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TheD5desaturasemutant (P127)of themicroalgaLobosphaera incisa is apromisingorganismfor large-scale
production of the valuable LC-PUFA dihomo-g-linolenic acid (DGLA, 20:3 n-6). We examined the
potential ofP127 forDGLAproductionundernitrogen (N)starvationconditions, triggering thedeposition
of DGLA in triacylglycerols, and developed a strategy for optimization of the DGLA productivity in high-
density cultures. Towards this end, the effects of initial biomass concentration (1, 2, and 4 gL�1) and PAR
irradiance (170 and400mmolm�2 s�1) onDGLAand total fatty acid (TFA)productionwere studied.The
highest DGLA and TFA percentages (10 and 38% of dry weight, respectively) were displayed by the
cultures initiated at 1 gL�1 and grown under a moderate irradiance. Higher irradiances and lower starting
biomass content facilitated oleic acid accumulation at the expense of DGLA. Maximum volumetric
productivities ofTFAandDGLAwere recorded in the cultures started at2 gL�1 biomass andgrownunder
400mmolPARm�2 s�1.Weshowthat a sufficientlyhigh startingculturedensity shouldbecombinedwitha
mild light stress to facilitate the production of biomass enriched in DGLA-containing triacylglycerols.

Practical applications: The D5 desaturase mutant of L. incisa, P127, is a rare green source of DGLA,
a LC-PUFA with valuable pharmaceutical and neutraceutical properties. We report on the optimization
of DGLA production by the nitrogen-starving indoor cultures of P127. Stresses, such as N starvation
and/or high irradiances, promote accumulation of lipids by microalgal cells. On the other hand,
excessively severe stress is deteriorative for the target LC-PUFA accumulation. An important outcome of
the present work is establishing physiological constrains of DGLA productivity and finding an approach
to balance starting cell density vs. irradiance in order to maximize DGLA yields. Findings of the present
work lay a foundation of the efficient production of DGLA using upscaled cultures of P127.
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1 Introduction

There is increasing market demand for the long-chain
polyunsaturated fatty acids (LC-PUFAs) of omega-3 and
omega-6 families due to their diverse health-beneficial effects
[1, 2]. The omega-6 LC-PUFA dihomo-g-linolenic acid
(DGLA, 20:3 n-6) is the immediate precursor of arachidonic
acid (AA, 20:4 n-6). In the n-6 LC-PUFA biosynthesis
pathway, these LC-PUFA give rise to distinctive biologically
active eicosanoids such as DGLA-derived prostaglandin E1
(PGE1), which is assumed to reduce inflammation, modulate
vascular reactivity and to play role in cholesterol homeostasis
[3–5]. DGLA offers potential for the treatment of inflam-
matory disorders including atopic eczema, psoriasis, asthma,
atherosclerosis and arthritis [6] as well as in suppressing
cancerogenesis [7–9]. Therefore, sustainable sources of
DGLA are very much sought after.

Microalgae are gaining increasing attention as a renew-
able source of value-added LC-PUFA [2, 10, 11]. However,
in contrast to n-3 LC-PUFA common inmicroalgae, n-6 LC-
PUFA are rarely accumulated in appreciable amounts [10].
Thus, DGLA as the metabolic precursor for AA normally
constitutes only a small percentage in the fatty acid profile of
cellular lipids in any native species. In search for a natural
source of DGLA, the screening of the D5 desaturase mutants
of the green microalga Lobosphaera (formerly Parietochloris)
incisa [12], the oleaginous freshwater species (Trebouxio-
phyceae, Chlorophyta) known as a richest photosynthetic
source of AA [13], was carried out. Under nitrogen (N)
starvation conditions, ca. 20% of cell dry weight (DW) and
about 60% of the total fatty acids (TFA) in L. incisa is
constituted by AA, over 90% of which is associated with
triacylglycerols (TAG) [12, 14]. A D5 desaturase mutant of
L. incisa, designated P127, is unable to convert DGLA to AA.
Under N starvation, P127 accumulates DGLA in an amount
up to 30% of the TFA, also in the TAG [12, 15], making this
algal strain a promising source of DGLA.

Many microalgal species respond to environmental
stresses, especially to high irradiances and N starvation,
with increased production of TAG [16] albeit accompanied
by slowdown of culture growth. Accordingly, a major
biotechnological challenge is to find cultivation conditions
that facilitate sustained productivity of TAG-enriched
biomass under variable stress conditions [16]. Moreover,
excessive irradiances are deleterious for the biosynthesis of
TAG-associated LC-PUFA, including AA and DGLA in L.
incisa wild type and P127, respectively [17].

The goal of enhancing biomass yield and productivity calls
for increased culture cell densities, which, in turn, require
higher irradiance to drive a more efficient light utilization [18]
although the effects of cell density, especially in the domain
>1 gL�1 remain so farmuch less elucidatedthan the irradiance
effects per se [19]. Therefore, it is essential to find a proper
balancebetween the initial cell density and the irradiance in the
N-starved cultures of L. incisa to achieve a sustained

production of the LC-PUFA. In the present work, we
examined DGLA production by N-depleted P127 cultures
initiated at different cell densities, under moderate and high
PAR levels, to obtain an insight into the relationships between
DGLA productivity and the cultivation conditions necessary
for the subsequent upscaling.

2 Materials and methods

2.1 Strain and cultivation conditions

The D5 desaturase mutant P127 was obtained by chemical
mutagenesis of the wild-type L. incisa strain, deposited in the
CultureCollectionofAlgaeatGoettingenUniversityunder ID
of SAG 2468. The mutant strain was cultivated in one-liter
glass columns (internal diameter 6 cm) in a temperature-
regulated water bath at 25°C and constantly bubbled with air:
CO2 (98 : 2, v/v). The pre-cultures were maintained at
logarithmic phase by daily dilution with fresh BG-11
medium[20] to thechlorophyll (Chl)contentof10–15mgL�1

at 170mmol PAR m�2 s�1. To induce N starvation, the cells
frompre-cultureswere resuspended inN-freeBG-11medium.
The initial biomass concentrations were adjusted to 1 (low
density, LD), 2 (medium density, MD), or 4 gL�1 (high
density,HD) and correspondingChl of 30, 60, or 120mgL�1.
The cultures were grown under a PAR flux of 170mmolm�2

s�1 (designated as moderate light) or 400mmolm�2 s�1 (high
light)continuouslyprovidedbywhitefluorescent lamps.These
particular irradiances were chosen as, respectively, incapable
and capable of the induction of high-light stress response in
N-starved P127 cultures initiated at 1 gL�1 DW [21]. The
culture growth was monitored via Chl and DW content [15].

2.2 Fatty acid analysis

Fatty acid content and composition of P127 cell lipids were
determined by gas chromatography of fatty acidmethyl esters
(FAME) [22]. The FAME were identified by co-chroma-
tography with authentic standards. The data shown represent
mean values with a range of less than 5% for major peaks
(over 10% fatty acids) and 10% for minor peaks of the
samples, each analyzed in duplicate.

2.3 Analysis of molecular species of TAG

Total lipids were extracted from the lyophilized samples
(50mg) of P127 biomass and separated into classes as
previously described [13].

TAG molecular species were resolved by reverse-phase
HPLC equipped with a LiChrospher RP-18 column
(100mm length, 5mM, Merck), and either spectrophoto-
metric detector (Lamda-Max 481, Waters) or evaporative
light scattering detector (ELSD IIA, Varex, Burtonsville,
MD, USA). The elution of the TAG species was achieved
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with the system comprised by acetonitrile (solvent A) and
acetonitrile: ethanol : hexane (40:20:20, v/v/v, lower phase)
(solvent B) at a flow rate of 1.5mLmin�1. For the first
25min, the TAG were eluted isocratically by 30% A:70% B
mixture following by linear gradient elution changed to 0%
A:100% B for another 30min with detection at 205nm. The
fractions corresponding to individual peaks were collected
and identified by GC-FID. ELSD detection was used for
quantification of the TAG molecular species (evaporation
temperature of 122°C).

Sodiated TAG molecular species were also quantified
by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) [23].

3 Results and discussion

3.1 The combination of starting cell density and
irradiance determines the kinetics of the culture
growth parameters

In the present study, we focused on finding an optimal for the
accumulation of DGLA balance of starting cell density and
irradiance to which the culture is exposed during its
cultivation under N starvation. It is conceivable that the
amount of light effectively reaching each cell in themicroalgal
suspension is influenced by the incident irradiance on the
surface of the cultivation vessel as well as by the cell density
and their pigment content. This problem is even more
important in the case of N-starving cultures which are prone
to photooxidative stress deteriorative for biomass and LC-
PUFA productivity [17]. On the other hand, high-density
microalgal cultures are deemed to be more robust and
efficient in the production of fine chemicals and biodie-
sel [18]. With these considerations in mind, we determined
the effects of different combinations of these parameters on
biomass productivity and the dynamics of Chl content in the
N-starving cultures, demonstrating DGLA deposition in
TAG (Fig. 1).

In the cultures grown at the different irradiances, Chl
content increased transiently and then declined at a rate
inversely dependent on the irradiance (Fig. 1A,C) likely
manifesting a different degree of combined high light- and N
starvation stresses.

Under themoderate irradiance (170mmol photonsm�2 s�1),
low starting density (LD) cultures featured the highest
biomass accumulation rate whereas in those started at
moderate (MD) or high density (HD) it was lower (Fig. 1B).
Taking into account high volumetric Chl content of these
cultures, one can suggest that the latter cultures are to a
certain degree light-limited. On the other hand, the HD
cultures eventually attained the highest biomass content
(Fig. 1B, curve 4).

An increase in the irradiance to 400mmol quanta m�2 s�1

influenced profoundly the growth kinetics of P127 (Fig. 1D).

The highest biomass accumulation rate (and the highest final
biomass content) was displayed by the MD and HD cultures
whereas the LD cultures rapidly (within 3� 6 days) reached
stationary phase. Obviously, the culture started at the lowest
density suffered from the high light-stress exacerbated by N
depletion. This suggestion is supported by the largest extent
of the decline in Chl (from 30 to ca. 8mgL�1) recorded in
the LD culture (Fig. 1C). By contrast, the combination of
a higher starting cell density (2 g DW L�1) and higher
irradiance turned to be optimal from the standpoint of
biomass accumulation. Notably, a further increase in starting
cell density did not result in a corresponding increase in
biomass accumulation rate. The slow-down of the HD
culture growth could be caused by self-inhibition, as by an
insufficient gas exchange and O2 build-up; these limitations
could be mitigated, to a certain extent, by an increase in the
mixing and aeration rates and medium replenishment [19].

3.2 Interactive effects of cell density and irradiance
and N starvation on the accumulation of TFA and
DGLA

Since actual LC-PUFA productivity of algal cultures
depends, apart from biomass yield, on fatty acid (FA)

Figure 1. Changes in chlorophyll (a,c) and biomass (b,d) content of
the P127 cultures initiated at (1) low, (2) moderate and (4) high cell
density (1, 2, and 4mg DW L�1, respectively) grown under either
moderate (170mmolm�2 s�1) or high (400mmolm�2 s�1) PAR
irradianceundernitrogenstarvation.Chl, chlorophyll;DW,dryweight.
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enrichment of the biomass as well as on the proportion the
target LC-PUFA in the FA profile, we followed the changes
in these parameters under our experimental conditions
(Figs. 2 and 3,, Supplementary Tables S1 and S2). The
extent and the kinetics of FA production by P127, as biomass
production, were affected by both starting cell density and
irradiance (Figs. 2A,C). Under moderate irradiance, the
pattern of DGLA enrichment in biomass essentially followed
the trends recorded for TFA percentages (Figs. 2B,D).
DGLA enrichment was impaired by high irradiance,
excepting the HD culture.

The TFA and DGLA productivity and accumulation
rates were generally higher in the cultures grown under the
high irradiance (cf. panels A, B and C, D in Fig. 3). These
cultures accumulated a high FA amount within seven days of
cultivation whereas in the cultures grown at the moderate
irradiance this process was remarkably slower.

Comparison of volumetric TFA productivity reciprocally
affected by biomass yield and FA enrichment (Fig. 3A,C)
clearly showed that the moderate irradiance was insufficient
for induction of high TFA production in the HD cultures
(curve 4 in Figs. 2A and 3B). On the other hand, the FA

production of LD culture was impaired under the high
irradiance (Fig. 3C, curve 1). This is compatible with
previously established deteriorative effect of excessive
irradiances on LC-PUFA production in L. incisa [16, 17,
24]. The combination of a sufficiently high starting cell
density (in our case, equivalent to 2 gL�1 DW) with the high
irradiance was most favorable for TFA and DGLA
accumulation in P127 cultures concurrently with most
efficient biomass production.

Previous observations in our laboratory have shown that
the wild-type L. incisa is capable of committing cell division
bymultiple fission ofmother cells at the onset ofN starvation,
in particular at high initial cell densities, giving rise to a
substantial increase in biomass [25]. A similar phenomenon
was observed in the present work with the P127 mutant
strain. High biomass productivity of P127 under conditions
of external N deficiency argues for a highly tuned and
efficient mobilization and cellular redistribution of the
endogenous N reserves under optimized conditions. We
speculate that the cultivation conditions that were identified
in the present work allowed for a gradual depletion of
nitrogenous compounds, continuing carbon assimilation,
resulting in substantial biomass increase under N starvation.

Figure 2. Total fatty acid (a,c) and (b,d) DGLA enrichment of
biomass (expressed as percentage of DW) in the P127 cultures,
initiated at different cell densities, and grown under either (a,b)
moderate or (c,d) high irradiance under nitrogen starvation. For
curve designations, see Fig. 1.

Figure 3. Volumetric contents of (a,c) total fatty acids and (b,d)
DGLA in the P127 cultures, initiated at different cell densities and
grown under either (a,b) moderate or (c,d) high PAR irradiance. For
curve designations, see Fig. 1.
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The dynamic nature of metabolic changes in microalgae
under N depletion and existence of N sparing mechanisms
supports this assumption [26], however further studies in
L. incisa are obviously required.

Notably, the highest rate of TFA and DGLA
accumulation (0–7 days) was inversely related to the
initial biomass concentration. This was also the case for
the biomass enrichment with AA in wild-type L. incisa
which was the highest under lower irradiances (250mmol
photons m�2 s�1) [27].

3.3 TAG molecular species profiling and
irradiance-dependent changes of fatty
acid profile in N-starving P127 cells

Different combinations of cultivation parameters affect the
biosynthesis of structural vs. storage lipids. Therefore, to
optimize cultivation of microalgae for the yield of a value-
added LC-PUFA, it is crucial to analyze the lipid class
predominantly harboring the LC-PUFA of interest. The
alterations in the FA profile in wild-type L. incisa and P127
under N-starvation largely manifest the changes in FA
composition of TAG comprising more than 95% of total
cell lipids (and almost all neutral lipids, NL) [24, 28]. To
dissect the interactive effects of the stresses, we compared
FA profiles and contents of NL (Table 1) and polar lipids
from the LD cultures and from the cells grown in the N-
supplemented medium under otherwise similar conditions
(Fig. S1). The LD cultures were chosen for this
comparison as, arguably, the most stressed under the
conditions employed. N-starvation triggered a sharp
increase in NL, which increased to 30% DW (Table 1).
After 3 days of cultivation, ca. 90% of total acyl groups
and 95% of DGLA were accumulated in NL, whereas in

N-replete cells DGLA accumulated mainly in polar lipids
(Fig. S1). Importantly, both DGLA and oleic acid (18:1
n-9, OA) constituted the major acyl groups of TAG in
P127 (Fig. S2). A substantial increase in the relative
abundance of OA-enriched TAG was recorded in the
N-starving P127 cells (Table S1).

OA is a key precursor for LC-PUFA biosynthesis in
P127; furthermore an increase in the monounsaturated
OA over PUFA on the background of TAG accumulation
is a common manifestation of stresses induced by high
light and N starvation in green microalgae [see e.g.
15,16]. A similarly tight relationship between OA/DGLA
and carotenoid-to-chlorophyll ratio (not shown), another
stress marker in L. incisa [15], supports this suggestion.
We have previously hypothesized that the augmented 18:1
content in the TAG of P127, as compared to the wild
type, where AA can rich up to 60% of TAG, is associated
with the reduced expression of the genes of the entire LC-
PUFA biosynthesis pathway, particularly under N starva-
tion conditions [12]. Hence, a high proportion of OA in
the mutant manifests a bottleneck in DGLA production,
and deserves special attention in the context of cultivation
condition optimization.

A conspicuous increase was documented in the
proportion of OA in the total FA profile (Tables S2 and
S3). The magnitude of this effect was proportional to
the irradiance and inversely related with the initial cell
density (Fig. S3B). Therefore, it is not surprising that
OA percentage was closely related with TFA content
(r2¼0.99; Fig. S3A) driven primarily by enhanced TAG
biosynthesis in the N-starving cells [16, 10]. In view of these
considerations, OA/DGLA ratio may be employed as a
convenient stress marker during optimization of P127
cultivation conditions.

Table 1. Fatty acid composition of neutral lipids (NL) of P127 cultivated in complete BG11 (þN) and nitrogen-depleted (-N) media under
irradiance of 170mmol PAR m�2 s�1 and at initial cell density of 1 g L�1 (LD)

Medium
Time
(days)

NL %
DW

DGLA %
DW

Fatty acid composition (% of total fatty acids)

16:0 16:1a 16:2 16:3 18:0 18:1 18:1 18:2 18:3 18:3 20:3

n-6 n-3 n-9 n-7 n-6 n-6 n-3 n-6

þN 3 1.1 0.3 8.4 7.3 2.1 1.8 3.3 13.9 2.4 12.2 1.3 3.7 30.2
�N 14.6 4.2 8.7 0.5 tr 0.2 2.3 36.3 2.8 13.5 1.6 0.8 2.8
þN 7 10.2 3.5 8.1 1.8 tr tr 4.8 28.7 1.4 13.4 1.8 0.6 33.9
�N 28.3 8.7 7.9 0.6 tr tr 2.2 38.2 2.4 12.7 1.2 0.5 30.7
þN 14 20.6 6.8 8.2 0.9 tr tr 4.1 33.2 1.3 13.6 1.7 0.5 32.7
�N 33.2 10.3 7.4 0.5 tr tr 1.9 38.0 3.2 12.9 1.1 0.5 31.1

aTotal of 16:1 isomers.
20:1, 20:2 n-6, 20:4 n-3 and 22:0 were also present at less than 1%.
tr - traces;
The data represent a mean of two analytical repeats of the pooled biomass samples collected in the representative experiment.
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4 Conclusions

Both light-limitation and excessive irradiation impaired
biomass, TFA and DGLA productivities of N-starving
P127 cultures. By contrast, at sufficiently high starting cell
density (2 gL�1 under our conditions) the increased
irradiance was conductive for DGLA production by P127.
An added benefit of high-density cultures is an increase in
biomass productivity meaning a shorter cultivation cycle in
the case of the bi-phasic cultivation approach. Admittedly,
the parameters found in this work may not hold for every
combination of cultivation conditions. Therefore, for each
cultivation system, the optimal conditions with regard to the
effective degree of stress applied to the culture should be
evaluated. This process might be streamlined by the use of
the characteristic stress markers, such as OA/DGLA ratio,
with important biotechnological applications.
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