
Update on Carotenoids and Synthetic Biology

Changing Form and Function through Carotenoids and
Synthetic Biology1[OPEN]

Eleanore T. Wurtzela,b,2,3

aDepartment of Biological Sciences, Lehman College, The City University of New York, Bronx, New York
10468
bThe Graduate School and University Center-CUNY, New York, New York 10016-4309

ORCID ID: 0000-0002-9186-3260 (E.T.W.).

Carotenoids are structurally diverse pigments and
related derivatives that mediate photosynthetic func-
tion, responses to biotic and abiotic signals, and control
plant architecture. It is these multifaceted roles that
make carotenoids uniquely attractive as synthetic bi-
ology targets when considering ways to alter plant
form and function to meet the needs of food security or
new agricultural and industrial applications. This Up-
date seeks to explore how synthetic biology might
capitalize on the recent advances made in the carote-
noid field. Opportunities are discussed along with
the research needed to drive the carotenoid synthetic
biology era forward.

Functional Diversity of Carotenoids

Carotenoids, a large class of lipophilic compounds,
bestow fruits and flowers with beautiful yellow, or-
ange, and red hues attributable to the conjugated
double bond chromophore of these pigments (Britton
et al., 2004). Carotenoids include b-carotene, which
colors carrots orange and is a natural food colorant and
provitamin, lycopene which colors tomato fruits red,
astaxanthin, the red pigment found in flowers and al-
gae which serves as a valuable food additive for the fish
industry, and the commercially valuable red carotenoid
pigments of saffron, to name a few. Plant carotenoids
and their derivatives are also important to other species
that consume plants. Certain carotenoids are enzy-
matically converted into visual pigments and signals
needed to control development while other carotenoids

and their derivatives (apocarotenoids) contribute to eye
health, cardiovascular health, function of the immune
system, cognitive function, antioxidant activity, general
fitness and interspecies communication (Thomas et al.,
2014; Murillo and Fernandez, 2016; Rivera-Madrid
et al., 2016; de Carvalho and Caramujo, 2017; Rubin
et al., 2017; Toews et al., 2017; Zhao and Nabity, 2017;
Eggersdorfer and Wyss, 2018; Harrison and Quadro,
2018; Saint et al., 2018). However, carotenoids in
plants are far more than colorful pigments. Amajor role
of carotenoids in plants is the contribution to light
capture in photosynthesis and photoprotection under
high light conditions (Polívka and Frank, 2010;
Dall’Osto et al., 2012; Qin et al., 2015; Hashimoto et al.,
2016; Leonelli et al., 2017; Emiliani et al., 2018). Without
carotenoids in photosynthetic tissue, plants do not
survive outside of the laboratory (Robertson, 1955;
Anderson and Robertson, 1960; Matthews et al., 2003).
Carotenoids are also chemical signals that attract pol-
linators that are essential for plant reproduction
(Bradshaw and Schemske, 2003). Specific apocar-
otenoids (products of enzymatic cleavage of carote-
noids) serve as signaling molecules (Hou et al., 2016).
These include internal signals that mediate stress re-
sponses and developmental programs and external
signals for communication with other organisms.

The study of carotenoids from chemical structure
elucidation to molecular biology has been ongoing for
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over 120 years (Britton et al., 2017). The chemistry and
biochemistry of carotenoids and carotenoid enzymes has
been recently reviewed (Moise et al., 2014; Rodriguez-
Concepcion et al., 2018). Chemical structural variation is
the foundation for carotenoid functional diversity in
plants and in other species that respond to plant carot-
enoids and their derivatives for nutritional or symbiotic
benefit. It is the manifold roles of carotenoids that make
them uniquely attractive for synthetic biology when
considering ways to alter plant form and function to
meet the needs of food security or new agricultural and
industrial applications. Here, we will focus on novel
ideas, open questions and research needed to drive op-
portunities (Box 1) in synthetic biology.

Redesigning Plant Membranes

Typical carotenoid structures are forty carbons in
length with a central conjugated double bond system
(Britton et al., 2004). The conjugated double bonds ab-
sorb light and are responsible for the unique colors,
spectral properties, and biochemical activities. The
Plant Kingdom is known to produce hundreds of dif-
ferent carotenoid structures including geometrical
isomers (cis/trans or Z/E), carotenoids with different

end-groups and modifications, and altered positions of
double bonds. Carotenoid chemical structures differ
widely in terms of shape, biophysical properties, and
how the molecules also interact and alter the physical
properties of plant membranes where hydrophobic
carotenoids are localized. For example, various carote-
noid structures uniquely impact membrane permea-
bility, membrane fluidity, and diffusion of small
molecules across artificial membranes (Gruszecki and
Strzałka, 2005). It is possible to create many new types
of carotenoids given the wealth of available carotenoid
genes and encoded enzymes coupled with the ability to
create novel carotenoids both with and without further
added moieties (e.g. esters, sugars, etc.). Therefore, a
better understanding of how specific carotenoids affect
membrane biophysical properties could lead to novel
synthetic plant membranes for a multitude of purposes,
including the improvement of nutrient and oxygen
uptake in roots or creation of more efficient barriers
against phytopathogens.

Synthetic Photoprotection Systems

Variation in carotenoid structures not only influences
their spectral properties or color but can also influence

BBOX 1. Potential Targets for Harnessing

Carotenoids with Synthetic Biology

• Create stress-resilient plants with synthetic 

carotenoid or carotenoid-protein modules to 

improve photoprotection and efficiency of energy 

capture.

• Enhance stress tolerance through synthetic 

biological circuits containing multiplexed 

carotenoid-related genes with a tunable function 

that provides responses to biotic and abiotic stress 

in specific cell layers.

• Capitalize on the role of apocarotenoids in 

controlling plant architecture to:

• Create plant nanostructures for bio-based 

chemical factories.

• Increase plant biomass and crop yield.

• Produce trees or plants with redesigned 

root systems to survive in challenging 

environments.

• Improve tolerance to drought, salt, and 

osmotic stress.

• Redesign apocarotenoid signal networks (e.g. 

strigolactones) to attract only beneficial organisms 

without promoting growth of harmful organisms 

attracted to the same chemicals (e.g. the 

devastating Striga parasitic plant).

• Optimize or create root apocarotenoid signaling 

modules to promote symbiotic mycorrhizal 

associations in plant roots to enhance nutrient

uptake and improve plant yield

• Create new lipophilic metabolic pathways by co-

opting carotenoid metabolons to produce novel

chemicals in plants that utilize the carotenoid

suborganellar sequestration sites (e.g. 

plastoglobules) to house metabolic components 

and pathway intermediates.

• Produce carotenoids in new locations, modeling 

the pathway from that of aphids and bacteria, 

where inner envelope membranes support a 

functional pathway.

• Create synthetic plant membranes with novel 

carotenoid structures for a multitude of purposes, 

including improvement of nutrient and oxygen 

uptake in roots or creation of more efficient 

barriers against phytopathogens.

• Apply synthetic biology for human health to create 

plants with novel carotenoid chemical profiles 

regardless of the plant genetic background or 

plant species.

• Create new synthetic paradigms for sequestering 

carotenoids or carotenoid-like structures for 

nutritional engineering or other novel purposes.
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biological activities including energy transfer, photo-
protection and quenching of damaging singlet oxygen
in plants and bioactivities in humans and other orga-
nisms. Binding of a carotenoid to a protein will also
alter the carotenoid spectral properties and bioactivity.
A classic example is the astaxanthin-binding caroteno-
protein, alpha-crustacyanin, which imparts a blue color
to lobster (Homarus gammarus). A boiled lobster turns
red as the red carotenoid is released upon denaturation
of the carotenoprotein (Weesie et al., 1995). The cya-
nobacterial orange carotenoid protein mediates photo-
protection by relying on protein-carotenoid interactions
that exhibit unique spectral states associated with the
photoprotection mechanism (Maksimov et al., 2017).
Depending upon light intensity, photosynthetic bacteria
are known to control the carotenoid pigment-protein
composition to alter the spectral characteristics and ef-
ficiency of energy transfer (Magdaong et al., 2014).
These observations point out the prospects of improv-
ing energy transfer or photoprotection in plants by
engineering bioenergetic changes in carotenoids and
caroteno-protein complexes. Simply changing the suite
of photoprotective carotenoids can improve plant re-
sponses to high light stress, as seen when the xantho-
phyll cycle pigment composition was altered (Leonelli
et al., 2017). The unusual features of carotenoids rep-
resent an opportunity for creating synthetic systems
based on novel carotenoids to further improve photo-
protection and efficiency of energy capture. Molecular
dynamics simulations currently being applied to in-
vestigate protein-carotenoid interactions (Daskalakis,
2018) will be valuable in designing optimal interac-
tions between photosystem proteins and nonnative
carotenoids. Photosynthetic bacteria are good test beds
to build and test features of this system (Nagashima
et al., 2017; Yukihira et al., 2017).

Enroute to “Plug and Play” Metabolic Engineering
of Carotenoids

Carotenoid biosynthetic enzymes and genes have
been identified over the last thirty years or so (Moise
et al., 2014; Rodriguez-Concepcion et al., 2018) and
earlier genetic studies and mutants from the 1940s and
later provide an important resource for gene discovery
(Wurtzel et al., 2012). Today, there is an enormous
collection of genes for biosynthesis of a wide array of
carotenoids and carotenoid cleavage products. This
extensive toolbox is comprised of skeleton enzymes
and genes derived from diverse organisms that bio-
synthesize carotenoids, including plants, bacteria,
fungi, and aphids (Zhao and Nabity, 2017). Another
novel source of enzymes can be found in organisms that
do not biosynthesize carotenoids but instead process
dietary carotenoids for health and species fitness
(Toews et al., 2017). The first efforts to metabolically
engineer the pathway in plants began with the hu-
manitarian effort to alleviate vitamin A deficiency with
the creation of high provitamin A crops (Burkhardt

et al., 1997; Ye et al., 2000). The accumulation of the
provitamin A b-carotene in rice (Oryza sativa) seed en-
dosperm was not predicted given the three genes in-
troduced. This surprising result could be explained by
unanticipated endogenous enzyme activities (Schaub
et al., 2005). In fact, any synthetic biology approach
will be limited by natural genetic variation, as described
for carotenoids (Harjes et al., 2008; Vallabhaneni
et al., 2009, 2010; Vallabhaneni and Wurtzel, 2009;
Lee et al., 2012; Schulz et al., 2016; Sulli et al., 2017; Price
et al., 2018; Teixeira da Silva et al., 2018). Nonetheless,
metabolic engineering of the pathway has been dem-
onstrated for many crops (Giuliano, 2017; Majer et al.,
2017; Nogueira et al., 2017, 2018; Camagna et al., 2018;
McQuinn et al., 2018; Sankari et al., 2018). These strat-
egies have also included the successful application of
gene editing technology (Dahan-Meir et al., 2018)
which in the future could be used to incorporate fa-
vorable allelic variation from wild species. There is also
the possibility of generating new plant sources of ca-
rotenoids. For example, cotton (Gossypium sp.) is well
known for its valuable fiber. Cotton seed is also a good
potential source of protein and oil, but at present the
seed is not suitable for human and monogastric animal
consumption because of the toxic gossypol present in
the seed. Recent engineering of carotenoid accumula-
tion in cotton seed (Yao et al., 2018) can now be com-
bined with the engineered seed where gossypol
biosynthesis has been inhibited (Zhou et al., 2013), thus
making the cotton seed a valuable and new food source
in a crop that is already supported by an active com-
mercial pipeline.

Current metabolic engineering strategies to mod-
ify plant carotenoids rely on controlling the over-
expression of known enzymes/components by use of
constitutive promoters to control expression. What
synthetic biology can bring are tunable promoters that
activate/deactivate in response to external signals to
control the expression of individual rate-controlling
pathway enzymes (Kassaw et al., 2018). Multiplexed
pathways could be combined in a synthetic biological
circuit with other needed parts for tuning responses to
biotic and abiotic cues and incorporating other emerg-
ing technologies (Wurtzel and Kutchan, 2016). “Toggle
switches” could be used to optimize expression of all
the rate-controlling enzyme and nonenzyme compo-
nents needed for pathway function. If a plant was
channeling isoprenoid substrates to competing path-
ways because stress programs were induced, then re-
duced isoprenoid pools could be sensed through
artificial sensors that would signal control circuits to
ramp up isoprenoid precursors. Synthetic biology
could be used to replace native metabolons with new
enzymes and metabolons built to be more efficient,
structurally unique from the endogenous “parts,” and
not restricted by associations with native complexes.
Such artificial pathway components could then be us-
able as “parts” across genotypes and species, thus
eliminating the interference caused by genetic diversity.
Other options for synthetic biology might include the
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engineering in limited tissues or cell types so that the
altered pathway does not interfere with photosynthetic
function and requirements for carotenoids. “Toggle
switches” could be introduced for manufacturing cer-
tain carotenoids needed to attract beneficial organisms;
once the associated organismwas no longer needed, the
switch would turn off and the specific carotenoid pro-
duction would cease. These examples necessitate syn-
thetic biology parts and bring metabolic engineering to
a new level of nuanced control that could serve diverse
plants and crops. However, further research at many
levels is needed to accomplish “plug and play” pre-
dictability for simultaneous engineering of multiple
metabolic targets in an unlimited array of plant geno-
types and species. With deeper understanding of the
multilevel regulation of carotenoid biosynthesis, se-
questration and trafficking, it will be feasible to imagine
novel and synthetic systems that build on carotenoids.

Carotenoid Biosynthesis in Brief

The carotenoid biosynthetic pathway in plants is
mediated by nuclear-encoded enzymes which are
imported into plastids of varying types (Moise et al.,
2014; Rodriguez-Concepcion et al., 2018; Sun et al.,
2018). Carotenoids are biosynthesized from five-
carbon isoprenoids which are combined to create the
first pathway compound, the 40-carbon, 15-cis-
phytoene (Fig. 1). With only three conjugated double
bonds, phytoene is colorless, but as in all carotenoids,
the compound possesses a unique absorption spectrum
which is characteristic for identification and contributes
to bioactivity (Britton et al., 2004). The later biosynthetic
steps leading from 15-cis-phytoene include catalysis of
multiple desaturations and isomerizations to extend the
conjugated double bond system which confers color
and unique spectra to the various intermediates and
pathway products. The core portion of the pathway
leading to all-translycopene is common to all plants.
Later steps include ring closure to produce carotenes,
and further modifications to create xanthophylls, keto-
carotenoids, and so on.

Regulation of the Biosynthetic Pathway at
Multiple Levels

The structural genes of the biosynthetic pathway are
under transcriptional control as evidenced by the cor-
relation of transcripts with carotenoid content or com-
position, whether by natural genetic variation (Harjes
et al., 2008; Vallabhaneni et al., 2009; Vallabhaneni
and Wurtzel, 2009), or by transgenic overexpression
(Burkhardt et al., 1997; Ye et al., 2000; Giuliano, 2017).
Thus, the pathway is amenable to metabolic engineering
by overexpression of genes controlling flux into the
pathway (Giuliano, 2014, 2017) or by controlling the
transcript levels of other genes that lead to specific
pathway intermediates (Harjes et al., 2008; Vallabhaneni

et al., 2009). These successes have inspired efforts to
discover transcription factors that efficiently coordinate
expression of the entire pathway. However, an impor-
tant point to consider in searching for carotenoid-specific
transcription factors is thatmany plants cultivated today
have been bred with mutations that are not representa-
tive of the ancestral state. For example, although the
yellow endosperm allele of maize (Zea mays) is generally
considered dominant to the white allele, the ancestral
state is white endosperm as found in teosinte, the wild
progenitor (Palaisa et al., 2003, 2004). Another example is
that of carrot (Daucus carota) root for which commercial
varieties are typically orange, whereas the wild progen-
itor has a white root. Recent genome analysis suggests
that the orange phenotype is due to a photomorphogenic
mutation that has been widely bred into carrots (Iorizzo
et al., 2016; Llorente et al., 2017). Therefore, these breed-
ing alleles may actually conceal unknown physiological
roles of carotenoids that link developmental cues with
other complex metabolic processes. In addition, the pri-
mary allele used for breeding the carotenoid trait may
have undergone regulatory changes as in the case of
yellow endosperm (Li et al., 2009). There are other ex-
amples where crop domestication has led to loss of cer-
tain biochemical features, such as apocarotenoids no
longer detected in tomato (Solanum lycopersicum) as
compared towild species (Tieman et al., 2017). A number
of transcription factors that modulate transcriptional
levels of the pathway structural genes have been identi-
fied (Welsch et al., 2007; Ampomah-Dwamena et al.,
2018; Lu et al., 2018; Xiong et al., 2019). However, these
transcription factors coregulate many other non-
carotenogenic genes to coordinate networks related to
carotenoid function (e.g. tomato fruit development,
photosynthesis, abscisic acid responses;Meier et al., 2011;
Su et al., 2015). It is therefore no surprise that carotenoid-
specific regulatory mutants were never identified among
the extensive collection of maize carotenoid mutants
(Wurtzel et al., 2012). The complex coregulation of
carotenoids with other metabolic processes explains
in part why engineering through transcriptional over-
expression leads to unexpected off-target results that
were revealed when transgenic plants were subjected to
nontargeted metabolomic analyses (Decourcelle et al.,
2015) or global transcriptomic analysis (Lu et al., 2018).
Therefore, more effective targeted control of the carote-
noid pathway might necessitate creation of artificial
transcription factors and cognate promoters.
In addition to transcriptional activation, there likely

exists more nuanced posttranscriptional and posttransla-
tional control to accommodate the constantly changing
environment of plants which demands varied carotenoid
resources. Pathway engineering might alternatively uti-
lize knowledge related to these posttranscriptional phe-
nomena, for which evidence is growing. Phytoene
synthase (PSY) iswell-recognized for controlling pathway
flux and as such has been a major target for metabolic
engineering through transcriptional overexpression
(Giuliano, 2017). PSY expression is also controlled through
feedback regulation derived from carotenoid pathway
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Figure 1. Simplified plant carotenoid biosynthetic pathway to zeaxanthin and lutein. The major question of metabolon orga-
nization and assembly is highlighted by the inset showing varying localization of maize (Zea mays) phytoene synthase (PSY)
allelic variants and isozymes fused to GFPand introduced into chloroplasts marked by red chlorophyll autofluorescence (adapted
from Shumskaya et al., 2012). Formation of lutein actually requires the synergistic interactions of CYP97A and CYP97C (Quinlan
et al., 2012). Steps catalyzed by the bacterial enzyme, CrtI, are also indicated and correspond to the four steps catalyzed by the
plant enzymes PDS, Z-ISO, ZDS, and CRTISO. These reactions also require an electron transfer chain and plastoquinones to
channel electrons/protons produced during desaturation steps. Redox states of the Z-ISO heme iron depict posttranslational
regulation of the pathway. Redox changes cause conformational changes in Z-ISO leading to a switch of the heme ligands and
activation/deactivation of Z-ISO. When the heme iron is oxidized, the pathway is interrupted whereas when the heme iron is
reduced, Z-ISO is active and the pathway progresses. “Z-ISO oxidized,” refers to the Z-ISO heme iron in the oxidized Fe+3 state;
“Z-ISO reduced,” refers to the Z-ISO heme iron in the reduced Fe+2 state. CrtI, bacterial phytoene desaturase. Plant enzymes: PSY,
phytoene synthase; PDS, phytoene desaturase; Z-ISO, 15-cis-z-carotene isomerase; ZDS, z-carotene desaturase; CRTISO, ca-
rotenoid isomerase; LCYE, lycopene «-cyclase; LCYB, lycopene b-cyclase; CYP97A, cytochrome P450 97A (P450 type b-ring
hydroxylase); CYP97C, cytochrome P450 97C (P450 type «-ring hydroxylase); HYDB, b-ring hydroxylase (nonheme diiron type).
For more details related to this figure, see Moise et al. (2014) and Beltran et al. (2015).
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products (Kachanovsky et al., 2012; Enfissi et al., 2017).
While PSY is under transcriptional regulation, there is
mounting evidence for its posttranscriptional regulation.
PSY, the first committed step of the pathway, is encoded
by a multigene family in all of the major food crops of the
Poaceae (grass family; Li et al., 2008a, 2008b). The different
isozymeswere shown to target to unique locations within
the chloroplast (Shumskaya et al., 2012), either to plasto-
globules known to be associated with thylakoid mem-
branes (van Wijk and Kessler, 2017) or to the envelope
membrane and stroma (Fig. 1). PSY in apple (Malus x
domestica) is also represented by multiple isozymes which
were targeted to different suborganellar locations
(Ampomah-Dwamena et al., 2015). Variant localization
may alter enzyme activity as suggested by several studies
on PSY. Daffodil (Narcissus sp.) PSY was shown to be
active only when associated with membranes created
with plastid-type galactolipids but inactive as a solu-
ble protein or if the membranes were formed of
phospholipids (Schledz et al., 1996). Etiolated seed-
lings of Arabidopsis thaliana mutants with reduced
digalactosyldiacylglycerol showed a reduction of total
carotenoids, with little effect on carotenoid composi-
tion, which would be consistent with the requirement
of galactolipids for PSY activity (Fujii et al., 2018).
When PSY was overexpressed in Arabidopsis, enzyme
activity was only associated with the membrane-
bound form and not the stromal-localized form
(Lätari et al., 2015). In white mustard (Synapis alba)
seedlings, as light-induced thylakoid membrane for-
mation occurred concomitantly with photomorpho-
genesis, PSY relocalized from the stroma, where the
enzyme was inactive, to thylakoid membranes, where
PSY became activated (Welsch et al., 2000). These
observations reveal the dynamic state of pathway or-
ganization and raise the question of how PSY intra-
plastidial targeting is controlled to alter the activity of
PSY and pathway function. It is conceivable that
nonenzyme factors are involved in controlling enzyme
localization and stability within the plastid. For ex-
ample, stability of Arabidopsis PSY, encoded by a
single copy gene, was shown to be controlled through
opposite actions of the stabilizing Or protein (Zhou
et al., 2015) and degradative Clp protease (Welsch
et al., 2018). Plants with favorable alleles of the Or
gene, exhibited increased levels of carotenoids
(Chayut et al., 2017; Morikawa et al., 2018; Yazdani
et al., 2019). The example of engineering with the Or
protein shows that the metabolic engineering of ca-
rotenoids can be achieved without modifying expres-
sion of the pathway structural genes. Elucidation of
the complete suite of factors that control pathway
assembly and function are needed to advance the
predictability of carotenoid metabolic engineering.

Insight into Post-Translational Control

The complexity of carotenoid pathway regulation
transcends the first biosynthetic step which becomes

obvious in evolutionary analysis of the following steps
that occur both in plants and in carotenogenic bacteria
(see Fig. 1). What is intriguing, is that bacteria bio-
synthesize all-translycopene with a single enzyme. In
contrast, plants utilize two desaturases and two isom-
erases which yield a complex array of geometrical iso-
mers postulated to play a role in feed-back regulation,
retrograde signaling from plastid to nucleus (Chan
et al., 2016), and serving as putative substrates for sig-
naling apocarotenoids (Avendaño-Vázquez et al.,
2014). Early attempts to modify the pathway in rice and
other species utilized the bacterial enzyme, CrtI, which
is a FAD (FAD)-dependent desaturase (Schaub et al.,
2012). However, it is unknown how CrI integrates
into the multienzyme plant pathway, nor whether en-
gineering with CrtI is potentially less efficient because
of some unknown interference with the endogenous
signaling network (Enfissi et al., 2010, 2017; Nogueira
et al., 2013). The four plant enzymes include three FAD
proteins, phytoene desaturase (PDS), zetacarotene
desaturase (ZDS), and carotenoid isomerase (CRTISO),
and a newly identified heme protein,15-cis-zetacar-
otene isomerase (Z-ISO; Li et al., 2007; Chen et al., 2010;
Beltrán et al., 2015). Z-ISO shares ancestry with an ob-
scure protein in noncarotenogenic denitrifying bacteria
and utilizes the heme to mediate double-bond isomer-
ization within a membrane. Z-ISO catalyzes isomeri-
zation of the central 15-15’ double-bond from cis to
trans by using a novel mechanism yet to be described
for any heme protein (Fig. 1; Beltrán et al., 2015). Most
notably, this heme is regulated through the redox state
of the heme iron, suggesting that Z-ISO activity in
plants is posttranslationally regulated through plastid
redox status. The transient inhibition of Z-ISO activity
is predicted to lead to accumulation of 9,15’,9’-tricis-
zetacarotene, which might be involved in signaling
and the bent shape of this geometric isomer would be
expected to behave differently within the membrane
as compared to the linear-shaped Z-ISO product, 9,9’-
di-cis-zetacarotene. Lastly, the Z-ISO heme cofactor
may be the missing link that connects stress responses
to nitric oxide by controlling flux through novel geo-
metrical isomers in the carotenoid biosynthetic path-
way (Beltrán et al., 2015). Although understanding of
posttranslational regulation of the pathway is limited,
this is an area of research that deserves further attention
with a potential for pathway redesign.

Solving Structural Mysteries of the
Biosynthetic Machinery

Engineering carotenoids through better understand-
ing of posttranslational control, including pathway as-
sembly, may be amore viable approach tomanipulation
of the pathway for strategic endpoints. It is this latter
approach that will require much further research in un-
derstanding the mechanisms controlling posttransla-
tional regulation of the biosynthetic pathway, carotenoid
trafficking and carotenoid sequestration. To date, we
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know only that the biosynthetic pathway enzymes are
widely distributed within plastids and that the distri-
bution of enzymes depends on plastid type (e.g. chlo-
roplast, chromoplast; Shumskaya and Wurtzel, 2013;
Sun et al., 2018). We have an incomplete picture of
how the enzymes might interact to create a fully func-
tioning metabolic pathway multienzyme complex.
Clearly, there are oligomeric carotenoid protein com-
plexes as these have been observed, and there is evidence
for substrate channeling as would be expected of a
multienzyme complex (Quinlan et al., 2012; Shumskaya
and Wurtzel, 2013; Beltrán et al., 2015; Lundquist et al.,
2017). How is this oligomeric complex assembled? Z-ISO
is encoded by a single copy gene, and the gene product is
an integral membrane protein as compared to PSY, PDS,
and ZDS, which are peripheral membrane proteins.
How are pathway components recruited when PSY
might be located in multiple sites and Z-ISO is in a fixed
position? These reactions also require an electron trans-
fer chain and plastoquinones to channel electrons/pro-
tons produced during the desaturation steps. These
auxiliary components must be physically integrated into
the pathway scheme, with the anticipation that different
plastid forms (Sun et al., 2018) will have unique mem-
brane architectures available for this purpose. Any ef-
forts for metabolic engineering of the carotenoid
pathway or new and improved versions will require a
detailed understanding of enzyme structures and orga-
nization of the fully functional complex. It is reasonable
to assume that this complex may change form and lo-
cation depending upon the plastid type and carotenoid
endpoint function. For example, in chloroplasts, carote-
noids are directed to thylakoid-localized photosystems,
or alternatively trafficked by an unknown mechanism
passing through the double membrane to reach the ex-
terior of the plastid for cleavage into apocarotenoids
(Demurtas et al., 2018). These disparate processes likely
require distinct topological conformations of the path-
way given the variant endpoints of carotenoids. In ad-
dition, the function of the carotenoid pathway is linked
to other pathways, such as chlorophyll biosynthesis and
plastoquinone biosynthesis (Meier et al., 2011; Hunter
et al., 2018), suggesting that enzyme components could
be physically linked in particular tissues or under certain
physiological conditions. Identification of otherwise
elusive pathway controlling components could be facil-
itated by developing robust computational algorithms
based on machine learning (Tzfadia et al., 2012). Dis-
covery of the auxiliary nonstructural genes whose pro-
ducts specifically coordinate the function of the
carotenoid pathway, would be valuable in developing
metabolic engineering strategies with more predictable
“plug and play” features.

Elucidating the functional organization of the mul-
tienzyme complex in plants is challenging. Fortunately,
reconstruction of the plant carotenoid biosynthetic
pathway can be achieved in Escherichia coli or yeast,
which both synthesize the isoprenoid precursors (Chen
et al., 2010; Pollmann et al., 2017; Ren et al., 2017;
Schwartz et al., 2017; Zhang et al., 2018). These

heterologous systems are excellent test beds for rapid
characterization of carotenoid biosynthetic enzymes of
the present and synthetic future, as well as for study of
enzyme interactions and biosynthetic complex organi-
zation. Carotenogenic bacteria and marine algae have
also been used to engineer carotenoid biosynthesis
(Wang et al., 2014) and there is also the option of uti-
lizing plant tissue culture systems (Oleszkiewicz et al.,
2018; Schaub et al., 2018). One of the challenges for
elucidating structures of the pathway enzymes and
complexes is that the enzymes are membrane proteins
and thus are inherently difficult to obtain ordered
crystals which are needed for structure elucidation.
However, there are emerging tools, such as cryo-
electron microscopy (Cryo-EM), which does not de-
pend upon protein crystallization. Cryo-EM has been
used to exquisitely elucidate the photosystem II light
harvesting II supercomplex from spinach (Spinacia
oleracea) containing proteins, chlorophylls, and carote-
noids (Wei et al., 2016). As imaging technology is im-
proving, the current size limitations of Cryo-EMwill be
less of a problem (Cheng, 2018). This imaging method
can computationally discern structural variants to ad-
vance our understanding of the structures of the en-
zymes as well as structures of the functional complexes.
Purified proteins, protein complexes, or proteins as-
sembled onto near-native lipid nanodiscs (Efremov
et al., 2017; Matthies et al., 2018) can be imaged for
structure elucidation. The recent crystal structure de-
termination (Brausemann et al., 2017) for the second
enzyme of the pathway, phytoene desaturase, which
was found to be active as a homotetramer (Gemmecker
et al., 2015), will facilitate structure elucidation of the
higher-order oligomeric complexes of the pathway.

Novel Ideas for Carotenoid Sequestration

Metabolic engineering of carotenoids must also take
into account mechanisms that promote carotenoid ac-
cumulation and sequestration. For example, the tran-
sition of the green chloroplast to the red-colored and
highly carotenogenic chromoplast is accompanied by
de novo biosynthesis and accumulation of carotenoids.
After carotenoids are biosynthesized, these hydropho-
bic pigments generally accumulate in membranes or
other lipophilic structures such as plastoglobules (van
Wijk and Kessler, 2017). Regulated control of carote-
noid sequestration could be used to manipulate
downstream bioactivities in the plant. For example,
apocarotenoid glycosylation is postulated to inhibit
apocarotenoid bioactivity in plants (Lätari et al., 2015).
Xanthophylls in pepper (Capsicum annuum) fruit chro-
moplasts are primarily of the esterified class (Hornero-
Méndez and Mínguez-Mosquera, 2000). That is, fatty
acids are covalently attached to the terminal hydroxyl
groups of xanthophylls. The lipophilic tail appears to
facilitate both carotenoid sequestration and chromo-
plast development. The importance of esterification in
carotenoid sequestration and plant development is
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reflected by the PALE YELLOW PETAL 1 mutant of
tomato, which exhibits reduced esterified carotenoids
and aberrant chromoplast development due to a lesion
in a gene encoding an acyl transferase (Ariizumi et al.,
2014). Esterification similarly enhances astaxanthin ac-
cumulation in algae (Chen et al., 2015). Carotenoid
modification also occurs in nonphotosynthetic orga-
nisms, where the esterified moiety may be chemically
different from a fatty acid. In naturally carotenogenic
bacteria, the covalent attachment of sugars to carote-
noids is thought to stabilize carotenoid accumulation by
decreasing lipophilicity (e.g. zeaxanthin-p-diglucoside
in Erwinia uredovora, known also as Pantoea ananas).
Bacterial genes that encode enzymes to catalyze carote-
noid glycosylation are known (Misawa et al., 1990) and
could be utilized to alter carotenoid deposition in plants.
Monitoring such metabolic changes at the single cell
level is possible utilizing emerging methods such as
confocal raman spectroscopy (Timlin et al., 2017) and
MALDImass spectrometry imaging (MALDI-MSI;Horn
et al., 2012; Horn and Chapman, 2014; Dalisay et al.,
2015). Further elucidation of the process that links ca-
rotenoid modification, sequestration, bioactivity and
plastid development in plants, would be valuable in
creating new synthetic paradigms for directing and se-
questering carotenoids or carotenoid-like structures for
nutritional engineering or other novel purposes.

Metabolite Repair

Some carotenoids are interconverted through epox-
idase/de-epoxidase activities, such as activities which
control the formation of energetically optimal pigments
for photoprotection (Leonelli et al., 2017; Leuenberger
et al., 2017). Carotenoid epoxides also form non-
enzymatically, as a consequence of saturating light in-
tensities during photosynthesis. For example, excess
light at the reaction center leads to nonenzymatic for-
mation of b-carotene epoxides and consequential
harmful reactive oxygen species. The repair of
b-carotene epoxide has been postulated to be controlled
by CruP, an enzyme that likely evolved from a carote-
noid biosynthetic enzyme, lycopene cyclase (Bradbury
et al., 2012; Li et al., 2016). Overexpression of maize
CruP in Arabidopsis reduced the formation of
b-carotene epoxides and reactive oxygen species, and
produced cold-tolerant and anoxia-tolerant plants
(Bradbury et al., 2012). Therefore, a better under-
standing of the mechanisms controlling epoxidase/
de-epoxidase activities, especially those related to me-
tabolite repair, could contribute to efforts at creating
more resilient plants.

The Bursting Field of Apocarotenoids

Carotenoids are also enzymatically cleaved to apoc-
arotenoids which are gaining attention for bioactivities
related to growth, development, plant architecture,

stress responses and signaling with other organisms
(Tian, 2015; Hou et al., 2016). The wonderful scent of
roses (Rosa sp.) or aroma of tomatoes, key factors for
consumer appeal, are due in part to volatile apocar-
otenoids which are likely biosynthesized for ecological
purposes.
The first apocarotenoid discovered in plants was

abscisic acid (ABA), well known for mediating stress
responses. The plastid-made zeaxanthin is enzymati-
cally converted outside of the plastid to ABA via 9-
cis-epoxycarotenoid dioxygenase (NCED; Qin and
Zeevaart, 1999). The enzymes for biosynthesis and
degradation of ABA are well described and easily
identified (Li et al., 2008b; Wasilewska et al., 2008;
Vallabhaneni andWurtzel, 2010; Finkelstein, 2013). It is
now known that plants biosynthesize many more
apocarotenoids beyondABA. However, mechanisms of
action, associated enzymes, regulation, and trans-
porters are largely unknown (Ahrazem et al., 2016).
Candidate carotenoid cleavage dioxygenases (CCDs)
can be identified through bioinformatics and chemical
screens, although not all have been associated with
specific apocarotenoids (Vallabhaneni et al., 2010; Van
Norman et al., 2014; Chen et al., 2018; Dickinson et al.,
2018). Plant apocarotenoid research is bursting with
discoveries that will transform synthetic biology ap-
plications in agriculture.
The role of apocarotenoids in rhizosphere signaling

can be important for synthetic biology approaches to
alter plant yield. Unique apocarotenoids are released
into the rhizosphere as signals with other organisms.
For example, strigolactones are apocarotenoids derived
from b-carotene that regulate plant architectural
changes (Baz et al., 2018; Gao et al., 2018; Jia et al., 2018).
These apocarotenoids inhibit shoot branching above
ground and signal below ground with rhizosphere or-
ganisms to mediate root architectural changes neces-
sary for symbiosis with beneficial mycorrhizal fungi
and mediate resistance to harmful fungi (Al-Babili and
Bouwmeester, 2015; Borghi et al., 2016; Decker et al.,
2017; Stauder et al., 2018). Biosynthesis of strigo-
lactones is regulated through PSY expression, subjected
to feedback regulation and regulated in response to
other plant hormones (e.g. ABA, gibberellic acid, auxin)
and to inorganic phosphate (Stauder et al., 2018; Jia
et al., 2018). Strigolactone transport was shown to be
mediated by an ABC transporter (Kretzschmar et al.,
2012; Sasse et al., 2015). Modifying strigolactone
transport improved the mycorrhizal associations
needed to enhance plant yield (Borghi et al., 2016; Liu
et al., 2018b).
While strigolactones attract beneficial organisms to

promote plant growth, these apocarotenoids also facili-
tate the germination of harmful parasitic plants (Gomez-
Roldan et al., 2008; Umehara et al., 2008). Striga is a
devastatingweed prevalent in Africa that destroys crops
as a consequence of germinating in response to strigo-
lactone produced in host plant roots. Synthetic biology
could be used to build a tunable biological circuit (Liu
et al., 2018a) that delivers a novel strigolactone structure
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that functions in plants but is no longer recognizable by
harmful rhizosphere organisms and parasitic plants.

New Growth Regulator is an Apocarotenoid

The full range of apocarotenoid structures and asso-
ciated bioactivities is unknown. There are yet to be
described apocarotenoid signals that control plant ar-
chitecture as suggested by the architectural abnormal-
ities that result when carotenoid biosynthesis is blocked
at certain steps or expression of certain carotenoid
cleavage dioxygenase enzymes is eliminated (for re-
view, see Hou et al., 2016). The volatile apocarotenoid,
b-cyclocitral, was recently discovered to be a new
growth regulator, or the unique precursor to a new
regulator, that controls root architecture by stimulating
cell division and root growth in both monocots and
dicots (Dickinson et al., 2018). b-cyclocitral could also
stimulate growth of root systems which would other-
wise be inhibited by salt stress. The discovery was
made through a biochemical screen where lateral root
formationwas inhibited by D15, a chemical designed to
inhibit CCD1, an enzyme with broad carotenoid sub-
strate specificity (Vogel et al., 2008; Van Norman et al.,
2014). Determination that b-cyclocitral is the active
compound, and not a direct precursor, will require
elucidation of the receptor.

b-Cyclocitral is a volatile apocarotenoid already
known to modulate gene expression related to stress
and defense responses (Ramel et al., 2012; Havaux,
2014; Lv et al., 2015). It has been widely thought that
b-cyclocitral is only produced nonenzymatically by
oxidative cleavage of b-carotene that occurs in the
presence of excess light at the photosynthetic reaction
center. It would be surprising that b-cyclocitral forma-
tion would not be regulated through some biosynthetic
route since b-cyclocitral has an important regulatory
role. The possibility of a biosynthetic route is suggested
in the biogenesis of the chemically similar 3-OH-
b-cyclocitral, which is a precursor of safranal found in
Autumn crocus (Crocus sativus) stigmas used to make
the costly saffron spice (Frusciante et al., 2014). 3-OH-
b-cyclocitral is enzymatically produced upon cleavage
of zeaxanthin (but not b-carotene) by CCD2 which si-
multaneously forms the nonvolatile, crocetindialde-
hyde (Frusciante et al., 2014). Further evidence
supporting the biosynthetic formation of b-cyclocitral
has been observed in cyanobacteria associated with
toxic algal blooms. These photosynthetic organisms
emit b-cyclocitral, a survival allelochemical that nega-
tively affects the odor of drinking water and deters
feeding by other species (Jüttner et al., 2010). It is
thought that such cyanobacteria make b-cyclocitral
enzymatically from b-carotene along with croce-
tindialdehyde, as occurs with the formation of 3-OH-
b-cyclocitral from zeaxanthin in plants. A cleavage
enzyme of the CCD class has been suspected. Taken
together with the observations in plants, it would
not be surprising that the volatile b-cyclocitral also

functions in rhizosphere signaling, a yet to be explored
hypothesis.

The finding of b-cyclocitral as a new growth regula-
tor (or its precursor) argues strongly that there is a yet to
be defined cadre of enzymes dedicated to biosynthesis
and degradation, comparable to the regulatory suite of
enzymes controlling pools of ABA (Finkelstein, 2013).
Whether there exists an in vivo biosynthetic route in
plants to form b-cyclocitral, one could be created to
better regulate deployment of a network of stress-
responsive programs. A synthetic biosynthetic route
could build on the framework of the known metabolic
enzymes for carotenoid biosynthesis in combination
with a synthetic cleavage dioxygenase created to spe-
cifically direct the formation of b-cyclocitral. However,
tinkering with carotenoid and apocarotenoid networks
could potentially interfere with the poorly understood
signaling that facilitates normal plant growth under
changing environmental conditions. Thus, further re-
search on the physiological role, biogenesis and trans-
port of b-cyclocitral and other apocarotenoids is
essential.

Redesigning Plant Structures

The discovery of bioactive apocarotenoids can po-
tentially lead to remodeled plant architecture and syn-
thetic plant parts. The future might include design of
robust root systems to promote growth under poor
environmental conditions, introduction of mycorrhizal
symbioses where none presently exists, or creation of
plant parts as chemical factories for biosynthesis of
novel phytochemicals that could be rapidly harvested
from exudates. Alternatively, volatile apocarotenoids
could be created as new chemical scents or developed
into a volatile chemical arsenal to create a protective
barrier against pathogenic organisms. Such goals
would clearly require the elucidation of the current bi-
osynthetic range of apocarotenoids and how those
apocarotenoids function and interact ecologically with
favorable and harmful organisms. Interestingly, many
apocarotenoids have been shown to have biological
activity in animals (Harrison and Quadro, 2018), which
might provide a means to create novel apocarotenoids
or to at least discover the elusive apocarotenoid signals
of plants. The reporters used to test responses in animal
cells (Linnewiel et al., 2009) could be re-engineered for
plants as sensor beacons to elucidate the novel signal-
ing apocarotenoids that control plant architecture.

Conclusions

Carotenoids have diverse bioactivities and potential
for retooling to meet emerging needs of agriculture.
There has been great progress made in understanding
mechanisms controlling carotenoid biosynthesis, mod-
ification, degradation, and properties related to energy
transfer. An extensive collection of genes and enzymes
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is available and already much progress has been made
in metabolic engineering of carotenoids in multiple
species. The recent discoveries of apocarotenoids and
their associated bioactivities suggest an untapped po-
tential for creating new toolkits for modifying plant
form to address agricultural and industrial needs. With
these resources, many opportunities await application
of synthetic biology (Box 1). However, true “plug and
play” predictability will require deeper investigations
into the biology and biochemistry of carotenoids
(see Outstanding Questions).
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