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There is increasing interest in bioengineering of lipids for use in functional foods, pharmaceuti-
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cals, and biofuels. Saccharomyces cerevisiae is a widely utilized cell factory for biotechnological pro- . iced 17 June 2011
duction, thus a tempting alternative. Herein, we show how its neutral lipid accumulation varies  Accepted 11 August 2011

throughout metabolic phases under nutritional conditions relevant for large-scale fermentation.
Population-averaged metabolic data were correlated with lipid storage at the single-cell level mon-
itored at submicron resolution by label-free coherent anti-Stokes Raman scattering (CARS) mi-
croscopy. While lipid droplet sizes are fairly constant, the number of droplets is a dynamic pa-
rameter determined by glucose and ethanol levels. The lowest number of lipid droplets is observed
in the transition phase between glucose and ethanol fermentation. It is followed by a buildup dur-
ing the ethanol phase. The surplus of accumulated lipids is then mobilized at concurrent glucose
and ethanol starvation in the subsequent stationary phase. Thus, the highest amount of lipids is
found in the ethanol phase, which is about 0.3 fL/cell. Our results indicate that the budding yeast,
S. cerevisiae, can be used for the biosynthesis of lipids and demonstrate the strength of CARS mi-
croscopy for monitoring the dynamics of lipid metabolism at the single-cell level of importance for
optimized lipid production.
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1 Introduction consumption, petroleum-based fuels, or as compo-

nents in pharmaceuticals has not been explored, to

Baker’s yeast, Saccharomyces cerevisiae, is an im-
portant cell factory used for the biotechnological
production of a range of fuels, chemicals, and food
ingredients. However, its ability to produce lipid
species as alternatives to vegetable oils for human
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date, because it accumulates only minor amounts of
lipids; estimated at less than 15% of its biomass [1].
Instead, the focus has been on the use of oleagi-
nous yeasts, such as Yarrowia lipolytica, which have
a capability to accumulate lipids at levels corre-
sponding to more than 36% of their biomass [1].
Unfortunately, to achieve these high lipid levels,
special cultivation conditions must be ensured and
are presently restricted to laboratory-scale growth
[2]. The thought of using S. cerevisiae instead as a
study organism for lipid biosynthesis is therefore
tempting because this organism is tolerant to harsh
industrial conditions, is very well characterized,
and is already used for large-scale production of
different products.
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All eukaryotic cells have a pool of neutral lipids
stored as cytoplasmic droplets, which serve as
reservoirs of cellular energy and building blocks
for membrane lipids, consisting of triacylglyceride
(TAG) and steryl esters [3, 4] surrounded by a
monolayer of phospholipids and associated pro-
teins [5-7]. In yeast, the lipid droplets consist of
about 50% each of TAG and steryl esters [6, 8, 9]; the
total amount of which is, in general, considered to
be low relative to the dry cell mass (<15%). Howev-
er, we hypothesize that the amount of neutral lipid
storage in yeast is a highly dynamic variable be-
cause a unicellular organism, such as yeast, is able
to quickly and easily adjust the internal metabo-
lism to new conditions. Indeed, environmental
stress and starvation induce increased synthesis
and accumulation of neutral lipids [6, 10]. Clearly,
fundamental insights into lipid droplet cell biology
are of utmost importance for efficient utilization of
the yeast lipid metabolism for the biosynthesis of
valuable lipid species using S. cerevisiae as a cell
factory.

To support this development, we have quanti-
fied the accumulation of TAG throughout different
metabolic stages (i.e., glucose, ethanol, and station-
ary phases in batch cultivation) characteristic for
industrially grown yeast and carried out unique
single-cell monitoring of the three-dimensional
distribution and amounts of lipids stored in living,
unlabeled cells by coherent anti-Stokes Raman
scattering (CARS) microscopy. This emerging tech-
nique has several advantages over present tech-
nology based on fluorescence microscopy, the main
disadvantage of which is necessary labeling with
fluorescent markers, resulting in a strong depend-
ence on labeling efficiency or expression of fluo-
rescent protein in the structure of interest. Togeth-
er with dependence on fluorescence yield, which is
determined by the local chemical environment, this
introduces variations and uncertainties in quanti-
tative analysis, for example, reported for the com-
monly used lipid stains Nile red and boron di-
pyrromethene (Bodipy) [11]. Furthermore, by us-
inglabeling, the cells are studied in a modified state
with possible effects on their properties and for
lipids it was shown that the use of alcohols in stain-
ing protocols influenced lipid droplet morphology
[12]. It is often also of interest to co-localize visual-
ized lipid droplets with other organelles by means
of double labeling protocols. However, this possi-
bility is often limited due to the broad fluorescence
emission of Nile red or the combined green and red
fluorescence identified for Bodipy and recently ad-
dressed by Ohsaki et al. [13]. Fluorescence mi-
croscopy is also, in many situations, limited by sam-
ple photo-bleaching, in particular, when using pro-
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tein tagging. Nevertheless, intracellular lipid
droplets in S. cerevisiae have been visualized by
fluorescence tagging the protein Erg6 with green
fluorescent protein (GFP) [7]. Thus, the drawbacks
of established technology make a label-free
method for lipid visualization and quantification
without these limitations of high interest. CARS
microscopy probes intrinsic molecular vibrations,
making it a label-free technique that allows live-
cell studies under native conditions. In addition, it
offers the advantages of three-dimensional imag-
ing with high spatial resolution, good sample pen-
etration, and low risk for photo-induced effects and
damage. CARS is a laser-induced nonlinear optical
four-wave mixing process in which combined exci-
tation and scattering generates blueshifted anti-
Stokes scattered photons in a sample. An enhanced
CARS signal is achieved as the applied laser fields
are tuned into resonance with a Raman-active mo-
lecular vibration, and thereby, target specific
species or molecular groups. Compared with spon-
taneous Raman scattering, which also allows spe-
cificimaging probing molecular vibrations, CARS is
induced by resonant vibrational excitation and re-
sults in coherent, directed signal emission that al-
lows efficient collection. Thus, CARS signals are or-
ders of magnitude higher than those of sponta-
neous Raman scattering, effectively reducing im-
age acquisition times, clearly favorable for studies
in living cells. CARS probing the symmetric
stretching vibration of CH, groups in lipid acyl
chains has become an established method for
chemically specific imaging of lipids [14, 15] and
applied in studies on single cells [16], multi-cellu-
lar organisms [17], and tissues [18, 19]. Specific im-
aging of intracellular lipid droplets in S. cerevisiae
by CARS microscopy has also been presented [20].
In this study, the levels of lipid accumulation in
yeast were investigated for two nutrient stress con-
ditions: (i) high carbon and low nitrogen access and
(il) low carbon and high nitrogen access [21]. The
overall yeast metabolism was monitored by bio-
mass measurements and analysis of all key extra-
cellular metabolites, temporal profiles of OD,, dry
cell weight, CO,, and chromatography (HPLC)
measurements. In addition, TAG analysis was car-
ried out to obtain a population-based average of
triacylglyceride contents for comparison with sin-
gle-cell data obtained from CARS microscopy. This
experimental outline allowed us to monitor and
quantify lipid accumulation under conditions typi-
cal for large-scale industrial growth at both popu-
lation-averaged and single-cell levels and to iden-
tify phases for optimal lipid yield using the con-
ventional and robust yeast strain S. cerevisiae.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Materials and Methods

2.1 Yeast strain and cultivation conditions

Batch cultivations of yeast strain CEN.PK 113-7D
MATo SUC2 MAL2-8C (Scientific Research and De-
velopment GmbH, Germany) were set up in dupli-
cate under two different conditions, corresponding
to nitrogen and carbon starvation. Aerobic batch
cultivations were carried out in well-controlled 1-L
bioreactors (DASGIP) with a working volume of
700 mL. The growth medium employed in the culti-
vations was that specified by Verduyn et al. [22], but
the initial concentrations of nitrogen ((NH,),SO,)
and carbon (glucose) sources were adjusted, ac-
cording to the stoichiometry for cell growth as de-
scribed by Stephanopoulos et al. [23] and the “calo-
rie restriction condition” defined by Lin and Sinclair
[24]. A glucose concentration of at least 20 g/L and
an ammonium sulfate concentration of 3.5 g/L are
required in the medium to reach a biomass concen-
tration of 12 gram dry weight (gDW)/L for the
CEN.PK 113-7D yeast strain. Therefore, glucose and
(NH,),SO, concentrations of 20 g/L and 2 g/L, re-
spectively, were used in the medium to achieve a
condition of nitrogen starvation, the high glucose,
low nitrogen (HGLN) condition. To instead induce a
glucose starvation condition (low glucose, high ni-
trogen (LGHN)), a glucose concentration of 5 g/L
and a (NH,),SO, concentration of 3.5 g/L were used.

Cells were transferred from the pre-culture to
obtain initial cell concentrations corresponding to
an ODy,, of around 0.01. The fermentations were
carried out with aeration using atmospheric air set
to 30 L/h (1 atm., 30°C) and agitation at 800 rpm.
The temperature was kept constant at 30°C and the
pH was maintained at 5.0 by the addition of 2M
KOH. The concentrations of carbon dioxide and
oxygen in the exhaust gas were monitored by an
off-gas analyzer (DASGIP).

Samples were harvested from the cultivation
media every second hour and immediately filtered
through a 0.45 pm pore-size cellulose acetate filter
(VWR) and stored at —20°C before analysis. Bio-
mass production was evaluated by measurements
of OD¢,, and dry cell weight. Glucose, glycerol,
ethanol, and acetate concentrations were deter-
mined by HPLC analysis using an Aminex HPX-
87H column (Biorad, Hercules, CA) [25].

2.2 CARS microscopy
CARS microscopy measurements were carried out
using a laser system consisting of a Nd:Vanadate

pump laser (Picotrain, HighQ Lasers GmbH) com-
bined with a ring-cavity optical parametric oscilla-

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biotechnology-journal.com

tor (OPO; Levante, APE GmbH). The system pro-
vided two laser beams of picosecond pulse trains
required to induce the CARS process: one from the
Nd:Vanadate laser at 1064 nm and one from the
OPO at 817 nm. The frequency shift between the
beams corresponds to the symmetric stretching vi-
bration of acyl-chain CH, groups, at 2845 cm™, and
therefore, gives rise to a resonantly enhanced
CARS signal from CH, bonds in the sample. The co-
propagating beams were directed into an inverted
laser-scanning microscope (Eclipse TE-2000-E,
Nikon) equipped with a beam scanner (Nikon C1)
and focused on the sample (objective 40x Nikon
Plan Fluor, N.A. 1.3). Typical average laser powers
at the sample were 20 mW per beam. The forward-
propagating CARS signal, generated at 663 nm, was
collected to a photomultiplier tube (Hamamatsu
R6357) equipped with bandpass filters. Three-di-
mensional image data, z stacks, were acquired by
scanning different horizontal planes in the sample.
A further description of the CARS microscopy set-
up can be found in reference [15].

The yeast-cell samples for CARS microscopy
were prepared by taking cell culture suspension
from the fermentation vessel after 12, 21, and 38 h
of growth. A small volume, 3 pL, was transferred to
a chamber consisting of two cover-glass slides and
a gasket (Invitrogen, Secure Seal Spacer d = 9 mm
h =0.12 mm) mounted in a sandwich construction.
The cells were immobilized during measurements
by coating the lower cover slide with poly-L-lysine
to attach the cells to the glass surface.

For each condition and time point studied, z
stacks of CARS images were measured, covering an
area of 20 x 20 pm? (256 x 256 pixels) and a depth
of 10 pm (vertical step size 0.5 pm). The spatial res-
olution of the CARS microscopy setup was estimat-
ed to 0.4 pm laterally and 1 pm axially, correspon-
ding to a probe volume of 0.13 pm?3 (fL). Numbers
and sizes of lipid droplets in 232 and 197 yeast cells
were evaluated for the HGLN and LGHN condi-
tions, respectively.

Image analysis consisted of two major steps: a
local intensity thresholding procedure [26] was
employed to identify lipid droplets, which were
then automatically counted and measured using a
plug-in tool (3D Object Counter) for the Image] im-
age analysis software [27]. Although the lipid
droplets were monitored in three dimensions
through the cells, evaluation of droplet size was
based on two-dimensional information due to the
lower spatial resolution of the microscope in the
axial (z) direction. Hence, lipid droplet sizes were
determined using the built-in Image] particle ana-
lyzer routine for analysis of the image plane corre-
sponding to the central position of the imaged cells.
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2.3 Lipid extraction and TAG measurement

The freeze-dried samples from each time point
were extracted and analyzed in technical repli-
cates. The lipid extraction method was adapted
from Bligh and Dyer [28]. 20 mg of freeze-dried
yeast cells were incubated with 7 mL chloro-
form/methanol (2:1, v/v) for 3 h at 4°C on a rotary
shaker with a speed of 200 rpm and supplemented
with 1.7 mL of 0.73% sodium chloride, vigorously
shaken. Following centrifugation at 3000 rpm at 4°C
for 4 min, the organic phase was collected for later
analysis, whereas the remaining aqueous phase
was vigorously mixed and centrifuged with 5 mL
chloroform/methanol (85:15, v/v). The total proce-
dure was repeated three times. The collected or-
ganic material was combined and evaporated un-
der a nitrogen stream at 40°C. Total lipids were dis-
solved in 0.5 mL chloroform/methanol (2:1, v/v)
and kept at -30°C. The resulting lipid extract was
further fractioned using TLC, in which the lipid so-
lution was applied to a TLC plate (Silica gel 60,
20 x 20 cm, 0.5 mm layer, Merck, Darmstadt, Ger-
many) using a solvent system of heptane/2-pro-
panol/acetic acid (95:5:1, v/v/v). Individual lipids
were visualized by spraying the sample with 0.2%
2',7-dichlorofluoresceine in ethanol and identified
by comparison of their R, values with known stan-
dards. The bands corresponding to triacylglyc-
erides were manually scraped off for TAG meas-
urement, using the commercial kit “Triglycerides
Liquid Stable Reagent” (Thermo Scientific). Re-
sults were given in mmol/gDW, which was convert-
ed into % (w/w) using an approximate molar mass
for TAG in yeast of 819 g/mol, assuming a composi-
tion of 33% 16-carbon chains (three chains; 769.2 g/
mol) and 61% 18-carbon chains (three chains; 846 g/
mol) [29].

2.4 Statistical analysis

To ensure that the biological duplicates in each
condition and also the technical replicates were not
significantly different, the student paired t test was
performed. SPSS software version 17.0 (SPSS Inc,
Chicago, IL) was used for all analyses and P values
of < 0.05 were considered to differ significantly.

3 Results and discussion

The population-averaged data show general trends
for the impact of starvation on the cell metabolism.
Under HGLN conditions, the cells took approxi-
mately 21 h to finish their exponential phase with
a glucose consumption rate of 0.019 g/(gDW h)

Biotechnol. J. 2011, 6
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Figure 1. Fermentation profiles for the HGLN condition. (A) CO, profiles
measured on duplicate fermenters and showing two peaks, representing
growth on glucose and ethanol, respectively. The vertical dashed lines rep-
resent the time points for lipid analysis (12, 21, 28, and 38 h). (B) Profiles
of biomass and metabolite concentrations (glucose, glycerol, acetate, and
ethanol) measured during fermentation. (C) Cellular lipid content during
fermentation presented as average lipid volume per cell with standard de-
viation (for details, see the Results and discussion), evaluated from CARS
microscopy images (n = 232) and amount of TAG (n = 6). Data are pre-
sented as means = SD. The evaluated lipid volumes correspond to 4.5,
3.5, and 3.8 lipid droplets per cell for the time points 12, 21, and 38 h, re-
spectively.

(Figs. 1A and B and Table 1). In contrast, the condi-
tion with glucose starvation and excess nitrogen
(LGHN) made the cells finish their exponential
phase faster; the shift from glucose to ethanol
phase occurred within 15 h with a glucose con-
sumption rate of 0.012 g/(gDW h) (Figs. 2A and B,
and Table 1). This resulted in 2.5 times less biomass
production and a lower maximum specific growth
rate than that of the HGLN condition. In addition,
the total yields of ethanol, glycerol, and acetate

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Specific rates and yields for the two sets of fermentations

Condition p_ 2 Y. b v 9 v gd) Y e Al
HGLN 0.21 0.089 0.42 0.078 0.093 0.019
LGHN 0.17 0.070 0.35 0.035 0.046 0.012
a) The specific growth rate of biomass (unit: h™).

b

Ethanol yield on glucose (unit: g ethanol formed/g glucose consumed).
Glycerol yield on glucose (unit: g glycerol formed/g glucose consumed).
Acetate yield on glucose (unit: g acetate formed/g glucose consumed).

f) Specific glucose uptake rate (unit: g glucose/g biomass/h).

) Biomass yield on glucose (unit: g biomass formed/g glucose consumed).
)

9
d
e)

were lower (Table 1) due to a lack of the primary
nutrient source, glucose.

Both nutritional conditions (Figs. 1 and 2)
showed fermentative metabolism in which con-
sumption of glucose resulted in production of bio-
mass, ethanol, glycerol, and acetate. In parallel,
high glucose concentrations lead to a higher pro-
duction of fatty acids, resulting in an accumulation
of lipid droplets, probably by the integration of sig-
nals through the protein kinase Snfl [30]. After
12 h of growth in the glucose phase, the amount of
TAG, about 0.25 mmol/gDW (20.5% w/w), was sim-
ilar for both excess and limited access to glucose.
The corresponding data obtained from the single-
cell CARS microscopy studies were 4.5 and 3.8 lipid
droplets per cell on average and evaluated lipid
droplet diameters of 0.4 and 0.5 pm for the HGLN
and LGHN conditions, respectively. Sizes of intra-
cellular lipid droplets in S. cerevisiae were deter-
mined, using electron microscopy, by Czabany et al.
[31], resulting in diameters in the range of 0.3-
0.5 pm. Typical lipid droplet sizes are thus similar
to the spatial resolution of optical microscopy and
imaging results in a size overestimation due to con-
volution with the microscope point-spread func-
tion [32]. For CARS microscopy, the nonlinear de-
pendence on excitation intensity and density of
probed molecular bonds reduces such an effect to
some extent [26]. Nevertheless, an overestimation
can still be expected for the diameters evaluated
from CARS microscopy, which also seems probable
in relation to the electron microscopy results. As-
suming spherical lipid droplets, average lipid vol-
umes per cell of 0.2 fL (Figs. 1C and 2C) can be es-
timated for both conditions and, in relation to the
spatial resolution, apparent differences in diame-
ters and calculated volumes must be considered of
low significance. Nevertheless, the evaluated aver-
ages provide volume estimations as presented in
Figs. 1C and 2C. Thus, both methods for lipid quan-
tification indicated that lipid accumulation could
not be significantly enhanced by loading the medi-
um with excess amounts of glucose. After 21 h, cor-
responding to the glucose-ethanol transitional

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Fermentation profiles for the LGHN condition (A) CO, profiles
measured on duplicate fermenters and showing two peaks representing
growth on glucose and ethanol, respectively. The vertical dashed lines rep-
resent the time points for lipid analysis (12, 16, 21, and 38 h). (B) Profiles
of biomass and metabolite concentrations (glucose, glycerol, acetate, and
ethanol) measured during fermentation. (C) Cellular lipid content during
fermentation presented as average lipid volume per cell with standard de-
viation (for details, see the Results and discussion), evaluated from CARS
microscopy images (n = 197) and amount of TAG (n = 6). Data are pre-
sented as means = SD. The evaluated lipid volumes correspond to 3.8,
6.2, and 3.6 lipid droplets per cell for the time points 12, 21, and 38 h,
respectively.

phase for HGLN fermentation, the TAG amount
decreased to around 0.12 mmol/gDW (9.8% w/w),
also found by CARS measurements, corresponding
to 3.5 lipid droplets per cell on average. With an
evaluated droplet diameter of 0.4 um, this amounts
to a lipid volume of 0.1 fL per cell for this condition
and time point. The observed decrease is reason-
able, considering that the cells need to mobilize
TAG when glucose is depleted before ethanol me-
tabolism increases and becomes effective. In con-
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trast, the amount of TAG remained constant for
LGHN conditions during the glucose—ethanol tran-
sition phase at 16 h (Fig. 2C). For the ethanol phase,
an increase in TAG to about 0.31 mmol/gDW (25.4%
w/w) and an increase in the number of lipid
droplets to 6.2 per cell (diameter 0.5 pm, volume
per cell 0.3 fL) is observed (Fig. 2C). A slight in-
crease in TAG level (= 20%) was found after 28 h
when the cells shifted to the ethanol phase in
HGLN cultivation (Fig. 1C). Under the LGHN fer-
mentation conditions, lipid accumulation is stimu-

X-y y-z

Xy
X-Z
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lated by conversion of ethanol into lipid precursors
in S. cerevisiae [33], exhibiting TAG densities also
reported for the oleaginous yeast strain Yarrowia
lipolytica [1]. The quantitative single-cell analysis
made by CARS microscopy indicates that by har-
vesting the population in the ethanol phase, when
many cells show a high number of lipid droplets,
the maximal lipid yield can be achieved, estimated
to be 0.3 fL per cell. In the subsequent stationary
phase, sampled at 38 h, both conditions show simi-
lar numbers of lipid droplets per cell: 3.8 and 3.6 for

y-z

y-z

Figure 3. CARS microscopy images showing horizontal (x-y)

and vertical (x—z, y-z) views of yeast cells measured after
growth for 21 h. Positions of the vertical views are indicated
by white lines. Image sizes, 20 x 20 pm and 20 x 10 pm.
Cells grown under HGLN conditions (A and B), on average
show a lower number of lipid droplets per cell compared with
cells exposed to LGHN conditions (C and D). The higher av-
erage lipid content for the LGHN condition is represented by
cells containing multiple lipid droplets indicated by an aster-
iskin (C) and (D). The two conditions also show different
lipid droplet distribution patterns. Whereas HGLN cells in
the transition phase exhibit an even distribution of lipid
droplets throughout the intracellular volume, LGHN cells
enter the ethanol phase and lipid droplets can often be ob-
served in the periphery surrounding larger vacuoles (indicat-
ed by arrows). This arrangement can also be seen in the ren-
dered volume images, showing complete three-dimensional
representations of yeast cells (magenta) and lipid droplets
(yellow) under HGLN (E) and LGHN (F) conditions.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Biotechnol. ). 2011, 6

HGLN and LGHN, respectively. The evaluated av-
erage lipid droplet diameters were 0.5 pm for both
HGLN and LGHN conditions at this time point and
calculated volumes per cell were 0.2 and 0.3 fL, re-
spectively. A difference could be observed in the
corresponding TAG levels, 0.18 mmol/gDW (13.86%
w/w) for HGLN conditions and 0.25 mmol/gDW
(19.25% w/w) for LGHN condition. Thus, in the sta-
tionary phase, TAG production increased following
the ethanol phase for HGLN, whereas TAG was
mobilized for LGHN. CARS microscopy measure-
ments signify that the mechanisms of droplet for-
mation appear to be a fundamental, standardized
process in which average sizes and lipid densities
are more or less constant, irrespective of nutrition-
al conditions or fermentative phases. Note that the
normalized CARS signal varied by merely 15%
throughout the different metabolic conditions in-
vestigated, indicating similar lipid droplet densi-
ties.

The error bars for the evaluated volumes per
cell (Figs. 1C and 2C) indicate cell-to-cell variations
also observed in the CARS microscopy images
shown in Figs. 3A-D. Images were measured after
growth for 21 h for the HGLN (Figs. 3A and B) and
LGHN (Figs. 3C and 3D) conditions. In addition to
horizontal x-y plane views, vertical x-z and y-z
plane views measured at the positions of the white
lines are shown. Even though individual HGLN
cells in Figs. 3A and B show up to 5 droplets per cell,
most cells show less, resulting in the reported aver-
age value of 3.5 droplets per cell for this condition
and time point. In contrast, a higher number of lipid
droplets per cell was more common for LGHN
(Figs. 3C and 3D, cells indicated by asterisks). CARS
data show a larger spread than the TAG levels,
based on measurements of much larger cell popu-
lations. However, it should be noted that the data
spread does not represent the precision of the
CARS technique, but rather cell-to-cell variations
encountered with any microscopy technique based
on single-cell measurements. Nevertheless, it is in-
teresting to see that the average trends of the CARS
measurements are consistent with those of the
TAG levels. More in-depth comparison between
data evaluated from CARS microscopy images and
TAG values needs to take lipid droplet sizes more
into account and is dependent on the previously
discussed size accuracy. In addition, effects such as
cell shrinking, resulting in a reduction in cell size
without a decrease in cell mass, may need to be
considered for a comparison of CARS and TAG re-
sults of the stationary phase.

In addition to quantitative measurements of
lipid content at the single-cell level, CARS mi-
croscopy z stacks provide unique three-dimension-

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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al information on the lipid droplet distribution rep-
resented by the planar horizontal and vertical
views shown in Figs. 3A-D and the volume images
in Figs. 3E and F. This allows us to evaluate the in-
tracellular arrangement of the lipid droplets and a
significant difference was observed for the two nu-
tritional conditions after 21 h. Whereas the lipid
droplets were evenly distributed in cells under
HGLN conditions (still in the transition phase at
21h), they were located in the periphery of cells ex-
posed to LGHN conditions (early ethanol phase at
21 h). This was most likely due to the formation of
vacuoles in many LGHN cells, of which 89% exhib-
ited a vacuole, in contrast to the HGLN cells (18%).
This trend can be seen in Fig. 3, where several of
the LGHN cells in Figs. 3C and D have a vacuole, as
indicated by arrows. This difference in lipid droplet
arrangement is also shown in the single-cell vol-
ume images in Figs. 3E and F (see the Supporting
information for 360° rendering movies).

Together, the results clearly show that there is
dynamic regulation of the lipid metabolism in the
widely utilized yeast strain S. cerevisiae and these
dynamic changes can be captured at the single-cell
level using CARS microscopy. The accumulation of
TAG involves both nutrient sensing of nitrogen,
carbon, and energy sources [6], probably by the in-
tegration of signals through the protein kinase Snfl
[30].

4 Concluding remarks

We have demonstrated the strength of combining
population-averaged metabolic analysis with sin-
gle-cell imaging using CARS microscopy. S. cere-
visiae, which is widely used in the biotechnical in-
dustry, had a highly dynamic ability to accumulate
lipids, depending on nutritional conditions and fer-
mentative phase. By controlling parameters such
as nitrogen, carbon, and energy sources, lipid
biosynthesis can be influenced. Interestingly, the
amount of accumulated lipids during the glucose
phase was not significantly influenced by the initial
glucose concentration, indicating that it could not
be used to enhance lipid synthesis. The highest
amounts of accumulated neutral lipids, about
0.3 fL/cell and 0.31 mmol TAG/gDW (25.4% w/w),
were found in the ethanol phase and exceeded the
amount of lipids synthesized during glucose fer-
mentation.
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