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Plastid to Nucleus Signalling and the Evolution of C4 

Photosynthesis 

 

Robyn Lynch Phillips 
 

ABSTRACT 

Plastid to nucleus signals have been shown to regulate core photosynthetic genes, in both C3 

and C4 species. However, the regulatory mechanisms of this signalling are not well understood. 

C4 photosynthesis has evolved from the ancestral C3 state in over sixty lineages of plants. 

Although commonly described as the most remarkable example of convergent evolution known 

to biology, more recent analysis indicates that the C4 pathway is also underpinned by parallel 

evolution. For example, orthologous genes from separate C4 lineages have repeatedly been 

recruited into the C4 pathway such that they are co-regulated with existing genes of C3 

photosynthesis. For decades, the mechanisms allowing co-regulation of C4 and C3 

photosynthesis genes have been unclear, but it was recently shown that in C3 Arabidopsis 

thaliana C4 orthologues can be controlled by plastid-to-nucleus signalling (Burgess et al. 

2016). This strongly implies that evolution has re-enforced existing regulatory networks that 

operate in the C3 state to control expression of C4 genes. Currently, the extent to which this 

phenomenon is true in additional C3 lineages is not known. The work presented here aimed to 

understand in more detail which genes are under plastid control in a eudicotyledon and 

monocotyledon model and identify the factors involved.  

 

To investigate this, Arabidopsis thaliana and Oryza sativa were subjected to inhibitors of 

chloroplast development and differential gene expression analysis performed by mRNA 

sequencing. Comparisons between illuminated and dark-grown plants for each treatment 

enabled the complementary roles of plastid-to-nucleus signalling and light regulation to be 

identified. Over 20,000 genes were detected for each sample, with over 1000 genes 

differentially expressed in lincomycin-treated plants compared to controls, and over 3500 

genes differentially expressed when plants were treated with norflurazon. Furthermore, over 

half of the C4 orthologues in these two C3 species were regulated by both light and the 

chloroplast. Genes whose transcript abundance was significantly affected by chloroplast 

inhibition were scanned for known motif binding sites. A number of putative transcription 

factors were identified that bind to motifs found in both A. thaliana and rice chloroplast 

responsive genes. An additional method for identifying potential cis-regulatory elements 

involved in plastid to nucleus signalling is ATAC-seq. A trial has allowed this method, 

including the analysis pipeline, to be optimised such that in the future it could be employed to 

create an atlas of transcription factor binding sites involved in plastid to nucleus signalling. 
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1 INTRODUCTION 

1.1 The Evolution of C3 Photosynthesis 

 

The evolution of oxygenic photosynthesis changed the atmosphere of our planet and facilitated the 

evolution of a diverse range of eukaryotes (Fischer et al., 2016). Oxygenic photosynthesis is believed 

to have originated in bacteria and required the evolution of two reaction centres to harvest light 

energy, referred to as Photosystem I and Photosystem II (Blankenship, 2014). Photosystem I evolved 

from a reaction centre that reduces ferredoxin to produce NADH, such a reaction centre can be found 

within the Chlorobi, Firmicutes and Acidobacteria. Photosystem II evolved from a reaction centre 

that reduces quinones to produce NADH, such a reaction centre can be found within the 

Proteobacteria, Chloroflexi and Gemmatimonadetes (Cardona, 2015). Bacteria which have only one 

reaction centre carry out anoxygenic photosynthesis. Cyanobacteria contain both PSI and PSII, 

possibly attained via horizontal gene transfer, and are believed to be the origin of oxygenic 

photosynthesis (Mulkidjanian et al., 2006).  It is theorised that the chloroplasts of algae and land 

plants are derived from a cyanobacterium engulfed by a eukaryotic cell. There has been debate as to 

whether this endosymbiosis event occurred once or multiple times, and the shopping bag theory 

predicts that varied levels of gene transfer occurred during a series of endosymbioses (Howe et al., 

2008). Around 18% of the nuclear genome in A. thaliana is predicted to derive from Cyanobacteria 

(Martin et al., 2002).  

 

Photosystem I and Photosystem II are integral components of the photosynthetic electron transport 

chain, also known as the light-dependent reactions, which generate ATP and NADPH (Berg et al., 

2002). Energy from photons is used by PSII to split water into hydrogen and oxygen. Oxygen is 

released and the electrons generated are passed to plastoquinone, to the Cyt b6f complex, and then to 

PSI where a photon further excites the electron. Ultimately the electron reduces NADP and H+ to 

produce NADPH. The electron transport chain pumps protons into the thylakoid lumen to generate a 

proton gradient which is utilised by ATP synthase to generate ATP. The NADPH and ATP are then 

used in the light independent reactions to drive the Calvin Benson Bassham cycle. The Calvin Benson 

Bassham cycle is initiated when CO2 is fixed by Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase 

(RuBisCO) to produce 3-phosphoglycerate, a three-carbon compound (Calvin, 1956). The cycle 

regenerates RuBP from 3-phosphoglycerate through a series of reactions utilising ATP, however, 

every sixth molecule of 3-phosphoglycerate generated by the cycle is diverted for other functions 

such as sucrose or starch synthesis. Photorespiration occurs as a result of RuBisCO binding oxygen 

rather than CO2 (Bauwe et al., 2010). This is considered detrimental as it produces 2-

phosphoglycolate, a toxic compound which inhibits several enzymes in the Calvin Benson Bassham 

cycle. Moreover, to regenerate RuBisCO from 2-phosphoglycerate requires the dephosphorylation of 

ATP and the loss of CO2. 
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1.2 C4 Photosynthesis  

 

C4 photosynthesis is a carbon concentrating mechanism which typically decreases photorespiration 

by separating CO2 assimilation into two cell types. Photorespiration occurs when RuBisCO, the 

primary carboxylase associated with photosynthesis, binds oxygen rather than CO2 (Bauwe et al., 

2010). To decrease photorespiration, many C4 species have evolved Kranz anatomy where the bundle 

sheath cells closely surround the vein, and the mesophyll cells form an outer layer around the bundle 

sheath. Chloroplasts typically differ in both their morphology and protein complement between the 

two cell types, with a greater number of larger chloroplasts found in bundle sheath cells compared to 

mesophyll cells (Sedelnikova et al., 2018). In addition to changes in the cellular localisation and 

abundance of classical photosynthesis proteins in C4 plants, an additional biochemical pathway 

operates alongside C3 photosynthesis to deliver high concentrations of CO2 to RuBisCO (Hatch, 

1987). 

 

In the most common form of C4 photosynthesis, carbon capture is initiated in the mesophyll cells 

where carbonic anhydrase (CA) generates HCO3 which can then be fixed by phosphoenolpyruvate 

carboxylase (PEPC), to generate the C4 acid oxaloacetate. Unlike RuBisCO, PEPC has no oxygenase 

activity. The C4 metabolites produced are then shuttled to the bundle sheath and decarboxylated 

producing tenfold higher concentrations of CO2 than are found in mesophyll cells and so oxygenation 

is reduced. C4 photosynthesis has evolved independently over 60 times, and there is variation in the 

biochemical pathway across species. The C4 metabolite moving between the mesophyll and bundle 

sheath can differ, being either malate or aspartate, and the enzyme mainly responsible for 

decarboxylating this C4 metabolite in the bundle sheath can also vary between C4 species. For 

example, subtypes use different combination of NADP-malic enzyme (NADP-ME), NAD-malic 

enzyme (NAD-ME), or phosphoenolpyruvate carboxykinase (PEPCK) (Schlüter & Weber, 2020). 

The evolution of C4 photosynthesis requires genes involved in this carbon concentrating pathway to 

become upregulated compared to their C3 ancestors. 

 

In addition to the evolution of C4 photosynthesis requiring upregulation of C4 gene expression, it also 

needs changes in spatial regulation of genes. The existence of so-called C3-C4 intermediates provides 

more insight into how these changes in regulation may have occurred. For example, species of 

Flaveria show increased expression of PEPC from C3 to C3-C4 intermediates to fully C4 species 

(Engelmann et al., 2003). In this case, expression is thought to be upregulated because of increased 

trimethylation of histone H3K4 in the PEPC promoter (Heimann et al., 2013). In addition to being 

upregulated, gene expression of PEPC becomes mesophyll specific in C4 species. A region known as 

the mesophyll-enhancing module (MEM1), within the PEPC promoter was identified as being 

necessary for mesophyll expression, suggesting that spatial regulation was controlled, to some degree, 

by transcriptional regulation (Gowik et al., 2004). Changes in spatial regulation can also occur within 

the cell. CA which is also important for carbon fixation in mesophyll cells, becomes abundant in the 

cytosol in C4 species through the loss of a plastid transit peptide (Ludwig, 2012). These sorts of 

changes also take place in the bundle sheath. For example, increased expression of enzymes of the 

Calvin Benson Bassham cycle has been reported in species including maize (Denton et al., 2017) and 

G. gynandra (Aubry et al., 2014). In some C4 species, RuBisCO activity is limited to the bundle 

sheath largely by posttranscriptional regulation (Berry et al., 2016). In summary, whilst it has been 

known for some time that compared with the ancestral C3 state, C4 genes must become more strongly 

expressed and compartmented to specific cells in C4 leaves, the mechanisms initiating these responses 

have been poorly characterised. 
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1.3 The Role of Light and Chloroplast Signalling in C4 Photosynthesis  

 

C4 photosynthesis is hypothesized to have arisen over 60 times in flowering plants (Sage et al., 2011) 

making it one of the most remarkable examples of convergent evolution across the tree of life. The 

propensity for plants to evolve this adaptation could be because C3 plants contain all the core C4 

genes, and they are simply rewired into existing gene regulatory networks. In the ancestral C3 state 

these genes have functions in pathways unrelated to the chloroplast such as gluconeogenesis and 

ammonium assimilation (Eastmond et al., 2015; Masumoto et al., 2010). In contrast, in C4 leaves, C4 

genes must become tightly integrated into photosynthesis gene regulatory networks and therefore 

regulated by light and chloroplast to nucleus signalling (Hibberd & Covshoff, 2010). It is not clear if 

these genes are loosely linked to these processes in C3 ancestors. Thus the mechanisms by which 

these genes are recruited into the C4 pathway remain unclear, and it has yet to be established how 

these genes become co-regulated with genes from the C3 pathway.  

 

The 60 independent origins of C4 photosynthesis provide natural replicates for researchers to 

understand how C4 photosynthesis arose. Phylogenetic studies have shown parallel evolution could 

also underpin the repeated recruitment of C4 genes (Williams et al., 2012). Despite enzymatic activity 

being conserved within gene families, the same orthologues from multi-gene families have repeatedly 

been recruited during the evolution of the C4 trait (Christin et al., 2013) suggesting that although C4 

photosynthesis appears to have arisen independently, constraints may exist that require it to follow 

the same evolutionary path. If function is not responsible for this, it is possible that a shared 

mechanism of genetic regulation could be.  

 

Consistent with this latter notion, evidence has found facets of C4 regulation can be found within the 

ancestral C3 state (Reyna-Llorens & Hibberd, 2017). Regulatory elements are conserved between 

divergent C4 species and are present in the ancestral C3 state in both monocotyledon and 

eudicotyledons (Brown et al., 2011). Elements sufficient for mesophyll cell specificity in C4 species 

are also present in both the 5′ and 3′ UTRs of PPDKA and CA in A. thaliana (Kajala et al., 2012). 

Recently, this has shown to be true for magnitude of gene expression as well as cell specificity. A 

number of C4 orthologues are controlled by plastid-to-nucleus signalling in C3 Arabidopsis thaliana 

(Burgess et al., 2016). This strongly implies that evolution has re-enforced existing regulatory 

networks that operate in the C3 state to control expression of C4 genes. 

 

1.4 Light and retrograde signalling in the regulation of photosynthesis 

 

The vast majority of photosynthetic activity in land plants is associated with leaves. This is due to the 

high density of chloroplasts where this fundamental process takes place. The chloroplast is an 

organelle thought to have originated from a free-living cyanobacteria engulfed by a eukaryotic cell 

(Keeling, 2010). The chloroplast genome, also known as the “plastome”, no longer contains all the 

genes associated with a free-living organism and it is theorised that the majority of genes were either 

lost or transferred to the nucleus shortly after the symbiosis was established. Under strong selective 

pressures the transfer of genetic material from chloroplast to nucleus has been demonstrated 

(Stegemann et al., 2003) and in parasitic plants the chloroplast genome decreases even further (Wolfe 

et al., 1992). Despite the loss and transfer of genes a small number (~100) remain in the chloroplast. 

A number of hypotheses have been proposed to explain the retention of genetic material in the 

chloroplast. These include hydrophobicity of the proteins they encode, the need for colocation of gene 

and gene product for redox regulation of gene expression (the CoRR hypothesis) and the requirement 

for a chloroplast encoded glutamyl-tRNA essential for tetrapyrrole biosynthesis (Allen, 2015; 
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Barbrook et al., 2006; Selosse et al., 2001). Thus, photosynthesis is associated with both nuclear and 

chloroplast genomes. 

 

Due to this symbiotic relationship of the chloroplast and nuclear genome, protein complexes in 

chloroplasts are composed of proteins encoded by both the nucleus and plastome (Abdallah et al., 

2000). These protein complexes are involved directly in photosynthesis but also in processes 

indirectly associated with photosynthesis such as plastid maintenance. For example, Photosystem I 

(PSI), Photosystem II (PSII) and enzymes of the Calvin Benson Bassham cycle are all required for 

oxygenic photosynthesis, whereas chloroplast ribosomes allow assembly of proteins into the 

chloroplast (Pfannschmidt, et al., 2001). The movement of many genes to the nucleus, but the 

retention of some genes in the plastid, has created a requirement for the assembly of complexes 

containing both plastome-encoded and nuclear-encoded proteins. For protein complexes, or indeed 

proteins that simply collaborate in a metabolic pathway, communication between the nucleus and the 

chloroplast is required.  

 

Communication between the nucleus and the chloroplast is bilateral. Anterograde signalling involves 

signals that emanate from the nucleus and are perceived by the chloroplast (Bräutigam et al., 2007). 

In contrast, retrograde signalling (RS) involves information flow from chloroplast to nucleus. 

Although RS was traditionally viewed as communication between nucleus and chloroplast and 

allowed correct assembly of chloroplast protein complexes, its role in regulating homeostasis in the 

mature plastid is now also recognised (Chan et al., 2016). In addition, retrograde signalling can have 

effects beyond the chloroplast, interacting with broader signalling networks and causing cell-wide 

stress responses and even cell death (Kim et al., 2012). RS has been further split into two categories 

(Figure 1.1) known as biogenic and operational signalling. Biogenic signalling allows chloroplast 

development whilst operational signalling allows the regulation of nuclear genes in response to an 

environmental change in mature chloroplasts.  

 

There is a growing understanding of the complexity of retrograde signalling (RS) and the signalling 

pathways with which it interacts. Of the pathways elucidated so far, many are linked to light 

regulatory networks. Light is an essential requirement for photosynthesis, so its integral role in 

chloroplast development is unsurprising. For example, cryptochromes and phytochromes have long 

been known to be involved in the integration of plastid and light signals (Jiao et al., 2007). Many light 

responsive pathways act through G-box promoter elements, which are common to Photosynthesis 

Associated Nuclear Genes (PhANGs) (Larkin & Ruckle, 2008). Light can also act as an indirect 

inducer of retrograde signalling. For example, high light intensity increases production of ROS 

including singlet oxygen in the chloroplast. Singlet Oxygen-Responsive Genes (SORGs) have been 

characterised as a group that RS commonly targets during operational signalling (Gonzalez-Perez et 

al., 2011). Whether light directly impacts plastome expression or interacts downstream of initial 

retrograde signals is unclear (Finster et al., 2013; Liang et al., 2016). 
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Figure 1.1: Operational and Biogenic retrograde signalling pathways, and their nuclear targets 

grouped into PhANGs (Photosynthesis Associated Nuclear Genes, SORGs (Singlet Oxygen-

Responsive Genes) and PRANGs (Plastid Redox Associated Nuclear Genes). Dashed lines show 

mechanisms not yet known and question marks denote unidentified genes. This diagram is not 

comprehensive as there are still features of chloroplast development and function that have not yet 

been elucidated. Image taken from Chan et al. (2016). 

1.5 Operational Retrograde Signalling  

 

To date it appears that operational signalling acts on Singlet Oxygen-Responsive Genes (SORGs) and 

Plastid Redox Associated Nuclear Genes (PRANGs). Reactive Oxygen Species (ROS) can affect 

both, with SORGs being directly upregulated by the presence of singlet oxygen and PRANGs affected 

by the change in ROS leading to altered redox poise within the plastid (Chan et al., 2016; 

Muthuramalingam et al., 2013). As increased ROS can be highly damaging and cause destruction of 

DNA, proteins and other important cellular components, rapid detection is desirable. Singlet oxygen 

can be detected by signalling components dependent on either β-cyclocitral or Executor proteins. The 

exact mechanism of action of β-cyclocitral, which is derived from oxygenation of carotenoids, is 

unknown. However, it has been shown to prevent a decrease in photosynthetic efficiency during cold 

or light stress (Ramel et al., 2012). Executor proteins are thought to repress defence responses under 

ambient conditions (Uberegui et al., 2015). Regulation by Executor proteins has impacts beyond 
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chloroplast function and can in some instances even lead to programmed cell death (Lee et al., 2007). 

Executor1 (Ex1) has been shown to ‘sense’ singlet oxygen through post translational modification, 

through the oxidation of the Ex1 DUF3506 domain by singlet oxygen (Dogra et al., 2019).  

 

2-C-Methyl-Derythritol-2,4-cyclopyrophosphate (MEcPP) is a metabolite of the methylerythritol 

phosphate (MEP) pathway that allows synthesis of isoprenoids and is also proposed to act as an 

operational retrograde signal. MEcPP accumulates in response to stress such as wounding and acts as 

a global stress sensor (Xiao et al., 2012), for example, upregulating synthesis of the hormone salicylic 

acid and enhancing resistance to Pseudomonas syringae. MEcPP impacts nuclear gene expression 

via a cis-element termed the rapid stress response element (RSRS) (Benn et al., 2016). This suggests 

that a high throughput system for identifying nuclear cis-elements related to plastid affected genes 

could identify important regulators in RS pathways. Another metabolite, 3′-phosphoadenosine 5′-

phosphate (PAP) acts in a retrograde signalling pathway that responds to high light and stress 

(Estavillo et al., 2011), PAP accumulates during stress and prevents downstream inhibition of stress 

related nuclear gene expression. PAP levels are regulated by the enzyme SAL1 which degrades PAP 

to AMP. 

 

1.6 Biogenic Retrograde Signalling  

 

Biogenic retrograde signalling (RS) occurs during development, and coordinates chloroplast 

biogenesis. Chloroplast biogenesis is typically initiated in the dark when proplastids in leaf primordia 

differentiate into etioplasts, which contain chlorophyll precursors and immature thylakoid 

membranes. Upon exposure to light etioplasts develop into mature fully functional chloroplasts 

(Pogson & Albrecht, 2011). This process has been shown to complete hours after illumination 

(Rudowska et al., 2012). Despite biogenic signalling often being defined exclusively as regulation 

during biogenesis (Chan et al., 2016), it is also often used to describe regulation that occurs in 

developing leaves. For example, many experiments sample plants that have been illuminated for days 

(Martín et al., 2016) where mature chloroplast division and leaf development, rather than biogenesis, 

are likely to be the predominant activities of photosynthetic cells.  

 

Biogenic retrograde signalling mainly affects photosynthesis associated genes (PhANGs), and much 

of our current understanding is derived from work on genome uncoupled (gun) mutants. In wildtype 

plants, chloroplast inhibition causes a decrease in expressions of PhANGs, including genes encoding 

the light harvesting complexes LHCB2.1 and LHCB1.2 (Kacprzak et al., 2019a). The C4 orthologue, 

Carbonic Anhydrase (CA1), also shows a sharp decline in transcript abundance in response to 

chloroplast inhibition in C3 and C4 species. In contrast, in gun mutants PhANG expression is 

maintained, albeit at a slightly reduced level, after chloroplast inhibitors have been applied, implying 

that retrograde signalling pathways have been disrupted (Larkin et al., 2014; Susek et al., 1993). This 

approach therefore represents an important tool for phenotyping putative retrograde signals, as 

mutants in important transcription factors may show a gun phenotype in the chloroplast responsive 

genes they regulate. 

 

Six gun mutants have been described to date. The functional GUN2-6 alleles encode proteins involved 

in tetrapyrrole biosynthesis. Tetrapyrroles contain four rings each containing four carbon atoms and 

one nitrogen atom, and there are four classes within plants; chlorophyll, heme, siroheme, and 

phytochromobilin (Tanaka & Tanaka, 2007). GUN2, GUN3 and GUN6 affect heme synthesis which 

activates expression of PhANGs (Susek et al., 1993; Woodson et al., 2011). GUN4 and GUN5 affect 

Mg-proto IX, a chlorophyll precursor (Larkin, 2003; Mochizuki et al., 2001). The role for GUN1, a 

pentatricopeptide repeat (PPR) protein, has not been so clear and it has been referred to as a ‘jack of 
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all trades’ (Colombo et al., 2016). GUN1 was found to be necessary for a two stage corrective 

response observed in a slow greening mutant cue8, where the activity of nuclear encoded polymerases 

increases whilst activity of plastid encoded polymerases decreases compared to wildtype (Loudya et 

al., 2020). The mechanism of GUN1 has now been explicitly linked to tetrapyrrole synthesis, shown 

to directly bind heme and affect ferrochelatase 1 (FC1) activity (Shimizu et al., 2019). There has been 

further support for the importance of FC1 in retrograde signalling, with FC1 overexpression within 

the chloroplasts of wildtype plants treated with chloroplast inhibitors rescuing LHCB expression, 

showing a gun-like phenotype (Page et al., 2020).  

 

HY5, which is ubiquitinated and degraded in the dark, binds to G-box elements to promote gene 

expression of PhANGs in the light (Martín et al., 2016). However, HY5 expression is antagonistic to 

that of ABI4, a transcription factor which inhibits PhANGs. ABI4 has been proposed to be regulated 

through retrograde signalling via the proteolytic cleavage of a PHD-type transcription factor with 

transmembrane domains (PTM) located in the chloroplast envelope (Sun et al., 2011) but the role of 

both ABI4 and PTM as retrograde signals has now been refuted (Kacprzak et al., 2019a; Page et al., 

2017). More promising retrograde signals have been proposed, including singlet oxygen. Treatment 

with far red light causes an accumulation of singlet oxygen and subsequently the inhibition of select 

nuclear genes (Page et al., 2017a). It is proposed that singlet oxygen acts as part of a distinct 

retrograde signalling pathway that represses nuclear gene expression, which in combination with the 

activating heme pathway can finetune chloroplast control. Whichever signals are acting during 

chloroplast biogenesis, mathematical analysis of nuclear gene expression suggests that retrograde 

signalling only impacts a distinct second phase of chloroplast biogenesis and not its initiation 

(Dubreuil et al., 2018). 

 

1.7 Chloroplast Retrograde Signalling in Monocots 

 

Whilst most recent research into chloroplast retrograde signalling has been carried out on A. thaliana, 

much of the initial experimental work investigated the system in monocotyledons. Genome uncoupled 

(gun) mutants, where photosynthesis associated nuclear gene (PhANG) expression is unchanged after 

chloroplast inhibition, were named in A. thaliana (Susek et al., 1993). This discovery was built upon 

previous work that established PhANG expression was disrupted in plants whose chloroplasts were 

perturbed. Bradbeer et al (1979) identified barley mutants that did not accumulate pigment and found 

two plastid enzymes synthesised in the cytoplast were no longer present in these plants. Harpster et 

al (1984) similarly identified maize mutants which did not green, and found that compared with wild-

type, these mutants did not accumulate high levels of transcripts in light-harvesting chlorophyll a/b 

binding protein (LHCB) and other photosynthesis associated genes. The same was found by Hess et 

al (1994) in barley where mutants absent in chloroplast ribosomes failed to accumulate light-

harvesting chlorophyll a/b binding protein, as well as nitrate reductase.  

 

Work in barley expanded from chloroplast development mutants to the application of chloroplast 

inhibitors. Batschauer et al (1986) found treatment with norflurazon inhibited accumulation of 

transcripts encoding the light harvesting chlorophyll a/b protein. This work also identified mutants 

where LHCB accumulated to wildtype levels despite chloroplast perturbation, a gun mutant in 

everything but name. These chlorophyll-deficient xantha mutants are blocked in the tetrapyrrole 

biosynthesis pathway after protoporphyrin IX or Mg-protoporphyrin, similar to gun4 and gun5 in A. 

thaliana. Norflurazon’s mode of action is to block carotenoid synthesis. Burgess & Taylor  (1988) 

grew carotenoid deficient mutants in low light levels to limit chloroplast damage and found LHCB 

levels were unaffected, indicating that carotenoids do not specifically play a role in plastid to nucleus 

signals, and clarifying that it is norflurazon’s perturbation of chloroplast function that affects PhANG 
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expression. LHCB expression was found to be inversely proportional to thylakoid development in 

maize (Rocca et al., 2000) and barley (La Rocca et al., 2000).  

 

More recent studies have looked at the effect of chloroplast inhibition by the herbicide norflurazon 

on rice seedlings. Park & Jung (2017) showed 3 week old rice seedlings after 40 hours of a spray 

norflurazon treatment had decreased maximum quantum yield (Fv/Fm), a proxy for PSII activity, and 

the abundance of some LHCA (LHCA1, LHCA2, LHCA3 and LHCA4) and LHCB (LHCB1, LHCB2 

and LHCB6) proteins were greatly decreased. Additionally, images taken with transmission electron 

microscopy showed norflurazon treated plants had fewer smaller plastids which had arrested 

development during thylakoid synthesis. Norflurazon treated rice seedlings were consequently found 

to show increased peroxidase activity (Park & Jung, 2018), which could have a photoprotective 

function in the chloroplast. Chloroplast inhibition by an antibiotic, lincomycin, has also been shown 

to cause bleaching and a decrease in LHCB expression in rice, although there were no other changes 

detected in leaf morphology (Duan et al., 2020). This evidence suggests that lincomycin and 

norflurazon cause similar effects within A. thaliana and rice, both experiencing decreased PSII 

activity and LHCB expression.  

 

1.8 Evolution of Chloroplast Retrograde Signalling 

 

To date few studies have focused on the evolution of chloroplast retrograde signalling across deep 

time. The close connection between the genomes and even the important role of anterograde and 

retrograde signalling for proper function indicate that this process likely originated shortly after 

endosymbiosis or around the time that the nuclear genome and plastome began exchanging genes. 

The discovery of gun-like mutants in barley (Batschauer et al., 1986), which block the tetrapyrrole 

biosynthesis pathway in a similar manner to gun4 and gun5 in A. thaliana, suggests that biogenic 

chloroplast retrograde signalling may have been present in the ancestral state. Chloroplast inhibition 

has also been shown to decrease LHCB expression within pine, a gymnosperm, suggesting that 

chloroplast retrograde signalling controlled photosynthesis associated gene expression within pine’s 

last common ancestor with angiosperms, over 150 million years ago (Hills et al., 2015). 

 

Moreover, the ABA response linked to retrograde signalling has been found in streptophyte algae 

(Hori et al., 2014). Many of the proteins associated with RS exhibit high degrees of sequence 

similarity across land plants (C. Zhao et al., 2019). A detailed analysis of the alignment and the 

molecular rate inferred for the gene phylogeny of SAL1, nucleotide phosphotase SAL1 protein, 

showed that the protein is highly conserved and recapitulates many of the well-known relationships 

in land plants (C. Zhao et al., 2019). The recapitulation of phylogeny indicates the conserved sites in 

the alignment co-vary and thus are likely ancestral states of the SAL1 protein and not a product of 

convergence. In concert with the conservation of 3′-phosphoadenosine-5′-phosphate (PAP) 

metabolism, this indicates that the SAL1-PAP retrograde signalling pathway, which helps with 

stomatal closure, likely existed in the ancestor of land plants and potentially facilitated the movement 

onto land.  

 

1.9 Inhibitors of Chloroplast Function and Retrograde Signalling 

 

There are multiple chemical compounds which cause plant death by interfering with the chloroplast 

and consequently the plant’s photosynthetic capacity. Of particular relevance, lincomycin stops 

chloroplast translation by inhibiting chloroplast ribosomes (Ellis, 1975), whilst not affecting 
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cytoplasmic protein synthesis (Mulo et al., 2003). Moreover, norflurazon is another inhibitor of the 

chloroplast whose mode of action is to impede carotenoid synthesis by competitively binding 

phytoene desaturase and blocking binding of necessary co-factors (Breitenbach et al., 2001). 

Lincomycin and norflurazon treatment have both been shown to lead to bleaching of leaves (Zhao et 

al., 2018) and reduced maximum quantum yield of PSII in A. thaliana (Beisel et al., 2011). Bleached 

leaves and decreased maximum quantum yield were also observed in rice treated with lincomycin 

and norflurazon (Park & Jung, 2017; Zulfugarov et al., 2014).  

 

Lincomycin and norflurazon have been employed in studies researching chloroplast retrograde 

signalling by analysing the effect of chloroplast inhibition on both gene expression and proteomics 

in wildtype and mutant plants. An advantage of using lincomycin is that it has a light independent 

mode of action so the effect of chloroplast inhibition on dark-grown grown plants can be investigated. 

Norflurazon’s mode of action only affects the chloroplast in the light when the lack of protective 

carotenoids causes photooxidative damage. However, it does have other documented effects in dark-

grown plants which include decreasing total lipid quantity and increasing dry weight (Di Baccio et 

al., 2002; Magnucka et al., 2007). Whilst norflurazon’s more diverse phenotypic effect is 

disadvantageous, other choices of inhibitors come with their own shortcomings. Oxyfluorfen works 

in a similar manner to norflurazon by blocking protoporphyrin synthesis and causing oxidative 

damage to the chloroplast, however it is documented to cause larger amounts of oxidative damage 

compared with norflurazon and it also generates H2O2 (Park & Jung, 2018) which could interfere 

with retrograde signalling. Other inhibitors include DMCU, which only partially inhibits PSII 

function, and amitrole, which has a temperature dependent effect (Agnolucci et al., 1996).  

 

1.10 Methods to Investigate Regulation and Transcription Factor Binding 

 

Transcriptomic analysis of seedlings treated with chloroplast inhibitors will not only give insight into 

which genes are chloroplast responsive, but also how these genes are regulated. Regulation of gene 

expression at the transcriptional level often occurs via transcription factors, proteins which contain a 

DNA binding domain. This domain recognises short sequences, often referred to as motifs, in the 

genome which initiate binding (Gill, 2001). To investigate how a transcription factor regulates gene 

expression, a logical first step is to identify which transcription factor is binding and where. Several 

methods have been developed to investigate transcriptional regulation by identifying transcription 

factor binding sites, each requiring different prerequisites. Instead of looking at signals which could 

potentially emanate from the chloroplast, this body of work will be using an alternate approach by 

identifying chloroplast responsive genes and using a selection of the methods to identify transcription 

factors which bind them.  

 

To identify which motifs a transcription factor will bind, chromatin immunoprecipitation sequencing 

(ChIP-Seq) cross-links bound proteins to DNA. The genome and crosslinked factors are extracted 

and fragmented, and the fragments bound to a transcription factor of interest are captured with 

antibodies. By sequencing these fragments, the binding motif is identified in the form of a position 

weight matrix which shows the likelihood of binding for each base (Barski et al., 2007; Johnson et 

al., 2007). To perform ChIP-Seq, an antibody against the transcription factor of interest is required. 

In contrast, the yeast-one hybrid assay requires previous knowledge of the motif of interest. The motif 

acts as a bait sequence to identify which transcription factors will bind (Ouwerkerk & Meijer, 2001). 

On a wider scale, DAP-seq involves fragmenting the genome and combining with beads which have 

transcription factors bound by affinity tags. This allows the genome fragments which bind to a 

specific transcription factor to be sequenced, revealing all the potential sequences it will bind 

(O’Malley et al., 2016). 
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ChIP-seq has identified the binding motifs of transcription factors from a wide range of plant species 

and DAP-Seq has been used to identify the binding motifs of 529 A. thaliana transcription factors. 

The position weight matrices of these binding motifs have been collated in the JASPAR database 

(Mathelier et al., 2014). Motifs in the JASPAR database can be searched for in sequences of genes 

that respond to a common treatment. One method of doing this involves the MEME software suite 

(Bailey et al., 2009) which includes FIMO (Grant et al., 2011), a program that identifies individual 

occurrences of motifs within an input sequence and provides a q-value to quantify the accuracy of the 

match. Another MEME program, AME (McLeay & Bailey, 2010) looks at all occurrences of a motif 

within the input sequences and provides a p-value which quantifies the likelihood that the motif is 

enriched above what would be expected by chance. The enriched motifs can highlight putative 

transcription factors which could act as a common signal. 

 

Methods have now been published which can identify likely transcription factor binding sites within 

the genome without previous knowledge of the transcription factors or DNA motifs which are 

binding. These methods work at a genome wide scale and include DNase-I sequencing (DNaseI-seq), 

micrococcal nuclease digestion with deep sequencing (MNase-seq), Formaldehyde-Assisted Isolation 

of Regulatory Elements (FAIRE-seq) and Assay of Transposase Accessible Chromatin sequencing 

(ATAC-seq) (Klein & Hainer, 2020). All these techniques use deep sequencing to identify regions of 

open chromatin. FAIRE-seq crosslinks DNA and bound proteins, which are then fragmented and 

separated by weight using centrifugation. The protein bound fragments are heavier and can therefore 

be separated and purified. Sequencing the resulting reads indicates which regions are associated with 

protein binding. DNase-Seq, MNase-Seq and ATAC-seq all treat nuclei with an enzyme that 

preferentially cuts open chromatin and sequence the resulting fragments to identify the distribution 

of cuts. This distribution can be used to predict accessible regions as well as transcription factor 

footprints, short regions where chromatin is protected. Assay of Transposase Accessible Chromatin 

sequencing (ATAC-seq) identifies these accessible regions by digesting nuclei with a transposase and 

is faster and requires less tissue than the other methods (Buenrostro et al., 2013). All of the methods 

described will allow an investigation of transcription factor binding within genes whose transcript 

abundance is significantly changed after chloroplast perturbation.  
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1.11 Objectives 

 

The overarching aim of the work presented in this thesis was to better understand the role of plastid-

to-nucleus signalling in regulating genes of the C4 cycle in the ancestral C3 state. Three central 

objectives were designed to achieve this aim: 

 

o Genes involved in plastid-to-nucleus signalling will be identified through RNA-seq of C3 

Arabidopsis thaliana and Oryza sativa after chloroplast function has been perturbed. The 

response of C4 orthologues within the eudicotyledon and monocotyledon model will thus be 

compared. 

 

o Cis-elements in the nuclear genome involved in the regulation of plastid-regulated genes will 

be predicted through analysis of enriched binding motifs in genes responsive to chloroplast 

perturbation. 

 

o The methodology and data analysis pipeline of ATAC-seq will be optimised, to discover the 

distribution of predicted open chromatin regions across the rice genome and to allow future 

work which could generate an atlas of transcription factor binding sites with changed 

occupancy in response to chloroplast perturbation. 

 

  



Plastid to Nucleus Signalling and the Evolution of C4 Photosynthesis 

Chapter 2: Methods 

 

Robyn Phillips November 2020 12 

2 METHODS 

2.1 Growth of plants 

 

Growth of Arabidopsis thaliana  

 

Seeds of A. thaliana cultivar Columbia were sterilised for 2 minutes in 70% (v/v) ethanol, followed 

by 5 minutes in 2.5% (v/v) sodium hypochlorite. After 5 washes in MiliQ water, seeds were 

submerged and stratified at 4˚C for 4 days. 150 µmol m−2 s−1 white light were then supplied for an 

hour to induce germination. 0.2g of seeds per plate were evenly distributed on 300 µm aperture nylon 

mesh (Normesh) placed on 30ml half-strength Murashige and Skoog salts and 0.8% (w/v) agar (pH 

5.8 KOH) with or without 0.5mM lincomycin or 5μM norflurazon. An equivalent volume of ethanol 

was added to norflurazon controls. Plants were dark-grown at 22˚C for 5 days, prior to half being 

exposed to 150 µmol m−2 s−1 white light for 24 hours. Samples of hypocotyl and cotyledons were 

frozen in liquid nitrogen and stored at -80˚C. 

 

For stocks, Columbia was grown for 8 weeks in a growth chamber with a 16 hour photoperiod at a 

light intensity of 200 μmol m-2 s-1 photon flux density with 65% relative humidity and a temperature 

cycle of 24°C (day) and 20°C (night). Plants were then dried for a further two weeks before seeds 

were harvested by shaking siliques. 

 

 

Growth of Oryza sativa  

 

Seeds of Oryza sativa cultivar Kitaake had seed coats removed and were sterilised in 2.5% (v/v) 

sodium hypochlorite with 0.5% (v/v) Tween 20 for 15 minutes, washed five times in MiliQ water, 

and then incubated for 24 hours in the dark at 30˚C. To allow germination, seeds were placed on filter 

paper for a further 24 hours. Subsequently, nine seedlings were placed in each pot (7.5cm diameter 

by 8cm depth) on 50ml half-strength Murashige and Skoog salts and 0.8% (w/v) agar (pH 5.8 KOH) 

with or without 10mM lincomycin or 100μM norflurazon (Sigma Aldrich). Norflurazon is soluble in 

ethanol and so norflurazon controls contained an equivalent volume of ethanol. Plants were dark-

grown at 30˚C for 5 days, then half were exposed to 150 µmol m−2 s−1 white light for 24 hours. Leaves 

were sampled after a total of 6 days growth, frozen in liquid nitrogen and stored at -80˚C.  

 

For stocks, Kitaake was grown for 10 weeks in a growth chamber with a 12 hour photoperiod at a 

light intensity of 300 μmol m-2 s-1 photon flux density with 60% relative humidity and a temperature 

cycle of 28°C (day) and 25°C (night). Plants were then dried for a further two weeks before seeds 

were harvested.   

 

2.2 Chlorophyll Fluorescence Measurements 

 

Fluorescence parameters were obtained using the FluorImager chlorophyll fluorescence imaging 

system (Technologica Ltd). The maximum quantum efficiency of PSII photochemistry (Fv/Fm) was 
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measured after 30 minutes dark-adaptation using a saturating pulse of 6172 µmol photons m−2 s−1. 

Plants were then exposed to 150 µmol m−2 s−1 actinic light, and a time-course undertaken to determine 

quantum efficiency of PSII photochemistry (Fq’/Fm’). 

 

2.3 RNA Extraction and quantification  

 

RNA was extracted from frozen samples using the RNeasy Plant Mini Kit (QIAGEN) with an 

additional DNase step performed using the RNase-Free DNase Set (QIAGEN). A preliminary check 

of RNA concentration and quality was performed with the Nanodrop 2000. RNA Integrity Numbers 

(RIN) and electropherograms were then generated after running diluted samples on the Agilent 

Bioanalyzer 2100 with a RNA 6000 Pico Chip (Agilent Technologies, Inc.). All samples taken 

forward for sequencing had an RNA Integrity Number (RIN) of > 7.  

 

2.4 Library preparation for RNA-seq and Sequencing   

 

Libraries were prepared from 0.5μg RNA with the QuantSeq 3′ mRNA-Seq Library Prep Kit FWD 

for Illumina (Lexogen). Libraries were quality controlled using the Agilent Bioanalyzer 2100 with a 

High Sensitivity DNA Chip (Agilent Technologies, Inc.). Libraries were sequenced on a NextSeq500 

(Illumina) Mid Output 150 cycle run at the Sainsbury Laboratory University of Cambridge. 

 

2.5 Transcriptome Analysis 

 

2.5.1 Alignment and Differential Transcript Abundance Analysis 

Concatenated fasta files were analysed using the QuantSeq 3’ mRNA Seq Integrated Data Analysis 

Pipeline on the Bluebee platform (Lexogen). Quality control reports were generated both post and 

pre-trimming in FastQC. The pipeline trimmed with BBDuk from the BBMap suite, trimming to 

remove low quality tails, poly(A)read-through and adapter contamination. An alignment was 

generated using STAR aligner (Dobin et al., 2013) with slightly modified ENCODE settings (--

outFilterMismatchNoverLmax 0.6) to allow more mismatches relative to read length than standard 

settings. Read counts were calculated with HTSeq-count (Anders et al., 2015), using mode 

intersection-nonempty which includes reads only partially mapped to a gene. Log2fold changes in 

transcript abundance were calculated using DESeq2 (Love et al., 2014), significantly different 

transcript abundance was defined as those having an adjusted p-value < 0.05. Transcripts Per Million 

(TPM) for expression figures were calculated using Salmon (Patro et al., 2017), employing the –

noLengthCorrection option as with the Lexogen Quantseq kit the number of sequenced fragments 

deriving from a target are independent of that target's length. Principal Component Analysis was 

performed using PCAExplorer (Marini & Binder, 2019). Gene Ontology enrichment analysis was 

performed with AgriGO v2.0 (Tian et al., 2017) using the Fisher statistical test with Yukitieli multi-

test adjustment methods. Figures illustrating expression in the photosynthetic pathway were 

generated with MapMan (Usadel et al., 2009). Rice specific orthologues of essential genes in the 

C4 pathway were identified using OrthoFinder (Emms & Kelly, 2015). 
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2.5.2 Enriched Motif Analysis 

Preliminary analysis looked for enriched 6-mers 1000bp upstream of the transcription start site using 

the TAIR web-based tool ‘Statistical Motif Analysis in Promoter or Upstream Gene Sequences’. 

More in-depth analysis was then performed using two tools from the MEME suite, FIMO and AME. 

FIMO was run using standard settings, significant enrichment was defined as a q-value < 0.05 (Grant 

et al., 2011). AME was run in ‘totalhits’ mode which counts the number of times a motif matches 

with at least 0.25 of the maximum possible log-odds score for the position weight matrix (McLeay & 

Bailey, 2010). To inform a refinement of the input sequences, the distribution of DNAseI 

hypersensitive sites (DHS) from available DNaseI-seq data was plotted with ggplot2 (Arabidopsis 

data NCBI ID: GSE53322, Rice data NCBI ID: GSE75794). The distance between the midpoint of 

the DHS peaks from the closest transcription start site was calculated using the ‘closest’ function in 

the BEDTools suite (Quinlan & Hall, 2010). 

 

2.6 Nuclei extraction and Library preparation for ATAC-Seq 

 

The protocol closely followed that used in Maher et al (2018), and that is described in Bajic et al 

(2018). For nuclei extraction and quantification, nuclei were extracted from samples by sucrose 

sedimentation. Frozen ground tissue or fresh tissue, chopped for 5 minutes with a razor, was 

suspended in 10mL of freshly prepared ice-cold Nuclei Purification Buffer (20mM MOPS pH 7, 

40mM NaCl, 90mM KCl, 2mM EDTA, 0.5mM EGTA, 0.5mM spermidine, 0.2mM spermine, and 

1× Roche Complete protease inhibitors). The solution was then filtered through a 70μm nylon cell 

strainer and centrifuged at 1200g for 10 minutes at 4°C. The supernatant was discarded, and the pellet 

resuspended in 1mL of ice-cold Nuclei Extraction Buffer (0.25M Sucrose, 10mM Tris–HCl pH 8, 

10mM MgCl2, 1% Triton X-100, and 1× Roche Complete Protease Inhibitors). After another 

centrifugation at 1200g for 10 minutes at 4°C, the supernatant was discarded and the pellet 

resuspended in 300μL of Nuclei Extraction Buffer 2 (1.7M Sucrose , 10mM Tris–HCl pH 8, 2mM 

MgCl2, and 0.15% Triton X-100, 1× Roche Complete Protease Inhibitors). This was layered on top 

of 300μL of Nuclei Extraction Buffer 2 in a fresh Eppendorf tube. After centrifugation at 16,000g for 

10 minutes at 4°C, the supernatant was discarded and pellet resuspended in 1mL of ice-cold Nuclei 

Purification Buffer. 25μL of this nuclei suspension was combined with 1μL of DAPI stain and placed 

on a haemocytometer which enabled counting of nuclei and thus calculation of the nuclei 

concentration.  

 

2.6.1 Transposase Treatment and Library Preparation 

A volume of nuclei suspension containing 50,000 nuclei was centrifuged at 1500g for 7 minutes at 

4°C. The supernatant was discarded and pellet resuspended in 50μL of ice-cold transposition reaction 

mix. The transposition reaction mix contained 2.5μL TDE1 Transposase (a hyperactive variant of 

Tn5 Transposase) and 25μL 2× TD buffer from the Illumina Nextera DNA Library Preparation Kit, 

made up to 50μL with water. This was incubated for 30 minutes at 37°C, mixing by hand every 5 

minutes. The resulting solution contained fragmented DNA which was purified using the Qiagen 

MinElute PCR Purification Kit according to manufacturer’s instructions. DNA was amplified using 

the NEBNext® High-Fidelity 2X PCR Master Mix with custom ATAC-seq primers (Maher et al., 

2018). The resulting libraries were purified by adding 45μL of library to 30μL of Beckman Coulter 

AMPure XP beads and incubating for 5 minutes at room temperature. The beads were gathered and 

held at the bottom of the tube by magnets allowing the supernatant to be discarded. Two washes of 
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200μL of 80% (v/v) ethanol were undertaken without disturbing the beads, and the beads left to dry 

for 5 minutes. The beads were resuspended in 20μL 10mM Tris-HCl pH 8 for 2 minutes, before the 

supernatant containing the purified library was collected. Libraries were sequenced on a NextSeq500 

(Illumina) High Output 150 cycle run at the Sainsbury Laboratory University of Cambridge. 

 

2.7 Computational Analysis of ATAC-Seq 

 

2.7.1 Quality Control and Alignment 

Quality control reports were generated both post and pre-trimming in FastQC. Reads were trimmed 

with TrimGalore-04.4, with 17bp removed at the 5’ end and 4bp at the 3’ end. An alignment was 

generated using Bowtie2 (Langmead & Salzberg, 2012), with reads aligned to Release 40 of the 

IRGSP-1.0 Oryza sativa genome. Alignment quality was analysed by checking q scores with 

SAMtools (H. Li et al., 2009), and GC bias and insert size were calculated using the 

‘CollectGcBiasMetrics’ and ‘CollectInsertSizeMetrics’ functions from Picard Tools respectively. 

 

2.7.2 Peak Calling  

Before peak calling, duplicate reads were removed using the ‘MarkDuplicates’ function from Picard 

Tools. The genome size of Release 40 of the IRGSP-1.0 Oryza sativa genome was calculated with 

KentUtils. Peaks were called with MACS2 (Zhang, 2008) with the cutoff p-value set to 1e-2. Spot 

scores were calculated by using the ‘intersect’ function of BEDtools to analyse overlap between all 

peaks and a randomly selected subset of reads. ATAC-seq footprints were predicted with Wellington 

(Piper et al., 2013) with a maximum allowed false discovery rate of -10.  

  

2.8 Genotyping of T-DNA Insertion Mutants 

 

T-DNA insertion mutants for promising transcription factors were obtained from the Nottingham 

Arabidopsis Stock Centre (NASC). Seed stocks were attained by growing t-DNA insertion mutants 

for 8 weeks in a growth chamber with a 16 hour photoperiod at a light intensity of 200 μmol m-2 s-1 

photon flux density with 65% relative humidity and a temperature cycle of 24°C (day) and 20°C 

(night). Plants were then dried for a further two weeks before seeds were harvested by shaking 

siliques. 

 

DNA was extracted from mutant lines with Edwards solution (0.2M Tris pH 8.0, 0.25M NaCl, 

0.025M EDTA, 0.5% SDS). Frozen tissue was ground in the Qiagen TissueLyser II for 1 minute at 

28 Hz. 500μL of Edwards solution was added before centrifuging for 5 minutes at 10,000g. The 

supernatant was transferred to a new Eppendorf tube and added to 500μL of ice-cold isopropanol. 

After another centrifugation for 5 minutes at 10,000g, the supernatant was discarded and the pelleted 

DNA washed with 500μL ice-cold ethanol before resuspension in 100μL water. DNA was amplified 

by PCR with each reaction including 2μL of the extracted DNA, 0.25μL Bioline BIOTAQ DNA 

Polymerase, 2.5μL 10x NH4 Reaction Buffer, 1.5μL 50 mM MgCl2 Solution, 2.5μL 10mM dNTPs 

and 1.5μL forward and reverse primer mix. Primers for genotyping were designed using the Signal 

SALK T-DNA Primer Design Tool. PCR product was run on a gel made up of 1% agar 0.5X TBE 



Plastid to Nucleus Signalling and the Evolution of C4 Photosynthesis 

Chapter 2: Methods 

 

Robyn Phillips November 2020 16 

buffer combined with 0.1µl/ml of SYBR safe dye (Thermo Fisher). Samples were ran in 0.5X TBE 

buffer (50mM Tris pH 8.0, 50mM Boric acid, 1mM EDTA) alongside 1kb HyperLadder I 

(BIOLINE).  
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3 CHLOROPLAST AND LIGHT 

DEPENDENT REGULATION OF C4 

ORTHOLOGUES IN ARABIDOPSIS 

THALIANA 

3.1 Introduction 

The majority of recent research on chloroplast retrograde signalling has been carried out in 

Arabidopsis thaliana. This includes the identification and analysis of genome uncoupled (gun) 

mutants, arguably the most definitive work on biogenic retrograde signalling to date. In wildtype 

plants, chloroplast inhibition results in a significantly decreased expression of PhANGs, such as 

LHCB. In gun mutants, however, PhANG expression does not drastically decrease after chloroplast 

inhibitors have been applied, implying that retrograde signalling pathways have been disrupted 

(Susek et al., 1993; Larkin, 2014). Six gun mutants have been identified. The GUN2-6 alleles have 

now been well characterised and are involved in tetrapyrrole synthesis. GUN2, GUN3 and GUN6 

encode proteins involved in the synthesis or turnover of heme, a positive regulator of PhANG 

expression; GUN4 and GUN5 are involved in chlorophyll synthesis, affecting the concentrations of 

Mg-proto IX (Martín et al., 2016).  

  

Operational signalling has also been largely investigated in A. thaliana. Current understanding 

suggests these signals are controlled by the redox potential of the cell and ROS concentration. The 

redox potential of the chloroplast is thought to be transmitted through the malate valve, which 

involves the key enzyme NADP-MDH (Heyno et al., 2014). When the NADPH pool is over-reduced, 

NADP-MDH oxidises this pool by using the reduction power to convert OAA to malate which is then 

exported to the cytosol. Furthermore, ROS can act as a signal by affecting the redox potential of the 

cell, however, as increased ROS can be highly damaging and cause destruction of DNA, proteins and 

other important cellular components, the chloroplast has developed more than one detection pathway. 

Singlet oxygen can be detected by signalling components dependent on either β-cyclocitral or 

Executor proteins. The exact mechanism of action of β-cyclocitral, which is derived from oxygenation 

of carotenoids, is unknown (Ramel et al., 2012). Executor proteins are thought to repress defence 

responses under ambient conditions, and are responsible for taking the brake off the defence response 

under stress (Uberegui et al., 2015).  An additional operational signal is 2-C-Methyl-Derythritol-2,4-

cyclopyrophosphate (MEcPP). MEcPP is a metabolite of the methylerythritol phosphate (MEP) 

pathway that allows synthesis of isoprenoids. MEcPP accumulates in response to stress such as 

wounding and acts as a global stress sensor (Xiao et al., 2012) upregulating synthesis of the hormone 

salicylic acid. MEcPP impacts on nuclear gene expression via a cis-element termed the Rapid Stress 

Response Element (Benn et al., 2016).  

 

Recent work in A. thaliana has proposed that chloroplast retrograde signalling could help explain 

facets of C4 evolution. C4 photosynthesis has evolved independently in over 60 lineages (Sage et al., 
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2011) and phylogenetic studies have shown parallel evolution could underpin the repeated 

recruitment of C4 genes (Williams et al., 2012). Despite enzymatic activity being conserved within 

gene families, the same orthologues from multi-gene families have repeatedly been recruited during 

the evolution of the C4 trait (Christin et al., 2013). If function is not responsible for this, it is possible 

that a shared mechanism of genetic regulation could be. Consistent with this latter notion, recent 

evidence indicates that in C3 species, C4 genes may be already controlled by retrograde signalling 

pathways. Burgess et al (2016) found seven of sixteen C4 orthologues tested in Arabidopsis thaliana 

are controlled by plastid-to-nucleus signalling. 

 

Currently, it is not known how C4 orthologues are regulated by plastid-to-nucleus signalling in 

Arabidopsis thaliana and whether this regulation occurs in other C3 species, particularly within 

monocotyledons. The objective of the work presented in this chapter was to identify the genes that 

may be involved in this signalling through an RNA-seq experiment in C3 Arabidopsis thaliana after 

chloroplast function has been perturbed. The results could provide further support for the hypothesis 

that retrograde control helps to explain the repeated recruitment of genes in the ~60 independent 

origins of C4 photosynthesis. This work also aims to shed light on how this regulation occurs and 

identify components of the chloroplast to nucleus signalling pathway. By carrying out RNA-seq on 

plants with perturbed chloroplast function, an extensive study of C4 genes can be carried out and the 

proportion which are regulated by retrograde signalling in A. thaliana can be elucidated. By looking 

more broadly at the genes affected, and by grouping these genes by function using Gene Ontology 

terms, general trends could be discerned in the type of genes whose expression is controlled through 

RS. Additionally, these genes can be scanned for enriched binding motifs allowing identification of 

potentially important cis-elements. The output of this analysis could lead to the identification and 

characterisation of a chloroplast derived signal modifying nuclear gene expression. 

 

The wealth of chloroplast retrograde signalling research in A. thaliana simplifies the methodological 

setup for this work. Sublethal concentrations of the two chloroplast inhibitors selected for the study, 

lincomycin and norflurazon, are reported in the literature (McCormac & Terry, 2004). Additionally, 

there are many bioinformatic resources associated with the species. This could prove useful in the 

analysis of transcriptomic data and in future follow-up work. These resources include well annotated 

datasets, such as the Plant Cistrome Database which provides a list of known motifs identified through 

DAP-seq (O’Malley et al., 2016). This can be used to look for enriched motifs in genes which respond 

to chloroplast inhibition. Resources associated with A. thaliana have also been shown to allow fast 

functional testing, which will likely prove useful once characterisation targets are identified. 

Microarray data are available for A. thaliana wildtype seedlings and gun mutants treated with 

norflurazon, although the low number of replicates reduces the statistical power of any conclusions 

made with the dataset (Moulin et al., 2008).  
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3.2 Objectives 

 

Genes affected by plastid-to-nucleus signalling will be identified through RNA-seq in C3 Arabidopsis 

thaliana after chloroplast function has been perturbed.  

 

Hypotheses 

 

Photosynthesis related genes will be disproportionally overrepresented in the genes affected by 

inhibitor treatment as there is much evidence that the chloroplast retrograde signalling pathway is 

intertwined with the light signalling pathways known to regulate photosynthesis. 

 

Multiple C4 orthologues will be regulated by chloroplast to nucleus signalling, providing further 

support for the hypothesis that retrograde control explains the repeated recruitment of genes in the 

parallel evolution of C4 photosynthesis. 

 

Putative transcription factors involved in the regulation of plastid-regulated genes will be elucidated 

by analysing enriched binding motifs. 

 

Hypotheses 

 

There will be significant enrichment of binding motifs in genes responsive to chloroplast perturbation 

compared to background as these genes share a regulatory pathway. 

 

The motifs significantly enriched in plastid-regulated C4 orthologues will differ to those enriched in 

the other C4 orthologues, as they do not wholly share a regulatory pathway.  
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3.3 Results 

3.3.1 Impact of lincomycin and norflurazon on chlorophyll accumulation and 

chlorophyll fluorescence  

Previously, sublethal concentrations of lincomycin and norflurazon that inhibit greening of A. 

thaliana cotyledons by impeding chloroplast development have been reported (McCormac & Terry, 

2004). When this protocol was used here, chlorophyll accumulation was also compromised (Figure 

3.1).   

 
Figure 3.1: Accumulation of chlorophyll is impaired in seedlings exposed to either lincomycin or 

norflurazon. A. thaliana seedlings dark-grown for 5 days and grown in 150 µmol m−2 s−1 white light 

for 24 hours. EtOH = 0.001% (v/v) ethanol. 

 

To quantify the impact of reduced greening on photosynthesis, pulse-modulated chlorophyll 

fluorescence was assessed. Maximum quantum yield of PSII (Fv/Fm) provides insight into the number 

of PSII reaction centres capable of absorbing and utilising light. This gives a reliable indication of 

photosynthetic performance (Maxwell & Johnson, 2000). Consistent with very low amounts of 

chlorophyll, seedlings of Arabidopsis thaliana maintained in the dark showed low values of Fv/Fm 

and addition of either lincomycin or norflurazon had no impact on Fv/Fm (Figure 3.2). However, when 

plants were transferred to the light values of Fv/Fm were significantly increased compared to the dark-

grown controls. Treatment with norflurazon or lincomycin caused a greater than two-fold decrease in 

Fv/Fm in illuminated seedlings compared with controls. The effect on the photosynthetic apparatus is 

striking and shows a decrease in the ability of chloroplasts to harvest light. As these inhibitors reduced 

accumulation of chlorophyll, which is dependent on nuclear gene expression, these treatments were 

considered suitable for analysis of how genome-wide patterns of transcript abundance are perturbed 

during this process. 
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Figure 3.2: Effect of lincomycin and nuroflurazon on chlorophyll fluorescence in A. thaliana. Dark-

grown seedlings showed low values of Fv/Fm. (A&B) Bar chart quantifying the impact of transferring 

seedlings from dark to light, and treatment with either lincomycin (A) or norflurazon (B) on Fv/Fm 

(n=3 plates of seedlings). Data are presented as means with one standard error. Consistent with the 

greening of cotyledons in response to light, illumination led to an increase in Fv/Fm. In both cases, 

application of lincomycin and norflurazon reduced Fv/Fm to levels similar to those detected in dark 

grown seedlings. Statistical significance was calculated using a student’s t-test (illuminated control 

mean Fv/Fm = 0.64, dark-grown control mean Fv/Fm = 0.25): t(10) = -13.35, p < 0.001, (illuminated 

control mean Fv/Fm = 0.64, illuminated inhibitor-treated mean Fv/Fm =  0.25): t(10) = -12.631, p < 

0.001. (C&D) Representative images captured by the FluorImager chlorophyll fluorescence imaging 

system showing a heatmap of Fv/Fm. The false colour scale represents an Fv/Fm of 0 (blue) to 1 (red). 

Scale bars represents 5mm. Linc = 0.5mM lincomycin, NF =5μM norflurazon, WL = 150 µmol m−2 

s−1 white light.  

 

3.3.2 Extraction and analysis of RNA prior to sequencing  

To confirm that RNA extracted after each treatment was of sufficient quality for deep sequencing, its 

integrity was analysed using a microfluidic electrophoresis system. This generated electropherograms 

and an RNA Integrity Number (RIN), which gives an indication of how much degradation the RNA 

sample has undergone. The calculation of an RIN takes into account the ratio between the 18S and 

25S peaks that derive from the small and large subunit of nuclear ribosomes respectively, as well as 

the overall distribution of the electropherogram trace. This trace also shows a 16S-related peak, which 

derives from the small subunit of the chloroplast ribosome (Delius & Koller, 1980). By comparing 

the height of this peak compared with the 18S and 25S peaks, the ribosome composition and 

subsequently the potential for chloroplast translation can be inferred (Figure 3.3). 

 

This analysis corroborates findings from the physiological analysis above. Smaller 16S peaks can be 

seen in the dark-grown compared with the 24-hour illuminated sample (Figure 3.3). This is consistent 

with dark-grown cotyledons containing etioplasts which have not yet fully developed and proliferated 

into chloroplasts. The lincomycin treatment shows no 16S peak in either dark-grown or illuminated 

samples. This is likely partially due to a lack of plastid encoded polymerase as chloroplast translation 
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is blocked by lincomycin, and partially due to reduced expression of nuclear encoded polymerase 

subunits, such as rpoTp, via retrograde signalling. In contrast, a 16S peak was present in the dark-

grown A. thaliana treated with norflurazon, but considerably reduced on exposure to light. By 

including both lincomycin and norflurazon in the study, the unintended effects of individual inhibitors 

can hopefully be disentangled from the results of interest. Combined with the data above (Figure 3.2), 

these results indicate that both inhibitors have perturbed chloroplast development, decreased the 

number of PSII reaction centres located in the thylakoid membranes and eliminated accumulation of 

chloroplast rRNA in light-exposed seedlings.  

 

The RIN for each sample was assessed, samples with an RIN over 7 were considered intact and 

suitable for next generation sequencing. All libraries were prepared from samples with an RIN of 7 

or greater.  

 

 
 

Figure 3.3: Electropherograms of A. thaliana RNA for each treatment obtained on the Agilent 

Bioanalyzer 2100. Red arrow indicates the 16S peak, which is indicative of the presence of 

chloroplast ribosomes. As maximum fluorescence varies according to sample concentration, all 

samples were normalised to their maximum value to simplify visual comparisons. Linc = 0.5mM 

lincomycin, NF =5μM norflurazon, WL = 150 µmol m−2 s−1 white light.  
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3.3.3 Quality control of transcriptomic libraries 

Libraries were sequenced, and samples underwent quality control. FastQC is a tool that allows 

intuitive visual inspection of sequences and provides a pass or fail grading to QC components. 

Analysis of samples showed they were good quality, both at sequence and base level. There were no 

unassigned bases (Ns) present in the data, and no adapter contamination (Figure 3.4).  

 
 

Figure 3.4: FastQC generated plots illustrating sequences were of a good quality and contained no 

unassigned bases or adapter contamination. (A) Representative plot showing frequency against mean 

sequence quality, with most sequences having a mean phred score of 33. (B) Representative plot 

showing Ns (unassigned bases) were not present at any position along the read. (C) Representative 

plot showing no adapters were present at any position in the read.   

 

However, two FastQC categories failed for all samples; ‘Per Sequence GC Content’ and ‘Kmer 

Content’. The assumptions FastQC makes in assessing quality control for these categories only holds 

true for kits which generate libraries with sequences from across the whole transcript. Libraries were 

prepared using the QuantSeq 3′ mRNA-Seq Library Prep Kit from Lexogen. This kit generates 

libraries of sequences close to the 3’ end of polyadenylated RNA, making it ideal for gene expression 

analysis. In fact, Lexogen confirmed the results for ‘Per Sequence GC Content’ and ‘Kmer Content’ 

are a by-product of the QuantSeq kit’s mode of action which means the assumptions of FastQC’s 

grading method no longer hold true (Lexogen, personal communication, 2016). This is because the 

QuantSeq FWD reads containing the random primer sequence in the reads, and the binding energy 

efficiency of these primers is often G-biased. The validity of these results is further corroborated by 

comparison against QuantSeq generated Zea mays libraries from peer-reviewed data (Kremling et al., 

2018) (Figure 3.5). 
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Figure 3.5: Representative FastQC plots for ‘Per Sequence GC Content’ and ‘Kmer Content’, 

showing the similarity between the libraries generated here (A and C), and from peer-reviewed work 

(Kremling et al., 2018; SRA ID SRR5911960) (B and D). (A) and (B) Representative plot showing 

frequency against mean GC content, theoretical distribution is based on assumptions which do not 

hold true for the Lexogen QuantSeq kit. (B) and (D) Representative plot showing Kmer enrichment 

across the read.  

 

Thus, the QC analysis indicated that all libraries generated good quality data, and so further analysis 

was initiated. After trimming and quality control, 165 million reads were obtained in total. A mean 

of 80.5% of reads mapped uniquely to the A. thaliana TAIR10 reference genome.  

 

3.3.4 Hierarchical clustering and principal component analysis to determine sample 

similarity  

Read counts estimated from the sample alignments were subjected to hierarchical clustering and 

principal component analysis to confirm biological replicates were behaving in a similar manner and 

identify which treatment caused the greatest alteration to transcript abundance. Hierarchical 

clustering was performed by calculating the distance between samples, providing a quantitative 

measure of sample similarity (Figure 3.6). Data underwent variance stabilising transformation which 

normalises with respect to library size. This also involves logarithmic transformation to ensure that a 

small number of highly expressed genes do not skew the results.  
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Figure 3.6: Heatmaps showing hierarchical clustering of sampling distance, indicating sample 

similarity and showing replicates cluster together. Images generated by pheatmap, with a false colour 

scale, units are variance stabilising transformed normalised counts. (A) Linc = 0.5mM Lincomycin 

treated (B) NF = 5µM Norflurazon treated.  

 

Hierarchical clustering showed replicates generally clustered together, implying the majority of 

variance is explained by sample treatment rather than biological noise (Figure 3.6). One exception 

was the clustering of one dark-grown lincomycin treated replicate and one dark-grown control 

replicate. As dark-grown seedlings contain etioplasts rather than fully functioning chloroplasts, this 

is not completely unexpected as it indicates that the treatment in the dark has a less clear effect on 

transcript abundance  

 

Principal components analysis (PCA) is a class free method for explaining variance between samples. 

Variance is attributed to unknown principal components, and plotting these components can give an 

indication of sample similarity or disparity. Over 95% of the variance between samples could be 

attributed to two principal components (Figure 3.7). 
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Figure 3.7: Principal components analysis of transcript abundance data obtained from dark-grown 

and illuminated inhibitor treated samples and corresponding controls. (A) Analysis of lincomycin 

treated samples and corresponding controls (B) Analysis of norflurazon treated samples and 

corresponding controls. PC1 = principal component 1, PC2 = Principal component 2. 

 

The three replicates for each treatment generally clustered together, corroborating the previous 

findings that sample treatment is responsible for the majority of variation in the dataset (Figure 3.7). 

The spatial separation of samples across PC1 and PC2 was also consistent between the two inhibitors. 

PC1 accounted for 92% and 83% of the variation in samples, for lincomycin and norflurazon 

respectively, and most of this variation appears to be in response to light treatment. However, in 

illuminated samples, inhibitor treatment caused an approximate 20% shift in PC1. PC2 accounts 

solely for the variation between illuminated control and illuminated treated samples. One of the three 

replicates treated with lincomycin appeared to have been less affected than the other two, possibly 

due to reduced uptake of the inhibitor. 

3.3.5 Differential Transcript Abundance in Response to Chloroplast Inhibition 

Sample read counts consequently underwent a pairwise differential expression analysis. Pairwise 

comparisons were carried out between samples where only one factor changed, ie - either the light 

treatment or the inhibitor treatment (Table 3.1). Significance was defined as an adjusted p-value of 

less than 0.05.  
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Table 3.1: Number of genes showing significant differential transcript abundance between treatments, 

split into (A) all genes with significant differential transcript abundance, (B) upregulated genes only 

and (C) downregulated genes only. Significance is defined as an adjusted p-value <0.05. The 

percentage of genes showing significant differential transcript abundance in response to both 

inhibitors as a percentage of the lincomycin related list. DTA = differential transcript abundance.  

Comparisons between control dark-grown and illuminated samples yielded the most differentially 

expressed genes between any of the treatments (Table 3.1). This is consistent with the class-free 

analysis presented above, and expected as large transcriptomic changes in response to light are well 

documented (Jiao et al., 2005). Treatment with either lincomycin or norflurazon dampened this 
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response, however, even without competent chloroplasts present the majority of genes were still light 

responsive.  

 

Treatment of illuminated samples with norflurazon disrupted transcript abundance for three times as 

many genes as lincomycin. However, over 70% of the genes responsive to lincomycin were also 

responsive to norflurazon. Of these 713 transcripts that responded to both inhibitors, 640 genes were 

downregulated in response to inhibitor treatment. Overall, the number of genes displaying alterations 

in transcript abundance between treatments was consistent with the PCA analysis, with increased 

variance relating to an increased number of genes showing differential transcript abundance.  

 

3.3.6 Function of genes most responsive to chloroplast perturbation  

From the results of the differential gene analysis, genes showing the largest log2fold change between 

control and inhibited samples in illuminated conditions were identified. The ten most downregulated 

and upregulated genes out of the 3607 and 1010 genes, for norflurazon and lincomycin respectively, 

were assessed (Table 3.2, Table 3.3). 
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Table 3.2: The 10 genes with the greatest negative log2fold change in expression, and the 10 genes 

with the greatest positive log2fold change in expression when illuminated controls are compared to 

illuminated norflurazon treated samples. Log2fold changes and adjusted p-values were calculated 

using DESeq2. TAIR = The Arabidopsis Information Resource. RS = Retrograde signalling. 
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Table 3.3: The 10 genes with the greatest negative log2fold change in expression, and the 10 genes 

with the greatest positive log2fold change in expression, when illuminated controls are compared to 

illuminated lincomycin treated samples. Log2fold changes and adjusted p-values were calculated 

using DESeq2. TAIR = The Arabidopsis Information Resource. RS = Retrograde signalling. 

 

The genes most downregulated by norflurazon treatment were the photosynthesis-related genes. 

Lincomycin, however, does not elicit a large response in photosynthesis associated gene expression. 

In fact, for lincomycin, seven of the ten genes assessed had no associated TAIR gene symbol and 

vague gene descriptions, highlighting that this is an area that still requires a great deal of further 

research. Apart from the expression of reductases in the nitrogen pathway significantly decreasing in 

treated seedlings, there was not a large overlap in genes with the greatest change in expression 

between inhibitors (Figure 3.3 and 3.4). However, each inhibitor significantly altered the abundance 
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of over a thousand transcripts. As a broader picture of these genes would give a more accurate 

comparison of the effects of lincomycin and norflurazon, Gene Ontology (GO) terms that were 

enriched in each of these categories were assessed next. 

 

3.3.7 Enrichment analysis of genes impacted by chloroplast perturbation in 

illuminated seedlings 

Gene Ontology provides umbrella terms for gene functionality, and so the analysis can provide an 

overview of the impact of each treatment on global patterns of transcript abundance. To investigate 

genes that were affected most by the chloroplast and its signals, enrichment analysis was performed 

on data from illuminated inhibitor treated samples compared to controls. This showed that 79% of 

the significantly enriched terms from the lincomycin responsive gene set are also enriched in response 

to norflurazon (Figure 3.8).  

 

 

 
 

Figure 3.8: Gene Ontology analysis indicated that treatment with each inhibitor affected similar 

processes, with photosynthesis genes being some of the most disproportionally affected genes when 

seedlings are treated with either norflurazon or lincomycin. (A) Venn Diagram showing the overlap 

in significantly enriched GO terms after chloroplast perturbation by lincomycin and norflurazon. (B) 

Bar chart showing enrichment for each GO term in the inhibitor responsive genes compared to the 

rest of the genome. The Background Gene Set used contained all available A. thaliana annotated 

genes. GO = Gene Ontology. DTA = Significantly Different Transcript Abundance. Linc = 0.5mM 

lincomycin, NF =5μM norflurazon. 

 

Photosynthesis and light harvesting are two of these mutually enriched terms for both lincomycin and 

norflurazon. This overlap in large-scale molecular changes suggests that despite their different modes 
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of action, norflurazon and lincomycin led to broadly similar impacts on gene expression.  Further 

analysis employing MapMan (Usadel et al., 2009) demonstrated that photosynthetic genes were 

downregulated in the presence of compromised chloroplasts (Figure 3.9).  

 

 
 

Figure 3.9: Chloroplast perturbation caused a decrease in expression of most photosynthetic genes. 

Image generated using MapMan software showing analysis of differential expression data for (A) 

lincomycin treated seedlings compared with illuminated controls or (B) norflurazon treated seedlings 

compared to illuminated controls. False colour scale represents log2fold change.  

Whilst all genes involved in the light reactions of photosynthesis were downregulated by chloroplast 

perturbation, genes encoding Photosystem I and Photosystem II showed greater downregulation in 

the presence of lincomycin. These protein complexes are comprised of both nuclear and plastome 

encoded subunits (Pfannschmidt, et al., 2001), which could explain their high responsiveness.   

Gene ontology analysis confirmed that both lincomycin and norflurazon have a similar effect on 

differential transcript abundance. This supports the assumption that looking at genes showing similar 

responses after seedlings were treated with each of these inhibitors could give robust insights into the 

effects of chloroplast inhibition, rather than off-target effects.  

3.3.8 Expression Patterns of Retrograde Signals and Well-characterised Responders 

Transcript abundance of genes with a well characterised response such as LHCB were analysed to 

check the consistency of these data with previously published findings. A number of genes have been 

proposed to have a role in retrograde signalling. Six GUN genes have been shown to be definitively 

involved, although the mechanism by which they effect gene expression is unclear. These genes were 
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identified in gun mutants; plants which showed no change in LHCB expression when treated with 

either lincomycin or norflurazon. Additionally, there are genes, such as those encoding Executor 

proteins and HY5, with supporting evidence for a prospective role in chloroplast retrograde 

signalling. The response of these proposed retrograde signals to chloroplast perturbation was 

analysed.  

 

 
Figure 3.10: Histogram showing average Transcripts Per Million (TPM) values of well-characterised 

retrograde responders and genes associated with retrograde signals. Dark-grown = seedlings dark-

grown for 6 days; Illuminated = seedlings dark-grown for 5 days and grown in 150 µmol m−2 s−1 

white light for 24 hours. Error bars represent one standard error of the mean. CA1 = Carbonic 

anhydrase 1, LHCB1.2 = Chlorophyll a-b binding protein 3, RBCS1A = Ribulose bisphosphate 

carboxylase small chain 1a, GUN 1-6 = Genomes uncoupled 1-6, EX1 = Executer 1, EX2 = Executer 

2, HY5 = Long hypocotyl 5. 

 

Expression of LHCB1.2, Carbonic Anhydrase (CA1) and Ribulose Bisphosphate Carboxylase Small 

Sub-unit (RBCS1A) have been shown to decrease in response to chloroplast inhibition in wildtype 

seedlings (Kacprzak et al., 2019a). This response is clearly seen in the data presented here (Figure 

3.10). GUN4 and GUN5 showed a similar expression pattern, implying that their mode of regulation 

could take place at the transcriptional level. However, most of the retrograde signalling genes appear 

to be affected by light only, implying their regulatory effect is not proportional to transcript 

abundance. 

3.3.9 Expression Pattern of C4 Orthologues in A. thaliana 

An initial inspection of transcript abundance in chloroplast inhibited seedling implied that CA1 was 

not the only C4 orthologue subject to regulation by the chloroplast (Figure 3.11).   
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Figure 3.11: Histogram showing average TPM values of C4 orthologues in A. thaliana. Dark-grown 

= seedlings dark-grown for 6 days; Illuminated = seedlings dark-grown for 5 days and grown in 150 

µmol m−2 s−1 white light for 24 hours. Error bars represent one standard error of the mean. CA2 = 

Carbonic anhydrase 2, CA1 = Carbonic anhydrase 1, PPC2 = Phosphoenolpyruvate carboxylase 2, 

PEPCK = Phosphoenolpyruvate carboxylase kinase 1, ASP1 = Aspartate aminotransferase, 

NADME1 = NAD-dependent malic enzyme 1, TPT = Triose phosphate/phosphate translocator, PPT1 

= Phosphoenolpyruvate/phosphate translocator 1, NDH1 = Sodium/proton antiporter 1, MDH1 = 

Malate dehydrogenase 1, ALAAT2 = Alanine aminotransferase 2, PPDK = Pyruvate, phosphate 

dikinase 1. 

 

Chloroplast inhibition caused a significant decrease in transcript abundance in CA1 and PPC2, genes 

which function in the initial carbon dioxide fixation within mesophyll cell (Figure 3.12).   
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Figure 3.12: Chloroplast perturbation caused a decrease in expression of genes involved in CO2 

fixation in mesophyll cells. Image adapted from Langdale (2011) showing the ratio of transcript 

abundance in (A) lincomycin treated or (B) norflurazon treated seedlings compared to controls. False 

colour scale represents transcript abundance ratio.  

 

To statistically analyse whether the expression of C4 orthologues in Arabidopsis thaliana was 

significantly affected by chloroplast perturbation, pairwise comparisons were performed between all 

treatments using DESeq2. Comparison of inhibitor-treated seedlings versus controls was used to 

investigate if retrograde signalling was involved in regulation. To determine if retrograde signalling 

was interconnected with light regulation, this comparison was carried out in both dark-grown and 

illuminated samples. Very few genes were regulated by light only. Most differentially expressed C4 

orthologues were affected by both the chloroplast and light (Figure 3.13).  
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Figure 3.13: The majority of C4 orthologues are subject to some extent of regulation by the 

chloroplast. C4 orthologues (n = 15) separated by genetic regulation, based on differential expression 

between four different treatments. Chloroplast-dependent regulation defined as genes which are 

significantly differentially expressed in controls compared to seedlings which have undergone 

chloroplast perturbation by (A) Lincomycin or (B) Norflurazon. 

 

The response of genes did differ slightly between the two inhibitors. However, the majority of C4 

orthologues are under chloroplast control. Chloroplast regulation was always found to be light 

dependent, with no C4 orthologues showing consistent differences between controls and inhibited 

seedling in both dark-grown and illuminated conditions. 8 of the 15 analysed C4 orthologues were 

differentially expressed both when lincomycin was applied, and when norflurazon was applied 

(Figure 3.13).  

 

3.3.10 Patterns of Gene Expression in Response to Chloroplast Inhibition 

To detect groups of genes which have a strong consistent response to chloroplast perturbation, a 

clustering analysis was carried out. Clust analysis finds broad patterns of gene expression occurring 

in transcriptomic data (Abu-Jamous & Kelly, 2018). Read counts are analysed by the programme, 

which then clusters together genes which share similar expression patterns in response to all 

experimental treatments. The Clust analysis found 12 gene clusters for each inhibitor experiment 

(Figure 3.14).  

 

Lincomycin 

Norflurazon 
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Figure 3.14: Cluster profiles generated by Clust showing expression patterns for (A) lincomycin and 

(B) norflurazon. Cluster number is arbitrary and for identification only. Lincomycin = 0.5mM 

lincomycin, Norflurazon = 5μM, Dark = 6 days dark-grown, Illum = 5 days dark-grown + 24 hours 

150 µmol m−2 s−1 white light. 

 

These clusters comprise 41% of the total input genes for lincomycin, and 32% for norflurazon. Clust 

analysis showed that the largest shared regulatory pattern contained light-responsive genes. Cluster 

C10 for lincomycin and C0 for norflurazon, containing 3167 and 2623 genes respectively, represented 

genes which were upregulated in the light. Conversely, Cluster C0 for lincomycin and C5 for 

norflurazon, containing 4510 and 3016 genes respectively, represented genes which were 

downregulated in the light. The analysis identified clusters that showed response to chloroplast 

inhibition, and some of the response patterns were shared by both inhibitors. For example, C3 for 
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lincomycin and C11 for norflurazon contained genes which in control samples were downregulated 

in response to light, however this response was lost when the chloroplast was perturbed. A basic GO 

analysis of each cluster was carried out to identify if any gene expression pattern correlated with 

function, however, the clusters did not show any specifically enriched terms. 

 

3.3.11 Motif Enrichment Analysis 

The analysis above identified 713 genes which have differential transcript abundance in both 

lincomycin and norflurazon treated seedlings compared to controls (Table 3.1). This list of genes 

enables a search for enriched motifs; short sequences of DNA recognised by transcription factors to 

facilitate binding. Enriched motifs can highlight putative transcription factors which could act as a 

chloroplast derived signal modifying nuclear gene expression. 

 

3.3.12 Identifying Enriched Repetitive 6 base-pair Elements 

To identify a shared regulatory mechanism which could potentially be a chloroplast to nucleus signal, 

the sequences of genes responsive to chloroplast inhibition were searched for known binding motifs. 

The simplest method computationally for this analysis is to scan for enriched 6-mer sequences using 

the web-based tool TAIR Motif Analysis. This creates an index of every possible 6 base sequence 

within the gene’s promoter and compares the frequency of this motif in the genome to its frequency 

in the list of responsive genes to generate a p-value. The input to this analysis tool is the TAIR IDs 

of the genes of interest and a selection of how many base pairs upstream of the transcription start site 

(TSS) is to be analysed. A 1000bp upstream of the TSS of each chloroplast responsive gene was 

analysed, resulting in 3889 6-mers being significantly enriched (p-value < 0.05). Enriched motifs 

included the G-box, ABA responsive elements and motifs that have been reported to be involved in 

sugar metabolism (Table 3.4).  

 

However, whilst this approach is rapid, it has limitations and is particularly constrained by the set 

motif length. Repeated sequences appeared in the enriched 6-mer list; the ‘TATA’ box occurred in 

both ‘ATATAG’ and ‘CTATAT’. Additionally the enriched ‘TGGATA’ sequence contained the 

characterised 4-base motif GATA, known to be enriched in genes under light-dependent and nitrate-

dependent regulation (Reyes et al., 2004). This method does not allow the enrichment of GATA or 

TATA to be analysed individually. The approach is also constrained by its lack of flexibility; in the 

cell transcription factors do not often have exclusive binding to one sequence. Variability in bases at 

certain positions may decrease the likelihood of binding, however, it will not stop binding from 

happening.  
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Table 3.4: G-box and ABA responsive elements are enriched in genes responsive to chloroplast 

perturbation. 12 most enriched 6-mers within the 1000bp upstream of genes which are significantly 

downregulated by both inhibitors in light. Calculated using the TAIR tool ‘Statistical Motif Analysis 

in Promoter or Upstream Gene Sequences’. 

 

3.3.13 Motif Enrichment in Chloroplast Responsive Genes 

 

FIMO, part of the MEME software suite, is a programme which searches for known motifs by using 

experimentally verified motifs identified using methods such as DAP-seq and CHIP-seq. These 

motifs are stored as letter probability matrices, or position weight matrices, accounting for the inexact 

nature of transcription factor binding. The 5’UTR and 1000bp upstream of plastid-responsive genes 

was analysed using FIMO (Table 3.5). 
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Table 3.5: The ten most enriched motifs within the promoter (1000bps upstream of TSS) and 5’ UTR 

of chloroplast responsive genes with a total frequency over 20. Enrichment measured as fold change 

in the frequency of significant matches as calculated by FIMO compared to the average of 5 random 

background gene sets. PWM = position weight matrix. 

 

This analysis showed that binding motifs that were enriched more than 2.5-fold compared to 

background in chloroplast responsive genes were from five major transcription factor families: MYB, 

TCP, bZIP, bHLH and MYB-related. A natural consequence of chloroplast inhibition is strong 

downregulation of photosynthesis related genes, meaning the two are confounded. To distinguish the 

response to chloroplast inhibition specifically, genes relating to the ‘photosynthesis’ GO term were 

also analysed. MYB-related binding motifs were enriched in this dataset but motifs for the other four 

transcription factor families were not. Binding sites for transcription factors from the same family 

can share similar motif sequences, as can be seen by the highly similar PWMs (Table 3.5). By plotting 

the location of similar motifs, such as ABI5 and ABF2, across the promoter of HEME1 we can see 

that these predicted sites are redundant, although they do vary in the confidence of the match 

represented in the p-value on the y-axis (Figure 3.15). This could be biological, with multiple 

transcription factors able to bind at a single site with varied affinities, or this could be unavoidable 

error in the predictive analysis.  
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Figure 3.15: Transcription factor within a family are predicted to bind the same sites, although they 

do vary in the confidence of the match represented in the p-value on the y-axis. Schematic of the 

position of predicted enriched motifs along the gene promoter (1000bps upstream of TSS) and 5’ 

UTR of HEME1. P-value decreases, and therefore likelihood of enrichment increases, along y-axis. 

0 = TSS. 

 

Additional transcription factor candidates were screened by analysing enriched motifs in the promoter 

of known responders, such as LHCB2.1 and CA1 whose expression is known to decrease in response 

to chloroplast perturbation. Two potential candidates were identified; AZF1 and AT3G46070 (Figure 

3.16). However, AT3G46070 is not expressed in any samples making it likely AZF1 is binding to 

these sites.   

 
Figure 3.16: AZF1 is predicted to bind to motifs in the promoter of known chloroplast responders and 

is a candidate chloroplast to nucleus regulator. Schematic of the position of predicted enriched motifs 

in known chloroplast responders along the gene promoter (1000bps upstream of TSS) and 5’ UTR. 

P-value decreases, and therefore likelihood of enrichment increases, along y-axis. 0 = TSS. 
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3.3.14 Motif Enrichment Analysis of Chloroplast Responsive Genes using AME 

 

An additional tool available in the MEME software suite is AME (Analysis of Motif Enrichment). 

Whilst FIMO (Find Individual Motifs) scans a set of sequences for individual matches to each of the 

motifs you provide, AME identifies motifs that are relatively enriched in your sequences compared 

with control sequences. Analysis of chloroplast regulated genes with AME found five main 

transcription factor families were enriched: AP2/EREBP, bZIP, HMG, BZR and LOBAS2. The 

overall ranking of significantly enriched motifs was compared between the AME and FIMO approach 

(Figure 3.17).  

 

 
Figure 3.17: The resulting motif enrichment from an AME analysis compared to a FIMO analysis are 

disparate. Scatter plot of the rank for each motif based on its enrichment reported in AME plotted 

against the rank for each motif based on its enrichment above background in the FIMO analysis 

(filtered for motifs with a total frequency > 20).  

 

Overall, we see there is little correlation between the two. This initially may seem surprising as both 

methods are looking for enrichment. However, their methods differ in that FIMO prioritises 

individual matches and looks for high affinity binding, whereas, in AME the frequency is prioritised. 

This means AME highlights numerous weak matches over FIMO’s prioritisation of less frequent 

strong matches. It is worth noting however, that the left side of the plot shows a brief increase in 

correlation within motifs with the very highest enrichment (Figure 3.17). This means that FIMO and 

AME identify the same motifs within the highest enrichment category, likely due to these motifs 

occurring at a high frequency as well as having a high binding affinity. A more detailed look shows 

that the nine most enriched motifs within the AME analysis are also in the twenty most enriched 

motifs within the FIMO analysis (Table 3.6).  
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Table 3.6: The ten most enriched motifs within the promoter (1000bps upstream of TSS) and 5’ UTR 

of chloroplast responsive genes calculated by AME. Enrichment measured as the p-value of 

likelihood motif occurs more frequently in the genes set of interest over background. PWM = position 

weight matrix. 

 

These motifs are likely most enriched in both the FIMO and AME analyses as they occur frequently 

within chloroplast-regulated genes and they also have a high affinity for binding. Therefore, these six 

motifs are promising candidates to analyse in future work. 

 

3.3.15 Distribution of open chromatin in A. thaliana 

It has been shown that transcription factors are more likely to bind areas of open chromatin. Looking 

at the distribution of open chromatin regions can indicate which parts of the genetic architecture are 

likely rich in binding motifs. The distribution of open chromatin was therefore analysed to inform a 

refined motif analysis, where only the most accessible elements of the genetic architecture are 

considered. 

 

DNaseI-Seq treats intact isolated nuclei with DNaseI which preferentially cuts open chromatin. By 

sequencing the resulting DNA, the cut sites can be identified. In the literature, these open chromatin 

regions can be referred to as DNase hypersensitive sites (DHSs) or peaks. This is because there is a 

peak in the number of cuts at these sites. The above analysis looked only at the 5’ UTR and 1000 base 

pairs upstream of the transcription start site (Section 3.3.13 and 3.3.14). This information could 
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inform the most relevant areas of a gene’s sequence to input into the motif analysis. DNaseI-Seq data 

was used from one-week old A. thaliana seedlings grown in darkness for 7 days and then exposed to 

light from 0 minutes to 24 hours (Sullivan et al., 2014). The bed file containing the coordinates for 

these DHSs site was downloaded from NCBI (GSE53322) and input into PAVIS2 to produce pie 

charts showing how these DHSs distribute in the A. thaliana genome (Figure 3.18). PAVIS2 is a tool 

to facilitate visualisation of the distribution of peaks across genomic features (Huang et al., 2013). 

 

 

  
 

Figure 3.18: The distribution of accessible chromatin sites between gene features is highly similar in 

dark-grown and light exposed seedlings (Sullivan et al., 2014; NCBI (GSE53322). Pie charts 

generated using PAVIS2 software and the TAIR10 genome annotation. Upstream is defined as 

5000bp upstream of the transcription start site. Downstream is defined as 1000bp downstream of the 

transcription termination site. 

 

This analysis showed that peak distribution did not change with light treatment, and therefore this is 

not a further consideration in the analysis. The plots show that ~8.5% of the accessible peaks occur 

within the gene body. Whilst this could be considered a small proportion, these motifs are easily 

attributed to a specific gene and therefore are a valuable asset in the analysis. The analysis pipeline 

was therefore edited to incorporate the gene body in the input sequence. Over 60% of peaks were 

found within 5000bp upstream of the TSS in the promoter region. To investigate the distribution of 

these peaks, their distance from the TSS was plotted (Figure 3.19). 

 

 

 
 

Figure 3.19: Distribution of DHS (DNaseI Hypersensitive sites) around the TSS for all annotated A. 

thaliana genes, showing that most DHSs are covered by 2000bp of the promoter region (Sullivan et 

al., 2014; NCBI (GSE53322). 0 = TSS. + Strand represents positive strand genes which read from 5’ 

to 3’, – Strand represents negative strand genes which read from 3’ to 5’. 
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Over 50% of DNaseI hypersensitive sites occur less than 2000 base pairs upstream of the TSS, making 

this a suitable length of promoter to include in further motif analysis. However, 434 genes either 

overlap or have their TSS directly adjacent to another gene and 18486 genes have less than 2000bp 

between their TSS and the coding sequence of another gene. This means the sequence selected for 

the analysis would often partially include an adjacent gene to the gene of interest. To ensure that a 

‘one size fits all’ approach analysing 2000bp upstream along with the gene body is appropriate, 

Sullivan DHS distribution plots were generated for genes with a low inter-gene distance between the 

3’ end and the next gene to ascertain whether they require a different analysis method (Figure 3.20).  

 

 
 

Figure 3.20: Distribution of DHS (DNaseI Hypersensitive sites) around the TSS for genes whose 

promoter region either overlaps or is less that 2000 base pairs from the next gene (Sullivan et al., 

2014; NCBI (GSE53322). Number of genes for each category shown top left. Genes where the TSS 
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overlaps, or is directly adjacent to, the coding sequence of another gene. 0 = TSS. + Strand represents 

positive strand genes which read from 5’ to 3’, – Strand represents negative strand genes which read 

from 3’ to 5’. 

 

The DHS distributions for genes with a short distance between their TSS and the adjacent genes show 

a similar shaped distribution to those for all genes. Genes with shorter distances do show a shift of 

DHSs into the gene body, but the proposed analysis was to include this already. Additionally, shorter 

distances show a greater proportion of DHSs to the periphery. This is most likely caused by an 

increase in background; shorter distance plots have fewer input DHSs, and therefore there is a 

decrease in the signal to noise ratio.  

 

3.3.16 Calculating the Background Rate of Motif Enrichment in the A. thaliana 

Genome 

To identify which motifs are enriched in a gene group of interest, a background rate of enrichment 

must be calculated for normalisation. To ensure an accurate background enrichment the analysis was 

ran on 1000 sets of randomly chosen genes. To ensure any possible size effects of FIMO’s algorithm 

were accounted for, the gene sets were size matched to the genes of interest. Therefore, for plastid-

regulated genes 1000 random sets of 713 genes were analysed, and for the plastid-regulated C4 

orthologues, 1000 random sets of 8 genes. Once analysed, the rank of each motif for 713 genes 

averaged over 1000 runs was compared to 8 genes averaged over 1000 runs (Figure 3.21).  

 

 
 

Figure 3.21: Motif enrichment is similar between gene sets of different sizes. Rank for average 

frequency of a motif in 1000 runs of 8 randomly selected genes plotted against a 1000 runs of 713 

randomly selected genes.  

There was a high correlation with an R2 of 0.95, which means in any future time pressed motif 

enrichment studies one background set could be used for all analyses. 
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3.3.17 Motif Enrichment in the Gene Body and Most Accessible Regions of 

Chloroplast Responsive Genes 

Based on the distribution of DNase hypersensitive sites in the genetic architecture, the gene body and 

2000bp upstream of each plastid-regulated gene was analysed using FIMO (Table 3.7). Enrichment 

was normalised against an averaged background frequency of 1000 runs of same sized, randomly 

selected gene sets. 

 

 
 

Table 3.7: The ten most enriched motifs within the gene body and promoter (2000bps upstream of 

TSS) of chloroplast responsive genes. Enrichment measured as fold change in frequency compared 

to the average of 1000 random background gene sets of the same size. PWM = position weight matrix. 

 

Motifs which bind the MYBS, bZIPs and bHLH transcription factor families are again enriched in 

the plastid-regulated gene set. However, expanding our analysis to the gene body and 2000bp 

upstream has highlighted the prevalence of AP2/EREBP binding motifs. AP2/EREBP transcription 

factors are thought to integrate metabolic, hormonal and environmental signals during the plant’s 

response to stress (Dietz et al., 2010).  

 

3.3.18 Motif Enrichment in Chloroplast Responsive and Non-Responsive C4 

Orthologues 

The motif enrichment analysis was carried out on C4 orthologues which were mutually affected by 

both inhibitors in illuminated seedlings (Figure 3.13), to identify which transcription factors may be 

involved in the regulation of C4 photosynthesis (Table 3.8) 
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Table 3.8: The ten most enriched motifs within the gene body and promoter (2000bps upstream of 

TSS) of chloroplast responsive C4 orthologues. Enrichment measured as fold change in frequency 

compared to the average of 1000 random background gene sets of the same size. PWM = position 

weight matrix. 

 

Two families of transcription factors had overrepresented binding motifs within the plastid-regulated 

C4 orthologues; AP2/EREBP and C2C2GATA. GATA transcription factors are named for the 4bp 

sequence of their binding motif and have been found to be enriched in the promoters of both light and 

circadian regulated genes (Argüello-Astorga & Herrera-Estrella, 1998). GATA15 and GATA16, 

which were found to be the two most enriched binding motifs, work redundantly with GATA21 and 

GATA22 (also referred to as CNG and CNL) to control greening through the regulation of the 

tetrapyrrole biosynthesis pathway (Ranftl et al., 2016).  

 

To elucidate if these enriched motifs are specific to the chloroplast to nucleus signalling pathway, 

and not simply to C4 orthologues as a whole, the C4 orthologues which were not responsive to 

chloroplast perturbation were also analysed (Table 3.9). 
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Table 3.9: The ten most enriched motifs within the gene body and promoter (2000bps upstream of 

TSS) of chloroplast non-responsive C4 orthologues. Enrichment measured as fold change in 

frequency compared to the average of 1000 random background gene sets of the same size. PWM = 

position weight matrix. 

Whilst this analysis also found AP2/EREBP motifs to be highly enriched in C4 orthologues who are 

not plastid-regulated, GATA binding motifs were not enriched at all with no single GATA binding 

motif occurring more than ten times in these genes. This supports the observation that certain C4 

orthologues are under chloroplast regulation and others are not. 

 

3.3.19 Motif Enrichment in Chloroplast Responsive and Light Responsive Gene 

Expression Clusters 

An analysis carried out using Clust identified 12 clusters which had a consistent transcriptomic 

response to chloroplast perturbation (Figure 3.14). Both inhibitor treatments led to two identifiable 

gene response clusters; a cluster where decreased transcript abundance was observed in illuminated 

samples compared to dark-grown samples regardless of inhibitor treatment, and a similar cluster 

where this response was seen in control plants, however treatment with a chloroplast inhibitor 

abolished this sharp decrease in expression. The motifs enriched between these two clusters were 

compared to see what transcription factors could be responsible for this change in expression between 

illuminated control and inhibitor treated samples.  
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Figure 3.22: The ten most enriched motifs within the gene body and promoter (2000bps upstream of 

TSS) of genes within two gene expression clusters which have similar expression patterns in response 

to lincomycin treatment. Cluster number is arbitrary and for identification only (Figure 3.14). 

Enrichment measured as fold change in frequency compared to the average of 1000 random 

background gene sets of the same size. PWM = position weight matrix. Lin0.5 = 0.5mM lincomycin, 

dark = 6 days dark-grown, illum = 5 days dark-grown + 24 hours 150 µmol m−2 s−1 white light. 

 

Looking at lincomycin treated samples and related controls, the motifs enriched within these two 

aforementioned clusters showed a large level of overlap, particularly within the ten most enriched 

motifs (Figure 3.22). However, a wider look at the one hundred most enriched motifs showed the two 

clusters only had 44 in common. The 66 motifs which were exclusive to the cluster where lincomycin 

abolished the decrease in transcript abundance to light observed in controls were bound mainly by 

C2C2, HSF and NAC transcription factors. Motifs binding the C2C2 transcription factor family were 

previously found to be enriched in chloroplast responsive C4 orthologues (Table 3.8). The HSF and 

NAC transcription factor families are often involved with the perception of and response to stress 

(Guo et al., 2008; Jensen et al., 2010), however, the transcription factors predicted to bind these genes 

do not show any clear link to chloroplast function so whether this stress is directly related to 

chloroplast perturbation is unknown.  
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Figure 3.23: The ten most enriched motifs within the gene body and promoter (2000bps upstream of 

TSS) of genes within two gene expression clusters which have similar expression patterns in response 

to norflurazon treatment. Cluster number is arbitrary and for identification only (Figure 3.14). 

Enrichment measured as fold change in frequency compared to the average of 1000 random 

background gene sets of the same size. PWM = position weight matrix. NF5 = Norflurazon 5μM, 

dark = 6 days dark-grown, illum = 5 days dark-grown + 24 hours 150 µmol m−2 s−1 white light. 

 

A very different group of motifs were found to be enriched in those genes which did not show a large 

decrease in expression in illuminated samples when norflurazon is applied. Both in the top ten 

enriched (Figure 3.23) and a larger scale the top one hundred most enriched motifs were predicted to 

bind WRKY transcription factors. Several of these WRKYs have already been implicated in potential 

chloroplast to nucleus signalling pathways. WRKY33 for example is activated by chloroplast targeted 

proteins SIB1/2 (Sigma factor binding protein 1/2), allowing it to bind to the promoters of 

downstream nuclear genes (Phukan et al., 2016). However, it is unclear whether the difference 

between the cluster enriched motifs between the two inhibitors is due to their different methods of 

chloroplast perturbation or different unrelated side effects. Since neither Cluster 3 (Figure 3.22) or 

Cluster 11 (Figure 3.23) have any significant GO terms, a GO analysis cannot be used to further 

inform the analysis. 
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3.4 Discussion 

 

3.4.1 Effectiveness of chloroplast perturbation 

Communication from the chloroplast to the nucleus can be modified when chloroplast function is 

perturbed. Lincomycin and norflurazon, two chloroplast specific inhibitors were used to achieve this. 

These inhibitors both led to reduced greening and PSII activity, which mirrors results of other studies 

in the literature. Maximum quantum yield (Fv/Fm) measurements were taken in a study using 

norflurazon treated A. thaliana cultured cells to investigate the role of the chloroplast and ROS in 

programmed cell death (Doyle et al., 2010). Fv/Fm was found to be significantly lower in illuminated 

norflurazon treated samples compared to illuminated controls, but not significantly different to Fv/Fm 

in untreated dark-grown controls. Lincomycin has also been shown to decrease maximum quantum 

yield, with A. thaliana leaves infiltrated with 1mM lincomycin showing a 60% decrease in maximum 

quantum yield after 4 hours (Tarantino et al., 1999). Once it was established that lincomycin and 

norflurazon had the expected result on chloroplast formation and PSII activity, RNA-seq was 

performed to investigate its effect on gene expression. 

 

3.4.2 Genes Responsive to Chloroplast Perturbation  

Transcript abundance was significantly different between dark-grown and 24-hour light exposed 

seedlings in 26% of the detected transcripts, meaning over a quarter of the detectable transcriptome 

is light responsive. This is higher than the 20% predicted by Jiao et al (2005) based on microarray 

data comparing 6-day seedlings which were grown either entirely in the dark or entirely in the light. 

They also predicted that 20% of the rice transcriptome was light responsive, with qualitatively similar 

expression profiles found in both species. Both the qualitative and quantitative light response in A. 

thaliana and rice during deetiolation can be compared once a similar RNA-seq experiment is carried 

out in rice (Chapter 4). Of the 21319 genes whose transcripts were detected in the samples, 3607 

genes showed significantly different transcript abundance when illuminated samples were treated 

with norflurazon as compared to untreated controls. However, only 1010 genes showed a significant 

response to lincomycin treatment. This fits with phenotypic data reported in the literature, where 

norflurazon application has been shown to cause effects other than bleaching which do not appear to 

directly link to its chloroplast perturbing properties. Changes caused by the inhibitor in dark-grown 

plants include decreasing total lipid quantity and increasing dry weight weight (Di Baccio et al., 2002; 

Magnucka et al., 2007).  

 

Whilst norflurazon application had a larger impact on gene expression than lincomycin, there was 

overlap in the genes affected by each inhibitor with 70% of the genes affected by lincomycin 

treatment also affected by norflurazon treatment. It is therefore unsurprising that there was large 

overlap in the gene ontology annotations of the genes affected by each. The most enriched gene 

ontology terms include multiple photosynthesis associated terms for both inhibitors. Another shared 

term is the ‘Generation of precursor metabolites and energy’ which includes photosynthesis, 

oxidation and NADPH regeneration (Figure 3.8). Reactive oxygen species (ROS) have been 

implicated as a chloroplast retrograde signal in several potential pathways, including the redox 

potential of the chloroplast transmitted through the malate valve (Heyno et al., 2014), and the 

detection of singlet oxygen by executor proteins and β-cyclocitral (Ramel et al., 2012; Uberegui et 

al., 2015). The malate valve operates when the NADPH pool is over-reduced. NADP-MDH oxidises 

the pool using reduction power to convert OAA to malate which is then exported to the cytosol acting 
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as a signal. Genes associated with ‘Single-organism metabolic processes’ was also overrepresented 

in chloroplast responsive genes, this can include NADPH metabolism and oxidation-reduction 

processes. It can additionally include intermediary metabolites such as Mg-proto IX, an intermediary 

in the tetrapyrrole biosynthesis pathway directly regulated by GUN4 and GUN5 (Martín et al., 2016). 

 

The gene LHCB2.1 is known to have decreased transcript abundance in response to chloroplast 

perturbation in wildtype, and consequently a seedling lacking this response was the diagnostic for a 

GUN mutant. This classic response of LHCB2.1 was observed alongside decreased transcript 

abundance of CA1 and GUN4 when seedlings were treated with norflurazon (Figure 3.10). These 

results mirror rt-qPCR expression data of 7-day old seedlings grown in 5µM norflurazon, with a 

minor difference in growth conditions as these seedlings were grown in 4 days dark followed by 3 

days light (Page et al., 2017). Additionally, microarray data of norflurazon treated and control A. 

thaliana seedlings found CA1 to be the most responsive alongside two light harvesting complex genes 

in the ten most upregulated in controls (Moulin et al, 2008). Whilst this does not exactly match the 

RNA-seq results, it is promising to see overlap and exact matches cannot be expected as the number 

of genes detected with the RNA-seq is much greater than that of the microarray analysis. Overall, the 

gene expression analysis shows consistency with previous studies as well as an overlap in the genes 

affected by each inhibitor. This suggests that they are comparable and focussing on genes affected by 

both increases the robustness of the findings.   

 

3.4.3 The extent to which C4 orthologues are subject to chloroplast retrograde 

signalling in A. thaliana 

Of the fifteen C4 orthologues analysed, eight were under some degree of plastid control; AtCA1, 

AtCA2, AtPPC2, AtNAD-ME1, AtPPA6, AtRP1, AtASP1 and AtDIC1. Burgess et al (2016) had 

previously investigated this question by using rt-qPCR to detect differential transcript abundance in 

norflurazon and lincomycin treated seedlings. They found seven C4 orthologues under chloroplast 

control, five of which were identified in this work; AtCA1, AtPPC2, AtNAD-ME1, AtPPA6, AtRP1, 

AtNAD-ME2 and AtTPT. The increase in the number of responsive C4 orthologues found further 

supports the hypothesis that parallel evolution repeatedly recruits genes into C4 photosynthesis 

because these genes are already controlled by the same regulatory network as C3 photosynthetic 

genes. Furthermore, regulation of these eight genes can have subsequent effects on other C4 

orthologues. AtNAD-ME1 forms a heterodimer in vivo with AtNAD-ME2 (Tronconi et al., 2008), 

therefore the expression of AtNAD-ME1 has an impact on the activity of both the AtNAD-ME1 and 

AtNAD-ME2 protein.  

 

The results of this work therefore support the hypothesis that evolution has re-enforced existing 

regulatory networks that operate in the C3 state to control expression of C4 genes. To further test this 

hypothesis, the next chapter reports analysis from an evolutionarily distant C3 species, Oryza sativa, 

allowing comparison with a representative eudicotyledon and representative monocotyledon. If the 

findings are replicated, and C4 orthologues are found to be under a large degree of chloroplast control 

in rice, this would support that the chloroplast to nucleus regulatory networks acting on these genes 

are ancestral. Whilst the findings regarding transcript abundance of C4 orthologues during chloroplast 

perturbation give insight into the overall regulatory networks controlling these genes, the specific 

mechanisms involved in these networks remain elusive.  
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3.4.4 Regulatory elements enriched in chloroplast responsive genes 

The list of chloroplast responsive genes generated in this analysis enabled a search for putative 

transcription factors likely involved, providing insight into how the change in gene regulation has 

occurred. Six families of transcription factors had enriched motif binding sites with chloroplast 

responsive genes: bZIP, bHLH, TCP, MYB, MYB-related, and AP2/EREBP. An additional family, 

the C2C2GATA transcription factors, had enriched binding sites in plastid regulated C4 orthologues 

specifically. The prevalence of bZIPs could be expected after the 6-mer enrichment analysis showed 

the G-box (CACGTG) to be the most enriched 6bp sequence within the chloroplast regulated genes. 

Both the G-box and ABA-responsive elements found to be enriched in the 6-mer enrichment analysis 

contain the ACGT sequence. This sequence was found to be enriched in the promoters of 329 genes 

which were upregulated in both gun1 and gun5 seedlings, appearing 944 times (Koussevitzky et al., 

2007). 

 

The C2C2GATA transcription factors, whose binding motifs are enriched in chloroplast responsive 

C4 orthologues, are involved in light and nitrate-dependent regulation. GATA15 and GATA16, which 

were found to be the two most enriched binding motifs, are thought to work redundantly with 

GATA21 and GATA22 (also referred to as GNC and GNL) to control greening (Rantfl et al., 2016). 

GATA21 and GATA22 have been shown to control greening through regulation of the tetrapyrrole 

biosynthesis pathway, and gata21 gata22 mutants show decreased expression of chloroplast regulated 

genes such as HEMA1 and GUN4 (Hudson et al., 2011). GATA15 and GATA16 may work through 

a similar mechanism, regulating upstream of the tetrapyrrole retrograde signalling pathway. Of the 

four subfamilies which the C2C2GATA transcription factors are classified, three are shared between 

A. thaliana and rice which are theorised to have evolved before their most recent common ancestor 

(Reyes et al., 2004). The ancestral nature of this regulation means comparison between the enriched 

motifs in chloroplast responsive genes in A. thaliana and rice will provide further insight into which 

candidates warrant further attention, for both the C4 orthologues and chloroplast regulated genes as a 

whole. Future work will focus on characterising the most promising transcription factor candidates.  
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4 CHLOROPLAST AND LIGHT 

DEPENDENT REGULATION OF C4 

ORTHOLOGUES IN ORYZA SATIVA 

4.1 Introduction 

 

Whilst most recent research into chloroplast retrograde signalling has been carried out on A. thaliana, 

much of the initial experimental work investigated the system in monocotyledons. Genome uncoupled 

(gun) mutants, where Photosynthesis Associated Nuclear Gene (PhANG) expression is unchanged 

after chloroplast inhibition, were so named after analysis of A. thaliana mutants (Susek et al. 1993). 

However, this discovery built on previous work that established PhANG expression was disrupted in 

other species whose chloroplasts were perturbed. For example, Harpster et al (1984) identified maize 

mutants that did not accumulate pigment by screening for bleached leaves. Moreover, compared with 

controls these mutants accumulated fewer transcripts encoding light-harvesting chlorophyll a/b 

binding protein (LHCB) and other photosynthesis associated genes such as Phosphoglycerate kinase 

(PGK) and Glyceraldehyde-3-phosphate Dehydrogenase (GAPDH). Similar results were reported in 

barley (Hess et al., 1994) where mutants lacking chloroplast ribosomes did not accumulate either 

light-harvesting chlorophyll a/b binding protein or nitrate reductase.  

 

Work in barley expanded from chloroplast development mutants (Bradbeer et al., 1979) to the 

application of chloroplast inhibitors. Batschauer et al (1986) found that barley plants treated with 

norflurazon did not accumulate transcripts for the light harvesting chlorophyll a/b protein. This work 

also identified mutants where LHCB accumulated to wildtype levels despite chloroplast perturbation, 

ie. a gun mutant in everything but name. These chlorophyll-deficient xantha mutants blocked the 

tetrapyrrole biosynthesis pathway after protoporphyrin IX or Mg-protoporphyrin, similar to gun4 and 

gun5 in A. thaliana. Norflurazon’s mode of action is to block carotenoid synthesis. Burgess and 

Taylor (1988) then grew carotenoid deficient mutants in low light levels to limit overall chloroplast 

damage and found LHCB levels were unaffected, indicating carotenoids do not specifically play a 

role in plastid to nucleus signalling and clarifying that it is norflurazon’s perturbation of chloroplast 

function that affects PhANG expression. LHCB expression was found to be inversely proportional to 

thylakoid damage in maize (Rocca et al, 2000) and in barley (La Rocca et al, 2000).  

 

More recent studies have looked at the effect of norflurazon on rice seedlings. Park and Jung (2017) 

showed 3 week old rice seedlings after 40 hours of norflurazon treatment had decreased maximum 

quantum yield (Fv/Fm), a proxy for PSII activity, and the abundance of some LHCA (LHCA1, 

LHCA2, LHCA3 and LHCA4) and LHCB (LHCB1, LHCB2 and LHCB6) proteins were decreased 

greatly. Additionally, images taken with transmission electron microscopy showed norflurazon 

treated plants had fewer and smaller plastids which had arrested development during thylakoid 

synthesis. Norflurazon treated rice seedlings were consequently found to show increased peroxidase 

activity (Park & Jung, 2018). This could potentially be involved in photoprotective pathways in the 
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chloroplast. Other photoprotective compounds, β-cyclocitral and Executor proteins, have been 

proposed as possible retrograde signals in A. thaliana (Ramel et al., 2012; Uberegui et al., 2015). 

 

The work presented in this chapter aimed to continue the investigation of the role of plastid-to-nucleus 

signalling in regulating genes of the C4 cycle in the ancestral C3 state. Chloroplast derived signals 

have been shown to regulate C4 photosynthesis genes in several species, including eudicotyledon 

Gynandropsis gynandra (Burgess et al., 2016) and monocotyledon Zea Mays (Tamada et al., 2003). 

C4 orthologues within A. thaliana have been shown to respond to chloroplast perturbation. If this 

were also true in a distantly related species it would suggest an ancestral mechanism. To investigate 

this, an RNA-seq experiment was conducted on C3 Oryza sativa after chloroplast function has been 

perturbed. The expectation was that analysis would confirm or refute if the previously observed 

response of C4 orthologues in A. thaliana to chloroplast perturbation also take place in a C3 

monocotyledon. If this is the case, it would further support the hypothesis that retrograde control may 

help explain the repeated recruitment of genes in the ~60 independent origins of C4 photosynthesis. 

 

Rice and A. thaliana show similarities in their photosynthetic response to the chloroplast inhibitor 

norflurazon, with reduced chlorophyll fluorescence (Fv/Fm) and reduced thylakoid development (Park 

et al., 2017). However, only small subsets of the global transcriptomic response have been analysed. 

The data reported here allow a genome wide comparison of chloroplast responsive genes in A. 

thaliana and O. sativa. Whilst chloroplast control is hypothesised to be ancestral, many mechanisms 

regulating photosynthesis have diverged between these two species. They are thought to be separated 

by five genome duplications and a genome triplication (Lee et al., 2013), which means most A. 

thaliana transcription factors do not have one-to-one orthologues in rice (Wang et al., 2017). This 

work will therefore not only confirm the magnitude of the chloroplast response, but the function of 

genes under chloroplast control within a C3 monocotyledon. 
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4.2 Objectives 

Genes involved in plastid-to-nucleus signalling will be identified in C3 monocotyledon O. sativa 

through RNA-seq after chloroplast function has been perturbed.  

 

Hypotheses   

 

o Photosynthesis related genes will be disproportionally overrepresented in genes 

affected by inhibitor treatment. 

 

o Multiple C4 orthologues in rice will be regulated by chloroplast to nucleus signalling, 

providing further support for the hypothesis that retrograde control of C4 

photosynthesis genes is ancestral. 

 

Candidate transcription factors involved in the regulation of plastid-regulated genes will be identified 

by analysing enriched binding motifs.  

 

Hypotheses 

 

o There will be significant enrichment of binding motifs in genes responsive to 

chloroplast perturbation compared to background as these genes share a regulatory 

pathway. 

 

o There will be common motifs enriched in O. sativa and A. thaliana as these regulatory 

pathways are ancestral. 
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4.3 Results 

 

4.3.1 Impact of lincomycin and norflurazon on chlorophyll accumulation and 

chlorophyll fluorescence 

 

Lincomycin and norflurazon inhibited greening of rice leaves, and this was particularly evident at 

concentrations of 10mM and 100μM respectively (Figure 4.1). This bleaching is indicative of 

chloroplast development being impeded.  

 

 

 
 

Figure 4.1: Chlorophyll accumulation is impaired in rice seedlings exposed to either lincomycin 

(10mM) or norflurazon (100µM). Representative images are shown for 6-day old rice (5 days dark 

followed by 24 hours white light) grown in lincomycin or norflurazon. Scale bar represents 1cm. 

 

To quantify the impact of reduced greening on photosynthesis, maximum quantum yield of PSII 

(Fv/Fm) was measured (Maxwell & Johnson, 2000). Seedlings of O. sativa maintained in the dark 

showed low values of Fv/Fm, consistent with the very low amount of chlorophyll expected in etiolated 

plants (Figure 4.2A). The addition of either lincomycin or norflurazon had no impact on 

photosynthetic performance of these seedlings. Compared with dark-grown controls, plants exposed 

to 24 hours illumination showed statistically significant increases in Fv/Fm. Treatment with 

norflurazon or lincomycin caused an approximate three-fold decrease in Fv/Fm in illuminated 

seedlings compared with controls. Measurements were consistent both between seedlings, and within 

individual seedlings (Figure 4.2B). Thus, although much higher concentrations of each inhibitor were 

required, lincomycin and norflurazon had similar effects on chlorophyll accumulation in rice and A. 

thaliana (see Chapter 3). In both cases, chloroplasts showed decreased ability to harvest light. To 

compare the basis of these responses between the two species, an RNA-seq experiment was 

undertaken. 
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Figure 4.2: Effect of lincomycin and norflurazon on chlorophyll fluorescence in rice. (A&B) Bar 

charts quantifying the impact of transferring seedlings from dark to light, and treatment with either 

lincomycin (A) or norflurazon (B) on Fv/Fm (n=10 seedlings). Data are presented as means with one 

standard error. Consistent with the greening of leaves in response to light, illumination led to an 

increase in Fv/Fm. In both cases, application of lincomycin and norflurazon reduced Fv/Fm to levels 

similar to those detected in dark grown seedlings. Statistical significance was undertaken using a 

student’s t-test (illuminated control mean Fv/Fm = 0.76, dark-grown control mean Fv/Fm = 0.28): t(38) 

= -58.32, p < 0.001, (illuminated control mean Fv/Fm = 0.76, illuminated inhibitor-treated mean Fv/Fm 

=  0.25): t(38) = -65.14, p < 0.001. (C&D) Representative images captured by the 

FluorImager chlorophyll fluorescence imaging system showing a heatmap of Fv/Fm. The false colour 

scale represents Fv/Fm values of 0 (blue) to 1 (red). Scale bars represent 1cm. Linc = 10mM 

lincomycin, NF =100μM norflurazon, WL = 150 µmol m−2 s−1 white light. 

 

4.3.2 Extraction and analysis of RNA prior to sequencing 

To confirm that RNA extracted after each treatment was of sufficient quality for deep sequencing, its 

integrity was analysed using a microfluidic electrophoresis system. This generated electropherograms 

and an RNA Integrity Number (RIN), which gives an indication of how much degradation the RNA 

sample has undergone. The calculation of an RIN takes into account the ratio between the 18S and 

25S peaks that derive from the small and large subunit of nuclear ribosomes respectively, as well as 

the overall distribution of the electropherogram trace. This trace also shows a 16S-related peak, which 

derives from the small subunit of the chloroplast ribosome  (Delius & Koller, 1980). By comparing 

the height of this peak compared to the 18S and 25S peaks, the ribosome composition and 

subsequently the potential for chloroplast translation can be inferred (Figure 4.3).  
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Figure 4.3: Electropherograms of O. sativa RNA obtained on the Agilent Bioanalyzer 2100. Red 

arrow indicates the 16S peak, which is indicative of the presence of chloroplast ribosomes. As 

maximum fluorescence varies according to sample concentration, to simplify comparison, all samples 

were normalised to their maximum value to simplify visual comparisons. Linc = 10mM lincomycin, 

NF =100μM norflurazon, WL = 150 µmol m−2 s−1 white light.  

 

The lincomycin treatment shows no 16S peak in either dark-grown or illuminated samples. A 16S 

peak was present in dark-grown rice treated with norflurazon, but this was lost after exposure to light. 

Norflurazon treated dark-grown samples appeared to have higher proportions of chloroplast rRNA 

than controls. The exact reason for this is not known, but changes caused by the inhibitor in dark-

grown plants have been documented including decreasing total lipid quantity and increasing dry 

weight (Di Baccio et al., 2002; Magnucka et al., 2007). By including both lincomycin and norflurazon 

in the study, the aim was to take into account unintended effects of individual inhibitors. Combined 

with the data above (Figure 4.2), these results indicate that both inhibitors have perturbed chloroplast 

development, decreased the number of PSII reaction centres located in the thylakoid membrane and 

eliminated the accumulation of chloroplast rRNA in light-exposed seedlings. 
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The RIN for each sample was assessed, and samples with an RIN over 7 were considered intact and 

suitable for next generation sequencing. Thus, all libraries were prepared from samples with an RIN 

of 7 or greater.  

 

4.3.3 Quality control of transcriptomic libraries 

Libraries were sequenced, and samples underwent quality control (QC). FastQC is a tool that allows 

intuitive visual inspection of sequences and provides a pass or fail grading to QC components. 

Analysis of samples showed they were good quality, both at sequence and base level. There were no 

unassigned bases (Ns) present in the data, and no adapter contamination (Figure 4.4).  

 
Figure 4.4: FastQC generated plots illustrating sequences were high quality and contained no 

unassigned bases or adapter contamination. (A) Representative plot showing frequency against mean 

sequence quality, with most sequences having a mean phred score of 33. (B) Representative plot 

showing Ns (unassigned bases) were not present at any position in the read. (C) Representative plot 

showing no adapters were present at any position in the read. 

 

As was the case for the libraries prepared for A. thaliana, two FastQC categories failed for all samples; 

‘Per Sequence GC Content’ and ‘Kmer Content’. This is expected due to the mechanism of the library 

preparation kit, and does not affect the accuracy of the transcriptomic analysis as explained in the 

previous chapter (Figure 3.5). Thus, the QC analysis indicated that all libraries had generated good 

quality data, and so further analysis was initiated. After trimming and quality filtering, 149 million 

reads were obtained in total. A mean of 65.77% of reads mapped uniquely to the 

Oryza_sativa.IRGSP-1.0.37 reference genome. 

 

4.3.4 Hierarchical clustering and principal component analysis to determine sample 

similarity  

Hierarchical clustering was performed to confirm biological replicates were behaving in similar 

manner and to identify which treatment caused the greatest alteration to transcript abundance. 

Hierarchical clustering was performed by calculating the distance between samples, providing a 

quantitative measure of sample similarity. Data underwent variance stabilising transformation which 
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normalises with respect to library size. This also involves logarithmic transformation to ensure that a 

small number of highly expressed genes do not skew the results. 

 

 

 
 

Figure 4.5: Heatmaps showing hierarchical clustering of sampling distance, indicating sample 

similarity and showing replicates cluster together. Images generated by pheatmap, with a false colour 

scale, units are variance stabilising transformed normalised counts.  

 

Hierarchical clustering showed replicates generally clustered together, implying the majority of 

variance was explained by sample treatment rather than biological noise (Figure 4.5). An exception 

was the clustering of one dark-grown lincomycin treated replicate and one dark-grown control 

replicate. As dark-grown seedlings contain etioplasts rather than fully functioning chloroplasts, this 

is not completely unexpected as it indicates that the treatment in the dark has a less clear effect on 

transcript abundance.  

 

Read counts estimated from the sample alignments were then subjected to principal components 

analysis (PCA), which is a class free method for explaining variance between samples. Variance is 

attributed to unknown principal components, and plotting these components can give an indication 

of sample similarity or disparity. This approach showed that over 80% of variance between samples 

could be attributed to two principal components (Figure 4.6).  
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Figure 4.6: Principal components analysis of transcript abundance obtained from dark-grown and 

illuminated inhibitor treated samples and corresponding controls. (A) Analysis of lincomycin treated 

samples and corresponding controls (B) Analysis of norflurazon treated samples and corresponding 

controls. PC1 = principal component 1, PC2 = Principal component 2. Lincomycin = 10mM 

lincomycin, Norflurazon = 100μM norflurazon, Dark grown = 7 days dark grown. Illuminated = 6 

day dark grown + 1 day 150 µmol m−2 s−1 white light. 

 

The three replicates for each treatment generally clustered together, implying the majority of variance 

is explained by sample treatment rather than biological noise. However, it was notable that the dark-

grown samples clustered less well for both lincomycin and norflurazon. However, most variation was 

associated with the dark and light treatments, visualised as a shift in PC1 (Figure 4.6A). Norflurazon 

exhibited a slightly different trend, whilst illumination of samples caused large variance it was not 

attributed to a single principal component. Dark-grown plants treated with norflurazon were more 

similar to control treatments than to illuminated norflurazon treated samples (Figure 4.6B). This could 

be caused by norflurazon’s light-dependent mode of action, consistent with previous chlorophyll 

fluorescence and RNA electropherogram results. The differing PCA analysis between inhibitors in 

rice contrasts to A. thaliana where similar profiles were observed for lincomycin and norflurazon 

treated seedlings. This could cast doubt on whether a focus on genes which are affected by both 

inhibitors is robust, as it suggests a different mode of action between the two inhibitors. However, a 

comparison of the percentage of genes which are affected by both treatments and the GO overlap will 

confirm the similarity in the transcriptomic response (Table 4.1, Figure 4.7).  

 

 

4.3.5 Differential Transcript Abundance between Treatments 

Sample read counts consequently underwent a pairwise differential expression analysis (Table 4.1). 

PCA analysis is consistent with the results, with increased variance between treatments relating to an 

increased number of genes with significantly different transcript abundance (adjusted p-value < 0.05). 

Comparisons between chloroplast inhibited dark-grown and illuminated samples yielded more 
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differentially expressed genes than between dark-grown and illuminated control samples. This 

contrasts with the response in A. thaliana, where treatment with either lincomycin or norflurazon 

dampened the overall light response. Why more genes became light responsive in samples without a 

competent chloroplast present is unclear. 
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Table 4.1: Number of genes showing statistically significant differential transcript abundance 

between treatments, split into (A) all genes with significant differential transcript abundance, (B) 

upregulated genes only and (C) downregulated genes only. Significance is defined as an adjusted p-

value <0.05. The percentage of genes showing statistically significant differential transcript 

abundance in response to both inhibitors as a percentage of the lincomycin related list. DTA = 

differential transcript abundance. 

After illumination, treatment with norflurazon disrupted transcript abundance for the expression of 

three times as many genes as lincomycin. However, there was overlap in the genes responding to the 

two inhibitors with 68% of the genes responsive to lincomycin treatment also responding to 

norflurazon. Of these 935 transcripts that responded to both inhibitors, 588 genes were downregulated 

in response to chloroplast inhibition. Overall, the number of significantly differentially expressed 

genes displaying alterations in transcript abundance between treatments was consistent with the PCA 

analysis, with increased variance relating to an increased number of differentially expressed genes. 

 

4.3.6 Genes most responsive to chloroplast perturbation 

Lincomycin and norflurazon are known to affect the expression of photosynthesis associated nuclear 

genes (PhANGs) (Ruckle et al., 2007). In contrast, in mutants of GUN genes which are involved in 

biogenic signalling chloroplast inhibitors no longer cause such a large change. It is therefore 

unsurprising that PhANGs feature on the list of most responsive genes when comparing controls to 

both lincomycin and norflurazon treated seedlings (most responsive in this context defined as the 

greatest log2 fold change in transcript abundance). Four of the top ten genes most responsive to 

lincomycin encoded Ribulose-1,5-bisphosphate carboxylase subunits which were downregulated by 

lincomycin treatment, and therefore upregulated by a competent chloroplast associated with 

chloroplast to nucleus signalling (Table 4.2). The most downregulated gene after lincomycin 

treatment was prx29 encoding a peroxidase. This could potentially be involved in photoprotective 

pathways in the chloroplast alongside β-cyclocitral and Executor proteins. In a study investigating 

the effect of low level gamma radiation on the rice leaf transcriptome, expression of Prx29 has been 

previously reported to correlate with expression of PhANGs (Hayashi et al., 2014). The genes most 

upregulated after lincomycin application, and therefore downregulated by retrograde signalling, are 

largely uncharacterised. Those with functional annotations seem to be related to defence and stress 

responses, such as OsDR10 which is known to act in the defence response against pathogens.  

 

The ten most downregulated genes after norflurazon treatment were also predominantly 

photosynthesis related (Table 4.3). Prx29 features also, reinforcing the hypothesis that it could be 

involved in chloroplast specific photoprotection.  
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Table 4.2: The 10 genes with the greatest negative log2fold change in expression, and the 10 genes 

with the greatest positive log2fold change in expression, when illuminated controls were compared 

to illuminated lincomycin treated samples. Log2fold changes and adjusted p-values were calculated 

using DESeq2. RAP-DB = The Rice Annotation Project Database. 
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Table 4.3: The 10 genes with the greatest negative log2fold change in expression, and the 10 genes 

with the greatest positive log2fold change in expression, when illuminated controls were compared 

to illuminated norflurazon treated samples. Log2fold changes and adjusted p-values were calculated 

using DESeq2. RAP-DB = The Rice Annotation Project Database. 
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However, each inhibitor significantly altered the abundance of over a thousand transcripts. As a 

broader picture of these genes would give a more accurate comparison of the effects of lincomycin 

and norflurazon, Gene Ontology (GO) terms that were enriched in each of these categories were 

assessed. 

 

4.3.7 Function of genes responsive to chloroplast perturbation 

To provide an overview of the impact of each treatment on global patterns of transcript abundance, 

genes were classified into Gene Ontology (GO) terms - umbrella terms for gene functionality. To 

investigate genes that were most affected by the chloroplast and its signals, enrichment analysis was 

performed on data from illuminated inhibitor treated samples compared to controls. Of the 116 

significantly enriched GO terms for lincomycin, ~70% were shared with norflurazon (Figure 4.7). 

However, this statistic only considers exact matches and so does not account for additional overlap 

associated with function; over 95% of the top 20 most enriched terms were related to metabolism for 

both inhibitors. This overlap in large-scale molecular changes suggests that despite their distinct 

modes of action, norflurazon and lincomycin led to broadly similar impacts on transcript abundance.  

 

 
Figure 4.7: Gene Ontology analysis indicated that treatment with each inhibitor affected similar 

processes, with photosynthesis genes being some of the most disproportionally affected genes when 

seedlings were treated with either norflurazon or lincomycin. (A) Venn Diagram showing the overlap 

in significantly enriched GO terms after chloroplast perturbation by lincomycin and norflurazon. Bar 

chart showing enrichment for each GO term in the inhibitor responsive genes compared to the rest of 

the genome for norflurazon (B) and lincomycin (C). The Background Gene Set used contained all 

available O. sativa annotated genes. GO = Gene Ontology. DTA = Significantly Different Transcript 

Abundance. Linc = 10mM lincomycin, NF =100μM norflurazon. 
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GO terms encompassing photosynthesis, light harvesting and light reactions were all enriched after 

treatment with lincomycin and norflurazon. Further analysis employing MapMan (Usadel et al., 2009) 

demonstrated that photosynthetic genes were downregulated in the presence of an inhibited 

chloroplast (Figure 4.8). Notably, genes associated with both Photosystem I and Photosystem II were 

particularly downregulated by chloroplast perturbation. These protein complexes are comprised of 

both nuclear and plastome encoded subunits (Pfannschmidt et al., 2001), which could explain their 

high responsiveness.  

 

 
 

Figure 4.8: Chloroplast perturbation caused a decrease in expression of most photosynthetic genes.  

Transcripts derived from photosynthesis-related genes decreased in abundance after chloroplast 

inhibition from either lincomycin and norflurazon. Images generated using MapMan software 

showing analysis of differential mRNA levels for inhibitor treated samples compared with 

illuminated controls. False colour scale represents log2fold change.  

4.3.8 Expression Patterns of Retrograde Signals and Well-characterised Responders 

The transcript abundance of LHCB1.2 decreased in illuminated samples after treatment with 

lincomycin or norflurazon (Figure 4.9).  
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Figure 4.9: Histogram showing Transcripts Per Million (TPM) values of well-characterised 

retrograde responders and genes associated with retrograde signals. Dark-grown = seedlings dark-

grown for 7 days; Illuminated = seedlings dark-grown for 6 days and grown in 150 µmol m−2 s−1 

white light for 24 hours. Data are shown as mean and error bars represent one standard error of the 

mean. Lhcb1.2 = Chlorophyll a-b binding protein 2, CA1 = Carbonic anhydrase 1, rbcS = Ribulose 

bisphosphate carboxylase small subunit, AtGUN1 = Arabidopsis thaliana Genome uncoupled 1, HO1 

= Heme oxygenase 1, GUN3 = Genome uncoupled 3, GUN4 = Genome Uncoupled 4, ChlH = 

Magnesium chelatase H subunit, FC1 = Ferrochelatase 1.  

 

CA1 and rbcS also showed a decrease in transcript abundance in response to chloroplast inhibition. 

This is consistent with the literature, as is the similar pattern observed in transcript abundance of 

CHLH, an orthologue of A. thaliana GUN5 (Park et al., 2017). The expression of the orthologues of 

the six GUN genes, which have been shown to have a definitive role in chloroplast to nucleus 

signalling in A. thaliana, were analysed. All six show consistent patterns of expression between rice 

and A. thaliana (Figure 3.10) with GUN1 expression upregulated in the light, and GUN4 and CHLH 

(GUN5) showing light activated expression that is repressed in sample without a competent 

chloroplast. GUN2 (HO1), GUN3 and GUN6 (FC1) show no consistent differences in transcript 

abundance across treatments. GUN genes have been implicated to have a role in chloroplast 

retrograde signalling within monocotyledons; Batschauer et al (1986) found barley mutants in the 

tetrapyrrole pathway with a genome uncoupled phenotype when transcripts of LHCB did not 

accumulate when chloroplast inhibition occurred.  

 

4.3.9 Chloroplast and light dependent regulation of C4 orthologues 

An initial inspection of transcript abundance in chloroplast inhibited seedling implied that CA1 was 

not the only C4 orthologue subject to regulation by the chloroplast (Figure 4.10).   
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Figure 4.10: Histogram showing average Transcripts Per Million (TPM) values of well-characterised 

retrograde responders and genes associated with retrograde signals. Dark-grown = seedlings dark-

grown for 7 days; Illuminated = seedlings dark-grown for 6 days and grown in 150 µmol m−2 s−1 

white light for 24 hours. Error bars represent one standard error of the mean. NADP-ME1 = NADP-

dependent malic enzyme 1, CA1 = Carbonic anhydrase 1, PPDKA/B = Pyruvate, phosphate dikinase 

A/B, RER4 = Reticula-related 4 , OMT = 2-oxoglutarate/malate transporter, ACT= Rubisco activase, 

BASS2 = Bile acid:sodium symporter family protein 2, PDRP1 = Phosphate dikinase regulatory 

protein 1,  NADP-MDH = NADP-dependent malate dehydrogenase, PEPCK = Phosphoenolpyruvate 

carboxylase kinase 1, Ala-AT1= Alanine aminotransferase 1, PPC1/2/4 = Phosphoenolpyruvate 

carboxylase 1/2/4. 

 

As within A. thaliana, chloroplast inhibition caused a significant decrease in transcript abundance in 

CA1 and PPC4 (the orthologue of AtPPC2), genes which function in the initial carbon dioxide 

fixation within mesophyll cell (Figure 4.10). To further investigate whether the expression of C4 

orthologues in Oryza sativa was significantly affected by chloroplast perturbation, pairwise 

comparisons were performed between all treatments. Comparison of inhibitor-treated seedlings 

versus controls was used to investigate if retrograde signalling was involved in regulation. To 

determine if retrograde signalling was interconnected with light regulation, this comparison was 

carried out in both dark-grown and illuminated samples. Very few genes were only regulated by light. 

Most differentially expressed C4 orthologues were affected by both the chloroplast and light (Figure 

4.11). Ten of the nineteen analysed C4 orthologues were differentially expressed both when 

lincomycin was applied, and when norflurazon was applied.  
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Figure 4.11: C4 orthologues (n = 19) separated by genetic regulation, based on differential expression 

between four different treatments. Chloroplast-dependent regulation defined as genes which were 

significantly differentially expressed in controls compared to seedlings which have undergone 

chloroplast perturbation by (A) Lincomycin or (B) Norflurazon.   

The prevalence of chloroplast signalling and light-dependent regulation within C4 orthologues 

supports the hypothesis that parallel evolution has repeatedly facilitated gene recruitment into C4 

photosynthesis because these genes are already controlled by the same regulatory network as C3 

photosynthetic genes. Chloroplast perturbation caused the largest log2fold difference in the 

expression of Carbonic Anhydrase 1 (OsCA1) as compared to the other C4 orthologues studied. 

Therefore, this has been highlighted as of gene of interest for future work. These data therefore show 

that retrograde signalling impacts the regulation of core C4 cycle genes in both rice and A. thaliana. 

 

4.3.10 Patterns of Gene Expression in Response to Chloroplast Inhibition 

A Clust analysis was carried out to find broad patterns of gene expression occurring in the 

transcriptomic data; 11 clusters were acquired for lincomycin (Figure 4.12), and 15 clusters for 

norflurazon and their respective controls (Figure 4.13).  
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Figure 4.12: Cluster profiles generated by Clust showing expression patterns for lincomycin and 

related control samples. Cluster number is arbitrary and for identification only. Lincomycin = 10mM 

lincomycin, Dark = 7 days dark-grown, Illum = 6 days dark-grown + 24 hours 150 µmol m−2 s−1 white 

light. 

For lincomycin, the two most common regulatory patterns were Cluster C0, containing 3163 genes, 

and Cluster C8, containing 3071 genes. Both clusters are representative of light-responsive genes, 

with Cluster C0 containing genes which were downregulated in the light, regardless of inhibitor 

treatment, and Cluster C8 the opposite, representing genes upregulated in illuminated samples. 

Additionally, there were clusters which showed a shared response to lincomycin treatment. For 

example, C9 represents genes whose light activation is repressed by lincomycin treatment similar to 

the expression pattern of LHCB. A similar cluster was present in data relating to norflurazon treatment 

(Figure 4.13). 
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Figure 4.13: Cluster profiles generated by Clust showing expression patterns for norflurazon and 

related control samples. Cluster number is arbitrary and for identification only. Norflurazon = 100μM, 

Dark = 7 days dark-grown, Illum = 5 6days dark-grown + 24 hours 150 µmol m−2 s−1 white light. 

For norflurazon, Cluster C2 shows that 479 genes had their light activation repressed by the herbicide 

treatment (Figure 4.13). Overall, 7 of the 11 clusters occurring in the lincomycin data appeared in the 

related norflurazon data. However, there were consequently 8 clusters in the norflurazon related data 

which do not appear in the lincomycin counterpart analysis. This is congruent with the earlier findings 

of the PCA analysis, that showed the inhibitors having different effects on the overall transcriptome. 

This analysis differs from the results found in A. thaliana where lincomycin and norflurazon related 

data garnered not only the same number of clusters, but also similar patterns of expression.  

 

4.3.11 Motif Enrichment in Chloroplast Responsive Genes 

FIMO, part of the MEME software suite, is a programme which searches for known motifs by using 

experimentally verified motifs identified using methods such as DAP-seq and CHIP-seq. These 

motifs are stored as letter probability matrices, or position weight matrices, accounting for the inexact 

nature of transcription factor binding. The 5’UTR and 1000bp upstream of plastid-responsive genes 

was analysed using FIMO. 935 genes were defined as plastid-responsive which have differential 

transcript abundance in both illuminated lincomycin and norflurazon treated seedlings compared to 

controls (Table 4.1). Enriched motifs can highlight putative transcription factors which could act 

downstream of a chloroplast derived signal modifying nuclear gene expression. This analysis showed 

that binding motifs that were enriched more than 2.5-fold compared to background in chloroplast 

responsive genes were from five major transcription factor families: MYBs, bZIPs, bHLH, MYB-
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related and C2C2 GATA in addition to AZF1. Four of these transcription factor families associated 

with enriched motifs in chloroplast responsive genes in A. thaliana. 

 

 

 
 

Table 4.4: The ten most enriched DAP-seq motifs within the promoter (1000bps upstream of TSS) 

and 5’ UTR of chloroplast responsive genes with a total frequency over 20. Enrichment measured as 

fold change in the frequency of significant matches as calculated by FIMO compared to the average 

of 5 random background gene sets. PWM = position weight matrix. 

 

The PWMs of the ten most enriched motif show a strong prevalence of the motif CACCAACC, which 

binds several members of the MYB transcription factor family (Table 4.4). One exception to this was 

AZF1 binding motif, which was also found to be present in the promoters of known chloroplast 

responders in A. thaliana; LHCB, CA1 and CHLM (Figure 3.16). As the DAP-Seq motifs have all 

been experimentally verified in A. thaliana, another FIMO analysis was carried out searching for 

occurrences of known motifs collated from the JASPAR motif database which included motifs from 

an array of plant species. 
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Table 4.5: The ten most enriched JASPAR motifs within the promoter (1000bps upstream of TSS) 

and 5’ UTR of chloroplast responsive genes with a total frequency over 20. Enrichment measured as 

fold change in the frequency of significant matches as calculated by FIMO compared to the average 

of 5 random background gene sets. PWM = position weight matrix. 

 

Half of the ten most enriched motifs from the JASPAR database contained a, G-box (CACGTG), an 

element known to be frequent in light-responsive genes and to be an important cis-element controlling 

the regulation of CHLH (aka. GUN5) expression (Kobayashi et al., 2012). The G-box was also shown 

to be enriched in A. thaliana (Table 3.5) along with the GATATT motif, found here in RVE5, which 

binds MYB-like transcription factors. This analysis still predominately found motifs experimentally 

verified in A. thaliana, which is not surprising as the majority of plant research has been carried out 

in this model species. However, there were two exceptions; a TCP binding motif verified in potato 

and a TCP binding motif verified in rice which binds the transcription factor PCF2. PCF2 binds to 

the rice proliferating cell nuclear antigen (PCNA) gene which has a role in meristematic tissue-

specific expression (Kosugi & Ohashi, 1997). However, due to many transcription factors from rice 

not yet having verified binding motifs this match should be taken as an indicator of which 

transcription factor family to focus on, rather than focusing on this specific transcription factor.  

 

4.3.12 Motif Enrichment Analysis of Chloroplast Responsive Genes using AME 

An additional tool available in the MEME software suite is AME (Analysis of Motif Enrichment). 

Whilst FIMO (Find Individual Motifs) scans a set of sequences for individual matches to each of the 

motifs you provide, AME identifies motifs that are relatively enriched in your sequences compared 

with control sequences.  
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Table 4.6: The ten most enriched DAP-seq motifs within the promoter (1000bps upstream of TSS) 

and 5’ UTR of chloroplast responsive genes. Enrichment measured as the p-value of likelihood motif 

occurs more frequently in the genes set of interest over background as calculated by AME. PWM = 

position weight matrix. 

 

G-box features heavily in the enriched binding sites identified by AME. This suggests that the G-box 

is more frequent than the MYB-binding motifs found with FIMO, however, there is lower affinity for 

binding at these G-box sites. The affinity of binding for a motif can be seen in the position weight 

matrix (PWM), with base changes at certain positions increasing the likelihood of a transcription 

factor binding a motif, represented by a taller letter in the PWM (Table 4.6). Many of the bZIPs shown 

to be enriched in this analysis were also enriched in A. thaliana. 

 

4.3.13 Distribution of open chromatin in O. sativa  

Transcription factors are more likely to bind areas of open chromatin. The above analysis looked only 

at the 5’ UTR and 1000 base pairs upstream of the transcription start site. By looking at the 

distribution of open chromatin regions, areas of the genetic architecture that are likely rich in binding 

motifs can be identified. The distribution of open chromatin was therefore analysed to inform a more 

refined motif analysis, in which only the most accessible elements of the genetic architecture are 

considered. This information could inform the most relevant areas of a gene’s sequence to input into 

the motif analysis, and should provide a more stringent list of motifs that are relevant to the regulation 

of the genes being assessed. 
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ATAC-Seq is a method which treats intact isolated nuclei with a transposase enzyme which 

preferentially cuts open chromatin. To identify these regions of open chromatin, also referred to as 

transposase hypersensitive sites (THSs), ATAC-seq data was used from Wilkins et al (2016). The 

bed file containing the coordinates for these THSs site was downloaded from NCBI (GSE75794). To 

investigate their distribution, the distance of each THS from the transcription start site (TSS) was 

plotted (Figure 4.14). 

 

 
 

Figure 4.14: Distribution of THS (Transposase Hypersensitive sites) around the TSS for all annotated 

O. sativa genes, showing that most THSs were covered by 2000bp of the promoter region (Wilkins 

et al., 2016; NCBI GSE75794). 0 = TSS. + Strand represents positive strand genes which read from 

5’ to 3’, – Strand represents negative strand genes which read from 3’ to 5’. 

 

Over half of THSs occur less than 2000 base pairs upstream of the TSS, making this a suitable length 

of promoter to include in further motif analysis. However, 6336 genes either overlap or have their 

TSS directly adjacent to another gene and 14706 genes have less than 2000bp between their TSS and 

the coding sequence of another gene. This means the sequence selected for the analysis would often 

partially include an adjacent gene to the gene of interest. To ensure that a ‘one size fits all’ approach 

analysing 2000bp upstream along with the gene body is appropriate, THS distribution plots were 

generated for genes with a low inter-gene distance between the 3’ end and the next gene to ascertain 

whether they require a different analysis method (Figure 4.15).  
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Figure 4.15: Distribution of THS (Transposase Hypersensitive sites) around the TSS for genes whose 

promoter region either overlaps or is >2000 base pairs from the next gene (Wilkins et al., 2016; NCBI 

GSE75794). 0 = TSS. + Strand represents positive strand genes which read from 5’ to 3’, – Strand 

represents negative strand genes which read from 3’ to 5’. 

 

The THS distributions for genes with a short distance between their TSS and the coding sequence of 

the next closest gene show a similar shaped distribution to those for all genes. Genes with shorter 

distances do show a shift of THSs into the gene body. Additionally, shorter distances show a greater 

proportion of THSs to the periphery. This is most likely caused by an increase in background; shorter 
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distance plots have fewer input THSs, and therefore there is a decrease in the signal to noise ratio. 

Additionally, THSs in negative strand genes are closer to the TSS than positive strand genes in cases 

of low inter-gene distance. The reason for this phenomenon is unknown, and curiously does not occur 

within A. thaliana (Figure 3.20). 

 

4.3.14 Motif Enrichment in the Gene Body and Most Accessible Regions of 

Chloroplast Responsive Genes 

 

Based on the distribution of Transposase hypersensitive sites in the genetic architecture, the gene 

body and 2000bp upstream of each plastid-regulated gene was analysed using FIMO (Table 4.7). 

Enrichment was normalised against an averaged background frequency of 1000 runs of randomly 

selected gene sets that were the same size as the gene set being tested. 

 

 

 
 

Table 4.7: The ten most enriched motifs within the gene body and promoter (2000bps upstream of 

TSS) of chloroplast responsive genes. Enrichment measured as fold change in frequency compared 

to the average of 1000 random background gene sets of the same size. PWM = position weight matrix. 

 

Motifs which bind the MYB and bZIP transcription factor families were again enriched in the plastid-

regulated gene set. However, expanding our analysis to the gene body and 2000bp upstream has 

highlighted the prevalence of ZF-HD binding motifs. ZF-HD transcription factors affect flower 
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development and have been shown to bind phosphoenolpyruvate carboxylase (PPC) gene in the C4 

species of the Flaveria genus (Windhövel et al., 2001). This transcription factor family is prevalent 

in both species; with 17 ZF-HD transcription factors in A. thaliana and 14 in rice (Hu et al., 2008).  

4.3.15 Motif Enrichment in Chloroplast Responsive C4 Orthologues 

 

The motif enrichment analysis was carried out on C4 orthologues which were mutually affected by 

both inhibitors in illuminated seedlings (Figure 4.10), to identify which transcription factors may be 

involved in the regulation of C4 photosynthesis (Table 4.8). 

 

 

 
 

Table 4.8: The ten most enriched motifs within the gene body and promoter (2000bps upstream of 

TSS) of chloroplast responsive C4 orthologues. Enrichment measured as fold change in frequency 

compared to the average of 1000 random background gene sets of the same size. PWM = position 

weight matrix. 

 

The binding motifs of the C2C2dof transcription factor family were overrepresented within the 

plastid-regulated C4 orthologues. One member of this family, OBP3, is a nuclear localised 

transcription factor which modulates phytochrome and cryptochrome signalling in A. thaliana (Ward 

et al., 2005).  

  



Plastid to Nucleus Signalling and the Evolution of C4 Photosynthesis 

Chapter 4: Chloroplast and light dependent regulation of C4 orthologues in Oryza sativa 

 

Robyn Phillips November 2020 82 

4.4 Discussion 

 

4.4.1 Effectiveness of chloroplast perturbation 

Two inhibitors of the chloroplast, lincomycin and norflurazon, were used to perturb chloroplast 

function and in so doing investigate genes regulated by chloroplast derived signals. These inhibitors 

both led to reduced greening and PSII activity, leading to an approximate three-fold decrease in Fv/Fm 

in illuminated treated seedlings compared with controls. This is consistent with the effect of the 

inhibitors in A. thaliana, although higher concentrations of each inhibitor were required to attain the 

same result. These results also support previous work on rice; 2mM lincomycin treatment lead to pale 

leaves in one-week old rice seedlings (Duan et al., 2020). However, leaves were not entirely bleached, 

likely due to the lower concentration of lincomycin used compared with the work presented in this 

chapter (10mM). Moreover, three-week-old rice plants treated with 50μM norflurazon showed a 37% 

decrease in Fv/Fm compared to controls 40 hours after application (Park & Jung, 2017). This is a 

smaller response compared with the >60% decrease in Fv/Fm observed in this work, likely due to the 

difference in seedling age as here norflurazon was applied from germination onwards. Once it was 

established that lincomycin and norflurazon had the expected result on chloroplast formation and PSII 

activity in rice, RNA-seq was performed to investigate its effect on gene expression. 

 

4.4.2 Genes Responsive to Chloroplast Perturbation  

Transcript abundance was significantly different between dark-grown and 24-hour light exposed 

seedlings for 1805 genes which represents 5.5% of all detected transcripts. This is much less than the 

20% predicted to be light responsive by microarray data (Jiao et al., 2005), and contrasts with A. 

thaliana where 26% of genes were found to be light responsive, despite the two species being 

predicted to have the same magnitude of response. Of the 33064 rice genes whose transcripts were 

detected in the analysis reported here, 4362 showed significantly different transcript abundance when 

illuminated samples were treated with norflurazon as compared to untreated controls. However, only 

1370 genes showed a significant response to lincomycin treatment. This fits with the ratio observed 

in A. thaliana, and with phenotypic data reported in the literature where norflurazon application has 

been shown to cause seemingly unrelated side effects such as decreased total lipid quantity and 

increased dry weight weight (Di Baccio et al., 2002; Magnucka et al., 2007).  

 

Whilst norflurazon application had a larger impact on gene expression than lincomycin, there was 

overlap in the genes affected by each inhibitor with 68% of the genes affected by lincomycin 

treatment also affected by norflurazon treatment. Despite PCA indicating differences in the response 

of gene expression to each inhibitor, there was large overlap not only in affected genes but in GO 

annotations which were enriched. This suggests that, overall, they are comparable and focussing on 

genes affected by both increases the robustness of the findings. For both inhibitors the most enriched 

gene ontology terms include multiple photosynthesis associated terms. Other shared GO terms 

included ‘Generation of precursor metabolites and energy’, which encompasses photosynthesis, 

oxidation and NADPH regeneration, and ‘Oxidation Reduction’ (Figure 4.7). Reactive oxygen 

species (ROS) have been implicated as a chloroplast retrograde signal in several potential pathways, 

including the redox potential of the chloroplast transmitted through the malate valve (Heyno et al., 

2014), and the detection of singlet oxygen by executor proteins and β-cyclocitral (Ramel et al., 2012; 

Uberegui et al., 2015). The malate valve operates when the NADPH pool is over-reduced, NADP-
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MDH oxidises the pool by using the reduction power to convert OAA to malate which is then 

exported to the cytosol acting as a signal. 

 

The gene LHCB2.1 is known to show decreased transcript abundance in response to chloroplast 

perturbation in wildtype, and consequently a seedling lacking this response was considered the 

diagnostic for defining a gun mutant. In rice, this classic response of LHCB2.1 was observed, with 

strong induction in response to light, but a repressed induction in the presence of chloroplasts 

inhibitors. The same response was detected for rice genes CA1 and RbcS (Figure 4.9). Decreased 

expression of RbcS and CHLH in rice after norflurazon treatment has previously been reported (Park 

& Jung, 2017). However, HO1 (GUN2) expression was also reported to decrease expression (Park et 

al., 2017). This response was not observed in the work presented here. Overall, the data presented 

here indicate that the response of genes classified as gun mutants were consistent between rice and 

A. thaliana. Taking into account gun-like mutants have been found in barley (Batschauer et al., 1986), 

these findings therefore provide evidence to support the notion that GUN retrograde signalling 

pathway is derived from the last common ancestor of rice and A. thaliana.    

 

4.4.3 The extent to which C4 orthologues are subject to chloroplast retrograde 

signalling in O. sativa 

Ten C4 genes from rice were significantly affected by both inhibitors and are therefore likely subject 

to chloroplast-dependent regulation in this C3 species. However, only three of these C4 specific 

orthologues were found to be differentially expressed in Arabidopsis thaliana (Burgess et al., 2016). 

This low degree of overlap in response between the two species is likely associated with a number of 

factors relating to the genetic distance between Arabidopsis thaliana and Oryza sativa. For example, 

multiple genome duplications have occurred since their divergence ~140 million years ago (Lee et 

al., 2013). The C4 genes analysed in this study are not thought to be directly involved in 

photosynthesis of rice, however, many are already known, or at least predicted, to be plastid localised. 

An example is Phosphoenolpyruvate Carboxylase 4 (PPC4), which shares 73% amino acid identity 

with the PPC gene recruited into C4 photosynthesis in sorghum (Wang et al., 2009). This gene is 

plastid localised and has been shown to function in ammonium assimilation (Masumoto et al., 2010). 

Whilst its location means plastid regulation may be expected, the results showed light was also an 

important regulator of PPC4.   

 

Carbonic anhydrase 1 (CA1) was the most responsive gene to chloroplast perturbation. Microarray 

data has previously been used to show that this gene is one of the most responsive to norflurazon 

treatment of A. thaliana (Mochizuki et al., 2008). CA1 is predicted to be plastid-localised in rice. Loss 

of a chloroplast transit peptide is responsible for the cytosolic localisation in C4 species (Clayton et 

al., 2017; Tanz et al., 2009). Although plastid-localised genes were prominent in the list of genes 

found to be subject to regulation through retrograde signalling, some genes such as Pyruvate 

Orthophosphate Dikinase A (PPDKA) localise to the cytosol (Wang et al., 2020). This shows that the 

repeated recruitment of genes in C4 evolution which are subject to regulation by retrograde signalling 

cannot be explained by prior plastid-localisation of gene product or a known plastid-related function. 

 

4.4.4 Regulatory elements enriched in chloroplast responsive genes 

There were large differences in the transcription factor binding sites found to be most enriched in 

chloroplast responsive genes in rice and A. thaliana. This is unsurprising considering many 

transcription factors involved in photosynthetic regulation in A. thaliana have no direct orthologues 
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in rice (Wang et al., 2017). Moreover, the low commonality between DNA sequence motifs between 

the two species suggest that transcription factor binding could differ significantly (Cserhati, 2015). 

However, of the six families of transcription factors which had enriched motif binding sites within 

chloroplast responsive genes in A. thaliana (bZIP, bHLH, TCP, MYB, MYB-related, and 

AP2/EREBP), five were also enriched in rice (bZIP, bHLH, TCP, MYB, MYB-related). Additionally, 

when the motif search was carried out in AME to look for the most frequent binding motifs, both 

species were enriched for bZIP binding motifs containing the G-box (CACGTG). The G-box is an 

element known to be frequent in light-responsive genes and is an important cis-element controlling 

the regulation of CHLH (aka. GUN5) expression (Kobayashi et al., 2012) therefore already being 

implicated to have a role in a chloroplast retrograde signalling pathway. 

 

As well as overlaps in the families of transcription factors involved, there were many instances of a 

binding motif for a specific transcription factor being enriched in both species. For example, the AZF1 

binding motif, found to be enriched 1000bp upstream in chloroplast responsive rice genes (Table 4.4) 

was also found to be present in the promoters of known chloroplast responders in A. thaliana; LHCB, 

CA1 and CHLM (Figure 3.16). AZF1 has been shown to be involved in the abiotic stress response by 

negatively regulating abscisic acid-repressive genes (Kodaira et al., 2011). The most notable overlap 

between the two species is that of the ten most enriched motifs output from the AME analysis in rice 

and A. thaliana, seven were shared. These seven motifs represented five transcription factors; ABF2, 

AREB3, ABI5, bZIP16 and GBF3. These are all promising candidates for future characterisation, 

hopefully being involved in an ancestral chloroplast to nucleus regulatory pathway. Less overlap was 

observed between enriched motifs in C4 orthologues between the two species. However, one 

transcription factor was shared, OBP3, a nuclear localised transcription factor which modulates 

phytochrome and cryptochrome signalling in A. thaliana (Ward et al., 2005). OBP3’s nuclear 

localisation means it could function as the final component in a theoretical chloroplast to nucleus 

signalling pathway which controls C4 genes in a wide array of species.  
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5 OPTIMISATION OF ATAC-SEQ 

FOR IDENTIFICATION OF OPEN 

CHROMATIN REGIONS AND 

TRANSCRIPTION FACTOR 

BINDING FOOTPRINTS IN RICE 

5.1 Introduction 

5.1.1 How ATAC-seq Identifies Routes of Gene Regulation 

Gene expression can be regulated at multiple levels including transcriptional, translational or the 

processing, transport and degradation of mRNA. Several methods have been developed to investigate 

transcriptional regulation, including approaches to identify transcription factor binding sites. These 

include ChIP-Seq which can identify the DNA sequences a specific protein binds in vivo (Barski et 

al., 2007; Johnson et al., 2007) and the yeast-one hybrid assay that defines sequences bound by a 

protein in yeast (Ouwerkerk & Meijer, 2001). More recently, methods have been published that aim 

to define patterns of transcription factor binding at a genome wide scale. These methods can identify 

where transcription factors are likely to bind within the genome without previous knowledge of the 

transcription factors or DNA motifs subject to binding. Examples of such methods include DNase I 

hypersensitive sites sequencing (DNase-seq), micrococcal nuclease digestion with deep sequencing 

(MNase-seq), Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE-seq) and most 

recently Assay of Transposase Accessible Chromatin sequencing (ATAC-seq) (Klein & Hainer, 

2020).  

 

All these techniques use deep sequencing to identify regions of open chromatin. FAIRE-seq 

crosslinks DNA and bound proteins, and then separates fragments by weight using centrifugation. 

The heavier protein bound fragments are then purified and sequenced and the resulting reads indicate 

which regions are associated with protein binding. DNase-Seq, MNase-Seq and ATAC-seq all treat 

nuclei with an enzyme that preferentially cuts open chromatin and sequences the resulting fragments 

to identify the distribution of cuts. This distribution can be used to predict accessible chromatin. Assay 

of Transposase Accessible Chromatin sequencing (ATAC-seq) is a method which identifies regions 

of bound DNA by digesting nuclei with a transposase that preferentially cuts open chromatin 

(Buenrostro et al., 2013). After deep sequencing, aligning the resulting sequences to the genome 

shows where the transposase has cut. This can allow predictions of which regions of a chromosome 

are accessible to transcription factors, and at a deeper resolution the specific location of transcription 

factor binding sites. When done in concurrence with mRNA-seq, the predicted binding sites which 
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intersect with significantly differentially expressed genes form a list of putative cis-elements which 

can inform further characterisation work.  

 

ATAC-seq has several advantages over similar methods. The Tn5 (transposase 5) enzyme cuts open 

chromatin and simultaneously attaches Illumina adapters. By performing digestion and adapter 

ligation concurrently, the time required for library preparation is reduced. Additionally, ATAC-seq 

only requires 50,000 nuclei per sample (Lu et al., 2017). Equivalent techniques require substantially 

more tissue, for example, accurate footprinting using DNaseI-seq requires 200 million nuclei per 

sample. This makes ATAC-seq a cost efficient and quick method for genome wide footprinting of 

transcription factors, with library preparation taking hours instead of days.  

5.1.2 ATAC-Seq Results in Plant Tissue 

ATAC-seq was initially developed to analyse human cells for medical research (Buenrostro et al., 

2013) and has been predominately used in animal studies. However, it has also been employed in 

plants. It has previously been used to look at the stress response in rice seedlings exposed to different 

temperatures and water deprivation (Wilkins et al., 2016). Another study which used this technique 

analysed root tip cells in four plant species; Arabidopsis thaliana, Medicago truncatula, Solanum 

lycopersicum, and Oryza sativa (Maher et al., 2018). This revealed interesting inter-species variation 

in the location of open chromatin across the genome. For example, in A. thaliana 50% of open 

chromatin regions, also known as transposase hypersensitive sites (THS), were found to be in the 

promoter region, defined as 2000bp upstream of the TSS. This is considerably more than the other 

species studied, with ~40% in rice and only ~12.5% in Solanum lycopersicum (tomato). 

 

5.1.3 Potential Applications of ATAC-seq in Understanding Plastid-to-nucleus 

Signalling 

The aim of the work presented in this chapter was to optimise the method and pipeline analysis for 

ATAC-seq on rice tissue. Once this optimisation has taken place, the approach could be used to test 

if transcription factor binding differs between experimental treatments. For example, it could be 

carried out on chloroplast inhibited seedlings versus controls. This analysis would show if any C4 

orthologues have cis-elements whose binding is impacted by the chloroplast, informing further work 

towards the ultimate aim of identifying the regulatory mechanisms through which plastid signals 

impact gene expression. The dataset will also be of more general relevance as it can act as an atlas of 

transcription factor binding sites involved in chloroplast retrograde signalling.  

 

5.1.4 Optimisation of Tissue Preparation and the ATAC-seq Data Analysis Pipeline 

The recent creation and expansion of the technique means there is not yet a single established 

methodology or analysis pipeline. Two possible methods of tissue collection are first, flash freezing 

samples in frozen nitrogen and grinding, or second, sampling fresh tissue and finely chopping this 

tissue before nuclei extraction. It is unknown if the grinding process could affect bound transcription 

factors before nuclease treatment. Chopping however, whilst done on ice, is not rapidly preserving 

the cell’s state and its possible that the cell’s stress response could change the binding profile before 

the nuclease treatment can be applied.  This work aimed to identify if these two methods led to 

significant difference in output, both in terms of the quality of the results and in location of the 

accessible regions identified.  
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ATAC-seq allows predictions of accessible chromosome regions, and when done at a high resolution, 

specific transcription factor binding sites. To use aligned reads to predict open regions, software 

specifically designed to find these peaks is employed. Several peak finding programmes exist and 

different software use different predictive algorithms. Due to the relative novelty of ATAC-seq there 

is no clear established analysis pipeline considered as the gold standard. Two different software were 

employed here and the resulting peaks compared to see how different the output were. Two such 

software which identify regions of the genome with more aligned reads than expected by random 

chance are HOMER (Heinz et al., 2010) and MACS2 (Zhang, 2008). This will determine if the 

software employed in the analysis pipeline will lead to changes in the final predicted open chromatin 

regions. 
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5.2 Objectives 

 

The methodology and data analysis pipeline for ATAC-seq will be optimised, and open chromatin 

regions in the cotyledons of rice seedlings will be predicted.  

 

Hypotheses 

 

o There will be no major differences in predicted open chromatin regions between 

samples which have been prepared by chopping, or ground after flash freezing. 

 

o There will be no major differences in predicted open chromatin regions between 

different peak calling software. 

 

 

The distribution of predicted open chromatin regions in the genomes of rice seedling cotyledons will 

be elucidated. 

 

Hypotheses 

 

o The highest frequency of predicted open chromatin regions will occur immediately 

around the transcription start site.  

 

o Most open chromatin regions will be predicted to be within 2000pb upstream of the 

nearest gene’s transcription start site. 
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5.3 Results 

5.3.1 Nuclei Extraction  

The first step in performing ATAC-seq is to extract nuclei from samples. This can be done on flash 

frozen ground tissue or on fresh chopped tissue. No consensus has so far been reached on whether 

there was a difference in these methods, and if there is, which is preferable. This experiment aimed 

to identify which method is most appropriate. To confirm that nuclei were intact and not clumped 

they were dyed with DAPI stain and viewed under a fluorescence microscope. This is important as it 

ensures the transposase has equal access to nuclei and no bias is introduced.  

 

 
 

Figure 5.1: DAPI-stained nuclei extracted from freshly chopped and flash frozen ground tissue from 

rice seedlings. Red arrows point to nuclei. Scale bar represents 50µm.  

 

Individual nuclei could be viewed in both preparations (Figure 5.1). Occasional debris with UV 

fluorescence material could be seen in ground samples, and also possible indications of nuclei 

clumping. Once nuclei had been extracted and a subset had been viewed under the microscope to 

check the nuclei shape and number, the transposase treatment was carried out and libraries were 

generated. 

 

5.3.2 Analysis of ATAC-seq library prior to sequencing  

To confirm that libraries were of a sufficient quality for deep sequencing, their integrity was analysed 

using a microfluidic electrophoresis system (Figure 5.2). This generated electropherograms, which 

provides an indication on the distribution of fragment sizes obtained.  
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Figure 5.2: Electropherograms of rice ATAC-seq libraries from (A) fresh chopped tissue and (B) 

frozen ground tissue obtained on the Agilent Bioanalyzer 2100. X-axis represents fragment size and 

Y-axis represents fluorescence, which increases with the number of base pairs detected for a set 

fragment size. The higher the fluorescence at a set fragment size, the higher the concentration of 

fragments. FU = fluorescence units, bp = base pairs.  

Reads for both libraries ranged from 200bp to 2000bp in length (Figure 5.2). Libraries prepared from 

freshly chopped tissue had a greater enrichment of shorter reads, with increased fluorescence detected 

from reads between 150 and 500bp long compared to ground tissue. Although fluorescence signal 

increased for longer reads in both libraries, it is worth noting that this is partially due to a greater 

number of bases and therefore is not a direct indicator of read number.  

 

5.3.3 Quality control of transcriptomic libraries 

Libraries were sequenced, and samples subjected to quality control. Trimming was carried out to 

remove low quality bases and led to a loss of 4% of bases. Visual inspection of sequences and analysis 

of QC components was carried out using FastQC. Analysis of samples showed they were good 

quality, both at sequence and base level. There were no unassigned bases (Ns) present in the data, 

and no adapter contamination (Figure 5.3).  
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Figure 5.3: FastQC generated plots illustrating sequences were of a good quality and contained no 

unassigned bases or adapter contamination. Representative plots showing frequency against mean 

sequence quality, Ns (unassigned bases) and adapters across the read for libraries generated from (A) 

freshly chopped sample and (B) frozen ground samples.   

 

However, two FastQC categories failed; Sequence Duplication Levels and Kmer content. This is due 

to assumptions FastQC makes in assessing quality for these categories, as it is not designed to analyse 

ATAC-seq generated libraries. To confirm these failed categories were associated with the 

methodology, plots were compared to data from Maher et al (2018) (Figure 5.4). 
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Figure 5.4: Representative FastQC plots for, showing the similarity between the libraries generated 

here (A and C), and from peer-reviewed work (Maher et al,. 2018; SRA ID SRP111984) (B and D). 

(A) and (B) Representative plot showing duplication levels, with many reads duplicated 100s or 1000s 

of times in both libraries (B) and (D) Representative plot showing Kmer enrichment across the read.  

 

The data showed a large number of duplicate reads, with 67% of reads being duplicates in the chopped 

sample and 80% in the ground sample. This was also observed in FastQC reports produced from 

ATAC-seq reads generated by Maher et al (2018), where 70% of reads were duplicates. This implies 

that although this is not optimal, it is innate to the methodology and therefore does not impede 

analysis. This was similarly the case for enriched K-mers along the read (Figure 5.4).  

 

Thus, the QC analysis indicated that all libraries had generated good quality data, and so further 

analysis was initiated.  

 

5.3.4 Quality Control of Alignment 

After trimming and quality control, 366 million reads were obtained for the chopped sample, of which 

277 million (76%) mapped to the Oryza sativa IRGSP genome. For the ground sample, 453 million 

reads were obtained, and 365 million mapped. Ensuring an accurate read alignment is essential for 

ATAC-seq, as this is the input information on which open chromatin regions (or peaks) are predicted. 

Reads were filtered to discard reads with a MapQ, a value measuring the likelihood an alignment is 

real, less than 30 and all duplicate reads were removed. After this filter step, the quality of the 

alignment was checked by plotting the distribution of MapQ scores for each read’s alignment (Figure 

5.5).  
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Figure 5.5: Alignments were estimated to be highly accurate for libraries generated by both sample 

preparation methods. Distribution of MapQ score, a measure of the confidence of each sequence’s 

alignment, for (A) libraries generated from freshly chopped rice seedling cotyledons and (B) libraries 

generated from flash frozen and ground rice seedling cotyledons. 

 

The range of available MapQ scores varies by aligner, but in this case 44 was the highest MapQ score 

available representing a perfect alignment of the read to the genome. Reads aligned well, with the 

majority having a MapQ score of 44. This mean that the alignment can be considered reliable and 

therefore used for peak calling to predict open regions of chromatin.  

 

ATAC-seq uses pair-wise sequencing; this is important as the sequencing machine can only sequence 

a set number of bases (in this case 75 base pair). By sequencing both ends of the read, it can be 

determined more precisely where the transposase cut. Additionally, it allows the insert size to be 

calculated, which is the length of read between cuts.  

 

 
 

Figure 5.6: The distribution of insert sizes was consistent for libraries generated by both sample 

preparation methods. Distribution of insert size, the length of reads without adapters, for (A) libraries 

generated from freshly chopped rice seedling cotyledons and (B) libraries generated from flash frozen 

and ground rice seedling cotyledons. 
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The distribution shows that insert size peaked at 50bp and then declined in frequency to 500bp for 

both sample preparation methods (Figure 5.6). These results are replicated in rice ATAC-seq data 

(Wilkins et al., 2016, Supplementary Figure 4), confirming this is the expected distribution for 

libraries generated from rice. 

 

The last step before peak calling, is to check that there is no GC bias within the reads. Several facets 

of GC content were plotted (Figure 5.7) 

 

 
 

Figure 5.7: There was no GC bias for libraries generated by either sample preparation method. GC 

content quality measures calculated by Picard Tools for (A) libraries generated from freshly chopped 

rice seedling cotyledons and (B) libraries generated from flash frozen and ground rice seedling 

cotyledons. Normalized Coverage represents the frequency of 100bp windows of a set GC% in the 

reads over the frequency of 100bp windows of a set GC% in the genome.  

Both chopped and ground samples showed consistency in GC content, with a skewed curve peaking 

at 40% trailing to 80% across 100bp windows. This replicates the GC content of the rice genome as 

a whole (Yu et al., 2002) and therefore there appears to have been no GC bias in the reads attained. 

To ensure that there was no difference in the quality of the reads across GC%, base quality was plotted 

(Figure 5.7). This score is generated by the sequencer and represents the confidence that a base is 

assigned appropriately. Mean base quality, averaged against the 100 bp in each window, was 

consistent across windows of different GC%. Additionally, the number of 100bp windows for each 

possible GC% in the reads was compared to the number of windows in the genome (Figure 5.7). This 

showed that extremities were depleted, with very low and very high GC% sequences occurring less 

in the ATAC-seq reads than in the genome. This was likely due to the size selection that occurs during 

the ATAC-seq methodology, and additionally, reads have been filtered out by quality controls during 

computational analysis. Overall, GC% content was not biased in either library, nor did GC% affect 

the quality of the sequences. 

 

5.3.5 Prediction of open chromatin regions in the cotyledons of rice seedlings 

Read alignment indicates where the transposase enzyme has cut genomic DNA. Accessible regions, 

or transposase hypersensitive sites (THSs), can be identified by looking at where the cuts are most 

frequent. As accessible regions occur at the peak of cut frequency, they are also often referred to as 
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peaks. Several different software exist for peak calling (Heinz et al., 2010; Zhang, 2008) of which 

Macs2 was the first software used here. 42733 peaks were called for chopped samples, and 69524 

peaks were called in ground samples, 23415 of these peaks intersect.  

 

One measure of the efficacy of peak calling is to generate a SPOT score. This score represents the 

fraction of reads that fall within predicted peaks, representing how many reads have been classified 

as signal instead of noise. Generally, a SPOT score of around 0.3 is desired. The ground sample had 

a SPOT score of around 0.3, falling within the expected signal to noise ratio. However, the chopped 

sample only generated a sample of 0.12 which means nearly 90% of reads did not fall within the 

predicted peaks. The length of the peaks for each sample were plotted, with peaks ranging from 

around 100bp to a maximum of around 1000bp (Figure 5.8).  

 

 

 
Figure 5.8: There was consistency in the range of peak lengths, but differences in the distribution of 

peak lengths for libraries generated by both sample preparation methods. Distribution of peak length 

for (A) libraries generated from freshly chopped rice seedling cotyledons and (B) libraries generated 

from flash frozen and ground rice seedling cotyledons. Bin width was 10bp. 

 

Whilst the range of peak lengths predicted were the same for both sample preparation methods, the 

distributions differed. Peaks predicted from chopped samples were shifted left compared to those for 

ground samples (Figure 5.8), meaning there were a higher percentage of short peaks under 250bp in 

chopped samples. 

 

The aim of this chapter was to optimise a protocol for ATAC-seq such that it could be used to 

investigate the regulatory effect of chloroplast inhibition in the future. Another output of these data 

however is a more general insight into which regions of the genome in rice cotyledons are most likely 

to bind transcription factors. This can be used to refine motif enrichment analyses such as that carried 

out in Chapter 4 (Figure 4.13).  

 

The distance between the mid-point of each peak and the nearest transcription start site was 

calculated. Plotting these distances showed that open chromatin regions were most frequent 

immediately around the transcription start site (Figure 5.9).  
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Figure 5.9: There was consistency in the distribution around the transcription start site (TSS) for 

libraries generated by both sample preparation methods, with most THSs occurring within 2000bp of 

the promoter region. Distribution of THS (Transposase Hypersensitive sites) around the TSS for all 

annotated O. sativa genes for (A) libraries generated from freshly chopped rice seedling cotyledons 

and (B) libraries generated from flash frozen and ground rice seedling cotyledons. 0 = TSS. 

 

A high frequency of open regions around the transcription start site (TSS) is expected, as transcription 

factors are likely to bind there to facilitate initiation of transcription around the TSS. Consistent with 

this, 67% of peaks were found within 4000bp upstream for chopped, and 59% for ground.  

 

The distribution of peaks was next analysed in more detail, by identifying where peaks occurred 

within the gene body (Figure 5.10). 29166 (68%) of loci from chopped samples and 41817 (60%) of 

loci from ground samples were associated with genes.  

 

 

  
Figure 5.10: Most THSs were found within the intergenic region, the exons and 2000bp upstream of 

the transcription start site. Distribution of THSs in gene body generated by PAVIS for (A) libraries 

generated from freshly chopped rice seedling cotyledons and (B) libraries generated from flash frozen 

and ground rice seedling cotyledons. Upstream defined as 2000bp upstream of the transcription start 

site. Downstream defined as 1000bp downstream of the stop codon. 

 

Oryza sativa 

Genome 

MSU Release 7.0 
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The distribution of peaks within the gene body was generally consistent between both sample 

preparation methods (Figure 5.10). More peaks were found to be intergenic in ground samples (40%) 

than in chopped samples (32%). Over 20% of the open chromatin regions were associated with exons 

in both samples.  

 

5.3.6 Investigating Differences between Two Peak Calling Software 

The open chromatin regions predicted with Macs2 (Zhang, 2008) were compared to those predicted 

with another peak calling software, HOMER (Heinz et al., 2010). Both pipelines predict open 

chromatin regions in a generally similar manner, by identifying where more cuts occur than would 

be expected by chance. However, there are subtle differences between the two. For example, under 

standard settings, HOMER tends to find peaks of a fixed width whilst Macs2 does not. 42733 and 

81031 peaks were called by Masc2 and HOMER respectively for chopped samples. 23536 (55%) of 

these peaks overlapped between the two software. 69524 peaks were called by Masc2, and 27937 

peaks were called by HOMER for ground samples. 23668 (85%) of these peaks overlapped between 

the two software. The overlap between the two sample preparation methods was around 50% for both 

peak calling outputs, with 23415 (55%) overlapping between chop and ground samples for Macs 2, 

and 14033 (50%) overlapping between the two for HOMER. 

 

The SPOT score, an indicator of the signal to noise ratio, for the chopped sample increased from 0.11 

with Macs2 to 0.19 with HOMER. However, the opposite was true for the peaks called from ground 

sample, with a decrease from 0.29 with Macs2 to 0.25 with HOMER. The length of the peaks for 

each sample were plotted (Figure 5.11) 

 

 

 
 

Figure 5.11: There was a large difference in both the range and distribution of peak lengths predicted 

by Macs2 (A and C) and HOMER (B and D). Distribution of peak length for (A and B) libraries 

generated from freshly chopped rice seedling cotyledons and (C and D) libraries generated from flash 

frozen and ground rice seedling cotyledons. Bin width was 10bp. 
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Fitting with its described mechanism of selecting a fixed width for peaks, HOMER had a high 

frequency of peaks that were less than 200bp long. For this reason, HOMER would be best used to 

focus on a region of a promoter for example, rather than detecting larger accessible regions, where it 

would be best to employ Macs2. 

 

The distribution of the peaks generated by both HOMER and Macs2 around the transcription start 

site was compared (Figure 5.12) 

 

 

 

 
 

Figure 5.12: There was consistency in the distribution around the transcription start site (TSS) for 

peaks predicted by both Macs2 (A and C) and HOMER (B and D), with most THSs occurring within 

2000bp of the promoter region. Distribution of THS (Transposase Hypersensitive sites) around the 

TSS for all annotated O. sativa genes for (A and B) libraries generated from freshly chopped rice 

seedling cotyledons and (C and D) libraries generated from flash frozen and ground rice seedling 

cotyledons. 0 = TSS. 

 

The distribution of peaks around the TSS was very similar between the two methods. This similarity 

in distribution was also apparent at wider scales. For example, peaks predicted by Macs2 and 
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HOMER had similar distributions throughout the gene body. However, for the freshly chopped 

sample, Macs2 had ~10% more intergenic peaks, whereas, these ~10% peaks had shifted to the introns 

in the predicted distribution for HOMER (Figure 5.13).  

 

 

 
 

Figure 5.13: Most THSs predicted by Macs2 (A and C) and HOMER (B and D) were found within 

the intergenic region, the exons and 2000bp upstream of the transcription start site. Distribution of 

THSs in gene body generated by PAVIS for (A and B) libraries generated from freshly chopped rice 

seedling cotyledons and (C and D) libraries generated from flash frozen and ground rice seedling 

cotyledons. Upstream defined as 2000bp upstream of the transcription start site. Downstream defined 

as 1000bp downstream of the stop codon. 

 

The overall distributions of called peaks were similar for the two software.  Next, a more granular 

analysis was undertaken, by plotting predicted peaks within the chloroplast responsive gene Carbonic 

Anhydrase 1 (CA1) were plotted (Figure 5.14).  

 

A histogram of cut sites across the gene was plotted to allow visualisation of peaks (Figure 5.14A). 

Consistent with HOMER’s mechanism of choosing a short fixed width for peaks, there are more short 

peaks predicted for both sample preparation methods as compared with Macs2. Enriched motifs in 

chloroplast responsive genes in rice were identified in Chapter 4. One method for motif enrichment 

analysis is to use FIMO which identifies individual motif occurrences that can then be totalled and 

normalised against background. The loci for overlapping peaks between Macs2 and HOMER were 

searched for enriched motifs using the FIMO output from Chapter 4 (Table 4.7).  There was one 

region where peaks overlapped for all analyses, from 25695931bp to 25697431bp that was 

particularly enriched in AP2EREBP transcription factors, with five occurrences of the binding motif 

for transcription ERF1. Another region from 25701928bp to 25702429bp, had peaks overlapping 

from both ground sample analyses and peaks predicted by HOMER for the chopped sample. This 

region was particularly enriched for BBRBP motifs with two occurrences of BPC1 and BPC6 

transcription factor binding sites. 
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Figure 5.14: Several peaks have been predicted within the gene body of CA1. (A) A histogram 

showing the frequency of cuts along the gene body of CA1, with bins of 50bp. (B) A visualisation of 

peaks predicted by Macs2 and HOMER in the CA1 gene body in IGV genome viewer, along with the 

gene body of CA1 from the Oryza sativa IRGSP 7.0 Genome release. Genome shown as UTRs (short 

blue boxes), exons (tall blue boxes), and introns (blue lines) for all possible splice variants.  

 

5.3.7 Analysis following the Pipeline outlined in Maher et al (2018) 

To this point, with the exception of the SPOT score, all quality checks were passed. As earlier 

comparisons to data generated by Maher et al (2018) showed similarities, the data generated in this 

chapter were analysed using their pipeline. The same software, bowtie2, was used to generate the 

initial alignment and then HOMER was used to call peaks. The main difference between this pipeline 

and the analysis detailed above is the filtering steps before analysis. After alignment, reads were 

discarded with a MapQ score less than 2, contrasting to the much more conservative 30 chosen above. 

Additionally, duplicate reads were not removed from the analysis.  

 

71222 peaks were called for the chopped samples, and 45343 were called for ground, with 25866 

peaks overlapping. The SPOT score for the ground sample increased to 0.49 using this pipeline, and 

more importantly, the chopped sample increased to 0.28. This suggests that the low SPOT scores 

attained earlier were due to the differences in analysis pipeline and not data quality. This data and the 

data from Maher et al (2018) had many duplicates reads (Figure 5.4). Their removal appears to cause 

a decrease in SPOT score. Whilst we cannot be completely certain that these duplicates are not 

genuine biological signal, it is more likely that they are a result of PCR amplification. This means 
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that the duplicates retained in Maher et al (2018) are causing the ‘signal’, in the signal to noise ratio, 

to be artificially amplified.  

 

Whilst there was a large effect on SPOT score, the distributions of the peaks predicted in this pipeline 

compared to earlier analysis is unchanged (Figure 5.15).  The distribution around the TSS is consistent 

with the Macs2 and HOMER analyses using more conservative filters (Figure 5.12).  

 

 
Figure 5.15: There was consistency in the distribution of THSs predicted using the Maher et al 

pipeline around the transcription start site (TSS) for libraries generated by both sample preparation 

methods, with most THSs occurring within 2000bp of the promoter region. Distribution of THS 

(Transposase Hypersensitive sites) around the TSS for all annotated O. sativa genes for (A) libraries 

generated from freshly chopped rice seedling cotyledons and (B) libraries generated from flash frozen 

and ground rice seedling cotyledons. 0 = TSS. 

 

The general distribution of peaks across the gene body was also not changed, with over 18% of the 

open chromatin regions associated with exons in both samples (Figure 5.16). This is consistent with 

earlier results (Figure 5.13), and contrasts to the results in Maher et al (2018), where only 6% of peaks 

from rice roots were associated with exons. This suggests this distribution represents biological reality 

and is not an artifact of the data analysis pipeline. 

 

 

 
Figure 5.16: Most THSs predicted using the Maher et al pipeline were found within the intergenic 

region, the exons and 2000bp upstream of the transcription start site. Distribution of THSs in gene 
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body generated by PAVIS for (A) libraries generated from freshly chopped rice seedling cotyledons 

and (B) libraries generated from flash frozen and ground rice seedling cotyledons. Upstream defined 

as 2000bp upstream of the transcription start site. Downstream defined as 1000bp downstream of the 

stop codon. 

 

The distribution of peaks has not changed at a wider scale, but a zoomed in view shows subtle 

differences within the chloroplast responsive gene CA1 (Figure 5.17). 

 

 
 

Figure 5.17: Several peaks were predicted within the gene body of CA1. (A) A histogram showing 

the frequency of cuts along the gene body of CA1, with bins of 50bp. (B) Visualisation of peaks 

predicted by Macs2 and HOMER in the CA1 gene body in IGV genome viewer, along with the gene 

body of CA1 from the Oryza sativa IRGSP 7.0 Genome release. Genome shown as UTRs (short blue 

boxes), exons (tall blue boxes), and introns (blue lines) for all possible splice variants.  

 

A histogram of cut sites across the gene was plotted to allow visualisation of peaks in their literal 

form (Figure 5.17A). Peaks predicted by the Maher et al pipeline spanned more of the gene body, but 

often overlapped with those predicted from the more conservatively filtered data in earlier analyses 

(Figure 5.17B).  

 

These results suggest that both sets of data gathered in the chapter are comparable to peer reviewed 

data, with both chopped and ground samples having attained passable SPOT scores using this 

pipeline. 
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5.3.8 Predicted transcription factor footprints in the genome of rice seedlings 

Peak calling looks for accessibility at a larger scale, while footprinting searches for smaller 

transcription factor binding sites. Footprints were predicted used Wellington (Piper et al., 2013), 

based on peaks predicted by Macs2. 578 and 621 footprints were found in the chopped sample and 

ground sample respectively, of which 359 overlapped. The average footprint length was similar 

between the two, at 22bp long for the chopped sample and 23bp long for the ground sample. 

 

Of the 359 footprints which overlapped in chopped and ground samples, 12 footprints were found 

either in the coding region or within 4000bp upstream of genes encoding retrotransposon Ty3/Gypsy 

proteins and 8 footprints were found either in the coding region or within 4000bp upstream of genes 

encoding ATP synthase. Additionally, a few of the footprints found in both chopped and ground 

samples occurred in genes whose function is associated with photosynthesis.  

 

For example, Ycf3 encodes a putative Photosystem I assembly protein that facilitates assembly of 

reaction centre subunits (Nellaepalli et al., 2018). A transcription factor binding footprint was 

predicted just before the transcription start site of this gene in both chopped and ground samples 

(Figure 5.18A). CYB6 is a gene which putatively encodes Cytochrome b6, a subunit of the 

Cytochrome b6-f complex. This complex facilitates transfer of electrons from plastoquinol to 

plastocyanin at the thylakoid membrane. A transcription factor binding footprint was predicted in the 

gene body of CYB6 in both chopped and ground samples (Figure 5.18B). Finally, rps16 encodes a 

putative component of the 30S chloroplast ribosome. The chloroplast ribosome is responsible for the 

translation of important photosynthetic complexes, including subunits of PSI and PSII. A 

transcription factor binding footprint was predicted in the gene body of rps16 in both chopped and 

ground samples (Figure 5.18C). 
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Figure 5.18: Visualisation of peaks predicted by Macs2 and footprints predicted by Wellington in or 

before photosynthesis associated genes. Visualised in IGV genome viewer, along with the gene body 

of (A) Ycf3, (B) CYB6 and (C) rps16 from the Oryza sativa IRGSP 7.0 Genome release. 
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5.4 Discussion 

5.4.1 Chopping versus grinding prior to ATAC-seq 

ATAC-seq is yet to have one established gold-standard methodology or analysis pipeline. The first 

step of the ATAC-seq protocol is to extract intact nuclei from samples, which are then treated with 

the transposase enzyme (Buenrostro et al., 2013). Nuclei can be extracted from tissue prepared by 

either chopping (Lu et al., 2017), or flash freezing in frozen nitrogen and grinding (Maher et al., 2018; 

Wilkins et al., 2016). The work reported in this chapter aimed to identify if these two sample 

preparation methods caused any differences in output. The quality of reads from each sample were 

equivalent, with high confidence base assignments and read alignments attained for both with no GC 

bias observed. The distribution of insert size differed from that of many animal ATAC-seq studies 

where clear peaks can be observed at 200bp and 400bp representing cuts around nucleosomes (Adams 

et al., 2019; Davie et al., 2015). However, these results are replicated in rice ATAC-seq data from 

Wilkins et al (2016), which suggests this is the expected distribution for libraries generated from rice, 

and possibly plants in general.  

 

Assessable regions were called with two different peak calling programs. Peaks called with Macs2, 

which does not set a fixed width for peaks, differed slightly between sample preparation methods. 

Peaks predicted from reads from the chopped sample were shorter than those predicted with ground 

samples. This implies that DNA from nuclei extracted from chopped tissue is more accessible than 

ground tissue. It is possible that an increased level of nuclei clumping within ground tissue could 

cause such a phenomenon. Another difference between the two methods was the SPOT score, a 

measure of how much the peaks represent biological signal above the background rate. Ground 

samples had a higher SPOT score. When this is taken into account along with the other advantages, 

flash freezing and grinding appears to be the best method for sample preparation (Table 5.1). 

Advantages of grinding include speed, which allows for many sample to be processed at once, and 

more importantly ensures the transcription factor binding profile is not degraded during sampling.  
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Table 5.1: Summary of the differences between ATAC-seq output for chopped and ground rice 

cotyledons. 

 

5.4.2 Optimisation of Data Analysis Pipeline 

ATAC-seq involves treating nuclei with a transposase enzyme that preferentially cuts open 

chromatin. By sequencing the libraries produced from these treated nuclei, the position of cuts can be 

determined by aligning the read to a reference genome. Two software packages, HOMER (Heinz et 

al., 2010) and MACS2 (Zhang, 2008), identify regions of the genome where there are more cut sites 

than expected by chance. Both output predictions of accessible chromosome regions, also referred to 

as peaks. HOMER predicted a greater number of shorter peaks than Macs2, because it employs a 

fixed width algorithm. This is because HOMER concentrates on identifying the precise location of 

DNA-protein contact. Both software predicted peaks of a similar distribution throughout the genome. 

Low SPOT scores were attained for both methods, and therefore data were analysed using the data 

analysis pipeline described in Maher et al (2018). This pipeline attained much higher SPOT scores, 
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likely due to reads not being deduplicated before alignment and peak calling. A potential future 

methodological improvement would be to reduce PCR cycles during library amplification, in the hope 

of reducing duplicate reads, as it is a waste of money and resources to sequence so many duplicates.   

 

Overall, Macs2 and HOMER are both useful tools, and a future pipeline would likely employ both 

and focus initially on the overlap between the two. There has been an increased understanding of the 

potential bias which can be introduced during ATAC-seq since this work was carried out and updated 

computational methods have become available to mitigate such bias (Reske et al., 2020), which would 

be employed in a future analysis. 

5.4.3 Distribution of open chromatin regions in cotyledons of rice seedlings 

The distribution of open chromatin regions was consistent between sample preparation methods, and 

between peaks called using different software. The highest frequency of open chromatin regions was 

found immediately surrounding the transcription start site (TSS), with frequency decreasing further 

upstream. The distribution at a wider scale showed most peaks were found within the intergenic 

regions, but of those peaks that associated with a gene most were found within the exons and 2000bp 

upstream of the TSS. Across all analyses, 18.1% to 28.7% of the open chromatin regions were 

associated with exons. Previous ATAC-seq data from rice roots found only 6% associated with exons 

(Maher et al., 2018). This does fit however with DNase-Seq results from several grass species, where 

20% of DNase hypersensitive sites were predicted to be in exons in foxtail millet, sorghum, maize 

and purple false brome (Burgess et al., 2019). The promoter region is often the focus in studies 

attempting to identify transcription factors which bind cis-elements. These results suggest that the 

gene body could be an important inclusion in such an analysis. 

 

5.4.4 Transcription factor binding sites predicted in the genome of rice seedling 

cotyledons 

By analysing cut sites at a finer resolution, short transcription factor binding sites around 30bp long 

can be identified. Only a small number of footprints were predicted in this analysis, which suggests 

that a greater depth of sequencing would be needed to obtain a fuller picture of transcription factor 

binding across the rice genome. Of the footprints identified, over 10 were found either within or 

before genes encoding retrotransposon Ty3/Gypsy proteins which are the most prolific repeat 

retrotransposons in the genomes of the Oryza genus (Zuccolo et al., 2008). This could potentially be 

an artefact due to cutting bias, it is also possible that retrotransposons are so highly represented as 

they insert themselves into open chromatin regions. Despite the low numbers predicted, several 

footprints were found within photosynthesis associated genes including a putative Photosystem I 

assembly protein, Cytochrome b6 and a component of the chloroplast ribosome. These footprints 

could be used to inform studies looking to identify cis-regulatory elements within these genes and 

give further insight into photosynthesis associated genetic regulation in rice. Although only a small 

number of footprints were called, the THS identified earlier allow predictions of where transcription 

factors are likely to bind. This is particularly beneficial at a genome wide scale, where the data can 

be used to refine motif enrichment analyses such as that carried out in Chapter 4 (Figure 4.13). 
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5.4.5 Future Application of ATAC-seq  

A trial of ATAC-seq has been completed and both library preparation and the data analysis pipeline 

optimised. Time and resource limitations prevented this work from being utilised on treated samples 

to investigate the primary hypotheses being reported in the thesis. However, this analysis is now 

primed to take place in the future and the work informed other lab members’ work. A future ATAC-

seq analysis will investigate any differences in open chromatin regions and transcription factor 

footprints on chloroplast inhibited seedlings versus controls. This will show if any C4 orthologues 

have cis-elements whose binding is impacted by the chloroplast, informing further work towards the 

ultimate aim of identifying the regulatory mechanisms through which plastid signals impact gene 

expression. The dataset will also be of more general relevance as it can act as an atlas of transcription 

factor binding sites involved in chloroplast retrograde signalling.  
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6 DISCUSSION  

 

Plastid to nucleus signals have been shown to regulate core photosynthetic genes, in both C3 and C4 

species. However, the regulatory mechanisms of this signalling are not well understood. A genome 

wide analysis was carried out to investigate changes in transcript abundance genes in response to 

chloroplasts inhibition in A. thaliana, a model eudicotyledon, and rice, a model monocotyledon. In 

this chapter the effect of chloroplast inhibitors on PSII activity in each species, and the quantitative 

and qualitative effect of chloroplast inhibition on the transcriptome will be discussed. Chloroplast 

responsive genes were searched for enriched motifs, to identify putative transcription factors which 

could act as a chloroplast derived signal modifying nuclear gene expression. A literature search was 

undertaken on the most promising candidate transcription factors, to search for a biological link 

between what is currently known about their function and chloroplast to nucleus signalling. Finally, 

the future directions are outlined, detailing the methods which could be used to investigate if these 

transcription factors are linked to a chloroplast retrograde signalling pathway. 

 

6.1 Shared Response to Chloroplast inhibition in A. thaliana and Rice 

 

Both A. thaliana and rice were treated with chloroplast inhibitors to investigate which genes 

responded. This could be in response to a signal which transmits the chloroplast’s damaged status, or 

a response caused by the absence of a signal which can no longer be produced or conveyed due to 

chloroplast inhibition. Lincomycin, an inhibitor or plastid translation, and norflurazon, an inhibitor 

of carotenoid synthesis that causes photooxidative damage to the chloroplast in the light, were 

incorporated into the media on which seedlings were grown. Both inhibitors caused bleaching in 

illuminated seedlings and decreased maximum quantum yield of PSII. These results are corroborated 

by the literature. A. thaliana cultured cells treated with norflurazon had a significantly reduced 

maximum quantum yield when cells were exposed to light compared to controls, however, no 

significance difference was observed between treated and control cells in the dark (Doyle et al., 2010). 

Lincomycin treatment also causes a significant decrease in maximum quantum yield; A. thaliana 

leaves infiltrated with 1mM lincomycin showed a 60% decrease in maximum quantum yield 

(Tarantino et al., 1999) and three-week-old rice plants which had been treated with 50μM norflurazon 

showed a 37% decrease in maximum quantum yield compared to controls (Park & Jung, 2017). 

 

However, differences were observed in the overall transcriptional response to the two chloroplast 

inhibitors. Norflurazon affected the transcript abundance of an additional 2500 genes compared to 

lincomycin in A. thaliana and rice. Although lincomycin affected the transcript abundance of fewer 

genes, ~70% of those genes were also affected by norflurazon in both species. This observation was 

consistent with the observed overlap in gene function; ~70% of gene ontology terms enriched in genes 

responsive to lincomycin treatment in rice, were also enriched in response to norflurazon treatment.  

This increased to 80% in A. thaliana. The similarity in which genes were affected and by how much 

between A. thaliana and rice suggests that inter-species comparisons of chloroplast inhibition are 

reasonable and warranted. One difference in the response to inhibitors between the two species was 
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emphasised in the principal component analysis, a measure of sample similarity. Dark-grown samples 

grouped together, whether treated with lincomycin of norflurazon, with one exception; norflurazon 

treatment in dark-grown rice seedlings caused 10% of the variance observed between norflurazon 

treated seedlings and controls. Norflurazon has been shown to affect another dark-grown 

monocotyledon, decreasing lipid content in barley (Di Baccio et al., 2002). The overlap in the effect 

on PSII, the genes affected, and gene function suggest both inhibitors are comparable.  

 

6.2 Genes Responsive to Chloroplast Perturbation in A. thaliana and rice 

 

Of the 21319 genes whose transcripts were detected in the A. thaliana samples, 743 genes showed 

significantly different transcript abundance when illuminated samples were treated with norflurazon 

or lincomycin. Of the 33064 genes whose transcripts were detected in the rice samples, 935 genes 

showed significantly different transcript abundance when illuminated samples were treated with 

either inhibitor. A similar magnitude in the transcriptomic response to chloroplast perturbation was 

observed, with 3% of detected transcripts affected in both A. thaliana and rice. Transcript abundance 

could have changed in response to a signal transmitting the chloroplast’s damaged status or in 

response to the absence of a signal which previously conveyed chloroplast development was 

proceeding successfully. Whilst microarray data are available for A. thaliana treated with norflurazon 

(Moulin et al., 2008), the work presented here provides the first genome wide transcriptome analysis 

of chloroplast inhibition in rice, and to my knowledge, the first in a monocotyledon. Whilst the 

response to chloroplast inhibition was consistent between the two species, changes in transcript 

abundance in response to light varied dramatically. In A. thaliana, 26% of the detected transcripts 

had significantly different abundance between dark-grown and 24-hour light exposed seedlings, 

whilst in rice this was only 5.5% of the detected transcripts. This could be due to A. thaliana having 

few direct orthologues in rice (Wang et al., 2017) and the low commonality in binding motifs between 

the two species (Cserhati, 2015). 

 

For both A. thaliana and rice, the most enriched gene ontology terms for genes responsive to the 

chloroplast were photosynthesis associated terms. Both species showed a strong response from genes 

associated with the ‘Generation of precursor metabolites and energy’, which includes photosynthesis, 

oxidation and NADPH regeneration. Reactive oxygen species (ROS) have been implicated as a 

chloroplast retrograde signal in several potential pathways, including the redox potential of the 

chloroplast transmitted through the malate valve (Heyno et al., 2014). The malate valve operates 

when the NADPH pool is over-reduced, NADP-MDH oxidises the pool by using the reduction power 

to convert OAA to malate which is then exported to the cytosol acting as a signal. Genes associated 

with ‘Single-organism metabolic processes’ were also overrepresented in chloroplast responsive 

genes, this can include NADPH metabolism and oxidation-reduction processes. It can additionally 

include intermediary metabolites such as Mg-proto IX, an intermediary in the tetrapyrrole 

biosynthesis pathway directly regulated by GUN4 and GUN5 (Martín et al., 2016). A. thaliana did 

show more of a stress response than was observed in rice, with genes associated with ‘response to 

chemical’ and ‘response to abiotic stimulus’ being enriched. However, overall, the inhibitors affected 

similar cellular processes.  

 

Several genes have been reported to show decreased expression after chloroplast inhibition. A rt-

qPCR study on 7-day old A. thaliana seedlings grown in 5µM norflurazon showed decreased 

expression in LHCB2.1, CA1, GUN4 and CHLH/GUN5 (Page et al., 2017). Decreased expression of 

RbcS and CHLH has been seen in rice after treatment with 50mM (Park & Jung, 2017). These results 

were mirrored in this work, with the five aforementioned genes showing decreased expression in A. 
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thaliana and rice. However, HO1 (GUN2) expression was also reported to decrease in response to 

norflurazon treatment in rice (Park et al., 2017). This response was not observed in either norflurazon 

or lincomycin treated samples. The GUN gene expression patterns were consistent between rice and 

A. thaliana. Taking into account gun-like mutants have been found in barley (Batschauer et al., 1986), 

there is evidence to support that the GUN retrograde signalling pathway could be ancestral. Overall, 

the gene expression analysis shows consistency with previous studies as well as an overlap in the 

genes affected by each inhibitor.  

6.3 The extent to which C4 orthologues are subject to chloroplast 

retrograde signalling 

 

Chloroplast derived signals have been shown to regulate C4 photosynthesis associated genes in the 

C4 eudicotyledon Gynandropsis gynandra (Burgess et al., 2016) and in the C4 monocotyledon Zea 

Mays (Tamada et al., 2003), two species that are thought to have last shared a common ancestor over 

100 million years ago. Chloroplast perturbations have also been shown to generate a response in C4 

orthologues within C3 A. thaliana. Burgess et al (2016) used rt-qPCR to detect differential transcript 

abundance in norflurazon and lincomycin treated seedlings. They found seven C4 orthologues under 

chloroplast control; AtCA1, AtPPC2, AtNAD-ME1, AtPPA6, AtRP1, AtNAD-ME2 and AtTPT. Five 

of these were also found to be under chloroplast control in the work completed here; AtCA1, AtPPC2, 

AtNAD-ME1, AtPPA6, AtRP1, on top of an additional three; AtCA2, AtASP1 and AtDIC1. Regulation 

of one gene can have subsequent effects on other C4 orthologues, for example, AtNAD-ME1 forms 

a heterodimer in vivo with AtNAD-ME2 (Tronconi et al., 2008), therefore the expression of AtNAD-

ME1 has an impact on the activity of both the AtNAD-ME1 and AtNAD-ME2 protein. This small 

increase in the number of responsive C4 orthologues compared to the previous study supports the 

conclusion that a number of C4 genes are regulated by chloroplast to nucleus signalling in C3 species. 

 

An aim of this project was to test if these results could be repeated in another C3 species, particularly 

a divergent species such as monocotyledon O. sativa (rice). Ten C4 orthologues were significantly 

affected by both inhibitors in rice and are therefore likely subject to chloroplast-dependent regulation. 

However, only three of these C4 specific orthologues were found to be differentially expressed in A. 

thaliana. This low degree of overlap in response between the two species is likely associated with a 

number of factors relating to the genetic distance between A. thaliana and rice. For example, multiple 

genome duplications have occurred since their divergence ~140 million years ago (Lee et al., 2013). 

The C4 genes analysed in this study are not thought to be directly involved in photosynthesis of rice, 

however, many are already known, or at least predicted, to be plastid localised. For example, 

Phosphoenolpyruvate Carboxylase 4 (PPC4) shares 73% amino acid identity with the PPC gene 

recruited into C4 photosynthesis in sorghum (Wang et al., 2009). This gene is plastid localised and 

has been shown to function in ammonium assimilation (Masumoto et al., 2010). Whilst its location 

means plastid regulation may be expected, the results showed light was also an important regulator 

of PPC4. Carbonic anhydrase 1 (CA1) was the most responsive gene to chloroplast perturbation. 

CA1 is predicted to be plastid-localised in rice and loss of a chloroplast transit peptide is responsible 

for the cytosolic localisation in C4 species (Tanz et al., 2009; Clayton et al., 2017).  

 

Although many of the genes found to be subject to regulation through chloroplast retrograde 

signalling were plastid-localised, some genes such as Pyruvate Orthophosphate Dikinase A (PPDKA) 

encode proteins that localise to the cytosol (Wang et al., 2020). This shows that the repeated 

recruitment of genes in C4 evolution which are subject to chloroplast regulation cannot be simply 

explained by prior plastid-localisation of gene product. The regulation of C4 orthologues by the 
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chloroplast in two divergent C3 species supports the hypothesis that parallel evolution repeatedly 

recruits genes into C4 photosynthesis because these genes are already controlled by the same 

regulatory network as C3 photosynthetic genes. Thus it appears that chloroplast retrograde control is 

an essential component of understanding parallel evolution in the ~60 independent origins of C4 

photosynthesis. 

 

6.4 Regulatory elements enriched in chloroplast responsive genes 

 

The list of chloroplast responsive genes generated in this analysis enabled a search for putative 

transcription factors likely involved in chloroplast to nucleus signalling. An analysis looking for 

transcription factors with strong affinity binding found six main families of transcription factors had 

enriched motif binding sites with chloroplast responsive genes in A. thaliana: bZIP, bHLH, TCP, 

MYB, MYB-related, and AP2/EREBP. Five of these transcription factor families were also predicted 

to bind to enriched motifs in rice; bZIP, bHLH, TCP, MYB, MYB-related. An analysis which 

prioritised the frequency of a binding motif over the likelihood of binding found both species were 

enriched for bZIP binding motifs containing the G-box (CACGTG). The G-box is an important cis-

element which controls the regulation of CHLH (aka. GUN5) expression (Kobayashi et al., 2012) as 

well as many light-responsive genes. It has been previously linked to chloroplast retrograde signalling 

and was found to be enriched in the promoters of 329 genes which were upregulated in both gun1 

and gun5 seedlings, appearing 944 times (Koussevitzky et al., 2007).  

 

There was not only overlap at the level of families, but also multiple instances of a binding motif for 

a specific transcription factor being enriched in both species. The most notable overlap between the 

two species was that seven of the ten most enriched motifs identified in the analysis focused on overall 

motif frequency were shared between A. thaliana and rice. These seven enriched binding motifs 

represented five transcription factors; ABF2, AREB3, ABI5, bZIP16 and GBF3. These are all 

promising candidates for future characterisation, hopefully being involved in an ancestral chloroplast 

to nucleus regulatory pathway. Less overlap was observed between enriched motifs in C4 orthologues 

between the two species. This is unsurprising considering many transcription factors involved in 

photosynthetic regulation in A. thaliana have no direct orthologues in rice (Wang et al., 2017). 

However, the large overlap in the transcription factors families predicted to bind chloroplast 

responsive genes between the two species could mean the regulation is ancestral.  

 

In A. thaliana, the C2C2GATA transcription factors, thought to be involved in light and nitrate-

dependent regulation, had enriched binding sites in plastid regulated C4 orthologues. The two most 

enriched binding motifs GATA15 and GATA16, are thought to work redundantly with GATA21 and 

GATA22 (also referred to as GNC and GNL) to control greening (Ranftl et al., 2016). GATA21 and 

GATA22 have been shown to control greening through regulation of the tetrapyrrole biosynthesis 

pathway, and gata21 gata22 mutants show decreased expression of chloroplast regulated genes such 

as HEMA1 and GUN4 (Hudson et al., 2011). GATA15 and GATA16 may work through a similar 

mechanism, regulating upstream of the tetrapyrrole retrograde signalling pathway. Of the four 

subfamilies of which the C2C2GATA transcription factors are classified, three are shared between A. 

thaliana and rice which are theorised to have evolved before their most recent common ancestor 

(Reyes et al., 2004). The binding motif of one transcription factor was explicitly found to be enriched 

in both species, OBP3, a nuclear localised transcription factor which modulates phytochrome and 

cryptochrome signalling in A. thaliana (Ward et al., 2005). OBP3’s nuclear localisation means it 

could function as a late component in a theoretical chloroplast to nucleus signalling pathway which 

controls C4 genes in a wide array of species.  
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6.5 Putative Transcription Factors Selected for Further Investigation 

 

Factors to consider when judging the potential of a candidate transcription factor are level of motif 

enrichment, expression levels across treatments and current knowledge of function, particularly how 

this relates to chloroplast retrograde signalling. Four such transcription factors were highlighted based 

on these categories in the first motif enrichment analysis, and mutants of these transcription factors 

were ordered (Figure 6.1). GBF3 binds to motifs which were enriched 4.8 times above background 

in A. thaliana, and to a lesser extent enriched in rice, occurring 2.8 times more than in background. 

Its expression responded to light, with illuminated seedlings showing a decrease in expression 

compared to dark-grown seedlings. GBF3 has been shown to interact with GLK1 (Tamai et al., 2002), 

an interaction which could be part of a chloroplast to nucleus signalling pathway. Transcription factor 

GLK1 has been proposed to have a role in retrograde signalling due to its expression being correlated 

with that of known chloroplast-responsive photosynthesis associated genes, and GUN1 appears to 

downregulate GLK1 in response to plastid damage (Kakizaki et al., 2009) through a ubiquitin-

proteasome system (Tokumaru et al., 2017). 

 

 

 

 

Figure 6.1: tDNA insertion mutants of four candidate transcription factors implicated in chloroplast 

retrograde signalling. Seedlings grown for 6-days dark and 24 hours 150 µmol m−2 s−1 white light on 

½ MS media containing either 5μM norflurazon or 0.001% (v/v) ethanol. Scale bars represent 500μm. 

 

Another candidate transcription factor, RVE8, binds to motifs enriched 4.2 times above background 

in A. thaliana and 2.6 times in rice. RVE8 is light responsive and shows increased transcript 

abundance in illuminated samples. This MYB-related transcription factor functions in the circadian 

clock by modulating histone 3 acetylation (Nguyen & Lee, 2016). One facet of this is diurnal 

regulation of the anthocyanin metabolic pathway (Pérez-García et al., 2015). GUN1 and GUN5 have 

been shown to regulate the accumulation of anthocyanins in the cell (Richter et al., 2020), and 

therefore the link between RVE8 and the anthocyanin biosynthesis pathway make it a promising 
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candidate. Binding motifs of bHLH104, another candidate whose function may relate to chloroplast 

retrograde signalling, was similarly enriched in A. thaliana and rice, occurring 2.9 times and 3.2 times 

above background respectively. Knockouts of bHLH104 have reduced iron content, whereas, 

overexpressers accumulate iron (Li et al., 2016). This may suggest a link to heme production, and 

therefore tetrapyrrole biosynthesis and GUN genes. Finally, bZIP68 binds motifs enriched 4.3 times 

above background in A. thaliana, and 2.6 times in rice. The transcription factor contains a redox‐

sensitive Cys320 residue and has a proposed role in balancing growth and stress tolerance (Li et al., 

2019). Its ability to sense the redox state of the cell make it a promising candidate, as this is thought 

to be an important component of chloroplast retrograde signalling.  

 

6.6 Future Directions 

 

Genes regulated by chloroplast retrograde signalling were scanned for enriched binding motifs to 

identify potentially important cis-elements and the transcription factors that bind them. Future work 

could focus on how to experimentally validate these predictions, and how to refine the list through 

genome wide studies of transcription factor binding in chloroplast inhibited plants.  

 

6.6.1 Looking for a Genome Uncoupled Phenotype in Transcription Factor Knockout 

Mutants 

In wildtype plants, chloroplast inhibition results in a significantly decreased expression 

of photosynthesis associated genes, such as LHCB. However, six gun mutants have been identified in 

A. thaliana where LHCB expression does not decrease to wildtype levels after chloroplast inhibitors 

have been applied, implying that retrograde signalling pathways have been disrupted. If a gun-like 

phenotype is found in transcription factor knockouts treated with chloroplast inhibitors, it would 

confirm that the transcription factor has a role in chloroplast retrograde signalling pathways. A focus 

could therefore be on those transcription factors whose predicted binding motifs occur frequently in 

both A. thaliana and rice, as the chloroplast to nucleus regulatory networks acting on these genes 

have an increased likelihood of being ancestral. Experimentally, this work could involve growing 

transcription factor knockouts for seed collection and genotyping, then growing the collected seeds 

on either control MS or MS containing the chloroplast inhibitors lincomycin or norflurazon. An rt-

qPCR analysis of the cotyledons will show if the genes predicted to bind these transcription factors 

have become unresponsive to chloroplast inhibition. 

 

6.6.2 Mutating Binding Motifs in the Promoter of Chloroplast Responsive Genes 

Another method to investigate if the aforementioned enriched motifs are binding transcription factors 

involved in chloroplast retrograde signalling pathways is to introduce mutations within the binding 

motifs. By mutating the motifs found within a chloroplast responsive gene, transcription factor 

binding would be perturbed. If this transcription factor is responsible for the decrease of gene 

transcript abundance in response to chloroplast inhibition, this phenotype would be lost in genes with 

mutated binding motifs and a gun-like phenotype would be observed. This method is particularly 

useful to study bZIP transcription factor binding, as many enriched motifs in both A. thaliana and 

rice are predicted to bind multiple transcription factors. ABI5, AREB3 and ABF2 are an example of 

transcription factors often predicted to bind at the same site, and it is unclear which one is truly 
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relevant, or indeed, if only one is relevant. By mutating the 2-3 motif occurrences in genes including 

HEME1, PORB, CA1 and PPC2 (Figure 6.2), the importance of these binding sites could be studied. 
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.  

Figure 6.2: The loci of select enriched binding motifs across the promoter and gene body of (A) 

photosynthesis related genes and (B) C4 orthologues.  

 

Experimentally, this work will involve generating Golden Gate constructs comprised of the promoter 

or gene body with motifs deleted and a GUS reporter. A. thaliana will be transformed via dipping, 

and seed selected using the FAST marker (Shimada et al., 2010). Some preliminary results could be 

attained by analysing the T1 generation, and more definitive results attained from analysis of the T2 

generation through a MUG assay to determine expression. 

 

 

6.6.3 Identifying Transcription Factor Binding in Rice Seedlings with ATAC-seq 

A trial of ATAC-seq was completed as part of this work and both library preparation and the data 

analysis pipeline were optimised. Time and resource limitations prevented this work from being 

utilised to investigate plastid to nucleus signalling. A future ATAC-seq analysis would investigate 
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any differences in open chromatin regions and transcription factor footprints on chloroplast inhibited 

seedlings versus controls. This will show if any C4 orthologues have cis-elements whose binding is 

impacted by the chloroplast, informing further work towards the ultimate aim of identifying the 

regulatory mechanisms through which plastid signals impact gene expression. The dataset will also 

be of more general relevance as it can act as an atlas of transcription factor binding sites involved in 

chloroplast retrograde signalling. This data set could be combined with the RNA-seq data set to filter 

for genes with significantly differential transcript abundance, and further filter the list of promising 

transcription factor candidates.  

  

6.7 An Alternative Approach to Investigate Alternative Splicing in Plastid 

to Nucleus Regulation 

 

Gene expression can be regulated at multiple levels including transcriptional, translational or the 

processing, transport and degradation of mRNA. This body of work has focussed on elucidating 

transcriptional regulation via transcription factors. However, other elements of RNA metabolism are 

becoming increasingly implicated in chloroplast retrograde studies, including alternative splicing and 

RNA editing (Zhao et al., 2020). When the plastoquinone pool in A. thaliana chloroplasts is reduced, 

chloroplast retrograde signalling regulates nuclear genes through alternative splicing in response to 

the changed redox state (Petrillo et al., 2014). An alternative route of investigation could have been 

to look at genome wide change in splicing in response to chloroplast inhibition. Alternative splicing 

can be analysed from RNA-seq data (Gulledge et al., 2014), but only those generated from kits that 

produce libraries of reads from across the whole genome. Libraries in this work were prepared using 

the QuantSeq 3′ mRNA-Seq Library Prep Kit from Lexogen, which generates libraries of sequences 

close to the 3’ end of polyadenylated RNA. This makes the kit ideal for gene expression analysis, 

however, not genome assembly or alternative splicing studies. However, the QuantSeq kit provided 

a large advantage in reducing costs and library preparation time.  

 

6.8 Concluding Remarks  

 

This project aimed to understand the role of plastid-to-nucleus signalling in regulating genes of the 

C4 cycle in the ancestral C3 state. Genes involved in plastid-to-nucleus signalling were identified 

through RNA-seq in C3 Arabidopsis thaliana and Oryza sativa after chloroplast function was 

perturbed. This, to my knowledge, constitutes the first genome wide look at transcriptional effects of 

chloroplast inhibition in a monocotyledon. This work has shown that over half of the C4 orthologues 

in these two C3 species were regulated by both light and the chloroplast.  This strongly implies that 

evolution has re-enforced existing regulatory networks that operate in the C3 state to control 

expression of C4 genes. Genes whose transcript abundance was significantly affected by chloroplast 

inhibition were scanned for known motif binding sites. Cis-elements in the nuclear genome involved 

in the regulation of plastid-regulated genes were elucidated by analysing enriched binding motifs 

within genes responsive to chloroplast perturbation. A methodology and data analysis pipeline of 

ATAC-seq was optimised and the distribution of open chromatin was predicted across the rice 

genome. A surprising number of open chromatin regions were found within exons. This optimised 

protocol can be used in future work to generate an atlas of transcription factor binding sites with 

changed occupancy in response to chloroplast perturbation.  
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