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Abstract

Feeding of amino acids to hairy roots of the yellow beet (Beta vulgaris var. lutea) usually results in the formation of the respective
betaxanthins. One exception is (S)-glutamate whose feeding leads to an increase in the betaxanthin vulgaxanthin I (glutamine as
amino-acid moiety) instead of vulgaxanthin II (glutamate as amino-acid moiety). To elucidate this phenomenon, hairy roots were
cultivated in modified standard medium and (S)-glutamate was fed. Under most nutrient conditions tested, glutamine and vulga-
xanthin I in the tissue dominated over glutamate and vulgaxanthin II. Glutamate, opposed to glutamine, was readily metabolized so
that its concentration was lower than that of glutamine. Maximum concentrations of glutamate were reached when the activity of
glutamine synthetase was low. Even then, however, vulgaxanthin II stayed on a low level. In contrast, the level of vulgaxanthin I
increased with increasing concentrations of glutamine in the tissue. Also 4-aminobutyric acid (GABA) was a major amino acid in the
hairy roots. Its concentration reached maximum levels when (S)-glutamate, a GABA precursor, was fed, or when sucrose, the C
source of the roots, was replaced by glucose. The respective GABA-betaxanthin, however, was hardly detectable. When both (S)-
glutamate and glucose were supplied, the GABA concentration exceeded that of all other amino acids. Only then the GABA-
betaxanthin could be characterized in small amounts. Interestingly, the level of the main betaxanthin, miraxanthin V, consisting of
betalamic acid and dopamine, was most markedly reduced by a replacement of sucrose with glucose.

We conclude that the reaction of betalamic acid with glutamate and GABA was considerably lower than with glutamine and
dopamine, irrespective of the concentration of the amino acid in the tissue. Possible reasons will be discussed, also with respect to the
occurrence of species-specific patterns of betaxanthins.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Beta vulgaris L. var. lutea; Chenopodiaceae; Yellow beet; Hairy roots; Nutrient media; (S)-Glutamate feeding; Glutamine synthetase;
Amino acids; Betaxanthins

1. Introduction

Betaxanthins and betacyanins are yellow and red-vi-
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oxoglutarate amino transferase; GS, glutamine synthetase.

*Corresponding author. Tel.: +49-0551-505-6262; fax: +49-0551-
505-6299.
E-mail address: maeck@ifz-goettingen.de (G. Mick).

0031-9422/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.phytochem.2004.03.008

olet, nitrogen-containing pigments, named betalains.
They are conjugates of betalamic acid with amino acids
or amines and cyclo-DOPA or 2-descarboxy cyclo-
DOPA, respectively (Steglich and Strack, 1990; Ko-
bayashi et al., 2001). Betalains are characteristic for
nearly all families of the order Caryophyllales and they
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also occur in some higher fungi. Furthermore, it is of
chemotaxonomic interest that they co-exist with differ-
ent flavonoids but not with anthocyanins (Steglich and
Strack, 1990). Due to their distribution in the plant
kingdom, betalains are components of various food-
stuffs, e.g., roots of red and yellow beet (Kujala et al.,
2000; Stintzing et al., 2002), leaves of foliage beet and
Indian spinach (Zakharova and Petrova, 1997; Glaflgen
et al., 1993), fruits of Opuntia ficus-indica (Stintzing
et al.,, 2001) and tubers of Ullucus tuberosus (Bohm,
unpubl. results). Additionally, betacyanins are increas-
ingly used as food dyes (Stintzing et al., 2000, 2001; Cai
and Corke, 2000). With respect to a remarkable intake
of betalains, it appears important that these secondary
substances exhibit antioxidant activities (Escribano
et al., 1998; Kanner et al., 2001; Tesoriere et al., 2003).
They could, therefore, play a role in the prevention of
chronic diseases caused by reactive oxygen species in
humans (Halliwell, 1997).

Although many betacyanins and betaxanthins are
structurally known since 1960, their biosynthetic path-
ways were elucidated in detail during the past 10 years
(Strack et al., 2003). A result is the conclusion that
betalamic acid condenses with its partner molecule in a
non-enzymatic reaction. This finding is essentially based
on experiments in which feeding of hairy roots or
seedlings of beets with different (S)- and even (R)-amino
acids resulted in the formation of the respective beta-
xanthins (Hempel and Bohm, 1997; Schliemann et al.,
1999). These experiments, however, showed throughout
one exception: Feeding of (S)-glutamate did not lead to
the formation of vulgaxanthin IT (Fig. 1), the respective
condensation product, but instead to an increase of
vulgaxanthin I (Fig. 1) which contains glutamine as
amino-acid moiety. Since the attempt to obtain a higher
amount of vulgaxanthin II by inhibition of GS failed
(Hempel and Bohm, 1997), further investigations were
performed in the present study. Hairy roots of yellow
beet were cultivated in modified B50 nutrient medium
and (S)-glutamate was fed with the aim to accumulate
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4-Aminobutyric acid (GABA)-betaxanthin,
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Fig. 1. Structures of betaxanthins occurring in the hairy roots.

this amino acid in the plant tissue. Amino-acid analyses
were paralleled by qualitative and quantitative investi-
gations of the betaxanthins, especially of vulgaxanthin
II. From the comparison of both metabolic areas, we
intended to answer the question described before and
also to contribute to an understanding of the problem
how species-specific patterns of betaxanthins can occur
(Steglich and Strack, 1990) despite the absence of an
enzymatic regulation of the decisive biosynthetic step,
the condensation.

2. Results and discussion

2.1. Effect of nutrient media and feeding of glutamatel
glutamine on the concentration of total free amino acids

Growth in the standard medium (B50, after Gamborg
et al., 1968) resulted in a relatively low concentration of
total free amino acids in the hairy roots (Fig. 2(a)). In-
terestingly, a reduction of the nitrate concentration in
the nutrient medium to one-tenth (B50/10) of the stan-
dard medium did not further decrease the amino-acid
concentration. This indicates that the pool of free amino
acids was kept constant over a wide range of external
nitrate concentrations. Changes in the nitrate supply
became more obvious in the protein concentration
(Fig. 2(b)) which was approximately 50% lower after
growth in the low-nitrate medium (B50/10) compared to
the standard medium (B50). When sucrose was replaced
by glucose (B50 Glc and B50/10 Glc), GS activity
(Fig. 2(c)) and protein concentration (Fig. 2(b)) de-
clined, most pronouncedly in the low-nitrate medium
(B50/10 Glc). This confirms Morcuende et al. (1998)
who reported that nitrogen assimilation in leaves of
tobacco was stimulated more by sucrose than by glu-
cose. In the hairy roots, the replacement of sucrose by
glucose in the medium resulted in maximum levels of
free amino acids under high-nitrate conditions (B50 Glc)
but not under low-nitrate conditions (B50/10 Glc).

When (S)-glutamate (+Glu) or (S)-glutamine (+Gln)
was added to the nutrient media the concentration of
total free amino acids increased by at least a factor of 2
(Fig. 2(a)). This clearly shows that the amino acids were
taken up by the roots. GS activity (Fig. 2(c)) and protein
content (Fig. 2(b)) declined, most likely as a result of
feedback inhibition of GS by the supplied amino acids.
When Hempel and Bohm (1997) inhibited GS with
methionine sulfoximine vulgaxanthin I formation was
inhibited but no effect on vulgaxanthin IT was observed.
In the present experiments, reduced activities of GS were
accompanied by slightly increased vulgaxanthin II peaks
(compare Fig. 2(c) and Table 2). We assume that this
increase is a consequence of the increased glutamate
concentrations (Table 1) which resulted from (S)-gluta-
mate feeding and which caused the decline in GS ac-
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Fig. 2. (a) Concentration of total free amino acids, (b) protein and
(c) activity of glutamine synthetase in the hairy roots under the
respective nutrient conditions (medium 1-9).

tivity. When GS was inhibited by methionine sulfoxi-
mine probably much less glutamate accumulated.

Under all nutritive conditions, GS activity (Fig. 2(c))
showed the same trend like the protein content
(Fig. 2(b)). In fact, both parameters correlated quite well
with a Pearson correlation coefficient of R = 0.813. This
demonstrates the importance of GS in nitrogen assimi-
lation in hairy roots of yellow beet. GDH probably
played only a minor, if any, role under the tested con-
ditions because its activity is inhibited by sugars (Oaks
et al., 1980; Sahulka and Lisa, 1980; Tassi et al., 1984).
A cytosolic and a plastidic isoform of GS are active in
the hairy roots (Mack, 1998). Feeding in darkness re-
sulted in a reduction of the activity of the predominant
cytosolic isoform (B50/10 + Glu+ GIn dark, Fig. 2(c);
Mack, 1998).

To summarize, nitrate plus sucrose (and light) re-
sulted in high GS activity and protein synthesis so that
only a small pool of free amino acids remained in the
roots. This pool was increased by severalfold when (S)-
glutamate or (S)-glutamine was co-supplied with nitrate
and sucrose, and even more when sucrose was replaced
by glucose. The highest concentration of free amino
acids was achieved by a combination of glucose and (S)-
glutamate; their concentration under this nutrient con-
dition (B50 Glc+ Glu) was 6-fold higher than in the
standard medium (B50).

2.2. Effect of the nutrient media and feeding of glutamatel
glutamine on the pattern of total free amino acids

After growth in the standard medium (B50) the ratio
of glutamate:glutamine was 2.5:1 (medium 1, Table 1).
This corresponds closely to the theoretical value of the
GS/GOGAT reaction. In the low-nitrate media (me-
dium 3 and 8, Table 1), the ratio was even higher. Under
all other nutrient conditions tested, however, glutamate
was present in the pool of free amino acids at lower
concentrations than glutamine (Table 1). This is similar
to conditions in the storage root of sugar beet, where a
ratio of glutamate:glutamine of 1:7 was reported for
plants from field trials (Schiweck et al., 1994) and of up
to 1:11 when supplied hydroponically with NH; (Maick,
1988). It is assumed that glutamate is a better amino
donor for amino acid synthesis than glutamine (Heldt,
1997) so that in actively growing organs its concentra-
tion may be lower than that of glutamine. Our experi-
ments confirm this assumption. When (§)-glutamate was
supplied to the hairy roots, the concentration of not
only glutamate but also of other amino acids increased
(compare medium 1 and 2, Table 1). This response was
generally observed whenever (S)-glutamate, either alone
or in combination with (S)-glutamine, was fed. Gluta-
mine supply, on the other hand, increased only its own
concentration (compare medium 1 and 3, Table 1) in-
dicating that glutamine was taken up but not readily
metabolized.

Besides glutamate and glutamine, also GABA was
one of the major amino acids in the hairy roots. In the
storage root of sugar beet it is the 2nd to 3rd most
abundant amino acid and comprises 10% of all free
amino acids (Schiweck et al., 1994). It was the pre-
dominant amino acid in the hairy roots when sucrose
was replaced by glucose in the high-nitrate standard
medium (medium 6, Table 1) and reached its absolute
highest level when (S)-glutamate was supplied (medium
7, Table 1). The high concentration of total free amino
acids as described in the foregoing section was a con-
sequence of these high-GABA concentrations. The
sugar exchange was, however, without effect on GABA
under low-nitrate conditions (compare medium 3 and
8, Table 1). GABA is synthesized from glutamate
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Table 1
Concentration of free amino acids (umolg~! FW) in the hairy roots under the respective nutrient condition (medium 1-9)
(1) B50 ?2) (2a) (3) B50/10  (4) B50/10+  (5) Like (4), (6) B50 (7) B50 (8) B50/10  (9) B50/10
B50+Glu B50+Gln Glu+ Gln in darkness  Glc Glc+Glu Gl Glc+Glu
Ala 0.31 0.68 0.18 0.11 0.57 2.06 0.04 1.94 0.03 0.28
Arg 0.17 0.55 0.14 0.29 0.51 0.76 1.52 0.63 0.32 0.11
Asn 0.084 0.12 0.21 0.04 0.14 0.26 0.24 0.40 n.d. 0.11
Asp 0.14 0.51 0.16 0.11 0.32 0.64 0.62 0.66 0.14 0.55
Cys n.d. n.d. n.d. 0.02 n.d. n.d. 0.04 0.13 n.d. n.d.
GABA  0.37 1.05 0.29 0.21 0.82 0.56 2.13 6.52 0.18 0.88
Gln 0.20 1.02 4.69 0.04 4.36 2.51 0.95 3.16 0.04 3.69
Glu 0.51 0.96 0.48 0.14 1.35 2.30 0.77 1.18 0.19 2.33
Gly n.d. n.d. n.d. 0.13 0.31 0.24 0.35 0.49 0.10 n.d.
His 0.07 0.12 0.11 0.05 0.19 0.27 0.11 0.12 0.08 0.06
Ile 0.083 0.06 0.11 0.40 0.09 0.16 0.51 0.33 0.04 0.12
Leu 0.20 0.38 0.19 0.32 0.31 0.40 1.12 1.15 0.06 0.31
Lys 0.20 0.27 0.12 0.20 0.18 0.62 0.93 0.78 0.06 0.11
Met n.d. n.d. n.d. 0.05 n.d. 0.03 0.27 0.30 0.04 0.10
Phe 0.11 0.08 0.11 0.07 0.10 0.13 0.37 0.39 0.03 0.10
Pro 0.54 0.71 0.26 0.22 0.66 0.36 0.70 2.27 0.34 0.62
Ser 0.17 0.22 0.14 0.42 0.54 0.52 0.80 0.84 0.07 0.23
Thr 0.47 0.43 0.18 0.47 0.62 0.34 0.61 1.33 0.24 0.56
Tyr n.d. 0.04 n.d. 0.03 0.10 n.d. 0.03 0.06 0.02 0.06
Val 0.17 0.15 0.18 0.25 0.28 0.26 0.71 0.74 0.06 0.33
Total 3.80 7.37 7.55 3.59 11.46 12.44 12.82 23.40 2.03 10.54

n.d., not detectable.

(Morot-Gaudry et al.,, 2001), and this has reached
minimum levels under low-nitrate conditions. It must
thus be assumed that glucose stimulated GABA syn-
thesis only when glutamate was present in sufficient
concentrations.

To summarize, it was possible to increase the gluta-
mate concentration in the pool of free amino acids by
modifying the standard medium. The highest glutamate
concentrations were achieved in the low-nitrate medium
supplied with (S)-glutamate either in darkness (B50/
10 + Glu+ GIn dark, medium 5), or in the light when
sucrose was replaced by glucose (B50/10 Glc + Glu,
medium 9). Under these nutrient conditions, GS had
reached low activities (Fig. 2(c)) and, consequently,
glutamate accumulated. For similar reasons, high glu-
tamate concentrations should be expected also under the
B50 Glc + Glu condition (medium 7), but, as outlined
above, here glutamate was consumed for GABA
synthesis.

2.3. Betaxanthin formation: time course of feeding of
glutamate

Earlier feeding experiments with (S)-glutamate were
performed for a relatively long time (3 days; Hempel
and Bohm, 1997). It cannot be excluded that during this
time vulgaxanthin IT was first formed and then turned
into vulgaxanthin I under the influence of an increasing
amount of glutamine produced by GS. The exchange of
the amino-acid moiety in betaxanthins is known from
semisynthetic work (Rink and Bohm, 1991; Trezzini and

Zryd, 1991), although under alkaline conditions which
do not occur in whole plants. If this process would take
place in the hairy roots, the discrepancy outlined in
Section 1 would in fact not exist. We therefore moni-
tored the levels of vulgaxanthin I and vulgaxanthin II
for 32 h after feeding of (S)-glutamate to hairy roots
which were cultivated in B50/10 medium where they
were free from vulgaxanthin I (see Section 2.4). As
presented in Fig. 3, the increase of vulgaxanthin I was
not preceded by an accumulation of vulgaxanthin II.
The latter stayed rather constant whereas vulgaxanthin I

104
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Fig. 3. Betaxanthin concentrations in the hairy roots after feeding of
(S)-glutamate. Vulgaxanthin I was not detectable in controls (without
glutamate supply), vulgaxanthin II showed control values of 0.33 x 10°
and 0.27 x 10% at 4 and 32 h, respectively.
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was directly formed after feeding of glutamate. These
findings substantiate our view of the discussed problem.

2.4. Betaxanthin formation: effect of the nutrient media

The betaxanthin pattern after growth of hairy roots in
the standard medium (B50) confirmed previous results
(Hempel and Bohm, 1997; Schliemann et al., 1999).
During cultivation in the last years the quantity of the
main compound, miraxanthin V, the betalamic conju-
gate of dopamine (Fig. 1), had enlarged and that of
vulgaxanthin I had remarkably decreased so that pres-
ently a relationship resulted as indicated in line 1 of
Table 2. The quantitative superiority of vulgaxanthin I
over vulgaxanthin II as expected from earlier work was
also found which surprisingly was accompanied by an
inverse ratio of free glutamine and glutamate (medium 1,
Tables 1 and 2).

When the nitrate content of the nutrient medium was
reduced to one-tenth of the standard (B50/10), the hairy
roots formed practically no vulgaxanthin I (medium 3,
Table 2). The level of vulgaxanthin II, however, was
slightly higher than under standard conditions although
free glutamate had reached a minimum in the low-ni-
trate supply (medium 3, Table 1). Also miraxanthin V
appeared affected in the B50/10 medium (medium 3,
Table 2). Nitrate limitation as reason for the absence of
vulgaxanthin I was confirmed by transferring hairy
roots from the B50/10 to the B50 medium. After three
subcultures a vulgaxanthin I peak appeared with an area
of 3.92 x 106.

The replacement of sucrose by glucose (B50 Glc) had
the most marked effect on miraxanthin V whose content
was lowered considerably (medium 6, Table 2). Also
vulgaxanthin II was reduced, despite an increased con-
centration of glutamate and all other amino acids
compared to standard conditions (medium 1 and 6,
Table 1). GABA reached its second highest concentra-
tion and was the most abundant of all amino acids in
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this medium. A correspondingly large peak of GABA-
betaxanthin (Fig. 1) which was recently described for the
first time in yellow beets (Stintzing et al., 2002) was,
however, not observed. Only a fairly small peak ap-
peared (medium 6, Table 2).

When nitrate was reduced to one-tenth in the glucose
medium (B50/10 Glc), the amount of miraxanthin V was
further decreased and reached its minimum level (me-
dium 8, Table 2). Vulgaxanthin I was absent, as ex-
pected from the results in the B50/10 medium. The
vulgaxanthin IT peak was similar to that in the B50/10
medium, despite a very low glutamate concentration
(medium 8, Tables 1 and 2).

2.5. Betaxanthin formation: effect of feeding of glutamate
and glutamine

Feeding of (S)-glutamate (+Glu) resulted in a marked
increase or the appearance of vulgaxanthin I compared
with the controls. The increase was even more pro-
nounced when (S)-glutamine (+Gln) was co-supplied
(medium 2, 4, 5, 7, 9, Table 2). Also increased vulga-
xanthin II values were detectable after glutamate feed-
ing, but they did not essentially exceed the control level
(36% on average). In contrast, the addition of glutamate
to hairy root cultures lowered the miraxanthin V
amounts by approximately 10% on average (medium
2,4,5,7,9, Table 2). This decrease was probably due to
the competition of an increased number of free amino
acid molecules with dopamine for betalamic acid. Cor-
responding results were reported by Schliemann et al.
(1999) who fed various amino acids also to hairy roots
of yellow beet. In our experiments, the miraxanthin V
decrease after glutamate feeding was more pronounced
when glucose was supplied instead of sucrose. Glucose
probably caused a shortage of betalamic acid. This
would also explain the low concentration of miraxanthin
V under the influence of the glucose media B50 Glc
and B50/10 Glc (Table 2). No free betalamic acid was

Table 2

Peak areas (x 10°) of relevant betaxanthins from HPLC profiles
Nutrient medium No. Vulgaxanthin 1 Vulgaxanthin II GABA-betaxanthin Miraxanthin V

Jmax = 472 nm max = 470 nm Jmax = 460 nm Jmax = 464 nm

B50 1 1.10 0.31 n.d.? 120.79°
B50 + Glu 2 6.06 0.56 n.d.? 106.46°
B50/10 3 0.07 0.37 n.d.? 102.20°
B50/10 + Glu + Gln 4 24.15 0.45 n.d.? 95.06°
B50/10 + Glu + GIn darkness 5 19.40 0.41 n.d.? 94.89°
B50 Glc 6 1.16 0.21 0.09 62.67
B50 Glc + Glu 7 1.74 0.23 0.34 45.95
B50/10 Glc 8 n.d.? 0.42 n.d.? 36.36
B50/10 Glc + Glu 9 2.34 0.59 n.d.? 30.30

#Not detectable.
® Cutoff at the 20-uV line.
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detected in hairy roots grown in these media (data not
shown).

Feeding of (S)-glutamate when glucose was replaced
by sucrose (B50 Glc+ Glu) was most effective on the
GABA-betaxanthin (medium 7, Table 2). GABA and
the respective betaxanthin increased 3-fold compared to
the control medium (medium 6 and 7, Tables 1 and 2).

To focus the discussion: Even at the highest gluta-
mate concentration of 2.3 pumol g=! FW (medium 5 and
9, Table 1) vulgaxanthin II never reached peak areas
which other betaxanthins usually would show after the
feeding of the respective amino acids (Hempel and
Bohm, 1997). The peak areas of vulgaxanthin II always
stayed in the small range of 0.21 x 109-0.59 x 10° de-
spite a large range of glutamate from 0.14 to 2.3
umolg~! FW. One reason for this finding is probably
that glutamate must compete for betalamic acid with
higher concentrations of glutamine (>4 umolg~' FW;
medium 4, Table 1) and especially of dopamine which
was found in a concentration of 15 pmolg~' FW in
hairy roots of yellow beet cultivated in BS0 medium
(Schliemann et al., 1999). Furthermore, a limited reac-
tivity between glutamate and betalamic acid seems
likely. This assumption was deduced from a comparison
of the amounts of vulgaxanthin II and vulgaxanthin I
under conditions of similar glutamate and glutamine
concentrations (medium 2, 5, and 6, Tables 1 and 2). A
limited reactivity was also indicated for GABA which
reached the highest level of all amino acids (medium 7,
Table 1), but was accompanied by only a relatively small
peak of its betaxanthin (medium 7, Table 2). On the
other hand, dopamine and glutamine showed a high
reactivity with betalamic acid. However, neither gluta-
mine and dopamine nor glutamate and GABA are
identical in their chemical character. Therefore, it seems
questionable that the condensation leading to betax-
anthins depends primarily on the chemical properties of
the amino acids or amines. An intracellular compart-
mentation of the reaction partners and the pH of the
biosynthetically active cells should rather be assumed as
the reason for differences in the formation of individual
betaxanthins. This would also explain the observed
species-specific patterns of betaxanthins. The impor-
tance of the intracellular localization of amino acids was
already discussed by Schliemann et al. (1999). They fed
betalamic acid to broad bean which under natural
conditions does not synthesize betalains. The induced
main betaxanthin was dopaxanthin and, although
DOPA and asparagine were present in similar concen-
trations, no asparagine—betaxanthin could be identified.

3. Conclusion

The relatively low or even absent increase of vulga-
xanthin II after the feeding of (S)-glutamate to hairy

roots of yellow beet is not contradictory to the as-
sumption of a spontaneous condensation between
betalamic acid and its partners in the course of beta-
xanthin biosynthesis. The reasons for this statement are
our following findings: 1. Although the feeding of glu-
tamate led to an increased internal concentration of this
amino acid it accumulated only in few cases. This was
probably a consequence of the high metabolisation of
glutamate in various pathways. 2. Only slightly in-
creased peak areas of vulgaxanthin II and also of
GABA-betaxanthin despite the accumulation of the
respective free amino acids indicate that the absolute
concentration of an amino acid, even if it dominates in
the tissue, is not the only factor influencing its reaction
with betalamic acid. Another factor seems to be the
suitability of a certain amino acid as reaction partner. It
is obviously low for glutamate and GABA in our ex-
perimental system. Conditions that determine this suit-
ability are not yet known. The intracellular situation
seems more important than the chemical character of
the amino acids. The former might also explain the
species-specific patterns of betaxanthins.

4. Experimental
4.1. Plant material and cultivation

4.1.1. Plant material

In the present investigation, line 5D of a hairy root
culture from yellow beet (Beta vulgaris L. var. lutea) was
used, the initiation and maintenance of which were de-
scribed by Hempel and Bohm (1997). Line 5D was cul-
tivated not only in B50 medium, a medium after
Gamborg et al. (1968) without phytohormones, but also
in the following modifications of B50: B50/10 = reduc-
tion of nitrogen to one tenth (=0.3 gl~! KNO3); B50
Glc = equimolar replacement of sucrose by glucose; B50/
10 Glc =reduction of nitrogen plus replacement of su-
crose by glucose. Growth with reduced nitrogen resulted
in slightly softer roots but growth rates were not affected.
Glucose instead of sucrose, however, changed the mor-
phology from a branched planar into a compact spherical
structure which grew significantly slower. Segments of
these balls were thus subcultivated only every 18 days
compared to every 7 days when grown with sucrose.

4.1.2. Feeding of glutamate and glutamine

The amino acids (S)-glutamate and (S)-glutamine were
supplied to the hairy roots after 3 subcultures in the nu-
trient media without amino acids. The plant material for a
feeding experiment originated from the same culture flask
like the controls. Glutamate or glutamine were sterile-
filtrated into the nutrient media at a final concentration of
3 mM. Each feeding started 2 days before the normal
subculture was finished, i.e., at the 5th day in the media
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with sucrose and at the 16th day in the media with glucose.
After a feeding period of ca. 36 h the plant material was
harvested. Cultivation was performed in a 14:10 h light
(white fluorescent tubes, 3000 cd sr m~?):dark regime at
26+ 1 °C. To investigate the effect of constant darkness,
some cultures were wrapped in aluminium foil immedi-
ately after the amino-acid supplement.

An exception was the kinetics which started, like in
previous experiments (Hempel and Bohm, 1997), at the
4th day of the subculture and which consisted of the
feeding steps as shown in Fig. 3. Furthermore, it was
performed under continuous light to provide constant
conditions for betaxanthin biosynthesis throughout the
entire experiment.

4.1.3. Harvest

The hairy roots were briefly washed with distilled
water, gently blotted dry with filter paper and weighed.
Plant material with similar weight from two replicates
was halved and the halves were combined into two
mixed samples. One of these was shock-frozen with li-
quid nitrogen and stored at —80 °C for the physiological
analyses. The second was frozen at —20 °C, freeze-dried
and then stored at —20 °C for the analysis of beta-
xanthins. In the kinetics each plant sample originated
from only one culture flask.

4.2. N compounds and GS activity

4.2.1. Amino acids

The frozen samples were extracted with mortar and
pestle with 10 mM ice-cold formic acid (Husted et al.,
2000). Amino acids were separated with a HPLC system
(Nova-Pak C;s bonded silica guard column and AccQ-
Tag separation column, both from Waters), after
derivatization with 6-aminoquinolyl-N-hydroxysuccin-
imidyl-carbamate (AQC) according to van Wandelen
and Cohen (1997).

4.2.2. GS activity

The frozen samples were extracted with mortar and
pestle on ice with 0.1 mM imidazole, pH 7.8, 0.5% (v/v) B-
mercaptoethanol, 10% (w/v) glycerol, 0.33 M sucrose,
1.5% (w/v) polyvinyl polypyrrolidone and 1 mM phen-
ylmethanesulfonyl fluoride. GS (EC. 6.3.1.2) activity was
measured as synthetase reaction (O’Neil and Joy, 1975)
by formation of y-glutamylhydroxamate in 50 mM Tris—
HCI, pH 7.5, containing 100 mM (S)-glutamate, 50 mM
MgSO,, 5 mM NH;OH - HCl and 20 mM ATP. The re-
action was terminated after 20 min at 37 °C with acidic
FeCl; and quantified spectrophotometrically at 540 nm.

4.2.3. Total soluble protein

Total soluble protein in the GS extracts was esti-
mated according to Bradford (1976) with bovine serum
albumin as standard.

4.3. Analyses of betaxanthins

4.3.1. Extraction of betaxanthins

The freeze-dried sample was pulverized with mortar
and pestle and 65 mg was extracted in darkness with 15
ml petrol for 30 min. The supernatant was discarded and
the residue was extracted with aqueous MeOH (14 ml
MeOH and 2 ml H,0) in darkness for 30 min. After
evaporation of the extract at 30 °C under vacuum the
residue was dissolved in 200 pl solvent A (see below) and
centrifuged. The supernatant was filtrated (Chromafil
A-45, Macherey—Nagel, Diiren, Germany; pore size 0.45
pm) prior to HPLC analysis.

4.3.2. Preparation of betaxanthin standards

Reference standards were prepared as described
(Hempel and Bohm, 1997) by the release of betalamic
acid from betaxanthins, excessive addition of the re-
spective amino acid or dopamine and by chromato-
graphic separation of the reaction product.

4.3.3. HPLC, characterization and quantification of
betaxanthins

Forty or sixty microliters of betaxanthin extracts was
injected onto a Li Chrospher 100 RP-18 endcapped
column (250 x 4 mm, particle size 5 um) protected by a
5 x 4 mm guard column with the same stationary phase
and situated in a Jasco apparatus (Jasco Labor- und
Datentechnik, Grof-Umstadt, Germany). It was
equipped with an online-degasser (Gastorr GT-103), an
autosampler (AS-950), a gradient pump (PU-980), a
ternary gradient unit (LG-980-02), a column oven, a
diode array detector (MD-910) and a system manager
software. Separations were carried out at 20 °C and a
flow rate of 1 mlmin~! with solvent A (2% MeOH in
0.1% aq. H3POy) for 2 min, followed by a 0-20% gra-
dient of solvent B (0.1% aq. H3PO4 in MeOH) within 30
min and further an isocratic treatment for 18 min which
was finally followed by 10 min equilibration with solvent
A. The column effluents were scanned between 200 and
600 nm. They were recorded at 280, 470 and 405 or 540
nm. Individual betaxanthins were characterized by
comparison of their retention times and absorption
maxima with those of the reference substances. The
program Borwin integrated peak areas as absorption
units min~!. Peak areas of the same extract were prac-
tically identical in successive runs and differed by a
maximum of 10% in runs at longer time intervals.

Acknowledgements

The authors would like to thank Lisa Bock for ex-
cellent technical assistance in amino-acid analysis and
Elke Chudoba for competent hairy root cultivation. We
are grateful to Dr. W. Schliemann, Institut fiir



1368 H. Bohm, G. Mack | Phytochemistry 65 (2004) 1361-1368

Pflanzenbiochemie, Halle, Germany, for the identifica-
tion of GABA-betaxanthin by LC/ESI-MS.

References

Bradford, M., 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein—dye binding. Anal. Biochem. 72, 248-254.

Cai, Y.Z., Corke, H., 2000. Production and properties of spray-dried
Amaranthus betacyanin pigments. J. Food Sci. 65, 1248-1252.
Escribano, J., Pedreno, M.A., Garcia-Carmona, F., Munoz, R., 1998.
Characterization of the antiradical activity of betalains from Beta

vulgaris L. roots. Phytochem. Anal. 9, 124-127.

Gamborg, O.L., Miller, R.A., Ojima, K., 1968. Nutrient requirements
of suspension cultures of soybean root cells. Exp. Cell Res. 50, 151—
158.

GlaBgen, W.E., Metzger, J.W., Heuer, S., Strack, D., 1993. Betacy-
anins from fruits of Basella rubra. Phytochemistry 33, 1525-
1527.

Halliwell, B., 1997. Antioxidants and human disease: a general
introduction. Nutr. Rev. 55, 44-49.

Heldt, HW., 1997. Pflanzenbiochemie. Spektrum Akademischer
Verlag, Heidelberg, pp. 274-306.

Hempel, J., Bohm, H., 1997. Betaxanthin pattern of hairy roots from
Beta vulgaris var. lutea and its alteration by feeding of amino acids.
Phytochemistry 44, 847-852.

Husted, S., Hebbern, C., Mattsson, M., Schjoerring, J.K., 2000. A
critical experimental evaluation of methods for determination of
NH; in plant tissue, xylem sap and apoplastic fluid. Physiol. Plant.
109, 167-179.

Kanner, J., Harel, S., Granit, R., 2001. Betalains — a new class of
dietary cationized antioxidants. J. Agric. Food Chem. 49, 5178-
5185.

Kobayashi, N., Schmidt, J., Wray, V., Schliemann, W., 2001.
Formation and occurrence of dopamine-derived betacyanins.
Phytochemistry 56, 429-436.

Kujala, T.S., Loponen, J.M., Klika, K.D., Pihlaja, K., 2000. Phenolics
and betacyanins in red beetroot (Beta vulgaris) root: distribution
and effect of cold storage on the content of total phenolics and
three individual compounds. J. Agric. Food Chem. 48, 5338-5342.

Maick, G., 1988. Untersuchungen zum Stickstoffmetabolismus in
Zuckerriibenpflanzen unterschiedlicher Entwicklungsstadien. PhD
thesis, University of Gottingen.

Mick, G., 1998. Glutamine synthetase isoenzymes, oligomers and
subunits from hairy roots of Beta vulgaris L. var. lutea. Planta 205,
113-120.

Morcuende, R., Krapp, A., Hurry, V., Stitt, M., 1998. Sucrose-feeding
leads to increased rates of nitrate assimilation, increased rates of o-
oxoglutarate synthesis, and increased synthesis of a wide spectrum
of amino acids in tobacco leaves. Planta 206, 394-409.

Morot-Gaudry, J.-F., Job, D., Lea, P.J., 2001. Amino acid metabo-
lism. In: Lea, P.J., Morot-Gaudry, J.-F. (Eds.), Plant Nitrogen.
Springer, Berlin, pp. 167-211.

O’Neil, D., Joy, K.W., 1975. Glutamine synthetase of pea leaves.
Purification, stabilization, and pH optima. Arch. Biochem. Bio-
phys. 159, 113-122.

Oaks, A., Stulen, 1., Jones, K., Winspear, M.J., Misra, S., Boesel, 1.,
1980. Enzymes of nitrogen assimilation in maize roots. Planta 148,
477-484.

Rink, E., Bohm, H., 1991. Effect of DOPA feeding on betaxanthins in
various species of Centrospermae. Phytochemistry 30, 1109-1112.

Sahulka, J., Lisa, L., 1980. Effect of some disaccharides, hexoses and
pentoses on nitrate reductase, glutamine synthetase and glutamate
dehydrogenase in excised pea roots. Physiol. Plant. 50, 32-36.

Schiweck, H., Kozianowski, G., Anderlei, J., Burba, M., 1994.
Errechnung der Dicksaft-Nichtzuckermasse aus Riibenanalysen.
Zuckerindustrie 119, 268-282.

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

Steglich, W., Strack, D., 1990. Betalains. In: Brossi, A. (Ed.), The
Alkaloids. Academic Press, London, pp. 1-62.

Stintzing, F.C., Schieber, A., Carle, R., 2000. Rote Bete als farbendes
Lebensmittel — eine Bestandsaufnahme. Obst-, Gemiise- und
Kartoffelverarbeitung 85, 196-204.

Stintzing, F.C., Schieber, A., Carle, R., 2001. Phytochemical and
nutritional significance of cactus pear. Eur. Food Res. Technol.
212, 396-407.

Stintzing, F.C., Schieber, A., Carle, R., 2002. Identification of
betalains from yellow beet (Beta wvulgaris L.) and cactus pear
(Opuntia ficus - indica (L.) Mill.) by high-performance liquid
chromatography-electrospray ionisation mass spectrometry. J.
Agric. Food Chem. 50, 2302-2307.

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

Tassi, F., Restivo, F.M., Puglisi, P.P., Cacco, G., 1984. Effect of
glucose on glutamate dehydrogenase and acid phosphatase and its
reversal by cyclic adenosine 3':5-monophosphate in single cell
cultures of Asparagus officinalis. Physiol. Plant. 60, 61-64.

Tesoriere, L., Butera, D., D’Arpa, D., Di Gaudio, F., Allegra, M.,
Gentile, C., Livrea, M.A., 2003. Increased resistance to oxidation
of betalain-enriched human low density lipoproteins. Free Radical
Res. 37, 689-696.

Trezzini, G.F., Zryd, J.-P., 1991. Characterization of some natural and
semi-synthetic betaxanthins. Phytochemistry 30, 1901-1903.

Van Wandelen, C., Cohen, S.S., 1997. Using quaternary
high-performance liquid chromatography eluent systems for sepa-
rating 6-aminoquinolyl-N-hydroxysuccinimidyl-carbamate-deriva-
tized amino acid mixtures. J. Chromatogr. A 763, 11-22.

Zakharova, N.S., Petrova, T.A., 1997. Investigation of betalains and
betalain oxidase of leaf beet. Appl. Biochem. Microbiol. 33, 481—
484.



	Betaxanthin formation and free amino acids in hairy roots of Beta vulgaris var. lutea depending on nutrient medium and glutamate or glutamine feeding
	Introduction
	Results and discussion
	Effect of nutrient media and feeding of glutamate/glutamine on the concentration of total free amino acids
	Effect of the nutrient media and feeding of glutamate/glutamine on the pattern of total free amino acids
	Betaxanthin formation: time course of feeding of glutamate
	Betaxanthin formation: effect of the nutrient media
	Betaxanthin formation: effect of feeding of glutamate and glutamine

	Conclusion
	Experimental
	Plant material and cultivation
	Plant material
	Feeding of glutamate and glutamine
	Harvest

	N compounds and GS activity
	Amino acids
	GS activity
	Total soluble protein

	Analyses of betaxanthins
	Extraction of betaxanthins
	Preparation of betaxanthin standards
	HPLC, characterization and quantification of betaxanthins


	Acknowledgements
	References


