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SUMMARY
Plasmodiophora brassicae invades roots of cruciferous plants and induces root
hypertrophy called clubroot. To control this disease, it is necessary to understand
molecular mechanisms of clubroot development. In this study, we focused on auxin
biosynthesis in clubroot-diseased tissue of turnip (Brassica rapa L.) to unravel crucial
factor(s) for disease development.
We first investigated nitrilase, which converts indole-3-acetonitrile (IAN) to
indole-3-acetic acid (IAA), a plant endogenous auxin. Three cDNAs encoding nitrilase
were cloned from turnip and designated BrNIT-T1, BrNIT-T2 and BrNIT-T4 according
to their homologies to known plant nitrilases. Recombinant proteins were expressed in
Escherichia coli and characterized enzymatically. The recombinant nitrilases showed
typical substrate specificities. BrNIT-T1 and BrNIT-T2, which were categorized in the
Brassicaceae-specific nitrilase family, converted IAN to IAA. In addition, the two
analogous nitrilases exhibited high activity towards various aliphatic and aromatic
nitriles. These nitriles or their analogues are possibly generated by degradation of
glucosinolates, indicating that BrNIT-T1 and BrNIT-T2 are also involved in
glucosinolate metabolism. BrNIT-T1 and BrNIT-T2 have similar enzymatic features but
the two nitrilases were expressed differentially in turnip tissues. Thus, it was suggested
that BrNIT-T1 and BrNIT-T2 have tissue-specific roles redundant in some tissues. On
the other hand, BrNIT-T4 specifically converted β-cyano-L-alanine (AlaCN) to
asparagine and aspartic acid. This is involved in cyanide detoxification downstream of
ethylene biosynthesis. Therefore, the NIT4 orthologs were conserved widely in higher
plants. BrNIT-T4 was expressed in most tissues except hypocotyl, indicating the
constitutive role of cyanide detoxification pathway.
To clarify the involvement of B. rapa nitrilases in clubroot development, their
expression and auxin contents were investigated. First, we defined three developmental
phases of clubroot disease according to gall development: the early phase was around
3

20 days after germination (dag), in which club began visible; the intermediate phase was
around 30 dag, in which club remained to grow at a proportional rate; the late phase was
around 40 dag, in which growth of gall reached a plateau and tissue deterioration was
initiated.
Free and total IAA contents during the developmental phases were determined. Free
IAA contents were elevated by pathogen infection only in the early and late phases but
reduced during the intermediate phase. Levels of total IAA consisting of free acid and
sugar- and amino acid-conjugates substantially increased in infected roots, indicating
that IAA conjugation activity was highly activated to maintain auxin homeostasis.
Quantitative real-time PCR analysis revealed the differential expressions of BrNIT-Ts
during clubroot development. BrNIT-T1 expression was negligible in non-infected roots
but elevated 10- to 100-fold through disease development. On the other hand, BrNIT-T2
expression was reduced in the early phase. Thus, it was likely that BrNIT-T1 is
specifically involved in clubroot initial growth via IAA biosynthesis. BrNIT-T2
expression in infected roots was comparable to that in non-infected roots during the
intermediate phase, but subsequently, the level was significantly elevated in infected
roots in the late phase, indicating that BrNIT-T2 and its IAA production are involved in
gall maturation or deterioration rather than hypertrophy. BrNIT-T4 was strongly
downregulated in infected roots during the early to intermediate phase, but the level was
gradually recovered as gall growth plateaued. This suggests that ethylene production
accompanying cyanide detoxification might be affected by clubroot hypertrophy.
BrNIT-T1 was specifically upregulated in infected tissues, but the amounts of
transcripts were comparable or less than those of BrNIT-T2, suggesting that the
induction of BrNIT-T1 was limited in and around cells invaded by the pathogen and IAA
was effectively produced in the localized region. Thus, we then determined histological
distributions of BrNIT-T1 and BrNIT-T2. To distinguish mRNAs of the two similar
nitrilases, locked nucleic acid (LNA)-modified oligo DNA probes were applied to in
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situ hybridization (ISH). Although conventional RNA probes from 3′ untranslated
regions of the nitrilases cross-hybridized to the other RNA, the LNA-modified probes
never showed the cross-hybridization. The specificity and improved sensitivity of the
LNA-modified probes were also verified in ISH. The isoform-specific ISH analysis
clearly demonstrated that in the early and intermediate phases, BrNIT-T1 was expressed
in cells containing growing plasmodium, but not in cells filled by resting spores,
whereas BrNIT-T2 seemed to be expressed in pathogen-free cells rather than infected
cells. In the late phase, BrNIT-T2 was also expressed in cells filled by resting spores.
Distribution of free IAA in infected roots was also determined by immunostaining.
During the early to intermediate phases, IAA was predominantly localized in
pathogen-invaded cells and the signal seemed to diminish as pathogen got mature and
formed resting spores, consistent with BrNIT-T1 localization. In the late phase, on the
other hand, IAA immunosignal was also localized in cells filled by mature resting
spores, consistent with BrNIT-T2 localization. Thus, it proved that the specific
expression of BrNIT-T1 in the early phase and of BrNIT-T2 in the late phase were
regulated differentially and involved specifically in clubroot hypertrophy and
maturation via IAA synthesis, respectively.
Specific activity of ethylene-forming enzyme, 1-aminocyclopropane-1-carboxylic
acid (ACC) oxidase (ACO), was reduced in the early phase, but it was likely that higher
protein contents in infected roots resulted in comparable ethylene concentrations
between infected and non-infected roots. On the other hand, in the late phase, levels of
the ethylene precursor ACC and ACO activity were elevated in infected roots, indicating
the interaction between the later IAA increase and ethylene production.
Real-time PCR analysis of expression of BrNIT-Ts in turnip seedlings treated with
various phytohormones or related compounds showed that cytokinin and jasmonic acid
specifically upregulated the expression of BrNIT-T1 and BrNIT-T2, respectively.
Together with all observations, we propose specific roles of BrNIT-Ts in
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phytohormone crosstalk during clubroot formation and maturation.
Additionally, we also investigated amidase, which converts indole-3-acetamide
(IAM) to IAA. Measurement of endogenous amidase activity implied that the turnip has
several amidase active forms that have different temperature optimums and their
involvement in IAA synthesis during clubroot development. We cloned two alleles of
turnip amidase (BrAMI) at the same locus, which encoded active amidase, but the
presence of different amidases could not be demonstrated. However, BrAMI transcripts
included several splice variants. To isolate the variants and their enzymatic analyses are
necessary in future studies.
Real-time PCR analysis showed that BrAMI expression increased in the early and
intermediate phases of clubroot disease development. Moreover, ISH analysis
demonstrated that BrAMI transcripts colocalized with BrNIT-T1 transcripts in healthy
and clubroot-diseased turnip tissues. Determination of nitrile hydratase activity of the
nitrilases to generate amide products from nitrile substrates suggested that BrAMI plays
a role to assist BrNIT-T1 in IAA biosynthesis from IAN.
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GENERAL INTRODUCTION
Plasmodiophora brassicae is an obligate soil-borne pathogen causing clubroot disease
in economically important crops of the Brassicaceae. The life cycle of P. brassicae is
divided into two stages (Fig. 1): the former occurs in the root hair and the latter takes
place in cortex and stele (Ingram and Tommerup, 1972). In the latter stage, P. brassicae
induces abnormal expansion and division of infected cells during its proliferation,
leading to the formation of severe galls, called clubroot. Gall development causes a
delay of crop growth by inhibition of water and nutrient uptake from root, and finally,
infected tissue is decayed. P. brassicae resting spores released from deteriorated roots
can survive in soil for at least 7 years in the absence of host plants (Karling, 1968). Thus,
once soil is contaminated with this pathogen, it becomes a long-lasting problem.
To control clubroot disease, many efforts have been made to develop conventional
approaches, e.g. rotation with bait crops which are reduce spore concentration,
treatment of soil with calcium carbonate to raise pH, soil disinfestation with fungicides,
etc. (Donald et al., 2006). Cultivation of CR (clubroot-resistant) cultivars, which have
been developed by conventional breeding, is one of the most effective ways to control
clubroot. Recently, several CR loci have been identified from Brassica plants (Hirai et
al., 2004; Piao et al., 2004; Suwabe et al., 2003) and these are predicted to lead to
development of improved CR varieties. In an incompatible interaction, defense
responses, e.g. synthesis of phenylalanine ammonia-lyase, cell death and medium
alkalization, are induced in turnip, Brassica rapa L. (Takahashi et al., 2001, 2002, 2006).
Ca2+ was required for the signaling pathway in calli and cultured roots of a CR turnip.
These specific resistance responses based on a gene-for-gene system are very strong,
but pathogen is able to counter this resistance by generating genetic variation. Indeed, P.
brassicae shows high genetic diversity in pathogenicity (Hatakeyama et al., 2004; Jones
and Ingram, 1982a, b; Kuginuki et al., 1999), which might cause outbreak of a novel
pathotype capable of invading existing CR cultivars. To overcome this disadvantage, it
7

is important to detail wide physiological phenomena. Root hypertrophy is an essential
feature of the disease, leading to economic damage, and proliferation and maturation of
the pathogen require root hypertrophy (Siemens et al., 2002). Therefore, understanding
the mechanism of clubroot development is a prerequisite for a pathotype-independent
control of the disease.
Plant hormones auxin, indole-3-acetic acid (IAA), and cytokinin play vital roles in
many plant-microbe interactions. In clubroot disease, many researchers have reported
increased levels of IAA (Butcher et al., 1974; Devos et al., 2005; Grsic et al., 1999;
Ludwig-Müller et al., 1993; Raa, 1971; Ugajin et al., 2003) and cytokinin (Dekhuijzen,
1980; Dekhuijzen and Overeem, 1971,; Devos et al., 2005). Cytokinin is synthesized by
P. brassicae itself (Dekhuijzen, 1981; Müller and Hilgenberg, 1986), whereas IAA is
thought to be synthesized by host plants.
Plants have several tryptophan-dependent and independent pathways for IAA
biosynthesis (Woodward and Bartel, 2005), although the latter has been questioned
(Müller and Weiler, 2000). In the tryptophan-dependent pathways (Fig. 2; Woodward
and Bartel, 2005), three enzymes have been identified from Arabidopsis thaliana, i.e.
nitrilase (Bartling et al., 1992), aldehyde oxidase (Seo et al., 1998) and amidase
(Pollmann et al., 2003). Of these enzymes, nitrilase, which converts indole-3acetonitrile (IAN) to IAA, is the most likely candidate to be involved in clubroot
development. Involvement of nitrilase and indole-3-methyl glucosinolate (IMG), which
is degraded into IAN by myrosinase, had been proposed in early studies (Butcher et al.,
1974; Rausch et al., 1981, 1983). Recent studies employing improved analytical
methods demonstrated that nitrilase activity is synchronized with an IAA fluctuation in
infected turnip and Chinese cabbage roots (Grsic et al., 1999; Ugajin et al., 2003). Not
only nitrilase activity but also IAN increased in infected Chinese cabbage
(Ludwig-Müller et al., 1999). Moreover, gene expressions of two Arabidopsis nitrilases,
AtNIT1 and AtNIT2, were elevated in infected roots and symptom development was
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delayed in Arabidopsis transformed with antisense AtNIT1 or AtNIT2 (Grsic-Rausch et
al., 2000; Neuhaus et al., 2000). These data support the crucial role of nitrilase in
clubroot development via IAA production in Arabidopsis. However, in contrast to the
results in Arabidopsis, no increase in nitrilase mRNA was confirmed in the genus
Brassica; the levels of nitrilase mRNA did not change significantly in clubroot-diseased
Chinese cabbage (Bischoff et al., 1995; Grsic et al., 1999). This discrepancy is
attributed to the fact that isoform-specific detection was not performed in Brassica
plants, despite isoforms of Arabidopsis being differentially and transiently expressed in
infected tissue (Grsic-Rausch et al., 2000). Alternatively, isoform variation and/or
induction patterns of nitrilase genes in clubroot development might differ between
Arabidopsis and Brassica plants. To confirm whether nitrilase is a key factor in clubroot
development, it is necessary to identify nitrilase isoforms from Brassica plants. Thus, in
this study molecular cloning and characterization of B. rapa nitrilases were first
attempted (Chapter 1), and then their expression in clubroot tissues and the regulatory
system were investigated (Chapter 2). These approaches showed that B. rapa nitrilases
play several key roles in clubroot growth and maturation.
Other IAA synthetic pathways have been recently investigated in clubroot disease of
Chinese cabbage. Ando et al. (2006) reported increased gene expression and enzyme
activity of aldehyde oxidase, which converts indole-3-acetaldehyde (IAAld) to IAA.
Ludwig-Müller et al. (1996) showed increased amidohydrolase activity that releases
free IAA from IAA-amino acid conjugates. These evidences suggested that IAA
production in clubroot tissues is via several pathways. Therefore, it was of interest to
determine whether amidase, which hydrolyzes indole-3-acetamide (IAM) to produce
IAA, is also involved in clubroot disease. In Chapter 3 we examined amidase activity
in turnip healthy tissues and clubroot, and amidase gene(s) was cloned and analyzed its
expression during clubroot development. These results suggest that B. rapa amidase
associates with nitrilase in IAA synthesis in healthy and clubroot tissues of turnip.
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Fig. 1. Life cycle of Plasmodiophora brassicae.
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Fig. 2. Potential pathways of tryptophan-dependent IAA biosynthesis in
Arabidopsis.
Dotted arrows indicate bacterial pathways unidentified in plant. †Enzymes in bacterial
pathways but unidentified in plant. ‡Identified in Catharanthus roseus. Arabidopsis
genome contains potential Trp decarboxylase genes, but the encoded enzymes have
not been characterized. Suggested conversions are indicated with question mark. See
details and literatures in a review (Woodward and Bartel, 2005).
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CHAPTER 1

Molecular Cloning, Functional Expression,
Enzymatic Characterization and Tissue Localization
of Nitrilases from Brassica rapa L.
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INTRODUCTION
Indole-3-acetic acid (IAA), which is a plant endogenous auxin, plays vital roles all over
plant developmental stages. Therefore, understanding details in IAA biosynthesis in
plants is very important. Many pathways for de novo IAA synthesis and complicated
system for generation and hydrolysis of IAA conjugates are known. In the de novo
pathways, IAA is generated from indole via the tryptophan-dependent pathways (Fig. 2).
In the pathways, three IAA precursors and their catalytic enzymes have been reported.
Aldehyde

oxidase

(AO:

E.C.

1.2.3.1)

catalyzes

oxidative

conversion

of

indole-3-acetaldehyde (IAAld) to IAA in the indole-3-pyruvate pathway (Woodward
and Bartel, 2005). Arabidopsis AO1 activity was enhanced in the IAA-overproducing
superroot1 mutant, demonstrating that AO1 acts an IAA-producing enzyme in vivo (Seo
et al., 1998). A gene of amidase (AMI: E.C. 3.5.1.4) that hydrolyzes indole-3-acetamide
(IAM) was isolated from Arabidopsis (Pollmann et al., 2003), but its roles in IAA
biosynthesis are still unclear. Nitrilase (NIT: E.C. 3.5.5.1) converts indole-3-acetonitrile
(IAN) to IAA. NIT genes that have ever been identified are phylogenetically grouped
into two families, and one of the two is typical in Brassicaceae (see details in
RESULTS). In addition, many studies indicated involvement of nitrilase in clubroot
disease development.
Nitrilase activity as generation of IAA from IAN was first reported in crucifers and
grasses (Thimann and Mahadevan, 1964). In Arabidopsis, four similar nitrilases,
AtNIT1–4, are encoded in the genome. Of the four isoforms, AtNIT1, AtNIT2 and
AtNIT3 have IAA-synthetic activity (Vorwerk et al., 2001). A mutation in AtNIT1
(nit1-3) did not affect the phenotype and a constitutive IAA level but conferred
resistance to exogenous IAN treatment, which normally causes root growth inhibition
(Normanly et al., 1997). However, recombinant AtNIT proteins showed too high K m
values to metabolize physiological concentration of IAN in vitro (Osswald et al., 2002;
Vorwerk et al., 2001). In addition, endogenous nitrilase activity has never been detected
13

except in crucifers. Hence, it is sometimes doubtful to regard nitrilase as important
auxin biosynthetic enzyme. On the other hand, another type of plant nitrilase, which
converts β-cyano-L-alanine (AlaCN) into asparagine and aspartic acid, is conserved
widely in monocots and dicots. The nitrilase generates the amide product as well as the
acid product, thus the nitrilases are often called AlaCN hydratase (E.C. 4.2.1.65). This
reaction is downstream of cyanide detoxification pathway. In plant, toxic cyanide is
reacted with cystein by AlaCN synthase to generate H 2 S and AlaCN, and AlaCN is
further converted to Asn/Asp by hydratase/nitrilase (Blumenthal et al., 1968). Cyanide
is generated as a byproduct of ethylene, which is common reaction in plants (Adams
and Yang, 1981). Thus, the AlaCN-metabolizing nitrilase is widespread in higher plants.
However, recently, it is suggested that IAA-forming nitrilase might also spread among
plants other than Brassicaceae: Zea mays has two genes encoding nitrilase similar to
AlaCN-metanolizing nitrilases, but one of them, ZmNIT2, converted IAN to IAA (Park
et al., 2003). Further studies are necessary for understating magnitude of nitrilase in
auxin biosynthesis in Brassica species and all over the plant kingdom.
First of all in this study, we attempted molecular cloning of nitrilase genes from
Brassica rapa L. (turnip). Subsequently, enzymatic characteristics and tissue
localization of the nitrilase isoforms were determined and compared to those of other
plant nitrilases in order to discuss their physiological functions.

MATERIALS AND METHODS
Plant material and cultivation
Seeds of Brassica rapa L. cv. Natsumaki 13-gou kokabu (The Musashino Seed Co., Ltd.,
Tokyo, Japan) were sown on sterile soil in 9-cm-diameter pots and cultivated in a
chamber at 24 °C under 9 h dark/15 h light at 130 μmol m−2 s−1.
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Total RNA preparation
One hundred mg of frozen plant tissue was ground in liquid N 2 with a mortar and pestle.
The fine powder was mixed with 1 mL of ISOGEN (Nippongene, Tokyo, Japan) and the
water phase containing total RNA (600 μL) was prepared according to the
manufacturer’s protocol. RNA was precipitated by adding half volumes of each
isopropanol and salt mixture (0.8 M trisodium citrate and 1.2 M NaCl) (Chomczynski
and Mackey, 1995). The pellet was resuspended in 500 μL of RNase-free distilled water
(Invitrogen Corp., Carlsbad, CA, USA), and 200 μL of 2.5 M NaCl, 80 μL of 10% (w/v)
cetyltrimethylammonium bromide (CTAB) and 700 μL of chloroform were added and
mixed thoroughly. After centrifugation to remove precipitate of CTAB-polysaccharide
complex, the aqueous phase was recovered and RNA was precipitated by adding an
equal volume of isopropanol. The pellet RNA was dissolved in RNase-free distilled
water and treated with RQ1 DNase I (Promega Corp., Madison, WI, USA). DNase was
inactivated by phenol extraction. The solution was mixed with 2.5 volumes of ethanol
and 1/10 volume of 3 M sodium acetate (pH 5.2) and stored at −80 °C until use.
Immediately before use, RNA was collected by centrifugation and dissolved in
RNase-free distilled water. RNA concentration and purity were determined by UV
absorption. RNA quality (not being degraded) was checked by non-denatured agarose
gel electrophoresis.

3′ RACE and designation of B. rapa nitrilases
One μg of total RNA was reversetranscribed in 20 μL reaction mixture with an oligo
(dT) adaptor primer (Table 1) and SuperScript II Reversetranscriptase (Invitrogen,
Corp.) according to the manufacturer’s instructions. 3′ RACE (rapid amplification of
cDNA ends) was performed using an adaptor primer and NIT-specific primers (Table 1).
The nested PCR products were purified by agarose gel electrophoresis and cloned into
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pBluescript II SK(+). Nucleotide sequences were determined using a CEQ8000 Genetic
Analysis System (Beckman Coulter, Inc., Fullerton, CA). Identified three cDNA clones
were designated as BrNIT-T1, BrNIT-T2 and BrNIT-T4 according to their homologies to
Arabidopsis nitrilases (detailed in RESULTS).

5′ RACE and full length cloning of BrNIT-T cDNAs
Cloning of 5′ ends of the cDNAs was performed using the 5′-Full RACE Core Set
(Takara Bio Inc., Shiga, Japan) according to the supplier’s instruction manual with some
modifications. Total RNA (5 μg) was reversetranscribed using specific RT primers
(Table 1) and SuperScript II Reversetranscriptase as follows: reaction mixture without
the enzyme was preincubated at 42 °C for 2 min; the enzyme was added and mixed
gently; reaction was carried at 42 °C for 30 min and completed at 50 °C for 30 min; the
enzyme was denatured at 70 °C for 15 min. The cDNA solution was treated with RNase
H and RNase A at 37 °C for 60 min. The single stranded cDNA was purified using
Geneclean kit (Qbiogene, Irvine, CA, USA) and 5′-phosphorylated with T4
polynucleotide kinase, and purified again. The cDNA was then concatemerized with T4
RNA ligase at 16 °C for 18 h. The ligated cDNA was diluted with TE buffer (10 mM
Tris-HCl, pH 8.0, containing 1 mM EDTA) and used as PCR templates. The nested PCR
products were obtained using specific primers (Table 1) and sequenced as described
above. The 5′ end primer for each BrNIT-T genes (Table 1) were designed and used for
full length cloning. DNA sequencing of full length cDNA clone was repeated three
times using independent clones.
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3′ RACE (nested PCR)
RT for 3′ RACE and real-time PCR
3′ RACE
RT for 5′ RACE of BrNIT-T1
RT for 5′ RACE of BrNIT-T2
RT for 5′ RACE of BrNIT-T4
5′ RACE for BrNIT-T1 (1st PCR)

TCGGTGCTGCTATTTGCTGGGA

CGCTCTAGAACTAGTGGATCCGCGGCGCCC(T) 15

CGCTCTAGAACTAGTGGATC

GGGAGACGATAGATTGACAAC

ATCCAACCAGGT

GTTGGTCTCTCAG

GATGTGGTCGGGCATTAC

NIT-F2

oligo (dT)-adaptor

Antisense adaptor

BrNIT-T1-RT

BrNIT-T2-RT

BrNIT-T4-RT

NIT-F3

5′ RACE for BrNIT-T1 and -T2 (1st PCR)
5′ RACE for BrNIT-T1 and -T2 (nested PCR)
5′ RACE for BrNIT-T2 (1st PCR)
5′ RACE for BrNIT-T4
Full-length amplification for BrNIT-T1
Full-length amplification for BrNIT-T2
Full-length amplification for BrNIT-T4

TCACCAAGATCGAGATCAGC

CCATCAGCAGTAGGTGCAC

AAGTAACCAAAGATATAAAGGTCCTCTC

AGAGAGCCTCACACCGGACT

AGATCACCAACCTACAGAGTG

CACCTGCAGATATATCACCAAACTACAAAG

CACCTGCAGACACAGAGTTTGATCTCCT

NIT-R2

NIT-R3

BrNIT-T2-F

BrNIT-T4-F

BrNIT-T1-5′ end

BrNIT-T2-5′end

BrNIT-T4-5′end

5′ RACE for BrNIT-T4

5′ RACE for BrNIT-T1 (nested PCR)

TGGTCGGGCATTACTCAAGG

NIT-F4

5′ RACE for BrNIT-T4 (nested PCR)

5′ RACE for BrNIT-T2 (nested PCR)

Full-length amplification

3′ RACE (1st PCR)

Application

AAGCACCGTAAAGTCATGCC

Sequence (5′–3′)

NIT-F1

Name

Table 1. Primers used for cloning of BrNIT-T cDNAs.

Sequence and phylogenetic analyses
The nucleotide sequences were aligned using Genetyx software (Genetyx Corp., Tokyo,
Japan) for primer design. Multiple alignment of amino acid sequences and generation of
a phylogenetic tree were performed using ClustalW (Thompson et al., 1994) and
TreeView software (Page, 1996). The GenBank accession numbers of BrNIT-T1,
BrNIT-T2 and BrNIT-T4 are EF014463, EF014464 and EF014465, respectively.
Accession numbers for the nitrilase genes shown in this paper are as follows: BnNIT2,
AF380304; AtNIT1, NM_180680; AtNIT2, NM_114298; AtNIT3, NM_114300; AtNIT4,
NM_122135; NtNIT4A, D63331; NtNIT4B, D83078; LaNIT4A, AY547301; LaNIT4B,
DQ186678; ZmNIT1, AY156979; ZmNIT2, AY156978; OsNIT4, AB027054. Amino acid
sequences of BrNIT1, BrNIT2 and BrNIT4 (synonyms: BcNIT1, BcNIT2 and BcNIT4,
respectively) are cited from Bischoff et al. (1995) and Grsic et al. (1999). Abbreviations
in gene names are; At, Arabidopsis thaliana; Bn, Brassica napus; Br, Brassica rapa; La,
Lupinus angustifolius; Nt, Nicotiana tabacum; Os, Oryza sativa; Zm, Zea mays.

Bacterial expression of recombinant BrNIT-T proteins
The coding sequence of each BrNIT-T was amplified by PCR using specific primers
(Table 2). The fragments were cloned into the NdeI/BamHI site of the pET15b(+)
vector (Novagene, Madison, WI, USA). The plasmids were transformed into E. coli
BL21(DE3). The E. coli harboring the correct plasmid was cultured in LB [1% (w/v)
tryptone, 0.5% (w/v) east extract, 1% (w/v) NaCl, pH 7.2] or TB medium [1.2% (w/v)
tryptone, 2.4% (w/v) yeast extract, 0.4% (v/v) glycerol, 17 mM KH 2 PO 4 and 0.72 mM
K 2 HPO 4 ] at 37 °C. When reached 0.4–0.6OD 600 , the culture was cooled to room
temperature.

Induction

was

started

by

adding

0.1

mM

isopropyl-β-D-

thiogalactopyranoside (IPTG) and continued for 16–24 h at 18 °C. The cells were
harvested by centrifugation (4000×g, 20 min, 4 °C) and washed with 50 mM sodium
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phosphate (pH 7.4) containing 150 mM NaCl. Cells were collected by centrifugation,
quickly frozen in liquid N 2 and stored at −80 °C.

Purification of recombinant proteins by Ni affinity chromatography
The bacterial cells were thawed and resuspended in 1/20 culture volume of lysis buffer
[50 mM sodium phosphate, 0.5 M NaCl, 2 mM dithiothreitol (DTT), pH 7.4] containing
40 mM imidazole, 1 mM phenylmethylsulphonyl fluoride and 1 mg mL−1 lysozyme.
The suspension was allowed to stand on ice for 30 min and finally sonicated five times
for 30 s. Insoluble materials were removed by centrifugation (20,000×g, 20 min, 4 °C),
and the supernatant was used as crude extract for enzyme assay after dialysis against 50
mM sodium phosphate (pH 8.0) containing 2 mM DTT.
For purification of the recombinant proteins, the supernatant was applied on to a
1-mL column of Ni Sepharose Fast Flow (GE Healthcare UK Ltd., Little Chalfont,
Buckinghamshire, England). The column was washed with lysis buffer containing 40
mM imidazole, followed by lysis buffer containing 100 mM imidazole, until A 280
reached the baseline. Proteins bound were eluted with 10 mL lysis buffer containing 750
mM imidazole. The eluent was concentrated using a centrifugal concentrator
(APOLLO® 20 mL, Orbital Biosciences, Topsfield, MA, USA). After desalting by
passing through a Sephadex G-15 column (16×100 mm) equilibrated with 50 mM
sodium phosphate (pH 8.0) containing 2 mM DTT, the protein was quickly frozen in
liquid N 2 and stored at −80 °C.
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Table 2. Primers for directional cloning of BrNIT-T coding sequences into pET15(b)+.
Name

Sequence (5′–3′)

Restriction site

BrNIT-T1expF

TATCATATGGCAACAGCTCCCAAAG

NdeI

BrNIT-T1expR

TCGGGATCCTTACTTGTTTTGCGGCTCTG

BamHI

BrNIT-T2expF

TATCATATGTCTGGTAGTGAAGAAATG

NdeI

BrNIT-T2expR

TCGGGATCCTTACTTGTCTTGAGGCTCTG

BamHI

BrNIT-T4expF

TATCATATGTCCACTCACCAACAAG

NdeI

BrNIT-T4expR

TCGGGATCCTCAGTTTTTGACGGTCTCATCT

BamHI

Additional sequences for restriction digestion to insert into pET15b(+) are in bold and the
sites are underlined. Start and stop codons are shaded.
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Nitrilase assay
Unless otherwise stated, nitrilase enzyme reaction was performed in 50 mM potassium
phosphate (pH 8.0) containing 200 μg mL−1 BSA at 35 °C. Protein concentration and
reaction time were optimized in each experiment.
For HPLC determination of IAA generated from IAN, the reaction mixture was
adjusted to pH 11 with 1 N NaOH and extracted twice with CE (cyclopentane/ethyl
acetate, 1:1). The aqueous phase was then acidified with 1 N HCl to pH 2.5 and
extracted twice with CE. The acidic organic extracts were combined, evaporated to
dryness, dissolved in 40% (v/v) methanol containing 1% (v/v) acetic acid, and analyzed
by HPLC. IAA was separated on a Gemini 5μ C18 column (4.6×150 mm, Phenomenex
Inc., Torrance, CA, USA) with 40% (v/v) methanol containing 1% (v/v) acetic acid as a
mobile phase (1 mL/min) at 30 °C and monitored fluorometrically at excitation of 280
nm and emission of 350 nm. The IAA concentration was determined using a standard
curve.
For HPLC determination of aspartic acid and asparagine generated from AlaCN, the
amino acids were derivatized with o-phthalaldehyde (OPA) according to Fisher et al.
(2001) and analyzed by HPLC. The reaction was stopped by adding 10 μL of 1 M
perchloric acid and the mixture was centrifuged (12,000×g, 10 min, 4 °C) to remove
proteins. Excess perchloric acid was precipitated by adding 5.8 μL of 1 N KOH and
removed by centrifugation. Five μL of the supernatant was mixed with 500 μL of
OPA-MET reagent, which was made by mixing with 10 mL of methanol containing 100
mg of OPA, 200 μL of β-mercaptoethanol and 400 mL of 20 mM sodium borate buffer
(pH 9.5), and used for derivatization at room temperature for 2 min. The mixture was
diluted with 20 mM sodium phosphate, pH 7.2, and subjected to HPLC equipped with a
C8 column (CAPCELL PAK, 4.6×150 mm, Shiseido Co., Ltd., Tokyo, Japan) at 30 °C.
Derivatives were separated with a linear gradient made by mixing of 20 mM sodium
phosphate, pH 7.2 (solvent A), and acetonitrile (solvent B) as follows: for 0–10 min,
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10–30% solvent B and 90–70% solvent A, and for 10–11 min, 30–40% B and 70–60%
solvent A. Subsequently for a further 10 min, the mixture of 40% B and 60% A was
used for washing the column. Flow rate was kept at 1 mL min−1. Under this condition,
the OPA derivatives of Asp, Asn and AlaCN were eluted at 3.2, 6.1 and 9.6 min,
respectively.
For the nitrilase assay using various nitriles as substrates, the activity was determined
colorimetrically by measuring the release of ammonia by the indophenol blue method
according to Vorwerk et al. (2001). The reaction (100 μL) was stopped by mixing with
an equal volume each of 0.33 M sodium phenolate, 20 mM sodium hypochlorite and
0.01% (w/v) sodium pentacyanonitrosyl ferrate (III) and heating at 95 °C for 2 min.
After cooling to room temperature, 600 μL of water was added and the absorbance was
measured at 640 nm. Ammonia concentration was calibrated using a standard curve
from ammonium chloride (10–500 μM). Boiled enzyme protein was used for blank
assay.

Determination of nitrile hydratase activity
To determine ratio between nitrilase and nitrile hydratase activities in conversion of
IAN, 25 or 10 μg mL−1 of the recombinant BrNIT-T1 or BrNIT-T2, respectively, was
incubated with 1 mM IAN for 24 h at 30 °C. The reaction mixture was acidified with
HCl and extracted with CE as described above. IAA and IAM in the extract were
analyzed by HPLC equipped with a C18 column (4.6×150 mm, Phenomenex, Inc.). The
column was maintained at 25 ºC and 40% (v/v) methanol containing 2% (v/v) acetic
acid was used as an elution solvent at a flow rate of 1 mL min−1. The indolics were
detected by fluorescence with excitation at 280 nm and emission at 350 nm, and
quantified using calibration curves.
Asparagine and aspartic acid from AlaCN were determined simultaneously by HPLC
as described above.
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Semi-quantitative RT-PCR analysis
Total RNA was prepared as described above and reversetranscribed using PrimeScript
RT reagent Kit (Takara Bio Inc.). cDNA was mixed with 0.2 mM dNTPs, 0.2 μM each
primers and 0.025 U μL−1 ExTaq polymerase in 20 μL toral volume of 1× ExTaq buffer
(Takara Bio Inc.). Primers were listed in Table 3. PCR was performed using a DICE
thermalcyler (Takara Bio Inc.). Following a primary denaturation step for 30 sec at 96
ºC, 22–31 cycles were carried out with 10 sec denaturation at 96 ºC, 20 sec annealing at
60/60/65/61 ºC (BrNIT-T1/BrNIT-T2/BrNIT-T4/β-actin) and extension at 72 ºC for
12/8/10/10 sec (BrNIT-T1/BrNIT-T2/BrNIT-T4/β-actin. PCR products were analyzed by
native-PAGE with 4% stacking gel (pH 6.8) and 9% separation gel (pH 8.8) in
Tris-glycine running buffer (pH 8.4) (Laemmli, 1970). Amounts of cDNAs added were
standardized with amplification of β-actin.
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Table 3. Primer sequences used for quantitative PCR analyses.
Gene

Primer sequences (5′–3′)

Amplicon (bp)

BrNIT-T1

Forward: TCCATTGGGAAAGATCCTC

273

Reverse: GAGAAGGGAGACGATAGATTGA
BrNIT-T2

Forward: AAGTAACCAAAGATATAAAGGTCCTCTC

163

Reverse: CAGACAACGCAGATCAAACCA
BrNIT-T4

Forward: AGAGAGCCTCACACCGGACT′

227

Reverse: TAACCGCTTTCCTCGGGTGC
β-actin

Forward: TGGAGAAGATCTGGCATCACAC
Reverse: ATCACCAGAATCCAGCACAATACC
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RESULTS
1-1. Cloning of nitrilase cDNAs from Brassica rapa L.
Cloning of cDNA 3′ ends of nitrilases by RT-PCR was performed using primers
designed from conserved sequences of the nitrilase genes from Brassica napus and
Arabidopsis (Table 1). Three variants of partial cDNA clones were identified from roots
of infected plants at 20 and 40 days after germination (dag), and from roots and leaves
of non-infected plants at 20 dag. We designated the turnip nitrilases as ‘BrNIT-T’. The
ending ‘T’ represents ‘Turnip’ and was suffixed to discriminate the nitrilase genes from
Chinese cabbage (B. rapa L. ssp. pekinensis) nitrilases partially sequenced by Bischoff
et al. (1995) and Grsic et al. (1999). Compared with known Brassicaceae nitrilases, the
nucleotide sequences in the predicted coding regions of two of the three clones showed
about 90% homology to BnNIT2, B. napus nitrilase-like protein, and about 80%
homology to AtNIT1–3, A. thaliana nitrilase 1, 2 and 3. Thus, the two clones were
numbered as BrNIT-T1 and BrNIT-T2 in order of identification. The remaining clone
was named BrNIT-T4, rather than BrNIT-T3, as it was more similar to AtNIT4 (~90%)
than to AtNIT1–3 (~70%). After determination of each 5′ end sequence upstream of the
predicted start codon by RACE, the cDNA fragments including each full coding
sequence were cloned by RT-PCR. The BrNIT-T1 clone consisted of 1327 nt (5′ UTR 41
nt, ORF 1032 nt, 3′ UTR 254 nt). The BrNIT-T2 clone consisted of 1329 nt (5′ UTR 40
nt, ORF 1050 nt, 3′ UTR 279 nt). The BrNIT-T4 clone was 1244 nt (5′ UTR 27 nt, ORF
1071 nt, 3′ UTR 146 nt). Alignment of the nucleotide sequences of the cDNA clones is
shown in Fig. 3.
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Fig. 3. Alignment of nucleotide sequences of B. rapa nitrilases.
The sequences of BrNIT-Ts are aligned. Highlighted letters indicate identities and
numbers on the left side of sequences show base numbers from 5′ ends of the cDNAs.
Shaded letters indicate the deduced start and stop codons.
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Fig. 3. Alignment of nucleotide sequences of B. rapa nitrilases.
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1-2. Phylogenetic analysis of B. rapa nitrilases
The deduced amino acid sequences of BrNIT-T1, BrNIT-T2 and BrNIT-T4 and known
sequences of various plant nitrilases were aligned (Fig. 4), and a phylogenetic tree (Fig.
5) and homology (Table 4) are shown. The known plant nitrilases are classified into two
major groups on the basis of their structures. Group 1, on the left side of Fig. 5, consists
only of nitrilases from Brassicaceae, i.e. Arabidopsis, B. rapa (Chinese cabbage and
turnip) and B. napus. The Arabidopsis nitrilases in this group (AtNIT1–3) can catalyze
IAN to IAA both in vitro (Vorwerk et al., 2001) and in vivo (Dohmoto et al., 2000).
BrNIT-T1 and BrNIT-T2 were classified into group 1 and showed ~80% homology to
AtNIT1–3 (Table 4), indicating that these two isoforms can function as
IAA-synthesizing enzymes in B. rapa. On the other hand, Group 2 shown on the right
side of Fig. 5 consists of nitrilases from various plants, to which BrNIT-T4 belongs.
BrNIT-T4 showed high similarity to AtNIT4 (85%), NtNIT4A/B and LaNIT4A/B
(75–77%), which were reported to catalyze β-cyano-L-alanine (AlaCN) to aspartic acid
and asparagine but not IAN to IAA (Piotrowski and Volmer, 2006; Piotrowski et al.,
2001).
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Fig. 4. Alignment of amino acid sequences of plant nitrilases.
Deduced amino acid sequences of plant nitrilases are aligned. Highlighted letters
indicate identical residues and shaded letters indicate similar residues.
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Fig. 4. Alignment of amino acid sequences of plant nitrilases.
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Fig. 5. Phylogenetic tree of plant nitrilases.
Unrooted phylogenetic tree was constructed from deduced amino acid sequences of
known plant nitrilases. The bar indicates genetic distance for 0.1 amino acid
substitutions per site. See MATERIALS AND METHODS for abbreviations.
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Table 4. Homology of BrNIT-T isoforms to plant nitrilases.
See “Materials and Methods” for abbreviations, accession numbers and references.
Homology (%)
Nitrilase

BrNIT-T2

BrNIT-T4

BrNIT-T1

—

90

60

BrNIT-T2

90

—

60

BrNIT-T4

60

60

—

BrNIT1*

89

92

68

BrNIT2*

87

89

67

*

66

66

99

BnNIT2

92

90

58

AtNIT1

74

75

64

AtNIT2

78

81

66

AtNIT3

71

74

63

AtNIT4

59

60

85

NtNIT4A

61

61

76

NtNIT4B

61

62

77

LaNIT4A

59

59

76

LaNIT4B

60

62

75

ZmNIT1

56

56

68

ZmNIT2

60

61

70

OsNIT4

60

59

70

BrNIT4

*

BrNIT-T1

Partial sequence.

32

1-3. Functional expression of recombinant BrNIT-T proteins
1-3-1. Vector construction and expression of recombinant BrNIT-T proteins
To investigate enzymatic characteristics of the BrNIT-T proteins, their coding sequences
were amplified by PCR using specific primers attached with appropriate restriction sites
(Table 3) and cloned into pET15(b)+ vector to express with a His 6 tag at the N-termini.
We first checked solubility of the recombinant proteins by SDS-PAGE. Figure 6 shows
that mild induction condition, i.e. lower IPTG concentration and lower induction
temperature increased the yields of the recombinant proteins in soluble fraction,
although total amounts of expressed proteins were reduced (data not shown).
Particularly, expression of the recombinant BrNIT-T1 in the soluble fraction was not
observed when induced at 37 °C but clearly detected when induced at 18 °C. BrNIT-T2
and BrNIT-T4 were somewhat expressed as soluble proteins at 37 °C, but the amounts
in the soluble fractions were also higher at the lower IPTG concentration and
temperature. Thus, the recombinant proteins were induced at 18 °C with 100 μM IPTG.

1-3-2. Enzyme activity of recombinant BrNIT-T proteins
Using the crude soluble proteins, we verified enzyme activity of the recombinant
nitrilases toward IAN and AlaCN, typical biological substrates of group 1 and 2
nitrilases (Fig. 5), respectively. HPLC analysis of the reaction products clearly showed
that the recombinant BrNIT-T1 and BrNIT-T2, but not BrNIT-T4, converted IAN to
IAA (Fig. 7). On the other hand, BrNIT-T4 generated aspartic acid and asparagine from
AlaCN, whereas such activity was never detected in BrNIT-T1 or BrNIT-T2 (Fig. 8).
These results are consistent with the prediction based on sequence homology as
described above.
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Fig. 6. Expression of recombinant BrNIT-T proteins in soluble fraction under
various culture conditions.
Concentration of IPTG (Lanes 1, 3 and 5, 400 μM; Lanes 2, 4 and 6, 100 μM; Lane 7,
0 μM) and induction temperature (Lanes 1, 2 and 7, 37 °C; Lanes 3 and 4, 28°C;
Lanes 5 and 6, 18 °C) were varied for optimization of expression of active
recombinant proteins of (A) BrNIT-T1, (B) BrNIT-T2 and (C) BrNIT-T4. Soluble
fraction of bacterial lysate was analyzed by SDS-PAGE and CBB-stained. Amounts
of loaded samples were standardized with bacterial concentration measured at A 600 .
Values on the left side of gels indicate sizes molecular weight markers (kDa).
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Fig. 7. HPLC chromatograms of IAA generated by the recombinant nitrilases.
Arrows indicate the IAA peak with the retention time as authentic standard. Boiled
protein was used for the blank assay.
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Fig. 8. HPLC chromatograms of amino acids generated by the recombinant
nitrilases.
Arrowheads indicate peaks with the retention time as authentic standards. Boiled
protein was used for the blank assay.
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1-3-3. Optimization of expression of recombinant BrNIT-T1
BrNIT-T2 and BrNIT-T4 were obtained in enough amounts to use various experiments
below, but the yield of BrNIT-T1 was not sufficient because of its low solubility as well
as low expression. Hence, we attempted to optimize conditions for efficient BrNIT-T1
expression. In this optimization experiments, 3-phenylpropionitrile (PPN) that is known
as much preferred substrate of group 1 nitrilase was used for enzyme assay. We first
changed media from LB to a nutritious medium TB. Bacteria growth, total protein yield
and nitrilase specific activity in LB medium were saturated 16 h after addition of 100
μM IPTG (Fig. 9A, B, open symbol). On the other hand, when using TB medium,
bacterial density and total protein yield were not saturated until 42 h after induction (Fig.
9A, B, closed symbol). However, specific nitrilase activity was peaked during 32 to 36
h after induction and thereafter decreased (Fig. 9C). Thus, 32 h induction was
performed for BrNIT-T1 in experiments below. BrNIT-T2 and BrNIT-T4 were induced
under the same condition for 16–20 h because their specific activities started to decrease
from 24 h after induction (data not shown).

37

Fig. 9. Optimization of recombinant BrNIT-T1 expression.
Recombinant BrNIT-T1 was induced with 100 μM IPTG at 18 °C in LB (open circle)
or TB (closed circle) medium. (A) Optical density of bacterial culture at 600 nm. (B)
Protein amount in soluble cell lysate. (C) Specific nitrilase activity toward PPN. Unit,
μmol converted min−1.
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1-4. Enzymatic kinetics of the recombinant BrNIT-T proteins
1-4-1. Purification of the recombinant nitrilases
The recombinant BrNIT-T proteins were purified by Ni affinity chromatography. After
binding, the resin was washed with 100 mM imidazole to elute contaminants. In the
washing step, a certain amounts of target proteins were lost, but this resulted in > 70%
purity for BrNIT-T1 or > 95% purity for BrNIT-T2 and BrNIT-T4 on CBB-stained
polyacrylamide gels using a Quantityone software (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) (Fig. 10). Finally, target proteins were eluted with 750 mM imidazole to
obtain the eluted proteins at a high concentration so that the recombinant nitrilases were
unstable at a low protein concentration (details shown below). If needed, for BrNIT-T1,
purity was enhanced up to > 90% by repeating the same purification once more (data
not shown). Purification parameters are shown in Table 5.

1-4-2. Stability in storage and reaction under various conditions
Preliminary experiments showed poor stability of the recombinant BrNIT-T proteins.
Thus, we optimized stable conditions for storage (Table 6). The purified proteins were
very unstable at low concentrations (< 200 μg mL−1), but stable at high concentrations
(> 500 μg mL−1). Furthermore, addition of 0.1–0.5% (w/v) bovine serum albumin
(BSA) to the purified proteins had a drastic effect on stabilization even at low
concentrations of the recombinant proteins. Glycerol was also examined as a stabilizer,
but no stabilizing effect was found. Instead, glycerol accelerated the decrease in nitrilase
activity at 4 ºC in 10% solution and at −20 ºC in 50% solution. DTT stabilized the
nitrilases slightly when added alone and more effective when added together with BSA.
DTT was most effective at the concentration of 1–2 mM. Based on these results, all
buffers for protein preparation and storage were added with 2 mM DTT and the purified
BrNIT-T2 and BrNIT-T4 proteins were concentrated to 1–2 mg mL−1. BrNIT-T1 was
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highly aggregatable at high concentrations (> 1 mg mL−1), thus it was stored at 0.5–1
mg mL−1. If purified proteins must be diluted before enzyme reaction, 0.2% BSA was
added to the dilution. Under the conditions above, BrNIT-T1 and BrNIT-T2 were stored
several days on ice without significant denaturation. However, BrNIT-T4 stored at low
concentrations was not sufficiently stable because of its degradation, even in the
co-presence of BSA. Thus, BrNIT-T4 was not diluted before use as much as possible.
During storage at −80 ºC, all the nitrilases were stable at least for 6 months and
tolerance to more than 5 time-repeats of freezing and thawing (data not shown). Thus,
the proteins were usually stored in frozen. The recombinant proteins were also unstable
in reaction mixture since nitrilase concentration in general reactions was too low
(0.1–25 μg mL−1) to keep its stability. As shown in Fig. 11, all the nitrilases were
gradually denatured in the reaction mixture but stabilized by adding BSA. The
stabilization effect of BSA was highest at the concentration of 0.02% (data not shown).
By adding BSA to reaction mixtures, BrNIT-T1 and BrNIT-T2 were stable for more
than 60 min, but BrNIT-T4 activity was slightly decreased after 20 min. The nitrilases
were more stable in the presence of higher concentrations of substrates. DTT did not
show a clear stabilization effect up to 60 min reaction. Reducing agents inhibit the
indophenol blue production, thus reaction mixture was generally added with 5 mM
substrates and 0.02% BSA but not DTT, unless stated otherwise. Under the conditions
above, reaction time of BrNIT-T1, BrNIT-T2 and BrNIT-T4 was limited up to 60, 60
and 20 min, respectively.
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Fig. 10. Purification of recombinant BrNIT-T proteins.
The recombinant proteins were purified by Ni affinity chromatography and analyzed
SDS-PAGE. Lane 1, non-induced cell lysate; 2, IPTG-induced cell lysate; 3, purified
protein. Proteins with an asterisk were aggregated recombinant nitrilases.
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42

696
516
399
128

Crude

Purified

Crude

Purified

6.27

285

5.66

20.4

1.39

91.2

2.48

58.1

Specific activity
(U mg−1)
0.25

14.6

—

36.7

—

232

Purification
(fold)
—

32

—

74

—

50

Yield (%)
—

b

Purity was estimated on CBB-stained polyacrylamide gels using a QuantityOne software ( Bio-Rad Laboratories, Inc.).
Purified twice.
Unit, μmol converted min−1.

a

BrNIT-T4

BrNIT-T2

280

0.65

37.8

Purified

Crude

BrNIT-T1

Total protein
(mg)
297

Fraction

Nitrilase

Total activity
(U)
75.5

> 95%

> 95%

>70% (> 90%b)

Purity (%)a

Table 5. Purification of recombinant BrNIT-T proteins by Ni affinity chromatography.
Crude protein was prepared from 400-mL E. coli culture, and PPN or AlaCN was used as the substrate for BrNIT-T1 and BrNIT-T2 or
BrNIT-T4, respectively.

Table 6. Stability of recombinant BrNIT-T proteins under various stock conditions.
Nitrilase activities were determined by colorimetrically using PPN (for BrNIT-T1 and
BrNIT-T2) or AlaCN (for BrNIT-T4) as the substrate.
Remaining activity (%)a
μg mL−1 Stabilizersb

1 day

3 days

7 days

14 days

28 days

50

None

37

16

1.3

N.D.

50

DTT

39

20

7.4

3.3

50

BSA

82

75

68

48

18

50

DTT + BSA

99

86

71

69

61

2,000

DTT

92

64

64

49

20

500

DTT

97

94

87

70

58

c

N.E.
2.3

50

DTT + 10% glycerol

36

14

3.7

1.4

N.D.

50

d

DTT+ 50% glycerol

33

10

1.2

N.D.

N.E.

50

None

46

19

10

10

7.8

50

DTT

61

44

29

15

8.8

50

BSA

87

71

50

40

35

50

DTT + BSA

97

88

87

83

80

2,000

DTT

95

84

66

17

13

500

DTT

99

97

96

88

82

50

DTT + 10% glycerol

56

38

31

11

50

DTT + 50% glycerold

50

21

13

50

None

10

50

DTT

27

23

50

BSA

18

50

DTT +

c

c

BSA

4.1

2.5

1.1

N.E.

N.E.

12

9.7

1.6

13

4

6.4

3.8

42

37

35

28

4.8

N.D.

11

2,000

DTT

93

48

33

24

500

DTT

97

86

62

59

32

50
50

DTT + 10% glycerol
d

DTT + 50% glycerol

9.1

35

1.6

N.D.

N.E.

N.E.

7

N.D.

N.E.

N.E.

N.E.

a

Values are mean of three independent experiments.
DTT and BSA was added at 2 mM and 0.1% (w/v), respectively.
c
Crude protein.
d
Stored at −20 ºC. Unless otherwise stated, recombinant proteins were stored at 4 ºC.
N.D., not detected; N.E., not examined.
b
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Fig. 11. Effects of BSA and substrate concentration on stability of recombinant
nitrilases.
The purified recombinant protein (BrNIT-T1 and BrNIT-T2, 0.1 μg mL−1; BrNIT-T4,
0.5 μg mL−1) was incubated with 1 or 5 mM substrate in the presence (closed square)
or absence (open square) of 0.02% (w/v) BSA at 35 ºC, and generated NH 3 was
determined at the indicated time points. Error bars represent ± SD (n = 3).
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1-4-3. pH optimum
pH optimum was determined using two buffer systems (potassium phosphate buffer, pH
6.0–8.0, and borate-sodium carbonate buffer, pH 7.5–10.0). The maximum range of the
BrNIT-Ts was observed at pH 8.0–8.5 and relatively constant activity was observed
between pH 7.0 and 9.0 (Fig. 12).

1-4-4. Temperature optimum
Temperature optimum was determined as described below: reaction was started by
adding small amount (~1/1000 vol.) of the chilled concentrated nitrilases to a
pre-incubated reaction mixture (50 mM potassium phosphate containing 5 mM substrate,
pH 8.0), and after 10 min, released ammonia was quantified colorimetrically.
Temperature optimums of BrNIT-T1 and BrNIT-T2 differed according to substrate,
i.e. 45 ºC toward PPN and 30–35 ºC toward IAN, and BrNIT-T4 activity toward AlaCN
had a peak at 45 ºC (Fig. 13). The stability of the BrNIT-Ts during incubation without
substrates (60 min) at various temperatures was then examined (Fig. 14). The BrNIT-T1
activity was slightly reduced at 30–35 ºC but drastically decreased at > 40 ºC. The
BrNIT-T2 activity was also reduced at > 40 ºC, although it was relatively stable up to 35
ºC. The BrNIT-T4 activity decreased as temperature increased. We further examined
kinetic parameters at various temperatures. Both K m and k cat values of all the BrNIT-Ts
increased dependently on temperature. Therefore, the optimum temperature was
evaluated by catalytic efficiency, k cat to K m ratio, using PPN and AlaCN (Table 7). The
efficiency of BrNIT-T1 was comparable at 30, 35 and 40 ºC but drastically decreased at
45 ºC. The efficiency of BrNIT-T2 was relatively stable to high temperature but slightly
decreased at 45 ºC. The BrNIT-T4 efficiency was decreased above 40 ºC. Based on
these results, all reactions were standardized to be carried out at 35 ºC.
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Fig. 12. pH optimum of recombinant BrNIT-Ts.
Nitrilase activity was determined in 50 mM potassium phosphate (pH 6.0–8.0, closed
triangle) or 50 mM borate-sodium carbonate (pH 7.5–10, open circle) containing the
purified proteins (BrNIT-T1, 0.6 μg mL−1; BrNIT-T2, 0.4 μg mL−1; BrNIT-T4, 1 μg
mL−1) and 5 mM PPN or AlaCN. Relative activities were referenced to 54.1 U mg−1
for BrNIT-T1, 91.5 U mg−1 for BrNIT-T2 and 21.1 U mg−1 for BrNIT-T4. Error bars
represent ± SD (n = 3). Unit, μmol converted min−1.
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Fig. 13. Temperature optimum of recombinant BrNIT-Ts.
The purified protein (BrNIT-T1, 0.6 µg mL−1; BrNIT-T2, 0.4 µg mL−1; BrNIT-T4, 1
µg mL−1) was incubated with 5 mM IAN (for BrNIT-T1 and BrNIT-T2, open circle),
PPN (for BrNIT-T1 and BrNIT-T2, closed square) or AlaCN (for BrNIT-T4, closed
circle). Nitrilase activity was represented as relative activity to the reference as
follows: BrNIT-T1 toward PPN, 72.4 U mg−1 at 45 ºC; BrNIT-T1 toward IAN, 0.141
U mg−1 at 30 ºC; BrNIT-T2 toward PPN, 121 U mg−1 at 45 ºC; BrNIT-T2 toward
IAN, 0.376 U mg−1 at 35 ºC; BrNIT-T4 toward AlaCN, 32.3 U mg−1 at 45 ºC. Error
bars represent ± SD (n = 3). Unit, μmol converted min−1.
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Fig. 14. Temperature stability of recombinant BrNIT-Ts.
The purified protein (BrNIT-T1, 0.7 μg mL−1; BrNIT-T2, 0.5 μg mL−1; BrNIT-T4, 1.6
μg mL−1) was pre-incubated without substrates at the indicated temperatures for 60
min. Remaining activities were measured and represented by percentage of the
activity before incubation (BrNIT-T1, 57.8 U mg−1; BrNIT-T2, 91.2 U mg−1;
BrNIT-T4, 20.8 U mg−1). Values represent mean + SD (n = 3). Unit, μmol converted
min−1.
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Table 7. Kinetics of the recombinant nitrilases at various temperatures.
Temperature
Nitrilase

Substrate

BrNIT-T1 3-Phenylpropionitrile

BrNIT-T2 3-Phenylpropionitrile

BrNIT-T4 β-Cyano-L-alanine

Km

k cat

k cat /K m

(ºC)

(mM)

(s )

(s mM−1)

30

0.233

38.4

165

35

0.244

41.1

168

40

0.345

56.8

165

45

1.93

30

0.208

64.4

310

35

0.226

79.7

353

40

0.272

91.8

338

45

0.317

87.1

275

30

0.605

16.2

26.8

35

0.686

19.4

28.3

40

1.27

26.3

20.7

45

3.51

40.4

11.5

Values represent mean from triplicates.
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−1

115

−1

59.6

1-4-5. Substrate specificity
The recombinant BrNIT-Ts were incubated with various substrates and the nitrilase
activity was determined colorimetrically. Of 38 putative substrates examined, 22
substrates that were catalyzed at more than 0.01% efficiency compared to PPN or
AlaCN were shown in Fig. 15. BrNIT-T1 and BrNIT-T2 converted long chain aliphatic
nitriles and aromatic nitriles at high efficiencies but indolic nitriles including IAN at
much lower efficiencies. BrNIT-T4 activity was specifically toward AlaCN. Kinetic
parameters toward several major substrates were shown in Table 8.
The low efficiency for conversion of IAN to IAA was also reported in other plant
nitrilases. Table 9 shows the K m values towards IAN and PPN of plant nitrilases.
Compared to Arabidopsis nitrilases AtNIT1–3 and a maize nitrilase ZmNIT2, BrNIT-T1
and BrNIT-T2 possess lower K m values towards IAN.

1-4-6. Evaluation of nitrile hydratase activity of the recombinant nitrilases
Nitrilases from Arabidopsis (AtNIT1–4), Nicotiana tabacum (NtNIT4A and NtNIT4B)
and Lupinus angustifolius (LaNIT4A and LaNIT4B) were reported to have nitrile
hydratase activity (amide-generating) as well as nitrilase activity (acid-generating) from
identical nitrile substrates (Piotrowski et al., 2001; Piotrowski and Volmer, 2006;
Osswald et al., 2002; Pollmann et al., 2002). Thus, the nitrile hydratase activity of the
BrNIT-Ts was examined. IAN was used as a substrate for BrNIT-T1 and BrNIT-T2, and
produced IAA and indole-3-acetamide (IAM) were directly determined by HPLC. For
analysis of BrNIT-T4, AlaCN was used for a substrate, and aspartic acid and asparagine
were derivatized with o-phthalaldehyde and determined by HPLC. Both of the acid and
amide products were clearly detected in their products, and amide to acid ratios among
the products of BrNIT-T1, BrNIT-T2 and BrNIT-T4 were 0.99, 0.35 and 2.10,
respectively (Fig. 16).
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Fig. 15. Substrate specificity of recombinant BrNIT-Ts.
The recombinant nitrilases were incubated with 5 mM substrates and nitrilase activity
was determined colorimetrically. Reaction time (5–60 min) and enzyme concentration
(0.1–20 μg mL−1) were preliminarily optimized for each substrate so that total
conversion was ranged between 50 and 400 μM. Nitrilase activity was referred to the
specific activity toward PPN (BrNIT-T1, 52.1 U mg−1; BrNIT-T2, 85.5 U mg−1) or
AlaCN (BrNIT-T4, 23.4 U mg−1). Substrates showing < 0.1 % or no activity are as
follows (alphabetical order); acetonitrile, asparagine, 2-benzimidazolylacetonitrile,
benzonitrile,
glutamine,
indole-3-acetamide,
indole-3-carbonitrile,
indole-5-carbonitrile,
isobutyronitrile,
mandelonitrile,
1-naphthylacetonirile,
phenylacetamide, 2-phenylbutyronitrile, 2-pyridylacetonitrile. Bars represent ± SD (n
= 3). Unit, μmol converted min−1.
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Table 8. Kinetics of the recombinant nitrilases towards various substrates.
k cat (s−1)

k cat /K m (s−1 mM −1)

Substrate

Nitrilase

K m (mM)

Butyronitrile

BrNIT-T1

2.85

8.61

3.02

BrNIT-T2

2.09

8.40

4.02

BrNIT-T1

0.384

32.2

BrNIT-T2

0.346

40.8

BrNIT-T1

4.13

16.0

3.87

BrNIT-T2

2.49

19.8

7.95

BrNIT-T1

2.51

8.42

3.35

BrNIT-T2

1.40

5.83

4.16

BrNIT-T1

0.244

41.1

168

BrNIT-T2

0.226

79.7

353

BrNIT-T1

0.359

13.3

37.0

BrNIT-T2

0.340

15.8

46.5

BrNIT-T1

0.0629

2.46

39.1

BrNIT-T2

0.0505

3.40

67.3

BrNIT-T1

0.218

20.7

BrNIT-T2

0.227

38.7

BrNIT-T1

0.247

10.6

42.9

BrNIT-T2

0.248

20.9

84.3

BrNIT-T1

4.73

10.8

2.28

BrNIT-T2

2.67

12.8

4.79

BrNIT-T1

0.0860

6.84

79.5

BrNIT-T2

0.0822

6.06

73.7

BrNIT-T1

1.00

0.102

0.102

BrNIT-T2

2.12

0.291

0.137

BrNIT-T4

0.686

Heptanenitrile
Allyl cyanide
(Methylthio)acetonitrile
3-Phenylpropionitrile
4-Phenylbutyronitrile
Cinnamonitrile
Phenoxyacetonitrile
3-Phenoxypropionitrile
(Phenylthio)acetonitrile
Benzyl thiocyanate
Indole-3-acetonitrile
β-Cyano-L-alanine

Values represent mean from independent three experiments.
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19.4

83.9
117

95.0
170

28.3

Table 9. Comparison of K m values of plant nitrilases.
K m (mM)
Nitrilase

Indole-3-acetonitrile

3-Phenylpropionitrile

Reference

BrNIT-T1

1.0

0.24

This study

BrNIT-T2

2.1

0.23

This study

AtNIT1

3.7

0.16

Osswald et al. (2002)

11.1

0.22

Vorwerk et al. (2001)

AtNIT2

7.4

0.43

Vorwerk et al. (2001)

AtNIT3

30.1

0.42

Vorwerk et al. (2001)

ZmNIT2

4.1

4.3

Park et al. (2003)
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Fig. 16. Nitrilase and nitrile hydratase activity of the recombinant nitrilases.
The acid (gray bar) and amide (white bar) products of BrNIT-Ts were determined by
HPLC. Data represent mean ± SD (n = 3).
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1-5. Tissue specific expression of B. rapa nitrilases
For expression analyses of the BrNIT-Ts, we designed several primers for each
BrNIT-Ts on 3′ untranslated regions (UTRs), in which there are slight differences even
between BrNIT-T1 and BrNIT-T2, e.g. deletion of several nucleotides, and attempted
RT-PCR in order to achieve completely-specific amplification (data not shown). With
primer combinations shown in Table 3, each BrNIT-T transcript was specifically
amplified (Fig. 17). Using these primers, tissue-specific expression of BrNIT-T mRNAs
in healthy turnip was investigated by semi-quantitative RT-PCR (Fig. 18). BrNIT-T1
was expressed in most aerial parts except hypocotyl, i.e. cotyledon, true leaves, and
flower tissues. The BrNIT-T1 amplicon from root cDNA was invisible in 29-cycled PCR
products but was detected faintly in 32-cycled products (data not shown). On the other
hand, BrNIT-T2 transcripts were abundant in hypocotyl and root where BrNIT-T1
transcripts were negligible. The BrNIT-T2 transcripts were also present in mature and
senescent leaves, while very little was expressed in cotyledon, young leaf and flower
tissues. BrNIT-T4 expression was relatively constant in the turnip tissues examined
except in young and mature hypocotyls, where the BrNIT-T4 transcripts were amplified
by more than 32-cycles of PCR (data not shown).
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Fig. 17. Specificity of PCR primers of BrNIT-Ts used for quantitative PCR
analysis.
PCR products amplified from the plasmid including each amplicon (p1, p2 and p4),
cDNA and non-RT RNA (negative control) using the specific primers were analyzed
by native-PAGE. M, 100 bp ladder marker.
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Fig. 18. Tissue-specific localization of BrNIT-T transcripts.
RT-PCR was performed by 29 cycles for BrNIT-Ts and 26 cycles for actin and the
amplicons were analyzed by native-PAGE. β-Actin was amplified as a standard. Co,
cotyledon; Ly, young leaf; Lm, mature leaf; Ls, senescent leaf; Hy, young hypocotyl;
Hm, mature hypocotyl; Fi, immature flower; Fm, mature flower; Si, silique; Lc,
cauline leaf; Ro, root.
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DISCUSSION
Nitrilase family in turnip and phylogenetic analysis
Our primary purpose in this study was to identify nitrilase genes involved in clubroot
development via IAA synthesis. In Arabidopsis, a nitrilase family consisting of four
similar genes, AtNIT1–4, has been extensively studied to reveal enzyme functions and
involvement in clubroot disease (Grsic-Rausch et al., 2000; Neuhaus et al., 2000;
Osswald et al., 2002; Vorwerk et al., 2001). In Brassica species, in contrast, isolation of
the full coding sequences and enzyme characteristics of nitrilase family members has
not yet to be achieved. In order to gain a comprehensive understanding of the roles of
nitrilases in Brassica species, we first attempted molecular cloning of full-length
cDNAs of B. rapa nitrilases, and three cDNA clones, BrNIT-T1, BrNIT-T2 and
BrNIT-T4, were isolated (Fig. 3). The former two had 90% homology to each other, and
they were clearly categorized into group 1, to which AtNIT1–3 having
IAA-synthesizing activity (Vorwerk et al., 2001) belong (Figs. 4 and 5; Table 4). By
contrast, BrNIT-T4 was assigned to group 2, in which plant NIT4 homologues reside
(Fig. 5). The NIT4 homologues from Arabidopsis (AtNIT4), tobacco (NtNIT4A/B) and
Lupinus (LaNIT4A/B) catalyze the generation of aspartic acid and asparagine from
AlaCN but not IAA from IAN, and this reaction has been suggested to be involved in
the detoxification of HCN (Piotrowski et al., 2001; Piotrowski and Volmer, 2006). A
phylogenetic tree also showed that in group 1 nitrilases, the isoforms in Arabidopsis
(AtNIT1–3), turnip (BrNIT-T1 and BrNIT-T2) and Chinese cabbage (BrNIT1 and
BrNIT2) have independently diversified in each species and/or ecotype. Thus, the NIT
isoforms in group 1 probably have specific physiological roles specialized in each
species/ecotype, even though they have high sequence similarity. In fact, RT-PCR
analysis showed differential expression of BrNIT-Ts and their tissue localizations did
not correspond with those of Arabidopsis nitrilases as shown in Fig. 18 and as described
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in Chapter 2. To unravel functions of nitrilase families in cruciferous plants,
comprehensive analysis of nitrilase expression and physiological roles remain to be
developed.
We further attempted RT-PCR using several degenerate primers corresponding to
conserved amino acid sequences among known Brassicaceae nitrilases, but except for
the three BrNIT-T genes, nothing was identified in more than 40 clones from roots and
leaves of P. brassicae-infected and non-infected plants (data not shown). Therefore, it is
reasonable to conclude that other nitrilases must be absent or negligibly expressed in
clubroot disease, and subsequently, we performed enzyme characterization and
expression studies using those three isoforms. Further attempts to screen other nitrilase
gene(s), which may exist locally and/or be temporally expressed in a specific tissue and
or developmental stage, are necessary in future studies.

Enzymatic characterization of B. rapa nitrilases
Although several reports on purification and characterization of endogenous nitrilases
from B. napus (Bestwick et al., 1993) and B. rapa (Grsic et al., 1999) are available,
enzymatic characterization of nitrilase isoforms cloned from Brassica plants has not
been performed. Confirming substrate specificity of the BrNIT-T isoforms, in particular
whether IAN can be accepted as a substrate, is important to elucidate their roles in
clubroot disease. Thus, the recombinant proteins expressed in E. coli were assayed
using IAN or AlaCN, which were specific substrates for AtNIT1–3 and AtNIT4,
respectively. As expected above, the recombinant BrNIT-T1 and BrNIT-T2, but not
BrNIT-T4, clearly converted IAN to IAA (Fig. 7). By contrast, the recombinant
BrNIT-T4 catalyzed the conversion of AlaCN to aspartic acid and asparagine (Fig. 8).
However, further analysis of substrate specificity using various substrates revealed that
IAN-hydrolyzing activities of the recombinant BrNIT-T1 and BrNIT-T2 were much
lower than the activities towards other preferred substrates, e.g. PPN (Fig. 15; Table 8).
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This observation agreed with previous reports for recombinant AtNIT proteins (Osswald
et al., 2002; Vorwer et al., 2001). Although the K m values of recombinant BrNIT-T1 and
BrNIT-T2 were lower than those of AtNIT1–3 and ZmNIT2 (Table 9), the mM values
seemed to be too high to effectively convert IAN to IAA in vivo, since plant
endogenous IAN concentrations were reported to be of μM order (Ludwig-Müller et al.,
1999; Park et al., 2003; Quirino et al., 1999). Nonetheless, the Arabidopsis nitrilases are
probably able to effectively convert IAN to IAA in vivo. Indeed, exogenous treatment
of 30 μM IAN was sufficient to inhibit root elongation in Arabidopsis, and mutation of
AtNIT1 abolished the inhibition (Normanly et al., 1997). Moreover, Dohmoto et al.
(2000) reported that transgenic tobacco plants expressing AtNIT1, AtNIT2 or AtNIT3
were sensitive to IAN at μM concentrations, whereas wild type plants were less
sensitive to even 200 μM IAN. These data support the possibility that BrNIT-T1 and
BrNIT-T2 also can synthesize IAA from IAN in vivo.
The higher preference of broad range of aliphatic and aromatic nitriles as substrates
indicates that BrNIT-T1 and BrNIT-T2 could also have a physiological function to
metabolize such nitriles. Glucosinolates are nitrogen- and sulfur-containing secondary
metabolites in Brassicaceae and related plant families. The glucosinolate core consists
of a sulfonated oxime and a β-thio-glucose moiety. This core structure is linked to
assorted side-chains derived from diverse amino acids, i.e. alanine, leucine, isoleucine,
tyrosine, tryptophan, valine, phenylalanine, methionine, and chain-extended homologs
of

methionine

and

phenylalanine

(Kliebenstein

et

al.,

2005).

Especially,

tryptophan-derived indole-3-methyl glucosinolate (IMG) and its derivatives are known
as a source of IAA in the nitrilase pathway (Fig. 2). Glucosinolates and their degrading
enzyme myrosinase are stored in different compartments (Husebye et al., 2002;
Koroleva et al., 2000). If plant cells are broken by physical damage or pest invasion,
myrosinase accesses glucosinolates and generates unstable aglucones, which are
non-enzymatically degraded into thiocyanates, isothiocyantes, or nitriles according to
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chemical characters of the side chain and pH condition (Vaughn and Berhow, 2005;
Wittstock and Halkier, 2002). Nitrile compounds that exist and are metabolized in
cruciferous plants are elusive, but the results of some researches including this report
have strongly suggested that one of the most important functions of their nitrilases is
metabolism of such nitriles.
Biochemical characteristics such as pH dependency of the recombinant turnip
nitrilases were similar to other plant nitrilases reported previously. However, only the
turnip nitrilases showed very poor stability in vitro (Fig. 11 and Table 6). Previous
reports on Arabidopsis and other Brassica nitrilases did not describe such instability.
Thus, this character of the recombinant BrNIT-T proteins might be specific for turnip
nitrilase or that was due to N-terminal modification with a His 6 tag. However,
co-presence of homogeneous and heterogeneous proteins, e.g. BSA or even E. coli
crude extract, dramatically increased the stability. Thus, the BrNIT-T proteins can be
stable in protein matrix in vivo. The presence of substrates at higher concentration also
stabilizes the recombinant BrNIT-T proteins (Fig. 11), suggesting that the nitrilases are
capable of working effectively when substrates are abundantly present.
Nitrile hydratase activity, which produces amide products from nitrile substrates, is a
common feature of plant nitrilases, e.g. AtNIT1–4, NtNIT4A/B, LaNIT4A/B (Osswald
et al., 2002; Piotrowski et al., 2001; Piotrowski and Volmer, 2006; Pollmann et al.,
2002). The recombinant BrNIT-T proteins also produced the amide products (IAM or
Asn) from the nitriles (IAN or AlaCN) (Fig. 16). The ratio of amide/acid products are
varied according to nitrilases and substrates. Especially when IAN is metabolized as a
substrate, the ratio is very important for active auxin generation. However, BrNIT-T1
produced equal amounts of IAM and IAA, whereas BrNIT-T2 generated IAM three-fold
lower than IAA. This is discussed in Chapter 3 in relation to amidase.
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RT-PCR analysis of expressions of BrNIT-Ts
In Arabidopsis, the four nitrilases were differentially expressed in isoform-specific
manners during plant development and pathogen infection including clubroot disease
(Bartel and Fink, 1994; Grsic-Rausch et al., 2000; Kutz et al., 2002; Quirino et al.,
1999; Vorwerk et al., 2001). Therefore, isoform-specific approaches should have been
conducted in Brassica species as well. We employed a RT-PCR approach to distinguish
transcripts of BrNIT-Ts, particularly between BrNIT-T1 and BrNIT-T2. The two turnip
nitrilases had highly similar sequences in even their 3′ UTRs (Fig. 3), but we achieved
to publish PCR primers capable of amplifying only each sequence (Fig. 17).
We examined tissue-specific expression of BrNIT-Ts by semi-quantitative RT-PCR
(Fig. 18). Here we first compare the tissue localizations between BrNIT-Ts and AtNITs
categorized in group 1 (Fig. 3). BrNIT-T1 was expressed dominantly in leaf tissues
(hypocotyl and true leaf) and inflorescence except silique. In Arabidopsis, AtNIT1 is
major nitrilase expressed constitutively in various tissues (Bartel and Fink, 1994). The
strong expressions of these nitrilases in aerial parts of each plant are similar, but in
contrast to AtNIT1, the BrNIT-T1 expression was negligible in silique and root. AtNIT3
was strongly expressed in whole young seedling including cotyledon but not in mature
seedling (Kutz et al., 2002). These results indicate that BrNIT-T1 has roles partially
analogous to AtNIT1 and AtNIT3. In silique, AtNIT1 and AtNIT2 were expressed
(Bartel and Fink, 1994), but in turnip, no BrNIT-T1 and a little amount of BrNIT-T2
transcripts were detected. This implies involvement of other IAA-synthesis pathway(s)
in silique development in turnip. BrNIT-T2 transcripts were highly abundant in root,
hypocotyl and mature and senescent leaves. In Arabidopsis, AtNIT1 and AtNIT3 were
expressed in root (Bartel and Fink, 1994), and AtNIT1 and AtNIT2 were expressed
during leaf senescence (Quirino et al., 1999). The tissue localization of BrNIT-T2 was
partially similar to the Arabidopsis nitrilases. In addition, BrNIT-T2 was the dominant
nitrilase in hypocotyl. Tuberization of hypocotyl is a typical and agriculturally62

important morphology of turnip, thus involvement of BrNIT-T2 in the hypocotyl
development will be an interesting issue in future studies. All the results and discussion
about RT-PCR analysis in group 1 nitrilases support the idea described above as these
nitrilases have specific roles in each plant.
BrNIT-T4 was constitutively expressed in whole turnip tissues except in hypocotyl.
This is roughly consistent with the observations in AtNIT4 (Bartel and Fink, 1994). This
indicates that the group 2 nitrilases have the similar role in cyanide detoxification,
which seemed to be constitutively active in various tissues of turnip and Arabidopsis.
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Chapter 2

Gene Expression and Roles of Brassica rapa Nitrilases
in Auxin Biosynthesis and Hormone Crosstalk
during Clubroot Development
Caused by Plasmodiophora brassicae
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INTRODUCTION
Clubroot disease is one of the most serious diseases of cruciferous plants worldwide.
The pathogen Plasmodiophora brassicae parasitizes roots of various agriculturally
important plants such as Chinese cabbage, turnip and cabbage. The life cycle of P.
brassicae consists of two characteristic stages (Fig. 1). In the first stage, primary
zoospores germinate from resting spores and invade host root hairs in which they form
secondary zoosporangia. In the second stage, secondary zoospores then intrude into the
cortex of the main root and form secondary plasmodia, which repeat nuclear division
accompanying abnormal expansion of the invaded cells in cortex and stele. Mature
multinuclear plasmodia then undergo somatic cell division to form resting spores. After
gall decays, mature resting spores are released to soil.
Usage of clubroot-resistant (CR) cultivars is the most effective way to control this
disease at present. However, genetic variability of the pathogen can lead to an outbreak
of a novel race of the pathogen capable of invading existing CR cultivars. It is difficult
to cultivate cruciferous plants in the field where the outbreak occurs, because P.
brassicae resting spores can survive for a long time in soil. Therefore, to minimize
damage of the disease, it is important to develop a universal defense system
independent of pathogen mutation. Proliferation and maturation of the pathogen require
root hypertrophy (Siemens et al., 2002). In addition, root hypertrophy collapses root
architecture, which inhibits nutrient and water uptake and causes reduction of
economical values of infected crops. Thus, the factor(s) required for clubroot
development is a potential cue to overcome this disease.
Previous studies using a cruciferous model plant Arabidopsis have revealed a vital
role of nitrilase in clubroot development. Grsic-Rausch et al. (2000) showed
isoform-specific induction patterns of nitrilase expression during clubroot development
by GUS (β-glucuronidase) reporter assay: promoter activity of AtNIT1 transiently
increased in an early stage of clubroot growth at a relatively low intensity, and that of
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AtNIT2 strongly increased in a late stage. Their observation indicated that AtNIT1 plays
a role in initiation of clubroot formation and AtNIT2 is involved in late growth or
maturation of clubroot. In addition, Neuhaus et al. (2000) reported that a transgenic
Arabidopsis line expressing antisense AtNIT1 or AtNIT2 suppressed or delayed,
respectively, development of clubroot symptom. On the other hand, involvement of
nitrilase in clubroot of agricultural plants of Brassica species has been elusive as
described in GENERAL INTRODUCTION. In order to verify isoform-specific roles
of B. rapa nitrilases in clubroot development, we attempted cDNA cloning and
determined basic biochemical properties of the BrNIT-T isoforms, and published an
isoform-specific RT-PCR approach in Chapter 1.
In this chapter, we investigated nitrilase expression during clubroot development by
quantitative and histological approaches with isoform-specific manners. In addition,
endogenous hormone levels and effects of hormone treatments on nitrilase expression
were examined. Finally, based on the results, we suppose key roles of nitrilase isoforms
in hormone crosstalk during clubroot development in turnip.

MATERIALS AND METHODS
Infection procedure and plant cultivation
Turnip seeds were sown on sterilized soil in a 9-cm-diameter pot and germinated at
24 °C. One day after germination (dag), usually 4 days after sowing, each seedling was
inoculated with 1 mL of P. brassicae resting spore suspension (107–8 spores/mL,
prepared as described below), and cultivated at 24 °C under 9 h dark/15 h light at 130
μmol m−2 s−1 photon flux density. Control plants were not treated with spores. Plants
were harvested at designated time points, weighed and stored at −80 °C until use.

Resting spore preparation
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Infected roots harvested on 40–45 dag were stored at −30 °C and homogenized in sterile
distilled water with a mortar and pestle. The homogenate was passed through a
four-layered cheese cloth. The filtrate was centrifuged at 1000×g for 10 min and the
pellet containing spores was washed twice with sterile distilled water. The resulting
precipitate was resuspended in sterile distilled water and spore concentration was
adjusted to 107–8 spores/mL using a hemocytometer.

Real-time PCR analysis
The expression levels of BrNIT-Ts were determined by quantitative real-time PCR using
a LightCycler (Roche Diagnostics, Basel, Switzerland) and SYBR Premix Ex Taq
(Takara Bio Inc.) according to the manufacturer’s instructions. As PCR templates,
cDNA was generated from total RNA (500 ng in 20 μL reaction mixture) using oligo
(dT) adaptor primer (Table 1) and Transcriptor reverse transcriptase (Roche
Diagnostics) according to the manufacturer’s instructions. The resultant cDNA solution
was diluted 10-fold with TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0) and 1
μL of the diluted solution and 4 pmol of each specific primer (Table 3) were added to
20 μL of reaction mixture. PCR was performed after denaturation for 30 s at 95 °C, with
45 cycles of amplification, i.e. for 5 s at 95 °C, for 20 s at 60 °C (for BrNIT-T1 and
BrNIT-T2) or 65 °C (for BrNIT-T4), and for 15 s at 72 °C. Fluorescence intensity was
recorded during every cycle and the specificity of the amplicon was checked by melting
curve analysis using the LightCycler Instrument. The plasmid containing a full-length
cDNA of each BrNIT-T constructed as above was used as the standard template. A
standard curve was created by the LightCycler software on every run with a diluted
series of the plasmid equivalent to 107–102 copies per sample. The absolute cDNA
concentration obtained was normalized based on the amount of total RNA used as the
sample, and the value was finally expressed as attomole per microgram of total RNA.
PCR products were further confirmed by polyacrylamide gel electrophoresis and direct
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sequencing.

Determination of endogenous IAA
IAA content in turnip roots was determined fluorometrically using HPLC with
indole-3-propionic acid (IPA) as an internal standard. Plant tissues were ground in liquid
N 2 , and 500 mg of the powder supplemented with 50 pmol IPA was extracted with 2 mL
methanol containing 5 mM butylated hydroxytoluene with gentle rotation for 30 min at
4 °C. The mixture was centrifuged at 15,000×g for 10 min at 4 °C. This methanol
extraction was repeated once more and the two supernatants were combined. The
mixture was divided into two portions, evaporated to remove methanol and used for free
and total IAA measurements.
For free IAA measurement, the evaporated residue was resuspended in 50 mM
sodium phosphate, pH 7.5, and extracted twice with CE (cyclopentane/ethyl acetate,
1:1). The remaining aqueous phase was acidified with 1 M citric acid (pH 2.5) and
extracted twice with CE. The acidic organic phase containing IAA was evaporated to
dryness and analyzed by HPLC equipped with a C18 column (Inertsil ODS 4 μm,
4.6×250 mm, GL Sciences Inc., Tokyo, Japan).
For total IAA preparation, the dried methanolic extract was resuspended in 7 N
NaOH and the residue containing IAA conjugates was hydrolyzed at 100 °C for 3 h
under N 2 (Cohen et al., 1986). After cooling, the suspension was extracted twice with
CE. The aqueous phase was acidified with concentrated phosphoric acid and extracted
twice with CE. The acidic CE extract was dried and analyzed by HPLC as described
above.
The HPLC column was maintained at 30 °C and samples were separated with 30%
(v/v) acetonitrile containing 0.7% (v/v) acetic acid and detected fluorometrically as
described above. The IAA obtained was adjusted using the internal standard of IPA. We
confirmed that no peak appeared at the same retention time as that of IPA (data not
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shown).

Determination of endogenous ACC
1-Aminocyclopropane-1-carboxylic acid (ACC) was measured by gas-chromatography
after chemical conversion to ethylene according to Lizada and Yang (1979) with some
modifications. Plant tissue (0.5–1 g) was ground in liquid nitrogen and extracted in 80%
(v/v) methanol at 4 ºC for 60 min. The supernatant was collected by centrifugation at
15,000×g for 10 min. The extraction was repeated once more. The supernatant was
combined and dried in vacuo at 50 ºC. The residue was resuspended in 450 μL of water.
To remove proteins, which interfere ethylene generation from ACC (Coleman and
Hodges, 1991), the sample solution was mixed with 25 μL of 1.9 M perchloric acid,
allowed to stand on ice for 5 min and centrifuged at 15,000×g for 10 min at 4 ºC. The
supernatant was extracted with chloroform and then mixed with 25 μL of 2 N KOH to
remove excess perchloric acid as insoluble KClO 4 precipitate. After centrifugation, the
supernatant was transferred to a new tube and again extracted with chloroform. The
aqueous phase was recovered and stored at −20 ºC until use. Four hundred μL of the
extract thawed was transferred to a vial (17×60 mm) and mixed with 500 μL of ice-cold
20 mM HgCl 2 . The vial was sealed with a silicon septum and ethylene generation was
started by adding 200 μL of an ice-cold mixture of 5% (available chloride) NaOCl and
saturated NaOH (2:1, v/v) with a syringe through the septum and vortexing for 15 sec.
The vial was allowed to stand on ice for 5 min and 1–2 mL of the head space gas was
injected to a gas-chromatograph (GC-4000, GL Science Inc.) equipped with an activated
alumina column (60–80 mesh, 2 m×3 mm). The injector and column were maintained at
80 ºC and helium was used as carrier gas at 30 mL min−1. A flame ionization detector
was used at 200 ºC with a flow of 35 mL min−1 of hydrogen and 400 mL min−1 of air.
Ethylene was detected at the retention time of 1.75 min and the detection limit was 10
pmol ACC. ACC concentrations were determined by a calibration curve using authentic
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standard.

Determination of ACO activity
Enzyme activity of ACC oxidase (ACO) was measured according to the method
described by Rodriguez-Gacio and Matilla (2001) with slight modifications. Frozen
tissue (200 mg) was powdered in liquid N 2 with a mortar and pestle and extracted in
twice volumes of extraction buffer [200 mM HEPES, pH 7.0, 10 mM ascorbic acid,
10% (v/v) glycerol, 5 mM DTT] for 5 min with gentle stirring at 4 ºC. After
centrifugation at 15,000×g for 15 min at 4 ºC, the supernatant was used as protein
sample for ACC oxidase assay. The protein sample (100 μl) was reacted with 1 mM
ACC in a 2 mL total volume of reaction buffer [200 mM HEPES, pH 7.0, 10 μM FeSO 4 ,
30 mM NaHCO 3 , 24 mM ascorbic acid, 10% (v/v) glycerol, 1 mM DTT] in a 13-mL
vial with a rubber septum. After incubation for 60 min at 30 ºC, 1 mL of head space gas
was collected and analyzed by gas chromatography as described above. Protein
concentration was determined by Bradford’s method (Bradford, 1976).

Reagent treatment and PCR analysis
Turnip seeds were sterilized with 10% hypochlorite for 10 min and thoroughly washed
with sterile distilled water. Eight seeds were sown in 40 mL of 1/2 strength MS medium
(Sigma, St. Louis, MO) supplemented with 1% (w/v) sucrose in a 200-mL flask and
incubated at 25 ºC with a constant rotation at 60 rpm under a continuous light at 80
μmol m−2 s−1. One week after sowing, the culture was added with reagents and
incubated under the same conditions for 24 h. Since IAN, IAA, methyl jasmonate
(MeJA) and benzyladenine (BA) were dissolved in dimethyl sulfoxide at 1000×
concentrations, the culture media treated with ACC, KCN or AlaCN (dissolved in
water) and non-treated (control) were added with 0.1% (v/v) dimethyl sulfoxide. Roots
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of the 8 seedlings per flask were pooled and used for total RNA extraction and PCR
analysis below.
Total RNA was prepared as described above. Up to 500 ng of total RNA was
reversetranscribed using both oligo dT primer and random hexamer with PrimeScript
RT reagent kit (Takara Bio Inc.) according to the manufacturer’s protocols. Real-time
PCR was performed using Thermal Cycler Dice Real Time System (Takara Bio Inc.)
and SYBR Premix Ex Taq (Takara Bio Inc.). PCR conditions were as follows: primary
denaturation at 95 ºC for 30 sec, 40 cycles of amplification (denaturation at 95 ºC for 5
sec, annealing at 60 ºC for 15 sec and extension at 72 ºC for 10 sec) and melting
temperature analysis from 72 to 95 ºC at a linear temperature increase of 0.5 ºC sec−1.
PCR primers, shown in Table 3, were used at 0.2 μM each. External standard curves
were constructed by Ct method using plasmid DNA including the target sequence from
independent 3 runs. Measurement was repeated three times using cDNAs prepared from
independent plant pools (8 roots per pool).

In situ hybridization
Digoxigenin (DIG)-labeled cRNA probes were prepared using DIG RNA Labeling Kit
(Roche Diagnostics). The 3′ UTR sequences of BrNIT-T1 and BrNIT-T2 were amplified
using primers (Table 10) and cloned into the EcoRV site of pBluescript II SK(+). The
cloned fragments were cut out of the vector by double digestion with HinDIII and
EcoRI and subcloned into the pSPT18 or pSPT19 vector (Roche Diagnostics). cRNA
probes were generated using T7 or SP6 RNA polymerase according to the
manufacturer’s protocol.
Locked nucleic acid (LNA)-modified oligo DNA probes with a DIG label at their 3′
ends were designed (Table 10) and purchased from Greiner Bio-One GmbH
(Frickenhausen, Germany).
Turnip tissues were cut into 2–5 mm pieces, fixed overnight at 4 °C with 4% (w/v)
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paraformaldehyde and 0.25% (w/v) glutaraldehyde in PBS supplemented with 0.03%
(v/v) Tween 20. The tissues were then dehydrated in a water-ethanol-t-butanol series as
follows, i.e. 75/25/0, 50/40/10, 30/50/20, 10/55/35, 0/50/50, 0/25/75, and three times
with absolute t-butanol (1 h each). Tissues were infiltrated and embedded in Paraplast
plus (Sigma). Sections (10 μm) developed on MAS-coated slides (Matsunami Glass Ind.,
Ltd., Tokyo, Japan) were deparaffinized in xylene and hydrated in an ethanol-water
series. The sections were then treated sequentially with 0.2 N HCl for 10 min, 1 μg
mL−1 proteinase K (Sigma) at 37 °C for 10 min, 4% (w/v) paraformaldehyde in PBS for
10 min, and 0.5% (v/v) acetic anhydride in 0.1 M triethanolamine, pH 8.0, twice for 5
min. The sections were vigorously washed with water several times, dehydrated with a
water-ethanol series and air-dried for 2 h at 50 °C. Hybridization was performed with
specific probes prepared as above at 0.1–0.4 μM in hybridization buffer [10 mM
Tris-HCl, pH 7.5, 0.3 M NaCl, 5 mM EDTA, 50% (v/v) formamide, 10% (w/v) dextran
sulfate, 1× Denhardt’s solution, 0.25% (w/v) SDS, 500 μg mL−1 tRNA and 500 μg mL−1
denatured salmon sperm DNA] for 16 h at 50 °C. The slides were washed once with 4×
SSC (20× composition: 3 M NaCl and 0.3 M sodium citrate, pH 7.0) for 15 min at
50 °C and three times with 2× SSC containing 50% (v/v) formamide for 60 min at
50 °C. When cRNA probes were used, the specimens were treated with 20 μg mL−1
RNase A for 30 min at 37 °C between the second and third wash with 2×
SSC/formamide. Signals of target were visualized using DIG Nucleic Acid Detection
Kit (Roche Diagnostics) according to the supplier’s instructions. After staining, the
specimens were mounted and photographed under a microscope.
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Table 10. Oligonucleotides used for in situ hybridization.
PCR primers for in vitro transcription template preparation
Gene

Primer sequences (5′–3′)

Location

BrNIT-T1 Forward: AGGTCGTTGTCAATCTATCGT

1088–1326

Reverse: GGTCCACACGTTAAAACATAAC
BrNIT-T2 Forward: AGTAACCAAAGATATAAAGGTCCTCTC

1088–1329

Reverse: GATACTTAAAACATTATTTCAACC
LNA-modified oligonucleotide probes
Gene

Oligo sequences (5′–3′)†

Tm‡

Location

BrNIT-T1

GTAcatatccaacTGgCtctcGTTG

82

1224–1248

BrNIT-T2

AACcatatccaacCAgGtctcTCA

78

1211–1234

†

LNA nucleotide in uppercase and DNA nucleotide in lowercase.
Predicted using the Exiqon T m prediction tool (http://lna-tm.com/) with the set of
parameters, 300 mM salt concentration and 0.1 μM probe concentration (in
hybridization buffer).
‡

73

Evaluation of probe specification by Northern blotting
To confirm the specificity of RNA and LNA-DNA probes for in situ hybridization of
nitrilases, probes were hybridized on RNA-dotted blots. The full length RNA of
BrNIT-T1, BrNIT-T2 and BrNIT-T4 were generated in the sense direction using T7 RNA
polymerase using DIG-free nucleotides. After digestion of plasmid templates by DNase
I and ethanol precipitate purification, 30 pg of the sense RNA was dotted on a
Hybond-N+ membrane (GE Healthcare) and UV-crosslinked. The membrane was
prehybridized in high SDS hybridization buffer [5× SSC, 0.1% (w/v) N-lauroylsarcosine,
2% (w/v) Blocking reagent (Roche Diagnostics), 7% (w/v) SDS, 20 μg mL−1 denatured
salmon sperm DNA, 50% (v/v) formamide] for 2 h at 50 °C with a gentle rotation, and
hybridization was performed by adding probes at 80 ng mL−1 for RNA probes or 0.4
pmol mL−1 for oligo probes for 12 h. The membrane was rinsed with 2× SSC containing
0.1% (w/v) SDS at room temperature, and washed three times with 2× SSC/50% (v/v)
formamide for 30 min each at 50 °C with a gentle rotation. DIG visualization was
performed using DIG Nucleic Acid Detection Kit (Roche Diagnostics) according to the
supplier’s instructions.

Immunostaining of IAA
Histochemical analysis of IAA distribution was performed according to the
Moctezuma’s method (1999) with several modifications as described below. Tissues
were pre-fixed with 3% (w/v) 1-ethyl-3-(dimethylaminopropyl)-carbodiimide (EDAC)
for 1 h at 4 °C and then fixed overnight at 4 °C with 4% (w/v) paraformaldehyde and
2.5% (w/v) glutaraldehyde in PBS. After dehydration in an ethanol series, tissues were
embedded in Polyester wax at 38 °C and sectioned at 8–10 μm thick. The sections were
deparaffinized and hydrated as described above. Slides were incubated for 45 min in
blocking solution (BS) [10 mM sodium phosphate, pH 7.4, containing 0.1% (v/v)
Tween 20, 1.5% (w/v) glycine and 5% (w/v) BSA] and then rinsed with regular salt
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rinse solution (RSR) [10 mM sodium phosphate, pH 7.4, containing 0.1% (v/v) Tween
20, 0.8% (w/v) BSA and 0.88% (w/v) NaCl] for 5 min followed by PBS containing
0.8% (w/v) BSA (P-BSA) briefly. Sections were incubated with 1:20 diluted 1 mg mL−1
anti-IAA monoclonal antibody (Agdia Inc., Elkhart, IN) in P-BSA for 6 h and washed
with high salt rinse solution (HSR) [10 mM sodium phosphate, pH 7.4, containing 0.1%
(v/v) Tween 20, 0.1% (w/v) BSA and 2.9% (w/v) NaCl] twice for 5 min, followed by
wash with RSR for 10 min. The sections were rinsed with P-BSA and incubated for 12 h
with 1:100 dilution of 1 mg mL−1 goat anti-mouse IgG-alkaline phosphatase conjugate
(Promega). After rinsing with RSR twice and once in water, the specimens were
incubated with Western Blue Stabilized Substrate for alkaline phosphatase (Promega) up
to signal being optimal (1–2 h). The sections were washed with water, and then
counterstained and mounted as described above.

RESULTS
2-1. Clubroot disease development in a susceptible turnip
A turnip cultivar, B. rapa L. cv. Natsumaki 13-gou kokabu, highly susceptible to P.
brassicae, was used for cloning Brassica nitrilases and for their expression analysis
during clubroot development. To evaluate disease development and severity, increases
in the fresh weight of roots and shoots were determined (Fig. 19A, B) and disease
severity was assessed using the following index values: R i /R n , the ratio of root fresh
weight of infected to non-infected plants, and S i /S n , the ratio of shoot fresh weight of
infected to non-infected plants (Fig. 19C). The indices showed that by 20 days after
germination (dag), clubroot formation had already been initiated leading to a severe
decrease in shoot weight (as much as ~70%). Thereafter, the fresh weight of infected
roots continuously increased and the R i /R n values reached a maximum level at 40 dag.
Between 40 and 45 dag, rotting of clubbed roots, leaf senescence and abscission started,
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whereas linear growth was observed in non-infected plants (Fig. 19B), resulting in
decreases in R i /R n and S i /S n values. We further assessed symptom development as a
function of the growth rate of infected plant tissues over a 5-day period (Fig. 19D). The
growth rate of infected roots remained at a high level between 15 and 30 dag but rapidly
decreased from 30 dag, and finally the growth rate became constant in the period of
40–45 dag (i.e. the weight did not change over 5 days).

2-2. Endogenous IAA level during clubroot development
Free and total IAA contents in infected and non-infected roots were determined (Fig.
20). The highest level of free IAA (150 and 90 ng/g fresh weight) was observed at 20
dag, in infected and non-infected roots, respectively, and the level in the former was
1.7-fold higher than that in the latter. Subsequently, free IAA decreased dramatically at
25 dag and this low level was sustained to 35 dag in both the roots. During this period,
free IAA content in infected roots was the same as or lower than in non-infected roots.
However, at 40 dag, free IAA level in infected roots was significantly restored to a
higher level than in non-infected roots. Total IAA, which includes free acid plus ester
and amide conjugates (Cohen et al., 1986), occurred at ten times higher levels in
infected roots than that in non-infected roots at all sampling points.
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Fig. 19. Clubroot development in turnip.
Fresh weights of roots (closed bar) and shoots (open bar) of P. brassicae-infected (A)
and non-infected (B) turnips between 15 and 45 days after germination. Error bars
represent ± SD (n = 7). (C) Disease severity is expressed as the ratio of fresh weight
of infected plants to that of non-infected plants. R i , infected roots; R n , noninfected
roots; S i , infected shoots; S n , non-infected shoots. (D) Growth of the infected roots
(closed squares) and shoots (open circles) was expressed as the function of fresh
weight obtained during each 5 days.

77

Fig. 20. IAA contents during clubroot development.
Free (A) and total (B) IAA contents in infected (closed bar) and non-infected (open
bar) roots. Error bars represent ± SD (n = 6).
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2-3. Real-time PCR analysis of BrNIT-T expression during clubroot development
To investigate expression of the BrNIT-Ts during clubroot development, quantitative
real-time PCR analysis was performed using isoform-specific primers (Table 3, Fig. 17).
In non-infected roots, the BrNIT-T1 transcripts were negligible between 20 and 35 dag
as 0.073–0.46 attomole per microgram (amol/μg) total RNA, but increased to 5 amol/μg
at 40 dag. By contrast, BrNIT-T1 expression in infected roots significantly and
continuously elevated to 40 amol/μg total RNA from 6.1 amol/μg (Fig. 21A). The
induction rate, i.e. the ratio of transcripts in infected roots to non-infected roots (Fig.
21D), is very important to evaluate the effect of the infection on BrNIT-T expression
beyond the ordinary physiological fluctuation. The induction rates of BrNIT-T1
increased 100-fold between 25 and 35 dag. Although BrNIT-T1 expression was highest
at 40 dag in infected roots, the induction rate was the lowest owing to the simultaneous
increase in non-infected roots. Expression levels of BrNIT-T2 were much higher than
those of BrNIT-T1 throughout the entire experimental period in non-infected roots (Fig.
21B). However, in contrast to the data for BrNIT-T1, the rate of BrNIT-T2 expression in
infected roots was reduced at 20 dag and did not increase significantly until 40 dag.
Thus, no statistically significant increase in BrNIT-T2 expression was observed in the
infection between 20 and 35 dag (Student’s t-test, p < 0.05), but at 40 dag BrNIT-T2
expression and expression rate increased significantly (Fig. 21B, D).
BrNIT-T4 expression levels in non-infected roots remained relatively constant as
20–36 amol/μg total RNA between 20 and 40 dag (Fig. 21C). By contrast, in infected
roots, BrNIT-T4 expression between 20 and 30 dag was markedly low (0.6–1.9 amol/μg
total RNA), but the level then increased gradually and reached a similar level to that of
non-infected plants at 40 dag (Fig. 21C, D).
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Fig. 21. Quantitative real-time PCR analysis of BrNIT-T expression during
clubroot development.
Amounts of transcripts of BrNIT-T1 (A), BrNIT-T2 (B) and BrNIT-T4 (C) in infected
(closed square) and non-infected (open square) roots are expressed as attomole of
transcripts per microgram of total RNA. (D) Ratio of transcripts of infected roots to
those of non-infected roots obtained from panels A–C. The y-axis of D presents log
values. Error bars represent ± SD (n = 3–5).
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2-4. Histochemical analysis of auxin biosynthesis in clubroot
2-4-1. Specificity of RNA probes and LNA-modified oligo probes on dot blot
hybridization.
To reveal cellular localization of expression of BrNIT-T1 and BrNIT-T2 in P.
brassicae-infected tissues, in situ hybridization (ISH) was performed.
First, we prepared RNA probes from their whole 3′ UTR sequences and confirmed
their specificities by dot-blot northern hybridization. The RNA probes (NIT1RNA and
NIT2RNA) showed basic isoform specificity but recognized each other transcript with a
low intensity (Fig. 22A). This thin cross-hybridization did not disappear by increasing
the temperature from 50 °C to 60 °C in hybridization and washing procedures (data not
shown). To improve the specificity, we utilized locked nucleic acid (LNA)-modified
oligo DNA probes. LNA nucleotides increase stability of duplex and results in high
melting temperature (T m ) and large reduction in T m in duplex including mis-match. We
designed oligonucleotides containing several differences between BrNIT-T1 and
BrNIT-T2, and LNAs were substituted for those different nucleotides (Fig. 22B). The
substitution of 9–10 LNA nucleotides in 24–25 bases resulted in high T m values suitable
for a high stringency in ISH (Table 10). In the dot-blot hybridization, the
LNA-modified oligo probes (NIT1LNA and NIT2LNA) never showed cross-hybridization
between BrNIT-T1 and BrNIT-T2, although their signal intensities were lower than those
with the RNA probes due to reduction in the number of DIG molecules per target
mRNA molecule (Fig. 22A).
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Fig. 22. Hybridization probes for in situ hybridization of BrNIT-Ts.
(A) Dot-blot northern hybridization. Full length sense RNAs of BrNIT-T1 and
BrNIT-T2 were dotted and hybridized with RNA probes (NIT1RNA and NIT2RNA) or
LNA-modified oligo probes (NIT1LNA and NIT2LNA). (B) Sequences of
LNA-modified oligo probes. Blue letters indicate different bases between BrNIT-T1
and BrNIT-T2. Red letters indicate LNA-modified probes, in which upper- and
lower-case letters indicate LNA and DNA bases, respectively.

82

2-4-2. In situ hybridization and probe specificity in healthy roots
Using the LNA-modified probes, ISH in non-infected roots was performed. NIT1LNA
visualized very low but clear signal in pericycle of healthy root at 20 dag (Fig. 23a, b).
On the other hand, much stronger signal was observed in cortex and vascular cambium
using NIT2LNA (Fig. 23c, d). The intensities obtained with the LNA-modified probes
were consistent with the results of RT-PCR analyses (Figs. 18 and 21). Moreover,
visualized regions of the two LNA-modified probes were clearly distinct, supporting
their specificities assessed by dot-blot hybridization (Fig. 22A). Interestingly, BrNIT-T1,
but not BrNIT-T2, was expressed in lateral root-forming sites (Fig. 23e, f).
The RNA probes were also used for ISH to verify the advantage of the
LNA-modified probes. NIT1RNA signal was even lower than NIT1LNA signal but
observed between the pericycle and inner parts of cortex (Fig. 23g, h). NIT1RNA
cross-hybridized slightly but clearly to BrNIT-T2 transcripts (Fig. 22A), thus the
observed NIT1RNA signal should contain signal from BrNIT-T2 that was strongly
detected in the cortex. NIT2RNA showed the same result as NIT2LNA (Fig. 23i, j). Due to
the much higher expression of BrNIT-T2 than that of BrNIT-T1, the cross-hybridization
of NIT2RNA to BrNIT-T1 was not evaluated in the healthy root sections.
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Fig. 23. In situ hybridization of BrNIT-Ts in healthy turnip roots.
Cross sections of turnip healthy roots at 20 dag were hybridized with probes as
follows: NIT1LNA (a, b and e); NIT2LNA (c, d and f); NIT1RNA (g and h); NIT2RNA (i
and j); sense probe mix (k and l). Boxed areas in photographs a, c, g, i and k are
magnified and shown on b, d, h, j and l, respectively. Red arrowheads indicate typical
signal of the NIT1 probes. C, cortex; Ep, epidermis; LR, lateral root-forming site; Pr,
pericycle; Px, primary xylem; Sx, secondary xylem; Vc, vascular cambium. Bars
indicate 100 μm (b, d, e, f, h, j and l) or 500 μm (a, c, g, i and k).
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2-4-3. In situ hybridization and probe specificity in P. brassicae-infected roots
We then performed ISH in P. brassicae-infected tissues. We show here typical
specificities observed among the probes using sections of P. brassicae-infected roots at
15 dag (Fig. 24).
At 15 dag, clubroot growth was just initiated but morphological difference was not
yet clear and the fresh weight was almost the same as that of healthy root. In
microscopic observations, however, a small number of immature plasmodia and a few
expanding secondary plasmodia were already observed in the cortex and stele. During
ISH procedures, P. brassicae plasmodia and resting spores were slightly stained
red-pink color distinct from purple to blue resulted from positive hybridization (e.g. Fig.
24a).
When using NIT1LNA, the signal was observed in cells containing secondary
plasmodia (Fig. 24b, arrows) and non-invaded cells (Fig. 24b, asterisk). Particularly,
the infected cells exhibited strong signal. In contrast, NIT1RNA signal was undetectable
in the same tissues (Fig. 24c). It might cause the difference that NIT1RNA could not
permeate effectively into the sections, whereas much smaller molecule NIT1LNA was
easily permeable. Signals of NIT2LNA (Fig. 24d) and NIT2RNA (Fig. 24e) in
pathogen-free cells were indistinguishable as well as those in healthy roots (Fig. 23),
albeit their intensities were significantly lower than those in healthy roots. In
pathogen-containing cells, however, the NIT2RNA signal was strongly observed, whereas
the

NIT2LNA

signal

was

very

week

around

plasmodia.

These

cross-hybridization of NIT2RNA to BrNIT-T1 transcripts in the infected cells.
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Fig. 24. In situ hybridization of BrNIT-Ts using RNA and LNA-modified probes
in clubroot-diseased turnip roots.
Cross sections of P. brassicae-infected turnip roots at 15 dag were hybridized with
sense probes (a), NIT1LNA (b), NIT1RNA (c), NIT2LNA (d) or NIT2RNA (e). The
box-enclosed area was magnified and shown on its right photograph. Asterisks
indicate pathogen-free cells. Red arrowheads indicate typical signal. iP, immature
plasmodium; RS, resting spores; sP, secondary plasmodium; Vb, vascular bundle.
Bars represent 100 μm.

86

2-4-4. LNA-modified probes revealed localized expression of BrNIT-T1 and
BrNIT-T2 in clubroot tissues
We further analyzed localization of BrNIT-T1 and BrNIT-T2 transcripts using the
LNA-modified probes in P. brassicae-infected roots along clubroot development at 20,
30 and 40 dag.
Clubroot at 20 dag (Fig. 25a–c) was in the early growth phase in which clubs became
visible, and significant increase of root weight and expanding secondary plasmodia
were observed in a wider region than those at 15 dag. BrNIT-T1 expression was
enhanced in the whole region of the infected roots compared to that in the healthy ones,
particularly in the pericycle and cortex cells containing plasmodium (Fig. 25b). On the
other hand, BrNIT-T2 expression apparently decreased in the infected roots (Fig. 25c)
compared to that in the healthy ones (Fig. 23c). In addition, the NIT2LNA signal was
observed in pathogen-free cells (Fig. 25c, asterisks) rather than the infected cells.
At 30 dag (Fig. 25d–f) clubroot development was in the intermediate phase, in which
root still gained a proportional increase in fresh weight. Many secondary plasmodia
were fully expanded in the infected cells and some resting spores were also observed. In
this phase, BrNIT-T1 was expressed only in the cells containing young and mature
plasmodium but neither in the resting spore-containing cells nor in the pathogen-free
cells (Fig. 25e). On the other hand, BrNIT-T2 was expressed in the pathogen-free cells
but not in the plasmodium- or resting spore-containing cells (Fig. 25f).
At 40 dag (Fig. 25g–i) club growth reached a plateau and tissue was initiated to decay.
The mature clubs contained many resting spores that filled the infected cells, and a
number of growing plasmodia were still observed. BrNIT-T1 expression was observed
only in the cells containing growing plasmodium but not in the pathogen-free or resting
spore-containing cells (Fig. 25h). On the other hand, BrNIT-T2 was expressed in the
whole region of the infected roots, and the signal was observed in the resting
spore-containing cells as well as non-infected cells (Fig. 25i).
87

88

signal. iP, immature plasmodium; RS, resting spores; sP, secondary plasmodium. Bars represent 100 μm.

and shown at the immediate right photograph. Asterisks indicate pathogen-free cells. Red arrowheads indicate typical

with sense probe mix (a, d and g), NIT1LNA (b, e and h) or NIT2LNA (c, f and i). The box-enclosed area was magnified

Cross sections of P. brassicae-infected turnip roots at 20 dag (a–c), 30 dag (d–f) and 40 dag (g–i) were hybridized

Fig. 25. In situ hybridization of BrNIT-Ts using LNA-modified probes in clubroot-diseased turnip roots.

2-4-5. Determination of IAA localization with monoclonal IAA antibody
In situ localization of free IAA was analyzed by immunostaining using monoclonal IAA
antibody (Fig. 26). In healthy roots, IAA immunosignal was observed between the outer
pericycle and the inner cortex, and in outer layers of the cortex (Fig. 26b). Lateral
root-forming region also showed strong signal (Fig. 26c). Although signal was weak, all
other cells seemed to stain blue to green along cell wall compared to the negative
controls (Fig. 26a).
In infected roots at 20 dag, the cortex cells stained totally, and the signal was
especially concentrated in the infected cells and their surroundings (Fig. 26e, f). At 30
dag, the cells without pathogen had no IAA signal but the cells containing plasmodium
retained strong signal (Fig. 26h, i). It is noteworthy that in the infected tissue at 30 dag,
the signal in the cells containing young plasmodium was stronger than that in the cells
containing expanded plasmodium, and no signal was detected in the resting
spore-containing cells (Fig. 26i). At 40 dag, IAA signal was observed in the
non-infected cells and was highly strong in some resting spore-containing cells. (Fig.
26k, l).
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Fig. 26. Immunostaining of IAA in healthy and clubroot-diseased turnip roots.
Cross sections of healthy (20 dag) and clubroot-diseased (20, 30 and 40 dag) turnip
roots were immunostained without (a, d, g and j) or with (b, c, e, f, h, i, k and l)
anti-IAA monoclonal antibody. Healthy roots at 20 dag (a–c); Infected roots at 20 dag
(d–f); Infected roots at 30 dag (g–i); Infected roots at 40 dag (j–l). Photographs f, i
and l are magnifications of boxed area in e, h and k, respectively. Asterisks indicate
non-infected cells. Red arrowheads indicate typical signal-observed sites. C, cortex;
iP, immature plasmodium; LR, lateral root-forming site; Pr, pericycle; RS, resting
spores; sP, secondary plasmodium. Bars represent 50 μm (f, i and l), 200 μm (d, e, g,
h, j and k) or 500 μm (a–c).
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2-5. Ethylene precursor contents and ethylene-forming activity
The expression of BrNIT-T4, which encodes AlaCN hydratase/nitrilase involved in
cyanide detoxification downstream of ethylene biosynthesis, exhibited a particular
fluctuation during clubroot disease (Fig. 21). In addition, the free IAA level increased in
maturation stage (Fig. 20) and it is known that excess auxin induces ethylene
biosynthesis to inhibit root growth. These evidences suggested a possibility that
ethylene biosynthesis was affected by P. brassicae infection. Thus, we investigated
ethylene production activity in clubroot tissue. Due to the difficulties in direct
measurement of ethylene synthesis in the underground root tissue, we determined the
ethylene precursor ACC, which is well-investigated as an indicator of the ethylene
production level. The level of ACC contents in non-infected roots was constant during
20 to 35 dag but sharply decreased at 40 dag (Fig. 27A). The ACC level in infected
roots was comparable to that in non-infected roots between 20 and 30 dag, but increased
at 35 dag and the level remained higher over 45 dag (Fig. 27A).
We then determined ACC oxidase (ACO) activity, which catalyzes the ethylene
production from ACC. When the ethylene-forming unit of ACO was expressed as
specific activity per protein amount (μmol ethylene mg-protein−1 h−1), the activity was
significantly lower in infected roots than that in healthy roots during 20 to 30 dag,
whereas the levels in both roots were comparable during 35 to 45 dag (Fig. 27B).
However, when the activity was standardized by sample fresh weight (μmol ethylene
g-FW−1 h−1), the level in infected roots was comparable during 20 to 30 dag but higher
during 35 to 45 dag compared to that in non-infected roots (Fig. 21C), since the infected
roots contained a much higher amount of protein than the healthy roots (data not
shown).
Ratio values and statistical significances in ACC contents, ACC activity, and free and
total IAA contents between the infected and non-infected roots were summarized in
Table 11 and discussed later.
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Fig. 27. ACC content and ACO activity during clubroot development.
(A) Free ACC contents in infected (closed bar) and healthy (open bar) roots. (B) ACC
oxidase activity were standardized by protein amounts (B) or by tissue weights (C).
Values show mean ± SD (n = 5).
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Table 11. Comparisons of auxin contents and ethylene producing activity between
infected and non-infected roots.
(Days after germination)
Ratioa

Free IAA

b

Significance
Ratioa

Total IAA

25

30

35

40

45

1.64

0.87

0.39

0.41

1.61

0.35

***

***

*

***

*
7.15

8.89

11.14

13.58

9.91

7.30

Significance

***

***

***

***

***

***

a

1.19

0.91

0.98

1.93

10.16

3.03

**

**

**

1.02

0.70

b

ACC

20

Ratio

Significanceb
a

ACO

Ratio
−1

b

0.35

0.24

0.36

0.62

(mg protein )

Significance

***

***

***

**

ACO

Ratioa

0.82

0.73

1.37

1.54

2.70

1.75

**

*

*

***

*

−1

(g FW )

b

Significance

a

Ratio of values in infected roots to those in non-infected roots.
Statistical analysis (Student’s t-test between infected and non-infected) was performed
using seven independent data: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

b
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2-6. Effects of phytohormones and related compounds on expressions of BrNIT-Ts
To address regulation of expression of B. rapa nitrilases, young turnip seedlings were
treated with various phytohormones and related compounds, and expression levels of
BrNIT-Ts

were

quantified

by

real-time

PCR

(Table

12).

Treatment

with

indole-3-acetonitrile (IAN) decreased BrNIT-T2 expression by 73% but not BrNIT-T1
expression compared to that in non-treated controls. On the other hand, treatment with
IAA decreased both BrNIT-T1 (60%) and BrNIT-T2 (71%) expression. Treatment with
IAN or IAA slightly increased BrNIT-T4 expression, but the increases were not
significant. ACC strongly downregulated BrNIT-T1 and BrNIT-T2 expressions but
slightly upregulated BrNIT-T4 expression. Benzyladenine (BA) upregulated BrNIT-T1
expression seven-fold but decreased BrNIT-T2 expression. On the other hand, treatment
with methyl jasmonate (MeJA) enhanced BrNIT-T2 expression by 310% but did not
affect BrNIT-T1 expression. BrNIT-T4 expression was slightly increased by treatment
with BA or MeJA but not significant.
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Table 12. Effects of various reagents on expression of BrNIT-Ts in turnip roots.
Expression ratio to β-actin (% control)†
Reagents

μM

BrNIT-T1

BrNIT-T2

BrNIT-T4

IAN

100

113 ± 27

73 ± 11

132 ± 75

IAA

10

60 ± 18

71 ± 15

127 ± 48

ACC

100

26 ± 9

36 ± 11

141 ± 19

KCN

100

56 ± 21

102 ± 29

114 ± 49

AlaCN

100

92 ± 20

97 ± 20

118 ± 64

MeJA

30

119 ± 38

310 ± 68

151 ± 60

BA

30

704 ± 196

72 ± 1

168 ± 46

†

mRNA amounts of BrNIT-Ts were referenced to those of β-actin and expressed as percentage
of non-treated control. Values show means ± SD from independent three experiments.
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DISCUSSION
Expression and roles of BrNIT-T1 and BrNIT-T2 during growth of clubroot
Revealing the crucial factor(s) to induce clubroot formation is a benefit for controlling
the disease. We have focused on nitrilase, which encodes an IAA-producing enzyme
from a precursor IAN. Real-time PCR analysis was performed to investigate specific
expression of the BrNIT-Ts during clubroot development. We normalized the absolute
expression values of the target genes to total RNA amount to avoid complications
resulting from expression of housekeeping genes (Gonçalves et al., 2005) in clubroot
development. Recently, Schuller and Ludwig-Müller (2006) analyzed the expression of
several housekeeping genes during clubroot development of Chinese cabbage and
normalized the expression values of target genes to that of actin in order to correct the
slight increase in gene expression level accompanied by an increase of host cell number
during clubroot growth. Similarly, we would expect that as for housekeeping genes, the
amount of total RNA reflects an increase in cell number and gene expression level. It
will be important in future studies to investigate the expression of housekeeping genes
in turnip clubroot. We briefly examined reference gene expression during clubroot
development in Chapter 3.
As shown in Fig. 21, the BrNIT-T genes were differentially expressed during clubroot
development. Together with the results in clubroot growth assessment (Fig. 19) and IAA
measurements (Fig. 20), following are possible interpretations for the expression
patterns of BrNIT-T1 and BrNIT-T2 in turnip root during growth of clubroot.
1 BrNIT-T1, which is expressed almost negligibly in healthy roots between 20 and 35
dag, is specifically induced by P. brassicae infection from initiation to the growing
phase of clubroot development and must partially contribute to the increase in free IAA
content leading to rapid growth of infected tissue around 20 dag.
2 BrNIT-T2 transcripts were found to be abundant in non-infected roots and clearly
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corresponded to free IAA level, supporting the constitutive function for BrNIT-T2 to
regulate the free IAA level in the healthy turnip root.
3 However, in contrast to BrNIT-T1, BrNIT-T2 expression was strongly reduced in
infected roots compared with that in non-infected roots at 20 dag, likely due to a
downregulation of IAA homeostasis. This was supported by the observation that the
total amount of free and conjugated IAA in infected roots significantly increased at 20
dag.
4 The higher level of total IAA in infected roots than that in non-infected roots lasted
throughout the entire period of clubroot development. This indicates that between 25
and 35 dag during which BrNIT-T1 transcripts still increased in infected roots, free IAA
produced was incorporated into the IAA conjugate pool.
5 Unlike the individual differential fluctuation of expression of BrNIT-T1 and BrNIT-T2
during 20 to 35 dag, their expressions at 40 dag in infected roots increased significantly
and coincided with the free IAA increase. Since at 40 dag club growth plateaued and the
tissue started to rot, the increased levels of nitrilase expression and free IAA contents
were likely to contribute to clubroot maturation rather than to hypertrophy. The
relationships between clubroot maturation and BrNIT-T expression will be discussed
later.
In previous studies, increased nitrilase activity was observed particularly at a late
phase of clubroot development (Grsic et al., 1999; Ugajin et al., 2003), and only the
transient induction of AtNIT1 at an early phase was shown by Grsic-Rausch et al.
(2000). Thus, the continuous induction of BrNIT-T1 during the early phase of clubroot
development is the first observation suggesting that the nitrilase gene is continuously
involved in the initial growth of clubroot. However, amounts of BrNIT-T1 transcripts
induced between 20 and 30 dag were even lower than those of BrNIT-T2 transcripts.
Thus, net amounts of their transcripts did not increase significantly during the period.
This could explain the observations reported by Bischoff et al. (1995) and Grsic et al.

97

(1999), who did not detect a clear induction of nitrilase mRNA in P. brassicae-infected
Chinese cabbage root tissues. These authors did not employ isoform-specific detection
and therefore specific induction at a low level might be masked by the high fluctuation
levels of constitutive expression. Isoform-specific and highly sensitive real-time PCR
analysis enabled us to detect BrNIT-T1 induction. However, differences in expression
patterns of nitrilase isoforms between turnip and Chinese cabbage must be checked in
future studies, since diversification of their NIT genes seems to be phylogenetically
independent, as mentioned in Chapter 1. In fact, the induction of AtNIT1 at an early
phase was transient (Grsic-Rausch et al., 2000), whereas BrNIT-T1 was induced
constitutively. Analyses of isoform-specific expression in Chinese cabbage and other
crucifer plants must be necessary to conclude whether the early and continuous
induction of nitrilase is a common phenomenon in the Brassica species.

Isoform-specific in situ detection of BrNIT-T1 and BrNIT-T2 transcripts
BrNIT-T1 was upregulated in infected roots but the net amounts were comparable or
rather less compared those of BrNIT-T2 (Fig. 21). This low induction level of BrNIT-T1
raised the question as to whether BrNIT-T1 can contribute to clubroot formation via
IAA synthesis. Grsic-Rausch et al. (2000) showed immunosignals of AtNIT protein(s)
associated with secondary and sporulating plasmodia in infected Arabidopsis roots.
Ando et al. (2006) also observed mRNA of aldehyde oxidase only in Chinese cabbage
cells containing the pathogens. These results seem to suggest that BrNIT-T1 induction is
limited to pathogen-infected cells. If this is the case, histological analyses of nitrilase
expression was essential to reveal the nitrilase contribution to clubroot formation.
However, it was difficult to distinguish the transcripts of BrNIT-T1 and BtNIT-T2 by
conventional ISH using RNA probes. To achieve isoform-specific histological detection,
locked nucleic acid (LNA)-modified synthetic oligo DNA nucleotides were applied to
ISH. LNA incorporation increases a T m value of duplex toward both DNA and RNA
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(Koshkin et al., 1998a, 1998b; Obika et al., 1998). In addition, a mis-match in
LNA-containing duplex causes great decrease of T m , so LNA-modified oligo
nucleotides are utilized for single nucleotide polymorphism and microRNA analyses,
including ISH (Silahtaroglu et al., 2004; Simeonov and Nikiforov, 2002; Válóczi et al.,
2004, 2006). LNA-modified oligo probes for BrNIT-T1 and BrNIT-T2 were designed on
their 3′ UTR sequences including several differences, and LNAs were substituted for
the different bases to maximize the difference in temperature stability between
completely-matched duplex and mis-matched duplex (Fig. 22B). The LNA probes did
not cross-hybridize to the other nitrilase transcripts, whereas the RNA probes designed
on whole sequences of their 3′ UTR cross-hybridized each other at a low intensity (Fig.
22A). This cross-hybridization resulted in overlapped signals from the RNA probes in
ISH. Signal of NIT1RNA but not of NIT1LNA occurred in the cortex of healthy roots, in
which NIT2 signal was strong (Fig. 23). NIT2RNA but not NIT2LNA strongly visualized
the cells containing secondary plasmodia such as NIT1LNA (Fig. 24). In addition,
interestingly, the LNA probes, particularly NIT1LNA, showed a higher signal intensity
than the RNA probes in ISH, although their sensitivities were opposite in dot blot
hybridization (Fig. 22A). This would be resulted from high permeability of the very
short LNA probes compared to that of the RNA probes. All the observations showed the
great advantage of LNA-modified oligonucleotides for ISH, particularly in the case
where discrimination of highly similar sequences of targets are needed.

Pathogen-specific localization of BrNIT-T transcripts and IAA
ISH analysis using the LNA-modified probes demonstrated that in growing clubroot
tissues, the BrNIT-T1 transcripts was localized in P. brassicae-infected cells but
BrNIT-T2 was expressed in non-infected cells (Figs. 24 and 25). In addition, the
BrNIT-T2 signals in the whole roots were apparently reduced at 15 and 20 dag (Figs.
23j–l, 24d and 25c) and consistent with the result of quantitative PCR analysis (Fig.
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21). The pathogen-specific localization of the BrNIT-T transcripts was more clearly
observed at 30 dag. The localization of the BrNIT-T1 transcripts was highly limited in
the infected cells, and the intensities were stronger when the cells contained younger
growing plasmodium and were gradually reduced as the pathogen matured to resting
spores (Fig. 25e). Moreover, free IAA was shown to localize in the non-infected cells
and more strongly in the infected cells at 20 dag (Fig. 26e, f), but subsequently it was
restricted in the infected cells containing growing plasmodia at 30 dag (Fig. 26h, i).
These observations strongly suggest that the BrNIT-T1 expression was specifically
induced by secondary plasmodia but not by resting spores, and the resulting limited
localization of BrNIT-T1 causes high IAA production in the plasmodium-containing
cells, causing sufficient club growth despite the small net amounts of the BrNIT-T1
transcripts and proteins in the whole tissue. On the other hand, BrNIT-T2 was expressed
in the non-infected cells rather than pathogen-containing cells during 15 to 30 dag.
However, at 40 dag BrNIT-T2 was strongly expressed in the infected cells filled by
mature resting spores as well as in the non-infected cells, whereas the BrNIT-T1
transcripts were detected only with expanding plasmodia (Fig. 25h, i). IAA
immunosignals were also observed in some cells filled by mature resting spores (Fig.
26l). Thus, it is indicated that in the later phase of clubroot development, the role for
free IAA production was switched from BrNIT-T1 to BrNIT-T2 for maturation of
resting spores or tissue deterioration to release mature resting spores.

Involvement of B. rapa nitrilases in ethylene and IAA production during clubroot
development
Based on the pattern of BrNIT-T4 expression, which was reduced in the
clubroot-growing phase but recovered in the later clubroot maturation phase (Fig. 21),
and on the pattern of free IAA contents increasing in fully developed clubroot (Figs. 21
and 26), we hypothesized that ethylene production and relevant factors including
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BrNIT-T4 are downregulated during clubroot formation but upregulated in clubroot
maturation. To verify this, we determined endogenous levels of the ethylene precursor
ACC and ethylene-forming ACO activity during clubroot development. In the
clubroot-growing phase, ACO specific activity per protein content was strongly reduced
(Fig. 27B; Table 11). However, reduction of ACO activity in a unit per fresh weight was
just slight in the early phase (Fig. 27C; Table 11), due to higher protein contents in
infected tissue compared to those in non-infected roots. In addition, ACC contents per
tissue fresh weight did not change significantly during the early phase (Fig. 27A; Table
11). Therefore, ethylene concentration in the growing clubroot tissue seemed to be
comparable to that in the non-infected roots, indicating that ethylene was not involved
in the early club growth.
On the other hand, in the later phase, ACO specific activity per protein content was
recovered like the BrNIT-T4 expression (Fig. 27B; Table 11). On the other hand, both
ACC content and ACO activity/tissue weight were significantly higher in the infected
roots than those in the non-infected roots (Fig. 27A, C; Table 11), indicating that
ethylene production was very active in the later phase.

Crosstalk between auxin and ethylene during clubroot maturation phase
We suppose that in a late phase of clubroot development, upregulated BrNIT-T2 (Figs.
21 and 25) and the resulting free IAA accumulation (Figs. 20 and 26) induce ethylene
production, despite the fact that the increases of ACC contents and ACO activity were
already initiated by 35 dag prior to the increase of free IAA observed at 40 dag (Table
11). The first reason is that BrNIT-T1 and BrNIT-T2 expressions were strongly
downregulated by ACC or IAA treatment (Table 12). It is well-known that a high
concentration of auxin induces ethylene production by activating ACC synthase activity
(Abel et al., 1995; Yoshii and Imaseki, 1982). Thus, IAA accumulated by BrNIT-T2 has
potency to induce the ACC accumulation, but not vice versa. The second reason is that
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the quantity of free IAA increased in infected tissues analyzed using whole tissues
seemed to be underestimated. The amounts of free IAA in infected tissues were
significantly reduced during the intermediate phase (30–35 dag) (Table 11), but IAA
immunostaining revealed the presence of abundant free IAA in the cells containing
pathogen in infected tissues at 30 dag (Fig. 26h, i). In addition, free IAA contents in the
infected roots increased from 30 to 35 dag (Fig. 20A), although the level was
significantly lower than that in the non-infected roots (Table 11). Thus, it is likely that
ACC production was induced by IAA locally accumulated at 35 dag, of which amount
is significantly thinned in the whole tissues.
However, other possibilities can not be excluded so far. In fact, there are several
reports insisting that ethylene promotes IAA biosynthesis in Arabidopsis seedlings
(Růžička et al., 2007; Stepanova et al., 2007; Swarup et al., 2007), but nothing is known
how is the IAA synthetic pathway upregulated by ethylene. If the case of Arabidopsis
seedlings is true in the turnip, the increase of free IAA contents at the late phase in
infected tissues may be dependent on other IAA-producing enzymes, such as aldehyde
oxidase (Ando et al., 2007) and IAA-amide conjugate hydrolase (Ludwig-Müller et al.,
1996), since BrNIT-T1 and BrNIT-T2 were clearly downregulated by ACC (Table 12).

Nitrilase isoforms are key elements in clubroot disease development of turnip
Treatment with cytokinin or methyl jasmonate specifically upregulated BrNIT-T1 or
BrNIT-T2, respectively (Table 12). Cytokinin is known to be synthesized by isolated P.
brassicae secondary plasmodia (Müller and Hilgenberg, 1986). In addition, our
histochemical analyses demonstrated that the BrNIT-T1 expression and the
accumulation of free IAA specifically occurred in the secondary plasmodium-containing
cells. These results suggest that cytokinin generated by the pathogen may trigger IAA
over-production via induction of BrNIT-T1 expression. This also supports the results of
Devos et al. (2006) that in P. brassicae-inoculated Arabidopsis, accumulation of
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cytokinin preceded that of auxin.
Grsic et al. (1999) reported that endogenous jasmonic acid contents increased in a
late stage of clubroot development in Chinese cabbage (B. rapa), and exogenous
treatment with jasmonic acid enhanced nitrilase enzyme activity. Based on these
observations together with our results, we like to also suggest the relation of nitrilase
with jasmonic acid in clubroot disease: in a late stage of clubroot development,
jasmonic acid is accumulated (the reason is not clear but may by physical stress from
fully expanding pathogen) to upregulate BrNIT-T2 expression. Subsequently, BrNIT-T2
produces excess IAA, which activates ethylene production. Finally, ethylene promotes
tissue senescence and deterioration to release mature resting spores into soil.
Together all, we propose a plausible model to illustrate specific roles of B. rapa
nitrilases in associations with phytohormone crosstalk during clubroot development
(Fig. 28).
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Fig. 28. A schematic model for roles of B. rapa nitrilases in phytohormone
crosstalk during clubroot disease development.
(A) Events occurring in the early growth of clubroot. Cytokinin (CK) produced by P.
brassicae plasmodium(1) up-regulates BrNIT-T1 expression. Increases in
myrosinase(2) and BrNIT-T1 result high production of IAA from indole-3-methy
glucosinolate (IMG) and indole-3-acetonitrile (IAN) in and around infected cells.
Co-presence of IAA and CK promotes abnormal division and expansion of infected
cells, resulting in clubroot formation. By contrast, ethylene (ET) synthesis and
BrNIT-T4 expression are suppressed during the early growth. High level free IAA
also induces IAA conjugation and suppresses expression of BrNIT-T2, which is the
constitutive nitrilase in turnip root. (B) In the later phase of clubroot development, a
level of jasmonic acid (JA) is elevated(2) by physical stress or any signals from mature
resting spores. JA stimulates BrNIT-T2 expression and IAA synthesis, leading to high
ET emission. BrNIT-T4 is associated with the cyanide detoxification downstream of
the ET production. ET accelerates senescence/abscission of infected tissues. Finally,
mature P. brassicae resting spores are released from decayed tissues to soil. Citations
in this figure are as follows: (1) Müller and Hilgenberg, 1986; (2) Grsic et al., 1999.
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Chapter 3

Investigation of Roles of Brassica rapa Amidase
in Auxin Biosynthesis
in Turnip Growth and Clubroot Development
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INTRODUCTION
Auxin-producing amidase, which catalyzes the hydrolysis of indole-3-acetamide (IAM)
to IAA, was first identified from plant-associating bacteria, i.e. Pseudomonas
savastanoi (Magie et al., 1963), Agrobacterium tumefaciens (Inzé et al., 1984; Schröder
et al., 1984; Thomashow et al., 1984), A. rhizogenes (Camilleri and Jouanin, 1991),
Azospirillum brasilense (Bar and Okon, 1993) and Streptomyces spp. (Manulis et al.,
1994). Subsequently, plant endogenous amidase activity was reported in rice (Arai et al.,
2004; Kawaguchi et al., 1991), trifoliata orange (Kawaguchi et al., 1993) and squash
(Rajagopal et al., 1994). Moreover, the substrate IAM was reported to be present in
plants, i.e. bean sprout (Isogai et al., 1967), Citrus unshiu (Igoshi et al., 1971; Takahashi
et al., 1975), potato (Rausch et al., 1985), Prunus jamasakura (Saotome et al., 1993),
squash (Rajagopal et al., 1994) and Arabidopsis (Pollmann et al., 2002). In the bacterial
pathway, IAM is generated directly from tryptophan by tryptophan-2-monooxigenase,
but the enzyme activity or the homologous gene has never been identified in plants.
Thus, contribution of IAM pathway and amidase in plant IAA biosynthesis is unclear.
However, recently, an amidase gene was isolated from Arabidopsis (AtAMI1), and
substrate specificity and organ and subcellular localization were reported (Pollmann et
al., 2003; 2006). AtAMI1 mRNA and protein were abundant in young growing tissues,
where auxin biosynthesis is active. Furthermore, it was suggested that IAM can be
produced by nitrilase, which synthesizes IAA from indole-3-acetonitrile (IAN), thus, the
protein produces amide products from substrates nitrile as side-products (Osswald et al.,
2002; Pollmann et al., 2002).
In this chapter, we focused on the involvement of amidase in clubroot development of
turnip. In clubroot-diseased tissues, the pathogen P. brassicae induces cell division and
expansion to proliferate in the space. We have described the involvement of B. rapa
nitrilases in IAA overproduction during clubroot development in Chapters 1 and 2.
Meanwhile, there is an article showing the involvement of another IAA-producing
106

enzyme aldehyde oxidase in clubroot formation of Chinese cabbage (B. rapa) (Ando et
al.,

2006).

Furthermore,

Ludwig-Müller

et

al.

(1996)

reported

increased

amidohydrolase activity towards IAA-amino acid conjugates in Chinese cabbage
clubroot. These insights indicate that the mechanism of IAA production in clubroot
development may be complicated much more than we have ever anticipated. Thus, to
unravel the overall system of IAA synthesis in clubroot development, it is necessary to
investigate whether amidase is also involved or not.
In this chapter, we cloned B. rapa amidase (BrAMI), and report here its expression in
healthy turnip tissues and P. brassicae-infected roots. In addition, a physiological role
of the amidase is discussed in relation to nitrilase.

MATERIALS AND METHODS
Preparation of crude extract from turnip tissue
Crude soluble protein extract was prepared as described previously (Ugajin et al., 2003).
Frozen plant tissue was ground in liquid nitrogen with a mortar and pestle. The powder
was homogenized in a 10-times volume of pre-chilled extraction buffer (5 mM Tris-HCl,
pH 7.5, 1 mM EDTA, 0.04 mM β-mercaptoethanol). The homogenate was centrifuged
at 1,300×g for 10 min at 4 ºC and the supernatant was further centrifuged at 100,000×g
for 60 min at 4 ºC. The supernatant recovered was used for enzyme assay described
below.

Measurement of amidase activity
Prior to amidase enzyme assay, IAM purchased from Aldrich (St. Louis, MO, USA) was
passed through DEAE TOYOPEARL 650M (Tosoh Co. Ltd., Tokyo, Japan) to remove
very slight but not negligible contamination of IAA.
Five hundred μL of crude protein extract was reacted with 0.1 mM IAM in 1 mL
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extraction buffer at designated temperature for 60 min. The reaction was stopped by
acidifying with HCl to pH 2 and the mixture was extracted with ethyl acetate. The
organic phase was evaporated to dryness. The residue was dissolved in 50% (v/v)
methanol and passed through a Dowex 50W (Bio-Rad Laboratories Inc.), and the resin
was washed with 50% methanol. The flow through and washings were collected and
evaporated. The dried residue was then dissolved in methanol and applied onto a DEAE
TOYOPEARL 650M column and after the washing the resin with methanol, bound IAA
was eluted with methanol containing 2% (v/v) acetic acid. The elution was dried
completely, redissolved in 40% (v/v) methanol containing 2% (v/v) acetic acid and
analyzed by HPLC equipped with a Gemini 5μ C18 column (4.6×150 mm, Phenomenex,
Inc.). The column was maintained at 25 ºC and 40% (v/v) methanol containing 2% (v/v)
acetic acid was used as an elution solvent at a flow rate of 0.5 mL min−1. IAA was
detected by fluorescence with excitation at 280 nm and emission at 350 nm, and
quantified using a calibration curve.

cDNA generation and cloning
Total RNA extraction and cDNA generation were performed as described above. Partial
internal fragments of amidase cDNA were amplified by reversetranscription polymerase
chain reaction (RT-PCR) using degenerate primers based on Arabidopsis amidase
AtAMI1 (Table 13). The 5′ and 3′ flanking regions of the partial cDNA sequences were
cloned by RACE as described above using specific primers (Table 13).
Finally, the full coding sequence was amplified using Phusion High-Fidelity DNA
Polymerase (New England Biolabs, Inc., Beverly, MA) and primers including restriction
sites (Table 13).The amplified fragments were blunt-end ligated into the EcoRV site of
pBluescript II SK(+). The cDNA clones were used for determination of amidase
sequences and construction of vectors for bacterial expression and in vitro transcription.
DNA sequences of BrAMI cDNAs were determined using three independent clones.
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RFLP analysis
For genotyping of BrAMIa and BrAMIb, restriction fragment length polymorphism
(RFLP) was performed. Genomic DNAs or cDNAs of amidases were amplified by 35
cycles using AMI F1 and AMI C2 primers (Table 13). The PCR products were digested
with DraI or StyI and analyzed by agarose gel electrophoresis.

Semi-quantitative RT-PCR
Five hundred ng of total RNA was reversetranscribed in a 10-μL reaction volume using
both oligo dT primer and random hexamer with PrimeScript RT reagent kit (Takara Bio
Inc.) according to the manufacturer’s protocols. The cDNA was mixed with 0.2 mM
dNTPs, 0.2 μM each primers and 0.025 U μL−1 ExTaq polymerase in a 20-μL total
volume of 1× ExTaq buffer (Takara Bio Inc.). Primers were listed in Table 13. PCR was
performed using a DICE thermalcyler (Takara Bio Inc.). Following a primary
denaturation step for 30 sec at 96 ºC, 26–35 cycles were carried out with 5 sec
denaturation at 96 ºC, 15 sec annealing at 63 ºC, and 10 sec extension at 72 ºC. PCR
products were analyzed by agarose gel electrophoresis. β-Actin was amplified in
separate reaction as the internal control.
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Amplification of full coding sequence

GTGTACGAGTCCCTGCG

TGAAGATCCTCCAGGGACTC

AAGCAACTGGGTTTACCG

GGCAATTCATATGGCGATTAGTAATGATTATGG‡

GACTCGAGGATCCTCACATGAATTTCGAAAGG‡
G
AAACCGTCTGAGCCATGATTAGC

AMI F2

AMI R!

AMI R2

AMI N1

AMI C1

Real-time RT-PCR
Real-time RT-PCR
Specific amplification of BrAMIa
Specific amplification of BrAMIa
Specific amplification of BrAMIb
Specific amplification of BrAMIb

TGAGGAAGCTATCAGGGTGTCTG

ACATCAGCTTGGAGATGTGGTG

AGCATGACGTGGACGCTAAG

AGGCTCGGAACATTCTCTTGG

CAGCCTCACTTGGAGGCTACA

AGGCTCGGAACATGCTCTTCT

AMI RPCR F

AMI RPCR R

BrAMIa F

BrAMIa R

BrAMIb F

BrAMIb R

Semi-quantitative RT-PCR
PCR-RFLP

1st amplification of 5′ RACE

2nd amplification of 5′ RACE and 3´RACE
Semi-quantitative RT-PCR
PCR-RFLP

1st amplification of 5′ RACE and 3´RACE

RT for 5′ RACE

‡

N: A, G, C or T. Y: C or T. R: A or G.
Bold letters indicate additional sequences for directional cloning and the restricted sites were underlined.

†

Amplification of full coding sequence

GCCGGTCTTGTTGACTTTTC

AMI F1

AMI C2

2nd amplification of 5′ RACE

TGAGCCATTGGAG

AMI RT

Cloning of internal sequences

AAACCANCCNACNGTRTCRAA

Cloning of internal sequences (nested PCR)

AMI deg R1

†

Cloning of internal sequences (1st PCR)

Application

GATGGAYGARATGGCNTAY

†

GGNTTYGGNAAYCCNGAYTGG†

Sequence (5'–3')

AMI deg F2

AMI deg F1

Name

Table 13. Primers used for cloning and expression analyses of BrAMI.

Expression, purification and enzyme assay of recombinant BrAMI proteins
The fragments of full coding sequence of BrAMIs in pBluescript II SK(+) as above were
subcloned into pET15b(+) using NdeI and BamHI and transformed into Escherichia coli
BL21(DE3). Culture of bacteria and induction of protein expression were conducted as
described in Chapter 1 for nitrilase. Proteins were extracted from bacteria by sonication
(30 s × 5) in ice-cold PBS and debris was removed by centrifugation. For preparation of
the recombinant amidase, PMSF was omitted from extraction buffer because of
irreversible inactivation of BrAMI by PMSF, consistent with a report for AtAMI1 (Neu
et al., 2007). The supernatant was purified using Ni Sepharose FF resin (Amersham
Biosciences Corp.) according to the supplier’s manual. Fifteen μg of purified protein
and 4 mM IAM were separately pre-incubated in 50 μL each of 100 mM sodium
phosphate, pH 7.5 or 8.5, for 2 min at 37, 45 or 55 °C and reaction was started by
mixing the solutions. The incubation was further lasted for 10 min at above temperature.
Amidase activity was determined by measurement of produced ammonia as described
above.

Real-time PCR analysis
Real-time PCR was performed using Thermal Cycler Dice Real Time System and
SYBR Premix Ex Taq (Takara Bio Inc.). PCR conditions were followings; primary
denaturation at 95 ºC for 30 sec, 40 cycles of amplification (denaturation at 95 ºC for 5
sec, annealing at 63 ºC for 15 sec and extension at 72 ºC for 10 sec). Melting
temperature analysis was done with a linear temperature increase of 0.5 ºC sec−1 from
72 to 95 ºC. PCR primers, shown in Table 1, were used at 0.2 μM each. External
standard curves were drawn using plasmid DNA including the target sequence on every
experiment. Analysis was repeated more than three times using independent samples. C t
values were determined by the second derivative maximum method using the software
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(Takara Bio Inc.). Amplification efficiency (E) was calculated according to the equation:
E = 10[−1/slope] (Pfaffl, 2001).

In situ hybridization
Digoxigenin (DIG)-labeled RNA probes on full coding sequences of BrAMI were
prepared using DIG RNA Labeling Kit (Roche Diagnostics) and hydrolyzed to reduce
the length (~300 nt) according to the manufacturer’s protocol. The plasmid templates
were constructed as described above.
Probe preparation for BrNIT-Ts, tissue sectioning and hybridization were conducted
as described above. Sense probes for BrNIT-T1, BrNIT-T2 and BrAMI were
independently prepared, mixed and used for negative control. It was confirmed that the
same results were obtained using each sense prove and the mixed probes.

RESULTS
3-1. Amidase activity in turnip tissues during normal growth and clubroot
development
3-1-1. Temperature dependency of turnip amidase activity
Temperature dependency of the amidase activity was firstly examined. We preliminarily
detected higher amidase activity in hypocotyl than leaf or root of healthy turnip (Fig.
29). Thus, the hypocotyl extract was used for optimization study. As reaction
temperature increased from 30 °C, the activity was sharply increased until 45 ºC and
after the slight reduction, peaked again at 55 ºC (Fig. 30). This result indicated the
occurrence of several, at least two, active forms of amidase showing different optimum
temperatures in the crude extract. To further elucidate, temperature stability of amidase
was investigated. Protein extract was pre-incubated without IAM at either 45 or 55 ºC
for 1–3 h, and the remaining activity was determined at 45 and 55 ºC. When the protein
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extract was pre-incubated at 45 ºC, remaining activities at 45 and 55 ºC were
comparable (Fig. 31A). On the other hand, after pre-incubation at 55 ºC for 1 h, activity
at 55 ºC was obviously higher than that measured at 45 ºC (Fig. 31B), supporting the
presence of multiple amidase isoforms showing different heat stability, which would
result in the two optimum temperatures.
Based on these observations, amidase activity was determined at both 45 and 55 ºC in
the experiments below.

3-1-2. pH optimum at different reaction temperatures
pH value of the reaction mixture for the amidase assay was then optimized. pH
optimum was 8.5 in the assay at 45 ºC (Fig. 32A), whereas was 7.5 in that at 55 ºC (Fig.
32B). This significant difference strongly supported the presence of amidase isoforms,
which have different temperature optimum (stability) and pH optimum.
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Fig. 29. IAM hydrolase (amidase) activity in healthy turnip tissues.
Amidase activity was assayed using crude extracts form (A) leaves and (B)
hypocotyls of healthy turnips.
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Fig. 30. Temperature optimum of turnip amidase activity.
Amidase activity was determined at various temperatures. Bars represent ± SD (n =
5).
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Fig. 31. Temperature stability of turnip amidase.
Soluble extracts were pre-incubated at (A) 45 °C or (B) 55 °C for 60 min, and the
remaining activity was determined at the reaction temperature at 45 °C (closed
triangle) or 55 °C (open square). Bars represent ± SD (n = 5).
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Fig. 32. pH optimum of amidase activity.
Amidase activities at (A) 45 °C and (B) 55 °C were determined at various pH
conditions using sodium citrate buffer (pH 5–6, closed triangle), sodium phosphate
buffer (pH 6.0–8.5, open circle) or Tris-Cl buffer (pH 7.5–9.0, closed square). Bars
represent ± SD (n = 3).
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3-1-3. Amidase activity and IAA contents in turnip tissues during normal growth
and clubroot development
Although there are several reports on the presence of amidase activity in plant tissues,
biological functions of the amidases are unclear. To elucidate functions of amidase in
IAA de novo synthesis in turnip vegetative growth and clubroot development, in vitro
amidase activity in leaf, hypocotyl and root was determined at 45 and 55 ºC.
First, amidase activity in healthy plants was examined during 20 to 40 dag (Fig. 33,
open symbol). In the reaction at 45 ºC, constant activity was shown in all leaf and root
tissues except 20-day-old leaves and roots (Fig. 33A, C, E). Fluctuation pattern of the
activity at 55 ºC in healthy tissues resembled that at 45 ºC in each tissue (Fig. 33B, D,
F). At the both of reaction temperatures, it appeared that activity was highest in
hypocotyl, and activity in root was the same or somewhat less and activity in leaf was
significantly lower than the others.
Amidase activity in tissues of P. brassicae-infected plants was determined to
compare to that in the healthy tissues (Fig. 33, closed symbols). Unlike in the healthy
tissues, fluctuations of amidase activity in infected tissues were varied not only among
the tissues but also between the two reaction temperatures. In leaves of infected plants,
amidase activity at both 45 and 55 ºC reaction was lower than that of healthy plants (Fig.
33A, B). In infected hypocotyls, the activity at 45 ºC was comparable to that in healthy
ones, whereas the activity at 55 ºC was higher than that of healthy tissues at all the
points (Fig. 33C, D). The effect of disease infection on amidase activity in roots was
complicated. In the reaction at 45 ºC, the level of activity was comparable at 20 and 25
dag but obviously overwhelmed the level in healthy tissues at 30 and 35 dag (Fig. 33E).
The increased activity reached up to 2.5-fold higher than that in healthy roots. In
contrast, the activity at 55 ºC was much higher in infected roots at 20 and 25 dag than
that in healthy ones (three- and four-fold, respectively), whereas during 30 to 40 dag,
the activity was comparable or less (Fig. 33F).
118

To evaluate the contribution of amidase activity to IAA synthesis, IAA contents in the
tissues were determined (Fig. 34). In leaves of healthy plants, free IAA was detected at
0.1 nmol g-FW−1 during 20–25 dag but decreased to 0.05 nmol g-FW−1 during 35–40
dag (Fig. 34A, open bar). Total IAA contents in healthy leaves decreased along with
free IAA reduction from 2.7 at 20 dag to 1.5 nmol g-FW−1 at 40 dag. (Fig. 34B, open
bar). In healthy hypocotyls, free IAA concentration was at a constant level (around 0.1
nmol g-FW−1) during 20 to 35 dag (Fig. 34C, open bar). Total IAA content in healthy
hypocotyls was much higher than that in leaves, but the level was gradually reduced as
the tissue became mature (Fig. 34D, open bar). In roots, a high amount of free IAA (0.5
nmol g-FW−1) was found at 20 dag, but the amount decreased to the levels comparable
to that in leaves and hypocotyls (Fig. 34E, open bar). Total IAA in healthy roots was
reduced in the later time points to that of healthy hypocotyls (Fig. 34F, open bar).
Infection with P. brassicae and thereafter the development of clubroot disease
obviously affected IAA contents in a tissue-specific manner (Fig. 34, closed bar). In
infected leaves, both free and total IAA levels were lower than those in healthy ones
(Fig. 34A, B), which correlated to reduction of growth of leaves (Fig. 19). In infected
hypocotyls at 20 dag, a free IAA level was significantly lower compared to that of
leaves, but total IAA contents significantly increased (Fig. 34C, D). On the other hand,
in infected roots, a considerable increase of free IAA content was observed at 20 dag,
but the level was acutely reduced at during 25 to 35 dag (Fig. 34E). However, total IAA
content in the root infected reached the 10-times higher level over whole range of the
growth compared to that in healthy roots (Fig. 34F).
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Fig. 33. Amidase activity in healthy and clubroot-diseased turnip tissues.
Amidase activities in healthy (open symbol) and clubroot-diseased (closed symbol)
tissues were determined at 45 °C (A, C and E) or 55 °C (B, D and F). (A and B)
Leaves. (C and D) Hypocotyls. (E and F) Roots. Bars represent ± SD (n = 3–7).
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Fig. 34. IAA contents in turnip tissues.
Free (A, C and E) and total (B, D and F) IAA contents in leaves (A and B),
hypocotyls (C and D) and roots (E and F) of healthy (open bars) and
clubroot-diseased (closed bars) turnips. Error bars represent ± SD (n = 6).
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3-2. Cloning of amidase cDNAs from B. rapa
With expectation that several isoforms of turnip amidase are encoded by different genes,
cloning of amidase cDNA (BrAMI) was performed by RT-PCR using degenerate
primers (Table 13). Two similar sequences were determined and designated BrAMIa
and BrAMIb. The two cDNAs showed 98% homology to each other and 86% to
Arabidopsis amidase AtAMI1 in their nucleotide sequences (Fig. 35). Deduced amino
acid sequences of the two BrAMIs showed 97% homology each other and 85% to
AtAMI1 (Fig. 36).
We identified 8 clones from genomic PCR products using the same degenerate
primers, but no sequences other than BrAMIa and BrAMIb were isolated.

3-3. Tissue-specific expression of B. rapa amidase
Tissue-specific localization of BrAMI expression was investigated by semi-quantitative
RT-PCR using primers shared by BrAMIa and BrAMIb (Fig. 37). BrAMI expression was
rich in young leaves (cotyledon and young leaf) and infrorescence (mature flower,
silique and cauline leaf) but the expression was lower in senescent leaf, tuberizing
hypocotyl and healthy root than that in leaf and flower tissues. In clubroot tissue,
BrAMI expression at 20 dag was apparently higher than that in healthy root.
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Fig. 35. Alignment of nucleotide sequences of BrAMIa, BrAMIb and AtAMI1.
The full coding sequences of turnip and Arabidopsis amidases are aligned.
Highlighted letters indicate identities.
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Fig. 35. Alignment of nucleotide sequences of BrAMIa, BrAMIb and AtAMI1.
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Fig. 36. Amino acid sequences of amidases.
Deduced amino acid sequences of turnip and Arabidopsis amidases are aligned.
Highlighted letters indicate identical residues and shaded letters indicate similar
residues.
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Fig. 37. Tissue-specific expression of BrAMI.
RT-PCR was performed by 31 cycles for BrAMI and 26 cycles for β-actin (control)
and the amplicons were analyzed by agarose gel electrophoresis. Co, cotyledon; Ly,
young leaf; Lm, mature leaf; Ls, senescent leaf; Hy, young hypocotyl; Hm, mature
hypocotyl; Fi, immature flower; Fm, mature flower; Si, silique; Lc, cauline leaf; R,
non-infected root; C, clubbed root. Subscript numbers attached with the R and C
indicated turnip age (days after germination).
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3-4. RFLP analysis of BrAMIa and BrAMIb
To confirm whether the two similar sequences are from the same locus or different loci,
the turnip cultivar was self-pollinated and the F 1 seedlings were genotyped by
PCR-RFLP analysis. Five and six out of 24 F 1 seedlings were homozygotes of BrAMIa
and BrAMIb, respectively, and 13 were heterozygotes.
RFLP analysis was applied to determine whether the two BrAMI alleles showed
differential expression. cDNAs from various tissues were amplified with the same
RFLP primers and the PCR products were digested with DraI or StyI (Fig. 38A). The
BrAMIa-derived fragments were detected in all tissues examined (Fig. 38B). Amounts
of the BrAMIb-derived fragments were comparable to those of the BrAMIa-derived ones
in cotyledon, young and mature true leaf and cauline leaf. In other tissues, the
BrAMIb-derived fragments were less than the BrAMIa-derived ones or not detected (Fig.
38B).

3-5. Splice variants of BrAMI
During cloning experiments, we found several splice variants containing a partial or full
intron sequence. For example, when amplified using degenerate primers F2 and R
(Table 13), three different fragments were obtained in the PCR products according to
templates (Fig. 39A). In products from leaf cDNA, only one fragment was observed
(Fig. 39A, Lane 1, Fr. 1), but in products from root cDNA, a larger fragments also
amplified (Fig. 39A, Lane 2, Fr. 2). Genomic PCR using the same primers gave a
larger fragment (Fig. 39A, Lane 3, Fr. 3). Thus, Fr. 2 was not from genomic DNA
contamination. DNA sequencing revealed that Fr. 2 was a splice variant of BrAMIa
including the second intron but not third intron (Fig. 39B). We obtained a few of other
splice variants of BrAMI transcripts including an other intron, but full coding sequences
of such longer variants were not isolated. Alternatively, only one full length of splice
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variant was isolated and this variant, BrAMIa-v1, was identical to BrAMIa and had
additional three bases from the 3′ end of the third intron by mis-splicing, resulting in an
additional glycine residue (Fig. 39C).

3-6. Expression of recombinant B. rapa amidases
It was of interest to determine whether the isolated amidase cDNAs encode enzymes
showing different optimum temperatures. Therefore, the isolated amidases, BrAMIa,
BrAMIb and a splice variant BrAMIa-v1, were heterologously expressed in E. coli as
N-terminal His 6 -tagged proteins. The recombinant BrAMIa and BrAMIb were
expressed as soluble protein (Fig. 40A) and highly purified and concentrated by Ni
affinity chromatography (Fig. 40B). However, BrAMIa-v1 was never obtained in the
soluble fraction despite the fact that the expression in inclusion body was as strong as
that of BrAMIa and BrAMIb (Fig. 40A).
The purified BrAMI proteins converted IAM to IAA and exhibited similar specific
activity. We determined briefly temperature dependency of the recombinant amidases
(Fig. 40C). When assayed at pH 7.5, the activities of both amidases were highest at
45 °C and lower at 55 and 37 °C. However, at 37 °C BrAMIb activity was higher than
BrAMIa, and the reverse was the case at 55 °C. When assayed at pH 8.5, the both
amidase activities were higher than that at pH 7.5 at all temperatures examined. At pH
8.5, interestingly, the activity of BrAMIa at 55 °C was the same as that at 45 °C,
whereas the activity of BrAMIb at 55 °C was significantly lower than that at 45 °C.
These data showed that at least in pH 8.5, BrAMIa was more stable than BrAMIb at
55 °C or optimum temperature of BrAMIa activity was higher than that of BrAMIb.
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Fig. 38. RT-PCR-RFLP analysis of BrAMI transcripts.
(A) Restriction polymorphism of BrAMI alleles. DraI and StyI recognize the sequence
of TTTAAA and CC(A/T)(A/T)GG, respectively. (B) RT-PCR-RFLP analysis of
BrAMI. Arrows a and b indicate BrAMIa- and BrAMIb-derived fragments,
respectively. Letters upon each lane indicate tissues corresponding to the
abbreviations in Fig. 37.
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Fig. 39. Alternative splicing of BrAMI transcripts.
(A) PCR products from leaf cDNA (Lane 1), root cDNA (Lane 2) and genomic DNA
(Lane 3). Three fragments (Fr. 1–3) were cloned and sequenced. (B) Nucleotide
sequences of Fr. 1–3. Exons and introns are indicated as blue and pink letters,
respectively. (C) Mis-spliced site of BrAMIa-v1. Underlined AG is 3′ end of third
introns of original BrAMIa (the right one) or BrAMIa-v1 (the left one).
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Fig. 40. Expression and temperature dependency of recombinant BrAMI
proteins.
(A) Soluble (Lanes 1–4) and total (Lanes 5–7) bacterial proteins were analyzed by
SDS-PAGE. Lane 1, non-induced culture; 2 and 5, BrAMIa-v1; 3 and 6, BrAMIa; 4
and 7, BrAMIb. (B) Ni affinity-purified proteins from the soluble fractions were
analyzed by SDS-PAGE. Lane numbers correspond with those in (A). Arrowheads
indicate estimated molecular size of recombinant amidase protein (45 kDa). (C)
Temperature dependency of recombinant amidases. BrAMIa (square) and BrAMIb
(triangle) were assayed using 2 mM IAM in 100 mM phosphate buffer, pH 7.5 (open
symbol) or 8.5 (closed symbol), at different temperatures. Activity was expressed as
the percentage of that at 45 °C at pH 8.5 for each amidase (0.20 μmol mg−1 min−1 for
BrAMIa and 0.24 μmol mg−1 min−1 for BrAMIb). Error bars represent ± SD (n = 3).
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3-7. Real-time PCR analysis of amidase expression during clubroot development
and allele-specific measurement
Expression of BrAMI seemed to increase by clubroot infection in semi-quantitative
RT-PCR analysis (Fig. 37). To quantify the increase, real-time PCR analysis was
performed. First of all we examined expression levels of housekeeping genes, β-actin,
histone H2a and 18S rRNA, as candidates for the internal standard in quantitative
analysis. Levels of β-actin transcripts slightly decreased rather than increased as
reported in Chinese cabbage (Schuller and Ludwig-Müller, 2006), as root tissues got
older both in infected and non-infected plants (data not shown). However, the levels
were almost comparable. On the other hand, levels of histone H2a expression were
irregularly fluctuated in the root tissues, and 18S rRNA showed a constant expression
level but the amounts seemed to be too high as a reference (data not shown). Thus, the
expression values of BrAMI were standardized with those of β-actin.
When primers shared by the two BrAMI alleles (Table 13) were used, quantitative
real-time PCR analysis showed that BrAMI transcripts in infected roots were elevated
than those in non-infected roots at 1.8- to 5.7-fold induction ratios at all the time points
examined (Fig. 41A). The induction was statistically significant at 20 and 30 dag
(Student’s t-test, p < 0.01) but not at 40 dag (p > 0.05).
We then performed allele-specific real-time PCR analysis to determine expression
ratio of the two BrAMI alleles. In root tissues of healthy and infected plants, BrAMIb
was expressed slightly higher than BrAMIa but almost comparable (Fig. 41B). This was
inconsistent with RFLP analysis shown in Fig. 38. Further real-time PCR analysis
showed lower amplification efficiency (E) of BrAMIb amplicon (E = 1.82) compared to
that of BrAMIa amplicon (E = 1.97) when using the primers for PCR-RFLP. In the
allele-specific real-time PCR, the E values of BrAMIa and BrAMIb were 2.08 and 1.97,
respectively. What caused the lower efficiency of BrAMIb amplification has not been
confirmed, but at least, this resulted in lower amounts of the BrAMIb amplicon in
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simultaneous amplification in the RFLP analysis. Considering the E values using
external standard curves in real-time PCR analysis, actual ratios of mRNA amounts of
BrAMIa and BrAMIb were within 37–63% (Table 14). BrAMIb was expressed slightly
higher than BrAMIa in turnip tissues except in senescent leaf and mature hypocotyl.
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Fig. 41. Real-time PCR analysis of BrAMI expression during clubroot
development.
Amounts of BrAMI transcripts were quantified by real-time PCR using primers
shared by (A) or specific to (B) BrAMIa and BrAMIb. The expression values were
standardized with those of β-actin. Values over each bar represent induction ratio
(infected/non-infected) and asterisks indicate statistical significance by Student’s
t-test (p < 0.01). Error bars represent ± SD (n = 4).
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Table 14 Ratio of transcripts of BrAMIa and BrAMIb.
Ratio (%)
Tissues

BrAMIa

BrAMIb

Cotyledon

37

63

Young leaf

41

59

Mature leaf

43

57

Senescent leaf

56

44

Young hypocotyl

42

58

Mature hypocotyl

52

48

Immature flower

47

53

Mature flower

40

60

Silique

39

61

Cauline leaf

37

63

Root (20 dag)

43

57

Root (30 dag)

41

59

Root (40 dag)

43

57

Clubroot (20 dag)

43

57

Clubroot (30 dag)

41

59

Clubroot (40 dag)

41

59
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3-8. In situ hybridization of BrAMI
Localization of BrAMI mRNA in P. brassicae-infected roots was investigated by ISH
(Fig. 42). Compared to the negative controls using the sense probe, the antisense probe
signal was observed in and around cells containing P. brassicae secondary plasmodia at
15 and 20 dag. Subsequently, at 30 and 40 dag, the signal was localized only in
plasmodium-containing cells but not in pathogen-free cells. In addition, the signal
seemed to diminish as pathogen formed resting spores.
BrNIT-T1, but not BrNIT-T2, colocalized with growing plasmodia (Figs. 25). The
results of ISH of BrNIT-T1, BrNIT-T2 and BrAMI in various turnip tissues were shown
together in Fig. 43 to compare their localizations. In roots and hypocotyls of healthy
plants, BrAMI and BrNIT-T1 were localized in pericycle, whereas BrNIT-T2 expression
was observed strongly but in the cortex and vascular cambium (Fig. 43a–h). In P.
brassicae-infected roots, BrAMI and BrNIT-T1 were observed in the secondary
plasmodium-containing cells but BrNIT-T2 were expressed dominantly in the
pathogen-free cells (Fig. 43i–p).

3-9. BrNIT-T1 produces IAM with a higher efficiency than other nitrilases
We demonstrated above that the recombinant BrNIT-T proteins have nitrile hydratase
activity as well as nitrilase activity (Fig. 16). Table 15 shows ratio of amide/acid
production of the B. rapa nitrilases and other plant nitrilases reported previously. In the
group 1 nitrilases, which converts IAN to IAA (Fig. 5), BrNIT-T1 produced equal
amounts of IAM and IAN. However, other nitrilases, BrNIT-T2, AtNIT1, AtNIT2 and
AtNIT3, produced preferably IAA to IAM. In the group 2 nitrilases, turnip and Lupinus
nitrilases produced Asn two- to four-fold more than Asp, but the NIT4 orthologs from
Arabidopsis and tobacco generated Asn and Asp by comparable ratios.
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Fig. 42. In situ hybridization of BrAMI in clubroot-diseased turnip roots.
Cross sections of P. brassicae-infected turnip roots at 15 (a and e), 20 (b and f), 30 (c
and g) and 40 (d and h) dag were hybridized with sense probe mix (a–d) or BrAMI
antisense probe (e–h). The box-enclosed areas in photographs e–h are magnified and
shown right below. Red arrowheads indicate typical signal. iP, immature plasmodium;
RS,

resting

spores;

sP,

secondary

plasmodium.

Bars

(magnifications), 100 μm (c, d, g and h) or 200 μm (a, b, e and f).
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represent

50

μm

Fig. 43. Comparison of localization of B. rapa amidase and nitrilases.
(a–d) Cross sections of healthy roots at 20 dag; (e–h) longitudinal sections of healthy
hypocotyls at 15 dag; (i–l) longitudinal sections of infected roots at 15 dag; (m–p)
cross sections of infected roots at 30 dag. Sections were hybridized with sense prone
mix (a, e, i and m), BrAMI RNA probe (b, f, j and n), NIT1LNA (c, g, k and o) or
NIT2LNA (d, h, l and p). Red arrowheads indicate typical signal. Asterisks indicate
pathogen-free cells where BrNIT-T2 was predominantly expressed. C, cortex; Pr,
pericycle; iP, immature plasmodium; RS, resting spore; sP, secondary plasmodium;
Vc, vascular cambium. Bars represent 50 μm (m–p), 200 μm (i–l) or 500 μm (a–h).
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Table 15. Ratio of amide to acid products of plant nitrilases.
Nitrilase
Group 1 (IAN → IAM and IAA)
BrNIT-T1
BrNIT-T2
AtNIT1a
AtNIT2a

Species

Ratio (amide/acid)

Turnip

(IAM/IAA)
0.99

Arabidopsis

AtNIT3a

0.53

Group 2 (AlaCN → Asn and Asp)
BrNIT-T4
AtNIT4b
NtNIT4Ab
NtNIT4Bb
LaNIT4Ac
LaNIT4Bc

0.35
0.19
0.31

(Asn/Asp)
Turnip
Arabidopsis
Tobacco

2.10
1.36
0.87

Lupinus

1.06
4.02
3.34

Data cited from a Pollmann et al. (2002); b Piotrowski et al. (2001); c Piotrowski and
Volmer (2006). AlaCN, β-cyano-L-alanine; IAA; indole-3-acetic acid; IAM,
indole-3-acetamide; IAN, indole-3-acetonitrile.
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DISCUSSION
Characteristics of endogenous amidase activity in turnip
In the temperature optimization study, two summits of amidase activity in turnip crude
extract were found at 45 and 55 ºC (Fig. 30). In addition, when incubated at 55 ºC,
remaining activity measured at 45 ºC was significantly lower than that at 55 ºC (Fig. 31).
pH optimum also differed in the two assay temperatures (Fig. 32). These results
strongly suggested that more than two different amidases were present in the turnip.
This was also supported by the evidence that the activities measured at 45 and 55 ºC
fluctuated differently in healthy and clubroot-diseased turnip tissues (Fig. 33). Although
amidase activity has been observed in various plants, the presence of plural different
characteristics of amidase activities in a certain plant has not been reported. In turnip
tissues, amidase activities were differentially fluctuated at 45 and 55 ºC, indicating that
each amidase activity could have specific roles in the tissues. It should be elucidated
that the different features of turnip amidase activity is due to occurrence of either
several isozymes encoded by different genes or several active forms derived from one
gene. In this study, two amidase alleles at the same locus were identified. As described
later, the recombinant proteins encoded by the two alleles exhibited slightly different
temperature stabilities, although this could not completely explain the characteristics
and fluctuations of endogenous amidase activities. Isolation and characterization of
endogenous active forms of amidase remain to be further investigated.

Involvement of amidase in vegetative growth and clubroot development of turnip
In healthy turnip, amidase activity was higher in hypocotyls and roots than that in leaves
(Fig. 33). Growing turnip hypocotyl, corresponding to an edible tubercle, contains
relatively high free IAA until 30–35 dag, and markedly high in total IAA compared to
that in leaves (Fig. 34). Thus, turnip amidase may be involved in growth of tubercle via
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IAA synthesis.
IAA is also a key factor for clubroot development. To control this disease, it is
important to understand molecular mechanism of IAA synthesis pathway that is
specifically up-regulated during clubroot development. Tryptophan-dependent pathways
for IAA de novo synthesis include three IAA-synthesizing enzymes, i.e. nitrilase,
aldehyde oxidase and amidase (Fig. 2). In this chapter we focused on amidase, which
has never been examined in association with clubroot disease. In Chapter 2,
fluctuations of free and total IAA contents during clubroot development were
determined. In infected roots, free IAA contents were significantly enhanced at 20 and
40 dag compared to those in healthy roots (Fig. 34E), indicating that IAA has important
roles in the early growth and maturation of clubroot. Unexpectedly, the free IAA level in
infected roots was less than that in healthy roots during 25 to 35 dag. However, total
IAA contents remained at a much higher level in infected roots during this period as
well as at 20 and 40 dag. Thus, it is highly possible that IAA-conjugating activity was
stronger than de novo IAA synthesizing activity in the period in infected roots, resulting
in the apparent low free IAA level (also discussed in Chapter 2). Amidase activity at 45
ºC was enhanced between the intermediate and later phase but not changed in the early
phase (Fig. 33E), indicating that the activity was involved in the latter increase of free
IAA contents. On the other hand, activity at 55 ºC possibly contributed to the earlier
increase of free IAA contents, since the activity increased in the early phase (Fig. 33F).

Cloning and characteristics of B. rapa amidase
We performed genomic PCR and RT-PCR using degenerate primers to isolate B. rapa
amidases, and two similar sequences were found, i.e. BrAMIa and BrAMIb, showing
97% and 85% amino acid homology to each other and to Arabidopsis amidase AtAMI1,
respectively.

Clear

segregation

by

the

ratio

of

1:2:1

(BrAMIa

homozygotes/heterozygotes/BrAMIb homozygotes) in the F 1 cultivars demonstrated
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that the two amidases were alleles at the same locus.
The recombinant BrAMIa seemed to have slightly-higher temperature optimum than
BrAMIb (Fig. 40C). However, BrAMIa activity at 55 °C was comparable to, not higher
than, that at 45 °C in pH 8.5 buffer. And furthermore, the BrAMIa temperature optimum
was 45 °C at pH 7.5, which was the same pH as the assays for endogenous amidase
activity (Fig. 30). Based on these observations, we conclude that the amidase alleles are
capable of IAA synthesis but insufficient to explain the endogenous amidase activities
that have different temperature optimums, suggesting the occurrence of other
amidase(s) in turnip, although it can not be excluded that the recombinant amidases did
not reflect their natural temperature optimums.
RT-PCR analysis showed that BrAMI was expressed dominantly in young
meristematic tissues (Fig. 37). This is consistent with the observation of AtAMI1
expression (Pollmann et al., 2006), suggesting that BrAMI and AtAMI1 have similar
roles. However, we determined higher or similar amidase activities in hypocotyls and
roots compared to leaves (Fig. 33). The inconsistence between mRNA contents and
enzyme activity in the turnip tissues may indicate the presence of other amidase gene(s)
or the occurrence of post-transcriptional regulation. Despite our further screening, no
other amidases have been identified. Instead, we found several splice variants of BrAMI
transcripts. These variants include an intact or partially deleted intron (Fig. 39) and thus
encode longer or shorter peptides compared to completely-spliced (original) transcripts.
Unfortunately, it has not been achieved to obtain active recombinant variant proteins.
However, we found the dramatic insolubility of recombinant BrAMIa-v1 (Fig. 40A, B),
which includes only one additional glycine residue in BrAMIa as a result from
mis-splicing (Fig. 39C). This may indicate different physical properties between the
original and the variant proteins. Isolation of novel variants and attempts to obtain their
enzymatically-active recombinant proteins are in progress in our laboratory.
Alternatively, Pollmann et al. (2006) indicated the possibility of modification of
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Arabidopsis amidase protein. To reveal amidase function, it is possibly needed to purify
endogenous amidase protein(s) from turnip, Arabidopsis and other plants.

Expression and localization of B. rapa amidase in clubroot tissue
Our primary purpose of this study is to reveal whether B. rapa amidase is also involved
in clubroot disease development via IAA biosynthesis. Endogenous amidase activity
was fluctuated distinctly at 45 and 55 °C of reaction temperatures. At 20 dag, the
55 °C-activity was significantly elevated but the 45 °C-activity was not affected by P.
brassicae infection, and at 30 dag, the 45 °C-activity was then enhanced but the
55 °C-activity was rather reduced (Fig. 33E, F). On the other hand, the levels of
transcripts of both BrAMIa and BrAMIb significantly increased by P. brassicae
infection at both 20 and 30 dag (Fig. 41). These results indicate that the amidase alleles
did not contribute to the differential fluctuations of endogenous amidase activities
according to the reaction temperatures. At the same time, however, there is an opposite
possibility that the increases of the two temperature-specific activities at 20 and 30 dag
might be derived from the BrAMI transcripts by varied splicing and/or post-translational
modifications. Anyway, it is concluded that amidase enzyme activity and an amidase
gene expression were up-regulated by P. brassicae infection, especially in clubroot
growing phase.
ISH analysis showed specific localization of BrAMI transcripts in growing
plasmodium-containing cells (Fig. 42), coincident with that of BrNIT-T1 transcripts and
IAA immunosignal as shown in Chapter 2 (Figs. 25, 26 and 43). Colocalization of
BrAMI and BrNIT-T1 transcripts were also observed in non-infected healthy turnip roots
and hypocotyls (Fig. 43). In Arabidopsis, localizations of AtNIT1 and AtAMI1 in
cytoplasm were independently reported (Cutler and Somerville, 2005; Pollmann et al.,
2006). It is highly possible that BrNIT-T1 and BrAMI colocalize in cytoplasm of free
IAA-accumulated cells in clubroot tissues.
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Roles of B. rapa amidase in IAA biosynthesis in clubroot development
Nitrile hydratase activity to form an amide product from a nitrile substrate is a common
feature of plant nitrilases (Osswald et al., 2001; Piotrowski et al., 2001; Piotrowski and
Volmer, 2006; Pollmann et al., 2002), e.g. the group 2 nitrilases in Table 15 generate
both asparagine and aspartic acid from β-cyano-L-alanine. This reaction is involved in
detoxification of cyanide that is the byproduct of ethylene synthesis, resulting in the fact
that the group 2 nitrilases are conserved widely in higher plants. However, this reaction
is important for AlaCN degradation but not the main source of asparagine and aspartic
acid. Therefore, the ratio of amide/acid formation of the group 2 nitrilases is not
physiologically meaningful, leading to the diverse amide/acid ratios among the species
(Table 15). On the other hand, in the group 1 nitrilases, although Arabidopsis nitrilase
AtNIT1 also generates amide and acid products by various ratios according to substrates
(Osswald et al., 2001), for auxin production from IAN, the nitrilases must be required to
generate the acid (IAA) than the amide (IAM). However, BrNIT-T1 produced equal
amounts of IAM and IAA, whereas BrNIT-T2 and AtNIT1–3 produced IAA two- to
five-fold more than IAM (Table 15). The observations of colocalization of BrAMI and
BrNIT-T1 transcripts and of high IAM-producing activity of BrNIT-T1 strongly suggest
that BrAMI assists BrNIT-T1 to effectively produce IAA from IAN. To assess degree of
the significance of BrAMI involvement in IAA biosynthesis for clubroot formation and
turnip growth, loss-of-function approaches should be conducted in future studies.

Occurrence and importance of IAM pathway in turnip, Arabidopsis and other
plants
We first have evidenced that amidase coexisted with nitrilase, which supports and
advances a proposal of Pollmann et al. (2002), in which the authors hypothesized that
plant endogenous IAM is produced by nitrilase via the IAN pathway. Interaction of

144

amidase and nitrilase(s) must be detailed in Arabidopsis, turnip and other Brassicaceae
plants. In addition, IAN and IAN-acceptable nitrilase are limited in Brassicaceae and
maize (Park et al., 2003), although IAM and amidase activity were found in various
plants. Further researches for the occurrence of IAN and its hydratase as well as for
novel IAM biosynthetic pathway(s) in other plants families are necessary to disclose the
amidase functions in IAA biosynthesis all over higher plants.
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GENERAL DISCUSSION
Roles of Brassica rapa nitrilase and amidase in clubroot development
In this study, we investigated the involvements of nitrilase and amidase in IAA
biosynthesis during clubroot development caused by P. brassicae infection in turnip, B.
rapa L. We conducted molecular cloning, enzymatic characterization, and quantitative
and histological determination of their gene expression. In addition, phytohormones
were examined in terms of their endogenous levels and effects on the gene expression.
Based on all the results, we propose a schematic model for roles of B. rapa nitrilases in
phytohormone crosstalk during clubroot disease development (Fig. 28).
In the early growth stage of clubroot development (Fig. 28A), around 15–20 days
after germination (dag) in the case of the turnip cultivar and the pathogen strain used in
this study, P. brassicae secondary plasmodium invades cortex and stele of main root
and begins to proliferate. Plasmodium synthesizes cytokinin (CK) (Müller and
Hilgenberg, 1986). CK upregulates BrNIT-T1 expression (Table 12) in and around the
infected cells (Figs. 21A, D, 24b and 25b). Levels of indole-3-methyl glucosinolate
(IMG) (Ludwig-Müller et al., 1997; 1999) and myrosinase gene expression (Grsic et al.,
1999) are elevated in P. brassicae-infected roots, leading to increases in
indole-3-acetonitrile (IAN) contents (Ludwig-Müller et al., 1999). The increased IAN is
converted to indole-3-acetic acid (IAA) and indole-3-acetamide (IAM) by BrNIT-T1,
and IAM is further converted to IAA by BrAMI, whose expression is also upregulated
in and around the infected cells (Figs. 41 and 42). The cooperation of BrNIT-T1 and
BrAMI results in highly effective IAA production (Figs. 20A and 26e, f). The
accumulated free IAA and cytokinin synergistically induce hypertrophy of the cells. On
the other hand, the drastic increase of the free IAA level leads to IAA conjugation (Fig.
20B) and downregulation of BrNIT-T2, which is the constitutive nitrilase in roots (Figs.
21B, D, 24d and 25c). In the early stage, ethylene (ET)-producing activity (Fig. 27B)
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and BrNIT-T4 (Figs. 21C, D), which is involved in cyanide detoxification downstream
of ET synthesis, are suppressed, although the effects on clubroot formation are
unknown.
In the late stage of clubroot development (Fig. 28B), mature secondary plasmodia
form resting spores. BrNIT-T1 expression is diminished in the cells filled by resting
spores (Fig. 25h), since resting spore does not produce CK. Alternatively, increased
jasmonic acid (JA) (Grsic et al., 1999) upregulates BrNIT-T2 in and around the
spore-filled cells (Figs. 21B, D and 25i). The BrNIT-T2 accumulation increases the free
IAA level (Figs. 20A and 26i), which then leads ET emission (Fig. 27A, C). BrNIT-T4
is recovered to detoxify cyanide accompanied by high ET synthesis (Fig. 21C, D). ET
accelerates tissue senescence and/or abscission in clubroot, and finally, mature resting
spores are released from the deteriorated tissue.

Perspectives for a new approach to develop tolerance to clubroot disease
In turnip clubroot development, the key roles of individual nitrilase isoform and the
supporting role of amidase were demonstrated. In Arabidopsis clubroot development, it
was reported that a defect in nitrilase conferred partial disease tolerance (Neuhaus et al.,
2001). However, aldehyde oxidase and IAA conjugate hydrolase were also reported to
be involved in IAA overproduction during clubroot disease development of Chinese
cabbage (Ando et al., 2006; Ludwig-Müller et al., 1996). Therefore, there is concern
that the redundancy of these IAA synthetic enzymes may make it difficult to achieve
complete tolerance to the disease by a defect in an enzyme. It remains to be elucidated
to what extent these enzymes contribute to IAA synthesis for clubroot development in
each plant species/cultivar. And furthermore, it is necessary to establish enormous
numbers of transgenic lines of each plant for comprehensive studies on gain-of-function
and loss-of-function of individual enzyme in clubroot development and crop growth.
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