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Abstract In oilseed rape (Brassica napus), the glucosyl-
transferase UGT84A9 catalyzes the formation of 1-O-sina-
poyl-p-glucose, which feeds as acyl donor into a broad
range of accumulating sinapate esters, including the major
antinutritive seed component sinapoylcholine (sinapine).
Since down-regulation of UGT84A9 was highly efficient in
decreasing the sinapate ester content, the genes encoding
this enzyme were considered as potential targets for molec-
ular breeding of low sinapine oilseed rape. B. napus harbors
two distinguishable sequence types of the UGT84A9 gene
designated as UGT84A9-1 and UGT84A9-2. UGT84A9-1 is
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the predominantly expressed variant, which is significantly
up-regulated during the seed filling phase, when sinapate
ester biosynthesis exhibits strongest activity. In the allote-
traploid genome of B. napus, UGT84A9-1 is represented by
two loci, one derived from the Brassica C-genome
(UGT84A9a) and one from the Brassica A-genome
(UGT84A9Db). Likewise, for UGT84A9-2 two loci were
identified in B. napus originating from both diploid ances-
tor genomes (UGT84A9c, Brassica C-genome; UGTS84A9d,
Brassica A-genome). The distinct UGT84A9 loci were
genetically mapped to linkage groups N15 (UGT84A9a),
NO5 (UGT84A9b), NI11 (UGT84A9c) and NO1
(UGT84A9d). All four UGT84A9 genomic loci from
B. napus display a remarkably low micro-collinearity with
the homologous genomic region of Arabidopsis thaliana
chromosome III, but exhibit a high density of transposon-
derived sequence elements. Expression patterns indicate
that the orthologous genes UGT84A9a and UGT84A9D
should be considered for mutagenesis inactivation to intro-
duce the low sinapine trait into oilseed rape.

Introduction

Brassicaceae plants display a remarkable metabolic flux
toward soluble sinapate esters, which accumulate in organ-
and tissue-specific patterns. In oilseed rape (Brassica
napus, Canola), sinapoylcholine (sinapine) constitutes the
predominating phenolic seed compound ranging from 0.7
to 4% (w/w) with about 90% localized to the embryo (Blair
and Reichert 1984; Velasco and Mollers 1998; Wang et al.
1998). As minor seed components, a set of at least 14 differ-
ent sinapate esters was identified (Baumert et al. 2005),
including sinapoylated glucose, gentiobiose and kaempferol
glycosides.
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The biological role of sinapine accumulation in seeds
has not been definitely elucidated, although it has been
suggested that highly concentrated sinapine serves as a
ready-stored supply of the highly hygroscopic choline for
the biosynthesis of phosphatidylcholine in young seedlings
(Strack 1981). As a major antinutritive compound, how-
ever, sinapine spoils considerably the quality of rapeseed
meal, which is enriched in valuable proteins of a well-bal-
anced composition (Ohlson 1978). Sinapate esters may
form complexes with proteins, thus causing reduced palat-
ability of the meal and contribute to the bitter taste and
astringency of rapeseed products (Nazck et al. 1998; Rawel
etal. 2000). Together with other undesirable components
like phytate, seed coat imposed fibers and complex pro-
anthocyanidins, the high sinapate ester content of the embryo
converts the valuable rapeseed meal into a by-product of
the B. napus seed discounted about 35% relative to the
meal from soybean (Glycine max) that currently dominates
the market of food supplements. Accordingly, a strong
decrease of the amount of seed-specific sinapate esters,
commonly regarded as “low sinapine trait”, has become a
major aim in modern oilseed rape breeding.

While fibers and proanthocyanidines were substantially
decreased by breeding of yellow seeded Canola lines
(Rahman 2001), the pronounced sinapine accumulation of
the embryo remains difficult to challenge because of the
low level of genetic variability in oilseed rape. Currently,
there is no germplasm available that meets the low sinapine
requirement of less than 0.5% (w/w) (zum Felde et al.
2007). This hampers substantially the development of
powerful breeding strategies. Hence, transgenic approaches
based on metabolic engineering of the complex sinapate
ester biosynthetic network became an alternative.

Sinapate (4-hydroxy-3,5-dimethoxycinnamate) is produced
via the phenylpropanoid pathway from the aromatic amino
acid phenylalanine and feeds via 1-O-sinapoyl-f-glucose
into various sinapate esters (Fig. 1). Given its pivotal role as
acyl donor, the formation of 1-O-sinapoyl-f-glucose from
sinapate and UDP-glucose by the enzyme UDP-glucose:
sinapate glucosyltransferase (SGT; EC 2.4.1.120) was
hypothesized as critical metabolic step whose suppression
might provoke a decrease of the sinapate ester content.
From seeds of B. napus, a cDNA was cloned encoding SGT
and classified as UGT84A9 (Milkowski etal. 2000).
Transgenic lines of oilseed rape that were homozygous for
a single copy insertion of a dsRNAi cassette designed to
silence UGT84A9, displayed a strong decrease (ca. 80%) in
total sinapate ester content. In these lines, the remaining
sinapine was about 30% of control plants (Hiisken et al.
2005). Interestingly, in the silenced plants there was no
indication of a possible metabolic redirection of sinapate
into other conjugates of the soluble seed metabolite fraction.
This net loss of sinapoyl moieties approved inactivation of
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Fig. 1 Sinapine biosynthesis. Phenylalanine provided by the plastid-
localized shikimate pathway enters the general phenylpropanoid path-
way. The activated 4-coumaroyl-CoA serves as precursor for a wide
array of phenolic compounds, of which flavonoids are ubiquitous to
plants. Sinapate is fed via the f-acetal ester 1-O-sinapoyl-f-glucose
into various sinapate esters with sinapine (sinapoylcholine) as major
seed component. Dashed arrows denote multiple biosynthetic steps.
The dsRNAI strategy designed to reduce sinapine accumulation in
B. napus seeds is indicated. SGT, UDP-glucose:sinapate glucosyl-
transferase (EC 2.4.1.120); SCT, 1-O-sinapoyl-f-glucose:choline
sinapoyltransferase (EC 2.3.1.91)

UGT84A9 genes as promising strategy to generate low
sinapine oilseed rape lines.

To exploit this information for conventional breeding
would require the selection of mutants impaired in
UGT84A9 genomic loci. This could be done by targeting
induced local lesions in genomes (TILLING), a reverse
genetics technique to identify mutations in any target gene
through heteroduplex analysis (Till et al. 2003). For this
approach, knowledge on gene copy number, expression
profiles and the microstructure of the according loci in the
allotetraploid genome of B. napus is an indispensable
requirement.

Based on extensive analyses of cDNAs and genomic
BAC clones, the present work was aimed at characterizing
the UGT84A9 loci present in the genome of B. napus. The
genomic microstructure of the UGT84A9 loci was eluci-
dated and used to assess collinearity with the homologous
region of the Arabidopsis thaliana genome. The differential
expression patterns of individual UGT84A9 gene copies were
used to define target genes for breeding of low sinapine
oilseed rape.
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Materials and methods
Plant material and cultivation

Winter oilseed rape (B. napus L. var. napus cv. Express),
forage kale (B. oleracea L. var. medullosa cv. Markola) and
turnip (B. rapa L. var. campestris cv. Rex) were obtained
from Norddeutsche Pflanzenzucht (Holtsee, Germany).
Seeds were sown on soil and germinated under constant
light at 20°C for 5 days. Plants were grown in the green-
house at 12—18°C under a 16 h light regiment. Winter culti-
vars were vernalized at 4°C for 8 weeks after reaching the
five to seven leaves stage.

Nucleic acids techniques

Purification of DNA and RNA was generally done by
selective adsorption onto silica using appropriate commer-
cial preparation kits (Qiagen, Hilden, Germany). Total
RNA was extracted from different plant tissues. To prevent
DNA contamination, on-column incubation with DNase I
was included in the protocol. Poly(A*) RNA was purified
from total RNA by selective binding to oligo-dT-Oligotex
beads (Qiagen). Molecular cloning experiments and
restriction analyses were performed according to the stan-
dard protocols (Sambrook et al. 1989). Routine sequencing
of DNA was done by a commercial supplier (Eurofins
MWG Operon, Ebersberg, Germany). PCR-based tech-
niques were carried out according to standard protocols
given by the commercial suppliers of reaction mixtures.
The primers used for the different approaches are given in
Table 1.

RT-PCR

Total RNA (1 pg) was reversely transcribed in a 20 pl reac-
tion mixture using the Omniscript RT kit (Qiagen) and an
oligo-(dT),s primer (Promega, Madison, WI, USA). For
amplification, the reverse transcription reaction mix was
diluted 25-fold and included as template into a 20 pl PCR
(Tag PCR Master Mix Kit, Qiagen) with primers 1-12
(Table 1). PCR was run for 30 cycles of denaturation
(95°C, 30 s), annealing (5°C below primer melting temper-
ature, 30 s) and elongation (72°C, 1 min kb~"). PCR prod-
ucts were examined by agarose gel electrophoresis.

Cloning of UGT84A9 genes

Full-length sequences of UGT84A9 genes were obtained by
PCR with primers 13 and 14 (Table 1) and genomic DNA
or cDNA as template. PCR was conducted for 35 cycles of
denaturation (95°C, 10 s), annealing (60°C, 30 s) and elon-
gation (68°C, 1 minkb~!) with SuperMix High Fidelity

(Invitrogen, Karlsruhe, Germany). PCR products were
cloned into pGEM-T® Easy (Promega, Madison, WI, USA)
and subsequently sequenced.

cDNA-AFLP

Poly(A*) RNA from four developmental stages (flowers,
seeds at cotyledon stage, seeds at well-developed mature
embryo stage and 2-day-old seedlings) was used with the
SMART™ PCR cDNA Synthesis Kit (BD Clontech,
Heidelberg, Germany) to synthesize double-stranded cDNA
by the template switch method, which produced first strand
cDNA labeled on both ends. In a second step, first strand
cDNA was amplified by PCR. The obtained double-
stranded cDNA was purified by proteinase K treatment and
nucleotide overhangs were removed by T4 DNA polymerase.
The cDNA-AFLP (cDNA amplified restriction fragment
length polymorphism) was carried out using the standard
AFLP protocol (Vos etal. 1995) on a double-stranded
cDNA template (Bachem et al. 1996). Primers used (19-34;
Table 1) and AFLP adapters were derived according
to the Keygene protocol (Keygene, Wageningen, The
Netherlands). For the restriction of double-stranded
cDNA the enzymes HindIIl and Msel were used. Identities
of eluted transcript-derived fragments (TDFs) were con-
firmed by PCR product sequencing using the primers with
three specific nucleotides at the 3’ end (25-27, 31-34;
Table 1).

Heterologous expression of UGT84A9 genes

UGT84A9a and UGT84A9c sequences were amplified from
the respective BAC clones by PCR using ProofStart DNA
Polymerase (Qiagen). Restriction sites required for cloning
were introduced by primers (15-18; Table 1). The produced
amplicons were first cloned into pCR®-BluntII-TOPO®
(Invitrogen) and after sequence evaluation transferred to
the expression vector pET28a(+) (Novagen, La Jolla,
CA, USA). For heterologous expression the E. coli
strain BL21 Codon Plus (DE3)-PR (Stratagene, Darmstadt,
Germany) was used. Cells were grown to the exponential
phase (ODy, 0.6), before heterologous protein expression
was induced by adding IPTG to a final concentration of
1 mM to the culture. The bacteria were incubated in the
presence of IPTG for 4 h at 30°C under gentle shaking.
Cells were harvested by centrifugation and resuspended in
a buffer containing 0.1 M MES [2-(N-morpholino)ethane-
sulfonic acid] pH 6.0, 10% (v/v) glycerol, 0.01% (v/v)
p-mercaptoethanol, 0.5 mM EDTA. Cells were disrupted
by sonication and the debris was sedimented by centrifuga-
tion at 4°C and 14,000 rpm for 20 min. The supernatants
containing the soluble proteins were used as crude protein
extracts. Protein concentrations were determined by the
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Table 1 Oligonucleotides used as PCR primers or adapters in cDNA-AFLP

Oligonucleotide Identifier Sequence

1 UGT84A9fw7 CAC GAC GAG ATC CCT TCT TTC

2 UGT84A9rev7 GTC ACG AAA CAA ACC ACAGAAG

3 UGTB84A9-1fw TGC AAG CAG AAC CAA CTT AAC CAT CCT

4 UGTB84A9-1rev CTC CAT GCA GTC ATC CCT CGT CTC A

5 UGT84A9-2fw CGT AAG AAG ACA CGA TTT CAC CAT CTA

6 UGTB84A9-2rev TTC CAT ACA ATG GTC CGT GGT CTC G

7 Napin fw GCA CAA CAC CTA AGA GCT TG

8 Napin fw GCA GCT GCT GTC CCT GCT GT

9 Ubiquitin fw AGG CCA AGA TCC AGG ACA AAG

10 Ubiquitin rv CGA GCC AAA GCC ATC AAA GAC

11 Genomic DNA control fw TTC TAA GGT CTC GTG GGC TCA GTC AAC

12 Genomic DNA control rv TAA CGT GGC CTT GTC CTG GGA AGG ATAC

13 FL_UGT84A%w ATG GAA CTA TCA TCT TCT CCT TTA CCT CCT CAT G
14 FL_UGT84A9rev TTA TGA CTT TTC CAA TAA AAG TTC TTG AAC ACT TCC GTT TT
15 Ncol-UGT84A9_Ifw GGC CCA TGG AAC TAT CAT CTT CTC CTT TAC

16 EcoRI-UGT84A9_Irv GGC GAA TTC TGA CTT TTG CAA TAA AAG TTT TTG AAT ACT TCC
17 Ncol-UGT84A9_lIIfw GGC CCA TGG AAC TAG AAT CTT CTC CTT TAC

18 EcoRI-UGT84A9_IIrv GGC GAA TTC TGA CTT TTC CAA TAA AAG TTC TTG AAC AGT TCC
19* HindIII-Adapter CTC GTA GAC TGC GTA CC

20° HindIlI-Adapter (second strand) AGC TGG TAC GCA GTC TAC

21% Msel-Adapter GAC GAT GAG TCC TGA G

22% Msel-Adapter (second strand) TAC TCA GGA CTC AT

23 HO3 GAC TGC GTA CTA GCT TG

24 HO4 GAC TGC GTA CTAGCTTT

25P H22 GAC TGC GTA CTA GCT TGT

26" H76 GAC TGC GTA CTA GCT TGT C

27° H90 GAC TGC GTACTAGCTTTGT

28 MO1 GAT GAG TCC TGA GTA AA

29 MO02 GAT GAG TCC TGA GTA AC

30 MO3 GAT GAG TCC TGA GTA AG

31 M36 GAT GAG TCC TGA GTA AACC

32 M40 GAT GAG TCC TGA GTA AAGC

33 M47 GAT GAG TCC TGA GTA ACA A

34 Mo64 GAT GAG TCC TGA GTA AGAC

% Adapter in cDNA-AFLP
® 5’ fluorescence labeled

Bradford method (Bradford 1976) with bovine serum albumin
as standard.

SGT activity assays

Crude protein extracts were incubated in MES buffer
(0.1 M MES at pH 6.0, 10% (v/v) glycerol, 0.01% (v/v)
p-mercaptoethanol, 0.5 mM EDTA) with 4 mM UDP-
glucose and 2 mM sinapate in a final volume of 150 pl at
30°C for 30 min. Reactions were terminated by adding
10 pl of trifluoroacetic acid (TFA). Reaction products
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were analyzed by HPLC as described previously
(Milkowski et al. 2004).

Screening of a genomic BAC library

A genomic BAC library from B. napus cv. Express pro-
viding an eightfold genome coverage was obtained from
the University of Giessen. Screening was performed by
hybridization of *’P-labeled cDNAs to high-density
colony macroarrays according to the protocol given by
the provider (German Resource Center for Genome
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Research (RZPD), Berlin, Germany). The probe was
labeled by random priming using the MegaPrime-DNA
Labeling System (GE Healthcare Life Science). Non-
incorporated nucleotides were removed by gel filtration
chromatography on ProbeQuant G-50 Micro Columns
(GE Healthcare Life Science). Signals were detected by
exposing the filters to X-ray films for 2 days at —80°C and
assigned to BAC clones according to evaluation schemes
provided by RZPD.

Isolation and characterization of BAC-DNA

For small scale BAC-DNA preparation, the BACMAX
DNA purification kit (Epicentre, Madison, WI, USA) was
used, large scale preparation was done according to
Birnboim (1983). BACs were initially characterized by
PCR using the Tag PCR Master Mix Kit (Qiagen). PCR
cycles included denaturation (95°C, 30s), annealing
(5°C below the primer melting temperature, 30 s) and elon-
gation (72°C, 1 min kb™!). Specific primers for UGTS84A9
sequence type evaluation (3-6) and primers for full-length
amplification of UGT84A9 (13, 14) are given in Table 1.
BAC subfragments generated by restriction were cloned
into pGEM-T® Easy (Promega) by standard protocols.
Recombinant plasmids were selected by colony hybridiza-
tion. Colonies were transferred to Hybond N* nylon mem-
branes (Amersham Biosciences). After cell lysis and DNA
denaturation by placing the membrane on denaturation
buffer (0.5 M NaOH, 1.5 M NaCl), the membranes were
neutralized with 1 M Tris—HCI, 2 M NaCl pH 7.5, and the
DNA was fixed by UV-crosslinking. Hybridization and
signal detection were done according to the Southern blot
protocol.

Southern blot

BAC-DNA (100 ng) was subjected to restriction with the
appropriate endonuclease overnight. Fragments were
separated by electrophoresis in TAE buffer (0.04 M Tris—
acetate, 0.001 M EDTA pH 8.0) using a 0.75% agarose
gel. For size determination, DIG-labeled DNA Molecular
Weight Marker II (Roche) was applied. Blotting on a
nylon membrane (Hybond NX, Amersham Biosciences,
Piscataway, NJ, USA) was carried out by capillary blot
technique using 20xSSC (3M NaCl, 0.3 M sodium
citrate pH 7.0) as transfer buffer (Sambrook et al. 1989).
The probe was labeled with the PCR DIG Probe Synthesis
kit (Roche, Mannheim, Germany), hybridization was
conducted in DIG Easy Hyb buffer (Roche) at 42°C
overnight. Signal detection was carried out using the DIG
Luminescent Detection kit (Roche) according to the
manufacturer’s protocol.

Sequence analysis and phylogenetic tree construction

DNA and protein sequences were analyzed by the software
package Clone Manager (Scientific & Educational Soft-
ware, Cary, NC, USA). For sequence comparison, the
BLAST algorithm (Altschul etal. 1990) was employed.
Online databases used were GenBank (http://www.ncbi.
nlm.nih.gov/Genbank/index.html) and TAIR (http://www.
arabidopsis.org/). For distance tree construction, DNA
sequences of full-length open reading frames were
aligned by the CLUSTALW algorithm. For distance calcu-
lations, the algorithm of Jukes and Cantor (1969) was used
taking into account insertions and deletions. Tree construc-
tion was done with the program Treecon (Van de Peer
and de Wachter 1994). Bootstrap analysis consisted of 100
replicates.

Development of molecular markers and genetic mapping

The BAC sequence information raised for the four
UGTS84A9 gene copies was used to develop locus specific
primers and to establish three SNP derived pyrosequencing
markers (PSQ) for UGT84A9a, -b and -c as well as one
simple sequence repeat (SSR) marker for capillary electro-
phoresis (KPE) of UGT84A9d. Using the KWS internal
PSQ- and capillary electrophoresis devices (ABI3730xI)
the developed markers were used for genotyping polymor-
phisms identified between mapping parents. In order to map
the candidate gene loci genetically the software package
JoinMap3.0 (Kyazma, The Netherlands) with Haldane’s
mapping function and a linkage threshold of 3.0 was used.

Mapping populations and genetic maps

Three double haploid (DH) mapping populations were
available for genetic mapping of candidate gene loci in
B. napus. These populations included the cross between
cultivar Express and the resynthetic genotype RS239 with
93 DH lines and an SSR map (not published) containing
anchor markers from the Celera AgGen Brassica Consortia
(Piquemal et al. 2005), a population derived from a cross
between the variety Samourai and the old landrace
Mansholts Hamburger Raps with 139 genotypes and a
genetic map based on RFLP data (Uzunova et al. 1995) as
well as a third population from a cross between Express and
the yellow seeded parent 1012-98 consisting of 166 geno-
types with an AFLP map plus some SSR markers published
(Badani et al. 2006). In the RFLP- and AFLP-based pop-
ulations further SSR markers from the Celera AgGen
Brassica Consortia (Piquemal et al. 2005) were mapped to
connect the linkage groups to the public nomenclature
(Parkin et al. 2005).
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Accession numbers

The isolated sequences described in this paper have
been submitted to GenBank and have been assigned the
following accession numbers. Gene loci from B. napus,
UGT84A9a, FMR872284; UGT84A9b, FM872285;
UGT84A9c, FM872286; UGT84A9d, FM872287. Genes
from B. oleracea, BoUGT84A%9a, FM872280; BoUGTS84A9c,
FM872281. Genes from B. rapa, BrUGTS84A9b, FM872282;
BrUGT84A9d, FM872283.

Results

UGT84A9 is represented by two differently expressed
sequence types

From cDNA of developing B. napus seeds and flowers 12
individual UGT84A9 full-length clones were sequenced.
The multiple sequence alignment revealed two distinct con-
sensus sequences, designated as sequence types UGT84A9-1
and UGT84A9-2 that could be distinguished by PCR with
selective primer pairs (3—6; Table 1; Supplement S1).
UGT84A9-1 was identical with the UGT84A9 variant previ-
ously isolated from cDNA libraries of B. napus developing
seeds and young seedlings (GenBank Accession
AF287143; Milkowski et al. 2000), and shared a nucleotide
sequence identity of 89% with UGT84A9-2. RT-PCR with
selective primers revealed that UGT84A9-1 was the pre-
dominantly expressed UGT84A9 variant in B. napus with
increasing RNA abundance during seed maturation and the
maximum level in young seedlings (Fig. 2a). With cDNA
from flowers, selective primers produced abundant signals
for both UGT84A9-1 and UGT84A9-2. For all other tissues
analyzed, the contribution of sequence type UGT84A9-2 to
UGT84A9 expression was negligible. To prove the results
of RT-PCR, a cDNA-AFLP analysis was performed with
developing seeds, young seedlings and flowers (Fig. 2b).
The signal intensities produced by transcript-derived frag-
ments confirmed UGT84A9-1 as the predominantly
expressed sequence type during seed development and
early seedling growth of B. napus. In contrast to the results
obtained by RT-PCR, cDNA-AFLP revealed low transcript
levels for both UGT84A9 sequence types in flowers with a
slightly higher abundance of UGT84A9-1. To test function-
ality, UGT84A9-1 and UGT84A9-2 were expressed in
E. coli and the protein extracts were assayed for enzymatic
UGT activity toward cinnamate, 4-coumarate, ferulate and
sinapate. As exemplified in Fig. 3 for sinapate, formation of
the respective 1-O-f-glucose esters was observed after
incubation of soluble proteins from E. coli expressing
UGT84A9-1 and UGT84A9-2 with the specified hydroxy-
cinnamates in the presence of UDP-glucose. As previously
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UGT84A9-1

UGT84A9-2

UGTS84A9 (total)

ubiquitin

negative control

UGT84A9-2
1 2 3 4 1 2 3 4

Fig. 2 Expression of individual UGT84A9 sequence types in B. napus.
a RT-PCR with sequence type-specific primers for UGT84A9-1
(primers 3, 4; Table 1) and UGT84A9-2 (primers 5, 6; Table 1) as well
as with a primer pair that recognizes both UGT84A9 sequence types
(primers 1, 2; Table 1) to evaluate the contribution of UGT84A9-1 and
UGT84A9-2 transcription to the mRNA abundance of UGT84A9
(UGT84A9-total). Template RNA was isolated from seeds at early
globular to torpedo stage (lane 1), cotyledonary stage (2), well-devel-
oped mature embryo stage (3), from seedlings at 2 days after sowing
(DAS; 4), 7 DAS (5), from rosette leaves (6), flower buds (7) and flow-
ers (8). Amplification of ubiquitin cDNA was used as positive control
(primers 9, 10; Table 1). To exclude a possible contamination of RNA
templates with genomic DNA, a PCR with selective primers for geno-
mic sequences upstream from UGT84A%9a was run (gDNA control;
primers 11, 12; Table 1). b UGT84A9 sequence type-specific cDNA-
AFLP. Transcript derived fragments were amplified from seedlings
at 2 DAS (lane 1), flowers (2), seeds at cotyledonary stage (3) and
well-developed mature embryo stage (4)

reported for UGT84A9-1 (Milkowski etal. 2000) the
enzyme encoded by UGTS84A9-2 displayed substrate
preference for sinapate as glucose acceptor.

The genome of B. napus harbors four UGT84A9 loci

A genomic BAC library from B. napus was screened by
hybridization with UGT84A9-1 as the probe. This led to the
identification of 57 BAC clones supposed to carry
UGT84A9 sequences, which were designated as BACI1 to
BACS57. For further characterization, these pre-selected
BAC clones were subjected to Southern blot analyses as
well as PCR-derived assignments of full-length ORFs and
UGT84A9 sequence types. Clones that produced ambigu-
ous signals were subjected to BAC end sequencing. The
results obtained for the individual genomic BAC clones are
listed in Table 2.

As a first step, BAC-DNAs were digested by Ncol
restriction and re-hybridized with UGT84A9-1 as the probe
(data not shown). Since Ncol does not cleave within the
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Fig. 3 Traces of HPLC analyses of UDP-glucose:sinapate glucosyl-
transferase assays run with protein extracts of E. coli harboring the
empty vector pET28a(+) (a) or the same vector containing cDNAs
from UGT84A9a (UGT84A9-1) (b) or UGT84A9c (UGT84A9-2) (¢)

intron-less UGT84A9-1 sequence, single hybridization sig-
nals were expected for positive clones. As a result, 53 of the
pre-selected BAC clones produced a hybridization signal.
The BAC clones 13, 27, 31 and 48 failed to produce any
hybridization signal and were excluded from further analy-
ses (Table 2). Of the 53 positive clones, 49 displayed a
single hybridization band whereas four (BACs 4, 22, 25,
54) developed two signals indicating an additional Ncol site
within their putative UGT84A9 open reading frames.

The 53 hybridization-positive BAC clones were evalu-
ated by PCR for the presence of full-length UGT84A9 read-
ing frames (primers 13, 14; Table 1) and for the assignment
to sequence types UGT84A9-1 (primers 3, 4; Table 1) or
UGTS84A9-2 (primers 5, 6; Table 1). We identified 27 BAC
clones harboring sequence type UGT84A9-1 of which 23
carried the full-length reading frame. 17 BAC clones were
identified to contain UGT84A9-2, including 15 with the
full-length coding sequence (Table 2). Since the B. napus
BAC library was constructed from genomic fragments

raised by partial HindIII restriction, the occurrence of BAC
clones with partial reading frames was expected as it refl-
ects the presence of two HindIll recognition sites in
UGT84A9. For nine of the pre-selected BAC clones, the
assignment to a distinct UGT84A9 sequence type by PCR
failed.

To determine the number of UGTS84A9 loci in the
genome of B. napus, the 53 pre-selected BAC clones were
subjected to a Southern blot analysis designed to produce
locus-specific hybridization patterns (Fig. 4). BAC-DNAs
were digested with the restriction endonucleases HindlIII,
Xhol, Sall and BglIl and hybridized with UGT84A9-1
cDNA as the probe. Among the BAC clones carrying full-
length ORFs of defined sequence types, four different
hybridization patterns were generated with each restriction
approach. Integration of PCR-derived sequence type deter-
mination revealed two distinct hybridization patterns for
UGT84A9-1 as well as for UGT84A9-2. This indicated the
presence of two different loci for each sequence type in the
B. napus genome. The resulting four genomic loci were
designated as UGT84A9a-d, respectively. UGT84A9a and
UGT84A9b belong to sequence type UGT84A9-1, whereas
the loci UGT84A9c and UGTS84A9d harbor UGTS84A9-2.
For analysis of genomic sequences, DNA sub-fragments
were cloned from BAC clones representative for each of
the defined UGT84A9 loci—BAC 1 (representing locus
UGT84A9a), BAC 4 (UGT84A9b), BAC 6 (UGT84A9c)
and BAC 14 (UGT84A9d). Sequence analysis of full-length
ORFs confirmed that BAC 1 and BAC 4 carried sequence
type UGT84A9-1 whereas BAC 6 and BAC 14 exhibited
sequence type UGT84A9-2.

Besides loci determination, Southern blot analyses
proved to be helpful in the assignment of BAC clones,
which could not be classified by PCR approaches (Table 2;
Fig. 4). Thus, for three BACs (7, 29 and 38), previously
thought to carry an incomplete ORF, the hybridization
patterns revealed a complete specific UGT84A9 locus. BAC 7
and BAC 38 were found to harbor the UGT84A%a gene,
whereas BAC 29 carries UGT84A9d. Two previously non-
defined BACs (18 and 26) were assigned to UGT84A9%a.
The ORF carried by BAC 18 is incomplete, whereas BAC
26 harbors a full-length ORF. BAC 37, which most likely
contains a partial UGT84A9 ORF, showed restriction
patterns partly compatible with both UGT84A9a and
UGT84A9d. Due to the incompleteness of the ORF, charac-
teristic bands are missing in the Southern blot, thus making
a distinction impossible at this point. For seven BAC clones
the Southern hybridization produced signal patterns that
differed from those developed for the UGT84A9 sequence
types. Accordingly, these loci were classified as Novel 1
(BACs 2, 3, 21, 30) and Novel 2 (BACs 8, 20, 33).

Clones with an incomplete putative ORF as well as those
not yet assigned to one of the four UGT84A9 loci were
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Table 2 Characterization of genomic BAC clones from B. napus carrying UGT84A9-related sequences

BAC no. Hybridization Sequence Locus definition® BAC end sequence PCR product
with UGT84A9-1 type/length sequence®

1 + 1f UGT84A9a UGT84A9a

2 + nd Novel 1

3 + 1p Novel 1 KBrB0O89HO7

4 + 1f UGTS84A9b UGTS84A9b

5 + 1f UGT84A9a UGT84A9a

6 + 2f UGT84A9c UGT84A9c

7 + 1p° UGT84A9a UGT84A9a

8 + nd Novel 2 KBrB089HO7

9 + 1f UGT84A9a UGT84A9a

10 + lp UGTS84A9ald UGT84A9a

11 + 2f UGT84A9c UGT84A9c

12 + 2f UGT84A9c UGT84A9c

13 —

14 + 2f UGT84A9d UGT84A9d

15 + 1f UGT84A9a UGT84A9a

16 + 2f UGT84A9c UGT84A9c

17 + 1f UGT84A9a UGT84A9a

18 + nd UGT84A9a UGT84A9%a

19 + 1f UGT84A9a UGT84A9a

20 + nd Novel 2 KBrB0O89HO7

21 + nd Novel 1 KBrBO89HO7, At4g15475

22 + 1f UGT84A9b UGT84A9b

23 + 1f UGT84A9a UGT84A9a

24 + 1f UGT84A9a UGT84A9a

25 + 1f UGT84A9b UGT84A9b

26 + nd* UGT84A9a UGT84A9a

27 -

28 + 1f UGT84A9a UGT84A9a

29 + 2p° UGT84A9d UGT84A9d

30 + nd Novel 1 KBrBO89HO7, At4g15470

31 -

32 + 2f UGT84A9c UGT84A9c

33 + nd Novel 2 KBrBO89HO07, At4g15890

34 + 1f UGT84A9a UGT84A9a

35 + 1f UGT84A9a UGT84A9a

36 + 1f UGT84A9a UGT84A9a

37 + nd UGTS84A9ald UGT84A9a

38 + 1p° UGT84A9a UGT84A9a

39 + 2f UGTS84A9d UGTS84A9d

40 + 2f UGT84A9c UGT84A9c

41 + 1f UGT84A9a UGT84A9a

42 + 2p UGT84A9c UGT84A9c

43 + 1f UGT84A9a UGT84A9a

44 + 2f UGT84A9c UGT84A9c

45 + 2f UGTS84A9c UGT84A9c

46 + 2f UGT84A9c UGT84A9c

47 + 1f UGT84A9a UGT84A9a
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Table 2 continued
BAC no. Hybridization Sequence Locus definition® BAC end sequence PCR product
with UGT84A9-1 type/length sequence®
48 -
49 + 1f UGT84A9a UGT84A9a
50 + 2f UGT84A9c UGT84A9c
51 + 1f UGT84A9a UGT84A9a
52 + 2f UGT84A9c UGT84A9c
53 + 2f UGT84A9c UGT84A9c
54 + 1f UGT84A9b UGT84A9b
55 + 1f UGT84A9a UGT84A9a
56 + 1f UGT84A9a UGT84A9a
57 + 2f UGT84A9c UGT84A9c

fFull-length OREF, p partial ORF, nd not defined

# Hybridization patterns of individual UGT84A9 genomic loci are shown in Fig. 3

b PCR products were generated covering the UGT84A9 ORF from nucleotide 562 to 1094 and sequenced. Locus assignment was done by sequence
comparison to BAC clones 1 (UGT84A9a), 4 (UGT84A9b), 6 (UGT84A9c) and 14 (UGT84A9d) for which the full-length ORFs had been

sequenced
¢ Hybridization pattern reveals a full-length UGT84A9 ORF

subjected to BAC end sequencing (Table 2). As a result,
end sequences were produced for 11 BACs using T7 and
SP6m primers. For classification, individual BAC end
sequences were aligned with all four UGT84A9 sequences
described above or used for a BLAST search against the
non-redundant nucleotide data base of GenBank. For the
BAC clones 10 and 42 end sequences confirmed the
pre-assignment by PCR and Southern hybridization to
UGT84A9a and UGT84A9c, respectively. For BAC 18 pre-
characterized as UGT84A9a by Southern hybridization,
BAC end sequences confirmed the presence of a partial
UGT84A9a ORF as well as for BAC 37 whose hybridiza-
tion pattern was partly compatible to both UGT84A9%a
and -d. In the case of BAC 3, which produced a novel
hybridization pattern (Novel 1), the BAC ends did not con-
tain UGT84A9 sequences. As closest homologue of the
according SP6m BAC end sequence we found the genomic
Brassica rapa BAC KBrBO89HO7 published by the Korea
Brassica Genome Project (Yang et al. 2005). Likewise, the
remaining BAC clones with novel hybridization patterns
(BACs 2, 8, 20, 21, 30, 33) shared identity of end
sequences with KBrBO89HO07, except BAC 2. Moreover,
homologues of A. thaliana genes located near the hydroxy-
cinnamate UGTs (HCA-GTs) UGTS84A1 (Atdgl5480),
UGTS84A3 (At4g15490) and UGT84A4 (At4gl15500) were
detected as closely related to these BAC ends. Sequence
analysis of KBrBO89HO7 revealed the presence of a puta-
tive B. rapa hydroxycinnamate UGT (BrHCA-GT) by
sequence identity of 85% on nucleotide level and 89% on
amino acid level with UGT84A1. Since KBrBO89H07 was
found as closest homologue to end sequences of BACs pro-
ducing either hybridization pattern Novel 1 (BACs 3, 21,

30) or Novel 2 (BACs 8, 20, 33), most likely the B. napus
homologues of the putative BrHCA-GT from both the
Brassica A- and C-genome were present in our BAC collec-
tion isolated by hybridization with UGT84A9-1.

To confirm the finding that the B. napus genome harbors
four distinct UGT84A9 loci, PCR products representing the
ORF sub-sequence between nucleotides 562 and 1,094
were generated from each of the UGT84A9-related BAC
clones. From the 42 BACs subjected to PCR, 39 amplicons
could be derived. The BACs 10, 37 and 42 failed to pro-
duce a PCR product due to the presence of partial
UGT84A9 OREFs (Fig. 4; Table 2). The sequences of the 39
PCR products obtained were compared to the known
sequences of BAC 1 (UGT84A9a), BAC 4 (UGT84A9D),
BAC 6 (UGT84A9c) and BAC 14 (UGT84A9d). For each
of the analyzed BACs, the previous classification by PCR
and Southern blot analysis could be confirmed. No addi-
tional polymorphism was detected in this sequence set.

Both UGT84A9 sequence types are present in the diploid
progenitors of B. napus

To trace back evolution of the four UGT84A9 genomic loci,
we analyzed homologous sequences from B. rapa and
B. oleracea, the diploid progenitors of B. napus. PCR
products covering the full-length coding region were ampli-
fied from both genomes and sequenced. Results from ten
B. rapa sequences and nine B. oleracea sequences revealed
two variants for each genome resembling the sequence
types UGT84A9-1 and UGT84A9-2. To elucidate evolutionary
relationships, UGT84A9-related sequences from Brassica
and Arabidopsis were used to construct an un-rooted
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Fig. 4 Southern blot analysis of 53 genomic BAC clones from B. napus
carrying UGT84A9-related sequences. BAC-DNA was digested with
restriction enzymes Hindlll, Xhol, Sall and BgllIl, and the fragments
separated by agarose gel electrophoresis. Blotted membranes were
hybridized with UGT84A9-1 cDNA as the probe. Gels were loaded
according to the sequence type characterization by PCR (Table 2).
BAC:s carrying sequence type UGT84A9-1 are marked by a blue frame;
BAC: related to sequence type UGT84A9-2 are indicated by an orange
frame. Within both sequence types, distinct gene loci are defined by
different hybridization patterns; the less abundant patterns are labeled
by black asterisks. Gene locus assignment was done as follows. Lane 1
for sequence type UGTS84A9-1: gene locus UGT84A%9a (BAC 1); lane 2

neighbor-joining tree (Fig. 5). Tree topology confirmed that
both B. napus UGT84A9 sequence types, UGT84A9-1 and
UGT84A9-2, were present in B. rapa and B. oleracea.
Within sequence type UGT84A9-1, the closest homologue
of UGT84A9a was a B. oleracea sequence designated as
BoUGTS84A9a, whereas the B. napus UGTS84A9D is closely
related to the B. rapa sequence named BrUGT84A9b. For
sequence type UGT84A9-2 we could show that B. napus
UGT84A9c clustered together with the B. oleracea variant
BoUGT84A9c, whereas B. napus UGT84A9d grouped with
the B. rapa sequence denoted as BrUGT84A9d. This clus-
tering reveals that UGT84A9a and -c were both derived
from the Brassica C-genome of B. oleracea, whereas
UGT84A9b and -d originated from the Brassica A-genome
of B. rapa. The not characterized putative hydroxycinna-
mate UGT from B. rapa BAC KBrBO89HO07 (BrHCA-GT)
clustered with the functionally proven UGT84A1 from
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gene locus UGT84A9b (BAC 4). Lane 1 for sequence type UGTS4A9-2:
gene locus UGT84A9¢ (BAC 6); lane 4 gene locus UGT84A9d (BAC
14). BACs that escaped sequence type assignment by selective PCR
are designated as non-defined (n.d.). Among the non-defined BACs,
those revealing one of the distinct gene loci by restriction patterns are
labeled with asterisks in the appropriate color. Left panel lanes 1-19,
BACGs 1;4;5;9; 15; 17; 19; 22; 23; 24; 25; 28; 34; 35; 36; 41; 43; 47,
49. Middle panel lanes 1-17, BACs 51; 54; 55; 56; 3; 7; 10; 38; 2; 8;
18; 20; 21; 26; 30; 33; 37. Right panel lanes 1-17, BACs 6; 11; 12; 14;
16;32; 39; 40; 44; 45; 46; 50; 52; 53;57; 29; 42. For DIG-labeled DNA
molecular weight marker (M), the fragment sizes are given in base
pairs (bp)

Arabidopsis and with UGT84A11, which was isolated in a
previous screen from B. napus cDNA (Mittasch et al.
2007). The B. napus gene UGT84A10 identified by
the same previous screen clustered as the homologue of
Arabidopsis UGT84A4.

To provide sequence information for genetic mapping
we sequenced several sub-fragments of representative BAC
clones covering the genomic context upstream and down-
stream from the distinct ORFs (BAC 1, UGT84A9a; BAC
4, UGT84A9Db; BAC 6, UGT84A9c; BAC 14, UGTS84A9d).
BAC sequences were used to develop molecular markers
for each of the distinct UGT84A9 gene loci. The gene loci
UGT84A9a and UGT84A9d were both mapped in the
population Express*1012-98. UGT84A9a was placed on
linkage group CO05 (N15) between the AFLP markers
E33M62_188 and E32M48_288 (Badani etal. 2006),
whereas UGT84A19d was mapped close to the SSR marker
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UGT84A3

Fig. 5 Phylogenetic relationships of UGT84A genes. The phyloge-
netic tree was derived by neighbor-joining algorithm from a multiple
alignment of nucleotide sequences. The scale represents 0.1 fixed
mutations per site. Clades comprising the different UGT84A9 sequence
types are highlighted. For clarity, dashed lines were added after tree
construction. From Arabidopsis, the genes encoding the UDP-glu-
cose:sinapate glucosyltransferase (SGT, UGT84A2, At3g21560) and
unspecific ester forming HCA-GTs (UGT84Al, Ar4gl15480;
UGT84A3, At4g15490; UGT84A4, At4g15500) are shown. Sequences
from B. napus include the genes identified in this work that encode
SGT (UGT84A9a, GenBank Accession FM872276; UGT84A9b,

CB10572 (Piquemal et al. 2005) on linkage group A0l
(NO1). In the population Mansholt*Samourai the gene
locus UGT84A9b mapped on linkage group AO5 (NO5)
close to the SSR marker CB10080 (Piquemal et al. 2005),
whereas UGT84A9c could be mapped in the population
Express*RS239 on linkage group CO1(N11) close to the
markers BRAS123 and CB10258 (Piquemal et al. 2005)
(Fig. 6). The map positions confirmed the sequence-based
assignments of UGT84A9%a and -c to the Brassica C-genome
of B. oleracea and of UGT84A9b and -d to the Brassica
A-genome of B. rapa.

The UGT84A9 loci are localized to dynamic regions
of the B. napus genome

To gain insight into the genomic fine structure of the four
distinct UGT84A9 loci from B. napus we used the sequence
information of genomic BACs 1, 4, 6 and 14 for homology-

N Sequence type
&, UGT84A9-1

Sequence type
UGT84A9-2

0.1

FM872277; UGT84A9c, FM872278; UGT84A9d, FM872279) and the
orthologs from B. oleracea (BoUGT84A9a, FM872280; BoUGT84A9c,
FM872281) and from B. rapa (BrUGT84A9b, FM872282; BrUGTS84A9d,
FM872283). UGT84A10 (AM231594) encodes an unspecific HCA-GT
from B. napus whereas for the gene product of B. napus UGT84A11
(AM231595) an enzymatic function could not be detected (Mittasch
et al. 2007). The ORF designated as putative BrHCA-GT was found
on the genomic BAC KBrBO89H07 (AC189511) from B. rapa. Bo,
Brassica oleracea; Br, Brassica rapa; HCA-GT, hydroxycinnamate
glucosyltransferase; put., putative

based annotation approaches. Figure 7 shows schematic
representations of a 7.7 kb fragment from BAC 1 harboring
UGT84A9a, of 9.4kb from BAC 4 for the UGT84A9b
locus, of 7.5 kb from BAC 6 for UGT84A9c and of 20.3 kb
from BAC 14 representing UGT84A9d. Detailed analyses
revealed only remnants of micro-collinearity of the four
UGT84A9 loci with the homologous genomic region of
Arabidopsis chromosome III, which carries the gene encod-
ing the SGT homologue UGT84A2 (Ar3g21560). With
exception of the Ar3g271570 homologue located close to
UGT84A9d, for none of the genes flanking UGT84A2 in
Arabidopsis the homologue was found in the genomic con-
text of the distinct UGT84A9 genes in B. napus. Instead, the
genomic microstructures revealed the presence of several
transposon-derived sequence elements at all four UGT84A9
loci. On the UGT84A9a-related fragment, we detected a
1.2 kb sequence with homology to a portion of the non-coding
A-region of the B. oleracea self incompatibility locus S7
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Fig. 6 Genetic mapping posi- CO5(N15) A05(N05) CO1(N11) A01(NO1)
tions of the four UGT84A9 gene
loci in B. napus. Distinct 21,8 —— E33M49_148 34,9 —— CB10080 68,6 —f— CB10536 39,2 —— CB10208
UGT84A9 loci are shown in red.
Closely linked public markers
are highlighted in blue (Celera 39,5 ——— UGT84A9%
AgGen Brassica Consortia; 75,1 UGT84A9c
Piquemal et al. 2005) and green 77,0~~~ BRAS123
(Badani et al. 2006). Linkage 30.8 E33M62_188 77,5~ CB10258
groups are given according to
the A/C nomenclature as well as 33,9 UGTB4A%2
to the public N denomination
(Parkin et al. 2005)
46,0 E32M48_288
66,0 ~~ CB10572
66,5~ UGT84A9d
58,0 ——— E40M60_166

(Fujimoto et al. 2006). The non-coding B-region of this
locus was shown to contain transposable elements. The
sequence element shared about 60% of nucleotides with
At5g38383 from Arabidopsis, annotated as a member of the
gypsy-like retrotransposon family Athila. Gypsy-like ele-
ments are the main type of plant long terminal repeat (LTR)
retrotransposons, which belong to the class I of transpos-
able elements and display high similarity to retroviruses
(Sabot and Schulmann 2006). Upstream of UGT84A9b, we
found an incomplete ORF homologous to A3g/5310 from
Arabidopsis, annotated as transposable element (http://www.
arabidopsis.org/). In the upstream region of UGT84A9c, an
insertion sequence (IS) element was detected by overall
sequence identity with five database entries from Arabidop-
sis  (Atlg76035, At3g25185, Atlg47875, Atlg35666,
Atl1g36930). Downstream of UGT84A9c, three genomic
regions with sequence identities to the Arabidopsis element
ATLINE 1_4 (Ar3g30745) were identified. Long inter-
spersed nucleotide elements (LINEs) are among the most
abundant types of non-LTR retrotransposons and could be
found in most eukaryotic genomes. The ATLINE 1_4 fam-
ily belongs to the L1 familiy of LINESs, which is present in
plants, vertebrates, slime molds and algal genomes (Malik
etal. 1999). Close to UGT84A9d, two genomic regions
with similarities to transposon-like sequences were identi-
fied. A sequence element upstream of UGT84A9d displayed
identity to At3g30418 described as member of the gypsy-
like retrotransposon family Athila. Downstream of
UGT84A9d, a second region was identified by similarity to
four CACTA-like transposase genes from Arabidopsis. The
3’-ends of these genes (Ar2g12990, Atl1g36270, At3g32226,
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At3g43126) exhibit 60% sequence identity to the appropri-
ate region of BAC 14. CACTA is a class II transposon
located mainly in centromeric and peri-centromeric regions
of the plant genome (Miura et al. 2004; Kwon et al. 2005),
although some subfamily members were found to be spread
over the whole genome and were used as segregating mark-
ers for genome mapping in maize and rice (Lee et al. 2006;
Kwon et al. 2006). The insertion of transposon-derived ele-
ments could have expanded the genetic regions of the indi-
vidual UGT84A9 loci in B. napus. Therefore, to address the
question of collinearity with the homologous UGT84A2
locus of Arabidopsis deserves sequence analyses of larger
genomic fragments from B. napus.

As a result, the high frequency of transposon-derived
sequence elements indicate that the four UGT84A9 loci of
B. napus are localized to dynamic genome regions, which
underlie increased reorganization. By comparative analyses
with a summer type Canola line we produced evidence that
the presence of four distinct UGT84A9 loci is a common
feature of B. napus cultivars (data not shown). However,
with regard to genomic fine structure and nucleotide
sequence, the results from cultivar ‘Express’ could not be
directly transferred to other cultivars.

Discussion

Given the importance of the glucosyltransferase UGT84A9
as the key enzyme for sinapate ester biosynthesis in
B. napus, we characterized the encoding gene with respect
to copy number, expression and microstructure of individual
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Fig. 7 Microstructures of the UGT84A9 genomic regions from B. napus
compared to the homologous UGT84A2 locus from Arabidopsis.
Genes are shown as arrows pointing in the direction of transcription.
Hatched arrows represent partial genes. The UGT84A9 orthologs of
sequence type 1 (UGT84A9a, UGT84A9b) are shown in white; those
representing sequence type 2 (UGT84A9c, UGT84A9d) are marked in
light gray. Transposon-derived elements are shown in dark gray.
1 10kb section of Arabidopsis thaliana chromosome III carrying
At3g21540 (nucleotides 1-362 complementary strand (C), incomplete
ORF), At3g21550 (1,214-1,768 C), At3g21560 (UGT84A2, 5,390-
6,880), At3g21570 (10,000-9,809 C, incomplete ORF); 2 genomic lo-
cus UGT84A9a from B. napus BAC 1 (7.7 kb, GenBank Accession
FM872284) carrying homologous region to S7-locus from B. oleracea
(1,365-2,198, 91% identity), UGT84A9a (3,208-4,701); 3 genomic

genomic loci. As illustrated by a classical cytogenetic study
(UN 1935), the major crop B. napus arose as a natural spon-
taneous allotetraploid (genome AACC, 2n = 38) from the
diploid species Brassica rapa (genome AA, 2n =20) and
Brassica oleracea (genome CC, 2n = 18). During evolu-
tion, after the split of the Arabidopsis and Brassica lineages
about 20-24 million years ago (MYA), the latter exhibited
a genome triplication (Jackson etal. 2000; Lagercrantz
1998; O’Neill and Bancroft 2000). The later process of
diploidization was characterized by extensive chromosomal
rearrangements and the loss of about 35% of the initial gene
copies from the triplicated Brassica genome (Town et al.
2006). As a result, the Brassica genomes display a high rate
of segmental chromosomal duplication, and the chromo-
somal collinearity between Arabidopsis thaliana and the
closely related Brassica lineages is often obscured (Yang
et al. 2006). The genomic organization of UGTS84A9 refl-
ects the complex genome evolution in the Brassica lineage.
From both diploid progenitor genomes of B. napus we
identified a paralogous gene pair—UGT84A9a/-c from the
B. oleracea C-genome and UGT84A9b/-d from the B. rapa
A-genome. The paralogs shared about 88% sequence iden-
tity on nucleotide level, whereas the orthologs were nearly
identical, thus forming UGT84A9 sequence types 1
(UGT84A9a/-b) and 2 (UGT84A9c/-d). A phylogenetic
analysis revealed that the two UGT84A9 sequence types
from Brassica were closer related to each other than to the
Arabidopsis SGT homologue UGT84A2. This indicates that

locus UGT84A9b from B. napus BAC4 (9.4 kb, FM872285), features
incomplete ORF homolog to At3g15310 (1,458-2,434, 72% identity),
UGT84A9b (4,581-6,074), 5STRNA homologous to B. nigra gene 11
S5SrRNA (7,099-7,225, 95% identity); 4 genomic locus UGT84A9c
from B. napus BAC6 (7.5 kb, FM872286), features IS element
(1-431, incomplete, 100%), UGT84A9c (1,118-2,611), ATLINE1_4(3)
(3,258-3,601, C, 61% identity to Ar3g30745), ATLINE1_4(2) (3,777-
5,779, C, 63% identity to Ar3g30745), ATLINE1_4(1) (6,792-7517,
C, 58% identity to Ar3g30745); 5 genomic locus UGT84A9d from
B. napus BAC14 (20.3 kb, FM872287) features gypsy-like region with
homology to Az3g30418 annotated as gypsy-like retrotransposon
(737-2,233, 53% identity), UGT84A9d (9,688-11,181), ORF homolo-
gous to At3g21570 (16,225-16,641, C, 82% identity), CACTA-like
region with homology to At3g32226 (18,741-19,304, 60% identity)

the UGT84A9 sequence types appeared after separation of
Brassica from the Arabidopsis branch.

Gene duplication is considered a major force in molecu-
lar evolution. Paralogs originating from duplication events
may undergo different developments. They could gain new
functional roles, contribute to gene redundancy or become
silenced (Wendel 2000). During genomic reorganization
duplicated genes might be lost without immediate negative
effects on the organism. These developments were first
described for animal and plant resistance genes, designated
as birth-and-death mechanism (Nei et al. 1997; Michelmore
and Meyers 1998). Genes evolving through birth-and-death
mechanism exhibit higher sequence similarities between
orthologs than between paralogs, as it was found in this
work for the UGT84A9 genes. Bioinformatics and gene
expression studies on duplicated genes in Arabidopsis have
shown that either one paralogous copy disappears or—in
case of remaining—these copies most frequently acquire
different functions (Blanc and Wolfe 2004). In some cases,
the strongly decreased expression of one paralog in almost
all organs or treatment conditions pointed to a “regulatory
hypofunctionalization” (Duarte et al. 2006). For UGT84A9,
our data on transcript abundance indicate such regulatory
hypofunctionalization for the paralogous gene pairs
UGT84A9%9al-c and UGT84A9b/-d in B. napus. The two
orthologs of sequence type 1 (UGT84A9a/-b) mainly con-
tributed to UGT84A9 gene expression in all observed tis-
sues exhibiting SGT enzyme activity, whereas expression
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of sequence type 2 representing UGT84A9c¢/-d could only
be detected in flowers. Transcript quantification by
sequence type-specific RT-PCR and cDNA-AFLP pro-
duced similar results, except for flowers. While RT-PCR
showed a strong signal for both UGT84A9 sequence types,
cDNA-AFLP analysis revealed low transcript abundance
for sequence type 2 orthologs in flowers. This discrepancy
might be caused by unspecific primer binding in RT-PCR
to a non-characterized abundant UGT-cDNA present in the
flower sample. Since the cDNA-AFLP method was deliber-
ately developed to provide independence from the amplifi-
cation efficiency of individual primers (Bachem et al.
1996), the results of the latter should reflect more precisely
the transcript abundance. A sequence comparison of
UGT84A9a and -b with cDNA clones revealed that indeed
both genes of sequence type 1 were expressed in develop-
ing seeds of B. napus. In accordance with our previous find-
ing that SGT enzyme activity parallels transcript abundance
(Milkowski et al. 2004), we conclude that in developing
seeds of B. napus SGT activity is mainly provided by
UGT84A9 sequence type 1. Therefore, conventional breed-
ing and TILLING approaches aimed at generating low-
sinapine B. napus lines should focus on the genes
UGT84A9a and UGT84A9b. From an evolutionary point of
view, the maintenance of the weakly expressed sequence
type 2 orthologs UGT84A9c and -d in the Brassica genomes
might indicate that these gene copies are necessary for
genetic robustness.

Sequence analyses of representative BAC regions unrav-
eled the microstructure of the four UGT84A9 genomic loci
from B. napus, which was in each case different from the
homologous portion of Arabidopsis chromosome III encod-
ing UGT84A2. This reflects the unusually high rate of chro-
mosomal rearrangements calculated for the Brassica
lineages (6.5-9.7 rearrangements per million years accord-
ing to Koch and Kiefer 2005). In contrast to UGT84A9, the
genomic loci of B. napus encoding the final enzyme in sina-
pine biosynthesis, sinapoylglucose:choline sinapoyltrans-
ferase (BnSCT; Weier et al. 2008) displayed a significantly
higher degree of micro-collinearity with the homologous
region of Arabidopsis chromosome V, which carries the
gene SNG?2 (sinapoylglucose accumulator 2; Shirley et al.
2001) encoding Arabidopsis SCT. On all four genomic
UGT84A9 loci of B. napus we detected transposon-like
sequences or incomplete transposon-like elements. Trans-
posable elements (TEs) are assumed to be a major driver of
genome and gene evolution (for reviews, see Bennetzen
2005; Casacuberta and Santiago 2003; Fedoroff 2000;
Kazazian 2004). In plants, differential amplification of TEs
is associated with genome size variability (Hawkins et al.
2006). Moreover, large-scale genome rearrangements are
frequently found near regions enriched for TEs (Eichler and
Sankoff 2003). Accordingly, the presence of TE-like

@ Springer

sequences on each of the four UGT84A9 loci indicates that
these loci form part of dynamic regions of the B. napus
genome coined by frequent rearrangements. This is in
agreement with preliminary analyses of other B. napus cul-
tivars (J. Mittasch, personal communication), which pro-
duced evidence that the presence of four genomic UGT84A9
loci might be conserved in B. napus whereas the fine struc-
ture of these loci may differ. With regard to function, TEs
were shown to play a role in determining heterochromatin
regions, in epigenetic gene regulation (Lippman et al. 2004),
direct gene regulation (Kobayashi et al. 2004) and diversify-
ing evolution of duplicated genes (Akhunov et al. 2007). In
the case of the differential expression found for the
UGT84A9 loci, however, a possible influence of the closely
related TE-derived sequences remains to be elucidated.
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