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Abstract

Quality traits of raspberry fruits such as aroma and color derive in part from the polyketide derivatives, benzalacetone and
dihydrochalcone, respectively. The formation of these metabolites during fruit ripening is the result of the activity of polyketide
synthases (PKS), benzalcetone synthase and chalcone synthase (CHS), during fruit development. To gain an understanding of the
regulation of these multiple PKSs during fruit ripening, we have characterized the repertoire of Rubus PKS genes and studied their
expression patterns during fruit ripening. Using a PCR-based homology search, a family of ten PKS genes (RipksI-10) sharing
82-98% nucleotide sequence identity was identified in the Rubus idaeus genome. Low stringency screening of a ripening fruit-specific
cDNA library, identified three groups of PKS cDNAs. Group 1 and 2 cDNAs were also represented in the PCR amplified products,
while group 3 represented a new class of Rubus PKS gene. The Rubus PKS gene-family thus consists of at least eleven members. The
three cDNAs exhibit distinct tissue-specific and developmentally regulated patterns of expression. RiPKSS5 has high constitutive
levels of expression in all organs, including developing flowers and fruits, while RiPKS6 and RiPKS11 expression is consistent with
developmental and tissue-specific regulation in various organs. The recombinant proteins encoded by the three RiPKS cDNAs
showed a typical CHS-type PKS activity. While phylogenetic analysis placed the three Rubus PKSs in one cluster, suggesting a recent
duplication event, their distinct expression patterns suggest that their regulation, and thus function(s), has evolved independently of
the structural genes themselves.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Plant-specific polyketide synthases (PKSs) are dimeric
proteins that act directly on Coenzyme A (CoA) thioe-
sters of various carboxylic acids to extend the carbon
backbone (reviewed in Schréder, 1997; Dixon, 1999; Jez
et al., 2001). Structural diversity within the polyketides
is primarily attributed to the “synthase programming”
in PKSs that determines the chain length, the choice of
starter and extender units, and the subsequent modifi-
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cation and cyclization of the carbon chain (Hopwood
and Sherman, 1990; Schroder, 1997). Numerous plant-
specific PKSs have been characterized which collectively
orchestrate the successive condensation of malonyl CoA
with aromatic CoA-thioesters to yield a large family of
compounds that include chalcone, stilbene, bibenzyl,
acridone, and benzalacetone derivatives. The more
complex PKSs such as chalcone synthase (CHS), stil-
bene synthase (STS), and coumaroyltriacetic acid syn-
thase carry out multiple rounds of condensation with
4-coumaryl CoA. Other plant PKSs, however, catalyze
fewer condensation cycles, or use other starter units, to
yield structurally distinct polyketides (reviewed in
Schréder, 1997; Dixon and Steele, 1999; Dixon, 1999)
(Fig. 1). Styrylpyrone synthase (SPS), for example, uses
the same precursors as are used by CHS, but carries out
only two condensing reactions prior to ring closure
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Fig. 1. Origin of the raspberry flavor and color polyketide-derivatives. CHS, chalcone synthase; BAS, benzalacetone synthase.

(Beckert et al., 1997), while pyrone synthase (PS) cata-
lyzes the formation of pyrone derivatives in Gerbera by
using a starter unit of acetyl CoA and extending the
skeleton with two units of malonyl CoA (Eckermann et
al., 1998).

Comparative analysis of plant PKSs reveals sub-
stantial similarity at the nucleotide and protein sequence
level. All plant PKSs consist of ~400 residue polypeptide
chains that share >50% sequence identity. However,
functional analysis of some of these sequences using
either genetic or biochemical approaches has shown
that, despite the considerable sequence similarity, PKSs
can exhibit very distinct “‘synthase programming”, and
thus, catalytic capabilities. For example, within a family
of three PKS genes isolated from Gerbera hybrida,
gCHSI1 and gCHS3 share 89% amino acid sequence
identity and show a typical CHS- type activity, while a
third gene (gPS2) that shares ~75% amino acid
sequence identity to gCHSI and gCHS3, is a PS-type
PKS (Helariutta et al., 1995; Eckermann et al., 1998).
Similarly, the two PKS genes in Pinus strobus share
87% amino acid sequence identity, yet the products of
PStrCHS1 performed a typical CHS reaction, while
PStrCHS2 was completely inactive with the usual CHS
starter substrates and preferred to use a diketide deri-
vative analogous to a CHS-intermediate (Schroder et
al., 1998). Thus, it is now generally accepted that the
catalytic program of a plant-PKS cannot be predicted
solely from sequence information.

While a large repertoire of PKS genes sharing the
same or divergent catalytic functions has been isolated,
the functional basis for this diversity has been analyzed
only in a very few species. Large families of PKS genes
have been cloned from plants such as Petunia (Koes et
al., 1987), bean (Ryder et al., 1987), pea (Harker et al.,
1990; An et al., 1993), alfalfa (Junghans et al., 1993),
soybean (Akada et al., 1991; Estabrook and Gopalan-
Sengupta, 1991), and Ipomea (Durbin et al., 1995),
while smaller gene families have been cloned from spe-
cies such peanut (Schroder et al., 1988), tomato (O’Neill
et al., 1990), mustard (Batschauer et al., 1991), Math-
hiola (Epping et al., 1990), maize (Franken et al., 1991),
barley (Rhode et al., 1991), gerbera (Helariutta et al.,
1995). Only single PKS genes have been reported as yet
from Antirrhinum (Sommer and Saedler, 1986), Arabi-
dopsis (Feinbaum and Ausubel, 1988) and Petroselinum
(Reimold et al., 1983). A family of PKS genes has also
been cloned from gymnosperms (Raiber et al., 1995;
Schanz et al., 1992; Schroder et al., 1998). The presence
of apparently single CHS genes in Arabidopsis, Anti-
rrhinum and Peteroselinum suggests that possession of
multiple PKS genes is not essential for the survival of
the plants.

In some species, the presence of multiple PKS genes
has been correlated with distinct capacity to code for
different but related enzymatic activities and such genes
may be regulated in a tissue- and development-specific
fashion. In Antirrhinum (Sommer and Saedler, 1986)
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and Arabidopsis (Shirley et al., 1995) expression of the
CHS gene has been correlated with anthocyanin pig-
mentation during flower development or with pigmen-
tation of the seed coat, respectively, while in maize,
CHS gene expression varies during kernel development
(Franken et al., 1991). Similarly, in Gerbera hybrida, the
expression of the two CHS genes has been correlated
with the accumulation of flavonols, while the pyrone
synthase (PS) was expressed throughout the plant
(Helariutta et al., 1995). In grape, pine and peanut cell-
cultures, it has been demonstrated that the PKS
belonging to the STS-class is preferentially induced in
response to elicitation as compared to CHS in the same
species (Schoeppner and Kindl, 1979; Rolfs et al., 1981;
Rolfs and Kindl, 1984). This diversity emphasizes the
importance of characterization of all PKS gene-family
members in a single plant species if we are to fully
understand the functional divergence and the contri-
bution to cell function(s) of the PKSs.

In addition, characterization of the full repertoire of
PKS genes in a genome provides further insight into the
evolution of this important family of proteins. Based on
the phylogenetic analysis of all PKSs characterized in
plants, Tropf et al. (1994) hypothesized that divergent
members of the plant PKS superfamily had arisen inde-
pendently from a CHS-type PKS in several species.
However, in a more recent phylogenetic analysis of STS
and CHS in Vitis, Goodwin et al. (2000) proposed that
Vitis-STS has a separate origin from Vitis-CHSs, and that
evolution of PKSs may have followed multiple routes.

In Rubus, polyketide derivatives such as anthocyanins
are an obvious feature of ripening fruits. The starting
materials for the biosynthesis of anthocyanins are the
products of enzyme CHS (Fig. 1). The fruits also accu-
mulate another polyketide-derivative, p-hydroxy-
phenylbut-2-one (pHPB), which is primarily responsible
for the characteristic aroma of ripe raspberry fruits
(Schinz and Sediel, 1961) (Fig. 1). Biosynthesis of pHPB
follows a two-step process in which one unit of p-cou-
maryl CoA is first condensed with one-unit of malonyl
CoA to form p-hydroxyphenylbut-3-ene-2-one (BA),
which is then reduced by a separate oxidoreductase in
the presence of NADPH to yield pHPB (Borejsza-
Wysocki and Hrazdina, 1996). Formation of BA, cata-
lyzed by benzalacetone synthase (BAS) is reminiscent of
the biosynthesis of naringenin chalcone, and partial
purification of raspberry BAS protein revealed that it
has a M,, pl, and pH optimum similar to that of CHS
(Borejsza-Wysocki and Hrazdina, 1996) (Fig. 1). The
authors therefore suggested that BAS, like STS, ACS
and other PKS, might be a unique PKS that shares sig-
nificant similarities to CHS. The recent isolation of BAS
from Rheum palmatum confirmed that the Rheum
enzyme is closely related to CHS at the molecular level,
but displays a novel catalytic specificity (Abe et al.,
2001).

To learn how the capacity to form fruit-associated
polyketides is organized in Rubus, we have characterized
the PKS gene-family in this species, and studied the
developmental regulation of PKS during fruit ripening.

2. Results and discussion

2.1. Amplification and characterization of the Rubus
PKS genes

To identify the full complement of Rubus PKS
gene(s), we initially used a PCR-based approach,
employing degenerate PCR primers designed to target
evolutionarily conserved regions within a range of PKSs
with distinct catalytic capabilities. Despite differences in
substrates and reaction mechanisms utilized by plant-
specific PKSs, alignment of the different classes of PKS
sequences revealed several such conserved regions.

Genomic DNA isolated from young Rubus leaf tissue
was then used as a template for amplification of PKS
genes, employing using combinations of degenerate pri-
mers PK1-PK2, PK1-PK4, PK3-PK2, and PK3-PK4
(Fig. 2). Amplification with primer pairs PK1-PK2,
PK3-PK2, and PK3-PK4 in each case yielded products
of expected size. However, amplifications with combi-
nation PKI1-PK4 yielded either attenuated or no
amplification products, and therefore this combination
was not considered further. RFLP analysis of about 500
independent clones of the amplicons obtained from each
primer pair revealed polymorphism for Smal and Pstl.
This analysis led to the identification of five classes of
amplicon clones from primer pairs PK1-PK2, four
classes from primer pairs PK3-PK?2, and one class from
primer pair PK3-PK4. The PKS gene-family in a given
plant species can consist of multiple members that share
considerable sequence homology, as observed in alfalfa
(Junghans et al., 1993), Gerbera (Helariutta et al., 1995,
1996), Ipomea (Durbin et al., 1995), petunia (Koes et al.,
1987), and soybean (Akada and Dube, 1995). It is
therefore conceivable that two or more genes could
produce identical RFLP patterns with these two
restriction enzymes. To test for that possibility, we
sequenced multiple clones representing each RFLP
class, and compared a stretch of 351 nucleotides (117
aa) within all the sequenced clones, using the CLUS-
TAL program in PC/GENE. Rubus idaeus is vege-
tatively propagated and, it is likely that R. idaeus L. cv.
Meeker consists of a homogenous but heterozygous popu-
lation. To accommodate the contribution to sequence
variation of co-amplification of allelic sequences, as well
as any errors introduced by Tag DNA Polymerase
during amplification, we chose an arbitrary variability
threshold (10 nucleotides out of 351 nucleotides com-
pared), below which all sequence variability was
ascribed to these factors. Using this threshold as our
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Fig. 2. Positions of the PKS gene-specific primers, and of the amplified Rubus PKS clones, relative to a generic plant PKS gene. Closed arrow heads
indicate the positions of the degenerate PCR primers, relative to the coding regions of a generic plant PKS gene. The amino acids position corre-
sponding to each primer have been numbered relative to Arabidopsis CHS (GenBank, M20308. \/ 'represents the conserved intron found in all plant-
specific PKS genes. /2 represents the additional intron characterized in Antirrhinum CHS (X03710). The amplified regions of the Rubus PKS genes
are indicated by solid lines. RipksI-Ripks6 were detected by primers PK1-PK2, while Ripks7-RipksI10 were generated from primer combination PK3-
PK4. The dark line indicates the region (351 bp) compared and analyzed in detail. Amplified products had an EcoRI (E) and Xbal (X) site at their 5
and 3'-ends respectively. The polymorphic PstI (P) and Smal (S) sites within the amplified regions of the Rubus pks genes were used to classify the

PCR clones.

standard for distinguishing between genes and alleles,
we were able to characterize fragments potentially
representing at least ten different PKS genes within the
Rubus genome.

2.2. Rubus PKS sequence classes

Within the characterized regions, the Ripksl sequence
class had a recognition site for Smal (60 bp downstream
of the primer PK1 binding site), and lacked any recog-
nition site for Pstl. Ripksl was represented by 11
sequenced clones obtained from two independent PCR
reactions (denoted A and B) with primer pairs PK1-
PK2. Five out of the eleven clones sequenced were
identical over the 351 bp compared and this sequence
was therefore designated Ripksl. Six clones carried the
following changes (designated within brackets): clone
A58 (A34T, A62QG), clone B27 (T28C, G148A, A222G),
clone B240 (G31A), clone B49 (C39T, G85A, A9%4G),
clone B03 (G44A, (C201T) and clone B164 (T13G,
A61G, A93G, C196T). Amongst these six clones no
base substitutions occurred at the same positions,
therefore we conclude that all clones represent a single

PKS gene with variations attributed to amplifications of
allelic sequences or to errors introduced by 7Tag DNA
polymerase. However, it is conceivable that clone B164
represents a different locus, since its variation exceeds
the error rate of 0.5% estimated by Butland et al. (1998)
for Tag DNA polymerase in a similar analysis.

The Ripks2 gene fragment contained two recognition
sites for Smal and a single recognition site for Pstl
(Fig. 2). It was represented by clones A43 and B157,
obtained from the primer pair combination PK1-PK2.
These two clones were identical over the 351 nucleotides
compared and this sequence was designated Ripks?.

Ripks3 had a recognition site for PstI located 308
nucleotides downstream of the primer PK1 binding site.
It was represented by two clones, A125 and BI113,
obtained from the primer pair combination PK1-PK2.
The two sequences were identical over the 351 nucleo-
tide region compared and this sequence was therefore
designated as the Ripks3 sequence.

Ripks4 had dual recognition sites for Smal (144 and
462 nucleotides downstream of the primer PK1 binding
site) and a single PstI site in common with some of the
other Ripks genes (Fig. 2). The Ripks4 sequence was
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represented by three clones: AS53, B48 and A166,
obtained from primer combination PKI1-PK2. While
two of these clones were identical in sequence (this
sequence was designated as Ripks4) one clone (A48) had
changes at nucleotide positions 49 (C—T), 61 (T—C),
67 (C—T), 116(A—T), 210 (C—A), 219 (T—C). Since
this level of change is greater than the estimated level of
amplification error, it is likely that clone A48 represents
the allelic sequence of Ripks4.

Ripks5 was represented by five clones obtained from
primer pair PK1-PK2. It had a fingerprint with Smal
and Pstl similar to that of Ripks2, but differed at 14
nucleotide positions from Ripks2. Since this level of
variation is higher than the estimated amplification
error-rate, we designated this sequence as originating
from a new gene. However, we cannot exclude the possi-
bility that Ripks5 represents an allele of Ripks2. Four of
the five clones were identical in the 351 bp region com-
pared and this sequence was thus designated as the Ripks5
sequence. One clone (A83) of the same RFLP class had a
single nucleotide substitution at position 340 (T—A).

Ripks6 was amplified by all three primer pair combi-
nations. This RFLP class, represented by a single
recognition site for PstI and Smal (Fig. 2), was the most
prominent class detected in the analysis. It was repre-
sented by two sequenced clones from primer pair PK1-
PK2, four sequenced clones from primer pair PK3-PK2
and seven clones from the primer pair PK3-PK4. Two
clones from primer combination PK1-PK2, three clones
from primer pair PK3-PK?2 and five clones from primer
combination PK3-PK4 were identical over the 351
nucleotides compared; hence this sequence was desig-
nated as Ripks6. However, in other clones with the same
RFLP pattern differences were detected. For example,
clone B263 from primer pair PK3-PK2 had changes at
nucleotide positions 14 (T—C), 62 (G—T), 75 (G—T)
and clones A94 and B22 from primer pair PK3-PK4
had single base substitutions each at nucleotide posi-
tions 12 (T—C), 142 (C—T), and 289 (A—G). Since no
base substitutions occurred at the same positions in
these clones, we conclude that all these clones represent
a single PKS gene with variations attributable to
amplifications of allelic sequences or to the error intro-
duced by Tag DNA polymerase.

Ripks7 had single recognition sites for PsfI and for
Smal (Fig. 2), and was represented by two clones that
had identical amino acid sequences over the 351 bp
region compared. This sequence was designated Ripks7.
Even though this class of clones shared common
restriction sites for PstI and Smal with Ripks4, 5 and 6,
the nucleotide sequence varied at more than 14 nucleo-
tide positions (over 351 nucleotides compared) when
compared to Ripks4, 5 and 6. We therefore assigned this
to a different gene family member.

Sequence class Ripks8 did not have a recognition site
for Pstl (Fig. 2) and was represented by two sequences

from two independent PCR reactions with primer pair
PK3-PK2. These sequences were identical over the 351
bp compared and this sequence was designated RipksS.

Classes Ripks9 and Ripksl0 were each represented by
multiple clones with a similar RFLP pattern arising
from two independent PCR reactions with primer pairs
PK3-PK2. We sequenced two representative clone of
each class. Each of these sequences varied at least 15
nucleotide positions within the 351 bp region when
compared to Ripksi-6. Thus, according to our criteria,
we designate these sequences as originating from two
different genes.

Using a homology-based search method we thus
established that there are at least ten diverse PKS genes
in the Rubus genome. The homology between these
genes ranges from 86-96% nucleotide sequence identity
in the 351 nucleotide region upstream of the PK2 primer
binding site, which provides strong correlative evidence
that they encode Rubus PKSs. Large PKS gene families
have also been isolated from other plants. Up to eight
genes classified as CHS (based on homology) have been
reported from legumes such as bean (Ryder et al., 1987),
soybean (Estrabrook and Gopalan-Sengupta, 1991),
and alfalfa (Junghans et al., 1993).

PKSs other than CHS have also been reported to be
encoded by a family of homologous genes. In Vitis, at
least seven closely linked ST'S genes have been reported
(Wiese et al., 1994), while in gymnosperms ten S7'S genes
have been isolated and characterized from P. sylvestris
(Preisig-Muller et al., 1995). Similarly, a family of three
transcriptionally-active PS genes has been characterized
in Gerbera (Helariutta et al., 1996). Only Arabidopsis and
Antirrhinum have been proposed to contain single copies
of CHS-type PKS genes (Sommer and Saedler, 1986;
Shirley-Winkel et al., 1995). However, this conclusion
may be premature, since a computer-based search of the
Arabidopsis genome database reveals the presence of
several sequences that share homology with the CHS
consensus. Weinand et al. (1982) report the presence of
several faint bands in a Southern blot analysis of Anti-
rrhinum genomic DNA with a Petroselinum CHS frag-
ment as a probe, suggesting that Antirrhinum might also
have additional copies of PKS-type genes.

2.3. Isolation and characterization of ripening-related
Rubus PKS genes

Since we were interested in ripening-related PKSs, we
proceeded to isolate full-length cDNA sequences corre-
sponding to those RiPKS genes that were expressed
during fruit-ripening. Screening of a fruit-specific
cDNA library with a mixed population of probes con-
sisting of amplified fragments of Ripksl and Ripks7 led
to the isolation of 150 positive clones after the initial
round of screening, 80 of which were subjected to further
analysis. Amplifications of the insert in each positive
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plaque with universal primer T3 and a PKS-gene-specific
primer (PK4), identified 72 plaques as having potential
PKS gene inserts >900 bp in length. Restriction frag-
ment length analysis of the amplified fragments of the
72 clones with multiple restriction endonucleases
grouped all clones into three discrete classes (Fig. 3).
The three RiPKS cDNAs share considerable sequence
homology amongst themselves and with other PKSs.
The high homology within the coding regions of the
Rubus PKS sequences also extended to the 5 and the
3’-UTRs. However, subtle differences in these regions
between the three cDNA clones suggest that each of the
clones can be considered as arising from individual
genes rather than alleles of the same gene. This obser-
vation also indirectly supports the cut-off values used to
categorize the PCR amplicons as arising from different
genes, as opposed to alleles of the same gene. Con-
firmatory evidence for these distinctions would require
analysis of genetic crosses.

In comparisons with the ten Ripks amplicon classes,
group I cDNA clones showed 99% nucleotide sequence
identity (single nucleotide change) to Ripks5, and group
IT cDNA clones showed 99% nucleotide sequence iden-
tity (single nucleotide change) to Ripks6. Group III
cDNA clones shared 92-96% nucleotide sequence iden-
tity with RipksI-10, with the closest being Ripks9 (96%
nucleotide sequence identity). This level of variation
most likely represents a new gene rather than an allelic
sequence, and we therefore designated group III clones
as representing a new class, RiPKS/I. At the nucleotide
level, the open reading frame of RiPKS5 shares 93%
nucleotide sequence identity to RiPKS6, and 97%
nucleotide sequence identity to RiPKSII. The open
reading frames of RiPKS6 and RiPKSII share 92%
nucleotide sequence identity. The lengths of the
3’-untranslated regions were 256, 308 and 223 nucleo-
tides (respectively) for RiPKS5, RiPKS6 and RiPKSI].
The homology between the 3’-untranslated regions var-
ied from 98% between RiPKS5 and RiPKSII to 60%
between RiPKS5 and RiPKS6. Differences between the
5" and 3'-untranslated regions consisted mostly of dele-

tions and insertions rather than significant stretches of
nucleotide dissimilarity. In the sequenced regions, the
5-untranslated regions of RiPKS5 and RiPKS6 were
identical. This is not an unprecedented observation,
since the five alfalfa CHS genes (Junghans et al., 1993)
also share considerable homology in these 5-and the
3’-untranslated regions. Similarly, the two soybean CHS
genes (chs5 and chs4) have identical coding regions and
3/-untranslated regions, while sharing 63% nucleotide
identity in the 5'-untranslated region (Akada and Dube,
1995). 1t is likely that characterization of sequences fur-
ther upstream would reveal significant differences
between the RiPKS5 and RiPKS6 genes.

The predicted amino acid sequences of the three
cDNAs share 96-98% amino acid sequence identity
amongst themselves. The RiPKS sequences also shared
considerable sequence homology with other Rubus
idaeus PKS clones identified from R. idaeus variety
“Royalty” and other Rosaceae PKS sequences; 91-99%
amino acid sequence identity with the three other Rubus
PKS clones (Zheng et al., 2001); 94-95% amino acid
sequence identity with strawberry CHS, and 86-90%
amino acid sequence identity with apple CHS. The three
RiPKSs also shared considerable similarity with Arabi-
dopsis CHS sequences. The sequencing of the Arabi-
dopsis genome has identified several divergent sequences
that have been annotated as “CHS-like” based on
homology. The RiPKSs were considerably divergent
from these Arabidopsis CHS-like sequences and much
more closely related to the bona fide CHS sequences
(78-87% amino acid sequence identity).

A comparison of the deduced amino acid sequences of
RiPKSs to strict CHS or STS consensus sequence
revealed that the amino acids required in the active site
of alfalfa CHS (Cys164, Phe215, His303 and Asn336)
(Ferrer et al., 1999) are also conserved both in the three
RiPKS polypeptides and in the consensus for STS and
CHS. Residues Thr197, Ile254, Gly256, Asn336, Ser338,
and His303, which define the active site volume for the
alfalfa CHS2, were conserved in the RiPKSs, indicating
that the active site architecture of the RiPKSs was

Group cDNA
1 ]?"P. ST ST S P H. , x RiPKSS
ATG TGA
2 W% R ° . °, . ® . RiPKS6
ATG TGA
3 % ST 3, ’ ° X RiPKSI1
ATG TGA
200 bp

Fig. 3. Representative restriction maps of Rubus PKS cDNA clones. The dark line represents the regions of the cDNA also characterized by the
PCR-based homology search. The positions of the start and the stop codons are denoted within each cDNA. Restriction enzymes used are: E,

EcoRI; H, Hindlll; P, Pstl; S, Smal; S1, Sall; X, Xhol.



A. Kumar, B.E. Ellis | Phytochemistry 62 (2003) 513-526 519

similar to that of the alfalfa CHS2 and thus that Rubus
enzymes should be capable of accommodating bulkier
end products such as resveratrol or chalcones. Among
the various PKSs that have been identified from plants,
RiPKSs share higher percent sequence identity with
CHS-type PKSs (82-91% amino acid sequence identity)
than with other non-CHS type PKS (78-88% amino
acid sequence identity).

While computer-based homology searches have pro-
ven to be fruitful exercises to find and define functional
homologues of genes across species, one has to be par-
ticularly cautious in using such an approach for pre-
dicting the catalytic properties of new PKS. Non-CHS
type PKSs are still very similar to CHS-type proteins at
the sequence level, and it is clear that only subtle chan-
ges in the PKS active site are required to create a novel
catalytic functions (Jez et al., 2000). This adaptability
may well underlie the remarkable diversification that
characterizes PKS-catalyzed metabolism in plants.

2.4. Functional expression of the three RiPKS ¢DNAs

To establish the functional properties of the Rubus
PKSs, all three RiPKS cDNAs were expressed in E. coli
as recombinant proteins either containing or lacking an
N-terminal Hisg-tag. Expression of the recombinant
protein was not affected by the presence or the lack of
the N-terminal Hisg- tag (data not shown). The recom-
binant proteins had apparent molecular masses of
approximately 42,000 Da and were recognized on wes-
tern blots by polyclonal antibodies raised against parsley
CHS (Kreuzaler et al., 1979) (Fig. 4A).

When assayed with p-coumaryl CoA and malonyl
CoA, naringenin was the major product of the reaction
with all three recombinant proteins (Fig. 4B). Negligible
benzalacetone synthesis was observed, and control
extracts from bacteria transformed with the vector
lacking inserts displayed no CHS activity (Fig. 4B). Con-
trol assays using recombinant proteins incubated with a
single substrate (malonyl-CoA) also did not yield nar-
ingenin. These results are consistent with the typical
properties of CHS-type PKS. All three recombinant pro-
teins also showed an apparent preference for p-coumaryl
CoA as the starter unit, relative to other hydroxy-
cinnamyl-CoA esters (data not shown).

2.5. Developmental regulation of the RiCHS ¢cDNA
transcripts

A range of PKS relatives, including CHS, STS, and
PS, have consistently demonstrated differential patterns
of expression with respect to specific tissues, and to
developmental and environmental cues (Ryder et al.,
1987; Bell et al., 1986; O’Neill et al., 1990; Harker et al.,
1990; Gong et al., 1997; Koes et al., 1989; Helaruitta et
al., 1995). Although there is much information about

the expression patterns of individual genes, or the
response of multiple gene-family members to environ-
mental cues, little is known about the regulation of
multiple family members during a developmental pro-
gram such as flower and fruit development. Although
we have not conducted an analysis with all members of
the RiPKS family, we did examine the behavior of the
three members of the Rubus CHS family that are most
prominently associated with fruit ripening (Fig. 5).
Two patterns of gene expression were apparent.
RiPKS5 displayed high levels of mRNA expression in
all organs of Rubus. The expression of the other two
cDNAs, (RiPKS6 and RiPKS11), varied significantly in
ripening Rubus fruits, indicating that these genes are
regulated in a ripening-dependent manner. The three
RiPKS transcripts also differed in their temporal pat-
terns of expression during flower development and fruit
maturity. In fruits, RiPKS1] expression was particularly
high in developmental stages that also have higher
anthocyanin levels (stages III-V). During flower
development, RiPKSI1 was more actively transcribed in
fully mature flowers (stage II) than in buds (stage I) or
fertilized flowers (stage III). The kinetics of expression
of RiPKS5 and RiPKS6 in developing flowers generally
resembled each other and the accumulation of these
transcripts was not obviously correlated with the pro-
cess of fruit development. Most notably, in the com-
parison of five developmental stages of fruits that we
sampled, RiPKS5 and RiPKS6 did not show a temporal
relationship to anthocyanin accumulation, in contrast
to RiPKSI11.Our results demonstrate that both fruit-
ripening-dependent and independent pathways of gene
expression coexist within the Rubus CHS gene family,
and thus provides a system in which it should be possi-
ble in the future to identify cis- and trans-acting factors
that contribute to ripening-regulated gene expression.
It is not unusual for one or two family members to
account for most of the CHS gene expression in a plant.
In petunia, with about eight gene family members, one
gene (CHS-A) accounts for ~90% of the CHS gene
expression, while CHS-J accounts for ~10%, with
CHS-B and CHS-G being expressed only at very low
levels in floral tissues and in UV and light-induced
seedlings (Koes et al., 1989). Similarly, in soybean only
one of the three CHS genes is active in cotyledons
(Wingender et al., 1989). In Ipomea, out of the thirteen
genes characterized from seven species, I. purpurea
CHS-A and CHS-C, and 1. platensis CHS-A are the
only genes actively expressed (Durbin et al., 1995). In
contrast, two CHS genes characterized from tomatoes
are expressed at equivalent levels in cotyledons, hypo-
cotyls and leaves (O’Neill et al., 1990). As determined
by the RT-cPCR analysis (Fig. 5B), the absolute levels
of RiPKS transcripts in stage III fruits were RiPKS5 >
RiPKS11> RiPKS6 (160: 40: 0.8 pmol cDNA/mg
tRNA). Comparison of the relative abundance amongst
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Fig. 4. Immunoblot analysis and enzymatic activity of the recombinant RiPKS protein. (A) Immunoblot analysis of RiPKS expressed proteins.
Soluble proteins were isolated from IPTG-induced E. coli harboring plasmid pQE30 (lane 1), pQE30-PKS5 (lane 2), pQE30-PKS6 (lane 3), or
pQE30-PKSI11 (lane 4). M, Molecular mass standard in kD. The proteins were blotted onto a PVDF membrane and developed with antiserum
specific to parsley CHS. (B) TLC analysis of products of the assay with the three Rubus PKS recombinant proteins. Ethyl acetate-soluble assay
products were separated by TLC and radioactive products labeled from [2-'“C] malonyl-CoA visualized by autoradiography. The substrates used
were p-coumaryl-CoA as the starter unit and malonyl-CoA as the extender moiety. Lane 1, vector-only E.coli control with both CoA esters; lane 2,
RiPKSS, 6 or 11 recombinant proteins incubated with malonyl-CoA; lane 3 and lane 4, Rubus recombinant proteins incubated with both CoA esters.
The relative mobilities of the radioactive products were compared against authentic samples of the expected end-products. O, origin of the chro-
matogram; F, solvent front of the chromatogram; N, position of authentic naringenin; B, position of authentic benzalacetone.

the three RiPKS transcripts over all the tissues revealed
that RiPKS5 mRNA is more abundant than either
RiPKS6 or RiPKSIl (Table 1). In fact, RiPKS6 was
expressed only at very low levels in all the tissues inves-
tigated. During the screening of the cDNA library
representing the stage III of fruits, we also observed that
RiPKS5 was the most abundant cDNA, which is con-
sistent with the absolute levels of specific RiPKS tran-
scripts determined by RT-cPCR.

It is important to recognize that, while we have con-
clusively demonstrated differential expression among
three of the eleven Rubus PKS genes, it remains to be
established whether the other Rubus PKS genes are func-
tional, and if so, where and when they are expressed.

2.6. Phylogenetic origin of Rubus PKSs

Phylogenetic analysis of the RiPKS genes (RiCHSS,
RiICHS6 and RiCHS11) and other plant PKS sequences
with defined catalytic activity yielded a tree in which the
three RiPKS sequences clustered together, indicating
that they have probably evolved by species-specific gene
duplication event(s) from a single ancestor (data not
shown). An earlier phylogenetic study concluded that
non-CHS-like PKSs had evolved from CHS sequences
several times independently during the course of plant
evolution (Tropf et al.,, 1994). Later analyses from
Durbin et al. (1995) and Helariutta et al. (1996) support
the working hypothesis of Tropf et al. (1994), and
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Fig. 5. Semi-quantitative RT-cPCR analysis of the accumulation of specific RiPKS transcripts in different organs of Rubus. (A) RT-cPCR was
performed using 100 ng of total RNA isolated from young leaves, shoots, roots and different developmental stages of flowers and fruits. Following
32-repeated cycles of amplification, the products (50% of each amplification mix) were resolved in a 3% TAE-agarose/EtBr gel. (B) The relative
amounts of target and competitor amplification product were calculated based on the intensity of the products, and the ratio of the two products has
been graphed. Similar results were obtained in two independent experiments. The expression level of a given RiPKS genes can be compared between
tissues, but expression amongst the three RiPKS genes cannot be compared within a tissue in this graph. The intensity of the bands was normalized
to the average intensity of RiHIS3 products as a control for starting RNA equivalence.
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Table 1
Absolute levels of specific RiPKS transcripts in different organs

RiPKS transcript levels (pmol/mg of tRNA)

RiPKS 5 RiPKS 6 RiPKS1 1
Leaves 390 0.1 0.4
Shoots 288 0.5 5
Roots 206 0.5 15
Flowers 1 190 0.6 2
Flowers 11 182 0.6 6
Flowers I11 169 0.6 3
Fruits I 279 1 10
Fruits 1T 210 0.4 3
Fruits IIT 159 0.8 40
Fruits IV 361 2 101
Fruits V 266 1 36

(M20308), Gerbera (2308096, Z380980), Petroselinum
(P16107), Pueraria (D63855), Pinus (X60754), Sinapis
(X16437), Zea (X60204, X60205)]; stilbene synthases
[Arachis (X62300, L00952), Pinus (Z46915, 746914,
S50350), Vitis (X76892, P28343)]; bibenzyl synthases
[Phalaenopsis (X79903, X79904)] and acridone syn-
thase [Ruta (Z34088)] and a Gerbera PKS (Z38097)
whose function was unknown at the time this study
was started.

PK1 [Y-CGGAATTCAA(A/G)GCIAT(TCA)AA(AG)
GA(GA)TGGG] and PK3 [5-cgGAATTCAA(G/A)
GA(T/C)CT IGCIGA(A/G)AA(T/C)AA] are the sense
primers based on amino acids KAIKEWG and KD(L/V)
AEVNN, respectively. PK2 [5-ctctagal GG(A/G)TG
IGC(A/G/T)ATCCA(A/G)AA] and PK4 [5-GC
TCTAGA CCIGGICC(A/G)AAICC(A/G)AA] are the

The absolute levels of the three RiPKS transcripts were determined in
the developmental stage I1I of fruits (Fig. SA). The levels of transcripts
of each cDNA in other organs were then determined based on the
relative ratio of expression of each cDNA in those tissues compared to
that seen in stage III fruits (Fig. 5B).

suggest that a similar mechanism underlies the evolution
of catalytically divergent PS in Gerbera (Helariutta et
al., 1996), and the family of CHS-like sequences in Ipo-
mea (Durbin et al., 1995). Our phylogenetic analysis is
consistent with this picture. Gene duplication followed
by differentiation can result in the production of closely-
related proteins with novel functions. The Rubus CHS
genes seem have to undergone such differentiation, at
least with their regulatory regions, since the expression
patterns of the three genes do not correlate with their
close phylogenetic clustering.

The identification and initial characterization of the
eleven Rubus PKS genes presents us with an unprece-
dented opportunity to fully understand the funda-
mental function(s) and diversity of the PKS gene
family members within a single species. We have also
successful developed a set of primers that can be used
to characterize the PKS gene-family from other plant
species. Characterization of the catalytic properties of
all the RiPKS isoforms would generate important
insights into their potential roles, while creation of
transgenic plants that are blocked in specific PKS-cata-
lyzed reactions would permit an unambiguous associ-
ation of specific genes with the functions of their
encoded proteins.

3. Experimental
3.1. PCR primers and amplification reactions
The following plant-specific PKS sequences were

aligned to generate an amino acid consensus: chal-
cone synthases [Antirrhinum (X03710), Arabidopsis

fully- degenerate antisense PCR primers based on
amino acids FWIAHP and FGFGPG, respectively. The
target locations of the primers within a typical plant
PKS gene are illustrated in Fig. 2. To facilitate sub-
cloning of the PCR-amplified products, EcoRI recogni-
tion sites (underlined) were incorporated in the sense
primers PK1 and PK3, and Xbal recognition sites
(underlined) were incorporated in the antisense primers
PK2 and PK4.

Rubus idaeus genomic DNA was isolated from young
leaves of the variety ‘Meeker’ using the method descri-
bed by Doyle and Doyle (1990). Amplification reactions
contained 100 ng genomic DNA, 1x Appligene buffer
(providing a final concentration of 1.5 mM MgCl,), 0.5
UM each dNTP, 2 uM each primer and 2.5 U Tag DNA
polymerase in a final volume of 50 pl. The reaction
mixture was incubated at 95 °C for 10 min and then
subjected to 35 cycles of amplification (95 °C for 50 s,
55 °C for 50 s, 72 °C for 1 min), and completed by a
final 10 min extension at 72 °C in a Techne PHC-3
thermal cycler (Mandel Scientific). PCR reactions were
analyzed by 1% TAE-agarose gel electrophoresis.

To verify that the amplification products did not
contain any chimeric artifacts due to recombination
among related gene family members (Saiki et al., 1988),
products of two independent PCR reactions with each
primer combination were processed separately. To
examine the size and the specificity of the amplicon
inserts, multiple transformants from each primer
combination were directly amplified in a 50 pl reac-
tion volume containing 2 puM each vector-specific
primers M13R and M13F, 50 uM each dNTP, 0.5 U
Taqg DNA polymerase (Appligene), and 1x PCR buf-
fer mix (Appligene). Amplified products (4 pl) were
digested with the restriction enzymes PstI and Smal
(GIBCO-BRL) for 15 h at 37 °C to ensure complete
digestion. The digested products were electrophoresed
through a 1.5% TAE-agarose gel, and clones were
grouped according to the resulting restriction frag-
ment patterns.
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3.2. Construction and screening of a Rubus ¢cDN A
library

Total RNA was isolated from R. ideaus cv. Meeker
raspberry fruits (stage III) using the RNeasy Maxi Kit
(Qiagen) following the manufacturer’s protocol.
Poly(A)" RNA was isolated from 1.5 mg total RNA
using Dynabeads Oligo (dT,s) ( DYNAL) following the
manufacturer’s instructions. A cDNA library was con-
structed from 5 ug poly(A)* RNA using Uni-ZAP XR
Library Construction Kit (Stratagene). The cDNA
library, consisting of ~107 independent clones, was
amplified once.

Approximately 5x 103 plaques of the amplified cDNA
library were blotted in duplicate on Hybond N* nylon
membrane (Amersham). The membranes were screened
with a mixed population of Ripks5 and Ripks6, radi-
olabeled to a high specific activity with [a->’P]dATP using
a Random Primer Labeling kit (Life Technologies). After
three rounds of screening, the inserts of positive plaques
were amplified with vector-specific primer T3 and PKS
gene-specific primer PK4. Crude amplified products (5
pl) were treated for 15 h at 37 °C with 10 U of each
enzyme (BamHI, EcoRI, EcoRV, Hindlll, Kpnl, Pstl,
Smal, Sall, and Xhol) to ensure complete digestion. The
digested products were electrophorezed through a 1.5%
TAE-agarose gel and clones were grouped according to
their restriction enzyme fingerprints. One representative
plaque of each class, harboring the largest size insert,
was rescued as a pBluescript 11 SK(™) phagemid using
the ExAssist helper phage.

3.3. Sequencing and sequence analysis

Plasmid DNA from selected clones was isolated for
sequencing following a mini-alkaline lysis/PEG pre-
cipitation procedure (Ausubel et al., 1995). Both strands
of the inserts were sequenced with the M13 universal
primer and/or synthetic oligonucleotide primers as nee-
ded to extend the sequence. Sequencing reactions were
carried out at the Nucleic Acid Protein Service Unit
(NAPS, UBC) in an Applied Biosystems ABI 373 DNA
sequencer using Applied Biosystem AmpliTaq Dye-
Deoxy Terminator Cycle Sequencing.

All sequences were edited and analyzed using the PC/
GENE Software (Intelligenetics). Database searches for
sequence homology and comparisons were performed
using various web-based analytical tools compiled at the
web-site http://www.sdsc.edu/ResTools/.

3.4. Recombinant protein expression and extraction

To generate the expression constructs, the open read-
ing frame of each RiPKS cDNA was amplified in a PCR
reaction with a gene-specific primer and the vector-spe-
cific universal primer T7. Gene-specific primers

anchored at the 5-end of the ¢cDNA introduced a
unique Sphl site upstream of the start codon. Vector-
specific primer T7 anchored at the 3’-end of the cDNA
introduce a unique Xhol site downstream of the stop
codon. The nucleotide sequences of the gene-specific
primers were 5-ACATGCATGCATGGTGACCGTC
GATGAA-3 for RiPKS5, 5-ACATGCATGCATGGT
GACCGTCGATGAA-3 for RiPKS6, and 5-ACATG
CATGCATGGTGACCGTCGATGAA-3 for RiPKSI1.
The resulting PCR-amplified products (about 1.2 kb
each) were ligated into Sphl-Sall digested pQE30 or
pQES0 to vyield plasmids pQE30-RiPKS5, pQE30-
RiPKS6, pQE30-RiPKS11, pQES50-RiPKSS, pQES0-
RiPKS6, and pQES0-RiPKS11. pQES50-based expres-
sion plasmids express the recombinant proteins without
the N-terminal Hisg-tag, while recombinant proteins
from the pQE30-based vector have an in-frame
N-terminal Hise- tag.

To produce samples for enzymatic assays, plasmids
containing the cDNA of interest were transformed into
E. coli strain RMS82, which contained an additional
plasmid, pBUS25, carrying the argU (dnaY) gene
(Brinkmann et al., 1989). Expression vectors without
any insert, transformed into RMS82 [pBUS250] cells,
served as the negative control. Recombinant protein
was obtained by inducing 50 ml cultures in the loga-
rithmic-phase (grown at 37 °C) with 1.0 mM IPTG for 4
h. The culture was then centrifuged and the bacterial
pellet resuspended in 5 ml of 50 mM HEPES buffer (pH
7.5). Cells were disrupted in a French press at 1100 psi,
and the extract clarified by centrifugation at 10,000x g for
2 min. The resulting supernatant containing the soluble
protein was immediately used for further analysis.

3.5. Enzymatic synthesis of hydroxycinnamyl-CoenzymeA
derivatives

Cinnamyl CoA and other hydroxycinnamyl CoA
derivatives were enzymatically synthesized using poplar
4CL6 recombinant protein expressed in baculovirus-
infected insect cells (Cukovic, 2001). Hydroxycinnamic
acid derivatives (0.2 mM) were incubated with recom-
binant protein (200 pl) in a final volume of 1 ml. Co-
factors were added at the same concentration as used
for a typical 4CL assay as described by Knobloch and
Hahlbrock (1975). The reaction was allowed to proceed
for 2 h and was monitored at regular intervals at wave-
lengths appropriate for various CoA derivatives
(Stockigt and Zenk, 1975). At the end of the incubation,
the mixture was loaded on a pre-equilibrated reverse-
phase Cig-column (Waters, bed volume Iml). Prior to
applying the reaction mixture, the column was washed
with three column volumes of methanol and equili-
brated with three column volumes of 0.2 M MOPS, pH
7.5. After sample application, the sample was washed
with 0.2 M MOPS, pH 7.5 until the effluent had no
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absorbance. The aromatic CoA derivatives were then
eluted with 30 ml water and immediately lyophilized.
The freeze-dried powder was dissolved in 1 ml water
and stored at —80 °C until further use. The authenticity
and concentration of the synthesized product were
determined by a UV-spectral scan of the product and
absorbance measurements at the appropriate wavelength
for each CoA derivative (Stockigt and Zenk, 1975).

3.6. Enzymatic assay for plant PKS

PKS activity was determined by following the forma-
tion of radiolabeled end-product during incubation of
the enzyme with radiolabeled [2-'*C] malonyl Coenzyme
A (Amersham). Malonyl CoA (1 nmol) and p-coumaryl
CoA (1 nmol) were incubated with 85 pl protein extract
at 30 °C for 30 min in a final assay volume of 100 pl.
The reaction was terminated by addition of glacial ace-
tic acid (20 pl) and the assay mixture spiked with
authentic samples of benzalacetone (20 nmol) and nar-
ingenin (80 nmol), the expected end-products. The
reaction was extracted with 500 pl ethyl acetate, and the
organic phase evaporated to dryness and re-dissolved in
50 ul ethanol.

The entire product was applied to the origin of a
plastic-backed polyamide TLC plate (Macherey—Nagel)
and developed using methanol:acetic acid:water (45:1:1)
as the mobile phase. Products were visualized by auto-
radiography and samples having the same Ry as that of
the authentic standard were scraped from the plate,
eluted in methanol, and analyzed by liquid scintillation
counting. Enzymatic activity is expressed as nkat/mg
protein, where katal defines the formation of one mole
of end-product in 1 s.

3.7. RT-cPCR

To distinguish between the transcripts of the full-
length RiPKS genes, primers were designed to target
unique regions within the 5'- and 3’-untranslated regions
of the corresponding cDNAs. RiPKS5 was amplified
with forward primers 55 [S-GAGACGGTTGTGCTT
CACAGTGTG] and a gene-specific reverse primer 53
[5-ACAATATG AAATGGAAACTGATA], to yield a
294 bp product. RiPKS6 was amplified with sense pri-
mer 65 [5-GAGACCGTTGTGCTTCACAGTGTGG]
and a gene-specific antisense primer 63 [5-GCAAAG
CAATCAGAACTTTTTATC], yielding a product of
330 bp. RiPKSII was selectively amplified with gene-
specific sense primer 115 [5-GATCACTGCAACACC
CCAAAC] and antisense primer 113 [5-TACAG
TTGGGAGGAGTTGCC] to amplify a product of 141
bp. Gene-specific primer pairs for amplification of the
Rubus Histone H3 (RiHISH3; GenBank,AF304365)
consisted of HI15 [5-ATGGCGCGGACGAAGGA]
and H13 [¥-GCCTACGCCGCCCGCTCAACCTA].

To generate PCR competitors, a 330 bp fragment of a
spruce coniferin-B-glucosidase gene (M. Gray-Mitsu-
mune and B.E. Ellis, unpublished data) was first ampli-
fied with primers C15 (5-CCCCTAACAGGAA
TTCTGCG-3') and C13 (5-ACCATCGCAGATTGAA
GGAC-3). The PCR product was then re-amplified
with composite primers containing both coniferin-g-
glucosidase and RiPKS5/RiPKS6, RiPKS1Igene-specific
sequences, and finally with RiPKS5/RiPKS6/RiPKS1I-
gene-specific primers only. This procedure generated
two 370 bp non-homologous DNA fragments (compe-
titors) containing at their ends appropriate templates
for RiPKS5/RiPKS6/RIPKS11 primers.

For amplification of the cDNA, first-strand cDNA
reaction (1 pl) was amplified in a total volume of 20 pl
containing a known amount of gene-specific competitor,
200 nM each PCR primer, 200 uM each dNTP, and 2.5
U of Tag DNA polymerase in 1 xPCR buffer (Qiagen)
and 1xQ solution (Qiagen). Thermal cycling was car-
ried out at 94 °C for 5 min followed by 25 cycles (for
RiHISH3) or 32 cycles (for RiPKSs) of 94 °C for 20 s,
59 °C for 50 s, and 72 °C for 50 s and a final extension
of 5 min at 72 °C in a T-Gradient 96 thermal cycler
(Biometra). Under the PCR conditions used, these pri-
mers only amplified their cognate plasmid cDNAs (data
not shown). Amplified PCR products (10 pl) were sepa-
rated in a 4% TAE-agarose gel and stained with 5 pg/ml
ethidium bromide. The staining intensity was digitally
quantified using the Scion Image (Scion Corporations).
Relative intensities of the target and competitor bands
were expressed as arbitrary units (A.U.) after correction
for band size differences between the competitor and
target. This analysis was repeated twice with consistent
results and representative data from one analysis have
been presented.

To determine the absolute levels of the two transcripts
across different tissues, the absolute levels were first
determined in fruits (stage I1I); since it had been estab-
lished by cDNA screening that both genes are expressed
in this tissue. Constant aliquots of cDNA (2 pl) were
used as PCR template with RiPKS5/RIPKS6/
RiPKS1Igene-specific primer pairs in the presence of a
series of dilutions of each competitor ranging from 100
to 3x10~3 attomoles. The targets from RiPPKS5/
RiPKS6/RiPKSI] mRNA and the control competitor
(370 bp) fragments are simultaneously amplified by the
polymerase in proportions that reflect the relative
abundance of each target species. As decreasing
amounts of competitor are added, the amount of
RiPKSs cDNA being amplified increases. Hence, the
ratio of the two bands (target:competitor) observed
after agarose gel electrophoresis changes across the
dilution series. After densitometric scanning of the
stained gel, the logarithm of the molar ratio of the tar-
get to competitor was plotted as a function of the loga-
rithm of the amount of competitor added, to establish
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the point at which the amount of target is equal to the
amount of competitor.

Once the absolute amounts of RiPKS5/RIPKS6/
RIPKSIlIgenes in developing fruits (stage III) were
known, it was possible to calculate the amounts of each
transcript in other tissues by comparing the ratio (tar-
get:competitor) obtained for each tissue to the ratio
(target:competitor) established for expression in fruits
stage 111 (Fig. 4B). This analysis was repeated twice with
similar results, and representative values from one
experiment are shown.

3.8. Phylogenetic analysis

Various PKS protein sequences were downloaded
from the GenBank database and aligned using Clustal
W (Altschul et al., 1990). The alignment was manually
optimized and used for finding the most parsimonious
tree, employing the heuristic search option algorithm in
the program PAUP 4.02b (Smithsonian Institution).
For statistical analysis, 1000 bootstrap replications
(Felsenstein, 1995) were analyzed.
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