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Summary

In this thesis I describe analysis on plant response and tolerance to nutrient deficiency with
model plant Arabidopsis thaliana.

In the first chapter, I identified BIG as a novel sulfur response regulator. I analyzed a
low-sulfur response mutant and identified mutation in the B/G gene. Because BIG is involved
In  auxin transport, [ treated plant with indole-3-acetic acid (auxin) and
N-(1-naphthyDphthalamic acid (auxin transport inhibitor) and these chemicals induced
low-sulfur response. I also found that the patterns of gene inductions were different between
big mutation and the chemical treatments, and concluded that the BIG affects low-sulfur
response in an independent manner from auxin.

In the second chapter, I established a novel method for rapid DNA extraction from
Arabidopsis. Based on reported protocols, I tried several protocols and a buffer which is the
dilution of a former buffer was a successful one-step extraction buffer of DNA extraction. This
method was suitable for PCR detection of T-DNA and polymorphisms between Arabidopsis
accessions, and a small amount of sample down to 120 png was enough for extraction.

In the third chapter, I clarified transcriptome regulation in Arabidopsis by boron
concentrations. I performed transcriptome analysis under low-boron or high-boron conditions.
Many genes were upregulated by low-boron or high-boron, and there was positive correlation
between gene inductions by low-boron and high-boron conditions. High-boron induced genes
were first identified in this study.

In the forth chapter, I clarified transcriptome regulation by boron deficiency around root
tip and involvement of WRKY&in this regulation. I performed functional analysis of low-boron
or high-boron induced genes identified in the third chapter. I picked up T"DNA insertion
mutants which have mutations in upregulated genes. Root elongation of one of the mutants,
which has a mutation in the WRKY6 gene, was sometimes worse than wild-type under low-boron
condition. Transcript accumulation as well as promoter activity of the WRKY6 was induced
under low-boron near the root tip. In the root tip of wild-type plant grown under low-boron
condition, expressions of many genes were induced. In wrky6-3 mutant, some of these
upregulated genes were not induced, suggesting the regulatory role of WRKY# for gene
expression in the root tip under boron deficiency.

In the fifth chapter, I screened gain-of-function mutants under low-sulfur, low-boron,
low-nitrogen, low-potassium, low-phosphorus, and high-boron conditions. I obtained several
naturally big lines which grow bigger than wild-type under normal condition and lines showing
longer root growths under boron deficiency. Because cell ploidy is a know factor which
upregulate plant size, I measured cell ploidy in three naturally big lines. There was no large
difference between wild-type and mutants, suggesting that some unknown factor causes bigger
sizes of the isolated lines. As well as being large in size, the line named F174S was tolerant to
hard gels. This phenomenon suggests the existence of some genetic mechanism for roots to
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penetrate hard soils.

In the sixth chapter, I identified a novel phenotype of autotetraploid Arabidopsis. 1
further analyzed a low-boron tolerant mutant named A152B. Root elongation of this mutant
was improved under boron deficiency. Because morphology of this mutant was similar to
tetraploid plants, I measured cell ploidy of this mutant. Diploid cells were lacking in this
mutant, confirming this mutant as tetraploid. Root elongation of other autotetraploid lines
obtained from stock center was also improved under boron deficiency. Because biomass of
tetraploid was not improved under boron deficiency, the observed phenotype was not identified
as tolerance to boron deficiency. Taken together, differential regulation of root architecture
under boron deficiency was identified as a novel phenotype of autotetraploid Arabidopsis.

At the end, novel methods for attaching tolerance to nutrient deficiency are indicated

from recent results, and future methods for crop improvement are also discussed.
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General Introduction

There are seventeen essential elements for plant growth and reproduction (Cakmak and
Romheld 1997). Among them, nitrogen, phosphorus, and potassium are often added to fields as
fertilizers to improve crop production. This means these major nutrients are deficient in many
soils. Some other nutrients (minor nutrients) are also deficient in soils, and cause agricultural
problems around the world. Diverse methods have been adopted by researchers to reveal
genetic mechanisms for response and tolerance to nutrient deficiency. Straight-forward
screening of deficiency-sensitive loss-of-function mutant was only successful in restricted
numbers of studies including identification of LKS1 which regulates AKT1 potassium
transporter (Xu et al. 2006). There are also reports on identification of nutrient transporters
with the use of toxic analogs, for example identification of sulfate transporter SULTR1;2 from
selenate-tolerant mutants (Shibagaki et al. 2002) and identification of silicon transporters
OsLsil and OsLsi2 from germanium-tolerant mutants (Ma et al. 2002, Ma et al. 2006, Ma et al.
2007).

Induction of expression by nutrient deficiency is also a cue to identify genes. OsPTF1, a
transcription factor which improves rice growth under phosphorus deficiency was identified from
its induction by phosphorus deficiency (Yi et al. 2005) and a boron transporter NIP5;1 was
identified from its induction by boron deficiency (Takano et al. 2006). Several other methods
were taken to identify various genes involved in the tolerance to nutrient deficiency (for only a
small part of examples, Hirsch et al. 1998, Hamburger et al. 2002).

In this study, I aimed to reveal novel genetic mechanisms that improve plant tolerance to
nutrient deficiency. As described above, there have been several strategies to take for this goal,
and I took the same ways (chapters 1,3,4) or I also tried a novel method (chapters 5,6) in this
study. In chapter 2, I established a novel high-throughput method to accelerate genetic studies.
Although these extensive trials did not identify genes that improve plant tolerance to nutrient
deficiency, I identified several novel aspects of plant response to nutrient deficiency. Most
importantly, recent results indicate a simple method to improve plant tolerance to nutrient

deficiencies through modification of functionally characterized nutrient transporters.

Cakmak I, Romheld V (1997) Boron deficiency-induced impairments of cellular functions in plants.
Plant Soil 193: 71-83
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Cell 14, 889-902
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plant nutrition. Science 280: 918-921
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A silicon transporter in rice. Nature 440: 688-691

Ma JF, Yamaji N, Mitani N, Tamai K, Konishi S, Fujiwara T, Katsuhara M, Yano M (2007) An efflux
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transporter of silicon in rice. Nature 448: 209-212
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Chapter 1

The BIG gene is involved in regulation of
sulfur deficiency-responsive genes in Arabidopsis
thaliana

Abbreviations

APR, adenosine-5-phosphosulfate reductase; BAC, bacterial artificial chromosome; BSR,
sulfur-responsive B element; CaMV, cauliflower mosaic virus; CAPS, cleaved amplified
polymorphic sequence; y-EC, y-glutamylcysteine; GC-MS, gas chromatography-mass
spectrometry; GFP, green fluorescent protein; HPLC, high performance liquid chromatography;
Ler, Landsberg erecta; NIT3, nitrilase 3; NPA, MN-(1-naphthylphthalamic acid; OAS,
O-acetyl-L-serine; ODS, octadecylsilane; ORF, open reading frame; qPCR, quantitative
polymerase chain reaction; SSLP, simple sequence length polymorphism; SULTR, sulfate
transporter; -Sup, sulfur deficiency-induced; T-DNA, transfer DNA

Introduction

Sulfur is an essential element for higher plants. In response to sulfur deficiency, Arabidopsis
thaliana increases the expression of the sulfate transporter genes sulfate transporter 1,1
(SULTR1;D), SULTRI12, SULTRI3, SULTR21, SULTR22 SULTR41, and SULTR%?2 to
activate sulfate uptake and distribution (Takahashi et al. 1997, Shibagaki et al. 2002, Yoshimoto
et al. 2002, 2003, Kataoka et al. 2004). The expression of genes involved in the sulfur
assimilation pathway is also upregulated under conditions of sulfur deficiency. For example,
the expression of adenosine-5"phosphosulfate reductase 1 (APRI), one of the APR gene family
members in Arabidopsis, is induced under sulfur deficiency (Takahashi et al. 1997). Micro- and
macroarray experiments have revealed hundreds of up- or downregulated genes under
sulfur-deficient conditions (Hirai et al. 2003, 2004, Maruyama-Nakashita et al. 2003, Nikiforova
et al. 2003). Thus, under sulfur-deficient conditions, plant growth is maintained by the
regulation of a number of sulfur-responsive genes. In this chapter, genes whose mRNA
accumulation is elevated under -S condition are referred to as -Sup genes.

Studies of two Arabidopsis mutants, methionine high accumulation 1 (mtol) and

selenate-resistant I (sell) support the involvement of sulfur assimilation pathway metabolites in
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the regulation of several -Sup genes. The mtol and sell mutants have mutations in the MTO1
gene encoding cystathionine y-synthase, a key enzyme for methionine biosynthesis (Chiba et al.
1999), and SULTR1,2, which encodes a sulfate transporter required for efficient sulfate uptake
into the roots (Shibagaki et al. 2002), respectively. In mfol, the accumulation of free
methionine is elevated as a result of the stabilization of cystathionine y-synthase mRNA, and the
expression of the B subunit gene of S-conglycinin, a soybean -Sup gene, is repressed (Hirai et al.
1994, Chiba et al. 1999). In se/l, the expression of SULTRZ,2, another sulfate transporter gene,
is elevated (Shibagaki et al. 2002). Transcriptome analysis revealed that the expression of a
number of -Sup genes is altered in se/] (Maruyama-Nakashita et al. 2003). These examples
support the importance of sulfur uptake and metabolism in the regulation of -Sup genes.

Forward genetics approaches have also revealed genes required for the response to
phosphate deficiency. PHRI was isolated from a mutant in which phosphate-starvation
responsive A¢t/PS1-‘GUS reporter activity was weakened (Rubio et al. 2001). PHR1 (Phosphate
Starvation Response 1) is a novel MYB family transcription factor and required for /PS1
transcript accumulation and anthocyanin accumulation under phosphate starvation. In a
related screening, another phosphate response gene PHFI (Phosphate Transporter Traffic
Facilitator 1) was isolated (Gonzalez et al. 2005). In phfl mutant, A¢IPS1::GUS reporter
activity was observed even on media with sufficient phosphate supply. The PHF gene encodes
a plant specific protein structurally related to the SEC12 proteins of the early secretory pathway.
Without PHF1, plasma membrane phosphate transporter PHT1;1 is retained in the endoplasmic
reticulum. As a result, phosphate uptake is reduced and a number of phosphate-starvation
responsive genes are constitutively expressed in the mutant. Additionally, the mutant is
resistant to arsenate.

Although the induction of -Sup genes has been analyzed physiologically, the molecular
mechanism of their upregulation remains unknown. Recently, a cisacting element of the sulfur
deficiency response was identified (Maruyama-Nakashita et al. 2005). To further examine the
regulation of the sulfur-deficiency response, a molecular genetic approach is taken in our
laboratory. First generated was transgenic Arabidopsis carrying a reporter gene that responds
to sulfate levels. The Naoko Ohkama Beta (NOB) lines are transgenic Arabidopsis that express
the green fluorescent protein gene (GFP) under the control of a sulfur deficiency-responsive
promoter containing the Pfsr fragment. GFP fluorescence is enhanced in the leaves and roots of
the NOB lines under conditions of sulfur deficiency unlike the NOC line which expresses GFP
under control of the cauliflower mosaic virus 35S promoter (Ohkama et al. 2002a). The NOB7
line is an NOB line with two copies of the transgene at a single locus. From the
ethylmethanesulfonate-mutagenized second-generation mutant (M2) plants of the NOB7 line,
several mutants were isolated by Dr. Naoko Ohkama-Ohtsu, in which the GFP expression level
was different from that of the original NOB7 line. The OAS high accumulation 1{oshI) mutant
was among them. The expression of selected -Su genes in the mutant was elevated even at a
normal sulfur concentration. The accumulation of high levels of G-acetyl-L-serine (OAS) in the
mutant is the likely cause of the high -Sup gene expression. The OSHI gene was found to encode
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a thiol reductase, a novel gene that regulates OAS accumulation (Ohkama-Ohtsu et al. 2004).

In this chapter, I analyzed novel mutants from this screening.

Results

Characterization of mutants
Two lines of NOB7 mutants (asrI-I and asrl-2 were isolated by Dr. Ohkama as lines with high
GFP expression when grown in both the medium containing 1,500 pM sulfate (referred to as +S
medium or +S condition) and the medium containing 15 pM sulfate (referred to as -S medium or
‘S condition). The mutants also exhibited similar morphology: reduced expansion of rosette
leaves (Fig. 1-1A), reduced lateral root formation, and reduced lengths of inflorescence shoots
and siliques (Fig. 1-1B). The morphology of asr! was more closely analyzed. After vertical
cultivation on +S medium for 11 days, the lengths of the main roots and the number of visible
lateral roots of the original NOB7 and the asrl-/ mutant were measured (Table 1-1). The
average root length of asrl-1 was 71% of that of the NOB7 plants. NOB?7 had an average of 15
lateral roots, whereas asrl-1 had only 1 lateral root on the average. The morphologies of the
aerial portions of asrl-1and the original NOB7 were observed in detail after growth for 48 days
(Table 1-1). In asrl-l, the inflorescence length was shorter than that in the original NOB7;
there were fewer inflorescences and fewer siliques, and a greater number of cauline and rosette
leaves in asril-1than that in the original NOB7.

For the genetic analysis, lines were backcrossed with NOB7. The GFP fluorescence of
F1 plants grown in +S medium was similar to that of the original NOB7 line. The GFP
fluorescence of individual plants of the self-pollinated F2 generation was scored (Table 1-2). The
segregation of the strength of GFP fluorescence was not significantly different from the 3:1
segregation, suggesting that each line carried a single recessive mutation responsible for the
phenotype. The lines were also crossed with each other to test allelism. In this cross, the
heterozygous asrl-1 was used as the female parent because the pollination of the homozygous
mutants was poor. The asr/-I female parent was pollinated with the homozygous asr7-2 If
asrl-1and asrl-2were allelic mutants, the mutant and wild-type phenotypes would segregate at
a 1:1 ratio. About one-half of the resulting F: plants showed mutant-like morphology and high
GFP fluorescence, suggesting that these mutant lines were allelic to each other. The lines were
named altered sulfur response 1-1 (asrl-1) and asrl-2. The asrl-I and asrl-2 mutants were

backcrossed twice with NOB7 for use in the subsequent studies.

Elevation of APR1 mRNA accumulation in asrl

The high GFP fluorescence levels in asrl-1 and -2 suggest that the sulfur deficiency-responsive

promoter was induced in the mutants under +S condition. To examine whether the mutation

affected the expression of endogenous -Sup gene, I determined the transcript levels of SULTR2,2
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and APR1. SULTR22 (or AST56) and APRI are among three first identified sulfur-deficiency
response genes in the shoot of Arabidopsis (Takahashi et al. 1997). Expression of the other gene
SATI was not altered under -S in my experiment. The original NOB7 and asrl-I were grown
for 10 days on +S medium, then transferred onto +S medium or -S medium, and incubated for an
additional 4 days. RNA was extracted from the aerial portions of the plants and subjected to
reverse transcription-mediated quantitative polymerase chain reaction analysis (Fig. 1-2A).
The accumulation of GFP, SULTRZ2/2, and APRI transcripts was greater in asrl- than in the
original NOB7 under the +S condition. GFP and APRI expression under the -S condition was
also significantly higher in asrl-7 than the original NOB7. SULTRZ;2transcript accumulation
was on the average higher in the mutant but the difference was not significant under this —S

condition.

Concentrations of sulfate, nitrate, OAS, Cys, y-EC, and GSH in asrl

An easily imaginable cause of the induction of Bsr-driven GFP and APRI genes in asrl is a
change in internal metabolite concentrations. I examined the concentrations of sulfate, nitrate,
OAS, cysteine (Cys), y-glutamylcysteine (y-EC), and glutathione (GSH) in asrl-7. NOB7 and
asrl-1 were grown on +S medium for 10 days, then transferred to +S or -S medium, and
incubated for an additional 4 days. Sulfate concentrations in asrl-I were not significantly
different from those in the original NOB7 under both +S and -S conditions (Fig. 1-2B). Nitrate
concentrations in asrl-I were reduced to about 68 and 55% of those in the original NOB7 plants
under +S and -S conditions, respectively (Fig. 1-2C). The concentration of OAS was lower in
asrl-1than in NOB7 under the +S condition (about 32% of that in the original NOB7), whereas
no significant difference in the OAS concentration was observed under the -S condition (Fig.
1-2D). The concentrations of Cys, y'EC, and GSH did not differ significantly (Fig. 1-2E-G).

asrl mutants carry nonsense mutations in the B/G gene
Rough mapping in collaboration with Dr. Ohkama revealed that the ASRI locus is on the upper
arm of chromosome III (Fig. 1-3A). Using 1,248 lines of F2 plants and six newly generated
markers (FP55, FP27, FP2, FB9, FB27, and FB60; see Materials and methods), the ASR1 locus
was mapped to a 52,950-bp region between FP55, which is the deletion mutation of Ler at the
419,484t base of chromosome III, and FP2, which is the single nucleotide polymorphism
between Col-0 and Ler at the 472,434t base of chromosome III. Based on gene predictions
included in The Arabidopsis Information Resource database (http:/www.arabidopsis.org), this
region contained nine predicted genes: At3g02250, At3g02260, At3g02270, At3g02280,
At3g02290, At3g02300, At3g02310, At3g02315, and At3g02320. Among the nine, At3g02260
corresponded to the locus of BI/G, a gene encoding a calossin-like protein necessary for the polar
transport of the plant hormone auxin (Ruegger et al. 1997, Gil et al. 2001).
There have been many B/G gene mutations reported to date, e.g., dark overexpression
of CAB 1-1(docl-1), doc1-2, docl-3, transport inhibitor response 3-1(tir3-1), tir3-2(Li et al. 1994,
Ruegger et al. 1997, Gil et al. 2001), umbrella 1 (umbl), attenuated shade avoidance 1(asal)
8



(Kanyuka et al. 2003), gibberellin 6 (ga6) (Sponsel et al. 1997), low phosphate-resistant root 1
(jpr1) (Lépez-Bucio et al. 2005), and corymbosa 1-1(crm1-1) (Yamaguchi et al. 2007). Other big
alleles have also been isolated in a mutant screening (Paciorek et al. 2005). Although the
conditions used for the analyses were not identical, the morphological profiles of asrI-I (Table
1-2) and of the reported big mutants were similar in terms of decreased inflorescence height,
fewer lateral roots, and a greater number of inflorescences.

The DNA sequences of the BIG open reading frames (ORFs; from base 428,889 to
449,888 on chromosome II) in the asr/-1 and asrl-2 mutants were determined. An
independent single nucleotide substitution was identified in each mutant (Fig. 1-3B). Two
different mRNA sequences had been predicted for B/G (Gil et al. 2001, Kanyuka et al. 2003).
Based on the most recent report, the gene contains 14 exons and encodes a protein consisting of
5,098 amino acid residues. The following descriptions are based on the cDNA prediction by
Kanyuka et al. (2003). In asrl-I, a C to T transition was found in exon 12 of the BIG gene,
changing the 4504th codon of the BIG ORF from glutamine (CAG) to a stop codon (TAG). In
asrl-2, a C to T transition was found in exon 14, changing the 4876tk codon, also a glutamine
(CAA), to a stop codon (TAA). These nonsense mutations in asrl-I and asrl-2, together with
the mutations in docl-1, doc1-2, docl-3, tir3-1, tir3-2, umbl, and asal, are shown in Fig. 1-3B.

Genetic analysis of T'"DNA insertion mutants in the BI/G gene

T-DNA insertion mutants of the B/G gene were established and termed as big-1, big-2, big-3, and
big-4. The accumulation of BIG mRNA was greatly reduced or was not detected in these
mutants. Because the homozygous female parent was poorly fertile, each homozygous mutant
was crossed with a heterozygous asrl-1female parent, and the F1 plants from these crosses were
grown in the greenhouse. Visible phenotypes of the asrl-1 mutant, such as reduced apical
dominance and reduced lateral root formation, were observed in about the half of the F1 plants
from every cross, indicating that the lesion in the B/G gene caused the biglike morphology in
asrl-1.

I also tested whether the T-DNA insertion mutations in the BJG gene induced the
expression of Bsr-driven GFP and APR1 genes. To examine the effect of the 47g-2 mutation on
the activity of the promoter containing the Bsg fragment, the big-2 mutant was crossed with the
asrl-1 heterozygous mutant. From the F2 progeny, a line that was homozygous for the big-2
mutation and homozygous for the NOB7 T-DNA insertion was selected by PCR and named big-2
(NOB7). The seeds of big-2 (NOB7) were sown on +S medium together with seeds of NOB7 and
NOC2. After incubation for 10 days, the plants were transferred to +S or -S medium and
incubated for another 4 days. The GFP fluorescence of these plants was observed (Fig. 1-4A)
and quantified for individual plants (Fig. 1-4B). The GFP fluorescence of big-2 (NOB7) was
higher than that of the original NOB7 under both +S and -S conditions, and it was induced by -S.

The expressions of SULTR2;2 and APRI were analyzed in big-2 after cultivation on +S
and -S medium as described above. RNA was extracted from the aerial portions, and the
accumulations of SULTR2;2 and APRI transcripts were measured (Fig. 1-4C). The mRNA
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accumulation of APR was higher in the aerial portions of big-2than in the aerial portions of the
wild type. mRNA accumulation of SULTR2;2 was not altered under both sulfur conditions.

Effects of auxin and an auxin transport inhibitor on gene expression

As BIG is involved in the regulation of the polar transport of auxin (Gil et al. 2001), auxin
metabolism may likely to regulate Bsr-driven GFP in big mutant. I examined the effects of
auxin and a polar auxin transport inhibitor on Psg-driven GFP, SULTRZ2;2 and APRI gene
expressions. [ first tested NV-(1-naphthyl)phthalamic acid (NPA), an inhibitor of polar auxin
transport. NOB7 and asrl-1 were cultivated on normal medium or medium containing 10 pM
NPA, and the GFP fluorescence intensity was observed (Fig. 1-5A,B). The GFP fluorescence
intensity and the accumulation of GFP transcripts (Fig. 1-5C) were dramatically elevated by the
application of NPA in both NOB7 and asrl-1. This induction of gene expression was prominent
in NPA-treated asrl-1. The effect of indole-3-acetic acid (IAA) was also tested. Both asrl-I
and NOB7 were grown for 10 days on normal medium and transferred to normal medium with or
without 10 pM IAA. After 4 days of incubation, GFP fluorescence was examined (Fig. 1-5D).
Both asrl-1and the original NOB7 showed an elevated level of GFP fluorescence in response to
the IAA treatment (Fig. 1-5D,E). The accumulation of mRNA transcripts of these genes in
IAA-treated plants was also examined (Fig. 1-5F). In the aerial portions of I[AA-treated NOB7,
the expression levels of GFPand SULTRZ2,2 were markedly higher than those in the control.

Growth inhibition by auxin and an auxin transport inhibitor
To investigate the effects of the long-term application of auxin or an auxin transport inhibitor on
the growth of wild-type and mutant plants, asrl-I and the original NOB7 were grown on normal
medium or medium containing 10 pM IAA (Fig. 1-6A). In the absence of IAA, the petioles of
asrl-1were shorter than those of the original NOB7, and leaf color was not obviously different
between the two. In the presence of 10 pM IAA, rosette leaf expansion was inhibited and the
rosette leaves were pale green in the original NOB7. In asrl-I cultivated with 10 pM IAA, the
expansion of the rosette leaves was strongly reduced, producing leaves about one-third the
length of NOB7 leaves, and the green color of the rosette leaves was nearly lost in asrZ-1. Some
leaves turned purple in asril-1plants, probably as a result of anthocyanin accumulation. Thus,
the asr/ mutant is more sensitive to excess [AA than the original NOB7.

The growth of asrl-1and the original NOB7 was also tested on medium containing 10
pM NPA (Fig. 1-6B). NPA inhibited root elongation in NOB7, but shoot size was not greatly
reduced. In asrl-1, elongation of the primary root was not strongly inhibited by NPA, as was

observed for other big mutants. However, NPA markedly reduced shoot size in asrl-1.

10



Discussion

In this chapter, asr! mutants were analyzed that express higher levels of Bsr-driven GFP under
+S conditions. Subsequent analysis indicated that ASR/ is BIG, but it was not clear why the
loss of BIG gene function would induce Psr-driven GFP expression. Changes in metabolite
contents did not explain the induction of Psg-driven GFP. In the asrl mutants, the
concentrations of sulfate, Cys, y'EC, and GSH, which correlate negatively with Bsr-driven GFP
expression, were not notably different from those in the wild type. The concentration of OAS in
the mutants was lower than that in the wild type only under the +S condition (Fig. 1-2). Ttis
likely that BIG affects a signal transduction pathway independently of OAS and/or GSH.
Alternatively, it is possible that BIG affects a signal transduction pathway downstream of OAS
and GSH.

Previously reported big mutants had defects in a number of processes, including
light-signaling pathway, sensitivity to auxin transport inhibitors, polar auxin transport, shade
avoidance, cytokinin sensitivity, ethylene sensitivity, gibberellin signaling, and alterations of
root architecture induced by phosphate deficiency (Li et al. 1994, Ruegger et al. 1997, Sponsel et
al. 1997, Kanyuka et al. 2003, Lépez-Bucio et al. 2005). The inhibition of polar auxin transport
is a well-characterized aspect of big mutants (Gil et al. 2001). The binding of NPA to
microsomal membranes is reduced in a big mutant (Ruegger et al. 1997), and the extent of
pin-formed 1 (PIN1) mislocalization resulting from NPA application is elevated in big mutants
(Gil et al. 2001). A recent report showed that BIG is required for the inhibitory effect of auxin
on cellular endocytosis (Paciorek et al. 2005). These findings suggest that BIG regulates auxin
transport via PIN recycling.

In the present study, I examined the effects of exogenously applied auxin and a polar
auxin transport inhibitor on the Bsr-driven GFP. Both treatments induced Bsr-driven GFP,
implying the auxin as the cause of Bsg-driven GFP induction in big.  Genevestigator
(Zimmermann et al. 2004) indicated no induction of SULTR2,2 or APRI expression by IAA.
This implies that IAA induction depends on detailed treatment conditions. It is noteworthy
that SULTR2,2 expression was highly elevated in auxin-treated plants unlike the case of the big
mutants in which slight or undetectable levels of induction was observed. This difference in the
pattern of SULTRZ2,2 induction between auxin treatment and the big mutation suggest that
effect of the big mutation is not mediated by auxin. It is more likely that Bsr-driven GFP and
APR1 inductions in big mutants result from one of the pleiotropic effects of the BIG gene which
is independent of auxin.

Then, how can we understand the effect of NPA? The inhibition of polar auxin
transport is likely to have an impact on the auxin concentration. Auxin transport inhibitors are
thought to increase IAA accumulation in the root tip, thus inhibiting normal root growth (Muday
and Haworth 1994, Muday et al. 1995). Additionally, by screening for #rmutants for resistance
to auxin transport inhibitors, ten new alleles of auxin resistant I (axrl) auxin-resistant mutants
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were isolated (Ruegger et al. 1997), indicating that auxin transport inhibitors affect plant growth
by increasing the auxin concentration in the plant body. These data suggest that the effect of
auxin transport inhibition occurs through elevated levels of IAA in plant tissues. In contrast, a
more recent report (Ljung et al. 2001) revealed that NPA inhibits IAA biosynthesis in expanding
leaves and cotyledons.

IAA affected the growth of the asrl mutant more severely than that of NOB7. In the
presence of NPA, shoot growth was more severely affected and root elongation was less affected
in asrlthan in NOB7. These growth patterns of asr/ and NOB7 in response to IAA or NPA can
be explained as the result of a possibly elevated concentration of IAA in the shoot of asrl.

It is also possible that the expression of several -Sup genes is regulated by auxin. Kutz
et al. (2002) indicated the hypothetical involvement of IAA in the regulation of root morphology
under conditions of sulfur deficiency. They reported that the expression of the Nitrilase3 (NITS
gene, which encodes an enzyme that catalyzes the transformation of indole-3-acetonitrile to IAA,
is enhanced in sulfur-deficient plants. The promoter activity of N772is weak in both leaves and
roots during vegetative stages and is undetectable during bolting and flowering stages in plants
grown in medium containing a normal concentration of sulfate. When plants are exposed to
sulfur deficiency, N/73 expression greatly increases. Furthermore, Nikiforova et al. (2003)
showed that the expression levels of genes involved in IAA biosynthesis and IAA signaling are
altered in plants under sulfur deficiency. On the other hand, expression of auxin-responsive
DR5-GUS reporter gene is downregulated by sulfur deficiency, and expression of a —Sup gene is
downregulated by auxin, suggesting negative role of auxin in sulfur-deficiency response (Dan et
al. 2007). Further analyses are necessary to reveal the detailed roles of BIG and IAA in the
signaling pathway of sulfur deficiency.

Materials and methods

Plant materials and chemicals

Two transgenic lines of Arabidopsis thaliana (L.) Heynh. ecotype Col-0, NOB7 and NOC2
(Ohkama et al. 2002a), and T-DNA insertion lines from the Salk Institute (La Jolla, CA, USA)
were used in this study. The line NOB7 carries a chimeric promoter driving GFP
(Prosss:psres’GFP). The NOC2 line carries the GFP ORF under the control of the cauliflower
mosaic virus (CaMV) 35S RNA promoter (Prosss-GFP) and was used as a control. The T"DNA
insertion lines have T-DNA insertions in the exon regions of the BIG gene. IAA was obtained
from ICN Biomedicals (Aurora, OH, USA). MN-(1-naphthyl)phthalamic acid was obtained from
Frinton Laboratories (Vineland, NJ, USA).

Plant culture conditions
Surface-sterilized seeds were sown on sterilized growth medium (Hirai et al. 1995) containing
12



1% (w/v) sucrose and 0.8% (w/v) agar (Wako, Osaka, Japan). The seeds were incubated on
culture plates at 4°C for 4 days and were then grown at 22°C under fluorescent lamps with a
16-h light/8-h dark cycle. The plates were placed vertically in the growth chamber to allow the
roots to grow on the surface of the medium. The concentrations of sulfate in the culture
medium were adjusted by replacing magnesium sulfate with an equimolar amount of
magnesium chloride. For the morphological analysis of mature plants, the plants were grown

in the greenhouse at 22°C under fluorescent lamps with a 16-h light/8-h dark cycle.

Analysis of GFP expression using a quantitative fluorescence imaging system

GFP activity was determined using a quantitative fluorescence imaging system as described
previously (Niwa et al. 1999). Plants were scanned with an argon laser (488 nm), and the GFP
fluorescence (530 nm) and chlorophyll auto-fluorescence (610 nm) were detected and synthesized

using ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA).

Map-based cloning of the ASRI locus
The ASRI locus was identified in collaboration with Dr. Ohkama using co-dominant PCR
markers. For the rough map-based cloning, markers nga63, ciwl2, nga280, ngalll, ciw2,
ngal68, ngal62, ciw4, nga8, ciw6, ngall07, CTR1, and ciw1l0 were used. For the fine mapping,
primers were generated to amplify the sites of polymorphism between the ecotype Col-0 and Ler.
About 30 sets of primers were generated and used as simple sequence-length polymorphism,
cleaved amplified polymorphic sequence, or other types of PCR markers. Successful markers
were selected, and the DNA samples from recombined F: plants were analyzed. Six primer sets
(FP55, FP27, FP2, FBY, FB27, and FB60) were used to test the samples for the fine mapping.
The primer set FP55 (5-TAA TCC GGG TTA TGG GAT CA-3'/ 5-GCC TCT CAG ATT AAA AGA
TGG A-3) was used to amplify the 55,403 base position of F14P3 (GenBank Accession No.
ACO009755), giving a 118-bp PCR product from Col-0 genomic DNA and a 98-bp PCR product
from Ler genomic DNA. The PCR products were subjected to electrophoresis in a 4% Nusieve
31 agarose gel (Takara, Kyoto, Japan). The primer sets FP27 (5-CCA GTT GAC CGG CTT
CTT AT-3’/ 5-GAC AAA CAC AGC GAA GGT GA-3) and FP2 (5-TTG CAA TCC TGC TTC ACA
AC-3/ 5-ATC CAC TGC ATC CCT TAG GA-3) were used to amplify the 27,781t and 2,454th
bases of F14P3, respectively, and the PCR products were sequenced to detect the single
nucleotide polymorphisms between the Col-0 and Ler ecotypes at each position. The primer
sets FB9 (5-TGA ACC AAA GAC AGG GGA TT-3' / 5-CTT GGG GTT CTC TCT TGG G-3) and
FB60 (5-AAC TCG GAC CAG ACT CGT GA-3' / 5-AAT TGG ATC GGA TTC ACT CG-3") were
used to amplify the 9,340th and 60,960tk bases, respectively, of F16B3 (GenBank Accession No.
AC021640). The FB9 PCR product was digested with Asel to specifically digest the PCR
product from Ler genomic DNA, and the FB60 PCR product was digested with Clal to
specifically digest the PCR product from Col-0 genomic DNA. The primer set FB27 (5-TCT
TAA TCT TTT TAT TTC CGA TGA CA-3’ and 5-TCA AAA GTC CAC TTC TCC CTT T-3) was
used to amplify the 27,367tk base of F16B3, producing a 144-bp product from Col-0 genomic DNA
13



and a 139-bp product from Ler genomic DNA. The PCR products were subjected to
electrophoresis in an 8.4% polyacrylamide gel. Genomic DNA was extracted using a DNeasy
plant kit (Qiagen K.K., Tokyo, Japan).

Quantification of mRNA accumulation by qPCR

Total RNA was extracted and simultaneously treated with DNase using an RNeasy plant mini
kit and RNase-free DNase set (Qiagen K.K.) as recommended by the manufacturer. RNA was
reverse transcribed using MuLV reverse transcriptase (Applied Biosystems, Foster City, CA,
USA) and an oligo-d(T)16 primer. The cDNA was amplified by PCR in a SmartCycler (Cepheid,
Sunnyvale, CA, USA) with Ex-Taq R-PCR Version (Takara). I calculated the relative amounts
of mRNA, using serial dilutions of a concentrated first-strand cDNA stock solution. The primer
sets for quantitative polymerase chain reactin (qPCR) were 5-CAT TGG AGC CAA AAG TTT
CGC-3 and 5-TCC TCA ATC TCA ACC ACA TCA AC-3 for APRI and 5-CGA CAT GTC TTG
CGT GAT GGG CG-3' and 5-GCT CGC TTC AAT TTG TGA AGT ACC CT-3 for SULTR2:2, as
described (Ohkama et al. 2002b). The other primers used were: 5-CAC ATG AAG CAG CAC
GAC TT-3' and 5-AGT TCA CCT TGA TGC CGT TC-3 for GFP, 5-GCC AGA TCT TCA TCG TCG
TG-3 and 5-TCT CCA GCG AAT CCA ACC TT-3’ for Actin8@), 5-GCC AGA TCT TCA TCG TCG
TG-3 and 5-TCT CCA GCG AAT CCA ACC TT-3 for B-Tubulin, and 5-CCT TGG TGT CAA GCA
GAT GA-3 and 5-TGA AGA CAC CTC CTT GAT GAT TT-3 for Elongation Factor Ia.

Measurement of the metabolite contents of the shoot

Plants were grown for 10 days on medium (Hirai et al. 1994) containing 1,500 pM sulfate (+S
medium or +S condition) and then transferred to +S medium or to medium containing 15 pM
sulfate (-S medium or -S condition) for 4 days. The plant shoots were collected and initially
powdered with liquid nitrogen, and each metabolite was extracted. The measurement of thiol
compounds followed a previously described procedure (Ohkama et al. 2002a). Thiol compounds
were extracted with 80% ethanol at 65°C and were measured by high performance liquid
chromatography (HPLC). The extraction and analysis of OAS were performed as described by
Kim et al. (1999). The anion concentrations were determined using an HPS3D capillary

electrophoresis system and an HP Inorganic Anion Analysis kit (Hewlett Packard, Wilmington,
DE, USA).

Observation of plant morphology

After vernalization, the original NOB7 and asr-1 plants were cultivated vertically for 11 days
on +S medium (Hirai et al. 1994). The root morphology was examined in these plants. Root
length was analyzed by measuring the distance from the shoot-root junction to the root tip on
the medium, and the number of lateral roots longer than or equal to 1 mm was counted.

After vernalization, NOB7 and asrl-1 were cultivated vertically for 2 weeks on +S
medium, then transferred onto rock-wool on vermiculite, and cultivated for 32 days to examine
the shoot morphology. Height was measured as the distance from the shoot—root junction to the
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top of the first inflorescence. The numbers of the following were counted: inflorescences (1 cm
or longer); siliques, including immature siliques; cauline leaves (4 mm or longer), containing

petioles; and rosette leaves (4 mm or longer).

Establishment of T DNA insertion mutants

The lines big-1 (SALK_105495), big-2 (SALK_045560), big-3 (SALK_107817), and big-4
(SALK_015237) had T-DNA insertions in exons 10, 5, 4, and 3 of the BIG gene, respectively,
according to the T-DNA flanking sequence obtained from the Salk Institute Web site
(http://signal.salk.edu/).

T-DNA inserted lines (Alonso et al. 2003) were provided from the Arabidopsis Biological
Resource Center, and primers for detecting T-DNA insertions in each of the four lines were
designed according to the protocol on the Salk Institute Web site. For each mutant, the DNA
sequences around the left and/or right borders of the T-DNA insertion were determined (Table
1-3). As predicted in the database, each genomic sequence flanking the pROK2 (Alonso et al.
2003) T-DNA border sequences was found in the exon regions of the BIG gene.

Primers were generated for identifying the T-DNA insertions in the big mutants. The
DNA sequences of the primers were: 5-CCA CCA TAT TCT CGA ACT GCA CC-3’ and 5-ACT
GCA AAC CCA TGC AGA GGA-3 for SALK_105495 (big-1), 5-CCA TTC ATC TCC AGA AAG
ACG GA-3 and 5-TCT GTC TCC AAT CCA AAC CCT GA-3 for SALK_045560 (big-9), 5-CTG
CCT TTT TCC CCT TCC ACA-3 and 5-GAA GAC AAG GCT TCT GAT GGT GG-3 for
SALK_107817 (big-9, 5-CCC TCT GTA GCA GTG TGG TTA GTG A-3 and 5-TTG TTT TTC
GAT GAT GAT TAG ACG TTT G-3’ for SALK_015237 (big-9). These primers were used with
5-GCG TGG ACC GCT TGC TGC AAC T-3 (LBb1) or 5-TGG TTC ACG TAG TGG GCC ATC G-3
(LBal) in the PCR reaction mixture, as described on the SIGnAL Web page
(http://signal.salk.edu/tdnaprimers.html). DNA samples were prepared as described in chapter
2 (Kasajima et al. 2004).

DNA sequence determination of the B/G gene region

The target of the DNA sequencing was from the 25,000t to the 46,000th base of F14P3 (GenBank
Accession No. AC009755), which contains the BIG ORF and promoter region. About 50 pairs of
primers were designed to amplify DNA fragments of about 500 bp. The sequence analysis was
performed using an ABI PRISM 310 (Perkin—Elmer Japan, Chiba, Japan) as recommended by

the manufacturer.
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asrl-2
asri-1

(B)

Fig. 1'1. The asr! mutants. (A) GFP fluorescence of asr/ mutants. Transgenic NOC2 and
NOB?7 lines and two alleles of asr! mutants asrl-/ and asrl-2 were grown on the normal
medium containing 1,500 uM of sulfate for 27 days. Then plants were scanned fluorometrically.
Images obtained with two filters each for GFP fluorescence and chlorophyll auto-fluorescence
were colored green and red, respectively, and overlaid to generate a false image representing
relative GFP intensities. Transgenic NOC2 carried GFPunder control of the cauliflower mosaic
virus 355 RNA promoter and expressed a constantly high level of GFP protein. Transgenic
NOB?7 carried GFP under control of the three repeats of Bsg sulfur-deficiency response promoter
fused to cauliflower mosaic virus 35S RNA promoter. Bar = 1 cm. (B) Morphology of mature
plants. NOB?7 (left) and asrl-I were grown for 41 days. Bar = 1 cm.
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Fig. 1-2. Physiological analysis of NOB7 and asr/-I. (A) Quantitative polymerase chain
reaction (QPCR) analysis. Ten-day-old NOB7 and asrl-I plants were cultivated for 4 days on
the normal medium containing 1,500 pM sulfate (+S) or sulfur-deficient medium containing 15
pM sulfate (-S). Total RNA was extracted from shoots, reverse transcribed with oligo-(dT)is
primer, and the resultant cDNA was subjected to qPCR analysis. Monitored genes were GFP,
SULTR2.2, and APR1, whose mRNA accumulations were increased by sulfur deficiency; mRNA
accumulation was standardized with the Actin8Q gene mRNA accumulation. (B)—(Q)
Quantitative analysis of sulfur-related metabolites. (B) Sulfate concentration. (C) Nitrate
concentration. (D) OAS concentration. (E) Cysteine concentration. (F) y'EC concentration.
(G) Glutathione concentration. Asterisks indicate significant changes using Student’s -test (P
=0.05, n=4).
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Fig. 1-3. Identification of mutation in asrl-I and asrl-2 mutants. (A) Map of asr! mutation
locus. The asrl mutation locus was mapped to a 53-kb region in the top of chromosome III,
between genetic markers FP55 and FP2. In total 1,248 F2 individuals were analyzed, and the
numbers of recombinations were indicated for each genetic marker. The horizontal black bars
represent bacterial artificial chromosome (BAC) clones that mapped between FP55 and FB60.
The BAC F14P3 contained the gene encoding the B/G (open arrow). The direction of the arrow
indicates the direction of transcription. (B) Alleles of big. Asterisks represent the position of
the mutations in asrl-1, asrl-2, big-1, big-2, big-3, and big-4 (on the top of the bars) and known
reported mutants (beneath the bottom of the bars). Mutations were detected in exons 12 and 14
in asrl-1 and asrl-2. The exon—intron structure is drawn based on data from Kanyuka et al.
(2003).
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Fig. 1-4. Expression of GFP, SULTR22, and APRI in big-2 (A) GFP fluorescence of
big-ZANOB?7), which carried the homozygous big-2 mutation and homozygous Prosss:gsixs-GFP
T-DNA insertion. NOC2, NOB7, and big-2 (NOB7) were cultivated on the normal medium for
10 days. Then plants were transferred to sulfur-sufficient medium containing 1,500 uM sulfate
(+8) or sulfur-deficient medium containing 15 uM sulfate (-S) and cultivated for 4 days. The
GFP fluorescence was examined. (B) Semiquantification of GFP fluorescence. Plants were
cultivated as described in (A). The intensities of GFP fluorescence (green) were quantified and
standardized with the intensities of chlorophyll auto-fluorescence (red). Letters represent the
means that were statistically different by Student’s +test (P < 0.05, n = 6); data with the same
letters were not significantly different. (C) qPCR analysis. Col-0 wild type and big-2 were
cultivated as in (A). Shoots were sampled and RNA was extracted. The cDNA generated from
the extracted RNA was analyzed to quantify the mRNA accumulation of SULTRZ:2 and APRI.
Asterisks indicate significant changes determined by Student’s #test (?< 0.05, n=3).
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Fig. 1-5. Effects of NPA and IAA application on the expression of GFP, SULTRZ2:2, and APR1.
(A) NOB7 and asrl-1 were cultivated for 18 days on control medium or medium containing 10
pM NPA. Fluorescence of plants was observed as shown in Materials and methods; the false
image representing fluorescence intensity is shown. (B) Semiquantification of GFP
fluorescence of the plants shown in (A). Intensities of GFP fluorescence were quantified as
described in Materials and methods. (C) GFP mRNA accumulation in plants shown in (A).
GFP mRNA was quantified by gPCR. (D) NOB7 and asrl-I were cultivated for 10 days on the
normal medium. Then plants were transferred to control medium or medium containing 10 pM
IAA and cultivated for 4 days. Plants were observed as in (A). (E) Semiquantification of GFP
fluorescence of plants shown in (D). (F) Expression of GFP, SULTR2:2 and APRI in NOB7.
The mRNA accumulation in shoots of IAA-treated plants of GFP, SULTRZ2:2, and APRI were
quantified by qPCR analysis. Control, NOB7; IAA, NOB7 plants treated with IAA as in (D).
Letters and asterisks indicate significant changes determined by Student’s #test (P < 0.05).
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Fig. 1-6. Effects of IAA and NPA treatments on growth of NOB7 and asr/-I mutant plants. (A)
Growth inhibition by IAA. NOB7 and asrl-I were sown on +S medium (upper) or +S medium
containing 10 uM IAA (bottom). After vernalization, plants were incubated for 23 days. Bars
= 5 mm. (B) Growth inhibition by NPA. NOB7 and asrl-I seeds were sown on standard
medium or medium containing 10 pM NPA. After vernalization, plates were incubated

vertically for 23 days. Each line was grown normally on +S medium for 23 days. Bars =1 em.
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Table 1-1. Morphology of asri-1. The data represent mean and standard deviation (SD) of
values for NOB7 or asrl-1. Plants were grown for 11 days (for root morphology) or 48 days (for
shoot morphology). Asterisks indicate significant differences (P < 0.05) between data according
to Student’s #test (2= 7 for root morphology; 2 = 4 for shoot morphology).

NOB7 asrl-1
Length of main roots (cm) 8.2+0.8 58+1.3"
Number of lateral roots 15+4 1+2°
Shoot height (cm) 33.3+2.0 15.5+ 2.5*
Inflorescence number 2+1 7+1"
Siliques 109 + 14 47 £ 25"
Cauline leaves 21+3 43 £ 12*
Rosette leaves 161 46 + 107

Table 1-2. Segregation of mutant phenotype in Fz2 plants. Backcrossed F2 plants were counted
according to their GFP fluorescence. Mutant lines expressed a higher GFP fluorescence level
than the original NOB7. 2Female x Male. P Chi-square values were calculated based on the

expected segregation ratio of 3:1. ¢Not significant (P> 0.05) based on Student’s #test.

Phenotype
No. plants Wild Chi-
Crosses Generation tested type Mutant squareb
Wild type x asrl-Ia F2 113 83 30 0.70¢
Wild type x asrl-2 F2 99 77 22 0.52¢

Table 1-3. Positions of T-DNA insertions in the BIG exon of big lines. The data indicate the
profiles of inserted T-DNAs in biglines. Each border sequence of genomic DNA and T"DNA was
analyzed. Positions of the flanking sequences are aligned left to right according to the 5 to 3’
direction in the BJ/G gene. Numbers indicate the genomic border base positions in the BIG
exon; “left” and “right” indicate left and right border sequences, respectively, of the T"DNA of
pROK2. 2The 11-bp nucleotide sequence was inserted in the border. ®The 74-bp nucleotide

sequence without significant homology in the database was inserted in the border.

Line 5 exon T-DNA border 1 T-DNA border 2 3 exon
big-1 12,471t T lefta

big-2 7,149th C left right? 7,159tk A
big-3 1,911 T left left 1,919t C
big-4 473 G left
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Chapter 2

A protocol for rapid DNA extraction
from Arabidopsis thaliana for PCR analysis

Abbreviation

PCR, polymerase chain reaction

Introduction

DNA extraction protocols from Arabidopsis thaliana usually require several steps, such as
boiling, ethanol precipitation, or drying in vacuum. A number of simplified and rapid protocols
of DNA extraction for Arabidopsis have been reported (Edwards et al. 1991, Wang et al. 1993),
however, they still require several steps. Here described is a novel one-step DNA extraction

protocol for uses in polymerase chain reaction (PCR).

Results and discussion

In order to develop a one-step protocol, modified concentrations of NaCl and SDS from the
original DNA extraction protocol (Edwards et al. 1991) were prepared to avoid inhibition of PCR
without significantly affecting the efficiency of DNA extraction. TE and extraction buffers
diluted by ten, hundred and thousand folds by TE buffer were used for DNA extraction. One pL
of the extracts were subjected to PCR. Extracts with ten fold-diluted buffer gave the most
distinct band with an expected molecular weight (Fig. 2-1a). Little or no PCR product was
detected from the other dilutions.

Then carried out was extensive PCR test of the extracted DNA solution. PCR reaction
was carried out with 23 different sets of primers and bands with expected sizes were detected
with all the primer sets (data not shown). Moreover, carried out were total of 236 reactions
using independently extracted 67 DNA solutions using 23 different sets of primers and 227 PCR
reactions gave bands of expected sizes (96%, data not shown).

The present protocol was also useful for detection of transgene. This experiment was
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performed by Ms. Yoko Ide. DNA was extracted from transgenic plants NOB7 (Ohkama et al.,
2002) and subjected to PCR reaction using the primer set No.24. A band with expected size was
detected (Fig. 2-1b).

Also investigated were amounts of plant tissues required for PCR amplification. DNA
was extracted from 1mm? (less than 1 mg) leaf tissue or about 120 pg of petals in fresh weights
in 10 pL of the extraction buffer. Appropriate PCR products were observed with these samples
as well as with DNA from 1 mg of leaf tissue, suggesting that tissue less than 1 mg in fresh
weights are sufficient for PCR analysis (Fig. 2-1¢).

The DNA solution was stable for PCR amplification at -20°C at least for one month.
Comparison of this method with other rapid methods is shown in Table 2-1. The present
protocol 1s the quickest among the protocols and suitable for PCR analysis. Two novel quick
methods were also reported (sucrose prep and touch-and-go methods) after establishment of the
present protocol (Berendzen et al. 2005). These methods are accelerating genetic study on plant

mechanisms.

Materials and methods

Plant materials

For extensive test of the extracted DNA solution, F2 plants derived from a cross between
Arabidopsis thaliana (L.) Heynh. ecotypes Col-0 and Landsberg erecta were used. For assay of
transgene possession, Arabidopsisline NOB7 (Ohkama et al., 2002) was used.

DNA extraction

This protocol uses 1.5-mL centrifuge tubes, plastic rods fit to the 1.5-mL centrifuge tubes to
grind samples (such as Pestle for Homogenizer, Azuwan, Osaka, Japan), TE buffer (10 mM
Tris-HC1 pH 8.0 and 1 mM EDTA) and extraction buffer (200 mM Tris-HC1 pH7.5, 250 mM NaCl,
25 mM EDTA and 0.5% SDS: described in Edwards et al. 1991). A piece of rosette leaf (typically
3-5 mg) was placed in a centrifuge tube. 200 pL of extraction buffer which have been diluted 10
fold by TE buffer was added in the tube. The leaves were crushed by pressing them against the
walls of the plastic tubes with the rods several times. Crushing was done leaving residues of
the tissues visible in the tube as excess crushing of the tissues inhibited subsequent PCR

analysis.

PCR amplification and DNA analysis

One pL. DNA extract was added to the 20 pL of PCR mixture containing with 10 mM Tris-Cl (pH

7.5), 1.5 mM MgClz, 50 mM KCI, 0.5 pM primers, 0.2-1 U Taqg DNA polymerase (Roche Applied

Science, Mannheim, Germany). Mastercycler gradient (Eppendorf, Hamburg, Germany) was

used for the thermal cycling; 2 min at 94°C, followed by 30 cycles of 30 sec at 94°C, 45 sec at 55
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°C, 45 sec at 72 °C, and 7 min at 72 °C. For detection of the transgene in NOB7 line, the
following cycles were employed; 3 min at 96 °C, followed by 25 cycles of 30 sec at 96°C, 30 sec at
56°C, 1 min at 72°C, and 5 min at 72 °C.

Extensive test of the extracted DNA solution was carried out with 23 sets of primers,
which detect polymorphisms in the shorter arm of the chromosome 3. Some of these primers
were prepared by Dr. Naoko Ohkama-Ohtsu and technical assistance was made by Ms. Kayoko
Aizawa. The sequences of the primers in each set were as follows:

e Primer set 1 - taatccgggttatgggatca/gectctcagattaaaagatgga
o Primer set 2 - cataaccccaccaaaagagg/ttgtgtgagagattgtcttatacteg

e Primer set 3 - aactcggaccagactcgtga/aattggatcggattcacteg

® Primer set 4 -
® Primer set 5 -
® Primer set 6 -
e Primer set 7 -
® Primer set 8 -

® Primer set 9 -

e Primer set 10 -
® Primer set 11 -
® Primer set 12 -
® Primer set 13 -
e Primer set 14 -

e Primer set 15 -

e Primer set 16

e Primer set 17 -
® Primer set 18 -
e Primer set 19 -
e Primer set 20 -

o Primer set 21 -

o Primer set 22

e Primer set 23 -

cggaaacagcttcagtagec/cggtcaagaaaacatagaggaga
tteccetettegacttgtgt/cactgaaacceactecettt
ggtggagagacttgattcagga/gagecttggaggatectactet
aggttcteegetgagtgaaa/caactteggecattectaaa
tcactcgttggeggtatgta/caatgetecttatgeetggt
tcttaatctttttattteccgatgaca/tcaaaagtecacttetecettt
tgaagccaagtatccactcaa/tgetttetttgtggaggaca
tetgageatectegetttgt/gettcaaactectetgtegg
gtcteceegttgggaataat/ttcactcageggagaaccett
tagctcaaagcccgaagaaaltecectaaggaagagegagt
ttctggttgetcacatggtt/ctttecaccacggataagea
aaatggctgctettgattace/gecttaaccgtggttgaaaa

- tgaaccaaagacaggggatt/cttggggttctetettggg
aaatgtggcgatcgtgaagt/ctcegttagecagaaaccacg
tcatccgggtaaaaagcatce/gatecattecageattgtea
caaatccatctccgegatac/aatgggaattttcaacggaa
ttgcaatectgettcacaac/atecactgeateccttagga
gatacttggcggattgecta/ccegtgaaaatgacggtact

- cttgaaccgaagatgggaga/tcectgeataagatgecttg
tgcagcagaaggggtagtct/atctecccagggaatceagtt

In addition, primer set No.24 (NOBf:gctaaagggcccaagttcca/NOBr:actcgagcactcttacgegt
and Binv4:taaaaacgtccgcaatgtgt, Ohkama et al., 2002) was used for detection of the transgene in
NOB7 transgenic plants. NOBf and NOBr are derived from upstream and downstream
adjacent sequence of the transgene, respectively, and Binv4 is from sequence in the transgene.

PCR products (5-20 pL) were analyzed using 1-4 % agarose gel electrophoresis, stained
with ethidium bromide and visualized with UV light.
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Fig. 2-1. Electrophoresis of PCR products. (a) Effect of dilution of the extraction buffer on PCR
amplification. Original buffer (x1) and ten- (x0.1), hundred- (x0.01) and thousand- (x0.001)
folds diluted buffers were tested together with the TE buffer. Primer set 1 was used for
amplification which should produce 118 bp DNA. M: molecular weight marker ¢X174- Haelll.
(b) Assay of transgene possession. NOB7 and wild-type plants were assayed. M: - HindIIL.
The transgene of NOB7 plants is located between the target sites of NOBf (left primer) and
NOBr (right primer) on chromosome V. The target site of Binv4 (right primer) is on NOB insert.
NOB transgenic plant gives 677bp PCR product primed by NOBf and Binv4, and wild-type plant
gives 1337 bp PCR product primed by NOBf and NOBr. (¢) PCR product of DNA micro-scale
extraction. Normal-scale extraction was carried out from 1 mg leaf tissue and micro-scale
extractions from about 1 mm? leaf tissue and 2 petals. Primer set 3 was used for amplification

which should amplify DNA of 116 bps. M: molecular weight marker ¢X174- Haelll.

Table 2-1. Comparison of rapid methods of DNA extraction from Arabidopsis. Manipulation
times were calculated as a sum of manipulation time for each step: the time was hypothesized as

30 seconds for every pipetting and homogenization.

Number of solutions Manipuration time Minimum sample
used amount

Edwards et al. 1991 3 >1hr No data

Wang et al. 1993 2 2.5 min. No data

Present method 1 1 min. ~ 120 pg
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