Perspectives in Phycology
Published online October 2016

Open Access Article

The biotechnological potential of Nannochloropsis

Umaima Al-Hogani, Rosanna Young and Saul Purton*

Institute of Structural and Molecular Biology, University College London Gower Street, London, WC1E 6BT

United Kingdom
* Corresponding author: s.purton@ucl.ac.uk

With 2 figures and 5 tables

Abstract: Oleaginous microalgae have commercial potential as photoautotrophic cell factories capable of producing advanced biofuels
and high-value speciality oils. One genus of particular interest is Nannochloropsis, which includes a number of robust marine species well
suited to industrial-scale cultivation. Advances in bioprocess technology, together with strain enhancement through traditional mutagenesis
or genetic engineering approaches, now offer the possibility of improving the economics of oil production from Nannochloropsis. In this
review we describe the current and potential industrial applications of this genus, consider the present status of genetic enhancement meth-
ods, and highlight the need for new advances in this area — including the development of techniques for engineering the chloroplast

genome.
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Introduction

Nannochloropsis species are unicellular microalgae that
belong to the class of Eustigmatophyceae within the
Heterokontophyta and are recognised for their high photoau-
totrophic biomass productivity, their natural ability to accu-
mulate high lipid content, and their successful cultivation at
industrial scale (Radakovits et al. 2012). They are simple,
non-flagellate, and spherical to slightly ovoid cells measur-
ing 2—4 pm in size (Fig. 1A), making them difficult to dis-
tinguish from chlorophyte species (Sukenik 1999). Each cell
has one or more yellow-green chloroplasts that occupy a sig-
nificant part of the total cell volume and contain chlorophyll a
as the only chlorophyll. Violaxanthin is the main accessory
pigment, with B-carotene, vaucheriaxanthin esters and sev-
eral minor xanthophylls as additional accessory pigments
(van den Hoek et al. 1995). The chloroplast is complex com-
pared to that of chlorophyte algae because it is surrounded by
four membranes derived from the secondary endosymbiosis
of a red alga (Janouskovec et al. 2010). The outermost plas-
tid membrane is connected with the outer nuclear envelope
membrane to form a nucleus-plastid continuum (Murakami
& Hashimoto 2009) as illustrated in Figure 1B. Data from
the genome sequencing projects and from NMR studies
suggest that Nannochloropsis cell walls are cellulosic and
contain sulphated fucans (Arnold et al. 2014, Corteggiani
Carpinelli et al. 2014).
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The Nannochloropsis genus is traditionally recog-
nised as comprising the six species Nannochloropsis
gaditana, Nannochloropsis salina, Nannochloropsis ocu-
lata, Nannochloropsis granulata, Nannochloropsis ocean-
ica and Nannochloropsis limnetica (Fig. 1C) (Murakami &
Hashimoto 2009). However, a recent study based mainly on
rbeL and 18S rDNA sequencing data (Fawley et al. 2015) has
proposed that a new species, Nannochloropsis australis, be
added and that N. gaditana and N. salina should be reclassi-
fied into a new genus named Microchloropsis. Another study
suggested that N. gaditana could be reclassified as a strain
of N. salina, owing to the 98.4% nucleotide identity and
identical gene synteny between the two chloroplast genomes
(Starkenburg et al. 2014). Reliable organellar phyloge-
netic markers for the inter- or intra-species phylotyping of
Nannochloropsis have recently been determined by Wei et al.
(2013) using systematic analysis of full organellar genome
sequences. All Nannochloropsis species are found in marine
environments except Nannochloropsis limnetica, which is
found in fresh and brackish water (Jinkerson et al. 2013).

The high lipid productivity, abundance of polyunsatu-
rated fatty acids and robust growth of Nannochloropsis spe-
cies, together with the availability of genome sequences and
molecular-genetic tools for various strains, make this genus
attractive as cell platforms for the production of lipid mol-
ecules of industrial interest. Here we review the potential of
Nannochloropsis in the aqua feed, food and green energy
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Fig. 1. (A) Light micrograph of Nannochloropsis oceanica under 100X magnification. (B) lllustrative cell structure for the
Nannochloropsis genus under nutrient replete conditions, adapted from a figure by Lubian (1982). Abbreviations are C chloroplast,
CER chloroplast endoplasmic reticulum; M mitochondrion; N nucleus; OB oil body; V vesicle. Under nutrient limitation stress, the oil
body volume within the cell increases significantly (see, for example, Simionato et al. 2013). (C) Rooted neighbour-joining phyloge-
netic tree showing the relationship between different Nannochloropsis species based on whole alignment of their chloroplast genomes.
Other phylogenetic trees for Nannochloropsis are based on 18S rDNA (Radakovits et al. 2012, Vieler et al. 2012); on 18S rDNA and
rbcL (Fawley et al. 2015) and the mitochondrial genome (Wei et al. 2013).

industries. We consider the present status of genetic enhance-
ment methods, and highlight the need for new advances in
genetic engineering, including the need for a reliable method
for engineering the chloroplast genome.

Biotechnological applications for
Nannochloropsis

Potential biotechnological applications for Nannochloropsis
species are summarised in Figure 2A. At present, the pre-
dominant commercial use is as the base of the food chain
in the aquaculture industry. Companies such as Algaspring,

Archimede, Greensea, Monzon Biotech, Phycopure and
Proviron grow and sell wild-type Nannochloropsis as aqua-
feed for the cultivation of marine fish, molluscs and shrimps,
or for the production of zooplankton such as rotifers that are
in turn used to supply fish hatcheries and nurseries, with the
feedstock supplied as concentrates of live algae, or as frozen or
lyophilised algae (Lubzens et al. 1995, Camacho-Rodriguez
et al. 2016). The main attraction of Nannochloropsis for the
aquafeed industry is its favourable fatty acid composition,
which includes a relatively high content of eicosapentaenoic
acid (EPA) (Sukenik 1999, Ma et al. 2016). EPA is a highly
unsaturated omega-3 fatty acid (20:5) and is a useful dietary
component in preventing several human diseases. Although
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EPA is commonly called a ‘fish oil’, marine fish cannot
synthesize this molecule and rely on a dietary source. For
N. gaditana, EPA productivity can reach 30 mg I'! day! in
outdoor photobioreactors (Camacho-Rodriguez et al. 2014)
and can represent as much as 27% of total fatty acids under
nutrient-sufficient conditions (Ferreira et al. 2009). The
nutritional value of Nannochloropsis under different growth
conditions and the transfer of their nutrients through food
chains has been extensively investigated (Fernandez-Reiriz
& Labarta 1996, Ferreira et al. 2009, Camacho-Rodriguez et
al. 2014), and the use of marine microalgae in the aquacul-
ture industry has been the subject of several detailed reviews
(Becker 2013, Gressel 2013).

The use of Nannochloropsis as an aquaculture feed also
offers potential opportunities for creating transgenic lines for
oral delivery of pharmaceutical proteins that improve fish
growth rates and reduce loss through pathogens. Chen et al.
(2008) reported significant improvements in growth of tilapia
larvae when the feedstock of N. oculata was replaced with a
transgenic line engineered to produce fish growth hormone.
In a separate study, the same species was engineered to pro-
duce the anti-microbial peptide bovine lactoferricin. Feeding
medaka fish with this transgenic line greatly improved their
survival rates when subsequently infected with a bacterial
pathogen (Li & Tsai 2009). There is also interest in using
microalgae such as Nannochloropsis for the oral delivery of
antigens to the many viral, bacterial and fungal pathogens
that plague the aquaculture industry, thereby providing a
simple low-cost method of vaccine delivery (Siripornadulsil
et al. 2007).

Exploitation of Nannochloropsis PUFA-rich feed is not
limited to aquaculture and there is growing interest in its
use in other animal feeds to improve the nutritional value of
farmed foods. For example, a recent study demonstrated such
improvement in the nutritional value of egg yolk by adding
Nannochloropsis biomass to laying hens’ feed (Lemahieu et
al. 2013). Another growing sector is the production of micro-
algae for use directly in the human diet: Qualitas Health
produces liquid capsules containing EPA-rich oil from wild
type N. oculata grown in shallow ponds in Texas, while
Optimally Organic sells N. gaditana dried powder as a nutri-
tional supplement. The safety of both the oil from N. oculata
and whole cells of the alga has been assessed in toxicology
studies and determined safe for use as a dietary supplement
(Kagan et al. 2014, Kagan & Matulka 2015). Such products
therefore represent vegetarian sources of EPA that avoid the
problems of declining fish stocks and potential heavy metal
contaminants found in fish oils.

The development of Nannochloropsis as a feedstock for
biofuel production has also been the focus of much research
over the past decade, but there are some key issues to be
addressed before algal biofuel production becomes cost
effective and competitive with current fuel supplies (Umdu
et al. 2009, Doan & Obbard 2015, Zhu et al. 2014, Ma et al.
2014, Hu et al. 2015). These include: i) developing strains

that produce high quantities of triacylglycerols (TAGs) with
the desired chain lengths and degree of saturation for conver-
sion to fungible biofuels (Taleb et al. 2015); i) understanding
the link between growth conditions and lipid productivity;
iii) developing large-scale cultivation facilities (Fig. 2B), and
iv) refining oil extraction techniques. In addition to TAGs,
alka(e)nes including heptadecane, heptadecene and penta-
decane were recently identified in several Nannochloropsis
species (Sorigué et al. 2016) and may be suitable for inclu-
sion in jet fuels and diesel fuels.

Fossil fuels and first-generation biofuels derived from
land-based energy crops are already available on the market
in large quantities, whereas commercial production of algae-
derived biofuels are expected to require more advanced tech-
nologies (Hannon et al. 2010, Medipally et al. 2015). One
aspect of this is the economics of large-scale, outdoor culti-
vation — as illustrated by Vree et al. (2015) in a comparative
study of Nannochloropsis growth in four different produc-
tion systems. The highest areal productivities were achieved
in a closed vertical photobioreactor and the lowest in an open
pond system, whilst the capital costs for the former are con-
siderably higher than the latter.

Enhancing the lipid profile in
Nannochloropsis: strain choice, growth
conditions and mutant selection

Several species in the genus Nannochloropsis are recognized
as oleaginous algae owing to their ability to accumulate large
quantities of lipid. However, there is inter- and intra-species
variation in the lipid productivity and fatty acid composition
(Ma et al. 2014, Beacham et al. 2014). In a study of nine
Nannochloropsis strains, specific growth rates were found to
range from 0.07 to 0.21 day"! while the lipid content varied
from 37 to 60% of dry weight (Ma et al. 2014). The predomi-
nant fatty acids in most of these strains were 16:0, 16:1 and
18:1. The most suitable strain depends on the desired prod-
uct; strains for fish oil production should have high levels of
EPA either in polar lipids for good bioavailability or as neu-
tral TAGs for ease of extraction, whereas those for biodiesel
need shorter saturated and monounsaturated fatty acids in
TAGs. Significant variation is also seen in cell wall thick-
ness among Nannochloropsis species, which could impact
on both the efficiency and cost of lipid extraction, as well as
the ease with which a strain can be genetically engineered
(Beacham et al. 2014). Furthermore the salinity of the cul-
ture medium also influences the thickness of the wall within
a species, so growth conditions could be optimized to favour
downstream processing (Beacham et al. 2014).

Growth conditions are also key to maximizing lipid yield.
Nitrogen deprivation and other stress conditions are typically
used to induce increased lipid content in Nannochloropsis
and other microalgae. However, these conditions result
in impeded cell growth and photosynthesis, affecting the
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Fig. 2. (A) Current and potential biotechnological applications of Nannochloropsis. (B) Cascade raceway used in the E.U. BIOFAT
project for Nannochloropsis cultivation (reproduced with permission from BIOFAT, www.biofat-project.eu).

biomass productivity and making the system less commer-
cially viable (Radakovits et al. 2012, Corteggiani Carpinelli
et al. 2014). The nitrogen starvation response has been
studied in detail and includes a reorganization of the pho-
tosynthetic apparatus (Simionato et al. 2013). There have
been several attempts to reach high lipid content without

losing high biomass productivity, using for instance a two-
stage cultivation process (Su et al. 2011) and conventional
mutagenesis approaches (Schneider et al. 1995, Beacham et
al. 2015). Franz et al. (2013) screened small molecules for
their ability to increase intracellular lipid levels as measured
by Nile red staining, finding that quinacrine was effective
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for N. oculata and epigallocatchetin gallate for N. salina. In
addition, exposure to UV-C radiation was found to lead to a
two-fold increase in total EPA content in Nannochloropsis
sp. cultures (Sharma & Schenk 2015).

Following the selection of robust lipid producer strains
among Nannochloropsis species and adjusting growth con-
ditions to achieve the best yield, genetic approaches can be
used to further optimize a strain: i.e. domesticating a wild
isolate through phenotypic improvements that make it more
suited to industrial application. The simplest strategy is a
‘forward genetics’ approach involving random mutagenesis
by classical physical or chemical methods, followed by the
selection of strains with higher lipid productivity or other
desirable phenotypes. This genetic approach is aided by
the fact that Nannochloropsis species appear to be haploid
(Kilian et al. 2011), and therefore both dominant and reces-
sive mutations display a phenotype. However, there are as
yet no reports of sexual reproduction in Nannochloropsis,
and therefore classical breeding programmes aimed at com-
bining desirable traits, eliminating undesired mutations from
strains, and mapping mutations may not possible. Genome
sequencing failed to identify meiosis-specific genes in the
N. oceanica genome (Pan et al. 2011) although, actively tran-
scribed meiosis-specific genes were reported for N. gaditana
B-31 (Corteggiani Carpinelli et al. 2014). The capacity for
sexual reproduction, if present at all, may therefore vary
between Nannochloropsis species and may require more than
one mating type. Nonetheless, mutagenesis screens have led
to the successful isolation of mutant strains with smaller
antenna size, and therefore increased light-use efficiency
under bulk cultivation conditions (Perin et al. 2015). In addi-
tion, there are a number of reports of strain improvements in
lipid profile or productivity through classical mutagenesis as
summarized in Table 1.

Progress on genetic engineering of the
Nannochloropsis nuclear genome

Whilst forward genetic screens can lead to enhanced phe-
notypes, the improvement of Nannochloropsis strains for
industrial applications also requires robust and routine
technologies for genetic engineering. These then allow
‘reverse-genetic’ strategies in which endogenous genes are
manipulated, or foreign genes introduced into the genome
to give desired new phenotypes. Most efforts to date have
focused on genetic engineering of the nuclear genome, as
discussed in this section. However, the development of
complementary techniques for engineering the chloro-
plast genome is also necessary, as discussed in the subse-
quent section. The first successful nuclear transformation
of Nannochloropsis was reported by Chen et al. (2008),
who used electroporation of protoplasts to introduce a gene
encoding fish growth hormone under the control of an induc-
ible promoter. Subsequently, reports appeared describing the

nuclear transformation of Nannochloropsis without cell wall
removal using either Agrobacterium (Cha et al. 2011), elec-
troporation (Kilian et al. 2011) or microparticle bombard-
ment (Kang et al. 2015a, ¢). A number of selectable markers
and reporter genes have been developed that allow selection
of transformant lines and assays of transgene expression lev-
els (Table 2). The most effective markers to date are those
that confer resistance against antibiotics such as zeocin (the
Sh.ble gene) and hygromycin B (aph7). On the other hand,
two native genes that are required for growth on nitrate as the
sole nitrogen source have been successfully knocked out in
one Nannochloropsis strain (Kilian et al. 2011), opening up
the possibility of using the genes as endogenous selectable
markers. The nitrate reductase and nitrite reductase knock-
out cell lines cannot grow on nitrate as the nitrogen source
but can be maintained on medium containing ammonium.
Hence, re-introduction of the gene into the corresponding
mutant should allow selection on nitrate.

Another marker that has been expressed successfully
in Nannochloropsis is the purple chromoprotein gene from
Stichodacyla haddoni (shCP), which is not directly selecta-
ble but produces a distinctive brown phenotype that can be
easily identified in the background of non-transformed cells
(Shih etal. 2015). Reporter genes such as the B-glucuronidase
gene (GUS) and adapted versions of the gene for green fluo-
rescent protein (GFP) have been used to test promoters and
transformation techniques in Nannochloropsis (Cha et al.
2011, Moog et al. 2015). In addition, the first in vivo locali-
zation study of Nannochloropsis has been reported by Moog
et al. (2015) using GFP, highlighting the possibility of using
N-terminal targeting sequences to target nuclear-encoded
proteins of interest to different cellular compartments such
as the nucleus, mitochondria, endoplasmic reticulum or
chloroplast. A recent study has developed a reporter gene to
overcome the interference of autofluorescent signals from
cells and maintain greater brightness with photostability by
using the genetically modified mCherry fluorescent protein
“sfCherry fluorescent” (Kang et al. 2015a).

Interestingly, a study shows that homologous recombina-
tion in the Nannochloropsis sp. W2J3B nucleus can occur
when transgenes are flanked with homologous genomic
sequence (Kilian et al. 2011). This could allow both the
precise and predictable insertion of transgenes into defined
nuclear loci, and the systematic manipulation and functional
analysis of specific endogenous genes. However, efficient
integration of exogenous DNA into the nuclear genome via
homologous recombination has yet to be reported in any
other Nannochloropsis strain, and it appears that for most
transformation events in other strains the transgenes insert
into the genome at apparently random loci, and sometimes in
multiple copies. This can lead to ‘position effects’ in which
the level and stability of transgene expression varies between
transformant lines. For overexpression studies or the intro-
duction of foreign genes, the introduction of episomal plas-
mids via bacterial conjugation may be an option; such a
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Table 4. Reports of chloroplast transformation in microalgae.

Algal species Transformation method  Selectable marker Selection References
Chlamydomonas reinhardtii Particle gun atpB Photoautotrophy Boynton et al. 1988
Glass beads tscA, atpB Photoautotrophy Kindle et al. 1991
Haematococcus pluvialis Particle gun aadA Spectinomycin Gutiérrez et al. 2012
Dunaliella tertiolecta Particle gun ereB Erythromycin Georgianna et al. 2013
Platymonas subcordiformis Particle gun bar Basta Cui et al. 2014
Porphyridium sp. Particle gun AHAS (W4928) Sulfometuron methyl ~ Lapidot et al. 2002
Euglena gracilis Particle gun aadA Streptomycin and Doetsch et al. 2001
spectinomycin
Phaeodactylum tricornutum Electroporation cat Chloramphenicol Xie et al. 2014

system has recently been developed for diatoms (Karas et
al. 2015).

Strain engineering for increased lipid productivity
requires knowledge of the relevant biosynthetic pathways
so that particular genes can be chosen for knockout, over-
expression or introduction. The identification and charac-
terization of lipid metabolic pathway genes, including those
involved in fatty acid biosynthesis, TAG assembly, lipid acti-
vation and degradation could be used as a guide for rational
genetic engineering of Nannochloropsis. Several research
groups have sequenced and annotated the genomes of dif-
ferent Nannochloropsis species and in some cases inves-
tigated their metabolic pathways (Radakovits et al. 2012,
Vieler et al. 2012, Corteggiani Carpinelli et al. 2014, Wang
et al. 2014), providing a rapid and effective way to gain
the basic knowledge for further studies. The integration of
available genomic data with transcriptome (Tian et al. 2013,
Zheng et al. 2013), proteome (Simionato et al. 2013) and
lipidome (Li et al. 2014b) data of various Nannochloropsis
species assists in elucidating the genes involved and how
transcriptional changes modulate increased metabolic flux
within the biosynthesis pathways under a variety of physi-
ological growth conditions. Further utilization of these data
for modelling and overexpression studies will provide a bet-
ter understanding of lipid biosynthesis in oleaginous algae
and opportunities for increasing the production of specific
lipids through metabolic engineering. Although the over-
expression of genes involved in lipid biosynthesis does not
always lead to the predicted outcomes (La Russa et al. 2012),
recent transgenic studies have resulted in increased TAG
content in Nannochloropsis, or the elucidation of gene func-
tion through the over-expression of Nannochloropsis genes
in the model yeast, Saccharomyces cerevisiae (Table 3).
Other genetic engineering approaches that should be consid-
ered for increased lipid production include increasing pho-
tosynthetic efficiency under nitrogen deprivation, blocking
competing pathways and reduction of TAG catabolism, and
decoupling TAG accumulation and stress conditions such as
nitrogen deprivation (Klok et al. 2014).

Perspectives for chloroplast genomic
engineering

The chloroplast is the site of primary energy production
within the algal cell and also houses key metabolic pathways
such as those involved in the biosynthesis of carbohydrates,
fatty acids, tetrapyrroles and terpenes. The full exploitation
of Nannochloropsis and other microalgae as a biotechnology
platform for biofuel production or synthesis of high-value
metabolites therefore requires the development of methods
for engineering the chloroplast genome (=plastome). This
would allow the manipulation of endogenous chloroplast
genes involved in energy transduction and carbon fixation,
and the introduction of foreign genes encoding novel meta-
bolic enzymes (Purton et al. 2013). Progress is being made in
the development of chloroplast transformation methodology
for a number of microalgal species (Table 4). However there
are no reports as yet of successful chloroplast transformation
of Nannochloropsis or other microalgae that harbour second-
ary plastids, with the exception of Phaeodactylum tricornu-
tum (Xie et al. 2014). In this section we consider the three
key prerequisites for achieving chloroplast transformation in
Nannochloropsis.

(i) Prerequisite 1: plastome sequence for the chosen species
Integration of DNA into the plastome occurs via homolo-
gous recombination, allowing site-directed modification and
the precise insertion of foreign DNA into predetermined loci.
Consequently, prior knowledge of the plastome sequence is
required in order to manipulate the target chloroplast gene or
flank foreign DNA with homologous elements. Furthermore,
successful expression of foreign genes typically requires
the use of endogenous genetic elements such as promot-
ers and untranslated regions (Purton et al. 2013). Wei et
al. (2013) sequenced plastomes from at least one strain of
each Nannochloropsis species; the plastomes were found to
range from 115-118 kb in size, contain 123-126 predicted
protein-coding genes and had a GC content in the range of
33.0-33.6%. The chloroplast genome sequences of other
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strains are also publicly available (Radakovits et al. 2012,
Corteggiani Carpinelli et al. 2014, Starkenburg et al. 2014).
These data provide the starting point for the design of chlo-
roplast genetic engineering strategies.

(i) Prerequisite 2: a suitable selection system

Development of a successful chloroplast transformation
protocol relies on the availability of an effective selectable
marker gene that facilitates the growth of transformant cells
on selective media. Traits that have been widely used in algal
chloroplast transformation as selection methods include
restoration of photoautotrophy, resistance to antibiotics,
tolerance to herbicides, and the complementation of meta-
bolic mutants (reviewed by Potvin & Zhang 2010, Day &
Goldschmidt-Clermont 2011). Heterotrophic growth using
glucose or ethanol as an organic carbon source has been
reported for one Nannochloropsis strain (Fang et al. 2004),
suggesting that chloroplast mutants defective in photosyn-
thesis could be isolated and the corresponding wild-type
gene used as a marker to restore photoautotrophy. However,
no non-photosynthetic mutants have yet been described
nor have any auxotrophic mutants been described that are
defective in a key metabolic pathway within the organelle.
Antibiotics and herbicides that target aspects of chloroplast
biology have been screened by ourselves (unpublished data:
see Table 5) and others (Vieler et al. 2012, Chernyavskaya
2014) for their effect on various Nannochloropsis species.
Most compounds tested were found to have little effect on
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cell growth even at high concentrations. This could be due to
the complexity of plastid membranes, preventing easy access
for those molecules into the chloroplast stroma and thus fail-
ing to exhibit an inhibitory effect. However, chlorampheni-
col and the photosystem II inhibitors, DCMU and atrazine
show promise as selective agents (Table 5), as does paro-
momyecin for N. oceanica but not for other Nannochloropsis
species (Vieler et al. 2012).

(iii) Prerequisite 3: A method to introduce exogenous DNA
into the chloroplast

DNA delivery into the algal chloroplast has been achieved
using microparticle bombardment (= biolistics), glass bead
agitation and electroporation (Table 4). Biolistics is gener-
ally a reliable method for delivering DNA across cell walls
and multiple membranes, and has been employed success-
fully for nuclear transformation in many algal species (Gangl
et al. 2015). However, progress in achieving chloroplast
transformation is still limited to relatively few species, not
least because of the small cell size of many algae. The gold
or tungsten microparticles used for biolistic DNA delivery
are typically 0.5-1.7 um in diameter, which is rather large
in comparison to a Nannochloropsis cell (approximately 2—4
um in diameter), with the chloroplast compartment being
even smaller. Recently, gold ‘nanoparticles’ with a diameter
of 40 nm have become available and may be more suitable;
O’Brien & Lummis (2011) demonstrated that these caused
much less tissue damage than 1 pm gold particles during the

Table 5. Results from our group on the effect of selected compounds on N. gaditana CCMP526. “>” indicates the highest concentra-

tion of the respective compound tested.

Compound Mode of action Inhibitory level (ug/ml) Selectable marker or dominant
allele conferring resistance
Antibiotics
Chloramphenicol Inhibitor of 70S ribosome 50 catAl
Kanamycin Inhibitor of 70S ribosome >200 aphA6
Spectinomycin Inhibitor of 70S ribosome >200 aadA
Streptomycin Inhibitor of 70S ribosome > 200 aadA
Herbicides
Harvest Inhibitor of glutamine synthetase > 100 pat
activity
Glufosinate-ammonium Inhibitor of glutamine synthetase > 500 pat
activity
Bialaphos Inhibitor of glutamine synthetase > 350 pat
activity
Diuron (DCMU) Inhibitor of photosystem II 30 Point mutation in psbA
Atrazine Inhibitor of photosystem 11 50 atzA or point mutation in psbA
Amino acids
D-alanine Interferes with amino acid > 400 dao

metabolism
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biolistic transformation of human and mouse cells and were
equally as efficient.

Electroporation has also been used successfully for
nuclear transformation for a wide range of microalgae, both
with and without cell walls (Radakovits et al. 2012, Zhang &
Hu 2013). This method relies on subjecting the cells to con-
trolled electrical pulses of high charges for a short period of
time (ms), which results in temporary pores in the cell mem-
branes through which the exogenous DNA enters the cells.
The reported transformation of the P tricornutum plastid
with the cat gene by electroporation (Xie et al. 2014) opens
up the possibility of using this technique for other algal spe-
cies whose chloroplasts are surrounded by multiple mem-
branes, such as Nannochloropsis.

Given the current lack of methodology to transfer genes
directly into the Nannochloropsis chloroplast genome, an
alternative strategy is to transform the nucleus with genes
encoding chloroplast-targeted proteins. This could give
insights into industrially relevant biosynthetic pathways that
take place in chloroplast and may also enable the introduction
of novel pathways. There are relatively few studies in heter-
okont algae reporting success in targeting foreign proteins
into the chloroplast using endogenous N-terminal signal and
transit peptides, and more research is required in this direction
(Gruber et al. 2007, Sunaga et al. 2014, Moog et al. 2015).

Conclusions and future directions

Nannochloropsis species have great potential as environmen-
tally sustainable sources of biofuels and nutritionally impor-
tant oils such as long chain omega-3 fatty acids. However, in
order to make these products economically viable and com-
petitive, there is a need for both biological improvements to
the strains used and the development of more cost-effective
and energy efficient bioprocessing technologies including
cultivation, harvesting and product preparation. This is par-
ticularly true for biofuels where the desired product is high
volume/low value. Many recent studies have examined the
possibility of using municipal wastewater or industrial efflu-
ent to grow Nannochloropsis species for biomass production
as part of an integrated system of wastewater treatment. For
example, N. oculata grows well in 20% untreated munici-
pal wastewater diluted in seawater, resulting in the success-
ful removal of 80% of the nitrogen and phosphorus (Sirin
& Sillanpaa 2015). Since lipid productivity is influenced by
two conflicting factors — nutrient availability (to maximize
biomass production) and nutrient deprivation (to increase
TAG accumulation), a balance must be struck between a suf-
ficient rate of wastewater treatment, biomass accumulation
and lipid accumulation (as demonstrated for N. salina by Cai
et al. (2013)).

Strain engineering would also help to address such
challenges by creating strains with enhanced TAG accu-

1"

mulation under nutrient replete conditions. To do this, we
must build on our current understanding of lipid meta-
bolic/catabolic pathways and how these are influenced by
growth conditions such as nutrient concentration, salinity,
temperature and light. Progress in this direction is starting
to be made using systems biology approaches to develop
dynamic models of lipid metabolism in Nannochloropsis
and related algal groups (e.g. Dong et al. 2013, Miihlroth
et al. 2013), and to understand at the genome level the
transcriptional factors that regulate gene expression (Hu
et al. 2014). In addition to such models, a set of molecu-
lar tools is needed to enable the genetic manipulation of
lipid biology in both the nucleus and plastid, and to modify
other aspects of Nannochloropsis physiology to enhance
performance and productivity under industrial cultivation
conditions. For example, Lu & Xu (2015) have proposed
that increased biomass productivity and elevated tolerance
to abiotic stresses could be achieved by manipulation of
endogenous phytohormone levels in the algae. Such multi-
trait strain improvement strategies require advanced tech-
niques for predictable and precise genome engineering.
New nuclear genome editing techniques that are being
applied successfully in other organisms (Hsu et al. 2014,
Chandrasegaran & Carroll 2016) would certainly advance
the field. These editing approaches rely on double-stranded
breaks made at targeted loci using bespoke nucleases such
as engineered meganucleases, zinc finger nucleases, tran-
scription activator-like effector nucleases (TALENSs) or the
CRISPR/Cas9 system, and are still very much in the early
stages of development for microalgae. However, three
recent reports of successful targeted insertions and gene
knockouts in the diatom Phaeodactylum tricornutum using
meganucleases, TALENs and CRISPR-Cas9, respectively
(Daboussi et al. 2014; Weyman et al. 2015; Nymark et al.
2016) should encourage efforts to develop these technolo-
gies for other heterokont algae such as Nannochloropsis.
Similarly, further studies of how foreign DNA integrates
into the Nannochloropsis nuclear genome will reveal
whether targeted integration via homologous recombina-
tion is limited to one or a few species, or could be applied
more generally as a genome engineering tool (Weeks
2011). The successful transformation of the P. tricornutum
plastid (Xie et al. 2014) suggests also that the hurdles for
engineering secondary plastids can be overcome, allowing
a full suite of technologies for making designer strains of
Nannochloropsis.
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