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� Structural correlation between cellular development and lipid body accumulation.
� HTP screening of thraustochytrid using FACS with different fluorescent dyes.
� Found that BODIPY 505/515 with less concentration of DMSO effective for FACS.
� Established a quantitative baseline for lipids accumulation and/or microalgal growth.
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a b s t r a c t

Transmission electron, confocal microscopy and FACS in conjunction with two different lipophilic fluores-
cent dyes, BODIPY 505/515 and Nile Red were used to describe the cellular development and lipid bodies
formation in Aurantiochytrium sp. KRS101. TEM results revealed that multi-cellular spores were appeared
in sporangium during early-exponential phase, and spores were matured in mid-exponential phase fol-
lowed by release of spores from sporangium in late-exponential phase. TEM and FACS analyses proved
that lipid bodies appeared, developed and degenerated in mid-exponential, early- and late-stationary
phases, respectively. The staining results in FACS indicate that BODIPY 505/515 is more effective for
the vital staining of intracellular lipid bodies than Nile Red. FACS based single cell sorting also showed
healthy growth for BODIPY 505/515 stained cells than Nile Red stained cells. In addition, a quantitative
baseline was established either for cell growth and/or lipid accumulation based on cell count, fatty acid
contents/composition, and sectional/confocal images of KRS101.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Of the marine heterotrophs (Labyrinthulomycota), the group
thraustochytrids has been recognized as a potential source of
essential fatty acids for commercially valuable products such as
biodiesel and DHA (Gupta et al., 2012; Shene et al., 2013). In the
past few years, researchers reported on the useful oil accumulation
in single-celled marine microbes such as fungal-like microorgan-
isms (Labyrinthulomycetes) and green microalgae (Kobayashi
et al., 2011; Matsuda et al., 2012). Several thraustochytrids have
been screened to produce value-added products polyunsaturated
fatty acids (PUFAs), carotenoid pigments, carbohydrates, proteins
and several degrading enzymes (Arafiles et al., 2011; Raghukumar,
2008; Shene et al., 2010; Shimidzu et al. 1996). In thraustochytrids,
major fatty acids synthesized in vivo are n-6 docosapentaenoic
acid (DPA-C22:5), docosahexaenoic acid (DHA-C22:6), palmitic
acid (C16), eicosapentaenoic acid (EPA-C20:5), and arachidonic acid
(AA-C20:4) (Kobayashi et al., 2011). The DHA derived from marine
microbes are potential alternative to the limited natural resources
such as marine fish oil and have high oxidative stability and
sustainability as a raw material (Wong et al., 2008). Microbial-
derived palmitic acids are energy-rich compounds which can be
converted to biodiesels (Goodson et al., 2011; Radakovits et al.,
2010). Of the thraustochytrids, the genus Aurantiochytrium has
been widely used as a single-cell microbe to study lipid bodies that
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contain docosahexaenoic acid and palmitic acids (Jakobsen et al.,
2008). The fatty acids compositions of intracellular lipid bodies
in Aurantiochytrium depend on the composition of nutrient med-
ium and researchers altered it by using different compositions of
the nutrient medium (Kim et al., 2013). But, the structural correla-
tion between the cellular physiology, development and ultrastruc-
ture in relation with intracellular lipid accumulation are poorly
documented in the genus Aurantiochytrium. Thus, it is necessary
to conduct a comparative characterization of cellular development,
ultrastructure, lipid content and composition of the genus Auran-
tiochytrium, this could help us to develop Aurantiochytrium sp. as
a suitable microbe for microalgal biodiesel and value-added prod-
ucts research.

The physiological states of many single-celled microorganisms,
including bacteria, fungi, yeast, microalgae and mammalian cells
have been studied by flow cytometry (Davey and Kell, 1996). The
epifluorescence technique has been most commonly used to detect
thraustochytrids cells, such as in Damare and Raghukumar (2008)
where they used the acriflavine direct detection (AfDD) technique
to detect the thraustochytrids cells. However, detection of intracel-
lular lipid bodies of Labyrinthulomycetes in combination with lipo-
philic fluorescent dye has not been well studied. Flow cytometry in
combination with a suitable fluorescent dye offers a unique oppor-
tunity to rapidly isolate microalgae with high lipid content for the
production of lipids and value-added products (Hyka et al., 2012).
The lipophilic dyes such as Nile Red and BODIPY 505/515 have
been most commonly used to detect intracellular lipid bodies of
green microalgae (Cooper et al., 2010; Doan and Obbard, 2011).
However, the lipophilic dye Nile Red reported to be toxic to the
microalgal strains while BODIPY 505/515 emerged as a vital stain
for detection of intracellular lipids in microalgae (Govender et al.,
2012; Velmurugan et al., 2013). Few marine green microalgae have
been isolated using flow cytometry in combination BODIPY 505/
515 (Pereira et al., 2011). In addition to lipid specific fluorescent
dyes, several fluorescent dyes and probes are commercially avail-
able, and can be used for cell component-specific labeling (Czecho-
wska et al., 2008; Hyka et al., 2012). Fluorescent dye BODIPY 505/
515 in combination with FACS allows single cell level isolation and
regeneration of microalgal strains that possesses high lipid content
and single cell isolation can be used to study single cell genomics
(Velmurugan et al., 2013). If single cell genomics can be incorpo-
rated with the metabolic activity of an algal cell, it may be possible
to metabolically engineer microalgae for high lipid and biomass
production.

Here, a complete characterization of the thraustochytrid Auran-
tiochytrium sp. KRS101 with regard to its cell development, ultra-
structure and lipid accumulation is presented. Specifically, a
correlation between cell development, differentiation and accumu-
lation and composition of intracellular lipid bodies of Aurantiochy-
trium sp. KRS101 was obtained. Furthermore, FACS in combination
with two different lipophilic dyes Nile Red and BODIPY 505/515
were tested for the screening, isolation, and culture of a single cell
of Aurantiochytrium sp. KRS 101.
2. Methods

2.1. Strains and culturing conditions

Aurantiochytrium sp. KRS101 kindly provided by Korea Research
Institute of Bioscience and Bioengineering (Kim et al., 2013) was
used in this study. The cells were stored in 25% (v/v) glycerol at
�80 �C. The cells were grown in nutrient medium consisting of
60 g/L glucose, 10 g/L yeast extract, 9 g/L KH2PO4, 15 g/L sea salt,
and 10 mg/L tetracycline. Cultures were maintained at 25 �C with
an agitation speed of 100 rpm. Samples for analysis were taken
at different intervals, including 0 h (samples were taken immedi-
ately after re-suspension). Optical density (OD) was measured by
UV spectrophotometer (Beckman-Coulter DU 730 Life Science,
CA) and cell counts were measured by haemocytometer
(Neubauer-improved bright line, Marienfeld, Lauda-Konigshofen,
Germany).

2.2. Nile Red and BODIPY staining

Nile Red staining of intracellular lipid bodies in Aurantiochytri-
um sp. was done as follows. Glycerol (Sigma Aldrich, St. Louis,
MO) was added to the microalgae suspension to a final concentra-
tion of 0.1 g ml�1 and stored in a dark condition. Five microliters of
Nile Red (9-(diethyl amino) benzo[a]phenoxazin-5(5H)-one, Sigma
Aldrich, St. Louis, MO) stock solution (0.4 mg ml�1) was added to
3 ml of the algal-glycerol suspension which was then gently
shaken for 1 min. Samples were then incubated in darkness for
5–10 min at room temperature, and then samples were directly
used for FACS and microscopic analyses.

BODIPY 505/515 (4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-
diaza-s-indacen), was purchased from Sigma Aldrich. BODIPY
505/515 staining was performed as reported previously
(Velmurugan et al., 2013). A 5 mM BODIPY 505/515 stock was
prepared by dissolving in dimethyl sulfoxide (DMSO, Sigma
Aldrich, St. Louis, MO) and stored in the dark. For efficient staining
of the intracellular lipid bodies in Aurantiochytrium sp., an aliquot
of 0.2% DMSO (vol/vol) was added to the microalgal suspension.
Two microliter of BODIPY 505/515 solution was added into the
l ml of algal-DMSO suspension and gently shaken for 1 min.
Samples were then incubated in darkness for 5–10 min at room
temperature, and then the samples were directly used for FACS
and microscopic analyses.

2.3. Flow cytometric analysis and cell sorting

High speed flow cytometer, MoFlo XDP (Beckman Coulter, Ful-
lerton, CA) was used for the analysis of cell staining and cell sort-
ing. The fluorescence reading was performed upon the excitation
of 488 nm argon laser. The emission signal was measured in two
channels upon excitation of 488 nm argon laser. In details, FL1
channel centered at 530/40 nm, and FL2 channel centered at 580/
30 nm. The samples mean fluorescence intensity values and
images were recorded from the FACS analysis using SUMMIT Soft-
ware Version 5.2. The FACS settings of all channels were the same
for all sorting procedures. Coulter Isoton II Diluent fluid (Beckman
Coulter, Bera, CA) was used in all experiments as flow cytometry
sheath fluid. Single cell sorting was carried out using single cell
sort precision mode, with a 70 lm nozzle. Single cells were sorted
directly into wells of deep-96-well plates containing 1 ml of above
mentioned medium. After cell sorting, plates were incubated for
5 days, in a shaking rotator under the same growth conditions as
described above. Single cell growth was monitored every day and
cultures were maintained until the visible healthy algal growth
was achieved from a single sorted cell. In order to assess the
growth stability of a sorted single cell and contamination rate,
10 ll of liquid portion from wells was observed until 5 day using
light microscope to monitor the bacterial and fungal contamina-
tion (Hyka et al., 2012; Velmurugan et al., 2013).

2.4. Microscopic determination of lipids in microalgal cells using
different fluorescent dyes

Laser scanning confocal microscope (Eclipse C1si, Nikon, Japan)
with the excitation at 488 nm and the emission at 570–590 nm
was used for selectively detecting microalgal lipid bodies in Auran-
tiochytrium sp. (Cooper et al., 2010).
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Fig. 1. Growth curve (cell count) for Aurantiochytrium sp. KRS101. Each data point
represents three replicates.
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2.5. Transmission electron microscopy

For intracellular analysis, 12, 24, 48, 72, 96 and 120 h cultures of
Aurantiochytrium sp. grown under the conditions mentioned as
above were used. Primary fixation was done with 2.5% glutaralde-
hyde (Daejung Chemicals, Gyonggi-do, Korea), 2% paraformalde-
hyde (EMS, Hatfield, PA), 0.25 M sucrose (Daejung Chemicals,
Gyonggi-do, Korea) buffered with 0.1 M sodium cacodylate pH
7.2 (Sigma Aldrich, St. Louis, MO) for 5 h at 4 �C. The post fixation
was done with 1% osmium tetroxide (Tedpella, Redding, CA) in
0.1 M sodium cacodylate buffer pH 7.2 for 2 h at 4 �C. Samples
briefly washed with distilled water at room temperature. Samples
were dehydrated with graded ethanol series (30%, 40%, 50%, 60%,
70%, 80%, 90%, 95% and 100%). Transition was done with 100% pro-
pylene oxide (EMS, Hatfield, PA). Infiltration was done with
Embed812 resin overnight at 70 rpm using Peneteron (Sunkay Lab-
oratories Inc., Japan) and allowed to polymerize at 70 �C for 48 h.
Sections of 80 nm thickness were taken using Leica UCT ultrami-
crotome (Leica Mikrosysteme GmbH, Austria) and collected on
copper grid followed by double staining with 2% uranyl acetate
(EMS, Hatfield, PA). Then, all sections were stained with Reynold’s
lead citrate (EMS, Hatfield, PA) and examined on a transmission
electron microscope (Hitachi H7650, Tokyo, Japan) (Modified
method of Wong et al., 2008).

2.6. Total lipid and fatty acid analysis

The total lipids were extracted from the 10 mg of lyophilized
biomass with chloroform–methanol (2:1 v/v) solvent mixture
similar to the Folch’s method (Folch et al., 1957). Fatty acid methyl
esters (FAMEs) were produced from the extracted lipid by
transesterification reaction. Briefly, methanol was added to the
extracted lipids with sulfuric acid as a catalyst and transesterifica-
tion reaction was allowed to occur at 100 �C for 10 min. After
reaction, 1 ml of deionized water was added and the organic phase
was separated from water phase by centrifugation at 4,000 rpm for
10 min. One ml of chloroform containing 0.5 mg of a C19:0 fatty
acid (nonadecanoic acid) was added to each tube as an internal
standard. The FAMEs in organic phase were analyzed by gas
chromatography (HP5890, Agilent) with a flame ionized detector
(FID) and INNOWAX capillary column (Agilent, USA, 30 m �
0.32 mm � 0.5 lm).

2.7. Statistical analysis

Triplicates of samples were maintained throughout the experi-
ments. Statistical analyses were performed using SigmaPlot 10.0
software (Systat Software Inc., Chicago, IL). The results were ex-
pressed as means ± SD (standard deviation) of triplicate
experiments.
3. Results and discussion

3.1. Physiological behavior and ultrastructure of Aurantiochytrium sp.
KRS101

To obtain healthy growth of Aurantiochytrium sp. KRS101, the
seed cultures were obtained from late log phase. The initial seed
cultures for inoculum were maintained around �2.0 � 104

cells ml�1. The growth rates of Aurantiochytrium sp. KRS101 were
measured and shown in Fig. 1. The Aurantiochytrium sp. KRS101
was found to have a lengthy exponential growth phase that started
from 12 h and ended in 72 h. The strain reached the stationary
phase by 96 h and stabilized in 120 h. It has been reported that
Aurantiochytrium mangrovei MP2 which shared structural similar-
ity with Aurantiochytrium sp. KRS101, was easily ruptured under
freshwater, resulting in a release of cytoplasm from the cells
(Wong et al., 2008). However, with the supplement of high concen-
tration of nitrogen and carbon sources, the cell rupture was signif-
icantly reduced in Aurantiochytrium sp. KRS101 (Kim et al., 2013).
Thus, it is conceivable that, Aurantiochytrium sp. KRS101 grows fast
using high quantity of nutrients available in the medium, without
cell rupture, and attain stationary level after exhaustion of avail-
able nutrients in the medium.

Ultra structural correlation of lipid body formation have been
extensively studied in the green algae Chlamydomonas reinhardtii
and oleaginous fungus Mortierella ramanniana but analogous re-
search in Labyrintulomycota including Aurantiochytrium sp. has
yet to be undertaken (Goodson et al., 2011; Kamisaka et al.,
1999; Gupta et al., 2012). The ultrastructure study with TEM anal-
ysis can illustrate the correlation between cellular growth and lipid
body formation. During the culture period from lag phase (12 h) to
late-stationary phase (120 h) (Fig. 1), we successfully observed that
cells became heterogeneous in size and lipid bodies content in-
creased gradually to those of lag phase cells (Table 1 and SI. F. 1–3).
Nucleus, mitochondria, golgi bodies, small and large size vacuoles
were clearly observed in both lag (12 h) and early-exponential
phase (24 h) cells (SI. F. 1 and F. 2a, respectively), while those were
not clearly observed in stationary phase cells. In early-exponential
phase (24 h), mature lipid bodies were appeared and multi-cellular
sporangiums were also appeared (SI. F. 2a and b). In this phase, we
observed average appearance of 4–6 multi-cellular sporangiums
per Aurantiochytrium cell. In the mid-exponential phase (48 h),
well-developed multi-cellular sporangiums were clearly observed
(SI. F. 2c and d). But, in this phase, the outer layer of multi-layered
membrane seems to be weaken and disconnected which cause the
disruption of multi-layered outer membrane (SI. F. 2d). Very clear
and high-level separations of young sporangiums were observed in
late-exponential phase (72 h) (SI. F. 3a and b). Very interestingly,
the early-stationary phase (96 h) cells showed large size and high
quantity of lipid bodies (SI. F. 3c), those lipid bodies found to be
more electron dense than early growth phases. It suggested that
those lipid bodies have higher levels of unsaturated fatty acids
than saturated fatty acids, because for staining the cells, we used
osmium tetroxide which binds double bonds of unsaturated fatty
acids (Wong et al., 2008; Bozzola and Russell, 1999). It is in corre-
lation with our GC data that predominant species of lipid bodies
are DHA and palmitic acid (Table 1). During late-stationary phase
(120 h), disordered organelles and autophagosomes were observed
and it suggested the malformation of the cells (SI. F. 3d). It has been



Table 1
GC quantification of FAME content of strains of Aurantiochytrium sp. KRS101 at different cell growth phases.

Growth phases Total lipid (%)a Fatty acid compositionb

C14:0 C14:1 C16:0 (PA) C18:0 C22:6n3 (DHA)

Lag phase (12 h) 10.4 ± 0.02 0.003 0.02 0.41 0.01 0.41
Early-exponential phase (24 h) 10.9 ± 0.3 0.003 0.03 0.5 0.02 0.51
Mid-exponential phase (48 h) 13.2 ± 0.2 0.04 0.002 0.53 0.01 0.53
Late-exponential phase (72 h) 18.5 ± 0.23 0.03 0.002 0.5 0.01 0.7
Early-stationary phase (96 h) 45.8 ± 0.33 0.3 0.007 2.6 0.1 1.9
Late-stationary phase (120 h) 50.5 ± 0.3 0.2 0.004 3.5 0.1 2.23

a All data are expressed as mean ± SD of triplicate experiments.
b All data are expressed as mean quantity of triplicate experiments.

152 N. Velmurugan et al. / Bioresource Technology 161 (2014) 149–154
noted that no sub-cellular sporangiums were released in the late-
stationary phase suggesting that those cells are metabolically inac-
tive than earlier growth phase cells, although they were still live in
condition.

3.2. Comparison of the intracellular lipid content of Aurantiochytrium
sp. by BODIPY 505/515 and Nile Red staining

One of the objectives of the present work was to compare the
effectiveness of Nile Red and BODIPY 505/515 dyes to stain intracel-
lular lipid bodies of Labyrinthulomycetes for flow cytometry-based
screening and single cells sorting. For this purpose, first, the intra-
cellular lipid accumulations in Aurantiochytrium sp. were analyzed
by confocal microscope in combination with BODIPY 505/515 and
Nile Red fluorescent dyes. So far, the evaluation of intracellular lipid
bodies of Labyrinthulomycetes by lipophilic fluorescent dyes is
scarce. Recently, the lipid bodies in thraustochytrid were stained
using Nile Red but evaluation of efficiency had not been studied
(Sakaguchi et al., 2012), while BODIPY 505/515 staining has not
been reported yet. The lipophilic fluorescent dyes, Nile Red and
BODIPY 505/515 have been used for the measurement of lipid con-
tents in green microalgae and cyanobacteria (Govender et al., 2012;
Velmurugan et al., 2013). The intracellular lipid droplets adsorb Nile
Red and BODIPY 505/515 via a penetration and diffusion trap mech-
anism, respectively (Cooper et al., 2010). Different carrier solvents,
acetone, glycerol and DMSO have been used for Nile Red to across
the microalgal cell membrane (Cooksey et al., 1987; Doan and
Obbard, 2011). However, higher quantities of acetone and DMSO in-
hibit algal cell growth (Doan and Obbard, 2011). The cell viability is
an important point to be considered since one of the major aims of
this study was to sort single thraustochytrid cells with high lipid
content and recover those cells for further cultivation. Thus, the
glycerol-based Nile Red staining selected for these studies.

Confocal microscopy images of Nile Red stained Aurantiochytri-
um sp. shown in SI. F. 4a and b. It is seen clearly that glycerol effi-
ciently assisted Nile Red to penetrate the cell wall of
Aurantiochytrium sp. and bind to lipid bodies emitting strong red-
dish fluorescence. These results regarding Nile Red staining of
Aurantiochytrium sp. were consistent with the results reported by
Sakaguchi et al. (2012). While significantly lower final concentra-
tions of 0.02–0.2% of DMSO was used as a carrier solvent for BOD-
IPY 505/515 staining in this study. Confocal microscopy images
demonstrated that low concentrations of DMSO (0.02–0.2%) were
effective to deliver BODIPY 505/515 into the Aurantiochytrium sp.
(SI. F. 4c and d), while BODIPY 505/515 staining in a glycerol-algal
suspension was not effective to stain lipid bodies (data not shown).
The BODIPY 505/515 stained cells clearly distinguished the
multi-cellular sporangium within the single cell (please note the
white arrows in SI. F. 4c). This result indicates that the optimized
DMSO–BODIPY composition highly efficient to transfer the
BODIPY into the cells and BODIPY did not bind to multilayers of
outer membranes and other cytoplasmic components in the
multi-cellular sporangium within the single cell. While clearly
distinguished multi-cellular sporangium have not found in Nile
Red stained single cells, this also indicates the advantage of use
of BODIPY staining over Nile Red staining. Suitability of signifi-
cantly lower concentrations of DMSO for single cell sorting of
Aurantiochytrium sp. detailed in single cell sorting section. Very
clear bright green lipid droplets of Aurantiochytrium sp. were
observed in confocal microscopy analysis and this suggests that
the narrow emission spectrum of BODIPY 505/515 makes this
dye more suitable than Nile Red for technical applications and
staining with BODIPY 505/515 can provide a better resolved image
than that obtained by Nile Red staining.

3.3. Determination of intracellular lipid contents in Aurantiochytrium
sp. by FACS

After staining Aurantiochytrium sp. cells with Nile Red or BODI-
PY 505/515, the accumulation of intracellular lipid bodies in Auran-
tiochytrium sp. were also analyzed by FACS. Channels FL1 and FL2
were used for detection of fluorescent signals of BODIPY 505/515
and Nile Red, respectively. Fig. 2 presents a sequence of fluores-
cence histograms related to the different cell growth phases of
Aurantiochytrium sp. KRS101, and the mean fluorescence intensity
of each histogram is summarized in Table 2. In this comparison, re-
sults clearly showing that the relative fluorescence intensity for
BODIPY 505/515 was greater than Nile Red fluorescence at all
growth phases (Table 2 and Fig. 2). The mean fluorescence inten-
sity of both Nile Red and BODIPY 505/515 stained Aurantiochytrium
sp. cells gradually increased from the exponential to the stationary
growth phase (Fig. 2 and Table 2), indicating the progressive accu-
mulation of intracellular lipids as the cell cycle moved from the
exponential phase to late-stationary phase. A peak fluorescence
mean intensity of 1152.9 (a.u.) was obtained for Nile Red stained
Aurantiochytrium at early-stationary phase (Table 2), this was rela-
tively smaller value than mean fluorescence intensities of BODIPY
stained cells obtained at same early-stationary phase. The mean
fluorescent intensity from BODIPY stained Aurantiochytrium sp.
was the highest (10332.01 a.u.) in the stationary phase (Table 2).
Additionally, it observed that peaks between different cell growth
phases were much clearly separated with BODIPY 505/515 staining
than Nile Red staining (Fig. 2). These results clearly indicate the use
of BODIPY 505/515 is more suitable than Nile Red for analysis of
lipid production in Aurantiochytrium sp. The staining of lipids with
BODIPY 505/515 was optimal to 0.2% DMSO as it did not affect cell
viability and recovery at the concentration.

The fluorescent intensities obtained by FACS analysis were
compared with lipid contents determined by GC analysis and we
found both data have high correlation in most growth phases
except for late-stationary phase (120 h) (Fig. 2 and Table 1). In both
FACS and GC analyses, cells in exponential phase showed lower
mean intensity values which were consistent with GC results, and
these data indicate very slow accumulation of lipid in exponential
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Fig. 2. Flow cytograms of Nile Red (a), and BODIPY 505/515 (b) stained Aurantio-
chytrium sp. KRS101. Red: early-exponential phase (24 h), green: mid-exponential
phase (48 h), and blue: early-stationary phase (96 h). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Fluorescence intensities of Nile Red, and BODIPY 505/515 stained Aurantiochytrium
sp. KRS101 at different cell growth phases.

Growth phases Mean fluorescence intensity (a.u.)a

Nile Red stained
(FL2 channel)

BODIPY stained
(FL1 channel)

Lag phase (12 h) 157.94 ± 2.6 893.6 ± 0.6
Early-exponential phase (24 h) 183.84 ± 1.0 1800.4 ± 0.5
Mid-exponential phase (48 h) 193.43 ± 0.5 2499.52 ± 1.14
Late-exponential phase (72 h) 212.3 ± 2.1 3333.62 ± 1.4
Early-stationary phase (96 h) 1152.9 ± 3.1 10332.01 ± 1.5
Late-stationary phase (120 h) 763.9 ± 4.04 6234.41 ± 1.32

a All data are expressed as mean ± SD of triplicate experiments.
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phase. Both analyses confirmed that the most significant accumu-
lation of lipid was found in stationary phase. However, in FACS
analysis, an unexpected result observed that cells at late-stationary
phase exhibited significantly lower fluorescence intensity com-
pared with early-stationary phase (Table 2). A possible reason for
the decrease of signal intensities at late-stationary phase is that
cells are disordered in the late-stationary phase and produced
debris, further the fluorescent stained debris creates high noise
during flow cytometry screening (data not shown) and showed
relatively lower fluorescence than that of earlier growth phase.
3.4. Single cell sorting and viability analysis

In order to examine the effect of staining dyes on cell viability,
Aurantiochytrium sp. cells stained with either Nile Red or BODIPY
505/515 were sorted by FACS and their cell growth were analyzed
by cultivation. Using the single cell sort precision mode, the
stained cells were separately sorted into 96-deep well plates con-
taining 1 ml of nutrient medium mentioned in Methods. Approx-
imately �57% of the BODIPY 505/515 stained cells showed
healthy growth while �35% of the Nile Red stained cells showed
healthy growth. In order to determine the contamination rate in
the sorted cells, 10 ll of the liquid potion from a randomly se-
lected well was continuously observed under light microscope
and no bacterial or fungal contamination was observed. Different
concentrations of DMSO (0.02–0.2%) in combination with BODIPY
505/515 stain was used to sort the single cells of Aurantiochytri-
um sp. and no significant difference in their post-sorting viability
and recovery was found among the various concentrations of
DMSO used. The results (no difference in post-sorting viability be-
tween unstained and BODIPY 505/515 stained cells, but reduction
in post-sorting viability of Nile Red stained Aurantiochytrium
cells) also indicate that BODIPY 505/515 is more efficient for sin-
gle-cell sorting and regeneration of Aurantiochytrium sp. than Nile
Red. Overall, the results indicating that FACS in combination with
BODIPY 505/515 and minimum concentration of DMSO allows the
sorting of individual cells possessing high lipid content success-
fully and used to seed new highly potent Aurantiochytrium sp.
cultures. Post-sorting viability of microbial cells are affected by
various reasons including toxic nature of dye, carrier substance
used, fluid acceleration, electrical or mechanical shock and optical
stress (Mutanda et al., 2011; Hyka et al., 2012). A fragile dinofa-
gellate, Karenia brevis was reported for comparison of survival
efficiency between FACS sorting and manual picking (Sinigalliano
et al., 2009). The manual picking showed better efficiency than
FACS sorting and this could be due to the fragility of algae that
belong to this taxonomic group. Thus, the rate of successful
post-sorting viability of single-cell of Aurantiochytrium sp. cells
depends on taxonomic group, fluorescent dye, carrier solvent,
instrument used and the optimization of recovery conditions of
cell cultures is also required.
3.5. Fatty acid composition of Aurantiochytrium sp. by GC-FID analysis

To confirm the conclusions drawn from the FACS and TEM anal-
ysis, the fatty acid methyl esters (FAME) contents of Aurantiochytri-
um sp. KRS101 cells were quantified at different growth phases by
gas chromatography. Fatty acid profiles of the Aurantiochytrium sp.
KRS101 in the different growth phases are summarized in Table 1.
The major fatty acid components observed in KRS101 cells were
DHA (C22:6n3) and palmitic acid (C16). As shown in Table 1, the
intracellular lipid content was periodically increased from lag
phase to late-stationary phase. A significant shift in lipid content
was observed from mid-exponential to late-stationary phase.
Sequential increase of lipid content in different growth phases
indicates the intergenerational stability of lipid levels in KRS101
cells. The presence of palmitic acid and DHA indicated the stable
formation of fatty acid composition (Table 1). The DHA and pal-
mitic acid contents are sequentially increased from lag- to late-sta-
tionary phase. Interestingly, a different alteration in fatty acid
composition of KRS101 cells was observed during different growth
phases. The palmitic acid (C16) content observed to be less than
DHA (C22:6n3) until the end of the exponential phase but shifted
to increase than DHA during stationary phase and attained highest
level at late-stationary phase than DHA (Table 1). A study by
Morita et al. (2006) reported that the content of palmitic acid in
the 10-day old thraustochytrid Schizochytrium limacinum was
higher than that of DHA content. However, observation of fatty
acid composition of Aurantiochytrium not yet detailed at different
growth phases.
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3.6. The correlations between cellular distribution, FACS observations
and FAME contents

A direct correlation between the morphological features,
growth rates and intracellular lipid accumulation was investigated
by using TEM, FACS analysis and FAME compositions. The expo-
nential phase was started at 12 h and actively progressed until
72 h, during the exponential phase, cell growth increased from
0.7 � 106 to 6.9 � 106 cells ml�1, while the active cell differentia-
tions, formation and division of multi-cellular sporangiums within
single cell and release of mature sporangium were positively ob-
served by TEM analysis (SI. F. 1–3). FAME content results and FACS
analysis showed the lipid accumulation was low in the exponential
phase, but then increased in the stationary phase (Table 1 and Ta-
ble 2), and TEM analysis also revealed the higher level of formation
of intracellular lipid droplets. With regards to cell differentiation
and lipid production, FACS analysis, FAME content results, TEM
analysis and BODIPY 505/515 staining results positively correlated
well during exponential and stationary phases. It was observed
that formation of multi-cellular sporangiums was high and lipid
accumulation was limited in exponential phase. However, cell divi-
sion was reduced and lipid accumulation was increased in the sta-
tionary phase. It is due to the malfunctioning of cellular
components and thus resulted collapse in metabolic pathways
essential for proper functioning of various cell components. The
correlation coefficient between Nile Red, BODIPY, and GC content
was examined using samples at all growth phases and shown in
SI. F.5. The correlation results were fit well from exponential phase
till late-stationary phase.

4. Conclusions

The ultrastructure of Aurantiochytrium sp. KRS101 revealed the
cellular development and lipid accumulation in combination of a
high-throughput screening using FACS. Screening and sorting of
KRS101 using FACS in combination of a low concentration of DMSO
and BODIPY 505/515 was described. Significantly, morphological
studies and FACS-BODIPY 505/515 staining results corresponded
well with lipid accumulation in KRS101. A highly efficient screen-
ing methodology for the isolation high-lipid content cells from
Labyrinthulomycota family using FACS in combination with BODI-
PY 505/515 was established. This study should facilitate the single
cell genomics study of microalgal populations of Labyrinthulomy-
cota family for the production of advanced biofuels.
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