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Abstract 

In the wake of the uprising global energy crisis, microalgae have emerged as an alternate feedstock for biofuel 
production. In addition, microalgae bear immense potential as bio-cell factories in terms of producing key chemicals, 
recombinant proteins, enzymes, lipid, hydrogen and alcohol. Abstraction of such high-value products (algal biore-
finery approach) facilitates to make microalgae-based renewable energy an economically viable option. Synthetic 
biology is an emerging field that harmoniously blends science and engineering to help design and construct novel 
biological systems, with an aim to achieve rationally formulated objectives. However, resources and tools used for 
such nuclear manipulation, construction of synthetic gene network and genome-scale reconstruction of microal-
gae are limited. Herein, we present recent developments in the upcoming field of microalgae employed as a model 
system for synthetic biology applications and highlight the importance of genome-scale reconstruction models and 
kinetic models, to maximize the metabolic output by understanding the intricacies of algal growth. This review also 
examines the role played by microalgae as biorefineries, microalgal culture conditions and various operating param-
eters that need to be optimized to yield biofuel that can be economically competitive with fossil fuels.
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Background
An upsurge in global population coupled with rapid 
industrialization has tremendously increased world-
wide per capita energy consumption. This rising energy 
demand is being fulfilled by various non-renewable 
energy sources, particularly fossil fuels. It is estimated 
that at the present usage, the worldwide demand for 
energy is envisaged to escalate by more than 50% by the 
year 2030 [1]. With a concomitant addition of 1.7 billion 
in the global population by 2050, the dwindling fossil fuel 
reserves will be subjected to further pressure [2]. The 

energy consumption rate for non-renewable sources such 
as natural petroleum is reported to be 105 times faster 
than the replenishment rate, which calls for an immedi-
ate attention to look for alternative, renewable and sus-
tainable energy resources [1].

Biomass-derived biofuels are currently being consid-
ered as the most sustainable alternative to fossil fuels. 
Herein, problems such as water pollution and carbon 
dioxide emission associated with combustion of fos-
sil fuels can be mitigated. Biofuels have been segregated 
into four generations based on their feedstock material 
[3–5]. Various cereals, sugarcane and oil-containing food 
crops constituted the feedstock for the first-generation 
biofuels. Sugar and starch-containing plants or cereal 
crops were used in the production of first-generation 
bioethanol. Production of bioethanol and methanol from 
low-cost crops, agricultural and forest residues (trees, 
straw, bagasse) constitutes the second-generation biofuel. 
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The increased competition of crop-based first- and sec-
ond-generation biofuels with food crops for arable land 
coupled with high corrosivity and hygroscopicity of 
bioethanol does not portray it to be an ideal candidate 
for replacement of fossil fuels. The third-generation bio-
fuels exploit marine biomass such as seaweeds and algae 
for the generation of biofuels such as biogas, ethanol and 
butanol. Recent developments in synthetic and systems 
biology are paving the way for the fourth-generation 
biofuels, wherein specially engineered microorganism/
crops will serve as feedstock material. Researchers are 
therefore, actively involved in developing alternative bio-
fuel molecules, with structures similar to short-chain, 
branched-chain and cyclic alcohols, alkanes, alkenes, 
esters and aromatics.

Amongst various biomass, microalgae are gaining 
much attention for use as a potential feedstock by virtue 
of its high carbohydrate and lipid content, rapid growth 
rate and resistance to fluctuating environmental con-
ditions [6]. Advancement in reverse engineering tools 
such as genome sequence, genetic transformation, gene 
targeting, different promoters, selection markers and 
molecular biology techniques such as clustered regularly 
interspaced short palindromic repeats (CRISPR), tran-
scription activator-like effectors (TALEs) and zinc-finger 
nucleases (ZFN) have paved the way to unravel novel 
metabolic pathways occurring within the algal cells or 

to design and synthesize new biological systems, all of 
which are aimed at furthering biofuel production [7–10]. 
Figure 1 illustrates the overall process involved in micro-
algae-based biofuel production. Recent studies con-
ducted on model microalgae such as Chlamydomonas 
reinhardtii [11–15], Chlorella pyrenoidosa [16], Neodes-
mus sp. UTEX 2219-4 [17], Scenedesmus [18], Phaeo-
dactylum tricornutum [19, 20], Dunaliella salina [21], 
Dunaliella parva [22], Nannochloropsis oceanic [23], 
Nannochloropsis salina [24], cyanobacteria [25] compli-
ments the advances in molecular biology tools and facili-
tates to construct novel biological systems via synthetic 
biology. The present review deals with the recent devel-
opments in algal biorefinery, synthetic biology, metabolic 
engineering tools and the optimization of algal culture 
conditions through an algorithm, to address pressing 
issues related to algal biofuel production. This review also 
examines the role played by microalgae as biorefiner-
ies, microalgal culture conditions and various operating 
parameters that need to be optimized to yield biofuel that 
can be economically competitive with fossil fuels.

Products from algal biorefinery
Development of microalgae-based biofuels in itself is 
not an economically competitive alternative to existing 
technologies and hence focus has now shifted towards 
abstraction of high-value co-products from microalgae 

Fig. 1  Pictorial representation of the overall process towards biofuel production in microalgae using synthetic biology approach (i.e., isolation, 
selection of an ideal strain, redirecting the metabolism to maximize synthesis of the targeted biofuel)
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to improve the economics of microalgae-based biorefin-
ery. Biorefinery approach is a system where energy, fuel, 
chemicals and high-value products such as pigments, 
proteins, lipids, carbohydrates, vitamins and antioxidants 
are produced from biomass through various processes. 
Microalgae are rich in proteins, lipids and carbohydrates 
and the relative amounts of these biochemical compo-
nents vary amongst various microalgal strains [26]. These 
could be used as feedstock for the production of various 
high-value bio-based products such as biodiesel produc-
tion from microalgal lipids, alternate carbon source in 
the fermentation industries of microalgal carbohydrates, 
health food supplements from long-chain fatty acids 
found in microalgae and in pharmaceutical applications 
[27]. Recent studies conducted on microalgae for the 
production of various biofuels are listed in Table 1.

Variety of algal strains such as green alga C. reinhardtii, 
cyanobacteria Anabaena cylindrica and A. variabilis are 
well known for hydrogen production in the presence of 
sunlight. The aforementioned organisms are capable to 
extract and direct protons and electrons derived from 
water to hydrogen production, catalyzed via chloroplast 
hydrogenases, namely HydA1 and A2 (Hydrogenase) 
[28, 29]. Kruse et  al. [28] observed that the native bio-
hydrogen production rate in C. reinhardtii was improved 
(maximal rate of 4 mL/h) by inducing modification in its 
respiratory metabolism by eliminating potential competi-
tion for an electron with hydrogenase. Similarly, heterol-
ogous expression of hexose uptake protein (HUP1 hexose 
symporter from Chlorella kessleri) in a hydrogen-pro-
ducing mutant (Stm6) of C. reinhardtii revealed approxi-
mately 150% increase in H2 production capacity [30]. 
With increased research focusing on third-generation 
biofuels, several recent studies on bioethanol production 
by employing algal strains such as Porphyridium cruen-
tum [31], Tetraselmis suecica [32] and Desmodesmus sp. 
[33] have been reported. An algal strain Synechocystis sp. 
PCC 6803 produced via double homologous recombina-
tion system was capable of photoautotrophically convert-
ing CO2 to bioethanol [34], with a maximum theoretical 
yield of 0.696 g ethanol/g CO2, as against 0.51 g ethanol/g 
glucose by S. cerevisiae. Active research needs to be 
directed in the field of algae-based bioethanol produc-
tion, focusing on improvement in the yield to make the 
process economically viable.

Several recent studies indicated the production of 
bio-butanol from various microalgae such as carbohy-
drate-rich microalgae Neochloris aquatica CL-M1 [35], 
acid-pretreated biomass of Chlorella vulgaris JSC-6 [14] 
and microalgae-based biodiesel residues [36]. An algal 
strain, Synechococcus elongates, was reported to produce 
butanol synchronized with the production of isobutyral-
dehyde and isobutanol [37]. The genetically engineered 

S. elongates was able to produce isobutyraldehyde at a 
higher rate than those reported for ethanol, hydrogen 
or lipid production by either cyanobacteria or algae by 
the upregulation of ribulose bisphosphate carboxylase/
oxygenase. The major obstacle in large-scale commer-
cialization of microalgae-based bio-butanol is, however, 
the generation of several byproducts which reduces the 
purity and yield of pure butanol.

Biodiesel has emerged as a promising alternative for 
fossil fuels by virtue of having similar chemical character-
istics with the latter. Most microalgae act as a resource 
for large-scale production of biodiesel owing to the high 
biomass productivity coupled with the rapid accumula-
tion of lipid. Diverse algal genera such as Nannochloro-
psis, Dunaliella, Chaetoceros, Botryococcus, Scenedesmus 
and Pseudochlorococcum are known to accumulate high 
amount of neutral lipids [38–40]. The metabolic path-
ways of algal strains are able to produce 16–20 carbon 
fatty acids as precursors for the production of biodiesel. 
Nobre et  al. [38] employed Nannochloropsis sp. for the 
production of fatty acid for biodiesel production and 
other co-products such as carotenoids and bio-hydrogen. 
This study reported that when CO2 supercritical fluid 
extraction was used, 45  g/100  g dry biomass of lipids 
and 70% of pigments were extracted. In a recent study, 
a high-lipid-producing microalga, namely Euglena san-
guinea was investigated for biodiesel production [41]. 
The saturated fatty acids (C16:0, C18:0, C22:0, C24:0) and 
unsaturated fatty acids (C18:1) in the biodiesel confirmed 
that these could be potentially used in automobiles with-
out any considerable transition in engine design. Here, 
systems biology, especially flux analysis, can provide 
an effective means of prediction by tracking the car-
bon flux during lipid accumulation, carbon fixation and 
growth altogether. The enzymes that can be targeted to 
enhance growth and carbon fixation can be determined 
from enzyme flux control coefficient data of Calvin cycle 
enzymes [42]. Likewise, the targets involved in lipid 
metabolism can also be found by 13C metabolic flux data 
and subsequent metabolic map derived from oleaginous 
algae. These flux data reveal which enzymes and the 
pathways they regulate are rate limiting and exert signifi-
cant control over the larger metabolism [43, 44]. Nowa-
days, researchers are focusing on metabolic engineering 
pathways aimed at enhancing the fatty acid chain length, 
overexpression of genes involved in fatty acid synthesis 
with simultaneous down-regulation of genes involved in 
β-oxidation and lipase hydrolysis. These developments 
would facilitate to increase the yield, concurrent with an 
economical algal biodiesel production in the near future.

In addition to biofuels, microalgae are feedstock 
to several other high-value products such as vita-
mins, pigments, proteins, carbohydrates, amino acids, 
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antioxidants, high-value long-chain polyunsaturated 
fatty acids (PUFAs) and biofertilizers. Natural microalgal 
pigments such as carotenoids, chlorophylls and phyco-
biliproteins serve as precursors of vitamins in food, phar-
maceutical industries, cosmetics and coloring agents [45]. 
Several studies are focussing on microalgal genes encod-
ing enzymes, which are involved in high-value carotenoid 

synthesis. Microalgae such as C. reinhardtii do not natu-
rally synthesize ketocarotenoid, and β-carotene ketolase 
gene from Haematococcus pluvialis was expressed in 
C. reinhardtii to synthesize a new ketocarotenoid [46]. 
In another study, C. vulgaris was transformed with pro-
moter and terminator of the nitrate reductase gene from 
P. tricornutum and the transgenic strain proved valuable 

Table 1  Recent studies in microalgae employed for the production of biofuel

S. no. Algal species Reactor/growth conditions and products References

1 Chlamydomonas reinhardtii GY-D55 Flat-plate airlift photobioreactor. Production rate 0.000959 kg 
H2/kg dry cells/h

[142]

2 Nannochloropsis gaditana Down-flow type supercritical water gasification reactor. Product 
composed of hydrogen (52.0%), methane (17.9%) and CO2 
(23.0%) with 97.4 wt% gasification efficiency

[143]

3 Chlorella vulgaris Supercritical water gasification of microalgal hydrothermal 
liquefaction for hydrogen production. Non-stirred batch stain-
less steel Parr reactor produced 30 mol H2/kg algae

[144]

4 Laminaria digitate, Chlorella pyrenoidosa, Nannochloropsis 
oceanica

Two-stage batch co-fermentation resulted in 6.6 and 70.9% 
energy conversion efficiencies during hydrogen fermentation 
and combined H2–CH4 production, respectively. Hydrogen 
yield of 94.5–97.0 mL/g volatile solids

[145]

5 Chlamydomonas sp., Chlorella sp., Chlorella vulgaris TISTR 8580 
and Chlorella protothecoides

Biophotolysis-based hydrogen and lipid production using 
crude glycerol as an exogenous carbon source. The optimal 
conditions were glycerol concentration of 16 g/L, initial pH 
6.8, and light intensity of 48 μmol photon/m2 s, yielding 
11.65 ± 0.65 mL/L hydrogen along with lipid content > 40% in 
the microalgal biomass

[146]

6 Scenedesmus dimorphus Combination of separate hydrolysis and fermentation and 
simultaneous saccharification and fermentation found most 
effective. Lipid-extracted biomass yielded 0.26 g bioethanol/g 
lipid-extracted biomass at pH 5, temperature of 34 °C, and 
microalgae biomass loading at 18 g/L

[147]

7 Dunaliella sp. Microalgae used as a feedstock for bioethanol production. 72 h 
of incubation at substrate concentration of 30 g/L microal-
gal biomass and 3 mL inoculums at pH 6 yielded 7.26 g/L 
bioethanol

[148]

8 Scenedesmus dimorphus Microalgae used as a feedstock for bioethanol production. 
Fermentation conducted at pH 5, temperature of 34 °C, and 
microalgae biomass loading at 18 g/L via simultaneous sac-
charification and fermentation resulted in a theoretical yield 
of bioethanol that exceeded 90%

[149]

9 Mixed microalgae cultures Fermentation of the glucose after enzymatic hydrolysis yielded 
0.46 g ethanol/g glucose

[150]

10 Porphyridium cruentum Freshwater biomass produced ethanol more efficiently than the 
sea water biomass with ethanol conversion yields of 70.3 and 
65.4%, respectively, after 9 h. Simultaneous saccharification 
and fermentation processing was superior to separate hydrol-
ysis and fermentation processing for bioethanol production

[31]

11 Scenedesmus acutus Purified lipids were catalytically deoxygenated to yield liquid 
product consisting of 99 wt% hydrocarbons and diesel-like 
(C10–C20) hydrocarbons

[151]

12 Dunaliella tertiolecta Carbon nanotube (CNT)-supported metal catalyst for hydro-
thermal liquefaction of Dunaliella tertiolecta to produce bio-
oil. Bio-oil conversion and yield increased to 95.78 and 40.25 
wt%, respectively, when Co/CNTs were employed as catalysts

[13]

13 Euglena sanguinea Catalyst calcinated from natural white mussel shell at 1000 °C 
used in the transesterification process. The algal biodiesel 
showed the presence of saturated fatty acids: C16:0, C18:0, 
C22:0, C24:0 and monounsaturated fatty acids C18:1

[41]



Page 5 of 21Jagadevan et al. Biotechnol Biofuels  (2018) 11:185 

for the production of value-added proteins [47]. Micro-
algae also serve as potential expression systems for the 
synthesis of biopolymers such as poly-3-hydroxybutyrate, 
which is a key precursor for the synthesis of biodegrad-
able plastics. In a recent study, an ATP hydrolysis-based 
driving force module was engineered into Synechococ-
cus elongatus PCC 7942 to produce 3-hydroxybutyrate 
[48]. The strain which was engineered by having a pro-
vision for a reversible outlet for excessive carbon flux 
was capable of producing significantly high amounts of 
3-hydroxybutyrate over the native strain. Several micro-
algae secrete extracellular polymeric substances in their 
immediate living environment as a hydrated biofilm pro-
tective matrix [49]. These substances are known for high-
value applications such as anti-inflammatories, antivirals, 
antioxidants, anticoagulants, biolubricants and drag 
reducers.

Spent microalgal biomass or lipid-extracted algal (LEA) 
biomass is an attractive feedstock for the production of 
various products as it contains 30–60% of residual car-
bon that is in the form of readily fermentable sugar [50]. 
In a recent study, LEA has been used as a substrate for 
biomethanation through anaerobic processes [51]. This 
study showed that the rate of biogas production was 
comparatively higher in product-extracted algal samples 
(lipid and protein extracted), whilst the cumulative meth-
ane production was higher for pretreated algae (dried 
powdered algae and heat-treated algae). A related study 
conducted by Hernández et al. [52] reported that anaero-
bic digestion of lipid-exhausted biomass showed higher 
yields of methane than non-lipid-exhausted biomass. 
LEA has also been used as raw material for butanol fer-
mentation [53]. Bench-scale tests demonstrated that LEA 
could also be effectively converted to liquid fuel, mainly 
alkanes via hydrothermal liquefaction and upgrading 
processes such as via hydrotreating and hydrocracking. 
The overall energy efficiency on a higher heating value 
basis of this process was estimated to be 69.5% [54]. A 
study conducted by Gu et  al. [55] demonstrated that 
Scenedesmusacutus was found to be capable of assimilat-
ing nitrogen from LEA residuals and was able to replace 
nitrate in culturing media, thus facilitating nutrient recy-
cling. Another recent study reports that nitrogen/phos-
phorus limitation in microalgae leads to variation in lipid 
productivity, which was validated by the expression of 
acetyl-CoA carboxylase gene [25].

Bioprocesses for algal cultivation
Photosynthesis-dependent accumulation of biomass 
takes place under nitrogen-rich environment, whereas 
accumulation of lipids in microalgae occurs under stress 
conditions such as limited nutrient conditions. This con-
tradiction hugely offsets continuous lipid production, 

thus affecting the economics of the system. The fed 
batch process has often been reported as the most suit-
able method for microalgal cultivation, because it offers 
the flexibility of customization of nutrients provided 
during the process. A study conducted by Zheng et  al. 
[56] demonstrated that during the fed batch process, the 
lipid content and algal biomass were markedly increased. 
Moreover, studies proved that supply of light in phototro-
phic and mixotrophic processes during the fed batch cul-
ture increased the lipid productivity [57]. Light spectral 
quality also plays a key role in facilitating photosynthesis. 
Absorption of irradiation corresponding to the absorp-
tion band of the algal chlorophyll can lead to enhanced 
photosynthesis [58]. In a recent study, batch process was 
attempted in an open thin-layer cascade photobioreac-
tor for high-cell density cultivation of a saline microalga 
(N. salina), wherein maximal cell density of 50  g/L was 
obtained within 25 days [59]. Similarly, fed batch hetero-
trophic microalgae cultivation of Auxenochlorella proto-
thecoides was employed to maximize lipid production. 
An optimal feeding strategy was determined by interior 
point optimization [60]. On the contrary, Tang et al. [61] 
reported that long-term steady-state continuous process 
leads to significant lipid accumulation since the rate of 
dilution and irradiance can be regulated at specific lev-
els. Furthermore, to maintain the steady state, the system 
is continuously being supplied with essential nutrients, 
which prevents the formation of inhibitory metabolites.

Although continuous feeding is required for mainte-
nance of growth rate, the accompanying non-limiting 
nutrient supply may hamper accumulation of lipid and 
carbohydrates. To maintain a balance between lipid 
production and algal biomass production, a two-stage 
cultivation process was applied, wherein different set of 
conditions were supplied for growth and high lipid con-
tent/carbohydrate [62]. Thereafter, studies proved that 
semi-continuous strategy is most beneficial for algal bio-
mass and lipid accumulation for longer periods because 
of the persistence of culture at exponential phase [63]. A 
recent study reported a two-stage continuous cultivation 
of Chlorella sp., where process variables such as dilu-
tion rate and feed stream substrate concentrations were 
optimized for biomass productivity and continuous pro-
duction of lipid-rich algal biomass was monitored in two 
sequential bioreactors [64].

Under heterotrophic growth conditions, microal-
gae utilize a source of organic carbon as substrate 
for growth, which is converted to lipids. Due to the 
dependency on the availability of a continuous source 
of sugar, the cost of the process increases considerably. 
To overcome the aforementioned hurdles, microalgae 
are grown mixotrophically. Microalgae such as Chlo-
rella sp. and Nannochloropsis sp. have been grown 
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mixotrophically for consideration for biodiesel pro-
duction [57]. In a comparative study between auto-
trophic, heterotrophic and mixotrophic cultivation, 
it was demonstrated that strains of microalgae Tribo-
nema sp. showed enhanced growth in heterotrophic 
conditions, whereas lipid production was maximum 
during mixotrophic growth conditions [65]. Though 
several studies are focusing on these aspects, an effec-
tive microalgae-based system which does not com-
promise on growth or lipid content has not yet been 
developed.

Microalgae‑based biofuel engineering
In addition to maintaining the right balance between 
the biomass content and lipid production, microalgae-
derived biofuel faces several other challenges such as 
inefficient harvesting techniques and low productivity 
due to ineffective photobioreactor design and limited 
photosynthetic efficiency [66]. Genetic engineering tools 
aimed at overexpression of enzymes which are involved 
in lipid synthesis and storage and/or reduction of lipid 
catabolism mechanisms, offer a huge potential to engi-
neer the required metabolisms. Figure  2 illustrates the 
interactions amongst various enzymes involved in the 
synthesis of lipids by algae. Over the years, research has 

Fig. 2  Scheme representing the synergy between enzymes that lead to the formation of lipid (CA carbonic anhydrase; RuBisCO Ru1,5BP 
carboxylase/oxygenase; PDC pyruvate dehydrogenase complex; ACC​ acetyl-CoA carboxylase; KAS 3-ketoacyl-ACP synthase; ACL ATP-citrate lyase; 
MDH malate dehydrogenase; MME NADP-malic enzyme; PDC pyruvate dehydrogenase complex; GPAT glycerol-3-phosphate acyltransferase; LPAAT​ 
lyso-phosphatidic acid acyltransferase; LPAT lyso-phosphatidylcholine acyltransferase; DGAT​ diacylglycerol acyltransferase; PDAT phospholipid 
diacylglycerol acyltransferase
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been focused on overexpression of acetyl-CoA carboxy-
lase (ACCase) involved in fatty acid synthesis and knock-
ing out of genes involved in fatty acid oxidation (acyl 
CoA oxidase, acyl CoA synthase, carnitineacyltrans-
ferase I, fatty acyl CoA dehydrogenase) [17, 67]. Genetic 
manipulation in microalgae is challenging as editing tools 
are species specific and cannot be used interchangeably 
because of codon usage, defensive strategies (viz. restric-
tion enzymes and methylation), uptake of nucleic acid 
and porosity of cells. Therefore, an extensive knowledge 
of the genetic construction of individual species is a pre-
requisite for customization of microalga for target biofuel 
production [68]. At present, there are a limited num-
ber of fully annotated genomes of microalgae available, 
but with improvements in sequencing techniques, rapid 
increase in such information is foreseeable in the near 
future.

Synthetic biology in microalgae
The crux of synthetic biology is to be able to build artifi-
cial regulatory circuits that can control cellular behavior 
based on user-defined inputs/signals/stimuli to generate 
the desired output such as biofuel chemicals and proteins 
by making required changes in metabolism. The main 
focus of microalgal biotechnology for large-scale appli-
cation of microalgae as a sustainable and robust energy 
feedstock is based on (a) improving their photosynthetic 
efficiency through metabolic engineering for improved 
oil yield and enhanced carbon sequestration rate in mass 
cultures, (b) driving the carbon flux into energy-rich 
compounds useful as biofuel source and (c) development 
of robust and committed algal cells that can sustain low-
cost large-scale cultivation resulting in lower operational 
costs and lower carbon footprint of the produced chemi-
cal [69]. Synthetic biology functions by the construction 
of artificial biological systems by an amalgamation of 
engineering strategy with biotechnological tools, based 
on the genetic, metabolic and regulatory data gathered 
from experiments [69, 70]. In simple words, it is the field 
of biology which focuses on reconstruction or re-engi-
neering the metabolic pathways with the introduction 
of genetic modules and which are observed as “biologi-
cal circuits’’. The objective is to reprogram microalgae to 
derive a novel function. The reconstruction of relevant 
biochemical pathways (that yield metabolite of impor-
tance) into partial or total synthetic alternatives needs 
a stable assembly along with the integration of heterol-
ogous DNA segments into hosts or chassis strains. The 
various ways genes can be fabricated for reconstruc-
tions are (a) ligation and digestion of DNA fragments, (b) 
in vitro homologous recombination of fragments and (c) 
in vivo homologous recombination [59].

Elements of synthetic circuits/biobricks
In a bid to commercialize transgenic microalgae, certain 
challenges need to be addressed. These are primarily 
poorly developed molecular tools for genetic engineer-
ing and low level of heterologous gene expression from 
the nucleus [69, 71]. With the advent of novel genomic 
tools, synthetic biology is fast developing and the concept 
of “BioBricks” could be introduced in microalgal systems. 
These biobricks are standardized DNA segments having 
common interface, which can be assembled into biologi-
cal systems. Such parts are interchangeable units such 
as promoters [72–74], terminators, ribosome-binding 
sites (RBS), trans-elements and various regulatory mol-
ecules that can be used to regulate genetics of microalgae 
and ultimately their metabolism [75]. In addition to the 
aforementioned genetic tools, “omics” approach could 
play a vital role in structuring pathway reconstruction in 
microalgae by helping us understand the metabolism in 
the whole system, which is regulated through feedback-
forward and -backward loops that affect the output. The 
huge amount of available ‘omics’ data could also be chan-
neled towards attaining lipid-inducing conditions (i.e., 
stress stimulus), thus leading to an efficient regulation of 
metabolism via application of synthetic biology by target-
ing the regulatory networks rather than mere deletion or 
overexpression of enzyme-coding genes [76–79].

Microalgal context
Synthetic biology could be presently applied to systems 
with reverse genetic tools and have developed resources 
such as genomic sequence, selection markers, plasmid 
vectors, various promoters and genetic editing tools. 
However, these are presently being limited to selected 
microalgal species. The microalgal models that can be 
congenial to reverse genetics and synthetic biology per-
turbations based on the existing genetic resources are 
available for C. reinhardtii, Nannochloropsis sp., P. tricor-
nutum, Cyanidioschyzon merolae, Ostreococcus tauri and 
Thalassiosira pseudonana [70]. Traditionally, most of the 
applications of synthetic biology have been carried out in 
a model microalga, C. reinhardtii, where existing tools 
are being modified and optimized, synchronous with the 
development of novel tools. Therefore, in C. reinhardtii, 
protein production has been accomplished by engineer-
ing the chloroplast genome because reverse genetics 
and editing methods could be attempted in chloroplasts. 
With the development of expression constructs [80, 81], 
protein production has been recorded to reach 80 times 
more in chloroplasts than that of nuclear expression [82, 
83]. Attempts have been made to alter the algal photo-
synthetic machinery by synthetic biology via expression 
of heterologous genes (gene psbA that codes D1 subunit 
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of Photo system II) in chloroplasts as “Biobricks” under 
the influence of endogenous regulatory system [84]. 
Efforts have also been carried out to engineer Rubisco 
under varying external environment, to enable optimized 
utilization of energy and carbon. This was carried out by 
altering the amount of rbcl mRNA (large subunit genes of 
Arabidopsis Rubsico) maturation factor MRL1 from the 
nuclear genome of MRL1-deficient mutant. Rubisco con-
tent has been reported to reduce by 15% in comparison 
with the wild type, with no reduction observed in their 
growth. Interestingly, in the presence of inducible pro-
moters, Rubisco amount could be altered under varying 
light intensity and CO2 concentration, as shown by John-
son [85]. Key events that mark the development of syn-
thetic biology in microalgae-based oil accumulation are 
illustrated in Fig. 3.

Lipid metabolism is highly complex and tightly regu-
lated with an elaborate regulatory network of nodes and 
internodes. Hence, the characterization of pathways with 
an extensive knowledge about carbon sharing is impera-
tive for fabrication of artificial pathways. Investigations 
have been carried out to observe carbon partitioning 
between starch and lipid and attempts have been made 
to isolate the key players of triacylglycerol (TAG) forma-
tion under stress in C. reinhardtii [86]. Lipid engineering 
has been carried out in microalgae with an aim to pro-
duce TAG with better cold flow properties, making them 
a better feedstock amenable for biodiesel production. In 

diatom P. tricornutum, the ratio of short-chain fatty acids 
C12 and C14 were increased by enhanced expression of 
thioesterases derived from different plants [87]. Similar 
efforts have been carried out in C. reinhardtii wherein 
the fatty acid profile has been engineered for better fuel 
properties [82]. A recent study reported the produc-
tion of a wide range of degree of unsaturation in TAG 
(designer oils) by rational modulation of type II diacyl 
glycerol acyltransferases in Nannochloropsis oceanica via 
reverse genetics [88].

In a typical synthetic circuit, three components are 
present—sensors (which sense the external inputs), pro-
cessors (that process the signal and determine them) and 
actuators (that transmit the signal downstream which 
make required changes in the cell). In biological sys-
tems, regulatory circuits are mainly governed by tran-
scriptional, post-transcriptional and post-translational 
components such as regulatory molecules, cis-elements, 
noncoding RNAs and transcription factors [69, 70]. In 
an effort to better understand the promoter structure for 
augmenting the nuclear gene expression, Scranton et al. 
[89] developed 25 synthetic algal promoters (sap) in C. 
reinhardtii by mimicking their native cis-elements, struc-
ture and sequences of highly expressing genes. Some of 
these synthetic promoters performed better than the 
best endogenous promoter hsp70/rbs2, thus opening 
new potentials for exploring the C. reinhardtii system 
through synthetic strategies [89]. Most of the synthetic 

Fig. 3  Key events that mark the development of synthetic biology in microalgae-based oil accumulation
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circuits used the principle of transcriptional control that 
needs effective (can control the target gene expression to 
desired level) and programmable (can carry out functions 
at any desired loci) transcription factors which do not 
involve in cross talk.

These features ideally place newly discovered CRISPR/
Cas (clustered regularly interspaced short palindromic 
repeats/CRISPR associated) and CRISPR–Cpf1 system as 
effective means to design synthetic TFs for complex syn-
thetic gene circuits. Versatility of CRISPR/Cas system in 
gene regulation such as multiplex regulation (to modu-
late several genes simultaneously), orthogonality (ability 
to avoid cross talk among several regulatory modules), 
bi-directionality (simultaneous activation and repression 
of different genes) and complex activation/regulation [90, 
91] using CRISPR variants has been demonstrated in sev-
eral systems such as algae [14, 92], plants [93, 94], yeasts 
and mammals [95, 96].

Applications of CRISPR
CRISPR has proven to be an effective and popular strat-
egy for exploring complex regulatory synthetic circuits 
[97]. In mammalian cells, synthetic biology has been 
demonstrated in two independent studies where the out-
put upstream of a cascade becomes the input for a down-
stream module—a basic display of synthetic circuit. Here, 
a gRNA along with dCas9 influenced the expression of 
another gRNA downstream in a circuit that ultimately 
controls a fluorescent protein as an observable output of 
a final task [98, 99]. More advanced circuits such as logic 
gates utilizing CRISPR have also been explored in bladder 
cancer cells and E. coli. In bladder cells, dCas9 and gRNA 
were expressed under promoters which are cancer cell 
(hTERT) and bladder cell specific (hUPII). The CRISPR/
dCas9 was expressed against a lacI repressor, whose 
repression relieved the expression of transgene thera-
peutic proteins, i.e., the output of the circuit [100]. The 
output of the circuit was only possible in bladder cancer 
cells when both promoters were active, which resembles 
an AND gate of an electric circuit. In E. coli model sys-
tem, a gRNA is driven by an inducible promoter, which 
if expressed recruits a dCas9 to bind the constitutive 
promoter of a gene referred as ‘output’, thus, sterically 
hindering the RNA polymerase to bind and generate 
the output in the presence of an input signal. Output is, 
therefore, possible in the absence of input signal mol-
ecule, i.e., a NOT gate approach is observed [101]. The 
gRNA could also be expressed from two different induc-
ible promoters each induced by different input signals. 
Thus, the output can be observed only when neither of 
the inducers are present, i.e., a NOR gate. Similarly with 
modifications, OR and AND gates can be constructed 

synthetically, thus exploring the possibility of more logi-
cal operations in a cell.

These concepts inspired from other systems could be 
utilized and attempted in microalgae and cyanobacte-
ria through their inducible promoters/repressors, as 
discussed in Table  2 to build complex programmable 
synthetic circuits to produce products of value such as 
lipids, polyunsaturated fatty acids, proteins, alcohols 
and chemicals. Moreover, several recent studies have 
successfully attempted CRISPR/Cas-mediated genome 
engineering, enabling researchers to utilize this strategy 
in microalgal systems [14, 92, 102, 103]. Inducible cir-
cuits can be built in microalgae as well, with the help of 
inducible promoters giving inputs for driving gRNA [47, 
104, 105] and light-inducible promoters activating dCas9 
[106], especially because light being a known inducer of 
lipid synthesis helps in biofuel production (Fig. 4). A syn-
thetic chromosome technology for microalgae was pro-
posed by Keasling and Venter [107] for the creation of an 
algal platform for coordinated and controllable metabolic 
modifications, which would act as a designer synthetic 
cell committed to desired higher value product. Innova-
tions carried out in the creation of a synthetic bacterial 
cell may open new horizons for microalgae synthetic 
biology [108]. Thus, synthetic strategies could be fully 
explored in various products of importance from micro-
algae such as lipid, bio-hydrogen, fatty acids and recom-
binant proteins.

Synthetic biology not only facilitates the researchers 
to alter or modify metabolic pathway/s but also repro-
grams the cells by inserting metabolic pathways of inter-
est. Here, the pathway of interest could be taken from 
one organism and inserted into another, to follow the 
enzymatic potential [109]. This rewiring of heterogene-
ous pathways into a host system leads to the creation of 
new metabolic networks, which induces phenotypes of 
interest by shifting the cell’s precedence from growth 
in targeted production, hence enabling construction of 
effective cell factories. Such insertions have been suc-
cessfully performed to induce synthesis of precursors 
of diverse biofuel molecules, including 1-butanol [110], 
2-methyl-1-butanol [111], acetone [112], ethylene [113], 
isoprene [73] and fatty acids [114]. The aforementioned 
studies clearly portray the potential role of synthetic 
pathways in the field of improvement of algal biofuel. The 
development of computational tools such as ‘pathway 
prediction system’ (PPS) further facilitates pathway syn-
thesis aimed at various applications: biofuel production, 
degradation of xenobiotic compounds, etc. [115]. Dif-
ferent algorithms such as BNICE algorithm (Biochemi-
cal Network Integrated Computational Explorer) [116] 
and ReBiT (Retro-Biosynthesis Tool) [117] have been 



Page 10 of 21Jagadevan et al. Biotechnol Biofuels  (2018) 11:185 

Ta
bl

e 
2 

Pr
om

ot
er

s 
em

pl
oy

ed
 fo

r f
ac

ili
ta

ti
ng

 s
yn

th
et

ic
 b

io
lo

gy
 in

 c
ya

no
ba

ct
er

ia
 a

nd
 m

ic
ro

al
ga

e 
ar

e 
su

m
m

ar
iz

ed

Sl
. n

o.
Pr

om
ot

er
s 

us
ab

le
 in

 s
yn

th
et

ic
 b

io
lo

gy
 (f

un
ct

io
na

l e
le

m
en

ts
)

H
os

t e
xp

er
im

en
te

d 
on

Re
m

ar
ks

 a
bo

ut
 a

pp
lic

at
io

n 
(e

xp
re

ss
ed

 g
en

e,
 o

ut
pu

t l
ev

el
, 

si
gn

ifi
ca

nc
e)

Re
fe

re
nc

es

Pr
om

ot
er

s (
m

et
ab

ol
ite

 in
du

ce
d)

1.
tr

p–
la

c 
fro

m
 E

. c
ol

i i
nd

uc
ed

 b
y 

IP
TG

 (1
00

 µ
M

)
Sy

ne
ch

oc
oc

cu
s e

lo
ng

at
us

 P
CC

 7
94

2
in

vA
 a

nd
 g

lf 
ge

ne
s 

fro
m

 Z
ym

om
on

as
 m

ob
ili

s. 
In

cr
ea

se
 o

f 1
60

- a
nd

 
30

-fo
ld

 fo
r f

ru
ct

os
e 

(1
60

 µ
M

) a
nd

 g
lu

co
se

 (3
0 

µM
)

[7
2]

2.
A1

la
cO

-1
 fr

om
 E

. c
ol

i i
nd

uc
ed

 b
y 

IP
TG

 (1
00

 m
M

)
Sy

ne
ch

oc
ys

tis
 s

p.
 P

CC
 6

80
3

EF
E 

en
co

di
ng

 g
en

e 
fro

m
 P

se
ud

om
on

as
 sy

rin
ga

e.
 In

cr
ea

se
 o

f e
ig

ht
-

fo
ld

 (1
70

 n
L 

et
hy

le
ne

/m
L 

h)
[1

52
]

3.
Tr

c 
fro

m
 E

. c
ol

i i
nd

uc
ed

 b
y 

IP
TG

 (1
 m

M
)

S.
 e

lo
ng

at
us

 P
CC

 7
94

2
ui

dA
 g

en
e 

fro
m

 E
. c

ol
i. 

36
-fo

ld
 in

cr
ea

se
 (3

40
 n

m
ol

 M
U

/m
in

 m
g/

pr
ot

ei
n)

[1
53

]

4.
te

t f
ro

m
 E

. c
ol

i i
nd

uc
ed

 b
y 

aT
c 

(1
03  n

g/
m

l)
Sy

ne
ch

oc
ys

tis
 s

p.
 s

tr
ai

n 
AT

CC
27

18
4

eY
FP

 g
en

e.
 1

0,
00

0 
re

la
tiv

e 
flu

or
es

ce
nc

e 
un

it.
 2

90
-fo

ld
 in

cr
ea

se
[1

54
]

5.
(a

) P
tr

c 
in

du
ce

d 
by

 IP
TG

(b
) P

tr
c/

Pl
ac

O
1

S.
 e

lo
ng

at
us

 P
CC

 7
94

2
(a

) k
vi

D
, Y

qh
D

. I
so

bu
ta

no
l (

45
0 

m
g/

L)
. D

ec
ar

bo
xy

la
tio

n 
of

 K
IV

 c
ha

n-
ne

le
d 

th
e 

flu
x 

to
w

ar
ds

 p
ro

du
ct

io
n 

of
 is

ob
ut

an
ol

.
(b

) k
iv

d/
al

sS
-il

vC
-il

vD
. I

so
bu

ty
ra

ld
eh

yd
e 

(1
10

0 
m

g/
L)

. D
ec

ar
bo

xy
la

-
tio

n 
of

 K
IV

 c
ha

nn
el

ed
 to

w
ar

ds
 p

ro
du

ct
io

n 
of

 m
et

ab
ol

ite

[3
7]

6.
Pt

rc
/P

LL
ac

O
1 

in
du

ce
d 

by
 IP

TG
S.

 e
lo

ng
at

us
 P

CC
 7

94
2

te
r/

at
oB

, a
dh

E2
, c

rt
, h

bd
. 1

-b
ut

an
ol

 (1
4.

5 
m

g/
L)

. M
et

ab
ol

ite
 p

ro
-

du
ce

d 
th

ro
ug

h 
da

rk
 a

na
er

ob
ic

 c
on

di
tio

ns
[1

55
]

Pr
om

ot
er

s (
lig

ht
 in

du
ci

bl
e)

7.
ps

bA
2 

fro
m

 S
yn

ec
ho

cy
st

is 
sp

. P
CC

68
03

 in
du

ce
d 

by
 5

00
 μ

m
ol

 
ph

ot
on

s/
m

2  s
Sy

ne
ch

oc
ys

tis
 s

p.
 P

CC
 6

80
3

isp
S 

ge
ne

 fr
om

 P
ue

ra
ria

 m
on

ta
na

 5
0 

m
g 

is
op

re
ne

 d
ry

 w
t/

da
y

[7
3]

8.
ps

bA
2 

fro
m

 S
yn

ec
ho

cy
st

is 
sp

. P
CC

 6
80

3 
in

du
ce

d 
by

 5
0 

μm
ol

/m
2  s

Sy
ne

ch
oc

ys
tis

 s
p.

 P
CC

 6
80

3
hy

dA
1 

ge
ne

 d
er

iv
ed

 fr
om

 C
hl

am
yd

om
on

as
 re

in
ha

rd
tii

 1
30

 n
m

ol
 

H
2 p

ro
du

ce
d 

m
g/

C
hl

 m
in

[1
56

]

9.
En

do
ge

no
us

 C
A

BI
I-1

 th
at

 c
on

tr
ol

s 
ch

la
/b

 b
in

di
ng

 p
ro

te
in

s 
of

 P
SI

I, 
in

du
ce

d 
by

 c
ha

ng
in

g 
lig

ht
 c

on
di

tio
n

C
hl

am
yd

om
on

as
 re

in
ha

rd
tii

N
IT

1 
ni

tr
at

e 
re

du
ct

as
e 

ge
ne

[1
07

]

Pr
om

ot
er

s 
(n

ut
rie

nt
 in

du
ce

d)

10
.

ni
rA

 fr
om

 S
yn

ec
ho

co
cc

us
 e

lo
ng

at
es

 P
CC

 7
94

2 
in

du
ce

d/
re

pr
es

se
d 

by
 N

O
3−

/N
H

4+
 w

ith
 c

on
ce

nt
ra

tio
n 

17
.6

 m
M

 e
ac

h
Sy

ne
ch

oc
ys

tis
 s

p.
 P

CC
 6

80
3

p-
H

yd
ro

xy
ph

en
yl

 p
yr

uv
at

e 
di

ox
yg

en
as

e 
ge

ne
. I

nc
re

as
e 

of
 2

5-
fo

ld
 

(2
50

 n
g 

to
co

ph
er

ol
 m

g/
dr

y 
w

t.)
[1

57
]

11
.

ni
rA

 fr
om

 S
yn

ec
ho

co
cc

us
 e

lo
ng

at
es

 P
CC

 7
94

2 
in

du
ce

d/
Re

pr
es

se
d 

by
 N

O
3−

/N
H

4+
 w

ith
 c

on
ce

nt
ra

tio
n 

15
.0

 m
M

/3
.7

5 
m

M
S.

 e
lo

ng
at

es
 P

CC
 7

94
2

cm
pA

BC
D

. I
nc

re
as

e 
of

 fi
ve

fo
ld

 (2
60

 n
m

ol
 H

CO
3−

 m
g/

C
hl

)
[1

58
]

12
.

N
IT

1 
in

du
ce

d/
re

pr
es

se
d 

by
 N

O
3−

/N
H

4+
C

. r
ei

nh
ar

dt
ii,

 P
ha

eo
da

ct
yl

um
 tr

ic
or

-
nu

tu
m

, D
un

al
ie

lla
 s

al
in

a,
 C

hl
or

el
la

 
vu

lg
ar

is

N
IT

1 
ni

tr
at

e 
re

du
ct

as
e 

ge
ne

 s
w

itc
he

d 
on

/o
ff 

by
 N

O
3−

/N
H

4+
. 

Ex
pr

es
si

on
 v

ec
to

r h
av

in
g 

N
IT

1 
pr

om
ot

er
 is

 u
se

d 
w

id
el

y 
as

 c
irc

ui
ts

 
on

 e
xp

re
ss

io
n 

st
ud

ie
s

[4
7,

 1
04

, 1
05

]

Pr
om

ot
er

s 
(m

et
al

 in
du

ce
d)

13
.

Co
at

 fr
om

 S
yn

ec
ho

cy
st

is
 s

p.
 P

CC
 6

80
3 

in
du

ce
d 

by
 C

o2+
 (6

 μ
M

)
Sy

ne
ch

oc
ys

tis
 s

p.
 P

CC
 6

80
3

EF
E 

ge
ne

 fr
om

 P
se

ud
om

on
as

 S
yr

in
ga

e.
 5

00
-fo

ld
 in

cr
ea

se
 (4

8 
nL

 
et

hy
le

ne
/m

L 
h)

[1
52

]

14
.

pe
tE

 fr
om

 S
yn

ec
ho

cy
st

is
 s

p.
 P

CC
 6

80
3 

in
du

ce
d 

by
 C

u2+
 (0

.5
 μ

M
)

Sy
ne

ch
oc

ys
tis

 s
p.

 P
CC

 6
80

3
EF

E 
ge

ne
 o

bt
ai

ne
d 

fro
m

 P
se

ud
om

on
as

 s
yr

in
ga

e.
 fi

ve
fo

ld
 in

cr
ea

se
 

(2
8 

nL
 e

th
yl

en
e/

m
L 

h)
[1

52
]

15
.

zi
aA

 fr
om

 S
yn

ec
ho

cy
st

is
 s

p.
 P

CC
 6

80
3 

in
du

ce
d 

by
 Z

n2+
 (3

.5
 μ

M
)

Sy
ne

ch
oc

ys
tis

 s
p.

 P
CC

 6
80

3
hy

dA
1 

ge
ne

 d
er

iv
ed

 fr
om

 C
hl

am
yd

om
on

as
 re

in
ha

rd
tii

 1
09

 n
m

ol
 o

f 
H

2 p
ro

du
ce

d 
m

g/
C

hl
 m

in
[1

56
]

16
.

sm
t f

ro
m

 S
yn

ec
ho

co
cc

us
 e

lo
ng

at
es

 P
CC

 7
00

2 
in

du
ce

d 
by

 Z
n2+

 
(2

 μ
M

)
Sy

ne
ch

oc
ys

tis
 s

p.
 P

CC
 6

80
3

EF
E 

ge
ne

 o
bt

ai
ne

d 
fro

m
 P

se
ud

om
on

as
 s

yr
in

ga
e 

tw
of

ol
d 

in
cr

ea
se

 
(2

 n
L 

et
hy

le
ne

/m
L 

h)
[1

52
]

17
.

is
iA

B 
Sy

ne
ch

oc
oc

cu
s 

sp
. s

tr
ai

n 
PC

C
 7

00
2 

re
pr

es
se

d 
by

 F
e3+

 
(1

00
 n

M
)

S.
 s

p.
 s

tr
ai

n 
PC

C
 7

00
2

lu
xA

B 
ge

ne
 d

er
iv

ed
 fr

om
 V

ib
rio

 h
ar

ve
yi

. t
w

of
ol

d 
in

cr
ea

se
[1

59
]



Page 11 of 21Jagadevan et al. Biotechnol Biofuels  (2018) 11:185 

Ta
bl

e 
2 

(c
on

ti
nu

ed
)

Sl
. n

o.
Pr

om
ot

er
s 

us
ab

le
 in

 s
yn

th
et

ic
 b

io
lo

gy
 (f

un
ct

io
na

l e
le

m
en

ts
)

H
os

t e
xp

er
im

en
te

d 
on

Re
m

ar
ks

 a
bo

ut
 a

pp
lic

at
io

n 
(e

xp
re

ss
ed

 g
en

e,
 o

ut
pu

t l
ev

el
, 

si
gn

ifi
ca

nc
e)

Re
fe

re
nc

es

18
.

is
iA

B 
Sy

ne
ch

oc
ys

tis
 s

p.
 P

CC
 6

80
3 

re
pr

es
se

d 
by

 F
e3+

 (3
0 

μM
)

Sy
ne

ch
oc

ys
tis

 s
p.

 P
CC

 6
80

3
is

iA
B+

gf
p 

ge
ne

s. 
50

00
-fo

ld
 in

cr
ea

se
[7

4]

19
.

C
YC

6 
en

do
ge

no
us

 p
ro

m
ot

er
 th

at
 c

on
tr

ol
s 

cy
to

ch
ro

m
e 

c6
 

re
pr

es
se

d 
by

 C
u2+

C
. r

ei
nh

ar
dt

ii
In

du
ci

bl
e 

ex
pr

es
si

on
 o

f c
op

pe
r r

es
po

ns
iv

e 
el

em
en

t (
Cu

Re
) r

es
po

n-
si

ve
 to

 C
u2+

 a
nd

 b
y 

Co
2+

 b
y 

C
YC

6
[1

60
]

20
.

Sy
nt

he
tic

 p
ro

m
ot

er
 s

ap
11

 p
ro

du
ce

d 
to

 re
se

m
bl

e 
na

tiv
e 

ci
s-

el
em

en
ts

 a
nd

 it
s 

st
ru

ct
ur

e
C

. r
ei

nh
ar

dt
ii

Sy
nt

he
si

ze
d 

to
 u

nd
er

st
an

d 
pr

om
ot

er
 s

tr
uc

tu
re

 a
nd

 in
cr

ea
se

 in
 

nu
cl

ea
r g

en
e 

ex
pr

es
si

on
. S

yn
th

et
ic

 s
ap

11
 d

riv
es

 e
xp

re
ss

io
n 

be
tt

er
 th

an
 b

es
t e

nd
og

en
ou

s 
pr

om
ot

er
 c

hi
m

er
ic

 h
sp

70
/r

bs
2.

 
A

 h
ig

hl
y 

co
ns

er
ve

d 
D

N
A

 m
ot

if 
w

as
 is

ol
at

ed
 b

y 
sa

p1
1 

th
at

 is
 

im
po

rt
an

t f
or

 p
ro

m
ot

er
 fu

nc
tio

n

[8
9]

21
.

TP
P 

rib
os

w
itc

h 
ba

se
d 

on
 T

hi
am

in
e 

py
ro

ph
os

ph
at

e 
bi

os
yn

th
es

is
 

fro
m

 T
H

IC
 g

en
es

 o
f A

ra
bi

do
ps

is
C

. r
ei

nh
ar

dt
ii

In
du

ci
bl

e 
ex

pr
es

si
on

 s
ys

te
m

 d
ep

en
di

ng
 o

n 
th

e 
pr

es
en

ce
 o

f T
PP

. 
Co

nd
iti

on
al

 re
pr

es
si

on
 o

f r
po

A
 o

r r
ps

12
 c

hl
or

op
la

st
 g

en
es

 in
flu

-
en

ci
ng

 th
ei

r t
ra

ns
cr

ip
tio

n/
tr

an
sl

at
io

n

[1
61

]

22
.

RN
A

i s
ile

nc
in

g
C

. r
ei

nh
ar

dt
ii

A
 R

N
A

i c
on

st
ru

ct
 e

ffe
ct

iv
el

y 
si

le
nc

ed
 2

0 
LH

C
 p

ro
te

in
s. 

29
0%

 h
ig

he
r 

lig
ht

 p
en

et
ra

tio
n,

 a
ug

m
en

ta
tio

n 
in

 p
ho

to
sy

nt
he

tic
 y

ie
ld

, l
es

s 
vu

ln
er

ab
le

 to
 p

ho
to

-in
hi

bi
tio

n

[1
62

]

23
.

D
iff

er
en

tia
l e

xp
re

ss
io

n 
of

 rb
cl

 m
RN

A
 m

at
ur

at
io

n 
fa

ct
or

 M
RL

1
C

. r
ei

nh
ar

dt
ii

M
RL

1 
un

de
r a

 in
du

ci
bl

e 
pr

om
ot

er
 c

an
 b

e 
us

ed
 to

 re
gu

la
te

 R
ub

is
co

 
le

ve
l f

or
 o

pt
im

um
 u

til
is

at
io

n 
of

 e
ne

rg
y 

ac
co

rd
in

g 
to

 c
on

di
tio

ns
 

lik
e 

lig
ht

 a
nd

 C
O

2

[8
5]

Th
es

e 
pr

om
ot

er
s 

ca
n 

be
 u

til
iz

ed
 to

 c
on

st
ru

ct
 p

at
hw

ay
s 

an
d 

bu
ild

 a
rt

ifi
ci

al
 c

irc
ui

ts
 h

av
in

g 
ra

tio
na

l, 
co

nt
ro

lla
bl

e 
lo

gi
ca

l g
en

et
ic

 u
ni

ts
 th

at
 c

an
 y

ie
ld

 d
es

ire
d 

ou
tp

ut
 u

nd
er

 s
pe

ci
fic

 s
tim

ul
us



Page 12 of 21Jagadevan et al. Biotechnol Biofuels  (2018) 11:185 

developed to assist in enzyme identification, thus fur-
thering design of diverse pathways.

Genome‑scale metabolic reconstruction
Genome-scale metabolic reconstruction is an in silico 
technique, which utilizes biochemical models to pre-
dict microorganisms’ response to various genetic or 
environmental stresses. To save time and to make the 
method economically feasible, this method is slowly 
emerging as an alternate to wet lab experiments. Meta-
bolic engineering has enabled custom designing and 
production of novel molecules, bearing desirable prop-
erties for wide-scale commercial, environmental and 
healthcare applications. Genome-scale reconstruction 
of an organism accurately predicts chemical transfor-
mations taking place within cellular components and 
focuses on delineating genetic networks governing 
biochemical pathways that are industrially desirable 
[70, 118, 119]. Classic examples of genome-scale met-
abolic reconstruction of N. salina and Nannochloro-
psis gaditana portray the importance of such in silico 
techniques to predict metabolic capabilities of various 
microalgae [120, 121]. Advances in genetics and bioin-
formatic tools led the way towards manipulating micro-
algae, envisioning improvements in light utilization, 
carbon flow manipulation and lipid engineering [71]. 
This knowledge is a powerful tool, facilitating control 
of strains to produce molecules of interest. With the 
aid of genome sequence and biochemical information, 
the genome-scale metabolic models (GEMs) are used to 

depict the absolute metabolic reactions and pathways 
and association between gene and protein reactions 
(GPR).

For the reconstruction of a novel or a less studied spe-
cies, GEMs would require the entire known biochemi-
cal data and system wide data obtained through omics 
analyses. Progress in metabolic engineering studies and 
the data generated from such studies have depicted the 
importance of GEMs in designing new strains. Dal’Molin 
et al. [122] constructed a GEM (named AlgaGEM) based 
on the genomic sequence of C. reinhardtii. AlgaGEM is a 
complete literature-based GEM which reports the func-
tions of 866 unique ORFs, 1862 metabolites, 2249 gene–
enzyme reaction association entries and 1725 unique 
reactions. It was reconstructed using available compart-
mentalization data of cytoplasm, mitochondrion, plastid 
and microbody algae and compartmentalization data of 
Arabidopsis thaliana. Primarily, AlgaGEM portrays a 
functional metabolism for Chlamydomonas and antici-
pates distinct algal behavior. This model was validated by 
simulating the growth and metabolic functions obtained 
from the literature [122]. Chang et al. [123] reconstructed 
a genome-scale metabolic network for the same micro-
alga (C. reinhardtii) and devised a modeling approach 
which predicts growth for a given light source, resolving 
wavelength and photon flux. They experimentally verified 
the transcripts, which were investigated in the network 
and physiologically validated model function show-
ing high confidence in network contents and predictive 
applications.

Fig. 4  Hypothetical circuits proposed with the help of genetic modules (plasmids a, b, c) that can be applied to microalgae with light intensity 
stimulus. Case 1. Input (plasmid a + b) = light-inducible promoter::gRNA for transcription factor (PSR1/NRR1)a + light-inducible promoter::dCas9/
VP64(CRISPRa) = activation of lipid pathway (Output). Case 2. Input (plasmid a + c) = light-inducible promoter::gRNA for transcription factor 
(Zn(II)2Cys6)b + light-inducible promoter::dCas9/SRDX(CRISPRi) = inactivation of lipid pathway suppressors (Output). aPSR1 and NRR1 are 
transcription factors that get induced during stress which leads to lipid accumulation [171, 172]. bZn(II)2Cys6 is a transcription factor that negatively 
regulates lipid accumulation under nitrogen stress [183]
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A similar compartmentalized GEM was reconstructed 
for Chlorella variabilis by employing 526 genes, 1236 
metabolites and 1455 reactions. This model was effec-
tive in apprehending growth of C. variabilis under vari-
ous light conditions and facilitated analysis of metabolic 
pathway for the synthesis of chitosan and rhamnose. This 
reconstructed model will aid in providing useful infor-
mation regarding target metabolites and allow improved 
features in the strain by metabolic engineering [124]. 
Yang et  al. [125] proposed such a reconstruction model 
for a eukaryotic microalga C. pyrenoidosa. This model 
included two compartments and consisted of 61 metab-
olites and 67 metabolic reactions, wherein the influence 
of carbon and energy metabolism under various trophic 
modes were explained by the use of metabolic flux analy-
sis. Metabolic reconstruction modeling combined with 
real-time PCR and RNA-Seq gene expression data was 
employed to gain an insight into mechanisms that lead 
to rapid TAG accumulation in Tetraselmis sp. M8, as 
the cells transitioned from a growth phase to stationary 
phase [126]. This study demonstrated a distinct early-
stationary phase, which was distinguished by reduced 
cell division and increased lipid accumulation. The subse-
quent stationary phase was characterized by a cessation 
of cell division and a significant lipid accumulation. A 
summary of studies incorporating metabolic flux analysis 
has been depicted in Table 3.

The major constraint after getting a fully annotated 
sequence is that it is not possible to fully predict the 
metabolic capabilities of the species. This leads to the 
construction of metabolic models, which predict prob-
able biochemical pathways in an organism. Species-
specific networks are created based on evidences from 
their gene–protein associations. The information about 
enzymes such as EC numbers, gene, protein, pathways 

and substrates is linked with the help of protein data-
bases and its resources, viz. BRENDA [69] and ExPASy 
[25]. Visualization is an excellent approach for deeper 
understanding of pathways and reconstructed metabolic 
networks. Metabolites are represented as nodes and 
interactions are denoted using edges in metabolic net-
works. There are various web-based visualization tools 
for metabolic pathways, viz. BioCyc, MetaCyc, [69, 118] 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
[17, 43, 118]. Cytoscape [77, 127, 128] is a biological 
network visualization and data integration tool used 
for visualization of the results from FBA studies [130]. 
CytoSEED [129] is a Cytoscape plug-in that is utilized 
for visualizing results from the Model SEED [69]. Flux-
viz [130] is Cytoscape plug-in to visualize the flux distri-
bution in the molecular interaction network. VANTED 
[131] is another data visualization and data integration 
tool, which could be utilized as a standalone tool. For 
the visualization of GEMs, a new tool has been recently 
developed called MetDraw [132]. This tool is compatible 
with systems biology markup language (SBML) file inputs 
and allows export of the map image as SVG files. It also 
grants visualization of reaction fluxes added to gene–
protein expression data and metabolomics and projects 
all on the reconstructed network map.

Designing predictive gene regulatory network model
Gene regulatory networks describe the complex mat of 
transcription factors that bind to regulatory sequences 
of target genes for the expression of function [133]. Gene 
regulatory networks (GRNs) are used to portray regula-
tion between the genetic entities for the final expression. 
Computational modeling of GRNs [134] can add addi-
tional confirmation to support the wet lab findings. The 
sequences for transcriptional-factor-binding sites can 

Table 3  Recent advances in microalgae employed for the production of biofuel

Type of model or algorithm Target product Model-based target: knockout gene 
A or overexpress gene B

References

Dynamic flux balance analysis Ethanol Ethanol production pathway after 20 h [163]

Genome-scale metabolic model Prediction of growth rate with respect to pho-
tosynthetic quotient for ethanol and butanol 
production

Double reaction knock out of hydrolyase and 
dehydrogenase

[164]

In vivo carbon flux analysis Homolanthionine Deletion of methionine and cysteine biosynthesis 
repressor protein

[165]

Metabolic flux analysis Hydrogen production Deletion and addition of GAP1 and dehydroge-
nase, respectively

[166]

Metabolic flux analysis Astaxanthin synthesis – [167]

Metabolic flux analysis Fixed more CO2 and had a higher biomass yield Alternate pathway for isoleucine synthesis (via 
citramalate synthase, CimA

[168]

Metabolic net fluxes Hydrogen production Disruption of hydrogenase and poly-β-
hydroxybutyrate synthase

[169]
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be obtained from databases such as TRANSFAC and 
PROSITE, or using similarity search tools using genomic 
sequence. However, there is very little number of known 
regulatory regions. Research now focuses on developing 
algorithms for regulatory regions. MEME program35 is 
one of the popular algorithms that search for motifs in 
nucleotide and protein sequences that occur more often 
than would be predicted by chance. However, selection of 
the input sequence is highly sensitive.

Optimum cultivation using response surface 
method and genetic algorithm
There are several practical limitations in scaling up of 
laboratory-based algal biomass cultivation to commercial 
scale, economic non-feasibility being one of the major 
factors, as reviewed in detail by Slade and Bauen [135]. 
However, the cost of algal biomass can be reduced appre-
ciably via enhanced biomass productivity and reduction 
in specific nutrient consumption through well-designed 
and optimized production system. This calls for an accel-
erated algal biomass production with complete recycling 
of the culture medium, which can be achieved by process 
optimization. Figure 5 summarizes multi-objective opti-
mal cultivation strategies for microalgae. Several studies 
have reported improvement in algal growth through bet-
ter media formulations and selecting optimum algal cul-
tivation variables.

Algal regression models based on statistical approach 
and biokinetic models based on algal growth mechanism 
are popularly used for optimal algal cultivation. Central 
composite design (CCD) and response surface method-
ology (RSM) are tools to optimize operating conditions 
such as algal biomass productivity (YBM), lipid yield 
(Ylipid) or CO2 uptake ( YCO2 ) from the selected design 
of experiments (DOEs). In general, quadratic response 
models are approximated to fit experimental responses 
in DOEs. Therefore, the responses such asYBM, Ylipid and 
YCO2 are usually represented by second-order polynomial 
equations with multiple variables. The best performing 
algal regression model is selected on the basis of analysis 
of variance (ANOVA) criteria. The model with low stand-
ard deviation, high R-squared values (i.e., R2, adjusted R2 
and predicted R2) and low predicted residual error sum 
of squares (PRESS) are selected for analysis. A gradient-
based numerical search technique is employed for opti-
mization of the selected model.

The Design-Expert software is popularly used for the 
development of regression model and graphical opti-
mization. The parameters most commonly employed 
in algal cultivation and lipid accumulation are nutrient 
loading and environmental stress, including tempera-
ture, light intensity, salt and pH [136, 137]. Light inten-
sity and the loading of nitrogen, phosphorus, potassium 

and their mutual interactions are the factors which 
primarily influence productivity in Dunaliella tertio-
lecta, whereas stress due to NaCl and light–NaCl inter-
actions were found to significantly influence the lipid 
accumulation [138]. Similar effects of nutrients and 
environmental parameters were observed for the cul-
tivation of Nannochloropsis sp., wherein algal biomass 
growth, lipid and eicosapentaenoic acid productivity 
were maximized [139]. A general observation was that 
enhanced lipid accumulation occurred under nutrient 
limitation and stressed environmental conditions. In 
contrast, algal growth was reduced significantly under 
these stressed conditions. Algal biomass and lipid pro-
ductivity-involved trade-off could be handled efficiently 
using elitist non-dominated sorting genetic algorithm, 
namely NSGA-II [8, 137, 139]. Although, CCD-RSM-
based model is employed to predict algal biomass 
productivity and lipid accumulation in algal cells; this 
method fails to depict the parametric effects without 
relating the growth kinetics. In addition, CCD-RSM 
model has been found to be applicable under labora-
tory scale only and difficult to implement under pilot/
commercial scales. Therefore, one should rely on the 
optimum cultivation results, which are obtained on the 
basis of mechanistic biokinetic models for the predic-
tion of growth behavior of microalgae.

The classical Monod/Andrews models for nutrient 
adsorption and Droop model involving intercellular 
nutrient quota are also used to predict the algal growth 
behavior. The rate of absorption of nutrients (e.g., N 
and/or P) are often influenced by the bulk concentra-
tion of nutrients (N, P, K and C) as well as NaCl con-
centration, which are taken care by the Monod model 
at the low substrate loading and Andrews inhibition 
model at high substrate loading.

Algal growth is also induced by the internal nutrient 
cell quota (i.e., N and/or P), which is described by 
Droop model 

[

i.e., ∝
(

1− q0,S
qS

)]

 , where q0,S is the mini-

mum allowable cell quota for N or P and qS is the time 
variant internal quota in cell. Haldane inhibition model 


∝





Iavg

KL+Iavg+
I2avg
KIL







 is commonly used to account for 

light-induced algal growth, where Iavg is the average 
algal medium light intensity, KL and KIL are light half-
saturation and inhibition constants, respectively. Tem-
perature-induced growth was usually taken care by 
incorporating Arrhenius activation 

(

i.e.,∝ e−
�Ea
RT

)

 and 

inactivation 
(

i.e.,∝ e
�Ed
RT

)

 function in growth equation. 

Temperature-dependent growth could also be 
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expressed by an empirical equation given by 
√
µ = b

(

T − Tmin
){

1− exp[c(T − Tmax)]
}

 where μ is 
the specific algal growth rate, Tmin and Tmax are the 
allowable minimum and maximum temperatures for 
algal growth, and b and c are constants. Lee et al. [140] 
reviewed algal growth kinetics under different nutrient 
and environmental stress conditions. In a recent study, 
Kumar et al. proposed a detailed algal kinetics based on 
Monod/Andrews and Droop model to predict algal bio-
mass growth, nutrient cell quota and lipid production 
[119]. Sinha et  al. [141] carried out multi-objective 

optimization involving minimization of cultivation cost 
and maximization of algal biomass and lipid productiv-
ities simultaneously using NSGA-II algorithm with 
inheritance. It was observed that nonlinear light inten-
sity and temperature trajectory helped to improve algal 
biomass productivity and cell lipid accumulation with 
the reduction in cultivation cost. Therefore, one can 
find the best possible control strategy for cost-effective 
accelerated biomass growth and lipid accumulation by 
solving multi-objective optimization problems includ-
ing scale-up studies. Selection of the best combination 

Fig. 5  Multi-objective optimal cultivation of microalgae
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of environmental parameters such as nutrient require-
ments (nitrogen, phosphorous, potassium, carbon), 
salinity, temperature, culture age, initial population, 
pH, photoperiod and light intensity significantly affects 
algal biomass. The response surface method and genetic 
algorithm are not directly related to the generation of 
biofuels from microalgae. However, these optimization 
techniques are crucial for the formulation of optimum 
conditions governing algal biomass growth as well as 
lipid production and, therefore, need to be carefully 
considered while designing and constructing novel 
microalgal systems.

Conclusions
Microalgae bear immense potential as bio-cell factories 
in terms of producing key chemicals, recombinant pro-
teins, enzymes, lipid, hydrogen, alcohol etc. Abstraction 
of such high-value products (algal biorefinery approach) 
facilitates to make microalgae-based renewable energy 
as an economically viable option. Synthetic biology is 
an emerging field that harmoniously blends science and 
engineering to help design and construct novel biologi-
cal systems, with an aim to achieve rationally formulated 
objectives. The microbial genetic information, which is 
easily amenable to modification via metabolic engineer-
ing, systems biology and pathway reconstruction coupled 
with synthetic biology, allows researchers to produce 
required biomolecules. However, resources and tools 
used for such nuclear manipulation, construction of syn-
thetic gene network and genome-scale reconstruction 
of microalgae are limited. The use of synthetic biology 
in algal biofuel production is still in its infancy, wherein 
challenges in the development of more advanced genetic 
tools, high biomass and improved CO2 fixation capacity 
need to be resolved. In addition to the aforementioned, 
novel consolidated bioprocess wherein a single microbe 
can generate renewable biofuel as an alternative to 
depleting fossil fuels is the need of the hour. This review 
also examines the role played by microalgae as biorefin-
eries, microalgal culture conditions and various operat-
ing parameters that need to be optimized to yield biofuel 
that can be economically competitive with fossil fuels.

To summarize, algal biorefinery in the present state 
strategically produces multiple products—bulk and spe-
cialized co-product to increase the total revenue from 
cultivation and make the bulk production economically 
feasible. In practice, multiproduct large-scale biorefin-
ery still poses several problems, which need to be soon 
addressed. Some economically important value-added 
products such as astaxanthin and oil; lutein and oil; 
EPA and oil are being produced in lab scale. Attempts 
should be made to facilitate their large-scale produc-
tion through proper pathway prediction and growth and 

metabolic modeling, wherein the domains of systems 
biology and process optimization will play a crucial role. 
Process optimization can lead us to optimized combi-
nation of growth conditions such as light, temperature, 
mass transfer, reactor configuration, media formulation 
and supplementation, which produces improved growth 
kinetics. Systems biology, on the other hand, can aid in 
optimal use of carbon and energy balance so that every 
possible carbon atom is put to use and every ATP is spent 
judiciously taking into account the metabolism, physiol-
ogy and induced stress response. This can fructify only 
when  channeling metabolic flux and partitioning are 
efficient, both of which are predicted by reconstructed 
genome-scale metabolic models. These in silico models 
are based on systems biology data that stem from omics 
and labeling analysis.
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