Chapter 13

Modern Breeding and Biotechnological
Approaches to Enhance Carotenoid
Accumulation in Seeds

M. L. Federico and M. A. Schmidt

Abstract There is an increasing demand for carotenoids, which are fundamental
components of the human diet, for example as precursors of vitamin A. Carotenoids
are also potent antioxidants and their health benefits are becoming increasingly evi-
dent. Protective effects against prostate cancer and age-related macular degeneration
have been proposed for lycopene and lutein/zeaxanthin, respectively. Additionally,
pB-carotene, astaxanthin and canthaxanthin are high-value carotenoids used by the
food industry as feed supplements and colorants. The production and consumption
of these carotenoids from natural sources, especially from seeds, constitutes an
important step towards fortifying the diet of malnourished people in developing
nations. Therefore, attempts to metabolically manipulate B-carotene production in
plants have received global attention, especially after the generation of Golden Rice
(Oryza sativa). The endosperms of Golden Rice seeds synthesize and accumulate
large quantities of B-carotene (provitamin A), yielding a characteristic yellow color
in the polished grains. Classical breeding efforts have also focused in the devel-
opment of cultivars with elevated seed carotenoid content, with maize and other
cereals leading the way. In this communication we will summarize transgenic efforts
and modern breeding strategies to fortify various crop seeds with nutraceutical
carotenoids.
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13.1 Introduction

Consumers are becoming increasingly aware and interested in healthy foods. In
the human diet, carotenoids have been shown to have antioxidant activity which
may help to prevent certain kinds of cancers, arthritis and atherosclerosis (Stahl and
Sies 2003). Free radicals are by-products of many metabolic reactions in the human
body. They can have damaging effects on DNA, proteins and cell membranes and
as such have been linked to numerous diseases/aliments. Carotenoids are potent
anti-oxidants and might help prevent aliments due to oxidative damage. Although
there are over 700 carotenoids identified in nature (Britton et al. 2004; Delgado-
Vargas et al. 2000), only the consumption of six of them, a-carotene, B-carotene,
lutein, lycopene, zeaxanthin and astaxanthin, have been shown to provide health
benefits (Johnson 2002). B-carotene might be the most known of the nutraceutical
carotenoids since it is pro-vitamin A and after its consumption there is a conversion
of it to its active vitamin A (retinol) form in the intestine (Olson 1989). B-carotene
has been shown to alleviate deficiencies leading to night blindness and other related
nutritional insufficiencies (Haskell et al. 2005) and may improve gut and immune
health (Chew 1993). Lutein and zeaxanthin have been implicated as protective
agents against acquired ocular diseases, such as cataracts and age related macular
degeneration (Tan et al. 2008). Astaxanthin has also gained attention as a potent
antioxidant (Chap. 1). The addition of both ketone and hydroxyl groups to (-
carotene by the enzyme B-carotene ketolase produces the red hue nutraceutical
carotenoid astaxanthin. Most higher plants do not possess the ability to synthesize it.
Thus, manipulation of ketocarotenoid synthesis requires the addition of metabolic
steps not usually present in the organs of crop plants.

13.2 Seed Carotenoids

Seeds are global commodities as much of our food/feed, fuel and fiber are derived
from them. As the vehicle to propagate a plant’s next generation, plants sequester
energy reserves in the form of carbohydrates, oils and proteins to aid the seed in
germination and to ensure propagation of the species. Seeds are high in needed
nutrients. They are dry individual entities that can easily be stored or shipped
long distance without alteration in the seed content or viability. This represents an
advantage over fruits and vegetables which are excellent sources of carotenoids but
have shorter shelf lives and may require refrigeration. Undoubtedly, the fortification
of staple seed crops is a more cost effective, and thus feasible venue, to cope with
malnutrition in developing countries.

Seed carotenoid composition can vary widely depending on the crop species,
cultivar, developmental stage and growing conditions. As seen in Table 13.1, seeds
of different crop species primarily accumulate lutein, zeaxanthin and p-carotene
(Aluru et al. 2008; Kim et al. 2012; Rodriguez-Suarez et al. 2014; Salas Fernandez
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Table 13.1 Seed carotenoid content in different crop species

347

Total Carotenoid
carotenoid composition
Cultivar/Genotype | content (jLg/g) (ng/g) References
Canola DH12075 5.34 3.3 (lutein) 0.49 Yu et al (2007)
(b-carotene)
Durum wheat | Simeto, Claudio, 3.22 2.92 (lutein) 0.24 | Rodriguez-
Don Pedro, (zeaxanthin) 0.05 | Suarez et al
Kofa, UC1113 (b-carotene) (2014)
Maize B73 33 16.74 (lutein) 6.33 | Aluru et al
(zeaxanthin) 4.5 (2008)
(zeinoxanthin)
Sorghum KS115 168.5 89.5 (lutein) 71.5 | Salas Fernandez
(zeaxanthin) 7.4 et al (2008)
(b-carotene)
Soybean Kwangan 2.36 2.28 (lutein) 0.06 | Kim et al (2012)
(b-carotene)
Tritordeum HT621, HT240, 9.14 9.06 (lutein) 0.08 | Rodriguez-
HT335, HT609, (b-carotene) Suarez et al
HT630 (2014)

Fig. 13.1 Phytoene synthase
transgenic soybean seed
accumulating enhanced levels
of B-carotene (Schmidt et al.
2015) display no difficultly in
germination

et al. 2008 , Yu et al. 2007). However, provitamin A carotenoids are present at low
percentages and biofortification of staple crops is an important breeding objective.
The role that carotenoids play in seed tissues is less clear than in other plant organs
but is emerging (Howitt and Pogson 2006). Interestingly, carotenoid synthesis in
seeds is related to abscisic acid (ABA) synthesis which in turn is required for seed
dormancy (Maluf et al. 1997). In addition, carotenoids act as antioxidants preventing
seed ageing and contributing to seed viability and successful germination (Fig. 13.1)
(Havaux et al. 1991; Pinzino et al. 1999).

Understanding the biochemical steps of carotenoid synthesis have not resulted
yet in the predictable control of the biosynthesis in plants through either breeding or
transgenic approaches. Duplication of key biosynthetic genes, pathway bottlenecks,
enzyme sub-organelle localization, metabolon assembly and activity are only
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partially known, species specific and can have a direct effect on seed carotenoid
accumulation (Shumskaya et al. 2012; Shumskaya and Wurtzel 2013; Giuliano
2014).

13.3 Regulation of Carotenoid Biosynthesis
and Accumulation in Seeds

At least three major mechanisms involved in the regulation of carotenoid biosyn-
thesis and accumulation in higher plants have been described to date. These
mechanisms include (i) transcriptional regulation of key carotenoid biosynthetic
genes, (ii) the existence of specialized carotenoid-sequestering structures, and (iii)
the extent of carotenoid degradation (catabolism).

Several reports indicate that transcript levels of key biosynthetic genes correlate
with increased levels of carotenoid content in plants (Chap. 2, Harjes et al.
2008; Vallabhaneni and Wurtzel 2009; Vallabhaneni et al. 2009; Yan et al. 2010;
Rodriguez-Suarez et al. 2014). A positive correlation of PSY gene expression and
total carotenoid seed content has been the best described example (Li et al. 2008a,
b; Vallabhaneni and Wurtzel 2009; da Silva Messias et al. 2014). In Arabidopsis
thaliana, PSY is encoded by a single copy gene (Scolnik and Bartley 1994) but
most plant species contain a PSY gene family composed of at least two or three
homologous genes (Bartley et al. 1992; Bartley and Scolnik 1993; Busch et al.
2002; Gallagher et al. 2004; Li et al. 2008a; Arango et al. 2010; Cardenas et al.
2012). Therefore, functional characterization of PSY homologues could be essential
to understanding carotenoid accumulation in seed tissues (Lopez Emparan et al.
2014). The same is true for other gene families involved in carotenoid biosynthesis,
underpinning the importance of genome complexity of individual plant species. In
maize, the y/ gene encodes for PSYI, one of the three PSY homologues present in
this crop genome and several alleles for this gene have been described (Buckner
et al. 1996; Gallagher et al. 2004). PSY! transcript accumulation, but not that
of PSY2 and PSY3, positively correlates with carotenoid accumulation in maize
endosperm (Li et al. 2008b; Vallabhaneni and Wurtzel 2009). In addition, PSY/
alleles exhibit expression differences that correlate with endosperm carotenoid
levels (Buckner et al. 1996). Elevated seed carotenoid content is also the result of
lower expression rates of specific biosynthetic genes. Natural genetic variants of
low expression/activity of lycopene ¢ cyclase (LCYE) in maize are correlated with
up to threefold differences in p-carotene (Harjes et al. 2008). Similarly, screening
and characterization of genetically diverse maize germplasm revealed that elevated
p-carotene levels correlate with low transcription of genes encoding for f-carotene
hydroxylases (Vallabhaneni et al. 2009; Yan et al. 2010). These elevated p-carotene
levels in the kernels are thought to be explained by the reduced conversion of -
carotene to downstream xanthophylls, such as zeaxanthin.

Carotenoid accumulation is influenced by the presence of structures capable of
storing carotenoids (Cazzonelli and Pogson 2010). Depending on the plant organ,
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carotenoids will be stored in different plastids (Chap. 10). Although carotenoids can
be stored in all plastid types, the stability in each of them may vary. For example,
carotenoids accumulated in chromoplast plastoglobuli exhibit much higher light
stability than carotenoids in chloroplast membranes (Merzlyak and Solovchenko
2002). The Orange (Or) gene mutation in cauliflower (Brassica oleracea var
botrytis) produces the accumulation of high levels of B-carotene in tissues that
normally do not contain carotenoids by triggering the differentiation of proplastids
or non-colored plastids into chromoplasts (Chap. 10, Lu et al. 2006; Li et al.
2001). In seeds, elaioplasts are better seed carotenoid-sequestering structures than
amyloplasts (DellaPenna and Pogson 2006). Recently, the study of sub-organelle
localization in maize cells, rice and Arabidopsis PSY allelic variants revealed that
different PSY1 isozymes localize to distinct plastid compartments, highlighting
the importance of enzyme and metabolome localization (Shumskaya et al. 2012).
Interestingly, transient expression studies revealed that maize PSY2 and PSY3,
rice and Arabidopsis PSYs localize to plastoglobuli, which are mostly attached to
thylakoid membranes, while maize PSY1 exhibited a dual localization and was
also found in the stroma (Shumskaya et al. 2012). A deep study of maize and
other grasses PSY1 coding sequences discovered that 99 % of 79 varieties with
yellow endosperm carry a threonine residue at position 257 (T,s7) of the PSY1
protein. Most other PSY1s from white endosperm varieties and two species of
Teosinte (the maize wild ancestor), carried either proline or serine at this position.
Different structural variants of PSY were thus described and it was suggested that
the combination of an insertion in the PSY1 promoter region (providing endosperm
expression to the yellow allele) and a unique structural variation of the PSY1
protein, asparagine (Njeg) and threonine (T,s7), resulted in the ideal for amyloplast
carotenogenesis (Shumskaya et al. 2012).

Carotenoid catabolism has been shown to be another important aspect of
carotenoid content regulation. For example, loss of function mutants of the
carotenoid cleavage dioxygenase 1 (CCDI1) gene in Arabidopsis exhibit 40 %
increased levels of total carotenoids in seeds (Auldridge et al. 2006). This is
consistent with a functional characterization of a recombinant maize CCD1 that
showed that provitamin A carotenoids in the grains could be cleaved by this
enzyme (Sun et al. 2008). In addition, both CCD1 copy number variation and
CCD1 transcript accumulation during grain development negatively correlated
with seed carotenoid content in maize (Vallabhaneni et al. 2010, da Silva Messias
et al. 2014). Expression of CCD/ during grain development varied widely among
maize landraces, with a white variety exhibiting the highest CCDI expression
levels (da Silva Messias et al. 2014). Similarly, loss of function of the carotenoid
cleavage dioxygenase 4 (CCD4) gene in Arabidopsis greatly reduced carotenoid
degradation during seed desiccation, resulting in an 8.4-fold increase of B-carotene
levels (Gonzalez-Jorge et al. 2013). Clearly, further characterization of seed crops
germplasm is required to fully understand CCDI and CCD4 gene expression in
other crop species to better recognize the implications of carotenoid degradation in
breeding for enhanced carotenoid content in seeds.
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13.4 Biotechnological Efforts to Enhance Seed Carotenoid
Content

13.4.1 pB-Carotene Increment in Seeds

Due to the high incidence of vitamin A deficiency in developing nations, many
crops have been biofortified with -carotene. With the success of ‘Golden Rice’
and ‘Golden Rice 2’ (Paine et al. 2005; Enserink 2008) pioneering the way,
numerous crops have now been reported to have engineered levels of B-carotene
predominantly by the over expression of the phytoene synthase gene from Erwinia
uredovora. The use of PSY alone or in combination with other downstream
carotenoid enzymes indicates the effectiveness of shuttling the initial substrate
in a successful metabolic engineering effort (Schmidt et al. 2015; Fig. 13.1).
Emphasizing the importance of PSY gene, emerges the evidence that the Narcise
pseudonarcise (daffodil) PSY was a limiting step in the initial enriched Golden
Rice (Ye et al. 2000). Subsequently, through systematic testing of different PSY
genes, authors selected those belonging to maize and coupled it with the original
E.uredovora carotene desaturase (CRTI) gene that resulted in a 23-fold increase
in PB-carotene in rice grains, giving rise to ‘Golden Rice 2’ (Paine et al. 2005).
This, PSY was overexpressed and resulted in elevated f-carotene levels in other
seed crops, such as canola (Brassica napus) (Fig. 13.2) (Shewmaker et al. 1999),
maize (Zea mays) (Aluru et al. 2008), flaxseed (Linum usitatissimum) (Fujisawa
et al. 2008), wheat (Triticum aestivum) (Wang et al. 2014) and soybean (Glycine
max) (Schmidt et al. 2015; Kim et al. 2012). Efforts to further increase p-carotene

Fig. 13.2 Seed cross section of genetically modified canola with enhanced carotenoid content
(right). A wild type seed (left) is shown for comparison
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in rice endosperm focused on either increasing the up-stream isoprenoid carotenoid
precursor or creating a carotenoid storage sink. Firstly, investigators reproduced the
‘Golden Rice 2’ genotype by introducing the same two carotenoid biosynthesis
steps in an endosperm-specific manner in rice and then over expressing the 1-
deoxy-D-xylose-5-phosphate synthase (DXS) Arabidopsis thaliana gene increasing
through this strategy the pool of geranalygeranyl diphosphate (GGPP) carotenoid
precursor. This DXS enzyme catalyzes the first, and likely rate-limiting, step of the
MEP pathway (2-C-methyl-D-erythritol 4-phosphate) resulting in the synthesis of
isoprenoids, and hence carotenoid biosynthesis metabolites. Bai et al. (2016) found
that transgenic rice with the overexpressed DXS together with ZmPSY and EuCRTI’
transgenes had a 2.7-5.8-fold increase in total carotenoids, with B-carotene being
the most abundant, compared to seeds expressing only the two ‘Golden Rice 2’ gene
cassettes. A sink of the carotenoid metabolites was produced by also introducing
the A. thaliana ORANGE (OR) gene. The OR gene was originally discovered as a
naturally occurring dominant mutant in cauliflower and investigations have shown
it results in enhanced B-carotene accumulation through the creation of a storage
sink for carotenoids (Li et al. 2001; Lu et al. 2006; Lopez et al. 2008). Bai et al.
(2016) overexpressed OR gene in rice endosperm with/without the two transgene
cassettes composed by ZmPSY and EuCRTI and found a 2.1-4.7-fold increase in
the total carotenoid content, due mostly to f-carotene and lutein over accumulation.
Carotenoid enhancement was only detected in the transgenic seeds expressing the
‘Golden Rice 2’ transgenes and the newly introduced seed-specific OR cassette. In
contrast to cauliflowers, the overexpression of OR itself is insufficient to result in
carotenoid accumulation and chromoplast differentiation in rice seeds. It is likely
the presence of the OR protein may enhance chromoplast production only in an
environment of sufficient carotenoid metabolites (Bai et al. 2016). It is interesting
to note that in ‘Golden Rice 2’ among 75-84 % of total carotenoids corresponds
to B-carotene, while Bai et al. (2016) using the same strategy, obtained only 25—
39 % of B-carotene in transgenic rice endosperm. In most biofortified transgenic
species, variations in carotenoid accumulation using similar carotenoid engineering
strategies may be due to variation in the production of transgenics.

Other approaches to elevate B-carotene include a suppression strategy targeting
lycopene ¢ cyclase to exclusively shuttle the conversion of lycopene to f-carotene.
This strategy was used successfully in both Brassica seeds (Yu et al. 2007) and
potato tubers (Diretto et al. 2007). In an effort to produce high carotenoid and
low anti-nutritional Brassica seeds, investigators suppressed the negative regulatory
gene of light mediated responses DET1 (DE-ETIOLATED1) both constitutively and
seed-specifically (Wei et al. 2009). Sinapate esters, a type of phenolypropanoid
metabolites, that produces off flavor and taste in cruciferous seeds, were reduced
in both sets of transgenic plants, while total carotenoids, lutein, B-carotene and
zeaxanthin, were elevated especially in the constitutively suppressed DET1 lines
which exhibited increments of 1.5-fold lutein, 3.9-fold zeaxanthin and 12-fold
of P-carotene. Likewise, branching, and hence seed yield, has been associated to
seed carotenoid content by the discovery that strigolactones, metabolites derived
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from carotenoids (Chap. 9), inhibit plant branching (Gomez-Roldan et al. 2008).
Specifically the microRNA, AtmiR156b, has been shown to suppress the expression
of SPL (SQUAMOSA PROMOTER BINDING PROTEIN LIKE) transcription
factor, that regulate leaf primordium initiation and transition from vegetative to
reproductive stages (Wang et al. 2009). Wei et al. 2010 overexpressed ArmiR156b
both constitutively and seed-specifically in Brassica napus. In addition to the
increased flower number, plants also present an increase in P-carotene in the
seeds (up to fourfold) only in the constitutive overexpressing transgenic plants.
This suggests a complicated and interconnected regulatory network of source /
sink components to determine seed carotenoid content. These findings suggest the
importance of photosynthate resources availability to determine carotenoid seed
composition.

The most important aim in seed fortification is to enhance the health and
wellbeing of consumers, humans or animals. The benefits of f-carotene enhanced
food crops to children’s eye-health has been well documented (Rao and Rao
2007) and the testing of P-carotene feed on animal health is starting to emerge.
Fully oxidized p-carotene may confer anti-inflammatory properties in cattle with
respiratory tract disease, such as pneumonia (Duquette et al. 2014). Nogareda et al.
(2015), noted a positive impact of a high-carotenoid corn diet on broiler chickens
and their resistance to the protozoan parasitic coccidiosis disease. Findings on
both cattle and chicken, suggest carotenoids interact beneficially with vaccinations,
indicating carotenoids could be used as a complementary strategy to boost disease
resistance.

In addition to carotenoid themselves having additional, unexpected, beneficial
health impacts, the enhanced accumulation of carotenoids themselves might render
the seeds more nutritious. Oil composition analysis of B-carotene fortification efforts
in certain seed crops, Brassica and soybean, have shown alterations in fatty acids
profiles containing less unsaturated fatty acids (Shewmaker et al. 1999; Schmidt
et al. 2015). Oils high in unsaturated fatty acids when used during baking or
frying result in the production of heart unhealthy trans fats. Such oil seed crops
engineered to have a healthy fatty acid composition will contribute to the reduction
of the incidence of coronary heart disease, currently the leading cause of death for
Americans (Astrup et al. 2011). Also, engineered oil containing both enhanced B-
carotene and decreased levels of unsaturated fatty acids should rival red palm oil’s
health and cooking benefits without the destruction of tropical environments and
animal habitats (Azhar et al. 2014).

13.4.2 Zeaxanthin Increments in Seeds

In photosynthetic organisms, zeaxanthin protects cells against photooxidation and
membranes against lipid peroxidation by quenching reactive radicals that have been
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created as toxic byproducts during photosynthesis reactions. The fortification of
crops with zeaxanthin gained momentum after reports on the correlation of this
carotenoid and lutein in the prevention of age related macular degeneration (AMD)
(Tan et al. 2008; Gale et al. 2003). Age-related Macular Degeneration (AMD) is
the leading cause of irreversible vision loss in adults age 55 years and older and is
currently estimated to affect ten million Americans (Friedman et al. 2004). Due to
a combination of an increase in life expectancy and aging ‘Baby Boomers’, studies
indicate that there will be 71 million Americans over the age of 65 in 2030 compared
to 12 million in 1990. It has been estimated that a 6—10 mg daily intake of zeaxanthin
and lutein in Americans would have a $2.5 billion net savings to Medicare system
over a 5 years period (Lewin 2009).

Zeaxanthin got its name from the yellow corn, Zea mays L., as it is the principal
yellow pigment in corn. It can be found in many fruits and vegetables however its
levels in most foodstuff is measured in g and it needs to be ingested at ~10 mg
levels / day to be beneficial to eye health — a magnitude of 100-1000 fold too
low to be biologically relevant. Zeaxanthin-enriched Brassica napus seeds were
attempted to be produced by silencing the lycopene ¢ cyclase enzyme via RNAi
technology. Lycopene is a branched point in the carotenoid biosynthesis pathway,
suppressing this cyclase enzyme production should inhibit the formation of the ¢
cycle downstream carotenoids, namely lutein and o carotene, and simultaneously
allowing predominantly p rings to form from the other branch pathway giving rise
to enhanced levels of B-carotene, zeaxanthin and violaxanthin. The constitutive
suppression of the ¢ cyclase resulted in a notable increase in the desired carotenoids,
plus inexplicably lutein, yet levels of zeaxanthin accumulated were very low in
maturing seeds (0.26 pg/g) and undetectable in mature and dry seeds. Zeaxanthin
levels have been successfully enhanced in non-seed tissues (Romer et al. 2002;
Dharmapuri et al. 2002; Wolters et al. 2010) so it might be that zeaxanthin as part
of the xanthophyll cycle and a precursor to the phytohormone abscisic acid (ABA)
presents unique hurdles to stably accumulate in seeds.

Researchers took advantage of the inherent variation in carotenoid content and
composition in corn kernels to produce a zeaxanthin-enriched variety. Naqvi et al.
(2011) strategy was to combine an already successful engineering approach, to
increase carotenoids and breed the transgenes into a genetic background primed
for B ring carotenoid production. They too targeted the splitting of lycopene into
either the B:p ring structures or P:e ring structures by the action of lycopene
cyclase and lycopene ¢ cylase, respectively. Two cultivars that varied presumably in
their lycopene ¢ cyclase activity that exhibit 0.61 and 1.90 ratios of B:e carotenoids
were chosen to cross with their previously engineered enhanced carotenoid line
having a 3.51 B:e ratio as a result of the endosperm-specific expression of three
transgenes: maize phytoene synthase, bacterial phytoene desaturase and Genetiana
lutea lycopene B-cyclase (Zhu et al. 2008). The result was the p:e ratio of the 1.90
cultivar increased to 6.80, translating to 56 |Lg zeaxanthin/ g dry kernel.
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13.4.3 Astaxanthin Increase in Seeds

Astaxanthin has also gained attention from the plant biotechnology community
as it is a dietary antioxidant and colorant in aquaculture industries (Chap. 1).
The first attempt to engineer astaxanthin into a plant was the expression of f-
carotene ketolase from the algae H. pluvialis under the regulatory control of tomato
phytoene sythase promoter (Mann et al. 2000). It was the first demonstration that
this complex keto carotenoid could successfully be produced and accumulated in
plants. Although there were non-detectable levels of astaxanthin in the leaf tissue,
it did constitute 23 % of the carotenoids found in the nectaries of the transgenic
tobacco plants. Transgenic canola ( Brassica napus) seeds were engineered with
seven carotenoid genes in an effort to produce astaxanthin and other ketocarotenoids
with the best line accumulating 0.2 |Lg astaxanthin/g of dry weight. Ralley et al.
(2004) transformed tobacco with two carotenoid genes from the marine bacteria
Paracoccus sp., B-carotene ketolase (BKT) and B-carotene hydroxylase (BHY) under
constitutive regulatory control in tobacco with the result of the nectar carotenoid
containing 5 % astaxanthin, up to nearly 64 g astaxanthin/g. Huang et al. 2013
also obtained high amounts of astaxanthin not only in vegetative leaves but also in
the fruit of a tomato variety with high synthesis capacity for B-carotene through the
expression of the algal BKT and BHY . Moreover, the fruit accumulated fivefold
more astaxanthin than the leaves, reaching 16.1 mg/g cell dry weight, similar
to Haematoccocus pluvialis. Recently, seed-specific accumulation of up to 7 g/
g astaxanthin and 52 pg/g canthaxanthin has been achieved in soybean seeds
by chloroplast targeted PSY gene from Pantoea ananatis and BKT gene from
Brevundimonas (Pierce et al. 2015).

Researchers speculate that the enzyme to convert zeaxanthin into astaxanthin
itself varies greatly in its efficiency and that this is largely the rate-limiting step in
producing astaxanthin. Zhong et al. 2011 reported the in vivo conversion rate of
zeaxanthin to astaxanthin by f-carotene ketolase isolated from three algae sources,
namely Chlamydomonas reinhardtii, Chlorella zofingiensis and H. pluvialis, as
85 %, 38 % and 1 %, respectively. They then constituatively expressed these BKT
genes individually in a chloroplast-targeted manner in Arabidopsis and also found
that the levels of astaxanthin in dry leaf tissue varied depending on the source of
the gene — high levels when the Chlamydomonas gene was used (2 mg/g), moderate
levels when the Chlorella gene was used (0.24 mg/g) and non-detectable levels of
astaxanthin when the Haematococcus gene was used. This finding indicates that
astaxanthin can be made efficiently if the correct B-carotene ketolase enzyme is
used. Zhu et al. (2008) also stressed the importance of the ketolase enzyme in the
production of astaxanthin. Their work using a combination of up to five transgenes
involved in carotenoid biosynthesis into the white maize kernel naturally mutant in
phytoene synthase, demonstrated the competition between —carotene ketolase and
hydroxylase for B-carotene as a substrate. A mechanism to streamline the production
of astaxanthin might be the use of a multifunctional enzyme, such as astaxanthin
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synthase from Xanthophyllomyces dendrohous, what seems to be able to convert
p-carotene directly to astaxanthin (Ojima et al. 2006).

Genetic enhancement of carotenoids in crop seeds either through conventional
breeding or transgenic approaches has already made significant impacts on human
and animal health. The field of research will only continue to grow and move
forward as scientific breakthroughs on plant genomes, gene regulation and novel
transgenic approaches are honed.
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