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Abstract

Plant genomes appear to exploit the process of gene duplication as a primary means of acquiring biochemical and
developmental flexibility. Thus, for example, most of the enzymatic components of plant secondary metabolism
are encoded by small families of genes that originated through duplication over evolutionary time. The dynamics
of gene family evolution are well illustrated by the genes that encode chalcone synthase (CHS), the first committed
step in flavonoid biosynthesis. We review pertinent facts about CHS evolution in flowering plants with special
reference to the morning glory genus,Ipomoea.Our review shows that new CHS genes are recruited recurrently
in flowering plant evolution. Rates of nucleotide substitution are frequently accelerated in new duplicate genes,
and there is clear evidence for repeated shifts in enzymatic function among duplicate copies of CHS genes. In
addition, we present new data on expression patterns of CHS genes as a function of tissue and developmental stage
in the common morning glory (I. purpurea). These data show extensive differentiation in gene expression among
duplicate copies of CHS genes. We also show that a single mutation which blocks anthocyanin biosynthesis in the
floral limb is correlated with a loss of expression of one of the six duplicate CHS genes present in the morning glory
genome. This suggests that different duplicate copies of CHS have acquired specialized functional roles over the
course of evolution. We conclude that recurrent gene duplication and subsequent differentiation is a major adaptive
strategy in plant genome evolution.

Introduction

Genetic redundancy is a prime feature of plant
genomes. Virtually all plant genes so far examined are
represented within most plant genomes as small gene
families that originate through duplication. To persist
over long periods of evolutionary time, new gene du-
plications must be positively selected, otherwise the
relentless accumulation of mutations would ultimately
convert the duplicate copy to a pseudogene. There
are three ways that newly duplicated genes may be
of adaptive value to the plant: (1) genetic redundancy
may be favored because it increases the production of
a limiting product; (2) the protein may take on a new
or modified enzymatic function; and (3) there may be
a specialization in developmental expression that also

permits subtle shifts in catalytic properties so as to
optimize pathway throughput in different tissues and
at different points in the life cycle of the plant.

Our objective in this article is to explore these latter
two possibilities with respect to the genes that en-
code the enzyme chalcone synthase (CHS), the first
committed step of flavonoid biosynthesis. We will
consider previously published evidence that there have
been repeated shifts in CHS enzymatic function over
evolutionary time and we will present new data on
CHS gene expression patterns in the common morn-
ing glory (Ipomoea purpurea) that suggest divergence
in developmental expression among duplicated genes.
Finally, we will present data which suggest that a sin-
gle CHS gene mutation is responsible for an albino
phenotype in the common morning glory, despite con-
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siderable redundancy in CHS gene copies within the
morning glory genome establishing a one-to-one cor-
respondence between a single CHS gene and a major
phenotype.

CHS catalyzes the initial condensation reaction
that results in the 15-carbon three-ring structure
that is the backbone of flavonoid biosynthesis [31].
Specifically, CHS catalyzes the condensation of three
molecules of malonyl-CoA with one molecule of
4-coumaroyl-CoA to form the naringenin chalcone
molecule. Chalcone synthase functions as a homod-
imer with a total size of ca. 82 kDa [31]. Whereas 4-
coumaroyl-CoA is the preferred substrate for CHS in
most plants, there are reports that CHS in some plants
can utilize caffeoyl-CoA or feruloyl-CoA as substrates
in vitro [19]. The pH optima of the enzyme reac-
tions are 7.5–8.5 for 4-coumaroyl-CoAand 6.5–6.8 for
caffeoyl-CoA. There are no co-factor requirements for
the reaction. A cysteine at amino acid 169 is thought to
be part of the site that binds 4-coumaroyl-CoA and is
required for enzyme activity [31]. The product of the
condensing reaction of CHS is naringenin-chalcone
which spontaneously isomerizes to form naringenin.
Isomerization is also accomplishedin vivo by the en-
zyme chalcone isomerase (CHI), the second enzyme
in the flavonoid pathway. The product of CHS may
be further modified in a number of subsequent bio-
chemical steps to yield many different end products
(Figure 1). One of the end products is anthocyanin,
which is a pigment responsible for flower color in
plants. CHS was thought to be a cytosolic enzyme
[2] although there is now evidence that it is asso-
ciated with the cytoplasmic side of the endoplasmic
reticulum [16]. This association with the endoplas-
mic reticulum has implications for the targeting of the
enzyme into metabolic complexes, which we discuss
later.

The biochemical pathway that commences with
CHS is important in plant disease defense, pigment
biosynthesis, UV protection, and pollen viability.
Each of these processes is clearly important to plant
adaptation and we may assume that selection has
played, and continues to play, a determining role in
the evolution of the genes that comprise the path-
way. Thus, for example, the anthocyanin pigments that
determine floral color are clearly important to plant
reproductive success by virtue of their role in the at-
traction of insect pollinators. Similarly, the disease
defense pathway is of obvious adaptive importance.

The flavonoid biosynthetic pathway is believed to
have evolved directly from other primary pathways

Figure 1. Anthocyanin biosynthetic pathway. Enzymes involved
in anthocyanin biosynthesis and side branches leading to related
flavonoid pathways are shown. Symbols in bold type indicate an-
thocyanin enzymes. PAL, phenylalanine ammonia-lyase; C4H, cin-
namate 4-hydroxylase; 4CL, coumarate:CoA ligase; CHS, chalcone
synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase;
DFR, dihydroflavonol 4-reductase; AS, anthocyaninidin synthase
(same as leucoanthocyanidin dioxygenase); UF3GT, UDP-glucose
flavonoid 3-oxy-glucosyltransferase.

[12]. Thus, chalcone synthase is thought to have arisen
from an enzyme involved in fatty acid synthesis [41].
The other enzymatic steps in the pathway are thought
to have then been recruited sequentially over evolu-
tionary time [41]. The full pathway appears to have
been assembled by the early phases of seed plant
evolution based on the presence of anthocyanins in
gymnosperms but not in the more primitive ferns [26].

The structure of the CHS gene is conserved in
flowering plants. All CHS genes studied so far con-
tain one intron at a conserved site, with the exception
of Antirrhinum majus, which has a second intron in
exon 2 [38]. CHS mutations resulting in a phenotypic
change have been described in many species. Such
mutations have been reported inAntirrhinum majus,
Hordeum vulgare, Lycopersicon esculentum, Pisum
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sativum, andZea mays.Generally loss of CHS func-
tion results in a lack of anthocyanin and an albino
flower color phenotype. This is not unexpected con-
sidering that CHS is a key enzyme in the anthocyanin
pathway. However, it is now known that CHS is en-
coded by a small multigene family in many species
[31] including those species containing mutations that
result in loss of CHS activity. As many as eight CHS
genes are found in bean [34] and eight or more are
found in petunia [25]. Why so many CHS genes? Is
there redundancy of function or is each CHS gene
serving a different purpose? If there is redundancy in
function, then presumably another CHS gene family
member would assume the function of a lost CHS
member and there would be no loss of pigmentation
observed in mutant phenotypes.

Genetic redundancy must be of some adaptive
value to the plant to persist over evolutionary time.
This follows from the observation that mutational
pressure will eventually convert newly duplicated
genes to pseudogenes owing to insertion/deletion
events, nonsense mutations and frameshifts [46]. Once
converted to a pseudogene the likely fate is to continue
to accumulate mutations at all sites at the maximum
rate, ultimately diverging beyond recognition. The
persistence of a duplicate gene is thereforeprime facie
evidence that the duplicate is positively selected.

Evidence for divergence in enzymatic function
among duplicate CHS genes

There is growing evidence of repeated divergence in
function of CHS gene family members. One functional
shift that appears to have occurred repeatedly in plant
evolution is the shift to stilbene synthase (SS) activity.
Stilbene synthases are similar to CHS in that they are
polyketide synthases, but they are involved in the pro-
duction of stilbene phytoalexins rather than flavonoids
[45]. Stilbene phytoalexins have anti-fungal properties
that are thought to be important in defense against
plant pathogens [44]. SS uses the same substrate as
CHS to produce identical products up to the tetrake-
tide intermediate. Ring closure is then accomplished
by a conformational change in the intermediate with
closure occurring at different atoms to produce either
chalcone or stilbene. The SS reaction also includes
a decarboxylation step that is not found in the CHS
reaction [44]. Tropfet al. [44] analyzed the evolution
of CHS and SS genes and showed that SS has evolved
from CHS independently several times over the course

Figure 2. Neighbor joining tree of Kimura [22] 2-parameter dis-
tances. Multiple sequence alignment performed by ClustalW [42].
Phylogeny includes many of the CHS gene sequences currently
in GenBank as well as the related stilbene synthases (SS), biben-
zyl synthases (BBS), and resveratrol synthases (RS). Genes for
which a shift in enzyme function has been determined are shown
in shaded boxes. PS: pseudogene. Numbers or letters designate
multiple genes.

of evolutionary history. Tropfet al. [44] used site-
directed mutagenesis to demonstrate that only three
amino acid changes in a CHS/SS hybrid construct
were necessary to obtain SS enzymatic activity. This
suggests that in nature very few amino acid changes
are required to change the enzymatic function of a
CHS gene. Figure 2 is a neighbor-joining tree showing
the relationship of the SS genes with CHS genes from
several species. CHS-like genes that have undergone
a known functional shift, including stilbene synthase
(SS), bibenzyl synthase (BBS), and resveratrol syn-
thase (RS), are highlighted. SS, BBS, and RS may
occur in more species, but have not yet been reported.

A second example of functional divergence is pro-
vided by Gerbera hybridawhere gene duplication
of CHS was followed by functional divergence. In
this case, Helariuttaet al. [15] analyzed the enzy-
matic properties of CHS-like genes and showed that
the properties are distinct from both chalcone syn-
thase and the stilbene synthases. Substrate testing
showed that the novel CHS gene was unable to use
4-coumaroyl-CoA as a substrate but was able to use
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benzoyl-CoA. A novel product is produced by the en-
zymatic reaction, although the role of this product in
the plant is presently unknown. In addition to this
change in substrate specificity, the novel CHS reac-
tion has been truncated, which indicates a reversal to a
more simplified catalytic reaction [15].

Another example of functional divergence is found
in barley where Christensenet al. [3] have recently
isolated a novel CHS-like gene that uses feruloyl-
CoA and cafferoyl-CoA as the preferred substrate
over cinnamoyl-CoA or 4-coumaroyl-CoA. This new
CHS gene is pathogen- and UV light-induced and
may be responsible for the production of a methy-
lated phytoalexin [3]. Southern blot analysis indicates
the possibility that there are seven genes in the bar-
ley genome that have sequence similarity with this
novel CHS gene. This work indicates that genomes in
which CHS genes have been previously reported might
well contain as yet uncharacterized CHS and CHS-like
genes.

Yet another example is found inPinus where
Schröderet al. [37] have characterized two new CHS-
related genes and have demonstrated that whereas the
CHS-related gene PStrCHS1 is capable of perform-
ing the typical CHS reaction, PStrCHS2 was inactive
with malonyl-CoA and coumaroyl-CoA as substrates.
Schröder [36] points out that very few of the reported
CHS genes have been characterized in terms of their
enzymatic properties and shown to have CHS activ-
ity. As more CHS genes are being characterized it is
becoming apparent that CHS is a large, functionally
divergent gene family.

CHS gene redundancy in the morning glory genus
(Ipomoea)

The morning glory genus is characterized by a rich
diversity of flower color polymorphisms. Figure 3
shows just a few of the many flower color variations
found in I. purpurea.These particular morning glory
phenotypes are the subject of our study in this pa-
per. The Japanese morning glory (I. nil) has been a
long-term subject of genetic study in Japan [20]. In
addition, our laboratory has studied the genetics of
flower color variation in the common morning glory
(I. purpurea) over the past 15 years [7–9]. In recent
years this activity has turned to the molecular charac-
terization of genes involved in flavonoid biosynthesis.
To put this work in an evolutionary context, we first

consider salient features of research on petunia CHS
gene family organization.

Petunia and tomato are members of the Solanaceae
and are in the same order, Solanales, as is the fam-
ily Convolvulaceae, which includesIpomoea.As a
consequence, petunia and tomato serve as a useful
comparison toIpomoea.The time of divergence be-
tween Solanaceae and Convolvulaceae is about 70
million years ago (assuming molecular clock argu-
ments [6]), so a substantial level of molecular diver-
gence has accumulated between these plant genomes.
Eight complete CHS genes and four partial genes were
cloned fromPetunia hybrida[23]. On the basis of gene
sequences, some of thePetunia CHS genes can be
divided into two subfamilies. Intron sizes vary from
about 700 to almost 4000 bp in the 8 fully sequenced
genes but could range up to 15 kb in the four partially
characterized genes based on restriction mapping [24].
Petunia CHS A is the main CHS transcript in the
corolla, with CHS J also expressed but at a much lower
level. CHS A and J transcript is found in floral tissue
but not in leaf, root, or stems of plants grown under
normal greenhouse conditions. CHS A, J, B, and G
are expressed inP. hybridaseedlings in response to
UV illumination; however, levels of CHS B and G are
very low. No transcripts were detected for the remain-
ing genes or gene fragments under these conditions
[24]. PetuniaCHS B is very different from the rest of
thePetuniaCHS sequences. As seen in Figure 2, the
PetuniaCHS B gene clusters with theIpomoeaCHS,
B, C and PS genes. The long branch length forPetunia
CHS B indicates an accelerated rate of evolution as is
the case for theGerberaB CHS,IpomoeaCHS A, B,
C, PS and the SS, BBS, and RS genes.PetuniaCHS B
is located on chromosome V closely linked with CHS
genes A, D, F, J and I.PetuniaCHS C, G, L and E are
located on chromosome II, also closely linked to one
another [25].

To date six CHS genes have been described inIpo-
moea[6, 10]. These data reveal two subfamilies that
are highly diverged. One subfamily characterized by
Durbin et al. [6] is composed of the CHS genes des-
ignated as A, B, C and PS (a putative pseudogene)
and the second subfamily, characterized by Fukada-
Tanakaet al. [10], is composed of CHS D and E. It is
also important to note that CHS A and B are adjacent
on the chromosome within 6 kb of one another and
are probably subject to occasional interlocus exchange
events [6, 18]. The linkage relations among the re-
maining genes are unknown. The CHS A, B, C and
PS cluster can be further classified into two subgroups
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Figure 3. The genotypes of theI. purpureaflowers pictured are as described [7, 8, 9]. A. Purple limb= AAPPIIWW. B. Intense pink limb=
AAppiiWW. C. Light pink limb= AAppIIWW. D. Albino limb = aaPPIIWW. E. Albino limb with purple sectors= a∗a∗PPIIWW. F. Albino
limb with purple rays= AAPPiiWW. Locus A is CHS D (this paper and Habuet al. [14]). Loci P, I, and W are as yet uncharacterized.

(group 1 defined by CHS A and group 2 defined by
CHS B), which are distinguished by nine amino acid
changes [6]. As already noted (Figure 2), CHS A,
B, C, and PS have long branch lengths within the
phylogeny, suggesting accelerated rates of nucleotide
substitution. The long branch lengths trace back to
a common lineage with the rapidly evolvingPetunia
CHS B gene. In contrast, CHS D and E have shorter
branch lengths and slower rates of nucleotide substitu-
tion. Assuming average amino acid substitution rates
of 8.8×10−10 (calculated from the individual rate data
in Table 1), we estimate the divergence between the
CHS A, B cluster and the CHS D, E cluster to have
occurred more than 100 million years ago. Molecu-
lar clock-based calculations are extremely uncertain at
such deep levels of evolution, but using an average of
the CHS A, B and CHS D, E nucleotide substitution
rates yields an estimate of 146 million years. An es-
timate slightly in excess of 100 million years is not

inconsistent with the deep placement of the primary
CHS duplication events within angiosperm evolution.

Evolutionary rates are heterogeneous among
classes ofIpomoeaCHS genes

Accelerated rates of amino acid replacement are often
observed in conjunction with shifts in enzyme function
[1, 29]. To examine this possibility for theIpomoea
CHS gene family, absolute rates of nonsynonymous
substitution between the two CHS subfamilies were
calculated (CHS A, B, C versus CHS D, E) (Table 1).
These calculations reveal that the CHS A, B subfam-
ily is evolving 2.7 times faster than the CHS D, E
subfamily. The average synonymous to nonsynony-
mous ratios also varies between the two subfamilies,
although the CHS D, E contrast may be biased by
multiple substitutions at synonymous sites (Table 2).
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Table 1. Rates of nonsynonymous substitu-
tion (× 10−9 per site, per year). Based on
Jukes-Cantor [21] corrected distances for non-
synonymous substitutions betweenI. purpurea
and the presumedP. hybridaorthologues (Petu-
nia A for CHS D and E;PetuniaB for CHS
A, B, C and PS) and the estimated date of di-
vergence betweenIpomoeaandPetuniaof 70
million years.

CHS D, E subfamily

CHS D 0.469± 0.066

CHS E 0.471± 0.066

CHS A, B subfamily

CHS A 1.30± 0.117

CHS B 1.20± 0.111

CHS C 1.35± 0.119

CHS PS 1.24± 0.113

Table 2. Synonymous to nonsynonymous ratio
of Jukes-Cantor [21] corrected distances. Dis-
tances calculated by MEGA (Molecular Evolu-
tionary Genetics Analysis) [27].

CHS D, E subfamily

CHS D to CHS E 12.70

CHS A, B subfamily

CHS A to CHS C 3.43

CHS A to CHS B 5.54

CHS A to CHS PS 5.85

CHS B to CHS C 5.00

CHS B to CHS PS 9.43

CHS C to CHS PS 4.90

Average 5.70

Despite this potential bias, which tends to reduce the
number of synonymous substitutions relative to non-
synonymous substitutions, the ratio calculated within
the CHS D, E subfamily is more than two times higher
than the average ratio within the CHS A, B groups,
which strongly suggests greater selective constraint on
replacement changes relative to silent changes in the
CHS D, E subfamily.

Li and Bousquet [28] and Muse and Gaut [11,
32] relative rate tests were performed to test for het-
erogeneous rates of CHS evolution. Rate tests show
that none of the lineages differ significantly in rates
of synonymous substitution, although at distant lev-
els of comparison this result may be confounded by
saturation of synonymous positions. The rate of non-

synonymous substitution is, however, significantly
faster in the CHS A, B groups than in the more con-
served CHS D, E genes. The nonsynonymous rates do
not differ significantly between CHS D and CHS E or
between the Group 1 and Group 2 CHS genes in the
CHS A, B subfamily.

Evidence of divergence in expression among CHS
genes in morning glory

Figure 4 shows the expression of different CHS genes
in various tissues and stages of development in com-
mon morning glory as determined by hybridization of
radioactive DNA probes from the respective genes to
total RNA on northern blots (methods described in
figure legends). Tissue was dissected from flower bud
stages 2 through 7 ofI. purpureagenotype AAppii-
WW (Figure 3). Each stage represents a time point
taken at successive 24 h stages of floral development
as described in Figure 5 culminating with stage 7
represented by an open flower. Figure 5 shows the dis-
sected bud stages representing these time points; note
that floral pigmentation can be seen as early as stage
4. CHS A, B, and C gene data are grouped because
of their high degree of sequence similarity to one an-
other and in some cases their low degree of expression,
which makes it difficult to distinguish message from
each gene separately based on hybridization. For some
of the tissues RT-PCR was employed (as described in
the figure legends) to determine the specific CHS gene
present in the population of mRNA obtained from a
particular tissue and developmental stage.

CHS D is by far the most abundantly expressed
CHS gene in the limb. The peak level of CHS D
mRNA expression corresponds to the appearance of
pigment at stage 4. CHS D message falls off dramat-
ically by stage 7. CHS A type message appears early
in floral limb development and is expressed at a low
level compared to CHS D. RT-PCR identified CHS A
as the predominant if not the sole transcript among
the CHS A, B and C group in this tissue. CHS E is
weakly expressed in the floral limb stages 4 through
6 at a fairly constant level. In the tube of the flower,
CHS D is expressed at a lower level than either CHS
A type transcript or CHS E. RT-PCR identified the
CHS C transcript in the tube. The peak of expression
of CHS C and E genes in the tube occurs earlier than in
the floral limb. Finally, there is a shorter transcript of
unknown origin also hybridizing to the CHS D probe
in the floral tissues.
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Figure 4. Expression of the different CHS genes in various tissues and stages of development inI. purpureagenotype AAppWWii (intense
pink limb in Figure 3). A 15µg portion of total RNA (as described [33]) was transferred from formaldehyde gels [30] to GeneScreen as per the
manufacturer’s instructions (New England Nuclear, Boston, MA) and UV-crosslinked at 120 mJ in a Ultra Lum Ultraviolet Crosslinker (Ultra
Lum, Carson, CA). Photographing the ethidium bromide-stained gels and observing the intensity of ribosomal bands assessed equal loading of
RNA. The blots were probed with a32P-labeled random-primed probe (Boehringer Mannheim, Indianapolis, IN). Hybridization was at 42◦C
in the GeneScreen hybridization solution containing 50% formamide. Washes were at 50◦C, in 1× SSC, 2% SDS. Under these conditions,
there was no cross-hybridization of the CHS A probe to either CHS D or CHS E or of CHS D to CHS E. The CHS A probe was a PCR product
from a genomic clone and contained sequence from 123 from the ATG start site to 1198. CHS D probe was a PCR product from a cDNA clone
and contained sequence from−121 of the ATG start site to 1001. CHS E probe was a PCR product form a cDNA clone and contained sequence
from −39 of the ATG start site to 978. RT-PCR was used to determine which of the CHS A, B, and C genes were being expressed. cDNA
was made from DNAse-treated total RNA using SuperScript II RNase H− Reverse Transcriptase according to the manufacturer’s instructions
(Gibco-BRL, Grand Island, NY). The cDNA was purified using phenol/chloroform and then PCR-amplified with primers designed to amplify
CHS A, B, and C respectively. The products were sequenced to verify the identity of the product and to verify that it was indeed a cDNA and
not a genomic contaminant. X-ray exposure time was 24 h.



86

Figure 5. Developmental stages of the flower inIpomoea purpurea.Stage 1 may persist for several days. The subsequent stages represent ca.
24 h periods. The flower is ephemeral, opening in the morning and senescing within a few hours. Stage 1 is ca. 8–10 mm. All organs are
differentiated, pollen is close to maturity and the stigma is mature. Stage 2 is 10–15 mm with nearly mature ovary and anther length. Stage
3 is ca. 15 mm. Sepals have reached full length and the style is elongated above the anthers. In stage 4, which is also about 15 mm, pigment
is present in the limb. Filaments of the stamens are elongating. The stigma, anthers and pollen are mature. In stage 5, the bud is 15–20 mm
with fully pigmented limb tissue expanded beyond the sepals. There is massive elongation of the style and filaments. In stage 6 the bud is over
20 mm. There is further expansion and elongation of the tube, limb, filaments and style. In stage 7 the flower is fully open. The limb and tube
are fully expanded and pollen is dehiscing.
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CHS E is expressed earlier in the anthers than
either CHS A type or CHS D transcripts. RT-PCR
identified both CHS A and C transcript in the anther
RNA population. Because the RNA was derived from
anthers with pollen adhering to them, it is impossible
to say from which tissue these two transcripts orig-
inated. CHS D is weakly expressed in anther tissue
(compared to its abundant expression in the pigmented
limb) and there is again the appearance of a shorter un-
known transcript hybridizing with the CHS D probe.
The shorter transcript is at about the same level of
expression as the full-length CHS D transcript. In the
pistils, the CHS A type is weakly expressed in stages
4 through 6 whereas E is not detected. CHS D and the
shorter transcript are present in stages 5 through 7.

In sepals, CHS A type transcript is found to
be expressed at a low level in stages 2 through 4
whereas CHS D and E are only weakly expressed
in stages 3 and 4, respectively. In the hypocotyls of
seedlings, pigment appears within 2 days of germi-
nation in the dark. Thus the production of pigment
in the hypocotyl is developmentally regulated rather
than light-regulated. CHS A transcript was detected
by RT-PCR in the hypocotyl RNA. CHS D is the most
abundant CHS transcript in the hypocotyl. CHS E was
not detected. In the cotyledon, CHS B was determined
by RT-PCR to be expressed at day 2 but the level of
transcript is so low that it is not detected on the 24 h
film exposure in Figure 4. This is the only tissue in
which we have confirmed that CHS B is expressed.
CHS D is weakly expressed at day 3 and CHS E was
not expressed at a detectable level in cotyledons.

In dark-grown roots of seedlings the CHS A type
gene transcripts are not detected. CHS E is weakly ex-
pressed at day 4. CHS D is weakly expressed at days
2 and 3, with expression levels increasing at day 4.
There was no CHS gene expression detected in mature
leaves at the stage selected for assay. In the pigmented
mature stem, the CHS A type transcript was present at
a low level. CHS D was expressed at a higher level,
but there was no transcript detected for CHS E.

It is apparent from these results that the timing
and tissue specificity of expression of the various CHS
genes inI. purpureais quite variable, suggesting that
there has been considerable divergence in develop-
mental regulation of individual members of the gene
family. Both CHS A, B, C and E are most highly
expressed in the unpigmented tube. Low levels of
these genes are also found in most of the other tissues
though they differ in expression patterns from each
other and from CHS D. The levels of expression of

CHS A, B, and C are significantly lower than that ob-
served for CHS D and it takes a much longer exposure
time (24 h versus 4 h or less for CHS D) to detect
bands on the film.

An albino phenotype is associated with loss of
CHS D expression

To determine if any of the CHS genes inIpomoea
purpureaare responsible for any of the flower color
variations that occur in southeastern US populations of
the common morning glory, we probed northern blots
of RNA from the limb with clones for each of the du-
plicate CHS genes. The entire limb was used including
the rays because of the difficulty in dissecting out the
ray in the smaller bud stages. Results obtained from
limb tissue excluding the ray for stages 5 through 7
gave the same results as shown in Figure 6.

Panel A in Figure 6 shows the expression pattern of
CHS genes in morning glory with purple pigmented
limbs (genotype AAPPIIWW shown in Figure 3).
CHS D is again the most abundant CHS mRNA with
the highest expression at stages 4, 5, and 6. CHS A
was used as a probe, which will detect the presence
of CHS B and C although RT-PCR indicates that it is
CHS A that is expressed in the floral limb.

Panel B in Figure 6 shows the pattern of expres-
sion in the albino floral limb ofI. purpurea(genotype
aaIIPPWW shown in Figure 3). There is no detectable
message for CHS D at the appropriate size for the full-
length transcript. Instead there is the appearance of the
shorter transcript that is also seen in other tissues such
as the flower throat, anthers, and pistils (described
above). The shorter transcript is not nearly as abundant
as the full-length CHS D transcript normally observed
in pigmented flower limbs. To determine if the shorter
transcript is missing a portion of the CHS D gene,
the blots were probed sequentially with labeled DNA
made from exon 1 and a probe from exon 2 respec-
tively. When this same blot was probed with labeled
DNA that included only the 5′ portion of exon 1, the
short transcript is not detected even after 4 days expo-
sure (Figure 7, panel B). In contrast to CHS D, CHS
A and CHS E show the same pattern of expression in
the albino phenotype as in the pigmented flower limb
(Figure 6).

Panel C in Figure 6 shows the pattern of ex-
pression in the limb of the morning glory with an
albino flower limb with purple sectors (genotype
a∗a∗PPIIWW shown in Figure 3). Again there is no
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Figure 6. Expression of CHS genes in the limb of variousI. purpureaphenotypes. Methods and probes are as described in Figure 4. The
genotypes are as described in Figure 3.

full-length transcript for CHS D; however there is the
shorter transcript, which does not hybridize with the
probe from exon 1 (Figure 7, panel C). CHS A and
CHS E again show the same pattern of expression as
in the pigmented limb.

Panel D in Figure 6 shows the expression of CHS
genes in the phenotype with the white corolla with pig-
ment in the floral rays (genotype AAIIPPww shown
in Figure 3). CHS D is expressed, as is the shorter
transcript, although at a much lower level than in the
fully pigmented limb. Again, when probed with exon 1
alone, only the full-length transcript is detected (Fig-
ure 7, panel D). CHS E is expressed but at a much
lower level than in the fully pigmented limb. CHS A
transcript was not detected.

The assays of albino and pigmented floral phe-
notypes point towards the conclusion that CHS D is
solely responsible for anthocyanin production. This
conclusion is based on the fact that there is a total
absence of normal CHS D transcript in the floral limb
of the albino phenotype whereas there is an abundance
of CHS D message in the pigmented floral limb. The

other structural genes in the pathway show the same
expression pattern in the albino flowers as in the pig-
mented flowers suggesting that the albino phenotype is
not the result of a downstream enzyme (unpublished
data). It is not apparent why CHS D would be ex-
pressed in unpigmented tissues such as roots, anthers,
and pistils, however, other tissues such as the floral
throat, stem, hypocotyls, sepals, leaves and cotyle-
dons are observed to have varying amounts of pigment
associated with them depending on genotype.

The lower-molecular-weight transcript that is de-
tected by the full-length CHS D probe is not detected
in the pigmented floral limb where the full-length CHS
D transcript is abundant. This shorter transcript may
be due to defective RNA splicing or it may be another
CHS locus, closely related to CHS D that lacks the first
exon. The expression of the shorter transcript is tissue-
specific, being more abundant in the anthers, pistils,
throat and albino tissues.

The data presented here strongly implicate CHS
D as the A/a locus. In the aa and a∗a∗ genotypes the
full-length CHS D transcript is undetected whereas the
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Figure 7. Expression pattern of CHS D in the various phenotypes when probed with exon 1 versus exon 2. The probe for exon 1 was a PCR
product generated from a cDNA clone and includes sequences from−121 of the ATG start site to 158 from the start site. For exon 2 the probe
was a PCR product generated from a cDNA clone and includes sequences 500 from the start site to 1001 from the start site in exon 2. We used
a lengthy exposure time (4 days) in order to detect any weak signal. Since the probes are short (about 280 bp for exon 1) the signal is not as
intense as when using the full-length probe (see Figure 6).

rest of the CHS genes are expressed normally as are
the rest of the structural genes in the pathway (un-
published data). In addition, Habuet al. [13] report
a reduction of CHS D transcript in one of their lines of
common morning glory that bears white flowers. The
expression data also implicates CHS D as the locus
with unstable alleles (a∗) and the insertion site for a
transposable element [9]. This has recently been con-
firmed by Habuet al. [14] who have characterized a
new transposable element (Tip100) and shown that the
mutable a∗ allele in common morning glory is due to
the insertion of the element in the intron of CHS D.
Excision of the element from CHS D restores produc-

tion of full-length transcript and restores pigmentation
in the limb. These results illustrate the importance of
using gene-specific probes to distinguish members of a
gene family. Tiffinet al. [43] examined a single mem-
ber of each gene family in the anthocyanin pathway
in I. purpureaand having found transcripts for each
of those particular genes concluded that one of the
transcripts must therefore be defective in the a and a∗
mutants. Gene-specific probing of northerns with all
the CHS genes revealed the lack of full-length tran-
script for CHS D in the a and a∗ mutants. We now have
conclusive evidence that the A/a locus inI. purpurea
is CHS D and that the lack of pigment in the a and
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a∗ mutants is a result of the deficiency of full-length
transcription of CHS D.

In the ww genotype CHS D and E are expressed al-
though at reduced levels. CHS A was undetected after
24 h of exposure of the film. A longer exposure time
might be necessary to detect CHS A, as its transcript in
the fully pigmented limb is very low. Previous genetic
analysis in our laboratory indicate that the W/w locus
is a regulatory gene because normal patterns of gene
expression are observed in the corolla rays but not in
the mid petal regions [7]. The stem and hypocotyl of
this genotype are also pigmented.

Conclusions

Molecular evolution occurs at several hierarchical lev-
els. The level of nucleotide substitution modifies the
protein or nucleotide sequence, which has a primary
function, based on sequence specificity. A second
level is the informational unit such as the gene or
regulatory motif where the duplication of strings of
nucleotides creates redundancy in information. The
second level of adaptive change must be important
in plant evolution because new genes are evidently
recruited recurrently in plant lineages over time [4].
New duplicate gene copies are liable to mutation or
to ectopic exchange with other related gene copies.
Without positive selection for the maintenance of se-
quence fidelity, redundant gene copies will erode over
time owing to mutational accumulation [46]. In pre-
vious work we estimated gene recruitment rates for
the CHS,rbcS and ADH gene families and found a
high rate of recruitment for CHS genes [4]. Based on
this work, and the arguments above, we would ex-
pect functional shifts to accumulate relatively rapidly
in CHS gene evolution. Our study of CHS gene evo-
lution appears to confirm these expectations because
biochemical analyses and phylogenetic evidence sug-
gest repeated functional shifts in enzyme specificity
during the course of seed plant evolution. In addition,
we find considerable evidence for shifts in develop-
mental expression among gene family members in
I. purpurea.

An interesting aspect of CHS gene family in the
lineage leading to the morning glory genus is the very
early duplication that defines two major groups of
CHS genes. This split is also mirrored in the petunia
lineage (Figure 2). One class ofIpomoeaCHS genes
(D and E) is slowly evolving and appears to be under
much greater selective constraint. We have shown in

this article that CHS D is evidently the sole CHS gene
responsible for the accumulation of pigment in the
outer limb of the flower since lack of CHS D transcript
results in an unpigmented phenotype. In contrast, CHS
A, B and C are rapidly evolving with more than twice
the rate of accumulation of amino acid change. It is
not yet established whether this rapid rate of change
is involved in a shift in enzymatic function, but there
is clear precedence for such shifts in CHS function
in other plant lineages. In addition, the CHS A, B, C
and PS subgroup underwent a rapid expansion through
duplication within the past 20 million years [6]. Sub-
sequent to this expansion, there has been divergence
between CHS A and B at several key amino acid sites
that are thought to be important in enzyme specificity.

Stafford [41] postulated that the flavonoid pathway
might be organized into aggregates or complexes such
as exist in other pathways [39, 40, 17]. Such com-
plexes or ‘metabolons’ may be very transient or long-
lived. Metabolons offer many advantages in terms of
kinetics, channeling of intermediates, and protection
of labile intermediates [5]. Saslowskyet al. [35] have
used immunolocalization to show that CHS and CHI
are localized at overlapping positions around the cell
wall and vacuoles. They further report that a variety
of in vitro studies have shown that the two proteins
interact. Srere [39] postulates that if a protein were to
function as part of a metabolon then it must have con-
served binding sites for maintenance of the complex
and that it may be these binding sites that distinguish
different isozymes. It is therefore possible that the
amino acid differences observed in theIpomoeaCHS
genes could be involved in directing the protein into
the correct complex.

We are entering an era where comparative ge-
nomics will provide important guidance to research.
Comparative genomics seeks to identify important
adaptive signals from the analysis of evolutionary
change among different lineages for genes deemed
to be of interest. This task will be complicated in
plant genomes by genetic redundancy. An exhaus-
tive description of gene families is likely to be a
prerequisite to informed analysis. The study of CHS
evolution in the morning glory genome may help pro-
vide some guide to the strengths and limitations of the
comparative genomics approach.
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