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To gain insight into the evolution of xanthophyll synthesis in Arabidopsis thaliana, we analyzed 

two pairs of duplicated carotenoid hydroxylase enzymes in Arabidopsis thaliana: the 

cytochrome P450 enzymes CYP97A3 and CYP97C1, and non-heme di-iron enzymes, BCH1 and 

BCH2. Hydroxylated carotenes did not accumulate in a quadruple mutant for these four genes, 

demonstrating that they encode the full complement of carotenoid hydroxylases in Arabidopsis 

thaliana. We were thus able to definitively infer the activity of each enzyme in vivo based on the 

phenotypes of selected double and triple mutant genotypes. The CYP97 and BCH gene pairs are 

primarily responsible for hydroxylation of α- and β-carotenes, respectively, but exhibit some 

overlapping activities, most notably in hydroxylation of the β-ring of α-carotene. Surprisingly, 

triple mutants containing only CYP97C1 or CYP97A3 activity produced 74% and 6% of the WT 

lutein level indicating CYP97C1 can efficiently hydroxylate both the β- and ε-rings of α-

carotene and that CYP97A3 also has low activity toward the ε-ring of α-carotene. The modes of 

functional divergence for the gene pairs appear distinct with the CYP97 duplicates being 

strongly co-expressed but encoding enzymes with different in vivo substrates while the BCH 

duplicates encode isozymes that show significant expression divergence in reproductive organs. 

By integrating the evolutionary history and substrate specificities of each extant enzyme with the 

phenotypic responses of various mutant genotypes to high light stress we propose two likely 

scenarios for the evolution of α-xanthophyll biosynthesis in plants from ancestral organisms. 

 

 

Keywords: Arabidopsis thaliana, Carotenoid hydroxylase, Functional divergence, Molecular 

evolution, Xanthophyll synthesis
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Introduction 

Oxygenic photosynthesis is an ancient mechanism in cyanobacteria, red algae, green 

algae, and terrestrial plants that uses light and water to produce ATP and reducing power to drive 

carbon fixation (Blankenship 1992, Nelson and Ben-Shem 2004). The first step in oxygenic 

photosynthesis is absorption of light by pigments (e.g. chlorophylls and carotenoids) in the 

photosynthetic complexes. Carotenoids are divided into two major groups: carotenes, which are 

enriched in the photosystem reaction centers and xanthophylls, oxygenated carotenes that are 

most abundant in the light-harvesting complexes (LHCs) where they are key structural and 

functional components for light harvesting and photoprotection (Dall'Osto et al. 2007, Dall'Osto 

et al. 2006, Davison et al. 2002, Lokstein et al. 2002, Niyogi et al. 1998, Niyogi et al. 2001, 

Pogson et al. 1998, Tian et al. 2003). In addition to roles in photosynthesis, xanthophylls 

scavenge reactive oxygen species (Dall'Osto et al. 2007, Havaux and Niyogi 1999), act as 

colorants in flowers and fruits, as substrates for volatile production and as biosynthetic 

precursors for hormone synthesis (Castillo et al. 2005, Galpaz et al. 2006, Gomez et al. 1978, 

Kishimoto et al. 2005, Schwartz et al. 1997, Van Norman and Sieburth 2007).  

From an evolutionary perspective, carotenoid synthesis in photosynthetic organisms has 

become increasingly more complex and diverse such that specific carotenoid species are used as 

chemosystematic markers (Liaaen-Jensen 1998). Some photosynthetic bacteria including 

cyanobacteria contain carotenoids with β-rings (e.g. β-carotene) and many produce various mono 

and dihydroxy xanthophyll derivatives (e.g. zeaxanthin). Algae and plants introduce additional 

functional groups to zeaxanthin to generate other β-carotene-derived xanthophylls (β-

xanthophylls, antheraxanthin, violaxanthin and neoxanthin), some of which are used in inducible 

photoprotective mechanisms (e.g. non-photochemical quenching and the xanthophyll cycle).  In 

addition to β-carotene-derived xanthophylls, some red algae and cyanobacteria (i.e. 

Acaryochloris and Prochlorococcus) and all green algae and plants also contain a pathway 

bifurcation at the level of lycopene cyclization that yields α-carotene and from which α-

carotene-derived xanthophylls (α-xanthophylls) are synthesized (Adams et al. 1993, Hu et al. 

1998, Schubert et al. 2006, Stickforth et al. 2003, Thayer and Björkman 1990, Yoshii 2006). The 

xanthophyll composition of higher plants is remarkably conserved and generally consists of three 

major xanthophylls, the most abundant being the α-xanthophyll, lutein, and two β-xanthophylls 

(violaxanthin and neoxanthin) (Demmig-Adams and Adams 1992, Königer et al. 1995). 
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Experiments using Arabidopsis carotenoid biosynthetic mutants with altered xanthophyll 

compositions make clear that the wild type combination of lutein, violaxanthin and neoxanthin is 

the most functionally adaptive (Dall'Osto et al. 2007, Dall'Osto et al. 2006, Lokstein et al. 2002, 

Pogson et al. 1998, Tian et al. 2004a, Tian et al. 2003), however, how this composition was 

initially established and then maintained in higher plants over evolutionary time is unknown. 

Prior studies of carotenoid biosynthetic mutants in Arabidopsis coupled with the genome 

sequence and associated tools available in this organism have advanced understanding of 

xanthophyll synthesis in higher plants at the molecular level (Fig. 1 and reviewed in DellaPenna 

and Pogson, 2006). Production of α-xanthophylls from α-carotene requires one β- and one ε-ring 

hydroxylation while synthesis of β-xanthophylls from β-carotene requires two β-ring 

hydroxylations. Two classes of structurally unrelated enzymes catalyze these ring 

hydroxylations; two heme-containing cytochrome P450 hydroxylases (CYP97A3 and CYP97C1) 

(Kim and DellaPenna 2006, Tian et al. 2004b) and a pair of non-heme di-iron hydroxylases 

(BCH1 and BCH2) (Sun et al. 1996, Tian and DellaPenna 2001, Tian et al. 2003). Mutant studies 

have suggested that the CYP97A3 and CYP97C1 enzymes are primarily responsible for 

catalyzing hydroxylation of the β- and ε-rings of α-carotene, respectively, while the BCH1 and 

BCH2 enzymes primarily catalyze the two β-ring hydroxylations of β-carotene (Kim and 

DellaPenna 2006, Sun et al. 1996, Tian and DellaPenna 2001, Tian et al. 2004b). These studies 

have also suggested a significant degree of functional overlap among these four enzymes and the 

possibility of additional as yet uncharacterized carotenoid hydroxylase activities (Fiore et al. 

2006, Kim and DellaPenna 2006, Tian et al. 2003).  

In the current study we assess the evolution and expression of each carotenoid 

hydroxylase, conclusively define the in vivo biochemical activity of each enzyme using selected 

double, triple and quadruple knockout genotypes and analyze the phenotypic impact at the 

organismal level of mutating one or more enzyme. Integrating these data allows us to address 

why both classes of carotenoid hydroxylases are needed in plants and what the driving forces and 

biological consequences of functional divergence were within each enzyme group. These studies 

provide significant insight into how each gene pair functionally diverged after duplication and 

the essential role this has played in the evolution of the xanthophyll pathway in higher plants. 
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Results 

Defining the full complement of carotenoid hydroxylases in Arabidopsis  

To understand evolution of the xanthophyll biosynthetic pathway in photosynthetic 

organisms, we focused on the molecular evolution of carotenoid hydroxylases because the 

reactions catalyzed by these enzymes are key determinants for xanthophyll synthesis. We 

selected Arabidopsis as our model system because four carotenoid hydroxylase genes (CYP97A3, 

CYP97C1, BCH1 and BCH2) had been previously identified and individually studied in detail 

(Kim and DellaPenna 2006, Sun et al. 1996, Tian and DellaPenna 2001, Tian et al. 2004b). A 

prerequisite for our study was to first determine whether these four genes represented the full 

complement of carotenoid hydroxylases in Arabidopsis or whether additional hydroxylase 

activities are present as had been previously suggested (Fiore et al. 2006, Kim and DellaPenna 

2006, Tian et al. 2003, Tian et al. 2004b). To address this issue, we created and analyzed a 

mutant genotype that was null for the four known carotenoid hydroxylases. Two different 

parental genotypes were generated that were homozygous for knockouts in three of the 

Arabidopsis carotenoid hydroxylase genes and heterozygous for the fourth (i.e., CYP97A3 or 

CYP97C1). When selfed, the progeny of each line segregated in a 3:1 ratio for green:white 

seedlings with χ2 p-values of 0.50 and 0.26. White seedlings were confirmed as quadruple 

mutants by PCR and were lethal in soil but viable in tissue culture when supplied with a carbon 

source (cf. 1.5 % sucrose) (Supplementary Fig. S1). HPLC analysis showed that tissue culture 

grown quadruple mutants from both crosses contained approximately 10% of the WT level of α- 

and β-carotenes and lacked all α and β- xanthophylls (Table 1) within the sensitivity of our 

HPLC system (0.4% of WT levels).  

 

Functional divergence of Arabidopsis CYP97 and BCH enzyme pairs 

Having defined four genes as the full complement of carotenoid hydroxylases in 

Arabidopsis allowed us to use the leaf and seed xanthophyll compositions of various multiple 

mutant genotypes to unambiguously deduce the in vivo activity of individual carotenoid 

hydroxylases. The leaf carotenoid compositions of seven such informative mutant genotypes in 

reference to the respective wild type (Col-0 or Ws) are shown in Table 2. The phenotype of the 

bch1 bch2 double mutant demonstrated that in the absence of BCH enzymes, CYP97A3 and/or 

CYP97C1 was capable of hydroxylating the β-rings of β-carotene, albeit to a lower level than 
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wild type. Similarly, the cyp97a3 cyp97c1 double mutant showed that in the absence of the 

CYP97 enzymes, the two BCH isozymes could hydroxylate the β-ring of α-carotene, though 

again to a lower extent than the full four enzyme complement in wild type. The in vivo activities 

of the CYP97A3 and CYP97C1 enzymes were further clarified by two triple gene knockouts: the 

bch1 bch2 cyp97c1 and bch1 bch2 cyp97a3 mutants (in which only CYP97A3 or CYP97C1 are 

functional, respectively). β-Xanthophylls are produced at a much higher level in bch1 bch2 

cyp97c1 than in bch1 bch2 indicating increased in vivo activity of CYP97A3 toward the β-rings 

of β-carotene in the absence of CYP97C1. In contrast, bch1 bch2 cyp97a3 only contains 2% of 

the WT (Ws) β-xanthophyll level, indicating that CYP97C1 has only a low level of in vivo 

activity toward the β-rings of β-carotene. However, lutein levels in bch1 bch2 cyp97a3 were 

74% of WT (Col-0), indicating that in addition to the previous ε-ring hydroxylation activity 

ascribed to CYP97C1 the enzyme also has strong activity toward the β-ring of α-carotene. 

Similarly, the presence of lutein at 6% of the WT level in bch1 bch2 cyp97c1 indicates that in 

addition to strong α-carotene β-ring hydroxylase activity, CYP97A3 also has a low level of 

activity toward the ε-ring of α-carotene. 

The carotenoid composition in Arabidopsis seed differs significantly from that in leaf 

tissue (Tian et al. 2003) (Supplementary Fig. S2). Xanthophylls account for 99% of the seed 

carotenoids with lutein being the most abundant at 80% of total followed by zeaxanthin. β-

Carotene accounts for less than 1% of total seed carotenoids. Despite the differing carotenoid 

compositions of WT leaves and seed, the activities inferred from carotenoid hydroxylase mutant 

xanthophyll compositions in the two tissues are generally in agreement. For example, seed β-

xanthophyll levels in bch1 bch2 (deficient in both BCH activities) are reduced to 50% that of 

wild type (WT) but lutein is unaffected. Similarly, the cyp97c1 mutation severely impacts seed 

lutein levels without affecting β-xanthophyll levels while in the cyp97a3 mutant lutein is 

unaffected but β-xanthophyll levels decrease approximately 40%. In the cyp97a3 cyp97c1 

double mutant seed lutein is still severely reduced but β-xanthophylls return to near WT levels.  

To assess any divergence in gene expression between the CYP97 and BCH duplicates, 

we determined the Pearson’s correlation coefficient (r) as an index of expression similarity for 

each gene pair (Makova and Li 2003, Wagner 2000) using data retrieved from publicly available 

DNA microarray datasets (Supplementary Fig. S3). The value of r is such that -1≤ r ≤ 1 and 
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represents how well the corresponding data fit to the regression equation and the degree of 

coexpression for the duplicated genes. The + and - signs are used for positive and negative linear 

correlations, respectively. Because carotenoid hydroxylases are primarily involved in producing 

pigments for LHCs, we compared gene expression in non-stressed photosynthetic tissues (shoot 

apex and leaf) and in reproductive organs (floral organs and seed) (Fig. 2A). r-Values for both the 

CYP97 and BCH gene pairs are statistically different from zero in shoot apex and leaf (p value 

<0.01) with expression of the CYP97 gene pair being more highly correlated than the BCH gene 

pair in both tissues. In floral organs only the CYP97 gene pair correlation is statistically 

significant (p value <0.05) while in seed correlation of neither gene pair is statistically significant.  

Under abiotic stress conditions correlation of the CYP97 gene pair is significant (p value <0.05) 

in five of the seven conditions while the BCH gene pair correlation is only significant in two 

conditions.  

 

The impact of functional divergence on plant adaptation under high light stress  

To assess the biological implications of carotenoid hydroxylase diversification we 

examined the biochemical and physiological consequence of various knockout genotypes to infer 

the impact of the missing enzyme activities on fitness of the organism. Because xanthophylls 

play important structural and functional roles in photosynthesis we assessed the response of 

mutant genotypes to high light stress using non-invasive in vivo chlorophyll fluorescence. Non-

photochemical quenching (NPQ) and the maximum photosynthetic efficiency of photosystem II 

(Fv/Fm) are two fluorescence-derived parameters that are routinely used as quantitative 

measures of photosystem adaptation and response to short-term and long-term high light stress, 

respectively (Holt et al. 2004, Külheim et al. 2002, Maxwell and Johnson 2000). NPQ is rapidly 

induced (< 1 min) in response to high light and increases non-radiative energy (e.g. heat) 

dissipation within the photosystems. The kinetics of NPQ induction and the maximal NPQ level 

reflect the coordinate induction of complex structural and functional changes in the photosystems. 

Fv/Fm is a measure of the maximal efficiency of photosystem II (PS II) and changes to Fv/Fm 

generally occur over a longer time frame than NPQ (hours versus minutes), respectively. The 

Fv/Fm of healthy non-stressed tissues is 0.8 and approaches zero as PS II is progressively 

damaged.  
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 Fig. 3 shows changes in NPQ and Fv/Fm in the indicated mutant genotypes and WT as a 

function of time. The absence of either class of carotenoid hydroxylases (e.g., in the cyp97a3 

cyp97c1 and bch1 bch2 double mutants) strongly impacted the kinetics and level of NPQ 

induction relative to WT, indicating the activities of both enzyme classes are required for this 

aspect of high light adaptation. The impact of the cyp97a3 cyp97c1 double mutant on NPQ is 

partially compensated in the cyp97a3 or cyp97c1 single mutants suggesting that like the two 

BCH enzymes (Tian et al. 2003) the two CYP97 enzymes have some functional redundancy in 

this regard. Following 9 min of actinic light illumination the relaxation of NPQ was assessed in 

all genotypes for an additional 11 minutes. While some significant differences were observed 

between mutant genotypes and wild type (e.g., cyp97a3, cyp97c1, cyp97a3 cyp97c1 and npq1 

being higher than WT at 800 sec) these differences were small in absolute value suggesting that 

only minor impacts on qI, the photoinhibitory component of NPQ, occurred between genotypes 

under the experimental conditions used.   

 Under longer-term high light stress conditions (1800 μmol⋅m-2⋅sec-1 for up to 360 min) 

dramatic differences in the levels and kinetics of photoinhibition were observed between 

genotypes (Fig. 3B). The bch1, bch2 and cyp97c1 single mutants showed modest but significant 

differences in photoinhibition relative to WT with the effect in the bch1bch2 double mutant 

appearing additive. In contrast the cyp97a3 and cyp97a3 cyp97c1 genotypes were extremely 

rapidly and strongly photoinhibited and photobleached relative to WT (Fig. 3 and 4). These data 

contradict a recent report where the lack of photoinhibition following exposure of another 

cyp97a3 allele to 750 μmol⋅m-2⋅sec-1 (approximately 37% of full sunlight) was used to conclude 

that cyp97a3 mutants are not light sensitive (Dall'Osto et al. 2007). These apparently 

contradictory results can be readily explained as photoinhibition is dependent on light intensity. 

When 5-week old WT, lut5-1 and lut5-2 plants (strong and weak cyp97a3 alleles, respectively, 

refer to Kim and DellaPenna, 2006) were exposed to 6 h of 1000 μmol⋅m-2⋅sec-1 (to approximate 

the conditions of Dall’Osto et al., 2007) lut5-1 indeed showed only a modest increase in 

photoinhibition. In contrast, exposure to 1800 μmol⋅m-2⋅sec-1, which closely approximates full 

sunlight and the selective pressure plants would experience in nature, caused severe and 

enhanced photoinhibition in lut5-1 and lut5-2, respectively, relative to wild type (Supplementary 

Fig. S4). These data indicate that had Dall’Osto et al. (2007) used a light treatment that 

approximates the conditions found in nature (e.g., 1800 μmol⋅m-2⋅sec-1) they too would have 
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observed severe photoinhibition in their cyp97a3 allele.  

Evolution of the CYP97 and BCH genes in plants 

A catalogue of CYP97 and BCH genes in photosynthetic eukaryotes that synthesize both 

α- and β-xanthophylls (Six et al. 2005, Yoshii 2006) was produced based on blast searches 

against publicly available databases (NCBI, TIGR and JGI) using the three CYP97 gene family 

members (CYP97A3, CYP97B3 and CYP97C1) and two BCH family members (BCH1 and 

BCH2) of Arabidopsis as queries. tBlastn searches (Altschul et al. 1997) against the full or nearly 

full genome sequences of Populus trichocarpa (poplar), Oryza sativa (rice) and two green algae, 

Chlamydomonas reinhardtii (C. reinhardtii) and Ostreococcus tauri (O. tauri) identified the 

number of CYP97 and BCH homologs in each organism and allowed the pattern of gene 

duplication in each organism to be deduced.  

Phylogenetic analysis of CYP97 protein sequences (Fig. 5) supports the hypothesis that 

two consecutive duplications of CYP97 ancestral genes occurred before the higher plant/green 

algae split with further lineage-specific gene duplications occurring in C. reinhardtii and O. tauri.  

All three methods of analysis (NJ, MP and ML) support one to one orthology among the 

Arabidopsis, poplar and rice sequences within the CYP97A, CYP97B and CYP97C clades. Also 

present in the NJ tree, but not as well supported by MP and ML are two CYP97A and CYP97B 

genes in C. reinhardtii and O. tauri, respectively (Fig. 5).  In contrast, the BCH gene tree (Fig. 

6) indicates that duplication of BCH genes in higher plants occurred in a lineage-specific fashion 

with three of four monocots and six of thirteen dicots in the analysis having more than one BCH 

gene. Interestingly, these gene duplications appear to have occurred relatively recently, after the 

monocot/dicot split. 

To assess the mechanisms of these recent duplications we examined the exon-intron 

structure of each BCH gene and the homology between pairs of chromosomal segments encoding 

BCH genes in the fully sequenced genomes of Arabidopsis, poplar and rice (Fig. 7).  In all cases 

a significant degree of conservation in BCH exon-intron structure and gene colinearity in 

adjacent chromosomal segments was observed, suggesting that duplication likely resulted from 

whole or segmental genome duplication. The Arabidopsis BCH duplication time inferred from 

the tree topology (Fig. 6) and Ks value (0.62 in Supplementary Fig. S5) is consistent with BCH 

duplication resulting from a recent polyploidy event (Blanc et al. 2003). Though our Ks value is 

somewhat lower than the median Ks for paired blocks from this polyploidy event (0.72~0.99), 
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the confidence interval range of our calculations 0.42~0.81 (Supplementary Fig. S5) are 

consistent with BCH gene duplication resulting from this recent polyploidy event. Using the 

median Ks value for Arabidopsis-Brassica rapa orthologs (0.46) for the time calibration (Blanc 

et al. 2003, Henry et al. 2006) yields a BCH gene duplication estimate of 24~40 million years 

ago. 
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Discussion 

Duplication and subsequent functional divergence of genes are being increasingly 

recognized as important mechanisms of evolution (Lynch and Conery 2000, Moore and 

Purugganan 2005, Ohno 1970). Functional divergence can occur in protein coding regions, gene 

expression patterns or both. In this study, we assessed the evolution and functional divergence of 

two duplicate gene pairs involved in carotenoid hydroxylation in Arabidopsis, CYP97A3/C1 and 

BCH1/2. Our phylogenetic analyses (Fig. 5 and 6) showed that the CYP97A3/C1 genes appear to 

be the result of an ancient duplication with no further recent duplication whereas the BCH1/2 

gene pair resulted from recent gene duplication. In order to define whether individual enzymes 

have distinct or overlapping activities in vivo, we have generated and biochemically 

characterized a series of mutant genotypes for one or more of the four genes. Also, we used gene 

phylogeny as a tool to understand the molecular evolution of carotenoid hydroxylase genes and 

assessed what forces may have driven the evolution, selection and maintenance of carotenoid 

hydroxylase activities in Arabidopsis by interpreting the phenotypic consequences of mutant 

genotypes under a predicted selective pressure (e.g. high light). 

Prior attempts to define the in vivo activities of carotenoid hydroxylases in Arabidopsis 

based on mutant phenotypes were inconclusive because the possible existence of additional 

genes encoding carotenoid hydroxylase activities could not be excluded (Fiore et al. 2006, Kim 

and DellaPenna 2006, Tian et al. 2003, Tian et al. 2004b). In this regard the generation and 

characterization of the xanthophyll-deficient bch1 bch2 cyp97c1 cyp97a3 quadruple mutant 

(Table 1) is critical as it demonstrates that these four genes account for the full complement of 

carotenoid hydroxylases in Arabidopsis thereby allowing one to accurately define the in vivo 

activities of the encoded proteins based on selected double and triple mutant phenotypes. The 

two classes of carotenoid hydroxylases share significant overlap in their substrate specificities, 

i.e. all four enzymes have the ability to hydroxylate the β-ring of α-carotene, at least to some 

degree in vivo. In vivo analysis showed the BCH isozymes are most active in the synthesis of β-

xanthophylls, have limited activity toward the ε-ring of α-carotene but significant activity toward 

the β-ring of α-carotene (Tables 2 and Supplementary Fig. S2). In contrast, the CYP97 enzymes 

have evolved to preferentially function in α-xanthophyll synthesis and show substantial 

divergence in their preferred in vivo substrates (Table 2 and Supplementary Fig. S2). CYP97A3 

is highly active toward the β-rings of both β- and α-carotene but has only limited activity toward 
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the ε-ring of α-carotene. CYP97C1 has high activity toward both the ε-rings (Tian et al. 2004b) 

and β-rings of α-carotene but has only low activity toward the β-rings of β-carotene.   

The activities of the individual carotenoid hydroxylases deduced from xanthophyll 

accumulation data in seed are consistent with that in leaves with one major discrepancy: there is 

a virtual absence of monohydroxy α-carotene (i.e. zeinoxanthin) and α-carotene in seed of all 

cyp97c1 and cyp97a3 containing genotypes, respectively, while these same genotypes 

accumulate high levels of both compounds in leaves. Rather than postulating a fundamental 

difference in carotenoid hydroxylase activities in the two tissues it is more likely that this 

discrepancy is due to differing stability of the zeinoxanthin and α-carotene produced in leaves 

and seed. The fact that total carotenoid levels in leaves of the nine genotypes shown in Table 2 

do not significantly differ while total seed carotenoid levels of the same genotypes are decreased 

by as much as 85% is consistent with differential carotenoid turnover in seed and leaves. This is 

likely due to a combination of increased carotenoid stability in leaves due to their incorporation 

into protein complexes (e.g. LHCs) and elevated enzyme mediated carotenoid degradation in 

seed. Consistent with this idea a null mutation in Arabidopsis carotenoid cleavage dioxygenase 1 

(CCD1) has been shown to significantly increase seed carotenoid levels while leaf carotenoids 

are unaffected (Auldridge et al. 2006). 

 The in vitro activities of individual hydroxylases against β- or ε-rings have been 

extensively studied by their heterologous expression in E. coli engineered to accumulate β-, δ- or 

ε-carotenes (Cunningham and Gantt 2007, Quinlan et al. 2007, Sun et al. 1996, Tian and 

DellaPenna 2001). While this approach has been highly informative for delineating possible in 

vitro substrate(s) and activities for each enzyme, it has inherent limitations. The number of 

possible in vitro substrates tested may be limited, may not reflect those that occur in vivo or, 

because the enzymes are produced in the absence of other endogenous pathway enzymes, their 

activities and regulation in planta may not be accurately reflected in E. coli. The BCH enzymes 

are highly active toward β-carotene and weakly active toward δ-carotene (which has a single ε-

ring) when expressed in E. coli (Sun et al. 1996, Tian and DellaPenna 2001), in good agreement 

with in vivo activities deduced from mutant analysis (Table 2 and Supplementary Fig. S2). 

However, data obtained from in vivo and E. coli assays of CYP97 activities are less so. For 

example, when rice CYP97C was expressed in E. coli accumulating ε-carotene (not an in vivo 

substrate) or β-carotene as substrates it showed weak ε-ring hydroxylase activity and no β-ring 
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hydroxylase activity, respectively (Quinlan et al. 2007), in sharp contrast to in vivo derived 

activity data (Table 2). Had an E. coli strain accumulating the likely preferred CYP97C in vivo 

substrate α-carotene been used, results more similar to those obtained in vivo might have been 

obtained (i.e., that CYP97C can efficiently hydroxylate both the ε-rings and β-rings of α-

carotene). Similarly, the major product of rice CYP97A expressed in β-carotene-accumulating E. 

coli was β-cryptoxanthin (a mono hydroxy β-carotene derivative) while in the bch1 bch2 

cyp97c1 triple mutant, which also only contains CYP97A3 activity, dihydroxy β-carotene 

derivatives (violaxanthin and neoxanthin) accumulate in vivo and β-cryptoxanthin was below 

detection. This may reflect poor activity of the engineered CYP97A enzyme in E. coli or a 

requirement for CYP97A to be associated in a complex for maximal activity.  

 

Evolution of the β-xanthophyll pathway 

β-Xanthophylls are widely distributed in nature and found in all photosynthetic 

eukaryotes and many photosynthetic and non-photosynthetic prokaryotes. β-Carotene 

hydroxylation in these different organism groups is primarily carried out by three subfamilies of 

the non-heme di-iron monooxygenase superfamily: the plant and green algal BCH-type enzyme 

which shares sequence homology to the non-photosynthetic bacterial-type enzyme and the 

cyanobacterial CrtR-type enzyme that is more closely related to bacterial carotenoid ketolases 

(Tian and DellaPenna 2004). The hydroxylation of β-carotene in photosynthetic eukaryotes 

outside the plant lineage (e.g., diatoms and red and brown algae) is less clear as the genomes of 

the few organisms currently sequenced lack entire hydroxylation families and where present, 

enzymatic activity of putative carotene hydroxylases have not yet been reported (Armbrust et al. 

2004, Barbier et al. 2005, Bowler et al. 2008, Coesel et al. 2008, Cunningham et al. 2007, 

Glöckner et al. 2000). For example, the red alga Cyanidioschyzon merolae contains only a single 

CrtR-type gene and the activity of the encoded enzyme could not be demonstrated when 

expressed in E. coli (Cunningham et al. 2007). In contrast, the sequenced genomes Thalassiosira 

pseudonana and Phaeodactylum tricornutum (diatoms) lack CrtR-type genes and T. pseudonana 

encodes only a single BCH-type gene and no P450-type (CYP97-like) genes while the P. 

tricornutum genome lacks BCH-type sequences and instead contains two P450-type (CYP97-

like) genes (Coesel et al. 2008). It is difficult to draw conclusions from such a limited data set 
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but it is clear that the BCH–type genes  in diatoms and red and brown algal lineages have not 

been under strong selection pressure like in the green plant lineage and have instead evolved 

different ways to produce β-xanthophylls.  

In green plant lineage, Arabidopsis BCH1 and BCH2 are isozymes (Tian and DellaPenna 

2001, Tian et al. 2003) and have relatively strong expression correlation in non-stressed 

photosynthetic tissues (Fig. 2), suggesting their most recent common ancestor (MRCA) had a 

similar activity and was expressed in photosynthetic tissues. The bch1 bch2 double mutant has 

negatively impacted NPQ and Fv/Fm (Fig. 3) suggesting that photoprotection was likely an 

important function of the BCH containing ancestor and a strong selective pressure for retention 

of this activity during evolution. The necessity of β-xanthophylls as substrates for abscisic acid 

(ABA) synthesis may have been an additional selective pressure for retention of BCH activity as 

bch1 bch2 has insufficient ABA production to control water loss under drought conditions (Tian 

et al. 2004a). 

Regardless of the underlying selection pressure, the retention of BCH paralogs appears 

to be widespread in higher plants (Fig. 6). In Arabidopsis, duplication of the ancestral BCH gene 

most likely occurred by whole genome or segmental genome duplication (Fig. 7) and the 

duplicates seem to have functionally diverged primarily at the gene expression level (Fig. 2). Our 

carotenoid analyses suggest the BCH2 enzyme is more actively involved in β-xanthophyll 

synthesis in seeds than in leaves, consistent with the rapid and strong induction of BCH2 gene 

expression during seed development (Supplementary Fig. S2 and S3). Tissue-specific expression 

divergence of BCH genes is not restricted to Arabidopsis, as one of the two BCH members in bell 

pepper, tomato and saffron (C. sativus) also shows preferential expression in flowers or during 

fruit development (Bouvier et al. 1998, Castillo et al. 2005, Galpaz et al. 2006). In tomato a bch2 

mutant results in a colorless petal phenotype with no impact on β-xanthophyll synthesis in leaves 

(Galpaz et al. 2006) and the massive accumulation of β-xanthophylls during maturation of the 

saffron stigma was correlated with high expression of a single BCH gene (C. sativus BCH1 in 

Fig. 6) (Castillo et al. 2005). Flower development involves the transformation of chloroplasts to 

chromoplasts (Whatley and Whatley 1987) and it is likely that expression divergence of recently 

duplicated BCH genes in reproductive organs (e.g. chromoplast-specific expression) provides the 

biochemical flexibility to differentially regulate β-xanthophyll synthesis in these tissues. 
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Evolution of α-xanthophyll synthesis 

Unlike β-xanthophyll synthesis, which is widespread in nature, the synthesis of α-

xanthophylls occurs in only a few lineages of photosynthetic eukaryotes: some red algae and all 

green algae and plants. The prevalence of α-xanthophylls in both green algae and plants suggests 

that their MRCA synthesized α-xanthophylls and that strong selection pressure has maintained 

this trait. Four reaction steps are required for the synthesis of a dihydroxy α-xanthophyll (i.e., 

lutein): β- and ε-ring formation from lycopene by the action of β- and ε-cyclases followed by 

hydroxylation of each ring by β- and ε-ring hydroxylase activities (Fig. 1). Like β-xanthophylls, 

β-cyclases are widespread in nature and have been recruited for use in α-xanthophyll synthesis. 

ε-Cyclase genes have only been identified in green algae, plants and Prochlorococcus marinus 

MED4 (a cyanobacterium) and appear to have arisen from β-cyclases by gene duplication and 

subsequent functional divergence (Cunningham et al. 2007, Hess et al. 2001, Krubasik and 

Sandmann 2000, Partensky et al. 1993, Stickforth et al. 2003). Duplication in P. marinus MED4 

appears to have occurred independently rather than gene duplication from a MRCA of green 

plants and cyanobacteria (Stickforth et al. 2003). The phylogeny of CYP97 β- and ε-ring 

hydroxylases similarly shows that duplication of their MRCA also occurred before the 

evolutionary divergence of green algae and higher plants and that the CYP97A and CYP97C 

genes have been under purifying selection (Fig. 5). Though these phylogenetic inferences 

provide insight into when the genetic materials for α-xanthophyll synthesis were generated they 

cannot answer when the function of each gene evolved and how each function has been 

maintained during evolutionary time. However, the numerous mutant genotypes affecting 

specific carotenoid biosynthetic enzymes in Arabidopsis do provide important insights into these 

questions.  

The conservation of α-xanthophyll synthesis during the evolution of green algae and 

plants suggests strong selective pressures were involved in the generation and maintenance of the 

necessary enzymatic activities, the ε-cyclase and the two carotenoid hydroxylases required 

sequentially in α-xanthophyll synthesis, CYP97A3 and CYP97C1 (Kim and DellaPenna 2006). 

To assess these functional constraints, we used several informative carotenoid biosynthetic 

mutant genotypes to infer the impact that various pathway intermediates would have when 

accumulated by a hypothetical ancestral organism (i.e., a β-xanthophyll producing organism) as 
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it acquired one or more of the three necessary enzymatic activities. The lut2 mutant, which is 

defective in ε-cyclase activity and cannot synthesize α-xanthophylls (Pogson et al. 1996) is a 

reasonable approximation of a hypothetical β-xanthophyll accumulating ancestral organism. The 

absence of lutein and all α-xanthophyll intermediates in lut2 results in elevated levels of leaf β-

xanthophylls, partial impairment of NPQ, a smaller photosystem cross sectional area and lower 

LHC trimer stability (Dall'Osto et al. 2007, Lokstein et al. 2002, Pogson et al. 1996, Pogson et al. 

1998). While mature lut2 plants grow as well as wild type under moderate light conditions they 

are slightly less resistant to high light stress (Dall'Osto et al. 2006, Niyogi et al. 2001, Pogson et 

al. 1998).   

 The consequences of the hypothetical ancestral organism first acquiring ε-cyclase 

activity is approximated by the cyp97a3 cyp97c1 genotype, which has a functional ε-cyclase, can 

synthesize α-carotene, and has BCH enzyme activity but lacks both CYP97A and CYP97C1 

activities. In addition to β-carotene and β-xanthophylls, cyp97a3 cyp97c1 accumulates high 

levels of α-carotene and zeinoxanthin in approximately equal molar ratios (Table 2), due to 

inefficient hydroxylation of the β-ring of α-carotene by the extant BCH enzymes present in this 

mutant background. Like cyp97a3, cyp97a3 cyp97c1 is highly susceptible to photooxidation in 

high light (Fig. 3 and 4). The high light susceptibility of cyp97a3 cyp97c1 is associated with the 

cyp97a3 mutation (and presence of α-carotene) rather than cyp97c1 (and presence of 

zeinoxanthin) as cyp97c1, which accumulates an amount of zeinoxanthin equivalent to cyp97a3 

cyp97c1 but lacks α-carotene, is much less photosensitive (Fig. 3B and 4). Correlation of the 

presence of α-carotene in leaf tissue and increased susceptibility to photodamage has been 

previously suggested from several ecophysiological studies of shade-grown plants (Demmig-

Adams and Adams 1992, Krause et al. 2004, Thayer and Björkman 1990). Elevated singlet 

oxygen production by isolated pigment:protein complexes and increased lipid peroxidation in 

detached leaves subjected to combined high light and low temperature treatment (1000 μmol⋅m-

2⋅sec-1 at 10oC) (Dall'Osto et al. 2007, Havaux and Niyogi 1999, Muller-Moule et al. 2003) have 

reported for various xanthophyll biosynthetic mutant genotypes and may contribute to the 

enhanced photosensitivity of cyp97a3 containing genotypes. Regardless of the precise 

mechanism(s) responsible, the phenotype of the cyp97a3 cyp97c1 mutant suggests that 

acquisition of ε-cyclase activity by an ancestral organism would have been detrimental under full 
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sunlight and would have set in place a situation that would strongly select for the evolution of 

enzymes that could efficiently hydroxylate α-carotene.   

Given the strong selection pressure imposed by acquisition of ε-cyclase activity from an 

ancestral organism it is surprising that the extant BCH-type enzymes did not evolve to more 

efficiently hydroxylate the β- and ε-rings of α-carotene. This suggests that there is a structural 

constraint on the BCH class of enzymes that makes evolving efficient hydroxylation of α-

carotene impossible. The fact that none of the BCH-type enzymes assayed in E. coli to date can 

efficiently hydroxylate ε-ring containing carotenoids is consistent with this idea (Sun et al. 1996, 

Tian and DellaPenna 2001, 2004). In this light it is possible to understand why and how a 

separate class of carotene hydroxylases, the CYP97 family, evolved and was selected for during 

the evolution of α-xanthophyll synthesis (Fig. 8). The original CYP97 enzyme acquired by the 

ancestral organism likely had at least α-carotene β-ring hydroxylation activity (CYP97A-like 

activity) as both the extant CYP97A3 and CYP97C1 enzymes have this activity. Comparison of 

the cyp97c1 and cyp97a3 cyp97c1 mutant phenotypes suggests the evolution of an efficient 

CYP97A-like α-carotene β-ring hydroxylation activity would have been strongly selected for as 

it would have significantly alleviated the photooxidation observed in cyp97a3 (Fig. 3B and 4).   

Subsequent duplication of the ancestral CYP97A-like enzyme and evolution of a 

CYP97C-like (ε-ring hydroxylase) activity would have allowed efficient synthesis of lutein 

without accumulation of α-carotene or zeinoxanthin. A likely driving force for selection of 

CYP97C-like activity is efficient photosystem structure and function which though less intuitive 

than the photooxidation driven selection of CYP97A-like activity is no less important (Bassi et al. 

1999, Lokstein et al. 2002, Niyogi et al. 1997, Pogson et al. 1998). In plants, lutein is essential 

for the assembly and stability of large light harvesting photosystems and for optimal NPQ 

kinetics and maximal NPQ (Dall'Osto et al. 2007, Dall'Osto et al. 2006, Lokstein et al. 2002, 

Pogson et al. 1998). While the impact of xanthophyll alterations on NPQ is most readily 

quantified under experimental constant high light conditions, such as those used in Fig. 3, the 

impact of altered NPQ on plant fitness is most apparent under natural light conditions. Külheim 

et al. (2002) showed that NPQ deficiency had no discernable impact on fitness when plants were 

grown under constant light in growth chamber conditions but when grown in natural lighting, in 

which large swings in light intensity occur on the order of seconds to minutes, the fitness of NPQ 
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deficient plants was severely impaired and the mutants produced 30-50% fewer seed per 

generation than wild type. Given such a strong negative impact on fitness it is clear how 

evolution of a CYP97C-like activity that positively impacts photosystem superstructure and 

associated processes like NPQ efficiency would be strongly selected for and maintained. 

The scenario we have described above (the sequential acquisition of ε-cyclase, CYP97A 

and CYP97C activities) is not the only possible sequence of events in the evolution of α-

xanthophyll synthesis based on the data provided. It is equally probable that a CYP97A-like 

enzyme was already present in the ancestral organism and along with a BCH type enzyme, was 

involved in β-xanthophyll synthesis. In this case the acquisition of ε-cyclase activity would have 

resulted in monohydroxy α-carotene (zeinoxanthin) production and duplication of the CYP97A-

like gene and evolution and selection of CYP97C-like activity would then occur as described. 

Regardless of the exact sequence of events, the phenotypes of mutants in extant carotenoid 

hydroxylases (Bassi et al. 1999, Dall'Osto et al. 2007, Dall'Osto et al. 2006, Fiore et al. 2006, 

Kim and DellaPenna 2006, Niyogi et al. 2001, Pogson et al. 1998, Tian and DellaPenna 2004, 

Tian et al. 2003, Tian et al. 2004b) highlight the strong selective pressures that likely operated 

during the evolution and selection of particular genes and activities leading from β-xanthophyll 

accumulating ancestors to the current biosynthetic pathway producing both β- and α-

xanthophylls found in all green algae, plants and many red algae. These same selective pressures 

continue to operate today to maintain the suite of carotenoid biosynthetic enzymes that have been 

shown to be optimal for light harvesting, photosystem structure, NPQ and adaptation of plants to 

the ever changing light conditions in nature. 
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Materials and Methods 

 

Identification of triple and quadruple gene knockout mutants  

To isolate an Arabidopsis thaliana triple gene knockout in which two BCHs and 

CYP97A3 are disrupted (b1b1 b2b2 a3a3 C1C1), the double BCH gene knockout (b1b1 b2b2) 

and cyp97a3 gene knockout (a3a3) were crossed, and F2 progeny screened by HPLC for α-

carotene accumulation (the cyp97a3 mutant phenotype) and a low level of β-xanthophylls (the 

bch1 bch2 double mutant phenotype). Putative triple mutant lines were confirmed by genotyping 

with primer pairs specific for each T-DNA insertion (Kim and DellaPenna 2006, Tian et al. 2003). 

The two different parental genotypes used for quadruple gene knockout selection (b1b1 b2b2 

a3a3 c1C1 and b1b1 b2b2 a3A3 c1c1) were identified by PCR from a segregating F2 population 

of a b1b1 b2b2 a3a3 C1C1 x b1b1 b2b2 A3A3 c1c1 cross. Progeny from each quadruple mutant 

parent genotype (b1b1 b2b2 a3a3 c1C1 and b1b1 b2b2 a3A3 c1c1) were scored on Petri plates 

containing 0.5X Murashige and Skoog basal medium (MS salts; Sigma, St. Louis, MO) and 

1.0% phytoagar under a 12-h photoperiod (50 μmol⋅ m-2⋅sec-1) following 5 days imbibition at 

6oC to break dormancy as previously described (Sattler et al. 2004). More than 99% of the 

progeny from both crosses germinated. The genotype of putative quadruple mutants were 

confirmed by PCR using gene specific primers as described (Tian et al. 2003)  

 

Plant growth and pigment and in vivo chlorophyll fluorescence analyses  

Leaves of four and five-week old mutant genotypes and corresponding wild type 

ecotypes for each mutant line (Col-0 and Ws backgrounds) were grown under a 12 h photoperiod 

(100 μmol m-2⋅sec-1, 22/18 ºC) and used for pigment analyses and high light stress experiments 

(1600~1800 μmol⋅m-2⋅sec-1, 50% humidity and 22 ºC). Seed were harvested and stored in a 

desiccator for one month prior to pigment analysis (Auldridge et al. 2006, Tian et al. 2003). 

HPLC separation and quantification of carotenoids by spectra and retention time were performed 

as previously described (Kim and DellaPenna 2006, Tian and DellaPenna 2001). To obtain the 

two photosynthetic parameters NPQ and Fv/Fm, in vivo chlorophyll fluorescence was measured 

over a time course of 5 minutes in dark-adapted intact leaves by applying a saturation pulse with 

and without actinic light (530 μmol⋅m-2⋅sec-1) using the Imaging-PAM Chlorophyll Fluorometer 

(Walz, Germany) (Berger et al. 2004). NPQ was calculated according to the equation, NPQ =(Fm 
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– F′m) /F′m where Fm is the maximum Chl fluorescence from dark-adapted leaves and F′m is the 

maximum Chl fluorescence under actinic light. To measure recovery in Fv/Fm, plants exposed to 

high light for 360 min were placed in the dark for twelve hours followed by a 100 μmol⋅m-2⋅sec-1 

light illumination for 360 min. 

 

Expression data analyses 

Expression data was obtained from the AtGenExpress database 

(http://www.arabidopsis.org/info/expression/ATGenExpress.jsp) for the CYP97 and BCH gene 

pairs except for high-light stressed leaf tissue data which was provided by Dr. Dirk Inzé 

(Vandenabeele et al. 2004). The four tissue types and seven stress conditions used for correlation 

analysis were independent and non-redundant. The individual sources for each dataset are listed 

in Supplementary Fig. S3. For each tissue and stress condition, only datasets in which at least 

one of the two copies for each family member was expressed (p value <0.05 for present call) 

were selected for analysis (Makova and Li 2003). Pearson’s coefficient was calculated using 

Microsoft Excel 2003. To test whether the r-values obtained were significantly different from 

zero we used a student’s t-test and the equation t= r/sqrt[(1-r2)/(N-2)] where it is assumed that t is 

normally distributed with df=N-2 and where N is a sample size equal to or greater than 6. 

(Makova and Li 2003, Spiegel et al. 2000) 

 

Protein sequence alignments and Phylogenetic analyses 

CYP97 and BCH homologs (E value cutoff <10-30) in photosynthetic eukaryotes were 

identified by tblastn searches using the three Arabidopsis CYP97 genes (CYP97A3, CYP97B3 

and CYP97C1) and two BCH genes (BCH1 and BCH2) as queries of publicly available databases 

(NCBI, TIGR and JGI). To assist in genome sequence annotation, we experimentally determined 

the full-length cDNA sequences for two C. reinhardtii homologs (CYP97A5, EF587911 and 

CYP97C3, EF587910) amplified from cDNA libraries (Davies et al. 1996). All sequences used 

in this study are summarized in Supplementary Fig. S6. 

Twenty-seven CYP97 and thirty-three BCH amino acid sequences were aligned using 

ClustalX 1.81 with default parameters (Thompson et al. 1997) and alignments were further 

refined manually (Supplementary Fig. S7 and S8). Protein sequence rather than DNA sequence 

was used for alignments as protein sequence is more suitable for long-term evolution studies 
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(Glazko and Nei 2003, Hashimoto et al. 1994, Nam et al. 2003, Russo et al. 1996). The CYP97 

sequence alignment (Supplementary Fig. S7) consisted of 789 aligned positions, and positions 

160 to 705 were used for phylogenetic analyses. In the BCH alignment (Supplementary Fig. S8) 

all 414 aligned amino acid positions were used for phylogenetic analysis.  

For phylogenetic analyses, three different methods were applied: Neighbor-Joining (NJ), 

Maximum Parsimony (MP) and Maximum Likelihood (ML). To construct NJ trees, Mega 3.1 

(Kumar et al. 2004) was used employing the Poisson correction (PC) distance method with 

pairwise deletion of gaps. MP analyses of CYP97 and BCH amino acid sequences were carried 

out using PAUP* 4.0 beta 10 (Swofford 2003) using the heuristic search option with 10 

replicates of random taxon addition and gaps treated as missing data. ML analysis was carried 

out using PhyML (Guindon and Gascuel 2003) with the JTT model (Jones et al. 1992) of protein 

sequence evolution and gaps treated as unknown characters. For all three analysis types, branch 

support was assessed by bootstrapping (500 replicates). CYP86A1 and C. reinhardtii BCH were 

selected as outgroups for each dataset, respectively. CYP86A1 was selected because its 

substrates, fatty acids with chain lengths from C12 to C18 (Benveniste et al. 1998), are the most 

similar to carotenoids and the CYP86 clade is most closely related to CYP97 clade (Werck-

Reichhart et al. 2002). All P450 nomenclature follows standard convention 

(http://drnelson.utmem.edu/CytochromeP450.html).  

Non-synonymous (Ka) and synonymous,(Ks) substitution rates in BCH gene pairs in 

Arabidopsis, poplar and rice (Supplementary Fig. S9) were calculated using K-estimator 6.0 with 

Kimura-2p as the multiple-hits correcting method (Comeron 1999). The 99% confidence 

intervals (C.I.) were calculated using Monte Carlo simulations with 500 replicates.  

 

Colinearity of chromosomal segments  

Protein sequences in Arabidopsis and rice chromosomal segments were obtained from publicly 

available annotated sequence data (AT4G25580 to AT4G25750 and AT5G52300 to AT5G52860 

in Arabidopsis and Os03g0122400 to Os03g0127500, Os04g0576300 to Os04g0581100 and 

Os10g0531300 to Os10g0536000 in rice). Poplar genome segments including the two poplar 

BCH genes (Scaffold 44 and NZ_AARH01002240.1) were retrieved by tblastn search using 

poplar BCH homolog 1 and 2 protein sequences as queries against the poplar genome database 

(http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=3694) and a genome 
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segment adjacent to NZ_AARH01002240.1 (NZ_AARH01002243.1) was also retrieved using 

the end sequence of NZ_AARH01002240.1. The overlapping regions of NZ_AARH01002240.1 

and NZ_AARH01002243.1 were aligned and used to produce the 108 kb contig shown in Figure 

5. Putative open reading frames in the two poplar segments were deduced by FGENESH 

algorithm available in Softberry, Inc. (www.softberry.com). Annotated proteins in Arabidopsis, 

rice or poplar genome segments were compared in a pairwise fashion using bl2seq software 

available at NCBI. The cutoff for declaring a homologous gene pair between genome segments 

was an E-value of less than 10-10. 

 

Supplementary data 

Supplementary data are available at PCP Online.  
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Table 1 Carotenoid composition (nmol·g-1 fresh weight) of green and albino progeny from the 
indicated genotypes grown on sterile sucrose containing medium.   
 
 

  Green plantsa Albino plantsa Green plantsb Albino plantsb 

β-Xanthophyllsc 1.00±0.10 n.d. 0.10±0.01 n.d. 

Lutein 0.61±0.02 n.d. 3.01±0.17 n.d. Xanthophylls 

α-Car-OH 7.18±0.34 n.d. 0.43±0.00 n.d. 

α-Carotene 0.23±0.02 0.72±0.19 3.84±0.67 0.53±0.21 
Carotenes 

β-Carotene 6.84±0.28 0.17±0.03 1.69±0.24 0.17±0.03 

 
a progeny from b1b1b2b2c1c1A3a3 parent, albino plants are homozygous quadruple mutants, 

green plants contain at least one CYP97A3 allele. 
b progeny from b1b1b2b2C1c1a3a3 parent, albino plants are quadruple mutants, green plants 

contain at least one CYP97C1 allele. 
c Sum of zeaxanthin, antheraxanthin, violaxanthin and neoxanthin. 

NOTE.- n.d., below the HPLC detection limit (0.5 ng); α-Car-OH, monohydroxy α-carotene. 

The values shown are the mean of at least two biological replicates analyzed in triplicate ± 

standard deviation. 
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Table 2. Leaf carotenoid composition (mmol pigment mol-1 chlorophyll) from soil grown plants 

of the indicated genotypes 

 

Col-0 Ws cyp97c1 cyp97a3 
bch1 

bch2 

cyp97a3

cyp97c1

bch1 

bch2 

cyp97c1 

bch1 

cyp97a3

bch1 

bch2 

cyp97a3

Violaxanthin 
31±4.6 

(12) 

28±3.1 

(12) 

55±4.0 

(23) 

21±2.0 

(9) 

11±1.0 

(4) 

41±2.7 

(17) 

10±3.0 

(4) 

14±0.8 

(7) 

0.2±0.1 

(0) 

Antheraxanthin 
2.5±0.6 

(1) 

1.8±0.4 

(0.7) 

24±3.0 

(10) 

2.3±1.0 

(1) 

1.1±0.3 

(0) 

22±2.5 

(9) 

8.6±0.6 

(4) 

4.3±1.6 

(2) 

0.6±0.3 

(0) 

Zeaxanthin n.d. n.d. 
8.1±1.4 

(3) 
n.d. n.d. 

7.0±1.3 

(3) 

4.3±0.4 

(2) 
n.d. n.d. 

Neoxanthin 
32±3.0 

(12) 

30±2.5 

(13) 

26±1.8 

(11) 

18±2.6 

(8) 

3.8±1.0 

(2) 

20±2.4 

(8) 

2.0±0.9 

(1) 

4.1±0.7 

(2) 

0.5±0.9 

(0) 

β-Xanthophyllsa 
66±8.2 

(25) 

60±6.0 

(26) 

113±10 

(47) 

41±5.6 

(18) 

16±2.3 

(6) 

90±8.9 

(37) 

25±4.9 

(11) 

22±3.1 

(11) 

1.3±1.3 

(0) 

Lutein 
133±10 

(52) 

122±8.9 

(51) 

4.0±0.4 

(2) 

104±6.7 

(46) 

156±8.0 

(65) 

3.2±0.4 

(1) 

7.2±0.7 

(3) 

94±6.2 

(43) 

99±14 

(48) 

α-Car-OH 
0.8±0.3 

(0) 

0.6±0.1 

(0.2) 

61±5.8 

(26) 

5.4±0.6 

(2) 

1.0±0.3 

(0) 

53±5.2 

(22) 

101±3.8 

(43) 

8.8±0.7 

(4) 

10±5.9 

(5) 

α-Carotene 
1.6±0.6 

(1) 

1.5±0.2 

(0.6) 

1.4±0.3 

(1) 

49±0.8 

(22) 

1.5±0.2 

(1) 

54±3.1 

(23) 

1.6±0.3 

(1) 

59±6.3 

(27) 

56±9.2 

(27) 

β-Carotene 
56±3.6 

(22) 

54±3.7 

(23) 

57±4.7 

(24) 

26±3.1 

(12) 

67±2.5 

(28) 

38±3.5 

(16) 

99±4.7 

(42) 

33±5.4 

(15) 

39±6.9 

(19) 

Total carotenoids 257±21 238±16 236±17 227±10 241±11 237±18 234±7.6 217±16 205±20 

 
a Sum of violaxanthin, antheraxanthin, zeaxanthin and neoxanthin. 

NOTE- The values shown are the mean of at least three biological replicates analyzed in 

triplicate ± standard deviation. The numbers in parenthesis indicate percent of total carotenoids 

for each carotenoid in the indicated genotype. n.d., below the detection limit of HPLC (0.5 ng).
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Fig. 1 Xanthophyll biosynthetic pathway in wild-type Arabidopsis thaliana. The genes encoding 

lycopene cyclases and carotenoid hydroxylases are italicized with the gene(s) encoding the major 

activity at each step bolded. The predominant carotenoids in unstressed WT leaf tissue are shown 

in black while those present at less than 1% of total carotenoids are shown in gray. 

 

Fig. 2 Expression correlation coefficient (r) of CYP97 (white) and BCH gene pairs (black) in the 

indicated tissues (A) and abiotic stress conditions in leaf (B). The significance of each correlation 

coefficient is indicated by ** and * where r is significantly different from zero at a p value of less 

than 0.01 or 0.05, respectively (Spiegel et al. 2000). The number of independent microarray 

datasets used in each condition or tissue is indicated in parenthesis. 

 

Fig. 3 Non-photochemical quenching (NPQ) (A) and maximum photosynthetic efficiency of 

PSII (Fv/Fm) (B) in the indicated mutant genotypes and WT. The values shown are the averages 

and standard deviations from nine datapoints in three biological replicates. * p < 0.05, ** p < 

0.01 by Student's t test of mutant leaves relative to corresponding WT leaves. 

 

Fig. 4 Visual phenotypes of plants of the indicated genotypes grown under standard lab 

conditions (100 µmol m-2 sec-1, 12h/12h light-dark cycle, 22 °C / 18 °C) and after 2 days of high 

light treatment (1800 µmol m-2 sec-1, 16h/ 8h light-dark cycle, 22 °C). 

 

Fig. 5 Neighbor-joining tree of CYP97 amino acid sequences. Numbers on branches represent 

neighbor-joining, maximum parsimony and maximum likelihood bootstrap support, respectively 

(NJ/MP/ML); a hyphen indicates support of less than 50%. Bootstrap values are omitted from 

branches where support was less than 50% in all three analyses. 

 

Fig. 6 Neighbor-joining tree of BCH amino acid sequences. BCH1, BCH2 indicates paralogs in 

an organism that have been demonstrated to have β-ring hydroxylase activity by assay in 

carotenoid containing E. coli lines. BCH homolog 1, BCH homolog 2, BCH homolog 3 indicate 

BCH paralogs in an organism whose functions have not yet been experimentally defined.  
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Fig. 7 Exon-intron structures of BCH genes (A) and colinearity of chromosomal segments 

containing parologous BCH genes (B) in Arabidopsis, poplar and rice. In (A), exons and introns 

are represented as boxes and lines in scale, respectively. In (B), syntenic gene pairs (e-value < 

10-10 for amino acid identities) are represented as thick solid bars on the side of chromosomal 

regions with syntenic partners between regions matched with double-headed arrows. Split arrows 

indicate instances where apparent tandem duplications have occurred for a syntenic partner. 

Numbers on the sides of the chromosomes refer to e-value exponents between two syntenic 

proteins. Note that for clarity annotated genes without syntenic partners are omitted from each 

chromosomal region. The BCH genes in each chromosomal segment are marked with asterisks. 

 

Fig. 8 Two different scenarios for evolution of the α-xanthophyll biosynthetic pathway in 

Arabidopsis from a hypothetical β-xanthophyll accumulating ancestral organism. The acquisition 

of newly evolved enzymatic activities in each scenario is indicated in bold. 
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