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A B S T R A C T

Ongoing global efforts to commercialize microalgal biofuels have expedited the use of multi-omics techniques to
gain insights into lipid biosynthetic pathways. Functional genomics analyses have recently been employed to
complement existing sequence-level omics studies, shedding light on the dynamics of lipid synthesis and its
interplay with other cellular metabolic pathways, thus revealing possible targets for metabolic engineering.
Here, we review the current status of algal omics studies to reveal potential targets to augment TAG accumu-
lation in various microalgae. This review specifically aims to examine and catalog systems level data related to
stress-induced TAG accumulation in oleaginous microalgae and inform future metabolic engineering strategies
to develop strains with enhanced bioproductivity, which could pave a path for sustainable green energy.
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RuBisCo Ribulose-1,5-bisphosphate carboxylase/oxygenase
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TAG Triacylglycerol
TCA Tri carboxylic acid
TLA1 Truncated light harvesting antenna 1
αCT α carboxytransferases
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1. Introduction

In light of current environmental and energy supply concerns,
growing attention is being devoted to developing renewable energy as a
means to reduce global warming and strengthen energy security. The
utilization of non-food-based feedstocks for renewable fuels will be
helpful in overcoming the food versus fuel dilemma. The transportation
sector is one of the leading users of fossil fuels, calling for replacement
with bio-based fuels such as biodiesel (made from fatty acid methyl/
ethyl esters or FAMEs/FAEES), renewable diesel and renewable jet fuel
(made from hydrodeoxygenation of fatty acids), and bioethanol (made
from carbohydrates) (Chen and Smith, 2012). Among the renewable
feedstocks, microalgae offer an edge in comparison to other conven-
tional plant based feedstocks owing to their relatively rapid growth
rate, higher yields of bioenergy per hectare, and their ability to thrive
without a need for arable land along with reduction of freshwater, thus
mitigating potential impact on food supplies (Lee et al., 2014a, 2014b).
Furthermore, microalgae can capture CO2 not only from the environ-
ment but from different industrial waste streams, which might provide
a positive sustainability impact (Hasunuma et al., 2016). However,
various economic barriers exist towards economical and sustainable
deployment of microalgae-based biodiesel on large scale, including
fresh water and nutrient availability, process stability and downstream
processing (harvesting, extraction and production). One approach to
enable favorable process economics is via enhancement of TAG accu-
mulation, which will require a more complete understanding of lipo-
genesis induction and biosynthetic mechanisms, and bottlenecks re-
lated thereto.

Microalgae (and cyanobacteria) harness sunlight and CO2 from the
environment to synthesize lipids, carbohydrates, proteins and various
value-added products (e.g. carotenoids, phycobiliproteins, sterols and
vitamins). Among these, neutral lipids (triacylglycerols) and carbohy-
drates can serve as efficient raw materials for biodiesel and bioethanol
and biochemical production, respectively. Triacylglycerols (TAGs) are
composed of fatty acids with a glycerol backbone, which can be
transesterified to form fatty acid methyl esters (FAMEs) (Lohman et al.,
2015). The transesterification process involves reaction of 1 mole of
TAGs with 3 moles of methanol at moderate temperatures, catalyzed by
acid, alkali, or enzyme, to form 1 mole of glycerol and 3 moles of
FAMEs, which can be utilized for biodiesel (Ramos et al., 2009). They
can accumulate large quantities of TAGs (20-60 % of dry cell weight)
under adverse conditions in specialized lipid bodies (Klok et al., 2014).
The adverse conditions can be categorized as physical (e.g. shifts in
temperature, light intensity, wavelength of light) and chemical (e.g.
nutrient depletion, salinity, CO2, heavy metal exposure) (Arora et al.,
2017a, 2017b; Singh et al., 2016; Ho et al., 2014a, 2014b). TAGs help
microalgae withstand the imposed stress by maintaining intracellular
lipid homeostasis, cellular function and energy supply (Lenka et al.,
2016). However, prolonged stress can result in breakdown of the pho-
tosynthetic apparatus, resulting in chlorophyll degradation (mani-
festing as chlorosis), limiting cell division, and reducing the overall
TAG productivity (Vonlanthen et al., 2015). Additionally, there is an
inverse relation between active growth and lipogenesis. Therefore, an
optimum balance between growth rate and TAG accumulation is es-
sential for commercial algal biofuel production (Davis et al., 2011).
Microalgal omics can provide insights for improved cultivation prac-
tices or guidance for strain improvement strategies to achieve maximal
lipid and biomass accumulation, and potential decoupling of these
processes.

The term “omics” has come to be used in any biological study that
aims to characterize and quantify large datasets of an organism’s
structure, function and dynamics requiring informatics (bioinformatics
tools for dataset assembly, annotations and integration) to archive
(creation and storage of databases) and interpret high resolution mo-
lecular maps. In this context, we use the term to reflect four major
components: genomics (sequencing of complete genomes),

Fig. 1. Omics techniques for identifying potential targets for increasing TAG accumulation in microalgae.
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transcriptomics (mRNA-transcription), proteomics (protein translation
and post-translation regulation) and metabolomics (metabolites) as
shown in Fig. 1 (Guarnieri and Pienkos, 2015). Omics studies strive to
analyze entire classes of molecules which can play a vital role in un-
derpinning key regulatory elements (genes, proteins, metabolites, and
interactions thereof) and mechanisms reflecting the physiological de-
tails of microalgal growth, adaptation to cultivation changes, resistance
to predators, and characteristics involved in harvesting (Hannon et al.,
2011). Understanding the aforementioned traits can accelerate the
basic understanding of TAG synthesis in microalgae in response to
stress by identifying regulatory pathways and key genes/proteins/me-
tabolites leading to strategic genetic engineering and strain improve-
ment, thereby expediting the pursuit of economically feasible algal oil
production.

Extensive transcriptomics, proteomics and metabolomics studies on
various microalgae exposed to environmental stresses have reported
differential expression and/or abundance of specific genes, proteins, or
metabolites that contribute directly or indirectly towards augmentation
of intracellular TAG accumulation. However, the available data have
not been systematically integrated, thus hindering advancement of
algal biofuel omics. Hence, the present review focuses on the state of
the art methodologies involved in algal omics for identifying key
components and governing mechanisms surrounding TAG productivity
in an effort to index and synthesize these data, and ultimately inform
strategies targeting economically viable algal fuel production in the
near future. We examine the technological advances in the field of algal
omics, emerging techniques for analysis, and computational methods
required to evaluate the vast omics data. The compiled data ultimately
aims to both catalog and catalyze the basic understanding of algal
biology and lipid synthesis to enable hypothesis-driven bioengineering
of microalgae for lipid-derived fuel production.

2. Overview of TAG accumulation in microalgae

In-depth knowledge of lipid metabolism could lead to successful
modifications in the expression and/or abundance of key lipid biosyn-
thetic and regulatory elements, resulting in overall improved TAG ac-
cumulation in microalgae (Bellou et al., 2014; Radakovits et al., 2010).
Extensive biochemical characterization coupled with whole genome
sequencing, transcriptomics, proteomics and metabolomics of different
microalgae have revealed a detailed mechanism of lipid catabolism and
anabolism under various growth modes (autotrophic, heterotrophic,
mixotrophic) and stress (physiological, chemical and operational)
conditions (For detailed review, please refer to, Lenka et al., 2016;
Radakovits et al., 2010). It is only through detailed study and com-
parative analysis that we will be able to determine if regulatory me-
chanisms for lipid metabolism are common to multiple species or if they
vary widely across the broad algal phylogenic space. As this review
notes, there are already indications that both commonality and di-
versity in regulatory mechanisms are in play, but it is clear that the best
likelihood for success at manipulating lipid metabolic regulation will
involve omic data arising from the specific strains of interest.

Briefly, neutral lipid (TAG) synthesis in microalgae can be sub-
divided into two steps: de-novo fatty acid synthesis occurring in the
plastid, and acyl-lipid assembly in endoplasmic reticulum (Kennedy
pathway) (Fig. 2). There also exists an alternative to the Kennedy
pathway, the acyl-CoA independent pathway for TAG accumulation in
microalgae involving phospholipid:diacylglycerol acyl transferase
(PDAT). It is postulated that PDATs transfer a fatty acyl moiety from
phospholipid to DAG (diacylglycerol). PDAT utilizes the chloroplast
membrane lipids including monogalactosyl diacylglycerol (MGDG),
sulfoquinovosyl diacylglycerol (SQDG) and phosphatidylglycerol (PG)
as substrate for the synthesis of TAGs. Thus, both de-novo and acyl-CoA
independent pathways contribute to overall TAG accumulation in mi-
croalgae.

3. Mechanistic insights into algal omics and their role in
augmenting TAG accumulation

Over the past few years, utilization of omic technologies to under-
stand algal lipid metabolism under different stress conditions has re-
vealed potential targets in various microalgae which can pave the path
for targeted genetic engineering (Guarnieri and Pienkos, 2015). The
detailed literature of the main omic components: genomics, tran-
scriptomics, proteomics, and metabolomics along with related tech-
nologies are discussed below individually.

3.1. Genomics

Next generation sequencing (NGS) has facilitated an increase in the
availability of whole genome sequences of a number of microalgal
species in public databases (Table 1). The first microalgal genome was
published in 2004 for Cyanidioschyzon merolae, an inhabitant of sulfur
rich acid hot springs (Sasso et al., 2011). C. merolae has the smallest
genome of all the photosynthetic eukaryotes reported to date, con-
taining single nucleus, mitochondria and plastid (Matsuzaki et al.,
2004). The sequencing of this microalga shed light into the evolu-
tionary origin and fundamental differentiation and multiplication traits
of photosynthetic eukaryotes. Later, the genome sequence of the first
model organism of green algae, Chlamydomonas reinhardtii, was pub-
lished. The complete acylglycerol pathway of C. reinhardtii was re-
constructed in-silico by Riekhof et al., providing a strong foundation for
examination of lipid metabolism in green microalgae (Schuhmann
et al., 2012). Currently, there are around 30 whole genome sequences
available for different green algae and diatoms, as listed in Table 1.
These green microalgae were chosen based on their ecological role,
phylogenetic distribution or potential as biofuel sources.

Similarly, diatoms also represent valuable sources for many value
added bio-products and biofuels. The first diatom to be fully sequenced
was Thalassiosira pseudonana followed by the pennate diatom
Phaeodactylum tricornutum which is also a model organism for diatoms
(Sasso et al., 2011). These two diatoms provided important information
regarding the evolution and metabolic pathways. For example, Ker-
marrec et al. were successful in identifying diatom taxa in bulk samples
of a mock community using pyrosequencing, which was beneficial in
evaluating the impact of environmental stressors and stability of the
ecosystems (Kermarrec et al., 2013). The whole genome sequences of
three other diatoms (Fragilariopsis cylindrus, T. oceanica, Cyclotella
cryptica) are also available in the public databases (Table 1).

In addition to nuclear genome sequences of these microalgae, mi-
tochondrial and plastid genomes are accessible for still more algal
species and these have provided considerable information regarding the
genes/ enzymes encoded by these organelles (for a complete list, please
refer to Lü et al., 2011). Whole genome sequencing (chromosomal and
organelle) has provided an extensive knowledge on the evolution and
adaptation in extreme environments, revealing both conserved and
unique metabolic pathways involved in various processes such as
photosynthesis, carbon acquisition, lipid synthesis, and value-added
product synthesis.

3.2. Transcriptomics

Global transcriptional profiling of microalgal cells using NGS can
provide valuable insights into pathways and regulatory genes asso-
ciated with the enhanced production of neutral lipids in microalgae by
identification of key transcriptional regulators altering lipid biosynth-
esis (Rismani-Yazdi et al., 2012). Moreover, comparative tran-
scriptomic analysis of algal genomes provides deeper understanding of
differential gene expression in oleaginous vs. non-oleaginous strains by
identifying universal biosynthetic and control elements. To this end,
various transcriptomic analyses of different oleaginous microalgae have
been carried out under nutrient deprivation (mainly nitrogen), carbon
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dioxide limitation, etc., to shed light on the mechanisms underlying the
augmented lipid accumulation (Table 2).

Nitrogen is an essential nutrient required by microalgae for their
normal metabolic activities. Its deficiency causes perturbations in the
de-novo synthesis of amino acids, nucleic acids and various cellular
constituents metabolism including in many cases a drastic increase in
lipid content inside cells (Yang et al., 2013). For this reason, the
changes in gene expression profiles of various microalgae such as C.
reinharditii, Chlorella vulgaris, Botryococcus braunii, Botryosphaerella su-
deticus, Neochloris oleoabundans, Phaeodactylum tricornutum, Tetraselmis
M8, Monoraphidium neglectum and Micractinium pusillum under nitrogen
deplete conditions have been extensively reported in the literature as
listed in Table 2. These studies have delineated a systematic profile of
differential expression of genes belonging to various metabolic path-
ways such as ribosome biosynthesis, RNA processing, protein metabo-
lism, photosynthesis, TCA (tricarboxylic acid) cycle, nitrogen assim-
ilation, energy generation, carbon fixation, carbohydrate metabolism
and pentose phosphate metabolism along with the elevation in lipid
accumulation under nitrogen deprived conditions (Fig. 2).

Although many similarities are present in these datasets, variations
were observed among the expression profiles of the genes related to
these aforementioned pathways, which could be attributed to biological
distinctions among the microalgal species or to differences in experi-
mental conditions. A substantial increase in the transcripts of acyl
carrier protein (ACP) gene, DGAT isoforms such as DGAT-1, DGAT-2A,
DGAT-2B, DGAT-2E (catalyzing the last step of TAG synthesis), biotin
carboxylase (which regulates ACCase (acetyl CoA carboxylase) activity
through carboxylation of the biotin moiety of the enzyme), thioesterase

genes (Fat A and thioesterease oleoyl-ACP hydrolase), acyl-ACP (acyl
carrier protein) desaturase (AAD), delta 15 saturase, lipases, and sa-
posin has been commonly reported across an array of analyses during
nitrogen starvation (Li et al., 2016; López et al., 2015; Li et al., 2014a,
2014b; Sun et al., 2013; Yang et al., 2013; Msanne et al., 2012; Rismani-
Yazdi et al., 2012).

Most of the aforementioned studies have also reported an apparent
decline in transcripts of ACCase (plastidial/ chloroplastic) and malonyl-
CoA:ACP transacylase (MCAT), but their relative mRNA abundance was
higher relative to other genes in the cells. This may be the reason that
overexpression of ACCase in microalgae has not resulted in enhanced
TAG accumulation (Dunahay et al., 1995; Valenzuela et al., 2012).
ACCase in microalgae can occur in two isoforms; heteromeric (pro-
karyotic) or homomeric (eukaryotic). ACCase is comprised of four do-
mains- biotin carboxylase (BC), biotin carboxyl carrier protein (BCCP)
and two carboxytransferases (αCT and βCT) which are located on se-
parate subunits in heteromeric species, whereas homomeric species
contain all subunits on a single polypeptide chain (Huerlimann and
Heimann, 2013). Isoform differentiation can affect the overall effi-
ciency of strain engineering as it has been reported that overexpression
of cytosolic homomeric ACCase coupled with plastidial subcellular lo-
calization is more efficient in enhancing fatty acid synthesis as opposed
to heteromeric plastidial isoform (Roesler et al., 1997). However, the
expression of genes involved in fatty acid chain elongation reactions
such as KAR (3-ketoacyl-ACP synthase), KAS (3-Ketoacyl-Acyl-Carrier
Protein) II, KAS III, HAD (3-hydroxybutyrl-ACP), ENR (enoyl ACP re-
ductase) decreased during nitrogen stress in microalgae such as C. re-
inhardtii and Nannochloropsis, but increased in Chlorella sorokiniana,

Fig. 2. Metabolic pathways illustrating primary targets that have been identified via omics analyses as upregulating (red), downregulated (green) or displaying inter-
species differential regulation (blue) under varied stress conditions in microalgae.
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Tertraselmis M8 and Neocloris oleoabundans, highlighting the potentially
unique biosynthetic mechanisms employed by diverse algae (Li et al.,
2016; Y. Li et al., 2014a, 2014b; López et al., 2015; Msanne et al., 2012;
Rismani-Yazdi et al., 2012; Lim et al., 2017). Furthermore, various
transcriptomics studies in both diatom and green microalgae have re-
vealed the vital role of lipid recycling (as opposed to de novo lipid
synthesis) in increasing the overall TAG accumulation during nitrogen
deprivation. The genes which showed overexpression during lipid
conversion from chloroplast glycerolipids encoded the enzymes PDAT,
3-sn-phosphatidate phosphohydrolase (PAP), MGD synthase, diga-
lactosyl diacylglycerol synthase (DGD 1n), SQD2 synthase, galactoli-
pase gene and fatty acid chain modification genes, indicating that
membrane remodeling is indeed employed during nitrogen depletion in
microalgae (Tanaka et al., 2015; Li et al., 2014a, 2014b; Yang et al.,
2013). It must be noted that total fatty acid content can increase as
much as threefold during nutrient starvation, indicating that lipid re-
cycling is not the only mechanism at work (Laurens et al., 2014).

Nitrogen deprivation induces a physiological response which in-
creases algal nitrogen assimilation rates by upregulating the transcripts
of glutamine synthase, glutamate synthase, glutamine amido trans-
ferase, nitrate/ammonia/urea transporters, glutamate dehydrogenase
and ammonia permease (Sun et al., 2016; Yao et al., 2015; Carpinelli
et al., 2014; Yang et al., 2013; Valenzuela et al., 2012). Glutamine
synthase (GS) has a high affinity for ammonia and catalyzes the in-
tegration of ammonia into glutamine which in turn may be acted upon
by glutamate synthase to transfer the amido group from glutamine to 2-
oxoglutarate (Carpinelli et al., 2014). This forms two molecules of
glutamic acid which can then re-enter the cycle. Moreover, an increase
in the levels of guanine deaminase (catalyzing the conversion of gua-
nine to xanthine and ammonia) and cysteine synthase (catalyzing in-
terconversion of serine and cysteine) increases the intracellular pool of
ammonia inside the microalgal cells during nitrogen deprivation
(Carpinelli et al., 2014). This increase in nitrogen assimilation genes
occurs in parallel to decrease in photosynthetic activity by down reg-
ulation of light harvesting complex genes (LHC), chlorophyll-a genes,
ribosome genes, and FK-506 (FKBP) binding protein subfamily genes,
which are prerequisite for the synthesis of chlorophyll (Sun et al., 2016;
Fang et al., 2015; Li et al., 2014a, 2014b; Yang et al., 2013). Apart from
the aforementioned pathways, genes involved in protein degradation
such as cullin, ubiquitin specific proteases, endopeptidases, amino-
peptidases, and autophagy-related proteins have been observed to be
upregulated in an array of microalgae under nitrogen deprivation,
while chaperon gene expression decreases, indicating the enhancement
in protein misfolding rates and endoplasmic reticulum stress, thus
linking protein recycling to TAG biosynthesis (López et al., 2015; Li
et al., 2014a, 2014b; Rismani-Yazdi et al., 2012). Using various path-
ways, algal cell recycles intracellular nitrogenous compounds (amino
acids, proteins, chlorophyll, nucleic acids) and assimilates small
amounts of extracellular nitrogen into critical metabolites, thereby al-
lowing the cell to repartition the dwindling nitrogen supply based on
evolution-based survival strategies during growth in nitrogen deprived
conditions.

The CO2 concentrating mechanism (CCM) plays a critical role in
maintaining carbon flux in microalgae under stress. CCM can be clas-
sified into two categories, biophysical and biochemical. The biophysical
mode utilizes direct transport of inorganic carbon across cell mem-
branes using transporters and ribulose-1,5-bisphosphate carboxylase/
oxygenase RuBisCO, while the biochemical mode utilizes a C4-CCM
mechanism, involving active transport of inorganic carbon across the
cell membrane and local enhancement of CO2 concentration (Moroney
and Somanchi, 1999). The biophysical mode involves conversion of
carbon dioxide and ribulose bisphosphate into 3- phosphoglycerate. On
the other hand, the biochemical mechanism involves the active spatial
separation of the fixation of CO2 by phosphoenolpyruvate (PEP) car-
boxylase resulting in a C4 dicarboxylic acid with carbonic anhydrase
causing the interconversion of CO2 and bicarbonate (Valenzuela et al.,

2012). An increase in the expression levels of the α-carbonic anhydrase
gene was reported in C. reinharditii and P. tricornutum under nitrogen
derivation, and in C. pyrendoidosa under low CO2 conditions indicating
activation of biochemical CCM during lipid accumulation (Fan et al.,
2015; López et al., 2015; Valenzuela et al., 2012).

Due to the decrease in cell growth by the microalgal cells during
nitrogen deprivation, an apparent decrease in genes involved in C1
metabolism, TCA cycle, gluconeogenesis, starch synthesis and pentose
phosphate pathway have been widely reported (Li et al., 2016; Sun
et al., 2016; Tanaka et al., 2015; Valenzuela et al., 2012; Carpinelli
et al., 2014; Lim et al., 2017). Major genes involved in these pathways
were phosphoenol pyruvate carboxylase (PEPC), malate dehydrogenase
(MDH), pyruvate dehydrogenase (PDH), glyceraldehyde phosphate
dehydrogenase, transketolase, aconitase, isocitrate dehyrdrogenase,
oxoglutarate dehydrogenase, succinyl CoA lyase, succinate dehy-
drogenase and fructose 1-6- bisphosphatase respectively. PEPC fixes
CO2 into phosphoenol pyruvate to make oxaloacetate (global substrate
for gluconeogenesis, urea cycle, and TCA) while MDH catalyzes the
reversible reaction of malate to oxaloacetate and PDH converts pyr-
uvate to acetyl CoA (Sun et al., 2016). Furthermore, there are reports of
a decrease in transcripts of starch synthase and 1,4, α-glucan branching
enzyme indicating reduction of starch synthesis with simultaneous in-
crease in malic enzyme which converts malate to pyruvate with for-
mation of NADPH (nicotinamide adenine dinucleotide phosphate),
thereby increasing TAG accumulation in P. tricornutum and C. sor-
okiniana (Li et al., 2016; Yang et al., 2013; Valenzuela et al., 2012). In
contrast to the above findings, researchers have observed increases in
the transcripts levels of genes involved in TCA cycle under nitrogen
depletion (Fang et al., 2015; Yang et al., 2013). Further, the tran-
scriptomic studies on the lipid mutant of Dunaliella tertiolecta showed an
increase in the transcripts of genes related to photosynthesis, ATP
(adenosine triphosphate) synthesis, and ACCase, as well as decreases in
gene expression for the Fab G gene, encoding 3-oxoacyl-(ACP) re-
ductase, thereby leading to accumulation of short chain/unsaturated
fatty acids (Yao et al., 2015).

3.3. Proteomics

Transcriptional profiling of mRNAs represents only transient
changes in the expression of genes, but many of the key regulatory
pathways differ at the post-transcriptional level. Further, the correla-
tion between transcriptomic and proteomic data has been reported to
be less than 50%, which could be partly due to insufficient protein
turnover (Choi et al., 2013a). Thus, in-depth understanding of stress-
induced TAG accumulation in microalgae ultimately requires integra-
tion of transcriptomics and proteomics. Quantitative algal proteomics
identifies and quantifies the dynamics of protein abundance and its
corresponding function both at translational and post-translational
level in response to any environmental stress leading to augmentation
of TAG.

As noted above, nitrogen starvation is a well-documented trigger for
TAG accumulation in microalgae, thus it has been exploited the most
for studying the changes in proteome of various algae and diatoms as
listed in Table 3. These studies have reported numerous differentially
abundant proteins under nitrogen deplete/replete conditions, resulting
in the alteration of various biochemical pathways such as carbohydrate
metabolism, photosynthesis, cell division, nitrogen assimilation, cata-
bolic processes, protein degradation/folding, translation, nucleotide
metabolism, and energy precursors, concomitantly increasing the in-
tracellular lipid content (Fig. 2). Among these differentially expressed
proteins, the common listed upregulated proteins involved in fatty acid
metabolism in various algal species were ACP, malonyl-CoA:ACP
transacyclase, lipid droplet surface protein (LDSP), ACCase, MAT
(malonyl-CoA acyl transferase), enoyl-acyl carrier protein reductase
(Fab I), trans-2 enoyl CoA reductase, and the four condensing enzymes
involved during fatty acid synthesis (KAS, HD, ENR and DGAT). The
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LDSP plays a key role in the formation and is a structural component of
lipid droplets similar to oleosins in the higher plant (Tran et al., 2016).
Such an increase in the above-mentioned protein levels occurred si-
multaneously with a decline in the levels of adenosine monophosphate
activated kinase (AMPK), fatty acid catabolism (acyl CoA dehy-
drogenase) and stearoyl-ACP desaturase respectively. AMPK inhibits
the ACCase activity via phospho-regulation it and so a decrease in its
level implicates increased activity of ACCase, which catalyzes the first
step of fatty acid biosynthesis (Guarnieri et al., 2013). Furthermore,
stearoyl-ACP desaturase catalyzes the formation of oleoyl ACP from
stearyl-ACP resulting in a decrease in polyunsaturated fatty acids and
an increase in unsaturated and mono saturated fatty acids during ni-
trogen deprivation (Dong et al., 2013). It should be noted that increase
in protein levels under nitrogen deplete growth conditions require the
recycling of amino acids from other proteins, indicating the evolu-
tionary and mechanistic importance of these proteins as a means to
mitigate nutrient starvation.

Parallel to increased fatty acid biosynthesis during nitrogen stress,
researchers have commonly reported declines in photosynthesis related
proteins such as RuBisCO subunits, cytochrome c/b6, ribosomal pro-
teins, uroporophyrogen decarboxylase (synthesis of porphyrin), copro-
porphyrinogen III oxidase (chlorophyll metabolic pathway), geranyl
geranyl pyrophosphate synthetize (GGPP; carotenoid synthesis), light
harvesting components, violaxanthin/chlorophyll a binding protein,
ferredoxin NADP(+) reductase (Fd-NADP+), carbonic anhydrase and
oxygen evolving enhancer protein (Tran et al., 2016; Longworth et al.,
2016; Garnier et al., 2014; Yang et al., 2014; Dong et al., 2013; Li et al.,
2013b; Song et al., 2013; Shang et al., 2017). Fd-NADP+ transfers
electrons from ferredoxin to NADPH while carbonic anhydrase cata-
lyzes the conversion of CO2 to HCO3

− for active transport into the cell,
and RuBisCO catalyzes the fixation of CO2 into the Calvin Cycle. Thus,
decreased levels of these three proteins result in drop-off in the rate of

carbon fixation in parallel to photosynthesis and photosynthetic pig-
ments. To compensate for this loss, microalga cells increase the levels of
plastid ribulose-3-phosphate epimerase under nitrogen deprivation
which catalyzes the reversible epimerization of D ribulose-5-phosphate
to D-xylulose-5-phosphate, ultimately increasing the yield of RuBP
(Ribulose-1,5-bisphosphate), thus promoting carbon fixation and pro-
duction of 3-phosphate-glyceraldehyade (precursor for TAG) (Yang
et al., 2014).

Nitrogen deprivation also impacted carbohydrate metabolism in
Nannochloropsis oceanica IMET1 by upregulating glycolysis enzymes
including phosphoglycerate kinase (PGK), pyruvate kinase (PK), phos-
phopyruvate hydratase (PPH), glyceraldehyde 3 phosphate dehy-
drogenase (GADPH), phosphomannomutase (PMM), thereby increasing
pyruvate pools (precursor of acetyl co-A) and redirecting the flux to
lipid biosynthesis (Yang et al., 2014; Dong et al., 2013). On the other
hand, the enzymes involved in the progression of TCA cycle showed
enhanced abundance under nitrogen stress including malate dehy-
drogenase (catalyzes conversion of malate to oxaloacetate), citrate
synthase (conversion of acetyl CoA and oxaloacetate to citric acid and
CoA), fumarate hydratase (fumaric acid to malic acid), pyruvate car-
boxylase (pyruvate to oxaloacetate), while decreased levels were seen
with malate synthase, isocitrate lyase, succinate dehydrogenase and
isocitrate dehydrogenase, causing accumulation of acetyl CoA (Wase
et al., 2014; Song et al., 2013). The overexpression of malic enzyme,
which generates NADPH through reduction of NADP+ during conver-
sion of malate to pyruvate, was shown to correlate with increased lipid
accumulation in microalgae (Li et al., 2014a, 2014b; Guarnieri et al.,
2013). An increase in the levels of transaldolase, phosphoglycerate
mutase (PGAM) and pyruvate dehydrogenase E1 component further
resulted in redirecting carbon flux to lipid synthesis (Li et al., 2014a,
2014b; Yang et al., 2014).

Microalgae also modulate their nitrate assimilation in response to

Table 3 Summary of proteomics studies done in various microalgae/diatoms under different stress conditions for understanding differential protein expression.

Microalgae Cultivation media Method used for
analysis

Limitation/mode Reference

Chlorella vulgaris BBM GeLC/MS Nitrogen replete/Nitrogen deplete Guarnieri et al., (2013)
Nitrogen deplete Guarnieri et al., (2011)

Watanabe media+NaCl 2DE/MALDI-TOF heterotrophic-Na+induction two-step
regime

Li et al., (2015)

C. protothecoides BCM+10g/L glucose Copper stress Li et al. (2013a, 2013b)
Basal medium Two stage- Nitrogen deplete Li et al. (2014a, 2014b)
Watanabe medium Heterotrophic- Nitrogen deplete Li et al. (2013a, 2013b)

Heterotrophy- photo induced Li et al., (2015)
C. sorokiniana BG11 nanoLC-MS/MS Light intensity/inoculum size Ma et al., (2013)
Chlamydomonas reinhardtii TAP 2DE/MALDI-TOF Lipid mutants Choi et al., (2013)

Lee et al., (2014a, 2014b)
Velmurugan et al., (2014)

C. reinhardtii cw15 sta1-2 Nguyen et al., 2011
C. reinhardtii strains cw15 and sta6 iTRAQ and nanoLC-

MS/MS
Nitrogen deplete Wang et al., 2012

C. reinhardtii (CCAP 11/32CW15+) HILIC- and SCX Longworth et al., (2012)
Chlamydomonas strain CC125 iTRAQ and nanoLC-

MS/MS
Wase et al., (2014)

C. reinhardtii CC-503 cw mt+ TAP GeLC/MSMS Salinity Sithtisarn et al. (2017)
C. reinhardtii CC 1618 cw15, arg7 mt- LC MS/MS Mastrobuoni et al., 2012
Scenedesmus dimorphus BBM 2DE/MALDI-TOF Lipid mutants Choi et al., 2013
Tisochrysis lutea Walne’s medium Garnier et al., (2014)
Phaeodactylum tricornutum F/2+ Si medium LC-MS/MS Nitrogen deplete Longworth et al., (2016)
Nannochloropsis oculata Artificial seawater enriched with f/2

medium
Tran et al., (2016)

Neochloris oleoabundans BBM Heterotrophic- Nitrogen deplete Morales-Sánchez et al., (2016)
Nannochloropsis oceanica IMET1 Artificial seawater medium 2DE/MALDI-TOF Nitrogen deplete Dong et al., (2013)
Phaeodactylum tricornutum F/2+ Si medium Yang et al., (2014)

NanoLC-MS/MS Ge et al., (2014)
Isochrysis galbana 2DE/MALDI-TOF Song et al., (2013)
Fistulifera sp. Strain JPCC DA0580 10 f medium nanoLC-MS/MS Oil body associated proteins Nojima et al., (2013)
Dunaliella salina Modified medium with 1M NaCl LC MS/MS Salinity stress Wei et al., (2017)
Dunaliella parva f/2 iTRAQ Nitrogen deplete Shang et al., 2017
Chlorella sp. FC2IITG BG11 2D and iTRAQ Two stage nitrogen deprivation Rai et al., (2017)
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nitrogen stress by overexpressing nitrate reductase (reduces NO3
− to

NO2
−) and glutamate dehydrogenase, potentially increasing nitrogen

assimilation capacity (Li et al., 2014a, 2014b; Dong et al., 2013). Fur-
ther, a universal increase in the activity of ATP synthase has been re-
ported indicating increase in the synthesis of ATP providing energy to
the cell during adverse conditions. Nitrogen depletion resulted in de-
crease in the levels of DNA polymerase, RNA polymerase, elongation
factor with concurrent increase in various heat shock proteins, which
play a vital role in protection of cell’s integrity by stabilizing proteins
and membrane (Longworth et al., 2016; Li et al., 2014a, 2014b; Yang
et al., 2014; Li et al., 2013b). Longworth, et al., reported increases in
low CO2 inducible proteins in C. reinhardtii during a switch from au-
totrophic to heterotrophic mode during nitrogen starvation with sub-
sequent utilization of acetate available in the medium or metabolism of
intracellular carbohydrates (Longworth et al., 2012).

Apart from changes in the proteome of microalga in response to
nitrogen stress, other effects from environmental stimuli have also been
investigated including copper deprivation, light intensity/inoculum
size, and heterotrophic cultivation modes (Table 3). Lastly, the effect of
salt stress on the proteomic profile of C. vulgaris studied by Li et al.
reported an increase in Mao-C like protein (modulates fatty acids),
Spp30 like protein (transports lipid to Golgi for packaging and profiling
to maintain cell structure integrity) and glycine rich-like proteins
(which form an independent structure within the extracellular matrix to
assist in proper cell wall assembly), resulting in overall increase in lipid
accumulation (Li et al., 2015). Interestingly, they also reported an in-
crease in 60S ribosomal protein L5 and 40S ribosomal protein S12
which was contradictory to the nitrogen depletion assisted lipid accu-
mulation in microalgae. The possible reason might be that an increase
in these ribosomal proteins could promote functional restructuring of
protein synthesis in C. vulgaris under salt stress.

Additionally, the availability of C. reinhardtii starchless and lipid
mutants has been exploited for studying changes in expression of pro-
teins relative to the parent strains (Garnier et al., 2014; Lee et al.,
2014a, 2014b; Choi et al., 2013a; Wang et al., 2012). Most of the re-
sponses reported in these lipid mutants were similar to the observations
obtained under nitrogen starvation, such as activation of glycolysis,
TCA, heat shock, ATP synthase, and fatty acid biosynthesis proteins,
along with decreases in the abundance of ribosomal, photosynthetic,
nucleotide synthesis proteins. However, thiamine metabolic enzymes
represented one of the few differences in protein expression observed in
in starchless mutant of C. reinhardtii (sta 6) as compared to wild type
(cw15) (Wang et al., 2012). Elevation in the expression of two main
proteins involved in thiamine biosynthesis (hyroxymethyl pyrimidine
phosphate synthase and thiazole biosynthetic enzyme) indicate a de-
crease in carbon fixation and sugar synthesis by the mutant strain, as
thiamine plays a vital role in intermediary carbon metabolism (Wang
et al., 2012). Further, Choi et al. reported an increase in 3-methyl-2-

oxobutanoate hydroxymethyl transferase in ethyl methane sulfonate
(EMS) of Scenedesmus obliquus indicating an escalation in pantothenate
biosynthetic pathway, thereby increasing the synthesis of coenzyme-A
and metabolism of proteins and fats, resulting in accumulation of lipids
inside the microalga (Choi et al., 2013a).

3.4. Metabolomics

The metabolome is the qualitative and quantitative collection of all
low molecular weight compounds such as amino acids, carbohydrates,
nucleotides, organic acids, energy compounds, fatty acids, lipids, and
cofactors that are responsible for maintaining cell's biological processes
(Dunn and Ellis, 2005). These metabolites are products of cellular
regulatory processes including those implicated by transcriptomics and
proteomics, but also involving regulation of enzyme activities through
feedback-mediated mechanisms. Metabolomic analysis can thus shed
additional light into a cell's response towards any environment stimuli,
and offer additional insight for strain engineering considerations (Ito
et al., 2013). Measurement of metabolites does not require prior
knowledge of an organism’s genomic information and can therefore be
an ideal omics tool for evaluating cellular responsiveness of any non-
model organism, though a more complete picture can be derived from
integrated analysis of multiple omics platforms. However, accurately
measuring the metabolite profile of an organism exposed to different
environment cues is cumbersome due to wide variation in the chemical
properties including polarity, solubility, volatility, ionic charge and
molecular weight (Ito et al., 2013). To combat this scenario, various
techniques to quantify the metabolome of an organism have been de-
veloped such as capillary electrophoresis mass spectroscopy (CE-MS),
gas chromatography- mass spectroscopy (GC-MS), liquid chromato-
graphy- mass spectroscopy (LC-MS), nuclear magnetic resonance spec-
troscopy (NMR), and Fourier transform ion cyclotron resonance- mass
spectroscopy (FTICR-MS) (Dunn and Ellis, 2005).

Recently, metabolomics has been applied to identify biochemical
targets that are differentially synthesized during lipid accumulation in
various microalgae and diatoms upon exposure to different conditions
(Table 4), complementing the existing knowledge bases generated via
transcriptomics and proteomics analyses. In the case of nitrogen de-
privation, an increase in the levels of citrate, malate, succinate, fructose
1, 6 bisphosphate, glucose 6 phosphate, isocitrate, and 2-oxoglutarate
are observed, with a concurrent decrease in amino acids (phenylala-
nine, tryptophan, aspartate, arginine, glutamine, proline, ornithine,
citrulline and asparagine) indicated activation of glycolysis and amino
acid recycling occurring in parallel with intracellular lipid accumula-
tion (Wase et al., 2014; Blaby et al., 2013; Ito et al., 2013; Chen et al.,
2017). Further, Wase et al. reported an increase in trehalose, a non-
reducing disaccharide which helps in stabilizing cellular membranes
and proteins maintaining cell’s integrity through osmoregulation (Wase

Table 4 List of metabolomics studies reported in various green microalgae and diatoms to identify potential lipid triggers.

Microalgae Cultivation media Method used for analysis Limitation/mode Reference

Chlamydomonas reinhardtii TAP LC-MS/MS Nitrogen depletion Blaby et al., (2013)
GC-MS Wase et al., (2014)

Chlamydomonas sp. JSC4 Modified Bold 3 N medium LC-MS/MS Light + nitrogen depletion Ho et al., (2015)
Salinity+nitrogen depletion Ho et al., (2014a, 2014b)

C. reinhardtii CC 1618 cw15, arg7 mt- TAP LC MS/MS Salinity Mastrobuoni et al., 2012
Chlorella vulgaris LC Oligo medium HPLC Nitrogen depletion+ cadmium stress Chia et al., 2015
C. sorokiniana BG-11 GC-TOF-MS Inoculum size Lu et al., (2012)
Scenedesmus obliquus, - Cheng et al., 2012
Synechocystis sp. PCC6803
Anabaena sp. PCC7120
Schizochytrium sp. - NMR+GC-MS - Mioso et al., (2014)
Pseudochoricystis ellipsoidea A5 LC-MS/MS Nitrogen depletion Ito et al., (2013)
Aurantiochytrium sp. GPY 6-Benzylaminopurine (6-BAP) Yu et al., 2016
Crypthecodinium cohnii Basal medium+9 g/L glucose+ 25 g/L

sea salt
GC-MS+LC-MS/MS Butylated hydroxyanisole (BHA) Sui et al., (2014)

N. Arora et al. Biotechnology Advances 36 (2018) 1274–1292

1284



et al., 2014). Interestingly, the metabolic profile of C. vulgaris altered
under simultaneous nitrogen deprivation and cadmium stress showing
an increase in the free amino acids (proline, valine, isoleucine, sarco-
sine, phenylalanine, methionine), which could be due to microalga’s
defense mechanism against cadmium (Chia et al., 2013). Again, it is
important to note that regulatory mechanisms to increase levels of
specific amino acids relative to others during nitrogen starvation in-
dicates an important evolutionary response by cells. Sarcosine, glycine,
valine, thioproline, methionine, phenylalanine, glutamine and or-
nithine help in the complexation of heavy metal on microalgal cell
membrane while glutathione helps in synthesizing phytochelatins
which in turn quench the reactive oxygen species (ROS) generated due
to heavy metal stress inside the cells (Meharg, 2002). Proline is a well-
known osmoregulatory molecule playing a vital role in scavenging free
radicals; it also serves as a stabilizer and electron sink alleviating side
effects caused by heavy metal on microalgae (Zoghlami et al., 2013).
Likewise, an increase in metabolites playing a crucial role in aug-
menting TAG accumulation (ethanolamine, glycerol, glycerol 3-phos-
phate, acetyl Co-A, 3 phosphoglyceric acid, 2-ketoglutaric acid) was
reported by Ho et al., Sui et al. and Yu et al., while studying effects of
salinity, light intensity, 6-benzyl amino purine (phytohormone), and
butylated hyroxyanisole (anti-oxidant) on different algal species (Yu
et al., 2016; Ho et al., 2015; Ho et al., 2014a, 2014b; Sui et al., 2014).
The above discussed studies on the metabolic profiles offer a snapshot
of various biomarkers that accompany TAG accumulation, thus im-
proving the basic understanding of the systemic response.

3.5. Lipidomics

Lipidomics is a branch of metabolomics employed to identify and
differentiate classes of lipids, as well as the molecules that interact with
these lipids (Su et al., 2013). Both LC-MS and chemometric methods
combined with multivariate analysis are the most widely used techni-
ques for carrying out lipidomics (Su et al., 2013). Characterizing the
dynamics in the lipidomic in response to different environmental cues
can help in understanding not only the lipid metabolism of microalgae
but may also inform manipulation of the lipid yield and profile to
achieve desirable results for favorable biofuel production metrics (Melo
et al., 2015). To date, there are limited studies that have characterized
changes in the lipidome in response to various stress conditions such as
temperature, salt, and nutrient depletion. These studies identified a
series of lipid biomarkers including free fatty acids, harderoporphyrin,
phosphatidylglycerol, 1,2 diacylglycerol-3-0-4′-(N, N-trimethyl)-homo-
serine, TAG, cholesterol, sulphoqunovosyldiacylglycerol, lysosulpho-
qunovosyldiacylglycerol, digalactosyldiacylglycerol and lysodigalacto-
syldiacylglycerol, that are differentially regulated in order to adapt to
the given environmental stress in various microalgae (Nitzschia clos-
terium f. minutissima; C. reinhardtii, N. oceanica IMET1, Dunaliella ter-
tiolecta, Chloromonas, Chlamydomonas nivalis, respectively) (Yang et al.,
2015a, 2015b; Lee et al., 2014a, 2014b; Li et al., 2014a, 2014b; Lu
et al., 2012, 2013; Su et al., 2013).

Additionally, recent studies have characterized integral proteins
attached with lipid droplets that aids in oil globule formation and in-
teraction with other organelles (Peled et al., 2011). Among the integral
proteins, the presence of oleosin (structural protein) and caleosin
(calcium binding lipid body protein) have been reported in various
green algae including C. reinhardtii, D. salina, H. pluvialis, C. variablis,
Coccomyxa sp. C-169, Chlorella, N. oceanica, N. gaditana, N. granulata,
and N. salina (Goold et al., 2015; Tsai et al., 2015; Huang et al., 2013;
Davidi et al., 2012; Nguyen et al., 2012; Lin et al., 2012; Vieler et al.,
2012; Peled et al., 2011; Moellering and Benning, 2010). Most of these
studies have identified and functionally characterized Major Lipid
droplet protein (MLDP) and Lipid Droplet Surface protein (LDSP).
MLDP, a 28 kDa hydrophobic protein was shown to provide integrity to
the lipid droplets by interacting with tubulins while its suppression
(~60% reduction in MLDP gene expression) resulted in 40 % increase

in lipid droplet size with concurrent reduction in lipolysis (Tsai et al.,
2015; Moellering and Benning, 2010). Interestingly, increases in lipid
droplet size did not increase the overall TAG accumulation inside the
microalga. On the other hand, LDSPs are actively involved in formation
and stabilization of lipid droplets as its expression was directly pro-
portional to accumulation of TAGs (Vieler et al., 2012), underscoring
the potential value in such lipidomic approaches. However, this mi-
croalgal field is still in its infancy and further detailed studies are im-
perative for identifying potential biomarkers that could be exploited for
enhancing lipid yield in microalgae for biofuel production.

4. Conventional genetic engineering strategies to improve lipid
accumulation in microalgae

Transgenic microalgae are gaining focus due to their potential to
provide researchers with the opportunity to reconstruct and remodel
the microalga's lipid biosynthetic (and related) pathways to examine
and develop high TAG accumulating phenotypes. In recent years, mi-
croalgae have been successfully transformed using various genetic tools
such as random integrative selection marker and homologous re-
combination (HR)-mediated DNA incorporation and RNA silencing via
electroporation and biolistic transformation (Ghosh et al., 2016). Mi-
croalgae can be transformed either in the nuclear, chloroplast or mi-
tochondrial genomes depending on the type of gene/construct to be
expressed or deleted (Gimpel et al., 2015). For example, enzymes re-
lated to secondary metabolism can be engineered for differential ex-
pression in either nuclear or plastid genomes. Transformation in the
nuclear genome offers the advantage of post-translational modification
along with simple protocols and high flexibility as it allows the use of
heterologous promoters and untranslated regions (Gimpel et al., 2015).
However, it could result in low expression of genes due to copy number,
gene silencing, and positional effects. On the other hand, though plas-
tidial expression has limited post-translation modification potential,
and often strict codon bias, it offers multi-copy gene expression along
with precise targeting by aiding high(er) efficiency homologous re-
combination and gene knockout (Gimpel et al., 2015).

Despite technological advancements, only a few microalgal strains
have been metabolically engineered for enhanced TAG accumulation;
these include Cyclotella cryptica, P. tricornutum, T. pseudonana, C. re-
inhardtii, Chorella minutissimsa, C. ellipsoidea, and N.gaditana. (for de-
tailed list see review by (Banerjee et al., 2016; Gimpel et al., 2015; Ho
et al., 2014a, 2014b). Recently, D. tertiolecta, C. reinhardtii (CC-849) and
Nannochloropsis salina have been genetically engineered to increase
their intracellular lipid content (Fei et al., 2017; Kang et al., 2017;
Wang et al., 2017; Wei et al., 2017). There are four major routes to
increase lipid production in microalgae proposed to date: (a) enhancing
flux and/or biosynthetic rate of fatty acid metabolism, (b) inhibiting
competing carbon pathways (e.g. starch synthesis) (c) improving en-
ergy efficiency and carbon uptake and (d) reducing TAG catabolism. To
date, most of the recombinant studies for increasing lipid accumulation
in microalgae have targeted enhanced flux via overexpression of lipid
biosynthetic genes; ACCase was the first gene to be overexpressed (3-4
fold) in diatom C. cryptica and then in Navicula saprophila, though
neither case resulted in an increase in TAG accumulation (Dunahay
et al., 1995; Schuhmann et al., 2016). Similar efforts have been made in
other microalgal strains (C. reinhardtii, P. tricornutum) by over-
expression of other lipid accumulating genes such as DGAT isoforms
(DGAT2-1, DGAT 5), KAS III, FAS (fatty acid synthase) enzymes, and
ME, while RNA silencing of DGAT2-4 resulted in ~30‑50 % increase in
lipid content (Schuhmann et al., 2016; Scranton et al., 2015; Gimpel
et al., 2015). Apart from these lipid genes, thioesterase has been
overexpressed in the nuclear genomes of P. tricornutum, and C. re-
inhardtii, which did not result in increase in fatty acid synthesis, but
significantly increased the C12-C14 fatty acids (Gimpel et al., 2015).
However, recently, the overexpression of fatty acid- ACP thioesterase in
C. reinhardtii resulted in an increase in the total lipid by 14‑15 % (Wei
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et al., 2017). Moreover, overexpression of LPAAT (from Brassica napus)
and GDPI (S. cerevisiae) in C. reinhardtii resulted in an increase in total
fatty acids by 17.4 % and 23.6 % as compared to non-transformed cells
(Wang et al., 2017). Further, knockout of a multifunctional lipase gene
resulted in 3-fold higher lipid accumulation in T. pseudonana (Gimpel
et al., 2015).

In a recent patent by Sapphire Energy, Inc, a mRNA encoding pro-
tein (SNO3) classified as CREB Binding Protein/P300 and related TAZ
zinc finger proteins (JGI Chlre v3 protein ID 147817) was transformed
in C. reinhardtii wild-type strain CC-1690 21 gr mt+ (Yohn et al., 2016).
Overexpression of SNO3 resulted in increase in the phospholipid levels,
though no increase in TAG, in the absence of nitrogen starvation (Yohn
et al., 2016). In addition, knockdown mutants of the SNO3 gene re-
sulted in lower lipid content in N-deplete cultures relative to wild-type.
They also proposed that targets such as SNO3 can be used to transform
other microalgal strains inducing high lipid accumulation without
compromising the growth. Moreover, proteins homologous to SNO3 can
be identified by using BLAST to query the published genome or tran-
scriptome of any oleaginous microalgae.

In a few other studies, an attempt was made to block the competing
starch synthesis pathway. AGPase or isoamaylase deletion in C. re-
inhardtii resulted in higher TAG content compared to wild type strains
under nitrogen deplete conditions (Schuhmann et al., 2016). However,
this increase in lipid accumulation was minor compared to starchless
mutants of the respective microalgal strain, indicating alternative
pathways may be upregulated in engineered strains, thus requiring a
thorough knowledge of the regulatory metabolic pathways for suc-
cessful metabolic manipulation (Work et al., 2010). Further, disrupting
the primary carbon pathways can lead to low biomass generation, thus
knockdown rather than knockout of lipid catabolism pathways can be a
viable alternative. The above approach has been evaluated in model
lipid accumulating diatom; T. pseudonana in which a predicted hydro-
lase (Thaps3_264297) responsible for breakdown of lipid was knocked
down using antisense and RNAi approaches. The deleted mutant
showed 2.4‑3.3 fold higher lipid accumulation under silicon deficiency
as compared to wild type without compromise in growth (Trentacoste
et al., 2013). In a recent study, overexpression of an E2- conjugating
enzyme (Cr UBC2), which has homology to a yeast and Arabidopsis
MMS2/UEV) in C. reinhardtii increased the lipid content by 20 % as
compared to wild type. E2-conjugating enzyme is crucial for transfer-
ring ubiquitin and ubiquitin like protein to substrates and actively in-
volved in DNA repair and DNA damage tolerance. These results sug-
gested that a protein substrate of CrUBC13–CrUBC2 polyubiquitination
is involved in lipid accumulation (Fei et al., 2017).

Although the above-mentioned genes boosted the lipid accumula-
tion in respective microalgal strains, the results vary from species to
species i.e. one target may be effective in one microalgal strain but fail
to increase fatty acid synthesis in another strain. It is also worth
pointing out that it is not unusual for researchers to use lipid extraction
and gravimetric analysis or lipophilic dyes such as Nile Red or Bodipy
(boron-dipyrromethene) along with fluorometry to measure TAG con-
tent. Results from this approach do not always correlate well with ac-
tual lipid content. This scenario calls for the identifying and exploiting
universal lipid triggers that could substantially boost the TAG produc-
tion without inhibiting cell growth. This can be achieved by integrating
the omics data of all the prospective high lipid accumulating strains
under various stress conditions, as discussed below.

5. Identification of multi-omics targets for strain engineering

We evaluated the above summarized multi-omic data and identified
potential global targets that were differentially expressed at both
transcriptome and proteome level, which could be tested further in
microalgal strains for improving TAG accumulation. For example, the
first target that was upregulated in all the microalgal strains grown
under stress for high lipid accumulation was biotin carboxylase (BC), a

subunit of ACCase. BC catalyzes the first half of the reaction for the
conversion of acetyl CoA to malonyl CoA (Shintani et al., 2017). Fur-
thermore, the inhibitor of ACCase, AMPK, could be deleted or silenced,
which could increase the expression of ACCase. Thus, manipulation of
multiple genes in a single pathway may be necessary to achieve the
desired results when a single target (i.e. enhancing the expression of
ACCase) is ineffective.

Another potential pathway for increasing TAG accumulation can be
lipid recycling, as it is crucial for maintaining lipid pool homeostasis
inside microalgal cells. For example, overexpression of glycolipid as-
sembly genes such as PDAT, PAP, MGD, DGD and SQD2 could poten-
tially boost the TAG accumulation inside microalgal cells. A study
carried out by Zhang et al. showed that RNAi silencing of PDAT1 in
Arabidopsis resulted in sterile pollen that lacked oil bodies (Zhang et al.,
2009). Further, double mutants of DGAT1 and PDAT1 resulted in 70‑80
% decrease in oil bodies inside pollen, signifying the synergistic effect
of DGAT1 and PGAT1 on TAG biosynthesis. Similar genetic engineering
approaches could be applied with simultaneous overexpression of
DGAT1 and PGAT1 gene in microalgal strains. Moreover, in another
study, the SQD2 deficient mutant of Rhodobacter sphaeroides showed
accumulation of phosphatidylglycerol in cells as compared to wild type
under phosphate deprivation emphasizing its role in lipid recycling
during stress conditions and making it a potential candidate for genetic
engineering (Benning et al., 1993).

Apart from lipid biosynthesis genes, other pathways that could
boost TAG productivity and/or accumulation include targeted im-
provements to photosynthetic efficiency and modifying carbon assim-
ilation pathways. The efficiency of microalgae to absorb the photons
and subsequently energy conversion (ATP, NADPH) affects the overall
lipid synthesis productivity (Ghosh et al., 2016). Omic studies showed a
universal decrease in LHC and chlorophyll genes in microalgal strains
when cultivated under stress conditions. Decrease in the expression
profile of these genes result in reduced cell growth and biomass, leading
to loss of TAG productivity. Thus, characterization and modulation of
LHC genes associated with photosystem I (PSI) and related genes can
play a vital role in increasing microalgal lipid production. The first
genetic engineering effort in this context was done by Mussgunug,
et al., where their team silenced all twenty LHC protein isoforms in C.
reinhardtii which resulted in a 68% drop in chlorophyll content
(Mussgnug et al., 2005). In another study, the TLA1 gene (truncated
light harvesting antenna 1) was overexpressed in C. reinhardtii which
resulted in 13 % increase in chlorophyll content in cells; when the same
gene was silenced, the chlorophyll content dropped by 68 % reduction
(Mitra et al., 2012). Similarly, knockdown of three major LCHII pro-
teins (LHCNB1, 2, and 3) in C. reinhardtii resulted in 50 % reduction in
chlorophyll and a growth rate 85% as fast as the wild type (Oey et al.,
2013). Further, overexpression of cyanobacterial D1 (low light isoform)
in C. reinhardtii resulted in 11 % higher dry cell weight as compared to
wild type (Vinyard et al., 2013). Although these studies were not di-
rected at lipid content, the insights gained can provide a strong foun-
dation for further manipulation of TAG accumulation in microalgae.
Tuning the photosynthetic machinery using genetic engineering ap-
proaches to increase the growth rate with adaptation to high light
would be a major breakthrough in the large- scale cultivation of mi-
croalgae and could increase lipid yields along with biomass pro-
ductivity even with no changes in lipid accumulation rates.

The carbon assimilation pathway (Calvin–Benson–Bassham cycle)
indirectly controls intracellular carbohydrate and lipid production.
RuBisCO present in the plastid fixes CO2 into RuBP, which results in the
conversion to 3-phosphoglycerate (Gimpel et al., 2015). Under stress
conditions, the reduction of RuBisCO activity hinders efficient carbon
flux through Calvin cycle especially when CO2 is not enriched in the
medium (Ho et al., 2014a, 2014b). Thus, increasing the activity of
RuBisCO can result in an increase in carbon flux towards lipid and/or
carbohydrate biosynthesis. Further, the above integrated omic data
showed universal differential expression of carbon assimilation genes
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including RuBisCO and carbonic anhydrase. However, the few attempts
made to date to engineer RuBisCO subunits (rbcS or rbc L) in C. re-
inhardtii did not result in substantial increase in CO2/O2 specificity and
also decreased the growth rate (Gimpel et al., 2015). Nonetheless, fu-
ture engineering approaches focused on simultaneous targeting of both
RuBisCO subunits (small and large) in parallel with tuning carbon
concentration mechanisms (α carbonic anhydrase 6,7) offers a pro-
mising path forward. Additional promising targets that influence in-
termediary carbon metabolism include overexpression of transaldolase,
PGAM and PDE1 complex, which may redirect the carbon flux to lipid
synthesis.

Lastly engineering transcriptional factors (TF) is an emerging
technology that can potentially be exploited for augmenting TAG ac-
cumulation in microalgae. To date, around 147 putative TFs and 87
putative transcriptional regulators (TRs) have been identified in C. re-
inhardtii (Manuelle et al., 2009). Another interesting aspect that was
patented by Sapphire Energy was overexpression of transcriptional
factor-SN03 in C. reinhardtii that resulted in increase in total lipid ac-
cumulation from approximately 25% in wild-type to about 36% in the
SNO3 strain under nitrogen replete conditions, though no increase in
TAG, as described above. Likewise, a lipogenesis TF was overexpressed
in C. ellipsoidea which resulted in 52 % increased lipid accumulation
(Gimpel et al., 2015). Recently, knocking out a transcriptional regulator
of lipid accumulation; Zn(II)2Cys6 (ZnCys)homolog of fungal Zn(II)
2Cys6-encoding genes) in N. gaditana improved the partitioning of total
carbon to lipids from 20% (wild type) to 40–55% (mutant) in nutrient-
replete conditions. Further, the lipid productivity was doubled when
this transcriptional regulator was attenuated in the 5′ UTR and RNAi
using a CRISPR–Cas9 reverse-genetics approach (Ajjawi et al., 2017). In
addition to the aforementioned examples, it is also possible to exploit
TFs that have been identified and tested in plant systems for increasing
TAG content in algae. Candidates for evaluation in algae include growth
regulating factor 2 (GRF2) and wrinkled gene 1(WRI1). GRF2 isolated
from Brassica napus was expressed in Arabidopsis led to increase (> 50
%) in seeds while simultaneously increasing the photosynthetic activity
(> 40 %) (Liu et al., 2010). Furthermore, overexpression of WRI1 gene
in Arabidopsis enhanced the oil content to 40 % while synergistic
overexpression of WRI1 with DGAT1 increased the lipid content up to
100 fold (59 % TAG content) in the seeds (Liu et al., 2010). This target
has been recently verified in N. salina, as heterologous expression of
AtWRI showed 44.7 % increase in lipid content as compared to un-
transformed cells (Kang et al., 2017). Further, they showed that the
engineered strains showed downregulation of triacylglycerol lipase,
diacylglycerol kinase, while upregulation of lysophopholipase, acyl-ly-
sophosphatidylglycerol acyltransferase 1, diacylglycerol acyltransferase
family protein and pyruvate phosphate dikinase respectively. However,
there is still a long road ahead in terms of determining the biological
functions of microalgal TFs and identification of lipid modulating TFs.

6. Leveraging omics with systems biology to augment TAG
productivity in microalgae

Currently, algal omics data sets are spread across digital repositories
in various formats which makes it difficult to properly access or inter-
pret, restricting the development of a comprehensive, integrative view
of algal metabolic networks. Additionally, omics databases are hetero-
geneous (nucleotide sequences, amino acid sequences and mass spectra,
and metabolite profiles) with different formats of data representation.
Thus, there is an imperative need for data integration in order to bring
to bear the full value of the mechanistic data embedded in these dis-
parate datasets (Akula et al., 2009). The goal of data integration is
three-fold: first, generate an accurate picture of the behavior of mi-
croalgal species with respect to perturbation in cultivation conditions
and subsequent TAG accumulation, ultimately linking omics and meta-
data; second, develop a holistic overview of the system at different
hierarchical levels by concurrently analyzing multiple components; and

third, to elucidate (and potentially predict) the interplay between these
varied hierarchies. This integration will thus facilitate correlation be-
tween genes, proteins and metabolites, giving an overview of the
system biology network of microalgal species, which can result in hy-
pothesis driven research.

Systems biology combines combining high throughput experimental
omics data with statistically driven mathematical models and compu-
tational tools to develop comprehensive models of cellular metabolism
(Rodríguez-moyá and Gonzalez, 2017). The use of statistical tools can
overcome the poor correlation between transcriptomics and proteomics
data by compensating for the biases in the data collection methodolo-
gies. For example, a Zero-inflated Poissson repression model addressed
the issues of incomplete proteomics data by taking into consideration
the undetected proteins (missed due to instrumental limitations)
(Zhang et al., 2017). In addition, the predicted expression values of the
proteins analyzed by experimental mRNA levels can also be used to
correct the experimental protein abundance data. Moreover, co-inertia
analysis (CIA) can be used to visualize genes and protein expression in
turn forming a relationship between two or more omics data sets. An-
other mathematical approach, correlative network-Granger causality-
time series correlation, facilitates the interpretation of time dependent
system responses along with the identification of time dependent
variables (Zivy et al., 2015). The use of the above mentioned statisti-
cally driven models can provide novel and important advances for
understanding lipid metabolism and other regulatory pathways in mi-
croalgae. Further, synchronized multivariate analysis can identify the
variability between different omic data sets, identifying statistically
significant alterations at the cellular level.

There are currently various tools and platforms to integrate omics
data, including Bio Warehouse, Pointillist, 3Omics, Paintomics, KaPPA-
view, VANTED, MAYDAY and InterOmics (for detailed review refer
(Van Assche et al., 2015). These computational tools have been ex-
tensively applied for integrating bacterial, yeast, and mammalian data,
thus providing a baseline for integrating algal omics data in the near
future. Currently, there is an integrated data base for C. reinhardtii,
ChlamyCys, which consists of genome wide insights into the regulation
of metabolic networks with genome annotation (Zhang et al., 2017).
Another online tool developed by Las Alamos National laboratory is
Greenhouse, which is a centralized website that displays and shares
sequence-based and meta-data relevant to the improvement and ad-
vancement of algal production feedstocks (LANL's Green-
house.lanl.gov). For diatoms, there exists a Diatom EST database which
enlists more than 200,000 ESTs from two model diatoms, T. pseudonana
and P. tricornutum grown under a diverse range of environmental
parameters (Maheswari et al., 2009). Moreover, a user friendly algal
proteome database; Alga-PrAS (Algal Protein Annotation Suite) has
been developed which contains 510,123 protein sequences from pro-
teome of 31 algal and 3 plant species (Kurotani et al., 2017). This da-
tabase provides information about physiochemical, secondary structure
properties, post translational modifications and subcellular localization
of these proteins. Further, recently the first integrated omics database
for cyanobacteria was reported-CyanOmics (Yang et al., 2015a, 2015b).
The database comprises the complete genome sequence of Synecho-
coccus sp. 7002 with functional annotation, transcriptome and pro-
teomes under different growth conditions. Additionally, the database
also has built-in browsing, navigating, sequence alignment and data
visualization features where users can perform analyses according to
their own requirements.

The development of appropriate mathematical models can also de-
scribe the microalgal system along with the prediction of the system's
response to perturbations enabling dynamic modeling of algal cellular
metabolism. This involves construction of an initial framework model
for a particular microalgal species by understanding the structure and
identifying key elements controlling TAG accumulation such as gene
networks, protein-protein interaction and metabolic pathways. The
above model can now be provided with the high throughput omics data
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of the microalga cultivated under different stress conditions which can
then integrated. The model is then adapted by building a memory data
base so that it can correlate well with the experimental data and predict
the experimental responses. This sort of in silicomathematical models of
high lipid accumulating microalgal strains can help predict unconven-
tional gene targets for boosting TAG accumulation. One such modeling
system is flux balance analysis (FBA) which contains metabolic reac-
tions and all the genes encoding each enzyme of an organism (Orth
et al., 2010). It calculates the flow of metabolites by utilizing this me-
tabolic network thereby making it possible to predict the growth rate or
the rate of production of any biotechnologically important metabolite
of the organism (Orth et al., 2010). Currently there are more than 35
metabolic models of various industrially relevant microorganisms.
However, few FBA models have been constructed for algae to date,
including Synechocystis, Arthrospira platensis, C. reinhardtii and Chlorella
sp. FC2 IITG, P. tricornutum (Kim et al., 2016; Muthuraj et al., 2013;
Chang et al., 2011; Cogne et al., 2011; Boyle and Morgan, 2009). These
networks offer a broad knowledgebase of the biochemistry and global
networks underlying the metabolic fluxes under autotrophic, hetero-
trophic and mixotrophic growth conditions. Further, these metabolic
maps represent a platform for phenotypic outcomes with system per-
turbations and pathways for lipid biosynthesis in microalgae thereby
expanding the lipid metabolism repertoire and potential targets for
genetic engineering (Chang et al., 2011).

Genome scale metabolic network frameworks have been developed
for a limited number of algae, including AlgaGEM (for C. reinhardtii),
DRUM (for T. lutea and C. sorokiniana), iLB1027_lipid (for P. tri-
cornutum), iCZ843 (for C. vulgaris UTEX 395), iN934 for N. salina, and
iRJL321 for N. gaditana, which predict the microalgal metabolism in
response to perturbations in the growth conditions (Baroukh et al.,
2016; Gomes et al., 2011; Levering et al., 2016; Zuñiga et al., 2016;
Loira et al., 2017; Shah et al., 2017; Qian et al., 2017). AlgaGEM ac-
counts for 866 unique ORFs, 1862 metabolites, 2249 gene enzyme re-
actions and 1725 unique reactions. This model was built to predict the
changes in the hydrogen production in response to growth conditions
and in turn predicting novel targets for high hydrogen production
(Gomes et al., 2011). On the other hand, DRUM is a dynamic modelling
system that handles the non-balanced growth conditions of any mi-
croalga and depicts the accumulation of metabolites. This model pro-
vided a basic understanding of interplay of lipids and carbohydrate
accumulation in T. lutea; while for C. sorokiniana it provided new in-
sights into the diauxic heterotrophic growth on acetate and butyrate
(Baroukh et al., 2015, 2016). iCZ843 is an highly curated model that
can accurately predict phenotypes under photoautotrophic, hetero-
trophic and mixotrophic conditions (Zuñiga et al., 2016). It predicted
843 genes, 2294 reactions and 1770 metabolites which can guide suc-
cessful lab experiments for increasing growth performance. iN934
predicted 2345 reactions, 934 genes and proposed 82 different
knockout targets for strain optimization to increase the TAG content,
while iRJ1321 provided insights into the role of nitrogen limitation in
N. gaditana by modeling and predicting 1321 genes, 1918 reaction and
1862 metabolites (Loira et al., 2017; Shah et al., 2017). Further, a
mathematical model for Coelastrum sp. HA1 was developed under dif-
ferent nitrogen conditions which was then successfully applied to C.
sorokiniana under different light intensities (Yang et al., 2017).

Thus, these data analysis tools may make it possible for all the omics
layers (genomics, proteomics and metabolomics) to be combined to-
gether with metabolic modeling to provide insights into the flexibility
of microalgal metabolic pathways. This multi-dimensional integration
can lead to the simplification of metabolic fluxes of any microalgae of
interest thereby maximizing efficiency and specificity of genetic en-
gineering approaches. In brief, a multi-omics pipeline comprises of the
following steps: (1) stepwise collection of all omic data arising from
transcriptomics, proteomics and metabolomics analyses; (2) identifi-
cation of linkages between different omics (transcriptomics-proteomics-
metabolomics) using biological databases such as KEGG, SEED,

Metacyc, BKM-react, Brenda, Uniprot, Expasy, PubChem, ChEBI and
ChemSpider which provide information about reactions/metabolites
and associated enzymes and genes; (3) correlation and reconstruction of
a metabolic network by integration of all these data into a single and
comprehensive interactome; (4) filling of the gaps in the metabolic
model by using homology-based searches; (5) validation of the meta-
bolic model by comparing the experimental data with the metabolic
network generated data; (6) using in-silico analyses with validated
models to query strain manipulation scenarios such as knockouts si-
mulation, environmental challenges, and other cultivation parameters
to suggest further wet-lab experiments (Cisek et al., 2016; Fondi and
Liò, 2015).

7. Conclusions & future perspectives

Multi-omic analyses have become an established tool for biocatalyst
development and offer a powerful path towards hypothesis-driven
strain-engineering strategies in microalgae for enhanced TAG bio-
synthesis. Extensive comparative omics analyses have been conducted
in microalgae in an effort to elucidate lipid accumulation mechanisms
and strain-engineering targets. Here we have cataloged an array of such
omic pursuits across diverse species and under varied environmental
cues in order to gain further insight into universal TAG regulatory genes
and mechanisms. We note that this review is far from comprehensive,
but is intended to be instructive for future strain-engineering pursuits
grounded in integrative systems approaches. Additionally, we ac-
knowledge the nature of omic experimental design, wherein varied
culture conditions (e.g. light intensity and cycling, temperature, sam-
pling harvest times) prevents facile cross-omics comparative analyses.
Notably, a series of conserved regulatory genes and mechanisms have
emerged from an array of omic datasets under differential stress and
cultivation conditions, despite this disparate data. However, substantial
intra- and interspecies discrepancies remain; this further underscores
the necessity for comprehensive systems approaches, encompassing the
integration of physiological data with multi-omic and genome-wide
computational modeling. Indeed, rapidly emerging genome scale
modeling capabilities will play an integral role in assimilation of these
data, enabling predictive capacity for hypothesis-driven strain en-
gineering and media formulation.

Ultimately, in order to bring to bear the full promise of microalgae,
improvements must be realized across the entire value chain. This will
undoubtedly require continued efforts in bioprospecting and advances
in algal genetic tool development in order to identify and develop novel
strains with robust deployment characteristics. To achieve maximum
productivity, strain-engineering pursuits in non-model algae will need
to focus on enhancing multiple traits beyond TAG accumulation, in-
cluding enhanced photosynthetic efficiency, CO2 utilization, and pre-
dator and pest tolerance mechanisms, among others. Concurrently,
continued efforts targeting outdoor deployment and conversion opti-
mization will also be requisite, encompassing cultivation, harvesting,
extraction, and upgrading. However, it is clear that systems integration
of omic datasets will play a fundamental role on the path to achieving
economically viable algal biofuels.
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