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Abstract

Main conclusion Down-regulation of lipoxygenase
enzyme activity reduces degradation of carotenoids of
bio-fortified rice seeds which would be an effective tool
to reduce huge post-harvest and economic losses of bio-
fortified rice seeds during storage.

Bio-fortified provitamin A-enriched rice line (golden rice)
expressing higher amounts of B-carotene in the rice en-
dosperm provides vitamin A for human health. However, it
is already reported that degradation of carotenoids during
storage is a major problem. The gene responsible for
degradation of carotenoids during storage has remained
largely unexplored till now. In our previous study, it has
been shown that r9-LOX1 gene is responsible for rice seed
quality deterioration. In the present study, we attempted to
investigate if ¥9-LOX1 gene has any role in degradation of
carotenoids in rice seeds during storage. To establish our
hypothesis, the endogenous lipoxygenase (LOX) activity of
high-carotenoid golden indica rice seed was silenced by
RNAI technology using aleurone layer and embryo-specific
Oleosin-18 promoter. To check the storage stability, LOX
enzyme down-regulated high-carotenoid Tj transgenic rice
seeds were subjected to artificial aging treatment. The
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results obtained from biochemical assays (MDA, ROS)
also indicated that after artificial aging, the deterioration of
LOX-RNAI lines was considerably lower compared to B-
carotene-enriched transgenic rice which had higher LOX
activity in comparison to LOX-RNAI lines. Furthermore, it
was also observed by HPLC analysis that down-regulation
of LOX gene activity decreases co-oxidation of B-carotene
in LOX-RNAIi golden rice seeds as compared to the -
carotene-enriched transgenic rice, after artificial aging
treatment. Therefore, our study substantially establishes
and verifies that LOX is a key enzyme for catalyzing co-
oxidation of B-carotene and has a significant role in dete-
rioration of B-carotene levels in the carotenoid-enriched
golden rice.

Keywords RNAi - -carotene - Provitamin A -
Lipoxygenase - Post-harvest deterioration - Artificial aging

Abbreviations

LOX Lipoxygenase

MDA Malondialdehyde

ROS Reactive oxygen species

VAD Vit-A deficiency
DCFDA 2/, 7'-Dichlorofluorescin diacetate

Introduction

Carotenoids are one of the most essential natural pigments
belonging to the group of C4y isoprenoid compounds
(Walter and Strack 2011; Farré et al. 2010). It is a large
class of terpenoid containing widespread conjugated
polyene chain which is vital for light absorption in blue—
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green range (450-550 nm) (Moise et al. 2013). It has a
significant role in functioning of the visual system, growth,
reduction of cancer, decrease in cardiovascular diseases,
reproduction, immunity, cell differentiation and prolif-
eration (Kim et al. 2011). However, these carotenoids are
synthesized only by phototropic organisms and few non-
phototropic species (Takemura et al. 2015). Hence, to meet
daily requirements of carotenoids, the humans have to
depend on plant sources.

The nutritional importance of carotenoids is mainly at-
tributed to the provitamin A activity such as B-carotene, o-
carotene, B-cryptoxanthin and others, with at least one in-
tact non-oxygenated B-ionone ring (Digesu et al. 2009).
Vitamin A is an important anti-nutrient and necessary nu-
trient for human health and its deficiency leads to night
blindness, xerophthalmia, measles, etc. (Parkhi et al. 2005;
Paine et al. 2005; Shumskaya and Wurtzel 2013; Guzman
et al. 2010). It is estimated that over 1 billion people
worldwide are suffering from malnutrition and among
them, 250 million school children worldwide are suffering
from Vitamin A deficiency (VAD) (Tang et al. 2009).
Vitamin A can be obtained from different foods, either as
preformed vitamin A in animal products (e.g., eggs and
dairy products) or mainly B-carotene in plant products
(e.g., dark-green leafy vegetables and fruit). However, in
developing countries, VAD is the major problem owing to
predominant consumption of rice as the main diet for en-
ergy source (Sellappan et al. 2009). This is because rice
endosperm lacks provitamin A (B-carotene), which is
converted to vitamin A in the human body. Therefore, to
overcome this problem, till date, several attempts have
been taken for manipulation of carotenoid biosynthetic
pathway to develop B-carotene-rich golden rice (Paine
et al. 2005; Ye et al. 2000; Datta et al. 2003).

Apart from increasing the carotenoid content in rice,
another difficult challenge is the proper storage and
maintenance of nutritional qualities of the carotenoid-en-
riched transgenic rice. It is well known that Lipoxyge-
nases (LOX, linoleate: oxygen oxidoreductase, EC
1.13.11.12) are non-haem, iron-containing dioxygenases
that catalyze the oxidation of polyunsaturated fatty acids
(e.g., linoleic and linolenic acids) in plants, animals and
microorganisms (Carrera et al. 2007). These enzymes
catalyze the insertion of molecular oxygen into polyun-
saturated (PUFA) lipids containing a cis, cis-1, 4-penta-
diene system such as linoleic, linolenic, and arachidonic
acids to yield conjugated hydroperoxide products which
oxidizes carotenoids (Gardner and Grove 1998; Hidalgo
and Brandolini 2008). Lipoxygenase is generally used in
food-related applications in bread making, aroma pro-
duction by molecular oxidation of carotenoids present in
food products (Casey 1997). Conversely, the co-oxidation
of carotenoids has negative effects for color, antioxidant

@ Springer

status, off-flavor formation and nutritional quality dete-
rioration (Baysal and Demirdéven 2007; Chedea and
Jisaka 2013). The process is called “co-oxidation” be-
cause LOX does not directly act upon carotenoids, instead
it produces hydroperoxy fatty acids during the catalytic
reactions, which consequently co-oxidizes and decolorizes
the carotenoids (Casey 1997; Wu et al. 1999). During
storage, free radical produced from the intermediate steps
of fatty acid oxidation such as linoleic acid is responsible
for the oxidative degradation of carotenoid pigments of
rice seed. The carotenoids are the most sensitive due to
presence of conjugated double bond system (Wu et al.
1999) and are hence susceptible to oxidation, which poses
an important storage problem and subsequent nutritional
quality deterioration in P-carotene-enriched rice. It has
been observed that B-carotene level of golden rice de-
creases rapidly during storage. Not only rice, co-oxidation
of B-carotene is a most important problem for wheat too
(Leenhardt et al. 2006).

In our prior study, we had identified that r9-LOXI gene
is responsible for seed quality deterioration. However, its
(r9-LOX1) direct role in the degradation of carotenoid in
golden rice during storage has not been studied enough. In
the present study, we targeted suppression of r9-LOXI
gene of carotenoid-enriched transgenic rice seed to find
whether r9-LOXI gene has any role in the deterioration
process. The resulting transgenic rice plants exhibited
substantial diminution in LOX activity, which conse-
quently led to reduced co-oxidation of B-carotene in LOX-
RNAIi golden rice seeds as compared to the B-carotene-
enriched transgenic rice line (SKBR-244), after artificial
aging. In addition, the LOX-RNAIi golden rice lines dis-
played normal phenotype and no significant differences
were observed in any of the agronomic traits studied when
compared to wild type.

Materials and methods
Plant materials

The present experiment was performed using high-car-
otenoid homozygous transgenic indica rice (SKBR-244)
developed by Datta et al. (2006). The plant was grown in
green house condition to obtain seed for genetic
transformation.

Cloning of RNAi vector and plant transformation

RNAIi vector containing r9-LOXI gene under control of
Oleosin-18 promoter (pOle-lox-006) was used for plant
transformation as described in our previous study by Gayen
et al. (2014). The constructed RNAi vector pOle-lox-006
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was introduced into the genome of golden indica rice line
(SKBR-244), by PDS-1000/He particle delivery system
(Bio-Rad, Hercules, CA, USA) (Datta et al. 1998). Sub-
sequently, the transformed calli were screened on MS
media containing 50 pg mL~' hygromycin (Datta et al.
1990). The independent hygromycin-resistant putative
transgenic plants were transferred to green house to grow
subsequent generations.

Genomic DNA analysis (T,-T3)

The putative transgenic plants were screened by PCR
analysis for the presence of transgene. Genomic DNA was
extracted from leaf of putative transgenic plants according
to the method described by Huang et al. (1997). The
presence of transgene psy, crtl and RNAI vector in trans-
genic plant (T,—T5 generation) was confirmed by genomic
PCR analysis using gene-specific primers. The primers
sequences used were as follows: RGA2 intron (Forward:
5'-CCTGAAATTGGTAAAAGTAGA-3 and Reverse: 5'-
TGTATCTTCATACTGCATTTG-3), psy (Forward: 5'-TG
GTGGTTGCGATATTACGA-3' and 5'-ACCTTCCCAG
TGAACACGTC-3'), crtl (Forward: 5-GGTCGGGC
TTATGTCTACGA-3' and Reverse: 5-ATACGGTCGCG
AGTTTTGG-3').

RNA isolation and qRT-PCR analysis

Expression level of different genes was verified by quan-
titative real-time PCR (qRT-PCR) analysis. Total RNA
was extracted from matured rice seeds (30 days after pol-
lination) using a rapid TRIzol-based method (Meng and
Feldman 2010). After DNasel treatment, RNA (4 pg) was
reverse transcribed to cDNA in a 20 pl reaction volume
according to manufacturer’s protocol (Fermentas, USA).
The resulting cDNA was used as template (1.0 pl) for PCR
reaction. The quantitative PCR was performed using real-
time PCR system (CFX 96 Real-time system; Bio-Rad,
Hercules, CA) with SYBR green reaction mixture (Fer-
mentas, USA) using gene-specific primers. The primers
used were as follows: r9-LOXI (F-5'-CATCAAGGACCC
ATCAAGC-3" and R-5-TCCCTGGAGGACACCATC-3),
0s03g0700400  (5'-GAGATCGAAGGGAAGGTGGT-3'
and 5-CGGAGGTGTTGGGGTAAAG-3'), LOX-L2 (5'- A
CGCTGCTCTACCCAAACAC-3' and 5'-CCGGTAAAG
ACCACCGTAAA-3'), RLL (5-GAGGCGATCAACCAG
AAGAG-3' and 5'-GTCGTCGGTGAGGAAGAAGA-3'),
crtl (5-CGATCCCAGTGCCATTGAAG-3' and 5-CA
TCCCCTGAACTAATGCGC-3') and psy (5'-ATGCTTA
TGATCGATGCGGC-3' and 5'-CCTCTTCTTGCATCTT
CGCC-3'). For each reaction, B-tubulin (BTF-5'-GGAG
TCACATGCTGCCTAAGGTT-3 and BTR-5-TCACTG
CCAGCTTACGGAGG-3’) was used as reference gene.

The quantitative variation between samples was calculated
by AACt method.

Southern blot analysis

Southern blot analysis was performed for confirmation
of stable integration. The transgene integration, stability
and trait improvement in rice have been discussed by
Datta et al. (1997). 10 pg of genomic DNA was di-
gested with respective restriction enzyme at 37 °C for
overnight and total volume of digestion was 150 pl. The
digested genomic DNA was electrophoresed at 50 V in
1 % agarose. The DNA fragments were transferred to
Hybond-N © membrane using 10 x SSC solutions for
overnight according to manufacturer’s protocol. The
blot was hybridized with crtl labeled with o>?P dCTP
isotope (BARC, India) and RGA2 intron labeled with
DIG using Random Primed DNA labeling kit (Roche,
USA).

Enzyme extraction and lipoxygenase enzyme assay

Total protein from rice seeds was extracted by 0.1 M
sodium phosphate buffer (pH-6.3) and LOX activity was
measured by spectrophotometer (Bio-Rad, USA) at Ajzy
at 25 °C as described by Mizuno et al. (2003). LOX ac-
tivity of rice seeds was expressed as Ajs4/min/mg of
protein.

Artificial aging treatment of transgenic and non-
transgenic rice seeds

Artificial aging of matured seeds was performed in a plant
growth chamber (Eyela, Japan) at 45 £ 1 °C and 85 %
relative humidity in dark condition for 14 days (Li et al.
2007).

Lipid peroxidation assay

Lipid peroxidation was measured by MDA contents of
mature rice seeds (transgenic LOX down-regulated line and
B-carotene-enriched rice seed), as described by Gayen et al.
(2014). The MDA content was measured by extinction co-
efficient 155 mM ™' cm™" and expressed as nmole/g.

Estimation of total ROS by DCFDA

100 mg of rice seed powder was taken in 2.0 ml micro-
centrifuge tube and vortex with 1.0 ml 10 mM Tris—HCI
pH-7.2. Extract was collected after centrifugation at
12,000 rpm for 20 min. Fluorescence intensity was mea-
sured with 1 mM DCFDA at Ex-495 nm and Em-529 nm
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(Jambhunathan 2010). The ROS value was expressed by
relative intensity per mg of protein.

Carotenoids extraction and HPLC analysis

Carotenoids were extracted from powder mature rice seed
(100 mg) using 1 ml of NaCl (200 g/L)) and 1 ml of 1:1
cyclohexane and ethyl acetate solvent. Prior to extraction,
20 pl of Apocarotenal was added (10 pg/ml) to the ex-
traction mixture as an internal standard. The mixture was
vortexed and centrifuged at 2000 rpm for 10 min. The
upper phase was collected and the extraction process was
repeated until the elimination of yellow color from rice
sample. The extract was dried in speedvac system (Eyela,
Japan) and dissolved in 50 pl 1:1 cyclohexane and ethyl
acetate mixture. Carotenoids were separated with YMC
C30 column using methanol, tertiary butyl methyl ether
and water mixture (81:15:4-6:90: 4) (Sander et al. 1994).

Statistical analysis

All the data were analyzed by Graphpad prism 5 software
and expressed as mean £ SE (standard error). The mean
values were compared by ANOVA and statistical sig-
nificant differences were analyzed using Bonferroni Post-
tests.

Results

Generation of LOX-RNAi transgenic golden rice
lines

Transgenic golden rice containing high level of carotenoids
was developed by integration of phytoene synthase (psy)
and phytoene desaturase (crfl) into a high-yielding rice
cultivar BR29 (Fig. 1a) (Datta et al. 2006). In our previous
studies, it was reported that lipoxygenase present in rice
seed is responsible for nutritional quality deterioration and
viability (Gayen et al. 2014). Therefore, in order to sup-
press co-oxidation of B-carotene of golden rice, LOX ac-
tivity of the transgenic rice seeds was reduced by silencing
of r9-LOXI1 (AB099850) gene by Gateway-based RNAi
technology using tissue-specific Oleosin-18 promoter
(Gayen et al. 2014). For down-regulation of LOX activity,
partial fragment of r9-LOX1 gene was cloned in sense and
antisense orientation under the control of Oleosin-18 pro-
moter (Fig. 1b). The tissue-specific Oleosin-18 promoter
was used to reduce LOX activity specifically in the embryo
and aleurone layer of rice grains (where LOX is generally
present). Through Biolistic transformation and subsequent
tissue culture, twenty-four putative hygromycin-resistant
transgenic plants were obtained. Genomic DNA was
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isolated from all twenty-four independent plants along with
control plant (Golden rice without RNAi-LOX construct)
and subjected to PCR analysis using specific primer pairs
for amplification of wheat RGA2 intron to confirm the in-
tegration of pOle-lox-006 vector in the plant genome. Si-
multaneously, presence of psy and crtl gene of golden rice
(To—T3) was checked by PCR analysis using gene-specific
primers (Rai et al. 2007). Out of 24 plants, 20 plants
showed amplified fragments of RGA2 intron (310 bp), crtl
and psy, respectively. There were no corresponding bands
in the negative control and wild-type plants. Subsequently,
down-regulation of LOX activity in these PCR positive
transgenic plants (Ty) was confirmed by LOX enzyme as-
say. Among the transgenic lines analyzed, three T, trans-
genic lines exhibiting maximum down-regulation of LOX
activity with respect to B-carotene-enriched transgenic line
SKBR-244 were selected and successive generations were
grown under greenhouse condition until maturity (T,-Tj3).
Segregation of transgenic plants (T;—T3) was analyzed by
genomic PCR analysis. Down-regulation of LOX activity
of transgenic T, plants was confirmed by LOX enzyme
assay. After screening of resultant transgenic generations
(T1-T3), most promising LOX down-regulated T; trans-
genic lines #10-4-2, #14-10-4 and #15-5-7 were selected
for further molecular and biochemical analyses. Integration
of crtl, psy and lox gene was confirmed by genomic PCR
analysis (Fig. 1c).

Reduced LOX activity

The reduction of LOX activity in LOX-RNAIi transgenic
golden rice seeds (T;) was measured by enzyme assay
using linoleic acid as substrate. The enzyme assay revealed
that maximum down-regulation was observed in #10-4-2
(69.0 %), #14-10-4 (67.0 %) and #15-5-7 (64 %) lines
compared to that of B-carotene-enriched transgenic rice
seed, indicating a seed-specific down-regulation by tissue-
specific Oleosin-18 promoter (Fig. 1d).

Expression analysis of transgenic T; plant

The mRNA expression level of lox gene in different
transgenic lines (T3) was analyzed by qPCR analysis using
total RNA extracted from rice seeds. The gPCR analysis
revealed that the transcript level of r9-LOXIgene
(AB099850) was reduced significantly in #10-4-2
(68.0 %), #14-10-4 (67.0 %) and #15-5-7 (62.0 %) trans-
genic T lines with respect to B-carotene-enriched SKBR-
244 rice. In addition, the transcript level of Os03g0700400
gene having sequence similarity with r9-LOXI gene was
also declined by 59 % in #10-4-2, 58.0 % in #14-10-4 and
48 % in #15-5-7 lines as compared to B-carotene-enriched
transgenic rice (Fig. 2) (Gayen et al. 2014). Expression
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Fig. 1 Schematic diagram of RNAIi vector used for rice transforma-
tion and analysis of transgenic plant (Ts) # 10-4-2, # 14-10-4 and #
15-5-7 by genomic PCR and RT-PCR analysis. a Binary vector
containing psy and crtl gene was used for plant transformation.
b Binary vector construct containing partial fragment of r9-LOXI
gene under control of tissue-specific Oleosin-18 promoter. ¢ PCR

level of LOX-L2 (X64396) and RLL (D14000) was also
checked to verify if any alteration due to silencing of LOX
gene. The results clearly indicated that there was no al-
teration in gene expression due to silencing of desired gene
(LOX) to enhance storage stability of carotenoid-enriched
golden rice. Furthermore, the expression of both psy and
crtl genes was confirmed by semi-quantitative RT-PCR
analysis. The results confirmed expression of both psy and
crtl in transgenic LOX-RNAI golden rice seed (Fig. 3).

Southern hybridization

The stable integration of trans gene in the genome of
transgenic lines #10-4-2, #14-10-4, #15-5-7 was confirmed
by Southern blot analysis using gene-specific probe psy and
RGA2. The isolated genomic DNA was digested with
EcoRI and Sacl restriction enzyme. The results revealed
the stable integration of the transgene into the progeny
(T3). The Southern hybridization showed band in trans-
genic plants #10-4-2, #14-10-4, #15-5-7. However, no
hybridization band was detected in case of the non-trans-
genic control plants (Fig. 4).

Down-regulation of LOX enhances storage stability

Both transgenic and SKBR-244 rice seeds were subjected
to artificial aging treatment at 45 °C and 85 % relative

LOX activity
(A243/min/mg of protein)

»
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confirmation of psy, crtl and RGA2 gene as amplified from genomic
DNA of transgenic rice plant. d Lipoxygenase enzyme assay of
transgenic rice seeds (T3) # 10-4-2, # 14-10-4 and # 15-5-7 with
respect to SKBR-244 rice seeds. Values presented as mean + SE
(n=23)

humidity (RH) for 14 days. Prior to aging treatment, LOX
activity of LOX-RNAI transgenic lines #10-4-2, #14-10-4,
#15-5-7 and SKBR-244 rice seeds was 0.48, 0.51, 0.55
and 1.56 A234/min/mg of protein. However, the results
obtained after aging clearly showed higher LOX activity
in SKBR-244 seeds (2.40 A234/min/mg of protein) as
compared to that of transgenic #10-4-2 (0.64 A234/min/
mg of protein), #14-10-4 (0.65 A234/min/mg of protein)
and #15-5-7 (0.69 A234/min/mg of protein), respectively
(Fig. 5a).

Subsequently, lipid peroxidation of rice seeds was also
determined by MDA assay. From this study, it was observed
that initially MDA content of SKBR-244 rice seed and
transgenic lines #10-4-2, #14-10-4, #15-5-7 was 5.2, 3.71,
3.73 and 3.90 nmol/g, respectively. However, after aging
treatment, MDA content of SKRB-244 rice increased more
rapidly (6.56 nmol/g) compared to lox down-regulated
transgenic rice lines #10-4-2 (4.3 nmol/g), #14-10-4
(4.33 nmol/g) and #15-5-7 (4.83 nmol/g), respectively
(Fig. 5b). Simultaneously, we measured ROS content in rice
seeds by fluorometric assay. The results displayed a sig-
nificant increase in the ROS content of SKBR-244 rice seeds
from 8.19 RFU/pg of protein to 12.66 RFU/ng of protein
whereas the level of ROS content increased marginally in
transgenic carotenoid lines #10-4-2 (8.01-8.19 RFU/pg of
protein), #14-10-4 (8.0-8.52 RFU/pg of protein) and #15-5-
7 (8.13-8.78 RFU/ug of protein) (Fig. 5c¢).
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Fig. 3 RT-PCR analysis of different gene of LOX down-regulated
transgenic (# 10-4-2, # 14-10-4 and # 15-5-7) rice seeds as compared
to control. f-tubulin was used as reference gene
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Fig. 4 Southern blot analysis of transgenic plant (T3) # 10-4-2, #
14-10-4 and # 15-5-7 with respect to SKBR-244 plant. a 10 pg
genomic DNA was digested with EcoR1 enzyme and hybridized with
crtl probe (radioactive). b 10 pg genomic DNA was digested with
Sacl enzyme and hybridized with RGA2 probe (non-radioactive)

Down-regulation of LOX reduces deterioration
of carotenoids during storage

To determine whether down-regulation of LOX activity
actually enhances storage stability of rice seeds, carotenoid
content (B-carotene, a-carotene and lutein) of rice seeds
was analyzed by HPLC method after artificial storage
(Fig. 6). Data obtained from HPLC analysis evidently il-
lustrated that before artificial aging treatment -carotene of
LOX-RNAI transgenic lines #10-4-2, #14-10-4, #15-5-7
and SKBR-244 rice was 3.21, 3.18, 3.18 and 3.30 pg/g,
respectively. Whereas, after aging treatment, B-carotene
content of SKBR-244 rice seed (56.0 %) decreased sig-
nificantly as compared to that of transgenic LOX down-
regulated lines #10-4-2 (9.6 %), #14-10-4 (11.3 %), #15-5-
7 (24.7 %). Similar trends were observed in case of a-
carotene and lutein. This result clearly demonstrates that
the amount of LOX levels in the rice seeds is directly
involved in degradation of carotenoid (Fig. 7).

Agronomic evaluation of transgenic LOX-RNAi
plant

A phenotypic evaluation of transgenic LOX-RNAi and B-
carotene-enriched SKBR-244 plants revealed no major



Planta

(a) = 3
-z 3 Non-treated
) @l Treated
za
T < 24
. O
T =
< g
z ~
) £ 4
-— =
-
-
~
< oA n. n. I-I l_
SKBR-244 #10-4-2 #14-10-4 #15-5-7
(b) = 8-
z 3 Non-treated
- @l Treated
‘=0
3 61
£
S
T 4
=
a
; 2- T T T
SKBR-244 #10-4-2 #14-10-4 #15-5-7
(c) 15-
3 Non-treated
% @l Treated
S
g 10 -
= — - T - ol
@
= 54
=]
w
4
SKBR-244 #-10-4-2  #-14-104  #-15-5.7

Fig. 5 Analysis of LOX attenuated transgenic rice seeds # 10-4-2, #
14-10-4 and # 15-5-7 with respect to SKBR-244 after accelerated
aging treatment at 45 °C and relative humidity at 85 % for 14 days.
a LOX enzyme assay of rice seed. b MDA production of rice seed.
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differences at the vegetative growth stage. No significant
alterations were observed in plant height, seeds weight,
panicle length, number of panicle, etc., of transgenic and
SKBR-244 plants grown under greenhouse condition. From
this study, it was revealed that the down-regulation of /ox
gene did not affect any of the morphological traits observed
in transgenic LOX-RNAi and, therefore, the SKBR-244
and three lox down-regulated transgenic plants were phe-
notypically similar (Table 1).

Discussion

The carotenoids are nonpolar compounds, having diverse
roles in human nutrition and serve numerous biological
functions (Digesu et al. 2009). Owing to their antioxidant
properties, carotenoids have been generally associated with
reduced incidence of cancers, cardiovascular diseases,
macular degeneration, cataracts and other photosensitive

conditions (Digesu et al. 2009; Garcia-Casal 2006). Among
different carotenoids, B-carotene is often referred to as
provitamin A, as it can be cleaved into vitamin A within
human body and is, therefore, attributed to be an important
carotenoid for human nutrition (Paine et al. 2005). Till
date, numerous approaches have been reported for incre-
ment of B-carotene levels in rice (Paine et al. 2005; Ye
et al. 2000; Datta et al. 2003, 2006). However, these
Provitamin A carotenoids including B-carotene in the sta-
ple food crops are not stable during storage and thus lead to
quality deterioration (Li et al. 2007). The post-harvest
losses are even worse in developing countries like India,
due to storage of crops in higher temperature and humid
environment. Prior reports suggest that -carotene is con-
siderably more susceptible to oxidation due to presence of
conjugated double bond system (Leenhardt et al. 2006). In
our previous study, we established that r9-LOXI gene of
rice seeds was responsible for seed quality deterioration
during storage (Gayen et al. 2014). In the present study, we
have developed transgenic golden rice with reduced LOX
activity by silencing endogenous lipoxygenase gene to re-
duce co-oxidation of carotenoids using RNAi technology
which is very powerful tool for crop improvement (Saurabh
et al. 2014). The RNAi-mediated gene silencing of lox gene
was driven by tissue-specific Oleosin-18 promoter instead
of any constitutive promoter to avoid any undesirable and
detrimental effects on the plant (Kuwano et al. 2009; Ali
et al. 2013).

On the basis of gPCR analysis and simultaneous LOX
assay, the most promising lox down-regulated transgenic
lines #10-4-2, #14-10-4 and #15-5-7 were selected. The T3
transgenic seeds showed pronounced silencing of both r9-
LOXI and Os03g0700400 due to sequence similarity as
reported in our earlier studies (Gayen et al. 2014). How-
ever, no change was observed in the transcript level of
other related lipoxygenase genes such as LOX-L2 and RLL
which were also analyzed by RT-PCR to check if there was
any alteration in their gene expression with respect to B-
carotene-enriched transgenic SKBR-244 rice seeds. The
expression of psy and crtl gene in both SKBR-244 and
transgenic LOX-RNAI seeds was analyzed by semi-quan-
titative RT-PCR as shown (Datta et al. 2003). Stable in-
tegration of lipoxygenase gene was confirmed by Southern
blot analysis.

To substantiate the storage stability of carotenoids in the
transgenic LOX-RNAI seeds, both transgenic and B-car-
otene-enriched transgenic SKBR-244 rice seeds were aged
artificially at 45 °C and 85 % RH for 14 days as reported
in earlier reports (Li et al. 2007; Zhang et al. 2007). In
general, LOX activity is increased due to storage (artificial
aging treatment) (Suzuki et al. 1999), which is evident
from the increment of LOX activity in SKBR golden rice
seeds as compared to LOX-RNAi seeds, which showed
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and relative humidity at 85 % for 14 days. Values presented as
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minimal increase in the activity after aging treatment. It has
also been reported that ROS and MDA are produced by
fatty acid oxidation due to the action of LOX enzyme,
which has detrimental effects on seed viability and nutri-
tional quality deterioration (Gayen et al. 2014; Repetto
et al. 2012). Therefore, storage stability of artificially aged

transgenic rice seeds was evaluated by MDA and ROS
assay. It was observed that SKBR-244 rice seeds showed
significant increase in MDA content as compared to the
transgenic lox down-regulated lines. ROS produced as a
result of fatty acid oxidation leads to tissue damage and
degradation of nutritional components including seed car-
otenoids, mainly B-carotene (Sharma et al. 2012). We de-
tected ROS in rice seeds (SKBR-244 and LOX-RNAI)
using fluorescent probe DCFDA and observed that LOX-
RNAI seeds formed lower amount of ROS when compared
to SKBR-244 rice seeds during storage. This minimal
formation of ROS in LOX-RNAIi seeds owing to efficient
down-regulation of lox was comparable to the findings
reported earlier (Gayen et al. 2014). Consequently, all these
results clearly suggest that lipid oxidation of transgenic
LOX-RNAI golden rice seeds was minimum compared to
that of SKBR-244 rice seeds and, therefore, storage sta-
bility of lox down-regulated transgenic rice was enhanced
considerably with respect to SKBR-244.

Co-oxidation of B-carotene has been a serious problem
for maize, wheat, cassava, etc. It was reported that com-
mercial high-carotenoid yellow maize lines lost about
30-56 % of provitamin A content during long-term storage
(Quackenbush 1963; Dua et al. 1965). In case of yellow
wheat, approximately 20—48 % total provitamin A was lost
when stored even at 20 °C for 20 days. All these reports
evidently suggest that [B-carotene deterioration during
storage is a serious problem and, therefore, in this study our
major objective was to stabilize the carotenoid content of
-carotene-enriched golden rice from co-oxidation caused
by LOX enzyme during storage. This was validated by
HPLC analysis that transgenic LOX-RNAi seeds which
exhibited minimal deterioration of carotenoids when
compared to SKBR-244 golden rice seeds after artificial
aging. These observations evidently substantiates that ef-
ficient silencing of LOX activity by RNAi technology en-
hanced the storage stability of carotenoid-enriched golden
rice which will reduce Vitamin A deficiency (Datta 2004).

Agronomic evaluation is very important aspect of
transgenic research and, therefore, we compared different
agronomic traits of the resultant transgenic LOX-RNAi
rice plants with respect to SKBR-244 plants. All the mor-
phological characters studied in SKBR-244 and transgenic
plants were comparable and suggest that all transgenic
LOX-RNAI plants were phenotypically normal and fertile.

Table 1 Phenotypic evaluation

Panicle length (cm) No of tiller 1000 seeds weight (gm)

of transgenic (T3) rice plant Rice plant Plant height (cm)

with respect to high-carotenoid # SKBR-244 83.33 + 1.74

golden rice SKBR-244 ' '
#10-4-2 83.66 £ 1.20
#14-10-4 83.66 £+ 1.85
#15-5-7 83.16 &+ 1.64

22.66 £ 0.60 16.35 £ 0.33 22.36 £+ 0.20
2233 £0.33 16.29 £ 0.57 22.07 £0.25
22.20 £ 0.48 16.23 4 0.88 22.31 + 0.46
22.03 £0.26 16.40 & 0.64 22.70 £ 0.11
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From this study, it is confirmed that 79-LOXI is respon-
sible for degradation of carotenoids of bio-fortified golden
rice. Therefore, reduction of LOX activity by RNAi-medi-
ated silencing would be an effective tool to reduce huge
post-harvest and economic losses during storage process.
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