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The bright yellow, orange and red colors of many fruits and flowers are the result of accumulating carotenoids 29 

in a specialized type of plastids, the chromoplasts (Fraser and Bramley, 2004). Besides this ecological 30 

function, carotenoids exert a vital role in photosynthesis by preventing destructive photo-oxidation of 31 

chlorophylls and other cellular components and by contributing to the light harvesting process. Hence, these 32 

lipophilic pigments are synthesized in all photosynthetic organisms and many non-photosynthetic organisms 33 

that use them as antioxidants. These functions are based on the conjugated polyene system of carotenoids, 34 

which also builds the basis for their ubiquitous role as precursor of biologically important metabolites, 35 

including retinoids, the plant hormones abscisic acid (ABA) and strigolactones (SLs), and various signaling 36 

molecules (Jia et al., 2018). Carotenoid-derivatives, generally called apocarotenoids, are formed through 37 

oxidation of double bonds in carotenoid backbone (Fig. 1), which is generally catalyzed by Carotenoid 38 

Cleavage Dioxygenases (CCDs). VP14, a maize nine-cis-epoxy-carotenoid cleavage dioxygenase (NCED) 39 

that forms the ABA precursor xanthoxin by cleaving 9-cis-violaxanthin at the C11, C12 double bond (see 40 

Figure 1 for C-atom numbering), was the first identified carotenoid cleavage enzyme (Schwartz et al., 1997). 41 

Sequence comparisons unraveled a multi-enzyme family represented in all taxa. The genome of Arabidopsis 42 

encodes four CCDs (CCD1, CCD4, CCD7, and CCD8) with different substrate, stereo- and regio-specificities, 43 

in addition to five NCEDs (Jia et al., 2018). CCD1 enzymes are characterized by a relaxed substrate and 44 

double bond specificity, and generate a plentitude of volatiles with ecological importance (Jia et al., 2018). 45 

CCD7 is a SL biosynthesis enzyme that cleaves 9-cis-β-carotene (C40) at the C9′, C10′ double bond, yielding 46 

β-ionone (C13) and 9-cis-β-apo-10′-carotenal (C27) that is converted by CCD8, a further SL biosynthetic 47 

enzyme, into the SL precursor carlactone (Jia et al., 2018). CCD4 targets the C9, C10 or C9′, C10′ double 48 

bond in all-trans-β-carotene to form β-ionone and all-tarns-β-apo-10′-carotenal, as shown by in vitro studies 49 

with the Arabidopsis AtCCD4 (Bruno et al., 2015; Bruno et al., 2016). AtCCD4 is postulated to produce a yet 50 

unidentified signaling molecule that regulates chloroplast and leaf development (Jia et al., 2018). Loss of 51 

CCD4 activity in carotenoid producing seeds, tubers, flowers and fruits leads to an increased carotenoid 52 

content and pronounced pigmentation (Jia et al., 2018), although the CCD4 product all-tarns-β-apo-10′-53 

carotenal is a colored, yellow compound (for UV-Vis spectrum, see Bruno et al., 2015). The observation that 54 

CCD4 activity leads to a loss of color suggests that all-tarns-β-apo-10′-carotenal is not accumulated but likely 55 

converted to low molecular weight metabolites, such as the C18 compound β-apo-13-carotenone (Jia et al., 56 

2018). There are further types of CCD enzymes, such as the recently identified zaxinone synthase that forms 57 

the growth regulating metabolite zaxinone, which are not represented in Arabidopsis (Wang et al., 2019).  58 

Accumulation of carotenoids and C30-apocarotenoids, mainly β-citraurin (3-hydroxy-β-apo-8'-carotenal), 59 

gives rise to the peel color of citrus fruits, which ranges from yellow to red. β-Citraurinene, a C30 carotenoid-60 

derivative that lacks the carbonyl group of common apocarotenoids, also contributes to the peel pigmentation. 61 

A previous studies showed that a citrus CCD4 (called CitCCD4b) forms β-citraurin by cleaving the C7, C8 or 62 

C7′, C8′ double bond in zeaxanthin (Figure 1), which indicates an involvement of this enzyme in citrus 63 

pigmentation (Ma et al., 2013; Rodrigo et al., 2013). This presumed role is supported by transcriptional data 64 



that showed a correlation of β-citraurin content with CCD4 transcript levels (Rodrigo et al., 2013). 65 

Nevertheless, a clear genetic evidence for the contribution of citrus CitCCD4b to β-citraurin biosynthesis was 66 

still missing, and the genetic background of natural variation in citrus pigmentation and C30-apocarotenoid 67 

content remained elusive. 68 

A recent report by Zheng et al. demonstrates that alterations in CCD4b 5′-cis-regulatory region is a major 69 

determinant of natural variation of C30-apocarotenoid content in citrus peels, by using a smart combination of 70 

genetic, transcriptomic and metabolites analyses, and functional characterization in citrus callus system. This 71 

successful strategy could be employed to identify genetic factors controlling further metabolites related to 72 

fruit quality traits in citrus and other large perennial trees with long juvenile phase. By implementing 73 

metabolomic Quantitative Trait Locus (mQTL) analysis of C30-pigments, Zheng et al. provide genetic 74 

evidence for the role of CCD4b in β-citraurin biosynthesis, and show, for the first time, that this enzyme is 75 

also involved in the formation of β-citraurinene. The later activity unravels a new type of carotenoid-76 

derivatives and indicates a novel reaction in apocarotenoid metabolism, which leads to a complete loss of the 77 

aldehyde group of β-citraurin. The role of CCD4b in the synthesis of both pigments was confirmed by 78 

expressing the enzyme in seed-derived citrus callus engineered to accumulate different carotenoid precursors. 79 

Indeed, this study demonstrates the advantages of using plant cells for investigating the activity of plant 80 

enzymes and for elucidating their biological function, as these cells enable the expression of plant enzymes in 81 

the suitable compartment and provide precursors and eventually required co-enzymes and co-factors. 82 

Zheng et al. (2019) also investigated the origin of CCD4 functional divergency and analyzed naturally 83 

occurring promoter variations that are responsible for the stepwise evolution of fruit-specific C30-84 

apocarotenoid biosynthesis in red-peeled mandarins and their hybrids. Citrus has five members of the CCD4 85 

subfamily (CitCCD4a, b, c, d and e), including CitCCD4a, c and d that belong to the Arabidopsis CCD4 type 86 

forming C27-apocarotenoids, and CitCCD4b and CitCCD4e that build a new CCD4 clade present in some 87 

woody species. It can be assumed that CitCCD4b and its orthologous evolved from a CCD4 progenitor 88 

through gene duplication events followed by sequence diversification and neo-functionalization, which shifted 89 

the cleavage site from the C9′, C10′ to the C7′, C8′ double bond. The five citrus CCD4s differ in their spatio 90 

and temporal expression patterns, indicating that alterations in cis-regulatory elements also contribute to the 91 

CCD4 functional divergency. Indeed, Zheng et al. revealed that CitCCD4b and CitCCD4e are expressed at 92 

low level in primitive yellow-peeled citrus species and that a SNP in the MITE transposon present in the 93 

CitCCD4b promoter region in several citrus species led to the enhanced expression of this enzyme in red peels 94 

of mandarins and its hybrids.  95 

The intense color of β-citraurin (C30, absorption maximum above 450 nm) and its accumulation in citrus fruits 96 

makes the citrus CCD4b a positive regulator of pigmentation, in contrast to Arabidopsis-type CCD4 enzymes, 97 

such as potato CCD4, which act as negative regulator of color by forming C27-apocarotenoids that likely 98 

underlie further conversion to colorless metabolites. The genetic and evolutionary insights provided by Zheng 99 

et al. will facilitate the breeding for horticultural crops with altered pigmentation. Further studies will be 100 



necessary to better understand the original biological functions of CCD4 enzymes and to answer the question 101 

about their presumed role in producing signaling molecules.  102 
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Figure 1. Opposite Effects of CCD4 Activity on Plant Pigmentation. The shift in the cleavage site from the 136 

C9′, C10′ to the C7′, C8′ double bond changed the function of CCD4 enzymes from the common role as 137 

negative regulator of carotenoid content and pigmentation of tissues, such as Chrysantemum flowers and 138 

potato tubers, to a producer of an intense red color in citrus peel. As shown in the phylogenetic tree, 139 

CitCCD4b and orthologous constitute a distinct clade in the CCD4 subfamily, which is presented in citrus and 140 

some other woody species. The study of Zheng et al. indicates that CitCCD4b is involved in the synthesis of 141 

β-citraurinene that likely derives from β-citraurin. The phylogenetic tree was conducted in MEGA by using 142 

Neighbor–Joining method with 1000 bootstrap replications in MEGA program (version 5.0) (Tamura et al., 143 

2011). Blue dots mark CCD4 enzymes that have been shown to degrade carotenoids. Names and accession 144 

numbers of the used proteins are:  Chrysanthemum morifolium CCD4a (CmCCD4a; ABY60885) and CCD4b, 145 

(CmCCD4b; BAF36656); Solanum tuberosum CCD4a (StCCD4a; XM_006359904); Osmanthus fragans 146 

(OfCCD4; ABY60887); Arabidopsis thaliana CCD4 (AtCCD4; NP_193652); Brassica napus CCD4 147 

(BnaC3.CCD4; KP658825); Citrus reticulata CCD4a (CitCCD4a; DQ309330.1), CCD4b (CitCCD4b 148 

DQ309331.1), CCD4c (CitCCD4c; XM_006430849), CCD4d (CitCCD4d; Ciclev10013726m), and CCD4e 149 

(CitCCD4e; XM_006423984.2); Populus trichocarpa CCD4a (PtCCD4a, XP_002307055), CCD4b 150 

(PtCCD4b; XP_002326037), CCD4c (PtCCD4c; XP_002312876), CCD4d (PtCCD4d; XP_002312877), and 151 

(PtCCD4e; XP_002312878). Vitis vinifera CCD4a (VvCCD4a; XP_002268404.1), CCD4b (VvCCD4b 152 

XP_002270161.1), CCD4c (VvCCD4c; XP_002269538.1), and CCD4d (VvCCD4d; XP_002269309); Prunus 153 

persica CCD4 (PpCCD4; AGL08676.1); and Rosa damascena CCD4, (RdCCD4; ABY60886); Malus 154 

domestica CCD4 (MdCCD4; ABY47995). 155 
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