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Running title:

Carotenoid metabolism in various types of plastids

Short Summary:

Plastids, the sites for carotenoid biosynthesis atwtage, play a central role in governing
carotenogenic activity, carotenoid stability, angnpent diversityin plants This review provides a
comprehensiveoverview of the impact of various plastids on carotenoidsnthesis and
accumulation, as well as the effect of plastid sype themultifaceted regulation of carotenoid

metabolism and metabolic engineeripigcarotenoids.



ABSTRACTS

Carotenoids are indispensable to plants and driidauman diets. Plastids are the organelles for
carotenoid biosynthesis and storage in plant cal&] exist in various types, which include
proplastids, etioplasts, chloroplasts, amyloplaamts, chromoplasts. These plastids have dramatic
differences in their capacity to synthesize andusstgr carotenoids. Clearly, plastids play a
central role in governing carotenogenic activitgratenoid stability, and pigment diversity.
Understanding of carotenoid metabolism and accuioualan various plastids expands our view
on the multifaceted regulation of carotenogenest facilitates our efforts toward developing
nutrient enriched food crops. In this review, weyide a comprehensive overview of the impact
of various types of plastids on carotenoid biosgseis and accumulation, and discuss recent
advances in our understanding of the regulatorytrobrof carotenogenesis and metabolic

engineering of carotenoids in light of plastid type plants.
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INTRODUCTION

Carotenoids are a group of natural tetraterpen@cents distributed widely in plants, algae,
fungi, and bacteria. Many flowers, fruits, and sotve their vivid orange, yellow and red hues
to carotenoids. Carotenoids play essential rolesphotosynthesis and photoprotection
(Domonkos et al.2013; Niyogi and Truong,2013; Hashimoto et al., 2016). They provide
precursors for the biosynthesis of phytohormoniesgiaic acids (ABA) and strigolactones (SLs)
(Nambara and Marion-PolR005; Al-Babili and Bouwmeester, 2015). Carotenoid datives
also act as signaling molecules to mediate plameldpment and responses to environmental
cues (Havaux2014; Tian,2015; Hou et al., 2016). Apart from their central fucts in plants,
carotenoids play critical roles in human nutritiand health as essential components of human

diets. They provide dietary sources of provitamiarl serve as antioxidants to reduce the onset



of some chronic diseases, such as cardiovascideasks, cancers, and age-related eye diseases
(Fraser and Bramle2004; Rao and Ra®007; Fiedor and Burda, 2014).

The pivotal roles of carotenoids to plants and msnaave prompted significant efforts toward
understanding of carotenoid metabolism in plantss@tiberg2001; Fraser and Bramleg004;
Farré et al.,2010; Walter et al.,2010; Zhu et al.,2010; Cazzonelli,2011; Ruiz-Sola and
Rodriguez-Concepcio012; Moise et al.2013; Liu et al.,2015; Nisar et al., 2015). Carotenoid
biosynthesis pathway is well established (Figureltigtarts with the formation of C5 building
blocks isopentenyl diphosphate (IDP) and dimethydiphosphate (DMAPP) with isomeration
by isopentenyl diphosphate isomerase (IPI) (Paakrat al., 2016) via the methylerythritol 4-
phosphate (MEP) pathway (Eisenreich et al., 20@@ranylgeranyl diphosphate (GGPP)
synthase 11 (GGPS11) is a hub isozyme that ingerith phytoene synthase (PSY) and GGPS
recruiting protein to channel GGPP toward carotésaind chlorophylls, respectively (Ruiz-Sola
et al.,2016; Zhou et al., 2017). The condensation of two GGRFPBY generates the first
carotenoid product phytoene. This step is constasea major rate-limiting step of carotenoid
biosynthesigCazzonelli and Pogson, 2010). Following a serfedesaturation and isomerization
reactions catalyzed by phytoene desaturase (PD&rotene desaturase (ZDS)}carotene
isomerase (Z-ISO), and carotenoid isomerase (CR)[18Qed colored carotenoid lycopene is
produced from uncolored phytoene. Cyclization afolyene by lycopene-cyclase (LycE)
and/or lycopeng-cyclase (LycB) produces orangecarotene ang-carotene, representing the
a- and pB-branch of the pathway, respectively. Subsequedtdxylation of a-carotene ang-
carotene by two non-heme carotene hydroxylases B@HAd BCH2) and two heme
hydroxylases (CYP97A and CYP97C) generates yellamhophylls of lutein in the-branch
and zeaxanthin in th@-branch. Epoxidation and de-epoxidation of zeaxanlly zeaxanthin
epoxidase (ZEP) and violaxanthin de-epoxidase (VIDEh the xanthophyll cycle, a mechanism
to protect plants against photodamage (Jahns andwdidh, 2012). The conversion of
violaxanthin into neoxanthin by neoxanthin synth@dXS) concludes the core biosynthetic
pathway (Neuman et al., 2014urther modifications of carotenes and xanthophgtisduce
various species-specific carotenoids (Giuliarx®,14; Giuliano, 2017). Non-enzymatic or
enzymatic oxidative cleavages of carotenoids byteaoid cleavage dioxygenases (CCDs)

produce apocarotenoids, which include phytohormosigsaling molecules, and volatiles (Al-
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Babili and Bouwmeeste?2015; Beltran and Stang@016; Hou et al., 2016). CCDs contribute to

the steady-state levels of carotenoids (GonzalegeJet al.2013; Latari et al., 2015) (Figure 1).

Carotenoid sequestration is also known to profopraifect total carotenoid accumulation
(Vishnevetsky et al.1999; Li and Yuan, 2013) (Figure 1). All the genes andyenes in the core

carotenoid biosynthetic pathway have been isolated well characterized (Ruiz-Sola and
Rodriguez-Concepcior012; Nisar et al.2015; Yuan et al., 2015b). However, less is known

about the regulatory control of carotenoid metadmoldespite recent advances.

In plant cells, plastids are the sites for caroigrmosynthesis and storage. Plastids are found
ubiquitously in plants and exist in various typeach as proplastids, amyloplasts, etioplasts,
chloroplasts, and chromoplasts (Lopez-Juez and,Pykd; Jarvis and Lopez-Juez, 2013). All
types of plastids except proplastids possess thacdg for carotenoid production (Howitt and
Pogson,2006; Li et al.,, 2016). Proplastids are small, undifférated plastids that enrich in
meristem and reproductive tissues. Although nohdp@iarotenogenic sites, proplastids are the
progenitors for all other types of plastids (Fig@e Amyloplasts are starch-storing plastids
found in seeds, roots and tubers. Amyloplasts inegd contain relatively low levels of
carotenoids, mainly as xanthophylls (i.e. luteieazanthin, and violaxanthin) (Howitt and
Pogson,2006; Wurtzel et al., 2012). Etioplasts are regardedaasintermediary stage of
chloroplast development in dark-grown plants. H&efs contain small amounts of
photosynthetic carotenoids primarily lutein and lax@nthin and the chlorophyll precursor
protochlorophyllide for rapid adaptation of photaimlmogenesis upon illumination (Rodriguez-
Villalén et al., 2009). Chloroplasts define plamtsd are the photosynthetic plastids in green
tissues. Abundant carotenoids are localized in roplast thylakoid membranes for
photosynthesis and photoprotection. Chromoplagt€laaracterized by massive accumulation of
carotenoid pigments in many colored flowers, fruéisd vegetables (Egea et ab,)0; Li and
Yuan, 2013; Schweiggert and Carle, 2017). Because of theiciBpefunctions and unique
morphologies, various types of plastids exhibited#nt capacities to synthesize and accumulate
carotenoids (Figure 2) (Ruiz-Sola and Rodrigueze@pnion,2012; Li et al., 2016). This review
will discuss the impact of plastid types on carotdrbiosynthesis and accumulation, and cover
recent progress in understanding the regulatoryham@sms underlying carotenoid metabolism

and metabolic engineering of carotenoids in lighplastid types in plants.
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ETIOPLASTS ‘READY TO GO’

Under natural conditions, etioplasts are in a standtate for chloroplast development before
seedlings merge out from soil for photosynthesige most distinctive feature of etioplasts is the
formation of prolamellar bodies (PLBs), which catsof large paracrystalline lattices of
interconnected tubules with both chlorophyll precurand carotenoids (Kowalewska et al.,
2016). Etioplasts in etiolated seedlings accumudatly limited amounts of carotenoids (von
Lintig et al.,1997; Welsch et al., 2000). The low level of carotenadd@umulation in etioplasts is
believed to result from both low expression of thajor rate-limiting enzyme PSY and its
topological localization within the plastids. Inaated tissuesPSY expression was found to be
regulated by phytochromes through phytochrome-aaterg factors (PIFs), a family of bHLH
transcription factors that are required to repg@sstomorphogenesis in the dark (von Lintig et
al., 1997; Leivar et al.2009; Toledo-Ortiz et al., 2010). PIFs bind directlythee G-box element
in the PSY promoter to suppress its expression, resultingdawvn-regulating carotenoid
biosynthesis in etioplasts (Toledo-Ortiz et al.1@0 In addition, the topological localization of
PSY protein also regulates PSY at activity levekiioplasts. Membrane association is required
for PSY activity (Welsch et al., 2000). In etioldtseedlings, most of the PSY proteins are
located within PLBs and display low enzymatic atyivdue to the lack of competent
membranes, which reduces its ability for carotermasdynthesis (Welsch et al., 2000). Although
carotenoid biosynthetic activity is limited, contous metabolic flux through the carotenogenic
pathway occurs in etioplasts. This is evidencegloytoene accumulation when PDS activity is
disrupted by plastid terminal oxidase (PTOX) dystion in etiolated seedlings (Kambakam et
al., 2016).

Despite being present at low levels, carotenoids essential for etioplast formation and
function. Lutein and violaxanthin are the main ¢anoids in etioplasts (Park et a2002;
Rodriguez-Villalén et al., 2009). Absence of lutend violaxanthin causes a lack of the
representative lattice-like PLBs in etioplasts aletays photomorphogenesis in the dark-grown
seedlings of a lutein deficient mutaotr2 (Park et al.,2002; Cuttriss et al., 2007). This

establishes the crucial role of carotenogenesi®tioplast formation and function. Lutein and
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violaxanthin in etioplasts are also believed to ds@ical in subsequent de-etiolation and
photoprotection (Pogson et al9Q98; Barrero et al., 2008). Indeed, higher carotenoidtent in

etiolated seedlings was found to result in bettetpsynthetic development (Rodriguez-Villalon
et al., 2009). It is clear that biosynthesis ancuatulation of carotenoids in etioplasts aid dark-

grown seedlings in rapid adaption of photomorphegenupon illumination.

Etioplasts are ‘ready to gdfor chloroplast formation and photosynthesis. Ligignaling
functions as the primary trigger for etioplast eliéfntiation into chloroplasts. De-etiolation
involves synchronous formation of chlorophylls, atanoids, lipids, and proteins for the
assembly of photosynthetic apparatus (Cheminanalet2011). The rapid production of
carotenoids is associated with de-repression ofteaoid biosynthetic genes (Woitsch and
Romer,2003; Rodriguez-Villalon et al., 2009). PIFs and LONG PKYCOTYL 5 (HY5), which
mediates a broad set of photomorphogenic respodsestly regulatePSY expression in an
antagonistic way. Upon illumination, light triggedegradation of the negative regulators PIFs
and stabilizes HY5, resulting in activation®Y expression (Toledo-Ortiz et a2010; Toledo-
Ortiz et al.,2014; Bou-Torrent et al.,, 2015)Furthermore, PSY activity greatly enhances
following establishment of photosynthetic appardifsisch et al., 2000). A dramatic increase of
carotenoids protects plastids from photoxidativendges during de-etiolation (Rodriguez-
Villalon et al.,2009; Llorente et al., 2017).

The burst production of carotenoids in coordinatwath chlorophyll formation during the de-

etiolation process is crucial for the etioplasetderoplast transition as well as plant fitness
under sunlight. It is believed that carotenoidsypldferent roles in the early and late stages of
de-etiolation. During the first several hours, tkanthophyll cycle reaches its highest
photoprotection activity before the light-harvegtioomplex is fully established (Ruban et al.,
2007). Relatively high transcript levels BEH andZEP occur in the early stage of this process
(Woitsch and Romer, 2003). At the later stage, temad/chlorophyll ratio decreases when
photosynthetic machinery is fully developed and PBLBre converted into thylakoids.

Sophisticated regulation of chlorophyll formatioarithg de-etiolation has been revealed by the

light signaling pathways (Liu et ak013; Mysliwa-Kurdziel et al.,2013; Su et al.2015; Xu et
al., 2016) and phytohormones (Hurkplet al., 2015; Cortleven et al., 2016). However,
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knowledge for the coordinated regulation of caroténbiosynthesis in this process remains

limited.

AMYLOPLASTS ‘WITH POTENTIALS’

Amyloplasts are of great economic and agricultumgbortance because they are enriched in
starchy organs such as seeds of wheat, rice, batey maize, as well as potato tuber and
cassava root. Amyloplasts store starch granulegshndre important to plants in energy storage
and gravitropism (Jarvis and Lopez-Juez, 2013). lapigsts synthesize and accumulate
carotenoids mainly as xanthophylls (i.e. luteinaxanthin, and violaxanthin) (Howitt and
Pogson2006; Wurtzel et al., 2012). With the exception of agbke role in ABA production, the
function of carotenoids in amyloplasts remain to defined. While substantial levels of
carotenoids can be found in amyloplasts from soareties of starchy crops with large genetic
variation, such as maize and potato tuber (VaHakhi and WurtzeRQ009; Zhou et al.2011;
Owens et al., 2014), amyloplasts in general accatawnly low levels of carotenoids (Howitt
and Pogson2006; Zhai et al., 2016). Presumably, there are undaglyfactors limiting
carotenoid biosynthesis and accumulation in amgktpl which include biosynthesis capacity,

plastid ultrastructures, and metabolic channeling.

Low transcription and activity of key enzymes i ttarotenogenic pathway may be the crucial
limiting factors for low carotenoid production imgloplasts (Vallabhaneni and Wurtz2()09;

Bai et al., 2016). This is supported by consideratihta showing that up-regulation of
carotenogenic genes leads to significant caroteacadimulation in the starchy organs such as
rice seeds (Paine et a(05; Bai et al., 2016), potato tubers (Diretto et 2007a; Mortimer et
al., 2016), wheat seeds (Wang et al., 2014), aadtalli (Cao et al2012; Bai et al., 2014).
PSY represents a major rate-limiting step for aavoid biosynthesis in amyloplasts (Wurtzel et
al., 2012). Low PSY gene expression and activiedly affect carotenoid levels in many
starchy organs (Schaub et a005; Li et al.,2008; Howitt et al.,2009; Welsch et al., 2010). In
addition, degradation of carotenoids in amyloplastsot a negligible factor for low carotenoid
levels in starchy tissues (Schaub et al., 2017hoB®-wide association studies (GWAS) reveal

that carotenoid cleavage dioxygenase enzymes, C&idll CCD4, are responsible for seed
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carotenoid degradation and ZEP is an upstream ibatdr of carotenoid degradation in

Arabidopsis seeds (Gonzalez-Jorge etall 3; Gonzalez-Jorge et al., 2016).

Plastid ultrastructures are important for carotdnaiccumulation as they influence both
carotenoid biosynthesis and storage capacity (Yearal.,, 2015b; Llorente et al., 2017).
Normally, lipid-rich substructures are absent inylplasts, and starch granules occupy the inner
space. The lack of appropriate lipoprotein sequiestesubstructures in amyloplasts perhaps
restricts their capacities to significantly syniaesand stably store carotenoids (Lopez et al.,
2008; Li et al., 2016).

As the key energy storage sites, amyloplasts hage demand of carbohydrate supply for starch
biosynthesis, which may limit the carbon flux intarotenoid pathway. Metabolic channeling
maintains the balance between starch and carotdnioglnthesis in amyloplasts. Because
synthesis of starch and carotenoids competes fdrooasupplies, it is not surprising to find
negative correlations between carotenoid accunamand starch deposition in some cases, such
as in citrus and potato tubers engineered to sgizbdnigh-value carotenoids (Cao et 20.15;
Mortimer et al., 2016).

Nevertheless, amyloplast readjustments regulartyiom special plant organs or tissues (Jarvis
and Lopez-Juez, 2013). These readjustments inaedelopment of conspicuous crystalline-
type carotenoid sequestering substructures (Mdasds 2009; Cao et al., 2012) and formation of
amylochromoplasts (Hempel et aQ14; Zhang et al., 2014). In amyloplasts, carotenoids a
primarily synthesized and stored in amyloplast memes (Lopez et al2008; Pasare et al.,
2013; Mortimer et al., 2016)Prominent crystalline-type carotenoid sequestesuigstructures
can be induced in amyloplasts, likely when caroigagcumulation exceeds the storage capacity
of plastid membranes. Amylochromoplasts with stagrhnules and carotenoid sequestered
elements are described in some natural organsasupbach palm fruit, squash, and sweet potato
tuber (Jeffery et al2012; Hempel et al.2014; Zhang et al., 2014). This specific kind of plastid
was also found in organs engineered to accumutatgenoids (Maass et a009; Cao et al.,

2012) and during the transition from amyloplaststoomoplasts (Horner et al., 2007).



These readjustments not only impact carotenoidagercapacity, but also possibly affect
biosynthetic ability. Prominent carotenoid biosyagis and accumulation occur in tobacco floral
nectaries, citrus fruits, and achiote seed aril®viong the developmental programmed changes
of amyloplasts (Horner et akP07; Zeng et al.2015b; Buah et al.2016; Louro and Santiago,
2016). These changes are achieved by activati@arotenogenic gene transcription along with
other processes (Horner et al.,, 2007). Apparentgtrograde communication between
amyloplasts and nucleus is built to feed back &sfdl functions (Enami et al., 2011). Carotenoid
metabolites along with carotenoid levels might alBstt as signals to direct amyloplast
modification (Kim et al.2010; Hou et al., 2016). Furthermore, amyloplasts arapi@nt with
up-regulation of carotenogenic activities and wdkinamical partition into different sub-
organelle compartments (Bai et &l0,16; Mortimer et al., 2016). These adaptations giveckta

organs the potential to synthesize and accumuldistantial levels of carotenoids.

CHLOROPLASTS ‘FOR CHLOROPLASTS’

Chloroplasts accumulate high levels of carotenaltt®ough carotenoid colors are masked by the
green chlorophylls. Lutein, 3-carotene, violaxamtland neoxanthin are the most abundant
carotenoids with astonishingly conserved ratiosciforoplasts (Ruiz-Sola and Rodriguez-
Concepcion, 2012). Majority of chloroplast carotieisaare localized in the thylakoid membranes
for light harvesting and photoprotection (Jahns Hietkwarth,2012; Niyogi and Truong2013;
Ruban, 2016). Violaxanthin and other carotenoids aso be found in chloroplast envelope
membranes (Schwarz et al., 2014) and plastogloptiiessmall lipoprotein droplets (van Wijk
and Kessler, 2017). Plastoglobules are identifiad aasite of carotenoid breakdown for
apocarotenoid production (Ytterberg et 2006; Lundquist et al.2012; Rottet et al., 2016) and

for nonendogenous carotenoid accumulation (Mortietex., 2017).

Active carotenoid biosynthesis in chloroplasts esauainly in envelope membranes (Joyard et
al., 2009; Ruiz-Sola and Rodriguez-Concepcion, 2012). Sustipial proteomic studies localize
most carotenogenic enzymes in chloroplast envelopgth ZEP in both envelopes and
thylakoids, where VDE is only in thylakoids (Ytterg et al.2006; Joyard et al.2009; Bruley

et al., 2012) (Figure 3). Noticeably, the intra-amglle localizations of carotenogenic enzymes do
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not fully overlap with those of carotenoid metatesi It is possible that an unknown trafficking

pathway exists. Plastoglobules containing someteaoid metabolites and enzymes (Figure 3)
are attached to thylakoids, and plastoglobule nunmbehloroplasts is correlated with thylakoid

biogenesis (Brehelin et akp07; van Wijk and Kessler, 2017), which make plastogleb the

possible structures for metabolite trafficking bhglakoids.

Carotenoids in chloroplasts function mainly as pbkghthetic pigments and photoprotectors.
Without carotenoids, chloroplasts could not funetpyoperly and thus plants would not survive.
While knocking outPSY and PDS in the photosynthetic tissues result in total ehwhent of
photosynthesis, mutations in xanthophyll biosynthgenes do not cause lethal phenotype but
negatively impact photoprotection (Pogson et E96; Tian and DellaPenn2001; Kim and
DellaPenna, 2006). Photoprotection is one mechartfsah plants have employed to better
survive under high light stress. Carotenoids piegplaceable roles in this process by quenching
chlorophyll-excited states, scavenging reactivegexy species, and dissipating excess energy
into heat. The photoprotective mechanism referoealstnon-photochemical quenching (NPQ) in
vascular plants includes two xanthophyll cycles, ¥iolaxanthin cycle and lutein epoxide cycle,
to convert excess excitation energy into harmlessg fLeonelli et al.2017; Leuenberger et al.,
2017). Other than high light stress, recent stuslesv that the ethylene signaling and pathogens
also affect NPQ (Chen and Galli#15; Zhou et al., 2015a), suggesting that xanthophdles
provide plasticity for chloroplasts to better adéptenvironmental stresses. Additionally, some
carotenoids that accumulate outside of the thytikare believed to protect cells and be

important stress response (Solovchenko and Neve@dwv,).

Carotenoids in chloroplasts are also convertedaptaarotenoids that serve as signal molecules.
Beyond the well-known phytohormones ABA and SLsnkEistein, 2013; Al-Babili and
Bouwmeester, 2015), evidence is emerging that stgppdbe regulatory roles of additional
apocarotenoids throughout plant development (McQuhal.,2015; Tian, 2015; Hou et al.,
2016). An uncharacterized apocarotenoid signalvddrirom cleavage of phytofluene andier
carotene in @-carotene desaturase mutant alters leaf developwignineedle-like, translucent
leaves and greatly affects chloroplast biogenésmugh regulating the expression of nuclear and

plastidial encoded genes (Avendano-Vazquez et 2014). Non-enzymatically generated
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apocarotenoidg-cyclocitral and dihydroactinidiolide, regulate tb&pression of stress related
genes to enhance high light acclimation, possiiysalicylic acid signaling cascades (Ramel et
al.,2012; Shumbe et al2014; Lv et al.,2015a; Shumbe et al., 2017). In addition, a carotenoid-
derived signal was found to regulate lateral ra@inbhing in Arabidopsis (Van Norman et al.,
2014). Since a large number of carotenoid derieatigxist in chloroplasts, some ambiguities
include how to define a carotenoid-derived moleasdea signal molecule, and how plant cells
perceive the signals. Are receptors like ABA reoeptequired or do the molecules pass signals
by other means?

A number of regulatory mechanisms for carotenogeneshloroplasts are known and some are
illustrated here (Figure 3). Transcriptional redgiola of carotenoid biosynthetic genes plays a
central role and has been investigated extensivelgaf tissues, although much remains to be
revealed (Lu and Li2008; Ruiz-Sola and Rodriguez-Concepci@,12; Nisar et al., 2015).
Carotenogenic genes are activated/deactivated sponse to both developmental and
environmental signals (Ruiz-Sola and Rodriguez-€poi®n,2012; Nisar et al., 2015). Light
signal and photoperiod are important for chloropfasction and affect transcript levels of
carotenoid biosynthetic gend3irect bindings of PIFs and HY5 to the G-box elemarthe PSY
promoter provide a link between light signaling acatotenoid biosynthetic gene expression
(Toledo-Ortiz et al.,2010; Bou-Torrent et al.,2015; Llorente et al., 2017) (Figure 3).
Transcription factor RAP2.2 was found to bind te tAhTCTA element of thd®SY and PDS
promoters to negatively regulate carotenogenestgabidopsis (Welsch et al., 2007) (Figure 3).
Epigenetic modification by a histone methyltranager (SDGB8) to specifically regula@tlSO
provides a fine-tuning mechanism in regulating tamoid biosynthesis in chloroplasts
(Cazzonelli et al.2009; Cazzonelli et al., 2010) (Figure 3).

Post-translational regulation is critical to maintdunctional forms of the carotenogenic
enzymes in plants. Arabidopd®SY has two alternative splice variants with differ&itTRs.
The different lengths of 5’UTRs exert differentrtséation efficiency to regulate PSY enzyme
activity (Alvarez et al., 2016) (Figure 3). Thisnki of translational regulation provides an
alternative for the transcriptional control by ugiifferent copies oPSY foundin other species.

Deoxyxylulose 5-phosphate synthase (DXS), the &rstyme of plastidial isoprenoid pathway,
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was found to be controlled by J-protein J20 viatgreprotein interactions. J20 specifically
targets misfolded or unfolded DXS, and delivers Di¥She HSP70 system for refolding and
function (Pulido et al.2013; Pulido et al.2016; Pulido et al., 2017). GGPS11 interacts directly
with PSY to mediate flux into carotenoid biosynikefRuiz-Sola et al., 2016) (Figure 3).
Moreover, the OR proteins were discovered to benthr post-translational regulators of PSY
to regulate the PSY protein level and enzymatidcviagtin controlling carotenoid production
(Zhou et al.,2015b; Park et al.2016; Chayut et al., 2017) (Figure 3). Chloroplast paste
systems are important for chloroplast proteomeaven (Nishimura et al., 2016). A recent study
suggests that CCD4 could be a substrate of pladiotg-localized metallopeptidase PGM48
(Bhuiyan and van Wijk, 2017) (Figure 3).

Carotenoid biosynthesis is also influenced by fectbat affect carotenogenic enzyme activity
(Figure 3). Redox state regulates carotene desasir&dTOX serves as a redox regulator in
phytoene desaturation to regulate carotenoid comerhloroplasts (Wu et all999; Kambakam

et al., 2016). Thylakoid localized VDE is sensitieeredox state and the disulfide bonds of VDE
protein were found to be responsible for perceiviedpx state (Hallin et al2015; Simionato et
al., 2015). Z-1SO also controls carotenogenesia iredox-regulated manner through a heme
cofactor (Beltran et al., 2015). These studies edpaur knowledge on the regulation of

carotenogenesis in plants.

Carotenogenic enzymes localize in the envelope mammaels (Bonk et al.l997, Gemmecker et
al., 2015). However, only a few proteins are pretido contain transmembrane domains, which
suggests the formation of protein complexes to@asothem with membranes (Ruiz-Sola and
Rodriguez-Concepcion, 2012). Indeed, some caratehimisynthetic enzymes were found in
large protein complexes in chloroplasts (Bonk et B997). PDS exists in two complexes in
chloroplasts with one in the membrane fraction 8@&kDa complex and the other in stroma as
a 660 kDa complex in Arabidopsis (Lopez et al., &00n vitro experiments support the
oligomeric assembly with membranes for the PDSammotGemmecker et al., 2015). GGPPS11
was found to serve as a hub isozyme for the foomatif the membrane-associated carotenoid

enzyme complex via physical interactions with P&GR and SPS2 (Ruiz-Sola et al., 2016).
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The formation of enzyme complexes has been sugéstéacilitate metabolic channeling for

carotenoid biosynthesis (Ruiz-Sola and Rodrigueze€pcion, 2012).

As being indispensable components of the photosyicthpparatus, carotenoids are synthesized
in a coordinated manner with chlorophyll biosynteesn chloroplasts. Thus, defects in
chlorophyll biosynthesis and chloroplast formatimsually result in reduced carotenoid
biosynthesis. Concomitantly, the coordinated bitisgsis of carotenoids and chlorophylls in
chloroplasts also restrains further carotenoid ecdation in green leaf tissues following up-
regulation of carotenoid biosynthetic and regulatgenes (Maass et aRk009; Yuan et al.,
2015b). Currently, the genes that directly coortinaarotenoid and chlorophyll biosynthesis in

chloroplasts remain to be unknown.

CHROMOPLASTS ‘A COLORFUL WORLD’

As the main plastids that synthesize and storeteaomls in flowers, fruits, and roots,
chromoplasts contain diverse kinds and levels obteaoids in different organs and species,
unlike other types of plastids. The diversity ofatanoids in chromoplasts produces colorful
plant organs to attract insects and animals folinagion and seed dispersal (Lu and 2008;
Cazzonelli2011; Nisar et al., 2015).

Chromoplasts are fully developed and usually teateid plastids. They are derived from all
other plastids, including proplastids, amyloplaats] chloroplasts, although the molecular basis
underlying chromoplast differentiation remains umkm (Egea et al2010; Li and Yuan,2013;

Li et al., 2016). Chromoplasts are commonly seebeta@erived from chloroplasts in fruits and
vegetables that undergo green to yellow or redrodi@ange during ripening, such as in tomato
(Egea et al.2011; Suzuki et al., 2015), bell pepper (Spurr and Hatb68), and grapefruit peel
(Lado et al.,, 2015a). Chromoplasts also evolve frpraplastids and amyloplasts in non-
photosynthetic tissues, such as in orange cauldtawutant (Li et al., 2001), carrot root (Kim et
al., 2010), papaya (Schweiggert et al., 2011), @trds pulp (Lado et al2015b; Zeng et al.,

2015b). The conversion into chromoplasts is markgdmassive carotenoid accumulation
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following dramatic membrane remodeling and the famron of carotenoid-lipoprotein

sequestration substructures within chromoplasts.

Based on the pigment-bearing sequestration sulbstes; chromoplasts are classified into five
major types as globular, crystalline, membranoibsiller, and tubular (Egea et al., 2Q10 and
Yuan,2013; Schweiggert and Carle, 2017). Usually more tham kind of chromoplasts coexist
in a species. Globular chromoplasts are charaetbrizy abundant plastoglobules, which are
found in many plants, such as in mango, yellow paptomato (Jeffery et al., 2012), Bixa seed
(Louro and Santiago, 2016), saffron stigma (Gémeéme€z et al., 2017), and citrus (Lado et al.,
2015a; Lado et al.2015b; Zeng et al.2015b; Lu et al., 2017). Crystalline chromoplasts tydigal
overaccumulate lycopene affidcarotene as red/orange crystals, and are abumaaomato
(Jeffery et al., 2012), watermelon (Jeffery et#12; Zhang et al., 2017), and carrot (Kim et al.,
2010). Interestingly, while aliFans-B-carotene is deposited as crystalline typegigssomers are

in globular chromoplasts (Vasquez-Caicedo et 8062. Membranous chromoplasts are typified
by the large amount of condensed whirly multi-lagegmbrane structures, as shown in daffodil
(Hansmann et al., 1987) and orange curd cauliflo\{feaolillo et al., 2004). Fibrillar
chromoplasts contain spindle-shaped fibrils andbest known in red pepper (Kilcrease et al.,
2013). Tubular chromoplasts display an elongatdsk-shaped appearance with numerous

tubules arranged in bundles, as shown in yelloshitel papaya (Schweiggert et al., 2011). In

addition, unique storage membrane structures feciBp apocarotenoids, such ‘@socinoplast

for crocins and osmiophilic bodies and vesiclashixin and norbixin, were noted recently in
the vacuoles of carotenoid storage cells in safftayma and Bixa seed arils, respectively (Louro
and Santiagd2016; Gomez-Gdmez et al., 2017). Large amounts of ligmptiroplets connected
by stromules, the stroma-filled tubular extensidos,C,3 apocarotenoid accumulation were also
observed in the vacuoles of root cells during ségjes of arbuscular mycorrhizal symbiosis and
arbuscule senescence (Strack and Fester, 2006 iglhlg heterogeneous nature or plasticity of
carotenoid sequestering substructures in chromispli&ely contributes to the diverse kinds and
variable levels of carotenoids in fruits, vegetabland roots. This has been documented from
examining chromoplasts from various citrus fruitsado et al., 2015b) and pepper fruits
(Kilcrease et al., 2015).
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The various carotenoid-lipoprotein sequesteringssubtures serve two distinctive roles for
massive accumulation in chromoplasts (Vishneveg&tlkyl.,1999; Li et al., 2016). One role is to
sequester the newly synthesized carotenoids ingmnegmt-lipoprotein substructures within
chromoplasts for stable storage. For example, dysteveals that the sequestered carotenoids
exhibit remarkable photostability situ (Merzlyak and Solovchenko, 2002). The other reléoi
stimulate continuous biosynthesis by removing tee/ly synthesized carotenoids from plastid
envelope membranes to avoid overloading of endymtsdat the site of carotenoid biosynthesis.
As such, it is not surprising to find that formatiaf pigment-lipoprotein sequestering
substructure or increase of chromoplast compartns&ré/number strongly correlates with
elevated carotenoid accumulation (Li and Yuan, 20T&amatic remodeling of membrane
system, including increased number and size otquésbules, high frequency of membranous
formation, and increased stromules were noticethguwshromoplast formation with carotenoid
overproduction (Bian et al2011; Nogueira et al.2013; Lado et al., 2015b). Studies of tomato
high pigment mutants provides evidence for a direct link betwearotenoid levels and plastid
compartment size and number (Liu et abp4; Kolotilin et al., 2007, Galpaz et al., 2008).
Esterification of carotenoids also modulates caroit content because of its role in facilitating
sequestration and enhancing carotenoid stabilityzdmi et al., 2014). Unlike chloroplasts with
restrained sequestration of carotenoids to maingaioper carotenoid/chlorophyll ratios for
optimal photosynthesis and photoprotection, chrdastp possess much higher capacities with
great metabolic sink strength for massive carotéaocumulation.

Chromoplasts are the main organelles for caroteramdumulation. Thus, regulation of
chromoplast biogenesis exerts profound influence total carotenoid accumulation. In
cauliflower, the transcript levels of carotenoidtab®lic pathway genes are similar in white and
orange curd of thér mutant (Li et al.,2001; Lu et al., 2006). Similarly, no significant
differences in the expression of carotenoid pathgeiyes are noted in orange and non-orange
flesh melon fruits (Chayut et al., 2015). The metabflux rates are also comparable between
orange and non-orange tissues in both cauliflowdrraelon fruit (Li et al., 208 Chayut et al.,
2017). Asingle ‘golden SNRh melonOr gene alters a highly-conserved arginine to hiséidn

the OR protein and is responsible fscarotene accumulation in chromoplasts from a broad

germplasm collection (Tzuri et al., 2015). While @#ulates PSY protein level and enzymatic
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activity (Zhou et al.,2015b; Park et al., 2016), the ‘golden SNP’-induced camotd

accumulation in orange tissues does not directiyetate with the biosynthetic activity. Further
investigation of the underlying mechanism reveladd the high level of carotenoid accumulation
is due to the unique ability of the ‘golden SNP’'mediating chromoplast biogenesis or plastid
fate change (Yuan et ak015a; Chayut et al., 2017). Another example is in aftedh sweet

orange mutant, in which the massive accumulation cafotenes is not explained by
carotenogenic activity, but by distinct crystalliseromoplast development (Lu et al., 2017).
These studies demonstrate the crucial role of cbpbast biogenesis for carotenoid

accumulation.

Chromoplast differentiation represents a complitgtecess that is not understood (Egea et al.,
2010; Li et al.,, 2016). Several non-carotenogenic geaas$ proteins have been shown to be
associated with chromoplast formation and develogmé&hey include a small molecular
chaperone and a plastid encoded fatty acid biosyistlenzyme accD in tomato fruit (Neta-
Sharir et al.2005; Kahlau and Bock, 2008), a plastid fusion and/angtocation factor (Pftf) in
pepper fruit (Hugueney et al., 1995), and fibriljroteins (Deruére et all994; Kilambi et al.,
2013; Kilcrease et al., 2015). However, the genes antthways that control chromoplast
biogenesis remain largely unknowdx. represents the only known gene dmma fide molecular
switch to trigger chromoplast differentiation inubflower (Li et al.,2001; Lu et al., 2006) and
orange melon fruit (Tzuri et al2015; Chayut et al., 2017). Its specific role in inibegf
chromoplast biogenesis is documented by ectopicesspn of thér transgene in potato tubers
and Arabidopsis calli (Lopez et ak008; Yuan et al., 2015a). In the latter case, typical
membranous chromoplasts as found in orange cauéflanutant (Paolillo et al., 2004) were
clearly observed under TEM in ti@-induced orange calli (Yuan et al., 2015a). Altho@y is
known to have dual functions in mediating carotdrnaccumulation, the mechanism by which

Or governs chromoplast biogenesis remains unknown.

A mechanism of carotenoid metabolite-induced chnolasi biogenesis was postulated
following the observation of plastid transition form chromoplast-like structures in the
premature fruits of tomato overexpressiR§Y1l (Fraser et al., 2007). Indeed, chromoplast

differentiation is strongly associated with caratelhproduction. Moreover, the formation of new
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and distinctive types of chromoplasts has been dotan correlate with the accumulation of
specific carotenoids. The accumulation of lycopened-flesh citrus fruits causes the formation
of crystalline chromoplasts (Lado et aRp15b; Lu et al., 2017). Similarly, the 2-(4-
Chlorophenylthio)-triethylamine hydrochloride (CP)fladuced lycopene production leads to
the development of crystalline chromoplasts insteddjlobular chromoplasts in the normal
citrus fruits (Lu et al., 2017). While it is cle#lrat carotenoid metabolites induce chromoplast
substructure changes, whether and how the metebdly themselves initiate chromoplast
biogenesis remain to be elucidated.

Multifaceted regulation of carotenoid metabolisns leen revealed in chromoplast-containing
tissues (Ruiz-Sola and Rodriguez-Concepcitiri2; Nisar et al.,2015; Yuan et al., 2015b).
Transcriptional regulation of the pathway genes/@ite in chromoplasts during fruit ripening
from green to red/yellow in response to developm@esignals, as shown in tomato (Ronen et al.,
1999) and pepper (Hugueney et al., 1996). Transeni@ regulation also provides the first layer
control of carotenoid production in many other seeduring ripening (Wei et ak014; Chayut

et al., 2015) and flowering (Sagawa et al., 20$86ppression of downstream gene expression by
mutations or other unidentified mechanisms resinitghe accumulation of various specific
upstream products in chromoplasts (Blas eR@ll); Galpaz et al2013; Lv et al.,2015b; Zhang

et al., 2015). Post-translational regulation to olate pathway enzyme activities provides
another layer of control for carotenoid productiofihis regulation includes membrane
association (Al-Babili et al1996; Schledz et al.|996; Ahrazem et al., 2016) and protein-protein
interactions (Luo et al2013; Park et al.2016; Chayut et al., 2017). The formation of enzyme
complexes also facilitates metabolite channelingrive flux toward completion (Ruiz-Sola et
al., 2016). Other layers of regulation include festk regulation of pathway genes and enzymes
by carotenoid metabolites as shown in tomato fr({igschanovsky et al., 2012) and in carrot
(Arango et al., 2014), as well as a negative feekilbad feed-forward mechanism as revealed by
investigatingCrtl in the tomataangerine andold gold crimson mutants (Enfissi et al., 2017).
Epigenetic regulation of gene expression has b&ewrs to affect tomato fruit ripening and
carotenoid accumulation (Zhong et al., 2013). Thdtifaceted regulatory mechanisms also
contribute to the diverse kinds and levels of eawoids in chromoplasts that give the colorful

organs.
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Carotenogenesis in chromoplasts is controlled byeld@mental and environmental signals
(Figure 3) (Ruiz-Sola and Rodriguez-Concepcit®ri2; Fanciullino et al.2014; Liu et al.,2015;
Nisar et al., 2015). During tomato fruit ripeningevelopmentally-regulated chlorophyll
degradation reduces the self-shading effect, wipabhmotes PIFla turnover and results in
specific activation of PSY expression and caroteidsynthesis (Llorente et al., 2016) (Fig. 3).
Bursts of carotenoid levels in chromoplasts arktlyglinked with the ripening process in many
fruits. A large number of ripening related trangtian factors, particularly those that regulate
ethylene production, were found to affect carotdrewvels in tomato fruits (Liu et al., 2015).
However, only a few of them (RIN and SGR1) are doented to directly modulate transcription
of the carotenogenic genes (Martel et 20.11; Fujisawa et al., 2013.uo et al., 2013) (Figure
3). In addition, phytohormones and light signalalgimpact carotenoid levels in chromoplasts,
and their influences on carotenoid metabolism méat fruits are reviewed recently (Liu et al.,
2015). Chromoplast differentiation and carotenoa@tumulation are promoted by shade in
grapefruit (Lado et al., 2015a) and by dark in @armoots (Fuentes et al., 2012). A putative
repressor of photomorphogenesis encoded by tbeus is proposed to be genetically associated
with carotenogenesis in carrot root (lorizzo et 2016). While various phytohormones such as
ethylene, ABA, auxin, gibberellic acid, and jasnwacid influence carotenoid levels (Liu et al.,
2015), whether they directly regulate carotenoidtaielic pathway genes and enzymes is

unclear.

MANIPULATION OF CAROTENOIDS IN PLASTIDS

Carotenoids are essential in human diets. Plamtsfeoth low levels ofi-carotene contribute to

the worldwide prevalence of vitamin A deficiencyhish has prompted global efforts to produce

provitamin A enrichedgolden staple crops (Bai et al2011; Wurtzel et al.,2012; Giuliano,
2017). Some best examples include orange maizectimthins favorable alleles of lycopesie
cyclase ang-carotene hydroxylase 1 generated by conventioredding (Harjes et al2008;

Yan et al., 2010), and Golden Rice generated mstoamingPSY and the bacteriaCrtl through
biotechnology approach (Ye et a2000; Paine et al., 2005). Consumption of provitamin A
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carotenoid—biofortified crops has been shown taiBgantly improve vitamin A status in

humans (http://www.harvestplus.arbttp://www.goldenrice.org/).

Metabolic engineering of carotenoid metabolic patiwhas generated a large number of crops
with substantial alteration of carotenoids (Fairé@le 2011; Giuliano, 2017). Since the levels of
carotenoids in plants are determined by the rateiadynthesis, the rate of degradation, and the
plastid sink strength (Cazzonelli and Pogstin0; Li and Yuan, 2013) (Figure 1), strategies to
manipulate these processes are utilized in promatinotenoid production in crops.

Most efforts have been focused on increasing métathax in plastids by overexpression of one
or more flux control enzymes as a ‘pusitrategy (Giuliano et al2008; Zhu et al.2013; Zhai

et al.,2016; Giuliano, 2017). PSY is the major rate-limitingzgme and directs metabolic flux
into carotenoid biosynthesis to define the sizeaybtenoid pool. Thus, it is the main target for
modification. Selection of PSY variants with higttigity was found to profoundly affect total
carotenoid accumulation as documented in Goldea Ri@aine et al., 2005). Overexpression of
PSY with or without a versatile bacterial desaturasefierase gereértl successfully increas@s
carotene and total carotenoids in many staple cnoglading rice, potato, maize, wheat and
banana as well as canola (Shewmaker et249; Ye et al.,2000; Ducreux et al.2005; Paine et
al., 2005; Diretto et al.2007a; Zhu et al.2008; Wang et al.2014; Paul et al., 2016).

Reducing metabolic flux downstream or reducingdigradation rate of carotenoids is used as a
‘block’ strategy (Giuliano, 2017). Down-regulation of sfiecipathway enzymes typically
results in the accumulation of upstream metabolassshown by silencing of-carotene
hydroxylase for-carotene accumulation in potato and sweet pofaietto et al.,2007b; Van

Eck et al.,2007; Kang et al., 2017). Carotenoid cleavage dioxygeraxymes, CCD1, CCD2
and CCD4, are responsible for carotenoid degradadiod depletion of the carotenoid pool
(Ohmiya et al.2006; Falchi et al.2013; Frusciante et al2014; Ahrazem et al2016; Gonzalez-
Jorge et al., 2016). They are potential targetefgineering as shown in potato (Campbell et al.,
2010).
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Increasing the carotenoid sink capacity is anathajor determinant for carotenoid accumulation
in plastids as a ‘pullstrategy (Li and Van EcR007; Lu and Li,2008; Giuliano, 2017). Plastid
type, number, size and specific storage substreiclir govern the sink capacity to affect
carotenoid sequestration and storage. Various tgpgdastids display different capacities in
synthesizing and sequestering carotenoids with pletsb, amyloplast, chloroplast, and
chromoplast from low to high levels (Ruiz-Sola aRddriguez-Concepcior2012; Li et al.,
2016) (Figure 2). Thus, engineering plant carot@mon different plastids results in different
carotenoid content and stability (Li et &0,12; Schaub et al., 2017Qr, the bona fide molecular
switch for chromoplast biogenesis, exerts dual tions in posttranslational regulation of PSY
activity and initiating chromoplast differentiatigbu et al.,2006; Yuan et al.2015a; Zhou et al.,
2015b; Chayut et al., 2017). Manipulation of wild-ty@e has been shown to increase carotenoid
levels in several plant species (Park et2dl1,5; Wang et al.2015; Bai et al.,2016; Berman et
al., 2017), likely due to its function in reguladi®SY and plastid development. Overexpression
of the mutant allele results in chromoplast formatwith substantially enhanced carotenoid
levels (Lu et al.2006; Lopez et al.2008; Li et al.,2012; Yuan et al.,, 2015a), owing to the
specific characteristics of chromoplasts in prawidhigh capacity for carotenoid biosynthesis
and stable storage. Indeed, biochemical and gesttiies ofOr in melon reveals its role in
stabilizing and inhibiting3-carotene turnover (Chayut et al., 2017). Curreriiyrough there are
limited genetic tools available to manipulate th&spd sink strength, the successful
demonstration of the effectiveness @f shows the importance of this strategy in promoting
carotenoid accumulation. However, it should be didet alteration of sink capacity alone is not

enough without adequate biosynthetic activity.

Since carotenoid accumulation reflects a dynamicsnoltiple processes, a combination of
various strategies is likely to result in furthearatenoid enhancement. This has been
documented irB-carotene enrichment in wheat endosperm, ketocasmeproduction in maize
endosperm, and carotenoid improvement in rice epetos (Zeng et al.2015a; Farré et al.,
2016 Bai et al., 2016). Because biosynthesis providedtiving force to increase the metabolic
flux pool, it is critically important for archivingigh levels of carotenoid production. Alteration
of the sink strength, particularly by inducing amaplast biogenesis, provides the plastids with

high potential and capacity for continuous bioswsth and stable accumulation.
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Metabolic engineering of carotenoids in staple srbg the ‘push’strategy usually results in
carotenoid accumulation in amyloplasts (Paine gt2aD5; Bai et al.,2016; Mortimer et al.,
2016). The accumulated carotenoids are prone to degraddtiong final stage of maturation
and post-harvest storage (Farré etl13; De Moura et al.2015; Che et al.2016; Schaub et
al., 2017). Both enzymatic and non-enzymatic oxitatof carotenoids lead to carotenoid
turnover (Gayen et al2015; Gonzalez-Jorge et al2016; Qin et al., 2016). By inducing
chromoplast biogenesis in staple crops, it likelsttfer facilitates carotenoid biosynthesis and
possibly enhances storage stability due to theifspebtaracteristics of chromoplasts (Li et al.,
2012). The discovery of the ‘golden SNBf Or in melon and proof of its effectiveness in
promoting chromoplast formation and carotenoid audation (Tzuri et al.2015; Yuan et al.,
2015a) provide an opportunity for genome editing create functional alleles oOr in
manipulating plastid sink strength in staple cropsrther identification of the genes and
elucidation of the molecular mechanisms underlyiciiyomoplast biogenesis may create
additional genetic tools and strategies to fadditearotenoid biosynthesis and enable carotenoid
stable storage in plastids of the staple crops.

CONCLUSIONS

Although the genes and enzymes in the carotenoiébukc pathway have been extensively
studied, the regulation of carotenoid accumulatemains to be fully elucidated. Since plastids
are the sites for carotenoid metabolism, plastxesyprofoundly impact carotenoid biosynthesis
and accumulation. The unique functions of variolastxls govern the regulatory networks of
carotenoid metabolism and define their capacitbesérotenoid biosynthesis and sequestration,
which results in diverse amounts and kinds of @oids in plant organs. Increasing evidence
supports the critical role of sequestration sulostimes in carotenoid biosynthesis and final

accumulation in plastids.

Both opportunities and challenges exist in unranethe regulatory mechanisms of carotenoid
metabolism in different types of plastids and innipalation of carotenoids in staple crops. The

advanced “omics"technologies and genome wide association analysakl dacilitate our
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understanding of the complex carotenoid metabaievarks and expedite the identification of
novel genes involved in carotenoid metabolism.ghts generated from characterization of new
regulators and understanding the intrinsic regwyataechanisms could contribute greatly to
advance our current knowledge on the regulatorytrobrof carotenoid metabolism and
generation of novel strategies for carotenoid émnient in crops. Enhancing metabolic sink
strength for carotenoids in plastids, particuldoly induction of chromoplast formation from
amyloplasts along with elevating biosynthetic atgivcould hold enormous promise for
biofortification of staple crops with increased a@noid content and stability to improve human

nutrition and health.
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FIGURE LEGENDS

Figure 1. Schematic Representation of Plant Carotend Metabolism Pathway in Plastids.
Carotenoid biosynthesis begins with the formatiérC6 IPP and DMAPP via MEP pathway.
The committed step for carotenoid biosynthesis lve the condensation of two C20 GGPPs
into C40 carotenoid phytoene catalyzed by PSY;ltlogtleneck” enzyme that affects carotenoid
pool size. Lycopene cyclization yields and [3-branch of the pathway. Enzymatic oxidative
cleavages of carotenoids by CCDs or NCEDs prodpoeaotenoids and control carotenoid
turnover. Sequestration mechanisms influence aaoade stable storage in plastids. OR
represents a molecular switch to initiate chromsiplaogenesis. Genetic engineering includes
the ‘push’ strategy for biosynthesis, ‘block’ ségy for reducing metabolic flux toward
downstream or reducing turnover, and ‘pull’ strgtég sequestration (Giuliano, 2017).

GAS3P, glyceraldehyde Bhosphate; DXS, 1-deoxy-d-xylulose 5-phosphatenthase; DXR,
1-deoxy-d-xylulose 5-phosphatesductoisomerase; IPP, isopentenyldiphosphate; DMAPP,
dimethylallyl diphosphate; GGPP, geranylgeranyldiphosphate; GGPPS, geranylgeranyl
pyrophosphateynthase; PSY, phytoengynthase; PDS, phytoendesaturase; Z-ISO, {-carotene
isomerase; CrtISO, carotenasomerase; LycB, lycopenep-cyclase; LycE, lycopenes-cyclase;
BCH, B-carotenehydrolase; ZEP, zeaxanthiepoxidase; VDE, violaxanthin despoxidase; NXS,
neoxanthinsynthase; CCD, carotenoid cleavagéioxygenases; NCED, 9-cis-epoxycarotenoid
dioxygenase; OR, ORANGE protein.

Figure 2. Plastid Types and Sequestration Structue in Relation to Carotenoid
Accumulation. Proplastid is the progenitor of all other typeglafstids and not considered as a
carotenogenic plastid. Etioplast is a dark developkastid with limited activity of carotenoid
biosynthesis. Amyloplast is a starch-containingspthwith low to mediate range of carotenoid
accumulation. Chloroplast defines plants with comated biosynthesis of carotenoids and
chlorophylls. Chromoplast is a carotenoid-accuniggplastid that contributes to the diverse
color of plant organs. Interconversions of varityses of plastids are indicated by fine pointed

lines.
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Figure 3. Overview of the Multifaceted Regulation & Carotenogenesis.Transcriptional
regulation of the carotenoid pathway genes is otlett by internal factors such as histone
modification, developmental programming, retrograglgnals from organelles, as well as
external cues such as light signaling and otheir@mwmental signals. Transcription factors that
are known to directly control carotenogenic generession are indicated. Other layers of
regulation to affect pathway enzyme activities a well understood although multiple
mechanisms are known, which are exemplified inrdgiasts as depicted. They include protein-
protein interactions, membrane associations, enzyongplexes for metabolic channeling, and
redox regulation. The localizations of carotenomthgvay enzymes within chloroplasts are
shown based on subplastidial proteomic identiftoadi (Ytterberg et al.2006; Joyard et al.,
2009; Bruley et al., 2012).
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