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The endosperm of Golden Rice (Oryza sativa) is yellow due to the accumulation of b-carotene (provitamin A) and xanthophylls.
The product of the two carotenoid biosynthesis transgenes used in Golden Rice, phytoene synthase (PSY) and the bacterial
carotene desaturase (CRTI), is lycopene, which has a red color. The absence of lycopene in Golden Rice shows that the pathway
proceeds beyond the transgenic end point and thus that the endogenous pathway must also be acting. By using TaqMan real-
time PCR, we show in wild-type rice endosperm the mRNA expression of the relevant carotenoid biosynthetic enzymes
encoding phytoene desaturase, z-carotene desaturase, carotene cis-trans-isomerase, b-lycopene cyclase, and b-carotene
hydroxylase; only PSY mRNA was virtually absent. We show that the transgenic phenotype is not due to up-regulation of
expression of the endogenous rice pathway in response to the transgenes, as was suggested to be the case in tomato
(Lycopersicon esculentum) fruit, where CRTI expression resulted in a similar carotenoid phenomenon. This means that
b-carotene and xanthophyll formation in Golden Rice relies on the activity of constitutively expressed intrinsic rice genes
(carotene cis-trans-isomerase, a/b-lycopene cyclase, b-carotene hydroxylase). PSY needs to be supplemented and the need for
the CrtI transgene in Golden Rice is presumably due to insufficient activity of the phytoene desaturase and/or z-carotene
desaturase enzyme in endosperm. The effect of CRTI expression was also investigated in leaves of transgenic rice and
Arabidopsis (Arabidopsis thaliana). Here, again, the mRNA levels of intrinsic carotenogenic enzymes remained unaffected;
nevertheless, the carotenoid pattern changed, showing a decrease in lutein, while the b-carotene-derived xanthophylls
increased. This shift correlated with CRTI-expression and is most likely governed at the enzyme level by lycopene-cis-trans-
isomerism. Possible implications are discussed.

Golden Rice (Oryza sativa) denotes a genetically
modified rice capable of biosynthesizing and accumu-
lating b-carotene (provitamin A) in the endosperm,
yielding a characteristic yellow color in the polished
grains. Golden rice was developed to help cope with
vitamin A deficiency, a problem that prevails in de-
veloping countries, affecting millions (Underwood,
2000; UNICEF, 2000). Vitamin A deficiency causes
mortality and growth retardation in children and
frequently impairs vision, leading to blindness. It
also contributes indirectly to anemia by interfering
with iron bioavailability (for review, see Haschke and
Javaid, 1991).
b-Carotene and some related carotenoids, collec-

tively termed provitamin A, are converted to retinal
through symmetric oxidative cleavage at the central
C15-C15# double bond. The corresponding enzyme,
b-b-carotene-15,15#-oxygenase, has been identified
from Drosophila melanogaster (von Lintig and Vogt,
2000), chicken (Wyss et al., 2000), and mammals
(Redmond et al., 2001; Yan et al., 2001).

The first Golden Rice (Ye et al., 2000) and more
recent versions (Datta et al., 2003; Hoa et al., 2003;
Paine et al., 2005) all rely on the expression of two
transgenes (see Fig. 1). The first encodes phytoene
synthase (PSY), which utilizes the endogenously syn-
thesized geranygeranyl-diphosphate to form phy-
toene, a colorless carotene with a triene chromophore
(Burkhardt et al., 1997). The second encodes the bac-
terial CRTI, a carotene desaturase that introduces
conjugation by adding four double bonds. The com-
bined activity of PSY and CRTI should lead to the
formation of lycopene, which is red, due to its un-
decaene chromophore. Lycopene, however, has never
been observed in any transformant. Instead, a- and
b-carotene are found as well as variable amounts of
oxygenated derivatives such as lutein and zeaxanthin
(Fig. 1). In other words, in diverse genetic back-
grounds of rice (Taipei 309, Cocodrie, Kaybonnet,
IR64, Asanohikari, MTL 250, Nang Hzong Cho Dao,
Mot Bui, BR 29), combined expression of PSY-CRTI in
the endosperm led to a carotenoid pattern that re-
vealed that the pathway proceeded beyond the end
point that would be predicted based on the enzymatic
function of the transferred gene combination.

There are two possible explanations to account for
this observation. The first is that enzymes downstream
in the pathway, such as lycopene cyclases (LCYs) and
a- and b-carotene hydroxylases (HYDs), are expressed
in an enzymatically active form in wild-type rice
endosperm, while PSY and one or both of the plant
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carotene desaturases, phytoene desaturase (PDS) and
z-carotene desaturase (ZDS), are not. Synthesis of
lycopene by PSY and CRTI in the transgenic plant
provides the substrate for these downstream enzymes
and consequently enables the formation of down-
stream products. The observation that the expression
of PSY alone led to phytoene accumulation but not to
desaturated products (Burkhardt et al., 1997) is evi-
dence for the absence of at least one active desaturase,
namely PDS. Similarly, the expression of CRTI alone
did not produce any color in rice endosperm (A. Klöti
and P. Beyer, unpublished data) because of the lack of
PSY activity.

The second explanation involves the feedback in-
duction of endogenous carotenoid biosynthetic genes
as a result of the presence of transgenes. This was

shown to be the case in tomato (Lycopersicon esculen-
tum) fruit upon expression solely of CRTI. Again,
b-carotene rather than lycopene increased and en-
dogenous carotenoid genes were shown to be up-
regulated, except for PSY, which was repressed (Römer
et al., 2000). Such CRTI-dependent up-regulation may
be based on the fact that the plant desaturases, PDS
and ZDS, together produce a tetra-cis configured form
of lycopene, termed prolycopene (Bartley et al., 1999),
which is subsequently isomerized to the trans form
by a recently identified isomerase, carotene cis-trans-
isomerase (CRTISO; Isaacson et al., 2002, 2004; Park
et al., 2002). In contrast, the bacterial CRTI leads to the
exclusive formation of the all-trans form of lycopene.
Likewise, an increased formation of specific caroteno-
genic mRNAs and proteins was consistently observed
in daffodil flowers upon artificial accumulation of
all-trans lycopene after addition of the LCY inhibitor
chlorophenylthiotriethylamine, and the total caroten-
oid content was elevated (Al-Babili et al., 1999).

To distinguish between these two conceivable ex-
planations, we examined Golden Rice integration
events to detect potential alterations in the expression
of the endogenous carotenoid biosynthetic genes in
response to the transgenes, using TaqMan real-time
PCR. We utilized transgenic lines that contained CrtI
under the control of the constitutive cauliflower mo-
saic virus (CaMV) 35S promoter, which allowed us to
investigate both leaves and the endosperm of devel-
oping seeds. We further substantiated our results by
using plant model systems expressing CRTI. The
results obtained enabled us to explain the Golden
Rice phenotype, as described below.

RESULTS

Previously described Golden Rice transformation
events expressing CRTI constitutively and PSY in the
endosperm (Ye et al., 2000; Hoa et al., 2003) were used
to carry out expression analyses. The high specificity
of TaqMan real-time PCR allowed us to measure the
intrinsic rice Psy mRNA levels without interference by
the expression of the Psy transgene. Homozygosity of
the materials was confirmed by inverse PCR and by
the absence of color segregation in T3 seeds. Trans-
genic and wild-type plants were sown in a randomized
plot in the greenhouse, and RNA was extracted from
immature milky-stage endosperm. Leaf material was
harvested from 16-d-old seedlings. TaqMan real-time
PCR was used to characterize mRNA levels in the wild
type or to monitor potential changes in rice endoge-
nous mRNA levels in the transgenic samples. The
pathway from phytoene to a-carotene and b-carotene
and further on to zeaxanthin was surveyed by mon-
itoring mRNA levels of rice PSY, PDS, ZDS, CRTISO,
b-LCY, e-LCY, and b-HYD. Figure 2 shows the results
obtained with wild-type materials.

All carotenoid biosynthetic genes investigated were
found to be expressed in rice endosperm, albeit at

Figure 1. Carotenoid biosynthesis in transgenic rice endosperm. The
precursor molecule geranylgeranyl-diphosphate (GGDP) is synthesized
in wild-type endosperm. The enzymatic activities between horizontal
bars are supplemented by transformation. This can be done either by
using the two plant-type desaturases, PDS and ZDS, or by using the
bacterial carotene desaturase, CrtI. However, lycopene does not appear
as a product; instead, the carotenoids shown below the bottom bar are
found in transgenic endosperm, among which b-carotene is predom-
inant.
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very low levels. Psy mRNA was the least abundant,
130-fold lower than in leaves, followed by mRNAs
for LCY (25-fold), HYD (22-fold), PDS (10-fold), ZDS
(8-fold), and CRTISO (4-fold). The barely detectable
amount of Psy mRNA found in endosperm explains
the need for the Psy transgene to produce carotenoids
in rice grains. However, the remaining transcripts, all
required to produce b-carotene and hydroxylated xan-
thophylls, were present. This raises questions about
the necessity of the CrtI transgene in Golden Rice and
may suggest either one or both of the two desaturases,
PDS and ZDS, are inactive or that their respective
protein levels are too low.

To investigate whether carotenoid accumulation in
Golden Rice endosperm is due to a modification in this
expression pattern of the rice carotenoid biosynthetic
genes, a similar set of experiments was carried out
using the transgenic plants (Fig. 3). However, no
significant changes in expression of the six rice genes
investigated was observed, neither in the endosperm
nor in leaves from three independent transformation
events. These data indicate that the transgenes (espe-
cially CrtI) did not cause feedback regulation to alter
the mRNA levels of these endogenous genes, suggest-

ing that, in fact, rice LCY and rice HYD are functional
in the endosperm and reveal their activity with the
availability of lycopene produced by the transgenic
PSY and CRTI. Further experiments were necessary to
verify the functional presence of rice PDS, ZDS, and
CRTISO (see below).

Carotenoid Analysis

Wild-type leaves, in contrast to endosperm, possess
an active carotenoid biosynthetic pathway. Pigment
changes could be provoked by the constitutive expres-
sion of CRTI, but presumably not by PSY, the expres-
sion of which was driven by the endosperm-specific
gt1 promoter (pCaCar and pB19hpc; see Ye et al., 2000;

Figure 2. TaqMan real-time PCR analysis of the expression of rice
genes involved in carotenoid biosynthesis in wild-type rice plants. The
expression of PSY, PDS, ZDS, CRTISO, b-LCY, and b-HYD were
assayed using RNA preparations from immature endosperm and from
leaves, as detailed in ‘‘Materials and Methods.’’ Differently shaded bars
each represent RNA pools of six individuals.

Figure 3. TaqMan real-time PCR analysis of the expression of rice
genes involved in carotenoid biosynthesis in transgenic rice plants. The
expression of PSY, PDS, ZDS, CRTISO, b-LCY, and b-HYD were
assayed using RNA preparations from immature endosperm and from
leaves as detailed in ‘‘Materials and Methods.’’ White bars, wild-type;
light gray bars, T3 siblings of a Golden Rice event obtained with the
vector pCaCar (Hoa et al., 2003); dark gray bars, T3 siblings of
a different Golden Rice event obtained with the vector pCaCar; black
bars, T4 siblings of a Golden Rice event obtained with the vector
pB19hpc (Ye et al., 2000). Each bar represents the analysis on a RNA
pool extracted from six siblings of the subsequent T-generation.

Why Is Golden Rice Yellow?

Plant Physiology Preview 3 of 10



Hoa et al., 2003). CRTI is known to be enzymatically
active in chloroplasts, as shown by its capability to
confer norflurazon resistance in tobacco (Nicotiana
tabacum; Misawa et al., 1993) and rice (P. Lucca, un-
published data). Our analyses revealed that in many
events, the xanthophyll pattern had shifted in favor of
the b-carotene-derived xanthophylls, mainly of viola-
xanthin and neoxanthin. Some selected examples are
shown in Figure 4. A decrease in lutein (as the pre-
dominant a-carotene-derived xanthophyll) was fre-
quently observed. The total carotenoid amount,
however, did not decrease accordingly, but was
partially compensated by an equivalent increase of
b-carotene-derived xanthophylls (data not shown). It
must be assumed that CRTI activity exerts a hitherto
unknown influence on carotenoid biosynthesis in
leaves, leading to the observed altered pattern.

The Level of CRTI Expression Correlates with the

Decrease in Lutein Content in Leaves

Western blots were carried out with leaf extracts to
investigate CRTI protein levels. Figure 5 shows a band
of the expected molecular mass of 55 kD, with varying
intensities for the different transgenic events investi-
gated. A second cross-reactive band was always ob-
served, which was absent from the wild-type controls
and may represent a degradation product. A clear
correlation was observed between the level of RNA

and protein of CrtI and the decrease in lutein abun-
dance. For example, the event in lane 13 expresses
CRTI strongly and has a lower lutein content, and the
event expressing CRTI weakly, shown in lane 12, has
approximately wild-type lutein levels (lane 3). The
signals of all other lines more or less mirror this
inverse relationship.

An evident explanation for this loss of lutein could
be a down-regulation of e-LCY. When examined by

Figure 4. Lutein content in leaves of selected Golden Rice events
carrying CrtI under control of the CaMV 35S promoter. A, Lutein
content in transgenic IR64 events (siblings of one event; 37B-2b; Hoa
et al., 2003). B, Lutein content in transgenic Taipei 309 events (Man
2.2, Man 2.5, and hpc 6.3.1; used in TaqMan real-time PCR analysis).
C, Lutein content in Taipei 309 48–67 events showing no effect. Black
bars represent the lutein content in the respective wild-type samples.
Each bar represents a pool of extracts made from six siblings and
represents the mean of three measurements.

Figure 5. CrtI RNA and protein expression and lutein content in
transgenic rice leaves. A, Coomassie Blue-stained SDS-polyacrylamide
gel. B, Western blot conducted with anti-CRTI antibodies. C, Lutein
content. D, Relative RNA expression levels of CrtImeasured by TaqMan
real-time PCR (the strongest expressing line 13 was set to 1). E, Relative
RNA expression levels of the e-LCYmeasured by TaqMan real-time PCR
(Taipei 309 and IR 64 wild types in lanes 3 and 14, respectively, were
set to 1). Lanes 1 and 16, E. coli-expressing CRTI without transit
peptides as positive controls; lanes 2 and 15, prestained marker
proteins; lanes 3 and 14, wild-type Taipei 309 and IR 64, respectively;
lanes 4 to 12, transgenic Taipei 309 rice events from 4 independent
events (lanes 4–6, Man 2.2; lanes 7 and 8, Man 2.5; lanes 9–11, hpc
6.3.1; lane 12, TP 48–67); lane 13, transgenic IR 64 event (37B-2b).
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TaqMan real-time PCR, the mRNA changes observed
were found to be only minor and did not correlate
with the observed lutein-phenotype (Fig. 5E).

Regulation of Lutein Content by CRTI:
A Common Principle?

To investigate the effects of CRTI expression in
a green tissue from a different species, we transformed
Arabidopsis (Arabidopsis thaliana) with the vector
pSToff. This experiment is analogous to rice trans-
formation with pCaCar or pB19hpc (Ye et al., 2000;
Hoa et al., 2003), which both contain CrtI under the
control of the CaMV 35S promoter. Four homozygous
transgenic Arabidopsis lines were investigated in de-
tail in the T3 generation. Western-blot analyses shown
in Figure 6B revealed high- and low-expressing lines,
as mirrored by the respective CrtI mRNA abundance
(Fig. 6D). These differentially expressing lines showed
the same variation in lutein accumulation found in rice
leaves (Fig. 6C), with low levels of CRTI expression
corresponding to wild-type lutein content (lane 3),
while strongly expressing lines were significantly
lower in lutein (lanes 2 and 4). As with rice, the
decreased lutein content was partially compensated
by an increase of b-carotene-derived xanthophylls
(data not shown). Similarly, no changes in the expres-
sion of e-LCY were detected that correlated with the
observed changes in lutein abundance. A complete set
of TaqMan real-time PCR experiments was also con-
ducted for PSY, PDS, ZDS, CRTISO, b-LCY, and the
two known b-HYDs (Tian et al., 2003) to account for
the full pathway. However, no obvious changes in
specific RNA abundance were ever observed (data not
shown).

Transformation experiments with carotenoid bio-
synthetic genes targeting photosynthetically inactive
tissues often produce more pronounced effects than
green tissues, probably because the latter have a tighter
regulation at the protein level. We therefore used the
transgenic Arabidopsis lines to generate photosyn-
thetically inactive root calli (Banno et al., 2001) and
investigated their carotenoid patterns. We observed an
analogous effect, i.e. a decrease of lutein from 36% in
wild-type samples to 24% in line 2, 27% in line 3, 16%
in line 4, and 18% in line 5 (line numbering as in Fig. 6).

Why Is Golden Rice Yellow?

The experiments described above show that CRTI
expression in rice, Arabidopsis, and tobacco BY2
cells (see supplemental data) does not alter the ex-
pression of the investigated carotenoid biosynthetic
genes. This implies that the carotenoid pattern
in Golden Rice is the result of functional endogenous
e/b-LCYs and a/b-HYDs enabling the formation of
a- and b-carotene and derived xanthophylls in the
endosperm. Additionally, PDS and ZDS are appar-
ently inactive or their expression levels are too low in

the wild-type background, necessitating substitution
with CRTI in Golden Rice.

By analysis of the carotenoids in Golden Rice, it is
not possible to judge the activity of the rice CRTISO,
because the CRTI pathway produces all-trans carotene
precursors that do not require cis-to-trans isomeriza-
tion. The investigation of CRTISO in rice endosperm is

Figure 6. CrtI RNA and protein expression and lutein content in
transgenic Arabidopsis leaves. A, Coomassie Blue-stained SDS-
polyacrylamide gel. B, Western blot conducted with anti-CRTI anti-
bodies. C, Lutein content. D, Relative RNA expression levels of CrtI
measured by TaqMan real-time PCR (the strongest expressing line 4 was
set to 1). E, Relative RNA expression levels of the e-LCY measured by
TaqMan real-time PCR (wild type in lane 1 was set to 1). Lane 7, E. coli-
expressing CRTI as positive control; lane 6, prestained marker proteins;
lane 1, wild-type leaves; lanes 2 to 5, leaves from transgenic Arabi-
dopsis lines. Each bar represents a pool of extracts from 20 siblings. See
‘‘Materials and Methods’’ for details.
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only possible in a transgenic background expressing
PDS and ZDS, which delivers the plant-specific tetra-
cis-lycopene, termed prolycopene.

Transgenic rice producing carotenoid was made
using the cultivar Asanohikari expressing PSY, PDS,
and ZDS, all from daffodil (Narcissus pseudonarcissus)
and each individually under the control of the
endosperm-specific Glu-2-promoter with a Ubi1-hpt
expression cassette as the selectable marker. A total of
23 events were regenerated and analyzed. Western
blots revealed signals for all three proteins that were
not detectable in wild-type endosperm (data not
shown). The carotenoid content in the resulting yellow
grains ranged from 0.2 to 0.8 mg g21. This is the same
range as in Golden Rice, which relies on the same
daffodil PSY but on CRTI as the desaturase (Hoa et al.,
2003). In addition, HPLC analysis revealed a similar
carotenoid pattern, with b-carotene as the main com-
ponent, accompanied by a-carotene and varying
amounts of zeaxanthin and lutein. However, a detailed
HPLC analysis of the colored carotenoids revealed the
occurrence of small amounts of z-carotene isomers and
of prolycopene. These intermediates are absent from
CRTI-expressing lines and are indicative for PDS and
ZDS catalysis. This confirms that the introduced plant-
type carotene desaturation pathway operated mecha-
nistically as expected.

Analysis of the isomer pattern of the b-carotene
formed revealed it to be indistinguishable from the
one in CRTI-expressing lines (Fig. 7). This shows that
the rice CRTISO is enzymatically active in rice endo-
sperm, leading to the identical isomer equilibrium of
cyclic carotenes, regardless of the poly-cis or all-trans
configuration of the lycopene precursor.

DISCUSSION

We have here investigated the effects of introduced
bacterial CRTI on the expression of critical endoge-
nous carotenoid biosynthesis genes in rice leaves, rice
endosperm, Arabidopsis leaves, and tobacco BY2 cells
(see supplemental data). Based on published observa-
tions (Al-Babili et al., 1999; Römer et al., 2000), it was

conceivable that expression of the CrtI transgene
provokes transcriptional activation of the carotenoid
biosynthetic genes in the target tissue by a feedback
regulatory loop. This could be initiated by either the
absence of the tetra-cis-lycopene, normally produced
by the two plant desaturases (PDS, ZDS), or the
constitutive presence of all-trans lycopene, mediated
by CRTI. Along these lines of thinking, lycopene
isomers would not only represent orthodox interme-
diates but would also exert a regulatory role. Conse-
quently, the newly identified carotenoid pathway
enzyme of plants and cyanobacteria, CRTISO
(Isaacson et al., 2002; Park et al., 2002), might play an
additional role as regulator. In an extreme scenario,
Golden Rice could be yellow due to the transcriptional
activation of the entire carotenoid biosynthetic path-
way. Alternatively, downstream enzymes, such as
cyclases and hydroxylases, might be expressed in
wild-type rice in an active form. Their activity would
be enabled upon delivery of lycopene mediated by the
introduced upstream transgenes.

Wild-type rice endosperm displays low levels of all
mRNAs required for xanthophyll formation, i.e. PSY,
PDS, ZDS, CRTISO, b-LCY, e-LCY, b-HYD, and e-HYD.
Among these, Psy expression is lowest. Given the
sensitivity of the PCR method used, the Psy transcript
is effectively absent and this is consistent with the fact
that introduction of PSY is mandatory, although alone
not sufficient for the golden phenotype. The sole ex-
pression of PSY resulted in the accumulation of only
phytoene (Burkhardt et al., 1997). The essential re-
quirement for CRTI apparently conflicts with the
presence of PDS and ZDS transcripts in wild-type
endosperm as shown by TaqMan real-time PCR. Per-
haps this is because the explanation lies in the level of
protein expression and enzymatic activity rather than
with mRNA. Due to the low expression, the compli-
cated reaction mechanisms of these enzymes and the
unavailability of radioactive carotene substrates, the
respective investigations were not possible in vitro
and a transgenic approach was chosen instead.

The endosperm-specific expression of the PDS/ZDS
system instead of CRTI in rice endosperm resulted in
the formation of comparable levels of colored carote-
noids. Thus, the rice endosperm provides the complex
requirements for the activity of the plant desaturases.
PDS requires a redox chain, employing quinones,
a quinone-reductase, and molecular oxygen as a ter-
minal electron acceptor (Beyer et al., 1989; Mayer et al.,
1990; Nievelstein et al., 1995; Norris et al., 1995) to
which it is linked via an oxidase identified through the
immutans mutation of Arabidopsis (for review, see
Kuntz, 2004). This redox pathway is especially impor-
tant in non-green carotenoid-bearing tissues like en-
dosperm, while the photosynthetic electron transport
is thought to play an analogous role in chloroplasts.
Therefore, in one interpretation, colored carotenoids
do not form in the endosperm with Psy as the only
transgene because the expression of the rice PDS/ZDS
system is too low.

Figure 7. Separation of isomers of a- and b-carotene of Golden Rice
integration events relying on the bacterial desaturase CRTI (A) and the
plant (PDS, ZDS) desaturation system (B). 1, 15-cis-b-carotene; 2, all-
trans-a-carotene; 3, all-trans-b-carotene; 4, 9-cis-b-carotene. Both A
and B show the same distinct isomer distribution.
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It has been shown that, in contrast to PSY, CRTI is
not rate limiting and is capable of desaturating large
amounts of phytoene, thereby increasing b-carotene
accumulation (Paine et al., 2005). In its primary se-
quence, CRTI is unrelated to the plant-type desatura-
ses; it may have simpler requirements and may
therefore be more effective in rice endosperm than
the plant-type desaturases. However, this remains to
be investigated in greater detail.

By homology, CRTISO is related to CRTI, and it
appears that in evolution CrtIso originated from CrtI
(Isaacson et al., 2002; Park et al., 2002). In fact, CRTISO
is enzymatically active in rice endosperm, as we show.
PSY, PDS, and ZDS expression in rice endosperm
installed the poly-cis pathway of carotene desatura-
tion, but the b-carotene formed was predominantly in
the all-trans form, accompanied by the typical pattern
of cis-isomers, among which the 9-cis form is the most
abundant. Furthermore, endosperm from transgenic
plants relying on CRTI-mediated desaturation yielded
the identical isomer ratio of b-carotenes, indicating
that rice CRTISO catalyzes the formation of this equi-
librium of specific isomers. This is consistent with the
recently published characterization of CRTISO in vitro
(Isaacson et al., 2004). The activity of CRTISO is also
crucial with respect to the formation of cyclic end
groups. In its absence, cyclic carotenoids and derived
xanthophylls, as observed in these transgenic rice
integration events, would not form in non-green
tissues, e.g. as shown with the tangerine mutation in
tomato fruit and in etioplasts from the Arabidopsis
ccr2 mutant, both lacking functional CRTISO (Isaacson
et al., 2002; Park et al., 2002).

Clearly, LCY activities and the activities of the
divergent class of b-HYDs (for review, see Tian and
DellaPenna, 2004) rely on the expression of the re-
spective rice genes in the endosperm. In all rice
cultivars transformed so far, the complementation
with these activities by transformation has been found
to be unnecessary. Moreover, the activity of the rice
LCYs never proved to be rate limiting, since lycopene
did not accumulate. Thus, Golden Rice is yellow
because of the activity of these intrinsic rice cyclases.

TaqMan real-time PCR analyses with RNA isolated
from transgenic rice endosperm did not give any
indication of a feedback regulatory loop that may
affect the expression of rice carotenoid biosynthetic
genes because all were unchanged in level when
compared to the wild type. The same was true in
leaves of rice and Arabidopsis, both expressing CRTI
constitutively, despite a change in the xanthophyll
composition. In both cases, lutein decreased, partially
compensated by an increase in b-carotene and its
derived xanthophylls. The same was also true in
tobacco BY2 cells transformed with CaMV 35S CrtI,
but this time, however, no analogous change in carot-
enoid composition was found, probably because BY2
cells do not accumulate lutein and zeaxanthin (data
not shown).

The change in the xanthophyll ratio observed in
rice and Arabidopsis leaves varied in an event-
dependent manner and was inversely correlated to
the CRTI expression level. The flux of substrate into
either branch of xanthophyll formation is controlled
by the two LCYs, converting lycopene into b-carotene
(b,b-carotene) and a-carotene (b,e-carotene). However,
no significant changes in transcript levels of the
cyclases were found that would mirror the change in
carotenoid composition. It must therefore be assumed
that the state of geometric isomerism in lycopene
has a certain impact on the probability of b- or e-ring
formation. It is interesting to note that the lack of
CRTISO in mutants of tomato and Arabidopsis re-
sulted in just the same change toward a preponder-
ance of the b-carotene-derived xanthophylls in leaves
(Isaacson et al., 2002; Park et al., 2002). Thus, the ob-
served effect is most likely at the level of enzymatic
catalysis and geometric isomerism of lycopene, but not
at the level of gene expression.

The effect described is evident only in tissues
exhibiting carotenoid biosynthesis in the wild type,
such as in leaves. It cannot occur in transformed endo-
sperm lacking carotenoids in the wild type. However,
the decrease in lutein in leaves, as described, may have
a negative impact on photosynthetic performance.
Lutein, the most abundant xanthophyll, is primarily
attached to the light-harvesting complex II. Using
mutants of Arabidopsis, it has been shown that de-
creased lutein content leads to a reduction of PSII
antenna size (Lokstein et al., 2002). This suggests that
lutein has the ability to optimize antenna structure and
stability to ensure efficient light harvesting. Therefore,
it might be preferable to express CrtI under the control
of a tissue-specific promoter; the use of a constitutive
promoter has consequently been abandoned in newer
versions of golden rice (Paine et al., 2005).

Taken together, we show that Golden Rice grains
show no changes in the level of the carotenogenic
mRNAs investigated. To search for any potentially
occurring transcriptional alteration on a broader scale,
a gene expression analysis using a rice gene chip
experiment is being completed.

MATERIALS AND METHODS

Vector Construction

Transformation of tobacco (Nicotiana tabacum) BY2 cells and Arabidopsis

(Arabidopsis thaliana) plants was performed using the binary vector pSToff

containing CrtI under the control of the constitutive CaMV 35S promoter. The

vector pSToff was constructed by transferring the CrtI expression cassette

(CaMV 35S promoter CrtI-nos terminator) from pBaal2 (Ye et al., 2000) into the

binary vector pCAMBIA 1300 (CAMBIA, Canberra, Australia). The resulting

vector was then transformed into Agrobacterium tumefaciens strain GV3101

(Koncz and Schell, 1986).

To establish the plant carotene desaturation pathway, PCR was employed

to make expression cassettes using the daffodil (Narcissus pseudonarcissus) Psy,

Pds, and Zds cDNAs with the rice (Oryza sativa) Gt1 promoter. The native

5# untranslated region was included in all 3 cases (as given in the

EMBL database) and 141, 151, and 350 nucleotides, respectively, of the 3#
untranslated region. The terminators used were from CaMV 35S (for Psy),

Why Is Golden Rice Yellow?

Plant Physiology Preview 7 of 10



potP1-11 (for Pds), and nos (for Zds). The resulting 3 expression cassettes were

ligated into pJH0104h, a Bin19-based binary vector containing the hpt marker

gene under the control of the Ubi-1 promoter and nos terminator.

Growth Conditions and Transformation

Tobacco BY2 cells were cultivated in 100 mL Murashige and Skoog

medium (Murashige and Skoog, 1962) supplemented with KH2PO4 (200 mg

mL21), 2,4-dichlorophenoxyacetic acid (2 mg mL21), thiamine-HCl (10 mg

mL21), and myoinositol (100 mg mL21) at 27�C under constant shaking

(125 rpm) in the dark. Subcultivation was done weekly by transferring 1.5 mL

to fresh medium. For transformation, 6-d-old cultures were cocultivated with

A. tumefaciens GV3101 cells containing pSToff for 4 d at 27�C in the dark. After

6 to 8 weeks under hygromycin selection (60 mg mL21), transformed cell

lines were recovered. For maintaining the transformed lines, cells were culti-

vated in the presence of hygromycin. For analytical purposes, cells were

subcultured in antibiotic-free media and harvested after 4 d.

Transformation of Arabidopsis plants was done according to the protocol

of Bechtold and Pelletier (1998). Transgenic seedlings were identified by

germination on Murashige and Skoog agar plates containing hygromycin

(30 mg mL21). Expression of the transgene was monitored by TaqMan real-

time PCR.

Seeds of Arabidopsis wild type and 4 CRTI-expressing lines (L11-5, L12-5,

L14-2, and L27-3) were germinated on Murashisge and Skoog agar plates

containing 30 mg mL21 hygromycin for 10 d. Twenty seedlings from each line

were transferred to soil and grown at 65 mmol m22 s21 irradiance and an 8-h/

16-h day/night cycle at 21�C for 5 weeks. For each line, 5 leaves of each of the

20 seedlings were harvested and combined to produce RNA pools (see below).

For callus generation, 10-d-old seedlings were transferred to callus in-

duction medium agar plates (Banno et al., 2001) and incubated in the dark at

22�C for 6 weeks. Calli derived from individual lines were combined for

analytical purposes.

The method used for rice transformation was based on previous protocols

(Tanaka et al., 1990; Hiei et al., 1994) using cultivar Asanohikari with the

RecA2 supervirulent A. tumefaciens AGL1 (Zhang et al., 1997) with the fol-

lowing modifications. Embryogenic calli of 3 to 4 mm were incubated with A.

tumefaciens, spread onto R2COMAS (R2 Micro, 0.5 R2 Macro, B5 vitamins, 20 g

L21 Suc, 10 g L21 Glc, 1 g L21 casein hydrolysate, 2 mg L21 2,4-dichlorophen-

oxyacetic acid, and 100 mM acetosyringone, pH 5.2) and placed in the dark at

26�C. After selection, surviving embryogenic calli were transferred to re-

generation medium (0.5 N6 Macro, N6 Micro, and vitamins, AA amino acids,

20 g L21 Suc, 1 g L21 casein hydrolysate, 0.2 mg L21 naphthyleneacetic acid,

1 mg L21 kinetin, 50 mg L21 hygromycin B, pH 5.8, gelrite 6 g L21) to form

transgenic plantlets.

Wild-type seedlings from 2 rice cultivars, TP309 and IR64, as well as

several homozygous Golden Rice transformation events, were grown in an

incubator (Rumed, Laatzen, Germany) at 50 to 70 mmol m21 s22 irradiance and

a 16-h/8-h day/night cycle at 28�C for 16 d. Six siblings of each event were

harvested and combined for analysis. To minimize variations, seedlings of

comparable size (25–30 cm) were used.

Determination of Homozygosity

Homozygosity of rice transformants was determined either by the segre-

gation of color of propagated grains or by PCR. Using inverse PCR, the

integration loci of the T-DNA within the rice genome were identified.

Subsequently, homozygosity was investigated by PCR using primers deduced

from the flanking genomic DNA and from the T-DNA sequence.

For inverse PCR, circular genomic DNA molecules were produced

according to the following protocol: 10 mg genomic DNA were digested

with HindIII overnight, purified using the GFX-DNA purification kit (Amer-

sham Biosciences, Freiburg, Germany), and eluted with 100 mL 60�C pre-

warmed water. Then 40 mL of the digested DNA were ligated using T4-ligase

(New England Biolabs, Frankfurt) in a total volume of 300 mL. Before adding

the enzyme, the reaction mixture was heated for 5 min at 50�C and chilled on

ice. The ligation reaction was then incubated for 2 h at room temperature

followed by an overnight incubation at 16�C. The enzyme was then heat

inactivated for 10 min at 70�C and DNA was precipitated by adding 30 mL

NaAc (3 M, pH 4.7), 800 mL ethanol, and by incubating for 2 h at 220�C. After

centrifugation, the pellet of circular genomic DNA was washed with 70%

ethanol, dried, and dissolved in 100 mL of distilled water. The inverse PCR

reactions were performed in a Mastercycler gradient (Eppendorf, Hamburg,

Germany) using the inverse primers SalII, SalII-rev for pCaCar transformants

(Hoa et al., 2003) and BsalII, BsalII-rev for pB19hpc-lines (Ye et al., 2000). The

primers used (given in Supplemental Table I) were deduced from the 3# region

of the T-DNAs and allowed the identification of the right-side flanking

sequences. Reactions were performed in a total volume of 25 mL containing

1.5 mL circular genomic DNA, 5 pmol of each primer, 0.5 mL dNTPs (10 mM),

and 0.3 mL Advantage polymerase mix (CLONTECH, Heidelberg) in the pro-

vided buffer. An annealing temperature gradient covering a range between

45.1�C and 65.1�C was applied, and the reactions were performed as follows:

initial denaturation for 2 min at 96�C, followed by 37 cycles of denaturation

for 30 s at 94�C, annealing for 30 s, and polymerization for 4 min 30 s at 68�C.

After a final step (5 min at 68�C), reaction mixtures were subjected to gel

electrophoresis and PCR products were purified using the GFX-DNA puri-

fication kit (Amersham Biosciences) and ligated into the vector pCR2.1

(Invitrogen, Karlsruhe, Germany). Sequencing of the obtained products and

BLASTN searches allowed the identification of the integration loci with the

lines Man 2.2, Man 2.5, and pB19hpc15.b.2. Subsequently, PCR reactions were

performed using a primer pair corresponding to either the wild-type or

the transgenic alleles. Homozygosity was shown by the absence of products

corresponding to the wild-type alleles.

TaqMan Real-Time PCR Assays

Total RNA was isolated using Trizol (Invitrogen) according to the manu-

facturer’s protocol. Equal amounts of total RNA from at least three indepen-

dent samples per event were combined and subjected to RNA purification and

on-column DNaseI digestion using the Qiagen RNeasy mini kit (Qiagen,

Hilden, Germany). First-strand cDNA synthesis was performed using the

TaqMan reverse transcription reagents (Applied Biosystems, Darmstadt,

Germany), according to the manufacturer’s protocol. MGB-TaqMan probes

and primers (Supplemental Table 2) were designed based on cDNA sequences

from tobacco, Arabidopsis, and rice, using Primer Express 2.0 software

(Applied Biosystems). Specific mRNA levels were quantified by TaqMan

real-time PCR (ABIPrism 7000) using 18S rRNA for normalization (Human

18S rRNA PDAR; Applied Biosystems). 6FAM and VIC reporter (5# end) dyes

were used for the MGB-TaqMan probes and 18S rRNA, respectively. The

relative quantities of the transcripts were calculated by using the standard

curve method (Livak, 1997).

The following transgenic events were used in this study: IR64 37B-2b, TP

309 48–67 (transformed with pCaCar; Hoa et al., 2003); Man 2.2 A 28, Man 2.5

A67 (transformed with pCaCar), and pB19hpc 6.3.1. (Ye et al., 2000).

Carotenoid Extraction and Analysis

Samples were ground to a fine powder under liquid nitrogen and

lyophilized. Lyophilized samples (5 mg for Arabidopsis and rice leaf samples,

150 mg for BY2 and Arabidopsis callus samples) were incubated with 4 mL

ethanol/1% 2,6-di-tert-butyl-4-methylphenol (Sigma, Taufkirchen, Germany)

at 85�C for 10 min, vigorously mixed once at 5 min. After chilling on ice, 6 mL

1% (w/v) NaCl solution and 3 mL petroleum ether:diethyl ether (2:1, v/v)

were added to the sample, followed by brief vigorous mixing. The organic

phase was recovered after centrifugation for 10 min at 1,400g. The aqueous

phase was extracted a second time as described above. The combined organic

phases were dried and dissolved in 50 mL chloroform. Ten microliters were

subjected to quantitative analysis using HPLC with a C30 reversed-phase

column (YMC Europe GmbH, Schermbeck, Germany) and a gradient system,

as described (Hoa et al., 2003). For quantitative analyses, 200 mg a-tocopherol

acetate (Sigma) were added to each sample as an internal standard prior to

extraction. For normalization and quantification, all peaks were normalized

relative to the internal a-tocopherol acetate standard to correct for extraction

and injection variability. An external standard, echinenone, run separately,

was then used to calculate carotenoid amounts. All carotenoid peaks were

integrated at their individual lmax and underwent a second normalization to

correct for their individual molar extinction coefficients relative to echinenone

(51), using violaxanthin/neoxanthin (0.896), lutein (0.969), zeaxanthin (0.891),

other xanthophylls (0.911), chlorophyll a (1.311), chlorophyll b (0.885),

a-carotene (0.791), b-carotene (0.887), phytoene (1.745), and phytofluene

(1.622). Carotenoids were identified by their absorption spectra, monitored

using a photodiode array detector (PDA 996; Waters, Eschborn, Germany).

cis-Isomers of b-carotene were analyzed and identified with the help of

published data (Sander et al., 1994) using a gradient system consisting of
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solvent A, MeOH:tert-butylmethyl ether, 1:1 (v/v), and solvent B, MeOH:H2O,

20:1 (v/v). The column (C30, as above) was developed as follows: 70% B,

isocratic for 20 min, followed by a linear gradient from 70% B to 0% B within

20 min. These final conditions were maintained for another 20 min. The

solvent flow was constant at 1.5 mL min21.

Western-Blot Analysis

Ground leaf material was incubated at 98�C in sample buffer (65 mM Tris-

HCl, pH 6.75, 4% (w/v) SDS, 10% (v/v) b-mercaptoethanol, 20% (v/v)

glycerol) for 10 min. After centrifugation at 21,000g for 5 min, the supernatant

was subjected to SDS-PAGE (Laemmli, 1970) using 10% polyacrylamide gels

and subsequent western blotting. Applied protein amounts were verified by

Coomassie Brilliant Blue staining of a gel run in parallel. For immunodetec-

tion, anti-CRTI antibodies were raised in mice against a purified His-tagged

CRTI fusion protein expressed in Escherichia coli cells. The antibodies were

then affinity purified according to the method of Smith and Fisher (1984). For

detection, horseradish peroxidase-coupled secondary anti-mouse antibodies

and the ECL system (Amersham Biosciences) were employed according to the

manufacturer’s protocol.

Distribution of Materials

Materials described in this publication are available to members of the

Golden Rice licensee network within the research and development strategies

of the Golden Rice Humanitarian Board. Proposals may be addressed to P.B.,

in the first instance, for consideration by the Golden Rice Humanitarian Board.
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