Chapter 10
Plastids and Carotenoid Accumulation

Li Li, Hui Yuan, Yunliu Zeng, and Qiang Xu

Abstract Plastids are ubiquitously present in plants and are the organelles for
carotenoid biosynthesis and storage. Based on their morphology and function,
plastids are classified into various types, i.e. proplastids, etioplasts, chloroplasts,
amyloplasts, and chromoplasts. All plastids, except proplastids, can synthesize
carotenoids. However, plastid types have a profound effect on carotenoid accumula-
tion and stability. In this chapter, we discuss carotenoid biosynthesis and regulation
in various plastids with a focus on carotenoids in chromoplasts. Plastid transition
related to carotenoid biosynthesis and the different capacity of various plastids to
sequester carotenoids and the associated effect on carotenoid stability are described
in light of carotenoid accumulation in plants.
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10.1 Introduction

Plastids are ubiquitously found in higher plants. They are essential organelles that
are believed to have evolved from the endosymbiosis of an ancestral cyanobacterial
progenitor. During evolution, most of the ancestor genes are transferred to the
nucleus and only a small number was left in the plastid genome. Although plastids of
a plant possess the same plastid genome, they vary greatly in their morphology and
function within the plant following the import of many nucleus-encoded proteins.
Based on their morphology and function, plastids are classified into a number of
subtypes, i.e. proplastids, etioplasts, chloroplasts, leucoplasts, and chromoplasts
(Lopez-Juez and Pyke 2005).
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Fig. 10.1 Major plastid types and their interconversion in plant. Proplastid found in meristematic
tissues can differentiate into all kinds of other plastids. Proplastid is small, undifferentiated plastid
and does not have the capacity to synthesize carotenoids. Etioplast occurs during dark growth
of plants and is regarded as a transient stage in chloroplast formation (Fig. 10.1). Etioplast is
characterized with membranous pro-lamellar and synthesizes low level of carotenoids. Amyloplast
is filled with starch in storage tissues and of great agricultural importance. Amyloplast can be
converted into chloroplast or chromoplast, and synthesizes low to mediate level of carotenoids.
Chloroplast is the most prominent plastid in green tissue and has distinctive thylakoid discs.
Chloroplast can interconvert into amyloplast or chromoplast during ripening and synthesizes
high level of carotenoids coordinately with chlorophyll synthesis. Chromoplast is loaded with
carotenoid pigments. Chromoplast is classified into globular, crystalline, membranous and tubular
types based on the carotenoid-lipoprotein sequestering structures. Chromoplast possesses unique
mechanisms to synthesize and accumulate massive amounts of carotenoids, giving the vivid
orange, red and yellow color in many flowers, fruits and vegetables (Fig. 10.1)

Various plastids are enriched in different tissues with unique properties. Pro-
plastids are small, colorless, and undifferentiated plastids abundant in cells of
meristematic tissues of apical shoot, root tips, and developing young fruits as
well as of reproductive tissues. All plastids are derived from proplastids. Despite
of their importance, not much is known about proplastid biology due to the
difficulty in isolating them. Electron microscopy analyses provide an estimate of
10-20 proplastids per meristematic cell (Lopez-Juez and Pyke 2005). Etioplasts
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occur during dark growth of plants and are regarded as an intermediary stage
in the chloroplast formation from proplastids. Etioplasts are characterized by the
presence of a unique inner membrane network of the prolamellar body and by
the absence of chlorophylls. While the etioplast stage is frequently transient under
natural conditions, etioplasts are believed to be the plastids in some special tissues
such as cabbage heads (Solymosi and Schoefs 2010). Chloroplasts are the plastids
that define plants. Chloroplasts contain the green pigment chlorophylls and have
distinctive internal thylakoid discs. They are found in green leaves and other green
tissues. Chloroplasts are the best characterized plastids due to their importance to
the overall plant metabolism and plant survival. Leucoplasts are the general term
for a group of differentiated and colorless plastids, which include amyloplasts,
elaioplasts, and proteoplasts. Amyloplasts are of great economic and agricultural
importance as they accumulated starch, which provides the major human energy.
Amyloplasts are enriched in many storage tissues, such as in the endosperm of
many seeds particularly of cereal seeds, in tubers, in root vegetables, and in some
fruits. Amyloplasts generally arise from proplastids but also can be derived from
other plastid types (Lopez-Juez and Pyke 2005). Elaioplasts and proteoplasts store
lipids and proteins, respectively. Elaioplasts are filled with numerous globules or
plastoglobules and enriched in oil seeds. Proteoplasts harbor crystalline, fibrillary,
or amorphous masses of proteins. Both elaioplasts and proteoplasts are much
less studied plastids in plants. Chromoplasts are characterized with high level
accumulation of carotenoid pigments. The vivid red, orange and yellow colors in
many flowers, fruits, and vegetables own their hue to the presence of carotenoids in
chromoplasts. Chromoplasts are often derived from chloroplasts during green fruit
ripening and also arise directly from proplastids or other non-colored plastids during
fruit development and root growth (Li and Yuan 2013; Yuan et al. 2015).

Plastids fulfil various important roles in plant metabolism. Apart from their well-
known functions, such as photosynthesis in chloroplasts, carotenoid metabolism in
chromoplasts, and starch biosynthesis in amyloplasts, plastids are also the major
sites for synthesis of many primary and secondary metabolites, and assimilation of
nitrogen and sulfur (Kuntz and Rolland 2012; Lopez-Juez 2007; Neuhaus and Emes
2000). Proplastids as undifferentiated plastids in meristematic tissues are able to
synthesize amino acids for protein synthesis, fatty acids for membrane lipid pro-
liferation, and nucleotide precursors for DNA and RNA synthesis (Brautigam and
Weber 2009). Although etioplasts are characterized by the absence of chlorophylls,
etioplasts synthesize chlorophyll precursor (pchlide), carotenoids, and metabolites
to be ready for the establishment of photosynthesis once illumination with light
(Solymosi and Schoefs 2010). Chloroplasts serve not only the site of fixation of
CO; for photosynthesis, but are also responsible for the synthesis of amino acids,
fatty acids, and many secondary metabolites, as well as for the storage of starch
and oil compounds (Jensen and Leister 2014; Linka and Weber 2012). Similarly,
chromoplasts are found to contain the enzymes involved in the synthesis and
metabolism of many plastid metabolites such as amino acids and fatty acids in add
to carotenoid biosynthesis (Egea et al. 2010; Li and Yuan 2013). The same is true
for amyloplasts although they are primarily responsible for the synthesis and storage
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of starch (Dupont 2008). While the photosynthetic chloroplasts are autotrophic, the
other non-photosynthetic plastids are heterotrophic. All plastids are surrounded by
double envelope membranes and retain a semi-autonomous character. In addition,
plastid types are inter-convertible in response to developmental or environmental
cues.

Plastids are the site for carotenoid biosynthesis and storage. Carotenoids as a
group of widely distributed pigments are de novo synthesized in all types of plastids
except proplastids (Howitt and Pogson 2006; Shumskaya and Wurtzel 2013). As
carotenoid biosynthetic enzymes are either membrane associated or membrane
proteins, carotenoid biosynthesis is believed to be carried out in plastid membranes
(Cazzonelli and Pogson 2010; Li and Yuan 2013; Nisar et al. 2015; Ruiz-Sola
and Rodriguez-Concepcion 2012; Yuan et al. 2015). Proteomics research reveals
that plastoglobules isolated from chromoplasts also contain carotenoid biosynthesis
enzymes (Ytterberg et al. 2006). These studies suggest ability of plastoglobules for
carotenoid biosynthesis in addition to their functions in carotenoid sequestration and
storage.

Different types of plastids possess different capacity to synthesize and sequester
carotenoids. Thus, the type of plastids exerts profound effect on carotenoid accu-
mulation and stability (Li and Yuan 2013; Ruiz-Sola and Rodriguez-Concepcion
2012). Due to the negative regulation of phytoene synthase (PSY) gene expression
by phytochrome-interacting factors abundant in the etiolated tissues (Toledo-Ortiz
et al. 2010), etioplasts in the etiolated tissues exhibit low biosynthetic activity and
contain very low levels of carotenoids. The majority of the carotenoids synthesized
are lutein and violaxanthin (Rodriguez-Villalon et al. 2009; Welsch et al. 2000),
which give yellowish color of etioplasts and the etiolated tissues. Many storage
tissues of important crops, such as wheat, maize, potato, and cassava synthesize and
accumulate low to mediate levels of carotenoids in amyloplasts of seeds and roots
(Howitt and Pogson 2006). In many cases, xanthophylls (i.e. lutein, zeaxanthin,
and violaxanthin) are the major accumulated carotenoids to yield yellow color.
Carotenoids are found in the amyloplast envelope membranes (Lopez et al. 2008).
The lack of appropriate lipoprotein sequestering substructures in the amyloplasts
may restrict their capacity to significantly accumulate and stably store carotenoids
(Li et al. 2012). Carotenoids are essential components of photosynthetic complexes
in chloroplasts of leaves and other green tissues. Carotenoid biosynthesis is believed
to occur in the envelope and the thylakoid membranes in chloroplasts (Cazzonelli
and Pogson 2010; Ruiz-Sola and Rodriguez-Concepcion 2012). The formation of
chlorophyll and carotenoid lipoprotein complex in thylakoid membranes enables
to sequester and store the synthesized carotenoids for high level of accumulation
in chloroplasts. Chromoplasts as carotenoid accumulating plastids develop unique
mechanisms to synthesize and accumulate massive amounts of carotenoids. The
carotenoid lipoprotein sequestering substructures and/or plastoglobules within chro-
moplasts promotes continuous carotenoid biosynthesis as well as sequestration and
stable storage of synthesized carotenoids in chromoplasts (Li and Yuan 2013; Yuan
et al. 2015). These unique features of chromoplasts enable massive accumulation of
carotenoids found in many flowers, fruits and vegetables.
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This chapter will describe carotenoid biosynthesis and storage in various
plastids with a focus on carotenoids in chromoplasts. The plastid transition and
carotenoid stability in different plastids will be discussed in light of carotenoid
accumulation for crop nutritional quality improvement.

10.2 Carotenoids in Etioplasts

Etioplasts are considered as an intermediary stage in chloroplast formation under
natural condition although most of the studies are carried out in dark-grown
seedlings (Solymosi and Schoefs 2010). Etioplasts in the etiolated tissues de novo
synthesize a set of carotenoids similar to that of green tissues with lutein and
violaxanthin as the predominant carotenoids (Park et al. 2002; Welsch et al. 2000).
These carotenoids accumulated in etioplasts are believed to be critical for the
dark grown seedlings to optimize transition to photosynthetic development upon
illumination and contribute to the adaptation of soil-emerging seedlings to sunlight
(Rodriguez-Villalon et al. 2009). This is supported by the observation of Arabidop-
sis ccr2 mutations, which cause delayed greening during photomorphogenesis (Park
et al. 2002). The dark-grown ccr2 mutants lack lutein and violaxanthin and do not
produce the prolamellar bodies that define etioplasts (Cuttriss et al. 2007; Park
et al. 2002). The findings also establish the specific role of these xanthophylls in
prolamellar body assembly in etioplasts.

Carotenoid biosynthetic genes and enzymes are expressed in etioplasts in
dark grown plants. However, they are regulated differently in etiolated tissues to
control carotenoid biosynthesis. Phytoene synthase (PSY) is the key enzyme in
the carotenoid biosynthetic pathway and the major determent of carotenoid level
in plants (Cazzonelli and Pogson 2010; Nisar et al. 2015; Ruiz-Sola and Rodriguez-
Concepcion 2012; Yuan et al. 2015). In etiolated tissues, PSY transcript level is
low. Examination of its expression in responses to different light shows that PSY
expression is mediated by phytochrome (von Lintig et al. 1997). More recent work
reveals that it is phytochrome-interacting factors that negatively suppress PSY gene
expression in dark-grown seedlings (Toledo-Ortiz et al. 2010). The phytochrome-
interacting factors directly binds to the promoter of the PSY gene, resulting
in suppressing PSY expression. In addition to transcriptional regulation under
phytochome control, the topological localization of PSY protein also regulates
its capacity in controlling carotenoid biosynthesis at enzymatic activity level. In
etiolated seedlings, most of PSY protein are located within the prolamellar bodies
and exhibit low enzymatic activity because of lacking competent membranes
(Welsch et al. 2000). In contrast to PSY, the expression of phytoene desaturase
(PDS), the next enzyme in the pathway, is not regulated by phytochrome and the
PDS enzyme activity does not show topological redistribution at protein level. The
transcript level of PDS along with geranylgeranyl pyrophosphate synthase (GGPS)
is consistent in response to various light treatment (von Lintig et al. 1997). PDS
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protein abundance remains relatively constant in the membrane even following
expose to light (Welsch et al. 2000). As PSY is the first and rate-limiting enzyme in
the carotenoid biosynthetic pathway, the low transcript level plus its topological
localization within the prolamellar bodies are responsible for the low level of
carotenoid accumulation in etioplasts.

Etioplasts are differentiated into chloroplasts during de-etiolation when dark-
grown seedlings are exposed to light. During the transition, a strong increase
in carotenoid content along with chlorophyll content leads to the formation of
functional photosynthetic apparatus. The increased carotenoid accumulation is
associated with up-regulation of PSY gene expression, protein level, and enzyme
activity (Botella-Pavia et al. 2004; von Lintig et al. 1997; Welsch et al. 2000). The
light induced PSY expression is uncovered to be due to a rapid de-repression of PSY
gene expression following light-triggered degradation of the negative regulators
phytochrome-interacting factors (Toledo-Ortiz et al. 2010). In addition, PSY activity
is localized to the thylakoids membrane of chloroplasts following the establishment
of photosynthetic apparatus (Welsch et al. 2000), which greatly enhances its
capacity for carotenoid biosynthesis. Unlike PSY, the other carotenoid biosynthetic
enzymes, i.e. GGPS and PDS, are constitutively expressed even carotenoid and
chlorophyll contents increase greatly during the transition (von Lintig et al. 1997,
Welsch et al. 2000). They are not regulated by the phytochrome-interacting factors
(Toledo-Ortiz et al. 2010). However, a strong and coordinated increase in carotenoid
production and the expression of DXS and HDR, two genes in the upstream of
carotenoid biosynthetic pathway, are observed during deetiolation from etioplasts
to chloroplasts (Botella-Pavia et al. 2004).

10.3 Carotenoids in Chloroplasts

Chloroplasts along with all other plastids are surrounded by two envelope mem-
branes. In addition to these membranes, chloroplasts are unique in containing
thylakoids, which are the sites for the light reaction of photosynthesis. Carotenoids
serve as light-harvesting pigments and are ubiquitous protective agent in the
membranes of chloroplasts. Carotenoid composition in photosynthetic leaf tissue of
plants is remarkably conserved with lutein, B-carotene, violaxanthin, and neoxanthin
occurring in decreased order (Pogson et al. 1998). The majority of carotenoids
in photosynthetic tissues are localized in the thylakoid membranes with a small
fraction of non-protein bound carotenoids acting as antioxidants in photosynthetic
apparatus (Domonkos et al. 2013; Havaux et al. 2004). While p-carotene is part of
the reaction center subunits of photosystem I and II, the xanthophylls are accessory
pigments and structural units of light-harvesting complexes (Nelson and Ben-Shem
2004). In addition to serve as the essential structural components of photosynthetic
complexes, carotenoids are critical for photoprotection of chloroplasts and for
the assembly and stabilization of protein complexes in the thylakoid membranes.
The formation of lipoprotein pigment complexes and the build-up of thylakoid
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membranes along with the development of plastoglobuli in chloroplasts promote
sequestration and storage of the synthesized carotenoids, resulting in high level of
accumulation in chloroplasts.

While the majority of carotenoids are localized in thylakoids, the chloroplast
envelope membranes are evidenced by chloroplast proteomics analysis to be the
major site for carotenoid biosynthesis and metabolism, and the thylakoids appear to
be restricted to xanthophyll cycle (Joyard et al. 2009). The suborganelle localization
of carotenoid enzyme proteins is supported by data from biochemical, genetic
and other studies (Ruiz-Sola and Rodriguez-Concepcion 2012). However, how
carotenoids synthesized in the chloroplast envelope membranes are transported
into the thylakoids remains unknown. Carotenoid biosynthesis in chloroplasts of
green tissues occurs in a coordinated manner with other cellular processes for
assembly of the photosynthetic apparatus. Thus, it is not surprising to find that
defects in chlorophyll biosynthesis and chloroplast development result in reduced
levels of carotenoid accumulation observed in many cases (Casanova-Sdez et al.
2014; Fambrini et al. 2004; Yu et al. 2012; Zhang et al. 2016). It is well established
that carotenoid steady-state regulatory mechanisms are pronounced in green leaf
tissues for maintaining optimal photosynthesis and photoprotection due to that the
carotenoid combination is the most functionally adaptive (Dall’Osto et al. 2007;
Kim et al. 2009; Pogson et al. 1996; Tian et al. 2003). As a result, overexpression
of PSY, the rate-limiting enzyme in the carotenoid biosynthetic pathway, generally
does not significantly alter carotenoid content in leaves (Maass et al. 2009). The
increased phytoene production by the enhanced PSY activity is likely to be rapidly
converted into downstream carotenoids and then apocarotenoids (Zhou et al. 2015).
Indeed, data from '*CO, pulse-chase labeling experiments demonstrate continuous
turnover of carotenoids in Arabidopsis leaves, much high than expected (Beisel
et al. 2010). The regulation of continuous biosynthesis and turnover of pigments
takes place as essential part of the maintenance and formation of photosynthetic
membranes (Beisel et al. 2010). Constitutive overexpression of PSY in some cases
is observed to cause severe dwarf phenotype and change carotenoid content and
composition due to the perturbance of gibberellin and other pathways (Busch
et al. 2002; Fray et al. 1995). Because of the pronounced regulation of carotenoid
biosynthesis in chloroplasts, overexpression of other carotenoid biosynthetic genes,
such as PDS, also exerts little effect on carotenoid accumulation and the expression
of other carotenogenic genes (Busch et al. 2002).

Studies of carotenoid mutants in chloroplasts contribute greatly to our under-
standing of carotenoid metabolism and the functional roles of carotenogenic genes
and enzymes in plants. Lutein is the most abundant carotenoid found in leaf tissue of
plants. Characterization of [utl, [ut2, and [ut5 mutants defective in lutein biosynthe-
sis in Arabidopsis reveals novel carotenoid hydroxylases and the preferred pathway
for lutein synthesis in plants (Kim and DellaPenna 2006; Pogson et al. 1996; Tian
and DellaPenna 2001). ccr2 disrupts carotenoid biosynthesis and causes a reduction
in lutein under light due to the defective in carotenoid isomerase (CRITISO) (Park
et al. 2002). A defect in CRTISO is also found to be responsible for the orange head
Chinese cabbage (Zhang et al. 2015). Investigation of the ccr2 mutant along with
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the fangerine mutant of tomato reveals light-induced isomerization in chloroplasts
of green tissues, but not in chromoplasts of fruit and flowers (Isaacson et al. 2002;
Park et al. 2002). Further studies of ccrl mutant that causes reduced CRTISO
expression shows an epigenetic mechanism that contributes to the regulation of
carotenoid isomerization (Cazzonelli et al. 2009; Cazzonelli et al. 2010). Zeaxanthin
and violaxanthin form xanthophyll cycle to dissipate excess light energy in the
light-harvesting complexes and protect the photosynthetic apparatus from high
light intensity (Niyogi 1999). The Arabidopsis npgl mutant unable to convert
violaxanthin to zeaxanthin shows nonphotochemical quenching (NPQ) reduction,
establishing a central role of xanthophyll cycle in the regulation of photosynthetic
energy conversion (Niyogi et al. 1998). Neoxanthin is essential components of
photosynthetic complexes in chloroplasts. The Arabidopsis aba4 mutant affects the
conversion of violaxanthin to neoxanthin and shows more sensitive to oxidative
stress (North et al. 2007). Furthermore, the aba4 mutant contains reduced level
of ABA, demonstrating that neoxanthin serves as precursor for ABA biosynthesis.
In addition to produce plant hormones ABA and strigolactones, carotenoid-derived
apocarotenoids are shown to function as signaling molecules in regulating early
chloroplast and leaf development through investigation of {-carotene desaturase
mutants in Arabidopsis (Avendano-Vazquez et al. 2014), and as stress signal in
inducing defense mechanisms against reactive oxygen species induced by high light
in chloroplasts (Havaux 2014; Ramel et al. 2012).

Some recent studies in Arabidopsis plants provide additional new insights into
the posttranscriptional regulation of carotenoid metabolism in plants. The upstream
deoxy-D-xylulose 5-phosphate synthase (DXS) is important for carotenoid flux
control. Its activity is found to be posttranscriptionally regulated by J20 and Hsp70
chaperones in Arabidopsis leaves, as mutant defective in plastidial J20 protein
results in reduced DXS enzyme activity with increased level of enzymatically
inactive DXS protein (Pulido et al. 2013). PSY protein level and enzyme activity
are discovered to be posttranscriptionally regulated by the OR family proteins in
a positive manner (Zhou et al. 2015). High level of the OR proteins increases PSY
protein expression, and low expression reduces PSY protein level, concomitant with
altered carotenoid levels.

Chloroplasts are differentiated into chromoplasts as often seen the color change
from green to red during green fruit ripening, such as in tomato and pepper. This
process is characterized by complete degradation of chlorophyll and breakdown
of thylakoid structures of chloroplasts, accompanied with remodeling of internal
membrane systems and dramatic accumulation of carotenoids (Bian et al. 2011;
Egea et al. 2010; Li and Yuan 2013). As a result, carotenoids become localized
in plastoglobuli and/or various carotenoid lipoprotein substructures within chro-
moplasts. During the transition, photosynthesis-related genes are pronouncedly
down-regulated (Kahlau and Bock 2008). Accordingly, strong decrease in the
abundance of proteins involved in photosynthesis, Calvin cycle and photorespiration
along with carbohydrate metabolism is observed (Barsan et al. 2012). Plastids
gradually acquire new biosynthetic capacities, particularly the ability to massively
synthesize and accumulate carotenoids. The expression of upstream genes of
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carotenoid metabolites accumulated is enhanced, while that of downstream genes is
suppressed. For example, during fruit ripening from chloroplasts to chromoplasts,
the accumulation of lycopene in tomato is accompanied with increased transcript
levels of DXS, PSY, and PDS, and decreased expression of Lcye and Lcyb (Lois
et al. 2000; Ronen et al. 1999). The accumulation of capsanthin and capsorubin
in pepper is paralleled by up-regulation of DXS, GGPS, BCH and CCS during
plastid transition (Bouvier and Camara 2007; Bouvier et al. 1994). Similarly, the
accumulation of B-cryptoxanthin, zeaxanthin, and violaxanthin in some citrus fruits
is accompanied with a simultaneous increase in the expression of upstream genes of
PSY, PDS, ZDX, LycB, BCH, and ZEP (Kato et al. 2004). Apart from the increased
capacity of biosynthesis, the remodeling of the internal membrane systems during
the transition from chloroplasts to chromoplasts distinguishes their capacities in
sequestrating and accumulating newly synthesized carotenoid end products. This is
demonstrated in tobacco where expression of a f-carotene ketolase under control of
tomato PDS promoter results in only trace amounts of ketocarotenoid production in
chloroplasts in leaves, but produces high levels of them in chromoplasts of nectaries
of the transgenic plants (Mann et al. 2000).

10.4 Carotenoids in Amyloplasts

Amyloplasts as starch enriched organelles are agronomically important because
they are abundance in cereal seeds of major staple crops (e.g. rice, maize, wheat,
and sorghum), roots (e.g. cassava), and tubers (e.g. potato). A general low to
mediate levels of carotenoids are synthesized and accumulated in amyloplasts in
majority of these staple crops (Wurtzel et al. 2012). Unlike carotenoid constituents
in chloroplasts of green tissues, carotenoid composition and content found in
amyloplasts of storage organs vary to give colors ranging from white to yellow
with lutein or zeaxanthin as the major carotenoid (Howitt and Pogson 2006).
None of natural rice germplasm contains carotenoids in endosperm due to lack of
functional endosperm specific PSY (Chaudhary et al. 2010; Welsch et al. 2008).
Thus, rice endosperm with carotenoid accumulation such as Golden Rice could
be only accomplished with biotechnology approaches. Maize exhibits significant
variation in carotenoid content and composition (Harjes et al. 2008). While the
yellow varieties contain mainly lutein and/or zeaxanthin, there are orange varieties
with relative abundance of B-carotene (Berardo et al. 2009; Yan et al. 2010). Limited
natural variation exists in wheat endosperm and a general low level of carotenoids
is observed with lutein as the main carotenoid (Howitt et al. 2009). Yellow sorghum
varieties contain zeaxanthin as the most abundant carotenoid followed by lutein with
low level of B-carotene, but their carotenoid contents are significantly lower than
yellow maize (Kean et al. 2007). Similarly, cassava roots are generally white and
the yellow-rooted cultivars contain low level of B-carotene (Adewusi and Bradbury
1993; Kimura et al. 2007). Potato tuber flesh colors range from white to dark yellow.
While the common cultivated varieties contain low level of carotenoids with lutein
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and/or B-cryptoxanthin as the main carotenoid, the dark yellow ones accumulate
zeaxanthin as the primary carotenoid (Brown et al. 1993; Morris et al. 2004; Zhou
et al. 2011). The roles of low levels of carotenoids in these storage organs are
suggested to be associated with ABA production for dormancy and they contribute
to the antioxidant system to protect membranes (Howitt and Pogson 2006).

Studies of carotenoid accumulation in amyloplasts also reveal new information
for our understanding of carotenoid metabolism in plants. In the grass family such
as maize, rice, and sorghum, multiple PSYs share tissue-specific regulation of
carotenoid metabolic flux (Li et al. 2008b). PSY 1 encoded by the yellow! (y1) locus
is required for carotenoid accumulation in maize endosperm (Li et al. 2008a). PSY!
transcript levels are shown to exist statistically significant correlation with total
endosperm carotenoid content in a maize germplasm diversity collection (Li et al.
2008a). In contrast, PSY3 influences root carotenoid biosynthesis and is induced
in response to abiotic stress to interfere with stress-induced ABA accumulation in
both maize and rice (Li et al. 2008b; Welsch et al. 2008). Interestingly, the three
maize PSY enzyme proteins exist in distinctive plastid compartments when they
are transiently expressed in leaves. While PSY2 and PSY3 are localized to plas-
toglobules of chloroplasts, PSY1 shows altered localization depending on its allelic
variant (Shumskaya et al. 2012). All maize varieties with yellow endosperm have the
same specific amino acid variant of PSY 1, which appears to be a soluble protein in
plastids. This variant happens to be the one used for the production of Golden Rice
2 (Shumskaya and Wurtzel 2013). In contrast, the mutated variant of PSY1 with a
specific amino acid replacement promotes the formation of fibrils, characteristic
for high levels of carotenoid accumulation in some chromoplasts (Shumskaya
et al. 2012). It has been suggested that the different suborganellar localization of
PSY1 isozyme could affect carotenoid biosynthesis and stability (Shumskaya and
Waurtzel 2013). In addition, in cassava a single nucleotide polymorphism of PSY is
observed in yellow-rooted cultivars; the resulting change of a single amino acid in a
highly conserved region of PSY has an increased catalytic activity and enhanced
carotenoid production (Welsch et al. 2010). Investigation of the maize y9 locus
identifies a previously unknown pathway enzyme, {-carotene isomerase (Z-1SO), for
carotenoid biosynthesis. Z-ISO isomerizes the 15-cis double bond in 9,15,9’-tri-cis-
-carotene to 9,9°-di-cis--carotene. It is required for carotenoid biosynthesis in seed
endosperm and suggested to play an important role in adaption of environmental
stress (Chen et al. 2010).

Multiple control points have been identified to regulate carotenoid amount and
composition in amyloplasts. PSY as a key regulator of carotenoid biosynthesis plays
an important role for carotenoid accumulation in staple crops, such as in maize
kernel (Li et al. 2008a), wheat endosperm (Howitt et al. 2009), and cassava root
(Welsch et al. 2010). In maize, PSY!I accounts for up to 27.2% of phenotypic
variation in seed carotenoid content in a QTL analysis (Chander et al. 2008). -
carotene hydroxylase (BCH) is found to be responsible for potato tuber flesh color
(Brown et al. 2006; Kloosterman et al. 2010; Zhou et al. 2011). The high level
of zeaxanthin accumulation in potato tubers is controlled by a combination of the
dominant BCH? allele and homozygous recessive ZEP allele (Wolters et al. 2010)
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and associated with low expression of CCD4 (Campbell et al. 2010). BCH also
likely represents another control point for p-carotene level in crops. Hydoxylase3
locus was found to contribute to B-carotene level in maize (Vallabhaneni et al. 2009).
Lycopene e-cylase (LcyE) is critical in directing metabolic flux from one branch to
another branch within the carotenoid biosynthetic pathway. It is a main regulator in
determination of the B-carotene/a-carotene ratio and underlies a major B-carotene
QTL in maize kernel (Bai et al. 2009; Harjes et al. 2008; Yan et al. 2010).

Carotenoid biosynthesis in the major staple crops is believed to occur in the mem-
branes of amyloplasts. At least some of the carotenoid biosynthetic pathway enzyme
proteins are found to be associated with amyloplast envelope membranes (Wurtzel
et al. 2012), such as PSY1 is localized in the amyloplast membranes in maize
endosperm (Li et al. 2008a). Because amyloplasts are lack of carotenoid lipoprotein
sequestering substructures within the plastids (Lopez et al. 2008), carotenoids
synthesized in amyloplasts are known to be more vulnerable for degradation during
both plant growth and postharvest storage (Li and Yuan 2013). Carotenoid content
increases during early maize endosperm development, but decreases before seed
mature (Farre et al. 2013). A general loss of carotenoids has been observed during
storage of many staple crops (http://www.harvestplus.org/). A range between 30—
56 % of provitamin A carotenoids are lost during storage of a number of commercial
high-carotenoid yellow maize (Dua et al. 1965). Similarly, between 20 and 48 % of
total carotenoids in yellow wheat are lost during storage at 20 °C (Hidalgo and
Brandolini 2008).

Amyloplasts are shown to be able to directly differentiate into chromoplasts.
The color in saffron deep-red stigmas of flowers is due to high level of carotenoid
accumulation in chromoplasts. The deep-red stigmas start from the colorless ovary
along the style up. Electron microscope analysis of plastid development in the
pistil reveals that the saffron chromoplasts in the deep-red stigma originate from
amyloplasts since amyloplasts are the only plastids existing in the colorless basal
portion of style and the plastid transition is via a unique amylo-chromoplast
plastid type (Grilli Caiola and Canini 2004). Similarly, in developing tobacco
floral nectaries as they change to orange color, amyloplasts are converted into
chromoplasts via amylo-chromoplasts, resulting in the accumulation of carotenoids
with bright orange nectary (Horner et al. 2007). The conversion of amyloplasts into
chromoplasts leads to enhanced capacity to massively synthesize and accumulate
carotenoids.

10.5 Carotenoids in Chromoplasts

Chromoplasts as carotenoid enriched plastids are mostly found in maturing fruits
and some vegetables. Chromoplasts can be differentiated or converted from a
number of plastid types. As discussed above, chromoplasts are derived from fully
developed chloroplasts as seen during fruit ripening from green to red or yellow
fruits. In the fruit peel of tomato, pepper, mango, and sweet orange, chloroplasts
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differentiate into photosynthetically inactive chromoplasts; this conversion process
emerges in early ripening stages and accompanies with markedly increased accu-
mulation of carotenoids in colored chromoplasts in subsequent fruit maturation
(Frey-Wyssling and Kreutzer 1958; Rosso 1968; Visquez-Caicedo et al. 2006).
Chromoplasts also arise from non-photosynthetic plastids. Amyloplasts are shown
to be differentiate into chromoplasts in saffron red-stigmas of flowers (Grilli Caiola
and Canini 2004) and in developing tobacco floral nectary as it changes to orange
color (Horner et al. 2007). Similarly, colorless proplastids and leucoplasts can also
directly differentiate into chromoplasts as the case in carrot root (Kim et al. 2010), in
orange curd cauliflower mutant (Lu et al. 2006), and in papaya and berries (Knoth
et al. 1986; Schweiggert et al. 2011). While most studies on chromoplasts have
been focused on the biosynthesis of carotenoids (Egea et al. 2010; Bian et al. 2011;
Li and Yuan 2013), little is known about the molecular mechanisms underlying
chromoplast biogenesis (Li and Yuan 2013; Yuan et al. 2015). The Or gene isolated
from cauliflower orange curd mutant represents the only known gene that acts
as a bona fide molecular switch to trigger chromoplast biogenesis (Giuliano and
Diretto 2007; Lu et al. 2006). However, how Or initiates chromoplast differentiation
remains an enigma.

Chromoplasts exist with various sequestering substructures such as crystalline,
globular, tubular, and membranous structures, and are classified based on these mor-
phologies (Camara et al. 1995; Egea et al. 2010; Li and Yuan 2013). Generally, there
are more than one pigment-bearing substructures within a chromoplast or in a crop
species. For example, crystalline bodies are observed in chromoplasts of tomato, but
globular- and membrane-shaped structures also coexist (Harris and Spurr 1969). The
typical saffron stigma chromoplasts have reticulo-tubular structure, contain a mix of
tubules, vesicles and plastoglobules (Grilli Caiola and Canini 2004). A more recent
study of chromoplast structures in nine carotenoid-rich fruits and vegetables also
reveals the coexistence of more than one substructure within a chromoplast (Jeffery
et al. 2012). However, some crops appear to be predominant with chromoplasts
containing a particular type of pigment-bearing substructures. For example, carrot,
tomato, and red papaya are enriched with crystal chromoplasts; mango contains
high concentration of plastoglobuli in chromoplasts; and watermelon, mango and
butternut are prominent with membranous chromoplasts (Jeffery et al. 2012).

Unlike other type of plastids, chromoplasts synthesize and accumulate diverse
carotenoid compounds in different fruits and vegetables. In some cases, the spe-
cific carotenoids accumulated appear to be associated with the formation of
specific carotenoid sequestering substructures within chromoplasts. By examin-
ing diverse chili pepper fruits with various carotenoid chemical composition,
it establishes a linkage between the unique carotenoids accumulated with vari-
ous specific chromoplast architecture as determined by chromatographic methods
(Kilcrease et al. 2013). Crystalline bodies observed in chromoplasts of carrots,
papaya, and tomato are found to predominantly consist of B-carotene or lycopene
(Harris and Spurr 1969; Schweiggert et al. 2011). Globular and/or tubular-globular
chromoplasts described for yellow fruits such as from kiwi and yellow papaya
contained lutein or B-cryptoxanthin as major carotenoid (Montefiori et al. 2009;
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Schweiggert et al. 2011). The highly heterogeneous nature of the substructures in
chromoplasts contributes to the various profiles of carotenoid accumulation found
in fruits, vegetables, and roots.

The specific feature of chromoplasts with various carotenoid-lipoprotein seques-
tering substructures is responsible for massive amount of carotenoid accumulation
in chromoplasts. Indeed, a strong association between proliferation of carotenoid-
lipoprotein sequestering substructures and increase of carotenoid accumulation is
observed (Al Babili et al. 1996; Li et al. 2012; Rabbani et al. 1998). The increased
carotenoid content during long term storage of transgenic OR potato tubers directly
correlates with increased amount of pigment-bearing substructures released from
chromoplasts (Li et al. 2012). Additionally, the development of chromoplasts with
high level of carotenoid accumulation during tomato fruit ripening is accompanied
with large amounts and considerably enlargement of plastoglobules (Bian et al.
2011). Plastoglobules are well-known for their function in carotenoid sequestration
and storage. Carotenoids are highly stable in plastoglobules. These carotenoid-
lipoprotein sequestering substructures are believed to serve two roles for the high
capacity of chromoplasts in promoting carotenoid biosynthesis and accumulation.
One is to facilitate the sequestration of newly synthesized carotenoids to avoid the
overloading of end products at the site of carotenoid biosynthesis in chromoplast
membranes for continuous biosynthesis; and the other one is to serve as deposition
sink for stable storage of carotenoids (Li and Van Eck 2007; Li and Yuan 2013;
Vishnevetsky et al. 1999).

It is thus not surprising that biogenesis of chromoplasts exerts strong effect on
carotenoid content in crops. The cauliflower Or causes the normal white curd tissue
to accumulate high levels of B-carotene, producing a striking orange curd mutant
phenotype. The Or gene, which encodes a protein containing DnaJ cysteine-rich
zinc finger domain, is found to induce carotenoid accumulation by triggering the
differentiation of non-colored plastids into chromoplasts (Li et al. 2001; Lu et al.
2006). Ectopic expression of the Or transgene in both white cauliflower and potato
tubers leads to the formation of chromoplasts with enhanced carotenoid content
(Lopez et al. 2008; Lu et al. 2006). Similarly, increase of chromoplast compartment
size and number also results in enhanced carotenoid levels. In the tomato high
pigment mutants as well as in the tomato flacca and sitiens mutants, the high levels
of carotenoids are found to be directly linked to an increased plastid number and/or
compartment size (Galpaz et al. 2008; Kolotilin et al. 2007; Liu et al. 2004).

Since the prominent role of chromoplasts is involved in synthesis and accu-
mulation of carotenoid pigments, carotenoid metabolism and regulation are best
investigated in chromoplasts (Egea et al. 2010; Li and Yuan 2013; Yuan et al.
2015). Although the carotenoid biosynthetic enzyme protein capsanthin/capsorubin
synthase represents the most abundant protein in pepper chromoplasts (Siddique
et al. 2006; Wang et al. 2013), the other core enzyme proteins are generally present
at low abundance in plants. Expression of carotenoid biosynthetic genes has been
subjected to extensive studies in many chromoplast-containing tissues. Transcrip-
tional regulation of carotenoid biosynthesis prevails in chromoplasts during fruit
ripening from green to red or yellow fruits in tomato and pepper as described
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above. Similar transcriptional regulation also occurs in red-flesh orange mutant of
“Hong Anliu” when compared to wide type “Anliu” (Liu et al. 2007). However,
the transcriptional control has been found not to be always the primary regulatory
mechanism in some other cases, especially in chromoplasts derived from white
tissues (Yuan et al. 2015). No correlation between carotenogenic gene expression
and carotenoid accumulation is observed in orange cauliflower mutant, squash, and
carrot root (Clotault et al. 2008; Li et al. 2001; Zhang et al. 2014). Thus, carotenoid
biosynthesis and accumulation in chromoplasts is under complex regulation.

Because chromoplasts accumulate high levels of carotenoids that are essential
for nutritional and sensory quality of agricultural products, chromoplast proteomes
from a number of carotenoid enriched crops have been investigated to provide
insights into the general metabolism and function of chromoplasts. A large number
of chromoplast proteins from various crop species such as watermelon, tomato,
carrot, orange cauliflower, red papaya, citrus, and red bell pepper have been
identified (Barsan et al. 2010; Siddique et al. 2006; Wang et al. 2013; Zeng et al.
2011). Examination of these chromoplast proteomes identifies relative abundance
of early core carotenoid pathway proteins, which may suggest an important role of
them for metabolic flux into carotenoid biosynthetic pathway (Wang et al. 2013).
In addition, a number of key metabolic and cellular processes appear to be crucial
for chromoplast biogenesis and development, which include lipid metabolism for
plastid membrane proliferation, carbohydrate metabolism to provide precursors for
the biosynthesis of carotenoids and many other metabolites within chromoplasts,
and chaperones for protein modification and translocation, as well as redox system
and reactive oxygen species, and energy production and import into chromoplasts
(Egea et al. 2010; Li and Yuan 2013).

While carotenoids in amyloplasts of staple crops are more vulnerable for degra-
dation, carotenoids in chromoplasts appear to be more stable due to sequestering in
carotenoid lipoprotein substructures including plastoglobules. In transgenic potato
tubers, the induction of chromoplast formation by the Or transgene has been
found to not only help retain carotenoids, but also stimulate continuous carotenoid
accumulation during long term storage (Li et al. 2012). The enhanced carotenoid
stability and accumulation are closely associated with amount of colored carotenoid
lipoprotein sequestering substructures formed. Carotenoids in chromoplasts of some
other fruits and vegetable are also known to be more stable. Carrot retains carotene
content and continuous accumulation during storage (Booth 1951; Imsic et al.
2010; Kopas-Lane and Warthesen 1995). Similarly, storage of butternut leads to
continuously increased carotenoid content. The increased accumulation has been
shown to be associated with the transition of amylochromoplasts into chromoplasts
(Zhang et al. 2014).

Chromoplasts provide a plastid-localized sink, which not only facilitates active
carotenoid biosynthesis, but also enhances stable storage of the synthesized products
with increased carotenoid stability. The specific characteristics of chromoplasts
provide potential for high capacity of carotenoid biosynthesis and stable accu-
mulation. Vitamin A plays vital role in human health and its deficiency leads
to eye damage, growth retardation, and reduced immune responses. Worldwide,
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some 250 million preschool children suffer from vitamin A deficient, which is
caused primarily by simple diets of staple crops with low levels of provitamin A
carotenoids. Many important staple crops such as wheat, rice, barley, maize, potato,
and cassava synthesize and store low levels of carotenoids in the membranes of
amyloplasts in the edible seeds or roots. In addition to low content, retention of these
carotenoids in staple crops has been a major concern during post-harvest storage and
over 50 % of provitamin A carotenoids can be lost during storage. Because of the
ability and capacity of chromoplasts to actively synthesize and effectively sequester
carotenoids, induction of chromoplast formation or conversion of some amyloplasts
into chromoplasts in the edible organs likely facilitates carotenoid synthesis and
stable storage in these major staple crops with improved nutritional quality.
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