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1 Introduction

Carotenoids accumulate in plastids of leaves, flowers and
fruit of plants. In photosynthetic tissue, they are involved
in the light harvesting and in photoprotection mecha-
nisms. In humans, different carotenoids exert health-pro-
moting properties. β-Carotene and related derivatives are
essential for the formation of vitamin A, and lutein to-

gether with zeaxanthin helps in protection from light-in-
duced retinal damage and age-related macular degrada-
tion [1]. In addition, evidence is accumulating showing
that diets rich in carotenoids prevent the onset of certain
chronic disease and certain cancers [2, 3]. This may be re-
lated to the high anti-oxidative potential of carotenoids [4,
5]. Especially 4-ketocarotenoids are photo stable pig-
ments with high anti-oxidative activities [6]. In this re-
spect, ketocarotenoids are superior to non-ketolated ana-
logues. However, with the exception of Adonis flowers [7],
no higher plant source of ketocarotenoids exists. In con-
trast to various microorganisms, plants generally lack the
biosynthetic potential for ketocarotenoid formation. Nev-
ertheless, plants are attractive as ketocarotenoid produc-
tion systems. The biosynthesis of novel compounds can
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be manipulated by genetic modification of their metabol-
ic capacity [8]. The carotenoid biosynthetic pathway can
be extended to 4-ketocarotenoids by transformation with
a ketolase gene. Orthologous ketolase genes of the
crtW/bkt family from the alga Haematococcus pluvialis [9,
10] and the bacterium Paracoccus [11], the crtO gene from
Synechocystis [12] or the P450 monooxygenase gene asy
from Xanthophyllomyces dendrorhous [13] are available
for genetic engineering of a ketocarotenoid pathway. All
heterologous ketolase act on β-carotene yielding 4-keto
derivatives followed by hydroxylation at position 3. This
leads to a diverse array of potential products.

Several attempts have been made to genetically mod-
ify carotenogenesis towards the synthesis of keto deriva-
tives in plants. For example, ketocarotenoid synthesis
was achieved in tobacco nectary tissue and leaves [14, 15]
and Arabidopsis thaliana seeds [16]. Alternatively, β-
carotene-accumulating tomatoes were co-transformed si-
multaneously with a β-carotene ketolase and a hydroxy-
lase gene [15], or high zeaxanthin-accumulating potato
with the crtO ketolase gene [17].

In the present study, we report on successful attempts
to generated ketocarotenoids in flower petals by genetic
manipulation of N. glaucum. Due to faster growth and
flower development, N. tabacum was then used as a mod-
el system for multiple engineering of carotenogenesis in
order to apply these results to N. glaucum. Since the lat-
ter tobacco species offers the advantage of carotenoid
biosynthesis in flower petals, it may be developed to an
attractive ketocarotenoid plant source.

2 Materials and methods

2.1 Biological material and growth conditions

The tobacco lines N. tabacum cv. SR1, N. glauca and N.
tabacum cv. SR1 transformant crtZU3 [18] were grown at
25°C in a 16-h light and 8-h darkness cycle on MS20 me-
dia for transformation. Depending on the plasmid, trans-
genic plants were selected on kanamycin (100 mg/L) or
hygromycin (10 mg/L) containing medium. After regener-
ation, transgenic in vitro plantlets were transferred and
grown in a green house on soil at temperatures of about
20°–25°C during the day and 10°–15°C at night. Leaves
and flowers of homozygous N. tabacum and N. glauca
transformant lines were harvested after flower develop-
ment.

Agrobacterium tumefaciens strain LBA 4404 was
used for transformation. Escherichia coli DH5α was the
host for subcloning and plasmid amplification. Both
strains were grown on LB medium for 2 days at 28°C or
overnight at 37°C, respectively. The following antibiotics
were added: 50 mg/L kanamycin, 50 mg/L rifampicin,
50 mg/L streptomycin for A. tumefaciens and 100 µg/mL
ampicillin for E. coli. [19].

2.2 Plasmids, construction and tobacco transformation

Plasmid pslr0088 [12] was the source of the crtO gene from
Synechocystis (accession no. NP_442491). For construc-
tion of the plant transformation vector containing the ke-
tolase gene crtO and a kanamycin resistance gene, crtO
was amplified by PCR using primer SphI-O 5’-TTGCCT-
CACCACCGATGTTGTC-3’ (generating a SphI restric-
tion site) and PstI-O 5’-TTCTGCAGTTACCAAAAAC-
GACGTTGTTG-3’ (generating a PstI restriction site). The
fragment was subcloned into SphI and PstI-digested plas-
mid pTRA3XN [20], which harbors the transit peptide sig-
nal from the small subunit of ribulose bisphophate car-
boxylase from Phaseolus vulgaris. The transit-crtO fusion
was cut out with XbaI and ligated into the XbaI-digested
vector pGPTV-NPT-P35S, a pBIN19 derivate [21], resulting
in plasmid pGPTV-NPT-trcrtO with crtO expressed under
the 35S cauliflower mosaic virus promoter and kanamycin
as selection marker. The construction of pGPTV-HPT-
trcrtO was carried out similarly to a recently described
method [17]. The transit sequence was fused to the crtW
gene (orf148) from Nostoc 73102 [22] by overlapping PCR
in three PCR steps, with crtW and pTRA3XN [20] as tem-
plate using two pairs of primers, F-TRA GGATCCATG-
GCTTCTATGATA and R148-TRA AACTGGATCATG-
CACTTTACTCTTCCAC, or TRA-148 GAGTAAAGTG-
CATGATCCAGTTAGAACAACCAC and E-148 GC-
TAAGGATCCTTCTATTTTGC. Both PCR products were
fused and amplified using the first and last primer men-
tioned above. The reaction product with T-overhanging
ends was ligated into the XcmI-digested vector
pMON3820 [23], cut out with BamHI and ligated into the
BamHI-digested vector pBI121GS [24]. Plasmid pCrtZ-
kan [18] and pGPTV-NPT-trcrtO [17] originate from previ-
ous publications. The structure of the three ketolase plas-
mids and the hydroxylase plasmid are shown in Fig. 1.
Agrobacterium-mediated transformation of both tobacco
species was performed according to the leaf disc method
of Horsch et al. [25]. The crtZ/crtO double transformant
was obtained using the transgenic tobacco [18] carrying
the integrated plasmid pCrtZ-kan (Fig. 1), which was
over-transformed with plasmid pGPTV-HPT-tcrtO (Fig. 1)
carrying hygromycin resistance. Plants regenerated ei-
ther on kanamycin or hygromycin were immediately ana-
lyzed by PCR with primers specific for crtO or crtW to
demonstrated the integration of the transgene. This was
later confirmed by Southern analysis with DIG-labeled
crtO and crtW probes (data not shown). For the blots, ge-
nomic DNA was isolated from leaf tissue using the Gen-
Elute Plant Genomic DNA Miniprep Kit from Sigma
(Straubenhard, Germany).

2.3 Pigment extraction and analysis

Chlorophyll was extracted from freeze-dried leaves (2 mg)
with methanol at 60°C for 15 min. The content was quan-
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titated from the absorbance at 650 and 665 nm according
to Mackinney [26]. The carotenoids from freeze-dried
leaves, petals or nectary tissue (10 mg) were extracted in
the same way. Alternatively, methanol containing 6%
KOH was used for leaf carotenoid extraction. The extracts
were partitioned against 10% diethyl ether in petrol. The
carotenoids were determined by HPLC analysis. The sys-
tem used was a Hypersil HyPurity Elite C18 column with
5-µm particle size run with acetonitrile/2-propanol/
methanol/water 83:10:5:2 at 32°C. Standards were isolat-
ed from X. dendrorhous [27] and E. coli transformed with
appropriate carotenogenic genes for keto carotenoid pro-
duction and their molecular weight confirmed by mass
spectroscopy [28]. All carotenoids mentioned were iden-
tified by co-chromatography with these reference com-
pounds and comparison of their spectra. For quantitation,
the extinction coefficients were taken from Davies [29]. In
case of 4-keto-lutein and ketocarotenoids with ab-
sorbance spectra similar to echineneone, the extinction
coefficient of the latter carotenoid was used. 4-Ketolutein
and 4-ketozeaxanthin (adinoxanthin) were reduced with
NaBH4 to the corresponding alcohols according to Eug-
ster [30].

2.4 Determination of photosynthetic efficiency

Chlorophyll fluorescence by photosystem (PS) II was
measured with a PAM 101 fluorometer (Walz, Effeltrich,
Germany). Leaves were measured without detachment
from the plants. The initial fluorescence yield (F0) in weak
modulated light was recorded followed by the maximum
fluorescence yield (Fm) after a saturating light pulse
(4000 µmol/m2 s). The photosynthetic efficiency Fv/Fm
ratio of dark-adapted leaves was calculated automatically.

3 Results and discussion

The majority of plants are devoid of ketocarotenoids. Nev-
ertheless, they are very useful for heterologous keto-
carotenoid production in their different carotenogenic tis-
sues. So far, ketocarotenoid biosynthesis has been suc-
cessfully engineered into fruit, seeds and tubers (see
Sandmann et al. [31] for a recent review). Although many
flowers are pigmented by carotenoids, no reported at-
tempt has been made yet to express a ketolase gene to
modify carotenoid biosynthesis in carotenogenic flower
petals. Most of these plants are very difficult to transform.
Therefore, we used a tobacco species N. glauca, which
unlike the well-know N. tabaccum develops carotenoid-
pigmented yellow flowers [32], and applied to this species
the standard transformation protocol for N. tabaccum.
Our goal was to genetically engineer a novel keto-
carotenoid pathway into flower petals [33]. After transfor-
mation of N. glauca with the crtW gene using the binary
plasmid pBI-NPT-trcrtW (Fig. 1), 130 PCR-positive trans-
formants were raised. Among them, 116 plants started
flowering within 1 year. According to their ketocarotenoid
formation in flowers, we could group them into those with
trace amounts (37% of transgenic flowering plants), low
ketocarotenoid formation of 5–30 µg/g dry weight (dw)
(21%) and higher ketocarotenoid formation of up to
60 µg/g dw (22%). In the flowers of the remaining plants,
ketocarotenoids were below detection. Figure 2 shows a
HPLC separation of the carotenoids in petals of transfor-
mant NgCrtW#111. It belongs to the higher keto-
carotenoid-forming transformants with a 4-ketozeaxan-
thin content in flower petals of 56 µg/g dw. In the non-
transformed wild type, lutein (peak 2) together with a
lutein cis isomer (peak 2’) is the dominant carotenoid
(trace 2A). Furthermore, substantial amounts of β-
carotene (peak 3 and 3’) and violaxanthin (peak 1) in ad-
dition to an array of different violaxanthin fatty acid esters
indicated by an asterisk are present. In the crtW transfor-
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Figure 1. Binary vector constructs for transforma-
tion of tobacco species.
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mant, an additional peak at 6.8 min with a typical keto-
carotenoid spectrum and a maximum at 465 nm (see Fig.
3G) was found. The spectral properties and co-chro-
matography with an authentic standard identified peak 4
as 4-ketozeaxanthin. This is the first demonstration of en-
gineered ketocarotenoid biosynthesis in flower petals.
However, the yield of 7–8% in the best transformants is
still low but comparable to the ketocarotenoid content of
N. tabacum leaves and nectaries transformed with a sim-
ilar bacterial ketolase gene [15] or in potato tubers [17].
Therefore, further attempts should be made to overcome
the low ketocarotenoid production rates and to reach
complete ketolation of both β-ionone end groups of β-
carotene with astaxanthin as the final product. A promis-
ing strategy is to improve the activities of β-carotene 3-
hydroxylation and 4-ketolation [15].

Flower formation of N. glauca depends very much on
the season even in a green-house. The plant prefers long
day conditions and high intensity sun light. Thus, it may
take up to 1 year after seedling transfer to soil before the
first flowers can be analyzed. Therefore, we have chosen
the faster growing and flowering N. tabacum as a model
to improve ketocarotenoid biosynthesis in leaves and
flowers by transformation with a ketolase and hydroxylase
genes. The nectary in the flowers of N. tabacum is the tis-
sue of choice to study manipulation of carotenogenesis in
flowers [14]. In addition to a hydroxylase gene from Er-
winia uredovora, which was highly functional in tobacco
[18], we have used the cyanobacterial ketolase gene crtO.
This gene was successfully used to engineer the biosyn-
thesis of the di-keto derivative astaxanthin in zeaxanthin-
accumulating potato tubers [17]. Therefore, it may offer a
better chance than crtW for the synthesis of astaxanthin,
especially in tobacco crtZU3 with an engineered zeaxan-
thin background [18].

Due to the ubiquitous CaMV 35S promoter, expression
of crtO in wild-type tobacco resulted in the formation of
ketocarotenoids in leaves and in the flower nectaries
(Table 1). The transformants showed lower leaf carotenoid
content and concurrently lower chlorophyll concentra-
tions. However, photosynthetic efficiency was not im-
paired. The newly formed ketocarotenoids in the leaves
were echinenone derived from β-carotene as precursor
and 4-ketolutein. Obviously, ketocarotenoids are formed
in leaves by mono ketolation from the carotenoids with
the highest pools. The total share of these ketocarotenoids
was 4.9%. As in tomato [15] and potato [17], echinenone
was one of the major ketocarotenoids in tobacco leaves.
However, 4-ketolutein has never been detected in leaves
before.

Figure 2. HPLC separation of carotenoids from leaves of N. glauca wild
type (A) and transformant NgCrtW#111 (B). Peaks were identified as: 1,
violaxanthin; 2, lutein; 2’, lutein cis isomer; 3, β-carotene; 3’, β-carotene
cis isomer; 4, 4-ketozeaxanthin. Asterisks indicate different violaxanthin
fatty acid esters.

Figure 3. HPLC separation of carotenoids from nectary tissue of N.
tabacum and carotenoids spectra. (A) wild type, (B) NtCrtO1/2, 
(C) NtCrtZ#U3, (D) NtCrtZO#4. Spectra of ketolutein (E), ketolutein
reduced to HO-ketolutein (F), 4-ketozeaxanthin (G) and 4-ketozeaxanthin
reduced to 4-HO-zeaxanthin (H). Peaks are labeled as B, β-carotene with
cis isomers B’ and B’’; E, echinenone; 3HE, 3-HO-echinenone; 3’HE,
3’-HO-echinenone; KL, 4-ketolutein; KLE, 4-ketolutein fatty acid ester;
KZ, 4-ketozeaxanthin (adonixanthin); KZE, 4-ketozeaxanthin fatty acid
ester; L, lutein with L’ cis isomer; LE, lutein fatty acid esters; V, violaxan-
thin and ZE, zeaxanthin fatty acid esters.
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Nectary tissue contains chromoplasts instead of
chlorophyll-containing chloroplasts [34]. Their carotenoid
composition is different to the composition found in
leaves. β-Carotene is the dominating pigment together
with lutein and zeaxanthin fatty acid esters (Table 1). The
esters were identified by their spectra and conversion to
the free carotenoids upon saponification with KOH. Ex-
pression of crtO led to an increase of total carotenoid syn-
thesis almost by a factor of two. In addition, more than half
of all carotenoids were ketolated. Thus, the concentration
of all non-ketolated carotenoids was close to the absolute
values in the wild type. A much broader spectrum of keto
derivatives was detectable in nectaries than in leaves.
Their separation is shown in Fig. 3B in comparison with
the wild type. In addition to the β-carotene-derived 4-ke-
tozeaxanthin and its esters, echinenone and 3-hydroxy as
well as 3’-hydroxyechinenone, α-carotene-derived 4-ke-
tolutein and its ester were found (see Fig. 4 for their struc-
tures). All spectra of these mono keto-β-carotenes resem-
ble that of Fig. 3G. The spectrum of free or esterified 4-ke-
tolutein is shown in Fig. 3E. The ketocarotenoids were
identified by standard carotenoids and the change in
their spectra upon reduction to the 4-hydroxy derivatives
(Figs. 3F and H). This is the first time that 4-ketolutein
could be identified in leaves and nectaries of tobacco
transformed with a ketolase gene, including its esterified
form in the latter. Previously, its synthesis could be
demonstrated in A. thaliana seeds [16] and in potato tu-
ber [17] both engineered for formation of ketocarotenoids.

Leaves of the crtZ/crtO double transformants possess
lower β-carotene and lutein pools than the crtO single
transformant (Table 2). The same was observed for β-
carotene in the nectaries. Simultaneously, both tissues

Biotechnol. J. 2007, 2, 1263–1269 www.biotechnology-journal.com

Table 1. Chlorophyll and carotenoid content in leaves and nectaries of wild-type and transgenic N. tabacum transformed with pGPTV-NPT-trcrtO and pho-
tosynthetic efficiencya)

Leaves Nectary tissue
Wild type NtCrtO1/2 Wild type NtCrtO1/2

Chlorophyll (mg/g dw) 20.3 ± 1.7 15.0 ± 1.9 0 0

Carotenoids (μg/g dw) 1634.1 ± 185.6 1118.4 ± 118.2 315.8 ± 89.4 596.5 ± 170.4

Distribution (%)
Violaxanthin 7.9 9.1 2.6 1.7
Antheraxanthin 1.0 1.6 0 0
Lutein 34.3 37.9 3.8 9.1
cis-Lutein 3.8 5.1 0 0
β-Carotene 49.9 39.2 74.5 33.2
cis-β-Carotene 3.2 2.1 6.5 8.1
Zeaxanthin esters 0 0 7.7 0
Luteinesters 0 0 5.1 2.2
Echinenone 0 2.3 0 8.3
3’-Hydroxyechinenone 0 0 0 1.3
3-Hydroxyechinenone 0 0 0 1.4
4-Ketozeaxanthin 0 0 0 6.7
4-Ketolutein 0 2.6 0 8.3
4-Ketozeaxanthin esters 0 0 0 12.5
4-Ketolutein esters 0 0 0 5.0

Photosynthetic efficiency 0.81± 0.02 0.81 ± 0.02 – –

a) All values are means ± standard deviation from three different tissues.

Figure 4. Carotenoid biosynthesis in leaf and nectary tissue of tobacco
species. Open arrows indicate the reactions mediated by a ketolase gene
in the transgenic plants.



Biotechnology
Journal Biotechnol. J. 2007, 2, 1263–1269

1268 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

produce a higher amount of ketocarotenoids. In nectaries,
less ketocarotenoids are esterified and an increase of the
hydroxy-keto derivatives 3’-hydroxyechinenone and 4-
ketozeaxanthin were observed yielding 136 and 108 µg/g
dw, respectively (Fig. 3D). The only comparable data from
nectary tissue on a dw basis are those from Ralley et al.
[15], who co-expressed bacterial crtW and crtZ genes and
predominantly obtained esterified ketocarotenoids. The
concentrations were similar to our values in Table 2 for ke-
tocarotenoid esters but our non-esterified keto-
carotenoids exceed their total ketocarotenoid amounts by
a factor of 4.

In leaves and nectaries, ketocarotenoids other than
ketolutein are synthesized at the expense of the β-
carotene pool (Fig. 4). However, we can see that in the
nectaries of either the crtO or the crtZ/crtO transformants
the absolute β-carotene concentrations stayed constant
even though additional ketocarotenoids are formed (Ta-
bles 1 and 2). Their levels are maintained by an up-regu-
lation of the entire carotenogenic pathway, which has
been observed before [14, 15]. This makes similar chro-
moplast systems very useful for ketocarotenoid produc-
tion with little limitation due to exhaustion of precursors.
Formation of 4-ketozeaxanthin negatively affects the
lutein pool in leaves. When the concentration drops below
a certain threshold, it may impair photosynthetic produc-
tivity. Since photosynthetic efficiency was unaffected in
leaves of the crtO and the crtZ transformants although
chlorophyll concentrations were lower (Tables 1 and 2),

the decrease in photosynthetic efficiency in the crtZ/crtO
transformant may be attributed to lower lutein levels
rather than to the alteration of the chlorophyll content.
Even after its decrease, the β-carotene concentration of
the crtZ/crtO transformant is substantial enough not to
account for a limitation for the assembly of functional PSII
reaction centers.

4 Concluding remarks

We have engineered, for the first time, ketocarotenoid
biosynthesis into flower petals. A ketolase gene was suc-
cessfully expressed in N. glauca. With N. tabacum as a
model, we could demonstrate that engineering a combi-
nation of carotenoid ketolase and hydroxylase genes is a
promising strategy to increase total ketocarotenoid pro-
duction in a flower chromoplast system. It should also be
applicable to the chromoplasts of N. glauca petals. The
last ketolation converting 4-ketozeaxanthin to astaxan-
thin is still crucial. This is the limiting step in all plant sys-
tems. The reason may be the competition between for-
eign and endogenous ketolases or other foreign hydroxy-
lases rather than a necessary cooperation of these en-
zymes. A strategy that may help to overcome this problem
is the use of a new type of hydroxylase/ketolase gene from
X. dendrorhous [13]. The product of this astaxanthin syn-
thase gene has the advantage of using β-carotene as the
direct substrate catalyzing sequentially both the 4-ketola-

Table 2. Chlorophyll and carotenoid content in leaves and nectaries of transgenic N. tabacum transformed with pCrtZ-kan or pCrtZ-kan together with
pGPTV-HPT-trcrtO, and photosynthetic efficiencya)

Leaves Nectary tissue
NtcrtZ NtCrtZO#4 NtcrtZ NtcrtZO#4

Chlorophyll (mg/g dw) 17.6 ± 1.7 15.5 ± 1.6 0 0

Carotenoids (μg/g dw) 1163 ± 186 998 ± 144 325.9 ± 356 839.2 ± 83

Distribution (%)
Violaxanthin 9.0 7.9 2.9 0
Antheraxanthin 0.9 0 0 0
Lutein 37.8 26.2 2.2 16.2
cis-Lutein 4.1 3.8 1.1 0
β-Carotene 44.9 26.7 86.5 20.5
cis-β-Carotene 3.2 13.4 5.9 16.2
Zeaxanthin esters 0 0 0.7 6.1
Lutein esters 0 0 0.8 0.7
Echinenone 0 8.0 0 11.6
3’-Hydroxyechinenone 0 5.2 0 1.8
3-Hydroxyechinenone 0 0 0 2.1
4-Ketozeaxanthin 0 0 0 12.9
4-Ketolutein 0 8.8 0 8.5
Ketozeaxanthin esters 0 0 0 1.0
Ketolutein esters 0 0 0 2.9

Photosynthetic efficiency 0.80 ± 0.01 0.76 ± 0.3 – –

a) All values are means ± standard deviation from three different tissues.
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tion and the 3-hydroxlation reactions. This gene should be
combined with a strong chromoplast-specific promoter,
which was already successfully introduced into tobacco
[14]. On the long term, engineering of the carotenogenic
pathway with suitable ketolase and hydroxylase genes
will increase the chance to use cultured plants like N.
glauca as a cost-efficient source of the high-value product
astaxanthin [35].
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