOR (FRW 5’- GGAGTCTCCCTCTCCAGCATTAAG; REV 5’- TCCCGACAAATGGCTGCAACTG),  

TPS1 (FRW 5’- TGGAATGGGTTGATAGCGTAAAGC; REV 5’- CGCGAGTTTCAAAGTGTGACCTG),  

bZIP11 (FRW 5’- TCGTCAGGATCGGAGGAGAGT; REV 5’- GATCGTCTAGGAGCTTTTGTTTCTTC),  

DIN1 (FRW 5’- AAGACAGGTCTCGTCCCACTTC; REV 5’- CATTTGACCGCTCTCACAACCG),  
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DIN4 (FRW 5’- ATCCGTGATCCGAATCCCGTTGTC; REV 5’- CGGAACCTTCTCGCATAACCTCTG),  

DIN10 (FRW 5’- TCACAACAACAGCTTCGTATTCGC; REV 5’- TGCCTGCGATTTCCAAGATCAG), 

 MIOX2 (FRW 5’- TCTTGGCAAGGTTCTCCTTCTGC; REV 5’- TCCAACTGGAAATGTATCGCCAAC),  

GAT (FRW 5’- ACGCAACACAGGTTGAGATGAAG; REV 5’- AGCCTCTAGAAACTCAGCTTGGG),  

PRODH1 (FRW 5’- TCTCCGACGCGCTTATGAGAAC; REV 5’- AAGTTCCATCCTCATGAGTTGACG),  

PRODH2 (FRW 5’- CGCATAACACAGACTCGGGTAAAC; REV 5’- TCCCGTAAAGCTGCGCAAACTC),  

SEN5 (FRW 5’-ACTCCTAAACTTCCCGGCGAAAC; REV 5’- AGTCCACAGAACAACCTTTGACG) and  

BCAT-2 (FRW 5’- TGCAACGTCTTTGTTGTCAAGGG; REV 5’- TCCGCGTAATCCCTTCAAGAATTG). 

Plasmid creation 

Constructs were created for use in transient gene expression assays following 

protoplast transfection. The construct for bZIP11 overexpression was created from 

the 35S driven 3 X HA tagged bZIP11 construct (Ehlert et al., 2006). The full length 

cDNA sequences of KIN10 and TPS1 were amplified from Arabidopsis thaliana wild 

type (Col-0, CS60000) genomic DNA. The full length cDNA of each respective 

construct was subsequently tagged with attL1 and attL2 sequences and cloned into 

the Gateway vector pUGW2 (https://www.ncbi.nlm.nih.gov/nuccore/332144711) via 

LR reaction with the complementing attR1 and attR2 sites between a 35S-promoter 

and NOS-terminator sequence using Gateway technology (Invitrogen, 

www.invitrogen.com).  

For the cloning of full TOR- and partial TOR-CDS in the pUGW2 vector, the full TOR 

CDS DNA that was used as template for PCR was provided by the group of Christian 

Meyer (Deprost et al., 2007). Gateway compatible PCR primers were designed so that 

the products could be brought into the pDONR201 vector and then transferred to the 

pUGW2 vector. PCR products were prepared with Phusion enzyme and purified from 

agarose gels (Thermo Scientific GeneJET Gel Extraction Kit).  

For the partial TOR construct (pTOR: TOR1832 – 2482; FRB, kinase and FATC domains 

present) a primer based on the TOR 6F primer sequence described by (Ren et al., 

https://www.ncbi.nlm.nih.gov/nuccore/332144711
http://www.invitrogen.com/
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2011) with the GCGGCCGC stretch replaced by the attB1 sequence + ATG 

(GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTTCAGTCATGTCAACATTAAC) was 

used in combination with TOR-CDS attB2 

(GGGGACCACTTTGTACAAGAAAGCTGGGTCGACCCATCTCACCAGAAAGG). The full TOR 

construct was made by combining two parts that were made using the BspT1 

restriction site near the middle of the TOR sequence. Primers used for part A were 

TOR-CDS attB1 

(GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCTACCTCGTCGCAATC) and TOR 

3787 R (GCCAGCAGCAAACAACTCTC) and for part B, TOR 3513 F 

(GTAGGCGACTGCCAGTTGAG) and TOR-CDS attB2 

(GGGGACCACTTTGTACAAGAAAGCTGGGTCGACCCATCTCACCAGAAAGG). Each product 

consisted of circa half the sequence and a Gateway site at one end and was cloned in 

the pJET1.2 vector (Thermo Scientific CloneJET PCR Cloning Kit). The material was 

sequenced at the beginning and end of the insert to check for correct orientation. 

Both plasmids containing A or B were cut with BspT1 and Not1, single cutters in TOR 

and pJET1.2 respectively. The restriction fragments were isolated from an agarose gel, 

purified and ligated (Thermo Scientific sticky-end ligation protocol) resulting in the 

full TOR CDS in pJET1.2. Sequencing showed that both restriction sites were restored. 

The full TOR construct was transferred via pDONR201 to pUGW2 and finally checked 

by sequencing. 

Transient expression experiments in Arabidopsis mesophyll protoplasts 

The protoplast preparation procedure was adapted from (Yoo et al., 2007), with 

minor modifications.  Arabidopsis protoplasts were prepared from 4 to 5 week-

old Col-0 rosette leaves of soil grown plants.  Protoplasts were obtained by incubating 

ventrally cut leaves for 3 hours in 1.25% (w/v) Cellulase R-10, 0.3% (w/v) Macerozyme 

R-10 (Yakult Honsha), 0.4 M mannitol, 20 mM KCl, 10 mM CaCl2, 20 mM MES (pH 5.7) 

and 0,1% BSA (Sigma A-6793). The cut leaf strips were vacuum infiltrated with the 
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enzyme solution for the first 30 minutes of incubation and incubated in the dark for 

the remaining 2.5 hours. Following incubation, protoplasts were washed twice using 

the isotonic washing buffer W5 (2 mM MES (pH 5.7), 154 mM NaCl, 125 mM CaCl2, 

5 mM KCl) before resuspension in a transformation buffer, MMG (4 mM MES (pH 

5.7), 0.4 M mannitol, 15 mM MgCl2) to a final concentration of 2 x 105 protoplasts/ml. 

PEG-mediation transfection was performed using 5 x 104 protoplasts suspended in 

250 μL, combined with 25 μL ddH2O containing 15 μg of total plasmid DNA. The 

protoplasts were gently resuspended following addition of 275 μL ddH2O containing 

40% (w/v) PEG4000 solution in 2 mL Eppendorf tubes. Protoplasts were subsequently 

incubated for 15 minutes at room temperature. After transfection the samples were 

diluted with 2 volumes of W5 medium and pelleted at 100 g for 2 min. The 

supernatant was discarded and the protoplast pellet was resuspended in 300 μl 

incubation buffer WI (4 mM MES (pH 5.7), 0.5 M mannitol, 20 mM KCl). For AZD-8055 

treatment, protoplasts were incubated overnight in WI buffer supplemented with 

50 μM AZD-8055. In standard transfection experiments, protoplasts were incubated 

for 16 hours overnight in the same conditions as used for plant cultivation. Protoplast 

samples that were used for Micro-Array analysis were incubated for 3 hours in WI 

solution. After the incubation, protoplasts were pelleted at 200 g and aliquots were 

snap frozen in liquid nitrogen for further analysis. 

Micro-array data analysis 

We analyzed gene expression using micro-array data of protoplasts transfected with 

constructs causing overexpression of KIN10, bZIP11, TOR, TPS1, bZIP11 & KIN10, 

bZIP11 & TOR or KIN10 & TOR. Overexpression of GFP served as a control. For each 

transfection there were 3 biological replicates. Two independent sets of 3 biological 

replicates were created for protoplasts transfected with 35S::KIN10 constructs but 

according to the same protocols with matching GFP control sets. cRNA labeling, 

hybridization, washing and scanning of the Affymetrix Aragene 1.1 ATH1 chips were 
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performed according to Affymetrix OneCycle Lab protocols by ServiceXS 

(http://www.servicexs.com). The statistical software environment R version 3.20.0 (R 

Core Team, 2013) and BioConductor was used for analysis of raw data. The quality of 

the resulting CEL files was assessed using the Bioconductor (Huber et al., 2015) 

package arrayQualityMetrics (Kauffmann et al., 2009). Furthermore, hierarchical 

clustering and principal component analysis was performed on RMA normalized data 

using the oligo package (downloaded on 1/5/2014) (Carvalho & Irizarry, 2010). 

Hierarchical clustering was based on Pearson Correlation and Average Linkage 

Clustering of non-log-transformed normalized expression levels. One CEL file that 

belonged to the KIN10 + TOR triplicate (sample 102299-64.CEL) was excluded from 

further analysis because it was an outlier in several quality metrics. Additionally, in 

the hierarchical clustering and principal component analysis it behaved as an outlier. 

Furthermore, the samples from the first KIN10 experiment (KIN10_1) were scattered 

in the hierarchical clustering suggesting that the separate KIN10 experiment 

(KIN10_2) would be more trustworthy to look at KIN10 overexpression. Therefore 

KIN10_1 was excluded as well. Fold changes were calculated using the Limma 

package (Smyth, 2005) (downloaded on 7/2/2014) and p-values were Benjamini 

Hochberg FDR adjusted. Annotation of genes was done using a custom made 

annotation database based on AraGene-1_1-st-v1.na33.3.tair10.transcript.csv 

downloaded on 1/5/2014 from affymetrix.com.  

Significantly up- or downregulated genes (an absolute log2 fold change above 1 and 

Benjamini Hochberg FDR adjusted p-value below 0.05) were compared between the 

double overexpressor 35S:bZIP11 + 35S:KIN10 and the single overexpressors 

35S:bZIP11 and 35S:KIN10 using a Venn diagram generated at 

http://bioinformatics.psb.ugent.be/webtools/Venn/. GO-analysis was performed as 

described below on all parts of the Venn diagram.  

http://bioinformatics.psb.ugent.be/webtools/Venn/
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Lists with significantly changed genes were generated using an absolute log2 fold 

change above 1 and Benjamini Hochberg FDR adjusted p-value below 0.05 as cutoffs. 

A Z-test was used to calculate whether differences in the total significantly regulated 

targets for KIN10 and bZIP11 compared to these totals in the TOR co-expression 

samples were significant. The total of 26791 genes measured in the micro-array was 

used to make this calculation. 

Gene Ontology analysis 

GO analysis on gene lists of interest was performed using the BinGO plugin v 3.0.3 

(Maere et al., 2005) in Cytoscape v. 3.4.0 (Shannon et al., 2003). The hypergeometric 

test was used for Biological Process GO-terms that were over represented with a p-

value < 0.05 after multiple testing correction with Benjamini Hochberg FDR.  

All 26791 genes in our microarray dataset were used as reference gene list. TAIR GO 

annotations were downloaded on 7/3/2014 from 

www.geneontology.org/ontology/obo_format_1_2/gene_ontology_ext.obo and 

http://www.geneontology.org/GO.downloads.annotations.shtml. GO annotations 

were used to annotate significantly associated GO terms. Creation of TreeMap figures 

from significantly associated GO terms was done by REVIGO (http://revigo.irb.hr) 

with the settings medium (0.7) or small (0.5) allowed similarity and sorted by p-value 

as indicated in the figure legends. 

Cluster analysis 

Log2 fold changes of all genes in a selection of samples of the RNA seq dataset 

(chapter 2), a selection of samples of the protoplast dataset and the downloaded 

datasets were loaded into MeV v.4.8.1 (Saeed et al., 2003) without any filtering on 

significance. Color scale limits were set to -2, 0 and 2.  Genes and samples were 

hierarchically clustered based on Pearson Correlation and Average Linkage Clustering. 

http://www.geneontology.org/GO.downloads.annotations.shtml
http://revigo.irb.hr/
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The resulting clustering was used to select potential interesting subclusters. Genes 

and samples in these subclusters were again hierarchically clustered. Genes in 

subclusters were also subjected to GO-analysis as described using all 33558 genes 

present in the different datasets as background.  

Results 

Micro-Array analysis of transcriptionally regulated SnRK1 and TOR targets 

reveals crosstalk  

To investigate how the primary transcriptional targets of the SnRK1 and TOR signaling 

networks are regulated a micro-array experiment was conducted. Arabidopsis 

thaliana mesophyll protoplasts were transfected with constructs expressing either 

35S::bZIP11, 35S::KIN10 or 35S::TOR. In addition, double transfections of 

combinations of these constructs were used to investigate how these signaling 

pathways influence the transcriptional response. The transcription factor bZIP11 was 

included as a downstream SnRK1 signaling target. Mesophyll protoplasts were 

incubated for 3 hours to measure the initial transcriptional response upon expressing 

each construct (Table 1. Figure 1A, B & C). 

 

Table 1. Significantly regulated genes found by overexpression in mesophyll protoplasts. 

 
KIN10 TOR bZIP11 KIN10 + bZIP11 KIN10 + TOR bZIP11 + TOR 

Induced 659 235 192 330 177 132 
Repressed 678   75 14  93 251 96 

Total 1337 310 206 423 428 228 
 

Overexpression of bZIP11 leads to a set of 206 significantly regulated genes of which 

192 were induced and 14 were repressed, TOR overexpression leads to a set of 310 

significantly regulated genes of which 235 were induced and 75 were repressed, 

KIN10 overexpression leads to a set of 1337 significantly regulated genes of which 
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659 were induced and 678 were repressed. Interestingly, in samples with double 

transfections substantial changes in the induced genes could be observed. In the 

double transfection samples that overexpress KIN10 and bZIP11, a total of 423 genes 

are significantly regulated of which 330 were induced and 93 were repressed. In the 

double transfection samples overexpressing KIN10 and TOR a total of 428 genes are 

significantly regulated of which 177 were induced and 251 were repressed. In the 

double transfection samples overexpressing bZIP11 and TOR a total of 228 genes are 

significantly regulated of which 132 were induced and 96 were repressed. 

 

Figure 1. Significantly regulated genes by KIN10, TOR and bZIP11 overexpression reveal crosstalk. 

Venn diagrams depict the overlap in significantly regulated genes in transfected protoplasts with a 

relative FC > 1 or FC < -1 and corresponding p < 0.05. Transcriptome data are from micro-array 

analysis of RNA extracted from protoplasts. Comparisons are made between protoplast that 

overexpress bZIP11, TOR, KIN10 and combinations in double transfections as indicated in Figure 1A – 

C adjacent to each segment. Figure 1D and 1E represent a schematic presentation of the fractions of 

significantly regulated genes for KIN10 and bZIP11 overexpression that are repressed by co-

expression of TOR.  
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Of the total of 1337 significantly regulated genes by KIN10, 883 are no longer 

significantly regulated in the double transfection with KIN10 and TOR co-expression 

(Figure 1D). This set comprises the TOR inhibited SnRK1 target genes. Similarly, of the 

total of 206 significantly regulated genes by bZIP11, a total of 97 are no longer 

significantly regulated in the co-expression sample with bZIP11 and TOR (Figure 1E). 

This set comprises the TOR inhibited bZIP11 target genes. A Z-test was used to 

calculate whether the proportion of significantly regulated targets for KIN10 and 

bZIP11 was significantly reduced in the TOR co-expression samples compared to the 

total of 26791 genes measured in the micro-array. This calculation shows that the 

difference in the amount of significantly regulated KIN10 targets for KIN10 single 

transfection (1337) and the proportion of these 1337 targets that are not affected in 

the KIN10 + TOR double transfection (454) is significant (p = 0,0002). The difference in 

the amount of significantly regulated bZIP11 targets for bZIP11 single transfection 

(206) and the proportion of these 206 targets that are not affected in bZIP11 + TOR 

double transfection (109) is also significant (p = 2,7E-5). The genes affected by bZIP11 

expression overlap partly (44 of 206) with the target genes regulated by KIN10 

expression as shown in Figure 1. A large part of this group (18 of 44) is no longer 

regulated by bZIP11 during TOR co-expression. This data suggests that the TOR 

signaling network plays a significant role in the suppression of the transcriptional 

response to the SnRK1 signaling network. 

Ontology analysis shows that TOR inhibited SnRK1 targets are associated with 

stress, metabolism and catabolism 

To understand which functions the TOR inhibited SNRK1 targets and bZIP11 target 

gene sets were encoding gene ontology enrichment was performed (Figure 2). The 

TOR inhibited SnRK1 targets are enriched for genes involved in branched amino acid 

metabolism and response to hexose (Figure 2A). A large group of defense related GO 

terms such as response to biotic stimulus as well as immune system processes are 
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also enriched. This shows that activity of the TOR signaling network can prevent 

reprograming of metabolism as well as defense related processes normally initiated 

by the SnRK1 signaling network. Significant GO associations can be identified for the 

targets that are uniquely regulated by co-expression of KIN10 and bZIP11 (Figure 1C) 

and not in the single transfections (Figure 2B). A large group GO terms related to 

defense, immune system and stress related responses can be identified. Another 

group of associated GO terms indicates processes related to transport of ions and 

nitrogen compound transport. Amino Acid metabolism related processes such as 

asparagine, proline and glutamine metabolism are also significantly associated. 

Remarkably, no significantly associated GO terms could be identified for bZIP11 

induced targets that are no longer induced with bZIP11 and TOR co-expression. 

TOR activity is required for SnRK1 target suppression  

To test if the TOR effects are due to induced activity of the TOR kinase and associated 

signaling network, the co-expression experiments were repeated in the presence of 

the TOR kinase inhibitor AZD-8055 (Montane & Menand, 2013). AZD-8055 by itself 

induces certain SnRK1 target genes including PRODH1 and BCAT-2 in the control 

samples (Figure 3). More importantly, the TOR inhibited SnRK1 target genes are no 

longer repressed in the AZD-8055 treated samples co-expressing KIN10 and TOR, 

exemplified by  PRODH1, PRODH2, DIN1, BCAT-2, SEN5 and DIN10 (Figure 3). This 

indicates that the in vivo induced TOR activity affects the TOR inhibited SnRK1 targets, 

rather than co-expression-caused reduction of SnRK1 activity. The effects of AZD-

8055 in control cells indicated that the TOR inhibited SnRK1 targets are under 

balancing control of both pathways in vivo and not only during constitutive 

expression experiments.
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Figure 2 A. TreeMap of significantly associated GO-terms of SnRK1 target genes repressed by TOR co-expression.  TreeMap generated by Revigo 

(http://revigo.irb.hr) with  medium (0.7) allowed similarity and sorted by p-value. Sizes of the blocks represent the significance of thet assocation of the 

respective GO-Term as determined by the corresponding p-value. Colors differentiate functional groups of GO-terms. GO terms are associated with genes 

significantly induced in mesophyll protoplast transfected with 35S:KIN10 and no longer induced by cotransfection of 35S:KIN10 and 35S:TOR.  

http://revigo.irb.hr/


 

88 

 

 

Figure 2 B. TreeMap of significantly associated GO-terms to SnRK1 and bZIP11 target genes uniquely induced by KIN10 and bZIP11 coexpression. 

TreeMap generated by Revigo (http://revigo.irb.hr) with medium (0.7) allowed similarity and sorted by p-value. Sizes of the blocks represent the significance 

of thet assocation of the respective GO-Term as determined by the corresponding p-value. Colors differentiate functional groups of GO-terms. GO terms are 

associated with genes significantly and uniquely induced in mesophyll protoplast cotransfected with 35S:KIN10 and 35S:bZIP11. 

http://revigo.irb.hr/
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Figure 3. The TOR inhibitor AZD-8055 affects SnRK1 target gene expression. Graphs depict the 

relative change of SnRK1 target gene expression determined by qRT-PCR on samples of protoplasts 

overexpressing the indicated genes. The constructs used for transfection are shown on the x-axis 

(35S:GFP, 35S:KIN10, 35S:TOR and double transfection of 35S:KIN10 and 35S:TOR). The change in 

expression levels is calculated for each transfection relative to the expression in GFP transfected 

protoplasts. The black bars represent incubation in standard WI incubation medium and the grey 

bars represent incubation in WI medium supplemented with 50 µm AZD-8055. Error bars show the 

standard deviation among the 6 biological replicates used. A a 2-tailed Student’s T-test was applied 

without assuming equal variance between each sample and the corresponding GFP control. In case of 

the AZD-8055 treated samples, a 2-tailed Student’s T-test was applied without assuming equal 

variance between each AZD-8055 treated sample and each corresponding non-AZD-8055 treated 

sample. Signicant differences are depicted with * for p < 0,05, with ** for p < 0,01 and *** for p < 

0,001. 



 

90 

 

Full length TOR is required for SnRK1 target suppression 

Previous studies have reported that truncated TOR proteins including only the kinase 

domain are sufficient to partially rescue the embryonic lethal tor-3 mutant plants 

(Ren et al., 2011). To test whether the kinase function of TOR suffices to establish 

cross regulation of SnRK1 induced transcriptional target genes, the same partial TOR 

fragment (pTOR: TOR1832 – 2482) was tested in protoplast transfections. This 

fragment covers the TOR coding sequence from base position 1832 through 2482 and 

includes the FRB, Kinase and FATC domains that partially complemented the tor-

3/tor-3 mutant plants (Ren et al., 2011). This truncated fragment fails to repress the 

TOR repressible SnRK1 targets that full length TOR does repress (Figure 4). This effect 

is clearly evident for the genes DIN1, DIN4, DIN10, BCAT-2 and MIOX2 but not for 

TPS1 (Figure 4). These results indicate that parts of the TOR protein absent in the 

truncated form have important functions in the established repression on 

transcription of SnRK1 induced target genes. 

Trehalose-6-phosphate does not directly affect TOR – SnRK1 crosstalk 

The sugar signal trehalose-6-phosphate (T6P) has been suggested to repress SnRK1 

activity (Y. Zhang et al., 2009) and therefore the role for this sugar in mediating TOR – 

SnRK1 crosstalk was investigated. Mutant tps1-2 ko GVG:TPS1 and 35S:amiR-TPS1 #6 

plants (Schluepmann et al., 2003; Dijken et al., 2004; Wahl et al., 2013) that have 

reduced T6P levels were used for protoplast transfection experiments. The results of 

TOR - SnRK1 double transfections show that the mutation did not influence the TOR 

repression of SnRK1 targets (Figure 5). This indicates that T6P likely has no direct 

involvement in establishing TOR regulated SnRK1 target repression. Additionally, TPS1 

expression levels were not affected in Col-0 protoplast samples transfected with 

KIN10 or TOR constructs (Figure 4).  
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Figure 4. Effect of TOR-SnRK1 crosstalk on SnRK1 target gene regulation in protoplasts. Graphs 

depict the relative fold change of SnRK1 target genes determined by qRT-PCR on samples of 

transfected protoplast. Samples were incubated for 3 hours after transfection. The constructs used 

for transfection are shown on the x-axis and include 35:GFP, 35S:KIN10, 35S:TOR, 35S:pTOR (partial 

TOR fragment) and double transfections. The relative fold change of transcription is calculated for 

each transfection relative to the GFP control. Protoplasts were incubated in standard WI medium. 

Error bars show the standard deviation among the 4 biological replicates used. A a 2-tailed Student’s 

T-test was applied without assuming equal variance between each sample and the corresponding 

GFP control. Signicant differences are depicted with * for p < 0,05, with ** for p < 0,01 and *** for p 

< 0,001. 
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To investigate the role of other TOR signaling components in establishing TOR - SnRK1 

crosstalk, mutants in the TORC1 complex associated genes, raptor3g (rap22) and lst8-

1 (Kravchenko et al., 2015) mutant plants were investigated for their possible role in 

repression of transcription of SnRK1 target genes in the protoplast system (Figure 5). 

No clear effects on the repression of SnRK1 targets could be observed for either 

mutant as shown by repression of DIN1 and MIOX2 that is still evident in these 

backgrounds. This indicates that the signaling function of TOR itself is important and 

this effect is largely independent of the activity of RAPTOR and LST8. It cannot be 

ruled out that in the lst8-1 and rap22 background the TORC1 complex is still able to 

form and function. The lack of observed effects in the rap22 background could also 

be due to partial redundancy between raptor3g and AtRaptor1 and 2. Further studies 

must clarify whether other components are involved or if this is a TOR function 

independent of the TOR complex. 

 

 Figure 5. Effect of TOR-SnRK1 crosstalk on SnRK1 target gene regulation in protoplasts isolated 

from various mutant backgrounds. Graphs depict the relative fold change of SnRK1 target genes 

determined by qRT-PCR on samples of transfected protoplast followed by 3 hours of incubation. The 

constructs used for transfection are shown on the x-axis and include 35S:KIN10, 35S:TOR and double 

transfection of 35S:KIN10 and 35S:TOR. The fold change of transcription for each target is calculated 

for each transfection relative to 35S:GFP transfection and shown on the y-axis. Mutant backgrounds 

are shown above the charts and include lst8-1, rap22, 35S:amiR-TPS1 #6 and tps1-2 UBQ::GVG::TPS1. 

Error bars show the standard deviation among the 4 biological replicates used for each transfection. 
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A a 2-tailed Student’s T-test was applied without assuming equal variance between each sample and 

the corresponding GFP control. Signicant differences are depicted with * for p < 0,05, with ** for p < 

0,01 and *** for p < 0,001. 

TOR inhibition leads to SnRK1 target induction in seedlings 

The observed effect of crosstalk between the TOR and SnRK1 signaling pathways has 

been shown in mesophyll protoplasts using overexpressed components. To test if the 

regulatory pattern exists in plants, Col-0 wild type seedlings were grown on medium 

supplemented 1 µM AZD-8055 or mock (Figure 6). AZD-8055 application causes in 

plants as well as in protoplasts an induction of SnRK1 target genes as shown by the 

MIOX2, PRODH1 and SEN5 expression data. The SnRK1α subunits KIN10 and KIN11 

and TOR are not transcriptionally affected by AZD-8055 application (Figure 6). These 

results indicate that TOR and SnRK1 activities balance the expression of stress related 

genes as a general mechanism during plant development to regulate energy 

consumption.   

Discussion 

The regulation of an energy balance in plants is critical for survival and growth. 

Several regulatory systems act to maintain the energy balance and the SnRK1 and 

TOR signaling networks have been identified as major regulators (Robaglia et al., 

2012). The SnRK1 signaling network is important for adjusting the metabolic response 

to energy limiting conditions and stress (Baena-González et al., 2007). The S1/C group 

bZIP transcription factor network is part of the SnRK1 signaling network and is able to 

induce transcriptional reprogramming in favor of catabolism over anabolism (Mair et 

al., 2015; Baena-González et al., 2007; Hanson et al., 2008; J. Ma et al., 2011). On the 

other hand the TOR signaling network has been identified as a central promoter of 

anabolic processes such as translation, cell division and photosynthesis (Deprost et al., 

2007; Caldana et al., 2013; Y. Xiong et al., 2013; Dong et al., 2015). 
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 Figure 6. SnRK1 targets are induced via AZD-8055 mediated TOR inhibition in seedlings. Graphs 

depict the average relative fold change of SnRK1 target genes determined by qRT-PCR of 4 biological 

replicates containing 10 Arabidopsis thaliana 7-day-old Col-0 seedlings grown at 22°C for 8 days post 

stratification in horizontal position on MS plates with standard white fluorescent lighting (16h light 

period, 120µEm-2s-1). Treatments are indicated on the x-axis and include mock and 1 µM AZD-8055 

addition. Expression fold change is relative to mock treated Col-0 seedlings. Error bars show the 

standard deviation among the 4 biological replicates used for each transfection. A 2-tailed Student’s 

T-test was applied without assuming equal variance between each AZD-8055 treated sample and the 

mock control. Signicant differences are depicted with * for p < 0,05, with ** for p < 0,01 and *** for p 

< 0,001. 

Sugar signaling also plays an important role in the regulation of energy consumption 

(Gibson, 2005; Hanson & Smeekens, 2009; Lastdrager et al., 2014; Smeekens, 2000). 

The sugar phosphate Trehalose-6-Phosphate (T6P) is one of the key regulators of 

plant development and can repress SnRK1 (Schluepmann et al., 2003; Avonce et al., 

2005; Y. Zhang et al., 2009; T. L. Delatte, Sedijani, Kondou, Matsui, de Jong, Somsen, 

Wiese-Klinkenberg, Primavesi, Paul, & Schluepmann, 2011; Wahl et al., 2013).  
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The micro-array analysis performed in this study of data from Arabidopsis mesophyll 

protoplasts overexpressing TOR, KIN10 and bZIP11 (Figure 1) confirms the results of 

previous experiments overexpressing the factors in other systems. Comparisons with 

previously published data of bZIP11 overexpression (Hanson et al., 2008; J. Ma et al., 

2011), KIN10 overexpression (Baena-González et al., 2007) and TOR inhibition via 

AZD-8055 treatment (Dong et al., 2015) show significant overlap with this protoplast 

dataset. The differences probably are due to the level of overexpression in the cells 

(often higher in the protoplast system), the induction time during overexpression 

(shorter in our protoplast system) and the plant growth conditions.  

The lipid transfer protein AZALEIC ACID INDUCED 1 (AZI1) has been found to induce 

many genes involved in metabolism and sugar signaling such as TOR, KIN10, KIN11, 

TPS1, bZIP11, HXK1 and HXK2 (Wang et al., 2016). Furthermore, AZI1 has been found 

to be an important regulator of systemic acquired resistance (SAR) together with 

DEFECTIVE IN INDUCED RESISTANCE 1 (DIR1) (Yu et al., 2013). AZI1’s induction of SAR 

is regulated via a feedback loop with glycerol-3-phosphate (G3P) (Yu et al., 2013). 

Many defense related processes were indeed found to be associated with 

transcriptional targets of KIN10, TOR and bZIP11 overexpression. This indicates that 

defense response is a process that is under tight regulation via the TOR, SnRK1 and 

bZIP11 signaling networks. This data shows that metabolism is closely connected with 

the regulation of defense responses. 

A possible explanation for this is the Warburg effect (Warburg, 1956). The Warburg 

effect hypothesis was first introduced as an explanation for the changed metabolism 

in malignant tumor cells (Warburg, 1956). In many cancer cells an increased rate of 

anaerobic glycolysis followed by the fermentation of lactic acid in the cytosol is seen, 

rather than aerobic respiration in the mitochondria via the oxidation of pyruvate, as 

reviewed in (J. W. Kim & Dang, 2006). Whether the Warburg effect exists in plants as 

originally described (Warburg, 1956) is unknown. A case for its existence could be 
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made when looking at the gene list that corresponds to the KIN10 and TOR 

overexpression data (Figure 1). The list of significantly induced genes indicates that 

many defense and stress related genes were induced in these samples. Many of the 

stress regulated genes that are induced upon KIN10 and TOR overexpression are 

related to oxidative stress metabolism. For KIN10 as a key part of the SnRK1 complex 

this is in agreement with SnRK1 as a central regulator of stress related responses 

(Baena-González et al., 2007; Halford et al., 2003; Jossier et al., 2009; Robaglia et al., 

2012). In the case of TOR, a strong overexpression in the mesophyll protoplasts might 

create an energy demand that cannot be met via aerobic respiration in the mesophyll 

protoplast cells that are submerged in liquid induction (WI) medium. Subsequently, 

the anaerobic respiration via glycolysis is strongly induced resulting in carbon 

depletion stress. A common defense response is also the production of Reactive 

Oxygen Species that leads to cell death around the infection site as reviewed by (Apel 

& Hirt, 2004; Bailey-Serres et al., 2012; Bolwell, 1999; Cheong et al., 2002; Gill & 

Tuteja, 2010; F. Liu et al., 2005). This could also explain the combination of oxygen 

related stress and defense response induction.  

The micro-array analysis has indicated a large group of genes that are subject to cross 

regulation between the SnRK1, TOR and bZIP signaling pathways (Table 1; Figure 1). 

The large portion of SnRK1 and bZIP11 induced targets that are repressed by TOR 

shows that the SnRK1 pathway is partially repressed by TOR (Figure 1D and 1E). The 

associated GO-terms to genes that are regulated in this manner indicate some 

expected processes such as amino acid metabolism, sugar metabolism but also stress 

and defense related processes (Figure 2). This further indicates that SnRK1 and TOR 

are central regulators of energy balance that comprises virtually all processes that are 

energy demanding. The notion that active TOR is required for the repression of SnRK1 

genes is interesting (Figure 3 and 4). Furthermore, the seedling results indicate that 

transcriptional repression of SnRK1 target genes by the TOR pathway is a process that 
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likely functions as a general means to balance energy consumption and growth 

(Figure 6).  

The dexamethasone inducible tps1-2 ko UBQ::GVG::TPS1 mutant that is naturally 

deficient in the production of the sugar phosphate T6P did not appear to have any 

effect on the repression of SnRK1 targets by TOR (Figure 5). Similarly the lack of effect 

of the 35S:amiR-TPS1 transgenic plants on TOR repression of SnRK1 targets 

strengthens the conclusion that T6P is not mediating the crosstalk between the TOR 

and SnRK1 pathways  (Figure 5). Possibly other sugar phosphates such as G1P and 

G6P are able to repress SnRK1 in these T6P deficient mutant backgrounds upon TOR 

overexpression. How TOR is repressing SnRK1 targets is currently unknown and 

demands further experimentation.  

This study shows that crosstalk takes place between the SnRK1 and TOR signaling 

networks. TOR activity is essential for repression of groups of SnRK1 target genes and 

is important for sucrose induced repression of SnRK1 target genes. Elucidating the 

exact connection between SnRK1 and sugars phosphates such as T6P will require 

further investigation. 
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Abstract 

When plant seeds germinate, they depend on heterotrophic growth until they reach 

light and autotrophic growth can be established via photosynthesis. A key 

characteristic of photomorphogenesis is the formation of leaves and the subsequent 

onset of photosynthesis and the synthesis of sugars, particularly sucrose. In past 

studies it has been found that Arabidopsis seedlings grown in the dark on medium 

supplemented with sugars show meristem development akin to development in the 

light, referred to as Sugar Induced Dark-Morphogenesis (SIDM). Activation of the 

Shoot Apical Meristem (SAM) in this manner leads to the production of the first true 

leaves of the plant in a sucrose concentration dependent manner. However, not 

much is known of the genetic components underlying SIDM. 

This study aims to identify the genetic components underlying SIDM. With the use of 

a Genome-Wide Association Study several candidate loci were identified. A 

quantitative scoring system for SIDM was set up and many candidate loci were tested. 

The TOR signaling network was identified as critical for SIDM. SIDM was repressible 

by treatment of the TOR inhibitor AZD-8055 in a concentration dependent manner 

indicating that TOR activity is required for SIDM. Other TOR associated genes as 

RAPTOR3G and downstream signaling targets as TRANSLATIONALLY CONTROLLED 

TUMOR PROTEIN (TCTP) and REPRESSOR OF LRX1 (ROL5) were also found to be linked 

to SIDM. 

This study has identified the TOR signaling network as the central regulator of sugar-

induced dark morphogenesis.  
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Introduction 

Correct timing of developmental phase transitions is critical to the survival of plant 

species. A key developmental phase transition is the transition from an embryonic 

shoot apical meristem (SAM) to a vegetative SAM. This transition usually coincides 

with a switch from heterotrophic to autotrophic growth. Skotomorphogenic 

development is terminated by light signals and subsequent photomorphogenic 

development allows the onset of photosynthesis and sugar production, which 

stimulates plant growth. 

Previously, it was found that the Arabidopsis accession Columbia-0 had the ability of 

photomorphogenic development in the dark when grown in liquid culture conditions 

with sucrose or glucose as carbon source (Araki & Komeda, 1993; Goto, 1982; Redei 

et al., 1974). Later, it was found that sugars play a critical part in photomorphogenic 

development as Arabidopsis seedlings can start the formation of true leaves and even 

proceed to flowering in the presence of 1% sucrose in the dark (Roldán et al., 1999). 

This Arabidopsis seedling development in the dark on medium supplemented with 

sugars akin to development in the light is referred to as Sugar Induced Dark-

Morphogenesis (SIDM). The shoot meristem needs to be in continuous contact with 

the medium containing sugars for SIDM (Roldán et al., 1999). The elongated 

phenotype of such dark grown seedlings resembles that of phytochrome deficient 

mutants (Roldán et al., 1999). As the study on SIDM shows, the carbon nutrient status 

critically determines plant growth.  

Several regulatory systems enable plants to sense and respond to the carbon nutrient 

status such that growth is coordinated with nutrient status. The Target of Rapamycin 

(TOR) protein kinase complex is a key regulatory system that promotes growth in the 

presence of sugars. Conversely, SNF1-related Protein Kinase 1 (SnRK1) has been 

identified as a key player to facilitate the response to stress and change metabolism 
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to deal with energy limiting conditions (Baena-González et al., 2007; Polge & Thomas, 

2007; Thelander et al., 2004). TOR acts as a central integrator of metabolic signals and 

light for the activation of stem cells at the shoot apex (Pfeiffer et al., 2016). TOR is 

able to induce the expression of the homeodomain transcription factor WUSCHEL 

independent of photosynthesis, through a signaling pathway involving the 

phytohormone cytokinin (Pfeiffer et al., 2016). WUSCHEL is an important regulator of 

the Shoot Apical Meristem (SAM) via a regulatory loop with CLAVATA (Schoof et al., 

2000). Moreover, TOR signaling has been shown to be important for glucose 

dependent Root Apical Meristem (RAM) activation (Y. Xiong et al., 2013). TOR 

signaling is driven through photosynthesis derived glucose that activates glycolysis 

and mitochondrial bioenergetics (Y. Xiong et al., 2013). The TOR driven root meristem 

growth is decoupled from direct glucose or hormonal signaling by auxin and 

cytokinins (Y. Xiong et al., 2013). The interaction of the TOR signaling pathway with 

another group of phytohormones, brassinosteroids, has also been shown to be 

important for plant development (F. Xiong et al., 2016; Z. Zhang et al., 2016). Plant 

growth is stimulated through stabilization of BRASSINAZOLE-RESISTANT 1 (BZR1) via 

TOR signaling (Z. Zhang et al., 2016). BZR1 is a stimulator of growth but is degraded 

via autophagy. Sugar induced TOR kinase activity is able to stabilize BZR1 to prevent 

its degradation through autophagy (Z. Zhang et al., 2016). This creates a balance 

between the sugar availability and growth promoted via BZR1 (Z. Zhang et al., 2016). 

Moreover, the gene Brassinosteroid Insensitive 2 (BIN2) has been shown to act as a 

downstream effector in the TOR signaling pathway to regulate photoautotrophic 

growth (F. Xiong et al., 2016). BIN2 acts as a downstream effector of the TOR target 

ribosomal protein S6 kinase 2 (S6K2) that functions as an important player in TOR 

signaling to promote growth (F. Xiong et al., 2016). These studies on the TOR signaling 

network show TOR as an essential signaling hub and promoter of growth. Glucose-

induced TOR signaling leads to extensive transcriptional reprogramming (Y. Xiong et 

al., 2013). This leads to the promotion of anabolism and activation of G1-S phase 
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genes via direct phosphorylation of the S-phase transcription factor E2F in the 

stem/progenitor cells of the root meristem (Y. Xiong et al., 2013). In this way 

photosynthesis controls the root meristem activity via sucrose and glucose. Sugar-

induced RAM activation still occurs in the hexokinase mutant gin2 that cannot sense 

glucose, indicating that TOR signaling is uncoupled from glucose sensing via 

hexokinase 1 (HXK1) in this response (Y. Xiong et al., 2013).  

The active TOR-kinase complex consists of several proteins functionally conserved 

among eukaryotic species (Wullschleger et al., 2006; Roustan et al., 2016). Several 

Arabidopsis proteins associate with TOR including the Regulatory-Associated Protein 

of TOR (RAPTOR) (Deprost et al., 2005). RAPTOR1 interacts with the HEAT repeats of 

the TOR protein and with the TOR substrate protein S6 Kinase 1 (S6K1) (Introduction 

Figure 2) (Mahfouz et al., 2006). In Arabidopsis, the partly redundant Raptor 1 and 

Raptor 2 genes are essential for growth (Anderson et al., 2005; Deprost et al., 2005). 

The C-Terminal FRB-Kinase Domain of TOR interacts with the Lethal with Sec Thirteen 

8/G protein b subunit-like (LST8/GbL) (Introduction Figure 2) (Moreau et al., 2012). 

Phenotypically, lst8-1 mutants show reduced growth and reduced apical dominance 

and accumulate higher amounts of starch and amino acids than wildtype (Moreau et 

al., 2012). Additionally, it was found that LST8-1 is involved in regulating myo-inositol 

and raffinose metabolism during plant adaptation to long days (Moreau et al., 2012). 

In turn, myo-inositol oxygenase genes have been found to be important for growth 

under low-energy conditions (Alford et al., 2012). 

Arabidopsis TOR also interacts with the PP2A-associated protein TAP46 (Ahn et al., 

2011). TAP46 was first identified as an interactor of PP2A (Harris et al., 1999), which 

plays an important role in basic cellular processes such as metabolism, transcription, 

and signal transduction (Wera & Hemmings, 1995). PP2A has been found to 

dephosphorylate and thereby inactivate S6K1 and S6K2 proteins (Ahn et al., 2011). 

TOR phosphorylates TAP46 thereby inhibiting PP2A activity and promoting TOR 
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signaling through S6K activation. Arabidopsis TAP46 mutants display repression of 

translation, induction of autophagy and nitrogen mobilization (Ahn et al., 2011; Ahn 

et al., 2015). TAP46 overexpression mutants show that activity is important for 

activation of many processes including nitrogen metabolism, ribosomal protein 

synthesis, lignin biosynthesis, cell wall biosynthesis and cytochrome 450 gene 

upregulation while genes in autophagy and lipid degradation are downregulated (Ahn 

et al., 2015). Other studies have also shown direct links between TOR and autophagy 

(Y. Liu & Bassham, 2010). Autophagy is the process in which cytoplasmic contents are 

recycled, mainly under stress conditions or during senescence. Repression of 

Arabidopsis TOR activity by RNAi induces autophagy as shown by the upregulation of 

autophagy (ATG) genes including ATG18a (Y. Liu & Bassham, 2010).  

Several downstream target genes of the TOR signaling network have been identified 

in Arabidopsis. These include the TRANSLATIONALLY CONTROLLED TUMOR PROTEIN 

(TCTP) (Berkowitz et al., 2008), the ribosomal proteins RPS6A and RPS6B (Creff et al., 

2010; Y. K. Kim et al., 2014; Mahfouz et al., 2006; Ren et al., 2012), and the 

REPRESSOR OF LRX1 (ROL5) (Leiber et al., 2010). In Drosophila melanogaster, TCTP 

acts as the guanine nucleotide exchange factor of the Ras GTPase Rheb that controls 

TOR activity (Hsu et al., 2007). In Arabidopsis TCTP is mainly expressed in the SAM 

and is linked to auxin signaling as TCTP RNAi mutants were found to have elevated 

auxin levels and are less sensitive to exogenous auxin (Berkowitz et al., 2008). 

Furthermore, TCTP was found to be linked to ABA signaling with overexpressing lines 

showing increased stomata closure and increased tolerance to drought (Y. Kim et al., 

2012). The ribosomal proteins RPS6 A and RBPS6 B function redundantly as part of 

the 40S ribosomal subunit (Creff et al., 2010). RPS6 A and RBPS6 B are mainly 

involved in the link between TOR and ribosome biogenesis via ribosomal RNA 

production (Y. K. Kim et al., 2014). Furthermore, RPS6 has been linked to life span 

regulation via control over metabolic processes associated with growth, including 

nutrition and light energy (Creff et al., 2010; Ren et al., 2012). The ROL5 protein 
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accumulates in mitochondria where it regulates reactive oxygen species (ROS) 

responses and has been linked to cell wall formation in root hairs (Leiber et al., 2010).  

The aim of this study was to identify the genetic components underlying Sugar-

Induced Dark-Morphogenesis. A Genome-Wide Association Study (GWAS) in 

Arabidopsis thaliana was performed using a quantitative SIDM screen as a read-out. 

This screen identified several of the genetic components involved with SIDM and 

subsequent Arabidopsis mutant growth analysis identified the TOR signaling network 

as the key network required for SIDM. 

Materials and Methods 

Plant materials  

A set of 360 natural accessions from the 1001 genomes project, (Weigel & Mott, 

2009) collected from different geographical origins was used for the GWAS screen. 

Homozygous T-DNA insertion mutant lines for lst8-1 (SALK_02459) (Kravchenko et al., 

2015), AtRaptor3g lines rap22 (SALK_022096) and rap78 (SALK_78159) (Kravchenko 

et al., 2015). TOR overexpression lines 35S::TOR line 12-12 and line 44-22 (Sheng 

Teng) as well as the T-DNA promoter insertion mutant TOR S7817 (Deprost et al., 

2007). The β-estradiol inducible amiR-tor lines, line 9 and line 20 (Caldana et al., 

2013). The Dexamethasone inducible TAP46 RNAi and TAP46 overexpression lines 

tap46 rnai and tap46 OE (Ahn et al., 2011; Hu et al., 2014). Lastly, the TCTP 2 RNAi 

line 4 was also used (Toscano-Morales et al., 2015). 

Other mutant lines used in this study were ordered from the Salk Institute Genomic 

Analysis Laboratory (SIGnAL) and are as follows:  frg3 (SALK_203136), rem22 

(SALK_091149), csn6b (SALK_036965), cip7 (SALK_073667), smt1 (SAIL_772_B06), f8h 

(SALK_113642 and SALK_125991), rol5 (SALK_078566), atrps6b (SALK_012147), 
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Attctp (SAIL_28_C03) and miox4 (SALK_129115). All mutants ordered through SIGnAL 

are in the Col-0 accession and contain a T-DNA insertion to disrupt gene function.  

Plant cultivation 

Seeds were chlorine gas sterilized for four hours and subsequently pipetted on solid 

growth medium using 0.1% agar solution before stratification in the dark at 4ºC for 2 

days. Plants were grown on half-strength Murashige and Skoog medium with 

vitamins and MES buffer at pH 5.9 and 10 g/L plant agar (Duchefa, Haarlem, NL). The 

medium was supplemented with filter sterilized sucrose, sorbitol or other compounds 

as indicated. Plates were wrapped in aluminum foil in packs of 10 before stratification 

and plants were grown in the dark at 22°C for 14 days post stratification. The packs of 

plates were tilted forward under an angle of 10º - 15º to ensure meristem contact 

with the medium. The medium was supplemented with 1 µM AZD-8055, 10 µM 

dexamethasone or with 10 µM 17-β-estradiol as indicated.  

GWAS analysis 

The Genome Wide Association Study was conducted with a set of 299 natural 

accessions from the 1001 genomes project (Weigel & Mott, 2009). Natural variation 

for sucrose responsive meristem activity in dark grown seedlings was quantified using 

a scoring system. The phenotypes have been divided into a 5-stage scoring system 

based on the level of leaf bud outgrowth (Figure 2). The leaf bud scoring scale is as 

follows: (1) no outgrowth (2) a clear separation of cotyledons is visible (3) bud 

outgrowth of first true leaves visible (4) Full outgrowth of first true leaves (5) bud 

outgrowth of second pair of true leaves. The scores of 15 plantlets of each accession 

were averaged and this was used as quantitative determinant for mapping. Two 

datasets containing averages of the phenotypic scores of each accession were 

analyzed with GWAPP (Seren et al., 2012) (https://gwas.gmi.oeaw.ac.at/). GWAPP 

uses a dataset of 214,052 SNPs in 1307 natural accessions of A. thaliana, including the 

https://gwas.gmi.oeaw.ac.at/
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299 accessions that were used in this study. 299 out of 360 HapMap accessions were 

used because only in this subset comparable germination percentages could be 

achieved under the growth conditions used. 

Results 

Sugar addition induced dark morphogenesis in Arabidopsis seedlings 

As shown in previous publications, plants grown on medium with added sugars in the 

dark show meristem development akin to development in the light, Sugar Induced 

Dark-Morphogenesis, SIDM (Roldán et al., 1999). It was investigated whether SIDM is 

equally triggered by the sugars glucose and sucrose (Figure 1). Arabidopsis 14-day-

old-dark-grown Col-0 seedlings did show SIDM upon application of sucrose and 

glucose in a similar manner and with equal molar efficiency (Figure 1). The observed 

SIDM also strictly depends on direct contact of the meristem with the growth 

medium as indicated by the inability of the sugar to trigger SIDM when the plant 

meristem was not touching the growth medium (data not shown). This indicates that 

it is the sugar availability to the meristem itself that promotes SIDM. 

 

Figure 1. Sugar induces concentration 

dependent dark morphogenesis. Panels 

depict 14-day-old-dark-grown Col-0 

seedlings on medium supplemented with 

1% or 2% (w/v) sucrose, glucose or 

sorbitol.  
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Genome wide association analysis reveals several loci involved in sucrose-

induced dark morphogenesis 

To identify the genetic components underlying SIDM, a genome wide association 

(GWAS) mapping was performed using 299 different Arabidopsis accessions. 

Arabidopsis Col-0 seedlings grown in the dark for 14 days show a range of sensitivity 

to sugar treatment. A five-level score system was developed to quantize the leaf bud 

outgrowth during SIDM (Figure 2), from (1) no outgrowth (2) a clear separation of 

cotyledons is visible (3) bud outgrowth of first true leaves visible (4) full outgrowth of 

first true leaves (5) bud outgrowth of second pair of true leaves.  

 

Figure 2. Sucrose-induced dark morphogenesis scoring system. The schematic drawings and bottom 

panels depict typical Col-0 plant phenotypes observed at 1% sucrose treatment. The phenotypes 

have been divided into a 5-stage scoring system based on the level of leaf bud outgrowth as depicted 

by the schematic drawings shown. The leaf bud scoring scale is as follows: (1) no outgrowth (2) a 

clear separation of cotyledons is visible (3) bud outgrowth of first true leaves visible (4) Full 

outgrowth of first true leaves (5) bud outgrowth of second pair of true leaves. 

The quantized SIDM responses varied widely between the 299 tested accessions in 

the screen. This ranged from the highest responding average of 4.56 for Lip-0 to the 

lowest average of 1.00 for Bu-8, Li-5:2, UKSE06-520 and VOU-2. In the highest 

averaging accessions almost all plants had reached stage 5 with the onset of a second 

pair of true leaves while in the lowest averaging lines not a single plant showed any 

leaf developmental response. Columbia-0 and Landsberg-0 had average scores of 

2.85 and 2.81, respectively, and are not significantly different from each other. The 
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variation in Col-0 and Ler-0 was wider with all 5 stages observed but with the majority 

of seedlings in stage 2 and 3. Following QTL mapping no dominating loci were 

identified but many loci contributed with relative low Logarithm of Odds (LOD; base 

10) scores to the quantified phenotypic variation (Figure 3). The average SIDM 

response in the laboratory accessions Col-0 and Ler-0 make them ideal candidates to 

investigate the role of candidate alleles in either increasing or decreasing the 

sensitivity to sugars during SIDM. 

 

Figure 3.  Manhattan plot showing GWAS results of SAM response to sucrose in the dark. The −log10 

p-values for association with sucrose-induced dark-grown SAM activation for each SNP (y-axis) are 

plotted against chromosome positions (x-axis). Although peaks are identifiable, none exceeds the 

false discovery threshold (-log(p-value) < 6) for a 5% false discovery rate in the Benjamini-Hochberg-

Yekutieli multiple testing procedure. 

Many sugar signaling and metabolism related genes were identified as linked to peaks 

in the Manhattan plot (Figure 3) and twenty-four genes were selected as interesting 

candidates (Table 1). T-DNA insertion mutants of significantly associated genes were 

subsequently tested in the SIDM scoring assay. While most investigated mutants did 

not show a significantly different response compared to the Col-0 background (result 

not shown), the knock out mutant of TRANSLATIONALLY CONTROLLED TUMOR 

PROTEIN (TCTP) had reduced sensitivity to sucrose (Figure S1). Interestingly, the 

mutant of MYO-INOSITOL OXYGENASE 4 (MIOX4) was more responsive to sucrose 

(Figure S1). TCTP is known to be involved in the molecular signaling network of Target 

of Rapamycin (TOR). TOR is well known as a key regulator of metabolism and its role 

to promote growth in many organisms, including the root apical meristem in 
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Arabidopsis in response to glucose (Y. Xiong et al., 2013). This raised the question on 

the involvement of TOR during SIDM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Selection of candidate genes. From peaks on the Manhattan plot, a 

selection of 24 candidate genes was made based on known gene function. 

Gene 

model 

Gene name/description 

AT1G22210 TREHALOSE-6-PHOSPHATE PHOSPHATASE C (TPPC) 

AT1G80490 TOPLESS-RELATED 1 (TPR1) 

AT2G15480 UDP-GLUCOSYL TRANSFERASE 73B5 (UGT73B5) 

AT2G15490 UDP-GLYCOSYLTRANSFERASE 73B4 (UGT73B4) 

AT2G27430 ARM repeat superfamily protein 

AT3G16600 SNF2-RING-HELICASE?LIKE 3 (FRG3) 

AT3G16640 TRANSLATIONALLY CONTROLLED TUMOR PROTEIN (TCTP) 

AT3G17010 REPRODUCTIVE MERISTEM 22 (REM22) 

AT3G17430 Nucleotide/sugar transporter family protein 

AT3G18770 Autophagy-related protein 13 

AT3G42160 Pectin lyase-like superfamily protein 

AT4G13290 CYTOCHROME P450, FAMILY 71, SUBFAMILY A, POLYPEPTIDE 

19 (CYP71A19) 

AT4G26260 MYO-INOSITOL OXYGENASE 4 (MIOX4) 

AT4G26430 COP9 SIGNALOSOME SUBUNIT 6B (CSN6B) 

AT4G27430 COP1-INTERACTING PROTEIN 7 (CIP7) 

AT4G27550 TREHALOSE-6-PHOSPHATASE SYNTHASE S4 (TPS4) 

AT4G27560 UDP-Glycosyltransferase superfamily protein 

AT4G27570 UDP-Glycosyltransferase superfamily protein 

AT5G10020 SUCROSE-INDUCED RECEPTOR KINASE 1 (SIRK1) 

AT5G10100 TREHALOSE-6-PHOSPHATE PHOSPHATASE I (TPPI) 

AT5G13630 GENOMES UNCOUPLED 5 (GUN5) 

AT5G13680 ELONGATA 2 (ELO2) 

AT5G13710 STEROL METHYLTRANSFERASE 1 (SMT1) 

AT5G22940 FRA8 HOMOLOG (F8H) 
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SIDM is TOR dependent 

The possible direct involvement of TOR during SIDM was investigated using the 

addition of the TOR inhibitor AZD-8055 to the growth medium. SIDM was blocked by 

AZD-8055 treatments in a concentration dependent manner (Figure 4).  Even at nano 

molar concentrations, AZD-8055 application (0.1 µM) SIDM was completely blocked 

(Figure 4). Higher concentrations of AZD-8055 application caused reduced hypocotyl 

length as well. These results indicate that TOR activity is essential for SIDM. AZD-8055 

application to light-grown seedlings grown under otherwise the same growth 

conditions did show a general repression on growth as is in line with previous findings 

(Montané & Menand, 2013). However, there were no observable effects on the onset 

of photomorphogenesis in light-grown plants (data not shown). To further confirm 

the direct involvement of TOR in darkness during SIDM, several TOR mutant lines 

were investigated in the quantitative SIDM scoring assay. These include the TOR amiR 

lines #9 and #20 (Caldana et al., 2013), the promoter T-DNA insertion line with 

elevated TOR expression TOR S7817 (Deprost et al., 2007) and the 35S:TOR 

overexpression lines 12-12 and 44-22.  It was found that the lines with elevated TOR 

expression TOR S7817 and 35S:TOR 12-12 were significantly more responsive to 

sucrose than the Col-0 background. The reason a significant result is observed in the 

line 35S:TOR 12-12  but not in the line 35S:TOR 44-22  is likely due to higher TOR 

expression levels in the line 35S:TOR 12-12  (Figure S2). The line TOR amiR #9 that 

had reduced TOR expression was significantly (p = 0,005) less sensitive to sugars. 

Moreover, the increased responsiveness of the 35S:TOR 12-12 line was AZD-8055 

repressible (Figure 5) and the overexpressor was less sensitive to AZD-8055 

compared to Col-0 (Figure 4). These results confirm the direct involvement of TOR 

activity during SIDM.  
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Figure 4. AZD-8055 completely blocks Sugar-Induced Dark Morphogenesis. Top panels depict typical 

plant phenotypes observed at 1% sucrose treatment. Middle panels show the frequency distribution 

of plant phenotypes observed for the respective line. Leaf bud outgrowth is scored according to 

Figure 2. Bottom panels show phenotype for the control 1% sorbitol treatment. The frequency 

distribution graphs in the middle panels show the fraction of seedlings in every growth stage of the 

scoring system. A Kolmogorov-Smirnov frequency distribution test was applied between each sample 

and Col-0 1% Sucrose as control. Signicant differences of frequency distribution are depicted with * 

for p < 0,05, with ** for p < 0,01 and *** for p < 0,001.

Figure 5. Sugar-Induced Dark Morphogenesis is dependent on TOR. Top panels depict typical plant 

phenotypes observed at 1% sucrose treatment. Middle panels show the frequency distribution of 

plant phenotypes observed for the respective line. Leaf bud outgrowth is scored according to Figure 

2. Bottom panels show phenotype for the control 1% sorbitol treatment. The frequency distribution 

graphs in the middle panels show the fraction of seedlings in every growth stage of the scoring 

system. A Kolmogorov-Smirnov frequency distribution test was applied between each sample and 

Col-0 1% Sucrose as control. Signicant differences of frequency distribution are depicted with * for p 

< 0,05, with ** for p < 0,01 and *** for p < 0,001. 
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TOR associated genes Raptor3g and TAP46 are involved in SIDM 

With the confirmation of the direct involvement of TOR during SIDM, it was 

investigated whether other components of the TOR signaling network also participate 

during SIDM. Mutants in TOR associated components for Raptor3g, Lethal with Sec 

Thirteen 8/G protein b subunit-like (LST8/GbL) and TAP46 were investigated for their 

involvement during SIDM. The Raptor3g T-DNA insertion mutants rap22 and rap78 

(Kravchenko et al., 2015), the LST8 T-DNA insertion mutant lst8-1 (Kravchenko et al., 

2015) and the dexamethasone inducible TAP46 mutants tap46 rnai  (Ahn et al., 2011) 

and tap46 OE (Ahn et al., 2015) were investigated in the quantitative SIDM growth 

assay (Figure 6).   

 

 

Figure 6. TOR associated mutants affect Sugar-Induced Dark Morphogenesis. Top panels depict 

typical plant phenotypes observed at 1% sucrose treatment. Middle panels show the frequency 

distribution of plant phenotypes observed for the respective line. Leaf bud outgrowth is scored 

according to Figure 2. Bottom panels show phenotype for the control 1% sorbitol treatment. The 

frequency distribution graphs in the middle panels show the fraction of seedlings in every growth 

stage of the scoring system. A Kolmogorov-Smirnov frequency distribution test was applied between 

each sample and Col-0 1% Sucrose as control. Signicant differences of frequency distribution are 

depicted with * for p < 0,05, with ** for p < 0,01 and *** for p < 0,001. 
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The Raptor3g mutant rap22 was significantly less sensitive to sucrose than the Col-0 

background. However, no significant response was observed for the rap78 mutant. As 

these are knock down mutants in Raptor3g this difference in phenotype between 

rap22 and rap78 is likely due to remaining Raptor3g expression.  The lst8-1 mutant 

did not show any significantly different response compared to Col-0 either. The 

severely growth impaired tap46 rnai line was less responsive to sucrose. However, 

the TAP46 overexpressing line tap46 OE responds similar to Col-0 in the assay (p = 

0.52). These results indicate a role for Raptor3g and TAP46 to establish the effects of 

TOR on SIDM.  

TCTP1 and ROL5 are involved in regulating SIDM 

With the confirmation of TOR and the TOR associated genes Raptor3g and TAP46 to 

have functions in the regulation of SIDM, the question remained what downstream 

factor could facilitate the response. To answer this question, mutants of several 

known downstream TOR targets where investigated in the quantitative SIDM assay. 

These mutants include heterozygous TCTP/tctp mutant (Berkowitz et al., 2008), the 

ribosomal protein mutant rps6b (Creff et al., 2010) and the rol5 mutant (Leiber et al., 

2010). It was found that the TCTP/tctp) and rol5 mutant were less sensitive to SIDM 

(Figure 7). The rps6b mutant as well as the s6k1 did not show a significant difference 

compared to the Col-0 background. This is likely due to redundancy with rps6a and 

s6k2 respectively (Creff et al., 2010; Henriques et al., 2010). These results indicate 

that the TOR signaling network at least partially operates in stimulating SIDM via 

TCTP and ROL5.  
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Figure 7. Downstream TOR pathway components affect Sugar-Induced Dark Morphogenesis. Top 

panels depict typical plant phenotypes observed at 1% sucrose treatment. Middle panels show the 

frequency distribution of plant phenotypes observed for the respective line. Leaf bud outgrowth is 

scored according to Figure 2. Bottom panels show phenotype for the control 1% sorbitol treatment. 

The frequency distribution graphs in the middle panels show the fraction of seedlings in every growth 

stage of the scoring system. A Kolmogorov-Smirnov frequency distribution test was applied between 

each sample and Col-0 1% Sucrose as control. Signicant differences of frequency distribution are 

depicted with * for p < 0,05, with ** for p < 0,01 and *** for p < 0,001. 

Discussion 

Previously it has been demonstrated that sugar can induce dark morphogenesis 

(Roldán et al., 1999). It was found that sugar-induced dark morphogenesis, while 

resembling phytochrome deficient mutants, is distinctly different from known 

constitutive morphogenesis and de-etiolated mutants such as cop and det. This study 

has shown that SIDM is a concentration dependent response (Figure 1) and no clear 

difference in response was found between sucrose and glucose treatments. The 

underlying genetic network was still unclear. This study has aimed to shed light on 

this underlying genetic network through GWAS analysis behind sucrose-induced dark 

morphogenesis. 
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Several candidate loci were identified through GWAS analysis (Figure 3; Table 1). 

While most of the candidate loci did not have significant effects on SIDM (result not 

shown) analysis of the miox4 T-DNA insertion mutant of candidate gene MIOX4 

revealed it to be more sensitive to sugar. On the other end of the spectrum the 

TCTP/tctp mutant of the candidate gene TCTP was less sensitive to sugar (Figure S1). 

MIOX genes have previously been shown to be involved in response to low energy 

conditions (Alford et al., 2012). Moreover, a link between myo-inositol metabolism 

and the TOR pathway has previously been observed via LST8-1 (Moreau et al., 2012). 

Like the MYO-INOSITOL1 PHOSPHATE SYNTHASE  1 (MIPS1) mutant, lst8-1-1 plants 

showed impaired adaptation to long days due to a strong upregulation of genes 

involved in nitrate and sulfur assimilation and amino acid synthesis. This results in 

accumulation of nitrate and amino acids in lst8-1-1 and mips1 mutants. Moreover, a 

marker for autophagy, ATG8, was found to be upregulated in the lst8-1-1 and mips1 

mutants as well as in TOR RNAi lines (Moreau et al., 2012). This could provide an 

indication that the low energy signaling network also has a role in the regulation of 

SIDM and feeds into the TOR signaling response via myo-inositol or other factors. 

Another option is that myo-inositol is directly involved in the signaling pathway and 

the TOR effects observed are due to its effect on myo-inositol levels. Future 

experiments, possibly via direct myo-inositol treatments could shed further light on 

this matter. All in all, to elucidate which components could facilitate the low-energy 

network response during SIDM more investigation is needed. 

This study has shown that TOR kinase is required in the regulation of SIDM (Figure 4). 

Moreover, TOR mutants show that SIDM is dependent on TOR activity (Figure 4; 

Figure 5). With the addition of even very moderate concentrations of AZD-8055 the 

SAM activation can be completely blocked (Figure 4). Interestingly, sucrose and 

glucose trigger SIDM to the same extent (Figure 1). As reviewed in (Wind et al., 2010), 

sucrose is directly converted to hexoses in the apoplast. This indicates that the 
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glucose signal alone is sufficient for the observed effects during SIDM via activation of 

the TOR pathway.  

Several TOR associated components such as RAPTOR3G and TAP46 were also found 

to have a role in SIDM (Figure 6). Additionally, some of the transcriptional targets of 

the TOR signaling network, like TCTP and ROL5, were also found to have a significant 

impact on SIDM (Figure 7). This shows a wide involvement of the TOR signaling 

network in regulating a major developmental phase transition such as SIDM. 

Interestingly, not all known TOR-associated factors appear to have a significant 

influence on SIDM. Mostly, the lst8-1-1 mutant analysis did not show any significant 

difference compared to the Col-0 background. Possibly, the signaling function of the 

TOR protein complex for the regulation of SIDM could be left intact, even in the 

absence of a functional LST8-1 protein. In the case of TAP46, significant effects were 

observed in the RNAi line but not in the overexpressing line. Most likely, the rate 

limiting factor for the stimulation of SIDM is the TOR protein itself. TAP46 has its 

effect in establishing a functional TOR protein complex while it does not have an 

effect on SIDM by itself. Therefore, adding more than can be incorporated in 

functional TOR protein complex has no further stimulating effects on SIDM. Further 

studies will have to answer the question of what the exact contribution is of the 

individual components of the TOR complex to SIDM. 

To elucidate which downstream effectors are directly responsible for the onset of leaf 

bud outgrowth from the embryonic SAM to facilitate the transition to vegetative SAM 

further studies are also required. Furthermore, the finding that miox4 mutants are 

more sensitive to the addition of sugars shows that myo-inositol metabolism is at 

least partly participating in the signaling that inhibits the onset of SIDM. This shows 

that antagonistic signals to TOR are present in the SAM and possibly part of the low-

energy signaling network. 
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Concluding, the activation of the major metabolic regulator TOR via carbohydrates 

which initiates a downstream network of genes important for SAM activation and leaf 

bud outgrowth.  
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Supplemental information 

 

Figure S1. GWAS targets genes with significant effects on Sugar-Induced Dark Morphogenesis. Top 

panels depict typical plant phenotypes observed at 1% sucrose treatment. Middle panels show the 

frequency distribution of plant phenotypes observed for the respective line. Leaf bud outgrowth is 

scored according to Figure 2. Bottom panels show phenotype for the control 1% sorbitol treatment. 

The frequency distribution graphs in the middle panels show the fraction of seedlings in every growth 

stage of the scoring system. A Kolmogorov-Smirnov frequency distribution test was applied between 

each sample and Col-0 1% Sucrose as control. Signicant differences of frequency distribution are 

depicted with * for p < 0,05, with ** for p < 0,01 and *** for p < 0,001. 
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Figure S2. TOR expression levels in 35S:TOR lines. The graph depicts the average relative fold 

induction of TOR expression determined by qRT-PCR in 3 biological replicates of 4 different 35S:TOR 

overexpression lines grown on soil in standard white fluorescent lighting (16h light period, 120µEm-

2s-1). Fold induction is relative to the TOR expression level in wild-type Col-0 plants. Error bars 

indicate standard deviation of the 3 biological replicates used for each plant line. 
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Abstract 

Seedlings grown in the dark on medium supplemented with sugars show meristem 

development akin to development in the light, referred to as sugar induced dark-

morphogenesis (SIDM). TOR kinase plays an essential role in SIDM as shown by the 

inability of TOR mutants and plants treated with the TOR inhibitor AZD-8055 to 

complete SIDM. The TOR signaling network is linked to the key metabolic regulator 

SnRK1. The SnRK1 signaling pathway activates the C/S1 bZIP transcription factor 

regulatory system, which regulates the trehalose 6-phosphate metabolism. SnRK1 

and TOR networks are linked to Abscisic Acid (ABA) signaling, thereby regulating 

growth in a way that is not fully understood.  

This study aims to investigate the roles of the SnRK1, TOR, trehalose and ABA 

signaling networks in SIDM. It was found that the SnRK1 signaling network 

components can have repressive effects on SIDM. Particularly, overexpression of the 

bZIP11 transcription factor showed strong repression of SIDM, while reduced 

expression of bZIP11 promote SIDM in a TOR dependent manner. Expression analysis 

of known target genes of these signaling networks showed repression of the genes 

MYO INOSITOL OXYGENASE 4 and GLUTAMINE AMIDOTRANSFERASE. Furthermore, 

the KIN10 interacting protein FUSCA3 was found to have a repressive effect on SIDM 

as well. It was found that the ABA biosynthesis mutant aba2-1 is responsive to SIDM, 

which indicates that the ABA signaling network functions as a repressor of SIDM. 

Mutants affected in trehalose metabolism seem not to be connected to SIDM. 

This study shows that bZIP11 is an important negative regulator of SIDM and that 

SIDM is negatively regulated by the SnRK1 and ABA signaling networks while 

promoted by the TOR signaling pathway. 
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Introduction 

The TOR and SnRK1 signaling networks induce massive changes in the transcriptome 

and thereby control metabolic activity and growth. TOR signaling programs 

metabolism for anabolism and growth and represses catabolism (Caldana et al., 2013; 

Dong et al., 2015; Y. Xiong et al., 2013). SnRK1 signaling oppositely promotes 

catabolism, while repressing anabolism (Baena-González et al., 2007). The bZIP 

transcription factor network has also been shown in Chapter 2 and 3 to substantially 

overlap with the SnRK1 signaling network (Hanson et al., 2008; J. Ma et al., 2011).  

Plant developmental phase transitions such as the transition to flowering require 

substantial energy reserves that must be available for succesful completion of the 

transition. The timing of flowering is carefully tuned with many environmental factors 

including day length, age, temperature, light quality as well as an autonomous 

signaling pathway as reviewed in (Boss et al., 2004). Additionally, sugar signals such 

as Trehalose-6-Phosphate have been shown to be indispensible for embryonic 

development and the transition to flowering (Schluepmann et al., 2003; van Dijken et 

al., 2004; Wahl et al., 2013). The timing of flowering and germination are critical to 

plant survival and reproductive success. Therefore, these phase transitions need to 

be carefully timed with sufficient energy resources and environmental conditions. 

Another factor that provides a link between plant energy and development is the 

purple acid phosphatase PAP2 (Sun et al., 2012; Sun et al., 2013). AtPAP2 is targeted 

to both chloroplasts and mitochondria (Sun et al., 2012). It was found that plants 

overexpressing PAP2 grew faster, produced more seeds, and contained greater 

contents of leaf sucrose and glucose (Sun et al., 2012). Transcriptome analysis of the 

PAP2 overexpressing plants showed that widespread reprogramming of the 

transcriptome takes place, characterized by changes in the carbon, nitrogen, 

potassium, and iron metabolism (Sun et al., 2013).  
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In chapter 4 it has been shown that the TOR signaling network plays a critical role in 

regulating Sugar Induced Dark-Morphogenesis (SIDM) that facilitates the 

developmental phase transition from embryonic to vegetative development. Plants 

that were treated with the TOR inhibitor AZD-8055 failed to have any development in 

response to sugars.  

It was previoulsly found that the SnRK1 signaling network can repress phase 

transitions and lead to slower development overall (Baena-González et al., 2007). The 

SnRK1 alpha subunit KIN10 can interact with the protein FUSCA3 to repress the 

transition from vegetative growth to flowering (Tsai & Gazzarrini, 2012). The bZIP11 

transcriptional factor represses plant development (Hanson et al., 2008). bZIP11 is 

part of the SnRK1 signaling network (Baena-González et al., 2007) and connections 

between bZIP11 and trehalose metabolism were also reported (J. Ma et al., 2011). 

Additionally, bZIP11 protein production is regulated by sucrose via a sucrose control 

(SC) peptide produced by an upstream Open Reading Frame (uORF) that in the 

presence of sucrose leads to ribosomal stalling (Wiese et al., 2004; Rahmani et al., 

2009). This regulatory mode directly links sucrose status to bZIP11 biosynthesis. 

The Abscisic Acid (ABA) phytohormone signaling system connects to the sugar and 

SnRK1 signaling networks (Jossier et al., 2009). It was found that plants 

overexpression KIN10 were hypersensitive to ABA and this sensitivity was enhanced 

by addition of glucose (Jossier et al., 2009). Additionally, the protein bZIP63 that is 

phosphorylated and activated by KIN10 (Mair et al., 2015) was found to be a central 

integrator of Abscisic Acid (ABA) and glucose signals (Matiolli et al., 2011). A negative 

feedback on SnRK1 activity via ABA signaling has emerged via the Abscisic Acid 

Insensitive 1 (ABI1) encoded protein phosphatases 2C (PP2C) and PP2CA inactivating 

SnRK1 (Rodrigues et al., 2013). In recent studies it was shown that the ABA signaling 

network is connected to the TOR signaling network as well (Kravchenko et al., 2015). 

ABA hormonal levels were found to be significantly lower in mutants of the TOR 
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signaling network raptor3g and lst8-1 (Kravchenko et al., 2015). Additionally, it was 

shown that the trin1 ABI4 mutant allele is insensitive to the TOR inhibitor AZD-8055 (L. 

Li et al., 2015).  

With the known overlap and crosstalk between the TOR signaling network and the 

SnRK1 signaling network the question is raised how the SnRK1 signaling network 

affects SIDM. This study aims to investigate the role of the SnRK1 signaling network 

on SIDM. Additionally, related signaling networks of ABA, the bZIP11 transcriptional 

factor and trehalose metabolism are investigated. It was found that the SnRK1 

signaling network does have a repressive effect on SIDM. bZIP11 emerged as a key 

repressor of SIDM. While T6P did not appear to directly influence SIDM, the ABA 

signaling network was observed to function as a repressor of SIDM. 

Methods 

Plant materials  

Arabidopsis thaliana 17-β-estradiol inducible mutant lines were created in the wild 

type Col-0 (reference N60000) background. Transgenic plants created for the 

experiments include G1090:XVE-KIN10 and G1090:XVE-TPS1 line 8-2.  

The mutant lines were from the Salk Institute Genomic Analysis Laboratory (SIGnAL) 

and are as follows: gatr (SALK_031983C), tppc (SM_3_607), tppi (GT_5_42038), miox2 

(SALK_040608), miox4 (SALK_129115), prodh1 (SALK_081276), ppdk (SALK_116158). 

All mutants were genotyped to confirm homozygous lines. Previously published 

mutants used in this study include aba2-1 (Léon‐Kloosterziel et al., 1996), abi2-1 

(Koornneef et al., 1984), abi4-1 (Finkelstein et al., 1998), abi4-2 (Quesada et al., 2000), 

abi4-3 (Huijser et al., 2000), prl1-2, prl2-1 and prl1-1 prl2-1 (Weihmann et al., 2012), 

atpap2, PAP2 OE line 7 and PAP2 OE line 21 (Sun et al., 2012) and 35S:ABI4/aba2-1 

lines L6 and L10 (Dekkers et al. 2008). All mutants are in the Col-0 background.  
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Additional lines used include G1090:XVE-bZIP11 line 1 (Weiste & Dröge-Laser, 2014), 

G1090:XVE-bZIP11 amiR (Jebasingh Selvanayagam, Molecular Plant Physiology, 

unpublished), dexamethasone inducible 35S:bZIP11 M and 35S:bZIP11 L (Hanson et 

al., 2008), 35S:KIN10 2 (Baena-González et al., 2007), tps1-2 KO/UBQ::GVG-TPS1 

(Dijken et al., 2004; Wahl et al., 2013), 35S::amiR-TPS1 (Wahl et al., 2013), 35S:TPS1 

(Avonce et al., 2004) and the heterozygous line FUSCA3-3/fusca3-3 (Tsai & Gazzarrini, 

2012). 35S:ABI4 overexpression lines L1-4 and L2-2 (Bas Dekkers, Plant Physiology, 

Wageningen University, unpublished). 

Plasmid creation and plant transformation 

Constructs for the transformation of Arabidopsis plants and creation of 17-β-estradiol 

inducible mutant lines were created using Multi Gateway (Invitrogen, Thermo Fisher 

Scientific, Waltham, USA) technology. The MultiSite Gateway-Compatible cell type-

specific gene-inducible system for plants was used as described in detail in Siligato et 

al., 2016.  The G1090:XVE 17-β-estradiol inducible promoter, 

G1090.XVE.TER.LexA.MP, was cloned into pDONOR P4-P1r and a NosT terminator was 

cloned into pDONOR.P2r-P3 using the method described in  Siligato et al., 2016. The 

complete cDNA sequences for KIN10 and TPS1 were cloned into pDONOR221 using 

the method described in Siligato et al., 2016. attB1 sequence flanked primers were 

used to amplify KIN10 and TPS1 for direct recombination into pDONOR221. For KIN10 

the primers used were (attB1 5`-GGGG-ACA-AGT-TTG-TAC-AAA-AAA-GCA-GGC-TTC-

ACTTTTTCAG-CTCAGAAAAT 3' and attB2 5`-GGGG-AC-CAC-TTT-GTA-CAA-GAA-AGC-

TGG-GTC TGGAGTAAACAAAAACAAAA 3') and for TPS1 the primers used were (attB1 

5`-GGGG-ACA-AGT-TTG-TAC-AAA-AAA-GCA-GGC-TTC GGGCCATAAA CCAGAGACAA 3' 

and attB2 5`-GGGG-AC-CAC-TTT-GTA-CAA-GAA-AGC-TGG-GTC ATGTAATAAG 

AGCTTGTTCT 3'). The pDONOR221 vectors containing the gene of interest were used 

as Box2 entry vectors for Multi-Gateway cloning into the plasmid pB7m34GW. The 

pB7m34GW-G1090.EVE.TER.LexA.MP-KIN10-NosT and the pB7m34GW-
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G1090.EVE.TER.LexA.MP-TPS1-NosT constructs were used drive the expression of 

KIN10 and TPS1 in transgenic plants. The pB7m34GW vectors containing KIN10 and 

TPS1 respectively were used to transfect Agrobacterium tumefaciens of strain C58-1 

by electroporation. Arabidopsis Col-0 plants were transformed using the floral dip 

method as previously described (Clough & Bent, 1998). Transgenic plants were 

brought to a homozygous state through selection on solid half strength MS medium 

supplemented with the herbicide BASTA to select for the presence of the transgenic 

construct in the plant genome. 

Plant cultivation 

Seeds were chlorine gas sterilized for four hours and subsequently pipetted on solid 

growth medium using 0.1% agar solution before stratification in the dark at 4ºC for 2 

days. Plants were grown on half-strength Murashige and Skoog medium with 

vitamins and MES buffer at pH 5.9 and 10 g/L plant agar (Duchefa, Haarlem, NL). The 

medium was supplemented with filter sterilized sucrose, sorbitol 1 µM AZD-8055, 10 

µM dexamethasone or with 10 µM 17-β-estradiol or other compounds as indicated. 

Plates were wrapped in aluminum foil in packs of 10 before stratification and plants 

were grown in the dark at 22°C for 14 days post stratification. The packs of plates 

were tilted forward under an angle of 10º - 15º to ensure meristem contact with the 

medium.  

For the creation of the frequency distribution graphs for each line, the data of plants 

grown at different times under otherwise identical controlled laboratory conditions 

was pooled into one corresponding frequency distribution graph with corresponding 

number (N) of the total plants used in the combined sets of experiments.  
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RNA extraction and cDNA synthesis 

RNA was extracted using the Spectrum Plant Total RNA Kit (Sigma-Aldrich) and 

DNaseI treated ( ThermoFisher Scientific, http://www.thermofisher.com) to remove 

genomic DNA. cDNA was synthesized from the extracted total RNA with the 

RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham (MA), USA), 

using the RT-PCR protocol provided by the manufacturer. Only random primers were 

used for first strand cDNA synthesis. 

cDNA amplification with qRT-PCR 

For qRT-PCR, cDNA samples were added to a 384-wells plate. Per sample, 4 µl of 1 

µg/µl cDNA, 1 µl 10 µM primers and 5 µl Power SYBR® Green Master Mix (Life 

Technologies, Bleiswijk, Netherlands) was added to the wells for a total of 10 µl. 

Samples were amplified using the ViiA™ 7 Real-Time PCR System (Life Technologies, 

Bleiswijk, Netherlands). MONENSIN SENSITIVITY 1 (MON1) was used as reference 

gene.  

Primer sequences used include:  

MON1 (FRW 5’- CAAGGCAGGAAATCACCAGGTTG; REV 5’- CTGTACAGCTGATGCAGACCAG),  

KIN10 (FRW 5’- CAACCGAACCCAGAATGATGGC; REV 5’- AGGCACGGAAACGATTGTCCAG),  

KIN11 (FRW 5’- TGTGCCATGACTTCACCCACTG; REV 5’- TTCCCGGGCTTTGTATAGCTGAAG),  

TOR (FRW 5’- GGAGTCTCCCTCTCCAGCATTAAG; REV 5’- TCCCGACAAATGGCTGCAACTG),  

TPS1 (FRW 5’- TGGAATGGGTTGATAGCGTAAAGC; REV 5’- CGCGAGTTTCAAAGTGTGACCTG),  

bZIP11 (FRW 5’- TCGTCAGGATCGGAGGAGAGT; REV 5’- GATCGTCTAGGAGCTTTTGTTTCTTC),  

DIN1 (FRW 5’- AAGACAGGTCTCGTCCCACTTC; REV 5’- CATTTGACCGCTCTCACAACCG),  

GAT (FRW 5’- ACGCAACACAGGTTGAGATGAAG; REV 5’- AGCCTCTAGAAACTCAGCTTGGG),  

PRODH1 (FRW 5’- TCTCCGACGCGCTTATGAGAAC; REV 5’- AAGTTCCATCCTCATGAGTTGACG),  

PRODH2 (FRW 5’- CGCATAACACAGACTCGGGTAAAC; REV 5’- TCCCGTAAAGCTGCGCAAACTC),  

SEN5 (FRW 5’-ACTCCTAAACTTCCCGGCGAAAC; REV 5’- AGTCCACAGAACAACCTTTGACG),  

AXP (FRW 5’- CTTCGACAAGCCTTCTCACC; REV 5’- TCGTCGCTGTATAGCCAATC),  

TPPG (FRW 5’- TGGATCATCCTTCCCTTCAG; REV 5’- AGATATCATCGCGTCCAACC) and  
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ASN1 (FRW 5’- AAGGTGCGGACGAGATCTTTGG; REV 5’- ACTTGTGAAGAGCCTTGATCTTGC). 

Transient expression experiments in Arabidopsis mesophyll protoplasts 

The protoplast preparation procedure was adapted from (Yoo et al., 2007), with 

minor modifications. Arabidopsis protoplasts were prepared from 4 to 5 week-

old Col-0 rosette leaves of soil grown plants. Protoplasts were obtained by cutting 

leaves dorsoventrally, incubated for 3 hours in 1.25% (w/v) Cellulase R-10, 0.3% (w/v) 

Macerozyme R-10 (Yakult Honsha), 0.4 M mannitol, 20 mM KCl, 10 mM CaCl2, 

20 mM MES (pH 5.7) and 0,1% BSA (Sigma A-6793). The cut leaf strips were vacuum 

infiltrated with the enzyme solution for the first 30 minutes of incubation and 

incubated in the dark for the remaining 2,5 hours. Following incubation, protoplasts 

were washed twice using the isotonic washing buffer W5 (2 mM MES (pH 5.7), 

154 mM NaCl, 125 mM CaCl2, 5 mM KCl) before resuspension in a transformation 

buffer, MMG (4 mM MES (pH 5.7), 0.4 M mannitol, 15 mM MgCl2) to a final 

concentration of 2 x 105 protoplasts/ml. PEG-mediation transfection was performed 

using 5 x 104 protoplasts suspended in 250 μl, combined with 25 μl ddH2O containing 

15 μg of total plasmid DNA. The protoplasts were gently resuspended following 

addition of 275 μl ddH2O containing 40% (w/v) PEG4000 solution in 2 ml Eppendorf 

tubes. Protoplasts were subsequently incubated for 15 minutes at room temperature. 

After transfection the samples were diluted with 2 volumes of W5 medium and 

pelleted at 100 g for 2 min. The supernatant was discarded and the protoplast pellet 

was resuspended in 300 μl incubation buffer WI (4 mM MES (pH 5.7), 0.5 M mannitol, 

20 mM KCl). For AZD-8055 treatment, protoplasts were incubated overnight in WI 

buffer supplemented with 50 μM AZD-8055. In standard transfection experiments, 

protoplasts were incubated for 16 hours overnight in the same conditions as used for 

plant cultivation. Protoplast samples that were used for micro-array analysis were 

incubated for 3 hours in WI solution. After the incubation, protoplasts were pelleted 

at 200 g and aliquots were snap frozen in liquid nitrogen for further analysis. 
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Results 

SnRK1 signaling can inhibit sugar induced dark-morphogenesis 

The major antagonist of TOR function is SnRK1. As previously discussed, negative 

crosstalk takes place between these signaling networks. The effects of the SnRK1 

signaling network on the sugar induced dark-morphogenesis were investigated in 

overexpression lines of the SnRK1 α subunit KIN10 (Figure 1). The 17-β-estradiol 

inducible line XVE:KIN10 line 8-2 showed some repression of sugar induced dark-

morphogenesis but the constitutive 35S:KIN10 2 line didn’t show any significant 

effects. The observed SnRK1 effect, while significant, was small and could not account 

for the full regulation of the SIDM.  

The bZIP11 downstream signaling network has been shown in this thesis to have a 

major overlap with SnRK1 signaling. For this reason mutants in bZIP11 were 

investigated in relation to the SIDM phenotype. The dexamethasone inducible 

overexpression lines bZIP11 M and L showed a complete repression of SIDM. The 17-

β-estradiol inducible overexpression line G1090:XVE-bZIP11 line 1 that has a lower 

bZIP11 expression level compared to the bZIP11 M and L lines also showed a 

repression of SIDM.  
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Figure 1. KIN10 can inhibit Sugar Induced Dark-Morphogenesis. Top panels depict typical plant 

phenotypes observed at 1% sucrose treatment. Middle panels show the frequency distribution of 

plant phenotypes observed for the respective line. Leaf bud outgrowth is scored on the scale (1) no 

outgrowth (2) a clear separation of cotyledons is visible (3) bud outgrowth of first true leaves visible 

(4) Full outgrowth of first true leaves (5) bud outgrowth of second pair of true leaves. Bottom panels 

show phenotype for the control 1% sorbitol treatment. The frequency distribution graphs in the 

middle panels show the fraction of seedlings in every growth stage of the scoring system. A 

Kolmogorov-Smirnov frequency distribution test was applied between each sample and Col-0 1% 

Sucrose as control. Signicant differences of frequency distribution are depicted with * for p < 0,05, 

with ** for p < 0,01 and *** for p < 0,001. 

Repression of the bZIP11 RNA level via the 17-β-estradiol inducible amiR line 

G1090:XVE-bZIP11 amiR showed a strong increase in the developmental stage (Figure 

2). The G1090:XVE-bZIP11 amiR line is also more resistant to AZD-8055 treatment. 

This indicates that bZIP11 is a key repressor of SIDM.  
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Figure 2. bZIP11 is a key repressor of Sugar Induced Dark-Morphogenesis. Top panels depict typical 

plant phenotypes observed at 1% sucrose treatment. Middle panels show the frequency distribution 

of plant phenotypes observed for the respective line. Leaf bud outgrowth is scored according to 

Figure 1. Bottom panels show phenotype for the control 1% sorbitol treatment. The frequency 

distribution graphs in the middle panels show the fraction of seedlings in every growth stage of the 

scoring system. A Kolmogorov-Smirnov frequency distribution test was applied between each sample 

and Col-0 1% Sucrose as control. For 1 µM AZD-8055 treated samples, the significance was tested 

between AZD-8055 and mock treatment for the respective plant line. Signicant differences of 

frequency distribution are depicted with * for p < 0,05, with ** for p < 0,01 and *** for p < 0,001. 

To further investigate the involvement of bZIP11 and SnRK1 in SIDM several bZIP11 

target genes as identified in chapter 2 were tested. The 17-β-estradiol inducible line 

G1090:XVE-bZIP11 line 1 was used to measure overexpression bZIP11 mRNA levels in 

7-day-old Arabidopsis seedlings (Figure 3). The 17-β-estradiol induction achieved an 

18-fold overexpression of bZIP11 in the seedlings. Several targets showed an 

induction including DARK INDUCIBLE 1, SENESENCE 5, PROLINE DEHYDROGENASE 1, 

KIN11 and GAT. These targets are shared with KIN10 overexpression as shown in 

chapter 2 and other published data (Baena-González et al., 2007). No clear effects of 

bZIP11 overexpression could be identified on the expression of TOR, TPS1 or KIN10. 

Additionally, Arabidopsis mesophyll protoplasts were transfected with a plasmid 

containing 35S:bZIP11 to overexpress bZIP11 during 3 hours to identify immediate 
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targets (Figure 3). In this system bZIP11 induces KIN11, PROLINE DEHYDROGENASE 2, 

FLA9 and TREHALOSE PHOSPHATE PHOSPHATASE G, providing a further link to 

trehalose metabolism. 

 

Figure 3. bZIP11 induced target genes in seedlings and mesophyll protoplasts. a) qRT-PCR 

expression data from Arabidopsis seedlings grown for 7 days on MS medium containing 1% sucrose. 

Genes are depicted on the x-axis and the fold change of the expression level between 17-β-estradiol 

treated and mock treated samples is shown on the y-axis. b)  Arabidopsis mesophyll protoplasts 

transfected with the pUGW2 vector containing 35S:bZIP11 and incubated for 3 hours. Genes are 

depicted on the x-axis and the fold change of the expression level between 35S:bZIP11 transfected 

protoplast samples compared to 35S:GFP control protoplast samples is depicted on the y-axis. The 

gene MONENSIN SENSITIVITY 1 (MON1) was used as a reference gene for equal sample loading. 

These findings raised the question whether the observed effects of the bZIP11 

mutants can be attributed to one of these target genes. To investigate the influence 

of these bZIP11 targets on SIDM, mutant lines of several bZIP11 target genes were 

tested for SIDM (Figure 4). This experiment indicated increased development in gat 

and miox4 knock out mutants. The effect seems to be specific to certain genes or 

combined misexpression of several bZIP11 targets as mutants in prodh1, ppdk and 

miox2 did not show a significant difference in SIDM compared to the Col-0 control.  

Sugar induced regulators of SnRK1 have been identified as PLEIOTROPHIC 

REGULATORY LOCUS 1 and 2 (PRL1 and 2) (Bhalerao et al., 1999; Németh et al., 1998). 
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PRL1 and 2 single mutants do not have any significant effect on the SIDM but the 

double knock out mutant prl1 prl2 has a significantly reduced SIDM (Figure 5). This 

indicates that PRL1 and PRL2 functions are required in the molecular response to 

sugars to induce SIDM. Furthermore, the KIN10 interacting protein FUSCA3 was 

investigated with the heterozygous FUSCA3-3/fusca3-3 mutant (Figure 4). The F1 

seed of confirmed FUSCA3-3/fusca3-3 lines was used in the growth assay without 

further selection on genotype. Similar to the miox4 and gat mutants, the FUSCA3-

3/fusca3-3 heterozygote showed a significant increase in development despite the 

expected 25% wild type seedlings of the FUSCA3-3/fusca3-3 F1 progeny. These results 

indicate that tested components of the SnRK1 signaling network all function as 

repressors of SIDM, with bZIP11 as the most powerful one.  

 

Figure 4. bZIP11 target genes MIOX4 and GAT as well as the KIN10 interacting protein FUSCA3-3 

function as repressors of Sugar Induced Dark-Morphogenesis. Top panels depict typical plant 

phenotypes observed at 1% sucrose treatment. Middle panels show the frequency distribution of 

plant phenotypes observed for the respective line. Leaf bud outgrowth is scored according to Figure 

1. Bottom panels show phenotype for the control 1% sorbitol treatment. The frequency distribution 

graphs in the middle panels show the fraction of seedlings in every growth stage of the scoring 

system. A Kolmogorov-Smirnov frequency distribution test was applied between each sample and 

Col-0 1% Sucrose as control. Signicant differences of frequency distribution are depicted with * for p 

< 0,05. 
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Trehalose-6-phosphate and other sugar signaling pathways does not affect 

sugar induced dark-morphogenesis 

 

Mutants affected in the production and breakdown of T6P were tested to investigate 

the effects of altering T6P metabolism on SIDM. The tps1-2 KO/UBQ::GVG-TPS1 (tps1 

ko) line in the absence of dexamethasone showed a small but significant difference 

compared to the Col-0 control (Figure 6). All other TPS1 lines didn’t show any 

significant difference with Col-0 background. This indicates that trehalose-6-

phosphate most likely does not have any direct effects on SIDM. While T6P 

metabolism does not seem to have any clear direct effects on SIDM it was 

investigated if other sugar signals do have such effects (Figure 5). It was found that 

hexokinase also has no effect on SIDM as shown by the gin2-1 knock out mutant and 

the 35S:HXK1 overexpression line. Given the found link between PAP2, plant energy 

management and plant development (Sun et al., 2012; Sun et al., 2013) it was 

investigated if PAP2 could have a role in SIDM. While the result is not completely 

clear it does appear from the results with the overexpression of 35S:PAP2 line 21 that 

PAP2 functions as an inducer of SIDM. This is in line with previous findings that PAP2 

overexpression leads to faster development and transcriptional induction of Light 

Harvesting Complex II (Sun et al., 2013).  
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Figure 5. Pleiotropic regulatory locus 1 and 2 are involved in Sugar Induced Dark-Morphogenesis while hexokinase not. Top panels depict typical plant 

phenotypes observed at 1% sucrose treatment. Middle panels show the frequency distribution of plant phenotypes observed for the respective line. Leaf 

bud outgrowth is scored according to Figure 1. Bottom panels show phenotype for the control 1% sorbitol treatment. The frequency distribution graphs in 

the middle panels show the fraction of seedlings in every growth stage of the scoring system. A Kolmogorov-Smirnov frequency distribution test was applied 

between each sample and Col-0 1% Sucrose as control. Signicant differences of frequency distribution are depicted with * for p < 0,05, with ** for p < 0,01 

and *** for p < 0,001. 



 

136 

 

Figure 6. Mutants affected in trehalose metabolism have no effect on Sugar Induced Dark-

Morphogenesis. Top panels depict typical plant phenotypes observed at 1% sucrose treatment. 

Middle panels show the frequency distribution of plant phenotypes observed for the respective line. 

Leaf bud outgrowth is scored according to Figure 1. Bottom panels show phenotype for the control 

1% sorbitol treatment. The frequency distribution graphs in the middle panels show the fraction of 

seedlings in every growth stage of the scoring system. A Kolmogorov-Smirnov frequency distribution 

test was applied between each sample and Col-0 1% Sucrose as control. Signicant differences of 

frequency distribution are depicted with * for p < 0,05, with ** for p < 0,01 and *** for p < 0,001. 

ABA signaling inhibits dark-morphogenesis and ABA biogenesis mutants are 

more resistant towards TOR inhibition via AZD-8055 

A possible role of the phytohormone abscisic acid (ABA) in SIDM was investigated. 

The ABA biosynthesis mutant aba2-1 (Léon‐Kloosterziel et al., 1996), that has 

reduced endogenous ABA levels, as well as the mutants in the ABA signaling gene 

ABI4 were tested for their effects on SIDM. The aba2-1 mutant showed a clear 

increase in the developmental stage during dark morphogenesis (Figure 7).  
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Figure 7. ABA biosynthesis mutants show a repressive role for ABA in SAM development. Top 

panels depict typical plant phenotypes observed at 1% sucrose treatment. Middle panels show the 

frequency distribution of plant phenotypes observed for the respective line. Leaf bud outgrowth is 

scored according to Figure 1. Bottom panels show phenotype for the control 1% sorbitol treatment. 

The frequency distribution graphs in the middle panels show the fraction of seedlings in every growth 

stage of the scoring system. A Kolmogorov-Smirnov frequency distribution test was applied between 

each sample and Col-0 1% Sucrose as control. For 1 µM AZD-8055 treated samples, the significance 

was tested between AZD-8055 and mock treatment for the respective plant line. Signicant 

differences of frequency distribution are depicted with * for p < 0,05, with ** for p < 0,01 and *** for 

p < 0,001. 

Interestingly, the increase in developmental stage obseved in aba2-1 is repressible by 

AZD-8055 treatment. A comparison with AZD-8055 treated Col-0 wildtype and the 

aba2-1 mutant shows that the aba2-1 mutant is more tolerant to AZD-8055. This 

indicates that developmental effects regulated by TOR are can be repressed by ABA. 

Likely, the reduced ABA levels in the aba2-1 mutant cause a stronger effect of TOR 

signaling on the development of the SAM due to lack of repression. This in turn 

requires a higher dose of AZD-8055 to reduce TOR activity to a similar level as in the 

Col-0 wildtype background. With a role for ABA established in the regulation of dark 

morphogenesis, we further investigated the function of ABI2 and ABI4 in SIDM 

(Figure 7; Figure 8). The overexpression lines L6 and L10 of 35S:ABI4 in the aba2-1 

knock out background (Dekkers et al 2008) (Figure 7) did not have the effect on the 
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phenotypes as observed in the aba2-1 line, indicating that overexpression of ABI4 

alone has no effect in the absence of the ABA signal. A previous study showed that 

the trin1 ABI4 mutant allele is insensitive to AZD-8055 mutants and therefore the role 

of ABI4 in dark morphogenesis was further investigated. Application of AZD-8055 to 

the 35S:ABI4/aba2-1 line showed an increased tolerance to AZD-8055,comparable to 

the aba2-1 single mutant. Therefore, in the absence of ABA ABI4 seems to have no 

role in the regulation of dark morphogenesis. To further investigate the roles of ABI2 

and ABI4 the knock out mutants abi2-1 (Koornneef et al., 1984), abi4-1 (Finkelstein et 

al., 1998), abi4-2 (Quesada et al., 2000), abi4-3 (Huijser et al., 2000) were 

investigated (Figure 8). Additionally, two independent 35S:ABI4 overexpression lines, 

L1-4 and L2-2 (Dekkers et al. unpublished) were included. Results showed no effects 

on the dark morphogenesis phenotype of these lines. This indicates that the ABI4 and 

ABI2 alleles do not affect sugar induced dark-morphogenesis and the ABA related 

effects observed in the aba2-1 mutant are due to other ABA signaling factors. 
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Figure 8. ABA signaling genes ABI2 and ABI4 do not affect Sugar Induced Dark-Morphogenesis. Top panels depict typical plant phenotypes observed at 1% 

sucrose treatment. Middle panels show the frequency distribution of plant phenotypes observed for the respective line. Leaf bud outgrowth is scored 

according to Figure 1. Bottom panels show phenotype for the control 1% sorbitol treatment. The frequency distribution graphs in the middle panels show 

the fraction of seedlings in every growth stage of the scoring system. A Kolmogorov-Smirnov frequency distribution test was applied between each sample 

and Col-0 1% Sucrose as control. For 1 µM AZD-8055 treated samples, the significance was tested between AZD-8055 and mock treatment for the respective 

plant line. Signicant differences of frequency distribution are depicted with * for p < 0,05, with ** for p < 0,01 and *** for p < 0,001. 
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Discussion 

The role of the TOR signaling network has been established for the regulation of SIDM 

but the effects of other signaling networks such as SnRK1 that have large impacts on 

metabolism remained unclear. This study shows that a variety of interacting signaling 

networks control a key aspect of plant development: the embryonic to vegetative 

phase transition. The SnRK1 signaling network emerged as a repressor of SIDM. It 

remains unclear how much of the observed effects in Figure 1 are due to negative 

crosstalk with the TOR signaling network. What is clear is that overexpression of 

KIN10 does have a repressive effect on development and SIDM. This is in line with 

previous findings that development is repressed by SnRK1 (Baena-González et al., 

2007) and with the findings that SnRK1 has large effects that lead to reprogramming 

of the transcriptome in favor of catabolism over anabolism as shown in chapter 2 and 

chapter 3. 

bZIP11 is a downstream factor in the SnRK1 signaling network and bZIP11 has been 

identified as a powerful repressor of SIDM. Possibly, the SnRK1 effects on SIDM are 

due to upregulation of bZIP11. The dexamethasone inducible bZIP11 M and L lines fail 

to show any leaf development in the SIDM assay and are generally smaller and slower 

in their development. The fact that the 17-β-estradiol inducible XVE:bZIP11 line still is 

only slightly repressed in development can be explained by the bZIP11 

overexpression level, which is known to be more than 10 times higher in the M and L 

lines. The C/S1 bZIP transcription factor network is a downstream factor in the SnRK1 

signaling network as shown by direct phosphorylation of bZIP63 by KIN10 (Mair et al., 

2015). However, bZIP63 acts by forming heterodimers with S1 transcription factors 

like bZIP11 (Ehlert et al., 2006; Weltmeier et al., 2006). Next to this bZIP11 also has a 

distinct effect on the transcriptome that is not necessarily shared via SnRK1 signaling 

activity as shown in chapter 2. bZIP11 does have a large effect on reprogramming the 



 

141 

 

transcriptome in favor of catabolism over anabolism. As previously described in the 

manuscript, bZIP11 overexpression does induce a set of genes independent of SnRK1 

some of which are associated to various transport processes such as the transport of 

nitrogen containing compounds. These transport processes could be essential to 

make sufficient nutrients available for development. Overexpressing bZIP11 could 

lead to a total developmental halt, despite the presence of sugars, due to a lack of 

other essential nutrients such as nitrogen containing compounds. This could make 

the observed phenotypes in bZIP11 overexpressor largely independent of SnRK1 

signaling. However the effect of the partly knockouts bZIP11 lines clearly indicate that 

bZIP11 is directly involved in repressing SIDM possibly as a downstream effector of 

SnRK1. 

A link between ABA and SnRK1 was established in previous research (Jossier et al., 

2009). The effects of the ABA signaling network on SIDM can be clearly observed in 

the ABA biosynthesis mutant aba2-1. Remarkably, the abi2-1 and various ABI4 

mutants did not show an effect on SIDM. ABI4 has been identified as a master 

regulator that is part of a complex network that integrates responses to light, ABA 

and sugar to regulate development. Furthermore, the finding that the trin1 ABI4 

allele is insensitive to AZD-8055 points to an important connection with the TOR 

signaling network (L. Li et al., 2015). A clear connection exists between ABA and SIDM 

but ABI4 does not have a large role in mediating this response. The connections 

between ABA, SnRK1 and TOR as well as SIDM point towards the possibility that the 

ABA signaling network is somewhere at the interplay between the SnRK1 and TOR 

signaling networks and that crosstalk takes place to regulate ABA response 

accordingly. It is possible that the ABA effects are mediated via the SnRK1 signaling 

route; however, this needs further investigation. 

The sugar signaling molecule T6P has emerged as an inhibitor of SnRK1 (Y. Zhang et 

al., 2009) and has the ability to repress SnRK1 and bZIP11 target genes (T. L. Delatte 
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et al., 2011). Furthermore, T6P has been identified as essential for normal embryo 

development and the transition to flowering (Dijken et al., 2004; Schluepmann et al., 

2003; Wahl et al., 2013). It is therefore surprising that no clear effects of manipulating 

the T6P level could be observed in relation to SIDM (Figure 6). The tps1-2 

KO/UBQ::GVG-TPS1 mutant that has a reduced T6P level and fails to make the 

transition to flowering has no effect on SIDM. In fact, when the frequency distribution 

is studied for this line it seems to be slightly more developed than the Col-0 control. 

This could be due to reported hypersensitivity of this line to externally applied sugars 

(Dijken et al., 2004). Trehalose is known to stimulate starch accumulation which could 

be disrupted in the tps1-2 KO/UBQ::GVG-TPS1 mutant (Schluepmann et al., 2004). 

PRL1 was identified as a sugar induced repressor of SnRK1 in Arabidopsis (Bhalerao et 

al., 1999). PRL1 and PRL2 are not functionally redundant and it has been shown that 

PRL2 has an important role in regulating normal development (Weihmann et al., 

2012). While the single knock out mutants of PRL1 and PRL2 did not show a 

significant effect on SIDM the double knock out prl1 prl2 was significantly repressed 

in the level of SIDM observed (Figure 5). These plants are generally smaller and 

develop slower so it remains currently unclear if there is a direct connection between 

these genes and SIDM. 

In conclusion the data presented here suggest strong connectivity between the SnRK1, 

TOR, bZIP and ABA signaling networks. The SIDM assay proves most useful in studying 

the effects of crosstalk between signaling networks that promote or represses sugar 

induced growth. The ABA signaling network also functions as a repressor of SIDM and 

is likely at the interplay between the SnRK1 and TOR signaling networks to regulate 

developmental responses. No direct effects of T6P or hexokinase on SIDM were 

observed but other sugar signaling factors such as PAP2 do affect SIDM. Further 

investigations should identify how these pathways are linked to TOR and SnRK1. 
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Crosstalk between the TOR and SnRK1 signaling networks can be observed in the 

SIDM assay but many questions remain. The mechanisms and components involved 

in establishing crosstalk between the TOR, SnRK1 and ABA signaling networks are 

unknown. bZIP11 has been identified as a key regulator of SIDM but it is still not clear 

if the observed effects of bZIP11 depend on SnRK1. Future studies should identify the 

exact function of bZIP11 and the mechanisms that connect it to the TOR and ABA 

signaling networks. 
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Plants are sessile organisms that spend their entire life in a single location. A 

consequence of this lifestyle is the need to adapt their growth and development to 

prevailing environmental conditions that can affect plants energy reserves. Plants 

obtain the energy they need to grow and adapt to environmental conditions via the 

conversion of light energy into chemical energy during photosynthesis. Keeping the 

energy reserves in balance is critical during the life of plants as environmental 

conditions can change in relatively short time spans and provide an acute stress 

situation, be it of biotic or abiotic origin.  

To maintain the energy balance plants have several signaling pathways that have 

been studied and discussed in this thesis. Two of the key signaling pathways, the TOR 

and SnRK1 pathways, mediate signaling in response to changes in energy reserves to 

adapt growth and metabolism accordingly. The TOR kinase signaling network 

generally promotes anabolism during energetically favorable conditions while the 

SnRK1 signaling network generally promotes catabolism during demanding stressful 

conditions. The bZIP transcription factor family has been identified as downstream of 

SnRK1, while TOR downstream transcriptional effectors are largely unknown. So far, 

there is very limited information about the interaction between the SnRK1 and TOR 

signaling pathways in plants. However, one repressor of SnRK1 kinase has been 

identified as the sugar phosphate T6P (Y. Zhang et al., 2009). Still, much remains 

unclear about the in planta circumstances where SnRK1 mediated repression could 

take place. Similarly, it is important to know the nature of the relation between TOR 

kinase and T6P. 

In chapter 2 the transcriptional response to overexpression of KIN10, bZIP11, TPS1 as 

well as TOR inhibition was analyzed in seedlings. The transcriptional profiles show 

strong links with metabolism and stress responses as expected based on previous 

publications. Interestingly, a strong positive correlation exists in transcriptional 

regulation between AZD-8055 treatment which represses TOR kinase function and 
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KIN10 and bZIP11 overexpression. This is very indicative of an antagonistic relation 

between TOR and SnRK1 regulation of downstream transcriptional targets. A 

remarkable outcome is the finding that manipulation of SnRK1 and TOR kinases has 

direct influence on the defense related gene expression. This shows that regulation of 

energy resources is tightly linked to defense. Moreover, increased ROS related gene 

expression was observed akin to the hypersensitive response that plants display 

against biotrophic pathogens (Apel & Hirt, 2004; Liu et al., 2005; Gill & Tuteja, 2010; 

Bailey-Serres et al., 2012). It also suggests that the restricted growth phenotype of 

plants with constitutively activated defense (van Hulten et al., 2006) is largely due to 

regulation via SnRK1 kinase and not due to a limitation of resources per se.  

 In chapter 3, crosstalk on the SnRK1 and TOR transcriptional responses was shown 

with micro-array data of mesophyll protoplasts overexpressing KIN10, bZIP11, TPS1 

and TOR. Interestingly, activity of the full length TOR protein is required for SnRK1 

target suppression although truncated forms of the proteins have in other assays 

been shown to be functional (Ren et al., 2011). Moreover, SnRK1 target genes can be 

induced by AZD-8055 mediated TOR inhibition even in the presence of added sugars, 

indicating that the inhibition of SnRK1 responses by sugars is mediated by TOR 

activity.  

To analyze how the transcriptomic results obtained in this study compared to other 

published transcript level analysis, our results were directly compared with the 

published data sets. As many of the studies used for comparison used different 

growth conditions, plant developmental stages, tissues, treatments and time scales it 

was not expected to find close to identical responses. However, the central position 

of the TOR and SnRK1 kinases as master regulators of metabolism would be 

strengthened by strong similarities between datasets. Additionally, this data can 

provide more insight into the antagonisms observed between TOR, SnRK1 and bZIP11 

transcriptomic regulation as discussed previously in this thesis.  
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A manual selection of two groups of genes was made that show distinct and opposite 

regulatory patterns. These genes also illustrate how the different treatments and 

experiments compare (Figure 1). The comparison includes RNA sequencing data on 

inducible lines containing the G1090::XVE promoter as presented in chapter 2, micro-

array data of overexpression of TOR, KIN10, bZIP11 as well as AZD-8055 treatments as 

presented in chapter 3, studies on TOR inhibition via RNAi (Xiong et al., 2013) and 

AZD-8055 application (Dong et al., 2015), T6P increase via expression of OtsA (Y. 

Zhang et al., 2009), bZIP11 overexpression (Hanson et al., 2008), bZIP11 

overexpression in combination with trehalose feeding (Ma et al., 2011; Ma, 2012) and 

KIN10 overexpression (Baena-González et al., 2007).   

The first group of genes includes genes that are subject to crosstalk between TOR and 

SnRK1 and are part of the group of genes that consists of the TOR inhibited SnRK1 

targets (Figure 1A). These genes are strongly induced by both KIN10 overexpression 

as well as TOR inhibition via AZD-8055 (Dong et al., 2015) treatment. There is also a 

strong antagonism between experiments in which SnRK1 activity is modified, 

trehalose is fed to the plants or OtsA overexpression experiments. Changes in bZIP11 

expression level do not seem to significantly influence expression of this group of 

genes. TOR activity has a repressive effect on the expression of these genes as can 

been seen by the transcriptional induction after AZD-8055 treatment (Dong et al., 

2015).  
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Figure 1. Multi-experiment analysis reveals groups of co-regulated genes with antagonistic patterns 

between treatments. Multi Experiment Viewer (MeV) plots depicting co-regulation of different 

groups of genes among multiple experiments. Experiments used for comparison are shown on the 

legend on the y-axis. Gene names are listed on the x-axis. Transcriptional regulation of genes is 

shown by a color gradient with blue, -2.0 fold repression and yellow, 2.0 fold induction. A) co-

regulated genes induced by KIN10 and bZIP11 expression and repressed by OtsA expression B) co-

regulated genes repressed by SnRK1 induction and AZD-8055 treatment but induced by OtsA 

expression and trehalose feeding.  

The second group of genes includes genes that are subject to crosstalk between TOR 

and SnRK1 and are, contrary to group 1, part of the group of genes that consists of 

the SnRK1 inhibited TOR targets (Figure 1B). This group of genes is strongly repressed 

by KIN10 overexpression and AZD-8055 treatment experiments, while being induced 

by trehalose feeding and OtsA overexpression experiments. Remarkably, none of the 

protoplast transfection experiments have any clear effect on the expression of the 

second group of genes while overexpression of KIN10 and bZIP11 in seedlings does 

repress the second group of genes. This finding might indicate that the second group 

of genes is not expressed in mesophyll cells and therefore not identified in the 

protoplast experiments. 

This multi-experiment comparison shows that several distinct patterns emerge of co-

regulated genes, both for targets regulated by TOR and SnRK1 crosstalk as well as a 

particularly strong antagonism between SnRK1 and T6P regulated genes (Figure 1). A 

clear pattern emerging is that T6P induction via overexpression of the E. coli gene 

OtsA (Y. Zhang et al., 2009) or via trehalose feeding (Ma et al., 2011; Ma, 2012) has an 

antagonistic expression pattern to SnRk1 overexpression. This further indicates that 

T6P and, possibly other related sugar phosphates, likely do play an important role in 

the repression of SnRK1. As suggested in a recent study, the crosstalk between the 

SnRK1 and TOR signaling pathways takes place via brassinosteroids. The finding that 

TOR activity is required for the sugar induced elongation of the hypocotyl via the 
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stabilization of BZR1 shows that brassinosteroids are important regulators of plant 

development (Z. Zhang et al., 2016). Moreover, it was found that BZR1 is degraded by 

autophagy when TOR is inactivated. Therefore, SnRK1 possibly stops growth in the 

absence of sugars by promoting autophagy-mediated BZR1 degradation. 

Important to consider in such comparisons of datasets is that time scales vary 

considerably from 3 hours in the protoplast samples discussed in chapter 3, to 24 

hours for seedlings in the estradiol inducible lines. Longer time scales mean that 

enough time has passed for several cycles of transcription and protein translation 

which in turn can feed back on the response and lead to possible secondary effects. 

This is especially important to take into account in the light of findings of hit and run 

induction of transcription as found for several bZIP1 targets that are only effectively 

induced in the first minutes after bZIP1 expression induction (Para et al., 2014). Such 

a mechanism may explain why some of the protoplast samples did not always cluster 

together with the seedling samples that overexpress the same expression inducing 

gene.  

A remarkable difference is the limited similarity between the 35S:TPS1 protoplast 

dataset and those of previous studies in which the T6P level was raised by OtsA 

overexpression or trehalose feeding. There is a distinct identifiable negative 

correlation between SnRK1 transcriptionally induced target genes and the OtsA 

expression and trehalose feedings experiments (Figure 1A). SnRK1 transcriptionally 

repressed targets are up-regulated by OtsA expression or trehalose feeding (Figure 

1B). This is not readily observed in the case of 35S:TPS1 protoplast samples. 

Additionally, it is not observed in the 17-β-estradiol inducible mutant G1090:XVE-

TPS1. The different results obtained with the protoplast samples could be time scale 

related. It is possible that 3 hours is not a sufficiently long time scale for the 

production of enough T6P to have a significantly negative impact on the 

transcriptional regulation of SnRK1 targets. The seedling data perhaps tells a different 
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story as the time scale of induction for these samples was 24 hours. Possibly, another 

factor acts as a rate limiting step in increasing T6P or its signaling effects that is 

absent in the OtsA or trehalose feeding experiments. Additionally, observed 

differences could be related to developmental stage of the plants and the tissue 

sampled.  

In chapter 4 it was shown that seedlings grown in the dark on medium supplemented 

with sugars show meristem development akin to development in the light, referred to 

as sugar induced dark-morphogenesis (SIDM). For this study the developmental 

phase transition from embryonic to vegetative growth was used. This transition 

coincides with the switch from heterotrophic to autotrophic growth in which plants 

start to create chemical energy from light energy. A correct timing of developmental 

phase transitions is critical to the survival of plans. It was found that TOR kinase plays 

an essential role in in the promotion of the phase transition. SIDM was absent in 

treatments with TOR inhibitor AZD-8055 and significantly reduced in TOR associated 

mutants. The activation of the major metabolic regulator TOR via carbohydrates 

initiates a downstream network of genes important for SAM activation and leaf bud 

outgrowth. This downstream network of genes includes the TOR associated factors 

Raptor3g and TAP46 and downstream genes TCTP1 and ROL5. 

In chapter 5 it was shown that SnRK1 signaling, antagonistically to TOR, has inhibitory 

effects on SIDM. bZIP11 in particular has been identified as a key repressor of SIDM. 

Remarkably the inducible overexpression mutant lines 35S:bZIP11 M and L show a 

complete block of SIDM akin to treatments with the TOR inhibitor AZD-8055. It is 

unclear if the observed repressive effects on SIDM by KIN10 overexpression depend 

on downstream bZIP11 activation. The transcriptomic results from chapter 2 and 3 

show that repression of TOR results in induction of a subset of transcriptional SnRK1 

and bZIP11 targets. In the light of this result, it is likely that a common target is 

affected by bZIP11 overexpression and TOR inhibition that is critical for the onset of 
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SIDM. This could mean that phase transitions are dependent on crosstalk between 

TOR and SnRK1 to adjust timing of such transitions to sufficiently favorable conditions.  

Previously, it has been shown that T6P has profound effects in the SAM during the 

phase transition to flowering (Wahl et al., 2013). However, in chapter 5 manipulating 

T6P did not affect SIDM. Unexpectedly, the tps1-2 KO/UBQ::GVG-TPS1 (tps1 ko) line 

had a small but significant stronger SIDM response.  In light of the importance of T6P 

in the floral phase transitions, our results in which the tps1 ko plant meristem shows 

stronger development than wild type for the embryonic to vegetative transition, is 

unexpected (chapter 5). Other TPS1 mutant lines including the RNAi line as well as 

35S:TPS1 overexpression lines all had no significant effects on SIDM. It is therefore 

likely that the observed effect in tps1-2 KO/UBQ::GVG-TPS1 (tps1 ko) is a residual 

effect of the rescue construct that is induced in the parent plants during seed set to 

rescue the embryonic lethality of the tps1 ko mutation. With the strong correlation 

between T6P and sucrose levels it is possible that the induction of TPS1 expression in 

seeds led to more sugar reserve storage in the seeds. This would have given the tps1-

2 KO/UBQ::GVG-TPS1 a slight head start and could account for the observed effect. 

As T6P has no significant effects, it remains very much the question what factor 

downstream of TOR is directly responsible for the repression of SnRK1 and bZIP11 to 

promote SIDM in the presence of sugars. It is possible that TOR or associated 

components require T6P availability in the SAM during phase transitions. Only 

changing the T6P status without providing other resources that could induce TOR 

would then lead to absence of an SIDM response. Future studies will have to look 

further into the link between TOR and T6P signaling. 

The animal equivalent of SnRK1, AMPK, regulates the TOR pathway via 

phosphorylation of TSC2/TSC1 proteins that subsequently inactivate the important 

activator of TOR, Rheb GTPase, as reviewed by (Xu et al., 2012). Additionally, AMPK 

inhibits RAPTOR as reviewed by (Inoki et al., 2012). Another key protein for crosstalk 
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between the AMPK and TOR signaling systems is ULK1 (Kim et al., 2011) which is a 

regulator of autophagy. ULK1 can be either activated or deactivated by 

phosphorylation at different target sites by AMPK and TOR, respectively, as reviewed 

by (Inoki et al., 2012). An Arabidopsis Rheb homolog has so far not been identified. It 

has been suggested that TCTP could be a regulator of a Rheb homolog in Arabidopsis 

but this needs further investigation (Berkowitz et al., 2008). Also in animals very little 

is known on how repression of AMPK takes place in relation to TOR activity. 

An interesting finding of chapter 5 is that ABA signaling leads to inhibition of SIDM. 

This was shown in the ABA biogenesis mutants aba2-1 that has reduced levels of 

endogenous ABA. Exactly which component of the ABA signaling network is critical 

for the inhibition of SIDM will have to be identified in a future study. The aba2-1 

mutant is also more resistant towards TOR inhibition via AZD-8055. This shows that 

there must be a link between ABA, TOR and SnRK1 but the mechanisms and 

components involved in establishing the link between the TOR, SnRK1 and ABA 

signaling networks remain unknown. Future studies would also have to identify the 

exact function of bZIP11 and the mechanisms that could link it to the TOR and ABA 

signaling networks. 

Origin of datasets 

The Affymetrix GeneChip Arabidopsis ATH1 Genome Array was used to generate the 

datasets published by Hanson et al. (2008) and Ma et al. (2011) (bZIP11 

overexpression), (J. Ma, 2012) (trehalose feeding) and Xiong et al. (2013) (TOR RNAi). 

CEL files supplementary to (Y. Xiong et al., 2013) were downloaded from GEO on 

22/3/2014 (accession GSE40245). CEL files supplementary to the other three datasets 

were provided by the authors.  

Probe expression levels were summarized and RMA normalized in R (R Core Team, 

2013) using the packages ath1121501cdf v 2.14.0 (downloaded on 1/5/2014) and affy 
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(Gautier et al., 2004) (downloaded on 7/2/2014). Fold changes were calculated using 

the Limma package (Smyth, 2005) and p-values were Benjamini Hochberg FDR 

adjusted. Annotation of genes was done using a custom made annotation database 

based on ATH1-121501.na34.annot.csv downloaded on 6/5/2014 from 

affymetrix.com.  

The Galbraith Arabidopsis Oligonucleotide Microarray 29K v.3 was used to generate 

the dataset published by (Y. Zhang et al., 2009) (OtsA overexpression). Processed data 

were downloaded from ArrayExpress 9/5/2014 (accession E-MEXP-2091). Expression 

levels were log2 transformed in R (R Core Team, 2013). Fold changes were calculated 

using the Limma package (Smyth, 2005) and p-values were Benjamini Hochberg FDR 

adjusted. Annotation of genes was done using a custom made annotation database 

based on A-MEXP-1537.adf.csv.probe.gene.txt downloaded on 9/5/2014 from 

https://www.ebi.ac.uk/arrayexpress/files/A-MEXP-1537.  

Relative fold changes of the 2 replicates of KIN10 overexpression published by 

(Baena-González et al., 2007) originate from Supplementary Table S1 in this 

publication. In this table, p-values of genes that were assigned to be significantly 

downregulated did not reach the defined significance level. For comparison with 

other datasets we set these p-values artificially to 0.049.  

Fold changes of the AZD addition dataset published by (Dong et al., 2015) originate 

from Supplementary Table S2 in this publication. Genes were assigned to be 

significantly up- or downregulated by the authors if their probability was higher than 

0.8. For comparison with other datasets we set these probability values to artificial p-

values with the formula p-value = (1-probability)/4. This transformed probability 

values > 0.8 into p-values < 0.05.   

  

https://www.ebi.ac.uk/arrayexpress/files/A-MEXP-1537
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Nederlandse samenvatting 

Planten halen de energie die nodig is voor hun ontwikkeling en groei uit CO2 dat met 

behulp van zonlicht tijdens de fotosynthese wordt omgezet in koolhydraten. Tijdens 

de Calvin-Benson cyclus worden de koolhydraten omgezet in glyceraldehyde 3 fosfaat, 

wat later nog verder wordt omgezet naar sucrose. Voor planten is het essentieel dat 

deze sucrose op de juiste manier wordt gebruikt tijdens het leven van de plant.  

Wanneer planten groeien doen ze dat hun hele leven op dezelfde plek. Deze 

levensstijl brengt allerlei unieke uitdagingen met zich mee. Zo is er de directe 

concurrentie met naburige  planten voor zonlicht en nutrienten uit de grond. 

Daarnaast is het weer ook onvoorspelbaar en zijn er allerlei belagers die ziektes 

kunnen veroorzaken danwel de plant kunnen aanvreten. Om met deze uitdagingen 

goed om te gaan is het voor planten van groot belang dat ze hun groei en 

ontwikkeling kunnen reguleren en timen. Een verkeerde timing van bloei tijdens een 

vorstperiode zou er bijvoorbeeld voor kunnen zorgen dat er geen nageslacht komt.  

Er zijn verschillende moleculaire regelsystemen gevonden in planten die een 

belangrijke rol spelen bij het gebruik van energie tijdens de ontwikkeling. Sucrose zelf 

is een signaalmolecuul alsmede de suiker trehalose 6 fosfaat (T6P) waarvan 

aangetoond is dat het een belangrijke rol speelt voor de transitie naar 

ontwikkelingsprocesses zoals bloei. Deze suikers kunnen samen met eiwitten 

moleculaire signaleringscascades aansturen ter bevordering of remming van groei. 

Aan een kant van het spectrum is er het TOR eiwit dat een eiwit signaleringscascade 

kan aansturen ter bevording van groei. Daar tegenover staat het SnRK1 eiwit dat juist 

een eiwit signaleringscascade in gang zet voor de conservatie van energie. 

Verschillende componenten uit de signaleringscascades zijn ook al geïdentificeerd. 

Componenten uit de TOR cascade zijn onder andere de eiwitten RAPTOR en TAP46 

die samen met TOR een eiwitcomplex vormen. Verschillende componenten uit de 
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SnRK1 signaleringscascade zijn ook bekend waaronder het eiwit bZIP11 dat de 

transcriptie van andere genen kan aansturen. Tevens hebben studies gevonden dat 

de suiker T6P de mogelijkheid heeft om de signaleringsfunctie van het SnRK1 

eiwitcomplex te onderdrukken. 

Het is voor een groot deel nog onduidelijk hoe deze regelsystemen voor het gebruik 

van energie in planten met elkaar samenhangen en wat voor mogelijke communicatie 

op moleculair niveau plaatsvindt. Het doel van het onderzoek gepresenteerd in dit 

proefschrift om meer duidelijkheid te verschaffen wat voor mogelijke overlap of 

antagonismen er zijn als het gaat om het aansturen van genen door de moleculaire 

signaleringscascades. Tevens wordt de koppeling gemaakt naar de ontwikkeling van 

planten. Specifiek wordt gekeken naar welke invloed deze systemen hebben bij 

transitie van embryonale naar vegetatieve groei van planten. Dit is de transitie van 

een zaailing naar een plant die via fotosynthese zijn eigen suikers kan maken van CO2 

onder invloed van licht.  

In hoofdstuk 2 wordt in kaart gebracht welke genen worden aangestuurd door TOR, 

SnRK1, bZIP11 en T6P induceerbare mutant plantlijnen. Dit in kaart brengen van 

aangestuurde genen is belangrijk om de mogelijke verbindingen tussen de 

regelsystemen te ontrafelen. In deze plantlijnen wordt het gen tot overexpressie 

gebracht waardoor het veel sterker aanstaat dan normaal. Tevens wordt ook TOR 

onderdrukt middels toediening van de stof AZD-8055. Een opvallend resultaat is dat 

er opmerkelijke overlap is tussen de genen die worden aangestuurd door SnRK1, 

bZIP11 en de remming van TOR middels AZD-8055. Derhalve volgt de conclusie dat 

juist de remming van TOR zorgt voor een inductie van de SnRK1 respons. Een 

opmerkelijke vondst is dat veel afweer gerelateerde genen worden aangestuurd door 

SnRK1 en bZIP11 alsmede de onderdrukking van TOR. Dit geeft aan dat afweer en de 

energieregulatie nauw met elkaar in verbinding staan. 
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In hoofdstuk 3 wordt  de communicatie tussen de regelsystemen verder onderzocht 

door TOR, SnRK1, bZIP11 en T6P zowel enkel als in combinaties tot overexpressie te 

brengen in protoplasten. Protoplasten, ofwel plantencellen zonder celwand, zijn een 

handig middel om op korte tijdschaal verschillende combinaties van overexpressie te 

kunnen testen alsmede de onderdrukking van TOR middels AZD-8055. De 

aangestuurde genen in deze experimenten tonen aan dat er een direct antagonisme 

is tussen TOR en SnRK1 bij de aansturing van SnRK1 geïnduceerde genen. De 

combinatie van TOR en SnRK1 overexpressie tegelijkertijd zorgt ervoor dat een groot 

deel van de normaal door SnRK1 geïnduceerde genen niet meer wordt geïnduceerd. 

Deze remming van de SnRK1 respons door TOR is in zekere mate ook waarneembaar 

bij een deel van de bZIP11 geïnduceerde genen. Daarbovenop is het ook nog zo dat 

enkel de toediening van AZD-8055 voor de onderdrukking van TOR ervoor zorgt dat 

SnRK1 aangestuurde genen al worden geïnduceerd. Behalve in protoplasten is dit ook 

in zaailingen waarneembaar wat verder aangeeft dat deze regulatie waarschijnlijk een 

fundamenteel mechanisme is tijdens een groot deel van de ontwikkeling van de plant. 

In hoofdstuk 4 wordt onderzocht welke factoren bepalend zijn bij de 

ontwikkelingstransitie van zaailing naar vegetatieve plant. Hiervoor is eerst een 

Genome Wide Association Study (GWAS) gedaan door veel natuurlijke varianten van 

Arabidopsis op deze respons te onderzoeken teneinde kandidaat genen voor de 

respons te identificeren. Dit gebeurde in een screen waar planten 2 weken in het 

donker groeiden met toevoeging van wel of geen suiker. Natuurlijke Arabidopsis 

varianten die gevoelig zijn voor de suiker beginnen dan al met de transitie en vormen 

al bladeren terwijl ze zich nog in het donker bevinden. Uit de GWAS kwamen enkele 

kandidaat genen zoals TCTP en MIOX4. Deze genen zijn allebei te herleiden naar de 

TOR signaleringscascade. Vervolgens werd deze screen nogmaals gedaan door het 

directe effect van TOR op het ontwikkelingsproces te onderzoeken middels 

toevoeging van AZD-8055 en enkele TOR mutanten. De resultaten tonen aan dat TOR 

een essentiële rol speelt bij de transitie naar vegetatieve groei in planten en 
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verschillende componenten uit de signaleringscascade zoals TCTP, TAP46 en RAPTOR 

hebben hier ook hun invloed op. 

In hoofdstuk 5 wordt onderzocht welke invloed SnRK1 en de andere hiervoor 

onderzochte regelsystemen hebben op de transitie in de ontwikkeling van zaailing 

naar vegetatieve plant. Het blijkt dat het antagonisme tussen SnRK1 en TOR ook 

duidelijk terug te vinden is in het verloop van deze transitie. Mutanten die SnRK1 tot 

overexpressie brengen lopen achter in deze transitie terwijl TOR tot overexpressie 

brengende planten juist voorlopen. Heel opvallend is dat planten die bZIP11 tot 

overexpressie brengen helemaal geen transitie meer doormaken gelijkend aan 

planten die met AZD-8055 behandeld zijn. Dit duidt er op dat bZIP11 een belangrijke 

remmer is van dit ontwikkelingsproces en dat de effecten die geobserveerd zijn voor 

SnRK1 mutanten mogelijk toe te schrijven zijn aan het effect dat bZIP11 

bewerkstelligt. Deze resultaten bevestigen de eerder gevonden samenhang tussen 

SnRK1, bZIP11 en het antagonisme met TOR van deze systemen. Het effect van T6P 

op deze transitie is ook onderzocht maar er is geen duidelijk effect waarneembaar bij 

planten met zowel meer als met minder T6P op het verloop van deze transitie.  

De behaalde resultaten geven een duidelijk beeld van een samenhang tussen de 

moleculaire regelsystemen die het gebruik van energie in Arabidopsis reguleren. Dit 

leidt tot een model waarbij SnRK1 en TOR de hoofdregelaars zijn van de 

energieconsumerende processen in de plant. Onder deze hoofdregelaars is een 

uitgebreid netwerk van factoren waar onder andere bZIP11 een belangrijke rol in 

speelt bij het aansturen van genen. Het antagonisme in de aansturing van genen 

tussen SnRK1 en TOR alsmede de daaruit voortvloeiende effecten op de regulatie van 

ontwikkelingsprocessen scheppen een beeld van een fundamenteel systeem aan de 

basis van plant cellulaire processen. Dit beeld van een fundamenteel systeem wordt 

verder versterkt door de effecten op plantafweer van SnRK1 en bZIP11 en de 

remming van TOR. Met de energiekosten die afweer met zich meebrengt is het 
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belangrijke dat vanuit de hoek van energieregulatie hier sterke grip op is. Er komen 

verschillende open vragen voort uit het onderzoek. Dit is met name de vraag welke 

moleculaire componenten direct verantwoordelijk zijn voor de communicatie over en 

weer tussen het TOR en SnRK1 systeem. Tevens blijft onduidelijk wat de rol van T6P is 

in de praktijk tijdens de plantontwikkeling en wat de precieze banden zijn tussen T6P, 

TOR en SnRK1.  
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