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Abstract

Nitrate (N) is essential for plant growth and metabolic processes. The use of N-contain-
ing fertilisers improved crop yields over several decades but had negative environmental
impacts. In response to N-availability, plants alter the expression of thousands of genes,
analysis of which enabled the identification of gene regulatory networks (GRNs) containing
putative interactions between transcription factors (TFs) and their targets. GRNs contain
network motifs that likely affect network dynamics and are important for plant N-responses.
Rational engineering of GRNs has the potential to improve plant traits but requires a
detailed understanding of network components and their interactions. In this thesis, I char-
acterised interactions within an N-response subnetwork using in vitro protein-DNA relative
affinity and in planta gene expression assays (Chapter 3). I investigated the perturbation
of this subnetwork using synthetic biology approaches using a CRISPR library to disrupt
edges in the promoters/5′ UTRs of four TFs (Chapter 4). Five mutant lines were identified
which had altered root growth and gene expression in response to N. A second method
of perturbation is the introduction of synthetic genetic feedback controllers built from
synthetic elements which are predicted to change network dynamics. To inform the design
of synthetic promoters that respond to specific TFs in the N-subnetwork I investigated
promoter architectural differences between four groups of genes with different expression
patterns (Chapter 5). I successfully built and tested synthetic N-responsive promoters
that responded to nitrate and specific TFs in the subnetwork, and synthetic TFs which
activated or repressed ARF18 expression. These synthetic elements were co-assembled into
synthetic feedback controllers and were transformed into plants (Chapter 6). Together, the
work in this thesis demonstrates that the engineering of root growth in response to nitrate
can be facilitated by an improved understanding of an N-response subnetwork, providing
a path towards the engineering of improved nitrogen-use efficiency.
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Chapter 1

Introduction

1.1 Gene regulatory networks

To cope with variable environmental conditions without the ability to relocate, plants

modulate their metabolism and growth in response to environmental signals. These changes

are mediated by complex gene regulatory networks (GRNs) comprised of suites of genes

which interact with each other3. GRNs are composed of nodes representing genes, and

edges which represent regulatory relationships between nodes. The topology of GRNs can

be defined by metrics such as the number of edges each node has to other nodes (node

connectivity); the ratio of the number of edges to the number of nodes (network density);

the number of edges between the most distal parts of the network (network diameter);

and regularly occurring subgraphs or patterns (network motifs)4. Information about the

topology of GRNs can be used to infer function and elucidate mechanisms that underlie

phenotypic robustness, allowing for identification of strategies for engineering the network

response5. Network robustness often correlates with the cooperativity of nodes, where

multiple nodes can interact and form dimers, co-regulating the same target genes6.

Network motifs, such as feedforward and feedback loops, are common features of GRNs7.

Feedforward loops consist of an input gene, X, that regulates an intermediate gene, Y,

where both X and Y regulate an output gene, Z8 (fig. 1.1). There are eight different types

of feedforward loops depending on whether X and Y are positive or negative regulators8.

Different types of network motifs cause different network dynamics. For example, incoher-

ent feedforward loops, where direct regulation of Z by X is in opposition to the indirect
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regulation of Z by X through Y, can cause pulses of gene expression7. Negative feedback,

where a downstream gene Z represses an upstream gene X which regulates Z directly or

indirectly, can improve robustness of the network7, and can generate oscillations9. Positive

feedback often leads to bistability, with genes involved either in the on or off state10.

X

Y

Z

Coherent type 1 FFL

X

Y

Z

Incoherent type 1 FFL

X

Y

Coherent type 2 FFL

Y

Incoherent type 2 FFL

X

Y

Z

Positive feedback

X

Y

Z

Negative feedback

Z

X

Z

Figure 1.1: Examples of feedforward and feedback loops. In coherent feed forward
loops (FFLs), the sign of the regulation of the output gene Z by the input gene X is the
same as the sign of the regulation of Z by the intermediate gene Y. In incoherent FFLs,
the signs of the two paths are the opposite to each other. In positive feedback loops, the
downstream gene Z activates the upstream gene X, which regulates Z directly or indirectly.
In negative feedback loops, the downstream gene Z represses the upstream gene X, which
regulates Z directly or indirectly.

There are multiple levels of biological regulation, including regulation during transcrip-

tion, splicing, translation, post-translation and degradation of messenger ribonucleic acid

(mRNA)11. The timing and rate of transcription can be regulated by various factors includ-

ing TFs, chromatin structure, deoxyribonucleic acid (DNA) methylation, enhancers and

silencers. These factors can activate or repress the transcription of genes in response to

environmental signals12–17. During splicing, introns are removed from precursor messenger

RNA (pre-mRNA) to form mature mRNA. This process can be regulated by alternat-

ive splicing, where different combinations of exons are spliced together to form different

mRNA variants. Different protein isoforms with unique functions can be generated by

alternative splicing, increasing the complexity and diversity of the proteome18. mRNA

degradation is regulated by non-sense mediated decay and microRNA (miRNA)-mediated

ribonucleic acid (RNA) decay, and affects how much protein is translated19. The rate
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and efficiency of translation can be regulated by factors such as mRNA structure, RNA-

binding proteins and small RNAs20. After protein synthesis, proteins can be modified

by post-translational modifications such as phosphorylation, ubiquitination, glycosylation,

sumoylation and acetylation, which can alter their activity, localisation, interacting part-

ners and stability21. Protein degradation can be regulated by various mechanisms such as

the ubiquitin-proteasome system and lysosomal proteolysis22.

This thesis will focus on transcriptional regulation. The availability of genome-wide tech-

nologies for investigating expression analysis and protein-DNA interactions enabled plant

scientists to collect data from plant cells exposed to stresses such as salt23, heat24 and

nutrient availability25,26 and infer the regulatory networks that underpin plant responses

to stresses. This thesis will concentrate on plant responses to nitrate.

1.2 Plant responses to nitrate

Nitrogen (N) is an essential nutrient required for plant growth and development27. During

the 1960s green revolution, crop yields were improved by adoption of semi-dwarf varieties,

and the increased application of nitrogen fertilisers28. Overuse of nitrogen fertilisers can

cause negative environmental impacts such as eutrophication of waterways29 and release of

nitrous oxide, a potent greenhouse gas30. The development of crops that forage and grow

robustly in lower nitrate concentrations is therefore highly desirable. The available forms

of nitrogen for plants are nitrate and ammonium31. Plants have to cope with variable N

concentrations in soil and adjust their root system architecture (RSA) to forage for pockets

of N within soils and to adapt to different N conditions. Plants growing in replete nitrate

conditions develop fewer lateral roots than plants growing in low nitrate conditions32.

N-dependent development of lateral roots allows foraging for nitrate when it is scarce, and

conserving energy when it is abundant.

Coordination of these adaptive mechanisms in response to N availability is mediated by

sensing systems to balance nitrate update with internal supply and demand33. Nitrate

acts as a molecular signal which controls short-term (minutes to hours) to long-term (days)

plant responses34. This nitrate induced response causes large-scale transcriptional changes

in genes involved with nitrate acquisition, assimilation, signalling, metabolism, carbon

metabolism, auxin and organ growth, among other functions25. In Arabidopsis thaliana,
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nitrate uptake in the roots is mediated by low-affinity nitrate transporter 1 (NRT1) or

high-affinity nitrate transporter 2 (NRT2) transporters in the plasma membrane34 (fig. 1.2).

An exception to this is the nitrate transporter 1.1 (NRT1.1) (CHL1) transporter, which

has both low and high affinity for nitrate35.

1.2.1 The low-nitrate response

In response to limiting nitrate conditions, plant roots undergo several molecular events36–38

such as post-transcriptional, calcium and phosphorylation-dependent signalling to induce

lateral root development through the regulation of N-transport, signalling, assimilation,

hormone and carbon metabolism pathways32,39–44. This enables them to forage for nitrate

and adjust their nitrate metabolism. Additionally, these metabolic changes lead to a

reduction in shoot and leaf growth. An important post-transcriptional mechanism in

the low-nitrate response involves the NRT1.1 transporter. NRT1.1 can switch from a low-

affinity to a high-affinity state in response to the nitrate concentration in the environment35.

When nitrate levels are low, threonine 101 in NRT1.1 is phosphorylated by calcineurin

B-like protein-interacting protein kinase 23 (CIPK23) kinase45, switching NRT1.1 from a

low to a high-affinity state. NRT1.1 forms a heteroduplex with another membrane protein,

cyclic nucleotide-gated channel 15 (CNGC15), which inhibits the Ca2+ channel activity of

CNGC15, preventing the Ca2+ mediated activation of the nitrate response, leading to the

inhibition of lateral root growth46.

1.2.2 The replete-nitrate response

At replete nitrate concentrations, CNGC15 dissociates from NRT1.1, activating the

CNGC15 Ca2+ channel, causing the influx of Ca2+ into cells46. This activates the cal-

cium-dependent protein kinase (CPK)10/30/32 kinases which phosphorylate serine 205

in NIN-like protein 7 (NLP7), a TF which is known to mediate the expression of several

genes involved in nitrate metabolism and transport, leading to its accumulation in the

nucleus41.

NRT1.1 also indirectly activates Arabidopsis nitrate regulated 1 (ANR1) which promotes

root growth in the presence of nitrate47. The membrane protein nitrate transporter 1.13

(NRT1.13) was recently identified as another potential nitrate sensor, and although it

cannot transport nitrate, it controls flowering time and branching at low-nitrate condi-
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tions48. This suggests that plants have multiple ways of sensing and responding to nitrate

availability.

Recently, NLP7 was shown to directly bind to nitrate intracellularly, causing post-transla-

tional derepression of NLP749. Nuclear retention of NLP7 along with its post-translational

derepression activates its transcriptional responses. NLP7 regulates the expression of ~60%

of nitrate-responsive genes50, including the upregulation of negative regulators lateral or-

gan boundaries-domain 37 (LBD37) and 3826,40. LBD37 and LBD38 act as repressors

of NRT1.144,50,51, reducing nitrate influx and sensing and lowering the Ca2+ mediated

accumulation of NLP7 in the nucleus; this is an example of negative feedback of NLP7

expression.

Presence of nitrate causes the degradation of sucrose non-fermenting 1-related protein

kinase 1 (SnRK1).1, allowing NLP7 to translocate to the nucleus and induce downstream

target genes, leading to enhanced root growth52. Presence of ammonium has no effect

on the stability of SnRK1.1. SnRK1.1 was also found to interact with NIN-like protein

6 (NLP6)53. The NLP7 nitrate response relies on post-translational regulation and its

transcription is not significantly affected by nitrate26.

Thus at replete nitrate concentrations, plants improve nitrate uptake by increasing root

growth, and at low nitrate concentrations, plants conserve energy by reducing root growth

while switching to higher affinity nitrate uptake. This control of nitrate uptake can be

exploited to improve nitrogen-use efficiency (NUE) in crops. For example, overexpression of

NRT1.1 in rice and A. thaliana improved NUE in both high and low nitrate concentrations54.

Changing the expression of other nitrate transporters (NRTs) can also improve NUE55–57.

In rice, overexpression of NIN-like protein (NLP)4, a key regulator of N-uptake, assimilation

and signalling genes, improved NUE by 38.0% under low nitrate and 47.2% under replete

nitrate conditions in field trials58.
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Figure 1.2: Mechanisms underlying plant nitrate responses. A: The replete nitrate
response. At higher nitrate concentrations, NRT1.1 auxin transport is inhibited, leading
to accumulation of auxin in the lateral root primordia, stimulating growth59. In replete-
nitrate conditions, TCP20-NLP6/7 complexes reside primarily outside of the nucleus.
NLP7 binds to nitrate, causing post-translational derepression of NLP749. Increased nitrate
represses the NRT1.1 mediated auxin transport and activates CNGC15 Ca2

+ transport,
causing Ca2

+ influx into the cytoplasm. Presence of nitrate causes the degradation of
SnRK1.1, allowing NLP7 to translocate to the nucleus and induce downstream target
genes53. The calcium-dependent protein kinases phosphorylate NLP7 causing its nuclear
retention and activation of primary nitrate responses46. These nitrate responses include
nitrate transport, hormone synthesis, organ growth, nitrate assimilation, nitrogen sig-
nalling and carbon metabolism25. NLP7 upregulates LBD37 and LBD38 which repress
NRT1.144,50,51, reducing nitrate influx and sensing.
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B: The low nitrate response. At limiting nitrate concentrations, and NRT1.1 and CNGC15
form a complex which inhibits the CNGC15 Ca2

+ transport. NRT1.1 transports auxin
away from the root tips into basal roots, lowering the auxin concentration in the lateral
root primordia, inhibiting growth59,60.
Nitrate starvation: During the carbon/nitrogen starvation response, SnRK1 phosphorylates
and activates the TF bZIP63, causing it to regulate downstream genes61, including
ARF1962, which enhances lateral root growth in the presence of auxin63. TCP20-NLP6/7
complexes accumulate in the nucleus and up-regulate nitrate assimilation and signalling,
support root meristem growth, and down-regulate the G2/M cell-cycle gene CYCB1.164.
Figure adapted from Wang et al.46, Guan65 and Shakeel et al.66. CK, cytokinin; ET,
ethylene; GA, gibberellic acid; JA, jasmonic acid; SL, strigolactone; ABA, abscisic acid.
Arrows represent positive regulation, blunted lines represent negative regulation. The
black dashed line separates the two panels.

1.2.3 The nitrate-starvation response

NLP7, NLP6 and TCP20 can form homodimers and heterodimers in all combinations.

Under nitrate-starvation (0mm KNO3), TCP20-NLP6/7 complexes accumulate in the

nucleus and up-regulate nitrate assimilation and signalling, support root meristem growth,

and down-regulate the G2/M cell-cycle gene CYCB1.164 (fig. 1.2). TCP20 also regulates

root foraging when exogenous nitrate supply is heterogeneous44. Unlike NLP homodimers,

in replete-nitrate conditions, TCP20-NLP6/7 complexes reside primarily outside of the

nucleus.

SnRK1 is an evolutionarily conserved energy kinase sensor which regulates nitrogen and

carbon homeostasis in response to energy levels in the plant. Upon nitrogen or carbon

starvation, the SnRK1 subunit SnRK1.1 (KIN10) was recently found to phosphorylate

NLP7 at serine 125 and serine 306, restricting NLP7 to the cytoplasm and promoting its

degradation53.

1.2.4 The role of hormones in the nitrate response

Phytohormones including cytokinins, auxins, ethylene, abscisic acid, gibberellins, jasmonic

acid, strigolactones and brassinosteroids control nitrate GRNs and metabolism through

signalling feedback67, leading to changes in root growth and development66. There is

crosstalk between many of these phytohormones, with many genes responding to multiple

phytohormones66.
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Cytokinins

Cytokinins adjust shoot development in response to the levels of nitrate sensed in the

roots67. Cytokinins are satiation hormones, preventing nutrients from accumulating to

toxic levels, acting as negative regulators of mineral nutrient uptake68. The cytokinin trans-

zeatin is required for the response of roots to heterogeneous nitrate. Nitrate triggers trans-

zeatin accumulation in roots, which is transported to the shoot via ATP-binding cassette

G (ABCG)14-ABCG11 transporter heterodimers69 where it modifies gene expression and

metabolism70. Primary root elongation66 and lateral root initiation71,72 is inhibited by

cytokinin, but it is currently unknown whether this is due to long distance (root to shoot

to root) signalling, or whether it is due to local responses in the roots73.

Auxins

Auxins play a major role in regulation of RSA74. The main form of auxin, indole-3-

acetic acid (IAA), is primarily produced in young shoot tissues, but is also produced in

roots75. An auxin gradient is maintained in the lateral root primordia to allow for correct

growth, with the highest concentration at the apex76. Influx transporters (AUX/LAX

family proteins) facilitate the entry of auxin into cells, while efflux transporters PIN and

ABCB family proteins move auxin out of cells. As well as being a nitrate transceptor

(transporter and receptor), NRT1.1 also acts as an auxin influx carrier in lateral roots,

transporting auxin into cells60. NRT1.1 expression is induced by auxin in both roots and

shoots77. Although NRT1.1 transcription is strongly induced by nitrate78, and its mRNA

is more stable in the presence of nitrate, NRT1.1 protein accumulation is repressed by

nitrate in lateral root primordia through tissue-specific post-transcriptional regulation59.

The auxin influx activity of NRT1.1 is inhibited by increasing levels of nitrate60 (fig. 1.2).

Therefore, NRT1.1 is only active in lateral root primordia at low nitrate concentrations59,

where it moves auxin into the outer cell layer of the lateral root primordia, which is

then exported away from root tips into basal roots (basipetal transport). This lowers

the auxin concentration in the lateral root primordia, inhibiting growth79. At higher

nitrate concentrations, NRT1.1 auxin transport is inhibited, leading to accumulation of

auxin in the lateral root primordia, stimulating growth. Auxin levels are also boosted at

high nitrate levels through stimulation of auxin biosynthesis. As previously mentioned, at
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high nitrate concentrations, NRT1.1 causes an influx of Ca2+ into cells46, which causes

CPK10/30/32 kinases to phosphorylate serine 205 in NLP7, leading to its accumulation in

the nucleus41. NLP7 then directly activates tryptophan aminotransferase related 2 (TAR2),

which increases auxin biosynthesis, promoting lateral root development52.

There is interplay between auxin, cytokinin and nitrate signalling. Under optimal nu-

trient and water conditions, plants have a high shoot:root growth ratio. Increasing the

auxin:cytokinin ratio promotes root development, while decreasing the auxin:cytokinin

ratio promotes shoot development68.

Brassinosteroids

As well as the auxin:cytokinin antagonistic control of root growth through nitrate sensing68,

there is interplay between nitrate, auxin and brassinosteroid signalling. Brassinosteroids

are sensed by brassinosteroid-insensitive 1 (BRI1) and its homologues, BRI1-like 1 (BRL1)

and 3, in complex with BRI1-associated kinase 1 (BAK1) located on the cell membrane.

Binding of brassinosteroids to the receptor complex causes a phosphorylation cascade that

phosphylates a negative regulator of the brassinosteroid signalling pathway, BRI1-kinase

inhibitor 1 (BKI1). BKI1 phosphorylation leads to it dissociating from the BRI1 receptor

complex, which activates the brassinosteroid signalling effectors brassinazole-resistant 1

(BZR1) and BRI1-ethyl methanesulphonate-suppressor 1 (BES1) (BZR2)80. High auxin

increases BKI1 expression, which represses brassinosteroid signalling80. Under low nitrate

conditions, auxin levels are reduced in the lateral root primordia, leading to repression of

BKI1 expression, which enhances brassinosteroid signalling which promotes primary root

elongation80 (fig. 1.3).

Under mild nitrate-deficiency (0.55mm), the expression of brassinosteroid synthesis gene

dwarf 1 (DWF1) is upregulated81. Brassinosteroids enhance root foraging for nutrients

under mild nitrate-deficiency by activating the BAK1-brassinosteroid signalling kinase 3

(BSK3) protein complex on the cell surface82, which activates BRI1-suppressor 1 (BSU1),

which inhibits brassinosteroid-insensitive 2 (BIN2)83. Under severe nitrate-deficiency

(0.3mm), brassinosteroids activate calmodulin-like 38 (CML38) and perception of the

Arabidopsis danger signal peptide 2 (PEPR2) which represses root growth84.

BIN2 interacts with and phosphorylates TGACG sequence-specific binding proteins 1 and
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4 (TGA1 and TGA4), basic leucine-zipper (bZIP) TFs that are highly induced by nitrate85

and are known to promote primary and lateral root growth and root hair development86. In

the nucleus, nonexpressor of pathogenesis-related gene 1 (NPR1) interacts with TGACG

sequence-specific binding protein (TGA)4 which increases its DNA-binding activity87.

Phosphorylation of TGA4 suppresses the interaction of TGA4 and NPR1 and destabilises

TGA4. Thus, under mild-nitrate deficiency, brassinosteroids activate TGA4 and potentially

TGACG sequence-specific binding protein 1 (TGA1) through inhibition of BIN287, leading

to enhanced root growth (fig. 1.3).
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Figure 1.3: Nitrate and brassinosteroid response mechanisms. During replete
nitrate conditions, BKI1 forms a complex with and inhibits the BAK1 and BRI1 complex.
Under mild nitrate deficiency, brassinosteroids bind to BRI1/BRL1/BRL3 receptors and
activate BAK1 which phosphorylates BKI1, causing BKI1 to dissociate with the BRI1
complex. BZR1 and BES1 signalling effectors are activated by BAK1, leading to increased
auxin biosynthesis. BSK3 is also activated by BAK1, which activates BSU1 through an as
yet unknown mechanism, which inhibits BIN2. BIN2 interacts with and phosphorylates
TGA1 and TGA4, destabilising them and reducing root growth. Arrows represent positive
regulation, blunted lines represents negative regulation, dotted lines represent presumed
regulation.
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Abscisic acid

Abscisic acid (ABA) regulates many aspects of plant growth, development and stress

responses, including the closure of stomata and inhibition of seed germination in response

to abiotic stress. Pyrabactin resistance (PYR), pyrabactin resistance-like (PYL) and

regulatory component of abscisic acid receptor (RCAR) family proteins combine with clade

A protein phosphatases of type 2C (PP2C) to form co-receptors of ABA88,89. PP2Cs form

complexes with sucrose non-fermenting 1-related protein kinase 2s (SnRK2s), catalytically

inhibiting them90. During low nitrate conditions, nitrogen response deficiency 1 (NID1)

directly activates the expression of NRT1.1, which causes ABA synthesis and accumulation

in root tips through an as yet unknown mechanism91. At high ABA concentrations, PYR

proteins inhibit PP2C activity and derepress SnRK2s including SnRK2.2, 2.3 and 2.6, which

phosphorylate downstream effectors and activate stress responses92. SnRK2.2, 2.3 and

2.6 also phosphorylate serine 585 in NRT1.1 which results in impaired nitrate transport

at both high and low affinities, decreasing nitrate uptake and reduced root growth92.

During high nitrate conditions, NLP8 directly activates expression of cytochrome P450

707A2 (CYP707A2) which degrades ABA, promoting nitrate-stimulated seed germination93

(fig. 1.2).

Gibberellins

Gibberellins are a group of plant hormones controlling plant growth and development,

responding to light, temperature, water and nutrient status94. DELLA proteins are GRAS

family transcriptional regulators which repress plant growth. Nitrate reduces the abund-

ance of DELLAs by upregulating gibberellin biosynthesis which destabilises DELLAs,

increasing Arabidopsis root and shoot growth94.

Ethylene

Ethylene was shown to regulate plant N metabolism via constitutive triple response 1

(CTR1) (a negative regulator of the ethylene response) and ethylene insensitive 2 (EIN2)95.

In the presence of ethylene, the ethylene receptor ethylene response 1 (ETR1) inactivates

the CTR1 kinase which causes dephosphorylation and cleavage of EIN2, causing the EIN2

C-terminal fragment to translocate into the cytosol and nucleus. This stabilises the ethylene
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insensitive 3 (EIN3) TF which activates ethylene response genes such as ethylene response

factors (ERFs)96. EIN3 directly represses NRT1.5 in roots97, which is involved in root to

shoot nitrate transport98. Root hair defective 6 (RHD6) interacts with EIN3 and they

both co-activate root hair defective 6-like 4 (RSL4) which promotes root hair elongation99.

Auxin, cytokinin and nutrient starvation were found to also stimulate root hair growth

through RSL4, demonstrating that it integrates several signalling pathways99. Ethylene

biosynthesis is activated by cytokinin100. Dehydration response element-binding protein

26 (DREB26), also known as ERF012, also increases ethylene biosynthesis in root tips,

leading to shorter root tips101 and higher root hair density102.

Jasmonic acid

Jasmonic acid inhibits plant growth, triggers early reproduction, and induces defence

responses103. In Arabidopsis, methyl jasmonate induces alternative splicing of NRT1.8103.

In low nitrate conditions, anthranilate synthase alpha subunit 1 (ASA1) is activated by

jasmonic acid, promoting auxin biosynthesis and lateral root formation104.

Strigolactones

Strigolactones regulate plant growth such as root architecture, shoot branching, leaf sen-

escence and reproductive development105,106. Strigolactone biosynthesis is upregulated

in the presence of nitrate107. Strigolactones post-translationally regulate the PIN-formed

(PIN) auxin transporters108 and mediate the plant response to nitrate deficiency109. In

rice, strigolactone activates the PIN1b gene which results in root elongation under replete

nitrate conditions110.

1.3 Regulation of gene expression

The expression of genes is regulated at several points including transcription, mRNA

stability and processing, gene silencing and translation. For many protein-coding genes,

the rate of transcription will strongly influence the abundance of the encoded protein111.

Transcription is controlled by the interactions of certain proteins with DNA regulatory

sequences. In eukaryotes, there are two types of DNA regulatory sequences: cis-regulatory

and trans-regulatory sequences.
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1.3.1 Cis-regulatory DNA sequences

Cis-regulatory sequences are those on the same molecule of DNA as the gene they regulate.

The literature varies when defining cis-regulatory sequences. For example, Wittkopp and

Kalay112 broadly define both promoters and enhancers as cis-regulatory elements (CREs).

This thesis, in line with Swinnen et al.113, defines CREs as individual motifs within

regulatory sequences that interact with the DNA binding domains of one or more trans-

acting molecules such as TFs and non-coding RNAs (ncRNAs). Long ncRNAs can contain

DNA-binding domains which interact with DNA via triple-helix (triplex) formation114.

Therefore, both transcription factor binding sites (TFBSs) and ncRNA binding sites (such

as triplex targeting sites) are types of CREs. A cis-regulatory module (CRM) is defined

as a genomic region encompassing multiple CREs that together regulate an aspect of

gene expression pattern115. CRMs include promoters, enhancers, silencers, insulators and

locus control regions116. CRMs can be located within exons117, introns118, 5′ untranslated

regions (UTRs)119,120, or 3′ UTRs121,122 (Figure 1.4). CRMs can be found tens of kilobases

from the core promoter123,124, and are still classed as cis-acting if they are found on the

same DNA molecule. In this thesis, the term CRM will be used to refer to the sequence

of DNA upstream of a start codon encompassing both the promoter region and 5′ UTR.

Silencer/repressor

Enhancer

Distal promoter

Proximal promoter

Core promoter

TSS

5’UTR

3’UTR

Exon

Intron

Insulator

CRM influence area

Gene 1 Gene 2

Figure 1.4: Cis-regulatory module (CRM) classification. CRMs are genomic DNA
regions containing multiple cis-regulatory elements such as transcription factor binding
sites, which together regulate gene transcription. UTR, untranslated region. CRMs include
promoters, silencers, and insulators, and can be found within exons, introns, 3′UTRs and
5′ UTRs. CRM regulation is combinatorial and can be unique to a specific gene or shared
between many. Insulators prevent CRMs from regulating past that region. TSSs are found
within the core promoter.

Promoters Promoters are essential in establishing baseline transcriptional capacity

through the recruitment of proteins such as TFs, which control the recruitment of the

RNA polymerase complex, which for protein-coding genes is typically RNA polymerase
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II13. Promoters can be divided into two classes depending on when and where they are

expressed. Promoters of genes that are expressed in most tissues and developmental

stages are classified as constitutive while those that are limited to specific cell-types and

conditions are termed variable12. TFs bind CREs to regulate the spatio-temporal pattern

of transcription.

The promoter region can be split into three parts: core, proximal and distal. The minimal

DNA sequence required for transcription initiation is called the core promoter and this

usually spans from -60 to +40 base pair (bp) relative to the TSS125,126, and can contain

CREs such as the initiator, TATA box and B recognition element (fig. 1.4).

Enhancers Enhancers increase promoter activity, improving the spatio-temporal spe-

cificity of their target genes. Like promoters, enhancers are DNA sequences that can

contain many CREs, recruiting a variety of TFs and ncRNAs. Enhancers help activate

transcription regardless of their location, orientation, or distance from the core promoters14

(Figure 1.4). There are several models explaining how enhancers work: (i) The proteins

bound to enhancers and promoters interact with each other by looping127–131. These in-

teractions form the transcription initiation protein complexes. (ii) Some enhancers act by

nucleosome remodelling, supercoiling DNA, and altering chromatin structure, facilitating

the entry of regulatory proteins to activate transcription132. (iii) Both enhancers and pro-

moters share a common regulatory code, with transcription being initiated at both133,134.

In this model, RNA polymerase II binds the core promoter where it transcribes DNA

in both the sense and antisense directions. This is called bidirectional transcription. At

promoters this typically yields long, stable polyadenylated transcripts in the sense dir-

ection, and short, unstable non-polyadenylated transcripts in the antisense direction135.

At enhancers, unstable RNAs called enhancer RNAs are produced in both directions136.

These ncRNAs, along with cohesin, can stabilise long range enhancer-promoter interac-

tions137. In addition, introns containing enhancers can sometimes be more important than

the promoter for initiating transcription138.

In Drosophila, two classes of enhancers were identified that were specific to either con-

stitutively expressed or variably expressed promoters respectively139. More than one en-

hancer can loop to the same promoter, and promoters with more enhancer loop interactions

are more conserved than promoters forming fewer enhancer interactions140.
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Silencers Silencers decrease promoter or enhancer activity, reducing expression of their

target genes141,142. They are essential for silencing the expression of target genes in certain

cell-types or tissues. Like enhancers, silencers contain CREs recruiting a variety of TFs

and ncRNAs which can interact with distal promoter or enhancer regions to repress their

activity15.

Insulators Insulators are non-coding DNA sequences which, when located between

CRMs and core promoters and bound by certain proteins, prevents the activation or

repression of target genes15. They have two main gene regulatory functions: (i) preventing

the spread of repressive or active chromatin along the chromosome and (ii) preventing

enhancer-promoter interactions143. However, there is limited information on insulators in

plants15,143,144, although several animal insulators have been shown to work in plants143.

5′ untranslated regions In protein coding genes, the 5′ UTR is the stretch of DNA

found between a TSS and the translation start codon. This region is transcribed into

mRNA but is not translated into protein. Plant 5′ UTRs can contain a pyrimidine-rich

region (5′ UTR Py-rich stretch) which improves the transcription rate145–147. The 5′ ends

of the mRNAs are processed by the replacement of the free triphosphate group with a

guanosine triphosphate. Once in place, this 5′ cap plays a role in the recognition of the

mRNA by the ribosome148,149. The mRNAs of mitochondria150 and chloroplasts151 are not

capped. Once transcribed, the 5′ UTR sequence can contain an upstream open reading

frame (50% of human 5′ UTRs do)152, a guanine-rich region153 and an internal ribosome

entry site154. Alternative 5′ UTRs can be produced via alternative splicing or through

transcription initiation from a different TSS155. Because current TSS annotations in the

Arabidopsis genome156 may not be accurate for every gene157,158 and the 5′ UTR may

contain CREs, it is important to include the 5′ UTR in regulatory sequence studies to

encompass the whole transcription start region (TSR).

1.3.2 Trans-acting DNA regulation

A trans-regulatory sequence is a DNA sequence that contains a gene encoding for a protein

or ncRNA that is used in the regulation of another target gene159. Trans-acting regulation

can involve the specific binding of a trans-acting molecule such as a TF or ncRNA to a

DNA CRE. Another form of trans-acting regulation involves non-specific DNA binding by
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molecules such as eukaryotic histone proteins in nucleosomes160.

Sequence specific trans-regulation TFs are trans-acting proteins with domains that

bind to TFBSs in DNA. ncRNAs can contain DNA binding domains which form triple

helices with certain cis-regulatory elements called triplex target sites (TTS)114. TFs and

ncRNAs can contain domains which interact with other proteins to form complexes which

can enhance or repress gene transcription. Some TFs can bind DNA as both homodimers

and heterodimers, increasing regulatory combinations. DNA regulatory modules such as

enhancers can be found on different chromosomes to the gene they are regulating, where

they function in trans161–163.

Transcriptional activators and repressors, known as specific TFs, bind to TFBSs in pro-

moters and enhancers to regulate gene expression through protein-protein interactions or

by modulating chromatin accessibility. Transcriptional activator proteins facilitate the

binding of general transcription factors to the core promoter which form the pre-initiation

complex (PIC) via transcriptional co-regulators such as Mediator164. General transcrip-

tion factors include TATA-binding protein (TBP), transcription factor II (TFII)A, TFIIB,

TFIIE, TFIIF and TFIIH. Binding of TBP to the tata box is the first step in the PIC

assembly in TATA-containing promoters164. General TFs are then sequentially recruited

to the core promoter to form the PIC. Independently of the recruitment of general TFs,

a transcription co-regulator called Mediator is recruited to enhancer regions via direct

interactions with specific TFs bound to these regions165. Following chromatin looping (see

section 1.3.1), Mediator interacts with PIC components and contributes to the recruitment

and stabilisation of these components, promoting PIC assembly165. Once assembled, the

PIC is composed of RNA polymerase II and general TFs which are bound to the core

promoter, and Mediator which is bound to specific TFs from looping enhancer regions. Me-

diator stimulates the phosphorylation of the RNA polymerase II carboxy-terminal domain

by TFIIH, releasing RNA polymerase II from core promoters which allows for productive

elongation across the gene body165. Once the RNA polymerase II reaches terminator

regions at the end of the gene body, it is released from the DNA and the mRNA transcript

is released following cleavage at the poly(A) signal166.

TFs are often part of large families, and many TFs within the same family can bind to

highly overlapping sets of binding sites. TFs from different families such as bZIPs and
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basic helix-loop-helixes (bHLHs) can compete to bind the same TFBS167. Change in the

expression of one TF can result in crosstalk, where the expression of gene targets of other

TFs from the same family are also altered168. Plant TF families have higher expansion

rates than many other eukaryotic lineages, not only due to genome duplications, but also

due to increased retention of duplications within TF families compared to other plant

genes169.

An important aspect of TF-DNA interactions is the DNA shape. Most DNA-protein

interactions occur in the major groove, where bases are most accessible170, although some

occur in the minor groove171. TFs undergo rapid rebinding to ensure the correct orientation

is achieved during docking to DNA172. The spatial arrangement of each base pair and each

base in a pair is altered by surrounding bases173,174, and sequence context can influence the

minor groove width175, which can in turn affect the binding affinity of TFs for their DNA

targets176,177. DNA shape can be altered by CpG methylation where a bulky methyl group

is added, causing widening of the major groove and narrowing of the minor groove178. TFs

can also alter the shape of DNA. Additionally, the overall shape of the DNA molecule can

impact the conformation of the TF itself, which could affect its ability to bind to DNA or

other proteins179.

Methylation The DNA base cytosine in CpG dinucleotides can be methylated by DNA

methyltransferases that transfer a methyl group from S-adenyl methionine (SAM) to the

fifth carbon of a cytosine residue, resulting in the formation of 5-methylcytosine16. By

comparing TF binding affinity to TFBSs with and without 5-methylcytosine, it has been

suggested that TFs might belong to three main groups: (i) methylation-inhibited, (ii)

methylation-insensitive and (iii) methylation-preferred180. Out of 30% of Arabidopsis TFs

studied, 76% were sensitive to methylation in their corresponding TFBSs181.

Chromatin Eukaryotic genomes are packed into chromatin, a complex of protein, RNA

and DNA182, made up of repeating units called nucleosomes consisting of a histone octamer

wrapped around by 146 or 147 bp of DNA183. Many DNA CRMs such as promoters and

enhancers are depleted of nucleosomes, and some are nucleosome free184. Chromatin state

influences the accessibility of DNA to TFs and ncRNAs. Several mechanisms such as DNA

methylation, histone modifications, chromatin remodelling, and RNA interference can alter
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chromatin state17. Histone modifications are reversible post-translational modifications

of histones which include methylation, acetylation, ubiquitination, and phosphorylation.

In gene regulatory studies it is important to incorporate data on non-sequence specific

interactions between trans-acting molecules (e.g., nucleosome histone proteins) and DNA,

as they reduce how accessible DNA is to other trans-acting molecules. Nucleosomes can

inhibit the access of TFs to TFBSs. Chromatin regions highly accessible to DNA-binding

proteins are called DNase I hypersensitive sites (DHSs) and these can be mapped following

deoxyribonuclease (DNase) I digestion. Pioneer TFs can bind their targets in the presence

of nucleosomes, recruiting nucleosome remodellers to open up the chromatin, allowing

previously blocked TFs access to the region185.

1.3.3 Identification of CREs

Gene expression data such as microarray and RNA-sequencing (RNA-seq) data can be used

to infer GRNs using the assumption that genes expressed at the same time might perform

similar functions. However, these correlation networks cannot confirm transcriptional edges,

regulatory interactions between TFs and their targets. To overcome these limitations, data

on TF-target interactions can be collected and integrated.

To understand how DNA-protein interactions affect gene function it is necessary to know

which proteins bind to specific binding sites in DNA. Earlier methods involved in vitro tech-

niques; however, more recent studies identify sites bound by proteins in vivo, preserving

both context and DNA sequences involved. A recent in vitro method called DNA affinity

purification sequencing (DAP-seq)181 maps protein-DNA interactions using DNA retaining

in vivo features. Mapping chromatin accessibility and TFBSs helps inform our under-

standing of gene regulation, and therefore is the basis of understanding and reconstructing

GRNs.

1.4 Identification of chromatin accessible regions

In the past, it was difficult to annotate non-coding DNA regions and, at the genomic

scale, it was only possible to detect the presence or absence of ‘regulatory regions’. As

detailed in section 1.3.2 (chromatin), CRMs tend to be relatively nucleosome free in which

the chromatin has an open structure, exposing the DNA and making it accessible. These
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regions are sensitive to digestion by DNase I and are called DNase I hypersensitive sites

(DHSs). Many DHS assays have been used to characterise CRMs. In an early assay, DNA

that was either untreated or treated with DNase I was fragmented with restriction enzymes,

separated by electrophoresis, and transferred to a membrane by Southern blotting. Se-

quences hypothesised to contain DHSs were then detected by hybridisation to radioactively

labelled DNA probes186–189. This was challenging, limited to short stretches of DNA and

not very sensitive190. DHS methods using polymerase chain reaction (PCR)191,192 and

later quantitative real-time PCR (qRT-PCR)193–195 were developed to improve the identi-

fication of chromatin accessible regions. DNase I assays were combined with genome-wide

tiling arrays (DNase-chip) either with sequencing196,197, or without sequencing198–201 for

genome-wide profiling of chromatin accessibility.

As an alternative to DNase assays, a high-throughput assay later called formaldehyde-as-

sisted isolation of regulatory elements (FAIRE) was developed202. In this assay, formal-

dehyde-crosslinked chromatin and reference non-crosslinked chromatin is extracted using

phenol-chloroform. Histone-free DNA is collected in the aqueous phase, and enrichment

of histone-free DNA regions from crosslinked DNA are identified by comparing to the

non-crosslinked reference on a microarray.

More recent methods combine high-throughput sequencing with previous methods, such

as DNase-chip with sequencing (DNase I-seq)203 and the FAIRE assay with sequencing

(FAIRE-seq)204. Although DNase-chip was previously combined with sequencing205, this

only identified 20% of DHS sites. High-throughput sequencing allowed production of

genome wide DHS maps203. The combination of DNase I-seq with FAIRE-seq to map

open chromatin, however, is more effective than either assay alone206. DNase I-seq and

FAIRE-seq require millions of cells as starting material, with time-consuming sample

preparations. This means heterogeneity between cells can be drowned out. To improve

on this, genome-wide DNase I-seq has since been scaled down to single cells, called single

cell DNase I-seq (scDNase-seq)207. The assay for transposase-accessible chromatin using

sequencing (ATAC-seq)208 method was also developed. ATAC-seq identifies regions of

open chromatin, and analysis of inaccessible unsequenced regions reveals footprints which

are typically nucleosome-bound and contain DNA binding proteins. This method builds on

the fact that transposons were shown to integrate into active regulatory regions in vivo209
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and uses Tn5 transposase to integrate its adaptor payload into DNA within chromatin

accessible regions. ATAC-seq uses a simple two-step process of Tn5 insertion followed by

PCR and sequencing, and has also been demonstrated in single cells210,211

ATAC-seq and DNase I-seq identify regions of open chromatin which correlate to nucle-

osome occupancy. Nucleosome occupancy itself can be profiled genome-wide using micro-

coccal nuclease digestion followed by sequencing (MNase-seq)212–214. In MNase-seq, DNA

is digested using MNase unless it is protected by nucleosomes. Protected DNA can then

be sequenced in a high-throughput manner to identify nucleosome sites. An alternative to

MNase-seq called nucleosome occupancy and methylome sequencing (NOME-seq)215 uses

GpC methyltransferase which methylates GpC dinucleotides not protected by nucleosomes

or strongly binding proteins. Native methylation uses CpG dinucleotide cytosine methyl-

ation, whereas the added GpC methyltransferase methylates GpC dinucleotide cytosines.

Using this information, both nucleosome occupancy and endogenous DNA methylation

can be obtained simultaneously.

1.5 Identification of specific DNA-protein interactions

1.5.1 Yeast one-hybrid

The yeast one-hybrid (Y1H) assay is a DNA centred method to identify proteins binding

the DNA216 (fig. 1.5). It involves a reporter construct where the promoter DNA of interest

(termed the bait) is placed upstream of a reporter protein. A TF of interest (termed the

“prey”) is fused to a yeast transcription activation domain and is co-expressed with yeast

strains containing bait constructs. If the TF binds to the promoter, the yeast activator

domain induces expression of the reporter, enabling detection of the interaction. The

downside of Y1H assays is that they do not identify whether a TF of interest activates or

represses a promoter217. Further, false positives can result from transcription initiation

by endogenous yeast TFs and false negatives may result from either improper folding,

localisation or the lack of post-translational modifications or addition of interacting parts for

function. The throughput of Y1H assays were enhanced using a robotic mating platform218,

and recently, Y1H assays were used to elucidate interactions between plant nitrogen-

responsive genes25.
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Figure 1.5: Yeast one-hybrid assay schematic. The bait DNA (promoter) is placed
upstream of a reporter protein. The “prey” TF of interest is fused to a yeast activation
domain which induces expression of the reporter upon binding to the bait sequence. The
reporter remains inactive in the absence of the “prey” TF. Adapted from Reece-Hoyes and
Walhout219.

1.5.2 In planta expression methods

In planta methods can be used to assess the expression of target genes following TF

perturbation by constitutive overexpression, reduction of expression by gene-silencing or

the introduction of mutations. However, these methods are time consuming. A technique

called transient assay reporting genome-wide effects of transcription factors (TARGET)

was developed in plant protoplasts220 (fig. 1.6). Briefly, the TF of interest is fused to a

glucocorticoid receptor (GR) and expressed transiently in protoplasts. The expression

plasmid also contains a separate expression cassette with a red fluorescent protein (RFP)

enabling fluorescence-activated cell sorting (FACS) of transformed protoplasts221. The

GR-TF fusion is retained in the cytoplasm by HSP90-GR binding. Dexamethasone (DEX)

is added which disrupts the HSP90-GR binding and therefore enables nuclear localisation.

Target gene induction after DEX treatment with and without the presence of a translation

inhibitor, cycloheximide (CHX), is measured using RNA-seq analysis. This shows direct

and indirect gene regulation. A time-series micro-chromatin immunoprecipitation (ChIP)

protocol for use with small cell samples222 was modified for use with the TARGET assay223

allowing both methods to be run on the same samples224,225.
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Figure 1.6: TARGET assay schematic. TFs are expressed in fusion with a GR-tag that
enables translocation to the nucleus following application of dexamethasone. Application
of cycloheximide arrests translation, preventing transcriptional cascades, allowing direct
regulation to be distinguished.

1.5.3 DNase I

A drawback of using Y1H, TARGET and in planta expression techniques is that they

do not identify TFBSs. DNase I is used to footprint DNA-protein interactions. In vitro

DNase I footprinting is where radioactively labelled DNA fragments are incubated with and

without the protein of interest, then digested with DNase I and analysed by electrophoresis

and autoradiography226. Bound proteins protect the DNA backbone from digestion by

DNase I, allowing identification of specific binding sites of proteins on DNA. In Arabidopsis,

recent DNase I-seq data227 was published, predicting active regulatory regions where many

TFs can bind (fig. 1.7).
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Figure 1.7: DNase I-seq schematic. DNase I is used to digest DNA. Regions with
bound protein are protected from digestion by DNase I. Unprotected regions are sequenced
and aligned to a reference genome and TF footprints are identified allowing identification
TFBSs. Adapted from Zeng and Mortazavi228.

1.5.4 Electrophoretic mobility shift assay

Another method for characterising DNA-protein interactions is the electrophoretic mobility

shift assay (EMSA)229, which quantifies the binding of proteins to DNA. A fragment of

DNA containing a putative TFBS is fluorescently or radioactively labelled and is run on a

polyacrylamide gel with and without the protein of interest. DNA-protein complexes run

more slowly on the gel than DNA alone.

1.5.5 Systematic evolution of ligands by exponential enrichment

Systematic evolution of ligands by exponential enrichment (SELEX) is an in vitro assay

where libraries of randomly generated nucleic acid ligands of fixed length are flanked by 5′

and 3′ primers230. The oligonucleotide library is exposed to a protein of interest, unbound

oligos are removed, and then oligos are amplified using PCR. This cycle is repeated several

times until the oligo population is enriched for ones which bind protein. These are identified

by sequencing and characterised.

1.5.6 Chromatin immunoprecipitation

ChIP was developed to map protein-DNA crosslinking in vivo. There are two types of

ChIP, differentiated by starting input. XChIP uses chromatin fixed with formaldehyde

and sheared by sonication231,232, and NChIP uses native chromatin from nuclei digested

by micrococcal nuclease233. Protein specific antibodies are used to pull down the protein
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of interest bound to DNA. The resulting DNA sequences are purified and analysed using

Southern blot, PCR or qPCR234. ChIP has been combined with sequencing to identify DNA

sequences where proteins bind235, and with DNA footprinting to identify specific TFBSs236.

To increase throughput, ChIP was combined with whole-genome microarrays (ChIP-chip),

creating high resolution genome wide maps of DNA-protein interactions237–239.

With the advance of high-throughput sequencing technology, ChIP-seq, where ChIP DNA

is sequenced in a high-throughput way has provided greater sensitivity, resolution and

specificity than ChIP-chip240. Chromatin immunoprecipitation sequencing (ChIP-seq) is

not scalable for high-throughput identification of 1000s of TF-DNA interactions as it is

dependent on antibody quality, is difficult for lowly expressed proteins and is challenging

to perform241.

1.5.7 DNA adenine methyltransferase identification (DamID)

DNA adenine methyltransferase identification (DamID) uses the Escherichia coli DNA ad-

enine methyltransferase (Dam) fused to a TF or chromatin protein of interest242. Wherever

the protein of interest binds, even transiently, Dam methylates adenine in GATC motifs243.

DNA is extracted and fragmented by the methylation sensitive restriction endonuclease

DpnI, followed by amplification and sequencing. DamID is better than ChIP for identifying

transient and low-abundance DNA-protein interactions whereas ChIP is good for profiling

DNA-protein interactions at short time intervals, as Dam-fusions require expression for

several hours to achieve sufficient methylation244.

1.5.8 Protein binding microarray

In the protein binding microarray (PBM), a TF of interest is expressed with an epitope

tag which is purified and then applied to a DNA microarray. Any non-bound protein is

washed away and then the microarray is stained with a primary antibody specific to the

epitope tag. The signal intensity can be quantified as it corresponds to the number of

DNA-protein binding events. PBM analysis was utilised in Arabidopsis to identify DNA

binding motifs for 63 TFs245.
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1.5.9 DNA affinity purification sequencing

The recently developed in vitro DAP-seq offers a scalable alternative to ChIP and increased

specificity compared to motifs generated by PBMs and SELEX181. DAP-seq uses in vitro

expressed TFs to find binding locations on genomic DNA retaining its in vivo properties

(fig. 1.8). Briefly, a genomic DNA library is prepared by attaching a small DNA sequencing

adaptor onto purified, fragmented genomic DNA. Separately, affinity-purified TFs are

prepared by in vitro expression. The DNA library is added to each specific TF, and

unbound DNA is washed away. The bound fraction is amplified and sequenced. Reads are

mapped to a reference genome and enriched peaks are used to identify TFBSs. As this uses

genomic DNA, which contains cell, tissue and organism specific methylation, methylation

preferences of TFs can be mapped. This is done using a modified DAP-seq protocol called

ampDAP-seq, where a DNA library has any modifications removed by use of a PCR step.

This data can be compared to DAP-seq data to assess the methylation preferences of TF

binding181. The development of DAP-seq has characterised specific TFBSs from a third of

Arabidopsis TFs181. Therefore, TFBS data can now be integrated with the DNase I-seq

footprint data to map regulatory regions in Arabidopsis.
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Figure 1.8: DAP-seq schematic. DNA affinity purification sequencing allows genome-
wide identification of TFBSs. A fragmented DNA library is prepared in vitro, and a TF
of interest is affinity-purified in vitro. The DNA library is added to the TF and unbound
DNA is washed away, and the bound fraction is amplified and sequenced. Adapted from
Bartlett et al.246.
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1.5.10 In silico prediction of TFBSs

TFBSs can also be predicted de novo with software that can construct position weight

matrices (PWMs) describing the binding motifs of TFs, such as MEME247, and the faster

STEME248. Motif prediction has a high false positive rate249. Algorithms such as RPM-

CMC250 and DREME251 offer cofactor motif discovery, which for example can predict if

TFs bind in homo or heterodimers. In 2015, convolutional neural network (CNN) models

were able to learn filters like PWM motif matching, and these algorithms outperformed

PWM algorithms252.

1.6 Engineering regulation

As described in section 1.1, plants mediate their responses to the environment through

complex GRNs comprised of suites of genes3. Recent advances in genomics, transcriptomics

and tools studying TF-DNA interactions have allowed for increasingly accurate mapping

of connections within GRNs. However, the complexity of GRNs means that it is difficult

to predict how changes in the network will affect the phenotype of the organism. One

aim of synthetic biology is to predictably engineer regulatory systems by tuning existing

functions or by adding new functions. Manipulating or engineering GRNs and studying

perturbations can provide insights into quantitative network behaviour, including how

phenotypes emerge from network functions. There are two main ways to engineer GRNs,

either by perturbing existing regulatory systems or by adding new regulatory systems.

Various tools can be used to engineer existing regulatory systems, such as genome editing

tools. For example, CRISPR-CRISPR associated protein 9 (Cas9) (see section 1.6.1) can be

used to disrupt CREs and TF-DNA interactions253. When adding new regulatory systems

such as synthetic circuits, the use of orthogonal parts is desirable to minimise the risk of

crosstalk between the new and existing regulatory systems254. These parts can include

synthetic TFs and minimal synthetic promoters. Synthetic circuits can convert signals

from molecular species to readable outputs. Engineering terminology is often used to

describe the different modules in synthetic circuits, such as Boolean logic gates. Biosensors

can use various logic gates to detect one or more environmental pollutants. For example,

Hg2+ and Ag+ ions were used as inputs to activate logic gates to provide a fluorescent

output255. In this study, two types of logic gates were demonstrated, an AND gate and an
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OR gate255 (fig. 1.9). An AND gate is a circuit that converts a signal from two molecular

species to a single output. Only when both inputs are present will the output be activated.

An OR gate is activated during the presence of either input regardless of the presence of

the other input. Another type of logic gate is the NOR gate, which is deactivated when

either input is present (fig. 1.9). In yeast, NOR gates have been used to create repression

cascades256. In mammalian cells, logic gates were configured to detect and classify micro

RNAs to identify the presence of cancer cells and trigger apoptosis257.
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Input B

Input A

Input B

Input A

Input B
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(Output)

(Output)

Repressor

Input A Input Bor

Reporter

Input A Input Bor

Input A Input B Output
0 0 0
1 0 0
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Figure 1.9: AND, OR and NOR logic gates with two inputs. A: AND, OR and
NOR logic gates with two inputs. B: Logic outputs based on the presence (1) or absence (0)
of the two inputs. C: Biological representation of the logic gates. In AND circuit, presence
of both inputs is required to activate the output. In OR circuit, presence of either input
is sufficient to activate the output. In NOR circuit, presence of either input is sufficient to
deactivate the output. DBD, DNA binding domain; AD, activator domain. Adapted from
Mendes et al.258.

Synthetic circuits using logic gates can be used to engineer GRNs and network motifs

such as feedforward and feedback loops to change network dynamics. Recently, Brophy

et al.259 demonstrated the use of many types of logic gates to predictably reprogram root

development in plants.
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1.6.1 CRISPR-Cas9 gene editing

To modify the DNA sequence or tune the activity of specific genes in GRNs, targeted gene

editing tools are required, such as CRISPR-Cas9. CRISPR-Cas systems are prokaryotic

adaptive immune systems that confer resistance to foreign nucleic acids such as viral

genomes and plasmids260. Bacteria and archaea respond to invading nucleic acids by

integrating short fragments (protospacers) into the host genome at the proximal end of

the CRISPR array. A CRISPR associated (Cas) protein interacts with guide RNA to

recognise and cut the invading DNA.

Cas9

PAM site

sgRNA

double strand break

NHEJ HDR

Figure 1.10: CRISPR-Cas9 gene editing. A Cas9 nuclease and sgRNA form a complex
together and recognise the target spacer DNA sequence when there is a 5′-NGG-3′ PAM
site located immediately 3′ of the protospacer. The Cas9 cleaves the DNA, and DNA
is repaired mainly by NHEJ, but also by HDR which can be utilised to insert a desired
sequence into the genome.

There are two classes of CRISPR-Cas systems, with multi-subunit effector complexes

in class 1, and single-protein effectors in class 2261. Many class 2 systems have been

repurposed for genome editing, with the type II CRISPR-Cas9 system most widely used262.

In this system, a Cas9 nuclease and sgRNA are used, which form a complex together

(fig. 1.10). The complex recognises target spacer DNA sequence when there is a 5′-NGG-3′

PAM located immediately 3′ of the protospacer, and the Cas9 cleaves the DNA. In plants,
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double stranded DNA (dsDNA) breaks are repaired mainly by NHEJ, which can lead to

insertions and deletions that disrupt the function of genes263. Alternatively, HDR can be

utilised to insert a desired sequence into the genome, though this method has very low

efficiency264. Cas9 proteins engineered to have no endonuclease activity (endonuclease

deficient Cas9 (dCas9)) can also be fused to an effector domain such as a transcriptional

activator or repressor domain to regulate target gene expression263.

CRISPR-Cas components can be delivered into plants using a variety of methods. Poly-

ethylene glycol (PEG)-mediated transformation of plant protoplasts (cells where the cell

wall has been removed) is efficient but regeneration of plants from protoplasts can be

difficult265. Although preassembled Cas9-sgRNA ribonuclease complexes can be directly

delivered into cells to avoid the introduction of a transgene266, Agrobacterium-mediated

transformation of plants is the most widely used delivery system for CRISPR-Cas compon-

ents. Transgenic plants are screened for the presence of the desired edits using PCR and

sequencing. In most species, transgenes can be segregated away from the desired mutation

in progeny generations.

1.6.2 Development of synthetic promoters for microbes

Many studies have described the assembly and characterisation of promoter libraries for

microbes. For example, in E. coli, directed evolution was used to engineer a broad range

of precise promoter strengths267. Promoters made in this way tend to have a broad host

range268. Combinatorial libraries of random promoter architectures have also been achieved

in E. coli269. They show that gene expression can be regulated by over five orders of

magnitude. The location of regulatory elements within a promoter was key to determining

the expression level, with those located closer to the TSS more effective than those further

away. Some regulatory elements were dominant over others when located in the same

promoter269. Synthetic promoters have also been used to study nucleosome occupancy

effects on transcription and have enabled the rational design of synthetic promoters with

increased transcription270. A massively parallel reporter assay (MPRA) was used to test

semi-random 312 bp constitutive and 246 bp responsive promoters in S. cerevisiae, where

conserved regions containing TFBSs remained the same271. Machine learning facilitated

the in silico design of new promoters of specific expression levels, including promoters with

higher expression than any promoters in the test or training datasets. When tested in vivo
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these designed promoters had similar expression levels to the predicted values. Synthetic

minimal yeast promoter libraries were generated to identify minimal upstream activating

elements, and this led to the development of a promoter reduced by 80% in size which

still achieved high expression levels272.

1.6.3 Synthetic regulatory elements for plants

The discovery of CRMs and the CREs within them is the first step in the engineering

and rewiring of GRNs to improve plant growth and development15. Promoter studies in

yeast271–273 and human cell lines274 often rely on high-throughput testing of randomised

promoters to identify synthetic promoters with the desired characteristics. High-through-

put reporter assays such as MPRAs are technically challenging in plants as both the

delivery of libraries in a manner that enables each cell to express only a single construct,

and the sorting of cells by reporter expression levels is difficult. Despite this difficulty, a

large-scale study using self-transcribing active regulatory region sequencing (STARR-seq)

measured the activity of 170 bp core promoters from Arabidopsis, maize and sorghum, and

demonstrated that promoter elements such as the TATA box, as well as GC content affect

promoter strength275. The authors then used key promoter features to design synthetic

promoters.

Minimal synthetic promoters are generally composed of a core promoter region containing

the TSS as well as contain core motifs such as the TATA-box, GA elements, Y patch and

initiator276. In plants, the most used core promoter is the minimal cauliflower mosaic

virus 35s (CaMV35s) promoter, consisting of 54 bp containing a 7 bp TATA box and a

TSS, which has been shown to drive basal expression in both dicots and monocots277. The

core promoter is fused to upstream operator sequences that contain binding sites for the

synthetic TF. Recruiting multiple copies of the synthetic TF to the synthetic promoter

can further increase the transcriptional effect. This can be done by simply increasing the

number of binding sites in the operator region259,278.

Synthetic promoters were used to study flanking sequence changes of tissue-specific CREs

in rice279. This identified functional expression pattern changes and led to the design

of five synthetic promoters which were specific to different green tissues. Increasing the

number of TFBSs in pathogen-inducible synthetic promoters increased transcription in
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Arabidopsis280. However, too many repeated cis-regions in a promoter led to an increase

in background induction of promoters, possibly by increasing basal level of transcription

by allowing increased binding of normally low affinity TFs. Increased motif copy number

was also shown to increase expression in tobacco281 and rice282.

Synthetic promoters can be built from larger regions of natural promoters such as the

synthetic nitrate-inducible nitrate-regulated promoter1 (NRP) which contains a 180 bp

region from the nitrate reductase 1 (NIA1) promoter, a 131 bp region containing the

nitrate-responsive cis-element (NRE) motif from nitrite reductase 1 (NIR1), and the

CaMV35s minimal core promoter1. Other approaches to building synthetic promoters

with desired functions have utilised large-scale experimental datasets. For example, Jores

et al.275 combined MPRAs with machine learning to optimise native promoter motifs

and generate synthetic promoters for plants. In yeast, a deep-learning method trained

on genomic and transcriptomic data was used to generate promoters with pre-specified

target mRNA levels283. A library of synthetic transcription activator-like effector (TALE)-

activated promoters has been developed in plants284, demonstrating a range of promoter

strengths. Finally, rational approaches can be applied in which known TFBSs are arranged

into the operator region of a synthetic promoter, similar to the approach used to build

promoters that attract synthetic TFs278,281,285,286. For these, the type, number and spacing

of elements can be used to tune the expression level278,281. Different spacing between motifs

can change promoter responses to TFs287. Furthermore, sequences that flank TFBSs have

also been shown to affect binding affinity and therefore the strength of promoters285.

1.6.4 Synthetic TFs

The use of synthetic TFs allows control over the expression of transgenes and, more recently,

endogenous genes. As the expression of synthetic TFs can be controlled by tissue-specific or

constitutive promoters, they can enable both constitutive or tissue-specific control of target

genes. Synthetic TFs generally contain an effector domain (a transcriptional activator or

repressor) as well as a DNA-binding domain. Inducible synthetic TFs also generally contain

a ligand-binding domain that interacts with the inducing molecule288.

The most widely used activation domain is four tandem copies of the VP16 domain

(VP64) from herpes simplex virus289, which recruits PIC components of the transcriptional
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machinery to the promoter290. Other activation domains used in plant synthetic TFs

include Arabidopsis ethylene response factor 2 (ERF2)259 and GAL4291,292. The most used

repressor domain is the SUPERMAN repression domain X (SRDX) domain derived from

the tobacco ERF-associated amphiphilic repression (EAR) domain293,294, which recruits

chromatin remodellers. Other repressor domains used in synthetic plant TFs include

the human mSin Interaction Domain (SID) and Staphylococcus aureus dCas9-Kruppel-

associated box domain (KRAB) domains295. The KRAB domain does not work well in

plants, possibly because the mechanism by which it recruits TFs is not conserved293.

Several DNA binding domains have been used to build orthogonal synthetic TFs. Domains

from the yeast GAL4 protein and human LexA protein have been particularly widely

used296. The binding sites for these TFs are added to synthetic promoters that are used to

drive the expression of the transgene. However, to be able to bind to any promoter in the

genome, it is desirable to be able to reprogram the DNA binding domain. Programmable

synthetic TFs include TALEs, in which the DNA-binding domain can be reprogrammed to

recognise a specific locus297. The use of dCas9-based synthetic TFs also allows for binding

to specific sequences by recoding the sgRNA(s) to recognise the desired target sequence298.

To improve dCas9-based synthetic TFs, additional synthetic elements such as the SunTag

system can be used. In this system, dCas9 is fused to a tandem array of GCN4 peptides

that can recruit multiple copies of the tetrameric repeat of the minimal activation domain

of herpes simplex virus VP162 (VP64) activator domain299,300, increasing the activation of

the target gene (see fig. 2.3). Recently, the CRISPR-Act3.0 system was developed. This

couples the SunTag system with an MS2 aptamer to recruit multiple SunTag peptides

containing multiple activator domains to target promoters301. The CRISPR-Act3.0 system

increased activation of target genes to >250 fold when the 2×transcription activator-like

effector activation domain motif (TAD) activator domain was used.

To enable synthetic TFs to activate their downstream synthetic promoter, their expression

must also be controlled. Expression of synthetic TFs can be controlled by a natural

promoter such as a sequence from the host genome. This is often a constitutive promoter,

however, promoters known to express in the desired cells or tissues of interest can also be

used259,297. Alternatively, synthetic promoters can be used.
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1.6.5 Towards engineering regulation in plants

Traditional crop breeding relied on imprecise methods such as physical or chemical muta-

genesis and selection, marker assisted breeding, transgenesis, and transfer-DNA (T-DNA)

insertion. The advent of CRISPR-Cas9 gene editing has enabled the introduction of precise

mutations to target genes in many crop species conferring novel traits302–304.

In addition, more accurate mapping of regulatory regions is providing opportunities for fine

tuning of gene regulation. This can be achieved using gene editing tools to make specific

changes to CRMs305–307. In addition, synthetic TFs such as TALE- and dCas9-based

TFs can be used to tune the expression of endogenous genes299,301,308. Finally, advances

in synthetic biology approaches detailed above, including the development of synthetic

promoters and TFs309, provides opportunities for more sophisticated perturbations of

gene expression259,310. Synthetic regulation of transcription has the potential to enable

network rewiring by altering native TF-DNA networks. Previous studies have suggested

that the behaviours of even complex plant regulatory networks can be rewired by the

introduction of feedback. Various ideas for introducing feedback into biological systems

have been raised311–314, including in plants315. For example, Foo et al.315 propose the use

of a synthetic genetic feedback controller to positively regulate plant genes in response to

infection. They used Y1H and time-series transcriptomics to predict edges in a pathogen-

response GRN and used modelling to suggest that a feedback loop could improve the plant

response to pathogens.

1.7 Gaps in knowledge and experimental approaches

The overall goal of the work in this thesis is to identify approaches and methods to

rationally engineer plant N-responses with the goal of improving NUE by modulating the

expression of TFs involved in nitrate transport, assimilation, and signalling. This is because

TFs regulate many genes in a coordinated manner, and so are likely to be more effective

targets for engineering than individual genes. This has been demonstrated in previous

studies, where modulating the expression of TFs such as NLP4 and dehydration response

element-binding protein (DREB)1C improved NUE58,316. A putative network uncovered

by Y1H studies identified TFs that interact with the promoter regions of genes involved in

nitrogen processes, as well as known nitrate-response TFs25. 21 TFs within this network
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were predicted to coordinate plant responses to nitrate. These were investigated further

using mutant lines to analyse RSA and shoot development under limiting (1mm KNO3)

and replete (10mm KNO3) nitrate. This GRN showed evidence of network motifs such as

feedforward and feedback loops, but these need to be confirmed experimentally. The Y1H

assay provides evidence of regulatory interactions but does not provide information about

TFBSs within the target gene or information about any regulatory consequences of TF-

DNA interactions. The Y1H dataset provided by Gaudinier et al.25 is a promising starting

point for engineering the N-response subnetwork, but to be able to predictably manipulate

this network, it needs to be elucidated further. Once the network is characterised, it

can be engineered either by the addition of new edges or through disruption of existing

edges. With knowledge of the existing network, the effects of these manipulations on the

expression of downstream genes and, potentially phenotype, can be predicted.

In chapter 3, I describe the characterisation of interactions between TFs in a putative

N-response subnetwork identified by Gaudinier et al.25. I identify TFBSs in upstream

regulatory regions and characterise their interactions with TFs using in vitro methods

and transient assays. Using these data, I show that auxin response factor (ARF)9 and 18

are involved in a feedforward loop to NLP7 through NAC domain containing protein 32

(ANAC032) and potentially through DREB26. To disrupt edges in this feedforward loop,

in chapter 4 I use CRISPR technologies. CRISPR-Cas9 genome editing can be used to

disrupt edges, or even to engineer new recognition sites into target promoters. However,

it is difficult to predict the effect of a given mutation on gene expression. The use of

CRISPR libraries can introduce novel variation into coding or promoter regions, which

can potentially rewire GRNs. I therefore use a library approach to introduce mutations

into the promoters and 5′ UTRs of auxin response factor 9 (ARF9), auxin response factor

18 (ARF18), DREB26 and NLP7, creating a library of 327 lines with mutations across the

promoter regions of the four genes. Five lines containing interesting mutations, some of

which overlapped TFBSs, showed alterations to gene expression and root phenotype.

I also explore network engineering by the introduction of synthetic genetic feedback con-

trollers. A synthetic feedback controller was recently engineered and tuned in E. coli317,

however, synthetic feedback controllers have not been demonstrated experimentally in

plants. To be able to introduce feedback into the N-response network, synthetic elements
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need to be developed and tested, including nitrate-responsive synthetic promoters and

synthetic TFs. To explore the development of synthetic promoters that respond to specific

TFs, I needed more insight into promoter elements in plants. In chapter 5, I describe the

comparison of promoter architectures of four different categories of Arabidopsis genes with

different expression patterns. Distinct differences in promoter architecture were found

between constitutively expressed, variably expressed, non-specific and tissue-specific genes,

such as TFBS density, percentage open chromatin and enrichment for TATA box mo-

tifs. Design features learnt from this chapter aided the construction of minimal synthetic

promoters for use in synthetic genetic feedback controllers. In chapter 6, I describe the

design and construction of synthetic genetic elements that introduce positive and negative

synthetic genetic feedback into the N-response subnetwork. Using structural information

about the subnetwork (chapter 3) I identified a target TF, ARF18, to activate/repress.

Synthetic TFs were designed to bind to the upstream regulatory region of ARF18. These

were confirmed to either activate or repress its transcription. To allow these synthetic TFs

to respond to genes further down the N-signalling hierarchy from ARF18, thus creating a

feedback loop, I designed a suite of synthetic minimal N-responsive promoters with binding

sites for NLP7. Additional synthetic promoters were built with binding sites for other early

responders to nitrate318. The best performing synthetic promoters in transient protoplast

assays were also confirmed to respond to nitrate in plant roots. Synthetic feedback control-

lers were assembled using the best minimal synthetic N-responsive promoters controlling

the best synthetic TFs. Arabidopsis plants were transformed with the genetic feedback

controllers, although analysis of these lines is outstanding.

To summarise, the overall goal of this thesis is to identify approaches and technologies for

predictable engineering of plant GRNs using a subnetwork that regulates plant responses

to nitrate as an exemplar. This is achieved through the following:

• The characterisation of edges in a regulatory subnetwork for nitrate-associated

metabolism and growth including identification of binding sites and regulatory con-

sequences of binding.

• The addition of novel genetic variation into the promoter and 5′ UTR regions of four

genes encoding TFs involved in regulating root growth in response to nitrate using a

CRISPR library.
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• The identification of architectural differences in promoters with different expression

patterns.

• The design, assembly and quantitative characterisation of synthetic minimal N-

responsive promoters, and synthetic transcription factors for use in the construction

of genetic feedback controllers.
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Chapter 2

Methods

This chapter contains the methods used in chapters 3 to 6. The relevant methods sections

are referenced throughout the experimental chapters. All plasmid constructs used in this

thesis are found in File S1, and all primers are found in File S2. All gene construct diagrams

in this thesis are in the Synthetic Biology Open Language (SBOL) visual standard (v3.0)319

(fig. 2.1).

CDS

Promoter

Ribosome entry site

NLS

Non-coding RNA

Inert DNA spacer

TFBS

Intron

Terminator

Figure 2.1: Key of Synthetic Biology Open Language symbols used in diagrams
throughout this thesis. Symbols used in diagrams throughout this thesis are in the
SBOL visual standard (v3.0)319. CDS, coding sequence. NLS, nuclear localisation signal.
TFBS, transcription factor binding site.

2.1 Assembly and validation of plasmid constructs

Plasmids for expression in plant cells were assembled using the Loop modular cloning sys-

tem320 (fig. 2.2). Plasmid sequences were designed and edited using Benchling design soft-

ware (available at http://www.benchling.com). New standard parts such as promoters
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and coding sequences (CDSs) were cloned into a Universal Level 0 acceptor (pUAP1309,

pUPD2321 or pUAP4322). Level 0 standard parts were assembled into acceptor plasmids

to create Level 1 assemblies, each consisting of a complete transcriptional unit. Where re-

quired, Level 1 assemblies were assembled together to create multigene constructs according

to the Loop syntax320.

BsaI SapI

L0 parts

L1, L3 L2, L4

Kan Spec

pOdd 
acceptors

pEven 
acceptors

1, 2, 3, 4 1, 2, 3, 4

A

B

PhytoBricks
MoClo parts
GoldenBraid parts

BsaI SapI

C

Figure 2.2: Schematic of loop assembly. A: Linear level -1 parts such as promoters
and CDSs are first cloned into level 0 (L0) acceptor plasmids (PhytoBrick, MoClo or
GoldenBraid acceptors). Level 0 (L0) standard parts are assembled into pOdd acceptors
using BsaI Type IIS assembly to create Level 1 (L1) constructs, each consisting of a
complete transcriptional unit. Level 1 constructs are then assembled together into pEven
acceptors to create multigene constructs using SapI Type IIS assembly according to the
Loop syntax320. Four parts can be combined into pOdd or pEven acceptors at each step.
B: L0 plasmids are digested with BsaI, creating overlapping overhangs. These are then
ligated together to create L1 plasmids in pOdd backbones. C: L1 plasmids are digested
with SapI, creating overlapping overhangs. These are then ligated together to create
multigene constructs in pEven backbones. Adapted from Pollak et al.320.
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2.1.1 Design and construction of promoter parts

Arabidopsis promoters

Promoter regions of ANR1 (AT2G14210), ARF18 (AT3G61830), ANAC032 (AT1G77450)

(mutated BsaI site), DREB26 (AT1G21910), NIR1 (AT2G15620), NLP6 (AT1G64530),

NLP7 (AT4G24020) and ARF18 (AT3G61830) including ~1000 bp upstream of the TSS

and the 5′ UTR were cloned by PCR amplification of genomic DNA using primers that

introduced restriction enzyme sites for assembly into pUAP1309, pUPD2321 or pUAP4322.

PCR reactions used 0.02 µL Q5 polymerase (New England Biolabs (NEB) M0491), 1 ×

Q5 reaction buffer (NEB B9027S), 200 µm of each deoxynucleotide triphosphate (dNTP)

(Thermo Scientific R0181), 0.5 µm of each primer and <1ng template DNA, with 3% v/v

dimethyl sulphoxide (DMSO) if necessary. Reactions were cycled using the following con-

ditions: 98 °C 30 s, followed by 30 cycles of 98 °C 10 s, 55–65 °C 20 s and 72 °C 20–30 s kb−1.

A final extension of 72 °C for 2 minutes was used.

Amplicons were assembled with pUAP1309 (Addgene 63674), pUPD2321 (Addgene 68161)

or pUAP4322 (Addgene 136079) in a one-step digestion-ligation reaction described in

section 2.1.6 to produce Level 0 standard parts (see File S1). To comply with the Phytobrick

standard309,323, internal instances of BsaI were removed by the introduction of single point

mutations by PCR as in Patron et al.309. Two internal BsaI sites in the ANAC032 (301

bp upstream of TSS) and ARF18 (258 bp upstream of TSS) promoters were removed by

the introduction of a mutation. Promoter constructs were verified by Sanger sequencing.

Synthetic promoters

A. thaliana TFBS consensus sequences were identified from the plant cistrome database

(Release 1)181 (http://neomorph.salk.edu/dev/pages/shhuang/dap_web/pages/br

owse_table_aj.php). The sequences of TFBSs were added into the variable region of a

previously published synthetic promoter consisting of a 19 bp random sequence followed by

a 43 bp core promoter sequence from CaMV35s278. The sequences of synthetic promoters

were synthesised by Integrated DNA Technologies (IDT) and cloned into pUAP1 in a

one-step digestion-ligation reaction described in section 2.1.6 to create Level 0 standard

parts324.
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The identity and size of spacing between TFBSs was investigated using synthetic promoters.

2.1.2 Luciferase reporter constructs

Standard parts containing promoter sequences were used in assembly reactions with parts

containing the CDSs of LucN (pEPYC0CM0133, Addgene #154595278), a C-terminal

3×FLAG® epitope tag (pICSL50007; Addgene #50308325), and 3′ UTR and terminator

sequences from Agrobacterium tumefaciens nopaline synthase (AtuNOS) (pICH41421, Ad-

dgene #50339325). Parts were assembled into Level 1 Loop pCk1322 (Addgene #136695)

backbones in a one-step digestion-ligation reaction described in section 2.1.6. As con-

trols, equivalent plasmids were constructed with the promoter sequences from AtuNOS

(pEPSW1KN0035), A. thaliana ubiquitin 10 (AtUBQ10) (pEPSW1KN0071), AtNIR1

(pEPSW1KN0025) and the previously reported NRP326 (pEPSW1KN0092). Calib-

rator plasmids (pEPSW1KN0034 and pEPSW1KN0072) for ratiometric quantification

were assembled from CaMV35s:tobacco mosaic virus (ΩTMV )(pICH51277, Addgene

#50268325) or AtUBQ10 (pICSL12015, Addgene #117506327), respectively, firefly luciferase

(LucF) (pEPAS0CM0008, Addgene #154594278), a C-terminal 3×FLAG® epitope tag

(pICSL50007; Addgene #50308325), and a AtuNOS 3′ UTR and terminator (pICH41414,

Addgene #50337325).

Synthetic promoters fused to LucN::yellow fluorescent protein (YFP) reporters were co-

assembled between FAST-Red325,328 and bar phospinothricin325 selectable marker genes

into Level 2 Loop pCsA backbones for use in transgene luciferase expression assays (see

section 2.5.2).

2.1.3 Transcription factor parts

Arabidopsis transcription factors

The CDSs of ANAC032 (AT1G77450), ANR1 (AT2G14210), ARF18 (AT3G61830), ARF9

(AT4G23980), NLP6 (AT1G64530), NLP7 (AT4G24020), DREB26 (AT1G21910), TCP20

(AT3G27010), TGA1 (AT5G65210), basic leucine-zipper 3 (bZIP3) (AT5G15830) and

HRS1 homolog 2 (HHO2) (AT1G68670) were cloned, concurrently removing any internal

instances of BsaI and SapI with point mutations to introduce synonymous codons with

similar Arabidopsis codon usage, into pUAP1, pUPD2, pUAP4 or a reversed pUAP4
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backbone (pUAP4r) in a one-step digestion-ligation reaction (section 2.1.6) to create Level

0 standard parts324 (see File S1). For transient plant co-expression assays these were

assembled into Level 1 Loop pCk2322.

Synthetic transcription factors

For synthetic transcriptional activators, the Cas9-SunTag system was used299 (fig. 2.3).

This requires co-expression of (i) an endonuclease deficient Cas9 (pEPSW0CM0371) in

translational fusion with NLSGCN4 (pEPSW0CM0370) fusion and (ii) a single chain

variable fragment (scFv) fused to superfolder GFP (sfGFP) (a green fluorescent protein

variant that folds robustly even when fused to poorly folded proteins329) (pEPSW0CM0365)

and either the VP64 (pEPOZ1KN0250) or two repeats of the TAD301 (pEPOZ1KN0252)

transcriptional activator domains with a C-terminal simian virus 40 (SV40) nuclear loc-

alisation signal (NLS), the B1 domain of B1 domain of streptococcal protein G (GB1)

solubility domain, and the human T-cell leukaemia virus type 1 Rex protein (Rex) NLS.

The dCas9::NLSGCN4 and scFv::sfGFP::VP64/TAD fusion proteins were assembled into

Level 1 transcriptional units with either an AtUBQ10 promoter (pEPSW1KN0367 con-

taining 1-pTwist_Amp_HighCopy_AtUBQ10p, gratefully received from Siobhan Brady,

UC Davis), a synthetic NRP promoter326 (pEPSW1KN0415), a synthetic 4×[NRE-TATA]

(pEPSW1KN0416), or a 4×[bZIP3-random] (pEPSW1KN0417) promoter. These tran-

scriptional units were co-assembled with an upstream insulator sequence (Petunia hybrida

transformation booster sequence330) and one or three sgRNAs based on the scaffold first

reported by Chen and co-workers331, each controlled by the A. thaliana U6-26 promoter

(picsl90002, Addgene #68261332). In the final assembly, expression cassettes were flanked

by synthetic genes to aid the selection of transgenic lines: an RFP (pICSL70008, Addgene

#50336325,328) and a synthetic gene for resistance to phosphinothricin (glufosinate-am-

monium) consisting of a 2×35s promoter and the ΩTMV 5′ UTR (pICH51288, Addgene

#50269325), the phosphinothricin acetyl transferase from Streptomyces hygroscopicus CDS

(pICH43844, Addgene #50329325), and the AtuNOS terminator (pICH41421, Addgene

#50339325) (see File S1).

For synthetic transcriptional repressors, the Acidaminococcus sp. BV3L6 Cpf1 (As-

Cpf1) (now known as Cas12a) was used with the SRDX repressor domain294. The

CDS of the endonuclease deficient CRISPR associated protein 12a (Cas12a) CDS
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was assembled with an N-terminal SV40 NLS, a C-terminal nucleoplasmin NLS, and

3×SRDX. The Cas12a::NLS::3×SRDX fusion protein was assembled into Level 1 tran-

scriptional units with a AtUBQ10 promoter (pEPSW1KN0395), a synthetic NRP pro-

moter326 (pEPSW1KN0421), a synthetic 4×[NRE-TATA] promoter (pEPSW1KN0422),

or a 4×[bZIP3random] promoter (pEPSW1KN0423). These were co-assembled with one

or three CRISPR RNA (crRNA) double hammerhead/hepatitis delta virus ribozyme cas-

settes and the same insulator and selection genes used in the Cas9-activator constructs. A

different transcriptional repressor was also assembled which used the SunTag system299,

with a dCas9::NLSGCN4 fusion and a scFv::sfGFP fusion containing 3×SRDX294 repressor

domains (see File S1).

Figure 2.3: The SunTag system. A dCas9::NLSGCN4 fusion is co-expressed with a
scFv::sfGFP::effector protein fusion. The dCas9::NLSGCN4 is guided to the promoter of
the target gene by the sgRNA binding to the protospacer. The chain of GCN4 repeats
attached to the dCas9 protein recruit multiple copies of the scFv::sfGFP::effector fusion
protein to the promoter, where they activate or repress transcription. NLS, nuclear local-
isation signal; GCN4, yeast transcriptional activator peptide; scFv, single-chain variable
fragment of the anti-GCN4 antibody; sfGFP, superfolder green fluorescent protein.

2.1.4 Transcription factor bacterial expression constructs

Protein expression plasmids were assembled using the Gateway®-ready E. coli expression

pDEST vector, pH9GW (a modified pET28a(+) vector (Novagen)333). First, TF-HiBiT

fusions were created by PCR amplification of the TF CDSs using primers that introduced

the Gateway® recombinase sequences attB1 and attB2. The Gateway®BP Clonase™II

Enzyme Mix (Invitrogen 11789) was used to clone these amplicons into pDONR207 (attP1-

ccdB-attP2) to create pENTR clones (attL1-TF::HiBiT-attL2). Gateway®LR Clonase™II

Enzyme Mix was used to combine pENTR plasmids with pH9GW (attR1-ccdB-attR2) to

produce E. coli expression clones (see File S1).
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2.1.5 Transcription factor plant expression constructs

For constitutive overexpression of TFs in plant cells, Level 0 standard parts contain-

ing TF CDSs were assembled in a one-step digestion-ligation reaction (see section 2.1.6)

into a Level 1 Loop pCk2322 acceptor together with the pCaMV35s-ΩTMV promoter/5′

UTR (pICH51277) and the CaMV35s terminator (pICH41414; Addgene #50337325). For

dexamethasone-inducible expression in plant cells, constructs containing TF CDSs in

a translational fusion with a C-terminal GR tag were kindly received from Tufan Oz

(Earlham Institute). In these constructs, expression was controlled by a double CaMV35s-

ΩTMV promoter/5′ UTR (pICH51288; Addgene #50269325) and the CaMV35s terminator

(pICH41414) (see File S1).

2.1.6 Digestion-ligation reaction

One-step digestion-ligation reactions were carried out, where DNA of interest was mixed

with an acceptor vector, restriction enzyme and T4 ligase and incubated on a thermocycler.

For cloning of Level 0 DNA parts into pUAP1, pUPD2 and pUAP4 acceptors, and cloning

acceptor plasmids into pCk and pCs Loop322 vectors, the following 10 µL one-step digestion-

ligation reaction mixtures were used:

2 nm DNA of interest containing flanking BpiI, BsmBI, SapI or BsaI recognition sequences

was used with 1 nm pUAP1, pUPD2, pUAP4, pCk or pCs acceptor vectors respectively

depending on recognition sequence. For the pUAP1, pUPD2 and pCk vectors, assembly

reactions also contained a 1 × final concentration of T4 DNA ligase buffer (NEB B0202)

(final concentration: 50mm Tris-HCl, 10mm MgCl2, 1mm adenosine triphosphate (ATP),

10mm dithiothreitol (DTT)), 10 U µL−1 T4 DNA ligase (NEB M0202), 0.1 µg µL−1 of

bovine serum albumin (BSA) (NEB B9000) and 0.25 U µL−1 BpiI (NEB R3539), BsmBI

(NEB R0739) or BsaI-HF®v2 (NEB R3733) was used.

For the pUAP4 and pCs vectors, a final concentration of 1 × NEB CutSmart® buffer with

added ATP (final concentration: 50mm potassium acetate, 20mm Tris-acetate, 10mm

magnesium acetate, 0.1 µg µL−1 BSA, 1mm ATP) was used. 10 U µL−1 of T4 DNA

ligase (Thermo Scientific EL0011) was added, and 0.25 U µL−1 of SapI (Thermo Scientific

ER1931) was used. Note: ThermoFisher T4 ligase stock is 5 WeissU µL−1 so 1000 cohesive

end unit (CEU) µL−1, NEB T4 ligase stock is 400 CEU µL−1. All enzyme units in this
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thesis are CEU µL−1.

Distilled deionised water was added to reach a reaction volume of 10 µL.

Samples were incubated in a thermocycler with the following program: Assembly: 37 °C for

20 s followed by 26 cycles of 37 °C for three minutes and 16 °C for four minutes. Termination

and enzyme denaturation: 50 °C for 5 minutes and 80 °C for 5 minutes.

2.1.7 Transformation of competent E. coli

Assembly reactions (0.5 µL) were incubated on ice with 3 µL 5-alpha competent E. coli

(NEB C2987) (for plasmid production) or E. coli BL21(DE3) (NEB C2527) (for protein

expression). After 30 minutes, cells were transformed by a brief incubation at 42 °C

for 30 seconds. Tubes were placed on ice for 5 minutes and 20 µL lysogeny broth (LB)

was added to each tube before incubation at 37 °C for 60 minutes with shaking (250

revolutions per minute; RPM) (New Brunswick Innova® 44 incubator shaker). Cells

were spread on selective LB agar plates containing an appropriate antibiotic for the plas-

mid (35 µgmL−1 chloramphenicol, 50 µgmL−1 kanamycin, 50 µgmL−1 spectinomycin or

50 µgmL−1 carbenicillin). When acceptor plasmids contained LacZ inserts for blue/white

cloning, X-gal (20 µgmL−1 final concentration) and Isopropyl 𝛽-D-1-thiogalactopyranos-

ide (IPTG) (0.1mm final concentration) were added to the agar. Following overnight

incubation at 37 °C, white colonies were selected for further analysis.

2.1.8 Colony PCR

Colony PCR was performed in a 10 µL reaction with final concentrations of 1 × Promega

Green GoTaq® Flexi buffer, 4mm MgCl2, 0.2mm of each dNTP (Thermo Scientific R0181),

0.025 U µL−1 GoTaq®DNA polymerase, and 0.4mm forward and reverse primers. Reac-

tions were cycled with an initial incubation at 95 °C for 3 minutes, followed by 26 cycles

of: 95 °C, 30 seconds then 60 °C, 30 seconds then 72 °C, 2 minutes.

2.1.9 Preparation and verification of plasmid DNA

Colonies with the expected insert sizes were used to inoculate 5mL LB with appropriate

antibiotics and incubated in a shaking incubator for 16–18 hours at 37 °C, 250 revolutions

per minute (RPM). Plasmids were purified using the QIAprep Spin Miniprep Kit (QIAGEN
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27106) with a vacuum manifold and the integrity and sequence of plasmids were checked by

restriction digestion and Sanger sequencing (Eurofins or Genewiz). For restriction digestion

analysis, 300 ng DNA was digested in a 15 µL reaction volume with 1 × CutSmart® Buffer

(NEB B7204) and 0.66 µL of the appropriate restriction enzyme. Samples were incubated

at 37 °C for 1 hour and analysed by agarose gel electrophoresis. For protoplast transfection,

100mL cultures were grown and plasmids were extracted and purified using the Plasmid

Plus Midi Kit (QIAGEN 12943) with vacuum manifold. DNA concentration was quantified

using a Thermo Scientific NanoDrop One Microvolume UV-vis Spectrophotometer.

2.1.10 Agarose gel

Electrophoresis of DNA samples was performed on 50mL or 150mL 0.8–2.2% w/v agarose

gels containing 0.5 × SYBR™ Safe DNA Gel Stain (Invitrogen S33102). Gels were made

by mixing agarose (Melford A20080) with Tris/Borate/EDTA (TBE) (Severn Biotech

20-6000-50) buffer in a conical flask and microwaving for 1.5 minutes until dissolved. After

cooling to 50 °C, 0.5 × SYBR™ Safe DNA Gel Stain (Invitrogen S33102) was added. Gels

were cast and allowed to set before immersion in 0.5 × TBE buffer. DNA samples were

mixed with 1 × loading dye (NEB B7025), and 0.5 µL of 166.7 µgmL−1 DNA ladder mix

(1 × 1kb Plus DNA ladder (NEB N3200), 1 × loading dye (NEB B7025)) was loaded into

the first well of each gel. Gels were run at 80–150V until the dye had penetrated ~75%

of the gel. Gels were visualised with ultraviolet light on a Bio-Rad Imager (ChemiDoc™

MP or ChemiDoc™ Touch).

2.2 Plant growth and transformation

2.2.1 Seed sterilisation

Seeds were sterilised in 70% v/v ethanol for 2 minutes followed by sodium hypochlorite

(Honeywell Fluka 71696) 1:2 dilution for 10 minutes. They were washed three times in

sterile deionised water. Seeds were stratified in the dark at 4 °C for at least 24 hours before

sowing.
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2.2.2 Arabidopsis growth

For plant transformation and production of protoplasts, plants were grown in soil with

an 18-hour day, 6-hour night photoperiod (long day) at 22 °C. For protoplast production,

plants were transferred to 8 hour day, 16-hour night photoperiod for at least 3 days.

For assessment of molecular and physiological phenotypes, plants were grown on

sterile growth media with an 18-hour day, 6-hour night photoperiod (long day) at

22 °C. Sterile growth media consisting of 4mm MgSO4 ⋅ 7H2O (Fisher M/1050/53),

2mm KH2PO4 (Sigma-Aldrich P5655), 100 µm NaFe-ethylenediaminetetraacetic acid

(EDTA) (Sigma-Aldrich EDFS), 1mm CaCl2 ⋅ 2H2O (Sigma-Aldrich C7902), 10mm KCl

(Sigma-Aldrich P5405), 0.75mm 2-(N -morpholino)ethanesulphonic acid (MES) (Sigma-

Aldrich M8250), 29.21mm sucrose (1%) (Fisher Scientific S/8600/60), and micronutri-

ents (92.5 µm H3BO3, 18.3 µm-MnCl2 ⋅ 4H2O, 1.61 µm ZnCl2, 0.59 µm CuCl2 ⋅ 2H2O and

0.21 µm Na2MoO4 ⋅ 2H2O) was prepared and supplemented with 0, 1 or 10mm KNO4

(Sigma-Aldrich P8291) and solidified with 7.5 g L Phytagel (Sigma-Aldrich P8169). Media

was poured into 120mm square culture plates (Greiner Bio-One 688161). Seeds were sieved

to a size range of 250–300 µm before sterilisation and stratification. Plates were incubated

in a vertical orientation with long day (18-hour days, 6-hour nights) cycles at 22 °C with

a light intensity of approximately 70 µmolm−2 s−1 in a Panasonic MLR-352-PE growth

chamber. Plants were grown for 9 days following germination. For assessment of RSA, on

one half of each plate, ~8 Columbia-0 (Col-0) seeds were sown and, on the other half, ~8

seeds from the genotype to be assessed. Three replicates of each plate were used. For root

luciferase assays, 9 T2 seeds were sown per plate per parental line. For RSA phenotyping

and root luciferase assays, seeds were distributed equally in a single row ~0.5 cm from

the top edge of the plate. For RNA extraction, ~150 seeds from a single T3 parental line

were distributed equally in two rows 0.5 cm and 6 cm from the top of each plate. Three

biological replicates were used, each consisting of a pool of roots from ~50 seedlings, and

each qRT-PCR was performed in duplicate.

2.2.3 Transformation of electrocompetent A. tumefaciens

Agrobacterium tumefaciens (Agrobacterium radiobacter subsp. tumefaciens334) strain

GV3101 cells were thawed on ice. Sterile 2mm cuvettes (Geneflow E6-0060) and chamber
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slides were placed on ice. 20 µL of bacteria and 0.9 µL of 110 ng µL−1 DNA were added to

each cuvette. Cuvettes were placed in the chamber slide on a Bio-Rad Gene Pulser Xcell

and were electroporated with one pulse using the Agro program (2.5 kV). 500 µL of terrific

broth335 was added to each cuvette and the contents were transferred to 1.5mL micro-

centrifuge tubes. Agrobacterium was incubated for 2 hours at 28 °C, 220 RPM. Tubes were

centrifuged at 10000 relative centrifugal force (RCF) for 1 minute and supernatant was

removed leaving 40 µL with the cells. Cells were resuspended in the remaining media and

20 µL was transferred to flat-bottom 6 well plates (CytoOne CC7672-7506) containing LB

agar with 50 µgmL−1 spectinomycin, 50 µgmL−1 rifampicin and 25 µgmL−1 gentamicin

selection. Glass beads were used to spread the plates and plates were incubated for 48–60

hours at 28 °C. Medium sized colonies were selected and used to inoculate 5mL liquid

LB with 50 µgmL−1 spectinomycin, 50 µgmL−1 rifampicin and 25 µgmL−1 gentamicin

selection at 28 °C with 220 RPM shaking. 20% glycerol stocks were taken and stored at

−70 °C.

2.2.4 Arabidopsis transformation

Col-0 Arabidopsis plants were grown in soil with long days until flowering (~4 weeks

old). Agrobacterium strains containing the plasmids of interest were grown overnight in

5mL liquid LB with 50 µgmL−1 spectinomycin, 50 µgmL−1 rifampicin and 25 µgmL−1

gentamicin selection at 28 °C with 220 RPM shaking. Cells were centrifuged at 3428 RCF

for 10 mins and resuspended in fresh 5% w/v sucrose solution to OD600 ~0.8. For the

CRISPR library, 96 Agrobacterium strains (each containing one of the 96 CRISPR con-

structs described in section 2.6.1) were mixed together equally (3mL each). Silvet L-77

was added to 0.05% v/v and Agrobacterium was transferred to 9 × 30mL spray bottles.

Arabidopsis plants were placed inside an autoclave bag and the flowers were sprayed with

the Agrobacterium. Autoclave bags were taped closed and placed inside black bin liners

for 24 hours. Plants were grown with long days (18-hour days, 6-hour nights) until seed

collection, where a paper seed bag was taped over the inflorescence of plants for collection.

2.2.5 Selection of transgenic seeds

T1 seeds were sown on media containing 10 µgmL−1 glufosinate-ammonium (Merck 45520)

selection. Alternatively, for constructs containing the FAST-Red selection cassette325,328,
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they were first checked under a Zeiss Lumar V12 stereo microscope with red fluorescence

(filter set 43 HE Cy3) to ensure they were RFP positive. Wild type Col-0 seeds were sown

without kanamycin selection. After 2–3 weeks, seedlings were transferred to soil.

2.2.6 Protoplast preparation

Protoplast extraction was carried out as previously described336, with some alterations.

Plant tissue was added to a petri dish and sliced into ~4mm strips. Leaf strips were

submerged in enzyme digestion solution (0.4m mannitol, 20mm KCl, 20mm MES pH

5.6, 10mm CaCL2 and 0.1% w/v BSA) containing 1.5% w/v cellulase and 0.3% w/v

macerozyme for 4 hours at 22 °C with shaking. During filtering (75 µL filter) 2mL W5 (2

mm MES (pH 5.7) containing 154 mm MgCl2 and 5 mm KCl) solution (2mm MES pH 5.6

containing 154mm NaCl, 125mm CaCl2 and 5mm KCl) was used to wash the protoplasts.

After filtering, protoplasts were centrifuged at 200 RCF for 2 minutes. After leaving on

ice to settle for 30 minutes, supernatant was removed and 1mL of MMG (4 mm MES

pH 5.6 containing 0.4 m mannitol and 15 mm MgCl2) solution was added. Using a cut

pipette tip, leaf protoplasts were loaded to a 15mL centrifuge tube. This was centrifuged

for 10 minutes at 90 RCF at 4 °C. The supernatant above the cloudy protoplast layer was

removed. The protoplast layer was transferred to another 15mL centrifuge tube on ice.

Protoplasts were diluted to ~2 × 105 mL with MMG solution on ice.

2.2.7 Protoplast transfection

700 µL of protoplast solution (105 mL−1) was slowly added to 5mL microcentrifuge tubes,

using cut pipette tips to avoid damaging cells. 2500 fmol of plasmid DNA was added

to the protoplast solution. 700 µL plus the volume of the plasmid solution used of PEG

4000 (Sigma 81240) solution was added to each tube, and the tubes were covered and

inverted 20 times to mix. 1.2mL of W5 solution was added, and tubes were inverted 20

times to mix. The tubes were centrifuged at 100 RCF for 2 minutes, and supernatant was

removed. Leaf protoplasts were resuspended with 120 µL W5. 200 µL of 0.1% w/v BSA

(Sigma A4503) solution was added to wells in a spectrophotometer plate. After 2 minutes,

BSA was removed, and protoplasts were added to wells in the plate. For leaf protoplasts

the spectrophotometer plate was incubated overnight for 18 hours with light intensity of

approximately 70 µmolm−2 s−1 at 22 °C.
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2.2.8 Assessment of root system architecture

A photograph of each plate containing Col-0 and mutant plant lines (see section 2.2.2

for growth conditions) was taken on a black felt background next to a measuring ruler

using a Panasonic DC-TZ90 on intelligent auto mode with 98mm zoom. The distance

from the camera lens to the plate was 48 cm. A custom Jupyter Notebook337 using Py-

thon code (available at https://github.com/samwitham/PromoterArchitecture/

blob/master/src/CRISPR_library/preprocess_images.ipynb) was used to read

in raw .RW2 Panasonic image files using the rawpy (v0.16.0) package. The pillow

(v9.2.0) package was used to rotate 180 degrees, convert to greyscale, invert and convert

to .png format. Primary and lateral roots were traced and labelled using the Smart-

Root plugin (v4.21)338 for (Fiji Is Just) ImageJ (v2.3.0)339. Some plants from line

plntEPSWT30130-4 lacked chlorophyll pigment. Measurements from these plants were

excluded from analyses. A custom Jupyter Notebook337 using Python code (available at

https://github.com/samwitham/PromoterArchitecture/blob/master/src/CRISPR_l

ibrary/analyse_rsa.ipynb) was used to analyse the SmartRoot data. First, the

.csv SmartRoot output files were concatenated into a single pandas (v1.1.5)340

DataFrame. A new DataFrame was created containing only primary roots. Columns

were added for primary root length, lateral root number, lateral root length (which in-

cluded both first and second order lateral roots), average lateral root length (primary

root length / lateral root length), total root length (primary root length + lateral root

length), lateral root density (lateral root number / primary root length) and percentage of

lateral root length contributing to total root length (lateral root length / total root length).

The pandas DataFrame was exported as a .csv file. For each plant line and variable,

quantile-quantile (Q–Q) plots of residuals were generated using the pingouin (v0.13.2)341

package to check for normality. Levene’s test was performed using the scipy (v0.5.2)342

package to check whether variances were equal. Data were log-transformed and analysed

using a type I two-way analysis of variance (ANOVA) which considered the interaction

effects of genotype:nitrate concentration. If the genotype:nitrate concentration interaction

was significant, nitrate concentrations were analysed separately using one-way ANOVA. If

the genotype:nitrate concentration interaction was not significant, the model was refitted

without the interaction term and a type II two-way ANOVA was used to test the main
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effects using the bioinfokit package (v2.0.8)343. If significiant, Tukey’s HSD test was

used to compare means344. Boxplots were generated using the seaborn (v0.11.2)345

package and significance annotations were added using the statannotations package

(v0.4.4; https://github.com/trevismd/statannotations).

2.3 Protein expression, purification and analysis

2.3.1 Recombinant protein expression in E. coli

E. coli BL21(DE3) (NEB C2527) starter cultures were grown in LB liquid in a shaking

incubator (37 °C, 220 RPM) with 50 µgmL−1 kanamycin selection overnight. A second

culture was inoculated by diluting 40 µL of starter culture in 4mL of liquid LB media. At

0.6–0.8 OD600, cultures were moved to 18 °C for 5 minutes to acclimatise and IPTG was

added to a final concentration of 0.5mm and incubated overnight at 18 °C, 600 RPM. The

next morning, the cultures were centrifuged for 10 minutes at 3428 RCF and pellets were

stored at −70 °C.

2.3.2 Protein purification

Lysis wash buffer (10mm imidazole, 1mgmL−1 lysozyme, 1 × His-tag protease inhibitor

cocktail (Cepham 10475), 50mm NaH2PO4, 0.05% v/v TWEEN® 20 (Sigma P9416),

300mm NaCl and 10% v/v glycerol) was prepared and 1mL was added to defrosted cell

pellets. Pellets were resuspended and transferred to 1.5mL microcentrifuge tubes and

incubated for 30 minutes at 30 °C, 700 RPM. Tubes were snap frozen in liquid nitrogen

before incubation at 37 °C for 15 minutes. 10 µL benzyl mix (8.5mm MgCL2 and 0.0075 U

µL−1 Benzonase® Nuclease (Sigma E1014)) was added to the tubes to digest DNA. Tubes

were incubated for 2 minutes at 37 °C and centrifuged for 10 minutes at maximum speed

at 4 °C. 50 µL of supernatant was collected for analysis in separate tubes. The remaining

supernatant was transferred to new microcentrifuge tubes. INDIGO Ni-Agarose resin

beads (PureCube Biotech 75103) were gently resuspended, added to a new microcentrifuge

tube and kept on ice to settle. The bead solution (50 µL per sample) was diluted 6 ×

with equilibrium buffer (10mm imidazole, 50mm NaH2PO4) and mixed by inverting the

tubes. The beads were centrifuged for 2 minutes, 700 RCF at 4 °C and the supernatant

was removed. The beads were washed three times before being resuspended in equilibrium
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buffer (1:1 ratio of beads to equilibrium buffer). 50 µL of resin bead solution was added to

each lysate sample using cut pipette tips. Samples were incubated at 4 °C on a Sunflower

Mini-shaker (Grant-bio PS-3D) for 45 minutes before centrifugation for 2 minutes at

700 RCF at 4 °C. 50 µL of supernatant was stored for later analysis, and the remaining

supernatant was discarded. Samples were resuspended in 125 µL wash buffer (20mm

imidazole, 50mm NaH2PO4) and centrifuged for 2 minutes at 700 RCF at 4 °C. They

were washed 3 times before resuspension in 25 µL elution buffer (50mm NaH2PO4, 300mm

NaCl, 10% v/v glycerol and 500mm imidazole). Samples were stored on ice for 5 minutes

and tapped occasionally to mix. Samples were centrifuged for 2 minutes at 700 RCF at

4 °C. The supernatant elution was transferred to a new microcentrifuge tube and kept on

ice. A second elution was performed on beads in the same way and that supernatant was

mixed with the first elution. 5 µL of elution, 5 µL of lysate and 5 µL of flow-through were

analysed by gel electrophoresis. The remaining samples were frozen at −70 °C.

2.3.3 Protein quantification

Purified protein was quantified using the Nano-Glo® HiBiT Extracellular Detection System

(Promega N2420) on a CLARIOstar Plus plate reader. The purified protein eluate was

diluted 1000 × in 1 × passive lysis buffer (Promega E1941). To each well on a white

96-well plate (4titude 4ti-0273), 4 µL of diluted purified protein eluate was mixed with

36 µL of 1 × passive lysis buffer (Promega E1941), 10 µL Nano-Glo® HiBiT Extracellular

Buffer, 0.1 µL LgBiT protein and 0.2 µL Nano-Glo® HiBiT Extracellular Substrate. Seven

different concentrations (0.01mm, 0.1mm, 0.25mm, 0.5mm, 0.75mm, 1mm, 2mm) of

HiBiT protein standards and a passive lysis buffer ‘blank’ were included in separate wells

so that a standard curve could be calculated. The samples were measured after mixing on

the plate reader using a luminescence kinetic program (setting time 0.2 s, 1 kinetic window,

30 cycles, measurement interval time 0.8 s, cycle time 40 s, time to normalise 0, number of

multichromatics 1, emission no filter, well scan none, top optic). A timepoint was selected

after quantification had plateaued and did not increase any more. Protein concentrations

were quantified using the calibration curve.
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2.3.4 SDS-PAGE

For sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), 5 µL protein

sample was mixed with 5 µL sample buffer (2 × Laemmli sample buffer (Bio-Rad 1610737)

and 1.5 µL 2-Mercaptoethanol (Sigma M3148)) and incubated at 95 °C for 10 minutes on a

thermomixer (Eppendorf Thermomixer C) with no shaking. Samples were cooled to room

temperature for 5 minutes and loaded on Mini-PROTEAN TGX Stain-Free Precast Gels

(Bio-Rad 4568025) in 1 × Tris/glycine/sodium dodecyl sulphate (SDS) buffer (Bio-Rad

1610732). 5 µL protein ladder (Precision Plus Protein Dual Color 1610374) was loaded in

the first well. 10 µL of each sample was loaded into the other wells. The gel was run at

120V for 1 hr 15 mins.

For visualisation of bands, gels were incubated in a square, 120mm plate in 20mL Instant-

Blue® Coomassie Protein Stain (Abcam ISB1L) overnight with gentle shaking on a Labnet

MiniLabRoller. The stained gel was imaged with white light on a Bio-Rad imager.

2.3.5 Western blot

Protein was transferred to membranes using a Bio-Rad Trans-blot Turbo transfer system.

The Trans-blot Turbo pack (0.2 µm nitrocellulose) was opened, and the anode stack and

membrane were added to the Trans-blot Turbo transfer system. The gel was laid on

top followed by the top cathode stack. Transfer was obtained using the mixed molecular

weight program. The top cathode stack and gel were removed, and the blotting membrane

transferred to a square 120mm well plate with tris-buffered saline solution (TBST; 20mm

tris, 150mm NaCl, 0.1% v/v Tween® 20 detergent (Sigma P9416)). The Nano-Glo® HiBiT

Blotting System (Promega N2410) blotting buffer was prepared (1 × Nano-Glo® HiBiT

Blotting Reagent, 1 × LgBiT Protein). TBST was removed from the blotting membrane

after 10 minutes and the membrane was washed twice with distilled deionised water. The

membrane was submerged in Nano-Glo® Blotting buffer overnight at 4 °C. The Nano-Glo®

Luciferase Assay Substrate was diluted 500X into the LgBiT/buffer solution containing

the blotting membrane, mixed by rocking and incubated for 5 minutes. The blotting

membrane was imaged on a ChemiDoc™ MP using the chemiluminescence setting.
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2.4 Transcription factor relative binding affinity

A plate-based method was used that quantifies the relative affinity of TFs for candidate

binding sites (fig. 3.2). In this method, short dsDNA probes are bound to the plate. The

plates are incubated with low quantities of recombinant TFs with nine amino acid HiBiT

tags. After washing to remove unbound protein, the luciferase activity of the HiBiT tag

is reconstituted by adding the large subunit and luminescence is quantified and reported

relative to the background affinity for random dsDNA probes.

All probes were ~80 bp long and included a 48–50 bp central region including the TFBS

of interest, flanked by random sequence (5′ TAGCGAAGTACGATCCC and 3′ GGCCAT-

CACGCAGTA). Probes were made by obtaining complementary single stranded DNA

(ssDNA) oligos (IDT). Lyophilised DNA was resuspended in distilled deionised water, di-

luted 10X and annealed by heating to 94 °C for 2 minutes and gradually cooled. Probes

were diluted to 40 ng µL−1. Positive control probes were designed based on TFBS con-

sensus sequences from the DAP-seq O’Malley et al.181 database (release 1). Negative

control probes consisted of ~80 bp of random sequence with roughly equal ATGC ratios.

In each well of a 96-well black F-bottom medium binding microplate (Greiner Bio-One

655076), 200 ng of DNA probe was mixed with 50 µL Reacti-bind DNA coating buffer

(Thermo Scientific 17250). The plate was covered and incubated at room temperature

overnight in the dark with gentle shaking (PS-3D, Grant-Bio 144204). The next morn-

ing, DNA coating buffer was discarded, and wells were washed three times with 200 µL

phosphate-buffered saline (PBS) (137mm NaCl, 2.7mm KCl, 10mm NA2HPO4, 1.8mm

KH2PO4) per well. PBS was removed and 270 µL PBS containing 3% v/v BSA (Sigma

A4503) was added to each well. Plates were incubated at room temperature for 1 hour and

the PBS-BSA buffer was discarded. Wells were washed with 200 µL PBS. Protein buffer

was prepared containing 25mm pH 8 Tris-HCl, 100mm KCl, 2mm DTT, 1mm EDTA,

0.1mgµL−1 BSA, 0.5 µg µL−1 Poly(deoxyinosinic-deoxycytidylic), 5% v/v glycerol and

0.05% v/v IGEPAL® CA-630. 25–100 fmol of protein sample (5 µL) was mixed with 45 µL

protein buffer in each well. Protein samples and buffer were excluded from some wells on

the plate for use as calibrator wells to quantify DNA concentration. The plate was incub-

ated for 3 hours with gentle shaking at room temperature. Protein buffer was discarded,
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and wells were washed 3 times with 200 µL of transcription factor relative binding affinity

measurement (TRAM) wash buffer (25mm pH 8 Tris-HCl, 100mm KCl, 10% v/v glycerol,

0.05% v/v IGEPAL® CA-630). Wash buffer was discarded, making sure to remove all

bubbles. 50 µL of Nano-Glo® HiBiT Extracellular lysis mix (40 µL of 1 × passive lysis

buffer (Promega E1941), 10 µL Nano-Glo® HiBiT Extracellular Buffer, 0.1 µL LgBiT pro-

tein and 0.2 µL Nano-Glo® HiBiT Extracellular Substrate) was added to each well and the

plate was incubated for 10 minutes in the dark at room temperature. Luminescence was

quantified in a plate reader (top optic, 0.2 s setting time, 10 s measurement interval time,

no filter, no well scan, number of multichromatics 1, time to normalise 0 s, shaking time

10 s). Auto focus with fixed gain of 3600 was used. DNA concentration was measured by

adding 1 × Quant-iT™ PicoGreen™ dsDNA reagent (Invitrogen P7581) to the DNA-only

wells. After incubation at room temperature for 2 mins in the dark, the fluorescence was

quantified using the PicoGreen™ endpoint program (number of multichromatics 1, top

optic, setting time 0.2 s, no. of flashes 40, PicoGreen™ excitation 483-15, auto 502.8,

emission 530-30, shaking time 10 s). Autofocus was used with a fixed gain of 1200. The

HiBiT luminescence reading was normalised to the DNA concentration for each respective

DNA probe.

2.5 Expression analysis

2.5.1 Ratiometric quantification of luciferase expression

To account for differences in transfection efficiency within and between experiments, a

ratiometric system was used in which LucN luminescence of the test promoter (pTest) is

normalised to a co-transfected experimental calibrator (pCaMV35s or pAtuNOS-LucF),

followed by a batch calibrator (pAtuNOS-LucN/pCaMV35s-LucF) (fig. 2.4). Normalised

luminescence is calculated as follows:

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 (𝑎.𝑢.) =
𝑇𝑒𝑠𝑡𝐿𝑢𝑐𝑁/𝐸𝐶𝐿𝑢𝑐𝐹
𝑁𝑂𝑆𝐿𝑢𝑐𝑁/35𝑠𝐿𝑢𝑐𝐹

where EC is the experimental calibrator and 𝑁𝑂𝑆𝐿𝑢𝑐𝑁/35𝑠𝐿𝑢𝑐𝐹 is the batch calibrator

(BC).

After protoplast transfection with plasmids of interest and calibrator (see section 2.2.7),
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luciferase activity was measured using the Promega NanoGlo® Dual-Luciferase® Reporter

Assay System (Promega E1910) according to the manufacturer’s instructions. During

protoplast transfection, 1000 fmol of plasmids containing test promoters controlling LucN

with a C-terminal 3×FLAG® epitope tag (pICSL50007) and the AtuNOS terminator

(pICH41421) were added. For positive control wells, pAtuNOS-LucN (pEPSW1KN0035)

or pCaMV35s-LucN (pEPSW1KN0070) were used, all with the C-terminal 3×FLAG®

epitope tag and AtuNOS terminator. For TF-promoter co-expression assays, a total

concentration of 1000 fmol of pCaMV35s-ΩTMV -TF-CaMV35st was used. When testing

combinations of different TFs, plasmids were added at equimolar ratios totalling 1000 fmol.

All samples were run in triplicate. 18 hours after protoplast transfection, protoplasts were

removed from the illuminated incubator and centrifuged for 2 minutes at 200 RCF. A

lysis buffer–protease inhibitor mix was made, containing 1 × passive lysis buffer (Promega

E1941) and 1 × protease inhibitor cocktail (Sigma P9599). Supernatant was removed,

and 30 µL of lysis buffer protease inhibitor mix was added to each well, pipetting up and

down to mix. The plate was put on ice for 15 minutes and centrifuged at 3428 RCF for 10

minutes at 4 °C.

35s:TMV 35sTest TF

35s:TMV 35sYFP

35s:TMV
NOS:TMV

35s
OCS

LucF
or or

35s:TMV
NOS:TMV

35s
OCS

LucF
or or

35s:TMV 35s
LucF

pTest NOS
LucN

pTest NOS
LucN

Test promoter
Experiment
calibrator (EC)

Batch calibrator (BC)

Coexpressed protein

+TF

- TF

NOS:TMV NOS
LucN

Figure 2.4: Protoplast co-expression ratiometric luciferase assay. To assess
changes in luminescence resulting from the expression of each promoter tested (pTest)
in response to the expression of a given transcription factor (TF), luminescence values
relative to an experiment calibrator were compared from samples with and without plasmids
expressing each TF. To maintain equal transcriptional loads, in the absence of the TF,
a control plasmid expressing YFP from the same promoter was included. The relative
value for pTEST was normalised to a batch calibrator to account for variation between
protoplast batches providing a normalised value in arbitrary units (a.u.).

30 µL of lysed plant cells were added to each well on a 4titude (4ti-0273; now Azenta Life
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Sciences) 96-well white polystyrene microplate solid bottom plate reader plate, with 3

technical replicates. The NanoGlo® Dual-Luciferase® Reporter Assay System (Promega

N1610) was used. 30 µL of ONE-Glo™ EX Reagent was added to each well on the white

plate, and the solution was mixed by pipetting three times.

Luminescence was measured using a CLARIOstar Plus plate reader. Focus was adjusted

automatically, and each well was measured for ten seconds at 3600 gain, settling time one

second. This measured firefly luciferase luminescence. NanoDLR™ Stop & Glo® Reagent

was prepared by diluting the substrate 100X in the buffer, and 30 µL was added to each

well. The plate was incubated in the dark at room temperature for five minutes, and

the plate was read in the same way as before. This measured the NanoLuc® luciferase

luminescence.

2.5.2 Quantification of transgene luciferase expression

Root tissue from 6–10 pooled plants per replicate was harvested in 1.5mL microcentrifuge

tubes and frozen immediately in liquid nitrogen. Frozen root tissue was homogenised

using tungsten–carbide beads (3mm, QIAGEN Ltd) and a TissueLyser II (QIAGEN) at

frequency 20Hz for 30 seconds. A lysis buffer–protease inhibitor mix was made, containing

1 × passive lysis buffer (Promega E1941) and 1 × protease inhibitor cocktail (Sigma P9599).

150 µL of 1 × lysis buffer was added to each sample, mixed and kept on ice. Tubes were

centrifuged at 14000 RCF for 15 minutes at 4 °C and the supernatant was transferred to

new microcentrifuge tubes. 30 µL of sample was added to wells in triplicate on a 96-well

plate. The plate was incubated in the dark at room temperature for five minutes and

LucN luminescence was measured as above (section 2.5.1).

Protein was quantified using Pierce™ 660 nm Protein Assay Reagent (Thermo Scientific™

22660) in 96-well F-bottom clear microplates (Greiner Bio-One 655101). 10 µL sample

was mixed with 150 µL reagent, incubated for 5 minutes in the dark, and absorbance was

quantified on a plate reader with 660 nm wavelength, with 2000 gain.

LucN luminescence activity was normalised to protein absorbance at 660 nm.
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2.5.3 Root RNA extraction

Roots from 12-day old plants were harvested at ~10:00 in the morning in 2mL Eppendorf

DNA LoBind® microcentrifuge tubes, two 3mm tungsten–carbide beads were added, and

samples were immediately frozen in liquid nitrogen. Three pooled root samples were taken

(three biological replicates) from each square culture plate (Greiner Bio-One 688161). A

blade and forceps were used to remove the roots from the plants. A new blade was used

for each plate, and forceps were washed in 70% v/v ethanol and 1:2 sodium hypochlorite

(Honeywell Fluka 71696) solution followed by Blitz ribonuclease (RNase) Surface Decon-

taminant Removal Spray (Severn Biotech Ltd.) after each sample was collected. Frozen

tissue was ground on a TissueLyser II (QIAGEN) at 20Hz for 30 seconds until it was

turned to powder. Samples were stored at −70 °C until RNA extraction.

RNA was extracted using the Spectrum Plant Total RNA Kit (Sigma STRN250) manufac-

turer’s protocol A. A DNase I digestion was performed after the RNA binding step using

the RNase-Free DNase Set (QIAGEN 79254) to remove the DNA from the samples. 10 µL

of DNase I and 70 µL of DNase digestion buffer were added to each column followed by

a 15-minute incubation at room temperature. The columns were washed using 500 µL of

wash solution 1. RNA was quantified on a NanoDrop One spectrophotometer (Thermo

Scientific).

2.5.4 cDNA preparation

Complementary DNA (cDNA) was prepared by mixing ~300 ng µL−1 of RNA with 0.5 µg of

Oligo(dT)12-18 Primer (Invitrogen 18418012) and 0.83mm each dNTP (Thermo Scientific

R0181) in a 12 µL reaction volume. The reaction was incubated at 65 °C for 5 minutes

and quickly chilled on ice. 1.05 × First Strand Buffer (Invitrogen 28025013), 10.5mm

DTT (Invitrogen 28025013) and 40 U RNaseOUT™ Recombinant Ribonuclease Inhibitor

(Invitrogen 10777019) were added, making a total volume of 19 µL. The reaction mixture

was incubated at 37 °C for 2 minutes. 200 U M-MLV Reverse Transcriptase (Invitrogen

28025013) was added. The reaction was incubated at 37 °C for 50 minutes followed by

inactivation at 70 °C for 15 minutes. cDNA was diluted 10X with half Tris-EDTA (TE)

buffer (5mm tris(hydroxymethyl)aminomethane (Tris), 0.5mm EDTA, pH 8) and stored

at −20 °C.

87



2.5.5 Quantitative real–time PCR

Primers that annealed to ARF9, ARF18, DREB26, NLP7, NIR1 and elongation factor

1 alpha (EF1𝛼) genes were obtained from Dr. Tufan Oz, Earlham Institute (see File

S2). QRT-PCR was performed using a QuantStudio™ 6 Pro Real-Time PCR System

(Applied Biosystems A43182) using 384-well plates. Amplifications were performed in 10 µL

reactions containing 1 × SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma S4438),

0.2 µm each primer and 6 ng cDNA template. No template and no reverse-transcriptase

controls (pooled RNA from all samples) were included in each run. Analysis was done for

three biological replicates and two or three technical replicates. A QuantStudio™ 6 Pro

384-well standard, relative quantification with melt program (comparative Ct with melt)

was used with the following parameters: 94 °C for 2 minutes then 40 cycles of 94 °C for 15

seconds, 94 °C for 1 minute. A melt curve was performed at the end of the run to confirm

the specificity of the amplification.

For analysis, a normalized reporter value (ΔRn) value of 19310 was used in ThermoFisher

Design and analysis software. A .csv file was exported containing the raw data. A custom

Jupyter Notebook337 containing Python code (https://github.com/samwitham/Promo

terArchitecture/blob/master/src/CRISPR_library/qPCR_06.09.22.ipynb) was

used to calculate the relative expression of each gene in each sample. The .csv files

were read in as pandas (v1.1.5)340 DataFrames, samples which did not amplify were

filtered out, and samples with a quantification cycle (Cq) of >40 were filtered out. Outliers

were removed as in Maussion et al.346 by calculating Cq standard deviation (SD) of the

technical replicates of a given sample and removing the replicate furthest from the sample

mean when the SD was greater than a cut-off of 0.3. If the Cq SD was higher than

0.3 but the absolute (mean-median)/median was less than 0.1, the replicates were not

removed. This was useful in cases where there was no clear outlier. A tab-separated

values (TSV) file was saved containing marked outliers. For expression analysis, data

were normalised using the ΔΔCq method, first to the EF1𝛼 housekeeping gene Cq mean

(ΔCq). For analysis of plants grown in different nitrate concentrations, expression relative

to samples grown on 1mm KNO3 Cq mean (ΔΔCq) was also calculated. Additionally,

samples for each gene were normalised to the 1mm KNO3 Col-0 biological replicate Cq

mean for that gene. The inverse log transformation was calculated. Normality of data
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was calculated using the Shapiro–Wilk normality test347, and Levene’s test was used

to test for homogeneity of variance. When variances were equal, independent t-tests

were used for significance testing348. When variances were not equal, Welch’s t-tests

were used349. Barplots were generated using the seaborn (v0.11.2)345 package and

significance annotations were added using the statannotations package (v0.4.4;

https://github.com/trevismd/statannotations).

2.6 CRISPR library

2.6.1 Design and assembly of constructs for a targeted CRISPR library

The cis-regulatory regions of four TF genes, ARF9 (AT4G23980), ARF18 (AT3G61830),

DREB26 (AT1G21910) and NLP7 (AT4G24020), were analysed to identify PAM sites

recognised by SpCas9 in regions of open chromatin. To identify open chromatin, ATAC-

seq data350 (see section 2.7.7 Open chromatin coverage) were superimposed over the

non-coding regions upstream of the ATG start codon of each gene. A region of ~600–1000

bp falling within open chromatin was identified and SpCas9 NGG PAM sites were identified

using CRISPOR351 (the Arabidopsis information resource (TAIR) 10156 genome assembly,

Ensembl Plants352 version 76). Using a custom Jupyter Notebook337 using Python353 code

(available on GitHub: https://github.com/samwitham/PromoterArchitecture/blob

/master/src/CRISPR_library/Choose_guides.ipynb), protospacer sequences with on-

target efficiency354 of <40% were filtered out and 30 protospacers per gene were selected.

Protospacers were organised into pairs roughly 90–110 bp apart, with each protospacer

being allocated to at least one pair. Virtual cloning of protospacers to the scaffold first used

by Chen and co-workers331 were created using PyDNA (v3.0.2355) and DNA Cauldron

(v2.0.1; https://github.com/Edinburgh-Genome-Foundry/DnaCauldron). From

this assembly plan, 122 guide scaffolds were produced by PCR amplification of a sgRNA

template (pSLQ1661-sgMUC4-E3; Addgene #51025331) using primers to introduce the

spacer sequence. These amplicons were used to produce 122 sgRNA expression cassettes by

co-assembly with the AtU6-26 promoter (picsl90002, Addgene #68261332). Finally, these

were used to assemble 96 constructs for plant transformation, each containing a kanamycin

resistance cassette (pEPSW1KN0114; pAtuNOS-ΩTMV -neomycin phosphotransferase II

(NPTII)-Agrobacterium tumefaciens octopine synthase (OCS)t), a Cas9 expression cassette
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(pEPSW1KN0333; YAO AT4G05410 promoter, Cas9 with potato intron IV2 as described

in Castel et al.327) and a pair of sgRNA expression cassettes.

2.6.2 Growth and selection of a population of edited plants

100 Col-0 plants were transformed with the CRISPR library plasmids. T1 seeds were

collected and ~3000 were sown on 0.8% w/v LB 3% w/v sucrose agar containing Murashige

and Skoog (MS) nutrients with 100 µgmL−1 kanamycin selection. At the same time, wild

type Col-0 seeds were sown to provide seeds of equivalent generations, grown in the same

conditions as controls. After 2–3 weeks, 200 T1 transgenic seedlings were transferred to

soil and leaf samples were frozen on dry ice and stored at −70 °C. 50 T1 parental lines

were selected randomly and 10 T2 seeds from each of these 50 lines were sown on 0.8%

LB 3% sucrose agar containing MS nutrients with no selection. Leaf samples were frozen

in Phire buffer (Thermo Scientific F160) on dry ice and stored at −70 °C. Plants were

transplanted to soil and grown in a controlled environment room at 22 °C with long day

cycles (18-hour days, 6-hour nights) and T3 seeds collected.

2.6.3 Polymerase chain reaction for amplicon genotyping

Samples were forcefully crushed with a pipette tip. After a 3-minute incubation at room

temperature, samples were centrifuged at 3428 RCF for 30 s. The supernatant was trans-

ferred to a well in a new plate and diluted 5 × in distilled deionised water and used as

a template in a 20 µL PCR reaction containing 0.25–0.5 µL Phire extract, 0.5 µm each

primer, 1 × Phire master mix and, if necessary, 3% v/v DMSO. The following cycles and

conditions were used: 98 °C 5 minutes, then 40 cycles of 98 °C 5 s, 55–63 °C 5 s and 72 °C

20 s kb−1.

2.6.4 Generation of amplicon sequencing library

Leaf samples were taken from T2 CRISPR plants, were extracted in Phire buffer (Thermo

Scientific F160) and PCRs were performed as above section 2.6.3 using primers specific

to the promoter target of interest (ARF9, ARF18, DREB26 or NLP7 ). The forward

primer added a 5′‘TCCTCTGTCACGGAAGCG’ sequence, and the reverse primer added

a 3′‘TTTAGCCTCC-CCACCGAC’ sequence to each amplicon. These sequences were

specific to a second set of primers used in a final PCR reaction. PCR products were
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checked by agarose gel electrophoresis (see section 2.1.10) to make sure no unwanted

amplicon sizes were present. When yield was low, a nested PCR was performed using

the first PCR reaction with Q5 polymerase as a template with primers internal to the

first primer pair. This improved the specificity of the reaction. 96 unique forward and 96

unique reverse barcodes were designed using this webpage: https://www.bioinformati

cs.org/sms2/random_dna.html. This allowed for a unique pair for each well of a 96-well

plate. A final PCR reaction with Q5 polymerase using primers specific to the flanking

sequences on the product from the first or nested PCR reactions was performed. This

final PCR added the unique forward and reverse 8 bp DNA barcodes to the amplicons,

allowing them to be pooled for multiplex amplicon sequencing. 6 amplicon libraries were

generated by pooling 200 fmol of each sample. Each library contained 384 pooled samples

apart from library 6 which contained 104 samples. Each barcode pair was multiplexed

four times in each library, one time for each target amplicon. For example, well A1 in

each of the four 96-well plates in a library contained the same unique forward and reverse

barcodes surrounding an amplicon from ARF9, ARF18, DREB26 or NLP7. 120 µL of each

library was purified using 90 µL of AMpure XP magnetic beads (Beckman A63880) (0.75 ×

ratio beads to DNA) in 1.5mL microcentrifuge tubes. Sample–bead mixture was mixed

and incubated for 5 minutes. Beads were pulled down using a magnet for 2 minutes to

separate the beads from the solution. The cleared solution was discarded. 200 µL of 70%

v/v ethanol was added and samples were incubated for 30 seconds at room temperature.

Beads were pulled down using the magnet and ethanol was discarded. The ethanol step

was repeated. Samples were dried at room temperature for 3 minutes. 80 µL of pH 8 10mm

tris-HCl was mixed with the beads followed by a 5-minute incubation at room temperature.

Beads were pulled down using the magnet and the supernatant was transferred to a new

tube. Sample concentrations were quantified using a NanoDrop One spectrophotometer

(Thermo Scientific). 1 µg of DNA per library with minimum concentration of 20 ng µL−1

was provided for PacBio Sequel II single molecule real time (SMRT) sequencing (8M, v2,

15-hour movie) (Genomics Pipelines, Earlham Institute).

2.6.5 Demultiplexing of samples

4049544 raw reads of mean length 39721 bp were obtained. Genomics Core Bioinformatics

Group (Earlham Institute) performed circular consensus sequencing (CCS) analysis using
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the PacBio SMRT Link (10.2.0.133434) pipeline. This resulted in 2313978 high fidelity

(HiFi) reads with yield of 2907046832 bp with median read quality of Q44. During CCS

base-calling, a phred-like algorithm assigns a quality score, Q, to each base in the read,

and the quality score is used to determine whether a base is accurate or not, defined by

the following equation356:

𝑄 = −10 log10 𝑃

where 𝑃 is the probability of the base being incorrect. A quality score of 20 (Q20) indicates

an error rate of 1 in 100, while a score of Q30 means an error rate of 1 in 1000, with a read

accuracy of 99.9%. The PacBio barcodes were demultiplexed using the CCS demultiplex

barcode application. A .fasta file was generated containing the HiFi reads from each

library. The .fasta file was aligned against the four reference genes (promoter and 5′

UTR region) to demultiplex by gene. This was done using exonerate (v2.2.0)357 with

the affine:local model with an 80% maximal query score. This generated an output file

containing a list of reads assigned to a single gene once, and a file containing a list of reads

assigned to multiple genes. Reads assigned to single genes were demultiplexed using the

96 forward and reverse barcodes using Cutadapt (v3.2.0) with a reference file containing a

list of adaptor/barcode pairs (the common adaptor sequence from the first amplicon PCR

along with the second unique 8 bp barcodes)358. Error rate was set to 0, and a minimum

overlap of 24 bp was used in the forward direction, and a minimum overlap of 25 bp was

used in the reverse direction, allowing 1 or 2 bp of the 8 bp barcode to be missing. Neither

barcode was anchored since some reads were missing part of the barcode. The adaptor

sequence and barcodes were removed (--action trim), no insertions or deletions were

allowed (--no-indels) and both the read and its reverse complement were checked for

adaptor matches (--revcomp). After demultiplexing by gene and barcode, there was a

.fasta file for each amplicon (ARF9, ARF18, DREB26 and NLP7 ) from each plant line

(500 plants lines). Dr. David Swarbreck (Earlham Institute) performed the demultiplexing

of samples.
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2.6.6 Variant calling

The .fasta files (after demultiplexing) were converted to .fastq files using a custom Jupy-

ter Notebook337 using Python code (https://github.com/samwitham/PromoterArchite

cture/blob/master/src/CRISPR_library/fasta2fastq.ipynb) involving SeqIO from

Biopython (v1.79)359. A fixed quality score of 40 was used. CRISPRessoBatch from

CRISPResso2 (v2.2.7)360 was run on the .fastq files for each amplicon using manually

created .batch files containing lists of .fastq files for each amplicon. Several ampl-

icon sequences of different lengths were provided for each gene since slightly different

initial primers were used depending on the plant line due to troublesome samples. The

--skip_failed flag and a window size of 7 (--quantification_window_size 7) was

used. Guide names and sequences were provided with the --guide_seq and --guide_-

name flags. The --suppress_plots and --write_detailed_allele_table flags were

used. CRISPRessoAggregate was performed to aggregate the runs.

2.6.7 Mutation analysis

A reference .fasta file (genes_longest_region.fasta) was created containing the longest

amplicon region for each gene. Using an Arabidopsis genome (TAIR 10) .fasta file as the

index, bowtie2 (v2.4.5) was run with the genes_longest_region.fasta input .fasta file,

to generate a sequence alignment map (SAM) file (genes_longest_region.sam)361.

The .sam file was converted to a browser extensible data (BED) file using BEDTools

bamToBed (v2.30.0)362. A custom Python script was run to process the CRISPResso2

post-analysis (https://github.com/samwitham/PromoterArchitecture/blob/maste

r/src/CRISPR_library/pacbio_analyse_variantcall.py). This script identified the

promoter genomic positions along with the TSS using the genes_longest_region.bed file

and a promoter .bed file containing all promoters in the Arabidopsis genome. The alleles

frequency text files from the CRISPResso2 output along with a .fasta file containing the

promoter regions of interest were used to check each CRISPR protospacer location for

mutations. For each amplicon from each plant line, the CRISPResso2 output directory was

scanned for the alleles frequency text file. The 40 bp aligned sequence at a CRISPR pro-

tospacer site was compared to the reference sequence to determine if the site was mutated.

If a difference was found between the sequences, all insertions, deletions, and substitutions

93

https://github.com/samwitham/PromoterArchitecture/blob/master/src/CRISPR_library/fasta2fastq.ipynb
https://github.com/samwitham/PromoterArchitecture/blob/master/src/CRISPR_library/fasta2fastq.ipynb
https://github.com/samwitham/PromoterArchitecture/blob/master/src/CRISPR_library/pacbio_analyse_variantcall.py
https://github.com/samwitham/PromoterArchitecture/blob/master/src/CRISPR_library/pacbio_analyse_variantcall.py


were recorded along with the relative mutation positions in the 40 bp protospacer window.

The CRISPR dsDNA cut site relative locations in the whole promoter and whole genome

were recorded. The distance from a mutation to the cut site was recorded, along with

the distance of the mutation to the Araport 11 TSS363. Read number and percentage of

total reads were recorded. A plant identity table (plant_IDs.tsv) was provided to label

plant lines based on their primer pairs, library number and gene target. Some protospacer

locations were in multiple allele frequency tables due to other nearby protospacer sites.

These duplicates values were merged. Duplicates within a single allele frequency table

were also merged, taking the sum of the read numbers and read percentages for duplicates.

An output .tsv file was created containing the information described above.

Since the output file was large, it was split into smaller files for further analysis. The

headers from the .tsv file were removed using the tail bash GNU coreutils (v8.32)

command followed by the split command which split the .tsv file into separate files, each

100 lines long.

A custom Python script (https://github.com/samwitham/PromoterArchitecture/bl

ob/master/src/CRISPR_library/pacbio_analyse_overlapping_TFBSs_part_1.py)

which added TFBSs overlapping the mutations was run on each 100-line file. A mapped

motifs .bed file was provided containing TFBS motifs in all Arabidopsis promoters and

5′UTRs scanned using FIMO364 (v5.1.1) (see section 2.7.2). Mutation genomic positions

were extracted from the .tsv files, and pybedtools (v0.9.0) intersect was used to find

out which TFBSs overlapped mutations. Unique overlapping TFBS families and TFBS

AGI (Arabidopsis Genome Initiative) codes were recorded and saved to a .part file.

The output .part files were concatenated together into one .tsv file using the cat bash

command. All .split and .part files were removed.

Another custom Python script (https://github.com/samwitham/PromoterArchite

cture/blob/master/src/CRISPR_library/pacbio_analyse_overlapping_TFBSs_pa

rt_2.py) was run on the output .tsv file for each target gene. This script genotyped

the plant lines based on the mutations present. Mutations were classed as homozygous

if 70% of the reads or more showed only one mutation at a locus. Mutations accounting

for 10% or less of the reads were ignored. Mutations accounting for between 10 and 70%

of reads were classified as heterozygous. If there were two different mutations at a locus
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and there were no wild type reads, the locus was classified as biallelic. If the number of

different mutations at a specific locus was more than 2 then the plant line was classified as

chimeric. For each gene, an output .tsv file (‘_TFBSoverlapping_genotyped.tsv’ suffix)

was created containing the genotyped plant lines and their mutations. The identity of

the guide pairs on a single CRISPR plasmid was compared to the mutated guide sites in

each plant line to determine if the mutations were a result of a single CRISPR plasmid

or multiple different CRISPR plasmids. The number of different Agrobacterium strains

delivered into each plant line was estimated. Another output .tsv (‘_TFBSoverlapping_-

genotyped_only_mutated.tsv’ suffix) was created containing only plant lines which were

not wild type.

A custom Python script (https://github.com/samwitham/PromoterArchitectur

e/blob/master/src/CRISPR_library/pacbio_analyse_flattened_mutation

s.py) was run to combine adjacent mutations and determine their length. As some

mutations at the same locus were represented more than once in ‘_TFBSoverlapping_-

genotyped.tsv’ files, duplicate mutations in each plant line were removed. An output .tsv

file (‘_TFBSoverlapping_genotyped_only_mutated_flattened.tsv’ suffix) was created

for each gene target containing a single row per plant line with a list of mutations, their

genomic positions, their genotypes and which, if any, TFBSs overlapped them. ARF18

guide 14 locus was filtered out due to the region being very repetitive leading to false

chimeric assignment.

2.7 Cis-regulatory module analysis

All data analyses and plotting were done using Python 3.7.8353. The Shapiro–Wilk nor-

mality test347 and Levene’s homogeneity of variance348 were used to test assumptions for

parametric tests. For non-parametric analyses, the Kruskal–Wallis H test365 was used to

test for differences between promoter categories using the scikit-posthocs package

(v0.6.4)366. If necessary, Dunn’s post hoc tests367 were used with Bonferroni adjustment

for multiple comparisons using pingouin.kruskal (v0.3.7)342. All plots were created

using seaborn (v0.10.1)345.

Significance annotations were added to plots using statannot (v0.2.3; https://gith

ub.com/webermarcolivier/statannot).
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2.7.1 Extraction of cis-regulatory modules

Promoters were extracted from the Arabidopsis TAIR 10156 genome assembly and Ensembl

Plants352 annotation (.gff3 release 47 date 08/03/2020) using a custom Python script

(extract_promoter.py, available at https://github.com/samwitham/PromoterArchi

tecture). Only promoters from genes on Arabidopsis chromosomes 1–5 were extracted.

Using the same Python script, promoters were extracted from protein coding genes that

did not overlap other protein coding genes using pybedtools (v0.8.1)368. Promoters

were extracted 1000 bp upstream of the longest annotated transcript TSS or until the

nearest annotated protein coding gene, and 5′ UTRs were included downstream of the TSS

up until the closest annotated CDS ATG start codon. Genes where the whole promoter

overlapped a protein coding gene, leaving only part of the 5′ UTR non-overlapping, were

flagged and filtered out. In chapter 3, a 2000 bp upstream region was used instead of 1000

bp to extract promoters.

2.7.2 Transcription factor binding site identification

The resulting promoter annotations were transformed to .bed format using BEDOPS

(v2.4.39) gff2bed369, and BEDTools (v2.29.2) getfasta362 was used to extract promoter

sequences from the reference genome. Promoters were scanned for DAP-seq TFBS motifs181

using FIMO364 (v5.1.1) with a zero-order background model created using fasta-get-

markov370. A p-value threshold of ~10−4 and max stored sequences ~5000000 was used,

and the output was filtered using a Benjamini and Hochberg371 q-value threshold of 0.05.

Arabidopsis gene IDs for promoters and the TFs binding them were recovered for further

analysis.

2.7.3 Gene selection

To investigate the stability of gene expression, Czechowski et al.372 analysed microarray

data from A. thaliana Col-0 across 79 different tissues, organs, and developmental stages.

These data enable genes to be ranked according to stability of expression across tissues using

CV values. The Tau tissue-specificity373 was calculated for each gene in the Czechowski

et al.372 dataset and the 100 or 300 most tissue-specific and 100 or 300 most non-specific
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genes were selected. The Tau (𝜏) index is defined as373,374:

𝜏 =
∑𝑛

𝑖=1 ( 1 − 𝑥𝑖 )
𝑛 − 1 ; 𝑥𝑖 =

𝑥𝑖
𝑚𝑎𝑥

1≤𝑖≤𝑛
( 𝑥𝑖 ) .

where 𝑛 is the number of tissues, and 𝑥𝑖 is the expression level of the gene in tissue 𝑖,

normalized by the maximal value.

Only genes which had at least one TFBS found in their promoters using FIMO (see

section 2.7.2) were ranked according to CV and Tau.

Recreating the methodology used by Czechowski et al.372, only genes expressed in 80% of

conditions and developmental stages based on mas5 calls were included when calculating

CV. This step filtered out 10764 genes leaving 12046 genes. CV was used to select the 100

or 300 most constitutively expressed genes from raw expression data generated in their

study. Alongside this, the 100 or 300 most variably expressed genes were selected. 100 or

300 control genes were randomly selected from the central distribution of the expression

CV ranked genes using the Tau ranking. This ensured that the selected genes were present

in both CV and Tau datasets. To ensure even sampling across the distribution of CV/Tau

values, 10 or 30 genes were selected randomly from each of 10 bins covering the range of

Tau values between the non-specific and tissue-specific gene sets.

2.7.4 Sliding window creation

Promoters were split into 100 bp sliding windows with a 50 bp step size using a custom

Python script (rolling_window.py, available at https://github.com/samwitham/P

romoterArchitecture). Windows with fewer than 100 promoters extending to that

location were removed. For each sliding window plot, the median percentage GC content,

TFBS coverage, open chromatin coverage or TF diversity was calculated. 95% confidence

intervals were estimated using 10000 bootstrap iterations using seaborn (v0.10.1).

2.7.5 GC content

Percentage GC content of promoters and each promoter window was determined using

Python (https://github.com/samwitham/PromoterArchitecture/blob/master/src/

data_sorting/promoter_GC_content.py) to test the hypothesis that constitutive genes

have a higher GC content than variable genes and the hypothesis that non-specific genes
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have a higher GC content than tissue-specific genes.

2.7.6 Transcription factor binding site coverage

To test the hypotheses that the CRMs of variable genes will have a lower percentage of

base pairs covered by at least one TFBS than CRMs of constitutive genes, and that tissue-

specific CRMs will have a lower percentage of base pairs covered than non-specific CRMs,

the BEDTools (v2.29.2) coverage tool was utilised362. The number of base pairs covered

by at least one motif in a given sequence was calculated using the BEDTools coverage

tool.

2.7.7 Open chromatin coverage

Negative control (treated with 5 µm NaOH) ATAC-seq data were downloaded from Potter et

al.350 for root and shoot tissues. Individual .bed files for each replicate were concatenated

and BEDTools (v2.29.2) merge362 was used to combine overlapping peaks. An intersection

for root and shoot open chromatin was created using BEDTools intersect362. To test the

hypothesis that the CRMs of variable genes will have a lower proportion of open chromatin

than constitutive CRMs, and that non-specific CRMs will have a lower proportion of open

chromatin than tissue-specific CRMs, BedTools coverage tool362 was used. The number of

base pairs covered by root, shoot or the root-shoot intersect open chromatin was calculated

using BedTools coverage.

2.7.8 TF diversity

The unique TF count for each promoter and promoter window was calculated. This meant

that if TFBSs for a TF were found several times within a promoter, that TF was only coun-

ted once. TFs were only classed as present in a promoter window if the centre of the TFBS

was inside the window. To test the hypothesis that constitutive CRMs will have a more

diverse TFBS profile than variable CRMs, and that non-specific CRMs will have a more

diverse TFBS profile than tissue-specific CRMs, the Shannon diversity was calculated. The

mapped motif annotations were analysed using the skbio.diversity.alpha.shan-

non Python module (v0.5.6; https://github.com/biocore/scikit-bio) to calculate

the Shannon diversity of individual TFs and also TF families binding each promoter or

promoter window. The Shannon diversity, unique TFBS counts and raw TFBS counts were
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analysed comparing constitutively expressed promoters to variably expressed promoters.

As documented in TF_diversity_plots_wholeprom.ipynb (available at https://github

.com/samwitham/PromoterArchitecture), a table was created containing each promoter

on a different row with each TF family in a different column. The numbers in each cell

represent the number of times TFs belonging to a particular TF family are predicted to bind

to a certain promoter. A principal component analysis was run where 95% of the variation

was contained within with 22 components. Hierarchical clustering was used (Python code

from http://www.nxn.se/valent/extract-cluster-elements-by-color-in-python)

to estimate the number of clusters, K, to be used in Kmeans clustering. The number of

clusters was predicted using the silhouette method375 and used as K in Kmeans clustering

using the sklearn.cluster.KMeans Python module (https://github.com/sci

kit-learn/scikit-learn/tree/master/sklearn/cluster).

2.7.9 TATA box enrichment

15 bp TATA box locations were downloaded from Eukaryotic Promoter Database (EPD)

(release: At_EPDnew_004)376 present between -50 to 0 relative to the EPD TSS. Genomic

Association Tester (GAT)377 (v1.3.6) was used to compare enrichment of TATA boxes in

constitutive and variable genes. This enabled testing of the hypotheses firstly that variable

genes are enriched for TATA boxes over constitutive genes, and secondly that tissue-

specific genes are enriched for TATA boxes over non-specific genes. The 15 bp TATA boxes

were used as segments of interest. Constitutive and variable promoter annotations were

separately tested for enrichment of TATA boxes compared to the background workspace

file containing all 200 promoters of interest from both categories. Non-specific and tissue-

specific promoter categories were tested in the same way.

2.7.10 GO-term analysis

A background gene set of all protein coding genes remaining after the filtering steps

mentioned in section 2.7.1 (Extraction of cis-regulatory modules) was used so that all

promoters contained at least one TFBS when scanned using FIMO364. Gene ontology

(GO) terms (go-basic.obo; 2020–08–11 release) were downloaded from the Gene Ontology

Consortium site (http://current.geneontology.org/products/pages/downloads.

html). GOATOOLS378 (v1.0.6) was used for GO enrichment analysis using Fisher’s
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exact test379 and Benjamini/Hochberg false discovery rate (FDR) correction371. The

clusterProfiler380 (v3.14.0) R381 package was used for Kyoto Encyclopedia of

Genes and Genomes (KEGG) gene set enrichment analysis382 with Benjamini/Hochberg

FDR correction371.

2.7.11 Visualisation of TFBSs in promoters

TFBSs for NLP6/7, DREB26 and TGA1 were identified using FIMO (v5.4.1) using TFBSs

from DAP-seq181 with a p-value cut-off of 10−4, with a zero-order background model

created using fasta-get-markov370. Root and shoot ATAC-seq data350 (see section 2.7.7

Open chromatin coverage) were used to annotate open chromatin regions. Bigwig files

from the NaOH treatment were downloaded from this webpage: https://www.ncbi.n

lm.nih.gov/geo/query/acc.cgi?acc=GSE116287. Genbank files containing the FIMO

scanned and manually annotated TFBSs and open chromatin regions were downloaded

from Benchling. A custom Jupyter Notebook337 using Python code (https://github.c

om/samwitham/PromoterArchitecture/blob/master/src/TRAMP/candidate_TFBSs_fo

r_manuscript_1000bp%20downstream.ipynb) was used to create figures. Genbank files

were read in as seqrecords using SeqIO from Biopython (v1.79)359, and the genes

were shortened to 1000 bp downstream of the ATG. A custom graphic record was generated

using a custom BiopythonTranslator class from the dna_features_viewer (v3.0.3)

package383. This specified feature colours, and which features to include in the figure.

Open chromatin regions were added above each promoter using the pygenometracks

(v3.0) package384. The matplotlib (v3.4.3) package was used to combine the promoter

and open chromatin tracks together and create a custom legend385. For figures showing

the location of CRISPR mutations in promoters (in chapter 4), mutants were aligned to

Col-0 using biotite.application.muscle Python module, and figures made using

the biotite.sequence.graphics module386 (see https://github.com/samwith

am/PromoterArchitecture/blob/master/src/CRISPR_library/mutations_above_pro

moter.ipynb).
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Chapter 3

Validation of a regulatory

subnetwork for nitrate-associated

metabolism and growth

3.1 Preface

My contribution to this chapter includes the identification of TFBSs within promoters/5′

UTRs. I designed DNA probes with Dr. Yaomin Cai and Dr. Tufan Oz for use in a plate-

based, in vitro assay for measuring protein-DNA binding affinity (TRAM). I expressed and

purified recombinant AtARF18 protein while Dr. Cai expressed and purified AtANAC032,

AtDREB26, AtNLP6, AtNLP7 and AtTGA1 for use in the TRAM assays. Dr. Yaomin

Cai performed the TRAM assays. I assembled all plasmids for protoplast co-expression

and performed and analysed all co-expression luciferase assays.

3.2 Introduction

Plants need to survive in variable environmental conditions without the ability to relocate.

To do this, they modulate their growth and metabolism in response to environmental

signals. These changes are often coordinated by GRNs comprised of sets of genes that

interact with each other. GRNs contain nodes representing genes, and edges that represent

the regulatory relationships between nodes. Knowledge of GRN topology can provide
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insights into network function as well as an understanding of the mechanisms that underlie

phenotypic robustness5. Such knowledge of GRNs allows the identification of strategies for

engineering network response4. GRN topologies can change depending on the time point

or developmental stage that a transcriptomic snapshot is taken following treatment with

a stimulus387. Network motifs such as feedforward and feedback loops can cause delayed

or increased activation or repression of target genes, contributing to network complexity

and dynamics388.

GRNs can be inferred from gene expression data including microarray or RNA-seq data

using the assumption that genes expressed at the same time might contribute to pheno-

types exhibited at or around the same time point. However, these correlation networks

cannot confirm regulatory interactions between TFs and their targets. To overcome these

limitations, connections in the network can be validated by obtaining data to support these

interactions. This can include evidence that TFs can bind to cognate sequences (TFBSs)

in the regulatory regions of target genes and/or evidence that TFs cause a change in the

expression levels of target genes.

TFBSs can be identified using genome-wide methods such as ChIP-seq (see section 1.5.6)

or DAP-seq (see section 1.5.9).

Other methods for the identification of TFBSs include systematic evolution of ligands by

exponential enrichment followed by sequencing (SELEX-seq) (see section 1.5.5) and PBM

(see section 1.5.8). TFBSs can be identified from the DNA which bound the TF of interest,

and PWMs can be derived389.

Once TFBSs are known for a given TF and PWMs have been derived, motif-finding software

can be used to predict candidate TFBSs in genomes using pattern matching364,390. Because

DNA-binding domains are often conserved between protein families it can be difficult to

determine which specific family members bind to a given site in a target gene389. Due to

the conservation of DNA-binding domains, candidate TFBSs can be identified in genomes

for which primary datasets have yet to be generated.

Other methods can be used to experimentally confirm interactions between TFs of interest

and fragments of DNA such as promoter regions. These include Y1H, where a TF fused

to an activator domain is introduced to a yeast strain along with a reporter construct
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containing a test promoter controlling a reporter gene216 (see section 1.5.1). Electrophoretic

mobility shift assay (EMSA) is a more limited technique that can test binary interactions

between TFs and candidate regulatory regions, and can also, with the use of mutated or

competitor probes, identify and characterise specific TFBSs391. Protein-DNA mixtures

are separated by gel electrophoresis, with protein-DNA complexes migrating more slowly

than the free DNA391.

However, evidence of TF-DNA interaction is not always informative of regulatory con-

sequences. The functional consequences of interactions between TFs and candidate target

genes can be inferred from transcriptomics data or, more reliably, they can be tested

using specific assays. One common approach is to constitutively or inducibly overexpress

a given TF and investigate if and how this affects the expression of candidate target genes.

Other assays developed for plants include the TARGET method in which protoplasts are

transfected with a TF::GR fusion that can be translocated to the nucleus by the applic-

ation of DEX220. Application of cycloheximide arrests further translation, allowing the

determination of direct regulation. TARGET data has recently been used to build a GRN

that is activated upon osmotic stress392 and was also used to build a GRN of the plant

response to nitrate318. On a smaller scale, reporter assays can be used in which promoters

are fused to a reporter gene such as luciferase and co-expressed with the TF of interest393.

However, such reporter assays are unable to distinguish whether changes in expression are

consequences of direct or indirect interactions.

Recently, several Arabidopsis nitrate response GRNs have been constructed using different

types of data. Varala et al.394 measured the changes in gene expression over time in

response to nitrate and ammonium, and used this data to build a GRN of the Arabidopsis

response to nitrate; Brooks et al.318 integrated data from TARGET using 33 nitrogen-

early response TFs into time-series transcriptome data from Varala et al.394; Alvarez et

al.395 integrated RNA-seq, RNA polymerase II occupancy and DNase I hypersensitive

sites sequencing (DNase-seq) to establish a hierarchical contribution of TFs to the nitrate

response. Interestingly, but perhaps expectedly given variations in growth and treatment

conditions, time points and methods, there are differences between GRNs constructed in

these different studies. Gaudinier et al.25 used a more targeted approach using Y1H to

identify TFs that interact with the promoter regions of genes for which there was existing
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evidence for involvement in nitrogen processes including transport, assimilation and sig-

nalling. This Y1H network for nitrogen-associated metabolism comprised 1660 interactions

between 431 genes, 345 TFs and 98 promoters. In this study, 21 TFs were hypothesised

to coordinate the responses of the wider network. These were further investigated by

analysis of mutant lines in which phenotypic changes to root architecture, shoot develop-

ment and transition from vegetative to reproductive growth under limiting (1mm KNO3)

and sufficient (10mm KNO3) nitrogen. These 21 TFs are therefore predicted to regulate

a wide spectrum of root and shoot developmental processes in response to changes in

N-availability. This combination of systems and genetic resources provided a promising

dataset for informing engineering strategies to manipulate plant growth in response to

nitrate. However, although the Y1H provides some support of regulatory interactions,

it cannot provide evidence on the TFBSs within the target gene, limiting the potential

to engineer regulatory sequences. Further, Y1H can generate false positive interactions

because of transcription initiation by endogenous yeast TFs217. In contrast, false negatives

may result from improper folding or localisation, or because binding of TFs to TFBSs

might require post-translational modifications that only occur in planta.

This chapter is focussed on validating and characterising interactions between a subnetwork

of TFs identified by Gaudinier et al.25. These TFs were predicted to cross-regulate each

other and, directly or indirectly, many downstream genes involved in nitrate metabolism

and growth. Interactions between ANAC032, ANR1, ARF9/18, DREB26, NLP6/7 and

TGA1 are investigated (fig. 3.1). An important feature of this subnetwork is that it con-

tains a putative feedforward loop through ARF18-DREB26-NLP7 and ARF18-ANAC032-

NLP725, and a key outcome of this chapter will be to characterise this. This network motif

is important as it could be a key target for disrupting the network.
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Figure 3.1: A subnetwork of TFs predicted to cross-regulate each other in
Arabidopsis in response to N. Black lines represent putative connections based on
RNA-seq and Y1H data25. A feedforward loop from ARF18 to NLP7 through DREB26
and ANAC032 is shown through red dotted lines.

3.3 Aims

The first aim is to identify and test binding sites in promoters of genes in a regulatory

subnetwork for nitrate-associated metabolism and growth. The second aim is to charac-

terise edges in this regulatory subnetwork by determining the regulatory consequences of

binding.

3.4 Experimental approach

Existing Y1H data predicted that each TF interacted with the promoter regions of their

targets but could not predict where in the promoter they bound to, or whether they

activated or repressed their targets. To identify TF binding locations in the promoters

and 5′ UTRs of each gene in the subnetwork, TFBSs were computationally predicted

using DAP-seq181 PWMs. To test the activity of these predictions, I worked with a

colleague, Dr. Yaomin Cai, who developed a plate-based, in vitro assay for measuring

protein-DNA binding affinity (transcription factor relative binding affinity measurement;

TRAM) (fig. 3.2). We worked together to design DNA probes to test each candidate

binding site using this assay. I expressed and purified recombinant AtARF18 protein while

Dr. Cai expressed and purified AtANAC032, AtDREB26, AtNLP6, AtNLP7 and AtTGA1.

The protein and DNA probes were then used by Dr. Cai in TRAM assays.
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Figure 3.2: In vitro TRAM protein-DNA binding affinity assay. Short dsDNA
probes are bound to the plate. The plates are incubated with low quantities of recombinant
TFs with 9 amino acid HiBiT tags. After washing to remove unbound protein, the luciferase
activity of the HiBiT tag is reconstituted by adding the large subunit, LgBit. In parallel,
PicoGreen™ (1:200 in TE buffer) was added to wells containing dsDNA probes without TF
and fluorescence was measured. The quantity of bound protein in each well was calculated
by dividing luminescence by fluorescence. Relative binding affinity was reported relative
to the background affinity for random DNA probes. See section 2.4 for further details.

Finally, two assays were used to investigate the regulatory consequences of interactions.

I conducted reporter assays in which each promoter was fused to a luciferase reporter

and co-expressed with each TF. In tandem, Dr. Tufan Oz, a colleague in our research

group, investigated the same interactions using a variation of the TARGET method, called

transient assay reporting specific effects of transcription factors (TARSET), in which

protoplasts are transfected with a TF::GR fusion that can be translocated to the nucleus

by the application of DEX220 with substitution of RNA-seq with qRT-PCR to determine

direct and indirect activation or repression of gene targets (fig. 3.3).

At the time of writing, this data has been collated into a collaborative manuscript with equi-

valent data from tomato data generated in the Brady Lab (UC Davis) showing conservation

and rewiring of this regulatory subnetwork across plant lineages.
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Figure 3.3: TARSET assay schematic. TFs are expressed in fusion with a GR-tag that
enables translocation to the nucleus following application of dexamethasone. Application
of cycloheximide arrests translation, preventing transcriptional cascades, allowing direct
regulation to be distinguished.

3.5 Results

3.5.1 Identification of candidate binding sites

For each gene (ANAC032, ANR1, ARF18, DREB26, NLP6, NLP7 ), a promoter region

up to 2 kilobases (kb) upstream of the TSS or until the nearest protein coding gene was

extracted, along with the 5′ UTR. These regulatory regions will be referred to as CRMs

from this point on. The CRM of NIR1 was also selected since the binding of NLP6/7

to the NRE in its CRM is well studied396. Candidate binding sites were identified using

FIMO364 using PWMs from DAP-seq181. The PWMs used for each TF are represen-

ted by sequence logos in table 3.1. For ANAC032, ANR1 and ARF9/18, TFBSs were

identified from closely related TFs as binding site data for these TFs was not present

in the DAP-seq or other datasets. The TFBS for Arabidopsis NAC domain containing

protein 2 (ATAF1/ANAC002) (AT1G01720) was used to identify candidate binding sites

for ANAC032, the TFBS for agamous-like 16 (AGL16) (AT3G57230) was used for ANR1,

and the TFBS for auxin response factor 2 (ARF2) (AT5G62000) was used for ARF9/18,

as the DNA-binding domains are highly conserved within these TF families. Some well-

known TFBSs were not detected by FIMO including the NRE in the NIR1 promoter, of

which binding by NLP7 has been previously reported396. Therefore, additional potential
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TFBSs were identified by using Benchling searches (see https://help.benchling.com/h

c/en-us/articles/9684279850765-Search-sequences-for-features) for the follow-

ing DAP-seq sequence logos: ANAC032-KACGTR; ANR1-TWMYHAAWDDRGWWW;

DREB26-CCRCCGHC; TGA1-TGAYRTMAK; NLP6/7-TGNCYYTT. For ARF9/18 TF-

BSs, TGTCTC and TGTCGG motifs were used since they were shown to bind ARFs with

higher affinity than other auxin response elements286. Additionally, pairs of TGTCNN

motifs spaced less than 14 bp apart were annotated as candidate ARF9/18 TFBSs, since

pairs of auxin response elements were shown to be enriched and preferentially bound in

DAP-seq data286,397,398.
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Table 3.1: DAP-seq sequence logos used to identify candidate TFBSs

using FIMO364.
TF Sequence logo

ANAC032 (logo from

ATAF1/ANAC002)

ANR1 (logo

from AGL16)

ARF9/18 (logo

from ARF2)

DREB26

NLP6/7

TGA1

The locations of all candidate binding sites identified are shown in fig. 3.4. In addition,

publicly available ATAC-seq data350 (see section 2.7.7) were used to identify regions of

open chromatin, which are predicted to be more accessible to TFs. Finally, ~80 bp dsDNA

probes containing candidate TFBSs flanked by fixed random sequence (5′ TAGCGAAGT

ACGATCCC and 3′ GGCCATCACGCAGTA) were designed together with Dr. Cai and

Dr. Oz using Benchling (fig. 3.4). Open chromatin regions were found around or upstream

of the TSS of all seven genes fig. 3.4. Roughly half of the dsDNA probes were found to

109



have binding activity to their respective TFs (fig. 3.4).
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Figure 3.4: Schematic of the upstream regulatory regions of genes in the
nitrogen-response subnetwork showing gene structure and locations of open
chromatin and candidate TFBSs. PWMs were used to identify candidate TFBSs in the
5′ regions (up to 2 kb or until the next protein-coding gene upstream and 1 kb downstream
of the start of transcription including coding regions) of AtANAC032, AtANR1, AtARF18,
AtDREB26, AtNIR1, AtNLP6 and AtNLP7. The locations of DNA probes used to validate
TF-DNA binding are illustrated by yellow and purple boxes beneath each gene. Purple
coloured probe boxes indicate that binding of at least one TF was detected using in vitro
relative affinity binding assays. †, TFBS inferred from closely related TF, see section 3.5.1.
Overlapping TFBSs in this figure were offset by 20 bp for clarity. ATAC-seq data350 (see
section 2.7.7) were used to annotate open chromatin peaks.
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3.5.2 Expression and validation of AtARF18 in TRAM assays

A protein expression plasmid containing the ARF18::HiBiT fusion was assembled using the

Gateway®BP Clonase™II Enzyme Mix (Invitrogen 11789) (see section 2.1.4). Recombinant

ARF18::HiBiT was expressed using E. coli BL21(DE3) (see section 2.3.1). The protein

was purified (see section 2.3.2) and quantified using the Nano-Glo® HiBiT Extracellular

Detection System (see section 2.3.3). The size of the purified protein after SDS-PAGE (see

section 2.3.4) was ~69 kDa as expected (69.108 kDa) (fig. 3.5).

Figure 3.5: ARF18 lysate, flow-through and eluate on stained gel after SDS-
PAGE. Protein was purified using INDIGO Ni-Agarose resin beads (PureCube Biotech
75103) (see section 2.3.2). Mini-PROTEAN TGX Stain-Free Precast Gel (Biorad 4568025)
in 1× Tris/glycine/SDS buffer (Biorad 1610732). 5 µL protein ladder (Precision Plus
Protein Dual Color 1610374) was loaded in the first well.

To check that the protein was functional in the TRAM assay, a positive control dsDNA

probe containing seven tandem direct repeats of the auxin response element (TGTCTC),

112



each spaced by 5 bases (DR5; CCTTT)286 was synthesised and compared to a random

dsDNA control containing no known TFBSs (see section 2.4). Data suggested that the

DNA-binding domain of the protein was functional with a significantly higher relative

binding affinity of ARF18::HiBiT to the DR5 probe (7.33 ± 1.36) than to the random

control (0.22 ± 0.03; Welch’s t-tests, t = -9.07, P < 0.05) (fig. 3.6).
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Figure 3.6: Relative binding affinity of ARF18::HiBiT fusion to auxin response
element positive control compared to random DNA probe. N = 3 (technical
replicates). P-values were calculated using Welch’s t-tests. *, P < 0.05.

3.5.3 Validation of TF:DNA interactions within the subnetwork

Dr. Cai used purified protein of AtARF18 (see section 3.5.2) together with purified protein

of TFs AtANAC032, AtDREB26, AtNLP6, AtNLP7 and AtTGA1 to quantify relative

binding affinity to the probes identified (fig. 3.4 and ??). He was unable to obtain protein

for AtANR1 or AtARF9. The data obtained by Dr. Cai are made available in the Appendix

(??????????????). Significant binding between TFs and probes was identified in 58 out of

105 interactions. These data supported 29 edges in the subnetwork, which are summarised

in fig. 3.7. Out of these 29 edges, 7 were supported by both Y1H25 and TRAM data.
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Figure 3.7: Edges supported by in vitro TRAM protein-DNA binding affinity
assay. Protein from orange nodes could not be purified, and outgoing edges were not
tested using TRAM. Many TF-DNA edges were supported by TRAM data, represented
by blue lines in the direction of the blue dots.

3.5.4 Assembly of plasmids for luciferase assay

Promoters of ANR1, DREB26, NLP6, NLP7, and NIR1, including 1000 bp upstream of

the TSS and 5′ UTRs, were amplified from genomic DNA and cloned into pUPD2321,

pUAP1309 or pUAP4322 universal acceptor plasmids in order to create Level 0 standard

parts compatible with the Phytobrick assembly standard309,323 (see section 2.1.1). During

cloning, two internal BsaI sites in the ANAC032 (301 bp upstream of TSS) and ARF18

(258 bp upstream of TSS) promoters were removed by the introduction of a mutation.

These mutations did not disrupt any candidate TFBSs.

The test promoters were then assembled into pCk1322 with the coding sequence for LucN278

fused to a C-terminal 3×FLAG® epitope tag325 and the AtuNOS terminator325.

For positive controls, equivalent plasmids with the AtuNOS promoter or CaMV35s pro-

moter were constructed.
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The CDSs of each TF (ANAC032, ANR1, ARF9, ARF18, DREB26, NLP6, NLP7 and

TGA1) were also cloned to produce standard parts which were used in assembly reactions

(see section 2.1.3) with pCaMV35s-ΩTMV and CaMV35s terminator.

3.5.5 Optimisation of reporter co-expression assays

To determine the regulatory effect of a given TF on the expression of the candidate target

promoter, constructs encoding promoter-LucN were used to transfect mesophyll protoplasts

in the presence and absence of constructs encoding pCaMV35s-TF (see section 2.2.7).

One exception was the testing of ARF TFs: several ARF TFs are known to interact

with auxin/IAA proteins (aux/IAAs) which recruit the co-repressor TOPLESS (TPL),

inactivating the ARFs399. Class A activator ARF TFs interact with many aux/IAA

proteins (see section 1.2.4). In the presence of auxin, the aux/IAA proteins are degraded,

activating class A ARFs399 (see section 1.2.4). ARF9 and 18 are repressors in class

B400. The relationship between repressor ARFs and aux/IAAs is less clear but there

is evidence that they interact with a limited number of aux/IAAs398. Previous work

has shown that ARF18 interacts with IAA33401. IAA33 negatively regulates the auxin

response by competing with canonical IAAs, stabilising ARF18 in the presence of auxin.

Therefore, pCaMV35s-ARF9 and pCaMV35s-ARF18 were also delivered in combination

with a construct encoding p2×CaMV35s-IAA33 (pEPOZ1KN0222; kindly supplied by

Dr. Tufan Oz) and with synthetic auxin (1 µm 1-Naphthaleneacetic acid (NAA)).

To determine if co-expression of the pCaMV35s-TF construct would reduce the expression

of any test construct by competing for transcriptional machinery, an initial experiment

was conducted in which luminescence from pCaMV35s-LucF was detected with or without

co-expression of pCaMV35s-YFP. Results confirmed that luminescence was indeed reduced

when the pCaMV35s-YFP construct was co-expressed (284.0 ± 5.7) compared to without

the pCaMV35s-YFP construct (519.3 ± 4.9) (Welch’s t-tests, t = 0.54, P < 0.001) (fig. 3.8).

To ensure that the transcriptional load on protoplasts was equal with or without co-expres-

sion of the TF, pCaMV35s-YFP was included as a control plasmid that was co-transfected

in place of pCaMV35s-TF. To account for differences in transfection efficiency within

and between experiments, a ratiometric system was used in which LucN luminescence of

the test promoter is normalised to a co-transfected experimental calibrator (pCaMV35s
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or pAtuNOS-LucF), followed by a batch calibrator (pAtuNOS-LucN/pCaMV35s-LucF)

(fig. 2.4; see section 2.5.1).
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Figure 3.8: Relative luminescence from pCaMV35s-LucN is reduced when
co-expressed with pCaMV35s-YFP. Error bars represent two standard errors. Lumin-
escence was measured 18 hours after protoplast transfection. N = 3 (technical replicates).
P-values were calculated using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P <
0.05.

3.5.6 Testing and selection of calibrators

The CaMV35s promoter is known to be regulated by TGA1402–404. To determine if the TFs

to be tested would also affect the expression of the experiment calibrator, preliminary assays

were conducted in which the pCaMV35s-LucN was co-transfected with each pCaMV35s-TF

construct.

Welch’s t-tests showed that, compared to the no TF control (2857.5 ± 30.1), luminescence

from pCaMV35s-LucN was significantly increased when co-expressed with pCaMV35s-

ANAC032 (6249.4 ± 70.9; t = -76.2 P < 0.001), pCaMV35s-ANR1 (5479.0 ± 28.3; t =

-109.8 P < 0.001), pCaMV35s-ARF18 (3146.6 ± 49.0; t = -8.7 P < 0.01), pCaMV35s-

DREB26 (5517.3 ± 116.6; t = -38.3 P < 0.001), pCaMV35s-NLP6 (4509.2 ± 96.4; t = -28.3

P < 0.001), pCaMV35s-NLP7 (4052.3 ± 42.17; t = -39.9 P < 0.001) and pCaMV35s-TGA1
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(4073.6 ± 102.0; t = -19.8 P < 0.01) (fig. 3.9). Luminescence from pCaMV35s-LucN was

significantly decreased when co-expressed with pCaMV35s-ARF9 (2747.3 ± 28.7; Welch’s

t-test t = 4.59 P < 0.05) compared to the no TF control (2857.5 ± 30.1) (fig. 3.9).
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Figure 3.9: Relative luminescence of pCaMV35s-LucN following co-expres-
sion with Arabidopsis TFs. No TF = pCaMV35s-YFP; Experimental calibrator =
pCaMV35s-LucF. Error bars represent two standard errors. Luminescence was measured
18 hours after protoplast transfection. N = 3 (technical replicates). P-values were calcu-
lated using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.

These results showed that several TFs (ANAC032, ANR1, ARF9, ARF18, DREB26,

NLP6/7, TGA1) affect the expression of CaMV35s. To mitigate this, the same assay was

repeated using an alternative calibrator vector (pEPYC1CB0003) containing pAtuNOS-

ΩTMV -LucF and the OCS terminator.

Welch’s t-tests showed that, compared to the no TF control (530.0 ± 13.3), lumines-

cence from pAtuNOS-LucN was significantly increased when co-expressed with pCaMV35s-

ANAC032 (1397.1 ± 57.3; t = -25.5 P < 0.001), pCaMV35s-ANR1 (585.8 ± 11.6; t =

-5.5 P < 0.01), pCaMV35s-ARF9 (701.3 ± 11.8; t = -16.6 P < 0.001), ARF18 (685.9

± 7.9; t = -16.6 P < 0.001), pCaMV35s-DREB26 (725.4 ± 12.5; t = -18.5 P < 0.001),

pCaMV35s-NLP6 (575.7 ± 8.8; t = -5.0 P < 0.05), and pCaMV35s-TGA1 (833.7 ± 8.8; t

= -32.9 P < 0.001) (fig. 3.10).

pAtuNOS-LucN luminescence was significantly decreased when co-expressed with
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Figure 3.10: Relative luminescence of pAtuNOS-LucN following co-expression
with Arabidopsis TFs. No TF = pCaMV35s-YFP; Experimental calibrator = pAtuNOS-
LucF. Error bars represent two standard errors. Luminescence was measured 18 hours
after protoplast transfection. N = 3 (technical replicates). P-values were calculated using
Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.

pCaMV35s-NLP7 (392.0 ± 11.1; Welch’s t-test t = 13.8 P < 0.001) compared to the

no TF control (530.0 ± 13.3) fig. 3.10.

For each TF, the calibrator that least affected expression was selected (table 3.2).

Table 3.2: Calibrators used in the TF co-expres-

sion assay.
TF Experiment calibrator promoter
ANAC032 CaMV35s
ANR1 AtuNOS
ARF9/18 AtuNOS
DREB26 AtuNOS
NLP6/7 CaMV35s
TGA1 AtuNOS

3.5.7 Regulatory effects of TF expression on pANAC032-LucN

To test the effect of potential direct TF-DNA interactions on the luminescence from

pANAC032-LucN, ANAC032 and pANAC032-LucN, and ANR1 and pANAC032-LucN
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were co-expressed since their candidate binding sites were found in the ANAC032 co-

expressed region (fig. 3.11A).

Relative luminescence from pANAC032-LucN was increased by co-expression with

pCaMV35s-ANAC032 (1.33 ± 0.02; Welch’s t-tests, t = -25.7 P < 0.01; fig. 3.11B)

compared to the no TF control (1.00 ± 0.02). In contrast, relative luminescence from

pANAC032-LucN was significantly decreased by co-expression with pCaMV35s-ANR1 (0.48

± 0.00; Welch’s t-tests, t = 33.7 P < 0.001; fig. 3.11C), ARF9 (no NAA: 0.74 ± 0.01;

Welch’s t-tests, t = 15.0 P < 0.001; 1 µm NAA: 0.88 ± 0.02; t = 7.0 P < 0.05; fig. 3.11D),

ARF18 (no NAA: 0.67 ± 0.02; t = 17.7 P < 0.001; 1 µm NAA: 0.76 ± 0.02; t = 10.4 P <

0.01; fig. 3.11E), ARF18/IAA33 (no NAA: 0.65 ± 0.02; t = 17.6 P < 0.001; 1 µm NAA:

0.75 ± 0.02; t = 10.4 P < 0.01; fig. 3.11E) and a combination of ARF9/18 TFs (no NAA:

0.83 ± 0.01; t = 11.2 P < 0.01; 1 µm NAA: 0.93 ± 0.02; t = 5.2 P < 0.05; fig. 3.11F)

compared to the no TF control (no NAA: 1.0 ± 0.03; 1 µm NAA: 1.11 ± 0.06) regardless

of auxin treatment.
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Figure 3.11: Normalised luminescence of pANAC032-LucN following co-expres-
sion with Arabidopsis TFs. A: Candidate TFBSs in the ANAC032 promoter/5′ UTR,
with open chromatin peaks above (ATAC-seq350), and the co-expressed region in protoplast
assays in blue. B–C: Normalised luminescence of the pANAC032-LucN when co-expressed
with different TFs. D–F: Normalised luminescence of the pANAC032-LucN when co-ex-
pressed with pCaMV35s-ARF TFs with and without 1 µm 1-Naphthaleneacetic acid (NAA).
No TF control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence
was measured 18 hours after protoplast transfection. N = 3 (technical replicates). P-values
were calculated using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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3.5.8 Regulatory effects of TF expression on pANR1-LucN

To test the effect of potential direct TF-DNA interactions on the luminescence from

pANR1-LucN, NLP7 and pANR1-LucN were co-expressed, and ANR1 and pANR1-LucN

were co-expressed since their candidate binding sites were found in the ANR1 co-expressed

region (fig. 3.12A). To test the potential indirect regulatory effect from ANAC032 to ANR1

through NLPs, and from ARFs to ANR1 through NLPs (see figs. 3.16 and 3.17A), ANAC032

and pANR1-LucN, and ARFs and pANR1-LucN were co-expressed. Relative luminescence

from pANR1-LucN was significantly decreased when co-expressed with ANAC032 (0.84 ±

0.02; t = 13.1 P < 0.01; fig. 3.12B), ANR1 (0.48 ± 0.01; t = 38.6 P < 0.001; fig. 3.12C),

NLP6 (0.34 ± 0.04; t = 40.9 P < 0.001; fig. 3.12D) and NLP7 (0.36 ± 0.08; t = 22.7

P < 0.001; fig. 3.12E) compared to the no TF control (1.00 ± 0.02). The data also

showed that pANR1-LucN luminescence was very strongly reduced when co-expressed

with ARF9 (no NAA: 0.27 ± 0.02; t = 56.6 P < 0.001; 1 µm NAA: 0.34 ± 0.00; t = 70.7

P < 0.001; fig. 3.12F), ARF18 (no NAA: 0.21 ± 0.00; t = 62.9 P < 0.001; 1 µm NAA: 0.25

± 0.00; t = 79.9 P < 0.001; fig. 3.12G), ARF18/IAA33 (no NAA: 0.20 ± 0.00; t = 63.2 P

< 0.001; 1 µm NAA: 0.17 ± 0.00; t = 87.4 P < 0.001; fig. 3.12G) and ARF9/18 (no NAA:

0.24 ± 0.02; t = 46.9 P < 0.001; 1 µm NAA: 0.32 ± 0.02; t = 65.9 P < 0.001; fig. 3.12H)

compared to the no TF control (no NAA: 1.00 ± 2; 1 µm NAA: 1.12 ± 0.02), both with

and without auxin.
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Figure 3.12: Normalised luminescence of pANR1-LucN following co-expression
with Arabidopsis TFs. A: Candidate TFBSs in the ANR1 promoter/5′ UTR, with
open chromatin peaks above (ATAC-seq350), and the co-expressed region in protoplast
assays in blue. B–E: Normalised luminescence of pANR1-LucN when co-expressed with
different TFs. F–H: Normalised luminescence of pANR1-LucN when co-expressed with
pCaMV35s-ARF TFs with and without 1 µm 1-Naphthaleneacetic acid (NAA). No TF
control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence was
measured 18 hours after protoplast transfection. †, TFBS inferred from closely related TF,
see section 3.5.1. N = 3–9 (technical replicates). P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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3.5.9 Regulatory effects of TF expression on pARF18-LucN

To test the effect of potential direct TF-DNA interactions on the luminescence from

pARF18-LucN, NLP7 and pARF18-LucN, and ARFs and pARF18-LucN were co-expressed

since their candidate binding sites were found in the ARF18 co-expressed region (fig. 3.13A).

To test the potential indirect regulatory effects from ANAC032 and ANR1 to ARF18

through NLPs (see figs. 3.16 and 3.17A), ANAC032 and ANR1 were co-expressed with

pARF18-LucN.

The luminescence of pARF18-LucN was significantly increased following co-expression with

ANAC032 (14.61 ± 0.43; t = -54.9 P < 0.001; fig. 3.13B), NLP6 (1.60 ± 0.02; t = -36.9

P < 0.001; fig. 3.13D) and NLP7 (1.83 ± 0.02; t = -54.6 P < 0.001; fig. 3.13E) compared

to the no TF control (1.0 ± 0.03). In contrast, pARF18-LucN luminescence was strongly

repressed following co-expression with ARF18 (no NAA: 0.34 ± 0.01; t = 44.3 P < 0.001;

1 µm NAA: 0.42 ± 0.01; t = 44.8 P < 0.001; fig. 3.13F), ARF18/IAA33 (no NAA: 0.36

± 0.02; t = 35.5 P < 0.001; 1 µm NAA: 0.44 ± 0.01; t = 45.6 P < 0.001; fig. 3.13F) and

ARF9/18 (no NAA: 0.34 ± 0.01; t = 53.1 P < 0.001; 1 µm NAA: 0.43 ± 0.01; t = 44.7

P < 0.001; fig. 3.13G) compared to the no TF control (no NAA: 1.00 ± 0.02; 1 µm NAA:

1.14 ± 0.03; fig. 3.13G), regardless of auxin concentration. pARF18-LucN luminescence

was also slightly repressed following co-expression with ANR1 (0.94 ± 0.00; t = 4.9 P <

0.05; fig. 3.13C) compared to the no TF control.
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Figure 3.13: Normalised luminescence of pARF18-LucN following co-expression
with Arabidopsis TFs. A: Candidate TFBSs in the ARF18 promoter/5′ UTR, with
open chromatin peaks above (ATAC-seq350), and the co-expressed region in protoplast
assays in blue. B–E: Normalised luminescence of the pARF18-LucN when co-expressed
with different TFs. F–G: Normalised luminescence of the pARF18-LucN when co-expressed
with pCaMV35s-ARF TFs with and without 1 µm 1-Naphthaleneacetic acid (NAA). No TF
control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence was
measured 18 hours after protoplast transfection. †, TFBS inferred from closely related TF,
see section 3.5.1. N = 3–9 (technical replicates). P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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3.5.10 Regulatory effects of TF expression on pDREB26-LucN

To test the effect of potential direct TF-DNA interactions on the luminescence from

pDREB26-LucN, ANAC032, DREB26, NLPs and ARFs were co-expressed with pDREB26-

LucN since their candidate binding sites were found in the DREB26 co-expressed region

(fig. 3.14A). To test the potential indirect regulatory effects from ANR1 to DREB26

through NLP6 (see fig. 3.16A), ANR1 was co-expressed with pDREB26-LucN.

pDREB26-LucN luminescence was increased by all co-expressed TFs apart from ARFs

(ANAC032: 7.07 ± 0.13; t = -81.0 P < 0.001; ANR1: 1.28 ± 0.02; t = -13.4 P < 0.001;

DREB26: 2.51 ± 0.06; t = -39.1 P < 0.001; NLP6: 1.58 ± 0.05; t = -20.1 P < 0.001; NLP7:

1.88 ± 0.14; t = -10.9 P < 0.01) (fig. 3.14B–F), compared to DREB26 expression with

the no TF control (1.0 ± 0.03). pDREB26-LucN luminescence was significantly reduced

in the no auxin treatment with ARF9 (0.86 ± 0.01; t = 9.3 P < 0.01), ARF9/IAA33 (0.79

± 0.02; t = 10.7 P < 0.001), ARF18 (0.75 ± 0.01; t = 15.7, P < 0.001), ARF18/IAA33

(0.83 ± 0.01; t = 10.7, P < 0.01), ARF9/18 (0.79 ± 0.01; t = 13.9 P < 0.01) and

ARF9/18/IAA33 (0.73 ± 0.01; t = 16.8 P < 0.001) compared to the no TF control (1.0

± 0.3) (fig. 3.14G–I). However, in the presence of auxin, DREB26 expression significantly

increased when co-expressed with ARF9 (1.33 ± 0.04; t = -5.7 P < 0.01; fig. 3.14G), and

significantly decreased when co-expressed with ARF9/18/IAA33 (0.95 ± 0.01; t = 5.5 P

< 0.05; fig. 3.14I) compared to the no TF control (1.12 ± 0.05).
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Figure 3.14: Normalised luminescence of pDREB26-LucN following co-expres-
sion with Arabidopsis TFs. A: Candidate TFBSs in the DREB26 promoter/5′ UTR,
with open chromatin peaks above (ATAC-seq350), and the co-expressed region in protoplast
assays in blue. B–F: Normalised luminescence of pDREB26-LucN following co-expression
with different TFs. G–I: Normalised luminescence of pDREB26-LucN following co-expres-
sion with pCaMV35s-ARF TFs with and without 1 µm 1-Naphthaleneacetic acid (NAA).
No TF control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence
was measured 18 hours after protoplast transfection. †, TFBS inferred from closely related
TF, see section 3.5.1. N = 3 (technical replicates). P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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3.5.11 Regulatory effects of TF expression on pNIR1-LucN

To test the effect of potential direct TF-DNA interactions on the luminescence from

pNIR1-LucN, ANAC032, ARFs and NLPs were co-expressed with pNIR1-LucN since their

candidate binding sites were found in the NIR1 co-expressed region (fig. 3.15A). To test

the potential indirect regulatory effects from ANR1 to NIR1 through NLP6 (see fig. 3.16A),

ANR1 was co-expressed with pNIR1-LucN.

The luminescence of pNIR1-LucN was significantly increased following co-expression with

ANAC032 (1.59 ± 0.02; t = -43.6 P < 0.001), ANR1 (1.86 ± 0.02; t = -69.7 P < 0.001),

NLP6 (6.51 ± 0.03; t = -325.7 P < 0.001) NLP7 (9.76 ± 0.04; t = -343.4 P < 0.001)

compared to the no TF control (1.0 ± 0.01) (fig. 3.15B–E). However, the luminescence of

pNIR1-LucN was significantly decreased following co-expression with ARFs (fig. 3.15F–H)

compared to the no TF control (1.0 ± 0.01). ARF18 (no NAA: 0.48 ± 0.00; t = 67.4 P

< 0.001; 1mm NAA: 0.51 ± 0.001; t = 94.3 P < 0.001), ARF18/IAA33 (no NAA: 0.63 ±

0.00; t = 87.8 P < 0.001; 1mm NAA: 0.53 ± 0.001; t = 61.0 P < 0.001) and ARF9/18

(no NAA: 0.47 ± 0.00; t = 71.6 P < 0.001; 1mm NAA: 0.59 ± 0.001; t = 89.8 P < 0.001)

reduced pNIR1-LucN luminescence more than ARF9 (no NAA: 0.92 ± 0.00; t = 10.5 P

< 0.01; 1mm NAA: 0.92 ± 0.00; t = 29.0 P < 0.01) compared to the no TF control (no

NAA: 1.0 ± 0.01; 1mm NAA: 1.06 ± 0.01), regardless of auxin treatment.
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Figure 3.15: Normalised luminescence of pNIR1-LucN following co-expression
with Arabidopsis TFs. A: Candidate TFBSs in the NIR1 promoter/5′ UTR, with
open chromatin peaks above (ATAC-seq350), and the co-expressed region in protoplast
assays in blue. B–E: Normalised luminescence of pNIR1-LucN following co-expression with
different TFs. F–H: Normalised luminescence of pNIR1-LucN following co-expression with
pCaMV35s-ARF TFs with and without 1 µm 1-Naphthaleneacetic acid (NAA). No TF
control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence was
measured 18 hours after protoplast transfection. N = 3 (technical replicates). P-values
were calculated using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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3.5.12 Regulatory effects of TF expression on pNLP6-LucN

To test the potential effect of direct interactions on the luminescence of pNLP6-LucN,

ANAC032, ANR1, NLPs and ARFs were co-expressed with pNLP6-LucN since their can-

didate TFBSs were found within the NLP6.

The luminescence of pNLP6-LucN was activated by ANAC032 (1.94 ± 0.01; t = -77.8 P

< 0.001), ANR1 (1.26 ± 0.00; t = -157.2 P < 0.001), NLP6 (1.19 ± 0.02; t = -12.8 P <

0.001) and NLP7 (2.99 ± 0.05; t = -71.7 P < 0.001) (fig. 3.16B–E) compared to the no

TF control (1.0 ± 0.01).

ARF9 (no NAA: 0.67 ± 0.00; t = 141.6 P < 0.001; 1mm NAA: 0.99 ± 0.02; t = 21.5 P <

0.001; fig. 3.16F), ARF18/IAA33 (no NAA: 0.68 ± 0.03; t = 19.1 P < 0.01; 1mm NAA:

0.92 ± 0.01; t = 38.3 P < 0.001; fig. 3.16G) and ARF9/18 (no NAA: 0.83 ± 0.01; t = 35.1

P < 0.001; 1mm NAA: 0.90 ± 0.01; t = 33.5 P < 0.001; fig. 3.16H) reduced pNLP6-LucN

luminescence with and without auxin, while ARF18 only reduced luminescence with auxin

(1.15 ± 0.04; t = 7.3 P < 0.01; fig. 3.16G) compared to the no TF control (no NAA: 1.0 ±

0.00; 1mm NAA: 1.33 ± 0.02).
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Figure 3.16: Normalised luminescence of pNLP6-LucN following co-expression
with Arabidopsis TFs. A: Candidate TFBSs in the NLP6 promoter/5′ UTR, with
open chromatin peaks above (ATAC-seq350), and the co-expressed region in protoplast
assays in blue. B–E: Normalised luminescence of pNLP6-LucN following co-expression
with different TFs. F–H: Normalised luminescence of pNLP6-LucN when co-expressed
with pCaMV35s-ARF TFs with and without 1 µm 1-Naphthaleneacetic acid (NAA). No
TF control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence
was measured 18 hours after protoplast transfection. †, TFBS inferred from closely related
TF, see section 3.5.1. N = 3 (technical replicates). P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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3.5.13 Regulatory effects of TF expression on pNLP7 -LucN

Similar to pNLP6-LucN luminescence, pNLP7 -LucN luminescence was also increased fol-

lowing co-expression with ANR1 (1.26 ± 0.01; t = -18.9 P < 0.001; fig. 3.17C), NLP6

(1.35 ± 0.02; t = -9.2 P < 0.001; fig. 3.17D) and NLP7 (1.33 ± 0.03; t = -8.3 P < 0.001;

fig. 3.17E) compared to the no TF control. Additionally, pNLP7 -LucN was increased

following co-expression with ARF9 with (1.50 ± 0.02; t = -15.6 P < 0.01) and without

NAA (1.50 ± 0.02; t = -33.0 P < 0.001) (fig. 3.17F) compared to the no TF control

(1mm NAA: 1.27 ± 0.01; no NAA: 1.0 ± 0.02). pNLP7 -LucN luminescence was increased

without auxin but reduced in the presence of auxin by ARF18 (no NAA: 1.20 ± 0.04; t =

-8.1 P < 0.01; 1mm NAA: 1.07 ± 0.01; t = 20.2 P < 0.001; fig. 3.17G), ARF18/IAA33

(no NAA: 126 ± 0.02; t = -16.7 P < 0.001; 1mm NAA: 1.03 ± 0.01; t = 24.0 P < 0.001)

and ARF9/18 (no NAA: 1.04 ± 0.02; t = -2.8 P < 0.05; 1mm NAA: 1.12 ± 0.02; t = 9.4

P < 0.01; fig. 3.17H) compared to the no TF control.

In contrast to pNLP6-LucN luminescence, the luminescence of pNLP7 -LucN was repressed

by ANAC032 (0.53 ± 0.01; t = 17.1 P < 0.01; fig. 3.17B) compared to the no TF control

(1.0 ± 0.02).
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Figure 3.17: Normalised luminescence of pNLP7 -LucN following co-expression
with Arabidopsis TFs. A: Candidate TFBSs in the NLP7 promoter/5′ UTR, with
open chromatin peaks above (ATAC-seq350), and the co-expressed region in protoplast
assays in blue. B–E: Normalised luminescence of pNLP7 -LucN when co-expressed with
different TFs. F–H: Normalised luminescence of pNLP7 -LucN following co-expression with
pCaMV35s-ARF TFs with and without 1 µm 1-Naphthaleneacetic acid (NAA). No TF
control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence was
measured 18 hours after protoplast transfection. †, TFBS inferred from closely related TF,
see section 3.5.1. N = 3–9 (technical replicates). P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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3.5.14 Regulatory interactions between TGA1 and target genes

The pCaMV35s-TGA1 expression construct was also co-expressed with each candidate

promoter-LucN construct to determine changes in expression. However, since specific

technical issues were encountered, these results are presented separately: TGA1 was found

to increase the normalised luminescence from all promoter-LucN constructs (fig. 3.18). This

was true regardless of whether there was a candidate TFBS in the promoter (ANAC032,

ARF18, NLP6) or not (ANR1, DREB26, NIR1, NLP7 ). This is inconsistent with data

from previously published TARGET assays used in Brooks et al.318 in which TGA1 was

observed to be a negative regulator of NLP6, ANAC032, NIR1 and ARF18. There are

several differences between the TARGET assay and this reporter assay: the TARGET

assay tests expression of endogenous genes while the co-expression assay tests expression

of exogenous genes; in co-expression assays only a proportion of the promoter is present;

in TARGET assays the TGA1 is fused to a GR tag.
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Figure 3.18: Normalised luminescence of promoter-LucN reporters following
co-expression with pCaMV35s-TGA1. No TF control = pCaMV35s-YFP. Error
bars represent two standard errors. Luminescence was measured 18 hours after protoplast
transfection. N = 3 (technical replicates). P-values were calculated using Welch’s t-tests349.
***, P < 0.001. **, P < 0.01. *, P < 0.05.134



While it is technically challenging to change the context and length of the promoter, it

was possible to investigate whether the GR might alter the activity of TGA1. To do this,

a pCaMV35s-TGA1::GR fusion was constructed and used in the reporter co-expression

assay, with 10 µm DEX added for three hours after two hours of 20mm KNO3 and 20mm

NH4KNO3 treatment (mimicking the conditions used in the TARGET assay)318.

Relative luminescence from pANAC032-LucN and pNIR1-LucN was increased following

co-expression with pCaMV35s-TGA1::GR (fig. 3.19A, C). Treatment with DEX led to

moderate increases for the former (DEX: 73.00 ± 1.56; t = 4.5 P < 0.05; No DEX: 68.31 ±

0.91; fig. 3.19A) but substantial increases for the latter (DEX: 6.01 ± 0.21; t = 18.8, P <

0.001; No DEX: 3.42 ± 0.11). In contrast, relative luminescence from pARF18-LucN was

reduced following co-expression with pCaMV35s-TGA1::GR and further reduced following

treatment with DEX (DEX: 6.13 ± 0.07; t = -25.6 P < 0.001; No DEX: 8.67 ± 0.16)

(fig. 3.19B). Relative luminescence from pNLP7 -LucN was increased by co-expression with

pCaMV35s-TGA1::GR but reduced by application of DEX (DEX: 9.67 ± 0.15; t = -8.3,

P < 0.01; No DEX: 11.00 ± 0.23) (fig. 3.19D). In general, these data suggest that the

presence of the GR-tag may affect the activity of TGA1.
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Figure 3.19: Normalised luminescence of promoter-LucN reporters following
co-expression with pCaMV35s-TGA1::GR with and without dexamethasone
treatment. 10 µm DEX added for three hours after two hours of 20mm KNO3 and
20mm NH4KNO3 treatment in the morning after protoplast transfection. No TF control
= pCaMV35s-YFP. N = 3 (technical replicates). P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.

3.5.15 Investigating the role of ARF binding sites in the ANAC032

upstream promoter and untranslated region.

The co-expression assay can be adapted to examine the role of particular binding sites on

the luminescence of the test promoter/5′ UTR. Three different ARF TFBSs were mutated

in the ANAC032 promoter and 5′ UTR to disrupt all incoming edges from ARF TFs
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(fig. 3.20A). In contrast with the native pANAC032-LucN where co-expression with ARFs

repressed ANAC032, co-expression of the mutated pANAC032-LucN with ARFs did not

significantly alter luminescence (P > 0.05) compared to the no TF control, regardless of

auxin concentration (fig. 3.20B). The luminescence of the mutated pANAC032-LucN was

significantly lower than the luminescence of the wild type (WT) pANAC032-LucN in all

conditions (WT: No NAA, no ARF18/IAA33: 206.8 ± 19.5; P < 0.01; No NAA with

ARF18/IAA33: 134.2 ± 14.6; P < 0.01; 1 µm NAA, no ARF18/IAA33: 230.0 ± 90.0; P

< 0.01; 1 µm NAA with ARF18/IAA33: 154.8 ± 15.3; P < 0.01; Mutated: No NAA, no

ARF18/IAA33: 26.6 ± 0.1; No NAA with ARF18/IAA33: 34.5 ± 0.4; 1 µm NAA, no

ARF18/IAA33: 34.3 ± 0.7; 1 µm NAA with ARF18/IAA33: 38.8 ± 0.6) (fig. 3.20B).
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Figure 3.20: Normalised luminescence of pANAC032-LucN with mutated ARF
TFBSs following co-expression with ARF TFs. A: Position of ablated TFBSs in
the ANAC032 promoter (red crosses) and 5′ UTR, with open chromatin peaks above
(ATAC-seq350), and the co-expressed region in protoplast assays in blue. B: Normalised lu-
minescence of wild type pANAC032-LucN or version containing ablated ARF TFBSs when
co-expressed with different pCaMV35s-ARFs with and without 1 µm 1-Naphthaleneacetic
acid (NAA). No TF control = pCaMV35s-YFP. Error bars represent two standard errors.
Luminescence was measured 18 hours after protoplast transfection. †, TFBS inferred from
closely related TF, see section 3.5.1. N = 3 (technical replicates). Significance calculated
using ANOVA and Tukey HSD post hoc tests344. Different letters indicate significant
differences between treatments.

3.5.16 Investigating the role of TGA1 binding sites in the ANAC032

promoter

An ANAC032 promoter with a mutated TGA1 TFBS was also tested, to see if this pre-

vented the direct regulation of ANAC032 by TGA1 (fig. 3.21A). The ANAC032 promoter

with a mutated TGA1 TFBS was co-expressed with TGA1::GR, which increased the lu-

minescence of the mutated pANAC032-LucN in the presence of DEX (16.26 ± 0.11; P <

0.05) compared to no DEX (13.22 ± 0.25) (fig. 3.21B), similar to the response of the native

ANAC032 promoter (fig. 3.19A, fig. 3.21B). However, the luminescence of the mutated
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pANAC032-LucN was significantly lower than the WT promoter with and without DEX (P

< 0.01; DEX: WT: 73.0 ± 1.6; Mutated: 16.3 ± 0.0; No DEX: WT: 68.3 ± 0.5; Mutated:

13.2 ± 0.0) (fig. 3.21B).
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Figure 3.21: Normalised luminescence of pANAC032-LucN with a mutated
TGA1 TFBS following co-expression with TGA1 TFs. A: Position of ablated
TGA1 motif (red cross) in the ANAC032 promoter, with open chromatin peaks above
(ATAC-seq350), and the co-expressed region in protoplast assays in blue. B: Normalised
luminescence of wild type pANAC032-LucN or version containing the ablated TGA1 TFBS
when co-expressed with pCaMV35s-TGA1::GR, with and without 10 µm DEX treatment.
No TF control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence
was measured 18 hours after protoplast transfection. †, TFBS inferred from closely related
TF, see section 3.5.1. N = 3 (technical replicates). Significance calculated using ANOVA
and Tukey HSD post hoc tests344. Different letters indicate significant differences between
treatments.

3.5.17 Investigating the role of NLP binding sites in the NIR1 upstream

promoter and untranslated region.

The NRE motif in the NIR1 5′ UTR is a well-known 43 bp nitrate response element which

binds NLP TFs, which are known to activate NIR1396. The NRE is a pseudo-palindromic

sequence with two half-sites separated by a 10 bp spacer, with both half sites necessary for

full nitrate induction of NIR1396. The NIR1 NRE half-sites were mutated as in Konishi
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and Yanagisawa396, to test if NIR1 activation by NLPs would be disrupted (fig. 3.22A).

Luminescence of the mutated pNIR1-LucN with ablated NRE was significantly lower than

that of the WT promoter when co-expressed with NLP6 or NLP7 (WT: NLP6: P <

0.01, 3.1 ± 0.0; NLP7: P < 0.01, 4.6 ± 0.0; Mutated: NLP6: 0.02 ± 0.0; NLP7: 0.03 ±

0.0) (fig. 3.22B and C). There was no significant difference in luminescence of the mutated

pNIR1-LucN with the no TF control compared to the WT promoter with the no TF control

(P > 0.05) (fig. 3.22B and C). There was also no significant difference in luminescence of

the mutated promoter with and without co-expression of NLP protein (P > 0.05).
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Figure 3.22: Normalised luminescence of NIR1-LucN with a mutated NLP TFBS
following co-expression with NLP TFs. A: Position of ablated NLP (NRE) motif
(red cross) in the NIR1 5′ UTR, with open chromatin peaks above (ATAC-seq350), and
the co-expressed region in protoplast assays in blue. B–C: Normalised luminescence of
wild type pNIR1-LucN and version containing the ablated NRE motif when co-expressed
with pCaMV35s-NLPs. No TF control = pCaMV35s-YFP. Error bars represent two
standard errors. Luminescence was measured 18 hours after protoplast transfection. †,
TFBS inferred from closely related TF, see section 3.5.1. N = 3–6 (technical replicates).
Significance calculated using ANOVA and Tukey HSD post hoc tests344. Different letters
indicate significant differences between treatments.
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3.5.18 Investigating the role of ANAC032 binding sites in the NLP7

promoter

As mentioned previously, the luminescence of pNLP7 -LucN was significantly reduced by

ANAC032 (fig. 3.17B). To test if this response could be disrupted, candidate ANAC032 TF-

BSs were mutated in the NLP7 promoter (fig. 3.23A). When co-expressed with ANAC032,

the mutated pNLP7 -LucN luminescence was still significantly reduced (0.50 ± 0.01) com-

pared to the no TF control (1.0 ± 0.01; P < 0.01; fig. 3.23B). However, raw luminescence

of the mutated pNLP7 -LucN construct (1.0 ± 0.01) was significantly higher than that of

the WT promoter (0.7 ± 0.0) when there was no co-expressed TF (P < 0.01; fig. 3.23B).
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Figure 3.23: Normalised luminescence of pNLP7 -LucN with mutated ANAC032
TFBSs following co-expression with ANAC032. A: Position of ablated ANAC032
TFBSs in the NLP7 promoter, with open chromatin peaks above (ATAC-seq350), and the
co-expressed region in protoplast assays in blue. B: Normalised luminescence of WT and
mutated pNLP7 -LucN when co-expressed with pCaMV35s-ANAC032. No TF control =
pCaMV35s-YFP. Error bars represent two standard errors. Luminescence was measured
18 hours after protoplast transfection. †, TFBS inferred from closely related TF, see
section 3.5.1. N = 3–9 (technical replicates). Significance calculated using ANOVA and
Tukey HSD post hoc tests344. Different letters indicate significant differences between
treatments.
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3.5.19 Reporter co-expression assays provide insights into indirect regu-

lation within the subnetwork

Indirect interactions are more difficult to interpret from the co-expression assays since

incoming edges from TFs outside of the subnetwork likely generate noise. However, from

the knowledge of direct interactions within the network, it is possible to make some

predictions about specific indirect interactions and use the data generated to test these.

To test the hypothesis that ANAC032 indirectly represses ANR1 via repression of NLPs,

ANAC032 was co-expressed with pANR1-LucN. Co-expression data supported a slight

indirect repression of ANR1 by ANAC032, potentially through downregulation of NLP6

and NLP7. However, co-expression assays showed a reduction in luminescence of pANR1-

LucN following co-expression with NLPs, but NLPs are known activators393. Indeed,

overexpression of NLP7 increased ANR1 expression in Arabidopsis and increased lateral

root formation405, which ANR1 is known to do47. This contradiction could be because

important regulatory regions might have been missed in regions upstream and downstream

of the region included in co-expression assays.

ANAC032 was co-expressed with pARF18-LucN to test the hypothesis that co-expression of

ANAC032 would indirectly increase pARF18-LucN luminescence through downregulation

of NLPs. ANAC032 indirectly increased pARF18-LucN luminescence, supporting this

hypothesis. This was potentially through NLP6 which was upregulated by ANAC032 and

which increased pARF18-LucN luminescence. However, unlike NLP6, NLP7 was repressed

by ANAC032 which demonstrates the complexity of the interactions in the subnetwork.

A previous study provides evidence that ANR1 is capable of directly activating its gene

targets406. ANR1 was co-expressed with pARF18-LucN to test the hypothesis that co-

expression of ANR1 would indirectly increase ARF18 luminescence through activation of

NLPs. Although co-expression of ANR1 did increase the luminescence of NLPs, it slightly

decreased pARF18-LucN luminescence. Therefore, indirect regulation of ARF18 by ANR1

is unlikely to be as important as other regulators of ARF18.

To test the hypothesis that ANR1 would indirectly activate DREB26 through NLPs, ANR1

was co-expressed with pDREB26-LucN. NLP6 and NLP7 were indeed activated by ANR1,

and NLP6 and NLP7 also increased pDREB26-LucN luminescence. Co-expression of ANR1
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also increased pDREB26-LucN luminescence, supporting this hypothesis. There was also

evidence that ANR1 indirectly activated NIR1 through NLPs, since co-expression of both

ANR1 and NLPs increased pNIR1-LucN luminescence.

ARF18 significantly increased the luminescence of pNLP7 -LucN with no auxin treatment,

but reduced the luminescence of pNLP7 -LucN with 1mm auxin. Since ARF18 is a known

transcriptional repressor400,407, the co-expression data suggest an indirect edge from ARF18

to NLP7. IAA33 slightly enhanced the activation of NLP7 with no auxin treatment and

enhanced the repression of NLP7 in the presence of auxin. This is supported by the fact

that IAA33 stabilises the activity of ARF repressors, preventing their degradation in the

presence of auxin401.

TGA1 was found in TARGET assays to directly repress ANAC032, NLP6 and NIR1318.

Since no TGA1 TFBS were identified in the NIR1 upstream region used in co-expression

assays, it was possible to test the indirect regulatory effects on NIR1 using the co-ex-

pression assay. To test the hypothesis that TGA1 would indirectly repress NIR1 through

repression of ANAC032 (which activated NIR1), TGA1::GR was co-expressed with pNIR1-

LucN with DEX treatment. In the presence of DEX, TGA1::GR increased pNIR1-LucN

luminescence, and also increased pANAC032-LucN luminescence. This contradicted the

TARGET assay data318 and did not support the hypothesis that TGA1 would indirectly

repress pNIR1-LucN luminescence following TGA1::GR co-expression. A possible reason

for this contradiction is that some of the TGA1 data may be unreliable since the presence

of the GR-tag may affect the activity of TGA1 (see section 3.5.14).

Summary

In summary, 22 direct edges were supported by TRAM in vitro interactions and co-

expression assays (figs. 3.24 and 3.25). ANAC032 formed a coherent type 2 feedforward

loop (see fig. 1.1) to NIR1 through NLP7. Mutating TFBSs in promoters significantly

altered the expression of those promoters, with mutations causing a decrease in expression

of ANAC032 (figs. 3.20 and 3.21), NIR1 (fig. 3.22) and causing an increase in expression

of NLP7 (fig. 3.23).

In general, ARF TFs repressed their targets, while NLP6 and NLP7 activated their targets

apart from ANR1, and ANAC032 generally activated target genes although it repressed
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Figure 3.24: Summary of significant regulatory interactions determined between
TFs and their targets in the N-response regulatory subnetwork. Significant
edges (P < 0.05) determined from protoplast co-expression data which were supported by
TRAM in vitro binding data and/or the presence of a candidate TFBS. Arrows represent
upregulation of target, and perpendicular lines represent downregulation of target.

NLP7 (fig. 3.25). The addition of NAA when co-expressing ARF TFs with test promoters

did not have much effect on the luminescence from the co-expressed promoters in most cases,

other than slight increases in overall expression (fig. 3.11D–F, fig. 3.12F–H, fig. 3.13F–G

and fig. 3.15F–H). The overall regulatory effect of ARF TFs was largely unaltered by

the addition of NAA. However, in some cases the co-expressed promoter responded to

NAA. The addition of NAA increased the luminescence from DREB26-LucN and NLP6-

LucN with and without the co-expression of ARF TFs (fig. 3.14G–I). The luminescence

from NLP7 -LucN was increased by the addition of NAA on its own or when co-expressed

with ARF9 (fig. 3.17F). However, the addition of NAA and co-expression with ARF18

decreased the luminescence of NLP7 -LucN compared to the control, whereas without NAA

NLP7 -LucN luminescence was increased when co-expressed with ARF18 (fig. 3.17G).

The co-expression of ANAC032, NLP6 and NLP7 significantly increased the expression

of the CaMV35s luciferase calibrator (fig. 3.9), which could create noise and obscure the

interactions of interest in the various co-expression experiments. This means that only

strong effects of these TFs on the expression of their targets could be reliably detected, such
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Figure 3.25: Summary of significant edges determined between TFs and their
targets in the N-response regulatory subnetwork using co-expression luciferase
assays Significant edges (P < 0.05) determined from protoplast co-expression data. Width
of outside segments represent the sum of the number of incoming and outgoing edges. Only
ARF TFs with no coexpressed IAA33 and no auxin are shown. Edges are coloured in
orange when target was activated and in blue when target was repressed. Shades of colours
are determined by log2 fold change of target CRM luminescence when coexpressed with
the TF of interest compared to the no TF control.

as the strong reduction in luminescence of ANR1-LucN when co-expressed with NLP6 and

NLP7 (fig. 3.12D and E). The effects of the other TFs on the luminescence of the AtuNOS

luciferase calibrator, although not as strong as the effect of ANAC032 and NLP6/7 on

the CaMV35s luciferase calibrator, were significant (fig. 3.10) so only strong effects on

luminescence from co-expression assays should be considered.

Interestly, there was a correlation between the distance of the TFBS and the strength of

the regulatory effect of the TF on the promoter, with effects being stronger the closer the

TFBS was to the TSS. For example, the ANR1 TFBS was located in the ANAC032 5′

UTR, 7 bp from the TSS (fig. 3.11A). The co-expression of ANR1 with ANAC032-LucN
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resulted in a significant decrease in luminescence compared to the control (fig. 3.11C). Two

ANR1 TFBSs in the NLP6 promoter were located over 800 bp upstream from the TSS

(fig. 3.16A), and the closest ANR1 TFBS to the TSS in the NLP7 promoter was 307 bp

upstream. In both of these cases, ANR1 increased the luminescence of the promoter-LucN

(fig. 3.16C and fig. 3.17C), which was the opposite effect as for the ANR1 TFBS close to

the TSS in ANAC032.

3.6 Discussion

3.6.1 Reporter co-expression assays support direct edges within the sub-

network

The aim of this chapter was to gain an understanding of the edges in the subnetwork of

TFs identified by Gaudinier et al.25. 22 edges were supported by co-expression and TRAM

assays, and additionally 7 edges were supported by co-expression whose targets contained

a candidate TFBS that was not tested with TRAM.

In general, ARF9 and ARF18 repressed their targets in protoplast co-expression assays,

consistent with the known role of these TFs as repressors400,407. ARF9 and ARF18 reduced

pDREB26-LucN luminescence when there was no auxin present, as did ARF9 and 18 when

co-expressed together regardless of auxin concentration. ARF9 and 18 also significantly

reduced pANAC032-LucN luminescence when co-expressed.

Protoplast co-expression assays largely agreed with RNA-seq data. For example, in a

NLP7 T-DNA insertion mutant ANR1 expression was increased25, which supports the

co-expression assay result of NLP7 repressing ANR1. When ARF18 was overexpressed,

the expression of NIR1, NLP7 and NLP6 was reduced (unpublished, see Gene Expression

Omnibus GSE121222), which supports the co-expression assay results of ARF18 repressing

these genes. When ANAC032 was overexpressed, RNA-seq data showed that DREB26

was upregulated compared to wild type plants408, which supports the co-expression assay

result of ANAC032 activating DREB26.

NLPs are known to directly activate NIR126,396, so the activation of NIR1 by NLP6

and NLP7 in the co-expression assay was expected. ANAC032 reduced pNLP7 -LucN

luminescence when co-expressed. The predicted feedforward loop from ARF18 to NLP7
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via DREB26 and ANAC032 was only partially supported by protoplast co-expression data.

ARF18 to NLP7 via ANAC032, and ARF18 to DREB26 were supported, but DREB26 to

NLP7 could not be tested in co-expression assays since the predicted DREB26 TFBS was

located in NLP7 exon 1 which was not included in the pNLP7 -LucN plasmid. DREB26

TFBSs were often not present in the tested regions in co-expression assays as they were

often located downstream of the ATG. Larger regions which include these DREB26 TFBSs

need to be tested in co-expression assays to find outgoing DREB26 edges.

ARF18 was activated by NLP6 and NLP7 in the co-expression assay. This suggests

presence of a positive feedback loop from ARFs to NLP7 when no auxin is present via

repression of ANAC032. There was evidence of autoregulation of ARF18, ANAC032,

DREB26, NLP6, NLP7 and ANR1, which in the case of positive autoregulation (NLPs,

DREB26) could potentially slow down network responses and amplify noise409 and, in the

case of negative autoregulation (ARF18, ANR1), could lead to a faster response time and

increased robustness410.

Co-expression of ANAC032 or NLPs increased luminescence of pDREB26-LucN. ARF9/18

TFs reduced pDREB26-LucN luminescence in the co-expression assay when there was

no auxin, but there were mixed effects in the presence of auxin with an activation by

ARF9, and a repression by ARF9/18/IAA33 suggesting complex regulatory interactions

and feedback which would need investigating further to understand. ARF TFs are split

into three classes, with activators in class A, and repressors in classes B (which includes

ARFs 9 and 18) and C400. The addition of NAA did not have a large effect on the co-

expression assay results with ARF TFs, potentially because the saturation with ARF TFs

obscured any effects of auxin on the regulatory activity of ARF9 and ARF18. It has

been proposed that ARF activators compete for DNA-binding with ARF repressors411.

DREB26 is strongly activated by auxin412, so class A ARF activators might activate

DREB26 in the presence of auxin, partly mitigating the repressive effect of the repressors

ARF9/18. However, if this was the case then, upon overexpression of ARF9 or ARF18,

it might be expected that DREB26 would be repressed because class A activators should

be diminished due to saturation with ARF9 or ARF18. However, DREB26 was activated

indirectly by ARF9 and non-significantly by ARF18 in the presence of auxin. It is possible

that class A activator ARFs bind with higher affinity to the TFBSs in DREB26 than
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class B ARFs 9 and 18. ARFs bind to 6 bp auxin response elements with the sequence

TGTCNN. Class A ARFs can bind to pairs of auxin response elements in inverted repeat,

everted repeat, and direct repeat orientations, while class B ARFs mainly bind to inverted

repeats181,398. Additionally, class A ARFs bind with highest affinity to inverted repeats

with 7–8 bp and 17–18 bp spacing between TGTCNN motifs, while class B ARFs only bind

with high affinity to inverted repeats with 7–8 bp spacing398. Class A ARF dimers can

bind to inverted repeat motifs with a wider range of spacing between motifs than class B

ARFs. Binding affinity of a class A ARF dimer (ARF5) only reduced slightly when spacing

between motifs was changed to 5, 6 or 9 bp, while binding affinity of a class B ARF dimer

(ARF1) was greatly reduced compared to spacing of 7 or 8 bp413. There is a pair of direct

repeat auxin response elements 39 bp upstream of the TSS in the DREB26 promoter with

11 spacing between them. This suggests that class A ARFs might bind to DREB26 with

much higher affinity than class B ARFs, which could explain why DREB26 expression

is induced in the presence of auxin even when co-expressed with ARF9 or ARF18, since

the auxin mediated derepression of class A ARFs means that class A ARFs outcompete

ARF9 and 18 for binding with the DREB26 promoter. In the absence of auxin, class A

ARFs are repressed by aux/IAA proteins so ARF9 and 18 can bind with low affinity and

repress DREB26 when they are overexpressed. Interestingly, when both ARF9 and 18 are

co-expressed at the same time, DREB26 is repressed in the presence of auxin. It has been

suggested that ARFs could form alternative dimer complexes allowing for interaction with

different DNA motifs with orientation and spacing not bound by ARF homodimers414.

ARF9 and 18 are known to form heterodimers with each other415, which could alter their

DNA-binding domain structure compared to ARF9 or 18 homodimers, potentially making

the ARF9/18 heterodimer more promiscuous and able to bind to the direct repeat motifs

in the DREB26 promoter with higher affinity. Further experiments testing the affinity of

ARF9 and 18 heterodimers compared to homodimers to different motifs using protein-DNA

binding affinity assays such as TRAM are needed to confirm this hypothesis.

The use of a pCaMV35s-YFP control plasmid in place of co-transfection with pCaMV35s-

TF has not been demonstrated in previous ratiometric protoplast co-expression assays393,

but the data obtained suggest that this method should be adopted to ensure balanced

transcriptional load. Ratiometric assays are dependent on steady expression of an exper-

imental and batch calibrator. In an initial test, CaMV35s and AtuNOS promoters were
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found to change expression in response to the presence of some TFs. Ideally, a wider range

of endogenous or synthetic constitutive promoters should be tested to identify a single

promoter that could be used for all TFs.

Protoplast co-expression assays in this chapter contained technical replicates but not

biological replicates. During protocol development, similar experiments showed the same

overall trends in luminescence (data not shown), but these cannot be directly compared to

the experiments in this chapter as the experimental conditions were not identical, and the

final experimental calibrators and controls had not been selected. It will be important in

the future to repeat the protoplast co-expression experiments with the same experimental

conditions to confirm the findings.

3.6.2 TF-DNA interaction data supports the architecture of the subnet-

work

The identification of candidate binding sites in the upstream promoters and UTRs of

ANAC032, ANR1, ARF18, DREB26, NLP6, NLP7 and NIR1 provided some support for

the interactions between TFs and target promoters in the subnetwork identified using

Y1H25. Y1H edges from ARF9/18 to ANAC032, ANR1, DREB26 and NLP6 were suppor-

ted by the identified candidate TFBSs. Additionally, edges from ARF9 to NIR1, NLP6/7

to NIR1, TGA1 to NLP6, ANAC032 to NLP7, DREB26 to ANAC032 and DREB26 to

DREB26 and NLP7 were supported by the identified candidate TFBSs. However, the

Y1H edge from DREB26 to ANR1 was not supported since no candidate DREB26 TFBSs

were identified in the ANR1 promoter/5′ UTR. Additional candidate TFBSs for edges not

identified in Y1H data were found, such as a DREB26 TFBS in the NIR1 exon 1 and a

TGA1 TFBS in the ANAC032 promoter. This is most likely due to the test promoters

in the Y1H assay not capturing all of the TFBSs, and because false negatives can occur

in Y1H assays due to improper folding or localisation, or binding of TFs to TFBSs might

require post-translational modifications that only occur in planta25. It is also possible that

not all candidate TFBSs were identified. For example, transient binding of bZIPs224 and

NLP726 can lead to TFBSs being missed in ChIP-seq and DAP-seq data. Further, since

the TFBSs of ANAC032, ANR1 and ARF9/18 were not in the DAP-seq database181, their

TFBSs were inferred from closely related TFs. Although subsequent data from TRAM

found that the TFs could bind to these sites, it is possible that some TFBSs may not
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have been identified in promoters/5′ UTRs of genes in the subnetwork. Finally, some

TFs have been shown to bind to alternate motifs when in a heterodimer with another

TF416. At present, the incomplete datasets for plant TFBSs hinder the ability to identify

all candidate sites.

Candidate binding sites were experimentally tested using TRAM. Only 8/20 tested TFBSs

were found to bind ANAC032, suggesting that the inferred TFBS from ATAF1/ANAC002

may not be the optimal DNA sequence for binding of ANAC032. Alternatively, ANAC032

may require an additional protein to bind with strong affinity. The TRAM assay could

not be performed for ANR1 or ARF9 since these proteins were not successfully expressed.

10/29 DNA probes were significantly bound by ARF18. The low proportion of bound

probes could be because class B ARFs such as ARF18 mainly bind to inverted TGTCNN

repeats181,398 with 7–8 bp spacing398, and most of the identified and tested TFBSs were

not inverted TGTCNN repeats. 6/11 DREB26 TFBSs were found to bind the DREB26

protein using TRAM. Since this TFBS is a repetitive sequence, there was high potential for

false positive candidate TFBSs when promoter regions were scanned using FIMO364. NLP6

and NLP7 were found to bind 12/17 and 13/17 TFBSs respectively, indicating a potential

difference in the binding preferences of these two TFs. 7/8 DNA probes containing TGA1

candidate TFBSs were bound by TGA1 in TRAM assays, indicating that the position

weight matrix used for the TGA1 TFBS was good at predicting true binding events. More

data is needed to find the true TFBS core and flanking region for optimal binding of TFs

in the subnetwork, and to identify if there might be alternative binding sites that are

recognised by heterodimers with other TFs from the wider N-response network.

These data, together with the existing Y1H data25 provided experimental evidence of phys-

ical interactions between TFs and target genes. However, they do not provide information

about any regulatory consequences of binding, which is why the reporter co-expression

assay was employed.

3.6.3 Reporter co-expression assays are a useful tool for understanding

TF function

A strength of reporter co-expression assays is that they can be used to test potential

direct edges once candidate TFBSs have been identified and confirmed in vitro to bind
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TFs in a variety of contexts. They can complement other methods such as TARSET and

TARGET, providing another line of evidence of direct edges. Additionally, they can test

incoming edges to genes which respond to cycloheximide and cannot be reliably tested

using TARSET and TARGET. For example, incoming edges to DREB26, which has been

shown to respond to cycloheximide318, were successfully tested using co-expression assays

in this chapter. However, a limitation of co-expression assays is that the tested promoter

region is limited in size and may not capture the true regulatory effects since TFBSs

falling outside of the tested region may be important. This was an issue especially for

testing regulatory targets of DREB26, since several DREB26 TFBSs were located outside

of the tested region in protoplast assays. Additionally, the tested region in co-expression

assays is unlikely to include the native chromatin state, which could lead to incorrect

conclusions of the regulatory effects. However, disrupted chromatin state is also likely

a limitation of TARGET and TARSET assays. Isolation of plant protoplasts leads to

genome-wide increases in chromatin accessibility, leading to differentially expressed genes

in protoplasts compared to intact plants417. Overexpression of test TF in whole plants

through Agrobacterium leaf infiltration or delivery using nanoparticles418–420 followed by

transcriptomics analysis could be used instead in the future to overcome this limitation,

although these methods are lower throughput and less scalable.

The following direct edges were supported by both co-expression and TARSET data

(unpublished, Tufan Oz): ARF18 to ANAC032, ANAC032 to NLP7, NLP6 to NIR1 and

NLP7 to NIR1. Additionally, TGA1 to ARF18 was supported by TARGET data318. In

some cases, co-expression data represented the indirect regulatory effects found in TARSET

assays. For example, ANR1 was found to indirectly activate NLP7 in both co-expression

and TARSET assays. This could be explained by repression of ANAC032 by ANR1,

which potentially led to derepression of NLP7, since ANAC032 decreased luminescence of

pNLP7 -LucN following co-expression.

Co-expression assays also allow the investigation of the role of specific TFBSs by introducing

mutations. The ANAC032 promoter/5′ UTR with mutated ARF TFBSs showed increased

luminescence following co-expression of ARF18/IAA33 compared to no TF. This was

the opposite trend to the wild type pANAC032-LucN luminescence which was decreased

following co-expression with ARF18/IAA33. Additionally, the luminescence of mutated
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pANAC032-LucN was >4× lower compared to the WT pANAC032-LucN. This provides a

further line of evidence that ANAC032 is a direct target of ARF TFs.

When the NRE motif in NIR1 was mutated, NLPs still significantly activated NIR1 al-

though luminescence was much lower overall compared to that from the WT pNIR1-LucN,

showing the importance of the NRE for correct NIR1 expression. These results supported

those in Konishi and Yanagisawa396, where mutations in the NRE significantly reduced

NIR1 expression.

Overall, mutating TFBSs in promoters significantly reduced the expression of those pro-

moters, showing that the TFBSs are important for correct expression of the genes, and

that mutations in TFBSs can be used to change expression levels and potentially rewire

GRNs.

Reporter co-expression assays provide useful tools for identifying potential regulatory

interactions. However, complementary experiments such as the TARSET/TARGET assays

can potentially provide better information as target genes are within the native genomic

context. In addition, TARSET/TARGET assays can distinguish between direct and

indirect interactions. However, comparisons of data from TARSET/TARGET with co-

expression data also highlighted potential issues with TARSET/TARGET assays. When

TGA1 was co-expressed with test promoters/5′ UTRs, it resulted in the activation of all

genes. This contradicted TARGET data in Brooks et al.318, where many of the same target

genes were repressed by TGA1. This could be due to the GR tag used in the TARGET assay,

which might have interfered with the binding of TGA1 to DNA or cofactors. TGA1::GR

reduced pARF18-LucN luminescence upon application of DEX in co-expression assays

which included the GR tag. A similar reduction in luminescence was observed after DEX

treatment when TGA1::GR was co-expressed with pNLP7 -LucN, although overall NLP7

expression was higher with TGA1::GR than with the no TF control. However, when

TGA1::GR was co-expressed with pANAC032-LucN and pNIR1-LucN, it still resulted in

an increase in luminescence upon application of DEX, suggesting that the GR tag did not

interfere with TGA1 function in the TARGET assay. Additionally, when a candidate TGA1

TFBS was mutated in the ANAC032 promoter, co-expression of TGA1::GR still increased

the mutated pANAC032-LucN luminescence, suggesting that the native genomic context of

ANAC032 is required for its correct regulation by TGA1. The luminescence of the mutated
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pANAC032-LucN was significantly lower than the WT pANAC032-LucN regardless of DEX

concentration, showing the importance of the TGA1 TFBS. However, the disruption of the

TGA1 TFBS also disrupted an ANAC032 TFBS, which could have multiplied the effect of

the mutation and makes the interpretation ambiguous. Since protoplasts were harvested

3 hours after DEX treatment during co-expression with TGA1::GR, as opposed to after

overnight incubation with TGA1 in the original co-expression experiment, the differences

in regulation of test promoters might be due to the time of harvest. This suggests that

TGA1::GR represses genes such as ARF18 in the short term after 3 hours, but after 14

hours there is an overall activation effect, potentially due to feedback loops. It would

be useful in the future to conduct time course experiments to compare the regulatory

consequences of test TFs on their target genes over time. However, a compelling reason for

the discrepancy between the TARGET and luciferase assays is that in targets repressed

by TGA1, TFBSs are mainly located in the CDS, a region which was not included in

the CRM in protoplast co-expression assays318. In induced TGA1 targets, TGA1 TFBSs

were mainly located in the promoter region 0.5 kb upstream of the TSS318. For genes

with enriched TFBSs in regions downstream of the promoter and 5′ UTR, alternative

assays to protoplast co-expression such as TARGET would be more appropriate for testing

repression effects.

ANAC032 still significantly reduced luminescence of pNLP7 -LucN when candidate

ANAC032 TFBSs were ablated in the NLP7 CRM. The luminescence activity of the

mutated pNLP7 -LucN was higher than the WT promoter, but was not significantly dif-

ferent from the WT promoter following co-expression with ANAC032, suggesting an addi-

tional mechanism of repression of NLP7 by ANAC032, potentially via undiscovered TFBSs,

through an interacting cofactor which binds different TFBSs to ANAC032, or indirectly

through ANAC032 regulating another TF which then regulates NLP7.

A potential limitation of overexpressing TFs in protoplasts is that any additional factors

that are either required for or contribute to the normal regulatory activity of specific TFs via

protein-protein interactions may not be present at sufficiently high quantities. For example,

TCP20 has been shown to interact with NLP7 with the resulting heterodimer having a role

in root meristem growth under N-starvation64. Overexpression of NLP7 is likely to result

in more NLP7 homodimers than NLP7-TCP20 heterodimers. Similarly, ARF9/18 have
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been shown to dimerise with each other415 and to interact with aux/IAA proteins, which

repress the activity of ARFs when the auxin concentration is low399. As there may have

been insufficient aux/IAA proteins in the protoplasts for any such interactions to occur,

protoplasts were supplemented with NAA and IAA33. This did not have a large effect on

the activity of ARF9/18, however, and it is not certain that IAA33 is the correct partner for

ARF9/18. Although these proteins have been shown to interact in vitro401, further data are

required to determine if this happens in plant roots. It will be important in the future to

study more TF-DNA interactions and regulatory effects with dual luciferase co-expression

assays along with complementary TARGET assays to study both short- and long-term

responses of plants to nitrate to expand the validated GRN. Large scale experiments are

needed to fully understand the GRN, but targeted experiments such as mutation of TFBSs

in the promoters of important N-response TFs to disrupt specific edges, for example using

CRISPR, could be used to change plant nitrate responses. Testing the effect of mutations

in cis-regulatory regions, such as the mutated ARF TFBSs in the ANAC032 CRM, in the

native context would be useful so that transcriptomics and phenotyping assays could be

conducted to assess the effect on N-use efficiency.

Some genes such as DREB26 have been shown to respond to cycloheximide318, therefore,

alternative methods might be required. Although co-expression assays can provide sup-

porting evidence for direct regulation when paired with evidence of TF-DNA binding, they

cannot confirm direct regulation since native TFs are still active. One potential solution

could be to sample several timepoints following induction of DEX to identify suites of

genes that are more likely to be directly or indirectly regulated by the test TF, rather than

relying on cycloheximide to distinguish direct interactions392.

3.6.4 Conclusions

In summary, TRAM TF-DNA interaction data supported 29 edges in the subnetwork.

Protoplast co-expression data was successfully used to characterise edges in the N-response

subnetwork and test whether they activate or repress targets. 29 TF-promoter edges

(excluding TGA1 outgoing edges) were confirmed to significantly alter the expression of

target genes, with support for 22 direct edges when combined with confirmation of binding

with TRAM. Protoplast co-expression assays can only putatively support direct regulatory

effects, and it is beneficial to complement them with TARGET or TARSET assays. The
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promoters/5′ UTRs used in protoplast co-expression assays miss potentially important

TFBSs in upstream and downstream regions, and do not contain native chromatin states.

Despite these limitations, the data are useful for understanding the overall gene regulatory

subnetwork and predicting the effects of perturbation or manipulation. Additionally,

protoplast co-expression data are useful for evaluating and identifying network motifs. For

example, the predicted ARF18 to NLP7 feedforward loop through ANAC032 and DREB26

was supported. In combination with TF-DNA binding affinity data such as TRAM, and

complementary TF overexpression assays such as TARGET, the protoplast co-expression

data will allow targeted manipulation or engineering of promoter sequences, altering the

expression of genes in the N-response subnetwork and causing changes to network dynamics.

This will potentially allow for the improvement of beneficial traits, such as nitrogen-use

efficiency. So far, data from this chapter have been used to identify TFBSs in the regions

of promoters that are mutated using CRISPR approaches in chapter 4, and to inform the

design and engineering of a genetic feedback controller in the subnetwork (chapter 6).
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Chapter 4

Development of a CRISPR library

for engineering variation into

cis-regulatory sequences

4.1 Preface

My contribution to this chapter included all plasmid design and assembly, CRISPR library

construction, plant transformation, sequencing library preparation, most of the sequen-

cing analysis, all variant calling and mutation analysis, and phenotyping of mutant lines.

Genomics Pipelines (Earlham Institute) performed PacBio sequencing, and Dr. David Swar-

breck (Earlham Institute) performed the CCS and demultiplexing of samples. Primers for

qRT-PCR were obtained from Dr. Tufan Oz (Earlham Institute).

4.2 Introduction

There is a need to accelerate crop improvement to meet future food demands of the human

population421. Application of nitrogen fertilisers increases yield, but overuse can cause

eutrophication29 and release of the greenhouse gas nitrous oxide30. To reduce the need

for nitrogen fertilisers, the development of crops with more efficient nitrogen-use efficiency

is desirable. The regulation and integration of plant responses to stimuli and nutrients

such as nitrate are coordinated by complex GRNs made up of TFs and their target genes4.
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Manipulation of GRNs has potential to improve traits such as yield, growth, and nitrogen

(N)-use efficiency. Once a GRN has been characterised, it can be analysed to identify hubs

of highly connected TFs or nodes, which can indicate network robustness and provide

targets for engineering4.

However, loss-of-function mutations in TF hubs can disrupt important biological processes

and lead to undesirable traits422. In contrast, disrupting specific edges between TFs and

their targets by introducing mutations that disrupt TFBSs may avoid pleiotropic effects

and enable the subtle tuning of network responses.

Improving crops has traditionally relied on selective and mutation breeding, but this is time-

consuming and labour-intensive. Precision genome editing, where precise changes are made

at specific loci without incorporating DNA into the genome, has the potential to simplify the

plant development process423–425. Precision genome editing using CRISPR/Cas systems

has been used to introduce mutations into the genomes of many species by adding double

strand breaks and relying on errors in plant repair mechanisms426. In plants, the most

common mechanism for repairing double strand breaks is NHEJ; however, in dividing cells

HDR is most dominant where it repairs stalled replication forks264. HDR is relatively

inefficient in plants, especially due to the difficulties of delivering sufficient quantities of

repair template into the cells427. The NHEJ pathway is more error prone than HDR and

can occasionally lead to insertions and deletions. Although the exact mutation introduced

by NHEJ repair cannot be controlled using wild type Cas9 proteins, more control has been

enabled via the use of base editors, in which deaminase domains are fused to inactivated

Cas proteins428,429, and prime editors, in which a fused reverse transcriptase domain uses

a modified guide RNA as a template for a specific repair430,431.

Many important mutations driving crop domestication, breeding and evolution have been

identified in cis-regulatory regions432. These cis-regulatory mutations often cause subtle

phenotypic changes by altering timing, duration, or amplitude of gene expression. Deletions

in cis-regulatory regions can significantly alter gene expression306. In contrast, mutations

in CDSs result in loss-of-function or alterations to protein structure112. However, using

CRISPR to make specific edits in cis-regulatory regions requires knowledge of which TFBSs

or edges to disrupt. Since promoters are complex, it is difficult to predict the effect of a

mutation on gene expression, so approaches that do not rely on extensive knowledge of
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the cis-regulatory connections provide useful alternatives.

Forward genetic screening is a powerful approach for identifying regulatory or gene func-

tions. This approach requires a population with genetic variation, and a method with which

to identify individuals with phenotypes that differ from the wild type433. In plants, muta-

genesis techniques have largely involved physico-chemical mutagens such as ethylmethane

sulphonate, gene silencing or T-DNA transformant populations433. The CRISPR-Cas9 sys-

tem has commonly been used to generate large libraries for screening in animals354,434–439.

However, there are relatively few examples of CRISPR-Cas9 libraries in plants440–442. To

date, CRISPR libraries have been used to create libraries of knockout lines in tomato443,

rice440,441, maize442 and soy444. CRISPR libraries have also been used for ‘CRISPR direc-

ted evolution’ of specific target genes in rice445–447.

Few studies have targeted cis-regulatory regions using pooled CRISPR library approaches.

In tomato, eight sgRNAs were used to target a 2 kb region in the promoter of SiCLAVATA

(CLV)3, which encodes a signalling peptide known to be involved in controlling meristem

size448. This generated a range of mutants with varying locule number and fruit size in

a mutant collection of 1152 F1 plants306. In wheat, a pooled sgRNA CRISPR library

approach was used to target the promoter of the Q gene, which is involved in major do-

mestication traits in wheat, but deletions in the promoter region did not change expression

levels or phenotype significantly449. In rice, a CRISPR library approach was used to

target the promoter, 5′ UTR and downstream region of ideal plant architecture 1 (IPA1),

generating a range of mutants with variations in tiller number and panicle size, including a

mutant containing a 54 bp deletion in the promoter which increased both panicle number

and size, enhancing grain yield307.

In all the above-mentioned studies, Sanger sequencing of PCR amplicons was used to

identify the mutations. An alternative approach is to use pooled barcodes with multiplexed

amplicon sequencing. This approach allows for larger scale experiments450.

In chapter 3, the elucidation of a regulatory subnetwork is described for nitrate-responses

consisting of eight TFs and the NIR1 gene. Within that subnetwork, NLP7 is an intracel-

lular nitrate sensor, an early responder to nitrate, and is known to be a master regulator in

the nitrate response26,49. NLP7 promotes lateral root development by activating TAR252.

ARF9 and ARF18 have been shown to regulate nitrogen-related genes such as nitrate
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transporter 2.4 (NRT2.4) and ANAC03225. Another TF, DREB26, was shown to affect

nitrate assimilation25. In chapter 3, evidence showed that ARF TFs regulate DREB26.

Y1H data suggest that DREB26 regulates NLP7 25. Further, evidence from chapter 3

showed that ARF9 and 18 are involved in a feedforward loop to NLP7 through ANAC032

and potentially through DREB26. ANAC032 was found to repress NLP7 (see fig. 3.1).

A hypothesis is that disrupting edges in the feed forward loop will affect the network

dynamics and the response to nitrate.

Loss-of-function mutants of these transcription factors is undesirable as a strategy for

engineering NUE because they may have roles in other tissues and processes. For example,

in aerial tissues, ARF18 has a role in shade avoidance407. It is desirable to only disrupt

the specific subnetwork. One way to achieve this is to disrupt TFBSs in the cis-regulatory

regions of target genes. This requires knowledge of all TFs, and other proteins that bind

to the target promoters. However, although progress has been made at characterising this

subnetwork, the dataset is likely to be incomplete. Therefore, a CRISPR library approach

was used to add genetic variation to the promoters of ARF9, ARF18, DREB26 and NLP7,

four TFs we predict to be important in the N-response in Arabidopsis.

In this chapter, the construction of a pooled CRISPR library is described which targets

these promoters as well as the use of a pooled barcode amplicon sequencing approach

to identify mutations. Five plant lines containing interesting mutations, several of which

overlapped candidate TFBSs, were characterised using qRT-PCR and RSA phenotyping.

4.3 Aims

The first aim of this chapter is to generate a library of mutants by adding variation into the

promoter and 5′ UTR regions of four genes encoding TFs involved in regulating root growth

in response to nitrate using a CRISPR library approach. The second aim is to study the

effect of disrupting interactions between TFs and their candidate genes in cis-regulatory

regions on transcriptomics and phenotype.
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4.4 Results

4.4.1 Selection of genetic regions

In chapter 5, I show that the region closest to the TSS or start codon is more important

for regulatory function than regions further upstream, as architectural differences here

explained the different expression patterns of different gene categories. This is supported

by observations in Yu et al.451, where TFBSs in Arabidopsis were enriched in regions

closest to the TSS compared to more distal regions, and also in Cai et al.278, where moving

TFBSs closer to the TSS led to an increase in gene expression. Additionally, promoters

containing more open chromatin were more actively expressed, and those with motifs falling

within open chromatin were more important. Therefore, cis-regulatory regions 430–832

bp upstream of the TSS falling within open chromatin, and the 5′ UTR were selected to

increase the chance of disrupting important edges. ATAC-seq data350 (see section 2.7.7

Open chromatin coverage) were used to annotate the upstream regulatory regions falling

within open chromatin in ARF9 (1078 bp), ARF18 (651 bp), DREB26 (854 bp) and NLP7

(1006 bp) (fig. 4.1, turquoise region) (see section 2.6.1).

4.4.2 Identification of targets

SpCas9 NGG PAM sites were identified using CRISPOR351. Protospacer sequences with on-

target efficiency354 of <40% were filtered out and 30 protospacers per gene were identified

(see section 2.6.1; fig. 4.1, red lines).

To enable the possibility of larger deletions452–454 and increase the likelihood that each line

would contain at least one mutation, protospacers were sorted into pairs roughly 90–110

bp apart, with each protospacer allocated into at least one pair (see section 2.6.1). In total,

there were 96 protospacer pairs, with 23 pairs in ARF9, 24 pairs in ARF18, 23 pairs in

DREB26 and 26 pairs in NLP7.
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Figure 4.1: Selected genetic regions for CRISPR targeting. The cis-regulatory
regions selected for targeting with CRISPR are shown in turquoise. CRISPR-Cas9 pro-
tospacer targets are shown as thin red lines. The vertical black dashed line shows the
location of the TSS. ∗, TFBS inferred from closely related TF, see section 3.5.1.

4.4.3 Construction of a CRISPR library

122 sgRNA scaffolds were constructed by PCR amplification of a cloned sgRNA scaffold

sequence331 using primers to introduce each spacer sequence (see section 2.6.1). Guide

scaffolds were co-assembled with the AtU6-26 promoter producing 122 sgRNA expression

cassettes. 96 multigene Cas9 expression constructs each containing a pair of sgRNAs were

assembled resulting in ~24 constructs for each gene. Figure 4.2 shows a schematic of these

plasmids.

NOS:TMV OCS E9 YAO U6-26 sgRNA
NPTII

SpCas9
exon 2

SpCas9
exon 1

Potato
intron IV

NLS NLS U6-26 sgRNA

Figure 4.2: Schematic of SpCas9 expression cassettes. sgRNAs scaffolds were
amplified from a sgRNA template first described by Chen et al.331. These amplicons were
used to create expression cassettes which were inserted into the pCsA backbone, creating
multigene constructs according to the Loop syntax320. NLS, nuclear localisation signal.

96 strains of Agrobacterium, each containing a Cas9 expression construct with a different

pair of sgRNAs, were combined and used to transform 100 Col-0 Arabidopsis plants (see

sections 2.2.3 and 2.2.4). Seeds were collected, germinated on kanamycin selective media

and 200 T1 lines were transplanted to soil. 50 T1 plants were chosen at random and
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T2 seeds were collected. Ten T2 seeds from each parental line were sown. The four

cis-regulatory regions in T2 plants were amplified using two PCR steps which added two

unique barcodes to each amplicon (see section 2.6.4). Samples were multiplexed to allow

for simultaneous analysis of the large number of amplicons450 and sequenced using PacBio

Sequel II SMRT sequencing. Figure 4.3 outlines the strategy used to generate the library

of plants with novel mutations in the promoter regions of the four TFs.

Amplicon 
sequencing

96 Agrobacteria strains
transformed

ARF18pro NLP7proDREB26proARF9pro

Library generation
g1 g2SpCas9KanR

200 T1 lines

500 T2 lines

100 Col-0 Arabidopsis plants

Figure 4.3: Generation of a cis-regulatory mutation library in Arabidopsis. A
library of 96 CRISPR plasmids was generated with each plasmid containing two guides tar-
geting the promoter and 5′ UTR of four TFs in the nitrogen subnetwork. 96 Agrobacterium
strains were transformed with a single plasmid each, and then mixed equally. Arabidopsis
plants were transformed, and the four amplicons in T2 plants were sequenced.

4.4.4 A wide range of promoter mutations were generated

Amplicon sequencing generated 4049544 raw reads of mean length 39721 bp of the libraries

described above. CCS was performed, generating 2313978 high fidelity (HiFi) reads with

yield of 2907046832 bp with median read quality of Q44, indicating good quality reads.

Following CCS, reads were demultiplexed by barcodes and reference genes, and variant

calling and mutation analyses were performed.
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The median number of mapped reads for ARF9 was 314.5, for ARF18 was 680.0, for

DREB26 was 342.5 and for NLP7 was 660.0 (fig. 4.4).
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Figure 4.4: Distribution of 𝑙𝑜𝑔10 read counts per amplicon. Read counts represent
the number of reads mapping to that amplicon in a plant line.

Lines containing more than two alleles were defined as being chimeric. Chimeric lines

can occur when Cas9 is expressed in the somatic cells of unedited plant lines, therefore

introducing a range of different mutations in individual cells or sectors of tissue455. In total,

327/499 T2 lines that were sequenced contained a mutation in at least one cis-regulatory

region. Of these, 315 lines were non-chimeric (96.3%). 49.6% of non-chimeric mutated

lines were homozygous, 23.7% contained at least one heterozygous mutation and 20.6%

contained at least one biallelic mutation. 40 lines contained mutations in two genes, and

one line contained mutations in three genes.

The greatest number of mutations were found within ARF9, with 147/468 lines (31.4%)

containing a mutation. This was followed by NLP7 and ARF18 which had 112/478 (23.4%)

and 67/373 (18.0%) lines containing mutations, respectively. DREB26 had the lowest

number of mutations with 43/366 lines (11.7%) containing mutations (table 4.1). The GC
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content of the sequenced cis-regulatory region of ARF9 was 32%, of ARF18 was 35%, of

DREB26 was 29% and of NLP7 was 27%. The GC content did not correlate with the

number of mutations. NLP7 and ARF18 had the highest median reads at each mutation

site (646 and 623 respectively), while DREB26 and ARF9 had the lowest (344 and 361

respectively) (table 4.1 and fig. 4.5). Of the 315 non-chimeric lines, 64.8% of ARF9

lines, 40.9% of ARF18 lines, 37.5% of DREB26 lines and 49.5% of NLP7 lines contained

homozygous mutations. Most insertions were single nucleotide insertions, with 98.4%

of ARF9, and 100% of ARF18, DREB26 and NLP7 insertions being single nucleotide

polymorphisms (SNPs).

Overall, 19.7% of all deletions were over 10 bp in length. ARF18 and NLP7 had the

highest percentage of deletions over 10 bp in length, at 27.3% and 25.6% respectively,

although ARF18 only had 11 non-chimeric deletions in total (table 4.1 and fig. 4.6). The

largest deletion in ARF18 was 34 bp. ARF9 had 50 non-chimeric deletions, with the

largest being 31 bp in length. DREB26 had 22 non-chimeric deletions, with the largest

being 21 bp in length, and NLP7 had 39 non-chimeric deletions, the longest being 34 bp.
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Figure 4.5: Distribution of 𝑙𝑜𝑔10 read counts at each mutation site for each gene.
Read counts include reads from wild type alleles.
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Figure 4.6: Deletion size counts in the promoter/5′ UTRs of four genes targeted
using CRISPR. The number of plant lines containing deletions of varying sizes in each
gene (ARF9, ARF18, DREB26 and NLP7 ).

The distribution of mutations relative to the TSS in each gene is shown in fig. 4.7. ARF9,

ARF18 and DREB26 had many mutations within the desirable region surrounding the

TSS. ARF9 also had many mutations at around 740 bp upstream of the TSS. NLP7 had

two peaks of mutations, ~250 bp upstream and ~250 bp downstream of the TSS.

In summary, the CRISPR library was a success, with the generation of a range of mutations

in the cis-regulatory regions of DREB26, ARF9, ARF18 and NLP7, and the vast majority

of these were non-chimeric SNPs. Around half of the mutations were homozygous, and

the rest were heterozygous or biallelic.
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Figure 4.7: Distribution of mutations relative to the TSS. The distribution of
insertions, deletions, and substitutions in non-chimeric mutated lines relative to the TSS
(obtained from Araport 11363) in each gene.
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Table 4.1: Details of the genotypes, mutation types and overlapping TFBSs of

the four CRISPR library gene targets. WT, wild type.

ARF9 ARF18 DREB26 NLP7
Genotypes
Total plant lines with mapped amplicon

reads

468 373 366 478

Total mutated lines 147 67 43 112
% non-chimeric mutated lines 96.6 98.5 93 95.5
% homozygous mutated lines (non-chi-

meric)

64.8 40.9 37.5 49.5

% heterozygous mutated lines (non-chi-

meric)

8.5 37.9 47.5 29.9

% biallelic mutated lines (non-chimeric) 26.8 21.2 15 20.6
Mutation types
Total mutations 236 106 73 180
% insertions (of total mutations) 77.1 82.1 54.8 70.6
% deletions (of total mutations) 21.2 10.4 30.1 21.7
% of deletions over 10 bp length 18 27.3 9.1 25.6
% substitutions (of total mutations) 1.7 7.5 15.1 7.8
Median mutation site reads (incl. WT al-

leles)

361 623 344 646

Overlapping TFBSs
% of insertions overlapping TFBSs 18.7 60.9 45 32.3
% of deletions overlapping TFBSs 30 63.6 72.7 17.9
% of substitutions overlapping TFBSs 0 0 18.2 7.1

4.4.5 Selection of plant lines for further study

To determine if mutations to the cis-regulatory regions had any impact on gene expression

or plant growth, several lines were selected for further analysis. These were selected using

data collected on the zygosity and locations of mutations. First, lines containing 3 or more

mutations at a single locus (chimeric lines) were excluded. Lines with biallelic mutations

were also deprioritised as, in cis-regulatory regions, two different mutations may have

different consequences. Lines in which mutations disrupted a binding site of a TF were

prioritised, as were lines with larger (> 4 bp) deletions. Using these criteria, 10 lines were

selected (table 4.2). Due to time constraints only the first 5 were analysed. These were

selected based on observations made during the production of T3 seeds, which suggested

changes to growth and development.
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Table 4.2: Types of mutations in plant lines selected for further analysis.
Plant ID Gene Genotype Mutation
plntEPSWT20069-9 NLP7 homozygous Homozygous 11 bp deletion 258 bp

downstream of TSS disrupts NLP7

TFBS.
plntEPSWT20125-4 NLP7,

ARF9

biallelic NLP7 : biallelic 13 bp deletion/1

bp insertion 316 bp upstream of

TSS, disrupts ANR1, NLP7 and

ANAC032 TFBSs. ARF9: Bial-

lelic 12 bp deletion/1 bp insertion

207-218 bp downstream of TSS.
plntEPSWT20130-4 ARF18 biallelic Biallelic 15 bp deletion/1 bp dele-

tion 6 bp downstream of TSS. Ho-

mozygous 1 bp insertion 76 bp up-

stream of TSS.
plntEPSWT20134-3 DREB26 homozygous Homozygous 5 bp deletion 55 bp

downstream of TSS.
plntEPSWT20139-9 ARF9 homozygous Homozygous 31 bp deletion 215 bp

downstream of TSS.
plntEPSWT20127-10 DREB26 homozygous Homozygous 4 bp deletion 11 bp

upstream of TSS.
plntEPSWT20144-5 DREB26 biallelic Biallelic 1 bp or 13 bp deletions 48

bp downstream of TSS disrupting

DREB26 TFBS.
plntEPSWT20154-4 DREB26,

ARF9

homozygous Homozygous 1 bp insertion 85 bp

upstream of TSS. Homozygous 10

bp insertion/substitution 63 bp

downstream of TSS. Also has ho-

mozygous insertion in ARF9 770

bp upstream of TSS.
plntEPSWT20142-4 NLP7 homozygous Homozygous 1 bp insertion over-

lapping NLP7 TFBS 257 bp down-

stream of TSS. Homozygous 23 bp

substitution 351 bp downstream of

TSS.
plntEPSWT20142-8 NLP7 homozygous Homozygous 1 bp insertion 349 bp

downstream of TSS, homozygous 5

bp deletion 253 bp downstream of

TSS overlapping NLP7 TFBS.
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The T3 progeny seeds of selected T2 lines were grown in 1 and 10mm KNO3 conditions on

vertical plates to assess the effect of the mutations on the nitrate-response (see section 2.2.2

for details). Seeds for the Col-0 controls were collected from equivalent generations of

plants grown alongside the mutant lines. Root system architecture (RSA) was analysed 9

days after germination using the SmartRoot plugin (v4.21)338 for (Fiji Is Just) ImageJ

(v2.3.0)339, to look for changes in primary root length, number and density of lateral roots,

average lateral root length, total root length, and the ratio of lateral root length to total

root length (see section 2.2.8). Type II two-way ANOVAs were used to test for significant

effects of genotype on the RSA parameters, and Tukey’s post hoc tests were used when

significant to test significance of individual comparisons.

Root tissue was collected for RNA extraction 12-days following germination, and the relat-

ive expression of genes containing mutations in their cis-regulatory regions was analysed

by qRT-PCR (see section 2.5.5 for details). The expression of NIR1 was assessed in all

lines as a proxy for genes regulated by the subnetwork (fig. 3.24).

4.4.6 Characterisation of plant lines

Line plntEPSWT30069-9 containing nlp7-m1-11bp showed an increased lateral

root length:total root length ratio

Line plntEPSWT30069-9 was selected for analysis because it contained an 11 bp deletion

overlapping a candidate NLP7 TFBS in the 5′ UTR of NLP7 (fig. 4.8A). Several other

candidate TFBSs were predicted to overlap the deletion (TFBSs of far1-related sequence

9 (FRS9), basic pentacysteine 1 (BPC1), basic pentacysteine 5 (BPC5) and transcription

factor IIIA (TFIIIA)) (Supplementary fig. S1). Although this caused no significant change

in relative expression of NLP7 (fig. 4.8C) or its target NIR1 (fig. 4.8B) compared to

Col-0 on either nitrate concentration (Welch’s t-tests, P > 0.05), there were significant

root system architectural changes (Type II two-way ANOVAs). There was a significantly

higher mean ratio of lateral root length to total root length (LRL/TRL) at 1mm KNO3

in line plntEPSWT30069-9 (Tukey’s post hoc tests; 0.35 ± 0.13 cm; P < 0.05) than Col-0

(fig. 4.8J; 0.2 ± 0.1 cm). At both 1mm and 10mm KNO3, line plntEPSWT30069-9 had

significantly longer mean primary roots (fig. 4.8D,K; plntEPSWT30069-9: 1mm 3.94 ±

0.41 cm, P < 0.001; 10mm 4.26 ± 0.29 cm, P < 0.001; Col-0: 1mm 3.32 ± 0.35 cm, 10mm
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3.51 ± 0.42 cm), more lateral roots (fig. 4.8E; plntEPSWT30069-9: 1mm 4.95 ± 2.21, P

< 0.001; 10mm 3.7 ± 1.15, P < 0.001; Col-0: 1mm 2.33 ± 0.69, 10mm 2.0 ± 1.26), higher

total lateral root length (fig. 4.8F; plntEPSWT30069-9: 1mm 2.36 ± 1.38 cm, P < 0.001;

10mm 0.73 ± 0.38 cm, P < 0.05; Col-0: 1mm 0.92 ± 0.77 cm, 10mm 0.39 ± 0.29 cm),

higher mean total root length (fig. 4.8H; plntEPSWT30069-9: 1mm 6.29 ± 1.55 cm, P <

0.001; 10mm 5.02 ± 0.53 cm, P < 0.01; Col-0: 1mm 4.29 ± 0.93 cm, 10mm 3.97 ± 0.52 cm)

and higher lateral root density (fig. 4.8I; plntEPSWT30069-9: 1mm 1.26 ± 0.58, P < 0.01;

10mm 0.87 ± 0.27, P < 0.01; Col-0: 1mm 0.7 ± 0.21, 10mm 0.57 ± 0.37) than Col-0.

Although line plntEPSWT30069-9 had an increased number and density of lateral roots

compared to Col-0, there was no significant difference in average lateral root length between

genotypes (fig. 4.8G; P > 0.05).
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K

Figure 4.8: Characterisation of line plntEPSWT30069-9 containing nlp7-m1-11bp.
A: Location of mutation relative to transcription start site. Relative expression of B: NIR1
and C: NLP7 in line plntEPSWT30069-9 and Col-0 plants on 1mm and 10mm KNO3.
Significance was calculated using either independent t-tests (when variances were equal)
or Welch’s t-tests (when variances were not equal)349. qRT-PCRs performed using RNA
extracted from roots 12 days after germination. N = 3 biological replicates, each consisting
of a pool of roots from ~50 seedlings. Each qRT-PCR was performed in duplicate. D
to J: RSA of line plntEPSWT30069-9 and Col-0 9 days after germination on 1mm and
10mm KNO3. Significance calculated using ANOVA and Tukey HSD post hoc tests when
necessary344. N = 8 biological replicates (plants) and three technical replicates (plates).
K: Photos of representative Col-0 and plntEPSWT30069-9 plants 9 days after germination
grown on 1 and 10mm KNO3. **, P < 0.01. *, P < 0.05. †, TFBS inferred from closely
related TF, see section 3.5.1.

Line plntEPSWT30125-4 containing arf9-m1-12bp, nlp7-m2-13bp/nlp7-m3+1bp

and nlp7-m4-1bp/nlp7-m5+1bp showed an increased lateral root length:total

root length ratio

Line plntEPSWT30125-4 had a very similar RSA phenotype to line plntEPSWT30069-9,

with significantly longer primary roots (fig. 4.9E,L; plntEPSWT30125-4: 1mm 3.95 ±

0.36 cm, P < 0.001; 10mm 3.89 ± 0.32 cm, P < 0.001; Col-0: 1mm 3.46 ± 0.31 cm, 10mm

3.3 ± 0.34 cm), more lateral roots (fig. 4.9F; plntEPSWT30125-4: 1mm 4.16 ± 1.99, P <

0.001; 10mm 3.47 ± 1.47, P < 0.01; Col-0: 1mm 2.11 ± 1.18, 10mm 1.92 ± 1.24), longer

total lateral root length (fig. 4.9G; plntEPSWT30125-4: 1mm 1.86 ± 0.91 cm, P < 0.001;

10mm 0.88 ± 0.49 cm, P < 0.01; Col-0: 1mm 0.69 ± 0.81 cm, 10mm 0.39 ± 0.41 cm),

172



longer total root length (fig. 4.9I; plntEPSWT30125-4: 1mm 5.83 ± 1.07 cm, P < 0.001;

10mm 4.76 ± 0.61 cm, P < 0.001; Col-0: 1mm 4.18 ± 0.84 cm, 10mm 3.65 ± 0.65 cm),

and a higher ratio of lateral root length to total root length (fig. 4.9K; plntEPSWT30125-4:

1mm 0.30 ± 0.11, P < 0.001; 10mm 0.18 ± 0.09, P < 0.05; Col-0: 1mm 0.15 ± 0.12,

10mm 0.10 ± 0.08) than Col-0.

At 1mm KNO3, line plntEPSWT30125-4 had a significantly higher average lateral root

length (fig. 4.9H; M = 0.46 cm, P < 0.05) and lateral root density (fig. 4.9J; M = 1.04, P

< 0.01) than Col-0 (PRL: M = 0.29 cm; LRD: M = 0.61).

Line plntEPSWT30125-4 contained a biallelic 13 bp deletion or 1 bp insertion in the NLP7

promoter of line plntEPSWT30125-4 which overlapped the TFBSs of ANR1, NLP6/7 and

also ANAC032 in the case of the deletion (fig. 4.9A (middle)). To test if this influenced

gene expression of NLP7, qRT-PCRs were performed on extracted RNA, revealing that

NLP7 expression was significantly increased in line plntEPSWT30125-4 (M=1.75; Welch’s

t-tests, t = -5.29, P < 0.05) compared to Col-0 (M=1.02) at 1mm KNO3 (fig. 4.9D).

Although there was an increase in NLP7 expression, NIR1 expression was not significantly

changed, although it was slightly decreased at 1mm KNO3 (P > 0.05) (fig. 4.9C).

Line plntEPSWT30125-4 also contained a homozygous 12 bp deletion in the ARF9 5′

UTR (fig. 4.9A (top)), although ARF9 expression was not changed significantly in the

mutant compared to Col-0 (fig. 4.9B) (P > 0.05).
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Figure 4.9: Characterisation of line plntEPSWT30125-4 containing arf9-m1-12bp,
nlp7-m2-13bp/nlp7-m3+1bp and nlp7-m4-1bp/nlp7-m5+1bp. A: Mutation locations
relative to transcription start site in ARF9 and NLP7. Relative expression of B: ARF9,
C: NIR1 and D: NLP7 in line plntEPSWT30125-4 and Col-0 plants on 1mm and 10mm
KNO3. Significance was calculated using either independent t-tests (when variances were
equal) or Welch’s t-tests (when variances were not equal)349. qRT-PCRs performed using
RNA extracted from roots 12 days after germination. N = 3 biological replicates, each
consisting of a pool of roots from ~50 seedlings. Each qRT-PCR was performed in duplicate.
E to K: RSA of line plntEPSWT30125-4 and Col-0 9 days after germination on 1mm and
10mm KNO3. Significance calculated using ANOVA and Tukey HSD post hoc tests when
necessary344. N = 8 biological replicates (plants) and three technical replicates (plates).
L: Photos of representative Col-0 and plntEPSWT30069-9 plants 9 days after germination
grown on 1 and 10mm KNO3. **, P < 0.01. *, P < 0.05. †, TFBS inferred from closely
related TF, see section 3.5.1.

Line plntEPSWT30130-4 containing arf18-m1-14bp/arf18-m2+1bp and arf18-

m3+1bp showed a decrease in ARF18 expression

Line plntEPSWT30130-4 was selected for analysis because it contained a biallelic 14 bp

deletion or 1 bp insertion in the ARF18 5′ UTR, along with a 1 bp insertion the promoter,

both of which were close to the TSS increasing the chance of a transcriptional change

(fig. 4.10A). These mutations overlapped candidate TFBSs of vernalisation 1 (VRN1),

related to vernalisation 1 (RTV1), high cambial activity 2 (HCA2) and BPC1 (Supple-

mentary fig. S2 top). Mutation arf18-m1-14bp also overlapped a TFBS of BPC5. Some

plants from line plntEPSWT30130-4 lacked chlorophyll pigment and were excluded from

analyses (fig. 4.10K). This was because the CRISPR construct had likely been inserted

into a chlorophyll gene and was most likely still present in those plants. The expression of

ARF18 was significantly lower in line plntEPSWT30130-4 (M = 0.60, ± 0.06) than Col-0

(M = 1.00, ± 0.01) on 1mm KNO3 (fig. 4.10B; Welch’s t-tests t = 0.12, P < 0.01). The

ARF18 expression was also significantly lower at 10mm (0.33 ± 0.08) than 1mm (0.60 ±

0.06) KNO3 in line plntEPSWT30130-4 (Welch’s t-tests t = -5.18, P < 0.01). In chapter 3,

ARF18 was shown to significantly repress NIR1 (fig. 3.15G), a well-studied nitrate as-

similation gene (fig. 3.24). The relative expression of NIR1 was tested by qRT-PCR to

test whether the reduction in ARF18 expression affected its expression. However, NIR1

expression was not significantly different between line plntEPSWT30130-4 and Col-0 on

either nitrate concentration, although it was slightly higher in line plntEPSWT30130-4 at

10mm (fig. 4.10C; P > 0.05).
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The RSA of line plntEPSWT30130-4 was analysed on different nitrate concentrations to

test whether the reduction in ARF18 expression led to any changes. The RSA of line

plntEPSWT30130-4 was very similar to that of Col-0, although at 1mm KNO3 the total

root length was significantly higher in line plntEPSWT30130-4 (5.08 ± 1.32 cm) than Col-0

(fig. 4.10H; 3.93 ± 0.75 cm; P < 0.05).
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Figure 4.10: Characterisation of line plntEPSWT30130-4 containing arf18-
m1-14bp/arf18-m2+1bp and arf18-m3+1bp. A: Mutation locations relative to transcrip-
tion start site. Relative expression of B: ARF18 and C: NIR1 in line plntEPSWT30130-4
and Col-0 plants on 1mm and 10mm KNO3. Significance was calculated using either
independent t-tests (when variances were equal) or Welch’s t-tests (when variances were
not equal)349. qRT-PCRs performed using RNA extracted from roots 12 days after ger-
mination. N = 3 biological replicates, each consisting of a pool of roots from ~50 seedlings.
Each qRT-PCR was performed in duplicate. D to J: RSA of line plntEPSWT30130-4 and
Col-0 9 days after germination on 1mm and 10mm KNO3. Significance calculated using
ANOVA and Tukey HSD post hoc tests when necessary344. N = 8 biological replicates
(plants) and three technical replicates (plates). K: Photos of representative Col-0 and
plntEPSWT30069-9 plants 9 days after germination grown on 1 and 10mm KNO3. **, P
< 0.01. *, P < 0.05. †, TFBS inferred from closely related TF, see section 3.5.1.
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Line plntEPSWT30139-9 containing arf9-m2-31bp showed an increase in the

ratio of lateral root length:total root length at 1 mm KNO3

The function of ARF TFs is known to be partially redundant456, so the effect of a 31

bp deletion in the 5′ UTR of ARF9 in line plntEPSWT30139-9 (fig. 4.11A) was tested

to see if it would have a similar effect on RSA as mutations in ARF18. Interestingly,

line plntEPSWT30139-9 had significantly a higher total lateral root length (fig. 4.11F,K;

plntEPSWT30139-9: 1.76 ± 0.93 cm, P < 0.01; Col-0: 0.75 ± 0.52 cm), total root length

(fig. 4.11H; plntEPSWT30139-9: 5.36 ± 1.0 cm, P < 0.001; Col-0: 4.29 ± 0.64 cm) and

ratio of lateral root length to total root length (fig. 4.11J; plntEPSWT30139-9: 0.32 ±

0.15, P < 0.05; Col-0: 0.16 ± 0.09) than Col-0 at 1mm nitrate. The increase in total root

length compared to Col-0 in line plntEPSWT30139-9 was similar to the increase in root

length in line plntEPSWT30130-4 containing the ARF18 mutation (fig. 4.10H) compared

to Col-0.

To test if these changes in RSA were due to a change in ARF9 expression, qRT-PCR was

performed on RNA extracted from roots of line plntEPSWT30139-9 and Col-0 grown on

1mm and 10mm KNO3. Surprisingly, there was no significant change in expression of

ARF9 or NIR1 on either nitrate concentration compared to Col-0 (P > 0.05) (fig. 4.11 B

and C).
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Figure 4.11: Characterisation of line plntEPSWT30139-9 containing arf9-m2-31bp.
A: Location of mutation relative to transcription start site. Relative expression of B: ARF9
and C: NIR1 in line plntEPSWT30139-9 and Col-0 plants on 1mm and 10mm KNO3.
Significance was calculated using either independent t-tests (when variances were equal)
or Welch’s t-tests (when variances were not equal)349. qRT-PCRs performed using RNA
extracted from roots 12 days after germination. N = 3 biological replicates, each consisting
of a pool of roots from ~50 seedlings. Each qRT-PCR was performed in duplicate. D
to J: RSA of line plntEPSWT30139-9 and Col-0 9 days after germination on 1mm and
10mm KNO3. Significance calculated using ANOVA and Tukey HSD post hoc tests when
necessary344. N = 8 biological replicates (plants) and three technical replicates (plates).
K: Photos of representative Col-0 and plntEPSWT30069-9 plants 9 days after germination
grown on 1 and 10mm KNO3. **, P < 0.01. *, P < 0.05. †, TFBS inferred from closely
related TF, see section 3.5.1.

Line plntEPSWT30134-3 containing dreb26-m1-5bp showed an increase in the

ratio of lateral root length:total root length

DREB26 is a putative target of NLP7 (fig. 3.14F), ARF9 and 18 (fig. 3.14G–I). Therefore,

line plntEPSWT30134-3 containing a homozygous 5 bp deletion in the DREB26 5′ UTR

was investigated (fig. 4.12), to see if it would cause transcriptional changes or changes

in RSA. The deletion fell within 2 bp of a DREB26 candidate TFBS, and overlapped

candidate TFBSs of BPC1, TFIIIA, basic pentacysteine 6 (BPC6), FRS9 and BPC5

(Supplementary fig. S3). Interestingly, the ratio of lateral root length to total root length

was significantly higher at both nitrate concentrations in line plntEPSWT30134-3 compared

to Col-0 (fig. 4.12J; plntEPSWT30134-3: 1mm 0.39 ± 0.15, P < 0.001; 10mm 0.21 ± 0.09,

P < 0.001; Col-0: 1mm 0.13 ± 0.09, 10mm 0.05 ± 0.04). However, there was no significant
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difference in expression between genotype or nitrate concentration for DREB26 or its

putative target NIR1, although NIR1 expression was higher in line plntEPSWT30134-3

than Col-0 at 1mm KNO3, albeit non-significantly (fig. 4.12B and C; Welch’s t-tests, P

> 0.05). Compared to Col-0 at both nitrate concentrations, line plntEPSWT30134-3 had

significantly more lateral roots (fig. 4.12E,K; plntEPSWT30134-3: 1mm 5.35 ± 1.92, P <

0.001; 10mm 4.05 ± 1.80, P < 0.001; Col-0: 1mm 2.14 ± 1.29, 10mm 1.69 ± 0.79), longer

total lateral root length (fig. 4.12F; plntEPSWT30134-3: 1mm 2.26 ± 1.16 cm, P < 0.001;

10mm 0.95 ± 0.45 cm, P < 0.001; Col-0: 1mm 0.62 ± 0.54 cm, 10mm 0.22 ± 0.18 cm)

and a higher lateral root density (fig. 4.12I; plntEPSWT30134-3: 1mm 1.74 ± 0.79, P <

0.001; 10mm 1.21 ± 0.61, P < 0.001; Col-0: 1mm 0.59 ± 0.32, 10mm 0.46 ± 0.20). At

10mm KNO3, line plntEPSWT30134-3 had significantly higher average lateral root length

(0.27 ± 0.18 cm; P < 0.01) than Col-0 (fig. 4.12G; 0.14 ± 0.12 cm). Additionally, at 1mm

KNO3, line plntEPSWT30134-3 had significantly higher mean total root length (5.49 ±

1.12 cm; P < 0.001) than Col-0 (fig. 4.12H; 4.19 ± 0.92 cm).
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Figure 4.12: Characterisation of line plntEPSWT30134-3 containing dreb26-
m1-5bp. A: Location of mutation relative to transcription start site. Relative expression
of B: DREB26 and C: NIR1 in line plntEPSWT30134-3 and Col-0 plants on 1mm and
10mm KNO3. Significance was calculated using either independent t-tests (when variances
were equal) or Welch’s t-tests (when variances were not equal)349. qRT-PCRs performed
using RNA extracted from roots 12 days after germination. N = 3 biological replicates,
each consisting of a pool of roots from ~50 seedlings. Each qRT-PCR was performed in
duplicate. D to J: RSA of line plntEPSWT30134-3 and Col-0 9 days after germination on
1mm and 10mm KNO3. Significance calculated using ANOVA and Tukey HSD post hoc
tests when necessary344. N = 8 biological replicates (plants) and three technical replicates
(plates). K: Photos of representative Col-0 and plntEPSWT30134-3 plants 9 days after
germination grown on 1 and 10mm KNO3. **, P < 0.01. *, P < 0.05. †, TFBS inferred
from closely related TF, see section 3.5.1.

4.5 Discussion

This library of 327 lines provided a large resource for the identification of mutations of

interest in the promoter/5′ UTR regions of four genes. However, as sequence data was

not obtained for all four genes in all 500 lines, there are likely to be more mutations and

mutated plant lines than reported. Furthermore, only 200 T1 lines were selected and many

more additional T1 seeds were collected that could be analysed in the future to identify

further mutations. Additionally, only T2 progeny from 50 T1 parental lines were analysed,

so further T2 progeny from the remaining 150 T1 parental lines could be analysed in the

future. 41 lines contained mutations in more than one gene. This is most likely due to

co-infection by multiple Agrobacterium strains. The number of sequencing reads per plant
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line were sufficient for identification of mutations and zygosity, however, fewer reads were

obtained for DREB26 than for other genes. This is most likely because the DREB26

target region was difficult to amplify, possibly due to several repetitive AT sequences in

the DREB26 amplicon. DREB26 had the lowest percentage of mutated plants at 11.7%.

This could be due to the lower number of successfully sequenced DREB26 amplicons from

different plant lines, the fact that sgRNAs are less efficient at targeting T-rich motifs, and

also could be because fewer lines containing DREB26 mutations were analysed by chance.

In the future, the use of Cas12a (Cpf1) could improve targeting of T-rich motifs457.

3.7% of mutant lines were chimeric with presence of at least three different alleles. This

suggests that some Cas9 activity occurred within somatic cells rather than within the

egg cell or zygote452. Due to time constraints, the presence of T-DNA had not yet been

determined at the time of writing, therefore, some plant lines might still encode a functional

Cas9. This could potentially result in the introduction of additional off-target mutations.

Overall, there were relatively few substitutions (6.2% of non-chimeric mutations), with

most mutations being insertions (73.3% of non-chimeric mutations) followed by deletions

(20.5% of non-chimeric mutations). This is consistent with previous studies using CRISPR

in plants452,458–460, which have similar ranges of mutations arising from NHEJ and, possibly,

by microhomology-mediated end joining (MMEJ), typically observed when using Cas9 for

mutagenesis in plants452,461,462. The use of CRISPOR351 to design sgRNAs likely improved

the editing efficiency of the CRISPR constructs due to selection of better quality sgRNAs.

Lines plntEPSWT30069-9 and plntEPSWT30125-4 both showed an increased lateral root

length:total root length ratio. Both plant lines contained deletions overlapping NLP7

TFBSs in the NLP7 cis-regulatory region. These binding sites are suggestive of positive

autoregulation of NLP7. At 1mm KNO3, the NIR1 expression in both plant lines was

lower than in Col-0, although the difference was not significant. This could be due to a

lower expression of NLP7 due to decreased autoregulation during the early response to

nitrate.

The deletion in line plntEPSWT30069-9 also overlaps candidate binding sites for FRS9,

BPC1, BPC5 and TFIIIA. It would be useful to experimentally determine whether these

TFs bind to the candidate TFBSs using TF-DNA binding affinity assays, since candidate

sites identified using PWMs are not always functional463 and might bind with higher
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affinity to other related TFs from the same family389. FRS9, BPC1 and BPC5 are involved

in the response to ethylene and stress responses464,465. TFIIIA regulates the 5S rRNA

gene466. This highlights that, even when targeting cis-regulatory regions, it is difficult

to delete edges from TFs within one pathway without disrupting other edges related

to other potential pathways. The biallelic nlp7-m2-13bp/nlp7-m3+1bp mutations in line

plntEPSWT30125-4 also overlap candidate binding sites of ANR1, and in the case of the

deletion, ANAC032. Since all three TFBSs bind TFs implicated in the nitrate response,

the network dynamics in response to nitrate could be disrupted even more than if only a

single TFBS was mutated. Interestingly, NLP7 expression was higher at 1mm KNO3 in

line plntEPSWT30125-4. This could be due to the deletion in the ARF9 promoter, or it

could be due to a feedback loop involving other genes due to the lower initial expression

of NLP7 causing an increase in NLP7 expression longer term.

Lines plntEPSWT30069-9 and plntEPSWT30125-4 had similar RSAs, with longer total

lateral root length, more lateral roots, higher total root length, higher lateral root density

and a higher ratio of lateral root length to total root length on one or both nitrate

concentrations compared to Col-0. This is most likely due to possible disruption of the

timing and level of expression of the master regulator and nitrate sensor49 NLP7. NLP7

has a role in lateral root development through regulation of the IAA biosynthesis gene

TAR252. NLP7 loss-of-function mutants have a lower auxin signal in the lateral root

primordia52 and have a larger primary root and more lateral roots at 1 and 10mm nitrate

compared to wild type25,405. The root phenotypes of line plntEPSWT30069-9 and line

plntEPSWT30125-4 are consistent with NLP7 loss-of-function phenotypes.

Previous studies have shown that overexpression of NLP7 also increased primary root

length and lateral root density in both nitrate rich and nitrate poor conditions, but to a

greater extent than NLP7 loss-of-function mutants405. Loss-of-function of NLP7 confers a

constitutive N-starved phenotype on high and low nitrate conditions. In contrast to NLP7

loss-of-function mutants, NLP7 overexpression led to higher root and shoot biomass at

high and low nitrate conditions and resulted in up-regulation of genes involved in nitrate

transport, assimilation, and signalling. NLP7 loss-of-function mutants had lower biomass

on high and low nitrate conditions. Since both NLP7 overexpression and loss-of-function

mutants both show similar RSA phenotypes405, it cannot be said for certain whether lines
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plntEPSWT30069-9 and plntEPSWT30125-4 had increased or reduced expression of NLP7.

In NLP7 overexpression lines, NIR1 expression is higher compared to Col-0, while in NLP7

loss-of-function mutants the expression of NIR1 is lower than in Col-0405. However, NIR1

expression in both lines plntEPSWT30069-9 and plntEPSWT30125-4 was lower at 1mm

nitrate compared to Col-0, suggesting that the NLP7 expression was lower in both lines.

However, since NLP7 expression was significantly higher in line plntEPSWT30125-4 at

1mm nitrate compared to Col-0, and NLP7 expression was slightly higher at 10mm nitrate

in line plntEPSWT3069-9 compared to Col-0, we cannot rule out that NLP7 expression

was increased by the mutations in its cis-regulatory region. Additionally, since the nlp7-

m1-11bp deletion in line plntEPSWT3069-9 falls within the NLP7 5′ UTR, disruption of

translation efficiency due to disrupted ribosome binding sites in the mRNA cannot be

discounted.

Line plntEPSWT30130-4 contained mutations arf18-m1-14bp/arf18-m2+1bp and arf18-

m3+1bp. The mutations arf18-m1-14bp/arf18-m2+1bp overlapped binding sites for additional

TFs (VRN1, RTV1, HCA2 and BPC1), and also BPC5 in the case of the deletion. The

arf18-m3+1bp mutation also disrupted the binding site of the stress response gene BPC5467.

VRN1 and RTV1 are known repressors involved with vernalisation for the flower develop-

ment, although they have non-specific binding468,469. Therefore, this mutation might lead

to a change in flowering time. HCA2 is known to promote radial growth and elongation

of roots470. Disruption of the HCA2 binding site might have implications for root growth

through ARF18.

NIR1 expression was not significantly affected in line plntEPSWT30130-4. Since ARF18

is known to repress NIR1 (see chapter 3), it was expected that NIR1 expression would be

increased by a reduction in expression of ARF18. However, RNA-seq data in Gaudinier et

al.25 showed that NIR1 expression was not significantly affected by ARF18 loss-of-function.

The only significant change in RSA in line plntEPSWT30130-4 was a higher total root

length on 1mm nitrate. This is generally consistent with the RSA of ARF18 loss-of-function

mutants, which did not have much change in RSA25. The ARF18-3 loss-of-function mutant

had a significantly lower ratio of lateral root length to total root length compared to Col-0

at 1mm KNO3
25, which was the opposite trend shown in line plntEPSWT30130-4. This

demonstrates the subtleties of promoter edge disruption compared to the loss-of-function

187



of the downstream gene.

Line plntEPSWT30139-9 contains a large deletion, arf9-m2-31bp, in the ARF9 5′ UTR.

Since the expression of ARF9 in line plntEPSWT30139-9 did not change significantly

compared to Col-0, it is likely that this mutation disrupted translation rather than tran-

scription. Similar to line plntEPSWT30130-4 containing mutations in the ARF18 pro-

moter, the expression of NIR1 in line plntEPSWT30139-9 was slightly higher than Col-0

at 10mm KNO3. The RSA phenotype of line plntEPSWT30139-9 was similar to that

of line plntEPSWT30130-4, with a higher total root length than Col-0 on 1mm KNO3,

although line plntEPSWT30139-9 also had an increased total lateral root length and ratio

of lateral root length to total root length on 1mm KNO3. This contrasts with Gaudinier

et al.25, who found that the ARF9-2 loss-of-function mutant had no significant root system

architectural difference to Col-0.

Line plntEPSWT30134-3 contained the mutation dreb26-m1-5bp which disrupted the can-

didate TFBSs of the stress response genes BPC5, BPC1 and FRS9, along with TFIIIA

and BPC6. BPC6 is involved with the ethylene response465, which is a known stress-re-

sponsive hormone besides its role in plant growth and development467. The consensus

TFBS sequences of all of these TFs are highly repetitive TC sequences, suggesting that

they are non-specific TFBSs. The fact that a DREB26 motif is present overlapping these

stress-response related binding sites makes sense because DREB26 is involved with the

drought stress and ethylene response471. The expression of DREB26 was slightly lower

in line plntEPSWT30134-3 than Col-0 at 10mm KNO3, although the effect was not signi-

ficant. There was a significant increase in the number of lateral roots, total lateral root

length, lateral root density and ratio of lateral root length to total root length at both

nitrate concentrations. This suggests that the disruption of the DREB26 promoter had

a positive effect on lateral root development. Evidence from validation of the regulatory

subnetwork suggests that DREB26 is likely a regulator of NLP7, a known positive regu-

lator of nitrate responses40,41,472. It might, therefore, be hypothesised that DREB26 is a

negative regulator of nitrate responses. Since the dreb26-m1-5bp deletion occurs in the 5′

UTR, we cannot determine whether the RSA phenotypic changes are due to a change in

transcription or translation efficiency.

It would be interesting to characterise more T1 lines to increase the size of the T2 mutation
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library. This would allow for the identification of a greater range of mutations across each

gene. It would also be useful to identify and grow the homozygous progeny of heterozygous

and biallelic lines containing interesting mutations. Where only one allele disrupted a

functional element, the analysis of homozygous lines might result in a clearer phenotype.

A limitation of looking at gene expression of 12-day old plants is that the gene expression

only represents the long-term nitrate response. It would be informative to look at the

transcriptomics immediately and soon after changing the concentration of nitrate in the

media. These results would allow for a better understanding of the early response to nitrate

before later transcriptional cascades and feedback loops change the expression of genes of

interest. Further work is needed to determine whether the NLP7 expression is increased or

decreased in the short and long-term in lines plntEPSWT30069-9 and plntEPSWT30125-4.

The CRISPR library was a useful tool for studying the effect of disruptions between TFs

and their target genes. The use of a pooled CRISPR library allowed for the generation of

a large number of lines with a diverse range of mutations, and the phenotypic effects of

some of these mutations were characterised. The use of a multiplexed sequencing approach

was successful in identifying the mutations in the CRISPR lines. A potential downside

of using a CRISPR library approach is that since mutations were generated by chance,

the coverage of mutations across the promoter missed some predicted and tested TFBSs.

The use of a complementary approach disrupting individual TFBSs of interest would be

beneficial to guarantee that the TFBS of interest is disrupted. Alternatively, the number

of screened lines could be increased to improve the likelihood of finding a mutation in

the TFBS of interest. It will be important in the near future to determine whether the

Cas9 construct was present in the lines that were characterised and whether the Cas9

construct had any effect on the phenotype by removing the Cas9 through breeding. This

is needed before any solid conclusions can be made about the effect of the mutations on

the phenotype. The presence of any off-target mutations should also be determined, and

these removed by breeding, to ensure that the phenotypic effects were due to the known

mutations in the CRISPR library. Additionally, multiple lines should be characterised with

various mutations in the same promoters to determine whether the phenotypic effects are

consistent, or specific for individual mutations. The fact that root phenotypes were altered

in characterised lines suggests that NUE might also have been altered, as the surface area
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in contact with the growth medium will have been changed. It would be interesting to

characterise the NUE of these lines to determine whether the mutations in the CRISPR

library have an effect on NUE. This would involve collecting additional data such as plant

biomass, plant tissue nitrogen content and nitrogen uptake. It would also be useful to

generate additional CRISPR libraries targeting more genes of interest, to increase the

potential for identifying interesting mutations which improve NUE. Finally, it would be

beneficial to use similar CRISPR library approaches in related crop species to determine

how consistent the results are with those found in A. thaliana.

4.5.1 Conclusions

Overall, the mutations in the NLP7 promoter disrupted potential edges from ANAC032,

ANR1 and NLP7, causing longer and more dense lateral roots. In the previous chapter,

ANAC032 was shown to repress NLP7 expression, disrupting part of the feedforward loop

from ARF18 to NLP7. This edge disruption could potentially have disrupted network

dynamics and reduced the robustness of the nitrogen-response subnetwork, causing the

altered lateral root growth. The disrupted ANR1 and NLP7 TFBSs in the NLP7 promoter

might also have disrupted network dynamics, causing a change in either the time of or

intensity of expression of NLP7.

The deletion in the ARF18 cis-regulatory region caused a reduction in ARF18 expression,

which slightly increased total root length. The deletion in the ARF9 cis-regulatory region

also caused an increased total root length, suggesting that ARF9 and ARF18 have similar

functions. This could have reduced the overall repression effect of ARF9/18 repressors on

genes in the nitrate-response subnetwork in response to auxin, leading to slightly higher

root growth. The activity of ARF TFs is known to be functionally redundant456, so

disrupting the cis-regulatory regions of multiple repressor ARFs might have a greater

effect on the network dynamics of the nitrate-response subnetwork and would potentially

cause more obvious phenotypes.

Although the 5 bp deletion in the DREB26 5′ UTR did not cause a significant change

in DREB26 expression, it might have changed ribosome binding affinity causing a lower

concentration of DREB26 protein, leading to a derepression of DREB26 targets. The

change in network dynamics caused by this deletion increased the number and density
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of lateral roots. The putative reduction in DREB26 protein potentially disrupted the

feedforward loop from ARF18 to NLP7 through DREB26, which might have increased

NLP7 expression and caused the increased lateral root growth. This phenotype was

similar to the effect of the mutation disrupting the ANAC032 TFBS in the NLP7 cis-

regulatory region (line plntEPSWT30125-4), which potentially disrupted the other half of

the feedforward loop from ARF18 through ANAC032 to NLP7. It would be interesting to

cross lines plntEPSWT30125-4 and plntEPSWT30134-3 to see if the disruption of both

ANAC032 and DREB26 feedforward loop edges is additive to the phenotype.

In conclusion, the CRISPR library contained a range of interesting mutations, some of

which were shown to disrupt the regulation of four TFs involved in the early response to

nitrate. This demonstrates that CRISPR libraries may be useful engineering strategies for

engineering crop traits. The CRISPR library generated in this chapter will be an important

resource for further investigations of the N-response gene regulatory network, including

understanding network dynamics and identifying genotypes that lead to improvements in

NUE.
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Chapter 5

Architectural differences in the

promoters of constitutive and

variably expressed genes

5.1 Preface

All analyses in this chapter were performed by myself.

5.2 Introduction

Constitutively expressed genes are defined as genes that have consistent expression levels

under normal (absence of stress) conditions across all cell and tissue types and develop-

mental stages473,474. In contrast, variable genes include developmental stage, cell-specific

genes where expression is mainly confined to one or a few tissues474,475, as well as respons-

ive genes, which respond to changes in the environment including predictable changes such

as light and dark but also biotic and abiotic stress. It is important to note that the degrees

of expression variability and tissue-specificity are on a spectrum, and even constitutively

expressed genes show significant cell to cell variability in Arabidopsis476. This chapter aims

to investigate differences in upstream regulatory regions of Arabidopsis genes to identify

if there are architectural differences in the upstream regulatory regions of constitutive

and variable genes that might aid the design of minimal synthetic promoters. Previous
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analyses in plants and other eukaryotes have already identified differences between genes

within these categories. Arabidopsis constitutive genes are enriched for methylation in

their gene body regions477–479 which may help them maintain transcription levels. Tissue-

specific genes are enriched for methylation in their promoters477, which may help prevent

gene expression in tissues or cells where they are not required. Additionally, while few

genes contain TATA boxes157, TATA-containing promoters have a larger GC-skew (higher

proportion of G and C compared to the background) peaking at the TSS480. In addi-

tion, Arabidopsis constitutive promoters are enriched for GA repeat regions while variable

promoters are depleted in GA repeat regions481. GA repeats have been hypothesised to

have a similar function to CpG (CG) islands in mammalian promoters, which are also

enriched in constitutive promoters as compared to variable promoters481–483. While CpG

dinucleotides are often methylated, those within promoter CpG islands are usually un-

methylated484. Perhaps related to the presence of CpG islands, mammalian constitutive

promoters have a higher GC content than responsive promoters485,486. GC-rich regions

show higher flexibility in487,488 and lower nucleosome formation potential489,490 in anim-

als and plants. In Arabidopsis, GC-rich sequence has a higher DNase I sensitivity with

more open chromatin490. Together, these findings suggest that the promoter regions of

constitutive genes may maintain accessibility to their regulating TFs via a high GC content

in confirmations that do not induce methylation. It can therefore be hypothesised that

Arabidopsis constitutive promoters will have a higher GC content than variable promoters.

In plants, the CDSs of constitutively expressed, housekeeping genes have been shown to

be under stronger selective constraint than tissue-specific genes491. In contrast, promoter

sequences are not as conserved as CDSs. For example, strength of expression but not

primary sequence is conserved between Arabidopsis and Oryza sativa (rice)492. Highly

expressed plant constitutive genes were more conserved than highly expressed tissue-specific

genes and also more conserved than constitutive genes with low expression, however,

highly expressed tissue-specific genes were less conserved than tissue-specific genes with

low expression491.

Another interesting difference between constitutive and variable genes are differences in

TSSs. Morton et al.157 used paired-end analysis of TSSs (PEAT) to create a dataset of

TSSs from A. thaliana root samples. This dataset was used to create a machine learning
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model called the Plant PEAT Peaks (3PEAT) model, which predicts the TSS probability

at any given nucleotide within a TSR. Variable genes were associated with narrow TSRs,

while weaker expression was associated with constitutive expression157. This was also

true in humans, with variably expressed genes having a narrower TSRs than constitutive

genes483.

In plants, though few genes have TATA boxes, they are enriched in genes that respond to

multiple stimuli as compared to tissue-specific genes, and early responders to stress were

found to be more likely to contain a TATA box than genes that responded later493. Further-

more, TATA boxes were found to be enriched in variable genes compared to constitutive

genes in Arabidopsis494.

Differences in sequence composition, open chromatin, and the breadth of the TSR might

also suggest differences in the numbers and diversity of TFs that bind to promoter regions of

constitutive and variable genes. Studies in humans show conflicting evidence for differences

in TFBS coverage between promoter types. Constitutive genes were found to have higher

DNA entropy (less order) than tissue-specific genes in humans, suggesting that tissue-

specific genes are more complex and have a higher density of CREs495. Constitutive

promoters were also found to have more nucleotides covered by TFBSs than tissue-specific

promoters in humans274, suggesting that the promoters of constitutive genes are more

complex. Human constitutive promoters were also found to have more TFBSs that attract

multiple TFs274, and in pigs, more types of motifs were found in variable promoters than

in constitutive486. In Arabidopsis, genes responding to many stimuli were found to be

targeted by more TFs than those that respond to few stimuli, and the first 500 bp upstream

of the TSS were found to contain a stronger correlation between breadth of stimuli response

and motif density493. Stochastically expressed genes were found to be shorter and targeted

by more TFs than constitutive genes in Arabidopsis496. Together with the observations

above, this suggests that the functional regions of variable promoters may be short, with

the TFs regulating them binding close to the TATA box, potentially also contributing to a

narrow TSR. However, as previous observations have been based on comparisons of genes

that respond to different numbers of stimuli, further analyses are required to determine

differences between constitutive and variably expressed genes.

Some genes in GRNs have more connections than others, and these are called hubs. These
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genes can regulate the activity of many other genes in the network. Regulating nodes or

hubs within GRNs are less likely to be tissue-specific than their target genes. In humans,

nearly all TFs are associated with at least one tissue-specific edge in all tissues, suggesting

that even constitutively expressed TFs play a role in regulating tissue-specific expression497.

Network hub genes which interact with lots of other genes were more likely to be non-

tissue specific. Tissue-specific genes were less likely to be regulated by canonical TF-DNA

interactions in their promoter and were more likely to be regulated by non-canonical means

through TF-complexes, alternative TFBSs or interactions outside of the promoter497.

5.3 Aims

The first aim is to elucidate promoter architectural differences between different gene

expression categories in Arabidopsis. Specifically, whether TATA boxes, TFBS density,

GC content, TFBS diversity and chromatin percentage coverage of CRMs differ between

constitutive, variable, non-specific and tissue-specific genes. The second aim is to learn

design features needed to construct synthetic minimal N-responsive promoters.

5.4 Results

5.4.1 Gene selection

Four categories of genes with different expression patterns in A. thaliana were selected to

study promoter architecture. Before gene selection, 3299 genes were flagged and removed

from the analysis as their coding sequences were overlapping other coding sequences.

484 genes were also filtered from the analysis as the promoter/5′ UTR did not generate

significant matches to known TFBS motifs identified using DAP-seq181. Sets of constitutive

and variable genes were selected from a published dataset (Czechowski et al.372) in which

Arabidopsis genes were ranked based on their coefficient of variation (CV) to identify

stably expressed housekeeping genes (see section 2.7.3). The methodology described by

Czechowski et al.372 was used to select the top 100 and top 300 constitutive and variable

genes, gene categories which were not described in Czechowski et al.372. However, only

genes that were found to be expressed in 80% or more of developmental stages and

tissues were included in that analysis, meaning that even the most variable genes excluded
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tissue/condition-specific genes. Tissue/condition-specific genes ranked using Tau tissue-

specificity were therefore also compared with genes with the lowest Tau ranking, which

were categorised as non-specific genes. Tau tissue-specificity was calculated using the

gene expression data from Czechowski et al.372, and the top 100 and 300 non-specific and

tissue-specific genes were selected. Using a custom Python script, 1959 genes were flagged

and removed as they had potentially overlapping or bidirectional promoters where the

upstream gene was positioned in the opposite direction and was less than 2000 bp away

from the TSS. Of these, 17 constitutive, 6 variable, 15 non-specific, 14 tissue-specific and

11 control genes were flagged and removed. The mean 𝑙𝑜𝑔2 expression of the genes in each

category are shown in fig. 5.1. To select 100 or 300 control genes that were present in

both the CV and Tau datasets, the Tau ranking was used to select genes from the central

distribution of the expression CV ranked genes. The central distribution was divided

into 10 bins and 10 or 30 genes were selected randomly from each bin. For analysis of

promoters/5′ UTRs, hereafter called cis-regulatory modules (CRMs), 1000 bp upstream

of the annotated Araport 11363 TSS or until the nearest gene were extracted. 5′ UTRs

were extended downstream of the TSS to the closest coding region. As can be seen in

fig. 5.1, the tissue-specific genes were only expressed in a small number of tissues, so any

conclusions from further analyses are only relevant for these tissues and should not be

generalised to all tissues.

The expression CV distribution of the top 100 constitutive genes was narrower than the

top 100 variable genes (fig. 5.2). Additionally, the Tau tissue-specificity distribution of the

top 100 tissue-specific genes was narrower than the top 100 non-specific genes (fig. 5.3).
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Figure 5.1: Mean 𝑙𝑜𝑔2 expression of constitutive, variable, non-specific and tissue-
specific gene categories in Arabidopsis thaliana across 79 different tissues and
developmental stages372. Constitutive and variable categories were selected using
coefficient of variation ranking as in Czechowski et al.372. Tissue-specific and non-specific
categories were selected using Tau tissue specificity ranking. N = 100. The top 100
genes (Y-axis) in each gene expression category are coloured by mean 𝑙𝑜𝑔2 expression in
79 different tissues and developmental stages (X-axis)372.
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Figure 5.2: Expression CV distribution of the top 100 constitutive and variable
genes compared to all CV ranked genes. Constitutive and variable categories were
selected using coefficient of variation ranking as in Czechowski et al.372.
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Figure 5.3: Tau tissue-specificity distribution of the top 100 non-specific and
tissue-specific genes compared to all Tau ranked genes. Tissue-specific and non-
specific categories were selected using Tau tissue specificity ranking.
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5.4.2 Gene ontology analysis

A gene ontology (GO) enrichment analysis using Fisher’s exact test379 and Benjamini/Hoch-

berg FDR correction371 found 2 significantly enriched GO terms (biological process

GO:0008150) for the top 300 constitutive genes, with 17 genes associated with intra-

cellular protein transport and 9 genes with endocytosis (see section 2.7.10). There were

4 significantly enriched GO terms (cellular component GO:0005575) for the top 300 vari-

ably expressed genes, with 73 associated with the nucleus, 55 with being extracellular, 32

with the cytosol and 3 with the plastid. For the top 300 non-specific genes there were

3 significantly enriched cellular component GO terms, with 67 genes associated with the

mitochondrion, 60 genes with the cytosol and 28 genes with the Golgi apparatus. For the

top 300 tissue-specific genes there were 4 biological process, 7 cellular component and 6 mo-

lecular function significantly enriched GO terms. 151 tissue-specific genes were associated

with the pollen tube (pollen tube growth GO:0009860, regulation of pollen tube growth

GO:0080092, pollen tube guidance GO:0010183, pollen exine formation GO:0010584, pollen

tube GO:0090406, pollen tube tip GO:0090404), 67 with the extracellular region, 31 with

the chloroplast, 26 with protein binding, 15 with antiporter activity, 14 with the cytosol,

8 with the endomembrane system, 6 with apical plasma membrane, 8 with pectinesterase

inhibitor activity and 8 with pectinesterase activity. A KEGG gene set enrichment ana-

lysis with Benjamini/Hochberg FDR correction found no enriched terms in constitutive or

variable groups (P > 0.05).

5.4.3 Analysis of chromatin availability

Publicly available ATAC-seq data (control treated plants350) were superimposed onto the

promoter/5′ UTRs (CRMs) from the four gene sets (see section 2.7.7). This allowed

the chromatin accessibility to be described. The percentage of nucleotides within open

chromatin was significantly different between constitutive, variable and control CRMs

(Kruskal-Wallis H = 37.5, P < 0.0001). Dunn’s post hoc tests with Bonferroni correction

showed that the percentage of nucleotides within open chromatin was significantly lower

in variable CRMs (35.0% ± 35.1) than constitutive (54.1% ± 33.3; P < 0.001) or con-

trol (65.3% ± 30.4; P < 0.0001) CRMs (fig. 5.4A). Open chromatin coverage was also

significantly different between non-specific, tissue-specific and control gene types (Kruskal-
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Wallis H = 75.3, P < 0.0001). Dunn’s post hoc tests with Bonferroni correction revealed

that the percentage of nucleotides within open chromatin in tissue-specific CRMs (20.4%

± 30.2) was significantly lower than in non-specific (46.9% ± 36.1; P < 0.0001) or control

(65.3% ± 30.4; P < 0.01) CRMs (fig. 5.4B)

A sliding window analysis revealed that from ~350 bp to ~650 bp upstream of the start

codon the median open chromatin in constitutive CRMs decreased from 100% to zero

while variable CRMs had a median percentage open chromatin of 0 across the entire region

(fig. 5.5A) (see section 2.7.4). From ~250 bp to ~450 bp upstream of the start codon

the median open chromatin in non-specific CRMs decreased from 100% to zero while

tissue-specific CRMs had a median percentage open chromatin of 0 across the entire region

(fig. 5.5B).
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Figure 5.4: Mean percentage open chromatin in Arabidopsis CRM expression
categories. A: Percentage base pairs (bp) within open chromatin in 100 constitutive,
variable and control genes. N=100. B: Percentage bp within open chromatin in 100
non-specific, tissue-specific and control genes. N=100. Significance was calculated using
Kruskal-Wallis and Dunn’s post hoc tests with Bonferroni correction. **, P < 0.01. ***,
P < 0.001. ****, P < 0.0001. Control genes are identical in plots A and B.

To test whether this was a significant difference or due to different 5′ UTR lengths between

constitutive and variable genes, the percentage of root-shoot intersect open chromatin of

windows was plotted centred around the Araport11 TSS. This analysis separated windows

located in promoter regions from those located in 5′ UTRs regions. The median percentage

of open chromatin decreased upstream of the TSS for both constitutive and variable genes,
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Figure 5.5: Sliding window analysis of percentage open chromatin in Arabidopsis
CRMs. The median proportion of nucleotides within open chromatin was scored for 100
bp windows across selected CRMs. The windows were overlapping with a 50 bp offset.
The median value for each bin is displayed at the central bp of the bin. Shading represents
95% confidence intervals estimated using 10000 bootstraps. A: constitutive and variable
GC content sliding windows. N=100. B: non-specific and tissue-specific sliding windows.
N=100.

and constitutive genes had a higher percentage open chromatin -100 to +500 bp around

the TSS (fig. 5.6A). The median percentage of open chromatin decreased upstream of

the TSS for non-specific genes while tissue-specific CRMs had a median percentage open

chromatin of 0 across the whole CRM (fig. 5.6B). When analyses were repeated with the

top 300 CRMs in each category the results supported the findings of the top 100 CRMs

(figs. S4 to S6).
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Figure 5.6: Percentage open chromatin in Arabidopsis CRMs centred around
the transcription start site (TSS). Windows are offset by 50 bp. Shading represents
95% confidence intervals estimated using 10000 bootstraps. Median percentage of open
chromatin peaks overlapping 100 bp windows. The median value for each bin is displayed
at the central bp of the bin. Open chromatin peaks derived from the intersect of root
and shoot peaks derived from negative control (treated with NaOH) ATAC-seq data by
Potter et al.350. A: constitutive and variable GC content sliding windows. N=100. B:
non-specific and tissue-specific sliding windows. N=100.

5.4.4 Analysis of GC content

GC content was analysed for the top 100 genes of each category (see section 2.7.5). GC

content was significantly different between gene types (Kruskal-Wallis H = 6.5, P <

0.05). Dunn’s post hoc tests with Bonferroni correction revealed that mean percentage

GC content was significantly higher in constitutive CRMs (32.8% ± 4.3) than variable

CRMs (31.7% ± 3.6; P < 0.05) (fig. 5.7A). There was no significant difference between

non-specific, tissue-specific and control categories (Kruskal-Wallis H = 4.2, P > 0.05;

(fig. 5.7B).

A sliding window analysis (see section 2.7.4) revealed that percentage GC content was

higher for constitutive genes than variable genes and higher for non-specific genes than

tissue-specific genes (fig. 5.8).
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Figure 5.7: Mean percentage GC content in Arabidopsis CRMs. Box plots have box
boundaries that represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up
to the largest or smallest observed point that falls within 1.5 times the interquartile range.
A: Percentage GC content in 100 constitutive, variable and control genes. *, P < 0.05.
N=100. B: Percentage GC content in 100 non-specific, tissue-specific and control genes.
There was no significant difference in GC content between categories. N=100. Control
genes are identical in plots A and B.
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Figure 5.8: Sliding window analysis of percentage GC content in Arabidopsis
CRMs. The median percentage GC content was scored for 100 bp windows across selected
CRMs. The windows were overlapping with a 50 bp offset. The median value for each bin
is displayed here at the central bp of the bin. Shading represents 95% confidence intervals
estimated using 10000 bootstraps. A: constitutive and variable GC content sliding windows.
N=100. B: non-specific and tissue-specific sliding windows. N=100.

When the initial analysis was limited to 400 bp upstream of the ATG start codon, there was

a significant difference between constitutive, variable and control genes (Kruskal-Wallis H

= 14.8, P < 0.001) (fig. 5.9). Dunn’s post hoc tests with Bonferroni correction revealed
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that, within this 400 bp region, CRMs of constitutive genes had a significantly higher

GC content (35.0% ± 5.0) than variable CRMs (33.1% ± 4.7; P < 0.001) and control

CRMs (33.8% ± 4.2; P < 0.05). In the same 400 bp CRM region there was a significant

difference between non-specific, tissue-specific and control CRMs (Kruskal-Wallis H =

22.8, P < 0.0001). Dunn’s post hoc tests with Bonferroni correction revealed that non-

specific (33.6% ± 5.6; P < 0.001) and control CRMs (33.8% ± 4.2; P < 0.0001) had a

significantly higher GC content than tissue-specific CRMs (31.2% ± 3.9). When analyses

were repeated using the top 300 CRMs in each category, all GC content findings supported

those found when using the top 100 CRMs (figs. S7 to S9).
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Figure 5.9: Mean percentage GC content of the 400 nucleotides upstream of
the ATG start codon in Arabidopsis CRMs. Box plots have box boundaries that
represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up to the largest
or smallest observed point that falls within 1.5 times the interquartile range. Significance
was calculated using Kruskal-Wallis followed by Dunn’s post hoc tests with Bonferroni
correction. A: Percentage GC content in 100 constitutive, variable and control CRMs.
N=100. B: Percentage GC content in 100 non-specific, tissue-specific and control genes.
N=100. ****, P < 0.0001. ***, P < 0.001. **, P < 0.01. *, P < 0.05. Control genes are
identical in plots A and B.

5.4.5 Transcription factor binding site coverage

TFBS coverage within CRMs was compared between the top 100 genes of each category

to investigate if variable CRMs have higher coverage, using TFBS motif data from DAP-

seq181 (see section 2.7.6). TFBS coverage was not significantly different between CRM types
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(Kruskal-Wallis H = 2.4, P > 0.05; fig. 5.10A). TFBS coverage did not differ significantly

between non-specific, tissue-specific or control CRM types at the whole promoter level

(Kruskal-Wallis H = 5.6, P > 0.05; fig. 5.10B).
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Figure 5.10: Mean percentage TFBS coverage of Arabidopsis CRMs. Box plots
have box boundaries that represent 25th, 50th (median) and 75th percentiles; whiskers
are drawn up to the largest or smallest observed point that falls within 1.5 times the
interquartile range. Significance was calculated using Kruskal-Wallis. A: There was no
significant difference in TFBS coverage between constitutive, variable or control CRMs.
N=100. B: There was no significant difference in TFBS coverage between non-specific,
tissue-specific or control CRMs. N=100. Control genes are identical in plots A and B.
TFBS motif data was obtained from DAP-seq181.

The same analysis was performed restricting analysis to regions of open chromatin.

TFBS coverage differed significantly between constitutive, variable and control categories

(Kruskal-Wallis H = 27.1, P < 0.0001; fig. 5.11A). Dunn’s post hoc tests with Bonferroni

correction revealed that TFBS coverage in open chromatin of variable CRMs (7.3% ±

8.8) was significantly lower than constitutive CRMs (11.3% ± 8.5; P < 0.001) and control

CRMs (12.9% ± 9.1; P < 0.0001). TFBS coverage also differed significantly between

non-specific, tissue-specific and control categories (Kruskal-Wallis H = 72.9, P < 0.0001;

fig. 5.11B).
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Dunn’s post hoc tests with Bonferroni correction revealed that TFBS coverage in open

chromatin of tissue-specific CRMs (3.5% ± 6.0) was significantly lower than non-specific

CRMs (10.0% ± 10.1; P < 0.0001) and control CRMs (12.9% ± 9.1; P < 0.0001). Non-

specific genes had a significantly lower TFBS coverage in open chromatin than control

genes (P < 0.05).
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Figure 5.11: Mean percentage coverage of TFBS within open chromatin regions
of Arabidopsis CRMs. Significance was calculated using Kruskal-Wallis followed by
Dunn’s post hoc tests with Bonferroni correction. A: Mean percentage coverage of TFBS
falling within open chromatin in constitutive, variable and control CRMs. N=100. B:
Mean percentage coverage of TFBS falling within open chromatin in non-specific, tissue-
specific and control CRMs. N=100. ****, P < 0.0001. ***, P < 0.001. *, P < 0.05.
Control genes are identical in plots A and B. TFBS motif data was obtained from DAP-
seq181.

A sliding window analysis revealed that TFBS coverage was higher in variable CRMs than

constitutive CRMs (fig. 5.12A) and higher in tissue-specific CRMs than in non-specific

CRMs (fig. 5.12B) in the first 400 bp region upstream of the ATG start codon (see

section 2.7.4).

Further analysis of this 400 bp region revealed a significant difference between constitutive,

variable and control CRM types (Kruskal-Wallis H = 10.5, P < 0.01; fig. 5.13A). Dunn’s

post hoc tests with Bonferroni correction showed that variable promoters had a significantly

higher percentage bp covered (26.1% ± 14.6) than constitutive CRMs (20.0% ± 13.7; P

<0.01) and control CRMs (21.1% ± 13.8; P <0.05).
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Figure 5.12: Sliding window analysis of percentage TFBS coverage in Arabidopsis
CRMs. The median percentage TFBS coverage was scored for 100 bp windows across
selected CRMs. The windows were overlapping with a 50 bp offset. The median value for
each bin is displayed here at the central bp of the bin. Shading represents 95% confidence
intervals estimated using 10000 bootstraps. A: constitutive and variable GC content sliding
windows. N=100. B: non-specific and tissue-specific sliding windows. N=100. TFBS
motif data was obtained from DAP-seq181.

In the same 400 bp region there was a significant difference between non-specific, tissue-

specific and control CRM types (Kruskal-Wallis H = 8.5, P < 0.05; fig. 5.13B). Dunn’s

post hoc tests showed that tissue-specific CRMs had significantly higher TFBS percentage

coverage (25.1% ± 14.6) than non-specific CRMs (19.4% ± 13.3; P <0.05).

Percentage coverage of TFBSs falling within open chromatin in the 400 bp region was

significantly different between constitutive, variable and control CRMs (Kruskal-Wallis H

= 13.2, P < 0.01; fig. 5.14A). Dunn’s post hoc tests with Bonferroni correction showed that

variable CRMs had a significantly lower TFBS coverage (10.5% ± 14.2) in open chromatin

than constitutive (15.2% ± 13.4; P < 0.05) and control CRMs (16.1% ± 14.0; P < 0.01).

Within the same 400 bp region non-specific, tissue-specific and control CRMs also had

significantly different TFBS coverage in open chromatin (Kruskal-Wallis H = 74.7, P <

0.0001; fig. 5.14B). Dunn’s post hoc tests with Bonferroni correction revealed that tissue-

specific CRMs had significantly lower TFBS coverage (2.5% ± 7.0) in open chromatin

than non-specific (13.4% ± 14.0; P < 0.0001) and control CRMs (16.1% ± 14.0; P <

0.0001).
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Figure 5.13: Mean percentage TFBS coverage of the 400 nucleotides upstream
of the ATG start codon in Arabidopsis CRMs. Box plots have box boundaries
that represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up to the
largest or smallest observed point that falls within 1.5 times the interquartile range. A:
Mean percentage TFBS coverage in constitutive, variable and control CRMs. N=100. B:
Mean percentage TFBS coverage in non-specific, tissue-specific and control CRMs. N=100.
Significance was calculated using Kruskal-Wallis and Dunn’s post hoc tests with Bonferroni
correction. ****, P < 0.0001. ***, P < 0.001. **, P < 0.01. *, P < 0.05. Control genes
are identical in plots A and B. TFBS motif data was obtained from DAP-seq181.

When analyses were repeated using the top 300 CRMs in each category, most findings

supported those found with the top 100 CRMs (figs. S11 to S14). However, at the whole

CRM level, there was a significant difference in TFBS coverage between non-specific,

tissue-specific and control CRMs (N = 300; Kruskal-Wallis H = 7.7; P < 0.05) (fig. S10).

Dunn’s post hoc tests with Bonferroni correction revealed that tissue-specific CRMs had a

significantly higher TFBS coverage (19.0% ± 8.8) than non-specific CRMs (17.6% ± 9.5;

P < 0.05).
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Figure 5.14: Mean percentage TFBS coverage of the 400 nucleotides upstream of
the ATG start codon in Arabidopsis CRMs within open chromatin regions. A:
Mean percentage coverage of TFBS falling within open chromatin in 400 bp constitutive,
variable and control CRMs. N=100. B: Mean percentage coverage of TFBS falling
within open chromatin in 400 bp non-specific, tissue-specific and control CRMs. N=100.
Significance was calculated using Kruskal-Wallis and Dunn’s post hoc tests with Bonferroni
correction. Control genes are identical in plots A and B. ****, P < 0.0001. ***, P < 0.001.
**, P < 0.01. *, P < 0.05. TFBS motif data was obtained from DAP-seq181.

5.4.6 TF diversity

The top 100 genes of each category were analysed to determine the diversity of TFs likely

to bind, and to investigate if variable genes have a higher diversity of TFs than constitutive

genes (see section 2.7.8). There was no significant difference in TF (Kruskal-Wallis H =

0.9, P > 0.05) or TF family Shannon diversity (Kruskal-Wallis H = 0.5, P > 0.05) between

constitutive, variable or control types (fig. 5.15A and C).

There was also no significant difference in TF (Kruskal-Wallis H = 2.3, P > 0.05) or TF

family diversity (Kruskal-Wallis H =2.3, P > 0.05) between non-specific, tissue-specific or

control CRMs (fig. 5.15B and D).

There was no significant difference in TF or TF family Shannon diversity using TFBSs fall-

ing within open chromatin between constitutive, variable and control CRMs (TF diversity:

N = 54, Kruskal-Wallis H = 3.0, P > 0.05; TF family diversity: N = 54, Kruskal-Wallis H

= 0.9, P > 0.05) or non-specific, tissue-specific or control CRMs (TF diversity: N = 37,

Kruskal-Wallis H = 4.0, P > 0.05; TF family diversity: N = 37, Kruskal-Wallis H =

4.8, P > 0.05).
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Figure 5.15: Shannon diversity of individual TFs (A/B) and TF families (C/D)
predicted to bind to Arabidopsis CRMs. Box plots have box boundaries that
represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up to the largest
or smallest observed point that falls within 1.5 times the interquartile range. Shannon
diversity of individual TFs in A: 100 constitutive, 100 variable and 100 control genes and B:
100 non-specific, 100 tissue-specific and 100 control genes. Shannon diversity of TF families
in C: 100 constitutive, 100 variable and 100 control genes and in D: 100 non-specific, 100
tissue-specific and 100 control genes. Control genes are identical in all plots.

A sliding window analysis (see section 2.7.4) revealed that in the constitutive open chro-

matin region 50–150 bp upstream of the ATG start codon variable promoters had slightly

higher Shannon diversity than constitutive promoters (fig. 5.16A) and tissue-specific pro-

moters had a higher Shannon diversity than non-specific promoters (fig. 5.16B). Median

TF family Shannon diversity did not differ from 0 at any point along the CRM for any

gene category.
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TF Shannon diversity analysis was repeated restricting analysis to the 400 bp region

upstream of the TSSs. Again, no significant difference in TF or TF family diversity was

found between any CRM types whether using all TFBSs or only including those falling

within open chromatin (All Kruskal-Wallis tests, P > 0.05).
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Figure 5.16: Sliding window analysis of TF Shannon diversity of 100 constitutive
(blue) and 100 variable (orange) Arabidopsis CRMs. Data points are positioned in
the centre of each 100 bp window. Windows are offset by 50 bp. The median value for each
bin is displayed at the central bp of the bin. Shading represents 95% confidence intervals
estimated using 10000 bootstraps. A: Median Shannon diversity of individual TFs sliding
windows in constitutive and variable CRMs. N=100. B: Median Shannon diversity of
individual TFs sliding windows in non-specific and tissue-specific CRMs. N=100.

A principal component analysis was run using the Shannon diversity of TF families binding

promoters in each category to look for an association between specific TF families and pro-

moter category. To test the hypothesis that constitutive genes are bound by a different set

of TF families than variable genes, Kmeans clustering was conducted. Kmeans clustering

of the diversity of TF families binding to 400 bp CRMs did not correspond to gene type

(fig. 5.17).

To test the hypothesis that non-specific genes are bound by a different set of TF families

than tissue-specific genes, Kmeans clustering was conducted. Kmeans clustering of the

diversity of TF families binding 400 bp CRMs did not correspond to gene type (fig. 5.18).
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Figure 5.17: Two PCA components accounting for the highest percent of vari-
ation for Shannon diversity of TF families binding promoters of constitutive
and variable genes. A principal component analysis was run where 95% of the vari-
ation was maintained with 22 components. Hierarchical clustering was used to estimate
the number of clusters, K, using the silhouette method375 which was then used as K in
Kmeans clustering. A: points coloured with two Kmeans clusters. B: points coloured by
gene type. Constitutive genes, blue. Variable genes, orange. Control genes, green.
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Figure 5.18: Two PCA components accounting for the highest percent of vari-
ation for Shannon diversity of TF families binding promoters of non-specific
and tissue-specific genes. A principal component analysis was run where 95% of the
variation was maintained with 22 components. Hierarchical clustering was used to estimate
the number of clusters, K, using the silhouette method375 which was then used as K in
Kmeans clustering. A: points coloured with two Kmeans clusters. B: points coloured by
gene type. Non-specific genes, green. Tissue-specific genes, grey. Control genes, brown.
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The number of genes included in the analyses of TF and TF family diversity using only

TFBSs falling within open chromatin was low (ranging from N = 20 to N = 54) because

genes with no TFBSs in open chromatin were filtered out. To increase sample size, all

analyses were repeated using the top 300 CRMs in each category (figs. S15, S17 and S19).

The findings mainly supported the results found with the top 100 CRMs in each category

except for the following. Using only TFBSs falling within open chromatin in the whole

CRM there was a significant difference in TF diversity between non-specific, tissue-specific

and control CRMs (N = 112, Kruskal-Wallis H = 10.2; P < 0.01) (fig. S16B). Dunn’s post

hoc tests with Bonferroni correction revealed that tissue-specific CRMs (2.1 ± 1.2) had a

significantly lower TF diversity than non-specific (2.5 ± 1.0; P < 0.05) and control CRMs

(2.6 ± 0.9; P < 0.01). There was also a significant difference in TF family diversity in the

400 bp CRM between non-specific, tissue-specific and control CRMs (N = 300; Kruskal-

Wallis H = 8.1, P < 0.05) (fig. S18D). Dunn’s post hoc tests with Bonferroni correction

revealed that non-specific CRMs (1.3 ± 0.8) had a significantly lower TF diversity than

control CRMs (1.5 ± 0.7; P < 0.05) and tissue-specific CRMs (1.5 ± 0.7; P < 0.05).

5.4.7 TATA box enrichment

Enrichment of 15 bp TATA boxes was compared between constitutive and variable genes

to test the hypothesis that variable genes are enriched in TATA boxes (see section 2.7.9).

Variable promoters were found to be enriched in TATA boxes (total TATA boxes = 53; ob-

served bp=840; expected bp=643; log2fold=0.39; P < 0.01) compared to the background of

all 200 constitutive and variable promoters (fig. 5.19A). Conversely, constitutive promoters

had significantly fewer TATA boxes compared to the background of all 200 constitutive

and variable promoters (total TATA boxes = 29; observed bp=457; expected bp=656;

log2fold=-0.52; P < 0.01). Enrichment of 15 bp TATA boxes was also compared between

non-specific and tissue-specific genes to test the hypothesis that tissue-specific genes are

enriched in TATA boxes over non-specific genes.

Tissue-specific promoters were not significantly enriched in TATA boxes (total TATA

boxes = 33; observed bp=560; expected bp=484; log2fold=0.21; P > 0.05) compared to

the background of all 200 non-specific and tissue-specific promoters. (fig. 5.19B). Non-

specific promoters were also not significantly enriched in TATA boxes (total TATA boxes

= 27; observed bp=432; expected bp=508; log2fold=-0.23; P > 0.05) compared to the
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background of all 200 non-specific and tissue-specific promoters.

Analyses were repeated for the top 300 CRMs in each category to increase the sample size.

As for the top 100 CRMs, variable promoters were enriched in TATA boxes compared

to background CRMs (total TATA boxes = 177; observed bp=2956; expected bp=2376;

log2fold=0.31; P < 0.01) and constitutive CRMs had significantly fewer TATA boxes

compared to background CRMs (total TATA boxes = 94; observed bp=1492; expected

bp=2082; log2fold=-0.48; P < 0.01) (fig. S20A). Interestingly, tissue-specific promoters

were significantly enriched in TATA boxes compared to the background of all 600 non-spe-

cific and tissue-specific promoters (total TATA boxes = 144; observed bp=2417; expected

bp=1833; log2fold=0.40; P < 0.01) (fig. S20B). Non-specific promoters had significantly

fewer TATA boxes compared to the background of all 600 promoters (total TATA boxes

= 81; observed bp=1303; expected bp=1885; log2fold=-0.53; P < 0.01).
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Figure 5.19: 𝐿𝑜𝑔2-fold enrichment of 15 bp TATA boxes in Arabidopsis CRMs.
A: 𝐿𝑜𝑔2-fold enrichment of 15 bp TATA boxes in 100 variable (blue) and 100 constitutive
(orange) Arabidopsis CRMs compared to a background of constitutive and variable pro-
moters combined. B: 𝐿𝑜𝑔2-fold enrichment of 15 bp TATA boxes in 100 non-specific (green)
and 100 tissue-specific (grey) Arabidopsis CRMs compared to a background of non-specific
and tissue-specific promoters combined. TATA box locations within 50 bp upstream of
the EPD TSS were downloaded from EPD498. Gat software377 was used to calculate
enrichment.
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5.5 Discussion

The genes in the four gene categories (constitutive, variable, tissue-specific and non-specific)

had a range of expression patterns, with the constitutive and non-specific categories being

stably expressed across different conditions/tissues, and the variable and tissue-specific

genes being expressed only in certain conditions or tissues. Gene ontology enrichment

analysis showed that the constitutive genes were associated with intracellular protein

transport and endocytosis. Non-specific genes were associated with the mitochondrion,

cytosol, and Golgi apparatus. These functions support the expectation that broadly

expressed genes are likely to be involved in cellular processes required in all cells. The tissue-

specific genes were associated with the pollen tube, extracellular region, chloroplast, protein

binding and pectinesterase activity. These functions also fall in line with the literature

due to their association with specific tissues such as pollen tubes, and the association

with chloroplasts which are only found in certain cell types. Pectinesterases are plant cell

wall-associated enzymes that are involved in the degradation of pectin, a major component

of the plant cell wall499. The tissue-specific genes were also associated with protein binding

so they could be involved in signalling, and there was an association with pollen exine

development (GO:0010584). Das and Bansal494 found that tissue-specific or narrowly

expressed genes were associated with the cell wall, signalling and developmental processes,

in agreement with the associations of the tissue-specific genes in this chapter. Also in

support, Einarsson et al.483 found that in humans, constitutive genes were associated with

housekeeping processes such as metabolism, while variably expressed genes were associated

with dynamics functions such as signalling, stimulus response and developmental processes.

A limitation of the analyses in this chapter is that as the tissue-specific genes were highly

expressed in a few pollen related tissues along with chloroplasts, it is difficult to generalise

the results to other tissue-specific genes. What is true in pollen may not be true in other

tissues. In the future, a similar analysis should be performed on other tissue-specific genes

expressed in a range of tissues to see if the results are consistent across different tissues.
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5.5.1 The CRMs of constitutive and non-specific genes contain more

open chromatin than variable and tissue-specific genes

Percentage coverage of open chromatin was higher in constitutive genes than variable

genes, and higher in non-specific than tissue-specific genes. This is consistent with a

previous study in Arabidopsis, where Cortijo et al.496 found that genes with stochastic

expression contained a more compact chromatin state than constitutively expressed genes.

Another study in Arabidopsis showed similar results, with constitutively expressed genes

having increased DNase I sensitivity than tissue-specific genes494. This is also consistent

with a study using mammalian hESC cell lines where local chromatin density was higher

in variably expressed genes (with high CV) than constitutive genes (with low CV)500.

However, the authors also found that chromatin accessibility was not related to gene

expression variation. They suggest that this is because chromatin remodelling proteins

locally condense chromatin in variably expressed genes500. Percentage open chromatin

coverage increased around the TSS, which was expected, as TSSs have been shown to

generally be chromatin accessible across eukaryotes501–503. Since only a limited number of

tissues were present in the tissue-specific gene set, the analysis should be repeated in the

future with a wider range of tissue-specific genes to see if the results are consistent across

different tissues.

5.5.2 Constitutive and non-specific genes contain increased GC content

in 400 bp upstream region than variable and tissue-specific genes

In the 400 bp region upstream of the ATG start codon, the percentage GC content was

higher in constitutive genes than variable genes, and higher in non-specific than tissue-

specific genes. This is in agreement with previous work in which mammalian constitutive

promoters were shown to have a higher GC content than tissue-specific promoters485,486.

In 1000 bp upstream regions, the percentage GC content was higher in constitutive genes

than variable genes but was not significantly different between non-specific and tissue-

specific genes. This suggests that the 400 bp region is important for explaining differences

in expression variability between the gene categories. In plants, genes with GC-rich

promoters have a lower expression than AT-rich promoters275. This is consistent with the

finding that constitutive genes have more GC-rich promoters than variable genes, and that
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constitutive genes are known to have a weaker expression in general than variable genes

in Arabidopsis157,372.

The GC content was found to gradually increase from upstream regions towards the ATG

start codon. This is consistent with studies in animals which showed a peak in GC content

around the TSS, and a drop off in GC content throughout the gene with a drop in GC

content at the transcription stop site504.

5.5.3 Variable and tissue-specific genes contain more TFBSs in the 400

bp region upstream of the ATG start codon than constitutive and

non-specific genes

The percentage of bp covered by at least one TFBS was higher in variably expressed than

constitutively expressed genes, and higher in tissue-specific than non-specific genes. This

is consistent with a previous study in Arabidopsis, where stochastically expressed genes

were found to be targeted by a larger number of TFs than constitutive genes496. However,

in this chapter, there was no significant difference in the percentage of nucleotides covered

by at least one TFBS in 1000 bp upstream regions between the gene categories. When

the regions compared were narrowed to those falling within open chromatin, the opposite

was found, with a higher percentage of nucleotides covered by TFBSs in constitutive genes

than variable genes, and in non-specific genes than tissue-specific genes. This could be

because constitutively expressed genes contain more open chromatin than variable genes,

and chromatin remodelling proteins may locally condense chromatin in variably expressed

genes500, obscuring TFBSs and making variably expressed genes more reliant on pioneer

transcription factors to displace chromatin to enable transcription.

Median percentage TFBS coverage increased from upstream regions towards the ATG

start codon. This is in agreement with a previous study in human tissues in which the

distribution of TFBSs peaked around the TSS505.

5.5.4 TF diversity did not differ between gene categories

The Shannon diversity of TFs and TF families binding to a gene did not differ between the

gene categories. However, when comparing regions falling within open chromatin, the top

300 tissue-specific genes had a lower TF Shannon diversity than non-specific and control
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genes. In contrast, TF family Shannon diversity was higher in the top 300 tissue-specific

genes than the top 300 non-specific genes in the 400 bp upstream regions. This was

supported by a previous study in humans in which variably expressed promoters were

found to bind a higher diversity of TFs than constitutively expressed promoters483.

Kmeans clustering of the diversity of TF families binding to 400 bp upstream regions

did not correspond to gene type, suggesting that constitutive and non-specific genes were

not bound by a different set of TF families to variable or tissue-specific genes. This

was supported by a previous study in Arabidopsis which found that 500 bp promoters

had no significant GO term enrichment or gene family associations with constitutive or

variable genes categories493. However, these findings were contradicted in another study

in Arabidopsis, where certain TF families were enriched in open chromatin regions of

specific cell types, for example, WRKY family motifs were enriched in epidermal and

cortex cell chromatin accessible sites506. This could be due to the increased resolution of

comparing regulatory landscapes of genes in single cells (integration of single-cell ATAC-

seq and single-cell RNA-seq) as opposed to comparisons between whole tissues, with

potentially increased noise in heterogeneous tissue data masking any enriched TF families.

In humans, TFs binding to highly variable promoters were mostly associated with tissue-

specific or developmental regulation, while TFs binding to constitutive promoters were

mostly associated with ubiquitous activity across cell types483.

5.5.5 TATA boxes were enriched in variable and tissue-specific promoters

15 bp TATA boxes were enriched in variable promoters compared to the background of

combined constitutive and variable promoters. Additionally, TATA boxes were enriched

in tissue-specific promoters compared to the background of all 600 non-specific and tissue-

specific promoters). This is consistent with a previous study in Arabidopsis, in which

TATA boxes were found to be enriched in variable genes compared to constitutive genes494.

Similarly, previous research in animals showed that TATA boxes are enriched in variable

promoters507,508. Genes containing TATA boxes are associated with stress responses

while TATA-less promoters are associated with constitutive expression508,509. Promoters

containing TATA boxes were shown to be up to 4x stronger than TATA-less promoters275,

which is consistent with the higher expression of variable genes compared to constitutive

genes157,372.
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5.5.6 Analysis of promoter architecture is useful for learning design

features for designing synthetic promoters

Various design features can be extracted from the results in this chapter which can be used

to design synthetic nitrate (N)-responsive promoters for use in genetic feedback controllers

in chapter 6. For example, TATA boxes were enriched in variably expressed genes, and are

known to improve the strength of genes275. Therefore, TATA boxes should be included

and tested in synthetic nitrate-responsive promoter designs. Additionally, N-responsive

synthetic promoters should contain a low GC content, since the GC content of variable

promoters was significantly lower than constitutive promoters and a lower GC content

is linked with higher expression275. Variably expressed and tissue-specific genes had a

higher percentage of nucleotides covered by TFBSs than constitutive/non-specific genes,

suggesting that synthetic N-responsive promoters could be compact and include several

TFBSs and not too much spacer sequence. Indeed, endogenous variably expressed genes

were found to be shorter than constitutively expressed genes494.

Four categories of genes (constitutive, variable, non-specific, tissue-specific) were selected

using CV and Tau distributions. Microarray expression data was used to rank genes

according to their CV. A limitation of microarrays is that they do not discriminate between

alternative TSSs. It would be useful to repeat the analyses in this chapter using RNA-

seq data, which can discriminate between alternative TSSs. Although splitting genes

into categories is useful for extracting architectural features from promoter regions, it

is important to note that the expression patterns of genes are on a spectrum, and even

constitutive genes show significant cell to cell variability in Arabidopsis476. To account

for this, control CV and Tau gene categories were used which included genes from across

the spectrum of expression patterns. As expected, the distribution of features such as GC

content and TFBS coverage of these control categories tended to lie centrally in between

the other gene categories (constitutive and variable, non-specific and tissue-specific). The

analyses in this chapter should be repeated in the future with a wider range of tissue-

specific genes to see if the results are consistent across different tissues. Since only a limited

number of tissues were present in the tissue-specific gene category, it is possible that the

results are biased towards the specific tissues present in the dataset. As the selection of

tissue-specific genes was based on the Tau distribution, it is possible that the results are
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biased towards genes with high expression in a single tissue. It might be useful to analyse

genes that are tissue-specific with lower expression too, to see if the results are consistent

across different expression levels.

When extracting promoters from the A. thaliana genome, 1000 bp upstream of the an-

notated TSS was used, along with the 5′ UTRs. This was to ensure that the whole TSR

was included, as genes can have more than one TSS. Since some promoters were very

short due to upstream genes, there could be potential biases in the data. For example,

the chromatin state of the upstream gene could affect the expression of the downstream

gene. Additionally, enhancers were not included in the analysis, which could affect the

expression of the gene. Therefore, only some of the gene expression variation will have

been captured in the promoter sequences analysed in this chapter. In the future, it would

be interesting to extend the analysis to include enhancers and the chromatin state of

surrounding genes, to determine how they affect gene expression patterns. Overall, the

differences in promoter architecture between constitutive and variable gene categories in

this chapter are more reliable for designing synthetic promoters with different expression

patterns than the differences between non-specific and tissue-specific gene categories, since

the tissue-specific gene category only represented a small number of tissues.

The analyses in this chapter demonstrated that TFBS density was higher and TATA boxes

were enriched in variably expressed genes compared to constitutive genes, and GC content

and chromatin percentage coverage was higher in constitutively expressed genes than

variably expressed genes. In general, these results were supported by previous studies in

Arabidopsis and other species, which is encouraging for the use of the results in designing

synthetic promoters.

5.5.7 Conclusions

In summary, this chapter has shown that the architecture of promoters/5′ UTRs is different

between constitutive and variably expressed genes, and between non-specific and tissue-

specific genes. Useful design features could be extracted from the results, which are

used in chapter 6 to design synthetic minimal N-responsive promoters for use in genetic

feedback controllers. The analysis pipelines used in this chapter could be adapted for

use in other organisms in the future, to compare whether similar promoter features are
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found in other species, and to allow the design of synthetic promoters capable of similar

expression patterns in multiple species. A wider range of tissue-specific genes should be

used in the future to see if the results are consistent across different tissues.
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Chapter 6

Engineering of a genetic feedback

loop

6.1 Preface

This chapter describes the design and construction of synthetic genetic elements that

introduce positive and negative synthetic genetic feedback into the nitrogen subnetwork.

I designed all synthetic promoters and assembled all plasmids for transient testing of

synthetic promoters and designed/assembled all initial CRISPR synthetic TFs constructs.

Dr. Tufan Oz assembled the final CRISPR synthetic TFs constructs, synthetic promoter

LucN::YFP reporters, and the final feedback controllers. I performed all transient pro-

toplast co-expression luciferase assays assessing performance of synthetic promoters and

synthetic TFs, and all root LucN luciferase assays assessing nitrate-responsiveness of

synthetic promoters. Dr. Tufan Oz transformed all Arabidopsis lines for generation of

transgenic seeds.

6.2 Introduction

Plants regulate their metabolism and growth in response to changes in environmental

conditions. Complex GRNs composed of suites of genes which interact with each other

are responsible for mediating these changes3. GRNs are comprised of nodes (genes) and

edges which represent regulatory relationships between nodes. Network motifs such as
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feedback loops are common features of GRNs7. Positive feedback, where a downstream

node Z activates an upstream node X which regulates Z directly or indirectly often leads

to bistability, with genes involved in either the on or off state10 (see fig. 1.1). Negative

feedback, where a downstream node Z represses an upstream node X which regulates Z,

can lead to oscillations9, and improve the robustness of the network7. It can therefore

be hypothesised that the addition of feedback into an existing GRN might confer new

phenotypes. Synthetic biology approaches provide the opportunity to engineer GRNs.

Synthetic biology aims to predictably engineer biological systems either to confer new

functions, such as the ability to produce new molecules, or to tune existing functions.

These aims are typically achieved by engineering existing genetic elements or by the

introduction of synthetic genetic circuits. While synthetic feedback might be engineered

into a network by engineering an existing promoter region to include new binding sites for

a given TF, the introduction of new sequence data into an exact genomic location remains

technically challenging in plants. Further, different TFs would most likely be required

to activate and repress the target promoter, making it difficult to compare positive and

negative feedback from the same network node. An alternative approach is to insert

synthetic genetic circuitry to create the new network edges. Synthetic genetic circuits

generally contain synthetic regulators that either control the expression of other genes in

the circuit, or that modify the expression of host genes253,510,511. One of the reasons that it

remains challenging to design synthetic genetic circuits that behave predictably is because

it is unknown how and if host elements such as metabolites, TFs and regulatory RNAs

will interact with and affect the behaviour of synthetic genetic elements512. To minimise

such interactions, it is desirable to use orthogonal parts, which have minimal crosstalk

with host regulatory systems. These include synthetic TFs that only activate synthetic

promoters and are reasonably unaffected by host molecules or sequences. Several orthogonal

regulatory systems have been demonstrated in plants. These include the glucocorticoid-

inducible chimeric transcriptional activator GVG, containing the yeast Gal4 DNA-binding

domain, the VP16 activation domain and the GR domain, and an inducible promoter

containing 4×UAS TFBSs513. Another example is the estradiol-inducible activator, XVE

(LexA DNA-binding domain, VP16 activation domain and human oestrogen receptor) and

a target synthetic promoter containing 8×LexA TFBSs514. Recently, a copper-inducible

synthetic promoter containing four motifs called copper-binding sites, paired with the yeast
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copper responsive factor CUP2 fused to the Gal4 DNA-binding domain was demonstrated

in Nicotiana benthamiana291. Programmable TFs systems such as TALE and synthetic

TALE-activated promoter (STAP)284, and Cas9-based systems with the AtuNOS promoter

target515 have also been demonstrated. A particular advantage of programmable synthetic

TFs such as TALEs and Cas9 is that they can also be used to control the expression of host

genes (see section 1.6.4). For example, dCasEV2.1-mediated transcriptional activation of

genes in the flavonoid pathway in N. benthamiana enabled the re-routing of metabolic fluxes

towards the accumulation of metabolites of interest516. This feature provides opportunities

for engineering the behaviour of GRNs.

To enable synthetic TFs to activate their downstream synthetic promoter, their expression

is often controlled using either a natural or synthetic promoter. This is often a constitutive

promoter, although promoters known to express in the desired cells or tissues of interest

can also be used259,297. The use of minimal synthetic promoters that respond to a limited

range of known host elements (e.g., TFs278,281,285,286), might allow greater predictability

over the spatial and/or temporal conditions under which expression of the synthetic TF is

activated.

In this chapter, the design and construction of synthetic genetic elements that introduce

positive and negative synthetic genetic feedback into the nitrogen subnetwork is described.

To design these synthetic genetic feedback controllers, first information about the structure

of the subnetwork (chapter 3) was used to identify a target TF, ARF18, to activate/repress.

Next, synthetic TFs that bind to the upstream regulatory region of ARF18 and either

activate or repress its transcription were built and tested. To enable these elements

to function in response to TFs lower in the hierarchy, thus creating feedback, a suite

of synthetic minimal N-responsive promoters was designed with binding sites for NLP7.

Additional synthetic promoters with binding sites for other early responders to nitrate318

were also built. A schematic depicting the feedback loop via a synthetic promoter and

synthetic TF to ARF18 is shown in fig. 6.1.

This chapter describes the design, building and testing of all synthetic elements present

in the feedback controllers. At the time of writing, the feedback controllers have been

assembled and transgenic plant lines containing these controllers have been produced.

However, analysis of these lines is outstanding.
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Figure 6.1: Schematic of new edges added by synthetic feedback controller. A
synthetic minimal N-responsive promoter responds to NLP7 (or other early responders
to nitrate) and activates a synthetic CRISPR TF that binds to the upstream regulatory
region of ARF18 and activates or represses its transcription. This adds a genetic feedback
loop to ARF18.

6.3 Aims

The aims of this chapter are to design, build and quantitatively test (i) synthetic tran-

scriptional activators and repressors that alter the expression of ARF18 and (ii) minimal

synthetic promoters that respond to known TFs and, ideally, are activated by nitrate. A

final aim is to assemble these together to create a synthetic genetic feedback controller.

6.4 Results

6.4.1 Design and construction of programmable synthetic TFs

Synthetic transcriptional activators and repressors were designed to target the promoter of

ARF18. This network node was selected because it was shown to be capable of binding to

and altering the expression of itself, ANAC032 and DREB26 in the N-response subnetwork

(see chapter 3 and fig. 3.24). Together with the network topology, data from existing
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loss-of-function lines suggested that altering the expression of this node would affect the

network25.

The Cas9-SunTag system299 was used to construct both synthetic transcriptional activators

and repressors (see section 2.1.3). This system was selected because at the time it was shown

to have the largest fold-activation (130–4000) of target genes in Arabidopsis517 (although

the recently published CRISPR-Act3.0 system has demonstrated even stronger activa-

tion301). In the Cas9-SunTag system, an endonuclease deficient Cas9 (dCas9)::NLSGCN4

fusion is co-expressed with a fusion of scFv::sfGFP with either the VP64 transcriptional

activator domain or two repeats of the TAD301 activator domain, or with three repeats of

the SRDX repressor domain294. To target the protein complex to the ARF18 promoter,

three sgRNA guides were designed to target a region close to the TSS, since regions close

to the TSS were found in systematic studies to lead to the highest activation of transcrip-

tion300,518. SpCas9 NGG PAM sites were identified using CRISPOR351 with on target

efficiency of 40% or more. At least 45 bp of spacing was allowed between protospacers to

allow space for multiple guides and CRISPR protein complexes to bind to the promoter.

Within this region, three NGG PAM sites at -72 bp, +9 bp or +75 bp relative to the TSS

were selected (fig. 6.2).

Gene features
Exon

Open chromatin
peaks Synthetic TF

RootIntron

Shoot

Candidate TFBSs
ANAC032† ARF9/18†

NLP6/7 TGA1 Upstream transcript
dCas9-SunTag

ATG

10005000 (TSS)-500-1000

ARF18

ATG

ARF18

1      2  3
12 3 4Guide numbers

dCas12a::3xSRDX

Figure 6.2: Locations of protospacer targets in ARF18 of synthetic TFs. Pro-
tospacer locations in ARF18 upstream region of dCas9 and dCas12a based synthetic
programmable TFs. Numbers were assigned to each guide for easy reference. †, TFBS
inferred from closely related TF, see section 3.5.1. ATAC-seq data350 (see section 2.7.7)
were used to annotate open chromatin peaks.

Target sequences (spacers) were introduced by PCR amplification of a cloned sgRNA

scaffold sequence331 using primers with the spacer sequence in a 5′ overhang. These were

assembled with the AtU6-26 promoter in a Golden Gate reaction (see section 2.1.3). The

dCas9::NLSGCN4 and scFv::sfGFP(VP64/TAD) coding sequences were assembled with
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AtUBQ10 promoters to produce transcriptional units with constitutive expression. An

insulator was used to separate these transcriptional units (Petunia hybrida transformation

booster sequence330). To produce the final constructs, these two transcriptional units were

co-assembled with either one or three sgRNA cassettes to produce a multigene construct

as well as two selectable marker genes, the fluorescence-accumulating seed technology

(FAST-Red) gene325,328 and the glufosinate-ammonium tolerance gene (bar gene)325 (see

section 2.1.3). A version of the constructs without any sgRNA expression cassettes was

constructed as a negative control. A schematic showing the design of the constructs is

shown in fig. 6.3.

Oleosin 1Oleosin 1 NOS UBQ10 UBQ10InsulatorU6-26sgRNA

dCas9::
NLSGCN4

ScFV::sfGFP::
VP64/2xTAD
/3xSRDX OCS 2x35s-

TMV

Oleosin 1
::RFP

Oleosin 1

Oleosin
intron 1

AtAct2 
intron

NLS
1 or 3 sgRNAs

Bar Bar

Figure 6.3: Schematic of SunTag synthetic transcription factors. This system
requires co-expression of a dCas9::NLSGCN4 fusion and a fusion of scFv::sfGFP fused to
either a VP64 domain, two repeats of the TAD activation domain301, or three repeats of
the SRDX repressor domain294. The protein complex is delivered to the target gene by
forming a complex with sgRNAs. Constructs also contain the FAST-Red325,328 and bar
phospinothricin325 marker genes to allow the selection of plant lines in which the complete
T-DNA has integrated into the genome.

A second system, an endonuclease deficient Cas12a (AsCpf1)294, was also used to construct

synthetic transcriptional repressors (see section 2.1.3). This system was selected because it

was the strongest published repressor system demonstrated in Arabidopsis at the time (90%

repression level)517. In this system, dCas12a::NLS::3×SRDX fusion protein is used together

with a crRNA double hammerhead/hepatitis delta virus ribozyme cassette targeting either

one or three protospacers in the promoter region close to the TSS. Within this region, four

TTTN PAM sites at -98 bp, -43 bp, +15 bp or +36 bp relative to the TSS were selected

(fig. 6.2). These sites were predicted using CRISPOR351 to have on target efficiency of 40%

or more. Both the dCas12a::NLS::3×SRDX fusion and the crRNA were assembled with

AtUBQ10 promoters. As above, to produce the final constructs, these two transcriptional

units were between two selectable marker genes (fig. 6.4). A version of the constructs

without any crRNA expression cassettes was constructed as a negative control.
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Figure 6.4: Schematic of synthetic dCas12a transcriptional repressors. The sys-
tem requires expression of a dCas12a::SRDX fusion. The protein complex is delivered
to the target gene by forming a complex with crRNA, which is encoded between ham-
merhead/hepatitis delta virus ribozymes. Constructs also contain the FAST-Red325,328

and bar phospinothricin325 marker genes to allow the selection of plant lines in which the
complete T-DNA has integrated into the genome.

6.4.2 Assessing the performance of synthetic TFs

All synthetic TFs were tested in protoplasts. To determine the regulatory effect of a given

synthetic TF on the expression of the ARF18 promoter, constructs encoding pARF18-

LucN were used to transfect Arabidopsis mesophyll protoplasts in the presence and absence

of constructs encoding synthetic TFs (see section 2.2.7). Changes in luminescence of the

pARF18-LucN luciferase reporter were quantified relative to an experiment calibrator to

assess the effect of each synthetic TF on the expression of ARF18 (see fig. 2.4).

Co-expression of synthetic transcriptional activators with pARF18-LucN in-

creased luminescence

Levels of luminescence obtained from pARF18-LucN were significantly increased following

co-expression with transcriptional activators containing the 2×TAD activator domain with

one (11.01 ± 0.07; t = -93.9, P < 0.001) and three guides (20.74 ± 0.34; t = -62.9, P

< 0.001). Luminescence was also increased by co-expression of transcriptional activators

containing the VP64 activator domain with both one (8.88 ± 0.08; t = -44.6, P < 0.001)

and three guides (13.28 ± 0.12; t = -83.1, P < 0.001). Increases in expression were

assessed by comparing results to the respective no guide controls (2×TAD: 5.40 ± 0.04;

VP64: 6.27 ± 0.01) (fig. 6.5). Unexpectedly, the luminescence of pARF18-LucN was also

significantly increased, although to a lesser extent, following expression of the no guide

controls (2×TAD: 5.40 ± 0.04; t = -27.2, P < 0.001; VP64 6.27 ± 0.01; t = -98.7, P

< 0.001), as compared to the no TF control (4.45 ± 0.02). The best activator was the

2×TAD activator with three guides, which increased luminescence by 380% over the no

guide control.
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Figure 6.5: Normalised luminescence from pARF18-LucN following co-expres-
sion with synthetic transcriptional activators. pARF18-LucN was co-expressed in
Arabidopsis mesophyll protoplasts with dCas9/SunTag299-based synthetic transcriptional
activators containing either VP64 (dark grey bars) or TAD301 (white bars) activation
domains. Luminescence is normalised to a pCaMV35s-LucF experimental calibrator. Lu-
minescence was measured 18 hours after protoplast transfection. Error bars represent
two standard errors. N = 3 technical replicates. P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.

Co-expression of synthetic transcriptional repressors with pARF18-LucN de-

creased luminescence relative to the no guide control

Levels of luminescence obtained from pARF18-LucN were significantly decreased following

co-expression with transcriptional dCas12a::NLS::3×SRDX repressors containing guide 1

(8.26 ± 0.07; t = 21.0, P < 0.001), 2 (9.06 ± 0.04; t = 12.4, P < 0.01), 3 (8.31 ± 0.11; t

= 15.4, P < 0.001), guides 1–3 (7.89 ± 0.08; t = 24.3, P < 0.001) and guides 1, 2 and 4

(9.03 ± 0.15; t = 6.6, P < 0.01) compared to the no guide control (9.83 ± 0.08) (fig. 6.6).

There was no significant change in pARF18-LucN luminescence following co-expression of

the SunTag repressor (pAtUBQ10-dCas9::NLSGCN4 fusion and a scFv::sfGFP fusion with

3×SRDX repressor domains) compared to the no guide control (P > 0.05). As observed

for the synthetic transcriptional activators, co-expression of both the SunTag 3×SRDX

repressor (9.83 ± 0.08; t = -91.6, P < 0.001) and the dCas12a::NLS::3×SRDX repressors

(12.99 ± 0.25; t = -48.5, P < 0.001) even with no crRNAs significantly increased the

luminescence of ARF18-LucN compared to the no TF control (4.45 ± 0.02). The best

synthetic repressor was the dCas12a::NLS::3×SRDX repressor containing guides 1–3 which

decreased luminescence by 19.7% compared to the no guide control.
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Figure 6.6: Normalised luminescence from pARF18-LucN following co-expres-
sion with synthetic transcriptional repressors. pARF18-LucN was co-expressed in
Arabidopsis mesophyll protoplasts with either dCas9/SunTag-based (dark grey bars) or
dCas12a-based (white bars) synthetic transcriptional repressors. Luminescence is norm-
alised to a pCaMV35s-LucF experimental calibrator. Error bars represent two standard
errors. Luminescence was measured 18 hours after protoplast transfection. N = 3 technical
replicates. P-values were calculated using Welch’s t-tests349. ***, P < 0.001. **, P <
0.01. *, P < 0.05.

6.4.3 Development of minimal synthetic N-responsive promoters

Since ARF18 is also known to be involved in the growth response to shade407, constitutive

changes to expression might have unintended consequences. It is therefore desirable to limit

or control the timing of activation of synthetic TFs. Bringing the expression of synthetic

TFs under the control of a TF that is regulated by ARF18 would enable the introduction

of synthetic feedback. To enable this, I first designed and built several synthetic promoters.

These were tested in protoplasts using a dual luciferase ratiometric assay. To test if these

promoters responded to nitrate, they were fused to a reporter and transformed into plants.

Stable lines were grown in different nitrate conditions. These results are described below.

Selection of TFBSs

NLP7 (AT4G24020) was a primary candidate TF for controlling the synthetic promoter

because it was found to be indirectly regulated by ARF18 through ANAC032 (see chapter 3
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and fig. 3.24). Furthermore, NLP7 is an early responder to nitrate and was recently shown

to directly sense nitrate49. The TFs bZIP3 (AT5G15830), HHO2 (AT1G68670) and TGA1

(AT5G65210) were also selected as they were identified as early responders to nitrate

in a previous study318. HHO2 is a known repressor of genes such as NRT2.1519. To

enable expression in response to the selected TFs, binding sites needed to be identified

and encoded into the synthetic promoter. For promoters that respond to NLP7, the NRE

was used from NIR1 (AT2G15620), which was previously found to bind NLP7393. A

shortened version of the NRE was also used, containing the core 24 bp which contained

the essential NLP7 motifs tested in Konishi and Yanagisawa396 (table 6.1), a sequence

which will now be referred to as an NLP7 TFBS. A. thaliana TFBS consensus sequences

for bZIP3, HHO2 and TGA1 were identified from the plant cistrome database181 (http:

//neomorph.salk.edu/dev/pages/shhuang/dap_web/pages/browse_table_aj.php)

(table 6.1).

Table 6.1: DAP-seq consensus sequence logos or published sequences used for

adding TFBSs in synthetic promoters. The central region of the NRE

motif393 used in the shortened version is coloured in blue.
TF Sequence logo

bZIP3

HHO2

NRE (contains NLP7)

AGAAACAACTTGACCCTTTACATTGCTCAAGA

GCTCATCTCTT
NLP7 (shortened NRE) TGACCCTTTACATTGCTCAAGAGC

TGA1
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Design of minimal synthetic N-responsive promoters

The sequences of TFBSs for TFs known to respond to nitrate were added into the variable

upstream region of a previously published minimal synthetic promoter278 (fig. 6.7) and

the ΩTMV 5′ UTR325. Promoters containing either the complete NRE from AtNIR1

or the NLP7 TFBS from this element were designed. Five different versions were con-

structed, each containing variations on the length and identity of sequence between the

TFBSs see(fig. 6.8A–E). In addition, previous studies in yeast have shown that placing

TATA boxes in between TFBSs can increase induction of transcription and the activation

ratio271. Further, TATA boxes were enriched in variably expressed Arabidopsis genes (see

section 5.4.7), and plant promoters containing TATA boxes were found to be up to 4×

stronger than TATA-less promoters275. To test the hypothesis that adding TATA boxes

in between TFBSs would increase the activation ratio and induction of promoters, 7 bp

TATA boxes (TATATAA) were added 1 bp downstream of each NLP7 TFBS (fig. 6.8B and

C). These were compared to the insertion of 7 bp of random sequence with equal ATCG

ratios (fig. 6.8D and E).

TSS43bp

NNNNN

Var
Figure 6.7: Synthetic promoter design. Synthetic nitrate-response promoters were
designed containing TFBSs for TFs known to respond to nitrate. The TFBSs sequences
were added into the upstream variable region of a previously published synthetic promoter
consisting of a 43 bp core promoter sequence from CaMV35s278.

Synthetic promoters containing either four bZIP3 (fig. 6.8F) or four TGA1 TFBSs were

also designed (fig. 6.8H). In addition, promoters containing two copies of two different

TFBSs, bZIP3/NLP7 or TGA1/NLP7, were designed (fig. 6.8G and I). As HHO2 is

known to be a transcriptional repressor, it was not possible to use the same synthetic

promoter design. An alternative design was used in which binding sites were integrated
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into a previously published constitutive minimal synthetic promoter (minsyn_105)278 to

determine if expression would be reduced by HHO2. One design contained three HHO2

TFBSs separated by 20 bp of random spacers followed by minsyn_105 (fig. 6.8J) and

the other design contained the minimal constitutive promoter with three HHO2 TFBSs

separated by 20 bp of random spacers immediately upstream of the TSS (fig. 6.8K).
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Figure 6.8: Synthetic promoter structure. Various synthetic nitrate-response pro-
moters were designed containing TFBSs for TFs known to respond to nitrate. They
included TFBSs for NLP7, bZIP3, TGA1 and HHO2 TFs. The TFBSs sequences were
added into the upstream variable region of a previously published synthetic promoter
consisting of a 43 bp core promoter sequence from CaMV35s278. A: Synthetic promoter
containing four copies of NRE from AtNIR1, which contain the NLP7 TFBS. B–E: Syn-
thetic promoters containing four copies of NLP7 TFBSs with different spacing and spacers.
F: A synthetic promoter containing four copies of bZIP3 TFBSs. G: A synthetic promoter
containing a combination of both NLP7 and bZIP3 TFBSs. H: A synthetic promoter
containing four copies of TGA1 TFBSs. I: A synthetic promoter containing a combination
of both NLP7 and TGA1 TFBSs. J–K: To create synthetic promoters that would be
repressed by nitrate, HHO2 TFBSs were added to a constitutive minimal promoter called
minsyn_105 from Cai et al.278 in two different designs.

Each synthetic promoter was fused to a LucN luciferase reporter for use in protoplast
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dual luciferase assays as used to assess Arabidopsis promoters in chapter 3. In this assay,

luminescence is normalised to an experimental and batch calibrator (see section 2.5.1)

and each synthetic promoter is co-expressed with either a constitutively expressed TF or

YFP to ensure that the transcriptional load is equal in all experiments (see sections 2.1.2

and 3.5.5).

Regulatory effects of bZIP3 expression on a synthetic promoter-LucN construct

containing bZIP3 TFBSs

To test whether the synthetic promoter containing four bZIP3 TFBSs was functional and

activated by bZIP3 protein, bZIP3 was co-expressed with the synthetic promoter fused

to the coding sequence of LucN. Normalised luminescence of p4×[bZIP3-random]-LucN

was significantly higher following co-expression with pCaMV35s-bZIP3 (35.03 ± 0.24; t =

-147.9, P < 0.001; fig. 6.9) compared to the no TF control (8.05 ± 0.09).
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Figure 6.9: Normalised luminescence of p4×[bZIP3-random]-LucN following co-
expression with pCaMV35s-AtbZIP3. This promoter contains four bZIP3 TFBSs
each separated with 20 bp of random sequence with equal ATCG ratios. No TF control =
pCaMV35s-YFP. Error bars represent two standard errors. Luminescence was measured
18 hours after protoplast transfection. N = 3 technical replicates. P-values were calculated
using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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6.4.4 Regulatory effects of TGA1 expression on a synthetic promoter-

LucN construct containing TGA1 TFBSs

To test whether the synthetic promoter containing four TGA1 TFBSs was functional and

activated by TGA1 protein, TGA1 was co-expressed with the synthetic promoter fused

to the coding sequence of LucN. Normalised luminescence of p4×[TGA1-random]-LucN

was significantly increased by co-expression of TGA1 (31.04 ± 0.57; t = -47.09, P < 0.001;

fig. 6.10) compared to the no TF control (11.85 ± 0.06).
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Figure 6.10: Normalised luminescence of p4×[TGA1-random]-LucN following
co-expression with pCaMV35s-AtTGA1. This promoter contains four TGA1 TFBSs
each separated with 20 bp of random sequence with equal ATCG ratios. No TF control =
pCaMV35s-YFP. Error bars represent two standard errors. Luminescence was measured
18 hours after protoplast transfection. N = 3 technical replicates. P-values were calculated
using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.

Regulatory effects of NLP7 expression on synthetic promoter-LucN constructs

containing nitrate-responsive cis-elements (NREs)

To test whether the synthetic promoter containing four NRE motifs was functional and

activated by NLP7 protein, NLP7 was co-expressed with the synthetic promoter fused to the

coding sequence of LucN. Normalised luminescence of p4×[NRE]-LucN was significantly

increased by co-expression of NLP7 (586.52 ± 16.03; t = -11.4, P < 0.001; fig. 6.11)

compared to the no TF control (435.77 ± 9.73).
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Figure 6.11: Normalised luminescence of p4×[NRE]-LucN following co-expres-
sion with pCaMV35s-AtNLP7. This promoter contains four copies of the nitrate-re-
sponsive cis-element NRE from AtNIR1 (see table 6.1) with no spacer sequences between
copies. No TF control = pCaMV35s-YFP. Error bars represent two standard errors. Lu-
minescence was measured 18 hours after protoplast transfection. N = 3 technical replicates.
P-values were calculated using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P <
0.05.

To test if a shortened version of the NRE would be sufficient to drive LucN expression,

a version with four copies of the central 24 bp region of the NRE, which still contained

the essential conserved NLP7 TFBS motifs described in Konishi and Yanagisawa393, was

used (see table 6.1). 8 bp of random sequence was inserted between each copy of the NRE

to prevent steric hindrance. Normalised luminescence of p4×[NLP7-random]-LucN was

significantly increased by co-expression of NLP7 (501.52 ± 1.84; t = -175.3, P < 0.001;

fig. 6.12) compared to the no TF control (204.50 ± 1.53). Fold activation of p4×[NLP7-

random]-LucN by NLP7 was increased (2.45×) compared to the promoter containing four

complete NRE motifs (fig. 6.11; 1.35×).

To test the effect of increased spacing between TFBSs on expression, a synthetic promoter

with 28 bp of random sequence between each TFBS was constructed (p4×[NLP7-ran-

dom]+spacing-LucN). Normalised luminescence of p4×[NLP7-random]+spacing-LucN was

significantly increased by co-expression of NLP7 (576.28 ± 12.14; t = -37.1, P < 0.001;

fig. 6.13) compared to the no TF control (248.00 ± 3.11). Co-expression of NLP7 resulted

in a 2.32-fold increase in the expression of p4×[NLP7-random]+spacing-LucN compared

to a 2.45-fold increase of p4×[NLP7-random]-LucN.
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Figure 6.12: Normalised luminescence of p4×[NLP7-random]-LucN following
co-expression with pCaMV35s-AtNLP7. This promoter contains four NRE motifs,
truncated to only include NLP7 TFBSs. Each element is separated by 7 bp of random
spacer sequence with equal ATCG ratios. No TF control = pCaMV35s-YFP. Error bars
represent two standard errors. Luminescence was measured 18 hours after protoplast
transfection. N = 3 technical replicates. P-values were calculated using Welch’s t-tests349.
***, P < 0.001. **, P < 0.01. *, P < 0.05.
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Figure 6.13: Normalised luminescence of p4×[NLP7-random]+spacing-LucN
following co-expression with pCaMV35s-AtNLP7. This promoter contains four
NRE motifs, truncated to only include NLP7 TFBSs, with 28 bp of random spacer sequence
with equal ATCG ratios downstream of each binding site. No TF control = pCaMV35s-
YFP. Error bars represent two standard errors. Luminescence was measured 18 hours
after protoplast transfection. N = 3 technical replicates. P-values were calculated using
Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.

To test whether the addition of TATA boxes would increase the fold activation of lumin-

escence following co-expression with NLP7, a synthetic promoter with a 7 bp TATA box

(TATATAA) 1 bp downstream of each NLP7 TFBS was constructed (p4×[NLP7-TATA]-
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LucN). Normalised luminescence of p4×[NLP7-TATA]-LucN was significantly increased

by co-expression of NLP7 (73.48 ± 0.37; t = -39.3, P < 0.001; fig. 6.14) compared to the

no TF control (23.28 ± 1.77). Co-expression of NLP7 resulted in a 3.16-fold increase of

p4×[NLP7-TATA]-LucN compared to a 2.45-fold increase of p4×[NLP7-random]-LucN.
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Figure 6.14: Normalised luminescence of p4×[NLP7-TATA]-LucN following co-
expression with pCaMV35s-AtNLP7. This promoter contains four NRE motifs,
truncated to only include NLP7 TFBSs, with 7 bp TATA box (TATATAA) 1 bp downstream
of each binding site. No TF control = pCaMV35s-YFP. Error bars represent two standard
errors. Luminescence was measured 18 hours after protoplast transfection. N = 3 technical
replicates. P-values were calculated using Welch’s t-tests349. ***, P < 0.001. **, P <
0.01. *, P < 0.05.

To test the effect of spacing, a synthetic promoter with 21 bp of random sequence followed by

a 7 bp TATA box downstream of each TFBSs was constructed (4×[NLP7-TATA]+spacing-

LucN). Normalised luminescence of p4×[NLP7-TATA]+spacing-LucN was significantly

increased by co-expression of NLP7 (522.25 ± 4.34; t = -82.0, P < 0.001; fig. 6.15)

compared to the no TF control (264.63 ± 1.00). Co-expression of NLP7 resulted in a

1.97-fold increase of p4×[NLP7-TATA]+spacing-LucN compared to a 3.16-fold increase of

p4×[NLP7-TATA]-LucN. However, the luminescence of p4×[NLP7-TATA]+spacing-LucN

was higher (522.25) than that of p4×[NLP7-TATA]-LucN (73.48) following co-expression

with NLP7.

A previously published synthetic N-responsive promoter (NRP) known to respond to NLP7

was also tested as a positive control (pNRP-LucN)1. Normalised luminescence of pNRP-

LucN was significantly increased by co-expression of NLP7 (11.60 ± 0.46; t = -25.0, P <
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0.01; fig. 6.16) compared to the no TF control (3.28 ± 0.07), a fold-change of 3.54.

N
o 

T
F

N
LP

7

Co-expressed
protein

0

100

200

300

400

500

600

700

N
or

m
al

is
ed

 lu
m

in
es

ce
nc

e 
(a

.u
.)

***

Figure 6.15: Normalised luminescence of p4×[NLP7-TATA]+spacing-LucN fol-
lowing co-expression with pCaMV35s-AtNLP7. This promoter contains four NRE
motifs, truncated to only include NLP7 TFBSs, with 21 bp of random spacer sequence
with equal ATCG ratios downstream of each binding site, followed by a 7 bp TATA box
(TATATAA). No TF control = pCaMV35s-YFP. Error bars represent two standard errors.
Luminescence was measured 18 hours after protoplast transfection. N = 3 technical rep-
licates. P-values were calculated using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01.
*, P < 0.05.
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Figure 6.16: Normalised luminescence of pNRP-LucN following co-expression
with pCaMV35s-AtNLP7. No TF control = pCaMV35s-YFP. Error bars represent two
standard errors. Luminescence was measured 18 hours after protoplast transfection. N =
3 technical replicates. P-values were calculated using Welch’s t-tests349. ***, P < 0.001.
**, P < 0.01. *, P < 0.05.
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Regulatory effects of TF expression on the luminescence of a synthetic pro-

moter-LucN construct containing bZIP3 and NLP7 TFBSs

To test whether a synthetic promoter containing both bZIP3 and NLP7 TFBSs would

respond to co-expression with both TFs, a synthetic promoter (p2×[bZIP3-random-NLP7-

random]-LucN) containing two copies of each TFBS in alternating positions was tested.

Normalised luminescence of p2×[bZIP3-random-NLP7-random]-LucN was significantly

increased by co-expression of bZIP3 (161.24 ± 2.29; t = -3.9 P < 0.05), NLP7 (291.15 ±

5.10; t = -32.9 P < 0.001), and both bZIP3/NLP7 (297.00 ± 5.10; t = -54.1, P < 0.001;

fig. 6.17) compared to the no TF control (150.28 ± 3.26).
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Figure 6.17: Normalised luminescence of p2×[bZIP3-random-NLP7-random]-
LucN following co-expression with bZIP3 and/or NLP7. This promoter contains
two copies each of bZIP3 and NLP7 TFBSs with 20 bp of random sequence with equal
ATCG ratios downstream of each binding site. No TF control = pCaMV35s-YFP. Error
bars represent two standard errors. Luminescence was measured 18 hours after protoplast
transfection. N = 3 technical replicates. P-values were calculated using Welch’s t-tests349.
***, P < 0.001. **, P < 0.01. *, P < 0.05.

6.4.5 Regulatory effects of TF expression on the luminescence of a syn-

thetic promoter-LucN construct containing TGA1 and NLP7 bind-

ing sites

To test whether a synthetic promoter containing both TGA1 and NLP7 TFBSs would

respond to co-expression with both TFs, a synthetic promoter (p2×[TGA1-random-NLP7-

random]-LucN) containing two copies of each TFBS in alternating positions was tested.
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Normalised luminescence of p2×[TGA1-random-NLP7-random]-LucN was significantly

increased by co-expression of TGA1 (100.33 ± 2.38; t = -14.5 P < 0.01), NLP7 (299.0 ±

1.98; t = -149.7 P < 0.001), and both TGA1/NLP7 (390.21 ± 10.20; t = -43.6, P < 0.001;

fig. 6.18) compared to the no TF control (74.80 ± 0.76).
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Figure 6.18: Normalised luminescence of p2×[TGA1-random-NLP7-random]-
LucN following co-expression with TGA1 and/or NLP7. This promoter contains
two copies each of TGA1 and NLP7 TFBSs with 20 bp of random sequence with equal
ATCG ratios downstream of each binding site. No TF control = pCaMV35s-YFP. Error
bars represent two standard errors. Luminescence was measured 18 hours after protoplast
transfection. N = 3 technical replicates. P-values were calculated using Welch’s t-tests349.
***, P < 0.001. **, P < 0.01. *, P < 0.05.

Regulatory effects of TF expression on two synthetic promoter-LucN constructs

containing the HHO2 TFBS

To create a synthetic promoter that was repressed by HHO2, two promoter designs were

tested. The first encoded three HHO2 TFBSs followed a minimal synthetic constitutive

promoter from Cai et al.278 (3×HHO2-minsyn_105). The second encoded the minimal

constitutive promoter with three HHO2 TFBSs added immediately upstream of the TSS

(minsyn_105-3×HHO2). Unexpectedly, normalised luminescence of p3×HHO2-minsyn_-

105-LucN was significantly increased by co-expression of HHO2 (429.18 ± 2.58; t = -18.4,

P < 0.001) compared to the no TF control (347.94 ± 5.70; fig. 6.19).

However, normalised luminescence of pminsyn_105-3×HHO2-LucN was significantly re-

duced by co-expression of HHO2 (28.59 ± 0.25; t = 18.44, P < 0.001) compared to the no

TF control (32.73 ± 0.19; fig. 6.20).
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Figure 6.19: Normalised luminescence of p3×HHO2-minsyn_105-LucN following
co-expression with pCaMV35s-AtHHO2. Promoter contains three HHO2 TFBSs sep-
arated by 20 bp of random spacers with equal ATCG ratios followed by a minimal synthetic
constitutive promoter (minsyn_105) from Cai et al.278. No TF control = pCaMV35s-YFP.
Error bars represent two standard errors. Luminescence was measured 18 hours after
protoplast transfection. N = 3 technical replicates. P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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Figure 6.20: Normalised luminescence of pminsyn_105-3×HHO2-LucN following
co-expression with pCaMV35s-AtHHO2. Promoter contains a minimal synthetic
constitutive promoter (minsyn_105) from Cai et al.278 with three HHO2 TFBSs separated
by 20 bp of random spacers with equal ATCG ratios immediately upstream of the TSS. No
TF control = pCaMV35s-YFP. Error bars represent two standard errors. Luminescence
was measured 18 hours after protoplast transfection. N = 3 technical replicates. P-values
were calculated using Welch’s t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.
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Investigating the nitrate responsiveness of synthetic minimal promoters in

transgenic plants

Two synthetic promoters (4×[NLP7-TATA]+spacing and 4×[bZIP3-random]) were selec-

ted to investigate their nitrate responsiveness because they were strongly activated when

co-expressed with their respective cognate TFs. NIR1 and NRP were used as positive

controls as these promoters have previously been shown to respond to nitrate1,396. An addi-

tional promoter (CaMV35s) was included as an experimental control as it was expected to

express in all tissues and conditions. To determine whether the synthetic promoters would

respond to nitrate, synthetic promoters were fused to a LucN::YFP reporter to enable both

visualisation and quantification of responses to nitrate in stable transgenic plants. Con-

structs containing the LucN::YFP reporter were co-assembled between FAST-Red325,328

and bar phospinothricin325 selectable marker genes and final multigene constructs were

used to transform Arabidopsis plants (see section 2.1.2). FAST-Red positive T1 seeds were

collected and grown on MS media then soil. Three lines were selected for each construct

and T2 seeds were collected. 12 FAST-Red positive T2 seeds of each line were grown on

0, 1 and 10mm KNO3 on vertical square 12mm plates (Greiner Bio-One 688161). Roots

from 12-day old plants were harvested from square plates (see section 2.2.2). Each biolo-

gical replicate contained the combined roots from three plants. Protein was extracted and

LucN luciferase assays were conducted, with normalisation of transgene-LucN luminescence

activity to protein absorbance at 660 nm (see section 2.5.2).

Lines containing pNRP-LucN::YFP-CaMV35st had increased luminescence on

higher nitrate concentrations

Luminescence from line plntEPSWT20205-3 containing pNRP-LucN::YFP was significantly

increased on 10mm KNO3 (0.71 ± 0.17) compared to either 1mm (0.12 ± 0.01; t = -4.2, P <

0.05) or 0mm KNO3 (0.06 ± 0.03; t = -5.3, P < 0.05; fig. 6.21A). Similarly, luminescence

was significantly lower from line plntEPSWT20205-7 containing pNRP-LucN::YFP on

0mm KNO3 (0.02 ± 0.01) compared to 1mm KNO3 (1.27 ± 0.22; t = -8.0, P < 0.05) and

10mm KNO3 (1.11 ± 0.35; t = -4.3, P < 0.05; fig. 6.21A). However, luminescence from

line plntEPSWT20205-9 containing pNRP-LucN::YFP was higher on 1mm KNO3 (0.60 ±

0.14) compared to 0mm KNO3 (0.02 ± 0.01; t = -5.8, P < 0.05) or 10mm KNO3 (0.11 ±
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Figure 6.21: Normalised luminescence from the roots of transgenic lines contain-
ing synthetic promoter-LucN::YFP constructs. LucN luminescence activity was
normalised to protein absorbance at 660 nm. A-E: Luminescence of extracted root protein
from lines containing promoter:LucN constructs when grown on 0, 1 and 10mm KNO3.
Col-0 showed no luminescence activity. Error bars represent two standard errors. N =
3 biological replicates of 3 pooled plants each. P-values were calculated using Welch’s
t-tests349. ***, P < 0.001. **, P < 0.01. *, P < 0.05.

0.09; t = -4.16, P < 0.05; fig. 6.21A).

Lines containing pNIR1-LucN::YFP-CaMV35st had increased luminescence on

higher nitrate concentrations

Luminescence from lines plntEPSWT20206-3 and plntEPSWT20206-8 containing pNIR1-

LucN::YFP was significantly higher on both 10mm KNO3 (plntEPSWT20206-3: 2.53 ±

0.61, t = -4.5, P < 0.05; plntEPSWT20206-8: 1.69 ± 0.18, t = -11.7, P < 0.01) and 1mm

KNO3 (plntEPSWT20206-3: 2.04 ± 0.21, t = -7.3, P < 0.01; plntEPSWT20206-8: 1.72

± 0.47, t = -4.6, P < 0.05) compared to 0mm KNO3 (plntEPSWT20206-3: 0.43 ± 0.24;

plntEPSWT20206-8: 0.18 ± 0.05; fig. 6.21B). Although line plntEPSWT20206-4 showed a

similar trend, there was no significant difference between conditions (P > 0.05; fig. 6.21B).

Lines containing p4×[NLP7-TATA]+spacing-LucN::YFP-CaMV35st had in-

creased luminescence on higher nitrate concentrations

Luminescence from line plntEPSWT20208-7 containing p4×[NLP7-TATA]+spacing-

LucN::YFP was significantly higher when grown on 10mm KNO3 (5.78 ± 1.26; t = -5.9, P

< 0.05) and 1mm KNO3 (3.65 ± 0.58; t = -7.4, P < 0.01) compared to 0mm KNO3 (0.41

± 0.22; fig. 6.21D). In line plntEPSWT20208-8, p4×[NLP7-TATA]+spacing-LucN::YFP

luminescence was higher on 1 and 10mm KNO3 than 0mm KNO3, although this was not
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significant (P > 0.05; fig. 6.21D). Luminescence from line plntEPSWT20208-9 containing

p4×[NLP7-TATA]+spacing-LucN::YFP was low regardless of nitrate concentration and

was not significantly different between conditions (P > 0.05; fig. 6.21D).

Lines containing p4×[bZIP3-random]-LucN::YFP-CaMV35st had increased

luminescence on higher nitrate concentrations

Luminescence from lines plntEPSWT20209-5, plntEPSWT20209-7, and plntEPSWT20209-

10, which contained p4×[bZIP3-random]-LucN::YFP, was higher on 1 and 10mm KNO3

than 0mm KNO3, however, this was not significant (P > 0.05; fig. 6.21E).

Lines containing pCaMV35s-LucN::YFP-CaMV35st did not increase with

higher nitrate

As expected, there were no significant differences in luminescence between conditions from

lines plntEPSWT20207-1, plntEPSWT20207-3, or plntEPSWT20207-10 which contained

pCaMV35s-LucN::YFP (P > 0.05; fig. 6.21C).

6.4.6 Construction of synthetic genetic feedback controllers

To introduce synthetic genetic feedback into the Arabidopsis N-responsive subnetwork,

the expression of ARF18 must be regulated by the expression of a TF further down the

transcriptional cascade, such as NLP7 (see fig. 6.1). To achieve this, the best performing

NLP7-responsive synthetic promoter (4×[NLP7-TATA]+spacing) was assembled with the

synthetic activators (SunTag-2×TAD and SunTag-VP64 each with three sgRNAs) and

repressors (dCas12a::NLS::3×SRDX with three crRNAs) (fig. 6.22). In addition, equivalent

constructs were assembled using the known N-responsive promoter, NRP1, as well as

4×[bZIP3-random], in place of the 4×[NLP7-TATA]+spacing promoter (fig. 6.22).

These expression cassettes were co-assembled between FAST-Red and bar selectable marker

genes, and the final multigene constructs were used to transform Arabidopsis Col-0 plants

(see section 2.2.4).

T1 seeds were collected and those showing either RFP fluorescence or resistance to phos-

phinothricin were grown for the generation of T2 seeds (see section 2.2.5). At the time of

writing, analysis of these lines is still outstanding.
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Figure 6.22: Schematic of synthetic feedback controllers. A: This synthetic transcrip-
tional activator feedback controller requires co-expression of a dCas9::NLSGCN4 fusion
under the control of either a synthetic minimal NLP7-responsive promoter, the NRP1 pro-
moter, or a synthetic minimal 4×[bZIP3-random] promoter, and a fusion of scFv::sfGFP
fused to either a VP64 domain or two repeats of the TAD activation domain301. The
protein complex is delivered to the target gene by forming a complex with sgRNAs. B:
This synthetic transcriptional repressor feedback controller requires co-expression of a
dCas12a::SRDX fusion under the control of either a synthetic minimal NLP7-responsive
promoter, the NRP1 promoter, or a synthetic minimal 4×[bZIP3-random] promoter. The
protein complex is delivered to the target gene by forming a complex with crRNA, which
is encoded between hammerhead/hepatitis delta virus ribozymes. Both constructs also
contain the FAST-Red325,328 and bar phospinothricin325 marker genes to allow the selec-
tion of plant lines in which the complete T-DNA has integrated into the genome.

6.5 Discussion

6.5.1 Synthetic transcription factors regulate the expression of pARF18-

LucN

Luminescence obtained from pARF18-LucN increased when co-expressed with Cas9/Sun-

Tag-based synthetic transcriptional activators with 2×TAD or VP64 activator domains.

Luminescence was highest when three guides were used, and luminescence was higher with

2×TAD than with VP64. These results are in agreement with other studies in which the

2×TAD activator domain also showed stronger activation than the VP64 domain301.

Only the dCas12a::NLS::3×SRDX repressor system showed a decrease in luminescence

of pARF18-LucN. A previous study also showed repression of Arabidopsis genes using

the dCas12a::NLS::3×SRDX system294. However, for both Cas9/SunTag-based synthetic

transcriptional activators and the dCas12a::NLS::3×SRDX repressors, luminescence of

pARF18-LucN was increased when compared to the no TF control. Increases in lumines-

cence were greater for SunTag constructs which recruited multiple copies of the repressor

domains as compared to just one set of 3×SRDX repressor domains in dCas12a systems.

The reasons for the increases in luminescence are not clear, however, the SRDX domain is
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known to recruit chromatin remodellers to repress gene expression293,295. In addition, chro-

matin in protoplasts has been shown to be more open than in whole plants417. Therefore,

the SRDX domain may function differently in protoplasts.

In this study, co-expression of pARF18-LucN was used to test the activity of synthetic TFs

because luminescence measurements are rapid and require only a few protoplasts. This

was a significant consideration due to the large number of constructs being compared. An

alternative assay measuring the expression of the endogenous ARF18 gene in response

to the expression of synthetic TFs using qRT-PCR might give more reliable performance

predictions of integrated transgenes. A recent study which generated synthetic activators

and repressors also had difficulty engineering reliable synthetic repressors259.

It will be important in the future to repeat the protoplast co-expression experiments with

separate transfections to ensure that the results are reproducible. Additionally, it would

be useful to repeat these experiments in whole plants to determine if the results obtained

in protoplasts are representative of the activity of the synthetic TFs on the native arf18

expression.

The promoters driving the experimental calibrator CaMV35s::luciferase were shown to

respond to co-expressed transcription factors in chapter 3. It would be useful in the

future to test whether the co-expression of the synthetic TFs affected the activity of the

experimental calibrator. As the synthetic TFs use sgRNAs to specifically target the ARF18

promoter, it is unlikely that the synthetic TFs would affect the activity of the experimental

calibrator. Overall, a range of synthetic transcriptional activators and repressors of different

strengths were designed and tested transiently in protoplasts. It will require further testing

to determine which synthetic TFs are most suitable for use in stable lines.

6.5.2 Synthetic minimal promoters that respond to specific TFs

The aim to build synthetic minimal promoters that respond to specific TFs was success-

ful, with several novel functional promoters being built. The p4×[bZIP3-random]-LucN

promoter was activated by bZIP3, with a 4.35-fold increase in LucN activity in response

to bZIP3. This was as expected, since bZIP3 mostly activates genes containing TFBSs

in their promoters318. Similarly, the p4×[TGA1-random]-LucN promoter was activated

by TGA1, with a 2.62-fold increase in LucN activity in response to TGA1. This was
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also expected, since TGA1 mostly activates genes containing TFBSs in their promoters318.

TGA1 and bZIP3 motifs are similar, with a conserved TGACGT core (table 6.1), and

they are both in the bZIP family520. In the 4×[bZIP3-random] and 4×[TGA1-random]

synthetic promoters, the motifs were separated by 20 bp of random sequence. In Mehrotra

and Mehrotra287, synthetic promoters were tested that contained ACGT motifs, which are

known to bind bZIP proteins521. The ACGT motifs were separated by 5, 10 and 25 bp

random sequences. The promoter containing the 5 bp spacers was found to be strongly

activated by salicylic acid, while the one with 25 bp was only activated by abscisic acid,

suggesting that different TFs regulated the promoter depending on the spacing287. In

the future it would be useful to test further bZIP3 and TGA1 synthetic promoters with

different spacing between motifs, to find the optimal spacing for activation by these TFs.

The NRE motif in the NIR1 5′ UTR is a well-known 43 bp nitrate response element which

binds NLP TFs, which are known to activate NIR1396. The p4×[NRE]-LucN promoter

was activated by NLP7, with a 1.35-fold increase in LucN activity. The baseline activity of

this promoter without co-expression of NLP7 was relatively high compared to other tested

synthetic promoters. This might have been because of the presence of additional TFBS

within the NRE that attract additional TFs. To reduce the background activity of the

promoter, the NRE motif was truncated to contain only the essential core NLP7 motifs as

described in Konishi and Yanagisawa393 (see table 6.1). This promoter was modified by

the addition of 8 bp random spacers with equal ATCG ratios between each NLP7 TFBS

to make the 4×[NLP7-random] promoter. The luminescence of p4×[NLP7-random]-LucN

showed a 2.45-fold increase in LucN activity when co-expressed with NLP7, compared to

the no TF control. This was a greater fold induction than obtained from p4×[NRE]-LucN

(1.35×). The expression level of p4×[NLP7-random]-LucN in the absence of NLP7 was

reduced as compared to p4×[NRE]-LucN indicating that the NRE motif is likely to be

attracting additional TFs. Since the length and identity of sequence between TFBSs can

affect the hierarchical arrangement of TFs and the recruitment of the RNA polymerase

complex281,287, a variant of this synthetic promoter was tested that contained a 28 bp

spacer between motifs. The hypothesis was that increasing the spacing between motifs

might reduce steric hindrance and allow high-affinity binding. However, although the

p4×[NLP7-random]+spacing-LucN responded to co-expression of NLP7, with a 2.32-fold

increase in LucN activity compared to the no TF control, this promoter had a slightly
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lower fold increase as compared to p4×[NLP7-random]-LucN. This suggests that 8 bp of

spacing between TFBSs is enough for correct binding of NLP7.

The TATA box motif supports the binding of TATA box binding proteins and the formation

of the pre-initiation complex. Although most plant genes do not contain a TATA motif157,

in chapter 5 it was shown that genes that have variable expression patterns are enriched for

TATA boxes. Additionally, early stress response genes are more likely to contain a TATA

box than late response genes493. Kotopka and Smolke271 found that, in yeast, synthetic

promoter designs containing a TATA box had increased activity compared to those without

a TATA box. The authors also found that their CNN model placed TATA-like motifs

at the 5′ end of TFBSs in the best performing (strongest) promoters. Therefore, the

hypothesis that synthetic promoters containing TATA boxes would be more responsive to

NLP7 was tested, with 7 bp TATA boxes (TATATAA) placed in between each binding site.

The luminescence of p4×[NLP7-TATA]-LucN was increased by NLP7, with a 3.16-fold

increase in LucN activity in response to NLP7. This 3.16-fold increase was a slightly higher

induction than the 2.45-fold increase in luminescence by p4×[NLP7-random]-LucN follow-

ing co-expression with NLP7, suggesting that the TATA boxes increased the induction

of the promoter to NLP7. However, the luminescence obtained from p4×[NLP7-random]-

LucN was 6.83× higher than p4×[NLP7-TATA]-LucN following co-expression with NLP7,

suggesting that the TATA box lowered the overall expression of the promoter, poten-

tially due to TATA-box binding proteins competing for space with NLP7 while binding

4×[NLP7-TATA]. A version of the promoter with 21 bp spacing upstream of each TATA

box was also tested, with the hypothesis that the increased spacing would allow more

room for NLP7 and TATA-box binding proteins to bind. The luminescence obtained from

p4×[NLP7-TATA]+spacing-LucN was increased by NLP7, with a 1.97-fold increase in

LucN activity in response to NLP7. Although this was a lower fold increase in lumines-

cence compared to that of p4×[NLP7-TATA]-LucN (3.16×), the luminescence obtained

from p4×[NLP7-TATA]+spacing-LucN was 7.11x higher than p4×[NLP7-TATA]-LucN

following co-expression with NLP7, suggesting that the increased spacing allowed for more

NLP7 binding and increased the overall expression of the promoter.

Luminescence from pNRP-LucN increased following co-expression with NLP7, in line with

previously published data1. The luminescence of pNRP-LucN (11.60) was 45x lower than
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that of p4×[NLP7-TATA]+spacing-LucN (522.25) following co-expression of NLP7. A

range of synthetic promoter strengths is useful for the tuning of gene expression and will

be useful for modulating the expression of genes in the N-response subnetwork, including

through the introduction of genetic feedback. To further increase the range of promoter

strengths, the sequence of the TATA boxes in p4×[NLP7-TATA]+spacing-LucN could be

modified, as in a previous study where CaMV35s promoter activity was tuned by mutating

the TATA box522.

To test whether synthetic promoters that contain TFBSs for two different TFs would

respond to both TFs, motifs were arranged in the same promoter in an alternating pattern,

separated by 20–21 bp random spacers. The p2×[bZIP3-random-NLP7-random]-LucN

promoter was activated by both NLP7 and bZIP3, although expression of NLP7 increased

luminescence by a greater fold difference (1.94-fold) as compared to bZIP3 (1.07-fold).

The p2×[TGA1-random-NLP7-random]-LucN promoter was also activated by both NLP7

and TGA1; NLP7 also increased luminescence by a greater fold difference (4.00-fold)

than TGA1 (1.34-fold). The activating effect of co-expressing both NLP7 and TGA1 was

additive, resulting in a 5.22-fold increase in luminescence.

Luminescence obtained from expression of pminsyn_105-3×HHO2-LucN decreased with

co-expression of HHO2. This supports the finding of an earlier study in which HHO2

was shown to directly repress the NRT2.1 promoter519. The reduction in luminescence in

this promoter is likely to be due to the positioning of the HHO2 TFBSs close to the TSS.

The binding of HHO2 proteins may prevent the formation of the pre-initiation complex.

Interestingly, Brooks et al.318 found that the 5′ UTRs of genes repressed by HHO2 were

enriched in HHO2 TFBSs. In the future, it would be interesting to add HHO2 TFBSs to the

5′ UTRs of synthetic promoters. Surprisingly, luminescence obtained from the expression

of p3×HHO2-minsyn_105-LucN increased with co-expression of HHO2, suggesting that

the location of these TFBSs may modulate the activity of the proteins they bind.

It would be useful in the future to repeat all protoplast co-expression experiments with

separate transfections of each plasmid, to ensure that similar results are obtained. There

is expected to be some variability between batches despite having a batch calibrator, as

this was observed with other protoplast co-expression experiments. In chapter 3, the

promoters driving the experimental calibrator CaMV35s::luciferase were shown to respond
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to co-expressed transcription factors. Identifying a promoter that does not respond to the

co-expression of the TFs would be useful in future experiments to use in the experimental

calibrator, to ensure any observed difference in luminescence is due to the regulation of

the synthetic promoter. However, as the fold-change in luminescence with and without

co-expression of the respective TFs was high in the majority of experiments, it is unlikely

that the significant changes were due to the experimental calibrator. Additionally, later

experiments (see section 6.5.3) showed that the synthetic promoters responded to nitrate

so were likely functional.

6.5.3 Synthetic promoters respond to nitrate

Several synthetic constructs were used to produce stable transgenic lines to investigate if

expression in plants roots could be regulated by nitrate. To do this, T2 plants of three

independent lines for each construct were grown in three different nitrate conditions and

changes in expression were assessed by quantifying luminescence.

As expected, there was no luminescence in Col-0 control plants that did not contain

transgenes and the luminescence obtained from lines containing the constitutively ex-

pressed pCaMV35s-LucN::YFP construct was not significantly affected by nitrate. One

line (plntEPSWT20207-3) containing this construct had low values in all conditions, likely

due to transgene silencing. For all constructs, there was variation between plant lines likely

due to differences in the transgene insertion site, which has been observed to influence

expression523. Variation could have also been caused by differences in the copy number

of the transgenes. It will be important in the future to determine the copy number of

transgenes in the lines to rule this out. As roots from three T2 plants of each line were

pooled, variation within lines is difficult to assess. However, some variation might be

expected because individual T2 progeny of selfed T1 transgenics, in which the transgenes

are expected to be hemizygous, are likely to be segregating. Although the presence of the

transgene in T2 seeds was assessed by RFP fluorescence from the FAST-red marker325,328,

zygosity was not determined.

Luminescence from two lines (plntEPSWT20205-3 and 7) containing pNRP-LucN::YFP

was increased on 1 and 10mm KNO3 compared to 0mm KNO3. This supports existing

data showing that NRP expression is induced by nitrate1. Expression of NIR1 is also

252



known to be activated by nitrate393,396. Supporting this, luminescence of lines containing

the pNIR1-LucN::YFP construct also increased with nitrate concentration. Both NIR1

and NRP contain NRE motifs that bind NLP7. Recently, NLP7 was shown to be a direct

sensor of nitrate and the mutation of all seven NLP TFs abolishes primary nitrate responses

in Arabidopsis49. Although the expression of NIR1 and NRP in response to nitrate may

also be regulated by additional TFs, the presence and potentially the concentration of

NLP7 (which may be regulated by TFs in the subnetwork elucidated in chapter 3) is likely

to have a substantial effect on the nitrate-responsiveness of NIR1 and NRP. Therefore,

the expression of minimal synthetic promoters that only attract NLP7 are expected to

respond to nitrate. Previously, a 4×NRE synthetic promoter was shown to be activated by

nitrate393, which was supported by the luminescence values obtained from two plant lines

containing p4×[NLP7-TATA]+spacing-LucN::YFP. Luminescence increased when plants

were grown on 1 and 10mm KNO3 compared to 0mm KNO3. Luminescence of one line

(plntEPSWT20208-9) was very low in all nitrate conditions, potentially due to transgene

silencing.

Out of all tested lines, line plntEPSWT20205-7 containing pNRP-LucN::YFP had the

largest fold increase (63.5×) in luminescence from 0mm KNO3 to 1mm KNO3. Line

plntEPSWT20205-7 also had a 55.5-fold increase in luminescence from 0mm KNO3 to

10mm KNO3. The p4×[NLP7-TATA]+spacing-LucN::YFP construct gave the next highest

increase in luminescence in line plntEPSWT20208-7, with a 14.1-fold increase from 0mm

KNO3 to 10mm KNO3, and an 8.9-fold increase in luminescence from 0mm KNO3 to 1mm

KNO3. The pNIR1-LucN::YFP construct gave a 9.56-fold increase in luminescence in line

plntEPSWT20206-8 from 0mm KNO3 to 1mm KNO3, and a 9.39-fold increase from 0mm

KNO3 to 10mm KNO3.

Luminescence from two plant lines (plntEPSWT20209-5 and 7) containing p4×[bZIP3-

random]-LucN::YFP was higher on 1 and 10mm KNO3 compared to 0mm KNO3, although

this was not a significant increase. Out of lines containing p4×[bZIP3-random]-LucN::YFP,

line plntEPSWT20209-5 had the largest fold change in luminescence with only a 3.00-fold

increase from 0mm KNO3 to 1mm KNO3, and 1.95-fold increase from 0mm KNO3 to

10mm KNO3. One reason that larger fold-changes (4.35-fold) were observed in transient

assays where bZIP3 was co-expressed but were not observed in stable transgenic lines
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might be because the levels of endogenous bZIP3 are relatively low. Expression of bZIP3

is only induced 2.84-fold after 30 minutes of nitrate treatment524.

Although NLP7 expression is not induced by nitrate, NLP7 is post-translationally regulated

by nitrate and rapidly accumulates in the nucleus following nitrate treatment40. This rapid

accumulation of NLP7 in the nucleus may result in higher concentrations of NLP7 protein

explaining why synthetic promoters with NLP7 binding sites have a greater fold-change in

response to nitrate compared to those that attract bZIP3. Further, gene targets of NLP7

continue to be actively transcribed even after the TFs dissociates from its targets after

transient-binding26, so a lower concentration of NLP7 protein might be required than bZIP3

protein to induce transcription of target genes. Knowledge of relative protein levels of these

TFs would be helpful in informing the design of synthetic promoters. However, a previous

study which carried out intensity-based absolute quantification (iBAQ) of protein content

showed iBAQ values of 4.56 for NLP7 and 5.35 for bZIP3 in Arabidopsis roots525. Although

the protein level of bZIP3 was higher than NLP7 in this study, some bZIP3 protein might

be inactive due to the formation of heterodimers with other proteins, which can modify the

DNA-binding domain of bZIP proteins526. Additionally, TFs from different families such

as bZIPs and basic helix-loop-helixs (bHLHs) can compete to bind the same TFBS167 and

may be capable of binding to the TFBSs in the 4×[bZIP3-random] synthetic promoter,

competing with bZIP3. This hypothesis could be tested by either testing the ability of

other bZIP family proteins to bind to the 4×[bZIP3-random] promoter or measuring the

effects of co-expressing multiple proteins on expression in transient assays.

In the future it would be interesting to do time course analyses to determine if the fold-

change in luminescence from the synthetic promoters changes over time after nitrate

treatment. It would also be interesting to test the synthetic promoters in mutant lines

where the TF of interest is knocked out to determine if the synthetic promoters are still

induced by nitrate. If they still responded to nitrate, this would suggest that other TFs are

capable of binding to the TFBSs in the synthetic promoters. It would also be interesting

to test the synthetic promoters in other plant species to determine if they are also induced

by nitrate.
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6.5.4 Towards the development of synthetic genetic feedback controllers

The final aim of this chapter was to build genetic feedback controllers composed of minimal

synthetic N-responsive promoters controlling synthetic CRISPR TFs which modulate the

expression of ARF18. This was to introduce positive and negative genetic feedback loops

to the N-response subnetwork from genes further down the transcriptional cascade, which

would allow for the control of ARF18 expression in response to N-availability. These

expression changes could potentially increase the robustness of the network7 and/or lead

to oscillations9 in the case of negative feedback or could lead to bistability in the case of

positive feedback10.

To achieve this, an NLP7-responsive synthetic promoter (4×[NLP7-TATA]+spacing) was

assembled with either synthetic activators (SunTag-2×TAD and SunTag-VP64 each with

three sgRNAs) or synthetic repressors (dCas12a::NLS::3×SRDX with three crRNAs). Lines

containing these constructs were produced, with the expectation that the feedback control-

lers would add positive or negative feedback, respectively, into the network. Control lines

in which the synthetic activator/repressor are constitutively expressed were also produced.

In addition, equivalent constructs were assembled and transformed into stable lines in

which expression of synthetic TFs is controlled by the known N-responsive promoter, NRP,

as well as 4×[bZIP3-random], both of which were also shown to respond to nitrate. Since

NRP was shown to respond to NLP7, this construct can also be considered to be a feedback

controller. Additional work is needed to determine the position of bZIP3 in the N-response

network. However, the expression of bZIP3 is known to change in response to nitrate318,524.

Therefore, coupling the expression of ARF18 to bZIP3 expression might lead to a similar,

albeit weaker, response to nitrate treatment as the NLP7-controlled feedback controllers.

This response is expected to be slightly slower, since bZIP3 responds within ten minutes

of nitrate treatment318, whereas NLP7 responds post-translationally within three minutes

of nitrate treatment40.

To date, these plant lines have not yet been analysed. Measuring changes in the expression

of ARF18 and other genes in the N-response subnetwork, as well as N-induced changes to

root system architecture phenotypes, will allow these hypotheses to be tested. Based on

the data obtained from protoplast co-expression assays, a range of transcriptional effector
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strengths are to be expected while testing in whole plants, with NRP controlled feedback

controllers causing the weakest regulation of ARF18, and effectors controlled by 4×[NLP7-

TATA]+spacing causing the largest change in expression of ARF18. If stronger activation

of ARF18 is needed for observable phenotypes, additional transcriptional activators could

be tested such as the recently reported CRISPR-Act3.0 system301. If stronger repression of

ARF18 is required, different repressor domains such as DLN144, DLS and MIX domains,

which have recently proved effective in N. benthamiana, could be tested527. DLN144, a

DLN hexapeptide motif from ZOS5-09 in rice, was 40% more effective than the SRDX

domain at repressing in yeast528. Combinations or multiple copies of repressor domains

could also be tested to potentially increase repression strength.

6.5.5 Conclusions

The aim of building and testing synthetic transcriptional activators and repressors was

accomplished. Further experiments are needed to test the performance of these synthetic

transcriptional effectors in whole plants. This chapter shows that synthetic nitrate re-

sponsive promoters can be engineered using knowledge of TFBSs, fulfilling the second

aim. These promoters can be designed to be activated or repressed by one or more TFs.

Transient protoplast co-expression assays are useful for rapidly assessing the performance

of synthetic promoters including their responsiveness to cognate TFs. These protoplast

assays are also useful for testing the performance of synthetic transcriptional activators

and repressors. However, due to the disrupted chromatin state in protoplasts, the results

may not reflect the behaviour of the synthetic TFs in whole plants, so further experiments

are needed to test whether these synthetic TFs are functional on endogenous genes. The

evaluations of lines in which these elements are constitutively expressed will enable this.

The 4×[NLP7-TATA]+spacing and 4×[bZIP3-random] promoters responded to increasing

nitrate in root luciferase assays, so, provided that the synthetic TFs are functional, it is

likely that the genetic feedback controllers will be functional in whole plants. The genetic

feedback controllers were assembled and transformed into stable lines, fulfilling the third

aim. These lines will be tested in the future to determine whether they can be used to

tune the response of ARF18 to nitrate, and potentially alter NUE.
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Chapter 7

Discussion

The predictable engineering of biological systems either to tune existing functions such as

the NUE of crops, or engineer new functions, is one of the aims of synthetic biology. The

engineering of regulatory elements and the introduction of synthetic genetic circuits into

crops are powerful approaches to achieve this goal. However, to be able to reliably predict

the behaviour of either changes to existing sequences or of new circuits, it is necessary to

understand the underlying biological mechanisms. The overall aim of this thesis was to

identify approaches and technologies for predictable engineering of plant GRNs using a

subnetwork that regulates plant responses to nitrate. To this aim, a N-response subnetwork

of TFs that were predicted to cross-regulate each other was identified and characterised25.

These TFs directly or indirectly regulated many downstream genes involved in nitrate

metabolism and growth. In chapter 3, edges in this subnetwork were characterised by

the identification of promoter motifs that indicated likely interactions between TFs and

target promoters, and by using protoplast co-expression assays, to determine whether TFs

activate or repress their targets. 29 edges between eight TFs and the NIR1 gene were found

to significantly alter the expression of target genes, which supported their direct regulation

when integrated with TRAM data, which measured the relative binding affinity of TFs

to sites in the promoters of target genes. These data will be useful for understanding

the overall GRN and for predicting the effects of edge disruption on the expression of

other genes in the subnetwork. These data will also be useful for testing and identifying

network motifs. One such motif was a feedforward loop in which edges from ARF18 to

NLP7 via ANAC032, and ARF18 to DREB26 were supported. An edge from DREB26
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to NLP7 could not be tested using co-expression assays because the candidate TFBS for

DREB26 was in the coding region of NLP7. To date, most published GRNs only provide

partial support for regulatory interactions since they only integrate one or two types of

data, such as TARSET or Y1H data. Combining proof of direct regulation with TRAM

and confirming the direction of regulation with protoplast co-expression data provides a

more complete picture of the GRN, and similar assays could be used to expand the number

of tested edges in the wider N-responsive GRN. Once edges in GRNs are elucidated, it

will be possible to make predictions about how they might be manipulated to alter the

expression of downstream genes and improve beneficial traits such as NUE. For example,

protoplast co-expression data from chapter 3 was used in chapter 6 to design and engineer

synthetic genetic feedback controllers that are expected to alter the expression of ARF18

in response to nitrate, the behaviour and dynamics of the network and, potentially, the

growth of plants in response to nitrate.

Perturbing GRNs by disrupting edges within the network is another approach to investigate

network function, including the roles of network motifs. Individual edges could be disrupted

using genome engineering tools to introduce mutations that disrupt individual binding

motifs. However, this is likely to be laborious especially as it is difficult to identify

individual TFBSs that are important for regulatory function and a given TF often binds to

multiple sites within a target promoter. Ideally, this approach also requires knowledge of

all TFs and other proteins that bind to the target promoters. Although progress was made

at characterising the N-response subnetwork, the dataset is still likely to be incomplete.

An alternative way to disrupt edges in GRNs is to use CRISPR library approaches to add

variation into upstream regulatory regions, bypassing the need to understand all edges

targeting that promoter. This was achieved in chapter 4 in which a pooled CRISPR

library was constructed targeting the promoters/5′ UTRs of ARF9/18, DREB26 and

NLP7. 96 multigene Cas9 expression constructs targeting these genes were delivered to

plants, and 500 T2 plants were sequenced using a pooled barcode amplicon sequencing

approach to identify mutations. A range of interesting mutations were found in the

CRISPR library, some of which were shown to disrupt the regulation of four TFs involved

in the early response to nitrate. Five lines from the resulting library of 327 mutants

were analysed by assessing RSA and gene expression using qRT-PCR. Mutations in the

NLP7 promoter disrupted potential edges from ANAC032, ANR1 and NLP7, causing
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longer and more dense lateral roots. This potentially disrupted the feedforward loop from

ARF18 to NLP7 via ANAC032, altering network dynamics and reducing the robustness

of the nitrogen-response subnetwork, leading to the RSA changes. A 5 bp deletion in

the DREB26 5′ UTR caused a similar phenotype, increasing the number and density of

lateral roots, potentially due to disruption of the putative feedforward loop from ARF18

to NLP7 through DREB26. Deletions in the ARF9 and ARF18 cis-regulatory regions

slightly increased total root length, potentially by reducing the overall repression effect of

ARF9/18 repressors on genes in the nitrate-response subnetwork in response to auxin. It

is undesirable to generate loss-of-function mutants of these and many other TFs because

they may have roles in other tissues and processes. For example, ARF18 has a role in

shade avoidance in aerial tissues407. Despite this, relatively few studies have targeted cis-

regulatory regions using pooled CRISPR library approaches306,307,449. This demonstrates

that CRISPR libraries targeting cis-regulatory regions are a relatively untapped resource

and may be useful tools for engineering crop traits such as NUE.

In chapter 5, promoter architecture was compared between four gene categories: con-

stitutively expressed, variably expressed, non-specific and tissue-specific genes. Distinctive

features were found that may be essential for enabling their expression patterns. For ex-

ample, constitutively expressed and non-specific genes contained more open chromatin in

CRMs than variably expressed and tissue-specific genes. There was also an increased GC

content and a lower percentage bp covered by TFBSs in constitutively expressed and non-

specific genes compared to variably expressed and tissue-specific genes. Variably expressed

genes were enriched for TATA boxes. Useful design features were extracted from these

data, which were used in chapter 6 to aid the design of synthetic minimal N-responsive

promoters. Similar promoter architecture analyses could be used in other plant species,

including crops, to learn features for the design of synthetic promoters for engineering

useful traits.

Data from chapter 3 which elucidated the structure of the N-response network were also

used to inform the design and engineering of a genetic feedback controller (chapter 6). To

construct this controller, promoter design features from chapter 5 were integrated into the

design of minimal synthetic promoters that were then shown to respond to their cognate

TFs in co-expression assays. Expression from these minimal synthetic promoters was also
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activated by nitrate in transgenic plants. To complete the genetic feedback controller,

synthetic promoters were coupled to Cas-based programmable transcriptional regulators.

Protoplast co-expression assays were also useful for testing the activity of these synthetic

activators and repressors on the expression of ARF18. The 4×[NLP7-TATA]+spacing and

4×[bZIP3-random] promoters responded to nitrate. It is therefore likely that the genetic

feedback controllers will be functional. However, it remains to be seen how effective these

synthetic genetic feedback controllers will be in changing the plant response to nitrate.

If proven effective, equivalents of these controllers as well as additional genetic feedback

loops could be engineered into crop species to improve NUE. Synthetic circuits using

minimal synthetic promoters controlling synthetic activators and repressors were recently

demonstrated in Arabidopsis and N. benthamiana, and were able to control gene expression

across tissues and could successfully reprogram plant root growth259.

Network engineering is a powerful approach for engineering desirable plant traits using

specific modifications to the GRN. It can be used to engineer quantitative traits that

are difficult to improve using conventional breeding methods, such as yield and nutrient

content529. Additionally, engineering of non-coding regions such as promoters can be

used to improve traits without disrupting the function of pleiotropic proteins112. Precision

genome editing, where precise changes are made at specific loci without incorporating DNA

into the genome, can be used to tune the expression of genes in GRNs and is often faster

and less labour-intensive than conventional breeding methods423–425. However, network

engineering is limited by the current understanding of the GRN. If the GRN is not well

understood, it is difficult to predict the outcome of modifications. This is why the work

in this thesis is important, as it elucidates the structure of the N-response network and

provides tools for engineering it. When not enough is known about the GRN, imprecise

forward genetic screens such as physical or chemical mutagenesis and selection, marker

assisted breeding, transgenesis, and T-DNA insertion can be used to improve traits. The

use of newer technologies such as CRISPR screens can limit the addition of genetic variation

to specific genomic regions of interest, which can reduce the number of lines that need to be

screened to identify useful mutations compared to other forward genetic screens. Another

limitation of network engineering is that not all connections in the GRN are expected

to be orthologous in related crop species. For example, in A. thaliana ARF18 regulates

NLP7 via ANAC032 whereas in tomato ARF18 regulates NLP7 directly and through
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DREB26 as ANAC032 is not present in tomato530. Therefore, network engineering in

Arabidopsis may not be directly applicable to other species. However, the work in this

thesis provides a framework for elucidating the structure of GRNs in other species, which

can then be used to engineer them. It would be useful to obtain further datasets to

facilitate the engineering of GRNs in A. thaliana and other species. For example, a more

complete DAP-seq dataset containing all TFs would enable the more accurate prediction

and testing of additional TF-gene interactions. Extending protoplast co-expression assays

and TARSET to additional TFs and target genes would also be useful for elucidating the

structure of GRNs. Studying GRNs in specific cell types using single cell technologies such

as single cell RNA-seq (scRNA-seq) and single cell ATAC-seq (scATAC-seq) would allow

for more fine-grained network engineering in cells and tissues of interest. Once enough data

is collected, mathematical models can be used to predict the behaviour of GRNs and guide

the design of specific edits in the genome, or of orthogonal parts such genetic feedback

controllers to add new edges and functionality into the network. Going forward, it will be

important to validate the function of the genetic feedback controllers described in chapter 6

in planta. Importantly, phenotypes such as root growth in response to nitrate should be

measured in the presence of nitrate to determine if the genetic feedback controllers are

functional, and any observed changes in NUE will determine if they can improve the plant

response to nitrate. The genetic feedback controllers should be tested and modified to

work in other species to determine if they are functional in other crops. Simultaneously,

the CRISPR library should be expanded to other genes in the N-response network to

determine which additional genes can be targeted to improve the plant response to nitrate.

Mutations in promoters of genes which have a change in phenotype in response to nitrate

should be identified and characterised to determine if they can be used to improve the

plant response to nitrate. Lines containing these mutations could be crossed to test if they

have an additive effect on the phenotype.

This thesis demonstrates that a greater understanding of gene regulatory sequences can

be used to inform the engineering of quantitative traits such as root growth in response

to nitrate. The overall aim of identifying approaches and technologies for predictable

engineering of plant GRNs using a subnetwork that regulate plant responses to nitrate was

achieved. Arabidopsis N-responses were manipulated using a CRISPR library approach and

synthetic feedback controllers were designed. These engineering strategies were facilitated
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by the identification and characterisation of interactions between TFs and target genes in

a N-response network and by the identification of architectural features enriched in genes

with condition-responsive patterns of expression. These approaches and tools are widely

applicable to elucidating and engineering other plant GRNs.
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Appendix A: Supplementary data

for Chapter 2

This appendix contains all supplementary materials for chapter 2.

File S1 - Table of plasmids used in this thesis (electronic supplementary materials).

File S2 - Table of primers used in this thesis (electronic supplementary materials).
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Appendix B: Supplementary data

for Chapter 4

This appendix contains all supplementary materials for chapter 4.

Figure S1 - Location of mutation relative to transcription start site in line 69-9

Figure S2 - Location of mutation relative to transcription start site in line 130-4

Figure S3 - Location of mutation relative to transcription start site in line 134-3
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Figure S1: Location of mutation relative to transcription start site in line
69-9. All overlapping TFBSs scanned using FIMO364 using DAP-seq motifs181 are shown
(purple).
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Figure S2: Location of mutation relative to transcription start site in line
130-4. All overlapping TFBSs scanned using FIMO364 using DAP-seq motifs181 are shown
(purple).
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Figure S3: Location of mutation relative to transcription start site in line
134-3. All overlapping TFBSs scanned using FIMO364 using DAP-seq motifs181 are shown
(purple).
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Appendix C: Supplementary data

for Chapter 5

This appendix contains all supplementary materials for chapter 5.

Figure S4 - Mean percentage open chromatin in Arabidopsis CRM expression categories

Figure S5 - Sliding window analysis of percentage open chromatin in Arabidopsis CRMs

Figure S6 - Percentage open chromatin in Arabidopsis CRMs centred around the tran-

scription start site (TSS)

Figure S7 - Mean percentage GC content in Arabidopsis CRMs

Figure S8 - Sliding window analysis of percentage GC content in Arabidopsis CRMs

Figure S9 - Mean percentage GC content of the 400 nucleotides upstream of the ATG

start codon in Arabidopsis CRMs

Figure S10 - Mean percentage TFBS coverage of Arabidopsis CRMs

Figure S11 - Mean percentage coverage of TFBS within open chromatin regions of

Arabidopsis CRMs

Figure S12 - Sliding window analysis of percentage TFBS coverage in Arabidopsis CRMs

Figure S13 - Mean percentage TFBS coverage of the 400 nucleotides upstream of the

ATG start codon in Arabidopsis CRMs

Figure S14 - Mean percentage TFBS coverage of the 400 nucleotides upstream of the

ATG start codon in Arabidopsis CRMs within open chromatin regions

Figure S15 - Shannon diversity of individual TFs (A/B) and TF families (C/D) predicted
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to bind to Arabidopsis CRMs

Figure S16 - Shannon diversity of individual TFs (A/B) and TF families (C/D) predicted

to bind to Arabidopsis CRMs within open chromatin regions

Figure S17 - Sliding window analysis of Shannon diversity of individual TFs predicted

to bind Arabidopsis CRMs

Figure S18 - Shannon diversity of individual TFs (A/B) and TF families (C/D) predicted

to bind to the 400 nucleotides upstream of the ATG start codon in Arabidopsis CRMs

Figure S19 - Shannon diversity of individual TFs (A/B) and TF families (C/D) predicted

to bind to the 400 nucleotides upstream of the ATG start codon in Arabidopsis CRMs

within open chromatin regions

Figure S20 - 𝐿𝑜𝑔2-fold enrichment of 15 bp TATA boxes in Arabidopsis CRMs
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Figure S4: Mean percentage open chromatin in Arabidopsis CRM expression
categories. A: Percentage base pairs (bp) within open chromatin in 300 constitutive,
variable and control genes. N=300. B: Percentage bp within open chromatin in 300
non-specific, tissue-specific and control genes. N=300. Significance was calculated using
Kruskal-Wallis and Dunn’s post hoc tests with Bonferroni correction. ****, P < 0.0001.
***, P < 0.001. **, P < 0.01. *, P < 0.05. Control genes are identical in plots A and B.
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Figure S5: Sliding window analysis of percentage open chromatin in Arabidopsis
CRMs. The median proportion of nucleotides within open chromatin was scored for 100
bp windows across selected CRMs. The windows were overlapping with a 50 bp offset.
The median value for each bin is displayed at the central bp of the bin. Shading represents
95% confidence intervals estimated using 10000 bootstraps. A: constitutive and variable
GC content sliding windows. N=300. B: non-specific and tissue-specific sliding windows.
N=300.
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Figure S6: Percentage open chromatin in Arabidopsis CRMs centred around
the transcription start site (TSS). Windows are offset by 50 bp. Shading represents
95 confidence intervals estimated using 10000 bootstraps. Median percentage of open
chromatin peaks overlapping 100 bp windows. Open chromatin peaks derived from the
intersect of root and shoot peaks derived from negative control (treated with NaOH) ATAC-
seq data by Potter et al.350. A: constitutive and variable GC content sliding windows.
N=300. B: non-specific and tissue-specific sliding windows. N=300.
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Figure S7: Mean percentage GC content in Arabidopsis CRMs. Box plots have box
boundaries that represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up
to the largest or smallest observed point that falls within 1.5 times the interquartile range.
A: Percentage GC content in 300 constitutive, variable and control genes. B: Percentage
GC content in 300 non-specific, tissue-specific and control genes. There was no significant
difference in GC content between categories. ****, P < 0.0001. ***, P < 0.001. **, P <
0.01. *, P < 0.05. N=300. Control genes are identical in plots A and B.
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Figure S8: Sliding window analysis of percentage GC content in Arabidopsis
CRMs. The median percentage GC content was scored for 100 bp windows across selected
CRMs. The windows were overlapping with a 50 bp offset. The median value for each bin
is displayed here at the central bp of the bin. Shading represents 95 confidence intervals
estimated using 10000 bootstraps. A: constitutive and variable GC content sliding windows.
N=300. B: non-specific and tissue-specific sliding windows. N=300.
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Figure S9: Mean percentage GC content of the 400 nucleotides upstream of
the ATG start codon in Arabidopsis CRMs. Box plots have box boundaries that
represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up to the largest
or smallest observed point that falls within 1.5 times the interquartile range. Significance
was calculated using Kruskal-Wallis followed by Dunn’s post hoc tests with Bonferroni
correction. A: Percentage GC content in 300 constitutive, variable and control CRMs.
N=300. B: Percentage GC content in 300 non-specific, tissue-specific and control genes.
N=300. ****, P < 0.0001. ***, P < 0.001. **, P < 0.01. *, P < 0.05. Control genes are
identical in plots A and B.
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Figure S10: Mean percentage TFBS coverage of Arabidopsis CRMs. Box plots
have box boundaries that represent 25th, 50th (median) and 75th percentiles; whiskers
are drawn up to the largest or smallest observed point that falls within 1.5 times the
interquartile range. Significance was calculated using Kruskal-Wallis. A: There was no
significant difference in TFBS coverage between constitutive, variable or control CRMs.
N=300. B: There was no significant difference in TFBS coverage between non-specific,
tissue-specific or control CRMs. *, P < 0.05. N=300. Control genes are identical in plots
A and B.
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Figure S11: Mean percentage coverage of TFBS within open chromatin regions
of Arabidopsis CRMs. Significance was calculated using Kruskal-Wallis followed by
Dunn’s post hoc tests with Bonferroni correction. A: Mean percentage coverage of TFBS
falling within open chromatin in constitutive, variable and control CRMs. N=100. B:
Mean percentage coverage of TFBS falling within open chromatin in non-specific, tissue-
specific and control CRMs. N=100. ****, P < 0.0001. ***, P < 0.001. **, P < 0.01. *,
P < 0.05. Control genes are identical in plots A and B.
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Figure S12: Sliding window analysis of percentage TFBS coverage in Arabidopsis
CRMs. The median percentage TFBS coverage was scored for 100 bp windows across
selected CRMs. The windows were overlapping with a 50 bp offset. The median value for
each bin is displayed here at the central bp of the bin. Shading represents 95 confidence
intervals estimated using 10000 bootstraps. A: constitutive and variable GC content sliding
windows. N=300. B: non-specific and tissue-specific sliding windows. N=300.
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Figure S13: Mean percentage TFBS coverage of the 400 nucleotides upstream
of the ATG start codon in Arabidopsis CRMs. Box plots have box boundaries
that represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up to the
largest or smallest observed point that falls within 1.5 times the interquartile range. A:
Mean percentage TFBS coverage in constitutive, variable and control CRMs. N=300. B:
Mean percentage TFBS coverage in non-specific, tissue-specific and control CRMs. N=300.
Significance was calculated using Kruskal-Wallis and Dunn’s post hoc tests with Bonferroni
correction. **, P < 0.01. *, P < 0.05.

constitutive variable control
Gene type

0

10

20

30

40

50

60

70

%
 b

p
 c

o
v
e
re

d

**

****
A

non-specific tissue-specific control
Gene type

0

10

20

30

40

50

60

70

%
 b

p
 c

o
v
e
re

d

****

****

**

B

Figure S14: Mean percentage TFBS coverage of the 400 nucleotides upstream of
the ATG start codon in Arabidopsis CRMs within open chromatin regions. A:
Mean percentage coverage of TFBS falling within open chromatin in 400 bp constitutive,
variable and control CRMs. B: Mean percentage coverage of TFBS falling within open
chromatin in 400 bp non-specific, tissue-specific and control CRMs. ****, P < 0.0001.
***, P < 0.001. **, P < 0.01. *, P < 0.05. N=300. Significance was calculated using
Kruskal-Wallis and Dunn’s post hoc tests with Bonferroni correction.
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Figure S15: Shannon diversity of individual TFs (A/B) and TF families (C/D)
predicted to bind to Arabidopsis CRMs. Box plots have box boundaries that
represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up to the largest
or smallest observed point that falls within 1.5 times the interquartile range. A: Shannon
diversity of individual TFs in 100 constitutive, 300 variable and 300 control genes. B:
Shannon diversity of individual TFs in 300 non-specific, 300 tissue-specific and 300 control
genes. C: Shannon diversity of TF families in 300 constitutive, 300 variable and 300 control
genes. D: Shannon diversity of TF families in 300 non-specific, 300 tissue-specific and 300
control genes. **, P < 0.01. *, P < 0.05.
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Figure S16: Shannon diversity of individual TFs (A/B) and TF families (C/D)
predicted to bind to Arabidopsis CRMs within open chromatin regions. Box
plots have box boundaries that represent 25th, 50th (median) and 75th percentiles; whiskers
are drawn up to the largest or smallest observed point that falls within 1.5 times the
interquartile range. A: Shannon diversity of individual TFs in 100 constitutive, 100 variable
and 100 control genes. B: Shannon diversity of individual TFs in 100 non-specific, 100 tissue-
specific and 100 control genes. C: Shannon diversity of TF families in 100 constitutive, 100
variable and 100 control genes. D: Shannon diversity of TF families in 100 non-specific,
100 tissue-specific and 100 control genes. **, P < 0.01. *, P < 0.05.
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Figure S17: Sliding window analysis of Shannon diversity of individual TFs
predicted to bind Arabidopsis CRMs. Data points are positioned in the centre of
each 100 bp window. Windows are offset by 50 bp. Shading represents 95 confidence
intervals estimated using 10000 bootstraps. Median Shannon diversity of individual TFs
sliding windows in A: constitutive and variable, and B: non-specific and tissue-specific
CRMs. N=300,
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Figure S18: Shannon diversity of individual TFs (A/B) and TF families (C/D)
predicted to bind to the 400 nucleotides upstream of the ATG start codon in
Arabidopsis CRMs. Box plots have box boundaries that represent 25th, 50th (median)
and 75th percentiles; whiskers are drawn up to the largest or smallest observed point that
falls within 1.5 times the interquartile range. Shannon diversity of individual TFs in A: 300
constitutive, 300 variable and 300 control genes and B: 300 non-specific, 300 tissue-specific
and 300 control genes. Shannon diversity of TF families in C: 300 constitutive, 300 variable
and 300 control genes and D: 300 non-specific, 300 tissue-specific and 300 control genes.
*, P < 0.05.
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Figure S19: Shannon diversity of individual TFs (A/B) and TF families (C/D)
predicted to bind to the 400 nucleotides upstream of the ATG start codon in
Arabidopsis CRMs within open chromatin regions. Box plots have box boundaries
that represent 25th, 50th (median) and 75th percentiles; whiskers are drawn up to the
largest or smallest observed point that falls within 1.5 times the interquartile range. Shan-
non diversity of individual TFs in A: 300 constitutive, 300 variable and 300 control genes
and B: 300 non-specific, 300 tissue-specific and 300 control genes. Shannon diversity of TF
families in C: 300 constitutive, 300 variable and 300 control genes and D: 300 non-specific,
300 tissue-specific and 300 control genes.
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Figure S20: 𝐿𝑜𝑔2-fold enrichment of 15 bp TATA boxes in Arabidopsis CRMs. A:
Log2-fold enrichment of 15 bp TATA boxes in 300 variable (blue) and 300 constitutive (or-
ange) Arabidopsis CRMs compared to a background of constitutive and variable promoters
combined. B: Log2-fold enrichment of 15 bp TATA boxes in 300 non-specific (green) and
300 tissue-specific (grey) Arabidopsis CRMs compared to a background of non-specific and
tissue-specific promoters combined. TATA box locations within 50 bp upstream of the EPD
TSS were downloaded from EPD498. Gat software377 was used to calculate enrichment.
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