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Engineering algae for biohydrogen and biofuel production
Laura L Beer1, Eric S Boyd2, John W Peters2 and Matthew C Posewitz1
There is currently substantial interest in utilizing eukaryotic

algae for the renewable production of several bioenergy

carriers, including starches for alcohols, lipids for diesel fuel

surrogates, and H2 for fuel cells. Relative to terrestrial biofuel

feedstocks, algae can convert solar energy into fuels at higher

photosynthetic efficiencies, and can thrive in salt water

systems. Recently, there has been considerable progress in

identifying relevant bioenergy genes and pathways in

microalgae, and powerful genetic techniques have been

developed to engineer some strains via the targeted disruption

of endogenous genes and/or transgene expression.

Collectively, the progress that has been realized in these areas

is rapidly advancing our ability to genetically optimize the

production of targeted biofuels.
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Introduction
Unicellular microalgae are at the forefront of research

efforts aimed at developing technologies and model

systems for the renewable production of H2 and other

biofuels [1–4,5�]. Relative to terrestrial plants, micro-

algae are more efficient at converting sunlight into

chemical energy, and require a smaller footprint and

less water for cultivation [2]. Many species of algae

thrive in salt water, are able to grow year round in

diverse conditions, and do not accumulate recalcitrant

lignocellulosic biomass [2]. Importantly, genetic manip-

ulation techniques have been developed for some

species, and are increasingly being applied to optimize

biofuel production in several algal systems. In contrast

to traditional nutrient manipulation approaches, meta-

bolic engineering improves control over metabolic path-

ways, increases the diversity of available phenotypes,
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and results in a more reproducible and predictable

system [6].

Photosynthesis is the fundamental driving force that

supports all biofuel synthetic processes, converting solar

energy into biomass, carbon storage products (e.g. carbo-

hydrates and lipids), and/or H2 (Figures 1 and 2). The

integration of metabolic pathways is coordinated

through complex mechanisms that regulate photosyn-

thetic output to the distribution of reductant for the

synthesis of proteins, nucleic acids, carbohydrates,

lipids, and H2. A comprehensive understanding of the

biosynthesis and degradation of precursors, intermedi-

ates, and metabolic end products, and the identification

of the regulatory networks that control metabolic flux is

central to establish informed engineering strategies for

optimizing biofuel production in microalgae. Several

recent studies have used ‘omics’-based strategies to

begin unraveling the regulation and integration of these

networks [7–10]. The insights gained from these studies

and the discovery/generation of novel proteins that are

potentially better suited for bioenergy applications are

providing promising targets for genetic manipulation to

enhance the accumulation of bioenergy carriers. In

combination with increasingly refined genetic manip-

ulation tools, the ability of scientists to engineer algae

for the accumulation of specific metabolites is entering a

new era.

Metabolic engineering in algae
Although routine genetic manipulation remains limited to

a few select algal laboratory models (e.g. Chlamydomonas
reinhardtii, Volvox carteri, and the diatom Phaeodactylum
tricornutum), the expanding interest in algal biofuels will

likely lead to the development of techniques in other

organisms and the establishment of new model systems.

Algal transgenics has been previously reviewed [11];

however, the ‘molecular toolkit’ has since expanded

because of recent seminal studies. Significant advances

include: (a), the efficient expression of transgenes [12];

(b), a novel mechanism for gene regulation in algae using

riboswitches [13]; (c), inducible nuclear promoters and

luciferase reporter genes [12,14], and (d) inducible chlor-

oplast gene expression [15].

To date, the generation of stable nuclear transformants in

microalgae has relied primarily on random genomic integ-

ration, intensive screening, and the subsequent isolation

of knockout mutants. The identification of disruptions in

target loci typically requires the screening of tens of

thousands of transformants using suitable activity assays

and/or extensive DNA analysis. The ability to generate
www.sciencedirect.com
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Figure 1

Metabolic pathways in green algae related to biofuel and biohydrogen production. In green algae, the light-harvesting complex bound to chlorophyll

and carotenoids capture light energy as photons. This energy is used by photosystem II in the catalytic oxidation of water, forming protons, electrons,

and molecular O2. Low-potential electrons are transferred through the photosynthetic electron transport chain leading to the reduction of ferredoxin for

the formation of NADPH. An electrochemical gradient is formed because of the release of protons after water oxidation into the thylakoid lumen, which

is used to drive ATP production via ATP synthase. The photosynthetic products NADPH and ATP, are substrates for the Calvin–Benson cycle where

inorganic CO2 is fixed into 3-C molecules that are assimilated into the sugars, starch, lipids, or other molecules required for cellular growth. The

substrates for hydrogenases, H+ and e�, are supplied via either the photosynthetic electron transport chain or from fermentation of stored

carbohydrates (starch) via fermentation.
targeted gene knockouts through homologous recombi-

nation (as in yeast and cyanobacteria) has been difficult to

achieve in algae. However, substantial research efforts in

this area have led to steady progress and nonhomologous

recombination to homologous recombination ratios of

100:1 have been reported in some C. reinhardtii strains

[16�]. Thus, the ability of C. reinhardtii to undergo hom-

ologous recombination has been clearly demonstrated at

a ratio suitable for many applications [16�], and although

the general application of this method will require
www.sciencedirect.com
further development, progress is likely in the coming

years.

One of the most significant advances in algal genetics is

the development of improved gene silencing strategies in

C. reinhardtii. High-throughput artificial miRNA

(amiRNA) techniques for gene knockdown, which are

highly specific and stable, were recently reported

[17��,18��]. The targeted downregulation of gene expres-

sion in C. reinhardtii using RNAi had been previously
Current Opinion in Biotechnology 2009, 20:264–271
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Figure 2

Photosynthetic and glycolytic pathways in green algae related to biofuel and biohydrogen production. Simplified illustration of the pathways used for

lipid, starch, and H2 production in Chlamydomonas reinhardtii. Electrons originating from either (a) water oxidation by photosystem II activity or (b) the

nonphotochemical reduction of PQ are excited by photosystem I and used to reduce ferredoxin. Reduced ferredoxin subsequently reduces ferredoxin-

NADPH oxidoreductase for the production of NADPH used in CO2 fixation, leading to starch and lipid synthesis. Ferredoxin can also reduce H2ase for

the production of H2 during anaerobic acclimation. The oxidation of pyruvate during glycolysis, catalyzed by either the pyruvate dehydrogenase

complex (PDH) under aerobic conditions or pyruvate-ferredoxin oxidoreductase (PFR) under anaerobic conditions, can be used to generate acetyl-

CoA for lipid biosynthesis. Other pathways leading to acetyl-CoA from pyruvate (e.g. from the activity of pyruvate formate lyase) are not shown for

simplicity. Reduced ferredoxin resulting from the activity of PFR can be used to reduce H2ase. Adapted from Posewitz et al. [4].
established; however, transcriptional silencing of the

heterologous expression constructs was common and

resulted in variable silencing efficiencies. Moreover,

the large constructs used often affected other nontargeted

transcripts [19]. The newly developed amiRNA tech-

niques are likely to emerge as the method of choice for

functional genomics studies in C. reinhardtii, and be

applied to other species in order to elucidate general

metabolic pathways, including those specifically related

to biofuel production.

High-throughput sequencing and ‘omics’
technologies
Systems level technologies including genomics, tran-

scriptomics, proteomics, and metabolomics are unravel-

ing metabolic pathway regulation and integration, and

are providing targets to optimize biofuel production [5�].
The C. reinhardtii genome sequence [20] revealed sev-

eral unexpected pathways that are involved in funda-

mental metabolic processes, such as inorganic carbon

fixation, fermentation, selenoprotein expression, and

vitamin biosynthesis [21], each of which can be

exploited to improve the accumulation of targeted bioe-

nergy carriers. High-throughput DNA sequencing pro-

vides a new set of technologies for genomics and

transcriptomics. In fact, the application of the 454
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(Roche) pyrosequencing platform [22] resulted in the

discovery of noncoding RNAs in C. reinhardtii and led to

the first reports from any single-celled eukaryote of

miRNAs [23�,24�,25]. High-throughput sequencing

has become a pivotal technology for transcriptome

analyses in plants [26] and is well suited for the identi-

fication of the regulatory genes that direct algal metab-

olism toward biofuel production. However, the full

potential of transcriptomics can only be realized if the

genome sequence for the target organism is available.

Since relatively few algal genomes have been

sequenced, a concerted effort from the community must

be initiated to sequence relevant strains, and to develop

the appropriate bioinformatic tools to exploit these

strains for biofuels applications.

Progress in metabolic engineering toward
biofuel production
Several approaches using random insertional mutagen-

esis and targeted gene disruption have been applied in

the context of bioenergy applications in algae [27��,28].

Photosynthetic efficiency is directly related to the size

of light-harvesting antennae complexes (LHC) and

antennae size is optimized in response to light intensity

[29]. Random insertion libraries were used to identify a

mutant (tla1) that exhibited a truncated LHC, and
www.sciencedirect.com
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TLA1 has been verified as the first gene known to play a

regulatory role in controlling antennae size in C. rein-
hardtii [30].

Additional C. reinhardtii mutants have been identified that

produce high levels of H2. In the stm6 state transition

mutant, starch over accumulates, rates of cellular respir-

ation are increased, and cyclic electron transfer around PS I

is inhibited leading to increased H2-production rates [27��].
Hydrogen production has been further enhanced in the

stm6 mutant through heterologous expression of the hex-

ose/H+ symporter (HUP1), enabling C. reinhardtii, which

lacks extracellular glucose uptake transporters, to couple

glucose oxidation to H2ase activity [31�]. C. reinhardtii
mutants with starchless phenotypes have also been shown

to influence H2 production [32]. Starch synthesis and

catabolism in C. reinhardtii has been thoroughly reviewed

[33]; however, further research is required to better under-

stand the partitioning of fixed carbon toward the increased

production of starch for subsequent fermentation into H2

or ethanol, or the redirection of photosynthate from starch

into lipids for conversion to diesel fuels.

Metabolic engineering toward enhanced
carbon storage
As illustrated in Figures 1 and 2, unicellular algae are

capable of synthesizing a range of biofuels. Lipids and

carbohydrates represent the main energy storage mol-

ecules in algae, and a broad understanding of primary

metabolism is necessary to manipulate electron flux toward

these products or H2 for bioenergy applications. Compli-

cating these efforts are the distinct metabolic processes

that occur within algal organelles and the numerous

enzyme isoforms present in a cell. For example, two iso-

forms of phosphoenolpyruvate carboxylase (PEP-C), the

enzyme that carboxylates PEP, have been identified in C.
reinhardtii, both of which are responsive to inorganic carbon

and nitrogen levels [34]. Additionally, six pyruvate kinase

homologs, six malic enzyme homologs, and five malate

dehydrogenase homologs are present in the C. reinhardtii
genome [20], some of which are differentially expressed

under fermentative conditions in a C. reinhardtii mutant

lacking hydrogenase activity [10]. These findings under-

score the complexity of algal metabolism and emphasize

the need to characterize the systems on an enzymatic level.

Metabolic engineering toward enhanced lipid
biosynthesis
Much of our current knowledge on fatty acid (FA) bio-

synthetic enzymes is inferred from genome databases and

relatively few studies on algal FA biosynthesis have been

published [35]. Fatty acid synthesis (FAS) occurs in the

plastid of plants before translocation to the cytoplasm for

further assembly into diacylglyceride (DAG) and triacyl-

glyceride (TAG) molecules. Many FAS enzymes are

encoded by single genes and are thought to also be

targeted to the mitochondria where FA precursors are
www.sciencedirect.com
required to produce essential cofactors for mitochondrial

enzyme activity [36]. In contrast to the FA and TAG

profiles from oilseed crops, which are fairly consistent, the

lipids isolated from microalgae are variable and fre-

quently composed of TAGs and polyunsaturated FAs

that are prone to undesirable oxidation reactions affecting

downstream biofuel applications.

Historically, nutrient stress has been the method de rigueur
for increasing lipid and starch accumulation in green algae

and diatoms. Under nitrogen deplete conditions, some

green algae accumulate high levels of lipids as TAGs

[3], and phosphorus and sulfur deprivation induce the

conversion of membrane phospholipids to neutral lipids,

though the regulatory mechanisms in these systems are

poorly understood [37–39]. Strategies to engineer FA bio-

synthesis toward more compatible lipid profiles are to:

firstly, overexpress FA biosynthetic enzymes; secondly,

increase the availability of precursor molecules, such as

acetyl-CoA; thirdly, downregulate FA catabolism by inhi-

biting b-oxidation, or lipase hydrolysis; fourthly, alter

saturation profiles through the introduction or regulation

of desaturases; and fifthly, optimize FA chain length with

thioesterases. The complexity of lipid metabolism in algae

is illustrated by recent large-scale mutant screening in a C.
reinhardtii insertional library, which identified 80 mutants

with altered FAS activity (C Benning, unpublished).

Understanding the enzymatics: H2 as a model
system
A major obstacle in the development of algal bioenergy

systems is the heterologous expression of enzymes that

have been optimized for the production and accumu-

lation of biofuels under the environmental conditions

expected to prevail in a scaled-up operation. Owing to

limited freshwater resources, salt water is likely to be

incorporated into any algal biofuel production process.

Thus, it is imperative that suitable organisms and

corresponding enzymes that function in saline systems

be identified. Furthermore, the optimization of H2

photoproduction will also require identification of an

O2-tolerant H2ase as the active site metal cluster of

HydA is O2 labile.

One approach to address this problem is gene shuffling,

which has been used to generate a diverse recombinant

hydrogenase library to screen for enhanced O2 tolerance

and/or stability [40]. A more recent strategy has been to

search natural diversity through the use of degenerate

PCR primers specific for the large subunit of hydA [41��].
DNA extracted from microbial mats that inhabit saline

environments and that are exposed to supersaturating

concentrations of O2 during peak photosynthesis

contained a diversity of deduced HydA amino acid

sequences, resulting in a near doubling of the known

diversity of this protein-encoding gene. Further,

many of the sequences exhibit novel substitutions in
Current Opinion in Biotechnology 2009, 20:264–271
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Figure 3

Alignment of putative HydA sequences from Guerrero Negro (GN), Baja California Sur, Mexico. Various substitutions in the L1 and L2 sequence motifs

and insertional domains upstream from the L1 motif in the rich and diverse HydA assemblage in the top 1 mm of the GN microbial mat are apparent.

The presence of a rich and diverse assemblage of HydA with phylogenetically coherent substitutions and insertions suggests a strong selective

pressure to maintain HydA in these microbial ecosystems. Cluster (C) designations for individual HydA sequences correspond to phylogenetic clusters

as presented in Boyd et al. [41��]. Phylogenetic affiliations of individual sequence clusters are as follows: C1 and C5, Moorella thermoacetica; C2,

Opitutus terrae; C3, Bacteroides thetaiotaomicron; C4, Alkaliphilus oremlandii; C6, Heliobacillus mobilis; C7, Thermoanaerobacterium saccharolyticum.

Adapted from Boyd et al. [41��].
the L1 (FLI]TSC[C/S]P[GAS]W[VIQH]) and L2

([IVLF]MPCx[ASRD]K[KQ]xE) (bold underline is

used to indicate strictly conserved amino acids)

sequence motifs [42] which may be involved in mod-

ulating the redox properties of the [4Fe–4S]-subcluster

of the active site H-cluster. Other sequences contain

insertions upstream of the L1 motif that are involved in

coordinating the FeS cubane of the active site (Figure 3)

[41��]. Such studies demonstrate that firstly, the diver-

sity of H2ases in nature is severely underrepresented

and secondly, enzyme variants that exhibit desired

properties may be discovered by examining the diver-
Current Opinion in Biotechnology 2009, 20:264–271
sity of protein-encoding genes in microbial assemblages

that have evolved in the presence of a particular

environmental stress. Full-length sequences of genes

of interest can ultimately be determined from environ-

mental DNA through a variety of techniques such as

thermal asymmetric interlaced PCR [43].

Recent advances with respect to the identification of

genes involved in [FeFe] H2ase [44,45��,46] and [NiFe]

H2ase [47,48] maturation and regulation, and the devel-

opment of heterologous expression systems for both

classes of enzyme [44,45��,49–51], make it feasible to
www.sciencedirect.com
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biochemically characterize H2ases by heterologous

expression in organisms that do not possess endogenous

H2ase machinery. Target genes identified through bio-

prospecting efforts can therefore be characterized geneti-

cally and biochemically using heterologous expression

studies. Moreover, the natural diversity of genes encoding

other key enzymes with relevance to bioenergy can be

examined, and exploited using similar approaches.

Conclusions
Research over the past two years has led to significant

improvements in our ability to manipulate gene expression

in eukaryotic algae, primarily C. reinhardtii. This progress

will allow the manipulation of algal metabolism with far

more precision than was historically feasible. Moreover,

progress in all aspects of developing informed models of

integrated algal metabolism, and strides in algal transgenics

have led to a better understanding of how fixed carbon is

partitioned toward bioenergy related molecules. Transfor-

mative high-throughput ‘omics’-based research will con-

tinue to identify targets relevant to bioenergy production

pathways. These advances, combined with the ability to

effectively probe the natural diversity of enzymes such as

the H2ases, will continue to dramatically expand our un-

derstanding of enzyme and pathway diversity. This

untapped natural diversity, along with genetically opti-

mized proteins, can be exploited through heterologous

expression in hosts amendable to large-scale cultivation.

Additional genome sequencing efforts are necessary, and

research directed toward generating more universal/gen-

eral genetic transformation tools and screening methods

will facilitate the development of informed strategies to

optimize the accumulation of targeted biofuels. Significant

breakthroughs in the development of improved tools for

genetic manipulation in eukaryotic algae, and the current

level of interest in algal-based biofuels and phototroph

basic research will undoubtedly provide further advances

in the coming years.
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