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Aim. To identify potential donors of increased -carotene content in grain and favorable alleles of the lycopene-
e-cyclase (/yc,) and B-carotene hydroxylase 1 (crtRBI) genes among maize genotypes of Ukrainian breeding
by assessing the B-carotene content in grain and analyzing the associations between the -carotene content and
the allelic state of carotenogenesis genes. Methods. Spectrophotometric analysis, polymerase chain reaction,
statistical methods. The content of total carotenoids by B-carotene in corn kernels was analyzed twice: at the
time of harvest (September 2024) and after nine months of storage (June 2025). Results. Significant variability
in B-carotene content among the studied genotypes was established. At the time of grain harvesting, this indica-
tor was on average 4.67 mg/kg (2.70-7.14 mg/kg), and after nine months of storage, it decreased on average
by 46.68% and amounted to 2.49 mg/kg (1.98-3.71 mg/kg). The degree of loss varied considerably depending
on the genotype (12.59-62.18%). The two-way ANOVA analysis showed that the greatest contribution to the
variation of the «B-carotene content» trait in grain was the duration of storage (51.7%), while the contribu-
tion of the genotype was 30.7%, and their interaction — 15.2%. According to the /yc,-SNP216 marker of the
lycopene-g-cyclase gene, the genotypes with the G allele (61.1%), the T allele (33.3%) and one heterozygous
G/T genotype (5.6%) were identified, while according to the crtRBI1-3'TE marker of the B-carotene hydroxy-
lase 1 gene, unfavorable (296 and 296+875 bp) alleles (94.4%) prevailed. A tendency towards an increase in
the B-carotene content was found in genotypes with the favorable G allele of the /cy, gene (4.79+0.43 mg/kg)
compared to genotypes with the T allele (4.13+0.55 mg/kg). The genotype Kros256S with the heterozygous
state of crtRB1 (296+543 bp) was characterized by an increased post-storage content of B-carotene (3.71 mg/
kg). At the same time, the detection of albeit limited number of genotypes with a favorable (543 bp) allele
provides an opportunity to conduct a full-fledged statistical analysis of the influence of favorable alleles of
this gene on the post-storage content of B-carotene in future. It was found that the most promising potential
donors for maize breeding for an increased content of provitamin A are the genotypes Kros268S and DK3172
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ZM, which combined a high content of B-carotene with the presence of a favorable allele G of the lyc, gene,
as well as Kros256S, which was characterized by a high content of B-carotene both at the time of grain harvest
and after nine months of storage and contained the favorable allele G of the /yc, gene and the allele 543 bp
of crtRB1 gene. Conclusions. For corn genotypes of Ukrainian selection, the content of B-carotene in the grain
at the time of harvesting and after nine months of storage was comprehensively assessed in combination with
the determination of the allelic status of the lcy, and crtRBI genes. The features of the manifestation of the
allelic state of the lcy, and crtRBI genes regarding the variability of the B-carotene content in the grain and its
preservation were established. Potential donors of increased f-carotene content in grain and favorable alleles
of carotenogenesis genes /yc, and crtRB1 were identified among the maize genotypes of Ukrainian breeding.
The genotypic variability of f-carotene content in grain was assessed at the time of grain harvest and after nine
months of storage. Genotypes carrying the favorable allele G of the /yc, gene were characterized by a tendency
to increased B-carotene content in grain, while the assessment of the influence of the favorable allele 543 bp of
the crtRB1 gene requires an expansion of the sampling of studied genotypes. Genotypes Kros268S, DK3172 ZM
and Kros256S may be considered to be the most promising potential donors for maize breeding for increased
[B-carotene content in grain. The results obtained can be used for selection of starting material and marker-assisted
selection of maize for increased f-carotene content in grain.

Keywords. Zea mays L., lcye, crtRBI, molecular genetic markers, carotenoids, DNA polymorphism, genetic

variability, provitamin A, grain storage.
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INTRODUCTION

The B-carotene content in maize grain is an impor-
tant trait determining its value as a source of provi-
tamin A for human needs.

These factors are driving growing interest in the
development of genotypes with higher B-carotene
content and their introduction into production (Mun-
khuwa et al., 2023; Kljak et al., 2024; Menkir et al.,
2025). At the same time, the level of this carote-
noid is characterized by significant variability and
depends on a set of factors: genotype, cultivation
conditions, and grain storage conditions, etc. (Simi¢
et al., 2023; Denysiuk et al., 2024; Gunjevi¢ et al.,
2024; Mng’ong’o et al., 2024; Saenz et al., 2025).

Genotype plays a key role in forming the variabi-
lity of B-carotene content, particularly the lycopene-
g-cyclase (/yc,) gene and the B-carotene hydroxylase
1 (crtRB1I) gene, whose allelic state determines both
the accumulation level and the stability of this pig-
ment in maize grain (Harjes et al., 2008; Yan et al.,
2010; Bacila et al., 2022; Sayadi Maazou et al., 2022;
Bhatt et al., 2023). The /yc, enzyme gene regulates
the direction of the carotenoid metabolic pathway,
catalyzing the asymmetric cyclization of lycopene
and directing biosynthesis toward the a-branch with
the formation of a-carotene, zeaxanthin, and lutein
(Harjes et al., 2008; Bhatt et al., 2023). When /yc,
gene expression is inhibited, the metabolic pathway is
redirected toward the B-branch, promoting increased
synthesis of B-carotene, B-cryptoxanthin, and zea-
xanthin. Thus, the level of B-carotene formation in

maize grain directly depends on the allelic state of
the lyc, gene, whether it is favorable or unfavorable
for reducing its expression and the accumulation of
B-carotene.

At the same time, the elevated initial B-carotene
content in maize grain after harvesting does not al-
ways remain stable during storage. This parameter
is largely determined by the activity of the enzyme
B-carotene hydroxylase 1 and the storage condi-
tions. The crtRBI enzyme catalyzes the conversion
of B-carotene to zeaxanthin, which leads to a de-
crease in B-carotene content (Yan et al., 2010; Bhatt
et al., 2023). The presence of a favorable allele of the
crtRB1 gene, associated with decreased expression,
promotes the preservation of B-carotene by limiting
the hydroxylation process. It is known that maize in-
breds with this allele are characterized by significantly
higher levels of provitamin A and significantly lower
levels of transcripts compared to inbreds carrying the
wild-type allele (Bhatt et al., 2023). Consequently,
the allelic state of the cr#RBI gene determines the
extent of the reduction in B-carotene content during
storage and, accordingly, is an important factor in its
variability during the post-harvest period.

Along with genotype, cultivation conditions have
a significant influence on B-carotene content in maize
grain. For instance, in the publication of D. Simic¢ et al.
(2023), it was shown that the effect of cultivation
conditions on B-carotene content was statistically
significant (P<0.05), but it was less considerable
than the effect of genotype, which was highly reliable
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(P<0.01), whereas the interaction between these fac-
tors had no statistically significant effect. At the same
time, other studies indicate that agronomic factors,
particularly the level of nitrogen fertilization, can sig-
nificantly modify the B-carotene content in grain. For
example, in Tanzanian genotypes grown on poor tropi-
cal soils, its content ranged from 0.38 to 13.08 mg/kg
depending on the fertilizer application rate (Mng’ong’o
et al., 2024).

The effectiveness of breeding improvement in
maize genotypes in terms of the trait «B-carotene
content in grainy» is confirmed by the results of recur-
rent selection involving two recipient inbreds with an
unfavorable allele of the crtRB1 gene (with B-carotene
content of 0.60 and 1.20 mg/kg) and a donor inbred
with a favorable allele (15.20 mg/kg). As a result,
genotypes with significantly increased f-carotene
content up to 14.35 and 13.62 mg/kg, respectively,
were obtained (Chandrasekharan et al., 2022).

Furthermore, it was found that the combination
of favorable alleles of the /yc, and crtRB1 genes has
a synergistic effect: the B-carotene content in such
genotypes is 60% higher compared to genotypes car-
rying unfavorable alleles of both genes (Bacila et al.,
2022). This highlights the importance of comprehen-
sive consideration of the allelic state of carotenogen-
esis genes when assessing trait variability.

Despite a significant number of studies, the re-
lationship between the allelic state of the /yc, and
crtRB1 genes and the variability in -carotene con-
tent, especially during grain storage, remains poorly
elucidated. At the same time, not only the initial level
of B-carotene but also its content after long-term sto-
rage is of practical importance, since maize grain
can be used both immediately after harvesting and
after a certain storage period. The evaluation of the
relative losses of B-carotene during storage allows
for characterizing the stability of the «[p-carotene
content» trait, whereas the selection of promising
donors for breeding should be based primarily on the
absolute -carotene content in the grain at the time of
harvesting and after storage, which is associated with
the allelic state of the main carotenogenesis genes.

The aim of this study was to identify, among
maize genotypes of Ukrainian breeding, potential
donors with elevated -carotene content in grain at
harvesting and after storage, as well as donors of
favorable alleles of the lycopene-g-cyclase (/yc,) and
B-carotene hydroxylase 1 (crtRB1) by evaluating
B-carotene content in grain and analyzing the asso-

ciations between PB-carotene content and the allelic
state of carotenogenesis genes.

MATERIALS AND METHODS

The study used eighteen maize genotypes of Ukrai-
nian breeding, originally bred by the State Enterprise
Institute of Grain Crops of the National Academy of
Agrarian Sciences of Ukraine (Dnipro, Ukraine) and
listed in the State Register of Varieties Suitable for
Dissemination in Ukraine. The material under study
included six hybrids and their parental forms: the
DN Kyiakhy hybrid and its parental forms Kros201S
and DK7400SVZM; the DN Sarmat hybrid and its
parental forms DK5002M and DK633/325 MV; the
DB Tyras hybrid and its parental forms, Kros160S
and DK7400SVZM(2); the DN Lehenda hybrid and
its parental forms, Kros268S and DK3172 ZM; the
DN Halateia hybrid and its parental forms, DK315M
(sterile) and DK239MV; the DN Meotyda hybrid
and its parental forms, Kros256S and DK2831SV.
The studied maize genotypes combine a number of
valuable economic and breeding traits, including high
yield, intensive moisture-yielding ability of the grain,
rapid early growth, resistance to major diseases and
pests, cold tolerance, and resistance to lodging.

The total carotenoid content based on [-carotene
(hereinafter referred to as -carotene content) in maize
grain was analyzed twice. The first measurement was
taken at the time of harvesting (September 2024), and
the second one — after nine months of storage (June
2025). The grain was stored in a dark, well-ventilated
room at a constant temperature of 18-22°C.

The B-carotene content was determined using a
spectrophotometric method (Rodriguez-Amaya et al.,
2004) at a wavelength of 450 nm, with chloroform
as a solvent. For each genotype, the analysis was
performed in three biological replicates. The SF-2000
spectrophotometer was used. The B-carotene content
was expressed in mg/kg of grain as calculated in
completely dry matter.

The allelic state of the carotenogenesis genes lyco-
pene-e-cyclase and B-carotene hydroxylase 1 was
determined using the corresponding molecular genetic
markers /yc,-SNP216 and crtRB1-3'TE (Harjes et al.,
2008; Yan et al., 2010).

The polymerase chain reaction was performed un-
der the following conditions: initial denaturation —
at 94°C for 5 min, followed by 40 cycles, including
denaturation (94°C, 1 min), primer annealing (60°C,
1 min), and elongation (72°C, 1 min); final elonga-
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tion — 72°C for 5 min, the cooling phase — at +5°C.
The amplification products were separated by hori-
zontal electrophoresis in a 2% agarose gel.

Based on the /yc,-SNP216 marker, two allelic va-
riants were identified on the electropherograms: the
presence of a 395 bp fragment, corresponding to the
allele with the nucleotide thymine at this marker
site (T, the unfavorable allele), and the absence of
an amplified product (null allele), corresponding to
the presence of the nucleotide with the nitrogenous
base, guanine (G, favorable allele) at the marker site
(Harjes et al., 2008). Since the G allele is recorded
as the null allele for the lcye-SNP216 marker, dup-
lex PCR was performed using an internal control —
primers to the maize alcohol dehydrogenase gene
adhl — to confirm the presence of DNA in the sam-
ples. Here an amplified fragment of 234 bp was ob-
served, indicating the presence of DNA in the reaction
mixture.

For the crtRBI1-3'TE marker, alleles of 543 bp
(favorable), 296 bp, and 296+875 bp (unfavorable)
were registered in the electrophoregram (Yan et al.,

Table 1. B-carotene content in maize grain

2010; Muthusamy et al., 2015; Sagare et al., 2015;
Bacila et al., 2022).

The statistical analysis of the results was conducted
using common methods (Ewens, Brumberg, 2023).
The data are presented as x+SE, where x is the mean
value of the indicator and SE is the standard error at
a significance level of 0.05.

RESULTS

The B-carotene content in maize grain was de-
termined by both genotype characteristics and the
duration of grain storage (Table 1). An analysis of
B-carotene content in grain of different maize geno-
types revealed significant variability both at the time
of harvesting and after nine months of storage. The
initial B-carotene content in the studied genotypes
averaged 4.67 mg/kg of grain. No statistically sig-
nificant differences were found between the hybrids
and their parental forms in terms of average initial
B-carotene content (4.76+0.52 and 4.63+0.44 mg/kg,
respectively), indicating a similar potential for pig-
ment accumulation in both groups. The highest -ca-

B-carotene content B-carotene content Decrease in B-carotene
Genotype at the time of harvest, after 9 months content after 9 months

mg/kg of storage, mg/kg of storage, %
DN Kyiakhy 2.83+0.14f 1.98+0.03¢ 30.04+0.14¢
Kros201S 3.27+0.13¢ 2.26+0.04f 30.89+0.14¢
DK7400SVZM 3.41+0.13¢ 2.20+0.21F 35.48+0.254
DN Sarmat 5.38+0.27¢ 2.62+0.06° 51.30+0.28
DK5002M 5.03+0.16¢ 2.53+0.03¢ 49.70+0.16°
DK633/325MV 5.60+0.17¢ 2.57+0.01¢ 54.11+0.17°
DB Tyras 6.48+0.16° 3.04+0.02° 53.09+0.16°
Kros160S 4.9740.18¢ 2.51+0.03¢ 49.50+0.18P
DK7400SVZM(2) 3.81+0.08¢ 2.46+0.064 35.43+0.104
DN Lehenda 4.35+0.164 2.03+0.05¢ 53.33+0.17°
Kros268S 7.14+0.10? 2.70+0.04¢ 62.18+0.112
DK3172 ZM 6.46+0.14° 2.57+0.09¢ 60.22+0.172
DN Halateia 4.02+0.154 2.44+0.08¢ 39.30+0.17¢
DK315M sterile 2.70+0.05f 2.36+0.08¢ 12.59+0.09f
DK239MV 3.79+0.10¢ 2.3240.01¢ 38.79+0.10¢
DN Meotyda 5.47+0.23¢ 2.14+0.01f 60.88+0.232
Kros256S 6.63+0.23° 3.71+0.03? 44.04+0.23b
DK2831SV 2.74+0.01f 2.36+0.02¢ 13.87+0.02f
Average in the hybrid group 4.76+0.52%* 2.3840.18%* 50.00£0.55%**
Average in the group of paternal forms 4.63+0.44* 2.55+0.11** 44.92+0.45%*%*

Note. Different letters within a column denote relative genotype groups formed based on the average values of the indicator and
the margin of error. When comparing groups, averages with the same number of asterisks are not significantly different at

the 0.05 significance level.
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rotene content was recorded in the Kros268S sample
(7.14+£0.10 mg/kg), and the lowest in DK315M sterile
(2.70+0.05 mg/kg). In addition to Kros268S, high
(>6 mg/kg) initial B-carotene content was observed in
DK3172 ZM (6.46 mg/kg), DB Tyras (6.48 mg/kg),
and Kros256S (6.63 mg/kg).

After nine months of storage, the B-carotene con-
tent decreased in all maize genotypes, but the extent
of the losses varied. The average B-carotene con-
tent decreased by 46.68% to 2.49 mg/kg of grain;
however, no statistically significant differences by
this parameter were found between the hybrids and
their parental forms (2.38+0.18 and 2.55+0.11 mg/kg,
respectively). The highest B-carotene content after
storage was observed in Kros256S (3.714+0.03 mg/kg
of grain), and the lowest — in DN Kyiakhy (1.98+
+0.03 mg/kg of grain).

The studied maize genotypes were conditionally di-
vided into four groups based on the degree of the de-
crease in J-carotene content after storage: Group 1 —
down to 20.0%, Group 2 — from 20.1% to 40.0%,
Group 3 — from 40.1% to 60.0%, Group 4 — 60.1%
and above. The first group included two inbreds,
DK315M (sterile) and DK2831SV, which were cha-
racterized by a decrease in f-carotene content of less
than 14% (12.59% and 13.87%, respectively). The
-carotene content at the time of grain harvesting
and after storage for the DK315M inbred was 2.70
and 2.36 mg/kg, respectively, and for the DK2831SV
inbred — 2.74 and 2.36 mg/kg. The second group
comprised six genotypes with a 30—40% reduc-
tion in B-carotene content (DN Kyiakhy, Kros201S,
DK7400SVZM, DK7400SVZM(2), DK239MV, and
DN Halateia). These genotypes were characterized by
B-carotene content ranging from 2.83 to 4.02 mg/kg
at harvesting and from 1.98 to 2.46 mg/kg after stor-
age. The third group included seven genotypes for
which the decrease in B-carotene content was 44—
55% (Kros2568S, Kros160S, DK5002M, DN Sarmat,
DB Tyras, DN Lehenda, and DK633/325MV). The
[-carotene content for this group of genotypes ranged

from 4.35 to 6.63 mg/kg at harvesting and from 2.03
to 3.71 mg/kg after storage. The fourth group in-
cluded three genotypes in which B-carotene content
losses during storage exceeded 60% (DK3172 ZM,
DN Meotyda, and Kros268S), while the B-carotene
content at the time of grain harvesting was 5.47—
7.14 mg/kg and 2.14-2.70 mg/kg after storage. The
results showed that B-carotene losses during storage
are not always directly related to its absolute con-
tent after storage but are genotype-specific. Thus, the
DK315M sterile inbred and the DK2831SV inbred
were characterized by the lowest losses of B-carotene
content (12.59% and 13.87%, respectively); however,
after storage, the carotenoid content in their grain was
only 2.36 mg/kg. In contrast, the Kros256S genotype,
despite a significant reduction in B-carotene content
(44.04%), had the highest B-carotene content after
nine months of storage (3.71 mg/kg). Therefore, the
absolute B-carotene content in the grain after storage
is a more informative indicator for breeding aimed at
increased post-storage provitamin A content, whereas
B-carotene losses should be considered as an addi-
tional characteristic of the stability of the «-carotene
contenty trait.

The two-way ANOVA analysis (Table 2) revealed
a significant effect of genotype and duration of sto-
rage, as well as their interaction, on B-carotene con-
tent in maize grain. The effect of genotype accounted
for 30.7%, storage duration for 51.7%, and the inter-
action of these two factors for 15.2%. Thus, although
storage duration was the leading factor in the decrease
in f-carotene content in this study, genotypic differen-
ces also played a significant role.

Among the investigated maize genotypes, polymor-
phism of carotenogenesis genes /yc, and crtRBI was
defined using the corresponding functional markers
lyc,-SNP216 and crtRB1-3'TE (Table 3, Fig. 1).
Based on the /yc,-SNP216 marker, two allelic vari-
ants of the /yc, gene were identified: the null-allele,
corresponding to the presence of a nucleotide with the
nitrogenous base, guanine (G) at the marker site (fa-

Table 2. The two-way ANOVA analysis of f-carotene content in maize grain samples (genotype x storage duration)

Variance source df | Sum of squares | Mean square Fctual P Fy 05 n2x£A
Genotype 17 76.087 4.476 52.72 | 1.02E-33 1.77 30.7+£7.2
Storage duration 1 128.315 128.315 1511.50 |4.56E-50| 3.97 51.7+0.7
Genotype X storage duration 17 37.638 2.214 26.08 |4.33E-24 1.77 15.2+£3.6
Occasional deviations 72 6.112 0.085 — — — 2.5
Total 107 248.152 135.089 — — — —
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Table 3. The allelic state of carotenogenesis gene markers in maize genotypes (bp)

Carotenogenesis markers

Genotype
lyc,-SNP216 crtRBI1-3'TE
DN Kyiakhy 395 (T) 296
Kros201S 395 (T) 296
DK7400SVZM 395 (T) 296
DN Sarmat null-allele (G) 296+875
DK5002M null-allele (G) 296+875
DK633/325MV null-allele (G) 296+875
DB Tyras 395 (T) 296+875
Kros160S 395 (T) 296+875
DK7400SVZM(2) 395 (T) 296
DN Lehenda null-allele (G) 296
Kros268S null-allele (G) 296
DK3172 ZM null-allele (G) 296
DN Halateia null-allele (G) 296
DK315M sterile null-allele (G) 296
DK239MV null-allele (G) 296
DN Meotyda null-allele (G) 296
Kros256S null-allele (G) +395 (T) 296+543
DK2831SV null-allele (G) 296

Note. There are two possible alleles for the /yc,-SNP216 marker: the null-allele, corresponding to the presence of a nucleotide
with the nitrogenous base, guanine (G), at the marker site (favorable allele), and 395 bp, corresponding to the presence of a
nucleotide with the nitrogenous base, thymine (T), at the marker site (unfavorable allele). For the c7#RB1-3"TE marker, three

alleles are possible: 543 bp (favorable), 296 bp, and 296+875 bp (unfavorable).
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—— A, —
PORAL. Sl eI ATt CMEAT S Uessuet MmO Y Saetetvw NGOV

12 13 14 15 16

Fig. 1. The electrophoregram of amplification products with the /yc,-SNP216+adhl primer: M — molecular weight
marker; 1-3 — DN Lehenda; 4 — Kros268S; 5 — DK3172 ZM; 6-8 — DN Halateia; 9 — DK315M sterile;
10 — DK239MV; 11-13 — Meotyda DNA; 14 — Kros256S; 15 — DK2831SV; 16 — no DNA (control)
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vorable allele), and the 395 bp variant, corresponding
to the presence of a nucleotide with the nitrogenous
base, thymine (T) at this site (unfavorable allele).
Based on the crtRB1-3TE marker, three allelic vari-
ants of the crtRB1 gene were identified: 543 bp (fa-
vorable), 296 bp, and 296+875 bp (unfavorable).

In most investigated combinations, the allelic com-
position of the hybrids corresponded to the genotypes
of their parental forms, which was consistent with
the expected pattern for the inheritance of carote-
nogenesis gene markers. At the same time, certain
features in the allelic composition were noted for the
DN Meotyda hybrid. In particular, in this hybrid, the
electropherogram of amplification products using the
lyc,-SNP216 primer to the /yc, gene demonstrated a
null-allele in a homozygous state, indicating that it
was inherited from both parental components — the
DK2831SV inbred (Fig. 1) and the Kros256S hybrid.
At the same time, the 395 bp allele was visualized in
Kros256S. Given its hybrid origin, it was assumed
that this genotype was heterozygous: along with the
detected 395 bp allele, it also contained the null-allele,
which is not visualized on the electropherogram.

The favorable G allele of the /yc, gene, as deter-
mined by the /yc,-SNP216 marker, was observed in
eleven (61.1%) of the eighteen genotypes, while the
unfavorable T allele was observed in six genotypes
(33.3%). One (5.6%) genotype was heterozygous and
contained both (G+T) alleles.

The favorable allele 543 bp of the crtRBI gene,
as determined by the cr#RBI1-3'TE marker, was de-
tected in one (5.6%) genotype — the single-cross
hybrid Kros256S — in a heterozygous state. The
other samples (94.4%) were characterized by unfavor-
able alleles — 296 bp (12 samples, 66.6%) and 296+
+875 bp (5 samples, 27.8%).

A comparison of maize genotype groups with
different allelic states of the /yc, gene based on the
lyc,-SNP216 marker revealed certain differences in
B-carotene content at the time of grain harvesting
(Table 4).

Genotypes with the G allele (null-allele) had an
average of this indicator at 4.79+0.43 mg/kg, which,
although not significantly different from the group
with the T allele (395 bp) — 4.13 = 0.55 mg/kg — it
was accompanied by an upward trend compared to
the T-group genotypes. In the heterozygous geno-
type (T+G) Kros2568S, this indicator was significantly
higher (6.63 + 0.23 mg/kg) (Table 1) compared to
the averages for the G and T groups, though it did
not exceed the indicators for individual high-carotene
genotypes within specified groups.

In the T genotype group, the median (3.61 mg/kg)
was lower than the average, indicating a predominance
of samples with low B-carotene content. In contrast,
in the G group, the median (5.03 mg/kg) exceeded
not only the average within its own group but also the
median of the T genotype group, indicating generally
higher B-carotene content among most genotypes in
this group. The genotype groups with the G and T al-
leles were characterized by a similar level of variability
in B-carotene content, as evidenced by similar coef-
ficients of variation (29.7% and 33.0%, respectively),
although the range of values in the G-allele carrier
group was slightly wider (4.44 vs. 3.65 mg/kg).

Thus, the favorable G allele of the /yc, gene, as de-
termined by the /yc,-SNP216 marker, was associated
with B-carotene content in maize grain at harvesting
ranging from 2.70 to 7.14 mg/kg, with the average of
4.79 mg/kg. The unfavorable T allele was associated
with B-carotene content ranging from 2.83 to 6.48
mg/kg, with the average of 4.13 mg/kg.

Table 4. Characterization of groups of maize genotypes with different allelic state of gene /yc, (marker lyc,-SNP216)

by the B-carotene content at time of harvesting

. Group of genotypes with T Group of genotypes with G
Indicator (395 bp) (null-allele)
Number of analyzed inbreds 6 11
average 4.13+0.552 4.79+0.432
min-max 2.83-6.48 2.70-7.14
B-carotene content at the
time of harvesting, mg/kg range 3.65 4.44
’ median 3.61 5.03
V, % 33.0 29.7

Note. When two groups are compared, the averages with the same letters are unreliably different at the significance level of 0.05.
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A comparative analysis of maize genotype groups
with different allelic states of the crtRB1 gene (based
on the crtRBI1-3"TE marker) revealed differences in
B-carotene content after nine months of storage and
in the rate of its decrease (Table 5).

A heterozygous genotype combining an unfavor-
able (296 bp) and a favorable (543 bp) allele of the
crtRB1 gene, as determined by the crtRB1-3'TE
Kros256S marker, was characterized by a 1.5-fold
higher average -carotene content after nine months
of storage (3.71£0.03 mg/kg) than the correspond-
ing value (2.48+0.12 mg/kg) in the combined group
of genotypes with the unfavorable alleles 296 and
296+875 bp. The value of this indicator in the geno-
type with the 296+543 bp allele significantly exceeded
the maximum levels notable of the genotypes in the
296 bp and 296+875 bp groups.

At the same time, statistically significant differen-
ces were found in the average post-storage [3-carotene
content between the groups with the unfavorable al-
leles 296 bp and 296+875 bp: the first group con-
tained 2.31+£0.06 mg/kg, and the second — 2.65+
+0.10 mg/kg. The medians in the groups with unfavo-
rable alleles practically coincided with the averages.
The coefficient of variation for the studied groups
with unfavorable alleles did not exceed 11%, indicat-
ing the homogeneity and stability of the distribution
of B-carotene content values within each group.

As for the degree of the decrease in -carotene
content in maize grain after nine months of storage,
no differences were observed among the studied geno-
type groups: in the heterozygous genotype (296+
+543 bp), the post-storage decrease in f-carotene con-
tent was 44.04%, and in the group with unfavorable
alleles, it was 45.48%. The lack of differences in
the degree of B-carotene content decrease among the
studied groups is likely due to the limited presence
of the 543 bp allele, which was found only in one
genotype in a heterozygous state. This prevented a
proper assessment of its effect on carotenoid degra-
dation. To study the effect of crtRB1 gene alleles on
B-carotene content, it is advisable to expand the range
of investigated genotypes, particularly those contain-
ing the favorable 543 bp allele of this gene.

At the same time, certain differences in post-sto-
rage f-carotene content were observed among groups
of genotypes with unfavorable alleles. In the group
with the 296 bp allele, the average decrease in 3-ca-
rotene content was 39.42%, with a wide range of
variation in values (12.59-62.18%), a high coef-
ficient of variation (43.07%), and a relatively low
median (37.14%). The group of genotypes with the
296+875 bp allelic state was characterized by greater
decrease of B-carotene content (51.54%) compared
to the group with 296 bp, a relatively narrow range
of variation (49.50-54.11%), a low coefficient of

Table 5. Characterization of groups of maize genotypes with different allelic state of gene crtRB1 (marker crtRB1-3'TE)
by the B-carotene content after nine months of storage

Group of genotypes with unfavorable alleles Group of genotypes
of gene crtRB1 with a favorable allele
Indicator of gene crtRB1
296 bp 296+875 bp 296 and 296+875 bp | in heterozygous state
together (296+543 bp)
Number of analyzed inbreds 12 5 17 1
Average 2.31+0.062 2.65+0.10° 2.48+0.12% 3.71+0.03¢
B-carotene content | min-max 1.98-2.57 2.51-3.04 1.98-3.04 —
after 9 months of | range 0.59 0.53 1.06 —
storage, mg/kg median 2.34 2.57 2.44 3.71
V, % 9.14 8.28 10.77 —
average 39.42+4 .82 51.54+0.90° 45.48+4 .88 44.04+0.232
Decrease in min-max 12.59-62.18 49.50-54.11 12.59-62.18 —
B-carotene content, | range 49.59 4.61 49.59 —
% median 37.14 51.30 49.50 44.04
V, % 43.07 3.95 35.40 —

Note. When two groups are compared, the averages with the same letters are unreliably different at the significance level of 0.05.
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variation (3.95%), and a median close to the average
(51.30%). Thus, genotypes carrying the 296+875 bp
allele proved to be more stable but were characteri-
zed by higher B-carotene content decrease during
storage, whereas genotypes with the 296 bp allele
demonstrated greater variability but, overall, lower
carotenoid losses.

Thus, the unfavorable alleles of the c7tRB1 gene,
as determined by the crtRB1-3"TE marker (296 bp,
296+875 bp), were associated with -carotene content
in maize grain after nine months of storage at the
levels of 1.98-3.04 mg/kg, which corresponded to a
decrease of 12.59-62.18% from the initial level. The
limited availability of genotypes with the favorable
allele of this gene (543 bp) did not allow us to inves-
tigate its effect on B-carotene losses during storage.

DISCUSSION

The B-carotene content in maize grain is characte-
rized by considerable variability and is influenced by
a complex set of factors, including genotypic cha-
racteristics. The significant contribution of genetic
factors to the formation of this trait is evidenced by
substantial differences in B-carotene content among
genotypes of maize inbreds of different origins: rang-
ing from 5 to 50 mg/g of dry matter (A-R. Saya-
di Maazou et al., 2022), from 1.5 to 12.4 mg/kg
(A. Menkir et al., 2025), and from 0.38 to 1.78 mg/kg
(K. Kljak et al., 2024).

Our results also indicate significant genotypic vari-
ability in this trait among grain samples of Ukrainian
breeding. We found that the B-carotene content in the
grain of the varieties studied at the time of harvesting
varied within a wider range — from 2.70 to 7.14 mg/kg
of grain, while after nine months of storage, the varia-
tion was smaller — from 1.98 to 3.71 mg/kg.

As shown by our results (Table 2), the duration
of maize grain storage had a more significant effect
than that of genotype on the decrease in -carotene
content. While the average f-carotene content at the
time of maize harvesting was 4.67 mg/kg of grain,
after nine months of storage, this value decreased by
47%, to 2.49 mg/kg of grain. It is well known that
carotenoids are susceptible to storage conditions, in-
cluding temperature, moisture content, and the degree
of grain grinding. Thus, -carotene is better preserved
in whole grains than in ground grains, due to less
exposure to oxygen and light (Gunjevic et al., 2024;
Saenz et al., 2025). The presence of genotype-specific
differences in the rate of B-carotene degradation dur-

ing storage, even under identical grain storage condi-
tions in our experiment, indicates genetically deter-
mined mechanisms of its stability. This is confirmed
by the significant variability in B-carotene losses
among the investigated genotypes, ranging from 13
to 62%. At the same time, the results showed that
low B-carotene losses were not always accompanied
by high B-carotene content after storage (Table 1).
Therefore, when assessing the breeding value of geno-
types, it is advisable to consider not the stability of
the «p-carotene contenty trait, but the absolute -ca-
rotene content in the grain after storage, since this
indicator determines the potential nutritional value
of the grain under conditions of long-term storage.
From this perspective, genotypes that combine a high
initial B-carotene content with a sufficiently high
level after storage are of particular interest, notably
Kros2568S, Kros268S, and DK3172 ZM.

The genotypic influence on B-carotene content in
maize grain is determined, in particular, by the allelic
state of the carotenogenesis genes, among which the
lycopene-e-cyclase and B-carotene hydroxylase genes
play a key role. The former determines the direc-
tion of the carotenoid metabolic pathway, while the
latter controls the hydroxylation of B-carotene and,
consequently, the extent of its retention. According to
A-R. Sayadi Maazou et al. (2022), who investigated
associations between the alleles of carotenogenesis
genes and B-carotene content in 64 tropical maize in-
breds, only a trend toward association with -carotene
content was observed for the /yc.-SNP216 marker,
whereas for the crtRB1-3'TE marker, a highly signifi-
cant association was established (£<0.0001): inbreds
with the favorable allele were characterized by higher
content of this carotenoid. The lack of a significant
association for the /yc, gene is likely related to its
role in directing the metabolic pathway of carote-
noids during earlier stages of biosynthesis, whereas
[B-carotene content was assessed at later stages, when
degradation processes play a significant role. Under
these conditions, the contribution of the crtRB1 gene
becomes decisive.

A relatively weak association between the allelic
state of the lycopene-e-cyclase gene (as indicated by
the Icye-5"TE marker) and p-carotene content was also
observed in 26 tropical maize genotypes of various
genetic origins (Babu et al., 2013) and 10 inbreds of
American breeding (R. Vallabhaneni et al., 2009). In
particular, the increase in f-carotene content in maize
genotypes with the favorable /yc, allele was relatively

AGRICULTURAL SCIENCE AND PRACTICE Vol. 13 No.2 2026 59



DENYSIUK et al.

low, within the range of 0—-30%, which was attributed
to the complex regulation of carotenoid biosynthesis
involving several genes (Babu et al., 2013).

Our results are consistent with these data and also
indicate a weak association between the allelic state
of the lycopene-g-cyclase gene and p-carotene content
in maize grain: the average B-carotene content was
4.79+£0.43 mg/kg for genotypes with the favorable
allele, compared to 4.134+0.55 mg/kg for genotypes
with the unfavorable allele.

The importance of the crtRB1 gene in control-
ling the B-carotene accumulation has been confirmed
in the publication by other authors. For instance,
H.S. Chauhan et al. (2025), via introgression of a
favorable allele, obtained hybrids with a 7.8-fold in-
crease in provitamin A content (19.52 vs. 3.33 mg/kg).
Similar results are reported in studies by B.K. Mehta
et al. (2024) and F. Hossain (2023), where the in-
crease in fB-carotene content was 5.2 and 5.7 times
respectively. According to the data of I. Bacila et al.
(2022), inbred inbreds with a favorable allele of the
crtRB1 gene showed the highest B-carotene content,
and inbreds with favorable alleles for both genes (/yc,
and crtRB1) had 60% higher B-carotene content than
inbreds with two unfavorable alleles.

At the same time, the limited number of genotypes
in our sampling characterized by a favorable allelic
state of the crtRB1 gene did not allow (at this stage)
for a comprehensive analysis of the relationship be-
tween the alleles of this gene and B-carotene content.
This highlights the need for further research aimed at
expanding the genetic diversity of the source material
and conducting an in-depth analysis of gene interac-
tions in the regulation of carotenogenesis.

From a practical standpoint, genotypes that com-
bine a higher B-carotene content in grain with a fa-
vorable allelic state of the carotenogenesis genes are
of particular interest. Among the investigated samples,
such genotypes include Kros268S and DK3172 ZM,
which were characterized by high B-carotene content
at the time of grain harvesting (7.14 and 6.46 mg/kg,
respectively) and carried the favorable G allele of the
lyc, gene. The genotype Kros256S deserves special
mention, as it had an elevated pB-carotene content at
harvesting (6.63 mg/kg) and the highest content after
nine months of storage (3.71 mg/kg), and carried the
favorable allele of 543 bp of the crtRBI gene in a
heterozygous state, as well as the favorable allele G
of the lyc, gene in a heterozygous state. Based on the
results obtained, the genotypes Kros256S, Kros268S,

and DK3172 ZM can be considered as promising
donors for breeding maize with a higher provitamin
A content.

CONCLUSIONS

The variability in f-carotene content in the grain
was observed among maize genotypes of Ukrainian
breeding both at harvesting and after nine months
of storage: B-carotene content ranged from 2.70 to
7.14 mg/kg at harvesting and from 1.98 to 3.71 mg/kg
after nine months of storage. It was found that -ca-
rotene content in grain was determined by both ge-
notypic characteristics and the duration of grain sto-
rage. The effect of genotype on B-carotene content
in the grain was 30.7%, that of storage duration was
51.7%, and the combined effect of these two factors
was 15.2%. Based on the /yc,-SNP216 marker of
the lycopene-¢-cyclase gene, the favorable G allele
was identified in 61.1% of the investigated geno-
types, the unfavorable T allele — in 33.3%, and one
heterozygous G/T genotype (5.6%); whereas for the
crtRB1-3'TE marker, the unfavorable alleles of 296
and 296+875 bp predominated (94.4%). Genotypes
carrying the favorable G allele of the /yc, gene were
characterized by a tendency toward higher -carotene
content in the grain compared to carriers of the
T allele. The favorable G allele of the /yc, gene, as
determined by the /yc,-SNP216 marker, was associa-
ted with B-carotene content at harvesting ranging from
2.70 to 7.14 mg/kg, with an average of 4.79 mg/kg,
whereas the T allele was associated with a range of
2.83-6.48 mg/kg, with an average of 4.13 mg/kg. At
the same time, the limited number of genotypes with
the favorable allele of 543 bp of the crtRB I gene did
not allow for a comprehensive statistical analysis of
its effect on B-carotene content, which highlights the
need to expand the range of investigated genotypes,
particularly those containing the favorable 543 bp
allele of this gene. The most promising potential do-
nors for maize breeding for increased provitamin A
content were identified as the genotypes Kros268S
and DK3172 ZM, which combined high B-carotene
content in the grain with the favorable G allele of the
lyc, gene, as well as Kros256S, which was characteri-
zed by high B-carotene content both at harvesting and
after storage, possessed the G allele of the /yc, gene,
and was the only one to carry the favorable 543 bp
allele of the crtRBI gene in a heterozygous state. The
results obtained can be used for selection of starting
material and marker-assisted selection of maize for
increased -carotene content in grain.
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Meta. BusBuTtu cepen TeHOTHIIB KyKYpyA3H yKpaiH-
CBKOI CENEKIii MOTeHI[iHI JOHOPH IiIBUIIEHOTO BMICTy
[-KapOoTHHY B 3€pHi Ta CIPUATINBUX aJICIiB T'CHIB JIIKOIiH-
e-nmkiasu (/yc,) i B-xaporunrinpokcunasu 1 (crtRB1) mms-
XOM OIIIHKHM BMICTY [3-KapOTHHY B 3€pHIi Ta aHaJi3y acoi-
ariit MiXk BMiCTOM [(-KapOoTHHY i aJleIbHUM CTaHOM T'€HIB
kaporuHorene3y. Meroau. CriekTpoh)OTOMETPHYHUN aHa-
J1i3, METOJI ToJIiMepa3Hol JIAHIIOr0BO1 peakilii, CTaTUCTHYHI
MeTonu. BMiCT 3aranbHUX KapOTHHOIIB 32 J-KapOTHHOM Y
3epHI KyKypyA3U aHaIi3yBalu JABivi: HA MOMCHT 30UpaHHs
Bpoxar (BepeceHb 2024 poky) i uepe3 JeB’STh MICAIIB
36epiranus (uepBens 2025 poky). PesyabraTu. Bectanos-
JICHO 3HAYHY BapiabenbpHICTh BMICTY [-KapOTHHY cepen
IOCIiIKEHUX TeHOTHMiB. Ha MOMeHT 30upaHHs 3epHa

1el MOKa3HUK CTAHOBUB y cepearboMy 4,67 mr/kr (2,70—
7,14 mMr/KT), a micisg AeB’ AT MiCSIIiB 30epiraHHs 3HIKY-
BaBCs B cepeaHbomy Ha 46,68% i ctaHoBUB 2,49 Mr/kr
(1,98-3,71 mr/kr). CrymniHp BTpar iCTOTHO BapiroBaja 3a-
nexHo Bix renorumny (12,59-62,18%). [IBoxdakropHuii
JUCTICPCIHII aHali3 MOKa3aB, 10 HAHOIBIINN BHECOK Y
Bapiallito 03HAKU «BMICT -KapOTHHY» B 3€pHI Majia TpUBa-
mictb 30epiranns (51,7%), Tomi sk YacTka FeHOTHUITY CTAaHO-
Buia 30,7%, a ix B3aemogis — 15,2%. 3a mapkepom lyc,-
SNP216 rena mikomiH-g-IIUKITA37 11eHTH()IKOBAHO TEHOTHITH
3 anenem G (61,1%), anenem T (33,3%) Ta oguH rereposu-
rotuuit renotun G/T (5,6%), Toxi sk 3a Mapkepom crtRB1-
3'TE reHa B-KapOTHHTIApOKCHIA3H | TepeBaskaIi HECIIPH-
a1iuBi (296 1 296+875 n.u.) aneni (94,4%). Bussneno
TEHCHIIIO JI0 MiABUILEHHS BMICTY -KapOTHHY y T€HOTH-
miB 31 cipusTauBuM aneneMm G rena /cye (4,7940,43 mr/kr)
MopiBHSAHO 3 TeHoTUNamu 3 T-amenem (4,13+0,55 mr/kr).
I'enorun Kpoc256C i3 rerepo3uroTHuM ctaHom crtRB1
(296+543 m.H.) XapakTepu3yBaBcs MiIBUIICHUM ITiCIIs-
30epirasbHUM BMicToM B-kapotuny (3,71 mr/kr). B Toi
K€ 4ac HasBHICTh X04a i 0OMEKEHOT KiJIbKOCTI TEeHOTHUIIIB
31 cipusTiBUM (543 1.H.) aneneM, HaJlae MOXJIUBICTh B
HaCTYITHOMY IIPOBECTH NOBHOIIHHNI CTaTUCTUYHUH aHAaJi3
10710 BIUTMBY CHPHUSTIMBHUX alleNiB [[bOTO FeHa Ha MicCJis-
30epiradbHUN BMICT -KapoTHHY. 3’sICOBAHO, IO HAWO1IBII
MIEPCIEKTUBHUMH ITIOTCHIIHHUMU JTOHOPAMH ISl CEIEeKIiT
KYKypy/A3HY Ha MiIBUIIEHUI BMICT MPOBITaMiHy A € TeHO-
turm Kpoc268C 1 IK3172 3M, siki moeqHyBaIl BUCOKUN
BMicCT B-KapOTHHY i3 HasBHICTIO cIpusTiauBOrO anens G
reHa lyc,, a Takox Kpoc256C, skuii xapakTtepusyBaBcs
BHCOKHM BMICTOM [-KapOTHHY SIK HA MOMEHT 30MpaHHs
3epHa, Tak 1 micist AeB’ATH MICAMIB 30epiraHHs Ta Mic-
TUB cripusTiuBi anens G rena /yc, i anens 543 m.H. reHa
crtRB1. BucHoBku. J1J1sl TeHOTHITIB KYKYpYI3U YKPaiHChKOT
CEeJIEKIIi1 KOMITJIEKCHO OI[IHEHO BMICT [3-KapOTHHY B 3€pHIi
Ha MOMEHT 30MpaHHS Ta IICIIS JIeB’ATH MiCsIIiB 30epiranHs
y NO€HAHHI 3 BUBHAYCHHSM aJICJIbHOIO CTaHy I'eHiB /¢y,
i crtRB1. BcTaHOBIEHO 0COONMBOCTI MPOSBY alIeIbHOTO
cTany TeHiB Icy, 1 crtRB1 mono BapiaOenbHOCTI BMICTY
B-kapoTuHy B 3epHi Ta Horo 30epexxeHHs. Cepen TeHOTUIIB
KyKypyZA3H YKpalHCHKOI CeNeKIlii BUABICHO MOTeHIIHHI J0-
HOPH IiJIBUIIICHOTO BMICTYy J-KapOTHHY B 3€pHIi Ta CIIPHT-
JIMBUX aJICNIB eHIB KapoTUHOTeHe3y lyc, 1 crtRB1. OuiHeHO
TCHOTHIIOBY BapiaOenbHICTh BMICTY B-KapOTHHY B 3epHi Ha
MOMEHT 30MpaHHs 3epHa 1 Micis JeB’ATH MicsIiB 30epi-
ranHs. [eHoTtunu-Hocii cnpusitauBoro anens G rexa lyc,
XapaKTepU3yBaIUCs TSHICHIIIEIO IO MiABUIICHOTO BMiCTY
B-kapoTHHY B 3€pHI, TOJI SIK OI[IHKA BIUIMBY CHPHUSTIMBOTO
anenst 543 n.H. reHa crtRBI norpelye po3MIMPEHHS BH-
Oipku mocmimkyBaHUX reHotumiB. [enorunu Kpoc268C,
JAK3172 3M i Kpoc256C MOXyTb pO3IISAaTUCS SIK HaM-
O1TbII TIEPCIIEKTUBHI MOTEHIIHI JOHOPH ISl CENeKIiT Ky-
KypyI3H1 Ha IiIBUIICHAN BMICT J-KapoTuHy B 3epHi. OTpu-
MaHi pe3yJabTaTd MOXYTh OyTH BUKOPUCTaHi JUIst 1000pY
BHUXIJIHOI'O MaTepiajy Ta MapKep-acolifoBaHOl CeleKIil
KyKypyZA3Y Ha MiABUIICHUH BMICT B-KapOTHHY B 3€pHI.
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