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Abstract Recently, a number of successful research
reports are accumulated to increase the carotenoid level
in potato tuber such as [3-carotene, precursor of vitamin
A and keto-carotenoid like astaxanthin in which is not
synthesized in most plants tissue since it does not contain
a specific enzyme to add keto-ring in carotenoid molecule.
In particular, keto-carotenoids are more interested due to
their strong antioxidant activity. Currently, the content of
[3-carotene was increased up to 3,600-fold (47 wg/g dry
weight) when compared to the control potato tuber,
parental cultivar for genetic modification. In addition,
astaxanthin, one of the major keto-carotenoid was
accumulated up to 14 1g/g dry weight in potato tuber
with red color by over expressing the gene encoding [3-
carotene ketolase isolated from marine microorganisms.
In this article, we summarized carotenogenesis-related
genes that have been used for metabolic engineering of
carotenoid biosynthetic pathway in potato. Furthermore,
strategies for the accumulation of carotenoids and keto-
carotenoids in specific potato tuber, bottle necks, and future
works are discussed.
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Fig. 1 Brief summary of metabolic pathway involved in the
biosynthesis of carotenoid (A) and keto-carotenoids (B). GAP,
glyceradehyde-3-phosphate; DXP, 1-deoxy-D-xylulose-5 phosphate;
MEP, 2-C-methyl D-erythritol-4-phosphate; IPP, isoprenyl
pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GPP,
geranyl pyrophosphate (Cio); FPP, farnesyl pyrophosphate (Cis);
GGPP, geranylgeranyl pyrophosphate (C); HMG CoA, 3-hydroxy-
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Table 1 Carotenogenesis-related genes that have been confirmed to increase the content of carotenoids by transgenic approaches in potato

Genes Origin (source) Enzymatic characteristics Reference

1-deoxy-D-xylulose-5 phosphate (DXP) synthase, catalyze the first

Dxs E. coli reaction in the methylerythritol phosphate (MEP) pathway to  Morris et al (2006a)
synthesize DXP from glyceraldehyde 3-phosphate and pyruvate

Crt B Erwinia uredovora Phytoene synthase, conversion of two molecules of geranylgeranyl Ducreux et al (2005)
pyrophosphate to phytoene

Crt B Erwinia herbicola Conversion of two molecules of geranylgeranyl pyrophosphate to Diretto et al (2007a)
phytoene

Crt 1 Erwinia herbicola  Phytoene desaturase, conversion of phytoene to lycopene Diretto et al (2007a)

Crt Y Erwinia herbicola Lycopene [3-cyclase, introducing one or two (3-rings into lycopene Diretto et al (2007b)
to generate [3-carotene

Loy-e Potato Lycopene epsilon cyclase, introducing a single epsilon-ring into Diretto et al (2006)
lycopene to generate a-carotene

Chy 1 and Chy 2 Potato (3-carotene hydroxylase, hydroxylation of [3-carotene Diretto et al (2007b)

Zep Potato Zeaxanthin epoxidase, conversion of zeaxanthin into violaxanthin ~ Romer et al(2002)

Lu et al (2006)
. Triggering the differentiation of proplastids and/or non-colored  (2007)
Or (DQ482460) Cauliflower plastids into chromoplasts Lopez et al (2008)
Van Eck et al (2010)

Carotenoid cleavage dioxygenase 4,

CCD4 Potato carotenoid cleavage give rise to a wide range of apo-carotenoid  Campbell et al (2010)
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A @A = MEPH 29 A @A 2 pyruvate@} GAPE 9]
4-5}0] 1-deoxy-D-xylulose-5 phosphate (DXP)E 345t
1-deoxy-D-xylulose-5 phosphate synthase (Dxs)AA&
Escherichia colio| A E2|3t9 oW o]|& FAlof| =Y 3}
=4 AEsttt Morris et al. 2006a). “L2] 31 GGPPE
phytoene & 2 A 3}5}= H-2-S Zu||3}= phytoene synthase
(Psy)E 4sst= {AR (Crt B)E Erwinia uredovora®}
Erwinia herbicola25-¥ E2]3}o] ZFA}of| =93t Aubrt
HF 3 5 ¢l T} (Ducreux et al. 2005; Diretto et al. 2007a). ¥qt
oty e}l phytoene lycopene & 2 AZHA| 7| = Wk
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o} lycopeneol| B-ringS QI A|A B-caroteneS AYAFStH=
k-39 Zuf3l= lycopene PB-cyclase (Ley-b)E ¢35 =

AR} (Crt V& DA Erwinia herbicola2 K-8 £ 3} o]
%,PZ}Oﬂ =93t A23E W3S (Diretto et al. 2007a).
dote Aol A 9] A A o
ToJ5t= lycopene epsilon cyclase & ¢& sl AR
(Ley-e), 123l B-carotene®] TA 2 ¢l hydroxylation -5
S &) 3}= B-carotene hydroxylase2 4& 3= SHA}
(Chyl, Chy2)& AR 3] Selato] 2hake] ghAtEay]
%o 295 Az @Rl (Diretto et al, 2006;
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Table 2 Strategies for the accumulation of specific carotenoid types in transgenic potato

Strategies Trans-gene promoter  Targeted organ or tissues Major carotenoids Reference
. Plastid in tuber using .
Dxs Patatin beS TP Phytoene Morris et al (2006a)
Over- ) [3-carotene
expression . Plastid in tuber using Lutein (19-fold)
Crt B Patatin beS TP Violaxanthin Ducreux et al (2005)
Antheraxanthin
. [3-carotene (14-fold) .
‘ Ley-e Patatin Tuber Total carotenoid (2.5-fold) Diretto et al(2006)
Anti-sense 8 . (38-fold)
. -carotene (38-fo .
Chy 1 and Chy 2  Patatin Tuber Total carotenoid (4.5-fold) Diretto et al (2007b)
Anti-sense or Zeaxanthin
co-suDppression Zep GBSS Tuber (4 to 130-fold) Romer et al(2002)
PP total carotenoid (5.7-fold)
Co- . [3-carotene (3,600-fold) .
transforamtion CrtB +Crtl +CrtY  Patatin Tuber Total carotenoid (20-fold) Diretto et al (2007a)
. _ Violaxanthin (4-fold)
RNAI CCD4 CaMV35S  Constitutive Total carotenoid (4-fold) Campbell et al (2010)
Providing or GBSS Tuber total carotenoid (6-fold) Lopez et al (2008)

depositing sinks

phytoene, phytofluene, etc Van Eck et al (2010)




J Plant Biotechnol (2010) 37:388-393

391

Diretto 5 (2006; 2007b)-2 Ley-e2F Chy--ZA}9] anti-sense
S HS Patatin promotero]] AZAsto] =3 Ay} A2
Be-ole & 7tRE ol =9 FheFo] 258714 7kt
Aol B-carotene @] o] 14v) F7Fohirkal Ha15}e]
onj, 329 Aol F 7tRE o] =9 Fheol 4.5u)
THA] S7F8kaL B-carotene @] FHeFol 38u7MAl F7hoh=
714l AF+AE Hasgitt o|2|gh A= a-carotene
of ATE 91Tt BATH] A DA HolalE Loe §
A9} B-carotene @] hydroxylationT} A& £3}e] 1 o}
A 9] zeaxanthin, violaxanthin, antheraxanthins2] dHAI S
Aejet A3 AFE 50 WHE Ao ARG, ofgh
BV A Zep GAAFC] anti-sense THH-E 7FAFo A E
3} granule-bound starch synthase -2} (GBSS)2] promoter
of dAste] =gt A F FtRE o] =9 §Efo] 5.7
vl =7}519 1L, zeaxanthin®] $FeFo| 4o A 1308 Z7}5}
Aot B35kt (Romer et al. 2002).

Ggomt Sht oo $UAE FA Eelshe
co-transformation”7]| &2 T3t A S 2 Erwinia herbicola=
He Bt Crt B, Crt I, 13|31 Crt Y S HAR}E Patatin
promoterE ©]-8-5Fo] F Ao HAfol| =AU A} F 7=
Bl o] = 9] g}eko| 20871 A] 271k} EAof B-carotene
9] &teko] 3,600u 7} 2] Z7}5l i tkal 5 T) (Direto et al.
2007). o] ATF= AAZA FeiA AFATGRE 4G
42 Az vral Ao B ozt 3T (golden
tuber)2t il Eol= FAAAA TS dFoE AR 17
W carotenoid ©] gt STHSHAI 7| WA thE FAAFS A
AE Ee A TARE ol G PIAIA] gl FY
A A4S MIA7IA e HA Y Alee 85 §
3t Z7FAQl A3 A e W ESH T (Diretto et al. 2010).

2HH RNAi 7] &5 ©]§35to] CCD4E Aol =< 5}o
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gko] 44 Z7}819 0 E0]3}A % violaxanthin @] 3FeFo]
SR ZAASEA e £ALS AhR BAE AL
Fotar B3 kAT (Campbell et al. 2010). #at o}y 2}
%, 71, e SolAe 7t2E o] =Y Jhefo W3t}
RO petalof A Eo]5tA 7FRE| ko] =9 ghgFo] &
7bsto] mghd oz W3slsirtal W skl

shAEke 2 sl o|E SO B S AHT 4 9

& weh wol ATUORA BT B ShRE
Sob AHE % YRS s Aeolth. o] HE
FATto| 95t Or §&HAS GBSS promotero] 2 5}

o

of =gt A} F 72 E| ol JheFo] 6uj7HA| F7tst
AL ®ut olu g} phytoene, phytofluene@} ZH& 7} 2 g e
olt AT AtEde FHH AL K syt

(Lopez et al. 2008; Van Eck et al. 2010). 13y ZrA1A] T
L gEA) 25 W 2wy 5o BAAEeE 24
7\#ho] Tate] obH e Tk Be AT} o Lol Hok 5
v ) do| gl WaoA WEIE Ao 717 x4
Hel 4 or §AHxe] was gAE Ao asketael o
FAT} YHEolof ¥ Ao ARHL}

AEA Qe ueh Zo] olieharEY ge AEY
e o Bl AW O AR AL A )
T olfk AEINE ARE 5 Yk E0) /)% S B

A o=

-carotene ketolaseE ¢S o= F-AA7F §17] W&ol 2
o] B-carotene ketolase-3-&}7} Synechocystis @} Haematococcus
pubvialis= ¥ E2|E o] Z+Z} Crt O (Gerjets and Sandmann
2006) @} Bkt= (Morris et al. 2006b) .2 HH3ATH AE
g 7 el oS8 o] WH A7 9stel AA7HA
= % 7}A & 34 (over-expression) I} co-transformation
7]40] W 1E 9t} (Table 3).

HA| Ao 2 A Bkl §HAE patatin promoter2}
o A B35t Pds-3A R transit peptideS A5}
AR A} Ao A= ABAko]l A b= astaxanthin©]
14 pg + ¢ dry weight 712 3 keto-lutein®] 9.8 1g - g dry
weight 5:%.0.2 M Fo] 72e] dato] ¥e A e}
Wletar st (Morris et al. 2006b). & HAZ Cre B 9}
Bktl F-AAE 27} patatin ZL2] 3L rbeS TPQ} Pds TPof| ¢
At AL co-transformationA] 71 A3} keto-lutein®] 0.6 1g -
g astaxanthino] 0.5 g + g, canthaxanthino] 0.2 ug - g’
FEor YAHNGL Basto] Hedt Bk [ AR

O L Ay

HT o

Table 3 Strategies for the accumulation of specific keto-carotenoid types in transgenic potato

Strategies Trans-gene Promoter Targeted organ/tissue Major keto-carotenoids Reference
. . Plastid in tuber using Astaxanthin (14 xg - g") .
Over-expression  Bktl Patatin Pds TP Keto-lutein (9.8 1 - g_l) Morris et al (2006b)
S . Keto-lutein (0.6 g - g'l)
Cr B + Bkt I Patatin ~ T1351d intber using o onthin (0.5 1 - €))  Morris et al (2006b)
rbeS and Pds TP . 1
) Canthaxanthin (0.2 ¢g - g")
Co-transformation 3"-hydroxy
. GBSS o i ) Gerjets & Sandmann
+ + -keto-
Antisense Zep + Crt O CaMV35S Tuber + constitutive echinenone, 4-keto (2006)

zeaxanthin, Astaxanthin




392

J Plant Biotechnol (2010) 37:388-393

o 3w A2 R B S we sEoR ey
(Morris et al. 2006b). WX 9t S 2 anti-sense Zep FAA}E
7] =7t AR Crt OFHAE FALHE ZERECQ]
CaMV3585 A-&3to] Aol =gt A3} 3-hydroxy-
echinenone, 4-keto-zeaxanthin, astaxanthin®] &=Fo] A2
SHlsl o G4 T #ES d4kE A mohe 2
Bl Ao & B3}t (Gerjets and Sandmann 2006).

Mo
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O] HARE flste] =QIg AR F5, ARy A
H3F ol weto] =skarx} 5t

E AP 52054 vho] 9 1% 214k (code 200703
01034017)°]l &Jato] =3 = it
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