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Currently, five diatom species from the genus Haslea are known to produce marennine pigments
which slightly differ in their physicochemical characteristics. The available data on these pigments
primarily relate to H. ostrearia, but given the biodiversity noted, it is important to analyze the pig-
ments in other representatives of the genus, specifically H. karadagensis, endemic to the Black Sea.
The aim of this study was to investigate the effect of nitrogen and phosphorus on the accumulation
of marennine-like pigments in H. karadagensis cultures. Literature data on the effects of these es-
sential biogenic elements on pigment accumulation in the cultures are conflicting. For the clones ana-
lyzed, the absence of a significant correlation was established between the specific productivity in re-
lation to the release of extracellular marennine and levels of nitrogen and phosphorus in a medium.
Growth rates and dynamics of extracellular marennine accumulation in H. karadagensis cultures
are determined.

Keywords: diatoms, Haslea karadagensis, marennine, biogenic elements, pigment accumulation,
specific productivity, cell abundance

Marennine is a water-soluble pigment produced by some diatoms from the genus Haslea. Pigments
of the marennine group are blue, blue-green, or grey-green in color, depending on the producer species,
and have antibacterial, antiviral, antiproliferative [Bergé et al., 1999; Carbonnelle et al., 1999; Gastineau
et al., 2012b, c], and antioxidant activity [Pouvreau et al., 2008]. Also, they exhibit allelopathy towards
bacteria, some microalgae, and invertebrates [Pouvreau et al., 2007; Prasetiya et al., 2016, 2020].

Despite practical interest in using marennine in oyster aquaculture on the Atlantic coast of France
[Gastineau et al., 2012¢, 2018] and more than a century of its study, the functional purpose, molec-
ular structure, and diversity of pigments of this group remain unclear. It is believed that the pig-
ment is capable of screening excess photosynthetically active radiation, thus acting as a photopro-
tector [Schubert et al., 1995]. Marennine is known to have 2 forms, differing in chemical com-
position and spectral characteristics [Pouvreau et al., 2006]. The intracellular form of this pig-
ment is accumulated in the apical parts of cells. The extracellular form of marennine released
from a cell into the environment has slightly different physicochemical properties and a lower
molecular weight. It has long been believed that the only species capable of producing marennine
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is Haslea ostrearia (Gaillon) Simonsen. The description in 2012 of a second marennine producer,
H. karadagensis Davidovich, Gastineau & Mouget [Gastineau et al., 2012a], recorded in the coastal
Black Sea area, initiated the study of the marennine diversity [Gastineau et al., 2014].

According to D. Neuville and P. Daste [1972; 1978], the release of marennine by H. ostrearia
is driven by unfavorable environmental conditions, especially nitrate starvation in the presence of light.
T. Lebeau [Lebeau et al., 2000] shares this opinion, claiming that insufficient nitrogen stresses cells
thus causing elevated pigment synthesis. R. Nghiem Xuan [Nghiem Xuan et al., 2021] confirms that
it is the limitation of silicon and nitrogen, rather than deficiency, that is responsible for a high concentra-
tion of extracellular marennine revealed in H. ostrearia cultures. Some authors explain a gain in the con-
tent of extracellular marennine in a culture by cell lysis when a significant cell density and deficiency
of nutrients are reached [Nghiem Xuan et al., 2020], ignoring the fact of the existence of two different
pigment forms. Other authors take a different view, claiming that the key factor of the marennine re-
lease is the amount and spectral composition of light [Mouget et al., 1999, 2004, 2005; Prasetiya et al.,
2016]. A rise in the marennine production was recorded with a decrease in the cell size of H. ostrearia
throughout its life cycle [Pedron et al., 2023]. Currently, five species capable of producing marennine-like
pigments are known. In addition to above-mentioned, those include H. provincialis Gastineau, Hansen
& Mouget [Gastineau et al., 2016], H. nusantara Mouget, Gastineau & Syakti [Prasetiya et al., 2019],
and H. silbo Gastineau, Hansen & Mouget [Gastineau et al., 2021]. Marennine-like pigments (here-
inafter marennine) exhibit some differences in their physicochemical characteristics [Gastineau et al.,
2014; Pouvreau et al., 2006]. The diversity of pigments determined the aim of the present work: to re-
veal the effect of nitrogen and phosphorus concentrations on the efficiency of the marennine production
and changes in the cell density in a culture of the diatom Haslea karadagensis which had not been
previously studied in this regard.

MATERIAL AND METHODS

In an experiment with the addition of biogenic elements, three clones of the marine di-
atom H. karadagensis were used: 23.1113-KS, 23.1129-KE, and 23.1227-KC. Those are descen-
dants of the parental pairs 22.1128-KC +23.1129-KU, 22.1129-KA +22.1129-KB, and 22.1228-KE +
22.1128-KH, respectively, from the Collection of Diatoms of the World Ocean (Karadag Scientific
Station, IBSS, https://ibss-ras.ru/about-ibss/structure-ibss/tsentry-kollektivnogo-polzovaniya/collection-
of -diatoms-of -world-ocean/). Clones 23.1129-KE and 23.1113-KS were characterized by higher con-
centration of extracellular marennine and cell density, while 23.1227-KC was less productive. On aver-
age, cell sizes for clones 23.1129-KE, 23.1113-KS, and 23.1227-KC were (15.3 £ 0.28), (48.5 £ 0.32),
and (56.1 + 0.28) wm, respectively.

Pure cultures were maintained under non-axenic conditions in 50-mL glass Erlenmeyer flasks.
A modified artificial ESAW medium (Enriched Seawater, Artificial Water) [Polyakova et al., 2018]
was used as a medium, with a salinity level of 20%o taken as standard cultivation conditions. Cul-
tures were grown at a temperature of +20 °C at two levels of illuminance, 3.3 and 7.2 klx, with
the aid of LED lamps LLED-05-T5-FITO-14W-W [ATL Business (Shenzhen) Co., Ltd., China].
The photoperiod was 14 h / 10 h (light / dark). Illuminance was measured with a lux me-
ter Yu-116 (USSR). To the flasks, 0.5 mL of inoculum with a cell density of 100 cells-mL™
was added.
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In six clones of H. karadagensis, for 20 days, the concentration of pigment released into the medium
was measured every 2 days. The cell concentration was estimated in a Fuchs—Rosenthal chamber.
The rate of cell division for the first 5 days was determined by a change in the cell density according
to the exponential growth model [Wood et al., 2005]. The rate of the marennine accumulation in cultures
for the same clones was calculated in a similar manner.

During the study, 24 different nitrogen concentration options and 29 phosphorus concentra-
tion options in 154 combinations were tested. For two clones, 12 combinations involving nitrogen
and phosphorus were tested at a higher illuminance (7.2 klx).

The main biogenic elements (nitrogen and phosphorus) were preliminarily excluded from the com-
position of the completely artificial ESAW medium; then, their required amount was added
in the form of NaNO3 and NaH,PO4 compounds. Concentrations in the medium were within ranges
of 0.136-43.2 mg-L™" for nitrogen and 0.014—4.481 mg-L"" for phosphorus. The modified ESAW
medium served as a control.

The duration of the culture growth in the experiments was 10 days, during which they were in the ex-
ponential growth phase, not reaching the stationary one. In this case, the release of extracellular maren-
nine by cells into the culture medium was intravital as evidenced by the absence of dead cells (empty
frustules). In a 10-day period, extracellular marennine was accumulated in the cultures in a concentration
sufficient for spectrophotometric analysis.

Non-specific absorption was extremely low, and this allowed the use of unfiltered medium containing
dissolved extracellular marennine for spectral analysis. Optical density was measured in a cuvette with
an optical path length of 2 cm. Absorption spectra were recorded with a PromEcoLab PE-5400UF
spectrophotometer (Shanghai Mapada Instruments Co., Ltd., China) and supplied Scan54 software.

To calculate the concentration of extracellular marennine in H. karadagensis according
to the Bouguer—Lambert—Beer law, we used the only currently known values of the molar extinc-
tion coefficient [¢677 = 120,000 L-mol™!cm™ for a wavelength of 677 nm] and the molar mass
[M = (9,893 = 1) Da] obtained for extracellular marennine in H. ostrearia [Pouvreau et al., 2006].
The wavelength of 677 nm corresponds to the maximum optical density in the red region of the spec-
trum for extracellular forms of marennine of both species. The cell concentration in the cultures
was calculated on the 10™ day of the experiment.

The mean values of extracellular marennine content, cell density, and specific cell productivity
in terms of extracellular marennine (hereinafter specific productivity) are given in the text and figures
taking into account the error of the mean.

RESULTS AND DISCUSSION

Under our standard culture conditions, exponential growth of H. karadagensis cells was recorded
for at least 5-6 days (Fig. 1A). This is consistent with the data of authors who reported, at different
nutrient concentrations, a late exponential phase on the 8™ day of cultivation [Pedron et al., 2023]. Sub-
sequently, growth was declining, and cells formed clusters making it impossible to accurately count them
in the following days.

During the first week, the marennine concentration in the culture also increased exponentially,
and during the following month, linearly (Fig. 1B). The graph of the accumulation rate of extracellular
marennine shows as follows: 5-8 days are required to obtain a pigment concentration sufficient for spec-
trophotometric analysis. During this period, the H. karadagensis culture is in the exponential growth
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phase, cells do not die, and only the extracellular form of the pigment is accumulated in the medium.
By the end of the month, clonal variability in terms of both cell density and extracellular marennine
concentration became evident.
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Fig. 1. The cell density growth (A) and extracellular marennine accumulation (B) in Haslea karadagensis
cultures under standard cultivation conditions. The legend indicates the names of the clones used

With a gain in nitrogen and phosphorus content, we recorded a drop in the concentration of extra-
cellular marennine accumulated in the medium. This dependence was approximated by an exponential
function with a high correlation (Fig. 2A, B). Furthermore, the cell density in the cultures significantly
decreased with an increase in nitrogen concentration (Fig. 2C), while a rise in phosphorus concentra-
tion in the medium within the studied range did not result in a decline in the cell density (Fig. 2D).
Our data are quite consistent with the results of other authors for H. ostrearia cultures [Lebeau et al.,
2000; Neuville, Daste, 1972, 1978; Nghiem Xuan et al., 2021].

In the cultures of the more productive clones, 23.1129-KE and 23.1113-KS, a mean of 1.8 mg-L‘1
of marennine was accumulated at a nitrogen concentration of 0.177—43.200 mg-L™!, phosphorus con-
centration of 0.018—4.784 mg-L™!, and illuminance of 3.3 klx. The mean cell density and specific
productivity were 77,197 cells-mL™" and 30 pg-cells™!, respectively.
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Fig. 2. The mean values of extracellular marennine content (A, B), cell density (C, D), and specific extra-
cellular marennine productivity (E, F) in Haslea karadagensis culture for different concentration of nitrogen
and phosphorus in the medium at the illuminance level of 3.3 klx. When approximating the data, concen-

trations of biogenic elements close to zero were excluded (0.136 pg-L~! for nitrogen and 0.014 pg-L™!
for phosphorus)

The less productive clone, 23.1227-KC, was characterized by the mean marennine concentration
of 1.25 mg-L™". In the experiments with this clone, the maximum nitrogen content (128.5 mg-L™)
was tested; however, it did not lead to a significant shift in the marennine concentration. No cell death
due to nitrogen poisoning was revealed.

For the illuminance level of 7.2 klx, the mean value of extracellular marennine concentration
was 3.14 mg-L™!. The cell density was 58,177 cells-mL"", and the specific productivity was 60 pg-cells™,
i. e., twice as high as at lower illuminance.
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At close-to-zero concentrations of biogenic elements, 0.136 mg-L™! of nitrogen and 0.014 mg-L™!
of phosphorus, the marennine production was minimal and averaged 0.51 mg-L™'. However, even
a slight increase in their content, nitrogen to 0.177 mg-L™" and phosphorus to 0.018 mg-L™, led
to the same concentration of cells and marennine in the medium as with a higher supply of biogenic
elements (Fig. 3).
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Fig. 3. The cell density in the Haslea karadagensis culture after 10 days of cultivation under low nitrogen
concentration

According to the data obtained, the specific cell productivity of the H. karadagensis culture for maren-
nine (its extracellular form) did not depend on the concentration of the main biogenic elements in a fairly
wide range, except for minimal values, and averaged about 30 pg-cells™ (Fig. 2E, F). As assumed, the key
factor limiting pigment production is illuminance, since marennine is believed to perform a photoprotec-
tive function by shielding chloroplasts from ultraviolet radiation [Schubert et al., 1995]. As noted above,
the spectral composition of light is also important: the marennine production significantly increased
when H. ostrearia cultures were illuminated with blue light compared to illumination with the control
white light [Mouget et al., 2005].

The density of diatom cells, according to some authors, is determined chiefly by the availability of sil-
icon [Nghiem Xuan et al., 2021]. The second crucial element affecting the cell density growth is phos-
phorus [Turpin et al., 1999]. In the ESAW medium we used, the silicon concentration was 3 mg-L‘l,
and it was quite sufficient for the consumption by cells during 10 days of cultivation.

The marennine accumulation in a medium was shown to depend on its composition [Nghiem Xuan
etal., 2020]. It was also noted as follows: if the medium contains both organic and inorganic sources of ni-
trogen and phosphorus, the marennine production is low. Importantly, the same as in our experiments,
an increase in nitrogen content to certain values initially favored the marennine synthesis, and subse-
quently inhibited the cell density growth and the pigment accumulation in the medium. The composition
of the ASW medium (Artificial Seawater) is most similar to that of ESAW. According to the data pro-
vided [Nghiem Xuan et al., 2020], a medium developed on the basis of the ES1/3 medium turned out
to be optimal for the marennine accumulation. Moreover, in the marennine synthesis, the role of both
the composition and the concentration of biogenic elements was significant.

In addition to their general theoretical value, the results obtained have practical significance
for biotechnology, in particular for the aquaculture of filter-feeding molluscs, such as oysters.
Marennine not only improves their organoleptic properties and increases their commercial value,
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but, being a biologically active substance, has a preventive effect: it protects against diseases [Gastineau
etal., 2012c, 2018]. Currently, biotechnology for the marennine production involving cultures of Haslea
representatives is not used; oyster farmers rely on natural and poorly predictable outbreaks of algae de-
velopment in ponds where these molluscs are kept. Notably, under natural conditions, it is impossible
to achieve such a high concentration of marennine as in laboratory cultures. Thus, in a field experiment,
when water supplied to oyster ponds was enriched with nitrogen, phosphorus, and silicon, the maximum
observed content of extracellular marennine was 2.7 mg-L™' [Turpin et al., 1999]. In a non-laboratory ex-
periment, the marennine concentration reached 3.4 mg-L_1 [Turpin et al., 2001]. In H. ostrearia culture
in a photobioreactor, the marennine content was an order of magnitude higher: 20-30 mg-L™" [Rossignol
et al., 2000].

Another noteworthy factor is clonal variability. In our study, three H. karadagensis clones were used,
and two of them exhibited higher productivity in terms of extracellular marennine synthesis. A similar
pattern of variation was recorded in experiments with H. ostearia [Mouget et al., 2005; Pedron et al.,
2023]. As found, the clones differed in cell size, and this indicates they were at different stages of the life
cycle. The highest productivity in terms of pigment accumulation was demonstrated by medium-sized
cells. The exact reasons for the variability are unknown, and this may become a topic for new research.

Conclusions. For the marennine-producing diatom Haslea karadagensis, we revealed no signifi-
cant correlation between nitrogen and phosphorus concentration in a medium and the specific pro-
ductivity in terms of extracellular marennine synthesis. Relatively low content of these biogenic ele-
ments, 0.177 mg-L™! of nitrogen and 0.018 mg-L™! of phosphorus, was sufficient for optimal growth
of H. karadagensis cultures and accumulation of extracellular pigment in the medium. An increase
in their concentration negatively affected the cell density growth and accumulation of extracellular
marennine in the culture.

The key drivers of the productivity of marennine accumulation were illuminance and, likely, clonal
variability. An increase in illuminance from 3.3 to 7.2 klx stimulated a nearly twofold boost in both ex-
tracellular pigment concentration and specific productivity. The effect of intraclonal differences requires
further study.

The study was carried out with the financial support of the Russian Science Foundation (project
No. 24-24-00054).

The work used the materials of the IBSS core facility “Collection of Diatoms of the World Ocean.”
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BJIMAHUE A3OTA U ®OCPOPA

HA HAKOIVIEHUE BHEKJIETOYHOT'O MAPEHHUH-ITOJJOBHOI'O IIMI'MEHTA

B KVJIbTYPE HASLEA KARADAGENSIS (BACILLARIOPHYTA)

E. C. Kupnenko, H. A. laBugoBuu

Kapaparckas HayuHas cranuus uMmenn T. U. Basemckoro — npupoanslii 3anoseguuk PAH —
uwman OULL UaBIOM, ®eonocust, Poccuiickas eneparms
E-mail: esk-00@bk.ru

B Hacrosiiiee BpeMs I3BECTHO NSITh BUJIOB IMATOMOBBIX Bojiopociielt u3 poaa Haslea, KOTopble Cioco0-
HbI IPOIYLIUPOBATh MUTMEHTHI MAPEHHUHBI, CJIETKa Pa3INyaiomuecs Mo CBOUM (PU3UKO-XUMUIESCKUM
XapakTepucTukam. VmMemomnpecs cBeJieHusI OTHOCSITCS TJIaBHBIM 00pa3oM K MapeHHuHy H. ostrearia.
IT0 JeNaeT akTyalbHbIM U3yYeHHUe MapeHHUH-TIOJJOOHBIX MMTMEHTOB Y IPYTUX MpeACTaBUTENeH po-
na, B yactHocTU y H. karadagensis — snnemuka YépHoro mops. Llenb uccnempoBanus 3aKkimovyanach
B aHA/IM3e BIUSHUSA a30Ta U hochopa Ha HAKOIJIEHUE BHEKJIETOUHOTO MapEHHUH-TI0J00HOTO ITUTMEH-
Ta B KJIOHOBBIX KyJbrypax H. karadagensis. Ciegyer OTMETUTh NMPOTUBOPEYUBOCTD JIUTEPATYPHBIX
JAHHBIX O BJIMSHUU 9TUX OCHOBHBIX OMOTEHHBIX JIEMEHTOB Ha HAKOIUICHHE MapeHHHUHA B KyJIbTypax.
Jns u3ydeHHbIX KJIOHOB H. karadagensis yCTaHOBJIEHO OTCYTCTBUE 3HAYMMOUN KOPPEJAIUU MEXKITY
yIeTbHOU MPOIYKTUBHOCTBIO KJIETOK B OTHOIIEHUH BbIIEIEHU I BHEKJIETOYHOT'O MAaPEHHUH-TIOJOOHOTO
MUTMEHTa ¥ ypOBHsIMU a30t1a u ¢ocdopa B cpene. OnpeiesieHbl TEMITHI pOCTa YUCIEHHOCTU KJIETOK
Y TMHAMUKa HAKOILJICHUS] BHEKJICTOUHOTO MTUTMEHTa B KyJIbTypax H. karadagensis.

KuroueBrble ciioBa: tuatoMoBbie Bogopoci, Haslea karadagensis, MapeHHIH, OUOTE€HHBIE JIEMEHTBHI,
HaKOIUICHHUE IMTMEHTA, yebHAs IPOIYKTUBHOCTD, YMCICHHOCTh KJIETOK
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