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Abstract The health beneficial omega-3 long-chain polyun-
saturated fatty acids (LC-PUFAs), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA) are naturally synthe-
sized by diatoms through consecutive steps of fatty acid
elongase and desaturase enzymes. In Thalassiosira
pseudonana, these fatty acids constitute about 10–20 % of
the total fatty acids, with EPA accumulation being five to ten
times higher than DHA. In order to identify the subcellular
localization of enzymes in the pathway of LC-PUFA biosyn-
thesis in T. pseudonana and to manipulate the production of
EPA and DHA, we generated constructs for overexpressing
each of the T. pseudonana long-chain fatty acid elongase
genes. Full-length proteins were fused to GFP, and transgenic
lines were generated. In addition, overexpressed native pro-
teins with no GFP fusion were tested. The subcellular locali-
zation of each elongase protein was determined. We then ex-
amined the total amount of lipids and analyzed the fatty acid
profile in each of the transgenic lines compared to wild type.
Lines with overexpressed elongases showed an increase of up
to 1.4-fold in EPA and up to 4.5-fold in DHA, and the type of
fatty acid that was increased (EPAvs. DHA) depended on the
type of elongase that was overexpressed. This data informs
future metabolic engineering approaches to further improve
EPA and DHA content in diatoms.
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Introduction

Numerous studies in human health show that the omega-3
(n-3) long-chain polyunsaturated fatty acids (LC-PUFAs),
eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA) play fundamental roles in the development and func-
tion of the human body (reviewed in Ruxton et al. 2004;
Turchini et al. 2012; Kitessa et al. 2014). Among their various
roles, n-3 LC-PUFAs are essential to neurodevelopment in
infants and children and affect brain development and func-
tion (Rombaldi Bernardi et al. 2012) and visual and cognitive
development during the first year of life (Molloy et al. 2012)
and have beneficial effects in treating depression, ADHD, and
Alzheimer’s disease and reducing violence (Sinn et al. 2010),
as well as in prevention and treatment of chronic diseases such
as coronary heart disease, elevated triglyceride levels, cancer,
and asthma (Simopoulos 2008). DHA in particular is found
abundantly in the brain tissue (Soederberg et al. 1991), and
application of DHA improves brain function in healthy and
diseased mammals (Gamoh et al. 1999; Hashimoto et al.
2008).

Animal cells contain a pathway for synthesizing n-3 LC-
PUFA using the essential fatty acid alpha-linolenic acid (ALA,
18:3n-3) as the precursor. However, the ability to convert
ALA to EPA and DHA in mammals is very limited. Most of
consumed ALA goes towards β-oxidation for either energy
production (Leyton et al. 1987; Vermunt et al. 2000) or use in
acetyl CoA for synthesis of saturated and mono-unsaturated
fatty acid (FA) and cholesterol (Cunnane et al. 1999), whereas
only a minor portion is utilized for the synthesis of EPA and
DHA (Turchini et al. 2012). Since the amount produced in
humans is below the requirement for healthy development
and functioning, supplementary n-3 LC-PUFAs need to be
consumed in the diet (Brenna et al. 2009). The main source
of n-3 FA for human consumption is fish oil (Turchini et al.
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2012). However, fish do not produce high amounts of these
FAs but obtain them in their diet from the primary producers
of n-3 PUFAwhich are microalgae (Harel et al. 2002; Atalah
et al. 2007; Khozin-Goldberg et al. 2011; Turchini et al. 2012).

Biosynthesis of the n-3 LC-PUFAs EPA and DHA in eu-
karyotic cells including animals, plants, and microalgae takes
place via the conventional pathway which involves consecu-
tive steps of desaturation and elongation of the initial FA sub-
strate, catalyzed by a set of fatty acid desaturases and fatty acid
elongases (Wallis et al. 2002; Venegas-Calerón et al. 2010;
Fig. 1). In photosynthetic organisms, i.e., plants and algae,
the pathway starts with the product of de novo fatty acid syn-
thesis, saturated C16 palmitic acid or saturated C18 stearic
acid, while animal cells require the essential fatty acid α-
linolenic acid (ALA) as the precursor of the pathway
(Fig. 1). There are several ways to generate the final products
EPA and DHA, and the particular steps to synthesize these n-3
FAs depend on the elongases and desaturases present in the
cell (Fig. 1).Most animals includingmammals do not have the
delta 4-desaturase; therefore, in order to convert EPA to DHA,
two steps of elongation are employed to generate C24:5
followed by the reaction of delta 6- desaturase to generate
C24:6 which then converts to DHA (C22:6) through a beta-
oxidation (Fig. 1; Voss et al. 1991). Organisms such as the
microalgae Euglena gracilis or Isochrysis galbana contain
genes that encode for delta 9-elongase and delta 8-desaturase
and therefore use the alternative pathway in which elo9 elon-
gates ALA to generate a C20:3 chain and then des8 adds the
double bond to make C20:4 (Fig. 1 and Li et al. 2011; Qi et al.
2002; Wallis and Browse 1999).

Various types of microalgae, including diatoms, naturally
synthesize a relatively high amount of the n-3 FAs.
Phaeodactylum tricornutum accumulates up to 30 % of its
lipids as EPA, but accumulates very little DHA (Grima et al.
1996), which is a desirable form for brain function (Gamoh
et al. 1999; Hashimoto et al. 2002). Thalassiosira pseudonana
contains up to 26 % of lipids of its dry weight, while 15–20 %
of the lipids are the n-3 fatty acids EPA and DHA (Volkman
et al. 1989; Tonon et al. 2002). T. pseudonana has a greater
proportion of DHA than P. tricornutum, with a ratio of
EPA/DHA of 3.6–3.7:1 for the former and 9.6–11.6:1
for the latter (Tonon et al. 2002). FA composition is
commonly reported as percent of total lipid, which does
not necessarily reflect the actual amount in a cell. For
example, even though P. tricornutum is reported to have
a higher percentage of EPA than T. pseudonana, on a
per cell basis, it is lower, 275–425 fg cell-1 for P. tricornutum
and 300–575 fg cell-1 in T. pseudonana (Tonon et al.
2002). T. pseudonana, like other photosynthetic eukary-
otes, synthesizes n-3 FAs via the conventional pathway
using elongases and desaturases to convert the saturated
C16 fatty acid to EPA and DHA (Meyer et al. 2004;
Tonon et al. 2004, 2005).

In this study, we generated T. pseudonana lines that over-
express each one of the three endogenous elongase genes to
determine their intracellular location and to evaluate the effect
on EPA and DHA accumulation. The fatty acid composition
in each of the elo overexpressing lines was analyzed in order
to test their ability to increase production of LC-PUFA. The
results clarified the role of the three elongases and improved
accumulation of EPA and, more substantially, DHA.

Fig. 1 Pathway of n-3 LC-PUFA biosynthesis in eukaryotic cells. Boxed
areas denote steps that are absent in T. pseudonana. Circled enzymes are
the three elongases characterized in this study. PA palmitic acid, SA stearic
acid, OA oleic acid, LA linoleic acid, ALA α-linolenic acid, SDA
stearidonic acid, ETE eicosatrienoic acid, ETA eicosatetraenoic acid,
EPA eicosapentaenoic acid, DPA docosapentaenoic acid, DHA
docosahexaenoic acid, FAS fatty acid synthase, SFA saturated fatty acid,
elo elongase, des desaturase
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Materials and methods

Thalassiosira pseudonana (CCMP1335) was grown with
shaking or stirring and aeration, at 20 °C, under constant light
condition in artificial sea water (ASW) medium (Darley and
Volcani 1969) supplied with biotin and vitamin B12 at
l μg L−1. For Si starvation, cultures at exponential phase
(~8×105 cells•mL−1) were harvested; cells were washed with
ASW without Si and re-suspended in the original volume of
ASWwithout Si. Cells were maintained under starvation con-
ditions at 20 °C under constant light for 24 h.

Plasmid construction and transformation The MultiSite
Gateway® Technology was applied to generate vectors with
the coding region of each one of the T. pseudonana elongase
genes fused to the 5′ and 3′ flanking regions of the
T. pseudonana fcp gene (Poulsen et al. 2006). Genomic
DNAwas extracted from wild-type T. pseudonana (Shrestha
and Hildebrand 2015) and each of the three elongase
genes was amplified by PCR with primers containing
attB Gateway arms. The following sets of constructs
were generated: fcpElo1 (Thaps3_3741), fcpElo1GFP,
fcpElo2 (Thaps3_93), fcpElo2GFP and fcpElo3
(Thaps3_728), and fcpElo3GFP. PCR products were
cloned into the gateway pDONOR vector using the

Gateway BP clonase. Products were sequenced and
were cloned into destination vectors pMHL78 and
pMHL79 using the Gateway LR clonase to generate
fcpElo or fcpEloGFP, respectively.

Transformation of T. pseudonana was done using micro-
particle bombardment with a Bio-Rad PDS-1000/He system
(Dunahay et al. 1995). The presence of the constructs in the
transformed lines was verified by PCR.

Fluorescence microscopy Subcellular localization of
EloGFP proteins was visualized using a Zeiss Axio Observer
fluorescence microscope. The GFP filter set was Zeiss #38HE
(Ex 470/40 nm, FT 495, Em 525/50 nm), and chlorophyll was
imaged using filter set no. 05 (Ex 395–440 nm, FT 460 nm,
Em 470 nm LP).

Lipid analysis For lipid analysis, cultures were harvested at
exponential phase (~8×105 cells•mL−1), stationary phase
(~6×106 cells•mL−1), or 24 h Si starvation as described. Cells
were washedwith 0.4M ammonium formate, centrifuged, and
the pellets were kept in sealed tubes under N2 at −80 °C until
analysis. For quantitative lipid analysis, cells were lyophilized
and their dry weight was determined. The pellet was resus-
pended in 1 M methanolic acid and incubated at 70 °C for
30 min for transesterification. Fatty acid methyl esters

Fig. 2 Alignment of amino acid
sequences of elongases in this
study. Underlined is the
LHxYHH histidine-motif of Δ5
and Δ6 elongases. Boxed
sequences for Elo 1 and 2 are the
PUFA elongase motif, and the
boxed sequence for Elo3 is a
saturated/mono-unsaturated
elongase motif

J Appl Phycol (2016) 28:897–905 899



(FAME) were extracted in 1 mL hexane and analyzed by GC-
MS. C19 FAME was used to create a standard curve and
served as an internal standard.

Results

Analysis of T. pseudonana FA elongase sequences

Previous data and our analysis indicated that the genome of
T. pseudonana encodes 3 genes for FA elongases and 20 genes
for FA desaturases (Armbrust et al. 2004; Tonon et al. 2005;
Cook, unpublished data). All three elongases (Thaps3_3741=
elo1, Thaps3_93=elo2, Thaps3_728=elo3) contained the Δ5/
Δ6 motif LHxYHH (Fig. 2), which indicated that they cata-
lyze the elongation of fatty acids with a double bond at posi-
tion 5 or 6. However, none of the T. pseudonana elongases
contained the Δ9 motif (LQxFHH). As shown by expression
in yeast (Meyer et al. 2004), elo1 should have a stronger
preference for Δ6 FAs while elo2 has a stronger preference

for Δ5 FAs. Elo2 is a homolog to a Δ5 elongase isolated from
P. tricornutum which was functionally characterized in yeast
(Jiang et al. 2014). Elo1 and 2 also contained the motif of
a PUFA elongase (Fig. 2). Elo3 has a MUFA/SFA motif
(Fig. 2) which is specific to elongases that add a two-carbon
unit to saturated and mono-unsaturated fatty acids (Hashimoto
et al. 2008). We assign these elongases to the steps
diagrammed in Fig. 1. Among the genes that encode for FA
desaturases (Tonon et al. 2005) is one with high similarity to
delta 4 desaturase and several genes that encode for delta-6, 8,
12-desaturases. The presence of delta 6-elongase and delta 6-
desaturase genes, but not delta 9-elongase, indicates that the
conversion of ALA to C20:4 occurs through the SDA (18:4n-
3) intermediate and not through the alternative pathway in-
volving the ETE (20:3n-3) intermediate in T. pseudonana
(Fig. 1). Moreover, the conversion of EPA to DHA in
T. pseudonana does not require the bypass path, which in-
volves elongation to C24 chain and then a beta-oxidation step,
since T. pseudonana contains genes that encode for delta4-
desaturase which adds the sixth double bond to the 22:5 chain
to make C22:6 (Fig. 1). The scheme depicted in Fig. 1 is
consistent with previous functional analyses (Tonon et al.
2005) and the major pathway of EPA synthesis determined
by isotope labeling in P. tricornutum (Aroa and Yamada
1994).

Transcript changes of the FA elongase genes
ofT. pseudonana and the predicted subcellular localization
of their proteins

To understand more fully the possible roles of the three
elongases, we monitored changes in their mRNA levels and

Fig. 4 Sub-cellular localization
of fatty acid elongase proteins. BF
bright field, GFP green
fluorescent protein, Chl
chlorophyll

Fig. 3 mRNA level changes of the elo genes in response to Si starvation
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determined their intracellular location. mRNA level changes
were monitored during silicon starvation-induced lipid accu-
mulation using whole genome microarrays (Smith et al. sub-
mitted). After placing cells into silicon-depleted medium, there
is a general increase in FAs and particularly triacylglycerol
(TAG) especially after 8 h (Smith et al. submitted). Elo1 and
elo2 genes that encode for the Δ6 and Δ5 PUFA elongases,
respectively, show decreased mRNA levels as a result of Si
starvation while the S/MUFA elongase, elo3, increased (Fig. 3).

We examined the intracellular location of the elongases
both bioinformatically and directly using GFP fusions. For
bioinformatically predicted localization, we first verified the
Thaps vers. 3 gene model using RNAseq data (Abbriano et al.
unpublished), which supported the established gene models
for all three elongases, also verifying the protein sequence
shown in Fig. 2. None of the elo proteins contained a predicted
mitochondrial targeting sequence. Using SignalP 3.0
(Bendtsen et al. 2004), Elo1 had a predicted signal anchor
sequence, Elo2 had a predicted signal cleavage sequence
(AFP-AA), and Elo3 had no prediction. Signal cleavage for
Elo2 was also predicted using TargetP 1.1 (Emanuelsson et al.
2000), and a low confidence chloroplast targeting prediction
was obtained using ChloroP1.1 (Emanuelsson et al. 1999).

To directly determine the intracellular location of each pro-
tein, we generated constructs in which the coding sequence of
each elo gene was fused to GFP and placed under control of
fcp 5′ and 3′ flanking sequences. Transformant lines were
tested by PCR to verify they contained the appropriate con-
struct. Examination of GFP fluorescence in transgenic lines
indicated that Elo1 and Elo2 were localized in the ER mem-
brane, which surrounds the nucleus and chloroplasts in dia-
toms (Fig. 4). Elo3 was localized in a small unidentified ves-
icle or organelle (Fig. 4). The same pattern of subcellular
localization appeared throughout exponential into stationary
phase of growth (data not shown).

Growth rate andmaximal cell density of the elo transgenic
lines

The transgenic lines used to determine localization also would
serve to evaluate the effect of overexpression of these proteins.
We also independently generated overexpression lines that
lacked the GFP fusion. Several independent transgenic lines
of each construct were tested for their growth rate and the
maximal cell density. No significant difference was shown
either in the growth rate or other tested parameters such as
TAG accumulation or fatty acid profile between the non-
fusion and the GFP-fusion lines. For each elongase, two or
more GFP-fusion lines were compared to non-fusion lines. As
shown in Fig. 5, most fcp-elo lines had a growth rate similar to
wild type. Although some of the lines started with a lower
inoculate (Fig. 5b elo1-GFP1 and elo3_GFP1), the slope of
their growth rate was similar to wild type. Three lines with

fcp-elo1 and two lines with fcp-elo2 (Fig.5a, c) demonstrated
slightly slower growth rate relative to wild type; however,
since this phenotype did not occur in all the lines of a partic-
ular elongase, it might have been caused by the insertional
position in the genome, which could disturb expression of
another gene that affects growth. The maximum cell density
to which all the fcp-elo transgenic lines reached was similar to
that of the wild-type culture. Therefore, overexpression of
each of the three T. pseudonana elongases did not substantial-
ly influence the growth of the cells.

Fig. 5 Growth curves of transformant lines of the elongase genes.
Different lines of T. pseudonana that contain an fcp-elongase construct
as indicated were grown in ASW at 18 °C under constant light. a Lines
with fcp-elo1 and fcp-elo3. b Lines with fcp-elo1GFP and fcp-elo3GFP. c
Lines with fcp-elo2 and fcp-elo2GFP
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Neutral lipid accumulation in the elo transgenic lines

We tested whether the accumulation of neutral lipids as
TAG was affected in the transgenic fcp-elo lines during
growth and under Si starvation by monitoring BODIPY
or Nile Red fluorescence (Trentacoste et al. 2013). Cul-
tures were grown in continuous light conditions and
samples were taken for analysis at certain time points
during growth and after 24 h of Si starvation. Although
some tendencies were observed, there were no statisti-
cally significant differences in the transgenic lines com-
pared with wild type (data not shown). This suggests
that the modifications have no direct effect on TAG
accumulation.

Analyzing the lipid profile of elongase overexpressing lines

We next examined whether overexpression of a specific
elongase affected the cellular fatty acid composition. Indepen-
dent transgenic lines; three elo1 lines, four elo2 lines, and five
elo3 lines were tested. Cells were collected during exponential
phase, stationary phase, and at 24 h of Si starvation, for a lipid
profile analysis. The abundance of most FA components did
not change relative to wild type under the various growth
conditions (Table 1). Comparing the relative abundance of
EPA and DHA in the transgenic lines relative to wild type
(Fig. 6) indicated generally little change in EPAwith a possi-
ble exception of Elo2 overexpression in stationary phase,
where EPA was reduced. In contrast, DHA was substantially
increased, by 2.3–4.3-fold, relative to wild type in all three
transgenic manipulations during exponential growth (Fig. 6).
Levels were equal to or slightly lower than wild type in sta-
tionary phase, and slightly higher, particularly with the Elo2
overexpression lines, under silicon starvation.

Table 1 Fatty acid composition of wild type (wt) and overexpression lines (mg fatty acid•mg-1 dry weight)

FA formula Exponential phase Stationary phase no Si

wt Elo1 Elo2 Elo3 wt Elo1 Elo2 Elo3 wt Elo1 Elo2 Elo3

C14:0 0.013 0.013 0.015 0.012 0.020 0.023 0.026 0.022 0.016 0.020 0.018 0.019

C16:0 0.024 0.022 0.022 0.017 0.031 0.035 0.031 0.026 0.026 0.032 0.026 0.024

C16:1 0.019 0.021 0.019 0.018 0.035 0.034 0.031 0.029 0.040 0.049 0.038 0.041

C16:2 0.005 0.004 0.005 0.005 0.008 0.008 0.008 0.008 0.004 0.004 0.004 0.005

C16:3 0.008 0.007 0.008 0.007 0.012 0.011 0.013 0.013 0.008 0.009 0.007 0.009

C16:4 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000

C18:0 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

C18:1 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000

C18:2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

C18:3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

C18:4 0.006 0.004 0.007 0.004 0.012 0.009 0.014 0.011 0.008 0.007 0.009 0.008

C20:5 0.010 0.012 0.009 0.011 0.016 0.018 0.010 0.016 0.016 0.018 0.016 0.019

C22:6 0.001 0.001 0.003 0.002 0.003 0.002 0.003 0.002 0.002 0.004 0.005 0.003

Total 0.085 0.086 0.088 0.077 0.138 0.142 0.138 0.130 0.123 0.145 0.124 0.128

Fig. 6 The ratio of EPA andDHA in transgenic lines relative to wild type
under three different growth conditions

Fig. 7 Relative amount of EPA (C20:5) and DHA (C22:6) in wild-type
T. pseudonana in stationary phase and silicon starvation, relative to
exponential growth

902 J Appl Phycol (2016) 28:897–905



Discussion

Our analysis identified three elongase steps involved in
LCPUFA synthesis, and sequence analysis (Fig. 2) coupled with
previous work (Meyer et al. 2004; Jiang et al. 2014), enabled
determination of the steps they catalyzed. Additional analysis of
desaturases showed that alternative pathways were not present
in T. pseudonana (Tonon et al. 2005; Fig. 1), as has been sur-
mised in P. tricornutum (Aroa and Yamada 1994). Continuing
clarification of these pathways will facilitate metabolic engineer-
ing efforts (Domergue et al. 2002; 2003; Peng et al. 2014).

During silicon starvation in diatoms, TAG accumulation is
induced (Roessler 1988; Yu et al. 2009). In a 24-h time course
of silicon starvation in T. pseudonana, FAs begin to increase
by 4 h, and TAG starts to substantially increase between 8 and
12 h (Smith et al., submitted). Examination of mRNA expres-
sion data shows that elo3 is specifically induced by 4 h
(Fig. 3). This enzyme catalyzes an early step in the pathway,
converting C16:0 to C18:0 (Fig. 1), and induction of its
mRNA is consistent with increased carbon flux into LCPUFA
synthesis, even though C18 compounds do not accumulate.
The delta 6 desaturase has been considered a rate-limiting step
for the pathway in higher plants; however, lack of accumula-
tion of substantial amounts of C18:3, 18:2, or 18:1 are incon-
sistent with that in T. pseudonana (Table 1). mRNA for elo1
and elo2 are substantially downregulated during silicon star-
vation (Fig. 3), consistent with a decrease in carbon flux
through these steps. However, in wild-type lines, we docu-
ment a slight increase in EPA and a substantial increase (4–
4.5-fold) in DHA after 24 h of silicon starvation (Fig. 7), sug-
gesting that any possible decreases in enzymes involved in the
later steps of LCPUFA synthesis is offset by increased carbon
flux into the pathway. Although not a true flux analysis, the
data are consistent with the major rate limitation occurring at
the early steps in the pathway.

To our knowledge FA elongases have not been previously
localized in diatoms. In our analysis, Elo1 and 2 are localized
in the ER (Fig. 4). A delta 6 elongase has been localized to the
ER in the green alga Myrmecia incisa (Yu et al. 2012). In
T. pseudonana, the SFA elongase, Elo3, is localized to an
unidentified intracellular organelle or vesicle (Fig. 4). Overall,
the localization data support that LCPUFA synthesis occurs in
association with the ER in T. pseudonana, but precursors into
this pathway are synthesized in an unidentified organelle.

Regardless of which elongase was overexpressed, DHA
levels showed the greatest resulting increase (Table 1,
Fig. 6). Elo2 overexpression always resulted in higher DHA
than Elo1 or 3 overexpression (Table 1, Fig. 6), consistent
with higher flux through the C20:5 to C22:5 step (Fig. 1).
The increase in DHAwas most substantial under exponential
growth conditions (Table 1, Fig. 6), which would be when
carbon flux into FA storage forms would be minimal com-
pared with stationary phase or Si starvation. Previous work

in P. tricornutum, in which a heterologous delta 5 elongase
from Ostreococcus tauri was overexpressed, indicated 2-fold
less EPA during exponential growth and 2.1-fold less in sta-
tionary phase (Hamilton et al. 2014). DHA increased 3.7-fold
in exponential phase and 8-fold in stationary phase. Our Elo2
(delta 5 elongase) overexpression showed 1.1-fold less EPA in
exponential phase, 1.5-fold less in stationary, and 1.04-fold
more in Si- (Fig. 6). DHA was increased by 3.76-fold in ex-
ponential phase, 1.74-fold in stationary, and 2.75-fold in Si-
(Fig. 6). Differences between the two studies could be due to
the use of native or heterologous enzymes or a fundamental
difference in regulation of carbon flux in the pathway in these
two diatom species.

Overall, our results indicate that engineering of the elongase
steps in the pathway has a small effect under silicon starvation
conditions when the total amount of EPA and DHA per cell are
maximal, resulting in a significant increase only in DHA. This
can be useful; under exponential growth, the wild-type EPA/
DHA ratio is 16:1, which changes to approximately 6:1 under
stationary phase and during silicon starvation. In the Elo2 over-
expression lines, the ratio drops to 3.2:1 under silicon starva-
tion. The increased accumulation of DHA relative to EPA re-
gardless of which elongase is overexpressed, as well as under
silicon limitation, is consistent with preferential accumulation
of the end product of the pathway. Other manipulations and
combined manipulations could improve carbon flux into EPA
and DHA synthesis or alter the ratio of EPA to DHA, for ex-
ample, overexpression of a delta 5 desaturase in P. tricornutum
resulted in increased neutral lipid and EPA (Peng et al. 2014).
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