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Abstract. The paper aims at exploring the experimental possibilities of
colchiploidization to obtain tetraploid forms from maize inbred lines in order to study the
polymorphism of the zein - the prolamine fraction of the maize endosperm protein. It was
revealed specificity of the zein fraction polymorphism of tetraploid lines endosperm. The
existence of possible relationships between the degree of zein peptide subunits polymorphism
in the zones of middle and fast migration in the EF spectra of the genotypes selected for
polyploidization and their sensitivity to colchiploidization, are discussed.
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INTRODUCTION

The success of the selection process is in many cases due to hybridization,
mutagenesis, and the creation of polyploid forms [1]. The argumentation of the legitimacy of
the formulated postulate can be quite clearly demonstrated on Zea mays L. - one of the leading
agricultural crops of the Republic of Moldova. The studies of the last five decades, vividly
illustrate the effectiveness of using endosperm genes (02, fI2, su2, wx1, etc) in the heterosis
breeding of maize, which improve the quality of maize grain. The following hybrids of improved
quality maize were created and released from 1980 to 2012: Moldovan 423 VL, Chisinau 307
VL, Chisinau 401 VL, Chisinau 297 wx1, Chisinau 333 wx1, Chisinau 403 wx1 [2].

These high-lysine hybrids were obtained at the Department of Breeding, Genetics and
Biotechnology of Agricultural Crops of the State Agrarian University of Moldova. These hybrids
were the optimal model for the development of a new research direction related to the
production of maize tetraploid forms containing the opaque2 (02) gene in their genotype. The
selected genomes of maize hybrids with the 02 gene (in particular, maize hybrids Chisinau 307
PL and Chisinau 401 L) were a good genetic substrate for colchicine treatment and, accordingly,
successful production of the first forms of tetraploid maize with the 02 gene in the Republic of
Moldova. It was on these polyploidized heterozygous forms that evidence was obtained for the
possibility of increasing the content of protein and lysine in maize grain by combining genomic
(polyploidy) and genic (opaque-2 gene) variability [3, 4]1. Thus, a new reserve for expanding the
spectrum of genetic variability in terms of protein metabolites of maize grain quality was
experimentally demonstrated. On a representative sample of maize hybrids of Moldovan
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selection, as well as a number of synthetic populations with the 02 gene, the possibility of
targeted and successful induction of genome mutations in tetraploid maize was experimentally
proven [4]. Various tetraploid populations with the 02 gene demonstrated an increase in the
content of crude protein by 1-3% (in absolute values), and an increase in the content of lysine
in maize protein by 7-12% (in relative values) [5]. Undoubtedly, the results of the studies
carried out under the project during 2015-2018, made it possible to deepen knowledge about
the effect of polyploidy on the phenotype and expression of specific genes in grain for the end
products of protein metabolism at the heterozygous level [3].

However, it is necessary to develop methodological principles for the purposeful
creation of new tetraploid homozygous forms of maize as a model for studying the effect and
interaction of genes and genomic mutations. Thus, it is possible to continue intensifying the
process of breeding for heterosis by using the original maize lines that combine gene and
genome mutations. Such a broad program provides a step-by-step algorithm of actions that
reveal the versatility and logical sequence of experiments.

The purpose of this work was to explore the experimental possibilities of
colchiploidization to obtain tetraploid forms from maize inbred lines in order to study the
polymorphism of the prolamine fraction of the maize endosperm protein (zein).

MATERIALS AND METHODS

The work was carried out in the Department of Agronomy and Environment of the
Faculty of Agronomy of the State Agrarian University in cooperation with the Institute of Crop
Science "Porumbeni” and the Central Phytosanitary Laboratory of the Republic of Moldova. 17
homozygous maize genotypes were used for colchiploidization (polyploidization by colchicine)
starting from 2017. Each genotype was represented by a monogenic endosperm mutation and
its normal isogenic line (+).

Colchicine treatment was carried out according to the method of V.. S. Shcherbakov and
M. I. Khadzhinov [6] modified by G. Batiru [4, 7]. To implement the task of studying protein
polymorphism, the induced tetraploid forms were analyzed by comparing with the original
diploid forms using the method of polyacrylamide gel electrophoresis in an acidic
environment [8].

The calculation of the formulas of the obtained electrophoretic (EF) spectra, the
compilation of EF matrixes of protein profiles for the studied genotypes and their digital
processing were carried out using the FOREZ-2 software [9]. The technology for automatic
synthesis of hybrid EF spectra of two compared protein profiles of zein was also used [4]. This
procedure was carried out in order to identify the enriching and eliminating effect of
colchiploidization in maize at the level of protein molecules.

RESULTS AND DISCUSSION

Despite careful manipulations during the experimental polyploidization of maize lines
during several years of experiments (2017-2020), a low efficiency of colchiploidization of this
homozygous material was observed. Thus, out of 17 homozygous maize genotypes, each of
which represented by a monogenic endosperm mutation and its normal isoline (i.e., colchicine
was carried out annually on 32-34 homozygous forms), only 5 genotypes (15% of the total
number of colchicine genotypes) produced fertile offspring: lines C0502, MK 131+, SL 343+, C81+
and its mutant high-lysine analogue - C8102.
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It is these forms that were used for a comparative analysis of the polymorphism of the
molecular forms of zein (MFZ) of the diploid and tetraploid endosperm of each line.

1 2 3 4 5 6 7 8 9 10
Fig.1. Electrophoretic spectra of endosperm zein of diploid and tetraploid maize lines: C05 02
(1-2x; 2 - 4x); C81+ (3 — 2x; 4 — 4x); C8102 (5 — 2X; 6- 4x); MK131+ (7 - 2x; 8 - 4x); SL343 + (9

- 2X; 10 - 4x).
rf
3 i | —
s =
— — | — — — —
P R | s _--——-_ —
F o— =
_= EHE == = =
==E
_— == E= = —
i - gps e
L 5-- — -- =
- - — -
- = — — —
g — | — -- —
| — -—
2x ax 2x 4x 2x ax 2x 4x 2x ax
Cco5 MK 131 5L 343 C81 +/+ C81o2/02

Fig.2. Matrix of electrophoretic profiles of endosperm zein of diploid (2x) and tetraploid (4x)
maize lines.
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Figure 1 shows the initial polyacrylamide electrophoregram of the entire set of zein
spectra of the studied homozygous forms of maize.

Visual analysis of the obtained protein profiles indicates a wide range of polymorphism
of MFZ in the studied diploid and tetraploid maize lines.

Subsequent computer processing of the calculation formulas of the discussed EF
spectra using the modified FOREZ-2 program made it possible to obtain the corresponding
electrophoretic matrices (Fig. 2). On its base, it was possible to directly compare the
quantitative characteristics of the zein spectra according to the MFZ.

As the diagrams in figure 3 show, colchicine treatment of homozygous forms is not an
absolute determinant of the quantitative increase in peptide subunits of zein and the obtained
tetraploid maize lines. For each of the studied homozygous lines, a specific reaction of the
genotype to colchiploidization is followed.
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Fig.3. Zein polymorphism specificity (according to MFZ) in diploid and tetraploid maize lines

The conditional division of the analyzed EF tracks into four zones of migration of zein
molecular forms according to their relative electrophoretic mobility (rf) reveals a tendency for
the manifestation of maximum zein polymorphism in the zone of average migration of MFZ
(0.4<rf<0.6) with a subsequent decrease in the amount of MFZ in the zone of fast migration
(0.6<rf<08). However, a direct comparison of the quantitative values of peptide subunits does
not clearly identify marker molecular forms of zein (nMFZ) in tetraploid maize lines (Table 1).

Table1
Quantitative characterization of the zones of migration of molecular forms of zein
(MFZ) in the protein EF profiles of the prolamine fraction of the endosperm of diploid and
tetraploid maize lines.

Number of molecular forms of zein (MFZ)
By general Slow Middle Fast Ultrafast
EF track Migration Migration Migration Zone Migration Zone
Genotype Zone (SM2) Zone (MMZ) (FMZ) (UfMZ)
rf<0,4 0,4<rf<0,6 0,6¢<rf<08 f>0,8
2X 4x 2X 4x 2X 4x 2X 4x 2X 4x
C05 02 16 15 3 3 9 8 3 3 1 1
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MK 131 + 24 | 23 2 2 11 12 8 7 3 2
SL 343 + 19 | 26 2 5 13 10 4 3 0 3
81+ 29 | 3 4 5 14 16 9 11 2 3
8102 % | 26 1 2 7 10 4 9 2 3
X 20 | 25 2 3 11 11 6 3 2 2

Therefore, for the subsequent comparative interpretation of the specificity of zein
polymorphism in diploid (2x) and tetraploid (4x) homozygous maize forms, the principle of
direct and inverse modeling of the calculation formulas of two compared EF spectra was used:
2x and 4x for each of the analyzed lines. A detailed description of the methodology for
automatic synthesis of two compared zein EF profiles is presented in the article by Komarova
et al. [10] and extrapolated for the design of the experiment on the direct and reverse modeling
of mMFZ, which allow discussing the enriching and eliminating effect of colchiploidization.

In direct modeling, as a result of an automatic combination of formulas of the diploid
and tetraploid lines of the corresponding genotype, according to the principle of codominance,
an EF matrix is obtained, on which markers of the enriching effect of colchiploidization on the
prolamine fraction of the protein (zein) of the maize endosperm are indicated. Those MFZ that
appear in the protein molecule under the influence of colchiploidy are automatically indicated.

In reverse modeling, as a result of an automatic combination of formulas of 4x and 2x
genotypes, an EF matrix is synthesized according to the principle of codominance, on which
markers of the elimination effect on the prolamine fraction of the protein (zein) of the maize
endosperm are indicated. Those molecular forms of zein that disappear are automatically
indicated, probably as a result of structural modifications of the eliminated molecular forms of
zein, as a result of colchiploidy.
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Fig.4. Genotypic diversity of diploid and tetraploid maize lines by marker molecular forms of
zein (NMFZ) based on reciprocal combinations of zein EF spectrum matrices using the
codominance principle.

In accordance with the above methodological technique, express marking of all five
tetraploid lines by MFZ was carried out.

Figure 4 presents all the information about the genotypic diversity of protein markers
in the endosperm of diploid (2x) and tetraploid (4x) maize lines based on the reciprocal
combination of matrices of zein electrophoretic spectra.

Thus, it was possible to conduct a quantitative analysis of the enriching and eliminating
effect of colchiploidization on the zein prolamine fraction.

For a more in-depth interpretation of the results obtained, new processing elements in
the FOREZ 2 software were used, in addition to the quantitative determination of marker zones
of molecular forms of zein. The new FOREZ-2 software introduces automatic data processing
to determine the area of each marker zone [(rfin - rfsn) in mm]. This area is characterized along
the single and common axis of the analyzed EF spectrum (conventionally denoted by the total
rf length of 100 mm and the intensity of any band is equal to unity), a specific range of rf for
the corresponding marker zone, denoted by the difference between rfin (upper limit of the
marker zone) and rffi, (lower limit of the marker zone). Therefore, the area of each marker zone
(Srf) is expressed in millimeters.

The FOREZ-2 program also makes it possible to automatically determine, from the
relative EF mobility (rf), the total area of the entire set of MFZ that characterizes the
corresponding EF spectrum of the studied sample [9].
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Table 2

Influence of colchiploidy on the composition of peptide electrophoretic subunits of zein
in maize lines according to the number of marker molecular forms of zein (MMFZ2)

By general By electrophoretic migration zones (rf range)
automaticall ) N
. dromaricaty Slow Middle Fast Migration Ultrafast
Line synthesized EF I I o
track Migration migration zone Zone Migration
(2x vs. 4) Zone (SM2) (MMZ) (FMZ) Zone (UfMZ)
0,0<r<1.0 rf<0,4 0,4<rf<0,6 0,6¢rf<0,8 f>0,8
*Enr | **Elim | Enr. Elim. Enr. Elim. Enr. Elim. Enr. Elim.
effect | effect | effect | effect | effect | effect | effect | effect | effect | effect
C05 02 1 2 - - - 1 - - 1 1
MK 131 + 5 6 - - 2 1 2 3 1 2
SL 343 + 1 4 2 - 2 4 5 2 -
C81+ 12 9 3 2 4 3 4 3 1 1
C8102 n 3 2 - 3 1 4 1 2 1
* Enriching effect; ** Elimination effect.
Table 3

Effect of colchiploidy on the composition of peptide electrophoretic subunits of zein
in maize lines by total area of mMMFZ (in mm)

By general By electrophoretic migration zones (rf range)
automatically Slow Middle Fast Migration Ultrafast
Line synthesized EF Migration migration zone Zone Migration
track Zone (SMZ) (MMZ) (FMZ) Zone (UfMZ)
(2x vs. 4x) rf<0,4 0,4<rf<0,6 0,6<rf<0,8 rf>0,8
0,0<rf<1,0
Enr. Elim. Enr. Elim. Enr. Elim. Enr. Elim. Enr. Elim.
effect | effect | effect | effect | effect | effect | effect | effect | effect | effect
C05 02 1,0 1,7 - - - 0,8 - - 1,0 0,9
MK 131 + 4,1 52 - - 1,7 0,8 1,5 2,6 0,9 1,8
SL 343 + 13,0 4,3 2,7 - 2,7 4,3 4,8 - 2,8 -
C81+ 12,0 7,7 2,7 16 4,0 2,6 4.4 2,6 0,9 0,9
C8102 13,6 2,4 1,6 - 4.4 0,7 4,7 0,8 2,9 0,9

Tables 2-4 summarize the results of processing the obtained electrophoregrams using

the FOREZ-2 program. Moreover, the analysis of the results obtained was carried out not only
for the general automatically synthesized electrophoretic tracks, but also for the migration
zones of the MFZ.
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Table 4

Influence of colchiploidy on the composition of peptide electrophoretic subunits of zein
of maize lines: according to the mMFZ area from the total area of subpeptide band of the
automatically synthesized EP track (in %).

By general By electrophoretic migration zones (rf range)
. automqtlcally Slow Middle Fast Migration Ultrafast
Line synthesized EF I I o
track Migration migration zone Zone Migration
(2x vs. 4) Zone (SMZ2) (MMZ) (FMZ) Zone (UfMZ)
0,04f<1.0 rf<0,4 0,4<rf<0,6 0,6<rf<0,8 0,8
Enr. Elim. Enr. Elim. Enr. Elim. Enr. Elim. Enr. Elim.
effect | effect | effect | effect | effect | effect | effect | effect | effect | effect
C05 02 6,4 10,8 | - - 51 - - 6,4 5,7
MK 131 + 15,6 19,8 | - - 6,5 3,0 57 9,9 3.4 6,9
SL 343 + uhh 147 |92 - 92 14,7 164 | - 9,6 -
C81 + 28,6 18,4 | 6,4 3,8 9,5 6,2 10,5 6,2 2,2 2,2
C8102 51,3 91| 6,0 - 16,6 2,6 17,7 3,0 11,0 3.4
X 29,3 146 | 44 0,8 8,4 6,3 10,1 3,8 6,5 3,6

Discussion of the results of the simulation for all three parameters used (Tables 2-4),
made it possible to make the following observations:

- both the enriching and eliminating effect of colchicine on the general automatically
synthesized EF tracks of reciprocal combinations of matrices of zein electrophoretic spectra
was established;

- it was found that the levels of the enriching and eliminating effect of the
colchiploidization are genotype specific;

- the predominant elimination effect of colchiploidization on the zein polymorphism of
most of the studied lines (with the exception of the MK 131 line) was noted, namely: the
enriching effect can exceed the elimination effect from 1.5 to 2 times depending on the
genotype.

The analysis of the obtained results was carried out not only on the general
automatically synthesized electrophoretic tracks, but also on the migration zones of mMFZ.

The generalization of data on individual genotypes confirms the specificity of the
reaction of the used homozygous form of maize to the process of colchiploidization for the zein
prolamine fraction. So, for line CO5 a single electrophoretic marker was revealed, moreover, in
the zone of ultrafast migration (rf>0.8). As evidenced by the long-term experience of the
laboratory of biochemistry and physiology of maize of the Institute of Crop Science
,Porumbeni” [9], the indicated frontal region of the EF track in most cases does not include
zein molecular forms, but only the accompanying components of the prolamine fraction - amino
sugars.

For the rest of the studied 4 tetraploid lines, there is a tendency of the predominant
positive effect of colchiploidization on the prolamine fraction of the grain endosperm in the
zones of middle (0.4<rf<0.6) and, especially, fast migration (0.6<rf<08) mMFZ. The elimination
effect of colchiploidy in the protein profiles of zein EF spectra manifests itself (albeit in a
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weakened form) primarily in the zone of middle migration, and then in the zone of fast migration
of MMFZ.

These dependences can be especially clearly traced by the average values (X) of the
percentage of the area of mMMFZ from the total area of mMMFZ of automatically synthesized EF
tracks (Table 2 and Fig. 5).

No of MFZ
35 -
30 A
25 A
20
15
10 -
0 _le . . .
Slow Migration Middle Fast Ultrafast Total
Zone (SM2) migration zone Migration Migration 0.0<rf<1.0
rf<0,4 (MMZ) Zone Zone (UfMZ)
0,4<rf<0,6 (FM2) rf>0,8
0,6<f<0,8

. Enriching effect of colchiploidization
Elimination effect of colchiploidization

Fig.5. Enriching and eliminating effect of colchiploidization on marker MFZs (along
the coordinate axis - averaged indicators - % of the area of MFZ from the total area of MFZ of
automatically synthesized EF tracks).

Thus, summing up the analysis of the obtained results, it should be concluded that the
revealed specificity of the polymorphism of the zein fraction of the endosperm of tetraploid
lines indicates the existence of possible relationships between the degree of polymorphism of
the peptide subunits of zein in the zones of middle and fast migration in the EF spectra of the
genotypes selected for polyploidization and their sensitivity to colchiploidization.
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CONCLUSIONS

1. Empirical screening of the presented sample of maize lines for sensitivity to
colchiploidization made it possible to transfer only 15% of the total experimental sample of
homozygous genotypes to the tetraploid level.

2.Direct electrophoretic analysis of the prolamine fraction of the endosperm protein in
tetraploid maize lines indicates that the proportion of the influence of the genotype on the
specifics of zein polymorphism is more significant compared to the proportion of the influence
of the polyploidization induction factor.

3.1t has been established that the use of protein markers of maize zein peptide subunits
based on computer automation of electrophoretic data processing (using the FOREZ 2
computer program) makes it possible to identify both the enriching and eliminating effect of
colchicine homozygous maize forms.

4.The trend of the predominant effect of colchicine on the prolamine fraction of grain
endosperm in the zones of fast and middle migration of mMMFZ was revealed. The elimination
effect of colchiploidization in the protein profiles of zein EF spectra manifests itself in a
weakened form in the reverse order: in the zone of middle and rapid migration of mMFZ.

5.For subsequent experimental verification, a working hypothesis was formulated on
the existence of a possible relationship between the degree of polymorphism of zein peptide
subunits in the zones of middle and fast migration in the EF spectra of the genotypes selected
and their sensitivity to colchiploidization.
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