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Abstract

In this work we performed assays for the genetic improvement of the oleaginous yeast Lipomyces starkeyi DSM
70296 focusing on its utilization for lipid biosynthesis from renewable sources. The genetic optimization was carried
out by random mutagenesis by ultraviolet irradiation and mutant selection by cerulenin, a compound displaying
inhibitory effects on lipid biosynthesis. Mutants demonstrating normal growth in presence of cerulenin were
considered as good candidates for further studies. Using this strategy, we selected 6 mutants for further studies,

in which their productivities were evaluated by fermentation in shaken flasks and bioreactor. The evaluation of the
fermentative performance of mutants was carried out using xylose as sole carbon source; the fermentation of
wild-type strain was used as reference. Using this strategy it was possible to identify one mutant (termed A1)
presenting a significant increase in the productivity rates of both biomass and lipid in comparison to wild-type
strain. AT mutant was further studied in bioreactor using the same fermentation parameters optimized for L. starkeyi
lipid production from a mixed carbon source (xylose:glucose), as previously determined by other studies in our
laboratory. A1 presented a productivity increase of 15.1% in biomass and 30.7% in lipid productivity when
compared to the wild-type strain with a similar fatty acid composition, despite a slight increase (approx. 7%) on the
unsaturated fraction. Our work demonstrates the feasibility of the random mutagenesis strategy coupled with
mutant selection based on cerulenin screening for the genetic improvement of the oleaginous yeast L. starkeyi.
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Introduction

Microorganisms constitute a promising alternative for
the production of second generation biofuels and
other valuable biochemicals. The major advantage of
using microorganisms to obtain products of industrial
interest is the fact that they do not require large
cultivation areas, being usually cultured in fermenta-
tion vats and therefore not competing for agricultural
land (Vicente et al. 2004, Meng et al., 2009). Another
important characteristic of microorganisms is the
ability to use several complex materials such as
lignocellulosic wastes as source of nutrients (Meng
et al. 2009).
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Among the most promising candidates for industrial use
are the oleaginous yeasts, which are those capable to accu-
mulate high amounts (>20%, cell dry weight) of intracellu-
lar lipids, as Cryptococcus albidus, Rhodosporidium
toruloides, Rhodotorula glutinis,Lipomyces starkeyi and
Yarrowia lipolytica (Li et al. 2008, Angerbauer et al. 2008,
Papanikolaou and Aggelis 2011).

Among these species, Lipomyces starkeyi displays
characteristics of high interest, as the ability to accumulate
lipids up to 70% its dry weight, the high flexibility in carbon
source utilization and culture conditions, and a fatty acid
composition highly similar to vegetable oils (Ratledge 1991,
Li et al. 2008, Angerbauer et al. 2008, Meng et al. 2009,
Ageitos et al. 2011). Despite all its potential, the lipid pro-
duction by L. starkeyi is still not economically viable mainly
due to limitations in productivity of the wild-type strains
(or natural isolates) (Ageitos et al. 2011). It appears to con-
stitute a refractory species to most of conventional genetic
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engineering approaches, as observed by preliminary studies
performed by our group and supported by the lack of data
concerning its genetic transformation in literature.

Therefore, the development of alternative methodolo-
gies for the genetic improvement of L. starkeyi is of major
importance. In such cases, it is preferred to employ
methods to increase the natural rates of mutation of their
DNA through the action of mutagens, such as UV light,
ionizing radiation or others mutagenic agents, as already
determined for other microorganisms of industrial interest
(Keller et al. 2004, Patnayak and Sree 2005, Wang et al.
2009, Nishiuchi et al. 2012).

The major challenge in obtaining improved strains by
random mutagenesis is the development of efficient
screening methods in order to identify, among all the
mutants, those presenting an effective increase in the
bioconversion of interest. In the case of oleaginous
microorganisms, some strategies are based on measure-
ment of absorbance readings after staining with Sudan
Black B (Thakur et al. 1989, Patnayak and Sree 2005) or
a colorimetric method based on the sulfo-phospho-
vanillin reaction (Izard and Limberger 2003). However,
since these methods do not include a pre-selection strat-
egy, the measurements must be performed systematically
to a large number of mutants.

Cerulenin, a molecule originally isolated from the
fungus Cephalosporium caerulens (Satoshi 1976), was
observed to present inhibitory effects on fatty acid syn-
thase, an important enzyme in lipid biosynthesis (Heath
et al. 2001). The use of cerulenin was previously described
as increasing the poly-unsaturated fatty acids (PUFA)
content in Moritella marina (Morita et al. 2005). Also, it
was used for selection of high lipid-producing mutants in
the oleaginous yeast Rhodotorula glutinis (Wang et al.
2009).

In this context, the present study employed the random
mutagenesis by UV irradiation for the genetic optimization
of L. starkeyi DSM 70296. Mutagenesis was followed by the
screening of mutants based on cerulenin as an attempt to
obtain mutants displaying increased lipid productivity.
Using this strategy, we selected 6 mutants displaying super-
ior growth and lipid accumulation profile. The fermenta-
tion studies revealed an increase of 15.1% in biomass and
30.7% in lipid productivities of the mutant identified as A1l
when compared to the wild-type strain, thus indicating the
feasibility of random mutagenesis coupled to cerulenin-
mutant screening strategy for the genetic improvement of
Lipomyces starkeyi.

Material and methods

Microorganism

Lipomyces starkeyi DSM 70296 was preserved in agar
slant (solid YPX) at 4°C until its use.
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Culture media

YPX media: xylose 10g/L; peptone 3 g/L; yeast extract
3 g/L. Solid YPX: xylose 10 g/L; peptone 3 g/L; yeast
extract 3 g/L; agar 20 g/L. Pre-inoculum media: xylose
20 g/L; yeast extract 2 g/L; ammonium sulfate [(NH4),SO4]
1 g/L; potassium phosphate monobasic (KH,PO,) 3,5 g/L;
sodium phosphate dibasic (Na,HPO,4) 1,0 g/L; magnesium
sulphate  (MgSO.7H,0) 1,5 g/L; calcium chloride
(CaCl,-2H,0) 0,2 g/L. Fermentation media: xylose 30 g/L;
yeast extract 1 g/L; ammonium sulfate [(NH4)>SO4]
0,7 g/L; potassium phosphate monobasic (KH,PO,)
3,5 g/L; sodium phosphate dibasic (Na,HPO,) 1 g/L;
magnesium sulphate (MgSO,7H,0) 0,4 g/L; calcium chlor-
ide (CaCl,2H,0) 0,2 g/L; zinc sulphate (ZnSO47H,0)
0,08 g/L; copper sulphate (CuSO45H,0) 0,001 g/L; cobalt
chloride (CoCL,6H,0O) 0,001 g/L; ammonium molyb-
date [(NH),Mo,0O;] 0,001 g/L; manganese sulphate
(MnSO4H,0) 0,005 g/L. Standard (bioreactor) media:
glucose+xylose (70%+30%) 60 g/L; yeast extract 1 g/L; po-
tassium phosphate monobasic (KH,PO,) 1 g/L; sodium
phosphate dibasic (Na,HPO,) 1 g/L; magnesium sulphate
(MgSO47H,0) 0,4 g/L; calcium chloride (CaCly2H,O)
0,04 g/L; zinc sulphate (ZnSO,7H,0O) 0,08 g/L; copper
sulphate  (CuSO45H,0) 0,001 g/L; cobalt chloride
(CoCLy6H,0) 0,001 g/L; ammonium molybdate [(NHy)
»Mo0,0O7] 0,001 g/L; manganese sulphate (MnSO4H,O)
0,005 g/L.

The fermentation media and standard media were pre-
pared with a carbon/nitrogen (C/N) ratio = 50 to induce
lipid accumulation. All the reagents were AP (Analytical
Purpose) grade. The media were sterilized by autoclaving at
121°C, 1 atm, for 20 min. Xylose was autoclaved separately
from other nutrients to prevent caramelization, and added
aseptically to the medium with the other reagents.

UV irradiation

UV irradiation was performed inside a dark box of 51 cm x
22 cm x 24.5 cm (length x width x height) containing two
UV lamps of 15 W each, positioned inside the box top. The
energy emission was estimated as 27 mJ x s-' x cm-'. The
inoculum was transferred to a sterile petri dish at a concen-
tration of 1.55x10” cells/mL. The plate was positioned
inside the box and exposed to UV irradiation at times of 0
(control), 10, 20, 30, 40, 50 and 60 min. The plate contain-
ing the culture was manually agitated every 10 minutes for
cell resuspension. After each exposition period, 1 ml
aliquots were collected, properly diluted (serial dilution of
1000-fold) and plated.

Mutant screening

After UV irradiation, mutagenized cells were grown on
solid YPX plates supplemented by 10 pg/ul. cerulenin, as
defined by Wang et al. 2009. An aliquot of non-irradiated
cells was cultivated under same conditions as internal
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control and also on a non-supplemented YPX plate to
verify the effectiveness of cerulenin inhibition on wild-type
L. starkeyi. The plates were incubated for 5 to 8 days, a
period sufficient to detect visible colonies and to allow the
diameter estimative.

Cultivation in shaken flasks

From the culture stored at 4°C, a loop of cell mass
was transferred aseptically to 50 mL YPX media and then
incubated in an orbital shaker at 150 rpm and 28°C
for reactivation. Next, this culture was used to inoculate
250 mL-Erlenmeyer flasks (work volume of 50 mL) of
Pre-inoculum media (10% v:v) and incubated at 150 rpm
and 28°C until reaching an optical density of 0.1 at 600 nm
(approximately 48 hours). Finally, this pre-adapted culture
was used to inoculate 250 ml-Erlenmeyer flasks (work
volume of 50 mL) of Fermentation media (10% v:v) and
incubated at 150 rpm and 28°C. Samples were collected at
24-hour intervals, in triplicates, for the determination of
biomass, cell concentration, lipid accumulation and con-
sumption of nutrients (nitrogen and sugar).

Fermentation in bioreactor

The pre-inoculum was performed in 250 mL-Erlenmeyer
flasks (work volume of 100 mL) and cultivated at 150 rpm
and 28°C until reaching an optical density of 0.1 at 600 nm
(approximately 48 hours).From this culture, the Standard
medium was inoculated with 10% (v/v), in a 2.5 liters
BioFlo III bioreactor (New Brunswick), working volume of
2 liters. The initial pH was adjusted to 5.5 with HCl 1 M.
The fermentation parameters were: 400 rpm stirrer speed
(with two Rushton propellers), 1 v.v.m aeration to keep
20% of oxygen dissolved, and constant pH 5.5 by addition
of NaOH 2M. The fed-batch method was performed with
addition of feeding solution in a volume sufficient to reach
a final concentration of 30 g/L of carbohydrates. The feed-
ing solution contained glucose:xylose (30% : 70%), nitrogen
(ammonium sulphate and yeast extract) and salts in same
proportion that was initially present in the cultivation
medium; the relation C/N = 50 was maintained. The feeding
was performed following the exhaustion of carbohydrates
from the media, as determined by Somogy-Nelson colori-
metric reaction (Nelson 1944; Somogy 1945). Aliquots were
collected at 24-hour intervals during all fermentation to de-
termination of biomass, cellular concentration, lipid accu-
mulation and sugar consumption.

Analytical Methods

Biomass assessment

Biomass was assessed by absorbance and dry biomass. For
dry biomass preparation, 1-mL aliquots of culture were
taken during fermentation, transferred to pre-weighted
tubes and pelleted. After drying and lyophilization, dry bio-
mass weight was estimated by calculating the difference to
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the initial tube weight. For absorbance readings, aliquots of
0,5 mL were taken during fermentation at 24-hour inter-
vals, properly diluted in water and measured at 600 nm by
VictorX Multiplate Reader (Perkin Elmer, US). Calibration
curves were performed using dry biomass as reference
(linear correlation was achieved in the absorbance range
from 0.1 to 0.6).

Carbohydrate determination

Glucose and xylose were analyzed by ion chromatog-
raphy at a Metrohm system (Polystyrene/divinylbenzene
copolymer column). Eluent: NaOH (0,lmM/L) at 1.0
mL/min. Temperature of column and detector: 30°C.
During fermentation, the sugar concentration was also
followed by Somogy-Nelson colorimetric method.

Determination of lipid content

Prior to lipid extraction, a previous acid treatment was
performed by adding hydrochloric acid (4 mL HCl 2M)
for each 300 mg of freeze-dried biomass and incubating
at 80°C for 1 hour. The cellular debris was excluded by
centrifugation (6000 x g, 4°C, 15 min). The lipids were
gravimetrically quantified by Bligh-Dyer’s method (Bligh
and Dyer 1959; Manirakiza et al. 2001).

Nitrogen determination

Inorganic nitrogen was determined by Berthelot reaction as
described by Srienc (Srienc et al. 1984). 100 pL of sample
(diluted with water when necessary), 2 mL of solution
A (10 g/L phenol, 10 mg/L sodium nitroprussiate) and 2
mL of solution B (35.7 g/L Na,HPO,, 6 g/L. NaOH and 10
mg/L NaOCl) were added to a test tube which was then
sealed with a cap. This solution was incubated for 30 min-
utes at 37°C and absorbance was determined at 630 nm.
The calibration curve was made using as samples different
ammonium sulphate concentration.

Cellular counting and cell death determination

The cellular concentration and viability was estimated
using methylene blue staining and cell counting in
Neubauer-improved chamber. A solution of methylene
blue (0.01% w/v) was added to the cell suspension and
after one minute this solution was transferred to a
Neubauer-improved chamber in order to count the cells.

Fatty acid composition

To determine its composition, the oil from lyophilized bio-
mass was derivatized to methyl esters by direct transesteri-
fication (method adapted from Lewis et al. 2000). The light
phase (hexane with methyl esters) was separated, dried over
anhydrous sodium sulfate and filtered through a membrane
with a 0.45 pum pore size. Samples were kept at —20°C until
injection into chromatograph. Chromatographic analysis
were performed in a Varian Star 3600 CX system with
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flame ionization detector (FID) and DB-23 column, 30 m x
0.53 mm (J&W Scientific). Helium was used as mobile
phase (15 psi, split 1/100), with temperatures in injector
and detector at 250°C and 300°C, respectively. The program
used for this analysis was defined as follows: initial
temperature of 50°C for 2 min, increasing to 180°C (ramp
of 10°C/min), stand-by of 5 minutes, increasing to final
temperature of 240°C (ramp of 5°C/min), and stand-by of
25 minutes. The volume of injection was 1 pL. Fatty acids
were identified by comparing the retention times of FAME
with SUPELCO™" 37 component FAME mixture (Sigma-
Aldrich). Three replicate GC analyses were performed, and
the results were expressed in GC area per cent as mean
values.

Statistical Analysis

Biomass and lipid productivity data obtained in the
fermentations of mutants was compared to those
obtained for the wild-type L. starkeyi DSM 70296 by
Tukey test with significance level of 95% (p < 0.05). Sta-
tistica 7.0 software was used for these analyses.

Results

Prior the mutagenesis experiments, a dose/response assay
was performed to determine the optimal UV-exposition
period required to obtain the highest accumulation of DNA
mutations of L. starkeyi cells, as indicated by lower survival
rates (Kava-Cordeiro et al. 1995). After 40 min irradiation,
the colony number reduced to approx. 5% of the total
colonies present in control plates (Figure 1).
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Mutant selection by cerulenin

After UV irradiation, cells were seeded on cerulenin-
supplemented plates in order to allow the mutant
screening. As observed for other microorganisms, L.
starkeyi growth was also inhibited in the presence of cer-
ulenin (Figure 2).

While in the non-supplemented plate the average colony
diameters were approx. 0.7 mm, in cerulenin-supplemented
plates the average colony diameters remained around 0.2
mm (Figure 2A-B). As expected, in the mutant plates we
detected some larger colonies (~0.5 mm) (Figure 2C-D).

Thus, from a total of 15 mutant plates prepared, we
could isolate 90 colonies. Of these, the six largest were
investigated in more detail. These mutants were named
Al, A2, A3, B1, B3, H4.

Cultivation in shaken flasks

The six mutants were studied in liquid cultures in order
to allow the simultaneous evaluation of cell growth and
lipid accumulation parameters with those observed for
wild-type L. starkeyi. The experiments were performed
in triplicates and lasted 168 hours, when we observed
the complete exhaustion of nutrients in fermentation
media. Results are summarized in Table 1 and detailed
in Online Resource Additional file 1: Figure S1.

The differences in growth and lipid accumulation
parameters among the mutants and wild-type were
small. Mutants Al and H4 presented a slightly increased
final biomass, while the lipid fraction was superior for
Al and A3 mutants. When analyzing biomass and lipid
productivities, only differences observed for A1 mutant
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colonies observed among the mutants.
.

Figure 2 Mutant selection by cerulenin. A. Growth of L. starkeyi in cerulenin-supplemented YPX plates. B. Growth of L. starkeyi on
non-supplemented plate. C-D. Mutagenized L. starkeyi cells plated on cerulenin-supplemented YPX plates. Arrows illustrates some of the larger

were considered as statistically significant (Tukey test at
95% confidence).

Thus, to evaluate more precisely the fermentative
performance of Al, we delineated additional studies in
bioreactor following the optimized parameters defined for
L. starkeyi in our laboratory.

Fed-batch fermentation in bioreactor

Two independent fed-batch fermentations were per-
formed on a 2.5-L bioreactor using A1 mutant; two fer-
mentations using wild-type L. starkeyi were performed
employing identical parameters to allow the comparative
analysis.

Moreover, in order to investigate if the superior mu-
tant productivities were maintained when using carbon
sources similar to hemicellulosic biomass, which constitu-
tes the primary goal of our group, the culture media was
prepared using the carbohydrate composition observed in
sugarcane bagasse (30% glucose: 70% xylose). Results are
summarized in Table 2 and detailed in Online Resources
Additional file 1: Figure S2 and Figure S3.

After 144 hours of fermentation and 3 feeding pulses,
growth and lipid accumulation parameters were calcu-
lated for A1 mutant and wild-type L. starkeyi strains. As
observed for glucose as sole carbon source, the A1 mu-
tant gained a higher biomass (in average, 88.7 g/L versus
76.0 g/L for wild-type) and displayed a superior lipid

Table 1 Parameters calculated for fermentation in shaken flasks of 6 mutants in comparison to wild-type Lipomyces

starkeyi (WT)

Sample Cell concentration (cell/mL) Biomass (g/L) Lipid fraction (%) Biomass productivity (g/L.h) Lipid productivity (g/Lh)
WT 242E+08 12315 35.02+1.59 0.075+0.001 0.027+0.001
Al 2.80E+08 13.74 39.60+1.3 0.082+0.001" 0.032+0.002"
A2 4.80E+08 12.94 34.20£3.15 0.079+0.002" 0.027+0.001
A3 1.25E+08 12.05 38.11+1.2 0.073+0.007 0.028+0.001
B1 293E+08 1293 29.88+1.71 0.075+0.002 0.023+0.001"
B3 4.38E+08 1246 34.31+0.50 0.080+0.001" 0.028+0.001
H4 440E+08 13.12 35.92+1.61 0.078+0.001 0.028+0.001

The asterisks (*) refers to productivity values statistically significant (Tukey test, p <0.05).
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fraction (in average, 55.2% versus 43.8% for wild-type)
(Table 2).

Therefore, productivity parameters of mutant A1 were
significantly increased in comparison to wild-type strain,
according to the Tukey test at 95% confidence. In aver-
age, Al biomass productivity was 0.61 g/L.h in compari-
son to 0.53 g/L.h for the wild-type (a 15.1% increase);
while its lipid productivity was 0.34 g/L.h (lipid) in com-
parison to 0.26 g/L.h for wild-type (30.7% increase).

In order to evaluate the effects of mutagenesis on the
quality of L. starkeyi oil, we analyzed the composition of
fatty acids from lipids produced by Al and wild-type
strain during these bioreactor fermentations. Results are
summarized in Table 3.

The fatty acid composition did not vary significantly
among Al and wild-type L. starkeyi grown under same
conditions. For both, oleic and palmitic acid constitute
the major fraction (>80%). This fatty acid profile is simi-
lar to the ones described for L. starkeyi in other studies
(Liu and Zhao 2007, Angerbauer et al. 2008, Meng et al.
2009, Wild et al. 2010), indicating that the mutagenesis
procedures did not affect significantly the quality of oils
produced by Al mutant. However, there is a small in-
crease in unsaturated fatty acids in Al in comparison to
wild-type (approx. 58% versus 51%, respectively). This
difference derived mostly on an increase in oleic acid
(C18:1) accompanied by a proportional reduction on ste-
aric acid (C18:0).

Discussion
Traditional tools of genetic engineering often run into
technical difficulties when used in non-domesticated
species, which usually display protective mechanisms
preventing the manipulation of their DNA. This consti-
tutes a major obstacle to the industrial utilization of
microorganisms in the biosynthesis of second generation
biofuels and other bioproducts (Ageitos et al. 2011).
Preliminary studies performed in our group indicate
that such difficulties may constitute major obstacles
for the genetic manipulation of the oleaginous yeast
Lipomyces starkeyi DSM 70296, a promising candidate
for biodiesel production. In the present work, we have
employed an alternative strategy to achieve the genetic
optimization of L. starkeyi: the random mutagenesis by
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UV irradiation associated to a cerulenin-based mutant
screening assay.

Cerulenin, or 2,3-epoxy-4-oxo-10-dodecadienamide, is
a natural product of ascomycete fungus Cephalosporium
caerulens, being originally described by Hata and collea-
gues as presenting antifungal properties (Hata et al.
1960). Further studies revealed that cerulenin constitutes
a potent inhibitor of lipid biosynthesis (Satoshi 1976),
and this response was demonstrate to be related to its
inhibitory effects on the activity of the enzyme fatty acid
synthase (Kawaguchi et al. 1982).

Since its characterization, cerulenin has been widely used
as a valuable tool in biochemistry studies focusing on the
synthesis and metabolism of fatty acids and sterols by
microorganisms (Altenbern 1977, Parrish et al. 1999,
Parsons et al. 2011). Recent studies have employed this
molecule as nutritional supplement for obtaining improve-
ments on the native production of poly-unsaturated fatty
acids by Moritella marina and Shewanella marinintestina
(Morita et al. 2005), as well as a selective agent in the
screening of high lipid production by Rhodotorula glutinis
mutants (Wang et al. 2009) and high gluthatione produc-
tion by Saccharomyces cereviseae and Candida utilis
mutants (Nishiushi et al. 2012).

In the case of the selection of mutants presenting high
lipid production, it sounds quite controversial the use of
cerulenin in the screening steps since this molecule inhi-
bits the metabolism of interest. The rationale of this
strategy resides in the fact that the lipid biosynthesis is
an essential metabolism for cell growth, thus its inhib-
ition by cerulenin determines a marked reduction in the
growth of the colonies on the culture plates. Therefore,
it allows a simple assay to assess metabolic alterations
introduced by mutagenesis: mutants displaying normal
growth in the presence of cerulenin are good candidates
to be high-lipid producers due to their ability to over-
come this inhibition.

Accordingly, in the original work presenting this
methodology, Wang and colleagues identified two R.
glutinis mutants presenting an increase of approx. 60%
in lipid content in comparison to the wild-type (Wang
et al. 2009). In the study using S. cereviseae and C. utilis,
authors obtained a > 100% increase in glutathione pro-
duction when associating cerulenin to the screening of
mutants (Nishiushi et al. 2012).

Table 2 Values obtained at the end of fed-batch fermentation using the A1 mutant and wild-type strain

Sample Cell concentration (cell/mL) Biomass (g/L) Lipid fraction (%) Biomass productivity (g/L.h) Lipid productivity (g/Lh)
wr' 9.64E+08 7535+18 4540£1.3 0.53+0.01 0.24+0.23
WT? 1.33E+09 76.67£3.3 42.30+3.1 0.54+0.02 0.28+0.02
A1 1.16E+09 91.13+0.8 51.60+0.9 0.63+001" 0.33+001"
A1? 8.89E+08 86.28+1.1 589014 060+001" 0354001

(") and (%) refers to the duplicate independent assays. The asterisks (*) refers to productivity values statistically significant (Tukey test, p <0.05).
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Table 3 Fatty acid composition of lipids produced by A1 mutant and wild-type L. starkeyi during fed-bacth

fermentation

Miristic acid Palmitic acid Palmitoleic acid Stearic acid Oleic acid Linoleic acid
c140 C16:.0 Cc16:1 c180 C18:1n9c C18:2n6¢
WT nd. 36,20+0,3 2,27+0,1 12,09+0,2 45,67+0,7 3,5+04
Al 0,39+0,02 33,98+0,1 3,36+0,09 7,52%0,1 50,61+0,3 3,940,2

Values refers to media + standard deviation (n=2).
n.d.= not detected.

Thus, we employed a similar strategy in the screening of
candidates for high lipid production among Lipomyces
starkeyi DSM 70296 mutants. Our method of choice for
mutagenesis was UV radiation due its good cost-benefit
relation. In our experimental setting, the optimal UV
exposure time for L. starkeyi was 40 min, corresponding to
a 5% cell survival. We preferred to work with 5% survival
rather than 1% to increase the population of viable cells in
the mutant selection step.

With the cerulenin-based screening strategy, we isolated
a total of 90 mutants presenting large colony size in com-
parison to wild-type strain (non-irradiated cells), from
which the 6 largest were further studied by cultivation in
liquid media. The mutant identified as A1 showed a signifi-
cant increase of both biomass and lipid productivity rates,
which were further confirmed by fermentation in bioreac-
tor following the same process parameters used for
optimization of L. starkeyi lipid production in our labora-
tory. Results confirmed the increase in both biomass
(15.1%) and lipid productivity (30.7%) of A1 mutant.

The analysis of lipid profile shows that the fatty acid
composition of this mutant did not vary significantly
from wild-type, despite a small increase (approx. 7%) in
the unsaturated fatty acid content. From a biotechno-
logical perspective, these results are interesting since the
saturation degree of fatty acids determines important
physical-chemical properties of oils, like viscosity, oxida-
tion susceptibility and melting point (Shahidi 2005).

The alteration on unsaturated fatty acid content observed
in A1l derived mostly on an increase in oleic acid (C18:1)
accompanied by a proportional reduction on stearic acid
(C18:0), indicating a possible involvement on gene encod-
ing the enzyme delta-9 fatty acid desaturase (EC 1.14.19.1).
This enzyme introduces a double bond in saturated fatty
acyl-CoA substrates producing monounsaturated fatty acids
(Martin et al. 2007); thus, an increase of its activity could
result in a superior content of oleic acid in detriment of its
precursor, stearic acid, which is in accordance to our
results.

Moreover, these alterations may be secondary to the mu-
tant screening by cerulenin, as reported by other studies on
literature. Morita and colleagues obtained an increase in
poly-unsaturated fatty acids after cerulenin treatment in
marine bacteria (Morita et al. 2005); Hauvermale and
colleagues investigated the influence of cerulenin on the

synthesis of fatty acids in Schizochytrium sp. and their
results revealed a significant reduction in the synthesis of
saturated fatty acids after cerulenin supplementation
(Hauvermale et al. 2006). Same response was observed by
Chaung and colleagues in Aurantiochytrium mangrovei
(Chaung et al. 2012).

In these studies, authors suggest the involvement
of polyketide pathway to overcome FAS inhibition by
cerulenin, resulting in these alterations on fatty acid
composition. Despite these works are referring to
prokaryotes and the effects reported therein were
triggered in the presence of cerulenin, the effects
observed by our work may indicate a similar
response even if we consider that we are focusing on
eukaryotes and in the absence of cerulenin (fatty
acid composition was determined from oils produced
during fermentation on a culture media with no
trace of cerulenin). The reason would be that, since
we employed cerulenin during mutant screening
step, we may have selected those individuals present-
ing mutations on genes present in the same meta-
bolic pathways regulated in the studies above
mentioned.

However, the genetic characterization on A1 mutant
was not performed yet therefore we are not able to
investigate this hypothesis, neither the possible in-
volvement on delta-9 fatty acid desaturase in the
differences of oleic-to-stearic fatty acid proportion
in Al.

In conclusion, our results constitute an important step
on the genetic optimization of non-domesticated oleagin-
ous species for industrial purposes, despite the increase on
fermentative performance of mutants obtained from UV-
irradiated L. starkeyi DSM 70296 was not so evident than
those reported in these other studies (Wang et al. 2009;
Nishiushi et al. 2012). Further studies should be performed
to adapt this strain to the conditions of fermentation of
hemicelluloses hydrolysates of sugarcane bagasse, as well as
to characterize metabolic changes using the tools of gen-
omics in order to identify which genes/enzymes were modi-
fied during mutagenesis procedures. Finally, such a mutant
may be employed for improving its desirable characteristics
through evolutionary engineering methodologies in order
to speed the fixation and breeding of the genetic traits with
industrial interest.
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Additional file 1: Figure S1: Parameters of cell growth, biomass (g/L),
dry biomass (g/L), cell number (cells/mL) and nutrient of 6 mutants (A1,
A2, A3, B1, B3, H4) and wild-type strain (WT) cultivated in shake flasks.
Figure S2: Parameter of cell growth in fed-batch fermentations of wild-
type and A1 mutant. Fermentations were performed in duplicate assays:
A-B: mutant strain; C-D: wild-type strain. Figure S3: Parameters of
nutrient consumption and lipid accumulation in fed-batch fermentations
of wild-type and A1 mutant. Fermentations were performed in duplicate
assays: A-B: mutant strain; C-D: wild-type strain.
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