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Abstract A full-length complementary DNA (cDNA) se-
quence of ¢-ring CHY (designated Haecyp97c) was cloned
from the green alga Haematococcus pluvialis by reverse
transcription polymerase chain reaction (RT-PCR) and rapid
amplification of cDNA ends methods. The Haecyp97c
cDNA sequence was 1,995 base pairs (bp) in length, which
contained a 1,620-bp open reading frame, a 46-bp 5'-
untranslated region (UTR), and a 329-bp 3'-UTR with the
characteristic of the poly (A) tail. The deduced protein had a
calculated molecular mass of 58.71 kDa with an estimated
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isoelectric point of 7.94. Multiple alignment analysis revealed
that the deduced amino acid sequence of HaeCYP97C shared
high identity of 72-85 % with corresponding CYP97Cs from
other eukaryotes. The catalytic motifs of cytochrome P450s
were detected in the amino acid sequence of HaeCYP97C.
The transcriptional levels of Haecyp97c¢ and xanthophylls accu-
mulation under high light (HL) stress have been examined. The
results revealed that Haecyp97c transcript was strongly in-
creased after 13-28 h under HL stress. Meanwhile, the concen-
trations of chlorophylls, carotenes, and lutein were decreased,
and zeaxanthin and astaxanthin concentrations were increased
rapidly, respectively. These facts indicated that HaeCYP97C
was perhaps involved in xanthophyll biosynthesis, which plays
an important role in adaption to HL for H. pluvialis.

Keywords Xanthophylls biosynthesis - Carotenoid
hydroxylase - Haematococcus pluvialis - Gene cloning -
High light

Introduction

Carotenoid hydroxylase (CHY) is considered as the rate-
limiting enzyme performing entry reaction into the - and
[3-branch xanthophyll biosynthesis in photosynthetic organ-
isms. In cyanobacteria, the production of 3-branch xantho-
phylls (zeaxanthin) is catalyzed by (-CHY (CrtR-type),
while the enzyme involved in the biosynthesis of «-branch
xanthophylls is unclear (Lagarde and Vermaas 1999;
Takaichi 2011). In higher plants, the 3-carotene is hydrox-
ylated mainly by the non-heme di-iron enzymes, BCH1 and
BCH2, to produce zeaxanthin (Sun et al. 1996; Tian and
DellaPenna 2001), while oc-carotene is mainly hydroxylated
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by P450 enzymes, CYP97A3 for the (3-end group and
CYP97C1 for the e-end group, to produce lutein
(Dall’Osto et al. 2006; Kim and DellaPenna 2006; Tian and
DellaPenna 2004; Tian et al. 2003, 2004). In the past, biosynthe-
sis of o- and [3-branch xanthophylls of higher plants has been
studied extensively, whereas research in algae is still in its
infancy. For unicellular green algae, only genes coding BCHs
have been cloned and functionally characterized from
Haematococcus pluvialis and  Chlamydomonas reinhardtii
(Linden 1999; Tan et al. 2007; Zheng et al. 2007). Although
lutein and its derivatives are found in Rhodophyta (macrophytic
type), Cryptophyta, Euglenophyta, Chlorarachniophyta, and
Chlorophyta, enzymes involved in the hydroxylation of o-
carotene are still unknown (Takaichi 2011). Recently, Li Tian
and colleagues reported that a new P450 protein is responsible
for the hydroxylation of the e-ring of «-carotene in Arabidopsis
thaliana (Inoue 2004; Tian et al. 2004), which not only identifies
one of the missing pieces of carotenoid biosynthetic enzyme but
also provides valuable clues for further research on the caroten-
oid hydroxylation in algae.

H. pluvialis, a green alga with high commercial value, has
the ability to synthesize and accumulate large amounts of the
red ketocarotenoid astaxanthin under various stress conditions
(Boussiba 2000; Teng et al. 2002; Wang et al. 2012b; Zhang et
al. 2012). Astaxanthin can be synthesized from {3-carotene with
the introduction of keto and hydroxyl moieties at the C-4,4" and
C-3,3' positions via many hydroxylated or ketolated carotenoid
intermediates (Choi et al. 2006; Wang et al. 2012a). Previous
studies have demonstrated that the CHY involved in the
astaxanthin biosynthetic pathway in H. pluvialis contains a
cytochrome P450 dependent enzyme by the use of ellipticine
(Schoefs et al. 2001), an inhibitor of cytochrome P450-
dependent enzymes (Lemaire and Livingstone 1995). When
cells were treated prior to the stress with this compound,
canthaxanthin, echinenone, and (3-carotene accumulated, indi-
cating that the astaxanthin biosynthetic pathway via canthaxan-
thin is the main one (Schoefs et al. 2001). At present, such a
cytochrome P450 hydroxylase remains to be isolated from H.
pluvialis (Lemoine and Schoefs 2010). In addition, some
studies have suggested that the cooperation of appropriate
hydroxylase and ketolase enzymes or their conversion capac-
ity toward various substrates may be crucial for the efficient
production of astaxanthin in a heterologous host (Fraser et al.
1997; Misawa et al. 1995; Yokoyama and Miki 2006). It is
therefore necessary to find and identify such hydroxylase and
ketolase that have high conversion efficiency from 3-carotene
to astaxanthin.

In this study, homologous cloning coupled with the rapid
amplification of complementary DNA ends (RACE) was
used to clone full-length cDNA sequence of Haecyp97c.
The sequence analysis for CYP97Cs from green algae and
higher plants were finished, focusing on their phylogeny,
evolution, and conserved domains. The transcriptional

@ Springer

expression profiles of Haecyp97c¢ and the composition of
xanthophylls under different high light (HL) stresses were
investigated by quantitative reverse transcription PCR (qRT-
PCR) and high-performance liquid chromatography (HPLC),
respectively.

Materials and methods

Haematococcus pluvialis strain Flotow 1844 was obtained
from Culture Collection of Algae and Protozoa
(Dunstaffnage Marine Laboratory) and maintained at the
Biological Resources Laboratory, Yantai Institute of Costal
Zone Research, Chinese Academy of Science. Algae were
incubated in 250-mL Erlenmeyer flasks, each containing
100 mL Bold’s basal medium, and placed in an illuminating
incubator under a light intensity of 25 pmol photons m > s~
with a diurnal cycle of 14 h light and 10 h dark at temper-
ature of 22+1 °C without aeration. All flasks were shaken
manually twice at a fixed time every day.

For high light stress conditions, the exponentially grow-
ing cultures (cell density approximately 5x 107 cells mL™")
were harvested and transferred cells to fresh medium under
continuous white light (390-770 nm) or blue light (420-
500 nm) with light intensity of 1,000 pmol photons m > s '
without a day/night cycle. Collected algal cells were rinsed
with phosphate-buffered saline and divided into replicate
parts, one for qRT-PCR analysis, and the other for pigments
profiling, stored at —80 °C if not immediately used. All
experimental chemicals and reagents were analytical grade.

DNA, RNA isolation, and cDNA synthesis

H. pluvialis in the exponential growth phase was harvested.
Genomic DNA was isolated following the protocol described by
Sambrook and Russell (2001). Total RNA was extracted from
fresh cells of H. pluvialis using Trizol reagent (TaKaRa
D9108B, China) according to the user manual. In this protocol,
RNA was treated with DNasel. Nucleic acids were quantified by
NanoDrop 2000c (Thermo Scientific, USA). Both DNA and
RNA solutions were stored at —80 °C, if not immediately used.
First-strand cDNAs were synthesized from 2 pg total RNA with
PrimeScript® RT Enzyme Mix I (TaKaRa DRR047A, China)
according to the manufacturer’s instructions.

PCR with degenerate primers

First-strand cDNA was used as a template. The degenerate
primers (F1 and R1) for homologous cloning of core partial
sequences of Haecyp97c¢ were designed by CODEHOP
(Consensus-DEgenerate Hybrid Oligonucleotide Primers)
(Rose et al. 2003) based on the highly conserved regions
of predicted putative genes encoding CYP97Cs from some
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green algae with available genomes database, including C.
reinhardtii, Chlorella sp. NC64A, Volvox carteri, Chlorella
vulgaris, and Coccomyxa sp. C-169 (Online resources
ESM_1.pdf). The primers and conserved peptide sequences
were listed in Table 1. All primers were biosynthesized by
Sangon Biotech (China).

PCR amplification was conducted with TaKaRa LA Taq®
(TaKaRa DRRO002A, China) according to the manufac-
turer’s instructions and was processed with the following
parameters: initial denaturation at 94 °C for 5 min followed
by 35 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for
1 min (according to the length of products, 1,000 bp min™"),
with a final extension at 72 °C for 7 min and cooling to 4 °C.
The PCR products were resolved by electrophoresis on 1 %
agarose gel. Then, the fragment of interest was excised and
purified using an agarose gel DNA fragment recovery kit
(TaKaRa D823A, China). Finally, the fragment was cloned
into pMD-18T vector (TaKaRa D101A, China) and se-
quenced (Invitrogen, China).

Full-length cDNA and genomic sequences isolation

The nucleotide sequences of the 3'- and 5'-ends of
Haecyp97c¢ were amplified by RACE method. The gene-
specific primers 3GSP1, 3GSP2, 5GSP1, and 5GSP2
(Table 1) were designed from the amplified core cDNA
sequence of Haecyp97c¢ and its 3'- and 5'-ends were
obtained using SMARTTM RACE c¢DNA Amplification

Kit (Clontech) according to the manual. The RACE reac-
tions were performed using cDNA, primers and TaKaRa LA
Taq® enzymes (TaKaRa DRRO2AM, China). Nested PCR
was carried out using the nested universal primers and gene-
specific primers. Secondary PCR fragments were performed
the same as described above.

Based on the information of 3’- and 5'-ends sequences,
two gene-specific primers F2 and R2 (Table 1) were
designed to amplify the genomic sequence. PCR was
performed with the GC-Rich PCR system (TaKaRa
DRRO2AG, China). Reaction conditions were as follows:
5 min denaturation at 94 °C, followed by 30 cycles of 94 °C
for 30 s, 55 °C for 30 s, and 72 °C for 1 min kb, finally
extended at 72 °C for 7 min. The PCR fragments of the
expected length (3.1 kb) were cloned into pMD-18-T vector
and sequenced.

Bioinformatics analysis

The full-length cDNA sequence of Haecyp97c¢ was spliced
according to the RACE-PCR results by the SeqMan soft-
ware of DNAStar 7.1 (DNASTAR Inc., USA). The theoret-
ical molecular weight (M,,) and isoelectronic point (p/) of
HaeCYP97C protein were computed by ExPASy Compute
pI/Mw tool (Bjellgvist et al. 1993). Transmembrane regions
were predicted by “DAS”-Transmembrane Prediction server
(Cserzo et al. 2002). Prediction of subcellular localization of
the deduced amino acid was conducted by using ChloroP

Table 1 Primers used in exper-

iment. Note: F forward, R re- Primers

Oligonucleotide sequence 53’

verse, GSP gene-specific primer

Partial Haecyp97c gene fragment

F1 CCCTGTTCCAGCCCCTGTWYAARTGGAT (LXKWMXEXGXXYLLPP)
R1 CGGGTGGGGGTACAGGCKCATNSWYTC (ESMRLYPXPPV)
5"and 3’ RACE

3GSP1 CGCTGAAGGAGACGGAGACAC

3GSP2 AAGGCGATGGTGGATGAAGAA

5GSP1 CAGTGGCTCGTGTCTCCGTCT

5GSP2 CCACCTGAGATGGCAAACCC

Genomic sequences cloning

F2 CGTTTCGTTGTTGTTT

R2 TGCTTGGGAATGTTCTCTA

Real-time PCR

F3 AAGGGGTTGGTGGCAGAGG

R3 GGACGATGGCACAAAGAAATG

F4 AGCGGGAGATAGTGCGGGACA

R4 ATGCCCACCGCCTCCATGC

Sequencing primer
M13-47
RV-M

CGCCAGGGTTTTCCAGTCACGAC
GAGCGGATAACAATTTCACACAGG
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and TargetP Server (Emanuelsson et al. 2007). HaeCYP97C
proteins and those identified by the BLAST searches were
aligned using ClustalW (Larkin et al. 2007; Thompson et al.
1994) with a gap opening penalty of 10, a gap extension
penalty of 0.2, and Gonnet as the weight matrix. Maximum
likelihood trees of some CYP97 proteins were constructed
using PhyML (Guindon and Gascuel 2003). The Le and
Gascuel evolutionary model (Le and Gascuel 2008) was
selected for analysis of the protein phylogenies assuming
an estimated proportion of invariant sites and a gamma
correction (four categories). Bootstrap (BS) values were
inferred from 400 replicates. Graphical representation and
edition of the phylogenetic tree were performed with
TreeDyn (v198.3) (Chevenet et al. 2000).

Quantification analysis of Haecyp97c transcriptional
expression under HL stress conditions

Quantitative real-time PCR was performed on an ABI fast
7500 Sequence Detection System (Applied Biosystems) to
investigate the expression of Haecyp97c. Two pairs of gene-
specific primers were used to amplify a 384-bp PCR product
of Haecyp97c (F3 and R3, Table 1) and a 114 bp of actin
gene (F4 and R4, Table 1) gene. The product of actin was
used to as an internal control for RT-PCR. The qRT-PCR
amplifications were carried out in triplicate in a total volume
of 20 pL according to the manufacturer’s instructions of
SYBR® Premix Ex Taq™ (Tli RNaseH Plus) (TaKaRa
DRR420A, China). The qRT-PCR program was holding
stage, 50 °C for 20 s and 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s, 60 °C for 1 min, and melt curve
stage, 95 °C for 15 s, 60 °C for 1 min, 95 °C for 30 s, and
60 °C for 15 s. DEPC-treated water for the replacement of
template was used as negative control. All analyses were
based on the Cr values of the PCR products. The amplifi-
cation specificity for Haecyp97c and actin genes was deter-
mined by analyzing the dissociation curves. The compara-
tive C7 method was used to investigate the transcriptional
expression levels of Haecyp97c¢ gene.

Pigment analysis under HL stress conditions

For cell dry biomass (mg L") determination, cells from 40-
mL culture were collected by centrifugation at 12,000 rpm
at 4 °C for 5 min and washed three times. The EP tubes
containing cells were dried in a freeze-dryer.

For pigment analyses, HPLC method was applied to quan-
tify the content of total pigments as per the procedure given by
Sun et al. (2008). Briefly, the freeze-dried cells (0.01 g) were
ground with nitrogen and extracted with acetone until the cells
became colorless. After centrifugation at 12,000 rpm at 4 °C
for 5 min, the supernatant was collected and evaporated under
nitrogen gas and the residue was redissolved in 1 mL acetone
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and filtered through a 0.22-mm Millipore organic membrane
prior to HPLC analysis. Pigments were eluted at a flow rate of
1.2 mL min~" with a linear gradient from 100 % solvent A
[acetonitrile/methanol/0.1 M Tris—HCI, pH 8.0 (84:2:14)] to
100 % solvent B [methanol/ethyl acetate (68:32)] for 15 min,
followed by 12 min of solvent B. The absorption spectra of the
pigments were shown between 300 and 700 nm. Peaks were
measured at 450 nm. The concentration of individual caroten-
oids (carotenes, lutein, zeaxanthin, and astaxanthin) was de-
termined using standard curves of standard pigments at known
concentrations.

Statistical analysis

All exposure experiments were repeated three times inde-
pendently, and data are recorded as the mean with standard
deviation (SD). For gene expression experiments, quantita-
tive real-time PCR analysis was performed using the
BioRAD iQ5 software. For each gene, the fold change
expressed as the mean+=SD (% control) was calculated using
the (standard curve) approximation corrected for primer
efficiency and normalized to housekeeping gene actin ex-
pression values.

Nucleotide sequencing and accession number

The nucleotide sequences of Haecyp97c genomic and cDNA
have been deposited and assigned the accession number
KC182114 and JX232405 in the EMB/GenBank/DDBJ
database.

Results
Cloning and characterization of Haecyp97c gene

A 996-bp cDNA fragment was generated by RT-PCR with
degenerate primers Fland R1 (Table 1). The Haecyp97c
fragments shared 69 % sequence similarity with cyp97¢3
genes from C. reinhardtii and 54 % with cyp97c¢3 genes
from A. thaliana. It indicated a partial putative cyp97c was
isolated from H. pluvialis. On the basis of this sequence
information, two pairs of specific primers (3GSP1 and
3GSP2, 5GSP1 and 5GSP2) were designed for 3’ and 5’
RACE:s. A 857-bp 5-RACE product and 1,169-bp 3'-RACE
product were amplified. The nucleotide sequences of both
products from RACE experiments shared an overlap on
flanking regions of the 5'- or 3'-ends of the partial putative
Haecyp97c¢ cDNA fragment, suggesting that these frag-
ments were portions of the same gene. Sequence analysis
revealed that the cloned Haecyp97c cDNA was 1,995 bp in
length, which contained a 1,620-bp open reading frame, a
46-bp 5'-untranslated region (UTR), and a 329-bp 3'-UTR
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with the characteristics of the poly (A) tail. An ATG trans-
lation initiation codon was identified in the sequence of the
5" terminus (47—49 bp), and a TGA termination codon was
found 1,618 nucleotides downstream of the initiation site
(Fig. 1a).

To elucidate the genomic organization, the genomic
DNA sequence of Haecyp97c was cloned with primers F2
and R2 (Table 1) and aligned with cDNA sequence. BlastX
and BlastN searches combined with alignments between
Haecyp97c¢ genome and Haecyp97c¢c cDNA sequences
allowed us to identify the genomic organization. The result
showed that Haecyp97c genomic sequence of 3,144 bp was
interrupted by six introns of 72, 80, 100, 562, 176, and
157 bp, respectively (Fig. 1b). Intron/exon splice sites of
the Haecyp97c gene are highly conserved and all introns
start with GT and end with AG.

The deduced HaeCYP97C protein is composed of 539
amino acids with a calculated molecular mass of 58.71 kDa
and a theoretical isoelectric point of 7.94. A BLAST search
revealed that the primary structure of HaeCYP97C shared
85/82/72 % sequence similarity with CYP97C3/C3/Cl
genes from C. reinhardtii (ABQ59243), C. subellipsoidea
C-169 (EIE23687), and A. thaliana (NP_190881), respec-
tively. The ChloroP server predicts the presence of possible
chloroplast transit peptides (cTP, 23 aa, Fig. 1a) in amino
acid sequence of HaeCYP97C. The TargetP program pre-
dicted the chloroplast sublocation of HaeCYP97C. No TM
helices were predicted by “DAS”-Transmembrane
Prediction and TMHMM servers in protein sequences of
HaeCYP97C. All these observations suggested that
Haecyp97c encoded a soluble enzyme localized in the chlo-
roplast of H. pluvialis strain Flotow 1844.

Conserved domains in CYP97C from green algae

P450s all share a common catalytic center, heme with iron
coordinated to the thiolate of a conserved cysteine (Bak et
al. 2011). Despite a low sequence identity at the amino acid
level, P450s display a common overall topology and tridi-
mensional fold (Graham and Peterson 1999; Werck-
Reichhart and Feyereisen 2000). The deduced amino acid
sequence of HaeCYP97C were aligned with other known
sequences using the ClustalX program, and the results re-
vealed that eight conserved domains (CD) were discovered
(Fig. 2).

Figure 2 shows an alignment of the deduced amino acid
sequences of CYP97Cs from ten green algae with available
genome database. There are eight domains with strong con-
served amino acid sequences in all CYP97C protein se-
quences. Three conserved domains are discovered in the
N-terminal of the protein sequences, including CDI
(GPVYLLPTGPXXS), CD2 (WXXRRKAVXPSLH), and
CD3 (LDIIGXXVFNYDE), which the forward degenerate

primers were designed. In addition, the P450s active site
components were found as expected in the C-terminal of
amino acid sequence, including CD4 (/-helix, LVAGHETT)
involved in oxygen binding, CD5 (ERR triad,
ESMRLYPXPPVXXRRA) involved in locking the heme
pockets into position and to assure stabilization of the con-
served core structure, and CD7 (PFXXGPRRXXGD) in-
volved in heme binding. Otherwise conserved domains,
CD6 (clade signature, PXRF), and CD8 (MTXGATIHT)
were found to locate near the active sites. As expected, the
primary amino acid sequence of HaeCYP97C contained all
the conserved domains involved in the catalytic mechanisms
of P450s (CD4, 378-385, CD5, 437450, and CD7, 514—
525) (Fig. 1a). It is likely that conserved domains involved
in the active sites supply an important clue that HaeCYP97C
is a member of P450s and that domains that are conserved
within the CYP97C proteins are responsible for the speci-
ficity with respect to the (3- or e-ring of the different
carotenes.

Phylogeny of CYP97 between green algae and higher plants

In order to explore the phylogeny and evolution of CYP97 in
viridiplantae group, 35 genes encoding putative CYP97s were
predicted from ten green algae with genome database, includ-
ing C. reinhardtii, Chlorella sp. NC64A, C. vulgaris,
Coccomyxa sp. C-169, V. carteri, Micromonas pusilla,
Micromonas sp. RCC299, Ostreococcus sp. RCC809,
Ostreococcus  tauri, and Ostreococcus lucimarinus by
BLASTp program with a query including HaeCYP97C.
Moreover, ten genes encoding CYP97s from higher plants
were also downloaded from NCBI GenBank. All sequence
information was summarized in Online Resources ESM_1.pdf.

A phylogentic tree of CYP97s from Viridiplantae
group was constructed by maximum likelihood method
(Fig. 3). Genes encoding CYP97A/C/B from green algae
and higher plants build three monophyletic groups (BS:
96/100/46 %), respectively. Two clades were observed
comprising genes encoding CYP97A/C as sister groups.
The CYP97B homologues from green algae and higher
plants were found at the base of all CYP97 family
when gene encoding CYP86A from A. thaliana was
used as outgroup. It should be mentioned that in each
monophyletic group, the phylogeny of genes encoding
CYP97 corresponds well with the phylogeny of organ-
isms based on the 16 s rRNA sequences from chloro-
plasts of eukaryotic phototrophs. Several interesting re-
sults were discovered from further analyses of the phy-
logenetic tree. The formation of CYP97A/B/C ancestral
genes occurred before the higher plant/green algae split.
The further lineage-specific gene duplications occurred
in the evolution of CYP97A in green algae (C.
reinhardtii and O. lucimarinus) and CYP97B in green
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Fig. 1 The nucleotide and

deduced amino acids sequence a ML R T BIATR
of Haecyp97c from H. 1 ACATGGGGGCCGTTTCGTTGTTGTTGTTTCGTTAATTGTGCTTCTGRIGCAAGCTTCGCGGAGCACCTTCCAACA
11 SRl C R P R V Q R S R G R N

pluvialis. a The letters in box 76 TCGTAGCCGAGCTGACGGCTGTCCCGGCCCATTGOCGCGATGCCGGC06CGGGTACAGCGCAGTCGTGGTCGCAA

indicate the start codon (ATG) GV LN DD ES e RS R G
and the stop codon (TAG) 151CTGCGTTGTGCTCAATGCTATAGACGACGAGGGGACGTCTGGGAAGTCAATTGATGCGGCTGGTGCAGGAGCAAC
sequence. The predicted N- SIS PN L O 0L NI L WS RSN VA DA

226 CTGGTCCAGTCCTGGATGGTTGACTCAGTTGAACATGCTGTGGTCTGGCAAAGGGAACATTCCTGTTGCTGATGC

terminal chloroplast transit BEPDD L EDLLESALFGALYE LY XN ESS

peptide (by ChloroP serve) was 301 AAAGCCTGACGACATCAAGGACCTGCTGGGGG6GGCCCTCTTCCAGGCGCTGTACAAGTGGATGCAGGAGTCTGG
indicated by shadow in the MENT L LS C P YISS LN ESIDE R LT RY
deduced amino acids sequence 376 GCCAGTGTATCTGCTGCCCACTOGGCCAGTGTCGTCCTTCCTGGTCATATCTGATCCTGCTGCAGCCAAGCACGT
1%L R 6 T DNPQURPLYGCRGCLVAEYVAGQELTE

of HaeCYP97C, The four 451 GCTOCGO0GACTCACAACCCACAGCGOCCACTGTATGGCAAGGGGTTCOTGGCAGAGGTOGCTCAGTTCCTGTT
conserved domains involved in 616 DG F AT SGGDAWRVRREKAVY APSELHR
catalytic mechanisms of all 526 TGGOGACGGGTTTGCCATCTCAGGTGGAGACGCATGGAGAGT TAGGCGCAAGGCAGTGGCGCCCTCATTGCACAG
cytochrome P450 proteins are 1 A Y L ET MI SRYFAPSAVYPLADEKTLTHGAD
underlined, including I-helix 601 AGCCTACTTGGAGACAATGATAAGCCGTGTATTTGCACCCAGTGCTGTGTTCCTGGCAGACAAGCTACACGCCGA
(LVAGHETT) involved in 24P A A G NS TQPQPVNMEA AAMLES®QLTLELDV
ETT . 676 CCCAGCTGCCGGTAACAGCACCCAGCCCCAGCCCGTGAACATGGAGGCGGCATTCAGCCAGCTGACGCTGGATGT
oxygen binding, ERR triad T R ) B, A R A T S s g Sl e S L B
(ESMRLYPHPPVLLRRA) 751 CATCGGCAAGGCCGTGTTCAACTATGACTTCAACGCGCTCACCACAGACAGCCCACTGATCCAGGCGGTGTACAC
involved in locking the heme %A L. K ETETRATDILILPYXEYVSPELQGA.TI.V
bets into osttion ad 826 GGCGCTGAAGGAGACGGAGACACGAGCCACTGACCTGCTGCCCTATTGGAAGGTTCCATTTCTTTGTGCCATCGT
pockets nto position an R RO RIEA NN EVO T LI R T T AL R0 6%
assuring stabilization of the 901CCCOCGTCAGCGCAAGGCTGCCGCAGCAGTGCAGCTGATCCOGGACACCACCACCGCCCTCATCAAGCAGTGCAA
conserved core structure and 110 R A A e S R vk
heme binding site 976 CGCCATOGTGGATAAGAAGAGATCGLTGCAGCCAGCGCCGCCAGTGUCGAGGGCAAGCAGTACATARKTGCAGC
0% P2 (6 W G SRUIEL B T A A R BB IV IDLISE T G T R G

(PFSGGPRKCVGD and 1051 GGACCCCAGCGTGCTGCGCTTTCTCATAGCGGCCCGCGAGGAGCTTGACAGCACGCAGCTCCGCGATGACCTGET
PERF). b The complete IS E VA G S A T D L o P
genomic structures of 1126 ATCCATGTTOGTCGCO00CCACCAGACCACTGOCAGCGCGCTCACTTGGACATTGTACCTCCTGGCGCAGAACCE
Haecyp97c. Exons are shown 36D E M AT AQALETYDAY MG ARRGSEPTTIALDZTY

1201 TGACAAGATGGCCATTGCACAGGCCGAGGTGGACGCTGTGATGGGCGCTCGCCGTTCGCCGACCATTGOGGACTA

as boxes: black boxes are open MU AL R T VYERCYVCOES KELYPEPP VL LE

reading frames, empty boxes are 1276 TATGGCCCTGCGCTATGTCATGCGGTGCGTGTGCGAAAGCATGCGCTTGTACCCGCACCCGCCGGTGCTGCTGCG
5'- or 3'-untranslated regions 436 FR: BN B A AT T ER G e W K SOV R IGE 0D M T S Y
1351 CCGGGCTTTCGCGGCTGACACGCTACCCGGTGGC TATAAGGTGGTGAAGGGCCAGGACGTGATGATCAGCGTGTA
BN T RS KAV DS P ELAFLPEEREGPED G

1426 CAACATCCATCGCTCCAAAGCGGTGTGGGACAGCCCTGAGGCGTTTTTGCCAGAGCGGTTTGGACCACTGGACGG
486 5P N B S GE GQF NG OF D0 G VR Y T PR SSE BGe GE P iR K 1B WY 06

1501 CCCCGTGCCCAGCGAGCAGAACACGGACTTCCGCTACATCCCCTTCAGCGGGGGGCCGCGGAAGTGCGTGGGCGA
SR CREAE G GES PAE W W S DBy A B L ERE B E D Gl 5S0 k, NUP ON

1576 TCAGTTCGCGCTGATGGAGGCGGTAGTGTCCCTCGCAGTGCTGCTCCOTGAGTTCGACTTGAGCTTGGTGCCGAA
oot B0z BT NI G M AT SN ST, T SHICEET ST N Ee a0 BT NE S s SR SRR

1651 CCAGACCATTGGCATGACCACCGGCGCCACGATCCACACTACCAATGGCCTATACATGTACGCGAGAGCCCGAAT
661 A A A K SV A L ¥ AT *

1726 TGCAGCAGCCAAGTCCGTGGCACTGGTTGCGACATGAGC T TGTGCGAGGAACAATACATT TTCAGCCCTGATTAG

1801 AGAACATTCCCAAGCATAAGCGGCGTTGTCGGTGAAGTGAGATTGGGAGCAGAGGTCTTGAAGGAAGACAGGGGC
1876 GCAGTTGCTCTTTATGACGATCGTCATCGT TATAGCATGCCATGCCGGCAATGGACATGTTGTCCGATCGTAAAC
1951 GTGGCTTGTGGCCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

b ATA82 IFE432 14151680 FamEIRIn

148 255317 533852 neTaI 28113144

algae (O. [lucimarinus, Micromonas sp. RCC299,

Ostreococcus RCC809, and O. tauri). ) ) ) )
Fig. 2 Multiple alignment of the deduced amino acids of thepy
. . . HaeCYP97C from H. pluvialis and other predicted CYP97Cs from
High light upregulate the transcripts of Haecyp97c ten green algae with available genome database. The query with

and enhance the biosynthesis of xanthophylls HaeCYP97C and the BLASTp program were applied to search for
putative CYP97C homologs in ten green algae, including

. . . Chlamydomonas reinhardtii, Chlorella sp. NC64A, Chlorella vulgaris,
Time-course patterns of cell growth in photoautotrophic A. Coccomyxa sp. C-169, Volvox carteri, M. pusilla, Micromonas sp.

pluvialis with two different high 1ight (HL) stresses are RCC299, Ostreococcus sp. RCC809, Ostreococcus tauri, and
shown in Fig. 4a. The results signify that HL (white or blue)  Ostreococcus lucimarinus. All the sequences information was summa-
stress has completely different influence on biomass con- rized in Online Resources ESM 1.pdf. The three typical conserved

. . .. . domains of all cytochrome P450s were discovered, including the
centration of H. pluvialis during the early 54 h exposure. oxygen binding site signature (CD4, LVAGHETT), the ERR triad

During this period, the HL (white) improved the growth of  j,yolved in locking the heme (CD5, ESMRLYPXPPVXXRRA), and
H. pluvialis, while HL (blue) inhibited the growth of H. the heme binding signature sequence (CD7, PEXXGPRRXXGD)
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0. luc 1 AAPDWMTQLNRLWGGASEI PVADAKLEDITGLLGGGLFQPLFKWMRE S SRYIKGT
0. 809 1 -APDWMTQLNRLWGGESEI PVADAKLEDITGLLG FOQPLFKWMRES|SVYLLPTGPITS VVVSDPACIKQVLFNYf————SKYIKET
0. tau L ~APDWMTQLNRL ASEIPVADAKLEDITGLLG FOPLFKWMLER= 5 G==-==-SKYIKGT
M. pus 1 AAPDWMTQLNRL KSEIPVADAKLDDITGLL FOPLFKWMKER= § 5 ===SKYIKGT
M., 289 1 AARPDWLTQLNRLWGGNSEI PVADAKLEDITGLLGGGLFQPLFKWMKERG SKYIKGT
C.rei 1 TSPGWLTQLNML) KSNVPVANAQPDDIKELLGGALFKALYKWMQESJPI&LLPTuPVSSFLVVSDPAAAKHVLRSTDNSQRNIYNK}L
V.car 1 TSPGWLTQLNMLWGGKGNVEPVANAQPDDIKELLGGALFKALYKWMOESGPVY LLPTGPVSS|FLVISDPAAAKHVLRATDNSQRNIYNKGL
H.plu 1: SSPGWLTQLNMLWSGKGNI PVADAKFDDIKDLLGGALFOALYKWMOES-PVY LLPTGPVSS|FLVISDPAAAKHVLRGTDNPQRPLYGKGL
C.vul 1 TSPGWLTQLGRLWGGKSDVPVADAKFDDIKDLLGGALFKALYKWMEET|-PVY LLPTGPVSS|FLVVEDPEAAKHVLRATDNPKRPIYVKGL
Cc.c169 1 TSPGWLTQLGRLWGGKSDVPVADAKFDDIKDLLGGALFKALYKWMEET|-PVY LLPTGPVSS|[FLVVSDPEAAKHVLRATDNPKRPIYVKGL
C.64Aa 1 FSPGWLTQLNQLWGGKSNVPVANAKPEDIODLLGGALFKALFKWMVESGPVY LLPTGPISS|FLVISDPECAKHVLRASDNPSRPIYEKGL

CD3

R KYVEAMVDRCFGPCADRMVSILEG--EAGAGGV-~--GGVNME SRFSKTHLDITGIS
REKYVEAMVDRCFGPCADRMVTMLES --ESASGPV---GGVNMESRFSKTHALDIIGIS
REKYVEAMVDRCFALCADRMTTILEE--EAANGAV---GSVNLESRFSKTALDIIGIS
RERYVEAMVDRCFGPCADRMVSELVEDQINADGGRR~---ERVNMESKF SQAALDIIGIS
RRYVEAMVDRCFGPCAERMVELVESAIDSEGGEK~---KRLNMESKFSQRALDIIGIS
KAYLEAMLDRVFGASS LFAARDKLRK--ARREG---~~- TPVNMEALFSQLTLDIIGKS
RAYLEAMLVRVFGPSSEFAADKLRV--AARSG--—--~- TPVNMEAMF SQLTLDIIGKA
RAYLETMISRVFAPSAVFLADKLHA--DPAAGNSTQPQPVNMEAAF SQLTLDVIGKA
RAYLAAMADRVFGPSAQHLATKLEG--VARSG--—-~— ESIDMEACFSQLTLDVIGKA
RAYLAAMADRVFGPSAQHLATKLEG--VAASG-----ESIDMEACFSQLTLDVIGKA
RGYLEVMLDRVFGESALHLNKKLEV--AAASG==—=-~ EPIDMEACFSQLTLDVIGKA

0. luc 87 IAEAGEFLFGLGVALQELEH
0. 809 86 IAEAGEFLFGLGVALQELEH
0. tau 86 IAEAGEFLFGLGVALQELEH
M., pus 87 IAEAGAFLFGLGVALQENER
M. 289 87 IAEAGEFLFGLGVALQENE

C.rei 91 VAEVSEFLFGKGFAISGGDH
v
H
(o]
c
(o4

. car 91 VAEVSQFLFGKGFAVAGGDI
.plu 91 VAEVAQFLFGDGFAISGGDAWR
.vul 91 VAEVSEFLFGDGFAITGGDNWR
.c169 91 VAREVSEFLFGDGFAITGGD
. 644 91 VAEVSQFLFGEGFAITGGE

O.1luc 172 VENYDHEALTTAAPVIQATYTALKEVETRSMDLLPTWRLPEKFLRVVSPRORDAQDA--VTVIRDVTQ-RLVDDCKRMVEEEE--KVGGA
0.809 171 VENYDHEALTTAAPVIQATYTALKEVETRSMDLLPTWRLPEQFLRAVSPRQKAAQDA--VTIIRDVTQ-KLVDDCKRMVEEEE--KVGGA
O.tau 171 VENYDEKALTTARPVIQATYTALKEVETRSMDLLPTWRLPEQFLRIVSPRORNAQDA--VTVIRDVT(Q-RLVDDCKRMVEEEE--KVGGA
M. pus 174 VENYD LTSAAPVIQATYTALKEVETRSMDLLPTWRLPEQF LRIVSPROKARQDA- -VTVIQEVTT-KLVDDCKKMVEEEE - -AVGGA
M. 299 174 VENYD LTSAAPVIQATYTALKEVETRSMDLLPTWRLPEPFLRVVSPROKAARQDA--VKIIQEVTT-KLVDDCKRMVEEEE - -KVGGA
C.rei 174 VFNYDENSLTSDSPVIQAVYTALKETEQRATDLLPLWKVR--GIGWLIPROQRKALEA--VELIRKTTN-DLIKQCKEMVDEEEMRARSAR
V.car 174 VENYDENSLTSDSPLIQAVYTALKETEQRATDLLPLWKVP--ALGWLIPRORKALOVRHSTLVRRPVKKNLFSRSVCVCVCFAFVVLLCA
H.plu 179 VENYDENALTTDSPLIQAVYTALKETETRATDLLPYWKVP--FLCAIVPRQRKAAAA--VQLIRDTTT-ALIKQCKAMVDEEEIARRSAR
C.vul 174 VENYDEDALNTQSPLIQAVYTALKETEQRATDLLPLWKLP--FLAPFVPRQRKALEA--VELIRAETE-RLIAKCKEMVD------ AEEQ
C.cl69 174 VENTD LNTQSPLIQAVYTALKETEQRATDLLPLWKLP--FLAPFVPRQRKALEA--VELIRAETE-RLIAKCKEMVD--~-~~ LEEQ
c.64a 174 VI ALNNNTPVIQAVYTALKETETRATDLLPYWKYP--LINLFVPRQRKAARAA--VELIRQTTE-ELIAKCKAMVD-~ -~~~ AEER
CD4 : I-helix (AGxD/ET) involved in oxygen binding
TTASVLTWGTYELLKPENAEQLRLLRAELDEVLGTRPFPTFADLP
SVLTWGTYELLKPENAEQLRLLRAELDEVLGTRPYPTFADLFE
ASVLTWGTYELLKPENAREQLRLLRAELDEVLGTRPYPTFADLA
SVLTWGTFELLKPENAEQLRLLRAELDEVLGDKPFPDYADML

0.luc 257 EEWARDYLNESNPS-VLRYLIAAREEVSSTQLRDDLLS
0.809 256 EEWARDYLNESNPS-VLRYLIAAREEVSSTQLRDDLLS
O.tau 256 EEWARDYLNESNPS-VLRYLIAAREEVSSTQLRDDLLS
M.pus 259 EAWARDYLNDANPS-VLRYLIAAREEVSSTQLRDDLLS
M.299 259 EEWARDYLNDSNPS-VLRYLIAAREEVSSTQLRDDLLS SVLTWGTYELLKPENAEQLRLLRAELDEVLGDKPFPTYEDMT
C.rei 259 AAAGTEYLNEADPS-VLRFLIAAREEVDSTQLRDDLLS GEGGRCPLYLPD--DEPHPSCSMQAEVDAVLGSRLSPTMADYG
V.car 262 AANGDFTAKQQHQCRVVPFLNQPSNPPPSRRCVSLFPSHLPAASLANGSALTWTLYLLV--QNPDKMAKAVAEVESVMGSRTAPTLADYG
H.plu 264 SAEGKEYINAADPS-VLRFLIAAREEVDSTQLRDDLLSMLVAGHETTGSALTWTLYLLA--QNPDKMAIAQAEVDAVMGARRSPTIADYM
Cc.vul 253 AQFGDGYMNEADPS-VLRFLIASREEVSSRQLRDDLLSMLVAGHETTGSVLTWTLYLLE--QNPRAMAKARAEVDAVMGDRAAPSVEDFM
C.c169 253 RQFGDGYMNEADPS-VLRFLIASREEVSSRQLRDDLLSMLVAGHETTGSVLTWTLYLLE--QNPRAMAKARAEVDAVMGDRAAPSVEDFM
C.64A 253 ASFEEGYINDADPS-VLRFLIASREEVGSQQLRDDLLSMLVAGHETTGSVLTWTLDLLA--RNPEQMKKAQEEVDRVLAGKSKPNMEDYM
CD5 : ERR triad involved in locking the heme CcD6
SMRLY PQPPVY TRRAVVEDVLPNGM-TIPKNQDLLVSI YNLHRS PTSWGPTSQEFE
SMRLY PQPPVY TRRAVVEDVLPNGM- TVPKNQDLLVSI YNLHRS PDNWGPTSQEFE
SMRLYPQPPVY TRRAVVEDVLENGM-TVPKNQDLLVSI YNLHRS PANWGPTSQQFE
SMRLY PQPPVY TRRANVEDVLPHGLGTIPAGQDLLVSIYNLHRS PANWGPASQAFE
SMRLY PQP PVY TRRAWVVEDVLPKGLGVVPAGODLLVSI YNLHRS PENWGENSQVFE
SMRLY PHPPVLLRRALLVEDELPGGF-KVPVGQDVMISVYNIHHS PAVWD-DPEAFT

0.luc 346 KMPYLERCF
0.809 345 NMPYLERCF
0.tau 345 KMPYLERCF
M.pus 348 KLPVLERCF
M. 299 348 KMPYLERCF
C.rei 346 QLRYVMRCVH

sPLANGQPNELNTDYRYV|
SPLANGQPNELNTDYRYV
SPLANGQPNELNTDYRY

SPLSAGQPNELNTGYRYT
SPLALGQPNELNTGYRYT
SPLDGPVPNEQNTDFRYI

V.car 350 QLR?VHRCVPISHRL\PHPPVLLRRBIVEDELP' sY-KVPVGQDVMISVYNIHHSEAVWD-NPEAFI sPLDGPVPSEQNTDFRYI

H.plu 351 ALRYVMRCVC] Y I GY -KVVEKGQDVMISVYNIHRSKAVWD-SPEAFL) sPLDGPVPSEQNTDFRYI

c.vul 340 ALRYVMRCVN Y- SVPVGQDVMISVYNIHRS PAVWD-DENDFR FPLDEPVPSEQTTDYRFI

C.cl69 340 ALRYVMRC GGY-SVPVGQDVMISVYNIHRS PAVWD-DPNDFR| FPLDEPVPSEQTTDYRFI

C. 644 340 ALKYCMRC ! FPLDGPVPNEQNTDYKYI
Fw%%%é%grhem bindi cD8

0. 1luc 435 G -[|KFAVYEGIV WRTMFRRLDLELKQ -HD' [TSGATIH

0. 809 434 FSAGPRRCPGIKFAVYEGIVIWATMIRRLDLELKPGHD'

0. tau 434 FSAGPRRCPGIKFAVYEXIVIWATMLRRLDLELKAGHDV

M. pus 438 FSAGPRRCPGIKFAVLEGMAIWAVLFRRLDMELVAGHD

M. 299 438 FSAGPRRCPGIKFAVLEGMAIWAVMFRRLDLTLVAGHD'

C.rei 434 FSGGPRKCVGILQFALMEAVVALTVLLRQYDFOMVENQQIG

V.car 438 FSGGPRKCVGIQFALMEAVVALAVLLRQFDFSLVENQKIG ;

H.plu 439 FSGGPRKCVGIQFALMEAVVSLAVLLREFDLSLVPNQTIGMTTGATIH

C.vul 427 FSGGPREKCVGIQFALMEAVVALAVLLERFDFELVPDODIGMTTGATIH

C.cl69 427 FSGGPRKCVGLQFALMEAVVALAVLLKRFDFELVEDQDIG

C.64A 427 ESGGPREKCVGIQFALMEAVVALAVMIREFDFAPQPGHDPG
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Fig. 3 Phylogenetic tree of
CYP97 homologues from algae
and higher plants. The
alignment was generated by the
ClustalW program and the tree
was constructed with maximum
likelihood method using
PHYML software as described
in “Materials and methods.”
The BLASTp program was
applied to search the putative
HaeCYP97C homologue
sequences of ten green algae
with genome database. Other
HaeCYP97C homologues of
higher plants were collected
from GeneBank by BLAST
program. All the sequences
information was summarized in
Online Resources ESM_1.pdf.
Note: the square box with black
is the HaeCYP97C sequences
from H. pluvialis. The circle
boxes with black indicated
species- or linage-specific gene
duplication in the evolution of
CYP97 in algae

Arabidopsis thaliana CYP86A1
95, @ jgi|Ost9901_3|1824|gwEuk.21.62.1
57] @ jgi|Ost9901_3]47300|estExt_GenewiseEukaryote.C_Chr_130084

3 jgi|OstRCCB809_1|38666|fgenesh1_pg.C_scaffold_13000165

100 ! jgi|Ostta4|23029|estExt_fgenesh1_pm.C_Chr_13.00010043

jgilMicpuN2|83128|e_gw2.06.152.1

10|92 L jgilMicpuC2|26780

00 jgi|Coc_C169_1|52277|estExt_fgenesh1_pm.C_10317 v

a7 jgilChlwi1|24726|e_gw1.1.89.1 Q(;\

jgi|Volca1|100143|fgenesh4_pg.C_scaffold_106000021 G\

95 9 @ jgi|Chlire4|196742|DNE_DNE_gwH.55.10.1

@ gi|Chire4|196744|DNE_DNE_e_gw\W.42.59.1

Zea mays CYP97A16
hoo - Arabidopsis thaliana CYP97A3
91L Solanum lycopersicum CYP97A29
97 r jgi|MicpuC2|32152

jgi|MicpuN2|95887 |estExt_Genewise2Plus.C_Chr_140254
jgi|Ostta4|1830|gw1.09.00.100.1
jgi|Ost9901_3|33533|eugene.0900010237

a5|  1jgilOstRCC809_1|1644|gw1.3.120.1

[ jgi|ChINC64A_1|51247|fgenesh3_pg.C_scaffold_6000061

jgi|Coc_C169_1|63212|Genemark1.3995_g Q’,\o

jgi|Chlwi1|60845|GG.C169_S07_00141 G\Q

M HaeCYP97C

jgi|Volca1|83281|estExt_Genewise1Plus.C_520019

[=z]
|

H
nz

jgi|Chlre4|309780|kg.chromosome_8_# 293 _# ABQ59243.1
Arabidopsis thaliana CYP97C1
1DE[ Medicago truncatula CYP97C10
Arabidopsis thaliana CYP97B3
Glycine max CYP97B2
g1 Vitis vinifera CYP97B2
a7 Brachypodium distachyon CYP97B2
b7 jgi|ChINC64A_1|138471|IGS.gm_20_00220
L jgi|Coc_C169_1|12656|e_gw1.3.115.1
469%a1 jgilChiwu1(26454]e_gw1.3.111.1
jgi|Volca1|65884|e_gw1.51.4.1
A6 L jgi|Chlre4|283001|au.g1522_t1 ,\Q
93 - @ jgi|MicpuN2|96121|estExt_Genewise2Plus.C_Chr_160324 .\Qo.,
jgilMicpuC2|22138 (&)
@ jgi|Osttad|27418|estExt_gwp_GeneWisePlus.C_Chr_01.00010469
5 @ jgi|OstRCCB809_1|53931|estExt_Genewise1.C_21287
gg |20 @ jgi|0st9901_3|29177|eugene.0100010571
@ jgi|MicpuN2|88940|e_gw2.16.55.1
100 @ jgi|OstRCC809_1|87721|eugene1.0000120100
a5 @ jgi|Osttad|23060|estExt_fgenesh1_pm.C_Chr_15.00010014
35! @ jgi|Ost9901_3|18007|fgenesh1_pg.C_Chr_14000053
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pluvialis. With the extension of induction time, the biomass
concentrations were lower under both white and blue HL
stresses, respectively, than that of control (Fig. 4a).

As revealed by gRT-PCR results (Fig. 4b), upon exposure
of H. pluvialis cells to white HL (390-770 nm and
1,000 pmol photons m 2 s~ '), an initial decrease messenger
DNA (mRNA) level of Haecyp97c was observed in the
prophase of the treatment (0—6 h). Then, the mRNA level
increased and reached its maximum at 10 h exposure, with

@ Springer

2.75-fold higher than that of the control. The transcriptional
level of Haecyp97c was higher than that of control through-
out the following 29 h (634 h), and then it remained stable
until 72 h (Fig. 4b). Blue HL (420-500 nm and 1,000 pmol
photons m 2 s') treatment also upregulated Haecyp97c
transcripts to much stronger extent as compared to HL
(white) treatment (Fig. 4b). Similarly, the Haecyp97c
mRNA level also began to decline in the early stage of
exposure (0—4 h). However, transcript accumulation
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Fig. 4 Growth and Haecyp97c expression of H. pluvialis cultures
during induction of high light. a The growth curve of H. pluvialis
under different HL stresses. Algal cells at the logarithmic phase were
transformed with different treatments: HL (white or blue), with the
starting optical density (approximately 5x107 cells mL™"), each of
these in triplicate. Cells were harvested at different periods of induction
and cell dry weight was monitored as descripted in methods. b gene
expression profile of Haecyp97c was detected by real time RT-PCR.
Values are mean+SD of three independent determinations

increased significantly from 6 to 28 h, and the maximum
transcriptional levels occurred at 13 h exposure, with 4-fold
higher than that of the control. Transcript accumulations
remained relatively constant when exposure during 34—
72 h under blue HL stress. These above observed expression
patterns of Haecyp97c under HL stresses suggested that this
enzyme may be involved in the adaptation of HL intensity
for H. pluvialis.

To explore the relationship between the transcriptional
level of Haecyp97c gene and the biosynthesis of xantho-
phylls, the accumulation of chlorophylls, lutein, zeaxanthin,
o-carotene, [3-carotene, and astaxanthin was examined over
the period of induction (Fig. 5). Upon white and blue HL
stress inductions, the total chlorophylls concentration

decreased, and it was less in the former than that in the
latter (Fig. Sa).

The lutein concentration slowly increased during the
early stage (0—6) under both white and blue HL stresses,
respectively, and it then started decline during the following
exposure (6-96) (Fig. 5b). The lutein concentrations were
lower under both HL stress than that of the control.
Similarly, the changing trends of the a-carotene concentra-
tion were similar with those results observed in lutein con-
centration (Fig. 5¢). The concentrations of zeaxanthin under
all treatments increased markedly and were higher than that
of the control (Fig. 5d). In addition, the cells accumulated
more zeaxanthin under blue HL than that under white HL
during 0-48 h exposure (Fig. 5d), suggesting that the
Haematococcus cells was more sensitive and react quickly
under blue HL stress than that of the white HL stress.
During the early stress inductions (0—6 h), the concentra-
tions of [3-carotene were higher than that measured at con-
trol, while they decreased with the extension of stress con-
ditions (6-96 h) (Fig. Se). It is interesting to mention that the
concentration of [3-carotene under blue HL was less than
that under white HL at induction time 634 h (Fig. 5¢). The
astaxanthin concentration under blue or white HL stress was
higher than that of the control, reaching a maximum level at
34 and 54 h exposure, respectively (Fig. 5f). These results
indicated that the coordinated upregulation of one of xan-
thophyll biosynthetic gene, Haecyp97c, leads to a reduction
in the concentration of substrate (x-c and [3-carotene) and
the main product (lutein), while rapid synthesis of zeaxan-
thin and astaxanthin, although zeaxanthin may be also de-
rived from the conversion of violaxanthin under HL irradi-
ation. As a consequence, we can draw a speculation that,
besides the roles in producing «-branch xanthophylls
(lutein), the HaeCYP97C may involve in synthesizing (3-
branch xanthophylls (zeaxanthin) and astaxanthin under HL
irradiation.

Discussion

A novel chloroplast location carotenoid ¢-ring hydroxylase
from the economic green alga H. pluvialis Flotow 1844 was
isolated using RT-PCR with degenerate primers designed
from conserved motifs and RACE methods. To our knowl-
edge, it is the first time that a cyp97c homologue gene has
been isolated from eukaryotic algae, and the expression
profiles have been established under different HL stresses.
Previously, only the genes encoding members
(CYP97A/B/C) of CYP97 family have been isolated and
functionally investigated from higher plants (Fiore et al.
2012; Kim and DellaPenna 2006; Kim et al. 2009; Lv et
al. 2012; Stigliani et al. 2012; Tian and DellaPenna 2004;
Tian et al. 2003, 2004). It is reasonable to speculate that
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Fig. 5 Changes in total chlorophylls and carotenoids concentrations of
H. pluvialis under different high light stresses (white or blue). Cells
grown in autotrophic medium were harvested and transferred to fresh
medium with different high light intensity. Cells were harvested at

there were also three members of CYP97 family in eukary-
otic algae especially in green algae result from the close
phylogenetic relationship at evolution level (Adl et al.
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Hours after stress induction

N -

different periods of induction and changes in total chlorophylls (a), total
chlorophylls (b), lutein (c¢), «-carotene (d), (-carotene (e), and
astaxanthin (f). Values are mean+SD of three independent determinations

2005). Bacterial P450s are soluble proteins, but all plant
P450s described so far are bound to membranes, usually
anchored on the cytoplasmic surface of the endoplasmic
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reticulum through a short hydrophobic segment of their N-
terminus, and possibly a hydrophobic loop of the protein
(Williams et al. 2000). However, analysis of a few
Arabidopsis and other plant P450 sequences, predicts po-
tential signal peptides that should target some of them to the
plastids or to the mitochondria (Schuler et al. 2006). The
isolated Haecyp97c was predicted to be a nonmembrane and
chloroplast-targeted protein. This result is consistent with
previous studies from higher plants, in which three CYP97
family members (CYP97A3, CYP97B3, and CYP97Cl)
were predicted in Arabidopsis genome (Tian et al. 2004),
and CYP97A3 and CYP97C1 are predicted to be
chloroplast-targeted (Schuler and Werck—Reichhart 2003;
Tian and DellaPenna 2004). This predicted that chloroplast
localization of CYP97A/C from algae and higher plants is
coincident with the subcellular localization of carotenoid
biosynthesis.

P450s are hemethiolate enzymes involved in numerous
biosynthetic and xenobiotic pathways found in all organ-
isms from bacteria to humans (Nelson 2009) and all share a
common catalytic center, heme with iron coordinated to the
thiolate of a conserved cysteine (Bak et al. 2011). The
catalytic motifs of the P450s were predicted in the primary
amino acid sequence of HaeCYP97C and indicated that it is
a member of P450s. In addition, there are some other con-
served domains in the deduced proteins sequences of genes
encoding homologues of CYP97C from ten green algae. It is
likely that these conserved domains may be responsible for
the specificity with respect to the 3- or e-ring of the differ-
ent carotenes.

The CYP97 family is a carotenoid-metabolizing family
(Nelson and Werck-Reichhart 2011). CYP97s are among the
most ancient gene and plant-specific family consists of three
distinct subfamilies (CYP97A/B/C) that emerged before the
higher plant/green algae split (Bak et al. 2011). Our results
from the phylogenetic analysis of CYP97 between green
algae and higher plants support this previous conclusion.
All three subfamilies in CYP97 are represented in
Arabidopsis and all other land plants, usually in single copy
in each subfamily, which indicates critical functions (Kim et
al. 2009). On the contrary, there are some paralog genes
encoding CYP97A/B in some green algae, which indicated
recent gene duplication may have occurred. Among the
three subfamilies, CYP97B represents the oldest of these
three as it shares the highest phylogenetic identity with the
CYPI7E and CYP97F sequences of diatoms and other pro-
tists (Nelson et al. 2008). Our results show that genes
encoding CYP97A and CYP97C are evolutionarily more
closely than those genes encoding CYP97B.

High light is considered an effective stimulus to induce
accumulation of astaxanthin in the economic green alga H.
pluvialis (Li et al. 2010; Zhekisheva et al. 2005). Quantitative
RT-PCR analysis clarified that the transcripts of Haecyp97c

decreased at the early stage and increased markedly at the
following stage under both blue and white HL stress condi-
tions. In higher plants, mutant studies have suggested that the
CYP97A3 and CYP97C1 enzymes are primarily responsible
for catalyzing hydroxylation of the - and e-rings of o-
carotene to produce lutein, which is most abundant in the
light-harvesting complexes where they are key structural and
functional components for light harvesting (Dall’Osto et al.
2007, 2006; Kim and DellaPenna 2006; Tian et al. 2003,
2004). During early stages (0—6 h) of HL irradiation, lutein
concentrations were lower under both treatments than under
the control (Fig. 5b), which is consistent with the decreased
transcriptional levels of Haecyp97c. However, along with the
extension of induction, the concentrations of lutein under
treatments were decreased and were still slightly less than that
of the control though the transcriptional level of Haecyp97c
was increased (Figs. 4b and 5b), indicating that the
HaeCYP97C enzyme may play additional role (besides the
role in hydroxylation of e-ring of x-carotene) under HL stress.
The similar results were reported in previous studies, in which
the lutein concentrations in cells exposed to 460 pumol or
920 umol photons m > s~' was less than half that of cells
maintained at 90 pmol photons m 2 s ' in green alga
Chlorella zofingiensis (Del Campo et al. 2004). The zeaxan-
thin concentration rapidly increased (Fig. 5d) under both HL
stress conditions. Two reasons may be responsible for this
result: first, the zeaxanthin may be produced from (3-carotene
by BCH enzymes; secondly, zeaxanthin may be also derived
from the conversion of violaxanthin by the xanthophyll cycles
under high light (Li et al. 2009). The apparent conflicting
results between the transcriptional level of Haecyp97c¢ and
the lutein concentration under HL treatments indicated that
HaeCYP97C may play roles in producing zeaxanthin by
hydroxylation of 3-carotene or perform other unknown func-
tions under HL stress conditions. In addition, it is worth
mentioning that Haematococcus cells respond differently to
stresses, at least in different degree. For example, our results
indicated that Haematococcus cells may react quickly and
more sensitive to blue HL induction compared to white HL
stress resulting in zeaxanthin and astaxanthin concentrations
under the former than in the latter. This conclusion is similar to
a previous study, in which red light emitting diodes (LEDs)
operated at a relatively low light intensity were suitable for
cell growth with replacement of medium, and LEDs emitting
short wavelengths (380—470 nm) the morphological change of
H. pluvialis and enhanced the accumulation of astaxanthin
(Katsuda et al. 2006; Lababpour et al. 2004). Previous studies
have demonstrated that the CHY involved in the astaxanthin
biosynthetic pathway in H. pluvialis contains a cytochrome
P450 by the use of ellipticine and that the main biosynthetic
pathway is via canthaxanthin (Schoefs et al. 2001). In this
study, although the Haematococcus cells accumulated much
higher concentrations of astaxanthin under white or blue HL
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stresses, it is not clear whether the HaeCYP97C is the only
P450 protein playing roles in astaxanthin biosynthesis under
these stress conditions. There is only very limited knowledge
on the hydroxylation of rings in carotenes from eukaryotic
algae. While it is difficult to completely understand the two
structurally unrelated carotenoid hydroxylases (non-heme di-
iron hydroxylases and cytochrome P450 monooxygenases) in
algae from such a limited data set, we can propose some
hypotheses based on the results presented in this study. We
speculate that, besides the roles in lutein biosynthesis (hydrox-
ylation of e-ring of a-carotene), HaeCYP97C may play addi-
tional roles in zeaxanthin or astaxanthin biosynthesis by hy-
droxylation of (3-rings in (3-carotene, echinenone, or cantha-
xanthin in the chloroplast. As a consequence, HaeCYP97C
may be a candidate gene that can be further utilized in genetic
engineering to produce astaxanthin from [3-carotene.
Isolation, functional investigation and expression profiles of
other two members of CYP97 (CYP97A/B) family from H.
pluvialis and other distinct eukaryotic algae are a topic of
ongoing research.

In conclusion, we isolated a novel carotenoid e-ring
hydroxylase (Haecyp97c) gene involved in xanthophyll bio-
synthesis in the green alga H. pluvialis. Haecyp97c is a
nuclear gene encoding chloroplast-targeted protein.
Conserved domain analyses revealed that HaeCYP97C is a
member of P450s. qRT-PCR analysis revealed that
Haecyp97c¢ was involved in different stress responses in a
different manner. Although the changing profiles of
Haecyp97¢ mRNA levels are not completely coincident
with the change of a-branch xanthophylls (lutein), we be-
lieve that the response process of H. pluvialis to HL stresses
is a network where HaeCYP97C involved. It may play some
critical roles (i.e., an additional role in hydroxylation of (3-
rings in (-carotene, echinenone, or canthaxanthin) in the
acclimation to dramatic changes of light intensity by regu-
lating xanthophyll biosynthesis or perform other unknown
functions under different stress conditions. Stresses alter gene
expression positively or negatively in a regulatory network
with synergistic and antagonistic effects. Further research
should consider the non-heme diiron (BCH) and other two
members of CYP97 family from gene cloning, functional
investigation, and expression profiles, which is necessary to
further elucidate the detailed biosynthetic mechanisms of
xanthophylls under different stress conditions.
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