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Free amino acids (FAA) are a significant biochemical component of any cell. Their composition
and content depend on physiological state, abiotic environmental factors, and a developmental phase
of the organism. Their functions in plants are very diverse; those include participation in both the syn-
thesis of proteins and other compounds and the adaptation to adverse environmental conditions. Infor-
mation on the FAA dynamics is of key importance for understanding their role in formation of algae
resistance to varying environmental factors. The aim of this study is to determine the FAA content
in the brown alga Fucus vesiculosus and its seasonal changes, as well as to reveal the dependence on en-
vironmental factors and the alga developmental phase. The alga for research was sampled in the Kola
Bay littoral (the Barents Sea) during low tide once a month from December 2015 to December 2016.
The middle part of the thallus was used for the study. The FAA qualitative and quantitative composition
was determined by high-performance liquid chromatography. The FAA qualitative composition did not
change throughout the year; in the FAA pool, glutamic and aspartic acids, alanine, and proline prevailed.
The FAA content varied throughout the year; the maximum amount was recorded in spring—summer.
The FAA content depended on external environmental factors. The correlations were determined be-
tween the content of individual FAA and air temperature, water temperature, and salinity. The FAA dy-
namics in different developmental phases of F. vesiculosus was associated with processes occurring
in the alga; it is affected by growth rate, cell metabolic activity, photosynthesis rate, and generative
development. Each phase was characterized by its own dynamics of the FAA content. Based on the dy-
namics of the FAA concentration in F. vesiculosus, correspondences were found with the developmen-
tal phases — dormancy, growth activation, growth, and storage. Free glutamate and aspartate may act
as one of the reserve sources of organic nitrogen in this alga. Apparently, the transport of organic forms
of nitrogen in F. vesiculosus thallus is carried out by glutamate, aspartate, alanine, and proline.

Keywords: Fucus vesiculosus, free amino acids, seasonal changes, developmental phases, temperature,
salinity, Barents Sea
Amino acids are biochemical compounds necessary for the life of any organism. In the organism,
those are in two states — bound and free. Free amino acids (hereinafter FAA) are involved in the construc-
tion of protein and peptide molecules, as well as in the synthesis of nitrogenous and nitrogen-free com-
pounds — nucleotides, phytohormones, vitamins, alkaloids, betaines, pigments, polyphenols, efc. (Hilde-
brandt et al., 2015 ; Parthasarathy et al., 2018 ; Rhodes & Hanson, 1993 ; Zrenner et al., 2006). Moreover,
FAA act as signaling molecules (Lam et al., 1998 ; Oliveira & Coruzzi, 1999), are involved in plant adap-
tation to varying environmental conditions (Galili & Hofgen, 2002 ; Stewart & Larher, 1980), and serve
as antioxidants, osmoregulators, and cryoprotectants (Harris & Logan, 2018 ; Jackson & Seppelt, 1995 ;
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Stewart & Larher, 1980 ; Trovato et al., 2008). In algae, as well as in higher plants, FAA participate
in the transport of organic nitrogen along the thallus; those can act as reserve sources of nitrogen and be
accumulated for further use in growth and development during a period of its low content in the environ-
ment (Diouris, 1989 ; Naldi & Wheeler, 1999 ; Schmitz & Srivastava, 1979). FAA are involved in many
metabolic processes in plants and indicate the physiological state of an organism.

Fucus vesiculosus Linnaeus, 1753 is one of the most common algal species in the Barents Sea. Re-
cently, much attention has been paid to the study of its physiological peculiarities as a model object for in-
vestigating mechanisms of algal adaptation to high latitude conditions (Makarov et al., 2010 ; Ryzhik,
2016 ; Ryzhik et al., 2021 ; Tropin et al., 2003). However, data on the FAA content are scarce and mainly
obtained by single or duplicate algal sampling aimed at determining the possibility of their use as raw
material for various process industries (Repina, 2005 ; Klindukh & Obluchinskaya, 2018 ; Maehre et al.,
2014 ; Mouritsen et al., 2019 ; Peinado et al., 2014). At the same time, changes in the FAA composition
and content depending on external environmental factors and the plant developmental phase are almost
not described. Moreover, there is a lack of material on FAA significance and role for algae themselves.
These data are of key importance for understanding the FAA participation in formation of adaptation
and in maintaining organism stability in varying environmental conditions.

The aim of the work is to determine the FAA content in the brown alga F. vesiculosus and to reveal
its seasonal changes and dependence on environmental factors and the alga developmental phase.

MATERIAL AND METHODS

To study the seasonal dynamics of the FAA composition and content in the brown alga F. vesicu-
losus, the material was sampled monthly from December 2015 to December 2016 in the Kola Bay
littoral (the Barents Sea) during low tide (the Abram-Mys area; 68°58'N, 33°01’E). Alga samples
were fertile, with 7-10 dichotomous branches. Simultaneously, water and air temperatures were mea-
sured with a mercury thermometer (TL-4, Russia), and water salinity was measured with a salinity
refractometer (RHS-10ATC, China). For the study, the middle part of the thallus was used (the 4th
and 5" dichotomous branches) — as the most mature and active part. In the alga (5-6 thalli), a part
of the thallus was separated, cut, and fixed with 96 % ethanol. Fixed samples were stored in a dark
and cool place in sealed test tubes.

FAA were extracted from the samples with 70 % ethanol heated up to +60...+70 °C: the alcohol
extract was poured off, and the alga was grinded in a mortar with glass sand and then poured with 7 mL
of hot 70 % ethanol. The alga was infused with constant stirring for 1 h, and the mixture was centrifuged
for 5 min at 3,000 rpm to separate the precipitate. The extract was poured into an evaporating cup,
and the precipitate was refilled with hot ethanol. The extraction process was repeated 3 times. The re-
sulting extracts were combined and evaporated to dryness on a water bath. The precipitate was dissolved
in 10 mL of distilled water and centrifuged for 10 min at 5,000 rpm; the purification was carried out
by ion-exchange chromatography on a KU-2-8 cation exchanger (Metody, 1975). The dry precipitate
obtained after purification was dissolved in a small amount of distilled water and used to determine FAA.

The FAA composition and content were analyzed according to the standard method on a Shimadzu
LC-20AD Prominence liquid chromatograph (Japan) with a Shimadzu SPD-M20A Prominence photodi-
ode array detector and 250 x 4.6 mm Supelco C18 chromatographic column, 5 um (the USA) (Rudenko
et al., 2010). The measurement was carried out in two parallel samples in duplicate (n = 4).
Data on the FAA content are presented as “mean value + standard deviation.”
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The dry matter content in the samples was determined in duplicate according to the standard method:
an algal sample with a raw weight of about 1 g was dried to a constant weight for a day at a temperature
of +100...4+105 °C (GOST 26185-84, 2004).

Using the one-way analysis of variance (ANOVA), the effects of the season, air temperature, water
temperature, and water salinity on the FAA content in the alga were determined. Applying the Pearson
correlation coefficient, the relationship between the FAA content and salinity, air temperature, and water
temperature was identified. To establish significant differences in the FAA content in the alga in differ-
ent seasons of the year, the Tukey—Kramer multiple comparison test was used. The data were statisti-
cally processed at a significance level of p < 0.05. Data processing and calculations were carried out
in Microsoft Excel 2010, NCSS 2004, and PAST v3.22.

RESULTS

At the F. vesiculosus sampling site, data on variability of environmental factors were obtained (Ta-
ble 1). From spring to early autumn, water salinity did not exceed 20 %o; the lowest values were recorded
in May and June 2016. In winter months and in October, it varied within 20-30 %.. The obtained
data on the dynamics of coastal water salinity are typical for the southern bend of the Kola Bay (Kola
Bay, 2009). The highest water and air temperatures were recorded in June—August in the Abram-Mys
area. Minimum values of water temperature were registered in January—March, and of air temperature,
in November—April.

Table 1. Values of some environmental factors during alga sampling

Month and year Wa ter Water Air
salinity, %o temperature, °C temperature, °C

December 2015 19.5 +3.1 -1.2
January 2016 30 -1.5 -30
February 2016 25 -0.6 4.4
March 2016 18.5 -0.1 -3.8
April 2016 17 +1.3 -1.6
May 2016 7 +7.6 +15.3
June 2016 7.5 +14.2 +18.9
July 2016 12.5 +12.4 +13.8
August 2016 15 +11.1 +11.7
September 2016 17 +9.5 +10.7
October 2016 25 +4.9 +3.2
November 2016 17 +2.4 -1.6
December 2016 20 +2.3 +0.5

Throughout the year, 20 FAA were identified in F. vesiculosus thallus (Fig. 1, Table 2). The main part
of the FAA pool was represented by aspartic acid (aspartate), glutamic acid (glutamate), alanine, and pro-
line. The prevailing amino acid did not change throughout the year. Glutamic acid remained prevailing
one in the FAA composition — 33.9-70.6 % of the total amount of FAA and, accordingly, determined
the nature of the change in the total amount of FAA throughout the year. It was followed by aspartic
acid, alanine, and proline. In general, the concentrations of other FAA throughout the year did not exceed
2 %. The content of methionine and hydroxyproline in the FAA pool of F. vesiculosus was the lowest —
less than 0.009 mg-g™' dry weight.
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Fig. 1. Dynamics of concentration of dominant free amino acids and their sum in Fucus vesiculosus
(mean value * standard deviation; n = 4) throughout the year

The mean concentration of 12 FAA in F. vesiculosus varied significantly depending on the sea-
son (spring, summer, winter, and autumn). At the same time, the concentrations of valine, glycine,
leucine, isoleucine, serine, tyrosine, and phenylalanine did not differ significantly between seasons, de-
spite considerable differences in their content in each month of the year (Tables 2 and 3). In spring and/or
summer, the concentrations of aspartate, hydroxyproline, histidine, glutamate, methionine, and cys-
tine + cysteine were higher than in autumn and winter. In other FAA, the highest mean concentrations
per season were recorded not only in spring and summer, but also in autumn or winter.

Analyzing the annual dynamics of the FAA concentration in F. vesiculosus, one can distinguish
winter—spring, spring—summer, summer—autumn, and autumn—winter periods. In the winter—spring pe-
riod (from January to March), there was a gradual rise in the FAA concentration in the alga thalli (Fig. 1).
The content of all prevailing amino acids increased: glutamate, by 8.2 times; aspartate, by 1.6 times; ala-
nine, by 1.8 times; and proline, by 5.9 times. Alanine and proline concentrations had the maximum
values for the entire observation period.
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Table 2. Concentration of free amino acids in Fucus vesiculosus (mean value * standard deviation; n = 4), mg-g~! dry weight

. . 2015 2016
Amino acid December | January | February | March April May June July August | September | October | November | December
Arginine 0.027 = 0016+ | 0.023+ | 0.037% | 0.013+ | 0.040 £ | 0.049 = | 0.027 = | 0.043 + | 0.066 + 0.030+ | 0.041 £ 0.034 =
0.001 0.001 0.0005 0.001 0.001 0.002 0.002 0.0003 | 0.004 0.001 0.001 0.002 0.002
Valine 0.042 + 0.020+ | 0.024£ | 0.031 %+ | 0.034+ | 0.034+ | 0.041+ | 0.030+ | 0.026 + | 0.022 0.032+ | 0.024 + 0.025 £
0.0005 0.0001 | 0.0003 0.001 0.003 0.002 0.0004 | 0.002 0.001 0.001 0.002 0.001 0.002
Hydroxyproline 0.002 0.002 £ | 0.003 £ | 0.005% | 0.007 = | 0.009 = | 0.007 £ | 0.002 + | 0.005 + | 0.003 + 0.003 = | 0.005 £ 0.004
0.0002 0.0001 | 0.0002 0.001 0.0001 | 0.0004 | 0.00004 | 0.0001 | 0.0003 | 0.00004 0.00004 | 0.00005 0.0001
Histidine 0.028 * 0.033+ | 0.052%+ | 0.062% | 0.020+ | 0.064 = | 0.077 = | 0.041 = | 0.058 + | 0.045 + 0.011 = | 0.052 £ 0.048
0.002 0.0004 | 0.002 0.001 0.001 0.002 0.001 0.002 0.002 0.002 0.001 0.002 0.006
Glycine 0.048 = 0.017£ | 0023+ | 0.020+ | 0.041 £ | 0.027 = | 0.033+ | 0.033+ | 0.024 + | 0.021 0.031 = | 0.021 £ 0.025
0.001 0.001 0.001 0.001 0.003 0.002 0.002 0.001 0.002 0.0002 0.003 0.001 0.001
Isoleucine 0.021 £ 0.009 £ | 0.008+ | 0.008 = | 0.013%+ | 0.010%+ | 0.012% | 0.012+ | 0.013 + | 0.009 0.014 £ | 0.009 0.011 £
0.001 0.0001 | 0.0001 0.0003 | 0.0003 | 0.0005 | 0.0004 | 0.001 0.0001 | 0.0002 0.001 0.0005 0.0001
Leucine 0.019 = 0.008 £ | 0.009 £ | 0.006 = | 0.022 + | 0.008 + | 0.009 + | 0.014 + | 0.014 + | 0.006 + 0.020 = | 0.008 £ 0.015
0.001 0.0002 | 0.0001 0.0003 | 0.001 0.0001 | 0.0003 | 0.0001 | 0.002 0.0003 0.001 0.0005 0.0001
Lysine 0.023 = 0015+ | 0.011 £ | 0.006 = | 0.007 = | 0.012+ | 0.014 = | 0.010+ | 0.020 = | 0.005 0.019 = | 0.008 £ 0.011 =
0.0003 0.0001 | 0.0003 0.0002 | 0.001 0.001 0.0003 | 0.001 0.001 0.00001 0.0001 0.001 0.0001
Methionine 0.002 0.002 £ | 0.003 £ | 0.001 = | 0.004 £ | 0.003 + | 0.005+ | 0.003+ | 0.004 + | 0.002 0.003 = | 0.002 £ 0.002
0.0002 0.0002 | 0.0005 0.0002 | 0.00004 | 0.001 0.0002 | 0.0001 | 0.00003 | 0.000002 | 0.0002 | 0.00003 0.0001
Serine 0.081 % 0.052+ | 0.052% | 0.054 % | 0.056+ | 0.056 = | 0.066 + | 0.058 + | 0.048 + | 0.048 0.056 = | 0.059 £ 0.057 =
0.0002 0.001 0.003 0.002 0.003 0.003 0.002 0.0005 | 0.001 0.002 0.002 0.001 0.002
Threonine 0.045 £ 0022+ | 0022+ | 0.021 %+ | 0.049% | 0.025+ | 0.039+ | 0.043 + | 0.031 + | 0.033 + 0.044 £ | 0.036 = 0.026
0.001 0.001 0.0002 0.002 0.001 0.002 0.0003 | 0.002 0.001 0.0002 0.002 0.001 0.001
Tyrosine 0.024 0015+ | 0.017x | 0.005% | 0.064 = | 0.008 = | 0.009 + | 0.022 + | 0.017 + | 0.007 + 0.035 = | 0.006 £ 0.018 =
0.001 0.0001 | 0.0001 0.0001 | 0.003 0.0003 | 0.001 0.001 0.001 0.0001 0.0005 | 0.0002 0.003
Tryptophan 0.017 £ 0.014+ | 0014+ | 0.013%+ | 0.004+ | 0.008 = | 0.013+ | 0.009 + | 0.017 + | 0.013 0.014 £ | 0.012 = 0.012 £
0.001 0.001 0.001 0.001 0.0003 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0001 | 0.0001 0.0003
Phenylalanine 0.039 0081+ | 0.153+ | 0.024+ | 0.370+ | 0.040 = | 0.020 + | 0.101 + | 0.036 + | 0.016 + 0.149+ | 0.015 £ 0.124 £
0.001 0.002 0.003 0.001 0.032 0.0005 | 0.001 0.009 0.003 0.001 0.005 0.001 0.019
Cystine + 0.025 0.031 %+ | 0.060%+ | 0.043+ | 0.265+ | 0.090 = | 0.072+ | 0.051 + | 0.040 + | 0.032 0.070 = | 0.030 £ 0.057 =
cysteine 0.002 0.002 0.004 0.004 0.015 0.004 0.001 0.005 0.002 0.001 0.005 0.004 0.010
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Table 3. Mean concentration of free amino acids in different seasons and results of ANOVA
of the influence of the sampling season on the FAA content (n = 44)

. . Mean concentration per season, mg-g~! dry weight

Amino acid F.40 P Winter Spring Summer Autumn
Alanine 10.92 < 0.0001 0.425% 0.450%* 0.361%* 0.247
Arginine 7.69 0.0004 0.025 0.030 0.040%* 0.046%*
Aspartic acid 11.40 < 0.0001 0.525 0.701 1.106* 0.467
Valine 2.26 0.096 0.028 0.033 0.032 0.026
Histidine 3.40 0.027 0.040 0.049%* 0.059%* 0.036
Glycine 0.57 0.639 0.028 0.029 0.030 0.024
Glutamic acid 16.71 < 0.0001 1.889 4.468%* 4.278* 1.499
Isoleucine 1.24 0.309 0.012 0.010 0.012 0.011
Leucine 0.20 0.898 0.013 0.012 0.012 0.011
Lysine 4.82 0.006 0.015%* 0.008 0.015%* 0.011
Methionine 9.30 < 0.0001 0.002 0.003 0.004* 0.002
Proline 23.61 < 0.0001 0.371 0.816%* 0.371 0.604*
Serine 0.73 0.538 0.060 0.055 0.057 0.054
Threonine 2.95 0.040 0.029 0.032 0.038* 0.038*
Tyrosine 0.39 0.764 0.019 0.026 0.016 0.016
Tryptophan 6.49 0.001 0.014* 0.008 0.013* 0.013%*
Phenylalanine 1.29 0.291 0.099 0.144 0.053 0.060
Cystine + cysteine 5.93 0.002 0.043 0.133* 0.054 0.044
Hydroxyproline 15.60 < 0.0001 0.003 0.007%* 0.005 0.004
Total amount of FAA 19.03 < 0.0001 3.640 7.015% 6.556%* 3.212

Note: * denotes the highest values. Differences in the mean FAA concentration for the season were determined
according to the Tukey—Kramer multiple comparisons test (n = 44; DF = 40; a = 0.05).

In the spring—summer period (from April to June), significant changes in the FAA concentration
in F. vesiculosus were observed. In April, the content of prevailing amino acids (glutamic acid, ala-
nine, aspartate, and proline) decreased, as well as the content of arginine, histidine, and tryptophan.
The concentration of phenylalanine, threonine, cystine + cysteine, glycine, tyrosine, leucine, isoleucine,
and methionine increased (Fig. 1, Table 2). In May and June, FAA were accumulated. During this period,
the concentrations of glutamate and aspartate in the studied F. vesiculosus samples increased and reached
the highest values — (6.261 + 0.083) and (1.571 £ 0.021) mg-g"! dry weight, respectively. The content
of alanine and proline decreased; by June, their levels were equal to winter ones.

The summer—autumn period (from July to September) was characterized by a drop in the con-
tent of the total amount of FAA and most of individual FAA. Specifically, compared with the values
in early summer, the concentrations of glutamate, aspartate, and alanine decreased by 2—5.6 times, while
the content of proline, on the contrary, increased by 2.2 times.

In the autumn—winter period (from October to December), the FAA concentration in F. vesicu-
losus was low. In October, the total amount of FAA increased compared to that in September; it re-
mained stable until December — within a range from (3.327 * 0.056) to (3.421 + 0.098) mg-g!
dry weight. In January, the total amount of FAA in alga thalli decreased and reached its lowest val-
ues — (1.959 + 0.061) mg-g™! dry weight. The content of glutamate varied in a similar way during this
period reaching the minimum values for the year — (0.664 +0.013) mg-g~' dry weight (Fig. 1). By Decem-
ber, the concentration of alanine increased by 2.1 times compared to the value in September; in January,
it decreased by 1.2 times. In December—January, there was a gradual decrease in the content of both
aspartic acid and proline.
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DISCUSSION

In F. vesiculosus, three developmental phases are distinguished throughout the year — the dor-
mancy phase (autumn—winter), the growth phase (spring—early summer), and the storage phase (sum-
mer) (Kuznetsov & Schoschina, 2003 ; Ryzhik, 2016). Analyzing the nature of the FAA content changes
in the middle part of F. vesiculosus thallus obtained in this work, it is possible to distinguish the fourth
developmental phase by dividing the growth phase into two — the growth activation phase (winter—spring)
and the actual growth phase (spring—summer). Other phases coincide in time with those distinguished
earlier. F. vesiculosus developmental phases differ in the cell metabolic activity, intensity of photo-
synthesis, growth rate, and generative development. These alterations are aimed at performing cer-
tain processes in different seasons: in summer and autumn, at reproduction and preparation for win-
ter; in spring, at the thallus growth; and in winter, at a rest and adaptation to adverse environmental
conditions.

The dormancy phase of F. vesiculosus covers the autumn—winter period. At this time, the alga
is characterized by a minimum growth rate (September—February), as well as by formation, laying,
and slow development of reproductive structures (October—February) (Kuznetsov & Schoschina, 2003 ;
Makarov et al., 1995). The cell metabolic activity gradually decreases in autumn and is minimal in win-
ter. In late January and early February, physiological processes become more active, and the intensity
of photosynthesis increases (Kuznetsov & Schoschina, 2003 ; Ryzhik, 2007, 2016). For the FAA con-
tent in September—January, low concentrations of glutamic acid, aspartate, and alanine are characteristic.
This is due to low intensity of metabolism and photosynthesis and a lack of need for FAA as structural
elements. By changes in FAA, this period can be characterized as the dormancy phase as well.

Since January, the concentrations of glutamate, alanine, aspartate, and proline increase. For this time
period, a rise in the intensity of the cell metabolic activity and photosynthesis in F. vesiculosus was re-
vealed (Kuznetsov & Schoschina, 2003 ; Ryzhik, 2016). Apparently, a rise in the FAA content is related
to the preparation for the intensive alga growth since FAA are involved in building proteins. Probably,
the FAA stock at the early growth period will contribute to a more intensive growth of the alga thallus
area under low environmental temperatures. The nature of the FAA change in January—March coincides
with the alga preparation for the growth period and transition from the dormancy phase to the growth
one. This period can be considered as the growth activation phase.

The growth phase of F. vesiculosus lasts from March to June and is characterized by a maximum
growth rate of the alga thalli, intensive development of receptacles, and maximum values of the intensity
of photosynthesis (April-May) (Kuznetsov & Schoschina, 2003 ; Makarov et al., 1995). During this pe-
riod, there is a significant rise in the cell metabolic activity indicating active growth processes (Ryzhik,
2016). Plant growth is associated with a considerable need for nitrogen — a part of the amino acids and,
subsequently, of proteins required for building new cells. In F. vesiculosus, the meristematic tissue is lo-
cated in the apical areas of the thallus. As shown for Fucus species, photoassimilates, inter alia FAA,
are transported to apical areas of the thallus from its middle part (Diouris, 1989 ; Diouris & Floc’h,
1984). In brown algae, the rate of photoassimilate outflow into the growth area depends on a growth
rate of the thallus (Liining et al., 1973). As revealed, the beginning of intensive growth and, as a re-
sult, the FAA outflow from the middle part of the thallus into the apical areas depends on environmen-
tal temperature and can shift closer to summer in algae growing under lower temperatures (Klindukh
& Obluchinskaya, 2018). Apparently, a sharp decrease in the FAA content in April results from the on-
set of the intensive growth and an outflow of accumulated FAA from the middle part of the thallus

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2022 vol. 7 no. 3



Dynamics of free amino acids in the brown alga Fucus vesiculosus. .. 51

to the apical areas. The main participants of redistribution and transport of nitrogen along F. vesicu-
losus thallus seem to be glutamic and aspartic acids, as well as proline and alanine. In brown algae,
glutamate, aspartate, alanine, serine, and glycine are known to act as a transport form of nitrogen along
the thallus (Diouris, 1989 ; Schmitz et al., 1972 ; Schmitz & Srivastava, 1979). In May and June, the con-
tent of glutamate and aspartate increased significantly after a decrease in April, despite the continued
growth of the alga thalli. This may indicate a gradual decrease in a growth rate and a drop in a need
for amino acids. Moreover, this can be considered as an adaptation to the summer nitrogen deficiency
in the environment.

The algae of the southern bend of the Kola Bay do not experience a lack of nitrogen throughout
the year, but the competition for nitrogen increases greatly in late spring and in summer, and this results
in a decrease in its concentration in water (Kola Bay, 1997). In the thallus of the Barents Sea F. vesicu-
losus, nitrogen is mostly represented by organic compounds of a protein nature (Barashkov et al., 1966).
As shown, algae are able to accumulate FAA at high concentrations of inorganic forms of nitrogen in wa-
ter and to use them as reserve forms of nitrogen during its low concentrations (Angell et al., 2014 ; Naldi
& Wheeler, 1999 ; Park et al., 2013). This provides high growth rates and a possibility of forming a larger
number of reproductive cells (spores and gametes).

The storage phase in F. vesiculosus begins in July and lasts until September. During this period,
the alga completes its vegetative development; release of reproductive cells occurs, as well as restructur-
ing of metabolism and growth processes towards preparation for winter (Kuznetsov & Schoschina, 2003 ;
Ryzhik, 2016). In August, the second peak in dynamics of the cell metabolic activity is recorded (Ryzhik,
2016), and the content of dry matter, alginates, and fucoidan increases (Obluchinskaya et al., 2002).
In the storage phase, the FAA content in F. vesiculosus decreases. Out of prevailing amino acids, a drop
was revealed in glutamate, aspartate, and alanine. The concentration of proline, on the contrary, slightly
increased. During this period, FAA can be spent on the processes of growth and maturation of reproduc-
tive cells. Apparently, in the considered developmental phase, the FAA synthesis and protein formation
in F. vesiculosus slow down; this may be due to a need for accumulating reserve substances and the orien-
tation of metabolism towards the synthesis of carbohydrates rather than nitrogen-containing substances.
The decrease in the FAA content is also associated with the use of internal reserves of amino acids dur-
ing this period since the content of inorganic forms of nitrogen in the environment decreases (Kola Bay,
1997). A slight rise in proline in the storage phase can be caused by temperature fluctuations and periodic
desalination due to precipitation during low tides. Proline is known to be involved in osmoregulation pro-
cesses; it contributes to plant resistance to low temperatures (Munns, 2005 ; Naidu et al., 1991 ; Trovato
et al., 2008). An experiment with the green alga Ulva pertusa Kjellman, 1897 showed that significant
temperature fluctuations stimulate an increase in the content of free proline and slow down the plant
growth (Wang Q. et al., 2007).

The seasonal dynamics of the FAA content in F. vesiculosus is similar to that in the White
Sea Fucus sp., the Far Eastern Laminaria japonica Areschoug, 1851, the red alga Gracilaria ver-
miculophylla (Ohmi) Papenfuss, 1967 from the coast of France, the Antarctic brown alga Ascoseira
mirabilis Skottsberg, 1907, and the green alga Prasiola crispa (Lightfoot) Kiitzing, 1843 (Krupnova,
2002 ; Repina, 2005 ; Gomez & Wiencke, 1998 ; Jackson & Seppelt, 1995 ; Surget et al., 2017).
The listed algae are also characterized by prevalence of glutamate, aspartate, alanine, proline, thre-
onine, glycine, and taurine in the FAA pool. In the Scottish Palmaria palmata (Linnaeus) F. Weber
& D. Mohr, 1805, algae from the southern coast of the Mediterranean Sea, and the Sea of Japan brown
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alga Sargassum fusiforme (Harvey) Setchell, 1931, the reverse trend of the FAA accumulation was ob-
served — high content in the autumn—winter period and low content during spring—summer (Khaleafa
et al., 1982 ; Mohsen et al., 1975 ; Morgan et al., 1980 ; Nagahisa et al., 1994). Seasonal differences
in the accumulation and decrease of FAA in algae depend on both external environmental factors and a di-
rection of metabolic processes in a certain developmental phase. The FAA accumulation in autumn—win-
ter may be related to the occurrence of vegetative or generative cycle of algae development during this
period, as well as to participation of amino acids in the protection of cellular structures under sub-zero
temperatures (Jackson & Seppelt, 1995 ; Morgan et al., 1980 ; Nagahisa et al., 1994).

The onset of the developmental phases is largely determined by external factors. Low water and air
temperatures, as well as cloudiness reducing irradiance, delay the beginning of the vegetation period
in spring. Importantly, a delay in the beginning of intensive vegetation due to low water temperatures
results in a shift in the release of reproductive cells in summer (Kuznetsov & Schoschina, 2003).

Changes in the FAA content in F. vesiculosus were affected by both the general direction of metabolic
processes in a certain developmental phase and environmental conditions. The one-way analysis of vari-
ance revealed the effect of seawater salinity, air temperature, and water temperature on the FAA content
in F. vesiculosus thallus. The correlation coefficients have a positive linear relationship between water
and air temperatures and the content of arginine, aspartate, glutamate, and methionine. Those have a neg-
ative linear relationship between the salinity of seawater and the content of arginine, aspartate, histidine,
glutamate, and hydroxyproline. The total amount of FAA is also linearly dependent on air temperature
and water salinity (Table 4).

Table 4. Values of the Pearson correlation coefficient between the concentration of free amino acids
and external environmental conditions (n = 44; p < 0.05)

Amino acid Water temperature, °C Air temperature, °C Water salinity, %o
Arginine 0.60 0.62 —-0.52
Aspartic acid 0.66 0.58 -0.71
Histidine 0.33 0.39 —0.55
Glutamic acid 0.41 0.56 -0.73
Methionine 0.56 0.49 -0.41
Hydroxyproline 0.26 0.46 -0.71
Total amount of FAA 0.40 0.57 -0.74

Note: values in bold indicate medium to high correlation between variables.

For most algae of the Barents Sea, the optimal growth temperature is +10...4+15 °C (Voskoboinikov
et al., 2015). In general, the content of most FAA and their total amount in F. vesiculosus is higher
at temperatures optimal for growth (Tables 2 and 4, Fig. 1). The exception is March, with high FAA
content at low temperatures. This is probably due to the FAA accumulation in the middle part of the thal-
lus prior to the beginning of growth and their use as structural substances during the intensive growth.
An increase in the FAA content within a certain temperature range indicates that the intensity of the syn-
thesis of these compounds is higher than the rates of their catabolism. These ranges vary for differ-
ent algal species. Specifically, in the green alga Ulva fasciata Delile, 1813, the highest FAA content
was recorded at the optimal growth temperature of +25 °C (Mohsen et al., 1973). In U. pertusa, a rise
in water temperature, optimal for the growth, by 10 °C resulted in a 2.2-fold increase in the FAA con-
tent (Kakinuma et al., 2006). In the Antarctic green alga P. crispa and the northern Atlantic red alga
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Mastocarpus stellatus (Stackhouse) Guiry, 1984, the content of free proline increases during cold peri-
ods (Harris & Logan, 2018 ; Jackson & Seppelt, 1995). In these species, the amount of free proline
significantly rises as the environmental temperature drops below the freezing point of the cytoplasm
in cells: for P. crispa and M. stellatus, free proline acts as a cryoprotectant and increases resistance to freez-
ing. In F. vesiculosus, with a significant drop in environmental temperature in January 2016, the con-
tent of FAA, inter alia free proline, decreased (Table 1, Fig. 1). Thus, FAA are not directly involved
in the protection of the alga from sub-zero temperatures, but those may be precursors in the synthesis
of cryoprotectants during cold season.

The highest concentrations of proline and alanine were recorded in March. This is probably
due to the fact that these amino acids not only are accumulated as structural components for build-
ing proteins but are involved in protective reactions of algae in response to adverse external factors.
In autumn and spring, an increase in the concentration of proline and alanine may be related to fluctu-
ations in environmental temperature and irradiance. Low temperatures combined with high irradiance
can contribute to an increase in the content of reactive oxygen species. Proline and alanine are capable
of acting as antioxidants. As known, free proline in plant cells is involved in inactivation of reactive
oxygen species which are formed under various stress effects (Kaul et al., 2008 ; Matysik et al., 2002 ;
Saradhi et al., 1995).

Negative correlation between the concentrations of glutamate, aspartate, arginine, histidine, and hy-
droxyproline and water salinity indicates that this factor has a positive effect on the accumulation of these
amino acids under low salinity. Lack of a linear relationship between the concentrations of other FAA
and water salinity evidences that it is not a decisive factor for their content. Its effect is manifested only
within a complex of environmental factors. According to previous studies on F. vesiculosus from natural
populations, the content of free proline and other FAA depends on water salinity in the species habitats.
The concentration of free proline increased in the algae thalli from low salinity areas (Klindukh et al.,
2011). A spring decrease in water salinity had different effects on the FAA content in different parts
of the thallus (Klindukh & Obluchinskaya, 2018).

Changes in the FAA content in algae in response to a decrease in water salinity largely depend
on the species peculiarities and on the duration of the effect. Specifically, in U. pertusa and Pyropia hai-
tanensis (T. J. Chang & B. F. Zheng) N. Kikuchi & M. Miyata, 2011, exposure to low-salinity seawater
resulted in a decrease in the content of free proline; in Gracilaria corticata (J. Agardh) J. Agardh, 1852,
on the contrary, such an exposure caused a 2-fold rise (Kakinuma et al., 2006 ; Kumar et al., 2010 ;
Wang W. et al., 2020). The content of other free amino acids in algae changes during low salinity
as well. The effect of water of 4 %o led to a decrease in the content of prevailing FAA in Ectocar-
pus siliculosus (Dillwyn) Lyngbye, 1819; at the same time, the concentration of aromatic amino acids
and branched-chain amino acids increased (Dittami et al., 2011). In Cladophora vagabunda (Linnaeus)
Hoek, 1963, reduction of habitat salinity caused a rise in glutamate and lysine and a drop in aspartate,
threonine, valine, arginine, glycine, and histidine (Rani, 2007).

F. vesiculosus is found on the Barents Sea coast both in areas with oceanic salinity and in gulfs
and bays with constant low salinity (Malavenda & Voskoboinikov, 2008). Waters with a salinity
of 25.5-34 %o and 17 %o are considered optimal for growth of algae from marine and brackish-
water populations, respectively (Voskoboinikov et al., 2015). F. vesiculosus inhabiting the littoral
in the Abram-Mys area is constantly exposed to low salinity. For this alga, water of 15-20 %o is optimal
for growth and has no stressful effect on metabolism.
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During the period of minimum water salinity recorded, the content of most FAA and their total
amount in F. vesiculosus thalli was the highest throughout the year. In late spring and early summer,
the FAA accumulation occurs due to the storage of nitrogen required for growth and reproduction
in the summer season when its content in the environment decreases. Apparently, a severe drop in sea-
water salinity can contribute to an increase in the FAA content during this period reducing the inten-
sity of protein synthesis and, accordingly, affecting the intensity of alga growth, as well as contributing
to a rise in amino acid biosynthesis. Reduced salinity is known to slow down a growth rate of length
and mass of F. vesiculosus thalli and to cause an increase in the amount of individual total amino acids
in the alga (Munda & Garrasi, 1978 ; Nygard & Dring, 2008).

Conclusion. The qualitative composition of free amino acids in F. vesiculosus did not change through-
out the year. Glutamic and aspartic acids, alanine, and proline prevailed in the FAA pool. Changes
in the FAA concentration have a clearly pronounced annual dynamics which coincides with the main de-
velopmental phases of the alga. Higher concentrations are typical for most FAA in the spring—summer
period, and lower content is typical in autumn-winter. The FAA dynamics in different developmen-
tal phases of F. vesiculosus was associated with processes occurring in the alga; it is affected by growth
rate, cell metabolic activity, photosynthesis rate, and generative development. Each developmental phase
is characterized by its own dynamics of the FAA content. Based on the analysis of the FAA concentra-
tion, as well as literature data on the dynamics of other physiological parameters (growth rate and cell
metabolic activity), the following phases of F. vesiculosus development were distinguished: dormancy,
growth activation, growth, and storage. An analysis of the effect of environmental factors on the FAA
content allowed to assume the participation of FAA in the formation of the alga adaptation to fluctua-
tions in salinity and temperature of the environment. Apparently, in the brown alga, glutamic and aspartic
acids, which are accumulated in the middle part of the thallus in May—June, act as one of the reserve
organic forms of nitrogen. Probably, the transport of organic forms of nitrogen in F. vesiculosus thallus
is carried out by glutamate, aspartate, alanine, and proline.

This work was carried out within the framework of the state research assignment of Murmansk Marine Biological
Institute (MMBI RAS).
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JUHAMMUKA COAEPKAHUA CBOBO/IHBIX AMUHOKUCJIOT
B BYPOM BOJIOPOCJIM FUCUS VESICULOSUS LINNAEUS, 1753 BAPEHIIEBA MOPSI
B TEUEHUE I'OJIA

M. I1. Knunayx

MypMaHCKHii MOPCKOH OMOJIOTHUYECKUI MHCTUTYT POCCHIACKON aKa/leMUuH HayK,

Mypwmanck, Poccuiickas ®enepanus

E-mail: klindukh.maria@yandex.ru

Ceoboaubie aMUHOKHUCITOTH (CAK) SBIAIOTCS BaskHBIMH OMOXMMHUUYECKMMM COEIUHEHUSIMU JTIOOOM
kJIeTku. VX cocTaB M copepkaHue 3aBUCAT OT (PU3HOJIOTUUECKOTO COCTOSTHUSA, a0MOTHYECKUX (pak-
TOpoB cpeabl U (ha3bl pasButus opranuzma. Pynkuuu CAK B pacTeHHsIX OYeHb pa3HOOOPA3HBI
Y BKJTIOYAIOT y4YacTHe HE TOJILKO B CHHTe3¢ OCNIKOB W JIPYTMX COSAWHEHWH, HO W B aJIalTalyy BO-
Jopociell K HeOnarornpusTHeIM ycioBusM cpenpl. Ceenenust o auHamuke CAK BakHBI Uil TIOHU-
MaHUsl UX PoJd B (DOPMHUPOBAHUU YCTOMUMBOCTU BOAOPOCIEH K MEHsomMMcs (haKTopam Cpelsbl.
e ganHOTO MCccnenoBaHust — onpeaeauts conepxanvie CAK B 0ypoit Bonopocnu Fucus vesiculosus
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Y MX CE30HHBIE U3MEHEHMU 1 U BBISIBUTH 3aBUCUMOCTH OT (DAKTOPOB Cpejibl U (pa3bl pa3Butus pykyca. Bo-
JOPOCIH I71s1 U3ydeHusl cobrpaiu Ha sutopani Kosbekoro 3anmvBa bapeHiieBa Mops B ieproj OT/IMBa
pa3 B Mecstl ¢ nekadpst 2015 r. mo gekadps 2016 1. s uccneoBaHusI NCIIOIb30BAIU CPEIHION YacTh
tasioMa. KayectBeHHbII U KosmyecTBeHHbIN coctaB CAK onpeaesnsiiu MeTooM BeICOKOI(PEKTUB-
HOU XKUAKOCTHOU XpomaTorpacuu. Kauectsennsiii coctaB CAK B TeueHue roga He U3MEHSIICS; JOMU-
uupyoimmu B ysie CAK ObuTH IyTaMMHOBASI ¥ acriapariHOBast KUCJIOTHI, ajlaHuH u rpoJiuH. Coep-
xanre CAK m3MeHsI0ch B Te€UeHHE T0/]a; MAaKCUMAJIbHOE KOJIMYECTBO OTMEYEHO B BECEHHE-JIETHUI
nepuon. Conepxanue CAK 3aBuceno oT BHelHUX (paKTOpoB cpelpl. OnpeeseHbl KOppesLMOHHbIE
3aBUCUMOCTH MexXAy KOHLeHTpauusmu otaenbHeix CAK u TemmnepaTypoil Bo3ayxa, TeMIlepaTypoin
u cosiéHocthio Boabl. [uHamuka CAK B pasHble a3sl pa3BuTUs (yKyca CBsi3aHa C MPOUCXOISIIUMU
B BOJOPOCJISIX IIPOLIECCaMHU; Ha HeE BIUSIOT CKOPOCTh POCTa, KJIETOUHAS MeTa00IM4ecKasi aKTUBHOCTb,
CKOpOCTh (POTOCHHTE3a M TeHepaTUBHOE pa3BuTHe. I KaxkIoi 13 a3 pa3BUTHS XapaKTepHA CBOS
muHamuka conepxkannss CAK. Ha ocHoBannu nuHamuky koHneHTparw CAK y ¢ykyca HaiigeHsl co-
OTBETCTBHUS C (pazaMu pa3BUTHS (IIOKOS, AKTUBALMM POCTA, POCTA, HAKOIUIEHUS 3aMIACHBIX BELIECTB).
B kauecTBe 0JHOro W3 pe3epBHBIX UCTOYHUKOB OPraHUYECKOro a30Ta y (pyKyca, BOZMOXKHO, BBICTY-
AT CBOOOHBIN IJTyTamMar | acraprar. TpaHCIOpT opranndeckux (opM a3ora B TajuioMe Qykyca,
BEPOSITHO, OCYIIECTBIISIETCS 32 CUET IIyTamara, acraprara, aJJaHuHa U MPOJIMHA.

KuaroueBrnie caoBa: Fucus vesiculosus, cBOOOTHBIE aMHHOKHCIIOTHI, CE30HHBIE M3MeHEHM, (a3bl
Pa3BUTHS, TEMIIEPATypa, CONEHOCTh, bapeHrieBo Mope
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