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Abstract The effect of nitrogen replenishment on the kinetics
of secondary carotenoids, triacylglycerol (TAG) and primary
cell components was studied in nitrogen-starved
Chromochloris zofingiensis (Chlorophyta), an oleaginous
and carotenogenic microalga. Nitrogen resupplied after a pe-
riod of starvation was initially consumed at a more than four
times higher rate than in an equivalent nitrogen-replete cul-
ture. Simultaneously, chlorophylls, primary carotenoids, polar
(membrane) lipids and proteins were rapidly produced. After
2 days, the contents of these primary metabolites, as well as
the nitrogen consumption rate and the overall biomass pro-
duction rate, had returned to values equivalent to those of cells
grown under nitrogen-replete conditions, indicating that cul-
ture recovery required 2 days. Nitrogen resupply was imme-
diately followed by rapid degradation of TAG and starch,
suggesting that these metabolites served as carbon and energy
source for the recovery process. Also, the secondary caroten-
oids canthaxanthin and ketolutein were rapidly degraded upon
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nitrogen resupply, whereas degradation of astaxanthin, the
main secondary carotenoid, started only when the cells were
fully recovered 2 days after nitrogen resupply. This is the first
time that such culture recovery has been described in detail
and, moreover, that astaxanthin was found to be not immedi-
ately degraded after nitrogen resupply. The observed rapid
recovery of C. zofingiensis and the delay in astaxanthin deg-
radation suggest that a repeated batch cultivation may result in
a higher secondary carotenoid productivity than a series of
classical single batch cultivations.

Keywords Astaxanthin - Carotenoids - Chromochloris
zofingiensis - Nitrogen resupply - Triacylglycerol (TAG) -
Recovery

Introduction

Natural carotenoids, such as astaxanthin, 3-carotene and lu-
tein, and triacylglycerol (TAG) are important biotechnological
products. Natural carotenoids are claimed to have beneficial
health effects due to their anti-oxidative activity and are there-
fore used in the cosmetic, food and feed industry (Spolaore
et al. 2006). TAG is a promising feedstock for the generation
of biofuels, thereby replacing petroleum-derived transport
fuels, and a possible replacer for vegetable oils (Chisti 2013;
Draaisma et al. 2013; Hu et al. 2008). Secondary carotenoids
and TAG are produced in excess by specific microalgae.
However, the production costs are still too high to make
microalgae-based production economically competitive with
synthetic production (carotenoids) or production by higher
plants (TAG and most carotenoids). One of the requirements
for economically feasible TAG and carotenoid production is
that maximal areal productivities are obtained.

In a selection of green algae, secondary carotenoids and
TAG are produced under adverse growth conditions, such as a
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high light intensity, extreme temperatures or a nitrogen star-
vation (Ben-Amotz 1996; Ben-Amotz and Avron 1983; Hu
et al. 2008; Lamers et al. 2010; Lamers et al. 2012; Mulders
et al. 2014a). Under nitrogen starvation conditions, excess
electrons derived from photosynthesis are incorporated in
TAG and secondary carotenoids, which prevents photo-
oxidative cell damage. Besides, carbon and energy are stored
(Hu et al. 2008; Lemoine and Schoefs 2010; Mulders et al.
2014a), which may be mobilized during culture growth re-
sumption upon nitrogen resupply (Solovchenko 2013). In
addition, secondary carotenoids can function as sunscreen,
protecting the cells by absorbing part of the excess irradiation
(Lamers et al. 2008; Mulders et al. 2014a).

Besides secondary carotenoid and TAG accumulation, ni-
trogen starvation also affects the cellular content of other
essential macromolecules, such as photosynthetic pigments
(chlorophylls and primary carotenoids) (Falkowski and
LaRoche 1991; Mulders et al. 2014c; Rhiel et al. 1985),
proteins (Turpin 1991; Pribyl et al. 2013), carbohydrates, such
as starch (Breuer et al. 2014; Turpin 1991; Zhu et al. 2014)
and polar (membrane) lipids (Goncalves et al. 2013; Xiao
et al. 2013). In addition, nitrogen starvation leads to a signif-
icant decrease in photosynthetic rate (Klok et al. 2013a; Klok
et al. 2013b). Consequently, nitrogen-starved and nitrogen-
sufficient grown microalgae deviate substantially in cellular
composition and physiological state.

Traditionally, secondary carotenoids and TAG are pro-
duced in a two-phase process. A (nitrogen-sufficient) biomass
production phase is followed by a nitrogen-depleted phase in
which the secondary metabolites are accumulated.
Subsequently, all biomass is harvested. Alternatively, second-
ary carotenoids and TAG may be produced using a repeated
batch cultivation, which has been suggested as a potentially
more productive approach (Feng et al. 2011; Hsieh and Wu
2009). This semi-continuous production process starts the
same as a two-phase batch cultivation, but instead of that all
biomass is harvested at the end of the accumulation phase,
only part of the biomass is harvested. The remaining biomass
is resupplied with a limited amount of nitrogen resulting
initially in culture growth resumption. During growth resump-
tion the biomass returns presumably towards a macromolec-
ular composition equivalent to biomass grown under nitrogen-
sufficient conditions (referred to as recovery). Subsequently,
the biomass is again nitrogen depleted, which results in re-
peated secondary carotenoid and TAG accumulation.

Whether a repeated batch cultivation may indeed result into
higher overall TAG and secondary carotenoid productivities than
a classical two-phase process depends on multiple factors, in-
cluding the recovery rate of the culture (i.e. the nitrogen con-
sumption rate and the production rate of primary cell components
required to resume photosynthesis) and the dynamics of TAG
and secondary carotenoids upon nitrogen resupply. Therefore,
insight in the physiological changes occurring during the
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recovery of a nitrogen-replenished microalga is important and
may enable optimization of a TAG and secondary carotenoid
production process.

So far, only some TAG-rich microalgae (Parachlorella
kessleri, Chlorella vulgaris and Chlamydomonas reinhardtii)
have been nitrogen replenished, after which the dynamics of
TAG, total lipids, starch, chlorophyll and/or total dry weight
concentrations have been reported (Fernandes et al. 2013;
Pribyl et al. 2013; Siaut et al. 2011). These studies revealed
rapid TAG and starch degradation after nitrogen resupply,
which coincided with rapid chlorophyll and total biomass
production. However, other parameters required to draw con-
clusions on the recovery rate of the culture, such as the
nitrogen-uptake rate and protein production rate, were not
determined. Moreover, because the investigated species were
not carotenogenic, the dynamics of secondary carotenoids
after nitrogen resupply have not yet been studied.

An oleaginous and carotenogenic microalga potentially
suitable for the production of TAG and/or secondary caroten-
oids is Chromochloris zofingiensis (used to be called
Chlorella zofingiensis until recently). This species was previ-
ously identified as an efficient TAG producer (Breuer et al.
2012; Mulders et al. 2014b), and it produces several second-
ary carotenoids, including astaxanthin, canthaxanthin and
ketolutein (Del Campo et al. 2004; Mulders et al. 2014c;
Orosa et al. 2000; Orosa et al. 2001; Rise et al. 1994).

The aim of this paper is to study the dynamics of TAG,
secondary carotenoids and primary cell components in
nitrogen-resupplied C. zofingiensis to obtain more insights in
the physiology and rate of culture recovery.

Materials and methods
Culture and nitrogen-starved pre-cultivation

C. zofingiensis was obtained as Chlorella zofingiensis UTEX
B32 from the University of Texas Culture Collection of Algae
(UTEX). C. zofingiensis cultures were nitrogen-starved in a
batch-wise operated, 1.75 L flat-panel, airlift-loop
photobioreactor with a light path (reactor depth) of 20.7 mm
(Labfors, Infors HT, 2010) as described in Mulders et al.
(2014b), under the conditions as described in Mulders et al.
(2014b). In short, continuous illumination with
245 pymol m 2 s~! incident light, an air to CO, ratio of 98:2
v/v sparged at 1.5 L/min, pH maintained at 7, temperature
maintained at 25 °C and antifoam addition upon visible
foaming. Off gas was analysed online by mass spectrometry.

In a previous study, C. zofingiensis cultures were nitrogen
starved at three different biomass concentrations (2.5, 3.4 and
4.1 g L") to investigate how TAG and secondary carotenoid
accumulation are affected by the biomass concentration at the
moment of nitrogen depletion (Mulders et al. 2014b). After
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2 weeks of nitrogen depletion, these cultures were used in this
work to study the recovery process upon nitrogen replenishment.

Batch replenish experiments

Replenish experiments were performed in the same
photobioreactor and under the same conditions as described
for the nitrogen-starved pre-cultivation.

The nitrogen replenish medium (modified M-8 medium
(Mandalam and Palsson 1998)) consisted of KNO;
494.5 mM; MgS0,4.7H,0 3.25 mM; CaCl,.2H,0 0.18 mM;
Na,HPO,4.2H,0 13.8 mM; NaFeEDTA 0.56 mM;
0.13 mM; ZnSO,4.7H,0 22.3 uM; CuSO4.5H,0 15 uM;
Biotin 2 ug L™'; vitamin B1 0.4 mg L™'; and vitamin B12
2 ug L', The medium pH was adjusted to pH 7.0 with HCI
and filter sterilized prior to use. The nitrogen concentration of
the replenish medium was chosen in such a way that, after
addition, nitrogen would be in excess throughout the experi-

ment (supporting a theoretical biomass increase of ~14 g L™).

Replenish medium (200 mL) was added to the nitrogen-
depleted cultures (1550 mL) when the biomass productivity
was reduced to a value below 5 % of the maximum biomass
productivity, and a maximal time-averaged productivity of
secondary carotenoids was reached, thereby signifying the
optimal point for harvest and possible regrowth of the culture
(typically 2 weeks after nitrogen depletion) (Mulders et al.
2014b). As at that point the cultures had become more or less
metabolically inactive, the specific time of nitrogen resupply
(i.e. one day earlier or later) was not expected to have a large
effect on the physiology and rate of culture recovery. The
moment of nitrogen resupply was considered the start of the
experiment and is referred to as r=0.

One to three times a day, a sample was taken directly from
the reactor. The sample volume (15-25 ml) was precisely
determined to allow estimation of the remaining culture vol-
ume. The sample was analysed for dry weight concentration,
nitrogen, pigment, TAG, polar acyl lipid, protein, starch and
total carbohydrate contents.

Off-gas analysis

The composition of the gas leaving the reactor was analysed
using a mass spectrometer (PRIMA 6B process MS, Thermo
Scientific, USA). In addition, a reference measurement was
performed analysing the composition of the gas mixture en-
tering the reactor. Thereby, the volumetric oxygen production
rate (7o, mol L' day ") and the carbon dioxide consumption
rate (rcop, mol L dayfl) could be calculated as follows:

ro, = Fgas,out’xoz,out_Fgas.in'sz,in (1)

rco, = Fgas,out'xCOZ,out_Fgas,in'xCOZ.in (2)

With X02 outs X02.in» Xc02.0ut a0d Xco2,in as the molar fraction
of oxygen and carbon dioxide in the gas (—) and Fg,;, and
Fgas out as the total molar gas flow rates entering and leaving
the reactor (mol L™" day '), respectively. Due to cellular
respiration, Fyy oue differed from Fy;,. Assuming a constant
absolute N-inflow and N-outflow, Fss o could be determined

in 3)

Absorbed photon flux density

During the cultivations, the outgoing photon flux density
(PFDgupbr) Was determined as the average of 12 measure-
ments spread over the surface of the outside of the back glass
panel of the reactor. This value was corrected for light loss due
to the water jacket, the glass plates and medium (PFDyj,p1).
PFDyjanc Was determined as the average of 44 measurements
spread over the entire surface of the outside of the back glass
panel of the reactor which contained (transparent) medium.
The absorbed photon flux density (PFD,,s) was calculated as
described by Santos et al. 2013, using Eq. 4

P FDout,pbr

PFD,,s = PFDjy———+——
s " PFDblank/PFDin

(4)

with PFDabsa PFDout) PFDout, pbrs PFDblank and PFDin in
umolphmf2 s,

Dry weight concentration

Cell dry weight concentrations were determined gravimetrically
in triplicate by filtering and drying of the biomass (~2 mg dry
weight (DW)) as described by Kliphuis et al. (2011).

Nitrogen content

To determine the nitrogen content of the biomass, sampled
cells (~10 mg DW) were washed twice with MiliQ water to
remove the salt and extracellular nitrogen present in the me-
dium. Washing was performed by centrifugation of cells at
9391xg for 3 min and subsequent resuspension of the cell
pellet in 1 mL miliQ water. Washed cell pellets were stored at
—20 °C until later use. Cell pellets were freeze dried (to a water
content below 1 % (w/w)) and dried further overnight in a
stove of 100 °C. Dry cell pellets were cooled at room temper-
ature in a desiccator, to prevent rewetting; after which, the
mass of each sample was determined. The nitrogen content
was determined using Dumas analysis (Nitrogen analyser,
FlashEA 1112 series, Thermo Scientific, Interscience), with
methionine as standard.
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TAG and polar acyl lipid extraction, identification
and quantification

TAG and polar acyl lipids were extracted from a precisely
determined amount of biomass (within the range of 4-6 mg
DW) with methanol/chloroform as solvent as described by
Breuer et al. (2013a). TAG and polar acyl lipids were sepa-
rated from each other using a solid phase extraction (SPE)
column as described by Breuer et al. (2013b). After
transesterification to FAMEs, fatty acids from TAG and polar
acyl lipids were identified and quantified using GC-FID as
described by Breuer et al. (2013a). An internal standard
(C15:0) was added to the samples prior to extraction, which
ended up in the TAG pool. This internal standard was used for
TAG fatty acid quantification and for the quantification of
fatty acids from the polar acyl lipids assuming that TAG and
polar acyl lipids were extracted and transesterified with a
similar efficiency.

Pigment extraction, identification and quantification

Pigments were extracted from a precisely determined amount
of biomass (~4 mg DW) with methanol/chloroform as solvent
as described by Lamers et al. (2010), with the exceptions as
described in Mulders et al. (2014c). Pigments identification
and quantification were performed using reversed phase ultra-
high performance liquid chromatography photo diode array
tandem mass spectrometry (RP-UHPLC-PDA-MS") analysis
as described in Mulders et al. (2014c).

Proteins

The protein content of a precisely determined amount of bio-
mass (~8 mg DW) was determined using a DC protein assay
(BioRad) as described by De Winter et al. (2013). Freeze dried
biomass was dissolved in 1 mL of lysis buffer, containing
60 mM Tris, 2 % SDS, 10 % glycerol and 10 mM DTT. Cells
were physically disrupted by employing a Precellys® 24 bead
beater (Bertin Technology, France). To inhibit excessive cell
heating, 60 s of disruption at 6500 rpm was followed by 120 s
of cooling on ice. For each sample, three series of disruption/
cooling cycles were performed. Another milliliter of lysis buffer
was added and samples were incubated for 30 min at 100 °C in
a heating block. After incubation, samples were centrifuged for
10 min at 3500 rpm. The protein content of the supernatant was
analysed by measuring absorbance at 750 nm using a plate
reader (EL800, BioTek Instruments, USA). BSA was used as a
standard.

Starch

The starch content of a precisely determined amount of bio-
mass (~10 mg DW) was determined using the Total Starch Kit
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of Megazyme (Megazyme International, Ireland, 2011), as
described by De Winter et al. (2013). Freeze-dried biomass
was dissolved in 1 mL of 80 % (v/v) ethanol. Cells were
physically disrupted by employing a Precellys® 24 bead beat-
er (Bertin Technology, France). To inhibit cell heating, 60 s of
disruption at 6000 rpm was followed by 60 s of cooling on ice.
For each sample, three series of disruption/cooling cycles
were performed. Another 4 mL of 80 % (v/v) ethanol was
added to the biomass, and from that point, the standard pro-
cedure of the Total Starch kit was followed. Absorbance was
measured at 510 nm on a spectrophotometer (DU 640,
Beckman, USA). Pure glucose was used as standard.

Non-starch carbohydrates

The non-starch carbohydrate content was determined as the
difference between the total carbohydrate content and the
starch content. To determine the total carbohydrate content
of the biomass, a precisely determined amount of biomass
(~10 mg DW) was transferred to beat beating tubes (contain-
ing Lysing Matrix E (MP Biomedicals, Santa Ana, CA, USA))
and centrifuged at 9391xg for 3 min. Cell pellets were freeze
dried and 1 mL of 2.5 M HCI was added to the bead beating
tubes. Thereafter, cells were physically disrupted using a
Precellys® 24 beat beater (Bertin technology, Montigny-le-
Bretonneux, France). To prevent excessive heating of the
tubes, 60 s of disruption, at 6000 rpm, was followed by
2 min of cooling in ice. For each sample, two series of
disruption/cooling were performed. To hydrolyse the carbo-
hydrates, the content of the tubes was transferred to glass
tubes and another 4 mL of 2.5 M HCl was added; after which,
the samples were incubated at 100 °C for 3 h while being
vortexed every hour. Samples were cooled down at room
temperature and neutralized by addition of 5 mL 2.5 M
NaOH. The biomass was treated with a phenol solution and
concentrated sulphuric acid, according to Dubois et al. (1956)
and Herbert et al. (1971). The absorbance of the resulting
solution was measured at 483 nm. Pure glucose was used as
standard.

Results

We studied the dynamics of TAG, secondary carotenoids and
primary cell components in nitrogen-resupplied
C. zofingiensis. The starting points of this replenishment study
were three different cultures which were nitrogen depleted at
different biomass concentrations. As a result, each culture
contained a different assimilated nitrogen concentration at
the start of the replenishment. To each culture, an excess
amount of nitrogen was added after a nitrogen starva-
tion phase of 2 weeks. The moment of nitrogen
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resupply was considered as the start of the cultivation
and is referred to as 7=0.

Total biomass, CO, and O,

Immediately after nitrogen resupply (¢=0), the cultures
contained total biomass dry weight concentrations of 7.4,
7.7 and 8.7 g L™". During the first day after nitrogen resupply,
these concentrations decreased in each culture with 13+3 %.
Thereafter, biomass concentrations increased in each culture
reaching a more or less constant biomass productivity of 0.66
+0.08 g L™ day ' (Fig. la). Prior to nitrogen resupply, each
culture net produced O, and consumed CO, (not shown).
During the first 2 days after nitrogen resupply, the cultures
net consumed O, and produced CO,, whereas 2 days after
nitrogen resupply, all cultures net produced O, and consumed
CO, again. After those 2 days, volumetric CO, consumption
and O, production rates decreased slightly (Fig. 1b, c).

Nitrogen consumption

The cultures, with total biomass concentrations of 7.4, 7.7 and
8.7 g L™, had assimilated nitrogen concentrations (per culture
volume) of 0.12, 0.18 and 0.23 g L™, respectively, immedi-
ately after nitrogen resupply (Fig. 2a). At that point, the
average assimilated nitrogen content (on a dry weight basis)
was on average 2.2+0.5 % DW (w/w) (Fig. 2b). In each
culture, nitrogen was consumed quickly the first 2 days after
nitrogen resupply (with 0.20+0.01 g L™" day ™), resulting in a
fast increase in assimilated nitrogen content (reaching 7.5+
0.3 % DW (w/w) after 2 days) (Fig. 2). Two days after nitrogen
resupply, the nitrogen consumption rate decreased (to 0.038+
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Fig. 1 Time courses of a dry weight biomass concentration, b CO,
consumption rate and ¢ O, production rate of nitrogen resupplied
C. zofingiensis for cultures with different assimilated nitrogen concentra-
tions after nitrogen resupply: 0.12 g L™ (black circle, black line),

o

0O CO, consumption

0O, production

0.003 g L' day "), resulting in a more or less constant
assimilated nitrogen content (of 6.7+£0.2 % DW (w/w))
(Fig. 2b).

TAG

Immediately after nitrogen resupply, the TAG content was on
average 33+6 % DW (w/w). In each culture, TAG concentra-
tions decreased rapidly for 2 days (with 1.0+
0.05 g L ! day "), resulting in a TAG content of 7+2 % DW
(w/w) (Fig. 3). As a comparison, the maximal TAG accumu-
lation rate during the nitrogen starvation period was
0.32 g L' day '. Remarkably, the TAG concentration de-
creased in each culture with approximately the same amount
(2.0+0.1 g L™), rather than that the same final content or
concentration was reached in each culture (Fig. 3). In each
culture, 2 days after nitrogen resupply, the TAG concentration
as well as the TAG content remained more or less constant

(Fig. 3).
Secondary carotenoids

Immediately after nitrogen resupply, the secondary caroten-
oids astaxanthin, canthaxanthin and ketolutein were present.
At that point, contents of these carotenoids were on average
0.2£0.02, 0.1+£0.02 and 0.06+£0.003 % DW (w/w), respec-
tively. From the moment of nitrogen resupply, canthaxanthin
and ketolutein concentrations and contents decreased,
resulting after 6 days in an average content below 0.01 %
DW (w/w) for both carotenoids. In each culture, the
astaxanthin concentration remained constant the first 2 days
after nitrogen resupply (Fig. 4a). After these 2 days, the

0.06 - ..
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£
T 0031 boviacagrian
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£ -003
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Time (days)

0.18 g L™ (white square, light grey) and 0.23 g L™' (grey triangle, dark
grey). Error bars in a represent standard deviations of triplicate dry
weight measurements. Lines in a are for visual guidance. O, production
rates of the 0.18 g L' culture were not measured due to a technical failure
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Fig. 2 Time courses of a assimilated nitrogen concentration (in the
reactor) and b assimilated nitrogen content (on a dry weight basis) of
nitrogen resupplied C. zofingiensis for cultures with different assimilated
nitrogen concentrations after nitrogen resupply: 0.12 g L™" (black circle),

astaxanthin concentration decreased (at a rate of 0.9+
0.2 g L' day ), resulting also in a decrease in astaxanthin
content (Fig. 4a, b).

Polar lipids

Immediately after nitrogen resupply, the polar lipid content
was on average 6+0.5 % DW (w/w). In each culture, the polar
lipid concentration increased after nitrogen resupply at a more
or less constant rate (of 0.07+0.01 g L' day ') (Fig. 5). This
resulted after 2 days in a polar lipid content of 9.5+1 % DW
(w/w), which thereafter remained more or less constant.

Primary pigments

Immediately after nitrogen resupply, the primary (light har-
vesting) pigments chlorophyll ¢ and b, lutein, violaxanthin
and neoxanthin were present. At that point, total chlorophyll
and total primary carotenoid contents were on average 0.8+
0.4 and 0.1+0.06 % DW (w/w), respectively (Fig. S1). In each
culture, chlorophyll and primary carotenoid concentrations
remained constant for at least 5 h after nitrogen resupply

Fig. 3 Time courses of a total
TAG concentration and b total
TAG content of nitrogen
resupplied C. zofingiensis for
cultures with different assimilated
nitrogen concentrations after
nitrogen resupply: 0.12 g L™
(black circle), 0.18 g L™" (white
square) and 023 g L' (grey
triangle). TAG concentrations
were measured in duplicate; both
data points are shown

3000

2000 -

a
a8

1000 - A

TAG concentration (mg/L)

o
I

B
0.08 - 4y
» oo g
ﬁﬁ o ? f» 0o
S o006 e
S~ o
59
o2 oo
235
S
E3 o.ozg
[7]
(7]
<
0.00 : : : ;
0 2 4 6 8

Time (days)

0.18 g L™" (white square) and 023 g L' (grey triangle). Error bars
represent standard deviations of triplicate assimilated nitrogen
measurements

(Fig. 6). Thereafter, in each culture, chlorophyll and primary
carotenoid concentrations increased rapidly for 2 days,
resulting in a fast increase in chlorophyll and primary carot-
enoid contents (Fig. S1). Two days after nitrogen resupply, the
production of chlorophylls and primary carotenoids decreased
in each culture, by at least a factor 1.5, whereas the chloro-
phyll and primary pigment content still increased slightly
(Fig. S1). In all cultures, the ratio between primary pigments
remained more or less constant.

Proteins

The protein dynamics were measured for two cultures
only. Immediately after nitrogen resupply, the protein
content was on average 18+3 % DW (w/w) (Fig. 7b).
In both cultures, protein concentrations seemed to re-
main constant for at least 5 h after nitrogen resupply
(Fig. 7a). Thereafter, protein concentrations increased
rapidly for 2 days (with 0.6+0.05 g L™' day '),
resulting in a fast increase in protein content (reaching
after 2 days 33+0.1 % DW (w/w)). In each culture,
2 days after nitrogen resupply, the production of
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proteins slowed down (Fig. 7a), resulting in a slight
decrease in protein content (Fig. 7b).

Starch and non-starch carbohydrates
The dynamics of the starch and non-starch carbohydrates were

measured for two cultures only. Immediately after nitrogen
resupply, the starch and non-starch carbohydrate contents
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Fig. 5 Time course of total polar lipid concentration of nitrogen
resupplied C. zofingiensis for cultures with different assimilated nitrogen
concentrations after nitrogen resupply: 0.12 g L™ (black circle),
0.18 g L™ (white square) and 0.23 g L™ (black triangle). Polar lipid
concentrations were measured in duplicate; both data points are shown

were on average 1142 and 20+1 % DW (w/w), respectively
(Fig. 8b). In both cultures, starch and non-starch carbohydrate
concentrations decreased rapidly the first day after nitrogen
resupply (with 0.7+0.1 and 0.3£0.01 g L™ day ', respective-
ly). Thereafter, until day four, these concentrations increased
again (with 0.1£0.02 and 0.25+0.03 g L' day ', respective-
ly). From the fourth day after nitrogen resupply, starch and
non-starch carbohydrate production rates slowed down
(Fig. 8a). This resulted in a constant starch content from day
four, whereas the non-starch carbohydrate content became
constant from approximately day two (Fig. 8b).

Discussion

The starting points of this replenishment study were three
different cultures which were nitrogen depleted at different
biomass concentrations. As a result, each culture contained a
different assimilated nitrogen concentration when nitrogen
was resupplied (2 weeks after the onset of nitrogen depletion).
In addition, at that point, all other biomass components were
present in different concentrations as well. This probably will
have caused the observed minor differences in the production
and degradation rates of these compounds between the three
cultures (Figs. 1, 2, 3, 4, 5, 6, 7 and 8). However, most
importantly, the general trends in the dynamics of TAG,
secondary carotenoids and the primary cell components were
very similar in the three cultures, which alludes to the
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Fig. 6 Time courses of a total chlorophyll concentration (chlorophyll a
and b) and b total primary carotenoid concentration (lutein, violaxanthin
and neoxanthin) of nitrogen resupplied C. zofingiensis for cultures with
different assimilated nitrogen concentrations after nitrogen resupply:

existence of a general recovery mechanism that was indepen-
dent of the varying starting material tested in this study.
Therefore, the section below focusses on these similarities,
rather than on the differences between the cultures.

Recovery metabolism

Below, the physiological changes occurring after nitrogen
resupply are interpreted, which leads to the conclusion that
2 days after nitrogen resupply, the nitrogen-starved cells
seemed fully recovered.

Nitrogen was consumed very quickly the first 2 days after
nitrogen resupply. Compared to an equivalent nitrogen-replete
culture (i.e. a culture that was cultivated under the same
conditions as the nitrogen-replenished cells but which
contained sufficient nitrogen throughout the cultivation), ni-
trogen was consumed four times more rapidly (0.20 vs.
0.045 ¢ L' day ' (Table 1)) in the nitrogen-replenished
cultures. This rapid nitrogen consumption is likely linked to
biochemical actions that occurred at the expression level of
nitrogen assimilation mechanisms (Ahmad and Hellebust
1984; Hipkin et al. 1983).
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points are shown

o

In addition, TAG and starch were quickly degraded imme-
diately after nitrogen replenishment. In comparison to the
maximal TAG accumulation rate during the nitrogen starva-
tion period (0.32 g L™! day ' (Mulders et al. 2014b)), TAG
was degraded at a more than three times higher rate
(1 gL " day ™).

The initial TAG and starch degradation was accompanied
by net CO, production, net O, consumption, a decreasing
overall dry weight concentration and a constant cell number
(not shown), indicating that these storage compounds were
respired, most likely to fuel the recovery processes. Besides,
TAG and starch degradation likely also provided carbon re-
quired for the production of primary cell components such as
proteins, primary pigments and thylakoid membranes, which
were needed to recover the photosynthetic machinery.

The observed TAG respiration supports the assumption
that TAG is accumulated under nitrogen-starved conditions
as an energy reserve for when more favourable conditions
appear. Besides, this finding is in agreement with observations in
other nitrogen-starved TAG-rich microalgae (e.g. Parachlorella
kessleri, Chlorella vulgaris and Chlamydomonas reinhardtii),
which also degraded TAG very quickly upon nitrogen resupply
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Fig. 8 Time courses of a concentrations of starch (dashed) and non-
starch carbohydrates (solid line) and b contents of starch (dashed) and
non-starch carbohydrates (solid line) of nitrogen resupplied
C. zofingiensis for cultures with different assimilated nitrogen

(within 1 to 2 days, which are similar rates compared to
those described in this work) (Fernandes et al. 2013;
Pribyl et al. 2013; Siaut et al. 2011). It was suggested
in these works that accumulated TAG, and starch, may
serve as sources of energy and carbon for recovery and
reproductive processes.

After a starch degradation period of 1 day, starch was
produced again. In contrast, TAG was continuously degraded

Table 1 Characteristics of a nitrogen-replete C. zofingiensis culture and
of the nitrogen-replenished cultures immediately and 2 days after nitrogen
resupply (average of the three replenished cultures + absolute deviations
from the mean). The nitrogen-replete culture was cultivated under the
same culture conditions as the nitrogen-replenished cultures described in

o

Carbohydrate content (g/g)

Time (days)

concentrations after nitrogen resupply: 0.18 g L™ (white square) and
0.23 g L ™! (white triangle). Error bars represent standard deviations of
triplicate starch and non-starch carbohydrate measurements. Lines are for
visual guidance

during the first 2 days after nitrogen resupply. Apparently,
although both TAG and starch are energy storage compounds
which are accumulated under nitrogen-starved conditions,
they have different roles in C. zofingiensis. It has been pro-
posed by Zhu et al. (2014) that starch is accumulated in
C. zofingiensis as a quick response to environmental stress,
whereas TAG is accumulated for long-term energy storage. A
similar division of roles has also been discussed for other

this work (i.e. in the same photobioreactor, at the same pH, temperature,
incident (and absorbed) irradiance and CO, supply rate) but with an
excess of nitrogen throughout the cultivation, enabling the culture to
grow from 2 to 12 g DW/L (Mulders et al. 2014b)

Parameter Unit N-replete N-replenished

Immediately after N-resupply 2 days after N-resupply
Nitrogen consumption rate gL' day! 0.045 0.20+0.01° 0.038+0.003°
Biomass productivity gL " day! 0.75 —-1.2+0.07° 0.66+0.08"
Biomass yield on light g mol,,”! 0.75 -1.220.07° 0.66+0.08"
Assimilated nitrogen content % DW (w/w) 6 2.240.5 6.7£0.2
Protein content % DW (w/w) 28¢ 1843 33+0.1
Chlorophyll content % DW (w/w) 1.2-2.6 0.8+£0.4 3.5£0.7
Primary carotenoid content % DW (w/w) 02-04 0.1+0.06 0.33+0.08
TAG content % DW (w/w) <1 33+6 742
Polar lipid content % DW (w/w) 7 6+0.5 9.5+1
Secondary carotenoid content % DW (w/w) <0.01 0.24+0.02 0.36+0.05
Primary carotenoid productivity mg L day™! 3 0+1° 45+1°
Chlorophyll productivity mg L day ™! 23 0+20° 44+20°

* Average during the first 2 days after nitrogen resupply
® Average during day two to day five after nitrogen resupply

¢ Average during the first day after nitrogen resupply

9 Estimated using a nitrogen into protein conversion factor of 4.6, which was determined using several microalgal species at different growth phases

(Lourenco et al. 1998)
¢ Average during the first 4 h after nitrogen resupply
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microalgae, such as Pseudochlorococcum sp. and
C. reinhardtii (Li et al. 2011; Siaut et al. 2011).

From the moment of nitrogen resupply all supplied light
(1 molpthl day ') was completely absorbed by the cultures.
However, it is unlikely that immediately after nitrogen replen-
ishment, this light energy was effectively turned into chemical
energy. Firstly, because at that point, the primary photosyn-
thetic machinery likely had a limited capacity to generate
energy, as indicated by the low photosynthetic rate at the
end of the nitrogen starvation phase (i.e. at that point the
biomass productivity was reduced to a value below 5 % of
the maximal biomass productivity observed under nitrogen-
replete conditions) (Mulders et al. 2014b). This is confirmed
by the net O, consumption and CO, production observed
immediately after nitrogen resupply, which is in agreement
with the data discussed by Turpin et al. (1988) and Huppe and
Turpin (1994) who explained the complex biochemical inter-
actions between photosynthesis, nitrogen metabolism and
carbon metabolism after nitrogen resupply. Secondly, imme-
diately after nitrogen replenishment, 30 % (w/w) of the total
pigment content consisted of secondary pigments
(astaxanthin, canthaxanthin and ketolutein). These red and
orange pigments were most likely situated in cytosolic oil
bodies at the outer part of the cell, as discussed by Mulders
et al. (2014c). Consequently, these protective pigments un-
doubtedly absorbed a part of the light, reducing the ability to
generate energy by photosynthesis.

During the first 2 days after nitrogen resupply, a physio-
logical transition took place. After approximately 5 h of
nitrogen consumption, rapid production of the nitrogen-
containing chlorophylls and proteins followed. The delay of
chlorophyll and protein production in respect to nitrogen
assimilation (Fig. S2 and S3) can be explained by assuming
that other nitrogen-containing compounds (such as RNA and
amino acids) were synthesized first or that internal storage
pools of nitrate and ammonium were initially formed, as was
reported for the nitrogen resupplied macroalgae Fucus
vesiculosus and Fucus serratus (Young et al. 2009).

In addition, primary carotenoids (mainly lutein) were rap-
idly produced for 2 days from approximately 5 h after nitrogen
resupply. As a result, 2 days after nitrogen replenishment the
protein and primary pigment contents (on a dry weight basis)
were similar to the contents of an equivalent nitrogen-replete
culture (Table 1). Besides, from that point, the nitrogen con-
sumption rate decreased and approached the consumption rate
of an equivalent nitrogen-replete culture.

The further increase in chlorophyll and primary carotenoid
content 2 days after nitrogen resupply, which occurred at a rate
comparable to the chlorophyll and primary carotenoid pro-
duction in equivalent nitrogen-replete cells, was most proba-
bly due to photoacclimation which is generally observed when
cells are cultured under low irradiance levels (Falkowski
1980; Falkowski and LaRoche 1991; Maclntyre et al. 2002;
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Telfer et al. 2008). In addition to the changes in primary
pigment contents, also the contents of polar lipids were re-
stored during the first 2 days after nitrogen replenishment.

Besides, shortly after nitrogen replenishment, the second-
ary carotenoids canthaxanthin and ketolutein were degraded.
Remarkably, degradation of astaxanthin, which immediately
after nitrogen replenishment made up more than 50 % (w/w)
of the total amount of secondary carotenoids, started only
2 days after nitrogen resupply.

Altogether, these physiological changes resulted after 1 day
into an increasing total biomass dry weight concentration and
after 2 days the biomass approached a productivity and yield
on light of an equivalent nitrogen-replete culture (Table 1). At
that point, the biomass production was accompanied by net
CO, consumption and net O, production, indicating that also
the photosynthetic capacity, and thus the ability to generate
energy, was recovered 2 days after nitrogen resupply.

Strikingly, when 2 days after nitrogen replenishment TAG
was hardly oxidized anymore, the TAG content was reduced
to approximately 7 % DW (w/w). Cells grown under nitrogen-
replete conditions contained less than 1 % (w/w) TAG
(Table 1), indicating that in the nitrogen-resupplied cultures,
TAG breakdown stopped before TAG was completely degrad-
ed to baseline-levels. This is remarkable because the energy-
rich TAG could theoretically have been used to enhance the
specific biomass production rate (which was at that moment
approximately ten times lower than the maximally observed
specific growth rate of 1 day ' (Del Campo et al. 2004)).
Apparently, a regulation mechanism was present that
prevented further degradation of TAG.

Thus, taking into account that 2 days after nitrogen replen-
ishment the nitrogen and CO, consumption rates, the biomass
and O, production rates and the primary biomass composition
had all returned to values similar to those of an equivalent
nitrogen-replete culture, we conclude that the cells fully re-
covered from nitrogen depletion 2 days after nitrogen
replenishment.

Implications for a repeated batch production process

The maximally observed secondary carotenoid content of
C. zofingiensis is relatively low (0.6 % DW (w/w) (Orosa
et al. 2001), compared to, for example, 4 % DW (w/w)
observed for the green alga Haematococcus pluvialis
(Boussiba et al. 1999)). A higher secondary carotenoid con-
tent would be ideal, as a too low content increases the down-
stream processing costs of the biomass and thus the carotenoid
production costs.

The low secondary carotenoid content of C. zofingiensis,
obtained after a single batch cultivation, may be increased by
applying a repeated batch cultivation. Namely, it was shown
that the astaxanthin accumulated during nitrogen starvation
was not degraded during the 2 days following nitrogen
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replenishment. Therefore, a second nitrogen starvation,
starting 2 days after nitrogen resupply, may lead to a further
increase in astaxanthin content. Perhaps even higher
astaxanthin contents may be reached with multiple subsequent
cycles of nitrogen starvation and replenishment (i.e. when a
true repeated batch is performed). Likewise, similar sequential
accumulation of canthaxanthin and ketolutein, which were
degraded to approximately one third of their maximal contents
2 days after nitrogen replenishment, may also contribute to an
increased secondary carotenoid content. Besides, as cantha-
xanthin and ketolutein were selectively degraded the first
2 days after nitrogen resupply, a repeated batch may lead to
a more selective (astaxanthin-rich) carotenoid profile.

In addition, due to the rapid recovery of the cells, a repeated
batch cultivation may lead to an increased overall productivity
of secondary carotenoids, compared to a series of single batch
cultivations.

In contrast to the secondary carotenoids, accumulated TAG
was almost completely degraded 2 days after nitrogen resup-
ply. Although a repeated batch may still be beneficial for TAG
accumulation, it will be less beneficial than for the case of
astaxanthin due to this degradation of TAG.

Because light energy was not effectively converted into
chemical energy during the first period after nitrogen resupply,
nitrogen may best be resupplied around sunset, thereby
preventing wastage of light energy. The culture will likely
initiate recovery in the dark, as indicated by fast degradation
of TAG by TAG-rich C. reinhardtii which was nitrogen
replenished in the dark (Siaut et al. 2011).

Finally, although the results suggest that a repeated batch
may lead to a higher overall productivity of secondary carot-
enoids than a series of classical single batch cultivations, with
C. zofingiensis, follow-up research is required to confirm this.
Most importantly, secondary carotenoids dynamics during
subsequent cycles of nitrogen depletions and replenishments
need to be investigated.

In conclusion, irrespective of the assimilated nitrogen con-
centration at the moment of nitrogen replenishment, nitrogen
was consumed at a more than four times higher rate than under
equivalent nitrogen-replete conditions, leading to quick re-
sumption of photosynthesis and biomass production. Within
2 days, the content of all primary macromolecular compounds
as well as the nitrogen consumption rate and the overall
biomass production rate had returned to values equivalent
to those of cells grown under nitrogen-replete condi-
tions, indicating that culture recovery required 2 days.
Whereas culture recovery coincided with degradation of
TAG, ketolutein and canthaxanthin, astaxanthin was not
immediately degraded. Because the cells were able to
recover very quickly without immediately degrading
astaxanthin, a repeated batch cultivation may result in
a higher secondary carotenoid productivity than a series
of classical single batch cultivations.
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