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Abstract. Four raw and cold-smoked whitefish species of the genus Coregonus, least cisco (C. sardinella),
Arctic cisco (C. autumnalis), muksun (C. muksun) and broad whitefish (C. nasus), caught in the Yenisei
River (Siberia, Russia) were analyzed. Content (mg per g of product) of long-chain polyunsaturated
fatty acids of the omega-3 family (LC-PUFAs), namely, eicosapentaenoic acid (20:5n-3, EPA) and
docosahexaenoic acid (22:6n-3, DHA), as well as fatty acid (FA) profiles, were measured. There was no
significant decrease in the EPA+DHA content in smoked fish compared to raw fish. Moreover, in least
cisco, a significant increase in the EPA+DHA content, from 3.22 + 0.39 mg - g"! in raw fish to 5.04 +
0.50 mg - g in smoked fish, occurred. Thus, smoked fish of the studied species proved to be a valuable
source of LC-PUFA for human nutrition. The FA profiles of the examined fish, which reflect their diet,
did not change considerably in the process of smoking. Therefore, the FA profiles of smoked fish could

be used for verifying label information on species identity and catchment area.
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XOJIOI[HOC KOIIYCHUEC HEC CHUIKACT COACPKAHUEC
AJTAHHOICMOYECYHBIX IMOJUHCHACBIIIICHHBIX sKUPHBIX KHCJIOT

B CHOMPCKHX BH/IaX CUTOBBIX PbI0

M. W. I'nagpimes*°, B. H. Mopryn®,

B.E. I'yceiinoBa®, H. H. Cymmuk*°

“‘Uncmumym ouoguszuxu CO PAH

QUL «Kpacnospckuu nayunsii yeump CO PAH»
Poccuiickas ®edepayus, Kpacuosapck
*Cubupckuii ghedepanvhviil yHusepcumen
Poccuiickas ®edepayus, Kpacuosapck

AnnoTtanus. [IpoBeeHbl UCCIIEIOBAHMS CHIPOW U ITPUTOTOBJICHHONW XOJIOJAHBIM KOITYEHHUEM PhIObI
yeThIpex BusoB pona Coregonus: psnymka (C. sardinella), apkruaeckuit omyns (C. autumnalis),
mykcyH (C. muksun) u aup (C. nasus), BbioBieHHOH B peke Enuceit (Cubups, Poccus). OnpexneseHo
cofepKaHue (MI Ha I IPOIYKTa) JIIMHHOLENOYESUHBIX TOJMHEHACHIIICHHBIX JXHPHBIX KHCJIOT CeMeiicTBa
omera-3 (JJL-ITHXK), a umenHo siiko3aneHTaeHoBON KUcaoTh (20:5n-3, OIIK) u 0K03arekcaeHoBOM
KucIoTH (22:6n-3, IT'K), a Takke nmpoaHaaIn3npoBaHbl o0mue mpodunu xupHbIX kuciotT (JKK). B peide
XOJIOMHOTO KOITYCHHUsI HEe 00OHAPYIKEHO 3HAYUMMOT0 CHIDKeHUs cogepxanus DITK+II'K o cpaBHeHHIO
¢ cbIpoil peIOoii. Bosee Toro, B psinylike HAOIIONAI0Ch 3HAYUTEIBHOE YBEINYCHHE CONCPIKAHUS
DITKHITK — ot 3,22 + 0,39 Mr * 1! B cBIpO#i prIOE, 10 5,04 + 0,50 Mr - I”! — B KOMUeHO# phide. Takum
00pa3oM, pbIda XOJIOHOr0 KOITYECHHS U3 UCCIICIOBAHHBIX BUJIOB SBJISETCS IPOLYKTOM MUTAHHS, ICHHBIM
o comneprkanuto JLI-ITHXKK. TIpomecc komueHus HE OKa3bIBa CYLICCTBEHHOIO BIMSHUS Ha 00U
npodmib XKK uccie1oBaHHBIX BUIOB PbIO, OTPAXKAIOMIMKA UX PAMOH. DTO 03HAYAET, YTO MPODUIH
JKUPHBIX KHUCJIOT B PbIOE XOJIOHOI'0 KOITYEHHUSI MOKHO MCIIOJIb30BATh ISl BepU(DUKAIIMHN CBEICHH

IIOCTAaBIIUKOB O BPIZ[OBOﬁ MPpUHAJICIKHOCTHU pI:I6BI u paﬁOHe BbIJIOBA.

KuaioueBble cjioBa: pANyIIKa, apKTHUECKUH OMYJIb, MyKCYH, YUp, SHKO3alIeHTaeHOBAsI KHCIIOTa,

JOKO3arcKkCcacHoBasa KucjioTa, l'IpO(bI/IJ'II/I JKUPHBIX KHUCJIOT, XOJOJHOC KOITUYCHHUE.

Baarogapuoctu. Pabota moaaepskana ['ocynapcteernbiM 3aganuem Uuctutyty 6unodpusuku CO PAH
Ne FWES-2024-0024.

Iutuposanue: I'magpimes M. M. XonoqHoe KomueHne HE CHUXKACT COACPKAHNE JIIMHHOLECIIOUCYHBIX MOJMHEHACHIIIICHHBIX
JKUPHBIX KUCIIOT B CHOMPCKUX BUAax curoBbix pei6 / M. . I'naneimes, B. H. MopryHs, B.E. I'yceiinosa, H. H. Cymuk / XKypH.
Cub. penep. yu-ta. buonorus, 2024. 17(4). C. 474—487. EDN: SJIXGQ
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Introduction

Consumers’ interest in healthy food is
steadily growing. Among essential components
of healthy food are long-chain polyunsaturated
fatty acids of the omega-3 family (LC-PUFAs),
namely, eicosapentaenoic acid (20:5n-3, EPA) and
docosahexaenoic acid (22:6n-3, DHA). Indeed,
EPA plays a major role as a precursor of signaling
molecules (lipid mediators), prostaglandins,
thromboxanes and leukotrienes, which regulate
inflammatory and allergic reactions and control the
cardiovascular system, while DHA regulates the
synthesis of mediators and is the main fatty acid
of cell membrane phospholipids in the brain and
other neural tissues (SanGiovanni, Chew, 2005;
McNamara, Carlson, 2006; Adkins, Kelley, 2010;
Wall et al., 2010; Norris, Dennis, 2012; Calder,
2018). In general, LC-PUFAs play an important role
in primary prevention of cardiovascular diseases,
neural disorders and other diseases, and their
required daily consumption in a healthy individual
is ca. 0.5-1.0 g (Harris et al., 2009; Kris-Etherton et
al., 2009; Casula et al., 2013; Nagasaka et al., 2014;
Calder, 2018; Tocher et al., 2019; Jia et al., 2021).

Humans obtain EPA and DHA primarily
from fish (Robert, 2006; Adkins, Kelley, 2010;
Gladyshev et al., 2013, 2015; Tacon, Metian,
2013; Tocher et al., 2019). To meet their required
consumption, the lower threshold content of
EPA+DHA in an average serving of fish of ~200
g must be 2.5 mg - g' (Gladyshev et al., 2018a).
However, the content of EPA and DHA in the
biomass of many fish species is far below the
threshold value of 2.5 mg - g' (Gladyshev et al.,
2018b), therefore it is hardly possible to obtain the
recommended daily dose of EPA+DHA by eating
such fish (Kwetegyeka et al., 2008). Thus, it stands
to reason to inform consumers about the quantity
of LC-PUFAs in a portion of a given fish species.

In addition to the variation in EPA and DHA
content between fish species, which is caused by

their genetics and ecology (Gladyshev et al., 2018b),

the nutritive value of fish dishes may vary because
of the method of culinary treatment (Ohshima
et al., 1996; Tarley et al., 2004; Mnari Bhouri et
al., 2010; Zotos et al., 2013; Sampels et al., 2014;
Chaula et al., 2019; Van Pamel et al., 2021). Indeed,
LC-PUFA content varied ca. 40-fold in fish dishes,
from 40.1 mg - g'! in fried Atlantic salmon (Sa/mo
salar) (Ansorena et al., 2010) to 1.0 mg - g' in
stewed zander (Sander Ilucioperca) (Gladyshev
et al,, 2014). Consequently, information on the
effects of culinary treatments on EPA and DHA
content in fish species is important for producers
and consumers.

Among culinary treatments, cold smoking
is popular in some regions for a number of fish
species. For instance, in Siberia (Russia), smoked
whitefish species of the genus Coregonus were
found to be valuable sources of EPA and DHA
(Gladyshev et al., 2020). However, it was unclear
LC-PUFA
content in the processed fish products compared to

whether smoking diminished the

raw fish. Moreover, there are no data in scientific
literature concerning the effects of smoking on
EPA and DHA content (mg - g of product) in fish.

In addition to the information on nutritive
value, i.e., LC-PUFA content, studies of fatty acid
(FA) profiles of processed fish products provide
an opportunity to verify label information
on the origin of fish (e.g., wild or cultivated),
which considerably influences consumer choice
(Fasolato et al., 2010). Thus, the aims of this
study were 1) to determine whether smoking
causes a decrease in EPA and DHA content in
fish and 2) to evaluate whether smoking deforms
FA profiles in fish and thereby does not allow

detection of mislabeling via FA markers.

Materials and methods

Fish samples

Four whitefish species from the Yenisei
River, Arctic cisco (Coregonus autumnalis), least

cisco (Coregonus sardinella), muksun (Coregonus
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muksun) and broad whitefish (Coregonus nasus),
were studied. The ecological traits and feeding
habits of these species are described elsewhere
(Gladyshev et al., 2017; Sushchik et al., 2020).
Briefly, Arctic cisco is a semi-anadromous fish
that feeds mainly on zooplankton in the pelagial
zone of the Yenisei Gulf of the Kara Sea, as
well as in the Yenisei River. Least cisco is also a
planktivorous pelagic feeder. Muksun and broad
whitefish are benthivorous species that primarily
consume bottom invertebrates.

Raw and cold smoked fish were obtained
from a reputable local fish-processing factory.
Muscle tissues without skin (fillets) below the
dorsal fin were collected for subsequent analyses.

Analysis of moisture content

To measure the moisture content,
approximately 10—15 g of wet weight from the
fillets of each specimen was taken and dried to

constant weight at 105 °C.

Analysis of fatty acids

The fatty acid analysis has been described
in detail elsewhere (Gladyshev et al., 2020).
In brief, the method included the following
steps. Lipids were extracted from mechanically
homogenized muscle tissues with a chloroform/
methanol mixture (2:1, v/v) three times. The
dried lipids were then hydrolyzed under reflux
at 90 °C in methanolic sodium hydroxide
solution (8 mg - mL™). The resulting mixture
was added to an excess solution of 3 % sulfuric
acid in methanol and refluxed at 90 °C for 10
min to obtain fatty acid methyl esters (FAMEs).
Finally, the mixture was washed with several
portions of NaCl saturated solution, and FAMEs
were extracted with a portion of hexane. The
chromatographic analyses of FAMEs were
performed with a gas chromatograph equipped
with a mass spectrometer detector (model 7000
QQQ, Agilent Technologies, USA) and a 30-m

long, 0.25-mm internal diameter capillary HP-
FFAP column. The instrumental conditions were
the same as previously described (Gladyshev et
al.,2020). Data were collected and analyzed using
MassHunter Software (Agilent Technologies,
USA). Peaks of FAMEs were identified by their
mass spectra, which were compared to those
in the integrated NIST 2008 MS LIB database
(Revision Jan 2010) and to those in the standard
37-FAME mixture (U-47885, Supelco, USA).
FAMEs were quantified according to the peak
internal standard, 19:0-FAME
(Sigma—Aldrich, USA), which was added to

the samples prior to lipid extraction after the

area of the

addition of the first portion of the chloroform/

methanol mixture.

Statistical analysis

Kolmogorov—Smirnov tests
for normality, Student’s ¢ tests, ANOVAs and

multivariate

one-sample

correspondence analyses were
performed using STATISTICA software, version
9.0 (StatSoft, Inc., Tulsa, OK, USA). To improve
assumptions of normality and homogeneity of
variance, the arcsine—square root transformation
of percentage data was performed for ANOVA
(Childs et al., 2021), as in the similar studies
of FA composition (Kainz et al., 2009; Torres-
Ruiz, Wehr, 2020). Before the transformation,
percentages were expressed as proportions, i.e.,

divided by 100 (Childs et al., 2021).

Results

Moisture content in raw fish was similar in
the examined species, ranging from 75.8 + 1.1 %
in the Arctic cisco to 82.9 = 2.3 % in the broad
whitefish (Fig. 1). Moisture content in smoked
fish was also similar, ranging from 65.8 = 0.4 %
in the least cisco to 75.3 + 0.6 % in the muksun
(Fig. 1). In all species, a significant decrease in
moisture content of ca. 5-10 % occurred as a

result of smoking (Fig. 1).
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Fig. 1. Mean moisture (%) and mean content (mg g* wet weight) of the sum of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) in raw and smoked fish. Bars represent standard error. Means labeled with asterisks
are significantly different at P< 0.05 according to Student’s ¢ test

In raw fish, the content of EPA+DHA
varied from 1.55 = 0.05 mg - g! of wet weight
in muksun to 6.86 = 1.35 mg - g! in Arctic
cisco (Fig. 1). In smoked fish, the content of
EPA+DHA varied from 1.54 = 0.12 mg - g"' in
muksun to 8.11 = 0.12 mg - g'! in Arctic cisco
(Fig. 1). There was no significant decrease in
the EPA+DHA content after smoking (Fig. 1).
Moreover, in least cisco, there was a statistically
significant increase in the content of EPA+DHA,
from 3.22 + 0.39 mg - g! in the raw fish to 5.04
+ 0.50 mg - g' in the smoked fish (z = 2.85, p
= 0.015, degree of freedom = 12) (Fig. 1). In
Arctic cisco, the EPA+DHA content also tended
to increase but not significantly in the process
of smoking (Fig. 1).

The pelagic planktivorous species, least

cisco and Arctic cisco, had significantly higher

percentages of 14:0 and tended to have the highest
percentages of 18:4n-3 but had significantly
lower percentages of 18:0 and 20:4n-6 than
the benthivorous species, muksun and broad
whitefish; smoking did not significantly affect
these patterns (Table 1).

Least cisco had significantly higher levels of
20:3n-3, 20:4n-3 and 22:4n-3 and tended to have
a higher level of 20:2n-6, and these differences
were not affected significantly by smoking
(Table 1). Raw least cisco also had significantly
higher levels of X24PUFAs, which increased
significantly after smoking (Table 1).

Arctic cisco had significantly higher levels
0f 20:1n-9 and tended to have the highest levels of
16:1n-7, 16:4n-1 and X22:1 but tended to have the
lowest percentage of 16:0; this tendency was not
diminished by smoking (Table 1).

— 478 —



w0 F €0 avl0 F +¥0 w00 F TO @00 F 10 a00 F 10 400 F 10 voO F 90 o000 F €S0 9-uz:0¢
a00 F v0 a00 F €0 oS0 F 6C o0 F 07T al0 F 90 40 F L0 oC0 F IC vio F  §'1 L-UT:0¢
v F €1 vao  F 11 vio F 01 vi0 F S0 &80 F Itv &80 F ¥¥ IO F 60 v F Tl 6-Ul-0C
oal0 F L0 o5al0 F L0 oal0 F 90 oI'0 F €0 avl0 F €1 a0 F TI1 vI0 F 61 a0 F VI €upy:8l
0 F TC b0 F ¥CT &0 F S0 00 F €0 400 F €0 al0 F ¥0 vI0O F 01 vi0 ¥ 01 €Ul
>0 F ¥T oy0  F LT al0 F L0 al0 F 60 al0 F 80 al0 F L0 vI0 F V1 vI0 ¥ 971 9-ug-81
aa00 F TO0 aavl0 F €0 0600 F¥ CT0 00 F 10 av00 ¥ +0 IO F ¥0 a00 F +0 av00 F €0 G-ul:gl
av¢0 F 06 &S0 F TS a€0 F 89 a@ll F ¥S &0 F L9 a€0 F T9 b0 F €9 w0 F 0€ L-UT:g8l1
»0T F OLI 9T F 681 L0 F S0l «I'l F 99 o1 F ¥E€ @60 F 9Vl o0 F 970 90 F 971 6-Ul:81
bI'o F  0¢ 0 F 0¢ IO F 9Y 01 F 9¢ &0 F ¥T &C0 F 0¢€ al0 F 6T 00 F ¢6€¢ 0-81
v00 F 00 voO F 00 w00 F T0 v0O F 00 oI0 F ¥0 o6l0 F €0 00 F T0 w00 F T0 [-uy:91
00 F ¥0 a0 F ¥0 00 F TO 200 F TO a&00 F 10 «00 F T0 &00 F 10 w00 F T0 8-UI:LI
»00 F CTO oxCO F €0 500 F T0 500 F 10 vI0O F ¢v0 00 F €0 o0 F €0 00 F €0 P-ug9l
al0 F L0 al0 F 90 500 F €0 oI0 F €0 4«00 F T0 4«00 F T0 voo + T0 w00 F CT0 0:L1
av00 ¥ €0 aC0 F ¥0 00 F TO 500 F T0 al0 F 90 a00 F +¥0 5av00 F €0 00 F €0 P-ucol
>0 F T o0 F 60 a00 F CTO0 4«00 F 10 voO ¥ 00 4«00 ¥ 00 &00 F 10 a00 F 10 0-LT®
o0 F IT a0 F Pl v0Oo €0 v0O F CT0 00 F T0 voo  F 10 voo F T0 voOO F 10 0-LTY
veo F €6 vl F ¥0I w0 F V6 vl F 69 8T F 01C 2w€C F 691 «90 F €I w0 F €6 L-Uu191
600 F €0 500 F +v0 5600 F €0 al0 F¥ €0 vwW0O F+ 0O wWO F* <C0 wWO F TO w0 F TO0 6-Ul-91
a0l F €6l a0 F 88l a0 F €8 «9¢ F 661 w90 F 191 0 F 191 a¥b0 F ¥8 a90 F 98I 0:91
OI'0 F 90 oI0 F ¥0 « 00 F 10 «00 F T0 w0 F 00 w00 F 00 4«00 F T0 «00 F 10 091!
bI'0 F 90 IO F 90 00 F S0 o0 F S0 « 00 F €0 «00 F €0 00 F SO0 WO F ¥O 0:S1
aa0’0 F €0 ac0 F S0 500 F T0 500 F 00 o000 F T0 o000 F T0 @00 F €0 00 F TO 0-G1!
>0 F ¥T o0 F €T 0aC0 F 91 ac0 F I wo F 0y w0 F LE vZ0 F LY w0 F 0¥ 01
(9=u) payouws (9=u) mex (9=u) pazyows (g=u) mex (9=u) pazouws (L=u) mex (L=u) paxjows (L=u) mex
ysyoIyMm peoiq unsynu 09S10 91Ty 09519 JsBI[ proe A13e]

sojdures jo 1oquinu — u ‘ejep POULIOsuLI}-30[ JOJ N0 PALLILD
‘VAONY 10 159} 00y 3s0d A3yn] 191 JUQIQPIP A[JUBOYIUSIS J0U B JO1IQ] QWS Y} YIM PI[[QqR] SUBDIN “(Snspu $nu032.400)) YSYIYM PBOIq PUR (Unsynu snuoda..0))) unsynui
{(SyypuwninD snu032.400)) 0ISI1 ALY (DJjauIp.1vs SNU032.4107)) 0ISIO ISBI[ PIYOWS P[0 PUB MBI JO (SPIOE A)Je] [810) JO 9 JOLId pIepur)s F uedw) uonisodwoos proe £11e4 '| 9[qeL



oI'0 F  ¥0 oI'0 F TO0 o0 F €0 oSI0 F CTO oI0 F SO oSI0 F 90 €0 F €€ w0 F 61 VdNdvreX
a0l F T0I &1 F T6 o561 F+ 900 9%v F +v9C g¢lc F+ 10l «91 F TTU L0 F 9C ST F €8I €u9-ce
av¢0 F €T o56¢0 F 61 aC0 F ¥CT w0 F LT HI0 F 91 50 + 61 a«l0 F ¥ W0 F LT €ugs-ce
a00 F 00 00 * 00 400 * 00 4«00 * 00 4«00 F+ 00 00 F TO0 IO F+ €I IO F 60 €up-ce
IO F 60 o0 ¥ 80 WO *F TO0O vIO * €0 400 F+ 00 00 F TI0 00 F T0 0O F €0 9-ug-ce
a00 F T0 300 F T0 al0 F T0 40 F 00 590 F 81T o0 F LT a00 F €0 00 F ¢0 [-TCX
a0 F 8V 0T F €6 a0 F S0 oSCT F 8€I 9€0 F 68 €0 F 86 €0 F 99 €0 F §L €-us0c
0a00 F  ¥0 5600 F €0 g0 F S0 500 F €0 0 F 90 4l0 F 90 IO F 8T vI0O F ¢1T €uy0c
00 F 10 00 * C0 400 F* T0 400 * T0 4«00 F+ 00 «00 F TO0 wO F+ 90 0O F ¥0 €ug0c
ac0 F €¢ as0 F 0¢€ 4«0 F €T 490 F T€ IO F SO0 IO F 90 w00 F L0 IO F TI 9-uy:0¢
(9=u) payouws (9=u) mex (9=u) pazows (g=u) mex (9=u) payouws (L=u) mex (L=u) poyjowrs (L=u) mex
[SYIYM peoiq unsynuw 09510 O1)OTY 00510 JSB9[ pioe K138

panunuo) [ d[qe],



Michail I. Gladyshev, Vasiliy N. Morgun... Cold Smoking Does Not Decrease the Content of Long-Chain Polyunsaturated...

Muksun had a significantly higher level
of 20:5n-3, which decreased significantly after
smoking (Table 1). It also tended to have the
highest level of 22:6n-3 but the lowest levels of
16:2n-4 and 16:3n-4, and these distinctions were
not significantly diminished by smoking (Table
1). In addition, raw muksun had the lowest level
of 18:1n-9, which increased significantly after
smoking (Table 1).

Broad whitefish had the highest levels of 116:0,
i17:0, al7:0, 17:0, 17:In-8 and 22:5n-6 and tended
to have the highest percentages of i15:0 and 15:0,
and this tendency was not significantly diminished

Dimension 2
<)

by smoking (Table 1). In addition, broad whitefish
had the significantly highest levels of 18:2n-6 and
18:3n-3 and tended to have the highest percentage
of 16:1n-9, and this tendency was not significantly
diminished by smoking (Table 1). In contrast,
broad whitefish tended to have the lowest level of
20:5n-3, which did not significantly decrease after
smoking (Table 1).

According to the correspondence analysis
(CA) of FA profiles, samples of raw and smoked
specimens of the same species were grouped into

distinct clusters separated from those of other

species (Fig. 2).

-04 -0,2

x22:1
.

02 i
16:4n-1 A0S

Dimension 2

22:4n-3
Z24PUFA20:4n-3  20:5n-3 226n-3
.
18:4n-3
16:1n-7 ,14:0 _
16:3n4 ° 1871n-5 20208, 15450
i
02 16:2n-4 .

Dimension 1

20:1n-7
.

20:3m3
“1n-7 °22:5n-3
18407 5%e

18:1n-9 .
° 16:1n-9
18:2n-6
.
. 17:1n-8
i15:0 4 q.
o« 18303 ° 47y
.

20:4n-64

22:5n-64
i16:0

i17:0
al7.0g

-1,0 -0,8 -0,6 -04

-0,2 0,0 0.2 04 0,6

Dimension 1

Fig. 2. Canonical correspondence analyses of fatty acid (FA) composition (% of the total) in fish: Ir and Is, ar and
as, mr and ms, br and bs — raw and smoked least cisco Coregonus sardinella, Arctic cisco C. autumnalis, muksun
C. muksun and the broad whitefish C. nasus, respectively. Dimension 1 and Dimension 2 explain 31.3 % and

30.1 % of the variance, respectively
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The contributions of the two factors, significant contribution to the variability in the
species identity and smoking, to the variations  percentage levels of all FAs, except for 18:1n-7,
in FA composition were evaluated using two-  for which the treatment contributed more strongly
way ANOVA. Species identity made the most than the species identity (Table 2).

Table 2. Results of two-way ANOVA comparing contribution of two factors, species identity (Species, degree
of freedom d.f. = 3) and treatment (raw or cold smoked, d.f. = 1) and their interaction (Species x Treatment, d.f.
= 3) on the levels of fatty acids (% of total FAs) of least cisco (Coregonus sardinella), Arctic cisco (Coregonus
autumnalis), muksun (Coregonus muksun) and broad whitefish (Coregonus nasus). MS — mean square effect for
independent variables, F' — Fisher’s test. Significant values with P < 0.05 are given in bold. FAs with insignificant
ANOVA are not shown

. Species Treatment Species x Treatment
Fatty acid
MS F MS F MS F
14:0 0.0230 71.9 0.0018 5.6 0.0002 0.7
i15:0 0.0033 40.8 0.0000 0.3 0.0002 2.1
15:0 0.0014 31.9 0.0001 1.8 0.0000 1.1
16:0 0.0066 88.5 0.0004 5.6 0.0001 1.4
16:0 0.0042 10.5 0.0002 0.5 0.0003 0.9
16:1n-9 0.0010 26.3 0.0000 0.8 0.0001 3.3
16:1n-7 0.0621 29.3 0.0128 6.0 0.0034 1.6
i17:0 0.0290 120.1 0.0009 39 0.0007 2.9
al7:0 0.0167 98.8 0.0006 33 0.0003 2.0
16:2n-4 0.0018 11.8 0.0003 2.1 0.0002 1.5
17:1n-8 0.0030 48.6 0.0000 0.9 0.0000 0.4
16:4n-1 0.0047 27.4 0.0013 7.6 0.0000 0.1
18:0 0.0123 78.6 0.0021 13.1 0.0003 1.9
18:1n-9 0.0377 29.4 0.0007 0.5 0.0051 4.0
18:1n-7 0.0019 4.2 0.0033 7.3 0.0009 2.0
18:1n-5 0.0011 14.5 0.0000 0.1 0.0001 1.4
18:2n-6 0.0171 74.3 0.0000 0.0 0.0004 1.7
18:3n-3 0.0228 93.6 0.0000 0.2 0.0003 1.4
18:4n-3 0.0093 34.6 0.0025 9.2 0.0004 1.5
20:1n-9 0.0361 37.2 0.0003 0.3 0.0010 1.1
20:1n-7 0.0255 69.7 0.0021 5.8 0.0005 1.5
20:2n-6 0.0045 36.6 0.0001 0.6 0.0001 0.9
20:4n-6 0.0333 78.2 0.0012 29 0.0008 1.9
20:3n-3 0.0056 48.9 0.0000 0.1 0.0001 0.8
20:4n-3 0.0136 87.4 0.0008 5.0 0.0001 1.0
20:5n-3 0.0369 67.4 0.0067 12.2 0.0010 1.9
>22:1 0.0323 34.3 0.0017 1.8 0.0001 0.1
22:5n-6 0.0010 65.5 0.0001 0.8 0.0004 2.8
22:4n-3 0.0343 212.1 0.0002 1.1 0.0003 1.8
22:5n-3 0.0025 13.9 0.0002 1.1 0.0005 2.8
22:6n-3 0.0850 28.1 0.0206 6.8 0.0061 2.0
Y24PUFA 0.0364 86.0 0.0026 6.2 0.0018 4.2
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Discussion

Cold smoking did not decrease the
EPA+DHA content in the filets of the four studied
species of the genus Coregonus from the Yenisei
River. In a number of studies, no decrease in
the levels of these LC-PUFAs in fish during
culinary treatments was detected (Candela et al.,
1998; Sioen et al., 2006; Gladyshev et al., 2006,
2007, 2014; Amira et al., 2010; Ansorena et al.,
2010; Leung et al., 2018; de Brito et al., 2019).
Moreover, there was a significant increase in
the LC-PUFA content in smoked filets of least
cisco (C. sardinella) compared to raw fish. This
increase was likely caused by the moisture loss
of approximately 10 %. Indeed, increases in EPA
and DHA content in processed fish products
compared to those in raw fish were reported in
other studies, and moisture loss was identified as
a possible mechanism for these changes (Sioen et
al., 2006; Ansorena et al., 2010; Gladyshev et al.,
2014). However, in the other studied fish species,
Arctic cisco, muksun and broad whitefish, there
was no significant increase in EPA or DHA
content despite moisture loss.

The following may explain the above
patterns in the EPA and DHA content change
resulting from smoking. Evidently, during
culinary treatment, namely, heating, LC-PUFAs
undergo oxidative effects, which result in the
degradation and loss of these polyunsaturated
acids. For instance, a significant increase in
reactive aldehydes derived from n-3 PUFAs was
found in panfried and boiled salmon (Leung et al.,
2018). On the other hand, cooking induces water
loss in food, which leads to an increase in lipid
content, including that of LC-PUFAs. A balance
between these antagonist processes, oxidation
and moisture loss, results in either increase or
decrease, or zero change in the EPA and DHA
content in cooked fish. Most likely, the balance of
oxidation and moisture loss is species-specific, as

found in our present study.

It is worth noting that the nutritive value of
processed fish must be estimated based on units
of mass, i.e., mg of EPA+DHA per g of product,
rather than in relative units, % of the LC-PUFAs
of total FAs (reviewed by Gladyshev, Sushchik,
2019 and references therein). Accordingly, the
changes in the EPA+DHA content of diverse fish
species under certain culinary treatments must
be also measured in units of mass. Here, we
regard the ‘nutritive value’ of fish as the content
of two essential fatty acids, EPA and DHA. Fish
is also a valuable nutritive source of proteins
(amino acids), vitamins and micronutrients for
humans. However, fish constitute only ~6 % of
the protein consumed by humans (Tacon, Metian,
2013), while fish EPA+DHA supply in the human
diet is more than 97 % (Gladyshev et al., 2015).
Thus, the essential nutritive value of fish for
humans consists in EPA and DHA content in
their biomass.

In our previous study of cold smoked fish of
the genus Coregonus from the Yenisei River, their
high nutritive value regarding EPA and DHA
content was revealed (Gladyshev et al., 2020).
In the present study, the high nutritive value of
the four species was confirmed. The EPA+DHA
content in the Arctic cisco (C. autumnalis) and
least cisco (C. sardinella) exceeded the threshold
value of 2.5 mg - g'. The two other species,
the broad whitefish (C. nasus) and muksun (C.
muksun), had the EPA+DHA content slightly
below the threshold value but close to it. To obtain
the recommended daily dose of EPA+DHA of
0.5 g, one needs to consume ~320 g of smoked
muksun and ~270 g of smoked broad whitefish.
These daily portions exceed the common average
portion of fish per serving (~200 g) but still seem
to be reasonable.

The second aim of the present study was to
compare the FA profiles of raw and smoked fish.
Although the levels of some FAs were changed by

smoking, the overall FA profiles were not affected
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considerably; i.e., they were close to the profiles
of raw fish and remained species- and site-
specific. For instance, the pelagic planktivorous
species, least cisco and Arctic cisco, tended
to have higher levels of markers of planktonic
cryptophyte algae (18:4n-3) (Desvilettes et al.,
1997) than the benthivorous species, muksun
and broad whitefish, and smoking did not
significantly affect these patterns. In turn, the
two benthivorous species had significantly higher
levels of the terrestrial organic matter marker
20:4n-6 (Feniova et al., 2015) than the two
planktivorous species, and this distinction did
not diminish significantly after smoking. Least
cisco had significantly higher levels of 20:3n-3,
20:4n-3 and 22:4n-3 that might be intermediate
compounds indicative of the conversion of C 18
to C 2022 PUFA by this species (Tocher et al.,
2019; Sushchik et al., 2020), and these differences
were not affected significantly by smoking (Table
1). Arctic cisco tended to have the highest levels
of markers of diatom algae, 16:1n-7 and 16:4n-1
(Dijkman, Kromkamp, 2006), and this tendency
was not diminished by smoking. In addition,
semi-anadromous Arctic cisco had significantly

higher levels of the marker of marine copepods
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