Fakulta zemédélska Jiho¢eska univerzita

..‘ a technologicka v Ceskych Budg&jovicich

Faculty of Agriculture University of South Bohemia
‘. and Technology in Ceské Budéjovice

Jihoteska univerzita v Ceskych Budéjovicich

Fakulta zemédélska a technologicka

Katedra: Studijni program:
Rostlinné vyroby Fytotechnika
Studijni obor:

Speciélni produkce rostlinna

Téma diserta¢ni prace:

Charakterizace bilkovin, rozpustnych slizii a fenolovych latek
ziskanych ze semen olejného Inu (Linum usitatissimum L.)

Autor: Skolitel:

Ing. Markéta JaroSova doc. Ing. Jan Barta, Ph.D.

2024



Prohlasuji, Ze jsem disertacni praci vypracovala samostatn¢ podle pokynu vedouciho
prace a za pouziti uvedené literatury.

Prohlasuji, Zze v souladu s § 47b zédkona €. 111/1998 Sb. v platném znéni souhlasim se
zvetejnénim své disertacni prace, a to v nezkracené podobé elektronickou cestou ve
vetejné pristupné Casti databaze STAG provozované Jihoceskou univerzitou v
Ceskych Budgjovicich na jejich webovych strankach, a to se zachovanim mého
autorského prava k odevzdanému textu této kvalifikacni prace. Souhlasim déle s tim,
aby toutéZ elektronickou cestou byly s uvedenym ustanovenim zakona ¢. 111/1998 Sb.
zveiejnény posudky Skolitele a oponentll prace i zdznam o prabéhu a vysledku
obhajoby kvalifika¢ni prace. Rovnéz souhlasim s porovnanim textu mé kvalifikacni
prace s databazi kvalifika¢nich praci Theses.cz provozovanou Ndrodnim registrem

vysokych kvalifikacnich praci a systémem na odhalovani plagiatii.

Ing. Markéta JaroSova

V Ceskych Budgjovicichdne .......................



Dedikace

Vysledky uvedené v ramci této disertacni prace byly ziskany za financni podpory

grantii:

e NAZV QK1910302 (Ministerstvo zemédélstvi Ceské republiky): Zpracovani
vedlejSich produkti z lisovani semen olejnin na nové vyrobky s nutricnimi a
zdravotnimi piinosy

e GA JU 033/2018/Z (Jiho¢eska univerzita v Ceskych Budgjovicich): Moznosti
izolace slizotvornych latek a proteinti z Inéného semene (Linum usitatissimum
L.) a studium jejich vlastnosti a biologickych aktivit

e GA JU 080/2022/Z (Jihoeska univerzita v Ceskych Budg&jovicich):
Hodnoceni zemédélskych a potravinarskych surovin zpohledu genetické
diverzity a obsahu biologicky aktivnich latek a stopovych prvki

e GA JU 027/2019/Z (Jihoteska univerzita v Ceskych Budg&jovicich): Nové
pfistupy a techniky ve Slechténi, rostlinolékafstvi a hodnoceni kvality

rostlinnych produkti



Podékovani

Rada bych pod¢kovala svému skoliteli doc. Ing. Janu Bartovi, Ph.D. za pfileZitost
vénovat se plodiné, jako je len sety olejny, dale za odborné vedeni, pfipominky béhem mého
studia a pomoc pii zpracovani této prace. Také bych chtéla podékovat doc. Ing. Veronice
Bartové, Ph.D., za podporu a cenné rady. Nejvétsi pod€kovani patii mému pfiteli, ktery mi byl
vzdy oporou, neustale naipomocen a nedovolil mi vzdat se pied dokoncenim této prace. A v
neposledni fade bych chtéla podékovat mé rodin€, kterda me vzdy podporovala po celou dobu

mého studia.



Seznam pouzitych zkratek

ABTS - 2,2‘-azinobis(3-ethylbenzothiazolin-6-sulfonat); chemikalie, nazev chemické
metody

ACE — angiotensin converting enzyme: angiotensin-konvertujici enzym
ALA — alpha-linoleic acid: alfa-linolenova kyselina; nazev mastné kyseliny

BCB — B-carotene bleaching assay: metoda odbarvovani B-karotenu; nazev chemické
metody

CLPs — cyclolinopeptides: cyklolinopeptidy

DPPH — 2,2-difenyl-1-pikrylhydrazyl; chemikalie, nazev chemické metody

EKA — ekvivalent kyseliny askorbové; jednotka vyjadieni antioxida¢ni aktivity

EKG — ekvivalent kyseliny gallové; jednotka vyjadieni celkového obsahu polyfenola
FG — flaxseed gum: Inény sliz

FP — flaxseed proteins: bilkoviny Inéného semene

GC-MS - liquid chromatography — mass spectrometry: plynova chromatografie s
hmotnostni spektrometrii; nazev analytické a separa¢ni metody

HPLC — high performance liquid chromatography: vysokolUc¢inna kapalinova
chromatografie; ndzev analytické a separa¢ni metody

HSCCC — high-speed countercurrent chromatography: protiprouda chromatografie;
nazev analytické a separacni metody

HTS — hmotnost tisice semen;
LARI — lariciresinol; lignan

LC-MS/MS — liquid chromatography — tandem mass spektrometry: kapalinova
chromatografie s tandemovou hmotnostni spektrometrii; ndzev analytické a separacni
metody

MATA — matairesinol; lignan

MKS — milion kli¢ivych semen

PGs — protein groups: proteinové skupiny

PINO — pinoresinol; lignan

SDG - secoisolariciresinol diglucoside: secoisolariciresinol diglukosid; lignan

SDS-PAGE - dodecyl sulphate-polyacrylamide gel electrophoresis: elektroforéza v
polyakrylamidovém gelu v pfitomnosti dodecylsiranu sodného, biochemicka
separacni metoda

SECO - secoisolariciresinol; lignan



SPE — solid phase extraction: extrakce na pevné fazi; ndzev extrakéni metody

TAC - total antioxidant activity: celkovy antioxidacni aktivita; nazev chemické
metody

TE — ekvivalent troloxu; jednotka vyjadieni celkové antioxidacni aktivity
TPC — total polyphenol content: celkovy obsah polyfenolt; nazev chemické — metody

TROLOX - 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; nazev
chemické latky (analog vitaminu E)



SOUHRN

Len sety (Linum usitatissimum L.) se fadi mezi nejstar$i domestikované plodiny.
Jeho péstovani za ticelem ziskavani vlaken, oleje ¢i pro Iékaiské ticely bylo rozsifeno
jiz v obdobi starovéku. Krom¢, dnes jiz minoritni, produkce vldken vyuzivanych
Vv textilnim primyslu, a souc¢asné prevazujici péstovani pro produkei vysoce kvalitniho
oleje, se semena Inu v soucasné dobé uplatiuji, jako funkéni potravina spojena
s Sirokymi moznostmi aplikaci v riznych oblastech potravinaistvi a vyzivy. Lnéna
semena obsahuji biologicky aktivni komponenty v podobé polynenasycenych
mastnych kyselin tvofici hlavni podil Inéného oleje, dale pak vysoce kvalitni bilkoviny
a peptidy, lignany a dietarni vlakninu ve formé rozpustnych polysacharida tvoftici sliz
a nerozpustné lignocelulosy.

Tato disertatni prace predkladd vysledky zamétené na charakterizaci tii
vyznamnych komponentti Inéného semene — bilkovin, polysacharidt a lignant. Tyto
skupiny latek vykazuji zajimavé funkéni vlastnosti a biologické aktivity, jeZ mohou
byt vyuzitelné v Sirokém spektru potravinaiskych aplikaci nebo 1ékatstvi. Prace
akcentuje vyznam a moznosti vyuziti vyliski Inénych semen, jez jsou vyznamnym
zdrojem uvedenych komponent. Krom¢ samotnych vysledkt je soucasti této disertacni
zaméfenych na Inéné bilkoviny, slizy a lignany. Poznatky ziskané v ramci této prace
mohou byt uplatnitelné zejména pii novoslechténi olejného Inu, v potravinaiském a
zpracovatelském primyslu. Nicméng, vzhledem k vyznamnym nutriénim aspektim
a biologickym aktivitam vySe zminénych slozek lze ziskané poznatky vyuZit rovnéz
V oblastech samotné vyzivy a lékafstvi. Obecné si tato prace klade za cil rozsiteni
spektra znalosti dané problematiky a otevfit prostor pro dalsi vyzkum.

Prvni ¢ast vysledku této disertacni prace predstavuji dvé komplexni piehledové
publikace. Prvni publikace byla zaméfend na hydrokoloidy Inéného semene v podobé&
Inéného slizu predstavujici 4-15 % obsahu Inéného semene a bilkoviny tvotici 11-31
% jeho hmotnosti. V tomto piehledovém ¢lanku je detailné popsana struktura, metody
extrakce, funk¢ni a biologické vlastnosti a moznosti aplikace obou typt hydrokoloidi,
zejména pro fortifikaci riznych potravin a dalsi potravinarské vyuziti. Na tuto praci
navazuje kratky ptehledovy ¢lanek shrnujici soucasné trendy v potravinaiskych a
dietarnich aplikacich Inéného slizu. Prvni publikace popisuje spiSe tradi¢ni vyuziti

Inéného slizu ve formé obohacovani potravin za ucelem zvySeni technologické,



nutriéni €i senzorické jakosti potravin, ptipadné poskytnuti zdravotniho benefitu.
Druha ptehledova publikace se zamétuje vyhradné na moznosti vyuziti Inéného slizu
Vv soudobych a inovativnich oblastech potravinarského priimyslu a vyzivy. Lnény sliz
Ize v ramci modernich aplikaci vyuzit napiiklad pfi tvorbé filma pro ochranu potravin,
jako strukturni komponent v oleogelech, kryogelech nebo aerogelech a rovnéz také
pro modifikaci funkénich vlastnosti bilkovin v rdmei spole¢nych komplexti. V ramci
vyzivy je mozné uplatnit Inéni sliz pro enkapsulaci probiotik nebo biologicky
aktivnich latek. Lze jej také vyuzit jako prebiotikum pro zvyseni podilu prospésnych
probiotickych mikroorganismti. Obé& piehledové prace v dusledku zdiraziuji
vyznamny potencial bilkovin a slizi Inéného semene pro soucasné i budouci aplikace
riznych sméri.

Druha ¢ast této prace predstavuje provoautorska publikace zaméfend na vyzkum
vlivu odriidy a péstitelskych podminek na vynosové parametry, chemické slozeni,
obsah lignanti a antioxida¢ni potencial Inénych semen. V ramci této studie byly
porovnany uvedené parametry u Ctyt ¢eskych a dvou nizozemskych odrtd Inu setého
olejného. Pomoci pitvodné vyvinuté metody kapalinové chromatografie s tandemovou
hmotnostni  spektrometrii (LC-MS/MS) byla zjist€éna nativni pfitomnost
secoisolariciresinol digklukosidu a matairesinolu. Jejich obsah pak pozitivné koreloval
s celkovym obsahem polyfenolli a antioxidacni aktivitou. Mezirocn& byl zjiStén
negativni vliv nedostatku srazek v kli¢ovém obdobi kvétna a cervna na vynos semen
a obsah secoisolariciresinol diglukosidu, naopak nebyl negativné ovlivnén obsah
dusikatych latek. Nicmén¢, obsah dusikatych negativné koreloval s obsahem tuku.
Celkovée byl tedy pozorovan vyznamny vliv odridy a ro¢niku na vétSinu sledovanych
parametrl. Tato zjiSténi mohou byt reflektovana jak pfi vyvoji novych odrad, tak pii
optimalizaci péstitelskych podminek Inu setého olejného.

Tteti Cast prace predkladd dvé recenzované publikace popisujici vybrané
vlastnosti slizotvornych polysacharidi Inénych semen ziskanych z vybranych odriad
ptredeslého polniho experimentu. V rdmci prvni studie byla stanovena vytéZnost, obsah
polyfenoll a antioxidac¢ni aktivity ziskanych slizotvornych frakei. Nejvyssi vytéznost
byla zaznamenana u odridy Agram, nejvyssi antioxidacni aktivita a obsah polyfenoli
pak u odridy Agriol. Byla rovnéZ zjisténa vyznamna pozitivni korelace obsahu
polyfenolll s antioxida¢ni aktivitou. Druhd publikace této Casti byla zamétfena na
studium vybranych funkénich vlastnosti slizotvornych polysacharidi v podobé

rozpustnosti, bobtnavosti, emulgacni aktivity a schopnost stabilizovat emulze. Bylo



zjiSténo, Ze ziskané slizy vSech odrid vykazovaly schopnost tvofit stabilizované
emulze ve vodé. Nejvyssi emulgacni aktivita byla prokazana u odridy Raciol.
Rozpustnost slizli ve vodé €inila u vSech odrtd vice nez 70 %. V ptipadé schopnosti
rozpustnosti a schopnosti stabilizovat emulze byly zjiStény statisticky vyznamné
rozdily mezi odridami.

Tématem Cctvrté Casti jsou bilkoviny Inéného semene. Tato Cast predklada
vysledky tykajici se charakterizace Inénych bilkovin, zkouma zptisoby jejich izolace a
zduraznuje moznosti jejich vyuziti. Prvni publikace této Casti predstavuje ptvodni
vyzkumnou studii, jez byla zaméfena na charakterizaci proteomickych profilii Inénych
semen vybranych odrid Inu setého, a to jak celych semen, tak jejich produkt v podobé
vyliskli, jemné vyliskové mouky a bilkovinného koncentratu. V ramci prace bylo
pomoci LC-MS/MS analyzy identifikovano 2560 proteinovych skupin, pfi€emz
dominantni skupinu pfedstavovaly 11S globuliny, jejichz obsah wvzrostl vlivem
alkalické solubilizace (extrakce) a isoelektrické precipitace z 41-44 % na hodnotu 72-
82 %. Ostatni skupiny bilkovin byly zastoupeny minoritné s pfevahou skupiny
albuminii nasledovnych chitinasami, enzymy diilezitymi pro metabolismus rostliny,
oleosiny a stresovymi bilkovinami. Neidentifikované bilkoviny predstavovaly 26-
31 % bilkovinného spektra vyliskli a jemné vyliskové mouky. Obsah uvedenych
skupin, mimo globuliny, byl v souhrnu nadpolovi¢ni v ptipadé vyliski a jemné
vyliskové mouky, pfi¢emZ v samotném koncentratu pak tvofily v priméru méné nez
¢tvrtinu bilkovinného spektra. Forma bilkovinného produktu méla na sloZeni
bilkovinného profilu vyznamné vyssi vliv neZ samotnd odriida Inu. Druha publikace
Vv podobé komplexniho literarniho piehledu se zaméfuje na moznosti zpracovani
vyliskll Inénych semen na ti typy vyrobkil s riznym zastoupenim bilkovin, zahrnujici
bilkovinné mouky (<65 % bilkovin), bilkovinné koncentraty (65-90 % bilkovin) a
bilkovinné izolaty (>90 % bilkovin). Tyto bilkovinné produkty mohou byt dleZitym
zdroje esencialnich aminokyselin a disponuji zajimavymi funkénimi vlastnosti, coZ
umoziuje jejich pouZiti v rliznych potravinaiskych vyrobcich za ucelem zvySeni
nutri¢ni a senzorické hodnoty.

Pata cast prace se soustfed’uje na charakterizaci, funk¢ni vlastnosti a antioxida¢ni
potencial vyliskll Inénych semen. V prvni publikaci této ¢asti byly sledovany zminéné
parametry se zaméfenim na riizné velikostni frakce mouk ziskanych z vyliski Inu a
dal§ich sedmi druhli olejnych plodin. Hrubé frakce vyliskovych mouk obsahujici

pfedevSim obalové vrstvy semene vykazaly vySS$i celkovy obsah polyfenoli,



antioxidacni aktivity a lep$i funkéni vlastnosti v porovnani s jemnou frakci slozenou
z komponentl vnitini ¢asti semene. Jiné druhy olejnin vykazovaly shodny ¢i opacny
trend, ptipadné nebyl efekt prosévani na funk¢ni vlastnosti nebo biologické aktivity
vyznamny. Z pohledu funk¢nich vlastnosti ptedCily Inéné vylisky funkcni vlastnosti
vyliskii ostatnich olejnin. Obecné lze fict, ze prosévani vyliskové mouky vykazuje
efekt pouze v kombinaci s ur¢itymi plodinami. Soucasti posledni ¢asti disertacni prace
je certifikovana metodika, ktera uzivatelim piedklada moznosti zhodnoceni vyliski
vybranych olejnych plodin véetné Inu v podobé frakci vyliskové mouky i bilkovinnych
produktl. V rdmci této metodiky je prostfednictvim piikladii modelovych potravin
demonstrovano, ze diky nutricnim, funkénim a biologickym vlastnostem mohou
vyliskové produkty nalézt uplatnéni v potravinafskych vyrobcich, zejména pak pro
zvySeni senzorické kvality a zdravotniho potencialu.

Vysledky této prace dokladaji, ze bilkoviny, rozpustné slizy i fenolické latky
Inénych semen ¢i jejich produktd predstavuji vyznamné funkcni a biologicky aktivni
ptirodni latky vyuzitelné v lidské vyzive, potravinafstvi, ptipadné dalSich oblastech

lidské ¢innosti a jsou tudiz z pohledu budouciho vyzkumu velmi perspektivni.

Kli¢ova slova: len sety, Inény sliz, bilkoviny, fenolické latky, antioxida¢ni aktivita,

funk¢éni vlastnosti



SUMMARY

Flax (Linum usitatissimum L.) is one of the oldest domesticated crops. Its
cultivation for fibre, oil or medicinal purposes was already widespread in ancient
times. Nowadays, the growing of flax for the production of high-quality flaxseed oil
prevails compared to fibres. However, using flaxseed as a functional food in the food
industry and dietary applications has become more popular recently. Flaxseed contains
bioactive components, including polyunsaturated fatty acids representing the major
proportion of flaxseed oil, as well as functional proteins and peptides, lignans and
dietary fibre in the forms of soluble mucilaginous polysaccharides and insoluble
lignocellulose.

This dissertation presents the results focused on characterisation of three
significant constituents of flaxseed - proteins, polysaccharides and lignans. These
groups of compounds exhibit interesting functional properties and biological activities
that may be useful in a wide range of food or medical applications. This work
highlights the importance and potential use of flaxseed oil cake, which is an important
source of these components. In addition to the results, this thesis also provides a
comprehensive literature review of previous and current research on flaxseed proteins,
mucilages and lignans. The results of this work can be primarily applied to breeding
new oilseed flax cultivars or in the food and processing industries. However, due to
the important nutritional aspects and biological activities of the mentioned
components, the obtained findings can also be used in dietary applications and
medicine. In general, this work aims to expands the spectrum of knowledge on the
subject and to open up the scope for further research.

Two review articles represent the first part of the results. The first publication
focused on the hydrocolloids of flaxseed in the form of flaxseed mucilage representing
4-15% of the flaxseed content and protein representing 20% of its weight. In this
manuscript, the structure, extraction methods, functional and biological properties and
possible applications of both types of hydrocolloids for the fortification of various
foods or other food applications are described in detail. This manuscript is followed
by a short review article summarising current trends in food and dietary applications
of flaxseed mucilage. The first publication describes more likely the traditional use of
flaxseed mucilage for food fortification to enhance the technological, nutritional or
sensory quality of foods or to provide health benefits. The second review paper focuses



exclusively on the potential use of flaxseed mucilage in recent and innovative food
industry and nutrition areas. In modern applications, flaxseed mucilage can be applied,
for instance for preparing films, for food protection, as a structural component in
oleogels, cryogels or aerogels, and it may modify the functional properties of proteins
within composites. From the point of nutrition, flaxseed mucilage can serve as an
encapsulating agent for probiotics or biologically active compounds. Flaxseed
mucilage has the characteristics of a prebiotic and may increase the proportion of
beneficial probiotic microorganisms. As a result, both review articles highlight the
significant potential of flaxseed proteins and flaxseed mucilage for various recent and
future applications.

The second part of this thesis represents a first-authorship original manuscript
focused on researching the influence of variety and growing conditions on vyield
parameters, chemical composition, lignan content and antioxidant potential of
flaxseeds. The study compared these parameters in four Czech and two Dutch cultivars
of oilseed flax. Using the originally developed liquid chromatography — tandem mass
spectrometry (LC-MS/MS) method, the native presence of secoisolariciresinol
diglucoside and matairesinol was detected. Their content was then positively
correlated with total polyphenolic content and antioxidant activities. Based on the
inter-year comparison, the lack of rainfall in the key periods of May and June was
found to have a negative effect on seed yield and secoisolariciresinol diglucoside
content, while crude protein content was not negatively affected. On the other hand,
crude protein content was negatively correlated with fat content. In general, a
significant effect of cultivar and weather on most of the observed parameters was
observed. These findings could be reflected in the development of new varieties and
in optimising oilseed flax growing conditions.

The third part of the thesis consists of two peer-reviewed publications describing
selected properties of mucilaginous polysaccharides of flaxseed obtained from
selected cultivars of the field experiment. In the first study, the yield, total polyphenol
content and antioxidant activity of the mucilaginous fractions obtained were
determined. The highest yield was found in the cultivar Agram, while the highest
antioxidant activity and polyphenol content was found in the cultivar Agriol. A
significant positive correlation of polyphenol content with antioxidant activity was
also found. The second publication of this part focused on the study of selected

functional properties of mucilaginous polysaccharides, specifically solubility, swelling



capacity, emulsifying activity, and emulsion stabilization ability. It was found that the
obtained mucilages of all cultivars showed the ability to form stabilized emulsions in
water. The highest emulsifying activity was demonstrated for the cultivar Raciol. The
solubility of mucilage in water was more than 70% for all cultivars. Statistically
significant differences between varieties were found regarding solubility and the
ability to stabilize emulsions.

The topic of the fourth part represents the flaxseed proteins. This part shows the
results concerning the characterisation of flaxseed proteins, summarises the
possibilities of their isolation, and highlights their possible applications. The first
publication of this part represents the original research, which was focused on the
characterisation of the proteomic profiles of selected flaxseed cultivars, specifically of
the whole seeds and their products in the form of oilseed cakes, fine flaxseed flour and
protein concentrate. Within this study, 2560 protein groups were identified by LC-
MS/MS analysis, while the dominant group represented 11S globulins. The content of
globulins was increased after alkaline extraction and an acidic isoelectric precipitation
from 41-44% to 72-82%. The other groups of proteins were minor, while the most
important were albumins, followed by oleosins, metabolism-important enzymes and
stress proteins. The unidentified proteins represent 26-31% of the protein spectrum of
oilseed cake and fine flaxseed flour. The content of the mentioned groups formed
together more than half of the proteins in oilseed cake and fine flaxseed flour, but only
one quarter of these proteins were present in protein concentrate. The form of flaxseed
product had a significantly higher influence on the protein spectrum compared to the
cultivar. The second publication focuses on the possibilities of processing flaxseed oil
cakes into three types of products with different protein contents, including protein
flours (<65% protein), protein concentrates (65-90% protein) and protein isolates
(>90% protein). These protein products can be important sources of essential amino
acids and possess interesting functional properties, allowing their incorporation in
various food products to increase nutritional and sensory value.

The fifth part of the thesis aims at the characterisation, functional properties and
antioxidant potential of flaxseed extracts. In the first publication of this part, these
parameters were investigated with a focus on different size fractions of flour obtained
from oil cakes of flaxseed and seven other oilseed crops. The coarse fractions of the
oil cake flour containing primarily the seed coat layers exhibited higher total

polyphenol content, antioxidant activity and better functional properties compared to



the fine fraction composed of the constituents occuring in the inner part of the seed.
Other oilseed species showed the same or opposite trend, or the effect of sieving on
functional properties or biological activities was insignificant. Regarding functional
properties, flaxseed oil cakes exhibited unambiguously better functional activities than
other oilseeds. In general, the sieving of oil cake flour showed an effect only in
combination with certain crops. The last part of the dissertation includes a certified
methodology that offers users options for evaluating the oil cakes of selected oilseed
crops, including flax, in the form of oil cake flour fractions and protein products.
Within this methodology, it has been demonstrated via the examples of model foods
that, due to their nutritional, functional and biological properties, oilseed cake products
may be appicable in food products, especially for improving sensory quality and health
potential.

The results of this work prove that the flaxseed proteins, mucilages and phenolic
compounds of flaxseed or the derived products represent important functional and
bioactive materials usable in humen nutrition, the food industry, and other human

activities. Therefore, they are very promising from the point of future research.

Key words: flaxseed, flaxseed mucilage, proteins, phenolic substances, antioxidant

activity, functional properties
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1 UVOD

Len sety (Linum usitatissimum L.) se fadi mezi tradi¢ni zem&d¢lské plodiny.
Pivodni oblast vyskytu a péstovani Inu predstavovalo tizemi mezi vychodnim
Stiredomotim a Indii, pficemz byl hojné péstovan také ve starovékém Egypté. Dle
vyuziti se rozliSuje len pradny, len olejny nebo piechodny typ olejnoptadny.
V soudasnosti se celosvétové, i v Ceské republice, péstuje predevsim len olejny pro
produkci semen. Vymeéra péstovani olejného Inu celosvétové Cinila pfiblizné 2,6
miliont hektart (2014). V Ceské republice se od roku 2012 do roku 2023 vyméry
péstovani Inu setého olejného pohybovaly od 1000 do 2000 hektarti. Vynos v tomto
obdobi kolisal v rozmezi ptiblizné¢ 1,2-1,5 t/ha. Semena Inu olejného se vyuzivaji
piimo v oblasti potravinaistvi a krmivarstvi nebo pro lisovani oleje ur¢eného pro pirimy
konzum, v potravinovych dopliicich, ¢i jinych potravinaiskych aplikacich. Lnény olej
nachdzi uplatnéni rovnéz v chemickém primyslu, zejména pii vyrob¢ barev a laku.
Vedlejsi produkt ve formé vyliskii ptfedstavuje v soucasné dobé cenéné dietetické
krmivo. Avsak diky svému nutricnimu slozeni se nabizi potencialni vyuziti Inénych
vyliskil rovnéz v potravinaistvi a vyzive ¢loveka.

Semena Inu setého olejného se fadi mezi funkéni potraviny prospéSné ovliviujici
zdravi. Témét polovinu obsahu semen tvofi mastné kyseliny, v mens§i mife jsou
zastoupeny bilkoviny a vlaknina ptedstavujici spolecné druhou polovinu hmotnosti
Inénych semen. Ostatni latky jsou v celém semeni zastoupeny minoritng. Vysoka
nutricni hodnota Inénych semen je wurfena predevS§im zvySenym obsahem
nenasycenych mastnych kyselin s vyznamnym mnozstvim alfa-linolenové kyseliny
(ALA, alpha-linolenic acid), a to pfedevsim u klasickych odriid. Rozpustna vlaknina
je zastoupena polysacharidy tvofici sliz a nachézi se ve sliznic¢ni vrstvé osemeni.
Lnény sliz je zastoupen zejména sacharidy, pfesto se jedna o komplexni rostlinny
material, ktery diky svému sloZeni vykazuje zajimavé funkéni a biologické vlastnosti.
Podstatnou soucésti Inén¢ho semene jsou bilkoviny tvofené komplexem proteinovych
frakci, pficemz majoritni frakce predstavuji vysokomolekularni globuliny a v mensi
mife poté nizkomolekularni albuminy a dalSi skupiny bilkovin. Kromé vyse
uvedenych sloZek obsahuji semena Inu vyznamné mnoZzstvi fenolovych latek, zejména

lignan®. Lignany jsou obsaZeny v semenech plodin bohatych na vlakninu, naptiklad
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dyni, sezamu, obilninach, luSténinach, avsak jejich obsah v semenech Inu je oproti
uvedenym zdrojim mnohonasobné (75-800x) vyssi.

V souvislosti s vysokym obsahem polysacharidi, hodnotnych bilkovin a
sirokého spektra fenolovych latek byly prokazany vyznamné biologické aktivity a
funkéni vlastnosti Inénych semen. Dosud vsSak nebyla ve vétsi mife studovana
odridové variabilita v obsahu, funkcnich vlastnostech a biologickych aktivitach
obsazenych komponenti. RovnéZ nejsou dostate¢né popsany rozdily v abundanci a
skladbé¢ bilkovin mezi odriidami Inu setého. Hlavnim cilem této disertacni prace byla
realizace tiilet¢ho polniho pokusu. Byl ziskan plivodni experimentilni material
V podobé semen Sesti odrid Inu setého, u nichz byly stanoveny vynosové parametry,
analyza zakladniho chemického sloZeni, kvantifikace obsaZenych lignanti a stanoveni
antioxida¢niho potencidlu. Na zdklad¢ zjisténych vysledkii bylo provedeno
meziodriadové a meziro¢nikové srovnani v§ech zminénych parametrt. Bylo sledovano
zakladni chemické slozeni, zejména pak obsah a spektrum bilkovin ve vyliscich
Inénych semen. Byl také zjistovan vytézek, funkéni vlastnosti a antioxidacni aktivity
samotné¢ho Inéného slizu. Na zdkladé vyvoje modelovych potravin byl sledovan
potencial praktického vyuziti vyliski Inénych semen pro vyrobu zuslechténych

potravinatskych vyrobki.
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2 LITERARNI PREHLED

2.1 Péstovani Inu setého olejného
2.1.1 Taxonomie a rozmnozovani

Len sety (Linum usitatissimum L.) pfedstavuje nejstar$i olejnou a piadnou
plodinu. Je soucasti tzv. ,,neolitického balicku®, tedy plodin pochazejicich z Blizkého
vychodu z obdobi, piiblizné, pted 10 000 lety. Len ptedstavoval hlavni zdroj oleje a
vldkna od pravéku az do pocatku dvacatého stoleti a stile zlstavd hospodarsky
vyznamnou plodinou. Proto je dulezit¢ porozumét historii domestikace, a i
V soucasnosti zkoumat geneticky zdroj Inu pro dalsi vyuziti. Proces domestikace Inu
vSak neni dosud zcela objasnény. V zéasad¢ existuji dva morfotypy péstovaného Inu,
které jsou Siroce oznacovany jako ,,olejné odrady* a ,,pradné odridy*. Olejnaté odrudy
byvaji kratsi rostliny s velkymi semeny, které¢ obsahuji 40 % oleje, zatimco pradné
odridy jsou vyssi, fid¢eji vétvené rostliny s menSim poctem semen mensi velikosti
(Allaby et al., 2005).

Archeologické zaznamy nedokazuji piesné, které ze dvou uvedenych vyuziti
bylo primarni pfi¢inou domestikace Inu. Pfedpokladd se vSak, Ze vyuziti Inu pro
produkci oleje i vlakna bylo na srovnatelné tirovni (Diederichsen a Hammer, 1995).
Kultivovana forma Inu (L. usitatissimum L.) je samosprasna diploidni rostlina s
karyotypem 2n = 30. Morfologické (Diederichsen a Hammer 1995), genetické a
molekularni (Fu et al., 2002) dikazy naznacuji, ze divokym piedkem dne$niho,
kulturniho Inu je len svétly (L. angustifolium Huds.), s nimZz je souéasny len
interfertilni.

Kultivovany len ma dlouhé vzptimené stonky ve srovnani s divokymi formami,
a tobolky, které samovolné¢ nepukaji. Na rozdil od mnoha divokych ptfedkl plodin na
Blizkém vychodé¢ ma len velmi Siroky biogeograficky rozsah zahrnujici zépadni
Evropu a Stfedomofti, severni Afriku, zapadni a jizni Asii a oblasti Kavkazu.
Kultivovany len mé& mnoho geografickych center genetické diverzity, vcetné
stiedoasijskych, zapadoasijskych, stfedomoiskych a habeSskych oblasti a také
evropsko-sibifsky region (Diederichsen a Hammer 1995).

Dle taxonomického zatazeni (Tab. 1) je Linum usitatissimum jednim z témé&f 230

druhi ¢eledi Linaceae, ktera zahrnuje asi 14 rodi. Len je jednoleta bylina, pfi¢emz rod
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Linum zahrnuje témét dvé tretiny vSech druhti Celedi Linaceae (CABI, 2018).
Navzdory této pozoruhodné rozmanitosti je len jedinym, uzitkov€é péstovanym,

druhem v této rodiné.

Tab. 1. Taxonomické zatazeni Inu setého (pfevzato a upraveno podle Qayyum et al., 2023)

Rise Rostliny Plantae

Podrise Cévnaté rostliny Tracheobionta
Oddéleni Krytosemenné Magnoliophyta

Ttida Vys§i dvoudélozné Rosopsida

Rad Malpigiotvaré Malpighiales

Celed Lnovité Linaceae

Rod Len Linum

Druh Len sety Linum usitatissimum L.

Kultivovana forma Inu (L. usitatissimum) je samosprasna diploidni rostlina s
karyotypem 2n = 30 (Zajac et al., 2012). Morfologické, genetické a molekularni (Fu
et al. 2002) dikazy naznacuji, ze divokym predkem péstovaného Inu je len svétly
uzkolisty (L. angustifolium Huds.). Diky stejnému poc¢tu chromozomti 1ze len kulturni
a divoky vzajemné kiizit, ¢imz vznikaji plodné hybridy, které jsou cennymi
rekombinanty zvySujici variabilitu v druhovych znacich (Zajac et al., 2012). Celkem
bylo ve Inu identifikovano 44 genti souvisejici s morfologii rostliny. 20 genti ovliviiuje
barvu casti kvétenstvi, 4 geny ovliviiuji barvu semen, 5 genll ovliviiuje jiné
morfologické znaky, 2 geny ovliviiuji samci sterilitu, 2 geny ovlivituji kvalitu oleje a
11 genti ovliviiuje odolnost vii¢i chorobam (Muir & Westcott, 2003).

Domestikace Inu tuzkolistého probihala v nékolika centrech, a v rlznych
obdobich, po celém svéte. Preména divokého Inu tizkolistého na kultivovany druh, len
obecny, byla mozna diky systematické a dlouhodobé selekci probihajici jiz od neolitu,
v jejimZ disledku doslo k eliminaci samovolného pukéni tobolek a zvySeni hmotnosti
semen (Zajac et al., 2012). Len sety je jednoleta plodina, divoké formy mohou byt
dvouleté nebo viceleté a jsou prevazné samosprasné (Pavelek et al., 2012). Opyleni u
Inu probiha v dobé& otevienych kvétl v rannich hodinach pfi slune¢ném pocasi a nizsi
relativni vzdusné vlhkosti. Pii vétSi oblacnosti a desti dochéazi k opyleni pozdéji v
dopolednich hodinach. K oplozeni dochdzi v nasledujicich, pfiblizné tfech hodinach.
Pfi slune¢ném pocasi blizny kratce po otevieni kvétu zasychaji a nejsou schopné
piijmout dalsi pyl. K cizospraSeni dochazi bud’ pfimym dotykem &erstvé otevienych

kvétl, nebo pfenosem pylu hmyzem, naptiklad vcelami ¢i ttdsnénkami. Bylo zjisténo,
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ze podil ktizového opyleni se u Inu pohybuje v rozmezi 0,15-0,87 %, v nékterych
ptipadech se zvySuje az na 1,33-1,75 % (Zelentsov et al., 2018). Izola¢ni vzdalenost
mezi porosty Inu musi byt, dle vyhlasky ¢. 129/2012 Sb. pro osivo, u predstupnu (SE)
a zakladniho rozmnozovaciho materialu (E) 200 m, u certifikovaného osiva (C) 100
m. Len se mnozi semeny, kterd maji dobrou kli¢ivost po dobu asi 5 let od sklizné, poté
klicivost klesa, pticemz po 10 letech kli¢i pouze piiblizné 10 % semen, podle stavu

semen pii sklizni a zptisobu uskladnéni (Smirous et al., 2015).

2.1.2 Slechtitelské sméry

Soucasné trendy, Slechtitelské cile a metody Slechténi Inu byly popsany v
monografii Handbook of Natural Fibers (Pavelek et al., 2012). V této publikaci jsou
uvedeny aktualni metody Slechténi Inu se specifickym zamétenim na jeho vyuziti v
potravindiském primyslu, pro bioprodukty a v Iékatstvi, kde je kladen diraz na
zvySeni jeho nutricni hodnoty k zajisténi jeho pfinosnych vlastnosti v souvislosti
S lidskym zdravim. Lnéné semeno je velmi vyznamné s ohledem na obsah esencialnich
nenasycenych mastnych kyselin ve Inéném oleji, bilkovin, rozpustné vlakniny a
fenolovych latek, zejména lignanti (Tab. 2). Pozornost je vénovana rovnéz pfitomnosti
a obsahu antinutri¢nich latek, pfedevs§im kyanogennich glykosidi (Pavelek et al.,

2012).

Tab. 2: Vybrané charakteristiky odridovych typt Inu (upraveno podle Smirous et al., 2015;
Thompson & Cunnane, 2003; Stieda & Bjelkova, 2007 )

obsah MK zaméieni vyuZziti Slechténi

fermeze, laky,
technické linoleum, kratké
vlakno, koudel

klasicka skladba
(50-60 % ALA)

vysoky vynos oleje, vysoky
vynos semene

klasicka skladba Konzumni celd semena, olej, vysoky vynos semene, nizky
(50-60 % ALA) vylisky (mouka) obsah antinutri¢nich latek
SniZeny obsah Konzumni celd semena, olej, vysoky vynos semene, nizky
ALA (25-35 %) vylisky (mouka) obsah antinutri¢nich latek
sniZeny obsah Konzumni celd semena, olej, vysoky obsah oleje a kyseliny
ALA (pod 5 %) vylisky (mouka) olejové, vysoky vynos semene

MK = mastna kyselina; ALA = Kyselina alfa-linolenova
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Slechtitelské strategie a biotechnologické piistupy jsou zaméfeny na zvyseni
genetické variability s néaslednym vybérem vhodnych fenotypi s pozadovanou
kombinaci znaktli nasledované eliminaci nezddouci genetické variability, tak aby byly
splnény podminky odliSnosti, uniformity a stability u nové vytvoienych odrtd.
Soubézné s metodami tradi¢niho Slechténi (vnitro nebo mezirodova hybridizace,
rodokmenové selekce, hromadné Slechténi) se stale ¢astéji uplatiiuji biotechnologické
postupy vedouci ke stabilizaci genotypu procesem homozygotizace — haploidizace,
produkce dvojitych haploidii nebo zvysSeni genetické variability genotypli pomoci
jinych metod genového inZenyrstvi vedoucich k vyvoji geneticky modifikovaného Inu
(Pavelek et al., 2012).

Dal$imi dilezitymi vlastnostmi u vSech typl Inu je odolnost k poléhani a
odolnost k chorobam, jez na naSem uzemi zptisobeno piedevsim patogeny Fusarium
oxysporum f.sp. lini, Colletotrichum lini, Alternaria linicola, Phoma exigua var.

linicola a Septoria linicola (Smirous et al., 2015).

2.1.3 Biologicka charakteristika

Len sety je jednoleta plodina mirného podnebi. Vlivem S$lechténi se rozdélila na
poddruhy: len sety pradny (Linum usitatissimum L.) a len sety olejny (Linum
usitatissimum L. var humile) (Vaculik & Smirous, 2017). Len olejny je kratsiho
vzristu s mnoha sekundarnimi vétvemi ve srovnani se Inem pfadnym (Obr. 1).
Vegetacni doba se pohybuje mezi 90 a 150 dny (Muir & Westcott, 2003; Marambe &
Wanasundara, 2017). Strasil (2011) uvadi délku vegetacni doby mezi 150 az 170 dny.
Len sety ma kullovy kotfen s postrannimi kofinky. Hlavni vyhon je vzptimeny a na bazi
stonku se bo¢né vétvi. Pii poranéni hlavniho vyhonu u mladé rostliny, dojde k vyvinuti
nékolika sekundarnich vyhonti. Vyska rostliny se pohybuje od 20 do 150 cm, podle
genotypu. Len olejny mé sekundarni vétve od stfedu stonku, zatimco len pradny se
vétvi pouze v horni ¢tvrtiné stonku. Na stonku jsou stiidavé ptisedlé trojzilné listy.
Mensi listy jsou ¢arkovité a vétsi carkovitd kopinaté. Siika listi se pohybuje od 3 do
13 mm a délka od 15 do 55 mm. Bé&hem zrani rostliny listy Zloutnou a opadavaji (Muir

& Westcott, 2003).
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Obr. 1: Rozsahy technické délky stonku Inu (pfevzato a upraveno podle Tork et al., 2019)

A = typicky ptadny len, B a C = olejnoptradny len, D = olejny len

Len vytvéfi vrcholi¢naté kvétenstvi. Kvét Inu ma pét kalisSnich a pét korunnich
listki vejCitého tvaru. Barva korunnich listkil je pfevdzné v odstinech modré, ale
vyskytuji se genotypy v barve bilé, rizové a fialové (Cullis, 2011). Korunni listky jsou
zilkované. Kvéty se oteviraji brzy rano a v poledne vétSina korunnich listki opada.
Kvét se sklada z 5 prasnikil a péti tyc€inek, které jsou spojeny na jejich bazalnim okraji.
PraS$niky maji odstin modré nebo zluté barvy (Muir & Westcott, 2003). Len sety je
vysoce samosprasny druh diky “ lepkavému pylu”, ktery je ziidka pfenaSen hmyzem.
Pyl je zivotaschopny pouze né€kolik hodin, od okamZziku dehiscence praSniku pfiblizné
do doby, nez korunni listky seschnou, coZ obvykle trva 4 az 7 hodin (Lay & Dybing,
1989).

Z péti plodolistt vznika kulaty plod ve formé tobolky (obr. 2), ktera je Siroka 6-
9 mm. Kazdy plodolist je rozdelen prepazkou. Jeden plodolist mize mit dvé semena
oddélend nizkou pfepazkou, kterd se nazyva “ faleSna prepazka”, jejiz okraj mize byt
chlupaty nebo hladky, v zavislosti na odriidé. Maximalni pocet semen v tobolce je
deset, obvykly pocet je vSak 6-8 semen. V zavislosti na genotypu jsou zralé tobolky
zcela uzaviené (len sety olejny) nebo se mirné oteviraji podél piepazek (len sety

pradny) (Muir & Westcott, 2003; Growing Flax, 2022).
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Obr. 2: Stupné samovolného otevirani ve zralych tobolkéach Inu setého (pievzato a
upraveno podle Muir & Westcott, 2003)

A a B = dehiscentni; C a D = mirn€ dehiscentni; E, F a G = indehiscentni

Lnéna semena jsou plochd, ovalna a na jednom konci $picata (Obr. 3). Hmotnost
tisice semen (HTS) se pohybuje od 5 do 7 g v zavislosti na odridé a podminkach
péstovani. Semena ruznych odrid se 1i$i barvou, kterd mize byt hnédéa (svétle az
tmavé) nebo zluta (Obr. 4) (Growing Flax, 2022). Barva semen je dana mnoZstvim
taninovych pigmentil v pigmentovych buiikach obalu semene. Hnéda semena obsahuji
vice taninii oproti zlutym sementim, u nichz jsou samotné pigmentové buiiky pfitomné

v omezené miie (Marambe & Wanasundara, 2017).

Obr. 3: Morfologie plodu Inu setého (pievzato a upraveno podle Gray, 2010)

A = tobolka; B = podélny fez tobolkou; C = podélny fez semenem
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Obr. 4: Variabilita zbarveni semen u Inu setého (pfevzato a upraveno podle Tork
etal., 2019)

Semeno se skladd z obalu semene, embrya, endospermu a zasobnich latek ve
formé sacharidu, bilkovin a tuku (Obr. 5). Vnéjsi vrstva plasté je silna, zvinéna, leskla
a oznacuje se “testa”, zatimco vnitini vrstva je tenka a nazyva se “tegment”. Povrch
semene pokryvaji epidermalni buiiky, pod kterymi je 1 aZ 5 vrstev bunék parenchymu.
Jednd se o prstencové buiky, jejichz tvar je prevazné kulaty pii pohledu v
periklindlnim fezu (rovnobézn¢ s povrchem semen). Prstencové buiky parenchymu
mohou obsahovat tmavé latky podobné taninu a chlorofyl, ktery ptispiva k barvé
semen. Epidermis a prstencové buniky pochazeji z vnéjsi vrstvy obalu semene. Pod
prstencovymi buiitkami parenchymu se nachazi jedna vrstva sklerenchymu, ktery je
bezbarvy ¢i zluty a tvoii jednobunécnou vrstvu o tloustce 15-25 pm. Dalsi dve
bunécné vrstvy jsou slozeny z tzv. transverzalnich bunék, které maji nepravidelnou
orientaci. Tyto buiiky u hnédosemennych odrid obsahuji pigmenty Zlutohnédé barvy.
Dalsi vrstvou bun¢k je endosperm obsahujici olej a bilkoviny. Olej je ulozen
v oleosomech (tukova téliska, oil body). Oleosomy jsou chranény membranou
slozenou z fosfolipida (0,9 %) a bilkovin (1,34 %). Endosperm obklopuje embryo
(zérodek), které ma dva velké kotyledony (d€lozni listky). Kotyledony jsou obvykle
bilé nebo nazloutlé¢ barvy a obsahuji také olej a cyklolinopeptidy (Zuk et al., 2015;
Muir & Westcott, 2003; Gui et al., 2012a; Fabre et al., 2015a).
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Obr. 5: Prufez Inénym semenem (pievzato a upraveno podle Muir & Westcott, 2003)

Cu = kutikula (obal semene); Ep = epidermis; Ri = kruhové buiky; Sc = sklerenchym,;
Tr = transverzalni bunky; Pi = pigmentové buiiky; En = endosperm; Co = kotyledon

Epidermalni buiiky produkuji sliz slozeny z polysacharidli, polypeptidi a
glykoproteint, ktery se uklada v extraceluldrnim prostoru, tésn¢ pod bunécnou sténou
smeétujici k vnéjsi stran¢ semene. Béhem zrani semene se epidermalni buiiky zmensuji.
Ve vodném prostiedi se bunécné stény natahuji do faze, nez dojde k prasknuti kutikuly.

Sliz poté absorbuje vodu a opousti epidermdlni buniky (Muir & Westcott, 2003).

2.1.4 Agroekologické pozadavky na péstovani Inu setého

Vhodna jsou stanovisté s lehkymi propustnymi, hlinitopis¢itymi az hlinitymi
pudami o pH 5,5-7, s nadmotskou vyskou 200 az 450 m, s niz§imi srazkami ve druhé
poloviné vegetace (od konce kveteni do faze zrani) a bez vytrvalych plevelt. Se
zvySujici se nadmotiskou vyskou a niz$i primérnou teplotou vzduchu (tepelna
konstanta 1700 °C) se prodluzuji rastové faze, od konce rychlého ristu do dozravani,
az o 15 dnd (Smirous et al., 2010). Riistové faze Inu setého jsou vizualizovany na
obrazcich 6a a 6b. Len sety potiebuje dostatek srazek zejména ve fazi stromecku a
rychlého ristu, tedy 30-60 dnl po zaseti (Bjelkova et al., 2017). Po odkvétu neni
nadbytek srazek ptinosny, jelikoz zptisobuje prodluzovani doby zrani a také dochazi k
polehani porostu (Strasil, 2011). Pti dostate¢né kontrole plevele patfi mezi hlavni
faktory ovliviiujici vynos: sucho, nadmérna vlhkost piidy, hustota rostlin a tepelny

stres (Diederichsen a Ulrich, 2009).
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Obr. 6a: Ristové faze olejného Inu (pfevzato a upraveno podle Growing Flax, 2022,

Smirous et al., 2015)
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Obr. 6b: Rustové faze olejného Inu (pfevzato a upraveno podle Growing Flax, 2022, Smirous et
al., 2015)

Vyzkumy provedené v Kanadé¢ ukazaly, Ze ptedplodina a potadi plodin maji
vyznamny vliv na vynos Inu. Len dosahuje Spatnych vysledkl po fepce a hoi¢ici ve
srovnani s obilninami. Negativni vliv fepky je zptisoben negativnim dopadem na
pudni arbuskularni mykorhizu, fytotoxické slouceniny uvoliiované z poskliziiovych

zbytkd, spotieba zivin a piidni vlhkosti (Flax Council of Canada, 2018).

2.1.5 ZaloZeni porostu

Zakladem pro zaloZeni porostu je vybér zdravého, nejlépe certifikovaného osiva,
které je moZzné ochranit mofenim proti chorobam pfenosnych osivem (antraknéza Inu,
alternariova skvrnitost a kofenova hniloba Inu) (Vaculik & Smirous, 2017). Osivo
musi splitovat kritérium cistoty o hodnoté 99 % a 85% klicivost, dle vyhlasky ¢.

129/2012 Sb. 0 uvadéni obéhu osiva a sadby (Smirous et al., 2015).
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Len vyzaduje pozemek bez vytrvalych plevelii a pro maximalni vzchazeni dobie
ptipravené, pevné a vlhké setové luzko (Flax Council of Canada, 2018). Zpracovani
pudy pro zalozeni porostu Inu je shodné s ptfedsetovou piipravou obilnin. Podzimni
piiprava pidy zahrnuje podmitku a orbu do hloubky 18-20 cm (len je citlivy na
ptiorani podorni¢ni vrstvy). Pii zaorani slamy z ptedplodiny je dulezité ke slamé pred
orbou aplikovat dusik v davce 30 kg dusiku na hektar. Pfi podzimni orb¢ je vhodné
realizovat hnojeni fosforem a draslikem. Jarni piiprava zahrnuje kroky: smykovani,
rozmetani hnojiv a mélké kypteni pidy do hloubky 5-6 cm, aby byla dodrzena hloubka
seti do 2 az 3 cm (Vaculik & Smirous, 2017). Len olejny neni naroény na piimé
hnojeni minerdlnimi hnojivy, ale vyzaduje pfistupné Ziviny v ranych fazich po vzejiti.
Pro vynos 0,7-2 t/ha semene odebere len z pudy 80-105 kg N, 43-50 kg P20s, 90-110
kg K20, 50-63 kg CaO, 15-20 kg MgO. Hnojeni hnojem a vapnikem se nedoporucuje
pfimo, ale v ramci osevniho sledu (gmirous et al., 2010; Smirous et al., 2015). Flax
Council of Canada (2018) uvadi, ze n¢které oblasti doporucuji nepiidavat k sementim
Inu Zadné hnojivo.

Vcasny vysev piindsi vétsi a spolehlivéjsi vynosy (Flax Council of Canada,
2018). V podminkéach Ceské republiky vysévame nejlépe v prvni poloviné dubna, ¢imz
je zajisténo vyuziti zimni vlahy. Vysevek v milionech klic¢ivych semen (MKS) se
stanovuje podle parametrti osiva a péstitelské oblasti ve vztahu k nadmoiské vysce,
thrnu srazek a urodnosti ptidy (Vaculik & Smirous, 2017). Optimalni vysevni norma
je 8,5-10 MKS.ha! pro sussi oblasti do 350 m.n.m. na leh¢ich ptdach a pti (thrnu
srazek 350-400 mm za vegetacni obdobi. Pi1 zvySujici se nadmotské vySce a mnozstvi
srazek se snizuje vysevek na 7,5 az 8,5 MKS.hal. Len se vyséva do fadkl o

mezifadkové vzdalenosti 100 az 125 mm do hloubky 2-3 cm (Smirous et al., 2015).

2.1.6 Integrovana ochrana

Choroby, Sktdci a plevele Inu je mozné eliminovat spravnym dodrZzenim
agrotechnickych pozadavki a vybérem osiva. VétSina peéstovanych odrid vykazuje
stiedni odolnost vii¢i chorobam a piima fungicidni ochrana se neprovadi (Smirous et
al., 2010). Zékladem ochrany je vhodny vybér pozemku, zatfazeni v osevnim postupu,
predset'ova piiprava pidy a pouziti zdravého, nejlépe motfeného, osiva (Prokinovéa &

Kazda, 2001).
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S nartistem ploch olejného Inu je spojen zvysSeny vyskyt chorob. Mezi
nejvyznamnéj§im pivodce chorob patii: Alternaria linicola (alternariova skvrnitost),
Fusarium oxysporum f. sp. lini (fusariové vadnuti a hnédnuti stonkt Inu), Septoria
linicola (septoriova stonkova paskovitost Inu), Melampspora lini (rez Inova), Phoma
exigua var. linicola (kofenova hniloba) a Botrytis cinerea (plisen Seda). Zakladem
ochrany je vhodny vybér pozemku, zafazeni v osevnim postupu, piedsetova piiprava
pudy, pouziti zdravého, nejlépe moteného osiva (Prokinova & Kazda, 2001; Growing
Flax, 2022).

Len miZze byt v prub¢hu ristu, i ve fazi zralosti, napaden hmyzimi Skidci.
Dulezita je proto pravidelna kontrola porostu (Growing Flax, 2022). Mezi nejvaznéjsi
Skudce Inu patii diepcici, konkrétné diepcik Inovy (Longitarsus parvulus) a diepéik
pryScovy (Aphtona euphorbiae). Larvy diepéiki vyziraji kofeny a dospélei oZziraji
délozni listy a vegetacni vrcholy. Dal§im vyznamnym Skidcem je tfasnénka Inova
(Thrips linarius), jejiz dospélci a nymfy saji na nejmladSich pletivech rostlin,
vegetacnich vrcholech, v pazdi mladych listl a tvoficich se kvétech a tobolkéach.
Napadené rostliny se deformuji, vegetacni vrcholy mohou zasychat a dochazi k
nadmérnému vétveni. Mezi mozné Skidce se fadi také larvy kovarikti — dratovci
(Elateridae sp.), kteti mohou poskozovat rostlinu zirem kofenti. Na Inu se mohou
rovnéz vyskytovat klopusky (Miridae), které¢ skodi sanim na listech a vrcholovych
¢astech rostlin (Prokinova & Kazda, 2001; Smirous et al., 2015).

Zapleveleni porostu Inu olejného zplsobuje piimé kvantitativni Skody
spocivajici ve sniZzeném vynosu semene a snizenim cCistoty, ale také ptispiva k rozvoji
chorob Inu a zhorSuje podminky pro mechanizovanou sklizen. Plevele konkuruji Inu v
pfijmu Zivin, vldhy z pldy a zastifluji porost. Mezi nejrozsifenéjsi plevele patii
jednoleté dvoudé€lozné plevele rtizného druhového zastoupeni, podle podminek
stanovisté (Vaculik & Smirous, 2017). Mezi jednoleté dvoud&lozné plevele patii
naptiklad merliky, rdesna, svizel, hefmankovité plevele a fepka olejka z vydrolu. Mezi
nejcastejsi jednoleté jednodelozné plevele se fadi oves hluchy a jezatka kuifi noha.
Vytrvalé plevele piedstavuje zejména pyr plazivy a pchaé rolni (Smirous et al, 2015).
Krom¢ kvalitni ptipravy ptidy, a omezeni vytrvalych plevell v predploding, je nutné
také regulovat vyskyt dvoud€loznych plevelii nejcastéji prostiednictvim aplikace
postemergentnich herbicidt v rustové fazi stromecku (vyska Inu 4-15 cm). K regulaci

jednodéloznych pleveld se pouzivaji povolené graminicidy. Pfi aplikaci herbicidy
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nesmi byt len vyssi nez 20 cm, je tedy nutné ji provadét pied fazi butonizace (Smirous
et al, 2010).

Sklizen obvykle probiha od poloviny srpna do poloviny zafi, ackoli je sklizeii do
znacné miry ovlivnéna klimatickymi podminkami a pocasim. Semeno Inu je
ptipravené ke sklizni, kdyZ tobolky Inu tzv. ,,chrasti®. Pokud je len sklizen pfili§ brzy
a stonky jsou stale zelené, dochazi k potizim pfti sekani Zaci listou sklizeci mlaticky.
Nejcastéji dochdzi k zanaSeni rotujicich Casti sklizecich strojli, jez je zptisobeno
vlaknitymi a pruznymi stonky nezralého Inu. Termin sklizn¢ 1ze urychlit desikaci, jez
usnadiiuje sklizeil vysuSenim plodiny (Gilbertson, 1990). Porosty byvaji desikovany
ptipravky s pozvolnym uc¢inkem na konci faze rané Zluté zralosti (napi. pfipravek
Reglone), nejpozdéji viak na zacatku zluté zralosti vétsiny tobolek. Uginky desikace
se dostavuji béhem 5 az 14 dnt, tobolky béhem této doby dozraji do plné zralosti,
stonek zaschne (zhnédne) a je vhodny pro seéeni (Smirous et al., 2015).

Sklizen probiha jednorazové pomoci sklizecich mlaticek. Tento zptsob sklizné
umoznuje sklidit nadzemni Cast rostlin véetné separace a predcisténi semen. Ostatni
¢asti rostlin zGstavaji ulozeny v fadku nebo jsou rozdrceny pomoci drtice,
integrovaného ve sklizeci mlati¢ce. Pro dosazeni spravné sklizn¢ je dulezité spravné
sefizeni sklizeci mlaticky, zejména mlaticiho bubnu, aby nedochazelo k poskozovani
a drceni semen (Smirous et al., 2015).

Sklizené semeno casto obsahuje pfimési rlizné vlhkych ¢asti stonku a pleveld,
proto musi byt co nejdiive (nejpozdeji do 5 hodin) dopraveno na roStovou suSarnu
nebo jiné zafizeni s aktivnim provzdusiiovanim. Sklizené semeno neni vhodné ukladat
ani prechodné na betonové plochy, kde dochazi k rychlému zapateni a znehodnoceni.
Pted skladovanim se semeno Inu ¢isti a dosousi na hodnotu vlhkosti neptesahujici 9

% (Smirous et al., 2010).

2.2. Nutri¢ni parametry semen Inu

Semena Inu se fadi mezi potraviny vyznacujici se vysokou nutri¢ni hodnotou a
pozitivnim vlivem na lidské zdravi. Tyto vlastnosti jsou ovlivnény jak celkovym
chemickym slozenim Inéného semene (Tab. 3), tak i vyzivovymi hodnotami a
biologickymi aktivitami jednotlivych komponentii a jednotlivych latek. Z hlediska
vyzivove hodnoty je pfinosny zejména vysoky obsah nenasycenych mastnych kyselin

ve Inéném oleji (Bloedon & Szapary, 2004). Bilkoviny Inéného semene vykazuji
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vysokou hodnotu diky obsahu esencidlnich aminokyselin (Kaur et al., 2017).
Vléknina, jez je hojné zastoupena jak ve formé nerozpustné, a v mensi mii'e rozpustné,
rovnéz dotvaii vysokou nutri¢ni hodnotu (Singh et al., 2011). Vysokou hodnotu
Inénych semen dotvaii také vyznamné biologické aktivity latek, naptiklad alfa-
linolenové mastné kyseliny, lignanti a dalsi fenolovych latky, ale také slizotvornych
polysacharidii (Goyal et al., 2014), ptipadn¢ dalSich latek obsazenych ve Inéném
semenu. Lnénd semena tedy predstavuji perspektivni funkéni potravinu.

Tato hlavni kapitola shrnuje informace o tucich, nerozpustné vldkniné a
mikronutrientech zastoupenych ve Inéném semenu. Vzhledem k tématu disertacni
prace jsou pak samostatné kapitoly literarniho pfehledu vénovany rozpustné vlakniné
(slizotvornd polysacharidova frakce), bilkovindm a fenolovym latkdm Inéného
semene, a to zejména z pohledu jejich chemického sloZeni, funkénich vlastnosti,

biologickych aktivit a moznosti jejich izolace.

Tab. 3: Chemické slozeni semene Inu (ptevzato a upraveno podle Morris, 2007; Kajla et al.,

2015)
Slozka Mnozstvi [g] na 100 g Cerstvych semen
Vlhkost 6,5-7,7
Tuky 37-41
celkova vlaknina 28-29
Z toho rozpustna viaknina 6-12
Z toho nerozpustna vidaknina 17-23
Bilkoviny 20-20,3
Popeloviny 2,4-3,4
cukry a skroby 1,0
ostatni latky (napf. vitaminy, fenolové latky) nizka az stopova mnozstvi
2.2.1 Tuky

Jak jiz bylo uvedeno v tvodu této prace, vysokd vyzivova hodnota Inéného
semene je ddna z velké ¢asti skladbou mastnych kyselin Inéného oleje, jeZ je uvedena
Vv tabulce 4. Nasycené mastné kyseliny jsou zastoupeny palmitovou a stearovou
kyselinou, spolecn¢ vSak predstavuji pouze piiblizné¢ 7-13 % celkového podilu
mastnych kyselin. Zbyvajici ¢ast podilu tvofi nenasycené mastné kyseliny, zejména
ALA zaujima u klasickych odrid témét 40-60 % celkového obsahu tukd. V mensi mite
se pak ve Inéném oleji vyskytuji také linolova a olejova mastnd kyselina (Goyal et al.,

2014). V souvislosti s vysokym obsahem ALA, ktera piedstavuje jednu ze tii omega 3
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nenasycenych mastnych kyselin, pfedstavuje Inény olej vhodnou rostlinou alternativu
k zivociSnym zdrojim téchto mastnych kyselin, jeZ jsou obsazeny zejména
v moiskych rybach. Konzumace zdroji bohatych na ALA ptedstavuje vyznamny zdroj
prevence proti riznym kardiovaskularnim onemocnénim (Rodriguez-Leyva, 2010;
Parikh et al., 2018). Z hlediska vstfebavani a zdravotniho potencialu tuk Inéného
semene je dulezita forma uzivani Inénych produktii. Zatimco Inény olej predstavuje
idedlni, a mleta semena uspokojivou formu piijmu ALA u clovéka, pii uzivani celych
semen nedochazi k dostatecnému vstiebani ALA, coz bylo potvrzeno nizkym a
nevyznamnym nartstem této aminokyseliny v krevni plazmé testovanych osob
(Austria et al., 2014). Na zaklad¢ uvedenych informaci 1ze vyvozovat, ze Inény olej je
cennym zdrojem nenasycenych mastnych kyselin, zejména ALA. Nicmén¢ je nutné
zohlednit formu, ve které je Inéné semeno konzumovéno, pro optimalni vsttebavani

téchto i1 dalsich prospésnych latek.

Tab. 4: Profil hlavnich mastnych kyselin ve Inéném oleji (pfevzato a upraveno podle Goyal
etal., 2014)

Mastna kyselina Relativni zastoupeni ve Inéném oleji [%]
palmitova (C16:0) 4,9-8,0

stearova (C18:0) 2,2-4,6

olejova (C18:1) (v-9) 13,4-19,4

linolova (C18:2) (0-6) 12,3-17,4
alfa-linolenova (C18:3) (®-3) 39,9-60,4

2.2.2 Nerozpustna vlaknina

Nerozpustna vlaknina pfedstavuje 60-80% podil celkové vlakniny, zbyvajici ¢ast
je zastoupena rozpustnou vldkninou, kterd je tvofena slizotvornou frakci semene
neboli Inénym slizem (Singh et al., 2011). Nerozpustnou vlakninu tvoii pfedev§im
celulosa, hemicelulosa a lignin (Rubilar et al., 2010). Vldknina obecné, jako transientni
a nestravitelnd slozka potravy, ovlivituje lidské zazivani. Nerozpustnd vlaknina
Inéného semene zvétSuje objem potravy diky své schopnosti vazat vodu a zkracuje
dobu, po kterou se potrava vyskytuje ve stieveé, ¢imz mize pusobit jako objemové
laxativum (Hanif Palla & Gilani, 2015). Pfijem nerozpustné vlakniny Inéného semene
usnadiiuje 1écbu nekterych zazivacich obtizi nebo onemocnéni, jako je napiiklad
zacpa, divertikularni choroba nebo syndrom drazdivého tracniku (Kajla et al., 2015).

Vlivem urychleného vylouceni nestravené potravy, k ¢emuz konzumace vlakniny
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pfispiva, rovnéZz napomaha v oblasti prevence vzniku néadorovych onemocnéni
zazivaciho traktu. Klinické studie prokazaly, Ze spole¢né s rozpustnou vlékninou,
zlepSovala nerozpustna vldknina Inéného semene glykemicky profil studovanych osob
(Dahl et al., 2005). Rozpustna i nerozpustna vlaknina Inéného semene, ptipadné
kombinace jejich funkénich parametrti ptinasi fadu pozitivnich efektl na lidské zdravi,
zejména v oblasti zazivani, coz vyznamn¢ zvysuje potencial Inéného semene jako

funk¢ni potraviny.

2.2.3 Vitaminy, mineraly a ostatni latky

Lnéné semeno je pomérné cennym zdrojem mikronutrientl. Vyznamny je obsah
nékterych minerdlnich latek, predevsim drasliku (560-920 mg/100 g semene), dale
pak fosforu (650 mg/100 g), hot¢iku (350—431 mg/100 g) a vapniku (236—-250 mg/100
g). Pfinosné je naopak nizs8i zastoupeni sodiku (27 mg/100 g). PfestoZe obsah vitaminli
je celkové spiSe niz$i, Inéné semeno je pomérné dobrym zdrojem vitaminu E. Vitamin
E je obsazen ve formach a-tokoferolu, B-tokoferolu, avsak nejvice v podobé y-
tokoferolu, jehoz obsah ¢ini 39,5 mg/100 g semene. y-tokoferol se vyznacuje fadou
benefitnich biologickych aktivit, jedna se o vyznamny antioxidant, snizuje krevni tlak
a pusobi preventivné proti Alzheimerové chorobé (Kajla et al., 2015). Vyznamné je
rovnéz mnozstvi vitaminu B3 (niacin) (Dzuvor et al., 2018). Lnéné semeno obsahuje
kyselinu fytovou, jejiz obsah miiZze byt vyznamné ovlivnén odrtidou Inu a interakci
odridy s ro¢nikem a lokalitou péstovani (Oomah et al., 1996). Kyselina fytova je
organicka latka bohatd na fosfor se silnymi chelatacnimi schopnostmi, kterd muze
pozitivné ovliviiovat lidské zdravi ve formach antioxida¢niho plisobeni, snizovani
krevniho tlaku nebo kancerostatickymi G¢inky (Oatway et al. 2007). V souvislosti
s chelata¢nimi vlastnostmi kyseliny fytoveé je zmifiovano jeji antinutri¢ni ptisobeni z
diavodu reakce s nékterymi mineraly (zinek, vapnik, Zelezo) vedouci k jejich deficienci
v organismu (Bekhit et al., 2018). Kromé kyseliny fytové byl také zjistén vyskyt
nekterych latek, u nichz je také diskutovano jejich antinutri¢ni plisobeni s moznym
negativnim dopadem na zdravi ¢lovéka a zvitat. Jedna se zejména o inhibitory proteas,
kyanogenni glykosidy, dipeptid linatin a kadmium. Tyto latky mohou rovnéz
omezovat dostupnost nebo vstiebavani Zivin. Nicméng, u kyseliny fytové, ani
ostatnich uvedenych latek, nebylo dosud vramci klinickych studii prokazano

antinutri¢ni ptisobeni vedouci k omezeni dostupnosti ¢i vstiebavani esencialnich zivin,
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ptipadné zdravotnich komplikaci, v souvislosti s konzumaci Inénych semen. V ptipadé
jejich konzumace v obvyklém mnozstvi by tedy mélo byt riziko toxicity a souvisejici
zdravotni komplikace, zptisobené uvedenymi antinutrienty, zanedbatelné (Shim et al.,

2014; Dzuvor et al., 2018).

2.3. Lnény sliz

Slizotvorna frakce, respektive Inény sliz (FG, flaxseed gum) piedstavuje
rozpustnou vlakninu Inéného semene. Vyskytuje se zejména v obalovych vrstvach
Inéného semene a tvoii pfiblizn¢ jednu tietinu az ¢tvrtinu celkové vlakniny. Jedna se
o polymerni materidl, jehoz majoritni c¢ast predstavuje komplex rtznych
monosacharidi, jedna se tedy o heteropolysacharid (Safdar et al., 2019). FG je snadno
extrahovatelny z mouky Inéného semene, slupek nebo celych semen (Liu et al., 2018).
Diky svym nutri¢nim a funkénim charakteristikam, snadné dostupnosti a souvisejicimi
moznostmi vyuziti je problematika Inéného slizu v soucasnosti intenzivné studovanym
tématem. V oblasti materialii rostlinné ptivodu ptedstavuje jeden z klicovych aspektii
zvySujici zajem o Inéné semeno a jeho potencidlni uplatnéni v budoucnosti.

V této hlavni kapitole je struénym zplsobem popsdno celkové i
monosacharidové slozeni, moznosti jejich extrakce, funkéni vlastnosti, biologické
aktivity a ptiklady praktického uplatnéni FG. Detailné;si charakterizace FG, vcetné
moznosti inovativnich aplikaci tohoto hydrokoloidu, je ndplni dvou piehledovych

publikaci v ramci vysledkové €asti této disertacni prace (kapitola 4.1).
2.3.1 Celkové slozeni

FG je obsaZen zejména ve vnéjsi vrstvé obalu semene a predstavuje piiblizné
3,5-15 % hmoty semene (Roulard et al., 2016; Safdar et al., 2019; Hu et al., 2020).
Tato vyrazna variabilita v abundanci FG, respektive jeho vytézku, zavisi na odride¢,
zpisobu a oblasti péstovani Inu, skladovacich podminkach a podminkach extrakce
(Roulard et al., 2016; Hu et al., 2020).

FG je slozeny ze sacharidii, bilkovin, popelovin, tukli a vody. Pomérné
zastoupeni uvedenych slozek a jednotlivych latek je, stejné jako celkové sloZeni
Inéného semene, velice variabilni (Tab. 5). Je ovlivnéno obdobnymi faktory, jez
urcujici samotnou abundanci FG, s dirazem na podminky extrakce. Majoritni ¢ast FG

vzdy tvofi sacharidy. Safdar et al (2019) uvadi jejich 89% zastoupeni ve Inéném slizu.
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Kaushik et al. (2017) stanovili 80-90% obsah v zavislosti na teplot¢ extrakce, kdy se
zvySujici teplotou kleséd zastoupeni sacharidii,, ale naopak stoupd obsah bilkovin.
Hadad & Goli (2018) zjistili pouze 68% obsah sacharidli a podobny obsah (71 %)
zjistil také Roulard et al. (2016). V souvislosti s popsanym zastoupenim sacharidi v
ramci uvedenych vyzkumu je nutné zdlraznit pouziti riznych metod extrakce a
odlisnych typt vychoziho materialu. Z tohoto diivodu nelze piesné odhadnout vliv
jednotlivych faktorG extrakce na obsah sacharidi. Nicméné, na zaklad¢ vyzkumu
provadéné autory Kaushik et al. (2017) byl zjistén trend ve form¢ nariisti obsahu
kyselych monosacharidli a bilkovin vic¢i neutrdlnim monosacharidiim se vzristajici
teplotou extrakce FG v rozmezi 30-90 °C. Safdar et al. (2019) uvadi pramérnou
molekulovou hmotnost slizu 1,322 kDa. V ramci nasledného vyzkumu byla vSak
zjiSténa variabilita molekulové hmotnosti v zavislosti na pouzité metod¢ extrakce,
pficemz bylo zjisténo, Ze typ extrakce neméni spektrum monosacharidii, nicméné
dochazi k odlisnému rozpadu struktury FG, coz ovliviiuje molekulovou hmotnost
ziskaného slizu (Safdar et al. 2020).

Primérny obsah zbyvajicich slozek FG, tzn. popelovin, bilkovin a tukd neni
vyznamny v porovnani s obsahem sacharidt. Safdar et al. (2019) uvadi pouze 7,1%
obsah souboru téchto latek ve FG. Kaushik et al. (2017) uvadi zastoupeni
nesacharidovych latek ptiblizn€ od 5,5 % do 17 % v zavislosti na teploté extrakce,
pfi¢emz jak jiz bylo zminéno, proménlivy je zejména obsah bilkovin, a naopak obsah
popelovin (~ 0,7 %) a tukd (~ 0,6 %) zistal v zavislosti na teploté téméf neménny.
Hadad & Goli (2018) uvadi v priméru vyznamné vyssi obsah popelovin (11,2 %) a
mirné vys$si obsah tukti (2,1 %), obsah bilkovin ¢inil 13,3 %. Safdar et al. (2019) zjistili
Vv priméru 5,3% zastoupeni popelovin a pouze 1,5% zastoupeni bilkovin a 0,3% obsah
tuk®. Roulard et al. (2016) stanovil hodnotu obsahu popelovin na 6 % a 19,3 % obsah
bilkovin. Kromé& uvedenych sloZzek byla zjiSténa rovnéz ptitomnost fenolovych kyselin

ve FG (Vieira et al., 2019).
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Tab. 5: Chemické slozeni Inéného slizu a sacharidové frakce (pfevzato a upraveno dle
Roulard et al, 2016; Kaushik et al., 2017; Hadad & Goli, 2018 a Safdar et al. 2019)

Slozka Rozpéti relativniho obsahu slozek Inéného slizu
[%]

Bilkoviny 1,5-19,3

Popeloviny 0,6-11,2

Sacharidy 67,7-90,4

Tuky 0,3-2,1

Vlhkost 3,4-5,5

ostatni latky (napf. vitaminy, fenolové nizka az stopova mnozstvi

latky)

2.3.2 Sacharidové slozeni slizotvorné frakce

Dominantni ¢asti Inéného slizu je heteropolysacharid skladajici se
z riznych monosacharidil (Tab. 6) tvotici dva typy polysacharidii — neutrélni a kysely.
Dale obsahuje sacharidy a derivaty sacharidl, jez nejsou uvadény jako soucast
neutralnich ani kyselych polysacharidi FG (Safdar et al. 2019). Neutralni polysacharid
ma formu arabinoxylanu a kysely polysacharid rhamnogalakturonanu. Arabinoxylan,
tvotici 75 % obsahu FG, zahrnuje sacharidy L-arabinosu, D-xylosu a D-galaktosu;
zbyvajici ¢ast zastoupena rhamnoglukosou se sklada z L-rhamnosy, L-fukosy, L-
galaktosy a D-galakturonové kyseliny (Devi & Bhatia, 2019).

Kaushik et al. (2017) uvadi 85% obsah neutrdlniho polysacharidu, pfi€¢emz
kysely polysacharid tvoii pouze 15 % obsahu sacharidi FG. Nicméné, v ramci
uvedené¢ho vyzkumu bylo rovnéZ zjisténo, ze pii teploté extrakce 70 °C a vyssi se
zvySoval podil kyselého polysacharidu, jenzZ pfi teploté extrakce 90 °C €inil 17,5 %.
FG je pak tvofeny monosacharidy rhamnosou, fukosou a glukosou, nikoli vSak
galatosou a galakturonovou kyselinou, jako je tomu uvedeno u ptedchoziho zdroje.
V ramci uvedeného vyzkumu je (Kaushik et al., 2017) je neobvykla absence kyseliny
galakturonové, jez je povazovana dle jinych studii za klicovou soucést kyselého
polysacharidu. Novéjsi zdroje uvadi 7-36 % obsah galakturonové kyseliny v ramci
sacharidti FG (Safdar et al. 2019; Hadad & Goli, 2018), starsi literatura pak 21-25 %
(Cui & Mazza, 1996), respektive 23 % (Qian et al., 2012). Sacharidy a derivaty
sacharidli, jeZ nejsou uvadény jako soucdst neutrdlni ani kyselé polysacharidové
slozky FG jsou =zastoupeny manosou, ribosou, glukuronovou Kkyselinou a

glukosaminem a jejich abundance je vyrazn€ minoritni (Tab. 6).

37



Tab. 6: Vyskyt a relativni zastoupeni monosacharidii v ramci sacharidové slozky Inéného
slizu (pfevzato a upraveno dle studii: Safdar et al., 2019; Kaushik et al., 2017; Qian et al.,
2012; Cui & Mazza, 1996)

relativni zastoupeni jednotlivych monosacharida [%]

typ polysacharidu  monosacharid  gafdaret  Kaushiket  Qian et al. Cui &
al. al.c Mazza®

Neutralni arabinosa 8,3 25,4-28,0 9,8 6,9-10,7

Neutralni xylosa 13,5 42,9-47,6 29,7 16,1-29,5

neutralni(+kysely)® galaktosa 18,7 13,0-14,0 17,2 15,8-21,6

neutralni/kysely® glukosa 20,0 2,3-3,1 2,1 1,7-6,2

Kysely rhamnosa 23,9 7,0-8,2 12,7 16,7-20,4

Kysely fukosa 8,0 2,9-3,8 54 4,0-5,3

Kysely galakturonat 6,8 ND 23,0 21,0-25,1

n. manosa 0,4 NS NS ND

n. ribosa 0,2 NS NS NS

n. glukuronat 0,03 NS NS NS

n. glukosamin 0,2 NS NS NS

n. = u daného monosacharidu neni zjiSténa nebo popisovana piislusnost k neutralnimu ani
kyselému polysacharidu FG

NS = nebyla stanovovana ptitomnost a kvantita daného monosacharidu

ND = nebyla zji§téna pritomnost daného monosacharidu (bylo stanovano)

8 = u zdroje Safdar et al. (2019) popisovana D-galaktosa jako soucast neutralniho
polysacharidu a L-galaktosa jako soucast kyselého polysacharidu, u Kaushik et al. (2017)
popisovana samotna pouze jako soucast neutralniho polysacharidu, u zdroje Qian et al (2012)
je galaktosa zatazena jako soucast neutralni i kyselé frakce Inéného slizu, u zdroje Cui &
Mazza (1996) neni galaktosa fazena ani k jednomu typu polysacharidt

b=y zdroje Kaushik et al. (2017) popisovana glukosa jako souéast kyselého polysacharidu, u
zdroje Qian et al (2012) je glukosa zafazena jako soucast neutralni frakce, u ostatnich zdroja
neni uvedena pfislusnost k typu polysacharidu

¢= extrakce Inéného slizu probihala pii teplotach 30, 50, 70 a 90 °C, rozmezi je ur¢eno nejnizsi
a nejvyssi hodnotou obsahu danou podminkami extrakce

d = pro studii byly pouzity tii odriidy — Norman, Omega a Foster; rozmezi je uréeno nejnizsi a
nejvyssi hodnotou obsahu sacharidu v zavislosti na odride

2.3.3 Moznosti extrakce Inéného slizu

V souvislosti s velmi intenzivné studovanym tématem Inéného slizu jsou
popisovany rizné piistupy a podminky vyuZzivajici se pro jeho extrakci. Metoda
extrakce a jeji parametry urcuji vytézek, cistotu, slozeni, biologické a funkcni
vlastnosti FG. Napftiklad, samotné teplota extrakce, jez byla v pfedchozi kapitole
zminéna jako vyznamny faktor ovliviiujici chemické sloZeni, je onim faktorem urcujici
funkéni a biologické vlastnosti ziskaného FG. Vybér metody extrakce FG a jeji
parametry jsou bez pochyby klicové faktory pro ziskani FG s optimalnimi parametry
podle nésledné¢ho vyuziti.

K extrakei slizotvorné frakce je mozné pouzit celd semena (Kaushik et al, 2017),

obaly semen (Qian et al., 2012) nebo upravené vylisky po lisovani oleje (Droztowska
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et al., 2020). Safdar et al. (2020) uvadi ¢tyfi mozné zpusoby extrakce FG, konkrétné
extrakci v horké vod¢, dale pak ultrazvukovou extrakci, mikrovlnnou extrakci a
acidobazickou extrakci (Obr. 7). Nejvyssi relativni vytézek FG byl ziskan pomoci
extrakce horkou vodou (8,69 %), druhy nejvyssi byl dosazen ultrazvukovou extrakci
(7,84 %) nasledovany mikrovinnou extrakci (7,01 %) a nejmensi byl zaznamenan
v piipadé¢ pouziti acidobazické extrakce. Pozorovany byly také rozdily
Vv antioxidacnich aktivitdch v zavislosti na pouzité extrakci. Nejlepsi schopnost zhaset
radikaly ABTS a DPPH a odbarvovani B-karotenu vykazoval FG ziskany pomoci
ultrazvukové extrakce, nasledovany slizy extrahovanymi horkovodni extraket,
mikrovlnnou a acidobazickou extrakci. Pfestoze je pro nejvyssi vytézek slizu vhodné

vvvvv

ziskany pomoci ultrazvukové extrakce (Safdar et al. 2020).
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Obr. 7: Navrh zpusobu extrakce Inéného slizu ze semen Inu setého (ptevzato a upraveno podle
Safdar et al., 2020)

Fabre et al. (2015b) porovnavali tfi metody extrakce FG provadéné pii 50 °C,
konkrétn¢ vodni extrakci s magnetickym michanim, mikrovlnou extrakci a

ultrazvukovou extrakci. Z hlediska vytézku slizu byla mikrovinna extrakce méné
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ucinné nez vodni extrakce s magnetickym michdnim. Nejucinnéjsi byla ultrazvukova
extrakce s maximalné 6,8% vytézkem FG po 30 minutach extrakce. Pomoci
ultrazvuku doSlo k ziskdni FG sniz$i vnitini viskozitou (6,2 dl/g) oproti slizu
ziskanému pomoci vodni extrakce (12,5 dl/g). Oproti vodni extrakci doslo také pomoci
ultrazvuku ke snizeni hmotnosti nejvétsiho polysacharidu FG z hodnoty 1.5 x 10° Da
na hodnotu 0.5 x 10° Da. Ultrazvukova metoda nebyla vyhodnocena jako vhodny
zpusob extrakce FG uréeného pro naslednou komplexaci s bilkovinami. V ramci
vyzkumu provadéného Li et al. (2021) byla pomoci ultrazvuku pfipravovana smés
kukuti¢ného proteinu pro piipravu komplexniho materialu v podobé Pickeringovi
emulze. Tento materidl vykazoval nizkou stabilitu a separaci uvedenych slozek
v kratkém case. I v tomto piipadé se tedy ultrazvukova metoda ukazala, bez ptedchozi
upravy slozek, jako nevhodna pro ptipravu téchto komplexnich materiala (Li et al.,
2021). Vyhodou ultrazvukové extrakce mulze byt vSak vyznamna redukce
antinutri¢nich latek, naptiklad taninti a kyanogennich glykosidii v extrahovaném slizu
(Akhtar et al., 2019).

Mikrovlnna extrakce pfedstavuje oproti metoddm vodni a ultrazvukové extrakce
metodu, jez muze vyznamngjSim zpusobem meénit strukturu a funkcni vlastnosti
ziskaného FG. Tento zplsob extrakce muze zpusobovat sitovani polysacharidi a
nasledné jejich degradaci. Na zdklad¢ vyzkumu Yu et al. (2022) bylo zjisténo, Ze
funkéni vlastnosti FG extrahovaného pomoci mikrovinného zafeni v podobé
reologickych a viskoelastickych vlastnosti se v pribéhu piisobeni mikrovinného zateni
od 1. do 5. minuty nejprve zlepSuji, postupné vSak v ramci tohoto intervalu dochézi
K jejich zhorSeni.

Moczkowska et al. (2019) vyuZila pro ziskani FG z Inénych semen enzymatickou
extrakci pomoci a-amylasy, enzymaticko-ultrazvukovou extrakei pti 20 °C a 50 °C, a
alkalickou extrakci. NejvysSiho vytézku FG (ptfiblizn€ 17,7 %) bylo dosazeno pomoci
enzymaticko-ultrazvukové extrakce. Samotny obsah sacharidové slozky FG pak ¢inil
V ramci nejucinnéjsi extrakce 68,9 %. Nejvyssi obsah bilkovin byl zjistén v rdmci FG
izolovaného pomoci alkalické extrakce. Ziskané slizy a z nich vytvofené emulze vSak
vykazovaly relativné nizkou viskozitu.

Po samotné vodni extrakci je ¢asto provadéna precipitace slizu pomoci ethanolu
pro zakoncentrovani polysacharidu (Qian et al., 2012) a pro odstranéni kyanogennich
glykosidii (Kaewmanee et al., 2014). V pfipadé FG extrahovanych pii vyssi teploté

vodni extrakce byl pozorovan vyssi vyskyt bilkovin a hnédnuti FG. Tento jev mize
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ovlivnit vlastnosti polysacharidi FG, proto je vhodné FG pro nékteré nasledné
aplikace extrahovat pii nizsi teploté¢ (Qian et al., 2012). Cui et al. (1994b) uvadi
optimalni podminky vodni extrakce FG pro zajisténi vysokého vytézku a kvality
obsazenych proteind, které Cini: pomér vody a semen Inu — 13:1; teplota — 85-95 °C;

hodnota pH — 6,5-7,0; délka extrakce — 3 hodiny.

2.3.4 Funkéni vlastnosti Inéného slizu

Funkéni vlastnosti FG jsou ur€eny jeho fyzikalnimi vlastnostmi a chemickym
slozenim, které mize byt pomérn¢ variabilni. Spektrum a koncentrace obsazenych
latek, zejména zastoupeni monosacharidii, do znacné miry ovliviiuje celou fadu
funk¢nich vlastnosti FG.

FG, jako rozpustna vldknina, ma znacnou schopnost vazat vodu dosahujici
hodnoty 1600-3000 %, neboli 16-30 g vody / 1 g FG (Kajla et al., 2015). Droztowska
et al. (2020) uvadi, Ze schopnost FG véazat olej je pfiblizné 1 g oleje / 1 g FG. FG se
obecné vyznaCuje vysokou viskozitou, ktera mize byt srovnatelna s viskozitou
akatové gumy a vys$i guarové a tamarindové gumy (Chang et al, 2017). Vyssi
zastoupeni neutrdlniho polysacharidu (arabinoxylant), jez maji vyssi molekulovou
hmotnost, zvySuje také viskozitu FG. Naopak, se stoupajici abundanci kyselych
polysacharidt o niz§i molekulové hmotnosti, se viskozita snizuje. Viskozitu a tekutost
stoupajici hodnotou pH roste také viskozita, aZz do hodnoty pH 8, kdy je viskozita 3x
vy$si oproti FG o hodnoté pH 2. Pti hodnoté pH vyssi neZ 8 ovSem viskozita opét klesa
(Biliaderis & Izydorczyk, 2006). Pomérem polysacharidii jsou ovlivnény, takeé
souvisejici reologické vlastnosti slizu, ktery miZze mit pfi vySSim zastoupeni
neutrdlnich polysacharidi formu gelu. Pii vysokych koncentracich kyselych
polysacharidu ziskava sliz spiSe podobu viskoelastické kapaliny (Cui & Mazza, 2002;
Cui et al., 1994a).

FG je mozné vyuzit v potravinaiskych produktech také jako zahusStovadlo a
stabilizator. Stabilita emulze, v zavislosti na hodnot¢ pH, pozitivn¢ koreluje
s viskozitou, ktera je nejvyssi pii hodnoté pH 6. FG je srovnatelny, ¢i lepsi emulgator
nez Tween 80, arabska guma a tragantova guma. Koncentrace FG o hodnoté¢ 0,5-1,5
% je vhodnd pro stabilizaci emulzi vody a oleje (Biliaderis & Izydorczyk, 2006).

Zvyseni stability bylo zjisténo také u emulze s 10% obsahem olivového oleje, piicemz
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tato emulze vykazovala také lepsi reologické vlastnosti (Sun et al., 2019). FG muze
byt vyuzit také jako stabilizator jogurti. Kromé toho podporuje riist mikroorganismi
startovaci mlécné kultury (Basiri et al., 2018). FG vykazuje lepsi stabilitu pény ve
srovnani s arabskou a xanthanovou gumou (Wang et al. 2010a). Vyznamné funkcni
vlastnosti FG mohou byt ovlivnény teplotou extrakce. Bylo zjisténo, Ze s rostouci
teplotou klesa viskozita a elasticita slizu (Vieira et al., 2019). Hu et al. (2020) v ramci
svého vyzkumu potvrdili, ze FG extrahovany pii teploté extrakce 98 °C m¢él nizsi
viskozitu, avSak stabilita FG v roztoku byla lepsi. FG vykazoval lepsi pénivost a
emulgacni vlastnosti oproti FG extrahovaném pti 70 °C. V rozporu s uvedenymi jevy
jsou poznatky publikované v ramci studie od Kaushik et al. (2017), ktefi naopak uvadi
zhorSeni emulgaéni aktivity a vaznosti vody u slizii extrahovanych pii vysSich
teplotach. Naopak, u slizii extrahovanych pii vyssi teploté se projevila lepsi vaznost
tukd. V této studii je nicméné zdlraznéno, ze emulgacéni aktivita je ovlivnéna obsahem
a slozenim proteinové frakce FG.

Pomoci pokrocilych mikroskopickych a spektroskopickych metod byly
pozorovany mikrostrukturni odliSnosti ve struktufe FG extrahovanych ze Sesti
¢inskych a mongolskych odrid Inu (Ren et al., 2021). Variabilita ve struktufe byla
zjisténa také mezi sedmi italskymi odridami Inu. Kromé struktury se projevily rovnéz
rozdily mezi odridami ve sloZeni, chemicko-fyzikalnich a funkénich vlastnostech
(Kaewmanee et al., 2014). Rozdilné odrudy, respektive typy odriid, mohou vykazovat
riznou teplotni stabilitu. Hellebois et al. (2021) zminuje vyssi teplotni stabilitu slizti
extrahovanych ze Zlutosemenné odridy Inu v porovnani s hnédosemennou odriidou.
Slizotvorné frakce Zzlutosemenné odridy vykazovaly také vyssi molekulovou
hmotnost (1,15-1,34 x 10° Da), vyssi viskozitu, viskoelastické a zahu$tovaci
vlastnosti. Na zaklad€ uvedenych vyzkumi lze tedy predpokladat, Ze Inéné slizy liSici
se strukturou budou vykazovat rovnéz odliSnosti ve svych funkc¢nich vlastnostech.
Proto také samotné odriidy vykazujici rliznou strukturu FG danou svym fenotypem
odridy mohou do jist¢ miry ptfedurovat ndsledné vyuziti FG. Navic, funkéni
vlastnosti FG v podobé viskoelasticity, schopnost torby gelu a emulgacni aktivity
mohou byt rozdilné ovlivnény pfitomnosti fenolovych latek, zejména lignani a
fenolovych kyselin. Bylo zjisténo, Ze v pfipad¢ jejich odstranéni dochazi ke zlepSeni
reologickych a emulgacnich vlastnosti (Yu et al., 2022).

Upravy FG po extrakei, napiiklad v podobé suseni rovnéz ovliviiuje vybrané

funk¢ni vlastnosti, zejména emulgacni aktivitu, pénivost a zelirovaci schopnost (Wang
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et al., 2010a). Z uvedenych vyzkumu je patrné, Zze krom¢ daného genotypu, urcujici
chemické slozeni a strukturu FG, ovliviiuyji funkéni vlastnosti FG také do znaéné miry
podminky extrakce, zejména pak teplota extrakce. Vhodnou volbou extrak¢éni metody
a jejich parametrti Ize tedy do urcité miry potencidlné zajistit optimalni parametry

funkénich vlastnosti FG dle jeho néasledného pouziti.

2.3.5 Biologické aktivity Inéného slizu

FG, jako ostatni typy rozpustné vlakniny, tvoii ve spojeni s vodou viskozni az
gelovity material (Guo et al., 2021). Stejné jako nerozpustna vlaknina, také Inény sliz
zvySuje hmotnost potravy ve stfevé a stolici. (Kajla et al., 2015). FG v této podobé
pusobi na zaZzivani riznymi zplsoby. Jeho konzumace ovliviluje absorpci Zivin
V zazivacim traktu, coz se projevuje zejména pii vstiebavani tukli a cukrti. V ramci
jedné konkrétni studie bylo zjisténo, ze tuky a cukry byly v ptipadé¢ konzumace FG
vylucovany jako soucast stolice ve vétsi mife, nez kdyz FG nebyl pfijiman.
Konzumaci FG dochézi rovnéz k déle trvajicimu pocitu sytosti, jeZ je doprovazeny
prodlouzenou inhibici enzymu ghrelinu, jakozto signalniho traviciho peptidu
stimulujiciho pocit hladu (Kristensen et al., 2012). V souvislosti s omezenym
vstiebavanim tukd a energie bylo v rdmeci klinickych pokust na zvitatech potvrzeno
sniZzeni télesné vahy, té€lesného tuku a celkového obsahu triglyceridi u subjekth
piijimajicich FG. Navic bylo zjisténo, Zze uvedené jevy pravdépodobné souvisi s
regulaci stfevni mikroflory ovlivnéné konzumaci FG. Konkrétné byla prokazana
inhibice bakterii rodu Clostridium z kmenu Firmicutes a naopak mirné zvyseni podila
bakterii z kmenti Bacteroidetes, doprovazené vyraznym zvysSenim abundance bakterii
kmenu Proteobacteria (Luo et al., 2018)

FG, krom¢ funk¢nich vlastnosti, vykazuje rovnéz vyznamné biologické aktivity.
Antioxida¢ni potencidl FG byl potvrzen v ramci fady studii (Safdar et al., 2019; Safdar
etal., 2020; Vieira et al., 2019; Bouaziz et al., 2016; Yang et al., 2020). Pro stanoveni
antioxidacnich aktivit byly vyuzivany zejména metody zaloZené na zhaSeni radikalt
DPPH a ABTS, stanoveni celkové antioxidaéni aktivity (TAC, Total antioxidant
activity), stanoveni celkového obsahu polyfenola (TPC, Total polyphenol content) a
metoda odbarvovani (-karotenu (BCB, fS-carotene bleaching assay). Safdar et al.
(2019) pozorovali v ramci ve své studie zvySovani antioxidacni aktivity v zavislosti na

rostouci koncentraci FG ve vodném roztoku, pficemz nejvyssi antioxida¢ni aktivita
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byla zjisténa pii nejvyssi métené koncentraci (30 %) FG, jez ¢ini v ramci celkové
antioxidacni aktivity (TAC) 588 + 3.56 (ng ekvivalentu troloxu/ml Inéného slizu).
Zhaseci aktivity pak dosahovaly hodnoty 98 % vic¢i radikdlu DPPH a 72 % v ptipadé
ABTS. Bouaziz et al. (2016) jiz diive sledovali antioxida¢ni aktivitu FG
extrahovaného ze slupek Inéného semene, avSak vramci metody TAC uvadi
V porovnani s polysacharidy extrahovanych z jinych zdroji (pistdciova a houbova
Stdva, mandlova guma) nizS$i antioxida¢ni potencidl FG. Yang et al. (2019)
porovnavali antioxidac¢ni aktivity celkového FG a Inénych oligosacharidl ziskanych
z FG pomoci enzymatické degradace. Ziskand smés oligosacharidii FG vykazovala,
pfi pouziti metod zhaseni DPPH, ABTS a hydroxylového radikalu, vyssi antioxida¢ni
aktivity v porovnani s piivodnim FG. FG obsahuje rovnéz fenolové kyseliny, které
mohou do zna¢né miry ovliviiovat antioxida¢ni potencial FG (Tab. 5). Vieira et al.
(2019) v ramci jejich vyzkumu zjistili, ze antioxida¢ni aktivy FG jsou zavislé na
obsahu fenolovych latek. Zjistili pfitomnost fady fenolovych kyselin — kyseliny
kavove, p-kumarové s epikatechinem, ellagové, skoficové a vanilové. Tak jako v
pfipad¢ ostatnich komponenti FG bylo zjisténo, Ze obsah fenolovych kyselin a
souvisejici antioxidacni aktivity jsou ovlivnény teplotou extrakce FG (Tab. 7).
S rostouci teplotou extrakce dochazelo ke zvySovani antioxidaéni aktivity i celkového
obsahu polyfenolli. Obsah kyseliny kdvové a p-kumarové + katechinu s rostouci
teplotou mirn€ klesal a obsah kyseliny skoficové zistdval téméf neménny. Obsah
ellagové kyseliny se naopak vyrazné zvySoval. Vanilova kyselina pak byla detekovana
pouze ve FG extrahovaném pfi teploté 60 °C. Pii této teploté¢ byl obsah vanilové
kyseliny spolu s ellagovou kyselinou srovnatelny s obsahem kavové kyseliny a
znateln€ vys$si oproti zbyvajicim fenolovym kyselinam. Uvedené fenolové kyseliny
FG a dalsi fenolové kyseliny obsazené ve Inéném semeni (kapitola 2.5.1) vykazuji
krom& antioxidacnich vlastnosti dal§i zajimavé biologické aktivity, které jsou

podrobnéji popsany v kapitole 2.5.3.
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Tab. 7: Antioxidacni aktivity Inéného slizu extrahovaného pfi riznych teplotach a zastoupeni
fenolovych latek (pfevzato a upraveno z prace Vieira et al., 2019)

teplota extrakce 25 °C 40 °C 60 °C
antioxidacni aktivita (% RSA) 4,39+1,52°¢ 12,27 +2.87° 29,64 +2,392
TPC (mg EKA/100 g FG) 12,37+0,59° 13,01 +0,20° 18,60+0,082
Obsah fenolovych latek (mg/1)

kavova kyselina 6,58 £ 0,062 6,39 +0,02° 6,06+0,11°
p-kumarova kyselina + epikatechin* 1,60+ 0,142 1,43 +0,00° 1,43 +0,00P
ellagova kyselina 1,18 +0,542 1,05+0,072 3,14 +0,46°
skoticova kyselina 2,28 +0,022 2,26+0,012 2,27+0,012
vanilova kyselina ND ND 5,42 +0,00

RSA = mira zhéseni radikalu (relativn¢)

TPC = celkovy obsah polyfenola

EKA = ekvivalent kyseliny gallové

ND = nebylo detekovano

* = p-kumarova kyselina a epikatechin byly kvantifikovany spole¢né

& = rlizné pismena v ramci jednoho tadku znaci statisticky odlisné vzorky na 5 % hladiné
vyznamnosti

2.3.6 Uplatnéni Inéného slizu v praktickych aplikacich

Veskeré funkéni a biologické vlastnosti, uvedené v kapitole 2.3.3, predurcuji
vyuziti Inéného slizu zejména v potravinafstvi a nabizeji potencidl vyuziti také
v 1¢ékartstvi ¢i jinych oblastech lidské ¢innosti. FG je latka bez chut'ové charakteristiky,
coz je dulezity atribut pro jeho vyuziti v potravinafstvi (Kaewmanee et al., 2014). FG
lze pouzit jako nahrada b&zn€ pouZivanych zahustovadel, emulgatorti, stabilizatort
napoji a podobnych aplikaci. Mize slouzit jako ndhrada vajecnych bilkt v pekatskych
vyrobcich a zmrzlinach. FG ovlivituje pekatfské vlastnosti pe€iva jako je naptiklad
lepivost, reologie a proces peceni. Kromé toho také zlepSuje texturu, ktera je jemné;si,
¢ini chléb déle mekky a oddaluje tvrdnuti v pribéhu skladovani, coz je pravdépodobné
zplisobeno pfitomnosti arabinoxylanové frakce. FG pozitivné ovliviiuje chovani lepku
v tésté, v disledku ¢ehoz je pozorovan lepsi narust objemu v pribéhu kynuti i peceni
(Biliaderis & Izydorczyk, 2006). ZlepSuje také senzorickou pfijatelnost Cerstvé
upeceného bezlepkového chleba (Korus et al., 2015).

Diky viskozit¢ a schopnosti stabilizovat emulze lze vyuzit FG v salatovych
dresincich pro zvySeni viskozity a zabranéni flokulace a koalescence obsazeného oleje
(Stewart & Mazza, 2000). Diky emulgacni aktivit¢ je mozné vyuzit FG také jako
soucast napoji, kde muze potlacovat krémovaténi, a naopak zvySovat viskozitu

ovocnych ¢i zeleninovych §téav, pfiCemz tento jev byl pozorovan v piipadé
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nefiltrované mrkvové stavy (Qin et al., 2005). FG byl uspésné vyuzit v ramci
sprejového suSeni k enkapsulaci probiotickych laktobakterii umoziujici ochranu
téchto mikroorganisml v prostfedi zazivaciho traktu (Bustamante et al., 2017).
Piidavkem FG k myofibrilarnimu proteinu vepifového masa doslo ke zvySeni vaznosti
masa, ¢imz se nabizi vyuziti FG pfi vyrobé masnych vyrobkl (Sun et al., 2011).
Potencial vyuziti FG v masnych vyrobcich doklada také zvySovani vaznosti vody a
tuku, texturu a barvy uzeniny v kombinaci s karagenanem a gelanovou gumou, vlivem
piidavku FG. Samotny FG pak zlepSuje stabilitu emulze, tuhost a pruznost uzeniny
(Zhou et al., 2010).

Krom¢ moznosti uplatnéni samotného FG je studovan také jeho potencidl v
oblasti interakci s bilkovinami a moznosti tvorby komplext téchto dvou komponentii.
Heterogenni komplexy tohoto typu mohou vykazovat kombinaci, nejenom funkénich,
vlastnosti obou slozek samostatné, ale také vlastnosti uréené pravé jejich interakci.
Mohou se pak uplatnit zejména v potravindistvi, 1€kaistvi nebo farmaceutickém a
kosmetickém primyslu (Liu et al., 2018). V ramci jednoho z vyzkumi zaméteného na
interakce Inény sliz-protein byla pozorovana tvorba elektrostatickych koacervati
tvotenych syrovatkovou bilkovinou a FG. Tyto biopolymery se vyznacovaly vysokou
viskozitou a viskoelasticitou, coz predurcuje jejich vyuziti jako slozku modifikujici
texturu potravinarskych produktu (Liu et al., 2017).

FG je mozné vyuZivat i v nepotravinarskych aplikacich, naptiklad tiskarenském,
textilnim, tabakovém a papirenském primyslu (Biliaderis & Izydorczyk, 2006).
V imobilizované formé lze FG vyuzit pro vyrobu gelovych c¢astic umoziujici
ekologickou adsorpci olejii z odpadnich vod, pficemz adsorpéni vlastnosti téchto
¢astic prekonaly ucinek aktivniho uhli (Long et al., 2012). Uplatnéni miiZze nalézt také
V téZzebnim primyslu, byla naptiklad prokdzana schopnost FG pfi flotacni separaci
fluoritu od kalcitu (Wang et al., 2021). Spole¢n¢ s nanokrystaly celulosy mize FG
tvofit nanokompozitni materidly, respektive biopolymery vyuzitelné pro vyrobu
bioplastii (Prado et al., 2018).

Biologické vlastnosti FG, zejména v souvislosti sjeho povahou rozpustné
vlakniny, pifedurcuji jeho vyuziti v 1é¢bé diabetu, ischemické choroby srdecni, snizeni
cholesterolu, prevence proti kolorektalnimu karcinomu a rozvoje obezity (Thakur et

al., 2009).

46



2.4. Bilkoviny a peptidy

Bilkoviny Inéného semene (FP, flaxseed proteins) ptedstavuji pfiblizné pétinu
celkového obsahu Inéného semne. Vysoka nutricni kvalita FP, urena zejména
zastoupenim aminokyselin, je srovnatelna s kvalitou so6jové bilkoviny (Kajla et al,
2015). Kromé nutri¢ni hodnoty poskytuji FP zajimavé funkéni vlastnosti a biologické
aktivity. Lnéné peptidy vykazuji rovnéz biologické aktivity.

Tato kapitola se zamétfuje na stru¢né shrnuti chemického slozeni, moznosti
izolace a purifikace, funk¢nich vlastnosti, biologickych aktivit a moZnostmi
praktického a potencialniho vyuziti bilkovin a peptidi Inéného semene. Detailnéjsi
charakterizace Inénych bilkovin a peptidii v rdmci zminénych charakteristik je, stejné
jako v piipadé¢ FG, soucasti vysledkové ¢asti této prace (kapitola 4.1) v podobé

komplexni piehledové publikace.

2.4.1 SloZeni bilkovin Inéného semene

Lnéné semeno obsahuje ptiblizné 11-31 % dusikatych latek, u kanadskych odrid
se vSak jejich obsah miize pohybovat okolo 36 %. Obsah dusikatych latek mtze byt
uz v pribéhu ristu ovlivnén aplikaci dusikatého hnojiva, a kromé dusikatych latek
muze hnojeni dusikem ovlivnit také obsah tuku (Oomah & Mazza et al., 1993). Morris
(2007) uvadi pomérné vyrazny rozdil v celkovém obsahu dusikatych latek mezi
hnédosemennymi (22,3 g/ 100 g semene) a zZlutosemennymi (29,2 g/ 100 g semene)
odridami, zatimco obsah tukll zistava velmi podobny (hnédosemenné: 44,4 g/ 100 g,
Zlutosemenné: 43,6 g / 100 g). FP méa vyvaZeny pomér aminokyselin. Nejvice
zastoupené aminokyseliny byly v pfipad¢ vSech odrad glutamat, aspartat, arginin a
leucin (tabulka 8), pficemzZ pravé vysoky obsah téchto aminokyselin tvofi spektrum
srovnatelné s profilem aminokyselin u bilkovin semen s6ji (Oomah & Mazza, 1993).
Limitujici je naopak obsah esencidlni aminokyseliny lysinu (Singh et al., 2011). Data
uvedena v tabulce 8 naznacuji, Ze v rdmci obsahu aminokyselin se ptili§ neprojevuje
variabilita mezi odridami.

Bylo navic zji$téno, Ze obsah aminokyselin v ramci FP zlstava stabilni 1
Vv pfipadé tepelné tpravy semen a odvozenych produktii, napiiklad pfi zpracovani
extruzi (Giacomino et al., 2013). Nwachukwu & Aluko (2018) popsali rozdily

v aminokyselinovém sloZzeni mezi globulinovou a albuminovou frakci, kdy
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globulinové bilkoviny obsahuji spiSe hydrofobni aminokyseliny, naopak albuminy
jsou tvotrené hydrofilnimi aminokyselinami.

Hlavni bilkovinou frakci Inénych semen ptedstavuje globulin (linin), jehoz
zastoupeni €ini az 58 % obsahu FP, v mens$i mite (az 42 % FP) je pak obsazen albumin
(conlinin) (Oomah & Mazza et al., 1993). Madhusdhan & Singh (1985a) uvadi mirné
vy$si zastoupeni globulinu, jez tvoii 66% podil bilkovin. Samotné globulinova frakce
je bohatym zdrojem sirnych aminokyselin (methionin, cystein) a vétvenych
aminokyselin (valin, leucin a isoleucin). Zastoupeni ostatnich aminokyselin je
v rovnovaze (Wu et al., 2019).

Tab. 8: Aminokyselinové slozeni semen tii odrtid a jednoho poddruhu Inu setého (pfevzato a
upraveno podle Oomah & Mazza, 1993*; Morris, 2007*, Giacomino et al., 2013**)

g/ 100 g bilkoviny

AMK Foster (Zluty)*  Omega (Zluty)*  NorLin (hnédy)*  var. panambi (hnédy)**
Alanin 4,7 4,5 4,4 3,8
Arginin 10,0 9,4 9,2 94
Aspartat 10,0 9,7 9,3 9,9
Cystein 18 11 11 1,0
Glutamat 20,0 19,7 19,6 19,5
Glycin 59 5,8 5,8 59
histidin 2,1 2,3 2,2 2,4
isoleucin & 4,1 4,0 4,0 3,9
leucin & 6,0 59 58 57
lysinE 4,0 3.9 4,0 3.8
methionin & 1,4 1,4 1,5 1,7
fenylalanin & 4,8 4,7 4,6 4,8
Prolin 3.8 3,5 3,5 3.7
Serin 4,7 4,6 4,5 5,0
threonin 3,8 3,7 3,6 4,1
tryptofan £ NZ NZ 1,8 1,5
Tyrosin 24 2,3 2,3 2,3
valin & 51 4,7 4,6 4,8

AMK = aminokyselina, E = esencialni aminokyselina, NS = nebylo stanovovéano

Globuliny Inéného semene patii do skupin 11-12 S zasobnich globulini a jsou
zastoupeny vysokomolekularnimi bilkovinami o velikosti 252-298 kDa (Wu et al.,
2019), jez se skladaji z vice polypeptidl o velikosti 10-50 kDa (Nwachukwu & Aluko,
2018). Madhusudhan & Singh (1985a) provedli pomoci metody cirkularniho
dichroismu stanoveni prostorového uspotraddani Inéného globulinu, pticemz zjistili 3%
podil a-Sroubovicové struktury a 17% podil B-struktury, coz =znaci spise

neusporadanou podobu Inéného globulinu. Bilkoviny byly izolovany z odtu¢néné
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Inéné mouky a separovany pomoci SDS-PAGE (denaturacni elektroforéza na
polyakrylamidovém gelu), pomoci niz bylo identifkovéano pét podjednotek s odlisSnymi
molekulovymi hmotnostmi (11, 18, 29, 42 a 61 kDa) spojenymi do jedné bilkoviny
pomoci disulfidickych mustkl. Vyuzitim metody urea-PAGE bylo identifikovano Sest
podjednotek (55, 54, 50, 45, 43, a 41 kDa). Pti denaturaci 2-merkaptoethanolem byly
poté 55, 54 a 50 kDa podjednotky dale rozd€leny na jednu bazickou podjednotku o
velikosti 20 kDa a kyselou podjednotku s molekulovou hmotnosti 40 kDa.
K podobnym vysledkim dospé¢li také Marcone et al. (1998), ktefi identifikovali pét
podjednotek globulinu o velikostech 14, 25, 30, 35 a 51 kDa. Pozdé¢ji byla pomoci
aniontové vyménné chromatografie izolovana hlavni frakce o velikosti 365 kDa, u
které byly prostiednictvim denaturujici SDS-PAGE detekovany podjednotky o
velikosti 20, 23 a 31 kDa (Chung et al., 2005). Kromé podjednotek se stejnou, ¢i téméef
totoznou, molekulovou hmotnosti, jez jsou popsany v ramci vyse uvedenych zdrojd,
byly rovnéz pomoci SDS-PAGE vizualizovany pruhy bilkovin o velikostech 21, 36 a
54 kDa piislusejici k 7S globulinu (Krause et al., 2002).

Lnény albumin (conlinin) patii do skupiny 2S albumini a ve srovnani
s globulinem je ve Inéném semenu zastoupen v mensi mife. Madhusudhan & Singh
(1985Db) izolovali Inény albumin z Inéné mouky, pficemz jeho struktura byla tvoiena
jednim polypetidovym fetézcem s molekulovou hmotnosti 16-18 kDa. Nwachukwu &
Aluko (2018) uvadi molekulovou hmotnost polypeptidového fetézce pouze 10 kDa.
Primérni struktura conlininu je tvofena 168 ¢i 169 aminokyselinami (Wu et al., 2019).
Lnéné albuminy maji vice uspotadanou strukturu tvotfenou z 26 % a-Sroubovicovym
typem struktury a 32 % [B-struktury. Jejich aminokyselinové sloZeni vykazuje bohatsi
zastoupeni lysinu, argininu, cysteinu a glutamatu (Madhusudhan & Singh, 1985b).
Conlinin byl identifikovan jako majoritni bilkovina Iné€ného slizu, pfi¢emz jeho

zastoupeni muze ovliviiovat funkéni vlastnosti FG (Liu et al., 2016).

2.4.2 Moznosti izolace bilkovin a peptidi Inéného semene

Pivodni metoda pro izolovani FP se provadéla pomoci vysolovani s naslednym
odstranénim soli dialyzou. Timto zpisobem bylo mozno ziskat 44 % FP ze semenné
mouky zbavené slupek (Smith et al., 1946). S optimalizaci metod se postupné zacal

zvySovat vytézek izolovanych bilkovin. Ponechanim Inénych semen v 1% roztoku 1

49



M HCI po dobu 16 hodin a naslednym, dodate¢nym promyvanim semen v tomto
roztoku bylo mozné dostdhnout 56% vytézku bilkovin z odslizené a odtu¢néné Inéné
mouky (Oomah & Mazza, 1993). Oomah et al. (1994) ve svém vyzkumu
optimalizovali podminky izolace pro maximalizaci vytéZku bilkovin Inéné¢ho semene.
Pouzity byly rtizné hodnoty pH rozpoustédla, pomér rozpoustédla a Inéné mouky nebo
koncentrace soli. Na zéklad¢ vysledkti bylo mozné vyvodit, ze hodnota pH
rozpoustédla nema jednoznacny vyznamny vliv na rozpustnost a izolaci proteinti
Inéného slizu. Misto toho se ukézal jako podstatny faktor iontova sila a také pomeér
mouky a rozpoustédla. Nejvyssi mnozstvi extrahovanych proteind (97 %) bylo
dosazeno pii pouziti 10 1 pufru (0,8 M NaCl; pH 8,0) na 1 kg semen. Kaushik et al.
(2016a) pouzili pro ptipravu proteinového izolatu z mouky Inénych semen kombinaci
extrakce pomoci 0,1 M trisového pufru (pH 8.6) v poméru 13:1 ke Inénym sementm.
Nasledovala kysela precipitace za vyuziti 0,1 M HCI. Pied samotnou izolaci bilkovin
byl ze semen Inu odstranén sliz pomoci vodni extrakce, nasledné byla ziskana mouka,
jez byla dale odtuénéna a pomoci sit byly odstranény obaly semen
(Obr. 8).

FP tedy mohou byt z odtu¢néné mouky separovany také pomoci isoelektrické
precipitace. Sosulski & Bakal (1969) pouzili pro isoelektrickou precipitaci upravu pH
na hodnotu 4,5. Pomoci tohoto postupu nebylo mozné z odtuénéné mouky vysrdzet
velké mnoZstvi bilkovin. Nicméné, dle jedné z nasledujicich studii se uz alkalického
extraktu o hodnoté pH 10 podaftilo vysrazet 77 % bilkovin pii hodnoté pH 4,1 (Dev et
al., 1986). Dev & Quensel (1988) pouzili isoelektrickou precipitaci pro extrakci
bilkovinnych izolath s riznymi obsahy Iné€ného slizu. Nejprve byly extrahovany
bilkoviny spole¢né se slizy v alkalickém prostiedi. Nasledné byly bilkoviny se slizy
komplexaci koprecipitovany pii kyselém pH. Vytézek FP v piipadé této studie
dosahoval 56-86 %. Lan et al. (2020) pouzili pro extrakci Inénych bilkovin z
predem odtu¢nénych a odslizenych semen/vyliski alkalizaci na hodnotu pH 8,5
pomoci 1 M NaOH. Posléze byla upravena pH hodnota ziskaného supernatantu na
hodnotu isoelektrickych bodii obsazenych bilkovin, ¢imz doslo k jejich vysrazeni.
Nésledné byly vysraZené bilkoviny zakoncentrovany a neutralizovany opét pomoci
hydroxidu na hodnotu pH 7,0.

Kromé srazecich technik je mozné k extrakci FP vyuzit také pufry, zejména
fosfatové. Vassel & Nesbitt v roce 1945 poprvé izolovali globuliny FP pravé pomoci

pufri. Odtuénénd mouka byla extrahovana pomoci 0,2 M fosfatoveého pufru (pH 7,2)
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ve smési s ethylen glykolem (1:4). Glykolovy extrakt byl poté alkalizovan na hodnotu
pH. Poté byl pomoci dioxanu precipitovan, a nasledné odseparovan centrifugaci, FG.
Nasledn¢ byl ziedény extrakt okyselen na hodnotu pH 4,5 pro precipitaci bilkovin.
Youle a Huang (1981) izolovali pomoci 35 mM fosfatového pufru v1 M NaCl

bilkovinou frakci v poméru 42 % albumint a 58 % globulini.
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Obr. 8: Navrh ptipravy bilkovinného izolatu ze semen Inu (pfevzato a upraveno podle
Kaushik et al., 2016a)

Metody izolace FP pomoci pufrti je mozné kombinovat také s chromatografickou
purifikaci ¢i separaci. Dev & Sienkiewicz (1987) extrahovali FG z odtu¢néné mouky
pomoci 0,66 M fostatového pufru dle Sérensena (pH 7,6) v 1 M NacCl. Izolovany FP
byl nésledné separovan pomoci chromatografické kolony Sephadex G-200, pficemz

jako eluéni pufr byl pouzit pravé fosfatovy pufr dle Sorensena. Pomoci této separace
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bylo mozné rozdélit FP do tii samostatnych frakci. Madhusudhan & Singh (1983)
vyuzili pro izolaci metodu vysoleni vyuzitim 1M NaCl, nésledné¢ pouzili gelovou
permeacni chromatografii pomoci kolony s mediem Sepharose 6B, ¢imz rozdélili FP
do tfi frakci. Pro separaci pouzili rovné€z iontové vyménou chromatografii, konkrétné
kolonu s aniontovym méni¢em DEAE — Sephadex, diky niz se podafilo rozdélit FP do
ctyt frakci. Kromé uvedenych, standardnich, metod izolace FP miZe byt pro izolaci
FP pouzita také metoda vyuzivajici precipitaci hexametafosfatem (Wanasundara &
Shahidi, 1996).

Peptidy Inéného semena je mozné izolovat z Inéné mouky i samotného Inéného
oleje. Aladedunye et al. (2013) izolovali cyklolinopeptidy (CLPs, cyclolinopeptides)
pomoci precipitace methanolem a nasledné ultrazvukové sonikace. Peptidy byly
v ziskané matrici identifikovany a analyzovany pomoci HPLC-MS. Gui et al. (2012b)
izolovali CLPs z acetonového extraktu Inénych semen, pricemz k separaci CLPs
z extraktu polarnich latek pouzili extrakci na pevné fazi s vyuzitim SPE kolonek se
silikagelem. Peptidy byly néasledné eluovany pomoci 100 % ethylacetatu a 10 %
methanolu v dichlormethanu. Timto zptisobem byly ziskany dvé peptidové frakce,
které byly analyzovany pomoci HPLC. Peptidy ve formé bilkovinnych hydrolyzatt
byvaji nejcastéji ziskavany enzymovou hydrolyzou FP pomoci purifikovanych proteas
vV podobé komerc¢nich produktl, piipadné lze vyuzit fermentujici ¢i proteolytické
mikroorganismy. Udenigwe et al. (2009) pouzili pro Stépeni FP tyto
proteasy: alkalasu, thermolysin, trypsin, pepsin, papain, pankreatin a ficain. Hydrolyza
probéhla pouzitim hodnot pH optimalnich pro jednotlivé enzymy pii teploté 40 °C
(pankreatin) a 37 °C (ostatni proteasy) po dobu 4 hodin. V ptipadé stépeni alkalasou
hydrolyzatti komeréni enzymy Neutrase® a Protamex®. Mezi dal§i vyuZitelné proteasy,
kromé uvedenych, lze vyuzit také enzymy chymotrypsin, Thermoase® a elastasu,

ptipadné vybrané kombinace v§ech zminénych proteas (Wu et al., 2019).

2.4.3 Funkéni vlastnosti bilkovin Inéného semene

Podobné jako Inény sliz, také Iné€né bilkoviny poskytuji zajimavé funkcni
vlastnosti vyuzitelné zejména v potravinafstvi. Rozdilné slozeni a vybrané
charakteristiky globulinovych a albuminovych FP ovliviiuji pravé funkéni vlastnosti,

jak obou frakci samostatné, tak i celkového FP. Hydrofilni a hydrofobni povaha obou
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bilkovin rovnéz ovliviiuje funkéni vlastnosti FP. Bilkoviny globulinové frakce, jez
jsou Spatné rozpustné ve vodé, vykazuji vyssi kapacitu pénivosti, rozpustné bilkoviny
albuminu naopak poskytuji lepsi emulgacni aktivitu (Nwachukwu & Aluko, 2018).
Samotné FP a jeho izolaty jsou z davodu pievazujici ptitomnosti globulinii hiie
rozpustné oproti bilkovinam ziskanym z jinych olejnych rostlin. Avsak, na rozdil od
izolatl syrovatkovych, kaseinovych a séjovych bilkovin, izolaty FP vykazuji lepsi
teplotni stabilitu. Kromé toho Ize FP pouzit pro stabilizaci emulzi pii nizké hodnoté
pH. Diky tomu se nedegradované emulze s obsahem FP v siln¢ kyselém prostiedi,
napiiklad v lidském zazivacim traktu, 1€pe vstiebavaji. Vaznost vody a absorpce tukti
je v pfipad¢ FP srovnatelna s izolaty uvedenych rostlinnych bilkovin (Kaushik et al.,
2016a).

FP ve spojeni s Inénym slizem umoziiuji posileni nékterych funkcnich vlastnosti.
Koncentrat FP s vysokym obsahem Inéného slizu je 1épe rozpustny ve vod€ nez
samotny FP, déle pak poskytuje lepsi vaznost vody, emulgaéni vlastnosti, pénivost
oproti samotnému bilkovinnému koncentratu nebo Inénému slizu. Nicmén¢€, vaznost
tukdl a stabilita pény je oproti jmenovanym slozkdm niz§i. Emulgacni aktivity a
viskozita kombinace FP a FG jsou opét vyssi oproti izolatu Inénych bilkoving (Dev &
Quensel, 1988). FP vykazuje, kromé& podobného nutri¢niho profilu, také srovnatelné
funkéni vlastnosti jako bilkoviny séji, zejména povrchové napéti, emulgaéni aktivity
a vaznost vody. Nizkou rozpustnost FP ve vod¢ lze zvySit pomoci tepelného oSetient,
avSak na ukor snizeni vaznosti tuki, pénivosti a emulgacnich aktivit (Oomah & Mazza

etal., 1993).

2.4.4 Biologické aktivity bilkovin a peptidii Inéného semene

Zatimco puvodni bilkoviny Inéného semene poskytuji vyznamné funkcni
vlastnosti, hydrolyzované FP nebo pfirozené se vyskytujici peptidy Inéného semene
mohou poskytovat fadu biologickych aktivit. Vyznamné jsou zejména antioxidacni a
antibakterialni aktivity, snizovani krevniho tlaku, a byl u nich také pozorovan
antidiabeticky uc¢inek. Hydrolyzaty bilkovin odtu¢néné Inéné mouky maji schopnost
inhibice angiotensin konvertujiciho enzymu (ACE, angiotensin converting enzyme),
pticemz bylo zjisténo, ze mensi peptidy jsou V inhibici enzymu ACE u¢innéjsi nez
vétsi peptidy. Také byla prokazana schopnost peptidi inhibovat enzym renin, jehoz
zvySena produkce zpusobuje vysoky krevni tlak. Udenigwe et al. (2009) popsal

53



antioxidacni aktivity hydrolyzatt FP Stépenych sedmi riznymi proteasami. Peptidy
vzniklé $tépenim papainem s molekulovou hmotnosti mensi nez 1 kDa vykazovaly
nejvyssi  antioxidacni aktivitu vramci tii pouzitych metod pro stanoveni
antioxidac¢nich aktivit. Na zéklad¢ uvedenych vysledki 1ze naznacovat, zZe rtizné typy
proteas mohou vytvaret rozdilné peptidy s rizné silnymi biologickymi aktivitami.
Silva et al. (2017) uvadi, ze pfitomnost hydrofobnich aminokyselin (glycin,
fenylalanin, tryptofan, cystein a alanin) muze piispivat k vysoké antioxida¢ni aktivité
peptida FP. Podobné, jako v pfipad¢ inhibice ACE, antioxida¢ni aktivita se vice
projevuje u nizkomolekularnich peptidd, u nichz byla prokdzana vys$si zhaseci aktivita
vuci radikdlu ABTS, oproti peptidim s vyssi molekulovou hmotnosti. U
nizkomolekularnich peptidovych §tépii byla dokonce zjisténa vyssi zhaSeci aktivita
nez u vitamini C a D nebo beta-hydroxykyselin (Hwang et al., 2016).

Semena Inu, zejména pak ¢ast de€lozniho listku, obsahuji CLPs (Gui et al.,
2012a), u nichz byla popsédna imunosupresivni, antimalarickd aktivita a inhibice
hromadéni cholatu v jatrech (Wu et al., 2019). Byla rovnéz zjiSténa antioxidaéni
aktivita CLPs, pficemz tyto peptidy zlepSuji oxidac¢ni stabilitu Inéného oleje (Sharav
et al., 2014). Krom¢ antihypertenznich, antioxida¢nich a ostatnich aktivit bylo u
Inénych peptida ¢i samotnych bilkovin zjisténo antidiabetické pisobeni (Doyen et al.,
2014), antibakterialni ptisobeni <I kDa nizkomolekularnich peptidii vici bakterii
Pseudomonas aeruginosa (Hwang et al., 2016), antifungalni ptisobeni bilkovinného
extraktu proti houbam Penicillium sp., Fusarium graminearum, Aspergillus flavus a
Penicillium chrysogenum (Xu et al., 2007; Xu. et al., 2008), protizanétlivé aktivity
hydrolyzati FG (Udenigwe et al., 2009), potencilni protinadorové piisobeni bilkovin
z diivodu vysokého obsahu cysteinu a methioninu (Oomah, 2001), antitrombotické
aktivity Inéného peptidu hirudinu (Tolkachev & Zhuchenko, 2004) a preventivni
pusobeni bilkovinnych hydrolyzatl proti neurodegenerativnim onemocnénim (Omoni

& Aluko, 2006).

2.4.5 Uplatnéni Inénych bilkovin v praktickych aplikacich

Bilkoviny Inéného semene jsou snadno extrahovatelné z odtuénénych a
odslizenych semen nebo jejich vyliskl. Bilkovinné Inéné mouky mohou byt dale
koncentrovany pomoci ovérenych postupti do podoby koncentratl a izolatt. Jsou také

pomérné dobie rozpustné ve vodé (~60% rozpustnost pii pH 7) (Martinez-Flores et al.,
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2006) a mohou byt tedy pouzitelné pro fortifikaci nebo ptipravu proteinovych napoju.
Schopnost FP tvofit stabilni pénu mize byt vyuzitelnd pro tvorbu Slehanych
cukraiskych vyrobkl (Peng et al., 2022). Diky této schopnosti piedstavuje FP uc¢innou
alternativu napiiklad k vaje¢nému Zloutku nebo Zelatiné. FP vykazuji relativné
vysokou tepelnou stabilitu (Kaushik et al., 2016a), diky ¢emuz je mozné jejich pouziti
V tepeln¢ oSetfenych potravindch bez vyznamnéjs$i zmény senzorickych parametri
téchto potravin. Diky vyznamné schopnosti vazat vodu a tuky mutze pouziti FP
Vv pekaiskych vyrobcich vést ke snizeni jejich tvrdosti a u masnych vyrobkt ke zvyseni
Stavnatosti (Rabetafika et al., 2011). Pfidavek samotnych FP muze zlepSovat
senzorickou kvalitu (barvu, viini, chut’) obohacenych potravin (Lan et al., 2020). Jak
bylo naznaceno v kapitole 2.3.6, FP ma schopnost efektivné komlexovat
S polysacharidy za tvorby polymernich materiald v podobé bioobalti a biofilmu.
Fyzicka bariéra spole¢n¢ s fungistatickou aktivitou FP, a pfipadnym piridavkem
dal$ich antimikrobialnich latek, umoziuje delsi udrzeni pozadované mikrobiologické
a senzorické kvality oSetfeného produktu (Manthey et al., 2008; Xu et al., 2007; Xu et
al., 2008). Komplexy FP-polysacharid lze rovnéz vyuzit k enkapsulaci probiotik
(Lopusiewicz et al., 2021). Komplexaci FM a FG do formy polymerniho materialu
vede k synergickému pusobeni v podobé posileni funkénich vlastnosti vyuzitelnych
pro modifikaci textury potravinaiskych produkt. Schopnost zvySovat viskozitu,
emulgacni aktivitu, a jejich kapacitu stabilizovat emulze, lze uplatnit napiiklad
V masnych emulzich, zmrzlinach a omackach (Dev & Quensel, 1989). Spojeni téchto
hydrokoloidi miize byt také pouzito k tvorbé komplexnich koacervati vyuzitelnych
pro enkapsulaci oleji a zvySeni jejich oxidac¢ni stability (Kaushik et al., 2016b).
Hydrolyzované bilkoviny a pfirozené se vyskytujici peptidy Inénych semen se
vyznacuji fadou biologickych aktivit, jezZ byly popsany v pfedchozi kapitole. Oproti
samotnym bilkovinam vykazuji peptidy &1 bilkovinné hydrolyzaty vyssi
antimikrobialni aktivitu. Diky tomu mohou byt potencialné vyuzitelné jako biologicky
aktivni slozky biooballi nebo filml zvySujici trvanlivost oSetfenych potravin.
Hydrolyzaty Inénych bilkovin mohou byt spolecné se sacharidem xylézou a
aminokyselinou cysteinem tepelné osetieny za vzniku chutové vyraznych produktt
Maillardovi reakce. Tyto produkty se podle svoji velikosti mohou pouzit pro
zvyraznéni a stabilizaci chuti riznych potravin nebo pro poskytnuti masového aroma
aprichuti (Wei et al., 2019). Na zaklad¢ biologickych aktivit, spocivajici u hydrolyzatt

v antimikrobidlni, antihypertenznim a antidiabetickych uc¢incich, a u CLPs také

55



imunosupresivnich a antimalarickych G¢inkt (kapitola 2.4.4), mohou byt obé formy
peptidd Inénych semen potencidlné vyuzitelné, v zavislosti na konkrétnich
biologickych aktivitach, jako ucinné latky v léCivych ptipravcich. Bilkoviny, jejich
hydrolyzaty a ptirozené se vyskytujici peptidy Inénych semen diky svym vlastnostem
poukazuji na potencidlni pouzitelnost v potravinaistvi, vyzivé i farmaceutickém

priamyslu.

2.5. Fenolové latky Inéného semene

Lnéné semeno obsahuje Siroké spektrum biologicky aktivnich latek, pfi¢emz
nékteré byly zminény jiz v ptedchozich kapitolach. Jednou z nejvyznamnéjSich skupin
biologicky aktivnich latek Inéného semene jsou fenolové (tj. fenolické) latky, které se
vyznacuji pfedevSim svymi antioxida¢nimi vlastnostmi. Nicmén¢ diky své struktufe a
vlastnostem poskytuji celou fadu dalSich, Casto souvisejicich, biologickych aktivit.
Tyto latky proto patii mezi klicové komponenty urcujici vysokou hodnotu a zdravotni

prospésnost Inéného semene.

2.5.1 Zastoupeni fenolovych liatek ve Inéném semenu

V ramci Inéného semene bylo zjiSténo 5 skupin fenolovych latek. Jedna se o
lignany, fenolové kyseliny, flavonoidy, fenylpropanoidy vcetné jejich glykosidi a
taniny (Kasote, 2013). Uvedené skupiny predstavuji zédkladni kategorie rostlinnych
fenolovych latek (Pandey & Rizvi, 2009).

Lnénd semena jsou zdaleka nejvyznamnéj$im, dosud popsanym, zdrojem
lignan. Obsahuji pfiblizné 75-800x vice lignani v porovnani se zrny obilnin,
lusténinami, ovocem a zeleninou (Kajla et al., 2015). Lignany Inéného semene jsou
zastoupeny Sesti latkami, jeZ se vice ¢i mén¢ odliSuji svoji strukturou (Obr. 9).
Jednotlive latky jsou soucasti lignanové makromolekuly, v jejiz struktufe jsou spojeny
pomoci vazby v podobé hydroxymethyl glutarové kyseliny (Struijs et al., 2007).
Dominantnim, pfirozené¢ se vyskytujicim, lignanem Inéného semene je glykosid
secoisolariciresinolu (SECO), tedy secoisolariciresinol diglukosid (SDG). V nizsich

mnozstvich je pak obsazen matairesinol (MATA) (Krajcova et al., 2009).

56



MeO O CH,O-R MeO
HO CH,0-R HO
SECO (R=H) matairesinol
SDG (R = glukoéza)
OMe

OH OH

MeO O‘ CH,OH
HO CH,OH
isolariciresinol O
OMe
OH

HO OMe

lariciresinol pinoresinol

Obr. 9: Struktura lignani obsaZenych ve Inéném semenu (pievzato a upraveno podle Johnsson,
2004)

SECO (R = H) = secoisolariciresinol, SDG (R = gluk6za) = secoisolariciresinol diglukosid

Beejmohun et al. (2007) publikovali vysledky obsahu SDG v riznych typech
vzorki ziskanych z Inéného semene a porovnali ho s obsahem SDG, extrahovanych
z riznych materiald ziskanych z Inéného semene, zjiSt€énym v ramci jinych studii. Bylo
popsano, Ze Inéné semeno obsahuje 7,0 mg SDG v 1 g celého Inéného semene,
odtuénéné Inéné vylisky semen obsahovaly 11,7-25,9 mg/g, odtu¢néna mleta semena
6,5-11,8 mg/g, drcend semena 14,0 mg/g. V ramci uvedené studie, bylo zjisténo, ze
samotné vylisky semen Inu obsahuji, po mikrovinné extrakcei, celkem 16,3 mg/g SDG.
Hao & Beta (2012) zjistili pomérné znacné rozpéti v zastoupeni SDG v obalovych
vrstvach semene Inu dvou kanadskych odriid a jedné belgické odridy v celkovém
zastoupeni 16.4-33.9 mg/g. Fuentealba et al. (2015) uvadi obsah SDG ve ¢tyfech
odrudach Inu (dvé chilské a dvé kanadské odridy) v rozmezi 6,0-10,9 mg/g v celych
semenech a 10,8-17,9 mg/g Vv odtu¢néné mouce, z cehoz vyplyva pomeérné velky
rozptyl obsahu SDG v zavislosti na odridé. Lockwood (2009) pak zmifiuje mirn€ nizsi

obsah SDG v semenu Inu, ktery ¢ini 3,7 mg/g. Obsah matairesinolu ve Inéném semenu
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je oproti SDG mnohem nizsi a ¢ini 10 pg/g (Sicilia et al., 2003). Krajcova et al. (2009)
uvadi rozdily v zastoupeni glykosidi SECO a MATA v zavislosti na typu Inu a
hnojeni. Obsah glykosidi SECO se pohyboval v rozmezi 2,3-7,0 mg/g Vv ptipadé
olejného Inu a 1,6-3,1 mg/g v pfadném Inu. Obsah MATA byl vyrazné nizsi oproti
glykosidiim SECO, pfi¢emz obsah byl naopak vyssi v pripade pradného Inu 7-27 ng/g
oproti olejnému Inu 3-9 pg/g. Ostatni lignany, konkrétné pinoresinol (PINO),
lariciresinol (LARI) a solariciresinol mohou byt dle studic Meagher et al. (1999)
rovnéz obsazeny ve Inénych semenech, nicméné jejich pfitomnost je zminovana velice
ojedinéle a je tedy diskutabilni.

Lnéné semeno obsahuje kromé lignanii také fenolové kyseliny patiici mezi
derivaty kyseliny benzoové a kyseliny skoficové (Obr. 10). Byl zjistény také obsah
kyseliny chlorogenové a kyseliny gentisové (Herchi et al., 2014). Kajla et al. (2015)
popsali hlavni fenolové kyseliny véetné jejich obsahu v odtu¢néné mouce. Nejvice
zastoupena je ferulova kyselina s koncentraci 10,9 mg/g nasledovana chlorogenovou
(7,5 mg/g) a gallovou (2,8 mg/g) kyselinou. Jako minoritni uvadi glukosidy kyselin p-
kumarové a hydroxyskoficové a také kyselinu 4-hydroxybenzoovou. Naopak, Hao &
Beta, 2012 zjistili vyznamny obsah glukosidii p-kumarové kyseliny v obalu semene
Inu v mnozstvi 35,7-49,2 mg/g a nékolikanasobné nizsi obsah glukosidi ferulové
kyseliny (5,1-15,2 mg/g). Oomah et al. (1995) uvadi obsah celkovych fenolovych
kyselin v celém semeni v rozmezi 8-10 mg/g. Esterifikované kyseliny predstavuji 5
mg/g, respektive 48-66 %, celkového obsahu fenolovych kyselin. Etherifikované

fenolové kyseliny jsou obsazeny v mnozstvi 3-5 mg/g.
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Obr. 10: Struktura flavonoidii (A), fenolovych kyselin (B) a fenylpropanoid glukosidi (C)
obsazenych ve Inéném semenu (pievzato a upraveno podle Herchi et al., 2014; Kasote, 2014)

Dalsi skupinou fenolovych latek Inéného semene jsou flavonoidy. Jejich obsah
je oproti liganim a fenolovym kyselindm znac¢né nizsi a €ini pfiblizné 350-710 pg/g,

pticemz hlavnimi flavonoidy jsou flavonové C- a O-glykosidy. Kromé téchto latek je
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ve Inéném semenu obsazen také herbacetin diglukosid (Herchi et al., 2014). Struijs et
al. (2007) popisuje piitomnost herbacetin diglukosidu jako soucast lignanové
makromolekuly vyskytujici se v obalu Inéného semene, v niz je inkorporovany, stejné
jako SDG, pomoci hydroxymethyl glutarové kyseliny.

Mezi méné popisovangé, fenolové latky Inéné¢ho semene patii fenylpropaniod
glykosidy a taniny. Fenylpropaniod glykosidy jsou fenolové latky, které maji na
postranni fetézec vazané aromatické jadro. Zastupci této skupiny jsou linusitamarin,
linocinamarin a daucosterol (Luyengi et al., 1993). Dosud v§ak nejsou popsany obsahy
fenylpropanoid glykosidi ve Inéném semenu, proto se predpoklada spise jejich
stopové zastoupeni. Taniny se nachazi ve vnéjsi vrstvé obalu semene a jejich mnozstvi,
spektrum a stupen polymerizace jsou faktory, které jsou do velké miry zodpovédné za
barvu Inéného semene (Troshchynska et al, 2019). Kasote et al. (2011) izolovali ze
semen Inu dva typy taninu: hydrolyzovatelny tanin a prototanin (pseudotanin).
Wanasundara & Shahidi (1994) uvadi zastoupeni kondenzovanych tanint v semenech
a mouce celych semenech Inu v rozptylu pfiblizné 0,7-1,3 mg/g po extrakci pomoci

systémil rozpoustédel slozenych z methanolu, ethanolu, hexanu, amoniaku a vody.

2.5.2 Moznosti izolace a analyzy fenolovych latek Inéného semene

Lignany a ostatni fenolové latky jsou bohaté zastoupeny v obalovych vrstvach
semene Inu (Hao & Beta, 2012). Spole¢né s vlakninou a bilkovinami Inéného semene
lze tyto latky nalézt a izolovat naptiklad z vyliskli semen. Podminky extrakce
fenolovych latek Inénych semen zavisi na jejich molekularni struktufe. Méné polarni
latky 1ze extrahovat pomoci hexanu, zatimco ty vice polarni v podobé SDG mohou byt
extrahovany pomoci vody, methanolu nebo ethanolu (Sainvitu et al., 2011). Kromé
prosté extrakce pomoci rozpoustédel mohou byt vyuzity rovnéz dalsi zptisoby izolace
fenolovy latek, mezi néz patii naptiklad extrakce za vysokého tlaku, ultrazvukova
extrakce nebo mikrovlnna extrakce.

Univerzalnim zplUsobem extrakce Inénych fenoli je extrakce pomoci
rozpoustédel za pouziti vhodnych fyzikédlnich podminek pro zvySeni Gc¢innosti. Hao
& Beta (2012) provadéli extrakei vice polarnich fenolovych latek vodni extrakei
s ptidavkem hydroxidu vapenatého ve vodni lazni za stdlého michéni po dobu 4 hodin
pti 70 °C. Timto zpisobem bylo mozné izolovat SDG, glukosidy kyselin p-kumarové,

kavové a ferulové a derivaty kyseliny ferulové, identifikovan byl rovnéz glukosid
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herbacetinu. Zhang et al. (2007) provadéli optimalizaci ethanol-vodni extrakce
Inénych lignant. Optimalnich vysledki extrakce bylo dosazeno pouzitim 70 % roztoku
ethanolu, pii délce extrakce 28 hodin a 40 °C, kdy vytézek lignanii z odtu¢néné mouky
Inénych semen Cinil pfiblizné 9,0 % (w/w, lignany/odtu¢nénd mouka). Mezi dalsi
zpisoby kapalinové extrakce patii extrakce subkritickou vodou, pficemz pti vysoké
teploté (190 °C) a pH (9) v extrakcni cele bylo mozné timto zpiisobem velmi efektivng,
se 100% vytézkem, izolovat SDG (Ho et al, 2008). Kanmaz (2013) vyuZil pro extrakci
fenolovych latek Inéného semene metodu extrakce subkritickou vodou, piicemz
nejlepsich vysledkll pro téinnou a rychlou izolaci stanovovanych fenolovych latek
(SDG, celkové polyfenoly, celkové flavonoidy) bylo dosaZeno za podminek ptisobeni
subkritické vody pfi teploté 180 °C po dobu 15 minut.

Casto vyuzivanym zptsobem extrakce lignanti a ostatnich fenolovych latek je
také mikrovinna extrakce. Beejmohun et al. (2007) pomoci tohoto zptisobu extrahovali
SDG a glukosidy p-kumarové a ferulové kyseliny. Oproti konvenéni metodé¢ extrakce
pomoci 70% methanolu bez pouZiti mikrovin poskytla mikrovinné extrakce s pouzitim
stejného rozpoustédla vétsi vytéznost pii mensi spotfebé methanolu. Kromé extrakce
uvedenych fenolovych latek byla mikrovinna extrakce pouzita také pro izolaci
herbacetin diglukosidu s vytéznosti 5,76 mg/g susiny vyliskové mouky. Pro extrakci
byl material rozpustén v 70 % roztoku methanolu s obsahem 100 mM NaOH ve
vysledném roztoku. Tato suspenze byla vystavena po dobu 6 minut mikrovinnému
zafeni o energii 150 W. PouZzitd metoda byla rovnéz efektivnéj$i nez bézné pouzivané
metody pii vyssi aspoie ¢asu (Fliniaux et al., 2014). Zhang & Xu (2007) v souvislosti
S jimi pouZitou mikrovlnou extrakci zmifiuji v porovnani s béZnou extrakci ethanolem
za stalého michéni nebo pomoci Soxhletovy extrakce rovnéz lepsi vytéznost, usporu
Casuienergie. Nemes & Orsat (2012) optimalizovali metodu mikrovinné extrakce pro
izolaci lignanli Inénych, sezamovych, chia semen a mandli. Metody mikrovinné
extrakce jsou tedy obecné vyuzitelné pro extrakci lignanil z rostlinného materialu.

Ultrazvukova extrakce je jednim zméné rozSifenych zplsobi izolace
fenolovych latek, respektive lignant. Corbin et al. (2015) popsali jako prvni moznost
extrakce lignant a ostatnich fenolovych latek Inéného semene timto zpusobem.
Pomoci této metody bylo moZzné extrahovat fenolové latky, zeyjména SDG, s vyssi
ucinnosti oproti standardni metod€ vyuzivajici alkalickou hydrolyzu, a metodami
vyuzivajici mikrovlnnou a enzymatickou extrakci. Vlivem pisobeni ultrazvuku

dochazelo pravdépodobné k u€inngjsi degradaci polysacharidi slizové vrstvy semene
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a v disledku toho ke sniZzeni vazby fenolovych latek na tyto polysacharidy. Tan et al.
(2015) pouzili pro purifikaci SDG dvoukrokovou extrakci, pficemz v prvnim kroku
byla vyuzita ultrazvukova extrakce s vyuzitim iontové kapaliny a v druhém kroku

vodna extrakce dvou fazi rovnéz

slupky Inénych semen + rozpoustédlo S vyuzitim iontové kapaliny. Tyto, spise
l ojedinélé, metody extrakce vykazovaly
alkalicka extrakce (hydrolyza) pomérné vysokou Gcinnost.
l Jednim ze zptisobti uvolnéni SECO
centrifugace z lignanovych polymeri a SDG miuze
l byt bakterialni transformace

(biotransformace). V ramci in vitro

G SOpCTH experimentl bylo zji§téno, ze vybrané

l bakterie rodu Bifidobacterium jsou za
- urcitych podminek schopné
hydrolyzovat SDG za vzniku SECO a

l monoglukosidu (Roncaglia et al., 2011).
zakoncentrovani Pozdéji bylo v podminkach in vitro
l zjisténo, ze lze zodtuénéné mouky

) Inénych semen, jez byla soucasti
chromatograficka separace

kultiva¢niho media, GspéSné uvolnit a
l purifikovat SECO  prostiednictvim

sbér frakei

I . . . :
Obr. 11: Obecné schéma postupu extrakee, anaerobni bakterie rodu Bacteroides (Li

puriﬁkace a kvan:[iﬁkace secoisolariciresinol al., 2012). Vyuzitim bakterii lidské
diglukosidu (pfevzato a upraveno podle

Hosseinian & Beta, 2009) sttevni mikrofléry byla potvrzena

biotransformace, vyuzitim fakultativné

transformace nativnich lignant
odtu¢néné Inéné mouky nejprve do formy SECO (meziprodukt) a posléze jeho
pfeména na sav¢i lignan enterodiol (Wang et al., 2010b).

Po dané extrakci mohou byt fenolové latky dale separovany, naptiklad pomoci
kapalinové chromatografie. Amarowicz et al. (1994) po extrakci pomoci ethanolu a
nasledné butanolu separovali fenolové latky ze Inénych semen pomoci kolon
vyuzivajici rizné typy stacionarnich fazi, konkrétné Sephadex LH-20, silikagel a RP-
8. Timto postupem bylo mozné ziskat frakce obsahujici rizné fenolové latky, zejména

lignany. Chromatografickou separaci pomoci vysokoucinné kapalinové
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chromatografie (HPLC) je moZné taky pouZit pro purifikaci a analyzu oligomerti SDG
a jejich hydrolyzatd, pti¢emz obecné schéma je popsano v ramci obrazku 11. Li et al.
(2008) vyuzili pro extrakei SDG oligomerti z odtuénénych semen 70% vodny roztok
methanolu a pro zvySeni u¢innosti byla pouzita sonikace. Nasledovala alkalicka a
kyseld hydrolyza oligomert SDG pro kompletni uvolnéni samotnych molekul SDG a
jinych glykosidi. Pro purifikaci SDG oligomerti, samotnych molekul SDG a ostatnich
glykosidl lignanii byl pouzit systém HPLC s kolonou se stacionarni fazi C18 a flash
chromatografie s kolonou obsahujici silikagel (purifikace oligomera SDG).
Preparativni chromatografie na tenké vrstvé (TLC) byla pouzita pro purifikaci
samotného SDG, secoisolariciresinol monoglukosidu a anhydrosecoisolariciresinolu.
Obdobné metody pro extrakci oligomerd, ¢i samotného SDG, pfipadné ostatnich
lignant a jejich glukosidd, jejich purifikaci a kvantifikaci, jsou v soucasnosti bézné
vyuzivany a popsany mnoha autory (Johnsson et al., 2000; Muir et al., 2000; Strandés
et al., 2008; Yuan et al., 2008; Popova et al, 2009). HPLC systémy v téchto ptipadech
Casto vyuzivaji fotodiodové detektory a jsou spojené s hmotnostnimi spektrometry. Ve
spojeni s HPLC Ize pouzit rovnéz elektrochemicky detektor (Marconi et al., 2014).

Lignany Inéného semene je mozné rovnéz charakterizovat pomoci plynové
chromatografie s hmotnostni spektrometrii. Timto zptisobem bylo mozné identifikovat
SECO, isolariciresinol, = MATA, PINO nebo méné bézny lignan
divanillyltetrahydrofuran. Vyhodou tohoto zplisobu je moznost kvantifikace lignanti
Inéného semene pomoci GC-MS piimo v hrubém extraktu, ¢ili bez nutnosti pfedchozi
purifikace lignanit pomoci preparativni HPLC (Meagher et al., 1999). Metody
stanoveni lignanti Inéného semene pomoci HPLC-MS mohou byt doplnény
identifikaci novych derivath fenolovych a stanoventi jejich struktury pomoci nuklearni
magnetické rezonance (NMR, nuclear magnetic resonance). Johnsson et al. (2002)
vyuzitim kombinace LC-MS s NMR byli schopni identifikovat glukosylované
derivaty p-kumarové kyseliny a ferulové kyseliny. Degenhardt et al. (2002) pomoci
vysokorychlostni protiproudé chromatografie (HSCCC, high-speed countercurrent
chromatography) purifikovali SDG, pfi¢emz identita SDG byla ovéfena pomoci
HPLC v kombinaci s NMR.
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2.5.3 Biologické aktivity fenolovych latek Inéného semene

Fenolové latky jsou obecné nejvice zastoupenymi sekundarnimi metabolity rostlin
(Ayad & Akkal, 2019). Jejich biosyntéza a pusobeni je soucasti obrannych
mechanismi rostlin proti biotickému a abiotickému stresu (Chowdary et al., 2021).
Lnéné semeno obsahuje fadu vyznamnych zastupcti hlavnich kategorii rostlinnych
fenolovych latek, které se vyznacuji zajimavymi biologickymi aktivitami. Akl et al.
(2020) popisuji vyznamné biologické aktivity extraktu fenolovych latek z Inéného
semene. Mezi biologické aktivity patii zejména: antioxidacni aktivity, antimikrobidlni
aktivity a kancerostaticka aktivita vici riznym typtim nadorovych bunék. Biologické
aktivity jednotlivych skupin fenolovych latek Inéného semene jsou popsany
Vv nasledujicich odstavcich.

Lignany jsou patrné nejvyznamnéjsi a nejvice studovanou skupinou fenolovych
latek Inéného semene. Molekuly lignanii se jako soucdst rostlinného materialu
vyskytuji ve formé polymerti, avSak v této form€ nemohou byt ¢lovékem vyuzitelné.
V pfipadé Inu nejsou samotné molekuly SDG, jakozto pievazujiciho lignanu,
stravitelné v ramci traviciho traktu savca a pro jejich utilizaci je nutna dekompozice
polymeru a pfeména SDG. V prvnim kroku dochazi k rozruseni esterovych vazeb a
uvolnéni SDG z polymertli, néasledné je deglykosylovan do formy aglykonu —
secoisolariciresinolu. SECO je nésledné metabolizovan do forem jednoduchych
savcCich, biologicky aktivnich, lignanli enterodiolu a enterolaktonu, které jsou lépe
stravitelné v porovnani se samotnym SDG (Yang et al., 2021). Kyselka et al. (2017)
popisuji vyznamné antimikrobidlni aktivity anhydrosecoisolariciresinolu, ktery
Vramci in Vvitro antimirobidlnich testd inhiboval rist vyznamnych mikrobialnich
patogenti, zejména Escherichia coli, Staphylococcus aureus a Candida albicans.
Lignany Inéného semene, zejména SDG, se vyznacuji svoji antioxidacni aktivitou v
podobé¢ zhédseni hydroxylovych radikal (Prasad, 1997). Biotransformované lignany
vV podobé enterolaktonu a enterodiolu mohou mit vysSi antioxida¢ni aktivitu nez
samotné¢ SDG (Kitts et al., 1999). Lignany mohou piisobit jako analogy hormonu
estrogenu, piipadné anti-estrogenu, dle produkce tohoto hormonu v lidském téle
(Touré & Xueming, 2010). Bylo zjiSténo, Ze extrakty lignanti ziskané ze semen Inu
snizuji koncentraci cholesterolu a glukézy v krevni plazmé hypercholesterolemickych
pacientll (Zhang et al., 2008). Popisovan je také preventivni u€inek Inénych lignant

proti nékterym nadorovym onemocnénim, napiiklad karcinomiim prsou, prostaty,

64



tlustého stfeva a karcinomtiim kize (Touré¢ & Xueming, 2010). Velalopoulou et al.
(2015) pozorovali radioprotektivni u¢inky SDG, kdy bunky plicni tkané oSetfené
pomoci SDG byly schopné v radmci experiment odolavat gama zareni. Imran et al.
(2015) popisuji v souvislosti se jmenovanymi aktivitami SDG, vCetn¢ protizanétlivych
a neuroprotektivnich aktivit, jeho preventivni plisobeni proti rozvoji nejriznéjsi
chorob a souvisejicich dusledkti v podobé nadorovych a kardiovaskularnich
onemocnéni, ateroskleroze, diabetu, poruch reprodukce, vyluCovaci soustavy a
krvetvorby, imunodeficienci, rozvoji stresovych stavli, chorob kosti ¢i ledvin a
jaternim nekrézadm. Diky hypertenzivnim vlastnostem miize SDG piedstavovat také
alternativni substanci k 1éktim typu ACE inhibitora pii 1é€b¢ vysokého krevniho tlaku
(Prasad, 2013).

Fenolové¢ kyseliny jsou dalsi skupinou fenolovych latek Inéného semene, jez se
vyznacuji vyznamnymi biologickymi aktivitami. Vice fenolovych kyselin obsahuje
samotnd slizotvornd frakce Inéného semene (kapitola 2.3.3). Vanilova kyselina je
vyznamnou fenolovou latkou fady lécivych rostlin (Sytar et al., 2018). Je rovnéz
spojend s antikarcinogennimi, protizanétlivymi a antiapoptickymi u€inky. Diky svym
senzorickym vlastnostem se vanilova kyselina uplatiiuje také v potravinaistvi, kde je
soucasti aditiv a aromat (Gitzinger et al., 2011; Vinothiya & Ashokkumar, 2017).
Ellagova kyselina vykazuje antimutagenni, antikarcinogenni a protizanétlivé Ucinky
(Feng et al., 2009). U kavové kyseliny bylo prokdzano antikarcinogenni piisobeni
(Prasad et al., 2011), navic zpomaluje rozvoj neurodegenerativnich onemocnéni jako
je naptiklad Alzhemierova choroba (Akomolafea et al., 2017). Skoticova kyselina a
jeji derivaty se vyznacuji fadou uCinkl, mezi néz patii antikarcinogenni,
antimikoribalni, antidiabetické, antiepileptické, antidepresivni, neuroprotektivni,
rovnéz posyktuje fadou biologickych aktivit. Kromé zminénych antioxidac¢nich,
antimikrobialnich, antialergickych, antitrombotickych, antikarcinogennich a
protizanétlivych aktivit bylo zjiSténo také hepatoprotektivni plisobeni této fenolové
kyseliny (Kim & Park, 2019). Sinapova kyselina vykazuje antioxidani,
antimikrobialni, protizdnétlivou a antikarcinogenni aktivitu (Niciforovic &
Abramovic, 2013). Kyselka et al. (2017) prokazali antimikrobialni piisobeni kyseliny
p-kumarové a kyseliny kavové proti patogenim Escherichia coli, Pseudomonas

aeruginosa, Staphylococcus aureus, Candida albicans a Aspergillus brasiliensis.

-----
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souvisejici napiiklad slécbou kardiovaskularnich a civiliza¢nich chorob byly
objeveny rovnéz v piipadé p-kumarové kyseliny a jejich konjugatii (Pei et al., 2015).
Stejné, nebo podobné biologické aktivity pak vykazuje také epikatechin (Prakash et al,
2019).

Flavonoidy jsou ve Inéném semenu zastoupeny zejména ve formé C-glykosida a
O-glykosidt. C-glykosidy flavonoidy vykazuji antioxidacni aktivity, antidiabetické
2015). V piipadé O-glykosilovanych flavonoidii jsou popsany zvySené antiviralni,
antistresové, antiobezitni, antialergické a nékteré dalsi aktivity (Xiao, 2017).
Glykosylované flavonoidy jsou pravdépodobné¢ pomoci stfevni mikroflory
transformovany do formy aglykont, které jsou lépe vstiebatelné. Samotné flavonoidy
pak kromé vysSich antioxidacnich aktivit, oproti jejich glykosylovanym derivatim,
vykazuji biologické aktivity, které jsou Casto s aktivitami jejich glykosidd shodné.
antihypertenzni aktivity. Konkrétnim zdravotnim piinosem flavonoidi je inhibice
peroxidace lipidl, agregace trombocytii a permeability kapilar (Peirotén et al, 2020;
Oomah & Mazza, 2000). Soucasti Inénych semen je také herbacetin diglukosid. Jak
glukosidy herbacetinu, tak i samotny aglykon, se podobn¢ jako ostatni flavonoidy
vlastnostmi, zejména proti karcinomum tlustého stieva a kize (Wei et al., 2021).
Veermani et al. (2018) navic popisuji jeho antihypertenzivni, antibakteridlni a
antiobezitni aktivity a potencialni kancerostatickou aktivitu proti karcinomtim prsu.

Rostlinné fenylpropanoid glukosidy a taniny jsou, jak jiZ bylo uvedeno, minoritni
skupiny fenolovych latek Inéného semene. Fenylpropanoid glukosidy disponuji
podobnymi biologickymi aktivitami jako lignany, fenolové kyseliny a flavonoidy.
Byla u nich popséna antifungéalni, antiviralni, antihypertenzni, protinddorova a
imunomodulac¢ni ptsobeni. Tyto aktivity jsou spojené do znaéné miry s jejich
antioxida¢nimi vlastnostmi (Lopez-Munguia et al., 2011). Taniny se vyznacuji celou
fadou biologickych aktivit, pficemZz mezi ty nejvyznamnéjsi se fadi antioxidacni,

'''''

(Fraga-Corral et al., 2021).
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3 CiLE A HYPOTEZY PRACE

Sir§im cilem disertaéni prace byla komplexni charakterizace bilkovin,
rozpustnych slizti a fenolovych latek obsazenych v semenech Inu setého olejného a
vyliscich semen ziskanych po lisovani oleje. Dil¢i cile prace jsou prezentovany

V nasledujicich bodech:

- Sestaveni proteomického profilu celych semen, vyliskové mouky a
odvozenych produktli se zvySenym obsahem bilkovin.

- Kovalitativni a kvantitavni analyza lignanti, stanoveni chemického sloZeni a
antioxida¢niho potencidlu semen vybranych odrid Inu ziskanych v ramci
fizeného polniho experimentu.

- Stanoveni funk¢nich vlastnosti a antioxida¢niho potencidlu slizotvornych
frakci semen vybranych odriid Inu setého olejného.

- Optimalizace postupli a metod zpracovani semen olejného Inu pro ziskani
vyliskii a jejich nésledné pouziti v ramci zuSlechténych potravinaiskych
vyrobkd.

- Sestaveni piehledu o fyzikdlné-chemickych charakteristikach, funkénich
vlastnostech a biologickych aktivitich Inénych bilkovin a slizotvornych
polysacharidl, vcetné jejich stdvajiciho a potencidlniho pouziti v rdmci

potravinaiskych a dietarnich aplikaci.

Na zaklad¢ vyty€enych dil¢ich cilt disertacni prace byly stanoveny hypotézy:

- Proteomicky profil Inéné¢ho semene vykazuje odliSnosti v zavislosti na odrideé,
nebo koncentraci bilkovin v produktech vyrobenych z vyliskové mouky.

- Odrtda olejného Inu, podminky péstovani, ¢i kombinace téchto faktord
vyznamné ovliviiuje chemické sloZeni, obsah lignani a antioxida¢ni potencial
semen Inu.

- Funkéni a antioxida¢ni vlastnosti slizotvornych polysacharidii jsou

determinovany odridou a podminkami péstovani Inu.
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Vyuzitim optimalizovanych metod zpracovani semen olejného Inu lze ziskat
vyliskovou mouku riiznych charakteristik, véetné moznosti jejiho pouziti pro
zuslechténi potravinatskych vyrobki.

Bilkoviny a slizotvorné polysacharidy mohou byt diky svym vlastnostem

uplatnitelné pro tradi¢ni i inovativni potravinaiské aplikace a dietarni ucely.
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4 PREHLED O DOSAZENYCH VYSLEDCICH

4.1 Literarni prehled o sloZeni, strukture, funkénich vlastnostech a

moznostech vyuziti Inénych bilkovin a slizii v potravinarstvi a vyzivé

Lnéné semeno patii mezi nutricné bohatou potravinu obsahujici v ¢erstvé hmot¢
37-41 % tuku, 28-29 % celkové vlakniny, 20 % bilkovin, 6,5-7,7 % vody a 2,4-3,4 %
popelovin. Kromé celého semene je mozné pro piimy konzum, potravinaiské c¢i
dietarni zpracovani, vyuzit také drcené semeno, lisovany ¢i extrahovany olej, vylisky,
slupky ¢i zpracované produkty Inénych bilkovin v podobé vyliskové mouky,
bilkovinného koncentratu nebo izoladtu. Z Inénych semen je mozné ziskavat také
dietarni vlakninu v podobé rozpustnych slizotvornych polysacharidi. Pravé Inéné
bilkoviny a rozpustné polysacharidy patii mezi vyznamné, Siroce vyuzitelné
hydrokoloidy (Obr. 12).

Bilkoviny Inénych semen maji vyvazeny pomér aminokyselin s pfevazujicim
zastoupenim kyseliny glutamové, nasledovanym kyselinou asparagovou, argininu a
leucinu. Svym aminokyselinovym sloZzenim jsou Inéné bilkoviny srovnatelné
S bilkovinami s6ji. Majoritni ¢ast bilkovinného spektra (58-66 %) tvoifi zasobni
bilkoviny ze skupiny 11S a 12S globulint (linin) o velikosti 252-298 kDa, jez jsou
slozeny z vice 10-50 kDa polypeptidovych fetézcl. Globuliny maji neuspofadanou
strukturu tvofenou z 3 % a-Sroubovici a 17 % B-strukturou. 2S albuminy jsou druhou
nejvice zastoupenou skupinou reprezentujici 20-42 % celkového spektra bilkovin
Inéného semene. Jsou sloZzeny z jednotetézcoveého polypeptidového fetézce o velikosti
16-18 kDa obsahujici 168 nebo 169 aminokyselin. Na rozdil od globulinii maji vice
uspofadanou strukturu obsahujici 26 % a-Sroubovicovych a 32 % B-struktur.
V soucasné dobé se pro izolaci bilkovin z Inénych semen nejcastéji vyuziva efektivni
kombinace alkalické extrakce (pH 8,0-9,5) a isoelektrické precipitace (pH 3,8-4,2).
Mezi dal$i vyuzitelné metody izolace a purifikace patii extrakce pomoci pufri a
chromatografické postupy. Bilkovinné hydrolyzaty jsou nésledné ziskavany
enzymatickou hydrolyzou pomoci komer¢nich nebo nekomercnich proteas.

Lnény sliz je heteropolysacharid nachazejici se ve vnéjsi obalové vrstvé semen.
Jeho relativni zastoupeni ve Inénych semenech se na rozdil od bilkovin pohybuje v

Sirokém rozmezi 3,5-15 % a zavisi na odrad¢ i podminkach péstovani. Ma charakter
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pfirodni rostlinné gumy. Jeho sloZeni, struktura a vlastnosti jsou tedy srovnatelné
S ostatnimi pfirodnimi gumami, mezi néz se fadi arabskd, guarova nebo xanthanova
guma. Lnény sliz je sloZzeny ze dvou polysacharidovych frakci — neutralni
(arabinoxylan) a kyselé (rhamnogalakturonan). Arabinoxyaln se sklada z D-arabinosy,
D-xylosy a D-galaktosy, pfi¢emz strukturné je definovan jako polymery xylosy
spojené B 1,4 vazbou, jez jsou nebo nejsou na O-2 ¢i O-3 pozicich nahrazeny rezidui
ostatnich monosacharidi. Rhamnogalakturonan je slozen =z L-rhamnosy, D-
galakturonové kyseliny, L-fukosy a L-galaktosy. Jeho struktura je definovana jako
polymerni struktura rhamnogalakturonanu-l S moznou pfitomnosti homorhamnanu
nebo homogalakturonanu. Bloky rhamnogalakturonanu mohou byt také
monosubstituovany na pozici O-3 galaktosou, fukosou nebo nékterymi neutralnimi
monosacharidy. Podily jednotlivych monosacharidi v extrahovaném slizu v ramci
obou polysacharidi pak mohou byt zna¢n¢ variabilni v zavislosti na genotypu Inu a

podminkach extrakce.
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koncentratfizolat/hydrolyzat Slizotvorné polysacharidy
(az 90 % bilkovin) (az 90 % polvsacharidd)
globulin (linin), 58 — 66% L. *  arabinoxylan, az 75% 25%
albumin (conlinin), 20 —42% Slozeni *  rhamnogalakturonan-I,
ostatni (hirudin, oleosin etc.), jednotky % *  arabinoxylan-thamnegalakturonan-I komplex
pénotvornost a stabilita pény *  vaznost vody a tuku
stabilita emulze *  emulgacni vlastnost
vaznost vody a tuku Funkéni a biologické *  pseudoplastické a viskoelastické vlastnosti
antimikrobialni vlastnost vlastnosti +  Zelirovad azahuStovad vlastnosti
antioxdiacni aktivita (pfedeviim hydrolyzaty) *  prebiotikum
senzorické vlastnosti (produkty Mailarovy reakce) *  antioxidadni aktivita
slehané dezerty *  drezinky
zimrzliny e *  gely, rosoly
omadky Potravinarské vyrobky + jogurty
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Obr. 12: Schématické vyjadieni moznosti extrakce bilkovin a slizli Inénych semen, jejich
funk¢énich vlastnosti a ptiklady vyuziti v potravinarskych vyrobceich (Pfevzato a upraveno podle
Lorenc et al., 2022)
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Sliz je mozné extrahovat z celych semen Inu, jejich slupek nebo vyliskii pomoci
Ctyt zakladnich ptistupt, které jsou zalozené na vodni, ultrazvukové, mikrovinné nebo
acidobazické extrakci. Zvolena metoda a podminky extrakce Inéného slizu, zejména
teplota v piipadé vodni extrakce, ma zasadni vliv na jeho vytézek, Cistotu a sloZeni,
respektive také na zastoupeni samotnych monosacharidi. Jejich abundance pak urcuje
pomeér neutralniho a kyselého polysacharidu, jez determinuje jeho funkéni vlastnosti.
Z tohoto diivodu je proto vhodné volit podminky extrakce dle nadsledného vyuziti
ziskaného slizu.

Oba typy hydrokoloidi se vyznacuji Sirokym spektrem funkcnich vlastnosti a
antioxidacéni aktivitou. Funkéni vlastnosti poskytuji Siroké moznosti jejich vyuziti jako
funkénich aditiv pti fortifikaci potravin a pro dalsi potravinaiské aplikace, jez jsou
popsény na obrazku 12. Antioxidacni aktivity, a dal$i biologické vlastnosti, Inéného
slizu a bilkovinnych hydrolyzat obsahujici biologicky aktivni peptidy pak mohou byt
vyuzitelné v oblastech vyzivy a lékafstvi, pfiCemz konkrétni piipady jsou uvedeny

V souvisejici publikaci.

Kompletni informace a zdroje vztahujici se k dané problematice a vySe uvedenému
shrnuti jsou uvedeny v publikaci:
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Abstract: Flaxseed is an excellent source of valuable nutrients and is also considered a functional
food. There are two types of hydrocolloids in flaxseed: flaxseed gum and proteins. Flaxseed gum
exhibits emulsifying and foaming activities or can be used as a thickening and gelling agent. Due
to its form of soluble fiber, flaxseed gum is related to many health benefits. Flaxseed proteins have
various functional properties based on their physicochemical properties. While albumins possess the
emulsion-forming ability, globulins better serve as foaming agents. Flaxseed proteins may also serve
as a source of functional peptides with interesting biological and health-related activities. Functional
properties and health-related benefits predetermine the application of these hydrocolloids, mainly
in the food industry or medicine. Although these properties of flaxseed hydrocolloids have been
recently and extensively studied, they are still not widely used on the industrial scale compared to
other popular plant gums and proteins. The aim of this review was to present, discuss and highlight
the recent discoveries in the structural characteristics and functional and biological properties of these
versatile hydrocolloids with respect to factors affecting their characteristics and offer new insights
into their potential applications as comparable alternatives to the other natural hydrocolloids or as

the sources of novel functional products.

Keywords: Linwm usifatissimum L.; flaxseed; food hydrocolloids; flaxseed proteins; flaxseed gum;

functional properties; health benefits

1. Introduction

Flax (Linum usitatissimum L.) is a traditional crop grown to produce oilseeds or fiber.
Flaxseed has been mainly used for oil production, whereas the remaining by-products in
the form of defatted flaxseed meal (FM) or oil cake are usually fed to animals [1,2]. Edible
flaxseed products include whole, ground, or crushed flaxseed, extracted oil, or gum [3].
Dietary flaxseed has recently been used in the human diet due to its nutritional value,
determined mainly by the high-quality oil and proteins followed by the high content of
insoluble and soluble dietary fiber [1]. Together with the high content of phytoestrogens in
the form of lignans, these compounds of flaxseed are related to many health benefits [4].
Flaxseed fulfills the parameters of functional food due to its significant content of polysac-
charides and proteins with a broad spectrum of functional properties [3]. However, for
maximizing the potential of flaxseed in the human diet, its form appears to be a crucial
factor. Compared to whole or crushed seeds, a better bioavailability of lignans from ground
flaxseed has been reported [5], suggesting the influence of its form on the bioavailability of
other involved bioactive compounds. Flaxseed is composed of 37-41% fat, 28-29% total
dietary fiber, 20% protein, 6.5-7.7% moisture, and 2.4-3.4% ash [3,6]. Flaxseed oil has a
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balanced ratio of unsaturated fatty acids, mainly o-linolenic acid representing approxi-
mately 40-60% of flaxseed oil content (by traditional flax cultivars), followed by the oleic
and linoleic acids [1]. Dietary fiber consists of soluble and insoluble fiber, whereas the
prevailing fraction (60-80% of total fiber) represents insoluble fiber [7] composed of lignin,
hemicellulose, and cellulose [8]. Regarding its chemical composition, flaxseed is a rich
source of substances possessing hydrocolloidal properties.

Hydrocolloids are colloidal substances with an affinity for water, represented mainly
by polysaccharides and proteins. Hydrocolloids produce viscous solutions, pseudo-gels,
or gels in water and can be used to thicken and stabilize formulations. As an ingredient
in foods, they influence viscosity and texture [9]. Most commercially important hydrocol-
loids are of natural origin. Plant sources of hydrocolloids, including popular gums and
vegetable proteins, are extracted from trees (cellulose), tree gum exudates (gum arabic,
gum karaya, gum ghatti, gum tragacanth), plants (starch, pectin, cellulose), seeds (guar
gum, locust bean gum, tara gum, tamarind gum and soybean, pea and wheat proteins) or
tubers (konjac mannan). The important hydrocolloids can also be found in red seaweeds
(agar, carrageenan) and brown seaweeds (alginate). Lots of natural hydrocolloids have a
microbial origin (xanthan gum, curdlan, dextran, gellan gum, cellulose) and animal origin
(gelatin, caseinate, whey protein, egg white protein, chitosan) [10]. The natural gums may
serve in foods mainly as stabilizers, thickening, gelling, and encapsulating agents [11].
Vegetable protein isolates can be used as foaming, emulsifying and gelling agents. Some
of these proteins can also be characterized by their high water- and fat-holding capacity
and dough formation [12]. Beyond that, novel functional products possessing enhanced
functional properties can be obtained by processing the raw hydrocolloids, for instance,
by enzymatic hydrolysis. Hydrolysis of proteins can lead to the production of functional
peptides. Protein hydrolysates from rice [13] or rice bran [14] possess better functional,
especially emulsifying, properties compared to native proteins. Hydrolysis of egg yolk
improves its heat resistance and emulsifying properties [15]. Soy protein hydrolysates can
show higher solubility, oil-holding, and foaming capacity than the original soy protein
isolate [16). Partially hydrolyzed guar gum shows improved rheological and pasting char-
acteristics [17]. Oligosaccharides produced by enzymatic hydrolysis of guar gum [15,19],
basil seed gum [20], and glucomannan gum [21] can be used as prebiotics. As a unique
property, it was reported that new substances obtained by acid and enzymatic hydrolysis
of 1-carrageenan might induce significant retardation of recrystallization in the sucrose
solution [22]. Apart from food applications, hydrolysates of hydrocolloids often have
various specific and direct effects on molecular mechanisms of human physiology [23].
Flaxseed represents a source of two further significant natural hydrocolloids—flaxseed
gum (FG) and flaxseed proteins (FPs). The specific attributes of FG and FPs determine
their functional properties, potentially usable in various applications, especially in the food
industry and health-related applications.

FG is a heteropolysaccharide composed of neutral and acidic monosaccharides. Its
presence is concentrated in the seed coat [24]; thus, it can be easily extracted by water
from whole seeds, meals, or hulls of flaxseed [25]. Although hydrocolloids are mostly not
appropriate emulsifiers (9], FG is a suitable additive for stabilizing water-oil emulsions. Its
emulsifying activities are comparable to or better than commonly used emulsifiers [26].
Other functional properties of flaxseed gum are represented by its water- and oil-binding
capacity [3,27], thickening, stabilizing [25], and gelling activities [28]. Due to its form of
dietary fiber and presence of phenolic compounds, FG possesses antioxidants [24,29-31],
anti-obesity [32], anti-cholesterol, and anti-diabetic activities [33].

FPs form approximately 20% of flaxseed weight [34]. The high quality of FPs is
determined by the increased presence of essential amino acids, and their spectrum is
comparable to the spectrum of soy protein [3]. The functional properties of FPs depend
on their physicochemical characteristics. Flaxseed protein isolate (FPI) can be used as a
foaming agent and emulsifier [35]. The mixtures of FG and FPs act better as an emulsifier,
foaming, and water-binding agent than solely FG and FPI [36]. FPs can serve as a source
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for producing functional peptides with various biological activities related to health ben-
efits, e.g., antioxidant and antimicrobial properties, anti-diabetic activities, or they act as
angiotensin-converting enzyme inhibitors [37].

In this review, we aim to describe the chemical structures of flaxseed polysaccharides
and proteins; present and discuss the functional properties of both types of hydrocolloids
with respect to factors affecting their characteristics; summarize their recent application,
and suggest their potential for future applications, especially in the food industry.

2. Flaxseed Gum

FG, also known as flaxseed mucilage, is present in the outer layer of the seed coat [38],
and its content in the whole seed ranges between 3.5-15.0% [24,39,40], depending on the
flax variety and the planting area [41]. The extraction method and its parameters determine
the yield [39], purity, and properties of FG. For instance, the temperature of extraction is an
essential factor affecting the chemical composition [29,41], functional properties [29,40,41]
and biological activities [29]. Functional properties of FG can also be determined by the
processing after extraction, for instance, by drying [42]. Thus, the applied extraction method
and further processing are the key factors for obtaining FG with the optimal properties
according to subsequent use.

2.1. Methods of Extraction

Polysaccharides are easily extractable from flaxseed; it is possible to obtain them
from whole seeds [11], seed hulls [43], or oilseed cake [27]. Safdar et al. [30] used four
methods for the extraction of FG from whole flaxseeds with differences in the relative
yield of FG from flaxseeds: hot water extraction (9.0%), ultrasound-assisted extraction
(7.8%), microwave-assisted extraction (7.0%) and alkaline-acidic extraction (6.4%). For
the highest yield of FG, hot water extraction is preferable, whereas, for maximal purity,
it is most suitable the ultrasound-assisted extraction method. Cui et al. [44] suggested
the optimal condition of aqueous extraction with respect to yield, apparent viscosity, and
protein content of the final gum extract. These conditions were a temperature of 85-90 °C,
a pH 6.5-7.0 and a water:seed ratio of 13. Subsequently, Kaushik et al. [41] reported that the
yield, purity of carbohydrates, and protein content could be significantly affected by the
extraction temperature within the aqueous extraction. They observed the increasing yield
of FG from 2.1 to 8.4% with increased extraction temperature from 30 to 90 °C. They have
also suggested that the longer extraction time increases the yield of FG. Fabre et al. [45]
reported ultrasound-assisted extraction as the most effective method with a 6.8% relative
yield, followed by hot-water extraction (6.5%) and microwave-assisted extraction (2.1%).
Except for the methods and conditions of extraction, the yield of FG can vary with the type
of flax cultivar, crop age, and climate [46]. Since the extraction method or its conditions,
such as temperature or length of extraction within the aqueous extraction, increase the yield
of extracted FG or can change the chemical composition, as it is discussed in Section 2.2,
too harsh conditions can cause the degradation of FG and formation of artifacts [46]. These
changes could probably lead to the deterioration of the functional properties of FG and
limit its potential applications. Thus, the effort to maximize FG yield should not be the
only criteria for extracting FG.

2.2. Chemical Composition and Structure

FG composition depends on genotype, production practices, environment, and storage
conditions [40]. The potential yield of FG is also determined, apart from the extraction
conditions, by the cultivar of flax. The chemical composition of FG is shown in Table 1. FG
is composed mainly of polysaccharides, up to 90% of relative content. Kaushik et al. [41]
reported 80-90% saccharides content in FG, depending on the extraction temperature. Other
studies present lower values for saccharides within FG, reaching only 68% [47] or 71% [39].
The minor part of FG represents proteins, lipids, ashes [24,41], and other compounds, such
as phenolic acids [29]. However, within several studies describing the chemical composition
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of FG, the different values reported for saccharides, proteins, and ashes determine the wide
range of their relative content in FG (Table 1). The content of lipids is low compared to other
constituents. The relative content of saccharides and proteins depends on the temperature
of extraction, whereas increasing the extraction temperature from 50 °C to 90 °C reduces the
polysaccharides yield (90.3% — 80.0%) but increases the content of proteins (4.7% — 15.1%)
in FG. Conversely, there were not reported significant changes in the content of ashes and
fats induced by the changes in the extraction temperature [41].

FG has a highly branched polymeric structure [48]. Polysaccharidic complexity is de-
termined by the presence of polysaccharidic fractions with various molecular weights (MW)
composed of monosaccharides. According to the literature, the presence and abundance
of monosaccharides can be quite variable, as shown in Table 2, and significantly affect the
properties of FG. This diversity can be determined by various factors, such as the tempera-
ture of aqueous extraction [41] and flax cultivar [49]. There was described the presence of
the neutral (arabinoxylan-rich—MW up to 5500 kDa), acidic (rhamnogalacturonan-I rich—
MW < 500 kDa) and composite arabinoxylan-rhamnogalacturonan I-rich (1700 < MW < 700 kDa)
fractions [50]. Warr et al. [51] suggest that the neutral fraction accounts for about 75%
of flaxseed polysaccharides, and the remaining acidic fraction makes up about 25%.
Hellebois et al. [50] reported broad MW distribution with the dispersity index (D) ranging
from 2.11 to 3.82, whereas this parameter was not dependent on the extraction method
or genotype of flax. They identified four polysaccharide populations corresponding to
4513 (<3%), 1627 (31-48%), 701 (22-43%) and 231 (19-35%) kDa. Qian et al. [43] assessed
the MW of polysaccharides within FG composed of high MW arabinoxylans (1470 kDa)
and rhamnogalacturonans with a higher MW fraction (1510 kDa) and lower MW frac-
tion (341 kDa). Safdar et al. [24] reported the average MW of FG as 1322 kDa with a
polydispersity ratio of 1.6 for Mw /Mn and 2.4 for Mn/Mz.

Table 1. Chemical composition of flaxseed gum powder. Presented as the ranges of values reported
in the literature (on wet matter basis).

Constituent Content [g/100 g] References
Proteins 1.5-22.1 [24,39,41,47,52]
Ashes 0.6-11.2 [24,39,41,47]
Saccharides 67.7-90.4 [24,41]
Fats 0.3-2.1 [24,41,47]
Moisture 3.4-55 [244147]

A neutral polysaccharide is an arabinoxylan consisting of L-arabinose, D-xylose, and
D-galactose [24]. Warrand et al. [53] described the structure of neutral polysaccharides as
the 1,4-linked B-D-xylans substituted by D-arabinose or terminal L-fucose, D-xylose, or
D-galactose, whereas they vary in galactose and fucose residues within their side chains.
B-1,4-linked xylose backbones of arabinoxylans of FG are unsubstituted or substituted at
0O-2 and/or O-3 positions by 1-3 sugar residues [54]. Kaushik et al. [41] presented arabinose
and xylose as the major monosaccharides of arabinoxylan, having a ratio ranging from 0.6
to 0.7, which did not vary with the extraction temperature. They have suggested that this
ratio is responsible for a moderately branched structure of FG.

The acidic polysaccharide is represented by rhamnogalacturonan containing L-rhamnose,
L-fucose, L-galactose, and D-galacturonic acid [24]. Qian et al. [43] described the struc-
ture of the acidic polysaccharide fraction of FG composed of a backbone consisting of
rhamnogalacturonan-I interrupted by the small amount of homorhamnan or homogalac-
turonan. They also reported a high amount of monogalactosyl branches 3-linked to half
of the 1,2-linked rhamnosyl residues. Another study reported that rhamnogalacturonan
blocks could be monosubstituted at the O-3 position of rhamnose by side chains of terminal
galactose or fucose, occasionally by neutral monosaccharides. The rhamnose /galacturonic
acid content was similar since their calculated ratio was 1.22 to 0.85. A branching degree
was estimated at (.33 to 0.65 [55]. Authors also suggested that the variability of acidic
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fractions of FG is not related to the rhamnogalacturonan-I backbone but rather by the type
and degree of substitutions. A significant contribution to the relative abundance of acidic
polysaccharides also determines the presence of galacturonic acid. There was reported
only a minor content of galacturonic acids, approximately 7% [24]. However, other studies
describe higher values, such as 23% [56], respectively 21-25% [49]. One of the former
studies has described a high galacturonic acid content (approx. 40%), making it even the
most abundant monosaccharidic constituent [57].

Table 2. Monosaccharide composition of flaxseed gum.

Relative Monosaccharide Compositions [%]

Monosaccharide Safdar et al. [24] Kaushik et al.  [41] Qian et al. [36] Cui and Mazza P [49]
Arabinose 8.3 25.4-28.0 98 6.9-10.7
Xylose 135 429476 297 16.1-29.5
Galactose 18.7 13.0-14.0 172 15.8-21.6
Glucose 20.0 2.3-3.1 21 1.7-6.2
Rhamnose 239 7.0-8.2 127 16.7-204
Fucose 8.0 29-38 54 4.0-53
Galacturonic acid 6.8 ND 230 21.0-25.1
Mannose 0.4 NR NR ND
Ribose 0.2 NR NR NR
Glucuronic acid 0.03 NR NR NR
Glucosamine 0.2 NR NR NR

NR: not reported; ND: not detected; *: extraction of flaxseed gum was performed at 30, 50, 70 and 90 °C, the
range of the values is determined by the lowest and the highest values obtained within the extraction by different
temperatures; . for the sludy were used three flax cultivars—NorMan, Omega and Foster, the range of the values
is determined by the lowest and the highest value obtained within single cultivars.

The extraction conditions may affect the ratio between the types of monosaccharides in
obtained FG. Kaushik et al. [41] reported decreased ratio of neutral:acidic monosaccharides
from 6.7:1 to 5.7:1 as the extraction temperature was increased from 30 to 90 °C. Troshchyn-
ska et al. [58] found that the FG of brown seed cultivars Libra Bio and Recital were more
acidic (pH 5.4-5.5) compared to the yellow-seeded cultivars Amon and Raciol (pH 5.8-6.1).
However, Cui and Mazza [49] reported the lower content of acidic monosaccharides (rham-
nose, fucose, galactose, and galacturonic acid) and, conversely, higher content of neutral
xylose within brown-seed cultivar NorMan compared to yellow-seeded cultivars Omega
and Foster. Thus, the relation between cultivar type and monosaccharidic composition of
FG remains unexplained.

The extraction method significantly affects the yield of polysaccharides and proteins
extracted from FG. Higher content of proteins and browning in color was observed within
FG extracted at higher temperatures [56]. Moczkowska et al. [52] assessed 22% of protein
and only 42% of polysaccharides content extracted by the alkaline method, whereas using
the enzymatic-assisted method with ultrasound allowed for the extraction of 8% of protein
and 69% of polysaccharides from FG. Furthermore, microstructural differences of FG
extracted from six Chinese and Mongolian flax varieties were described [59). Differences in
the structures were also found between seven Italian flax cultivars. They also differed in
chemical, physicochemical, and functional properties [16]. According to the studies, it is
evident that the extraction conditions have a crucial role in the monosaccharide composition
of FG, mainly determined by the ratio of neutral to acidic polysaccharides in FG. This ratio
then significantly determines the physicochemical properties of FG, e.g., viscosity, and thus,
also other functional properties [26].

2.3. Functional Properties

As reported in the previous chapter, the spectrum, and concentration of FG con-
stituents, especially the carbohydrate composition, strongly affect its functional properties
and potential applications that may be quite broad, as shown in Table 3. As a soluble fiber,
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FG has a significant ability to bind water, reaching values of 16-30 g water/1 g FG [3].
FG is also responsible for the high-water holding capacity of flaxseed flour, reaching ap-
proximately 4.15 g of water/1 g of flaxseed flour [60]. The ability of FG to bind oil is
approximately 1 g 0il/1 g FG [27]. FG is generally characterized by high viscosity (rheo-
logical properties or parameters such as viscosity, shear-thinning, and Newtonian flow, as
the physical characteristics, are in this review involved within functional properties of FG
due to their influence on the functioning of FG within certain applications) comparable
to acacia gum and higher than guar and tamarind gums [61]. A higher proportion of
neutral polysaccharides (arabinoxylans), which have a higher MW, increases viscosity and
exhibits the shear-thinning flow behavior of FG. Conversely, as the abundance of lower
MW acid polysaccharides increases, the viscosity decreases, and Newtonian flow behavior
is exhibited. Viscosity and fluidity are also affected by the pH of FG. The lowest viscosity
of FG appears at pH 2. With increasing pH, the viscosity increases up to pH 8, when the
viscosity is 3-times higher than FG with pH 2. However, at a pH higher than 8, the viscosity
decreases again. Different varieties exhibited wide variations in viscoelastic properties
of extracted FG. At the same concentration in solution (1 to 3%), it may have a form of
viscoelastic fluid or a real gel [26]. The ratio of polysaccharides also affects the related
rheological properties of FG, which may form a weak gel with a higher proportion of
neutral polysaccharides. At high concentrations of acidic polysaccharides, FG appears as a
viscoelastic fluid [62]. The addition of FG at the concentration of 0.08% to carrageenan gel
within a fixed 1% concentration of polysaccharides in the solution decreased the syneresis
from 11.0% to 6.6% of FG/carrageenan gel and increased the viscosity [63]. In their research,
Hu et al. [40] reported that FG extracted at a temperature of 70 °C had a higher viscosity
compared to FG extracted at 98 °C (96.7 vs. 78.8 mPa-s) on the first day after extraction
but lower viscosity than 98 “C (70.1 vs. 71.9 mPa-s) after storage at 4 °C for eight days.
FG extracted at 98 °C had a better foaming capacity (~135 vs. ~127%) and foam stability
(~88 vs. ~79%) on the first day after the extraction, but after eight days of storage, these
parameters stayed comparable for both FG (foaming capacity: ~132-133%, foam stability:
~86-87%). Emulsion capacity (~43-46%) and stability (~98-100%) were comparable for
both types of FGs after the first day after extraction but decreased for FG extracted at 70 °C
and stayed quite constant for FG extracted at 98 °C after storage for eight days. These
observations indicate changes in the functional properties of FG extracted at different
temperatures by hot water extraction.

The relation between emulsion stability and pH value was observed, where the highest
stability of the emulsion, in the form of model salad dressing, was observed at pH 6. FG
is a comparable or better emulsifier than Tween 80, gum arabic, and gum tragacanth. An
FG concentration ranging from 0.5-1.5% is suitable for stabilizing water-oil emulsions [26].
High creaming stability (creaming volume: 100%) within emulsion containing 10% olive
oil (w/w) was observed for the emulsion with a high content of FG (0.4%-0.5% w/w), as
well as better rheological properties of the emulsion with same addition of FG [64]. FG
shows similar or even better foam stability (~41%, 1.0 w/w) than gum arabic and xanthan
gum (15-27%, 0.5 w/w) [42]. Significant functional properties of FG can be affected by the
extraction temperature. It has been found that the viscosity and elasticity of FG decrease
with increasing temperature and is also affected by the pH values of the FG solution [29].
Fabre et al. [45] reported that ultrasound-assisted extraction decreases the intrinsic viscosity
of FG extracted by hot water from 12.5 dL/g to 6.2 dL/g, and the MW of the largest
polysaccharides decreased from 1500 kDa to 500 kDa. Another study reported that FG
extracted at 30 °C exhibited a water absorption capacity of 25.9 g/g, comparable to that of
guar gum (22 g/g). However, there was observed a deterioration in emulsifying activity
(emulsion activity index: ~150—~60 m?/g, 70—90 °C) and water absorption capacity
(down to ~12 g/g, 90 “C) within FG extracted at higher temperatures. This study also
stated that emulsifying activity can be affected by the content and composition of proteins
in FG. Apart from that, FG extracted at higher temperatures exhibited an insignificantly
increased fat absorption capacity [41].
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The microstructure of FG also affects its functional properties and may vary between
flax varieties [46,59]. Temperature stability is one of the properties determined by variety or
its type. FG extracted from a yellow flaxseed cultivar showed higher temperature stability
than FG extracted from brown flaxseeds. FG of yellow flaxseed also showed higher MW
(1150-1340 kDa), higher intrinsic viscosity (6.63-5.13 dL./g), as well as viscoelastic and
thickening properties [50]. The functional properties such as viscoelasticity, gelling ability,
and emulsifying activity can also be influenced by phenolic compounds, especially lignans
and phenolic acids, and their migration within FG. An improvement in rheological and
emulsifying properties was observed when the phenolic compounds were removed, which
may be caused by changes in the spatial conformation of the protein or disruption of
noncovalent interactions between phenolic compounds and polysaccharide chains [65].
Unfortunately, the natural structure of FG could have inherent problems associated with
its use, including uncontrolled hydration rates, solubility dependent on pH, thickening,
a drop in viscosity in storage, and probable microbial contamination. Thus, the authors
report that the original structure of FG can be modified by crosslinking or esterification to
obtain the desired and defined properties [25].

Based on the reported findings, it is evident that the genotype and extraction condi-
tions, determining the chemical composition and structure of FG, significantly influence the
functional properties of FG, and they are crucial to obtaining FG with the desired properties.
Further processing of FG, such as drying (by spray, freeze, vacuum, or oven) or ethanol
precipitation, also affects some functional properties of FG, such as emulsifying activity,
foaming, and gelling ability [42].

2.4. Biological and Physiological Activities

In addition to the functional properties, FG also shows several biological activi-
ties. FG possesses strong antioxidant activity, which has been confirmed in several
studies [24,29-31,66]. The antioxidant activity of FG is significantly affected by the presence
of some phenolic compounds easily extractable with FG, such as caffeic acid, p-coumaric
acid, epicatechin, ellagic, cinnamic, and vanillic acids. Similarly, like the polysaccharides
and proteins of FG, it was found that the content and composition of phenolic acids and
related antioxidant activities are affected by the extraction temperature. With increas-
ing extraction temperature (25 — 40 — 60 °C), the scavenging activity against DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical (4.4 — 12.3 — 29.6% radical scavenging activity)
and the total content of polyphenols (12.4 — 13.0 — 18.6 mg GAE/100 g) increased. How-
ever, the content of caffeic acid (6.6 — 6.4 — 6.1 mg/L) and p-coumaric acid quantified
together with epicatechin (1.6 — 1.4 — 1.4 mg/L) decreased slightly with increasing
temperature, whereas the cinnamic acid content remained unchanged (2.3 mg/L) at all tem-
peratures in FG solution. On the other hand, the ellagic acid content increased significantly
at60 °C (1.2 — 1.1 — 3.1 mg/L), and vanillic acid was detected only in FG extracted at
60 °C (5.4 mg/L) and was nearly comparable to the content of caffeic acid [29]. Although
flaxseed contains high amounts of lignans (as mentioned in Section 1), it remains a question
whether these compounds are extracted together with FG and how much they participate
in the antioxidant activity of FG.

Safdar et al. [24] report a high antioxidant potential of FG and a rise in antioxidant
activity due to increasing FG concentration in an aqueous solution. The highest antiox-
idant activity was found at the highest measured concentration (30%) of FG expressed
as total antioxidant activity [55], reaching the values of approx. 588 ug Trolox/1 mL FG.
The scavenging activities reached 98% against the radical DPPH and 72% against ABTS
(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid). Bouaziz et al. [31] previously as-
sessed the antioxidant properties of FG extracted from flaxseed. They reported higher
scavenging activity against DPPH (expressed as the half inhibition concentration = ICsp)
for FG (IC5; = 2.5 mg/mL) compared to the antioxidant activity of polysaccharides of
guara fruits (ICsy = 10.8 mg/mL), prickly pear peels (IC55 = 10.8 mg/mL) and almond
juice processing by-products (ICsp = 2.87 mg/mL) but was lower than for polysaccha-
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rides of garlic straw (IC5; = 0.74 mg/mL) and pistachio juice processing by-products
(ICs5p = 1.61 mg/mL). Yang et al. [66] compared the antioxidant activities of total FG and
flax oligosaccharides extracted from FG by enzymatic degradation. The purified mixture of
oligosaccharides from FG exhibited better antioxidant activities, expressed by scavenging
of DPPH, ABTS and hydroxyl radicals, compared to native FG. FG can also potentially
contribute to antimicrobial and antioxidant properties of FG-containing coatings and films,
whose applications are described in Section 2.5.

Similarly, like other types of soluble fiber, FG forms a viscous or gel-like material when
dissolved in water [67]. FG affects digestion in more ways. It increases food weight in
the gastrointestinal tract and feces [3]. It presumably interacts with fats and sugars in the
intestine and inhibits their absorption. This hypothesis is supported because fats and sugars
are excreted as part of the feces when FG is consumed to a greater extent than in the case of
subjects that do not ingest FG [68]. Consumption of FG also causes the prolonged feeling of
satiety, accompanied by more extended inhibition of the enzyme ghrelin—a signal digestive
peptide that stimulates hunger [68]. Reductions in body weight and body fat, respectively,
and total triglycerides, have been confirmed in animal clinical trials due to reduced fat and
energy absorption within animal subjects. This phenomenon has probably been related
to the regulation of intestinal microflora as an effect of FG consumption. In particular, the
inhibition of Clostridium bacteria from the phylum of Firmicutes was observed. Conversely,
they report a slightly increased presence of bacteria from the phylum Bacteroidetes and a
strong increase in the occurrence of strains from the phylum Proteobacteria [32].

2.5. Potential Applications

FG is a substance without taste properties, which is an essential property for its use in
the food industry [46]. However, it was reported that adding FG may improve the sensory
characteristics (appearance, structure and porosity, crumb color, smell, and taste) of freshly
baked gluten-free bread when 1.8% or 2.4% of starch is substituted by flaxseed gum [69].
FG can replace commonly applied thickeners, emulsifiers, beverage stabilizers, and similar
applications. Its presence in bread affects the baking properties, such as stickiness, rheology
of dough, and baking process. In addition, it improves the texture, which is softer, makes
the bread soft for longer and delays hardening during storage, probably caused by the
presence of the arabinoxylan fraction. It has been suggested that 0.5% of FG (flour basis)
could replace 0.1% xanthan or guar gums. FG positively affects the gluten behavior in the
dough since an increase in volume was observed during leavening and baking. In bakery
products and ice cream, FG can also substitute egg whites [26].

The complex viscosity of salad dressing may increase with the rising concentration
of FG from 0.13 Pa-s (0% FG) to 6.61 Pa-s (0.75% FG) to finally 37.2 Pa-s (1.5% FG) and
prevent flocculation and coalescence of the contained oil. The most stable emulsion was
observed after the addition of 0.75% (w/w) of FG and 2.5% (w/w) of salt at pH 4 [70].
As an emulsifier, FG can also be used as a part of beverages. It can suppress creaming
and increase the viscosity of fruit or vegetable juices since this phenomenon has been
observed in the case of unfiltered carrot juice. At the same time, adding 0.5 g/kg of FG
was most effective for stabilizing the cloudy carrot juice [71]. FG effectively improves
texture characteristics and reduces the syneresis of stirred yogurt containing 0.6 g of
FG per 100 mL of yogurt (14.3 — 0.1 mL). It also supports the optimal growth of starter
microorganisms [72]. The 0.1, 0.2, or 0.3% concentration of FG in the heat-induced gel
increased the water-holding capacity by 7.0%, 15.5%, and 25.8%, respectively, thus offering
the use of FG within meat products [73]. FG, up to a content of 12%, in a mixture of
carrageenan and gellan gum improved the sausage texture and color of the sausage. FG
enhanced the hardness, springiness, and emulsion stability of the product [74]. In addition
to the possibilities of using FG itself, it also has potential in interactions with proteins, and
the possibility of applications of the complexes of these components is also studied. These
heterogeneous mixtures may exhibit a combination of not only functional properties of the
two components separately but also properties determined by their interaction.
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A study focused on flax-protein interactions observed the formation of electrostatic
coacervates consisting of whey protein and FG. These biopolymers were characterized
by high viscosity and viscoelasticity, predetermining their use as a texture modifying
component of food products. The maximum coacervate formation and viscosity were
assessed when the mixture of whey protein isolate/flaxseed gum was prepared in water at
pH 3.8, constant biopolymers concentration of 0.05% (w/w), and their ratio of 2:1 (w/w) [75].
Coacervates of FG and FPs were used as coating materials to encapsulate unstable or
volatile compounds. Kaushik et al. [76] used FG and FPI crosslinked with glutaraldehyde
to encapsulate flaxseed oil with three core (oil)-to-wall ratios (1:2, 1:3, and 1:4) to preserve
its oxidative stability. The highest microencapsulation efficiency (87%) was observed at the
spray-dried microcapsules with a surface oil of 2.8% at a core-to-wall ratio of 1:4 and an oil
load of 20%. Pham et al. [77] enriched FPs-FG complex coacervates, encapsulating flaxseed
oil, with flaxseed polyphenols and hydroxytyrosol to enhance the efficiency of this material
against oxidation of flaxseed oil which was better than for ordinary FGI/FPI complex
coacervates. The optimal protein-to-gum ratio was 6.00. The microcapsules with the lowest
surface oil (1%, w/w) and highest microencapsulation efficiency (95.4%) were produced
using (FPI-hydroxytyrosol)/FG complex coacervates. FG and rice bran protein coacervates
were also successfully used to encapsulate vanillin to improve its thermostability and
shelf-life. The optimum ratio and total concentration of rice bran protein and FG, for the
maximum strength of the complex coacervate, were 9:1 and 0.4, respectively [78].

Lai et al. [79] reported the protective capacity of FG towards Lactobacillus rhamnosus
during co-extrusion microencapsulation, where the optimized parameters for microencap-
sulation of the bacterium were 1.0 mL/min core flow rate, 0.4% (w/v) chitosan coating and
0.4% (w/v) FG. The prebiotic effect of FG improved the survivability of L. rhanmosus in the
gastrointestinal tract. They also reported the partial digestion of FG during gastrointestinal
transit and the promoted growth of the L. rhammnosus [80]. FG had successfully protected
L. rhannosus from the harsh environment when it was microencapsulated in hawthorn
berry tea, where the minimum requirement of 10°~107 CFU/mL of probiotic cells was
assessed to exert therapeutic health effects [81]. There was a determined high resistance
of FG against hydrolysis by acid (1.5%) and pancreatin (2.6%) and a 98% prebiotic score,
which is higher than commercial prebiotics including inulin, fructooligosaccharides, and
isomaltooligosaccharides. The optimal concentration of FG in cultivation media, promoting
the best in vitro growth of L. riamnosus for 36 h, was 0.8%. Due to the prebiotic capacity
of flaxseed mucilage and its symbiotic relationship with a probiotic bacterium, authors
have also suggested the potential incorporation of optimized L. rhanniosus microbeads for
developing other functional foods [80].

FG has been successfully used as a functional agent in edible coatings or films, pro-
tecting plant or food products against microbial spoilage and oxidative deterioration,
thus preserving their sensory characteristics and safety. FG-based coatings preserved the
sensory attributes, especially color, of cheese [82] and inhibited the invasion of foreign
microorganisms (Escherichia coli and Staphylococcus aureus) [83]. As a part of edible coatings,
FG can be used to prolong shelf-life and preserve the microbiological quality and sensory
parameters of fresh fruits. The coatings containing 0.6% of FG and 500/800 ppm of essential
lemongrass oil had promising effects on the sensory attributes and other overall quality
parameters of ready-to-eat pomegranate arils [S4]. Coating of FG with chitosan applied on
pieces of fresh cantaloupe preserved sensory characteristics and increased the consumers’
acceptance of the fresh-cut fruit, stored at 4 °C for 12-15 days [85]. FG combined with
other polysaccharides (chitosan, pullulan, nopal, and aloe mucilages), used for a coating of
fresh-cut pineapple pieces, improved the quality and prolonged the shelf-life of the fruit
for 6 days compared to control samples [86]. FG was also used as a constituent of coating
for yacon as the carrier of the probiotic bacteria Lactobacillus casei, preserving the number of
viable cells throughout the storage at 8 log CFU g~ ! [87].

Apart from the food industry, there is potential to use these mixtures in the medicine,
pharmaceutical, and cosmetic industries [25]. The biological properties of FG may have a
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positive influence on human health, predetermining its use in the treatment of diabetes,
cholesterol reduction [33], the development of obesity [32], and it can have a role in
the management of hyperglycemia [88]. FG also has potential for non-food and non-
health applications, such as in the printing, textile, tobacco, and paper industries [26]. In
immobilized form, FG can be used to produce gel particles enabling ecological adsorption
of oils from wastewater, while the adsorption properties of these particles overcome the
effect of activated carbon [89]. It can also be used in the mining industry. The ability of FG
in the flotation of fluorite from calcite has been demonstrated [90]. Together with cellulose
nanocrystals, FG may form nanocomposite materials or biopolymers that can be used to
produce bioplastics [91].

As reported in many studies, FG possesses similar properties to other plant gums, so
they can successfully substitute in various food products. However, FG protein coacervates
may become highly functional agents that can potentially replace commercial gums in
the future. Further research should also be focused on the potential application of FG
related to their unique biological properties, such as the development of new types of
functional coatings to protect not only sensitive foods but also various natural products
and preserve their native properties. FG may become an active constituent of encapsulating
material which would serve for the transportation and protection of probiotics or drugs
and other bioactive compounds within the human gastrointestinal tract to the intestines
avoiding the harsh condition of the stomach. Like the other plant gums, especially gum
guar, FG can be processed by hydrolysis or other treatment to produce functional and
health-beneficial oligosaccharides usable in food products or pharmaceuticals. Thus, there
are many directions and possibilities for future research related to FG within the food and
pharmaceutical industry.

Table 3. Functional properties of flaxseed gum and its potential applications in food products.

Functional Properties

Potential Application and Effects/Types of Food Products References

Increase viscosity of food products or beverages; affects rheological

fiscosity : . o2 . 26,40,61,70,7
Visoosity properties/fruit and vegetable juices, salad dressings, bakery products [2640,61 1
Shear thinning and gelling properties Increase viscosity or gelling properties of foed products/gelled foed products [62,63,67]
Texture improvement; increase in the water-holding capacity of meat products;
Water helding and oil binding capacities improvement of appearance, structure and porosity of bread / meat and [3,27,41,60,69]

bakery products

Improvement of firmness and elasticity; stabilization of oil and water emulsions;

Emulsifying activity and Ision stability 26,64,74
IR ACIVEY AC SIrRon Ay egg white substitution/sausages, bakery products, ice creams 126,64,74]
Improvement of creaming stability; foaming stability; decrease in a syneresis
Stabilizing and thickening properties rate; affects pasting, dough rheology and baking procedure/plant oil, stirred 2642,63,64,72

Thermal stability

Coating properties

Prebiotic capacity

yogurts, bread or other bakery products

Functional agent in heat-processed food products/thermal-treated

|50]
food products

Coating of plant or feod products leading to prolonged shelf-life of food
products due to inhibition of microbial spoilage and preserving the sensory
characteristics; encapsulation of unstable compounds protecting them against [76-78,82-87]
oxidative deterioration/fruits, cheese, oils, velatile compounds and other plant
or food products

Promotion of survivability and growth of Lactobacillus rhamnosus in

3 3 st y 79-8
gastrointestinal tract/ fruit tea, other functional food products 17 1

Sensory-affecting properties Improvement of the sensory properties/bakery or other food products [46,69]

3. Flaxseed Proteins and Peptides

FPs possess a high nutritional quality mainly determined by the amino acid com-
position and is comparable to the quality of soy protein [3]. In addition to the high
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nutritional value, flaxseed proteins and peptides provide interesting functional properties
and biological activities.

3.1. Methods of Extraction and Purification

Most of the methods applicable for extracting FPs were developed in the mid- and
late-20th century. Nevertheless, the methods are currently still modified to achieve the
highest possible yield, purity, and functionality of proteins, if needed. One of the original
methods for extraction of FPs was performed via the salting-out procedure followed by
dialysis. However, the yield of proteins extracted by this method was only 44% of proteins
contained in flour from dehulled flaxseed [92]. Later, soaking of flaxseeds in 1% HCl for 16 h,
followed by washing in 1% HCl and water, allowed the extraction of 56% of proteins from
demucilaged and defatted flaxseed flour [34]. Alkaline extraction can be used to prepare a
supernatant with dissolved FP, followed by the isoelectric precipitation of certain protein
fractions. Sosulski and Bakal [93] precipitated 77% of FPs from alkaline extract (pH 10) by
isoelectric precipitation at pH 4.5. This process allowed us to obtain FPI containing 92%
of proteins, respectively 61% in flaxseed protein concentrate (FPC) [94]. Nwachukwu and
Aluko [35] isolated flaxseed albumin and globulin from FM using NaCl for 1 h at room
temperature. Perreault et al. [95] extracted FPs at pH 5.0 and used cellulase to hydrolyze the
fibers. For extraction, another original extraction method can be used using buffer systems,
mainly phosphate buffer, combined with alkaline or acidic precipitation [96,97]. After
extraction by phosphate buffer, FPs can be separated into three fractions by size exclusion
column Sephadex [98] or Sepharose [34]. After salting-out precipitation, it has been possible
to separate FPs into three fractions [99]. It was also reported the separation of FPs into four
fractions by anion exchange column DEAD-Sephadex [99]. Kaushik et al. [100] used Tris
buffer (pH 8.6) followed by acidic precipitation at pH 4.2 to extract protein from defatted
FM. FPs can also be isolated using hexametaphosphate [101]. The alkaline extraction at
pH 8.0-9.5 followed by the acidic precipitation at pH 3.8-4.2 seems to be a very effective
procedure for obtaining FPI and FPC from demucilaged and defatted FM with previously
reported yields ranging from 51.1% to 93.7% [102]. The higher pH values up to 11.0 can
be potentially used to increase the yield of FPs. However, Ye et al. [102] suggest using the
preferred pH values, pH 7.0-9.0 instead of 8.5-11.0, due to the undesirable modification
of proteins and the unpredictable reactions at extreme alkaline conditions, which may
consequently negatively affects functional properties.

FPs can serve as a source of bioactive peptides in the form of FPs hydrolysates which
are produced mainly by proteolysis using non-commercial or commercial proteases, such
as Alcalase”, thermolysin, trypsin, pepsin, papain, pancreatin, and ficin [103); Neutrase®,
Protamex”™ [104); chymotrypsin, thermoase, elastase, and carboxypeptidase A/B or the
combination of listed enzymes [37].

3.2. Structural Characteristics

Flaxseed proteins (N x 6.25) represent about 20% of the flaxseed weight [3,6]. Nev-
ertheless, the protein content observed in some Canadian cultivars can reach above 36%
(N x 6.5) [34]. Morris [6] reported a relatively significant difference in protein (N x 6.25)
content between brown-seeded (22.3 g/100 g seed) and yellow-seeded (29.2 g/100 g seed)
varieties. The nitrogen content can be affected by applying a nitrogen fertilizer during
growth, and it can also affect the oil content [34].

FPs have a balanced ratio of amino acids. The most abundant one is glutamic acid
(20% w0 /w), followed at a distance by aspartic acid, arginine, and leucine (Table 4) since
the high contents of these amino acids are comparable to the amino acid profile of soybean
seeds [34]. Conversely, the content of the essential amino acid lysine is limiting [7]. The
amino acid content values presented in Table 4 indicate only minor variability of amino acid
content between different cultivars. Moreover, the assessed content of amino acids within
FPs remains stable after the heat processing of seeds, for example, in extruded products
from FM [105].
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Globulin (linin) and albumin (conlinin) represent the prevailing fractions of FP. In
the flaxseeds, there are also other minor proteins, e.g., hirudine, oleosin, prolamin, and
glutelin [106]. However, the four latest mentioned proteins are minor in flaxseed and
thus are not discussed in this review. Former studies report a different content of domi-
nant globulins ranging from 58% [34] to 66% [107] of protein content. Nwachukwu and
Aluko [35] described differences in amino acid composition between the globulin and
albumin fractions. Flaxseed globulin is a rich source of sulfur-containing amino acids
(methionine, cysteine) and branched-chain amino acids (valine, leucine, and isoleucine).
The presence of other amino acids is lower but in balance [37]. Globulin contains primarily
hydrophobic amino acids, while the albumin fraction is represented more by hydrophilic
amino acids.

Table 4. Amino acid composition of flaxseed from three cultivars and one subspecies.

Content (g/100 g Protein)

i NorLin (Brown) [6]  subsp. panambi (Brown) [105]  Omega (Yellow) [6]  Foster (Yellow) [34]
Alanine 44 38 45 4.7
Arginine 9.2 9.4 9.4 10.0

Aspartic acid 9.3 9.9 9.7 10.0
Cysteine 1.1 1.0 1.1 1.8

Glutamic acid 19.6 19.5 19.7 20.0
Glycine 5.8 5.9 58 59
Histidine © 2.2 24 23 21
Isoleucine £ 4.0 39 4.0 4.1
Leucine ® 5.8 5.7 5.9 6.0
Lysine £ 4.0 38 3.9 4.0
Methionine 15 1.7 14 14
Phenylalanine ® 46 48 47 48
Proline 35 37 35 38
Serine 45 5.0 4.6 4.7

Threonine ¥ 36 4.1 37 38

Tryptophan ¥ 1.8 15 NR NR
Tyrosine 23 23 23 24
Valine © 4.6 4.8 47 5.1

E: essential amino acid; NR: not reported.

Flaxseed globulins belong to groups 115 or 125 seed storage globulins formed by high
MW (252-298 kDa) proteins [37] composed of multiple 10-50 kDa polypeptide chains [35].
Formerly, Marcone et al. [108] assessed the total MW of linin by native-PAGE (polyacry-
lamide gel electrophoresis) for 535 kDa. Madhusudhan and Singh [107] determined the
secondary structure of flaxseed globulin using the circular dichroism method. It contains
3% of the a-helix structure and 17% of B-structure, indicating its relatively disordered
structure. Linin was separated by SDS-PAGE (sodium dodecyl sulfate-PAGE) into five
subunits of different MW connected by disulfide bridges (11, 18, 29, 42 and 61 kDa). Six
subunits (55, 54, 50, 45, 43, and 41 kDa) were identified by urea-PAGE. The 55, 54 and
50 kDa subunits were then separated via denaturation by 2-mercaptoethanol into one
20 kDa basic subunit and 40 kD acidic subunit. Marcone et al. [108] identified the major
subunit after purification by gel-filtration chromatography with a size of 320 kDa. SDS-
PAGE revealed five globulin subunits of sizes 14, 25, 30, 35, and 51 kDa. In a more recent
study, a large 365 kDa fraction was isolated from defatted and dehulled flaxseed from the
cultivar NorMan by anion exchange chromatography, where 20, 23, and 31 kDa subunits
were detected by SDS-PAGE [109]. Krause et al. [110] identified the subunits with a similar
MW, specifically the protein bands of 21, 36, and 54 kDa belonging to 7S globulin.

Flaxseed albumin (conlinin) belongs to the group of 2S albumins and represents
20-42% of the total flaxseed proteins [34,97]. Madhusudhan and Singh [111] isolated
conlinin from FM and reported its structure in a single polypeptide chain with an MW of
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16-18 kDa. Nwachukwu and Aluko [35] reported a lower MW (10 kDa) of conlinin. The
primary structure of conlinin contains 168 or 169 amino acids [37]. It has a more ordered
structure than globulin, consisting of 26% a-helix type structure and 32% f-structure,
and its amino acid composition shows a higher content of lysine, arginine, cysteine, and
glutamate [111]. Liu et al. [112] describe conlinin as the major protein associated with FG
and emphasize its essential role in the functional properties of FG.

3.3. Functional Properties

Similarly, like FG, FPs also provide interesting functional properties applicable mainly
in the food industry, as presented in Table 5. The variances in the structure and physico-
chemical properties of flaxseed albumin and globulin induce different functional properties
of each protein fraction. One of these properties is a different affinity of albumins and
globulins for water. The proteins of the globulin fraction, which are poorly soluble in
water, show a higher foaming capacity. On the other side, hydrophilic albumin provides
better emulsion-forming ability [35]. The functional properties of FPC are also affected by
their production methods. The alkaline and enzymatic extraction are suitable for the FPC
applied in emulsion-based foods. On the other hand, enzymatic-solvent extraction is more
applicable for producing a good source of protein for a food system [113].

FPs and their isolates are less soluble than proteins present in the seeds of other oilseed
crops due to the significant content of globulins. FPI can exhibit relatively high thermal
stability and higher emulsion activity index (375.51 m2/ g), stability index (179.5 h), and zeta
potential (—67.4 mV) than whey and soy protein isolate, sodium caseinate and gelatin. Wa-
ter binding capacity (~4.0 g/g) was higher than for whey protein isolate, sodium caseinate,
and gelatin and was comparable to soy protein isolate. The fat binding capacity (~2.7 g/g)
was higher than in the case of soy protein isolate and gelatin and comparable to whey
protein isolate and sodium caseinate. FPs can also stabilize emulsions at a low pH [100]. As
a result, emulsions containing FPs are more stable and better absorbable in a strongly acidic
environment such as the human gastrointestinal tract [100]. Martinez-Flores et al. [114]
obtained FPC from defatted and dehulled flaxseed after solubilization at pH 11 and pre-
cipitation at pH 4.8, containing 66% of protein. This concentrate had the high absorption
capacities of oil (1 g/g) and water (2.54 g/g). The functional properties of FPC were affected
by pH, whereas its highest emulsifying capacity (84.8%), emulsifying activity (88.4%), and
foam stability (83.3%) were observed ata pH of 6.

Like a similar nutritional profile, FPI with various content of mucilage also has com-
parable functional properties to soy proteins, particularly surface tension, emulsifying
activities (50-98% compared to 57% for soy proteins), and water absorption capacity
(3.0-6.1 g/g compared to 4.9 g/g for soy proteins). The lower solubility of FPs in water
can be increased by heat treatment but at the expense of reduced fat-binding capacity or
foaming and emulsifying activities [34]. Waszkowiak and Mikolajczak [115] observed the
changes in the spectrum of FPs fraction during the roasting of flaxseeds between 160 and
200 “C. They report an increase of 17 and 19 kDa and a decrease of 13 kDa protein fractions.
Since the 13 kDa proteins have been previously reported as crucial for the functional and
biological properties within flaxseed, the authors discuss the possible changes of these
properties by roasted flaxseeds compared to untreated seeds. Wei et al. [116] hydrolyzed
FPs by commercial proteases Alcalase” and FlavourzymeE to prepare peptides of various
MW. These hydrolysates can be processed with xylose and L-cysteine by heat treatment to
produce Maillard reaction products of different flavor characteristics. Peptides with MW
above 1000 Da generated products improve the mouthfulness and flavor stability in umami
soup. The products of low MW peptides (128-1000 Da) had a meat-like flavor along with
bitterness and umami taste. Further analyses performed by these authors confirmed the
presence of volatile, sulfur- and nitrogen-containing compounds in the Maillard reaction
products of low-molecular peptides (<1000 Da). These compounds can lead to a meaty
aroma of the obtained products [117].
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Table 5. Functional properties of flaxseed proteins (including protein hydrolysates) and their potential
applications in food products.

Functional Properties

Potential Application and Effects/Types of Food Products References

Foaming activity and stability

Emulsifying activity, capacity and Texture improvement; stabilisation of products; oil dispersion; egg volk
emulsion stability

Thermal stability

Water holding and oil binding capacities

Interactions with (poly)saccharides

Fortification of beverages/protein drinks [110,114]

Texture improvement of aerated products; egg white (35,114,118,119]
35,114
substitution/whipped desserts or other similar products e i

35,114,118,119
substitution/{meat) emulsions, ice creams, sauces 135,114,118,119)

Functional agent in heat-processed foed products/thermal-treated [100]
food products &

Improvement of texture, softness and juiciness/meat products, (34,100,118,119]
bakery products g T
Synergically with carbohydrates increase in viscosity and viscoelasticity;
water-binding capacity; improvement of emulsion stability, foaming
capacity, foam stability; texture improvement; coating of food products

. , . ; 36,75,120-124
for improvement of quality attributes and shelf-life; transport of the l . I

encapsulated probiotics into human i ine /meat Isions, sauces,
ice creams, gelled food products, food supplements
Fungistatic activity Prolonged shelf-life of food products/short shelf-life food products [125-127]
Sensory characteristics {(proteins and Improvement of sensory properties of food products (color, aroma, [94,116,117)
thermal-treated protein hydrolysates) flavour)/various food products TR

3.4. Biological and Physiological Activities

FPI may have 68% in vitro digestibility, similar to flaxseed, lacking mucilage and
oil. Thus, removing these constituents and thermal treatment enhanced flaxseed protein
digestibility [128]. While native FPs possess various functional properties, valuable bio-
logical activities are provided mainly by hydrolyzed FPs or naturally occurring flaxseed
peptides. However, crude FPs extracts may also have valuable biological activities. Due to
fungistatic activities, FPs are promising ingredients for food preservation against fungal
spoilage. It was observed that the >50% antifungal activity of protein extract (concentration
in test media = 0.47%) against fungi Penicillium sp., Fusarium graminearum, Aspergillus flaous,
and > 40% activity against Penicillium chrysogenum [126,127]. Oomah [129] also suggests a
preventive effect of FPs against certain forms of colon cancer due to the high cysteine and
methionine content in FPs, which can potentially increase antioxidant levels in the body and
stabilize DNA during cell division. FPs are abundant in glutamine and arginine, which are
essential in preventing and treating heart diseases and supporting the immune system [1].

The single protein hydrolysate fractions and peptide mixtures of flaxseed protein
hydrolysates have the antihypertensive potential via angiotensin-converting enzyme inhi-
bition [103,130]. The ability of these hydrolysates to inhibit the enzyme renin has also been
demonstrated [103]. Udenigwe et al. [131] described the scavenging activities of three radi-
cals for two fractions of hydrolyzed FPs prepared using seven proteases, whereas the biolog-
ical activities of these peptide fractions depended on the catalytic specificity of the proteases,
as well as the MW of peptides. Silva et al. [132] reported that hydrophobic amino acids,
specifically glycine, phenylalanine, tryptophan, cysteine, and alanine contained within FPs,
can contribute to the high antioxidant activity of derived peptides. Furthermore, these
authors report the higher antioxidant potential, expressed by higher scavenging activity
against ABTS radical of fractions containing predominantly low MW peptides compared to
the fractions comprised of larger peptides. Hwang et al. [133] suggested that low-molecular
hydrolyzed peptides can exhibit higher scavenging activity expressed by the lower ICsy
value (10.63 pg/mL) of the 1-3 kDa fraction compared to the other fractions or standard
compounds, such as vitamin C (13.89 pg/mL), vitamin E (71.43 ug/mL), B-hydroxy acid
(31.25 pug/mL). They also reported the antibacterial activity of <1 kDa peptide fraction
against Psewdomonas aeruginosa and Escherichia coli that increased linearly according to the
concentration of peptides (20, 40, and 60 ug/mL) in the sample. The roasting of FM led to
the formation of Maillard reaction products due to the interactions of contained proteins
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with polysaccharides. The roasting of FM from three cultivars of flax slightly increased
the antiradical capacity assessed by ORAC_FL Assay and expressed as pmol of Trolox
equivalents (TE) per gram of defatted FM at 200 °C (avg. 68.1 umol TE/1 g FM) compared
to the FM treated at 180 °C (avg. 61.5 umol TE/1 g FM). However, its antiradical activity is
still much lower than FM treated at 160 “C (avg. 78.0 umol TE/1 g FM) or untreated FM
(avg. 122.5 umol TE/1 g FM) [115].

In addition to antihypertensive, antioxidant, and other activities, hydrolysates of FP’s
have been shown to have anti-diabetic activity [134]. Further properties of flaxseed protein-
derived peptides are represented by anti-inflammatory activities [131] and preventive
effects against neurodegenerative disorders [135,136].

Flaxseed also contains cyclolinopeptides (CLPs), naturally occurring mainly in cotyle-
don [137]. The immunosuppressive and antimalarial activities of these peptides were
described, as well as their ability to inhibit cholate accumulation in the liver [37]. The
antioxidant activity of CLPs has also been reported, where improvement in the oxidative sta-
bility of flaxseed oil via CLPs was observed [138]. There were also observed antithrombotic
activities of the other naturally occurring low MW protein hirudin [139] and antifungal
activity of pathogenesis-related protein linusitin [140].

3.5. Potential Applications

Vegetable proteins in the forms of meals, concentrate, and isolates are well suitable
for their properties in food products or other applications [12]. A protein-rich FM can
partly substitute 10-20% of wheat flour in dough without a loss of texture and swelling
reduction during baking. However, dough processing can be negatively affected due to the
presence of flaxseed polysaccharides in flaxseed flour [106]. The substitution of wheat flour
with ground flaxseed in bread (concentration: 15, 25, and 30%) and muffins (concentration:
33, 50, and 66%) affected the color of the products with the increasing concentration of
flaxseed in dough during the Maillard reaction. These bakery products may also exhibit
pleasant nutty flavors [141]. In cereals or other extruded products, FM can increase the
viscoelastic properties due to the formation of crosslinks within the network between FPs
and starch [142].

Flaxseed protein-based ingredients can increase the shelf-life of food products. Semolina
blended with 15% (w/w) FG within refrigerated pasta exhibited prolonged shelf-life (from
two weeks up to five weeks) due to its fungistatic effect on the growth of molds [125].
This effect can be explained by the previously described antifungal activities of FPs, which
may allow for the use of FPs as a preservative in various food products [126]. FPs are also
applicable in protein-based edible coatings. The FP-based coating, containing 3 and 5%
(w/v) FPI, covering whole guavas, improved the quality attributes compared to control
samples, e.g., retardation of oxidative browning, prevention of loss of polyphenol content
(53% for 5% FP-based coated sample vs. 71% for non-coated sample, after 16 days of
storage) and ascorbic acid (38% for 5% FP-based coated sample vs. 44% for non-coated
sample, after 16 days of storage) and suppression of microbial spoilage. The retardation of
these processes enhanced the shelf-life of fruit by up to 16 days [123]. The FP-based coating
containing a 15% concentration of proteins and 9% of the raspberry press cake, enriched
with ellagic acid formulation, can improve the color and functionality of foods and be an
example of a new generation of functional foods/nutraceuticals [143]. Wang et al. [144]
reported the applications of FPC containing FG as a functional agent within the food in-
dustry, mainly in meat products or ice creams. In ice creams, FPC and FPI at levels of 0.5
or 1.0% can substitute gelatin. It was observed that both components had a comparable
melting time [121]. FPC and FPI, added to the meat emulsion in the content of 2.0% to
3.6% depending on their protein content, showed reduced water, fat, and total cooking loss
(15.7-25.6 vs. 31.0%) and firmness (520-737 vs. 1111 kPa) in cooked meat emulsion. They
also increased the viscosity, emulsifying activity, and emulsion stability in fish sauce [121].
FP-derived hydrolysates produced from the modified flaxseed flour exhibited a good
oxidative-stable, functional, and nutritional ingredient in fortified spreads when they rep-
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resented approximately 41% of the content of the spread. The total flavonoids and other
phenolic content were significantly higher than the other spreadable products [145]. FPI
and FPC also exhibit neutral to positive flavours improving their potential usage in the
food industry [94]. Consumers’ acceptance of products containing FPs of the appropriate
amount, reported in several studies, is a crucial finding allowing for the potential use of
FPs in food products [146,147].

FPs share similar nutritional and functional properties with soy protein. However,
concerning the fact that the commercial production of FPC is very limited and FPI are even
unavailable compared to isolates and concentrates of soy, it is not expectable that FPs will
replace the soy, or other popular vegetable proteins from pea and wheat, as the nutrient or
functional agent in the food products, especially on the industrial scale. However, we find
that FPs might have a great potential within specialized food- and health-related applica-
tions, for instance, in the food coatings for their antioxidant and antimicrobial properties or
as the functional constituent of polysaccharide-protein coacervates. Furthermore, the high
potential might have the hydrolyzed products of FPs in the forms of bioactive peptides and
the products of the Maillard reaction. Apart from the properties and potential applications
of these products reported in this review, we suppose that further approaches in processing
FPs to obtain similar or new types of products and suggestions for their use remain to
be discovered.

4. Practical Comparison of FG and FPs with other Commonly Used Hydrocolloids

Although this paper primarily focuses on flaxseed hydrocolloids, we find it useful
to briefly describe the flaxseed hydrocolloids in the context of other widely used and
popular hydrocolloids. One of the most suitable matrices to compare different hydrocolloid
properties in a real food matrix is yogurt since hydrocolloids are commonly added to this
type of food product [148], and its viscosity is a very important quality parameter [149].
Because viscosity is one of the most important rheological properties of hydrocolloids, we
chose it to compare different hydrocolloids added to yogurt. Thus, Table 6 summarizes the
effects of different hydrocolloids addition on the apparent viscosity of yogurt and offers a
direct comparison of FG and FPs with other hydrocolloids.

Table 6. Comparison of flaxseed gum and protein with other hydrocolloids as affecting apparent
viscosity of yogurt.

Hydrocolloid Added

Increase/Decrease in

to Yogurt Description of Yogurt Amount Added (%) Apparent Viscosity Reference
8 Compared to Control (Pa-s)
Demucilaged The authors did not specify fat and 3.0% Viscosity 1 from ca. 195 to 2.5 (150

flaxseeds (protein)

Flaxseed gum/mucilage

k-Carrageenan
X *
Starch (modified) *

Xanthan gum
Pectin

Inulin

Whey protein

protein content in the yogurt
Viscosity T from ca. 2.45% to

Semi-fat (1.5%) yogurt
Pol-set yogurt containing 0.1% fat

and 3.9% protein

Pot-set yogurt containing 0.1% fat
and 3.9% protein

Pol-set yogurt containing 0.1% fat
and 3.9% protein

Skim yogurt with 0.1% fat

Skim yogurt with 0.1% fat

Five commercially available whey
protein concentrates were
compared to skim milk powder *
used for yogurt preparation

0.10, 0.15 and 0.20%

0.01, 0.04, 0.08%

0.5,1.0, 1.5%

0.005, 0.01, 0.015%
0.20, 0.25, 0.30%
7.8,9%

All yogurts were
standardized to 4.5%
protein

2.90, 3.05 and 3.15, respectively
viscosity T from 0.71 * to 0.87,
1.21 and 3.54, respectively
Change of viscosity from 0.71 *
to 0.56, .72 and 0.82,
respectively, however it was
not significant
Viscosity 1 from 0.71 * to 1.50,
2.79 and 4.35, respectively
Viscosity 1 from 0.16 * to 0.38,
0.51 and 0.57, respectively
Viscosity did not differ (0.16
for all samples)

Viscosity | from 1.10*
to 0.38-84

[151]

(152]

(152)

[152]
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Table 6. Coni.

Increase/Decrease in

Hyddoealiold Addud Description of Yogurt Amount Added (%) Apparent Viscosity Reference

to-Yogust Compared to Control (Pa-s)
Bovine gelatine Pot-set yogurt containing 0.1% fat 0.5. 1.0, 1.5% Viscosity | from 0.71 “ to 0.29, [152)
(140 bloom) and 3.9% protein s oty 0.31 and 0.21, respectively z

Commercially available sodium
caseinate compared to skim milk
powder * used for
yogurt preparation

All yogurts were
standardized to Viscosity 1 from ca. 0.9* o2 [155])
4.5% protein

Sodium caseinate

Viscosity changed from ca.
0.1,0.2, 0.3% 2.11 “ to 1.90, 1.99 and [156]
2.2 respectively

The authors did not specify fat and

Soy protein hydrolysates g 5
¥ prot i bend protein content in the yogurt

’ ; . ’ *
T+ increase; |: decrease; *: value assigned with an asterisk belongs to control group; *: hydroxypropyl starch
phosphate derived from waxy maize.

The viscosity of yogurt increased after the addition of hydrocolloids in most of the
cases, except for bovine gelatin and whey protein, where viscosity was lower compared
to control. However, it must be pointed out that different amounts of hydrocolloids were
added to yogurt samples within compared studies. If we consider the added amount of
hydrocolloid and increment of viscosity, then xanthan gum would have the best ratio of
the amount per unit of increment. In this context, FG would be roughly comparable, for
example, with pectin. On the other hand, FPs in the form of demucilaged flaxseeds [150]
caused only approximately a 25% increase in viscosity; however, 3% of FPs were added.
The authors of the study mention that the properties of the material were also affected by
the presence of fiber. It is the limitation of the study, and unfortunately, there is no available
literature regarding the use of FPs in yogurt. In general, itis very hard to compare the results
because not all authors use a unified methodology and the same type of yogurt to describe
hydrocolloid properties. However, the table shows a trend that might be generalized.
Although viscosity is not the only significant hydrocolloid property, comparing a wider
spectrum of parameters of other hydrocolloids with FG and FPs would be beyond the
scope of the manuscript.

5. Conclusions

As a popular functional food, flaxseed contains constituents with significant biological
and physiological activities. Apart from the fatty acids and lignans, flaxseed polysac-
charides and proteins are promising sources of these properties. Regarding the specific
applications, FG can increase the viscosity of juices, salad dressings, and bakery products.
High water and oil binding capacities of FG and FPs can be applied to improve the tex-
ture of meat and bakery products, whereas emulsifying properties of both hydrocolloids
improve the firmness and elasticity of these products, as well as the stability of oil and
water emulsions. As a stabilizing and thickening agent, FG may improve creaming and
foaming stabilities, decrease the syneresis rate of yogurts and ice creams, and positively
affects the pasting and dough rheology of bakery products. As the foaming agent, FPs can
substitute white eggs, for instance, in vegan aerated and whipped products. Along with
health-related antioxidant and antimicrobial activities of FG, FPs, and derived peptides,
they can be used as potent food preservatives or bioactive components of the food coatings,
usable to preserve the microbiological quality and sensory parameters of short shelf-life
foods and processed products. Protective and growth-promoting capacities towards some
probiotics allow the potential application of FG as a prebiotic. FG can also be potentially
useful in treating gastrointestinal and cardiovascular diseases. FG shares most functional
properties on a comparable scale with other plant gums, such as guar, arabic, tragacanth
guar gums, and carrageenan. Thus, it is possible to substitute them effectively in most
food products, where these gums serve as important additives. Compared to some of the
other plant gums, FG is easily extractable by water from the whole seeds of flax, which
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can be potentially more accessible compared to sources of gums produced from saps or
algae. Apart from the comparable functioning, the beneficial biological properties allow
FG to outclass other gums due to its wider applicability and the extra effects related to
these properties in the various products. Flaxseed peptides, naturally occurring or as the
products of hydrolyzed FPs, may have health-promoting properties and can be potentially
used to treat cardiovascular-related problems, microbial infections, cancer, and as pre-
ventive agents against neurodegenerative disorders predetermining their potential use as
novel pharmaceuticals. Some low-molecular peptides, in the form of the Maillard reaction
products produced by processing of FPs hydrolysates, exhibit a distinct aroma and taste.
Thus they could be used as flavoring agents in food products.

Based on the information summarized in this review, flaxseed is a very complex and
heterogeneous matrix. Various inner and outer factors determine the composition, yield,
and properties of flaxseed polysaccharides and proteins. Thus, to preserve the properties
and maximize the potential of flaxseed hydrocolloids, the suitable cultivars as the source of
flaxseed and the optimal method for the extraction and processing of FG and FPs need to be
selected according to the purpose of their use. FP/FG-based agents, ingredients, and other
products, mainly in the food industry or medicine. Although many studies related to FG
and FPs have already been published, there has not been any significant development and
application of these flaxseed-based products within industrial practices. This fact may be
caused by many factors such as the unavailability of the sources of flaxseed due to various
limitations in flax growing, the unavailability of industrial technologies for obtaining and
processing FG and FPs, or the novelty of the related research. As one of the major issues
related to the limited use of flaxseed-based products, we find the fact that flaxseed by-
products obtained after oil production are mostly fed by animals instead of using them
to fortify the food products or being processed for the extraction of gums and proteins.
From our point of view, a need to increase the awareness and popularity in the eyes of
the public and stakeholders is crucial, and it is our suggested approach for increasing the
use of flaxseed hydrocolloids on an industrial scale for all relevant applications. However,
further studies related to the use of flaxseed hydrocolloids within food products, as well as
health-related and non-food applications, are still highly needed to be performed.
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V prvni ptehledové publikaci v ramci této kapitoly bylo detailné popsano
sloZeni, struktura, metody extrakce, funk¢ni vlastnosti, biologické aktivity a praktické
piiklady mozného pouziti Inénych bilkovin a slizti v potravinach. Ty poukazuji na
moznost jejich plnohodnotného vyuziti pro zvySeni nutricnich parametrii potravin
nebo jako funkéni aditiva a byt tak plnohodnotnou alternativou k bézné vyuzivanym,
analogickym produktim. Lnéné slizotvorné sacharidy jsou v poslednich letech
pomérné intenzivné studovany z hlediska méné obvyklych nebo unikatnich aplikaci
V oblastech potravinaistvi a vyzivy (Obr. 13).

V oblasti tvorby jedlych bioobalti a film mize FG plnit Glohu strukturni slozky
a ochranné bariéry proti oxidativnimu poskozeni a mikrobidlni kontaminaci.
V kombinaci s hlavni biologicky aktivni slozkou, naptiklad chitosanem, pak tyto
materidly zvySuji trvanlivost a senzorickou kvalitu potravin. Lnény sliz mize byt
rovnéz pouzit jako strukturni slozka pii enkapsulaci nebo jako soucast komplexnich
koacervatti, mikroenkapsulaci biologicky aktivnich latek a 1é¢iv, nebo probiotickych
mikroorganismil. Diky pomérné vysoké rezistenci v prostiedi kyselého pH zlstavaji
materidly tvofené FG intaktni v ramci gastrické faze, ¢imZ mohou zajistit vyssi
efektivitu 1éCivych pripravkit nebo doplnkl stravy, ¢i viabilitu probiotickych
mikroorganismi. FG lze vyuzit pro modifikaci bilkovin vedouci ke zlepSeni jejich
funkénich vlastnosti, napiiklad zvySeni tvorby a stabilizace emulzi, Zelirovaci
schopnosti a vaznosti vody. Diky svym Zelirovacim a viskoelastickym vlastnostem
predstavuje FG perspektivni material pro pfipravu pokrocilych gelovych matric jako
jsou napftiklad oleogely, kryogely nebo aerogely.

FG vykazuje vlastnosti rozpustné vlakniny, lze jej tedy vyuzit pro upravu
zazivani. Zaroven predstavuje UCinné prebiotikum z hlediska Upravy stfevni
mikroflory vedouci ke zvySeni relativniho zastoupeni benefitnich stfevnich bakterii
Vv ramci probiotického spektra. Na zdklad¢ nckolika vyzkumnych studii byl zjistén
pozitivni vliv FG na vlastnosti tekutych potravin. Jejich inkorporace v napojich
obsahujici syrovatku miiZze mit pozitivni vliv na viskozitu a senzorickou pfijatelnost
téchto néapojii. Zaroven poskytuje zdravotni benefit diky svym antioxidacnim
vlastnostem a schopnosti stabilizovat funkéni slozky v téchto napojich. Z hlediska
ptimych zdravotnich efekti mtze FG v kombinaci s modifikovanym Skrobem a
xanthanovou gumou zajiStovat reologickou synergii téchto sloZzek a indukovat
pomalejsi vstiebavani glukézy. Kromé toho, diky svym zahust'ovacim schopnostem

predstavuje ucinnou funkéni slozku potravin v rdmci dysfagické diety.
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Obr. 13: Jednoduchy zptsob extrakce slizu z celych semen nebo vedlejsich produktt Inéného
semene a moznosti jeho vyuziti v ramci riznych potravinaiskych a dietetickych aplikaci.
(ptevzato a upraveno podle Lorenc et al., 2024)

Kompletni informace a zdroje vztahujici se k dané problematice a vySe uvedené

anotaci jsou uvedeny v publikaci:

Lorenc, F., JaroSova, M., Bedrnicek, J., Smetana, P., Barta, J. (2024). Recent trends
in food and dietary applications of flaxseed mucilage: a mini review. International
Journal of Food Science & Technology, 59(4): 2111-2121.
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Recent trends in food and dietary applications of flaxseed
mucilage: a mini review
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Summary  Flaxseed mucilage (FM) is a hydrocolloid heteropolysaccharide comprised of a variable ratio of neutral and
acidic monosaccharides. It possesses emulsifying, thickening, gelling and water— /oil-binding properties. Due
to these properties, it is highly applicable in foods as a functional agent to improve their physical and sensory
parameters, thus representing an alternative to common plant gums. The most recent research is focused on
the potential of FM for food treatments as a functional component. FM is usable in coatings and films. Com-
bining with chitosan, bioactive proteins and peptides, or other compounds improves the quality of food
products. FM may serve as a structural agent of novel gel materials, like oleogels, cryogels and aerogels. It
can also be utilised within dietary applications to encapsulate living probiotics or bioactive compounds or
serve as a prebiotic agent. Complexing of FM with proteins can lead to the improvement of their functional
properties. The versatility of FM and unique properties, on the other hand, reveal its potential for further

study and predetermine its use in a broad range of food and related applications in the future.

Keywords Complex coacervates, edible films,

modification.

Introduction

Flaxseed (Linum usitatissinmum L.) represents a rich
source of valuable nutrients. It contains a high amount
of oil, representing 37.1% of flaxseed fresh weight
(FW) composed predominantly of polyunsaturated
fatty acids (68.3% of total oil content), specifically by
alpha-linolenic (54.3%) and linoleic (13.9%) acids
(Suri et al., 2020). The major fractions of flaxseed pro-
teins (20% FW) are globulins (linin) comprising 58%-
66% of protein content and 20%-42% of albumins
(conlinin) (Lorenc et al., 2022). The other functional
constituents of flaxseeds are represented by total die-
tary fibre (24.5% FW) (Kajla et afl.. 2015). and lignans
(9-30 mg g ' FW) as the prevailing group of phenolic
compounds (Khare er al., 2021). Besides their nutri-
tional aspects. these constituents, including the bioac-
tive cyclic peptides. may benefit human health, mainly
by reducing the risks associated with diabetes. cancer,
heart disease or stroke (Shim et af., 2022). The pres-
ence and properties of these compounds predetermine
flaxseed as a highly functional food.

*Correspondent: E-mail: lorencfia fzt jeu.cz

doi: 10.1111/ijfs. 16978

flaxsced gum, flaxseed

mucilage, gut microbiota modification. protein function

Flaxseed mucilage (FM) is a hydrocolloid heteropo-
lysaccharide occurring in the outer layer of the seed. It
is easily extractable from whole seeds (Kaushik
et al., 2017) (Fig. 1), seed hulls (Qian et ai., 2012), or
oilseed cake (Droziowska er al., 2020). The content
and ratio of neutral and acidic monosaccharides form-
ing FM affect functional properties and can vary
depending on the genotype. environment, production
practices, storage conditions (Hu er al., 2020). as well
as the conditions used for the extraction of FM (Puli-
gundla & Lim, 2022). In food products, FM has been
frequently studied and applied in food products
(Fig. 1) for its emulsifying. thickening and as a gelling
agent or to stabilise oil/water emulsion systems (Guo
et al., 2021). Besides its potential use. which corre-
sponds to other common applications, such as natural
gums. related mainly to food fortifications, FM has
recently become a subject of studies focused on more
specialised food and dietary applications (Table ).

This review aims to summarise the most recent find-
ings within last few years about the functions, bioac-
tivities, nutritional aspects, and health effects of FM
and its valorisation in novel food products. Further-
more, the perspectives for FM in related future
research are also proposed.

© 2024 The Authors. International Journal of Food Science & Technology published by John Wiley & Sons Ltd

on hehalt of Institute of Food, Science and Technology IIFSTTF|.

This is an open access article undes the tarms of the Creative Commans Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is proparly cited.
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Flax seeds

FM aqueous extract

FM slices FM powder

/ FOOD FORTIFICATIONS \

| ( NOVEL APPLICATIONS \
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T water binding 1 water binding

1 oil binding 1 oil binding
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~+ Porous gel materials
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— Lactic acid fermented foods

\—» Specific diet foods /

Figure 1 Schematic summary of flaxseed mucilage extraction, its functional properties and its use in traditional and novel food-related

applications.

Compositional characteristics

FM is characterised as a water-soluble, highly branched
carbohydrate polymer with an average molecular weight
of ~1.3 kD. composed of neutral and acidic monosac-
charides. As the soluble fraction of dietary fibre, FM
represents one-third of total dietary fibre and forms
3.5%-15.0% FW of flaxseed. The prevailing carbohy-
drates in FM range from 68% to 90% of FM powder in
a FW. Also, the content of the remaining constituents
may be quite variable. FM powder contains 1.5%-
22.1% proteins, 0.6%-11.2% ashes, 0.3%-2.1% oil and
3.4%-5.5% in a FW (Lorenc et al., 2022). The composi-
tion of FM is predominantly determined by the content
and ratio of two polysaccharidic fractions, which differ
in molecular weight and monosaccharide composition.
Neutral arabinoxylan-rich polysaccharide comprises
L-arabinose, D-xylose, and D-galactose. In contrast,

the acidic rhamnogalacturonan-I-rich polysaccharide
consists of L-rhamnose. L-fucose, L-galactose, and
D-galacturonic acid (Safdar er @/.. 2019). The prevailing
neutral fraction with higher molecular weight
(1.2 x 10° g mol ') accounts for approximately 75%
of FM carbohydrates. In comparison, the remaining
acidic fraction with lower molecular weight makes up
about 3.75% (6.5 x 10° g mol "y and 21.5% (1.7 x
10* g mol Yy (Warr et al.. 2003). However. the composi-
tion and related properties of the obtained FM may
depend on several factors. The flaxseed genotype is one
of the important aspects since it has been reported that
the FM of brown-seeded cultivars has a more acidic
character compared to yellow-seeded, which consists
more of the neutral polysaccharide (Troshchynska
et al., 2022). Consequently, genotype also affects the
functional properties of FM. It was found that FM
from the yellow flaxseed cultivar may show higher

International Journal of Food Science and Technology 2024 © 2024 The Authors. ttemational Journal of Food Science & Tachnology published by John Wiley & Sons Ltd

on bahalt of Institute of Feod, Science and Technology {IFSTTF).
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Table 1 Properties and effects of the functional products containing flaxseed mucilage for novel food-related applications

Application

Function and effect

Reference

Food packeging and

encapsulation

Coacervation and gel

formation

Modification of protein

functionality

Prebiotic function

Product

Three-layer FM/CS/FM coating
containing eugenol and laurel ial
oils

CS-FM nanofiber composite

CS layer-by-layer electrostatic self-
assembled coating

FM/CS-based nanoparticles containing
peptides

FM-betel-leaf-based film

FM-based films containing allyl
isothiocyanate

Biodegradable FM/pectin-based film
containing titanium oxide

FM/pea protein coating

FM nanoparticles containing carvacrol

Acrylic-grafted FM

MRF/FM-based emulsion containing
astaxanthin

FM and polyphenocl-adducted flaxseed
protein isolate

FM and polyphenol-add dfl d

Delay protein oxidation and microbial degradation.

Preventing oxidative degradation of clls.
Increase the shelf-life of cheese.

Encapsulation of peptides to protect the peptide
functionalities and increase their thermal stabilities.

Physical, antioxidant and antibacterial barrier for
food packaging.

Decrease of mesophilic, psychrophilic, coliform, and
pathogenic bacteria on the meat samples.

UV-blocking layer and reduction of swelling index.

Encapsulation of algae oll to prevent the aggregation
and creaming of the formed emulsion.
Inhibition of pathogenic bacteria.

Delivery system for pH-sensitive quercetin-drug for
the more effective treatment of gastrointestinal
diseases or cancers.

Pr ion of & hin in the gastroi
for its better bioaccessibility.

Microencapsulation of flaxseed oil to prevent its
oxidation.

Micr psulation of flaxseed oil, deliver it to the

1

| tract

protein isolate
Rice bran protein/FM coacervates

Oleogel based on FM and candelilla
wax
FM-containing cleogel

FM-based ultra-lightweight aerogel

FM-based cryogel

Pea protein modified by FM
FMjwhey protein isolate

Catechin-treated myofibrillar protein
enriched by FM

FM containing whey protein-based cryo-
hydrogel

Kefir containing FM

High-fat diet fortified by FM

Breakfast buns enriched by FM

gastric phase, and improve its bioavailability.

Encapsulation of vanillin/f-cyclodextrin inclusion,
increasing the vanillin thermostability and shelf life.

FM improved the plasticity of oleogels for food
applications.

FM improved the semi-solid properties, thermal
resistance, and structural recovery of oleogels.

Supporting material and carrier for bioactive
compounds or drugs.

FM provided techno-functicnal properties, allowing
the incorporation of bioactive compounds or
probiotics.

Improved physical and emulsifying properties of
protein.

Stabilisation of gel-in-water double emulsion
preventing the phases separation.

FM strengthened the weakened gelling properties
along with improved holding capacity and
rheological properties.

FM improved the homogeneity and Interconnectivity
of the whey protein strands in derived cryo-
hydrogels.

Promoting the pr
in cold-stored kefir.

An increased proportion of beneficial probiotics in
mice allowed better control of the aspects of
metabolic syndrome, Induced by a high-fat diet, like
a fat accumulation, glucose, and triglyceride levels.

Modification of gut microbiota of post |
women leading to anti-diabetic effects.

1,

) and

iability of probioti

Yang er al. (2022)

Karami
et al. (2021)
Lu er al. (2021)

Zheng

et al. (2023)
Manzoor

et al. (2023)
Kopuz

er al. (2023)
Akhila

er al. (2023)
Sun et al. {2022)

Cacclatore
er al. (2022)
Kumar
er al. (2023)

Zhang

er al. (2021)
Pham

et al. (2020)
Pham

er al. (2021)
Hasanvand &

Rafe (2019}
Su er al. (2022}

Jiang et al. (2022)

Abdelmonem
et al. (2022)
Hellebois
et al. (2024)

(Yang
et al., 2023)
(Zhu et al., 2022)

Jia er al., {2022)
Hellebois

er al. (2022)
(Alhssan

er al., 2023)
Yang er al. (2020)

(Brahe
er al, 2015)
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Table 1 (Continued)

Application Product

Function and effect Reference

High-fat diet fortified by FM

Functional agent in liquid
foods

FM-based liquid foods

FM-containing fermented/non-fermented
whey drinks
Powdered drink enriched by FM

Soy protein drink containing FM

Reduction of body weight and total triglyceride of {Luo et al., 2018)
obese rats via changes of gut microbiota spectrum.
Suppress the swallowing problems of oropharyngeal
dysphagia patients. Rheological synergism and
slower glucose release upon digestion.
Increase of viscosity and cc p topusiewlcz
Improvement of antioxidant and nutritional profile. er al. (2022)
Improvement of pro-heslth properties and structure
of drink.

Increase of viscosity and protein particle size.

{Vieira
er al., 2021)

{Pang et al., 2023)

temperature stability, intrinsic viscosity and thickening
properties compared to FM extracted from the brown-
seeded cultivar (Hellebois er al.. 2021). Along with the
cultivar selection, the method and parameters of the
extraction may also crucially influence the yield and
character of FM.

Extraction process

A number of studies described various approaches that
are usable for the effective extraction of FM. According
to one of a recent study, the most effective method from
the point of the FM yield appears to be a hot water
extraction (9.0% after 120 min and 100 °C), followed
by ultrasound-assisted (7.8% after 30 min), microwave-
assisted (7.0% after 15 min). and acid-alkaline extrac-
tions (6.4% after 90 min) (Safdar er al., 2020). On the
other hand. another study reported ultrasound-assisted
extraction as the most effective, followed by hot water
(6.5%) and microwave-assisted (2.1) extractions (Fabre
et al., 2015). Furthermore, the seclected extraction

method significantly impacts the overall composition of

FM. It was assessed that the alkaline method for extrac-
tion obtained FM with only 42% polysaccharides and
22% protein content, whereas FM extracted by the
enzymatic-ultrasonic procedure contained 69% polysac-
charides and 8% protein (Moczkowska er al., 2019).
One of the most recent research studies compared the
effects of hot water and ultrasound-assisted extraction
on the yield and rheological properties of FM. The
higher yield was achieved by ultrasound-assisted extrac-
tion (9.2%) compared to hot water extraction (7.2%).
On the other hand. the ultrasound-assisted method
changed the original structure of FM and reduced its
viscosity and elasticity, which led to more fluidic behav-
iour of FM solution (Ren et al., 2023).

The certain conditions of the selected method can
determine the efficiency of FM extractions. The extrac-
tion temperature is the most critical factor for FM
yield and chemical composition. The higher tempera-
ture and longer extraction increased the yield within
hot water extraction. On the other hand. higher
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temperatures decreased the content of total carbohy-
drates and neutral monosaccharides within FM and
increased the presence of acidic monosaccharides
and denatured proteins (Kaushik er al., 2017). The
other factors of FM extraction affecting its yield,
apparent viscosity and protein content are pH and
watersseed ratio (Cui er al., 1994; Puligundla &
Lim, 2022). Besides the FM yield and composition, the
temperature may affect its functional properties and
biological activities. It was shown that functional
propertics may change during storage. For instance,
FM extracted at 98 °C exhibited better foaming capac-
ity and foam stability on the first day of extraction
compared to FM extracted at 70 °C. but after eight
days. these parameters were similar for both variants
of FM. This example indicates different changes in the
functional properties of FM extracted at different tem-
peratures (Hu ef al.. 2020). Beyond the extraction pro-
cess, following processing of FM. like spray. freeze,
vacuum or oven drying along with ethanol precipita-
tion, may affect its functional properties. especially gel-
ling and foaming abilities or emulsifying activity
(Wang et al., 2010).

As reported. various methods and their parameters
affects the composition of obtained FM, which is fur-
ther reflected in its functional properties. Therefore.
factors such as cultivar selection extraction procedure
and further processing should be considered to ensure
consistent physicochemical and functional properties
for the desired application of FM. On the other hand,
target selection of named factors may complicate
obtaining FM exhibiting universal properties applica-
ble for all relevant food or dietary applications.

Functional and bioactive properties

FM has been extensively studied for its potential use
in food applications. It has a wide scale of functional
properties such as shear thinning and gelling proper-
ties, water holding and oil binding capacities. thicken-
ing. emulsifying and emulsion-stabilising properties.
Therefore, the effective use of FM as a functional
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agent or additive in bakery. meat, dairy and gelled
products (Fig. 1) has been described in many studies
(Lorenc et al., 2022). FM can alternate with or replace
other plant gums as a food additive. For example, it
shares a similar functionality with guar gum, which is
determined by the high water-binding capacity and
ability to form thermo-reversible gels with desired rhe-
ological properties (Cakmak er al., 2023). In a direct
comparison, FM may outclass some other plant gums
in certain functional features. However, research stud-
ies that compare the functional properties of FM with
other gums intra-experimentally are quite scarce. As
an example, FM provides similar stability of emulsion
(40% at 0.5% gum content) compared to gum Arabic
(41%) but much higher than other widely used gums
like pectin (30%). guar (12%), locust bean (2%)
xanthan (8%) or carrageenan (4%) (Huang
et al., 2001). Another study described that cupcakes
fortified by flaxseed sprouts powder containing flax-
seed polysaccharides may improve specific volume,
porosity or lower hardness and chewiness of cupcakes
more than xanthan gum (Cakmak er al., 2021). FM
and its solutions exhibit high viscosity. which is higher
than the viscosity of guar and tamarind gums and
comparable to acacia gum (Chang er al., 2017). As a
practical example of the utilisation of FM viscosity. in
one of the studies, authors added FM to potato
gluten-free bread and observed an increase in visco-
clasticity. Moreover, bread fortified by FM comple-
mented by propylene glycol alginate and hydroxyethyl
cellulose exhibit improved softness (Chen er al.. 2023).

The viscosity of FM is determined by its composi-
tion. A higher abundance of neutral arabinoxylans
increases the viscosity and causes the shear-thinning
behaviour of FM. Oppositely. a higher proportion of
rhamnogalacturonans decrease the viscosity and FM
exhibits Newtonian flow behaviour. This phenomenon
shows that the pH of FM also affects the viscosity and
fluidity. The lowest viscosity of FM appears at pH 2,
while the viscosity of FM having pH 8 is three times
more viscous. Therefore, the FM extracted from differ-
ent cultivars may exhibit different viscoelastic proper-
ties. As a result, FM may form a real gel or
viscoelastic fluid at the same concentration in solution
(Biliaderis & Izydorczyk, 2006). This phenomenon was
also observed later by Qian er al. (2012) who fraction-
ated FM into a neutral fraction and an acidic fraction,
followed by protein removal from these fractions.
Non-fractionated FM had the highest intrinsic viscos-
ity, followed by a neutral fraction, which exhibited
pseudoplastic flow behaviour and an acidic fraction,
which showed Newtonian flow behaviour. Since these
scientific studies regarding compositional variability
and their effects on FM properties are slightly out-
dated, this topic leaves space for relevant future
research.
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Nowadays, the application of FM in the food industry
is rare due to the low availability of source feedstock,
missing industrial-scale technologies for FM extraction
and small awareness about FM and its properties. For
the natural origin of FM, issues limiting its applicability
can appear, including uncontrolled hydration rates, pH-
dependent solubility, decrease of viscosity during storage
or potential microbial contamination. However, these
effects can be reduced by using appropriate extraction
conditions or modifying the original structure of FM by
crosslinking or esterification (Liu er al., 2018).

As mentioned previously, FM has a form of soluble
dietary fibre that may significantly impact the func-
tioning of the human body. Dietary fibres can improve
parameters related to health, such as blood cholesterol
levels, lipid profiles and insulin sensitivity. They can
also prevent chronic diseases, including obesity, diabe-
tes, and colon cancer (Moczkowska er al.. 2019). An
interesting finding reported by Kuang er al. (2020)
indicates that FM and insoluble fibre in flaxseed meal
supplementation was responsible for body weight
reduction in obese and overweight subjects. Authors
have also suggested that the high content of FM in
flaxseed meal may increase defecation. absorb water,
increase intestinal volume, improve constipation, and
thus lead to lost weight. It was also reported that FM
presumably interacts with fat and sugars in the intes-
tine, limiting their absorption. The authors observed
the fats and sugars in the faeces of the subjects who
ingested FM compared to those who did not (Kristen-
sen ef al.. 2012). FM was reported as an effective natu-
ral antioxidant, confirmed by several antioxidant
assays, that may be capable of replacing synthetic anti-
oxidants serving as food additives (Safdar et al., 2020).
In the comprehensive study related to antioxidant
activity of FM. Vieira ef al. (2019) identified the pres-
ence of caffeic acid, p-coumaric acid. and epicatechin,
followed by ellagic, cinnamic and vanillic acids. They
also found that increasing the extraction temperature
(25 — 60 °C) raises the average content of total phe-
nolic compounds and antioxidant capacity. Although
FM secems to have clear antioxidant potential., food
applications of stand-alone FM used primarily to
increase the content of phenolic compounds have not
yvet been reported. However, it has been shown to
induce accompanying beneficial effects in FM-enriched
food products, as reported. for instance, in the paper
from Bochnak-Niedzwiecka et al. (2022), where FM
was used primarily for the stabilisation of beverages
and its antioxidant and antiproliferative properties
were also proven. The biological properties of FM
ensemble a complex of features usable in food or
health-related domains. Since the bioactivities of FM
remain the popular subject of rescarch studies, we can
presume that they determine a beneficial complex of
features usable in food or health-related domains.
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Food and nutritional applications

Modifications of protein functions

Proteins and plant gums often share the same func-
tional features, such as emulsifying or gelling proper-
ties, so the protein-gum mixtures may represent even
stronger emulsifiers than standalone hydrocolloids or
increase  gelling properties. Several studies have
reported showing the potential of FM as the modifier
of protein functions. For example, Yang er al. (2023)
used FM to modify pea protein followed by ultrasonic
treatment where the results showed significantly
improved physical and emulsifying properties of pea
protein. In another research reported by Zhu et al.
(2022) was applied FM | whey protein isolate (WPI)
complex to stabilise gel-in-oil-water double emulsion.
The double emulsion fabricated with 0.8 wt% FM and
0.5 wt% FM/WPI showed the highest stability
and prevented the phase separation or oil-off phenom-
enon for 28 days. FM can also modify meat proteins.
Mpyofibrillar emulsions and gels are often treated by
phenolics, e.g.. catechin, to inhibit their oxidation.
However, catechin is responsible for the deterioration
of the gel network of these products whereas the appli-
cation of FM improved the weakened gelling proper-
ties of catechin-treated myofibrillar protein and
enhanced gelled strength of derived products along
with increased holding capacity and dynamic rheologi-
cal properties (Jia et al., 2022). One of the studies have
suggested the applicability of FM in protein-rich
hydrogel-based food systems as a stabilising, structur-
ing and texturing agent. Moreover, the presence of
FM at a concentration 20.75 wt%. improved the
homogeneity and interconnectivity of the whey protein
strands in WPI-based cryo-hydrogels. Furthermore,
the concentration of FM above | wt%. may be suit-
able for constructing the gels with stabilising, structur-
ing and texturing benefits for complex food matrices
(Hellebois er al.. 2022). On the other hand, observed
that the presence of proteins in FM may lead to dete-
rioration of its properties, such as dull colour of gum
solution, low dissolution rate in cold water and low
storage stability (Liu er al., 201R8). Since these effects
can limit the utilisation of FM. more studies related to
interactions with proteins should be performed.

Complex coacervates and gels

Complex coacervation is a favourable microencapsula-
tion technique highly usable in the pharmaceutical..
agriculture and food industries. The interactions of
oppositely charged polyelectrolytes in an aqueous solu-
tion are characteristic of the coacervation process
(Timilsena et al., 2019). FM was used together with
polyphenol-adducted flaxseed protein  isolate to
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prepare effective complex coacervates usable for micro-
encapsulation of flaxseed oil, thus showing a perspec-
tive of FM and other flaxseed components as an
encapsulation shell material for oxygen-sensitive oils
and other compounds (Pham er al.. 2020). Follow-up
research showed that this type of complex coacervate
remained intact in the gastric phase and delivered the
flaxseed oil to the intestinal phase, thus positively
affecting its bioavailability (Pham er al., 2021). FM
may also be used in the coacervate complexes to
encapsulate flavourings. Encapsulation of vanillin/f-
cyclodextrin inclusion in rice bran protein/FM coacer-

vates increased the vanillin thermostability and shelf

life. Furthermore, prepared microcapsules can be used
in dairy and bakery products (Hasanvand &
Rafe, 2019). Besides coacervates, it has been reported
studies dealing with use of FM within gel materials.
FM was successfully applied to decrease the brittleness
of oleogels based on candelilla wax showing the poten-
tial of FM to improve the plasticity of oleogels for
food applications (Su et al.. 2022). Within another
research study, FM promoted the semi-solid property
of oleogels and possessed thermal resistance and struc-
tural recovery ability. The authors also suggest a better
synergic effect with hydroxypropyl-methylcellulose to
derive aqueous foams, cryogels and oleogels (Jiang
et al., 2022). It has been reported that FM might be
employed to prepare ultra-lightweight organic or
organic-inorganic hybrid bio-based aerogel. These
acrogels can be used as a carrier of bioactive com-
pounds and drugs or as a supporting material.. a
stimuli-responsive material., a reactor, or an oil
absorber (Abdelmonem et al., 2022). FM may prospec-
tively provide beneficial techno-functional properties in
cryogels (e.g.. thermal stability and decrease of water
disintegration rates) that are usable to incorporate bio-
active compounds or probiotic living microorganisms
(Hellebois er al., 2024). Based on the reported studies,
FM-containing coacervates and gels could be very use-
ful as the stable carrier of drugs, bioactive compounds
or living microorganisms so may become a perspective
ingredient in the pharmaceutical industry and nutri-
tional applications in the future.

Edible films and coatings

Edible films and coatings represent eco-friendly and
functional food packaging alternatives and are made
from food-grade biopolymers, including polysaccha-
rides, proteins, and lipids derived from plants, animals,
marine life sources or food processing by-products.
Additionally, these materials are also usable to encap-
sulate bioactive agents (Kumar er al.. 2022). Up to
now, many research studies have been published on
the possible application of FM within edible films and
coatings. For instance, applying composite coatings
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based on FM and chitosan (CS) may represent an effec-
tive way to protect food products. According to one of
the recent research study. it was shown that a three-layer
FM/CS/FM coating containing cugenol and laurel
essential had the long-term antibacterial and antioxi-
dant properties thus delayed protein oxidation and
microbial degradation (Yang er al., 2022). Another
study was focused on the effects of CS-FM nanofiber
encapsulation composite that exhibit good antimicrobial
and antioxidant properties. As the authors suggest,
these nanofibres can encapsulate Ziziphora clinopo-
dioides and sesame oils or other various food-packaging
applications (Karami et al., 2021). FM combined with
chitosan also was applied to prepare a layer-by-layer
clectrostatic self-assembled coating exhibiting antibac-
terial activity and thus prolonging the shelf life of Mon-
golian cheese. CS-FM products may also serve as a
carrier of peptides (Lu et al., 2021). Polysaccharide-
based nanoparticles developed by the complexation of
FM and CS were used by Zheng et al. (2023) to encapsu-
late bioactive bighead carp peptide. These peptide-
containing nanoparticles showed good thermal stability,
provided good protective effect on peptide functionali-
ties, and allowed its controlled release.

Beyond chitosan, FM can also be combined with other
bioactive agents. For instance. betel leaf extract incorpo-
rated within FM-based film exhibits good barrier ability,
antioxidant and antibacterial properties, allowing its use
for food packaging (Manzoor er al.. 2023). The authors
of one of the latest research study extracted FM from
cold-pressed flaxseed oil by-products and created FM-
based films that incorporated allyl isothiocyanate in free
and nanoemulsion forms. Integrating allyl isothiocyanate
improved the thermal and barrier properties of the film
increasing the tensil strength. These films decreased the
number of mesophilic, psychrophilic and coliform bacte-
ria. compared to untreated meat samples. Moreover.
strong antimicrobial effects against pathogenic bacteria
like Escherichia coli, Salmonella spp.. Listeria monoeyio-
genes, and Staphyvlococcus aureus were observed (Kopuz
et al., 2023). Another study focused on preparing biode-
gradable film based on FM and pectin impregnated with
calcium chloride and titanium dioxide usable for food
packaging. This film may represent a UV-blocking layer
with moisture resistance due to titanium dioxide giving
white colouring improving the UV-blocking property
while crosslinking with calcium chloride reduced the
swelling index (Akhila et al, 2023). FM may increase
the stability of emulsions. This phenomenon was verified
by preparing pea protein/FM coating to encapsulate
algae oil droplets. leading to the improved resistance of
the formed emulsion to aggregation and creaming (Sun
et al., 2022). The affinity and coating ability of FM with
proteins may serve to develop a plant-based encapsulat-
ing and delivery system used to incorporate polyunsatu-
rated fatty acids into vegetarian or vegan foods.
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FM has also been described as an effective agent for
encapsulating and delivering bioactive compounds in
foods. Carvacol encapsulated into FM nanoparticles
exhibited a bactericidal effect against Salmoneila enter-
ica and Listeria monocytogenes, thus representing a
promising strategy for food preservation (Cacciatore
et al.. 2022). According to one of the latest studies,
modified FM may be usable as a potent carrier for
aimed drug delivery. Acrylic-grafted FM was success-
fully used as a pH-sensitive quercetin drug delivery
system. Resistance of FM-quercetin delivery system to
digestive fluids combined with cytotoxicity against
colorectal cancer cell lines suggests a potential use of
FM-based drug carriers for the targeted treatment
of gastrointestinal cancers or other diseases (Kumar
et al., 2023). Non-specified Maillard reaction products
of whey proteins and FM may stabilise the astaxanthin-
loaded emulsion gel and significantly improve the bioac-
cessibility of astaxanthin. Therefore, this study also sup-
ports the potential of FM-protein conjugates for
producing Maillard reaction products usable in eflfective
delivery systems for lipids (Zhang et al., 2021).

Although there is less awareness of FM than other
polysaccharides like cellulose or starch, FM may rep-
resent an innovative component applicable within bio-
protective materials. Combined with chitosan or other
bioactive compounds allows for the creation of multi-
functional composites or alternative bio-based packag-
ing materials usable to preserve the quality and extend
the shelf life of various foods.

Beneficial changes of gut microbiota composition

Prebiotics represent the substrates that are selectively
utilised by host microorganisms conferring a health
benefit (Salminen ef al., 2021). Several studies have
confirmed the prebiotic function of FM complemented
by the potential to change gut microbiota composition
leading to positive health effects. For instance, Alhssan
et al. (2023) observed the improvement in the viability
of Lactobaciilus acidophilus and Bifidobacterium lactis
in cold-stored kefir, suggesting FM’s role as a prebi-
otic. Another study described an increased proportion
of Akkermansia and Bifidobacterium within a high-fat
diet supplemented by FM in mice. The flaxseed poly-
saccharide treatments controlled the aspects of meta-
bolic syndrome induced by a high-fat diet. such as fat
accumulation, glucose and triglyceride levels. Since
improving lipid metabolism disorder, authors suggest
that FM can be used as a prebiotic for preventing met-
abolic syndrome by modulation of gut microbiota
(Yang et al., 2020). Important findings were published
in the work of Brahe et af. (2015). where authors
reported that the intake of breakfast buns enriched by
FM over 6 wecks by obese postmenopausal women led
to the FM may change gut microbiota composition and
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exhibit anti-diabetic effects via inhibition of o serum C-
peptide. more effective insulin release and improved
insulin  sensitivity. Metagenome analysis confirmed
changes in the abundance of thirty-three gut microbiota
species. including a decrease in the relative abundance
of cight Faecalibacterium species. Regulation of gut
microbiota by FM may also induce an anti-obesity
effect. In another relevant study, it was observed that
the consumption of FM by obese rats lowered their
body weight. body fats and total triglyceride. These
effects could be attributed by decreasing Firmicutes/-
Bucteroidetes ratio and altering specific bacteria, such as
the genus Clostridium (Luo et al., 2018). As these studies
have shown, for the ability to regulate gut microbiota
leading to significant health-beneficial eflects, FM may
offer great potential in functional foods or prebiotic
products. However, these studies are often challenging
since they require meta-omics approaches combined
with clinical trials causing a long way to the practical
application of FM in this field.

Bio-functional and health-promoting agent in liquid foods

The functional properties and edibility of FM allow its
direct application in foods, especially functional bever-
ages. As a thickener and viscosity-modifying agent, FM
may be used in polysaccharide-based products to cir-
cumvent swallowing problems by oropharyngeal dys-
phagia patients. Moreover. FM combined with modified
starch and/or xanthan gum in liquid foods can lead to
rheological synergism and may induce slower glucose
release upon digestion (Vieira et al., 2021). Adding FM
to fermented/non-fermented whey drinks enhanced bac-
teria survivability. improved viscosity. and preserved
consumer acceptance. Also, the antioxidant activity and
free amino acids level was increased, improving the
nutritional  profile of the beverage (Lopusiewicz
et al., 2022). Another study suggested FM as a valuable
functional additive improving the pro-health properties
and structure of powdered drinks. They reported that
FM stabilised the beverages after rehydration and repre-
sented a source of bioaccessible polyphenolic antioxi-
dant  and  anticancer components  (Bochnak-
Niedzwiecka et al., 2022). Moreover. it was also shown
that addition of FM to soy protein drinks may increase
its viscosity and protein particle size (Pang et al., 2023).
Therefore, as the viscosity-modifying agent, and for its
dietary aspects, FM can be used as a valuable compo-
nent of functional beverages.

Conclusions and future perspective

As reported in many studies of past decades. FM has a
broad spectrum of functional properties and thus has
been mainly considered as a versatile food fortifier for a
long time. However, most recent scientific articles rather
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focus on the unique attributes of FM and their utilisa-
tions in various food applications and special diet. The
high affinity of FM to proteins allows for the modifica-
tion or improvement of protein functions applicable in
new protein-based products and foods. Other studies
report on a promising use of FM within coacervates,

films and coatings or as a structural component of

novel gel materials. The biological activity of FM is
determined mainly by antioxidant activity and provides
a prebiotic function or other health-related benefits.
Since the effects of certain genotypes and extraction
variants on FM functioning are often known. further
attention should be focused on developing and optimis-
ing approaches for incorporating FM in composites
and food products for the highest efficiency or new
functions. Also, for now, the limited availability of flax-
seed sources generally slows its wider application. In
contrast to some popular gums, which are often obtain-
able only from woody plants (e.g., locust bean, gum
arabic. tragacanth or karaya gums) or their extraction
and processing is complicated, the production of FM
can be, in most cases a more economically viable way
to obtain natural polysaccharides due to the factors
represented by the sustainability of flaxseed production,
simple extraction of FM and possible utilisation of flax-
seed by- or waste- products, as the sources of FM.
Hence, increasing awareness about the potential of FM
is the key factor in its intensive use. Nevertheless. FM
represents a promising biopolymer for food-related
applications in the future, not only as an alternative to
other plant gums but also as a specialised functional
and bioactive agent.
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4.2 Vliv odridy a podminek péstovani na chemické sloZeni, obsah
lignanu a antioxida¢ni potencial semen Inu setého

V ptedchozich kapitolach této prace byl zdiraznovan vysoky podil nutricné
hodnotnych a biologicky aktivnich slozek, jez se ve Inéném semenu vyskytuji. Velka
¢ast souvisejicich vyzkumnych studii uvadi, ze vynosové parametry, obsah tuku,
dusikatych latek nebo lignanli jsou vyznamné ovlivnény odriadou a podminkami
péstovani, zejména pak lokalitou a pocasim. Zadna znich viak nepopisuje vliv
zminénych faktorti na v§echny uvedené parametry a nehodnoti jejich vzajemné vztahy.
Z tohoto ditvodu bylo v ramci disertacni prace feseno toto téma na komplexni trovni.
Cilem této c¢asti disertacni prace bylo popsat vliv odriidy a ro¢niku na zakladni
chemické sloZeni, obsah jednotlivych lignanii a antioxidacni potencial semen Inu
setého. Bylo rovnéz zjisStovano, jakym zplisobem se tyto parametry vzajemné
ovlivityji.

Pro dosazeni uvedenych cili byl na experimentdlnim pozemku Fakulty
zemédélské a technologické Jihodeské univerzity v Ceskych Budg&jovicich zalozen
Vv letech 2018, 2019 a 2020 maloparcelkovy pokus (Obr. 14) s vyuzitim tii
hnédosemennych (Agram, Libra, Flanders) a tii zlutosemennych (Amon, Agriol,
Raciol) odrid Inu setého olejného. Z toho dvé odrudy byly piivodu nizozemského
(Libra a Flanders) a zbyvajici ¢eského. Na zaklad¢ vysledkt agrochemického zkouSeni
zemédélskych pld byl zjiStén vyhovujici stav zdsobeni plidy Zivinami, proto nebyl
pozemek piihnojovan. Porost byl pouze oSetien post-emergentnim herbicidem
GLEAN 75 WG. V pribéhu tii vegetacnich sezén byla shromazd’ovéana
meteorologicka data v podobé& dennich tthrnti teplot a srazek. Semena Inu byla ve fazi
plné zralosti sklizena pomoci maloparcelkové sklizeci mlati€¢ky a nasledné vhodné
skladovana. U sklizenych semen vSech odrid byl stanoven vynos na plochu a hmotnost
tisice semen. Semena byla dale pomoci ovéfenych metod analyzovéana pro zjiSténi
obsahu celkovych tukli, dusikatych latek, popelovin a vody. Obsah sacharidii byl
stanoven dopoctem. Pro zjisténi TPC v semenech Inu byla pouzita metoda vyuZivajici
Folin-Ciocalteauova c¢inidla, vysledek byl vyjadien jako ekvivalent kyseliny gallové
(EKG) v mg. Antioxida¢ni aktivity byly stanoveny pomoci metod zhaSeni radikalt
ABTS a DPPH a vyjadieny jako ekvivalent kyseliny askorbové (EKA) v mg.

Kvantitativni analyza vSech potencialn€ se vyskytujicich, nativnich lignanti Inéného
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semene (SDG, MATA, LARI a PINO) byla provedena pomoci ptivodné vyvinuté
metody vyuzivajici kombinace separace na vysokoucinném kapalinovém

chromatografu a detekce pomoci hmotnostni spektrometrie.

Obr. 14: otograﬁk)'f zaznam ponho eperientu zacycujici Vyvoj rostin Inu setého (zlea
doprava) v ramci jejich vegetaéniho obdobi (kvéten-srpen)
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Pomoci této metody bylo mozné velmi piesné stanovit abundanci zminénych
lignanti. VSechna data byla statisticky vyhodnocena pomoci metod analyzy variance,
post-hoc testu a korelacni analyzy.

Vysledky analyz vykézaly velké rozpéti hodnot u vétSiny zkoumanych
parametrd (Tab. 9 a Tab. 10), pfi¢emz byl potvrzen statisticky vyznamny vliv odriidy,
ro¢nikli, pfipadné¢ kombinace obou faktorti, na vétSinu sledovanych parametra.
Zatimco vyvoj teplot v priibéhu vegetacni sezony byl po dobu vsech tfi let srovnatelny,
byly zaznamenany rozdily v thrnu srazek v kritickych rastovych fazich Inu. Nejvice
se projevil nedostatek srdzek v kvétnu a cervnu roku 2019, ktery vyznamnym
zpisobem negativné ovlivnil vynos semen a obsah SDG. Kromé odridy Flanders, byl
v roce 2019 zaznamenan také nizsi obsah tuku u zbyvajicich odrid. Naopak, obsah
dusikatych latek v roce 2019 byl v priméru srovnatelny s rokem 2020, pticemz
vyznamné niz$i byl v roce 2018. Protichidnému trendu v obsahu tukt a dusikatych
latek odpovida také zjiSténd vzajemna negativni korelace, kterd byla jiz diive popsana
vV ramci odbornych studii jinych autorti. Bez ohledu na konkrétni odriidu byl zjistén
také statisticky vyznamné vyssi obsah tuku u studovaného souboru hnédosemennych
odrid v porovnani se zlutosemennymi odriidami. Hnédosemenné odridy rovnéz
vykazovaly vys$i vynosové parametry oproti Zlutosemennym, pti¢emz hodnoty HTS
byly vyssi signifikantné. Naopak, vyS$i obsah dusikatych latek byl zjistén u

zlutosemennych odrad.

Tab. 9: Rozmezi hodnot vynosovych parametri a zakladniho chemického slozeni semen Sesti
odrtd Inu setého ziskanych v ramci triletého péstitelského experimentu

vynos HTS tuky dusikaté 1. popeloviny sacharidy Voda
(t/ha) (9) (% ¢.h.) (% ¢.h.) (% ¢.h.) (% ¢.h.) (% ¢.h.)
1,3-3,7 5,3-7,0 34,2-40,7 15,8-21,5 3,3-3,8 32,0-35,6 6,7-5,9

HTS = hmotnost tisice semen, ¢.h. = ¢erstva hmota, dusikaté 1. = dusikaté latky

Z celkovych ¢ty nativnich lignanti byly identifikovany pouze SDG a MATA.
MATA byl vSak v porovndni s majoritnim SDG piitomny pouze ve stopovém
mnozstvi (Tab. 10). Obsah obou lignani pozitivn¢ koreloval s antioxidacnimi
aktivitami, 1 celkovym obsahem polyfenoll, ¢imzZ byl prokdzan vyznamny podil
lignanii na biologické aktivit€¢ semen Inu. Byl zjiS§tén vyznamné vyssi obsah SDG a

MATA u souboru zlutosemennych odrtid v porovnani s hnédosemennymi. Zajimavé
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bylo rovnéz zjisténi, Ze obsah SDG, MATA, celkovych polyfenolll i antioxida¢ni
aktivity v piipad¢ obou metod, byly statisticky vyznamné vyssi u souboru ¢eskych
odrtid v porovnani s odridami nizozemskymi. Pro spolehlivéjsi posouzeni rozdilt
V obsahu lignanti, pfipadné souvisejicich biologickych aktivit, v zavislosti na pavodu
a barvé semen odrid, nebo Slechtitelskych cilti, by bylo vhodné pouzit $irsi vybér

odrid obou variant barev semen a rtiznych provenienci.

Tab. 10: Rozmezi hodnot obsahu celkovych polyfenold, antioxida¢nich aktivit a lignanii v
semenech Sesti odriid Inu setého ziskanych v ramci triletého péstitelského experimentu

SDG MATA TPC DPPH ABTS
(mg/gs.) (ng/gs.) (mg EKG/ gs.) (mg TE/g DM) (mg TE/g DM)
4,9-12,2 1,6-34 1,1-25 4,6-6,4 4,2-7,1

SDG = secoisolariciresinol diglukosid, MATA = matairesinol, s. = susina, EKG = ekvivalent
kyseliny gallové, TE = ekvivalent troloxu

Vysledky této studie potvrdily zna¢ny vyznam odriady a srazkovych podminek
péstovani na chemické slozeni, obsah lignant a souvisejici antioxida¢ni potencial.
V sir§im kontextu tak lze vyvozovat, Ze tyto faktory mohou ovliviiovat nutricni
hodnotu a zdravotni potencial semen Inu. Konkrétni poznatky ziskané v rdmci této
studie mohou byt reflektovany v cileném Slechténi a pii optimalizaci podminek

péstovani pro zajisténi pozadované kvality semen Inu setého olejného.

Kompletni informace a zdroje vztahujici se k dané problematice a vySe uvedené
anotaci jsou uvedeny v publikaci:
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Jarosova E., Zdréhal, Z., Kyselka, J., Smetana, P., Kadlec, J., Stupkové, A. & Barta, J.
(2024). Comparison of Yield Characteristics, Chemical Composition, Lignans Content
and Antioxidant Potential of Experimentally Grown Six Linseed (Linum usitatissimum
L.) Cultivars. Plant Foods for Human Nutrition, 79: 159-165.
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Abstract

Linseed represents a rich source of nutritional, functional and health-beneficial compounds. Nevertheless, the chemical
composition and content of bioactive compounds may be quite variable and potentially affected by various factors, includ-
ing genotype and the environment. In this study, the proximate chemical composition, lignans content and antioxidant
potential of six experimentally grown linseed cultivars were assessed and compared. A diagonal cultivation trial in the
University of South Bohemia Experimental Station in Ceské Budgjovice, Czech Republic, was established in three sub-
sequent growing seasons (2018, 2019 and 2020). The results showed that the cultivar and growing conditions influenced
most studied parameters. The lack of precipitation in May and June 2019 negatively affected the seed yield and the level
of secoisolariciresinol diglucoside but did not decrease the crude protein content, which was negatively related to the oil
content. The newly developed method for lignans analysis allowed the identification and quantification of secoisolarici-
resinol diglucoside and matairesinol. Their content correlated positively with the total polyphenol content and antioxidant
assays (DPPH and ABTS radical scavenging activity), indicating the significant contribution to the biofunctional proper-
ties of linseed. On the other hand. we did not detect minor linseed lignans, pinoresinol and lariciresinol. The results of
this study showed the importance of cultivar and growing conditions factors on the linseed chemical composition and the
lignans content, determining its nutritional and medicinal properties.
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Introduction

The flax (Linum usitatissimum L.) is a traditional and one of
the oldest crops grown by humans since ancient times as a
fibre or oilseed crop. A seed of oilseed flax (linseed) is com-
posed of fat (37-41%), total dietary fibre (28-29%), pro-
tein (20%), moisture (6.5-7.7%), and ash (2.4-3.4%) [1].
Some of its constituents represent valuable nutrients and
bioactive compounds. The high nutrient profile of linseed
is determined mainly by high-quality oil with a balanced
ratio of omega-3 and omega-6 essential fatty acids [2], pro-
teins with an amino acid profile similar to soybean protein
[3] and the high content of soluble and insoluble fibres [4].
The beneficial linseed bioactive compounds are represented
by polyunsaturated fatty acids, lignans, proteins, cyclic pep-
tides and dietary fibres [5]. These compounds may benefit
human health, especially by reducing risks associated with
heart disease, cancer, diabetes or stroke [6].

The linseed contains three different types of phenolic
compounds ~ phenolic acids, flavonoids and prevailing
lignans [2]. Lignans are macromolecular diphenolic com-
pounds formed by oxidative coupling of two cinnamyl
alcohol or cinnamic acid residues, linked by f carbon by
their side chains [7]. In linseed, they occur in the form
of oligomeric complexes composed by a framework of
secoisolariciresinol  diglucoside (SDG) interconnected
through 3-hydroxy-3-methyl glutaric acid and complexed
with p-coumaric and ferulic acids into lignan macromo-
lecular structure [8]. According to the literature, SDG is a
significantly predominant lignan in linseed with a relative
abundance 0f 95% and is formed by glycosylation of secoiso-
lariciresinol (SECO). The minor lignans are represented by
matairesinol (MATA), lariciresinol (LARI) and pinoresinol
(PINO) [9]. Compared to the SDG and SECO, literature
describing the presence of minor lignans is slightly outdated
[10, 11]. Moreover, there is no evidence for the distribu-
tion of these compounds among different linseed cultivars
in relation to agroecological conditions. Linseed lignans
exhibit a wide scale of biological activities (e.g., antioxi-
dant, anticancer, antimicrobial, anticholesterol, antidiabetic,
anti-inflammatory, estrogenic or antiestrogenic and anti-
depressant properties) [12]. They are also precursors for gut
microbiota-derived mammalian phytoestrogens enterolig-
nans (enterodiol and enterolactone), possessing mainly anti-
inflammatory and apoptotic activities [13]. The content of
lignans in linseed is extraordinary and ranges between 9 and
30 mg per gram of seed. which is 95-800 times over other
plant sources, followed by sesame seeds and rye bran [14].
SDG content can vary according to the genotype of linseed
and environment, while the effect of cultivar is appointed to
be more significant in the relevant studies [15-17]. Garros
et al. [16] reported that the antioxidant activities of linseed
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significantly correlated with the content of SDG and other
phenolic compounds. Besides genotype, specific environ-
mental conditions may also affect the lignan content. In a
recent study, Zare et al. [18] observed that moisture stress
was responsible for an increased lignan content in brown-
seeded cultivars.

Along with lignans, also other parameters of linseed may
be affected by various factors. The seed yield and the protein
content can vary due to the environment rather than geno-
type, whereas the environment is responsible for the higher
variance of the oil content [19]. Zhang et al. [15] found that
oil and fatty acid composition is determined by genotype,
environment, and their combination. Yield characteristics of
flax can be affected by production practices. Rossi et al. [20]
have recently suggested that milder and wetter conditions
may be more favourable for linseed cultivation and lead to a
higher seed yield and oil content. Yield characteristics were
also reported to be significantly influenced by high tempera-
ture and soil type [21].

Since the genotype and environmental effects on the lin-
seed properties have been studied. complex works focus-
ing on all these relationships in a wider context are scarce,
because most of the studies mentioned above focused only
on certain aspects of linseed quality. In this study, we deter-
mine and compare the effects of the cultivar and weather on
the yield characteristics, proximate chemical composition,
antioxidant potential and especially lignans content (namely
SDG, SECO, LARI, PINO and MATA) of six different lin-
seed cultivars. Furthermore, the relationships between the
studied parameters were also evaluated.

Materials and Methods

The Materials and Methods section is presented in Supple-
mentary material 1.

Results and Discussion
Cultivation Conditions and Yield Characteristics

The soil of the cultivation trial site has been character-
ized as a brown, acidic (pH 6.1 in 2018, 5.0 in 2019, 5.7 in
2020), loamy sand Cambisol. The agrochemical soil analy-
ses showed a moderate content of nutrients, which varied
between the cultivation seasons (Table S3). Based on the
meteorological data shown in Fig. S1, the weather condi-
tions were characterized by a similarity of temperature
within studied years and its normal development during the
growing seasons (April — August) with the seasonal tem-
perature sums: 89.1 °C in 2018, 84.3 °C in 2019 and 77.1 °C
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in 2020. On the other hand, the substantial differences in
the precipitation conditions between growing seasons (pre-
cipitation sums: 302.2 mm in 2018, 191.1 mm in 2019
and 428 mm in 2020) were obvious and possibly affected
the chemical composition of linseeds, as discussed subse-
quently in the manuscript.

Our results showed the differences in the average seed
yield (2.91 t/ha in 2018, 1.42 t/ha in 2019 and 2.47 t'ha in
2020), whereas the significantly lower yield in 2019 was
observed by all cultivars (Table 1). The low seed yield could
have been affected by the relative drought in that year, espe-
cially in May and June, representing the vegetative and
flowering periods of flax. Anastasiu et al. [22] described
May and June as a critical period for the moisture need and
uptake crucial for linseed development and the subsequent
high seed yield in the moderate climate. A negative effect
of water shortage in the spring season on the seed yield was
also confirmed in a more recent study [23]. Oppositely, the
higher precipitation sum in 2020 was potentially responsi-
ble for the lower seed yield compared to 2018. The signifi-
cant effect of the environmental conditions and agronomic
practices was also reported in the recent study by Rossi et al.
[20]. The authors also found that abiotic stress in the form of
low rainfall and high temperature negatively affects the seed
yield, whereas these findings also correspond with the older
study performed by Casa et al. [21]. In our research, differ-
ences between cultivars in seed yield were only observed
between selected cultivars in 2018 and 2020, whereas in the
year 2019 they were not significant. This finding is partly
coherent with the results reported by Saastamoinen et al.
[19]. who states there were no significant differences in
yield between ten linseed cultivars. As shown in Table I,
the thousand-seed weights ranged from 5.3 to 7.0, which
seemed to be affected more by the cultivar than by the seed
yield since we observed the differences between cultivars
in every growing year, and oppositely, the inter-year vari-
ability within three cultivars was insignificant. Correspond-
ingly, the enormous differences in thousand-seed weights
of 16 cultivars ranging from 3.5 to 1.5 g were reported
by Diedrichsen et al. [24]. The significant differences in

thousand-seed weight between ten genotypes were also
found by Kaya et al. [25].

Both yield parameters were positively correlated. The
beneficial effect of thousand-seed weight on seed yield was
also observed by Rossi et al. [20]. Accordingly, brown-
seeded cultivars (Agram, Libra, Flanders) exhibited a higher
yield and thousand-seed weight than yellow-seeded culti-
vars (Amon, Agriol, Raciol), indicating a potential positive
relation of colour and yield parameters. However, more
cultivars should be involved for a more trustable compari-
son of yield and other parameters assessed within this study
related to linseed colour. The obtained results confirmed the
significant impact of the environment and genotype on the
linseed yield characteristics. While the seed yield seemed
to be mainly affected by the weather, the thousand-seed
weight parameter depended rather on genotype. Therefore,
cultivar selection, as the influenceable factor, may represent
an important aspect of yield optimization.

Proximate Chemical Composition

The proximate compositions of linseeds of each cultivar
obtained in three growing years are presented in Table 2.
The reported data show particular differences in oil and
crude protein content among cultivars or years. On the other
side, no differences between studied cultivars or growing
seasons in the ash and carbohydrates content were observed.

The interesting phenomenon was observed within
the crude protein content ranging from 5.8 to 21.5% in
fresh weight (FW), where significantly lower values were
observed at four cultivars (two cultivars had insignificantly
lower content) in the season 2018, compared to years 2019
and 2020, exhibiting deviated precipitation in a critical
period of linseed growth. This finding may potentially show
the positive effect of a seasonal precipitation shortage or
surplus on the crude protein content. The oil content ranged
from 34.2 to 40.7% in FW, which is slightly less than the
oil content of six Chinese cultivars (36.7 to 41.9% FW)
reported by Zhang et al. [26]. Saastamoinen et al. [19] stated
the differences between oilseed cultivars in oil, ranging
from 42.5 to 48.8% in dry matter (DM) and protein content

Table 1 Yicld and thousand-sced weight of different linseed cultivars cultivated in three subsequent growing seasons

Parameter Year Linsced cultivar
Amon Agram Agriol Raciol Libra Flanders
Seed yield (t'ha)* 2018 2.4840.10° 2.69+0.20%C 2.8340.208¢ 28240238 3.66+0.30™ 2.97 +0.085
2019 1.41+0.08" 146 +0.14° 1.4340.12¢ 1.43+021° 1.44 007 1.34 4 0.08"
2020 23440275 2.14%0.07% 2.3640.128" 2. 744023 28340174 2384 0,024
Thousand-sced weight 2018 5.4940.13° 7.00 % 0.08* 6.08 4 0.095¢ 58340029 6.67 20,10 6.04 4 0.07%%
(g) 2019 5.3340.27% 6.39%0.19%" 5.6140.528 5.50+0.17% 5.75+0.29% 5.5040.175"
2020 5.9040.08° 6.89+0.12% 6.29.4+0.09% 6.09.40.10° 6.64 011" 6.2240.14%

*Seced yield is standardized to 8% moisture content; *~"values with different superscripts (cultivars) within a row differ significantly (p < 0.05);

u-c,

values with different superscripts (years) within a column differ significantly (p<0.05); n=5

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.

115



162

Plant Foods for Human Nutrition (2024) 79:159-165

Table 2 Proximate chemical composition of different linseed cultivars cultivated in three subsequent growing scasons

Component Year Linsced cultivar

% in FW) Amon Agram Agriol Raciol Libra Flanders

Fat 2018 37.54+1.33" 39.0240.70"%  37.714082° 38264022 40714194  38.67+2.04"°
2019 36.03+1.11%% 36.71+041%%  36.03+051*%  34.18+0.68" 37434057 34.86+1.40"°
2020 36372083 36.99+ 081 36.91 +0.54 35.53+1.75" 3741+ 1.86 35.57+1.30

Crude protein 2018 1777+ 1.18° 16.804+1.91" 18.1440.59 17.18 % 1.06° 17.66 4 1.02° 15.81+1.08"
20019 19.83+0.59" 20.53 4 1.36 19.87 4+ 1.48 21.01 +0.62 2061092 20.39+1.32"
2020 21.25+0.33° 20,93 +0.59" 20.29 4 0.49 21.47+0.79" 212541000 20.24+0.76"

Ash 2018 3484006 3.3840.04 341+0.12 3504010 3.4140.10 31454013
2019 3344005 33840.14 3314006 3404007 3.5140.04 3444017
2020 3.5940.07 3.50+0.04 3.61+0.12 3754005 3.67 +0.06 31644009

Moisture 2018 6.2740.1448 6.69 +0.24* 6.53+ 0074 6.33 4005 5.9840.10% 648 +0.21%
2019 6014005 6.32 4009 5.994+0.07" 6.08+0.17 58840.12 6.21+0.15
2020 57540138 6.4740.71* 5.554+0.05% 5.8740.19% 5.76 +0.20% 5.59+0.20%

Carbohydrates* 2018 34.94+1.15 34.0342.02 34.2140.55 34.73+0.87 32234250 35.5941.33
20019 34792129 33.07+1.36 34.80 4+ 1.56 35324121 32584071 35.1041.93
2020 33.04+0.80 32114132 33.6440.69 33.30+2.63 31.9240.94 34.9742.02

FW: fresh weight; *calculated value (100 - % fat - % crude protein - % moisture - % ash); A-8values with different superscripts (cultivars) within
a row differ significantly (p < 0.05); “"values with different superscripts (years) within a column differ significantly (p<0.05): n=5

(19.4-25.2% DM). Unlike the study reporting no significant
differences in oil content (37.1-39.2% DM) between six
cultivars Ceh et al. [23], we found differences between some
cultivars in 2018 and 2019. The cultivar Libra exhibited the
highest content (38.5% FW on average) within three years.
In our research, we observed that the oil content was deter-
mined by the genotype and the environment but not by their
combination. The possible significant effect of the genotype
on the oil content may be determined by the linseed colour
since the oil content of brown-seeded cultivars was signifi-
cantly higher compared to yellow-seeded cultivars. Related
to the lack of precipitation in 2019, we found that the oil
content in the linseed grown in that season was the lowest
by all cultivars except Libra. This finding corresponds to the
study by Anastasiu et al. [22] since they also observed the
lowest oil content in six linseed cultivars (from seven culti-
vars in total) grown in Romania during only one year (from
nine years in total), exhibiting extreme drought in May and
June.

We observed a negative correlation between oil and crude
protein content, whereas both parameters depended on the
year (Table S3). This relationship was confirmed by several
studies [19, 27, 28] and indicated that a higher amount of
oil usually leads to a lower protein content and vice versa.

Analysis of Lignans, Total Phenolic Content and
Antioxidant Activities

The original method combining HPLC separation and triple
quadrupole MS/MS in dynamic MRM mode was newly
developed and validated for a target analysis of linseed lig-
nans (Supplementary material 1). Table 3 shows the content
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of lignans presented in linseed samples after alkaline and
acidic hydrolysis. SDG and MATA were detected and quan-
tified, but LARI and PINO were determined neither after
alkaline nor after acidic hydrolysis (they were below LOD).
The content of SECO is also not reported even though we
have detected it after the acidic hydrolysis. The reason for
this decision represents the fact that SECO transforms into
anhydroSECO to some extent under acidic conditions [8],
leading to underestimation of results. In addition, reporting
a glycosylated form of SECO (SDG) is more suitable since
it is a natural form of SECO in linseed. We found the con-
tent of SDG with a quite variable range (4.9-12.2 mg/g DM)
and it was affected by the year only in four cultivars, while
two cultivars were unaffected (Table 3). Moreover, these
two Dutch cultivars (Libra and Flanders) exhibit signifi-
cantly lower SDG content than the remaining Czech culti-
vars. Compared to SDG, MATA was detected in the samples
at a much lower level (1.6 to 3.8 pg/g DM) and only after
acidic hydrolysis, which indicates it occurs in glycosylated
form only. Nevertheless, the specific natural form of MATA
(namely, the position and number of sugar moieties) in the
linseed matrix remains unknown.

Saastamoinen et .al. [19] observed the influence of the
different cultivation sites during four cultivation seasons
and of the genotypes (ten cultivars) on the SDG content
(3.6-7.6 mg/g DM). Zhang et al. [15] indicated that the dif-
ferences among six linseed cultivars affect the SDG content
(4.7-7.3 mg/g FW) more than cultivation of linseeds in dif-
ferent environments (eight growing sites and two seasons).
Also, the level of other lignans (SECO and MATA) can be
determined by the cultivar and growing site. However, it
is hard to compare the results of MATA with the literature
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Table 3 Content of lignans, total polyphenol content and antioxidant activity (DPPH and ABTS) in different linseed cultivars cultivated in three

subsequent growing seasons

Chemical composition Year Linsced cultivar
Amon Agram Agriol Raciol Libra Flanders
SDG 2018 12244 1.49*  11.09+1.57" 9854055 1132020 736+087"  7.30+0517
(mg/g DM) 2019 7.7940.62° 725+ 1.20° 5.6440.33" 6394032  488+0581 5.2040.74
2020 99241924 (0254 123400 7684234598 1274090 728+ 1.875C  6.36+0.50¢
MATA 2018 28440514 269404148 278402348 3414044%  2.142057%  1.58+0.05%
(ug/g DM) 2019 254+0.724% 3794057 23440678 318+058%%  181+£031%  2.1240.69"
2020 261+0.16 2.7240.50 2514062 2.81 4030 1.99+0.15 1.57+0.09
TPC 2008 19040088  215+0.14* 14040218 1.96+0.15*  1.43+008"  1.444+0.08*
(mg GAE/g DM) 2019 1.83+0.06" 1.79+0.15% 14840398 14640098  1.12+002%  1.2040.13%
2020 1.73+0.17% 25340274 15840458 1.90+0.16°  1.37%0.19 1.33+£0.15¢
DPPH 2008 575+033"" 6142047 5.2540.37% 5.684022"%  494+039"  515+0.14"
(mg TE/g DM) 2019 4984035 566+050" 46840517 490+022""  460+£029"  4.78+0.25"
2020 526+0.17° 6.364+0.20" 4.9940.22% 5574029 4894026 4.80+0.24"
ABTS 2018 7044036 7T.a1+0.60" 5344078 642+027"™  549+031%* 5.17+0.46°
(mg TE/g DM) 2019 5714014 638+£032% 4254037 5124027%% 4245032  4.76+0.19%
2020 6.6440.75"  642+077" 49440325 £3940.70"  4.70+040° 5.74+0.11*"

DM: dry matter; SDG: secoisolariciresinol diglucoside: MATA: matairesinol; TPC: total polyphenol content; GAE: gallic acid equivalent; TE:
Trolox equivalent; DPPH: 2,2-diphenyl-1-picrylhydrazyl; ABTS: [2.2-azinobis-(3-cthylbenzothiazoline — 6-sulfonic acid)]; *~“values with
different superscripts (cultivars) within a row differ significantly (p <0.05); *""values with different superscripts (vears) within a column differ

significantly (p<0.05); n=5

because the reports regarding its concentration in linseed
are scarce. As far as the authors of this paper are aware,
only two papers are comparing the content of MATA in
different cultivars. Zimmerman et al. [17] reported a stron-
ger effect of the cultivar (six cultivars) compared to envi-
ronmental factors (combination of two growing sites and
three nitrogen fertilizer doses), which influenced the SECO
(2.4-5.7 mg/g DM) and MATA (1.6-7.7 ug/g DM) content,
indicating the strong dependency on genetic predisposition.
However, the year significantly affected SECO content only
in one cultivar. Krajéovi et al. [29] compared nine cultivars
within one year, and the content of MATA ranged between
3 and 9 pg/g FW in linseed cultivars. There are also other
slightly outdated reports on the content of MATA in linseed.
For instance, Mazur et al. [30] reported 10.87 pg/g FW,
Thompson et al. [31] 1.53 pg/g FW, Milder et al. [32] found
5.53 pg/g FW, whereas Kraushofer & Sontag [33] mea-
sured seven samples where MATA content ranged from 7
to 28.5 pg/g FW. However, none of these authors specified
the attributes of linseed samples (cultivar, year of harvest.
location of growing). Since the SDG, MATA and SECO
{when performing acidic hydrolysis) were expected to be
quantified according to the scientific literature, the poten-
tial detectability of LARI and PINO was rather hypothetical
since they don’t represent the final products of lignans bio-
synthesis in linseed [34].

SDG content was positively correlated with seed yield.
However, this relation may be quite variable and should
be verified by further studies dealing with more linseed
cultivars grown under various environmental conditions.

Besides that, the SDG level was also related to MATA.
The content of lignans was positively correlated with total
phenolic content (TPC), DPPH, and ABTS radical scaveng-
ing activities. Correspondingly, all the antioxidant-related
assays were related to each other (Table S3). These relations
are coherent with results reported by Garros et al. [16]. They
observed in five cultivars the significant positive correlation
of SDG, caffeic acid glucoside and p-coumaric acid gluco-
side contents with ferric reducing antioxidant power (FRAP)
in the range 217.4-355.8 uM of Trolox equivalent antioxi-
dant capacity (TEAC), oxygen radical absorbance capacity
(ORAC, 270.0-375.8 uM TEAC), and iron chelating anti-
oxidants assays (7.2-14.7 uM of fixed iron). The positive
relation between SDG (15.9-21.3 mg/g) and SECO (1.9~
3.2 mg/g) with ABTS antioxidant assay (14.2-36.1 mmol
TE/g). as well as TPC (109.9-246.9 mg GAE/100 g) with
ABTS, DPPH (32.6-46.2 mg TE/100 g) and FRAP (0.6 to
1.1 mg TE/g), observed within defatted linseed meal (DFM)
of 32 cultivars grown within three years and six different
growing sites, was also reported by Deng et al. [35]. Based
on our results and the findings stated in the two previously
mentioned research studies, the high content of lignans is
probably one of the major factors positively contributing to
the antioxidant potential of linseed.
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Conclusions

This study proved certain impacts of different genotypes
and growing conditions on the seed yield, chemical com-
position, and antioxidant potential of linseeds. The vari-
ability in precipitation led to substantial effects on the seed
yield and SDG content, especially the drought in the critical
period of plant development, causing their drastic decrease.
The crude protein content was negatively related to oil con-
tent but not decreased by precipitation stress. The content of
SDG and MATA differed between cultivars and positively
correlated with TPC and antioxidant assays. Nonetheless,
PINO and LARI were not detected in any studied cultivars.
To sum up, the results presented in this study point out that
cultivar selection combined with suitable growing condi-
tions may greatly influence nutritional value and bioactive
compounds content in linseed. Therefore, it is expected that
new findings about linseed composition and its response to
environmental factors will be further reflected in specialized
breeding and optimized growing to obtain food with desir-
able properties.
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Materials and Methods

Cultivation trial and plant material

In this experiment, three yellow-seeded cultivars - Agriol, Amon and Raciol (owner: Agritec
Plant Research s.r.o., Sumperk, Czech Republic) and three brown-seeded linseed cultivars -
Agram (owner: Agritec Plant Research s.r.o., Czech Republic), Flanders and Libra (owner:
Limagrain Advanta Nederland, Lelystad, Netherlands). The cultivars Amon, Agram, Raciol and
Flanders belong to the medium maturity group. Libra represent the mid-early cultivar, and
Agriol possesses the late maturity. The selected cultivars are characterized by different alpha-
linolenic acid (ALA) content. Libra and Flanders belong to the cultivars with high content of
ALA, Agram and Raciol have the middle ALA content, followed by Amon and Agriol with a
low level of ALA.

The named cultivars were sown to produce experimental material. The seeding rate was 8
million germinating seeds per hectare. A diagonal cultivation trial (Table S1) for linseed
production was established at the Experimental Field Station of the University of South
Bohemia in Ceské Budgjovice, Czech Republic (48° 58' 29.2" N 14° 26' 52.0" E, elevation
approximately 380 m above sea level), during three subsequent seasons in 2018 (April 9), 2019
(April 11) and 2020 (April 7). Five plots, representing five biological replicates, were sown for
each variety and each year and one analytical replication was conducted from each plot for all
analyses (see below), thus n =5 x 1. During all three seasons, meteorological data was collected
using a meteorological station situated on the experimental field, whereas the data related to the
precipitation and temperature in the growing season (January — August) are visualized in Fig.
S1. Agrochemical soil analyses (Table S2) were performed by laboratory AGRO-LA, spol. s
r.o. (Jindfichuv Hradec, Czech Republic) to eventually suggest or optimize the fertilizing
schedule before each growing season. During the vegetation, the plants at the height of 10 to

15 cm were treated with registered post-emergent herbicide GLEA 75 WG containing the
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chlorsulfuron in a dose of 15 g/ha, in the third pair of true leaves growth stage (May 11, 2018;
May 24, 2019; and May 18, 2020). The linseeds were harvested (August 21, 2018; August 26,
201; and August 27, 2020) by Wintersteiger Nursery Master Elite small plot research combine
harvester. Linseeds were then pre-cleaned from impurities, including moisture-increasing
contaminants, and dried by cold air. Till the analyses, seeds were stored in the dark in paper
bags inside polypropylene bags at 4 °C and at relative humidity of 42%. The yield
characteristics were expressed as the seed yield (t/ha) standardized to 8% moisture content and

the thousand-seed weight (g).

Proximate Composition Analyses

The samples were analysed for water content by gravimetric method. Subsequently, analyses
for crude fat content using the Soxhlet method, crude protein content (N x 6.25) and ash content
were performed. All the proximate analyses were determined according to Barta et al. (2021).
The moisture of the samples (2 g) was determined as the difference in the weight of fresh seeds
and seeds dried at 105 °C for 3 h in a drying oven (Universal oven UF110, Memmert GmbH +
Co. KG, Buechenbach, Germany).

The crude fat content was assessed by the Soxhlet extraction method on the automatic extraction
system ANKOM XT10 Extractor (ANKOM Technology, Macedon, NY, USA). The fat content
was determined as the weight difference before and after the extraction.

The crude protein content was determined via the modified Dumas method using the rapid N
exceed® nitrogen and protein analyser (Elementar Analysen Systeme, Langenselbold,
Germany). The values for crude protein content were assessed by multiplying the measured

nitrogen content by a factor of 6.25.
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The ash content of linseeds was measured as the total amount of inorganic residues remaining
after the high heat incineration of milled seeds at 550 °C for 5 h in a muffle furnace (muffle
furnace LE 09/11, LAC s.r.0., Zidlochovice, Czech Republic).

The content of carbohydrates was determined as the remaining residue of the total dry matter

(DM) after subtracting the sum of fat, protein and ash.

Total Phenolic Content

Whole seeds were milled using the knife mill Grindomix GM200 (Retsch, Haan, Germany) at
10,000 rpm for 60 s. The milled samples for total phenolic content (TPC) were extracted by
80% aqueous solution of ethanol at the ratio 1:20 (sample:solvent) for 24 h at room temperature
(RT). Consequently, the samples were extracted in an ultrasonic bath and centrifuged at 4500
rmp for 10 min. The supernatant was collected and stored in 2 ml microcentrifuge tubes in a
freezer.

TPC was determined by the modified Folin-Ciocalteu method according to Lachman et al. [1].
To prepare the reaction, 10 puL of extract was mixed with 990 ul deionised H>O, and 50 uL of
Folin-Ciocilteu’s phenol reagent was added consequently. Until 8 min after mixing with the
reagent, 150 pul of 20% sodium carbonate was added, and the samples were then incubated at
RT for 120 min. The absorbance was measured at A = 765 nm using BioMate 5 UV-Vis
Spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA). A standard
calibration curve was assessed using gallic acid at the concentration from 0 to 2000 pg/ml. TPC
was expressed as milligrams of gallic acid equivalents per gram of dry weight of seeds (mg

GAE/g DW). The final mixed reagent without sample content was used as a blank.
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Antioxidant Activity

The antioxidant activity was determined by modified DPPH (2,2-Diphenyl-1-picrylhydrazyl)
and ABTS (2,2"-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) methods
according to Sulc et al. [2] . For the antioxidant activity assessment, the samples were prepared
by the same procedure as for the TPC assay.

The stock solution stable free radical DPPH was prepared by dissolving 25 mg of radical in 100
mL of methanol. The working solution was prepared by diluting the stock solution with pure
methanol to achieve an absorbance of 0,800 = 0,01 (A = 515 nm) using BioMate 5 UV-Vis
Spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA).. To the 975 ul of
DPPH working solution was added 25 pl of sample. The absorbance of samples was determined
at A = 515 nm after 30 min incubation at RT.

The working solution for the ABTS assay was prepared by dissolving 54.8 mg ABTS reagent
and 1.0 g MnO; in 20 mL of deionized water. The filtered solution (PTFE 0.25 um) was diluted
in 5 mM phosphate buffer to an absorbance of 0.800 = 0,01 (A = 734 nm) using BioMate 5 UV-
Vis Spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA). 100 pL of sample
extract was added to 1 mL of the radical solution. The absorbance of samples was determined
at A = 734 nm after 1 min incubation at RT.

Trolox was used as the calibrant for the DPPH and ABTS assays, and a calibration curve was
prepared at the concentration from 0 to 2000 pg/ml. Thus, the results of DPPH and ABTS

assays were expressed as Trolox equivalent antioxidant capacity in mg TE/g DW.

Sample Extraction for Lignans Analysis
Optimised extraction of lignans was as follows: approximately 10 g of a ground sample was
defatted three times in hexane. Methanol (70%) in volume of 10mL was added to 0.1 g of

defatted sample weighed in 15 mL centrifuge tubes. The mixture was extracted in an ultrasound
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bath (40 kH) for two hours and was gently shaken every 15 minutes. After that, the sample was
centrifuged for 30 minutes at 4000 rpm and the supernatant was collected. To precipitate the
coextracted proteins and polysaccharides, the samples were stored at -18°C for one week. The
precipitate was then removed by filtrating the sample through a PTFE (0.45um porosity)

syringe filter.

HPLC-MS/MS Analysis of Lignans

The analysis of lignans was focused on the quantification of secoisolariciresinol diglucoside
(SDG), secoisolariciresinol (SECO), lariciresinol (LARI), pinoresinol (PINO) and matairesinol
(MATA) by HPLC-MS/MS approach. Commonly used methods for the detection of lignans
(mainly SECO or SDG) are based on liquid chromatography (HPLC) with a wide variety of
detectors, e.g. ultraviolet or diode array and electrochemical detectors [4]. Their sensitivity and
specificity might not be suitable for detecting minor lignans present in linseed in a very low
amount. On the other hand, HPLC coupled with mass spectrometry (MS) ensures low detection
limits along with high specificity. These HPLC-MS methods were successfully applied for the
analysis of lignans in linseed [5, 6]. Several methods of gas chromatography (GC) were also
developed. However, their disadvantage compared to HPLC is that the lignans must be

derivatised before injection [4], making them more time and money consuming.

Firstly, the lignans were extracted from the matrix as mentioned above. To release SDG from
the SDG oligomer macromolecule, the sample extract (300 pL) was hydrolysed with 300 puL of
40mM NaOH (in methanol). Alkaline hydrolysis was carried out at 50°C for one hour. The
hydrolysed sample was properly diluted and analysed using high-performance liquid

chromatograph coupled with a mass spectrometer (HPLC-MS).
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Due to the reason that alkaline hydrolysis released only SDG, we conducted acidic hydrolysis
using HCl to search for other above-mentioned lignans. Thus, 200 pL of alkaline hydrolysed
sample was mixed with 200 uL of 2M HCL. The hydrolysis took one hour at 95°C. The sample

was then diluted and analysed using the HPLC-MS instrument.

Either alkaline or acidic hydrolysed samples were analysed using Agilent 1260 Infinity II Prime
coupled with triple quadrupole mass spectrometer Agilent 6420 equipped with an electrospray
ionisation source. To avoid contamination of the ion source of the mass spectrometer (see
below) with NaOH or HCI (or NaCl), two dead volumes of the column were diverted to waste.
The settings of HPLC and ion source for the analysis of lignans are presented in Table S4. The
lignans were quantified using Multiple Reaction Monitoring mode, and the detailed parameters
are shown in Table S5 together with limits of detection, limits of quantification, calibration
curve linear range and regression coefficients and intra- and interday precision. The
quantification was achieved using standard reference compounds of lignans purchased from
Merck (Praha, Czech Republic) with a purity of at least 95%. The lignans were dissolved in
methanol with a concentration of 1 mg/mL to make a stock solution. The dissolved amount was
adjusted concerning the purity of the standard. The stock solutions were stored at -20 °C until

they were used to prepare the calibration curve.

Statistical Analysis

The data values presented in the manuscript are expressed as mean + standard deviation. The
obtained results were statistically processed by Statistica 14 software (Tibco, Palo Alto, CA,
USA) and evaluated using two-way analysis of variance (ANOVA), followed by Tukey's HSD
post hoc test to find out the differences between groups. The relation between different quality
traits of linseed cultivars or linseed was analysed using Pearson correlation coefficient.
Differences between all tested data were considered significant at p < 0.05 (significance level

of a=0.05).
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Table S1 Design of small-plot cultivation trials for growing seasons 2018, 2019 and 2020

2m 1.25m 1.25m 1.25m 1.25m | 1.25m l 1.25m | 2m
0.5m

8m AGRAM 1 LIBRA 1 AMON 1 AGRIOL 1 RACIOL 1 FLAND. 1 8m
05m

8m FLAND. 2 AGRAM 2 LIBRA 2 AMON 2 AGRIOL2 RACIOL 2 8m
0.5m

§m RACIOL 3 FLAND. 3 AGRAM 3 LIBRA 3 AMON 3 AGRIOL 3 8m
0.5m

8m AGRIOL 4 RACIOL 4 FLAND. 4 AGRAM 4 LIBRA 4 AMON 4 8m
0.5m

8m AMON 5 AGRIOL S5 | RACIOLS FLAND. 5 AGRAM 5 LIBRA 5 8 m

05m

2m 1.25m 1.25m 1.25m 1.25m 1.25m 1.25m 2m

The bold text represents the names of the studied linseed cultivars; the shortcut ,FLAND." features for cultivar
Flanders
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198

199  Fig. S1 Meteorological data of growing seasons 2018, 2019 and 2020. Each bar represents the
200  average temperature in a single month of a single year. Each line represents the temperature
201  development in a certain year during the growing season. The abbreviation ,,p.” features for

202  precipitation and ,,t." for temperature.
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212 Table S2 Results of agrochemical soil analyses for growing seasons 2018, 2019 and 2020

Content in soil dry matter (mg/kg)

Element / Parameter 2018 2019 2020
Phosphorus 134 142 162
Magnesium 102 83 74
Potassium 194 106 126
Calcium 1020 912 962
Dry matter 86.4 90.6 84.7
pH (CaCl2) 6.1 5.0 5.7
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227  Table S3 Correlation analysis of studied parameters in linseed cultivars cultivated in three

228  subsequent growing seasons

SY TSW Fat Ccp Ash Moist. Carb. SDG MATA TPC DPPH  ABTS
SY 0.544%  0.729*  -0.395 0.351 0.092 -0.239  0.506%  -0.168 0.128 0.266 0.306
TSW 0.536* -0.080  0.223 0.171 -0.633 0236  -0.034 0367  0.482*  0.268
Fat -0.692%  -0.156  0.348 -0.340  0.297 -0.127 0.138 0.273 0.195
(94 0.538*  -0.576 -0371  -0.156  0.101 -0.015  -0.153  -0.132
Ash -0.577* 0346 0.211 -0.227  -0.022 0.002 0.091
Moist. 0.218 0.391 0.353 0436  0.628* 0376
Carb. -0.061  -0.013  -0.170  -0.175  -0.253
SDG 0.488*  0.757* 0.814*  0.845*
MATA 0.550*  0.556* 0.525%
TPC 0.915*%  0.781*
DPPH 0.834*

ABTS

229 SY: seed yield; TSW: thousand-seed weight; CP: crude protein; Moist.: moisture; Carb.: carbohydrates;

230 SDG: secoisolariciresinol diglucoside: MATA: matairesinol; TPC: total polyphenol content; DPPH: 2, 2-diphenyl-

231 |-picrylhydrazyl; ABTS: [2.2-azinobis-(3-ethylbenzothiazoline -6-sulfonic acid)]: » = 30; #*correlation

232 coefficients with asterisk are statistically significant (p < 0.05)
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Table S4 Settings of HPLC-MS for the analysis of lignans in linseed samples

HPLC:

Parameter

Column

Mobile phase

Gradient

Mobile phase flow
Column temperature
Injection volume

UV -VIS detection

Mass spectrometer:

Chromshell C18 Plus, 2.6pum,
150 x 2.1mm

A: 5% Methanol + 0.5%
HCOOH

B: 100% Methanol

0 — 14 min: from 25 to 70% B
14— 17 min: 70 % B

17 — 25 min: from 70 to 25%
B

column equilibration for 5 min
0.25 ml/min

35°C

Sul

288 nm (scan 190 — 950 nm)

Parameter

lonisation electrospray, negative mode
ing gas

L 350°C
temperature (N,)
Gas flow in

10 L/min
nebuliser (Na2)
Gas pressure in

50 psi
nebuliser (Na2)
Capillary Voltage 5000V

13
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260

261

262

263
264
265
266
267

Table S5 Settings of multiple reaction monitoring, calibration curve correlation coefficients and ranges, intra- and inter-day precision and limits

of detection (LOD), limits of quantification (LOQ) of lignans in linseed.

. . Cell Calibration . . Precision (% RSD)§ LOQYt LOD¥
Transition Collision 3 Calibration
Compound (/) Fragmentor (V) gt V) accelerator curve linear P Intra- Inter-
i fd voltage (V)  range (ng/mL) day? dayt (ng/mL)
SDG 685.2 — 5232 216 28 0 5,488 = 5600 0656 16.67 19.36 0.335 §:106
685.2 — 59.2% 216 80 0 . - . 0.28 7.43 ’ .
SECO 361.2 — 165.1 144 28 0 954 - 3060 50 3.14 7.90 {119 033
361.2 — 121.0* 144 40 0 ) - . 0.28 4.11 : h
LARI 359.1 — 329.1 104 12 2 4.29 7.27
-2 . 5 5
359.1 — 192.4* 104 20 2 1:333.-2000 %39 1.06 5.57 9310 %53
357.1 — 136.0 116 44 2 1.05 2.51
.3-50 997 B 117
357.1 — 151.1% 116 8 2 A3-300 032 0.45 6.76 10349 A
B 2
MATA 357.1 — 83.0 108 24 0 0.488 — 500 0.998 7.44 13.52 0.438 0131
357.1 — 137.1% 108 20 0 0.59 3.44

kxa

¥LODs and LOQs were calculated according to this formula: LOD or LOQ = ] where k is 3.3 or 10 for LOD or LOQ, respectively, o is the baseline noise of the blank
solution chromatogram and S is the slope of the calibration curve; *: transition with asterisk is qualification transition; transition without asterisk was used for quantification;
RSD: relative standard deviation; SDG: secoisolariciresinol diglucoside: SECO: secoisolariciresinol; LARI: lariciresinol; PINO: pinoresinol;: MATA: matairesinol;
#Calibration curve solutions were analysed in triplicate for three consecutive days to determine intra- (n = 3) and inter-day (n = 9) precision; {intra- and inter-day precision is

reported as relative standard deviation at the lowest (upper value) and the highest (nether value) calibration curve point. The determination of validation parameters was based
on the ICH Q2(R2) guideline [7].
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4.3 Vytézinost, funkéni vlastnosti a antioxidaéni potencial
slizotvornych polysacharidi

Slizotvorné polysacharidy Inéného semene tvofi ptiblizné jednu tietinu dietarni
vlakniny. Jak bylo zminéno v pfedchozich kapitolach, jejich pfitomnost ve Inénych
semenech mize byt pomérmné variabilni a zavisi z velké ¢asti na fenotypu zdrojové
rostliny. Podminky extrakce pak ovliviiuji nejenom slozeni Inéného slizu, a souvisejici
funk¢ni vlastnosti a antioxida¢ni potencial, ale také samotnou vytéznost slizu. Cilem
prvni publikace této vysledkové ¢asti predstavovalo stanoveni vytéznosti, obsah
polyfenoll a antioxida¢ni aktivita slizii izolovanych ze semen Sesti odrid. VSechna
data byla statisticky vyhodnocena pomoci metod analyzy variance, post-hoc testu a
korela¢ni analyzy.

V ramci experimentu byl Inény sliz semen Sesti odrid (Amon, Agriol, Raciol,
Agram, Libra, Flanders) extrahovan ve vodném prostfedi po dobu 3 hodin pii 50 °C
vV poméru 1:10 (semena:voda). Sliz byl nasledné vysusSen a homogenizovan do formy
prasku. Pro zjiSténi antioxidaniho potencidlu byl stanoven obsah celkovych
polyfenolti pomoci Folin-Ciocalteauova cinidla a antioxida¢ni aktivita, pouzitim
spektrofotometrickych metod zalozenych na principu zhaseni radikali ABTS a DPPH.

Vytéznost slizu pfepocitand na suSinu se mezi odriidami statisticky vyznamné
liSila. Nejvyssi vytéznost byla zjisténa u odridy Agram a nejmensi u odridy Libra.
Odradova variabilita ve vytéznosti byla prokazana i v ramci jinych relevantnich studii.
polyfenoll a antioxida¢ni aktivitu v ptipadé obou metod (TPC: 0,5 mg EKG/g; ABTS:
1,7 mg EKA/g; DPPH: 0,3 mg EKA/g). Nejvyssi hodnoty téchto parametri byly
naopak zjistény u odridy Agriol (TPC: 6,7; ABTS: 8,7; DPPH: 2,3). Rozdil v obsahu
celkovych polyfenolt a antioxidacni aktivity byl mezi odridami signifikantni a bylau
nich rovnéz prokazana vzdjemna, statisticky vyznamna pozitivni korelace.

Na zékladé ziskanych vysledkl lze vyvozovat, ze odriida ma zésadni podil na
vytéznosti slizu a jeho antioxidacnim potencidlu, ktery nemusi byt v ptipadé
vybranych odrid bezvyznamny. Tato zjis§téni mohou ptfedstavovat cennou informaci
pro Slechtitele, jez mohou cilenym S$lechténim odriid Inu ovliviiovat nejenom
potencialni vytéznost a funkéni vlastnosti slizotvorné frakce, ale také jeji biologickou

aktivitu.
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Kompletni informace a zdroje vztahujici se k dané problematice a vyse uvedené
anotaci jsou uvedeny v publikaci:

JaroSova, M., Barta, J., Bartova, V. (2018) Slizotvorné frak’ce v semenech olejného
Inu a jejich antioxidacni aktivita. Vedeckd priloha casopisu Uroda, 66(12): 435-438.
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Slizotvorné frakce v semenech olejného Inu a jejich antioxida¢ni aktivita
Mucilage fractions in flaxseed and their antioxidant activities
JaroSova M., Barta J., Bartova V.

Jihoceska univerzita v Ceskych Budéjovicich, Zemédélska fakulta

Abstrakt

Tato prace byla zaméfena na studium vlastnosti rozpustnych slizotvornych latek semen Inu
set¢ho

ve vodném prostiedi. Jako vychozi material bylo vybrano 6 odrid Inu. Zahmuty byly odrady
klasické i s pozménénym obsahem a-linolenové kyseliny. Nejvyssi vytéznost slizotvorné
frakce byla zaznamendna u odridy Agram (5,1 g/100 g Inéné¢ho semene), u této odridy byl
viak zaznamendn nejnizs§i obsah polyfenoli a antioxidacni aktivity. Nejméné slizotvornych
latek tvofila odrida Libra (2,37 g/100 g Inéné¢ho semen). Vyrazné vy3si obsah polyfenoli a
antioxidacni aktivity, v porovnani s ostatnimi odriidami, byl zaznamenan u odridy Agriol. U
souboru studovanych odriad byla zji§téna pozitivni korelace mezi obsahem polyfenoli a
antioxidac¢ni aktivitou.

Klitova slova: len olejny, slizotvorné frakce, antioxidacni aktivita, polyfenoly

Abstract

The paper is aimed on the study of properties of the water-soluble flaxseed mucilage
fractions. As the source material was chosen 6 cultivars of flaxseed. Classical cultivars and
cultivars with changed content of «-Linolenic acid wee included into the group. In this group
were comprised. The highest content of mucilage fraction was found in the cultivar Agram
(5.1 g/100 g Flaxseed). On the other side, the lowest content of polyphenol and antioxidant
activity was measured within the cultivar. Lowest mucilage fraction content was found for the
cultivar Libra (2,37 g/100 g Flaxseed). Significantly highest content of total polyphenols and
antioxidant activity were found for the cultivar Agriol. The positive corelation was found
between polyphenols content and antioxidant activity within the studied group of cultivars.
Keywords: flaxseed, mucilage fractions, antioxidant activity, polyphenols

Uvod

Lnéné semeno (Linum usitatissimum L.) patii mezi funk¢éni potraviny prospésné ovliviujici
zdravi. V soucasnosti se $lechténi olejného Inu ubird podle pozadavka zpracovatelského
primyslu smérem ke genotypiim s pozmeénénym obsahem mastnych kyselin a to:
nizkolinolenové (méné nez 3 % alfa-linolenové kyseliny) a odridy se stiednim obsahem
kyseliny olejové (25 — 40 %). Slechténi se také zaméfuje na vlastnosti zvy3ujici uzitkovost
olejného Inu, tedy na vy§si obsah lignant (pfirodni antioxidanty) a nizky obsah kyanogennich
glykosidii (Pavelek e al., 2012; Smirous et al., 2015). Vysokd nutri¢ni hodnota je dina
zejména vyznamnym obsahem a-linolenové kyseliny, bilkovinami a je nejbohat$im zdrojem
rostlinnych lignani. Lnéné semeno je tvofeno z 41 % mastnymi kyselinami, bilkovinami (20
%) a z28 % vldkninou (Kaushik er al., 2016). Rozpustna vldknina (9-10 %) neboli
polysacharidy tvorici sliz se nachdzi ve slizni¢ni vrstvé osemeni. Tyto slizotvorné latky jsou
snadno extrahovatelné ve vodeé, pricemz jejich vytéznost se pohybuje v rozmezi od 3.5 do
10,2 % z celkové hmotnosti semene. Jejich obsah zavisi na fenotypu rostliny. Vytéznost
slizotvornych latek ovliviiuji velkou mérou podminky extrakce. Lnény sliz je heterogenni
smési slozenou z jedné neutralni arabinoxylanové frakce tvofici 75 % a dvou kyselych frakei,
u nichz byla potvrzena antioxidacni aktivita (Roulard et al., 2016; Bouaziz et al., 2016). Sliz
vykazuje vysokou schopnost zadrzovat vodu, coz umoziuje jeho vyuziti jako pfirodniho
hydrokoloidu. Diky schopnosti bobtnat ve vodném prostiedi a zvySovat tepelnou stabilitu, je
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mozné vyuziti téchto schopnosti v potravindistvi jako zahu$tovadlo a nahradit jim bézné
vyuzivané stabilizatory, jako je napf. arabskd guma (Ziolkovska, 2011; Qian et al., 2012).
Mezi dalsi funkéni vlastnosti komplexu slizotvornych latek patii schopnost tvofit gel, emulze
a tvorba pény. Tyto vlastnosti zvySuji potencidl pro jejich vyuziti jako aditiv v
potravinaiskych produktech (Liu et al., 2016). Mezi dalsi vyznamné latky obsazené v Inéném
semeni jsou také lignany, které predstavuji jednu ze skupin polyfenoli (Imran et al., 2015).
Obsah lignanti v semenech Inu je vy$§i nez 1330 mg/100g semene a hlavnim zastupcem je
secoisolariciresinol diglukosid (SDG), (Liu et al., 2018).

Cilem této prace bylo porovnani rozdili v extrakei rozpustné slizotvomné frakce z Inéného
semene u Sesti odrid pii 50°C v destilované vodé. Déle byly porovniny obsahy celkovych
polyfenolit v Inéném slizu a stanovena antioxidac¢ni aktivita pomoci metody vyuZivajici
radikaly ABTS a DPPH.

Material a metody

Pro extrakci Inéného slizu ve vodném prostiedi pii 50°C byly vybrany c&tyfi odridy
zlutosemenné (Agram, Amon, Agriol, Raciol) a dvé hnédosemenné (Libra, Flanders), mezi
nimiz jsou odridy klasicke, tak s pozménénym obsahem o-linolenové kyseliny. Viechny
vzorky semen Inu olejného byly dodiny ze spole¢nosti Agritec Sumperk. Extrakee slizotvorné
frakce byla provedena vodou za teploty 50°C ve vodni lazni. K 100 g vzorku semene bylo
piidano 1000 ml destilované vody a po dobu tii hodin byla smés inkubovina ve vodni lazni za
teploty 50°C, poté byl roztok oddélen od semen. Ziskany sliz byl vysuden za teploty 50°C
vsu$arn¢ a nasledné rozemlet na jemny prasek na planetovém mlynu Pulverisette 6
(FRITSCH, Némecko).

Pro stanoveni celkovych polyfenoli a antioxida¢ni aktivity bylo navazovino 50 mg suSiny
Inéného slizu a provedena extrakce v 1 ml 80% vodného roztoku etanolu po dobu 24 hodin
(6x byly vzorky promichany na vortexu). Vzorky byly centrifugovany (20°C, 15 min, 10000
rpm). Supernatant s obsahem extrahovanych polysacharidia byl pouzit pro nasledujici analyzy.
Metoda stanoveni celkovych polyfenolit Folin-Ciocalteauovym ¢inidlem byla upravena podle
Lachmana (Lachman er al., 2006). Vysledky byly vyjadfeny jako ekvivalenty gallové
kyseliny v mg (EGK — ekvivalent gallové kyseliny) na 1 g suSiny slizu.

Stanoveni antioxida¢ni aktivity metodou s radikalem DPPH (1,1-difenyl-2-pikrylhydrazylem;
25 mg rozpu$téno v 1 1 methanolu). Ubytek absorbance byl méfen pii vinové délce 515 nm po
30 minutach po smichani 25 pl vzorku a 975 ul radikalu DPPH (blank methanol).
Antioxida¢ni aktivita pomoci radikilu ABTS (2,2-azinobis(3-ethylbenzothiazolin-6-
sulfonat)), byla provadéna dle postupu uvedeného v préaci Sule ef al. (2007). Vysledky metod
ABTS a DPPH byly vyjadieny jako ekvivalenty askorbové kyseliny v mg (EAK — ekvivalent
askorbové kyseliny) v pfepo¢tu na 1 g susiny vzorku. Primérné hodnoty byly stanoveny ze 6
paralelnich stanoveni. Ziskana data byla statisticky vyhodnocena pomoci programu
STATISTICA CZ, verze 12 (StatSoft, Inc.). Pro zji$téni a porovnani rozdili mezi skupinami
dat a jejich zavislostmi byla pouzita metoda jednocestné analyzy variance (ANOVA)
vyuzivajici testu homogenity rozptyla (F-test), test stfednich hodnot pomoci Fisherova LSD
testu. Pro zjisténi korelaci a amér mezi jednotlivymi parametry byla pouzita korela¢ni
analyza.

Vysledky a diskuze

Dosazené vysledky vytéznosti slizotvorné frakce pii extrakéni teploté 50°C ve vodném
prostiedi jsou uvedeny v grafu 1. Statisticky bylo prokdzino jednocestnou ANOVOU, Ze
vytéznost slizotvornych frakei se u odrid mezi sebou lisi na hladiné vyznamnosti « = 0,05
(df = 12; F = 39,505; p = 0,0000). Nejvyssi vytéznost a susinu (Tab. 1) méla odrida Agram a
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nejmensi odrada Libra. Vytézek slizotvorné frakce je vyznamné ovlivnén odradou a
klimatickymi podminkami (Kaushik et al., 2017)

Graf 1: Vytéznost slizotvorné frakce v sudiné ziskané extrakei
Ppri 50°C (g/100 g Inéného semene)

Tab. 1: obsah suSiny
v slizotvorné frakci po

extrakci
6,00 a
5,10 b b b b 3
5,00 v
4,33 441 429 437 susina
4,00 slizotvorné
¢ odriida frakce [%]
3,00 237 AGRAM 0,71
= 200 LIBRA 0,29
AMON 0.57
1,00 AGRIOL 0.61
0,00 RACIOL 0,56
AGRAM  LIBRA  AMON AGRIOL RACIOL FLANDERS FLANDERS 0,57

Pozn.: Neshodna pismena indikuji statisticky pritkazny rozdil na hladiné vyznamnosti p < 0,05.

Zjisteny celkovy obsah polyfenola (TPP) u jednotlivych odrad (Tab. 2) predstavoval u odridy
Agriol (6,74 mg TPP/g susiny slizu) nékolikanasobné vy§si hodnoty v porovnani s ostatnimi
odridami u kterych se obsah TPP pohyboval v rozmezi od 0.46 do 3.53 mg EGK/g suSiny
slizu. Antioxidac¢ni aktivita byla prokazina u viech odrad zhaSenim kyslikovym radikala
ABTS a DPPH (Tab. 2). V ramci provedencho statistického srovnani byly prokdzany
pozitivni korela¢ni vztahy mezi obsahem polyfenold a antioxidacni aktivitou s radikalem
ABTS r = 0,9404

(p < 0,05) a antioxida¢ni aktivitou s radikdlem DPPH r = 0,9223 (p < 0,05).

Lze tedy potvrdit, ze antioxidacni aktivita je pfimo imérna celkovému obsahu polyfenoli.

Tab. 2: Antioxida¢ni aktivita slizotvornych frakei a obsah celkovych polyfenoli u
vybranych odrid Inu olejného

ABTS DPPH TTP

relativni relativni relativni

mg EAK/g | porovninis | mg EAK/g | porovninis | mg EGK/g | porovndnis
susiny slizu odridou suSiny slizu odridou suSiny slizu odridou

Flanders [%)] Flanders [%] Flanders [%]
AGRAM 1,71 e 69,51 0,30 e 66,67 0,46 d 39,32
LIBRA 4,40 ¢ 178,86 1,16 b 257,78 2,70 d 230,77
AMON 549 b 223,17 1,19 b 264.44 353 b 301.71
AGRIOL 8,68 a 352,85 2,31 a 513,33 6,74 a 576,07
RACIOL 4,65 ¢ 189,02 0,84 ¢ 186,67 2,46 ¢ 210,26
FLANDERS 2,46 d 100,00 045 d 100,00 1,17 d 100,00

Pozn.: TPP —celkovy obsah polyfenolii, EAK - ekvivalent askorbové kyseliny, EGK - ekvivalent gallové
kyseliny: Odrida Flanders patii mezi standardni odridy s nezménénym sloZenim mastnych kyselin; Neshodna
pismena u hodnot ve sloupcich indikuji statisticky prikazny rozdil na hladiné vyznamnosti p < 0,01.

Liu a kolektiv uvidi, ze genotyp ma velky vliv na obsah slizotvornych litek (Liu et al., 2018).
Na zdkladé vysledka uvedenych v této praci vyplyva, ze odriida ma také vliv na antioxida¢ni
aktivitu a obsah polyfenold. Diky svému sloZzeni se Inény sliz stivd zajimavéjSim
komponentem nejen pro své funkéni vlastnosti, ale take pro jeho zdravotni pfinos.
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Zavér

Pomoci vyse uvedenych metod byly zjistény meziodridové rozdily v extrakei slizotvornych
frakei a obsahu polyfenoli a antioxidacni aktivity. Mezi obsahem celkovych polyfenola a
antioxida¢ni aktivitou byla prokazina pozitivni korelace. Celkovy obsah polyfenoli a
antioxidacni kapacita, byla nejvy3§i u nizkolinolenové odridy Agriol a nejnizsi u odrady
Agram se stfednim obsahem linolenové kyseliny. Vytéznost slizotvorné frakce se u
vybranych odrid pohybovala v rozmezi od 2,37 — 5,1g/100g Inénych semen. Lnény sliz je
svymi vlastnostmi velmi zajimavy a perspektivni material pro potravinaisky pramysl.
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Funkéni vlastnosti Inéného slizu a moZnosti jejich uplatnéni, zejména
V oblastech potravinafstvi a specializované vyZzivy, jsou v poslednich letech castym
predmétem mnoha odbornych studii. Velkou ¢ast soudobych poznatkli z této oblasti
shrnuji dvé piehledové prace, jez jsou v ramci této disertacni prace soucasti kapitoly
4.1. Ackoli bylo zjisténo, ze chemické slozeni Inéného slizu a funkéni vlastnosti jsou
ovlivnény genotypem i podminkami extrakce, vétSina praci sleduje pouze faktory
extrakce slizu a jeho modifikace na uvedené parametry. VIiv genotypu, respektive
odrtdy, na funk¢ni vlastnosti tak zlistava spise ojedinélym tématem vyzkumu. Cilem
publikace bylo studium rozpustnosti, bobtnavosti, emulgacni aktivity a schopnosti
stabilizovat emulze u slizi Sesti odrtid Inu setého.

V ramci experimentu byl Inény sliz semen Sesti (Amon, Agriol, Raciol, Agram,
Libra, Flanders) odrid extrahovan ve vodném prostiedi (Obr. 15) po dobu 3 hodin pfi
50 °C v poméru 1:10 (semena:voda). Sliz byl nasledné vysusen a homogenizovan do
formy prasku. Rozpustnost a bobtnavost slizu byla stanovena gravimetricky podle
ptislusné metodiky. Indexy emulgacni aktivity a emulgaéni stability byly spocitany
dle pfislusnych vzorcl na zéklad€ stanoveni turbidity emulze typu ,,0lej ve vodé®,
vzniklé pusobenim Inéného slizu. Data byla statisticky vyhodnocena pomoci
parametrickych (jednocestna analyza variance a Tukeyho HSD test) a
neparametrickych (Kruskal-Wallistiv a odpovidajici post-hoc test pro mnohondsobné
porovnani) testu.

Rozpustnost slizii dosahovala u vSech odrid vice nez 70 % a v rozmezi hodnot
72,9-79,7 % byly rozdily v rozpustnosti slizii mezi odriidami statisticky vyznamné.
Naopak, u parametru bobtnavosti vyznamna odliSnost zjist€éna nebyla, ackoli rozdil
mezi nejnizs§i hodnotou 12,1 g vody/g slizu (Amon) a nejvyssi hodnotou 18,6 g vody/g
slizu (Agram) byl pomérné vyrazny. Index emulgaéni aktivity byl u odriidy Raciol
vyrazné vy$§i (259,9 m?/g slizu) nez u zbyvajicich odrad (77,4-143,3 m?/g slizu). Slizy
vsech odriid mély schopnost tvofit stabilni emulze ve vodé. Index emulgacni stability
byl mezi odriidami statisticky vyznamny, pficemz se pohyboval v rozmezi 55,9 %
(Agriol) a 87,0 % (Raciol). Ze Sesti studovanych odrid prokazala odriida Raciol

nejlepsi schopnost tvofit stabilni emulze.
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Obr. 15: Slizotvorné polysacharidy Inéného semene ziskané pomoci horkovodni extrakce

Tato studie prokdzala vyznamné rozdily mezi odridami v parametrech
rozpustnosti a schopnosti stabilizovat emulze. Ackoli bobtnavost a emulgacni aktivita
se vyznamn¢ mezi slizy studovanych odrid nelisily, rozdily byly znatelné. Na ptikladu
odridy Raciol, jez ve schopnosti tvofit stabilizované emulze ptevySovala ostatni
odridy, je nejvice patrny vliv samotné odriidy na vybrané funkéni vlastnosti
extrahovaného slizu. Z tohoto divodu mtize byt odriida zohlediiovana jako dulezity

faktor pro ziskani Inéného slizu o pozadovanych vlastnostech.

Kompletni informace a zdroje vztahujici se k dané problematice a vySe uvedené
anotaci jsou uvedeny v publikaci:

Jarosova, M., Barta, J., Bartova, V., Bjelkova, M. (2020). Funk¢ni vlastnosti
slizotvorné frakce z Inéného semene. Védeckad priloha casopisu Uroda, 68(12): 537-
541.
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FUNKCNI VLASTNOSTI SLIZOTVORNE FRAKCE Z LNENEHO
SEMENE

Functional properties of the mucilage fraction from flaxseed
JaroSova M.', Birta J.!, Bartova V.', Bjelkova M.?

! Jihoceska univerzita v Ceskych Budéjovicich, Zemédélska fakulta
2 Agritec Plant Research, s.r.o. Sumperk

Abstrakt

Tato price byla zaméfena na studium funkénich vlastnosti rozpustnych slizotvornych latek
semen Inu olejného ve vodném prostiedi. Jako vychozi materidl bylo vybrano Sest odrid Inu.
Zahrnuty byly odrudy klasické i s pozménénym obsahem o-linolenové kyseliny. Byla
zjistovana emulgacni aktivita a stabilita, kterd byla nejvyssi u odrudy Raciol. Znacné rozdily
mezi odriadami byly prokazany u parametru rozpustnost, kterou méla nejvy3si odrida Agriol
(80 %).

Klitova slova: Inény sliz, emulgacni aktivita, bobtnavost, rozpustnost

Abstract

This study was focused on the topic of functional properties of soluble flaxseed mucilage in the
water environment. Six cultivars of flax were selected as the source material. There were
involved the common cultivars as well as the cultivars with changed content of a-Linolenic
acid. It was studied the emulsifying activity and stability which was highest by the cultivar
Raciol. The significant differences between cultivars were found within the solubility
parameter, which has the highest variety Agriol (80 %).

Keywords: flaxseed mucilage, emulsifying activity, swelling power, solubility

Uvod

Lnény sliz je smes piirodnich polysacharidi a proteinu ziskatelna z Inéného semene (Liu et al.,
2016). Latky tvofici sliz se nachazi v druhé vrstvé osemeni. Slizotvorné latky jsou snadno
extrahovatelné ve vodé. Pii hydrataci buniky obsahujici sliz bobtnaji a slizotvorné latky se
dostavaji na povrch semene. Vytéznost slizu se pohybuje v rozmezi od 3,5 do 10,2 % z celkové
hmotnosti semene, pricemz jeho obsah zavisi na fenotypu rostliny. Vytéznost slizotvornych
latek ovliviwji velkou mérou podminky extrakce. Lnény sliz je heterogenni smési slozenou
z 50-80 % sacharidy, 4-20 % bilkovinami a 2 % popelovinami. Lnény sliz se sklada ze dvou
polysacharidovych slozek, neutrdlni a kyselé. Neutralni frakce je zastoupena: L- arabinozou,
D- xylozou, D- galaktézou, kysela frakce obsahuje L-ramnozu, L-fukézu, L-galaktozu a
kyselinu D-galakturonovou. (Roulard et al., 2016; Bouaziz et al., 2016, Kaewmanee et al.,
2014).

Lnény sliz je hydrokoloid s dobrou schopnosti zadrzovat vodu, diky znac¢né bobtnavosti a
vysoké viskozité, ve vodném prostiedi. Funkéné se Inény sliz podoba arabské gumé. Ma
vynikajici reologické vlastnosti, véetné zahustovani, emulgace a gelovaténi (Chen et al., 2005).
Pouziti Inéného slizu s jinymi hydrokoloidy ma fadu vyhod, napiiklad zvySeni tepelné stability
nebo pevnosti gelu (Kaur et al., 2018). Ve srovnani s nerozpustnymi vlakninami se rozpustna
vldknina sndze pfidivda do ndpoji a mléénych vyrobki (Chen et al, 2005).
Behikt a kolektiv (2018) uvadi, Ze roztok Inéné¢ho slizu muaze byt lyofilizovan, nebo suSen
rozpraSovanim, za vniku prasku. Lnény sliz muze byt prospéSny pii lécbé cukrovky a
kardiovaskuldrnich chorob, prevenci rakoviny tlustého stfeva a snizovani obezity, pfi¢emz
nejvice se diskutuje jeho potencidlni vyuziti jako potravinaiské gumy (Singer et al., 2011).
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Cilem této price bylo zjistit, zdali se prokdze odradova variabilita Inu v ramei vybranych
funk¢nich parametrdi Inéného slizu, zejména emulgacni aktivity a stability, rozpustnosti,
bobtnavosti.

Material a metody

Pro extrakcei Inéného slizu ve vodném prostiedi pii 50 °C byly vybrany tfi odridy Zlutosemenné
(Amon, Agriol, Raciol) a tfi hnédosemenné (Agram, Libra, Flanders). Odrady Agram a Raciol
maji stiedni obsah kyseliny a-linolenové (ALA), odridy Libra a Flanders maji vysoky obsah
ALA a naopak odridy Amon a Agriol maji nizky obsah ALA. VSechny vzorky semen Inu
olejného byly ziskany od spole¢nosti ,AGRITEC, vyzkum, $lechténi a sluzby, s.r.o.”. Extrakce
Inéného slizu probihala v deonizované vodé za teploty 50 °C. K 100 g vzorku semene bylo
piidano 1000 ml deonizované vody a po dobu tii hodin byla smés inkubovéna ve vodni lazni
za teploty 50 °C, poté byl roztok oddélen od semen. Ziskany sliz byl vysuSen za teploty 50 °C
v suddrné a nasledné rozemlet na jemny pradek na planetovém mlynu Pulverisette 6 (FRITSCH,
Némecko).

Gravimetricky byla stanovena rozpustnost a bobtnavest podle metodiky Kaewmanee a kol.
(2014). Do 5 ml centrifugacni zkumavky bylo navazeno 25 mg slizu, ktery byl dispergovin ve
2 ml deonizované vody po dobu 10 minut tfepanim. Poté byly vzorky centrifugovany (4500
rpm, 20 °C, 15 min). Supernatant byl preveden do centrifuga¢nich mikrozkumavek a
lyofilizovan. Pelet i lyofilizovany supernatant byly zvazeny. Rozpustnost a bobtnavost byly
spocitany podle nasledujicich vzorci:

Rozpustnost (%) = (M. / Mg) * 100 M, = hmotnost vzorku v g

. = hmotnost lyofilizovaného supernatatnuv g

Bobtnavost (g vody/g susiny slizu) = M,,, / (M, — M,) M... = hmotnost peletuv g

Index emulgaéni aktivity (EAI) a emulgaéni stability (ESI) byly stanoveny podle metodiky
Djurardi (2020) a Kaewmanee (2014). Do 50 ml centrifugacnich tub bylo odvizeno 45 mg
shizu, ktery byl smichan s 15 ml deonizované vody. Poté bylo piidino 5 ml fepkového oleje.
Tato smés byla michdna po dobu 2 minut pii 18 000 otacek/min homogenizatorem ULTRA
TURRAX IKA T 18 basic (USA). Mezitim byly pfipraveny kyvety s roztokem 0,1 % SDS o
objemu 2 000 pl. Nésledné bylo do pripravenych kyvet s roztokem SDS odebriano 10 pl
suspenze ktera se vytvorila pod vrstvou emulze. Po promichdni byla méfena absorbance pii
vlnové délce 500 nm na spektrofotometru BioMate 5(Thermo Scientific Electron, UK). Index
emulgacéni schopnosti (EAI) byl stanoven ve tfech opakovéanich. Pro stanoveni emulgacni
stability bylo odebrano opét 10 ul ze dna centrifugaéni zkumavky a postup méteni byl stejny
jako u EAL Pro vypocet byly pouzity vzorce:

T=(2,303*A*DF) /1 T = turbidita

Ty = po emulgaci v ¢ase 0
Tz = po 30 minutich
A = absorbance vzorku pfi 500 nm
DF = redici faktor (200)
ESI (%) =T/ Ty 1 = délka kyvety (0,01 m)
® = obiemova frakce oleie v dispergované fazi

EAI (m%/g suSeného slizu) = (2*Ty) / (*C)

Pfed statistickym Setienim dat pomoci analyzy variance (ANOVA) byla ovéfena homogenita
rozptyli jednotlivych statistickych souborti vyuzitim kombinovaného Cochran C, Hartley,
Bartlettova testu. Byla také ovérena normalita rozdéleni dat pomoci Shapiro-Wilkova testu.
Celkové statistické hodnoceni vybranych parametri bylo provedno prostiednictvim

538

144



Uroda 12/2020, védecké pfiloha casopisu

jednocestné analyzy variance a srovnani jednotlivych odrid pomoci post-hoc Tukeyho HSD
testu pro stejné velké vybery. V piipade rozdilné velkych skupin byla pouzita varianta Tukeyho
testu pro rizné velké vybéry. Pro srovnani parametru EAI mezi odridami byl z ddvodu naruseni
piedpokladi normdlniho rozdéleni dat a homogenity rozptyli pouzit neparamtericky,
jednocestny Kruskal-Wallisiiv test a jeho varianta pro mnohondsobné porovnini mezi
jednotlivymi odridami. Pro statstické hodnoceni vysledkti parametru ESI, uvadéné v
relativnich hodnotach, byla vysledné data upravena pomoci arscinové transformace. Statisticke
hodnoceni bylo provadéno na hladiné vyznamnosti « = 0.05 pomoci programu Statistica v10.0.

Vysledky a diskuze

Hodnoty stanovenych funkénich parametri jako je rozpustnost a bobtnavost jsou na grafech
la2.

Statisticky vyznamné rozdily byly potvrzeny v parametrech rozpustnosti (Fs o = 4,580, p =
0,020), nejvyssi rozdil byl zjistén mezi odradami Agriol a Libra (p = 0,028).

V pfipadé bobtnavosti nebyly zjistény prakazné rozdily (Fs o = 3,291, p = 0,051), piestoze byl
vysledek blizky vyznamné odli$nosti. Ve srovnani s vysledky italskych odrid (Kaewmanee et
al., 2014) byla rozpustnost v piipadé naSich odrid téméf dvakrat vy$si (graf 2). Vyssi
rozpustnost, lze prisoudit postupu ziskani Inéného slizu, kdy nebyl pouzit ethanol. Nejvyssi
rozpustnost byla zjisténa u odridy Agriol (80 %), naopak nejvy3si schopnost bobtnat po pfidani
vody méla odrida Agram (18,6 g/g sus. slizu).

Graf 1: Rozpustnost Inéného slizu
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Vysledky EAI a ESI jsou uvedeny na grafech 3 a 4. Index emulgacni aktivity se pii pouziti
neparametrického testu statisticky vyznamné mezi odradami nelidil (Hs = 9,889, p = 0,078),
piestoze hodnota p byla blizka « = 0,05. Nebyly zaznameniny vyznamné rozdily mezi
jednotlivymi odridami, pficemz nejvy3ssi rozdil byl zjistén mezi odriidami Raciol a Agriol (p =
0.070). Byly zjistény rozdily v indexu stability emulze (ESI) mezi odridami (Fs ;> = 3,760, p =
0,028), konkrétné byl zaznamenan vyznamny rozdil mezi odritdami Raciol a Agriol (p=0,014).
Kaewmanee a kol. (2014) ve své praci uvadi u italskych odriid Inu olejného hodnoty EAI od
300 do 900 m* / g slizu, naopak Wang a kol. (2010) uvadi niz$i hodnoty pohybujici se kolem
50-70 m? / g slizu bez ohledu na odriidu Inu. V nasi studii prokézala nejvy$si EAI odrida Raciol
(260 m* / g slizu) a nejniz8i naopak odriida Agriol. Emulga¢ni stabilita stanovena po 30
minutach byla vy33i nez 70 %, kromé odriady Amon a Agriol.

Graf 3: Index emulgaéni aktivity — EAI u Inéného slizu
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Graf 4: Index emulgaéni stability — ESI u Inéného slizu
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Zavér

Provedené analyzy prokizaly u vSech odriad schopnost Inén¢ho slizu tvofit stabilizované
emulze oleje ve vodé. Nejvy$si emulgacni aktivitu méla odrida Raciol, u které byla po 30
minutdch stanovena i nejvy3si stabilita emulze. V3echny odrady prokazaly rozpustnost ve vode
nad 70 %. U parametru bobtnavost nebyl prukazny rozdil mezi odriidami. Lnény sliz je pro své
funk¢ni vlastnosti velmi zajimavy a perspektivni material v oblasti potravinafského priamyslu,
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zejména diky schopnostem vazat vodu a tvofit gel. Vyznamné jsou také jeho zdravotni piinosy
jako vldkniny.
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4.4 Popis bilkovinného profilu Inénych semen a moZnost pripravy
bilkovinnych produkti z vyliskové mouky

Bilkoviny Inéného semene ptedstavuji piiblizn€¢ jednu pétinu hmotnosti
cerstvych semen. Pfevazna ¢ast odborné literatury zminuji shodné praveé tuto hodnotu
bez ohledu na genotyp nebo podminky péstovani, coz naznacuje pomérné
konzervativni obsah bilkovin v semenech Inu. V ramci studie zaméfené na polni
experiment byl obsah dusikatych latek rovnéz konzervativni z pohledu genotypu,
nikoli vSak v zavislosti na ro¢niku, pficemz nejvyssi rozdil v obsahu dusikatych latek
mezi tfemi ro¢niky byl zaznamenan u odrady Flanders (15,8-20,4 % cerstvé hmoty)
(kapitola 4.2).

Celkové spektrum bilkovin Inéného semene je zastoupeno az 80% obsahem
zasobnich 118 (365 kDa) a 12S (294 kDa) globulinii, zbyvajici ¢ast je tvofena zejména
1,6-2S albuminy o velikosti 16-18 kDa a dalSimi skupinami bilkovin, zejména 7S
zasobnimi bilkovinami, oleosiny, bilkovinami pozdni embryogeneze a dilezitymi
enzymy spojenymi s metabolismem. Detailngj$i informace o proteomu Inénych semen
a souvisejici studie jsou vSak pomérn¢ vzacné. Cilem publikace ,,Proteomic profile of
flaxseed (Linum usitatissimum L.) products as influenced of protein concentration
method and cultivar® bylo zejména rozsifeni poznatktl a variability proteomu Inénych
semen V ramci tii modelovych odrid Inu setého a jejich produktl na trovni vyliskd,
jemné vyliskové mouky a bilkovinného koncentratu.

Jako vychozi material byla pouzita semena dvou ¢eskych odrid (Agriol, Raciol)
a jedné nizozemské odridy (Libra). Semena byla nejprve odslizena macenim a
odtu¢néna lisovanim, ¢imz byly pfipraveny Inéné vylisky. Vylisky byly poté pomlety
na vyliskovou mouku, jez byla nasledné proseta pomoci 250 um sita do podoby jemné
mouky obsahujici pfedevSim latky vnitini ¢asti semen (zbytkové tuky a bilkoviny).
Prosévanim byly tyto latky oddéleny od zbyvajicich slozek obalu semen, pfedevsim
nerozpustné vlakniny (lignocelulosa) a rezidudlni rozpustné vlakniny (slizotvorné
polysacharidy). Z jemné mouky byl nasledné pfipraven pomoci postupnych kroki,
zahrnujici alkalickou extrakci — isoelektrickou precipitaci — neutralizaci pH —
lyofilizaci, pfipraven bilkovinny koncentrat. Pomoci ovéfenych postupli bylo
stanoveno zékladni chemické sloZzeni semen a ziskanych produktii. Nasledné byla

pouzita jednodemnzionalni elektroforéza na polyakrylamidovém gelu (SDS-PAGE)
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pro separaci bilkovin na zaklad¢ velikosti jejich podjednotek, ¢imz byl ziskén zakladni
bilkovinny profil jednotlivych vzorki. Detailni sestaveni bilkovinného spektra bylo
provedeno pomoci LC-MS/MS analyzy a proteomického zpracovani ziskanych dat.
Pro statistické hodnoceni byla pouzit metoda dvoucestné analyzy variance a Tukeyho
HSD test.

Elektroforetickd analyza detekovala u vSech tfi produktl pfitomnost Ctyt
bilkovinnych frakci: conlinin + oleosin, bazické podjednotky 11S globulinu, kyselé
podjednotky 11S globulinu a proteinova frakce o velikosti 48 kDa. Vysledky analyz
chemického slozeni (Tab. 11) potvrdily nartst relativniho obsahu dusikatych latek,
kdy pomoci postupnych krokti doslo k celkovému 4 az 4,5n4dsobnému zakoncentrovani
dusikatych latek. Naopak doslo k vyznamnému sniZeni koncentrace tuku, zejména po
lisovani oleje a sacharidii pfi jejich separaci pii ptipravé bilkovinného koncentratu.
Rozdily mezi odriidami byly v ptipad¢ jednotlivych konstituentli patrné, nicméné vyse
zminovany trend ve zménach obsahu tfi majoritnich slozek u jednotlivych produkti

byl srovnatelny.

Tab. 11: Rozmezi hodnot zdkladnich konstituentti v semenech a jeho produktt u tii odrad
(Agriol, Raciol a Libra) Inu setého

% cerstvé hmoty

celd semena vylisky jemna mouka bilkovinny koncentrat
bilkoviny 17,1-18,0 29,3-30,4 33,9-36,0 70,1-78,34
Tuk 37,8-40,8 8,5-9,5 10,9-12,2 2,4-5,0
sacharidy 31,9-34,9 46,3-48,0 36,9-39,7 9,78-19,4
popeloviny 3,4-35 5,3-5,8 6,3-7,0 2,7-2,8
Voda 6,0-6,5 8,0-8,6 7,9-8,2 5,3-6,8

LS-MS/MS analyza potvrdila pfitomnost 2560 proteinovych skupin (PGs,
protein groups) vramci souboru vSech hodnocenych produkti Inéného semene,
nicméné ne vSechny PGs bylo moZzné blize charakterizovat z dlivodu chybéjicich
anotaci téchto skupin v databédzich v rdmci taxonu Inu setého. Pouze 33 PGs pak
predstavovalo 69-95 % relativniho zastoupeni vSech bilkovin danych produkti
Inéného semen. Bylo zjiSténo, Ze kombinaci alkalického sraZeni a kyselé isoelektrické
precipitace doslo k zvyseni podilu 11S globulinu z 41-44 % na hodnotu 72-84 %,
ukazujici vyznamny vliv procesu zakoncentrovani bilkovin na obsah globulinli
Vv cilovém produktu. Globuliny tedy ptfedstavovaly nejvice abundantni typ bilkovin

v ramci vSech identifikovanych PGs. Druhou nejvice abundantni skupinu (9-13 %) pak
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byla frakce 2S albumint, jez byla nejvice zastoupena v jemné vyliskové mouce.
Piekvapiva byla relativné vysoka abundance chitinas ve vyliscich a jemné vyliskové
mouce (5-10 %). Obsah dal$ich enzymu dulezitych pro metabolismus v ramci téchto
produkt €inil 6%, zastoupeni oleosinti 2-4 % a 2-3 % predstavovaly stresové
bilkoviny. Zbyvajici, pomémé znacnou, ¢ast bilkovin (26-31 %) v ramci vyliskl a
jemné mouky pak nebylo mozné ur¢it.

Vysledky této prace korespondovaly s pfedchozimi studiemi z hlediska
pievazujiciho obsahu globulin. Prace zaroven ukazala na pomérné vyraznou
pfitomnost neidentifikovanych skupin bilkovin a piekvapivé vysokou abundanci
chitinas. Prestoze faktor odriidy nem¢l zanedbatelny vliv na relativni zastoupeni
jednotlivych skupin bilkovin, vliv vysledného produktu, respektive procesu

zakoncentrovani bilkovin, byl vyznamné vyssi.

Kompletni informace a zdroje vztahujici se k dané problematice a vySe uvedené
anotaci jsou uvedeny v publikaci:

Jarosova, M., Roudnicky, P., Barta, J., Zdrahal, Z, Bartova, V., Stupkova, A., Lorenc,
F., Bjelkova, M., Kyselka, J., JaroSova, E., Bedrnicek, J., Bohaté, A. (2024). Proteomic
Profile of Flaxseed (Linum usitatissimum L.) Products as Influenced by Protein
Concentration Method and Cultivar. Foods, 13(9): 1288.
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Abstrack The research is foctised on the quantitative evaluation of the flaxseed (Linum usitatissimum
L) protecme at the level of seed cake (5C), fine flour—sieved a fraction below 250 pm (FF}—and
protein concentrate (PC). The evaluation was performed on three oilseed flax cultivars (Agriol, Raciol,
and Libra) with different levels of o-linolenic acid content using LC-MS5/MS (shotgun proteomics)
analysis, which was finalized by database searching using the MCBI protein database for Linum
usitatissimum and related species. A total of 2560 protein groups (PGs) were identified, and their
relative abundance was calculated. A set of 33 quantitatively most significant PGs was selected for
further characterization. The selected PGs weme divided into four dasses—seed storage proteins
(115 globulins and conlinins), oleosing, defense- and stress-melated proteins, and other major proteins
(mainly including enzymes). Seed storage proteins were found to be the most abundant proteins.
Specifically, 115 globulins accounted for 41-44% of SC proteins, 40-46% of FF proteins, and 72-54%
of PC proteins, depending on the cultivar. Conlinins (25 albumins) wene the most abundant in FF,
ranging from 10 to 13% (depending on cultivar). The second most important class from the point
of relative abundance was olecsins, which were represented in 5C and FF in the range of 21-3.8%,
but only 0.36-1.20% in PC. Surprisingly, a relatively high abundance of chitinase was found in flax
products as a protein elated to defence and stress meactions.

Keywords: flaxseed; cultivar; flour; protein concentrates; proteomic profile; 115 globulin

1. Introduction

Flaxseeds (Linum usitatissimum L.} have been used as human food or animal feed since
historical times [1]. Flaxseed contains 30-46% oil, 18-30% protein, 20-35% fibre (about 10%
is soluble fibre}, 34% ash, and 4-8% moisture [1-5]. Minor constituents include cyanogenic
glycosides, phytic acid, polyphenols, linatine, lignans (phytoestrogens), oy dolinopeptides,
vitamins, selenium, and cadmium or trypsin inhibitors [2]. Due to their unique composition,
flax seeds are classified as a functional food often referred to as a superfood [£,7]. Flaxseed
oil is rich in essential polyunsaturated fatty acids, with n-3 alpha-linolenic acid (ALA;
C18:3) 47-55% and n-6 linoleic acid (C18:2) represented by =15% in the cil of traditional
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cultivars [8]. Flaxseed oil with predominance of n-3 linolenic acid is not only used for
human consumption but also, due to its drying properties, in industrial applications such
as production of paints and varnishes, linoleum, oleo-chemicals, etc. [1,4,9,10]. The iodine
value, which indicates the unsaturation level of the oils, is as high as 205 g I /g oil [11].
There are few vegetable oil plants that provide oil with a similar level of iodine value, e.g,,
Dragon'’s head oil (Lallemantia iberica) [12].

After mechanical extraction of the oil by pressing, flaxseed cake is a valuable material
not only for farm animal feed, but also for the production of flaxseed flour, water-soluble
fibre and protein concentrates [5,13-16], which, due to their functional properties, can be
applied in a number of food applications in the production of quality foods that provide
considerable health benefits to consumers [7,16]. High-protein flaxseed products can be
used to enrich food products with nutritionally valuable components, improving their
properties, including consistency, taste, and aroma. Flaxseed flours can be used in bakery
products (bread, cookies, bars, biscuits, etc.), in pasta, but also, for example, in salad
dressings or meat products [7]. Flaxseed protein flours have great potential in producing
gluten-free products [17]. On the other hand, the food processing of flaxseeds and flaxseed
products (e.g., roasting) can lead to several positive and negative changes, which also affect
the protein and should be further monitored [18].

Flaxseed proteins in the form of concentrates or isolates are most commonly produced
from defatted flaxseed meal stripped of water-soluble mucilage (which complicates protein
concentration). First, alkaline solubilisation of the proteins is performed and then the
proteins are precipitated by isoelectric precipitation [5,14,15]. The disadvantage of this
most widely used method can be the varying extent of denaturation of flaxseed proteins
(decreasing their solubility and functional properties), which can be caused by a high
pH value (over 9) during the solubilisation step and may be improved by optimising
the process conditions or partially hydrolysing the obtained proteins, which also yields
valuable biologically active peptides [19-21], or by using an alternative method of protein
concentration, e.g., protein extraction using ionic strength or membrane techniques [3,15].

Flaxseed protein is rich in glutamic and aspartic acid (including their amides) and the
basic amino acid arginine. The total content of essential amino acids is 34%; leucine and
lysine are the limiting amino acids in flaxseed protein, especially in children’s diets [4,22].
Flaxseed proteins are divided into globulins (linin), which account for up to 80% of flaxseed
proteins, and albumins (conlinin), which represent a minor component compared to glob-
ulins. Diverse information is given on the structure of linin or 11-12S protein. While
Madhusudhan and Singh [23] present flaxseed major protein as a 12S protein with 5 non-
identical subunits with a total molecular weight (MW) of 294 kDa, later papers describe
an acidic (MW = 30.0-35.2 kDa) and basic (MW = 24.6 kDa) subunit in 11S flaxseed glob-
ulin [24] or present it as a protein with a total MW of 365 kDa, which, after separation
on SDS-PAGE under reducing conditions, separates into bands with MW of 20, 23, and
31 kDa [25]. Barvkar et al. [1], in their unique study of the proteomic profile of flaxseed,
report 115 globulin (with the names legumin, glutenin type A or cupin) as the major protein.
The second major protein group is the 1.6-2S albumin referred to as conlinin, which is
composed of a single polypeptide chain of MW 16-18 kDa. Other important flaxseed
proteins are reported to be the 7S storage protein, oleosins, late embryogenesis abundant
(LEA) proteins and a number of metabolically important enzymes [1,26]. The importance
of flaxseed proteins, especially 115 globulins and 25 albumins, in relation to food applica-
tions, human nutrition and medical applications has been sufficiently discussed in recent
works [6,15,26-28].

Information on the flaxseed proteome is scarce, e.g., the work of Barvkar et al. [1],
which deals with the evaluation of changes in the flaxseed proteome during its development,
or the study of Klubicova et al. [29], which deals with changes in the flaxseed proteome in
response to cultivation in the Chernobyl region under phy toremediation.

The evaluation of protein profiles of flaxseed products with different protein con-
tents (seed cake, flour, protein concentrate), using a proteomic approach has not yet been
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performed or is not available. Similarly, information on the cultivar differences of these
flaxseed products is not available. For these reasons, the results presented in this article can
be considered to be new. The knowledge of the protein profile is not only important from a
nutritional and technological point of view, but it is also important to better understand the
Physiology of mature seed, the influence genotype and method of processing on proteoms
{protein composition], and it enables more efficient verification of the addition of flaxseed
products in food products or for monitoring the presence of potentially risky proteins.

The objectives of the present work were (a) to describe the protein profiles of flaxseed
products using shotgun proteomics at the level of quantitative estimation (determination
of relative abundance) of identified protein groups, (b} toevaluate the effects of the protein
concentration approach used (sieving versus alkaline solubilisation/iscelectric precipi-
tation) and the cultivar effect on the changes in the relative abundance of food-relevant
flaxseed proteins such as 115 globulins, 25 albumins (conlinin), and oleosins.

2. Materials and Methods
2.1. Flaxseeds

Flaxseeds of three cultivars of oilseed flax (Linum usitatissimum L.) were grown at the
experimental station of the Faculty of Agriculture and Technology of the University of
South Bohemia in Cesks Budéjovice (GPS 48.9742 N, 14.4477 E; 380 m above sea level).
These cultivars weme Agriol {cultivar number LINU25748), yellow seed colour, low ALA
content (Agritec Plant Research, Ltd., Sumperk,. Czech Republic); Raciol {cultivar num-
ber LNU11435), yellow seed colour, medium ALA content (Agritec Plant Research, Ltd.,
Eumperk,. Czech Republic); and Libra (cultivar number LINU19160}, brown seed colour,
high ALA content (Limagrain Mederland B.V,, Rilland, The Netherlands). Flaxseed cul-
tivars used were grown in 2020. The sowing of the crop took place on 7 April 2020, The
soil was satisfactorily supplied with the main nutrients, and no nitrogen in mineral fer-
tilisers was applied. The crop was treated against weeds with the herbicide Glean 75 WG
{chlorsulfuron) at a 15 g/ha dose. The seeds were harvested on 27 August 2020 using
Wintersteiger Nursery Master Elite small plot research combine harvester (Winbersteiger
Seedmech, GmbH, Ried im Innkreis, Austria). After harvesting, the flaxseeds were cleaned
of impurities, including moeisture-increasing contaminants. Unkil analyses were carried out,
seeds were stored in the dark in paper bags inside polypropylene bags at 4 °C and 42%
relative humidity.

2.2 Preparation of Flaxseed Cake, Flour, and Protein Concentrate

Preparation of analysed flaxseed products is shown schematically in Figure 1. The
seeds were de-mucified by water soaking in two steps. In the first step, 200 g of seeds
was mixed with 800 mL of water preheated to 50 °C. The mucilage was extracted for 1h
and removed from the mixture. In the second step, the seeds were soaked in 600 mL of
water for 1 h at 50 “C, while the second step was performed bwice in total Subsequently,
the wet seeds were dried on a sieve for 2 days at 50 “C. Afterwards, the seeds were
subjected to oil pressing using a Yoda YD-Z%-02A domestic press (Yoda, Jinjiang, China)
using the “flaxseed” program. The obtained cake was subjected to repeated pressing,
Subsequently, the defatted cake was ground using a Grindomix GM 200 knife mill {Retsch,
Haan, Germany} at 10,000 rpm for 1 min to obtain seed cake (SC). The flour was further
sieved on a stainless-steel sieve (Preciselect, Ti#nov-Malhostovice, Czech Republic) with a
mesh size of 250 um to produce fine flaxseed flour (FF). FF was used as a starting material
for the preparation of protein concentrate (FC) through alkaline solubilisation followed
by iscelectric precipitation (AE/IEF). Protein solubilization {extraction) was carried out
as follows: deionized water was added to FF in a centrifuge plastic tube at a ratio of 1:10
{w/ v), the mixture was mixed properly and then the reaction was adjusted to pH 8.5 using
1M NaOH, the total extraction was carried out at room temperature for 2 h with continuous
control and pH adjustment. Subsequently, centrifugation was performed at RPM 4500 for
10 min and at ET on a Rotina 420 R cenfrifuge (Hettich, Tuttlingen, Germany). The proteins
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in the obtained supernatant were then subjected to precipitation by decreasing the pH to
avalue of 4.5 using 2M HCL After centrifugation (under the same conditions as above),
the obtained pellets were dissolved in deionized water, the pH was adjusted to 7.0 using
1M NaOH, the sample was frozen (—20 °C) and then freeze-dried using an Alpha 1-4 LSC
lyophilizer (Martin Christ, Osterode am Harz, Germany) at a pressure of 0.520 mBar, and a
temperature of —50 °C for 72 h. The obtained lyophilizate was homogenized to a powder
representing the protein concentrate (PC).

demucilage, drying, double oil pressing,
milling by knife mill

seed cake (SC)

sieving through a sieve with
a mesh size of 250

fine flour [fraction under 250 um] (FF)

alkaline solubilisation / isoelectric precipitation,
neutralisation, freeze-drying, homogenisation

protein concentrate (PC)

Figure 1. Preparation of analysed flaxseed products from whole seeds.
2.3. Proximate Composition Analysis

All the proximate analyses were determined according to Barta et al. [30]. Moisture
was determined gravimetrically by drying the samples in an oven to constant weight at
105 °C for 3 h. The protein content was determined by the modified Dumas combustion
method using a rapid N cube (N/ Protein analysis) instrument (Elementar Analysen System,
Langenselbold, Germany). The protein content was calculated as the nitrogen content
multiplied by a factor of 6.25. The fat content was measured using the Soxhlet extraction
method using an ANKOM XT 10 Extractor (ANKOM Technology, Macedon, NY, USA)
according to the manufacturer’s manual. Petroleum ether was used as an extraction reagent.
The fat content was calculated from the weight differences of the sample before and after
extraction. The ash content was measured as the total amount of inorganic residues
remaining after the high heat incineration of analysed samples at 550 °C for 5 h in a muffle
furnace (muffle furnace LE 09/ 11, LAC s.ro., Zidlochovice, Czech Republic). The content
of carbohydrates was determined as the remaining residue of the total fresh matter (FM)
after subtracting the sum of moisture, protein, fat, and ash. Each sample was analysed in

triplicate for all analyses.

2.4. One-Dimensional Electrophoresis (SDS-PAGE)

The flaxseed product samples were extracted with SDS extraction buffer [0.065 M
Tris-HCI, pH 6.8; 2% (w/v) SDS; 5% (v/v) 2-sulphanylethanol] in a ratio of 1:10 (/) at
4°C for 4 h. Cooled dual vertical slab units SE 600 (Hoefer Scientific Instruments, Holliston,
MA, USA) were used for protein separation. Protein samples were separated with a discon-
tinuous gel system (4% stacking and 11% resolving gel) in reduction conditions (modified
according to Laemmli [31] and Barta et al. [32]. Each research variant was analysed in
triplicate. Protein detection was performed using Coomassie Brilliant Blue R-250.

2.5. LC-MS/MS Analysis and Proteomic Data Processing

Flaxseed product samples were processed in triplicate in a similar way as hemp
samples in Barta et al. [32]. Proteins from flaxseed product samples were isolated using
SDT buffer (4% SDS, 0.1M DTT, 0.1M Tris/HC], pH 7.6) in an Eppendorf ThermoMixer C
(120 min, 95 °C, 750 rpm). Subsequently, samples were centrifuged (15 min, 20,000x g).
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Then, the supernatants (containing ca 100 pg of total protein) were processed using filter-
aided sample preparation (FASP) as described elsewhere [33] using 0.5 ug of trypsin
(sequencing grade; Promega). Resulting peptides were analysed using LC-MS/MS.

Obtained peptide mixtures were analysed using LC-MS/MS using the UltiMate 3000
RSLCnano system coupled to Orbitrap Exploris 480 mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). Tryptic digests were online concentrated and desalted on
trapping column (Acclaim PepMap 100 C18, dimensions 300 um ID, 5 mm long, 5 pm
particles, Thermo Fisher Scientific, heated to 40 °Q). Trapping column with peptides was
washed with 0.1% FA; the peptides were eluted in backflush mode (350 nL-min~!) from
the trapping column. Gradient elution (90 min, flow rate 250 nL-min~ 1 3-37% of mobile
phase B; mobile phase A: 0.1% FA in water; mobile phase B: 0.1% FA in 80% ACN) was
applied for separation on an analytical column (EASY-Spray column, 75 um ID, 500 mm
long, 2 pm particles, Thermo Fisher Scientific, heated to 50 °C).

A data-independent acquisition mode (DIA) was selected for data acquisition. The
m /z range of 350-1400 at a resolution of 60,000 (at m/z 200) and maximum injection time
of 55 ms was used for the survey scan. The m/z range of 200~2000 at 30,000 resolution
(maximum injection time 55 ms, 27% relative fragmentation energy) was selected for HCD
MS/MS spectra collection. Overlapping windows scheme in m/z range from 400 to 1000
were used as isolation window placements.

DIA-NN software (version 1.8.1) [34] was employed for the processing of acquired DIA
data. The library free mode was used for searches against modified cRAP database (based
on http://www.thegpm.org/ crap/ (accessed on 22 November 2018); 111 sequences in
total) and whole Linum genus database (https://www.ncbinlmnih gov/ipg/?term=txid4
005[Organism:exp] (accessed on 30 September 2023, number of protein sequences: 125,854).
Carbamidomethylation as fixed modification, with no optional medification and trypsin/P
enzyme with 1 allowed missed cleavage and peptide length 7-30, were set for preparation
of the library. The false discovery rate (FDR) control was set to 1% FDR. The initial test
searches were performed to set MS1 and MS2 accuracies and scan window parameters
(median value from all samples ascertained parameter values). MBR was switched on.

The main report file generated using the DIA-NN was further processed using the
software container environment (https:/ / github.com/ OmicsWorkflows/KNIME_docker_
vnc (accessed on 4 October 2023)), version 4.6.3a. The processing workflow is available
upon request. Briefly, it covered (a) removal of low-quality precursors and contaminant
protein groups, (b) estimation of intensity-based absolute quantities (iBAQ values) using
DIA-TPA [35] algorithm using normalized precursor intensities, (c) relative iBAQ (riBAQ)
values calculation for individual protein groups within individual sample replicates. DIA-
TPA algorithm implementation calculated iBAQ (and following riBAQ) values for all
protein groups having at least one proteotypic peptide and or protein groups without any
proteotypic peptide, but where all proteins of the given protein group were reported only
together.

The description of the identified protein groups presented in the results section
of the article (Section 3.2) was based on information available in the NCBI or UniProt
KB databases.

2.6. Statistical Analysis

Obtained data were analysed using software Statistica 12 (StatSoft Power Solutions
Inc,, Palo Alto, CA, USA). Two-way ANOVA (analyses of variance) and the variance
components method was used for data evaluation. The means were compared using the
Tukey HSD test. Differences between the variants were considered significant at p < 0.05
unless stated otherwise.
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3. Results and Discussion
3.1. Proximate Composition of Flaxseed Products

The proximate chemical composition of the analysed flaxseeds (WS) and the flax
products derived from them is given in Table 1. The individual processing steps from seed
to flaxseed protein concentrate (WS, SC, FE, PC), as shown in Figure 1, lead to a gradual
relative increase in the average protein content, from 18% (WS), over 30% (SC), and 36% (FF)
to 70% or more (PC) of the three oilseed flax cultivars evaluated. The differences between
the cultivars are noticeable, but the trend and the ratio of the gradual increase are similar
for all the cultivars evaluated. The WS fat content of all three cultivars has decreased from
the original 38-40% to below 10% in SC due to cold pressing (up to 50 °C). During sieving
SC using a sieve with a mesh size of 250 pm, a fractionation effect occurred resulting in
increased protein and fat content but less carbohydrates in flaxseed flour (FF), compared to
the original SC.

The production of oil, flour, or protein from flaxseed is more difficult than for other
oilseeds because of water-soluble mucilages (gums), which complicate processing, espe-
cially “‘wet’ processing. The presence of these mucilages and unsophisticated isolation
methods have been the main reasons that have hindered the wider dissemination of flax
protein [25,36]. Various methods have been tried to remove (or reduce) the mucilage con-
tent in flaxseeds, including the use of degradative enzymes and extraction using water at
different temperatures [14,37]. Kaushik et al. [14] tested the effect of temperature during
water extraction of the mucilage, prior to the actual processing of the seed. The authors
concluded that water extraction at 60 °C can yield flaxseed protein isolate with purity
of over 90%. Sieving is also important in changing the proportions of the content of the
moulded fibre. The finer fractions of the flour (under a sieve with a size of about 250 um)
have a higher protein (and possibly fat) content and a lower carbohydrate (especially fibre)
content, as sieving removes a greater proportion of the coarse fragments that represent the
surface layers of the seed or hull [30].

Table 1. Proximate composition of whole flaxseeds (WS) and derived flaxseed products—seed cake
(SC), fine flour (FF), and protein concentrate (PC).

Component

Protein (% FM)

Fat (% FM)

Carbohydrates (% FM)

Ash (% FM)

Moisture (% FM)

Cultivar WS SC FF PC
Agriol 18.02 £ 0.58 Ad 3019 £1.24Ac 3581 + 0.50 Ab 78.34 £ 052 Aa
Raciol 17.06 £ 0.66 Ad 2927 £ 0.59 Ac 33.87 £ 0.89 Ab 70.09 £1.63 Ba
Libra 17.84 £ 1.04Ad 3042 £ 1.04Ac 36,02 £+ 022 Ab 70.87 £1.28 Ba
Agriol .76 + 0.61 Ba 853 £ 0.47 Ac 10.94 + 0.04 Ab 241+ 077 Bd
Raciol 38.24 + 0.08 Ba 9.46 £ 0.16 Ac 1204+ 1.09 Ab 2424036 Bd
Libra 40.76 + 0.54 Aa 9.22 +1.20Ac 1221 £ 122 Ab 5.04+ 127 Ad
Agriol 3427 £ 047 Ac 4728+ 1.23 Aa 38.75 £ 0.66 Ab 9.78 £0.54Cd
Raciol 34.86 £ 0.67 Ac 48.01 £ 0.31 Aa 39.68 = 070 Ab 1941 £ 215 Ad
Libra 3190 £ 1.69Ac 4629+ 091 Aa 36.87 + 0.82 Ab 15.99 + 0.32 Bd
Agriol 343+ 0.12 Ac 536 %+ 0.12 Bb 628 £0.03 Ba 271+ 0.12Ad
Raciol 3.52 £ 0.09 Ac 5.27 &+ 0.08 Bb 628 £0.02 Ba 272+ 0.08 Ad
Libra 352 £ 0.09 Ac 578+ 013 Ab 7.01 £ 0.04 Aa 282+ 015Ad
Agriol 6.52 + 0.04 Ab 8.63+0.24Aa 822+ 0.21 Aa 6.76 £ 0.86 Ab
Raciol 6.32 + 0.05 Ab 7.9 £ 032 Aa 812+ 0.13 Aa 5.36 +1.03 Bb
Libra 598 + 0.08 Ab 829 £0.14Aa 7.89 £ (.24 Aa 527 £0.15Bb

Note: FM—fresh matter; different capital letters in the columns for individual component values indicate
e at p < 0.05 (Tukey HSD test); different lower-case letters for the
component values in the rows indicate a statistically significant difference betw een the flaxseed products of the

a statistically signifi

t cultivar diffe

respective cultivar at p < 0.05 (Tukey HSD test).

3.2 Description of Main Identified Protein Groups in Flaxseed Products

The protein profiles of flaxseed products derived from seeds after oil pressing of the

three cultivars separated using SDS-PAGE are shown in Figure 2.
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| A:48kDa protein

B: acidic subunits
of 115 protein

C: basic subunits
of 115 protein

D: conlinin and oleosins

kDa M SC FF PC SC FF PC SC FF PC

Agriol Raciol Libra

Figure 2. 1D SDS-PAGE profiles of flaxseed products (seed cake—SC, fine flour—FF, protein
concentrate—PC) from three oilseed flax cultivars (Agriol, Raciol, Libra). Note: M—molecular
mass standard (RotiMark Tricolor [8271.1], Carl Roth GmbH + Co. KG, Karlsruhe, Germany).

A typical electrophoretic profile of oilseed proteins separated under denaturing and
reducing conditions [27,30] is evident in all samples and it agrees with reported studies
dealing with flaxseed proteins [1,5,25,38,39]. The proteins can be divided into four MW
regions: the protein with an MW of 48 kD (region A), the acidic subunits of the 11S globulin
monomer (region B), the basic subunits of the 11S globulin monomer (region C), and the
region of 25 albumin conlinin and oleosins (region D). There are minor differences between
the seed protein profiles of the evaluated cultivars. The PC profiles of all three cultivars are
slightly simpler with a predominance of protein bands in the regions of the acidic and basic
subunits of the 115 protein monomer (globulin). This suggests that the chosen alkaline
solubilisation (extraction) procedure at pH 8.5 and the subsequent precipitation of the
extracted proteins caused by decreasing the pH to 4.5 leads to a higher relative abundance
of 115 globulins (discussed more in Section 3.3). However, this suggestion can be taken
with some reserve because the absolute amount of protein in the samples loaded on the
electrophoretic gel differed.

After LC-MS/MS analysis of the peptide mixtures of the samples, the obtained data
were subjected to qualitative and quantitative evaluation using available databases of
primary protein sequences. Considering the unavailability of reference proteome for
flax, the NCBI database (LINUM taxonomy) was primarily used, with the help of which
2560 protein groups (PGs) were identified (see Supplementary Table S1). For the assessment
of relative abundance (determined from measured intensities, riBAQ values), the set of
2560 identified PGs was assumed to be 100%. For detailed evaluation, a set of 33 PGs
with high relative abundance in the total protein profile (PGs above 0.5%) or belonging to
important flaxseed proteins was selected. The PGs items in this set were divided into four
classes (Table 2) into seed storage proteins, oleosins, proteins associated with defence and
stress, and other selected important proteins.
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Table 2. Description of selected protein groups found by proteomic processing of flaxseed products

Accession Name of Protein Groups
Seed storage proteins
CAI0558054.1 unnamed protein product; LINTE
CAI0432378.1 unnamed protein product; LINTE
CAI0558846.1 unnamed protein product; LINTE
CAI0434421.1 unnamed protein product; LINTE
CAI418748.1 unnamed protein product; LINTE
CAC940111 conlinin; LINUS
CAC94010.1 conlinin; LINUS
Olecsins
ABB01617.1 olecsin low molecular weight isoform; LINUS
ABB01620.1 olecsin low molecular weight isoform, partial; LINUS
ABBO1616.1 olecsin high molecular weight isoform; LINUS
ABB01624.1 olecsin high molecular weight isoform; LINUS
ABBD1618.1 olecsin low molecular weight isoform; LINUS
ABB01619.1 olecsin low molecular weight isoform, partial; LINUS
Defence and stress-related proteins
WMZ41542.1 chitinase; LINUS
AAW31878.1 chitinase, partial; LINUS
late embryogenesis abundant (lea) group 1-embryo
AMY26620.1 development; LINUS
AVY09180.1 Sequence 3353 from patent US 9578004; UNKNOWN
CAI0408810.1 unnamed protein product; LINTE
1IDWM_A Chain A, Linum usitatissimum trypein inhibitor; LINUS
Other selected important proteins
AVY09175.1 Sequence 3348 from patent US 9578004; UNKNOWN
CAI0407981.1 unnamed protein product; LINTE
CAF22093.1 glyceraldehyde 3-phosphate dehydrogenase, partial;
LINUS
BAL41455.1 fructose-bisphosphate aldolase 1, partial; LINGR
P48417.1 Allene oxide synthase, chloroplastic; LINUS
ABM&4783.1 cell wall glycosidase, partial; LINUS
CAI384355.1 unnamed protein product; LINTE
CAI0431450.1 unnamed protein product; LINTE
CAI0412769.1 unnamed protein product; LINTE
AVY09204.1 Sequence 3377 from patent US 9578004; UNKNOWN
CAT0440995.1 unnamed protein product; LINTE
CAI0411675.1 unnamed protein product; LINTE
AGNS56421.1 nonespecific lipid transfer protein 1; LINUS
CAI0414382.1 unnamed protein product; LINTE

Description from UniProt KB/(Available Information
from NCBI)

cupin 11S legumin N /115 legumin seed storage
ulin/ N-terminal cupin)

(11S globulin-like /115 globulin seed storage protein)

(cupin_RmIC-like protein)

(cupin_RmIC-like protein) 11S glcbulin

(cupin_ RmIC-like protein)

2Sseed storage albumins family; nutrient reserv oir activity

2S5 seed storage albumins family; nutrient reserv oir activity
lecsin family; membrane; monolay ded lipid

storage body

olecsin family; membrane; monolayer-surrounded lipid

storage body

olecsin family; membrane; monolayer-surrounded lipid

storage body

olecsin family; membrane; monolayer-surrounded lipid

storage body

olecsin family; membrane; monolayer-surrounded lipid

storage body

olecsin family; brane; layer-surrounded lipid

storage body

(chitinase; involved in somatic embryogenesis in flax)
chitinase activity; chitin binding; cell wall macromolecule
catabolic process; defense response

LEA type 1 family; embryo development ending in seed
dormancy

(17.3 kDa class I heat shock protein)
(luminal-binding protein 5; heat shock 70 kDa protein)
(Serine proteinase inhibitor class)

(11-beta-hy droxysteroid dehy 9e)

(gluccee and ribitol dehydrogenase /NADPH-dependent
aldehyde reductase 1)

glyceraldehyde-3-phosphate dehydrogenase family;
oxidore ductase

class I fructose-bisphosphate aldolase family;
fructose-bisphosphate aldolase activity; glycolytic process
allene oxide synthase; activity; fatty acid bicsynthetic
process

hydmlase acuvn!y, hydrolyzmg O-glycosyl compounds;

(copper/zmc supemxxde dmmutase)

ided tase)
(lmohate 13Sl.|poxygenaee 2-1, chloroplastic;
Lipacygenase)
(hy pothetical protein DKX38_015183; malate
dehydrogenase)
(putative mitochondrial malate dehydrogenase; malate
dehydrogenase, mitochondrial)
(elongation factor 1-alpha; translation elongation factor)
lipid binding; lipid transport; plant LTP family
(thaumatin like protein)

Note: LINUS—Linwum usitatissimum; LINTE—Linus tensie; LINGR—Linus grandifionim; UNKNOWN.

3.2.1. Seed Storage Proteins

The seed storage proteins (SSPs) in flaxseed are mainly classified as 115 (125) globulins
and 25 albumins [3,16,25,27]. The globulin fraction is often referred as linin [3]; however,
PGs are not listed under this name in the NCBI and UniProt KB databases. In addition to
118 globulins, we were able to find five items in the set of identified PGs (Table 2). In terms
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of relative abundance, the most significant items are CAI0558954.1, CAI0432378.1, and
CAI0558846.1, which are designated as “cupin 11S legumins” or “11S globulin/legumin
seed storage proteins” or “11S globulin-like proteins”.

According to other authors [3,25,28], these are polymeric proteins with MW == 300 kDa.
The PGs we have found have primary polypeptide sequences of 367-536 amino acids in
length, from which two sub-polypeptide chains, an acidic and a basic one, are cut during
post-translational processing, similarly to proteins of other oilseeds [40], which then give
rise to the final monomer by their association via a disulfide bond. Due to their high relative
abundance, 115 globulins have a major impact on the amino acid composition of flaxseed
proteins. The nutritional quality of flaxseed proteins is close to that of soya and canola
proteins. Their essential amino acid index is reported at 69, whereas values 0f 79 and 75 are
reported for soya and canola proteins, respectively. The significantly represented amino
acids of flaxseed proteins include arginine, aspartic, and glutamic acids (including their
amides) [3]. Flaxseed protein has a lysine to arginine ratio of about 0.25 and, therefore, has
less lipidemic and atherogenic effects than, for example, soya protein (0.71), milk caseinate
(2.15), or whey protein (5.38), so itis referred to as a “better” protein for the health of cardiac
patients [14].

A second important part of flax SSPs are the 25 albumins, commonly referred to as
conlinins [1,26,41]. In the set of identified proteins, two PGs (CAC94011.1, CAC94010.1)
were found with the name conlinin and the described activity of the storage protein (Table 2).
According to the accession number and the assigned GI number, these items are identical
to the two proteins found by Liu et al. [41] in their work. These authors studied conlinin
for its involvement in the emulsification activity of the flaxseed soluble gum (FSG) fraction,
to which conlinins were co-transferred during the hot water isolation of FSG. The conlinins
were found to be significantly involved in increasing the emulsification activity and stability
of the emulsions formed. These are proteins that have been described in databases based
on the cDNA sequence of two conlinin genes, cnll and cnl2 [42]. Earlier work [23] describes
conlinins as proteins with a sedimentation coefficient of 1.65 and a MW of 15-18 kDa,
while Liu et al. [41] found a MW by 2D-PAGE of around 11 kDa; however, the UniPro KB
database lists a predicted MW of 19.063 kDa (169 amino-acids) for Q8LPD4 (CAC94011.1)
and a predicted MW of 19.012 kDa (168 amino-acids) for Q8LPD3 (CAC94011.1).

Diverse physiological functions are generally reported for seminal 25 albumins.
Souza [43] in his work states that they are not only proteins with a storage function
as a source of indispensable amino acids (especially cysteine), but due to their alpha-helical
structure and positively charged amino acid residues, they are often characterized by
antimicrobial and antifungal activity. The more significant use of 25 albumins in food
and biotechnological applications is hampered by their relatively high allergenicity [44].
Additionally, flaxseed polypeptides with MW from 20 to 38 kDa (or more), e.g., malate
dehydrogenase, are suspected of allergenicity, too [3]. Allergies to flaxseed are rarely
reported. However, Bueno-Diaz et al. [6] described recently the allergy of five patients to
flaxseed and 25 albumin was the main allergen, and 11S globulin was a potential allergen.

In addition to 11S globulins and 2S albumins, other proteins of similar function have
been reported in flaxseed. For example, Barvkar et al. [1] described glutelins, a 48 kDa
proteins, and 75 globulins in flaxseeds. Globulins 7S were detected in seeds of other cilseed
crops including hemp [32]. No proteins of this type were found in our study.

3.2.2. Oleosins

Oleosins (OLs) are proteins with MW ranging from 15 to 26 kDa [45,46] that participate
in the structure of oil bodies (oleosomes). In oilseeds, oleosomes are mainly localized in the
cotyledon'’s cells, where they form structures with diameters between 0.2 and 2 pm [47].
Oleosomes are composed of a monolayer membrane of phospholipids reinforced not
only by OLs but also by other types of proteins such as calecsins or steroleocins [47-49].
Typically, the oleosome isolated from oil bodies contains about 94-98% neutral lipids,
0.6-2% phospholipids and 0.6% protein [49].

159



Foods 2024, 13, 1288

10 of 17

The OLs are among the most quantitatively important proteins in oilseeds. We found a
total of six oleosin PGs, whose relative abundance in the seed extracts of the three cultivars
evaluated ranged from 2.12 to 2.86% in analysed flaxseed products. Four PGs were the
“oleosin low molecular weight isoforms” (MW in the range 14.991-16.039 kDa) and two the
“oleosin high molecular weight isoforms” (MW 18.643 kDa or 18.712 kDa). OLs relative
abundance in flaxseeds is lower compared to hempseeds (8%) based on the results of the
recent study by Barta et al. [32].

3.2.3. Defence- and Stress-Related Proteins

Within the PGs significantly related to flaxseed defence and its response to stress, we
detected the enzyme chitinase, late embryogenesis abundant protein, heat shock proteins,
and trypsin inhibitor. We observed a surprisingly high relative abundance of chitinase (rep-
resented by two PGs WMZ41542.1 and AAW31878.1) ranging from 6 to 10% in the flaxseed
protein pool. Klubicovaetal. [29] also found chitinase in mature flaxseeds harvested from
remediated plots in the Chermnoby]l region, but at a significantly lower abundance of 0.3%
(calculated as a percentage of spot volume in the evaluation of the information obtained on
the gel after bwo-dimensional electrophoresis).

Among the proteins associated with the stress responses of the maturing seed, a PG
with the designation “Late embryogenesis abundant (LEA) group 1—embryo development”
(AMY26620.1) can be included. LEA proteins have been found in various organisms,
including plants. In seed tissues, they act as protein and membrane protectors against
drought stress and water deprivation [50].

The PG with the designation “Sequence 3353 from patent US 9878004" (accession
number AVY09180.1) was found to be a quantitatively significant item (relative abundance
of about 0.9%). Polypeptide of this PG consists of 158 amino acids, and the predicted MW
is 17.99 kDa. The function of this PG in flaxseeds is unclear; however, a detailed search of
the NCBI and UniProt KB databases revealed a high degree of sequence similarity (around
80%) to small heat shock protein (SHSP) type proteins. SHSPs are found in both prokaryotic
and eukaryotic cells and are among the chaperones, and are generally part of the quality
control mechanism of cellular proteins with a line of defence function against conditions
that threaten the cellular proteome [51]. In plant seeds, the action of SHSPs is not only
related to protection against heat stress. The expression of SHSPs in seeds occurs during the
ripening process, leading to their accumulation in dry seeds, but their presence disappears
after seed germination [52].

A significant finding is the presence of an item (IDWM_A) that forms part of a trypsin
inhibitor. On the one hand, protease inhibitors are part of the natural defence of plants
against harmful agents, which can be used biotechnologically or in plant protection [2,53],
on the other hand, they can have adverse effects on human digestion and utilization of
consumed proteins [54].

3.2.4. Other Selected Important Proteins

Among other proteins significant in their relative abundance are enzymes metaboli-
cally relevant to mature seed physiology, e.g., glyceraldehyde-3-phosphate dehydrogenase,
fructose-bisphosphate aldolase and malate dehydrogenase, whose presence in flaxseeds
is also confirmed in the work of Barvkar et al. [1]. Among the significant PGs found in
the flax products we analysed is AVY09175.1, which is probably related to hydroxysteroid
dehydrogenase activity and cleosome (oil body) membrane proteins [55]. PGs with signifi-
cant relative abundance in flax seeds also include allene oxide synthase (P48417.1) with a
relative abundance of about 0.6%, which is likely involved in fatty acid biosynthesis, and
translational elongation factor (CAI0411675.1) with a relative abundance of about 1%
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3.3. Influence of Cultivar and Concentration Method on Relative Abundance of Main
Protein Groups

The relative abundance of individual proteins contained in flaxseed products can be
influenced by several factors. Our study evaluated the influence of protein concentration
methods producing different flaxseed products (FF and PC) in combination with the
influence of cultivars. In terms of evaluating the influence of the concentration method
factor, two methods used were chosen as examples of dry and wet processes to increase
the protein concentration in products [16,30,56]. The dry process is represented by sieving
milled SC through a sieve with a mesh size of 250 pm, while the wet process is represented
by the AE/IEP combination. The 250 pm mesh size sieve was chosen, as in our work of
Barta et al. [30], based on our previous experience when we tested sieves with mesh sizes
ranging from 180 to 710 um. The 250 pm mesh sieve provided the best result regarding the
protein concentration effect and practical advantages (the sieve did not clog). Analysis of
the data set of selected PGs revealed that for 30 PGs out of 33 in total, the concentration
method factor had a significantly greater influence than the cultivar factor.

The estimation of the relative abundance of the PGs for the flaxseed products derived
from the three cultivars is given in Table 3. From the results, it is evident that SSPs
have the highest relative abundance in the flaxseed protein pool. The PGs (especially
items CAI0558954.1, CAI0432378.1, CAI0558846.1; CAI0434421.1), which represent 115
globulin or linin, respectively, occupy a relative representation in SC for all three cultivars
in the range of 41-44%. Most authors report higher values, e.g., Bekhitet al. [4] report a
relative representation of 64-66% for 115 globulin, while another study [7] reports a relative
abundance of 70-85% for globulins. The difference may be explained by the fact that in
most papers the abundance of globulins is reported as the abundance of the protein fraction
soluble in salt solution, which may also contain other proteins. On the other hand, the 75
protein fraction, which is assigned to globulins [1], was not found in our samples.

The wet process of protein concentration using AE/IEP led to a significant increase
in the relative abundance of 11S proteins in PC samples (Table 3, Figure 3). This method
increased the representation of 118 globulins from a level of 40-46% to a level of 72-84%
for the materials of all three cultivars. The effect of cultivar on the concentration of 115
globulins was less significant for the most represented items and was estimated by statistical
analysis (variance component) to be 3-11%, while the effect of the concentration method
was in the range of 79-95%. The effect of sieving the SC on the concentration of 11S
globulins was ambiguous depending on the cultivar (see Figure 3). Alkaline solubilisation
(extraction) allows the transition of water-insoluble globulins to the soluble state due to the
prevailing isoelectric point (pI) values of globulin proteins. The pI values for 115 flaxseed
globulins are reported to be around pH 4.5 [14]. Considering the known fact that proteins
are insoluble in environments equal to or close to their pl, alkaline extraction in the pH
range of 7.5-9.0 (12.0) allows sufficient “distance” of proteins from their pI value and
conversion to a soluble state [56,57]. Increasing the concentration of the alkaline medium,
and thus higher pH during extraction, generally increases the yield of proteins [57,58], but
also increases the risk of protein damage—denaturation, protein hydrolysis, amino acid
racemization, and loss of essential amino acids, including the formation of lysinoalanine
with nephrotoxic activity [58,59]. The low residual fat content of the original flour or its
defatting with organic solvent is also important, as pH adjustment through hydroxides
leads to soap formation when reacting with fat.

The fraction of conlinins (25 albumin) was found in the SC of the evaluated cultivars
at the level of 7-9% (Table 3), which is lower than have been reported by other authors.
Often, the albumin fraction is reported at 15-30% [5,15]. As can be seen from Figure 3, for
conlinins, mechanical sieving (increase from the original 7-9% to 10-13%) has a higher
concentration effect than AE/IEP (decrease to 7.5-11%). Sieving resulted in an increase
in relative abundance for two cultivars (Agriol, Libra), but AE/IEP resulted in a very low
abundance of OLs in PC for the class OLs.
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Table 3. Relative abundance of selected protein groups in flaxseed products (seed cake—5C, fine
flour—FE protein concentrate—PC) of three oilseed flax cultivars expressed in relative % (mean +

std. deviation).
Accession Protein Name Aggriol Raciol Libra
sC FF PC sC F PC sC FF FC
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. LINTE L 130 4032 L 045 L 662 4042 Ll& L£110 4 028 L4
protein 7.13cd B06cd 1608 ab 639d 7To94ed WTb &10cd 8R0c 16.88a
CARRY product; LINTE L4 070 £ 083 + 057 +04d 0.0 083 009 £ 095
R R urmamed 669k 6idZb 11562 521b 560b 1091 a 637 h 630h 13232
pro<duct; £ 015 + 029 £ 055 + 043 + 076 + 028 L0L68 £ 0L10 + 020
CAIMILTLL m:mmlndpmb:m 0B2 b 0LE7 b 2dda DE5c 092 be 2dla DER e 105 b 250a
product; LINTE + 002 + 006 £010 £ 015 + 002 + 008 £0.08 + 0T +0.29
CATMIE48.1 urmarmed nola 02la 027 a (18 ] 0L19a 017 & N?3a n13a 020s
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Table 3. Cant.
Accession Protein Name Agriol Raciol Libra
sSC FF PC sC F PC sC FF PC
unnamed protein 0.12 ab 010b 00lc 0.11 ab 010b 00lc 0l3a 011ab 0.02¢
CADMITA product; LINTE =000 = 0.006 £0.003 £ 0012 =+ 000 = 0002 £ 0.009 £0010 £ 0002
CAIM11675.1 mmndm\ 101 ab L10a 0llc 095b 1.06ab Qloc 1L09a L12a 022¢
product; =0.09 =008 +003 =005 =004 =0.01 =005 =004 =002
AGNS6421.1 non-specific lipid transfer 0a 0.49 ab 0.05d 047 abc 0.43bc 006d 0.49 abc 042¢ aosd
protein 1; LINUS =003 = 0.01 +0.003 =003 =004 +0.01 £0.05 £ 002 =001
CAINM14282.1 \mnmépmizm 0.26a 025ab 003 c 032a 021 ab M c 024 ab 030a 0.13bc
product; LINTE =0.02 =00 £=0.002 =006 =003 =0.01 =0.03 %= 007 =004

Note: Different lower-case letters in rows indicate the statistically significant difference at p < 0.05 (Tukey
HSD test).
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Figure 3. Relative proportions of protein classes depending on the flaxseed product (seed cake—SC,
fine flour—FE protein concentrate—PC) and cultivar.

In the case of chitinase (item WMZ41542.1) and most other PGs of the defence- and
stress-related proteins class (items AMY26620.1, CAI0408810.1, IDWM_A), sieving and
AE/IEP leads to a decrease in their abundance in FF and PC. This may be explained by the
fact that proteins related to defence and stress reactions are present in higher concentrations
in the seed coat and other surface layers of the seed tissues, where they are “closer” to
factors attacking or affecting the seed. Sieving with a 250 pm mesh size sieve leads to the
separation of coarser particles from the FE These particles are generated during milling
from the surface layers of the seed coat.

For other selected important proteins (mainly quantitatively important enzymes), no
significant difference in their relative abundance in SC and FF was found, but a significant
decrease in their abundance in PC was observed. Thus, these types of proteins may be found
in higher concentrations in the residual flour after the solubilisation phase of the AE/IEP
procedure (in the pellet after centrifugation of the extraction mixture) and this material may
be an interesting source for their recovery and possible use in biotechnological processes.

From the point of view of food, nutritional and medical applications of flaxseed
proteins, the major fractions of proteins such as 115 globulins, 25 albumins and oleosins,
are particularly important. From the results presented above, it is evident that mechanical
sieving leads to an increase in the relative abundance of 25 albumins in the product.
On the contrary, the AE/IEP method significantly increases the relative abundance of
11S globulins, so that the obtained PC can have up to twice higher abundance than SC
or FE This is important information when practical use of their functional properties is
required. Kaushik et al. [14] reported that flaxseed protein isolate (also obtained using
the AE/IEP method) excels in water binding, has a stabilizing effect on emulsions formed
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with sunflower cil and, as discussed in Section 3.2, it may be a “better” protein for cardiac
patients due to its low lysine to arginine ratio (only 0.25). Flaxseed protein concentrate may
be a good source of bicactive peptides having antibacterial, antioxidant, and antidiabetic
effects as well as an angiotensin-converting enzyme inhibition effect due to the amino
acid sequence of 115 globulin [15]. Merker et al. [25] highlighted the potential of flaxseed
profeins including 115 globulins to produce peptides with an anticarcinogenic effoct.

As already mentioned, the effect of cultivar on the different abundances of the PGs
evaluated in flaxseed products was lower than the effect of the concentration method.
However, for PCs, significant differences were found between cultivars in the relative
abundance of 115 globulins. While the high ATA cultivar Libra had a melative abundance
of 115 globulins {in total) of 71.73%, the low ALA cultivar Agriol had a relative abundance
of 84.02%. These findings suggest that cultivar selection may significantly influence the
representation of these proteins in PC, but this idea needs to be further developed in
follow-up research by obtaining data from a larger set of cultivars.

4. Conclusions

A total of 2560 protein groups were found within the evaluated flaxseed products (seed
cake, fine flour, protein concentrate ) prepared from the three oilseed flax cultivars despite
the incomplete sequence information for Linum usitatissimum. Subsequently, incomplete
annotations made creating a functional description rather difficult for most of the identified
protein groups.

The only 33 protein groups that were selected for detailed description were identified
to have a relative abundance within the protein pool of 69-95%. The conditions combining
alkaline solubilisation (at pH 8.5) and subsequent isoelectric precipitation of the proteins
(at pH 4.5} significantly increased the relative abundance of 115 globulin-ty pe proteins
{from 41-44% to 72-84%) in the resulting protein concentrate, which have high potential
for food applications due to their properties and amino acid composition.

Mechanical sieving of milled cake increased the relative amount of 25 albumin in
the fine flour (up to the value of 9-13%, depending on the cultivar). Another important
protein class, oleosins, was more present in seed cake or fine flour, depending on the
cultivar, ranging from 2-4%. Both protein classes (25 albumin and olecsins) have been
shown to decrease their abundance in protein concentrate compared to 115 globulins. A
surprising and interesting finding is the high relative abundance of chitinase (up to 107G in
seed cake and fine flour, respectively), which is part of the plant defence system against
microorganisms. The majority of the other protein groups evaluated were enzymes (e.g.,
glyceraldehyde 3-phosphate dehydrogenase, fructose-bisphosphate aldolase, or allens
oxide synthase), which crossed over to protein concentrate in only a small proportion.

The effect of cultivar on the relative abundance of the proteins evaluated is not negligi-
ble, but compared to the method of the probein concentration is significantly lower for the
vast majority of identified protein groups. The low ALA cultivar Agriol had the highest
relative abundance of 115 globulins (84%), whereas the high ALA cultivar Libra had the
lowest relative abundance of 115 globulins (almost 72%). The selection of a suitable cultivar
could be an important factor to obtain a protein concentrate with the highest abundance of
115 globulins.
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V piedchozi publikaci tohoto bloku byly charakterizovany bilkoviny ve
vyliscich semen Inu a znich ziskanych produktl. Prosévanim pavodni vyliskové
mouky na situ s velikosti otvori 250 pum lze ziskat jemnou vyliskovou mouku
s koncentrovanéjsSim obsahem bilkovin v porovnani se samotnymi vylisky. Tyto
produkty se vyznacuji obsahem bilkovin mensim nez 65 %, u vyliskd Inénych semen
tento obsah ¢ini 29-30 % a u jemné mouky 34-36 %. Princip prosévani je jednim ze
zpusobli koncentrovani bilkovin v ramci tzv. suchého procesu. Kromé prosévani
zahrnuje tento postup také separaci Castic v proudu vzduchu, gravita¢ni separaci nebo
elektrostatickou separaci. Efektivnéj§im zpisobem koncentrovani bilkovin je nicméné
tzv. mokry proces. Jeho principem je alkalickd nebo solnd solubilizace ve vodném
prosttedi nebo solném roztoku, nésledovand isoelektrickym srdzenim nebo
membranovymi procesy. Mokrou cestou lze ziskat bilkovinny koncentrat s obsahem
bilkovin 65-90 %. V ramci ptedchozi studie kolisal obsah bilkovin tohoto typu
produktu v ptipadé Inénych semen v rozmezi 70-78 %. Vhodnou optimalizaci nebo
kombinaci uvedenych, ¢i analogickych, metod je mozné vytvofit koncentrovany izolat
obsahujici typicky vice nez 90 % bilkovin. Uvedenymi postupy lze ziskat bilkovinné
produkty také z vyliskii semen a ploda dalSich rostlin, vyuzivanych pro produkci
konzumniho oleje, napf. konopi, ostropestice, fepky, slunecnice, s6ji a tykve.
Nicméné, komplikaci pti produkci koncentrati a izolatli bilkovin ze semen Inu ¢i jejich
vyliskli pfedstavuje pritomnost slizotvornych polysacharidi a jejich problematické
odstrafiovani.

Zminéné produkty bohaté na bilkovin vykazuji funkéni vlastnosti v podobé
schopnosti védzat vodu a tuk, vytvafet stabilni gely a pény, vyznacuji se rovnéz
emulgacni aktivitou a viskoelastickymi vlastnostmi. Enzymova hydrolyza
bilkovinnych koncentratli a izolati miZze vést v ¢asteném provedeni ke zlepSeni
funk¢nich vlastnosti, v pfipadé¢ kompletni hydrolyzy pak k produkci peptidi
vyznacujicich se antioxida¢nimi, antimikrobialnimi, protizanétlivymi,
antihypertenznimi nebo antipyretickymi vlastnostmi. Bilkovinné produkty ziskané ze
semen a plodii vyznamnych olejnych plodin lze vyuzit jako suroviny pro vyrobu
riznych skupin potravinarskych vyrobki, zejména cerealnich, masnych a mléénych ¢i
specidlnich vyrobkii a ochucovadel. Konkrétnim moznostem valorizace vyliskl
Inéného semene a odvozenych bilkovinnych produktii se podrobnéji vénuje nasledujici

kapitola 4.5.
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Bilkoviny vyliskd semen a plodti olejnych rostlin Ize diky svoji kvalité, funkénim
vlastnostem a dostupnosti povazovat za ¢aste¢nou nebo plnohodnotnou alternativu
k bilkovinam zivoc¢i$ného puvodu. S ohledem na ekonomické a ekologické aspekty a
pozadavky spole¢nosti na zdravi zivotni styl lze oCekavat zvySujici se naroky na
konzumaci rostlinnych bilkovin a moznosti jejich ziskavani z vedlejSich produktti pii

zpracovani rostlin.

Kompletni informace a zdroje vztahujici se k dané problematice a vySe uvedené

anotaci jsou uvedeny v publikaci:

Barta, J., Bartova, V., JaroSova, M., gvajner, J. (2021). Proteins of Oilseed Cakes,
Their Isolation and Usage Possibilites. Chemicke Listy, 115(9): 472-480.
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4.5 Charakterizace, funk¢ni vlastnosti, antioxida¢ni potencial Inénych
vyliskii a moznost jejich vyuziti pro fortifikaci potravin

Ptredchozi kapitola disertacni prace byla zaméiena na moznosti koncentrace
bilkovin Inénych semen a vyliskii, pficemz v ni byly zminény funk¢ni vlastnosti a
moznosti vyuziti téchto bilkovinnych produktl pro obohacovéani potravin. Posledni
¢ast disertacni prace na tu predchozi navazuje, nicméné se komplexnéji zaméefuje na
konkrétni mozné aplikace Inénych, v SirSim méfitku pak také ostatnich olejnych
plodin, vyliski a jejich velikostnich frakei.

Jak bylo uvedeno v ptedchozich dvou publikacich, prosévani vyliskové mouky
je mozné ziskat pfinejmens$im dvé velikostni frakci. Pti pouZiti vice sit je mozné
celkovou vyliskovou mouku ¢i diléi velikostni frakce dale separovat. Zatimco jemna
frakce se obecné vyznacuje zvySenym obsahem bilkovin, hruba frakce obsahuje vétsi
Castice tvofené predevS§im homogenitem semennych slupek, které se vyznacuji
vysokym zastoupeni polyfenolickych latek. V ramci prvniho vystupu této Casti,
pfedstavujici pivodni studii, bylo stanoveno zakladni chemické slozeni celkové,
jemné a hrubé frakce vyliskové mouky, jejich funkénich vlastnosti, biologické aktivity
a barvy u osmi olejnych rostlin — Inu setého (Linum usitatissimum L.), konopi setého
(Cannabis sativa L.), ostropestice marianského e (Silybum marianum (L.) Gaertn.),
maku setého (Papaver somniferum L.) (Cucurbita pepo L. var. oleifera), tykve olejné,
svétlice barviiské (Carthamus tinctorius L.), brukve fepky olejky (Brassica napus L.)
a slunecnice ro¢ni (Helianthus annuus L.).

Vylisky byly ziskany lisovanim semen za studena vyuZitim poloprofesionalniho
hydraulického lisu pii teploté niz$i nez 50 °C. Ptiprava vyliskové mouky byla
provedena z vyliskt dle ovéfeného postupu (Obr. 16). Velikostni frakce byly ziskany
prosivanim celkové vyliskové mouky pomoci sit s velikosti otvorti 250 pum. Vzorky
vyliskové mouky (Obr. 17) byly pouZity pro zjisténi obsahu celkovych tuki,
dusikatych latek, popelovin a vody. Obsah sacharidi (vlakniny) byl stanoven
dopoctem. Pomoci SDS-PAGE byly vizualizovany bilkovinné profily jednotlivych
vzorkd mouk. Funkéni vlastnosti byly analyzovany dle postupli vychdzejicich
z odborné védecké literatury. Antioxidacni aktivita byla stanovena pomoci
spektrofotometrickych metod zaloZenych na principu zhdseni radikald ABTS a DPPH

a celkovy obsah polyfenolt pomoci metody s vyuzitim Folin-Ciocalteauova ¢inidla.
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Barva mouk byla stanovena kolorimetricky. Ziskané vysledky byly statisticky

vyhodnoceny.

vylisky

olejna semena

l mleti vyliskd velikostni frakce
P vyliskové mouky

wrl 06z peu

olej

prosévani
vyliskové mouky

wr o6z pod

vyliskova mouka I

obsah bilkovin
obsah sach.
antiox. aktivita

vaznost vody

obsah bilkovin
obsah sach.
antiox. aktivita

vaznost vody

Obr. 16: Obecny postup zpracovani vyliskli olejnych semen a vliv prosévani na vybrané
vlastnosti hrubé a jemné frakce vyliskové mouky Inu setého (pfevzato a upraveno podle

Barta et al., 2021)

obsah sach. = obsah sacharidu

e ——

Obr. 17: Vzorky vyliskové mouky a jejich produktti v prub€hu analyzy rozpustnosti
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Na zéklad¢ ziskanych vysledkl byly v piipadé Inu prokazany relativné velké
rozdily v obsahu dusikatych latek, tukl a polysacharidii mezi analyzovanymi vzorky

24

(Obr 18). Oproti ostatnim plodinam se len vyznacoval nejniz§im obsah popelovin a
nejvyssim obsahem zbytkového tuku. V ramci funk¢nich vlastnosti byla zjisténa vyssi
rozpustnost u jemné mouky (26,7 %), oproti celkové mouce (21,8 %) a hrubé mouce
(22,3 %), pticemz vyssich hodnot dosahovala pouze vyliskova mouka ze semen fepky
(v pruméru 26,3 %). Tepelné oSetfeni vyznamné zlepsilo vaznost vody (4,1 — 8,0 g/g
mouky). V praméru pak Inéna vyliskova mouka disponovala nejvy$simi hodnotami
vaznosti vody a tuki a také druhou nejvyssi rozpustnosti ve vode. Obsah polyfenoli
¢inil 3,6 mg EKG/g jemné mouky a 6,1 mg EKG/g jemné mouky, pticemz v hrubé
mouce byla zjisténa hodnota 7,4 mg EKG/g hrubé mouky, ktera byla vyssi pouze u
slunecnice a ostropestice. Rovnéz v ptipadé antioxidacnich aktivit byly u Inu zjistény
nejvys$i hodnoty u hrubé mouky, ¢imz se opét potvrdil piedpoklad o nejvyssi
koncentraci antioxidantdi v obalovych vrstvach semene. Barva vyliskovych mouk byla
u vSech plodin ovlivnéna prosévanim. Konkrétné¢ byla jemna mouka, s vyjimkou

maku, vzdy svétlejsi v porovnani s celkovou a hrubou moukou.
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Obr. 18: Vytéznost hrubé a jemné frakce vyliskové mouky; zakladni chemické slozeni, funkéni
vlastnosti a antioxida¢ni aktivity celkové, hrubé a jemné frakce vyliskové mouky (ptevzato a
upraveno podle Barta et al., 2021)
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EKA = ekvivalent kyseliny askorbové, ABTS = antioxidacni aktivity vyjadfend zhasenim
radikalu ABTS, DPPH = antioxidac¢ni aktivity vyjadiend zhaSenim radikdlu DPPH, inkubace
vyjadiuje tepelné oSetfeni smési vyliskové mouky a vody pii 100 C°

Vyliskové mouky rtznych druhli olejnin mohou piedstavovat cenny material
Z hlediska nutricni hodnoty, funkc¢nich vlastnosti nebo pfitomnosti biologicky
aktivnich latek. Z celkového pohledu byl zjistén vyznamny vliv plodiny a velikostni
frakce na studované parametry. Nicméné, diky studiu materialu z osmi rozdilnych
druhii olejnin bylo rovnéz zjisténo, ze pouziti metody prosévani za ucelem zlepseni
uvedenych vlastnosti nemusi pfinést u vSech studovanych plodin pozadovany efekt.
V piipadé Inu setého byl vSak efekt prosévani vyznamny. Zatimco jemna mouka
vykazovala oproti celkové mouce vyssi obsah bilkovin a lepsi rozpustnost, hruba
frakce poskytovala lepsi hodnoty ostatnich studovanych funkcnich vlastnosti, vyssi
obsah polyfenoll a souvisejici antioxidacni potencial. V rdmci souboru studovanych
olejnin vykazovaly vyliskové produkty Inu nejvySSich hodnot u vSech funkénich
parametrl s vyjimkou rozpustnosti, kde vSak dosahly lepSich hodnot pouze vylisky
fepky olejky. Na zadkladé téchto zjisténi lze poukdzat na potencial vyuziti Inénych
vyliski, respektive jejich velikostnich derivatl, jako nutricné kvalitnich a funkénich

sloZek potravinatskych vyrobkd.

Kompletni informace a zdroje vztahujici se k dané problematice a vySe uvedené
anotaci jsou uvedeny v publikaci:

Barta, J., Bartova, V., JaroSova, M., gvajner, J., Smetana, P., Kadlec, J., Filip, V.,
Kyselka, J., Ber¢ikova, M., Zdrahal, Z., Bjelkova, M., Kozak, M. (2021). Oilseed Cake
Flour Composition, Functional Properties and Antioxidant Potential as Effects of
Sieving and Species Differences. Foods, 10(11): 2766.
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Abstract: Oilseed cakes are produced as a by-product of oil pressing and are mostly used as feed.
Their use for human consumption is due to the functional properties and benefits for human health.
Herein, oilseed cake flours of eight species (flax, hemp, milk thistle, poppy, pumpkin, rapeseed,
safflower, sunflower) were sieved into fractions above (A250) and below (B250) 250 pm. The chemical
composition, SDS-PAGE profiles, colour, functional properties and antioxidant activities of these
flours were evaluated. The B250 fractions were evaluated as being protein and ash rich, reaching
crude protein and ash content ranging from 31.78% (milk thistle) to 57.47% (pumpkin) and from 5.0%
(flax) to 11.19% (poppy), respectively. A high content of carbohydrates was found in the flours of
hemp, milk thistle and safflower with a significant increase for the A250 fraction, with a subsequent
relation to a high water holding capacity (WHC) for the A250 fraction (flax, poppy, pumpkin and
sunflower). The A250 milk thistle flour was found to have the richest in polyphenols content (TPC)
(40.89 mg GAE/g), with the highest antioxidant activity using an ABTSe+ assay (101.95 mg AAE/g).
The A250 fraction for all the species exhibited lower lightness than the B250 fraction. The obtained
results indicate that sieving oilseed flour with the aim to prepare flours with specific functional
characteristics and composition is efficient only in combination with a particular species.

Keywords: oilseed cake flour; protein; antioxidant activity; hemp; flax; milk thistle; poppy; sun-
flower; rapeseed

1. Introduction

Oilseed species are an important group of crop plants whose oil is edible and suitable
for human consumption. Only a few species are significant in the total world trade out of
about 40 different oil seeds [1]. The major oilseed producing areas are in the temperate
zones. America and Europe together account for more than 60% of the world production.
Brassica species are the second-largest oilseed crop after soybean in the world production,
surpassing peanut, sunflower and cottonseed during the last two decades [2]. Minor
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oilseed crops that are cultivated in Central Europe include flax, hemp, milk thistle, poppy,
pumpkin or safflower.

As a by-product of oil pressing, oilseed cakes are produced, which are mostly used
as feed for farm animals because they contain significant amounts of protein and other
valuable substances [3-5]. However, the increasing human population induces demand
for more rational use of food processing by-products [5,6]. The compositions of oilseeds
differ according to individual species or cultivars. In general, oilseeds and the produced
oilseed cakes represent functional food ingredients, as they are rich in oleochemicals,
phytochemicals with antioxidant activity, proteins, ash, fibre, carbohydrates, vitamins
and minerals [6]. Oilseed cakes can serve as substrates for the production of bioactive
compounds (proteins, dietary fibre, antioxidants) with beneficial characteristics for health
that can be used in foods, cosmetics, textile and pharmaceutical industries. Moreover, they
can also be used as substrates for the production of enzymes, antibiotics or mushrooms [5].

Predominantly, oilseed cakes and subsequently oilseed cake flour are valuable sources
of gluten-free proteins [7] that are suitable alternatives for replacing animal or other plant
sources of protein since they are easily digestible, non-toxic and nutritionally sufficient [7-9].
Cold press cakes of sunflower, flaxseed, pumpkin or hemp contain 19.9-44.9, 14.4-41.9,
29.4-53.9 and 23.5-33.6% crude proteins, respectively [5,7,9]. The pressed cakes could be
transformed into flour, protein concentrates and protein isolates with protein contents
of <65, 65-90 and >90%, respectively, as well as hydrolysates [6]. The obtained oilseed
cake products with high protein content display high water-holding and fat absorption
capacities, emulsifying and foaming activities and stability [7,10]. Protein concentrates and
isolates are more suitable than oilseed cake flour for fortifying food products with plant
proteins, but “wet” technology (including aqueous extraction, chemical use, drying) is
needed to produce them, where these are technically and economically more demanding
processes. The protein content of flour can be increased by separating the protein-rich
fraction of fine particles from the fraction of coarser particles using dry methods. Sieving,
which is one of the dry methods, can be used as a technically and economically inexpensive
solution [11-13].

The use of oilseed cakes and flours for the fortification of various types of food
products is already well described [9,14-16]. Knowledge of functional properties and
composition is key to finding the optimal use, but this information is often very fragmented
and the data presented are often limited to the evaluation of an individual species. For
this reason, the aim of the present work was to assess the impact of sieving on the con-
tent and composition of nutritionally and biologically valuable components and selected
functional properties in the oilseed cake flours of the eight selected oilseed crops, namely,
flax (Linum usitatissimum L.), hemp (Cannabis sativa L.), milk thistle (Silybum marianum (L.)
Gaertn.), poppy (Papaver somniferum L.), pumpkin (Cucurbita pepo L. var. oleifera), rapeseed
(Brassica napus L.), safflower (Carthamus tinctorius L.) and sunflower (Helianthus annuus L.).
This work brings new information regarding the composition, functional properties and
potential usability of various fraction sizes of the oilseed cake flours in relationship to
the species.

2. Materials and Methods
2.1. Industrial Processing of Oilseeds, Milling of Oilseed Cake and Preparation of Flour Fractions

Industrial moistening and screw pressing of oilseeds, namely, flax (Linum usitatis-simum
L.), hemp (Cannabis sativa L.), milk thistle (Silybum marianum (L.) Gaertn.), poppy (Papaver
somniferum L.), rapeseed (Brassica napus L.), safflower (Carthamus tinctorius L.) and sun-
flower (Helianthus annuus L.) were done using direct saturated steam injection at 95 °C with
a cold screw pressing operated at a temperature below 50 °C. The industrial processing
of pumpkin seeds (Cucurbita pepo L. var. oleifera) consisted of milling, moistening at 70 °C,
roasting (130 °C, 30 min) and cold pressing using a hydraulic press that was operated at a
temperature below 50 °C. Cold oilseed cakes of eight oilseed species were vacuum packed
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and kindly donated by AGRO-EL Ltd. (Znojmo, Czech Republic) for further determination
of the functional properties.

The oilseed cakes were milled using the knife mill Grindomix GM200 (Retsch, Haan,
Germany) under 10,000 rpm for 1 min and subsequently separated by sieving into size
fractions (laboratory sieve system Retsch SATURN, Retsch, Germany). Finally, three size
fractions of the oilseed cake flour were obtained: whole oilseed cake flour (WF) and oilseed
cake flour fractions above 250 um (A250) and below 250 pum (B250). The yields of the
sieving fractions is given in Table 1. The contents of the dry matter, nitrogen components
(crude protein), lipids (crude fat), carbohydrates, ash and moisture were determined in each
of the flour fractions. Moreover, the obtained fractions were analysed for their SDS-PAGE
protein profiles, water solubility, water and fat holding capacity, total phenolic content,
antioxidant activity and colour profiles. All analyses were performed in triplicate.

Table 1. Yields of the sieving fractions.

Oil Cake Yield (%)
A250 B250
Flax 51.95 45.15
Hemp 61.99 35.20
Milk thistle 50.01 49.06
Poppy 4141 56.50
Pumpkin 38.04 59.79
Rapeseed 49.57 48.00
Safflower 68.45 30.64
Sunflower 56.53 41.51

2.2. Proximate Composition

The ground and homogenised samples were analysed for water content using the
gravimetric method (AOAC 925.10), crude protein content (N x 6.25) using the Dumas
method, crude fat content using the Soxhlet method (AOAC 935.38) and ash content
(AOAC 923.03) [17].

The moisture of the samples (2 g) was determined via drying them to a constant
weight in a drying oven (Memmert oven U110, Memmert GmbH + Co. KG, Buechenbach,
Germany), which was maintained at 105 °C for 3 h.

The crude protein content was determined via the modified combustion method
according to the Dumas method using the rapid N elementary analyser (Rapid N exceed,
Elementar Analysen Systeme, Langenselbold, Germany). Each sample was analysed in
triplicate and the crude protein (protein nitrogen) was calculated as nitrogen content
multiplied by a factor of 6.25.

The crude fat content was measured via the Soxhlet extraction method with petroleum
ether using an automatic extraction system ANKOM XT 10 Extractor (ANKOM Technology,
Macedon, NY, USA) according to the producer’s manual. Crude fat values were calculated
from the weight difference before and after extraction.

The ash content was measured as the total amount of inorganic residues remaining
after the organic matter incineration by heating oilcake samples in a muffle furnace (muffle
furnace LE 09/11, LAC s.r.0., Zidlochovice, Czech Republic) at 550 °C for 5 h.

The carbohydrates content was calculated as the remainder up to 100% of the sample
dry matter (DM) after subtraction of the sum of all determined other component contents.

2.3. Water Solubility and Water Holding Capacity

Water solubility (WS) and water holding capacity (WHC) of the oilseed cake fractions
were determined by mixing 300 mg of flour dry matter (DM) with 5 mL of deionised water.
The tubes with the mixture were allowed to stand at room temperature for 30 min under
continuous shaking. The samples were centrifuged (15 min, 3600x g, 20 °C) (ROTINA
420/420R, Hettich Instruments, Beverly, MA, USA). The supernatant was discarded and
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tubes with pellet were weighed, freeze-dried (—50 °C, <0.420 mbar, 48 h) (ALPHA 1-4
LSD, Martin Christ, Osterode am Harz, Germany) and weighed again. The solubility and
water holding capacity were computed from the obtained weight data according to the
following formulas (Equations (1)—(3)):

WS (%) =100 x (ms — mlp)/ms (1)
WHC (g/g) = (mwp — mlp)/ms (2)
WHCnon-soluble part (g/g) = (mwp — mlp)/mlp (3)

where WS is the water solubility of sample DM (%), ms is the weight of the sample (g),
mlp is the weight of the freeze-dried pellet (g), WHC is the water-holding capacity of the
samples (g of water per g DM), mwp is the weight of the wet pellet (g) and WHCnon-
soluble part is the water-holding capacity of the DM of oilseed cake flour’s non-soluble
part (g of water per g of non-soluble part DM).

The values of WS and WHC after boiling were determined using the same analytical
procedure as described for the unprocessed samples. The solubility (Equation (4)) and
water holding capacity were computed from the obtained weight data:

WHCnon-soluble part after boiling (g/g) = (mwpab — mlpab)/mlpab (4)

where WHCnon-soluble part after boiling is the water-holding capacity of the non-soluble
part of flour after boiling (g of water per g of non-soluble part DM), mwpab is the weight
of the wet pellet after boiling (g) and mlpab is the weight of the freeze-dried pellet after
boiling (g).

2.4. Fat-Holding Capacity

The fat-holding capacity (FHC) was determined similarly to the WHC with some
differences: 5 mL rapeseed oil was used instead of water. The supernatant (oil phase) was
discarded after centrifugation and the tubes with the pellet were weighed. The FHC values
were computed from the weight of the fatted pellet (Equation (5)):

FHC (g/g) = (mfs — ms)/ms (5)

where FHC is fat-holding capacity (g of oil per g of DM), mfs is the weight of the fatted
pellet (g) and ms is the weight of the sample (g).

2.5. Colour Analysis

The colours of the oilseed cake flour samples were measured using a ColorEye® XTH
colourimeter (X-Rite, Grand Rapids, MI, USA), which is based on the CIE (Commission
Internationale de I’Eclairrage) system and provides L*, a* and b* parameters (L*: lightness,
0%—black, 100%—white; a*: red—green; b*: yellow—blue). The analyses were performed
in triplicate.

2.6. Total Phenolic Content

The total phenolic content (TPC) was determined spectrophotometrically using Folin—
Ciocalteu’s reagent after the previous extraction of phenolics using 80% ethanol with a solid-
to-solvent ratio of 1:20. The extraction was performed over 24 h at room temperature and
the mixture was then centrifuged (3600 g, 10 min), filtered and subsequently refrigerated
at —20 °C until analysis. The extracts were analysed according to Lachman et al. [18] with
some modifications. Briefly, 20 uL of extract and 1980 uL of distilled water were mixed with
100 uL of Folin-Ciocalteu’s phenol reagent, followed by the addition of 300 uL of 20% (w/v)
sodium carbonate. The absorbance was read at A = 750 nm (BioMate 5 spectrophotometer,
Thermo Electron Corporation, Waltham, MA, USA) after 2 h. Gallic acid was used for
calibration. All measurements were repeated three times and the results were expressed as
milligrams of gallic acid equivalent (GAE) per gram of sample fresh matter (FM).
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2.7. Antioxidant Activity

The oilseed fraction extracts for the determination of antioxidant activity were pre-
pared as described for TPC (Section 2.6). Antioxidant activity was measured using the
ABTS and DPPH methods according to Sulc et al. [19] with modifications. Ascorbic acid
was used for the calibration. All measurements were repeated three times and the results
were expressed as milligrams of ascorbic acid equivalent (AAE) per gram of sample FM.

Radical scavenging activity with the ABTSe+ method: ABTS-+ radical was produced
by dissolving 54.8 mg 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS) and 1.0 g MnO; in 20 mL of ultrapure water. The filtered solution (PTFE
0.25 um) was diluted in 5 mM phosphate buffer to an absorbance of 0.800 % 0.01 at
A =734 nm. The absorbance of the reaction mixture was measured at A = 734 nm 1 min
after the addition of 100 pL of sample extract to 1 mL of the radical solution.

Radical scavenging activity with the DPPHe method: 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) radical in an amount of 0.025 g was dissolved in 100 mL of methanol to obtain a
stock solution. The reaction mixture was prepared from 975 uL of 10% (v/v) DPPHe stock
solution and 25 puL of the analysed extract. The absorbance of the reaction mixture was
measured at 515 nm after incubation at room temperature for 30 min.

2.8. Electrophoretic Analysis of Oilseed Cake Protein Profiles

Oilseed cake flour samples were extracted at 4 °C for 4 h using an SDS extraction
buffer (0.065 M Tris-HCl, pH 6.8, 2% (w/v) SDS, 5% (v/v) 2-sulphanylethanol). Protein
separation was carried out in duplicate using cooled dual vertical slab units SE 600 (Hoefer
Inc., Holliston, MA, USA) with a discontinuous gel system (4% stacking and 12% resolving
gel) in reduction conditions [20]. Protein detection was performed by using Coomassie
Brilliant Blue R-250.

2.9. Statistics

The program Statistica 12 (StatSoft Power Solutions Inc., Palo Alto, CA, USA) was
used for the data analysis. Data were subjected to analyses of variance using the two-way
ANOVA method and the means were compared using the Fisher test. Differences between
the variants were considered significant at p < 0.05 unless stated otherwise.

3. Results and Discussion
3.1. Proximate Analysis of Oilseed Cake Flours

The approximate compositions of all variants that were derived from the oil cake
flours are given in Table 2. The contents of crude proteins, crude fat, ash, carbohydrates
and moisture were evaluated using two-way ANOVA (Fisher’s LSD test). Significant
differences were found for most of the variants. The crude protein content in the whole
oilseed cake flour (WF) ranged widely from 14.21% (safflower) to 59.12% (pumpkin) of
the FW. Except for pumpkin, the sieving process increased the crude protein content. The
size fractions with finer particles (B250) reached a higher proportion of crude protein and
these differences were statistically significant in most cases. The crude protein level of
the fine fractions ranged from 31.78% (milk thistle) to 57.47% (pumpkin). The highest
differences between the A250 and B250 fractions were observed for species hemp, safflower,
milk thistle and sunflower. Insignificant differences between the size fractions were found
for poppy and pumpkin. The significant increase in crude protein content in several
species (hemp, milk thistle, safflower and sunflower) in the B250 fraction resulted from the
different structures of their seeds, including the pericarp. In agreement with our results,
Zajac et al. [9] and Lan et al. [21] reported an average crude protein content ranging from
24 to 28% for non-dehulled hemp seeds and Shen et al. [18] determined 32.7 and 41.8%
of crude protein content for non-dehulled and dehulled hempseed flour, respectively.
Similarly, from the data of Murru and Calvo [13], sunflower seed hulls made up to 30%
of the seed weight and have poor nutritional properties due to their minimal content of
protein and lipids. Sunflower hull contains only 3% protein and 61% fibre, while fully
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dehulled sunflower meal contained up to 63% protein and only 9% fibre, as presented by

Murru, Calvo [13].

Table 2. Composition analysis of oil cake flours from eight selected oil crops.

Oilseed Cake Crude Protein (%) Crude Fat (%) Carbohydrates (%) Ash (%) Moisture (%)
Flax
WF 28.46 + 0.44 hi 16.16 £ 0.11b 41.74 + 037 473 +0.03 0 892+ 0.10b
A250 24.81 £+ 0.60 13.03 £ 0.26d 4797 £ 0.29 gh 480 +0.010 9.38 +0.10a
B250 33.58 + 047 f 19.56 £ 0.10 a 33.65 4 0.44 m 5.00 & 0.04n 8.21 & 0.15 cde
Hemp
WE 28.25 £ 0.42 hi 8.61 0241 50.23 £ 0.66 f 534+ 0.02m 7.56 = 0.33 fg
A250 18.83 +£2.421 6.30 = 0.14 m 6219 +231d 422 +0.08p 8.46 +0.09 ¢
B250 45.69 + 044 ¢ 1024+ 0.11g 2784+ 0410 7.65+004g 8.58 £ 0.12 bc
Milk thistle
WF 22.56 + 0.36 k 48440230 63.73 +£0.23d 5.78 4+ 0.03 jk 3.09 + 0.661
A250 10.75 £ 1.20n 227 +£044p 7817 £1.36a 3.61 £0.03q 520 £ 0.05 k
B250 3178+ 16lg 546+ 0.21n 4949 +174fg 8114+ 0.04f 5.16 + 0.50 k
Poppy
WEF 3475 £ 044 ef 1049+ 0.13g 36.03 + 0.43 kl 10.90 £ 0.01 b 7.84 £0.15¢ef
A250 34.66 + 0.36 ef 9.75+0.05h 3732 +0.23k 10.94 + 0.09 b 7.33 £ 0.09 gh
B250 3542 +049e 1125+ 0.23 f 34.62 + 0.67 Im 11.19 £ 0.02 a 7.52 + 0.03 fg
Pumpkin
WF 59124+ 047 a 1236 £ 0.26 e 14.39 £ 0.67 p 9.14 +0.06d 499 +0.14k
A250 60.38 = 0.31a 8.95+0.061 14.67 £0.39 p 942+ 0.11c¢ 6.58 +0.18 i
B250 5747 £ 0.46b 13.65 4+ 0.05¢ 14.06 + 0.65 p 894+ 0.03e 5.88 +0.31]
Rapeseed
WF 29.84 £ 1.50 h 1252+ 0.19e 43.84 £ 1.67i 573+ 0.12k 8.08 +0.14 de
A250 24.96 + 0.54j 8.82+042i 5230 £ 0.76 e 5.49 +0.081 8.43 +0.09 cd
B250 3352+ 0.18 f 15.89 £ 0.13b 37.42 £ 0.35k 5.90 = 0.02 ij 7.27 £0.28 gh
Safflower
WE 1421 4+120m 8.00 £ 0.16j 69.30 £ 092 ¢ 251 +031r 598 +0.03 )
A250 838+1970 717 £0.15k 7519 +210b 207 £0.03s 7.20 + 0.03 gh
B250 34.29 £ 1.06 ef 6.75+0.091 46.72 086 h 5114+0.04n 13+0.12h
Sunflower
WF 34.41 £ 0.51 ef 1247 £ 0.07 e 40.52 + 0.77 5.99 +0.011 6.60 £ 0.34 i
A250 27.87 £1.601 1112 £ 0.64 f 48.38 + 1.44 gh 525+ 0.08 m 7.37 £ 0.05 gh
B250 41.66 +£0.22d 1220 £ 001 e 3149 £0.27n 742+ 0.04h 7.24 4+ 0.06 gh

WF—whole oilseed cake flour; A250—oilseed cake flour fraction above 250 um; B250—oilseed cake flour fraction below 250 um. Different
letters in the columns indicate a statistically significant difference at p < 0.05 (Fisher’s LSD test).

The effect of size fractionation on crude protein content was limited for other species
(flax, poppy, pumpkin or rapeseed), which can be given in connection with the absence of
pericarp. This conclusion is well documented regarding carbohydrates content and their
distribution between the size fractions for individual species. Carbohydrates contents,
including fibre, were significantly lower in the group of flax, poppy, pumpkin and rapeseed
and differences in carbohydrates content between the A250 and B250 fractions were more
pronounced in the group of oilseed species with a pericarp. The lowest content of carbohy-
drates (approximately 14% for all size fractions) and the highest content of protein (ranged
from 57.7 to 60.4%) was observed for pumpkin. The usual level of crude protein content in
pumpkin seeds range from 20 to 40% [22-24]. Nikoli¢ et al. [23] reported a protein level
of about 30-40% in hull-less pumpkin seeds with a natural content of oil and milled cake
flour obtained from hull-less pumpkin seeds consisting of concentrated proteins (55-65%).
The results of Nikoli¢ et al. [25] and Kreft et al. [26] are in agreement with our results. Such
a product with a high protein content could be usable in food applications for enhancing
food products’ nutritive value [23,25].

In contrast, we found a high content of carbohydrates in the flour of hemp, milk thistle
and safflower, with a significant increase for the A250 fraction. Differences in carbohydrates
content were minimal and statistically insignificant for the flours of poppy and pumpkin.

179



Foods 2021, 10, 2766

70f17

Dietary fibres are considered to be one of the major ingredients that are used to develop
products with a functional purpose [9,27] and oilseed cake products with increasing content
of this component can be added to new health benefit products.

Residual crude fat content in the WF fraction varied from 4.84% (milk thistle) to
16.16% (flax) of the FW. The amount of residual fat increased with decreasing flour particle
size. The observed differences for the WF and A250 fractions were statistically significant,
except for sunflower. The second exception was safflower flour, with the highest content
of residual fat in the WP fraction and the lowest level in the B250 fraction. The highest
differences in fat content between the A250 and B250 fractions were determined for flax and
rapeseed. A high content of residual fat in the B250 fraction appears to be problematic due
to the application of this protein-rich source. On the one hand, the increased fat content of
flax flour can be used as a substitute for animal fat sources (e.g., butter), thereby increasing
the health, environmental and economic benefits of such products. On the other hand, it is
necessary to take into account the instability of flax fat components and the possible link
to flour technological quality. Bochkarev et al. [28] proposed a 25% proportion of fat in
oilseed cakes as the maximum level, as the higher fat content in the flour leads to faster
oxidation, and at the same time, the mixing possibility with other components becomes
worse. The instability of the fat component is also typical for hemp seed oil with a high
content of polyunsaturated fatty acids (PUFA) [29]. However, the PUFA have several health
benefits for the consumers and the potential for enhancing the n3/n6 acids ratio in food
products [9].

The tested oilseed cake flours also differed regarding the ash content. The species with
a pericarp (hemp, milk thistle, safflower, sunflower) exhibited higher differences in ash
content between individual size fractions. The lowest contents were determined in the A250
size fraction, and the highest level was found in the B250 fraction. This phenomenon was
also observed for poppy and rapeseed flours; however, the differences between the fractions
were minimal in comparison with the seed-coated species. Ash content in pumpkin flour
was specific in comparison with other species. The lowest content of ash (8.94% FM) was
examined in the B250 fraction, while 9.14 and 9.42% FM were found in the WF and A250
fractions, respectively. The ash content in the protein-rich fraction (B250) ranged among the
species from 5.0% (flax) to 11.19% FM (poppy). For wheat flour [30], the technical quality of
high-ash flour is lower because it is characterised by a darker colour and greater activity of
proteolytic and amylolytic enzymes. However, in the case of oilseed cake flours, the results
are unclear. The determined ash content in the analysed flours was in accordance with
the results of other authors. Bochkarev et al. [28] reported ash content in ranges of 4.8-5.0
and 5.0-5.6% FM for flax and milk thistle flour, respectively. Similarly, the high content of
ash in poppy flour was in agreement with Yilmaz and Emir [31], who specified that the
high ash level in poppy was caused by the K, P, Mg and Ca contents. This represents an
additional potential in increasing the health and nutritional benefits of oilseed cake flours
and their products.

3.2. Electrophoretic Characteristics of Oilseed Cake Flour Proteins

The SDS-PAGE profiles of oilseed cakes within individual size fractions are shown
in Figure 1. Electrophoretic bands covering the apparent 5-100 kDa range were found for
all analysed samples, with visible protein pattern variability between individual species
and size fractions. The increase in protein pattern intensities between the A250 and B250
fractions were evident, especially for hemp, milk thistle and safflower. These observations
correlated with the data that were related to the change in crude protein content between
the A250 and B250 size fractions that were obtained for individual species (Table 2). The
flax SDS-PAGE profile was typical for this species, creating four main areas of protein
bands that occurred approximately between 50 and 10 kDa. The detected protein zones
were therefore identical to those reported by other authors [14,32]. The protein band of
about 50 kDa that was found in all size fractions of flaxseed flour could be described as
one of five subunits of globulin linin. The 11-12S polypeptide subunits of this protein have
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molecular weights of 14.4, 24.6, 30.0, 35.3 and 50.9 kDa [14] and bands with these molecular
weights were found in the flax seed SDS-PAGE profiles, as can be seen in Figure 1. Subunit
alpha shows more significant variability in the B250 fraction, where three protein bands of
the alpha subunit were visible.

i |r i

Mda M ABC ABCABGCABGCA ABGC A ABTGCABTCASBGC

11128

monomer

Subunits
alpha

Subunits
beta

28 Albumin

FLAX HEMP MILK POPPY PUMPKIN RAPESEED SAFFLOWER SUNFLOWER
THISTLE
Figure 1. SDS-PAGE protein profiles of the oilseed cake flours under reducing conditions: M—
molecular weight marker in kDa; A—whole oil cake flour; B—flour fraction above the 250 um size;
C—flour fraction below the 250 um size.

The protein profiles that were detected within other species could be similarly charac-
terised into the globulin and albumin protein groups with various manifestations. Globular
edestin, which is the main storage protein of hemp as the hexamer protein, was visible
in all hemp variants in the form of acidic and basic subunits that were detectable in the
zones of 34 and 20 kDa (designated as the “subunits alpha and beta” zones). This was in
agreement with Kotecka-Majchrzak et al. [14]. The difference between the hemp A250 and
B250 fractions was clear in the SDS-PAGE profiles, particularly in the beta subunits. Similar
differences between the A250 and B250 fractions were visible for milk thistle. Li et al. [33]
determined that milk thistle albumin and globulin (molecular mass range of 16-112 kDa)
were the dominant protein fractions. This information is largely in agreement with our
SDS-PAGE profile. The protein bands of milk thistle were found in the range from ~10 to
110 kDa and the bands predominantly cumulated in the zone of subunits alpha and beta.
These major protein bands probably belong to albumin and globulin fractions, as reported
by Li et al. [33].

Similar SDS-PAGE profiles to those for milk thistle were detected for safflower, sun-
flower and partly similar for rapeseed. The protein profiles ranged from ~10 to 100 kDa,
where a high number of individual protein bands cumulated in the area of subunits alpha
and beta. The safflower profiles also showed a different intensity of protein bands in
these major areas, with a higher intensity for the B250 fraction. Zones of cruciferin (area
of subunits alpha and beta) and napin (area of 2S albumin) were found in the rapeseed
SDS-PAGE profiles. Cruciferin, oleosin and napin are the main storage proteins of rapeseed,
with high potential for use in functional foods and food substitutes production [14,34]. The
sunflower SDS-PAGE profiles did not show differences between the flour size fractions.
The 11S helianthinin and 2S albumin, which were reported previously for this species [35],
are clearly visible in the zones of subunits alpha, beta (helianthinin) and 2S albumin
(albumin fraction).

The poppy and pumpkin SDS-PAGE profiles were similar to the hemp and flax
samples. A somewhat higher intensity of protein bands was found in the B250 fraction.
Bucko et al. [36] determined 12S globulin cucurbitin (six subunits of 54 kDa) and 2S
albumin (12.5 kDa) to be major proteins of pumpkin, together forming 59% of the total
protein. However, we also found significant protein bands in the zone of subunits alpha
and beta, with values of molecular weight of 30-36 and 15-19 kDa, respectively. These
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data correspond with the conclusions of Hara et al. [37], who presented pumpkin globulin
separation into two subunits (x and B), corresponding to weights of 63 and 56 kDa,
respectively. Via the reduction of disulphide bonds, the two subunits were each separated
into two polypeptide chains with molecular weights of around 36 and 22 kDa.

3.3. Functional Characteristics of Oilseed Cake Flours

Table 3 shows the functional properties of oilseed cake flours in a relation to their
species origins and particle size distributions after flour sieving. The ANOVA analysis
showed the significant effect of the species and flour size fractionation on the observed
parameters: water solubility (WS), water-holding capacity (WHC), water holding capacity
after boiling (WHCafter boiling) and fat-holding capacity (FHC). The values of WS were
increased for all evaluated variants with increasing fineness of the flour. The highest WS
values were thus achieved for the B250 fraction for all evaluated species. In contrast, the
A250 fraction had a decrease in solubility compared with the B250 fraction and for milk
thistle, rapeseed, sunflower and the WF fraction (with statistical significance). The highest
value of WS (33.12%) was found for the B250 rapeseed flour, with the other two fractions of
this species also achieving a high solubility when compared to the other species. The B250
fraction was characterised as a protein-rich fraction that had a rapeseed protein content of
33.52% FM, which may explain the high solubility. The rapeseed storage proteins consisted
of approximately 50% cruciferin (known as 11S globulin) and 20-40% of the albumin napin
fraction (2S albumin), which is very soluble in water [38,39]. The presence of these proteins
was also confirmed in our samples using SDS-PAGE analysis (Figure 1). The WS value was
thus species-specific, given by the level and structure of the globulin and albumin protein
fraction and the content of minerals and soluble carbohydrates.

Similarly, the dominant albumin protein fraction was described in milk thistle [30] and
the increase in solubility of the B250 fraction in this species can be linked to this fact. The
solubility of flax was the second highest and achieved 26.68%. In contrast, the B250 fraction
of hemp and safflower flours showed the lowest solubility, achieving 18.98 and 17.30%,
respectively. The albumin fraction constituted about 25% of hempseed storage protein,
while the globulin fraction (edestin) represented up to 80% [40] and the albumin fraction
exhibited significantly higher solubility than the globulin one [41]. Malomo et al. [42]
observed that the hemp protein fraction solubility gradually increased with increasing pH.
This suggests a reduction in protein solubility during protein isoelectric precipitation via
protein complexation. The protein-rich fraction that was obtained by sieving with a more
native state of protein fraction was more appropriate from this perspective.

The water-holding capacity values ranged within the evaluated set from 1.44 g/g
FW (safflower, A250 fraction) to 4.90 g/g FW (flax, A250 fraction). Low WHC values
(<2.00 g/g) were found for hemp, pumpkin and safflower. The second group with WHC
values between 2.19 and 3.3 g/g FM consisted of milk thistle, rapeseed and sunflower.
The highest WHC was observed for all size fractions of flax flour, ranging from 3.17 g/g
FM (B250 fraction) to 4.15 g/g FM (A250 fraction). This was probably related to the
content of flaxseed gum, which is a constituent of dietary fibre present in the flaxseed
hull [43]. This flaxseed component has a function of a food hydrocolloid and significantly
increases the WHC of foods, which is important for both the yield and texture of related
products [44]. The obtained values of the WHC that correspond with the carbohydrates
content are presented in Table 2. The WF and A250 fractions contained significantly higher
amounts of carbohydrates in comparison with the protein-rich B250 fraction. Similarly,
the lowest WHC was obtained for the B250 fraction. The WF and A250 fractions with
high WHC can therefore be used as a component of products where water binding is
an important functional indicator. Water holding affects the texture, juiciness, taste of
food formulations and, in particular, the shelf-life of bakery products [45]. Boiling oilseed
flours increased their WHC, except for poppy flour; however, the trend of WHC that was
observed for the unboiled variants also manifested itself in the boiled variants. The values
of WHC below 2 g/g FM of the sample were observed for boiled flours of hemp, pumpkin
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and safflower. Medium WHC values were found for milk thistle, poppy, rapeseed and
sunflower. Very high values of WHC were observed for all the variants of flaxseed flour,
which were again the highest for the A250 fraction and lowest for the B250 fraction. These
results also confirmed the finding that partial hydrolysis (enzymatic or heat treatment) can
improve WHC that was reported previously [46].

Table 3. Selected functional properties of oil cake flours.

Oil Cake WS (%) WHC (g/g of Flour) w?;;?:;g;‘; "8 FHC (g/g of Flour)
Flax
WF 21.84 +249d 415+024b 812+0.15a 0.97 £0.01c¢
A250 22.26 + 0.92 c¢d 490 +0.03a 8.32+0.06a 1.09 +0.04a
B250 26.68 +1.26 b 317 +0.29 cd 742 +0.37b 091 +£0.01d
Hemp
WF 15.36 4 0.52 jkl 1.67 £ 0.04 kI 1.91 + 0.15 hij 0.77 £ 0.03 jk
A250 13.08 £ 0.23 Im 1.61 + 0.06 Imn 1.70 + 0.01 jk1 0.82 + 0.01 hi
B250 18.98 + 1.66 efgh 1.83 £ 0.08 k 1.98 + 0.05 hi 0.83 £+ 0.01 hi
Milk thistle
WF 15.95 + 0.68 ijk 273 £0.09f 299 +0.16d 0.83 £ 0.01 hi
A250 12.89 + 0.31 m 2.19 +0.09j 2.58 + 0.18 ef 0.85 + 0.00 gh
B250 20.60 + 1.58 def 3.33+£0.09c 3.18 £ 0.20 cd 0.90 + 0.02 de
Poppy
WF 21.13 £ 0.71 de 2.67 +0.09 fg 2.35+0.02 fg 091 +£0.01d
A250 19.34 4 0.41 efgh 3.07 £+ 0.08 de 2.55 4 0.09 ef 0.99 + 0.03 be
B250 20.87 + 0.47 def 2.55 + 0.17 ghi 2.16 = 0.14 gh 1.01 £0.01b
Pumpkin
WF 19.91 & 1.37 defg 1.45 4 0.06 mn 1.65 =+ 0.06 kI 0.65 £ 0.01 m
A250 18.11 + 4.96 ghi 1.60 + 0.13 Imn 1.84 + 0.06 ijk 0.65 + 0.01 m
B250 19.10 4 0.13 efgh 1.46 + 0.06 mn 155 +0.061 0.71 £0.031
Rapeseed
WEF 25.08 +1.59b 242 4+0.19 hi 310 £0.15cd 0.90 £+ 0.01 de
A250 20.62 + 0.64 def 2.37 + 0.05 ij 3.33+£034c¢ 0.86 + 0.07 efgh
B250 3312+ 035a 242 4+ 0.02 hi 240+ 0.28 fg 0.89 + 0.02 def
Safflower
WF 13.56 =+ 0.54 klm 1.56 + 0.04 Imn 1.95 + 0.07 hij 0.74 £ 0.01 k1
A250 12.31 +1.78 m 1.44 +0.03n 1.88 + 0.08 ijk 0.79 £ 0.01 §j
B250 17.30 =+ 0.58 hij 1.63 & 0.04 Im 1.89 + 0.06 ijk 0.85 £ 0.02 fgh
Sunflower
WF 2231+ 1.67 cd 2.66 + 0.07 fg 2,67 £0.07e 0.86 =+ 0.00 efgh
A250 18.54 + 0.28 fgh 296 +0.05e 299 +0.22d 1.03 +0.03b
B250 24.63 + 0.96 bc 2.58 + 0.04 fgh 2.49 4 0.04 ef 0.88 + 0.03 defg

A250—oilseed cake flour fraction above 250 um; B250—oilseed cake flour fraction below 250 um; WF—whole oilseed cake flour; WS—water
solubility; WHC—water-holding capacity; FHC—fat-holding capacity. Different letters in columns indicate a statistically significant

difference at p < 0.05 (Fisher’s LSD test).

Very similar values were found within the evaluated variants for fat-holding capacity.
The lowest FHC values were obtained for pumpkin flour variants with values ranging
between 0.65 g/g FM (WF and A250 fractions) and 0.71 g/g FM (B250 fraction). Higher
FHC values were obtained for flax, ranging from 1.09 g/g FM (A250 fraction) to 0.91 g/g
FM (B250 fraction). As for the WHC, the presence of flax gums seemed to be related to the
fat-binding ability. The values of flax FHC corresponded with the carbohydrates content.
Comparable high values of FHC were also recorded for poppy and sunflower, while the
lowest FHC values were recorded for WF in the majority of the species, except for flax
and rapeseed. However, it is necessary to notice that the differences in the FHC between
the size fractions were minimal and, in many cases, not statistically significant (hemp,
pumpkin, rapeseed, sunflower).
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3.4. Total Polyphenols Content and Antioxidant Activities of Oilseed Cake Flours

The total polyphenols content and values of antioxidant activities (ABTS radical
cation-based and DPPH radical) are presented in Table 4. The results indicated significantly
different contents of phenolic components in the flours of the analysed oilseed species but
also highly different distributions between the size fractions, which were dependent on
the individual species. Species with low TPCs (<3 mg GAE/g FM) were hemp, poppy
and pumpkin; species with medium TPCs (approximately between 3 and 18 mg GAE/g
FM) were flax, rapeseed, safflower and sunflower. Similarly, size fractionation divided
the oilseed species into two groups according to the TPC. The first one was composed
of flax, hemp and milk thistle, where the highest TPC was found for the A250 fraction
(the differences were not statistically significant for hemp samples), while the second one
consisted of poppy, pumpkin, rapeseed, safflower and sunflower. These results indicated
different distributions of the TPC or other antioxidant components in seeds of individual

oilseed species.

Table 4. Total phenolics contents and antioxidant activities of oilseed cake flours.

Oilseed Cake Total Phenolics Antioxidant Activity ~ Antioxidant Activity
Content (mg GAE/g) ABTSe+ (mg AAE/g) DPPHe (mg AAE/g)
Flax
WEF 6.13 &+ 0.59 hi 1350+ 1.15f 235+ 0.03f
A250 742+ 041fg 1745+ 034 e 2.55+0.03 f
B250 3.59 £0.28j 8.16 £ 0.25 gij 184 £001g
Hemp
WF 272 £0.13jk 7.70 + 0.51 ijk 1.66 £0.04 g
A250 299 +0.33 jk 9.36 £ 0.53 gi 196 £0.03 g
B250 2.61 +0.37 jkl 8.34 + 0.43 gij 125 +0.06 h
Milk thistle
WEF 3044 £042b 86.42 + 6.43b 11.36 + 0.56 b
A250 40.89 +1.60 a 101.95 £ 4.14a 11.37 £ 043 b
B250 17.68 +£1.20 ¢ 55.71 £ 1.42c¢ 9.63 £ 0.65¢
Poppy
WF 2.84 + 0.36 jk 3.02 4+ 0.071 0.89 &+ 0.011
A250 2.39 & 0.12 klm 3.66 +0.211 0.90 = 0.00T
B250 3.02 + 0.34 jk 3.61 £0.241 0.87 £ 0.031
Pumpkin
WEF 145+£0.11m 434 +0.19kl 0.92 & 0.02 hi
A250 141+0.12m 5.20 = 0.13 jkl 0.90 + 0.05 i
B250 1.52 £ 0.18 Im 6.19 + 0.31 ijkl 0.90 &+ 0.041i
Rapeseed
WF 8.47 +0.56 f 1742 £ 047 e 9.33 £0.08¢
A250 6.97 £0.23 gh 11.56 +1.22 fg 7.74+£0.13d
B250 1051 £1.03 e 2051+ 1.66e 11.05 4+ 0.09b
Safflower
WEF 6.79 £ 0.47 gh 1995+ 0.15¢e 3.07 £0.02e
A250 549 +0.291i 17.59 £ 0.59 e 290 +0.13e
B250 11.99 £ 1.15d 33.824+1.13d 3.07 £0.04 €
Sunflower
WEF 17214+ 0.89¢ 17.67 £ 651 e 1537 £0.11a
A250 1293 £ 0.40d 18.85+ 247 e 1529 +£0.17a
B250 1765+ 1.19c 31.03+1.26d 1549 £0.09a

A250—oilseed cake flour fraction above 250 um; B250—oilseed cake flour fraction below 250 pum;
GAE-gallic acid equivalent; AAE-ascorbic acid equivalent. Different letters in columns indicate a
statistically significant difference at p < 0.05 (Fisher’s LSD test).

The highest TPC was found in the flour of milk thistle, which ranged between 17.68 mg
GAE/g FM (B250 fraction) and 40.89 mg GAE/g FM (A250 fraction). The key component of
milk thistle polyphenols are bioactive flavonolignans, which are referred to as silymarin or
the silymarin complex [47,48]. Silymarin is accumulated mostly in the seed coat [49]. Simi-
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larly, flax seed polyphenols, namely, the lignans, occur in the seed coat compartments [50].
This explains the detection of the highest TPC in the A250 flour fraction in both species.
On the other hand, the binding of polyphenolic components on protein fraction during
its isolation and extraction process was described for sunflower [51] and rapeseed [52].
Moreover, the majority of the sunflower polyphenols is contained in the nucleus, while
only a small amount is found in the packaging structures [53]. These facts explain the
higher TPC in the fraction with a lower grain size.

A similar trend as for TPC was also found for antioxidant activity of the analysed flour
samples within the individual evaluated variants (Table 4). Using the ABTSe+, the lowest
levels of antioxidant activity were recorded for poppy samples, ranging from 3.02 mg
AAE/g FM (WF) to 3.66 mg AAE/g FM (A250). Low values of antioxidant activity were
observed also for pumpkin and hemp flours. The highest antioxidant activity that was
found using the ABTSe+ was observed for milk thistle flour. High antioxidant activities
were examined within all size fractions of this species; however, the A250 fraction had the
highest activity, which reached 101.95 mg AAE/g flour. The antioxidant activity of milk
thistle seeds was previously given in correlation with bioactive flavonolignans (silymarin
complex) [48,54]. Moreover, our data suggested the accumulation of antioxidants in the
surface structure of milk thistle seeds. These findings represent a significant shift in the
possibility of using milk thistle flour, and especially the A250 fraction. The mentioned
fraction, despite its significantly lower protein content, is usable as a source of substances
with antioxidant and protective potential. Increasing of antioxidant potential of food
products by adding whole seed flour of milk thistle was previously described [55,56].
Using milk thistle A250 flour can enhance the antioxidant potential of milk thistle flour
even more. Its application in composite flours with flax, hemp or pumpkin could increase
their antioxidant activity; it can also be used in products that need to be protected against
oxidation (e.g., meat products). The milk thistle A250 fraction with the above-mentioned
characteristics can also be used for the production of functional foods for specific human
diets, as these products can also offer chemoprotective and hepatoprotective effects [51].
The significantly higher antioxidant activity of the A250 flax fraction (17.45 mg AAE/g
flour) in comparison with other flax flour size fractions also gives this fraction interesting
potential for exploitation. Flax and hemp flours are often prone to oxidation due to their
higher content of unsaturated fatty acids [57,58]. This issue can be solved using flax flour
defatting or adding components with a higher antioxidant potential, e.g., A250 fraction
flax flour.

Protein-rich B250 fractions with high antioxidant activities of 20.51, 33.82 and 31.03 mg
AAE/g flour were found for rapeseed, safflower and sunflower, respectively. The antioxi-
dant activities of these fractions fit with the observed TPC values.

The data of antioxidant activities that were obtained using the DPPHe radical method
approximately followed the trend of antioxidant activity that was determined with the
ABTS radical; however, a decrease in measured values was observed. The lower sen-
sitivity of the antioxidant assay using the DPPH radical is typical and was published
previously [59,60]. The lower sensitivity of the DPPH lipid peroxide radical scavenging
assay is also obvious from the lower level of the statistically significant differences between
size fractions, as well as between species, e.g., statistically significant differences between
all evaluated size fractions were found only for rapeseed flour. The highest antioxidant
activity using the DPPHe radical was found for the A250 fraction of milk thistle, reaching
11.37 mg AAE/g, and no significant difference was found between the A250 and B250
fractions. Similarly, high antioxidant activity against DPPHe was found for rapeseed
and sunflower B250 fractions, reaching 11.05 and 15.49 mg AAE/g flour, respectively. In
agreement with the results of ABTSe+, DPPHe antioxidant activities were also at very
low levels for poppy and pumpkin (under 1 mg AAE/g flour). Antioxidant activities on
medium values using the DPPHe radical (between 1 and 4 mg AAE/g) were found for
hemp, flax and safflower.
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Interesting in this case may be the comparison of the content of polyphenols and
the antioxidant activity of the oilseeds with other known sources of antioxidants. Wine,
for example, is considered to be an important donor of polyphenols with a high value of
antioxidant capacity. The TPCs and antioxidant activity that was obtained by using DPPHe
in grape seeds were 546 mg/g DM and 1.0 AAE mg/mL, respectively [61]. In contrast, low
TPC and antioxidant activity (DPPHe) were observed in potato tubers, reaching averages
of only 3.8 mg GAE/g DM and 0.25 mg AAE/g DM. Here, however, it is necessary to take
the high consumption into account [62].

3.5. Colour Characteristics of Oilsced Cake Flours

The concentration of biologically active components alongside the antioxidant ac-
tivities (e.g., phenolic substances or some pigments) is often connected with the colour
characteristics. However, there has been some disagreement about the relationship be-
tween the total phenolic content and antioxidant activity. Liu et al. [63] found that wheat
grain colour does not appear to be a factor that is related to the antioxidant parameters.
On the other side, colour is a key factor that influences customer selection [64] and the
usability of alternative flours in the food industry. The colour parameters (CIE L*, a* and b*
coordinates) of oilseed flour samples are given in Figure 2. The species and fractions of
oilseed flours had significant effects on the colour scores i.e., the L* (lightness/darkness),
a* (redness/greenness) and b* (yellowness/blueness). The lightness/darkness observed in
the oilseed flour samples differed from the darkest with an L* value of 51.9 (hemp flour) to
the lightest with an L* value of 63.0 (milk thistle). The L* parameters were significantly
affected by the size fractionation in all the evaluated species. The A250 fraction for all the
species exhibited lower lightness in comparison with the B250 fraction. The L* value of
the A250 and B250 fractions ranged between 41.85 (poppy) and 56.36 (flax) and between
51.88 (poppy) and 68.0 (rapeseed), respectively. The oilseed flour fractionation can thus
contribute to colour optimisation when a darker colour of products may ultimately lower
the consumer’s acceptability [65].

The greenish colour (—a*) was found only for whole seed flour of rapeseed and a very
low a* value was found for sunflower. The size fractionation also significantly affected the
a* and b* colour parameters. The greenish tones (—a*) did not appear in any sample of
either A250 or B250 size fraction. However, a very low a* value was found for rapeseed
and sunflower in both the size fractions. The highest value of reddish tones in the A250
fraction was found for flax flour (a = 6.06) and for poppy in the B250 fraction (a = 5.40).
The fractionation had a significant effect on yellowness, with the exception of sunflower. In
general, with the increasing fineness of the flour, the lightness and yellowness increased.
This dependence was very distinct in rapeseed, with the yellow values a* being 8.46 and
26.81 for the A250 and B250 fractions, respectively. Within the B250 fraction, rapeseed flour
also showed the most yellow colour compared with the other species.

The lowest value of the b* parameter was found in the B250 fraction of sunflower.
Flour of this species showed yellow and red intensities within the B250 group, as well as in
the A250 fraction, with minimal differences between the size fractions.

The obtained results indicated that sieving oilseed flour with the aim to improve
the functional and visual properties was efficient only in combination with a particular
species. The significant effect of supplemented oilseed flour on colour scores was previously
described, e.g., flaxseed flour addition significantly decreases the lightness and increased
the redness [64]; green and yellow tones are typical for pumpkin seed flour [25]; defatted
sunflower flour is significantly darker with higher redness and blueness values [66] and
hemp flour addition significantly decreases the lightness, redness and yellowness of bread
crust [65].
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Oilseed species

Flax

Hemp

Milk thistle

Poppy

Pumpkin

Rapeseed

Safflower

Sunflower

Whole seed flour (WF) Fraction above 250 pm (A250) Fraction below 250 pum (B250)

L* =66.88 £ 0.95 ab
a*=4.41+0.16¢c
b* =19.99 + 0.54 cd

L* =62.43 £ 0.59 cde
a*=5.12+0.15b
b* =18.93 £ 0.98 de

L*=56.36+0.28¢g
a*=6.06+0.082a
b*=17.311£0.31 ef

L*=42.89+0.30k
a*=229+0.13g
b*=7.21+0.871

L*=51.92+0.37i
a*=227+0.09g
b*=14.28+0.31¢g

L* =58.22 £ 0.08 fg
a*=243+0.04g
b*=17.10+£0.17 f

L* =64.47 £0.44 be
a*=2.60+0.07 fg
b* = 12.44 £ 0.24 hij

L*=63.00£0.71 cd
a*=3.27%0.03b
b* =12.16 +0.23 ijk

L*=52.50+1.07i
a*=5.30%0.29b
b*=11.77 £ 0.88 ijk

L*=4185+1.12k
a* =3.24 £ 0.03 def
b*=4.99+0.10m

L*=51.88+0.51i
a*=540%0.13b
b*=10.58 +0.35 k

L*=55.73+031g
a*=3.50+0.07d
b*=7.03+0.07 |

L* =61.03 £ 0.18 def
a*=3.56%0.27d
b*=23.74+0.32b

L*=57.02+1.03g
a*=3.67+0.22b
b*=21.02+0.65¢

L*=46.9910.84j
a*=5.141066b
b* =13.24 £ 0.80 ghi

L*=68.00£0.82a
a*=0.5210.13 hi
b*=26.81+0.58 a

L* =60.05 + 2.05 ef
a*=-0.01+0.18i
b*=19.15+1.46d

L*=46.16+1.27]
a*=0.75+0.12h
b*=8.46+0.341

L* =65.96 £ 0.72 ab
a*=2.46+0.07¢g
b* =14.20+0.22 gh

L* =61.55+0.97 de
a*=2.63+0.26 efg
b* =13.13 £ 0.51 ghi

L*=52.66+1.89i
a*=2.67+0.33efg
b* =11.26 £ 0.60 jk

L*=55.82+1.15¢g L*=51.10+0.81 L*=58.51+0.13fg
a*=0.78+0.09h a*=1.01%£0.03h a*=0.75%£0.04 h
b*=7.39+0.401 b*=6.96+0.07 | b*=7.70+0.221|

Figure 2. Colour characteristics of oilseed cake flours: CIE parameters: L*, lightness; a*, red—green; b*, yellow—blue;
different letters indicate a statistically significant difference at p < 0.05 (Fisher’s LSD test).

4. Conclusions

This study produced complex information about the composition, functional and
antioxidant properties of oilseed cakes of eight oilseed species (flax, hemp, milk thistle,
poppy, pumpkin, rapeseed, safflower and sunflower) in three size flour fractions: whole
oilseed cake flour, flour size fraction above 250 um (A250) and below 250 pum (B250). Such
complex data has not been published before.

In conclusion, the content characteristics were significantly influenced both by the
oilseed species and by the size fraction of the flour samples. The highest content of proteins,
as the key component from a nutritional and functional perspective, was found in pumpkin
flour with an equal level in all three fractions. With the exception of pumpkin and poppy,
the B250 fraction could be described as being the richest in protein, where sieving is
a way of increasing the protein content. Antioxidant activity was affected by both the
species and the fraction. Flax, hemp and milk thistle species exhibited significantly higher
polyphenols content and antioxidant activity in the A250 fraction, while for safflower and
sunflower, these properties were the highest in the B250 fraction. In all the tested species,
the fractionation significantly influenced the lightness of the flour samples. The lightness
was improved by the sieving: the finer the flour, the lighter the colour. Yet even regarding
the colour, species specificities emerged.

The obtained data confirmed the potential of mechanical sieving for some of the tested
oilseed species to produce flours with specific characteristics, e.g., flour rich in protein or
flour rich in antioxidants that are usable in various applications.
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Poslednim vysledkem této prace jsou vybrané kapitoly certifikované metodiky,
ktera predstavuje stézejni vystup vyzkumného projektu NAZV QK1910302 -
wZpracovani vedlejSich produktii z lisovani semen olejnin na nové vyrobky s
nutricnimi a zdravotnimi pfinosy*. Cilem této metodiky bylo shrnuti poznatkii o
optimalizaci postupli lisovani oleje vybranych druhli minoritnich olejnin (len sety
olejny, konopi seté, ostropestfec mariansky a tykev olejnd) a nasledné zuzitkovani
vyliskt,, vyliskové mouky, jejich frakci a koncentrath bilkovin pro pfipravu
plnohodnotnych pekarenskych a masnych vyrobk.

Prvni vybrana kapitola se zamétuje na vyuziti vedlejSich produktti vznikajicich
pii ziskavani oleje na produkci mouk a bilkovinnych koncentratd. Lisovanim
olejnatych semen vznikaji vylisky a extrakei oleje pomoci organického rozpoustédla
vznikaji extrahované Sroty. Lnéné vylisky nebo extrahované Sroty obsahuji 25-35 %
bilkovin. Bilkovinné produkty je mozné ziskat suchou ¢i mokrou cestou. Ziskavani
rozpustnych slizil, které se nachéazeji v osemeni a ptechazeji do vodného roztoku.
Resenim je odstranéni osemeni nebo extrakce rozpustnych slizii pied lisovanim semen.
Kapitola detailn€ popisuje proces vyroby bilkovinného koncentratu a izolatu z Inénych
vyliskii. Dulezitym aspektem je spravné baleni a skladovani bilkovinnych mouk,
jelikoz bilkovinné koncentraty obsahuji vyznamny podil zbytkového tuku. Vhodnym
zpisobem je vakuové baleni.

Druhé vybrana kapitola metodiky se soustted’uje na praktické moznosti vyuZiti
produkti v potravinaiskych aplikacich. V souvislosti s produkty s Inénymi semeny
uvadi vhodnost vyuziti Inéné vyliskové mouky vramci pekaiskych vyrobkd,
extrudovanych vyrobkidi a tekutych potravin a dochucovadel. V ptipadé
experimentalné vytvorené modelové potraviny ve formé pSenicno-Zitného chleba
s pfidavkem 5 % Inéné vyliskové mouky nebylo prokazdno vyznamné zhorSeni
technologickych a senzorickych parametr, pii¢emz v souvislosti s pritomnosti
antioxidantl 1ze predpokladat zvySeni celkového obsahu polyfenoli a antioxida¢niho
potencidlu. Druhy pekatsky pokus, ktery byl zaméteny na ptipravu pSeni¢nych bulek,
potvrdil zvySeni obsahu polyfenoll a antioxidac¢ni aktivity varianty s ptidavkem Inéné
vyliskové mouky.

Na ptikladech modelovych potravin bylo mozné pozorovat zvySeni jejich
nutriéni a senzorické kvality vlivem pfidavku vyliskovych produkti. Metodika tak

muze poskytnout praktické informace nejenom pro potieby koncovych uzivateli
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z potravinafského primyslu, ale také pro zajemce zitad vyrobcl zdravé vyzivy,

nutri¢nich specialist, 1ékatt nebo studentt.

Kompletni informace a zdroje vztahujici se k dané problematice a vysSe uvedené
anotaci jsou uvedeny ve vybranych kapitolach publikace:

Jihodeska univerzita V Ceskych Budg&jovicich, Agritec Plant Research S.R.O., CZ
Vysoka skola chemicko-technologickd v Praze, HEMP PRODUCTION CZ, s.r.o0.,
Masarykova univerzita. Optimalizované postupy a metody zpracovani semen
vybranych minoritnich olejnin na olej a zuSlechténé vyrobky z vyliskti. Barta, J.,
Bartova, V., Bjelkova, M., Bedrnicek, J., Beré¢ikova, M., Filip, V., JaroSova, E.,
JaroSova, M., Kadlec, J., Krejcova, Z., Kyselka, J., Lorenc, F., Pesek, E., Roudnicky,
P., Riha, R., Riha, V., Smetana, P., Stupkova, A., Svajner, J., Uhlifova, L., Zdrahal, Z.
ISBN 978-80-7394-955-6. 2022.
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CiL METODIKY

Cilem metodiky je poskytnout uZivatelim optimalizované postupy a metody pro ziskdvani
oleje ze semen vybranych druhi olejnin (len sety olejny, konopi seté, ostropestiec mariansky,
tykev olejnd) lisovanim za studena a pro nasledné zpracovani ziskanych vyliskd na vyliskové
mouky a jejich frakce s rozdilnym obsahem bilkovin, tuku a ostatnich nutricné cennych
komponent. Soudsti uvedenych postupl jsou i modelové priklady wvyuZiti vyliskovych
produktu pro pfipravu pekafskych, pedivarenskych a masnych vyrobka, ¢imZ dostava uZivatel
redlny prehled o moZnostech komplexni valorizace olejnatych semen.
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VLASTNIi POPIS METODIKY

1. Uvod

Olejniny jsou obecné rostliny, které obsahuji v nékteré ¢asti svého téla (obvykle
v semenech) vyznamné mnoZstvi oleje, které se vyplati ziskavat jak z pohledu mnozstevniho,
tak z pohledu kvalitativnich vlastnosti a na né navazujici uplatnéni. Péstovani olejnin je na
vzestupu, protoZe o né celosvétové roste zdjem. Hlavnim divodem je narist lidské populace
a potieba zajistit dostatek kvalitnich potravin a surovin pro jejich vyrobu. Dal§im divodem je
vyuziti rostlinnych oleju v nepotravinarské a energetické oblasti.

V Ceské republice zaznamenaly olejniny po roce 1990 vyrazny nartst péstitelskych ploch
(témér ctyrikrat), a to zejména kvdli naristu péstovani ozimé fepky olejky. Rist péstitelskych
ploch Fepky olejky neni ndhodny. Semena dne3nich odrid fepky obsahuji velmi kvalitni olej,
ktery je vyborny pro lidskou vyZivu jako zdroj esencidlnich polynenasycenych mastnych kyselin
— k. linolové (n-6) a k. a-linolenové (n-3), navic v potfebném poméru zhruba 2-3 : 1. Surovy
fepkovy olej je v podminkich CR ziskdvadn z fepkovych semen po sledu prediprav (mleti,
kondicionace apod.) pomoci kombinace lisovéani (predlis) a nasledné extrakce zbylé &asti
pomoci technického hexanu. Repkovy olej mé dobrou oxidaéni stabilitu a je dobfe
skladovatelny. Je vyuZitelny nejen ve studené kuchyni, ale také pfi vafeni (peceni, smaZeni),
pro vyrobu potravindiskych vyrobkl a dale v nepotravindfskych aplikacich véetné vyroby
methyl-esterl mastnych kyselin (bionafty). CR patfi v EU k nejvyznamnéjéim péstitelim
fepky. Svou roli v tomto ohledu sehrava skutecnost, Ze cesti zemédélci jiz delsi dobu rutiné
ovladaji péstitelskou technologii ozimé fepky a Ze vykupni ceny fepkového semene jsou
dlouhodobé vyhodné. Kromé fepky néle#i k vyznamnym olejnindm CR v sou¢asné dobé séja,
slunecnice a mak (viz tab. 1).

Tabulka 1: Skliziové plochy a vynosy majoritnich a vybranych minoritnich olejnin (Sedé
ténovani) v CR v roce 2020

olejnina plocha péstovani v CR primérny vynos semen
[ha] [t/ha]

Repka olejka* 368 214 3,38

Séja ludtinata? 14 145 2,33

Slunecnice ro¢ni* 11274 2,58

Len sety olejny? 1287 1,23

Konopi seté 2 413 0,68

Ostropestfec mariansky? 2000 0,40

Tykev olejnd* <500 <0,50

Zdroje Udaji: ‘'Sindelkovd (2021); 2Verejnd databdze CSU, dostupné on-line:
https://vdb.czso.cz (30.11.2022); *Kozderova V. (2021); *odhad Ing. Petr Cibera, AGRO-EL
Znojmo (ustni sdéleni z roku 2020)
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Kromé zminénych majoritnich druha olejnin, které ovladaji vétdinu z celkové péstitelské
plochy olejnin v CR a také zajistuji z pohledu lidské vyZivy a vyroby potravin hlavni surovinové
zdroje, jsou vyznamné vybrané minoritni (neboli maloobjemové péstované) olejniny.
K nejvyznamnéj$im z pohledu rozsahu a vyznamu uplatnéni patfi v CR len sety olejny, konopi
seté, ostropestfec maridnsky a tykev olejnd. U téchto druhl jsou semena vyuZivana nejen
k produkci kvalitnich ,za studena” lisovanych oleji cennych pro své specifické vlastnosti a
obsah esencidlnich mastnych kyselin, ale jsou také pouZivdna samostatné. Nutricné velmi
hodnotou slozkou olejnatych semen jsou bilkoviny (patfici prevainé mezi albuminy a
globuliny), které zGstavaji v semennych zbytcich neboli vyliscich. V posledni dobé je snaha
péstitel( a zpracovatell téchto druht olejnin o maximalni valorizaci sklizenych semen ustici
v bezodpadovou produkci triné uplatnitelnych produktd jako jsou nejen olej, ale také
vyliskové mouky a bilkovinné koncentraty. Pfedkladand metodika by rada ke komplexnimu
zhodnocovani sklizenych olejnatych semen pfispéla, alespori malym dilem.
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5. MoZnosti vyuZiti vyliskovych bilkovinnych produkti v potravinidiskych
aplikacich

Vyliskové mouky, jejich frakce bohaté na bilkoviny, vidkninu a biologicky aktivni latky i
samotné bilkovinné koncentraty ¢i izolaty disponuji mnozstvim funkénich vlastnosti a mohou
tak byt vyuZity v fadé potravinarskych aplikaci ¢i pfimo ve vyrobcich. Jde o vlastnosti, jako jsou
schopnost poutat vodu a tuk, viskoelastické vlastnosti, schopnost vytvaret gely, pény, emulze
apod. Jednotlivé typy vyliskovych produktl tak mohou byt v potravinarskych vyrobcich vyuZity
jako plnidla, prostiedky zlepsujici strukturu, konzistenci, vlhkost, chutové a aromatické
vlastnosti, ale také jako prostfedky, které findlni potravinaisky vyrobek obohacuji o danou
skupinu nutri¢né ¢i zdravotné vyznamnych sloZek.

Tabulka 13: Literarné prezentované moznosti vyuZiti bilkovinnych produkta jako surovin do
potravinarskych vyrobkd (Barta a kol., 2021a)

Skupina vyrobkd KS LS oM RO SL SR TO
Pekarské vyrobky MKP M M Kl MKI MK M
Masné vyrobky M KI MKIT K M
MIé&né vyrobky P M I MKI v
Kojenecka vyZiva a diety MKIP MKI K

Nahrada vajec Kl H
Extrudované vyrobky a tyc¢inky M M K
Dresinky, omacky, polévky M IPH KI

Napoje Mi | K

SL - séja luitinata, RO — fepka olejka, SR — sluneénice roéni, LS - len sety, KS — konopi seté, TO — tykev
olejnd, OM - ostropestfec maridnsky; M = mouky, K = bilkovinné koncentraty, | = bilkovinné izolaty, P
~ bilkoviny pfisluéného druhu obecné, H - hydrolyzat bilkovin pfislusného druhu, T - texturované
bilkoviny

KS: Wang and Xiong (2019); LS: Kaur a kol. (2018); OM: Bochkarev a kol. (2016); Jandlova a kol. (2018);
RO: Wanasundara a kol. (2016); Day (2013); SL: Singh a kol. (2008); Day (2013); SR: Murru, Calvo (2020);
Bio Technologies LLC; TO: Bochkarev a kol. (2016); Popovic a kol. (2013)

Jak prehledné ukazuje tabulka 13 vyuZiti vyliskovych produktd s vy$sim obsahem bilkovin
muZe byt velmi pestré. Jde hlavné o uplatnéni v pekafskych vyrobcich, ddle v masnych
(mélnénych) a mlé¢nych produktech a v nékterych specifickych aplikacich jako jsou specialni
vyZivy, extrudované vyrobky, vyuZiti jako nahrada vajec, pfiprava dresinkl, omacek a napojd.

V nasledujicim textu jsou uvedeny pfiklady uplatnéni raznych frakci vyliskovych mouk
v pfipravé pekafskych, pecivarenském a masném vyrobku, které byly vytvoreny v ramci fedeni
vyzkumného projektu QK 1910302.
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5.1. Pfiklady pekafskych a pecivarenskych vyrobkui

Priprava pSeniéno-Zitného chleba s vyuZitim vyliskovych mouk minoritnich olejnin

Byly pfipraveny varianty pseni¢no-Zitného chleba se substituci 10 % smésné psenicno-
Zitné mouky (1:1) mouku Inénou, konopnou, ostropesticovou a tykvovou. U Inéné mouky byla
vyzkoudena také substituce 5 % (vzhledem k specifickym vlastnostem mouky bylo
predpokladano zhordeni senzorickych vlastnosti vyrobku). Jako pouZitd alternativni mouka
byla ve viech pfipadech zvolena velikostni frakce vyliskovych mouk 500-710 pm.

V misce byla dikladné smichdna navazend mnoistvi mouk, soli a kminu (variantni sloZeni
uvedeno v tabulce 14), nasledné byl vytvoren ddlek a do néj bylo rozdrobeno 20 g droZdi, ke

Tabulka 14: Zastoupeni surovin pro pfipravu tést jednotlivych variant chleba (v g).

varianta
slotka kontrola | len5% len 10 % konopi tykev ostropestiec
mouka
pEeniéna 150 142,5 135 135 135 135
mouka Zitna 150 142,5 135 135 135 135
m. alternativni 0 15 30 30 30 30
sul 5 5 5
kmin
drozdi 20 20 20 20 20 20
cukr 2 2 2 2 2
olej 6 6 6 6
ocet 10 10 10 10 10 10
voda 230 230 230 230 230 230

Pozn.: Vyliskové mouky predstavovaly velikostni frakce semennych vylisk( olejného Inu,
konopi setého, tykve olejné a ostropestfce marianského v rozpéti 500-700 um.

kterému byl pfidan cukr a 50 g teplé vody (35 °C). Po 20 minutach byl pridan zbytek vody (180
g), olej a ocet a vie bylo dukladné zhomogenizovano s vyuzitim kuchynského robota Bosch
OptiMUM MUM9BX5S61 (funkce hnéteni, 10 minut). Vzniklé tésto bylo nasledné prevedeno
do formy vymazané tence tukem a vysypané hrubou moukou. Ve formé kynul chléb 60 minut
pod platénou utérkou pfi teploté 25°C. Nasledné byla forma s vykynutym vzorkem chleba
vloZena do trouby vyhiaté na 230°C. Po uplynuti 10 minut byla teplota snizena na 190 °C a pfi
této teploté byl chléb dopékén dalsich 40 minut (50 minut peceni celkem). Po vyjmuti formy
se vzorkem chleba z trouby byl chléb vyklopen z formy a ponechan na rostu, aby vychladl.
Postup probihal u viech vzorkd stejné.
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Predpoklad zhorsené senzorické kvality chleba s pfidavkem Inéné mouky se potvrdil, a to
zvl&sté u varianty s jejim vy$sim zastoupenim. Toto je patrné jak z obr. 56, kde je viditelna
struktura jednotlivych variant, ale také z tabulky 15, kde jsou uvedena data senzorického
hodnoceni produkce. Jednou ze slozek Inéné mouky jsou tzv. slizy (water soluble gum),
rozpustna vlaknina s vysokou hodnotou vaznosti vody, coZ vyznamnym zplsobem ovliviiuje
funkéni vlastnosti Inéné mouky a pravdépodobné je tato komponenta dlvodem sniZeného
objemu produkovaného peciva. V rdmci senzorického hodnoceni peciva, byla varianta s
pridavkem Inéné mouky negativné hodnocena i z hlediska vzhledu chleba na fezu a objemu
peciva. SniZené zastoupeni Inéné mouky na 5 % vyrazné zlepdilo pfijatelnost chleba pro
hodnotitele. Pfidavek Inéné mouky ale neovlivnil chutové vnimani produktu — obé Inéné
varianty byly vyhodnoceny jako chutové srovnatelné s kontrolou. Chutové odchylky byly
zaznamenany u variant s pfidanou moukou z konopi a ostropestfce. Pfi pouZiti konopné

1 2 3

4 5 6
Obr. 56: Pokusné peceni p3eni¢no-Zitného chleba s pridavkem mouk pfipravenych z vyliskd
olejnin (Foto: J. Barta)
Legenda: 1 — kontrolni varianta (bez pfidavku vyliskovych mouk), 2 — varianta s pfidavkem 10
% Inéné mouky, 3 — varianta s pfidavkem 10 % konopné mouky, 4 — varianta s pridavkem 10

% tykvové mouky, 5 — varianta s pridavkem 10 % ostropestfcové mouky, 6 — varianta
s pfidavkem 5 % Inéné mouky.

mouky byly hodnotiteli negativné hodnoceny i parametry tykajici se barvy klrky, stfidy a
celkova struktura (soudrinost) produktu. Velmi pozitivné byla hodnotiteli pfijata varianta
vyuzivajici pridavku tykvové mouky. Naopak chléb s pfidavkem mouky z ostropestice nebyl
hodnotiteli pfijat kladné a z hlediska celkovych preferenci byl vyhodnocen jako nejméné
pfijatelny, a to zejména z divodu pocitové “hrubosti” pfidané komponenty ostropestice. Je
potieba doplnit, Ze pfidavana frakce vyliskové mouky 500-710 um méla hrubsi charakter, coz
patrné ovlivnilo vysledek senzorické analyzy a potvrzuje potfebu hrubsi frakce vyliskovych
mouk Iépe homogenizovat pomoci findiniho mleti (viz obr. 49).
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Tabulka 15: Souhrn vysledkd senzorického hodnoceni (vyjadieni v bodech 1-9)

varianta
s (ndhrada 5 nebo 10 % p3eni¢no-zitné mouky vyliskovou moukou)
charakteristika . _
len len konopi tykev ostropestf.
kontrola
5% 10 % 10% 10% 10%
vzhled na fezu 8,5a 6,6 b 58b 6,5b 7,1ab 6,6 b
barva stfidy 8,7a 8,1ab 7,0 bc 50d 6,1 cd 6,0 cd
barva kurky 8,1a 7,7 ab 8,1a 6,9b 7,6 ab 8,0 ab
viing - odchylka 74a 6,5a 6,6 a 6,1a 6,9 a 6,2a
textura (soudrznost) 8,2a 7,8 ab 7,9 ab 6,8b 7,4 ab 6,8b
objem (stfidy) 6,1a 46b 40b 6,2a 58a 59a
vihkost 54a 40b 4,1b 39b 4,5 ab 4,5 ab
chut - chyba 6,1a 5,2abc | 59ab 4,7 be 5,2 abc 44c
celk. pfijatelnost 84a 6,7 bc 7,0 ab 54c 6,3 bc 5,6 bc
preference 2,5b 3,8ab 3,3ab 4,0a 3,0ab 44a

Pozn.: zelené zbarvené hodnoty znaci maxima, cervené zbarvené hodnoty minima; rozdilna
pismena za hodnotou indikuji statisticky prikazny rozdil mezi variantami v daném parametru
na hladin