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Research progress in the regulation of B-citraurin accumulation in citrus

fruits

WANG Shasha, LUAN Yuting, XU Changjie’

(Department of Horticulture, College of Agriculture and Biotechnology, Zhejiang University, Hangzhou 310058, Zhejiang, China)
Abstract: Color is an important attribute for external fruit quality and carotenoids are responsible for
the color of some fruits including citrus. B-citraurin is a red carotenoid, and its presence in citrus fruits
plays an important role in generating the red fruit color. In this paper, we review the progress in re-
search on the accumulation and regulation of B-citraurin production in citrus fruits. B-citraurin is a Cs
carotenoid, which is different from other common plant C, carotenoids. It was first reported in 1936 in
the peel of an orange and thereafter in various other citrus fruits. B-citraurin contains nine conjugated
C=C bonds and a C=0 group in its molecule, which is responsible for producing the red color of this
pigment, with a maximum absorption around 456 to 462 nm. Chromatographically, B-citraurin Rf (for
TLC) or retention time (for HPLC) are close to some xanthophylls such as 9-cis-violaxanthin, a predom-
inant carotenoid in citrus peel, and therefore the presence of B-citraurin should be carefully evaluated
during analysis to avoid the overlap of HPLC peaks from other compounds. B-citraurin has been report-
ed in various citrus, especially sweet oranges, clementines and mandarins, and can sometimes account
for as much as 40% of total carotenoids. However, it is primarily restricted to some citrus and its peel
tissues and accumulation is rarely reported in other plants apart from genus Citrus. j3-citraurin is gener-
ated from the oxidative cleavage of two common C., carotenoids, -cryptoxanthin and zeaxanthin, cata-
lyzed by carotenoid cleavage dioxygenase4 (CCD4), as reported by two recent studies in clementine
and Satsuma mandarin. CCD4 is a member of the CCD/NCED (9- cis- epoxycarotenoid dioxygenase)
family, which encodes enzymes catalyzing oxidative cleavage of C, carotenoids. In Arabidopsis, nine
CCD/NCEDs have been identified according to their cleavage positions and substrates. CCD1 can re-
sult in the formation of aromatic apocarotenoids; CCD7 and CCD8 are involved in the generation of the
apocarotenoid hormone strigolactones; NCEDs (NCED2, NCED3, NCEDS5, NCED6, NCED?9) partici-
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pate in ABA biosynthesis. The CCD4 enzymes catalyze the degradation of carotenoids, which is the
same as CCD1, but are targeted to plastids rather than cytosol as with CCD1. Previously CCD4 has been
reported to be responsible for the white petal color of a chrysanthemum, the white appearance of a potato
tuber and the fruit flesh of various peaches where the symmetrical cleavage of the carotenoids at posi-
tions 9, 10 and 9’, 10’ results in production of only colorless apocarotenoids. In citrus, however, the
cleavage catalyzed by CCD4 occurs asymmetrically at either positions 7, 8 or 7°, 8 and therefore pro-
duces a Csy apocarotenoid, i.e., B-citraurin. Only one CCD4 is present in Arabidopsis but there are five in
citrus with different expression profiles. Among them, CCD4bl has the strongest expression in the peel
and was confirmed to be the member responsible for the biosynthesis of B-citraurin. The accumulation of
B-citraurin is influenced by various intrinsic or external factors. First, accumulation starts only when the
fruit is mature and approaching the color turning stage; secondly, the accumulation is favored by moder-
ate temperatures from 12 to 24 “C, while is inhibited under either a higher temperature (around 30 C) or
lower temperature (around 5 “C); finally, ethylene promotes the biosynthesis of B-citraurin while GA;in-
hibits its production. In summary, progress in understanding the profiles and underlying mechanisms of
accumulation and regulation of - citraurin in citrus fruits has been recently achieved. Further efforts

should be focused on the mechanisms for the unique presence of this pigment in only some citrus species

and cultivars and only in peel tissues, and on how the expression of CCD4bl1 is regulated.
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Table 1 The physical and chemical characteristics of common carotenoids in citrus
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Table 2 The distribution of B-citraurin in mature citrus peels
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B-citraurin

B IS K BB oy

Percentage of B-citraurin in

Species (Latin name) Cultivar content/(ug-g")  total carotenoids/% Reference
i L2 ] Clementine (Citrus clementina) 7.00 [6]
o B 8T <G G Fortune 17.50 (6]
Clementine x mandarin (C. clementina %
C. reticulata)
F115 Lemon (C. limon) 4.00 [2]
% hl Grapefruit (C. paradisi) 9.30 (2]
%5 fh Grapefruit (C. paradisi) JEB%LL Star Ruby 0.92 0.42 [3]
i % 47 Mandarin (C. reticulata) JIHF£A% Chuanfuhongju 23.61 [16]
i % M A% Mandarin (C .reticulata) 4F 4 Nianju 3.22 [13]
Wi )5 MtHi% Mandarin (C. reticulata) 13.30,28.00 [2]
It Tangelo (C. reticulata * C. paradisi) ~ Page 1.18 [13]
i FE Sweet orange (C. sinensis) 4B %l Washington 7.50 [6]
ET 7 Sweet orange (C. sinensis) k4 E & Valencia 10.00 6.00 [7]
fili 1% Sweet orange (C. sinensis) 10.80 [2]
fliFE Sweet orange (C. sinensis) JEE Bonanza 35.25 23.25 [3]
Et#% Sweet orange (C. sinensis) R#iFR4r Cara Cara 20.02 9.18 [3]
N EH Satsuma mandarin (C. unshiu) 1IN 4L 54 Yamashitabeni-wase 120.00 40.00 [8]
%At Kumquat (Fortunella sp.) 16.60 [2]
P 4 Citrangequat [F Sinton 3.30 [14]

margaritax (P. trifoliata xC. sinensis)]
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PSY. Phytoene synthase; PDS. Phytoene desaturase; ZISO. C-carotene isomerase; ZDS. {-carotene desaturase; CRTISO. Carotene isomerase; LY -

CB. Lycopene beta-cyclase; CYCB. Chromoplast-specific lycopene -cyclase; LYCE. Lycopene epsilon-cyclase; BCH. Carotene B-ring hydroxylase;

ECH. Carotene epsilon-ring hydroxylase; CCD4. Carotenoid cleavage dioxygenases4; ZEP. Zeaxanthin epoxidase; VDE. Violaxanthin de-epoxidase;

NSY. Neoxanthin synthase.
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Fig. 1 Carotenoid biosynthesis pathway in plants
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Table 3 The characteristics of citrus CCD4 gene family members'®®* ™

ESEN 52

Expression pattern

CCD4 % 7 et fisE ir EASUDNAVEE 00 e
CCD4 members Chromosomal localization Protein size/Amino acid number
CCD4a 7 603/603

CCD4b1 8 563/563

CCD4b2 8 557/358, 418

CCD4c 6 597/597

CCD4d 6 412/420

TR B FIAE I 229K Mainly expressed in leaves and petals
LR T R A A ) SR e b ik, AR e T IR R A

Mainly expressed in the peels of some citrus, a weak expression in
the leaves and flowers

FELAE I A K Mainly expressed in leaves
FEAEM R RIS w8 T R AEE I #ak

Mainly expressed in leaves, only expressed in petals in clementine
TERATA LR AR IA Not expressed in any tissues

V£ :CCD4b1 TESCHR[6]HHFRN CCD4, TESCHR[32]H FR N CCD4b. CCD4b2 TESCHR[32]H#r N CCD4e.
Note: CCD4b1 was named CCD4 in reference [6] or CCD4b in reference [32]. CCD4b2 was named CCD4e in reference [32].

SCHRFHRR N CCDO A RELIB-TASE MR o-#3 MR
RIFE LR IR

M CCD4 1 5 /> 1 3 AR Rk B X E A7 %
F o Rodrigo 555 T MG R IE 7 514825 (EST) (S
B, KIL CCD4b1 15 55% , CCD4a F1 CCD4c IR Z.
TE EST FEH 10 56 53 1A 26 12 14 4%, 1] CCD4b2
I CCD4d EM 1% EST v %A R I, R AR IAEL
KILRAC . A A CCDA4 B 51 ik 1 H 230 A7 72 %
5, CCD4b1 F BAE R K3k, 1l CCD4a. CCD4b2
F CCD4c ¥) = BAEM v 3Rk, [R) I 78 H A 2H 2
FIRERIECGR3) ., EH LT EAMMAR Rp-115

AL B A A, R 2 FE Rk CCD4a FI
CCD4c F B #BIRAK , CCD4b2 F1 CCD4d 1% %
Ko 2FHEHMI CCD4b1 3R3K 7 AR K, S FERAE I
S AN I T LE £0 7 T A A SR S ) SR R R
FIE B (5 CCD4 % B 1 32 3k B 22 AT 90% LA
).

4 AT B-F7 B AN R AR
41 RIRENE

M3 | A B R B B
O, B A ISh . FER AR L Bk 2
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