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Abstract
Betalains are plant-derived, water-soluble natural nitrogen-containing pigments
utilized in industries such as food additives and cosmetics. In plants, betalains
and anthocyanin pigments are mutually exclusive, and their metabolic path-
way serves as an important phytochemical classification indicator. Betalains
exhibit pharmacological effects including antioxidant, antitumor, antimalarial,
and hepatoprotective activities. Their potential medical and healthcare value,
coupled with the uniqueness of their metabolic pathway, has stimulated in-depth
research on betalains. This review summarizes domestic and international re-
search progress on key enzymes in the betalain synthesis pathway and synthetic
biology strategies for betalain production, providing a reference for establishing
synthetic biological methods for betalain production.
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Abstract
Betalains are plant-derived water-soluble natural nitrogen-containing pigments
widely used as food additives and cosmetic colorants. In plants, betalains and
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anthocyanins are mutually exclusive, making their metabolic pathway an im-
portant phytochemical classification index. Betalains exhibit various pharmaco-
logical activities including antioxidant, antitumor, antimalarial, and hepatopro-
tective effects. Their potential healthcare value and unique metabolic pathway
have stimulated intensive research. This review summarizes recent advances in
key enzymes of the betalain biosynthetic pathway and synthetic biology strate-
gies for betalain production, providing a reference for establishing synthetic
biological methods for betalain manufacturing.

Keywords: betalain biosynthesis, synthetic biology, metabolic engineering, be-
tanin, betaxanthin

Betalains are water-soluble nitrogen-containing alkaloid pigments named after
their initial discovery in beetroot, comprising two classes: betacyanins and be-
taxanthins. To date, 75 betalain structures have been identified from 17 plant
species [1]. As important natural pigments, betalains are commonly used as
food additives and cosmetic colorants, and possess biological activities such as
antioxidant, antitumor, and hepatoprotective effects with potential healthcare
applications [2]. Additionally, betalains and anthocyanins are mutually exclu-
sive—no plant has been found to contain both pigments simultaneously—making
betalains a significant chemotaxonomic marker [3]. Due to their high economic
value and scientific importance in plant evolution and molecular classification,
research on betalain biosynthetic pathways and production technologies has
been actively pursued. With advances in plant genome sequencing and differ-
ential transcriptomics, the betalain biosynthetic pathway has been gradually
elucidated and key enzymes identified. Betalains are secondary metabolites
of L-tyrosine, with betalamic acid as the core structure of all betalains. Con-
densation of betalamic acid with cyclo-DOPA, followed by glycosylation, yields
betacyanins, whereas condensation with amino acids or amines produces betax-
anthins. Common betalains and their representative plant sources are shown
in Table 1 . This review summarizes research progress on betalain biosynthesis
(Fig. 1 [Figure 1: see original paper]) and discusses novel production methods
through metabolic engineering and synthetic biology in plants and microorgan-
isms.

Table 1 Common betalains and their sources

Structure R Group Betalain Name Source Plant
Betanidin H Betanidin aglycone Beetroot
Betanidin Glc Betanin Beetroot
Betanidin H 2-

Decarboxybetanidin
Portulaca
grandiflora

Betanidin Malonyl 6’-O-Malonyl-2-
decarboxybetanidin

Portulaca
grandiflora

Betanidin �-Coumaroyl Lampranthin I Lampranthus spp.
Betanidin Feruloyl Lampranthin II Lampranthus spp.
Betanidin H Bougainvillein I Bougainvillea spp.
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Structure R Group Betalain Name Source Plant
Betanidin �-Coumaroyl Bougainvillein III Bougainvillea spp.
Betanidin H Celosianin I Celosia cristata
Betanidin �-Coumaroyl Celosianin II Celosia cristata
Betanidin Feruloyl Celosianin III Celosia cristata
Betanidin H Gomphrenin I Gomphrena globosa
Betanidin �-Coumaroyl Gomphrenin II Gomphrena globosa
Betanidin Feruloyl Gomphrenin III Gomphrena globosa
Betanidin Sinapoyl Gomphrenin IV Gomphrena globosa
Betaxanthin Aspartic

acid
Aspartic
acid-betaxanthin

Mirabilis jalapa

Betaxanthin Tyramine Tyramine-
betaxanthin

Mirabilis jalapa

Betaxanthin Dopamine Dopamine-
betaxanthin

Mirabilis jalapa

Betaxanthin Histamine Histamine-
betaxanthin

Mirabilis jalapa

Betaxanthin Tyrosine Tyrosine-betaxanthin Portulaca
grandiflora

Betaxanthin Glycine Glycine-betaxanthin Portulaca
grandiflora

Betaxanthin Proline Proline-betaxanthin Opuntia ficus-indica
Betaxanthin HydroxyprolineHydroxyproline-

betaxanthin
Opuntia ficus-indica

[Figure 1: see original paper]

Fig. 1 Biosynthesis pathway of betalains. 5-GT: Betanidin-5-O-glycosyltransferase,
6-GT: Betanidin-6-O-glycosyltransferase

1.1 Tyrosine Hydroxylase

Betalamic acid synthesis begins with the aromatic amino acid L-tyrosine, which
is converted to L-DOPA by tyrosinase. Tyrosinase is the first key enzyme in
betalain biosynthesis, a copper-containing protein with two Cu-binding sites
and a molecular weight of approximately 40–70 kDa. It has been identified and
cloned from various plants including Portulaca grandiflora L. [4], Beta vulgaris
L. [5,6], and the halophyte Suaeda salsa L. [7]. The fungus Amanita muscaria,
which synthesizes betalain pigments, also contains tyrosinase [8].

In higher plants, tyrosinase exhibits both tyrosine hydroxylation activity to pro-
duce L-DOPA and oxidation activity to generate dopaquinone. Accumulation
of L-DOPA is crucial for betalamic acid production, which requires prevent-
ing further oxidation of L-DOPA to dopaquinone. For example, tyrosinase from
Suaeda salsa shows significantly higher substrate affinity and maximum reaction
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rate for L-DOPA oxidation than for tyrosine hydroxylation [9]. Consequently,
reductants are indispensable in the betalain metabolic pathway, as they effec-
tively reduce dopaquinone back to L-DOPA for further conversion to betalamic
acid. High levels of ascorbic acid have been detected in betalain-rich plants
[10]. Additionally, Teng et al. [11] discovered that a catalase-phenol oxidase
participates in betalamic acid synthesis. This enzyme from amaranth (Amaran-
thus cruentus L.) exhibits complete tyrosinase activity, including monophenol
oxidation of L-tyrosine and diphenol oxidation of L-DOPA, along with catalase
activity. The corresponding active sites were identified in its sequence, though
no classic copper-binding sites of tyrosinase were found. The expression level
of this enzyme positively correlates with betaxanthin production, suggesting its
primary involvement in betaxanthin rather than betacyanin synthesis [11].

1.2 DOPA Dioxygenase

L-DOPA is converted to 4,5-seco-DOPA by the second key enzyme, 4,5-DOPA-
extradiol-dioxygenase (DODA). The seco-DOPA is unstable and undergoes in-
tramolecular condensation between the amino group and the aldehyde moiety
to form the betalain skeleton and chromophore—betalamic acid. DOPA dioxy-
genase is a non-heme iron protein that catalyzes the ring-opening of catechol
derivatives with incorporation of two oxygen atoms [12]. The 4,5-DOPA dioxy-
genase gene (PgDODA) was cloned from Portulaca grandiflora of the Portula-
caceae family. Such proteins exist not only in betalain-producing plants but
also in other angiosperms and bryophytes, with slight variations in sequences
near the catalytic site [13]. Some DODA enzymes from non-betalain-producing
plants also exhibit DOPA dioxygenase activity in vitro; these plants fail to pro-
duce betalains due to the absence of L-DOPA in vivo [14]. The MjDODA gene
from Mirabilis jalapa L. was successfully expressed in E. coli, confirming DODA
activity in vitro and betalamic acid formation [15]. Heterologous expression of
beet-derived BvDODA in E. coli demonstrated that seco-DOPA spontaneously
rearranges to betalamic acid. Both in vivo and in vitro, the S-isomer of be-
talamic acid predominates (95%), consistent with the S-configuration of most
natural betalains [16]. RT-PCR and transcriptomic analysis are currently the
primary methods for discovering and identifying functional genes, which led
to the identification of PmDODA from Parakeelya mirabilis L. as involved in
betalain synthesis [17]. In addition to plant-derived genes, the E. coli protein
YgiD has been reported to possess DOPA dioxygenase activity, synthesizing
betalamic acid from L-DOPA in vitro [18].

2.1 Cyclo-DOPA Pathway for Betanidin Formation

Different betacyanins are derived from glycosylation of betanidin (cyclo-DOPA-
betalamic acid). Through the oxidative activity of tyrosinase, L-DOPA is fur-
ther oxidized to dopaquinone, which undergoes spontaneous intramolecular cy-
clization via nucleophilic attack by the amino group to form cyclo-DOPA [19,20].
Cyclo-DOPA then spontaneously condenses with betalamic acid to generate
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betanidin [21]. Silencing the cytochrome P450 oxidase CYP76AD1 in beets
abolished betacyanin production while allowing only betaxanthin formation,
demonstrating that CYP76AD1 is the cyclo-DOPA synthase [22]. Its homologs
CYP76AD5 and CYP76AD6 only exhibit tyrosine hydroxylation activity to pro-
duce L-DOPA but cannot catalyze cyclo-DOPA formation [23]. The ability to
form cyclo-DOPA is therefore essential for betacyanin production. Among all
currently known proteins with tyrosinase activity, only CYP76AD1 can synthe-
size betacyanins. Due to the instability of cyclo-DOPA, it is readily oxidized
by tyrosinase to polymerize into melanin [24]. In betalain-producing plant cells,
L-DOPA concentration remains constant, while L-tyrosine accumulates before
betalain formation and is gradually consumed during the process [25]. In micro-
bial fermentation systems lacking reductants, melanin rather than cyclo-DOPA
accumulates, causing the culture to darken [26].

2.2 Betaxanthin Pathway for Betanidin Formation

An alternative route to betanidin proceeds through betaxanthin conversion. Ty-
rosine first condenses with betalamic acid to form tyrosine-betaxanthin, which
is oxidized by tyrosinase to DOPA-betaxanthin. DOPA-betaxanthin can also
form directly from L-DOPA and betalamic acid, and can be further oxidized to
dopaquinone-betaxanthin, ultimately generating betanidin through a series of
oxidation reactions. Although the reaction conditions remain undefined, this
pathway is theoretically more suitable for in vivo implementation. DOPA-
betaxanthin accumulation also requires reductants, and tissues with high DOPA-
betaxanthin content typically contain elevated ascorbic acid levels [27].

2.3 Glycosylation of Betanidin

Betanin is the 5-O-glycosylated product of betanidin, catalyzed by glucosyltrans-
ferase using UDP-glucose. 5-O-glucosyltransferase (5GT) has been identified
from beet, amaranth, and the Aizoaceae species Dorotheanthus bellidiformis L.
Beet-derived Bv5GT shows the highest specificity, while 5GT from amaranth
and D. bellidiformis can also catalyze flavonoid glycosylation [28]. Addition-
ally, 6-O-glucosylation at the betanidin hydroxyl group produces gomphrenin
I. The 6-O-glucosyltransferase from D. bellidiformis has been identified, with a
sequence distinct from 5-O-glucosyltransferase, and these two enzymes function
independently [29]. Another possible betanin biosynthetic route involves glu-
cosylation of cyclo-DOPA by 5-O-cyclo-DOPA glucosyltransferase, followed by
condensation with betalamic acid [30]. This enzyme activity has been confirmed
in Mirabilis jalapa [31].

3 Plant Synthesis of Betaxanthins

Condensation of betalamic acid with various amines or amino acids generates
different betaxanthins [32]. This step is considered spontaneous, involving nu-
cleophilic addition of the amine/amino group to the aldehyde group of betalamic
acid, followed by dehydration to form an imine [33,34]. The diversity of amines
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and amino acids in plants makes it difficult to determine the exact number of
natural betaxanthins. Differences in amino acid content among plants deter-
mine the predominant betaxanthin types: dopamine-betaxanthin and tyramine-
betaxanthin are most abundant in Mirabilis jalapa, tyrosine-betaxanthin and
glycine-betaxanthin dominate in Portulaca grandiflora, and proline-betaxanthin
is primary in Opuntia ficus-indica. In beets, CYP76AD1 converts L-DOPA to
cyclo-DOPA, which more readily condenses with betalamic acid to form betani-
din that is subsequently glycosylated to betacyanins. Consequently, beets accu-
mulate primarily betacyanins rather than betaxanthins. Betaxanthin glycosyla-
tion is extremely rare in nature; a glycosylated betaxanthin—DOPA-betaxanthin
hexoside—was recently discovered in transgenic tobacco [35].

4.1 Betalain Synthesis in Non-Caryophyllales Plants

In nature, betalains are restricted to Caryophyllales plants that do not produce
anthocyanins (e.g., beet, amaranth, gomphrena, prickly pear) and some higher
fungi (Amanita muscaria, Penicillium novae-zelandiae) [36]. Biotechnology en-
ables transgenic production of betalains beyond species boundaries, overcoming
the barrier between anthocyanin and betalain pathways. Recent achievements
in non-Caryophyllales betalain synthesis are summarized in Table 2 .

Expression of the fungal Amanita muscaria DOPA dioxygenase gene AmDODA
in Arabidopsis enabled betalain detection when L-DOPA was supplied exoge-
nously [37]. Expression of the shiitake mushroom tyrosinase gene LeTYR and
Mirabilis jalapa DOPA dioxygenase gene MjDODA in tobacco and Arabidopsis
suspension cells produced betaxanthins (primarily proline-betaxanthin) with-
out substrate feeding, confirming that anthocyanin-producing plants outside
Caryophyllales can synthesize betaxanthins when equipped with tyrosinase and
L-DOPA [38].

Simultaneous expression of BvCYP76AD1, BvDODA, and MjcDOPA5GT in
model plant tobacco and economic crops eggplant, tomato, and potato yielded
total betacyanin contents of 0.33, 0.25, 0.12, and 0.07 mg/g fresh weight, re-
spectively [35]. Betacyanin production also altered plant coloration: transfor-
mation of white petunia with these three genes produced pale purple flowers,
demonstrating that this gene combination can modify floral color. Since Bv-
CYP76AD6 possesses only tyrosine hydroxylation activity, its co-expression
with the three-gene set in transgenic tobacco generated both betacyanins and
betaxanthins, shifting flower color from red to orange-red. In contrast, the Bv-
DODA and CYP76AD6 combination produced only betaxanthins, resulting in
yellow flowers. Notably, transgenic tobacco showed significantly enhanced re-
sistance to Botrytis cinerea [39]. These modifications not only improve crop
nutritional value but also enhance disease resistance, reducing pesticide usage
for safer, pollution-free agriculture. Plant synthetic biology for betalain produc-
tion opens new possibilities for developing ornamental varieties and enhancing
crop economic value.
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Table 2 Synthesis of betalains from non-Caryophyllales plants

Host Plant & Culture
Method

Introduced Genes
(Source)

Product & Content (mg/g
fresh weight)

Tobacco, cell
suspension

TYR (shiitake),
DODA (Mirabilis),
CYP76AD1 (beet)

Betaxanthin 1.02

Tobacco, cell
suspension

DODA (beet) Betanin 0.05

Tobacco, cell
suspension

cDOPA5GT
(Mirabilis),
CYP76AD6 (beet),
DODA (beet),
CYP76AD1 (beet)

Betaxanthin 0.1

Tobacco, callus
culture

DODA (beet),
cDOPA5GT
(Mirabilis),
CYP76AD1 (beet)

Betanin 0.33

Eggplant, callus
culture

DODA (beet),
cDOPA5GT
(Mirabilis),
CYP76AD1 (beet)

Betanin 0.25

Tomato, callus
culture

DODA (beet),
cDOPA5GT
(Mirabilis),
CYP76AD1 (beet)

Betanin 0.12

Potato, callus culture DODA (beet),
cDOPA5GT
(Mirabilis),
CYP76AD1 (beet)

Betanin 0.07

4.2 Microbial Synthesis of Betalains

Yeast is a safe and beneficial microorganism for human applications. Expres-
sion of beet-derived BvDODA and BvCYP76AD1 in yeast successfully produced
betanidin when L-DOPA was supplied [22]. Since tyrosinase possesses both hy-
droxylation and oxidation activities, a CYP76AD1 mutant library was screened
to identify the double mutant CYP76AD1(W13L,F309L). Expression of this
mutant in yeast enhanced tyrosine hydroxylation activity while reducing DOPA
oxidation activity, increasing L-DOPA production 2.8-fold to approximately 3.6
mg/L compared to wild-type. Co-expression of the double mutant with Bv-
DODA generated 2.7-fold more betaxanthins than wild-type, demonstrating a
strong linear correlation between L-DOPA and betaxanthin accumulation [40].
This directed enzyme modification provides new insights for specialized betalain
synthesis.
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De novo microbial synthesis of betanin from glucose was achieved in Saccha-
romyces cerevisiae. Co-expression of codon-optimized BvCYP76AD1(W13L)
and MjDODA with either MjcDOPA5GT or DbBetanidin5GT produced 16.8
mg/L and 10.4 mg/L betanin, respectively, indicating that cyclo-DOPA gly-
cosylation is more favorable than betanidin glylycosylation for betanin pro-
duction. Co-expression of MjDODA and BvCYP76AD5 in yeast with various
amine substrates generated different colored betalains, including o-dianisidine-
betaxanthin that exhibited blue-purple coloration—the most red-shifted non-
natural betalain discovered to date. This study not only expanded the betalain
color spectrum but also provided a reference for microbial production of diverse
betalain pigments [41].

In E. coli, recombinant MjDODA protein was induced, purified, and used to
establish an in vitro reaction system with various amino acids or amines, synthe-
sizing 24 different betaxanthins. The condensation efficiency of betalamic acid
varied among amino acids, with histidine-betaxanthin and arginine-betaxanthin
showing the highest yields [42]. In vitro synthesis of various betaxanthins facili-
tates deeper understanding of betalain formation mechanisms, enables screening
of suitable catalytic enzymes, and provides technology for microbial production
of diversified betalain pigments.

Currently, most betalain products are extracted from plants, with edible be-
tacyanins limited to beet and amaranth sources. Synthetic biology strategies
enable betalain production beyond Caryophyllales, allowing efficient manufac-
turing of natural and non-natural betalain pigments in model plants. Accumula-
tion of these pigments enhances plant nutritional value and pathogen resistance.
Future plant-based betalain synthesis should focus on: (1) Increasing betacyanin
content, as the current 0.76 mg/g fresh weight in beets offers substantial im-
provement potential. Synthetic biology can be used to balance beetroot growth
and betalain accumulation for constructing high-yield plant factories specialized
in betalain production. (2) The cytochrome P450 genes BvCYP76AD1 and Bv-
CYP76AD6 regulate red/yellow betalain ratios. Expressing these P450 genes
with different strengths and combinations in floral or leaf tissues of ornamental
plants can generate varying red-yellow pigment ratios to alter color phenotypes.
Additionally, engineering endogenous metabolic pathways to produce special
amino acids or amines could expand the color palette for horticultural plants.
(3) Although anthocyanins and betalains do not naturally coexist, introducing
betalain pathways into anthocyanin-producing plants through synthetic biology
could enhance stress resistance and nutritional value by producing both pigment
types.

Compared with plant systems, microbial engineering using E. coli and S. cere-
visiae offers greater convenience and has become an important host for plant
secondary metabolite synthesis [43]. Although betalain synthesis has been re-
ported in yeast, low activity and poor specificity of heterologously expressed
enzymes limit yield improvement. Particularly, cytochrome P450 enzymes cat-
alyzing tyrosine hydroxylation and L-DOPA oxidation are difficult to function-
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ally express in prokaryotes, explaining the absence of betalain synthesis reports
in E. coli. Future research should focus on: (1) Mining functional genes suitable
for microbial expression. While many Caryophyllales plants and some fungi
accumulate betalains, identified biosynthetic genes remain limited. Integrat-
ing multi-omics data with enzyme activity assays may identify novel pathway
genes, elucidate mechanisms of protein-substrate interactions, and enable ratio-
nal protein engineering for higher catalytic activity and substrate specificity. (2)
For P450 expression in microbes, identifying compatible reductases is essential.
These oxidoreductases often form inactive inclusion bodies when membrane-
bound. Secondary structure prediction can identify membrane-binding domains
for truncation, followed by construction of fusion proteins. This strategy has
successfully achieved soluble P450-reductase fusion expression in E. coli [44].
P450 engineering to switch from NADPH- to NADH-dependence could enhance
utilization of E. coli NADH reducing power. (3) Microbial fermentation condi-
tions significantly affect betalain yields. In plants, betalains accumulate stably
in vacuoles, whereas microbes lack such compartments, causing excessive L-
DOPA oxidation to useless melanin byproducts. Additionally, the condensation
mechanism between betalamic acid and cyclo-DOPA or various amines remains
unclear, representing another limitation. Combining metabolic engineering to
regulate intracellular redox status with optimization of fermentation tempera-
ture, pH, and reductant addition can establish rational processes that promote
betalamic acid conversion under conditions optimal for both cell growth and
product formation, thereby increasing final betalain yields.
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