
Algal Research 19 (2016) 333–341

Contents lists available at ScienceDirect

Algal Research

j ourna l homepage: www.e lsev ie r .com/ locate /a lga l
Cell diameter doesn't affect lipid productivity of Chlorococcum littorale
Iago Teles Dominguez Cabanelas a,b,⁎,1, Carolina Fernandes a, Dorinde M.M. Kleinegris b,1,
René H. Wijffels a,c, Maria J. Barbosa b,1

a Wageningen University, Bioprocess Engineering, AlgaePARC, P.O. Box 16, 6700 AAWageningen, Netherlands
b Wageningen UR, Food & Biobased Research, AlgaePARC, Bornsesteeg 10, Building 112, 6721NG Bennekom, Netherlands
c Faculty Biosciences and Aquaculture, University of Nordland, N-8049 Bodø, Norway
⁎ Corresponding author at: Wageningen Univers
AlgaePARC, P.O. Box 16, 6700 AAWageningen, Netherlan

E-mail address: iago.dominguezteles@wur.nl (I.T.D. Ca
1 www.AlgaePARC.com.

http://dx.doi.org/10.1016/j.algal.2016.02.002
2211-9264/© 2016 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 September 2015
Received in revised form 31 December 2015
Accepted 6 February 2016
Available online 23 February 2016
Wehypothesized that cells with different diameter have different division rates, which could affect lipid productiv-
ity (lipid content × biomass productivity). In the present work we assessed the influence of cell diameter, as a
sorting parameter, on both biomass and lipid productivity of Chlorococcum littorale. Prior to sorting, cells were
grown in a batch-wise nitrogen run-out including a long nitrogen depleted phase (N−) to stop cell division, thus
only having vegetative cells (Pre-sorting). Cell sorting was done at the end of this N− phase using FACS (fluores-
cence assisted cell sorting) based on forward scatter as a proxy for diameter (size ranges (μm): 5–6 (small), 8–9
(medium), 11–14 (large) and 5–14 (control)). The sorting was done in 2 pools: multiple-cell (100 cells) and
single-cell. After sorting, cells were recovered under low-light for 2weeks, and used to start the Post-sorting exper-
iment (analogous to Pre-sorting). The populations derived fromdifferent sorted pools, single-cell andmultiple-cell,
showed similar size distributions after re-growth. No difference was observed in biomass and lipid productivities
among Post-sorting cells andwhen compared to Pre-sorting cells under nitrogen depletion.We concluded that cel-
lular size had no effect on both biomass and lipid productivity of C. littorale.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Microalgae have shown potential to replace current feedstock for
bulk commodities [11,36]. The positive aspects of microalgae bulk pro-
duction include sustainability and versatility of the production chain
when compared to land crops [10]. Nevertheless, reported biomass
and lipid productivities need to be improved to make bulk production
economically feasible for commodity products, such as plastics or fuels
[26,28].

One approach to increase productivity is to developmore productive
strains. This can be done by taking advantage of the natural genetic var-
iability of a parental population to screen and sort cells with different
features (e.g. high lipid producers) [22,37]. Another possibility is to in-
crease genetic variability by inducing mutations in a parental popula-
tion and screen and sort for mutants with abnormal improved
features [7,13,32,35]. Fluorescence assisted cell sorting (FACS) is a
method which allows rapid screening and sorting of cells with desired
characteristics. Sorted cells can be regrown, possibly leading to a new
improved culture [13,32,35,37]. FACS can sort cells based on multiple
ity, Bioprocess Engineering,
ds.
banelas).

. This is an open access article under
fluorescence and light scattering parameters, whichmakes it a versatile
technology.

Chlorococcum littorale has a high lipid content [29], high photosyn-
thetic efficiency under nitrogen stress [3], and has been used in FACSbe-
fore [9] and for this reason has been chosen in this study. C. littorale is a
unicellular microalga whose cell size can range from 5 to 14 μm in the
vegetative stage [25]. C. littorale can reproduce sexually and asexually
by multiple-fission of the mother cell, into 2 to 16 daughter cells (in
the shape of spores that can be haploid or diploid, in case of asexual or
sexual reproduction, although there is nomorphological differences be-
tween the two kinds of spores) [25]. The formation of spores is relevant
for the sorting, since dividing cells could bemistaken for a large vegeta-
tive cell. Up to now the regulation of cell size in microalgae is not
completely understood [4,27,33]. Studies with Chlamydomonas, a
genus with multiple-fission cell division, showed a positive correlation
between mother cell's sizes and the number of generated daughters
[27]. Other authors have shown that cells might even continue their di-
vision without doubling their cell volume. Hence, such cells would pro-
duce bigger daughter cells, that would generate more and smaller cells
in the next division [4]. Both studies point to a possible influence of cell
diameter on the growth patterns of following generations. Up to date,
no report has focused on the possible effect of size of vegetative cells
on the biomass productivity of bulk cultures. We hypothesized that
cells with different diameter have different division rates, which could
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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affect biomass productivity. Hence, differences in biomass productivity
could consequentially affect lipid productivity (lipid
content × biomass productivity).

In the present work we assessed the influence of cell diameter, as
sorting criterion, on both biomass and lipid productivity of vegetative
cells of C. littorale. C. littorale was grown in a batch-wise nitrogen run-
out followed by a long nitrogen-depleted phase to stop cell division
and to induce lipid accumulation, thus having only vegetative, lipid-
rich cells. At the end of the nitrogen-depleted phase (15 days, after
cell size was stable) cells were sorted in four groups of different diame-
ters: small (5–6 μm),medium (8–9 μm), large (11–14 μm) and a control
(5–14 μm). We compared both biomass and lipid productivities of
sorted cells of C. littoralewith the growth of the parental population. Ad-
ditionally, we compared the daily differences in cell size distribution,
photosystem II quantum yield, autofluorescence and intra-cellular
lipid fluorescence.
2. Materials and methods

2.1. Inoculum preparation, cultivation and culture screening with FACS

Inoculum of C. littorale (NBRC 102761) was prepared from samples
preserved under low light conditions (16 μmol m−2 s−1) in borosilicate
tubes containing growth medium and agar (12 g l−1). Small samples
were transferred from agar to 200 ml sterile borosilicate Erlenmeyer
flasks, containing 100 ml of sterile growth medium. C. littorale was
grown in salt water-like medium with the following composition
(g l−1): NaCl 24.55, MgSO4·7H2O 6.60, MgCl2·6H2O 5.60, CaCl2·2H2O
1.50, NaNO3 1.70, HEPES 11.92, NaHCO3 0.84, EDTA-Fe(III) 4.28, K2HPO4

0.13, KH2PO4 0.04. The medium also contained the following trace ele-
ments (mg l−1): Na2EDTA·2H2O 0.19, ZnSO4·7H2O 0.022, CoCl·6H2O
0.01, MnCl2·2H2O 0.148, Na2MoO4·2H2O 0.06, CuSO4·5H2O 0.01.

The sequence of experiments performed in thiswork is represented in
Fig. 1. After inoculum preparation we set-up a preliminary test to deter-
mine the boundaries for the sorting gates based on cell size using fluores-
cence assisted cell sorting (FACS). The preliminary test was performed
before but analogous to the experiment explained in the next section.
Fig. 1. Experimental flow diagram followed in this work. Inoculum preparation: fresh cultures w
gates: a preliminary test was done to set the boundaries of the gates used for the actual sortin
phase (N+, in white), a nitrogen run-out (Nout, in light gray) and a nitrogen depleted phase (
stabilized during nitrogen depletion (3 days with the same size distribution) the multiple-c
sorting: experiments analogous to Pre-sorting to compare biomass and lipid productivities; th
(fluorescence assisted cell sorting) and TAG's (triacylglycerides).
2.2. Experimental set-up

The experimental set-up was the same for both Pre-sorting and
Post-sorting experiments (Fig. 1). Experiments were inoculated with
an initial OD750 value of 0.5 (~0.7 g DW l−1). The algae were cultivated
in 200ml borosilicate Erlenmeyer flasks (100mlmedium per flask) and
kept in an Infors Multitron Pro orbital shaker incubator. Growth condi-
tions were: 25 ± 0.2 °C, 120 rpm, 60% humidity, 2% CO2 enrichment on
air, and 120 ± 2 μmol m−2 s−1 continuous light (24 h).

Both experiments had 2 phases: a growth phase (N+) and a nitro-
gen depleted (N−) phase. During the growth phase nitrogen (N–NO3)
was allowed to run-out progressively (at day 5 NO3 was completely
consumed by the cells). After reaching stationary phase, the cultures
were diluted 5× to a biomass concentration of 1.4 ± 0.1 DW g l−1, in
sterile medium without NO3

−, to allow further light penetration in the
culture and enhance lipid production. After dilution, cells were moni-
tored until maximum size was achieved, and was constant for 3 days
(after 15 days from start experiment). All daily measurements were
done at the same time every day and are described in the following
section.

Multiple-cell sorting (3 × 100 cells) was done based on cell size in
four groups, at the end of the stationary phase (Fig. 3). After sorting,
cells were re-suspended in 50 ml sterile falcon tubes containing fresh
and sterile nitrogen-replete medium into. Cells grew for 2 weeks in
the tubes under low light conditions (16 μmol m−2 s−1). After this,
cells were transferred to sterile borosilicate Erlenmeyer's, where Post-
sorting experiments were conducted under similar conditions as the
Pre-sorting experiments and with the same daily measurements.

Additionally single-cells were sorted from the same parental popu-
lation on the same day (Fig. 1). Fifteen replicates per group of single-
sorted cells were taken to increase sample size and to assure reproduc-
ibility of Post-sorting results. Single cell sorting was done analogous to
and immediately after themultiple-cell sorting. After 18 days of growth
under low-light conditions (16 μmol m−2 s−1) the sorted cells were
centrifuged at 1224 ×g for 10 min, washed with sterile medium and
readily analyzed for size and autofluorescence using the FlowCAM®
fluid imaging system (settings are presented in the next section).
ere prepared from agar plate's cultures and kept under controlled conditions. Setting the
g. Pre-sorting: Batch nitrogen run-out cultivations were done in flasks including a growth
N−, in dark gray). The same colors were used in Figs. 4 and 7. Sorting: after cell size was
ell sorting was done with 4 different gates based on size (3 × 100 cells/replicate). Post-
e single-cell sorted cells were readily analyzed after 18 days of re-grow. Acronyms: FACS
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2.3. Daily measurements

All daily measurements were done at the same time every day. Op-
tical densities were measured on a daily basis using a spectrophotome-
ter (HACH, DR5000) on two different wavelengths: 680 and 750 nm.
Samples were diluted within the range of the detection limit (0.1–1
units of OD). OD750 was used as a proxy for biomass concentration
and OD680 was relative to the chlorophyll fluorescence [16].

Quantum yield of photosystem II (PSII) – ratio between the number
of photons emitted and the number of photons absorbed by the cells –
was measured daily with a fluorometer (AquaPen-C AP-C 100, Photon
System Instruments, Czech Republic). The measurements were done
with cultures at OD750 values between 0.2–0.4 after a dark period of
10 min at room temperature. The quantum yield was used to infer the
photochemical efficiency of the cells. The Fv/Fm ratio gives the maxi-
mum quantum yield of PSII (Eq. (1), [3]), where F0 is the minimal
level of fluorescence (after dark-acclimation) and Fm is the maximum
fluorescence after exposing the cells to a pulse of actinic light.

FV=Fmð Þ ¼ Fm−F0
Fm

ð1Þ

FlowCAM® analyses were performed daily to follow-up the cell's di-
ameter, autofluorescence (chlorophyll fluorescence) and lipid-
dependent fluorescence (BODIPY505/515 fluorescence). For FlowCAM®
analyses samples were first diluted 100 to 1000 times and then stained
for neutral lipids to achieve a final concentration of 0.4 μg/ml of BODIPY
505/515 and 0.35% of ethanol, following theprotocol of [9]. After 5min the
samples were run in the FlowCAM® (Fluid Imaging Technologies, Yar-
mouth, Maine) using the following settings: 20× optical magnification
and Trigger-mode-on with channels 1 and 2, autofluorescence
(650 nm longpassfilter) andBODIPY505/515 (525/30filter), respectively.
The trigger mode activates the system to take a camera image when a
particle produces a fluorescence signal. Diameter (μm), autofluores-
cence (Ch1) and BODIPY505/515 fluorescence (Ch2) of each sample
were taken for further analyses.

Daily samples were taken for measurement of nitrogen content (N–
NO3 mg l−1) in the medium. 1 ml of culture was centrifuged at
13,000 ×g and the supernatant was used for analysis. Nitrogen content
was measured daily with the Sulphanilamide N-1-naphthyl method
(APHA 4500-NO3-F) using the SEAL AQ2 automatic analyzer.

2.4. Cell sorting using FACS

At the end of the nitrogen-depleted phase of the Pre-sorting exper-
iment, a sample was collected and diluted to an OD750 of approximately
0.3, to keep cell concentration in the flow cytometer at 200 cells/min.
The sorting was carried out with a FACScalibur® flow cytometer (BD
Biosciences, San Jose, California). FACScalibur® is equipped with an
argon ion laser with excitation at 488 nm and in our work the emission
at 670LP (FL3 channel) was used, relative to the cells autofluorescence
(Chlorophyll-a emission). FL3 channel was read in logarithmic scale
and the sensitivitywas set at 300mVwhile FSC channelwas read on lin-
ear scale. Cells were collected in sterile 50 ml falcon tubes and sterile
PBS was used as sheath fluid (phosphate saline buffer; composition:
NaCl 137 mM, KCl 2.7 mM, Na2HPO4 10.0 mM, KH2PO4 1.8 mM).

The sorting was done in two steps: multiple-cell sorting and single-
cell sorting. Formultiple-cell sorting 100 cells were collected per tube to
produce inoculum for the Post-sorting experiments (in triplicate). Sub-
sequently, single-cell sorting was carried-out using the same sample
and same machine settings as the multiple-cell sorting (with 15 repli-
cates for each size). After sorting, cells were centrifuged at 1224 ×g
for 5 min and re-suspended in sterile growth medium (both multiple
and single-cell sorting). The tubes with sorted cells were placed under
constant light at 16 μmol m−2 s−1, allowing cells to recover for
2 weeks. After the recovery time, triplicates containing 100 cells each
were transferred to Erlenmeyer flasks to produce inocula for the Post-
sorting experiments. The cultures originating from the single-cell
sorting experiments were readily analyzed with the FlowCAM® after
18 days of growth in the tubes.

2.5. Fatty acid and TAG analysis

Biomass samples were collected at the end of both nitrogen replete
(N+) and nitrogen depleted (N−) phases of Pre- and Post-sorting ex-
periments. Biomass was centrifuged twice and washed with MilliQ
water (3134 ×g for 10 min at 4 °C) and followed by freezing at
−20 °C and freeze-drying for 24 h.

Fatty acid and triacylglycerol's (TAGs) extraction and quantification
were performed as described by Breuer et al. [8], using GC/MS column
chromatography of the chloroform fraction of lipids.

2.6. Data analysis

Data from FlowCAM and cytometer were exported to Microsoft
Excel to be edited and analyzed. For statistical analysis, one-way analy-
sis of variance (ANOVA) was used to access the significance of differ-
ences between and among sorted groups (SigmaPlot, v. 12.5). The
premises of ANOVA, i.e. the homogeneity of variances and the normality
of the data, were also measured with SigmaPlot. A p-value lower than
0.05 was considered significant.

2.6.1. Calculations
The biomass dry weight was used to calculate the growth rate of

C. littorale, as given in [Eq. (2)],

μ ¼ ln DWtfinal−DWt0

� �

tfinal−t0
ð2Þ

where, DW stands for the dry weight of biomass (g l−1), from the first
(t0) and the last time point (tfinal) considered. For the growth rate
under nitrogen replete conditions (N+) the 5th day of cultivation
(d= 5) and the day of inoculation (d= 0)were used as final and initial
values, respectively.

The increase in BODIPY cellular fluorescence was used to calculate
the BODIPY accumulation rate (BPr), relating to the increase of cellular
neutral lipids in time. The BPr was estimated with a similar approach
as used for Eq. (2), only that the values of DW where replaced with
the values of BP fluorescence (relative fluorescence units, RFU). The
period of time used for calculation was the period between the start
(d = 5) and the end (d = 10) of the nitrogen run-out (being d = 0
the inoculation day). This period was chosen because it shows the first
increase in intracellular lipid content; hence it is an estimate of the
first metabolic response of the intracellular lipid accumulation.

The decrease in photosystem II quantum yield (QYr) was calculated
using an identical approach to the one used in Eq. (2), but replacing DW
values by QYmeasurements. Two QYr were calculated: at the end of the
nitrogen run-out (between d= 5 and d= 10), and at the end of the ni-
trogen depleted phase (between d = 10 and d = 25).

The volumetric biomass productivity (PX, g l−1 d−1) is given by
[Eq. (3)],

PX ¼ DWtfinal−DWt0

tfinal−t0
ð3Þ

where, two time intervals of the dry weight (DW, in g per liter) were
used: between the end (d=10) and the beginning (d=5) of the nitro-
gen run-out (Nout) and at the end (d= 25) and the beginning (d= 10)
of the nitrogen depleted phase (N−).



Fig. 2. Nitrogen stressed cells show no correlation between diameter and intracellular
lipid-fluorescence: Scatter plot between BODIPY dependent fluorescence (y-axis) and
cellular diameter (x-axis) (n = 500 cells). Data derived from the preliminary test, with
cells exposed to 15 days of nitrogen depletion. R2 represents the coefficient of
determination, evidencing the lack of correlation between lipid-dependent fluorescence
and cellular diameter.
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The final TAG volumetric productivity (PTAG, mg l−1 d−1) was esti-
mated using [Eq. (4)],

PTAG ¼ PX � TAGð Þ � 1000 ð4Þ

where PX is the biomass volumetric productivity calculated above and
the TAG (triacylglycerides) content in the biomass (g g−1). The PTAG
was calculated using the Px and the TAG content from both Nout and
N− phases.

3. Results and discussion

3.1. Gate set-up to sort cells on size

A preliminary test was done to check 2 assumptions: 1] that the in-
tracellular lipid content is not correlated with the cell diameter and 2]
that FACS could be used to sort cells based on cell size. The first assump-
tion is relevant not to include the lipid content as a sorting criteria. As
stated in the introduction, we hypothesized that cells with different di-
ameters can have different division rates and we want to evaluate the
effect of such differences on lipid productivity. We found no correlation
between cell diameter and intracellular lipid-fluorescence, as it can be
seen from the R2 value in Fig. 2. The preliminary test was done using
the same experimental set-up as it was used for the actual experiments
(Fig. 1 and Section 2.2 of methods).
Fig. 3. Preliminary test done to set the boundaries to sort cells based on size. A: Dot-plot of nitro
(FSC), both parameters are in relativefluorescence units (RFU). B:Histogramof frequency of the
and an ellipse (A) and range-lines (B) and stand for small (S), medium (M) and Large (L) and
Once the first assumption was checked we used the same sample to
do a preliminary sorting test to check the second assumption: can FACS
be used to sort cells based on diameter? Cell diameter cannot be directly
measured in FACS. However, measurements of the forward light scat-
tering (FSC) of every cell can be used as a proxy for cell size [2,37]. Al-
though calibration beads are available to convert FSC into diameter
[23], we decided not to use calibration beads due to intrinsic differences
in e.g. surface smoothness between the calibration beads and
microalgae cells. Furthermore, we worked with size intervals that dif-
fered from each other in only 2 μm.Hencewe decided not to use calibra-
tion beads to convert FSC to cell size, insteadwe decided to use FSC as a
proxy for cell size and to perform a test to confirm the results of the set
gates boundaries by measuring the cell size of sorted cells immediately
after the sorting (using FlowCAM fluid imaging).

A histogram of FSC was firstly established to show the distribution of
size within the population and to identify the different size groups
(Fig. 3B). The information from the histogram (Fig. 3B) was crosschecked
with simultaneous plotting of autofluorescence (AF) versus FSC (Fig. 3A)
as a positive control for algae cells (to avoid gating non-fluorescent parti-
cles). Autofluorescence was used as a proxy for cellular chlorophyll con-
tent to confirm the identity of the particles as microalgae cells. We kept
the ratio AF/FSC the same for all gates to avoid AF as a second sorting
criteria (Small: 1.2, Medium: 1.1, and Large: 1.1). The gates used for
sortingwere established on the dot-plot shown on Fig. 3A. This approach
was important to avoid the inclusion of cell debris, especially for the
group containing small cells.

Once the gates were established, as shown in Fig. 3A, the cells were
sorted (100 cells per group, in triplicate) and subsequently analyzed for
size. The cell size was assessed with the FlowCam imaging, which pro-
vides direct measurement of cell diameter (μm) and autofluorescence,
supplementing the analysis from FACS. The results from the preliminary
test (Fig. 3) confirmed the suitable gate boundaries to sort cells based on
size: small (5–6 μm),medium (8–9 μm), large (11–14 μm) and a control
including all previous sizes (5–14 μm). Detailed pictures of the cells
from all different groups can be found in the supplementary materials
(SM1).

3.2. Growth of C. littorale before cell sorting

C. littorale was cultivated phototrophically, batch wise in nitrogen
replete medium (Pre-sorting experiment). At day 5 the concentration
of nitrogen in the medium was zero (Fig. 4A, light gray area marks the
5th day). We kept the cultivation for 5 additional days after nitrogen
run-out, until biomass concentration reached its maximum, meaning
that the cells had consumed their internal nitrogen poolswhilefinishing
to divide (which can also be noticed on the size evolution, Fig. 4C). At
gen depleted cells of Chlorococcum littorale using Autofluorescence (FL3) vs forward scatter
FSC of nitrogen depleted cells ofChlorococcum littorale.The gates are depicted as rectangles
control (C).



Fig. 4. Evolution of C. littorale growth parameters before cell sorting. Thewhite area of the chart indicates the growth phase (N+), the light gray area marks the point in which N runs out
(Nout), and the dark gray area indicates the phase inwhich the culture is diluted in nitrogen depletedmedium (N−). For every plot the standard deviation is present, (n=3). A: Evolution
of biomass production of C. littorale (circles, primary y-axis) and evolution of the quantum yield of photosystem II over time (QY, squares, secondary y-axis). B: Evolution of
autofluorescence (circles, primary y-axis) and BODIPY-fluorescence (squares, secondary y-axis) of C. littorale cells over time. The averages of two measurements of fluorescence were
plotted (500 cells were assessed per measurement). The measurements are represented as relative fluorescence units (RFU). C: Evolution of average (per cell) diameter of C. littorale
cells over time.

337I.T.D. Cabanelas et al. / Algal Research 19 (2016) 333–341



338 I.T.D. Cabanelas et al. / Algal Research 19 (2016) 333–341
this point, the cultures were diluted in nitrogen depletedmedium to in-
crease the light intensity inside the culture necessary to further stimu-
late lipid accumulation in microalgae [18,21,30,34] (Fig. 4A), and a
consequent increase in size (Fig. 4C).

Table 1 presents the growth rate, biomass and TAG volumetric pro-
ductivities and fatty-acid and TAG content (%DWbiomass). The growth
rates and productivities calculated in the present work were used to
compare the Pre-sorting with the Post-sorting populations.

In the growth phasewe observe that the quantumyield (QY) of pho-
tosystem II remained above 0.5, supporting the hypothesis that the cells
were not under photochemical stress (Fig. 4A). The QY is an indicator of
stress at values below 0.4 [19,38]. We can detect a drop in the QY after
the nitrogen run-out (light gray area, Fig. 4A) and a further drop to
half of the initial value during the nitrogen depleted phase (dark gray
area, Fig. 4A). Low values of QY are an indirect indication of lipid forma-
tion, because under nitrogen stress no biomass can be produced and the
photochemical energy is used to produce storage lipids [1]. The experi-
ment was kept until values of QY close to 0 were achieved (Fig. 4A).

Both autofluorescence and lipid-related fluorescence (BODIPY)
were monitored during the experiment. The autofluorescence was sta-
ble throughout the experiment, showing only a reduction of 6.8% in au-
tofluorescence from the beginning to the end of the experiment
(Fig. 4B). The autofluorescence is related to the fluorescence of both
photosystems in the chloroplast [14], hence it can be used as a proxy
for the chlorophyll content per cell. We can infer that almost no chloro-
phyll degradation took place, since only a small fraction of autofluores-
cence was reduced.

Fluorescence of the BODIPY dyewas used as a proxy for cellular lipid
content [2,9,15,24]. BODIPY505/515 is a dye used to stain non-polar lipid
bodies in microalgae cells [9,12,24]. The average BODIPY505/515 fluores-
cence per cell is presented in Fig. 4B, where it is possible to see an accu-
mulation of neutral lipids from themoment of nitrogen run-out onward
(Day 5). The increase in cellular lipid content is a survivalmechanism in
most microalgae, which directs the energy converted from photosyn-
thesis to the synthesis of storage lipids in the absence of substrate
(nitrogen) to grow [1,17,20].

3.3. Single-cell and multiple-cell sorted populations exhibited similar size
distribution

Sorting based on cell size took place at the end of the nitrogen-
depleted phase (d= 25), after vegetative cells had reached their maxi-
mum size (As showed in 4C). Size measurements were plotted in a his-
togram after the regrowth phase (Fig. 5). The overlap of the curves
indicates that, after sorting, cells showed the same behavior as before
the sorting. We also measured the distribution of cell diameter in the
population originated from sorted single-cells to compare the 4 sorted
populations among each other. The comparison of the average cell
Table 1
Growth parameters ofC. littorale Pre- and Post-sorting. Growth rate (μ) is presented only for the
presented for the nitrogen run out period (Nout) andN-depleted phase (N−) (As depicted in Fig
accumulation rate (BPr) is related to the lipid accumulation after nitrogen run-out (Nout). The v
TAGs content (%DW) are presented for both growth phase (N+) and nitrogen depleted phase
tistical analysis was carried out to detect differences between the Pre- and Post-sorting experi

Parameter Phase Pre-sorting Post-sorting

Control

μ (d−1) N+ 0.19 ± 0.00 0.19 ± 0.00
QYr (d−1) Nout −0.34 ± 0.05 −0.40 ± 0.04

N− −0.04 ± 0.00 −0.04 ± 0.01
BPr (d−1) Nout 1.27 ± 0.05 1.39 ± 0.05
PX (g l−1 d−1) Nout 0.29 ± 0.02 a 0.32 ± 0.06

N− 0.07 ± 0.00 a 0.07 ± 0.00
PTAG (mg l−1 d−1) Nout 38.25 ± 2.15a 23.25 ± 1.51

N− 14.50 ± 0.15a 12.35 ± 0.20
Total TAGs (%DW) Nout 13.19 ± 0.01a 7.36 ± 0.73

N− 33.77 ± 0.15a 25.00 ± 0.07
diameter among the sorted cells showed no statistical difference
(Fig. 6, p N 0.05, one-way ANOVA).

These resultswere thefirst evidence that cell sizemight be an intrin-
sically regulated phenotypical distribution of C. littorale. Cell cycle stud-
ies with Chlamydomonas, a microalgae strain with multiple-fission
division as C. littorale, showed that there is a positive correlation be-
tween mother cell's sizes and the number of generated daughters [27].
Other authors, however, have shown that cells might divide without
doubling their cell volume. Hence, such cells would produce bigger
daughter cells, that would generate more and smaller cells in the next
division, which is an evolutionary advantage for natural unstable
conditions [4].

3.4. Cell size showed no effect on the growth dynamics of C. littorale after
sorting

All sorted populations were grown batch wise in similarity to the
Pre-sorting experiment (Fig. 4) in order to be able to compare the Pre-
with the Post-sorting culture on biomass and lipid productivity. All
populations, including the parental population, showed similar growth
(Fig. 7 and Table 1).

All four groups showed similar biomass productivities during the ni-
trogen run-out phase, ranging from 0.32 to 0.35 g l−1 d−1 (Px Nout,
Table 1). The lack of statistical difference among the groups confirms
the previous results from the size distribution of single cell and
multiple-cell sorting's (Figs. 5 and 6). The Post-sorting populations
showed, however, a higher value of Px at Nout when compared with the
Pre-sorting population (Px Nout, Table 1, p b 0.05). The higher Px values
from Post-sorting could be a result of the low light acclimation that the
cells experienced during recovery (Fig. 1), before being again cultivated,
which is known to increase photosynthetic efficiency, hence, the biomass
production [5]. Another observation that could corroborate this effect is
the evolution of the photosystem II quantum yield (QY) (Fig. 7). The QY
values dropped at a faster rate in the Pre-sorting experiment when com-
pared with the Post-sorting experiment (Figs. 4 and 7). The evolution of
the QY, however, showed no difference when Post-sorting populations
were compared among each other (Fig. 7). This effect can also be seen
with the similar QY decrease rates (QYrate) between experiments at the
end of both N+ and N− phases (from 0.3 to 0.4, Table 1).

Despite an apparent physiological change possibly due to photo-
acclimation during nitrogen replete conditions, no difference was ob-
served in the Px among the sorted groups and in comparison with the
Pre-sorting population at nitrogen depleted conditions (Px N−,
Table 1). These results are evidence that cell size of vegetative cells
has no effect, as sorting criteria, on biomass productivity.

The evolution of BP fluorescence over time (Fig. 7B) is related to the
values of lipid productivity (Table 1). All sorted populations showed sim-
ilar trends among each other (Fig. 7) and when compared to the Pre-
growth phase (N+) (white area of Figs. 3 and 6).Decrease rates of photosystem II (QYr) are
s. 3 and 6: Nout refers to the light gray areawhile N− refers to the dark gray area). BODIPY
olumetric productivities of biomass (PX) and TAG's (PTAG) and also the total fatty acids and
(N−). Superscript letters (a, b and c) mean statistical significance (ANOVA, p b 0.05). Sta-
ments.

Small Medium Large

0.17 ± 0.00 0.17 ± 0.00 0.18 ± 0.00
−0.46 ± 0.09 −0.49 ± 0.10 −0.44 ± 0.05
−0.05 ± 0.00 −0.05 ± 0.00 −0.05 ± 0.00

1.29 ± 0.08 1.46 ± 0.05 1.33 ± 0.02
b 0.32 ± 0.01 b 0.35 ± 0.02 b 0.31 ± 0.02 b

a 0.09 ± 0.00 a 0.08 ± 0.00 a 0.07 ± 0.05 a

b 22.62 ± 1.80 b 23.87 ± 1.01 b 18.17 ± 1.30 c

a 14.82 ± 0.70a 13.65 ± 0.12a 13.10 ± 0.11a
b 7.07 ± 0.35b 7.46 ± 0.17b 5.68 ± 0.25c
b 25.6 ± 0.06b 24.3 ± 0.00b 24.4 ± 0.02b



Fig. 6. Single-cell sorted populations showed similar average diameters after re-growth.
Gray columns represent the average cell diameter (n = 500, per replicate) of each
sorted population (originated from a single-cell) after re-growth for 18 days in
nitrogen-replete medium and constant light (16 μmol m−1 s−1). Error bars represent
the standard deviations between replicates. Statistical analysis showed no significant
differences (p N 0.05, one-way ANOVA).

Fig. 5.Cell size distributions of the different sorted populations overlapwith the distribution of theparental population. To assess early differences in cell size distributionwemeasured cell
size from all sorted samples after re-growth (after two weeks recovery, as shown in Fig. 1). A sample from the growing inoculum (early exponential phase) from the Pre-sorting
experiment was also taken for comparison.
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sorting experiment (Fig. 4B) in the evolution of lipid/cell accumulation.
However, all sorted populations reached lower values of BP fluorescence
at the end of the Nout phase when compared with the Pre-sorting exper-
iments (Figs. 4 and 7). Such lower values of BPfluorescencematch the re-
sults of lipid content in biomass: both TAG/total fatty-acids content and
TAG productivity (PTAG) were similar among Post-sorting populations
at the end of the Nout, but statistically different when compared to the
Pre-sorting experiment (Table 1, ANOVA p b 0.05). An exception was
for both TAG/total fatty-acids content and TAG productivity (PTAG) of
large cells (Table 1), which showed values statistically lower than the
other Post-sorted populations and the parental population. However,
such differences were not found in the N− phase, indicating that the
delay in lipid accumulation was temporary during the Nout. These differ-
encesmay be an effect of the low-light acclimation period the sorted cells
went through for 2 weeks before growing under the same conditions as
the Pre-sorting experiment (as shown in Fig. 1). The photo-acclimation
effect is corroborated by the above-mentioned slower decrease in the
QY values (Fig. 7A and Table 1). Due to photo-acclimation cells produced
more biomass in comparison to the Pre-sorting experiment, which ex-
plains the different TAG fluorescence per cell (Fig. 7B) and the lower
TAG content/productivity in biomass (Table 1) in the Post sorting
experiment.

These results point to a temporary change in the physiological re-
sponse of sorted cells, seen in the lower values of BP at the beginning
of the nitrogen run-out in comparison with the Pre-sorting experiment
(Figs. 4 and 7). However, the accumulation rate of BP fluorescence
(BPr d−1) shows that the biological mechanism still responded at the
same rates. Likewise, the PTAG at the end of the nitrogen depletion
phase (N−) showed no differences among the Post-sorting populations
and no difference when compared with the Pre-sorting population
(Table 1). We conclude that sorting vegetative cells of C. littorale
according to cellular diameter does not result in differences in biomass
and lipid productivity.

4. Final remarks

We established the gates for cell sorting based on size using the FSC
as a proxy for diameter in combination with autofluorescence. A Pre-
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sorting experiment was performed including a growth phase (N+), a
nitrogen run-out (Nout) and a long nitrogen depleted phase (N−). The
N− phase assured that cells stopped dividing, thus resulting only in
Fig. 7. Different sorted populations exhibited similar growth dynamics among each other. The
nitrogen run-out, and the dark gray area of the chart indicates the phase in which the cultur
the graphs: small (○), medium (□), large (Δ) and control (◊). A: The evolution of biomass p
(QY) of photosystem II (secondary y-axis) over time. B: The fluorescence of BODIPY (BP) (pri
shows a smooth curve. Both fluorescence signals were measured with the FlowCAM and are
an analyzed population of 500 cells).
vegetative cells, and assured that cells only increased their size due to
lipid accumulation. Vegetative cells of C. littorale were sorted at the
end of the Pre-sorting experiment based on cell size. Both single-cell
white area of the chart indicates the growth phase, the light gray marks the start of the
es were diluted in nitrogen-depleted medium. All sorted populations are represented in
roduction of C. littorale (OD750) (primary y-axis) and the evolution of the quantum yield
mary y-axis) shows a sigmoid curve, while the autofluorescence (AF) (secondary y-axis)
given in relative fluorescence units (RFU; values are the average fluorescence per cell of
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and multiple-cell sorted populations showed similar size distributions
after re-growth. The growth rates and productivities (biomass and
lipid) were calculated to compare Pre- and Post-sorting populations.
No difference among Post-sorting populations was detected, however,
Post-sorting cells showed a higher value of biomass productivity (Px)
when compared with Pre-sorting cells. This result could be due to the
low light acclimation that the cells experienced during recovery after
sorting. Nevertheless, no difference was observed in the TAG's produc-
tivity (PTAG) among Post-sorting cells and when compared to Pre-
sorting cells at the nitrogen depletion phase. We conclude that cellular
size of vegetative cells has no effect on both biomass and lipid produc-
tivities of C. littorale.
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