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Abstract. In breeding, biofortification is aimed at enriching the edible parts of the plant with micronutrients. Within
the framework of this strategy, molecular screening of collections of various crops makes it possible to determine allelic
variants of genes, new alleles, and the linkage of allelic variants with morphophysiological traits. The maize (Zea mays L.)
is an important cereal and silage crop, as well as a source of the main precursor of vitamin A — 3-carotene, a derivative
of the B,3-branch of the carotenoid biosynthesis pathway. The parallel 3,e-branch is triggered by lycopene-e-cyclase
LCYE, a low expression of which leads to an increase in provitamin A content and is associated with the variability
of the 5-UTR gene regulatory sequence. In this study, we screened a collection of 165 maize inbred lines of Russian
selection for 5-UTR LCYE allelic variants, as well as searched for the dependence of LCYE expression levels on the 5'-UTR
allelic variant in the leaves of 14 collection lines. 165 lines analyzed were divided into three groups carrying alleles A2
(64 lines), A5 (31) and A6 (70), respectively. Compared to A2, allele A5 contained two deletions (at positions -267-260
and -296-290 from the ATG codon) and a G,5;,—T substitution, while allele A6 contained one deletion (-290-296)
and two SNPs (Gy5;—T, Gy65—T). Analysis of LCYE expression in the leaf tissue of seedlings from accessions of 14 lines
differing in allelic variants showed no associations of the 5-UTR LCYE allele type with the level of gene expression. Four
lines carrying alleles A2 (6178-1,6709-2, 2289-3) and A5 (5677) had a significantly higher level of LCYE gene expression
(~0.018-0.037) than the other 10 analyzed lines (~0.0001-0.004), among which all three allelic variants were present.
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AHHoTayua. CenekynoHHan 6rodpopTndrkauma HanpasneHa Ha oboralleHre Cbefo6HbIX YacTel pacTeHUsA MUKPOHY-
TpreHTamun. B pamkax AaHHOW cTpaTerny MOEKYNAPHbIN CKPUHUHT KOMUTEKLUIA PasfnyHbIX KyNbTyp NO3BONAET onpe-
LenATb annefibHble BapuaHTbl FeHOB, HOBbIE anfefin 1 CLENIEHHOCTb annesibHbIX BapuaHToB ¢ Mopdodursmonornye-
CKMMU npur3sHakamn. Kykypysa Zea mays L. ABNAETCA BaXKHOW 3€PHOBOW 1 CUJIOCHOW KYJIbTYPOW, @ TakxKe MCTOYHUKOM
OCHOBHOFO NpeALecTBeHHNKa BUTaMnHa A — 3-KapoTrHa, Npon3BogHoro 3,3-BeTBr Ny Ty 6BUOCUMHTE3a KapOTUHOWAOB.
MapannenbHas B,e-BeTBb 3anycKaeTcs NIMKONuH-g-Lmknasoi LCYE, HM3Kas sKCcnpeccus KOTOpoii MPUBOAUT K POCTY CO-
LepxaHuna npoBuTamrHa A 1 cBA3aHa c BaprmabenbHOCTbIo perynatopHon nocneposatenbHocty 5-UTR reHa. B HacTon-
LieM MCCrefoBaHUM MPOBeAeHbl CKPVHWHT KonneKumn 165 MHOpeAHbIX IMHNIA KYKYpPY3bl POCCUMINCKON Cenekummn Ha
BapuaHTbl annenen 5-UTR LCYE, a Tak»Ke MOUCK 3aBUCUMOCTY YPOBHA 3Kcnpeccun reHa LCYE oT annenbHOro BapmnaHTa
5'-UTR B McTbAX 14 KONNEKLMOHHbIX IMHUIA. [IpoaHanv3npoBaHHble 165 NMHWIA pa3aennnch Ha TPU Fpynbl, HecyLime
annenu A2 (64 nuHum), A5 (31) n A6 (70). B cpaBHeHunmn c A2, annenb A5 cogepikan Ase geneuun (B nosnumusax -267-260
1 -296-290 ot ATG-Kof0Ha) 1 3aMeHy G5, — T, Torga Kak annenb A6 — ogHy geneumio (-290-296) 1 aBe 3ameHbl (Gy5,—T,
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Annenn 5’-UTR n skcnpeccua reHa LCYE y nHOpeaHbIX TMHNI
KYKYpYy3bl Zea mays L. pocCnincKom cenekumm

G,g5—T). AHanu3 akcnpeccun reHa LCYE B NMCTOBON TKaHM NPOPOCTKOB 00pasLioB 14 NUHWIA, pa3nnyalowmnxca annesb-
HbIMV BapuaHTamu, MoKasan oTCyTCTBMe accoumanmn BapmanTa annena 5-UTR LCYE c ypoBHeM aKkcnpeccuu reHa. YeTbl-
pe nuHuw, Hecywme annenn A2 (o6pasubl 6178-1,6709-2, 2289-3) n A5 (obpasel 5677), iMenu 3HaunTeNbHO 6onee Bbl-
COKUI ypoBeHb 3kcnpeccuu reHa LCYE (~0.018-0.037) no cpaBHEHMIO C OCTaNbHbIMU AeCATbIO NPOaHaNN3MPOBaHHbIMU
nmHnAMN (~0.0001-0.004), cpenm KOTOpPbIX ObIV NpefCTaBeHbl BCe TPY affeNibHbIX BapuaHTa.

KnioueBble cnioBa: Zea mays L.; nH6pefHble NIMHMM KYKYpY3bl; IMKONWUH-€-LMKNa3a; annenu LCYE; skcnpeccus reHa.

Introduction

Maize Zea mays L. is an important world crop. Climatic condi-
tions in Russia favor the predominant cultivation of corn for
silage (immature cobs, leaves and stems), which makes up
about 50 % of the dry matter of the main feed for farm animals
(Cabiddu etal., 2019; Graulet et al., 2019; Mitani et al., 2021).
As a grain crop, corn is grown only in the southern regions of
Russia. According to the Ministry of Agriculture, 1.4 million
tons of grain were harvested in 2021, which is ~50 times less
compared to wheat (https://mcx.gov.ru/press-service/news/
sbor-zernovykh-v-rossii-dostig-100-mln-tonn/).

Both grain and silage of maize are considered important
sources of antioxidants, including provitamin A, represented
by three carotenoid compounds: f-carotene (provides two
units of retinol — active vitamin A, when oxidatively broken
down), B-cryptoxanthin (provides one unit of retinol, but with
greater bioavailability than -carotene) and a-carotene (one
unit of retinol) (LaPorte et al., 2022). In addition to dietary
significance, enrichment with 3-carotene and B-cryptoxanthin
contributes to an essential reduction in aflatoxin contamination
of corn grain (Suwarno et al., 2019). In the grain of the most
popular varieties and hybrids, according to various data, ca-
rotenoids range from 9.55 to 62.96 ng/g (Trono, 2019), while
in the leaves their content is already about 200 ng/g (Li et al.,
2008; Suwarno et al., 2019).

B-Carotene and B-cryptoxanthin are products of the B,B-
branch of the carotenoid biosynthetic pathway (Fig. 1):
lycopene-B-cyclase (LCYB) catalyzes the formation of
B-ionone rings at both ends of the all-trans-lycopene mol-
ecule with the formation of fB-carotene, the hydroxylation
of which leads to the synthesis of xanthophylls, includ-
ing B-cryptoxanthin (Rosas-Saavedra, Stange, 2016). The
a-carotene molecule, a product of the B,e-branch triggered
by lycopene-ge-cyclase (LCYE) (see Fig. 1), is characterized
by a B-ring at one end and an e-ring at the other end of the
isoprenoid chain (Rosas-Saavedra, Stange, 2016). A signature
of the predominance of the f3,p- or B,e-branch is the orange or
light yellow, respectively, color of the corn grain (Harjes et
al., 2008; Babu et al., 2013; Zunjare et al., 2018).

Maize breeding for provitamin A biofortification uses
the LCYE gene, as well as the B-carotene hydroxylase 1
(CrtRBI) gene, which catalyzes the conversion of B-carotene
to B-cryptoxanthin (LaPorte et al., 2022). A decrease in the
expression level of the first, second, or both genes simultane-
ously leads to a shift in the metabolic pathway towards the
biosynthesis of B-carotene as the most promising source of
provitamin A (Harjes et al., 2008; Yan et al., 2010; Muthusamy
et al., 2014; Liu et al., 2015; Zunjare et al., 2018; LaPorte et
al., 2022).

One of the main conditions for successful breeding is the
availability of donors of allelic variants linked to the desired

economically valuable traits. Maize accessions, which are
characterized by low grain expression of LCYE and/or CrtRB1
genes, are used in breeding, including provitamin A biofortifi-
cation (Pixley et al., 2013; Muthusamy et al., 2014; Liu et al.,
2015; Menkir et al., 2017; Prasanna et al., 2020). It has been
shown that a reduced level of LCYE transcripts may be associ-
ated with polymorphisms in the 5'-UTR sequence of the gene
(Harjes et al., 2008; Babu et al., 2013; Zunjare et al., 2018).

With all the promise of LCYE alleles in maize biofortifica-
tion, as well as the widespread use of maize for silage, studies
of the gene activity are limited to corn grain and barely touch
upon photosynthetic organs. Previously, we have shown an
inverse relationship between the content of -carotene and
the level of LCYE gene expression in the leaf tissue of maize
seedlings (Arkhestova et al., 2022).

In the study, we assessed the correlations between the level
of LCYE expression and allelic variants of the 5'-UTR regula-
tory region of the gene in a collection of 165 inbred maize
lines. We also analyzed the relationship between the level of
expression and the allelic variant of the lycopene-e-cyclase
gene in the leaves of 14 accessions differing in the 5'-UTR
LCYE alleles. The maize lines used in the work were obtained
by breeders of two organizations in the Kabardino-Balkarian
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Fig. 1. A simplified scheme of xanthophylls biosynthesis.

Phytoene synthase PSY catalyzes the synthesis of phytoene, from which trans-
lycopene is formed as a result of several successive reactions. Further, the met-
abolic pathway is divided into B,3- and f,e-branches, which lead to the pro-
duction of 3-carotene and a-carotene, respectively, and then B-cryptoxanthin
and xanthophylls - zeaxanthin, antheraxanthin, violaxanthin (B,3-carotenoids)
and lutein (,e-carotenoids). The modification of 3-carotene and violaxanthin
under the action of carotenoid-cleaving dioxygenases leads to the synthesis
of apocarotenoids - strigolactones and abscisic acid (ABA), respectively.
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Republic (KBR, North Caucasian Federal District), which, due
to climatic conditions, ranks first in the Russian Federation in
the cultivation of corn, according to the allocated sown area
(Rosstat data for 202 1; https://rosstat.gov.ru/storage/mediabank/
Census_agr 2021.pdf).

Materials and methods

Accessions of 165 Z. mays inbred lines from two breeding
organizations (JSC “OTBOR” and the Institute of Agriculture
KBSC RAS) were used for the study; the lines are currently
being tested and are listed in the work under the numbers as-
signed to them by the breeders (see Supplementary Material)'.

The seed material of plants grown in the field in 2022 (KBR,
Russia) was kindly provided by the JSC “OTBOR” (KBR,
Russia) and the Institute of Agriculture of the Branch of the
Kabardino-Balkarian Scientific Center of the Russian Acad-
emy of Sciences (IA KBSC RAS, KBR, Russia). According
to the originators (JSC “OTBOR”, IA KBSC RAS), the lines
differ in grain color (Fig. 2, see Suppl. Material). Germinated
grains were grown until the 4th true leaf appeared in moist soil
under controlled conditions (23 °C/25 °C, 16/8 h day/night)
of the experimental climate control facility in the Institute of
Bioengineering (Research Center of Biotechnology, Russian
Academy of Sciences). Leaf material was collected and used
for analysis of LCYE allelic variants and expression.

To identify allelic variants, genomic DNA was isolated from
the leaf material according to (Filyushin et al., 2023) and used
as a template for PCR amplification of the 5'-UTR region of the
LCYE gene under the following conditions: initial denaturation
(5 min, 95 °C), 32 cycles (denaturation 1 min, 95 °C; annealing
30 s, 60 °C; synthesis 45 s, 72 °C). Amplification primer se-
quences were: F2 (5'-AAGCATCCGACCAAAATAACAG-3')
and R2 (5-GAGAGGGAGACGACGAGACAC-3') (Harjes
et al., 2008). The generated fragments purified from the gel
(Zymoclean™ Gel DNA Recovery Kit, ZymoResearch,
USA) were sequenced (primer F2) on an ABI 310 Capillary
DNA Analyzer (Applied Biosystems, USA; Core Facility Use
Bioengineering, Russian Academy of Sciences). Structural
analysis was performed using NCBI-BLAST (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) and MEGA 7.0 (Kumar et al.,
2016).

To analyze gene expression, total RNA was isolated from
50-100 mg of leaf tissue using the RNeasy Plant Mini Kit
(QIAGEN, Germany), purified from genomic DNA impurities
(RNase free DNasy set, QIAGEN), and used for cDNA syn-
thesis (GoScript™ Reverse Transcription System, Promega,
USA). RNA quality was assessed by electrophoresis in 1.5 %
agarose gel. The concentration of RNA and cDNA preparations
was determined fluorimetrically using Qubit 4 (Thermo Fisher
Scientific, USA) and reagents Qubit RNA HS Assay Kit and
Qubit DS DNA HS Assay Kit (Invitrogen, USA).

The level of transcripts of the lycopene-e-cyclase gene
LCYE in the leaves of maize seedlings was determined
by quantitative (q) real-time (RT) PCR (qRT-PCR). The
data were normalized to the level of Z. mays polyubiquitin
gene transcripts (NM_001329666.1; primers ZmUBI-rtF
5'-ATCGTGGTTGTGGCTTCGTTG-3' and ZmUBI-
rtR 5'-GCTGCAGAAGAGTTTTGGGTACA-3").

1 Supplementary Material is available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Arkhestova_Engl_27_5.pdf
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Fig. 2. Distribution of 165 Zea mays L. inbred lines (domestic breeding)
used in the study according to grain color and 5'-UTR allelic variants of
the LCYE gene (delimited by ellipses, within which the corresponding
allele is indicated — A2, A5, or A6). White-grain accessions are placed in
the unpainted part of the ellipses; lines with grain coloring in various
shades of yellow, orange and red are located in the colored part.

3 ng of ¢cDNA, cDNA-specific primers (ZmLcyE-F
5'-TTTACGTGCAAATGCAGTCAA-3"; ZmLcyE-R
5'-TGACTCTGAAGCTAGAGAAAG-3'), kit “Reaction
mixture for real-time PCR in the presence of SYBR Greenl and
ROX” (Sintol, Russia), and thermal cycler CFX96 Real-Time
PCR Detection System (Bio-Rad Laboratories, USA) were
used for the reaction. The reactions were carried out in three
technical and two biological replicates under the following
conditions: preliminary denaturation (5 min, 95 °C); 40 cycles
(155,95 °C; 505, 62°C).

qRT-PCR results were statistically processed using
GraphPad Prism v.8 (GraphPad Software Inc., USA; https://
www.graphpad.com/scientific-software/prism/). Data were
expressed as mean with standard deviation (=SD) based
on three technical and two biological replicates. The #-test
was used to assess the significance of differences in gene
expression between maize lines (p < 0.05 indicates statistical
significance of differences).

Results
The study was focused on the characterization of the allelic
variability of the LCYE gene 5'-UTR sequence in maize inbred
lines of domestic selection, as well as the analysis of the level
of gene transcripts in the leaf tissue of seedlings of lines that
differ in allelic variants of the 5-UTR of the LCYE gene.

To determine allelic variants of the lycopene-e-cyclase
gene, amplification and sequencing of the 5'-UTR region of
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A2 TGACACGCGGGACGGGCAGCGCAGCCGGAGAGGT GGAGAGT GGACACT CACGGCT CACGCCCCCGGCGCCCTCCTGAAAAT
A6  TGACACGCGGGACT GGCAGCGCAGCCGTAGAGGT GGAGAGTGGACACTCACG- - - - - - - CCCCCGGCGCCCTCCTGAAAAT

A5 TGACACGCGGGACTGGCAGCGC- - - - -

- - - AGGTGGAGAGTGGACACTCACG- - - - - - - CCCCCGGCGCCCTCCTGAAAAT

Fig. 3. An example of electrophoretic separation of PCR amplified fragments (a) corresponding to the 5-UTR LCYE
allelic variants A2 (248 bp), A5 (233 bp), and A6 (240 bp) in a 2.5 % agarose gel (M is the length marker Thermo Fisher
GeneRuler 50 bp) and comparative alignment of the variable region of the A2, A5, and A6 alleles (b).

Indels in red, SNPs in blue.

the LCYE gene was performed (Fig. 3). Expected fragment
sizes: alleles A2 (248 bp, according to Harjes et al., 2008), A5
(233 bp, according to Arkhestova et al., 2023) and A4 (993 bp,
according to Harjes et al., 2008).

As a result, no A4 variants were found, while alleles
A2 and A5 were shown to be present in the analyzed
accessions. In addition to these variants described earlier,
a new, uncharacterized A6 allele (240 bp) was identified (see
Fig. 3). In total, out of the analyzed 165 maize accessions,
64 lines contained the A2 allele, the smallest number of
accessions (31) contained the A5 allele, and the largest number
of accessions (70) contained the A6 allele (see Fig. 2).

It was determined that, unlike A2, 5'-UTR of the A5 allele
contains two deletions (at positions -267-260 and -296-290
from the ATG codon), while the new A6 allele has only one
ofthese deletions (at position -296-290 from the ATG codon)
(see Fig. 3). In addition, allele-specific single nucleotide
substitutions were found in comparison with A2: G,5,—T
(in the sequence of A5 and A6); G,—T (only for A6) (see
Fig. 3). The positions of deletions and substitutions are given
in accordance with the LCYE gene sequence available in the
NCBI database (NCBI Gene ID OK032387.1).

Variants of the A2/A5/A6 alleles were found in accessions
with white (59/30/57) and pigmented (5/1/13) grain,
respectively. In order to understand whether the 5'-UTR LCYE
allele (A2, A5, or A6) is associated with the level of LCYE
gene transcripts in photosynthetic tissue, LCYE expression
was analyzed in the leaf tissue of 14 lines differing in allelic
variants (Fig. 4). Accessions for qRT-PCR were selected based
on two assumptions. First, all three types of alleles (A2, AS,
and A6) of the LCYE gene had to be present in the analysis.
Secondly, preference was given to maize accessions that are
most interesting for breeders.

Considering the qRT-PCR data, the analyzed accessions
were clearly divided into two groups, which significantly
differed in the level of LCYE gene expression (see Fig. 4). The
first group combined four lines with a high expression level
(~0.018-0.037), which was ~4.5-370.0 times higher than in
ten accessions of the second group (~0.0001-0.004). Among

the four lines with high expression, three (6178-1, 6709-2,
and 2289-3) carried the A2 allele and one (5677) carried the
A5 allele. At the same time, the level of LCYE transcripts in
line 5677 (AS) was ~1.5-2.0 times lower than in three lines
with the A2 allele (see Fig. 4).

In the group of lines with low gene expression, all three
allelic variants of 5-UTR LCYE were present (see Fig. 4). This
group included all three accessions with the A6 allele taken
for analysis (MBK, 6097-1, 5254-3). Against the background
of low gene activity in the group, lines 5580-1 and 645CZ
(allelic variant A2) were characterized by increased activity
of the LCYE gene (see Fig. 4).

It should be noted that lines carrying the A2 or AS alleles
were present both in the first and second groups (see Fig. 4).

Thus, using 14 lines representing all three variants of the
5'-UTR LCYE allele as an example, it was shown that there
was no dependence of the level of LCYE gene transcripts on
the allele (A2, A5, or A6) in the leaf photosynthetic tissue.

Discussion
Over the past decades, one of the most promising breeding
trends has been biofortification (a strategy to improve the
nutritional quality of cultivated plants by breeding methods
using a number of biotechnologies) aimed at enriching the
edible parts of the plant with micronutrients (vitamins, miner-
als and trace elements) (Medina-Lozano, Diaz, 2022). This
approach, combined with molecular methods for identifying
parental forms and analyzing hybrid progeny, has made it pos-
sible to obtain a large number of high-yielding varieties and
hybrids of crops, including maize hybrids with a high content
of provitamin A (Pixley et al., 2013; Muthusamy et al., 2014;
Liu et al., 2015; Menkir et al., 2017; Prasanna et al., 2020).
In this regard, of interest is the molecular screening of
collections of various crops, which makes it possible to deter-
mine allelic variants of genes, new alleles, and the linkage of
alleles with morphophysiological characteristics (Langridge,
Fleury, 2011; Pasala, Pandey, 2020). From a scientific point of
view, the totality of the results obtained contributes to a more
accurate understanding of the function of specific genes. At
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LCYE 5'-UTR alleles and expression in maize
(Zea mays L.) inbred lines of Russian selection
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Fig. 4. Relative level of LCYE gene expression in the leaf tissue of seedlings of 14 maize inbred lines.

The letters a-n indicate a significant difference (p < 0.05) of a particular gene expression value from the values for other
accessions (lines 1-14 correspond to letters a-n). The allelic variant (A2 - 2, A5 - 5, or A6 - 6) is indicated in red for each
accession. The grain color (white, bright yellow or orange) is shown by a colored ellipse next to the accession name.

the same time, screening of collections is an important stage
of breeding, as it allows to assess the representation in the
breeding material of a specific allelic variant that determines
the desired economically important trait, as well as to identify
donors of this trait for introduction into the breeding process
(Langridge, Fleury, 2011).

In this work, accessions of 165 maize inbred lines of
domestic breeding were characterized by the 5'-UTR allelic
variant of the LCYE gene. The activity of lycopene-e-cyclase
is considered to be inversely related to the biogenesis of
-carotene and the corresponding f3,3-xanthophylls, which, in
turn, determines the color of the grain (pale yellow and orange
indicate a shift towards B,e- and [,B-branches (see Fig. 1),
respectively) (Harjes et al., 2008; Babu et al., 2013; Zunjare
etal., 2018). A decrease in LCYE gene activity and, as a result,
significant changes in the ratio of f3,e- and f3,3-carotenoids are
closely associated with mutations in the 5'-UTR region of the
gene, namely, with insertions of transposable elements near the
translation initiation point (alleles A1 and A4) (Harjes et al.,
2008). At the same time, the highest efficiency of provitamin A
accumulation in grain is linked to the A4 allele (Babu et al.,
2013; Zunjare et al., 2018). Given this, molecular markers
have been developed to identify various allelic variants of
the 5’-UTR sequence of the LCYE gene (Harjes et al., 2008;
Babuetal., 2013). Screening of Z. mays collections using these
markers made it possible to identify donors of the A4 allele
and introduce them into breeding programs to obtain maize
lines and hybrids with a high content of provitamin A (Harjes
et al., 2008; Babu et al., 2013).

Our analysis of 165 inbred lines did not reveal accessions
carrying the A4 allele linked to the enhanced accumulation
of provitamin A. This indicates that for biofortification for
an increased content of provitamin A, sources other than the
lines of this collection should be involved. However, in ad-
dition to the A2 allele, screening detected two other variants
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of'the 5'-UTR region, the A5 allele (Arkhestova et al., 2023),
as well as the previously undescribed A6 allele (see Fig. 3).

Next, we tested the possibility of a relationship between the
5'-UTR LCYE allele variant (A2, AS, or A6) and the level of
LCYE expression. Photosynthetic tissues of seedlings were
used for the analysis because data on the correlation of LCYE
alleles with the content of carotenoids in corn are limited
mainly to grain, and also due to the predominant cultivation
of corn for silage in Russia, since the presence of such a cor-
relation can serve as the basis for identifying donors of the
trait of increased biosynthesis provitamin A in maize photo-
synthetic tissue (silage). In the case of a clear association of
any allele with the level of LCYE gene expression, donors of
this allele could be used in the breeding of silage corn with
a high content of provitamin A.

gqRT-PCR was performed on 14 accessions out of 165 lines
studied in this work. Among these 14 lines, all three alleles of
the 5'-UTR LCYE (A2, A5, and A6) were present. Since the
result showed no association of the detected 5'-UTR LCYE
allelic variants with the level of LCYE expression in the leaf
(see Fig. 4), it can be assumed that there is no such associa-
tion for the rest of the analyzed collection. The absence of the
desired dependence can partly be explained by the fact that
the ratio of the amount of synthesized f,e- and 3,3-carotenoids
depends on the level of expression of not only LCYE, but also
the gene of lycopene-B-cyclase LCYB (Bai et al., 2009) or
other carotenogenesis genes, for example, phytoene synthase
genes (PSY) (Orlovskaya et al., 2016).

qRT-PCR data showed a clear division of accessions into
two groups — with high and low expression of LCYE. Con-
sidering the known antioxidant role of xanthophylls in plant
photoprotection (Jahns, Holzwarth, 2012), it can be assumed
that in 10 lines with low LCYE expression (see Fig. 4), such
protection is carried out mainly by carotenoids of the main
xanthophyll cycle (B,B-branch). At the same time, in the
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remaining 4 lines with high LCYE expression, presumably
synthesizing significant amounts of 3,e-carotenoids, photopro-
tection can actively involve an additional lutein-5,6-epoxide
cycle (B,e-branch).

It is also possible that lines with low LCYE expression (see
Fig. 4) and a presumed shift of the carotenoid biosynthetic
pathway towards the 3,B-branch synthesize relatively more
phytohormones (strigolactones and abscisic acid) produced
by the action of carotenoid-cleaving dioxygenases (Dhar et
al., 2020). Thus, ABA is formed by 9-cis-epoxycarotenoid
dioxygenases NCED from 9-cis-violaxanthin and 9-cis-
neoxanthine (violaxanthin derivatives), while strigolactones
are synthesized by cleavage of B-carotene by CCD dioxygen-
ases (Nambara, Marion-Poll, 2005; Cutler et al., 2010; Dhar
et al., 2020). ABA plays a crucial role in the adaptability of
plants, including Z. mays, to various environmental condi-
tions, mediating growth, development, stress response, and
nutrient distribution (Huang et al., 2017; Yue et al., 2021).
Strigolactones are actively involved in the stress response of
plants (Lopez-Raez et al., 2010). In view of the above, the
expected increased synthesis of apocarotenoids may indicate
greater adaptability of maize lines with low LCYE expression
in the vegetative tissue.

Conclusion

In this work, we analyzed variants of the 5'-UTR allele of the
lycopene-e-cyclase LCYE gene in the genome of 165 inbred
maize lines of Russian selection. As a result, three groups of
accessions carrying the A2 (64 lines), A5 (31), or A6 (70)
alleles were identified. The shortest of them, the A5 allele, dif-
fered by one and two deletions from A6 and A2, respectively.
To assess the possible dependence of the LCYE mRNA level
in leaves on the 5-UTR allelic variant, gene expression was
determined in 14 lines differing in allelic variants. Based on
the data obtained, it can be argued that the desired associations
are absent. We assume that maize lines with low expression
of the LCYE gene can serve as a source of traits of increased
plant stress resistance and enhanced synthesis of provitamin A
in photosynthetic tissue. In this case, the marker will not be
the 5'-UTR LCYE allelic variant, but the level of expression
ofthe LCYE gene. Confirmation of this possibility will require
further studies on a larger number of accessions.
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