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Introduction 33 

The Republic of Sakha (Yakutia)34 
occupies the territory of 3,103.2 thousand km35 
During the short growing season,36 
deficiency, and short-term frosts on the soil surface in early summer and autumn. 37 
species growing in such extreme conditions 38 
shorter time period [1,2]. At different stages of ontogenesis, the ability of plants to adapt to cold 39 
hardening is not the same: the closer the plant is to the rep40 
adapt to cold [3]. More than 2,000 species of higher 41 
Yakutia, which is an unusual phenomenon 42 

food source for herbivores. 43 
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the first time, seasonal changes in the content of total lipids (TLs) and phospholipids 

(PLs) were studied in the fodder plants: a perennial cereal - smooth brome (Bromopsis inermis

common oat (Avena sativa L.) – growing in Central Yakutia. Both species 

concentrated TLs and PLs in autumn under cold hardening. In addition, a significant increase in 

the content of fatty acids (FAs) of B. inermis was observed during the autumn decrease in 

temperature. The Yakutian horses, which fed on cereals enriched with nutrients preserved by 

fodder), accumulated significant amounts of 18:2n-6 and 18:3n

f which in cereals was 75% of the total FA content. We found differences in 

distribution of these two FAs in different tissues of the horses. Thus, liver was rich in 18:2n

muscle and adipose tissues accumulated mainly 18:3n-3. Such a distribution may indicate different 

roles of these FAs in the metabolism of the horses. According to FA content, meat of the Yakutian 

horses is a valuable dietary product.  

essential polyunsaturated fatty acids; linoleic acid; alpha-linolenic acid; food q

muscle tissue; subcutaneous adipose tissue; liver; green cryo-fodder 

The Republic of Sakha (Yakutia), located between 105°32′–162°55′ E and 55°29′

occupies the territory of 3,103.2 thousand km2 and lies completely in the permafrost zone in Russia. 

, plants are exposed to high activity of solar radiation, moisture 

term frosts on the soil surface in early summer and autumn. 

in such extreme conditions adapt to going through all the stages of ontogenesis in a 

. At different stages of ontogenesis, the ability of plants to adapt to cold 

hardening is not the same: the closer the plant is to the reproductive phase, the lower its ability to 

. More than 2,000 species of higher vascular plants grow in the permafrost zone of 

phenomenon by itself [4]. Some of them play an important role as a 
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A specific feature of the seasonal growth and development of the bulk of vegetation in the 44 
permafrost zone is that its intensive growth occurs in the first half of summer. However, at this time, 45 
northern meadow plant communities are often covered with floodwaters and are also subjected to 46 
grazing and haying. After traumatic regeneration, the plants do not have time to go through the full 47 
cycle of growth and development, produce fully developed seeds, and stay in a green frozen state 48 
under the snow cover in winter (green cryo-fodder). The basis of cool-season grass is cereals, which 49 
preserve up to 80% of herbage under snow, as well as sedge, cotton grass, and some horsetails [5,6]. 50 
The wintergreen parts of the above families of fodder plants retain higher contents of proteins, 51 
carbohydrates, and fats for the winter compared to warm-season grass [7,8]. 52 

Green cryo-fodder is the basis of nutrition for many animals, including the Yakutian horses. 53 
This breed is considered a direct successor and descendant of the horses brought from the Baikal 54 

region in the 13th–15th centuries AD [9-11]. The origin of the horses was confirmed by molecular 55 
genetic methods [12-15]. 56 

The Yakutian horse demonstrates unique adaptation to long-term low-temperature stress, 57 
which has been achieved in a short evolutionary period [16]. The reasons for such good adaptation 58 
have not been fully studied. Feeding on green cryo-fodder may help animals survive in extremely 59 
cold winters [16].  60 

The aim of the present work was to study lipid accumulation in a perennial cereal (Bromopsis 61 
inermis L.) and an annual cereal (Avena sativa L.) cultivated at different temperatures. Additionally, 62 
we aimed to study the content and composition of fatty acids (FAs) in liver, muscle, and 63 
subcutaneous adipose tissues of Yakutian horses, which have B. inermis and A. sativa as part of their 64 
staple diet. 65 

Materials and Methods 66 

The annual cereal common oat (Avena sativa L., Nyurbinsky type) was sown on May 31, 2014 67 
(control) and on July 15, 2014 (treatment). The perennial cereal smooth brome (Bromopsis inermis L., 68 
Ammachaan type) was mowed after spring growth to allow the aftergrowth in the middle of 69 
summer (July 15, 2014) - the treatment, and it was compared with the unmown plants - the control. 70 
The experiments were carried out in field plots in the conditions of Central Yakutia (near Yakutsk, 71 
62° N, 130° E). Samples of the control and treatment plants were taken, depending on the phases of 72 
development and hardening, 4–5 times during the growing season. 73 

For the analysis of total lipids of the common oat, the control samples were taken 4 times from 74 
July 7 to July 25, 2014; and the treatment samples were taken 4 times from July 25 to September 30, 75 
2014. For the analysis of total lipids of the smooth brome, the control samples were taken 4 times 76 
from June 6 to July 25, 2014; and the treatment samples were taken 5 times from July 25 to September 77 
30, 2014. To analyze phospholipids of the common oat and the smooth brome, the control samples 78 
were taken July 25 and June 16, respectively; and the treatment samples of both plants were taken 79 
October 3, 2014. To analyze FA composition of the smooth brome, samples of the control were taken 80 
July 7, 2013 and those of the treatment September 25, 2013. The FA composition of the common oat 81 
(the control and the treatment) was reported in a study by Petrov et al. (2016) [17]. 82 

Sampling took place in the first half of the day in 3 biological replicates. Samples were fixed 83 
with liquid nitrogen immediately after their collection, in situ, and transported in Dewar vessels to 84 
the laboratory. 85 

The samples of liver, muscle and subcutaneous adipose tissues were collected in November, 86 
2017 and 2018, from female and male Yakutian horses, most of which were less than 1 year old. Four 87 
female horses were seven, eight, and eighteen months old and five years old; and two male horses 88 
were eight months old, and one male horse was seven months old. The horses were feeding on green 89 

cryo-fodder during 3 months before sampling. Muscle and adipose tissues were carved from the 90 
costal part of the animals. The samples were collected from horses inhabiting Oymyakonsky, 91 
Verhoyansky, Megino-Kangalassky, Churapchinsky, Olekminsky, and Suntarsky districts of 92 
Yakutia. 93 



Biomolecules 2019, 9, x FOR PEER REVIEW 3 of 16 

 

Large pieces of horse tissues (200-300 g) were immediately frozen and kept at – 20 °С at the 94 
slaughter site. Then, in approximately 2 weeks, frozen tissues were transported to the laboratory. In 95 
the laboratory, samples were taken from the frozen horse tissues, placed into vials with chloroform 96 
and methanol (2:1, v/v), and kept at – 20 °С for further analysis. 97 

Conditions of keeping and feeding the horses 98 

The absolute annual temperature difference in the breeding area of Yakutian horses exceeds 100 99 
°C (the maximum summer and winter temperatures are + 38 °C and – 70 °C, respectively). The frost 100 
period lasts 7-8 months a year. In such conditions, the herds of Yakutian horses (12-15 individuals) 101 
are kept in the open. The horses are mainly fed on cereal grains and sedge frozen by natural cold. 102 
Horse breeders feed only weakened, emaciated individuals and mares. The weight of a breeding 103 
stallion reaches 430-520 kg and the weight of a mare 415-480 kg. In our study, we mainly used tissue 104 

samples from 6-8-month-old horses taken from local horse breeders. At this age, horse’s tissues have 105 
a high nutritional value. Mass slaughter was conducted in November, when horses reached an 106 
average of 120-150 kg of live weight, having accumulated the largest amount of fat. For most of their 107 
lives, horses fed exclusively on warm-season grass and green cryo-fodder. The biochemical content 108 
and the composition of blood of Yakutian horses are described in detail in the literature [18]. 109 

Analyses of lipids and FAs of plants 110 

A weighed portion of plant material (0.5 g) was ground to obtain homogeneous mass [19]. 111 
Then, it was supplemented with 10 mL of the chloroform : methanol mixture (2:1, v/v), and ionol 112 
was added as antioxidant (0.00125 g per 100 mL of the chloroform : methanol mixture). The resulting 113 
mixture was thoroughly stirred and left for 30 min until the lipids completely diffused into the 114 
solvent. The solution was transferred quantitatively to a separatory funnel through a paper skim 115 
filter (9 cm in diameter, Khimreaktivkomplekt); the mortar was washed three times using the same 116 
solvent mixture. For better delamination, water was added. 117 

For the analysis of total lipids, the chloroform fraction was separated. Chloroform was removed 118 
from the lipid extract using an RVO-64 rotary vacuum evaporator (Czech Republic). Nonadecanoic 119 
acid (C19:0) was used to control the extractability of lipids (%), with its known amount added at the 120 
stage of homogenization. Methyl ethers of fatty acids (FAMEs) were obtained using the method [20]. 121 
For additional purification of FAMEs, TLC method was used in a chromatographic chamber with 122 
benzene as the mobile phase (Rf = 0.71–0.73) on glass plates with silica gel. The FAME zone was 123 

removed from the plate with a spatula and eluted from the silica gel with (n)-hexane. The FAME 124 
analysis was performed on the gas chromatograph Agilent-6890N coupled to an Agilent-5973 125 
quadrupole mass spectrometric detector (Agilent Technologies, U. S.). The ionization method used 126 
was electron impact; the ionization energy was 70 eV. The analysis was carried out in the recording 127 
mode of the total ion current. An HP-INNOWAX capillary column (30 m × 250 μm × 0.50 μm) with a 128 
polyethylene glycol stationary phase was used to separate the FAME mixture. The carrier gas was 129 

helium, the rate of gas flow was 1 mL/min. 130 
The temperature of injection port was 250 °C, the temperature of the ion source was 230°C and 131 

that of a quadrupole was 150°C. Scanning was performed in the range of 41–450 atomic units. The 132 
volume of the injected sample was one μL, the flow divider was 5:1. The separation of the FAME 133 
mixture was carried out in isothermal mode at 200 °C. The duration of the chromatographic course 134 
was 60 minutes. For identification of FAs, the NIST 08 and WILEY7 mass spectral libraries were 135 
used. The relative content of FAs was determined by the method of internal normalization, i.e. as 136 
weight percent (wt.%) of their total content in the sample, taking into account the response factor of 137 
FAs. The absolute content of total lipids and FAMEs was determined by weighing them on GR-120 138 
electronic scale (A&N Company Ltd., Japan) after drying the samples to constant weight. 139 

Separation of PL fractions into individual lipids was carried out by thin layer chromatography 140 
(TLC) on Sorbfil PTLC-AF-V-UV chromatographic plates (10 × 10 cm, Russia). For the detection and 141 

identification of phospholipids in plant material, specific reagents were used: molybdenum blue for 142 
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phosphorus-containing components [21], Dragendorf reagent prepared according to the method 143 
described by Wagner et al. [22] for choline-containing lipids, and a 0.2% solution of ninhydrin in 144 
acetone for amino-containing lipids [23]. 145 

Quantitative determination of phospholipid content was carried out according to the 146 
Vaskovsky method [21]. The polar lipids were separated using a two-dimensional system: the 147 
mobile phase in the first direction — chloroform – methanol – benzene – 28% NH4OH, 65:30:10:6, 148 
and the mobile phase in the second direction — chloroform – methanol – acetic acid – acetone – 149 
benzene – water, 70:30:4:5:10:1. To determine the phosphorus content in phospholipids separated by 150 
TLC, the silica gel from the zones containing separated phospholipids was transferred with a micro 151 
spatula into the tubes; 0.05 mL of 72% perchloric acid was added to each and heated at 180-200 °С for 152 
15-20 min, placing the tubes in a heated aluminum block so that the top of the tube served as an air 153 

cooler for perchloric acid vapors. After cooling, 0.45 mL of working reagent was added to the tubes: 154 
a mixture of 5.5 mL of universal molybdate reagent, 26 mL of 1N sulfuric acid, and 68.5 mL of 155 
distilled water. The reagent was used for one week. The mixture in the tube was thoroughly mixed 156 
using a shaker. The tubes were placed in boiling water bath for 15 min and then cooled; the 157 
absorbance value was measured at 815 nm. An aliquot of the solvent containing the lipid extract was 158 
taken as a blank sample [21]. The air temperature in the experimental area was recorded using a DS 159 
1922L iButton thermograph (Dallas Semiconductor, U.S.). 160 

Analyses of FAs in animal tissues 161 

The samples (0.2–1.3 g) of intercostal muscle, subcutaneous adipose tissue, and liver were 162 
homogenized, and lipids were extracted with chloroform and methanol (2:1, v/v). Dry lipids were 163 
then supplemented with 1 mL of sodium methylate solution in methanol (8 g/L). The mixture was 164 
heated for 15 min at 90 °C. The tubes were cooled, supplemented with 1.3 mL of methanol: H2SO4 (97 165 
: 3, v/v), and methylated for 10 min at 90 °C. The FAMEs were extracted from the mixture with 2 mL 166 
hexane and washed three times with 5 mL of saturated NaCl solution. The hexane extract containing 167 
FAMEs was dried by passing it through a layer of anhydrous Na2SO4, and then the layer of 168 
anhydrous Na2SO4 was washed with 6 mL of hexane. Hexane was evaporated on a rotary vacuum 169 
evaporator. FAMEs were resuspended in 0.1 to 0.3 mL hexane prior to chromatographic analysis. 170 

Analysis of fatty acid methyl esters was conducted using a gas chromatograph with a mass 171 
spectrometric detector (Model 7000 QQQ, Agilent Technologies, U. S.), which was equipped with a 172 

30 m capillary HP-FFAP column with the internal diameter of 0.25 mm. The conditions of the 173 
analysis were as follows: the velocity of the helium carrier gas was 1.2 mL/min; the temperature of 174 
the injection port was 250 °C; the temperature of the heater was programmed from 120 to 180 °C at a 175 
rate of 5 °C/min for 10 minutes isothermally, then to 220 °C with a rate of 3 °C/min for 5 min 176 
isothermally, and then to 230 °C at a rate of 10 °C/min for 20 min isothermally; the temperature of 177 
the chromatography/mass interface was 270 °C; the temperature of the ion source was 230 °C and 178 
that of the quadrupole was 180 °C; the ionization energy of the detector was 70 eV; and scanning was 179 
performed in the range of 45–500 atomic units with a rate of 0.5 sec/scan [24]. The data were 180 
analyzed and counted by the MassHunter Software (Agilent Technologies). The peaks of fatty acid 181 
methyl esters were identified by the mass spectra obtained. The content of fatty acids in the biomass 182 
was quantified based on the peak value of the internal standard, nonadecanoic acid (Sigma-Aldrich, 183 
U. S.), a certain amount of which was supplemented to the samples before the extraction of lipids. 184 

Desaturase and elongase activity indices 185 

Desaturase and elongase activity indices were calculated using the product/precursor ratio of 186 
the percentages of individual FAs according to the following notation: 16:1n-7/16:0 = Δ9-desaturase, 187 
18:1n-9/18:0 = Δ9-desaturase, 20:4n-6/20:3n-6 and 20:5n-3/20:4n-3 = Δ5-desaturase and 18:0/16:0 = 188 

elongase [25]. Additionally, we measured a conversion efficiency of 18:2n-6 to 20:4n-6 189 
(20:4n-6/18:2n-6) and a conversion efficiency of 18:3n-3 to 20:5n-3 (20:5n-3/18:3n-3). 190 
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Statistical analysis 191 

The tables and figures show the averages of three to six biological replicates and their standard 192 
errors. Statistical processing of experimental data was carried out using the statistical analysis 193 
package in Microsoft Office Excel 2010 and STATISTICA-9 software (Stat Soft Inc., U. S.). The 194 
normality of the distribution of the data obtained was checked using the Kolmogorov-Smirnov 195 
one-sample test for normality DK-S. 196 

Results 197 

The contents of total lipids in oat leaves of both the control and the treatment gradually 198 
increased as they grew and developed (Table 1). With the decrease in the average daily air 199 
temperature from 9 to 1 and -3 °С (periods of the first and second hardening phases), the content of 200 
total lipids in oat leaves increased by a factor of 1.2 compared with the control plants of the same 201 

stage of development (t-test Student’s = 3.34) (Table 1). 202 

Table 1. Contents of total lipids (TL, mg/g dry weight ± standard error) in the leaves of the annual 203 
cereal Avena sativa sown on May 31 and July 15, 2014 at different stages of development and growing 204 
at different temperatures. 205 

 206 

Date 
t, °С* 

Stages of development TL, mg/g DW 
min average 

Control (sown on May 31, 2014) 

07.07 14 18 Stem elongation 99 ± 4 

11.07 13 21 Stem elongation 114 ± 4 

14.07 17 23 Ear emergence 127 ± 5 

25.07 16 21 Dough development 129 ± 5 

Treatment (sown on July 15, 2014) 

25.07 16 21 Germination 73 ± 3 

11.09 1 9 Stem elongation, ear emergence 128 ± 5 

25.09 -4 1 
Dough development  

(cold hardening phase I) 
154 ± 6 

30.09 -7 -3 
Dough development  

(cold hardening phase II) 
155 ± 6 

* – daily air temperature. 207 

In the summertime (June-July), the perennial smooth brome grown without mowing 208 
demonstrated lower absolute content of total lipids at all stages of development, i.e. below 60 mg/g 209 
dry weight, compared to the aftergrass (Table 2). 210 

Table 2. Total contents of lipids (TLs, mg/g dry weight ± standard error) in the leaves of the perennial 211 
cereal Bromopsis inermis growing at different temperatures, at different stages of development. 212 

Date 
t, °С* 

Stages of development TLs, mg/g DW 
min average 

Control – grass without mowing 

06.06 3 12 Tillering 26 ± 2 

16.06 12 16 Stem elongation 30 ± 2 

11.07 13 21 Ear emergence 44 ± 2 

25.07 16 21 Dough development 57 ± 3 

Treatment – grass after mowing (July 15, 2014) 

25.07 16 21 Aftergrass 93 ± 3 

18.08 7 16 Stem elongation 89 ± 3 

11.09 1 9 Ear emergence 124 ± 5 

25.09 -4 1 
Dough development  

(cold hardening phase I) 
134 ± 4 

30.09 -7 -3 
Dough development  

(cold hardening phase II) 
137 ± 4 

* – daily air temperature. 213 
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Cool-season cereals growing after mowing, which were hardened by low positive 214 
temperatures, i.e. when the average daily air temperature reached 1 °C, showed the amount of total 215 
lipids 2.4 times higher (t-test Student’s = 14.93) compared to the control plants in the same stage of 216 
development (Table 2). 217 

The following phospholipids (PLs) were found in the cereal plants: phosphatidylcholine (PC), 218 
phosphatidylinositol (PI), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidic 219 
acid (PA), and diphosphatidylglycerol (DPG). The dominant PLs were PC and PG (Fig. 1, 2). 220 

 221 

Figure 1. The contents (mg/g dry weight, standard error) of total phospholipids (ƩPL), 222 
phosphatidylcholine – PC, phosphatidylinositol – PI, phosphatidylethanolamine – PE, 223 
phosphatidylglycerol – PG, phosphatidic acid – PA and diphosphatidylglycerol – DPG in the leaves 224 
of Avena sativa on 25.07.2014 (July) and 3.10.2014 (October). * - significant differences according to 225 
Student’s t-test. 226 
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 227 

Figure 2. The contents (mg/g dry weight, standard error) of total phospholipids (ƩPL), 228 
phosphatidylcholine – PC, phosphatidylinositol – PI, phosphatidylethanolamine – PE, 229 
phosphatidylglycerol – PG, phosphatidic acid – PA and diphosphatidylglycerol – DPG in the leaves 230 
of Bromopsis inermis on 16.06.2014 (June) and 3.10.2014 (October). * - significant differences according 231 
to Student’s t-test. 232 

In autumn, at the onset of low positive temperatures, the amount of PC increased in common 233 
oats by a factor of 4 and in the smooth brome by a factor of 3.7 compared with the content of these 234 
phospholipids in summer (Fig. 1, 2). The content of membrane PLs in the leaves of the smooth brome 235 
hardened by low positive temperatures significantly increased compared to summer values (Fig. 2). 236 

Sixteen fatty acids were identified in all samples of the smooth brome. The quantitatively and 237 
qualitatively prominent FAs are shown in Table 3. Among FAs, 18:3n-3, 16:0 and 18:2n-6 dominated, 238 
their total content reaching 85-90%. The total content of FAs in the leaves of the brome in the autumn 239 
period was significantly (1.8 times) higher than in the summer period (Table 3). 240 
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Table 3. Contents of fatty acids (mg/g of dry weight and % of total FA ± standard error) in the leaves 242 
of the perennial cereal Bromopsis inermis before mowing - 07.07.2013 (July) and after mowing - 243 
25.09.2013 (September), and values of Student’s t-test (t). 244 

 245 

Fatty acids 
July* September 

t 
July September 

t 
mg/g mg/g % % 

14:0 0.1 ± 0.1 0.1 ± 0.0 0.62 0.6 ± 0.3 0.4 ± 0.0 -0.57 

16:0 3.5 ± 0.4 4.9 ± 0.3 2.83 20 ± 1 16 ± 0.3 -2.80 

18:0 0.5 ± 0.1 0.6 ± 0.1 1.12 2.7 ± 0.3 1.8 ± 0.1 -2.56 

20:0 0.2 ± 0.0 0.3 ± 0.0 1.76 1.1 ± 0.0 0.8 ± 0.1 -3.66 

22:0 0.2 ± 0.0 0.3 ± 0.0 1.57 1.3 ± 0.1 0.9 ± 0.0 -3.33 

16:1n-9+n-7 0.1 ± 0.1 0.3 ± 0.0 2.91 0.3 ± 0.3 0.9 ± 0.2 1.60 

16:1n-5 0.4 ± 0.0 0.6 ± 0.1 4.90 2.1 ± 0.1 2.0 ± 0.0 -0.43 

18:1n-9 0.6 ± 0.3 0.6 ± 0.1 -0.28 3.6 ± 1.6 1.8 ± 0.0 -1.11 

18:2n-6 2.0 ± 0.2 4.1 ± 0.4 4.87 11.5 ± 0.4 13 ± 0.3 3.12 

18:3n-3 9.7 ± 1.2 19.1 ± 1.3 5.37 55 ± 4 61 ± 1 1.52 

SFAs 4.7 ± 0.5 6.4 ± 0.5 2.54 27 ± 2 21 ± 1 -2.79 

MUFAs 1.2 ± 0.3 1.6 ± 0.2 1.15 6.8 ± 1.7 5.2 ± 0.2 -0.90 

PUFAs 12 ± 1 23 ± 2 5.45 67 ± 4 74 ± 0.4 2.07 

ΣFAs 18 ± 2 31 ± 2 4.93 - - - 

* the average air temperature in July = 10.9 °С, the average air temperature in September = -0.6°С; 246 
ΣFAs – total fatty acids, SFAs – saturated fatty acids, MUFAs – monounsaturated fatty acids, PUFAs 247 
– polyunsaturated fatty acids, bold font – significant differences according to Student’s t-test. 248 

The content of polyunsaturated fatty acids (PUFAs) in the smooth brome leaves significantly 249 
increased, while the content of total saturated fatty acids (SFAs) did not change with the decrease in 250 
air temperatures (Table 3). The content of 16:0, 16:1 isomers, 18:2n-6, and 18:3n-3 in the leaves of 251 
brome in autumn was significantly higher than in summer (Table 3). 252 

The percentage of SFAs in brome leaves was lower in September compared with July. The 253 
decrease in SFAs was due to a decrease in the percentage of 16:0, 20:0, and 22:0 (Table 3). The 254 
percentage of PUFAs did not change with the decrease in air temperatures while the percentage of 255 
18:2n-6 significantly increased (Table 3). 256 

Fifty three FAs were identified in the samples of liver, muscle and subcutaneous adipose tissues 257 
of the Yakutian horses. The percentages of important and quantitatively significant FAs are shown 258 

in Figure 3. The percentage of SFAs in the liver of the animals was significantly higher than in the 259 
muscle and adipose tissues (Fig. 3a). Among the SFAs in the liver, 18:0 dominated. Its percentage 260 
was about 4 and 6 times higher than that in the muscle and adipose tissues, respectively. 261 
Shorter-chain SFAs, such as 14:0 and 16:0, dominated in the muscle and adipose tissues, and their 262 
percentages were significantly higher than in the liver (Fig. 3a). The percentages of 263 
monounsaturated FAs (MUFAs) in the muscle and adipose tissues of the horses were twice higher 264 
than in the liver (Fig. 3b). Among MUFAs, 18:1n-9 dominated in all types of tissues. Nevertheless, its 265 
percentage in the liver was significantly lower than in the other tissues (Fig. 3b). The percentage of 266 
PUFAs was significantly higher in the animal liver than in the muscle and adipose tissues (Fig. 3c). 267 
Among PUFAs in the liver, omega-6 PUFA, namely 18:2n-6, dominated. Its percentage was more 268 
than twice higher than in the muscle and adipose tissues. In contrast, the muscle and adipose tissues 269 
were dominated by omega-3 PUFA, namely 18:3n-3. Its percentage was more than twice as high as 270 

the percentage of this FA in the liver (Fig. 3c). In total, 70% of all FAs in the muscle and adipose 271 
tissues were represented by 18:1n-9, 16:0, 18:3n-3, and 18:2n-6 and in the liver by 18:2n-6, 18:0, 16:0, 272 
and 18:1n-9 (Fig. 3). No trans-FAs were found in the FA tissue of the horses, and the percentage of 273 
branched FAs was less than 1% of the total FAs. The percentages of many FAs were similar in the 274 

muscle and adipose tissues of the horses. In adipose tissues, however, the percentages of 18:3n-3 and 275 
short-chain SFA (12:0 and 14:0) were significantly higher than in muscles, but almost all long-chain 276 
PUFAs, including physiologically important arachidonic (ARA, 20:4n-6), eicosapentaenoic (EPA, 277 
20:5n-3) and docosahexaenoic (DHA, 22:6n-3) acids, were absent (Fig. 3). The percentages of EPA 278 
and DHA in the liver and muscle tissues were insignificant and ranged from 0.1 to 0.3% of the total 279 
FAs. 280 
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Figure 3. Contents of the prominent saturated (SFAs), monounsaturated (MUFAs) and 282 
polyunsaturated (PUFAs) fatty acids (% of total FAs, standard error) in liver, muscle and 283 
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subcutaneous adipose tissues of the Yakutian horses. Means for the same FAs labeled with the same 284 
letters are not significantly different at p < 0.05 after Tukey’s HSD post hoc test. 285 

The contents of physiologically important EPA and DHA in the muscle tissue and liver of the 286 
horses were similar (Table 4). The n-6/n-3 ratio in the muscle tissue was about 7 times lower than in 287 
the liver, but did not differ significantly from that in the adipose tissue. The total content of FAs in 288 

the adipose tissue was 30 times higher than that in the muscle tissue and in the liver (Table 4). 289 

Table 4. Content of EPA+DHA and total fatty acids (mg/100g and mg/g of wet weight, respectively) 290 
and the ratio of total omega-6 and omega-3 PUFAs in the muscle, liver, and subcutaneous adipose 291 
tissue of Yakutian horses. Means in lines labeled with the same letters are not significantly different 292 
at p < 0.05 after Tukey’s HSD post hoc test (normal distribution, standard errors are given) or 293 
Kruskal-Wallis test with multiple comparisons of mean ranks (nonnormal distribution standard 294 
errors are omitted). 295 

 Muscle Liver SCfat 

EPA+DHA, mg/100g ww 11 ± 1A 11 ±1A - 

Total FA, mg/g ww 31A 28A 854B 

n-6/n-3 1.1 ± 0.2A 5.5 ± 1.2B 0.4 ± 0.0A 

 296 

The desaturase and elongase activity, estimated by an indirect method (by product/precursor 297 
ratio), were significantly different between the adipose tissue and the liver (Table 5). 298 

Table 5. Calculated desaturase and elongase activity indices. 299 

product/precursor ratio Liver SCfat t 

18:0/16:0 2.5 ± 0.3 0.2 ± 0.0 7.48 

16:1n-7/16:0  0.2 ± 0.0 0.3 ± 0.1 -3.85 

18:1n-9/18:0 0.4 ± 0.0 5.3 ± 0.4 -12.81 

20:4n-6/20:3n-6  7.9 ± 0.7 - - 

20:5n-3/20:4n-3 8.8 ± 0.8 0.46 ± 0.1 10.19 

20:5n-3/18:3n-3 0.06 ± 0.0 0.001 ± 0.000 2.34 

20:4n-6/18:2n-6 0.14 ± 0.0 0.003 ± 0.001 11.80 

Bold font – significant differences according to Student’s t-test. 300 

The conversion efficiencies of 16:0 and 18:0 to 16:1n-7 and 18:1n-9, respectively, were higher in 301 
the adipose tissue and the conversion efficiencies of 16:0 to 18:0, 20:4n-3 to 20:5n-3, 18:3n-3 to 20:5n-3, 302 
and 18:2n-6 to 20:4n-6 were higher in the liver (Table 5). The conversion efficiency of 18:2n-6 to 303 
20:4n-6 was higher than the conversion efficiency of 18:3n-3 to 20:5n-3 both in the liver and in the 304 

adipose tissue (Student’s t-test =2.75 and t=2.66, respectively). The conversion efficiency of 20:4n-3 to 305 
20:5n-3 and 20:3n-6 to 20:4n-6 in the liver did not differ significantly (Student’s t-test = 1.09). 306 

Discussion 307 

Lower ambient temperatures significantly affect the 'liquidity' of plant membranes, reducing 308 

their fluidity. This leads to the increased expression of the genes responsible for FA desaturation 309 
[26]. The increased fraction of unsaturated FAs in plants with the temperature decrease stabilizes 310 
membrane fluidity and restores physiological activities of the associated enzyme and electron 311 
transport systems, photosynthesis in particular [27-29]. Affected by low temperatures, the genes that 312 
encode the synthesis of desaturases involved in the formation of 18:2n-6 and 18:3n-3 are activated in 313 
the plants [26,30]. The increase in total lipids, phospholipids, and total FAs that we detected in the 314 
cereals showed that these substances along with sugars, proteins, antioxidants, and carotenoids 315 
[1,31] are involved in the cold adaptation of cool-season plants in the cryolithozone of Central 316 
Yakutia. In the same way as B. inermis studied in our work, other herbaceous plants (Avena sativa, 317 
Elytrigia repens, Equisetum variegatum, and Equisetum scirpoides) accumulated significantly more FAs 318 
in their vegetative organs during the period of winter cold adaptation than in summer [17,32-34]. 319 



Biomolecules 2019, 9, x FOR PEER REVIEW 11 of 16 

 

During cold adaptation of plants, the contents of phospholipids and polyunsaturated fatty 320 
acids increase in their tissues [e.g., 35-37]. However, in contrast to most published data, we found a 321 
significant increase in the content of phosphatidylcholine but not in the other phospholipids. This 322 
finding probably shows the key role of phosphatidylcholine in temperature adaptation of the 323 
cereals. 324 

Along with Bromopsis inermis and Avena sativa, the ability to cryopreserve green mass was found 325 
in many other plants in Central Yakutia, for example, cereals – Arctophila fulva, Deschampsia borealis, 326 
Puccinellia jacutica, Poa alpigena, hydrophytic sedges – Carex rhynchophysa, C. atherodes, C. vesicata, C. 327 
enervis, and most cotton grasses — Eriophorum scheuchzeri, E. vaginatum, E. russeolumsubsp. leiocarpum, 328 
E. angustifolium [6]. In the pre-winter period of fat accumulation, herbivores actively consume 329 
cool-season and winter-green parts of these fodder plants with the high contents of nutrients [2]. 330 

The main consumer of green cryo-fodder in plant ecosystems of cryolithozone in Central and 331 
North-Eastern Yakutia is the Yakutian horse. In autumn, from August to the beginning of October, 332 
the horses feed on green cryo-fodder. In favorable years, the accumulation of fat on green 333 
cryo-fodder by the Yakutian horses lasts up to mid-November [38-39]. 334 

The tissues of the Yakutian horses and their fodder were rich in two PUFAs, namely 18:3n-3 335 
and 18:2n-6. These FAs are essential for the majority of animals [40-42]. Vertebrates can synthesize 336 
physiologically important long-chain PUFAs – 20:5n-3, 22:6n-3, and 20:4n-6 – from their dietary 337 
precursors 18:3n-3 and 18:2n-6, respectively, but the rate of synthesis is generally ineffective [40, 43]. 338 
Suagee et al. found that mesenteric adipose tissue in horses had a high lipogenic capacity followed 339 
by subcutaneous adipose tissue and then liver [44]. Very low percentages of 20:5n-3 and 22:6n-3 (the 340 
average value = 0.4% of total FAs) as well as a low 20:5n-3/18:3n-3 ratio in the tissues probably 341 
indicated a low conversion efficiency of omega-3 PUFAs in the Yakutian horses. The conversion of 342 
omega-6 PUFAs seemed to be more efficient than conversion of omega-3 PUFAs, at least in the liver. 343 
The literature data and our results suggest that dietary sources of 20:5n-3, 22:6n-3 and 20:4n-6 were 344 
absent from the diet of the Yakutian horses [17]. Thus, we suppose that these long-chain PUFAs 345 
were synthesized in horses’ tissues. According to our data, the efficiency of elongation of 16:0 to 18:0 346 
was significantly higher in the liver while the conversion efficiency of SFAs to MUFAs was higher in 347 
the subcutaneous adipose tissue. Similar trends in the conversion efficiency of SFAs to MUFAs and 348 
elongation of 16:0 to 18:0 in liver and subcutaneous adipose tissue were reported by Adolph et al. for 349 

Warmblood horses [25].   350 
Different contents of C18, C20, and C22 PUFAs in the tissues of the horses may indicate 351 

different functions of these PUFAs. Unlike Warmblood horses, the subcutaneous adipose tissue of 352 
the Yakutian horses was rich in PUFAs, especially in the omega-3 family [25]. Mordovskaya et al. 353 
and Slobodchikova et al. also noted enrichment of the Yakutian horses’ adipose tissue with 18:3n-3 354 
[45, 46]. High percentages of 18:3n-3 in the subcutaneous fat of the Yakutian horses may increase 355 
fluidity (liquidity) of adipose tissue during the winter period of extremely low temperatures. This 356 
may be a reason for high mitochondrial activity in adipocytes, which increases energy production at 357 
low ambient temperatures. The beneficial effects of omega-3 PUFAs on the thermogenic function of 358 
adipocytes have recently been demonstrated [47-49]. Thus, we suppose that 18:3n-3 served as an 359 
energy-related component in the horses. By contrast, omega-6 PUFAs, namely 18:2n-6 and 20:4n-6, 360 
which were accumulated in liver and muscle tissue, likely served as important structural 361 

components or precursors of lipid mediators. Similar results were reported in a study of the FA 362 
composition of different lipid classes in Iberian horses [50]. In the muscle tissue, 18:2n-6 and 20:4n-6 363 
accumulated in polar lipids, apparently performing a building function, and 18:3n-3, on the 364 
contrary, accumulated in neutral lipids, performing an energy function [50]. 365 

The PUFA content in the horse muscle and adipose tissues varies greatly depending on the diet, 366 
breed, and age of the animals [51-53]. For example, the content of 18:2n-6 in horse muscles varied 367 
from 12% to 32%, and the content of 18:3n-3 varied from 0.43% to 23.9% [53]. Along with individual 368 
fatty acids, the total contents of SFAs, MUFAs and PUFAs can also vary greatly in the horse muscle 369 
tissue: 34.2-47.8%, 16.4-50.2% and 15.6-46%, respectively [53]. The muscle tissue of the horses we 370 
studied contained equal proportions of SFAs, MUFAs, and PUFAs, which corresponded to the 371 
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minimum SFA values and the average MUFA and PUFA values available in the literature. Similar to 372 
the Yakutian horses, horses that were fed on the native grass pasture had the same percentages of 373 
SFAs, MUFAs, and PUFAs, as well as high percentages of 18:3n-3, in subcutaneous adipose tissue 374 
[54]. The total FA content of the subcutaneous adipose tissue of the Yakutian horse corresponded to 375 
the high values known for horses, varying between 457 and 904 mg/g wet weight [53,54]. Obviously, 376 
nutrition has a significant effect on the variability of FA percentages in horses. Horses eating fresh 377 
plant food, but living in a mild climate, had similar contents and distribution of FAs, including 378 
18:2n-6 and 18:3n-3, to those in the Yakutian horses. High contents of lipids and FAs such as 18:3n-3 379 
and 18:2n-6 in green cryo-fodder probably help the Yakutian horses successfully survive the extreme 380 
temperatures of Central Yakutia. However, the results obtained only indirectly indicate this and do 381 
not allow us to clarify the subject.  382 

In contrast to many farm animals, horses are able to efficiently assimilate PUFAs from plant 383 
food owing to the structure of their gastrointestinal tract, activity of microorganisms, and the 384 
presence of specific pancreatic lipases related with protein 2 (PLRP2) [53,55]. Thus, horse meat is 385 
considered as a useful dietary product, i.e. a source of essential PUFAs, namely 18:2n-6 and 18:3n-3 386 
[56-58], and can be potentially enriched with long-chain omega-3 PUFAs, 20:5n-3 and 22:6n-3. 387 
However, our data suggest that meat, subcutaneous fat, and liver of the Yakutian horses are not rich 388 
in 20:5n-3 and 22:6n-3 if their food does not contain these PUFAs. This may indicate limitation in 389 
PUFA synthesis in the horses’ tissues. The contents of 20:5n-3 and 22:6n-3 (% and mg/g wet weight) 390 
in the liver of the Yakutian horses and other horse breeds were significantly lower than in the liver of 391 
cows, pigs, and chickens [59]. The contents of 20:5n-3 and 22:6n-3 (mg/g wet weight) in the meat of 392 
horses were the same as in beef and higher than in pork [53,60]. In general, because of the high 393 
content of 18:3n-3 and the optimal ratio of n-6 to n-3 PUFAs, the Yakutian horse meat is a more 394 
valuable and health food product compared to beef, pork, and chicken, which is consistent with the 395 
data of many authors [45,60-62].  396 

Conclusions 397 

The cereal plants studied (B. inermis and A. sativa) accumulate lipids, phosphatidylcholine and 398 
fatty acids, in particular, during the period of natural cold hardening in extremely cold climates of 399 
the permafrost zone. Cereals enriched with nutrients are the basis for the Yakutian horse feeding 400 
during pre-winter fat accumulation. The muscle and adipose tissues and liver of the horses 401 

contained high percentages of 18:2n-6 and 18:3n-3, which were abundant in the cereals studied in 402 
this work. A likely reason for the diverse distribution of these FAs in tissues is that these FAs 403 
perform different functions in the animals. 18:2n-6 is probably used as a precursor in the synthesis of 404 
physiologically valuable 20:4n-6, while 18:3n-3 mainly performs an energy-related function. Such a 405 
high content of 18:2n-6 and 18:3n-3 in the tissues of horses of the Yakutian breed apparently helps 406 
animals successfully survive the extreme temperatures of Central Yakutia, although more research is 407 
needed. Additionally, the Yakutian horse meat has proved to be a valuable dietary product due to its 408 
low n-6/n-3 ratio. 409 
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