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A B S T R A C T

Metabolic engineering is an emerging technology to modify the biochemical properties of living cells. In mi-
croalgae, metabolic engineering has often been directed towards optimizing the production of desirable lipids or
related bioproducts. Here we describe efforts to engineer the green alga Chlamydomonas reinhardtii for the
production of botryococcene, a drop-in biofuel precursor. Genes encoding farnesyl diphosphate synthase (FPS)
and squalene synthase-like (SSL)-1 and -3, were introduced into the chloroplast genome using biolistic trans-
formation. Through a series of construct modifications, we identified intergenic sequences that promote ex-
pression of stable, discrete transcripts. We also found amino acids that dramatically increased the accumulation
of SSL-3 when they were inserted at the N-terminal penultimate position, and similar manipulation of the N-
terminal sequence of FPS appeared to improve its protein level as well. However, SSL-1 only accumulated to
detectable levels when expressed as a chimera with SSL-3. In vitro assays showed that chloroplast-expressed SSL-
3 was enzymatically active, but not SSL-1, although the SSL-1-SSL-3 chimeras were active when expressed in
yeast. Taken together, our results suggest that the N-terminal sequence and other cellular factors are important
when heterologous proteins are expressed in this model algal species.

1. Introduction

The adaptation of microalgae as factories for useful molecules has
received much attention in the past decade, whether for biomass pro-
duction, oil production, or as a means to produce antigens or other
health-related products. While there have been recent advances in the
mutagenesis and transformation of various algal species (reviewed in
[1,2]), the main species for proof of concept for potential production
has been the green alga Chlamydomonas reinhardtii. C. reinhardtii is often
selected because of its extensive toolbox including a high-quality
genome sequence, simple transformability of each of its genetic com-
partments, facile genetic crosses, and rapid growth under laboratory
conditions [3,4]. It has challenges for scaled production, however,
which has limited its adoption for commercial platforms [5].

We have been using C. reinhardtii as a model for optimizing lipid
production, based on using a lab-on-chip platform to screen for desired
growth and production properties [6]. This initial screen was to detect
and isolate strains with mutagen-induced properties of increased

growth rate and/or lipid production, and demonstrated the potential of
a microfluidic approach. Other related approaches have also been used
to screen C. reinhardtii populations for variation in growth rate or lipid
content [7,8]. Together, published results suggest that an approach of
beginning with genetically modified cells, followed by high-throughput
screening for enhanced traits, is a timely strategy.

The current work describes attempts to modify C. reinhardtii chlor-
oplast metabolism to divert molecules from the isoprenoid pathway
into production of specialized hydrocarbons called botryococcenes.
Botryococcenes are a class of long-chain triterpenes found in the green
colonial microalga Botryococcus braunii. The colonies of B. braunii may
contain up to 80% hydrocarbon content (typically 30–50%; [9,10]).
However, they are relatively slow growing, in their infancy in terms of
genetic manipulation, and face challenges for large-scale production of
biomolecules [10,11]. Analysis of B. braunii genes and the encoded
proteins has shown that the C30 botryococcene found in this species is
generated through the action of two enzymes; squalene synthase-like 1
(SSL-1) produces presqualenediphosphate (PSPP) from two molecules
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of farnesyl diphosphate (FPP), while SSL-3 converts PSPP to C30 bo-
tryococcene (Fig. 1A; [12]). C30 botryococcene is then methylated by
the enzyme triterpene methyltransferase-3 (TMT-3) to produce mono-
and dimethylbotryococcenes (Fig. 1A) [13], and by an unidentified
enzyme(s) to produce tri- and tetramethylbotryococcenes.

The ability to divert isoprenoid precursors into botryococcenes was
demonstrated in tobacco and the monocot Brachypodium distachyon

through both cytosolic and chloroplast-localized pathways [14–16].
Additionally, botryococcene production has been targeted to the seeds
of Arabidopsis thaliana [17]. In the case of tobacco, the chloroplast
pathway was far more efficient, and transgenic plants produced sig-
nificant levels of the desired compounds. However, plant growth and
development was severely affected, possibly through an impact on
membrane structure. The chloroplast pathway in B. distachyon,

Fig. 1. Construct design for the transformation of C. reinhardtii chloroplasts with the botryococcene biosynthetic pathway.
(A) The botryococcene biosynthetic pathway in B. braunii race B. Isopentenyl diphosphate is synthesized in the chloroplast and exported to the cytosol, where FPS
sequentially condenses three isopentenyl diphosphate molecules/isomers into FPP. SSL-1 condenses two FPP molecules into PSPP, SSL-3 converts PSPP to C30

botryococcene, and TMT-3 transfers the methyl donor group from S-adenosylmethionine to C30 botryococcene to form dimethylated botryococcene. (B) Chloroplast
transformation vector p16SOlacAF. The vector contains an inducible gene expression system (promoters and terminators in white boxes; GOI, gene of interest). The
expression system consists of the C. reinhardtii 16S promoter (Prrn16, striped box) and rbcL 5’ UTR (stippled box), E. coli lac operators (open circles), C. reinhardtii psbA
terminator following the GOI, and the Lac repressor cassette (lacI driven by the C. reinhardtii atpA promoter and flanked by the E. coli rRNA terminator). The non-
photosynthetic DEVL mutant, which has an aadA cassette replacing most of the rbcL gene, was used as the transformation recipient; the sequences for homologous
recombination are indicated by broken lines. (C) Construct design. B. braunii SSL-1 and SSL-3, and chicken FPS coding regions were codon-optimized for C. reinhardtii
chloroplasts and incorporated into the p16SOlacAF vector (only the GOI region is illustrated). The biosynthesis genes were designed to encode epitope tags (light
gray boxes, not to scale) at the enzyme N- or C- terminus: FPS-Myc, 6xHis-SSL-1, and FLAG-SSL-3. Promoters are shown as striped boxes, 5’ UTR sequences as stippled
boxes; lac operators are depicted as ovals. The pV2-U construct contains a single promoter (16S promoter flanked by two lac operators), and has rbcL, atpB, and psbD
5’ UTRs preceding the FPS, SSL-1, and SSL-3 genes, respectively. The terminators for FPS, SSL-1, and SSL-3 are E. coli thrA 3’ UTR, and C. reinhardtii petD and psbA 3’
UTRs, respectively; the C. reinhardtii chloroplast trnE1 (between thrA 3’ UTR and atpB 5’ UTR) and trnR1 (between petD 3’ UTR and psbD 5’ UTR) genes are drawn as
diamonds. pV2-P was generated from pV2-U by adding atpB and psbD promoters to atpB 5’ UTR-SSL-1 and psbD 5’ UTR-SSL-3, respectively. A third construct (pV3)
has the same design as pV2-P, except a Glu or Val codon (marked by an asterisk) is inserted after the start codon. The N-terminal sequence of each enzyme is shown
below pV3.
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however, severely affected plant development and reproduction, likely
due to sensitivities of chloroplast isoprenoid metabolism, and resulted
in lower botryococcene levels than those obtained through the cytosolic
pathway. Botryococcene production has also been realized in yeast and
several other microbes [12,18,19]. The conceptual basis exists, there-
fore, to extend this approach to the genetically tractable C. reinhardtii,
which in addition to the attributes mentioned above, is a facultative
heterotroph and therefore insulated against major impacts on photo-
synthesis. Here we have engineered the C. reinhardtii chloroplast
genome to express proteins required for botryococcene production. Our
results illustrate both the possibilities and limitations of this approach,
and highlight opportunities for further refinement and optimization.

2. Results

2.1. Gene cassette design and selection of intergenic regions

We elected to conduct our attempts to engineer C. reinhardtii for
botryococcene production through the introduction of chloroplast
transgenes. In C. reinhardtii, chloroplast transgenes are placed at precise
locations through homologous recombination and unlike nuclear
transgenes, are not subject to silencing [20]. Furthermore, the chlor-
oplast is polyploid, with an estimated 83 copies of the chloroplast
genome per haploid cell [21], often conferring high levels of transgene
expression. Additionally, the chloroplast is a major site of lipid bio-
synthesis, and thus is an appropriate compartment for engineered oil
production. Finally, the upstream isoprenoid pathway in green algae is
localized to the chloroplast [22].

We initially attempted to express all necessary exogenous enzymes
(Fig. 1A) under the control of an IPTG-inducible promoter (pV1, Fig.
S1A). The efficacy of this lac operator system, consisting of the lacI
repressor gene (expressed constitutively) and two LacI binding sites
(operators) flanking a chloroplast rRNA promoter (Figs. 1B and S1A),
has been previously reported [23]. This regulated promoter was de-
signed to drive expression of farnesyl diphosphate synthase (FPS),
squalene synthase-like-1 and -3 (SSL-1/SSL-3), and triterpene methyl-
transferase-3 (TMT-3). FPS was overexpressed to increase the FPP pool
for utilization by SSL-1 and subsequent conversion to botryococcene by
SSL-3. Additionally, using online cellular localization prediction tools,
the C. reinhardtii FPS (Uniprot A8IX41) is predicted to be localized in
the cytosol. TMT-3 was used to methylate botryococcene in order to
increase the amount of carbon in the biofuel precursor. The operon was
designed to be inserted downstream of the rbcL gene, which was used as
a selectable marker for transformation. The recipient strain, DEVL, has
a deletion spanning most of rbcL, and recovery of photoautotrophic
growth can be used for transformant selection [24]. Furthermore, DEVL
possesses an aadA transgene, which confers streptomycin and specti-
nomycin resistance (Fig. 1B). Insertion of the botryococcene operon
should be accompanied by deletion of aadA, and thus the absence of the
aadA gene can be used to verify that transformants are homoplasmic
(see Experimental procedures).

FPS, SSL-1, SSL-3 and TMT-3 coding sequences genes were syn-
thesized to be in agreement with C. reinhardtii chloroplast codon usage,
and interspersed with intergenic spacers derived from Arabidopsis
chloroplasts (see Experimental procedures and Fig. S1A). Although in-
tercistronic expression elements (IEEs; [25,26]) have been used to en-
sure processing of heterologous polycistrons into monocistrons and
translation of heterologous proteins in land plant chloroplasts, it is
unclear whether these IEEs can be correctly recognized and processed
in an algal chloroplast, given that land plants and C. reinhardtii have
distinct groups of RNA binding proteins [27]. Instead of seeking algal
IEEs, which were little studied when we began this project, we decided
to take an alternative approach to maintain a translatable heterologous
polycistron. The chosen transcribed intergenic regions, psbL/psbJ, psaB/
rps14, and psaC/ndhD, were well studied in our laboratory; these RNA
sequences remain unprocessed in Arabidopsis, resulting in polycistron

accumulation in the chloroplast [28]. This observation suggested that
these regions are likely free of RNase recognition sites, or may bind
proteins that protect the polycistrons from being processed in these
regions.

In addition, these intergenic sequences solely connect protein-
coding genes and should therefore include ribosome-binding sites (RBS)
for the downstream genes. While interchangeability of chloroplast RBS
between species may not be universal, prokaryotic characters of gene
expression are well conserved among chloroplasts, and both C. re-
inhardtii and artificial 5’ UTRs have been successfully used in trans-
plastomic constructs in plants [29,30]. If these sequences promote RNA
stability and translation, they would make excellent building blocks for
algal synthetic biology as they are short (less than 150 bp) and may
promote equimolar production of each protein in a polycistron. Each
coding region was also flanked by a single epitope tag (Myc, 6xHis,
FLAG, or HA; Fig. S1A). Epitope tags were attached to either the N- or
C-terminus of these enzymes based on data indicating locations that did
not disrupt enzyme activities (J. Chappell, personal communication).
The constructs were initially expressed in E. coli and after IPTG in-
duction, bacteria carrying the pV1 construct produced FPS (Fig. S1B),
demonstrating the efficacy of the inducible system. SSL-1 and SSL-3
were also detected, suggesting the RBS derived from A. thaliana psbL/
psbJ and psaB/rps14 were recognized by E. coli ribosomes, and would
likely function in the algal chloroplast. We did not detect TMT-3 in
bacteria (data not shown).

Having successfully tested functionality in E. coli, algal chloroplast
transformation was conducted. Once homoplasmic transformants were
obtained, cultures were grown to early log phase and then divided in
half, with IPTG added to one aliquot. We tested induction at the RNA
level for up to 24 h in preliminary experiments, and determined that
induction peaked within 24 h. A more extensive time course was then
performed to detail the induction and turnover of transcripts, as shown
in Fig. S1C. The results showed a near-total repression of transcript
accumulation in the absence of IPTG, and substantial RNA accumula-
tion in its presence. Thus, the lac operator was functioning as expected.
Total RNA was analyzed using gel blots with probes for each gene, all of
which identified a ∼5 kb transcript of the size expected for an mRNA
initiating at the rrn16 promoter and terminating between TMT-3 and
lacI (Fig. S1C). Numerous shorter bands were also observed, however,
suggesting that the full-length transcript was unstable, and/or that
undesired transcription termination was occurring at various points in
the operon.

To check for expression of operon-encoded proteins, antibodies that
recognized each of the four epitope tags were used. Multiple experi-
ments, however, failed to provide evidence for expression at the protein
level (Fig. S1D). This suggested either that the transcripts were not
efficiently translated, and/or that the synthesized proteins were subject
to rapid proteolysis.

Under the working hypothesis that instability and/or untranslat-
ability of the polycistronic transcript led to the results shown in Fig.
S1C and D, we created a second generation of constructs that would
produce individual transcripts. As shown in Fig. 1C, pV2-U was de-
signed to express FPS, SSL-1 and SSL-3 from a single, inducible pro-
moter, but added intergenic RNA processing sites in the form of C. re-
inhardtii chloroplast tRNA genes, as previously employed in another
transgenic context [31]. These tRNAs were preceded by inverted re-
peats, which are intended to form stem-loop structures that should
stabilize the transcripts following tRNA excision. To further protect
transcripts and promote successful translation, C. reinhardtii atpB and
psbD 5’ UTRs were placed before SSL-1 and SSL-3, respectively. This
design is similar to tobacco synthetic operon modules containing 3’
UTR-IEE-5’ UTR intergenic sequences [25]. Plasmid pV2-P was similar
to pV2-U, except that each cistron was preceded by its own promoter
(atpB and psbD promoters). In this case, FPS should be inducible but
SSL-1 and SSL-3 should be expressed constitutively. TMT-3 was re-
moved from the construct as the gene encodes a methyltransferase that
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modifies botryococcene, but is not essential for producing unmodified
C30 botryococcene (Fig. 1A). A third construct, pV3, will be discussed
below, but is identical to pV2-P except that an extra amino acid is in-
serted following the initial Met codon.

Fig. 2A and B show RNA expression from strains V2-U and V2-P,
respectively. In V2-U, FPS and SSL-1 were IPTG-inducible and correctly
processed from a polycistron. A ∼3.5-kb transcript identified by the
SSL-1 probe was also induced by IPTG, and likely represents a dicistron
containing FPS and SSL-1. The SSL-3 transcript failed to accumulate,
and the non-inducible signals for SSL-3 in Fig. 2A are likely non-specific
rRNA hybridization. It is possible that the polycistron was not fully
transcribed and/or that the processed SSL-3 mRNA was degraded (see
Discussion). When SSL-3 was provided its own promoter in strain V2-P,
its RNA abundance mirrored that of FPS (after induction) and SSL-1,
establishing a three-cassette design that yields accumulating transcripts
of three foreign genes in the algal chloroplast (in addition to the lacI
cassette). Similar to V2-U, long transcripts were observed in V2-P,
suggesting incomplete transcription termination of 3’ UTRs: a 3.5-kb
transcript, likely a FPS-SSL-1 dicistron in the FPS blot, and a 5 kb tri-
cistron identified by the SSL-1 and SSL-3 probes. In spite of producing
readily detectable transcripts, transgene-encoded proteins were ex-
tremely difficult to detect in the V2 strains (Fig. S2). Only SSL-3 could
be detected by immunoblot, at a low level, as shown for strain V2-P
(Fig. S2C). Therefore, the failure to accumulate the desired foreign
proteins in strain V1 could not be ascribed to the operon design, leaving
open the question of whether translatability or protein instability ac-
counted for the observed results.

2.2. The penultimate N-terminal residue can promote protein accumulation
and functional SSL-3

Because the cis elements in our pV2 constructs consisted of well-
characterized sequences that should promote transgene expression, we
hypothesized that protein instability was an important limitation in our
work. The N-end rule is a well-studied mechanism in prokaryotes and

eukaryotes in which the protein N-terminus, often the second encoded
amino acid after N-terminal methionine excision, or a residue revealed
through other post-translational modifications, may be stabilizing, de-
stabilizing, or neutral [32]. There is little experimental evidence
bearing on an N-end rule in chloroplasts, however a series of GFP-based
transgenes introduced into tobacco chloroplasts suggested a protein
stability hierarchy consistent with such a rule [33]. N-terminal se-
quencing of Arabidopsis chloroplast proteins also showed a significant
bias in the N-terminal amino acid, again consistent with an N-end rule
[34].

We compared the second encoded amino acids of chloroplast-en-
coded proteins from C. reinhardtii with those of tobacco (Fig. 3A). With
a few exceptions the frequencies in the two species were similar and
furthermore, Ser, Thr, and Ala are also the most frequently encoded
second amino acids in Arabidopsis chloroplasts [34]. In terms of puta-
tive stabilizing function we relied on experimental data from tobacco,
which identified Glu, Met and Val as the most stabilizing residues, after
taking into account RNA accumulation and translation rate [33]. On the
other hand, the pV1 and pV2 constructs encoded His and Asp as second
amino acids, which in tobacco were inferred to be among the most
destabilizing.

To test whether transgene expression could be improved by utilizing
this knowledge, we inserted Val or Glu codons immediately down-
stream of the initiating Met in FPS, SSL-1 and SSL-3, as shown in Fig. 1C
(pV3). RNA analysis of V3 strains carrying various N-terminal combi-
nations showed that as in the progenitor V2 strain, FPS was inducible
and the SSL genes were constitutively expressed (Fig. 3B; the three-
letter abbreviations denote the inserted amino acids at the second po-
sitions in FPS, SSL-1, and SSL-3, respectively). Protein analysis showed
that SSL-3 was readily detected whether the second encoded amino acid
was Val (EVV, VVV) or Glu (VEE, VVE; Fig. 3C). A direct comparison of
V2 and V3 RNA and protein levels is shown in Fig. 3D, and suggests that
the single amino acid insertion dramatically improves SSL-3 accumu-
lation. Nevertheless, there are additional factors determining the levels
of FPS and SSL-1 in the chloroplast, as these proteins remained

Fig. 2. Selecting intergenic sequences for robust production of discrete transcripts.
Transcript profiles of representative V2-U (A) or V2-P (B) strains. Cultures were untreated (−) or treated (+) with 5 mM IPTG to induce transgene expression;
samples were collected before (0 day) and one day after the addition of IPTG. Transcript levels were analyzed by RNA blot, and the 25S rRNA band is shown to reflect
loading. The major processed product of each transcript is indicated by an arrowhead.
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undetectable with either Glu or Val insertions (Fig. S3).
To further explore the effect of the second amino acid on SSL-3

accumulation, an SSL-3-only construct was used to test five different
amino acids at the N-terminal penultimate position. Glu and Val in-
sertions again resulted in SSL-3 accumulation as did Met, consistent
with results in tobacco chloroplasts (Fig. S4). Though His was reported

to be most destabilizing for GFP, SSL-3 was little affected by this in-
sertion (Fig. S4). Most surprisingly, when an Asp was inserted, resulting
in a Met-Asp-Asp-Tyr N-terminal sequence compared to the original
Met-Asp-Tyr (in V1 and V2 strains), SSL-3 also accumulated to an
equivalent level (Fig. S4). This result suggests that instead of protein
abundance being determined by a particular amino acid at the second

Fig. 3. Inserting Glu or Val at the N-terminal penultimate position promotes SSL-3 accumulation.
(A) Frequency of amino acid occurrence at the second position of chloroplast-encoded ORFs in tobacco (Nt) and C. reinhardtii (Cr). (B) and (C) Transcript (B) and
protein (C) profiles of representative V3 strains. Each strain is shown as a three-letter abbreviation indicating the amino acids inserted at the second positions of FPS,
SSL-1, and SSL-3, respectively. Algal cultures were split into untreated (−) and IPTG-induced (+) fractions; both fractions were collected at the 24-h time point after
the addition of IPTG. Transcripts were analyzed by RNA blot, and the 25S rRNA is shown to reflect loading. Proteins were analyzed by immunoblot, with the Rubisco
large subunit (LS) shown to reflect loading. (D) Comparison of SSL-3 transcript and protein levels in V2 and V3 strains. V2-P and V3-VVE were grown in tandem to
∼1 × 107 cells/mL, and equal numbers of cells were analyzed by immunoblot. Equal amounts of total RNA were analyzed by gel blot. (E) In vitro activity of SSL-3
produced in C. reinhardtii. Cell lysates were prepared from wild-type (CC-125) and the V3-VVE strain, and incubated with (+ SSL-1) and without recombinant SSL-1
(− SSL-1) and radiolabeled FPP. A reaction with recombinant SSL-1 and SSL-3 (SSL-1 + SSL-3) was included as a positive control. The average and standard
deviation of duplicate data are shown.
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position, a key factor is the distance of a downstream element(s) in the
SSL-3 RNA or protein sequence from the initial Met/start codon (see
Discussion).

To determine whether the SSL-3 protein produced in C. reinhardtii
chloroplasts is enzymatically active, a cell lysate was prepared from a
V3-VVE line for an in vitro activity assay (Fig. 3E). To do so, radi-
olabeled FPP was incubated with the lysate along with E. coli-produced
SSL-1, and the production of labeled botryococcene was analyzed.
Additionally, the production of labeled squalene was analyzed since
SSL-3 can also convert SSL-1-produced PSPP into squalene [12]. E. coli-
expressed and purified SSL-1 plus SSL-3 proteins were used as a positive
control. Only the VVE lysate plus SSL-1 successfully converted radi-
olabeled FPP into botryococcene (Fig. 3E, VVE + SSL-1), as did bac-
terial recombinant SSL-1 and SSL-3 (Fig. 3E, SSL-1 + SSL-3), suggesting
that the C. reinhardtii-produced SSL-3 protein is functional. Radi-
olabeled squalene was produced by wild-type (CC-125) and VVE lysates
since C. reinhardtii has an endogenous squalene synthase [35]. In the
absence of bacterial SSL-1, the VVE lysate synthesized only a low level
of labeled squalene but not botryococcene (Fig. 3E), in accord with the
lack of SSL-1 signal in the immunoblots.

2.3. Botryococcene was not detected in the presence of chloroplast FPS and
SSL-1-SSL-3

Compared to co-expressing SSL-1 and SSL-3 as individual proteins,
SSL-1-SSL-3 and SSL-3-SSL-1 fusions, connected by a triplet repeat
linker of GGSG, synthesized more than twice as much botryococcene in
transgenic yeast [12]. Since our V3 strains with modified SSL-3 N-ter-
mini produced functional SSL-3 and reasonable protein accumulation,
we hypothesized that SSL-3-SSL-1 chimeras would benefit from this N-
terminal sequence, allowing the accumulation of SSL-1 sequences and
its attendant activity. The same peptide linker, with its coding sequence
adjusted according to C. reinhardtii chloroplast codon bias, was used to
attach SSL-1 to the C-terminus of Glu-inserted SSL-3 (Fig. 4A, pV4a).
We also designed an inverted version of the chimera in which SSL-1 is
at the N-terminus, followed by the GGSG repeat and Glu-inserted SSL-3
(pV4b). The SSL-1 polypeptide in both chimeras was no longer epitope-
tagged, while SSL-3 maintained its N-terminal FLAG tag. Both chimeric
sequences were placed in the SSL-3 cassette (psbD promoter and 5’ UTR
and psbA 3’ UTR found in pV2, pV3, and SSL-3-only constructs). Ad-
ditionally, since Val and Glu did not improve FPS and SSL-1 levels in V3
lines, Met, another strong stabilizing amino acid at the second position
in tobacco [33] that also yielded SSL-3 accumulation (Fig. S4) was in-
serted to replace the second Val/Glu of FPS and the SSL-1 moiety of
SSL-1-SSL-3. We also swapped the C-terminal Myc-tag of FPS for a
FLAG-tag, which had worked well for SSL-3.

We screened more than 50 putative transformants of each construct
for chimeric protein levels and identified two SSL-1-SSL-3 strains, #24
and #37, with the highest amount of fusion protein (Fig. 4B). RNA gel
blot analysis showed that the FPS transcript was induced by IPTG, as
expected, and that the SSL-1-SSL-3 chimeric transcript was con-
stitutively expressed from the psbD promoter (Fig. 4C). After 36 h of
induction, a small amount of FPS protein was detected (Fig. 4B), in-
dicating that the Met insertion and/or a C-terminal FLAG tag improved
FPS accumulation relative to Val or Glu and a Myc tag at the same
positions. SSL-1-SSL-3 was present as a band estimated at 92 kD, the
size expected for a fusion protein. This represented our first success in
detecting SSL-1 protein sequences, which we ascribe to some or all of
the following: 1) engineering the second encoded amino acid as Met; 2)
changing non-coding sequences surrounding the SSL-1-containing
transgene from the atpB 5’ UTR and petD 3’ UTR to those of psbD and
psbA, respectively; and/or 3) fusing SSL-3 to the C-terminus of SSL-1.
SSL-3-SSL-1 transformants were also screened, however none showed
equivalent protein expression to strains #24 and #37 derived from
pV4b (data not shown).

The activity of the SSL-1-SSL-3 protein was then tested through in

vitro assays of cell lysates (Fig. S5). We found that while there was weak
SSL-3 activity, SSL-1 activity was not detected as shown by the lack of
botryococcene production in lysates without the addition of re-
combinant SSL-1 (panel A). IPTG-induced strains were further analyzed
by GC–MS, and production of botryococcene was not detected, sug-
gesting SSL-1 was inactive in vivo as well (Fig. 4D). It is also possible
that the chloroplast FPS was inactive in vivo and did not produce FPP,
the precursor of botryococcene. The activity of chloroplast FPS was not
assayed due to the inability to distinguish the activity of native C. re-
inhardtii FPS from the introduced, heterologous enzyme. Since B. dis-
tachyon expressing a chloroplast-targeted SSL chimera but not FPS still
produced botryococcene [16], FPS is an unlikely culprit for un-
detectable botryococcene production in V4b. To test whether our con-
structs are able to produce functional fusion enzymes in a different
context, we expressed the chimeric sequences in yeast following an
established protocol [12]. The Chlamydomonas chloroplast SSL fusion
genes were likely to function in yeast, since when they were analyzed
for their codon adaptation index value [36] using yeast codon usage
tables, a value of 0.891 was obtained, close to the maximum theoretical
value of 1. GC–MS analysis of the yeast transformants showed that both
chimeric designs resulted in the production of botryococcene, demon-
strating that the encoded fusion proteins were successfully expressed
and enzymatically active (Fig. S6). These results suggest that the SSL-1
activity was impaired in C. reinhardtii chloroplasts. Potential strategies
to resolve this inactivity and advance metabolic engineering in algal
chloroplasts are discussed below.

3. Discussion

In this study, we advanced the state of C. reinhardtii chloroplast
transformation for production of foreign proteins through an iterative
series of modifications. First, we employed the lac operon system de-
vised by Kato et al. [23], which to our knowledge had not been further
tested. Both repression in the absence of IPTG, and strong RNA ex-
pression in its presence, were confirmed. Second, we found that crea-
tion of operons, a single promoter coupled with a tRNA punctuation
model, and multiple promoters all showed promise, although RNA in-
stability and transcription termination may be confounding factors.
Finally, we found that codon-optimized transcript and/or peptide se-
quences of FPS, SSL-1, and SSL-3, did not necessarily lead to protein
accumulation in the organelle. Through inserting an amino acid at the
penultimate position of these proteins, and in the case of SSL-1, re-
moving an N-terminal tag and linking it to the N-terminus of SSL-3 as
well, we were able to detect all three proteins in the alga. All five amino
acids tested, Met, His, Val, Glu, and Asp, were able to increase the level
of SSL-3 when they were inserted as the second amino acid. With a Met
insertion and C-terminal FLAG tag, FPS accumulated at a low level after
its production was induced, while the original and Val/Glu-inserted
FPS-Myc proteins were undetectable. Although the detailed mechanism
is unknown, our results suggest that a single amino acid insertion at the
N-terminus may be applicable as a rapid strategy to rescue poor
transgenic protein accumulation in the chloroplast, a problem en-
countered in some other attempts to overexpress foreign proteins in C.
reinhardtii chloroplasts [37,38].

An early report showed that transcripts with spinach and wheat
chloroplast 5’ UTRs were unstable in C. reinhardtii chloroplasts [39].
Though our V1 transcript contains a C. reinhardtii 5’ UTR, we observed
extensive processing/degradation of the polycistron, suggesting addi-
tional sequence element(s) may control transcript stability in the algal
chloroplast. The instability may be caused by incompatibility between
the transcript and C. reinhardtii RNA-binding proteins. Chloroplast
transcripts often depend on sequence-specific nucleus-encoded proteins
to define their termini and protect them from ribonucleases which may
otherwise be indiscriminate [40]. In C. reinhardtii, the main protein
family with this role appears to be octotricopeptide repeat (OPR) pro-
teins, for which over 120 members are encoded [27,41]. The V1
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transcript with Arabidopsis intergenic sequences might not be re-
cognized in the algal chloroplast, leaving it vulnerable to en-
donucleolytic cleavage. Data from the C. reinhardtii ncc1/ncc2 mutants
also suggest that certain OPRs may promote transcript degradation
through RNA interactions [42].

To promote processing in intergenic regions, we included tRNA
sequences in the second-generation constructs (Fig. 1C), akin to a
previous strategy we employed in the study of 3’ RNA stability elements
[31]. We also modified the UTR sequences of transgenes to improve
transcript stability. So far, C. reinhardtii nuclear factors that are known
to stabilize/mature chloroplast transcripts all target the 5’ end, while
stem-loop structures in 3’ UTRs define and protect the 3’ end of tran-
scripts [27]. We therefore integrated C. reinhardtii chloroplast 5’ UTRs
and a 3’ UTR that is predicted to form a stem-loop into the V2 con-
structs. One E. coli 3’ stem-loop known to stabilize a transcript in the
algal chloroplast [43] was adopted as well. The processing of the V2-U

polycistron into monocistrons resulted in two discrete and accumu-
lating transcripts, FPS and SSL-1 (Fig. 2A). Therefore, the intergenic
sequence (E. coli thrA 3’ UTR-C. reinhardtii trnE1-atpB 5’ UTR) between
these two genes can potentially be used for designing algal synthetic
operons and its length (548 bp) is comparable to the recently tested
algal IEE sequences, psbN-psbH (569 bp) and tscA-chlN (650 bp, [44]).
Whether such transcripts can be translated, however, remain to be
tested.

The failure to detect the SSL-3 transcript in V2-U could in principle
result from transcription termination at the petD 3’ UTR flanking SSL-1,
however no C. reinhardtii stem-loop has been found to terminate at
greater than a 50% rate [45]. There are cases, however, where 3’
processing at stem-loops is coupled to a vectorial degradation of the
sequences downstream [46], a process that seems to involve interac-
tions with nucleus-encoded factors [47]. We also cannot rule out that
cryptic RNA instability elements exist within the SSL-3 moiety. In

Fig. 4. FPS and SSL-1-SSL-3 proteins are produced in the fourth-generation strains.
(A) Construct designs for SSL fusions. pV4a and pV4b contain the same controllable gene expression system as previous constructs, and the lac operators are depicted
as ovals. Dotted lines are used to connect different DNA elements and do not represent actual sequences. Promoters are shown as striped boxes, and 5’ UTR sequences
as stippled boxes (16S promoter flanked by two lac operators and rbcL 5’ UTR for FPS; psbD promoter and 5’ UTR for SSL fusion genes). The terminators for FPS and
the SSL fusion genes are E. coli thrA 3’ UTR and C. reinhardtii psbA 3’ UTRs, respectively; the C. reinhardtii chloroplast trnE1 is drawn as a diamond and separates two
gene cassettes. FLAG tag coding sequences are shown as light gray boxes (not to scale). An asterisk depicts the insertion of amino acid at the second codon position: a
Met insertion in FPS, a Glu insertion in SSL-3 of pV4a, and Met and Glu insertions in SSL-1 and SSL-3 of pV4b. The 3xGGSG linker coding sequences that connect SSL-
1 and SSL-3 genes are shown as black boxes. (B) and (C) V4b protein and transcript profiles. Cultures were split into untreated (−) and IPTG-induced (+) fractions;
both fractions were collected at the time points shown after IPTG addition. Equal numbers of cells were used for immunoblot analysis, and equal amounts of RNA
were analyzed by gel blot. The major protein and transcript species are indicated by arrowheads. A FLAG antibody cross-reacting protein of 45 kD is marked by an
asterisk. (D) GC–MS profiles of n-hexane extracts of the V4b strains. Panels I-III, V4b strain #24. I, 12 h; II 36 h; III, 48 h after IPTG addition. Panels IV-VI, V4b strain
#37. IV, 12 h; V 36 h; VI, 48 h after IPTG addition. VII, C30 botryococcene standard.
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particular, SSL-3 in V2-U, where it fails to accumulate, vs. V2-P, where
it does accumulate, contain different 5’ sequences. The difference lies
between the tRNAArg moiety and the 74-nt psbD 5’ UTR, where a 50-nt
sequence downstream of trnR is adjacent to psbD 5’ UTR in V2-U, but
the psbD promoter is interspersed between trnR and the psbD 5’ UTR in
V2-P. Therefore, the SSL-3 transcript in V2-U likely contains a 5’ UTR
longer than 74 nt after tRNA processing compared to its counterpart in
V2-P, where the 5’ UTR would be restricted to psbD promoter-derived
sequences. The psbD 5’ UTR is known to be processed into a 47-nt-long
sequence in the context of the predominant and actively translated form
of psbD RNA [48]. This processed sequence contains a critical stabi-
lizing element in its first 12 nucleotides, and the maturation of the short
form from the long form seems to be essential for the stability of the
short form [48]. Additionally, a 47-kD protein is known to bind the long
but not short form of the psbD 5’ UTR [49], and this protein and pos-
sibly other trans-acting factors may be required for the maturation and
stability of the transcript. In V2-U, the additional sequence preceding
the 74-nt UTR may interfere with the binding of such trans-factors and/
or mask the stabilizing element in the sequence, resulting in unstable
transcripts.

While V2-P strains produced apparently abundant transcripts for
each gene, we were unable to detect FPS and SSL-1 by immunoblotting,
and SSL-3 only accumulated at a low level (Fig. S2). This implicates
translation initiation, translation elongation, and/or protein instability
as culprits. Based on a previous publication in tobacco chloroplasts
using a GFP reporter [33], we inserted Glu or Val at the second position
of transgenic proteins in V3 strains, a slightly different strategy than the
second position substitution in the tobacco study. While both Glu and
Val insertions increased the level of SSL-3 (Fig. 3C), FPS and SSL-1
remained undetectable (Fig. S3). Similarly, GFP proteins with different
N-terminal fusions (8–9 residues of N-terminal peptides from certain
chloroplast proteins), but with the same second amino acid, accumu-
lated at distinct levels [33]. Together, our results and previous reports
suggest that there are N-terminal elements other than the penultimate
amino acid determining the protein level. Since the transcript levels of
the second- and third-generation SSL-3 were comparable (Fig. 3D), it is
possible that the translation efficiency of SSL-3 increased and/or the
degradation rate of the protein decreased in the third-generation strain.
A previous study has shown that the 5’ coding region of a chloroplast
transgene was critical for translation initiation, and a 30-bp insertion in
the 5’ coding region allowed translation of an otherwise untranslatable
viral coding sequence [50]. An inhibitory sequence may also be in the
5’ coding region of our transgenes. The effect of coding region de-
terminants on foreign protein production was also encountered when C.
reinhardtii chloroplasts were engineered to produce insecticidal toxins
[51].

The N-end rule is an important protein degradation pathway found
in the cytoplasm of bacteria and eukaryotes. Although mechanisms
controlling this pathway are different in bacteria and eukaryotes, the
protein degradation follows similar routes: (i) proteins with a primary
destabilizing N-terminal residue are recognized and sent for degrada-
tion, and (ii) if the N-terminus is a secondary (and tertiary, in eu-
karyotes) destabilizing residue, it is modified and the new N-terminus
with a primary residue is recognized for degradation [52]. Recent
studies suggest that an N-end rule-like pathway may exist in chlor-
oplasts [33,34], but its components and mechanism remain unclear.
When a protein is synthesized in the chloroplast, the initiating me-
thionine is deformylated and then often excised from the protein (N-
terminal methionine excision, NME) [53]. As in bacteria, these pro-
cesses are likely to take place during translation, before a protein is
fully folded [53].

The rule of NME seems to be similar in all organisms, and the re-
moval of Met is inhibited when the second amino acid possesses a bulky
side chain. Apel et al. [33] were able to verify the N-terminus of one
transgenic GFP protein: Met was retained when Glu was the second
residue. It remained to be determined whether the N-end, after

applying the rule of NME, played a major role in the stability of GFP. In
our study, V2-encoded SSL-3 contains Asp at the penultimate position,
which hinders the Met removal as shown in bacteria and chloroplasts
[34,53,54]. We tested five different insertions following the initiating
Met of SSL-3, and they all promoted protein accumulation (Fig. S4). The
initiating Met should be present in mature proteins when Glu or Asp is
inserted as the new penultimate residue. When Val is the second re-
sidue, NME is less predictable, as some proteins keep the N-terminal
Met in bacteria and chloroplasts [34,54]. In bacteria, Met at the second
position prevents the removal of the first Met [54], while the first and
second Met of TIC214/Ycf1 were both absent in the Arabidopsis chlor-
oplast N-terminome [34]. SSL-3 with a Met insertion likely maintains at
least one N-terminal Met since the subsequent residue is Asp. In bac-
teria, His also prevents the cleavage of the N-terminal Met, but pro-
cessing in chloroplasts is less clear since none of the Arabidopsis
chloroplast-encoded proteins has His as the second residue. Although
the C. reinhardtii chloroplast encodes one such protein, RpoC1a, its in
vivo N-terminal sequence is unknown. It is possible that all five inser-
tions lead to inhibition of NME in SSL-3. Therefore, the N-termini of V2-
and V3-derived SSL-3 are both likely to be Met, and the N-end rule is
unlikely to account for the different SSL-3 protein levels.

We utilized epitope tagging for the detection of algal recombinant
proteins. FPS-Myc, 6xHis-SSL-1/3, and N-terminal FLAG-tagged squa-
lene synthase (a paralog of SSLs) remained enzymatically active in
plants and bacteria (J. Chappell, personal communication), so we
adopted the same tags in our initial construct design. An N-terminal
FLAG tag indeed did not interfere SSL-3 function (Fig. 3E), but might
have an adverse effect on SSL-3 protein levels unless an amino acid is
inserted between the initiating Met and the tag (Fig. 3D). An N-terminal
His-tag may be detrimental to protein production in chloroplasts, since
we were unable to detect His-tagged SSL-1, with or without an insertion
at the second position. When we replaced the His tag of SSL-1 in pV3
with Glu-FLAG, we identified strains producing FLAG-tagged proteins
(we were unable to distinguish SSL-1 from SSL-3 as their sizes are si-
milar), but only SSL-3 activity was detected by the in vitro enzyme assay
(data not shown). Therefore, FLAG-SSL-1 likely was not produced and
an unknown factor other than the N-terminal sequence was affecting its
accumulation. Changing the V3 version by altering the C-terminal tag
to FLAG and the inserted amino acid to Met resulted in detectable FPS
accumulation in V4 strains. It is possible that Met is superior in pro-
moting FPS production compared to Glu/Val. Altering the C-terminal
tag may also increase protein levels since Apel et al. showed that C-
terminal sequences altered GFP levels in tobacco chloroplasts, although
the effect was much less pronounced than that of N-terminal sequences
[33].

Although two V4b strains accumulated both FPS and the SSL-1-SSL-
3 chimera, we were unable to detect botryococcene by GC–MS, nor in
vitro activity of SSL-1 (Figs. 4D and S5A). It is possible that the SSL-1-
SSL-3 level was too low to detect botryococcene biosynthesis in vivo or
in vitro. Another possibility is that the SSL-1 moiety of the chimeric
protein was non-functional as produced in the chloroplast, since the
addition of recombinant SSL-1 conferred the ability to produce bo-
tryococcene in vitro (Fig. S5A). When the same SSL fusions were ex-
pressed in yeast, they were enzymatically active (Fig. S6). In genetically
engineered tobacco plants that produced botryococcene, SSL fusions
were expressed in the cytosol and then imported into the chloroplast
[14]. Therefore, the chimeric enzyme, or at least the SSL-1 polypeptide,
may need to be synthesized in the cytosol for proper folding and/or
post-translational modifications to be enzymatically active. Since bo-
tryococcene production was detrimental for chloroplast and plant de-
velopment in tobacco [14], the functional chimeric protein may also
create a stress condition in C. reinhardtii chloroplasts. The inducible
system used in this study was leaky, and we might have inadvertently
selected V4 strains with inactive SSL-1 which was innocuous to the
organelle and organism. Recently, Phaeodactylum tricornutum, a diatom,
was engineered to produce a sapogenin in its cytosol, suggesting
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production of triterpenoids in a different algal compartment is feasible
[55]. Therefore, future work on algal metabolic engineering would
require improvements in compartment-specific expression or a tight
inducible system in the organelle, of which several have been created
[56–59].

4. Experimental procedures

4.1. Plasmid construction

All constructs were created by Gibson assembly (New England
Biolabs, Ipswich, MA), and have been deposited under accession
numbers MK052916 (pV1), MK052917 (pV2-P), MK052918 (pV2-U),
MK052919 (pV4a), and MK052920 (pV4b). The individual peptide or
gene accession numbers are as follows: FPS (P08836), SSL-1
(HQ585058), SSL-3 (HQ585060), and TMT-3 (JN828964). The coding
sequences of FPS-Myc, 6xHis-SSL-1, FLAG-SSL-3, and HA-TMT-3 were
synthesized and optimized by Bio Basic (Amherst, NY) based on C. re-
inhardtii chloroplast codon bias [http://www.kazusa.or.jp/codon/cgi-
bin/showcodon.cgi?species=3055.chloroplast [60]]. The intergenic
sequences of pV2-P, [E. coli thrA terminator [43] -C. reinhardtii trnE1
region (nucleotides 14,460–14,585, accession NC_005353)-C. re-
inhardtii atpB promoter and 5’ UTR (nucleotides 162,002–161,641;
[61])] and [C. reinhardtii petD 3’ UTR (including trnR1; nucleotides
6,865–7,259)-psbD promoter and 5’ UTR (nucleotides
175,839–175,633; [48])] were synthesized by Integrated DNA Tech-
nologies (Skokie, Illinois). Synthetic DNA fragments were assembled
and cloned into p16SOlacAF [23] replacing the uidA gene to create
pV2-P. pV2-U was constructed by removing the atpB and psbD promoter
sequences (nucleotides 162,002-161981 and 175,839-175,707, re-
spectively; accession NC_005353) of pV2-P. Degenerate primers were
used to amplify transgenes and insert a valine (GTA) or glutamic acid
(GAA) codon after the start codon of each transgene; these mutated
sequences were assembled into pV3 constructs. For pV4 constructs,
several changes were made in the coding region: by primer design and
PCR amplification, the Myc tag of FPS was changed to a FLAG tag, the
6xHis tag of SSL-1 was removed, and instead of a valine or glutamic
acid residue, a methionine was inserted at the second position of FPS
and SSL-1. SSL-1-SSL-3 and SSL-3-SSL-1 fusions were created by PCR
amplification with 3xGGSG linker-encoding primers and Gibson as-
sembly. The FPS-thrA terminator-trnE1 fragment, psbD promoter and 5’
UTR, and the SSL-1-SSL-3/SSL-3-SSL-3 fragment were then assembled
into the same vector backbone as that of other constructs.

4.2. C. reinhardtii strains, transformation, and growth conditions

C. reinhardtii wild-type (CC-125) and transgenic strains were grown
in Tris-acetate-phosphate (TAP) or Tris-minimum (M) media [62] at
23 °C under constant illumination of 70–90 μE/m2s unless otherwise
noted. For chloroplast transformation, the C. reinhardtii DEVL strain
[24] was grown to 1–2 × 106 cells/ml in the presence of 0.5 mM 5-
fluorodeoxyuridine in TAP medium in the dark. Cells were harvested by
centrifugation and resuspended to 5 × 107 cells/ml in M medium. For
plating, 400 μl of cell suspension was spread onto M agar as a ∼6-cm
circle and transformed by particle bombardment [63]. Gold particles
(S550d, Seashell Technology, San Diego, CA or 1652262, Bio-Rad,
Hercules, CA) were coated with plasmid DNA according to the protocol
provided by the manufacturer. Bombardment was performed using a
Bio-Rad PDS-1000/He system at 1350 psi with chamber vacuum of
27–28 inches Hg.

Transformants were screened for the presence of transgenes using
gene-specific forward and reverse primers: FPS, 5’-ATTGTCGTCAACG
TCCATACT-3’ and 5’-TTGACGTTTGTAAATTTTCTGAGC-3’; SSL-1, 5’-
CATGGGTAATGGTATGGCTGA-3’ and 5’-TGCTAAACCGTCACGAC
AAG-3’; SSL-3, 5’-TGCGTTTAGGTGCTGAAATG-3’ and 5’-TGCTAAACC
TGCTTTGCATAAA-3’; TMT-3, 5’-ACGAATCACGTATGGCATCA-3’ and

5’-TTTCCATGATTCAGGAGGAAG-3’. The presence of untransformed
chloroplast DNA (DEVL background) was detected by aadA primers 5’-
TGATTTGCTGGTTACGGTGA-3’ and 5’TACTGCGCTGTACCAAATGC-3’.
Some transformants also carried wild-type DNA copies, possibly a result
of gene rearrangement or a heteroplasmic parental strain, and the
presence of wild-type rbcL was amplified by primers 5’-CTGCTGCATG
TGAAGTTTGG-3’ and 5’-CTTCGACTTCAGGTCGTTTCG-3’. DNA was
extracted from transformant colonies using a Chelex 100 protocol [64].
For a 20-μl PCR reaction, 1–2 μl of extracted DNA was amplified using
the above primers and GoTaq DNA Polymerase (Promega, Madison,
WI).

4.3. RNA isolation and analysis

To isolate total RNA, at least 1 × 107 cells were collected by cen-
trifugation. RNA was extracted from cell pellets using TRI Reagent
(Sigma-Aldrich, St. Louis, MO) per the manufacturer’s instructions. Five
μg of total RNA was electrophoresed in a 1.2% agarose-formaldehyde
gel, transferred to a nylon membrane, and hybridized with 32P- or
biotin-labeled double-stranded DNA probes. Genotyping primers were
used to generate templates for random-primed DNA labeling with the
Klenow fragment (New England Biolabs) and 32P-dCTP (PerkinElmer,
Waltham, MA). Biotin probes were produced by PCR using genotyping
primers and biotin-16-dUTP (Biotium, Fremont, CA). Radioactive sig-
nals were detected by a phosphor screen and Storm® imaging system
(GE Healthcare, Pittsburgh, PA); biotin was detected by IRDye-labeled
streptavidin and an Odyssey Infrared Imaging System (LI-COR, Lincoln,
NE) following the RNA gel blot protocol provided by the manufacturer.

4.4. Immunoblotting

For protein collection, the algal cell concentration was estimated by
measuring optical density at 550 nm [cell
concentration = OD550 × 2.4 × 107 cells/ml [65]]. A BioMate™ 3S
spectrophotometer (Thermo Fisher Scientific, Waltham, MA) was used
for OD measurements, and the calculated cell concentration was similar
to the value obtained by cell counting with a hemocytometer. After
centrifugation, cell pellets were resuspended in protein sample buffer
and heated to 100 °C for 7 min, and 1 × 106 cells were analyzed by
SDS-PAGE and immunoblotting. Various epitope antibodies were used
to detect tagged transgenic proteins: anti-c-Myc 9E10 antibody
(626801; BioLegend, San Diego, CA), THE™ His-tag antibody (A00186;
GenScript, Piscataway, NJ), anti-FLAG M2 antibody (F1804; Sigma),
anti-FLAG polyclonal antibody (F7425; Sigma), and THE™ HA-tag an-
tibody (A01244; Genscript). For X-ray film detection, horseradish per-
oxidase-conjugated anti-mouse or anti-rabbit IgG antibody (Promega)
and Pierce ECL Plus Substrate (Thermo Fisher Scientific) were used.

4.5. In vitro enzyme assay

Protein was extracted from each sample by resuspending the cell
pellet in 600 μl of protein extraction buffer (50 mM MOPS pH 7.3,
20 mM MgCl2, 5 mM beta-mercaptoethanol, 5 mM EGTA, 20% gly-
cerol). The resuspended cells were added to a 1.5 ml tube containing
200 μl of stainless-steel beads, followed by bead beating for 10 min. The
cell homogenate was transferred to a fresh 1.5 ml tube and centrifuged
at 9000 x g for 10 min at 4 °C. The supernatant was collected into a
fresh 1.5 ml tube and the protein concentration was determined by
Bradford assay. To determine enzyme activity, protein was added to
25 μl of 2x reaction buffer (100 mM MOPS pH 7.3, 5 mM beta-mer-
captoethanol, 40 mM MgCl2), 5 μl of 3H-FPP mix (0.25 μl 3H-FPP,
0.22 μl FPP, 4.53 μl dH2O), and 5 μl of 20 mM NADPH, and the final
volume was brought to 50 μl with dH2O. The reactions were incubated
at 37 °C for 1 h and then terminated by extraction with 60 μl of n-
hexane containing authentic squalene and C30 botryococcene stan-
dards. Thin-layer chromatography (Silica gel 60 plates, n-hexane
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mobile phase) was used to analyze 30 μl of the reaction extracts. The
standards in each sample were visualized by iodine vapor, samples
scraped from the TLC plates, and analyzed with scintillation counting to
measure 3H incorporation.

4.6. GC–MS analysis

For analysis of botryococcene accumulation in C. reinhardtii or yeast
strains, a cell pellet was freeze-dried and extracted with n-hexane. The
samples were centrifuged at 10,000 × g to remove debris and the n-
hexane supernatant was evaporated. The samples were resuspended in
100 μl of n-hexane, and 5 μl was analyzed by GC–MS in a splitless
mode. A Bruker 436-GC-SCION SQ Premium was used with a 5%
Phenyl BR-5 MS capillary column (30 m × 0.25 mm, film thickness:
0.25 μm) in electron ionization (70 eV) mode. Initial oven temperature
was 220 °C, held for 1 min, then increased to 280 °C at a rate of
5 °C min−1, then ramped to 300 °C at a rate of 2 °C min−1 and held for
20 min. Helium was used as a carrier gas at a flow rate of
2.58 ml min−1. Temperatures of injection port, interface, and ion
source were 280 °C, 250 °C and 200 °C, respectively.
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