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ARTICLE INFO ABSTRACT

Article history: Triacylglycerols (TAGs) are highly reduced energy storage molecules ideal for biodiesel production. Microalgal
Received 26 January 2016 TAG biosynthesis has been studied extensively in recent years, both at the molecular level and systems level
Received in revised form 8 june 2016 through experimental studies and computational modeling. However, discussions of the strategies and products
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Available online 14 June 2016 of the experimental and modeling approaches are rarely integrated and summarized together in a way that pro-

motes collaboration among modelers and biologists in this field. In this review, we outline advances toward un-
derstanding the cellular and molecular factors regulating TAG biosynthesis in unicellular microalgae with an

ﬁﬁg‘ge emphasis on recent studies on rate-limiting steps in fatty acid and TAG synthesis, while also highlighting new in-
Lipid sights obtained from the integration of multi-omics datasets with mathematical models. Computational method-
Triacylglycerol biosynthesis ologies such as kinetic modeling, metabolic flux analysis, and new variants of flux balance analysis are explained
Metabolic engineering in detail. We discuss how these methods have been used to simulate algae growth and lipid metabolism in re-
Computational modeling sponse to changing culture conditions and how they have been used in conjunction with experimental valida-
Flux balance analysis tions. Since emerging evidence indicates that TAG synthesis in microalgae operates through coordinated
gir:fllils crosstalk between multiple pathways in diverse subcellular destinations including the endoplasmic reticulum
and plastids, we discuss new experimental studies and models that incorporate these findings for discovering
key regulatory checkpoints. Finally, we describe tools for genetic manipulation of microalgae and their potential
for future rational algal strain design. This comprehensive review explores the potential synergistic impact of
pathway analysis, computational approaches, and molecular genetic manipulation strategies on improving

TAG production in microalgae.
© 2016 Elsevier Inc. All rights reserved.

Contents

1. Introduction . . . . . . L. e e e e e e e e e 1047
Fatty acid and triacylglycerol biosynthesis in microalgae . . . . . . . . . . . . L L Lo e e e e e e e e e 1047
2.1. Regulatory elements of the Kennedy pathway. . . . . . . . . . . . . . . . . e e e e e 1048
210, Acyltransferases . . . . .. . .. L e e e e e e e e e 1048
2.2.  Alternative routes to TAG Synthesis. . . . . . . . . . . . . L e e e e e e e e e e e e e e e e e e 1050
22.1.  Phospholipid:DAG acyltransferases. . . . . . . . . . . . . L e e e e e e e e e e e e e e e 1050
23.  Physiological function of TAG synthesis. . . . . . . . . . . . . L e e e e e e e e e e e e e e 1050
3. State of the art computational modeling of microalgae . . . . . . . . . . .. L L e e e e e e e e 1051
3.1.  Flux balance analysis and lipid biosynthesis . . . . . . . . . . . . . . . . e e e e e e e e e e e e e 1051
32.  Metabolic flux analysis . . . . . . . . . . . e e e e e e e e e e e e e 1052
3.3. Dynamic Reduction of Unbalanced Metabolism modeling. . . . . . . . . . . . . . . . . . . e e 1052
34. Models with thermodynamic and energetic CONStraints. . . . . . . . . . . . . .t i it e e e e e e e e e e e e e e 1053
3.5.  Kinetic modeling to enhance lipid production . . . . . . . . . . L. L L e e e e e e e e e e e e e 1053
3.6. Relevance of computational models to lipid biosynthesis . . . . . . . . . . . . .. L L e e e e 1054

* Corresponding authors.
E-mail addresses: stmiller@umbc.edu (S.M. Miller), ithorpe@umbc.edu (1. Thorpe), yantao@umces.edu (Y. Li).
! These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.biotechadv.2016.06.004
0734-9750/© 2016 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.biotechadv.2016.06.004&domain=pdf
http://dx.doi.org/10.1016/j.biotechadv.2016.06.004
mailto:yantao@umces.edu
Journal logo
http://dx.doi.org/10.1016/j.biotechadv.2016.06.004
Unlabelled image
http://www.sciencedirect.com/science/journal/07349750
www.elsevier.com/locate/biotechadv

S.K. Lenka et al. / Biotechnology Advances 34 (2016) 1046-1063 1047

4, Technical advances that facilitate metabolic engineering . . . . . . . . . . . . . . . . e e e e e e e e e e e e 1055
41.  Transforming microalgae . . . . . . . . . . . . e e e e e e e e e e e e e e e e 1055

42. Othertechnicaladvances . . . . . . . . . . . . L L L e e e e e 1055
42.1. Heterologous protein eXpresSion . . . . . . . . . vt e e e e e e e e e e e e e e e e e e e e e e e e e e 1055

422, Genomeediting . . . . . . . .. L e e e e e e e e e e e 1056

5.  Engineering algae for enhanced TAG production. . . . . . . . . . . . . L . e e e e e e e e e e e e e e e e 1056
5.1. Theoretical maximumyield of TAG . . . . . . . . . . . e e e e e e e e e e e e e e e 1056

5.2.  Genetic manipulations aimed at enhancing FAand TAG . . . . . . . . . . . . . . e e e e e e e e e e 1058
52.1. FAbiosynthetic and Kennedy pathway genes. . . . . . . . . . . . . i i it e e e e e e e e e e e e e 1058

52.2. Substrate specificity and desaturase enes . . . . . . . . . . . i e e e e e e e e e e e e e e e e e e e e e e e 1059

5.2.3. Transcription factor genes and otherregulators. . . . . . . . . . . . . . L . e e e e e e e e e e e e 1059

524, Othergenes. . . . . . . . o v v v i e e e e e e e e e e e e e e e s e 1059

53.  Other metabolic engineering strategies and trade-offs . . . . . . . . . . . L L L L L L L e 1059
53.1.  Enhancing TAG production through improving biomass yield . . . . . . . . . . . . . . . . . . . ... 1059

53.2. Trade-offs and limitations in metabolic engineering . . . . . . . . . . . . . . . . . e e e e e 1059

6. Conclusion and Perspectives. . . . . . . . . . . i e e e e e e e e e e e e e e e e e e e e e e e s e 1060
AcknowledgmentsS. . . . . . . . . L e e e e e e e e e e e e e e e e e e e e e e 1060
References . . . . . . . . . e e e e 1060

1. Introduction

Climate change, human population growth, and depletion of natural
resources impose a serious burden on the planet. Addressing these chal-
lenges while concurrently expanding the global economy will require
new technologies that generate renewable resources for food, health
products, chemicals, and fuels (Georgianna and Mayfield, 2012;
Harvey and Pilgrim, 2011). Oleaginous (oil-producing) microalgae
hold promise as a sustainable feedstock for each of these needs, as
they can accumulate large amounts of triacylglycerol (TAG) under
proper conditions (Benemann, 2013; Hu et al., 2008). TAG is a major
storage lipid that plays an important role in energy and carbon storage
in many microalgae (Chisti, 2007). It is known that TAG synthesis and
storage occur in distinct subcellular compartments within microalgae,
and recent evidence indicates that TAG is not only a storage molecule
but also plays a crucial role in maintaining intracellular lipid homeosta-
sis, proper membrane structure, and cellular function in response to en-
vironmental and developmental cues (Holthuis and Menon, 2014;
Kohlwein, 2010). Understanding how these functions and processes
are coordinated and regulated will arguably be critical for any sort of ra-
tional re-design of TAG biosynthesis in microalgae.

Engineering algae to accumulate high levels of TAG while growing
rapidly is an ongoing challenge and only limited success has been reached
(Lietal, 2010a; Li et al., 2010b; Tsai et al., 2014). Such efforts benefit from
knowledge of the biochemical and molecular mechanisms regulating
fatty acid (FA) and TAG biosynthesis, accumulation, and turnover in
other organisms, much of it inferred from studies of higher plants. Inter-
estingly, TAG biosynthesis is relatively complicated in species such as
Arabidopsis, for which acyl-lipid metabolism and its regulation involve
over 600 genes and at least 120 enzymatic reactions in different organs
of the plant (Li-Beisson et al., 2013). In comparison, in microalgae, TAG
biosynthesis and storage occur within a single cell and involve fewer pro-
teins. For instance, based on the JGI v5.5 of the Chlamydomonas reinhardtii
genome, there are just 113 genes predicted to be involved in major steps
of acyl-lipid metabolism (Li-Beisson et al., 2015) in that organism, and the
number of genes involved in FA metabolism plus TCA cycle is inferred to
be just 106 in the diatom Phaeodactylum tricornutum (Miihlroth et al.,
2013). Clearly there are other interesting and important metabolic and
cell biological differences between plants, green algae, and chromophyte
algae, including differences in carbohydrate synthesis and glycolytic path-
ways, and in the arrangements of their thylakoid membranes (Wilhelm
et al., 2006). As our focus is on TAG metabolism, these topics are not
discussed in detail in this review.

Indeed, whole genome sequencing, de novo transcriptomics, and
proteomics analysis of algae have accelerated the basic understanding
of FA and TAG biosynthesis for strain improvement (Guarnieri et al.,

2011; Merchant et al., 2007; Nguyen et al., 2011; Radakovits et al.,
2012). With analytical advancements in lipidomics, it is now possible
to quantitatively identify hundreds of natural TAGs and their
regioisomers from algae (Rezanka et al., 2014). Using such omics and
biochemical information from the model alga C. reinhardtii, attempts
have been made to derive a draft metabolic network using computa-
tional modeling and bioinformatics methods (Boyle and Morgan,
2009; May et al., 2009; May et al., 2008). Mathematical and kinetic
models have also been developed to study growth parameters and
lipid production in green algae (Packer et al., 2010; Tevatia et al,,
2012; Yang et al., 2010). Taken together, current developments in mo-
lecular genetics and biochemistry, omics (including genomics, tran-
scriptomics, proteomics, metabolomics, and fluxomics), integrative
modeling, and genome engineering tools have the potential to enable
precise predictive capabilities and rational engineering of algae for
high lipid content, see Fig. 1 (Jiang et al., 2014; Recht et al., 2014;
Reijnders et al., 2014). The above technological advances offer a unique
opportunity to understand algal lipid metabolism in a holistic manner.

This review begins with an overview of the current knowledge of
TAG production in microalgae, based on biochemical, physiological,
multi-omics, and pathway modification studies, with a focus on the
role of major enzymes involved in TAG metabolism. Then we discuss
computational methods and their use in data analysis and pathway pre-
diction, with an emphasis on the application of these methodologies to
algal TAG production. Finally, we offer a perspective on recently devel-
oped genetic engineering tools that may be used to rationally engineer
algal strains for favorable biofuel traits (Fig. 1) and summarize reported
genetic modifications outcomes, highlighting some strategies that mod-
elers and experimenters could collaboratively investigate.

2. Fatty acid and triacylglycerol biosynthesis in microalgae

FAs are amphipathic molecules consisting of a carboxylic acid group
at one end and a hydrocarbon group at the other, with length and de-
gree of saturation of the hydrocarbon moiety variable among different
FA species. Acyl-lipids derived from FAs, primarily glycerolipids, form
the basic structural components of cell membranes (Li-Beisson et al.,
2013). The physiologically inert storage lipid TAG has three fatty acyl
groups esterified with the glycerol backbone. Many important mecha-
nistic insights into FA biosynthesis in algae were inferred using the
basic framework of Arabidopsis lipid metabolism. However, microalgal
lipid metabolism differs from plants in at least two important ways
(Liu and Benning, 2012). First, in microalgae (but not plants) the
plastidic prokaryotic pathway of TAG synthesis and storage plays a
more direct role, and second, algae synthesize glycerolipid with distinct
acyl groups not present in plants.
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