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Vegetative plants in Yakutia are naturally frozen when they are covered with snow in the fall, and
they function as green cryo-fodder that is a source of biologically active substances and nutrients for
herbivorous animals. We observed a considerable increase in the total fatty acid content in the leaves
of Avena sativa, Elytrigia repens, Equisetum variegatum and Equisetum scirpoides during the fall period.
However, the degree of unsaturation of fatty acids was not higher in the frozen plants covered with
snow than in the summer plants, with the exception of E. scirpoides, a dwarf horsetail found in the
Pole of Cold in the northern hemisphere. In the internal adipose tissue of the Yakut horse (young
horse meat), 18 fatty acids were found, including 10 saturated ones. Monounsaturated oleic C18:1 (n-9)
acid and polyunsaturated a-linolenic C18:3 (n-3) acid were equally prevalent among the unsaturated
fatty acids, accounting for 70% of the total unsaturated fatty acids. This composition of polyenoic fatty
acids in the internal adipose tissue indicates that the Yakut horse actively feeds on the fall vegetation
and the wintergreen sedge-grass. We believe that the high plant-specific free fatty acid content in the
tissue of Yakut horses may play an important role in the regulation of their resistance to long-term
low-temperature stress.

Key words : Adaptation, cryoresistance, fatty acids, grass plant, Yakut horse

Introduction zone) here.

Plant developed various adaptive and defensive mecha-

In the territory of Central and North-East Yakutia (the
Siberian region), plants and animals face with the influence
of virtually extreme cold conditions. Long-term winter frosts
of high degree with temperature ranged from -40 up to 45C
(with air temperature absolute minimum up to -68) and
a small amount of snowpack caused by the arid harsh con-
tinental climate formed the eternal frost zone (cryolithic
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nisms to survive under adverse growth conditions [7]. In
such conditions, in particular during cold hardening the lo-
cal plants acquired the ability to accumulate large amounts
of various substances - proteins, carbohydrates, lipids (fatty
oils), carotenoids, vitamins and many other products of sec-
ondary metabolism. This ability is largely used by people
and animals for nutritional purposes and for the support
of a considerable part of their energy demands; it serves a
source of valuable fatty acids (FAs) as well.

Since the time when the hypothesis about the role of
membrane lipids in adaptation appeared [24, 31], the ex-
tensive experimental evidences concerning the influence of
external conditions on their structure and composition has
been collected [14, 21]. Under stress conditions, the regu-
lation of membrane functionally active labile state is proved



520 BBULRIX| 2016, Vol. 26. No. 5

to depend on the ratio of the phospho- and galacto-lipids
[5, 39].

In cell membranes, mainly the FAs of the lipid molecules
regulate its adaptation to the low-temperature stress [32, 37,
40]. This happens thanks to the activity of special enzymes
called desaturases which is involved in classical mechanisms
of hypothermia resistance [23, 27]. Membranes are the crit-
ical target at low temperatures. Cold acclimation results in
their stabilization, which prevents cells death. Membrane
fluidity depends directly on the changes in temperature.
Changes in membrane lipid composition caused by low-tem-
perature stress causing increase in FA unsaturation are most
frequently observed. These changes allow maintaining the
membrane fluidity and are essential for the survival of
plants under low temperature stress [23, 26].

The main influence of low temperatures on cell mem-
brane lipids is connected with an increase in the content of
linoleic and a-linolenic acids and a decrease in the content
of palmitic acid. Linoleic and a-linolenic acids are un-
saturated FAs with two and three double bonds, respectively.
Such apparent changes in membrane lipid composition play
an important role in membrane fluidity changes. The analy-
sis of Arabidopsis wild type lines and fatty acid desaturase
(FAD) mutant lines shows that the degree of FA unsatura-
tion or double bond index (DBI) correlates well with the
membrane fluidity [41]. It has been supposed that membrane
fluidity, protein conformation, cytoskeleton depolymeriza-
tion and metabolic reactions are the temperature-sensitive
devices [34]. The FA unsaturation levels which affect the
membrane fluidity in cell membranes was considered as an
important component of the temperature-sensing machinery
[33].

At the same time up to now the specific data about the
seasonal changes in the amounts of total lipids and their
FA composition in naturally frozen fall vegetative herba-
ceous plants of Yakutia as well as about the influence of
such type of cryo-fodder on the metabolism of herbivores
are very limited. More detailed studies of these issues could
contribute to the development of our earlier proposed hy-
pothesis of the formation of a plant cryoresistance to
low-temperature stress and its high nutrient value in the fall
and winter under conditions of cryolithic zone [29, 30]. Thus,
the purpose of the present work is to study the role of fatty
acids in the regulation of the adaptation of both Yakutian
plants and horse to hypothermia under conditions of cry-

olithic zone in Yakutia.

Materials and Methods

Materials

The leaf parts of cultivated oat (Avena sativa L.), couch
grass (Elytrigia repens L.), variegated horsetail (Equisetum var-
iegatum Schleich. ex Web.) and dwarf horsetail (Equisetum
scirpoides Michx.) as well as the internal fat of the Yakut do-
mestic horse (Equus ferus caballus L.) which feeds on above
indicated fodders have used as materials for our study.

The cultivated oat (A. sativa) was grown in the experi-
mental field (2010-2012) located in the middle bottomland
of the Lena river (Central-Yakut floristic region, the outskirts
of the city of Yakutsk, 62° N latitude and 130° E longitude).
The green parts (leaves) of the plants grown during the
standard seeding time (the end of May) and the late seeding
time (the middle of July) were picked up in the beginning
of August (Fig. 1A) in the first case, and in the middle of
October (Fig. 1B) in the second case (the latter is the time
of snow cover formation). The wild coach grass was picked
up in the same area, on the meadow, during the same period
as for the cultivated oat. The samples of fall- and win-

ter-green horsetail species (2010-2013) were picked up in a

Fig. 1. The photographs of Avena sativa L. plants. A, taken in
the beginning of August; B, in the middle of October
when is the time of snow cover formation.



few river bottomlands in North-East Yakutia (Yano- Indigyr
floristic region, the outskirts of the city of Verkhoyansk, the
Tuostakh River middle course area, 67° N latitude and 137°
E longitude) in the summer (the middle of July) and in late
fall (the end of October) from under snow. Cereal leaves
and horsetail cuttings (aerial parts) were fixed in liquid ni-
trogen and kept for further experiments after freeze-drying
(VirTis, USA). The samples of the internal adipose tissue of
the young domestic horse (young horse meat) were taken
frozen from the killed animals in Central Yakutia in the be-

ginning of winter (November, 2012).

Lipids extraction

Lipids extraction was carried out according to the modi-
fied method [37] with the use of the chloroform/meth-
anol/water solvent system (1:2:0.8 v/v/v) with the anti-
oxidant 0.001% ionol. The output of lipids was controlled
using the internal standard, C19:0 acid, which was not dis-
covered in the studied plant tissues. Rotary evaporator
RVO-64 (Czech Republic) was used to remove chloroform

from the lipid extract.

Methylation

To obtain the FA methyl esters (FAMEs), 1% H;SO; meth-
anol solution was added to the lipid extract after the solvent
removal. The obtained mixture was heated for 30 min in
a water bath at 55°C. After cooling, FAMEs were three times
extracted with hexane. The hexane extract was concentrated
with the rotary evaporator, and FAMEs were cleaned by
TLC method using KSK silica gel glass plates [1]. Benzene

was used as a developing solvent.

GC-MS analysis

The analysis of the obtained FAMEs was carried out by
a gas-liquid chromatographic method using chromatograph
mass spectrometer 5973N/6890N MSD/DS Agilent Technol-
ogy (USA). A highly polar capillary column HP-INNOWAX
(30 m x 250 pm x 0.50 ym) was used for separation. Statio-
nary phase was polyethylene glycol. Mobile phase was heli-
um with gas flow velocity of 1 ml min”. Temperature of
evaporator was 250°C, ion source was at 230°C, detector was
at 150°C, and AUX line was at 280°C. Scanning range was
41-450 am.u. Mode split is 5:1. One pl of the hexane extract
was injected into capillary column. The chromatographic
procedure was carried out in isocratic mode at 200°C. The

registration was performed by the total ion current (mode

Journal of Life Science 2016, Vol. 26. No. 5 521
SCAN).

Identification and calculation of integral indices

FAME identification was carried out using the calculation
of the equivalent length of the aliphatic chain [5]. For com-
parison the mass spectra library (NIST 08, Wiley 7, Christie)
was used, and the retention time of the analyte was com-
pared with that of standard compounds (Supelco®37, USA)
when necessary. The abundance of FAs was determined in
weight percentage of their total content among the sample
under study. The content of FAMEs in the samples and the
content of lipids in each fraction were determined by
weighting using electronic balance GR-120 (A&N Company
Ltd., Japan).

To estimate the degree of unsaturation of FAs, unsatura-
tion coefficient (UC) and DBI was used [25]:

UC = X Pusta / 2 Pe, where X Py is the summation
of the percentage (weight %) of each unsaturated fatty acid
(usfa) for all usfa, and X P is that of saturated fatty acid
(sfa) for all sfa;

DBI = X Pj nj / 100, where P; is the percentage (weight
%) of j" usfa and n; is the number of double bonds in the
same usfa, and DBI is the summation of P; n; / 100 for all
j usfas.

The activity of the acyl-lipid @9, w6, and w3 membrane
desaturases responding for the introduction of double bonds
into carbon chains of oleic (C18:1(n-9)), linoleic (C18:2(n-6))
and a-linolenic (C18:3(n-3)) FA was estimated by the deter-
mination of the SDR (stearoyl desaturation ratio), ODR
(oleoyl desaturation ratio), and LDR (linoleoyl desaturation
ratio), respectively [17], where

SDR = (%C181) / (%C18:0 + %C18:1);

ODR = (%C182 + %C183) / (%C18:1 + %C18:2 + %C18:3);

LDR = (%C18:3) / (%C18:2 + %C18:3).

Statistical analysis

The average data from 4 independent experiments and
their standard deviations are shown in the tables. Reliability
of the differences of the compared average values was esti-
mated using t-criterion (p<0.05). The hypothesis concerning
normality of the distribution was verified using Shapiro-
Wilk test.

Results

We studied first the FA composition of A. sativa leaves
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two times per year: one in the beginning of August
(summer) and the other in the middle of October (fall) when
is the time of snow cover formation as shown in Table 1.
Total FAs were represented by 13 acids, and 8 of them were
saturated and 5 of them were unsaturated.

In the FA composition, palmitic acid (C16:0) prevailed
among the saturated FA; in the fall, its content increased
by 20% in comparison with its amount observed in the
summer. In the cultivated oat, high FA UC is composed,
mainly, by a-linolenic (C18:3 (n-3)) and, to a lesser extent,
linoleic (C18:2 (n-6)) acids. The contribution of the a-linolenic
and linoleic acids to the oat FA balance in all seasons was
61-67% and 10-11%, respectively. Despite the fact that the
value of some indices, especially of UC and SDR, decreased
during the fall period, at large, a considerable increase in
both total FA absolute content (2-fold) and unsaturated FA
one (1,8-fold) took place in leaves. This increase causes a
much higher nutritional value of late seeded and gathered
plants in comparison with their summer picking.

The study of FA content in E. repens leaves (Table 2) gath-
ered during the vegetation period and the period of dy-
ing-off of the aboveground organs, found 14 and 10 in-

dividual FAs, respectively. Along with the most wide-
ly-spread C16:0 palmitic acid, the following saturated FA
were always present: C12:0 lauric, C14:0 myristic, C18:0 stea-
ric, C20:0 arachic and C22:0 docosanoic acids. C16:1 palmito-
leic, C18:1 (n-9) oleic, C18:2 linoleic and C18:3 linolenoic
acids were discovered in all cases among the unsaturated
FA like in A. sativa. Besides, the two latter ones were prevail-
ing comprising all together 44% in the fall and more than
67% in the summer. At the same time, in the fall, C20:1 eico-
senoic acid and the unique C18:1 (n-7) cis-vaccenic FA dis-
appeared in E. repens. A sharp decline in unsaturated FA
in E. repens leaves at the end of vegetation leads to the sig-
nificant decrease in UC, DBI and SDR characterizing at that
a substantial decrease in its feeding values. At the same time,
total FA content in the fall plants, in comparison with the
summer ones, was higher by 30% because of intermittent
growth of saturated FA content (2.9-fold), first of all, of pal-
mitic acid. The qualitative FA composition in E. variegatum
appeared to be more diverse (Table 3). In the summer, 18
individual FA were identified in these species, and in the
fall, there were 15 FA identified. Unlike the case with cereals,
in E. variegatum, in addition to standard FA including the

Table 1. Total lipid fatty acid content in Avena sativa leaves (Central Yakutia)

) August October
Fatty acids - - - -
mg/g dry weight weight content % mg/g dry weight weight content %

C12:0 0.35+0.01 0.41+0.69 0.90+0.03 0.54+0.27
C14:0 0.55+0.00 0.65+0.10 1.27+0.03 0.77+0.27
C15:.0 0.10+0.00 0.12+0.02 0.34+0.01 0.20+0.02
C16:0 12.91+0.09 15.32+0.52 30.46+1.04 18.35£2.38
Cl6:1 2.43+0.02 2.88+0.11 3.34+0.08 2.01+0.03
C17:0 0.09+0.00 0.11+0.01 0.39+0.01 0.24£0.09
C18:0 1.14+0.01 1.35+0.22 5.18+0.21 3.12£143
C18:1(n-9) 1.43+0.01 1.70+0.11 3.39+0.04 2.0410.25
C18:1(n-7) 0.20+0.00 0.24+0.01 0.38+0.02 0.23+0.11
C18:2(n-6) 8.53+0.07 10.12+0.15 17.99+0.25 10.84£0.75
C18:3(n-3) 56.16+0.48 66.63+1.38 101.46+2.05 61.14+1.30
C20:0 0.12+0.00 0.14+0.03 0.38+0.00 0.230.02
C22:0 0.28+0.00 0.33£0.02 0.48+0.01 0.29+0.02
> 84.29+2.68 100 165.96+3.41 100

> sfa 15.54+0.30 18.44+1.15 39.40+1.00 23.74+1.72
> usfa 68.75+1.71 81.56+1.38 126.56+2.43 76.26£1.93
ucC 442 3.21
DBI 2.25 2.10
SDR 0.56 041
ODR 0.98 0.97
LDR 0.87 0.85

Values are mean * standard error (n = 4). X, summation of data for all fatty acids; > sfa, summation of data for saturated
fatty acids; 2. usfa, summation of data for unsaturated fatty acids. For the meaning of other symbols and abbreviations see

Experimental section.
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Table 2. Total lipid fatty acid content in Elytrigia repens leaves (Central Yakutia)

Fatty acid August October

atty acds mg/g dry weight weight content % mg/g dry weight weight content %
C12:0 0.38+0.05 0.41+0.04 3.14+0.07 2.61+0.54
C14:0 1.44+0.03 1.57+0.18 3.68+0.06 3.06+0.33
C15:0 0.40+0.06 0.44+0.04 - -
C16:0 17.27+1.67 18.78+0.18 47.86+0.91 39.81+6.16
Cle1 3.23+0.34 3.51+0.21 0.47+0.09 0.39+0.03
C17:0 0.27+0.09 0.30+0.07 - -
C18:0 1.97+0.32 2.14+0.19 5.07+0.10 4.21+0.72
C18:1(n-9) 3.36+0.41 3.65+0.78 1.02+0.01 0.85+0.12
C18:1(n-7) 0.34+0.19 0.37+0.25 - -
C18:2(n-6) 14.23+1.25 15.47+0.14 15.040.41 12.51+4.56
C18:3(n-3) 47.61+5.03 51.77+1.05 37.88+0.51 31.51+6.78
C20:0 0.37+0.02 0.41+0.05 3.12+0.04 2.59+0.17
C20:1(n-9) 0.07+0.04 0.07+0.04 - -
C22:0 0.74+0.11 0.81+0.09 2.94+0.05 2.44+0.63
2 91.69+8.17 100 120.22+0.84 100

> sfa 22.86%2.20 24.85+0.36 65.80+1.65 54.74+11.12
>, usfa 68.83+5,98 74.85+0.25 54.42+0.83 4527+11.12
ucC 3.01 0.83
DBI 1.95 1.00
SDR 0.63 0.17
ODR 0.95 0.98
LDR 0.77 0.73

Values are mean * standard error (n = 4). 2, summation of data for all fatty acids; 2. sfa, summation of data for saturated
fatty acids; 2 usfa, summation of data for unsaturated fatty acids. For the meaning of other symbols and abbreviations see
Experimental section.

Table 3. Total lipid fatty acid content in Equisetum variegatum cuttings (aerial parts) (North-East Yakutia, the Pole of Cold in the
Northern hemisphere)

Fatt i July October

atty aads mg/g dry weight weight content % mg/g dry weight weight content %
C12:0 0.03+0.01 0.23+0.03 - -
C14:0 0.14+0.06 1.24+0.30 0.17+0.04 0.93+0.20
C15:0 0.04+0.02 0.36+0.11 0.09+0.01 0.49+0.04
C16:0 2.87+0.61 24.66+0.49 4.88+0.02 26.70£0.10
Clé:1 0.28+0.07 241+0.18 0.18+0.02 0.98+0.08
C16:2(n-6) 0.12+0.02 1.02+0.06 0.13+0.01 0.71+0.05
C16:3(n-3) 0.72+0.13 6.22+0.19 0.24+0.03 1.31+0.18
C17:0 0.03+0.01 0.25+0.02 0.10£0.01 0.55+0.07
C18:0 0.25+0.07 2.13+0.14 0.60+0.05 3.28+0.27
C18:1(n-9) 0.61+0.21 5.22+0.95 1.01+0.02 5.53+0.11
C18:1(n-7) 0.06+0.02 0.54+0.07 - -
C18:2(n-6) 1.31+0.25 11.29+0.56 4.26+0.12 23.30+0.67
C18:3(n-3) 4.60+0.88 39.51+1.08 4.62+0.04 25.27+0.19
C20:0 0.02+0.01 0.15£0.03 0.16+0.01 0.88+0.04
C20:1(n-9) 0.03+0.00 0.27+0.07 0.21+0.02 1.15+0.10
C20:3(5,11,14) 0.22+0.01 1.91+0.35 1.10+0.05 6.02+0.28
C20:4(5,11,14,17) 0.27+0.02 2.35+0.38 0.45+0.01 2.46+0.08
C22:0 0.03+0.00 0.25+0.03 - -

> 11.67+2.37 100 18.28+0.01 100

> sfa 3.42+0.78 29.27+0.86 6.14+0.11 33.59+0.55
> usfa 8.26+1.57 70.741.09 12.06£0.12 65.97+0.55
ucC 242 1.96
DBI 1.86 1.64
SDR 0.71 0.63
ODR 0.91 0.9
LDR 0.78 0.52

Values are mean * standard error (n = 4). X, summation of data for all fatty acids; > sfa, summation of data for saturated
fatty acids; 2 usfa, summation of data for unsaturated fatty acids. For the meaning of other symbols and abbreviations see
Experimental section.
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most widely-spread saturated C16:0 palmitic and un-
saturated C18:2 linoleic and C18:3 linolenoic acids, poly-
unsaturated ones, such as C16 - (C16:2 and C16:3) and C
20-chain length (C20-3 and C20-4) FA were observed. Frozen
plants covered with snow differed much from summer-vege-
tating plants by the FA degree. Although the total FA con-
tent in E. variegatum increases almost by 60% in the fall, their
quantity, at large, is not as high as it is in Poaceae. The most
interesting phenomenon for Equiseta is a considerable in-
crease in the relative content of C18:2 linoleic (2.1-fold),
C20:1 eicosenoic (4.3-fold) and the unique C20:3 (5,11,14) ei-
cosatrienoic (3.2- fold) acids as compared to the summer
samples. The latter as well as C20:4 (5,11,14,17) eicosate-
traenoic acids together amounted to 8.5% of all FA.

As for the other, smaller representative of fattening
Equisetum, E. scirpoides, the FA contents of its summer-vege-
tating cuttings (aerial parts) differed pretty much from those
of the fall-vegetating ones (Table 4). Fourteen FAs were iden-
tified from the summer-vegetating cuttings, and 16 FAs were
identified in the fall-vegetating ones. Among the saturated

FAs, palmitic acid is the most abundant in the lipid of the
E. scirpoides. Depending on the season, its contribution
amounted to 23-32% of total FA. In fall-vegetating cuttings
(aerial parts) of E. scirpoides, new minor saturated FAs were
appearing: C12:0 and C22:0. Among other saturated FA, the
content of stearic C18:0 and eicosanoic C20:0 acids increased
3-fold and almost 4-fold respectively. Unlike E. variegatum,
E. scirpoides does not contain cis-vaccenic C18:1 (n-7) and ei-
cosenoic C20:1 acids; other unsaturated FA were met in both
plants. Although in the fall, the degree of a-linolenic C18:3
(n-3) acid slightly decreased, the relative content of other
unsaturated FA of C18- carbon chain and of C20- carbon
chain increased: oleic C18:1 (1.9-fold), linoleic C18:2 (1.3-
fold), eicosatrienoic C20:3 (5,11,14) (9-fold) and eicosate-
traenoic C20:4 (511,14,17) acids (1.2-fold). The two latter
amounted together to 5.2% of total FA in the given plant
before winter determining a certain increase in UC and DBI
as well in contrast to the other investigated plants (A. sativa,
E. repens and E. variegatum). We propose that E. scirpoides
may need additional mechanism of adaptation (FA desatura-

Table 4. Total lipid fatty acid content in Equisetum scirpoides cuttings (aerial parts) (North-East Yakutia, the Pole of Cold in the

Northern hemisphere)

July

October

Fatty acids -
mg/g dry weight

weight content %

mg/g dry weight weight content %

C12:0 - - 0.04+0.03 0.30+0.00
C14:0 0.10+0.01 0.77+0.15 0.18+0.05 1.33+0.36
C15:0 0.04+0.01 0.29+0.03 0.05+0.03 0.37+0.07
C16:0 3.94+0.04 31.60+2.57 3.14+0.04 23.26+0.17
C16:1(n-9) 0.18+0.00 1.44%0.10 0.14+0.03 1.04+0.20
C16:2(n-6) 0.15+0.03 1.20+0.19 0.11+0.02 0.81+0.15
C16:3(n-3) 0.71+0.04 5.69+0.92 0.37+0.04 2.74+0.32
C17:0 0.04+0.00 0.32+0.02 0.10£0.02 0.74+0.17
C18:0 0.23+0.02 1.84+0.27 0.74+0.61 5.48+4.41
C18:1(n-9) 0.46+0.05 3.69+0.17 0.97+0.06 7.19+0.30
C18:2(n-6) 1.64+0.28 13.11+1.41 2.28+0.08 16.89+0.57
C18:3(n-3) 4.69+0,53 37.61+1.73 4.46+0.25 33.04+1.21
C20:0 0.03+0.01 0.21+0.11 0.11+0.06 0.81+0.00
C20:3(5,11,14) 0.04+0.00 0.32+0.02 0.39+0.03 2.89+0.19
C20:4(5,11,14,17) 0.24+0.04 1.90+0.20 0.31+0.06 2.30+0.41
C22:0 - - 0.11+0.06 0.81+0.00
2 12.48+0.87 100 13.50+0.03 100

> sfa 4.37+0.09 35.04+3.10 4.47+0.62 33.11+3.78
> usfa 8.11+0.95 64.96+3.19 9.03+0.38 66.89+3.78
ucC 1.85 2.02

DBI 1.75 1.79

SDR 0.67 0.61

ODR 0.93 0.87

LDR 0.74 0.66

Values are mean + standard error (n = 4). 2, summation of data for all fatty acids; X sfa, summation of data for saturated fatty
acids; 2 usfa, summation of data for unsaturated fatty acids. For the meaning of other symbols and abbreviations see Experimental

section.



tion) to the severe cold temperature in the North-East
Yakutia that is located in the Pole of Cold in the Northern
hemisphere. Thus, the leaves of A. sativa, E. repens and E.
variegatum gain a significantly larger amount of total FA in
their vegetative organs during the hardening period before
winter compared with the organs in other vegetation
periods.

At the same time, the presence of unique polyunsaturated
FA in wintergreen horsetails is supposed to play an im-
portant role as so-called fattening of herbivores. Such fat-
tening fodder influences the FA composition of the soft tis-
sues of its herbivores in a certain way; therefore we have
investigated the FA composition of the internal adipose tis-
sue of Yakut horses (Table 5).

Thus, we observed an increase in total FA contents during

Table 5. Total lipid fatty acid content in the internal adipose
tissue of the Yakut horse (winter young horse meat)

. mg/g dr weight

Fatty acids \%ve?ghty conterglt %
C10:0 5.14+0.57 1.50+0.20
C12:0 16.570.79 4.830.21
C14:0 33.83+0.92 9.86+0.47
C15:0 1.38+0.11 0.40+0.02
Cl16:0- 0.32+0.08 0.09+0.02
Cle:0 88.36+4.53 25.75+0.68
Clé6:1(n-7) 32.15+1.37 9.38+0.44
C17:0-a 0.87+0.08 0.25+0.02
C16:3(n-3) 1.44+0.23 0.42+0.07
C17:0 0.60+0.07 0.18+0.01
C18:0 10.53+2.09 3.07+0.53
C18:1(n-9) 65.08+3.13 18.96+0.32
C18:2(n-6) 20.84+1.34 6.07+0.19
C18:3(n-3) 64.50£1.97 18.79+0.51
C20:0 0.14+0.09 0.04+0.01
C20:1(n-9) 0.42+0.08 0.12+0.02
C20:4(5,8,11,14) 0.72+0.34 0.21+0.09
C20:4(5,11,14,17) 0.37+0.03 0.110.01
) 343.25+11.64 100

X sfa 157.74+5.73 45.94+0.50
¥ usfa 185.51£6.40 54.06+0.50
ucC 1.18

DBI 0.80

SDR 0.86

ODR 0.57

LDR 0.76

Values are mean * standard error (n=4). X, summation of
data for all fatty acids; X sfa, summation of data for satu-
rated fatty acids; > usfa, summation of data for unsaturated
fatty acids. For the meaning of other symbols and abbrevia-
tions see Experimental section.

Journal of Life Science 2016, Vol. 26. No. 5 525

the fall period in leaves of A. sativa, E. repens, E. variegatum
and E. scirpoides (Fig. 2). However, the degree of unsatura-
tion of fatty acids expressed as unsaturation coefficient (UC)
did not increase in frozen plants covered with snow com-
pared with summer-vegetating plants, except for the E. scir-
poides, a dwarf horsetail living in the region of the Pole of
Cold in the Northern hemisphere (Fig. 3). Among 18 FA in-
cluding 10 saturated ones found in the internal adipose tis-
sue of the horse (young horse meat), palmitic C16:0 acid,
amounting to # of total FA, prevailed. On the other hand,
monounsaturated oleic C18:1(n-9) and polyunsaturated a-li-
nolenic C18:3(n-3) acids were equally prevailing among the
unsaturated FA amounting to 70% of their sum. Among the
other polyunsaturated acids found, of special interest are ei-
511,14,17) and arachidonic C20:4(5,8,
11,14) acids. The obtained results concerning lipid FA com-

cosatetraenoic C20:4

—
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Fig. 2. Seasonal changes in total fatty acid contents in leaves
of Avena sativa, Elytrigia repens, Equisetum variegatum and
Equisetum scirpoides. Gray bars, Summer plants; Sketch
bars, Fall plants.
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Fig. 3. Seasonal changes in the degree of unsaturation of fatty
acids expressed as unsaturation coefficient (UC) of total
fatty acid contents in leaves of Avena sativa, Elytrigia
repens, Equisetum variegatum and Equisetum scirpoides.
Gray bars, Summer plants; Sketch bars, Fall plants.
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Climatic factors

Fall: Shorter photoperiod, temperature decrease

v
Plants

The inhibition of the growth genes, development and photo-
synthesis activity; the expression of plant resistance genes

v

‘ Thermogenesis ‘

The synthesis of stress-protectors: proteins, carbohydrates,
lipids and antioxidants

v

‘ Cryoresistance of the herbaceous, trees and shrubs ‘

v

[ Fall and wintergreen cryofodder ]

v
> The Herbivorous

\ The Gastro-Intestinal Tract ‘

v

‘ GIT lipase, cell phospholipase A, I
v
‘ Free fatty acids ‘
v
Mitochondria: oxidation
and phosphorylation uncoupling

| Thermogenesis I

Favorable environment formation for metabolic
pathway adaptation

The herbivorous' cryoresistance

Fig. 4. The schematic model showing the role of nutrient values
of fall vegetating and wintergreen plants in the adapta-
tion and in the formation of cryoresistance of the herbiv-
orous animals growing in the cold climate of Yakutia.

position in the adipose tissue of the Yakut horse are con-
sistent with the data described by other authors [1, 36]. Such
composition of polyenoic FA in these tissues can indicate
their active income with the fodders, namely with the fall
vegetating and wintergreen sedge-grass plants as well as

Equisetaceae.

Discussion

Cold climate is an environmental factor which limits the
geographical distribution and growing season of plants [8].
The peculiarities of growth, development and feed value of
the herbaceous plants of Central and North-East Yakutia
were of great interest for many years [3, 11, 23]. On the base

of these data, we may draw a few following conclusions.

First, sedge-grasses in wet and waterlogged alas mead-
ows, Arctophila fulva and cotton grass as well as horsetail
plant associations of Central-Yakut and Yano-Indigyr flo-
ristic regions in Yakutia are annually subject to a long-term
circumfusion with flood waters. Under these conditions, the
plants keep their considerable part (up to 20-50%) in a green
frozen state, and a cryopreservation of herbage as so-called
cryo-fodder takes place.

Second, the cereals and sedge plants growing in alas
meadows of Central and North-East Yakutia have high sus-
tainability while being affected mechanically (pasturing and
mowing of animals, hail, wind, etc.). In the affected plants,
new aerial parts grow from the root-zone burgeons, but they
do not have time to go through the life cycle, and the green
plants are covered with snow and frozen under freezing air
temperatures.

Many authors showed that both fall vegetating and win-
tergreen plants are distinguished by a high content of nutri-
tional and biologically active substances which considerably
prevail their quantity in the plants of other regions [2, 3,
9, 11, 30]. Taking such factors into account is important for
the Northern agriculture and, especially, for the fodder
production. In particular, a way of green cryo-fodder con-
servation covered by USSR patent No. 1835956 [35] was de-
veloped and tested for the conditions of Central Yakutia.
It consists in late-summer seeding time (8-20 July) for recog-
nized varieties of the annual cold-resistant herbaceous (A.
sativa, Brassica napus L., Pisum satioum L.) which easily toler-
ate low temperatures (up to -7°C). The naturally-frozen
plants get covered with snow in their green state, and then
are gathered and used as fodder for the cattle.

During wintering, the metabolic activities of mammals are
maintained by the expenditure of fat stored in the organisms
during the fall period. Indeed, many mammal species living
in the cold climate regions are noted for their developed
ability to accumulate hypodermic, internal and brown adi-
pose tissue (BAT) [38]. The fattening of herbivores in Yakutia
takes place during a limited time. Before the hibernation,
the stored fat of adult species of Marmota sibirica amounts
to 26% of their body mass [19]. Already in mid-September,
the body mass of Spermophilus undulatus and Citellus parryi
as well as Tamias representatives increases by 20-40%; the
former two species attain their maximum mass in the begin-
ning of October, and Tamias representatives do a little later,

usually after the animals start living in the holes [4]. The



internal fat output of Bos taurus taurus species amounts on
the average to 8.3-8.6% of the carcass weight with subcuta-
neous fat thickness attaining 8-10 cm [20]. The peak fattening
time of Rangifer tarandus species is also observed in the fall;
the fat content in the rear part of the carcass amounts to
20% of the carcass weight during this period. Of great inter-
est are the data about the fattening ability of the Yakut horse
which is semi-feral during its whole life. The ability of fast
fattening is one of the most remarkable features of the Yakut
horse. In the fall, from August until the beginning of
October, all the herds of horses already acquire their fat-
tening when they are in good meadows; their bodies are
all covered with subcutaneous fat and get rotund [11].
Various rangelands widely-spread in the territory of Yakutia
- where the summer and fall vegetating herbaceous as well
as wintergreen plants grow - providing food for many small
and large mammals throughout the year on the natural fod-
der bases. During the summer and fall, the aftergrass or the
grass growing in hayfields and pastures after hay-making
and pasturing of cereals and sedge grass is a valuable fat-
tening feed for many herbivores. Under favorable fall con-
ditions the aftergrass undergoes cold hardening, remains
green until the beginning of winter and gets covered with
snow in the green state. Cold adaptation of fall vegetating
plants to the low-temperature stress leads to the accumu-
lation of the most energetic and antioxidant compounds,
such as carbohydrates, proteins, lipids, ascorbic acid and lu-
tein complex [30], and so in the plants in Yakutia. Plant lip-
ids are almost insoluble in the water which makes their en-
zymatic splitting really difficult. This process is facilitated
by fat emulsification, bile extracted by the liver being used
as an emulsifier. Emulsified lipid hydrolysis begins in the
duodenum under the action of an enzyme called lipase
which is secreted by the pancreas and is activated under
the influence of bile acids. As a result, glycerin and FAs get
released, and easily passing into the bloodstream, used as
the main chemical energy stored in the organism. The en-
ergy is incessantly consumed in the organism, while the food
income is a periodic process. Thus, a part of the food eaten
is not utilized at once, but gets stored.

During the fall/winter period, animal fats are charac-
terized by a high content of palmitic, stearic, and oleic acids,
the sum of which can exceed 3/4 of total FA included into
the fat [30]. At the same time, unsaturated FA content in
the fat of the aboriginal Yakut cattle is considerably higher
than the one in the fat of other cattle breeds [20].
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The question of accumulation of polyunsaturated FAs in-
cluding linoleic and a-linolenic acids in the fat of Yakut
horse is of particular interest, because these FAs are not syn-
thesized in the body of herbivores; they are provided from
the vegetative fodder. The results shown in Table 5 on lipid
polyunsaturated FA composition in the adipose tissue of the
aboriginal hoofed animal are consistent with the published
data [1]. The following regularity is found in cervine and
pork fat: the content of palmitic, stearic and oleic acids
amounts are 27%, 18%, and 30%, respectively [36]. At the
same time, the fats of Yakut horse are mostly represented
by palmitic (from 16.2 to 21.4%), oleic (from 20.4 to 24.6%)
and a-linolenic (from 12.3 to 18.3%) acids in different parts
of the carcass, and their sum exceeds the half of the total
FAs [36]. Our data presented in this work also confirm this
fact. Thus, the polyunsaturated FA content in the fats of abo-
riginal Yakut horse is noticeably higher than the one in the
fats of other domestic animals.

The fat composition of Yakut horse is unique among the
domestic animals. The level of a-linolenic acid in the adipose
tissue of the Yakut horse was proved to be considerably
higher than the one in the adipose tissues of amphibians,
reptiles, birds, rodents and many herbivores and carnivores
[16]. The fat of pasturable horses was shown to differ notice-
ably from the fat of the horses fed with a dietetic food con-
centrate [6]. This fact demonstrates that the habitat and the
peculiarities of the fodder used have a strong influence on
the fat composition of animal tissues. The FA composition
of the horses fed with natural pasture fodder is characterized
by a low level of stearic acid and a very high content of
a-linolenic acid [6]. FAs of the C18 unsaturated group, most-
ly linoleic and a-linolenic acids, prevail in them. The fat of
Yakut horse is similar to the pork fat in its composition; it
is only a high level of a-linolenic acid and a little smaller
content of stearic acid in the former that makes the differ-
ence between them [10]. The published data and the results
obtained in the present work show very high level of C18:3
in the fat which is closely connected with peculiarities of
the pasture diet of Yakut horse.

It is common knowledge that the BAT mentioned above
represents special mammalian fat with a large number of
mitochondria. That is why this tissue is able to produce
much heat energy in a very short time. BAT plays the role
of “a spark plug” which gives the first impulse to self-heat-
ing of the organism [15, 19]. The BAT mitochondria have

the unique peculiarity - their inner membrane contains an
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uncoupling protein (UCP1). The thermogenic function of the
BAT is mainly conditioned by activity of this protein [13,
18, 28]. UCP1 functions as a highly regulated proton trans-
porter which does it through the inner membrane of mi-
tochondria and gets inhibited by purine nucleotides and acti-
vated by free fatty acids (FFA) [13, 28].

Indeed, the freezing of the animals adapted to the cold
causes the increase in FFA content in their tissues [22].
According to contemporary opinions, un-etherified FA in the
animal energy metabolism exercises a function of double na-
ture: on the one hand, FFA provokes energy dissipation as
uncouplers of oxidative phosphorylation, on the other hand
- FFA is the source of energy (the substrate for mitochon-
drial respiration). It is due to the increase in the quantity
of the given FAs in cells, that the decrease in the association
of oxidation and phosphorylation processes provoking heat
generation takes place. At the decrease in temperature, there
is phospholipase A activation which, in its turn, results in
FFAs accumulation and causes changes in the cell energy.
That is why FAs in cell mitochondria do not only become
the main oxidative substrates, but are also the most im-
portant regulators-uncouplers of oxidation and phosphor-
ylation in the respiratory chain.

The schematic model showing the role of nutrient values
of fall vegetating and wintergreen plants in the adaptation
and in the formation of cryoresistance of the herbivorous
animals growing in the cold climate of Yakutia.

The scheme below (Fig. 4) describes the dependency of
cryoresistance of the herbivores on from climatic factors.
Thus, the climatic factors, first of all, the reduction in the
day length and the decrease in average daily temperatures,
influence two consecutive hardening phases of the fall vege-
tative herbaceous plants. The second phase - hardening by
temperatures below zero - is only possible after the influ-
ence of low positive temperatures which is the first phase.
The hardening phase induces the synthesis and deposition
of a large number of different energy-intensive substances
in plants including lipids and FAs. The same condition, on
the other hand, causes hormonal changes in the organisms
of the local herbivores that are fed on green cryo-fodder;
Hormonal changes help reorganization of the metabolism
of the herbivores to prepare for overwintering at extremely
low temperature. During the overwintering period, lipase
splits triglycerides contained in the fat pools accumulated
since the fall, into FAs and glycerin. The FFA formed in the

mitochondria in this way acts not only as the main oxidation

substrates, but also as the significant regulator - respiration
and phosphorylation uncoupler facilitating the trans-
formation of respiratory substrate energy into heat.

We have reported herein a study of the FA compositions
of plants and horse and based on the results of our studies
concerning the significant content of free FAs (saturated and
unsaturated) in the tissues of fall vegetating and wintergreen
plants covered with snow and we suppose that their fatty
oils may play an important role in the regulation of the re-
sistance of herbivores to a long-term low-temperature stress.
Although this research done for Yakut horses and plants
grown in Yakutia, we believe that same circumstances is true

for other cold regions of the World.
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