Chapter 6
The Betalain Secondary Metabolic Network

Gregory J. Hatlestad and Alan Lloyd

Introduction

Beets are red because of an evolutionary left turn. Virtually, all extant flowering
plants produce the red/violet, phenylalanine-based, secondary metabolic anthocy-
anin pigments, with the exception of a handful of families in a single order, the
Caryophyllales. These families produce unrelated red/violet/yellow betalain or beet
pigments. While the families of almost all the major crops produce anthocyanins,
the betalain families contain crop species that are widely grown and form important
staples in many agricultural economic systems including beets, Swiss chard, spin-
ach, Amaranthus, Chenopodium-quinoa, and prickly pear.

The betalain pigments are mutually exclusive with anthocyanins; no known taxa
produce both pigments [1]. And, where they are produced, betalains physically and
functionally replace the anthocyanins in all biological contexts. Betacyanins, the red
betalains, have a visible absorption spectrum very similar to anthocyanins. Betalain
biosynthesis is developmentally regulated in flowers and fruits to produce diverse
colors to attract pollinators and seed dispersal animals. The betalain pathway re-
sponds in the same way to the same biotic and abiotic signals that regulate anthocy-
anins. These signals include light, temperature, pathogens, and other environmental
signaling events. Like the phenylpropanoids such as the anthocyanins, betalains
are free oxygen radical scavengers and are nutritionally beneficial in ways similar
to the phenylpropanoids. Betalain pigments were originally referred to as “nitrog-
enous anthocyanins” in recognition that these nitrogen-containing compounds have
replaced the biological functions of anthocyanins in the plants where they occur.

While the betalain pathway is considered agriculturally and nutritionally im-
portant, and fascinating from an evolutionary perspective, relatively little is known
at the molecular level about the enzymatic steps in the betalain pathway, about

A. Lloyd (P4) - G. J. Hatlestad

Institute for Cell and Molecular Biology, The University of Texas at Austin,
Austin, TX 78712, USA

e-mail: Lloyd@uts.cc.utexas.edu

© Springer Science+Business Media New York 2015 127
C. Chen (ed.), Pigments in Fruits and Vegetables, DOI 10.1007/978-1-4939-2356-4 6



128 G. J. Hatlestad and A. Lloyd

how steps in the network are regulated, or about how this new metabolic pathway
evolved. A complete set of structural and regulatory network genes has not yet been
identified, our understanding of the regulation, both environmental and develop-
mental, is at its infancy, and the evolution of the pathway is still largely a black box.

The phytochemical literature is full of papers identifying the structures of spe-
cific betalain compounds (reviewed in [2]), measuring their antioxidant properties
[3], measuring their stability (reviewed in [4]), and other chemical properties. These
will not be reviewed here.

Phylogenetic Restriction

As noted, within plants, betalain pigments are restricted to the Caryophyllales or-
der and within this order to the monophyletic core families as defined by Cuenoud
et al. [5]. A recent analysis overlaid the occurrence of betalains, anthocyanins, or
the absence of pigments within this monophyletic group on a molecular phylogeny
[6]. The analysis led to the conclusion that betalains may have arisen either one time
or two times within this single restricted group, with equal probability for either
scenario. Betalains and anthocyanins can occur in sister families within the larger
group and over time one or both pigment pathways have been lost multiple times
independently. It should be noted that the molecular phylogenies for this group were
constructed with markers that had no relationship to the betalain pathway. It will be
interesting, and will soon be possible, to produce phylogenies based on the actual
betalain biosynthetic and regulatory genes.

Betalain pigments are also produced in basidiomycete fungi, notably the red,
orange, or yellow capped Amanita muscaria, or fly agaric. Molecular evidence in-
dicates that this occurrence is the result of an independent evolutionary origin unre-
lated to the plant pigments ([7], and discussed below).

What are the Betalains

The chemical precursors, intermediates, and products of the betalain ring structure
biosynthetic pathway have been determined. Unlike the unrelated phenylalanine-
based anthocyanins, betalains derive from tyrosine. The betalains are water-soluble,
vacuole-localized pigments that range from red/violet betacyanins, to yellow be-
taxanthins. The synthesis of the betalain ring structure is proposed to require three
enzyme-mediated steps (Fig. 6.1). A molecule of L-3,4-dihydroxyphenylalanine (L-
DOPA) is the substrate in step 2, the first ring biosynthetic gene reported, where a
ring-opening extradiol cleavage enzyme, DOPA-4,5-dioxygenase (DODA) produc-
es 4,5-seco-DOPA which spontaneously cyclizes to betalamic acid [7]. The gene/
enzyme responsible for step 3 in Fig. 6.1 has been recently identified [8] as a cyto-
chrome P450 enzyme, CYP76ADI1. This enzyme also uses L-DOPA as a substrate
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Fig. 6.1 The proposed betalain pathway. Tyrosine is converted by an unknown enzyme to
L-DOPA. L-DOPA is the substrate in two enzyme-mediated steps to produce cyclo-DOPA and
betalamic acid by CYP76AD1 and DODA, respectively. Betalamic acid then spontaneously con-
denses with either an amine to produce the yellow pigment betaxanthin or with cyclo-DOPA to
produce the red pigment betacyanin
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molecule to produce cyclo-DOPA via a DOPAquinone intermediate. The gene(s)
or enzyme(s) responsible for step 1, the conversion of tyrosine to L-DOPA (tyrosi-
nase), has not been positively identified.

Betalamic acid is itself a yellow and fluorescent compound that is required to pro-
duce both the yellow and red betalains. Betalamic acid condenses with the product
of step 3, cyclo-DOPA, to form the red betanidin pigment, or condenses with amino
acids or other amine groups to form the yellow fluorescent betaxanthin pigments
[9]. The ring structure is often glycosylated or acylated on the cyclo-DOPA moiety
(see 5-0 and 6-O arrows in Fig. 6.1) and genes encoding UDP glycosyltransferases
(UGT) with in vitro activity on betanidin are known from Dorotheanthus [10] and
beet [11] though their specificity is not high. In vitro studies have also shown that
the cyclo-DOPA structure can be glycosylated [12] and that the glycosylated-cyclo-
DOPA can participate in the spontaneous condensation with betalamic acid. The
order of modification and condensation does not appear to be fixed.

Steps 1 and 3 were earlier proposed to be performed by the same enzyme, a
polyphenol oxidase (PPO), because a single PPO-type enzyme, tyrosinase, per-
forms both reactions during melanogenesis in animals [13], and PPO enzymes will
perform steps 1 and 3 in vitro [14]. But, it has not been demonstrated, genetically
or otherwise, that these steps are performed by a PPO in the plant [15]. Arguments
against a PPO enzyme performing steps 1 and 3 are: all plant PPO enzymes are
reported to be plastid localized [16] while the betalain pathway is cytoplasmic, and
it is relatively common to obtain mutants that only make yellow betaxanthin pig-
ments (Fig. 6.2), i.e., they are missing step 3, but step 1 is intact. Yellow mutants are

Fig. 6.2 Betalain genetic phenotypes. Top row, 4 o’clocks, left to right: RR CC, rr CC, rr cc. Bot-
tom row, table beets, RR YY, rr YY, RR yy
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known from many betalain species, perhaps all that have been in cultivation for any
length of time, including beet, Celosia, 4 o’clock, Bougainvillea, cactus, Portulaca,
and others. Yellow should be a rare or nonexistent mutant type if a single enzyme
were responsible for both steps.

Genetics of Betalains-Beets, 4 o’clocks, and Portulaca

Wesley Keller performed a genetic analysis of beets (Beta vulgaris) in the 1930s
and identified two loci, R and Y, involved in the production of betalains [17]. R al-
leles are responsible for the red versus yellow shift (Fig. 6.2) corresponding to step
3 in Fig. 6.1. The R locus is now identified as encoding CYP76AD]1 ([8]; discussed
in detail below). Red table beets contain a dominant R allele while yellow beets are
homozygous for the recessive r allele.

Y alleles direct whether pigment or no pigment is produced in the interior of
the beetroot, regardless of whether the pigment is red or yellow (Fig. 6.2). White
beets, which include virtually all sugar beets, are homozygous for the recessive y
allele; however, it should be noted that “white” beets are still competent to produce
betalains and that the pigment is largely restricted to the epidermal layers. The big
Y allele responsible for red table beets appears to be a dominant gain-of-function
allele that was discovered during cultivation.

Similarly, in 4 o’clock (Mirabilis jalapa), there was classic work from Correns
(published in German in the early 1900s and reviewed by Rheinberger [18]) and
more recent, but still old work [19-21] demonstrating two main betalain loci, also
called R and Y. Again, the R alleles dictate red versus yellow (Fig. 6.2), and the
yellow (rr) mutant has been shown to be complemented to red by expression of the
beet R gene [8]. Dominant Y versus recessive y 4 o’clock alleles are responsible for
the presence (either red or yellow) or complete absence of pigment, respectively
(white flowers and absence of betalains in leaves and stems (Fig. 6.2)), not tissue
placement. Thus, for both beets and 4 o’clock, the R locus is consistent with step 3
in the betalain biosynthetic scheme (Fig. 6.1). The 4 o’clock Y locus is consistent
with step 2, the DODA gene, because 4 o’clock yy mutants do not make any beta-
lain pigments; while the beet Y locus is more consistent with some type of upstream
regulator because yy beets are fully capable of producing epidermally restricted red
betalain pigments. The beet recessive y allele can be considered to direct the “nor-
mal” pigment state that mimics the epidermal placement of anthocyanins in the vast
majority of flowering plants.

In beets, Keller [17] reported that the Y and R loci were linked at about 7 ¢cM and
this distance has more recently been verified [22]. The work of Engels et al. [21]
appears to show that the 4 o’clock Y and R loci are not linked.

In Portulaca, three loci direct flower color, C, R, and I. Dominant C is required
to make any pigment, red/violet or yellow, dominant R is required to make red/
violet (rr flowers are yellow), while dominant I inhibits the formation of yellow
pigments [23]. The white or cc mutant is complemented by expression of DOPA di-
oxygenases from either Amanita mushrooms [24] or Portulaca [7]. So, the C locus
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undoubtedly encodes the DODA gene, though the Portulaca DODA gene has not
yet been shown to be genetically linked to the C locus and mutations giving rise to
any c alleles have not yet been reported. The Portulaca R locus probably encodes
a paralog of the beet and 4 o’clock R loci, encoding a cytochrome P450 protein,
as the r mutation has the same yellow phenotype in all three species. However, no
molecular analysis has been reported. Nothing is presently known about the identity
of the Portulaca 1 gene.

External Signals are Transduced to Output of Betalain
Pigment Phenotypes

The regulation of betalain biosynthesis by environmental signals and applied bioac-
tive compounds has been investigated by several groups. A commonly used system
for these studies is hairy root cultures of beets and other species. Most of these stud-
ies were conducted with an eye towards maximizing pigment production in culture
for potential commercial use. Blue plus far red light [25], cytokinin, nitric oxide
[26], methyl jasmonate [27], Ca2+[28], and phosphate [29] have all been shown
to strongly influence betalain pigment accumulation in cultures. There are fewer
studies using whole seedlings or plants, but those generally agree with the in vitro
studies. For example, high white or UV-A light induced betalain biosynthesis in
ice plant [30]. There is a single gene expression paper showing that a DODA gene
homolog in calli of the betalain producer, Suaeda salsa, is upregulated by light [31].

Cloning the Betalamic Acid Biosynthetic Gene,
4,5-DOPA-dioxygenase

The first betalain ring structure biosynthetic gene to be cloned was DODA from the
mushroom, 4. muscaria [32]. To clone this gene, Zryd and coworkers purified the
protein from mushroom caps, raised antibodies against it, and used the anti-DODA
antibodies to screen an Amanita cDNA expression library in Escherichia coli. They
went on to show that expression of this mushroom gene complemented white Por-
tulaca tissue (cc genotype), allowing it to produce pigment, either red or yellow
depending on the genotype at the R/r locus [24].

This same group was successful in cloning the first plant betalain 4,5-DOPA-
dioxygenase (DODA; [7]). Unfortunately, the mushroom gene and protein were
not similar enough to the plant versions to allow the use of the antibody or the
mushroom gene sequence as probes. They produced subtractive libraries to isolate
differentially expressed cDNAs and identified genes highly expressed in red Por-
tulaca flowers. Through sequencing of clones, they identified a putative transla-
tion product with high similarity to the LigB ring cleavage domain of prokaryotic
proteins with potential extradiol 4,5-dioxygenase activity, the same activity that a
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betalain 4,5-DOPA-dioxygenase was predicted to have. They went on to show that
expression of this gene in white Portulaca petal tissue resulted in red or yellow
pigmentation, depending on the genetic background, showing that they had the right
gene. Sequence analysis of this gene indicated that it has a different phylogenetic
origin than the mushroom gene. They also point out that all plants have homologs
of this gene and that there are a common set of amino acid changes near the puta-
tive active site that separates the betalain and nonbetalain-producing plant DODA
genes. It remains to be conclusively shown whether these amino acid changes are
responsible for a change in substrate specificity or are the result of the common
ancestry of these caryophyllaceous plants.

Cloning the Cyclo-DOPA Biosynthetic Gene, CYP76AD1

The enzymatic steps 1 and 3 (Fig. 6.1) were proposed to be performed by a single
enzyme, a PPO. This prediction was supported by the fact that a single PPO-like
enzyme, tyrosinase, performs both of these reactions during the formation of dark
melanin pigments in animals, and the fact that plant PPO enzymes will also perform
these reactions in vitro [14]. Arguments against a PPO are that all known plant PPO
enzymes are chloroplast localized while the betalain pathway is cytoplasmic, and
that it is commonplace to obtain mutants that only make yellow betaxanthin pig-
ments (in beets, cockscomb, 4 o’clocks, Portulaca, cactus, and others), suggesting
that these mutants have an intact step 1 but cannot supply the cyclo-DOPA ring
structure required for red pigment in the proposed step 3.

Recently, a cytochrome P450 enzyme (CYP76AD1) was identified that is re-
quired for the conversion of L-DOPA to the cyclo-DOPA moiety in beet (step 3;
[8]). CYP76ADI1 was identified through analysis of next generation sequencing of
red beet transcripts, highlighting the value of high-throughput next-generation se-
quencing in studies on nonmodel organisms. cDNA from red table beet seedling hy-
pocotyl sections was sequenced using Roche 454 pyrosequencing. These stem sec-
tions produce high concentrations of betalain pigments from the outer epidermis to
the inner core and eventually give rise to the swollen red beet. It was hypothesized
that betalain pathway genes would be highly represented among these transcripts.
This was proven to be true as the previously identified betalain biosynthesic gene,
DODA, was the 14th most expressed contig in the data set of nearly 10,000 contigs.

The 454 database was queried for other highly expressed genes that could be
candidates for enzymatic steps 1 and/ or 3. PPO- and laccase-encoding cDNAs were
found but they were not expressed at the high levels expected for betalain biosyn-
thetic genes. The contig database was also searched for cytochrome P450-encoding
sequences because step 1 resembles the canonical cytochrome P450 reaction and it
was possible that step 3 could be performed by an unusual cytochrome P450 activ-
ity [33]. A cytochrome P450 cDNA, CYP76ADI1, was identified as the 33rd most
highly expressed contig.
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After similar transcript profiling was performed in several other betalain-produc-
ing Caryophyllales, CYP76AD1 became the founding member of a new subfamily
of cytochrome P450 enzymes that are most similar to CYP76T and CYP76C. It is
predicted that CYP76AD2 and CYP76AD3 are responsible for the same step in
Amaranthus and 4 o’clocks, respectively.

CYP76AD1 s role in the betalain pathway was verified through a series of genet-
ic and biochemical experiments. Its expression is correlated with the red phenotype,
CYP76ADI is expressed at high levels in red beets but low levels in yellow and
white beets. Mutant analysis using virus-induced gene silencing (VIGS) to suppress
gene expression in very red beets resulted in the loss of the red pigment and ap-
pearance of yellow pigment. The change from betanin (red) to betaxanthin (yellow)
pigments was verified using mass spectrometry.

As already stated there are many yellow mutants and CYP76AD1 was able to
complement yellow mutants in beets, cockscomb, and 4 o’clocks. In each species,
overexpression of CYP76ADI resulted in the loss of the yellow phenotype and the
production of red betalain pigments.

These data showed that CYP76ADI is responsible for the enzymatic step 3 in the
pathway, biosynthesis of cyclo-DOPA from L-DOPA. Loss of step 3 should result
in the inability to synthesize red pigments but should not affect the ability to syn-
thesize yellow pigments consistent with the function of the beet R gene. This led to
the hypothesis that CYP76AD1 was the beet R gene genetically defined by Keller
in 1936 (discussed above, [17]).

The CYP76ADI1 alleles were sequenced in a sugar beet variety, C869 [34],
which segregates red and yellow hypocotyls (segregating for R/r) [17, 22]. A 5-bp
insertion was identified, 325 bp before the stop codon in the yellow (1r) segregants
(TAAAT), that shows complete linkage to the R phenotype. This insertion and the
resulting frameshift introduced an early stop codon, which causes the deletion of the
heme-ring-binding site and results in an inactive protein. On the basis of this genetic
data and the above described functional data, CYP76AD1 has been identified as the
R locus described more than 70 years ago [8].

Modification Enzymes

Betalain pigments, like Anthocyanins, are usually highly decorated. In different spe-
cies, there is a vast array of different combinations of modifications that produce pig-
ment end products (reviewed in [2]). These modifications are most easily observed on
the stable final products; however, there is some debate about when these decorations
are added. Two groups have identified enzymes from betalain-producing species that
are 5-O-glucosyltransferases [10, 12]. One is predicted to modify the unglycosylated
betacyanin, betanidin, and the other is predicted to modify cyclo-DOPA, an unstable
intermediate (see Fig. 6.1). It is likely that both scenarios are occurring simultaneously.

Enzymes that modify the final product betanidin consist of two types so far, 5-O-
glucosyltransferase (betanidin 5-GT) and 6-O-glucosyltransferase (betanidin 6-GT;
arrows in Fig. 6.1 point to the 5-O and 6-O positions). Betanidin 5-GT transfers
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glucose from UDP-glucose to the 5-hydroxyl group of betanidin. Betanidin 6-GT
performs the glucose transfer to the 6-hydroxyl group. However, both betanidin
5-GT and 6-GT are not very specific and can transfer glucose to several flavonols
and anthocyanidins, and, based on activities and protein sequence, it has been hy-
pothesized that these enzymes evolved from flavonoid GTs [10, 35].

There is one enzyme/cDNA identified in 4 o’clock and cockscomb that is able
to glycosylate cyclo-DOPA in vitro, UDP-glucose:cyclo-DOPA 5-O-glucosyltrans-
ferase, cDOPASGT [12], and it has been proposed to perform this same function in
vivo. Again, this activity was not highly specific for cyclo-DOPA and it was specu-
lated that these types of GTs evolved from flavonoid GTs.

The added glucose molecules can be further decorated at multiple positions with
a variety of groups including acyl, malonyl, apiosyl, feruloyl, glucosyl, hydroxyl-
cinnamoyl, and other moieties. Although some biochemistry has been performed
on some of these reactions, nothing has yet been reported on the genes or genetics
associated with these reactions.

Expression in Heterologous Species

Evolution has restricted betalain pigments to the order Caryophyllales and a few
fungi; however, there has been work to transfer the betalain pathway to heterolo-
gous species such as E. coli, yeast, Solanum tuberosum (potato), Antirrhinum majus
(snapdragon), and Arabidopsis thaliana. Most of the work to express betalains in
heterologous species has centered around the DODA gene. The first attempts made
with plant betalain pathway genes in E. coli proved unsuccessful [7]. However,
Sasaki and coworkers were finally able to produce betalamic acid using an E. coli
expressed DODA gene from 4 o’clocks (MjDODA) and its substrate L-DOPA [36].
They also reported preliminary experiments expressing DODA in yeast; however,
they did not show any data from these experiments. Gandia-Herrero and Garcia-
Carmona recently expressed a B. vulgaris DODA gene with its codons optimized
for E. coli and they also successfully produced betalamic acid and the yellow betax-
anthin pigments [37]. The method used by this group was to express the DODA in a
heterologous system and then produced the pigment in vitro using protein extracts.

Betalains were first produced in vivo in heterologous systems in 2012 by two
different groups. Harris and colleagues expressed a DODA gene from Portulaca
grandiflora, PgDODA, in cell cultures of S. tuberosum (potato) and petals of A.
majus (snapdragon) using biolistic introduction of the overexpression constructs
[38]. They also created stable transgenic lines of 4. thaliana expressing PeDODA
using Agrobacterium transformation. Upon feeding the transgenic tissues with L-
DOPA, yellow, orange, and red betalain pigments were formed in vivo. It is inter-
esting that with just the addition of one gene (DODA) and one substrate (L-DOPA),
nonbetalain-producing plants can be transformed to produce both yellow and red
betalain pigments. This suggests that anthocyanin producing plants contain an ac-
tivity to perform step 3, the production of cyclo-DOPA from L-DOPA. At present, it
is unknown how this is being accomplished in the anthocyanin plants.
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Hatlestad et al. [8] also had success with heterologous expression in vivo, this
time in yeast and with both the DODA and the newly discovered step 3 enzyme,
CYP76ADI1. They expressed a beet DODA, BVDODALI, in yeast and fed L-DOPA,
which resulted in the production of yellow betalain pigments. CYP76AD1 was also
expressed by itself in yeast as a check of its enzymatic function. CYP76AD1 was
shown to use L-DOPA to produce cyclo-DOPA, consistent with the proposed step 3
activity. In addition they were able to recreate part of the betalain pathway in vivo
in yeast by expressing the BvDODA1 and CYP76AD1 genes, simultaneously and
feeding with L-DOPA, resulting in the production of betanidin, the undecorated red
beet pigment [8].

Genetic and Genomic Resources for Betalain Research

Unfortunately, none of the betalain-producing species has the resources of a model
genetic organism. However, there are resources available and the amount of these
resources is slowly growing. The National Center for Genetic Resources Preser-
vation (NCGRP) maintains extensive germplasm collections and seeds can be re-
quested through Germplasm Resources Information Network (GRIN; http://www.
ars-grin.gov) administered by the United States Department of Agriculture. The B.
vulgaris collection includes table beet, sugar beet, swiss chard, fodder beet, wild
or sea beet (the undomesticated wild precursor), as well as segregating popula-
tions from controlled crosses. These five distinct plant types are all the same spe-
cies. They also maintain extensive collections of Amaranthus including cultivated
varieties and many species, and collections of Chenopodium including C. quinoa
(the pseudograin, quinoa) accessions as well as other Chenopodium species. GRIN
also maintains representative collections of other betalain-producing genera like
Opuntia, Portulaca, Boehravia, Tetragonia, and Basella. The second largest Beta
germplasm collection is maintained at the Institute of Plant Genetics and Crop Plant
Research (IPK), Gatersleben, Germany (http://eurisco.ecpgr.org/).

Beet recombinant inbred lines (RILs) have been produced from a sugar beet/
table beet cross and these are available by request. The RILs were developed from a
cross used to produce a molecular-based genetic map [39]. In addition, many other
RIL populations are in earlier stages of completion by this same research group.

The McGrath group has also produced a sugar beet bacterial artificial chromo-
some (BAC) library that can be screened by PCR to identify genomic clones for
genes [40].

The Gene Index Project maintains a database of beet ESTs and beet genes that
can be searched by basic local alignment search tool (BLAST; http://compbio.dfci.
harvard.edu/cgi-bin/tgi/gimain.pl?gudb=beet). They also maintain a database for Me-
sembryanthemum crystallinum (ice plant) a betalain producer in the Aizoaceae family.

The Genome Analysis of the Plant Biological System (GABI) is a public/private
group with several goals regarding the sugar beet genome including a BAC-based
physical map and a complete annotated genome (http://www.gabi.de/projekte-al-
le-projekte-neue-seite-144.php). The beet genome is approximately 758 Mb and
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886 cM [41]. The GABI-based group has assembled 535 chromosomally anchored
contigs that comprise about 600 Mb [41]. These can be accessed through (http://
bvseq.molgen.mpg.de/index.shtml).

Future Needs

There is much still to be discovered about betalains. This is not limited to the mi-
nutiae of the pathway, but major elements, including biosynthetic steps and regula-
tion are still to be discovered. Currently, there is nothing known about the gene(s)
required for the first step in the synthesis of betalains, the tyrosine hydroxylase or L-
DOPA synthesis step, or the genes involved in the regulation of the pathway. There
is very little known about the genes involved in the modification of the pigments,
and nothing known about the transport of these pigments into the vacuole, nor any
possible degradation pathways.

The step 1 enzyme that catalyzes the conversion of tyrosine to L-DOPA is un-
known and is a glaring hole in our knowledge of how betalains are made. There
are reports of biochemical isolation of this activity from betalain plants [14], but
no reports on gene or protein identity. This step has long been hypothesized to be a
tyrosinase-like or PPO enzyme, as in vitro experiments and analysis of animal sys-
tems have shown that these types of enzymes can produce L-DOPA from tyrosine;
however, it was also long thought that steps 1 and 3 would be performed by the
same enzyme. This last theory was challenged when CYP76ADI (the beet R locus)
was discovered to be required for step 3 but not for step 1. While it has not been
demonstrated that CYP76AD1 cannot do step 1 (if it does, it is redundant with other
genes), the genetic and heterologous expression data are clear that it is only the R
locus that is required for step 3 activity, production of cyclo-DOPA from L-DOPA.
At the present time, it is possible that step 1 is performed by another cytochrome
P450, or another type of enzyme or enzymes, including PPO-like enzymes. It is
interesting and perhaps revealing to note that there are no reported step 1 mutants
among the many betalain mutants in several cultivated species. Unless, the step 1
enzyme(s) is somehow required for life, this mutant-deficit implies that there is
genetic redundancy for this activity.

There are a few studies about how betalain pigments are produced in response
to different stimuli (discussed briefly above) but there is nothing known about the
genes responsible for this environmental regulation or the developmental regulation
needed to place betalains in specific tissues. Identifying the regulatory genes will
provide insight into the evolution of the pathway and understanding of develop-
mental placement and environmental regulation. It will be important for possible
improvements to betalain-producing fruits and decorative plants by genetic or mo-
lecular means. Because betalains are expressed in the same patterns (temporally/
spatially) and respond similarly to the same stresses as anthocyanins, it has been
speculated that the betalain pathway may be regulated by the anthocyanin regula-
tory network [42], implying the co-option of regulatory genes. If true, this would be
a fascinating evolutionary phenomenon where a regulatory network has switched


http://bvseq.molgen.mpg.de/index.shtml
http://bvseq.molgen.mpg.de/index.shtml

138 G. J. Hatlestad and A. Lloyd

to regulate new genes and end products, but the new pathway is still responsible
for the same functions overall, in this case red pigmentation and all the biological
functions that it serves.

Betalain pigments do not consist of a single final compound, but instead include
many possible chemical modifications that decorate the standard backbone. These
modifications may be a contributing factor causing the countless shades and hues of
red/violet/pink or yellow/orange that are seen across the betalain-producing fami-
lies. So far, there are only a few modification genes/enzymes identified and these
are limited to the addition of glucose at two positions on cyclo-DOPA moiety, either
before or after condensation with betalamic acid. More work is needed in this arena
to identify the genes/enzymes responsible for other types of modifications.

It is not completely understood where exactly in the cell the synthesis of beta-
lains takes place. The DODA appears to be soluble while the identification of the
step 3 enzyme as a cytochrome P450 implies membrane localization in the ER.
However, the locations of these enzymes have not been reported.

There is no information on how the final products end up in the vacuole. With
anthocyanin producing plants there are several transporters that are involved in the
movement of pigments. It is expected that betalain pigments will have similar require-
ments for transport into the vacuole. Thus far, there are no such transporters known.

DODA-like genes are found in nearly all life, but this protein type has evolved
a novel function in betalain-producing plants. The biochemical functions of DODA
gene homologs in other plant species have a yet to be determine. Sequence analysis
of betalain pathway and nonpathway DODAs has identified two divergent motifs
at the predicted catalytic site, one conserved in betalain species and the other in
nonbetalain species. It has been proposed that this motif change at the catalytic site
is responsible for the specific biosynthetic ability of DODAs that produce betalains.
However, there has been no experimentation to test this theory [7]. It is possible that
the conserved motifs are conserved based on phylogeny and not function. Given the
current state of sequencing and transgenic technologies, it should be easy to test this.

Above we have outlined some of the obvious holes in our knowledge of the genes in-
volved in the production of betalains. With the introduction of modern sequencing and
analysis techniques, and the generation of more genetic tools and resources it should be
much easier to find the undiscovered genes and test their functions. The strange occur-
rence and isolation of the betalains to a single order remain the most fascinating aspect
of this pathway. Once found, discovery of these genes will allow an informed look at
how the betalain pigment pathway functions and how it came into being.

References

1. Clement JC, Mabry TJ (1996) Pigment evolution in the Caryophyllales: a systematic overview.
Bot Acta 109:360-367

2. Strack D, Vogt T, Schliemann W (2003) Recent advances in betalain research. Phytochemistry
62:247-269

3. CaiY, Sun M, Corke H (2003) Antioxidant activity of betalains from plants of the Amarantha-
ceae. J Agric Food Chem 51:2288-2294



6 The Betalain Secondary Metabolic Network 139

10.

11.

12.

13.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Herbach KM, Stintzing FC, Carle R (2006) Betalain stability and degradation—structural
and chromatic aspects. J Food Sci 71:41-50

Cuenoud P, Savolainen V, Chatrou LW, Powell M, Grayer RJ, Chase MW (2002) Molecular
phylogenetics of Caryophyllales based on nuclear 18 S rDNA and plastid rbcL, atpB, and
matK DNA sequences. Am J Bot 89:132-144

Brockington SF, Walker RH, Glover BJ, Soltis PS, Soltis DE (2011) Complex pigment evolu-
tion in the Caryophyllales. New Phytol 190(4):854-864

Christinet L, Burdet FX, Zaiko M, Hinz U, Zryd JP (2004) Characterization and functional
identification of a novel plant 4,5-extradiol dioxygenase involved in betalain pigment biosyn-
thesis in Portulaca grandiflora. Plant Physiol 134:265-274

Hatlestad GJ, Sunnadeniya RM, Gonzalez A, Akhavan NA, Goldman IL, McGrath JM,
Lloyd AM (2011) The beet R locus encodes a new cytochrome P450 required for red betalain
production. Nat Genet 44(7):816-820

Schliemann W, Kobayashi N, Strack D (1999) The decisive step in betaxanthin biosynthesis
is a spontaneous reaction. Plant Physiol 119:1217-1232

Vogt T, Grimm R, Strack D (1999) Cloning and expression of a cDNA encoding betanidin
5-O-glucosyltransferase, a betanidin- and flavonoid-specific enzyme with high homology to
inducible glucosyltransferases from the Solanaceae. Plant J 19:509-521

Isayenkova J, Wray V, Nimtz M, Strack D, Vogt T (2006) Cloning and functional characteri-
sation of two regioselective flavonoid glucosyltransferases from Beta vulgaris. Phytochem-
istry 67:1598-1612

Sasaki N, Wada K, Koda T, Kasahara K, Adachi T, Ozeki Y (2005) Isolation and characteriza-
tion of cDNAs encoding an enzyme with glucosyltransferase activity for cyclo-DOPA from
four O’clocks and feather cockscombs. Plant Cell Physiol 46(4):666—670

Korner A, Pawelek J (1982) Mammalian tyrosinase catalyzes three reactions in the biosyn-
thesis of melanin. Science 217:1163-1165

Steiner U, Schliemann W, Bohm H, Strack D (1999) Tyrosinase involved in betalain biosyn-
thesis of higher plants. Planta 208:114—124

Mayer AM (2006) Polyphenol oxidases in plants and fungi: going places? A review. Phyto-
chemistry 67:2318-2331

Vaughn KC, Lax AR, Duke SO (1988) Polyphenol oxidase: the chloroplast enzyme with no
established function. Physiol Plant 72:659—665

Keller W (1936) Inheritance of some major color types in beets. J Agric Res 52:27-38
Rheinberger H (2000) Mendelian inheritance in Germany between 1900 and 1910. The case
of Carl Correns (1864-1933). C R Acad Sci III 323:1089-1096

Showalter HM (1934) Self flower color inheritance and mutation in Mirabilis jalapa. Genet-
ics 19:568-580

Prakken R (1944) Contribution to the genetics and cytology of Mirabilis. Hereditas 30:201-212
Engels IMM, Kester WNM, Spitters CJT, Vosselman L, Zeven AC (1975) Investigations of
the inheritance of flower variegation in Mirabilis jalapa L. 1. General introduction and 2.
Inheritance of color in uniformly colored flowers. Euphytica 24:1-5

Goldman IL, Austin D (2000) Linkage among the R, Y and BI loci in table beet. Theor Appl
Genet 100:337-343

Trezzini GF, Zryd JP (1990) Portulaca grandiflora: a model system for study of the biochem-
istry and genetics of betalain synthesis. Acta Hortic 280:581-585

Mueller LA, Hinz U, Zryd JP (1997) The formation of betalamic acid and muscaflavin by
recombinant dopa-dioxygenase from Amanita. Phytochemistry 44:567-569

Shin KS, Murthy HN, Heo JW, Pack KY (2003) Induction of betalain pigmentation in hairy
roots of red beet under different radiation sources. Biol Plant 47:149-152

Scherer GFE, Holk A (2000) NO donors mimic and NO inhibitors inhibit cytokinin action in
betalaine accumulation in Amaranthus caudatus. Plant Growth Regul 32:345-350

Suresh B, Thimmaraju R, Bhagyalakshmi N, Ravishankar GA (2004) Polyamine and meth-
yl jasmonate-induced enhancement of betalaine production in hairy root cultures of Beta
vulgaris grown in bubble column reactor and studies on efflux of pigments. Process Biochem
39:2091-2096



140

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

G. J. Hatlestad and A. Lloyd

Savitha BC, Thimmaraju R, Bhagyalakshmi N, Ravishankar GA (2006) Different biotic and
abiotic elicitors influence betalain production in hairy root cultures of Beta vulgaris in shake-
flask and bioreactor. Process Biochem 41:50-60

Mukundan U, Bhide V, Dawda H (1999) Production of betalains by hairy root cultures of
Beta vulgaris. L. In: Fu TJ, Singh G, Curtis WR (eds) Plant cell and tissue culture for the
production of food ingredients. Academic/Plenum, New York, pp 121-127. (ISBN 0-306-
46100-5)

Vogt T, Ibdah M, Schmidt J, Wray V, Nimtz M, Strack D (1999) Light-induced betacyanin
and flavonol accumulation in bladder cells of Mesembryanthemum crystallinum. Phytochem-
istry 52:583-592

Zhao SZ, Sun H, Chen M, Wang B (2010) Light-regulated betacyanin accumulation in euha-
lophyte Suaeda salsa calli. Plant Cell Tiss Organ Cult 102:99-107

Hinz UG, Fivaz J, Girod PA, Zryd JP (1997) The gene coding for the DOPA dioxygenase
involved in betalain biosynthesis in Amanita muscaria and its regulation. Mol Gen Genet
256:1-6

Guengerich FP (2001) Common and uncommon cytochrome P450 reactions related to me-
tabolism and chemical toxicity. Chem Res Toxicol 14:611-650

Lewellen RT (2004) Registration of Rhizomania resistant, monogerm populations C869 and
C869CMS sugarbeet. Crop Sci 44:357-358

Vogt T (2002) Substrate specificity and sequence analysis define a polyphyletic origin of be-
tanidin 5- and 6-O-glucosyltransferase from Dorotheanthus bellidiformis. Planta 214:492-495
Sasaki N, Abe Y, Goda Y, Adachi T, Kasahara K, Ozeki Y (2009) Detection of DOPA 4,5-Di-
oxygenase (DOD) activity using recombinant protein prepared from Escherichia coli cells
harboring cDNA encoding DOD from Mirabilis jalapa. Plant Cell Physiol 50(5):1012-1016
Gandia-Herrero F, Garcia-Carmona F (2012) Characterization of recombinant Beta vulgaris
4,5-DOPA-extradiol-dioxygenase active in the biosynthesis of betalains. Planta 236:91-100
Harris NN, Javellana J, Davies KM, Lewis KM, Jameson PE, Deroles SC, Calcott KE, Gould
KS, Schwinn KE (2012) Betalain production is possible in anthocyanin producing plant spe-
cies given the presence of DOPA-dioxygenase and L-DOPA. BMC Plant Biol 12:34
McGrath J, Trebbi D, Fenwick A, Panella L, Schulz B, Laurent V, Barnes S, Murray S (2007)
An open-source first-generation molecular genetic map from a sugarbeet x table beet cross
and its extension to physical mapping. Crop Sci 47:S27-S44

McGrath JM, Shaw RS, de los Reyes BG, Weiland JJ (2004) Construction of a sugar beet
BAC library from a hybrid with diverse traits. Plant Mol Biol Rep 22:23-28

Dohm JC, Lange C, Holtgrawe D, Sérensen TR, Borchardt D, Schulz B, Lehrach H, Weis-
shaar B, Himmelbauer H (2012) Palacohexaploid ancestry for Caryophyllales inferred from
extensive gene-based physical and genetic mapping of the sugar beet genome (Beta vul-
garis). Plant J 70(3):528-540

Stafford HA (1994) Anthocyanins and betalains: evolution of the mutually exclusive path-
ways. Plant Sci 101:91-98



	Chapter 6 
	The Betalain Secondary Metabolic Network
	Introduction
	Phylogenetic Restriction
	What are the Betalains
	Genetics of Betalains-Beets, 4 o’clocks, and Portulaca
	External Signals are Transduced to Output of Betalain Pigment Phenotypes
	Cloning the Betalamic Acid Biosynthetic Gene, 4,5-DOPA-dioxygenase
	Cloning the Cyclo-DOPA Biosynthetic Gene, CYP76AD1
	Modification Enzymes
	Expression in Heterologous Species
	Genetic and Genomic Resources for Betalain Research
	Future Needs
	References





