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Abstract

Maize (Zea mays L.) can be classified into several germplasm groups and crossing between
these groups can produce hybrids with high heterosis. Iodent is one of the most widely
used heterotic groups, both for creating new inbred lines and for developing high-per-
forming hybrids. Thirteen inbred lines (nine Iodent and four lodent mixed) were used as
maternal parents to create new hybrids, which were tested during the 2020-2025 period
at the Agricultural Research and Development Station Turda. Agronomic traits, including
grain yield, the percentage of unlodged plants and dry matter content at harvest were
evaluated as selection criteria to identify elite parental lines. Additionally, Principal Com-
ponent Analysis (PCA) was performed as an exploratory multivariate analysis to investi-
gate relationships among the maternal inbred lines based on grain yield, unlodged plants
and dry matter. Hybrids derived from female line A452 outperformed the trial mean in
all years studied, whereas those using line E390 as the female parent exceeded the average
in five out of six years. PCA provided an exploratory visualization of the multivariate
relationships among the evaluated maternal inbred lines.

Keywords: inbred line; heterotic group; line xx tester

1. Introduction

Maize (Zea mays) is one of the primary crop plants worldwide, with both cultivated
areas and yields having significant values. According to the Food and Agriculture Organ-
ization of the United Nations ( FAOSTAT) data [1], in 2024, over 209 million ha were cul-
tivated worldwide with this crop, being surpassed only by wheat. The most extensive
areas cultivated with maize are found in China (44.7 million ha), the USA (33.5 million
ha) and Brazil (21.1 million ha), with Romania ranking 20th with 2.1 million ha. At the
European Union level, Romania has the largest maize area, followed by France and Po-
land. Regarding total production, however, the ranking is different: maize is the cereal
with the highest total production globally, with the top yields recorded in the USA, while
at the European Union level, Romania ranks third. In Romania, both in terms of cultivated
areas and total production, maize ranks second after wheat. In recent decades, the areas
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cultivated with maize have represented between 26.7% (2023) and 38.4% (2004) of the total
cultivated area in Romania [2]. In recent years, a reduction in the areas destined for maize
has been observed, primarily due to drought and heat phenomena that have led to crop
failure or extremely low yields.

Maize germplasm exhibits a rich diversity both phenotypically and genotypically.
Depending on these differences, the germplasm resources were grouped into several het-
erotic groups, each characterized by specific traits. Single cross breeding accelerated the
maize breeding progress while heterotic classification was given increased attention to
better exploit the phenomenon of heterosis [3]. Heterotic groups are genetically distinct
and when crossed, they produce hybrids with high heterosis [4]. Corn Belt Dent
germplasm, one of the most widely used resources in the breeding programs, can be di-
vided into three main heterotic groups: Stiff Stalk (SS), Non-Stiff Stalk (NSS) and Iodent,
each having subgroups [3,5]. However, some sources indicate that the Non-Stiff Stalk
group incorporates inbreds from various lines and origins, including the elite Lancaster
Sure Crop lines, the Iodent group and other populations or synthetics [6,7]. Some authors
suggest the classification of dent maize into Iowa Stiff Stalk Synthetic (BSSS) and non-
BSSS heterotic groups [8], while others suggests grouping them into Reid Yellow Dent
(includes BSSS), Lancaster and miscellaneous heterotic groups (i.e., inbred lines devel-
oped from crosses between the major heterotic groups) [9]. The Reid Yellow Dent, one of
the most productive and hardiest corns ever developed, is the largest group and contrib-
utes to the genetic background for approximately 51% of US hybrids [10,11].

Modern clustering indicates two major heterotic groups: Stiff Stalk (SS) and Non-Stiff
Stalk (NSS), which was formed by the merging and genetic homogenization of the ances-
tral Iodent and Lancaster [6]. [odent, a main contributor to the Non-Stiff Stalk heterotic
germplasm, originated from Pioneer Hi-Bred International germplasm in the 1940s [12].
This germplasm is characterized by hard kernels, rapid grain drying and exhibits good
general combining ability with Stiff Stalk genotypes. A significant number of researchers
have worked over time to improve these germplasm groups, developing Iodent maize
inbred lines (PH207, PHP02, PHTD5, PH24E, PHR25, DK1274, DK213, DK216, DK234,
DK237, DK555, DK714/195, DK744) [10,13,14].

In Europe, Iodent germplasm can be used successfully due to its shorter vegetative
period and has also served as a source of earliness for improving Lancaster germplasm.
The narrower genetic base of Iodent led to the introduction of other genetic backgrounds
to enhance diversity; for example Lancaster germplasm was used to improve environ-
mental resilience, leading to the formation of subgroups such as the Iodent-Oh43 Non-
Stiff Stalk [6,15]. Iowa Stiff Stalk Synthetic, Lancaster Sure Crop, Iodent, European Flint as
well as miscellaneous groups were identified in the southeastern and eastern Europe, and
are widely used in breeding programs [16-18].

In Romania, the main public entities active in maize breeding activities, namely the
National Agricultural Research and Development Institute Fundulea and the Agricultural
Research and Development Station (ARDS) Turda, both hold an impressive collection of
Lancaster, Iodent, European Flint and miscellaneous germplasm [19-21]. A large part of
the inbred lines in the germplasm collection of the ARDS Turda belong to the lIodent
group, one of the most widely used in crosses made to create new hybrids. The lines be-
longing to the Iodent group are crossed with either Lancaster, Flint or miscellaneous lines.
Between 2020 and 2025, a series of hybrids created by crossing 13 inbred lines belonging
to the Jodent or Iodent-miscellaneous group with new inbred lines (obtained in the selec-
tion field or other elite lines) were studied. The aim was both to identify the lines with a
good general combining ability for further use in creating new hybrids or inbred lines, as
well as to identify the best hybrid combinations.
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2. Materials and Methods
2.1. Biological Material

Considering that the Iodent group is the most representative in the modern maize
germplasm used in the breeding program at ARDS Turda, 13 elite lines (Table 1) were
selected and used as the maternal parent in order to obtain new maize hybrids. These lines
belong either to the lodent group (nine inbreds) or combinations of Iodent with another
groups (four inbreds). Each year, at least 10 different inbred lines were used as paternal
parent (testers) (Table 2) in a line x tester cyclic crossing system. The maternal lines re-
mained constant across all experimental years, whereas the paternal lines varied. Each
maternal line was crossed with all paternal lines used in the experiment during that re-
spective year. Thus, following the crosses, 156 hybrids were evaluated in both 2020 and
2021, 143 hybrids in each of the years 2022 and 2023 and 130 hybrids in each of the years
2024 and 2025, respectively.

Table 1. Maternal inbred lines used in crossings.

Ear
Maternal  Germplasm GD],) " GDI.) " Average Number of Predominant . Cob
Line Group (towing-  (owing- Length Kernel Grain Type Grain Color Color
BBCH 65) BBCH 87) (cm) Rows
E293 Iodent 600 1100 13 16-18 Flint Dark yellow  Red
C344 Iodent 697 1126 18 16 Semi-dent Dark yellow  Red
E359 Iodent 643 1131 13 14-16 Semi-dent Dark yellow  Red
A452 Iodent 683 1131 12 14-18 Semi-dent Dark yellow  Red
A470 Iodent 681 1137 12 16-18 Semi-dent Yellow Red
A475 Iodent 620 1100 16 18-22 Dent Dark yellow Red
A477 Iodent 648 1137 16 18 Flint Dark yellow  White
A478 Iodent 648 1150 12 16-18 Semi-dent Dark yellow  Pink
A480 Iodent 648 1137 12 18-20 Semi-dent Dark yellow  White
E389 Iodent + Lo3 620 1100 13 16-18 Dent Dark yellow  Red
E390 Iodent + Lo3 620 1100 17 14-16 Flint Dark yellow  Red
A447 Iodent + Oh43 657 1131 13 16-18 Dent Dark yellow  Red
A483 Iodent + B73 700 1200 20 16-18 Dent Dark yellow  Pink
* Growing Degree Days Index.
Table 2. Tester inbred lines used in crossings.
Paternal Year Tested
Line Germplasm Group 2020 2021 2022 2023 2024 2025
B 2009 Euroflint (Lo3) + Iodent X X
B 2074 Iodent + NSS (Oh43) X X
B 2077 Euroflint + Iodent X X
B 2087 NSS (Oh43) + Iodent X X
B 2008 Iodent X X
E 329 Lancaster (Mo 17) X X
E 348 Iodent X X
A 473 NSS (Oh 43) X X
E292 Lancaster (Mo 17) X X X X
E 385 BSSS (B73) X X X X
B 2057 Lancaster + Iodent X X X X
E 373 Lancaster (Mo 17 + C 103) X X X X
F 308 NSS (Oh43) + Iodent X X
B 330 Euroflint X X

https://doi.org/10.3390/agronomy16151453



Agronomy 2026, 16, 1453 4 of 18

E 342 Lancaster X X

E 381 Todent X X

E391 Lancaster + BSSS X X

F 317 Iodent + NSS (Oh43) X X

F 320 BSSS (B73) X X X X

F 319 Iodent + BSSS (B73) X X

F 312 Lancaster X X

F 322 Todent + Lancaster X X

F 323 NSS (Oh 43) + Lancaster (Mo 17) X X

F 304 NSS (Oh 43) + Lancaster (Mo 17 + C103) + N N

Todent

F 325 Todent

F 327 NSS (Oh 43) + Lancaster (Mo 17 + C103)

F 335 Iodent + NSS (Oh 43) X X
No testers/year 12 12 11 11 10 10

The resulting hybrids were tested during the 2020-2025 period, in the ARDS Turda
Maize breeding laboratory fields. The maternal inbred lines used in the present study are
presented in Table 1.

The inbred lines used as the paternal parent (Table 2) varied over the six-year period
ranging from two to four years, depending on the results. If a line used as a paternal par-
ent does not yield satisfactory results, it is withdrawn from the breeding program. If it
shows outstanding performance in only a single hybrid or a limited number of hybrids,
only those hybrids will continue to be tested. Furthermore, new inbred lines are intro-
duced annually into the breeding program for testing; thus, new lines began testing in the
years 2022, 2023 or 2024.

2.2. Cultivation Technology

The hybrids were tested between 2020 and 2025 under the pedoclimatic conditions
encountered in the ARDS Turda Maize breeding experimental fields, Cluj County, Roma-
nia (longitude 23°48' E, latitude 46°35' N).

The soils of the experimental site are vertical clay-iluvial chernozems, having an aver-
age pH of 6.2-6.8, approximately 0.2% total nitrogen, 0.7% carbonates and 3.5% humus [22].

A three-year rotation (soybeans-winter wheat-maize) is used in the experimental
field. The soil was plowed in the autumn, while in the spring, a superficial pass was made
with the combiner concurrent with the application of fertilizers (400 kg ha? of NPK
27:13.5:0 from Azomures, Targu Mures, Romania [23]).

Sowing was performed using the Monoseed DT seeder (Wintersteiger, Ried im Inn-
kreis, Austria) [24] in the optimal period of the area, i.e. end of April-beginning of May.
The sowing density was 70,000 plants ha™ (19 cm between plants, 0.7 m spaced rows, 5 m
long rows). Data from two rows were analyzed (two marginal ones were excluded), re-
sulting a 7 m? plot. The plots were arranged using the randomized block method, with
three replications.

Weed control was performed using a pre-emergence and a post-emergence herbicide
(pre-emergence 1.5 L ha™! of Tender 960 EC, by Syngenta Crop Protection AG, Basel, Swit-
zerland and post-emergence 1.5 L ha™ of Laudis660D, by BayerAG, Crop Science Divi-
sion, Monheim am Rhein, Germany).

The total number plants and of lodged ones was counted from each plot, before har-
vest. The Wintersteiger Classic combine for experimental plots (Wintersteiger, Ried im
Innkreis, Austria) [25] was used for harvest. The grain moisture was determined with the
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analyzer included in the combine. The grain weight from each plot, related to the number
of plants, was used to determine the yield ha.

Grain yield per hectare was calculated by dividing the grain weight from a plot by
the number of plants, then multiplying the result by the plant density. Then, it was ad-
justed to reference moisture content of 14%.

2.3. Statistical Analysis

Three variables were evaluated in this study: yield (kg ha), unlodged plants (%) and
dry matter (%). To determine differences among the 13 maternal parents, one-way
ANOVA was applied when the assumption of normality was met. The results were pre-
sented as mean values followed by standard deviation (SD).

The value of each maternal line was estimated as a deviation to the mean of all hy-
brids involving that line from the mean of all hybrids tested in that year, using the line x
tester test based on the formula [26,27]:

gi=X,—n
where: gi = maternal line i deviation, Xi = mean performance of maternal line i, across all
testers (paternal inbred lines) in that specific year and p = overall mean of all hybrids
within the same year.

Principal Component Analysis (PCA) was performed as an exploratory multivariate
technique to visualize the relationships among the maternal inbred lines based on three
agronomic traits: grain yield (kg ha™), unlodged plants (UP, %) and dry matter at harvest
(DM, %). The analysis was conducted using the mean values of each maternal inbred line
calculated across the six experimental years (2020-2025). Prior to PCA, the variables were
centered and standardized to unit variance to account for differences in measurement scales.
Thus, each point in the PCA biplot represents one maternal inbred line described by its six-
year average values for the three measured traits. PCA was used exclusively as an explora-
tory visualization tool and not for hypothesis testing or formal discrimination among breed-
ing groups. The PCA visualizations were generated using the factoextra package in R [28],
while all statistical analyses were carried out using R software (version 4.5.2) [29].

3. Results
3.1. Climatic Conditions

The meteorological conditions (Figure 1) in the six experimental years were very var-
iable, with differences in average temperatures, the amount of precipitation recorded, as
well as their uneven distribution, both within a year and between years. Mean tempera-
tures across all experimental seasons consistently surpassed the 60-year historical climate
normal preceding the study.

The moderate temperatures of 2020, with values close to the multiannual average,
combined with increased rainfall, especially in June and July, created favorable conditions
for maize development.

Starting in 2021, an increase in the number of days with maximum temperatures ex-
ceeding 32 °C was observed during the maize anthesis period. That year, however, these
high temperatures were associated with abundant rainfall, making it one of the best years
for maize cultivation in the experimental area.

https://doi.org/10.3390/agronomy16151453



Agronomy 2026, 16, 1453 6 of 18

Monthly average temperature (°C)

June July August September

—_ - %] o 8
o @)} o ul

Average temperature (°C)

o O

@2020 m2021 m2022 02023 w2024 m@2025 mE60years average

Monthly precipitation (mm)

150

émﬂmﬂhﬁ

May June July August September

Monthly precipitation (mm)

@2020 m2021 m2022 02023 w2024 m2025 [@6Oyears average

Figure 1. Meteorological conditions 2020-2025, Turda, Romania.

The year 2022 was characterized as arid during the maize growing season; high av-
erage temperatures, several heat waves, extreme maximum temperatures and a severe
water deficit throughout the summer months negatively influenced crop development.
The rainfall in August was recorded during the last days of the month and although its
volume was high, it occurred after a prolonged period of drought, when the crop was
already severely affected.

In 2023, low rainfall during the sowing period caused delayed and uneven crop
emergence. In the summer, although temperatures were high with heat waves, abundant
rainfall in June and July allowed for a certain recovery of the crop.

The highest temperatures were recorded in 2024, a year that was also described as
the warmest in decades throughout the country. That year, a record temperature of 38.4
°C was also recorded, which, combined with a severe water deficit, made it one of the
most unfavorable years for maize cultivation. In July, when maize flowers, the highest
number of days with temperatures above 32 °C and even above 35 °C were recorded,
associated with minimal or a total lack of rainfall.

In 2025, although the temperatures remained above the multiannual average and low
rainfall in June indicated unfavorable conditions for the maize crop, abundant rainfall in
July had a highly favorable influence on crop development, leading to high yields. Also,
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that year, the number of days with extreme temperatures was much lower compared to
previous years.

3.2. Maternal Line Effects on Yield, Unlodged Plants and Dry Matter

Yield levels fluctuated during the six-year trial, mainly because of variable weather.
While 2025 and 2021 were among the best years for maize crops in recent decades [30,31],
2024 and 2022 were among the most unfavorable [32]. In 2020 and 2023, yields remained
close to average levels. In a previous study [33] conducted in the same experimental field,
which analyzed the same 35 hybrids, the mean yield was 10,121 kg ha in 2020, 10,895 kg
ha in 2021, 6209 kg ha™ in 2022 and 7433 kg ha! in 2023. In addition, in 2024, the mean
of the yields obtained by the same hybrids was 5219 kg ha™, while in 2025, it was 11,600
kg hal. However, we aim to identify genotypes that outperform the annual average, re-
gardless of whether climatic conditions are favorable for maize cultivation.

It was observed that in each of the six years analyzed, line A452 outperformed, on
average, the other maternal lines tested in the cyclical crossing system. In the case of line
E390, although a slight decrease was observed in the unfavorable year 2022, the yield dif-
ferences in the favorable years (2020, 2021 and 2025) had the highest values across the
entire experimental system (+1045, +1517 and +1180 kg ha™', respectively). A483 was noted
for good average yields 2022, 2023 and 2024 (Table 3).

Table 3. Average yield (kg ha™).

Maternal Line 2020 2021 2022 2023 2024 2025
Experimental 11,048 11,646 6883 9099 6000 12,198
mean (kg/ha)
£293 AY 10,781 £1184 ¢ 11,455 +789° 6828 + 738 2 8585 + 837.6 2 5821 +778 a0 11,288 + 753 ®

+mean -267 -191 -55 -514 -179 -910

C344 AY 10,349 £1011% 10,718 + 889 ® 6433 £ 628 2 9227 +742 2 5241 +942°> 11,828 +1322 2

+mean -699 -928 -450 128 -759 -370
E359 AY 10,065 £1097° 11,387 +1137°® 6881 +716 2 9056 + 788 2 6259 + 6672 11,707 + 1460 =0
+mean -983 -259 -2 —43 +259 -491

Ad5D AY 11,347 £ 1008 0 11,922 + 1267 2> 7346 + 968 = 9200 + 696 2 6632 + 577 2 12,471 £ 796 &

+mean +299 +276 +463 +101 +632 +273

A470 AY 11,500 £ 100720 11,310 £ 621 ® 6803 £ 766 2 9319 + 968 2 5877 + 888 ab 12,655 + 944 b

+mean +452 -336 -80 +220 -123 +457

A4T5 AY 11,346 £ 1079 2> 11,724 + 1183<b 7270 + 367 = 9302 + 908 = 5522 + 788 ab 11,783 + 685 ab

+mean +298 +78 +387 +203 -478 -415

AdT7 AY 10,932 £942a> 11,131+ 6420 6611 + 343 2 8835+ 7102 5875 +1027a 12,183 + 1828 a0

+mean -116 -515 =272 -264 -125 -15
A478 AY 11,213 +9794 12,117 +11862> 6678 + 871 9294 + 768 2 5835 +828 2> 11,931 + 1584 20
+mean +165 +471 -205 +195 -165 267

A480 AY 11,226 + 7402 11,938 + 888 20 6876 + 640 2 9019 + 1027 2 6018 £7112> 12,816 +1014 2

+mean +178 +292 -7 -80 +18 +618

389 AY 10,854 £609» 11,178 +1124° 6858 + 810 = 8562 + 858 2 6077 + 532 b 11,530 £ 947 =

+mean -194 -468 -25 -537 +77 -668

390 AY 12,093 £ 8472 13,163 + 12242 6591 £ 723 a 9412 + 763 2 6167 £ 6572 13,378 + 1100 2

+mean +1045 +1517 -292 +313 +167 +1180

Add7 AY 10,958 £ 12052 11,784 +17852» 7409 + 657 2 8925+ 1124 2 6018 + 8270 12,888 + 1509 20

+mean -90 +138 +526 -174 +18 +690

A483 AY 10,957 £ 16552 11,568 + 660 © 6900 £ 952 2 9551 +700 2 6653 £8372  12,115+16352

+mean -91 -78 +17 +452 +653 -83

AY = average yield; data as mean + SD; a,b—superscript from post-hoc analysis.
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Following the analysis of the yield distribution among the tested genotypes (Figure
2), the superiority of hybrids with the E390 line as the maternal parent is evident, with the
majority achieving yields above the experimental average (except for 2022). In 2020 the
yield of E390 hybrids ranged between 10,494 and 13,054 kg ha and between 11,752 and
15,785 kg ha™ in 2021, while in 2025 it was between 12,127 and 15,543 kg ha". For hybrids
derived from maternal line A477, a wider yield distribution occurs during favorable years;

furthermore, values exceeding the mean indicate the presence of hybrids with superior

yielding potential in the current study.
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Figure 2. Yield value distribution among the tested hybrids.

One of the primary objectives of maize breeding is to develop hybrids with the lowest
possible percentage of lodged plants at harvest time, this aspect being crucial for facilitat-
ing mechanized harvesting and reducing yield losses. Modern hybrids exhibit a high per-
centage of unlodged plants, with values close to 100%. Generally, the percentage of un-
lodged plants is higher in years favorable to maize cultivation. In 2023, heavy rainfall in
August, occurring after a prolonged period of high temperatures, led to slight stalk sus-
ceptibility. Additionally, several inbred lines were identified that transmit a high percent-
age of unlodged plants to their offspring, such as E359, A475, A477 and A483 (Table 4).
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Table 4. Average unlodged plants percent (%) at harvest.

Maternal Line 2020 2021 2022 2023 2024 2025
EXpemn(iZ)tal mean 99.6 97.5 97.2 94.6 97.6 99.6
203 ur 99.7+0.4a 96.8 +4.1 ab 96.3 +3.0ab 943+4.0a 96.4+1.7" 99.5+0.7a
+mean 0.1 -0.7 -0.9 -0.3 -1.2 -0.1
C344 UuP 99.3+0.9¢ 97.3+£2.8ab 95.3+3.7 @ 94.7 £4.7 2 974 +1.6® 99.7+0.62
+mean -0.3 -0.3 -1.9 0.1 -0.2 0.1
E359 UuP 99.8 +£0.32 99.6 £0.7 2 984 +1.0a 97.6 £1.642 976 1.5 99.8 +£0.67
+mean 0.2 2.1 1.2 3.0 0.0 0.2
Ad5D ur 99.2+1.0° 943+3.2¢0 97.3+22ab 89.8 +4.8ab 97.0+1.3ab 99.3+1.2a
+mean -0.4 -3.2 0.1 —4.8 -0.6 -0.3
A470 UuP 9.6+1.12 98.4+1.72 98.2 +1.82 949 £3.2 2 97.8+1.6 99.8+0.32
+mean 0.0 0.9 1.0 0.3 0.2 0.2
A4T5 UuP 99.4+0.82 98.2+1.57a 98.1+1.4- 942 +42%b 989+1.62 994 +1.1-
+mean -0.2 0.7 0.9 -0.4 1.3 -0.2
AT ur 99.8+0.3a 98.5+1.54a 98.6+0.54 973+19a 99.1+09a 99.8+0.3a
+mean 0.2 1.0 14 2.7 15 0.2
A47S UuP 99.5+0.6b 97.5+217a 947 +3.0b 92.8 +6.0 2 97.9+22a 99.8+0.4-2
+mean -0.1 0.0 -2.5 -1.8 0.2 0.2
A480 UuP 99.9+0.32 98.3+1.62 974 +1.6 954 +29a 96.4£3.12 99.9+0.22
+mean 0.3 0.8 0.2 0.8 -1.2 0.3
E389 ur 99.9+03a 96.0 £ 4.6 ab 97.5+271ab 94.6 £4.6 98.0+1.64a 100 £0a
+mean 0.3 -1.5 0.3 0.0 0.4 04
390 UuP 99.4+09-2 96.4 +3.0 2 96.9+1.9 94.8 +3.9 2 973 +1.40q 99.3+0.72
+mean -0.2 -1.1 -0.3 0.2 -0.3 -0.3
Ada7 UuP 99.9+0.22 97.7£2.14a 972+ 1.5 94.9 +£3.0 2 96.0 £5.3 @ 99.4+1.32
+mean 0.3 0.2 0.0 0.3 -1.6 -0.2
A483 UuP 995+0.5¢b 98.3+2.04a 97.8+1.7a 944 +3.9a 984 +1.4® 99.2+1.8a
+mean -0.1 0.8 0.6 -0.2 0.8 -04

UP =unlodged plants; data as mean + SD; a,b—superscript from post-hoc analysis.

For better long-term storage and to reduce drying costs, high dry matter content at
harvest is preferred. The high temperatures in August and September of 2023 and 2024
led to accelerated grain drying, resulting in a significantly higher dry matter percentage
than in the other experimental years. C344, E359, A452, E389 and E390 can be used, as
sources for the dry matter percentage at harvest (Table 5).

Table 5. Average dry matter at harvest (%).

Maternal Line 2020 2021 2022 2023 2024 2025
Experimental aver- 81.3 78.0 80.9 85.4 86.9 82.3
age (%)
Y 809+22%  796+16®  815+10°  853+1.6%  865+11+  833+12%
+mean 0.4 1.6 0.8 0.1 ~0.4 0.9
Y 819+12%  793+28®  81.4+08> 861+1.1°  87.0+x02°  836+14®
+mean 0.6 13 0.7 0.4 0.1 12
te DM 81.8+09+  80.0+202  81.6+07°  858+06%  869+04s  841+14»
+mean 0.5 2.0 0.9 0.4 0 1.7
s DM 812+15%  794+18®  815+07+  861+08%  867+11s  81.8+1.6
+mean -0.1 1.4 0.8 0.7 -0.2 -0.6
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A470 DM 80.7 +1.7ab 76.6 +£2.9be 80.0+1.8% 84.8+0.9¢P 86.4+09a 82.5+2.3a
+mean -0.6 -1.4 -0.7 -0.6 -0.5 0.1
AT DM 80.6 +1.94ab 77.3 + 3.3 abe 80.5+1.3¢b 85.1+1.14a 869 +0.7 83.0x1.14a
+mean -0.7 -0.7 -0.2 -0.3 0.9 0.6
A4T7 DM 81.3+1.542 77.8 + 1.4 abe 81.1+0.62 85.8+0.8ab 87.1+£0.22 81.1x214a
+mean 0 -0.3 0.4 0.4 0.2 -0.2
A478 DM 81.5+1.44a 76.9 + 1.8 abe 80.6+1.24a 85.9+0.5a 87.0+0.64 81.3+1.6
+mean 0.2 -1.1 -0.1 0.5 0.1 -1.1
A480 DM 80.5+1.4%P 755+2.5¢ 80.3+0.8 4 84.4+1.8a 86.7+0.54 82.4+2714
+mean -0.8 -25 -04 -1.0 -0.2 0
389 DM 82.6 £0.542 79.6 £1.7 ab 822+0.62 85.7+1.2a 865+1.2a 819x25a
+mean 1.3 1.6 1.5 0.3 -0.4 -0.5
E390 DM 82.7+1.3a 79.3+1.8® 81.3+1.0a 85.8+1.1a 86.9+0.7a 82.6+1.5a®
+mean 1.4 1.3 0.6 0.4 0 0.2
Add7 DM 81.0+1.44a 77.3 £ 2.0 abe 80.6 +1.7 ab 84.5+2.4a 87.1+0.4a 81.5+2.3a
+mean -0.3 -0.7 -0.1 -0.9 0.2 -0.9
A483 DM 80.7+1.94ab 77.0 + 2.3 abe 789+240 85.2+0.7a 86.8+0.7a 809+1.8¢P
+mean -0.6 -1.0 -1.8 -0.2 -0.1 -1.5

DM = dry matter % at harvest; data as mean + SD; a,b, c-superscript from post-hoc analysis.

In general, all hybrids are adapted to the experimental region in terms of their grow-
ing season, allowing them to be harvested at moisture levels close to the standard 14%
before the onset of early autumn frost.

3.3. Performance of Top-Ranking Hybrids

Of the 130-156 hybrids evaluated annually, the ten most productive hybrids were
identified for each experimental year (Table 6). Notably, inbred line A447 was the mater-
nal parent for top-ranking hybrids throughout the study period, namely one hybrid in
2020 and 2024, and two hybrids in each of the other years. This indicates not only the
superior mean performance of the hybrids using this maternal line, but also the line’s abil-
ity to yield highly productive hybrids. Another inbred line that stood out was E390, serv-
ing as a parental genotype for top-ten hybrids as follows: three in 2020, four in 2021, one
each in 2023 and 2024 and three in 2025. Excellent performance was also recorded for lines
A483 and A452, which served as maternal parents for several top-performing hybrids as
follows: A483 featured two hybrids in 2020, four in 2024 and one each in 2022, 2023, and
2025; while A452 accounted for one hybrid in 2020, two in 2021 and 2024 and a total of
four in 2023. Several high-yielding hybrids distinguished themselves by consistently rank-
ing within the top tier across two experimental years, as follows: E390 x B2087 in 2020 and
2021, A480 x E342, A447 x F320, A483 x E381 and A480 x E342 in 2022 and 2023, and A483
x F325 in 2024 and 2025. These hybrids are currently undergoing multi-location testing.

Table 6. Top-ranking hybrids.

2020 2021
Rank Hybrid Yield (ka ha™) Rank Hybrid Yield (ka ha™)
1 A483 x E292 13,840 1 E390 x B2074 15,785
2 A447 x B2087 13,373 2 A447 x A473 15,785
3 A483 x B2074 13,373 3 A447 x B2057 14,333
4 A470 x E348 13,370 4 A452 x B2009 14,281
5 A452 x A473 13,056 5 E390 = E373 14,281
6 A475 x B2009 13,054 6 A452 x B2008 14,248
7 E390 x B2057 13,054 7 E390 x E329 14,101
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8 E390 x B2087 12,989 8 A478 x B2009 14,075
9 E390 x E329 12,989 9 E390 x B2087 14,075
10 A478 x B2009 12,801 10 A478 x A473 13,938
2022 2023
Rank Hybrid Yield (ka ha™) Rank Hybrid Yield (ka ha™)
1 A452 x E373 9135 1 A478 x B2057 10,780
2 E389 x F320 8736 2 A480 x E342 10,765
3 A452 x E292 8220 3 E390 x F320 10,745
4 A478 x E342 8190 4 A483 x E381 10,740
5 A447 x F320 8170 5 A452 x E385 10,724
6 A447 x F317 8163 6 A447 x F320 10,707
7 A483 x E381 8128 7 E389 x E373 10,511
8 E293 x F320 8119 8 A447 x E342 10,453
9 A480 x E342 8111 9 A478 x E292 10,311
10 A452 x E381 8005 10 A470 x E342 10,301
2024 2025
Rank Hybrid Yield (ka ha™) Rank Hybrid Yield (ka ha™)
1 A477 x F312 7727 1 A477 x F324 15,662
2 A447 x F320 7669 2 E390 x F325 15,543
3 A452 x F320 7624 3 A480 x F319 14,900
4 E390 x F317 7413 4 A483 x F325 14,766
5 A483 x F317 7394 5 A447 x F327 14,636
6 A452 x F319 7341 6 A447 x F322 14,635
7 E293 x F317 7288 7 E390 x F335 14,412
8 A483 x F325 7260 8 A447 x F324 14,379
9 A483 x F327 7233 9 C344 x F323 14,376
10 A483 x F312 7200 10 E390 x F320 14,111

3.4. Principal Component Analysis for Yield, Unlodged Plants and Dry Matter

Principal Component Analysis (PCA) was used as an exploratory tool to visualize
the multivariate relationships among the maternal inbred lines based on their six-year
mean values for grain yield (kg ha), unlodged plants (UP, %) and dry matter at harvest
(DM, %). The first two principal components explained 82.39% of the total variance (PC1:
51.36%; PC2: 31.03%), indicating that most of the variability contained in the three meas-
ured traits was represented in the two-dimensional ordination (Figure 3).

The orientation of the variable vectors indicated that maternal lines located on the
positive side of PC1 were generally associated with higher values of unlodged plants and
dry matter, whereas those positioned on the negative side of PC1 were more closely asso-
ciated with higher grain yield. Variation along PC2 further differentiated maternal lines
associated with higher percentages of unlodged plants (upper part of the plot) from those
characterized by relatively higher dry matter content (lower part).

Overall, the PCA biplot provides an exploratory visualization of the relationships
among the measured agronomic traits and illustrates the multivariate variation among
the evaluated maternal inbred lines. Because only three agronomic variables were in-
cluded, the PCA should be interpreted as a descriptive visualization rather than evidence
of genetic or breeding-group differentiation.
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Figure 3. PCA of the 13 maternal inbred lines based on six-year mean values for grain yield, un-
lodged plants (UP) and dry matter at harvest (DM). Each point represents one maternal inbred line.

4. Discussion

Maize, a highly diverse crop with major applications, is one of the most extensively
studied cultivated plants. The diversity of this crop was influenced both by the transition
from open-pollinated varieties to hybrids, and then by the transition from double-cross
hybrids to three-way or single-cross hybrids [34]. To achieve the highest possible level of
heterosis, it is desirable for the parental genotypes to be as genetically distant as possible;
for this very reason, breeders have paid particular attention to classifying germplasm
sources into heterotic groups [35,36]. In Europe, an evolution of heterotic groups has been
observed: the differences between the germplasm groups increased, while the diversity
within the groups decreased [6].

Some estimates indicate that approximately 75% of the germplasm used in Romania
originates from the Corn Belt Dent [5], but these have been improved and adapted to the
specifics of the growing area and introgressions of genes from other sources of germplasm
have been observed [37].

In the case of the ARDS Turda, more than half of the inbred lines originate from Ro-
mania (own creations or exchanges with other research centers in the country), but a sig-
nificant part of the germplasm collection originates in European countries (Republic of
Moldova, France, Germany, Italy, Poland, etc.) or from the North American continent
(USA or Canada) [38]. The use of foreign germplasm, as well as commercial hybrids in
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selection programs, has led to the production of many inbred Iodent or miscellaneous
lines (in which Iodent is predominant), their share currently being the majority. This as-
pect is also noticeable in terms of approved commercial hybrids, most of which have one
of the parental lines belonging to the lodent group, crossed with Lancaster, BSSS or mixed
lines. Similar heterotic models have been noted by other researchers due to their produc-
tive superiority [39—42]. The Iodent germplasm group is often preferred as the maternal
parent for producing commercial hybrids, particularly due to its excellent seed produc-
tion capacity. Good results have been achieved in various crosses, such as lodent x Lan-
caster (for mid-early hybrids with a good grain dry-down rate) [43], lodent x BSSS (pro-
ductive hybrids adaptable to diverse environmental conditions) [44-46] and lIodent x Eu-
roflint (hybrids intended for cooler regions with a shorter growing season) [39,47]. A num-
ber of hybrids incorporating an Iodent line into their heterotic formula have been or still
are successfully cultivated in various regions [10,14,48-50].

The steady rise in average temperatures in recent years [51,52], often associated with
water deficits during critical growth stages or poor precipitation distribution throughout
the maize growing season, necessitates a shift in breeding objectives. These goals must
focus not only on increasing yield potential but also on enhancing adaptability to the
stressful environmental conditions encountered in recent years. Another aspect of partic-
ular importance for the maize crops in the studied area is the probability of low tempera-
tures in spring, in the first phases of vegetation requiring good tolerance to this stress. The
growing season is also quite short in the Transylvanian region, with early autumn frosts
being frequent [53], so hybrids with a shorter growing season are preferred, with the Io-
dent germplasm being successfully used for this purpose.

Inbred lines A452, E390, A447 and A483, identified in recent years for their high yield
potential in various crosses, alongside other agronomic traits of interest, can serve as pa-
rental components for the hybrids evaluated in this study, as well as for developing new
hybrids through crosses with lines currently undergoing the final stages of selection.
These lines can also be utilized due to their high percentage of unlodged plants and their
capacity for grain dry matter accumulation, a distinctive characteristic of Iodent
germplasm [54]. Due to the traits of economic interest they transmit to their progeny, the
four lines have undergone additional testing in recent years across a significant number
of hybrid combinations; they currently serve as parental lines for registered hybrids or are
undergoing testing for registration. Furthermore, these were used in various crosses or
backcrosses to improve other inbred lines.

Hybrids developed at ARDS Turda undergo field testing in comparative observation
trials, where various traits are recorded, including low-temperature tolerance during the
early vegetative stage, seedling vigor, anthesis period, flowering-silking synchronization,
physiological maturity, response to diseases, pests and climatic stress factors (e.g., soil
drought, extreme heat and severe storms). Data are collected per plot regarding the num-
ber of fertile versus sterile plants, as well as lodging-resistant plants; following harvest,
grain yield and dry matter content are evaluated. Hundreds of hybrids are assessed an-
nually, after which the top performers are selected for an additional year of testing. Fol-
lowing this second year of evaluation, which monitors the same agronomic parameters, a
subsequent selection isolates the superior hybrids for multi-location trials. A potential
limitation of the study is that the 130-156 hybrids tested annually and examined in the
present study represent a volume too substantial for multi-location trials, particularly if
they fail to exhibit agronomic value within their environment of origin. Consequently,
given that only the maternal lines remained constant across all experimental years and
although identical testers were utilized with all thirteen maternal lines within a single year
(line x tester mating design), the paternal lines were modified annually, resulting in new
hybrid combinations each year. Because evaluations were restricted to a single location,
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the present data do not permit a formal assessment of genotype-by-environment interac-
tion or yield stability.

Some hybrid combinations tested in this study even exceeded the yields of the newest
hybrids approved at the ARDS Turda, in the testing process, perspective genotypes are
always compared with the latest creations. If the productive superiority of these hybrids
has been noted over several years, they will be tested in several localities for a more in-
depth testing of their productivity and adaptability to various environmental conditions
and will then be sent for official testing at The State Institute for Testing and Registrations
of Varieties. Nevertheless, two of the hybrids evaluated during the initial years of this
study, Turda 380 and Turda 350, advanced to multi-location testing, subsequently achiev-
ing official registration in 2022 [42] and 2025, respectively. They are currently among the
most widely cultivated hybrids within the research station’s portfolio. Furthermore, the
present study enabled the identification of promising inbred lines that serve as parental
components for hybrids currently undergoing official registration testing.

5. Conclusions

A452 exhibited significant positive deviations from the trial mean throughout all six
years of evaluation, whereas E390 demonstrated superior performance in five years and
A447 in four. Consequently, these lines will be integrated into ongoing breeding programs
and the high-yielding hybrids will undergo multi-location testing.

Based on their consistently superior yield performance over two consecutive years, a
group of hybrids (E390 x B2087, A480 x E342, A447 x F320, A483 x E381, A480 x E342, A483
x F325) has been integrated into multi-location testing.

Two of the hybrids evaluated in the present study have been officially registered as
Turda 380 and Turda 350 and are currently cultivated in Romania. Additionally, a series
of other hybrids that excelled over the six-year study period are presently undergoing
multi-location testing.

ARDS Turda possesses Iodent germplasm with strong potential for developing high-
yielding hybrids; this germplasm can be successfully crossed with lines from the Lancas-
ter, BSSS and Flint groups.
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