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Abstract Carotenoids are converted by carotenoid
cleavage dioxygenases that catalyze oxidative cleavage
reactions leading to apocarotenoids. However, apocarote-
noids can also be further truncated by some members of
this enzyme family. The plant carotenoid cleavage dioxy-
genase 1 (CCDI1) subfamily is known to degrade both
carotenoids and apocarotenoids in vitro, leading to differ-
ent volatile compounds. In this study, we investigated the
impact of the rice CCD1 (OsCCD1) on the pigmentation of
Golden Rice 2 (GR2), a genetically modified rice variety
accumulating carotenoids in the endosperm. For this pur-
pose, the corresponding cDNA was introduced into the rice
genome under the control of an endosperm-specific pro-
moter in sense and anti-sense orientations. Despite high
expression levels of OsCCDI1 in sense plants, pigment
analysis revealed carotenoid levels and patterns compara-
ble to those of GR2, pleading against carotenoids as sub-
strates in rice endosperm. In support, similar carotenoid
contents were determined in anti-sense plants. To check
whether OsCCD1 overexpressed in GR2 endosperm is
active, in vitro assays were performed with apocarotenoid
substrates. HPLC analysis confirmed the cleavage activity
of introduced OsCCD1. Our data indicate that apocarote-
noids rather than carotenoids are the substrates of OsCCD1
in planta.
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Introduction

Carotenoids are lipophilic pigments synthesized by all
photosynthetic organisms as well as by some fungi and
heterotrophic bacteria. In plants, carotenoids exert a vital
role in protecting the photosynthetic apparatus from pho-
tooxidation and represent essential constituents of the light
harvesting and reaction center complexes. In addition,
carotenoids confer their color to many flowers and fruits,
contributing substantially to plant-animal communication
(Cunningham and Gantt 1998; Hirschberg 2001; Fraser and
Bramley 2004; DellaPenna and Pogson 2006). Besides
these functions, carotenoids serve as precursors of physi-
ologically important compounds termed apocarotenoids
synthesized through oxidative cleavage (Moise et al. 2005;
Bouvier et al. 2005; Auldridge et al. 2006a). Representative
examples of apocarotenoids are the ubiquitous chromo-
phore retinal, the chordate morphogen retinoic acid and the
phytohormone abscisic acid (ABA). A further example is
represented by the signalling molecules strigolactones
responsible for attracting both symbiotic arbuscular
mycorrhizal fungi and parasitic plants (Akiyama 2007;
Bouwmeester et al. 2007). Strigolactones were also
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recently shown to exert further functions as novel plant
hormones regulating shoot branching (Gomez-Roldan et al.
2008; Umehara et al. 2008). Roots infected with arbuscular
mycorrhizal fungi accumulate cyclohexenone and mycor-
radicin derivatives (Schliemann et al. 2008), with the latter
conferring a yellow pigmentation to infected roots (Walter
et al. 2000). Other examples for apocarotenoids mediating
pigmentation are bixin in Bixa orellana (Bouvier et al.
2003a) and saffron in Crocus sativus (Bouvier et al.
2003b). Some apocarotenoids, e.g., f-ionone, are released
as volatiles supposed to contribute to plant—animal com-
munication (Bouvier et al. 2005).

Animals lack the ability to synthesize carotenoids de
novo. To satisfy their demands of retinoids, they rely on
dietary vitamin A (retinol) or its precursors, e.g., fi-caro-
tene. Deprivation of these compounds in the human diet
leads to vitamin A deficiency (VAD), which represents a
severe health problem worldwide, particularly in develop-
ing countries (Mayer et al. 2008). VAD can result in per-
manent blindness and also impair the immune system,
thereby exacerbating infectious diseases and leading to
mortality during early childhood (Mayer et al. 2008).
Therefore, the improvement of provitamin A (f-carotene)
content of rice (Ye et al. 2000; Paine et al. 2005; Al-Babili
et al. 2006), tomatoes (Romer et al. 2000; Rosati et al.
2000; Fraser et al. 2002; Dharmapuri et al. 2002), canola
(Shewmaker et al. 1999; Ravanello et al. 2003), maize
(Aluru et al. 2008), flaxseed (Fujisawa et al. 2008) and
potatoes (Diretto et al. 2007; Ducreux et al. 2005) has been
an important goal of plant biotechnology. In the case of
rice, these efforts led to the generation of “Golden Rice 2”
(GR2) that accumulates up to 37 pg/g carotenoids in the
endosperm with f-carotene accounting for about 84% of
these pigments (Paine et al. 2005; for review see Al-Babili
and Beyer 2005).

Carotenoid cleavage dioxygenases constitute a wide-
spread enzyme family mediating the cleavage of double
bonds in the substrate backbone, thereby catalyzing the
initial step in apocarotenoids formation. In plants, these
enzymes are classified into nine-cis-epoxycarotenoid
cleavage dioxygenases (NCEDs) that cleave 9-cis-viola-
xanthin or 9'-cis-neoxanthin, leading to the ABA-precur-
sor xanthoxin, and carotenoid cleavage dioxygenases
(CCDs) that convert different carotenoids. There are four
known subfamilies of plant CCD enzymes designated as
CCD1, CCD4, CCD7 and CCDS. CCD4 enzymes from
different species were shown to cleave f-carotene at the
C9'-C10'position leading to f-ionone (C;3) (Rubio et al.
2008; Huang et al. 2009). Similar activities were reported
for the Arabidopsis CCD7 enzyme (Booker et al. 2004;
Schwartz et al. 2004) mediating the first cleavage step in
the synthesis of strigolactones. The other Arabidopsis
CCD enzyme (AtCCDS8) acting on the same pathway was
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shown to convert the CCD7 product f-apo-10'-carotenal
(Cy7), which is formed besides f-ionone (C;3) by At-
CCD7, into the f-apo-13-carotenone (C;g), upon co-
expression of both enzymes in f-carotene accumulating
E. coli cells (Schwartz et al. 2004). An in vitro study on
CCDS8 enzymes from Arabidopsis, rice and pea revealed a
high specificity for f-apo-10'-carotenal(ol) and confirmed
the formation of f-apo-13-carotenone (Alder et al. 2008).
In contrast to CCD8 enzymes, CCD1 enzymes obtained
through heterologous expression in E. coli exhibit a wide
substrate specificity in converting various all-frans caro-
tenes, e.g., fi-carotene, zeaxanthin and lycopene (Giuliano
et al. 2003; Bouvier et al. 2005; for review see Auldridge
et al. 2006a), besides different apocarotenals, e.g., ff-apo-
8'-carotenal (Schmidt et al. 2006; Vogel et al. 2008),
f-apo-10'-carotenal and apolycopenals (Ilg et al. 2009).
In addition to this wide substrate specificity, CCD1 enzymes
act on multiple sites in the backbone of monocyclic and
acyclic carotenoids. The first CCD1 enzyme investigated
(AtCCD1) was shown to mediate a double cleavage of
carotenoids at the C9-C10 and C9—C10’ double bonds,
leading to two C,3-ketones, e.g., f-ionone, and one
Cy4-dialdehyde (Schwartz et al. 2001). Based on in E. coli
expressed enzymes, this double cleavage was confirmed for
CCDls from other plant species including tomato (Simkin
et al. 2004a; Vogel et al. 2008), maize (Sun et al. 2008;
Vogel et al. 2008), strawberry (Garcia-Limones et al.
2008), lemon (Kato et al. 2006), petunia (Simkin et al.
2004b), Vitis vinifera (Mathieu et al. 2005), melon (Ibdah
et al. 2006) and rice (Ilg et al. 2009). Revisiting of CCD1
activities from A. thaliana, maize and tomato revealed a
novel cleavage site in lycopene, the C5-C6 and/or C5'-C6’
position, leading to the flavor of volatile 6-methyl-5 hep-
ten-2-one (MHO; Vogel et al. 2008). Recently, we have
shown that heterologously expressed rice CCD1 (OsCCD1)
can target an additional cleavage site, the C7-C8 double
bond of apolycopenals and of monocyclic and acyclic
carotenoids, yielding geranial (Ilg et al. 2009), a flavor
released by tomatoes (Lewinsohn et al. 2005) and roses
(Gang 2005).

While heterologously expressed CCDls have been
investigated extensively, there are only few reports on the
activities of these enzymes in planta. Moreover, these
reports pursued knockdown approaches, focusing on the
impact of the release of C;3-volatiles in flowers (Simkin
et al. 2004b) and fruits (Simkin et al. 2004a), or on apoc-
arotenoid accumulation in mycorrhiza (Floss et al. 2008;
Sun et al. 2008). In this study, we aimed at the elucidation
of the impact of OsCCD1 activity on carotenoids accu-
mulated in GR2 endosperm. For this purpose, the corre-
sponding cDNA was introduced under the control of the
endosperm-specific glutelin promoter 1 (Gtl). The absence
of significant decrease in carotenoid levels of transgenic
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tissues indicated that carotenoids were not the substrates in
planta. This conclusion was supported by in vitro assays
showing that the overexpressed enzyme was active on
apocarotenoids and by similar pigmentation of endosperm
tissues transformed with an anti-sense construct.

Materials and methods
Construction of pCA-RNCE and pCA-RNCE-as

The cDNA of OsCCDI was excised as an EcoRV/HindIIl
fragment from pCR-OsCCD1 (Ilg et al. 2009) and ligated
into Smal/HindIlI- and alkaline phosphatase-treated pCA-
Gtl, apCAMBIA1305 derivative harboring the endosperm-
specific glutelinl (Gtl) promoter, to yield pCA-RNCE. To
generate pCA-RNCE-as, the OsCCD1 cDNA was excised as
an Pstl/BamHI fragment from pCR-OsCCDI and ligated
into accordingly digested and alkaline phosphatase-treated
pCA-Gtl.

Rice transformation

Immature GR2 seeds (Oryza sativa var. japonica cv. Kay-
bonnet; obtained from the International Rice Research
Institute, The Philippines) were collected at the milky stage
(10-12 days after flowering), sterilized with 70% ethanol for
30-60 s and washed twice with sterile ddH,O, followed by
shaking for 70 min in 12% sodium hypochloride (w/v)
solution containing 0.1% (v/v) Tween 20. Seeds were then
washed six times with sterile ddH,O, and embryos were
isolated and cultivated for 8 days at 28°C in the dark on CIM
medium (pH 5.8) containing 4.4 g L~' MS basal salts,
2 mg L !'24D,1 mLL! Gamborg B5 vitamins (1,000 x;
Duchefa, Haarlem, The Netherlands), 0.5 g L! L-gluta-
mine, 0.5 g L™ 'L-proline, 0.3 g L™'casein hydrosylate,
30 ¢ L™! sucrose and 3 g L™" phytagel. After removing of
starch and roots, calli were dried for 10—15 min on a filter
paper and used immediately for transformation.
Agrobacterium tumefaciens (LBA 4404) transformed
with pCA-RNCE or pCA-RNCE-as was prepared by inoc-
ulation of a single colony into 5 mL of YEB medium (pH
7.5), supplemented with kanamycin (50 pg mL™"), rifam-
picin (25 pg mL™") and streptomycin (50 pg mL™"), con-
sisting of 5 g L™" bacto-peptone, 1 g L™' yeast extract,
5gL™" beef extract, 5gL™" sucrose and 493 mg
L~'MgSO,. After shaking at 28°C overnight, 50 pL of the
culture was inoculated into 50 mL of YEB medium sup-
plemented with the three antibiotics and grown at 28°C to an
ODgqo of approximately 0.6—1.0. Cells were harvested by
centrifuging (10 min, 3,220g), resuspended in 50 mL PIM2
medium (Aldemita and Hodges 1996) containing 200 uM
acetosyringone and cultured for 2-3 h at 28°C.

Agrobacterium suspension was transferred to a 50 mL
tube, and the dried calli were added. After vacuum infiltra-
tion for 10 min, the mixture was incubated for 20 min at
room temperature with occasional shaking. Calli were then
transferred to a filter paper and dried for 10-15 min, trans-
ferred onto a filter placed on CC medium (pH 5.6) containing
CC salts (Potrykus et al. 1979), 2 mg L' 2.4-p,1 mL L™}
Gamborg BS5 vitamins (1,000x; Duchefa), 0.05 g L!
casein hydrosylate, 10 g L™"' glucose, 20 g L' sucrose,
36.4 ¢ L™' mannitol and 3 g L™' phytagel, and supple-
mented with acetosyringone (200 uM). After 60 h incuba-
tion at 28°C in the dark, calli were transferred to CIM plates
and incubated at 28°C in the dark and in the presence of
antibiotics, as follows: 3 days on CIM plates containing
500 mg L~ cefotaxime, 30 days on CIM plates containing
125 mg L™' hygromycin and 500 mg L™" cefotaxime,
20 days on CIM plates containing 95 mg L™" hygromycin
and 200 mg L™ cefotaxime, followed by 14 days on CIM
plates containing 80 mg L™ hygromycin and 100 mg L™
cefotaxime. After repetition of the last step, calli were
transferred to CIM medium supplemented with 30 g L™,
sorbitol 0.5 mg L7 1AA, 1 mg L~ zeatin, 25 mg L~}
hygromycin and containing 5.5 g¢ L™ (instead of 3 g L™
phytagel. After incubation for 20-30 days at 28°C in the
light, plantlets were transferred to ROT medium (CIM with
the following modifications: 2.2 g L™' MS basal salts,
0.5 gL' casein hydrosylate, 15 gL™" sucrose and
2.4 g L™! phytagel) and grown for approximately 2 weeks at
28°Cunder 16-h/8-h light-dark cycle. Finally, plantlets were
transferred to Yoshida solution (Yoshida et al. 1976), grown
for 2 weeks at 28°C under 16-h/8-h light—dark cycle and
moved to the greenhouse.

Southern-blot analysis

Genomic DNA was extracted from frozen leaves according to
Soni and Murray (1994). As much as 12 pg of genomic DNA
was digested with Ncol, allowing the determination of the
orientation of introduced OsCCD1 cDNA. Digested DNA was
electrophoretically fractionated through a 0.8% (w/v) agarose
gel before capillary transfer and immobilization on nylon
membranes (Hybond N7, Biosciences Europe, Freiburg,
Germany). PCR amplified, digoxygenin-labeled (Roche
Applied Science, Mannheim, Germany) fragment of OsCCD 1
(primers 5 CTCTACTGGCTCTCCGGCAACT 3’ and 5
TGCAGTATTAGCTGTCCCATGTCC 3') was used as
probe. Blotting, hybridization, washing and detection were
performed following the procedure of Wiinn et al. (1996).

Carotenoid analysis

Dehusked seeds harvested ca. 30 days after flowering were
polished for 1 min using a commercial grain polisher (Kett,
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Tokyo, Japan), and carotenoids were extracted and quan-
tified spectrophotometrically according to Hoa et al.
(2003).

For HPLC analyses, the extracts were dried and resus-
pended in 40 pL. of chloroform, of which 10 pL was
injected into the HPLC system as described in Hoa et al.
(2003) with the following modifications: using a flow rate
of 1 mL min_l, the column was developed with a linear
gradient from 57% A to 100% A within 10 min, then the
conditions were maintained for 9 min. Subsequently, the
flow rate was increased to 2 mL min~! within 1 min,
maintaining these final conditions for 3 min. Carotenoid
peaks were integrated at their individual A, and quan-
tification was performed according to Hoa et al. (2003).

In vitro assays

In vitro assays were performed with milky-stage endo-
sperm of four freshly harvested seeds in a final volume of
400 pL containing the substrate at a concentration of
40 uM in the incubation buffer described by Ilg et al.
(2009). The apocarotenoid substrates were solubilized
using octyl-f-glucoside at a final concentration of 1%
(v/v). For this purpose, substrates were mixed with 100 pL
of a 4% octyl-f-glucoside ethanolic solution, dried using a
vacuum centrifuge and resuspended in 200 pL of water.
Milky-stage endosperm of four freshly harvested seeds was
added to 200 pL of 2x incubation buffer, homogenized
and mixed with the solubilized substrate. Assays were
incubated for 6 h at 28°C in the dark under gentle shaking.
Extraction and HPLC analyses were performed according
to Ilg et al. (2009).

Real-time RT-PCR assay

RNA from rice endosperm was isolated using the plant
RNA purification reagent (Invitrogen, Paisley, UK)
according to the manufacturer’s protocol. RNA purification
and on-column DNasel digestion were performed using the
Qiagen RNeasy mini kit (Quiagen, Hilden, Germany).
First-strand ¢cDNA synthesis was performed using the
TagMan reverse transcription reagents (Applied Biosys-
tems, Darmstadt, Germany), according to the manufac-
turer’s protocol. Real-time RT-PCR assays were carried
out with an ABIPrism 7000 (Applied Biosystems) using
18S rRNA levels for normalization (Human 18S rRNA
PDAR; Applied Biosystems). For the detection of OsCCD1
transcript levels, SYBR Green (Eurogentech, Cologne,
Germany) was used. Primers were designed using Primer
Express software (Applied Biosystems; R-CCD.F: 5" GAC
GAAATGTTCGCTTTTGGA 3'; R-CCD.R: 5 TGGTAA
TGACCCGGTATGTACAGT 3). The relative quantity of
the transcripts was calculated using the comparative
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Fig. 1 Southern-blot analyses. a Scheme of the transformed expres-
sion cassettes. The DIG-labeled probe (p) was localized at the 5'-end
of the OsCCDI1-cDNA (shown in gray), allowing the detection of a
576-bp for the anti-sense (I, pCA-RNCE-as) and a 2146-bp Ncol-
fragment for the sense construct (II, pCA-RNCE). Gtl, glutelinl
promoter. b Examples of Southern-blot analysis of transformed T1
anti-sense and sense plants. M marker, lines /-4 plants transformed
with pCA-RNCE-as (anti-sense), lines 5-10 plants transformed with
PCA-RNCE (sense), line 11 GR2. Hybridization with the DIG-labeled
probe led to the detection of the expected anti-sense (I) and sense (II)
fragments, respectively, which were absent in GR2. The band G
corresponds to the wild-type copy of OsCCDI

threshold cycle method (Livak 1997). Data were normal-
ized first to the corresponding 18S rRNA levels and then
expressed as relative to GR2 transcript levels.

Results

Generation of GR2 plants transformed with OsCCD1
cDNA

To transform GR2 plants, the two binary vectors pCA-
RNCE-as (Fig. 1a, I) and pCA-RNCE (Fig. la, II) were
constructed, containing the OsCCD1 cDNA under the
control of the Gtl-promoter in anti-sense and sense ori-
entation, respectively. The embryos of an experimental
GR2 event in a cv. “Kaybonnet” background were isolated
and transformed using Agrobacterium tumefaciens. Trans-
genicity of regenerated plants was confirmed by Southern-
blot analyses, the examples of which are shown in Fig. 1b.



Planta (2010) 232:691-699

695

300
250

- N
[6)] o
o o
1 1

-

expression rel. GR2
o 8 8
1 1 1

12 3 45 6 7 8 9 10 11 12 13 14

Fig. 2 Real-time RT-PCR analysis of OsCCDI mRNA levels in
milky-stage endosperm. OsCCDI-mRNA levels in T2 milky-stage
endosperm of different sense lines were determined and calculated
relative to the OsCCD-expression level of GR2. The depicted values
represent the average of the levels of two siblings per line (SE)

Eight anti-sense and 14 sense plants obtained from inde-
pendent calli were selected for further investigation.

The introduced OsCCD1 is highly expressed in sense
plants

To determine the expression levels of overexpressed Os-
CCD1, TI seeds from sense plants were grown under hy-
gromycin selection. Total RNA was then isolated from
milky-stage T2 seeds, i.e., 10-12 days after flowering, and
used for real-time RT-PCR analysis. The results obtained
are shown in Fig. 2. Compared to the control (GR2), the
OsCCD1 transcript levels showed a marked increase in all
lines investigated, ranging from about 50-fold in line 2 to
about 240-fold in line 14. Analysis of anti-sense plants
revealed high levels of transcripts (Online Resource 1)
corresponding to anti-sense mRINA that cannot be distin-
guished from sense transcripts by real-time RT-PCR.

Endosperms of sense and anti-sense plants exhibit
similar variable carotenoid contents

To determine the impact of the transformation on carot-
enoid levels, endosperm of homozygous T2 seeds from

sense and anti-sense plants were harvested 30 days after
flowering, and carotenoids accumulated were extracted and
quantified photometrically. Contrary to our expectation,
overexpression of OsCCD1 did not lead to a pronounced
decrease of carotenoid content. As shown in Fig. 3, the
carotenoid levels in the endosperm of sense plants (black
bars) exhibited a relatively high variability commonly
found with this greenhouse-grown cultivar and were in a
range of 11-27 pug g~', with the majority of the lines
containing approximately 15-21 pg g_l, a content similar
to that of GR2 (hatched bar). These data indicated that
endosperm carotenoid levels were not affected by OsCCD1
transcript levels. Consistently, endosperm samples of anti-
sense plants (gray bars) did not contain higher carotenoid
levels. Moreover, one of the anti-sense plants (line 15)
even contained significantly reduced carotenoid level,
compared to the GR2 control.

To shed light on a possible impact of the transformation
on individual carotenoids, HPLC analysis was performed
with extracts of homozygous T2 seeds from sense and anti-
sense plants, and amounts of different carotenoids were
calculated and compared with those of GR2. As shown in
Table 1, the values determined were variable and did not
allow the conclusion that overexpression of OsCCDI1 leads
to a decrease in a specific carotenoid. With the exception of
lutein that showed slightly lower values in the sense and
higher in the anti-sense plants, the contents of individual
carotenoids did not correlate with the orientation of the
introduced OsCCD1-cDNA.

Taken together, the transformation with OsCCDI in
both, sense and anti-sense orientations, resulted in plants
accumulating variable carotenoid amounts with an average
comparable to the content of the GR2 control.

OsCCD1 overexpressed in endosperm is active in vitro

Since increased transcript levels do not necessarily result in
functional enzymes, we checked the carotenoid cleavage
activity of endosperm samples containing overexpressed
OsCCD1 in vitro. For this purpose, incubations with

Fig. 3 Carotenoid content in 40
T2 seeds of sense and anti-sense
plants. The carotenoid levels in 351
seeds of sense plants (black) and "o 30
anti-sense plants (gray) were ]
determined and compared to 5 257
those of GR2 (hatched). 3 201
. -t
Depicted values of sense and °
anti-sense plants represent the 8 151
average of two biological 1= 10
replicas (£SE). The value for
GR2 corresponds to the average 5
of five replicas (£SD) 0

7

i

12 13 14 15 16 17 18

8 9 10 1 19 20 21 22 GR2
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Table 1 Carotenoid composition in T2 seeds (30 days after flower-
ing) of sense and anti-sense plants

Carotenoid AS S GR2

Lutein 1.57 £ 0.63 0.93 £ 043 1.21 £0.23
Cryptoxanthin 3.88 £ 1.67 3.11 £ 0.89 2.06 £ 0.65
o-Carotene 10.57 £ 1.95 11.86 + 3.86 16.89 £ 1.72
p-Carotene 70.04 £ 6.56 66.27 £+ 10.77 63.96 + 4.65
Phytoene 13.95 £ 6.23 17.84 £ 11.64 15.89 £ 3.70

Percentage of total carotenoids

The carotenoid compositions of seeds of anti-sense (AS) and sense (S)
plants were compared to that of GR2. Carotenoids were quantified by
HPLC analysis, according to Hoa et al. (2003). Depicted values
represent the average of 8 anti-sense, 14 sense lines and 4 independent
GR2 plants (£SD)

f-carotene, zeaxanthin, f-apo-10'-carotenal and apo-10'-
lycopenal were performed. These two apocarotenoids (for
structure see Fig. 4) were previously shown to be suitable
substrates for OsCCD1 heterologously expressed in E. coli
(Ilg et al. 2009). The assays were extracted and analyzed by
HPLC. Incubation with fS-carotene did not lead to detect-
able products. Similarly, only very weak activity was
observed with zeaxanthin (data not shown). Much higher
activities were detected with apocarotenoids. Incubation
with fS-apo-10'-carotenal (C,;, substrate I; Fig. 4b) led to
the formation of f-ionone (C,3, product 3; Fig. 4) and the
corresponding  Cj4-dialdehyde apo-10,10'-carotene-dial
(product 2; Fig. 4). The nature of the two products was
verified by comparison to authentic standards (data not
shown), suggesting the cleavage of the C9-C10 double
bond. In addition to these C;3- and C;4-compounds, two
products were detected (products 1 and 4; Fig. 4), the
nature of which could not be determined. Besides being
cleaved, f-apo-10'-carotenal was also reduced to the cor-
responding alcohol, as indicated by peak E (Fig. 4), iden-
tical to f-apo-10'-carotenol in its UV-vis spectrum.
However, the retention time of peak E was much longer
than that of S-apo-10’-carotenol, pointing to esterification.
The reduction of the aldehyde is corroborated by the
presence of peak E in both GR2 and the OsCCDI1 sense
samples, in contrast to products 1-4 (Fig. 4) that were
restricted to the latter. The incubation with apo-10'-lyco-
penal (Csq) led to four products (Fig. 4c) identical to those
produced by heterologously expressed enzyme (Ilg et al.
2009), which were used as references. Products 2 and 5
(Fig. 4) were identified as apo-10,10'-carotene-dial (C,4)
and pseudoionone (C;3), which were produced on cleavage
of the C9-C10 double bond (A; Fig. 4d). Product 7 cor-
responded to the Co-dialdehyde apo-6,10/-carotendial arising
through the cleavage of the C5—-C6 double bond (C; Fig. 4d),
which also led to the volatile 6-methyl-5-hepten-2-one (Csg;
MHO). Product 6 was identified as apo-8,10'-carotendial
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Fig. 4 HPLC analyses of incubations of apocarotenoids with milky-
stage endosperm. Endosperm overexpressing OsCCDI1 (line 5, Fig. 2)
was incubated with f-apo-10’-carotenal (I) and apo-10'-lycopenal (IT).
Incubation with I led to four products / unidentified compound, 2 apo-
10,10'-carotendial (C,4), 3 B-ionone, and 4 unidentified compound.
Incubation with IT led to four products 2 apo-10,10'-carotendial (C4), 5
pseudoionone, 6 apo-8,10'-carotendial (C,;), 7 apo-6,10'-carotendial
(Ci9) and 6 pseudoionone. a UV/vis-spectra of the detected com-
pounds. b Chromatogram of the incubation with f-apo-10'-carotenal
(I). ¢ Chromatogram of the incubation with f-apo-10’-lycopenal (II).
d Structures of the substrates with the deduced cleavage sites A, C9—
C10; B, C7-C8; C, C5-C6. e Structures of the detected cleavage
products. The peak E in b corresponds to esterified -apo-10'-carotenol
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(C47), formed from geranial (C,() through the cleavage of
the C7-C8 double bond. As with -apo-10’-carotenal, none
of the cleavage products was detected in the control assay
(GR2), suggesting their formation by overexpressed
OsCCD1.

Discussion

Enzymatic studies with heterologously expressed plant
CCD1 enzymes suggested their capability in cleaving
p-carotene and other Cgyg-carotenoids, both in vitro and
in carotenoid-accumulating E. coli cells, pointing to an
involvement in carotenoid turnover in planta. In support of
such a role, it was shown that loss of function of the
Arabidopsis CCDI results in an increase of seed carotenoid
content, but no other phenotype (Auldridge et al. 2006b).
Consistent with this finding, it was reported that the maize
White cap (Wc) mutant exhibits a dose-dependent carot-
enoid deficiency in kernels, due to enhanced CCDI1
expression in the endosperm (Timmermans et al. 2004).
Thus, these results indicate that downregulation of CCD1
activity may be a tool to enhance the carotenoid content in
seeds of cereals, analogous to CCD4a in Chrysantemum
petals (Ohmiya et al. 2006). To test this possibility and to
investigate the carotenoid cleavage activity in planta, Os-
CCDI1 cDNA was expressed in GR2 endosperm in both
sense and anti-sense orientations. Based on the observa-
tions with maize White cap (Wc) mutant, we expected
pronounced changes in carotenoid content, especially on
OsCCD1 overexpression. However, both sense and anti-
sense transformations led to carotenoid contents that do not
correlate with the orientation of the introduced cDNA or, in
case of sense transformants, with the OsCCD1 expression
levels. The absence of significant decrease in the latter
transformants cannot be explained by expressed, but non-
active, CCD1 enzyme. This conclusion was drawn from the
cleavage of apocarotenoids by overexpressing endosperm
samples in vitro, which was not detectable with the GR2
control. Our data indicate that apocarotenoids rather than
carotenoids are the substrates of OsCCDI1 in planta. This
result can be explained by the absence of a transit peptide
in CCD1 enzymes (Bouvier et al. 2005; Floss and Walter
2009), which is necessary to provide access to plastid-
localized carotenoid substrates. The cytosolic localization
of CCDI1 enzymes distinguishes them from other plant
carotenoid cleavage dioxygenases, e.g., CCD4 or CCD7,
which occur together with their substrates, the carotenoids,
in plastids.

The involvement of CCD1 enzymes in the formation of
carotenoid-derived C;s-volatiles in plants was confirmed
by knockdown experiments in tomato fruits and petunia
flowers, leading to decreased emission of f-ionone (Simkin

et al. 2004a, b). In addition, recent studies on the CCD1
from maize suggested its involvement in the formation of
cyclohexenone and mycorradicin in mycorrhizal roots (Sun
et al. 2008). New insights into the nature of the substrates
cleaved by CCDI1 in vivo were provided by analysis of
mycorrhizal hairy roots of Medicago truncatula. Using
RNA interference (RNAI), it was shown that repression of
CCDI gene in this tissue leads to reduction of mycorrhizal
apocarotenoids and accumulation of C,;-apocarotenoids,
pointing to apo-10'-carotenal as the substrate in planta
(Floss et al. 2008) and revealing CCD1 as an apocarotenoid
oxygenase similar to the cyanobacterial enzymes SynACO
(previously designated as Diox1; Ruch et al. 2005) and
NosACO (Scherzinger et al. 2006). Therefore, it is sup-
posed that MtCCD1 acts as a second cleavage enzyme
converting Cy7-apocarotenals released from plastids after
formation by other carotenoid cleavage dioxygenases, i.e.,
CCD7 or CCD4, which utilize C,4q carotenoids (for review,
see Floss and Walter 2009). Supporting the scenario of
sequential cleavage reactions as route for formation of
mycorrhizal apocarotenoids, it was recently shown that
downregulation of CCD7 in tomato decreases strigolac-
tones content as well as the levels of cyclohexenone and
mycorradicin (Vogel et al. 2010). The necessity of an ini-
tial cleavage enzyme, e.g., CCD4 or CCD7, for CCDI1
activity in mycorrhiza is in agreement with our results
showing that overexpression of OsCCDI1 alone does not
lead to degradation of carotenoids in the GR2 endosperm.
However, in contrast to mycorrhizal hairy roots of Medi-
cago truncatula, downregulation of CCD1 activity in GR2
endosperm did not lead to accumulation of apocarotenoids,
as suggested by HPLC analysis (data not shown). Hence, it
could be assumed that CCD4 or CCD7 activities are low or
absent in GR2 endosperm. Accordingly, expression anal-
yses of rice CCD4a (accession no AY838897), CCD4b
(accession no. AY838898) and CCD7 (accession no.
XP_473418) enzymes revealed low expression levels,
compared to seedlings (data not shown). Low transcript
level was also determined for OsCCD1 in the endosperm.
These low expression levels are consistent with the absence
of cleavage activities of rice endosperm when incubated
with apocarotenoids or carotenoids in vitro. As shown in
Fig. 4, the cleavage of fS-apo-10'-carotenal and apo-10'-
lycopenal was only detected with endosperm samples
overexpressing OsCCD1. Similarly, incubation with Cyq
carotenoids, i.e., zeaxanthin, revealed weak activity that
was observed only on overexpression of OsCCD1 (data not
shown).

The CCDI1 subfamily is widely represented in plants.
Moreover, homologous enzymes occur even in cyanobac-
teria. The Nostoc sp. PCC 7120 enzyme NosCCD (previ-
ously designated as NSC1; Marasco et al. 2006) can be
considered as an ortholog of plant CCD1s enzymes, since it
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shows similar substrate specificities and cleavage pattern
(Scherzinger and Al-Babili 2008). Due to its cytosolic
localization and induction by high light, it was supposed
that NosCCD was responsible for scavenging cytosolic
apocarotenoids that may arise due to this stress condition
(Scherzinger and Al-Babili 2008). It could be speculated
that plant CCD1 fulfill a similar function, converting
plastid-released apocarotenoids arising through destructive,
non-enzymatic oxidative cleavage processes, into volatiles.
Such a scenario might explain the wide substrate speci-
ficity and the multiple cleavage sites, which distinguish
CCD1 enzymes from other plant carotenoid cleavage
dioxygenases.
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