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The advent of next generation sequencing has influenced
every aspect of biological research. Many labs are now using
whole genome sequencing in Arabidopsis thaliana as a means
to quickly identify EMS-generated mutations present in
isolated mutants. Following identification of these mutations,
examination of T-DNA insertional alleles defective in
candidate genes or complementation of the mutant
phenotype with a wild type copy of candidate genes can be
used to verify which mutation is causative for the phenotype
of interest. Here, we discuss the benefits and pitfalls of using
this method to identify mutations underlying phenotypes.

Over the past few decades, many techniques have been used to
identify Arabidopsis thaliana causative mutations in mutant iso-
lates. In the 1990’s, many graduate students and postdocs spent
their entire tenures carrying out the laborious process of
‘chromosome walking’, in which a physical map was built using
yeast artificial chromosomes (YACs), and markers identified one-
by-one as researchers narrowed the region that may contain the
causative gene mutation.1 After this lengthy process, it was no
small feat to sequence the region of interest in the mutant and
wild type plant backgrounds, identify the causative mutation,
and complement the phenotype by transformation to confirm
causality.2,3

The release of the Arabidopsis genome sequence in 2000 was
the advent of the ‘genomics’ era, and altered the speed with
which mutations were identified.4 The release of the sequence for
the first ecotype (Columbia-0, Col-0)4 was shortly followed by
the release of the sequence of the ecotype Landsberg erecta (Ler-
0).5 The sequence of these two ecotypes allowed researchers to
compare the sequences and identify single nucleotide polymor-
phisms (SNPs), revolutionizing Arabidopsis gene mapping and
allowing gene identification in a year or less, compared to 3-
5 years with earlier chromosome walking methods.5

In the post-genomics era, and with the availability of next-
generation sequencing, genomic data has become exponentially
faster and cheaper. Further, the 1001 Genomes Project will
sequence 1001 Arabidopsis ecotypes, providing a seemingly

inexhaustible supply of natural variation data (www.1001ge
nomes.org). Similarly, next-generation sequencing is currently
used in a broad array of organisms to answer new biological ques-
tions and to quickly identify causative mutations in organisms
from metazoans to microbes.6-8

We recently described a method using next-generation
sequencing (NGS) to quickly identify causative EMS mutations.
We used EMS mutagenesis and screened Arabidopsis seedlings to
identify abscisic acid (ABA)-resistant root elongation (AR)
mutants.9 For our experiments, we performed a genetic screen for
our phenotype of interest (long roots in seedlings grown on ABA-
containing growth medium) in EMS-mutagenized M2 seedlings.
We then used two whole genome sequencing strategies to identify
the causative mutations in these AR lines. For some of our AR
lines, we retested M3 lines for the original phenotype, then crossed
them to Col-0 to obtain plants heterozygous for every mutation.
From this backcross, F2 progeny displaying the long root pheno-
type were identified and their F3 progeny retested and used for
genomic DNA extraction, typically from 7-10 F3 pools of 500
seedlings each (Fig. 1). For other AR lines, we extracted genomic
DNA from pooled M4 seedlings that had not been backcrossed to
Col-0. For both of these strategies, we used Illumina-based next-
generation sequencing to identify all SNPs. We narrowed our
search for causative mutations by identifying exon-encoded,
homozygous mutations that might be caused by EMS treatment
(i.e. G-to-A or C-to-T mutations). We then used this list of EMS-
related mutations as a starting point to determine which mutation
might be causing the ABA resistance phenotype.

From the data generated by sequencing pooled bulk back-
crossed segregants, the list of potential mutations was reasonably
short (typically 3 to 10 genes), allowing for quick identification
of likely causative mutations. In one example, we found AR116
had mutations in the coding sequences of 8 genes, one of which
was in a gene encoding the well-characterized auxin transporter
AUXIN RESISTANT1 (AUX1). Because we had additional
aux1 alleles in the laboratory, we were able to quickly perform an
F1 non-complementation test to determine that the mutation in
AUX1 was causative in this particular isolate. In other lines, we
identified mutations in genes not previously associated with hor-
mone responses; we have ordered T-DNA insertional alleles10 to
test for the ABA-resistant root phenotype and for F1 non-com-
plementation tests.
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For the non-backcrossed M4 AR lines sequenced, we uncov-
ered between one hundred and two hundred exonic, homozy-
gous, EMS-associated mutations. We scanned these lists of genes
for known genes involved in hormone signaling. For example,
from the list of mutations identified in isolate AR211, a mutation
in ETHYLENE INSENSITIVE ROOT1/PIN-FORMED2 seemed
a likely candidate for a causative mutation. We therefore crossed
AR211 to eir1-1 for an F1 non-complementation test and simul-
taneously used the identified AR211 SNPs to determine linkage
between these SNPs and the phenotype using PCR-based geno-
typing in a segregating AR211 backcrossed population. We
found that the phenotype was linked to EIR1 and that eir1-1
failed to complement the AR211 phenotype, confirming that the

EIR1 mutation was causative
for the ABA resistance phe-
notype in AR211.

The method we described
in Thole et al. (2014) worked
well for quickly identifying a
handful of genes with known
roles in hormone signaling,
which we could then use to
demonstrate that both auxin
and ethylene responsiveness
are required for a ABA-
responsive inhibition of root
elongation. From the time
that a mutant phenotype of
interest is identified to the
time that F1 complementa-
tion tests were carried out to
verify the causative mutation
took between 2 to 4 months.
This strategy is much faster
than the traditional map-
based cloning strategy, which
takes approximately one
year.5 An added benefit is the
effort required using next
generation sequencing is con-
siderably less than positional
cloning, in which large map-
ping populations of hundreds
of plants and hundreds of
PCR genotyping experiments
are required to narrow the
chromosomal region contain-
ing the causative mutation.

This strategy does not
come without its pitfalls.
Notably, our strategy
involved identifying EMS-
related changes (C-to-T and
G-to-A11) in exons. How-
ever, mutations in introns
and other non-coding

regions can be causative and splice site mutations can lead to
intron retention, resulting in a non-functional protein (for exam-
ple, Thole et al.12). In addition, spontaneous, non-EMS muta-
tions may be causative, even in EMS-mutagenized individuals. In
these cases, re-examination of previously ignored data (from
non-coding regions and including all SNPs) would be required
to identify the causative mutation. An additional limitation of
using NGS to identify mutations is that these technologies are
particularly ineffective at identifying insertions and deletions,13

making it an unsuitable choice for identification of mutations
caused by fast neutron or T-DNA insertion. Perhaps, as this tech-
nology improves and read lengths increase, NGS will become
more amenable to identifying indel mutants.

Figure 1. Scheme for identifying potential causative mutations in Arabidopsis with NGS. In this example, we cross
an ABA-resistant (AR) mutant created by ethyl methanesulfonate (EMS) treatment to wild type (Columbia-0). The
resultant F1 is self-pollinated to create a segregating F2 population. Individuals displaying the phenotype of interest
(ABA resistance in root elongation) are selected and allowed to self-pollinate to create F3 progeny. These progeny
are retested for the phenotype of interest, tissue from multiple retested F3 lines are pooled, and bulk genomic DNA
is sequenced using Illumina technology. The resulting reads are aligned to the reference sequence (TAIR v10) using
Novoalign (Novocraft; http://novocraft.com) and SNPs identified by SAMtools20 and annotated using snpEFF.21 We
then compare identified canonical EMS-induced changes (G-to-A or C-to-T) from our mutant to our lab wild type
Col-0 strain to identify mutations unique to the mutant.
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Another difficulty in sequencing non-backcrossed lines arises
if identified mutations do not reveal obvious candidates, in which
case the researcher is left with a list of possibly hundreds of genes
to examine. In this situation, one would likely backcross the line
and use linkage between identified mutations and phenotype to
narrow the list of candidate genes. We have encountered this
issue and have used this mapping strategy to identify genes previ-
ously not known to be involved in ABA response. In one specific
example, not included in our publication, we sequenced AR165
and identified a mutation in PLEIOTROPIC DRUG RESIS-
TANCE3 (PDR3/ABCG31, At2g29940). Because a previous
study reported that a close family member, PDR12/ABCG40 is
a plasma membrane ABA uptake transporter,14 we were naturally
excited about the possibility that PDR3 could play a similar role
in ABA transport. Indeed, we found that pdr3 insertional alleles
exhibited resistance to ABA in root elongation assays. We then
performed F1 non-complementation tests with AR165 and the
pdr3 insertional allele and found that the heterozygote displayed
milder ABA resistance than the AR165 isolate. Additionally,
PDR3 overexpression in the AR165 background only partially
restored ABA responsiveness (data not shown). It did not escape
our attention that AR165 also carried a mutation in AUXIN
RESPONSE1 (AUX1). Unfortunately, both AUX1 and PDR3 are
tightly linked on the same arm of Chromosome 2, and we were
unable to separate these mutations in segregating populations. In
other lines in which it appears that more than one gene contrib-
utes to the ABA-resistant root elongation phenotype, we will
identify individuals segregating for different possible causative
mutations, and further investigate their roles individually. These
approaches may allow us to identify the causative mutation in
our sequenced mutants that did not yield obvious candidate
mutations.

We are not the first to use next-generation sequencing to
quickly identify mutations in Arabidopsis, and many laboratories
are using various next-generation approaches to identify causative
mutations. Ashelford et al.15 took a similar approach to identify
EMS-caused SNPs in the genome of a mutant of interest, how-
ever, they narrowed down their candidate genes using a func-
tional genomic approach. These researchers rough-mapped their
causative mutation, then used gene expression data to look for
genes that normally had a rhythmic expression pattern, as the
mutant of interest had a circadian clock phenotype. Ultimately,
these researchers verified their phenotype by identifying a T-
DNA insertional mutant of the gene of interest with the same

phenotype.15 This method to identify candidate genes, facilitated
by publicly available transcriptomic data, will likely be valuable
to many researchers. Additional studies using next generation
sequencing of backcrossed bulk segregants include Hartwig et al.,
2012,16 Abe et al., 2012,17 and Lindner et al., 2012.18

Austin et al.19 took a different approach that they named
Next Generation Mapping (NGM), in which they pooled geno-
mic DNA from 80 outcrossed F2 lines, with an equal mix of
mutant and parental ecotypes (Col-0 and Ler), allowing for iden-
tification of large ‘SNP deserts’ created by linkage to the muta-
tion of interest. Discordant chastity statistics and probability
estimates then narrowed the list of possible mutant sites, reducing
the number of candidate mutations to between one and five
SNPs. Within these candidates, these researchers identified new
alleles for two mutants previously associated with their phenotype
of interest; for the third mutant isolate, the researchers examined
a T-DNA insertional allele in a candidate gene and observed the
same phenotype as their original isolate, confirming the causative
mutation.19 The approach of sequencing mapping populations is
more intensive than our approach because of the large number of
F2 pools required and the specialized bioinformatics and statisti-
cal analysis. Interestingly, this group has developed web-based
application to perform the described analyses (http://bar.utor-
onto.ca/NGM).

In conclusion, our method of sequencing backcrossed bulk
segregants is particularly time-effective and useful in creating a
short list of candidate mutations. Given the ease and affordability
of next-generation sequencing, this method is worth trying, and
is particularly cost-effective when sequencing multiple mutants
with indexing. For an in-depth review of using next generation
sequencing technology to identify mutations, please see Schnee-
berger, 2014.8
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