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A model for the ergosterol biosynthetic pathway in Chlamydomonas reinhardtii

Kristy M. Brumfielda, Susan M. Labordeb and James V. Moroneyb

aDepartment of Biology, Xavier University of Louisiana, New Orleans, LA 70125, USA; bDepartment of Biological Sciences,
Louisiana State University, Baton Rouge, LA 70803, USA

ABSTRACT

Ergosterol and 7-dehydroporiferasterol are the predominant sterols in the membranes of the alga Chlamydomonas
reinhardtii Dangeard. Ergosterol is primarily found in most fungi, which produce their end-product sterols by way of
the intermediate lanosterol. In contrast, plants rarely make ergosterol and plant sterols are made via the intermediate
cycloartenol. The cycloartenol-lanosterol bifurcation has been used as a means to evolutionarily categorize species
based on their sterol production. Use of bioinformatics has revealed that the green alga, C. reinhardtii is probably
producing sterols using a pathway very similar to that of higher plants. The Chlamydomonas genome was searched
for genes that encoded proteins exhibiting high similarity to sterol biosynthetic proteins in the higher plant
Arabidopsis thaliana or the yeast Saccharomyces cerevisiae. Genes with the greatest similarity were chosen and
annotated. To establish whether these genes were expressed, the presence of their transcripts was determined and
quantitative RT-PCR was performed. It was observed that many of the transcripts coordinately increased in
abundance after deflagellation, which induces an increase in membrane biosynthesis. This work demonstrates that
C. reinhardtii has all of the genes necessary for the biosynthesis of ergosterol and 7-dehydroporiferasterol and that
this alga uses the higher plant pathway to make a sterol normally associated with fungi. Evidence is also presented
that other organisms commonly known as algae, including chlorophytes, haptophytes, rhodophytes, bacillariophytes,
a phaeophyte and a cryptomonad, are likely to utilize the same biosynthetic pathway, making sterols via a
cycloartenol intermediate.
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Introduction

Sterols are a class of lipids found in the membranes

of eukaryotic organisms. These compounds have

four fused rings and intercalate between the phos-

pholipids that make up the membrane bilayer. The

positioning and structure of the sterol influences

the fluidity and permeability of the membrane

(Solomon et al., 2008). All sterols are synthesized

from the triterpene precursor squalene. A variety of

sterols are made in different organisms, with ergos-

terol being the most common sterol found in fungi

and cholesterol being the most abundant sterol in

vertebrates (Benveniste, 2004). Plants synthesize

several sterols including stigmasterol, campesterol

and sitosterol, but usually have very low levels of

ergosterol and 7-dehydroporiferasterol (Benveniste,

2004). In contrast, the two most abundant sterols

found in the green alga, Chlamydomonas reinhard-
tii Dangeard, are ergosterol and 7-dehydroporifer-

asterol (Gealt et al., 1981).
While all sterols are derived from squalene, two

major variations in the cyclization step to form the

sterol nucleus are known. Non-photosynthetic spe-

cies make lanosterol from squalene-epoxide

(Fig. 1), a reaction catalysed by lanosterol synthase.

On the other hand, higher plants make cycloarte-

nol (Fig. 1), a molecule with five rings including a

cyclopropane ring. If cycloartenol is made, the

cyclopropane ring is eventually cleaved through

the action of cyclopropyl sterol isomerase (CPI1).

Cycloartenol and lanosterol are considered to be

stereoisomers (Nes et al., 1990). In the past this

‘bifurcation of the sterol pathway’ has been used to

distinguish between those organisms which pro-

duced their sterols by way of ‘oxygenic photo-

synthesis’ making cycloartenol and those species

that make lanosterol as the first cyclized inter-

mediate (Nes et al., 1990; Desmond & Gribaldo,

2009). However, recently, it has been discovered

that end-product sterols are also synthesized by

way of lanosterol synthase in dicotyledonous plants

(Ohyama et al., 2009) and there is now evidence

that Arabidopsis thaliana makes both lanosterol

synthase and cycloartenol synthase (Ohyama

et al., 2009).
Little is known about the synthesis of sterols in

algae in general or in C. reinhardtii in particular.

However it has been known for a long time that the

two most abundant sterols in C. reinhardtii are

ergosterol and 7-dehydroporiferasterol. In 1978, the
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first sterol mutants in C. reinhardtii were isolated by

selecting for single colonies resistant to nystatin

(Bard et al., 1978). In 1981, a chromatographic

analysis was performed to identify the major sterols

and fatty acids in C. reinhardtii (Gealt et al., 1981)
and in 1982, sterol synthesis was studied during the

cell cyle by Janero & Barrnett (1982). In 1999,

Salimova et al. identified three sterol mutants that

were deficient in C24(28)-reductase (Salimova et al.,
1999). Their work also identified a possible pathway

for the last few steps in the synthesis of ergosterol

and 7-dehydroporiferasterol. However, the pathway

proposed by Salimova et al. (1999) does not show

potential substrates and precursors for earlier bio-

synthetic steps of the ergosterol pathway. In 2012,

Miller et al. showed that ergosterol in C. reinhardtii
is made using a pathway that differs from fungi

(Miller et al., 2012).
With over 95% of the C. reinhardtii genome now

sequenced (Merchant et al., 2007; Blaby et al.,
2014), it is possible to identify genes encoding the

proteins involved in sterol biosynthesis (http://phy

tozome.jgi.doe.gov/pz/portal.html). This sequence

information was used in our previous study to

demonstrate that ERG3 was part of the sterol bio-

synthetic pathway (Brumfield et al., 2010). In that

work the C. reinhardtii ERG3 gene was used to

restore ergosterol biosynthesis in the ERG3 knock-

out of Saccharomyces cerevisiae by functional com-

plementation. However, ERG3 encodes a protein

involved in a latter step of sterol biosynthesis

(Brumfield et al., 2010). In this work, we have

identified the genes involved in the conversion of

the precursor, squalene epoxide, to the final sterols

in C. reinhardtii. We show that while C. reinhardtii
makes ergosterol, a sterol often associated with

fungi, it is made using the higher plant biosynthetic

pathway. A pathway for sterol biosynthesis in C.
reinhardtii is also proposed.

Materials and methods

C. reinhardtii strains and growth

Strain CC-124 mt− was obtained from the

Chlamydomonas Resource Center (http://chlamycol

lection.org/). Cultures were grown on Tris Acetate

Phosphate (Sueoka, 1960) (TAP) medium plates.

They were inoculated into 100 ml of TAP medium

(Sueoka, 1960) and set to grow with continuous light

(100 µmol photons m−2 s−1) and shaking for 2–3 d.

Aliquots of the culture were transferred to Minimal

media (MIN) (Sueoka, 1960), which has no carbon

source other than CO2, in a larger flask or carboy and

bubbled with high CO2 (5% CO2 in air) for several

days. Cells were then collected for further analysis:

pH shock or RNA preparation.

Bioinformatics and sequence analysis

Information about genes found in C. reinhardtii was
gathered from searching the genomic database, which

yielded gene models, scaffold and chromosome loca-

tions (http://phytozome.jgi.doe.gov/pz/portal.html).

Ergosterol biosynthetic enzymes were obtained from

S. cerevisiae sequences on the NCBI protein database.

The C. reinhardtii EST database using the BLAST

program provided alignments with the S. cerevisiae
amino acid sequences (http://www.ncbi.nlm.nih.gov/

BLAST) (Altschul et al., 1997). In order to determine

the correct gene, E-values were considered. The gene

with the highest similarity was chosen as the best

choice for the gene. Splice sites of the exon/intron

and open reading frames were identified using the

method described by Silflow et al. (1995). These pro-
grams included hyperlinks to the EXPASY server

(http://ca.expasy.org/tools/#translate). The Pfam

database was used to identify possible domains in

the protein sequences (http://pfam.sanger.ac.uk).

PSORT (Prediction of Protein Sorting Signals and

Localization Sites in Amino Acid Sequences),

ChloroP and TargetP were used to predict the locali-

zation of specific proteins (http://psort.nibb.ac.jp/).

Transmembrane helix predictions were made using

TMpred (Hofmann & Stoffel, 1993) and SOSUI

(Hirokawa et al., 1998). The S. cerevisiae genome

database provided information about the function of

the enzymes in yeast (http://www.yeastgenome.org/).

The A. thaliana genome gave additional information

about sterol biosynthetic genes in higher plants

(http://www.arabidopsis.org).

Genomic sequences for Oryza sativa, Physcomitrella
patens, Volvox carterii, Coccomyxa subellipsoidea, Chlo-
rella variabilis, Auxenochlorella protothecoides,
Helicosporidium sp. ATCC 50920, Ostrecoccus lucimar-
inus,Micromonas pusilla CCMP1545, Galdieria sulphur-
aria, Chondrus crispus, Cyanidioschyzon meolae,
Emiliania huxleyi CCMP1516, Chrysochromulina sp.

Fig. 1. Schematic diagram showing the biochemical reac-
tions from squalene epoxide to cycloartenol and lanosterol.
In plants, sterols are synthesized via the five ring inter-
mediate, cycloartenol. In animals and fungi, sterols are
made via the four ring intermediate lanosterol. Lanosterol
synthase (ERG7) and cycloartenol synthase (CAS1) synthe-
size these reactions.
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CCMP291, Phaeodactylum tricornutum, Thalassiosira
pseudonana, Ectocarpus siliculosus, Guillardia theta
CCMP2712, Aureococcus anophagefferens were retrieved
from NCBI (http://www.ncbi.nlm.nih.gov), Pico PLAZA

(http://bioinformatics.psb.ugent.be/plaza/versions/pico-

plaza/) and the JGI database (http://genome.jgi-psf.org).

Protein alignments were generally made using the

pBLAST servers at the PLAZA or NCBI websites.

However in some cases we searched the nucleotide

sequences using tBLASTn.

Multiple sequence alignment programs from the

European Bioinfomatics Institute EMBL-EBI server

(http://www.ebi.ac.uk/clustalw/) were used for

sequence analysis and alignment data. The Prosite

database from EBI server (http://ca.expasy.org/pro

site/) was used to identify putative consensus motifs

for specific domains. The C. reinhardtii genomic

database (version 5.5) provided information about

the genomic sequence, intron-exon structure, as well

as information regarding potential membrane span-

ning regions of the protein coding sequence (https://

phytozome.jgi.doe.gov/pz/portal.html).

Flagellar pH shock

Chlamydomonas reinhardtii strain CC-124 mt− cul-

tures were grown on Tris-Acetate Phosphate (TAP)

agar plates, and aseptically inoculated after 5 d into

Tris-Acetate Phosphate media for 2 d with continu-

ous shaking under light. TAP cultures were trans-

ferred to Minimal media (MIN) and incubated at

28°C for 48 h under continuous light and CO2 with

continuous shaking. Cultures were harvested by cen-

trifugation in a Beckman J2-21 centrifuge at 4°C,

480g for 10 min in a JA-10 rotor. For the control

sample, the cell pellet was resuspended in 30 ml of

fresh MIN medium and incubated at 28°C on a

shaker under light.

Acid shock for removal of flagella

The pellet was resuspended in 50 ml of 10 mM Tris-

HCl buffer, pH 7.8 + 7% sucrose (w/v) at 4°C. Cells

were deflagellated by addition of 0.5 N acetic acid to

pH 4.5 and held at acid pH for 45 s, following which

the pH was raised to 7.8 with 0.5 N KOH (Witman

et al., 1972).

Regeneration of flagella

After the initial pH shock, the cell aliquots lacking the

flagella were resuspended in 300 ml of MIN media

and incubated at 28°C on a shaker under light.

Immediately, a 30 ml aliquot was removed for the

‘time 0’ sample. At 30 min intervals, 30 ml aliquots

were removed from the shaker, up to 240 min, to

isolate the RNA for Quantitative PCR analysis. The

data derived from these samples was used to measure

the relative expression of ergosterol genes during

reflagellation.

Total RNA isolation

Triazol reagent (Invitrogen, Carlsbad, California,

USA) was used to extract RNA from C. reinhardtii.
Cells were harvested and transferred to 50 ml conical

centrifuge tubes. Cells were then spun at 1000 g for 5
min at a final temperature of 4°C. The pellet was

resuspended in 1.0 ml of Triazol and transferred to

a 1.5 ml Eppendorf tube. Cells were then vortexed,

incubated for 1 h at room temperature and frozen

until all of the samples were collected. Later, these

samples were thawed and 200 µl of chloroform was

added. To mix the sample, the tubes were again

vortexed and incubated at room temperature for 5

min. The samples were centrifuged at 12 500 g for 15
min at 4°C. The aqueous phase of approximately 600

µl was removed and transferred into a fresh 1.5 ml

Eppendorf tube, 0.5 ml of isopropanol was added and

the samples were incubated for 30 min. The samples

were then centrifuged at 12 500 g for 15 min at 4°C,

the supernatant was removed and the RNA pellet was

washed with 1.0 ml 75% ethanol, then centrifuged at

6000 g for 5 min. The supernatant was removed and

the pellet was air dried for an hour. The RNA was

finally treated with Ambion Turbo Dnase

(Invitrogen, Carlsbad, California, USA). The manu-

facturer’s protocol was followed and the samples were

then treated by an RNA clean-up using Qiagen’s

RNeasy Clean-up Kit (Qiagen, Valencia, California,

USA). Total RNA concentration was determined

using the Nanodrop 2000 series.

Quantitative RT (Real Time) PCR

Three micrograms of total RNA was used as template

for synthesis of cDNA. SuperscriptFirst Strand

Synthesis System for RT-PCR (Invitrogen, Carlsbad,

California, USA) was used to synthesize the cDNA

according to the manufacturer’s instruction. An ali-

quot of 100 ng cDNA was used as the template with

SYBR Select (Applied Biosystems, Foster City,

California, USA) for quantitative PCR in an ABI

Prism 7000 sequence detection system following the

manufacturer’s instructions (Applied Biosystems,

Foster City, California, USA). Primers are listed in

Supplementary Table 1. The qPCR data were ana-

lysed using ΔΔCT for comparative quantification.

Expression level of each gene was assayed for up- or

down-regulation using Cblp as the normalizer. The

normalized gene of interest was compared with the

control (cells that had not undergone deflagellation).

Primers specific for the gene CBLP (Chlamydomonas
beta subunit-like polypeptide) were used as control

primers for equal loading (Im & Grossman, 2001).
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The CBLP specific sequences were: CBLPF; 5’-

CTTCTCGCCCATGACCAC-3’ and CBLPR 5’-

CCCACCAGGTTGTTCTTCAG-3’.

Results

Chlamydomonas has a complete set of genes for

sterol biosynthesis

To identify the genes involved in sterol biosynthesis

in C. reinhardtii, the C. reinhardtii genome was

searched using tBLASTn for proteins that would

match either the yeast S. cerevisiae, or A. thaliana
sterol biosynthetic proteins. Saccharomyces cerevisiae
and A. thaliana were used as these are the best

studied systems in fungi and higher plants.

Orthologues of all the sterol biosynthesis genes pre-

sent in A. thaliana were found in C. reinhardtii
(Table 1). Most of the C. reinhardtii genes also have

a corresponding gene (or genes) in yeast. The excep-

tions are cycloartenol synthase (CAS1), cyclopropyl

isomerase (CPI1) and C(8,7) sterol isomerase

(HYD1), all of which are absent in yeast. Yeast uses

the lanosterol pathway and has lanosterol synthase

(LAS) instead of CAS1 (Benveniste, 2004). CAS1,

CPI1 and HYD1 are found only in organisms that

use the cycloartenol biosynthetic pathway and are

not found in S. cerevisiae. In yeast, the demethyla-

tion step is catalysed by a complex encoded by

ERG25/ERG26/ERG27/ERG28 (Mo et al., 2004). In
A. thaliana, orthologues of ERG25 and ERG26 can

be found. However, no A. thaliana gene can be

found with a significant match to the yeast ERG27

(Desmond & Gribaldo, 2009). Chlamydomonas rein-
hardtii also has orthologues to ERG25, ERG26 and

ERG28, and like A. thaliana does not have an ortho-

logue to ERG27 in yeast. Genes encoding the

other proteins of the sterol pathway are present in

C. reinhardtii, and they exhibit a strong identity to

the A. thaliana orthologue and, in general, a good

identity to the yeast orthologue (Table 1). Only one

gene encoding each protein was found in the hap-

loid C. reinhardtii genome. Some of the proteins

involved in sterol biosynthesis in C. reinhardtii
have not been studied, but recently the C-5 sterol

desaturase (Brumfield et al., 2010) and the sterol

C-24 methyltranferase (Haubrich et al., 2015) were
characterized. The identification for each gene of the

C. reinhardtii sterol pathway is given in Table 2

using phytozome version 10.3 (http://phytozome.

jgi.doe.gov/pz/portal.html).

Chlamydomonas reinhardtii synthesizes sterols via

the cycloartenol intermediate

There are two major variations in the cyclization step

of squalene-epoxide. The pathway used by fungi and

vertebrates results in the synthesis of sterols via

lanosterol, while higher plants make cycloartenol as

the intermediate (Desmond & Gribaldo, 2009). The

proteins that make lanosterol or cycloartenol are

similar, sharing as much as a 35% sequence identity.

Summons et al. (2006) have identified key amino

acids that are diagnostic for determining whether a

protein is likely to catalyse the cyclization to cycloar-

tenol or lanosterol (Fig. 2). Amino acids at position

381, 449 and 453, based on the Homo sapiens
sequence, are conserved among lanosterol synthases

but are different in cycloartenol synthases. In con-

trast, amino acid D455 is thought to be a highly

conserved catalytic residue and is conserved in all

lanosterol and cycloartenol synthases (Summons

et al., 2006). Looking at these specific amino acids,

the C. reinhardtii sequence aligns well with the higher

plant sequence for cycloartenol synthase (Fig. 2). The

C. reinhardtii gene is predicted to encode a protein

that has the amino acids that match the CAS group of

proteins and not the LAS clade (Fig. 2). The C.
reinhardtii CAS1 gene is found on chromosome 1.

Table 1. Orthologues of sterol biosynthetic genes in Saccharomyces cerevisiae, Arabidopsis thaliana and Chlamydomonas
reinhardtii.

Protein function C. reinhardtii geneb S. cerevisiae genea A. thaliana geneb,c

farnesyl diphosphate synthetase FPPS ERG20 (49%) FPS1, FPS2 (50%)
farnesyl diphosphate farnesyl transferase SQS1 ERG9 (32%) SQS1, SQS2 (50%)
monooxygenase/hydrolase SQE1 ERG1 (33%) XF1/SQE1 (51%)
cycloartenol synthase CAS1 N.F.d CAS1 (58%)
lanosterol synthase N.F. ERG7 LAS1
sterol C-24 methyltranferase SMT1 ERG6 (35%) SMT1, SMT2, SMT3 (40%)
cycloeucalenol cycloisomerase CPI1 N.F. CPI1 (45%)
sterol C-14 demethylase CYP51 ERG11 (28%) CYP51A2 (52%)
C(8,7) sterol isomerase HYD1,CDI1 N.F. HYD1 (36%)
C-4 sterol methyl oxidase SMO2 ERG25 (20%) SMO2-1, SMO2-2 (17%)
C-3 sterol dehydrogenase BSD1 ERG26 (34%) 3 BETAHSD/D1; D2 (35%)
3-keto sterol reductase N.F. ERG27 N.F.
endoplasmic reticulum membrane protein ERG28 like protein ERG28 (26%) ERG28 (33%)
C-5 sterol desaturase STE1 ERG3 (21%) STE1/DWF7 (46%)
C-22 sterol desaturase CYP710 superfamily ERG5 (26%) CYP710A1, CYP710A2 (38%)
C-24(28) sterol reductase ERG4/24 ERG4/24 (30%) FKL (39%)

The percentages in parentheses after the Saccharomyces and Arabidopsis gene indicate the % identity of the gene product to the C. reinhardtii
protein. ahttp://www.yeastgenome.org; bhttp://www.phytozome.net; chttp://www.arabidopsis.org; dLanosterol synthase (ERG7) is the closest
orthologue in yeast. N.F. = not found.
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Table 2. Chlamydomonas reinhardtii ergosterol genes and genome location.

Ergosterol genes in C. reinhardtii
Number
of exons

Approximate
size of cDNA

Approximate size
of genomic DNA Genome location

Phytozome
Gen ID

farnesyl diphosphate synthetase 12 1.1 kb 4.2 kb chromosome_3:7234063..7238264 forward Cre03.g207700
farnesyl diphosphate farnesyl
transferase

11 1.4 kb 5.3 kb chromosome_3:4366665..4371966 forward Cre03.g175250

monooxygenase/hydrolase 10 1.5 kb 4.6 kb chromosome_17:4959482..4967303
forward

Cre17.g734644

cycloartenol synthase 20 2.3 kb 11.2 kb chromosome_1:2063910..2075095 reverse Cre01.g011100
sterol C-24 methyltranferase 7 1.2 kb 3.5 kb chromosome_12:3053904..3057455 reverse Cre12.500500
cycloeucalenol cycloisomerase 8 0.8 kb 3.6 kb chromosome_16:2063242..2066886 reverse Cre16.g657300
sterol C-14 demethylase 10 1.5 kb 4.6 kb chromosome_2:2518335..2523186 forward Cre02.g092350
C (8,7) sterol isomerase 6 0.7 kb 2.1 kb chromosome_12:7268693..7270774 reverse Cre12.g557900
C-4 sterol methyl oxidase 6 1.0 kb 2.9 kb chromosome_2:4905983..4908034 forward Cre02.g103500
C-3 sterol dehydrogenase 1 1.2 kb 2.0 kb chromosome_12:4200144..4202942

forward
Cre12.g518650

ERG 28 ER membrane protein 5 0.4 kb 2.3 kb chromosome_13:914607..917153 forward Cre13.g567901
C-5 sterol desaturase 6 1.0 kb 2.9 kb chromosome_16:2920033..2922957 reverse Cre16.g663950
C-22 sterol desaturase 10 1.5 kb 5.6 kb chromosome_11:40146..45687 forward Cre11.g467527
C-24(28) sterol reductase 7 1.3 kb 4.1 kb chromosome_2:486468..490589 reverse Cre02.g076800

H. sapiens GMKMQGTNGSQIWDTAFAIQ GGFSFSTLDCGWIVSDCTAE

R. norvegicus GMKMQGTNGSQTWDTAFAVQ GGFSFPTLDCGWIVADCTAE

M. musculus GMKMQGTNGSQIWDTAFAIQ GGFSFSTLDCGWIVSDCTAE

S. cerevisiae GMTIMGTNGVQTWDCAFAIQ GAWGFSTKTQGYTVADCTAE

D. hansenii GMTIMGTNGVQVWDVAFMVQ GGWPFSTKTQGYTVSDCSAE

S. parasitica GVKMQGYIGSHTWDTSFAIQ GGWGFGPSANGYPVTDCTGE

A. invadens GVKMQGYVGSQTWDSSFAVQ GGWGFGIASNGYPVSDCTAE
_____________________________________________________________________

A. thaliana GMKMQGYNGSQLWDTGFAIQ GAWPFSTADHGWPISDCTAE

O. sativa GMKMQGYNGSQLWDTGFAIQ GAWPFSTADHGWPISDCTAE

P. patens GMKMQGYNGSQLWDTTFAVQ GAWPFSSRDHGWPISDCSSE

C. reinhartii GLKMQGYNGSQLWDTSFAVQ GAWPFSSRDHGWPISDCSSE

V. carteri GLKMQGYNGSQLWDTSFAVQ GAWPFSTRDHGWPISDCSSE

C. subellisoidea GMKMQGYNGSQLWDTTFAVQ GAWPFSTRDHGWPISDCSSE

C. variabilis GMKMQGYNGSQLWDTAFAVQ GAWPFSTRDHGWPISDCSSE

A. protothecoides GMKMQGYNGSQLWDTAFAVQ GAWPFSSTGHGWPISDCSAE

Helicosporidium sp. GMKMQGYNGSQLWDTSFFVQ GAWPFSTRDHGWPISDCSSE

O. lucimarinus GMKMQGYNGSQLWDCAFSVQ GAWPFSTRDHGWPISDCSSE

M. pusilla GMKMAGYNGSQLWDCAFAVQ GAWPFSTRDHGWPISDCSSE

G. sulphuraria GMKMQGYNGSQLWDTAFSAQ GAWPFSTRDHGWPISDCTAE

C. crispus GMKMQGYNGSQLWDTAFASQ GAWPFSTRDHGWPIADCTGE

C. merolae GMKMQGYNGSQLWDTAFAAQ GAWPFSTRDHGWPISDCTAE

E. huxleyi GMKMQGYNGSQAWDTAFAVQ GAWPFSTQDHGWPISDCSSE

T. pseudonana GLKMQGYNGSQLWDTSFAIQ GAWPFSTRDHGWPISDCTGE

P. tricornutum GLKMQGYNGSQLWDTSFAIQ GAWPFSTRDHGWPISDCTGE

E. siliculosus GVKMQGYNGSQNWDTSFAVQ GGWPFSTAAHGWPISDCTGE

G. theta GLKMQGYNGSQCWDTSFAVQ GGWPFSTSAHGWPISDCSSE

A. anophagefferens GMKMQGYNGSQCWDTAFATQ GGWPFSTSAHGWPISDCTAE
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Fig. 2. Structure of the CAS1 gene of Chlamydomonas reinhardtii and multiple sequence alignment of key amino acids in
both lanosterol synthase and cycloartenol synthase across species. * = conserved residues. Amino acids 381, 449 and 453 are
highly conserved residues, D455 is the catalytic residue. The numbering of the amino acids is based on the Homo sapiens
sequence. The crystal structure of the oxidosqualene cyclase in H. sapiens has been published (Thoma et al., 2004).
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It has 20 exons and sequence alignment reveals a 34%

similarity between lanosterol synthase, ERG7, in yeast

and 58% sequence similarity with cycloartenol

synthase from A. thaliana (Table 1). This alignment

predicts that C. reinhardtii synthesizes sterols via a

cycloartenol intermediate (Fig. 1).

The presence of CPI1 and HYD1 also indicate the

use of the cycloartenol bifurcation pathway in C.

reinhardtii

Chlamydomonas reinhardtii also has genes predicted to

encode cyclopropyl sterol isomerase (CPI1) and the C

(8,7) sterol isomerase (HYD1). These genes are found

primarily in higher plants and their presence strongly

indicates the use of the cycloartenol pathway as a

means to produce sterols. CPI1 functions to open the

cyclopropane ring in cycloeucalenol to catalyse the

production of obtusifoliol (Heintz & Benveniste, 1974;

Rahier et al., 1989; Rahier & Karst, 2014) (Fig. 3A)

while HYD1 catalyses the Δ8 sterol into its Δ7 sterol

isomer (Souter et al., 2002). Until recently, this gene

was found only in higher plants. In C. reinhardtii, CPI1
is located on chromosome 16 (Fig. 3B, Table 3). The

genomic DNA spans 3.6 kb and the cDNA is 0.8 kb in

size. The CPI1 gene has 8 exons, and the protein is

predicted to have 7 transmembrane domains. The C.
reinhardtii CPI1 gene has sequenced ESTs which span

the entire transcribed message. HYD1 is found on

chromosome 12 (Table 3). The presence of both CPI1
andHYD1 as well as CAS1 in the C. reinhardtii genome

supports the idea that C. reinhardtii uses the higher

plant pathway to synthesize sterols.

CAS1, CPI1 and HYD1 are also found in other

algae

The presence ofCAS1, CPI1 andHYD1 inC. reinhardtii
raised the question of how prevalent these genes are in

other photosynthetic protists. While the number of

algal genomes that have been sequenced is still limited,

it appears that CAS1 (Fig. 2), CPI1 (Table 3) and HYD1

(data not shown) are present in all algal genomes ana-

lysed. This implies that these organisms all have the

capability of synthesizing sterols via a cycloartenol

intermediate. The algae investigated included the chlor-

ophytes Volvox carterii, Coccomyxa subellipsoidea,
Chlorella variabilis, Auxenochlorella protothecoides and
Helicosporidium; the prasinophytes Ostrecoccus luci-
marinus and Micromonas pusilla; the rhodophytes

Galdieria sulphuraria, Chondrus crispus and

Cyanidioschyzon merolae; the haptophytes Emiliania
huxleyi and Chrysochromulina; the bacillariophytes

Phaeodactylum tricornutum and Thalassiosira pseudo-
nana; the phaeophyte Ectocarpus siliculosus; the crypto-
monad Guillardia theta; the oomycetes Saprolegnia
parasitica and Aphanomyces invadans; and the hetero-

kont Aureococcus anophagefferens. A search of the

NCBI database revealed that all of these organisms

contain an orthologue of CPI1 (Table 3). In addition,

most of the organisms had an orthologue of HYD1

although some the alignments were not as strong. The

only other organisms that have these genes are land

plants (Table 3) and Dictyostelium (Desmond &

Gribaldo, 2009). In addition, each of the algae and all

of the plants were predicted to encode an orthologue of

CAS1 that contained the key amino acids that distin-

guish between a protein that catalyses the synthesis of

Table 3. Identification of CPI1 in other organisms.

Organism
%

coverage
%

identity

Land Plants Arabidopsis thaliana 99% 51%
Oryza sativa 98% 48%
Physcomitrella patens 96% 54%

Chlorophytes Volvox carteri 98% 89%
Coccomyxa subellipsoidea 94% 63%
Chlorella variabilis 99% 60%
Auxenochlorella
protothecoides

95% 59%

Helicosporidium sp. ATCC
50920

75% 59%

Prasinophytes Ostrecoccus lucimarinus 88% 49%
Micromonas pusilla
CCMP1545

94% 46%

Rhodophytes Galdieria sulphuraria 96% 50%
Chondrus crispus 83% 43%
Cyanidioschyzon merolae 96% 42%

Haptophytes Emiliania huxleyi CCMP1516 77% 50%
Chrysochromulina sp.
CCMP291

87% 46%

Bacillariophytes Phaeodactylum tricornutum 90% 46%
Thalassiosira pseudonana 90% 40%

Phaeophyte Ectocarpus siliculosus 94% 46%
Cryptomonad Guillardia theta CCMP2712 94% 43%
Heterokont Aureococcus anophagefferens 92% 47%

The percentage of the amino acids identical with the C. reinhardtii
protein is shown. The high percentage of coverage in most cases
indicates that sequences are complete and that the proteins are
conserved for their entire length.

Fig. 3. Structure of the CPI1 gene of Chlamydomonas
reinhardtii and schematic diagram of the chemical conver-
sion of cycloeucalenol to obtusifoliol. CPI1 helps open the
cyclopropane ring of cycloeucalenol to form obtusifoliol.
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lanosterol versus cycloartenol (Fig. 2). The CAS1 from

all of the algae are expected to catalyse the formation of

cycloartenol based on their predicted amino acid

sequences (Summons et al., 2006; Desmond &

Gribaldo, 2009). It is also notable that none of the

algae had an orthologue that matched lanosterol

synthase. The presence of CAS1 and CPI1 in these

genomes support the hypothesis that all of these algae

synthesize sterols via cycloartenol.

The CAS1/LAS1 proteins from the oomycetes S.
parasiticaand A. invadens were also included in this

analysis as they are also grouped with the hetero-

konts. The proteins from these two oomycetes

more closely aligned with LAS1 activity as they

have a valine at position 453, the amino acid that

most closely predicts lanosterol versus cycloartenol

activity (Desmond & Gribaldo, 2009). In addition

we were unable to find a gene or protein that

significantly aligned with CPI1 in either of the

oomycetes.

The sterol biosynthetic genes identified in the C.

reinhardtii genome are actively transcribed

There is substantial evidence that the genes of the

sterol biosynthetic pathway are actively transcribed in

C. reinhardtii. There are sequenced ESTs in the C.
reinhardtii genome that match each of the genes

presented in Table 1. In addition, next generation

sequence data confirms that all of the genes in this

proposed pathway are expressed (Table 4 and http://

genomes.mcdb.ucla.edu/Cre454/). In fact, there was

nearly complete coverage for all of the sterol genes.

We also investigated the expression of these genes

during reflagellation. Chlamydomonas reinhardtii
will drop its flagella when exposed for a short time

to a low external pH (pH 4.5). Once the external pH

is returned to normal (pH 6.5–7.5), the flagella will

regenerate over a period of a few hours (Harris,

1989). Since the flagellar membrane contains sterols

(Gealt et al., 1981), we measured the expression of the

sterol biosynthetic genes during the reflagellation. In

this study, we were able to obtain evidence for the

expression of each gene tested (Table 4). It was also

confirmed that each gene in the pathway was

expressed during reflagellation (Table 4 and http://

genomes.mcdb.ucla.edu/Cre454/). This analysis

showed that the genes thought to be involved in

sterol biosynthesis are actively transcribed during

the regrowth of the flagella in reflagellation.

Some of the genes involved in sterol biosynthesis

showed increases in expression during reflagellation

(Fig. 4). We investigated the expression levels of the

genes that synthesize the metabolic reactions after the

cyclization of squalene and found that the messages

for CAS1, SMT1, CPI1, CYP51A2 and HYD1 all

increase in expression at least 10-fold during reflagel-

lation (Fig. 4). The data in Fig. 4 show the average

increase in the expression levels 1 hour after defla-

gellation. This increase in expression continues for at

least 2–3 hours. A comparison of the transcript levels

for all seven genes at 30-minute intervals is shown in

Supplementary Fig. 1. These data provide further

support for the role of these genes in sterol

Table 4. Evidence for the expression of C. reinhardtii sterol biosynthetic genes.

Sterol gene EST evidencea 454 Sequence matchb

454 Sequence match
during flagellar
regenerationb

Quantitative Real
Time-PCRc

cycloartenol synthase Partial coverage Complete coverage Partial coverage Expression detected
sterol C-24 methyltranferase Complete coverage Complete coverage Full coverage Expression detected
Cylcoeucalenol cycloisomerase Complete coverage Complete coverage Full coverage Expression detected
sterol C-14 demethylase Complete coverage Complete coverage Full coverage Expression detected
C(8,7) sterol isomerase Complete coverage Complete coverage Full coverage Expression detected
C-4 sterol methyl oxidase Complete coverage Complete coverage Full coverage Expression detected
C-3 sterol dehydrogenase Complete coverage Complete coverage Full coverage Expression detected
ERG28 like Complete coverage Complete coverage Full coverage N.D.
C-5 sterol desaturase Complete coverage Complete coverage Full coverage Expression detected
C-22 sterol desaturase Partial coverage Complete coverage Full coverage Expression detected
C-24(28) sterol reductase Partial coverage Complete coverage Partial coverage Expression detected

ahttp://www.phytozome.net; bhttp://www.genomes.mcdb.ucla.edu/Cre454/; cThis work. N.D. = Not Determined.

Fig. 4. Transcript levels of sterol biosynthetic genes during
reflagellation. Fold increase in expression for seven genes of
the sterol biosynthetic pathway 1 hour after deflagellation
compared with control cells that did not undergo deflagella-
tion. The data are the mean (+/- standard error) of three
biological replicates, each done in duplicate. The primers
used in this qRT-PCR study are listed in Supplementary
Table 1.
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biosynthesis as C. reinhardtii makes new membranes

during reflagellation.

Discussion

Previous studies have reported on the lipid composi-

tion of C. reinhardtii membranes, but little was

known about the enzymatic mechanisms by which

these lipids are produced in this organism. This

paper presents a bioinformatics analysis of the genes

involved in ergosterol biosynthesis in C. reinhardtii.
In a review by Benveniste (2004), an analysis and

description of each gene in sterol biosynthesis found

in A. thaliana was presented and hallmark experi-

ments used to analyse each specific enzyme were

described. Comparing the material presented by

Benveniste (2004) and the two pathways for sterol

biosynthesis in S. cerevisiae and A. thaliana, we gath-
ered information to construct a putative pathway in

C. reinhardtii for further study and experimentation.

The presence of the three genes CAS1, CPI1 and

HYD1 in the C. reinhardtii genome strongly suggests

that this alga uses the higher plant branch of the

sterol biosynthetic pathway with cycloartenol as an

intermediate step. Cycloartenol synthase catalyses the

reaction from 2,3-epoxysqualene to cycloartenol. This

critical step is a major evolutionary branching point

between photosynthetic eukaryotes and non-photo-

synthetic organisms like yeast (Benveniste, 2004;

Fig. 1). For example, in S. cerevisiae, 2,3-epoxysqua-
lene is cyclized to lanosterol by a 2,3-lanosterol

synthase, or ERG7 (Benveniste, 1986). The hypothesis

that C. reinhardtii uses the cycloartenol pathway is in
agreement with the work of Miller et al. (2012) who
presented mass spectrometrics indicating ergosterol

in C. reinhardtii was made differently than in yeast.

In their work they observed most of the intermediates

for ergosterol and 7-dehydroporiferasterol shown in

Fig. 5. Notably they found cycloartenol but not lanos-

terol (Miller et al., 2012).
Functional complementation of yeast mutants

lacking lanosterol synthase with A. thaliana cycloar-

tenol synthases led to the discovery of the A. thaliana
gene (Corey et al., 1993). Very interestingly, A. thali-
ana cycloartenol synthase has been shown to produce

lanosterol when point mutations are present (Y410T

or H477N) (Herrera et al., 1998; Hart et al., 1999;
Segura et al., 2002; Benveniste, 2004; Lodiero et al.,
2005). Lanosterol synthase and cycloartenol synthase

are quite similar (more than 35% similarity between

the genes). Summons et al. (2006) identified key

amino acid differences between lanosterol synthase

and cycloartenol synthase. Amino acids at position

381, 449 and 453 (numbered according to the human

protein) are conserved among lanosterol and cycloar-

tenol synthase, while amino acid D455 is thought to

be a highly conserved catalytic residue (Summons

et al., 2006). Looking at these specific amino acids,

C. reinhardtii sequence aligns well with the higher

plant sequence for cycloartenol synthase (Fig. 2).

When cycloartenol is made, another enzyme,

cyclopropyl sterol isomerase (CPI1), is needed to

break the cyclopropane ring. The gene encoding

CPI1 is also present in the C. reinhardtii genome

with a 45% identity to the higher plant gene (Fig. 2;

Table 1). HYD1, which also participates in the

cycloartenol branch of sterol biosynthesis, is also

present in the C. reinhardtii genome. Thus cycloarte-

nol synthase (CAS1), cyclopropyl sterol isomerase

(CPI1) and C(8,7) sterol isomerase (HYD1) have all

been identified in the C. reinhardtii genome, support-

ing the idea that the algal model system does follow a

sterol biosynthetic pathway very similar to that of

higher plants. A proposed sterol biosynthetic pathway

in C. reinhardtii is shown in Fig. 5.

A survey of other algal species indicates that they

are also likely to use the cycloartenol branch of the

pathway. The genomes of all of the photosynthetic

organisms analysed so far have the CPI1 gene and

CAS1 instead of LAS1 (Fig. 2; Table 3). Our results

Fig. 5. Putative sterol pathway in Chlamydomonas rein-
hardtii showing the reactants and enzymes that catalyse
the steps to synthesize ergosterol in C. reinhardtii.
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confirm and extend the work of Desmond &

Gribaldo (2009) who looked at the CAS1/LAS1

sequences for a number of photosynthetic and non-

photosynthetic organisms. In the photosynthetic

organisms they checked, they found that the enzymes

that cyclized squalene had the amino acids that better

matched CAS1 than LAS1. It would appear that the

cycloartenol pathway is widespread in algae, as CAS1
and CPI1 were found in all of the eukaryotic algae

with sequenced genomes, which now includes a wide

variety of species (Fig. 2; Table 3). Organisms that did

not have the cycloartenol pathway were the oomy-

cetes, including Saprolegnia parasitica and

Aphanomyces invadans which are non-photosynthetic

heterokonts. The gene encoding the cyclization step

in these oocytes aligned more closely with LAS1 than

CAS1. In addition we were unable to identify CYP1 in
either organism. Since the photosynthetic hetero-

konts Phaeodactylum tricornutum, Thalassiosira pseu-
donana, Ectocarpus siliculosus and Aureococcus
anophagefferens all have CAS1 and CPI1, this raises

the possibility that the cycloartenol pathway is found

in most or all organisms that formed an endosym-

biotic association with a photosynthetic bacterium. It

is not clear whether alveolates have the cycloartenol

pathway. Sterols consistent with the higher plant

pathway were found in the alveolate (Chromera
velia) although CAS1, CPI1 and HYD1 were not

specifically identified (Leblond et al., 2012).
While it has been several decades since ergosterol

and 7-dehydroporiferasterol were identified in the cell

and flagella membranes in C. reinhardtii (Gealt et al.,
1981), there have been very few studies on the regula-

tion of sterol biosynthesis in this alga. Here evidence is

presented that the genes of the sterol biosynthetic

pathway are expressed and that many of them are

up-regulated during reflagellation (Fig. 4;

Supplementary Fig. 1). Our results are consistent

with those of Albee et al. (2013) who observed an

increase in expression of many of the genes involved

in the sterol biosynthesis pathway after deflagellation.

They observed an increase in expression of the sterol

pathway genes after farnesyl pyrophosphate synthase

but did not see an increase in expression in the genes

encoding proteins of the 2-C-methyl-D-erythritol 4-

phosphate pathway (Albee et al., 2013). The identifica-
tion of the sterol genes in C. reinhardtii will enhance
our knowledge of lipid biosynthesis in the alga and

allow for the study of interplay between diacylglycerol

biosynthesis and sterol biosynthesis. For example, in

other organisms, several processes in phospholipid

biosynthesis are regulated by ergosterol.

Phospholipid composition is affected by the transfer

rate of phospholipids by phosphoinositol-transfer pro-

tein when stimulated by ergosterol (Szolderits et al.,
1989). Ergosterol is also known to upregulate the

activity of phosphatidylinositol kinase (Dahl & Dahl,

1985; Dahl et al., 1987), and stimulate the methylation

of phosphatidylethanolamine to phosphatidylcholine

(Kawasaki et al., 1985). There is also evidence for

crosstalk between ergosterol and other lipid metabolic

pathways as ceramide production is down-regulated

when 3-hydroxy-3-methylglutaryl-CoA reductase, a

critical enzyme in ergosterol biosynthesis, is inhibited

by lovastatin in mammalian cells (Storey et al., 1998).
In addition, it has been found that ergosterol acts as an

anti-cancer agent, by inhibiting breast cancer cell

growth in vitro (Subbiah & Abplanalp, 2003).

Because metabolic engineering in yeast has opened

so many doors to understanding the ergosterol bio-

synthetic pathway (Wriessnegger & Pichler, 2013),

this may lead to future industrial and pharmaceutical

use of ergosterol from genetically engineered C. rein-
hardtii. Future studies can be performed to carefully

characterize these sterol genes and identify their sig-

nificance to other lipid biosynthetic pathways in this

model system.
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