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Targeted engineering of microbial genomes holds much promise for diverse biotechnological applications. Tran-
scription activator-like effector nucleases (TALENs) and clustered regularly interspaced short palindromic repeats/Cas9
systems are capable of efficiently editing microbial genomes, including that of Saccharomyces cerevisiae. Here, we
demonstrate the use of TALENS to edit the genome of S. cerevisiae with the aim of inducing the overproduction of fatty
acids. Heterodimeric TALENs were designed to simultaneously edit the FAAT1 and FAA4 genes encoding acyl-CoA syn-
thetases in S. cerevisiae. Functional yeast double knockouts generated using these TALENs over-produce large amounts
of free fatty acids into the cell. This study demonstrates the use of TALENs for targeted engineering of yeast and
demonstrates that this technology can be used to stimulate the enhanced production of free fatty acids, which are
potential substrates for biofuel production. This proof-of-principle study extends the utility of TALENs as excellent
genome editing tools and highlights their potential use for metabolic engineering of yeast and other organisms, such as

microalgae and plants, for biofuel production.
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Owing to their potential use as dependable and renewable en-
ergy sources, biofuels derived from microbial fatty acids (FAs) have
attracted much attention in recent years. Metabolic engineering
and synthetic biology approaches have been used to produce
alcohol, alkanes, and biodiesel (1—6). Saccharomyces cerevisiae has
been used widely as the host of choice for numerous metabolic
engineering and bioengineering applications (7). Hence, in recent
years, there has been increasing interest in developing S. cerevisiae
strains that act as cell factories for FA-derived biofuel production.
For example, S. cerevisiae has been engineered to express heterol-
ogous lipase 2, which converts triacylglycerol or FAs to FA ethyl
esters for biodiesel production (8). Overexpression of the active
diacylglycerol acyltransferase, Dgalp, transforms S. cerevisiae into
an oleaginous yeast that produces high levels of FAs (9). S. cerevisiae
has also been engineered to produce FA-derived biofuels and
chemicals from simple sugars (10), and a strain that produces
short-chain FAs has been developed (11). Furthermore, the
disruption of citrate turnover and overexpression of a heterologous
ATP-citrate lyase leads to the accumulation of intracellular long
chain FAs (12). Manipulation of glycerol-utilizing genes and FA
biosynthesis in S. cerevisiae strains that use glycerol as a sole carbon
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source leads to the production of the FA-derived biofuel, FAEE (13).
Notably, overproduction of FAs by S. cerevisiae is achieved by dis-
rupting the beta-oxidation pathway, eliminating acyl-CoA synthe-
tases, overexpressing thioesterases, and up-regulating the initial
step of the FA synthesis pathway (14).

Targeted engineering of microbial genomes is an effective method
of generating strains capable of overproducing select and valuable
chemicals, and key gene targets that can be harnessed for metabolic
engineering and synthetic biology applications have been identified.
Site-specific nucleases can be used to generate functional knockouts,
edit gene sequences, and introduce and stack multiple genes. In
addition, genome engineering platforms using homing endonucle-
ases, zinc finger nucleases, and transcription activator-like effector
nucleases (TALENs) have also been developed (15—19). However, the
production of homing endonucleases and zinc finger nucleases that
are specific for a user-defined sequence is a time-consuming, labor-
intensive, expensive, and difficult process (20); therefore, TALENs
have been used to engineer the genomes of diverse eukaryotic spe-
cies (20—28). TALENSs are chimeric nucleases that are generated by
fusing a TAL effector protein, which serves as DNA binding module, to
the catalytic domain of the Fokl endonuclease, which cleaves the
target DNA in a site-specific manner (24,27). TAL effectors possess
distinct structural features, including an N-terminal secretion
domain, a central DNA-binding domain composed of repeats of
33—35 amino acids, and an acidic activation domain that mediates
transcriptional regulation (22,23,25). The DNA binding specificity of
TAL effectors is determined by residues 12 and 13 of the central
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repeats; these residues differ between proteins and are referred to as
the repeat-variable di-residue (RVD) (23,28). The DNA binding abil-
ities of specific RVDs have been deciphered for TAL effectors of
Xanthomonas and Ralstonia sp. (29,30). The RVD sequences HD and
ND bind specifically to C nucleotides; NH and NK bind specifically to
G nucleotides; NI and NG bind specifically to A and T nucleotides,
respectively; NN and HN bind specifically to A and G nucleotides; and
NS binds to any nucleotide (29—32). The degeneracy of binding of
RVD sequences can be utilized to design TAL effectors capable of
binding to more than one genomic target, thereby expanding their
overall utility and applications in genome engineering (21). Altering
the sequence, number, and order of RVDs enables the production of
TAL effectors and TALEN synthetic proteins with user-defined
sequence specificity. In fact, several repeat assembly approaches
have been developed, and the production of TALENs that bind and
modify user-defined target sequences is an efficient and reproduc-
ible process (19,24).

The S. cerevisiae acyl-CoA synthetases Faal and Faa4 are
involved in the recycling of FAs, and mutants that are deficient in
these enzymes exhibit a transient FA secretion phenotype and
significant accumulation of FAs in the culture medium (33). Here, to
generate S. cerevisiae strains that overproduce FAs, we designed and
produced synthetic heterodimeric TALENs for simultaneous tar-
geted engineering of the FAA1 and FAA4 genes. We present a
comprehensive workflow and establish the proof-of-concept that
TALENs can be used as tools to generate S. cerevisiae faal Afaa44
double knockout mutants that displayed an increased FA accumu-
lation in the cell. Overall, the results presented here suggest that
TALENs are powerful tools for metabolic engineering and synthetic
biology applications in yeast and other diverse eukaryotic species.

MATERIALS AND METHODS

Strains and growth media  The BY4741 (MATa his34 leu24 met154 ura34)
S. cerevisiae strain was kindly provided by Dr. Ramotar (University of Montreal). The
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yeast cells were grown at 30°C in either YPD (1% yeast extract, 2% peptone, and 2%
dextrose) or selective synthetic complete medium (0.67% yeast nitrogen base
without amino acids, 2% dextrose, pH 5.7) supplemented with the appropriate
dropout mix (Clontech, Mountain View, CA, USA) (34,35). As a control for gene
expression under the GAL promoter, dextrose was substituted by raffinose and/or
galactose at a final concentration of 2%. Yeast cells were transformed using the
lithium acetate method (36).

Construction of the dTALENs heterodimer constructs Heterodimeric
TALENSs were assembled as described previously (37). Briefly, fragments containing
repeat units were digested using BsmAI and simultaneously ligated into the dHax3
backbone to generate dTALENs with a particular sequence of RVDs (Fig. 3).

Yeast gateway cloning To enable the expression of the dTALEN hetero-
dimers in yeast, LR reactions were performed using the pENTR211/dTALENS entry
clones and the Gateway-compatible pAG423-GAL, pAG424-GAL, pAG425-GAL, and
PAG426-GAL yeast expression vectors (all from Addgene) to generate pAG423-
GAL-TALEN-FAA1-F, pAG424-GAL-TALEN-FAA1-R, pAG425-GAL-TALEN-FAA4-F, and
PAG426-GAL-TALEN-FAA4-R, respectively (Fig. 2). Alternatively, to generate EGFP-
tagged TALENS, LR reactions were performed using the pENTR211/dTALENs entry
clones and the Gateway-compatible pAG523-EGFP-GAL, pAG524-EGFP-GAL,
PAG425-EGFP-GAL, and pAG426-EGFP-GAL yeast expression vectors to generate
PAG423-GAL-TALEN-FAA1-F-EGFP, pAG424-GAL-TALEN-FAA1-R-EGFP, pAG425-
GAL-TALEN-FAA4-F-EGFP, and pAG426-GAL-TALEN-FAA4-R-EGFP, respectively.
After transformation of S. cerevisize with the expression plasmids, positive
colonies were selected and the recombinant plasmids were purified and verified
by restriction digestion with HindIIl. The digestion produced six fragments of
1016, 870, 648, 408, 334, and 198 bp. Sanger sequencing using the Seqconf.F and
Rep.Seqconf.R primers (Table 1) was also used to confirm the positive clones.

RT-PCR  Overnight cultures were grown for 16 h in selective minimal me-
dium supplemented with 2% galactose. Total RNA was then prepared from 5 ml of
culture using the RiboPure-Yeast extraction kit (Ambion, Grand Island, NY, USA).
M-MLV reverse transcriptase (Invitrogen, Grand Island, NY, USA) was used to
synthesize ¢DNA from 2 pg of RNA. The PCR primers used to verify the
expression level of TALEN-FAA1-F are listed in Table 1 and generated an
amplicon of 793 bp. As a control, primers were designed to amplify a 375 bp
fragment of the mRNA encoding actin (ACT1) (Table 1). The PCR program was as
follows: 2 min at 95°C, followed by 25 cycles of 1 min at 94°C (denaturation),
2 min at 58°C (TALEN-FAA1-F) or 54°C (ACT1) (annealing), and 4 min at 72°C
(extension), with a final extension for 7 min at 72°C. The PCR products were
analyzed on a 1% agarose gel.

Confocal and electronic microscopy The cells were analyzed by confocal
and electron microscopy as described previously (21).
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FIG. 1. Overview of fatty acid transport, synthesis, and activation in Saccharomyces cerevisiae. Engineered pathways for the production of fatty acids by simultaneous alteration of the
FAAT and FAA4 genes using specific TALENs. (A) Fatty acids accumulate in the cytosol at the early stage of growth. (B) Large amounts of fatty acids are secreted into the extracellular

compartment at the late stage of growth.
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FIG. 2. Binding of the TALEN heterodimers to their target FAA1 and FAA4 genes. (A) To target the FAAT gene: TALEN-FAA1-F and TALEN-FAA1-R were cloned into pAG423-GAL and
PAG424-GAL, respectively. (B) To target the FAA4 gene: TALEN-FAA4-F and TALEN-FAA4-R were cloned into pAG425-GAL and pAG426-GAL, respectively. The plasmids were
simultaneously transformed into the BY4741 yeast strain and colonies carrying the four heterodimers were isolated by culture in SD selective medium lacking His/Trp/Leu/Ura for
48 h at 30°C. The binding specificities of the repeat-variable di-residues (RVDs) are as follows: NI to A, HD and ND to C, NK to G, and NG to T.

High resolution melting analysis = HRMA, an extremely sensitive method of
detecting mutations in a mixed population of wild type and mutant template ge-
nomes (21,38), was used to detect mutations in wild type BY4741 cells carrying the
four plasmids encoding TALEN-FAA1-F, TALEN-FAA1-R, TALEN-FAA4-F and TALEN-
FAA4-R, as described previously (21).

Yeast FACS analysis for fatty acids detection  The cell cycle distribution of
yeast cells carrying the plasmids encoding TALEN-FAA1-F, TALEN-FAA1-R, TALEN-
FAA4-F, and TALEN-FAA4-R was analyzed by flow cytometry after 16 h induction
with 2% galactose. Flow cytometry was performed as described by Hutter and
Eipel (39) using a Coulter Epics Profile flow cytometer (Becton Dickinson
Immunocytometry Systems, San Jose, CA, USA). Briefly, suspensions of 5 x 10’
cells were collected by centrifugation, fixed in 70% ethanol for 10 min at 4°C,
washed with 0.9 ml of cold S1 buffer (50 mM Tris—HCl, pH 8.0, and 20 mM
EDTA), and then incubated with 1 mg/ml DNase-free RNase for 1 h at 37°C. After
centrifugation, the cells were incubated with 5 mg/ml pepsin for 30 min at 23°C.
The samples were then supplemented with 0.2 mg/ml propidium iodide,
incubated in the dark at room temperature for 15 min, collected by centrifugation,
resuspended in 0.9 ml of S1 buffer, sonicated for 3—5 s, and then analyzed by flow
cytometry.

GC—MS analysis for lipid content in the cells  For lipid content in the cells,
yeast strains carrying the four empty vectors and the two pairs of TALENs (FAA1 and
FAA4) were pre-cultured in SD selective medium lacking His/Trp/Leu/Ura at 30°C.
Then cells were centrifuged and the pellet was washed three times with sterile
water and cells were sub-cultured in 10 ml SD selective medium lacking His/Trp/
Leu/Ura with a 2% galactose starting with 0.D.spg0 ~0.2 and incubated for 16 h at
30°C. At the end of the incubation cells were collected by centrifugation and
washed three times with sterile water and the pellet was dried using a vacuum
freezer dryer. The Lipid fractions were eluted with chloroform and
methylesterified by the addition of an equal volume of 10% methanolic
hydrochloride then heating at 60°C for 3 h and finally were analyzed on a
gas—liquid chromatography (Agilent Technologies).

RESULTS

Design and construction of TALENs targeting the FAA1 and
FAA4 genes We hypothesized that using a pair of TALENs that

specifically and simultaneously target the FAA1 and FAA4 genes
(Figs. S1 and S2, respectively) would generate a mutant capable of
enhanced cytosolic FA accumulation at the early stage of growth,
and increased secretion of FAs into the culture medium at later
stages of growth (Fig. 1). To generate specific TALENs, TAL
effectors containing RVDs that conferred specificity to the
sequences of the FAA1 and FAA4 genes were generated using a
TALEN repeat assembly and engineering method, as described
previously (37). Two pairs of heterodimeric TALENs that were
designed to bind to target sequences in the FAA1 (TALEN-FAA1-F
and TALEN-FAA1-R) and FAA4 (TALEN-FAA4-F and TALEN-FAA4-R)
genes were assembled (Fig. 2). Sanger sequencing using primer
pairs flanking the repeat domain confirmed the authenticity of
the engineered TALENs. The DNA and protein sequences of each
TALEN are listed in Additional information. The designer TALEN
(dTALEN) backbone vectors were Gateway-compatible; therefore,
the Gateway LR cloning method was used to transfer each TALEN
into a yeast destination vector, namely pAG423, pAG424, pAG425,
and pAG426 for TALEN-FAA1-F, TALEN-FAA1-R, TALEN-FAA4-F,
and TALEN-FAA4-R, respectively (Fig. 3). The galactose-inducible
expression clones were then transformed into the BY4741 yeast
strain and transformants carrying the four plasmids were isolated
in selective SD medium lacking His/Trp/Leu/Ura (Fig. 3).

Validation and optimization of TALENs RT-PCR analyses
revealed that expression of TALEN-FAA1-F was induced by
galactose in a concentration-dependent manner (Fig. 4A).
Furthermore, supplementation of the culture medium with 2%
glucose inhibited the expression of the four TALENs, whereas
their expression levels were increased markedly by the addition
of 2% galactose (Fig. 4A). To validate their in-frame fusion
construction and proper nuclear localization, each TALEN was
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FIG. 3. Generation of S. cerevisiae clones expressing TALENs designed to simultaneously knockout the FAAT and FAA4 genes. An overview of the Gateway cloning strategy used to

generate yeast clones expressing TALEN-FAA1-F, TALEN-FAA1-R, TALEN-FAA4-F, and TALEN-FAA4-R. The positive clones carrying all four TALENs were isolated in SD selective
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FIG. 4. Galactose-induced expression of TALEN-FAA1-F in yeast. (A) RT-PCR analysis of TALEN-FAA1-F expression in BY4741 cells cultured with the indicated concentrations of
galactose for 16 h at 30°C. (B) Analysis of the nuclear localization of EGFP-tagged TALEN-FAA-1 by confocal microscopy (magnification 40x ). S. cerevisiae BY4741 cells carrying the
PAG423-GAL-EGFP (empty vector) or pAG423-GAL-TALEN-FAA1-F-EGFP were cultured in selective SD medium containing 2% galactose. Images of cells in the early log phase of

growth are shown.
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TABLE 1. The primers used in this study.

Primer name Sequence (5'—3)

FAA1-F (HRMA assay)  GGCAAGGAGACTTCAGTGGA
FAA1-R (HRMA assay)  CCTATTTTCACCAACCCACG
FAA4-F (HRMA assay)  CAAGAGGGTGGATGGTAAGG
FAA4-R (HRMA assay) ~ CCAATCTTTATCAGCCCACG-
SPT10-F (HRMA assay)  TCGTGGAGGAAGAAAACTCAA
SPT10-R (HRMA assay)  TCTCGTTCATCACGGTTGAC
FAA1-F (T7EI assay) CCGTTCCAGTTGGGAAAGCCGC

FAA1-R (T7EI assay)
FAA4-F (T7EI assay)
FAA4-F (T7EI assay)
RT-PCR-TALEN-F
RT-PCR-TALEN-R

ATGGCCTTAGACCCCGTTTGCACC
ATATTCCGTTGCAGTTGGCGAAGCCGC
AGTGTCGTACGCGGTGACCACAG
CGAATGGGACGAAGTCCAA AGTGGTTTAAGGGCAGC
TGCAATGGCAACGACTTGTTCGGGAGTTAACCCATGC

RT-PCR-ACT1-F GAGTGTGCAAGAGCTGAAGAAGAGAGCTGCAGGGAA
RT-PCR-ACT1-R ACTACACGCGATCCCAAAGCTAACGGTAATAAGCGC
Seqconf.F1 GGCGCAAGAGCATTAGAGGCGCTTCTCACCGTA
Rep.Seqconf.R2 TTTCTTAACGGCATCAAGTGCTGGTCGTCCTCCTAAACATGC

fused to enhanced green fluorescent protein (EGFP) in a yeast
expression plasmid harboring a galactose-inducible promoter. The
cells carrying pAG423-TALEN-FAA1-F-EGFP were cultured in
selective media without His, induced with 2% galactose for 16 h,
and then analyzed using confocal microscopy. The observed
nuclear localization of TALEN-FAA1-F-EGFP confirmed the proper
in-frame fusion and functionality of the nuclear localization
signal in yeast cells (Fig. 4B). The same result was also obtained
for EGFP fusions of TALEN-FAA1-R, TALEN-FAA4-F, and TALEN-
FAA4-R (data not shown).

TALEN AS TOOL FOR METABOLIC ENGINEERING IN YEAST 5

TALEN-induced cleavage of the FAA1 and FAA4 target
genes Next, we determined the abilities of the TALEN hetero-
dimer pairs to cleave their genomic target sequences. Several mu-
tation detection assays, such as SURVEYOR and T7 endonuclease I
(T7EI) assays, have been developed to assess the presence of mu-
tations at target sequences; these assays are based on the identi-
fication and nuclease-mediated cleavage of a heteroduplex bulge
formed by the hybridization of mutant and wild type sequences
(40—42). These heteroduplexes can also be examined by high-
resolution melting analysis (HRMA), particularly when the
frequency of genome editing is expected to be less than 5%
(21,38,43). To determine the activities of the FAAl-and FAA4-
specific TALENs, HRMA was performed as described previously
(21). In these experiments, specific primers were designed to
generate short amplicons of 122 bp and 135 bp for FAA1 and
FAA4, respectively (Table 1 and Fig. S3). The cleavage efficiency of
the TALENs towards the positive (control plasmids G and C)
controls was approximately 50% (Fig. 5A). Yeast cells carrying the
four TALENs exhibited site-specific nuclease activity at the target
loci (Fig. 5B and C); however, no nuclease activity was detected at
the non-target SPT10 gene (Fig. 5D). The cleavage efficiencies of
the TALENs towards FAA1 and FAA4 were approximately 2% and
5%, respectively. T7EI assays performed using the specific primers
listed in Table 1 confirmed the targeted genomic modification of
FAA1 and FAA4 by the specific TALENSs (Fig. S3).

Yeast cells expressing TALENs targeting FAA1 and FAA4
exhibit a FA accumulation phenotype Several previous re-
ports have demonstrated that mutants lacking both Faal and Faa4
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FIG. 5. HRMA of yeast cells expressing the four FAA1-and FAA4-specific heterodimeric TALENs. HRMA detects the presence of mutant alleles in mixed populations of wild type and
mutant genomes. (A) HRMA of the control (Control G and Control C) plasmids provided in the SURVEYOR Mutation Detection Kit. These two control plasmids differ at a single base
pair (C versus G). (B, C) HRMAs of the FAA4 and FAAT genes in yeast cells expressing the four heterodimeric TALENs. (D) HRMA of the negative control (SPT10) gene.
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FIG. 6. Fatty acid accumulation in the cytosol of yeast cells expressing FAAT-and FAA4-specific TALENS. (A, B) Electronic microscopy analyses of yeast cells (log stage of growth)
expressing TALEN-FAA1-F, TALEN-FAA1-R, TALEN-FAA4-F, and TALEN-FAA4-R, or the corresponding empty vectors. (C, D) Flow cytometric detection of lipid vesicles (droplets) in
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intensity.
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accumulate and then secrete a large amount of FAs into the culture
medium (14,33,44,45). Molecular analyses (using HRMA and T7EI
assays) of yeast cells expressing the engineered TALENSs indicated
the presence of mutations at the FAAT and FAA4 loci (Fig. 5B and C,
and Fig. S4); therefore, we expected that these cells would
accumulate free FAs in the cytosol during log phase
(16 h post-induction with galactose). FAs accumulation in yeast
can be detected by electron microscopy as previously showed by
Feron et al. (46). Electron microscopy analyses revealed that
approximately 5% of the yeast cells expressing the FAA1-and FAA4-
specific TALENs accumulated lipid vesicles (droplets) 16 h after
induction with 2% galactose (Fig. 6A and B). By contrast, no lipid
vesicles were detected in yeast cells carrying the four
corresponding empty vectors, or in cells expressing only one pair
of TALENs (TALEN-FAA1-F and TALEN-FAA1-R, or TALEN-FAA4-F
and TALEN-FAA4-R; Fig. 6A and B).

FA accumulation in the cytosol of human fat cells can be moni-
tored by fluorescence-activated cell sorting (47); therefore, we
adapted this procedure to analyze the transformed yeast cells.
Whereas 9.4% of the yeast cells expressing the FAAT1-and FAA4-spe-
cific TALENs exhibited enhanced FA accumulation, only 1.9% of the
control cells carrying the empty vectors displayed this phenotype
(Fig. 6Cand D). Then, we used gas chromatography (GC—MS) analysis
to determine the amount of the total intracellular FAs in yeast cells
carrying only empty vectors and yeast cells expressing FAA1-and
FAA4-specific TALENs. The data showed an increase amount of FAs
accumulation in cells expressing the FAA1-and FAA4-specific TALENs
(10.28 = 0.4 pg/108 cells) compared to the control cells that carrying
only the empty vectors 9.45 = 0.2 pug/108 cells). Taken together, these
results confirm that the engineered TALENSs disrupted the FAAT and
FAA4 genes, indicating that deleting both of these genes is necessary
and sufficient for FA accumulation (14,33,44,45).

DISCUSSION

Targeted engineering of genomes is an effective means of
harnessing the power of genetics for biotechnological applications
and functional analyses of genes. Technologies that permit precise
and site-specific manipulation of the genome are advancing with
unprecedented pace. TALENs and clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 systems are powerful and
efficient platforms for genome engineering (48,49). In both of
these systems, proteins function like molecular scissors to intro-
duce a targeted DNA double-strand break, which is repaired by
one of two major mechanisms: (i) imprecise non-homologous
end-joining, which leads to gene disruption by inducing muta-
tions at the break site; or (ii) precise homologous recombination,
which facilitates gene insertion, stacking, or replacement using
exogenous DNA templates with ends that are homologous to the
targeted sequence (48,49). Recently, a limited number of reports
have demonstrated the use of genome editing tools for biotech-
nological applications (50). TALEN-based engineering platforms
allow multiplex genome editing and the accelerated evolution of
microbial genomes that enable the production of select and highly
valuable chemical compounds. For example, yeast oligo-mediated
engineering, which harnesses the yeast homologous DNA recom-
bination machinery using template variants, has been used for
multiplex genome editing (51). Technologies such as these will
help to define the molecular basis of microbial phenotypes and
will enable the engineering of specific microbes for industrial
applications.

Here, we describe a comprehensive method of editing the
S. cerevisiae genome using TALENs to simultaneously knockout the
FAA1 and FAA4 genes, which are involved in the lipid metabolism of
S. cerevisiae. Although a recent study used the CRISPR system to
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demonstrate the disruption of multiple genes in S. cerevisiae (52), to
the best of our knowledge, the present study is the first to describe
the generation of a yeast double knockout mutant using TALENS for
a biotechnological application. The results presented here demon-
strate the feasibility of using TALEN-mediated yeast engineering to
induce the overproduction and enhanced secretion of free FAs by
S. cerevisiae. Notably, these FAs can be used as precursors for
generating advanced biofuels via trans-esterification reactions, as
well as high-value oleo-chemicals.

The facile engineering of microbial and eukaryotic genomes
using TALENs and the CRISPR/Cas9 system will advance synthetic
biology and bioengineering applications aimed at overproducing
bio-based chemicals and fuels. This proof-of-principle study ex-
tends the utility of TALENSs as excellent genome engineering tools
and highlights their potential use for targeted engineering of other
organisms, including microalgae and plants. Because of their high
growth rates and high photosynthetic efficiencies when grown in
specific environments, microalgae (including cyanobacteria) are a
potential feedstock for the production of bioenergy and biofuels.

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jbiosc.2015.02.017.
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