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Abstract. Regulation of the growth rate of Phaeodactylum tricornutum opens up prospects for the organization of effi-
cient industrial production of live feed biomass. We studied the effect of two plant hormones, indole-3-butyric acid
(3-IBA) and indole-3-acetic acid (3-IAA), on the growth and biochemical composition of Ph. tricornutum in an enrich-
ment culture. The effective 3-IBA concentration of 0.2 - 10 M increased the density of the culture by 373% on day 14
of cultivation compared to the control. High concentrations of 3-IAA either inhibited the development of the culture or
did not have a significant effect on its growth. A stimulating effect of exposure to 3-IAA at 0.1 - 10° M on the growth
was recorded on day 12 of cultivation and amounted to 328.2% compared to the control. A stimulating effect of 3-IBA
exposure on protein accumulation was recorded on day 4 of cultivation and amounted to 27.9% compared to the control.
A stimulating effect of 3-IAA on protein synthesis was recorded on day 12 of cultivation of Ph. tricornutum. The protein
concentration during this period was 1.2-fold higher than in the control. Indole-3-butyric acid did not have any effect on
lipid accumulation, compared to the control, throughout the cultivation time. On day 14 of cultivation under the exposure
to 3-IAA, the concentration of lipids was 1.5-fold higher than in the control and in the group exposed to 3-IBA.
Indole-3-butyric acid did not show any effect on the accumulation of carbohydrates in the Ph. tricornutum culture
throughout the cultivation period. On day 4 of cultivation, the carbohydrate concentration in the culture exposed to 3-IAA
increased by 240% compared to the control. At the end of the experiment (14 days), no significant differences between
the experimental cultures in the carbohydrate concentration were observed. For 8 days of Ph. tricornutum cultivation, the
chlorophyll concentration increased by 927.4 and 1 178.6% as a result of exposure to 3-IBA and 3-IAA, respectively.
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Hayunas cratbs

Bausinne pUTOropMOHOB ayKCHHOBOI'0 Psiia HA POCT
U Onoxummueckuii cocraB Phaeodactylum tricornutum Bohlin, 1897

Huxonaii Huxonaesuu Kosanee™,
Ceéemnana Eezenveena Jleckosa, Eezenuit Banepvesuu Muxees

Jlanvuesocmounvlii 20Cy0apCmeeHHblll MEXHUYeCKUll pblOOX03AUCEEHHBIIL YHUSEPCUMEN!,
Braousocmok, Poccus, kovalevnn6l@yandex. ™

AHHOTamus. Perymsmus ckopoctu pocta Phaeodactylum tricornutum OTKpBIBaeT NEPCIIEKTHBBI OpraHu3aniy 3¢ hex-
TUBHOTO MPOMBIIUIEHHOTO NPOM3BOJCTBA OMOMAcCChl B KQUECTBE JKMBOTO KOpMa A 00BbEKTOB MapUKyNbTyphl. Mc-
CJIEZIOBAaHO BIMSAHHUE ABYX (PUTOTOPMOHOB — HMHIOJ-3-MacisiHOM kucnotsl (3-MMK) u unmon-3-ykcycHol KHCIOTHI
(3-IYK) — Ha poct n Guoxumuyeckuii cocta Ph. tricornutum B HAKONUTENbHOH KynbType. DPPeKkTHBHAS KOHIICH-
tparust 3-FIMK 0,2 - 107 M noBbImana mIOTHOCT KyIbTYDEL, [0 CPAaBHEHUIO C KOHTPOJIeM, Ha 373 Y% Ha 14-¢ cyTku
KyIbTUBHpOBaHUA. Bricokne konnentpanun 3-UYK nHruéupoBany pa3sBuTHe KyJIbTypsl THO0 HE OKa3bIBaIN 3HAUM-
TeIBHOTO BIMAHHA Ha ee poct. CTumymupyromumii sbdexr pocra nox neiicteuem 0,1 - 10° M 3-MYK ormeueH Ha
12 cyTKM KyJIbTUBHPOBAHUS U COCTABUII, 110 CPAaBHEHUIO ¢ KOHTpoieM, 328,2 %. Ctumynupyromuii 23G(heKxT Ha HaKoI-
nenue Genka nox neiictsueM 3-MIMK nposBisuicst Ha 4 eHb KyJIbTUBHPOBAHUS M ObLT BhIe Ha 27,9 % 10 cpaBHe-
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HHIO ¢ KoHTposieM. Ctumysupyroumii d¢dekt 3-UYK Ha cunte3 Oenka npossisiics Ha 12 CyTKH KyJIbTHBUPOBAHUS
Ph. tricornutum. Konuentpauus 6ejka B 3ToT nepuox Obuia B 1,2 pasa 6oinbiue, yeM B KoHTpose. VHnon-3-mMacnsaHas
KHCJIOTa HE OKa3blBalla BIMSHUS HA HAKOIUICHUE JMIMIOB, IO CPABHEHHUIO C KOHTPOJIEM, B TEUEHHE BCErO BPEMEHU
KynpTHBUpOBaHusA. Ha 14 cytku xynbruBupoBanus noa neiictsueM 3-MYK konuentpanus aununos Osita B 1,5 pasa
OoubIlie, YeM B KOHTPOJIE U IpyIIe, KyIbTUBHpOoBaHHOM ¢ BHeceHneM 3-VIMK. Munon-3-MacisiHast KUCIOTa 3a BECh
TIepHo/ KyJIbTHBHPOBAHMS HE OKa3bIBala BIMSIHUS HA HAKOIUICHHE YTIIEBOJOB B KynbType Ph. tricornutum. Ha 4 cyr-
KM KyJIbTUBUPOBAHUS KOHLIEHTpALUs YIJIEBOLOB B KynbType nop aeiicrsueM 3-UYK Bospacrana Ha 240 % no cpas-
HEeHUIo ¢ KoHTpoieM. [To okoHuannu sKkcriepuMenTa (14 CyToK) ZOCTOBEPHBIX Pa3INYMil IO KOHIEHTPALMH YTIICBOIOB
B 9KCNIEPUMEHTANIBHBIX KyJIbTypax HE BBIIBIEHO. 3a 8 CyTOK KyNbTHUBUPOBaHUS Ph. tricornutum KOHIEHTPALUS XJIO-
podmia yBennuusanachk Ha 927,4 u 1 178,6 % nox mustauem 3-VIMK n 3-UVK cooTBeTcTBEHHO.
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Introduction

Cultured microalgae are an integral part of the
hatchery production of many farmed fish, shellfish and
other commercially important aquaculture species.
There is an extensive published literature on the use
of various microalgae strains as a source of bioactive
components, cultivation techniques, concentration, and
practical applications. In the last decade, aquaculture
production of bivalve culture has increased by 2.7% per
year on an annualized basis, while production of carniv-
orous fish species has increased by 8.4% annually [1].

Aquaculture enterprises producing juvenile finfish
and molluscs represent the most numerous microalgae
farms worldwide. Along with these, there is a trend
towards the use of microalgae as a micro-feed ingredi-
ent in formulated feeds for terrestrial animals.

The cultivation of bivalves does not require the use
of artificial feeds. However, shellfish cultivation is highly
dependent on the supply of live microalgae [2]. All devel-
opmental stages of bivalves are directly dependent on
microalgae as feed. Therefore, in bivalve farming, a num-
ber of microalgae strains are cultured for mother stock
rearing, conditioning, larval rearing and spat feeding.

The need for live microalgae during larval rearing is
considered a major bottleneck for the expansion of bivalve
hatcheries required for the growth of the industry. Produc-
tion of live microalgae is costly and labor intensive.

In addition, a diet of a single microalgae species is
not optimal to support different developmental stages
of bivalves, necessitating the cultivation of several
microalgae species [3].

The efficiency of microalgae cultivation is deter-
mined by the amount of biomass produced and its bio-
chemical composition. One of the ways to increase the
productivity of microalgae cultivation is the use of phy-
tohormones [4].

Auxins are key regulators of almost all plant growth
and development processes, including flower organ
formation, vascular tissue formation, shoot growth, pho-
totropism, and gravitropism. However, the mechanisms
determining these processes are still far from being fully
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understood. In general, it is believed that the formation
of plant organs is determined by local auxin gradients,
the creation of which involves PIN-family proteins that
control the directions of auxin fluxes and the general
distribution of auxin concentrations [5]. Several com-
pounds found in plants and having auxin activity are
known. These are primarily indole-3-acetic acid, with
much smaller amounts of indole-3-butyric acid and
phenylacetic acid, which have very weak activity. In-
dole-3-acetic acid is the major and universal auxin in all
plants. Auxin synthesis occurs in almost all plant tis-
sues, but its intensity varies greatly [6].

Rapid changes or fluctuations in auxin concentration
at the level of an individual cell can initiate or terminate
certain developmental processes. Auxins also mediate the
transmission of interactions between cells, tissues, and
organs over both short and very long distances [7, 8].

Auxin is an essential phytohormone that functions
as a signaling molecule to stimulate both growth and
developmental processes. The key role of auxin as an
integrator of environmental signals has become evi-
dent in recent years, and emerging evidence suggests
that auxin biosynthesis is an important component
of general mechanisms of plant stress tolerance [9].

Bioassays, high-performance liquid chromatog-
raphy, mass spectrometry, and some other physico-
chemical analyses, along with other indirect evidence,
prove the existence of auxin or auxin-like compounds
in many algal species [10, 11].

The presence and action of auxins have been shown
in both unicellular and multicellular algae [12-14].

Knowledge of the mechanisms of action of auxins
on unicellular algae opens the possibility of practical
application of exogenous regulators of metabolism in
increasing the bioproductivity of cell cultures.

The marine diatom Phaeodactylum tricornutum is
known as a model object for studying the of physiolo-
gy, biochemistry, and genomics of microalgae [15].
The ability of microalgae to accumulate a significant
amount of lipids, up to 30% of dry weight, is known,
which substantiates the potential use for biodiesel [16].
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Due to its high growth rate, the ability to accumulate
significant amounts of various metabolites such as pro-
teins, carotenoids, carbohydrates, polyunsaturated fatty
acids, this diatom is widely used as a live feed in aqua-
culture [17]. Previously, the stimulating role of salicylic
and abscisic acids in the increase of biomass and fatty
acids during the stationary growth phase was reported
for Ph. tricornutum [18, 19].

An analysis of available literature data has shown
a high potential for regulation of the biochemical com-
position of microalgae to be used in practical applica-
tions [20].

The objective of our study was to determine the opti-
mum concentrations of plant hormones, indole-3-butyric
acid (3-IBA) and indole-3-acetic acid (3-IAA), for the
growth of Ph. tricornutum and their effect on biochemical
parameters during the growth of microalgae.

Materials and methods

It our study, we used a culture of the diatom Phaeo-
dactylum tricornutum from the collection of the Far
Eastern State Technical Fisheries University (Dal’ryb-
vtuz), Vladivostok. The algal culture was grown
in the enrichment mode in an f/2 growth medium
prepared on filtered and sterilized seawater and
supplemented with solutions of basic mineral salts
(NaNO;; NaH,PO, - H,O; Na,SiOs - 9H,0), trace ele-
ments (CuSO, - 5H,0; ZnSO, - 7H,0; CoCl, - 6H,0;
MHC12 . 4H20, Na2M004 . 2H20, EDTA—Naz, FeCl3 . 6H20),
and vitamins (B, B, Byy) [19]. The algae culture was
maintained under constant conditions: temperature,
21-23 °C; illuminance, 8-10 klx; light: dark cycle, 8 : 16 h;
and periodic stirring (4-5 times a day).

We used 3-IBA and 3-IAA as growth stimulants
(Hebei Guanlang Biotechnology Co., Ltd, China).

Glass heat-resistant 1-liter conical flasks were used
as cultivators. At the beginning of the experiment, we

Density, 10° cells/ml

Days

poured 400 ml of pure filtered and sterilized seawater,
100 ml of microalgae culture, and a stimulant at the
studied concentrations into the flasks. One flask was
a control, i. e. the culture grew without the growth stim-
ulant added.

Microalgae were cultivated in a monoculture. In-
crease in algae biomass was detected as an increase in
the number of cells counted in each experiment in three
Goryaev’s chambers under a light microscope. The du-
ration of the experiment was 14 days.

Total carbohydrate content was estimated by the
method of acid hydrolysis of algae suspension sam-
ples, where formed monosaccharide units turned into
furfural derivatives which, after supplementing the
solution with L-tryptophan, formed colored complexes
that absorbed light at a wavelength of 540 nm [21].

Sample preparation for protein measurements was
carried out according to [22]. Protein content was meas-
ured by the Lowry’s method [23].

Total lipid content was measured by a method
based on the color reaction of aniline with lipids in an
acidic medium with intense color formation. Hydroxyl
and carbonyl were the chromogenic groups [24, 25].

Total chlorophyll was extracted by acetone extrac-
tion from pre-frozen algae biomass [25]. Quantitative
content of chlorophylls was measured spectrophotomet-
rically at wavelengths of 630, 647, 664, and 750 nm. As
a control, 90% acetone was used [26].

The results were processed using the Excel and
STATISTICA® 7.0 software packages.

Results and discussion

We assessed the effects of various concentrations
of 3-IBA and 3-IAA on the growth parameters of the
Ph. tricornutum culture (Fig. 1, 2).

Fig. 1. Density dynamics of the Phaeodactylum tricornutum culture exposed to 3-IBA (107> M): C — control
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Fig. 2. Density dynamics of the Phaeodactylum tricornutum culture exposed to 3-IAA (107> M)

Our study showed that 3-IBA in a concentration range
of 0.1-1.0 - 10”° M stimulated the growth of the microal-
gae culture. The most pronounced growth stimulation
effect was observed in the culture exposed to 3-IBA at
a concentration of 0.2 - 10~ M. The density of the culture
on day 14 of cultivation amounted to 13.67 - 10° cells/ml,
with the initial density of 1.25 - 10° cells/ml, which is
equivalent to a 1 093.6% increase. It should be noted that
the culture density increase in the control group for the
same period was 720.3% (Fig. 1).

An assessment of the effect of 3-IAA on the
growth of the Ph. tricornutum culture showed that
high concentrations of this plant hormone in different

Biomass, mg/ml
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o
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periods of cultivation either inhibited the development
of the culture or did not have a significant effect on its
growth. A concentration of 3-IAA equal to 0.1 - 10° M
had an insignificant stimulating effect on the culture
density (Fig. 2).

An assessment of the effect of the plant hormones
on the growth of the control Ph. tricornutum culture
showed a linear biomass growth within the first
10 days of cultivation, with a slowdown in growth
rates by day 14 of cultivation. The overall rate of bio-
mass growth over 14 days of cultivation amounted
to 444.9% (10.9 mg/ml) (Fig. 3, a).
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Fig. 3. Dynamics of the growth of the control Phaeodactylum tricornutum culture (a)
and the biomass of the cultures exposed to 3-IBA (b)
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Ending of fig. 3. Dynamics of the growth of the Phaeodactylum tricornutum culture
and the biomass of the cultures exposed 3-IAA (¢)

The stimulating effect of 3-IAA on the growth
of Ph. tricornutum biomass was observed throughout
the cultivation period (Fig. 3, ¢). The maximum growth
rate, which amounted to 0.62 - 10° cells/day, was rec-
orded in the period from days 8 to 12 of cultivation. The
total growth of microalgae biomass increased, compared
to the control, by 328.2% (8.6 - 10° cells/day).

The introduction of 3-IBA into the Ph. tricornutum
culture medium provided a maximum growth of mi-
croalgae biomass on day 12 of cultivation (Fig. 3, b).
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The biomass growth rate for this period amounted
t0 303.2% (6.7 - 10° cells/ml).

In our study, we assessed the effect of the plant
hormones on the biochemical parameters of the
Ph. tricornutum culture.

The dynamics of values of quantitative protein con-
tent in the control Ph. tricornutum culture showed
a sharp increase (922%) in the protein concentration
on day 4 of cultivation (Fig. 4), further cultivation did
not have a significant effect on this parameter.

8C
& 1BA
IAA

12 14

Fig. 4. Dynamics of values of quantitative protein content
in the Phaeodactylum tricornutum culture exposed to the plant hormones

The stimulating effect (1 179%) of 3-IBA on protein
synthesis by the microalgae culture was observed on
day 4 of cultivation. In this microalgae group, the pro-
tein concentration was by 27.9% higher compared to the
control. The further cultivation of microalgae with
3-IBA led to a 60% decrease in the values of the param-
eter by day 12 of cultivation.

The stimulating effect of the plant hormone 3-IAA
on the protein synthesis was recorded on days 8 and 12
of Ph. tricornutum cultivation. The protein concentra-
tion in these periods was 1.2-fold higher than in the
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control. A comparison of the effects of the two plant
hormones showed that 3-IAA on days 8§ and 12 of cul-
tivation was 1.3-1.6-fold more effective as a protein
accumulation stimulant than 3-IBA.

It should be noted that on day 14 of cultivation, the
control culture and the experimental cultures did not
differ in terms of protein concentration.

An assessment of the effect of the plant hormones on
the stimulation of lipid accumulation showed that
throughout the cultivation time 3-IBA did not have any
effect on this parameter compared to the control (Fig. 5).
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Fig. 5. Dynamics of values of quantitative lipid content
in the Phaeodactylum tricornutum culture exposed to the plant hormones

In both groups, the maximum accumulation of lipids
was observed on days 12-14 of cultivation: 260-280%
relative to the data at the beginning of the experiment.

Within the first 12 days of cultivation, both plant
hormones under study equally stimulated the lipid ac-
cumulation in the Ph. tricornutum culture. However,

Carbohy drate, pg/ml

Days

on day 14 of cultivation with the exposure to 3-IAA, it
amounted to 40.3 pg/mL, which was 1.5-fold greater
than in the control and in the group exposed to 3-IBA.

When assessing the quantitative content of carbo-
hydrates, we observed a nonlinear increase in values
of this parameter on day 14 of cultivation (Fig. 6).

gc
& IBA
@ 1aA

Fig. 6. Dynamics of values of the quantitative content of carbohydrates
in the Phaeodactylum tricornutum culture exposed to the plant hormones

The maximum carbohydrate accumulation in the con-
trol culture was recorded on days 4 and 14 of cultivation.
However, on days 8 and 12, there was a 1.6- and 1.2-fold
decrease, respectively, compared to day 4 of cultivation.

During our study, we found that 3-IBA did not have
any effect on the carbohydrate accumulation in the Ph. Tri-
cornutum culture within the first 12 days of cultivation.

However, on day 14 of cultivation, the increase in
carbohydrate concentration was 82.2% relative to the
initial value in the starter culture. However, the values
obtained did not differ from those for the control group.

The effect of 3-IAA on the carbohydrate accumula-
tion in the microalgae culture was similar to that de-
scribed for 3-IBA. On day 4 of cultivation, the concen-
tration of carbohydrates in the culture increased by
240% compared to the control. On days 8 and 12
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of cultivation, there was a 3.0-2.4 decrease in the car-
bohydrate concentration, respectively, compared to the
values on day 4 of cultivation. At the end of the exper-
iment (14 days), we did not find significant differences
in the carbohydrate concentration between the experi-
mental cultures (Fig. 6).

Synthetic and metabolic processes in microalgae
are determined by the efficiency of photosynthetic
processes, including the chlorophyll concentration.

As our study showed, the chlorophyll concentra-
tion in the experimental and control cultures increased
within the first 8 days of Ph. tricornutum cultivation.
For the control culture and the culture exposed to
3-IBA, the increase in chlorophyll concentration was
842.9 and 927.4%, respectively (Fig. 7).
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Fig. 7. Dynamics of values of the quantitative chlorophyll content
in the Phaeodactylum tricornutum culture exposed to the plant hormones

In the microalgae culture exposed to 3-IAA, the in-
crease in chlorophyll concentration proved to be more
significant and amounted to 1 178.6%. The further cultiva-
tion to 14 days did not cause significant changes in the
chlorophyll concentration in the culture exposed to 3-IBA.

However, in the control culture and the culture ex-
posed to 3-IBA, the chlorophyll concentration de-
creased on days 12 and 14 of cultivation.

Conclusion

In this study, we assessed the effects of auxin plant
hormones (indole-3-butyric acid and indole-3-acetic
acid) at various concentrations on the microalga Phae-
odactylum tricornutum.

The study of the effect of auxin hormones on the
growth of Ph. tricornutum showed that 3-IBA at a con-
centration of 0.2 - 10° M had the greatest stimulating
effect on the microalgae growth at 14 days of the exper-
iment. We found that 3-IAA at high concentrations ex-
erted an inhibitory effect on the growth of the culture.
The stimulating effect on the microalgac growth was
recorded for 3-IAA at a concentration of 0.1 - 10> M.
Also, we observed a stimulating effect of 3-IAA at this
concentration on the growth of Ph. tricornutum during
14 days of cultivation.

An assessment of the effect of the auxins under
study on the biochemical composition of Ph. tricornu-
tum showed a stimulating effect of 3-IAA on the protein

increase on day 12 of cultivation. The protein concen-
tration was 1.2-fold higher compared to the control
group. We found that 3-IAA exerted the most pro-
nounced stimulating effect on the accumulation of lipids
in the culture. The lipid content in this group on day
14 of the experiment was 1.5-fold higher than in the
control. Also, 3-IAA had the maximum effect on the
carbohydrate content of the culture. The maximum val-
ue of this parameter, recorded on day 4 of the experi-
ment, was 1.5-fold higher than the carbohydrate content
in the control group. The positive effect of 3-IAA on the
dynamics of chlorophyll accumulation in the medium
compared to 3-IAA and the control group deserves spe-
cial mentioning. The maximum for this parameter in the
case of 3-IAA exposure was recorded on day 8 of the
experiment.

As a result of our study, we found that 3-IAA has
a positive effect on the growth of Ph. tricornutum. We
observed a multidirectional action of both 3-IBA and
3-IAA at optimum concentrations on the biochemical
parameters of Ph. tricornutum.

Thus, the study has made it possible to identify the
effects of the plant hormones of different chemical
natures on the growth characteristics of Ph. tricornu-
tum. We have determined the effective concentrations
of the plant hormones and their effects on the culture
growth and on the biochemical composition of the
cultures of the microalgae species analyzed.
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