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Abstract

Production characteristics of the microalgal Dunaliella salina were studied. The maxi-
mum rate of carotenoid synthesis was observed at high light intensity and nitrogen defi-
ciency. The applicability of cytometric and fluorescent indicators to assess the degree of
p-carotene accumulation and to estimate the D. salina functional state was studied. The
shift in growth conditions, which stimulated carotenoid accumulation, affected the algae
photosynthetic apparatus and weakly affected cell enzyme activity and cell viability. Fluo-
rescein diacetate (FDA) fluorescence and the ratio of live cells can be used to assess the
degree of lethal effect of an external factor on the physiological state of microalgal. The
measurement of cell autofluorescence at a wavelength of 575 nm was a highly effective
approach to the rapid assessment of B-carotene content in D. salina and to the prediction of
B-carotene formation. The correlations were obtained between cell autofluorescence ratios
in the orange (575 nm) and red (680 nm) spectrum areas and the ratio content of carotenoid
and chlorophyll in algae cells. A linear relationship was established between the Fm/D-5,
ratio (the ratio of the maximum chlorophyll fluorescence at closed PS II reaction centers to
the suspension optical density at 750 nm) and intracellular chlorophyll content in microal-
gal. These relationships allow assessing pigment content in the cells as well as predicting
p-carotene formation in D. salina.
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Introduction

The green microalga Dunaliella salina is capable of synthesizing about 15-20 mg of carotenoids
per liter of culture suspension (Garcia-Gonzélez et al. 2003). It is one of the most promising
sources for B-carotene industrial production (Zhu et al. 2018). B-carotene content in its cells is
up to 95% of the total carotenoid content (Jimenez and Pick 1994; Prieto et al. 2011). Excessive
carotenoid accumulation in D. salina cells should be considered a physiological mechanism of
algae adaptation to unfavorable growth conditions, specifically high light intensity, high salin-
ity, and nitrogen deficiency in the medium (Ben-Amotz and Avron 1983; Solovchenko 2013).
Coping with abiotic stress, D. salina accumulates a large amount of 3-carotene as an antioxidant,
preventing the excessive accumulation of reactive oxygen species in chloroplasts. The generation
of singlet molecular oxygen increases with the damage of components or disruption of the func-
tioning of PS II (photosystem II) complexes (Borowitzka 2018; D’Alessandro and Havaux 2019;
Polle et al. 2020).

So, D. salina is an ideal organism for large-scale biotechnological production of -carotene.
Various approaches are applied in D. salina cultivation (Borowitzka 1990; Richmond 2000;
Borovkov et al. 2020). One of them is the one-stage intensive culture cultivation, character-
ized by a lower intracellular f-carotene content in algae but higher cell density and culture
productivity (Garcia-Gonzélez et al. 2003). The second widely used approach is based on two-
stage cultivation. At the first stage, the conditions for active culture growth are established.
B-carotene synthesis is induced by the stress effect (high light intensity, high salinity, and
nitrogen deficiency in the medium) at the second stage (Ben-Amotz 1995; Prieto et al. 2011;
Sui et al. 2019; Borovkov et al. 2020).

There is a difficulty: the stress effect of stimulating carotenogenesis can result in the ces-
sation of microalgal growth and culture death. Moreover, B-carotene accumulation in the cells
is a non-linear process. It is intense for the first 2 days after the shift in conditions, and then,
there is a decrease followed by an increase (Lers et al. 1990; Pisal and Lele 2005). The com-
plex dependence of p-carotene content on medium conditions requires operational monitoring
and control of the technological process of pigment acquisition. To date, the functional state
of a cultivated object, both during cumulative growth and under conditions of intense carote-
nogenesis, is usually assessed considering production indicators and intracellular pigment
concentration; their determination requires lengthy and time-consuming measurements. Thus,
the development of new methodological approaches for automating the registration of detailed
data on microalgal physiological state is a task of key importance. In this direction, the appli-
cation of flow cytometry coupled with the use of various vital dyes and PAM fluorometry is
in perspective (Falkowski and Kolber 1995; Antal et al. 2001; Peperzak and Brussaard 2011;
Hyka et al. 2013).

The use of informative express indicators will provide continuous monitoring of microalgal
physiological state and pigment content in the cells. Moreover, it will allow predicting the rate
of B-carotene formation in the cells and the optimal timing of product harvesting.

The aim of this study was to assess the applicability of cytometry and fluorescent indicators
(a) to control Dunaliella salina’s physiological state and (b) to rapidly determine the carot-
enoid content of Dunaliella salina cells under various conditions of algae growth.

@ Springer



Aquaculture International (2024) 32:161-174 163

Materials and methods

The object of research was the pure culture of green microalgal Dunaliella salina (Teod.)—
the strain IBSS-1—from the collection of living cultures of marine planktonic microal-
gal at the “Hydrobionts of the World Ocean” core facility (WDCM No. 1201) at the A.O.
Kovalevsky Institute of Biology of the Southern Seas (IBSS) of the RAS.

Experimental conditions

At the first stage, we studied the capability of the D. salina strain to intensively synthe-
size carotene under the effect of well-known stimulating factors: salinity, high light inten-
sity, and low nitrogen concentration in the medium. For 8 days before the experiment, the
growth of the collection culture and its stabilization were carried out at a light intensity of
120 pE-m~2s~!, a temperature of +28 °C, and a salinity of 105 %o (seawater 18 %o+ 1.5 M
NaCl). The division rate was maintained at 0.2-0.4 div.-day~' by quantitative dilution of
the culture with a nutrient medium. One day before the experiment, the algae were resus-
pended in a complete F/2 nutrient medium and in a medium with a low nitrogen content,
equalizing initial cell concentrations in the two variants.

During the experiment, algae were cultivated in a cumulative mode at two levels of light
intensity and two nitrogen concentrations (the values are given in Table 1). The content of
other elements in the nutrient medium corresponded to the F/2 medium protocol (Andersen
2005).

Algal cultivation was carried out in 300-mL Erlenmeyer flasks (150 mL of suspension
in each) placed in plexiglass flow-through cells. The flasks were illuminated from below
with cold-light LEDs. Initial concentration of D. salina cells was about (0.9-10°+0.1-10%
cells-mL~!, with B-carotene content of (1.2+0.3) pg-cell™!. In each variant of the experi-
ment, three flasks were used.

At the second stage, we studied the applicability of fluorescent and cytometric indi-
cators to assess the degree of f-carotene accumulation in the cells and to control algae’s
general functional state during cumulative growth under optimal conditions and under
conditions of intense carotenogenesis. During the experiment, algae were cultivated in a
1200-mL vertical flat panel vessel with a suspension thickness of 2 cm under one-sided
round-the-clock artificial illumination with high-brightness white light LEDs (its dif-
ferent levels were reached by varying the distance from the light source and applying
shading filters). The surface level of irradiance increased with the culture compaction:
inside the vessels, light intensity varied within the range of 100-180 pE-m~2-s~! dur-
ing the accumulation phase and 1000-1800 pE-m~2-s™! in carotene synthesis mode. The
irradiance level was determined by a probing 4n sensor of the QSL-2101 quantometer

Table 1 Dunaliella salina

.. Variant of the Initial NaNOj; content in the Light
growth conditions . . 2 . .
experiment nutrient medium, pM ntensity,
pE-m~2.57!

1 440 120
2 440 1200
3 16 120
4 16 1200
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(Biospherical Instruments Inc., USA). To form the necessary temperature conditions, a
thermostat box (refrigerated display case) with adjustable temperature was used. Light-
ing equipment was placed outside this box, and insolation was carried out through a
glass wall. The cultures were aerated with aquarium compressors; pH of the culture
medium was between 8.2 and 8.5.

From the 1st to the 10th day of the experiment, the algae were cultivated under optimal
conditions: an initial light intensity of 180 pE-m~2-s!, a temperature of+28 °C, and a
F/2 nutrient medium with a two-fold reduced nitrogen content. On the eleventh day of the
experiment, cultivation of one part of the culture was continued under the same condi-
tions, and cultivation of another part was continued under shifted conditions: light inten-
sity of 1800 pE-m~2s~!, temperature of 4+ 18 °C, and residual mineral nitrogen content of
about 10 pM. To determine the indicators studied, sampling was carried out every other
day throughout the experiment.

Measurement methods

For cytometric analysis, 3-mL samples were taken from the cultivation flasks. The Cytom-
ics FC500 Flow Cytometer (Beckman Coulter, USA) was used, equipped with a 488-nm
single-phase argon laser, and the CXP software was applied. The total microalgal abun-
dance in the cultures was determined in a cluster on 2 parametric cytograms by forward
light scattering (FS) and fluorescence of individual cells in the red spectrum area (FL4,
675 nm) on dimensionless logarithmic scales. Cell concentration was calculated consider-
ing the sample flow rate (60 pL-min~"), the time of counting (33—100 s), and the abun-
dance of cells recorded during this time interval. The intensity of cell autofluorescence in
the orange and red spectrum areas was measured in the FL2 channel (575 nm) and FL4
channel, respectively. Algae were stained with the vital dye fluorescein diacetate (FDA),
an indicator of metabolic activity in living cells, according to the protocol published in
(Solomonova and Mykhanov 2011). Metabolic activity and pigment concentration in the
cells were evaluated on two parametric cytograms by FDA fluorescence (FL1 channel in
the green spectrum area, 525 nm) and autofluorescence (FL4 in the red spectrum area,
675 nm) on dimensionless logarithmic scales. The figures can be found in the publication
(Solomonova and Mykhanov 2011); that work was performed with the authors involved.
The mean values of accumulated FDA fluorescence per cell were calculated, and the indi-
cator was denoted as FDAy.

Taking into account chlorophyll an autofluorescence (FL4 in the red spectrum area, 675 nm),
the quantity of living and dead cells was determined (Solomonova and Akimov 2013).

Pigment concentration in the samples was determined by standard spectrophotometry on
the SF-2000 spectrophotometer (“OKB Spectr”, Saint Petersburg, Russia). Chlorophyll a con-
centration was calculated by the generally accepted formula (Jeffrey and Humphrey 1975).

Chla = (11.430Dgg; — 0.640D )h
- : 663 : 630 Vka ’

where OD is the optical density of the extracts at the indicated wavelength, taking into
account the correction for nonspecific absorption at 750 nm; V,, is the volume of acetone
extract, mL; Vfis the volume of the filtered culture, L; L, is the cuvette length, sm.
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The total carotenoid content was determined using the formulas given in (Lichtenthaler
and Buschmann 2001), using optical density values at the wavelengths corresponding to
the absorbance maximums of the pigments:

Chla = 12.25 X (Aggz) — 2.79 X (Agse)s
Chlb = 21.50 X (Agys) — 5-10 X (Age3);

Car = (1000 X A7, — 1.82 X Chla — 85.02 x Chlb) /198;

where A is absorbancy.

As mentioned above, p-carotene content in D. salina cells is about 93-95% of the total
carotenoid concentration (Jimenez and Pick 1994); therefore, the term “B-carotene” is used
to denote carotenoid content in this work.

Variable chlorophyll a fluorescence Fv/Fm (PS II maximum quantum efficiency) was
measured on the Mega-25 m fluorometer with pulse modulation of excitation light at
455 nm (Pogosyan and Matorin 2005), developed at the Biophysics Department of Biology
Faculty of Lomonosov Moscow State University. The calculation was performed according
to the formula:

Fm — FO

Fv/Fm =
Fm

where Fm is the maximum chlorophyll fluorescence after saturating the photosynthesis reac-
tion centers; FO is the chlorophyll fluorescence value at open photosynthesis reaction centers.

The optical density of the cell suspension was quantified at 750 nm (OD;5): at this
wavelength, light is absorbed by the cell structural elements and there is no selective light
absorption by pigments of the algae’s photosynthetic apparatus. The value of the optical
density of the algae suspension is related to the algae concentration in the medium, which
allows estimating the cell abundance in the culture through optical measurements. Ear-
lier, we studied the applicability of the optical density as a biomass indicator for differ-
ent algae species (Shoman and Akimov 2013). Specifically, in a certain range of values,
there is a linear relationship between this value and the organic carbon content measured
by gas adsorption chromatography on the CHN analyzer in an algae suspension. During
the experiment, the optical density of algae was quantified in a 10-cm cylindrical cuvette
installed in the cuvette compartment of the SF-26 spectrophotometer, and the absorbance
relative to the cuvette was measured with a non-absorbing solution—seawater.

The data was statistically processed using standard software packages, Microsoft Excel
7.0 and Grapher 16. The dots on the graphs represent the means of 3—4 measurements. The
bars on the charts denote the standard deviation of the values obtained. The significance of
the differences between the samples was assessed using the Student’s #-test at p < 0.05.

Results
Figure 1 shows D. salina cell concentration and p-carotene content on the 3rd, 5th, and

7th days of cumulative algae growth under various cultivation conditions described in
Table 1. The initial algae concentration in all variants of the experiment was the same
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Fig. 1 a Cell abundance in the suspension. b Specific B-carotene content per cell; and c its total concentra-
tion in the suspension on the 3rd, 5th, and 7th days of Dunaliella salina growth; d the mean daily increase
in carotenoid concentration in the cells (the Figs. 1-4 on the graphs indicate the variants of the experiment;
see Table 1)

and amounted to about 0.9-10° cells-mL~!, with a p-carotene content of (1.2+0.3)
pg-cell™!. The maximum increase in D. salina abundance was observed when algae
were fully supplied with mineral nutrition (F/2 medium) and light intensity was 120
pE-m~2.s7! (variant 1, Fig. 1a). In a nitrogen-depleted medium, the mean growth rate
at this light intensity remained high in the first 3 days. However, on the 3rd—5th day
of exposure, a significant decrease was recorded, which was probably associated with
an increasing deficiency of this biogenic element. High light intensity caused growth
rate inhibition, approximately the same for cases of high and low nitrogen content in
the medium. The intracellular carotenoid content was stable under favorable growth
conditions and rose under nitrogen limitation (Fig. 1b). High light intensity stimulated
intense P-carotene accumulation, which had the highest value with nitrogen deficiency
in the medium (variants 3 and 4).

As seen from Fig. lc, the total B-carotene content per unit of culture suspension
increased by 4 times from the variant 1 of the experiment to the variant 4, whilst the intra-
cellular pigment content increased by 13 times. This is mainly due to a growth rate slow-
down during the shift to stressful cultivation conditions, which is especially evident on the
3rd-5th day of exposure.

In Fig. 1d, the values which are the mean daily increase in carotenoid content are shown
as a percentage of the initial level for the first 3 days and the following two. In all variants,
a decrease was recorded in the relative rate of their accumulation on the 3rd—5th day com-
pared to the initial period. Specifically, in variant 4, where the maximum absolute increase
in pigment content was observed, the relative rate decreased by more than 4 times. This
is due to a decline in algae growth rate during this period that was not compensated by an
increase in intracellular B-carotene content.

@ Springer



Aquaculture International (2024) 32:161-174 167
Fig.2 Dynamics of cell abun- 164 r24

dance and intracellular chloro- S
phyll a and B-carotene content -2 8
in the culture during Dunaliella -

salina cumulative growth

Abundance (@), 100 cellssmL ™!

T
—_
[=)}

o
o]
Chl a (+), S-carotene (2)

T
—_
[’S]

0,4
=0
0 12 16 20 24
Days
Fig. 3 Dynamics of the Fm/ T
D5, ratio, the Fv/Fm parameter, 13 L2100
the FDA fluorescence, and the 099
percent of living cells in the 3 08 F1800
culture during Dunaliella salina g 0,73 L 1500 5 r 100
cumulative growth 'i; 0.6 5
= Li2oo £ [0 =
® 05 g =
~ 4 +
S 0,4 tooo & 60 -
3 ] 2
a 03+ Leoo % F4o 8
E 0,2 [a) Q
= =
01— k300 — |20 S
0 T T T T T T T T T T T 0 Lo
0 4 8 12 16 20 24

At the second stage of the work, as already mentioned, D. salina growth was studied
in cumulative mode and under conditions of intense carotenoid synthesis. Moreover, the
applicability of fluorescent and cytometric indicators to estimation of algae functional state
was assessed. Figure 2 shows the dynamics of cell abundance and intracellular pigment
content during D. salina cumulative growth. The maximum cell density was of 14-10°
cells:-mL~" on the 13th—15th day of the experiment. The mean growth rate for the first four
days of exposure was 0.65 div.-day~!. The growth rate at the beginning of the stationary
phase (8th—10th day) was 0.2 div.-day~'. From this moment on, intracellular chlorophyll
a concentration decreases and carotenoid content in the cells rises. The range of their val-
ues is relatively small. Thus, the Car/Chl ratio increased from 0.68 during the exponential
growth phase to 1.4 in the stationary state; under conditions of intense carotene accumula-
tion, this ratio is significantly higher than 10 (Ben-Amotz et al. 1989; Fachet et al. 2016).

Figure 3 shows the dynamics of the values of the Fm/D,s, ratio, the Fv/Fm parameter,
the FDAg, and the ratio of viable cells in the population during the experiment. As can be
seen from the data presented, a progressive decrease in the values of these indicators was
recorded with the development of the stationary state of the culture. The Fm/D,5, ratio char-
acterizing specific chlorophyll content in algae cells varied insignificantly during the expo-
nential growth and at the beginning of the stationary phase. At later stages of the station-
ary state, the decrease in Fm/D-5, ratio was observed, which correlated with a decrease in
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chlorophyll a content in D. salina during this period. Similar dynamics of values during the
experiment were noted for Fv/Fm parameter. Up to the 10th day of the experiment, Fv/Fm
was in the range of 0.6-0.7. On the 10th-23rd day of exposure, the values decreased linearly
to 0.3. During the shift to the stationary state, FDA fluorescence indicated the level of cell
metabolic activity decreased as well, which was especially noticeable on the 16th day of the
experiment. In this case, the total decrease in the value during the experiment was about
40%. On the 16th day of the experiment, the decrease in the number of viable cells in the
culture was also observed, reaching 30% at the end of the stationary growth phase.

On the 11th day of the cumulative growth, the part of the culture was shifted to new
growth conditions corresponding to maximum -carotene accumulation in the cells: light
intensity of 1800 pE-m~%s™!, temperature of + 18 °C, and residual NaNO; content in the
medium of about 10 uM. The culture density remained approximately at the same level for
5 days under the shifted conditions, with a subsequent decrease in algae cell concentration
of about 15% by the end of the experiment. The change in the intracellular content of chlo-
rophyll a and p-carotene had the opposite direction and was non-linear. The first three, days
chlorophyll content in the cells rapidly decreased, and f-carotene content increased. In the
following 9 days, the rate of B-carotene accumulation gradually decreased. At the same
time, the intracellular Car/Chl ratio varied from 0.7 at the moment of the shift in growth
conditions (the 11th day) to 21 on the 24th day of the experiment (Fig. 4).

After the change in growth conditions, the decrease in the Fm/D,5, ratio, the Fv/
Fm parameter, the FDAg, and the percent of living cells in D. salina were recorded
(Fig. 5). Thus, the Fm/D,5, ratio decreased by about 5 times during exposure under
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new growth conditions. The value of the Fv/Fm parameter characterizing the efficiency
of the algae photosynthetic apparatus decreased threefold in the first three days after
the shift in growth conditions. Then, the parameter stabilized at 0.2, which indicates a
significant suppression of cell photosynthetic activity due to nitrogen depletion in the
medium and the inhibitory effect of high light intensity. The FDAy value and the percent
of viable cells in the culture remained high; the total decreases for the entire algae expo-
sure under the new conditions were 50 and 30%, respectively.

The data obtained from the results of measuring cell autofluorescence in the orange
(FL2, 575 nm) and red (FL4, 675 nm) spectrum areas under various growth conditions
allowed establishing several correlations between the pigment content in Dunaliella
salina and the fluorescent and optical indicators of their cells. Specifically, a linear rela-
tionship was obtained between the Fm/D;5, ratio and intracellular chlorophyll content in
microalgae (Fig. 6a).

As shown, cell autofluorescence in D. salina is observed at 575 nm (FL2 channel),
resulting from high carotenoids in the cells. The measurements of the indicator during
the experiment made it possible to establish a linear relationship between the p-carotene
content in the cells and their autofluorescence at 575 nm, with a high coefficient of
determination (R*=0.91) (Fig. 6b). In turn, a linear relationship between the ratio of
p-carotene to chlorophyll a and FL2/FL4 (ratio of autofluorescence in the orange and
red spectrum areas) (see Fig. 6¢) allows applying the FL2/FL4 ratio for monitoring
carotenoid synthesis in D. salina and assessing the shifts in the relationship between
B-carotene and chlorophyll in the cells during intense carotenoid synthesis.

Figure 7 shows the dynamics of the mean daily increase in f-carotene in the suspen-
sion during the experiment and the corresponding shift in the mean daily increase in
FL2/FL4. Thus, the value of the mean daily increase in FL2/FL4 (2.5) obtained on the
20th day of the experiment characterizes the final stage of exposure; after that, D. salina
cultivation is economically irrational.

Discussion

In this work, we studied p-carotene accumulation in halotolerant green microalga D. salina
in two cultivation modes. In the first one, algae were cultivated in a cumulative mode with
four combinations of light intensity and nitrogen content in the medium. It was found

241 Chla=1.73*Fm/D750+0.19 181 - carotene=0.26-FL2-0.39 241 p-carotene/Chla = 82°FL2/FL4
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Fig.6 a Correlations between the Fm/D,5, ratio and chlorophyll content in the cells. b Correlations
between cell autofluorescence at 575 nm (FL2) and p-carotene content. ¢ Correlations between FL2/FL4
value and intracellular ratio of B-carotene to chlorophyll a in Dunaliella salina culture
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as follows: the maximum value of carotene accumulation is observed when high light
intensity (1200 pE-m~2-s™!) is coupled with mineral nitrogen deficiency. To date, it is a
well-known fact (Ben-Amotz and Avron 1983; Lamers et al. 2010; Dhanam and Dhand-
ayuthapani 2013). Under such cultivation conditions, a high relative rate of carotenoid syn-
thesis (more than 400%) was recorded in the first 3 days. A rapid slowdown in algae growth
rate and the relative rate of pigment accumulation was registered, although its intracellular
concentration continued to increase. In the second mode, the two-stage cultivation method
was applied. At the first stage, growth conditions were created, contributing to the maxi-
mum accumulation of microalgal biomass. At the second stage, those initiating 3-carotene
accumulation in the cells were created. Currently, this method is used in biotechnology
for D. salina mass cultivation (Prieto et al. 2011; Sui et al. 2019; Borovkov et al. 2020).
Table 2 compares the values of mean daily increase in f-carotene for two cultivation modes
on the third, fifth, and seventh days of the experiment. As can be seen from the presented
data, the current mean daily increase in f-carotene with the two-stage cultivation method
applied was higher throughout the experiment, and the final B-carotene content in the sus-
pension was twice as high as that during cumulative cultivation.

In the presented study, the main goal was to be able to use cytometric and fluorescent
indicators to assess the physiological state of D. salina and determine the content of pig-
ments in cells. The cultivation of D. salina under conditions of high light intensity and

Table2 Mean daily increase in B-carotene and its total content in the suspension in different Dunaliella
salina cultivation modes

Cultivation mode Mean daily increase in Total content of accumulated p-carotene in
p-carotene,-10° pg-mL™~! the suspension on the 7th day of the experi-
ment,-10° pg-mL™!

3rd day of 5th day of 7th day of

the experi-  the experi-  the experi-

ment ment ment
Cumulative 5 8 10 69
Two-stage 23 17 14 120
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nitrogen deficiency led to a sharp decrease in the efficiency of the algae photosynthetic
apparatus (Fv/Fm) and a five-fold decrease in the value of the Fm/D;5 ratio. Importantly,
similar dynamics of Fv/Fm values were obtained in the publication (Fachet et al. 2016)
when D. salina was cultivated under similar conditions. However, it differs from the result
of the experiment on D. salina cumulative growth with no shift in light intensity, with its
decrease in Fm/D;5, about 30% and a decrease in the Fv/Fm value down to 0.3 only at the
late stages of the stationary state of the culture. Apparently, the sensitivity of photosyn-
thetic apparatus to light intensity rises with nitrogen deficiency (Han et al. 2000; Shoman
2015). As mentioned above, the FDAy value and the ratio of viable cells remained high.
Earlier, on several algae species representing different taxonomic groups, we showed that
shifts in light intensity, temperature, and mineral nutrition (in the range of values not lead-
ing to cell death) practically do not affect the value of FDA; and the number of viable cells
in the population (Solomonova et al. 2018; Solomonova and Akimov 2021; Shoman et al.
2021). The applicability of FDA fluorescence to assess algae viability was shown in the
publications (Brookes et al. 2000; Onji et al. 2000; Peperzak and Brussaard 2011). The
obtained result can help in biotechnology when the accumulation of biologically valuable
substances is stimulated in algae cells in the zone of extreme effect of the factor on the
cultivation object.

To date, extensive experimental material has been accumulated estimating the rela-
tionship between intracellular chlorophyll content and its autofluorescence at 680 nm
(Sosik et al. 1989; Hyka et al. 2013; Alvarez et al. 2017; Olson et al. 2018). There
are few publications considering the calculation of intracellular carotenoid content
by fluorescence. Different carotenoid forms emit fluorescence at certain wavelengths
within 530-580 nm. As shown (Ukibe et al. 2008; Rioboo et al. 2011), fluorescence at
570-575 nm is caused by astaxanthin emission. The literature data on the wavelength
at which P-carotene extinction is recorded are contradictory. According to the study
(Kleinegris et al. 2010), the peak of pB-carotene emission in D. salina was registered at
560 nm; the presence of green fluorescence was also noted, which can be used in fluo-
rescence microscopy to obtain images of the cells and the carotenoid content in them
(Lee et al. 2012); the FL1 channel (529 nm) alone was used to analyze pigment content
in Symbiodinium. In Chen et al. (2017), for real-time monitoring of carotenogenesis in
the cells of the green microalga Chromochloris zofingiensis, it was proposed to use both
FL2 (585 nm) and FL1 (533 nm) fluorescence since the indicators linearly correlated
with carotenoid content in microalgae with a determination coefficient above 0.8. How-
ever, to evaluate astaxanthin synthesis in C. zofingiensis, a FL2 fluorescence indicator
was used in the work (Mendoza et al. 2008); a slightly different approach was proposed
for assessing carotenoid content in D. salina cells by applying cytometric indicators. As
shown by the authors, the shifts in D. salina lipid composition can be detected using
the Nile Red (NR) lipophilic stain. Considering the fact that the intracellular content of
lipids and carotenoids is interdependent, lipid staining with NR can be used as an indi-
rect method for determining carotenoid content in the cells. The authors were unable to
establish a relationship between intracellular carotenoid content and carotenoid fluores-
cence in the orange spectrum area directly due to low values of the latter. The results
of our work showed the presence of pronounced carotenoid autofluorescence at 575 nm
(FL2 channel). It allowed us to obtain correlations between the values of FL2 fluores-
cence and f(-carotene content, as well as between the FL2/FL4 and intracellular ratio of
B-carotene to chlorophyll a in the D. salina strain studied.
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Conclusion

The Dunaliella salina strain IBSS-1’s maximal carotenoid synthesis rate was seen in
conditions of high light intensity, high salinity, low temperature, and nitrogen deficit in
the medium. With the initial culture of algae under conditions that promote maximum
biomass accumulation and a subsequent switch to settings that promote carotenogen-
esis, the mean daily increase in p-carotene and its ultimate amount in the suspension is
larger than with cumulative cultivation. In the latter instance, a rapid decline in algal
growth rate at relatively low culture densities is the primary factor limiting pigment
accumulation. Nitrogen deficit in the medium had a less impact on D. salina’s ability to
accumulate fB-carotene in any of the culture modes than did light intensity. The study’s
findings revealed the following: Algal photosynthetic apparatus is impacted by changes
in growth circumstances that promote carotenoid accumulation, and weaker effects are
seen on cell viability and enzyme function. During the stationary growth phase, FDA
fluorescence and the percentage of viable cells in the culture gradually decline, but the
dynamics of these indicators do not fundamentally change as a result of the change in
abiotic growth circumstances not causing algal death. In light of this, FDA fluorescence
and the quantity of enzyme-active cells in the culture can be used to gauge the severity
of an external factor’s lethal impact on the physiological state of microalgae; however,
they are inapplicable as precise indicators in the course of intense f-carotene synthesis.
The correlations between the Fm/D750 ratio and chlorophyll content, the FL2/FL4 ratio
and the intracellular ratio of B-carotene to chlorophyll a, and the correlations between
the FL2/FL4 ratio and B-carotene content allow for real-time access to pigment content
and the prediction of B-carotene formation in D. salina.
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