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Summary

The recent interest in plant pigment betalains as
bioactive compounds and chemopreventive agents
has led to the search for a reliable and scalable pro-
cess to obtain them. The cloning of the novel and
efficient enzyme 4,5-DOPA-extradiol dioxygenase
from Gluconacetobacter diazotrophicus in an expres-
sion vector, and the subsequent heterologous
expression in Escherichia coli cultures has led to
the start-up of a biotechnological production system
of individual pigments. The aim of this study was to
search for the optimal conditions for the production
of betalamic acid in microbial factories and the
scaled-up obtention of the derived pigments. Four
different betaxanthins and two betacyanins were
obtained after the addition of non-transformable ami-
nes and amino acids and their condensation with the
betalamic acid produced by the dioxygenase. The
scaled-up obtention and purification of betalains
improved the yields of the previous methodologies
reaching quantities by up to 150 mg of pure com-
pounds.

Introduction

Betalains are nitrogen-containing pigments responsible
for the coloration of plants of the order Caryophyllales.

Betalains are classified into two groups: betaxanthins
and betacyanins. Both groups have betalamic acid as a
chromophoric and structural unit and condense with dif-
ferent molecules (Gand�ıa-Herrero et al., 2013). Betaxan-
thins are derived from the condensation of betalamic
acid with amines and amino acids. These compounds
have a maximum absorbance spectrum centred on a
480 nm wavelength and have a yellow coloration. In
contrast, betacyanins are violet and present absorbance
spectra centred at wavelengths around km = 536 nm.
Betacyanins are the result of the condensation of beta-
lamic acid with indoline-type cycled amines. In plants,
betalains are secondary metabolites derived from L-
DOPA, and their biosynthetic pathway involves two main
activities: the hydroxylation of L-tyrosine to L-DOPA and
the aromatic ring opening oxidation of L-DOPA catalysed
by 4,5-DOPA-extradiol-dioxygenase (4,5-DODA) (Fig. 1).
The monophenolase activity of tyrosinase (Steiner et al.,
1999; Gand�ıa-Herrero et al., 2005) or cytochrome P450
activity (Sunnadeniya et al., 2016) is responsible for the
hydroxylation of L-tyrosine to L-DOPA. This L-DOPA is
the substrate for the enzyme 4,5-DODA (Christinet et al.,
2004; Sasaki et al., 2009), which gives rise to 4,5-seco-
DOPA, which by spontaneous intramolecular cyclization
converts to betalamic acid. Although traditionally the
presence of betalamic acid-forming activity was consid-
ered to be restricted to plants of the order Caryophyllales
and to the fungi Amanita (Musso, 1979) and Hygrocybe
(Von-Ardenne et al., 1974), prokaryotic organisms cap-
able of forming betalamic acid by enzymes with dioxyge-
nase activity have been recently described (Gand�ıa-
Herrero and Garc�ıa-Carmona, 2014; Contreras-Llano
et al., 2019). Betalains are compounds of great interest
because of their bioactive properties. They have a
health-promoting effect that has been demonstrated in
the in vivo model Caenorhabditis elegans, where they
reduce oxidative stress and increase lifespan (Guerrero-
Rubio et al., 2019). Their action in the elimination of free
radicals and their role as antioxidants have been
described (Cai et al., 2003; Gliszczy�nska-�Swigło et al.,
2006). Their chemopreventive power has also been
shown in the dose-dependent inhibition of the growth
and proliferation of cancer cells (Sreekanth et al., 2007;
Khan et al., 2012; Ahmadian et al., 2018), and their
administration in the diet has been shown to inhibit the
formation of tumours in vivo (Lechner et al., 2010). Beta-
lains are also of great interest as food colourants in
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industrial applications. The renewed interest in betalains
contrasts with the limited number of biotechnological
tools to produce them. The obtention of individual pig-
ments is necessary to characterize and apply the potent
health-promoting activities described for betalains
(Gand�ıa-Herrero et al., 2016).
To date, obtaining betalains and purifying them from

whole plants have depended directly on availability
throughout the year and on environmental variables that
affect their production (Khan et al., 2012). Other meth-
ods used are by a semi-synthesis method, which
requires obtaining betalamic acid from the degradation
of betanin (Gand�ıa-Herrero et al., 2006), or the produc-
tion of betalains in plant cell cultures (Guadarrama-
Flores et al., 2015; Milech et al., 2017; Henarejos-
Escudero et al., 2018). However, the main problem
these techniques present is their low efficiency in the
production of pure betalains. The aim of this work was to
produce betalains through the development of microbial
factories as a controllable system, using the key enzyme
of the biosynthetic pathway, a novel 4,5-DOPA-extradiol-
dioxygenase of bacterial origin and superior activity, and

its subsequent scaling-up to the bioreactor level for pig-
ment production.

Results and discussion

Expression of 4,5-DOPA-extradiol-dioxygenase from
Gluconacetobacter diazotrophicus in Escherichia coli
cultures

The novel 4,5-DOPA-extradiol-dioxygenase (DODA) from
Gluconacetobacter diazotrophicus, the first betalain-produc-
ing bacteria described, was used in this work. G. dia-
zotrophicus DODA enzyme (GdDODA) presents higher
activity, more affinity towards L-DOPA substrate and better
stability than other dioxygenases previously described, as
Beta vulgaris DODA or E. coli YgiD (Contreras-Llano et al.,
2019). The gene sequence of G. diazotrophicus (sequence
WP_012222467.1, GI:501179334) was used as a template
to obtain the DODA sequence for protein expression in
E. coli (Contreras-Llano et al., 2019) and it was inserted
into the expression vector pET28a. Escherichia coli Ros-
setta 2 (DE3) cells were transformed with the vector
pET28a-GdDODA and selected in the nutrient medium

Fig. 1. Key steps in the biosynthesis of betalamic acid and betalains. R1 and R2 can be hydroxyl groups with or without sugar derivatives. R3

can be a carboxylic acid group. R4 can be side-chains of amino acids.
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Luria-Bertani (LB) supplemented with chloramphenicol
(Cm) and kanamycin (Km). Escherichia coli was cultured
as small drops of 10 lL in LB plates supplemented with
IPTG, L-DOPA and sodium ascorbate to check the ability
of E. coli expressing DODA to form betalamic acid. After
incubation for 24 h at 20°C plates with IPTG, L-DOPA and
sodium ascorbate showed a yellow coloration around the
drops. Plates without IPTG were used as a control and
showed no change of colour (Fig. 2). The yellow halos
around the drops confirmed the expression and activity of
heterologous DODA protein induced by IPTG. The use of
L-DOPA as a precursor in the synthesis of betaxanthins
and the excretion of pigments thus resulted in yellow col-
oration. The positive results in the plate assays promoted
the transfer of the production to E. coli liquid cultures.

Production of the structural unit of betalains

The production of betalamic acid was attempted with
E. coli Rossetta 2 (DE3) cells transformed with pET28a-
GdDODA. Cells were grown and selected in medium LB

supplemented with Cm and Km. After the induction of the
expression of the gene with IPTG, L-DOPA was added as
the substrate of the reaction and precursor of betalains. L-
DOPA concentration in the medium was optimized, varying
it in the range 0.76 to 22.32 mM, resulting in the highest
production at 7.6 mM (Fig. S1A), the solubility limit of the
substrate. Sodium ascorbate was added to prevent sponta-
neous oxidation. After addition of any L-DOPA concentra-
tion assayed, the culture began to show a yellow
coloration. HPLC analyses showed that the yellow col-
oration was due to the presence of betalamic acid in the
medium and a compound with lower retention time and
spectrum compatible with betaxanthins. Using real stan-
dards (Gand�ıa-Herrero et al., 2005), this betalain was iden-
tified as dopaxanthin (Fig. S1D), which was first described
in the plant Glottiphylum longum (Impellizzeri et al., 1973)
and was shown to have a strong antiradical capacity
(Gand�ıa-Herrero et al., 2010a). Betalamic acid was
detected at km = 405 nm with a retention time of 14.9 min.
To confirm its nature, betalamic acid obtained from the
degradation of betanin was used as standard (Fig. S1C)
(Gand�ıa-Herrero et al., 2009). Muscaflavin was also
detected at 403 nm and retention time of 16.6 min. Dopax-
anthin was detected with a maximum wavelength at
km = 471 nm and a retention time of 13.9 min. The pres-
ence of dopaxanthin is the result of the condensation of
betalamic acid with L-DOPA used as a substrate. There-
fore, this betalain is obtained in cell cultures of E. coli due
to the expression of the enzyme 4,5-DODA in one-pot
experiments. The evolution of the concentration of beta-
lamic acid and dopaxanthin was followed over time by
HPLC analysis. Both products were monitored for 200 h
after adding the substrate (Fig. S1B). In the first hours, a
peak with retention time of 8.54 min was obtained at
kmax = 361 nm. This peak corresponded to 4,5-seco-
DOPA (Contreras-Llano et al., 2019), the intermediate pro-
duct of 4,5 DODA activity that transforms in betalamic acid
by spontaneous cyclization. The maximum concentration
of betalamic acid was obtained at 24–30 h, after which it
drastically decreased. However, dopaxanthin increases
progressively until a maximum production at 96 h. This lag
period is due to the condensation of betalamic acid with
the L-DOPA used as a substrate for its production. On the
other hand, the analysis of the cell pellet obtained by cen-
trifugation did not show accumulation of betalamic acid or
dopaxanthin after washing and sonication, indicating that
the L-DOPA transformation products are excreted to the
culture medium, as 4,5-seco-DOPA intermediate or as
betalamic acid.

Production of betalamic acid in different media

The HPLC analyses showed the presence of betalamic
acid, dopaxanthin and muscaflavin in the above-

(A)

(B)

Fig. 2. Expression of GdDODA activity in Escherichia coli cells
grown in agar solid medium supplemented with L-DOPA.
A. Control plate without IPTG.
B. Yellow halos formed around the bacterial colonies in the pres-
ence of L-DOPA 7.6 mM indicate the formation and excretion of
betalain-related compounds. A single image contains both condi-
tions and was taken in the same shot. Standard 60 mm Petri dishes
were used.
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mentioned LB culture but also showed the formation of
minor peaks at 480 nm (Fig. 3A) which had different
retention times (Table 1) and evolved independently with
the reaction time. The spectral analysis of the com-
pounds was compatible with the presence of unknown
betaxanthins with maximum wavelengths around
470 nm. The presence of free amines in LB medium
could promote the formation of these betaxanthins. To
study this phenomenon, different media were used to
determine the formation of the new betaxanthins
depending on the medium composition. The media used
were NZCYM, fresh LB and the same LB medium where
the bacteria were grown. The conditions for substrate
concentration and temperature were the same in all
cases. After addition of the substrate L-DOPA, there was
no difference between fresh LB and LB used in the
growth of bacteria. Various betaxanthins with different
retention times in the LB and NZCYM media were
observed by HPLC analysis after 96 h (Fig. 3A and B).
Betaxanthins present in both media corresponded to
retention times of 13.91, 14.9, 21.7, 22.8, 26.1 and
26.9 min, with betaxanthins exclusive of LB medium
being those of 9.2, 16.7 and 20.5 min. The mass values
determined by electrospray ionization mass spectrometry
(ESI-MS) are shown in Table 1. The mass of 391.1 m/z
obtained at 13.9 min and the mass of 212.1 m/z
obtained at 14.9 min were compatible with the presence
of dopaxanthin and betalamic acid, respectively, in LB

and NZCYM media. Furthermore, the mass of 212.1 m/z
obtained at 16.7 min in LB medium was compatible with
muscaflavin. The rest of mass values were not compati-
ble with any known betaxanthin. It is concluded that LB
and NZCYM media have a series of elements with
amino groups in their composition which condense with
the betalamic acid formed by the bacterial culture, giving
rise to different betaxanthins. No differences were found
between fresh LB and the LB medium used in the bacte-
rial growth. This indicates that elements with amine
groups are still available for the condensation with the
betalamic acid formed by the engineered bacteria. In
order to simplify the final pigments obtained by the trans-
formation of the precursor molecule L-DOPA, water was
added, instead of the amine-containing media, after har-
vesting and washing of the induced cells. In this case,
the production of betalamic acid (maximum wavelength
at 405 nm) and dopaxanthin (maximum wavelength at
471 nm) experienced an increase, doubling the results
obtained with the other media. Neither was the presence
of any other derived betaxanthin observed (Fig. 3C),
thus yielding dopaxanthin in a purer form. In the transfor-
mation in water, only the formation of betalamic acid and
dopaxanthin was achieved. This raises the possibility of
using water in the transformation phase as a way to
reduce production costs and simplify future purification
processes, since the culture medium is only necessary
for the initial growth of the cells.

Oxygen effect in the production of betalains

Previous studies about the enzymatic activity of
GdDODA show the importance of oxygen exchange in
the formation of betalains (Contreras-Llano et al., 2019).
Thus, once water had been established as the optimum
medium for the biotransformation of L-DOPA, E. coli
(pET28a-GdDODA) was grown in LB medium and cen-
trifuged, and cell pellets were transferred to water for the
production of 4,5-seco-DOPA, betalamic acid and dopax-
anthin. The reaction was followed under different atmo-
spheric conditions, in order to evaluate the effect of
oxygen. As Fig. S2 shows, a shaken medium, where the
oxygen exchange is high, increases the production of
pigments with respect to the values obtained in a non-
shaken medium where the oxygen exchange is limited
by diffusion. Furthermore, deaeration and nitrogen atmo-
sphere in the medium produce a pronounced decrease
in the yield of the final product dopaxanthin (Fig. S2).

Addition of amines and amino acids to the medium for
the production of derived betalains

The addition of amines and amino acids to a medium
with betalamic acid leads to the production of betalains

Fig. 3. Production of dopaxanthin in microbial cultures. Chro-
matograms at k = 480 nm for the detection of betaxanthins in the
media LB (A), NZCYM (B) and water (C). Dopaxanthin was
detected at 13.9 min with a signal intensity higher in water than in
LB and NZCYM (black arrows). Betaxanthins present exclusively in
LB medium are indicated with green arrows. Red arrows indicate
betaxanthins present in both LB and NZCYM media.
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by Schiff condensation. The spontaneous reaction
between the amine group of the added molecule and the
aldehyde group of betalamic acid forms the correspond-
ing imine. Successful approaches for betalain production
have been carried out in semi-synthesis processes,
where betalamic acid was obtained by basic hydrolysis
from betanin extracted from red beet, and this betalamic
acid was able to condense with the amines added to the
medium (Gand�ıa-Herrero et al., 2006). In the present
work, betalamic acid is obtained more efficiently by the
biotechnological mean described and its ability to react
with free amines is maintained. In this context, the
biosynthesis of betaxanthins and betacyanins can be
achieved by adding selected amino acids and amines.
Addition of the compounds 2-phenylethylamine, L-pheny-
lalanine, indoline, L-indoline-2-carboxylic acid and L-pro-
line gave rise to the betalains phenylethylamine-
betaxanthin, phenylalanine-betaxanthin, indoline-beta-
cyanin, indoline carboxylic acid-betacyanin and indicax-
anthin respectively. Obtention of each amine-derived
betalain was performed in flasks containing 100 ml of
water and with orbital shaking at 120 rpm. The addition

of these compounds was carried out at a concentration
of 38 mM, five times higher than that used for L-DOPA,
to favour the condensation of betalamic acid with these
molecules instead of condensation with L-DOPA, which
acts as substrate for DODA enzyme and as amine pre-
cursor in the synthesis of dopaxanthin (Fig. 1). Conden-
sation with 2-phenylethylamine, L-phenylalanine and L-
proline led to the production of the betaxanthins
phenylethylamine-betaxanthin, phenylalanine-betaxanthin
and indicaxanthin, respectively, while condensation with
indoline and indoline-2-carboxylic acid gave rise to the
production of indoline-betacyanin and indoline carboxylic
acid-betacyanin, as shown in Fig. 4. Indoline and its car-
boxylated derivate added at 38 mM negatively affected
the activity of the dioxygenase enzyme produced. Indo-
line and indoline carboxylic acid formed water-insoluble
droplets in the biotransformation medium that may nega-
tively affect the integrity of the bacterial membrane or
the stability of the protein. Thus, their concentrations
were lowered by several orders of magnitude, reaching
a maximum betacyanin production at 3.8 mM for indo-
line-2-carboxylic acid and at 0.38 mM for indoline.

Table 1. HPLC and ESI-MS/MS characteristics and identification of known and minor betalains detected after the growth of Escherichia coli
expressing 4,5-DODA in different media

Rt (min) Name Media PDA-km (nm) [M+H]+ (m/z) Main daughter ion (m/z)

9.2 — LB 471 235.1 162.0
13.9 Dopaxanthin LB/NZCYM 471 391.1 347.1
14.9 Betalamic acid LB/NZCYM 405 212.1 166.1
16.7 Muscaflavin LB 405 212.1 166.0
20.5 — LB 471 385.2 215.0
21.7 — LB/NZCYM 471 326.8 244.0
22.8 — LB/NZCYM 471 374.8 365.6
26.1 — LB/NZCYM 471 288.8 251.1
26.9 — LB/NZCYM 471 411.4 385.1

(A) (C) (D)

(B)

Fig. 4. Redirection for the production of multiple individual pigments.
A: Chemical structures of the betalains produced in this study. From left to right: indicaxanthin, dopaxanthin, phenylalanine-betaxanthin,
phenylethylamine-betaxanthin, indoline carboxylic acid-betacyanin and indoline-betacyanin.
B. 100-ml cultures of Escherichia coli expressing 4,5-DODA in the production of the individual molecules shown above.
C,D. Scaled-up synthesis of phenylethylamine-betaxanthin
(C) and indoline-betacyanin (D) in bioreactors with a volume of 2L.
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In all cases, the compounds obtained were analysed by
mass spectrometry and HPLC to confirm the structures
proposed (Table 2). The values for absorption maximum
wavelengths and retention times shown in Table 2 were in
concordance with the values reported previously for stan-
dards obtained using a semi-synthetic method (Gand�ıa-
Herrero et al., 2005, 2010a). Under the optimal conditions
determined for each compound in volumes of 100 ml, it
was possible to obtain up to 3.1 mg in total of indoline-be-
tacyanin, 1.9 mg of indoline-2-carboxylic acid-betacyanin,
2.6 mg of L-phenylalanine-betaxanthin, 1.1 mg of
phenylethylamine-betaxanthin, 2.2 mg of indicaxanthin
and 4.3 mg of dopaxanthin. Once the technique was opti-
mized and its efficiency in the synthesis of individual beta-
lains was confirmed, the possibility of using these
microbial cultures in bioreactors for a greater production of
betalains was studied.

Scaling-up to bioreactor level

Indicaxanthin, dopaxanthin, phenylethylamine-betaxan-
thin and indoline-betacyanin were chosen to scaled-up
production. Indicaxanthin and dopaxanthin were chosen
for their relevance in preliminary bioactivity assays (Wen-
del et al., 2015; Guerrero-Rubio et al., 2019) and strong
antioxidant activity (Escribano et al., 2017). Indicaxanthin
is the main bioactive pigment of cactus pears (Gand�ıa-
Herrero et al., 2010b). Dopaxanthin is the only pigment
in Glottiphyllum flowers (Impellizzeri et al., 1973).
Phenylethylamine-betaxanthin and indoline-betacyanin
(Fig. 4C and D) were chosen for their close structural
similarity as pigment models of betaxanthins and beta-
cyanins. In addition, phenylethylamine-betaxanthin is a
minor pigment in cactus pears (Castellanos-Santiago
and Yahia, 2008). The biotechnological synthesis of
betalains in a bioreactor was intended to allow a greater
production. In addition, it made possible to control all the
variables that may affect the synthesis, such as pH, tem-
perature and oxygen demand. Temperature control on a
small scale was also performed in the bioreactor thanks
to the use of a heating jacket that allows large tempera-
ture changes in a few hours. In preliminary assays, the
synthesis of indoline-betacyanin was carried out control-
ling the pH at a value of 7.0, as is done for bacterial

growth. After 96 h, the culture did not show the pink col-
oration characteristic of the synthesis of the betacyanins
(Fig. 5A) in the flask assays. It was observed that, after
the addition of the reagents, the culture stopped con-
suming acid, but continued to consume alkali at a high
rate in order to maintain pH 7 (Fig. 5C). Samples were
taken over time to follow the evolution of the reaction
and were analysed by HPLC. The analysis showed the
accumulation of betalamic acid, but it did not condense
with indoline as expected. In other experiments, the pH
of the culture was allowed to evolve freely. In this way,
after 48 h, a deep purple indoline-betacyanin culture with
pH = 5.8 was obtained (Fig. 5B). HPLC analysis showed
that betalamic acid reacted rapidly with indoline in the
synthesis of indoline-betacyanin and that it accumulated
over time, up to a maximum value at 72 h after the addi-
tion of the compounds. Thus, betalamic acid requires the
medium to be slightly acidic in order to be able to con-
dense with the amines or amino acids available in it.
After observing the pronounced pH effect in the synthe-
sis of betalains, and its favourable evolution towards
acidic values in order to yield betalains, the following
assays were performed without the addition of base. In
this sense, the mere addition of L-DOPA and sodium
ascorbate to the bioreactor led to the synthesis of
dopaxanthin. The addition, besides, of 2-phenylethy-
lamine or proline, gave rise to the synthesis of
phenylethylamine-betaxanthin and indicaxanthin respec-
tively. The reaction medium for the biotransformations
leading to the betaxanthins showed a final pH = 5.7.
The time needed to reach maximum production of each
betalain was established after the addition of reagents.
Thus, time for optimal production was 48 h for
phenylethylamine-betaxanthin and indicaxanthin, 72 h
for indoline-derived betacyanin, and 96 h for dopaxan-
thin (Fig. S3).

Purification and quantification

Once the optimal production conditions for each com-
pound had been established, all the media were col-
lected and the pigments purified. Dopaxanthin was
collected 96 h after the addition of the reagents, while
the betaxanthins phenylethylamine-betaxanthin and

Table 2. Production of individual betalains obtained in bacterial cultures (flasks, 100 ml) of Escherichia coli expressing the DODA enzyme of
Gluconacetobacter diazotrophicus

Betalain Rt (min) PDA-km (nm) [M+H]+ (m/z) Yield (mg/100 ml) Main daughter ion (m/z)

Indicaxanthin 12.65 471 309.1 2.2 264.0
Dopaxanthin 13.91 471 391.1 4.3 347.1
Phenylethylamine-betaxanthin 20.08 471 315.1 2.6 271.1
Phenylalanine-betaxanthin 22.11 471 359.2 1.1 315.1
Indoline-2-carboxylic acid-betacyanin 19.17 524 357.0 1.9 313.0
Indoline-betacyanin 22.10 524 313.0 3.1 269.0
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indicaxanthin were recovered 48 h after the addition of
amines. The indoline-derived betalain was collected 72 h
after the addition of the reagents. The cultures were then
centrifuged twice for 10 min at 5000 g to remove the cell
pellet, and the supernatants were analysed by HPLC
and submitted to purification. Although the concentration
of amines was 5 times higher than L-DOPA concentra-
tion (except for indoline), all the analysed samples
showed a residual presence of dopaxanthin, at a much
lower concentration than the betalain corresponding to
the amine. The proportion of dopaxanthin obtained ver-
sus the major betalain was 4.3% in indoline-betacyanin,
2.1% in phenylethylamine-betaxanthin and 13.8% in indi-
caxanthin. L-DOPA, as a precursor of betalamic acid
synthesis, was present in all biotransformation media
and the amount of residual dopaxanthin obtained was
inversely proportional to the affinity that betalamic acid
shows for the major amine.
In order to remove the substrates added and dopaxan-

thin, the media were purified by automatic anionic

exchange chromatography (FPLC) and subsequent
extraction in solid-phase C-18 columns (Gand�ıa-Herrero
et al., 2006). The compounds were purified with a recov-
ery of 92.70% for dopaxanthin, 91.24% for indoline-beta-
cyanin, 96.04% for phenylethylamine-betaxanthin and
42.03% for indicaxanthin (Table S1). Pure compounds
obtained in the scaled-up bioreactors were quantified,
with 148.25 mg of dopaxanthin, 112.22 mg of indoline-
betacyanin, 91.11 mg of phenylethylamine-betaxanthin
and 48.75 mg of indicaxanthin. These values are 4
orders of magnitude higher than those obtained by semi-
synthesis, where the limitations of the technique gave
between 40 and 90 lg of pure betalains (Gand�ıa-Herrero
et al., 2006).
A novel scalable bioprocess is described here to pro-

duce the plant pigment betalains in a fast and simple sys-
tem. The process is carried out in bioreactors controlled by
the heterologous expression of the most efficient DODA
enzyme described. When biotransformations are carried
out in water, it minimizes the costs of large-scale biological

(A) (B)

(C) (D)

Fig. 5. Production of indoline-betacyanin in 2L bioreactor. Different trends in the synthesis of indoline-betacyanin can be observed when pH is
controlled to 7.0 (A) and when pH drops freely to 5.8 (B). Pictures are shown after 96-h incubation. When carrying out the reaction at pH 7.0
(C), the consumption of alkali increases progressively due to the tendency of acidification in the synthesis of betalamic acid. D: Effect of stop-
ping the consumption of alkali after the addition of reactives on pH when it evolves freely in the reactor. *Medium change: cells in LB medium
were centrifuged and the pellet was resuspended in water.
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production and allows the easy purification of the com-
pounds. The number of possible betaxanthins is reduced
from eight in enriched media (LB, NZCYM) to only one
main pigment in costless water. The scaling-up of this
technique to large bioreactors would enable large amounts
of betalains to be obtained and would increase the applica-
bility of their health-promoting potential in the food, phar-
maceutical and cosmetic industries.

Experimental procedures

Chemicals

3,4-Dihydroxy-L-phenylalanine (L-DOPA), sodium ascor-
bate, isopropyl b-D-1-thiogalactopyranoside (IPTG), 2-
phenylethylamine, L-phenylalanine, L-indoline-2-car-
boxylic acid, indoline, L-proline, chloramphenicol and
kanamycin were obtained from Sigma-Aldrich (St. Louis,
MO, USA). HPLC-grade acetonitrile was purchased from
Fisher Scientific UK (Leicestershire, UK). Distilled water
was purified using a Milli-Q system (Millipore, Bedford,
MA, USA).

Plasmids and strains

Escherichia coli Rossetta 2 (DE3) was employed and
transformed with the expression vector pET28a, harbour-
ing the coding gene of protein 4,5-DOPA-extradiol-dioxy-
genase (DODA) from Gluconacetobacter diazotrophicus
(pET28a-GdDODA) (sequence WP_012222467.1,
GI:501179334) (Contreras-Llano et al., 2019).

Standard betalains

Betalamic acid and the betalains indicaxanthin, dopaxan-
thin, phenylalanine-betaxanthin, phenylethylamine-betax-
anthin, indoline carboxylic acid-betacyanin and indoline-
betacyanin were obtained by a semi-synthesis method
(Gand�ıa-Herrero et al., 2006, 2010a) and subsequently
purified for use as real standard betalains for identifica-
tion purposes.

Production of betalains

The enzyme 4,5-DOPA-extradiol dioxygenase (DODA)
was chosen for biotransformation assays in E. coli
because it is the key enzyme in the betalain synthesis
pathway. Escherichia coli, harbouring the above-men-
tioned pET28a-GdDODA, was cultured in Luria-Bertani
(LB) or NZCYM (10 g NZ amine, 5 g NaCl, 5 g yeast
extract, 1 g casamino acids and 2 g MgSO4�7H2O in 1L
deionized water, pH 7.0) (Sambrook et al., 2001) media.
Both media were supplemented with chloramphenicol
(Cm) 35 lg ml�1 and kanamycin (Km) 100 lg ml�1, and
bacteria were cultured at 37°C until reaching an

O.D.600 nm 0.8-1.0. Next, IPTG 1 mM was added and
the culture was maintained for 15 h at 20°C. After that,
the culture was centrifuged 10 min at 5000 g. The pellet
obtained was resuspended in Milli-Q water and kept at
20°C and shaking at 120 rpm. Optimal conditions for the
production of each betalain were established considering
different concentrations of L-DOPA and amines, varying
from 0.76 to 22.32 mM and from 0.38 to 38 mM respec-
tively. In optimal conditions, L-DOPA 7.6 mM and
sodium ascorbate 15 mM were added. In the case of the
addition of amines, these were added at a final opti-
mized concentration of 38 mM, except indoline, which
was added at 0.38 mΜ, and L-indoline-2-carboxylic acid,
at 3.8 mM.

Scaled-up production in bioreactor

The EZ-Control system from Applikon Biotechnology
(Delft, The Netherlands) was used to control the produc-
tion in bioreactors. Escherichia coli harbouring pET28a-
GdDODA was cultured in 20 ml LB Cm Km at 37°C as
starter culture. After 15 h, the starter culture was diluted
in a reactor with 2 L of LB supplemented with Cm and
Km and cultured at 37 °C until an O.D.600 nm 0.8–1.0
was reached. The temperature was then dropped to 20
°C and IPTG 1 mM was added. Fifteen hours later, the
culture was centrifuged for 10 min at 5,000 g and the
medium was replaced in the reactor by 1 L of sterile
Milli-Q water. Furthermore, 500 ml of sterile water was
employed to resuspend the cell pellet and another
500 ml was employed to add L-DOPA and sodium
ascorbate and the corresponding amines, giving a reac-
tor with a final volume of 2 L. The culture was kept in
the dark and shaken at 50 rpm and 20°C for 96 h with
50-65% dO2. dO2 was kept under control by air inlet
assisted by the oxygen sensor AppliSens DO2 (Applikon
Biotechnology).

Purification of betalains

Pigments were purified with a combination of chromato-
graphic steps. First, solid-phase extraction in C-18 car-
tridges (35 cc, Waters, MA, USA). Columns were
conditioned with 70 ml ethanol followed by 70 ml purified
water. Betalains were injected and bound to the column
and eluted later with ethanol. Afterwards, anionic
exchange chromatography of betalains was performed in
an €Akta purifier apparatus (General Electric Healthcare,
Milwaukee, USA). The equipment was operated via a
PC using UNIKORN software version 3.00. Elutions
were monitored at 280, 480 and 536 nm. The solvents
used were 20 mM sodium phosphate buffer, pH 6.0 (sol-
vent A) and 20 mM sodium phosphate buffer, pH 6.0,
with 2 M NaCl (solvent B). A 25 9 16 mm, 20-ml Q-
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Sepharose Fast Flow column (cross-linked agarose with
quaternary ammonium as an exchanger group) pur-
chased from General Electric Healthcare was used. After
sample injection, the elution process was as follows: 0%
B from 0.0 to 10 ml; after washing, a linear gradient was
performed over 120 ml from 0% B to 26% B, with 3 ml
fractions being collected. Injection volume was 25 ml,
and the flow rate was 2.5 ml min�1. Pigment containing
fractions were pooled, and salts were removed through
C-18 solid-phase extraction (Gand�ıa-Herrero et al.,
2006).

HPLC analysis

A Shimadzu LC-10A apparatus (Kyoto, Japan) equipped
with a SPD-M10A PDA detector was used for analytical
HPLC separations. Reversed phase chromatography
was performed with a 250 x 4.6 mm Kinetex 5l C-18
column (Phenomenex, Torrance, CA, USA). Gradients
were formed with the following solvents: solvent A was
water with 0.05% TFA, and solvent B was composed of
acetonitrile with 0.05% TFA. A linear gradient was per-
formed for 25 min from 0% B to 35% B. The flow rate
was 1 ml min�1, operated at 25°C. Injection volume was
20 lL. The culture media were centrifuged 1 min at
14,000 g, and the supernatants were analysed. The
resulting pellets were sonicated with a Branson Digital
sonifier (Branson Ultrasonic Corporation, Connecticut,
USA) with 5 pulses of 10 s (medium intensity) used to
disrupt cells. The cell content was analysed under the
same conditions.

Electrospray ionization mass analysis

An Agilent VL 1100 apparatus with LC/MSD Trap (Agi-
lent Technologies, Palo Alto, CA, USA) was used for
HPLC–ESI–MS analyses. Elution conditions were the
same as described above (HPLC analysis section) using
a Kinetex 5l C-18 column with a flow rate of
0.8 ml min�1. Vaporizer temperature was 350°C, and
voltage was maintained at 3.5 kV. The sheath gas was
nitrogen, operated at a pressure of 45 psi. Samples were
ionized in positive mode. Ion monitoring mode was full
scan in the range m/z 50–600. The electron multiplier
voltage for detection was 1,350 V.
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Fig. S1. A. Production of betalamic acid at different concen-
trations of L-DOPA (mM). Production is expressed in % con-
sidering the highest value as 100% production. B. Time
course of the betalamic acid and dopaxanthin production. C.
Chromatogram at k=405 nm of LB medium after addition of
L-DOPA. The use of the betalamic acid standard (below)
confirms its presence. D. Chromatogram at k = 480 nm of
LB medium after addition of L-DOPA. The use of a dopax-
anthin standard (below) confirms this presence as a major
peak with a retention time of 13.9 min.
Fig.S2. Effect of aeration in the microbial factories. Produc-
tion was followed for 4,5-seco-DOPA (A), betalamic acid (B)
and dopaxanthin (C). D. Products accumulation was due to
E. coli (pET28a-GdDODA) biotransformation in water solu-
tion supplemented with L-DOPA in a shaken, not shaken
and anoxia media. Anoxia conditions were created with
deaeration and nitrogen atmosphere.
Fig. S3. Time evolution of the scaled-up synthesis of beta-
lains in bioreactor (volume of 2L).
Table S1. Betalain production in 2L bioreactors.
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