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The carotenoid pathway (ca. 1990)The carotenoid pathway (ca. 1990)

BIOSYNTHESIS OF CAROTENOIDS

Early stages

Phytoene formation
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Rhodobacter capsulatus
Armstrong et al. (1989)

Erwinia uredovora
Misawa, et al. (1990) 

Discovery of carotenoid pathways in bacteriaDiscovery of carotenoid pathways in bacteria



A cyanobacterial
endosymbiont

Nucleus 135,000 kb
28,000 genes

4,100 cyanobacterial
genes (~15 %) 

Plastid 154 kb
87 ORFs

Anabaena variabilis
ATCC 29413

5,661 genes 

Nostoc sp.
PCC7120

6,130 genes Klein et al. Annu. Rev. Plant Biol. 2009

CyanobacterialCyanobacterial
origin of carotenoid origin of carotenoid 
genes in plantsgenes in plants
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Cloning genes through inhibitor resistanceCloning genes through inhibitor resistance

lycopene

ζ-carotene

phytoene

Zds, crtQ

Pds, crtP
crtI

(phytofluene)

(neurosporene)

(phytofluene,
7,8,11,12 tetra-
hydrolycopene,
neurosporene)

Chamovitz et al. 1990

Isolating norflurazon-resistant 
mutations in Synechococcus 7942



Phytoene desaturase in plantsPhytoene desaturase in plants

Import of PDS 
into chloroplasts

Higher plants

Other bacteria

Algae

Cyanobacteria

100 AA Targeting peptide FAD-binding

Structure of phytoene desaturase

Pecker et al. 1992



Cloning genes by color complementationCloning genes by color complementation

Excision of plasmids in pBluescript
vector

Construction of a cDNA library from 
the carotenoid-producing tissue in 
the vector λ ZAP II 

Transfection of plasmids into E. coli
cells that produce a carotenoid 
precursor

Screening for a colored colony

Lotan & Hirschberg 1995



The genetic approachThe genetic approach

1. Map-based (“positional”) cloning of mutations
Arabidopsis, Tomato, Rice

2. Genomics
Sequence-based candidate genes
Gene expression profiles (transcriptomics)

Classic Biochemistry:  Capsanthin-capsorubin synthase (CCS)
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Cairns, 1999



Photograph: Michael Zinder

Navot Galpaz, Naama Menda, Dani Zamir

The genetic approach: MapThe genetic approach: Map--based cloningbased cloning

New mutations isolated in the line M82



Unique chromosomal segments 
from S. pennellii were introduced  in 
to the genome of S. lycopersicum. 

The tomato introgression lines (IL)The tomato introgression lines (IL)

Eshed & Zamir, 1995

S. pennellii S. lycopersicum

The tomato genome:
Size:   950 Mb
Map:   ~750 cM
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Gene expression during Gene expression during ““BreakerBreaker””
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Gene expression during Gene expression during ““BreakerBreaker””
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M82 (WT) e1535 e0321 e9292 e0719 e0955 e2474
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MapMap--based cloning of based cloning of Fcd1Fcd1

1. Crossing Fcd1 (M82) X IL4-2 (S. pennellii ).
2. F1 selfing.
3. 5000 F2 seedlings genotyped with markers Tg182 

and Tg208.
4. 486 genetic recombinant plants identified, grown and 

phenotyped.
5. Genetic locus fine-mapped with new DNA markers 
6. Candidate gene identified.

Tg208

IL4-1

IL4-2

IL4-3

IL4-4

Tg182

Tg208

Chromosome 4



1 MSLTTASASLQFLRRFIASPITSHSSLRLPKSSLLPNNTL

41 PVSSLRCRFRCYSAASTTTMADAISDANMDAVQRRLMFED

81 ECILVDENDHVVGHDTKYNCHLMEKIEAENLLHRAFSVFI
*Fcd1-1    

121 FNSKYELLLQQRSATKVTFPLVWTNTCCSHPLYRESELIE

161 ENSLGVRNAAQRKLLDELGIPGEDVPVDQFIPLGRILYKA
ΔFcd1-2      

201 PSDGKWGEHELDYLLFMVREVNMKPNPDEVAEVKYVNREQ

241 LKELLRKADAGEEGLKLSPWFRLVVDNFLFKWWDHLEKGT

281 LKEVIDMKTIHKLT

Fcd1 Fcd1 encodes IPP isomerase (IDI)encodes IPP isomerase (IDI)

Fcd1-1: W143 stop     Fcd1-2: W206 Δ



Two IDI enzymes exist in plantsTwo IDI enzymes exist in plants
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IPP (6)
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Tritsch et al,  FEBS Lett. 2010

HMBPP HDR

Do plastids need IDI?Do plastids need IDI?

IPP DMAPP



Mutants in Arabidopsis lacking IDI1 do not show a clear 
phenotype.
Okada et al. (2008) Plant Cell Physiol. 49:604; Phillips et al. (2008) Plant 
Cell, 20:677.

“Mutants specifically defective in IDI1 do not show 
changes in carotenoid levels, consistent with the 
dispensable role of this enzyme in plastids.”
Rodriguez-Concepcion, M. (2010) Arch. Biochem. Biophys. 504:118-122.

Do plastids need IDI?Do plastids need IDI?



No apparent phenotype in leaves of No apparent phenotype in leaves of Fcd1Fcd1--11
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Expression of carotenoid genes in Expression of carotenoid genes in Fcd1 Fcd1 fruitfruit
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Differential expression of Idi1 and Idi2Differential expression of Idi1 and Idi2

Expression during fruit development Expression ratio Idi1:Idi2
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Stages in fruit development: MG- mature green;  B- breaker; R- ripe



Specific inhibition of IPP biosynthesisSpecific inhibition of IPP biosynthesis
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Inhibition of Inhibition of cytoplasmiccytoplasmic IPP synthesis in seedlings IPP synthesis in seedlings 
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Inhibition of Inhibition of plastidialplastidial IPP synthesis in fruit IPP synthesis in fruit 

Fosmidomycin

Control

Control

Fosmidomycin

Total carotenoids in fruit explants



To
ta

l c
ar

ot
en

oi
ds

 [μ
g.

g−
1

FW
]

M82             Fcd1

0

50

100

150

200

250

300

350

M82 SR FCD1
0

300

600

900

1200

1500

1800

M82 SR FCD1M82         Fcd1‐1 Fcd1‐2M82         Fcd1‐1 Fcd1‐2

C
hl

or
op

hy
ll 

A
+B

 [μ
g.

g−
1

FW
]

IDI1 is required in cotyledonsIDI1 is required in cotyledons

ChlorophyllsCarotenoids



Carotenoid accumulation Chlorophyll accumulation

IDI1 is required during IDI1 is required during deetiolationdeetiolation

Etiolated seedling
(14 days dark) De-etiolation
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Hours after exposure to light Hours after exposure to light



Reduced yield in Reduced yield in Fcd1Fcd1 mutantsmutants
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• There are two IPP isomerase enzymes in tomato-
IDI1 in the plastids and IDI2 in the cytoplasm. 

• IDI2 is mainly expressed in vegetative tissues and 
is probably dispensable during fruit ripening.

• Fcd1 impairs the plastidial IPP isomerase (IDI1).
• Cytoplasmic IPP does not contribute to carotenoid 

biosynthesis. 
• IDI1 is required to adjust the ratio of 

IPP:DMAPP in cases of high flux of isoprenoids
toward GGPP, such as during carotenoid 
accumulation in chromoplasts and carotenoid 
and chlorophyll biosynthesis in developing 
leaves.

Conclusions from Conclusions from Fcd1Fcd1 characterizationcharacterization
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Cloning of Cloning of zeta zeta 
((ZisoZiso))

zChen Gafni-Amsalem
Varda Mann

Chen et al. Plant Physiol. 2010
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Carotenoid in roots of Carotenoid in roots of zetazeta plants plants 
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A A ZisoZiso--like gene exists in cyanobacterialike gene exists in cyanobacteria
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ZisoZiso in cyanobacteria is part of a in cyanobacteria is part of a ““redoxredox operonoperon””

crtPcrtB

ndhM

ndhF ndhDrbcR zisOzisO

trxA

Location of zisO in the genome of S. elongatus PCC7942 



A mutation in subunit M of NAD(P)H oxidoreductase provided 
evidence that specialized (secondary) metabolism in tomato fruit, 
including carotenoid biosynthesis, depends on the complex activity 
that modulates the redox state of PQ. 

Nashilevitz et al. The Plant Cell, 2010

A tomato mutant deficient of NDHA tomato mutant deficient of NDH--M M 
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Relative mRNA of Ziso was determined in 
fruits of M82 and two alleles of zeta. 

Expression of Expression of ZisoZiso is is upregulatedupregulated during fruit ripeningduring fruit ripening



• ZISO is a trans-membrane protein, possibly a 
transporter, that provides a redox-related 
functions essential for cis-trans isomerization of 
15,15’ ζ-carotene.

• Photosynthetic redox can compensate for ZISO 
deficiency.

• ZISO is indispensable in non-photosynthetic 
tissues (fruit, flower, root).

• ZISO underscores the involvement of redox
in plastid secondary metabolism.

Conclusions on Conclusions on ZisoZiso



Open questions in carotenoid biosynthesisOpen questions in carotenoid biosynthesis

1. Biochemistry
• Mechanism of reactions (structure-function)
• Do enzyme function in complexes? 
• Where exactly in the plastids?

2. Regulation
• Gene expression (developmental; environmental)
• Metabolic regulation at the enzymatic level
• Interaction with other metabolic pathways
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