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Dissecting DNA Damage Responses in Arabidopsis: A High-Throughput
Sequencing Approach

Introduction
1.1 Mutation and the DNA Damage Response
Cells are continuously bombarded with mutagens, both endogenous and exogenous in
origin. Endogenous sources include reactive oxygen species (as by-products of aerobic
respiration and heavy metal oxidation during Fenton reactions), DNA polymerase
replication errors (10-6 – 10-7 per base pair replicated), spontaneous deamination and
depurination of DNA bases, and DNA strand breaks caused by abortive topoisomerases
[1, 2]. Exogenous mutagens include UV- and ionizing-radiation, aflatoxins, and
polycyclic aromatic hydrocarbons (e.g. compounds found in diesel exhaust and cigarette
smoke). As a result, tens of thousands of pre-mutagenic DNA lesions are created every
day. Lesions can pose an impediment to DNA transcription and replication that may lead
to further mutation or cell death if the cause of stalled nucleotide synthesis is not
removed or bypassed by DNA damage response mechanisms [1]. Damaged DNA can
lead to DNA single-strand breaks (SSBs) and DNA double-strand breaks (DSBs).
Importantly, accumulated DNA lesions become fixed as mutations, which antagonize
genome fidelity and may increase risk of cancer development. DNA damage impedes the
accurate passage of genetic information from progenitor to offspring. DNA repair and
damage tolerance mechanisms, collectively called the DNA-damage response (DDR),
exist within cells to prevent the accumulation of potentially hazardous DNA lesions.
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To maintain genome stability, DNA repair systems must be able to handle diverse types
of damage. This is done through several, distinct repair pathways. Mismatch repair
(MMR) corrects base-base mismatches and insertion/deletion loop-outs that are created
during DNA replication and remain uncorrected after the polymerase proofreading [3].
MMR also antagonizes homeologous recombination, which, if left unchecked, results in
gene conversion or non-reciprocal crossover. Nucleotide excision repair (NER) repairs
bulky or helix-distorting base lesions, such as cyclobutane pyrimidine dimers (CPDs) and
pyrimidine [6-4] pyrimidinone dimers induced by UV exposure, as well as DNA crosslinks and certain kinds of chemically damaged bases [4, 5]. Base excision repair
complements NER by correcting smaller, non-helix-distorting lesions and repairing
abasic sites [6]. Occasionally, DNA damage is tolerated and bypassed during DNA
replication by error-prone translesion polymerases [1]. In the presence of a sister
chromatid to guide repair, such as during synthesis (S) phase and mitosis, homologous
recombination is the favored repair pathway for the repair of double-strand DNA breaks
[7]. If a sister chromatid is not available, (e.g. during interphase Gap 1 of the cell cycle
before DNA synthesis initiates in S phase), non-homologous end-joining is used in the
repair of DSBs [8]. The Fanconi anemia pathway repairs inter-strand DNA cross-links
[9]. Kinases ataxia-telangiectasia mutated (ATM) and ATM and RAD3-related (ATR)
are the major regulators of the DDR. ATM and ATR modulate downstream cellular
responses through phosphorylation, sumoylation, ubiquitylation, and acetylation of
substrates to coordinate cell cycle transitions, DNA repair, and apoptosis [10].
Cells deficient in DNA repair mechanisms are especially susceptible to the accumulation
of mutations. Although some mutations are neutral (being neither detrimental nor
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beneficial) and some are beneficial to organismal fitness, the vast majority of mutations
are deleterious [11]. The diploid rate of genomic mutations affecting organismal fitness
in Arabidopsis thaliana is estimated at 0.2 ± 0.1 per generation [12]. Of the mutations
affecting fitness, ~70% are estimated to be deleterious (0.14 ± 0.04 per generation) in
Arabidopsis. Mutations in DNA repair genes are generally detrimental to an organism.
Aberrant MMR, for instance, is associated with human non-polyposis colorectal cancer
(HNPCC) [13]. Other genes whose deficiencies cause organisms or cells to accumulate
mutations at an increased rate are said to be mutators. For example, mutant alleles of the
exonucleolytic (proofreading) subunit of DNA polymerase, mutT and its homologs, and
replicative DNA helicase are known to cause a mutator phenotype [14, 15].
An improved understanding of DNA damage responses facilitates the development of
medical diagnosis and treatment. DNA repair machinery safeguards genetic information
against the damage inflicted upon DNA by mutagens. Radiation, aflatoxins, and
polycyclic aromatic hydrocarbons cause DSBs and various cancers (most notably those
of the lungs and oral cavity) if left unrepaired [1]. Between two and seven percent of all
hereditary colorectal cancers are associated with defective MMR [13]. Inherited
deficiencies in MMR genes cause the most common form of hereditary colorectal cancer,
HNPCC. Early detection of mutations that predispose individuals to genetic diseases and
cancers may reduce the risk of morbidity or mortality through preventative, therapeutic,
or lifestyle interventions.
Accurate plant propagation, where mutation is the bane of horticulturists trying to
maintain stable varieties of plants, may also be informed by understanding DNA repair
mechanisms. In contrast, agricultural trait discovery and development uniquely benefit
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from mutagenesis. Generally, mutation is viewed negatively because it causes disease
and destabilizes valuable germplasm. However, plant and animal breeders rely on
mutagenesis to provide the raw material on which they may select and improve novel
traits. One specific area in plant breeding that may benefit from a better understanding of
DDR is induction of new mutations as is currently done with radiation and chemical
mutagens. Currently, plant breeders use chemical mutagens such as ethyl
methanesulfonate (EMS) to induce novel mutations in crops [16]. EMS mutagens
preferentially alkylate guanine residues, forming O6-ethylguanine. This product tends to
pair with thymine rather than cytosine, thus leading to non-canonical base pairing and
C/G  T/A substitutions. EMS is called a “supermutagen,” a term coined by Rapoport et
al. [17] for highly mutagenic chemicals with low toxicity that do not cause much
chromosome breakage. EMS mutagenesis is not gene-specific – it acts throughout the
genome. Plants containing dysfunctional MMR or defective replicative DNA
polymerases may accumulate mutations at an increased rate and expose the genome to a
spectrum of mutations broader than can be obtained by chemical mutagenesis [18]. In the
future, especially if treatments that produce mutators are found to induce substantive
numbers of novel mutations other than C/G  T/A substitutions, these techniques could
change breeding practices. Breeders may be able to use a defective mismatch repair
system to induce and select for novel traits in their crops and livestock, and then
subsequently restore MMR function, resulting in an individual free of recombinant DNA.
1.2 ATR
Phosphoinositide 3-kinase (PI3K) related protein kinases (PIKKs) regulate the DNA
damage response in cells [19]. Sometimes referred to as “sentries at the gate of genome
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stability,” ataxia-telangiectasia mutated (ATM) kinase, and ATM and RAD3-related
(ATR) kinase promote signaling, cell-cycle arrest, and DNA repair in response to DNA
damage [20]. ATM and ATR are crucial to the proper functioning of DNA damage cell
cycle checkpoints, including regulating the G1-S and G2-M transitions. In response to
DNA damage such as that induced by ultraviolet (UV) or ionizing radiation (IR),
activation of checkpoints temporarily pauses the cell cycle to allow sufficient time for
cells to repair their damaged DNA, bypass the damage, or undergo apoptosis [21]. ATM
and ATR kinases share significant sequence homology and target an overlapping set of
substrates to repair DSBs and rectify stalled DNA replication. Double-strand breaks
primarily activate ATM functionality. In contrast, ATR is activated during every S phase
of the cell cycle to promote replication-fork stability, apoptosis, or prevent entry into
mitosis in the presence of DNA lesions or stalled replication forks. A variety of DNA
damaging agents can activate ATR, including UV light, alkylating agents, and chemical
inhibitors of DNA replication [22].
ATR deficiency is lethal in early embryonic stages in mammals, whereas ATM
deficiency can go unnoticed for decades in many individuals. Mutations in ATM are
found in 0.5% – 1% of the population and several of these mutations may lead to the
development of cancers. Ataxia-telangiectasia, a pathological condition found in
individuals with homozygous mutations in ATM, is a rare neurodegenerative disorder
that causes severe mental retardation and disturbances in coordination [23]. As ATR
mutations are almost always lethal in mammals, viable mutants are rare and only occur in
heterozygous carriers or as hypomorphic mutations. Seckel syndrome, an exceedingly
rare condition (affecting approximately one in 10,000 live births), is one of the few links
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between mutations in ATR and disease, and it is characterized by severe growth and
mental retardation, short stature, and microcephaly [24].
ATR plays a crucial role in the maintenance of genome fidelity. As noted above, ATR
protein kinase is activated by a wide variety of DNA lesions, as well as by stalled
replication forks. Once activated, ATR and ATM phosphorylate an overlapping set of
downstream proteins. ATR-specific targets include p53 and checkpoint kinase 1 (Chk1).
Phosphorylation of these targets eventually blocks critical cell-cycle transitions,
providing the cell with a crucial window of time in which to respond to DNA damage.
ATR is activated by persistent single-stranded DNA (ssDNA) coated by Replication
Protein A (RPA) [25]. RPA-coated ssDNA formed during DNA replication and DNA
repair is important in localizing ATR to the site of damage. However, RPA-ssDNA and
ATR are not the only participants in this scheme. ATR-interacting protein (ATRIP) binds
to RPA and is considered so crucial for ATR recognition of RPA-ssDNA that it is
essentially treated as a subunit of ATR. ATR-ATRIP activation and signaling are further
dependent on colocalization with the RAD9-RAD1-HUS1 (9-1-1) complex. The 9-1-1
complex, similar in structure and function to the proliferating cell nuclear antigen
(PCNA) complex involved in DNA replication, is recruited to the 5’ junction of doublestranded DNA (dsDNA) adjacent to RPA-ssDNA. In order to stimulate ATR signaling,
the 9-1-1 complex recruits topoisomerase-binding protein-1 (TOPBP1) to the ATR
complex in a RAD9 C-terminal phosphorylation-dependent manner. TOPBP1 contains an
ATR activation domain which has been shown to activate ATR-ATRIP complexes in
vitro, although the exact mechanism of activation is unknown [26]. Some evidence exists
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that lesions are recognized by ATR directly. In a partially reconstituted system, ATR has
been demonstrated to bind to and become activated by UV-damaged DNA [27].
1.3 Arabidopsis thaliana
The advantages of Arabidopsis thaliana as a model system to study UV mutagenesis,
DDR, cell signaling and translesion synthesis are manifold. Arabidopsis, a member of the
Brassicaceae family, is a small, diploid angiosperm [28]. Although Arabidopsis does not
hold significant agronomic value, it has been widely studied as a model organism in plant
biology. Several characteristics of Arabidopsis enable efficient, classical genetic analysis
in the plant. Arabidopsis is a small plant with minimal growth requirements, allowing
many plants to be grown in a small space under fluorescent illumination, and it also
grows well on agar growth medium in Petri plates. The plant is a prolific seed producer,
making up to 20,000 seeds on a single plant about six weeks after germination. The ease
of obtaining up to a few hundred seeds by manually crossing individuals, efficient
transformation techniques using Agrobacterium tumefaciens, large numbers of mutant
lines and genomic resources available, and the small, sequenced and heavily annotated
genome (125 Mb haploid) greatly facilitate genetic analysis [29]. Agrobacterium
tumefaciens is a plant pathogen that induces crown gall tumors by injecting a plasmid,
called tumor inducing principle, into plant cells [30]. Agrobacterium contains a large Ti
plasmid, and tumor induction is a direct consequence of T-DNA incorporation into the
plant genome. A valuable genetic tool, Agrobacterium Ti plasmids have been disarmed of
their oncogenes and are commonly transformed into Arabidopsis in order to disrupt
existing genes or introduce novel genes. Despite its small genome, the structure of
individual Arabidopsis genes and chromosomes, genetic properties, and the overall
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complement of genes in the Arabidopsis genome are typical of those of other flowering
plants. Additionally, there is a high level of polymorphism between the various
accessions of Arabidopsis, which facilitates mapping experiments. Heavily studied
accessions, or ecotypes, include Columbia, Landsberg erecta, and Wassilewskija.
Paramount to this study, ATR deletion in Arabidopsis does not lead to embryonic
lethality, unlike the situation in animals. ATR-deficient plants may be able to survive
because their developmental program is simpler and more plastic than that of animal
development. In other words, plants do not have reduced reliance on genes for genome
maintenance, rather, they are better able to tolerate the effects of missing genes [31]. As
with other model organisms, the interest is not specific to Arabidopsis, but rather, in what
the model can reveal about basic biology and, in this study, the DNA damage response.
1.4 Root Apical Meristem
The root meristem has emerged as a model to study stem cells and the stem-cell niche.
Like most angiosperms, Arabidopsis produces an extensive root system designed to
anchor the plant and absorb nutrients. Like their above ground counterparts in the shoot
apical meristem (SAM), which contains a stem cell niche, roots also possess a stem cell
niche at the growing tip in the root apical meristem (RAM) [32]. Along the apical-basal
axis of the root, different zones are responsible for cell division, cell expansion, and cell
differentiation. The RAM is located at the apex of the root and houses the stem-cell niche
of continuously dividing cells which produce the basic cell types and define their
organization.
Although plant roots are not typically exposed to UV-B, roots are a convenient system of
study for many reasons: the root apical meristem is physically accessible (i.e. the
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meristem is not shielded by developing organs or primordia as is the SAM), the root is
free of pigments and therefore essentially transparent, there are relatively few
differentiated cell types in roots, and the orderly arrangement of cells in vertical “files” in
roots facilitates tracing the origin of each individual cell back to its origin in the quiescent
center (QC) of the RAM [33]. The hierarchical organization of the Arabidopsis stem cell
niche is characteristic of both plant and animal tissues and closely resembles the
mammalian colonic crypt [34]. Stem cells, also called initials, surround one or two
quiescent center cells (Figure 1). Cells of the QC divide very infrequently and are a
source of replenishment for the more rapidly cycling initials. In a single, asymmetric
stem cell division, one daughter remains a stem cell, while one daughter becomes a
progenitor cell [35]. Together, the stem and progenitor cells (collectively referred to as
StPr) and the QC constitute the stem cell niche. Progenitor cells continue dividing to
become transiently amplifying (TA) cells, which in turn undergo repeated divisions
before being displaced away from the growing root tip into the root’s elongation zone.
Controlled cell expansion in the root elongation zone results in the characteristic
elongated shape of root cells and also provides the force that drives the root apex
forward. At the top of the meristem-niche hierarchy, and thus progenitors of all
downstream cells, stem cells must strictly maintain genome fidelity in the face of DNA
lesions. Complications hindering previous study of the DDR in stem cell niches in
animals highlight the advantages of using a simple plant system that is viable even in the
absence of DDR genes essential in animals.
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Figure 1. Arabidopsis root stem cell niche. Stem cells (blue) and their immediate
daughters, the progenitor cells (green), divide to give rise to transiently amplifying cells
(dark pink) which stop dividing and begin to mature (lighter pinks) in response to
hormone gradients. The quiescent center is populated by one or two cells (red) [36].
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1.5 Ultraviolet-B
Although the ozone layer of the stratosphere effectively blocks almost all UV-C (<280
nm), the radiation most efficiently absorbed by DNA, and blocks some UV-B (280 – 320
nm), the levels of UV radiation are not reduced to nonlethal levels [37]. Thus, both
animals and plants maintain defense mechanisms to protect themselves from UV-A (320
– 400 nm) and UV-B: physical shielding by phenylpropanoids and flavonoids, direct
reversal by photolyase, and DDR pathways designed to remove damage caused by the
small amount of radiation that manages to reach the nucleus. The absence of particular
DDR systems, such as NER defects in the disease Xeroderma pigmentosum, can make
UV irradiation from the sun lethal in placental mammals [38]. Sessile plants face
significant challenges in dealing with UV irradiation, and have developed unique
mechanisms to maintain genomic integrity: physically shielding the shoot apical
meristem, shedding photosynthetic tissues on an annual basis, producing UV-protective
pigments such as flavonoids, and expressing DDR systems specialized to deal with UVinduced DNA lesions [37]. UV radiation is a threat to genome stability primarily because
it creates pyrimidine dimers in DNA, the most prevalent of which are cyclobutane
pyrimidine dimers (CPDs), which account for approximately 75% of UV-damaged bases
[37, 39]. Pyrimidine [6-4] pyrimidinone dimers constitute the remainder. Both pyrimidine
dimers block DNA replication and transcription, and if ssDNA persists, DSBs may result.
Although such dimers can be tolerated and bypassed by translesion polymerases to allow
DNA replication to continue, accuracy is often compromised and point mutations result.
Mutagenesis is a serious result of UV-induced DNA damage, but the effects of
pyrimidine dimers may be more detrimental to the survival of the organism.
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Nonreplicating, terminally differentiated cells (such as root hair cells and neurons) need
to remove dimers from the path of an oncoming RNA polymerase [37]. Thus, in the
pursuit of genomic fidelity and to resume nucleic acid synthesis, it is essential for cells to
effect the removal of premutagenic pyrimidine-dimer lesions.
1.6 Discovery of ursu
DNA lesions can have serious downstream consequences, including blockage of DNA
replication that disturbs the timely progression of cell division in transiently amplifying
cells and stem cells. In the somatic tissues of multicellular eukaryotes, TA cells and stem
cells are largely responsible for tissue growth and regeneration. When cell division is
interrupted by DNA damage, DNA damage response systems act to resume replication
through removal of lesions or filling in gaps when replication reinitiates downstream of
lesions. Cell-cycle delay and arrest, or cell death can result from unfilled gaps, DSBs, or
stalled replication forks. To study the effects of DNA-damaging agents in proliferatingdifferentiating tissues in multicellular organisms, Furukawa et al. [40] induced
programmed cell death (PCD) in the root stem-cell niche of Arabidopsis thaliana using
UV-B and ionizing radiation (IR). The authors hypothesized that UV-B and IR would
elicit root stem-cell death, and that PCD would be the result of a pathway requiring the
transcription factor Suppressor of Gamma Response 1 (SOG1), ATR, or ATM. PIKKs
were found to be a requirement for UV-B- or IR-induced programmed cell death; either
ATR or ATM was sufficient to initiate PCD. A UV-B dose of 0.6 kJ m-2 elicited elevated
stem-cell death in plants lacking ATR as compared to equally irradiated wild-type root
tips. The increase in cell death per root in the absence of ATR may make sense
considering the roles of ATR as a cell-cycle checkpoint regulator and a stabilizer of
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collapsed and blocked DNA replication forks. Programmed cell death is an important
protective mechanism that restores tissue homeostasis in stem cell niches and prevents
the accumulation of irreparably damaged cells in tissues, albeit accompanied by a delay
in growth. Both ATM and ATR can signal genome repair (in response to blocked
replication forks or DSBs) or PCD in response to replication stress. Persistent, aberrant
DNA structures initiate signaling of PCD. SOG1, a transcription factor previously shown
to play an important role in the response to DNA-damaging agents such as UV-B and IR
in Arabidopsis, was found to be required for both UV-B- and IR-induced PCD [41].
Despite significant differences in primary lesions, various DDR systems appear to
converge at SOG1, ATM, or ATR to signal the fate of DNA-damaged cells.
These findings provided clues about the cooperation between DNA-damage activated
protein kinases and other proteins they may interact with, such as SOG1. Combining two
or more mutations in one organism (i.e. double and triple mutants) is a classic genetics
approach used to determine activities and relative positions of proteins in pathways.
Building on findings of involvement of ATR, ATM, and SOG1 in UV-B- and IR-induced
PCD, and in an effort to elucidate the mechanisms of DNA damage signaling and protein
activities in the relevant pathways, double mutants lacking ATR and SOG1 were pursued.
In the process of creating the atr sog1 double mutant, a novel mutant was discovered –
one that in the absence of ATR and the presence of SOG1, caused root tip growth-arrest
after UV-irradiation (Figure 2).
1.7 Genetic Mapping
Mapping genes to a particular locus is performed using either morphological (classical)
or molecular markers. Genetic mapping is based on estimating the average number of
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Figure 2. Root termination phenotype. Mutant ursu atr (A) and wild type (B)
Arabidopsis thaliana root tips irradiated with 0.03 kJ m-2 UV-B. Vertical root growth was
tracked every 24 hours, beginning three days after sowing and continuing through the
UV-B irradiation and recovery phases, by marking the position of the root tip on the back
of the Petri plate (Ursu R., unpublished). Mutant atr root tips show an initial delay in
growth following UV-B irradiation, but they soon recover and continue growth at a
similar rate to wild-type plants subjected to identical conditions (Curtis M., unpublished).
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crossovers between two marker loci. Crossover events resulting in recombination
between markers will separate the traits or markers from each other; separation of tightly
linked traits is improbable. The map position of a gene of interest is determined using
estimates of recombination distances for multiple pairs of markers [42]. Whether using
morphological or molecular approaches, test-cross populations are used because each
individual can easily be scored as recombinant or parental. Commonly in Arabidopsis, a
new trait is mapped by crossing the homozygous recessive F2 mutant with a mapping line
containing previously localized molecular marker genes. The polymorphisms contained
in the mapping line can be morphological or molecular. The frequency that these markers
are associated with the new trait provides a rough estimate of the chromosomal location
of the causative mutation, given by the frequency of recombination. The frequency of
recombination ranges from zero percent – indicating the two genes are completely linked
(there is no recombination between the genes) – to fifty percent – which indicates that the
two genes undergo independent assortment (i.e. they are on different chromosomes, or on
opposite ends of the same chromosome). Recombination frequency is affected by the
physical distance between the genes, as well as by the frequency of crossover events in
the physical space between the genes. Refinement of the location to a specific locus is
done by crossing mutant plants with individuals containing traits or markers near the
locus identified in the initial mapping experiments [42].
The use of classical, or morphological, markers for mapping experiments does not require
the use of technical molecular biology, and the experiments are, in principle, simple to
execute. However, scoring phenotypes used for classical markers (e.g. flower color, plant
stature, etc.) can be ambiguous and interference may occur between the marker
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phenotype and the new trait being mapped. In addition, the number of markers that can
be reliably scored in the progeny of a single cross is limited. Molecular markers include
nucleotide sequence variation, such as restriction fragment length polymorphisms and
microsatellite length polymorphisms, and their use in mapping offers a number of
advantages compared to classical markers. Molecular markers are less likely to interfere
with the mutant phenotype, and there are many molecular markers distributed across the
genome. Thus, gene mapping is rapid and accurate. Linkage analysis using molecular
markers involves crossing one ecotypic line showing the mutant trait with a different
ecotypic line lacking the trait but encoding numerous polymorphic loci.
Although both classical and molecular markers have been used successfully to construct
linkage maps for Arabidopsis, linkage mapping is laborious and time-intensive. On
average, mapping a gene using either technique can take months to years, and it may take
much longer, depending on the area being mapped [43]. In the wake of recent
developments in high-throughput DNA sequencing technologies, new mapping
techniques are beginning to emerge. As with mapping using molecular markers, most
mapping by sequencing approaches require crossing the line containing the mutant of
interest with a different ecotype, in order to use the naturally occurring polymorphisms
between the two accessions to map the trait. The genomic DNA from F2 progeny of the
mapping cross is sequenced, and the sequencing reads are aligned to a reference genome
and analyzed using bioinformatics software. Advances in DNA sequencing technologies
have greatly facilitated forward genetic mapping; identification of causal mutations using
high-throughput sequencing and bioinformatics potentially decreases the time it takes to
map a gene from years to months!
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1.8 Sequencing Technologies and Genetic Mapping by Sequencing
The rapid advancement of DNA sequencing technologies over the past several decades
has revolutionized the field of genetics. The advent of genomic DNA sequencing began
in 1977, with the 5,386-bp bacteriophage φX174 genome making history as the first
genome to be sequenced entirely [44]. At the time, DNA sequencing was a tedious,
manual process performed using chain-terminating dideoxynucleotides. Although Sanger
sequencing methods gradually became more automated with the development of capillary
electrophoresis, the critical turning point for DNA sequencing required deviation from
established technologies. These novel technologies, termed high-throughput sequencing
and/or next-generation sequencing, are designed to sequence thousands, even millions, of
DNA molecules in parallel [45]. Beginning in 2005, a handful of next-generation
sequencing platforms became available, each with different sequencing chemistry. Such
platforms included the Roche/454 GS FLX Titanium sequencer, the Illumina Genome
Analyzer II/IIx, Applied Biosystems SOLiD, and Helicos HeliScope [44]. Differences in
platform chemistry are suitable for solving different problems. Overall, the time to
complete sequencing runs, regardless of next-generation sequencing platform, has been
drastically reduced from several hours to Sanger sequence <1000 bp to several days to
sequence millions of base pairs [46]. As sequencing technologies continue to evolve,
sequencing costs become increasingly affordable; as of 2012, the cost per million bases
using the Illumina HiSeq 2000 was $0.07.
The Illumina HiSeq 2000, used in this experiment, produces the industry’s highest
sequencing output: 600 Gb per run [46]. The HiSeq 2000 uses the same basic sequencing
chemistry as its predecessors – reversible terminator-based sequencing by synthesis [47].
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Sequencing by synthesis utilizes fluorescently labeled dNTPs to sequence millions of
dsDNA clusters in parallel on the flow cell. First, single stranded PCR-amplified genomic
DNA fragments ligated to adapter DNA molecules are adhered to the flow cell channel,
which is densely populated with primers. Addition of unlabeled nucleotides and enzyme
initiates bridge amplification of DNA, which is followed by denaturation of dsDNA
fragments. Multiple rounds of amplification are performed to generate millions of
clusters containing several million ssDNA fragments in each flow cell channel.
Sequencing cycles require the addition of fluorescently labeled reversible terminators
(dNTPs), DNA polymerase, and primers. Upon incorporation of fluorescently labeled
dNTPs, the first base can be identified by the fluorescence emission following laser
excitation. Each subsequent sequencing cycle follows this same format, sequencing each
base in the fragment one at a time. Once sequencing of the fragments is complete, the
short sequence reads in FASTQ format can be used for bioinformatics analysis, which
may include assembly and alignment to a reference.
Powerful next-generation sequencing technologies with the ability to generate vast
amounts of data have necessitated progress in the development of tools used for their
analysis. Bioinformatics, an interdisciplinary field spanning computer science and
biology, lies at the crux of sequencing technologies. As aforementioned, sequencing
platforms have the ability to output hundreds of gigabytes of sequence information. Such
unfathomably large datasets have become the trend in modern biology and it is no longer
practical to manually analyze these datasets. Bioinformatics, then, becomes the tool of
choice for the analysis of the gargantuan data output generated by sequencing platforms.
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Advances in DNA and RNA sequencing have spurred the creation of entirely new fields
of biology. Next-generation sequencing technologies have enabled mapping of epigenetic
marks, accurate measurement of genome-wide transcript levels, an improved
understanding of the structural organization of genomes, and helped identify sites of
protein-DNA interactions [45]. Increased affordability and throughput of sequencing
technologies are paving the path toward personalized medicine in the near future, which
will likely involve the creation and analysis of individualized “omics” profiles to discover
prominent risk factors, prevention methods, and treatment options. Sequencing
technology continues to hold powerful implications for cancer genomics, forensic
genomics, microbial genomics, and agricultural genomics.
Genetic mapping techniques, which traditionally relied on morphological and/or
molecular markers, have been transformed by recent advances in sequencing technology
that allow researchers to acquire large amounts of genomic sequence data inexpensively.
Mutations responsible for phenotypes of interest can now be directly identified by highthroughput sequencing, thus by-passing months of work required by traditional methods.
So-called mapping by sequencing can be performed using a selection of analysis tools.
Among those available are Mapping and Alignment with Short Sequences (MASS) and
Next-Generation Mapping (NGM), each which have been used successfully to map and
identify causative mutations [48, 49]. Other mapping tools have been developed and new
mapping programs continue to be developed – each requiring less a priori information
about the genomes.
The Mapping and Alignment with Short Sequences (MASS) pipeline was developed for
mapping and identification of causal mutations in forward genetics screens using
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Arabidopsis thaliana. MASS requires a known list of polymorphisms between two
ecotypes: the ecotype in which the mutant was isolated and a mapping line. Use of MASS
requires the mutant line to be crossed with a mapping line of a different ecotype, and
homozygous F2 progeny (~50-100) displaying the mutant phenotype are selected for
sequencing and analysis. MASS uses SOAP, CASHX, and MAQ software packages in its
analysis [50-52]. Together, these programs compare sequence reads from pooled mutant
plant DNA to reference “clusters” generated from roughly 200 bp of TAIR10 genomic
Arabidopsis reference sequence flanking each of the 305,002 single nucleotide
polymorphisms known between mutant (Col-0) and mapping (Ler) ecotypes. After the
mutant sequence is aligned to these clusters of sequence with Col-0-Ler polymorphisms,
counts of ecotype specific perfect alignments to each polymorphic cluster are used to
create plots of Col-0 specific SNP enrichment. Further analysis is performed on areas
enriched for the ecotype in which the mutant was isolated (indicated by a more positive
peak). To identify causative mutations, all sequence reads are re-mapped to a manually
determined region (not exceeding 2 Mb) of the genome, based on SNP enrichment plots.
Next-generation mapping (NGM) is a de novo mapping tool, requiring no previous list of
polymorphisms between two ecotypes (mutant and mapping lines). Like MASS, NGM
also requires a cross between the mapping line (of a different ecotype than in which the
mutant was identified) and the mutant line. Sequence reads generated from the F2
mutants are directly aligned to a reference genome, which is the same as the ecotype in
which the mutation was originally isolated. NGM is a web-based Java tool which
generates plots of SNP frequencies based on how well mutant sequence aligns to the
reference. If a base matches the reference base, and is supported by most or all sequence
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reads covering it, the position is given a discordant chastity score of zero. A discordant
chastity score of ~0.5, in which half of the reported sequences at a position match the
reference base and half differ, is expected at ecotype specific SNPs as a result of
recombination events between the mutant and mapping ecotypes. A discordant chastity
score of 1.0 is given at a position where the reported base unanimously differs from the
reference base. NGM software scans discordant chastity scores for regions deficient in
values approaching 0.5 and enriched in values equal to or approaching 1.0 in order to
identify non-recombinant regions. Non-recombinant regions, called “SNP deserts,” are
multi-megabase areas of the genome with very few sites of discordant chastity ≈0.5,
selected for their enrichment of sites matching the reference (ChD = 0), but containing
SNPs with discordant chastity approaching 1.0, which likely indicate causative
mutations. SNP deserts, then, are the most likely areas to contain the causative SNP of
interest, provided sufficient sequence coverage depth, since they show enrichment for
one ecotype due to selection on the mutant trait.
A variety of other mapping by sequencing tools are available for use – however, many
tools have limitations owing to requirements for large numbers of F2 progeny, prior
genetic mapping, or extensive backcrossing [53-55]. A novel technique, which
circumvents these limitations (among others), called NIKS (Needle in the K-Stack), is a
reference-free algorithm which does not require segregating populations or previously
generated genetic maps [56]. NIKS can directly compare sequence reads acquired from
mutant and wild-type plants to detect causative mutations. Mutations underlying
phenotypes of interest can be directly identified by sequencing mutants and performing a
direct comparison with wild-type genomes. A shared characteristic of mapping by
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sequencing, whether done through commercially available software packages or custom
programs, has been the need for a reference sequence to which re-sequenced reads could
be aligned. Despite a multitude of genome-sequencing projects underway to develop
reference genome sequences beyond those available for model organisms, referencebased mapping still holds drawbacks. Genomes are not static, and especially fastevolving genes can change and not be represented in the reference sequence –
necessitating re-sequencing of the reference to keep up with genomic evolution. In NIKS,
the sequence reads from two highly related genomes are compared to each other, for
example a wild-type Col-0 plant versus a phenotype displaying Col-0 mutant. NIKS uses
k-mers, which are subsequences of length k of sequencing reads. K-mers specific to each
sample, wild-type or mutant, are identified and merged into longer sequences, called
seeds. NIKS then creates “seed pairs” by matching up wild-type and mutant seed
sequences. Seed pairs which are distinguished only by a mutagen-induced mutation are
then separated, and NIKS creates local de novo assemblies surrounding the mutated locus
using all overlapping read pairs. These extended seeds, or contigs, are several hundred
base pairs in length and include the mutated site. Genetic and physiological relevance of
putative SNPs can then be determined for each of the contigs – functional significance of
genes can be determined by BLAST and homology modeling. An assessment of NIKS in
both mice and maize found heightened sensitivity in unique regions (>90%). With more
than 25X genomic coverage, >98% of predicted mutations were correctly identified.
Drawbacks of the software include its inability to identify mutations within repetitive
regions and a high false positive rate.
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1.9 Thesis Statement
Permanent root-growth arrest of atr-/- Arabidopsis plants in response to UV-B irradiation
is dependent on another gene, ursu. Previously, EMS mutagenesis was used to derive the
sog1 mutant line. We believe the mutation responsible for the root termination phenotype
resulted from the same EMS mutagenesis treatment that created the sog1-1 mutation. The
unidentified mutation is likely a hitchhiker that was unintentionally combined with atr in
attempts to create the atr sog1 double mutant.
This hypothesis leads to two predictions. First, if the root-termination phenotype is
dependent upon a mutation in an additional gene (ursu), this mutation should be
identifiable using a next-generation sequencing and bioinformatics mapping approach.
Existing bioinformatics tools, such as Next-Generation Mapping (NGM) and Mapping
and Alignment with Short Sequences (MASS), have been used in the mapping and
identification of causative mutations and should reveal two readily apparent deserts or
peaks, respectively, in their histograms – one for atr and one for ursu. Second, if ursu in
combination with atr is responsible for root termination, once a mutation has been
identified, the phenotype should be reversed in complementation tests. To test these
predictions, I use high-throughput genome sequencing and bioinformatics to analyze the
mutant genome for causative mutations.
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Materials and Methods
2.1 Plant Lines
Arabidopsis thaliana seeds (ecotype Col-0) containing an Agrobacterium tumefaciens TDNA loss-of-function insertion in exon 10 of atr were provided by Kevin Culligan
(University of California, Davis, CA) and were previously characterized [36, 57]. Col-0
seed with a loss-of-function, EMS generated point mutation in the DNA binding domain
of SOG1 was provided by Anne Britt (University of California, Davis, CA) and was also
previously characterized [40, 41, 58].
The atr-2 ursu5 line was discovered by Robert Ursu in the Hays laboratory during his
undergraduate studies and is unpublished. Ursu5 was discovered while screening a
segregating F2 population derived from a cross between atr-2 and sog1-1 according to
root growth and stem cell assays described by Curtis et al. [59]. Among UV-irradiated
(0.03 kJ m-2 UV-B) segregates, several seedlings (18/200) showed a novel irreversible
termination of primary root growth (Robert Ursu, unpublished). Previous experiments
involving UV-B irradiation of atr single mutants and wild-type Arabidopsis revealed
transient arrest of root growth, but recovery of root growth was consistently observed
within six days [40, 59]. Genotyping PCR verified ATR disruption in all phenotypedisplaying mutants, although a terminator with the wild-type sog1 locus was also
discovered (unpublished). This plant line, atr-/- sog1+/+, was called atr-2 ursu5 and is the
line used for mapping ursu.
To initiate mapping experiments, the pollen of an atr-2 ursu5 plant (ecotype Col-0) was
rubbed onto the stigma of a wild-type Landsberg erecta (Ler) ecotype mapping line to
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generate heterozygous, hybrid F1 seed. Like Col-0, Ler is a well characterized, heavily
studied Arabidopsis ecotype. Among the valuable resources developed for genetic
analysis of Arabidopsis are extensive collections of marker and polymorphism data.
Landsberg erecta was chosen as the mapping line because there are a number of naturally
occurring single nucleotide polymorphisms (SNPs) between wild-type Ler and Col-0 [6062]. The single nucleotide differences between the ecotypes have been previously
identified. The recessive trait was not identifiable by phenotypic screens in the
heterozygous F1 population, and so the F2 seed was collected following self-pollination
of the F1 plants to generate a segregating F2 population. Approximately 800 segregating
F2 seed were surface sterilized, sown on agar growth medium, and screened for
individuals that terminated primary root growth, according to procedures outlined by
Curtis et al. [59]. Segregation ratios, obtained from segregation analysis, yield
information about the monogenic (or digenic, trigenic, etc.) nature of a trait. The χ2
statistic, used to determine if segregation ratios match hypothetical Mendelian
segregation hypotheses, is calculated using differences in expected and observed numbers
of progeny displaying parental and recombinant phenotypes, where expected numbers of
progeny are calculated based on Mendelian segregation ratios of two recessive alleles
segregating independently in a population in Hardy-Weinberg equilibrium:

Significance can be evaluated by converting χ2 into a p-value. Segregation analysis of F2
individuals revealed a dependence of the growth arrest phenotype on an unidentified
gene, referred to as ursu, which only displayed the phenotype in the absence of functional

26
ATR (unpublished). The root termination phenotype appears to occur uniquely in ursu
atr double mutants, but not in UV-B irradiated atr single mutants, and does not depend
on the sog1-1 mutation (unpublished). Sixty-four whole seedlings showing root
termination were collected and frozen at −80° C.
2.2 Sequencing Library Preparation
DNA was extracted from whole plants using the Qiagen DNeasy Plant Mini Kit (Qiagen
Inc. Germantown, MD) as per manufacturer recommendations. DNA was quantified
using a NanoDrop 1000 UV-spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE) and PicoGreen quantitation assays (Life Technologies, Carlsbad, CA), and equal
masses of DNA from the 64 plants were pooled. Pooled DNA was sheared by sonication
to generate molecules between 200 bp and 1000 bp. Sheared DNA was diluted to 3.1
ng/l using Amicon 100 kD microconcentrators (Millipore, Billerica, MA). A paired-end
whole genomic DNA sequencing library was prepared with 154 ng DNA using the
TruSeq DNA Preparation kit as per Illumina TruSeq manual revision C. Oligonucleotide
adapters containing one of 24 barcodes were used in preparation of the pooled plant DNA
to track and identify this sample, which was included with others in five lanes of
multiplex, paired-end, 101-bp sequencing using the Illumina HiSeq 2000 (Illumina Inc.,
San Diego, CA). DNA was pooled from five identical PCR library amplifications and
submitted for sequencing to the Center for Genome Research and Biocomputing (CGRB)
at Oregon State University. Over two million short sequence reads were generated by the
Illumina HiSeq 2000 sequencer.
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2.3 Bioinformatics
Sequence reads were aligned to the TAIR10 Col-0 Arabidopsis thaliana reference
genome using Burrows-Wheeler Aligner (BWA) [63]. The BWA-short algorithm was
used to first index the TAIR10 reference in FASTA format, then to align the sequences
against the reference, and finally, generate alignments in the sequence alignment/map
format for use with SAMtools software version 0.1.13 [64]. Data was converted from
sequence alignment/map format to its binary equivalent (BAM) format and indexed again
for SAMtools pileup to generate a pileup of read bases from the alignment against the
reference. SNP calls from SAMtools were then preprocessed and mapped using NextGeneration EMS mutation mapping (NGM) software [49]. NGM is a validated, efficient
method to map mutations using advanced genomic technology with as little as a single
lane of flow cell data [49]. During preprocessing, SNP data was filtered using the
following default quality filter criteria: minimum depth, maximum depth, minimum
neighbor quality, minimum best read quality, and minimum consensus quality. The SNP
frequencies in the mapping population, Ler, are binned at 250 kb intervals by default in a
histogram displaying the full Arabidopsis genome. As expected, there is a certain degree
of natural variation across each chromosome, resulting from Ler-specific polymorphism
produced from the Ler x Col-0 cross. The non-recombinant area containing the mutation
of interest does not follow this pattern. Instead, this region creates a SNP desert, a multiMb area with little to no SNPs. SNP deserts were identified and used to narrow the list of
suspect causal mutations. NGM uses a chastity statistic, termed discordant chastity
(ChD), to distinguish between SNPs arising from natural variation and those potentially
responsible for causative mutations. ChD is a ratio comparing the number of reads that
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support either allele of a SNP. A signal corresponding to freely segregating (i.e. no
selection), natural variation has a ChD of approximately 0.5 (each allele of polymorphism
is equally supported by sequence reads), whereas a signal corresponding to mutation has
a ChD of approximately one. Refined estimates of the mutation position are then obtained
by ratios of ChD values associated with natural variation and with mutation.
Combinations of synonymous substitutions, identical mutations in splice variants,
transversion mutations, and non-CDS mutations were removed to generate a final list of
candidates in regions identified as SNP deserts.
To complement and verify the results of NGM, the Mapping and Alignment with Short
Sequences (MASS) pipeline of algorithms was also used to analyze the short sequence
reads from Illumina. A list of 305,002 known homozygous Ler SNPs relative to Col-0
was retrieved from:
ftp://ftp.arabidopsis.org/Polymorphisms/Ecker_ler.homozygous_snp.txt (November
2012). A database of SNP clusters – 201 bp sequences centered on each SNP – was
created. When SNPs were within 101 bp of each other, these clusters extended 101 bp out
from the SNP furthest out to create a larger cluster. A Cache Assisted Hash Search with
Xor logic (CASHX) database was created for both the clustered SNPs and the TAIR10
Arabidopsis genome before working through the pipeline [51]. The processing program
within the pipeline maps the reads to the genome excluding repetitive regions and low
complexity sequences (repeat masked), parses out the quality and sequence information
from FASTQ files, and aligns reads across SNP sites using CASHX. Once data was run
through MASS Processing programs, analysis algorithms parsed hits to a manually
specified mapping interval (~1-2 Mb), mapped reads using Mapping and Assembly with
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Quality (MAQ), and filtered SNP lists created by MAQ. Four intervals on chromosome
five were selected for further analysis based on the location of the tallest peaks in the
histogram: 8.5 - 10.5 Mb, 14.5 - 16.5 Mb, 16.5 - 18.5 Mb, and 18.5 - 20.5 Mb. The list of
SNPs for each interval was examined in 100-kb bins and putative causal mutations
recorded and further investigated for their physiological implications.
2.4 Validation PCR and Sanger Sequencing
NGM and MASS analysis each revealed a spectrum of potential gene candidates. Gene
candidates were pursued and ranked by their physiological relevance. PCR amplification
and Sanger sequencing (Center for Genomics and Biocomputing) were performed for
validation of one putative causal mutation, arf13. Oligonucleotide primers were designed
using Primer3 with default parameters (Table 1) [65]. DNA from two ursu and two wildtype plants was selected to validate the SNP. A ~200 bp fragment surrounding the
mutation of interest was amplified using PCR in a 10 μl reaction containing 1X buffer
(500 mM KCl, 100 mM Tris HCl, 15 mM MgCl2, and 1% Triton X-100) (GenScript,
Piscataway, NJ), 250 μM each dNTP, 0.5 units Taq polymerase, 1 μM forward and
reverse primers and cycled for an initial denaturation step at 98 °C for three minutes,
followed by 30 cycles of: 95 °C for 15 seconds, 52 °C for 30 seconds, 72 °C for 20
seconds, and a final elongation cycle at 72 °C for five minutes. Excess dNTPs and
primers were removed after PCR and prior to sequencing using Qiagen QIAquick PCR
purification kit (Qiagen Inc. Germantown, MD). DNA concentration and quality was
confirmed using the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE). PCR products were directly Sanger sequenced by the Center for
Genomics and Biocomputing core laboratory using an ABI Prism 3730 Genetic Analyzer
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Table 1. Primers used for Sanger sequencing.
Primer name
Arf13 F
Arf13 R

Primer sequence (5’  3’)
CCATCTGTCCAATTGAATCATGC
GCTTGAATGCACTAGTTTCACAT
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and BigDye Terminator v. 3.1 Cycle Sequencing Kit (Life Technologies, Carlsbad, CA).
CLUSTAL W was used to align the mutant sequences against the reference sequence
available from The Arabidopsis Information Resource (TAIR,
http://www.arabidopsis.org) [66] [67].
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Results
A root-growth screen of atr sog1 double mutants revealed irreversible root growth
termination in a subset of plants – an aberrant response to UV-B irradiation. Of 200 root
tips that were irradiated with 0.03 kJ m-2 UV-B, 18 plants displayed the permanent-roottermination phenotype: six days after UV-irradiation, roots did not re-initiate growth. The
phenotype required the absence of functional ATR and was agnostic to the function of
SOG1 (unpublished, Ursu, R.). For further investigation of the phenotype, root terminator
plants homozygous for atr and containing wild-type copies of sog1 were used.
Segregation analysis of the root-terminator phenotype suggested a role for an unknown
mutation (in addition to atr-/-), which was designated ursu.
To determine if root termination correlated with stem cell death in the RAM, microscopeimaging assays of 15-20 ursu atr roots irradiated with varying levels of UV-B were
conducted (unpublished, Curtis, M.). Elevated stem cell death was observed at lower UVB doses (~0.075 kJ m-2) in the ursu atr double mutant, as compared to the atr single
mutant. At higher doses (>~0.15 kJ m-2), stem cell death in atr and ursu atr mutants is
nearly identical (Figure 3).
To map and identify the gene responsible for the root-termination phenotype (ursu) in
response to UV-B irradiation, a phenotypic ursu atr plant (Col-0 ecotype) was crossed
with a wild-type plant (Ler ecotype). From 64 root terminating F2 Arabidopsis progeny, a
total of 2,171,475 101-bp sequences were obtained using the Illumina HiSeq 2000. Only
154 ng of DNA was available to use to make the sequencing library, and although the
amount of DNA was lower than ideal (~1 μg), the library was prepared and submitted to
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Figure 3. UV-B dose-response curves of polη, polζ, atr, and ursu atr mutants. Roots of
indicated genotypes were irradiated to indicated UV-B doses, incubated 24 hours, and
15–20 roots each scored for mean stem and progenitor (StPr) cell death (unpublished,
Curtis, M.).
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the Center for Genomics and Biocomputing for sequencing. Sequence coverage depth of
about 1.75X haploid Arabidopsis genomes was obtained (Table 2).
3.1 Next-Generation Mapping (NGM)
The Next-Generation Mapping approach (NGM) generates a histogram plotting density
of reads containing non-reference (i.e. non-Col-0) polymorphisms across the genome.
The local enrichment of Col-0-specific polymorphisms, identified in the histogram by the
absence of signal (i.e. a SNP desert), significantly narrows the search for potential
causative mutations. As expected, the ursu atr double mutant showed enrichment for Col0 (i.e. a majority of reads matched the TAIR10 Col-0 reference) around atr, creating an
obvious SNP desert in the histogram (Figure 4). A second SNP desert that may indicate
the presence of ursu was not so apparent. Instead, a multitude of “micro-deserts” (~250
kb) were seen throughout the histogram. Genes containing C  T or G  A coding
sequence (CDS) mutations in each micro-desert were examined to determine
physiological relevance (Table 3). A putative causal SNP was detected in auxin response
factor-13 (arf13), which fits with a hypothesis for the aberrant growth phenotype
(discussed in section 4.6); arf13 on chromosome one, contained a C/G  T/A SNP at
position 12,444,275.
Sanger sequencing and CLUSTAL W analysis of two wild-type and two mutant plants
were used to validate the results of NGM (Figure 5). The presence of a C  T mutation
was independently verified in each mutant. The expected effects of this mutation varied
in each of three possible gene models. For genes where there is conflicting or incomplete
information about genetic structure (i.e. exon-intron boundaries), TAIR presents multiple
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Table 2. Illumina HiSeq 2000 sequencing results. Data obtained from paired-end
sequencing of ursu atr indicates low coverage of the Arabidopsis 125 Mb (haploid)
genome.
Read length
Unique sequence reads
Genome coverage of 125 Mb Arabidopsis
haploid genome

101 bp
2,171,475
1.75X
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atr

Figure 4. NGM generated genome-wide SNP frequencies for ursu atr. SNPs are binned
at 250 kb intervals and their abundance is plotted as a function of chromosomal position.
SNPs were filtered using the following quality criteria: 6X minimum depth, 100X
maximum depth, a minimum best read quality of 20, and a minimum consensus quality of
20. A total of 149,629 SNPs arising from differences between Ler and the Col-0
reference genome were identified. Areas with little polymorphism (SNP deserts) are due
to selection on Col-0 traits. The location of the most prominent SNP desert is indicated
by a red bar, and the location of atr indicated by an arrow.
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Table 3. Candidate mutations generated using NGM. Synonymous substitutions,
identical mutations in splice variants, transversion mutations, and non-CDS mutations
were removed to generate the list of candidates for chromosomes 1-4 and for the SNP at
position 7653884 on chromosome 5. The remaining chromosome 5 candidates, in an
effort to identify mutations specifically under the multi-megabase SNP desert, were
generated by removing only identical mutations in splice variants and non-CDS
mutations. The SNP identified in arf13 (highlighted) was validated by Sanger
sequencing.
Chromosome
1
1
1
1
2
3
4
4
4
4
4
5
5
5

Position
7798124
9034883
12203196
12444275
5639715
19576347
2960323
7203682
8296650
17094000
17094017
7653884
13604517
26121846

Reference
base
G
G
G
G
G
G
G
G
G
C
G
C
C
A

Consensus
base
A
A
A
A
A
A
A
A
A
T
A
T
T
C

Discordant
chastity
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Read
depth
8
14
11
9
8
8
9
8
8
10
10
8
9
10

Feature
AT1G22100.1
AT1G26130.1
AT1G33670.1
AT1G34170.1
AT2G13540.1
AT3G52820.1
AT4G05612.1
AT4G12020.1
AT4G14400.1
AT4G36120.1
AT4G36120.1
AT5G22890.1
AT5G35405.1
AT5G65370.1
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CLUSTAL W (1.83) multiple sequence alignment
ARF-13 WT sequence (TAIR)

-CCATCTGTCCAATTGAATCATGCAAAAAATCAGAAATTTCAAAACTCAA

WT arf-13, sample 1

TCCATCTGTCCAATTGAATCATGCAAAAAATCAGAAATTTCAAAACTCAA

WT arf-13, sample 2

TCCATCTGTCCAATTGAATCATGCAAAAAATCAGAAATTTCAAAACTCAA

Ursu atr, sample 1

TCCATCTGTNCAATTGAATCATGCAAAAAATCAGAAATTTCAAAACTC--

Ursu atr, sample 2

TCCATCTGTCCAATTGAATCATGCAAAAAATCAGAAATTTCAAAACTC-******** **************************************

ARF-13 WT sequence (TAIR)

AAATCAAAAAGCAACCACTAGTTGCCTCAAGATAAAAAGTTTGACCAAAC

WT arf-13, sample 1

AAATCAAAAAGCAACCACTAGTTGCCTCAAGATAAAAAGTTTGACCAAAC

WT arf-13, sample 2

AAATCAAAAAGCAACCACTAGTTGCCTCAAGATAAAAAGTTTGACCAAAC

Ursu atr, sample 1

------------------------TCTCAAGATAAAAAGTTTGACCAAAC

Ursu atr, sample 2

------------------------TCCCAAGATAAAAAGTTTGACCAAAC
* ***********************

ARF-13 WT sequence (TAIR)

CCAACCTCTGAGATCACCAAAAGAGGTCCAAAGCACGGAATTCAATTTTA

WT arf-13, sample 1

CCAACCTCTGAGATCACCAAAAGAGGTCCAAAGCACGGAATTCAATTTTA

WT arf-13, sample 2

CCAACCTCTGAGATCACCAAAAGAGGTCCAAAGCACGGAATTCAATTTTA

Ursu atr, sample 1

TCAACCTCTGAGATCACCGAAAGAGGTCCAAAGCACGGAATTCAATTTTA

Ursu atr, sample 2

TCAACCTCTGAGATCACCGAAAGAGGTCCAAAACACGGAATNCAATTTTA
***************** ************* ******** ********

ARF-13 WT sequence (TAIR)

CTAGAAGTCGTATTAAAGTAAGC-ATAAAATC-ATTATATCTGTAACATA

WT arf-13, sample 1

CTAGAAGTCGTATTAAAGTAAGC-ATAAAATC-ATTATATCTGNNAACNA

WT arf-13, sample 2

CTAGAAGTCGTATTAAAGTAAGC-ATAAAATCTATTAAAATNNTGNANCN

Ursu atr, sample 1

CTAGAAGTCGTATTAAGGTAAGC-ATAAAATC-ATTANATCTGNNACATN

Ursu atr, sample 2

CTAGAAGTCGTATTAAGGTAAGCCATNAAATC-TTTATATCTGTANCNNA
**************** ****** ** *****

*** *

ARF-13 WT sequence (TAIR)

TGACTTTTTTTTTAAAATGTGAAACTAGTGCATTCAAGC

WT arf-13, sample 1

TANNAACTTTNNT--------------------------

WT arf-13, sample 2

ANTATAANTNTNNN-------------------------

Ursu atr, sample 1

NNANNNNNNNNN---------------------------

Ursu atr, sample 2

NNTNNANCTNNNNNN------------------------

Figure 5. CLUSTAL W multiple sequence alignment. Wild-type arf13 sequence
(obtained from TAIR), corresponding Sanger sequenced wild-type samples, and
corresponding Sanger sequenced ursu atr mutant samples were aligned. The asterisk (*)
symbol below indicates a match among all five sequences, and absence of the asterisk
indicates a mismatch in at least one sample. The putative causal SNP identified by NGM
and the deletion are outlined in red.
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gene models of alternative splicing variants [67]. In gene models one and two, the SNP is
in exon 12, whereas in gene model three, the SNP is in intron 12. The SNP was also
much closer to the stop site in gene models one and two. In these two gene models, the
SNP caused a non-conservative missense mutation: the proline three codons away from
the STOP codon was changed to leucine.
Unexpectedly, Sanger sequencing also revealed the presence of a 26-bp deletion, in
addition to a C  T SNP (Figure 5). In silico translation of gene model one that contains
the deletion (in isolation or in conjunction with the C  T SNP) results in a frameshift
mutation. This frameshift causes the loss of the original STOP codon and extends the
protein length from 505 amino acids (wild-type length) to 625 amino acids. The deletion
in gene model two (in isolation or in conjunction with the C  T SNP) is predicted to
cause a frameshift mutation which extends the protein length from 479 amino acids
(wild-type length) to 599 amino acids. The protein encoded by wild-type gene model
three is 546 amino acids in length. In this model, the SNP and deletion fall in an intron
and they do not independently or in conjunction disrupt the conserved intron 5’ donor
site, 3’ acceptor site, or the branch (lariat) site.
3.2 Mapping and Alignment with Short Sequences (MASS)
MASS generates plots of the ratio of Col-0 vs. Ler aligned reads along the genome, with
a positive read count indicating Col-0 enrichment. Examination of all five Arabidopsis
nuclear chromosomes revealed the tallest, most unmistakable peak to be located directly
above atr on chromosome five (Figure 6). Chromosomes one and three showed moderate
enrichment for Ler in certain regions. A plot of ecotype-specific enrichment for
chromosome two was relatively unremarkable. Chromosome four contained a
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Figure 6. MASS generated genome-wide Col-0 vs. Ler SNP ratios. Read counts vs. base
pairs are plotted for ursu atr binned at 100 Kb intervals. Positive read counts indicate
enrichment for Col-0. The red bar indicates the region likely harboring the causative
mutation(s). This indicated region also contains the atr locus.
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homogeneous population of short, unremarkable peaks selected for Col-0. The largest
signal for Col-0 enrichment was observed on chromosome five, centered on atr.
Using MASS involves manually selecting a mapping interval (~1-2 Mb) centered on
peaks of interest. Four 2-Mb intervals on chromosome five were selected for further
analysis using MASS: 8.5 - 10.5 Mb, 14.5 - 16.5 Mb, 16.5 - 18.5 Mb, and 18.5 - 20.5 Mb.
Hundreds of SNPs were discovered within each mapping interval, but only those
immediately under or adjacent to areas underneath large peaks were considered. Of the
SNPs that fit these criteria, only SNPs in positions that disrupted non-transposon, protein
coding and RNA genes were considered to be putative, causal mutations. The refined list
of potential SNPs fell in loci containing small RNAs (smRNAs) and protein coding genes
(Table 4).
Under the peak representing the largest enrichment of Col-0 DNA (largest ratio of Col-0specific sequence reads to Ler-specific sequence reads), between 16.5 - 18.5 Mb along
chromosome 5, only one mutation was detected in the 100-kb bin represented by the
tallest histogram peak. The T/A  C/G SNP (position 17466479, chromosome five) is
located in the first exon of the gene for Resistance to Peronospora parasitica protein 8
(rpp8). In silico translation revealed the SNP is a synonymous mutation in the wobble
position of the 60th codon (Asparagine 60).
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Table 4. Candidate mutations generated using MASS. Shown are relevant mutations in
the atr-linked region and on chromosome five.

Chromosome
5
5
5
5
5
5

Position
9093913
15844893
15964369
17085645
17466479
19418994

Reference
base
A
T
C
T
A
C

Consensus
base
C
G
T
C
G
G

Phred-like
consensus
quality
42
36
36
36
36
36

Read
depth
5
3
3
3
3
3

Feature
smRNA
AT5G39570
smRNA
smRNA
AT5G43470
smRNA
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Discussion
Root growth arrest in Arabidopsis thaliana following UV-B irradiation and photoproduct
accumulation putatively results from non-functional, mutant atr and another unknown
gene, ursu. Here, I undertook to map the genomic location of the causative mutation,
ursu. Several putative candidates were identified, including arf13 and rpp8, but
ultimately, the search for a causal mutation was inconclusive.
4.1 Rationale
The initial, broader goal of mutagenizing and combining DDR mutants, including sog1
and atr, was to elucidate the contribution of different DDR proteins in response to a
model mutagen, UV-B. Prior to the discovery of the root termination phenotype, the
study followed a traditional reverse genetics approach: knocking out essential proteins
involved in the DDR, creating double or triple mutants through crosses, and observing
responses following UV-B irradiation. A sog1 mutant was created by EMS mutagenesis –
a popular technique known to generate a random distribution of mutations throughout the
genome [68]. An EMS-derived mutant sog1 was crossed with an atr (T-DNA insertion
knockout) deficient plant to create the atr sog1 double mutant. A unique phenotype
emerged following UV-B irradiation of the segregating F2 atr sog1 roots: permanent root
growth arrest. PCR genotyping of these plants revealed dependence of the phenotype on
atr, but not on sog1 deficiency. Furukawa et al. [40] had previously performed similar
UV-B root growth assays using atr plants, and had observed no such phenotype.
Segregation analysis suggested the dependence of the phenotype on a recessive gene, in
addition to the lack of atr. At this point, the experiment switched to a forward genetics
approach in order to identify and map the gene responsible for this unique phenotype.
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4.2 High-Throughput Sequencing
To identify the location and identity of the mutant gene causing the ursu phenotype, we
undertook to map the gene using a mapping by sequencing approach. After crossing the
Col-0 ursu mutant with the Ler mapping-line we sequenced the DNA from plants that
displayed irreversible root growth arrest after UV-B irradiation.
DNA from 64 F2 mutant plants was extracted, pooled, sheared, and used to create a
sequencing library for mapping by sequencing. A total of 2,171,475 unique 101-bp
sequence reads were produced by the Illumina HiSeq 2000 for a dismal 1.75X coverage
of the 125-Mb Arabidopsis haploid genome. Overlapping reads generated by the
sequencer create coverage across the genome, where coverage is defined as the average
number of reads covering any nucleotide [69]. Multiple reads per base are necessary for
reliable base calling. Also, because reads are not distributed evenly across the genome,
some regions will experience more or less coverage than the average. Deeper sequence
coverage is necessary to ensure that all regions of the genome are covered by some
overlap of reads. Next generation sequencing projects, whether or not mapping by
sequencing, commonly aim for 25X – 50X haploid genomic coverage [54, 70, 71]. A
recent study of the effects of genome coverage on mapping by sequencing experiments
recommends a minimum of 25X coverage in order to avoid overlooking causative
mutations [72].
DNA from 64 F2 progeny of the cross between ursu atr (Col-0) and wild-type Ler with
permanently arrested root growth following UV-B irradiation was sequenced. Although
there were enough individuals to use MASS or NGM to determine loci where Col-0 DNA
was enriched by selection (MASS and NGM have been used successfully with 92 and 10
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individuals, respectively), low sequence coverage of the genome was acquired. DNA
extraction from cotyledons of the 64 individuals yielded little DNA in large volumes.
Each sample was eluted in large volumes to maximize yield (100 μl), and the extractions
yielded enough DNA, once pooled, for sequencing. An empirical determination of
shearing time was performed using a different sample, which was to be sequenced in
parallel with the ursu sample. Following sonication and concentration of each sample,
154 ng ursu DNA was available for sequencing library preparation. This loss of DNA
during the shearing step could be due to adhesion of DNA molecules to the walls of
microfuge tubes. The more probable reason is, due to a difference in concentration which
was not taken into account, the DNA was over-sheared during sonication (due to being
sonicated for too long and in larger volumes). Compounded with potential overshearing
of DNA, Amicon microconcentrators removed fragments <100 bp and so more DNA
could have been lost in this manner. To avoid these issues, the pooled DNA should have
been concentrated with the Amicon microconcentrator before shearing. If DNA
concentrations were still significantly different than those of the other samples, an
empirical test to determine sonication time should have been run independently for this
sample. Regardless, several features stood out in this slim dataset.
4.3 Mapping and Alignment with Short Sequences
Mapping analysis of the first four chromosomes of Arabidopsis using MASS was
unremarkable, aside from the noted large Ler-specific negative enrichment peak on
chromosome one. No regions showed significant enrichment for Col-0 DNA across
chromosomes one through four. Chromosome five displayed a salient, Col-0-specific
DNA enrichment peak in the region of atr. Further analysis was performed in 2-Mb
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increments across the length of the several-megabase peak. Candidate SNPs in each 2Mb interval were filtered manually by functional annotation to assess the potential of
each mutation to cause the ursu phenotype. A list of probable SNPs in non-transposon,
protein or RNA encoding genes was developed. A filtered list of potentially causative
SNPs contained only SNPs in four small RNA (smRNA) and two protein encoding genes.
SNPs in smRNAs have been mapped and shown to have phenotypic ramifications [48].
Small RNAs are short RNA sequences (~21-26 nt) responsible largely for repressing
gene expression in most eukaryotes through binding to complementary sequences [73].
Small RNAs come in many varieties, including short interfering RNA (siRNA), small
temporal RNA (stRNA), heterochromatic siRNA, tiny non-coding RNA, and microRNA
(miRNA). In addition to mediating eukaryotic genetic regulation, smRNAs can silence
mRNA and target it for degradation, or inhibit its translation altogether. Small RNAs play
a role in host defenses to viruses and transposons, and they can target epigenetic
modifications to certain areas of the genome. If the causal mutation for the root
termination phenotype is indeed in a small RNA, a complementation test transforming
ursu atr with the wild-type allele of the smRNA in question should restore root growth
following UV-B irradiation. Of the smRNAs containing SNPs discovered by MASS,
further analysis revealed a multitude of overlapping smRNAs. Without additional
sequencing to increase coverage depth, or complementation analysis, it is difficult to
further narrow the list of candidates.
Of the two SNPs found by MASS in protein coding genes, one is in the first exon of a
gene of unknown function. There is some microarray evidence of root expression, but it
is difficult to speculate on the putative effects or pathways by which it would cause the
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mutant phenotype [74]. The second SNP found in a protein coding gene was found in the
first exon of Resistance to Peronospora parasitica protein 8 (rpp8). Although immediate
physiological relevance was difficult to muster, the validity of this SNP was strengthened
by its presence directly underneath the tallest Col-0 enriched peak. Rpp8 is one of many
conserved resistance (R) genes present in plants activated by pathogens [75]. Resistance
genes are involved in the recognition of viral, bacterial, fungal, and oomycete pathogens.
Rpp8 confers resistance to oomycete pathogen Peronospora parasitica. Once the
presence of the pathogen has been recognized by resistance genes, defense responses
such as the accumulation of salicylic acid, expression of pathogenesis-related genes, and
hypersensitive response become activated. In the hypersensitive response, necrotic
lesions are formed at the site of infection and a barrier of dead cells is thought to help
prevent further pathogen multiplication and movement by limiting nutrients and other
necessary host components.
In silico translation of rpp8 containing the SNP reported by MASS resulted in a
synonymous mutation (N60  N60), due to the presence of the SNP in the wobble
position of the codon. Sanger sequencing of rpp8 should be performed to verify that there
are not other SNPs or insertion/deletion mutations in the gene not detected by MASS.
Although the SNP detected is not predicted to have significant effects, it may have been
reported by MASS because it may be tightly linked to a deleterious, causative mutation
lacking sufficient sequence coverage to identify. Alternatively, this so-called “silent
mutation” could fall in the category of an increasing collection of genes in which
synonymous mutations appear to have not so silent effects [76, 77]. Synonymous codons,
although coding for the same amino acid, can be differentially preferred and used.
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Synonymous codon usage bias exists in Arabidopsis, among other model organisms [78].
Increasing amounts of evidence suggests that synonymous mutations experience selective
pressures linking them to transcription, splicing, DNA secondary structure, and mRNA
secondary structure and stability [77]. Strong selective pressures on synonymous codons
exist for translational efficiency and, as a result, highly expressed genes are encoded
primarily by codons corresponding to highly abundant tRNAs. By the same token, the
presence of an uncommon codon (with less available tRNAs) can slow protein
manufacture and affect efficient folding potentially altering rate of translation [79].
Kimchi-Sarfaty et al. [76] saw differences in mRNA and protein conformations between
wild-type and synonymous mutant genes. They hypothesized that a synonymous change
from a more frequent codon to a rare codon will affect the timing of co-translational
folding. As more protein product continues to be made and tRNA becomes depleted, the
usage of a particular codon suddenly becomes of importance. In rpp8, codon usage at the
identified synonymous SNP (AAT  AAC) decreases only slightly from 23.1% to
20.7%. The differences in frequencies reported by Kimchi-Sarfaty et al. [76] as a result of
the synonymous SNP were at least 8%. The 2.4% difference in codon usage is not
significant enough in the case of N60  N60 to warrant further study of this basis.
Sanger sequencing is needed to verify the presence of the SNP, and has potential to
reveal other nearby causal SNPs or insertion/deletion mutations, which may not have
been detected by software due to low coverage and software limitations.
A chromosome plot of the SNPs identified by Joseph Ecker’s group and used for MASS
was generated (Figure 7). A visual representation of the SNPs across the five
chromosomes illustrates a low SNP density reported across the length of chromosome
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Figure 7. Single nucleotide polymorphic sites between Ler and Col-0 genomes. SNPs are
binned every 1000 bp. Chromosome four and the short arm of chromosome five show a
lower density of SNPs compared to other genomic regions.
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four and along the short arm of chromosome five. Due to overall low sequencing
coverage, and lack of two salient peaks among the five chromosomes to explain the
phenotype, there emerged three possibilities regarding the location of the causative
mutation: (1) the sequencing coverage is far below the threshold required for accurate
mutation detection by MASS. This problem is compounded by the low density of SNPs
on chromosome four and on the short arm of chromosome five; this SNP list is central to
the function of MASS and a low density of SNPs combined with extremely low coverage
in these areas holds high potential for causal SNPs to be overlooked. This possibility
seems unlikely due to the strong signal in the region of atr, an internal control. (2) The
causative mutation is tightly linked to atr, and the causal mutation is located under the
large peak on chromosome five. (3) The phenotype is caused by quantitative trait loci
rather than by a qualitative trait locus, as has been assumed. Additional sequencing
coverage across this peak would greatly facilitate mapping and identification efforts.
4.4 Next-Generation Mapping
NGM generated a singular, large SNP desert on chromosome five. This desert was
initially dismissed from the pool of potential causal SNPs – it was regarded as the signal
due to the internal positive control, atr. As such, the search for causal mutations began
along the other four chromosomes with the assumption that poor coverage was limiting
the program’s ability to draw another true, multi-megabase SNP desert. It was through
the examination of these here called micro-deserts that a SNP in arf13 (locus
AT1G34170) was discovered. Further examination of SNPs located in the SNP desert on
chromosome five, even with permissive filtering criteria, did not return salient candidates
(Table 3). Physiological relevance of each of the putative causal SNPs was examined,
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and of all candidates, arf13 appeared to have the most compelling case. For these
reasons, despite little supporting evidence from the NGM histogram, the arf13 SNP was
investigated further. Sanger sequencing confirmed the presence of the SNP (P  L)
detected by NGM in arf13, and also revealed a 26-bp deletion. In gene models
AT1G34170.1 and AT1G34170.2, the SNP and deletion are both in exon 12. The
frameshift-causing deletion, in both gene models, resulted in the loss of the original
STOP codon and extension of the protein length by 120 amino acids. In gene model
AT1G34170.3, the SNP and deletion are located in intron 12 and do not disrupt
conserved intron elements (Figure 8).
Each gene model is ranked according to confidence scores, which are generated based on
transcript data, proteomics data, alignments with other plant species, and multiple
alignment analysis. For each gene model, individual exon confidence ratings are first
generated based on available data of the aforementioned data types. Gene model
confidence rankings are constructed from the combined confidence scores of all its
exons, as well as from overall rankings based on all available experimental datasets in
combination. A ranking out of five stars is given to each gene model, with five stars
being the best ranking and representing coverage across the length of the gene and at
every splice junction by a single piece of evidence. Gene models AT1G34170.1 and
AT1G34170.2 both meet the requirements for five star rankings. Gene model
AT1G34170.3 receives only two stars – meaning although there is enough experimental
and computational evidence covering >50% of the gene, the evidence does not span every
splice junction. Support for gene models AT1G34170.1 and AT1G34170.2 lends
credence to a potential effect of a

52

Figure 8. ARF13 gene models presented by TAIR. From top to bottom: AT1G34170.1,
AT1G34170.2, and AT1G34170.3. The putative causal SNP is located in exon 12 in gene
models AT1G34170.1 and AT1G34170.2 (shown by a white asterisk), and in intron 12 of
gene model AT1G34170.3 (shown by a black asterisk).
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frameshift mutation in the 12th exon of arf13, although a complementation test needs to
be performed to verify the causal nature of these mutations on the root termination
phenotype. A number of limitations of the gene model ranking approach exist: abundance
of supporting data is not taken into account, certain data types automatically generate
lower rankings for specific splice sites, models are not penalized for missing elements, all
evidence types are taken into account equally, proteomics data uses the map position of
the peptide but not the frame, and the ranking system does not provide a sense of the
accuracy of the annotated open reading frame [67].
4.5 Auxin Response Factor 13
A large deletion found in arf13 (auxin response factor 13) causes a frameshift mutation
that extends the protein. This alteration may affect the normal functioning of this protein.
Auxin response factor 13 is an attractive candidate because of its involvement with auxin
signaling and regulation of polarized root growth.
Auxin, an essential phytohormone, plays crucial roles in regulating cell division,
extension, and differentiation. Together with other phytohormones, auxin is believed to
hold a critical role in nearly every aspect of plant growth and development [80]. Once
synthesized, auxin is transported to certain areas of the plant to trigger signaling cascades
resulting in developmental responses. Auxin regulates transcription of a variety of genes,
including the Aux/IAA, SAUR, and GH3 gene families, many of which include early
auxin response genes that are activated rapidly after auxin treatment [81]. Auxin response
genes are regulated by two transcription factor families: auxin response factors (ARFs)
and Aux/IAA repressors. Auxin response factors (ARFs) are sequence-specific DNAbinding transcription factors that bind to auxin response elements (AuxREs) in the
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promoter regions of early auxin response genes such as Aux/IAA [82]. The leading
model posits that once auxin is detected by members of the Transport Inhibitor Response
1 family, Aux/IAA repressor proteins are proteolyzed, thereby releasing their inhibitory
effects on ARFs. ARFs either repress or activate auxin response genes depending on cell
type, environment, and the presence of an activation or repression domain in the variable
central region of the protein [83].
Developmental processes in the cell are initiated and mediated through auxin-regulated
gene expression [84]. Root development is heavily influenced by precisely organized
gradients of auxin [85]. Variation in auxin concentration and auxin responsiveness
dictates auxin-regulated activities throughout the plant, including the root. In the growing
root tip, auxin concentrations increase along the root toward the root apical meristem,
reaching a sustained maximum at the quiescent center (QC) [86]. This particular pattern
of auxin in the root tip defines the identity and position of cells in the stem cell niche.
The auxin gradient guides cells to transition from the zone of cell division in the root tip
(meristem) to the zone of cell elongation higher up the root tip. Auxin is transported
directionally toward the root apex by the PIN (PIN FORMED) family of polar transport
proteins [87]. At the root apex, auxin is redirected to the lateral root cap, epidermis, and
back up toward the elongation zone. Some auxin is recycled back toward the root apex by
a subset of PIN proteins, thus creating a circulatory route of auxin transport in the root tip
[88]. PLT (PLETHORA) transcription factors are crucial in defining the QC and the stem
cell niche in the root apical meristem [89]. In order to generate a specific auxin
distribution, PLT genes control several members of the PIN family of proteins. PIN genes
are needed to establish the auxin maximum at the QC and since PLT expression is auxin
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inducible, PLT expression is thereby localized, specifically, to areas of high auxin
concentration. There is evidence of ARF regulation of PLT gene expression [89].
Transcription of auxin transport proteins, including PINs, was also discovered to be under
the control of ARFs [90]. Regulation of transport protein expression by ARFs fits in with
a proposed transcription regulatory loop, involving proteolysis of Aux/IAA proteins
under high auxin concentrations and ARF-mediated up-regulation of auxin transport out
of the cell [48]. The subsequent reduction in auxin is sensed and results in a reduction of
ARF-mediated transcription of transport components. Thus, auxin gradient production is
self-reinforcing.
A total of 22 full-length ARFs have been identified in Arabidopsis [91]. Of these, arf13
was identified using NGM and functional annotation as the most probable candidate
mutation behind the root termination phenotype. In previous studies, arf13 exhibited
repressor action in transfected plant protoplasts, however, because activation/repression
tests for ARFs have relied on transient expression assays in vitro, the possibility remains
that the activity of arf13 could change in response to cellular environment or cell type
[81]. Little is known about arf13 function in particular; T-DNA disruption of arf13 did
not show obvious growth phenotypes [90]. Arf13, along with a horde of adjacent arf
genes on chromosome one, is expressed during plant embryogenesis. Expression
profiling of arf genes in Arabidopsis (Col-0 ecotype) root tips revealed some expression
in the lateral root cap and epidermis [92]. It has been suggested that particular Aux/IAAARF pairs determine auxin-dependent developmental processes [93].
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4.6 Mechanistic Model for arf13 Involvement in Irreversible Root Termination
Furukawa et al. [40] previously characterized atr-/- root growth and stem cell death in
response to UV-B irradiation (0.3 kJ m-2). ATR recognizes RPA-coated ssDNA adjacent
to dsDNA. This structure commonly occurs when replication stalls, at telomeres, during
NER, or during replication when DNA polymerase is forced to reinitiate downstream of a
disruptive lesion [19]. ATR also plays important roles in cell cycle checkpoints and is
responsible for the stabilization of stalled replication forks.
Replication fork stalling during S phase can result from endogenous or exogenous lesions
in the template DNA – such as from genotoxic chemicals, replication errors, or UV
irradiation. Once the replication fork is stalled, it is crucial to stabilize the fork to provide
the cell time to repair the lesion or bypass it, so that replication may eventually resume.
ATR is among several proteins recruited for fork stabilization. Signals of replication fork
stalling are transmitted directly by ATR to cell cycle effector kinase Chk1 to signal cell
cycle arrest. Replication and cell division suffer critical delays when lesions are not
removed. In the absence of essential proteins such as ATR, the replication fork may not
be stabilized, resulting in replication fork collapse, DSB accumulation, and eventual cell
death. ATR is also posited to hold more specific roles in response to UV-induced DNA
damage. In the presence of UV damage, ATR phosphorylates the NER factor Xeroderma
pigmentosum group A (XPA) protein [94]. ATR-dependent phosphorylation of XPA may
promote NER repair of persistent DNA damage due to UV irradiation, especially CPDs.
ATR is believed to play a role in the regulation of global genome NER, which removes
DNA damage from anywhere within the nuclear genome during S-phase [95]. In non-
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dividing cells, UV damage signaling – whether or not in the presence of functional NER
– is believed to proceed via a common pathway involving ATR [96].
Furukawa et al. [40] observed growth recovery in atr roots after UV-B irradiation.
Elevated PCD was observed in UV-B irradiated atr mutants relative to wild-type
controls, with a mean of approximately four dead stem cells per root in response to 0.3 kJ
m-2 UV-B [40]. Cell death in atr mutants was found mostly in StPr cells, apical to the
QC. Unpublished results also show elevated stem cell death in ursu atr mutants (Figure
3). Elevated PCD in these mutants makes sense, given the crucial roles of ATR in UV
damage signaling, fork stabilization, cell cycle signaling, and communication with other
DDR pathways for repair initiation. One potential explanation for the root termination
phenotype, if the causal mutation is indeed in arf13, is that the StPr cells assist in the
maintenance of the auxin maximum, and their death due to a lack of ATR when irradiated
results in the collapse of the auxin gradient. The auxin gradient is unable to reform
because of the absence of ARF13.
Delayed root growth recovery in response to UV-B irradiation (0.3 kJ m-2) in pol eta pol
zeta mutants appeared to be caused by a transient loss of organization in the root apical
meristem, as analyzed by confocal cross-sectional microscopic imaging [59]. A similar
loss of meristematic organization, which cannot recover, may be occurring in the ursu
mutant. ARF13 shows moderate expression in the lateral root cap and epidermis under
non-irradiated growth conditions and appears to be most heavily expressed during
embryogenesis. Although the exact function of ARF13 during embryogenesis remains
unknown, ARF13 could potentially be important to the initial establishment of the auxin
gradient in the root apex. Perhaps expression of ARF13 is also necessary during stressful
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conditions that involve severe disruptions to the root apical meristem in order to
reestablish the auxin gradient loop with a maximum at the QC. ARF proteins are
responsible for regulating transcription of auxin transport components (such as PINs) and
essential transcription factors (PLTs) that maintain the auxin maximum at the QC and
define the stem cell niche. Death of cells responsible for circulating auxin around the root
tip disrupts the auxin gradient, and perhaps without ARF13, the gradient and auxin
maximum cannot be reestablished. Support for increased stem cell death in the ursu atr
mutant is unpublished (Figure 3). QC ablation studies have revealed the importance of
the auxin maximum in maintaining stem cell identity. Ablation of the QC results in local
stem cell differentiation [97]. Under normal conditions, a new distal auxin maximum is
established in adjacent cells, thus re-specifying the QC [98]. However, perhaps without
ARF13 to coordinate the reestablishment of the auxin gradient, cells in the root tip
differentiate prematurely. The gradient of auxin is responsible for maintenance of cell
identity and for promotion of growth, both by proliferation in the meristematic zone and
by elongation in the elongation zone. Potentially, disruption of the auxin gradient in the
absence of ARF13 may prevent the successful re-establishment of auxin gradients –
resulting in permanent root-growth arrest in response to UV-B in atr mutants.
4.7 Comparison of NGM and MASS
Although the purpose of using two different mapping programs, NGM and MASS, was to
complement and strengthen the support for certain putative causal SNPs, in this case, the
two software programs actually found different candidates. The leading candidates for
ursu, arf13 and rpp8, were identified by either NGM or MASS, respectively. Neither of
these two genes were identified as potential candidates by both software packages. This
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disagreement can most likely be attributed to differences in alignment and filtering
criteria. These issues would most likely not arise in the case of higher sequence coverage,
as including enough reads in the analyses would likely point to one (or only a few) causal
candidates. Integrated Genomic Viewer (IGV) was used to view the sequence alignments
used for NGM, and confirmed the presence of a large deletion in arf13 (Figure 9).
Searching the alignments used for NGM for the proposed location of the rpp8 SNP
identified by MASS revealed no reads covering this region. This supports the idea that
the difference in alignment programs used between NGM and MASS, compounded with
dismal genomic coverage, may have contributed to the discovery of different putative
causal mutations.
4.8 Alternative Modes of Trait Inheritance
The assumption has been made throughout this analysis that the root termination
phenotype under study is a qualitative trait (i.e. individuals can be clearly identified
according to phenotype, the trait shows Mendelian inheritance, and the trait shows few
environmental effects). Prior to mapping by sequence analysis presented herein, 18 out of
200 plants were observed root terminators. This gives a ratio of ~ 0.09, versus the
expected Mendelian ratio of

or ~ 0.06. A χ2 test comparing these two values reveals

there is not a significant difference between observed and expected ratios of phenotypic
variance in the F2 population (p-value ≥ 0.05). Observed segregation ratios and expected
ratios of the phenotype were compared for the F2 population of the Col-0 x Ler cross, in
which 64 out of 800 progeny were root terminators. A statistically significant difference
was observed (p ≤ 0.05). Differences in statistical significance can most likely be
attributed to small sampling size; however, the larger sampling group suggests a
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A.

B.

Figure 9. Illumina sequence coverage of selected genomic regions. Alignments were
generated from the BAM file used for NGM analysis and viewed using Integrative
Genomics Viewer (IGV). IGV confirmed low coverage across rpp8 and atr regions.
(A) Manual IGV alignment verified the presence of a major deletion in exon 12 of arf13
(AT1G34170.2). (B) Exon 10 of atr was expected to possess a region without alignment,
due to the T-DNA insertion. This region was confirmed (indicated by a red bar in the
image above), although poor coverage created many such regions in atr.
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deviation from expected Mendelian ratios. In this case, the phenotype could be
reevaluated as a quantitative trait (i.e. there is a range of variation in phenotype, a
complex, non-Mendelian mode of inheritance is shown, and there is moderate-high
environmental effects). Examples of quantitative traits include plant height, seed weight,
etc. A complex mode of inheritance may suggest the involvement of a quantitative trait
locus (QTL). QTLs have been notoriously difficult to map and identify, although some
progress using mapping by sequencing has been successful [99, 100]. The identity of this
phenotype as a QTL may help to explain the micro-deserts seen using NGM.
Another possibility that has not been addressed is whether the phenotype is only
dependent on the absence of functional ATR and not on an additional gene, such as ursu.
Although permanent root arrest was not observed in UV-B irradiated atr mutants, the
phenotype could be partially penetrant. The likelihood of this scenario seems low,
however, because one would expect a much lower incidence of the phenotype. In order to
account for sampling error and stochastic effects, additional atr mutants would need to be
screened for the phenotype.
4.9 Conclusions
High-throughput sequencing technologies have transformed the field of genetics.
Revolutionary mapping by screening techniques enable forward genetic screens because
of affordability and efficiency. Paralleled progress of bioinformatics analysis programs
continues to streamline the analysis of gargantuan datasets into informative, biologically
relevant results. Here, it was hypothesized that permanent root arrest of atr-/- Arabidopsis
plants in response to UV-B irradiation is dependent on another gene, ursu. Due to poor
sequence coverage and potential linkage to atr, we could not identify a causative
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mutation and the hypothesis could not be confirmed. However, several candidate
mutations have been revealed, including arf13 and rpp8 using NGM and MASS
respectively. Several potential scenarios exist to address the unexplained phenotype.
Least likely, the phenotype is exclusively due to the lack of atr, and the phenotype is
partially penetrant. However, in this situation, one would expect the observed and
expected Mendelian ratios to show a substantial deviation, larger than that observed here.
Segregation analysis with a larger sampling size would be necessary to test this
possibility. Returning to the original hypothesis, it remains a possibility that the root
termination phenotype is dependent upon another gene in addition to atr. In this case, the
causal mutation could be located along chromosome four or the short arm of
chromosome five. MASS analysis of this situation was difficult due to the compounding
factors of low coverage and a low density of SNPs listed in both regions. NGM analysis
did not pick out any salient candidates in these regions, but this could be attributed to
poor coverage and differences in alignment programs used. The causal mutation could be
located along one of the other three chromosomes (chromosomes one, two, or three).
MASS did not show any obvious enrichments for Col-0 for any of these chromosomes,
nor did NGM return any multi-megabase SNP deserts. Arf13 was selected from among
many micro-deserts in NGM for its physiological relevance. PCR and Sanger sequencing
confirmed the P  L SNP found in NGM, and also found a 26-bp deletion. In the two
most likely gene models, these changes caused a frameshift mutation, which extended the
protein length in both models by 120 amino acids. It is possible that an arf13 atr mutant
is experiencing loss of its auxin gradient and is unable to reestablish critical auxin
gradients across the root tip, thereby resulting in the observed root termination
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phenotype. A complementation test and a reverse genetics approach are necessary to
validate these results. Finally, there is the possibility that the causal mutation is tightly
linked to atr. This possibility would explain, despite low coverage, the presence of a
salient peak and SNP desert output from both analyses. Low coverage may certainly
explain the reason why another peak/desert was not observed, however it is interesting,
despite poor coverage, that the positive control, atr, was so salient. Perhaps the situation
is that low coverage is preventing greater resolution in this area. MASS proposed a list of
candidates in this area, including a number of small RNA genes, as well as rpp8. NGM
did not find these same candidates, likely due to differences in alignment algorithms.
Finally, additional segregation analysis could be performed on the ursu line to better
determine its inheritance pattern and test the nature of the phenotypic trait.
In order to provide more substantial support for this hypothesis and better test its
predictions, greater genomic coverage – at least 25X – would be needed. A large
population of mutant F2 plants for library preparation, as well as prior concentration of
DNA and optimization of sonication time would be important steps for increasing DNA
yields submitted for sequencing. Mapping programs NGM and MASS could be run again
with more sequence data, and would likely return a more concise list of candidates. NIKS
could also be utilized in a future analysis. The advantages to using NIKS are ease of
applicability to mapping projects involving crops and other non-model organisms, and
avoiding the need to cross mutants with a mapping line and collecting F2 individuals.
In conclusion, additional experimental verification is necessary to identify the gene
responsible for the ursu phenotype. Evidence suggests the causal mutation may be linked
to atr. Rpp8 was herein identified as one potential candidate, although experimental
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validation is still needed to assess the role of rpp8 in causing root termination.
Alternatively, a putative causal mutation has been identified here in arf13, which may
suggest a link between signaling in the DNA damage response and essential
phytohormone gradients.
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