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Impact of abiotic stressors on oleic acid accumulation
in the leaves of young quinoa plants

Investigating the impact of not only individual stress factors but also their combined effect on plants-becomes
imperative in the context of natural and climatic fluctuations. 18-carbon unsaturated fatty acids such as oleic
(18:1), linoleic (18:2) and a-linolenic (18:3) serve as vital non-enzymatic antioxidants, making significant
contributions to plant defense. Moreover, they are indispensable in assessing the nutritional and_biological
value of plant lipids. Currently, Chenopodium quinoa L., a member of the Amaranth family,«iS increasingly
recognized as a valuable source of antioxidant metabolites. Current study examined the fluctuation patterns in
oleic acid ester content, serving as a non-enzymatic antioxidant, when plant exposed tovarying intensities of
osmotic, saline, and combined stress. A constant concentration of oleic acid esters wasishown under different
levels of saline stress. Osmotic stress did not affect the oleic acid content. Under Salt¢stress, the oleic acid
content increased compared to the control, varying at different NaCl concentrations. However, under com-
bined stress, there was a significant increase in ester content, peaking at a stress level of 200NaCl/L+PEG,
followed by a decrease as stress increased. It was noted that signs of stress,for the photochemical quenching
index of Y1l and ETR in photosystem |1 of young quinoa plants also accur with'a combination of exposure to
300 mM/L NaCl + PEG. It was suggested that the level of combined stress at 200NaCl/P is transitional from
eustress to distress. The results obtained could potentially become thebasis for the targeted synthesis of valu-
able plant antioxidants for food and pharmaceutical purposes inthe future.
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Introduction

In the context of global climate.change, extensive desertification, and land salinization, plants are ex-
posed to various abiotic stressors. Generally, abiotic stressors exert their impact concurrently by altering os-
motic pressure, disrupting nutrient supply,/inducing ion toxicity, and causing oxidative damage to cells and
tissues [1-3]. Comprehension. of above stressors is complicated due to their complexity, including source,
intensity, duration, and effects [4].

Nature has evolved diverse mechanisms to prevent or alleviate abiotic stress, which encompasses a
powerful antioxidant defense system consisting of both enzymatic and non-enzymatic components. In addi-
tion, 18-carbon unsaturated fatty acids (UFAs), including oleic (18:1), linoleic (18:2), and a-linolenic (18:3)
acids, serve as vital'non-enzymatic antioxidants, contributing significantly to plant protection [5, 6].

Furthermore, UFAs serve multiple roles within plant tissues, specifically they: a) function as constitu-
ents.and regulators:of cell membranes in glycolipids; b) serve as carbon and energy reserves within triacyl-
glycerel;«€) govern the storage of extracellular barrier components like cutin and suberin; d) act as precursors
to various biologically active molecules, including jasmonates and nitroalkenes; e) function as regulators in
stress signaling pathways, while also having the potential to induce oxidative stress [5, 7].

The alterations in lipid composition that occur during a plant's adaptation to adverse environmental
conditions can determine the types of radical-free reactions induced by stress [8]. Fatty acids in plants exist
not only in their free form but also as esters [9].

Throughout history, humans have utilized plants for nutrition and medicinal purposes since plant anti-
oxidants possess the ability to regulate not only the physiological processes within plants but also various
functions within the human body, reducing the risk of chronic diseases caused by free radical oxidation [10,
11]. Consequently, understanding the antioxidant systems of food and medicinal plants holds great signifi-
cance. The primary reference point for assessing the nutritional and biological value of plant lipids is UFAs
content [12].
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Epidemiological research suggests that a diet with a higher proportion of UFAs, particularly oleic acid,
may offer protection against cardiovascular disease. Oleic acid is acknowledged for its exceptional resistance
to oxidation and its capacity to enhance the activity of other antioxidants, such as tocopherol [13].

Nowadays, plants from the Amaranthaceae family, particularly quinoa (Chenopodium quinoa L.), have
been gaining heightened recognition as valuable sources of antioxidant metabolites [14, 15]. Additionally,
amaranth species are stress-resistant and well adapted for cultivation in marginal regions [16-18].

Therefore, current research aimed at investigating the accumulation of oleic acid in quinoa plants when
subjected to osmotic, saline, and combined stress conditions.

Materials and Methods

Plant material

The study utilized the Tajik quinoa variety “Vandat” obtained from the Centre for Genetic Resources of
the Tajik Academy of Agricultural Sciences. The experiment involved plants with no cotyledons,and four
rows of unfolded leaves. Two top unfolded leaves and the intervening stem section weré‘examined.

Growth conditions

Research plants were grown in a climatic chamber with fluorescent lamps proyiding 200,pmol m > s*
PAR, a 16-h photoperiod, and a temperature of +25 °C. Seeds were germinated for 5sdays, and then trans-
planted into plastic pots (20 seedlings pot™). Seedlings were exposed to circadian illumination for 10/14 h.
The seedlings were cultivated for 26 days using 50 % Hoagland nutrient solution; and for the next 14 days
with added stress agents, resulting in a total of 8 experimental conditions (Table™1)

Table 1
Experimental conditions

1 2 3 4 5 6 7 8

Control |P 100NaCl  |200NaCly, |300NaCl* ), |100 NaCl/P|200NaCl/P  |300NaCl/P
Days 14 10+4 14 14 14 10+4 10+4 10+4
50 %
Hoagland + + + + + + + +
solution

i i 125 % i \ i 125 % 0 0

PEG-6000 (M) (M) 12.5 % (m/v) [12.5 % (m/v)
NaCl - - 100 mM 200 mM 300 mM 100 mM {200 mM 300 mM

Determination of organic/eompounds in extracts

Gas chromatography with  mass spectrometric detection (Agilent 6890 N/5973 N, Santa Clara, CA,
USA) was employed to analyze,organic compounds. Plant samples were fixed in 96 % ethanol at a ratio of
100 g of tissue to 500 mL [of ethanol. Extraction occurred in an orbital shaker across two stages until a clear
and colorless solvent was obtained. A 1.0 pL sample was injected into the GC-MS system at 260 °C without
flow division. The separation utilized a DB-35 MS chromatographic capillary column with a constant carrier
gas velocity of 14mL min™. The chromatographic temperature rose by 10 °C min™ from initial 40 to 150 °C,
followed by 5.°C min* rate from 150 to 300 °C. Detection was performed using SCAN m/z 34-850 mode.
GC systemyregulation and results processing was carried out by Agilent MSD ChemStation software (Santa
Clara, CA{USA).

Photosynthetic Activity Determination

Photesynthetic activity parameters were estimated by determination of fluorescence levels. Rapid light
curves (RLCs) were recorded using Junior-PAM (“Heinz WalzGmbH”, Effeltrich, Germany) under actinic
illumination of 450 nm. The RLC for each sample was recorded after quasi-darkness to assess the effect of
actinic light absence, while complete darkness is difficult to achieve under field conditions [19]. For each
measurement the fluorometer provided eight saturation light pulses of 10,000 pmol/m®s every 20 s, while
actinic light increased from 0 to 625 pmol/m’ s gradually. For comparison, the data obtained from the last
pulse of the light curve were taken [20]. The following parameters were calculated using WinControl-3.29
(Walz, Effeltrich, Germany) software: Y(l): effective photochemical quantum yield of PSII; ETR: PSII rela-
tive electron transport. In the experiment, each time the region of the middle third of the active leaf was se-
lected. All measurements were performed on a sunny day from 09:00 to 11:00 a.m.
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All experiments were done in three replicates. The processing of data and graphing was performed us-
ing Microsoft Excel (Microsoft Corp., Redmond, Washington, DC, USA). Atypical values were excluded
from the data based on t-tests, the standard error of the average sample was calculated. Differences were
considered significant at p < 0.05.

Results and Discussion

Oleic acid, a monounsaturated carboxylic acid, is characterized by a single double bond. The systematic
name of oleic acid is 9-octadecenoic acid with chemical formula of CH;—(CH,),—CH=CH—(CH,);—COOH.
Oleic acid is an oily, colorless, and odorless liquid, with a density lower than that of water. It is insoluble in
water but exhibits solubility in organic solvents. The melting point of oleic acid is +13.4 °C, and its empiri-
cal formula is C1gH340, (Fig. 1).

18
Figure 1. Oleic acid chemical,structure

The examination of oleic acid ester content in the leaves of experimental quinoa plants revealed signifi-
cant quantitative variations as stress levels of osmotic, salinej and.combined nature increased (Table 2).

Table 2

The influence of stress conditions on olei¢ acid ester content in photosynthetic organs of young
Chenopadium quinoa.

Condition Control +100 mM NaCl +200 mM NaCl +300 mM NaCl
Saline stress 3.13+0.06 5.02+ 0.03* 5.00 + 0.02* 5.01+0.03*
Combined stress " % "
(+12.5 % PEG) 3.03+0.05 5.55:#0.06 11.3+0.08 6.67 +0.06
Note — * indicates a significant difference between the control and the stress at p < 0.05

Thus, individual osmaticesstress,did not induce alterations in the oleic acid ester content. Conversely,
under individual saline stress,sthesoleic acid ester content increased compared to the control but remained
consistent with ingreasing NaCl concentration.

The picture became.more complicated under combined stress conditions. The tendency for oleic acid
ester content to increase .compared to control persisted, with the highest levels observed at combined stress of
200NaCl/P. However, at '@ combined stress level of 300NaCl/P, there was a reduction in oleic acid ester con-
tent, evenithough, remaining higher than the control values.

Consequently, stress reactions can significantly alter the UFAs content and shape the lipid composition
of plant.cells and tissues during the adaptation process [21, 22].

Since fatty acids can only undergo de novo synthesis within plastids, specifically in chloroplasts [4, 23],
the increased content of UFAs, including in various ester forms, within the lipids of internal chloroplast and
mitochondria membranes can serve as natural antioxidants, thereby potentially contributing to the attenuation
of PSII photoinhibition under stress conditions [24, 25].

Our analysis of YII, a key indicator of photochemical quenching that evaluates the effective photo-
chemical quantum yield of PSII, did not reveal any statistically significant variations under stress conditions.
However, it revealed a trend of increasing values with the rise in NaCl concentration in the nutrient solution
up to 200 mMJ/L, followed by a marked decrease at a concentration of 300 mM/L NaCl under combined
stress. Literature suggests that consistent photochemical quantum yield values indicate PSII's resilience to
saline conditions [26], whereas a decrease signifies photodamage caused by stress [27, 28]. Consequently, it
appears that stress indicators related to photochemical quenching in PSII of young quinoa plants become ev-
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ident under the combined effects of 300 mM/L NaCl and PEG6000. This phenomenon has been similarly
documented in quinoa and various other plant species [29-31] (Fig. 2).
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Figure 2. Activity alterations of photosynthetic parameters under stress conditions. Different letters above the bars rep-
resent significant differences at p < 0.05

The negative effects of combined stress on the PSII quantum efficiency index likely arise from the inhi-
bition of electron transport, disruption of reaction centers, and,the.initial stages of damage to the oxygen-
evolving complex [30, 32, 33]. In our study, we observed an uptick.in the.electron transport rate (ETR) as the
concentration of NaCl in the nutrient solution increased to 200.mMJL, under both salt and combined stress
conditions. This increase correlated with the leaf's water content, whereas a significant decrease in ETR was
seen at a NaCl concentration of 300 mM/L. Under salt stress‘alone, ETR values returned to baseline (control)
levels, but they were markedly lower under combined stress. These observations are in line with research
suggesting that PSII-mediated electron transport can,.improve under mild salinity [34] but is adversely affect-
ed under intense stress [35], leading to diminished electron transport capacity during photosynthesis and re-
duced efficiency in energy utilization from RSII [35, 36]. The disruption of intersystem electron transport
and damage to PSII's terminal electron acceptors play significant roles in generating reactive oxygen spe-
cies [37]. This indicates that young quinoa plants facing severe combined stress experience greater oxidative
stress compared to those under normal conditions or dealing with only osmotic or salt stress. A strong corre-
lation (r = 0.9) between Y11625 and ETR walues further supports the conclusion that genuine stress symp-
toms in young quinoa plants manifest under the combined influence of osmotic and salt stress at a 300 mM/L
NaCl +PEG concentration.

The disruption of photosynthesis is one of the earliest responses to stress [38—40] and consistent high
levels of oleic acid, esters acressdifferent saline stress levels may suggest a noteworthy degree of salt toler-
ance for photosynthetic ergans in young quinoa plants. This aligns with previously published findings on the
morphological anthanatomical responses of quinoa's photosynthetic tissues [41].

The significant elevation in oleic acid ester content observed at 200NaCl/P, followed by a decline as
stress devels increase to 300NaCl/P, may potentially indicate that the stress level of 200NaCl/P signifies a
transition fromyeustress to distress for young quinoa plants. During eustress, all physiological processes are
geared towards growth and development. Contrarily, during distress, all plant adaptive mechanisms turn
off [26].

Conclusion

Thus, the study findings represent a new step towards a better understanding of adaptation mechanisms
in quinoa plants exposed to individual and combined stress. This could potentially pave the way for future
advancements in the targeted synthesis of valuable plant antioxidants for pharmaceutical purposes by focus-
ing on specific stressor concentrations on plants possessing significant nutritional and medicinal attributes at
distinct developmental stages.
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AOHOTTBIK CTPECCOPJIapAbIH KAC KMHOA 6CIM/AEPIHIH KANbIPAKTAPbIHAA
0JIEHMH KbIIIKbLIIAPBIHBIH KUHAJTYbIHA dCepi

TaOuri-KINMATTHIK ©3repicTep KYOBUIBICHIHAA OCIMAIKTEpre JKalfbl3 FaHa eMec, COHBIMEH KaTap
OIpiKTipiIrer Kyif3emic QakTopiapbIHBIH ocepiH 3eprrey MaHbabl. Oxenn (18:1), mumon (18:2) xxone a-
JriHoJTeH (18:3) cusikThl 18 KoMipTeKTi KaHBIKIIAFaH Mai KBINIKBIIIAPHI OCIMIIK KOPFaHBICBIHA MAHBI3/BI YIIEC
KOocCaThlH (hepMEHTATHBTI eMeC OMIpIIiK MaHbI3Ibl AHTHOKCHIAHTTAP peTiHae Kbi3MeT eresi. COHBIMEH KaTtap,
oJidp eCiMIK JHMIOHUITEpPiHIH TaraMAbIK KoHe OHOJIOTMSUIBIK KYHIBUIBIFBIH Oaranmayna ete Kaxer. Kasipri
TaHga AMapaHT TyKbIMaachiHa okatateiH Chenopodium quinoa L. ecimairi aHTHOKCHIAHTTBIK
METa0ONUTTEPIiH KYHIBl K631 peTiHZe JKakchl TaHbUTyda. Makanajga jKac KHHOAa OCIMIIKTEpiHIH
(dotocuHTE3re KAOLIETTI MYIIENEpiHiH OCMOCTBIK, TY3ABI JKOHE OPTYPJi KApPKBIHIBUIBIKTAaFBl apajac
Kyizemicrep ke3iHme (HEepMEHTATHBTI eMec aHTHOKCHIAHT PETiHJE OJEeWH KBIIIKBUIEI Kypaeni 3dupiepiHiH
KYPaMBIHBIH ©3repy AWHAMHKAChl 3€PTTENreH. OpPTYpJi JEHredaeri TY3Abl CTPECTiH OCepiHeH OJIeHH
KBILIKBUTBL TOPi3Ai Kypaeni 3QupiepiHiH TypakThl KOHLIEHTPAUMSICHIHBIH KoTepinreHi kepceriimi. Ty3mst
CTpecc JKar[JalblHIA OJCWH KBIIKBUIBIHEIH Memmepi optypiai NaCl koHueHTpanusiapblHAa e3repil,
OakplTayMeH CalbICTBIpFaHOa JKoFapbuiaabl. JlereHmeH, OipikTipiireH crpecc KesiHie Kypueni 3¢wup
KYpaMbIHbIH aifTapibikrail aptysl Gaiikamael, o1 200NaCl/L+PEG crpecc neHreifinae MakcHMyMFa JKeTil,
cofaH KeifiH cTpecc jkoFapbuiaraH caifbiH asasapl. JKac kuHoa ecimaikrepinin II dotoxyitecinge YII xoHe
ETR ¢oroxumusnelk ceHaipy wuHAaekci ymiH crpecc Oenrizepi 300 MM/n NaCl + II9T acepinig
KOMOMHAIMACH Ke3iHne ae aprateiHbl atan erinmi. 200NaCl/P kesinnme OipikTipinreH cTpecc AeHTrewi
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JYCTpeCTeH KyM3elicke aybicaibl JereH Oomkam Oap. AJIBIHFaH HOTIDKEIep OONallaKTa TaFraMJbIK XKOHE
(apMaLeBTHKAIIBIK MaKcaTTapFa apHalfaH KYHAbl ©CIMJAIK aHTHOKCHUIAHTTApbIHBIH MaKCATThl CHHTE3iHE
Heri3 6ona anajpl.

Kinm (263()(2]7.' OJICUH KbIMKBUILI, TY3IBI CTPECC, 3.6I/IOTI/IK3.J'IBIK, KHHOa, 9yCTpeCC.

H.B. Tepnenckas, A.H. 3opoexosa, H.K. Kop6o3oBa, M. Ep6aii, A. MamupoBa

Biusinue a0MOTHYECKUX CTPECCOPOB HA HAKOIJIEHUE 0JIEHHOBOH KUCJIOTHI
B JIUCTBHSIX MOJIOJIBIX PACTEHHI KHHOA

Ha ¢oHe npupoaHO-KIMMaTHYECKUX U3MEHEHUH aKTyallbHO M3YYEeHHE BIMSHUS Ha PACTCHHS HE TOJBKO OAU-
HOYHBIX, HO M KOMOMHHPOBAHHBIX CTPECCOPOB. 18-yriaepojHble HEHACHIIICHHbIE >KUPHBIE KHUCIOTHI, TAKHUE
kak onenHoBas (18:1), munonesas (18:2) u a-muHonenoBas (18:3), cirykar )KU3HEHHO BaKHBIMH He(epMeH=
TaTUBHBIMU aHTHOKCHIAHTAMM, BHOCS 3HAUMTENbHBIH BKJIAJA B 3aUTy pacTeHuil. [Ipn 3ToM OHU ABISIOTCS
HE3aMEHHMBIMH TIPU OLIEHKE IHIIEBOM W OMOJIOTMYECKOi IEHHOCTH PAacTHTENBHBIX JUIHAOB. BHacTosmiee
BpeMsI TIpeCTaBUTENb ceMecTBa AmapantoBbix Chenopodium quinoa L. momy4aet Bce GosbLiee PU3HAHUE
KaK [IEHHBI MCTOYHHMK aHTHOKCHIAHTHBIX MeTabonuTOB. B cTaThe paccMoTpeHa IMHAMHUKa W3MEHECHUH CO-
JeprkaHust (UPOB OJEHHOBOW KUCIOTHI Kak He()epMEHTaTHBHOTO aHTUOKCHIAHTa IIPH @CMOTHYCCKOM, COJIe-
BOM M KOMOMHHPOBAaHHOM CTPECCAX Pa3IHMYHOW MHTCHCHBHOCTH B (DOTOCHHTETHUECKHX OpraHax’ MOJOJBIX
pacTeHuid KuHoa. IToka3aHbl YBEIHYCHUE ¥ HEN3MEHHAsh KOHLICHTPAIMS COJIepKaHUs SOUPOB OJICHHOBOH KH-
CJIOTHI IIPU PA3IMYHBIX YPOBHIX COJEBOTO CTpecca. B yCIOBHIX CONEBOTrO CTpEcca CONepsKaHue OJIEHHOBOM
KHCIIOTHI yBEJIMYUBAIOCH 110 CPABHEHHIO C KOHTPOJIEM, BapbUpys NpH pa3HbIX KOHUeHTpanusx NaCl. Oqnako
npu KOMOMHUPOBAHHOM CTpecce HaOI0Jaoch CYIIECTBEHHOE YBEIIMUYCHHE COACpKAHWsS 3(UPOB, JOCTH-
raroriee MakcuMmyma Tpu yposae ctpecca 200NaCl/LATIOT, 3a KQTOPBIM CIICAOBAIO CHHXKCHUE 110 MEPEe YCH-
JICHHUSI CTPECCOBOTO BO3eHCTBUs. OTMEUEeHO, YTO NMPHU3HAKK CTpecca UL HOKa3aTelst (OTOXUMUUECKOTO TY-
mrennst YII u ETR B porocucreme I MomopIx pacTeHU KHHOA TaKKe HACTYIAIOT IIPU COYETAHUH BO3JIEHUCT-
Bust 300 mM/L NaCHHIIOI'. Chenano mpenmonoKeHne O TOM; 9TO)YpOBEeHb KOMOMHHPOBAHHOTO CTpecca B
200NaCl/P sBisieTcst IepexoaHBIM OT dycTpecca K Auerpeccy. [lomydennsle pe3yabTaThl HOTEHIMAIBHO MO-
TYT CTaTh OCHOBOM [ HAIIPAaBICHHOTO CHHTE3a LEHHBIX, PACTUTEIBHBIX aHTUOKCHIAHTOB JUIS IHINEBBIX U
(hapMareBTHUECKHX LeJIeH B OyAyIIeM.

Knrouesvle cnosa: onenHoBas KHCJIOTa, COJICBOM CTpecCC, aGHOTH‘IeCKHﬁ, KHHOAa, 3yCTpeECC.
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