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Abstract Recent advances in DNA sequencing technology have facilitated whole-genome sequencing of mutants and vari-
ants. However, the analyses of large sequence datasets using a computer remain more difficult than operating a sequencer.
Forward genetic approach is powerful even in sexual reproduction to identify key genes. Therefore, we developed the Mit-
sucal computer system for identifying causal genes of mutants, using whole-genome sequence data. Mitsucal includes a
user-friendly web interface to configure analysis variables, such as background and crossed strains. Other than configuration,
users are only required to upload short reads. All results are presented through a web interface where users can easily obtain a
short list of candidate mutations. In the present study, we present three examples of Arabidopsis mutants defective in sexual
reproduction in which Mitsucal is used to identify causal mutation. One mutant was screened from seeds of a transgenic line
with a reporter gene to elucidate the mechanisms involved in the regulation of seed oil storage. The identified gene codes
for a protein may be involved in mRNA splicing. Other two mutants had defects in the surface walls on pollen termed exine.
Both causal genes were identified, and mutants were found to be allele of known mutants. These results show that Mitsucal
could facilitate identification of causal genes.

Keywords Whole-genome sequence - Arabidopsis mutant - Bioinformatics - Bulk segregant analysis

Introduction

Recent advances in DNA sequencing technology have
sharply increased the outputs of single sequencing runs,
while the cost has dramatically decreased (Faino and
Thomma 2014). The first fully sequenced genome of plants
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Genome Initiative 2000). Although even the smallest plant
genome required several years and international collabora-
tion to sequence, the recent single sequencer elucidates an
entire genome in only a few days. The strategy adopted to
sequence an entire genome was changed dramatically from
combining bacterial artificial chromosome (BAC) clones
covering the whole genome to the whole-genome shotgun
method (Tabata et al. 2000; Faino and Thomma 2014). Since
the completion of the reference sequence made it possible
to sequence similar strains without de novo assembly (rese-
quence), many strains were re-sequenced and comparative
genomics was performed (Ossowski et al. 2008, Schnee-
berger et al. 2011).

The high performance of the recent sequencer is use-
ful not only for genomics, but also for application to gene
expression analysis (RNA sequencing; RNA-Seq) and the
analysis of DNA—protein interaction by chromatin immuno-
precipitation (ChIP)-Seq. (Robertson et al. 2007; Nagalak-
shmi et al. 2008). Research into genetics has also benefited
from a high-throughput sequencer to facilitate the genera-
tion of a genetic map by restriction site-associated DNA
(RAD)-Seq. (Davey et al. 2011; Kanamori et al. 2016) and
the identification of the corresponding mutation for pheno-
types of interest. The sequencing of the whole genome of
multicellular organisms has become popular, even in a small
laboratory or by a single researcher; however, the analysis
of a large sequence dataset using a computer remains more
difficult than the process of sequencing itself.

Not only reverse genetic approach for redundant gene
families but forward genetic approach is powerful even
in sexual plant reproduction to identify critical genes. For
example, genes responsible for pollen tube guidance (e.g.
Palanivelu et al. 2003; Chen et al. 2007; Shimizu et al.
2008; Dai et al. 2014), pollen tube reception (e.g. Escobar-
Restrepo et al. 2007; Kessler et al. 2010) and gamete fusion
(e.g. von Besser et al. 2006; Mori et al. 2014) were identified
by forward genetic approach using mutants defective in plant
reproduction. Identification of candidate responsible genes
by a large sequence dataset must accelerate researches of
sexual plant reproduction.

To overcome the difficulty associated in applying bio-
informatics, we developed the Mitsucal computer system
which is able to identify the causal gene from raw whole-
genome sequence data. Mitsucal incorporates a web inter-
face to configure analysis variables, such as the genetic back-
ground, crossed strain and type of mutagen. Therefore, the
user can configure the program without any knowledge of
bioinformatics. The results of analyses, including chromo-
some mapping and the list of detected base substitutions, are
also represented through a web browser. The re-sequencing
of a mutant genome and its analysis by Mitsucal drastically
reduces the effort and time required to identify a causal gene.
In the present article, we describe the workflow required to
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identify the corresponding mutation from a collected sam-
ple so as to list candidate mutations following the proof of
a causal gene.

The first example, defective repression of Ole3p::LUCI-1
(droll-I) mutant, originated from an Arabidopsis transgenic
line carrying luciferase reporter gene. The mutant droll-
I was backcrossed to the parental transgenic line, and the
segregating F, was collected and sequenced. For the second
and third examples, a pair of kaonashi (kns) mutants derived
from a single mutagenised population were outcrossed to
the no-originating strain, and tens of F, progenies of each
cross were collected, from which DNA was extracted in
bulk. Each DNA library was constructed and sequenced by
a high-throughput sequencer. Mitsucal analysed the data pair
immediately and successfully narrowed down a list of can-
didate mutations. These results indicated that Mitsucal is a
powerful computer system that is useful for the identification
of causal genes.

Results

Identification of the causal gene for dro/7-1 mutant
isolated from a reporter transgenic line

We first present an example in which an Arabidopsis mutant
was screened from ethylmethanesulfonate (EMS)-treated
seeds of a transgenic line with a reporter gene, following
which the Mitsucal computer system was used to identify
the causal gene from whole-genome sequence data. To elu-
cidate the mechanisms involved in the regulation of seed oil
storage, a transgenic line of A. thaliana Col-0 containing the
luciferase gene (LUC) placed downstream of a promoter of
a gene for oleosin of seed oil body (Ole3p::LUC) was used.
Similar to the endogenous levels of Ole3 mRNA (Miquel
et al. 2014), the highest levels of bioluminescence were
observed during the late stage of seed development in the
Ole3p::LUC plants. When Ole3p::LUC seeds were sown on
plates containing luciferin, bioluminescence began to appear
within 10-18 h, with a rapid increase until 36-48 h, after
which the activity dropped sharply and disappeared after
4-5 days (Fig. 1). The increase in activity during the early
stage of germination is at least partly due to de novo expres-
sion of Ole3p::LUC, since it is greatly diminished by the
presence of an inhibitor of translation (cycloheximide) or
transcription (cordycepin). A dramatic change in biolumi-
nescence after 1-2 days of sowing suggests a transition in
the transcriptional status of Ole3 during the early stage of
germination. To further understand the mechanisms involved
in this transition, we screened for mutants in which the
expression pattern of bioluminescence during germination
is significantly altered from the parental line. One of the
mutants, droll-1 (defective repression of Ole3p::LUCI-1),



Plant Reproduction (2018) 31:117-128

19

Ole3p::LUC/Col-0

|Promoter Ole> LUC ‘ drol1-1
1.0 H 1.0 A
EMS
> 08 5 08
% 0.6 - [— % 0.6 Ms
o 04+ o 0.4 4
o =}
- 0.2 - 02
0.0 e S e e e 0.0 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
day after sowing day after sowing
| back cross
F1
Self pollination ¢
drol1 type: 32 lines wild type: 88 lines
1.0 1.0
. 0.8 . 0.8
2 06 2 0.6
® ® F2
o 0.4 1 o 0.4 S
-] -]
e _-/\‘ = 024
0.0 — 0.0 —
| | | | | | | | | | | |
0 1 2 3 4 5 0 1 2 3 4 5
day after sowing day after sowing
/ ¢ \A Self pollination
ST ST ST
~x K ek o< Kt

8 seedlings / line
_/

DNA extraction

.

Library construction

Fig. 1 Experimental scheme from droll-1 mutant isolation to library
construction for whole-genome sequencing. The bioluminescence
due to Ole3p::LUC in the Col-0 strain was monitored for 5 days after
sowing on agar plates containing luciferin, and the relative levels
of luminescence were plotted (top-left chart, N = 72). This paren-
tal line was mutagenised with ethylmethanesulphonate (EMS), and
droll-1 was isolated from the M2 population. The relative levels of
bioluminescence for droll-1 in the M3 generation were plotted in
the top-right chart (N = 96). By crossing droll-1 to the parental line,

F1 progenies were obtained and were self-pollinated to obtain F,.
Among the 120 F, progenies, 32 and 88 showed the phenotypes of
droll-1 and the wild type, respectively. A part of their biolumines-
cence was plotted in the middle charts (N = 15 and 57 for droli-1
and wile type, respectively). F, progenies were self-pollinated to
obtain F; seed, and eight seedlings of each were collected. The bulk
DNA extracted from F; seedlings was used to construct the library for
whole-genome sequencing
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was selected for further analysis, and an additional mutant
numbered #3-9 was used as a reference.

To identify the corresponding mutation on the genome
responsible for the phenotypes of droll-1 mutant, droll-1
was backcrossed to the parental line Ole3p::LUC and the
F, progenies were obtained. Among 120 F, progenies, 32
siblings showed defective repression of luciferase activity
at 3 days after germination, which suggested that the phe-
notypes of droll-1 resulted from a single recessive mutation
in the nuclear genome. Self-pollinated seeds harvested from
each mutant F, plant were sown, and bulked seedlings were
used for DNA extraction and subsequent library construction
for sequencing. A total of 1.99 Gbp, approximately 17-fold
the size of the Arabidopsis genome, was sequenced, and the
obtained short reads were analysed by Mitsucal. The result
of droll-1 by Mitsucal described below is presented at the
following URL (http://dandelion.liveholonics.com/mitsucal/
droll/).

We have developed the Mitsucal computer system to pro-
cess short reads produced by a high-throughput sequencer,
namely the next-generation sequencer, to identify the cor-
responding mutation. Mitsucal first aligned all obtained
55 million short reads to the reference of the chromosome
of the Col-0 strain, which was downloaded from the Arabi-
dopsis Information Resource (TAIR) website (http://www.
arabidopsis.org/), using bowtie (Langmead et al. 2009),
and the uniquely aligned 37 million short reads (67%) were
recovered. The aligned reads were compared to the reference
sequence, and all mismatches were counted (Supplemen-
tal Fig. 1A). All mismatches were listed with the coverage,
which was the number of short reads covering the nucleo-
tide, and the ratio of mismatches. This list would contain
true base substitutions in addition to sequence errors. To
select a reliable marker (base substitution) for chromo-
some mapping, the mismatch list was sorted by degree of
the coverage. The first 25% of mismatches from the lowest
coverage were removed from the list, since their ratios of
mismatches largely fluctuated by probability. The last 25%
of mismatches was additionally removed from the list as they
were speculated to be repetitive. In the case of droll-1, mis-
matches with higher (> 17) and lower (< 10) coverage were
removed from the list. The commonly observed mismatches
between droll-1 and #3-9, which was an additional mutant
line originating from the same parental line, were further
removed from the list. The remaining mismatches were used
as chromosome markers for further analysis. Mitsucal cal-
culated the ratio of mismatch by a marker and constructed
images for chromosome mapping (Fig. 2a). Each bar repre-
sented the ratio of mismatch and the marker position in the
chromosome. They were coloured by the ratio of mismatch
to be easily distinguished. Three purple bars indicating the
highest ratio of mismatch (90-100% ratio) were observed in
the 8—11-Mbp region of chromosome 3, and yellow green
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bars (70-90% ratio) were excluded from this region (pur-
ple double arrow in Fig. 2a). Because of the linkage among
substitutions, it was speculated that the ratio of substitutions
neighbouring causal mutations was higher than that of the
proximal region. It was noteworthy that yellow green bars
were neighbouring this region (yellow green double arrow in
Fig. 2a). This result indicated that the corresponding muta-
tion for the phenotype of droll-1 was located in this region
(Supplemental Fig. 2A).

To identify the mutation responsible for the phenotypes
of droll-1, Mitsucal aligned all reads for droll-1I to the
references of genes by bowtie with a parameter permitting
multiple alignments. Using the same method as described
above, all mismatches were detected. Within the 8—11-Mbp
region of chromosome 3, 13 nearly homozygous mutations
with a > 90% ratio of mismatch were detected. Four muta-
tions were commonly observed in #3-9 as control, and five
of the remainder had no effect on protein structure (mutation
at intron or synonymous substitution). Only one mutation
out of the remaining four was a substitution from G to A
(or C to T), the most typical mutation caused by EMS. The
mutation was located at the 3’ end of the second intron of
the gene labelled AT3G24730 (Fig. 2b). To assess whether
this mutation corresponded to the phenotype of droll-1,
droll-1 was crossed to a disruptant for AT3G24730 (des-
ignated droll-2) obtained from the Arabidopsis Biological
Resource Center (numbered SALK_087803, http://abrc.osu.
edu/). The obtained F1 progenies, which had both a G to
A mutation and a T-DNA insertion (hemizygous F1), dis-
played the extended expression of luciferase after germina-
tion (Fig. 3a). To assess whether expression of a cDNA for
AT3G24730 could complement the phenotypes of droll-1,
we constructed a recombinant gene to express the cDNA for
AT3G24730 under the control of cauliflower mosaic virus
35S promoter and introduced it into the droll-1 mutant. The
obtained transgenic plant (35S::DROL1/droll-1) showed an
expression pattern of luciferase similar to the Ole3p::LUC
parental line, but not to droll-1 (Fig. 3b). These results indi-
cated that the mutation in AT3G24730 is responsible for the
phenotypes of the droll-1 mutant. The DROLI codes for a
protein may be involved in mRNA splicing. Further charac-
terisation of the droll-1 mutant will be described elsewhere.

Identification of the corresponding

mutations for two kaonashi mutants isolated
from a mutagenised population of a Landsberg
erecta strain

Pollen grains have light, irrefrangible and chemically stable
surface walls termed ‘exine’. The Arabidopsis exine shows
a reticulate structure, most commonly observed in angio-
sperms (Fig. 4a, d). To determine how the reticulate struc-
ture is constructed, we attempted to identify the mutants
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Fig.2 Screenshots of Mitsu-
cal for droll-1. a Screenshot

of chromosome mapping for
droll-1. Five images from

chl to chS represented the
chromosomes of Arabidopsis.
The vertical and horizontal
axes indicate the coordinate of
the chromosome in Mb and the
ratio of substitutions in per cent,
respectively. The horizontal
bars are coloured according to
their substitution ratio (see also
Supplemental Fig. 1). Three
double arrows were added to
indicate the regions mentioned
in the main text. b Screenshot
of gene viewer of Mitsucal. The
images for piled reads aligned
to AT3G24730 were drawn in
the top (for #3-9 as the control)
and middle (for droll-1). The
coverage and mismatches were
drawn as height of the green
area and red vertical line (see
also Supplemental Fig. 1A).
The colourful bars just below
the green area represented the
reference sequence, as shown
in Supplemental Fig. 1A. The
dark red, grey, and dark orange
bars represented the intron,
translated region and untrans-
lated region, respectively. The
red arrowhead was added to
indicate the causal mutation for
droll-1. In the bottom part of
the figure representing align-
ment of reads, the reference
sequence (blue background) and
amino acid sequence (brown
character) of AT3G24730 were
shown at the top two lines. The
mismatches were indicated as
white characterised in a red
background
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Fig.3 a Allelism test between droll-1 and droll-2. The relative
expression level of Ole3p::LUC in the wild type (blue), droll-1 (red)
and hemizygous F1 (orange) containing both droll-1 and droll-2
mutations was monitored for 5 days. The average intensity was plot-
ted (N = 50, 50 and eight for the Ole3p::LUC, droll-1 and hemizy-
gous, respectively). b Complementation test for DROLI gene. The
cDNA for DROLI was designed to express under the control of 35S
promoter, and the construct was introduced into droll-1 mutant. The
bioluminescence caused by Ole3p::LUC was monitored for 5 days
and plotted. The blue, red and green plots represent Ole3p::LUC,
droll-1 and droll-1 complemented with 35S::DROLI1, respectively
WN=1

exhibiting abnormal pollen grain exine structures. By
screening of an EMS mutagenised population of Arabidop-
sis Landsberg erecta (Ler) strain, we found many mutants
named kaonashi (kns) (Suzuki et al. 2008). We chose kns3-
1 and kns19-1 for determination of their causal genes by a
high-throughput sequencer and Mitsucal computer system.
A fine meshed exine is produced by kns3-1 by increasing
exine pillars (Fig. 4b, Suzuki et al. 2008), whereas kns19-1
collapses exine structures almost completely (Supplemental
Fig. 5B, Suzuki et al. 2008).

To identify the mutation responsible for the phenotypes,
kns3-1 and kns19-1 were outcrossed to the A. thaliana Col-0
strain. Out of 111 F, progenies of a cross with kns3-1, 29
siblings displayed a phenotype similar to the original kns3-1
mutant, suggesting that kns3-1 was a single recessive muta-
tion occurring in a nuclear genome. Self-pollinated seeds
(F3) of 24 F, plants were obtained, and ten F; seedlings of
each F, line were harvested and combined for DNA extrac-
tion. Similarly, 22 siblings out of 139 F, progenies of a cross
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Fig. 4 Identification of KNS3 gene. a, b Exine structures of pollen
grains observed by scanning electron microscopy. a The WT Ler,
which is the background strain of kns3-1. b kns3-1. ¢ Structure of
the KNS3 gene. Boxes represent exons, and black and grey colours
indicate coding and non-coding regions, respectively. The positions
of initiation and termination codons are indicated, together with num-
bers of the first and the last amino acid residues. The point mutation
in kns3-1 and the T-DNA insertions in previously reported spotl
alleles are shown. d—i Exine structures of T-DNA insertion alleles of
At5g58100 gene. d The WT Col-0, which is the background strain
of T-DNA insertion alleles. e-g Three T-DNA insertion alleles pre-
viously reported as spotl. h, i Exine structures of F1 progenies of
kns3-1 x spotl crosses showing the identity between KNS3 and
At5g58100. Bar = 5 um

with knsl9-1 displayed a mutant phenotype, and their F3
progenies were used as a source of DNA extraction.

Each bulk extracted DNA was used to construct the
library for sequencing. Using these libraries, a total of 2.39
and 2.44 Gbp, approximately 20-fold the size of the Arabi-
dopsis genome, were sequenced for kns3-1 and knsi19-1,
respectively. The obtained short reads were processed in
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parallel by Mitsucal. The analysis of kns3-1 and knsi9-1
by Mitsucal described below is presented at the following
URL (https://dandelion.liveholonics.com/mitsucal/kns3/ and
replace kns3 to kns19 for kns19-1).

Similar to droli-1, Mitsucal first aligned all short reads to
the reference sequence of the chromosome of the Col strain,
which was a strain used for backcrossing using bowtie in
same manner as for droll-1. Only uniquely aligned short
reads were used for the chromosome mapping described
below. From the list of all detected mismatches, Mitsucal
emitted mismatches with both lower and higher coverage.
In contrast to the case of droll-1, these lists for kns3-1 and
kns19-1 were mainly occupied by numerous single-nucleo-
tide polymorphisms (SNPs) between the Col and Ler strains
(Supplemental Fig. 2B). The common SNPs were selected
as markers and used for constructing images of chromosome
mapping (Supplemental Fig. 3A). Mitsucal calculated the
ratio of Ler SNPs at each marker aggregated at 50-kbp inter-
vals (Supplemental Fig. 1C). In regard to kns3-1, the highest
ratios of SNPs as indicated by purple bars were observed
in the 22-26-Mbp region of chromosome 5 (Supplemental
Fig. 3A). This result suggested that the corresponding muta-
tion for the phenotype of kns3-1 was located in this region.
Similarly, kns19-1 was mapped to the 0—10-Mbp region of
chromosome 2 (Supplemental Fig. 4A).

To identify the kns3-1 and kns/9-1 mutations responsible
for the phenotypes, Mitsucal aligned all reads for kns3-1 and
kns19-1 to the reference genes of the Ler strain by bowtie.

The gene sequences of Ler were generated by the integration
of Ler SNP in a public database (http://www.1001genome
s.org/; Schneeberger et al. 2011) into the corresponding
Col-0 gene sequences. For kns3-1, we searched for muta-
tions in the 22-26-Mbp region of chromosome 5 in kns3-1,
but not in kns19-1. Out of 222 nearly homozygous substi-
tutions (90-100% substitutions ratio) in the 22-26-Mbp
region of chromosome 5, only 7 were kns3-1 specific (not
observed in knsl9-1), affected protein sequences and com-
prised G to A (or C to T) substitutions characteristically
resulting from EMS. We noted that one of the candidates,
AT5GS58100, was already reported as the causal gene of the
spottyl (spotl) mutant which displays phenotypes similar
to kns3-1 (Fig. 4e—g, Dobritsa et al. 2011). Using a conven-
tional sequencing method, we verified the existence of a G
to A substitution in the AT5G58100 gene in kns3-1. The
mutation disrupted a conserved splice acceptor sequence
(AG) of the first intron, which was altered to AA (Fig. 4c
and Supplemental Fig. 3B). Reverse transcription-polymer-
ase chain reaction (RT-PCR) revealed that the first intron
was not removed from the transcripts of this gene in kns3-1
(Fig. 5). It is assumed that the translation of AT5G58100
mRNA in kns3-1 was terminated at an in-frame termination
codon existing in the unspliced first intron. Thus, it appears
likely that kns3-1 is a null allele of this gene. To confirm
that the kns3-1 was allelic to spotl, we crossed kns3-1
with two reported alleles of spotl, namely SALK_061320
and SALK_079847 (Dobritsa et al. 2011), and examined

Fig. 5 Missplicing of intron 1 (a) ACT?2 KNS3 ACT2 KNS3
in kns3-1 mutants. a Reverse
transcription—polymerase chain M Lel" an3 Ler an3 Lel’ an3 Ler an3

reaction (RT-PCR) experiments
to compare the structure of
KNS3 mRNA in kns3-1 mutants
(kns3) to that in the wild-type
(Ler). Prior to PCR, reverse
transcription was carried out
with (+RT) or without (—RT)
adding reverse transcriptase.
The ACT?2 gene was a control.
M, size marker. b Structures of
KNS3 mRNA in wild-type (Ler)
and kns3-1. Black and grey
boxes represent coding and non-

coding regions, respectively.
The positions of initiation
codon (AUG), in-frame termi- (b)
nation codon in intron 1 (TGA),
and the point mutation in kns3-1
(asterisk) are indicated. Primers
used in the PCR are indicated
by arrows

KNS3 mRNA

TGA *
Intron 1
->

UG
o [ |
-> <«

+RT -RT

A 100 bp

AUG G—+A

P
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the pollen phenotypes of F1 progenies. The pollen grains
showed obvious mutant phenotypes (Fig. 4h, i). As a conse-
quence, we concluded that KNS3 is identical to SPOTI and
is AT5G58100.

We searched for the candidate mutations of kns/9-1 in
the 0—10-Mbp region of chromosome 2 by Mitsucal under
the same conditions as above. Sixteen G to A (or C to T)
substitutions unique in knsl9-1 were identified. One of these
was a missense mutation causing a substitution of glutamic
acid to lysine in a gene labelled AT2G 13680, known as CAL-
LOSE SYNTHASE 5 (CALS5) (Supplemental Figs. 4B and
S5, Hong et al. 2001). The substitution was present in the
conserved glucan synthase domain at the C-terminal of this
protein. It was reported that the mutants for CALSS5 pro-
duced crumpled pollen grains with a spotted exine struc-
ture very similar to kns/9-1 (Supplemental Fig. 5, Dong
et al. 2005; Nishikawa et al. 2005). To confirm that kns19-1
was allelic to cals5, we crossed kns19-1 with two reported
cals5 alleles, namely cals5-1 and cals5-5 (Dong et al. 2005;
Nishikawa et al. 2005). Both F1 progenies showed the col-
lapsed exine phenotype, suggesting that AT2G13680/CALSS
was the causal gene for kns/9-1 (Supplemental Fig. 5SB-E).
We changed the name of knsi9-1 to cals5-6. The allele is
believed to be partly functional due to its relatively mild
phenotype.

Theoretic approach to estimate the best practice

To estimate the optimum condition of sequence volume and
number of F, progenies required for mapping of causal muta-
tion, we modelled and simulated genetic recombination and
random sequence using a computer (Supplemental Fig. 6). It
is assumed that a causal mutation and non-causal mutations
between the mutant and control line regarded as markers
are distributed on a chromosome. The distance (d) (unit:
cM) between the neighbouring markers could be expected to
follow the exponential distribution with parameter M, where
M is an average of mutations per cM. Once d has been deter-
mined, the recombination between two neighbouring mark-
ers occurs at d/100. To simulate recombinations, a uniformly
distributed random number ranging from O to 1 is generated
for each chromosome and the chromosomes containing a
random number < d/100 are virtually recombined. The num-
ber of parental chromosomes is referred to as fin following
simulation. The number of short reads covering a marker (c)
follows a Poisson distribution with parameter C, which is the
average of coverage, namely the sequence volume relative to
genome size. When F represents the number of F, progenies
composing the DNA library, in which the causal mutation
is homozygous and f represents the number of recombined
alleles in a certain marker, the probability of sequencing
a DNA fragment covering the recombined marker was
fI2F. Under these conditions, the probability of detecting a
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recombined marker by sequence follows a binominal distri-
bution with ¢ and f/2F. Using this model, we tested various
M, F and C and measured the distance (D) between m,, and
the closest recombined marker (M,) (Supplemental Fig. 6A).
The sum of the two consecutively estimated D provides the
mapping range (S), which is the expected size of the region
where the causal mutation is mapped. The result of the simu-
lation in the case of M =1 is shown in Fig. 6a, whereas the
other cases are shown in Supplemental Fig. 7. In Fig. 6, the
S is plotted against C. A shortening of S is observed accord-
ing to the increase in F and C. When F is increased from 10
to 20, S is effectively shortened; however, an increase in F'
from 20 to 35 causes less shortening. The increase in C up
to 20 also has a large impact on the size of S. In Fig. 6b, S is
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Fig.6 Computer-simulated estimation of mapping range. a Estimated
mapping range (S) is plotted against the coverage (C), when the dif-
ferent values of F, number (F, from 5 to 50) are given. Details of the
model are explained in Supplemental Fig. 7. Plotted values are aver-
age of ten thousand trials. The density of molecular markers (M) is
1 (per cM) in this figure, and the cases when other M is given are
shown in Supplemental Fig. 8. b Estimated mapping range (S) is plot-
ted against the marker density (M). The parameters of F, number (F)
and coverage (C) are indicated in the figure
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plotted against M. The green (F = 10 and C = 10) and yel-
low lines (F = 20 and C = 15) are distant with no reference
to M, whereas the yellow and blue (F = 30 and C = 20) lines
are closer, confirming that the increase in F (to 20) and C (to
15) contributes largely to shorten S. M also largely affects
the size of S with no reference to F and C, although it is
automatically determined by the type of cross and strength
of mutagenesis. On the other hand, F" and C are dependent
on the effort and cost expended and easily controlled by
researchers. Considered together, we proposed F > 20 and
C > 15 as a standard condition.

Discussion

The identification of causal mutations provides an important
breakthrough for understanding the molecular mechanisms
of biological phenomena including sexual plant reproduc-
tion. Although traditional methods of chromosome map-
ping and subsequent sequence analysis of candidate genes
were remarkably time-consuming, improvement of DNA
sequencing technology using high-throughput sequencers
has improved this situation. As represented in the present
report, we established an efficient methodology for map-
ping and identification of causal mutations using the com-
puter system ‘Mitsucal’. There have been many services that
provide web interfaces for various bioinformatics tools and
computer resources, such as the DDBJ Annotation Pipeline
(https://p.ddbj.nig.ac.jp/pipeline/) and Galaxy (https://usega
laxy.org/). As these resources are designed to be suitable
for multiple purposes, they require users to set parameters
to achieve optimal outputs. Mitsucal is a new tool designed
only to identify corresponding mutations, and as such, all
parameters have been pre-configured. Users are required
only to select their plant species and the specific cross type.
Mitsucal provides graphical images to select a candidate
locus harbouring a corresponding mutation and uses filter-
ing methods with biological meanings, which greatly reduce
the steps required to identify mutations.

The most important tool for chromosome mapping is a
set of molecular markers, namely SNPs (or mutations), of
which positions are determined on the genome sequence.
Since there are a remarkable number of SNPs (5.8 x 10° in
a recent report; Zapata et al. 2016) between Ler and Col-0
genomes, the outcross between these strains is an effective
method to map the causal mutation. In the second and third
examples of this report (i.e. kns3-1 and kns19-1), we used
bulk segregant analysis (BSA) for sequencing of bulked F,
DNA. The first report of BSA was published in 1991 before
the emergence of the high-throughput sequencer for iden-
tification of markers linked to a specific phenotype using
F, DNA in bulk (Michelmore et al. 1991). The concept of
BSA applied to chromosome mapping by the sequences

of the bulk of F, progenies was achieved in SHOREmap
(Schneeberger et al. 2009), MutMap (Abe et al. 2012) and
Mitsucal. We successfully mapped kns3-1 in a 4-Mbp region
(22-26 Mbp) of chromosome 5 showing a high (> 90%)
substitution score. The identified KNS3 is identical to
At5g58100, which is located near the centre (23.5 Mbp) of
the mapped region. The mapped region of kns/9-1 is wider
(0—8 Mbp in chromosome 2), and the substitution score is
lower (> 85%) than that of the case of kns3-1, suggesting
a possibility that some F, lines used for sequencing were
heterozygous for wild-type and mutant alleles. Nevertheless,
Mitsucal identified 16 candidate genes, in which the true
causal gene CalS5 is included. Since laboratory strains accu-
mulated spontaneous mutations during multiple generations
in yeast (Gu et al. 2005), removing the common mutations
between the mutant and its parental strain is important to
reduce the candidates of causal mutation. Nevertheless, it is
not necessary to sequence the parental line because Mitsucal
can use a sibling mutant derived from the same parental line
as a control. We used knsI9-1 for the control of kns3-1 to
restrict candidate mutations and vice versa.

Although these advantages, the outcross is sometimes dif-
ficult to apply. For example, if the suppressor and enhancer
mutants in a background of other recessive mutation are
outcrossed with wild-type plants of a different strain, the
phenotypes in F, populations will be complicated. A simi-
lar difficulty will be expected for the mutants isolated from
transgenic lines and recombinant inbred lines. To solve
the problem, we propose utilisation of base substitutions
occurred by mutagenesis. Because they are unique in the
isolated mutant, they are regarded as SNPs between the
mutant and parental line. Hence, if the mutations are effec-
tively identified, they can be used as molecular markers.
In the first example of this paper, droll-1 was backcrossed
with the parental line containing Ole3p::LUC, and genomic
DNA prepared from bulked F, mutants was sequenced.
Although the linkage was less clear than the cases of kns3-1
and kns19-1, Mitsucal successfully mapped and identified
the causal mutation.

We simulated the expected mapping range (S) in rela-
tion to marker density (M), number of F, mutants bulked
for sequencing (F) and sequencing coverage (C). Although
large M contributes effectively to decrease S, particularly
when C is small, it is automatically determined as a constant
dependently on the type of cross (outcross or backcross) and
strength of mutagenesis. Instead, F and C are easily varied to
optimise the result. A large F provides the largest contribu-
tion with no relation to C and M and is recommended to be
20 (or hopefully 35). A large C up to 50 also contributes to
reduce S when F is small, although it increases the cost. We
propose C = 15 as a realistic solution.

We have reported here the identification of the cor-
responding genes of sporophytic mutants by Mitsucal;
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however, gametophytic mutants were also important for
the study of sexual reproduction. Mutations at reproduc-
tive genes involved in like a pollen—pistil interaction are
appeared in gametophytes, which mean no homozygous
plants are recovered and mapping method described above
is not applicable. To map the gametophytic mutation on
chromosomes, two populations of siblings, one is homozy-
gous for wild-type allele and the other is heterozygous, are
required to be sequenced. The mutations found in heterozy-
gous siblings are selected as marker, and the ratio of that
was expected to be O at the locus harbouring corresponding
gene in wild-type siblings. This method is implemented to
Mitsucal in near future.

We recommend EMS as a mutagen for Mitsucal analysis,
because it results in a strictly limited and therefore easily
identified pattern of sequence substitution in DNA, whereas
the development of new software suitable for identification
of gaps and insertions is currently progress. The current
version of Mitsucal is capable of identifying mutations of
Arabidopsis and Oryza sativa and will be expanded to Sola-
num lycopersicum and other species.

Materials and methods
Plant material and growth conditions

A. thaliana (L.) Heynh. strain Columbia (Col-0) and strain
Landsberg erecta (Ler) were used as the wild-type plants.
kns3-1 (former name kns3) was described previously (Suzuki
et al. 2008). kns19-1 is a newly isolated mutant from the
same parental population as kns3-1. T-DNA insertion alleles
of droll (SALK_087803), kns3/spotl (SALK_041228,
SALK_061320 and SALK_079847) and kns19/cals5 (cals5-
1/SALK_009234) were obtained from the Arabidopsis Bio-
logical Resource Center (https://abrc.osu.edu/). cals5-5/
SALK_072226 was provided by Dr. Shuh-ichi Nishikawa.
Unless otherwise indicated, seeds were sterilised on 0.3%
(wt/vol) gellan gum plates containing Murashige and Skoog
(MS) medium (Wako, Japan) (pH 5.7) supplemented with
100 mg/L myo-inositol, 10 mg/L thiamine HCL and 1%
sucrose. Plates were incubated in a growth chamber at
22 °C under continuous fluorescent light at an intensity of
65 umol m~2 s™!. For observation of pollen grains, the seed-
ling were transplanted to vermiculite and grown at the same
condition as above.

Generation of transgenic plants, mutagenesis
and screening

The upstream 1200-bp region for Ole3 was obtained by PCR

with the following primers: GGGGACAAGTTTGTACAA
AAAAGCAGGCTTATGTAGAACTAAAGACTAAGG

@ Springer

GACAGAG and GGGGACCACTTTGTACAAGAAAGC
TGGGTCCGCCATTTTTTTGTTCTTGTTTACTAGAG
and cloned into pPDONR201. The promoter sequence was
placed upstream of the luciferase in the binary vector
pGWB435 (Nakagawa et al. 2008) by Gateway cloning
technology (Invitrogen https://www.thermofisher.com/).
Col-0 plants were transformed with Agrobacterium tume-
faciens GV3101 harbouring the binary vector by floral dip
infiltration. The transgenic line harbouring one copy of the
Ole3p::LUC reporter was used for the mutagenesis with
EMS. Mutagenised M2 seed was sterilised and sown on a
well (1 seed per well) of a 96-well assay plate filled with a
solidified medium containing 0.01 mM luciferin. Luciferase
activity was examined in a real-time bioluminescence moni-
toring system (CL96, Churitsu, Japan).

For complementation, the coding sequence of DROLI
PCR was amplified with the following primers: 5'-ggggACA
AGTTTGTACAAAAAAGCAGGCTCGATGTCGTATAAT
TCTTACGCCGAGATGA-3" and 5'-ggggACCACTTTG
TACAAGAAAGCTGGGTACACATCCTTGTACACG
AGCTG-3'". The PCR product was cloned into pPDONR221
and then transferred into the pGWB502 omega by Gateway
BP and LR reactions. The resulting plasmid (pGWB-35S-
DROL1) was used for the Agrobacterium-mediated trans-
formation of droli-1/0Ole3p::LUC plants. Scanning electron
microscopy for observation of pollen grains was carried out
as described previously (Suzuki et al. 2008).

Gene expression analysis

Total RNA was prepared by use of the RNeasy Plat Mini
Kit (Qiagen, http://www.qiagen.com). Reverse transcription
and subsequent PCR were conducted with PrimeScript RT
reagent Kit and Ex Taq polymerase (Takara, Japan).

DNA extraction and library construction

The DNA was extracted from young seedlings of Arabi-
dopsis using the DNeasy Plant Mini Kit from Qiagen. The
extracted DNA was fragmented by sonication (5220 from
Covaris http://covarisinc.com/) and then converted to the
library using TruSeq DNA Sample Prep Kits (Illumina,
http://www.illuminakk.co.jp/) according to the manufactur-
ers protocol.

Sequence and data extraction
The libraries were sequenced by Genome Analyzer IIx (Illu-

mina). The produced bcl files were converted to fastq files
by CASAVA (Illumina).
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Implementation of Mitsucal

Mitsucal was built on the cluster computer Kiku 1st, consist-
ing of a single head node (dual quad-core CPUs and 20 GB
RAM), eight computer nodes (single six-core CPU and
24 GB RAM), one file server and one database server (single
six-core CPU and 64 GB RAM). All computers, except for
the head node, were home-made. The computers in Kiku st
were connected by a 1-Gbp ethernet. In Linux, installed as
an OS, a Sun Grid Engine was used for the job management
system. PostgreSQL was installed to the database server.

Data processing in Mitsucal

Fastq files were acceptable to Mitsucal. Csfasta files from
SOLIiD were also acceptable. All reads were mapped to the
reference by bowtie, and the results were directly stored
in PostgreSQL. After mapping by bowtie, the reads were
sorted by PostgreSQL, and substitutions were detected by
the originally developed scripts written in PHP. The detected
substitutions were stored as a table in PostgreSQL. The web
interface was also written in PHP. All scripts used in Mitsu-
cal were submitted as supplemental information.
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