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Abstract The growth of red marine microalga Porphyridium purpureum and the production of
B-phycoerythrin (B-PE) pigment were examined during pilot cultivation in a laboratory and in a
greenhouse. The studies of P. purpureum cultivation in a greenhouse were conducted under mid-latitude
climate conditions during different seasons. Maximum B-PE content (56 mg-g™') and productivity (655.2
mg-m?-day"') were observed under controlled laboratory conditions. A strong linear correlation was found
between the total daily irradiance and areal biomass productivity across different seasons. The total biomass
and B-PE yield in May were significantly higher compared to other seasons (49.6 and 1.13 g-m™), and in
December these values were minimal. Despite the highest biomass productivity (12 g-m?-day™), culture
death occurred in June. The photosynthetic efficiency exhibited seasonal variation, ranging from 2.87% in
May to 3.83% in November, and was significantly higher under laboratory conditions (6.94%). The spring
period is generally favorable for P. purpureum growth under mid-latitude climate conditions, whereas
culture growth in summer has a certain potential, however, the impact of high illumination and temperature
conditions should be considered and controlled. Although productivity in autumn-winter period was lower
and limited by light supply, the possibility of obtaining additional biomass yield was demonstrated.
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Introduction

Microalgae, as well as some higher plants, are a rich source of valuable physiologically active compounds
and have prospects to be used for food, animal feed, nutraceuticals and pharmaceutical substances (Khavari
et al. 2021; Khalid et al. 2024). Microalgae cultivation under natural light conditions is the main method
for producing its biomass commercially. Commercial cultivation of microalgae in continental mid-latitude
climate is seasonal and usually lasts from May to September, but under favorable weather conditions, both
in terms of light and temperature, the duration of season in greenhouse facilities can be extended. It should
be taken into account that the use of artificial lighting and thermal stabilization equipment in the commer-
cial microalgae production leads to a significant increase in the cost of the final product. However, some
species of microalgae, such as Phaeodactylum tricornutum, Porphyridium purpureum and others, do not
require increased temperature and illumination for their growth and synthesis of valuable substances. These
species are producers of biologically active substances and have high growth rates, hence they are suitable
for use in microalgae biotechnology. Organization of microalgae cultivation in the autumn-winter period
utilising greenhouse facilities contributes to an increase in the medium temperature in the photobioreactors
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and allows to alleviate the instability of natural conditions during cultivation.

During the transition to the commercial microalgae cultivation, the necessary stage is the approbation
of the process in pilot systems. In this case, microalgae cultivation is carried out in facilities similar to
industrial ones, but of smaller volume, which allows to evaluate their productivity and chemical compo-
sition of the resulting microalgae biomass, as well as to apply the necessary adjustments when scaling
up cultivation processes and avoid significant errors when introducing cultivation technology on an
industrial scale.

The produced biomass of the microalga Porphyridium purpureum can be used as a source of a range of
valuable physiologically active substances, such as extracellular sulfated polysaccharides, unsaturated fatty
acids, and also pigments belonging to the group of phycobiliproteins (PBPs) (Fabregas et al. 1998; Li et al.
2019b; Haoujar et al. 2022; Stadnichuk and Kusnetsov 2023). With regard to application, the red pigment
B-phycoerythrin (B-PE) is of greatest interest. A broad spectrum of therapeutic activities, including antiox-
idant, antimicrobial, and anticancer properties, has been reported for B-PE (Ashaolu 2024). Phycoerythrins
are also used as fluorescent probes in flow cytometry and microscopy. B-PE aqueous solution has a pleasant
pink color and pronounced orange fluorescence, and its protein nature and lack of information on toxicity
opens wide prospects for the use of the pigment in the food, cosmetic, and medical industries (George and
John 2023).

Cultivation of P. purpureum microalgae for production of biomass rich in PBPs may be carried out
either in the batch or in the semi-continuous mode. The B-PE content can reach 85% of the total PBPs
amount, and the B-PE productivity can reach 40-50 mg L' day™ (Fabregas et al. 1998; Kathiresan et al.
2006; Gudvilovich and Borovkov 2014; Fuentes-Grunewald et al. 2015). Variation of cultivation parame-
ters is known to significantly alter the metabolism and direction of biosynthetic processes in P. purpureum
culture (Upitis et al. 1989; Fabregas et al. 1998; Gudvilovich and Borovkov 2014; Fuentes-Grunewald et
al. 2015).

Despite its great potential for use in biotechnology, there are very limited data on the cultivation of P,
purpureum on an industrial or semi-industrial scale under natural illumination. Most of these studies refer
to the cultivation in tubular photobioreactors (Rebolloso Fuentes et al. 1999; Fuentes-Grunewald et al.
2015; Schoeters et al. 2023), while studies in open raceway ponds have only been performed in a Mediter-
ranean climate (Chile) in summer (Castro-Varela et al. 2021).

Therefore, the objective of this study was to assess the productive potential of the microalga Porphyrid-
ium purpureum for continental mid-latitude climate under conditions of greenhouse without additional
equipment (artificial lighting and thermal stabilization) in different seasons. The growth of red marine mi-
croalga P. purpureum and the production of B-PE pigment were examined during pilot cultivation in open
ponds in a laboratory and in a greenhouse.

Materials and methods
Microalga strain and culture medium

The unialgal culture of the red microalga Porphyridium purpureum (Bory) K.M.Drew & R.Ross 1965
was used in the present study. The studied strain was IBSS-70 from the Collection of Hydrobionts of
the World Ocean from the Scientific and Educational Center for Collective Use of A.O. Kovalevsky
Institute of Biology of the Southern Seas of RAS (IBSS). The cultivation was carried out using nutrient
medium for marine red algae according to Trenkenshu et al. (1981) with the following composition (g-L-
"): NaNO, — 1.2; NaH,PO,x2H,0 — 0.45; EDTA-Na, — 0,037; FeC.H,0,x3H,0 — 0.0265; MnCl,*x4H,0
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- 0,004; Co(NO,),x6H,0 — 0,0031; (NH,),Mo.0,,x4H,0 — 0,0009; K Cr,(SO,),x 4H,0 — 0,0017. The
nutrient medium was prepared using sterilized Black Sea seawater with 18 %o salinity and addition of 15

g-L1 NaCl. Sterilization was carried out by UV sterilizer Prime 55 W (Prime, China) for 4 hours.
Experimental setup and cultivation conditions

The laboratory cultivation of the red microalga P. purpureum was carried out in the photobioreactors, which
were rectangular plastic ponds measuring 1.25 x 0.6 m (0.75 m?) covered with 150 pum thick polyethylene
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film (Figure la). Cultivation of P. purpureum in the greenhouse algobiotechnological unit (Sevastopol,
Russia, N. 44°61.564°, E. 33°50.463") was carried out in the autumn-winter (from 29.10 to 22.11 and from
10.12 to 29.12) and spring-summer (from 18.05 to 25.05, and from 28.05 to 07.06); the photobioreactors
consisted of 0.5 x 0.5 m square ponds lined with 150 um-thick polyethylene film laid on the leveled ground
surface (Figure 1b).

The culture of P. purpureum in a laboratory and in a greenhouse unit was grown in batch mode. During
cultivation, the culture was constantly mixed using aquarium electric pumps “BARBUS PUMP 006”. The
culture depth in the ponds was maintained at the level of 8-10 cm, by adding fresh water daily up to the ini-
tial level. Throughout all experiments, the pH of the medium value was within 8-9 units. Under laboratory
conditions, DRL-700 lamps were used for illumination, the average surface irradiance was 40 W-m?, which
provided 3.45 MJ-m2-day"' total irradiance; and the culture temperature was 2628 °C. Cultivation in the
greenhouse unit was carried out at the natural illumination level depending on the season; illumination on
the culture surface was determined with a light meter Li-250A (LI-COR, USA) with Li-190R quantum
sensor. The average total irradiance of the operating surface of the ponds during the daytime was 1.37
MJ'm?-day! in the autumn, 0.73 MJ-m?-day"! in the winter, and 7.7 MJ-m?-day™! in the spring-summer
period (Figure 2 a,b).

The culture temperature in the experiment varied in the range of 15-25 °C in the autumn-winter peri-
od, and from 22 to 33 °C in the spring-summer period (Figure 2 c,d). During cultivation in December, the
temperature was maintained in the range from 24 to 25 °C, in other cases, no additional thermal regulation
was applied.

Analytical procedures and calculation

Microalgal culture samples to determine the culture density and its biochemical composition were collected
from the photobioreactors during cultivation once a day. Sampling from the ponds was carried out from
different points; 5 mL of microalgae cell suspension was taken at each point, thus obtaining an average
sample of 20 mL. Biomass dry weight concentration was measured photometrically. Microalgal suspension
optical density at 750 nm (D, ) was measured by Unico 2100 photometer (United Products & Instruments,
USA) in 5 mm pathway cuvettes; absolute measurement error did not exceed 1.0 %. Optical density units
(0.d.u.) (D) conversion to biomass dry weight (DW) values was expressed as follows: DW =k x D_,
where DW is biomass dry weight; D_ is culture optical density; k is the conversion factor. The empirical
conversion factor (k = 1.4 g L™! o0.d.u.™") was applied for calculation (Borovkov et al. 2023).

The concentration of B-PE in the algal culture was determined spectrophotometrically. The sam-
pled suspension of P. purpureum culture was centrifuged for 10 min, the supernatant was drained, and
the precipitated biomass was used to determine pigments concentration. For quantitative determination
of PBPs in biomass, extraction with phosphate buffer (0.05 M; pH = 7-7.5) was carried out. The spectra

Fig. 1 General view of the photobioreactors for the pilot-scale cultivation of P. purpureum microalga culture in the laboratory (a) and
in the greenhouse unit (b)
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of pigment extracts were measured on a recording spectrophotometer SF-2000 in the wavelength range of
400-800 nm with a step of 0.1 nm. The optical density of the obtained extracts was recorded in the area
of characteristic absorption maxima of B-PE (545 nm), as well as at 750 nm (to account for nonspecific
absorption of the solution). The concentration of pigments in the aqueous extract was calculated according
to Borovkov et al. (2023) using the optical density values for the corresponding wavelengths.

The maximum biomass productivity (P,) was calculated by approximating growth curve at the linear
growth phase part on the basis of biomass (B) by the following equation:

B=B,+P,x(t—t;) M

where B, is culture density at the beginning of linear growth phase; ¢, is the time at the beginning of linear
growth phase (Lelekov et al. 2022).

Total biomass and phycoerythrin yields were calculated as the difference between final and initial values
of corresponding concentrations expressed per m?. Areal yields and productivity were calculated on the
basis of volumetric values taking into account the culture depth.

Photosynthetic efficiency was calculated from the daytime areal productivity (g-m=-day!) multiplied
by the mean caloric content and divided by the light energy input per unit ground area (kJ-m=-day™!), given
the caloric content of the Porphyridium biomass was 20.5 kJ-g™' (Tibbets et al. 2015) and all light energy

was absorbed by the dense algal culture.
Statistical analysis

Arithmetic means ( x ), standard deviation (SD), and confidence intervals for the means (A x ) were calcu-
lated. All calculations were performed in the Libre Office and Scidavis software for a significance level of
a = 0.05. Triplicate biological and analytical samples were used in the experiments. The results were sub-
jected to the test of normality and homogeneity of variance, followed by the analysis of variance (ANOVA);
and upon detecting statistical differences, means were compared using the Duncan test at a 5% probability
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Fig. 2 The environmental conditions during cultivation of P. purpureum in the greenhouse unit. Daily irradiance on the photobio-
reactor surface in the autumn-winter (a) and spring-summer period (b), culture temperature dynamics in the autumn-winter (c¢) and
spring-summer period (d); dashed line represents the end of one experiment and the start of another (autumn/winter and spring/

summer)
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level. Student’s t-test was applied to compare the means between two groups. The tables and figures dis-
play the mean values and calculated confidence intervals for the three replicates (n = 3).

Results

Production characteristics of Porphyridium purpureum culture during its pilot cultivation in a laboratory
unit

Firstly, the production characteristics of P. purpureum culture were investigated in the laboratory unit (Fig-
ure la). The microalgal culture was cultivated in a batch mode; the culture density dynamics in the course
of growth is presented in Figure 3. The lag-phase corresponding to the culture adaptation period was short
and lasted for one day. After that, linear culture growth was observed during 7 days until the end of the
experiment. The observed maximum productivity during this period was 11.7 g of dry biomass per m? per
day. The total yield over 8 days of cultivation was 81.2 g-m? in terms of biomass and 4.55 g-m in terms of
B-PE. The content of B-phycoerythrin (B-PE) in the P. purpureum biomass was 5.6%. Taking into consid-
eration the biomass productivity, the photosynthetic efficiency during cultivation in the laboratory unit was
6.94 %. The obtained data indicates the absence of significant limitation both in terms of mineral nutrient
elements and in the illumination of the microalgae culture cells.

Thus, the growth of the red microalgae P. purpureum in the laboratory pilot unit occurred at a high
growth rate, and the content of B-phycoerythrin in the biomass corresponded to the initial stage of active
growth (linear growth phase). The obtained data demonstrate the possibility of producing P. purpureum
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Fig. 3 Dynamics of P. purpureum culture density in a laboratory pilot unit. Solid line is approximation by equation (1)

a b
- - 0.8 - !
4 a ]
o o
2 2 06
["] %]
c c i
$ $
@
o @ 04—
3 =
= =
= =
o o
0.2
0= T T 1 | 07 T T T T 1
0 5 10 15 20 25 0 2 4 6 8 10
Cultivation time, day Cultivation time, day

Fig. 4 Dynamics of P. purpureum culture density in a pilot greenhouse unit. Autumn-winter period (a): November (black circles),
December (white circles); spring-summer period (b): May (black circles), June (white circles). Solid lines are approximation by
equation (1)
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biomass with bioactive substances determining the biotechnological value of the studied species under
conditions of intensive cultivation.

Production characteristics of Porphyridium purpureum culture grown in a greenhouse pilot unit during the
spring-summer and autumn-winter periods

The dynamics of biomass and B-PE accumulation in the P. purpureum batch culture was studied under
greenhouse conditions during November, December, May and June. No artificial lighting was applied, and
no thermal regulation was used except for December. Figure 4. demonstrates P. purpureum growth curves
in a greenhouse unit during different seasons. The initial density of the P. purpureum culture when grown in
November and December was 0.12 g DW-L! (9.6 g DW-m) (Figure 4a). The initial density of P. purpure-
um culture in May and June was higher than in the autumn-winter period, amounting 0.2 and 0.3 g DW-L"!
(16.6 and 24 g DW-m?, respectively) (Figure 4b).

Based on the obtained experimental data, the production characteristics of P. purpureum in terms of
biomass and phycoerythrin were calculated when grown in different seasons of the year. The total biomass
and B-PE yield along with cultivation conditions during corresponding periods are given in Table 1.

The production characteristics of P. purpureum culture in the course of the linear growth phase, in-
cluding maximum productivity, B-PE content, and photosynthetic efficiency, are given in Table 2. The
values of production characteristics under laboratory conditions are also provided in these Tables for
comparison. The highest production characteristics, B-PE content in biomass, and photosynthetic effi-
ciency were registered under laboratory conditions. Regarding outdoor conditions, the highest biomass
and B-PE total yield and biomass and B-PE productivity per day were observed in May, and the lowest
values were in December.

The average productivity in November during the linear growth phase was 2.56 g DW-m?-day"',
which is more than twice as high as the productivity in December (1.26 g DW-m-day™!) (Table 2). Thus,
the maximum density of P. purpureum culture by the 22nd day of cultivation in November was 55.4
g DW-m?, which is 1.6 times higher than in December (34.6 g DW-m?). Examining the dynamics of
biomass accumulation in the course of the daylight hours in December, it was noted that the increase in
culture density occurred until 13:00, after which time biomass density remained constant until the end
of the day.

For the first two days in May, the growth of the culture was insignificant. Apparently, there was an
adaptation period of the laboratory culture of P. purpureum to the greenhouse conditions. After this stage,
the average biomass productivity in May at the linear growth phase was close to 9 g DW per m? per day,
and the maximum culture density by the 8" day reached 66 g DW-m?2. When grown in June, the culture was
already pre-adapted to the greenhouse conditions, and the maximum productivity (12 g DW-m?-day™') was

Table 1 Cultivation conditions and total yield of P. purpureum culture when grown in the spring-summer and autumn-winter periods

Cultivation season Day length Average solar irradiance, MJ-m™-day™! Average culture temperature, °C  Total yield for the entire cultivation period
Biomass, g-m? B-PE, g'm?

November (22 days) 9 h 40 min 1.55 19.8 41.6£3.4° 0.815+0.017 ¢

December (22 days) 8h 53 min 1.07 245 22.4+1.8¢ 0.124+0.002 ¢

May (9 days) 15 h 03 min 7.78 30.6 49.6+0.6 ° 1.132+0.04 ®

June (6 days) 15 h 20 min 7.06 272 23.8£1.9¢ —

Laboratory unit (8 days) (control) 24 h 00 min 345 27.0 81.2+3.12° 4.547+0.19*

Different superscript letters within the same column indicate a statistically significant difference by Duncan test (P < 0.05)

Table 2 Production characteristics of P. purpureum culture at the linear growth phase in different seasons

L Maximum productivity at the linear growth phase B-PE content in biomass Photosynthetic efficiency, %
Cultivation season - . 0
biomass, g'm2-day”! B-PE, mgm™day’! (linear growth phase), mg-g

November 2.56+0.15 ¢ 52.7+0.65 © 22.8£1.0° 3.83+0.07°
December 1.26+0.25¢ 31.7+7.5°¢ 23.2+23° 3.54+0.05 ©
May 9.0+£0.05° 161.7+4.8° 23.1£0.33° 2.37+0.11¢
June* 12+0.8 * 187.2+1.2° 15.65+0.15 © 3.48+0.28
Laboratory unit (control) 11.7£0.4 * 655.2424.6* 56.0+3.31*° 6.94+0.14 *

* In June, the linear growth phase lasted two days, culture death was observed after that.
Different superscript letters within the same column indicate a statistically significant difference by Duncan test (P < 0.05)
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observed in the first two days. However, after 3 days, the growth of P. purpureum ceased, and after 5 days, a
phase of culture death was observed (Figure 4b). Apparently, the negative impact on the culture was caused
by increased temperature and illumination at the beginning of the experiment when the cell concentration
was minimal.

When P. purpureum was grown in November, the concentration of B-PE in the culture began to increase
significantly only after 4 days. By the end of the cultivation, the B-PE concentration increased 2.6 times
(up to 1.17 g'rm?) compared to the initial values (Table 3). In December, the concentration of B-PE in the
culture increased from 495 to 688 mg-m? during the first 7 days and then remained relatively constant
throughout the experiment. When growing P. purpureum in May, an increase in B-PE concentration in the
culture by 3.8 times was observed by the end of cultivation (7% day) (up to 1.53 g-m?). In June, its content
decreased by 2.5 times by the end of the experiment compared to the initial values (Table 3). The highest in-
crease in PE concentration over the entire cultivation period was observed in May, which also corresponded
to higher biomass productivity during this period.

Discussion

Approximately 70-100 mg of nitrogen is required for the synthesis of 1 g of microalgal biomass (Upitis
et al. 1989). Therefore, the estimated yield of P. purpureum, considering the initial dilution of the culture,
could reach 2 g of biomass per 1 liter of culture. Nevertheless, the maximum biomass yield of the culture
obtained in November and May was 3—4 times lower than the calculated values. Therefore, the most proba-
ble factors that limited the growth of P. purpureum in the experiment were light and temperature conditions
of the environment, rather than the concentration of mineral nitrogen.

The calculations showed that when P. purpureum is cultivated during the autumn-winter period, all
production characteristics of the culture in November were significantly higher than in December. It should
be noted that environmental conditions in December are characterized by a decrease in both the duration
of daylight (by 8 %) and the level of solar irradiance (1.5 times) compared to November. In consideration
of the aforementioned factors, the production characteristics of the P. purpureum culture in December
significantly declined: the culture productivity in the linear stage decreased twice, the total biomass yield
decreased by 1.85 times, and the total B-PE yield decreased by 6.5 times compared to the corresponding
values in November (Table 1, Table 2).

It is worth noting that a decrease in the production characteristics of P. purpureum in December oc-
curred in spite of maintaining the temperature at a level optimal for the growth of this culture (24-25 °C).
When cultivating P. purpureum in November, the average daily temperature in the ponds (around 20 °C)
was slightly lower than in December; however, it remained mostly within the optimal range for this species
(Figure 2). Thus, stabilization of temperature at an optimal level during the winter period was not a factor
determining the productivity of P. purpureum in the autumn-winter period.

Most laboratory studies have shown that P. purpureum performs best at temperatures ranging from 20 to
25 °C (Gaignard et al. 2019; Li et al. 2019a), but it can also grow at lower temperatures (10-15 °C) (Durmaz
et al. 2007; Guihéneuf and Stengel 2015). For example, a slight culture growth (0.051 g-L!-day') was
observed during the winter period under a temperature of 10 °C (Schoeters et al. 2023), which potentially
provides opportunities for growing P. purpureum in colder periods.

When cultivating P. purpureum during the spring-summer period, the production characteristics of the
culture in May significantly exceeded the similar values of June: the total biomass yield was twice as high,
and the total B-PE yield was an order of magnitude greater (Table 1).

Table 3 The concentration of B-PE in P. purpureum culture at the beginning and in the end of cultivation in different seasons

Cultivation period The concentration of B-PE in culture, mg-L™!

Initial Final P-value
May 5.01+0.10 19.16+0.03 P <0.001
June 7.24+0.21 2.95+0.06 P=0.0011
November 5.6+0.30 14.61+0.73 P <0.001
December 6.19+0.12 8.6+0.31 P =0.002

P-value was determined by Student’s t-test. Differences within the row are significant for P < 0.05
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The most likely that the increase in both the photoperiod length and the level of solar irradiance (by
7.5%) in June negatively affected culture growth and the biosynthesis processes of pigments compared to
the values obtained in May. The start of the experiment in June coincided with sunny weather; the tempera-
ture data (see Figure 2d) correspond to the morning hours, while at midday the temperature in the pools
was significantly higher than optimal for the active growth of this species, which apparently had a negative
impact on the culture growth.

Despite Chang et al. (2017) reported growth of P. purpureum up to 35 °C without significant issues, most
researchers noted that temperatures of 30 °C and above had a negative impact on the P. purpureum culture
(Golueke and Oswald 1962; Schoeters et al. 2023). Thus, during the two-year cultivation of P. purpureum,
exposure to elevated temperatures of 3435 °C for several days was critical, leading to growth inhibition
and even rapid death of the culture during the summer period. Moreover, the growth of P. purpureum also
stopped in April after the temperature in the greenhouse increased to 30-35 °C (Schoeters et al. 2023).

The calculations showed that the highest productivity of the P. purpureum culture was observed in May,
demonstrating the possibility to obtain approximately 50 g of P. purpureum biomass per 1 m? and, accord-
ingly, up to 1 g of phycoerythrin contained in it, over a 7-day technological cycle. Despite the fact that
the productivity of P. purpureum in the autumn-winter period was significantly lower than in May (2 and
3 times lower in November and December, respectively), due to the increased cultivation time in autumn,
comparable total yield values were obtained for the entire growing period (Table 1). Thus, when cultivating
the red microalgae P. purpureum in a pilot unit during the late autumn period, it is possible to obtain more
than 40 g-m™ of biomass per square meter and about 0.7 g of phycoerythrin contained in it over an 18-day
technological cycle.

Under comparable conditions of growing P. purpureum (spring-summer period, similar type of ponds,
operating depth, and cultivation regime), the average culture productivity was 3.19 g-m2-day’!, and the con-
tent of B-PE in the biomass was 10.2 mg-g! (Castro-Varela et al. 2021). These production characteristics of
the culture, as well as the B-PE content in the obtained biomass, are more than two times lower than those
in the current research (Table 1, Table 2). It should be noted that the concentration of nitrogen in the nutrient
medium used by (Castro-Varela et al. 2021) was twice as high as in the medium used in the experiment,
and the maximum culture density achieved was 0.30 g-L!, which was more than 2.5 times less than in this
study, and also indicates a deficiency in other mineral nutrients or suboptimal cultivation conditions.

The possibility to achieve maximum productivity of P. purpureum specifically during the spring period
is also confirmed by the data (Schoeters et al. 2023) from the year-round cultivation of the culture over
two years in a greenhouse in a tubular photobioreactor. At the same time, the maximum productivity and
growth rate (0.195 g-L'-day ! and 0.233 day !, respectively) were achieved in mid-May. The productivity
data of P. purpureum obtained in the current study during the spring period also correlate well with the data
obtained for Dunaliella salina under similar conditions, where the possibility of achieving a productivity of
7 g'm?-day! by this culture was demonstrated (Borovkov et al. 2021).

Upon comparing the relationship between productivity and irradiance in the laboratory unit and under
natural light conditions, it was noted that in laboratory conditions the photosynthetic efficiency was more
than 2-fold higher than under natural light (Table 2). This may be partly due to the fact that under natural il-
lumination night loss of microalgae biomass occurs due to dark respiration (Rebolloso Fuentes et al. 1999).
Also, temperature and light were stabilized and optimal under laboratory cultivation. Higher photosynthetic
efficiency also corresponded to the significantly higher B-PE content in biomass. Higher pigment content
under laboratory conditions may be due to decreased irradiance in spite of continuous illumination.

The photosynthetic efficiency in November and December, when the total daily irradiance was at a
minimum level, was 50-65 % higher than in May, when the total daily irradiance was highest (Table 1).
However, at the same time, the photosynthetic efficiency was lower in December than in November despite
maintaining the temperature at 24-25 °C. Temperature maintenance could have provided a higher growth
rate, but increased temperature may have contributed to faster biomass breakdown during the dark period
(Edmundson and Huesemann 2015).

The light intensity is one of the most critical factors that affect the growth and quantitative compo-
sition of microalgal pigments. In the literature, the following trend is observed: microalgae that possess
phycobilisomes and phycobiliproteins in their plastids generally grow better under low light conditions
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(~10-50 umol photons m?-s), whereas other types of algae, such as dinoflagellates or green algae, typi-
cally require higher light intensity (~60-100 pmol photons m?-s™!) (John et al. 1984; Algarra and Ruedi-
ger 1993; Sosa-Hernandez et al. 2019; Stadnichuk and Kusnetsov 2023). It is known that P. purpureum,
in general, prefers low light levels. Thus, it was shown that with an increase in illumination intensity
(from 70-80 to 300400 W-m™) in the experiments, inhibition of P. purpureum growth, bleaching of
B-PE pigment, and even culture death at low density (about 0.2 g-L! dry biomass) (Upitis et al. 1989)
were observed.

In the present study, a strong linear correlation was observed between total daily irradiance (1 iy M m?
day"') and maximum areal biomass productivity (P ) of P. purpureum within the studied irradiance range
during different seasons of the year. The relationship between these parameters can be expressed as follows
(R*=0.89):

Bp =141 l4q4y. ?)
The coefficient of productivity-irradiance relationship under natural conditions allows prediction of P. pur-
pureum production depending on climatic conditions within the range of temperature and irradiance stud-
ied.

Despite the revealed dependence of P. purpureum productivity on daily irradiance, when cultivating P,
purpureum during late spring and summer periods, it is necessary to take into account the negative impact
of excessive solar irradiance and increased temperature on the culture, especially at the time of cultivation
start. To reduce the degree of stress impact of light and temperature factors on the culture of P. purpureum,
it is necessary to apply shading of ponds, cooling, and to increase their depth. In the autumn-winter period,
productivity directly depended on both the duration of daylight and the level of solar radiation; the culture
yield significantly decreased in December as compared to November, even with temperature stabilization
at the level optimal for culture growth (Table 1). And thus, in the late autumn period, the level of solar ir-
radiation was a factor significantly limiting the productivity of P. purpureum. During this period, it may be
suggested to reduce the working depth of the ponds and to use less concentrated nutrient media considering
the actual productivity of P. purpureum in order to reduce labor costs.

Conclusion

The production characteristics of the red microalga P. purpureum, the producer of a wide range of valuable
substances, have been determined during its cultivation in the autumn-winter and spring-summer periods in
the continental mid-latitude climate. The main factors limiting the growth and impacting the productivity
of microalgae cultures were primarily light and temperature conditions, which imposes additional require-
ments to the organization of the production process. In general, lower temperatures were well-tolerated by
P. purpureum, while higher temperatures, especially above 35 °C, were detrimental. A strong linear cor-
relation was found between total daily irradiance and maximum biomass productivity. The spring period is
favorable for the intensive growth of the P. purpureum culture. Whereas cultivation in the summer period
has certain potential; however, due to weather conditions, there is a risk of the culture death. Although the
productivity in the autumn-winter period is lower than in the spring, it is possible to obtain an additional
biomass yield. The obtained results demonstrated that the cultivation of P. purpureum, which does not
require high illumination and temperature, can become an alternative during the off-season when produc-
tion facilities are no longer used for the cultivation of more light-tolerant and thermophilic species in the
continental mid-latitude climate.

List of abbreviations

B-PE B-phycoerythrin
DW dry weight
PBPs phycobiliproteins
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