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Abstract

Chromochloris (Chlorella) zofingiensis (Donz) Fucikova & Lewis is a carotenogenic chlorophyte producing valuable caroten-
oids such as astaxanthin and canthaxanthin. Due to a high culture robustness, it has a potential to become a major biotechno-
logical source of natural carotenoid pigments in the nearest future. To the best of our knowledge, this is the first report on the
comparative assessment of the biomass, carotenoid, and lipid productivity of C. zofingiensis monoculture under the condition of
the two-stage batch cultivation with acetate supplementation. The results proved the feasibility of complete replacement of
sodium nitrate by urea in the nutrient medium for C. zofingiensis. Carotenoids (0.3% of dry cell weight) and their composition,
as well as the cell lipids and their fatty acid profile, were not affected significantly during the cultivation on urea-containing media
as compared to the cultivation on standard media containing nitrate. The carotenoid profile of C. zofingiensis was dominated by
the valuable ketocarotenoids astaxanthin, canthaxanthin, and adonixanthin. Furthermore, the use of urea as the sole N source
increased the gross yield of lipids by 30.6% as compared to that achieved on the nitrate-based medium. The fatty acid compo-
sition of the resulting lipids was compatible with the current European biodiesel standard. The cost efficiency of C. zofingiensis
cultivation can be increased by replacing nitrate with urea.
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Introduction suitable for the production of biodiesel (Liu et al. 2010,

2014, 2016; Feng et al. 2012). The astaxanthin percentage of

Chromochloris zofingiensis (Donz) Fucikova & Lewis
(Chlorophyceae, Sphaeropleales), formerly Chlorella
zofingiensis Donz) (Fucikova and Lewis 2012), is a represen-
tative of a group of biotechnologically promising
carotenogenic chlorophytes. These green algae are potential
producers of the products constantly sought after at the mar-
ket: valuable ketocarotenoids (KCs) from C40 family such as
astaxanthin, canthaxanthin, and adonixanthin and lipids
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C. zofingiensis biomass is inferior to that of Haematococcus
pluvialis Flotow, currently the main biotechnological source
of natural astaxanthin (0.2-0.7% vs. 3—4%). However, this
disadvantage is compensated by several advantages
C. zofingiensis possesses from the standpoint of mass cultiva-
tion. These include a better tolerance to extreme temperature,
salinity and shear stresses, a higher growth rate, increased
lipid productivity (up to 250-300 mg L™" day ™", up to 65%
of dry biomass weight), and better extractability of the target
compounds due to less tough cell wall in comparison with
H. pluvialis.

Like in all carotenogenic microalgae, in C. zofingiensis,
rapid cell division and intensive accumulation of KC and re-
serve lipids do not occur simultaneously. These processes take
place at different stages of the life cycle and require dramati-
cally different cultivation conditions (Feng et al. 2012; Chen
and Wang 2013; Liu et al. 2014, 2016; Kim et al. 2016; Zhang
etal. 2017; Huo et al. 2018; Mao et al. 2018). In accord with
these features of C. zofingiensis biology, the two-stage culti-
vation separating biomass accumulation and KC generation is
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the best strategy to produce this microalga (Boussiba 2000;
Fabregas et al. 2001; Zhang and Lee 2001; Benavente-Valdés
et al. 2016; Minhas et al. 2016). Still, this approach is seldom
used for C. zofingiensis cultivation and mostly under
mixotrophic conditions (Chen and Wang 2013; Zhang et al.
2017) or nutrient deprivation (Mulders et al. 2015a, 2015b).

Confirmation of C. zofingiensis suitability for application
in microalgal biotechnology under the laboratory conditions
would be the first step to introduce this species in industrial
production; the next essential step is achieving its profitable
cultivation. It is accomplished, in particular, by (i) reducing
the cost of the nutrient medium replacing expensive nitrates
with cheaper nitrogen sources and (ii) shortening the duration
of stage II (carotenogenic or “red cell” stage) by chemical
stimulation of the KC formation and lipogenesis, also by in-
creasing the C/N ratio in the nutrient medium.

An alternative source of nitrogen (N) for C. zofingiensis is
urea (CO(NH,),), the most N-enriched and the cheapest com-
pound containing 46% of N and 20% of carbon. Urea-
containing media are also well-established in the cultivation
of microalgae from the genera Chlorella and Scenedesmus
(Bekheet and Syrett 1979; Becker 1994; Hsich and Wu
2009; Dhup et al. 2016). This is not the case for
C. zofingiensis cultures where the effects of using urea as the
sole N source are scarcely documented (Liu et al. 2013; Qin
et al. 2016; Raven and Giordano 2016; Huo et al. 2018) al-
though exceptions exist (Jiang et al. 2018). To the best of our
knowledge, the literature lacks reports on the effects of urea as
a sole N source on morphology, physiology, and productivity
in two-stage batch culture in the presence of sodium acetate as
a promoter of KC formation in C. zofingiensis monocultures.

The present study aims at bridging these gaps by evaluating
the suitability of urea as N source in the nutrient medium for
growing C. zofingiensis for KC and lipids in two-stage batch
culture. An additional goal was testing the effect of sodium
acetate addition on the secondary carotenogenesis and func-
tional condition of the urea-fed cells of C. zofingiensis. Cell
division rate, vegetative cell size, and stress tolerance as well
as dry weight (DW), total carotenoid, and lipid productivities
were monitored along with KC and total fatty acid DW per-
centages and composition.

Materials and methods
Strains and cultivation conditions

Chromochloris zofingiensis strain CALU-190 (CCAP-211/
14=UTEX 32=SAG 211-14= ATTC 30412) was obtained
at 2006 from Saint-Petersburg University culture collection
and preserved on Bold medium, BBM (Bold 1942) solidified
with 1.5% agar at 15 °C and 35 yumol PAR quanta m %s 'and
subcultured each 45 days.
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Precultures were obtained by re-suspending of the cells
from the solidified medium in two-fold diluted liquid BBM
and 7-day incubating in glass Erlenmeyer flasks under natural
dim illumination at room temperature (2022 °C) and bub-
bling with sterile air (0.3 L min ' LY. The cells were then
harvested by centrifugation (5 min at 1000xg), re-suspended
in a fresh BBM medium, and incubated for another 4 days
under fluorescent tubes (Feron DL 20 W 6400, 120 umol PAR
quantam ~s ') and 15/9 h light/dark photoperiod. The culture
temperature and bubbling were as specified above. The
resulting cultures comprised by young, vigorously dividing
cells were used as the inoculum.

The effect of N source on potential productivity of
C. zofingiensis was assessed in two-stage batch cultures. At
stage I (the “green cell” stage), the microalga was cultivated in
two modifications of BBM differing by the N source accord-
ing to our pilot experiments with C. zofingiensis (Minyuk
et al. 2019). The first modified BBM composition contained
triple amount of NaNQO3, so the final composition was as fol-
lows (g L' HyOgis): NaNO5—0.75; MgSO, - 7H,0—0.075;
NaC1—003, KQHPO4 . 3H20—004, KH2P04—0.1; Naz-
EDTA—0.05; KOH—0.03; H3BO5;—0.011; ZnSO4 -
7H,0—0.0094; MnCl, - 4H,0—0.0014; Na,MoO, -
2H,0—0.0024; CuSO, - 5H,0—0.0016; Co(NO3), -
6H,0—0.0005; FeSO,4 - 7TH,0—0.005; CaCl,—0.019;
H,SO4cone.—1 pL. The second modification of BBM
contained urea, CO(NH,),, as N source in equimolar amount
(8.83 mmol L' =0.265 g L") while the rest of the compo-
nents were the same as in the first modification of BBM. The
composition of the medium was changed to avoid their deple-
tion in the medium during the experiment basing on the results
of our preliminary studies (Minyuk et al. 2019).

Other cultivation conditions were the same in both (nitrate-
and urea-fed) variants of the experiment: the cultures were
started in 0.65 L volume in 1-L Erlenmeyer flasks at the cell
density (1) of 2.3-2.5 x 10° cells mL ™" and cell dry weight
(DW) 0f0.06-0.063 g L' At the green cell stage, the cultures
were illuminated with Feron DL 20 W 6400 fluorescence
tubes from one side (120 umol PAR quanta m > s ') and
incubated for 17 days at 20+ 1 °C and bubbling with sterile
air (0.3 L min ' L.

The biosynthesis of KC, including astaxanthin, was in-
duced by depriving the cultures of macronutrients and in-
creasing irradiance. At the end of the green cell stage, the
culture replicas were pooled within each experimental var-
iant. The pooled “green” cultures were diluted tenfold (to
the cell density of 3.6 x 10° cells L") with the correspond-
ing media tenfold depleted with regard to N and P, and the
final concentrations of N and P were 0.88 and
0.16 mmol L', respectively. The pooled and diluted cul-
tures were divided into two experimental variants: supple-
mented with 50 mmol L™' sodium acetate and control with-
out acetate supplementation (Fig. 1). The resulting cultures
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Fig. 1 The experimental design
for testing the effect of N source
on two-stage batch cultures of
Chromochloris zofingiensis (see
“Materials and methods”)
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were continuously illuminated from both sides (240 pmol
PAR quanta m > s ') and incubated at 24-25 °C with in-
creased bubbling velocity (0.6 L™ min™") for 15 days be-
fore the onset of cell number decline.

Monitoring of the culture growth and cell size

Cells (mL™") were counted with a hemocytometer. The
DW content (g L") was determined gravimetrically on
Whatman GF/C glass-fiber filters (1.2 um pore size
(Vonshak 1986).

Average productivity and specific growth rate were calcu-
lated for DW or cell density increase as follows (Wood et al.
2005):

P = (ng—m)/(ti—to) (1)
Pi = (DW,-DWo)/(t1—to) 2)
= In (n1/no)/(t1~to) (3)
py = In (DW1/DWo)/(t1~to) (4)

where P is an average productivity considering cell density
increase (cell mL™! dayfl); no—starting cell density (cell
mL™"); n,—cell density at 17 days (cell mL™"); (¢ — -
o)—duration of cultivation (d); P,—average productivity con-
sidering DW increase (mg L™ day '); DWy—starting DW
(mg L™"); DW,—final DW (mg L™"); —average specific rate
of cell density increase (day '); 11;—average specific rate of
DW increase (dayfl).

Cell length, L (um), and width, W (um), were measured
using Leica DM-1000 microscope with the camera of the
same manufacturer (Leica Microsystem AG, Germany) and
Image] software (National Institute of Health, USA). Cell vol-
ume, V (um’), was calculated using the formula for sphere or
spheroid volume. To determine the size distribution of the cell
population in the cultures, 100 cells were measured in each
experimental variant.

NaNO;

aaa

Ny

CO(NH,),

aaa

Ny Y

"Green cell" stage
17 days

"Red cell" stage

15d
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Pigment analysis

Chlorophylls @ and b (Chl a, Chl b) as well as total carotenoids
(Car) were assayed in dimethyl sulfoxide extracts spectropho-
tometrically using a SF-2000 spectrophotometer (LOMO,
Russia) and the following equations (Wellburn 1994):

(13444[D6667D750}74485[D6507D750D X V3 X V1

hla] =
[Chla] VXV, (5)
(24.58[D650*D750]*6.65[D666*D750]) X V3 X V]
hl b] =
[Chl 5] VX Vs (6)
(Car] — (10001Desu=Dysa] 1. 29(Chl a-S376[ChI ) x Vs x V1.9
- 220 x V3 x V4

where D, is optical density of the extract at wavelength \;
[Chl a], [Chl b], [Car]—concentrations of Chl a, Chl b, or total
Car in the (diluted) extract (ug mL™Y); V,—extract volume
(mL); V,—volume of the extract aliquot taken from V; for
dilution (mL); V3—volume of the diluted aliquot V, (mL);
V,—volume of cell suspension taken for the extraction (mL).

Average culture productivity considering total Car was cal-
culated according to Wood et al. (2005)):

Pcyr = (Carl—Caro)/(tl—to) (8)

where Pc,—average total Car productivity (mg L™ d™);
Caro—starting volumetric Car content in the culture
(mg L"); Car;—final volumetric Car content in the culture
(mg L™"); (¢, — t)—duration of cultivation (d).

Carotenoid composition was analyzed by HPLC Shimadzu
LC20 (Shimadzu, Japan) equipped with an YMC 30 column
(250 X 4.6 mm, 5 um; YMC, Japan). For elution of Car, the
methanol/tert-butyl methyl ester/water mixtures (v/v/v) were
used as (A) 81/15/4 and (B) 6/90/4. A linear gradient was
employed from 0 to 100% B over 60 min; flow rate—
1.0 mL min '. Car and Chl were monitored at 480 nm,
Chl—at 650 nm. Carotenoids were identified by comparing
their retention times to those of pure standards isolated from
carotenogenic microalgae (Repeta and Bjernland 1977) and
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comparison of absorbance spectra of the corresponding Car
fractions recorded during HPLC run with those obtained dur-
ing the analysis of authentic C. zofingiensis strains as well as
those published in the literature (Peng et al. 2008; Chen et al.
2017; Patias et al. 2017) and the reference protocol from the
column manufacturer (http://www.ymc.co.jp/en/columns/
ymc_carotenoid/).

Total lipid determination and fatty acid profiling

Total cell lipids were extracted from the wet biomass accord-
ing to Bligh and Dyer (1959)) and assayed gravimetrically.
Average culture productivity considering lipids was calculated
as follows (Wood et al. 2005):

Pr = (Li=Lo)/(ti—t0) )

where P;—average total lipid productivity (mg L™ day );
Ly—starting volumetric lipid content in the culture (mg L™");
L,—final volumetric lipid content of the culture (mg LY
— to)—duration of cultivation.

Fatty acid (FA) composition of the total cell lipids was
determined by GC-MS on Agilent 7890A GC with a 5975C
MSD (Agilent Technologies, USA) fitted with a capillary col-
umn (DB23, Ser. no. US8897617H, 60 m x 0.25 mm) con-
taining a grafted (50% cyanopropyl) methylpolysiloxane po-
lar liquid phase as a 0.25-mm-thick film as described in
Sidorov et al. (2012)). Briefly, the prepared FA methyl esters
(FAME) were separated under the following conditions: car-
rier gas (helium) pressure in the injector, 191 kPa; operational
gas pressure in the column at 1 mL min™"', 245 kPa; carrier gas
flow linear velocity in the column, 18 cm s b sample volume,
1 uL (10 pg FAME); flow split ratio, 1: 20; evaporator tem-
perature, 260 °C. The oven temperature program was as fol-
lows: from 130 to 170 °C at 6.5 °C min', to 215 °C at
2.75 °C min™" (25 min hold at this temperature), to 240 °C
at 40 °C min~ ', and 50 min hold at 240 °C, operational tem-
perature of the mass selective detector (5975C MSD), 240 °C.
For identifying individual FAME species and calculating their
concentrations in the mixture, a NISTOS.L search library and
an autointl.e integrator from the MSD Chem Station
G1701EA E.02.00.493 were used. The unsaturation index
(UD) of total FAs from each FAME fraction was calculated
as described earlier (Ozerinina and Tsydendambaev 2011).

The potential properties of the biodiesel produced from the
lipids of C. zofingiensis were estimated from the total lipids
FA profile using the empirical equations from Karpagam et al.
(2015)).

Statistical treatment

All measurements were done in triplicate (biological replica-
tions (n= 3) with three technical replications for each).

@ Springer

Averages + SD are presented in the text and the figures.
Significance of the differences between averages was deter-
mined with Student’s two-sided ¢ test at P < 0.05.

Results
Growth and productivity at the “green cell” stage

Although the starting cultures were uniform regarding their N
level and the cell density, the subsequent growth rate and cell
size varied significantly between experimental variants differ-
ing by the N source in the medium. The urea-fed cultures
showed a slower growth rate. Although the maximum growth
rate, Wmax, recorded during 2-to-3 days of cultivation in the
urea-fed cultures was 57% higher than that in the nitrate-fed
cultures, the average cell productivity (average growth rate, 1)
calculated for the entire green cell stage was 25% higher in the
nitrate-fed cultures than in urea-fed ones (Fig. 2a; Table 1).

Another prominent feature of the urea-fed cultures was
their smaller cell size: at the end of the green cell stage, the
average cell volume in this variant was 36.4% smaller than in
the nitrate-fed cultures (Fig. 2c; Table 1). The urea-fed cul-
tures were dominated by small cells (3—10 um3 ; 56% of the
cell population) whereas the nitrate-fed cultures were domi-
nated by larger cells (15-20 um?>; 60% of the cell population).
To take into account this difference, the key markers of the
culture conditions (DW, lipid and pigment contents) were also
calculated per unit cell volume (Table 1). This method of
comparison showed that in the cultures grown in the presence
of urea, the carbon-enriched substrate, DW accumulation by
the cells increased by 42% at the end of the green cell stage.
However, the urea-fed cultures lagged the nitrate-fed cultures
by 32.6% in terms of average DW productivity because of
lower cell density and smaller cell size of the former. At the
same time, the lipid productivity of both cultures was similar
(p>0.05), and the DW percentage of lipids of the urea-fed
culture was significantly higher than that of the nitrate-fed
culture (Table 1). It is important to mention that pH of the
urea-fed cultures at the green cell stage was relatively stable
(pH 7.01-7.6) whereas the nitrate-fed cultures showed a trend
for alkalization of the medium (from pH 6.7 to pH 9.1) sug-
gesting actual uptake of organic carbon by the cells of the
urea-fed cultures. At the same time, the average absorption
rates of nitrate and amide nitrogen were similar (0.626 and
0.631 mmol L™" day ', respectively).

Carotenogenesis and productivity at the “red cell”
stage

The cultures stressed without acetate supplementation, en-
tered, after a 1-day acclimation lag, a short (1-3 days) period
of vigorous cell division (1t=0.39 day ' or 0.52 day ' in the
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Fig. 2 Effect of nitrogen source in the nutrient medium on a culture growth monitored as cell number and b dry weight and ¢ cell volume in the

C. zofingiensis cultures at the “green cell” stage of two-stage cultivation

nitrate- or urea-fed cultures, respectively). Later, the cell den-
sity remained practically unchanged until the end of the ex-
periment. In the presence of acetate, the transient increase of
cell division rate was not observed: the cells divided at a
steadily low rate (11=0.114 day ') until the end of the exper-
iment (Fig. 3a, b). Lower rate of cell division in the presence
of acetate correlated with an increase in cell volume (Fig. 4)
and DW content (Fig. 3e—h). As a result, the average DW
productivity at the red cell stage was higher in the acetate-
supplemented cultures than in the control by 18-21%. In the
15-day red cell stage, the volumetric content of chlorophyll
declined 4 and 5 times in the nitrate- and urea-fed cultures
without acetate supplementation, respectively; acetate supple-
mentation further promoted the decline in chlorophyll
(Fig. 5a, b).

Changes in the chlorophyll and carotenoid contents in the
cultures followed the opposite trends: the faster was

chlorophyll decline, the higher was the rate of carotenoid ac-
cumulation. The maximal total carotenoid productivity (0.113
+0.006 mg L' day ') was documented in the urea-fed culture
without acetate (Fig. 6a), maximal yield (43.61 = 1.05 mg per
L of the green culture)—in the nitrate-fed culture without
acetate (Fig. 6b). The DW percentage of carotenoids did not
depend on the method of the induction of carotenogenesis
comprising 0.3% (Fig. 6¢).

The composition of carotenoids from the red cells of
C. zofingiensis did not depend on the N source used for grow-
ing the green cells. It was represented by a mixture of KC
(88.5-91% of'total carotenoids) with a minor (6—8.5%) fraction
of primary (photosynthetic) carotenoids and unidentified carot-
enoids (= 3%) (Online resource 1, Fig. S1; Tables 2 and 3).

In all variants of the experiment, the major fractions were
astaxanthin, canthaxanthin, and adonixanthin. Astaxanthin
and adonixanthin were accumulated both in free form and in

Table 1 Effect of N source on
C. zofingiensis cultures at the end
of the “green cell” stage (n=3)

Parameter

N source in the medium

NaNO; Urea

Cell density, cell mL™!
DW content, g L!
Average cell volume, pm®

1.08 x 108+ 1.15 % 107 837 %107 +3.65x 10°

Maximum specific growth rate, day '
Average specific growth rate, day '
Average culture productivity, cell mL™" day~
Chl a+ Chl b, fg um cell volume
Car, fg um™> cell volume

DW content, fg um > cell volume
Lipid content, pg pm > cell volume
Chla+ Chl b, % DW

Car, % DW

Lipids, % DW

Average DW productivity, g L' day ™’
Average lipid productivity, g L' day ™!

1.97 £0.07 1.57+0.01
15.36+0.65 11.26+0.64
0.77 £0.04 1.21+0.03
0.23+0.01 0.21+0.003

! 6.01 x10°+0.16 x 10° 480%10°+0.2 % 10°
4597+6.82 72.26+4.39
9.14+0.99 13.97+0.29
1145+72 1626 +41
26.82+2.39 50.17+5.72
3.84+0.27 3.71+0.17
0.71+0.06 0.85+0.03
2321+125 31.65+1.54
0.114£0.005 0.086 + 0.004
0.026 +0.007 0.027 +0.002
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Fig.3 The effect of acetate on a, b the dynamics of cell number and ¢, d DW content per unit culture volume or e, f per cell or g, h cell volume at the “red
cell” stage for the cells grown with a, ¢, e, g nitrate or b, d, d, h urea (see Fig. 1 and the “Material and methods”)

the form of mono- and diacyl esters differing in their FA com-  depending on the N source used at the “green cell” stage of
position (Online resource 1, Table S1). In both cases, the cultivation. Thus, the supplementing of the nitrate-fed cultures
unsaturation of the FA in the xanthophyll monoesters was ~ with acetate led to an increase in the relative content of ester-
significantly higher than that of diesters and the FA of ified carotenoids at the expense of their free forms (Online
adonixanthin esters were more unsaturated in comparison resource 1, Fig. S2a; Table 4). In the urea-fed cultures, the
with the esters of astaxanthin. The main FA esterifying both  opposite effect was observed—in the presence of acetate, the
carotenoids was oleic acid (A9-18:1) which formed mostly ~ proportion of free KC increased compared to the control, and
monoesters with astaxanthin and diesters with adonixanthin.  the proportion of their esters decreased (Online resource 1,
The second major FA in the esters of these KC was palmitic ~ Fig. S2b; Table 4).

acid (16:0). The diesters of astaxanthin and adonixanthin were At the end of the red cell stage, the urea-fed cultures with-
2.3 and 1.7 times more enriched in palmitate than the corre-  out acetate contained more lipids per unit culture volume and
sponding monoesters. DW than the nitrate-fed cultures (by ca. 28% and 53%, re-

Acetate supplementation had a noticeable effect on the ra-  spectively). The gross lipid yield from 1 L of the nitrate-fed
tio of free and esterified forms of the hydroxylated KC initial culture (2 x 10° cells mL; calculated taking into account

T T T T T T
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Fig.5 Changes in the pigment content expressed a—d per unit culture volume, e, f per cell or g, h per unit cell volume at the “red cell” stage as a function

of nitrogen source and acetate supplementation

all dilutions and both cultivation stages) supplemented or not
supplemented with acetate constituted 6.90 g or 9.14 g, re-
spectively; in the corresponding figures for urea-fed cultures
comprised 8.75 g and 11.68 g lipids.

At the same time, the FA composition of total cell lipids
underwent significant changes, which led to a decline (ca. 1.3-
fold) in their unsaturated index (UI). At the end of the “green
cell” stage, the FA profiles of total cell lipids in both variants
were dominated by palmitic (16:0), oleic (18:1), and «-
linolenic (18:3) acids totaling to 63—67% of total FA. The
onset of the red cell stage brought about nearly two-fold in-
crease oleate, the main component of astaxanthin monoesters
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and adonixanthin diesters at the expense of the polyunsaturat-
ed FA (Table 4).

All the key quality parameters of the potential biodiesel
from lipids obtained from the biomass harvested at the end
of the red cell stage meet the requirements of the main
European Standard for Biodiesel DIN EN 14214 (Table 5).

Discussion

To assess the possibility of replacing nitrate with urea in the
nutrient medium for C. zofingiensis, we used a two-stage
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Fig. 6 Carotenoid productivity of the C. zofingiensis cultures grown with

nitrate (1, 2) or urea (3, 4) in the absence (1, 3) or in presence (2, 4) of

sodium acetate expressed as a total carotenoids at the “red cell” stage, b

total carotenoid yield per liter culture for the entire cultivation period
(32 days), and c final total carotenoid percentage of the dry weight
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Table 2 Effect of N source in the
medium and acetate
supplementation on the
carotenoid composition of

C. zofingiensis cells

% total Car N source at the “green cell” stage
NaNOs Urea
Control + Acetate Control + Acetate

Lutein 2.53 +£0.12°% 2.33 £0.46 298 £0.43 437 £ 031
Zeaxanthin 027 £0.12 0.25 £0.06 0.39 £ 0.14 043 £0.15
Total primary xanthophylls 3.83 £ 1.36 2.58 £0.62 3.37 £0.75 4.80 + 0.48
Free astaxanthin 15.83 £ 0.42 11.38 £ 0.67 991 £0.42 14.9 £ 0.54
Astaxanthin monoesters 23.97 £0.23 25.20 + 1.65 25.85 +£0.87 21.75 £2.11
Astaxanthin diesters 6.57 + 0.96 9.3 £0.42 10.72 £ 0.66 7.10 £ 0.29
Total astaxanthin 46.37 + 1.1 45.98 + 2.08 46.48 £ 1.66 43.70 £ 2.10
Free adonixanthin 2.70 + 0.26 1.1 £0.14 0.94 +0.11 220 +0.08
Adonixanthin monoesters 3.7+0.8 4.65 +0.33 5.34 £ 0.65 495+ 14
Adonixanthin diesters 6.2 +0.36 8.28 + 0.46 8.54 £0.15 8.08 +0.17
Total adonixanthin 12.6 £ 0.85 14.03 + 0.78 14.82 £ 0.55 1523 £ 1.25
Echinenone 0.85 £ 0.07 1.33 £0.22 1.45 £ 0.05 1.05 £ 0.60
Canthaxanthin 30.63 £ 1.12 28.23 £ 1.11 25.47 £ 0.49 27.25+0.93
{3-Cryptoxanthin 0.50 = 0.26 0.25+0.13 025 +0.17 028 £0.19
Total ketocarotenoids 94.78 £ 2.65 92.40 = 2.47 91.84 £ 0.96 9231+ 126
«-Carotene 0.33 £0.21 023 £0.05 045 +0.18 028 £ 0.15
All-trans-3-carotene 1.67 £ 0.32 2.68 £ 0.67 327 +£0.15 3.18 £0.22
Cis-[3-carotene 1.43 £ 0.74 1.53 £ 1.07 1.77 £ 0.35 1.53 £0.25
Total carotenes 343 +£0.618 4.44 £ 1.66 549 £ 0.39 4.99 £ 0.40

# Average percentages (n = 3) + SE of total carotenoids are specified. Unidentified minor fractions are not reflected

in the table

batch culture approach developed earlier for screening com-
mercially promising astaxanthin producers (Minyuk et al.
2017, 2019). This approach presumes carrying out the green
cell stage in the modified BBM nutrient medium with triple N
content starting from the same initial cell density at a moderate
irradiance. The first, green cell stage concludes with the de-
cline of the bioavailable N and/or P in the nutrient medium
below detection level. The onset of the second, red cell stage is
promoted by increasing the irradiance ca. 20-fold (see
“Materials and methods”). This approach along with supple-
mentation of the medium with sodium acetate (50 mmol L"),
a compound promoting secondary carotenogenesis (see Peng
et al. 2008; Minyuk et al. 2014; Patias et al. 2017) and the
discussion below), shortens the red cell stage improving the
profitability of the microalgae cultivation. In this work, we
characterized the effect of N source on the C. zofingiensis

culture at both green cell and red cell stages but acetate was
added to the culture only at the red cell stage (see below).
The urea-fed cultures showed a slightly slower average
growth rate, although the maximum growth rate in the urea-
fed cultures was higher than that in the nitrate-fed cultures.
Possible reason for this lag may be toxicity of ammonia
formed during enzymatic hydrolysis of the excess of urea in
the medium (Little and Mah 1970; Bekheet and Syrett 1979;
Dhup et al. 2016). It is important to mention that pH of the
urea-fed cultures at the green cell stage was relatively stable
(pH 7.01-7.6) whereas the nitrate-fed cultures showed a trend
for alkalization of the medium (from pH 6.7 to pH 9.1). At the
same time, the average absorption rates of nitrate and amide
nitrogen were similar (0.626 and 0.631 mmol L' day ', re-
spectively). Additional studies are needed to determine the
optimal combination of the initial urea concentration,

Table 3 Effect of acetate on the

ratio of fatty acid esterified-to-free ~ Carotenoid species ratio

Growth conditions

astaxanthin and adonixanthin in

the cells of C. zofingiensis grown NaNOy/ NaNO; + Ac Urea/ Urea+ Ac
on nitrate or urea with or without control control
acetate supplementation

Ast (esterified/free) 1.9 3.03 3.69 1.93

Adx (esterified/free) 3.7 11.8 14.77 5.92
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Table 4 Effect of N source and

acetate supplementation on fatty Fatty acid Fatty acids, mass. %

acid composition of total lipids of

the C. zofingiensis cells harvested The “green cell” stage The “red cell” stage

at the end of different cultivation

stages NaNO; Urea NaNOj NaNOs + Ac Urea Urea+ Ac
14:0 0.6 0.8 0.2 0.3 0.2 0.2
16:0 22.5 19.7 17.8 19.4 20.1 19.1
A7-16:1 1.7 1.9 1.7 1.8 2.0 1.8
A7,10-16:2 4.7 5.1 3.6 3.6 3.6 3.6
A4,7,10-16:3 32 3.6 22 2.5 24 24
A4,7,10.13-16:4 23 22 0.2 0.2 0.2 0.2
18:0 2.1 2.3 2.1 1.7 1.7 1.8
A9-18:1 282 27.0 57.3 54.6 54.4 55.4
Al11-18:1 1.3 1.4 0.8 0.9 0.9 0.8
A9,12-18:2 16.1 16.1 7.6 8.0 7.7 7.8
A6,9,12-18:3 0.9 1.5 0.4 0.4 0.4 0.4
A9,12,15-18:3 8.9 9.7 2.8 3.0 3.0 3.0
A6,9,12,15-18:4 2.8 3.8 1.7 1.9 1.7 1.8
20:0 0.6 0.3 0.4 0.3 0.3 0.3
A11-20:1 1.6 1.8 1.1 1.2 1.3 1.2
22:0 2.7 2.8 0.1 0.1 0.1 0.1
Saturated FA 28.4 25.9 20.6 21.7 22.3 21.5
Monounsaturated FA 327 32.1 60.9 58.5 58.6 59.3
Polyunsaturated FA 38.9 42.0 18.5 19.8 19.1 19.2
Unsaturation index 1.337 1.429 1.071 1.084 1.065 1.073

#For all values in this table, standard deviation was below 5% of the corresponding average (n = 3)

inoculum cell density, and the irradiance for C. zofingiensis to
fully leverage the benefit of organic carbon supply in addition
to N coming with urea.

At the red cell stage, C. zofingiensis displayed a high stress
tolerance regardless of the N source used at the green cell stage
and the method of the induction of carotenogenesis. None of the

Table 5
cultivation stage (Hoekman et al. 2012; Karpagam et al. 2015)

experimental variants showed a cessation cell division and/or
high cell mortality often observed under similar conditions in
other carotenogenic microalgae, e.g., H. pluvialis or
Bracteacoccus minor (Minyuk et al. 2007, 2014). On the con-
trary, the cell density increased significantly by the end of the red
cell stage in all the variants. At the same time, the kinetics of cell

Quality parameters of the biodiesel from C. zofingiensis cell lipids derived from their fatty acid profiles as a function of N source and

Property End of the “green cell” stage End of the “red cell” stage Standard EN14214
NaNO; Urea NaNO; Urea

Density (p), kg m™> 910 + 10 910 £ 10 880 + 0.10 880 + 0.20 860-900

Kinematic viscosity 40 °C, mm? s~ 3.5+0.03 3.5+0.04 3.8 +0.1 399 +£03 3.5-5.0

Saponification number (mg KOH g ' oil) 205 + 2.1 205 +0.3 195 +£0.3 190 +£ 0.2 187-191

Iodine Number (g I, (IOOg)fl) 124 £ 6.3 133+ 54 98 + 1.01 9892 + 14 <120

Cetane number 450+ 1.7 43.0+ 1.2 51.0+£0.2 51.0£0.3 >51

Oxidation stability, 110 °C (h) 72 +0.5 69+03 135+0.2 132+ 04 >6

Long chain saturation factor 7805 7.7+04 33 +0.06 32+0.1 LR

Cold filter plugging point (°C) -162+0.1 -16.2+0.01 -16.4 +0.01 —16.4 £0.02 <5/<-20

Linolenic acid methyl ester (wt.%) 98+ 1.5 176 £1.2 32+03 34+£02 <12

#Depends on climatic zone
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Fig. 7 Total lipid content in the cultures grown with nitrate (1, 2) or urea
(3, 4) in the absence (1, 3) or in presence (2, 4) of sodium acetate

division depended on the presence of the chemical inductor of
carotenogenesis (acetate) in the medium and the prehistory of the
culture.

As in other carotenogenic microalgae, accumulation of DW in
the stressed cells of C. zofingiensis preparing for transition to the
red resting cells occurred along with the reduction of their pho-
tosynthetic apparatus and induction of the biosynthesis of KC
protecting the cell against oxidative stress (Lemoine and Schoefs
2010; Solovchenko 2015). Indeed, for 15-day red cell stage, the
volumetric content of chlorophyll declined 4 and 5 times in the
nitrate- and urea-fed cultures without acetate supplementation,
acetate supplementation further promoted the decline in chloro-
phyll (Fig. 5a, b). The net result of the boosting of secondary
carotenogenesis with acetate is determined by two oppositely
directed processes: increase in carotenoid per cell content due
to accumulation of KC in the cells (Fig. 5e-h) and a decrease
in productivity due to cell division slow-down (Fig. 3a, b). On
one hand, the results do not support the using of acetate to in-
crease the yield of KC in C. zofingiensis during the second (red
cell) stage of two-stage cultivation. On the other hand, cultures
supplemented with acetate are elucidating for gauging stress tol-
erance of carotenogenic microalgae and their potential regarding
KC accumulation.

One of the first groups to use sodium acetate as an efficient
promotor of secondary carotenogenesis in microalgae was that
of Kobayashi (Kobayashi et al. 1993, 2001). Having convinc-
ingly demonstrated acceleration of astaxanthin biosynthesis
by acetate in H. pluvialis, the authors did not mention its
impact on cell viability, considering it insignificant. In fact,
monad cell mortality in H. pluvialis during transition to the red
cell stage supplemented with acetate can be as high as 45—
80% (Dantsyuk 2010). Carotenogenic microalgae
Bracteacoccus minor and B. giganteus also displayed a high
sensitivity to acetate under similar conditions and the cell
mortality of 30-40% (Chubchikova et al. 2011; Chelebieva
et al. 2013a). At the same time, mature vegetative cells of
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expressed as a cultures and b dry biomass of C. zofingiensis at the end
of the “red cell” stage and ¢ average total lipid productivity

Coelastrella rubescens (Minyuk et al. 2017), Scenedesmus
rubescens (Chelebieva et al. 2013a), and Ettlia carotinosa
(Chelebieva et al. 2013b), as well as C. zofingiensis studied
in this work showed a relatively high tolerance to acetate
manifested by retention of vigorous cell division and active
accumulation of KC which was commensurate to that in non-
supplemented cells regardless of N source (Fig. 6).

Kobayashi et al. (1993) suggested that acetate increases
accumulation of ROS, likely due to over-reduction of electron
carriers in photosynthetic electron transport chain. Another
hypothesis relates with the hydrolysis of acetate with the for-
mation of acetic acid disturbing the cell membranes (Zhao
et al. 2016). Although the exact mechanism of potential tox-
icity of acetate is unclear, the using of acetate boost is war-
ranted in screening of potential producers of astaxanthin and
lipids, although doing so one needs to exercise caution and
monitor all the relevant parameters of the culture condition.

The observed peculiarities of carotenoid composition includ-
ing the major KC and their FA esters in C. zofingiensis might
stem from the specifics of carotenoid biosynthesis in this
microalga. Thus, Huang et al. (2006) suggested that the
astaxanthin biosynthesis in C. zofingiensis might differ from that
in H. pluvialis. Under heterotrophic conditions, they found a
single bi-functional gene encoding {3-carotene oxygenase
(4,4'-3 ionone ring oxygenase, CRTO) converting (3-carotene
to canthaxanthin via echinenone and zeaxanthin to astaxanthin
via adonixanthin. At the same time, the stress-induced changes in
carotenoid composition at the red cell phase depends on the
condition of and nutrient availability in the source green culture
(Wang and Chen 2008). Thus, 0.45 mmol acetate did not affect
astaxanthin, canthaxanthin, or adonixanthin biosynthesis in 4-
day-old autotrophic culture of C. zofingiensis; the latter two
KCs were detected after glucose supplementation of the cultures
in the dark. High light and salinity were more efficient in the
induction of carotenogenesis, presumably mediated by ROS (Li
et al. 2009).
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As in other carotenogenic microalgal species, accumula-
tion of secondary KC in C. zofingiensis cells was closely re-
lated to the activation of biosynthesis of neutral lipids and their
accumulation in cytoplasmic globules acting as carotenoid
depots (Zhekisheva et al. 2002; Solovchenko 2012, 2015).
Regardless of the cultivation stage, the urea-fed cultures
surpassed the nitrate-fed cultures in lipid as well as average
lipid productivity at the green stage and the overall productiv-
ity (Table 1; Fig. 7). Notably, at the red cell stage, these dif-
ferences were much more pronounced than at the green cell
stage. The average daily productivity of the urea-fed non-sup-
plemented culture was superior to that of the nitrate-fed cul-
ture. The attempt to accelerate lipogenesis at the red cell stage
by acetate supplementation did not give the expected results
whereas growing the cultures with urea brought about a more
significant effect (Fig. 7).

Generally, the changes of the FA composition in
C. zofingiensis at the second (“red”) stage of cultivation were
close to those recorded under similar cultivation conditions in
another representative of the order Sphaeropleales, aerophilic
microalga C. rubescens (Minyuk et al. 2017). This kind of FA
profile is favorable for production of lipid-enriched biomass
for conversion to biodiesel. This assessment was supported by
the predicted characteristics of biodiesel (Islam et al. 2013)
from lipids extracted from the biomass grown in our experi-
ments (Table 5). Although the biomass samples obtained in
this study met the requirements set by the European Union for
biodiesel, it might be less attractive to use it directly for fuel
production. Considering that a common shortcoming of
microalgal biodiesels is their low oxidative stability (Stansell
et al. 2012), the oil extracted from C. zofingiensis enriched
with carotenoid antioxidants can be blended with diesel from
other sources to improve their characteristics.

Judging from the comparison of previously published data
with those obtained in the present study, one can conclude that
the species accumulating almost pure astaxanthin, e.g.,
H. pluvialis, will likely remain in the niche of premium prod-
ucts and nutraceuticals given the cost and complexity of their
industrial cultivation and the price of the highly purified
astaxanthin. The species offering robust cultures and generat-
ing large amount of biomass enriched with a mixture of valu-
able carotenoids like C. zofingiensis are expected to be com-
petitive in the sector of bulk products, including (aqua)feed
additives. This biomass canthaxanthin can be also considered
as a feedstock for production of an environment-friendly sta-
bilizer additive for biodiesel ensuring its high oxidation sta-
bility and hence a long shelf life due to the presence of
carotenoids.

Finally, this study confirmed the feasibility of substituting
costly nitrates by relatively cheap urea in the nutrient medium
for the chlorophyte C. zofingiensis, a potential producer of the
two valuable carotenoids, astaxanthin and canthaxanthin.
Under our experimental conditions, the acetate

supplementation at the red cell stage was inefficient in enhanc-
ing the carotenoid accumulation in C. zofingiensis. These
findings constitute a further step towards development of ro-
bust and cost-effective technologies for production of
carotenoid-enriched microalgal biomass.
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Ministry of Science and Higher Education (project 075-15-2019-1719/
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