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Abstract

Background: The patterns of expression of homoeologous genes in hexaploid bread wheat have
been intensively studied in recent years, but the interaction between structural genes and their
homoeologous regulatory genes remained unclear. The question was as to whether, in an
allopolyploid, this interaction is genome-specific, or whether regulation cuts across genomes. The
aim of the present study was cloning, sequence analysis, mapping and expression analysis of F3H
(flavanone 3-hydroxylase — one of the key enzymes in the plant flavonoid biosynthesis pathway)
homoeologues in bread wheat and study of the interaction between F3H and their regulatory genes
homoeologues — Rc (red coleoptiles).

Results: PCR-based cloning of F3H sequences from hexaploid bread wheat (Triticum aestivum L.),
a wild tetraploid wheat (T. timopheevii) and their putative diploid progenitors was employed to
localize, physically map and analyse the expression of four distinct bread wheat F3H copies. Three
of these form a homoeologous set, mapping to the chromosomes of homoeologous group 2; they
are highly similar to one another at the structural and functional levels. However, the fourth copy
is less homologous, and was not expressed in anthocyanin pigmented coleoptiles. The presence of
dominant alleles at the Rc-I homoeologous loci, which are responsible for anthocyanin
pigmentation in the coleoptile, was correlated with F3H expression in pigmented coleoptiles. Each
dominant Rec-| allele affected the expression of the three F3H homoeologues equally, but the level
of F3H expression was dependent on the identity of the dominant Rc-/ allele present. Thus, the
homoeologous Rc-I genes contribute more to functional divergence than do the structural F3H
genes.

Conclusion: The lack of any genome-specific relationship between F3H-I and Rc-I implies an
integrative evolutionary process among the three diploid genomes, following the formation of
hexaploid wheat. Regulatory genes probably contribute more to the functional divergence between
the wheat genomes than do the structural genes themselves. This is in line with the growing
consensus which suggests that although heritable morphological traits are determined by the
expression of structural genes, it is the regulatory genes which are the prime determinants of allelic
identity.
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Background

The flavonoid biosynthesis pathway is central to the for-
mation of the phenolic compounds involved in many
plant traits, including resistance to abiotic and biotic
stresses [1-4]. One branch of the pathway is responsible
for the generation of anthocyanin, which is present in var-
ious plant organs in most plant species, including the allo-
hexaploid crop species, bread wheat (Triticum aestivum L.).
Two major groups of anthocyanin pigmentation genes are
present in wheat: the first includes R¢-1, Pc-1, Pan-1, Plb-1
and PIs-1 which encode the pigmentation in, respectively,
the coleoptile, culm, anthers, leaf blades and leaf sheaths;
while the second consists of Pp and Ra, which are
expressed in, respectively, the pericarp and auricle [5]. The
former genes are closely linked to one another on each of
the short arms of the homoeologous group 7 chromo-
somes. An orthologue of maize gene c¢1 (which encodes a
Myb-like transcriptional factor controlling tissue-specific
anthocyanin biosynthesis [6]) was mapped earlier on
each of the short arms of wheat homoeologous group 7
chromosomes, too [7] in positions highly comparable to
those of R¢-1 (red coleoptile) genes [5,8]. Furthermore, it
was shown that c1, when transferred to wheat, was able to
induce anthocyanin pigmentation in non-pigmented
wheat coleoptiles [9]. At the same time Rc-1 was shown to
upregulate a number of wheat flavonoid biosynthesis
pathway genes - DFR (dihydroflavonol-4-reductase),
ANS (anthocyanidin synthase) and UFGT (UDPG flavo-
nol 3-0-glucosyl transferase) [10,11]. Recognizing ele-
ments for ¢cI have also been identified in the promoter
sequence of Arabidopsis thaliana F3H gene (flavanone 3-
hydroxylase - one of the key enzymes involved in the bio-
synthesis of flavonoid compounds [12]), suggesting that
Rc-1 can probably exert a regulatory role for wheat F3H,
too. F3H orthologues have been isolated in barley and
maize [13,14] as well as in a range of other plant species
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be described in wheat.

The patterns of expression of homoeologous genes in
wheat have been intensively studied in recent years [15-
21], but the interaction between structural genes and their
homoeologous regulatory genes is unclear. The question
remains as to whether, in an allopolyploid, this interac-
tion is genome-specific, or whether regulation cuts across
genomes. The Rc-1 and F3H genes are a suitable model to
investigate just this issue, as the expression of Rc-1 gener-
ates a clear phenotype, and the latter are well-character-
ized at the molecular level. In this paper, we describe the
cloning, sequence analysis, mapping and expression of
F3H orthologues in bread wheat and its relatives, and the
interaction between F3H and the Rc-1 homoeologues.

Results

Sequence analysis of F3H genes in wheat and its relatives
Nine F3H copies were isolated by PCR cloning from bread
wheat (genome AABBDD), the tetraploid wild wheat T.
timopheevii (AAGG) and the presumed diploid progeni-
tors of the A, B/G and D genomes (A: T. urartu, B/G:Ae.
speltoides, D: Ae. tauschii) (Table 1). Four of the copies
were isolated from bread wheat. The length of the coding
sequence, which was split into three exons, was 1137 bp,
and the first intron varied in length among the homoeo-
logues by some hundreds of base pairs (Figure 1). The
sequence of the segments of the first intron of the bread
wheat copies F3H1, F3H2 and F3H3 not affected by dele-
tions/insertions shared over 80% homology, but the first
intron of F3H4 was quite distinct. Sequence alignment of
T. aestivum F3H sequences (coding regions) with barley
F3H [13] is shown in Figure 2a. Sequence comparisons
between exon 2 of the Triticum and Aegilops F3H genes (as
well as other F3H sequences lodged in GenBank) are illus-

Table I: Length, Genbank accession numbers and chromosome locations for F3H nucleotide sequences determined in the present

study.

Length in base pairs (gene
segment specification according

Species, gene

Genbank accession number

Identical wheat ESTs* Chromosome location

Figure I)
T. aestivum, F3H| 1852, complete structural part of EF463100 BG262227 2A
gene (Segments |+2+3+4)
T. aestivum, F3H2 1374, complete structural part of DQ233636 BJ237068 BJ242608 2D
gene (Segments |+4+5)
T. aestivum, F3H3 1626, partial (Segments 2+3+4) EU402957 BQ240612 BG262749 CA705431 2B
T. aestivum, F3H4 562, partial (Segment 2) EU402958 BE414777 2B
T. timopheevii, F3H [ 542, partial (Segment 3) EU402959 BG262227 2A
T. timopheevii, F3H2t 539, partial (Segment 3) EU402960 - 2G
T. urartu, F3H 542, partial (Segment 3) EU40296| BG262227 Suggested 2A
Ae. speltoides, F3H 542, partial (Segment 3) EU402963 - Suggested 2S
Ae. tauschii, F3H 1326, partial (Segment 5) DQ233637 BJ237068 BJ242608 Suggested 2D

*Correspondence between F3H copies and ESTs was first determined based on identity at gene copy-specific sights, and then was confirmed by

whole sequences comparison (see Figure 10).
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trated as dendrogram in Figure 2b. The F3H4 sequence
departs significantly from that of the other Triticum and
Aegilops copies (Figure 2). T. aestivum F3H1 and T.
timopheevii F3H1!sequences are probably derived from the
A genome, whereas F3H2 and F3H2! are suggested to
belong to the genomes D and G, respectively (Figure 2b).
F3H3 occupies an intermediate position between the two
main Triticum-Aegilops clusters (Figure 2b). Patterns of
sequence divergence across the structural region of wheat
F3H1 and F3H2 suggest that the second exon is the most
variable at the nucleotide level, but is most well conserved
at the amino acid level (Figure 3, Table 2). Exon 2, intron
2 and the beginning of exon 3 (Segment 3, see Figure 1)
were re-sequenced from a panel of seven diverse bread
wheat genotypes, but no intraspecific variation was
detected.

Chromosomal assignment and physical mapping of F3H
genes in hexaploid wheat

Primer pairs amplifying specifically fragments from indi-
vidual F3H copies (referred further as "gene copy-specific
primer pairs") were designed and used in PCR analysis of
'Chinese Spring' nulli-tetrasomic lines. It was shown that
F3H1 and 2 are on, respectively, chromosomes 2A and
2D, while 3 and 4 both map to chromosome 2B (Table 1,
Figure 4). A deletion line analysis was then used to define
the intra-chromosomal location of F3H1 to the sub-termi-
nal bin (2AL3) of chromosome 2AL, both F3H3 and F3H4
to the terminal bin (2BL6) of chromosome 2BL, and
F3H2 to the terminal bin (2DL6) of chromosome 2DL
(Figure 5). Since the location of F3H3 and F3H4 could not
be distinguished by this method, an introgression line
derived from the cross T. aestivum x T. timopheevii, which
contains a 2BL/2GL breakpoint within chromosome bin
2BL6 between the microsatellite loci Xgwm1067 and
Xgqwm0526 [22], was used to show that F3H3 and -4 are
discrete loci (Figure 6a and 6b, respectively). F3H3 lies
proximal to the to the 2BL/2GL breakpoint, whereas F3H4
location is distal. A specific PCR assay for the T. timopheevii
F3H2!sequence (Figure 6¢) proved that it, like T. aestivum
F3H3, too lies proximal to the 2BL/2GL breakpoint, thus
suggesting that these two loci, along with F3H1 and F3H2,
belong to an F3H homoeoallelic series, whereas F3H4
appears to be a non-homoelogous duplication. Accord-
ingly, the genes were re-designated F3H-A1 (F3H1), F3H-
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B1 (F3H3), F3H-D1 (F3H2), F3H-G1 (F3H2') and F3H-B2
(F3H4).

Expression analysis of F3H in lines with and without
pigmented coleoptiles

To explore the role of the Rc-1 (red coleoptile) genes as
regulators for F3H expression, eight progeny from the
cross 'Chinese Spring' ('Hope' 7B) x "TRI 2732, along with
a set of six different chromosome 7D introgression lines
of Ae. tauschii into 'Chinese Spring', varying with respect
to the dominant allele at either Rc-B1 or Re-D1, were sub-
jected to RT-PCR analysis from ¢cDNA derived from four
day old seedlings. The parental genotypes with pigmented
coleoptiles (‘Chinese Spring' ('Hope' 7B) and 'Chinese
Spring (Ae. tauschii 7D) both showed a high level of F3H
expression, whereas those with non-pigmented coleop-
tiles showed either little ('"TRI 2732') or none ('Chinese
Spring') (Figure 7). When this result was compared with
the microsatellite-based genotype of the lines [8,23], the
regulator of F3H expression on chromosome 7B was
mapped between Xgwm0263 and Xgwm0573, co-segregat-
ing with Rc-B1 (Figure 7a); similarly, the equivalent locus
on chromosome 7D co-segregated with Rc-D1 within the
genetic interval Xgwm0044 and XgwmO0111 (Figure 7b).
RT-PCR was also used to study contribution of single
genes F3H-A1, F3H-B1, F3H-B2 and F3H-D1 to total F3H
expression. It was shown that F3H-B2 is not expressed
whether or not the coleoptiles are pigmented (Figure 8).
In contrast, F3H-A1, F3H-B1 and F3H-D1 were actively
expressed in lines with pigmented coleoptiles ('Chinese
Spring' ('Hope' 7B) and respective recombinant lines; Fig-
ure 8, lines 1, 3, 4, 9, 10), whereas those with non-pig-
mented coleoptiles ('TRI 2732' and respective
recombinant lines) showed a low level of expression of
only F3H-A1 and F3H-B1 (Figure 8: faint bands in lines 2,
5-8, respectively).

Temporal pattern and the genome specificity of F3H
expression

To investigate the possibility of more subtle differences
between expression levels of the F3H homoeologues in
presence of particular alleles of R¢-1, quantitative RT-PCR
was applied to a set of cDNAs sampled from two to six day
old seedlings (Figure 9). The test genotypes were 'Chinese
Spring' ('Hope' 7A) [Rc-A1b], 'Chinese Spring' ("Hope' 7B)

Table 2: Sequence homology and divergence among F3HI and F3H2 genes.

Part of gene Length: F3H1/F3H2 (in bp) Nucleotide sequences homology (%) Ka/Ks*
Exonl 369/369 98 0.125
Intron | 614/136 There are two major deletion regions, other segments have over 90% homology -
Exon 2 429/429 97 0.000
Intron 2 101/101 97 -
Exon 3 339/339 98 0.167
*Ka — non-synonymous nucleotide substitutions, Ks — synonymous nucleotide substitutions.
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| exon 1 - 369 bp

exon 2 — 429 bp

|—| exon 3 — 339 bp

4
5
intron 1 intron 2 gene copy
614 bp 101 bp F3H1
136 bp 101 bp F3H2
b) ____________ 647 bp 104bp F3H3
—————————— 100 bp _nodata _________________ F3H4
Figure |

The structure of wheat F3H. Different gene segments referred in the paper text and tables are indicated in the figure part
(), length of introns of the different T. aestivum F3H gene copies are indicated in part (b); partial sequences are extended with
dotted lines, whereas solid lines correspond to sequences cloned and analysed in the present study.

[Re-B1b] and cv. 'Mironovskaya 808' [Rc-D1b], along with
the control 'Chinese Spring' which carries the non-pig-
mented alleles at all three Rc-1 loci. In the latter, none of
the F3H copies was expressed at any time during the sam-
pling period. F3H-B2 was not expressed in any of three
test line seedlings, but F3H-A1, F3H-B1 and F3H-D1 were
all expressed in these lines. No within genotype signifi-
cant difference (p = 0.05) in the expression level of the
three homoeologues could be detected at any of the sam-
pling times (Table 3). However, the overall level of F3H
expression differed very significantly between each pair of
lines (Table 4). The level was lowest in 'Mironovskaya
808' and highest in 'Chinese Spring' (‘Hope' 7A). The
highest expression level in 'Mironovskaya 808' was
reached three days after germination, while in 'Chinese
Spring' (‘"Hope' 7A) and 'Chinese Spring' ('Hope' 7B), the
maximum was detected on the fourth day. In 'Chinese
Spring' ('Hope' 7B), expression started later and declined
more rapidly than in 'Chinese Spring' (‘Hope' 7A). The
delayed start and lower total level of expression in 'Chi-
nese Spring' ('Hope' 7B) was consistent with the observed
temporal development of pigmentation in the coleoptiles.
Overall, therefore, each Rc-1 gene appeared to regulate the
expression of the three F3H homoeologues equally, but
the level of F3H expression was dependent on the identity
of the dominant Rc-1 allele present.

Discussion

Cloning and analysis of F3H sequences

F3H genes have been isolated from barley, maize and Ara-
bidopsis thaliana [13,14,24] as well as from a range of other

plant species http://www.ncbi.nlm.nih.gov/Database/. In

wheat, only one single partial F3H sequence has been
published to date [11]. The relationship between the
wheat and Aegilops sp. F3H sequences reported here (with
the exception of F3H-B2) and those lodged in GenBank
(Figure 2) is consistent with standard taxonomic treat-
ment [25] and with known phylogenies within the Triti-
cum/Aegilops complex [26]. The F3H sequences of diploid
progenitors of wheat were useful for the genome assign-
ment of the homoeologous gene copies in polyploid
wheat. The substantial structural divergence between F3H-
B2 and that of three F3H-1 homoeologues is accompanied
by a functional difference. The lack of F3H-B2 expression
in pigmented coleoptiles does not reflect its complete
non-functionality, since a highly identical root EST has
been reported (Table 1, Figure 10). The presence of two B
genome copies of F3H is not a particularly unusual result,
as F3H copy number in diploids varies from one
[13,14,24] to two [27,28]. Silent divergence (Ka/Ks)
appears to be homogeneously distributed throughout the
coding region of Arabidopsis thaliana F3H, being rarest in
the second, and most frequent in the third exon [29]. A
similar pattern applies to the wheat A and D genome F3H
homoeologues (Figure 3, Table 2).

A PCR-based cloning approach has been used to clone
other flavonoid biosynthesis pathway genes in hexaploid
wheat (Table 5), whereas in barley and other diploid spe-
cies they have been isolated from cDNA libraries [13,30].
It has recently become clear that not all members of a
homoeologous series in wheat are co-expressed
[16,18,31], so the genomic PCR-based cloning approach
is probably the more preferable strategy to capture a full
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BARLEY F3H 1 ATGGCGCCGGTGAGCAACGAGACGTTCCTCCCGACGGAGGCGT ACGCTGCGCCCGTCCTTCGTGCGGGACGAGGACGAGAGGCCCAAGGTGGCGCACGACCGCTTCAGCGACGE 125
WHEAT F3H1 ATGGCGCCGGTGAGCAACGAGACGTTCCTCCCGACGGCGGCGT! ACGCTGCGCCCGTCCTTCGTGCGGGACCAGGACGAGCGGCCCAAGGTGGCGCACGACCGCCTCAGCGATGC
WHEAT F3H2 ATGGCGCCGGTGAGCAACGAGACGTTCCTCCCGACGGCGGCCT ACGCTGCGCCCGTCCTTCGTGCGGGACGAGGACGAGCGGCCCAAGGTGGCGCACGACCGTTTCAGCGATGC
WHEAT F3H3

WHEAT F3H4

BARLEY F3H 126 GGTGCCGCTGATCTCGCTCCACGGCATCGACGGCGCGCGCCGEGCCCAGATCCGGGACCGCGTGECCGCCGCCTGCGAGGACTGGGGCATCTTCCAGGTGATCGACCACGGCGTGGATGCGGACC 250
WHEAT F3H1 GGTGCCGGTGATCTCGCTCGACGGCATCGACGECGCGCGCCGEGCCGAGATCCGGGACCGCGTGECEGCGGCCTGCGAGGGATGGGGCATCTTCCAGGTGGTCGACCACGGCGTCGACGCCGACC
WHEAT F3H2 GGTGCCGGTGATCTCGCTCGATGGCATCGACGGCGCACGCCGGGCCGAGATCCGGGACCGCGTGGCEGCGGCCTGCGAGGGCTGGGGCATCTTCCAGGTGGTCGACCACGGCGTCGACGCCGACC
WHEAT F3H3

WHEAT F3H4

BARLEY F3H 251 TCATCGCCGACATGACGCGCCTGGCTCGCGAGTTCTTCGCGCTGCCCGCCGAGGACAAGCTCCGGTACGACATGTCCGGCGGC GGCTTCATCGTCTCCAGCCACCTAC: AG 375
WHEAT F3H1 TCATCGCCGACATGACACGCCTCTCTCGCGAGTTCTTCGCGCTGCCCGCCGAGGACAAGCTCCGGTACGACATGTCCGGGGG GGCTTCATCGTCTCCAGCCACCTGC: AG
WHEAT F3H2 TCATCGCCGACATGACGCGCCTCTCTCGCGAATTCTTCGCGCTGCCCGCCGAGGACARGCTCCGGTACGACATGTCCGGGGGC GGCTTCATCGTCTCCAGCCACCTGC: AG
WHEAT F3H3 TGACGCGCCTCTCTCGCGAGTTCTTCGCGCTGCCCGCCGAGGACAAGCTCCGGTACGACATGTCCGGT GGCTTCATCGTCTCCAGCCACCTGC:

WHEAT F3H4 GCTGCCTGCCGAGGACAAGGTCCGGTACGACATGTCCGGCGGCAAGAA( GGCTTCATCGTCTCCAGCCACCTCCAGGGCGAG
BARLEY F3H 376 GCGGTGCAGGACTGGAGGGAGATAGTGACCTACTTCTCGTACCCGGTGAAGGCGCGGGACTACGGGCGGTGGCC CGGC TGCGC T GGTACAGCGAGCGGCT 500
WHEAT F3H1 GCGGTGCAGGAC! CTACTTCTCGTACCCGGTGAAGGCGAGGGACTAC CGGC GC GATACAGCGAGCGACT
WHEAT F3H2 GCGGTGCAGGA' CTACTTC CCCGGTGAAGGCGCGGGACTACGGGAGGTGGCCGGAGAAACCGGC GCGC GATACAGCGAGCGACT
WHEAT F3H3 GCGGTGCAGGAC! TGTGACCTACTTC! ccc AAGCACGGGACTACGGGCGGTGGC! GGC GCGC GATACAGCGAGCGACT
WHEAT F3H4 GCGGTGCAGGAC! TAGTGACCTACTTCTCCTACCCGGTGAAGGCACGGGACTAC TT CGGC GC GGTACAGCGAGCGGCT
BARLEY F3H 501 CATGGGGCTGTCGTGCAATC! GGAGGCCATGGGCCTGGAGACGGAGGCGCTGGCCA. GTCGACATGGACCAGAA AACTTC CGCGGTGCC 625
WHEAT F3H1 CATGGGACTGTCGTGCAAGCTGCTGGGC GGAGGC TGGAATCGGAGGCGCTCGCCAAGGCGTGCGTTGAC: ACTTCTACCCGCGCTGCC
WHEAT F3H2 CATGGGGCTGTCGTGCAAGCTGCTGGGCGTGCTGTCGGAGGC GTCGGAGGCGCTGGCCAAGGCGTGCGTGGACATGGACCAG TGTGGTCAACTTCTACCCGCGGTGCC
WHEAT F3H3 CATGGGGCTGTCGTGCAAGCTGCTGGGCGTGCTGTCCGAGGCGCTGGGCCTGGAGTCGGAGGCGCT CGCCARGGCGTGCGTGGACAT AGA. TGGTCAACTTCTACCCGCGGTGCC
WHEAT F3H4 TGTCGTGCAAGCTGCTGGGCGTGCTCTCGGAGGC! 'GGAGACGGAGTCCCTGGCCA, GTGGACATGGACC; ACTTCTACCCGCGGTGTC
BARLEY F3H 626 CGCAGCCCGACCTCACCCTGGGCCTCAAGCGCCACACCGACCCCGGCACCATAACGCTCCTCCTGCAGGACCTC CTCCAGGCCACCCGCGACGGCGGCAAGAACTGGATCACCGTC 750
WHEAT F3H1 CCCAGCCGGACCTCACCCTGGGCCTCAAGCGCCACACCGACCCCGGCACCATCACCCTCCTCCTGCAGGACCTCGTCGGCGGCCT TCAGGCCACCCGCGACGGCGGCAAGACCTGGATTACCGTC
WHEAT F3H2 CGCAGCCGGACCTCACCCTGGGCCTCAAGCGCCACACCGACCCCGGCACCATCACCCTCCTCCTCCAGGACCTCGTCGGCGGCCT TCAGGCCACCCGCGACGGCGGCAAGACCTGGATCACCGTC
WHEAT F3H3 CCCAGCCGGACCTCACCCTGGGTCTCAAGCGTCACACCGACCCCGGCACCATCACCCTCCTCCTCCAGGACCTCGTCGGCGGCCTCCAGGCCACCCGCGACGGCGGCAAGACCTGGATCACCGTC
WHEAT F3H4 CCCAGCCCGAGCTCACCCTGGGCGTCAAGCGCCACACCGACCCCGGCACCATCACCCTCCTCCTCCAGGACCTA GGCCTGCAGGCCACCCGCGACGGCGGCAAGACCTGGATCACCGTC
BARLEY F3H 751 CAGCCCATCTCCGGCGCATTCGTCGTCAACCTCGGCGACCACGGCCACTTCATGAGCAACGGCAGGTTCAAGAACGCGGACCACCAGGE A AGCAGGCTGTCGATCGC 875
WHEAT F3H1 CAGCCCATCTCCGGCGCCTTCGTCGTCAACCTCGGCGACCACGGCCACTTCATGAGCAACGGGAGGTTCAAGARCGCGGACCACCAGGC AGCCGGCTGTCGATCGC
WHEAT F3H2 CAGCCCATCTCCGGCGCCTTCGTCGTCAACCTCGGCGACCACGGCCACTTCATGAGCAACGGCAGGTTCAAGAACGCGGACCACCAGGC GGGCAGAGCAGCCGGCTGTCGATCGC
WHEAT F3H3 CAGCCCATCTCCGGCGCATTCGTCGTCAACCTCGGCGACCACGGCCACTTCCTGAGCAATGGCAGGTTCAAGAACGCGGACCACCAGGC AGCAGGCTGTCGATCGC
WHEAT F3H4 ca

BARLEY F3H 876 GACGTTCCAGAACCCGGCGCCGGACGC CGCTGGC CCATAC! CCATCACCTTCACC CGCCGE GCGACC 1000
WHEAT F3H1 GACGTTCCAGAACCCGGCGCCGGACGC! CGCTGGC CCATACTG! AACCCATCACCTTCGCC CGCCGE GCGACC
WHEAT F3H2 GACGTTCCAGAACCCGGCGCCGGACGC! CGCTGGC CCATAC! CCATCACCTTCTCC CGCCGC GCGACC
WHEAT F3H3 GACATTCCAGAACCCGGCGCCGGACGC! CGCTGGC CCATACTGGAAGAGCCCATCACCTTCGCC CGCCGC GCGACC
WHEAT F3H4

BARLEY F3H 1001 TCGACCTCGCCAAGCGCAAGAAGCAGGCCAAGGACCAGCTGATGCAGCAGCAGCTGCAGCTCCAGCAGCAGCAG — GCGGTCGCCGCGGCGCCCATGCCCACCGCCACCAAGCCCCTCAACGAA 1125
WHEAT F3H1 TCGACCTCGCCAAGCGCAAGAAGCAGGCCAAGGACCAGCTGATGCAGCAGCAGCTCCAGCTGCAGCAGCAGCAGCAGGCGGTCCCCGCCGCGCCCATGCCCACCGCCACCAAGTCCCTCAACGAA
WHEAT F3H2 TCGACCTCGCCAAGCGCAAGAAGCAGGCCAAGGACCAGCTGATGCAGCAGCAGCTCCAGCTCCAGCAGCAGCAGCAGGCGETCGCCGCCECGCCCATGCCCACCGCCACCAAGCCCCTCAACGAA
WHEAT F3H3 TCGACCTCGCCAAGCGCAAGAAGCAGGCCAAGGACCAGCTGATGCAGCAGCAGCTCCAGCTGCAGCAGCAGCAGCAGGCGGTCGCCGCCGCGCCCATGCCCACCGCCTCCARAGTCCCTCARCGAA
WHEAT F3H4

BARLEY F3H 1126 ATTCTTGCCTAG 1137

WHEAT F3H1 ATTCTTGCCTAG a
WHEAT F3H2 ATTCTTGCCTAG

WHEAT F3H3 ATTCTTGCCTAG

WHEAT F3H4

91  Triticum aestivum (F3H1)
99 | | Triticum timopheevii (F3H1)

27 Triticum urartu

Triticum aestivum (F3H3)

100  Iriticum aestivum (F3H2)
Aegilops tauschii
Aegilops speltoides

Triticum timopheevii (F3H2)
Hordeum vulgare

100
42
Triticum aestivum (F3H4)
100 Zea mays
Oryza sativa
36 Anthurium

100 — Brassica napus
|

P . "

Malus

ly max

Vitis vinifera

b)

0.15 0.05 0.00

Figure 2

F3H sequences comparison: (a) alignment of complete coding sequences of barley F3H [13] and wheat F3H [ and F3H2 and
partial wheat F3H3 and F3H4 copies cloned in the present study (introns are not included into alignment); (b) similarity of part
of F3H exon 2 (specified as segment 6 in Figure |) from various plant species — the species from which F3H copies were cloned
and analysed in the present study are underlined, others were obtained from GenBank; for species with more than one F3H
gene, each copy is identified by a number in parentheses.
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A

exon 1

exon 2 exon 3

Gene divergence between the hexaploid wheat A and D genome F3H gene copies: (a) percentage of nucleotide
substitutions in exons, (b) ratio of non-synonymous (Ka) to synonymous (Ks) nucleotide substitutions.

set of homoeologues. Although PCR-based cloning has
some disadvantages when applied in an allopolyploid
(specifically in the generation of PCR chimeras - however,
this problem can usually be overcome by the cloning and
sequencing of several replicates), it is an effective strategy
for the design of gene copy-specific primers, the chromo-
somal localization of genes and expression analysis.

Expression of the three homoeologous F3H loci in lines
with and without pigmented coleoptiles

The patterns of expression of flavanone 3-hydroxylase in
lines with and without pigmented coleoptiles indicated
that Re-B1 and Re¢-D1 are coincident with the genes regu-

lating its expression (Figure 7). This is in accordance with
the suggestion that Rc-1 genes exert a regulatory role for
F3H genes, which could be made on the base of combined
results obtained earlier [5-9,12]. The patterns of temporal
expression among the F3H homoeologues in the presence
of different dominant R¢-1 alleles allowed for an examina-
tion as to whether, in an allopolyploid context, there are
any genome-specific relationships between the structural
and regulatory genes. No such relationship was apparent,
since in pigmented coleoptiles, F3H-A1, F3H-B1 and F3H-
D1 were all expressed at a similar level (Figure 9). Many
sets of wheat homoeologous genes are known to be
equally expressed in this way [16,19,21], but in others, the

1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D Tu Aes Aet

Figure 4

F3H1; 703 bp

4

F3H3; 333 bp

F3H4; 255 bp

F3H2; 225 bp

PCR profiles of the 'Chinese Spring' nulli-tetrasomic lines and the diploid donors of hexaploid wheat, amplified
with F3H copy-specific primers. The length of the PCR products is given in base pairs to the right. Designations ' A', ' B'
etc. correspond to 'nulli' chromosome in the certain nulli-tetrasomic line; "Tu' — T. urartu, 'Aes' — Ae. speltoides, 'Aet’ — Ae.

tauschii.
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2DS

2DL7
2DL4
2BL9
2BL3 2DL8
2DL11 I
2DL9
2BL5 I
Xng0312 ngm1264 ]
[ Xgwm0294 F3H1 (F3H-A1) 284 2DL6 Xgwmo349 SH2(FSH-D1)
2AL3 Xgwmo0761 Xqwmo03071
XgwmO0877 Xgwm0320
2AL1 ]
2BL6 Xgwm1067 FSHS(F3H-B1 Xgwm0991
Xgwm1070 Xgwm1235
XgwmO0526
XgwmO0619 F3H4 (F3H-B2)
Xgwm1027
XgwmO0739
2AL 2BL 2DL
Figure 5

Physical mapping of F3H loci in bread wheat performed using subset of T. aestivum cv. 'Chinese Spring' homoe-
ologous group 2 chromosomes deletion lines. Microsatellite markers (Xgwm) designations are given to the right from
each chromosome scheme, chromosome bin names are indicated to the left.

expression of one or more members may be either com-
pletely [16,18,31] or partially [15,20,21] suppressed.
Generally, when F3H homoeologues are expressed
actively (as in pigmented coleoptiles), then they are
expressed equally, but where overall F3H transcription
level is low, then selective expression of F3H homoeo-
logues could be observed (i.e. F3H-A1 and F3H-B1 were
expressed in the green coleoptiles of 'TRI 2732', but F3H-
D1 was not; Figure 8). These outcomes are consistent with
the activity-selectivity principle [32] acting at the tran-
scriptional level.

Functional difference between homoeologous Rc-1 genes
Whereas each dominant Rc-1 allele affects the expression
of each of the three F3H homoeologues equally, overall
F3H expression was dependent on the identity of which

dominant Rc-1 allele was present (Figure 9). This differ-
ence was observed not only at specific time points, but
also from the total amounts of F3H mRNA produced over
the period of coleoptile pigmentation. The delayed start of
expression and the lesser level of transcript present in
'Chinese Spring' (‘Hope' 7B) compared to 'Chinese
Spring' ('Hope' 7A) was consistent with the observed
accumulation of pigmentation in the coleoptile, both in
the present experiments and in those reported earlier [33].
In order to test for background effects on F3H expression
or variability within transcriptional factors encoded by
dominant Rc-1 alleles in other genotypes, it would be of
interest to investigate the extent to which the profiles of
F3H expression of 'Chinese Spring' ('Hope' 7A), 'Chinese
Spring' ('Hope' 7B) and 'Mironovskaya 808" are typical,
i.e. for instance to compare profile of 'Mironovskaya 808’
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a)
b)

c) E I
Figure 6

PCR profiles of 'Saratovskaya 29' (1), T. timopheevii
(2) and 'Saratovskaya 29'x T. timopheevii introgres-
sion line 842 (3), amplified with gene copy-specific
primers for T. aestivum F3H3 (a) and F3H4 (b) and T.
timopheevii F3H2t (c).

to those of some other varieties carrying the same domi-
nant allele (R¢-D1).

Conclusion

There are at least four flavanone 3-hydroxylase gene cop-
ies in the hexaploid genome of bread wheat, three of
which are the homoeologues on chromosomes 2AL, 2BL
and 2DL, highly similar at structural and functional level,
while the fourth one represents a distinct non-homoeolo-
gous copy on chromosome 2BL with suppressed expres-
sion in red coleoptiles.

Expression of the F3H homoeologues (F3H-1) in wheat
coleoptiles is determined by the presence of dominant
alleles in Rc-1 (red coleoptiles) loci. Re-1 and F3H-1 genes
represent a suitable model to investigate relationship
between homoeologous regulatory and homoeologous
structural genes in allopolyploid wheat genome (which
have never been studied before). The lack of any genome-
specific relationship between F3H-1 and Rc-1 observed in
the present study implies an integrative evolutionary proc-
ess among the three diploid genomes, following the for-
mation of hexaploid wheat.

Furthermore, based on F3H expression analysis it was
observed for the first time that activity-selectivity principle
[32] acts at the transcriptional level.

Our general conclusion is that regulatory genes probably
contribute more to the functional divergence between the
wheat genomes than do the structural genes themselves.
This is in line with the growing consensus which suggests

http://www.biomedcentral.com/1471-2229/8/88

that although heritable morphological traits are deter-
mined by the expression of structural genes, it is the regu-
latory genes which are the prime determinants of allelic
identity.

Methods

Plant materials and RNA extraction

The bread wheat cultivars 'Chinese Spring', 'Opata’, 'Flair',
'Prinz', 'Golubka', 'Novosibirskaya 67', the synthetic hex-
aploid wheat 'W7984', tetraploid T. timopheevii k-38555
(AAGG) and the diploids T. urartu TMUOG (AA), Aegilops
speltoides TSO1 (SS) and Ae. tauschii TQ17 (DD) were used
for PCR-based cloning. The complete set of 'Chinese
Spring' nulli-tetrasomic lines [34], a subset of homoeolo-
gous group 2 chromosome deletion lines [35], introgres-
sion line 842 derived from the cross T. aestivum cv.
'Saratovskaya 29' x T. timopheevii [22] were exploited to
establish chromosome bin locations. Eight progeny from
the cross 'Chinese Spring' ('"Hope' 7B) x "TRI 2732' [8] and
a set of six homozygous lines each containing a different
chromosome 7D segment derived from Ae. tauschii in a
'Chinese Spring' background [23] were used for RT-PCR.
Quantitative examination of F3H expression was meas-
ured in 'Chinese Spring' and 'Mironovskaya 808" and the
single chromosome substitution lines 'Chinese Spring'
(‘Hope' 7A) and 'Chinese Spring' ('Hope' 7B). DNA was
extracted from seven day old seedlings following the pro-
cedure described earlier [36]. RNA was extracted from
seedlings grown at 20°C under a 12 h day/12 h night
regime using the QIAGEN http://wwwl.qgiagen.com

Plant Rneasy Kit, followed by DNAse treatment. For RT-
PCR, RNA was extracted on the fourth day after germina-
tion. For quantitative RT-PCR, RNA was extracted every 24
h from two to six day old seedlings.

PCR-based cloning and sequence analysis

The barley F3H cDNA sequence [13] was aligned with
matching  wheat  ESTs  lodged in  http://
www.ncbi.nlm.nih.gov/Database/, employing Multalin
v5.4.1 (using absolute alignment score with gap value of
12 and gap length value of 2) [37]. Sets of primers flank-
ing various F3H gene segments were designed using
OLIGO software (Table 6) [38], with one primer pair as
described earlier [11]. PCR reaction mixtures (50 pl) con-
tained 50 ng template, 67 mM Tris HCI pH8.8, 1.8 mM
MgCl,, 0.01% Tween 20, 18 mM (NH,),SO,, 0.2 mM
dNTP, 0.25 mM each primer and 1 U Taq DNA polymer-
ase. PCR amplifications began with a 94°C/5 min incuba-
tion, followed by 45 cycles of 94°C/1 min, 60°C/2 min,
72°C/2 min, and a final extension of 72°C/10 min. PCR
fragments were recovered from 1% agarose gels, purified
using a QIAGEN MinElute Gel Extraction Kit, and cloned
with a QIAGEN PCR Cloning Kit. Between five and ten
clones per each primer combination per diploid genome
were sequenced in both directions to eliminate PCR and
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g
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[--- XgwmO0111
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——— Xgwm1242

Xgwm1168

7

Xgwm1335

I (gwm0428

RT-PCR analysis of total F3H expression in four day old seedlings of (a) 'Chinese Spring' ("Hope' 7B) (1), 'TRI
2732' (2) and progeny of the cross 'Chinese Spring' ("Hope' 7B) x 'TRI 2732' (3-10); (b) substitution 'Chinese
Spring' (Ae. tauschii 7D) (1), 'Chinese Spring' (2) and the 'Chinese Spring'/Ae. tauschii 7D introgression lines (3-
8). Anthocyanin pigmentation in coleoptiles of the corresponding lines is shown above, whereas the status of chromosomes 7B
(@) or 7D (b) of each line is indicated in the lower part of the panel.

sequencing errors or PCR-generated chimeras. Sequencing
was effected using an ABI PRISM Dye Terminator Cycle
Sequencing ready reaction kit ("Perkin Elmer") with puUC/
M13 forward and reverse primers. Full-(or partial) length
sequences of various F3H gene copies were constructed
from overlapping sequences. Cluster analysis was per-
formed on MEGA v3.1 software [39] using the UPGMA
(unweighted pair-group method with arithmetic average)
algorithm and 500 bootstrap trials.

Chromosomal assignment and physical mapping of F3H

Specific primer pairs were designed to amplify each wheat
F3H copy (Table 6). To obtain a unique amplification
product, the 3' end of at least one of the two primers
matched the copy-specific sequence. A touchdown PCR
protocol was used to amplify from templates of the 'Chi-
nese Spring' nulli-tetrasomic and deletion lines and the T.
aestivum x T. timopheevii introgression line 842 in 20 pl

reactions by applying a denaturing step of 94°C/2 min, 13
cycles of 94°C/15 s, 65°C/30 s (decreasing by 0.7°C/
cycle), 72°C/45 s, 24 cycles of 94°C/15 s, 56/30's, 72°C/
45 s; and a final extension of 72°C/5 min. The specificity
of the amplifications was confirmed by cloning and
sequencing of the PCR product from 'Chinese Spring'. The
microsatellite analysis of the 'Chinese Spring' deletion
lines was performed using procedures described earlier
[40]. The microsatellite genotypic data of the T. aestivum x
T. timopheevii introgression line 842 have been published
[22].

RT-PCR and qRT-PCR

Single-stranded cDNA was synthesized from 1 mg total
RNA using a (dT);5 primer and the QIAGEN Omniscript
Reverse Transcription kit in a 20 pl reaction mixture. RT-
PCR was performed with F3H primers published earlier
[11] or with F3H gene copy-specific primers (Table 6). The
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F3H-A1, 186 bp

F3H-B1, 183 bp

F3H-B2, 155 bp

F3H-D1, 145 bp

F3H copy-specific RT-PCR analysis from four day old seedlings of 'Chinese Spring’' ("Hope' 7B) (1), 'TRI 2732’
(2) and progeny of the cross 'Chinese Spring' ("Hope' 7B) x 'TRI 2732’ (3-10). Anthocyanin pigmentation in coleop-
tiles of the corresponding lines is shown below. The length of the RT-PCR products is given in base pairs to the right.

standardization of cDNA template was performed using
ubiquitin (UBC) primers [11]. PCR products were sepa-
rated by 2% agarose gel electrophoresis. F3H gene copy-
specific primers were also applied for qRT-PCR, which
used a QIAGEN QuantiTect SYBR Green kit. UBC and
GAPDH primers were used to standardize the cDNA tem-
plate. The amplifications were performed in an Applied
Biosystems 7900 HT fast real time PCR system. Pre-deter-
mined amounts of cloned cDNA were used to generate
standard curves. Each sample was run in three replicates.
The specificity of the qRT-PCR products was confirmed by
2% agarose gel electrophoresis. Statistical significance of
differences in F3H expression level either between F3H
homoeologues or between different genotypes was
assessed by Student's t-test for matched pairs. When F3H
homoeologues were compared, T-values were calculated
for each pair (F3H-A1 vs F3H-B1, etc.) in each genotype

(Table 3), and 'matched pairs' were represented by expres-
sion level values obtained for respective pair of F3H
homoeologues at the same day in the same genotype.
When comparison was made between genotypes, T-values
were calculated for each pair of genotypes ('Chinese
Spring' ('Hope' 7A) vs 'Chinese Spring' (‘'Hope' 7B), etc.;
Table 4), and 'matched pairs' were represented by expres-
sion level values obtained in respective pair of genotypes
at the same day for the same F3H gene copy.

Accession numbers for sequence data

GenBank: EF463100, EU402957, EU402958, DQ233636,
EU402959, EU402960, EU402961, EU402963,
DQ233637.

Table 3: T-values for expression levels of different F3H homoeologues in coleoptiles (p = 0.05 for all presented values).

F3H-Al vs F3H-BI

F3H-Al vs F3H-DI F3H-DI vs F3H-BI

'Chinese Spring' (‘Hope' 7A) 0.28
'Chinese Spring' ('Hope' 7B) 0.04
'Mironovskaya 808' 1.39

0.40 0.40
0.48 1.92
0.27 0.52
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Table 4: T-values for F3H expression in different wheat genotypes.

Genotypes compared  'Chinese Spring' ('Hope' 7A) vs 'Chinese 'Chinese Spring' ('Hope' 7A) vs 'Chinese Spring' (‘Hope' 7B) vs
Spring' ('Hope' 7B) 'Mironovskaya 808' 'Mironovskaya 808'
T 6.17 429 276
P> 0.999 0.999 0.95
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Figure 9

Quantitative RT-PCR analysis with respect to the various copies of F3H in 'Chinese Spring' (CS), 'Chinese
Spring’ ("Hope' 7A), 'Chinese Spring' ("Hope' 7B) and 'Mironovskaya 808' (M808).
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Figure 10

Comparison of T. aestivum F3H copies vs homologous wheat ESTs. The highest identity value for each EST is indicated

with black arrow.
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Enzyme

Gene cloning

Mapping

Cloning approach

Number of cloned copies

Genbank accessions;
references

Chromosome location;
references

PAL — phenylalanine
ammonialyase
CHS — chalcone synthase

CHI - chalcone-flavanone
isomerase

F3H — flavanone 3-
hydroxylase

F3'5'H — flavonoid 3',5'-
hydroxylase

DFR — dihydroflavonol-4-
reductase

ANS — anthocyanidin
synthase

FMT — flavonoid 7-O-
methyltransferase

Isolation from genomic
library
PCR-based cloning
PCR-based cloning
PCR-based cloning
PCR-based cloning
PCR-based cloning

Not described

2 complete
4 complete
| partial
| partial
| partial
3 complete

5 complete

X99705[41,42]

AY286093, AY286095
AY286096, AY286097[43]
ABI187026[11]

ABI87027[11]
AY519468[43]

ABI162138, AB162139,
AB162140[44]
AB247917, AB247918,
AB247919, AB247920,
AB247921[46]

3A, 3B, 3D, 6A, 6B, 6D [7]
IA, IB, ID, 2A, 2B, 2D [7]

5A, 5B, 5D [7]

3AL, 3BL, 3DL [44,45]

6AS (2 copies), 6BS (2
copies), 6DS [46]

IA, IB, ID [7]
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Table 6: Primers designed to amplify wheat F3H for cloning, chromosomal localization and for expression analysis.

Purpose Gene Gene segment specification DNA/cDNA-derived PCR  Forward primers Reverse primers
(according Figure 1) or product length (bp)

former gene name

PCR-based cloning F3H Segment | variable atggcgecggtgagcaac tttacgtggcatggcatgeat
F3H Segment 2 variable atgacgcgectctetegeg tggacggtgatccaggtcttg
F3H Segment 3 variable [ [
F3H Segment 4 variable tctcgatcgatcgaccaccaa ctaggcaagaatttcgttgaggg
F3H Segment 5 variable ccggtgagcaacgagacgttc ggraagaatttcgttgagggs
Chromosomal F3H-Al T. aestivum F3H| 703/- gccacctgeaggtatacacgeat — ccaccgeecgtagtecct
assignment and
physical mapping F3H-Bl  T. aestivum F3H3 333/- gegtgetgtecgaggege cgatcgatcgattaaggatt
F3H-B2 T. aestivum F3H4 255/155 gctgectgecgaggacaagg aacgcccgtagteccgtgec
F3H-DI T. aestivum F3H2 225/- geccacctgeaggtacccacacat — ccaccteccgtagtcecg
F3H-GI T. timopheevii F3H2t 3711/- acgactcatggggctgtca caattggtggtcgatcgatcag
qRT-PCR, RT-PCR F3H-Al  T. aestivum F3HI 800/186 atgacacgcctctctegeg ccaccgeecgtagteect
F3H-BI  T. aestivum F3H3 830/183 tgacgcgectctetegegag accgcccgtagtecegtget
F3H-B2 T. aestivum F3H4 255/155 getgectgecgaggacaagg aacgcccgtagtcecgtgec
F3H-DI T. aestivum F3H2 281/145 atcgtctccagccacctgeag cgctgtatcgetecaccacg
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