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of the pseudostem of leek (Allium porrum L.) F; hybrids
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Abstract. Leek (Allium porrum L.) is an economically important vegetable crop of the family Amaryllidaceae with
a wide range of medicinal and nutritional properties, in part due to the accumulation of vitamin C (L-ascorbic
acid, ascorbate). Ascorbate is an organic water-soluble compound, which performs many functions in plant cell
metabolism, including as one of an effective antioxidant in plant cell responses to biotic and abiotic stress factors.
Ascorbate metabolism includes biosynthesis (mainly the L-galactose pathway) and recycling (reduction of oxidized
forms to ascorbate). The gene networks that determine ascorbate metabolism in leek plants are poorly understood.
In this work, crosses of leek varieties/lines were carried out. Accessions of F; hybrids were characterized for seed
germination rate, ascorbate content and expression of ascorbate biosynthesis (PGI, PMI, PMM, VTC1b, GME1, GME?2,
VTC2, GPP, GalDH, GalLDH) and recycling (APX1, APX2, MDHAR1, MDHAR4, MDHAR5, DHAR2, GR) genes in seedlings,
as well as green leaves and bleached stem parts of the adult plant. A search for correlations between the level
of expression of ascorbate metabolism genes and the amount of vitamin C in leeks was also carried out. It was
shown that the studied hybrids are characterized by high (89-100 %) seed germination, with the exception of the
hybrid from the 74 x Alligator cross (55 %). An increased level of expression of the VTC2, MDHAR1, MDHAR4 and/or
MDHAR5 genes was detected in the seedlings and green leaves of nine F, hybrids, which allowed us to consider
these samples promising in terms of possible stress resistance. Four hybrids that were characterized by the lowest
(33x30, 74 x Alligator) and highest (81 x 95, 36 x 38) ascorbate content in seedlings were selected for a further de-
tailed analysis of adult plants for the content of soluble sugars and ascorbate, gene expression and morphological
characteristics (length, thickness and weight of the false stem). It was confirmed that green leaves of the 36 x38 and
81 %95 hybrids contain significantly more ascorbate than the 3330 and 74 x Alligator hybrids. In all four hybrids,
the ascorbate content was significantly lower in the bleached stems than in the green leaves. Accessions 3638
and 81 x 95 were also characterized by the highest amount of soluble sugars in the bleached part of the false stem
used for food. In addition, the false stem formed by the 81 x 95 hybrid was larger and heavier than the stems of the
other three hybrids. A direct dependence of ascorbate content on the transcript level of ascorbate recycling genes
(APX2, MDHAR1, MDHAR4) in green leaves was revealed, which can be used in the breeding of stress-resistant leek
hybrids with a high content of vitamin C.
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CopepaHue ButamviHa C v npodunb 3KCNpeccun reHos
meTabonmsma ackopbata y rmbpuaos nyka-nopes

AHHoTauus. Jlyk-nopei (Allium porrum L.) - 5KOHOMMYeECKM BaykHas OBOLLHasA KynbTypa cemeiicta Amaryllidaceae c wpo-
KM CMeKTPOM neyebHbIX U MUTaTeNbHbIX KauecTB, B TOM Yncie bnarogapsa HakonneHuto ButamiHa C (L-ackopbrHoBas Knc-
nota, ackopbart). AckopbaT — opraHnyeckoe BOJOPACTBOPMMOE COEUHEHME, KOTOPOE BbIMONTHAET MHOXECTBO GYHKLNIA B
MeTabonm3me KNETOK pacTeHN s, B TOM YMCSIe YYacTBYeT B KauecTBe 3G PeKTUBHOrO aHTVOKCUAAHTA B OTBETE PAaCTUTESTbHbIX
KNeToK Ha brnotnyeckre n abrnotuuyeckmne ctpeccoBble dpaktopbl. MeTabonmsm ackopbata BKtoyaeT buocmHTes (npenmy-
LeCTBEHHO L-ranakTo3HbIN NyTb) U PeLUKANHT (BOCCTAaHOBMIEHME OKUCIEHHbIX GopM 0 ackopbarta). leHHble ceTu, onpeae-
naLye metabonram ackopbata B pacTeHUAX JyKa-Nopes, ManounsyyeHHbl. B HacTosAweln paboTte rubpurabl F, nonyyeHHble
oT 13 cKpelyrBaHuii 06pa3LoB NyKa-nopes oTeYeCTBEHHON 1 3apyBeXXHON ceneKkLrmn, OXapaKkTepu3oBaHbl MO BCXOXKECT
cemsH, cogepaHuio ackopbata 1 sKcnpeccun reHos buocnHTtesa (PGI, PMI, PMM, VTC1b, GMET, GME2, VTC2, GPP, GalDH v
GalLDH) v peunknuura (APX1, APX2, MDHAR1, MDHAR4, MDHAR5, DHAR2, GR) ackop6aTa B NpOpOCTKax, 3eMeHbIX INCTbAX
1 oT6eneHHoM YacTn cTebna B3pOC/bIX pacTeHnin. Takxke NpoBefeH NOVCK KOppenaLuunin Mexay YpoBHEM 3KCnpeccuu re-
HOB MeTabonm3ama ackopbata 1 konmyecTsom ButamuHa C y nyka-nopes. MokasaHo, 4To M3yyaembiM rmbpugam npucyia
BblcoKan (89-100 %) BCXOXeCTb CeMsAH, 3a UCKoUYeHem rmbpraa ot ckpelymBaHma 74 x Annuratop (55 %). B npopocTtkax
1 3e/IeHbIX NNCTbAX 06pa3LoB AeBATY rmbpuaos F, BbifABNEH NOBbILLEHHbIN YPOBEHb dKCnpeccun reHos VTC2, MDHART,
MDHAR4 w/wnn MDHARS, 4TO NO3BONIMNO CYMTATb 3TV 06Pa3Lbl MEPCMNEKTUBHBIMU C TOUKU 3PEHUA BO3MOXKHOW CTPeCco-
yCTONUMBOCTMW. YeTbipe rmbpuga, KoTopble XapakTepusoBanucb HaumeHbwuM (33X 30, 74X Annvratop) U HambosbLMM
(81x95, 36 X 38) cofepx*aHnem ackopbaTta B MPpOpOoCTKax, 6bl1v BbiOpaHbl AnA fanbHeLWero 4eTalbHOro aHanmsa B3poc-
NbIX PacTeHWIN Ha CofiepXKaHme PacTBOPUMbIX CaxapoB 1 ackopbaTa, ypoBeHb SKCnpeccun reHoB Metabonmnsma ackopbara
1 Mmopdonormyeckme xapakTepUCTNKM (ANNHA, TOMNLWMHA 1 Macca JIOXKHOro cTebnA). BbiABNeHO, YTO 3eneHble IMCTbA rmépu-
oB 3638 1 81X95 cofepaT CyLlecTBEHHO 6onblie ackopbata, yuem 33 x 30 u 74 X Annuratop. B otbeneHHbix ctebnax
BCEX YEeTbIpex rmbpuraoB cojepkaHne ackopbaTa OblI0 3HAUMTENIBHO HIKE, YEM B 3eNeHbIX MNCTbAX. Obpasubl 36 X38 1
81 %95 oTNnYanuchb Takke HanbobLLNM KONMYECTBOM PAaCcTBOPUMbIX CaXapoB B OTOENIEHHON YacTy IOXKHOro cTebnsa, yno-
Tpebnaemoii B nuwy. Mmbpma 81X 95 GopmMmnpoBan NOXHbI cTebernb, MPeBbILWAOLWMIA N0 pa3Mepy 1 Macce ctebenb ocTanb-
HbIX TPeX rmbpuaoB. B 3eneHbIx NUCTbAX copeprkaHrie ackopbaTa NONOXUTENIbHO KOPPENNPOBao C yPOBHEM SKCNpeccum
reHoB peunKvHra ackopbata (APX2, MDHAR1, MDHAR4), 4To MOXeT ObITb NCNONb30BaHO B CENEKL MM CTPECCOYCTONUYMNBDIX
rmépuaoB nyKa-nopes ¢ NOBbILEHHbIM cofepKaHnem BrutaMmmuHa C.

KnioueBble cnosa: nyk-nopeit; Allium porrum L.; ButamuH C; reHbl 6rocrHTe3a ackopbaTa; reHbl peLuKnMHra ackopbata;

pacTBOpUMbIe CaxXapa; SKCnpeccna reHos

Introduction

Onion species, including leek (Allium porrum L.), have awide
range of nutritional and medicinal properties. Leek, which
is also known as A. ampeloprasum var. porrum (L.) Gay, is
considered an economically important vegeTable crop valued
not only for its nutritional qualities but also for its antibacte-
rial, anticancer, cardioprotective, and antioxidant properties
(Celebi-Toprak, Alan, 2021).

Leek breeding is aimed at increasing the length, thickness,
density and weight of the edible white (blanched) stem, im-
proving its taste and dietary qualities, as well as increasing
seed germination and resistance to stress factors and bolting
(Swamy, Gowda, 2006; Celebi-Toprak, Alan, 2021). Soluble
sugars (5.0-11.2 g/100 g raw weight) and vitamin C (L-as-
corbic acid, ascorbate, AA) (0.9-3.6 mg/g dry weight) give
leeks a delicate and sweet taste. During storage, the amount
of AAin the blanched part of the false stem increases by more
than 1.5 times (Lundegardh et al., 2008; Grzelak-Btaszczyk
etal., 2011; Bernaertetal., 2012; Bernaert, 2013). Both types
of metabolites play significant roles in the plant’s defense
responses to stress factors (Yamada, Osakabe, 2018; Broad
et al., 2020; Qi et al., 2020), and vitamin C is also important
for human health (Hemila, 2017).

The presence of ascorbate is also positively associated
with the post-harvest shelf life of the blanched stem, since,
unlike onions, the cut stem of leeks is not in a state of phy-
siological dormancy and quickly deteriorates (Bernaert, 2013).
Furthermore, ascorbate and soluble sugar-dependent signal-
ing pathways largely determine plant ontogeny (Considine,

Foyer, 2014; Yoon et al., 2021) and may therefore positively
influence leek pseudostem size.

A comparison of oil extracts of leeks and another equally
popular onion crop, garlic (A. sativum L..), showed the superio-
rity of leeks in antioxidant activity, largely due to higher ac-
cumulations of vitamin C (Lemma et al., 2022). According to
several studies, the amount of vitamin C in green leaves and
the edible blanched part of the stem (false stem) of leeks can
vary within 2.8-8.5 and 0.9-3.6 mg/g dry weight, respectively
(Lundegardh et al., 2008; Bernaert et al., 2012).

Vitamin C is an organic water-soluble compound that is not
synthesized by humans, but is a necessary part of human diet
and comes from plant foods, where the amount of ascorbate
depends on the species/variety, tissue/organ, and plant grow-
ing/storage conditions (Bulley, Laing, 2016). In addition to
its benefits to humans, ascorbate is involved in many aspects
of plant development, including the regulation of cellular
metabolism, and is also an effective antioxidant, since it is
present in the cell in sufficient quantities and carries out fine
regulation of the presence of various free radicals, reacting
with them (Arrigoni, De Tullio, 2002).

The importance of ascorbate for the plant is emphasized
by the fact that its synthesis occurs through several unique
pathways, the dominant of which is the Smirnov—Wheeler
L-galactose pathway, which undergoes eight stages of conver-
sion of the initial substrate (D-fructose-6-P) into L-ascorbic
acid (Bulley, Laing, 2016). The biosynthetic pathway includes
reactions catalyzed sequentially by glucose-6-phosphate
isomerase (PGI), mannose-6-phosphate isomerase (PMI),
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phosphomannomutase (PMM), GDP-mannose pyrophos-
phorylase (VTC1), GDP-mannose 3’,5'-epimerase (GME),
GDP-L-galactose phosphorylase (VTC2, VTC5), L-galacto-
se-1-phosphate phosphatase (GPP), L-galactose dehydroge-
nase (GalDH), and L-galactono-1,4-lactone dehydrogenase
(GalLDH) (Bulley, Laing, 2016).

Ascorbate recycling occurs as follows. When interacting
with active forms of oxygen, as well as under the action of
ascorbate peroxidases (APX) and ascorbate oxidases (AO),
ascorbate is oxidized and converted into monodehydroascor-
bic acid (MDHA), which can be broken down into dehydro-
ascorbic acid (DHA) and ascorbate (Bulley, Laing, 2016).
Both oxidized forms (MDHA and DHA) can be reduced to
ascorbate by monodehydroascorbate reductase (MDHAR)
and dehydroascorbate reductase (DHAR), respectively (Bul-
ley, Laing, 2016). Thus, the concentration of ascorbate in
plant tissue is determined by the balance between the synthesis
of vitamin C, its recycling and the catabolism of oxidized
forms.

Gene networks of ascorbate metabolism are studied in vari-
ous plant species, including cultivated species. For example,
the expression level of the VTC2 gene has been shown to be
positively associated with the amount of ascorbate in plant
tissue and with plant resistance to abiotic stress factors; this
fact is used in breeding aimed at increasing the vitamin C
content (Ali et al., 2019; Broad et al., 2020). In the model
species Arabidopsis thaliana L., a paralog of VTC2, the VTC5
gene, was found, but the rate of the L-galactose pathway is
determined predominantly by the activity of VTC2 (Dowdle
et al., 2007).

Ascorbate recycling genes are studied more in terms of
their role in determining plant stress tolerance. Exposure to
various stress factors (both abiotic and biotic) leads to changes
in the expression level of MDHAR genes and the activity of

Table 1. List of crosses of leek accessions

Vitamin C content and ascorbate metabolism
gene expression profile in leek hybrids

the enzymes they encode (Leterrier et al., 2005; Dowdle et
al., 2007; Gill, Tuteja, 2010; Feng et al., 2014; Lanubile etal.,
2015; Zhang et al., 2015; Garcia et al., 2020). Overexpression
of MDHAR genes has a positive effect on salt stress toler-
ance (Sultana et al., 2012; Qi et al., 2020). However, in ripe
tomato fruits, this significantly reduces the ascorbate content
(Haroldsen et al., 2011).

Gene networks determining ascorbate metabolism in leek
plants (A. porrum) are poorly studied. The polymorphism and
expression profile of the VTC2 gene have been characterized,
including in response to cold stress, and a correlation between
the VTC2 expression level and the ascorbate content in green
leaves (positive) and the white part (negative) has been shown
(Anisimova et al., 2021a, b). Three MDHAR genes have been
identified and characterized; the level of transcripts of one
of them, MDHARA4, positively correlates with the content of
AA in the white part and green leaves of the plant (Filyushin
etal., 2021). No other publications on the characterization of
AA metabolism genes in leeks have been found.

The aim of this work was to obtain F, leek hybrids from
13 crosses of leek accessions of domestic and foreign selection
and compare them by vitamin C content and the expression
level of genes of AA biosynthesis (PGI, PMI, PMM, VTC1b,
GMEL, GME2, VTC2, GPP, GalDH, GalLDH) and recycling
(APX1, APX2, MDHAR1, MDHAR4, MDHAR5, DHAR2, GR)
in sprouts, green leaves and the blanched part of the stem of
adult plants. A possible correlation between the expression
level of the analyzed genes and the amount of vitamin C in
leek tissues was assessed.

Materials and methods

In the study, we used seeds of F; hybrids obtained from
13 crosses (2022) of leek varieties/lines of domestic and
foreign selection (Table 1). F; seeds were sown (50 pcs. from

F, seed germination, %
100
98
99
95
100
100
100
100
89
55
100
96

100

Cross name Parents

28x30 Goliaf xVesta

85%x99 Kilima x Gayia

94x113 Electro x Kazachok

62x80 k-2197 x Amerikanskiy flag
85x86 Kilima x Balder

12%x13 Herbstreusen x Amarello
81x95 Winterreusen x Siegfried
36%38 Slon x Elefant

68x43 k-2120x k-2054

74 x Alligator k-2042 x Alligator

38x121 Elefant x Mateyko

68 x44 k-2120xk-2026

33%x30 Letniy brizxVesta
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each cross) in the soil (experimental climate control facility,
FRC Biotechnology RAS; day/night— 16 h/8 h, 23 °C/21 °C),
germination was assessed, and the resulting plants were used
in further analysis.

The aboveground part of the seedlings (30 days after
germination) of the F, hybrids as well as green leaves and
blanched false stems of adult plants at the commercial stage
of development were used in further analysis.

The commercial stage of development is understood as
plants before the flowering phase, the growth of which is
complete, and the length and diameter of the stem have reached
final dimensions. Samples of plant tissue were ground in liquid
nitrogen and used to determine the content (mg/100 g raw
weight) of vitamin C, sucrose, glucose and fructose using the
Enzytec L-Ascorbic Acid, Enzytec™ Liquid Sucrose/D-Glu-
cose and Enzytec™ Liquid D-Glucose/D-Fructose (R-Bio-
pharm AG, Germany) kits, following the protocols provided
by the manufacturer. Each sample type (sprout, green leaf or
false stem) was ground whole and stored at —80 °C, taking the
required portion for the analysis (determination of ascorbate
concentration or gene expression).

Analysis of expression of the L-galactose biosynthetic
pathway genes and the ascorbate recycling pathway genes was
performed using quantitative real-time PCR (qRT-PCR). Total
RNA was isolated from 0.2-0.5 g of ground tissue using the
RNeasy Plant Mini Kit (QIAGEN, Germany). DNA impurities
were removed using the RNase-free DNase set (QIAGEN,
Germany), and cDNA was synthesized in the GoScript Re-
verse Transcription System (Promega, USA). The concentra-
tion of cDNA was determined using the Qubit® Fluorometer
(Thermo Fisher Scientific, USA) and Qubit RNA HS Assay
Kit (Invitrogen, USA), and 3 ng of the preparation was used
in the qRT-PCR reaction. Gene-specific primers for qRT-PCR
were designed based on the genomic/transcriptomic data of
A. porrum (PRINA310797) and A. sativum (PRINA606385,
PRINAG607255) available at NCBI (Table 2).

The reaction used the “2.5% Reaction mixture for gRT-PCR
in the presence of SYBR Green | and ROX” kit (Synthol,
Russia). qRT-PCR was performed in a CFX96 Real-Time
PCR Detection System (Bio-Rad Laboratories, USA) using
the program: 5 min at 95 °C, 40 cycles (15 s at 95 °C; 40 s
at 60 °C). To normalize gene expression, two references
were used: the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and Ubiquitin (UBQ) genes (Anisimova et al.,
2021a). The analysis was performed in two biological and
three technical replicates. The results were processed and cor-
relation analysis was performed in GraphPad Prism v. 9.5.1
(GraphPad Software Inc., USA; https://www.graphpad.com/
scientific-software/prism/).

Morphological characteristics (length, thickness and weight
of the blanched part (false stem)) of leek plants were assessed
in September 2023, using 10 plants of each analyzed hybrid.
The plants were grown in an onion collection nursery (green-
house coordinates 55.655182, 37.206576; Federal Scientific
Vegetable Center, Moscow Region, Ph.D. in Agricultural
Sciences T.M. Seredin).
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Table 2. Sequences of primers
used in this work for gRT-PCR analysis

Gene Sequences (5'—3') of primers (forward/reverse)
PGl CCATCGGAATTGGTGGTTCTG/
GTGCAATTTGGTGGTCGATTCC
PMI CTGCTATTTCCGGCCCTTCTA/
ACATTCCATCACCGTGAGCAG
PMM TTCCTCGAGGTTGGGACAAGA/
TGTATGGCCGACAGTACGCT
VTC1b TCGCTAACAAGCCAATGATCCTG/
GCTCTGTCTCCTGAGAACATG
GMET ACACGATGATTAGTTTCAACATG/
CTTGAGGCTCAGCAGGCCA
GME2 CAGGATTAATGGGGTCAAAAGAC/
CTTGAGGCTCAGCAGGCCA
vTc2 GGTGTCAAGCGTGTGTATCTG/
TTCCCAAACAGCGGGATTGAC
GPP GGTCACAGAAACTGATAAAGCATG/
CATCAGTAAGTAGAGCAGTGCC
GalDH CTACCACACTTGGTGGACAC/
CCTCTGTCCGCAAGGCTTTT
GalLDH TGGACTGCTAGGAGCAAGAGT/
GCCTTGCGTTAGGCGTCGA
APX1 GATTTATTGCGGAGAAGAACTGC/
CAACTCAGCCTTGTGCCTCA
APX2 GAAGGAAATTGAGCGGGCTC/
GAGCCATTTGGGCCACCTG
MDHAR1 CTGGCAGTAAGCGTTCTCCA/
TTTGAACCCTGGCGAGCTTG
MDHAR4 CGCAGGTTATGCAGCTCTTG/
CGCCTACGCAAGTATGAAATGC
MDHARS GGGGCTCGCATAGATAAGTTGA/
TCCCACGGACTTATTCAGCC
DHAR2 AGTTCTGCAAGCAAAGCCTGC/
TCCCGAGCCATCTTTGGTTAC
GR CGGCAAAAGAAAGTTCTCAGAGG/
AGGAGACTGCTCAGTGTGGAA
Results

In this work, 13 F; hybrids obtained from crossing domestic
and foreign leek varieties/lines were characterized (Table 1).
F, sprouts were characterized by the ascorbate content and
the expression level of genes of the L-galactose pathway of
ascorbate biosynthesis and its recycling pathway (Fig. 1, 2).
The highest amount of vitamin C was found in sprouts
from crossings 36 x 38 and 81 x 95, the lowest — 33x 30 and
74 x Alligator, while the remaining accessions showed inter-
mediate values (5-7.5 mg/100 g raw weight) (Fig. 1).
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Fig. 1. Heatmap of L-galactose ascorbate biosynthetic pathway gene
expression (PGl, PMI, PMM, VTC1b, GME1, GME2, VTC2, GPP, GalDH,
GalLDH) and vitamin C content (mg/100 g raw weight) in seedlings of F;
hybrids from 13 crosses of leek varieties/lines.

On the heatmap of ascorbate synthesis gene expression,
accessions 36 x 38 and 81x95 occupied adjacent positions
in a cluster that also included hybrids with medium (85 x 86,
38x121) and the lowest (74 x Alligator) ascorbate content.
Five accessions (68x43, 28x30, 62x80, 85x%99, 68 x44),
characterized by similar average ascorbate content, formed a
separate cluster (Fig. 1).

On the heatmap of ascorbate recycling gene expression,
pairs of hybrids with the highest (36 x 38, 81 x 95) and lowest
(33x30, 74 x Alligator) vitamin C content formed two sepa-
rate clusters. We also note two clusters (94 x 113/68 x 44 and
85 x 99/85 x 86), the accessions in which were highly similar
in gene expression and ascorbate content (Fig. 2).

For further analysis, we selected crosses contrasting in the
amount of vitamin C in seedlings: 36 x38 and 81x95 (the
highest); 33x 30 and 74 x Alligator (the lowest). In September
2023, 10 adult F; plants from these crosses were character-
ized by ascorbate content and the expression level of genes
of the L-galactose pathway of ascorbate biosynthesis and
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Fig. 2. Heatmap of ascorbate recycling gene expression (APX1, APX2,
MDHAR1, MDHAR4, MDHAR5, DHAR2, GR) and vitamin C content
(mg/100 g raw weight) in seedlings of F; hybrids from 13 crosses of leek
varieties/lines.

ascorbate recycling genes in green leaves and the blanched
false stem.

As a result, it was found that the green leaves of the
36 x 38 and 81 x 95 plants contained a similar (~35 mg/100 g
raw weight) amount of ascorbate, which was expected to be
significantly higher than that of the 33 X 30 and 74 x Alligator
plants (~25 and ~17 mg/100 g raw weight, respectively). In the
blanched false stems of all four types of plants, the ascorbate
content was significantly lower than in the green leaves and
did not exceed 6.5 mg/100 g raw weight. At the same time,
the 33x30 and 74 x Alligator plants showed similar average
values, and the remaining two hybrids were characterized by
the lowest (81 x 95) and highest (36 x 38) amount of vitamin C
(Fig. 3).

Gene expression analysis showed that in all four hybrids,
the expression level of ascorbate biosynthesis genes in the
blanched part of the false stem was predominantly higher
than in the green leaves, with the exception of the PMI, PMM,
VTC2 and GalLDH genes (Fig. 4). No dependence of hybrids
clustering on the expression heatmap on the ascorbate content
(Fig. 3) was observed (Fig. 4).

The highest transcript level of ascorbate recycling genes
was found in green leaves of the analyzed plants, except for the
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Fig. 3. Ascorbate content in the blanched false stem and green leaves
of adult plants of F; leek hybrids from the crosses 81x95, 36x38,
74 x Alligator and 33 x 30.
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Fig. 4. Heatmap of the expression of genes of the L-galactose pathway of
ascorbate biosynthesis in the white part (w/p) and leaf tissue of F; hybrid
leek plants from the crosses 81x 95, 36 x 38, 74 x Alligator (Al) and 33 x 30.

APX1, MDHARS, and DHAR2 genes with higher expression in
the false stem (Fig. 5). At the same time, the heatmap clearly
demonstrated the formation of two clusters, combining false
stems and green leaves, respectively (Fig. 5). The “leaf” cluster
included hybrids with an increased content of vitamin C in
the leaves (36 x 38 and 81 x 95), and when clustering only by
the level of gene expression in the leaves, the hybrids were
strictly divided into groups with high (36x38 and 81 x 95)
and low (74 x Alligator, 33x30) vitamin C content (Fig. 6).
Moreover, the leaves of the 36x38 and 81 %95 plants (in
comparison with the 74 x Alligator and 33 x 30 hybrids) were
distinguished by a significantly higher expression of ascorbate
recycling genes, with rare exceptions (APX1 and MDHAR5S
in the 81 x 95 plants) (Fig. 6).

CopepaHue ButamviHa C v npodunb 3KCNpeccun reHos
meTabonmsma ackopbata y rmbpuaos nyka-nopes
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Fig. 5. Heatmap of the expression of genes of the ascorbate recycling
pathway in the white part (w/p) and green leaves of F; hybrid leek plants
from the crosses 81 x 95, 36 x 38, 74 x Alligator (Al) and 33 x 30.
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Fig. 6. Heatmap of the expression of genes of the ascorbate recycling
pathway in the green leaves of F; hybrid leek plants from the crosses
74 x Alligator (Al), 3330, 81 x95 and 36 x 38.

In the case of the “false stem” cluster, no dependence of
hybrids grouping on the amount of ascorbate was observed.
For example, the 74 x Alligator and 33x 30 plants were as-
signed to separate groups (Fig. 5), despite similar vitamin C
content (Fig. 3).

Next, using seedling and adult plant data, we searched for
possible correlations between ascorbate content and gene
expression levels, and revealed a high correlation for the
ascorbate recycling genes APX2, MDHAR1, and MDHAR4
(r=0.94, 0.95, and 0.74, respectively) in leaves (Fig. 7).

The four analyzed hybrid lines were characterized by their
morphological features. It was shown that the 81 x 95 hybrid
forms a strong false stem 25-30 c¢m long, 3.5-5 cm thick,
weighing 250-350 g with dense leaf arrangement. The 36 x 38
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Fig. 7. Linear regression of vitamin C content and expression levels of ascorbate recycling pathway genes in green leaves of F, leek hybrids.
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Fig. 8. The commercial part of F; hybrids from the crosses 81 x 95, 36 x 38, 74 x Alligator and 33 x30.

Scale=10cm.

hybrid has a strong false stem 20-25 cm long, 3—-4.5 cm thick,
weighing 200-300 g with dense leaf arrangement (Fig. 8).
Both hybrids are characterized by 100 % seed germination
(Table 1).

The false stem of the 74 x Alligator hybrid is long (20—
25 cm) and thin (1.5-2.5 cm), weighing 100-150 g; the bulb is
pronounced; the plants are significantly slower in growth than
the other hybrids studied. The 33 x 30 hybrid is characterized
by a powerful, loose false stem 20-25 cm long, 2.5-3.5 cm

thick, and weighing 150-250 g; the bulb is pronounced
(Fig. 8). The hybrids are characterized by 55 % (74 x Alligator)
and 100 % (33 x0) seed germination (Table 1).

The analyzed hybrids were also additionally character-
ized by the content of soluble sugars in green leaves and the
blanched part of the false stem. It was shown that, compared to
the leaves, the false stem is enriched with sucrose and contains
~1.5-3 times less fructose (Fig. 9). The amount of glucose
turned out to be more variable: similar between leaves and
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Fig. 9. Content of glucose, fructose and sucrose in the false stem and
leaves of adult plants of F; leek hybrids from the crosses 81x95, 36 x 38,
74 x Alligator and 33 x30.

stem (36 x 38, 74 x Alligator); the highest in the stem (81 x 95);
the highest in the leaves (33x30) (Fig. 9). Considering the
blanched part of the stem used for food, it can be seen that
the highest amounts of all three sugars are contained in the
F, hybrid from the cross 81 x95; the least amount of fruc-
tose — in 33x 30, and that of sucrose — in 74 x Alligator; the
glucose content is similar in three hybrids (36 x 38, 33 x 30,
74 x Alligator) (Fig. 9).

Discussion

In this study, 13 F; leek hybrids with seed germination above
50 % (Table 1) were characterized for ascorbate content and
expression of genes for ascorbate biosynthesis and recycling
in seedlings (Fig. 1, 2). Variations in vitamin C content within
30 % between hybrids (Fig. 1) were consistent with previ-
ously demonstrated differences in ascorbate concentration in
green leaves and false stems of leek (Lundegérdh et al., 2008;
Bernaert et al., 2012).
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The resulting selected accessions of two F4 hybrids (81 x 95,
36 x 38), promising due to the highest vitamin C content, were
further characterized at the commercial stage of development
in comparison with two F; hybrids (74 x Alligator, 33 % 30)
with the lowest vitamin C content. Characterization included
analysis of ascorbate/soluble sugar content and expression of
ascorbate metabolism genes in green leaves and the blanched
part of the pseudostem, as well as morphological description
(Fig. 3-9).

It was shown that the results obtained from the analysis
of ascorbate content in sprouts could be used to evaluate this
trait only in the case of green leaves of adult plants, while the
blanched part of the false stem shows variable data (Fig. 3).
One of the promising hybrids (36 x 38) showed the highest
content of vitamin C in the false stem, while the second hy-
brid (81 x 95), on the contrary, contained the lowest amount
of ascorbate among the four accessions (Fig. 3).

Comparison of the ascorbate content data and clustering of
the studied hybrids by the expression profile of the vitamin C
synthesis genes (Fig. 4) showed that the expression level of
any gene in the pathway could not be used to draw conclusions
about the amount of ascorbate in the leaves or stems of leeks.
In particular, the expression level of the VTC2 gene (Fig. 1, 4),
for which a relationship with ascorbate content was previously
proposed (Ali et al., 2019; Broad et al., 2020), including in
leeks (Anisimova et al., 2021a), is not suitable for prediction.

Nevertheless, the level of VTC2 gene transcripts that we
determined in hybrids can help to predict the degree of stress
resistance of the accessions, since the level of VTC2 expression
is positively associated with plant resistance to abiotic stress
factors (Ali et al., 2019; Broad et al., 2020). Based on our
results (expression in seedlings or green leaves (Fig. 1, 4)), six
promising hybrids can be identified, among which are two of
the four selected for analysis (the studied 33 x 30 and 36 x 38,
as well as 28 x 30, 62x 80, 85x 99, 68 x44).

Comparison of biochemical data and clustering of hybrids
by the expression of ascorbate recycling genes (Fig. 5, 6)
allowed us to suggest a dependence of the level of ascorbate
accumulation in leek leaves or stems on the expression profile
of the pathway genes. In addition, since increased activity of
MDHAR genes and the enzymes they encode is associated
with plant stress resistance (e.g., Zhang et al., 2015; Qi et al.,
2020), based on our data on three MDHAR genes (Fig. 2, 5, 6),
we can identify seven promising hybrids, among which are all
four accessions selected for analysis (studied 81 x 95, 36 x 38,
33x30, 74xAlligator, as well as 94 x 113, 68 x 44, 28 x 30).

Our assessment of possible statistically significant cor-
relations between ascorbate content and the expression level
of ascorbate metabolism genes revealed correlations only in
green plant tissue (seedlings, green leaves) and only for three
ascorbate recycling genes: APX2, MDHAR1 and MDHAR4
(Fig. 7). This confirms our previously identified positive
relationship between the MDHAR4 transcript level and the
vitamin C content in leek plants (Filyushin et al., 2021).

The characteristics of the content of soluble sugars in green
leaves and the blanched part of the false stem of the studied
hybrids showed the absence of any dependence on the con-
centration of ascorbate (Fig. 9). Nevertheless, taking into ac-
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count the obtained data, it can be assumed that the blanched
part of the false stem in the F; 8195 hybrid, which is also
characterized by the highest amount of ascorbate, has a greater
nutritional value.

The morphological characteristics of the analyzed F; hy-
brids showed that the largest amounts of sugars (Fig. 9) cor-
respond to the largest size and weight of the false stem in the
hybrid from the 81 x 95 cross. The other three hybrids, taking
into account the average data for all three types of sugars in
the blanched part (a total of 1,500-1,600 mg/100 g raw weight
(Fig. 9)), correspond to a similar length of the false stem
(20-25 cm vs. 25-30 cm in 81 x 95). However, the variations
in other stem parameters (thickness, weight) in these three
hybrids do not agree in any way with either the amount of
sugars or the content of each individual type of sugar.

Conclusion

Thus, the performed characterization of F; leek hybrids from
13 crosses made it possible to select nine accessions promis-
ing in terms of stress resistance (81x 95, 36 x 38, 33 x 30,
74 x Alligator, 94x 113, 28x 30, 62x80, 85x99, 68 x 44).
Of these, eight hybrids showed 95-100 % seed germina-
tion (except for 74 x Alligator, 55 %). Two hybrids (81 x 95,
36 x 38) were characterized by the highest ascorbate content
in the green tissue (sprouts, green leaves) of the plant and one
(36 x 38) — in the blanched part of the false stem, used as food.
Hybrid 81 x 95 also accumulated the highest amount of soluble
sugars in the blanched part. The found direct dependence
of ascorbate content on the activity of ascorbate recycling
genes (APX2, MDHAR1, MDHAR4) in green leaves can be
used in the breeding of stress-resistant hybrids with increased
vitamin C content. Further studies are needed on the pos-
sible relationship between the expression level of the APX2,
MDHAR1, MDHAR4 and VTC2 genes and plant resistance to
various stress factors, the results of which can be used in the
breeding of stress-resistant leek hybrids.
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