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Abstract

Enviro nmental stress affects plant development and productivity. Sulfur
deficiency is a key nutrient deficiency that adversely affects crop yield. The model plant
Arabidopsis thaliana has played an informative role in deciphering the mechanisms
involved in sulfu r assimilation, as well as, the response to limited conditions. Using
Arabidopsis thaliana as a model to investigate gene expression in the root, microarray
data sets have beemgenerated. These data sets consist of whole root sections for 6 time
points across 72 hours, and enriched populations of 5 radial cell-types and 4 sections of 3
developmental zones of the root at 3 hrs on sulfur limited conditions . With th ese data it
was determined which cellular tissues and developmental zones were affected most by
sulfur limited conditions. Furthermore, a novel phenotype was characterized that occurs
in roots after growth on low sulfur conditions. Cellular inclusions build up within the

EaUOxOEUOQOwOi wOEUUUI wEOUUPEEOWUOOUWEI

and their composition remains to be determined.
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Chapter 1. Introduction

Overview of the thesis

This thesis presents work whose goal was to characterize gene expression of the
Arabidopsis thalianaroot at the resolution of individual cell-types and developmental
zoneswhen grown under low sulfur conditions. The thesis also describes the discovery
of novel cellular inclusions found in the root when subjected to a low sulfur growth
environment. The thesis is partitioned into the following parts: introduction to the
system and background information (Chapter 1), the analysis of high resolution
transcriptional profiling of cell type and developmental zone data sets (Chapter 2), the
characterization of novel cellular inclusions found in root sections (Chapter 3), and

discussion, future directions , and conclusions of this research (Chapter 4).

The data sets in Chapter 2 have been published and are publicly available in the
OEOQUUEUDxUwl OUPUOI EOQw?" 1 OOw( EIl OUPUawl1i T UOEUOUU
inthi w UEEDE Ox Whdd wak Qublisbed  uDevelopmental CellOctober 2011.

Chapter 3 will be the basis of my first author publication and it is currently in

preparation .

Introduction to the system

Plants are sessile by nature and have adapted mechanisis to confront stress
from both abiotic and biotic sources. Plants contend with these stressful situations via

transcriptional and posttranscriptional regulation, as well as, proteomic and metabolic
1



changes. This leads to growth alterations in above-ground organs (stem, leaves, and
flowers) and in the root system which can be seen macroscopically. In addition to this,
plants may be able to mount a defense against pathogens, herbivores,and oxid ative
damage, and have developed means of detoxifying harmful co mpounds that would

otherwise threaten their survival. (Potters et al. 2007, Hirayama and Shinozaki 2010).

Arabidopsis thalianais well -suited to study the effects of external stimuli on root
development. Its roots are organized into cell files in which their lineage can be traced
back to a set of initials, or stem cells,located at the root tip. The four outer cell layers
have radial symmetry. The initial cells surround a set of non -proliferating cells, the
guiescent center (QC). Theseinitial cells produ ce individual cell files (Figure 1a). The
innermost tissue is the vasculature tissue, which with the pericycle is called the stele,
where water and nutrients are transported between the root and the shoot of the plant.
Adjacent to these cells is the endodemis, a specialized cell type responsible for selective
solute uptake. This cell-type arises from the same initial cells as the cortex layer. The
endodermis and cortex comprise the ground tissue of the root (Nakajima et al, 2001)
The epidermal layer interacts with the external environment and is composed of root
hair and non-hair cells. This cell layer shares the same initial as the lateral root cap
which peels away as the root grows. The root cap, or columella, protects the
meristematic region and responds to gravity altering the direction of growth (Dolan et
al.,, 1993).These 5 cellpopulations represent the basic cell types of the root There are

2



also three developmental phases of the root which represent temporal information based

on distance of displacement of older cells by younger cells and cell morphological

features (Figure 1b).

MATURATION
ZONE

EPIDERMIS

s e
o y\%
R U TN
| Sl 4o
. & ELONGATION
e
/ ZONE

MERISTEMATIC
ZONE

QUIESCENT
CENTER

LATERAL
ROOT CAP -
COLUMELLA

Figure 1. Developmental organization of Arabidopsis roots.

Thus, within the root there is a continuous temporal gradient from newly

synthesized to differentiated cells. The meristematic region houses the QC, the initial

cells, and their progeny which divide rapidly. The elongation zone, adjacent to the

meristematic zone, is where cells begin to expand and increase their size and volume.

The maturation zone contains older cells, found in the upper section of the root, which



have acquired their final cell state. Taken together the simplifying aspects of root
organization reduce a four dimensional spatiotemporal problem into a more tractable

two dimen sional problem, which can be readily addressed (Benfey and Scheres, 2000).

High Resolution Data Acquis ition

FluorescenceActivated Cell Sorting (FACS), invented in the late 1960s, was
created to perform experiments on live cells that were separated from mixed cell-type
cultures based on fluorescence labeling. The fluorescent marker, Green Fluorescent
Protein (GFP) was isolated from the jelly fish Aequoria Victoriaand is commonly used in
FACS experiments (Herzenberg et al, 2002). Capitalizing on these teciques, root tissue
types have been tagged with GFP and marker lines specific to each spatial layer were

generated and roots were protoplasted to prepare the cells for FACS (Figure 2)

(Birnbaum et al, 2005).



GFP-labeled Cell Types Protoplast & Sort Microarrays

Whole-Genome Digital in situ (Birnbaum et al. 2003)

Figure 2: Techniques for microarray analysis of isolated root cell populations.

This technique coupled with microdissection of the developmental zones enables
high resolution profiing of roots . This strategy allowed for the isolation of 19
populations of 15 different radial cell types and 12 longitudinal sectionsto produce a
high resolution expression map of the root (Brady et al., 2007). Similarly, genes
downstream of the SHORT-ROOT (SHR) and SCARECROW (SCR) genes were

identified using these methods (Sozzaniet al.,2010).

Transcriptional Networks and Environmental Stress

The genomic era has led to many fully sequenced species which develop and
interact with the environment in different ways. The ability of these organisms to cope
with their ever -changing environments relies on the complex interaction that occurs

within transcriptional and signaling networks. Thus, the environment plays an active



role in stimulating changes in transcriptional states. Under adaptive conditions, when an
organism is adjusting to new environmenta | factors, the network is dynamic and an
analysis of these changes can provide a large amount of information about the network
(Van den Bulcke et al, 2006) Microarray analysis provides the opportunity to amass
large data sets from which stress responsivegenes can be extracted; and transcriptional
regulators can be tested to determine their downstream targets and position in the stress
response network (Chen and Zho 2004). For example, a glucocorticoidreceptor-
mediated microarray experiment uncovered 8 transcription factors (TF) activated by
NONEXPRESSER OF PATHOGENESISRELATED GENES 1 (NPR1), the transcription
cofactor induced by salicylic acid to activate systematic acquired resistance (SAR) in
Arabidopsis as a result of pathogen invasion. Five of these WRKY TFs were then
confirmed to disrupt NPR1 function and regulate the SAR transcriptional network.
Identification of these nodes validates the use of genomic tools to understand
environmental stress response at the functional level (Wang et al, 200§. Researchers
have used publicly available microarray data sets of whole root and enriched cell type
specific and developmental zone expression profiles to compare multiple stresses to
each other to determine if a universal stress response exists. One group gthered data
from biotic, abiotic and chemical stress regimens from microarrays containing roughly
22,700 probes. Approximately 8,500 were determined to be involved in a common stress

response, while nearly 200 of these genes identified to be associated vth an extensive



number of stresses. Furthermore, there was an additional association with stresses being
specific to certain root cell identities (Ma and Bohnert, 2007). In Arabidopsis, FATTY
ACID DESATURASE 2 (FAD2), along with cis-elements in the promoter was shown to
be involved in both abiotic stress response and phytohormone response (Yuan et al.,
2012). The oxidized lipids 12-oxo-phytodienoic acid (OPDA) and A i-phytoprostanes
(PPA; were connected to detoxification mechanisms and stress response. Expression
profiles from cultures treated for 4 hrs revealed a set of genes that have a similar
response to xenobiotics Comparisons to biotic stress data showed the PPA:1 response
shared an up-regulation of genes with the response toPseudomonassyringae.This led to
the connection of these two oxidized lipids being regulated by TGA transcription factors
which were identified using the TGA triple mutant tga2-5-6 (Mueller et al 2008).

Like pathogen invasion, abiotic stress also invokes a stress response in plars.
The roots of plants are sophisticated organs thathave complex transcriptional networks
that must respond to toxic conditions and nutrient deficits, which are not fully
understood at cell-specific resolution. (Gifford et al, 2008) Additionally, many studies
point to transcriptional stress responses without a comprehensive analysis of the

phenotypic changes that occur under these conditions.

The Phenome Project

The goals of the Phenome Project were ¢ i) classify the broad phenotypic effects

occurring under multiple environmental stimuli and ii) generate high resolution



transcriptional profiles of a core set ofstresses affecting Arabidopsis roots . Twenty -eight
abiotic stresseswere tested by removing individual nutrients as well as adding toxic
compounds. Growth media includ ed high salt, high pH, cadmium toxicity, and drought
simulation (Table 1). ®edlings were scored four times over 11 days while confocal
microscopy was performed twice dur ing this time. The effect of each abiotic stress was
scored on a three point scale, where zero designated noeffect, one was a moderate
effect, and two was a severe effect on that phenotype. Forty-one phenotypes were
ultimately documented (Table 2). Preliminary results of the phenotype associated with
sulfur defici ency, as well asits relevance to agriculture led me to decide to investigate it
in relation to regulatory networks in Arabidopsis roots.

This study, in addition to others, h ighlights how FACS coupled with microarray
analyses can be utilized to study how environmental stimuli affect different cell -types
and developmental zones. Furthermore, the Benfey lab continues to utilize this method
of transcriptional profiling for research involving cell fate specification, root

development, and building transcriptio nal networks.



Table 1: Nutrient list for Phenome Project.

Sodium Chloride stress (+NacCl) and iron deficiency (t Fe) were used to determine
cell-type specific and developmental-zone specific responses to different types of
environmental stimuli. In this study, transcriptional profiling was performed for a
whole root time course, 6 cell-types and 4 longitudinal zones. The +NaCl and t Fe data
sets confirmed the hypothesis that an increase in differentially expressed genes occurs
with i ncreased cellular resolution via cell-type population enrichment. They differ ed in

the length of time it takes for maximum differential gene expression to peak in the time

Type of nutrient |Nu_trient MS constituent
Primary N Ammonium nitrate (NH4NO3)
potassium nitrate (KNO3)
P Potassium phosphate monobasic (KPO4 H20)
K Potassium iodide (KI)
potassium nitrate (KNO3)
Potassium phosphate monobasic (KPO4 H20)
Secondary Ca Calcium chloride anhydrous (CaCl2)
Mg Magnesium sulfate (MgS504)
S Cupric sulfate (CuS04)
Ferrous sulfate (FeS04)
Magnesium sulfate (Mg504)
Manganese sulfate H20 (MnSo4)
Zinc sulfate 7H20 (ZnS04)
Micro-nutrients Ee Ferrous sulfate (FeS04)
[Mn Manganese sulfate H20 (MnSo4)
Zn Zinc sulfate 7H20 (ZnS04)
Cu Cupric sulfate (CuS04)
B Boric acid (H3BO3)
Iin'lo Ith:)lybdic: acid (sodium salt) 2H20 (Na2Mo04)
Cl Calcium chloride anhydrous (CaCl2)
Cobalt chloride (CoCI2)
Others Co Cobalt chloride (CoClI2)
I Potassium iodide (KI)
In addition: Cadmium, salinity, drought, Mn toxici H and sucrose tested

9




course experiments (1hr for +NaCl, 12hrs for -Fe). The cortex layer and the elongaion
zone had the most differential expression in the +NaCl data set versus the stele and the
maturation zone for the ¢+ Fe data set. This showshat the cell-type response is dependent
on the stress. Mutants in epidermal patterning were used with salt stress to determine
how developmental pathways regulate the salt stress response and 4 sets of genes were
found whose differential expression was controlled by correct patterning of this cell -
type (Dinniney et al. 2008).

Table 2: Phenome screen questionnaire.

[Cellular organization of roottip (confocal) IRoot hair development [shoot development
Is the QC disorganized? |s the root twisted? |s the shoot chlorotic
Is the size ofthe elongation zone increased? |Are the hairs longer than normal? |s there excessive anthocyanin?
Is the size ofthe elongation zone decreased? |Are the hairs shorter than normal? |Are the leaves darker green?
Is the size ofthe meristematic zone increased? |Are the hairs ecessively and consistently branched? |s germination reduced?
Is the size ofthe meristematic zone decreased? lAre the hairs swollen? |s true leaf emergence slowed?
Is the radial organization of the root affected? Is hiair placement altered? |s the size ofthe shoot decreased?
Is there precocious 2nd cortex formation? |s hair development suppressed? |s the size ofthe shootincreased?
Is the root cap affected? |Are there wavy hairs? |Are leaves less hyponastically curved?
Lateral root development lAre there ectopic hair cells? |s there less anthocyanin in the hypocotyl?
Is lateral root initiation suppressed? IRoot growth and shape |s there |less anthocyanin in the shoot?
Is lateral root initiation activated? |s root growth inhibited? |s there more anthocyanin in the hypocotyl?
Is lateral root outgrowth suppressed? |s growth accelerated? |s there more anthocyanin in the shoot?
Is lateral root outgrowth activated? Does the root tip bend upon transfer? s the shoot darker green?
|s there excessive waving? |s true leaf emergence slowed?
|s there radial swelling? |s hypocotyl elongation decreased?
|s there radial shrinkage? |Are leaves more hyponastically curved?
|Are the roots very straight? |s the shoot more compact?
IAre the plants dying?
JAre there necrotic lesions?
|s trichome development suppressed?

The cell-type specific and developmental zone data sets of these twostimuli were
then compared with two additional stresses, low pH and low sulfur. This analysis
reinforced the concept that transcriptional stress responses are cdktype specific and
somewhat unique to each stress, and that roots respond differently spatially and
temporally to different stresses. The report also confirmed previous findings that there is

a subset of genes involved in a common stress response which cae from analyzing

10



whole root data from 14 stresses and finding that half of these share common genes
regulated by induction of stress (lyer-Pascuzzi et al. 2011).However, there was no

universal response, common across all stresses.

Sulfur Assimilation in  Arabidopsis

Plastids are the organelle that performs sulfate reduction after acquisition of
sulfate from the soil. Key points in the assimilation process are activation of sulfate to
i OUOWE E| ®ivsphodulfaiekAPS) by ATP sulfurylase (ATPS), and its subsequent
reduction by APS reductase (APR) into sulfite which is then further reduced into sulfide
by sulfite reductase (SiR) (Bick and Leustek, 1998).An alternative exists for APS at this
step where it can undergo phosphorylation and proceed in the suOi EUDOOwxUOETI UUuw
x| OUx1 OE E |-ghésphbsOifateu®APS) Mugford et al., 2009). Otherwise, cysteine
is produced by the integration of sulfide with O -acetylserine (OAS) (Bogdanova and

Hell, 1997) (Figure 3).

11
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Figure 3: Schematic of Sulfur Assimilation in Arabidopsis.

Cysteine is a sulfur-containing amino acid and plays a vital role in protein
regulation . It is incorporated into glutathione which acts as a redox buffer, a signal for
sulfur assimilation, and acts as a storage form of reduced sulfur (Leustek et al, 2000). It
is also a substrate for the production of methionine which is synthesized through
multiple steps culminating in the methylation of h omocysteine by methionine synthase
(Hell and Wirtz, 2011). Additionally, sulfur is incorporated into Coenzyme A which
catalyzes many reactions such as the cascade reaction leading into the TCA cycle (Hesse

et al, 2007).

Sulfur Transport and Regulation in Arabidopsis

Sulfur is generally taken up by plants as sulfate by the root system; this transport

must be coordinated throughout the entire plant. Twelve transporters have been
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identified and grouped by phylogenetic relationships (Hawkesford, 2000; Buchner et al,
2004) Group 1 has three transporters. SULTR1,1 and SULTR1,2 ee high affinity

transporters that co-localize to the root hairs, epidermis and cortex layers of the root
(Shibagaki et al, 2002; Yoshimoto et al. 2002) These transporters are regulated by the
internal sulfur levels within the plant at both the mRNA level and posttranscriptional

level (Yoshimoto et al., 2007) Furthermore, for transcriptional regulation of SULTR1,1
to take place, upstream phosphorylation/dephosphorylation of the protein must occur
(Maruyama -Nakashita et al, 2004).SULTR1;3is also a high affinity sulfur transporter. In

RT-PCR experiments its mMRNA was detected in both shoots and roots and localization
of the translational fusion with GFP in transgenic plants was visualized in the phloem,
which transport s sulfate from shoots to roots, in the cotyledons, as well asin roots and
the hypocotyl (Yoshimoto et al, 2003) In Group 2, SULTR2;2 is a low affinity
transporter. Its promoter was fused to GFP and expression was also detected in the
phloem. The localization of SULTR2;1, also a low-affinity transporter, was elucidated
using the promoter fusion b B U fglucironidase. Expression was localized in the root
xylem parenchyma and pericycle cells and in the xylem parenchyma and phloem of
leaves(Takahashi et al, 200Q. In Group 3, SULTR3;1 was recentlylocalized using a GFP
fusion to the coding region. The transporter localized to chloroplasts (Min -Jie Caoet al,
2012) SULTR3;5 was determined to cclocalize with SULTR2,1 in the phloem of roots,

and is a low-affinity transporter (Kataoka and Hayashi, 2004). Two transporters,
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SULTR4;1 andSULTRA4;2 are esponsible for sulfate transport in and out of the vacuole
where sulfate reserves are stored (Katoakaand Hayashi, 2004).

In addition to the regulatory mechanisms already described regarding
transporters, there are other means of regulation of sulfur in A rabidopsis. SLIM1, a
member of the ETHYLENE-INSENSITIVES-LIKE3 (EIL3) family, is a transcription factor
identified in a mutant screen using the promoter of SULTR1;2, a low affinity sulfur
transporter which is induced under sulfur limitation . sliml seedlings are deficient in
sulfur uptake, thus, SLIM1 appears to be a transcriptional regulator of sulfur uptake in
Arabidopsis (Maruyama-Nakashita 2006). SLIM1 also induces the MiRNA -395 loaus
which is localized to both shoots and roots in Arabidopsis and has asone of its targets
SULTR2;], the low -affinity sulfate transporter (Kawashima et al 2009, Takahashi 2000,

Katoaka 2004).

Omics Studies of the Sulfur Pathway in Arabidopsis

The body of experimental results regarding sulfur assimilation and response to
sulfur deprived conditions has led to an understanding of the system as a whole.
Regulation of gene expression within plants is a complex coordinated activity that is
necessary to control processes such as development, plant defense, and stress responses
(Singh et al, 1998) Transcriptional regulation is mediated by TF binding to the
regulatory elements of genes and activating or repressing the activity of that gene.

Macroarray and microarray studies have generated a large number of genes regulated in

14



the sulfur pathway. A transcriptome and metabolic study of 6 to 13 days old plants
exposed to sulfur deprivation shows activation of genes involved in sulfur transport,
flavonoid biosynthesis, R2ZR3 MYB transcription factors, nitrilase (which catalyzes the
degradation of glucosinolates), glutathione S-transferases, and genes induced by auxin
and jasmonic acid (Nikiforova 2003). This study also reports a decline in total sulfur,
glutathione and cysteine and an increase in serine, O-acetylserine (OAS) and
tryptophan. In three-week old Arabidopsis seedlings that were subjected to sulfur
deficient conditions for 48hrs and treated with OAS in leaves and shoots, profiling
revealed regulation of genes responsive to the OAS stimulus. These included sulfur
transporters, genes involved in pathogen resistance, abiotic stress response,
photosynthesis, protein degradation, jasmonic acid responsive genes among others
(Hirai 2003). Further, it was determined that supplementation of OAS significantly
increased root OAS, GSH, and cyseine content. Additionally, in the same year, research
was published on macroarray experiments performed on Columbia -0 (COL-0) and the
sel-10 T-DNA insertional mutant in the Wassilewskija (Ws) accession line for 12 to 13
days under varying conditions, incl uding transfer experiments from high to low and
low to high sulfate for 24 hrs (Maruyama-Nakashita et al. 2003). The sell0 mutant is
defective in SULTR1;2 function, thus; genes responding to its absence in tandemwith
the response to the various treatments could be assessed. Roots showed an up

regulation of sulfate transporters SULTR1;1 and SULTR2;1, as well as, APR2vhich is
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involved i n the assimilation process. Additionally, glucosinolate synthesis genes were
up-regulated in roots along with a putative i soflavone reductaselike gene which also
was found in the aforementioned study by Nikiforova. Furthermore, in the root,
glucosinolate degradation genes showed significant down -regulation while genes
involved in oxidative stress and jasmonate production wer e up-regulated in leaves. The
sel-10 mutants also exhibited a significant reduction of sulfate and GSH in leaves and
roots and of methionine in leaves. Additional studies applying the integration of high
throughput transcriptional data and metabolomic anal ysis have begun to illustrate the
complex connections between genes, metabolites, hormones, and interactions between
sulfur and other nutrients ( Nikiforova et al. 2004, Saito 2004, Hirai et al. 2005, Amtmann

and Armengaud 2009, Hoefgen and Nikiforova 2008).

Importance of Sulfur to Human Health

Humans and other mammals are unable to synthesize the sulfur containing
amino acid, methionine, and therefore, must obtain this and other sulfur -containing
compounds from food resources. Sulfur deficiency has been implicated as a risk factor in
human disease and verified as necessary for high quality crop yields. Elevated cysteine
UOwUUOI EUI wUEUPOUwWI EYT wET T OwET U1 EUI EwbOwxEUDI ¢
motor neuron, and cardiovascular disease (Heafield et al 1990; Ingenbleek 2009). The

acquisition of sulfur from plants is unable to satisfy the nutritional need in humans

(Hung et al. 2002). Thus, disease prevalence is high in areas and individuals thatpractice
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a vegetarian lifestyle (Ingengleek and McKully 2012).

Sulfur Deficiency

Sulfur is an essential plant macronutrient. Restrictions of industrial emissions of
sulfur into the atmosphere have resulted in a scarcity of sulfur availability in
agronomically important soil (Saito 2004). Therefore, understanding how plants absorb
sulfur is important from an agronomic perspective. Due to the essential role of sulfur; a
deficiency creates a cascade of events that impair processes of plant developmentHesse
2007 There is a decrease in lipid and chlorophyll production, as well as an overall
reduction in plant growth (Nikiforova et al, 2005). Disease resistance is inhibited due to
decreased production of glutathione, glucosinolates, and sulfurous gases (Bloem et al,
2004).

Numerous genomic, metabolomic, and proteomic studies have identified many
of the genes and biological functions regulated by sulfur (Hirai and Saito 2004). In crop
production, sulfur deficiency has been of growing concern over the past few decades.
Soil samples in India reveal a deficiency in sulfur between 73% and 95%. It is also a
major problem in Europe and the United States (Haneklaus et al 2007, Kost et al 2008). In
many of these areas there are three possible causes of this deficiency) the reduction of
sulfur containing gases from industrial emissions, ii) soil leaching and iii) the reduction
of sulfur containing fertilizers (McGrath and Zhao, 1992) Therefore, there have been an

increasing number of studies to identify and understand the sulfur assimilation pathway
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in plants and the effects of short and long term sulfur deficiency.

Response to Sulfur Limiting Conditions

The phenotypic and morphological changes that exemplify the pleiotropic
cascade of events in response to sulfur limiting conditions have been well established

and documented (Figure 4). As sulfur limitation proceeds, developmental processes

become increasingly impaired (Hesse 2007). The effect of sulfur has been shown to occur

in phases at the transcriptional and metabolic level. An early response corresponds to

the initial induction of the stress. A secondary response occurs after prolonged exposure

to sulfur deficiency. ( Nikiforova , 2008) The interval between these responses coincides

with modification of transcriptional activity (Amtmann and Armengaud 2009).
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Figure 4: Response to sulfur limitation over time in Arabidopsis.
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Sulfur deficient plants also undergo a complex reorganization of metabolites in
an effort to return to a sufficient level of homeostasis (Nikiforova 2005). Upon
germination, plants deprived of sulfur have a slower stress response compared to those
that are transferred from sufficient to insufficient conditions, which exhibit only a small
fraction of significant changes in metabolite concentrations. (Nikiforova, 2003, 2005).
There is a decrease in lipid and chlorophyll production, and an overall reduction in
plant growth, and lateral root growth (Kutz et al. 2002, Nikiforova et al, 2005). Disease
resistance is also inhibited due to decreased production of glutathione, glucosinolates,
and sulfurous gases (Bloemet al, 2005). Chlorosis of leaves, stunted growth, and lateral

root initiation all become evident after long term sulfur deprivation.
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Chapter 2 . High Resolution Transcriptional Profiling of
Arabidopsis Roots Grown in Low Sulfur Conditions

Introduction of the Experimental Approach

The data presented hereevaluates geneexpression in response to low sulfur (¢S)
at cell-type and developmental zone specific resolution. The rationale of this approach
resides in the spatial organization of the root into radial cell files that proliferate from
the root apex, elongate, and mature into differentiated cell types, which also provides
temporal data.

Preliminary data was gathered through atime course (TC) experiment on wh ole
roots to capture the initial changes in gene expression and maximize the number of
significant differentially expressed genes The time course was performed at 0, 3, 12, 24,
48, and 72 hours (hrs). These time points were choserbecause microarray profi les of
whole roots under ¢S conditions have been performed by multiple investigators. An
PAtgen Express? data set, which was employed as a comparison, used 02, 4, 8, 12,and,
24 hr time points (http://arabidopsis.org/servlets/TairObject?type=expression_set
&id=1007967006. Microarray results have been published that focus on 6, 10, and 13
days of constitutive and induced ¢S conditions (Nikiforova et al, 2002). Another
investigator grew plants for 3 weeks before transfer to ¢S conditions for 48 hrs
(Maruy ama-Nakashita et al, 2003). It is of interest to be able to comparehis data set to
similar data sets and to build on this body of information . In addition , the 72 hr time

point had yet to be studied in roots for -S response andthus could provide new insights
20



into the response.

The results of the time course revealed that the 3 hr time point provided the
largest set of differentially expressed genes and was used for the radial and
developmental zone data sets. Also comparisons with the AtGen Express data verified
that our experimental conditions were activating sulfur -responsive genes.

Cell sorting of GFP marker lines for each cell type was used to enrich
populations of the radial cell -types. The radial data set consists of 5 cell types: columella,
epidermis, cortex, endodermis, and stele. These cell types were sorted using GFP

markers lines: PET111, WER, CORTEX315, SCR, and WOL, respectivelfFigure 5).

Figure 5: Confocal imaging of 5 cell -types used for cell sorting.

The developmental zone data set was produced by microdissecting 4 sections
from the root meristematic, elongation, and matur ation zones (Figure 6). The sections
were taken by cutting the roots with a micro razor while viewing under a dissecti ng

microscope.
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Figure 6: Micro -dissections of root developmental zones.
Whole Root Time Course Data Analysis

To determine a time point to conduct cell-type and developmental zone
expression profiles a time coursewas performed on 5 day old whole roots at O, 3, 12, 24,
48, and 72hrs of growth under +S conditions. Pair-wise comparisons using a mixed
model ANOVA and threshold cut -offs of a g-value of 104 and 1.5fold difference as
compared to the 0 time point were performed. We used these criteria to identify
differentially expressed genes from all of our data sets.

The whole root time course analysis produced a total of 823 genes that met

statistical criteria to be considered significantly differentially expressed . The next step
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was to interpret the expression patterns of these genes over time. D this end, a
dendrogram was produced to visualize the transcriptional changes (Figure 7). This
heatmap is color coded orange for genes that are activated while blue represents
repression of gene expression.Black represents the median value across the expression
data. The heatmap also shows the relationship between geneswith distantly related

patterns having a greater number of branches and being farther apart. The cluster
pattern produced here indicates that there are dramatic changes in geneexpression at
the early time points. We also see the first evidence of a secondary and delayed wave of

expression occurring after a few days of sustained sulfur limiting conditions.
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Figure 7: Heatmap of whole root time course.
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Of these 823 statistically significant differentially expressed genes, there were 439
unique genes in the data set. In other words, many of these genes appear h the data set
more than once. These genes were then compard to the AtGen Express Data of similar
expression analyses of roots grown in ¢S conditions. The AtGen Express time course
used 0, 2, 4, 8, 12, and 24hr time pointsand identified 766 unique genesthat were
differentially expressed. From the comparison of the TC data with the AtGen Express,
148, or 13.8%o0f the genes are shared by both data setgFigure 8). This low number of
intersecting genes is possibly due to the initial normalization of the data sets together.
Furthermore, differences in the time points assayedand experimental conditions may

have had an effect on the results.

439 genes 766 genes

AtGen
Express
-S Data

620

Figure 8: Venn diagram of low sulfur data sets.
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Despite the low overlap in significantly affected genes, the genes that are
common between the two data sets were informative . It was necessary to compare
similar time point s to each other. Each data set utilized 6 time pints, yet the Atgen
Express time points were all within 24hr as previously mentioned. The time course
performed here also utilizes 48hr and 72hr samples. Therefore these latter time points
were eliminated from further analysis as w ere the 2 hr and 8 hr results from AtGen
Express. Theprimary difference in the data sets was now a 1hr difference between 3hrs
and 4hrs which we decided to include in the remaining analysis. First, heatmaps were
generated to create expression profiles of the data in order to determine if there were
any obvious patterns. Heatmaps were created either using an automated clustering
algorithm or without clustering . In the latter case, the genes were arranged in gene
identification order (Figure 9). First, we clustered both data sets using Pearson
correlation followed by hierarchical clustering. The MeV program generates a clustered
heatmap but also stores the data as it was originally inputted and supplies a
dendrogram of it. Once the clustered heatmap is produced, the user can manipulate the
number of nodes to further organize, dissect, and analyze the data. Here the nodes are
the lavender triangular shapes that peak at a branch and the base joins the heatmap to

cover the regions of data selected to contain closely related information.
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Figure 9: Heatmap of shared genes from low sulfur data sets.

In Figure 9, the heatmaps to the right are the AtGen Express expression profiles
and those on the left are from my research. The top panel was created using the
automated clustering and lower panel was without clustering. The data from these
results are interpreted as being more similar than different. In Figure 9a, where
clustering was utilized , the arrangement of the patterns for each time point are not

identical but this can be attributed to the clustering which is evident not only from the
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pattern of the heatmaps but also from the branching. The AtGen Express heatmap
appears to have a greater amount of variation and discontinuity compared to the profile
| generated. An alternative interpretation, which | favor, is that the plants in each
experiment responded very differently during the first 12 hours of sulfur limiting
conditions. After four hours of deprivation, for the AtGen Express experiment, the effect
on transcription is mild and a large number of genes have yet to respond to the stress
conditions. The major response is not apparent until the 12hr time point. On the other
hand, the response was immediate and drastic within 3hrs in my data set. 90 percent of
the genes reacted to the change in the environmental conditions 9hr prior to the AtGen
Express datawhich peaked at 12 hours. By this time, the roots have begun to adapt to
the conditions in my experiment and expression is beginning to return to pre -stress
levels. Remarkably, after this very different initial reaction to the deficient conditions, by
the 24 hour time point gene expression in both experiments is very similar. My
interpretation is based on personal observations in the laboratory of the health,
hardiness, and longevity of seedlings grown on low sulfur media. Phenotypic variation
is commonly observed.

After reaching this conclusion, it was of interest to inspect the data without the
clustering to see if there was a delayed pattern that was visible since the gene
arrangement of both data sets would be identical. The zero hour time point was

exceptional and it is easy to tell that the banding is practically the samein both profile s.
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Thus, the root systems were developing the same under normal conditions. It must be
remembered that black is not the lower limit of this analysis but it is the median of the
expression data rendering it neutral or at most trending in one direction or the other. At
12 hours after exposure it appears that my data set is just as active as it was at 3 hoursn
this representation, and it is, but it is no longer obvious that all active processes ae now
repressed and previously down -regulated genes have been extensively induced The
advantage of this arrangement is the ability to follow the transition of genes across the
time course on both heatmaps. These genes form bands of the colors represent if they are
activated, repressed, or relatively neutral. The banding patterns they create show that
specific genes are behaving in the same way. The response of my experiments have been
so severe that the banding pattern at three hours consists of bands from the 3 hourand
12hr time point in the AtGen Express heatmap. At 12 hours, when their gene response
peaks, it is also clear that my data set is rebounding from the initial shock. The remnants
of genes that are still recovering can be seen and matched tadhe gene expression in that
data set. Therefore it seems the only difference is that one experimental procedure
produced an early response that quickly altered its transcriptional state and remained
relatively at low level of transcriptional activity for over twelve hou rs versus responding
gradually and after multiple hours of sustained stress. Similar genes were involved in
both cases and by 24 hours the situation was the same in both experiments.

The banding patterns revealed through the expression analysis were very
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revealing and informative but little was known about the function of the genes that
these data sets fad in common. It was unknown what role, if any, these genes played in
sulfur deficiency. The set of gene identification numbers for the 146 genes shared vith
the AtGen Express data set were processed to determine the gene ontology annotations
for enriched processes Table 3).

Table 3: Gene ontology of low sulfur data sets.

sulfate assimilation -4.15900422
iglutathione transferase activity -4.934451054
|tryptophan catabolism -4.313386466
sulfate transport -5.967833493
alanine-glyoxylate transaminase activity -5.875472577
toxin catabolism -5.037284081
indoleacetic acid biosynthesis -5.480518857
camalexin biosynthesis -5.875472577
sulfate transporter activity -5.667937708
glucosinolate biosynthesis -6.334286875

The gene ontology results further validate that the experim ental procedures
effectively promotes sulfur deficiency and induces sulfur responsive genes. As a final
measure to ensure the genes from the comparative analysis behaved in the same

manner, genes that are down-regulated in the AtGen data set were also down-regulated
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in mine. We determined which genes in the data set were associated with many of the
GO categories in Table 3, in addition to a few other genes that fell just short of qualifying
for statistical enrichment. Once these genes were determined we reurned to the
expression data toplot the results Figure (10).

The collection of graphs that make up Figure 10 provide that last piece of data
needed to move forward with the rest of this project. These graphs represent 6 groups of
genes identified from GO annotations. They are Sulfur Transport and Assimilation,
Phenylpropanoid Derivatives, Glucosinolate Biosynthesis, Stimulus Response, Alanine:
glyoxylate aminotransferase 3 Activity, and Photosystem Subunits. For each of these
groups two graphs are listed. The graph on the left is of mean expression values from
the AtGen Express data and on the right the same type of results from the work
performed here. These graphsvery clearly show similar trends in gene expression and
provide substantial evidence in sup port of my earlier interpretation of the clustered and
unclustered heatmaps. It is noticeable in genes from each graph except the one for

Glucosinolate Biosynthesis.
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Figure 10: Graphs comparing expression data from low s ulfur data sets.

Following verification of the experimental procedures it was necessary to further
analyze the results of the whole root time course experiment. There were a number of

key questions | wanted to answer from the analysis of this microarray data set My
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intent was to ask these same questions across the data sets being generated. First |
looked at the data set as a whole and determined the total number of differentially
regulated genes. In this case it is the total number from all of the time points which we
have already established as being 823 genes. Bixt, | listed the number of genes for each
time point. Then | determined if the genes in each time point were up -regulated or
down -regulated (Figure 11). Here, we see that the response from the renoval of sulfur
for the environment was severe in the early hours of the experiment but there is a
marked decline and a period of low activity within 24 hours. The data suggest the
beginning of a second wave of transcriptional activity by the end of the ti me course.

This bimodal response has beenmentioned in the introduction .
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Heatmaps of the GO categories enriched across tlese data were created from the data
compiled in Figure 11 (Figure 12). An interesting point in Figure 1la is that the
enrichment of sulfur assimilation and transport is no longer significant. This may be due

to a larger data set being used where other processes affected by sulfur limitation are
pronounced across a greater number of genes. It is of importance to mention that sulfur
related GO categories were enriched but the significance decreased slightly compared to
the smaller data set used earlier which disqualified it from being significant when a |l
genes were combined. Still it appears abundantly in the list of up-regulated go
categories in figure 12b. The combined lists in Figure 12a suggest very little is occurring
between 3 and 72 hours, which is why it is important to uncouple the genes and di vide
them into activated and repressed genes as well to further elucidate the activities that

are being lost to noise.
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Figure 12: Whole root time course data set heatmaps of gene ontology.

| also determined the number of transcription factors, in the same manner
(Figure 13) with the goal of identify ing novel developmental regulators in order to
assemble and understand transcriptional networks. The numbers of transcription factors
expressed across the time course were similar © the expression pattem of all of the
genes in the experiment. We did not find the SLIM1 regulator of sulfur transport in the
data set. This is most likely due to the timing of the experiment as it was probably

activated earlier than 3 hrs.
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Whole Root Transcription Factors
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Figure 13: Whole root time course data settranscription factor overall totals.

Following the analysis of the overall number of genes differentially expressed |
wanted to determine the genes that were specific to eachtime point. To do so, |
compiled lists describing the number of genes that were specific to a data point and
manner in which they were regulated under ¢S conditions (Figure 14). There were 265
genes that were unique to a particular time point. Of these 266 genes 81% were found at
3hrs, 7% at 12hrs, 2% at 24hrs and 48hrs, and 8% at 72hrs
Then | determined how this related to transcription factors. The TC data set had a total
of 61 TFsdifferentially regulated with 25 being specific to the 3hr time point and 1 at
48hrs. Of the 61 TFs, 16 were uncharacterized and have T-DNA insertion lines available.

I summarize the results in each section before continuing to the next part of the analysis
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(Table 4).

Whole Root Time Point Specific Gene
Expression
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Figure 14: Whole root time point specific totals.
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Figure 15 Whole root time point specific transcription factor totals.

Table 4: Overview of whole root time course data set differentially expressed

genes.
Time Point _ |Time Point Total [Up Regulated  |Down Regulated  [Time Point Specific _[Transcription Factors
3HR 359 168 191 215 37
12HR 162 57 105 19 11
24HR 86 43 43 5i
48HR 89 5] 38 4
72HR 127 52| 75 22
All HR 823 371 452 265 61

With these results the 3hr time point was chosen to conduct the radial cell-type

and developmental zone specific analyses

Radial Data Set Analysis

Fluorescence activated cell sorting of GFP-labeled marker lines allows for cell -
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type specific resolution of gene expression in the root of Arabidopsis. For this analysis 5
marker lines were used to sort columella, epidermal, cortex, endodermal, and stele cells
independently. Our hypothesis was that enriched populations of cell -types will reduce
the level of noise associated with mixed populations and; thus, reveal differentially
expressedgenes important for response to this abiotic stress This approach has already
been proven in the lab to generate much larger data sets compared to whole root
experiments.

We do, in fact seea large difference in the overall number of significant genes in
the cell-types with thousands of genes being represented (Figure 16).The epidermis was
the most responsive radial zone cell-type followed by the cortex. The columella had
approximately 150 fewer differentially regulated genes than the cortex The endodermis
and stele had far fewer, a greater than 50% reduction in the number of significant genes

The minor increase of the down -regulation of genes seen in the whole root data setis
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Cell-Type Differential Expression
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Figure 16: Radial cell-type data set overall totals.

magnified in the radial zone data set.

GO Category enrichment of these celltypes begins to reveal the effect on cellular
processes and how the root manages dealing with the stress situation (Figure 17).
Translational processes are heavily affected in theepidermis and cortex. Besides this
association and a few other incidents, the response of each celtype is mainly unique. As
the epidermis by far down -regulates many processes the remaining cell types actively
regulates the up and down-regulation of processes. Sulfate is being actively

redistribu ted in many cell-types and assimilation is active as well.
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Figure 17: Radial cell-type data set heatmaps of gene ontology.

47




The columella has the geatest number of transcription factors affected followed
by the epidermis and decreasing with each internal cell-type in relation to the external
environment (Figure 18).

The analysis of these five celttypes reveals the hierarchy of tissue response in he
root (Figure 19). The transcriptional response to t+S conditions is greatest in the outer

layers and decreases wih each successive celtype further into the root.
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Figure 18 Radial cell-type data set transcription factor o verall totals.
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Figure 19: Schematic of differential gene response in radial cell -types.

There were 23 genes differentially expressed in all of the cell types including
sulfate transporter 4.1 (SULTR4;1), 5'adenylylphosphosulfate reductase 2 (APR2), ATP
sulfurylase 3 (APS1), glutaredoxin, 3 TFs, and 7 unknown or unnamed proteins (Table
5). These shared genes are consistent with theknown sulfur deficient stress response in
Arabidopsis. These categories reveal the activation of sufur assimilation genes, response

to oxidative stress and transcriptional regulation.
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Table 5: Annotations of genes differentially expressed in all cell

-types.

At2g34660/ABCC2_MRP2_multidrug resistance-associated protein 2
At3g10500/anac053 _NAC053 NAC domain containing protein 53
At1g62180/APR2_5'adenylylphosphosulfate reductase 2
At3g22890/APS1 ATP sulfurylase 1
At5g57920/AtENODL10_ENODL10_early nodulin-like protein 10
At1g10170/ATNFXL1_NFXL1_NF-X-like 1

At2g24500|FZF_Zinc finger protein 622

At1g77370|Glutaredoxin family protein

At5g07860|HXXXD-type acyl-transferase family protein
At5g47110|LIL3:2_Chlorophyll A-B binding family protein
At5g41560|molecular_function unknown
At4g32260|PDE334_ATPase, FO complex, subunit B/B', bacterial/chloroplast
At2g43500|Plant regulator RWP-RK family protein
At1g12810|proline-rich family protein
At3g22680RDM1__RNA-DIRECTED DNA METHYLATION 1
At5g13550|SULTR4;1__sulfate transporter 4.1

At1g05560

UGT75B1_UDP-glucosyltransferase 75B1

At3g11340

UGT76B1_UDP-Glycosyltransferase superfamily protein

At5g14690

unknown protein

At3g32930

unknown protein

At3g12870

unknown protein

At3g02640

unknown protein

At2g31090

unknown protein

Cell sorting of these cell-types recovered a total of 5767 sulfur deprivation -
responsive genesthat are cell-type specific (Figure 20). The epidermis had the largest
percentage of these genes, 38 %, followed by 27% for the columella, 24% for the cortex,

9% by the endodermis, and only 2% were found in the stele.
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Figure 20: Radial cell -type specific totals.

The total number of significant TFs was 329. Of these 329 TFs, 45% were from the
columella, 30% epidermis, 16% cortex, 6% endodermis, and 3% were in the steléFigure

21).
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Figure 21: Radial cell -type specific transcription factor totals.
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We then looked at the GO Categories represented by these celtype specific
genesto determine the types of genes that are overrepresented in each cell layer(Figure
22). Overall, only two processes have specific genes grouped into the same category

(Figure 22a). The columella and epidermis both have 5
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Figure 22: Radial cell -type specific gene ontology.

categoriesof up-regulated specificity, and the other only have one or two that are
significant (Figure 22b). As for down -regulated GO categories, again the epidermis
dominates and dwarfs the other cell-types with a wide range of biological processes

affected.
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