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Abstract
Because of their high lipid content, microalgae are regarded as a potentially competitive source for biofuels. However, one of the
main biotechnological challenges in algae-based biofuels is that cell division is arrested under conditions which promote lipid
accumulation, resulting in reduced overall lipid yield. In this study, sethoxydim-resistant mutants of the promising thermotolerant
green microalga Micractinium sp., which has a relatively fast growth rate and tolerance to outdoor high temperatures, were
generated by UV-C mutagenesis for increased cellular triacylglycerol (TAG) without compromising on growth rate. Two
Micractinium mutants were isolated (designated as Mut 3 and Mut 4) that displayed significant increase in TAG cell content
up to 71% and 84%, with decreased chlorophyll content by 37% and 38%, respectively, compared with the wild-type cells. Final
TAG culture productivity of Mut 3 and Mut 4 were also greater, reaching up to 0.61 ± 0.01 and 0.62 ± 0.02 g L−1, respectively,
compared with the wild-type culture of 0.40 ± 0.03 g L−1. The mutants were stable without using antibiotics or any other
chemicals during the experiments and preservation. These results highly nominate the mutants of Micractinium sp. isolated in
this work as potential microalgae candidates to serve as a feedstock for sustainable and cost-effective biofuel production.
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Introduction

Microalgae are increasingly considered as promising sources
of biofuel to supplant fossil fuels. Under optimal growth con-
ditions, microalgae produce fatty acids mainly for esterifica-
tion into glycerol-based membrane lipids, which constitute
about 5–25% of their dry cell weight (Viso and Marty 1993;
Abomohra et al. 2013). Fatty acids are synthesized by a set of
repeated enzymatic reactions, initiated by the formation of

malonyl CoA from acetyl CoA, catalyzed by the acetyl CoA
carboxylase (ACCase). This step as well as the subsequent
ones is inhibited by specific inhibitors such as triclosan
(Heath et al. 1999), quizalofop (Burton et al. 1989),
sethoxydim and haloxyfop (Burton et al. 1987), and cerulenin
(Chaturvedi and Fujita 2006) that act as efficient herbicides.
Previous works with algae, fungi, and bacteria have shown
that mutants conferring resistance to lethal levels of these her-
bicides produced elevated levels of fatty acids (Chaturvedi
et al. 2004; Chaturvedi and Fujita 2006; Liu et al. 2017).

Under stressful environmental conditions, especially
nitrogen starvation, many algal species change their lipid
profile to form neutral lipids in the chloroplast then
exported to the cytoplasm where they are attached to
the glycerol backbone in the form of triacylglycerols
(TAGs) that are accumulated in storage droplets
(Solovchenko 2012). Under such conditions, total lipid
content of certain microalgae can increase up to about
50% and above (Hu et al. 2008). Despite that some stress
conditions may lead to increasing lipid production in
algae, however, these conditions also result in the halt
of cell division, which eventually does not lead to an
overall increase in lipid productivity.

The Author Said Abu-Ghosh dedicates this work to his parents.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10811-019-01859-w) contains supplementary
material, which is available to authorized users.

* Said Abu-Ghosh
said.abu-ghosh1@biu.ac.il

1 The Mina and Everard Goodman Faculty of Life Sciences, Bar-Ilan
University, 5290002 Ramat-Gan, Israel

2 Bar Ilan Institute of Nanotechnology and Advanced Materials
(BINA), Bar-Ilan University, 5290002 Ramat-Gan, Israel

3 The Dead Sea and Arava Science Center, 86910 Arava, Israel

https://doi.org/10.1007/s10811-019-01859-w
Journal of Applied Phycology (2019) 31:3433 3440

/Published online: 6 July 2019

–

http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-019-01859-w&domain=pdf
http://orcid.org/0000-0003-3558-8070
https://doi.org/10.1007/s10811-019-01859-w
mailto:said.abu-ghosh1@biu.ac.il


However, under periods of nutrient starvation, total rates of
lipid production are reduced because higher cellular content of
lipids is offset by arresting cell division (Breuer et al. 2012).
Therefore, using existing technologies with the most appro-
priate algal species, it is possible to either grow microalgae
under optimum conditions to promote a high growth rate, or to
grow microalgae under stressful conditions to promote an el-
evated cellular TAG content; however, it is not possible to do
both (Yu et al. 2009; Abu-Ghosh et al. 2015). In fact, in most
cases, biomass productivity and lipid content are inversely
related (Francisco et al. 2010). Moreover, the production of
TAG or any other valuable chemicals from microalgae is per-
formed by a two-stage cultivation strategy (Yen et al. 2013),
first stage to accumulate biomass and the second stage is ap-
plying stress conditions on microalgae, which is considered to
be the most energy-consuming step in the production process
(Morales et al. 2019). Therefore, there is a need to develop
stable microalgal strains that are capable of maintaining a
lipid-rich phenotype under growth conditions that allow a fast
cell division, whichwould significantly enhance the economic
feasibility of microalgae-based biofuels.

Cellular TAG content and culture TAG productivity are the
most important parameters for cost-effective production of
biodiesel (Griffiths and Harrison 2009). As a part of that,
many efforts have been spent to generate mutant cells that
accumulate large amounts of TAG, mainly by creating trans-
genic strains via synthetic biology. This approach is based on a
thorough study of the organism’s genome, biochemical path-
ways, and control mechanisms, and is dependent on an effi-
cient transformation and a precise protocol. And yet, there are
still unresolved mechanisms that prevent the achievement of
the desired phenotype. The approach undertaken in this study,
the “rapid breeding”, requires a large population of genetic
variants, which is obtained easily by random mutagenesis of
a large population, and efficient selection/screening methods.
One notable advantage of that approach is that it can produce
the desired phenotype with no prior knowledge of the
corresponded genes in the target organisms. Second and most
important advantage of that approach is that in many cases, a
phenotype can be achieved via a combination of yet unknown
genetic factors. Third advantage of that approach is its
rapidity—a matter of weeks—and its suitability to micro-
organisms.

Recently, it was reported that algal breeding through ran-
dom mutagenesis, followed by selection over lethal levels of
different inhibitors of fatty acid synthesis, resulted in the iso-
lation of some fatty acid overproducers that were superior over
the wild-type cells (Chaturvedi et al. 2006; Liu et al. 2017;
Moha-León et al. 2018).

Thermotolerant microalgae are excellent candidates for
biotechnology and mass production since they grow well out-
doors under high light and can tolerate moderately high tem-
peratures (Patel et al. 2019). However, the use of

thermotolerant species in biofuel production was poorly
studied.

Recently, it was shown that the thermotolerant microalga
Micractinium sp., which was isolated from the Syrian-African
rift Valley, Israel (Adar et al. 2016), is a potential feedstock for
biodiesel since it has fast growth rate of 0.263 day−1 (Adar
et al. 2016), tolerates a wide range of temperatures (Sonmez
et al. 2016), with an optimal growth temperature of 35–40 °C
(Onay et al. 2014; Adar et al. 2016), and with the ability to
grow under both heterotrophic and mixotrophic cultivation
conditions (Engin et al. 2018). In addition, this algal species
contains adequate amounts of TAG (Abu-Ghosh et al. 2018)
with a matching fatty acid profile for biodiesel production (Shi
et al. 2019).

In this work, we have generated sethoxydim-resistant mu-
tants of the fast-growing thermotolerant microalga
Micractinium sp., isolated from the Syrian-African rift
Valley, Israel (Adar et al. 2016). These mutants showed dra-
matically greater TAG productivities than the wild-type dur-
ing the exponential phase of cellular growth, without the need
for a second stage of nutrient starvation.

Material and methods

Experimental strain

Axenic pre-cultures of the thermotolerant Micractinium sp.
were grown on modified BG-11 medium containing in
addition Na2SiO3.9H20 (58 mg L−1) as described in
Watanabe et al. (2000) with final pH 7.4 in Erlenmeyer
flasks capped with a silicone sponge under optimal condi-
tions of continuous illumination of 250 μmol photons
m−2 s−1 provided by EdiStar 120 W point-source light-
emitting diodes (LEDs) at 30 °C and ambient CO2 con-
centrations, and were shaken at 150 rpm in a DFO-150
shaker incubator (MRC, Israel). The cultures were main-
tained in the log phase by dilution every 3 days to min-
imize self-shading according to Abu-Ghosh et al. (2018).

Mutagenesis and screening of mutants

The mutagenesis device consisted of UV-C lamp (Philips
TUV 30W G30 T8 lamp with 12W UV-C output at
253.7 nm) that is placed 23 cm away from the cells, in a sealed
wooden box. In the first stage, the UV-C time exposure, which
was able to kill 90% of the cells in the specified device (UV-C
output; distance from the lamp and cell concentration), was
determined. To that end, 9 sterile Petri dishes, each bearing
2 × 107 Micractinium sp. cells, suspended in 20 mL distilled
water, were exposed to UV-C radiation for 0 to 80 s in a 10 s
increment. The exposed cells were then left in the darkness for
24 h to prevent photolyase activity and UV-C damage
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correction. Consequently, known volumes were drawn from
each plate after resuspension and spread on triplicate agar
plates with BG11 medium for colony counting following
10 days of incubation. According to the generated killing
curve (exposure time vs. percent viable cells), the exact time
needed to provide 90% killing was calculated. It was found
that a 60 s exposure provides that level of killing. In the sec-
ond stage, in order to determine sethoxydim lethal levels, 2 ×
107 Micractinium sp. cells were grown on BG11 agar plates
with increasing levels of the acetyl CoA carboxylase inhibitor
sethoxydim (Sigma-Aldrich) from 0 to 80 μM in 10 μM in-
crement (Liu et al. 2017). After 10 days of incubation, 60 μM
of sethoxydim was found to be the lowest lethal level for
Micractinium sp. In the third stage, 18 Petri dishes, each bear-
ing 2 × 107 Micractinium sp. cells, suspended in 20 mL dis-
tilled water, were exposed to UV-C radiation for 60 s and left
in the darkness for 24 h. Consequently, the cells were re-
suspended, transferred to sterile 50-mL Falcon tubes and cen-
trifuged at 5000×g for 8 min. The concentrated cells were then
spread on BG11 agar plates bearing 60 μM sethoxydim. After
10 days, the surviving colonies were transferred to other
BG11 agar plates without 60 μM sethoxydim for longer time
preservation. Wild-type and mutant cell lines were then grown
and kept in sethoxydim-free medium and were diluted weekly
with the same medium for at least 5 weeks prior to the
experiments.

Experimental conditions

Exponential cultures of the Micractinium wild-type and mu-
tants were adjusted to a starting optical density of 0.02 at
750 nm (OD750) to reduce self-shading for reliability.
Seventy-five milliliter of each culture was incubated in
150-mL Erlenmeyer flasks in a shaker incubator with a con-
trolled temperature (for determination of optimal temperature,
see Supplementary Fig. 1), and rotational speed of 150 rpm.
Continuous saturating illumination intensity of 350 μmol pho-
tons m−2 s−1 was provided by a homemade panel of six
EdiStar 120-W point-source LEDs (Edison, Karlsbad,
Germany) at the top surface of the algal flasks during the
cultivation period for 24 h a day without dark periods to short-
en the experiment time. For inorganic source of carbon, sodi-
um bicarbonate (1 g L−1) was added to the medium (White
et al. 2013; Mokashi et al. 2016). Sterilized double distilled
water was added to the cultures prior sampling to compensate
for the minor water loss due to evaporation.

Determination of growth

Growth ofMicractinium cell lines was monitored by measur-
ing the change in the optical density of the cultures at 750 nm
(OD750), cell count, and dry biomass.

All cultures were initiated with an OD750 value of 0.02,
which was equivalent to 1 × 105 cells. Cell numbers were
counted using a BD FACSCalibur flow cytometer (Breda,
Netherlands). For dry biomass, 5 mL culture samples was
filtered and collected on a mixed cellulose membrane (pore
size, 0.45 μM), washed with deionized water twice, and dried
overnight at 60 °C and were then immediately desiccated be-
fore weighing.

Quantification of neutral lipids

The neutral lipids in the algal cultures were determined using
the standard Nile Red assay. Samples (2 mL) of algal culture
were flash-frozen in liquid nitrogen and then were stored at
− 80 °C prior to analysis. Nile Red (Sigma-Aldrich, USA) was
dissolved in HPLC grade ethanol at a concentration of
500 μg mL−1, and was stored in complete darkness in a vial
covered in aluminum foil to prevent photodegradation at 4 °C.
In a black opaque 96-microwell plate, 185μL of vortex-mixed
algal samples was aliquoted into the wells in duplicates (mul-
tiplied by the 3 triplicates of each treatment, thus total of 6
replicates) along with triplicate blanks. Following the addition
of the algal samples to the wells, the Nile Red suspension
(final concentration 5%) and DMSO (final concentration
10%) were added to the treatment wells. The microwell plate
was covered and incubated in darkness with gentle shaking for
10 min to allow dye penetration into the cells.

To analyze the development of fluorescence within the
poststaining time, the fluorescence intensity of the stained
mixture was recorded at regular intervals with a fluorescence
spectrophotometer Synergy HT multimode plate reader
(BioTek, USA) at excitation and emission wavelengths of
530 and 590 nm, respectively. For the TAG calibration curve,
stock glyceryl trioleate (≥ 99% purity) was purchased from
Sigma Aldrich (Rehovot, Israel) and then used as standard at
different concentrations (5 to 2000 mg L−1) as previously
described (Abu-Ghosh et al. 2018).

Quantification of total chlorophyll

Total chlorophyll content was measured by centrifuging
5 mL samples of each culture at 5000×g at 4 °C for
10 min. The pellets were suspended in 5 mL DMSO,
vortexed thoroughly, and then incubated at 70 °C for
5 min in the dark until the sample turned white. After
cooling, the extracts were centrifuged at 5000×g for
15 min and the supernatant pigment was then transferred
into 1-cm quartz cuvettes and analyzed spectrophotomet-
rically. The wavelengths 649, 665, and 480 nm were
used to calculate the total chlorophyll concentration by
the trichromatic equations (Wellburn 1994).
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Microscopic analyses

Micractinium cells stained with Nile Red for10 min were
photographed using a Leica SP8 confocal microscope
equipped with Olympus DP10 digital camera, fitted with a
100-WHigh PressureMercury Burner with a lateral resolution
down to 140 nm. Using CUDA-based processing, differential
interference contrast (DIC), chlorophyll autofluorescence, and
Nile Red epifluorescence (excitation 510–530 nm, emission
590 nm) images were obtained at × 1000 magnification with
oil immersion.

Estimation of cell diameter

Cell diameter was determined by means of fluorescence-
activated cell sorter (FACS, BD Fortessa, USA) using side
scatter pulse width (SSC-W) data from cells against size cal-
ibration bead standards of polystyrene (Spherotech, USA).
Briefly, six different bead standards ranging between 3 and
17 μM were used to plot a calibration standard curve of am-
plifier gains where the pulse width was independent of peak
height and peak area. The curve was then fitted with a linear
curve according to Sharpless and Melamed (1976), and was
used to transform the median SSC-W data from a given
microalgal cell population into a median cell diameter
(Supplementary Fig. 2).

Statistical analysis

For each parameter, the average and standard deviation were
calculated. The statistical significance of the results was eval-
uated using the Student’s paired t test.

Results

Successful isolation of stable mutant cell lines
accumulates superior amounts of TAG without stress

Following UV-C mutagenesis and sethoxydim screening for
survival, two cell lines were isolated, labeled as Mut 3 and
Mut 4, and subsequently characterized along with the wild-
type cells. To test whether the isolated mutant cell lines accu-
mulate neutral lipids in relatively large quantities, we grew the
three different phenotypes under optimal conditions and then
examined the accumulation of lipid droplets with the aid of the
Nile Red staining under the confocal microscope (Fig. 1).
These images were taken 6 weeks after the mutant cell lines
were isolated and maintained on sethoxydim-free medium.
The images show that the cytoplasmic lipid droplets within
the algal cells are more evident in Mut 3 and Mut 4 cell lines
than in the wild-type cells, with higher accumulation inMut 4.
Notably, chlorophyll fluorescence in the two mutant cell lines

was less than in the wild-type.Moreover, Mut 4 seems to have
slightly bigger cell diameter than Mut 3 and the wild-type
cells.

To confirm that the mutant cell lines accumulate more lipids
than the wild-type cells of Micractinium sp., lipid content was
measured by the Nile Red fluorescence analysis for each of the
three phenotypes (Fig. 2). The accumulation of lipids in both
mutant cell lines Mut 3 andMut 4 was significantly (P < 0.001)
increased up to 16 and 120%, respectively, in regard to thewild-
type cells after 7 days of cultivation under optimal conditions
(Fig. 2a). Interestingly, the percent of increase in lipid produc-
tion changed with cell aging. The volumetric TAG content of
Mut 3 and Mut 4 had a dramatic increase on day 10, reaching
up to 71 and 84% increase, respectively. Obviously, lipid in-
crease in the mutant cell lines, especially in Mut 4, was accom-
panied by the increase in granulation and cell size which were
observed in the microscope images.

For precise TAG quantification in the three phenotypes, cell
content and culture content of TAG were determined and pre-
sented in Fig. 2 b.TAGcontent herewas determined after 10days
of cultivation. This was performed only because sufficient cell
density was available for the analysis. The wild-type cells
contained 32.9 ± 0.9 pg TAG cell−1, whereas Mut 3 and Mut 4
showed a superior cell content of TAG with 56.0 ± 2 and 60.7 ±
4 pg TAG cell−1, respectively. Most importantly, volumetric
TAG content was also significantly higher (P < 0.001) in Mut 3
and Mut 4 up to 0.61 ± 0.01 and 0.62 ± 0.02 g L−1, respectively,
~ 50%greater than the wild-type culture (0.40 ± 0.03 g L−1).

On the other hand, per-biomass chlorophyll content was
less in Mut 3 and Mut 4, with 7.0 ± 0.1 and 6.8 ± 0.2 mg Chl
g−1 DW, respectively, compared with 9.4 ± 0.7 mg Chl g−1

DWof the wild-type (Fig. 2c).

Mutant cell lines have the same growth rate
as wild-type, with a different prospective

Cell size of Micractinium sp. changes during growth when
physiochemical alterations occur within the growth cycle
(Adar et al. 2016). In the current work, average cell size of
the three phenotypes during the mid and late exponential
phase is presented in Fig. 3. The wild-type cells increased their
size with cultivation time; however, no significant changes in
size of Mut 3 and Mut 4 were observed. During mid-
exponential phase, both mutants were bigger than the wild-
type cells. After 10 days of cultivation, i.e., in the late-
exponential phase, Mut 4 cells were slightly bigger (~
12 μM) than both the wild-type and Mut 3 (~ 10 μM).

Comparative growth analysis of the wild-type and the
mutants Mut 3 and Mut 4 cultures was performed to
determine per-cell and per-biomass TAG productivity of
the three cell lines. The growth kinetics of the wild-type
and the two mutant of Micractinium sp. are presented in
Fig. 4. Under optimal growth temperature of 35 °C, the
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growth of the three phenotypes as judged by turbidity
was essentially identical, with initial OD750 of 0.02 and
final of ~ 2.9 after 10 days of cultivation (Fig. 4a).

Moreover, the growth of the mutant cell lines at 25 and
42 °C was not significantly different from that of the
wild-type (Supplementary Fig. 1).

DIC                      Chlorophyll                      Nile red                        Merged

WT

Mut 3

Mut 4

Fig. 1 Fluorescence microscopy of lipids in the wild-type (WT) and two isolated mutant cell lines (Mut 3 and Mut 4) of Micractinium sp. Images are
shown in the order: bright field (DIC), chloroplast autofluorescence (Chlorophyll), lipid fluorescence (Nile Red), and merged. Scale bar = 5 μM
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In addition to culture OD750, cell numbers were monitored
during the mid- and late-exponential phase of growth (on days
7 and 10). After 7 days of cultivation, cell number of Mut 3
was close to that of wild-type (9.8 ± 0.4 × 106 and 9.6 ± 0.2 ×
106 cells mL−1, respectively), whereas cell number of Mut 4
was lower (7.0 ± 0.3 × 106 cells mL−1) (Fig. 4b). When cul-
tures aged, i.e., after 10 days, Mut 4 had a sharp increase in
cell number to catch up with Mut 3, yet both mutants
displayed slightly lower cell number (~ 10.2 × 106 cells
mL−1) than the wild-type (12.0 ± 0.2 × 106 cells mL−1).

In another aspect, cell dry weight of Mut 4 was significant-
ly (p < 0.001) the highest compared with M3 and the wild-
type, with 93.8 ± 6.6, 63.2 ± 2.5 and 57.1 ± 1.7 pg, respective-
ly, on day 7, and 106.8 ± 5.3, 90 ± 1.8 and 75.5 ± 2.3 pg, re-
spectively, on day 10 (Fig. 4c). The increase in cell dry weight
of Mut 4 compensated for the less cell number than the wild-
type and Mut 4; therefore, the overall growth in terms of
accumulation of culture biomass dry weight was almost sim-
ilar in all cultures during the sampling points on day 7 (0.65 ±
0.1 vs. 0.62 ± 0.03 vs. 0.54 ± 0.02 mgmL−1, respectively) and
on day 10 (1.1 ± 0.1 vs. 0.97 ± 0.1 vs. 0.9 ± 0.1 mg mL−1, re-
spectively) (Fig. 4d).

Discussion

In the current work, UV-C mutagenesis followed by se-
lection over lethal doses of the fatty acid biosynthesis

inhibitor sethoxydim was used to generate stable
microalgae mutants that contain higher TAG levels, while
maintaining wild-type growth characteristics, from the
thermotolerant microalga Micractinium species. After mu-
tagenesis and screening for sethoxydim-resistant lines, the
isolated colonies were examined for TAG content and
yield. Compared with the wild-type cells, the Nile Red
fluorescence intensity of two mutant cell lines (Mut 3
and Mut 4) was obviously stronger, while the autofluores-
cence (chlorophyll) was lesser (Fig. 1). This was an indi-
cation for a successful isolation of TAG overproducer
mutants of Micractinium sp.

After 10 days of cultivation, per-cell and volumetric
(culture) TAG contents were similar in both mutant cell
lines, which were almost twofold higher than the wild-
type cells (Fig. 2b). However, chlorophyll content
(analysis) of the mutant cell lines was less than that of
the wild-type cells (Fig. 2c), balancing between lipid ac-
cumulation and chlorophyll biosynthesis in the cells, since
all cultures were grown under the same environmental
conditions, including light intensity. For example, under
nutrient starvation, the decrease in chlorophyll content,
which usually intensified during long-term nitrogen star-
vation, has the possible function of facilitating TAG syn-
thesis and accumulation as energy storage mechanism (Li
et al. 2008; Sandmann et al. 2018).

TAG content of Mut 3 and Mut 4 (~ 62%) is much
higher than that of the wild-type thermotolerant
Micractinium sp. ME05 which was isolated from Central
Antonia and showed fast growth rate but low lipid content
of only 10.70% (Onay et al. 2014), and higher than the
recently reported thermotolerant Micractinium sp. IC-76
(Piligaev et al. 2018) with maximum TAG of ~ 18.7%, or
the mesophilic Micractinium inermum (up to 40%) (Shi
e t a l . 2019) . In terms of producing mutants of
thermotolerant, Mut 3 and Mut 4 showed higher TAG con-
tent than the thermotolerant mutant of Chlamydomonas
reinhardtii (Lee et al. 2014) that increased its lipid content
from 6.4% (wild-type) to only 7.5% (mutant).

It is expected that a promising algal strain for bio-
diesel production should have a fast growth rate and
high TAG cell content for a final high TAG yield, and
perform well in downstream processes (Wijffels and
Barbosa 2010). In this work, the growth rates and bio-
mass productivities of the wild-type and the mutant cell
lines of Micractinium sp. were similar during the culti-
vation period (Fig. 4a, d). However, after 10 days of
incubation, cell and culture TAG contents of the mutant
cell lines increased significantly (P ≤ 0.01) in compari-
son with the wild-type cells (Fig. 2a, b). These results
are evidence that the increased TAG contents of the
vegetative cells of Mut 3 and Mut 4 have no effect,
as sort ing cri ter ia, on growth rate or biomass
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productivity. The fact that the mutants Mut 3 and Mut 4
actively and consistently grow and had higher lipid con-
tent than the wild-type Micractinium sp. and other mu-
tants makes them the candidates for further improve-
ment in photoautotrophic or mixotrophic lipid produc-
tivity, which may be achieved by more optimization of
environmental factors or effective bioreactors.

Conclusions

Mutants of the thermotolerant fast-growing microalga
Micractinium sp. were obtained by UV mutagenesis followed
by the sethoxydim-resistance screening method. Two potent
mutants were selected and showed significantly increased
TAG synthesis and accumulation without compromising the

growth rate. Mut 3 and Mut 4 cell lines had 71% and 84%,
respectively, increase in TAG cell content compared with the
wild-type, and ≥ 60% higher overall volumetric TAG content
during the late-exponential phase in non-stress conditions.
The isolated mutants were stable in regular medium without
any special requirements, herbicides, or antibiotics. Therefore,
Mut 3 and Mut 4 cell lines of Micractinium sp. should be
considered as a feedstock for biodiesel production, since the
increased TAG productivity shortens the batch runtime (no
stage 2 of nitrogen starvation is needed) with respect to the
wild-type, and thus they could make commercialization of
algal-lipid biofuels more feasible.
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weight. Averages of six samples
of two separate biological repeti-
tions ± SD. *(P ≤ 0.05), **(P ≤
0.01)
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