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Advances in microalgae engineering and synthetic biology
applications for biofuel production
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Among the technologies being examined to produce

renewable fuels, microalgae are viewed by many in the

scientific community as having the greatest potential to

become economically viable. Algae are capable of producing

greater than 50,000 kg/acre/year of biomass [1]. Additionally,

most algae naturally accumulate energy-dense oils that can

easily be converted into transportation fuels. To reach

economic parity with fossil fuels there are still several

challenges. These include identifying crop protection

strategies, improving harvesting and oil extraction processes,

and increasing biomass productivity and oil content. All of

these challenges can be impacted by genetic, molecular, and

ultimately synthetic biology techniques, and all of these

technologies are being deployed to enable algal biofuels to

become economically competitive with fossil fuels.
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Introduction
Recent advances in the development of genetic tools and
in silico predictive capacity have facilitated the charac-
terization and manipulation of algal genomes in the effort
to develop designed algal biofuel production strains.
Several strategies for increasing biofuel productivity from
microalgae are now being examined, from optimizing
light utilization or altering carbon flow pathways for
increased biomass accumulation, to modifying lipid pro-
duction. Depending on the properties of fuel desired,
microalgae have potential for producing lipids for con-
version into biodiesel, for hydrogen production, and even
as a source of ethanol [1]; and several advances have been
made to improve yields in each of these approaches. Algae
can also produce complex hydrocarbons, for example

terpenoids, which are useful both as biofuel additives
and as valuable coproducts that could bolster the
economic feasibility of the emerging algal biofuels indus-
try (Figure 1). First, advances in genomic analysis will be
covered, followed by improvements in light utilization,
carbon flow manipulation, and lipid engineering. Finally,
we will discuss advances in biohydrogen and terpenoid
production in microalgae.

Advances in genetic and bioinformatic tools
for manipulating microalgae
Since the early 2000s, the green alga Chlamydomonas
reinhardtii has re-emerged as one of the dominant
single-celled photosynthetic model organisms. This
emergence has resulted in advances in genetic tools, a
fully annotated genome, and a number of methods for
molecular and genetic manipulation. On the basis of these
advances, molecular toolkits are now being developed for
a range of diverse algal species including strains more
suitable for bioenergy production [2]. In Chlamydomonas, a
number of selectable markers have been specifically
developed for use in either the nuclear or chloroplast
genome, and transformation methods for both genomes
have been optimized [3]. Although we are currently
limited to the chloroplast genome for targeted integration
and gene knockout, artificial microRNAs have been
engineered to create functional knockdowns of several
nuclear genes in Chlamydomonas [4–7], in Dunaliella salina
[8], and in diatoms [9] (see [10] for a review of microRNAs
in algae). Naturally high rates of homologous recombina-
tion have been reported in other algal species including
Nannochloropsis [11], showing promise for reverse genetics
and targeted gene knockouts.

Recently, a viral sequence known as the 2A peptide was
shown to function in algae. The 2A peptide allows for
genetic linkage of a marker and a gene of interest while
yielding discrete protein products. In algae this technol-
ogy decreases the number of transformation steps and
selectable markers required to integrate multicompo-
nent biosynthetic pathways for metabolic engineering,
and increases the transgene protein product accumu-
lation when transcriptionally fused to an appropriate
selectable marker gene, like the ble resistance gene
[12!]. Advances in our understanding of chloroplast
gene regulation are also showing potential for achieving
higher expression levels of transgenes in the plastid,
including characterization of chimeric promoter/UTRs
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[13] and designed synthetic UTRs that evade negative
regulatory mechanisms [14]. Taking advantage of the
chloroplast’s minimal genome, an ex vivo genome assem-
bly has been used to transfer genes for core photosystem
subunits from Scenedesmus into multiple loci in the Chla-
mydomonas plastid genome [15], demonstrating a syn-
thetic biology approach for engineering complex
photosynthetic traits from diverse algae into more tract-
able production strains.

A host of novel bioinformatic tools are also coming online
that enable researchers to characterize gene regulatory
pathways, forecast outcomes of metabolic shifts, and
functionally annotate genomes of diverse algal species.
Detailed in silico models of metabolic networks have been
used to identify rate-limiting steps in starch metabolism
[16] and to predict the light-induced metabolic response
to various wavelengths in a metabolic reconstruction that
includes more than 1000 genes across ten cellular com-
partments [17!!]. These algal metabolic models have
been deposited into the BioModels Database accessible
at www.ebi.ac.uk/biomodels-main. New approaches for
assembling and annotating de novo algal genomes facili-
tate predictions of biosynthetic pathways based on gen-
ome sequence alone [18] using KEGG assignments
(www.genome.jp/kegg), vastly increasing the utility of
diverse algal genomic data sets for identifying lipid syn-
thesis or metabolic pathways of interest for bioenergy
production [2]. Thus far, six annotated chlorophyte gen-
omes are available on Phytozome (www.phytozome.net),
and NCBI hosts nearly two dozen green algae genomes
either in full, as scaffolds, or with sequencing currently
underway (www.ncbi.nlm.nih.gov/genomes). Figure 2
demonstrates the enormous amount of genetic diversity
among microalgae, much of which remains untapped.

Improving light utilization and photosynthetic
efficiency
Microalgae have evolved large light-harvesting com-
plexes (LHCs) for maximizing light absorption in low-
light environments in which they often live. Under arti-
ficial culture conditions (saturating light) excess energy is
dissipated through heat and fluorescence quenching in
the LHCs. Energy that cannot be dissipated results in
direct photodamage and the production of reactive ox-
ygen species (photoinhibition). The large size of the
LHCs also limits light penetration into the culture media,
therefore reducing the achievable cell density [21!]. To
overcome this, a single RNAi construct has been effec-
tively used for silencing all twenty LHC protein isoforms
of C. reinhardtii. These cells have lower LHC mRNA
(0.1–26% relative to the control) and protein accumu-
lation for all LHC genes and 68% less chlorophyll than
the parental strain, resulting in 290% higher light trans-
mittance in the culture [22]. Furthermore they present
less fluorescence quenching, which leads to an increase in
photosynthetic quantum yield. Under high-light con-
ditions, transformed cells were less susceptible to photo-
inhibition and grew at a faster rate; however, they did not
reach a higher cell density [22]. The same group achieved
similar results by downregulating LHC expression by
using a redox-dependent translational repressor of the
LHC protein family, NAB1. A constitutively activated
version of NAB1 (2 amino acid mutations) was over-
expressed in C. reinhardtii, resulting in a similar pheno-
type to the RNAi strain. Nonetheless, the effects were
less dramatic, having a chlorophyll/cell reduction of 20%
compared to that of 68% using RNAi [23].

One of the main targets of photodamage is photosystem
II (PSII), the multiprotein complex that performs the
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light-driven oxidation of water. Degradation of the D1
subunit of PSII is significantly increased when light is
in excess [24!]. Rea et al. [25!] show that it is possible to
select for mutant versions of the algal D1 protein that
can evolve up to "4.5-fold more oxygen in vivo under
high-light conditions (50% midday sunlight) compared
to the control. They achieved this by transforming
error-prone PCR-amplified D1 coding sequences fol-
lowed by selection under ionizing radiation. Unfortu-
nately the mutant strains perform slightly worse under
laboratory light conditions (10% midday sunlight) [25!],
suggesting that this strategy may not translate to
increased biomass yield for commercial biofuel pro-
duction. Gimpel and Mayfield [26] have also used
the gene coding for the D1 protein ( psbA) to test the
feasibility of using heterologous genes as interchange-
able parts (biobricks) for synthetic biology in C. rein-
hardtii chloroplasts. This study showed that
heterologous genes are not the best approach for engin-
eering the chloroplast, but it also proved that heter-
ologous coding sequences driven by endogenous
regulatory regions are a viable way for modifying the
algal photosynthetic machinery [26]. Furthermore, two
isoforms of the D1 proteins from Synechoccocus sp. PCC
7942 (cyanobacteria) expressed in C. reinhardtii recon-
stituted the low-light and high-light phenotypes associ-
ated with each D1 isoform. Interestingly, C. reinhardtii
expressing the cyanobacterial low-light isoform yielded
11% more dry weight biomass than the strains expres-
sing the high-light isoform or the endogenous D1
protein, which is a highly desirable trait for biofuel
production (Vinyard et al., unpublished).

Modifying carbon assimilation and trophic
conversion pathways
In microalgae grown under phototrophic conditions, all
newly produced biomass, including lipids, derive from
the fixation of CO2 into ribulose-1,5-biphosphate (RuBP)
to form 3-phosphoglycerate, catalyzed by the enzyme
RuBP carboxylase/oxygenase (Rubisco). Several other
enzymes are also required to regenerate RuBP in a
process named the Calvin cycle. Considerable amounts
of ATP and NADPH are also required for this process,
which are supplied by the light-driven activity of photo-
systems I and II [27]. Several studies have shown that the
activity of Rubisco is the major bottleneck for carbon flux
through the Calvin cycle when CO2 is not enriched in the
media, or under high-light or high-temperature con-
ditions (which are all present in commercial scale ponds
for algae biomass production in desert areas) [27,28].

RuBP carboxylase/oxygenase is regarded as a ‘slow and
confused’ enzyme [29!], because large amounts of
Rubisco are required for achieving a sustainable carbox-
ylation rate and it has an affinity for oxygen, which is used
in a counter-productive  reaction. C. reinhardtii is an ideal
host for engineering Rubisco, since there are Rubisco
deficient strains that can complete their life cycle hetero-
trophically, unlike plants [29!]. The small subunit of
Rubisco genes (rbcS) of Arabidopsis and sunflower have
been transformed into an rbcS deficient strain of Chla-
mydomonas, while preserving the endogenous large sub-
unit gene (rbcL). The in vitro CO2/O2 specificity factor
(V) was improved by up to 11% while maintaining the
Vmax of carboxylation (Vc). Nonetheless the cells
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displayed lower growth rates and lacked pyrenoids, pre-
sumably due to mis-targeting of Rubisco caused by the
heterologous small subunits [30]. Chlamydomonas rbcL
has also been subjected to PCR-based gene shuffling
with oligonucleotides representing the natural diversity
of this gene. Three rounds of gene shuffling and three
rounds of strain selection resulted in a Rubisco with up to
20% and 56% increase in V and Vc, respectively. Some of
the enriched mutations were then incorporated into the
tobacco rbcL and resulted in 14% V and 15% Vc incre-
ments [31]. Another interesting strategy would be to tune
Rubisco abundance according to the environmental cul-
ture conditions in order to optimize the utilization of
energy, carbon and nitrogen. Chlamydomonas strains with
different amounts of Rubisco have been engineered by
expressing the rbcL mRNA maturation factor MRL1 at
different levels from the nuclear genome of an MRL1
deficient strain. Rubisco could be lowered up to 15%
compared to that of wild-type, while maintaining photo-
trophic growth. An inducible promoter for MRL1 could
potentially be used to tune Rubisco accumulation
according to culture conditions, such as light intensity
or CO2 concentration [32].

Heterotrophic growth has some advantages over auto-
trophic growth, like higher cell densities, more controlled
culture conditions in closed fermentors, higher overall
lipid productivity per volume per day, and the ability to
utilize more of the nutrients from wastewater [33]. Some
algae are strict heterotrophs or are highly selective for
their organic carbon source. Trophic conversion has been
achieved, allowing heterotophy in previously obligate
phototrophic species as a proof of concept for simple
metabolic engineering. Volvox carteri, C. reinhardtii, Cylin-
drotheca fusiformis and Phaeodactylum tricornutum have
been transformed with the HUP1 hexose transporter gene
resulting in glucose utilization [34–37]. However, adding
hexoses to the culture media may not be optimal for
biofuel production given the additional costs and
increased risk of contamination.

Lipid synthesis metabolic engineering
Lipid metabolism in microalgae is highly complex, and it
is clear that better characterization of the metabolic path-
ways is needed before high-production biodiesel strains
can be engineered. For example, the fatty acids in P.
tricornutum are composed primarily of 16-carbon chains,
with C16:1 comprising about 50% of the total fatty acids,
while C16:0 accounts for close to 25% and C20:5 and
C14:0 make up most of the remainder [38]. In C. rein-
hardtii, the fatty acids are fairly evenly split between 16-
carbon chains (two-thirds of which are C16:0) and 18-
carbon chains (predominantly C18:3) [39]; neither of
these organisms naturally provide optimal lipid profiles
for biofuel feedstocks. Recent work has done much to
elucidate the regulation underlying carbon accumulation
into primary storage molecules like starch and lipids [40],

and to identify the key players responsible for the well-
documented nitrogen starvation-induced triacylglycerol
(TAG) accumulation [41!,42]. Several reports indicate
that mutants deficient in starch synthesis shuttle more
carbon into lipid synthesis, especially under nitrogen
starvation, at the expense of biomass accumulation
[43,44]. However, others have suggested that there is
little correlation between starch reserves and lipid con-
tent when mutants are compared to their progenitor
strain, and that there is significant variability among
various wild-type lab isolates [45!].

Studies in the diatom P. tricornutum produced a 72%
increase in total fatty acid content without altering
relative chain length compositions by overexpressing
an endogenous thioesterase [46]. In an attempt to pro-
duce biodiesel fuel-stocks with shorter-chain fatty
acids — and therefore better cold flow properties —
two thioesterases from different terrestrial plants were
introduced into P. tricornutum and increased the ratios of
C12 and C14 fatty acids, most of which were incorporated
into TAG [47]. However, when three diacylglycerol acyl-
transferases (DGATs) were overexpressed in C. reinhard-
tii, there was no significant difference in TAG
composition or accumulation despite higher levels of
transcript [48]. This supports the observation based on
proteomic and transcriptomic data that diatoms may
employ different carbon metabolism pathways than
plants or green algae, at least in response to nitrogen
starvation [49]. Still, previous success manipulating lipid
synthesis in plants seems likely to translate into advances
in green algae lipid metabolic engineering as a better
understanding of algal lipid regulatory networks emerges
[50]. Recent work in C. reinhardtii has shown that the fatty
acid profile can indeed be altered by overexpressing the
endogenous thioesterase, as predicted by in vitro cross-
linking assays [51]. These methods are paving the way for
a more thorough characterization of algal lipid biosyn-
thetic enzymes, which appear to be distinct from those
found in terrestrial plants or in diatoms.

Optimizing biohydrogen production
While other strains may be more suitable for lipid
synthesis and biodiesel production, C. reinhardtii is an
attractive candidate for hydrogen production due to its
relatively high hydrogenase activity, determined to
derive predominantly from the [FeFe]-hydrogenase
HYDA1 [52]. Biohydrogen is an alluring fuel alternative
because it produces no carbon dioxide byproducts and it
is a superior fuel for electricity production by fuel cells.
Although hydrogen is naturally produced by C. reinhard-
tii under sulfur starvation, and hydrogenase activity can
be externally induced by adding DCMU (a PSII elec-
tron chain uncoupler), hydrogen production cannot be
sustained while photosynthesis is actively occurring
because oxygen inactivates  hydrogenase [53!]. This
necessitates a biphasic production strategy in which
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cells grow photosynthetically to accumulate biomass,
which is then exploited for H2 production under anoxic
conditions. Several approaches to overcome this limita-
tion have recently shown promising results. Introducing
leghemoglobin proteins, which sequester oxygen in the
nitrogen-fixing root nodules of legumes, can facilitate a
fourfold increase of H2 production in Chlamydomonas
[54]. In a truncated antenna mutant initially engineered
for increased photosynthetic performance, an eightfold
increase in H2 production was observed under sulfur
deprivation in high light [55]. Finally, a PSII protein D1
mutant exhibits increased carbohydrate storage and H2

production [56]; however, the highest reported yields for
this strain are still three to five times below a light-to-H2

conversion that is considered competitive with alterna-
tive production strategies like direct photolysis [53!]. H2

production pathways predicted from in silico reconstruc-
tions suggest that increased H2 production can occur
under conditions of inhibited cyclic electron flow [57],
which is indeed observed in the high-H2 producing
mutant Stm6 [58], and may suggest future targets for
metabolic engineering. For a comprehensive review of
strategies to increase hydrogen production in microal-
gae, see Esquivel et al. [53!].

Metabolic engineering of terpenoids
D. salina and Haematococcus pluvialis are the main natural
sources of the commercial carotenoids beta-carotene and
astaxanthin, respectively. Under optimal culture con-
ditions they can accumulate up to 13.5 mg L#1 d#1 of
beta-carotene (D. salina) and 8.0 mg L#1 d#1 of astax-
anthin (H. pluvialis) [59]. These carotenoids are used
as animal feed additives and in supplements for human
consumption, and could become valuable coproducts in
the biofuel industry. Carotenoids are also a type of
terpene, a large family of molecules which have great
potential in biofuel formulations [60]. Recently, the phy-
toene synthase gene ( psy), the enzyme for the committing
step in carotenoid synthesis, has been transformed in C.
reinhardtii resulting in increased carotenoid accumulation.
Transgenic strains overexpressing psy from D. salina and
Chlorella zoofingensis accumulated 2.6-fold and 2.2-fold
more lutein (a commercially valuable carotenoid) than
the controls, respectively [61,62]. RNA interference tech-
nology has also been used to modify the carotenoid profile
of C. reinhardtii and D. salina through silencing of the
phytoene desaturase gene ( pds), the second step of
carotenoid synthesis. Reduction of up to 93% and 72%
of pds mRNA were achieved in Chlamydomonas and
Dunaliella, respectively. However, the carotenoid content
of C. reinhardtii did not change significantly and the one
from D. salina was not measured [8,63].

Concluding remarks
Microalgae exhibit enormous biodiversity and the
potential for producing large quantities of biomass that
contains high concentrations of lipids. Advances in trait

mining, genetic engineering and synthetic biology will
facilitate the design of production strains suitable to
specific environmental constraints and output require-
ments. On many fronts — from manipulating lipid and
biomass accumulation to increasing biohydrogen pro-
duction — algae are proving to be extremely malleable
photosynthetic organisms suited to meet the growing
need for bioenergy, bioproducts, and even food
resources. However, there are critical challenges that
still need to be addressed, like the engineering devel-
opments required for massive algae culture and harvest,
the deployment of effective crop protection strategies,
and the compliance with restrictions imposed to grow-
ing genetically modified algae in outdoor ponds.
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