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ARTICLE INFO ABSTRACT

Keywords: Up to now, scarce information has been available regarding major photobiochemical changes that accompany
Chlorophyll fluorescence the metabolic shift from heterotrophy to phototrophy in microalgae cells. In the present trials the trophic con-
Microalgae version from heterotrophic to phototrophic growth regime was studied in the microalga Chlorella vulgaris g120
IIZE;;?SK) I;t;em grown in outdoor thin-layer cascades. The crucial question was whether Chlorella g120 can undergo the pho-

toacclimation of its photosynthetic apparatus under natural irradiance. As for comparison the phototrophic strain
Chlorella vulgaris R-117 was cultured in parallel.

Various in-situ and ex-situ monitoring techniques namely oxygen production and chlorophyll fluorescence were
tested to characterize physiological response of the Chlorella g120 culture during photoacclimation and correlate
it with growth. We show that Chlorella g120 can undergo the metabolic shift from heterotrophic to phototrophic
growth regime, but its conversion is. A rather high respiration rate was interpreted as a strategy to dissipate the
unused light energy. Chlorella g120 was found as the strain characterized by a small-antenna size strain (low

Thin-layer cascade
Trophic conversion

Abbreviations: Chl, chlorophyll; Car, carotenoid; DO, dissolved oxygen; DW, dry weight; Fo, F,, F,, minimal, variable and maximal fluorescence in dark-adapted
state; F,/Fp,, maximal photochemical yield of PSII; POE/RESP, photosynthetic oxygen evolution and respiration; OJIP curve, fast Chl fluorescence induction kinetics;
PAM, pulse-amplitude modulation; PAR, photosynthetically active radiation; PQ, plastoquinone; PSII, photosystem II; ETR, relative electron transport rate through
PSII; RLC, rapid light-response curve; TLC, thin-layer cascade; TL-RWP, thin-layer raceway pond.
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chlorophyll/cell ratio < 1%) which should be favorable for light utilization in dense cultures. The high carot-
enoid/chlorophyll ratio (= 0.63) may be of interest from biotechnological point of view for carotenoid (namely

lutein) production.

The build-up of dissolved oxygen (DO) concentration and high electron transport rate measured in-situ indi-
cated high photosynthetic activity of outdoor microalgae cultures. These variables are usable on-line as reliable
markers as they reflect the physiological status of microalgae culture. Highly productive cultures, like Chlorella R-
117 have high photosynthesis which is inevitably accompanied by the build-up on high DO gradients. To
maintain high biomass production in such strains we have to find an interplay among photosynthetic activity,
gradients of DO concentration, biomass density and culture layer thickness that can secure high growth rate (and

productivity).

1. Introduction

Since the 1950s microalgae have been used as a source of biomass
proposed for production of food and feed supplements, pharmaceuticals,
cosmetics and lately biofuels, as well as for wastewater treatment and a
quest for mitigation of atmospheric CO3 build-up [1]. These microor-
ganisms produce a wide range of bioproducts — proteins, poly-
saccharides, lipids, pigments, antioxidants, vitamins, bioactive
compounds and many others. Industrial cultivation of microalgae has
developed considerably since the 1990s [2-4].

Most of microalgae strains grow phototrophically (in mineral media
with addition of carbon dioxide) obtaining their energy via photosyn-
thesis [5]. Certain species can grow also heterotrophically [6-9]. Het-
erotrophic cultivation of microalgae, ie., in the presence of organic
substrates like glucose or acetate and other organic substrates — has to
be carried out axenically in fermenters, similarly to the cultivation of
bacteria. For example, some strains of Chlorella exhibit high growth rate
under heterotrophic conditions using glucose in fed-batch cultivation
which was employed for mass production [8,10]. Nevertheless, the
content of pigments in heterotrophically-grown biomass is significantly
lower (2-4 times) as compared with those from phototrophic growth
[11-13]. The chlorophyll (Chl) content between 2.5 and 3.5% of dry
weight (DW) was reported in phototrophically grown Chlorella while in
heterotrophically grown cells can reach only 1-1.8% of DW [14,15].

Some microalgae strains are able to undergo a metabolic pathway
shift (trophic conversion) from heterotrophic to phototrophic growth
regime. In the 1990-2000s, a cultivation strategy called ‘sequential
heterotrophy-dilution-photoinduction” was developed [16,17]. Later,
this procedure was scaled-up in Chlorella cultures to proof the feasibility
in indoor and outdoor trials for biomass production [18,19]. Firstly, the
culture was cultivated heterotrophically to achieve high cell densities.
Upon glucose depletion, it was diluted and exposed to light for photo-
trophic growth. Using this strategy, the quality of the Chlorella biomass
may approach that of cells cultivated phototrophically. A practical
demonstration of the two-stage pilot and industrial production was
managed as heterotrophically Chlorella vulgaris cells grown in fermen-
ters (1st stage) were used to inoculate directly an outdoor flat-panel and
tubular photobioreactors (2nd stage) [20]. This approach applied het-
erotrophic growth to obtain high-biomass inoculum for outdoor
photobioreactors.

However, little information is available regarding the nature of
photobiochemical changes that underlie the metabolic shift from het-
erotrophy to phototrophy in microalgae cultures. Recently we have
examined physiological and photobiochemical changes during this two-
stage process in laboratory Chlorella vulgaris g120 cultures [9]. Under-
standing the nature of photobiochemical changes that accompany the
metabolic shift from heterotrophy to phototrophy in microalgae cultures
is a pre-requisite to optimize the process.

Microalgae mass cultivation requires monitoring of culture’s physi-
cochemical variables, namely its pH, temperature, dissolved oxygen
(DO) concentration, and nutrient status as well as photosynthetic ac-
tivity which is crucial for growth. One, direct approach is to measure
photosynthesis as oxygen production or Chl fluorescence in-situ during
the diel cycle to follow the actual situation in the culture. The other

possibility is to measure ex-situ using microalgae samples withdrawn
from a cultivation unit. Some variables, like the maximum and actual
quantum yield of PSII and electron transport rate measured by fluores-
cence quenching technique have been used to correlate photosynthesis
and growth [21-28].

In this work the physiological and photobiochemical changes and
growth were studied in the microalga Chlorella vulgaris g120 (Chlor-
ophyta) that occurred during the transition from heterotrophic to pho-
totrophic growth regime. For comparison, a fast-growing obligate
phototroph Chlorella R-117 was investigated in parallel. We aimed to
select techniques and marker variables that can be used to monitor
photosynthetic activity and correlate it to culture performance, growth
and biomass composition.

2. Material and methods
2.1. Strains, cultivation units and conditions

Two green microalgae were cultured side by side in thin-layer cas-
cades (TLC) outdoors (Fig. 1): the strain Chlorella g120 (registered as
Chlorella vulgaris BE1J., 1996/H 14, CCALA 30001, Culture Collection of
Autotrophic Organisms, Institute of Botany, Tiebon, Czech Republic)
further as Chlorella g120) which is used for mass heterotrophic pro-
duction [8,9] and a fast-growing phototrophic strain Chlorella R-117
(registered as Chlorella vulgaris BELJ., CCALA 1107, Culture Collection of
Autotrophic Organisms, Institute of Botany, Tfebon, Czech Republic;
further as Chlorella R-117) [14,29] was used for comparison. The seed
culture of Chlorella R-117 was grown outdoors and then diluted 10-times
for the trial.

An axenic, seed culture of Chlorella g120 was firstly grown hetero-
trophically in a medium containing glucose (0.43 M), urea, macroele-
ments (KHoPO4, MgSO4, FeSO4, CaCly) and other salts of micro- and
trace elements (H3BO3, CuSO4, ZnSO4, CoSO4, MgCly, (NH4)sM07024) in
5-litre Erlenmeyer flasks placed on a shaker under low irradiance at 25
°C for 7-10 d as already described [8]. Then the culture was transferred
to a 150-litre fermenter (Bioreaktor 150, SK Group) where was further
grown heterotrophically in fed-batch regime in the same medium for 3
days at 35-37 °C.

For phototrophic cultivation outdoors both strains were grown in
parallel TLCs (Fig. 1) using an inorganic medium as described previously
[29]. Two outdoor TLCs were operated: one with a total surface of 24 m?
(working volume of 200 L; Fig. 1a) and the other of 90 m?> (working
volume of 600 L; Fig. 1b) at culture layer thickness of 5-6 mm giving the
surface-to-total-volume ratio of about 120-150 m™'. The culture of
Chlorella g120 was grown in the outdoor 24-m? TLC while the culture of
the phototrophic Chlorella R-117 strain was grown in the TLC of 90 m?
(Fig. 2) to carry out a 5-day trial.

The principle of TLC is that the microalgae culture grows in a thin-
layer on an inclined flat surface with the declination of 0.5-1.7%
[30]. The microalgae culture is pumped from the retention tank and gets
evenly distributed to the top of the upper platform of TLC, flows down
along the surface to troughs, from where it drains to the upper part of the
lower platform and from there returns to the retention tank located
under the unit, from where the cycle begins again. As the thin-layer
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culture falls on the inclined wall of the retention tank, it is filtered
through a screen where an efficient degassing is achieved. In this way,
the DO concentration at the start of cultivation area is equilibrated with
the air to about 100% saturation. The dark volume in the distribution
tubing and retention tank is minimized. CO; is supplied based on pH stat
system in the tubing (riser) after a pump. Centrifugal pumps (DWO 300,
Ebara) are used for culture circulation in both units providing a flow
speed of about 0.5 m s~ .

2.2. Location of trial, period and weather data measured in-situ

Most of the trials were carried out during the 10th workshop of the
International Group for Aquatic Productivity (GAP) organized at Centre
ALGATECH located in Ttebon, Czech Republic (GPS coordinates —
48°59'15" N; 14°46'40.630” E) in August starting on day O between
15:00 and 16:00 h to avoid photo-stress of freshly inoculated cultures.
The time in figures corresponds to CEST (GMT + 1). Weather conditions
(solar irradiance in PAR and ambient temperature) were monitored by a
local meteorological station (IP Warioweather, model ME 13). For all
days of the trial the weather conditions were rather fair with no rain; on
some days there were cold mornings (day 0-day 3) or variable sunshine
(Fig. 3). During days 0-3 morning temperatures were between 6 and 8
°C and midday maxima were between 20 and 23 °C. When morning
temperatures (at about 07:00 h) were low, the cultures were kept in the
retention tank until the ambient temperature increased to 15 °C (about
08:30-9:00 h) to avoid photoinhibition due to the synergism of high
irradiance and low culture temperature. On days 4-5 morning temper-
atures significantly increased to about 14-15 °C and at midday between
and 30 and 34 °C, in this case the culture was exposed to sun at about
08:00 h (Fig. 3a). For all days the cultivation was usually stopped at
19:00 h when ambient temperature decreased to about 15 °C.

The irradiance conditions were favorable on days 2, 3 and 5 with the
midday maxima between 1200 and 1500 pmol photons m~2 s~ while on
day 0, day 1 and 4 the sunshine intensity was lower, or variable, but still
rather fair (Fig. 3b).

2.3. Photosynthesis measurements

Photosynthetic activity of the cultures was measured using two
techniques — saturation pulse analysis of fluorescence quenching and
oxygen production/respiration. Then, all records were analyzed to
determine photosynthetic variables.
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2.3.1. In-situ measurements

Some variables (DO concentration, AF'/Fm’, ETR) were measured
directly in-situ in cultivation units using a portable oximeter. Fluores-
cence in-situ data were recorded using PAM fluorimeters (Junior-PAM,
PAM-2500, H. Walz GmbH, Effeltrich) controlled via USB interface by
PC [31]. The WinControl-3.2 software was used for data acquisition and
recording (H. Walz GmbH, Effeltrich, Germany). The fluorimeter was
fitted with blue light-emitting diodes (LED, 460 nm) to apply measuring
and actinic lights as well as saturating pulses. The measuring optical
fiber (length of 100 cm and 1.5 mm in diameter) together with a
spherical PAR sensor (US-SQS, H. Walz GmbH, Effeltrich) were sub-
merged at a depth of about 3-5 mm to measure in the photic zone of the
culture.

The incident photosynthetically active radiation Epar (400-700 nm)
and the actual quantum yield [AF/F, = (Fn, — F) / Fpnl were
measured every 10 min during the day period where F'y, is the maximal
fluorescence induced by a saturating light pulse and F’ is the steady-state
fluorescence level measured in the culture adapted to ambient irradi-
ance before the application of saturation pulse [32]. The relative elec-
tron transport rate ETR (= AF' /F'y, x Epag) through PSII (pmol electrons
m~2s~1) was determined to estimate photosynthetic activity where Epag
is the incident photosynthetically active irradiance (ymol photons m~2
s™1). This variable is easy to record and adequate for the purpose of this
trial — to follow diurnal changes in microalgae cultures. In any case it
represents a relative figure and should be cautiously considered as a
comparative variable.

Dissolved oxygen (DO) concentration was measured in-situ directly
in the culture at the start and end of the TLC cultivation area using a
portable oximeter (model Oxi 330, WTW, Germany) during the day
(10:00 to 18:00 h). The difference of DO (ADO) concentrations between
th<=i end and start was expressed as percentage of saturation (or mg Og
L.

Photosynthetically active radiation (PAR) was also measured in-situ
as 10-s averaged values using the LI-250A light meter (Li-Cor, USA) with
a flat quantum sensor (LI-190SA, cosine-corrected up to 80° angle of
incidence).

2.3.2. Ex-situ measurements

For ex-situ measurements microalgae samples were taken from out-
door cultures at specified time intervals following already described
procedures [9,28,33,34]. The rapid light response curve (RLC),
maximum photochemical yield F,/Fy,, photosynthetic oxygen evolu-
tion/respiration (POE/R) were and specific absorption cross section
measurements were carried out in the laboratory. For Chl fluorescence

Fig. 1. (a) Outdoor thin-layer cascade of 24 m? was inoculated with the heterotrophically grown Chlorella g120 and (b) thin-layer cascade of 90 m? was used to grow

the phototrophic strain of Chlorella R-117.
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and oxygen production measurements the cultures were diluted to 0.2 to
0.3 g DW L! (corresponding to 3 to 7 mg Chl L™!) with the growth
medium and dark adapted for 10 min in the water bath keeping the same
temperature as in the outdoor units. By dilution the re-absorption
problems and light intensity gradient in dense cultures can be avoi-
ded. Data were recorded in duplicates or triplicates depending on the
length of measurements.

The determination of the specific absorption cross-section a is based
on light scattering effect from the cell surface [35]. To minimize the
impact of the light scattering, the 1-cm cuvette with sample was placed
close to a photomultiplier with a light diffusor (standard printer paper)
in between. Culture samples were withdrawn from the outdoor cultures
at three daytimes (8:30, 14:00 and 17:00 h) and diluted with fresh
medium to obtain an optical density between 0.1 and 0.8. The optical
density (OD) was measured ex-situ as an averaged value in the whole
range of the visible spectrum (400-700 nm; OD at 750 nm was sub-
tracted) by a double beam spectrophotometer (Shimadzu UV-3000). A
specific absorption cross-section of the culture a = 2.303 x OD x d x
100 (m ™) is calculated where 2.303 is the conversion factor of decimal
to natural logarithm (log;/loge), d is the dilution factor and 100 is the
conversion to meter [36,37].

Photosynthetic oxygen evolution (POE) was measured polaro-
graphically using an oxygen monitoring system (Oxylab+, Hansatech,
UK) consisting of a temperature controlled chamber DW2/2 with
adjustable illumination and mixing which was connected to
temperature-controlled water bath (Polystat, Cole & Parmer). Light-
response curves were recorded using a stepwise increasing light in-
tensities of 0, 200, 400, 600, 1200 and 1800 pmol photons m 25! of
white light, each step lasting 2 min. The first step (2 min in the dark)
provided the value of dark respiration. Oxygen production and respi-
ratlion were calculated in pmol Oy mg_1 (ChD) h™! or in pmol Oy cell”!
h™.

For Chl fluorescence measurements, diluted samples were trans-
ferred to the measuring chamber of a fluorimeter to keep similar ‘light’
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Fig. 3. The course of ambient temperature and irradiance during the 5-day

outdoor trial. The ambient temperature and irradiance were recorded by a
meteorological station placed next to the units.

Preparation of

Cultivation trial
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Outdoor cascade 90 m?
ChlorellaR-117

Cascade (outdoor)

Washing to
remove glucose

Fermenter
(indoor)

—

Fig. 2. The flow diagram of the experimental design. The seed cultures were prepared in an indoors fermenter (Chlorella g120) or in outdoor small cascade (Chlorella
R-117). Then, the cultures were inoculated either to a 24 or 90 m? cascade as shown in the diagram. The culture of Chlorella g120 was washed after heterotrophic

growth to remove the rest of glucose and re-suspended in fresh BG-11 medium.
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exposure history (the photoacclimation status of the cells). All other
laboratory conditions were also well-defined. The fluorescence nomen-
clature in this paper follows [23,38]. By dilution the re-absorption
problems in dense cultures were avoided and sufficient illumination
was provided to reduce plastoquinone pool (closed PSII reaction cen-
ters). Values of the maximum photochemical yield of PSII, Fy/Fy of
microalgae samples were measured using a pulse-amplitude-modulation
fluorimeter (Junior-PAM or PAM-2500, H. Walz, Germany) in a light-
protected measuring chamber. This variable was calculated as the
ratio of variable and maximal fluorescence, Fy/Fy, = (F, — Fg) / Fpp; it
indicates physiological status of microalgae, ie., the capacity of the
system to absorb light through the reaction centers and the light har-
vesting complex and expresses the maximum quantum efficiency of
primary photochemistry [32,39].The Fq (basal fluorescence from fully
oxidized reaction centers of PSII) and F,, (maximal fluorescence from
fully reduced PSII reaction center), were determined using a weak
modulated light in the dark-acclimated samples.

Measurements of rapid light response curves of Chl fluorescence,
RLCs [39] were carried out with dark-adapted samples (10 min) which
were exposed to a series of stepwise increasing irradiance intensities
using two PAM-fluorimeters: PAM-2500 and Junior-PAM to compare
both measurements. RLCs by PAM-2500 were measured in a 2 mL cul-
ture sample (3-7 pg Chl mL™1) placed in a liquid-phase chamber (DW2/
2, Hansatech, thermostated at 30 °C and mixed by magnetic stirrer. A
series of stepwise increasing light irradiances (red LEDs, in the range of
0-2000 pmol photons m~2 s1) were automatically applied at 20 s in-
tervals to obtain the light-adapted fluorescence level F' (fluorescence
yield in the light), and at the end of each step a saturating pulse
(>10,000 pmol photons m~2s~1, 0.6 s duration) was triggered to reach
the maximum fluorescence level F,’ (maximum fluorescence in the
light). The RLCs by Junior-PAM were measured in a light-protected
measuring chamber (15 mL) using a series of stepwise increasing light
intensities in the range of 0-1500 pmol photons m~2 s~! (blue LEDs)
applied at 20 s intervals. The variables — quantum efficiency of PS II
electron transport o (the initial slope of the rapid light curve; which is
related to the maximal quantum yield of PS II electron transport under
light limited conditions) and ETRy,ax [pmol electrons m~2 s71] were
calculated from RLCs by the WinControl-3 software (H. Walz, Germany).

2.4. Analytical measurements

2.4.1. Determination of dry weight, pigment concentration and number of
cells

The measurement of biomass density was performed as previously
described [33,34]. It was determined in triplicate as dry mass (DW) by
filtering 5 mL of culture samples on pre-weighed glass microfiber filters
(GC-50). The filters with the cells were washed twice with deionized
water (approximately 50 mL total), oven-dried at 105 °C for 3 h; then
these were transferred to a desiccator to equilibrate to laboratory tem-
perature and weighed (precision of +0.01 mg).

Total chlorophyll (Chl) and carotenoids (Car) content was assayed in
triplicates using 100% methanol according the procedure already
described [9]. Calculation of concentration of pigments followed the
Egs. (1), (2) and (3) described by Wellburn [40].

Chla = 16.72x6652 — 9.14a6524 6}
Chlb = 34.094¢50.4 — 15.28 a65.2 )
Car = (10004470 — 1.63Ca — 104.96Cb) /221 3)

The concentrations of individual carotenoids were estimated using a
reverse-phase C-18 column in an HPLC system (Beckman System Gold
module 125) equipped with a diode array detector [41].

For cell count the culture samples were fixed by 2.5% glutaralde-
hyde, diluted and cell number was determined using cell counter
(Multisize4, Beckman Coulter).
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2.4.2. Carbon allocation analysis by FTIR spectroscopy

Carbon allocation was determined by Fourier Transform Infrared
Spectroscopy (FTIR) [42]. After centrifugation the cells were lyophilized
(Lyovac GT 2) and dry samples were suspended in 50-100 pL of distilled
water and deposited in a Si 384-well plate (10 pL per spot). The FTIR
spectra were measured by a spectrometer (Nicolet IS10, Thermo)
equipped with a microarray reader with a DTGS (Deuterated Tri-Glycine
Sulphate) detector. Absorbance spectra were measured in the spectral
range from 400 to 4000 cm™}, at a resolution of 4 cm™'. An Omnic
software (Nicolet) was used for measurement and data processing (32
scans were averaged). Absorption bands were assigned as follows: the
1740 cm ™! line to C=0 stretching of lipids, 1640 cm ! line to vibration
of C=0 of Amide I, 1545 cm™" to N-H of Amide II and 1150 cm™! to
C—O of carbohydrates [42]. Measured data were normalized to Amide I
band and the results were expressed as ratios of absorption maxima of
the bands corresponding to the main organic compounds (i.e., proteins,
lipids, and carbohydrates).

2.5. Bioassays of antifungal and biostimulating activity

The freeze-dried biomass samples of both Chlorella g120 and R-117
cultures collected at the end of the trial were resuspended in distilled
water (10 mg L' of DW) and sonicated (Branson sonicator 150,
amplitude 40% for 3 min). The bioassay to evaluate potential activity of
microalgae biomass was performed. The antimicrobial (biopesticide)
activities of the samples were detected using the antagonism bioassay.
The plant biostimulating activities of the samples were detected using
seed germination and radicle elongation bioassays.

2.6. Antagonism bioassays by dual culture

The extracts were tested against the growth of phytopathogenic fungi
and bacteria in vitro using the dual culture technique according to the
protocol described previously [43,44]. The activity of the extracts was
tested against three phytopathogenic fungi — Fusarium oxysporum f.sp.
melonis (further as Fusarium oxysporum), Rhizoctonia solani and Phy-
tophthora capsici. All strains were provided by the Spanish Type Culture
Collection (STCC).

2.7. Germination index bioassays

The cultures of both Chlorella R-117 and g120 were harvested at the
end of the trial. The biostimulant activity was determined as germina-
tion index (GI) using 100 cress seeds (Lepidium sativum) which were
treated by the water extracts of 0.5 and 2 mg DW mL™! of spray- or
freeze-dried microalgae biomass after ultrasonication of microalgae
biomass according to the procedure previously described [45]. Results
are expressed as a percentage of means + standard deviation (n = 3)
considering distilled water as blank = control (100%). The percentage of
seed germination as well as the radicle elongation were considered for
the calculation of the GI, based on the following formula: GI (%) = (Gs X
Ls) / (Gw X Ly). Where Gg is the percentage of germinated seeds in the
presence of microalgae extract, Gy, is a percentage of germinated seeds
in the presence of distilled water, Lg is a mean of radicle elongation
(mm) in the presence of microalgae extract and Ly, is a mean of radicle
elongation (mm) in the presence of distilled water (blank).

2.8. Statistical analysis

Most measurements were performed in triplicate (n = 3); the means
and calculated standard errors (SE) are reported. Sigma Plot 11.0 was
used to determine significant differences between treatments. One-way
analysis of variance (ANOVA) and the Holm-Sidac test were conducted
for comparison of variables in the trials. P values lower than 0.05 (P <
0.05) were considered to be significantly different. In graphs, the mean
values designated by the same letter did not differ significantly from
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each other.
3. Results

One typical and complete trial was selected for this publication; most
measurements were carried out in duplicate or triplicate. The cultures of
Chlorella g120 and Chlorella R-117 were grown in two outdoor TLCs
(Fig. 1). At the start of the 5-day trial the cultures were diluted with the
growth medium to a similar optical density (about 15) measured at 685
nm (i.e., absorbance maximum of Chl measured in vivo) as to have
comparable light absorbance; however, the starting biomass density was
7 and 3 g DW L~ for Chlorella g120 and Chlorella R-117, respectively
(Fig. 4). The biomass density at the start was adjusted to 7 g L™! in
Chlorella g120 culture (Fig. 4b) to have similar Chl concentration per
area (about 210 mg Chlm~2, i.e., 5 mg Chl mg ™! DW) as that in Chlorella
R-117 (214 mg Chl m~2, i.e., 15 mg Chl mg~! DW). The growth curves
showed that the Chlorella g120 culture had a lag phase and slowly
photoacclimated to ambient irradiance. It started to increase the
biomass density only on day 4 while Chlorella R-117 started to grow at
once and much faster (Fig. 4b). In the trial the growth rate for Chlorella
R-117 was 0.32 d ! while for Chlorella g120 it was only 0.08 d 1. On day
5 the biomass density of Chlorella R-117 was double as compared with
that of Chlorella g120 although at the start it was just opposite (Fig. 4b).
When the areal productivity was calculated between days 3 and 5, it was
22 g DW m~2 d™! for Chlorella R-117 which was about 5times higher
compared to 4.3 g DW m 2 d"! found in Chlorella g120. Here, it is clear
that the changes of biomass and cell number showed clear discrepancy
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Fig. 4. The growth of Chlorella g120 and Chlorella R-117 during a 5-day out-
door trial estimated by (a) cell count/number and (b) biomass density. Samples
were taken daily at 08:30 h. Values are presented as a mean (n = 3) with SE
indicated by error bars. The values designated by the same letter did not differ
significantly from each other.
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between both cultures (Fig. 4). On day 5 the biomass density of Chlorella
R-117 was double (15 g DW L_l) as compared with that of Chlorella g120
(7.5 g DW L although at the start of the trial the latter was twice
denser (3 vs. 7 g DW L’l).

The changes of cell number showed that the values in both cultures
were similar on days 1 and 2, about 6-8 x 10° cells mL™*. At the start of
the trial both cultures contained 6-8 x 10% cells mL™! and these
remained similar on day 2. Then, on day 3, the cell number started to
increase significantly in both cultures, but much faster in Chlorella g120
(about 3.7 times) whereas it only doubled in Chlorella R-117 (Fig. 4a). At
the end of the trial the cell number was 1.4 times higher in Chlorella
€120 compared to that in Chlorella R-117 (Fig. 4a). Judging from the
course of cell number and biomass density, it looks like certain popu-
lation of cells in the Chlorella g120 culture was divided after outdoor
exposure and started to grow slowly only on day 4 when the cells were
photo-acclimated and photosynthetic activity increased. As indicated by
the various courses of biomass density and cell number changes, the
reason was evidently better photoacclimation of Chlorella R-117 as
compared to that of Chlorella g120.

Microscopic examination showed that the cells of Chlorella g120 cells
were significantly smaller (about 3-4 pm) than those of Chlorella R-117
(5-8 pm) (Fig. 5).

Both cultures differed visibly in color as Chlorella g120 was milky
yellow-green while Chlorella R-117 had bright dark green (Fig. 1). The
yellowish color of Chlorella g120 reflected a much higher Car/Chl ratio
of 0.63 as compared to the ratio of 0.26 in Chlorella R-117. The Chl
content in biomass was 0.5-0.9% and 1.5-2% in Chlorella g120 and
Chlorella R-117, respectively (Fig. 6a). The Car content in biomass was
up to 0.48% and 0.68% in Chlorella g120 and Chlorella R-117, respec-
tively (Fig. 6b). The higher Car/Chl in Chlorella g120 was due to the
lower Chl content in the biomass compared to that in Chlorella R-117
(Fig. 6a). It means that the ratio of Car/Chl was nearly three times higher
in Chlorella g120 than that in Chlorella R-117 (Fig. 6). The chromato-
graphic analysis showed the quantitative difference in pigment
composition of the Chlorella g120 and Chlorella R-117 cells (Fig. S1). The
major carotenoid in both strains was the xanthophyll lutein, about 60%
of total carotenoids. As both strains have similar amount of Car (Fig. 6)
the pigment profiles were ‘normalized’ to the same height of the lutein
peak (with the retention time of 13 min), they indicated that Chlorella
€120 has similar spectrum of various carotenoids, but only about one
half of Chl b compared with that of Chlorella R-117.

The different physiology of both Chlorella strains, g120 and R-117
affected their photosynthetic activity which was then reflected in their
growth and photochemistry. It is important to note that the starting
biomass densities of both cultures were different due to Chl content as
these were adjusted to have similar absorption ODggs per Chl (Fig. 4b vs.
6a). A good indicator of the photosynthetic activity measured in-situ is
the oxygen production by the culture. This activity can be quickly esti-
mated as the build-up of DO concentration, i.e., the difference in DO
concentration (ADO) between the start and end of the cultivation area,
the distance which the fast-flowing culture passes in tens of seconds. The
photosynthetic activity depends on irradiance intensity as it is high at
midday and much lower in the morning or close to sunset in late af-
ternoon (18:00 h), even if the culture temperature was still about 25 °C
(Fig. 7a). Thus, on sunny days when the microalgae cultures were in
good condition, the ADO between the start and end of the cultivation
track can be about 15 mg Oy L~ ! (about 200%), or even higher. This was
the case in Chlorella R-117 culture where photosynthetic activity was
very high, producing the ADO of 12-15 mg L™! at midday from day 2
when the culture got acclimated (Fig. 7b). On the contrary, the DO
concentration in the Chlorella g120 culture was only about 25-35% of
that in Chlorella R-117 (ADO of 3-5 mg L™ 1) on days 2-3. Only on day 5,
when Chlorella g120 became better acclimated, the ADO reached about
55% compared to that of Chlorella R-117 (Fig. 7b) corresponding to the
onset of the Chlorella g120 growth (Fig. 4b). The culture temperature
should not play any significant role since it was similar in both cultures
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Fig. 5. Microscopic images of the cultures on day 2 of outdoor trial (magnification 600x). (a) Heterotrophic Chlorella g120; (b) phototrophic Chlorella R-117. The

scale bars of 10 pm are shown.
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Fig. 6. Changes of total chlorophyll (a) and carotenoid (b) content measured as
dry weight percentage in Chlorella g120 and Chlorella R-117 cultures during a 5-
day outdoor trial. Samples were taken daily at 08:30 h. Values are presented as
means (n = 3) with SE indicated by error bars. The values designated by the
same letter did not differ significantly from each other.

with the morning minima of 17-22 °C and midday maxima between 30
and 35 °C on days 2-5 which represent the suitable physiological range
(Fig. 7a).

When the photosynthetic activity was estimated as the relative
electron transport rate ETR measured in-situ by Chl fluorescence tech-
niques, the data corresponded to changes of ADO. On day 1 the ETR
values were relatively low at midday, 240 and 360 pmol e” m~2 s~ in
Chlorella g120 and Chlorella R-117, respectively as the diluted cultures
were acclimating to high irradiance outdoors (Fig. 8). Starting from day
2 to day 5 the ETR maxima at midday were very high — between 650
and 910 pmol e™ m 25! in Chlorella R-117 (Fig. 8b) while in Chlorella
g120 these values were only between 330 and 370 pmol e~ m 2 s~*
(Fig. 8a). The averaged ETR for Chlorella g120 and Chlorella R-117
during days 2 to 5 were found 272 and 672 pmol e~ m~2 5!, respec-
tively, which clearly illustrated the variance in the photosynthetic ac-
tivity of both cultures. In average over the entire trial, the ETR values in
Chlorella g120 were one third of those in Chlorella R-117.

The maximum photochemical yield of PSII, F,/Fy, ratios measured
ex-situ in dark-adapted samples were significantly different between the
two Chlorella strains. Generally, Fy/Fy, was much lower in Chlorella g120
than in Chlorella R-117, especially during first three days (Fig. 9). On
days 1 and 2, the morning F,/Fp, values were 0.11 to 0.13 in Chlorella
g120 and then decreased at midday (Fig. 9a). On day 5 when Chlorella
g120 started to grow, the F,/Fy, values were similar to those in Chlorella
R-117 on day 1. In Chlorella R-117, the morning value on day 1 was 0.38
and it increased to 0.58 on day 2 (Fig. 9b). The Chlorella R-117 culture
showed high F,/Fy, values around 0.6 starting from the day 2 which
corresponded with its good growth (Fig. 4b). In this culture, the midday
reduction of F,/Fp, was 47% and 35% on day 2 and 3, respectively,
showing a certain degree of photo-stress due low biomass density as
referred previously [29], whereas in denser cultures on day 4 and day 5
the reduction of F,/Fp was only 23% and 14%, respectively. Never-
theless, in Chlorella g120 the midday depression of F,/Fp, was still about
50%. From these results it is evident that Chlorella g120 was much less
acclimated to high irradiance in outdoor culture, even if this culture was
inoculated at twice higher biomass density, to obtain similar areal Chl
concentration as that in Chlorella R-117.

The F,/Fp, correlated well with ADO measured in-situ (Fig. 7). On
days 2-3, ADO along the cultivation surface reached only 25-30% in
Chlorella g120 compared to Chlorella R-117 (Fig. 7b) and F,/Fy, was very
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Fig. 7. Daily changes in the difference of DO concentration (b) measured in-situ
between the start and end of cultivation area in Chlorella g120 (dashed line with
closed symbols) and Chlorella R-117 (solid line with open symbols) cultures.
Daily course of temperature (a) was measured in parallel with changes of DO
concentration.

low compared with Chlorella R-117 (Fig. 9a). During the cultivation
trial, on days 4-5, ADO and F,/Fp, in Chlorella g120 increased, but the
values reached only about one half of these in Chlorella R-117. The
courses of both variables clearly reflected the different growth rates of
the Chlorella g120 and Chlorella R-117 cultures (Fig. 4b).

As the cultures differed greatly in their Chl content per cell, the
values of oxygen production/consumption were measured ex-situ mea-
surements using the measuring chamber and calculated per cell per hour
for comparison (Fig. 10). On day 1 the morning value of respiration in
the Chlorella g120 culture reached 13 pmol cell™* h™! which was a
higher value than the oxygen production (10 pmol cell " h™1), while at
midday the respiration slightly decreased. Then, the respiration values
in Chlorella g120 were usually below 5 pmol cell ! h™! while the oxygen
production at midday increased from 11 on day 1 to about 20 pmol
cell'! h™! on day 5. At midday the respiration rates were lower in
Chlorella g120 cultures, but the oxygen production was only 30-40% of
that in Chlorella R-117. In the Chlorella R-117 culture, the respiration
values were between 0.4 and 2.2 pmol cell ! h™! during the trial, but the
oxygen production significantly increased from 11 on day 1 to 34 pmol
cell™! h™! on day 5. The higher value of oxygen production on day 1 in
the morning later decreased probably due to photo-stress. At the end of
the trial (days 4-5), the morning respiration rate in Chlorella g120 was
relatively low, but still about twice higher and oxygen evolution was
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Fig. 8. Daily changes in relative electron transport rate, ETR measured in-situ in
Chlorella g120 (a) and Chlorella R-117 (b) cultures during the 5-day trial.

about 5-10-times lower as compared to the values in Chlorella R-117.
Two additional variables were measured to clarify photochemical
differences between the two Chlorella strains — specific absorption
cross-section a (m ') and the quantum yield of PS II electron transport o
(electron/photon). The a values in both strains were usually increased
from the morning (08:30 h) till afternoon (17:00 h) on all days (Table 1).
The values were in the range between 248 and 3619 m~! and 662 and
6828 m ™! in Chlorella g120 and Chlorella R-117, respectively. Thus, the
specific absorption cross-section for light was in average about twice
higher in Chlorella R-117 that correlated with the increase in pigment
content (Fig. 6). The data of the quantum yield of PSII electron transport
a (photochemical efficiency) followed the trends observed with the
specific absorption cross-section. From day 1 to day 5, the a values
increased from 0.05 to 0.21 and from 0.18 to 0.28 in Chlorella g120 and
Chlorella R-117, respectively (Fig. 11). Thus, the values in Chlorella g120
reached only between 26 and 75% of the values in Chlorella R-117. Only
on days 4 and 5 the o values were similar in both cultures showing that
Chlorella g120 was partially acclimated to outdoor irradiance.
Biochemical analyses of microalgae using FTIR spectroscopy were
carried for days 3-5 of the trial when the Chlorella g120 culture started
to grow (Fig. 4 vs. Fig. S2). The data showed significant differences
between the two strains in the ratios of major components — proteins,
lipids and carbohydrates. The carbohydrate:protein (C:P) ratio was be-
tween 0.23 and 0.38 and between 0.28 and 0.41 in Chlorella g120 and
Chlorella R-117, respectively (Fig. S2a). Between days 4 and 5 the dif-
ference in the C:P ratio rose in both strains. The carbohydrate:lipid (C:L)
ratio was significantly smaller in Chlorella g120 by about 30-40%
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(1.41-1.92) as compared to Chlorella R-117 (2.0-2.55) (Fig. S2b). The
difference was the higher on day 3; on days 4-5 the C:L ratio was
decreasing in both cultures, but more steeply in Chlorella g120. As
concerns the lipid:protein (L:P) ratio, it was between 0.17 and 0.20 and
0.14 and 0.18 in Chlorella g120 and Chlorella R-117, respectively. The
values L:P ratio were about 15% higher in Chlorella g120 as compared to
those in Chlorella R-117. Important to note that the trends did not show
significant changes as the difference was similar on days 3-5 (Fig. S2c).
The comparison of the data revealed that the content of carbohydrates
was changing during the period of days 3-5 when the cultures were
photosynthetically active and growing.

Our experience from previous experiments (J. Masojidek, unpub-
lished) has shown that the healthy Chlorella cultures were rather resis-
tant to contamination by other microorganisms, even if grown outdoors.
Thus, we also examined antifungal and biostimulating activities in both
outdoor cultures (Table S1). The biomass extracts from both strains
inhibited the three tested fungi between 25 and 40%. Germination index
(GI) was determined using lettuce or water crest seeds and it was
calculated as percentage increase caused by microalgae extracts
compared to the sterilized distilled water as blank. The water extracts
prepared from the biomass of both Chlorella strains increase the GI by
8-10% (Table S1).

4. Discussion
The particular objective of this study was to elucidate the photo-

biochemical changes which take place during the metabolic shift from
heterotrophic to phototrophic growth regime in an outdoor culture of
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the heterotrophic strain Chlorella g120. The crucial question was
whether Chlorella g120 could undergo the photoacclimation of its
photosynthetic apparatus outdoor under solar irradiance. For this pur-
pose, we employed various methods (in-situ and ex-situ) to monitor
changes of physiology and photosynthesis that can be correlated with
growth. Monitoring techniques (and variables) — illustrative and rele-
vant — were selected as markers to control and optimize growth.

Such data, as to follow photobiochemical changes in outdoor mass
cultures during the trophic conversion from heterotrophy to photo-
trophy have been scarce in literature [46] although several authors used
this two-step process to grow various microalgae [16,18,20,47].
Recently, photobiochemical changes vs. growth have been studied
during the trophic conversion in laboratory cultures of Chlorella g120
[9]. The data suggested this strain to be a good model for outdoor mass
cultivation. All evidence has shown that in practice the issue is not as
straightforward. The culture of Chlorella g120 can grow photo-
trophically but much slower than in the heterotrophic regime and slower
than an obligate phototrophic strain, Chlorella R-117 [9]. Chlorella g120
can shift the metabolism from the heterotrophic to phototrophic growth
regime [9] although the cells contain much less Chl and consequently a
considerably higher ratio of carotenoid/chlorophyll (Car/Chl),
compared to the phototrophic Chlorella R-117 [14].

The present study has identified differences in physiological and
photosynthetic variables between the two Chlorella strains. The nearly
three times higher ratio of Car/Chl was found in Chlorella g120
compared to that in Chlorella R-117 and the major carotenoid was the
xanthophyll lutein, a valuable antioxidant. The decreased Chl content
(<1% in DW) suggests that Chlorella g120 does not possess the fully
competent photosynthetic apparatus, namely the light-harvesting
antennae. The analyzes of pigments and chlorophyll-protein com-
plexes indicated that Chlorella g120 has a modified, or missing part of
the Chl a/b antennae which are responsible for the light-harvesting
[9,48]. This hypothesis is supported by much lower values (about one
half) of the specific absorption cross-section a and the quantum yield of
PS II electron transport o measured in Chlorella g120 compared to those
in Chlorella R-117 (Fig. 11, Table 1). The slowly increasing Chl content
in the biomass of Chlorella g120 during outdoor growth still indicated
some degree of photoacclimation (Fig. 6) which did not markedly ex-
press itself in biomass growth during the five days of this trial.

The microalgae strains with a regular Chl content may reach light
saturation at lower irradiance intensities, but it practically means that
the light energy not used for photochemistry is dissipated in the
antennae. On the contrary, in the microalgae cultures showing a
decreased Chl content (i.e., reduced antennae and a smaller absorption
cross-section) the light is allowed to penetrate deeper layers of micro-
algae cells and irradiate a larger volume of the culture where can be used
for photosynthesis. The strain Chlorella g120 presents some important
features of the so-called “reduced antenna-size” strain which might be
the characteristics desirable for mass culture growth [48-50]. Our data
are in agreement with observation concerning the reduced antenna-size
mutant of Chlorella vulgaris which contained lower Chl content due to a
decreased expression of peripheral light-harvesting PSII antenna pro-
teins [51]. The small antenna-size strains have been speculated to
perform better as they may light-saturate at higher irradiance intensity
[52]. Some authors considered such microalgae strains as potential
candidates for enhanced bioproductivity in stirred highly-lighted photo-
bioreactors, thanks to their high photon use efficiency and low suscep-
tibility to high-light stress, mutual shading and the wasteful dissipation
of absorbed sunlight [49,52].

High concentrations of dissolved oxygen can inhibit the growth of
photosynthetic microorganisms in microalgal culture systems [53]. This
study documented the correlation between photosynthetic activity and
culture growth with an array of chemical and fluorescence methods.
Several techniques were used that, directly or indirectly, show how the
culture activity reflects in growth. The build-up of DO concentration
(measured in-situ by an oxygen electrode) clearly provides an instant and
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Table 1

Diel changes of specific absorption cross-section a (m ) of the cultures Chlorella
g120 and Chlorella R-117 measured daily during the 5-day outdoor trial at 8:00,
14:00 and 17:00 h. Values were calculated for the diluted culture as an average
in the range between 400 and 700 nm.

Strain Time Chlorella R-117 Chlorella g120 Ratio
a(m™) am™)
Day 1 8 662 + 28 248 £ 16 2.67
14 541 + 25 560 + 26 0.97
17 719 + 36 607 + 28 1.18
Day 2 8 739 + 35 548 + 25 1.35
14 1202 + 52 602 + 27 2.00
17 1785 + 65 628 + 19 2.84
Day 3 8 1537 + 61 622 + 21 2.47
14 1851 + 69 690 + 35 2.68
17 1963 + 79 767 + 38 2.56
Day 4 8 1967 + 86 752 + 35 2.62
14 3591 £ 135 1064 + 53 3.38
17 3587 +£123 1845 + 85 1.94
Day 5 8 2314 £ 111 1339 + 51 1.73
14 6828 + 181 3619 +£ 121 1.89

fast measure of photosynthetic activity (Fig. 7) that is directly linked to
culture growth [27,54]. The much faster growth of Chlorella R-117
(compared to Chlorella g120) correlated well with the ample build-up in
DO concentration between the beginning and end of the cultivation area
(Fig. 4 vs. Fig. 7). It is also demonstrated that a significant part of light
energy is dissipated/consumed for respiration and not for photosyn-
thetic production in Chlorella g120 (Fig. 10).

Other variables used as reliable indicators of culture activity were
the maximum PSII photochemical yield, F,/F, and the electron

10

transport rate, ETR measured by Chl fluorescence techniques. The latter
variable measured in-situ in the upper exposed layer (photostage) cor-
responds to the build-up of DO concentration and culture growth. The
reliable, easy to record variable F,/Fp, (although often underrated), or
the actual photochemical yield AF/F'p,, both monitor the status and
behavior of microalgae culture. The F,/Fy, measured ex-situ (Fig. 9) and
the course of DO concentration increase (Fig. 7) and the course of ETR
(Fig. 8) recorded in-situ showed similar trends. The small drop in F,/Fp,
inversely corresponds to the highest ADO concentration and ETR values
in both strains. This correlation is valid for days 3-5 when the cultures
were denser and photoacclimated. Per contra, Chlorella g120 presents a
much higher respiration rate (Fig. 10) and lower photochemical effi-
ciency (Fig. 11) compared to Chlorella R-117. The high respiration rate
(oxygen consumption calculated per cell) is probably an inherited
feature of heterotrophic strains. Respiration serves as an energy sink
protecting the photosynthetic apparatus against surplus irradiance but
in this case limiting biomass growth and production. In photosynthetic
studies, the variable F,/Fy, is often used as a stress indicator [55]. The
experience gathered in a number of experiments have demonstrated that
a decrease in Fy/Fy, or AF' /F',, between 20 and 30% during the day - as
also reported here — can be still considered physiological and represents
a useful indicator of well-growing highly productive -cultures
[4,29,56,57]. The variation outside this range may indicate either
photo-stress or photolimitation. This can be avoided by the adjustment
of biomass density in cultures that are exposed to high irradiance as
confirmed by the present experiments. If the higher or lower decrease
are found, this may indicate either photo-stress or photolimitation.
The important issue coming from these trials is the correlation be-
tween high photosynthetic oxygen production rate causing an ample
increase in DO concentration and PSII photochemical yield [58]. In fast
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Fig. 11. Diurnal changes in the photochemical efficiency a (quantum yield of PSII electron transport; electrons/photon) measured ex-situ in the samples taken from
the outdoor cultures of Chlorella g120 (a) and Chlorella R-117 (b) during the 5-day trial.

growing, highly productive cultures, the DO concentration at midday
sometimes reached 300%, or higher (above 20 mg O, LY. From
changes in the growth rate, the build-up of DO concentration, ETR and
the dynamics of the F,/Fy,, it could be concluded that the high difference
in DO concentration is not as inhibiting for photosynthesis in open units
as in closed photobioreactors [21,22]. In TLC, the flow of culture is fast
(about 0.5 m s™1) in the thin layer of culture which facilitate the oxygen
degassing to the ambient at the surface and in the retention tank. The
microalgae cells are exposed to high DO concentration only for short
periods (~20 s) during the circulation cycle, toward the end of the
cultivation area, and then DO levels are quickly returned to equilibrium
with the atmosphere. High DO concentration are found only at high
ambient irradiance between 12:00 and 15:00 h. Due to the high
photosynthetic activity at high culture densities, the rate of oxygen
production exceeded the rate of oxygen diffusion out through the liquid/
air interface. Despite the high surface to volume ratio in this TLC and an
efficient degassing the high DO concentration was observed at the end of
the cultivation area, and impacted the photosynthetic rate [58]. At high
DO concentrations, photorespiration might also be induced due to
oxygenase activity of Rubisco, reducing carbohydrate synthesis and
enhancing the synthesis of phosphoglycolate [59]. A reduction of the
photosynthetic rate above 200% DO saturation was observed in cultures
of Scenedemus almeriensis [60,61].

Then, considering again the biomass production, the changes in DO
concentration and F,/F,, we have to find the compromise between the
rate of photosynthesis and the increase in DO concentration in large-
scale microalgae mass cultures to secure high growth rate. In low ac-
tivity cultures the build-up of DO concentration and the decrease in F,/
Fm was less dramatic, but the overall productivity was lower [29].
However, even in fast-growing cultures, maximal productivity depends
on an optimal adjustment between biomass density and culture layer
thickness (<10 mm), to prevent excessive mutual shading. This can be
obtained in real time, with the use of the on-line measured photosyn-
thetic fluorescence variables described here. In addition, in highly dense
cultures (>10 g DW L™1), turbulent flow is critical to ease degassing and
maintain the intermittent light regime (light/dark cycles of about 0.5 s)
match the turnover rate of the photosynthetic apparatus [29,56,62].

Biochemical analyses (the ratios of carbohydrate:protein and car-
bohydrate:lipid) showed that Chlorella R-117 accumulated more starch
during the days 3 and 4 as compared to Chlorella g120. The lack of a
significant change in the lipid:protein ratio on day 4 in this strain sug-
gests that lipids were not markedly accumulated although the lipid:
protein ratio was about 15% higher in Chlorella g120 as compared to
those in Chlorella R-117. These results are in partial agreement with the
report published by Li et al. [63]. They found that during a trophic
conversion in Chlorella protothecoides, synthesis of starch transiently
increased, followed by a phase of lipid accumulation [63]. In our
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experiments, the data showed higher carbohydrate:lipid ratio in Chlor-
ella R-117 as compared to Chlorella g120, but the difference was
diminishing on days 4-5. Furthermore, the lipid:protein ratio was
increasing in Chlorella g120 on days 4-5, possibly thanks to the use of
the carbohydrates as precursors for lipid synthesis.

5. Conclusions

Physiological and photosynthetic changes were monitored in out-
door culture of Chlorella g120 during the metabolic pathway shift (tro-
phic conversion) from heterotrophy to phototrophy. Various in-situ and
ex-situ measuring techniques were tested as to follow the photo-
acclimation of Chlorella g120 during the trophic conversion as we aimed
to select the most relevant methods and variables. The phototrophic
growth of Chlorella g120 was slow due to low photosynthetic activity
since the photosynthetic apparatus is not fully competent. The impor-
tant resume is that the heterotrophic Chlorella g120 strain can grow
phototrophically outdoors under ambient irradiance, but the shift was
incomplete due to lengthy photoacclimation. Surprisingly, we recorded
relatively high electron transport activity in Chlorella g120 which was
not fully reflected by the growth rate. The results suggest that high
photosynthetic activity is dissipated in futile processes like respiration
and probably some kind of non-photochemical quenching [9] as the
strategy to sink unused light energy and protect the photosynthetic
apparatus against over-reduction. Chlorella g120 is also characterized by
low Chl/cell ratio (below 1%) which suggests that Chlorella g120 does
not possess the fully competent photosynthetic apparatus. It can be
characterized as the typical strain with small-antenna size where the
oligomers of light-harvesting antennae are missing [9]. As for compar-
ison the phototrophic, fast-growing and highly productive strain Chlor-
ella vulgaris R-117 was examined in parallel.

It was verified that some photosynthesis variables measured in-situ
and ex-situ, in particular the maximum photochemical yield F/Fp,
relative electron transport rate ETR and oxygen production (POE) can be
used to estimate and optimize growth in large-scale units. The photo-
synthetic activity can be quickly estimated as the build-up of DO con-
centration, ie., the difference between the start and end of the
cultivation area. As the culture flow is fast, the cells are exposed to high
DO gradients only on the small part of cultivation area for which the
culture passes in tens of seconds and then it is degassed.

The last but not least, the combination of culture grown in a
fermenter followed by an outdoor cascade allows to avoid the dilution of
the culture as the latter system can be operated at concentrations close
to that used in fermenter. It may reduce the cost of harvesting of the
phototrophic culture once the desired amount of pigment is reached.
Another advantage of Chlorella g120 is the lack of an intense color of the
biomass, a characteristic desirable when the microalgal biomass has to
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be use in large percentage for the formulation of new foods or their
ingredients. High carotenoid/chlorophyll ratio in biomass may be ad-
vantageous for biotechnological application.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.algal.2021.102303.
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