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ABSTRACT

A NITROGEN-RESPONSIVE SMALL PEPTIDE SIGNALING MECHANISM
MODULATES PLANT ROOT SYSTEM ARCHITECTURE

By
Katerina Sibala Lay-Pruitt

The plant root system changes dynamically in response to environmental cues.
Plants utilize their root system for uptake of essential mineral nutrients that are
heterogeneously distributed in the soil environment. Nutrient-dependent modulation of
root system architecture (RSA) traits such as primary root growth, lateral root emergence,
and the angles at which these roots grow allows for optimization of nutrient acquisition.
Among signaling pathways by which plants may sense the availability of nutrients from
the environment, small signaling peptide (SSP) pathways play important roles in
optimizing root functions. These SSP pathways may further regulate molecular processes
underlying RSA, such as the biosynthesis and transport of the major plant growth
hormone, auxin. Characterization of these nutrient-responsive SSP pathways is thus of
great importance and critical for understanding plant development in nutrient-poor
environments. For my dissertation, | have identified and characterized a nitrogen (N)-
responsive SSP pathway modulating root gravitropic response and lateral root
development. Co-regulation of these RSA components by this module is proposed to
prevent root outgrowth into N-poor regions and drive deeper root growth towards mobile
nitrate (NO3") resources stratified deeper in the soil profile. First, | show that a signaling
pathway involving the CLAVATA3/EMBRYO SURROUNDING REGION-RELATED
(CLE) family of peptides and the CLAVATAL (CLV1) receptor kinase, which is involved in

N-dependent repression of lateral root emergence, also enhances root gravitropic



response under N-limited conditions. Transcriptomic profiling of a clvl mutant and CLE3
overexpressing lines identified Arabidopsis thaliana CENTRORADIALIS (ATC), a mobile
protein previously characterized for its role in flowering regulation, as a downstream target
of CLE-CLV1 signaling. Loss of ATC function significantly weakens root gravitropic
response and has a moderate impact on lateral root emergence under low NOs
availability. ATC promoter activity and protein localization are also detected throughout
the phloem and in the root columella cells, which are major centers for gravity sensing.
Second, | demonstrate the relevance of ATC function on the molecular processes
underlying root gravitropic response. While mutation in ATC does not impact gravity
sensing via amyloplast sedimentation, it does inhibit the asymmetric transport of auxin
needed for gravitropic bending. | determine that this occurs via the significant reduction
of the PIN3 auxin efflux transporter in the vasculature and root tip of atc mutant lines.
Lastly, | examine how the known roles of ATC in floral development could be implicated
in root developmental processes. ATC binds to phosphatidic acid and phosphatidylserine,
which is contrary to the binding capacity of its homolog FLOWERING LOCUS T (FT) to
phosphatidylcholine and may contribute to its activity in N-limited environments. | also
investigate the interaction of ATC and the transcription factor FD in the transcriptional
regulation of PIN3. Although FD appears to have an impact on root gravitropic response,
FD inhibits the expression of PIN3, suggesting potentially complex control of this gene
via floral regulatory components. Taken together, the results presented in this dissertation
contribute greatly to our understanding of how plant root architecture alters in response
to N. These results can be further utilized in plant engineering strategies to regulate root

growth in nutrient-limited soils.
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CHAPTER 1

Nutrient-responsive small signaling peptides and their influence on the root

system architecture

This chapter has been adapted from the following review article published in the open

access journal, International Journal of Molecular Sciences:

Lay, K. S. & Takahashi, H. Nutrient-responsive small signaling peptides and their
influence on the root system architecture. Int. J. Mol. Sci. 19, 3927 (2018).

https://doi.org/10.3390/ijms19123927



https://doi.org/10.3390/ijms19123927

Abstract

The root system architecture (RSA) of plants is highly dependent on the
surrounding nutrient environment. The uptake of essential nutrients triggers various
signaling cascades and fluctuations in plant hormones to elicit physical changes in RSA.
These pathways may involve signaling components known as small signaling peptides
(SSPs), which have been implicated in a variety of plant developmental processes. This
chapter reviews known nutrient-responsive SSPs with a focus on several subclasses that
have been shown to play roles in root development. Most functionally well-characterized
cases of SSP-mediated changes in RSA are found in responses to nitrogen (N) and
phosphorus (P) availability, but other nutrients have also been known to affect the
expression of SSP-encoding genes. These nutrient-responsive SSPs may interact
downstream with leucine-rich repeat receptor kinases (LRR-RKs) to modulate hormone
signaling and cellular processes impacting plant root development. SSPs responsive to
multiple nutrient cues potentially act as mediators of crosstalk between the signaling
pathways. Phenotypes associated with SSP pathways are complicated because of
functional redundancy within peptide and receptor families and due to their functionality
partly requiring post-translational modifications. As genomic research and techniques
progress, novel SSP-encoding genes have been identified in many plant species.
Understanding and characterizing the roles of SSPs influencing the root phenotypes will
help elucidate the processes that plants use to optimize nutrient acquisition in the

environment.



Introduction

Plants require macronutrients and micronutrients from the soil to grow and
develop. Due to various geological processes and soil chemistry, these nutrients are
heterogeneously distributed in patches and gradients!. Thus, plants, as sessile
organisms, must use their root systems to navigate the soil profile to maximize nutrient
acquisition and maintain nutrient homeostasis. The collective physical characteristics of
root growth are known as the root system architecture (RSA); this term encompasses
such spatial parameters as primary root length, lateral root length and density, and
proliferation of root hairs?. RSA of most plant species is highly plastic depending on the
nutrient environment®. Nutrients are taken up by the plant root system, triggering signaling
cascades that alter gene expression and hormone levels, which affect cell growth and
differentiation of the root meristems#*. However, there are many steps in these pathways
that remain to be characterized.

One way in which plants sense changes in nutrient availability in the environment
and convey the information to downstream physiological processes is through the
expression of nutrient-responsive small signaling peptides (SSPs). SSPs are a class of
proteins ranging from 5-75 amino acids in length. Many SSPs are derived from
nonfunctional precursor proteins to be cleaved and post-translationally-modified to
mature forms which then carry out their function as short- or long-distance mobile signals.
However, other SSP families may be derived from functional precursors, the 5’ region of
mMRNA, primary transcripts of miRNA, or small open reading frames (SORFs)®. These
SSP signaling pathways typically involve the secretion of peptide and perception by

leucine-rich repeat receptor kinases (LRR-RKs), although some SSPs have been



hypothesized to act in a receptor-independent manner, such as antimicrobial peptides®’.
These LRR-RKs are composed of a family of transmembrane proteins containing an
extracellular LRR domain; perception of the SSP ligand occurs through binding with this
domain to generate further downstream signals that may regulate physiological and
developmental processes. While LRR-RKs are numerous in Arabidopsis (>200 predicted
members), most that are known to interact with SSPs are members of the Type XI
clade®?. Yet, there is a high numerical disparity between the thousands of putative SSP-
encoding genes and the hundreds of LRR-RKs, and many of these pairings remain to be
identified or characterized in relationship to plant development.

Regardless of the current lack of receptor identification, SSPs have been
implicated in a broad range of downstream processes throughout the plant, such as
meristem maintenance, cell proliferation and expansion, reproduction, and response to
pathogens®1°-13, In the root specifically, SSPs have roles in lateral root development,
nodulation, and root hair growth'4-17. These processes may be linked to the physiological
responses of plants to the soil nutrient environment as SSP-encoding gene expression is
modulated in roots by changes in the nutrient availability.

This review examines how nutrient signals are interpreted by SSP pathways to
alter root morphology for the improvement of nutrient uptake. Most current evidence
suggests that a few SSP families play important roles in regulating macronutrient-
responsive changes in RSA, particularly in regard to N- or P-availability or maintaining
nutrient uptake and homeostasis (Figure 1.1) However, transcriptomic experiments have
identified multiple SSP families that are responsive to nutrient cues. Additionally, certain

SSPs are found to be responsive to more than one type of nutrient, suggesting they may



represent signals allowing potential crosstalk between the pathways. Lastly, current

challenges and novel approaches in the field of SSP research will be addressed.
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Figure 1.1 Small signaling peptide (SSP) signaling modules influencing root
system architecture (RSA) and nutrient response, uptake, and homeostasis. Arrows
and bars indicate promotion or repression of growth, respectively. Red: SSPs that are
responsive to N-availability at the transcriptional level. Blue: SSPs responsive to P, at the
transcriptional level. Purple: SSPs non-responsive to N or P but influencing the nutrient
uptake or homeostasis. Green: LRR-RKs.

Nitrogen-responsive SSPs

Variation in availability of the essential macronutrient nitrogen (N) is known to elicit
significant changes in plant RSA. Within the soil profile, nitrate (NOs™) is highly mobile

and easily leaches due to the flow of water; in certain plant species, this may encourage



the root system that is “steep, cheap, and deep” to acquire NOs™ that has stratified in
deeper soil levels'®. Moderate reduction in N availability leads to an increase in lateral
root length as plants forage for available N resources, while severe N-starvation inhibits
the growth of primary and lateral roots in favor of survival strategiess. Additionally,
alternate N sources, such as ammonium (NH4") can elicit different changes in RSA. When
N-depleted plants grow into a NO3z™-rich patch, lateral root elongation is stimulated in order
to acquire more N, but in NHa4*-rich patches, more lateral roots are initiated and existing
roots become more branched'®?°, Under homogeneously excess NO3~ conditions, the
RSA profile exhibits long primary roots with short lateral roots, while excess NH4* inhibits
primary root growth!. NO3~ supply after a period of N-starvation also induces root hair
development?!. Molecular characterization of how NOs~ modulates RSA has been studied
in depth and involves complex interactions between the NITRATE TRANSPORTER 1.1
(NRT1.1) and auxin signaling pathways*??23, The N-responsive SSP pathways,
described below, may interact with or be part of these pre-existing processes, but direct
evidence for their mechanistic interactions has not yet been determined.

N availability alters the expression of various SSPs linked to these observed
changes in RSA. One peptide family in which select members have exhibited N-
responsiveness is the CLAVATA3/ EMBRYO SURROUNDING REGION-RELATED
(CLE) family. CLEs are 12—-13 amino acid peptides that control plant development at
various stages. While there are thirty-two CLE family members in Arabidopsis, more have
been identified in leguminous species where CLE peptides are known to be involved in
the autoregulation of nodulation (AON) in addition to RSA response?*2°. The CLE family

has been extensively characterized in relation to its involvement in the regulation of shoot



and root apical meristem differentiation through CLAVATA3 (CLV3)-CLAVATA1 (CLV1)-
and CLE40-ARABIDOPSIS CRINKLY 4 (ACR4)-mediated signaling, respectively?627,
Other members, however, have been shown to influence the root architecture in an N-
dependent manner. Under severe N-starvation, CLE3 (in addition to CLE1, CLE4,
and CLE7) gene expression is induced, and mature CLE3 peptides are produced and
secreted from the root pericycle, which bind to the CLV1 LRR-RLK expressed in the
phloem companion cells. This interaction signals to yet uncharacterized downstream
components to repress the lateral root development. This model was suggested from an
experiment validating the ligand-receptor relationship in transgenic Arabidopsis lines that
overexpress CLE3, in which a correlation between a decrease in lateral root density and
an increase in CLE3 transcript accumulation was observed when CLV1 was present!4.
Additionally, while the CLE3 peptide-encoding gene is induced by NOg3~ starvation, it is
induced by NH4* supply after N starvation?8, indicating these peptides may fine tune the
response in the RSA to the type of N source available.

Another SSP family with members exhibiting responsiveness to N is the C-
TERMINALLY ENCODED PEPTIDE (CEP) family. The fifteen members of this family of
Arabidopsis are processed to mature 15-amino-acid peptides hydroxylated at the proline
residues?®. Overexpression of multiple CEP genes leads to the repression of primary root
growth and lateral root initiation, while the knockout lines of CEP3 generate larger root
systems with a higher lateral root density under N-limited conditions®. The CEP gene
expression increases in roots undergoing local N-starvation, and mature CEP peptides
translocate to the shoot as long-distance signals to interact with the CEPR1 and CEPR2

LRR-RKs, thereby inducing a shoot-derived signal mediated by the CEP



DOWNSTREAM1 (CEPD1) and CEPD2 polypeptides®!. This signaling cascade results in
the upregulation of nitrate transporters (NRT2.1) in roots locally exposed to relatively N-
sufficient or N-rich environments to compensate for N starvation at the distant part of the
root system32. Despite potential functional redundancy, individual CEP peptides may still
be involved in the more specified processes governing RSA. CEP5, which putatively
binds to CEPR1 to repress root growth, is negatively regulated by auxin, during lateral
root initiation®3. In Medicago truncatula, low N upregulates MtCEP1, which interacts with
the CEPR1 homolog COMPACT ROOT ARCHITECTURE 2 (MtCRAZ2) to inhibit the
lateral root growth34:35, Additionally, like members of the CLE family, CEP peptide families
play important roles in other aspects of N-dependent root morphology in leguminous plant

species, specifically in the regulation of root nodulation3®.

Phosphorus-responsive SSPs

Phosphorus (P) is another essential macronutrient known to impact RSA. P is
relatively immobile in the soil and is typically localized in higher concentrations in the
topsoil layer®’. P deficiency, in fact, causes shorter primary roots and denser lateral roots
and root hairs in Arabidopsis, likely to promote a more advantageous RSA profile for
enhanced P-uptake®8. Several additional molecular studies indicate that RSA modulation
is linked to changes in P-availability. One major pathway involves the interaction between
the LOW PHOSPHATE ROOT1 (LPR1) ferroxidase and the PHOSPHATE DEFICIENCY
RESPONSE 2 (PDR2) ATPase—two proteins expressed in the root apical meristem that
regulate the primary root growth inhibition due to P-starvation®®. The S-DOMAIN

RECEPTOR KINASE 1-6 (SDK6) and AtPUB9 proteins are also involved in P-responsive



lateral root development, while ETHYLENE INSENSITIVE 3 (EIN3) directly binds to
ROOT HAIR DEFECTIVE 6-like 4 (RSL4), to regulate P-responsive root hair
development*®41, While much is known about the genetic control of these pathways in
response to P-availability, it is not yet known how P-responsive SSP signaling is directly
related to these studied pathways.

One of the best characterized SSP families responsive to P-availability is the
ROOT GROWTH FACTOR/GOLVEN/CLE-LIKE (RGF/GLV/CLEL) family. RGF1, RGF2,
and RGF3 are induced in the meristematic cortex and epidermis of the root tip under
inorganic phosphate (Pi) deprivation#?. These three peptides were previously established
to act redundantly to control root longitudinal growth*3. A more recent study shows RGF2
and RGF1 independently alter different aspects of the primary root growth. Mutation
of RGF2 causes primary root growth inhibition and a hypersensitivity to low P
environments, while RGF1 was shown to control circumferential root growth through the
repression of radial cellular divisions in response to Pi deficiency. These changes are
proposed to occur through the RGF-mediated signaling pathways, acting on manipulating
gradients of PLETHORA (PLT) transcription factors throughout the root meristem?*3.
Through an extensive search for peptide receptors by photoaffinity labeling experiments,
three LRR-RKs (RGFR1, RGFR2, and RGFR3) have been shown to interact with the
RGF peptides to maintain the root meristem*. RGF-peptide signaling may directly
modulate RSA in response to P-availability, but these pathways have not yet been linked
to previously established P-responsive signaling pathways, such as the LPR1-PDR2-

mediated pathway that inhibits primary root growth under P-deficiency*3.



While the RGF/GLV/CLEL family regulates RSA in response to P-availability in
Arabidopsis, other families of SSPs have been suggested to play a role in the response
based on experiments in M. truncatula. Members of the INFLORESCENCE DEFICIENT
IN ABSCISSION (MtIDA), PLANT PEPTIDE CONTAINING SULFATED TYROSINE
(MtPSY), and PAMP-INDUCED SECRETED PEPTIDE (MtPIP) families are upregulated
upon P-deficiency, but exogenous application of synthetic MtIDA18, MtPSY2, and
9 MtPIP peptides enhances the total root length, especially of the primary root®. It is,
therefore, possible that SSP signaling pathways responding to P-stress may elicit
contrary effects on RSA in different plant species. Direct receptors for these peptides

have not yet been characterized in M. truncatula.

SSP-dependent changes on RSA have an impact on nutrient homeostasis

SSP pathways governing root developmental processes may still influence the
ability of plants to acquire various nutrients, even if the expression of the SSP-encoding
gene is not responsive itself to nutrient availability. The function of the CASPARIAN
STRIP INTEGRITY FACTOR (CIF) sulfated peptides represents an example of such
constitutive actions of SSPs*647, CIF1 and CIF2, which are expressed in the root stele,
interact with the endodermis-localized GASSHO1 (GSO1)/SCHENGEN3 LRR-RK to
maintain the formation of the Casparian strip, a structure composed of suberin in the root
endodermis that prevents water and nutrients from freely entering the vasculature.
Interactions between these peptides and the receptor were identified using photoaffinity
labeling to probe binding with members of the Type XI LRR-RK clade. Loss of CIF-GSO1

signaling impacts the homeostasis of potassium (K), as well as the micronutrients zinc
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and magnesium, and can also increase shoot sensitivity to an iron-excess, as the loss of
the Casparian strip integrity may lead to ion leakage between the xylem and the soil*.
Alternatively, SSP signaling can promote RSA changes that improve nutrient uptake.
Expression of the RAPID ALKALINIZATION FACTOR (RALF) peptides in the root is
linked to a shorter primary root growth and increased cytoplasmic calcium levels. In
Arabidopsis, these RALF peptides interact with the FERONIA (FER) LRR-RK to repress
cell elongation in the root; however, in Nicotiana attenuata, NaRALF1 additionally
promotes root hair formation, which is proposed to improve P-uptake*®°. These
examples indicate that SSP signaling modules involved in RSA modulation potentially
affect the ability of plants to take up essential nutrients, even if the SSP-encoding gene
does not exhibit responsiveness to that specific nutrient cue.

Other non-nutrient responsive SSP pathways are known to impact and modulate
RSA, which may indirectly affect nutrient uptake. Many of these established pathways
have been shown to have downstream effects on cell structure and maintenance. Among
the members of the CLE family, CLE40-ACR signaling is integral for the maintenance of
the root apical meristem?’. IDA peptides in Arabidopsis signal to the HAESA (HAE) and
HAESA-LIKE2 LRR-RKs to promote lateral root emergence through an enhanced cell
separation'>. PHYTOSULFOKINE (PSK) also interacts with its receptor PSKR to
enhance root growth through cell elongation®. While these developmental modules have
not yet been studied in relation to nutrient cues, modulation of these RSA phenotypes

may aid in the uptake of certain nutrients from the heterogeneous soil environment.
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Transcriptomic studies reveal potential SSP candidates for functional
characterization

Only a small percentage of SSPs have been functionally characterized for their
involvement in nutrient response and RSA. Potential candidates for further research are
largely identified after their nutrient responsiveness exhibited at the transcriptional level.
Relevance of SSPs to regulatory pathways responding to nutrient availability and their
potential influence on root development can be mined from the transcriptome datasets
examining the effect of nutrient supply on gene expression or RSA. Microarray data of
Arabidopsis grown on split-root media, with half of the root system exposed to N-replete
environments and the other half in N-deficient conditions, shows a differential expression
of thirty-one SSPs (including various CLEs and CEPs) from multiple SSP families®2%3.
These differentially expressed SSPs are proposed to be responsive to long-distance N-
signals or be active as mobile signals for communication between root segments. These
pathways could contribute to the downstream changes in RSA observed between split
root conditions, namely, the compensatory root growth observed in nitrate-rich
environments when distal root segments experience N-limitation®3. Additionally, nitrate
supplementation after N-starvation has been shown to induce root hair formation in a
process mediated by TGA1 and TGA4 transcription factors?. Among potential
TGAL1/TGA4 downstream targets are CAP (Cysteine-rich secretory proteins, Antigen 5,
and Pathogenesis-related 1 protein) (CAPE) peptides, which belong to an SSP family
initially investigated for its role in pathogen response and salt tolerance®*>. These

CAPEs are differentially expressed after NOs™ supply, but this response is ablated in
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the tgal/tga4 double knockout; however, the direct effect of CAPE expression on root hair
phenotype, once again, remains to be observed or functionally characterized.

N and P are indeed the well-characterized macronutrients affecting the SSP-
mediated changes in RSA, likely because they induce the most dramatic visible changes
in root morphology. However, other macronutrients, such as sulfur (S) and K, as well as
various micronutrients may also act through SSP pathways to influence growth and
metabolism in the root. Analysis of M. truncatula transcriptome after S- and K-deprivation
showed that seventy-two SSP-encoding genes were differentially regulated by S, and one
(MtLegin13) was downregulated by a K-deficiency#®. Additional research must be
conducted on these SSPs to identify the downstream processes and potential effects on

the RSA.

Gene expression reveals potential for nutrient-dependent crosstalk involving SSP
pathways

One further challenge to interpret the impact of nutrients on the RSA is that most
of the experiments reported in the literature only examine the effect of a single nutrient.
Plants growing in soil, however, experience combinatorial nutrient cues that could
independently cause contradictory changes in RSA. The moderate effects of certain
nutrients, such as S and K, on RSA may also be magnified when combined with
fluctuations in other nutrient availabilities®. Crosstalk mechanisms between the
molecular pathways likely exist to fine-tune RSA in response to these complex
environments. These mechanisms may involve SSPs, as certain SSP-encoding genes

have been shown to respond to multiple nutrient deficiencies.
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These cues may be derived from different functional forms of the same nutrient.
For example, CLE3 expression is repressed by NOs', the more desirable source of N used
by the plant, but highly induced by NH4*2%57, This can potentially be used as a sensing
mechanism for an N-context in the surrounding environment and lead to less lateral roots
emerging in the NHa*-rich areas and a higher proliferation in the comparatively NOs™-rich
patches to maximize the N-uptake efficiency. Other SSPs may still act as integrators for
diverse nutrient cues. CLE2, which is also implicated in the lateral root development
through interactions with CLV1, is responsive to not only NOs™ but also to sulfate and
phosphate, while other CLE family members exhibit responsiveness to glucose and iron
availabilities®®. These trends are not specific to Arabidopsis and have recently been
examined in a large-scale study exposing M. truncatula to N, P, K, and S starvation and
resupply. Two hundred forty nutrient-responsive SSPs were purportedly involved in the
receptor-mediated signaling; while 61% of these genes were responsive to a single
macronutrient deprivation in the roots, the remainder, including the MtCLE family
members MtCLEO5 and MtCLE34, were responsive to two or three conditions.
Research remains limited on the effect of multiple nutrient cues acting through individual

SSP pathways.

Conclusions

The field of SSP research is greatly expanding. In Arabidopsis, over a thousand
peptide encoding genes have been identified®. Likewise, in the M. truncatula, recent
genome re-annotations have identified 1970 homologs of known SSP gene families and

2455 potentially novel SSP-encoding genes*. Increasing study of SSPs has led to the
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development of the PlantSSP database (http://bioinformatics.psb.ugent.be/webtools/
PlantSSP/), which predicts close to 40,000 SSPs and over 4000 SSP families based on
the annotations of 32 plant species, many of which have agricultural relevance®. Despite
such an expansion of information through in silico re-annotations, knowledge of how
these nutrient-responsive SSPs influence RSA remains limited, particularly in these crop
species, due to the lack of phenotype correlation and identification of receptors or
downstream signaling targets, among other challenges. Still, many strategies have been
employed to expand the SSP signaling research and establish connections between the
nutrient environment and root physiology.

Many experiments performed to study SSPs have relied on forward and reverse
genetics using transgenic overexpression lines of peptide-encoding genes or knockout
mutant lines. One study has also suggested the use of antagonistic peptides to artificially
generate a dominant-negative effect to examine the loss of peptide activity®:. However,
these tools are complicated by a functional redundancy within the peptide families#43.
Some peptides, such as CLE1, CLE3, and CLE4 of Arabidopsis, may even have identical
mature peptide sequences and overlap in tissue localization®2. Single mutant studies may
not be efficient enough to fully characterize the roles of redundant SSP families; loss of
function mutants created using T-DNA insertions are difficult to generate due to the small
size of SSP-encoding genes, and alternative strategies, such as generating antagonistic
peptides, may still not result in detectable RSA phenotypes. Emergent technologies, such
as gene editing, may aid in studying these complex pathways. CRISPR/Cas9 has been
used to generate individual knockouts in CLE-peptide encoding genes®. The high

specificity of this gene editing system was shown to be effective for generating mutants
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in this family, which has been difficult in the past due to the small gene size of the CLE
family members. While many of the mutants generated using this approach still did not
have detectable developmental phenotypes because of the redundancy of peptide
sequences, CRISPR/Cas9 has also been shown to be effective in generating higher order
mutants within peptide families. This method has been used to generate multiplex
knockout lines of the 6 RGF/GLV/CLEL family members; while the stable mutant has not
yet been characterized phenotypically, the method was shown to be highly specific with
no off-target effects®.

Another specific consideration is that many experiments rely on the use of
exogenously applied synthetic peptides. While these may indeed phenocopy the
transgenic overexpression lines and provide a relatively quicker means of analysis, many
synthetically-generated peptides lack post-translational modifications that are necessary
for proper biological functioning of the SSPs®. Conserved post-translational modifications
within many Arabidopsis SSP families have been identified using the structural analysis
methods, such as nuclear magnetic resonance (NMR) and LC-MS/MS®56_ Additionally,
the concentration at which they are applied to the medium greatly exceeds the
physiological levels, which are estimated to be in the nanomolar range®?.

Lastly, challenges are present not only in studying SSPs themselves, but also in
determining associated LRR-RKs. Many studies on the downstream developmental
effects of SSP pathways rely on using the mutant lines of proposed receptors. However,
SSPs may bind to multiple receptors and individual receptors may also interact with
multiple SSPs*+4647 Furthermore, receptors may be functionally redundant, which can

complicate the understanding of how the SSP pathways impact plant development. For
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example, the CLV3 peptide can be perceived by both CLV1 and the BARELY ANY
MERISTEM (BAM) kinase to regulate stem-cell specification; the clvl bam double mutant
results in a much more severe phenotype than the single mutants in clvl or bam®’. This
redundancy in the receptor kinase function is also observed with the CLV2-CORYNE
(CRN) complex and the RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2)%-"1 and in the
root apical meristem, where CLE40 can bind to both CLV1 and ACR472. Aside from issues
of redundancy, LRR-RKs may form hetero- and homo-dimeric protein complexes with
leucine-rich repeat (LRR) proteins, associated with additional kinases®®-"3, or with
coreceptors, such as somatic embryogenesis receptor-like kinases (SERKS), further
complicating the identification and study of peptide-receptor pairings’*7>.

While there remain significant technical challenges, SSP signaling modules
identified recently have shown a great promise as regulators of root development,
controlled in response to nutrient environmental cues. SSP signaling and biology can be
applied to various agricultural practices. Improving the basic understanding of these
pathways and how they mediate nutrient-responsive changes in the RSA in model
organisms such as Arabidopsis and M. truncatula may be further translated in crops or
other leguminous species. More directly, application of validated synthetic peptides to
seeds or plants growing in nutrient-limited environments is proposed as a non-transgenic
means to improve plant growth and yield. Current research in the field has identified the
key roles of SSPs in N- and P-responsive root development, as well as other SSPs either
responsive to other nutrients or influential in nutrient uptake and homeostasis. Large-
scale genomic datasets have also introduced a better understanding of the number and

variation in the putative SSP families, which could potentially impact the RSA or be
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involved in the crosstalk of various nutrient cues. Further research advancement in this
area to elucidate the roles of potentially hundreds of nutrient-responsive SSPs is

imperative to fully understand the integration of nutrient cues in RSA phenotypes.

Project goals and significance

Despite the importance of understanding how SSP pathways integrate nutrient
signals in the modulation of root architecture, there remains a lack of functional
characterization of the downstream effects of many of these pathways. Likewise, the roles
of these pathways in the regulation of certain complex root architectural traits, such as
root gravitropic response, are understudied. In this dissertation, | have characterized a N-
responsive SSP pathway involved in the regulation of primary root gravitropic response
and, to a lesser extent, lateral root emergence.

Previously, the Takahashi lab has shown that low N induces the expression of
members of the CLE family of SSPs, which interact with the CLV1 LRR-RK to inhibit the
development of the lateral root primordia during N starvation!476 (Figure 1.2). The specific
targets of this signaling module, however, remained uncharacterized in this initial study.
Furthermore, CLV1 may have additional involvement in the regulation of other root
developmental phenotypes due to its localization in the initials of the columella, epidermis,
and lateral root cap within the root apical meristem, as observed by other groups’2.
Through transcriptomic analysis of microarray data collected from root tissues of clvl
mutants and CLE3 overexpressing lines, a putative downstream target of this pathway,
Arabidopsis thaliana CENTRORADIALIS (ATC) was determined. ATC is a mobile

antiflorigen protein known to interact with the bZIP transcription factor FD to alter the
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expression of floral development genes’’. Despite the established role of ATC in
flowering, its characteristics as a mobile signaling protein and involvement in
transcriptional regulation prompted further study of yet unknown functions of this

antiflorigen in roots downstream of the CLE-CLV1 signaling pathway.

lowN

Pericycle

feedback
regulation

Figure 1.2. CLE-CLV1 signaling module represses lateral root primordia
development. CC: Columella cells, SE: sieve elements, LRP: lateral root primordia. From
Araya et al. (2014) (Ref. 80).

In this dissertation, | present three major findings that are relevant to the N-
responsive SSP pathway involving the function of the CLE-CLV1 signaling module and
its downstream target ATC in modulating RSA development: (i) the CLE-CLV1-ATC
pathway is primarily required for the maintenance of root gravitropic response and has a
moderate effect on lateral root emergence under low N availability (Chapter 2); (ii) this
signaling module regulates auxin growth hormone transport mechanisms integral for
gravitropic root bending (Chapter 3); the unique feature of phospholipid binding capacity

of ATC and its interaction with the bZIP transcription factor FD are implicated in the N-
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dependent adaptation mechanisms of root growth (Chapter 4). | hypothesize the CLE-
CLV1-ATC signaling module functions to regulate root growth based on the way that N is
stratified in the soil environment through the promotion of deeper root growth towards N
resources and prevention of lateral root outgrowth into N-poor environments in higher soil
strata. The research described in this dissertation contributes further to our understanding
of how nutrient-responsive SSP pathways can modulate RSA through the regulation of
hormone transport and integration of systemic signaling components to efficiently

respond to the environment.
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CHAPTER 2

Nitrogen-responsive CLE-CLV1 signaling promotes root gravitropic response

through the activity of Arabidopsis thaliana CENTRORADIALIS

Results from this chapter have been submitted for publication as part of the following

manuscript:

Lay-Pruitt, K. S., Araya, T., Abualia, R., Giehl, R. F. H., Benkova, E., von Wirén, N. &

Takahashi, H. Nitrogen-responsive small peptide signaling modulates root gravitropism.
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Abstract

Nitrogen (N) availability significantly impacts the development of plant root system
architecture (RSA) as plants must balance foraging and survival strategies. A signaling
pathway involving the CLE family of small signaling peptides and the CLV1 leucine-rich
repeat receptor kinase has been shown to repress lateral root development when plants
are undergoing N starvation. However, CLV1 is not only expressed in the root vasculature
but also in the columella initial cells of the primary root tip, suggesting a role for this
receptor in the regulation of other root phenotypes in response to N availability. This
chapter describes the role of the CLE-CLV1 signaling pathway in root gravitropic
response modulated in a N-dependent manner. Analysis of downstream targets of CLE3-
CLV1 signaling has revealed Arabidopsis thaliana CENTRORADIALIS (ATC), a mobile
protein previously characterized as a flowering repressor, as a putative regulator of root
growth. Mutation or overexpression of ATC results in only moderate changes in lateral
root density; however, ATC expression has a strong effect on the maintenance of root
gravitropic response under minimal nitrate (NO3’) treatments. ATC promoter activity is
present in the phloem companion cells and columella cells. The translational fusion of
GFP and ATC protein is also present in the phloem and exhibits nuclear localization in
the elongation and transition zones of the root. Upon gravistimulation, GFP-ATC protein
further accumulates in the columella cells, suggesting a function of ATC in gravity sensing
or auxin hormone transport mechanisms in this region. Together, these results
demonstrate a dual role of the CLE-CLV1-ATC signaling pathway in the coupling of lateral
root inhibition and enhancement of root gravitropic response to potentially promote root

growth towards deeper, N-rich environments within the soil profile.
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Introduction

The macronutrient nitrogen (N) is essential for plant growth and survival. N is
typically taken up by the plant root system in the inorganic forms of nitrate (NO3’) or
ammonium (NHs*), converted to glutamine, and assimilated into amino acids’®. Due to
their respective charges, these inorganic N forms are distributed throughout the soil
heterogeneously. Positively charged NHa4* is typically retained in the topsoil since it is
unable to migrate through negatively charged soil particles; on the other hand, negatively
charged NOg3, which is the preferential N source for many plant species, readily moves
through the soil profile and expected to be more highly concentrated in deeper soils. Thus,
the plant root system must adapt to this differential localization of N sources and develop
mechanisms of efficient acquisition by altering growth strategies.

Plant root system architecture (RSA) describes the spatiotemporal arrangement of
roots and encompasses such traits as primary root length, lateral root length and density,
and the angles at which these roots grow?. Proliferation of roots into nutrient-rich areas
and repression of root growth into less ideal environments is a critical resource
management strategy for plants, and plant response to N serves as a well-characterized
example of this phenomenon®2°%7°, In Arabidopsis thaliana, moderate N limitation leads
to an increased rate of lateral and primary root elongation, which is proposed to act as a
“foraging” mechanism for roots to seek out more N sources®. When N resources are
severely limited, root growth is significantly restricted as plants prioritize survival®.

One example of this survival strategy is the strong repression of lateral root
emergence under low N availability®'4. A molecular mechanism underlying this response

has been shown to involve the activity of a N-responsive small signaling peptide (SSP)
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pathway. In this signaling module, low N induces the transcription of genes encoding the
CLAVATA3/EMBRYO-SURROUNDING REGION (CLE) family of peptides in the root
pericycle cells. The mature forms of these peptides diffuse from the pericycle and interact
with the CLV1 leucine-rich repeat receptor kinase in the phloem companion cells where
it transmits signals to prevent the emergence of late-stage lateral root primordiat4. While
targets of this CLE-CLV1 signaling interaction are also proposed to feedback regulate
CLE peptide encoding gene expression, the exact downstream components of this
pathway have remained uncharacterized40.

In addition to this role in the regulation of lateral root development, the CLV1
receptor is also involved in plant developmental processes in the shoot and root apical
meristems. In the shoot apical meristem, CLV1 interacts with the CLV3 peptide (another
member of the CLE peptide family) to repress the expression of the WUSCHEL (WUS)
transcription factor to regulate stem cell fate®. In a study by Stahl et al. (2013), CLV1 was
also shown to be expressed in the first tier of columella cells in the root tip, where it
coordinately acts with the CLE40-ACR4 peptide-receptor kinase interaction to similarly
regulate stem cell fate in the root apical meristem?2. However, the function of CLV1 or the
CLE-CLV1 signaling module in this region has not been fully studied in relation to N-
responsive RSA development.

This chapter expands on the role of CLE-CLV1 signaling in the regulation of N-
responsive root architecture. In addition to the repression of lateral root development, the
CLE-CLV1 interaction maintains root gravitropic response under low NOs™ availability
through promoting the expression of a mobile antiflorigen protein’’, Arabidopsis thaliana

CENTRORADIALIS (ATC). While ATC knockout mutation and overexpression has
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moderate effect on lateral root density, it significantly impacts root gravitropic response
under low N availability. ATC promoter activity is also localized to both the phloem and
the columella cells of the root tip region. GFP-ATC translational fusion protein is present
in the phloem and exhibits nuclear localization in surrounding pericycle and endodermal
cells in the transition and elongation zones. While GFP-ATC is not present in the
columella cells of vertically growing seedlings, it accumulates in this region when plants
experience a gravity stimulus. The results presented in this chapter characterize ATC as
a novel regulator of N-responsive root developmental processes downstream of the CLE-

CLV1 signaling pathway.

Methods
Plant growth and culture

Arabidopsis thaliana seeds were surface sterilized with a solution of 5% sodium
hypochlorite and 1% Tween 20 for 15 minutes and rinsed 5 times with sterile water. Seeds
were sown on 120x120 mm square petri plates containing MGRL media® for which the
amount of NOs" as the sole N source was adjusted to the indicated concentrations. These
plates were then stratified in the dark for two days at 4°C. Seedlings were germinated
and grown in Percival growth chambers for 5 or 10 days under a 16-hour day/8-hour night
light cycle with a daytime light intensity of 45 umol of photons s*m™. The growth
chambers were set to a temperature of 22 ° C. The mutant lines used in study are clvl-
183, clv1-15'* (ET13689)%, atc-2 (isolated from SALK_021699C)%, and atc-4 (isolated
from CS926917)85. CLV1::CLV1-GFP and CLE3-overexpressing lines CLE30x-12 and

CLE30x-17 are described previously*4.
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Root phenotyping

Root images were taken using an Epson Perfection V700 Photo Scanner. For
primary root gravitropism assays and root growth rate measurements, five-day-old
seedlings were turned 90 degrees for two hours and were scanned at 30-minute intervals.
Root tip reorientation was defined as a difference between root angle at the zero time
point and the angle after two hours of gravistimulation. Root length rates were calculated
by tracing the primary root at the zero time point compared to the primary root length at
the two hour time point and calculating the rate of growth per minute for each genotype
and condition combination. For lateral root density measurements, seedlings were grown
for 10 days on MGRL media supplemented with the indicated concentration of NOs".
Lateral root density was defined as the number of lateral roots per length of primary root
in millimeters. Root angles, lengths, and lateral root densities were measured using

ImageJ (Fiji)®® and graphed as raincloud plots using raincloudplots R package?’.

Microarray analysis

Seedlings were grown for 10 days on MGRL media supplemented with 0.1 mM
NOs. RNA was isolated from whole root tissues in triplicate for Ler, Col-0, and clv1-15
lines and in duplicate for CLE30x-12 and CLE30x-17. Hybridization of the ATH-1 array
(Affymetrix) was performed according to the manufacturer’s protocol. Expression values
were normalized by Microarray Suite version 5.0 (MAS 5.0) and Present/Marginal/Absent
calls were determined using the affy R package®®. Significance testing was conducted
using the limma R package?*’, which performed a moderated t-test for each probe per

contrast (clv1-15 vs. Ler, CLE30x-17 vs. Col-0, and CLE30x-12 vs. Col-0). The resulting
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p-values were adjusted for multiple tests using the Benjamini-Hochberg method*®.
Differentially expressed genes (DEGS) in the clv1-15 vs. Ler and the CLE30x-17 vs. Col-
0 contrasts were determined by using both an adjusted p-value cutoff of 0.05 and a fold
change cutoff of 2. For the CLE3ox lines, these cutoff thresholds for differential
expression were only applied to the CLE30x-17 vs. Col-0 contrast to take into account
the greater levels of CLE3 expression in CLE30x-17 compared to CLE30x-12'". DEGs
were further filtered by their directionality of expression prior to hierarchical clustering:
either induced in clvl-15 and repressed in CLE3ox lines, or vice versa, to reflect
expression patterns predicted for downstream targets of CLE-CLV1 signaling. Multiple
Experiment Viewer (MeV) 4.9.0 was used to generate a heat map for visualization of
expression patterns. Filtered DEGs were clustered using the hierarchical clustering
function in MeV with the Pearson correlation distance metric and average linkage
clustering method. The Gene Expression Omnibus (GEO) accession number for this

microarray dataset is GSE169744.

Quantitative real-time polymerase chain reaction

Total RNA was isolated from flash-frozen whole root tissue using the E.Z.N.A.
Plant RNA extraction kit (Omega Bio-tek) according to manufacturer’s protocols. Samples
were standardized to 500 ng of total RNA and treated with DNase using the Turbo DNA-
free Kit (Invitrogen). First strand cDNA was synthesized with oligo-dT primers and
Superscript 1l Reverse Transcriptase (Invitrogen). Quantitative real-time PCR was

performed with SYBR Green Master Mix (Life Technologies) and run on the QuantStudio5
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platform (Applied Biosystems). ACTIN 2 (AT3G18780) and EF-1a (AT1G18070) were

used as housekeeping genes. Primer sequences are listed in Appendix Table A.1.

Generation of transgenic plant lines

The ATC overexpressing construct (ATCox) was generated by cloning the coding
sequence of ATC amplified from genomic DNA of A. thaliana Col-0 accession
downstream of the CaMV 35S constitutive promoter in the pH35GS binary vector®.

The transgenic reporter lines were made by using the binary vector pBI101-Hm?,
which has a replacement of the kanamycin resistance gene in pBI101 (Clontech) with the
hygromycin resistance gene for plant selection. The ATC promoter-GFP (ATC::GFP)
fusion was made as follows. The 2047-bp 5’-flanking region of ATC was amplified by PCR
using primers Nhel-ATC-F-2047-2 and Ncol-ATC-R-2. The coding sequence of GFP°
was amplified by PCR using primers Ncol-GFP-F-3 and Sacl-GFP-R-3. These PCR-
amplified DNA fragments were cloned into pCR-Blunt vector (Invitrogen) and fully
sequenced. After this subcloning step, the plasmids were digested using restriction
enzymes to obtain the ATC promoter region as the Nhel- and Ncol-ended fragment, and
the GFP coding sequence as the Ncol- and Sacl-ended fragment, respectively. These
two fragments were cloned into the pBI101-Hm vector by replacing the GUS coding
sequence between the Xbal and Sacl sites to obtain the ATC::GFP fusion construct.

The ATC:GFP-NLS and ATC:GFP-ATC translational fusion constructs were
made by InFusion cloning (Clontech). Primers for the InFusion cloning were designed to
remove the stop codon of GFP and to direct homologous recombination to create the

GFP-NLS and GFP-ATC in-frame translational fusions. For the ATC::GFP-NLS construct,
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the NLS region was PCR amplified from pBGYNB88 using Sacl-NLS-F and Sacl-NLS-R
primers. For the ATC::GFP-ATC construct, the ATC coding sequence was PCR amplified
using Sacl-ATC-F and Sacl-ATC-R. These PCR-amplified fragments were used for the
InFusion cloning into the Sacl-digested ATC::GFP. The resultant binary plasmids were
sequenced to confirm the successful removal of a stop codon and the recombination
event, and introduced into Agrobacterium tumefaciens GV3101 (pMP90)*! by freeze-thaw
transformation®2. Arabidopsis thaliana Col-0 accession was transformed with ATC::GFP
and ATC:GFP-NLS, while atc-2 plants were transformed with ATC:.GFP-ATC by
following a standard floral-dip method®. Hygromycin-resistant transformants were
selected and propagated to obtain T3 homozygous transgenic segregants. Primer

sequences are listed in Appendix Table A.1.

Microscopy

Olympus FV10i and Zeiss LSM 780 confocal laser-scanning microscopes were
used for imaging of CLV1::CLV1-GFP, ATC::GFP, ATC::GFP-NLS, and ATC::GFP-ATC.
GFP was visualized using a 473-nm (FV10i) or a 488-nm (LSM780) laser for excitation
and capturing emission at a wavelength range of 490-540 nm (FV10i) or 490-560 nm
(LSM780), respectively. Counterstaining of the cell walls within the root was performed
by dipping roots in 1 pg/ml propidium iodide (PI) for 5 minutes. PI staining was visualized
using a 559-nm (FV10i) or 561-nm (LSM780) laser for excitation and capturing emission
at 570-670 nm (FV10i) or 580-700 nm (LSM780), respectively. Tile scans and Z-stacks
were obtained using the ZEN Black (Zen 2.3 SP1 FP1) while orthogonal views of Z-stacks

were prepared with ZEN 2.6 (blue edition) software. Nuclear staining was performed by
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fixing roots in 4% formaldehyde in phosphate buffered saline (PBS) for 3 minutes,
washing with PBS, and incubating in 1 ug/ml 4’,6-diamidino-2-phenylindole (DAPI) for 5
minutes. DAPI-stained nuclei were visualized a 405-nm laser and capturing emission at

420-460 nm on the Olympus FV10i confocal laser-scanning microscope.

Results
CLV1 signaling is involved in maintenance of root gravitropism

The CLV1 receptor kinase has been independently reported to be present in
multiple cell types of the primary root tissues at distant locations'#72. | examined the
expression of CLV1::CLV1-GFP translational fusion expressed in the clvl-4 mutant line!4
to validate the dual localization of the CLV1 receptor in these locations within the same
experimental root system. Consistent with previous observations, CLV1-GFP localization
was found in the phloem companion cells (Figure 2.1a) where it binds CLE peptides
secreted from the surrounding pericycle cells in the vasculature to inhibit the development
of lateral root primordia under severely limited N supply4. In the root tip, CLV1-GFP was
expressed in the first tier of columella cells (columella initials) below the quiescent center
as well as in epidermis initials and lateral root cap initials (Figure 2.1b) where it maintains
the activity of the root meristem’2. These distinct patterns of CLV1 localization suggest a
systematic coordination of CLE peptide hormone signaling for lateral root development
and processes governing stem cell maintenance at the root tip.

The second and third tiers of columella cells act as the major gravity-sensing
centers within the root tip%*. To determine whether CLV1 expressed in the columella

initials influences root gravitropism, the angles of root tip reorientation were analyzed in
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clvl mutant seedlings over a two-hour time course (Appendix Figure A.1a). The clv1-15
mutant'4, which carries a Ds transposon insertion in the coding region of the kinase
domain of CLV1 (Figure 2.1c), clearly showed defects in gravitropic responses upon two
hours of gravistimulation compared to the Landsberg erecta (Ler) wild-type under low
NOs" conditions (Figure 2.1d). Root gravitropic response of the clvl-1 mutant line, which
contains a point mutation in the kinase domain, was also weaker under lower NO3s
availability, although these effects were not statistically significant (Appendix Figure
A.1b). Conversely, the CLE3 overexpressing lines (CLE30x) in the Columbia-0 (Col-0)
background?!* showed stronger root gravitropism than the wild-type with increasing NOz
supplementation (Figure 2.1e, Appendix Figure A.2a). The root growth rates over the two-
hour interval of gravistimulation were not significantly different among genotypes and
conditions tested (Appendix Figure Al.c, Appendix Figure A.2b). These results provided
evidence that the loss of CLV1-dependent signaling in clv1-15 substantially reduces the
ability of roots to respond to a gravistimulus under NOs™-limited conditions, whereas the
constitutive overexpression of CLE3 in the CLE3ox lines contributes to maintaining the
root gravitropic response even under NOs-replete conditions. Together, these data show

CLE3-CLV1 signaling modulates root gravitropism in response to NO3z™ availability.
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Figure 2.1. CLV1 signaling is involved in the maintenance of root gravitropism.
a-b) CLV1::CLV1-GFP localization in the primary root. CLV-GFP signal is present in
the phloem (a) as well as the first tier of columella cells and epidermal and lateral root
cap initials in the root tip (b). The PI counter staining is shown in magenta. Root tissue
layers are labeled as ep: epidermis, c: cortex, en: endodermis, cc: companion cells,
Irc/ep: lateral root cap and epidermal initials. Columella tiers are numbered and the
quiescent center is indicated with asterisks. Scale bar = 20 ym. c) Gene model of
CLV1 (AT1G75820) with location of the clv1-1 (Gly 856 to Asp) and clv1-15 (ET13689)
mutations. Green triangle indicates Ds insertion. d-e) Root gravitropism of 5-day-old
clv1-15 mutants compared to Ler (n=53-59) (d) and CLE3 overexpressing lines

compared to Col-0 (n=54-59) (e) on media supplemented with increasing NO,

concentrations. Mean-and-error plots are shown alongside raincloud plots indicating
individual data points and distributions by genotype. Significant differences between
genotype and condition combinations were determined using Tukey’s test (p<0.05)
following a two-way ANOVA and are indicated by lowercase letters.
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Figure 2.2 ATC is a downstream target of CLE3-CLV1 signaling. a) Heat map
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genotype and condition combinations were determined using Tukey’s test
(p<0.05) following a one-way ANOVA and are indicated by lowercase letters.



ATC controls root gravitropic response under low NOs™ availability

To identify targets of CLE3-CLV1-dependent signaling in root gravitropism, whole
root transcriptome profiles of clvl-15 mutants and CLE3ox lines were analyzed.
Differentially expressed genes in these lines compared to their respective wild-type
accessions were further selected if their expression patterns were consistent with
downstream targets of CLE-CLV1 signaling: either induced in clv1-15 and repressed in
CLE3ox or the inverse pattern. Twenty candidate genes were obtained after this filtering
procedure (Figure 2.2a, Appendix Table A.2). Within the subset of genes repressed in the
clvl-15 mutant and induced in the CLE3ox lines, Arabidopsis thaliana
CENTRORADIALIS (ATC, AT2G27550) was among the most differentially expressed
(Fig. 2.2a, Appendix Table A.2). ATC is a homolog of the major florigen FLOWERING
LOCUS T (FT)%, but has been shown to suppress flowering under short-day conditions?”.

To investigate the role of ATC in root gravitropism, atc-2 and atc-4 mutants, which
contain T-DNA insertions in the gene body of ATC, were obtained (Figure 2.3a). Both atc
knockout mutant alleles had substantially weaker gravity responses than Col-0 at 0.01
mM NOs3" without significant differences in their root growth rates (Figure 2.3b, Appendix
Figure A.3). Additionally, there was an increase in ATC expression in Col-0 roots as NOs
concentration in the growth media decreased (Figure 2.3c), supporting the observed
weakening of the gravitropic response in the atc mutants (Figure 2.3b, Appendix Figure
A3). Transformation of the atc-2 mutant line with a translational fusion construct
ATC::GFP-ATC (Appendix Figure A.4c) restored the weakened gravitropic response

phenotype under the 0.01 mM NOs"treatment (Figure 2.3d). These observations provided
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Figure 2.3. ATC regulates root gravitropism under low NO3" availability a) Gene
model of ATC (AT2G27550) with the location of afc-2 (SALK_021699C) and atc-4
(CS926917). Green triangles denote T-DNA insertions. b) Transcript expression of ATC

under increasing NO3' supplementation. For each condition, n=3 biological replicates. c)

Root gravitropism of atc mutants under increasing NO3' concentrations (n=56-59). Mean-

and-error plots are shown alongside raincloud plots indicating individual data points and
distributions by genotype. d) Restoration of gravitropic response in atc-2 mutants
expressing ATC::GFP-ATC. Mean-and-error plots are shown alongside raincloud plots
indicating individual data points with distributions by genotype. Significant differences
between genotype and condition combinations were determined using Tukey’s test
(p<0.05) following a two-way (Fig 2.3c) or one-way (Fig 2.3a, d) ANOVA and are indicated
by lowercase letters.
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evidence that ATC positively regulates primary root gravitropism under N-limited

conditions.

ATC has a moderate impact on lateral root phenotypes

As the CLE-CLV1 signaling pathway has been previously characterized as a
regulator of N-responsive lateral root development, the effect of ATC expression on lateral
root density was examined on a spectrum of NOs  concentrations. The atc-2 mutant had
significantly higher lateral root density under the 0.01 mM NOs" condition, but not at higher
concentrations (Figure 2.4a, c). Conversely, the ATC overexpression line (ATCox)
showed a phenotype of reduced lateral root density at 1 mM NOs (Figure 2.4b-c),
indicating that ATC does influence lateral root emergence in an N-dependent manner.
However, mutants in clvl and CLE3 overexpressing lines do show much stronger lateral
root emergence phenotypes consistent across NOz™ availabilities'4, suggesting that other
potential downstream components (Figure 2.2a, Appendix Table A.2) may have a
stronger or additive effect on this phenotype compared to ATC. Still, these findings
provide evidence for the coordination of two RSA phenotypes in response to N-availability
that could drive root growth to N resources and prevent root outgrowth into less
advantageous environments.

| also performed a qualitative assessment of lateral root gravitropic set point angle
(GSA) between wild-type and ATC knockout mutant and ATCox lines (Figure 2.4d).
Despite an effect on primary root gravitropic response, mutation in ATC did not seem to
affect the GSA of lateral roots when compared to the wild-type. However, the lateral root

GSA of the ATCox line was significantly reduced compared to Col-0 (Figure 2.4d),
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Figure 2.4. Lateral root phenotypes of ATC mutants and overexpressing lines.
a-b) Representative images of 10-day-old seedlings grown on 0.01 mM NO3 media
(a) and 1 mM NOs™ media (c). Red dots indicate locations of lateral roots along the
primary root. c) Lateral root density measurements across NO3s™ concentrations.
Mean-and-error plots are displayed alongside individual data points and distributions
for each genotype. Asterisks indicate significant results from Student’s t-test
performed between mutant and overexpressing lines compared to Col-0 within each
NOs condition (**p<0.01, ***p<0.001). d) Representative images of lateral root
gravitropic set point angle in wild-type, atc-2, and ATCox lines.
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indicating a stronger response to gravity. Strengthening of GSA has been shown to drive
deeper root growth in s0il®®, which could enable plants to acquire nitrate resources more

deeply stratified in the soil profile.

Localization of ATC promoter activity and protein expression

Previous findings for the function of ATC show that this protein acts in a non-cell
autonomous manner to regulate flowering time’’. In these studies, ATC::GUS activity was
detected in the phloem of petioles, hypocotyls, and roots’’; transcriptomic analysis of
publicly available datasets on the Arabidopsis eFP browser also show strongest
expression of ATC in the vasculature of root tissues, despite its role in floral initiation in
the shoot®”8, Thus, a series of ATC reporter lines (Appendix Figure A.4) were generated
to determine ATC promoter activity and protein localization in the root in order to
understand how these patterns of expression could contribute to processes regulating
root development.

To determine the tissue localization of ATC gene expression, | generated
transgenic lines expressing GFP driven by the ATC promoter (ATC::GFP) (Appendix
Figure A.4a). ATC promoter activity was found in the root phloem tissues (Figure 2.5a-b)
similar to the localization domain of CLV1 (Figure 2.1a; ref. 72). However, due to its small
size, GFP expressed in the phloem was diffused throughout the root tip, which was
uninformative for understanding how the expression of ATC could contribute to root
gravitropic response (Figure 2.5a, c).

| then generated lines expressing the translational fusion of GFP and a nuclear

localization signal under control of the ATC promoter (ATC::GFP-NLS) (Appendix Figure
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Figure 2.5. ATC::GFP localization in the root. a-c) Localization of ATC::GFP in the
primary root from root tip to elongation zone (a), root hair zone (b) and root tip (c).
Root tissue layers are labeled as ep: epidermis, c: cortex, en: endodermis, p:
pericycle, cc: companion cells, and x: xylem. Scale bars = 20 ym

A.4b) to restrict expression of GFP in cell types where the ATC promoter is active. In
these transgenic lines, the nuclear-localized GFP (GFP-NLS) was expressed in the
vasculature and the root tip (Figure 2.6a). GFP-NLS was also predominantly expressed
in the phloem companion cells above the meristematic zone and further up in the root
hair zone (Figure 2.6b, c, e, f), while weaker fluorescence was detected in pericycle cells
of the transition zone (Figure 2d, g). These patterns of expression indicate a potential role
of ATC in the phloem and root tip coordinating root gravitropism in addition to its canonical

role in flowering regulation’”.
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Figure 2.6. ATC promoter activity is localized to the phloem companion cells and columella cells. a-d)
Localization of ATC::GFP-NLS in the root tip to elongation zone (a), root hair zone (b), elongation zone (c), and
transition zone (d). e-g) Localization of ATC::GFP-NLS in root cross section slices of the root hair zone (e), elongation
zone (f), and transition zone (g). The PI counter staining is shown in magenta. Root growth zones are labeled as EZ:
elongation zone, TZ: transition zone, and MZ: meristematic zone. Root tissue layers are labeled as ep: epidermis, c:
cortex, en: endodermis, p: pericycle, cc: companion cells, and x: xylem. Scale bar = 20 ym
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Figure 2.7. ATC protein is localized to the phloem companion cells and surrounding tissues below the
elongation zone. a-d) Localization of ATC.:GFP-ATC in the root tip to elongation zone (a), root hair zone (b), elongation
zone (c), and transition zone (d). e-g) Localization of ATC::GFP-NLS in root cross section slices of the root hair zone
(e), elongation zone (f), and transition zone (g). The Pl counter staining is shown in magenta. Root growth zones are
labeled as EZ: elongation zone, TZ: transition zone, and MZ: meristematic zone. Root tissue layers are labeled as ep:
epidermis, c: cortex, en: endodermis, p: pericycle, cc: companion cells, and x: xylem. Scale bar = 20 ym
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To further investigate the protein function of ATC in root gravitropism, | next
expressed a translational fusion of GFP and ATC under control of the ATC promoter
(ATC::GFP-ATC) (Appendix Figure A.4c) in the atc-2 mutant background. Restored root
gravitropism of these transgenic lines indicated that expression of GFP-ATC fusion
protein complemented the loss of ATC function in atc-2 (Figure 2.3d). Like GFP-NLS,
GFP-ATC localized to the phloem companion cells in regions of the primary root above
the meristematic zone and in the root hair zone (Figure 2.7). GFP-ATC also exhibited
cytosolic localization and punctate patterns consistent with nuclear localization in the
pericycle and endodermal cells of the transition zone above the primary root meristem

(Figure 2.7c, d).

Figure 2.8. ATC promoter activity and protein localization in the columella cells. a)
Localization of ATC::GFP-NLS in the columella cells and stem cell niche (SCN) of
vertically growing seedlings. B) SCN and columella cell region in root tips of vertically
growing seedlings expressing ATC::GFP-ATC. C) Localization of ATC::GFP-ATC in the
columella cells and SCN after 90-degree gravistimulation for 30 minutes. Pl counter
staining is shown in magenta. Columella tiers are numbered and the quiescent center
is indicated with asterisks. Seedlings used for imaging were grown 5 days on MGRL

media supplemented with 0.01 mM NO, . Scale bar = 20 ym
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The expression of these GFP translational fusions was also detected in the
columella cells of the root tip. GFP-NLS was expressed in the three tiers of columella cell
files below the quiescent center, consistent with the location of gravity sensing in the root
tip (Figure 2.8a). The expression of GFP-ATC protein was not immediately apparent in
the primary root tip of vertically growing seedlings (Figure 2.8b). However, GFP-ATC
accumulated in the stem cell niche and the second and third tier of columella cells after

gravistimulation, which imply its action in maintaining root gravitropism (Fig. 2.8c).

ATC exhibits nuclear localization in the primary root

Huang et al. (2012) showed preliminary evidence of ATC protein localization in the
nucleus. In this study, the interaction of FD and ATC in the nucleus was first demonstrated
through bimolecular fluorescence complementation in Nicotiana benthamiana leaf cells.
They also showed transient expression of a translational fusion of RFP and ATC (RFP-
ATC) localized to the cytoplasm and nucleus in N. benthamiana leaves; however, upon
co-infiltration with the translational fusion of GFP and FD (GFP-FD), RFP-ATC expression
was restricted to the nucleus and co-localized with GFP-FD. Thus, it was hypothesized
that the ATC-FD interaction stabilizes ATC localization to the nucleus where this complex
regulates transcription of floral development genes’”.

Nuclear localization of ATC protein in the root could also implicate this protein or
the ATC-FD protein complex in the transcriptional regulation of genes to maintain
gravitropic response in these regions. In the transition and elongation zones of
ATC::GFP-ATC roots, GFP-ATC appears to exhibit nuclear localization in the cell layers

surrounding the phloem (Figure 2.7 ¢, d). This nuclear localization was confirmed by DAPI
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GFP-ATC DAPI Composite

Composite

Figure 2.9. Nuclear localization of GFP-ATC in the primary root. a-b) Localization
of ATC::GFP-ATC expression in the transition zone (a) and meristematic zone (b) in

5-day-old seedlings grown on 0.01 mM NO, media. Panels from left to right indicate

GFP-ATC expression, DAPI-stained nuclei, and co-localization of GFP-ATC and
DAPI signals. White arrows indicate examples of co-localized nuclear signals. Scale
bar =50 um

staining of ATC::GFP-ATC lines (Figure 2.9); GFP-ATC in these regions exhibits both
cytosolic and nuclear localization in the pericycle and endodermal cells of these regions.
Furthermore, weak GFP-ATC signals in the columella cells of gravistimulated seedlings
were observed to exhibit punctate patterns which may possibly indicate nuclear

localization within this region (Figure 2.10). Nuclear signals in these regions, however,
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could not be confirmed via DAPI staining due to the stringency of the fixation process on

the root tip and the transient nature of GFP-ATC expression in gravistimulated seedlings.

Figure 2.10. Potential nuclear localization of GFP-ATC in the columella cells of
gravistimulated roots. White arrows highlight punctate signals of GFP-ATC. Scale
bars: 20 pm.

Discussion

The results shown in this chapter provide evidence that the CLE-CLV1-ATC
pathway serves as an integral regulator of N-responsive RSA. This signaling module acts
to maintain root gravitropic response under low NOs™ availability (Figure 2.3c, Appendix
Figure A.1a-b) while moderately repressing lateral root development (Figure 2.4c). These
alterations to root growth strategies specifically under limited N availability may be related
to the way in which NOs™ resources are available in the environment. In order to obtain
NOs  in deeper soil layers, root gravitropism may become stronger when the plant
experiences N starvation, coupled with repression of lateral root growth into N-poor

regions in the upper soil layers. The results of experiments presented here also focus on
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the effect of NOs™ as the main nitrogen resource. Additional transcriptomic evidence has
shown that CLE3 is not only induced by N-starvation, but also even further induced by
NH4* re-supplementation after starvation?®. This could have further relevance for the
environmental context of the proposed model as NH4* is positively charged and retained
in higher soils. While Arabidopsis can utilize NH4™ as a N resource, it does not do so
preferentially because accumulation of NH4* is toxic®. Further promotion of CLE-CLV1-
ATC signaling by NH4* derived signals could suppress lateral root elongation in NHa*-rich
layers while promoting gravitropic response towards deeper NOs™-enriched soils via the
activity of ATC. While the phenotypes governed by the CLE-CLV1-ATC pathway lend
support to this hypothesis, further experiments examining root systems in soil
environments are necessary as stronger root gravitropic response has been shown to
have contrary effects on the steepness of root architecture %6190,

The localization of ATC expression in the columella cells and its protein
accumulation in response to gravity stimulus (Figure 2.8) strongly suggests a role of this
signaling protein in the regulation of root gravitropic response. However, the connection
between ATC expression in mature regions of the root and the observed repression of
lateral root emergence is less clear. Lateral roots first develop from the pericycle cells of
the primary root; these initial cells undergo a series of anticlinal and periclinal cell divisions
to create the lateral root primordia, which eventually emerges after the disruption of the
overlaying cortical and epidermal cell layers'®?. Due to the age and nutritional status of
the plants examined in this study, very few if any lateral root primordia were present and
thus a connection between ATC expression and the development of the lateral root was

not observed as clearly as the gravitropic root bending. ATC expressed in the phloem
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companion cells of the root hair zone may once again act upstream of regulators that may
have a more significant effect on this phenotype. Likewise, other targets of CLE-CLV1
signaling identified through microarray analysis (Figure 2.2a, Appendix Table A.2) could
additionally or independently elicit a more significant impact on lateral root repression
than ATC.

While the CLE-CLV1-ATC pathway is involved in the regulation of root gravitropic
response, direct mechanisms of control needed to be explored further. Although ATC
exhibited expression in the root phloem, studies to date focus on the function of this
protein in flowering regulation due to its homology to the FT florigen’”%. The known
interaction of ATC with the FD transcription factor could impact the transcription of genes
involved in root development, which is partially supported by the potential nuclear
localization observed for the ATC protein in the cells in the transition zone of the primary
root. Given the localization of ATC expression in the root tip columella cells, one may
hypothesize the role of ATC in the regulation of auxin transport processes underlying root
gravitropism. Localization of ATC within these cell types mirrors the localization of key
transporters of the growth hormone auxin, which has been implicated in a variety of N-
responsive root architectural changes??237°102 |n the next chapter, | describe the
connection between ATC and auxin transport mechanisms involved in auxin distribution

in the root tip and regulation of root gravitropism.
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CHAPTER 3

Arabidopsis thaliana CENTRORADIALIS alters auxin transport mechanisms via

PIN3 auxin efflux transporter activity

Results from this chapter have been submitted for publication as part of the following

manuscript:

Lay-Pruitt, K. S., Araya, T., Abualia, R., Giehl, R. F. H., Benkova, E., von Wirén, N. &

Takahashi, H. Nitrogen-responsive small peptide signaling modulates root gravitropism.

48



Abstract

The plant root system changes growth strategies depending on available nutrient
resources in the surrounding environment. One potential way that plants may acquire
nutrients and water from the environment is through the strengthening of root
gravitropism, which enables stronger anchoring and deeper growth within the soil. Root
gravitropic response involves changes in auxin flow within root tissues coordinated in part
by the PIN family of auxin efflux transporters. This chapter describes how the N-
responsive CLE-CLV1-ATC pathway is involved in the modulation of root gravitropic
response by altering these patterns of auxin distribution in the root tip. Mutation in ATC
does not appear to impact gravity sensing mechanisms such as level of starch statoliths
or auxin concentration in the primary root tip; however, asymmetric auxin transport during
gravistimulation is inhibited in the atc-2 mutant. This restriction occurs through altered
levels of the PIN3 auxin efflux transporter expression, significantly diminished in the atc-
2 mutant. Although trans-cytotic membrane relocalization of PIN3 is not affected by loss
of ATC function, PIN3 further degrades in atc-2 at a faster rate than in the wild-type in
response to gravistimulation. It is suggested that the modulation of PIN3 expression
occurs at the transcriptional levels specifically under low nitrate (NOsz") availability. This
regulation of PIN3 by ATC may act as a mechanism to promote root gravitropic response

to acquire (NOg3) resources stratified in deeper soil layers.

Introduction
The spatiotemporal arrangement of resources in the soil is proposed to elicit

complex changes in RSA®3. One possible plant root growth strategy of a “steep, deep,
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and cheap” root system has been proposed as a mechanism for plants to quickly seek
out N and water located in deeper soil levels®®. This steepening of root architecture results
from a strengthening of growth angle in alignment with the gravity vector, or root
gravitropic response. Root gravitropic response is an important adaptation developed in
land plants to improve anchoring of the root system and acquisition of water and nutrients
located deeper in the soil profilet:.

Plant root gravitropic response is highly complex and involves communication
within gravity sensing tissues at physical, molecular, and hormonal levels!®*. First,
sensing of changes in the gravity vector occurs through actin filament-mediated
sedimentation of starch-filled plastids called amyloplasts located in the columella cells of
the root cap'®®. Physical collision of these amyloplasts with the endoplasmic reticulum on
the bottom side of the columella cells is proposed to trigger Ca?* signaling cascades?®.
Following these gravity sensing mechanisms, changes occur in the transport of the major
plant growth hormone auxin at the root tip region. In a vertically growing root, auxin flows
acropetally through the vasculature towards the root tip and is then transported away from
the root tip basipetally*?’. This canonical flow of auxin is coordinated in part by a series
of auxin influx transporters, such as AUX1'%8, and efflux transporters, primarily members
of the PIN transporter family'®®. Upon experiencing a gravity stimulus, PIN3 and PIN7
relocalize to the side of the columella cells in alignment with the gravity vector, shifting
the flow of auxin preferentially to the lower side of the root'%11, In the root (contrary to
its effect in cells in the shoot), auxin restricts cell elongation; as growth of cells on the
lower side of the root is inhibited, coupled with enhanced cell elongation of the auxin-

deprived cells on the upper side of the root, a bend in root growth results!'2. Modulation
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of auxin transport pathways underlying root gravitropic responses has also recently been
shown to influence how deeply RSA can be structured when plants are grown soll
environment%6:100,

Auxin-responsive growth processes underlying RSA have been shown to be
regulated by the availability of N. For example, the transceptor NRT1.1 acts as a dual
nitrate (NOz) and auxin transporter depending on the relative availability of NO3?2:23,
Recently, other studies have shown that NOs™ as well as ammonium (NH4*) impact auxin
transport and biosynthesis mechanisms involved in the development of RSA2379.102,
However, the effect of how N impacts root gravitropic response, which could contribute
to the steepening of the root system to acquire more N in deeper soils, remains
understudied at the molecular level, despite potential relevance in the acquisition of N in
crop species!®3,

In this chapter, ATC, a downstream target of N-responsive signaling pathway
involving CLE-CLV1 interaction, is demonstrated to regulate auxin transport mechanisms.
While ATC function does not appear to impact processes involved in gravity sensing
through starch-statolith sedimentation, loss of ATC function does impair auxin transport
to the lower side of the root during turning. This dysregulation of auxin transport is
proposed to occur due to the substantial loss of PIN3 auxin efflux transporter expression

in the atc mutant.
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Methods
Plant growth and culture

Plant growth and culture conditions were as described in Chapter 2 Methods. The
mutant lines used in study are atc-2 (isolated from SALK 021699C)%, pin3-4
(CS9363)!14, and pin3-5 (CS9364)14. PIN2::PIN2-GFP15, PIN7::PIN7-GFP11,
PIN3::PIN3-GFP’, DR5::GFP!4, and DII-VENUS!*8 lines were cross-fertilized with atc-

2 for microscopy.

Root phenotyping
Phenotyping of root gravitropism and root growth rates were as described in

Chapter 2 methods.

Quantitative real-time polymerase chain reaction
Quantitative real-time polymerase conditions were as described in Chapter 2

Methods. Primer sequences are listed in Appendix Table B.1.

Microscopy

To visualize amyloplast localization in the root tip, roots were dipped in Lugol’s
solution (Sigma) for 5 minutes and then cleared by mounting onto a glass slide with two
drops of Visikol for Plant Biology (Visikol). Light microscope images were taken using an
Olympus CX31 light microscope with an Infinity 1 camera.

Olympus FV10i confocal laser-scanning microscopes were used for imaging of

DR5::GFP, DII-VENUS and PIN3::PIN3-GFP lines. GFP was visualized using a 473-nm
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(FV10i) or a 488-nm (LSM780) laser for excitation and capturing emission at a wavelength
range of 490-540 nm (FV10i) or 505-560 nm (LSM780), respectively. VENUS was
visualized using FV10i with the same setting. Counterstaining of the cell walls within the
root was performed by dipping roots in 1 ug/ml propidium iodide (PI) for 5 minutes. PI
staining was visualized using a 559-nm (FV10i) or 561-nm (LSM780) laser for excitation
and capturing emission at 570-670 nm (FV10i) or 550-650 nm (LSM780), respectively.
For DR5::GFP lines, seedlings were gravistimulated at 135 degrees for 16 hours. The
mean GFP fluorescence for each root was quantified from maximum intensity projections
of 12 Z-stack slices. Redistribution of DR5::GFP signals was determined as a ratio of
mean fluorescent signal measured in the lower half of the root to the signal in the upper
half of the root in the maximum projection images. For DII-VENUS lines, seedlings were
gravistimulated at 90 degrees for 1 hour. Redistribution of DII-VENUS signals was
determined as a ratio of mean VENUS fluorescent signal in the upper half of the root to
the signal in the lower half of the root in single slice images.

PIN2-GFP and PIN7-GFP expression in roots and polar localization of PIN3-GFP at the
plasma membrane of the columella cells were analyzed using a Zeiss LSM 800 vertical
stage microscope with a 488-nm laser for excitation of GFP and an emission range of
505-550 nm. PIN3-GFP ratios were calculated by measuring the fluorescent signal on the
bottom outer membrane of the columella cells and comparing it to the fluorescence of the
upper outer membrane!!® after 60 minutes of 90-degree gravistimulation.

Fluorescence quantification was performed using ImageJ (Fiji)®e.
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Results

Mutation in ATC disrupts auxin transport in the root tip

Col-0 atc-2

Figure 3.1. Lugol’s staining of atc mutant root tips.

Gravitropic bending of the root relies first on the sensing of changes in the gravity
vector through amyloplast sedimentation in root columella cells and the subsequent
response in auxin transport mechanisms to direct auxin flow toward the lower side of the
root'®. Lugol’s staining was performed on vertically growing seedlings under limited NOs-
conditions in order to visualize amyloplasts within the columella cells. There was no
difference in the levels of amyloplasts between Col-0 and atc-2 or atc-4 (Figure 3.1).
These results suggest that ATC is not directly involved in mechanisms underlying gravity
sensing.

Next the effect of ATC on changes in auxin distribution root gravitropic response
was examined. When plant roots experience a gravity stimulus, auxin moves to the lateral
root cap and epidermal cells toward the lower side of the root in the direction of gravity.

This change in auxin distribution was first measured using the auxin-responsive reporter
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DR5::GFP expressed in Col-0 and atc-2 (Figure 3.2). Auxin levels as measured by this
reporter were not different between these two genotypes (Figure 3.2b); however after 16
hours of gravistimulation at 135 degrees, the DR5::GFP signal ratio between the lower
and upper side of the root was significantly lower in atc-2, which indicated a reduction in

asymmetric auxin transport in this genotype (Figure 3.2a, c).
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Figure 3.2. Distribution of DR5::GFP in the root tip during gravistimulation. a)
Maximum intensity projections of DR5::GFP expression in the primary root of wild-
type and atc-2 after 16 hours of 135-degree gravistimulation on 0.01 mM NO,. b)
Mean GFP signal intensity of DR5::GFP expression below the quiescent center of
wild-type (n=10) and atc-2 mutant (n=10) plants. c) Quantification of GFP signal ratio
of the lower to upper side of the primary root tip representing auxin distribution to the
lower side of the root in DR5::GFP (n=10) and DR5::GFP atc-2 (n=10). Results of a
Student’s t-test between wild-type and atc-2 comparisons are indicated on each figure.
p<0.05 indicates significant differences. Boxplots range from first to third quartile with
median values indicated by the thick line and whiskers range from lowest to highest
values. Scale bars = 20 um. White arrows indicate direction of the gravity vector.
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Figure 3.3. Distribution of DII-VENUS in the root tip during gravistimulation. a)
DII-VENUS localization in wild-type and atc-2 roots that have been turned at 90

degrees for one hour on 0.01 mM NO3'. b) Quantification of VENUS signal ratio of the

upper to lower side of the primary root tip representing auxin distribution to the lower
side of the root in DII-VENUS (n=12) and DII-VENUS atc-2 (n=17). Results of a
Student’s t-test between wild-type and atc-2 comparisons are indicated on each figure.
p<0.05 indicates significant differences. Boxplots range from first to third quartile with
median values indicated by the thick line and whiskers range from lowest to highest
values. Scale bars = 20 ym. White arrows indicate direction of the gravity vector.

The expression of a second auxin-responsive reporter, DII-VENUS, was also
examined in Col-0 and atc-2 background (Figure 3.3). This reporter, which is degraded in
the presence of auxin, was more responsive than DR5::GFP and a 60-minute turn for 90
degrees was sufficient to visualize the asymmetric shift in auxin distribution (Figure 3.3a).
Analysis of VENUS signal ratio in the upper and lower halves of the root tip as a

measurement of auxin distribution further confirm that there is a reduction in auxin
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transport to the lower side of the root in the atc-2 mutant line (Figure 3.3b). Thus, it was
concluded that ATC leads to an inhibition of auxin transport in the root tip during

gravistimulation events.

ATC regulates expression of PIN3 to maintain root gravitropism

Changes in auxin distribution in response to gravity are facilitated in part by key
members of the PIN family of auxin efflux transporters'®®. Within the columella cells of the
root tip, PIN3 and PIN7 function redundantly to facilitate the flow of auxin to the lower side
of the root through rapid relocalization to the sides of the cells aligning with the direction
of the gravity vector!®1l Concurrently, PIN2 expressed in root epidermal cells is
degraded on the upper side of the root, which further contributes to asymmetric shootward
auxin flow integral for gravitropic bending*?%*?1, Therefore, the expression of PIN2, PIN3,
and PIN7 fused to GFP, each driven by their native promoters, was observed in wild-type
and atc-2 background.

PIN2-GFP showed no significant difference (Appendix Figure B.1a) in
accumulation and localization in atc-2 compared to the wild-type background. In contrast,
PIN3-GFP levels were significantly reduced in atc-2 in both the vasculature and columella
cells (Figure 3.4a). There also was a noticeable expansion of the domain of PIN7-GFP
expression in the columella cells of atc-2 (Appendix Figure B.1b); however, this result is
likely due to a compensation for large reduction of PIN3 in the atc-2 mutant line as

previously shown with PIN7-GFP expressed in the pin3 knockout mutant?3.
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Figure 3.4. Reduction of PIN3-GFP expression in atc-2 mutant lines. a) PIN3-
GFP expression in WT and atc-2 primary roots from the root tip to elongation zone.
The PI counter staining is shown in magenta. b-c) Representative images of PIN3-
GFP expression in WT and atc-2 in the vasculature of the transition zone (b) and
columella cells (c). Scale bars = 20 ym. d) Mean GFP intensity of PIN3-GFP and
PIN3-GFP atc-2 in the columella cells (n=11-13) and vasculature (n=4-5). Results of
a Student’s t-test between wild-type and atc-2 comparisons are indicated on each
figure. p<0.05 indicates significant differences. Boxplots range from first to third
quartile with median values indicated by the thick line and whiskers range from lowest

to highest values.
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The expression of the PIN3 auxin efflux transporter was greatly diminished in the
roots of atc-2 compared to Col-0 (Figure 3.4). This reduction was qualitatively observed
throughout the vasculature (Figure 3.4b) as well as in the columella cells (Figure 3.4c).
Quantification of PIN3-GFP signal in these two regions separately confirm this significant
reduction in the atc-2 mutant line (Figure 3.4d). The reduction of PIN3 in the columella
cells especially is proposed to result in the lack of auxin redistribution during

gravistimulation, as PIN3 exports auxin from this region towards the lateral root cap!©.

ATC does not affect PIN3 relocalization but may stabilize expression at the
columella during gravistimulation

In order to contribute to the asymmetric flow of auxin, PIN3 relocalizes to the lower
side of the columella cells in response to gravistimuli'®. The ratio of PIN3-GFP signal of
the upper outer membrane of the columella cell region compared to the lower outer
membrane was used as an indicator of PIN3 relocalization'?® in vertically growing
seedlings and gravistimulated seedlings. A change in membrane localization of PIN3-
GFP was seen in both Col-0 and atc-2 after turning for 60 minutes (Figure 3.5). This result
indicates that despite a significant reduction in the levels of PIN3 in the columella cells of
the atc-2 mutant, loss of ATC function does not affect the behavior of PIN3 transcytosis

in response to gravistimulation.
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Figure 3.5. Relocalization of PIN3 in the columella is unaffected by ATC
mutation. a) PIN3::PIN3-GFP expressed in wild-type (upper) and atc-2 (lower) before
and after 60 minutes of 90-degree gravistimulation on 0.01 mM NOs media. Scale
bars = 20 ym. White arrow indicates the direction of the gravity vector. b) Ratio of lower
to upper GFP signal on the outer membranes of the columella cells (n=8-10 roots).
Results of a two-tailed Student’s t-test between the zero and 60-minute time points
within each genotype are indicated on each figure (Supplementary Table S2). p<0.05
indicates significant differences. Boxplots range from first to third quartile with median
values indicated by the thick line and whiskers range from lowest to highest values
excluding outliers.

In addition to an overall reduction of PIN3-GFP signal in the atc-2 mutant line,
PIN3-GFP signal changes during gravistimulation. PIN3-GFP signals significantly
decreased in the columella cells of atc-2 after turning, but the corresponding signals were
retained in Col-0 background, suggesting the ATC function is necessary to maintain the
PIN3 expression levels in the root tip during the gravistimulation events (Figure 3.6). This
change was only observed in the columella region of the root tip (Figure 3.6b-c) and not
in the vasculature (Figure 3.6a, c), which could correlate with the accumulation of ATC in

the columella cells after turning (Chapter 2, Figure 2.8).
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Figure 3.6. PIN3 expression is reduced in atc-2 during gravistimulation. a-b)
PIN3-GFP expression in the vasculature (a) and columella cells (b) of atc-2 before
and after 60 minutes of 90-degree gravistimulation. c) Change in PIN3-GFP signal
intensity in the columella cells of the root tip (h=10) and in the vasculature (n=5) of
wild-type and atc-2 after turning. Ratios were calculated as the mean GFP signal
intensity in each region after 60 minutes of 90-degree gravistimulation compared to
the average GFP intensity of vertically grown seedlings. Results of a Student’s t-test
between wild-type and afc-2 comparisons are indicated. p<0.05 indicates significant
differences. Boxplots range from first to third quartile with median values indicated
by the thick line and whiskers range from lowest to highest values excluding outliers.

N-dependent ATC signaling mediates PIN3 expression and root gravitropism

In support of the suggested role of ATC in the maintenance of PIN3 expression,
there was a decrease in PIN3 transcript levels in whole root tissue of atc-2 and atc-4
relative to Col-0 at 0.01 mM NOs". This reduction, however, were not detected with the
higher 1.0 mM NOs" treatment (Figure 3.7a-b). Furthermore, a significant weakening of

gravitropism in pin3 mutants was observed at 0.01 mM NO3" but not with 1.0 mM NO3z
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Figure 3.7. PIN3 expression in atc mutant lines and its influence on root
gravitropic response. a-b) PIN3 transcript expression in Col-0 compared to atc

mutant lines grown on 0.01 mM NO, (a)and 1 mM NO, (b) MGRL media. Fold change
values were determined from 3 biological replicates and bars show standard error. c)
Root tip reorientation of the pin3-4 mutant compared to Col-0 on 0.01 mM NO, and 1

mM NO, MGRL media (n=59-78). Mean-and-error plots are shown alongside

raincloud plots indicating individual data points and distributions by genotype. Letters
indicate significant groupings from Tukey’s test (p<0.05) following a significant one-
way (a-b) or two-way (c) ANOVA. n.s.: not significant.

supplementation (Figure 3.6e, Appendix Figure B.2a), while there was no significant

changes in the root growth rate (Appendix Figure B.2b). Thus, the observed weakening
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of gravitropism in atc-2 and atc-4 under low NOs™ availability was attributed to the

reduction in PIN3 expression.

Discussion

The work presented here shows the involvement of the CLE-CLV1-ATC pathway
in the regulation of auxin-dependent mechanisms governing root gravitropic response.
Primarily, ATC functions to promote the expression of the PIN3 auxin efflux transporter in
this process. | hypothesize this effect predominantly occurs under low NOs™ availability
when ATC expression levels are highest (Chapter 2, Figure 2.3b), which is further
supported by the weakening of root gravitropic response in pin3 knockout mutants under
this condition. These results expand our understanding of how N availability regulates
root gravitropic response.

As shown in Chapter 2, the CLE-CLV1-ATC pathway is also proposed to have a
moderate impact on lateral root emergence under N-limited conditions. While this
phenotype was not investigated specifically in relation to the regulation of PIN3 via ATC,
a reduction of PIN3 levels in the vasculature of atc mutants as well as in the columella
cells was observed (Figure 3.4). In addition to its involvement in the transport of auxin in
the root cap, PIN3 expressed in the transition zone is proposed to function in auxin reflux
into the vasculature from the cortex cells to maintain acropetal auxin transport!;
however, changes to auxin transport in this region remain to be determined. PIN3
expressed distally from the root tip has also been shown to be involved in auxin transport
processes necessary for early lateral root development!??2. While CLE-CLV1 signaling

has been shown to inhibit the late stage progression of lateral root primordia to
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emergence’, these processes may be connected to altered auxin transport process.
Further work is thus necessary to elucidate the role of CLE-CLV1-ATC signaling in PIN3-
mediated lateral root development.

The nature of the regulation of PIN3 via ATC activity also remains to be considered.
While mutation of ATC impacts transcriptional regulation of PIN3 under low NOsz
availability (Figure 3.7a-b), this does not rule out other potential mechanisms of control.
PIN3 protein levels are known to be regulated by endocytic cycling mechanisms that are
integral for the polarization of PIN3 during gravistimulation and that gravity does not
enhance PIN3 degradation!!!, The trans-cytotic relocalization of PIN3 is unaffected in the
atc-2 mutant despite a strong reduction in overall signal (Figure 3.5), providing alternative
evidence that ATC may be involved in the replacement of PIN3 during the turning process
(Figure 3.6). One possibility is that the reduction of PIN3 expression occurs during turning
when plants are experiencing N starvation; further experiments would be necessary to
observe PIN3 protein dynamics under a spectrum of N conditions.

Another mechanism by which ATC could regulate PIN3 expression at the
transcriptional level could involve the known interaction between ATC and the
transcription factor FLOWERING LOCUS D (FD). FD has been shown to interact with
both ATC and its homolog FT in the regulation of flowering time; specifically, FD binding
to ATC competitively inhibits binding with FT, which leads to suppression of flowering””.
Furthermore, recent chromatin immunoprecipitation (ChlP)-based evidence suggests the
presence of FD binding sites in the promoter region and gene body of PIN3123124, The
putative role of ATC-FD interaction in the regulation of the PIN3 auxin efflux transporter

as well as the characterization of ATC lipid binding will be further discussed in Chapter 4.
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CHAPTER 4

Characterization of the flowering repressor protein Arabidopsis thaliana

CENTRORADIALIS as a novel regulator of root growth

Lipid binding results from this chapter have been submitted for publication as part of the

following manuscript:

Lay-Pruitt, K. S., Araya, T., Abualia, R., Giehl, R. F. H., Benkova, E., von Wirén, N. &

Takahashi, H. Nitrogen-responsive small peptide signaling modulates root gravitropism.
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Abstract

Arabidopsis thaliana CENTRORADIALIS (ATC) serves a dual function as a novel
regulator of N-responsive root architectural traits and of flowering time under short-day
conditions. ATC is a homolog of the major florigen in plants, FLOWERING LOCUS T (FT),
and contains a putative phosphatidylethanolamine binding domain that may play a role in
the activity of this protein. In its capacity as a floral repressor, ATC also interacts with the
transcription factor FLOWERING LOCUS D (FD) to alter the expression of key flowering
time genes. Despite the novel role of ATC in the regulation of auxin transport in response
to gravistimulation, the effect of the ATC-FD interaction on the regulation of the PIN3
auxin efflux transporter has not been determined. In this chapter, integral properties of
ATC are characterized in the context of root growth regulatory processes. ATC binds to
phosphatidic acid and phosphatidylserine, which is contrary to the binding of
phosphatidylcholine observed for FT and may indicate another facet of environmental
control. FD has been shown to bind to regions of the PIN3 promoter and gene body;
however, data presented in this chapter indicates a repressive effect of FD on PIN3
transcription despite promotion in PIN3 expression downstream of ATC. These findings
contribute to the novel characterization of flowering regulatory pathways in the

maintenance of N-responsive root system architecture.

Introduction
While the work presented thus far has focused on a novel mechanism involving
the regulation of key auxin transport processes via the activity of Arabidopsis thaliana

CENTRORADIALIS, this protein has been previously studied for its role in floral
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development. ATC is a small (19.8 kDa) protein that has been shown to repress flowering
under short-day conditions’’. ATC was first identified as a homolog of TERMINAL
FLOWER 1 and was named as such due sharing closer sequence similarity to the
Antirrhinum CENTRORADIALIS (CEN) protein involved in the maintenance of the
inflorescence meristem in this species!?®. Like TFL1, ATC also belongs to the same
family as the major florigen in plants FLOWERING LOCUS T (FT), although both proteins
exhibit contrary effects on floral development compared to FT°®. Due to the predicted lipid
binding domain shared among its members, this protein family is referred to as
phosphatidylethanolamine (PE) binding proteins (PEBPs)%. Multiple members of this
family, including ATC and FT, have been shown to bind to the transcription factor
FLOWERING LOCUS D (FD) to affect the expression of key floral regulatory genes, such
as APETALAL (AP1)77:126,

ATC::GUS activity has been shown to be localized to the phloem companion cells
in the roots, hypocotyl and leaves of A. thaliana’’. Due to the lack of expression detection
in the apex, it was proposed that ATC is able to move to this location from the vasculature;
this mobility was further supported by grafting experiments that showed that both ATC
protein and mRNA are graft transmissible’’. Results presented in Chapter 2 indicate that
ATC protein is expressed in root tissue types outside of the phloem companion cells,
specifically to the root tip columella cells and the pericycle and endodermal cells of the
transition zone where phloem unloading predominantly occurs. Further characterization
of ATC based on features of its role as a flowering time regulator may contribute to better
understanding of the function of ATC in the development of root architecture in response

to N.
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An important characteristic of FT that has been shown to be integral for its function
is its ability to bind lipids. Although the protein domain shared by PEBPs was predicted
to bind to phosphatidylethanolamine (PE) as their name suggests, FT was shown to bind
instead to phosphatidylcholine (PC) through lipid binding overlay experiments'?’. The
species of PC that binds to FT oscillates throughout the day and is predominantly present
in plants in the daytime, which is proposed to contribute to flowering promotion??”. A
recent study by Nakamura et al. (2019) shows that this binding does not occur as
predicted in the anion-binding pocket of FT, but instead occurs between FT and the acyl
chains of the PC'28, The PC binding site in FT is present near the region of FT that is
proposed to bind to DNA during the formation of the florigen activator complex between
FT and FD'?8, Mutation in PC binding sites alters flowering time, suggesting this
interaction is necessary for proper FT function'?8, Thus, it is of importance to determine
the lipid binding capacity of ATC, which may or may not involve PC due to the divergence
in FT and ATC function during flowering. This interaction also serves as an example of
how environmental changes to plant lipid composition can influence when these proteins
are active as certain lipid species may potentially be present in greater abundance under
limited N conditions when ATC is also most highly expressed (Fig 2.3b).

As described in Chapter 3, ATC function appears to be important for the
expression of the PIN3 auxin efflux transporter to maintain auxin transport processes
when plants experience a gravity stimulus. This regulation is proposed to occur at the
transcriptional level as PIN3 transcript expression level was significantly reduced in atc
mutant lines under low nitrate (NO3z°) treatments (Figure 3.7a-b). Since ATC is involved in

the transcriptional regulation of floral identity genes through its interaction with FD, this
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interaction may regulate PIN3 expression in the roots. Recently, large-scale chromatin
immunoprecipitation (ChlP) experiments probing for targets of the FD transcription factor
point to a potential link between FD and PIN3. In ChlP-seq experiments performed by
Collani et al. (2019), FD has been shown to bind to a canonical bZIP binding motif
(CACGTG) in the PIN3 promoter region approximately 3 kB upstream of the start
codon'?3, Similarly, an independent experiment performed by Zhu et al. (2020) has shown
that FD also binds to an exon in the PIN3 gene body; this binding does not occur in the
tfl1 mutant background, suggesting that the interaction of TFL1-FD is necessary for DNA
binding in this region!?4. Despite the binding of FD in these regions, it has not yet been
observed whether these interactions elicit changes in PIN3 transcript expression or if FD
is involved in the regulation of root gravitropic responses.

The work shown in this chapter expands our understanding of ATC as a regulator
of auxin and root gravitropic response is through providing evidence for the distinct lipid
binding capacity of ATC and the potential effect of the ATC-FD interaction on PIN3 gene
expression. The lipid binding analysis of ATC indicates that it does not bind to PC, but
instead to phosphatidic acid and phosphatidylserine, two phospholipids with negatively
charged head groups. With regard to the potential involvement of FD as a downstream
component of the CLE-CLVIi-ATC pathway, phenotypes of fd mutants suggest that FD is
also necessary for the maintenance of root gravitropic response under low NOgz
availability. However, the results of transactivation experiments suggest that FD can
repress PIN3 promoter-driven gene expression, indicating ATC and FD may be
interacting with other regulatory components to elicit divergent effects on auxin transport

mechanisms to modulate root gravitropic response.
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Methods
Plant growth and culture

Plant growth conditions for A. thaliana are described in Chapter 2 Methods. The
mutant lines used in study are atc-2 (isolated from SALK_021699C)34, fd-3 (isolated from
SALK 054421C) and fd-4 (isolated from SALK_118487C). Nicotiana benthamiana seeds
were sown on Ready Earth (Sun Gro Horticulture) soil mixture in pots and germinated in
growth chambers set at 25°C with 16-hour day/ 8-hour night light cycle. Plants were grown

for 6 weeks prior to agroinfiltration and watered with 1/2x Hoagland nutrient solution.

Root phenotyping
Root tip reorientation and growth rate were measured as described in Chapter 2

Methods.

Agroinfiltration of N. benthamiana leaves

The pEAQ-HT'?® (which contains the anti-posttranscriptional gene silencing
protein p19) and pBGCNB®8 binary vectors were used for generating constructs for tobacco
infiltration. The coding sequences of FD and ATC were PCR amplified from cDNA using
the Nrul-FD-F and Xhol-FD-R primer pairs and Nrul-ATC-F and Xhol-ATC-R primer pairs,
respectively. These products were then introduced into Nrul and Xhol digested pEAQ
through InFusion cloning to generate p35S::FD and p35S:ATC overexpression
constructs. A construct overexpressing Renilla luciferase (RLuc) downstream of the p35S
promoter with an omega enhancer sequence (p35SQ::RLuc) was generated by PCR

amplifying this region from a p35SQ::RLuc construct generated in pTH2 (Bohrer et al.
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unpublished) using the Hindlll-p35S-F and Sacl-RLuc-R primers and inserting it into
pBGCN that had been digested with Hindlll and Sacl. The pBGCN construct was also
used to generate a binary vector containing the 4-kb promoter region upstream of the
PIN3 transcriptional start site driving the expression of the gene encoding firefly luciferase
(FLuc). The FLuc sequence downstream of the p35S promoter with an omega enhancer
sequence (p35SQ::FLuc) was PCR amplified from a p35SQ::FLuc construct generated in
pTH2 (Bohrer et al. unpublished) using the Hindlll-p35S-F and Sacl-FLuc-R primers and
also inserted into Hindllll and Sacl digested pBGCN using InFusion cloning. This
construct was then digested again with Hindlll and Xbal to remove the p35S promoter
and Q sequence. The PIN3 promoter sequence amplified from genomic DNA using
Hindlll-PIN3-F and Xbal-PIN3-R primers was inserted upstream of FLuc using InFusion
cloning. Primer sequences are listed in Appendix Table C.1.

The p35S::ATC, p35S::FD, p35SQ:RLuc, PIN3::Fluc, and pEAQ-HT-GFP1?®
(negative control) constructs were introduced into Agrobacterium tumefaciens GV3101
(pMP90)°* by freeze-thaw transformation®2. Pairwise combinations of p35S::ATC,
p35S::FD, and pEAQ-HT-GFP were agroinfiltrated with p35SQ::RLuc and PIN3::Fluc, into
6-week N. benthamiana leaves. Equal ratios (1:1:1:1) of the Agrobacterium cultures
diluted in a mixture of water and 200 pyM acetosyringone to an ODsoo of 1.0 were infiltrated
into the abaxial side of the leaf. A 2:1:1 ratio of pEAQ-HT-GFP to p35SQ::RLuc and
PIN3::Fluc was used as a control to maintain levels of the p19 silencing protein. Three
leaves per plant were infiltrated with the same construct combinations to generate
experimental triplicates. Plants were returned to the growth chamber for 72 hours and

leaf tissue was harvested for further analysis.
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Luciferase transactivation assay

Total protein was extracted from infiltrated tobacco leaves. Leaf tissue was ground
in liquid N and approximately 1 mL of powder was mixed with protein extraction buffer (50
mM Tris-HCI, pH 8; 150 nM NaCl, 10 mM NaF, 0.1 mM Na3V04, 10% glycerol, 1% Triton
X-100, 0.005X protease inhibitor cocktail p9599). The protein extract was centrifuged
twice to remove solid debris and then protein concentration was determined using a
Bradford assay. The protein extract was then diluted to 0.05 ug/uL. To assess the effect
of each co-infiltrated effector construct on PIN3::FLuc activity, a Dual-Luciferase Reporter
Assay (Promega) was performed according to the manufacturer's protocol and
luminescence was measured using a Berthold Centro XS LB 960 luminometer. The
diluted protein extracts were mixed with the firefly luciferase reagent LAR Il and
luminescence readings were measured to detect firefly luciferase activity. Next, Stop &
Glo Reagent was added to the samples and luminescence readings were taken again to
detect Renilla luciferase activity, which was used as an internal standard. The ratio of

Fluc to Rluc was then determined for each replicate and measured in technical duplicate.

Protein expression and lipid binding assay

ATC coding sequence was PCR amplified from Arabidopsis root cDNA using Ndel-
ATC-F and Ndel-ATC-R and was inserted into Ndel-digested pET15b vector through
InFusion cloning to generate ATC with an N-terminal 6xHis tag (His-ATC). Primer
sequences are listed in Appendix Table C1. The pET15b-ATC construct was introduced
into E. coli C41 competent cells and protein expression was induced using IPTG. His-

ATC protein was purified using a His SpinTrap Column (GE Healthcare) and desalted
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using a PD MiniTrap G-25 column according to the manufacturer’s protocols. The cleared
lysate, flow through, wash, and elution fractions from the protein extraction procedure
were analyzed through SDS-PAGE using a Mini-Protean TGX gel (4-20%) (Bio-Rad) and
a Western blotting using an Anti-6xHis-HRP antibody (Rockland Antibodies).

For the lipid binding assay**, 8 ug in 1uL of each phospholipid species was
spotted onto a Protran Supported nitrocellulose membrane (Amersham). The
phospholipid species used in this study are as follows: PA: 1,2-dioleoyl-sn-glycero-3-
phosphate, PC: 1,2-dioleoyl-sn-glycero-3-phosphocholine, PE: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine, PS: 1,2-dioleoyl-sn-glycero-3-phospho-L-serine, PG: 1,2-
dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol), and PIl: 1,2-dioleoyl-sn-glycero-3-
phospho-(1'-myo-inositol). The membrane was incubated in blocking buffer (3% fatty-acid
free BSA in TBST: 10 mM Tris—HCI, pH 8.0, 150 mM NaCl, 0.2% Tween 20) for one hour
and incubated overnight in blocking buffer with 1 ug/ml of the His-ATC protein. The
membrane was then rinsed twice with TBST, incubated in a 1:5000 dilution of the Anti-
6xHis-HRP antibody for one hour, and rinsed three times with TBST. Chemiluminescence
was detected after incubation with ECL reagent (Amersham) and imaged using a

ChemiDoc Imaging System (Bio-Rad).

Results
ATC binds to phosphatidic acid and phosphatidylserine

A construct containing the ATC protein with a 6xHis-tag on the N-terminus
(Appendix Figure C.la) was generated to express protein in the C41 Escherichia coli

system. After protein extraction, the size of the protein and specificity of the 6XHis-HRP
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antibody binding were validated via SDS-PAGE and Western blotting (Appendix Figure
C.1b-c) The ATC protein was incubated with various phospholipid species to assess its
lipid binding profile due to the PET binding domain contained within its protein sequence

(Figure 4.1).

Blank PA PC PE PS PG Pl
| dors . | I |

R

¥ ' ev

Figure 4.1 Lipid binding profiling of His-ATC. The amount of each lipid
spotted to the membrane was 8 ug.

ATC was found to bind to phosphatidic acid (PA) and phosphatidylserine (PS),
phospholipids that contain negatively charged polar head groups (Figure 4.1).
Furthermore, ATC binds to PA preferentially over PS (Figure 4.2). ATC also shows
absence of binding to PC, deviating from the binding profile of FT?7. As the binding of
PC has been shown to be integral to the activity of the FT protein and may be
implicated in the ability of FT to bind to DNA during its interaction with the FD
transcription factor, that the biochemical difference in lipid binding capacity of ATC may

contribute to its divergence in function.
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Figure 4.2 Overlay of His-ATC on a dilution series of PS, PA, and PC. Numbers
indicate micrograms of lipid spotted on the nitrocellulose membrane in 1 pl volumes.

FD function influences root gravitropic response

To determine the relevance of the FD transcription factor to the root gravitropism
phenotype, fd-3 and fd-4 mutant lines containing T-DNA insertions within the coding
region of the FD gene were obtained (Figure 4.3a). Root tip reorientation assays indicate
that these mutations result in significant weakening of root gravitropic response under low
NOs™ availability (Figure 4.3b). Thus, the observed phenotypes are consistent with the
weakening of gravitropic response in atc mutant lines (Figure 2.3c, Appendix Figure A.3a-

b).
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Figure 4.3. Root gravitropic response in fd mutants. a) Gene model of FD
(AT4G35900) with locations of fd-3 (SALK_054421C) and fd-4 (SALK_118487C)
mutations. Green triangles indicate T-DNA insertions. b) Root tip reorientation of 5-
day-old fd mutants compared to Col-0 on 0.01 mM NOs3s™ media. Mean-and-error plots
are shown alongside raincloud plots indicating individual data points with distributions
by genotype. Significant differences between genotype and condition combinations
were determined using Tukey’s test (p<0.05) following a one-way ANOVA and are
indicated by lowercase letters.

ATC and FD independently influence PIN3 expression

To investigate if the interaction of ATC and FD affects PIN3 expression to govern
root gravitropic response, a dual-luciferase transactivation assay was performed. The 4-
kB PIN3 promoter, which contains the putative CACGTG binding site for FD and other

bZIP transcription factors, was cloned upstream of the firefly luciferase gene (FLuc).
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Figure 4.4. PIN3::Fluc transactivation assay. Ratios between PIN3::FLuc and
p35SQ::RLuc expression values following infiltration of pEAQ plasmid combinations
were determined from 3 biological replicates and bars show standard error. Letters
indicate significant groupings from Tukey’s test (p<0.05) following a one-way ANOVA .

Along with a construct driving the constitutive expression of Renilla luciferase
(p35SQ::Rluc) to serve as an internal standard, the PIN3::Fluc construct was co-infiltrated
in a combinatorial manner with constructs containing p35S::FD, p35S::ATC, and pEAQ-
HT-GFP (to serve as a negative control). Co-infiltration of p35S::FD and PIN3::FLuc
appears to repress the activity of the PIN3 promoter as measured by the ratio of
FLuc/RLuc (Figure 4.4). Infiltration of p35S::ATC with PIN3::Fluc increases luciferase
activity but not to statistically significant levels compared to the GFP control. However,
infiltration of p35S::ATC alone elicits a significantly higher level of PIN3::FLuc expression
compared to co-infiltration of both p35S::ATC and p35S::FD constructs, indicating that

the presence of FD reduces the positive regulatory effect of ATC. Likewise, co-infiltration
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of p35S::ATC and p35S::FD restores PIN3 expression to control levels compared to
p35S::FD alone. These results may suggest that the interaction of ATC-FD prevents the
repression of PIN3 expression by FD and may also imply that other interacting partners

of ATC and FD contribute to their respective changes to PIN3 gene expression.

Discussion

The work presented in this chapter further characterizes the ATC flowering
repressor protein as a novel regulator of plant root architecture and supports a more
integrated role of this phloem-mobile signaling protein in plant development. Flowering
time exhibits a U-shaped pattern in Arabidopsis, requiring a longer period of time to flower
when N supply is severely limited or in excess®'. ATC may therefore be involved in
repression of flowering while simultaneously contributing to strengthening root
gravitropism under conditions with severely limited N supply. The divergence in lipid
binding profiles observed between ATC and the florigen FT (Figure 4.1) may indicate
another facet of environmental control of this signaling protein. Phospholipases that
generate phosphatidic acid have been shown to be involved in the regulation of root
growth under N-limited conditions'3?, suggesting the relevance of phospholipid species
binding for the functionality of ATC, which may find parallels in phosphatidylcholine
binding to FT1%,

Although the interaction of ATC and FD plays a role in the regulation of flowering
time, it was not observed in this study that this interaction promotes the expression of the
PIN3 auxin efflux transporter. While mutants in FD had weaker root gravitropic response

under low NOsz availability (Figure 4.3b), nevertheless in transactivation assay
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transfection of FD repressed the expression of PIN3::FLuc (Figure 4.4). These divergent
effects of ATC and FD on PIN3 expression could imply that there are alternative binding
partners for either ATC or FD to regulate this response. In Arabidopsis, there are 6
members of the PEBP family, most of which are already known to interact with FD to
regulate transcription’”124126.133 | jkewise, FD is only one of the 78 bZIP transcription
factors in Arabidopsis!34; the most closely related FD homolog, FLOWERING LOCUS D
PARALOGUE (FDP) has been shown to independently influence the expression of FD
targets that are not involved in flowering'®>. Members of the bZIP family also function as
homo- or heterodimers'34, which could mean that both ATC and FD interact with multiple
bZIPs in a regulatory complex to influence PIN3 expression. It remains to be tested
whether ATC interacts with FDP or other FD homologs to coordinate the transcriptional
activity of PIN3, but the potential integration of these floral regulatory networks in the
development of root architecture has significant implications for understanding systemic

signaling coordinating plant development in response to the nutrient environment.
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CHAPTER 5

Conclusions and future directions
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Summary

The research presented in this dissertation broadens our understanding of a small
peptide signaling process governing how the plant root system responds to the availability
of N. N-responsive CLE peptides interact with the CLV1 receptor kinase to induce the
expression of ATC (Figure 2.2, Appendix Table A.2), a small, mobile flowering repressor
protein, to regulate root phenotypes. ATC acts as a moderate repressor of lateral root
development (Figure 2.4c), consistent with previous findings of the CLE-CLV1 pathway.
However, ATC has a more prominent role in the regulation of root gravitropic response
(Figure 2.3c, Appendix Figure A.3a-b) by promoting expression of the PIN3 auxin efflux
transporter (Figure 3.4) to maintain the asymmetric flow of auxin in response to gravity
stimuli (Figure 3.2, Figure 3.3). This regulation is proposed to occur via transcriptional
regulation of PIN3 by ATC (Figure 3.7a-b), but this promotion appears not simply due to
the known interaction between ATC and the FD transcription factor (Figure 4.4). Instead,
it may involve another binding partner, potentially from the bZIP transcription factor family
functioning in a homo- or heterodimeric complex. Alteration of root system architecture
through this SSP pathway may have biological significance based on the way that NO3"
stratifies in the soil environment. Negatively charged NOs" is highly mobile in soil as it may
move through negatively charged soil particles and is typically found at higher
concentrations in deeper soils. Thus, the CLE-CLV-ATC pathway demonstrated in this
study potentially prevents lateral root outgrowth in NOs™ poor environments and directs
root growth toward deeper soil layers through the promotion of root gravitropic response
mechanisms downstream of ATC activity (Figure 5.1). Increased ATC expression under

limited N availability may also promote gravitropic response in lateral roots to promote
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steeper root growth, although the involvement of PIN3-mediated auxin transport in this

process have not been characterized.

Low NO3_

CLE3

CLV1

ATC l

I bZIP
FD

PIN3
v

Lateral Root Root Gravitropic
Growth Response

Figure 5.1. Proposed model of N-responsive CLE-CLV1-ATC signaling to
regulate root architecture. Gray arrows indicate hypothetical connections.
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Figure 5.2. Localization of CLV1 and ATC modulating PIN3-mediated auxin
transport during gravitropic response. RHZ: root hair zone, TZ: transition zone, MZ:
meristematic zone. Black arrow indicates the direction of the gravity vector.

Additionally, the localization of CLE-CLV1-ATC pathway components within the
root provides a means by which spatially distinct auxin transport pathways may be
regulated by the same nutritional stimulus. For example, CLE-CLV1 interaction, while
phloem localized, appears to be limited by the location of the membrane-bound receptor
kinase within the phloem of the root hair zone and the first tier of the columella cells. ATC
as a smaller, phloem-mobile protein may act as an additional mobile signal to regulate
PIN3 expression in the columella cells and the pericycle cells of the transition and
elongation zones, both locations that have been demonstrated to be regions where PIN3
is expressed!!®, Regulation of PIN3 in the columella cells alters auxin transport to the
lower side of the root during root-tip bending in response to gravity!'°, while in the

transition zone it may impact the reflux of auxin into the vasculature and acropetal
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transport towards the root tip''é, although the effect of ATC on the latter phenotype
remains to be determined. Regulation of both these relative domains would allow for
collective control of auxin distribution in the root tip, which may contribute to efficient and
quick manipulation of root system architecture in response to N (Figure 5.2).

The original role of ATC as a flowering repressor protein also provides interesting
implications for the coordination of regulatory processes throughout the plant. The novel
functions of this protein described in the dissertation imply an integrated role of nutrient-
dependent signaling in not only the developmental regulation of the root and shoot but
also connecting vegetative and reproductive growth processes. The function of these
mobile proteins and small peptides would allow for efficient systemic signaling when

plants undergo significant environmental stressors, such as severe N deprivation.

Future work
Lateral root development

Although a link between the regulation of PIN3 via ATC signaling in both the root
tip and vasculature has been presented, this research does not encompass the effect of
ATC on PIN3-mediated lateral root development. Examination of PIN3 dynamics in older
seedlings under different NOs™ supply to determine if altered levels of PIN3 in the
vasculature of atc mutants affect this phenotype would be necessary. It would also be
interesting to examine crosses of clvl mutants and CLE3 overexpressing lines (CLE30x)
with PIN3::PIN3-GFP lines to observe changes in PIN3 levels in both the root tip and
vasculature, especially since these components have more substantial impact on lateral

root development.
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Additionally, due to the moderate effect of ATC on lateral root development (Figure
2.4c), potentially other signaling components downstream of the CLE-CLV1 interaction
may have a more substantial or additive effect on this phenotype. Microarray analysis of
CLE3ox lines and the clvl-15 mutant identified 20 potential downstream candidates
including ATC (Figure 2.2a, Appendix Table A.2). Candidates that were not chosen for
further analysis in this study did include genes with known effect on auxin-mediated root
architectural changes. Multiple NF-YA transcription factors were differentially expressed
in the CLE3ox and clvl-15 dataset. Members of the NF-YA family have been shown to
be induced by N starvation®*® and have been involved in the regulation of lateral root
development!®’; additionally, select members of this family regulate auxin transport
mechanisms to promote leaf development!®. Potential targets of CLE-CLV1 are also
involved in other phytohormone or abiotic stress response pathways. For example,
CYP78A5, which is repressed by CLE-CLV1, has been shown to activate cytokinin
signaling and N assimilation'3°. Multiple heat shock proteins (HSPs) were identified in this
dataset as well and can be involved in various nutrient-responsive signaling processes
downstream of CLE-CLV1 interaction. These results may indicate more complex
signaling integration of the CLE-CLV1 pathway in the regulation of these phenotypes,

which could allow for fine-tuning in response to N availability.

ATC-mediated regulation of PIN3
Although ATC is known to bind to FD to regulate genes involved in floral
development, the interaction of ATC and FD was not shown in this study to promote the

activity of the PIN3 promoter in dual-luciferase transactivation assays. Instead, the
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expression of FD significantly repressed PIN3 expression (Figure 4.4). These results
could indicate that ATC and FD are potentially binding to other partners to regulate the
expression of PIN3 in an opposing manner. Nevertheless, fd mutants showed weak
gravitropic response on low-N medium (Figure 4.3b), similar to atc (Figure 2.3c, Appendix
Figure A.3a-b) and pin3 mutants (Figure 3.7c, Appendix Figure B2.a). Future work
characterizing the binding partners of these two proteins through targeted protein-protein
interaction experiments such as yeast-two hybrid assays may elucidate other
components downstream of the CLE-CLV1-ATC signaling pathway. Further confirmation
on the effect of these interactions on PIN3 expression may be tested using the validated
dual-luciferase transactivation system described in Chapter 4 with or without site directed
mutagenesis of the putative bZIP binding sites within the PIN3 genomic region.

The lipid binding capacity of ATC (Figure 4.1, Figure 4.2) also presents an
interesting facet for future study. Under N limited conditions, phosphatidic acid (PA) levels
and the expression of key enzymes involved in the production of PA are altered!32140,
which could influence these phenotypes if PA is necessary for ATC function. This
presents a further mechanism of environmental control of ATC that is independent of
upstream CLE-CLV1 signaling mechanisms promoting its transcription. Analyzing root
gravitropism in plant systems in which the levels of these phospholipids can be artificially
adjusted, such as in mutants or overexpressing lines of PLDe phospholipases to generate
PA from PC*%2, could help determine if this lipid binding specificity serves a developmental

function.
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Expanding the CLE-CLV1-ATC signaling model

The results presented in this dissertation focus on the NOs™ availability since this
is the preferred source of N for A. thaliana. Other forms of inorganic N, such as NHa4*,
have also been shown to influence lateral root development?®”® and root gravitropic
responsel4l142. There exists a potential role of NHs* derived signals acting on this
pathway through the expression of CLE3. CLE3 has been shown to be induced by N
starvation and is even further induced by NH4* re-supplementation?®. This could be a
means to respond to NH4* availability in higher soil layers that would drive the repression
of lateral root growth and redirection of root growth to deeper soils to acquire preferential
NOs" resources. Different CLEs interacting through CLV1 could also be a means of other
nutritional cues to act through this pathway to regulate RSA. For example, CLEZ2 interacts
with CLV1 and is responsive to S availability!#3. Further work examining different CLE
peptide overexpressing lines or the effects of different combinatorial nutritional conditions
on ATC-mediated root gravitropism could aid in elucidating these effects.

The findings presented in this dissertation may also be studied in crop systems or
in soil environments in more applied approaches. Gravitropic response is emerging as an
important root growth trait to consider for crop systems in N-limited soils. The root system
of maize has also been shown to have steeper root angles in low N soils!'3. Likewise,
alleles that confer stronger root gravitropism have been connected to increased N uptake
in rice*4. Numerous orthologs of the CLE peptide family'45, CLV1 receptor kinase!46:147,
and PEPB families!*®-1%0 are present in many plant species and can be utilized as

candidates for further characterization of these N-dependent changes in RSA.
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Conclusion

Taken together, the results presented in this dissertation have demonstrated the
importance of the N-responsive CLE-CLV1-ATC pathway in the regulation of root system
architecture. This signaling module acts as a novel integrator of nutrient signaling and
plant hormone transport processes to control root growth. The key component of this
module, ATC, suggests the presence of coordinated systemic signaling pathways
governing plant development in response to the nutrient environment due to its dual role
as a regulator of root growth and flowering. This study provides new insights into nutrient-
responsive SSP pathways and their integration with hormone transport and signaling

processes central to root development.
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Appendix Table A.1. List of primers used in Chapter 2

Primer Name Sequence

Nhel-ATC-F-2047-

2 GCTAGCGTGTCACAGATTGTTGTGGGAGCATATGCTAAAG
CCATGGCTCGATTGCTTGGTTAAGAATTTAGACGAAGAAAT

Ncol-ATC-R-2 GAAGAATAAGTGAAAG

Ncol-GFP-F-3 CCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTG
GAGCTCTTACTTGTACAGCTCGTCCATGCCGTGAGTGATC

Sacl-GFP-R-3 CCGG

Sacl-NLS-F GACGAGCTGTACAAGTCCGGACTCAGATCTCGAGC

Sacl-NLS-R GATCGGGGAAATTCGAGCTCTTATCTAGATCCGGTGAATC

Sacl-ATC-F GACGAGCTGTACAAGATGGCCAGGATTTCCTCAGA
GATCGGGGAAATTCGAGCTCTCAACGGCGTCTAGCGGCG

Sacl-ATC-R G

ACT2-F CTTGCACCAAGCAGCATGAA

ACT2-R CCGATCCAGACACTGTACTTCCTT

EFla-F TGAGCACGCTCTTCTTGCTTTCA

EFla-R GGTGGTGGCATCCATTTCGTTACA

ATC-gF CGCGGCTGTTTTCTTCAACT

ATC-gR GAAAGTCATTCAACGGCGTCTA
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Appendix Table A.2. Differentially expressed genes in CLE3 overexpressing lines and clv1-15. Logz fold changes

(FC) in transcript abundance and adjusted p-values are shown for each gene.

clvl-15 CLE3ox- 17 CLE3o0x-12
AGI Code Gene ID log2 FC | Adj. p-value log2 FC Adj. p-value log2 FC Adj. p-value
AT1G33340 | PICALMS -1.786 2.19E-04 1.078 1.22E-02 0.959 7.72E-02
AT1G59730 | THY -2.184 1.10E-04 1.158 1.28E-02 0.933 1.19E-01
AT2G27550 | ATC -1.941 7.51E-04 2.198 2.14E-03 1.585 3.20E-02
AT5G35480 | unknown protein -5.947 5.55E-04 5.021 6.63E-03 3.297 1.34E-01
AT5G48485 | DIR1 -1.782 4.09E-03 1.540 3.28E-02 0.934 4.28E-01
AT3G15650 | unknown protein -1.924 2.25E-04 1.944 1.32E-03 1.190 4.93E-02
AT5G12020 | HSP17.6lI -1.025 3.55E-02 1.778 1.88E-02 1.017 3.49E-01
AT1G69880 | TH8 -2.619 4.48E-04 2.700 2.14E-03 1.092 2.80E-01
AT5G12030 | HSP17.6A -2.098 1.17E-03 2.575 2.14E-03 1.053 2.71E-01
AT1G53540 | HSP17.6C -1.995 1.66E-02 3.311 8.28E-03 1.582 3.60E-01
AT3G46230 | HSP17.4 -1.334 4.37E-03 3.421 1.66E-04 1.675 2.33E-02
AT4G25200 | HSP23.6-MITO -1.140 4.21E-02 3.424 1.92E-03 1.553 1.94E-01
AT1G52700 | unknown protein -1.489 1.21E-02 2.379 7.11E-03 0.779 5.87E-01
AT1G13710 | CYP78A5 1.595 6.32E-03 -1.826 1.61E-02 -2.152 2.33E-02
AT3G60270 | unknown protein 1.398 5.42E-03 -1.929 5.63E-03 -1.904 2.04E-02
AT3G61400 | unknown protein 2.455 2.25E-04 -1.315 2.59E-02 -0.974 2.49E-01
AT3G05690 | NF-YA2 2.483 9.23E-06 -1.798 3.01E-04 -1.345 6.08E-03
AT1G72830 | NF-YA3 1.250 5.02E-04 -1.845 3.16E-04 -1.304 8.21E-03
AT1G01380 | ETC1 1.066 1.89E-02 -1.332 3.30E-02 -0.752 4.79E-01
AT5G24860 | FPF1 1.444 7.51E-05 -1.944 8.82E-05 -0.607 8.40E-02
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Appendix Figure A.1. Root phenotyping of clvl mutants. a). Root tip
reorientation of clv1 mutants compared to Ler over a two-hour 90-degree
gravistimulation time course. b). Root gravitropism of c/v7-1 mutant compared to Ler
after two hours of gravistimulation. c) Root growth rates of c/lv? mutants during the
two-hour time course. Mean-and-error plots are shown alongside raincloud plots
indicating individual data points and distributions by genotype. Significant
differences between genotype and condition combinations were determined using
Tukey’s test (p<0.05) following a two-way ANOVA and are indicated by lowercase
letters n.s.: not significant.
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Appendix Figure A.2. Root phenotyping of CLE3 overexpressing lines. a). Root
tip reorientation of CLE3ox lines compared to Col-0 over a two-hour 90-degree
gravistimulation time course. b) Root growth rates of CLE3ox lines during the two-
hour time course. Mean-and-error plots are shown alongside raincloud plots
indicating individual data points and distributions by genotype. Mean-and-error plots
are shown alongside raincloud plots indicating individual data points and
distributions by genotype. Significant differences between genotype and condition
combinations were determined using Tukey’s test (p<0.05) following a two-way
ANOVA and are indicated by lowercase letters n.s.: not significant.
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Appendix Figure A.3. Root phenotyping of atc mutants. a). Root tip reorientation of
atc mutants compared to Col-0 over a two-hour 90-degree gravistimulation time course.
b). Root tip reorientation of atc-4 overexpressing lines compared to Col-0 at the two-hour
time point of the gravistimulation time course under a spectrum of NO3 concentration. c)
Root growth rates of atc mutants during the two-hour time course. Mean-and-error plots
are shown alongside raincloud plots indicating individual data points and distributions by
genotype. Significant differences between genotype and condition combinations were
determined using Tukey’s test (p<0.05) following a two-way ANOVA and are indicated by
lowercase letters n.s.: not significant.
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Appendix Figure A.4. Plasmid maps of ATC reporter constructs. a) pBI101-Hm-
ATC::GFP, b) pBI101-Hm-ATC::GFP-NLS, c) pBI101-Hm-ATC::GFP-ATC. Pnos : NOS
promoter, Twes: rbcS terminator, Patc: ATC promoter, Tnos: NOS terminator, NLS:
nuclear localization signal.
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Appendix Table B.1. List of primers used in Chapter 3

Primer Name Sequence

ACT2-F CTTGCACCAAGCAGCATGAA
ACT2-R CCGATCCAGACACTGTACTTCCTT
EFla-F TGAGCACGCTCTTCTTGCTTTCA
EFla-R GGTGGTGGCATCCATTTCGTTACA
PIN3-F GAGGGAGAAGGAAGAAAGGGAAAC
PIN3-R CTTGGCTTGTAATGTTGGCATCAG
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Appendix Figure B.1. Effect of ATC mutation on PIN2 and PIN7 expression.
a) PIN2::PIN2-GFP expression in wild-type and atc-2 background. b)
PIN7::PIN7-GFP expression in wild-type and atc-2 background. Root tip images

are of 5-day-old seedlings grown on 0.01 mM NO, media. Scale bars: 20 pym.
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Appendix Figure B.2. Root phenotyping of pin3 mutant lines. a) Root tip
reorientation of pin3-5 compared to Col-0 after two hours of 90-degree

gravistimulation on 0.01 mM and 1 mM NOS'media (n=51-59). b) Root growth rates

of pin3 mutants compared to Col-0 (n=51-139). Mean-and-error plots are shown
alongside raincloud plots indicating individual data points and distributions by
genotype. Significant differences between genotype and condition combinations
were determined using Tukey’s test (p<0.05) following a two-way ANOVA and are
indicated by lowercase letters (Supplementary Table S2).
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Appendix Table C.1. List of primers used in Chapter 4

Primer Name | Sequence
TTCTGCCCAAATTCGCGAATGTTGTCATCAGCTAAGCATCAGAG

Nrul-FD-F A

Xhol-FD-R AGTTAAAGGCCTCGAGTCAAAATGGAGCTGTGGAAGACCG

Nrul-ATC-F TTCTGCCCAAATTCGCGAATGGCCAGGATTTCCTCAGAC

Xhol-ATC-R AGTTAAAGGCCTCGAGTCAACGGCGTCTAGCGGC

Hindlll-p35S-F | TATATGTTTGAAGCTTTGAGACTTTTCAACAAAGGGTAATATCGG
GATCGGGGAAATTCGAGCTCTTATTGTTCATTTTTGAGAACTCG

Sacl-Rluc-R CTCAAC

Sacl-Fluc-R GATCGGGGAAATTCGAGCTCTTACACGGCGATCTTTCCGC
TATATGTTTGAACTTCGCGATGTTAATATGTGAATAGCTTATAGC

Hindlll-PIN3-F | AT

Xbal-PIN3-R CCATGGATCCTCTAGACTTGAAGGGACAAAAATGGAAAACC

Ndel-ATC-F GGATCCTCGAGCATATGTCAACGGCGTCTAGCGGC

Ndel-ATC-R CGCGCGGCAGCCATATGGCCAGGATTTCCTCAGAC
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|tet promoter]|

/JT7 terminator|

[AmpR promoter

thrombin site
_6xHis
-~ RBS

~[lac operator

[T7 promoter|

\lacI promoter]

pET15b-6xHis-ATC
6242 bp

b C
M CL FT W E MCLFTW'E_
‘;

e
-
- 8 3
——
-

Appendix Figure C.1. Validation of His-ATC through SDS-PAGE and Western
Blot. a) Plasmid map of pET15b-6xHis-ATC construct. b) SDS-PAGE gel of protein
extraction fractions. c) Western blot of protein extraction fractions probed with the
6xHis-HRP antibody. M: marker, CL: cleared lysate, FT: flow-through, W: wash, E:

elution.
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Appendix Figure C.2. Plasmid maps of pEAQ vectors. a) pEAQ-p35S::FD.
b) pPEAQ-p35S::ATC
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Appendix Figure C.3. Plasmid maps of dual luciferase vectors. A) pB-

p35SQ::RLuc. B) pB-PIN3::FLuc.
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