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Abstract

Europe is highly dependent on soybean meal imports and anticipates an increase of domestic plant protein production.
Ongoing climate change resulted in northward shift of plant hardiness zones, enabling spring-sowing of freezing-sensitive
crops, including soybean. However, it requires efficient reselection of germplasm adapted to relatively short growing sea-
son and long-day photoperiod. In the present study, a PCR array has been implemented, targeting early maturity (E1-E4,
E7, E9, and E10), pod shattering (gPHD1), and growth determination (D¢/) genes. This array was optimized for routine
screening of soybean diversity panel (204 accessions), subjected to the 2018-2020 survey of phenology, morphology, and
yield-related traits in a potential cultivation region in Poland. High broad-sense heritability (0.84-0.88) was observed for
plant height, thousand grain weight, maturity date, and the first pod height. Significant positive correlations were identified
between the number of seeds and pods per plant, between these two traits and seed yield per plant as well as between flow-
ering, maturity, plant height, and first pod height. PCR array genotyping revealed high genetic diversity, yielding 98 allelic
combinations. The most remarkable correlations were identified between flowering and E7 or E1, between maturity and E4
or E7 and between plant height and Dt/ or E4. The study demonstrated high applicability of this PCR array for molecular
selection of soybean towards adaptation to Central Europe, designating recessive gPHD1 and dominant Dt/, E3, and E4
alleles as major targets to align soybean growth season requirements with the length of the frost-free period, improve plant
performance, and increase yield.
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Introduction

Soybean (Glycine max [L.] Merrill.) is one of the most
important crops worldwide, sown in more than 100 coun-
tries. It is the main domesticated legume species with
cultivated area of roughly 127 million hectares and more
than 350 million tons of production (FAOSTAT, 2022).
Soybean is also primary source of valuable plant protein
and the second source of oil supply. Although the majority
of its yield is currently exploited for animal feed, soybean
is considered as a key plant that may help to address the
protein and caloric needs of growing global human popu-
lation (Messina 2022). Poland, like other European coun-
tries, is highly dependent on soybean meal imports and
awaits diversification of plant protein sources, including
increase of domestic production (de Visser et al. 2014).
The main reason of restricted soybean acreage in Poland
despite early introduction attempts was the location of the
country between 49°00’ and 54°50’ N of latitude, north of
the main soybean cultivation regions (Scott and Aldrich
1983). Moreover, Poland used to have a relatively short
thermal growing season (K¢pinska-Kasprzak and Mager
2015) hardly fulfilling soybean climatic requirements.
Nevertheless, ongoing climate change, reflected by the
raise of air temperature by 0.3 °C per decade in Poland
(IMGW-PIB 2022; Tomczyk and Szyga-Pluta 2019),
resulted in shift of agro-climate zones about 500 km to the
north during the recent 50 years (Ceglar et al. 2019), ena-
bling spring-sown cultivation of crops natively originating
from warmer regions, such as soybean, likely domesticated
in Central China region under temperate and subtropical
monsoon climates (Sedivy et al. 2017; Wang et al. 2023).
However, further spread of soybean cultivation across
Central Europe would require preselection of germplasm
adapted to long-day photoperiod and local agroclimate.
Long history of soybean cultivation in different agro-
ecological niches has led to a huge variability in its pheno-
logical forms, growth habit, and pod dehiscence (Hymow-
itz 1970). More than a dozen of early flowering/maturity
loci have been identified in soybean hitherto, such as EJ
and E2 (Bernard 1971), E3 (Buzzell 1971), E4 (Buzzell
and Voldeng 1980), E5 (McBlain and Bernard 1987), E6
(Bonato and Vello 1999), E7 (Cober and Voldeng 2001),
ES8 (Cober and Morrison 2010), E9 (Kong et al. 2014), E10
(Samanfar et al. 2017), E11 (Wang et al. 2019), gDTF-J1
(Yamaguchi et al. 2014), and J (Ray et al. 1995). Usually,
recessive alleles confer early flowering/maturity, except
those of E9 and E11 genes. For majority of early maturity
loci, particular genes have already been assigned, includ-
ing phytochrome A and B photoreceptors (loci E3 and E4),
FLOWERING LOCUS T (FT) homologs (loci E9, E10, and
gDTF-J1), transcription factor acting upstream of FT genes
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(locus E1T), pleiotropic regulatory gene GIGANETA (locus
E2),and an EARLY FLOWERING 3 (ELF3) gene from pho-
toperiodic pathway (locus J) (Liu et al. 2008; Lu et al. 2017,
Samanfar et al. 2017; Takeshima et al. 2016; Tsubokura
et al. 2013a; Watanabe et al. 2009, 2011; Xia et al. 2012;
Zhao et al. 2016). Recessive alleles of early maturity genes
usually provide earliness due to lack of function of major
flowering repressors from photoperiodic pathway. Deci-
phered early maturity mutations include large insertions/
deletions (encompassing also repetitive elements causing
epigenetic silencing) as well as single nucleotide polymor-
phisms (SNPs), such as deletions or substitutions result-
ing in frameshifts, premature stop codons, or alterations of
amino acid sequence in key functional domains (Liu et al.
2008; Lu et al. 2017; Samanfar et al. 2017; Takeshima et al.
2016; Tsubokura et al. 2013a; Watanabe et al. 2009, 2011;
Xia et al. 2012). The only exemption is E9 gene, encod-
ing an ortholog of Arabidopsis FLOWERING LOCUS T,
named in soybean as F7T2a. It is flowering activator and its
recessive allele delays flowering because of lower transcript
abundance due to the insertion of Tyl/copia-like retrotrans-
poson, SORE-1 (Zhao et al. 2016).

Moreover, two major genes controlling growth habit were
described in soybean, Dt/ for determinate growth (reces-
sive allele) (Liu et al. 2010; Tian et al. 2010) and Dz2 for
semi-determinate (dominant allele) (Liu et al. 2016; Ping
et al. 2014); however, candidate functional mutations were
provided only for D¢/, in the form of several independent
non-synonymous substitutions in the TERMINAL FLOWER]
(TFLI) gene. Soybean, as many other legume species, evolved
explosive pod dehiscence at maturity as a method for effec-
tive seed dispersal (Parker et al. 2021). While advantageous
in natural population, this trait is deleterious in crop culti-
vation and as such was targeted during early domestication
of the species. Reduced pod shattering in cultivated soybean
is related with the presence of domestication-related gene
SHATI-5 that activates secondary cell-wall biosynthesis and
promotes the thickening of the dehiscence site in soybean
pods (Dong et al. 2014). Nevertheless, domesticated SHATI-
5 allele does not provide full non-shattering in dry conditions,
contrary to the domesticated non-functional (premature stop
codon) allele of the gPDH1 gene that encodes a dirigent-like
protein responsible for increasing torsion of pod walls under
low humidity (Funatsuki et al. 2014). The gPDH1 gene was
supplemented with KSS-SNP5 marker, recently validated for
molecular-assisted selection of pod shattering—resistant germ-
plasm (Kim et al. 2020; Lee et al. 2017).

The lack of information about germplasm suitable for
adaptation in Central Europe climate, characterized by
northern latitudes, is one of the main factors hampering
soybean breeding in this region. Moreover, there is an issue
of narrow gene pool in candidate germplasm imported from
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other regions, which results from several genetic bottlenecks
that occurred during soybean domestication (Gizlice et al.
1994; Hyten et al. 2006; Zhuang et al. 2022). To avoid fur-
ther loss of genetic diversity, soybean breeding in Europe
should be based on a wide range of germplasm resources,
carrying different combinations of early maturity loci, sup-
plemented with alleles for non-shattering pods and indeter-
minate growth type. To address this issue, marker array for
early maturity (El, E2, E3, E4, E7, E9 and E10), growth
determination (Dt1), and pod shattering (gPDH1) genes was
optimized for routine PCR-based agarose gel screening and
exploited for genotyping of soybean diversity paned gath-
ered at the Department of Genetics and Plant Breeding of
Poznan University of Life Sciences in Poland. Information
on allelic composition of genes conferring early maturity,
growth determination, and pod shattering was confronted
with the results of 3-year field observation series of phenol-
ogy, morphology, and yield-related traits in a candidate soy-
bean cultivation region in Poland to designate high-priority
alleles for molecular selection.

Materials and methods
Plant material

Soybean diversity panel was constructed to represent wide
profile of maturity groups, ranging from 000 to III. More-
over, accessions with known allelic composition of early
maturity genes were included, targeting different combina-
tions of recessive and dominant alleles at major loci (E1-
E4). The panel was composed of germplasm retrieved from
the following germplasm resources: Soybean Germplasm
Collection located at Soybean/maize Germplasm, Pathology,
and Genetics Research unit of the United States Department
of Agriculture (USDA) in Urbana, IL, USA (43 accessions);
Plant Gene Resources of Canada in Saskatchewan, Canada
(51 accessions); Japanese Soybean Core Collection main-
tained at the National Institute of Agrobiological Sciences
(NIAS, until 2016) and The Research Center of Genetic
Resources of the National Agriculture and Food Research
Organization (NARO, since 2016) in Tsukuba, Ibaraki,
Japan (37 accessions); and Leguminous Crops Genetic
Resources Department, N. I. Vavilov Research Institut of
Plant Industry, St. Petersburg, Russia (1 accession). The
other genotypes were selected from accessions gathered in
early years at the Department of Genetics and Plant Breed-
ing (DG&PB) of the Poznan University of Life Sciences,
Poznan, Poland: 48 cultivars developed in European coun-
tries, 16 breeding lines developed in DG&PB, and 7 Polish
varieties—4 obtained in DG&PB, 1 in DANKO Plant Breed-
ing Ltd., 1 in Plant Breeding Strzelce Ltd, and 1 in Plant
Breeding and Acclimatization Institute—National Research

Institute. List of soybean accessions used in the study is
provided in the Supplementary Table S1.

PCR-based markers tagging early maturity, growth
determination, and pod shattering genes

The set of molecular markers tagging early maturity (E1,
E2, E3, E4, E7, E9, and E10), growth determination (Dt]
and Dr2), and pod shattering (gPHDI) genes was established
(Kim et al. 2020; Kong et al. 2014; Lee et al. 2017; Liu et al.
2008, 2010; Molnar et al. 2003; Ping et al. 2014; Samanfar
et al. 2017; Tian et al. 2010; Tsubokura et al. 2013a, 2013b;
Watanabe et al. 2009, 2011; Xia et al. 2012; Xu et al. 2013;
Zhao et al. 2016). Besides using published primers, we
designed new markers for two Dt/ alleles that had not been
supplied with PCR-based genotyping methodology (Liu
et al. 2010; Tian et al. 2010) and one new marker for the
pod shattering (gPHD1) gene using information on sequence
polymorphism at KSS-SNP5 locus (Kim et al. 2020; Lee
et al. 2017). The primers flanking these loci were designed
using Primer3Plus (Untergasser et al. 2012, 2007). Depend-
ing on the availability of restriction enzymes, SNPs were
resolved using the cleaved amplified polymorphic sequence
(CAPS) (Konieczny and Ausubel 1993) or derived CAPS
(dCAPS) (Neff et al. 1998) methods. Restriction sites and
dCAPS primers were identified using dCAPS Finder 2.0 and
SNP2dCAPS (Neff et al. 2002; Thiel et al. 2004). List of
primers and targeted regions for growth determination, early
maturity, and pod shattering genes is provided in Table 1.
PCR conditions were as follows: initial denaturation (94 °C,
3 min), 35 cycles composed of three 30-s steps: denaturation
(94 °C), annealing (Table 2), and elongation (72 °C), and
final elongation (72 °C, 5 min).

Genotyping soybean diversity panel for early
maturity, growth determination, and pod shattering
genes

The set of markers used for soybean genotyping included
12 CAPS, eight dCAPS, eight typical PCR INDEL and four
PCR SSR markers. Young 6 week-old leaves were collected
from plants cultivated in greenhouse. Plant tissue frozen
under liquid nitrogen (50-100 mg) was homogenized using
TissueLyser II (Qiagen, Hilden, Germany) and two stainless
steel beads (¢ 5 mm) placed in a 2-mL tube (Eppendorf,
Hamburg, Germany). DNA isolation was performed using
Maxwell RSC PureFood GMO and Authentication Kit (Pro-
mega, Madison, USA) and standard protocol implemented
in Maxwell 16 DNA isolation system (Promega). DNA con-
centration and purity were measured using NanoDrop 2000
(ThermoFisher Scientific, Waltham, USA) and A260/A280
ratio. All PCR reactions were performed using GoTaq®
Flexi DNA Polymerase (Promega), Labcycler Gradient
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Table 1 Primers and targeted regions for amplification of PCR markers for growth determination, early maturity, and pod shattering genes

Gene No Reference Primer sequence Gene
Dtl 1 Liu et al. (2010) F:CCATGCTTAATCGGCATCACT R:GGTGGTGGCATAGTTTAATT Glyma.19g194300
promoter
2,3,36 Liuetal. (2010) F:GAGTTACAACAAGAAGCAAGTT R:GCACCGAAAAAGGGGGAC  Glyma.19g194300
ATTT exon/intron 1
4 Liu et al. (2010) F:GGCTGCTGTCTACTTCAATGTCTAG, R:GCCACATGTGAAGAT Glyma.19g194300
CAACTTCCA exon 4
5,6 Liu et al. (2010) F:CACACCCACCCCACATATAT, R:GGCAAAACCAGCAGCTACTT Glyma.19g194300
exon 4
Dr2 7 Ping et al. (2014) F:GGTGCCTTTAATTTCTTTGGA, R:ATTCACCAGATCATGTGCCA Glyma.18g273600
-18 kb
8 Ping et al. (2014) F:AATTTGATGCACTTGATAACGA, R:- TGACAAACACAAGAACTC Glyma.18g273600
ACACA promoter
9 Ping et al. (2014) F:GAATCCACCATCACCAAACC, R:CAATGGCAACCCAGTAAGGT Glyma.18g273600
+12kb
El 12 Xia et al. (2012) F:TCAGATGAAAGGGAGCAGTGTCAAAAGAAGT, R:TCCGATCTC Glyma.06g207800
ATCACCTTTCC exon 1
13 Tsubokura et al. (2013b) F:CACTCAAATTAAGCCCTTTCA, R:-TTCATCTCCTCTTCATTTTTG  Glyma.06g207800
TTG exon 1
37 Tsubokura et al. (2013b) F:CCGTTTGATTGGTTTTTGGT, R1:CCCTTCAGTTTCTGCAGCTC, Glyma.06g207800
R2:GAGAAGACAAACAATTCGAG exon 1
E2 15 Watanabe et al. (2011) F:GAAGCCCATCAGAGGCATGTCTTATT, R:AAGCCTATGCCAGCT  Glyma.10g221500
AGGTATTT exon 10
17 Tsubokura et al. (2013b) F-TGTTGATATTACATGCACATGCAT, R:GGCAGTTTCACCTTCTTAGC Glyma.10g221500
intron 8
E3 18 Tsubokura et al. (2013b) F:TGGAGGGTATTGGATGATGC, R1:CTAAGTCCGCCTCTGGTT Glyma.19g224200
TCAG, R2:CGGTCAAGAGCCAACATGAG, R3:GTCCTATACAAT intron 3
TCTTTACGACG
19 Tsubokura et al. (2013b) F:-TTGCATGAAGTTTTGGTTGC, R:CAACTGAACTGAAGACCCACAA Glyma.19g224200
exon 3
20 Xu et al. (2013) F:GGGATAGTTCTGATGCTGTTCAA, R:CCTTGTATCGATAGCATA Glyma.19g224200
TGTGCT exon 1
21 Xu et al. (2013) F:GTTGAAGAGAAGATCACAACA, R:GATGAACTAATTTCCCTAACT Glyma.19g224200
GCA exon 3
E4 22 Liu et al. (2008) F:AGACGTAGTGCTAGGGCTAT, R1:GCATCTCGCATCACCAGATCA, Glyma.20g090000
R2:GCTCATCCCTTCGAATTCAG exon 2
23,24  Tsubokura et al. (2013a) F:CTTAATAAAGCCATGACTGGTTTG, R:CTTGAGTTTCAATGAGGT  Glyma.20g090000
TTCAAC exon 3
25 Tsubokura et al. (2013a) F:CCCAGACACTCTTGTGTGAT, R:CCATACTCTCGGTATCTTTG Glyma.20g090000
exon 2
26 Tsubokura et al. (2013a) F:CACCCTAGGAGTTGTGTTGTT, R:GCGGTTCTGTACAATTGCCTG  Glyma.20g090000
ATA exon 3
E7 27 Molnar et al. (2003) F:ACCTCATTTTGGCATAAA, R:- TTGGAAAACAAGTAATAATAACA  unknown gene
E9 28 Kong et al. (2014) F:GGGAAACTGAAAACTTAGGG, R:AAAGGAGCAGCAAAACGCTA Glyma.16g150700
promoter
29 Zhao et al. (2016) F:GGAATCGAGGCTATTGACTA, R:CTTCCACTAGGCATGGGATA Glyma.16g150700
5’UTR
30 Zhao et al. (2016) F:TTCAAACAATCTCATAATTATGAGT, R:-TAATAGTAGTATGGATGG Glyma.16g150700
TCAAA intronl
31 Zhao et al. (2016) F1:GCTCTCTCTCTTCCACTCTCTAGATGG, F2:ACCCTCTCAAGT Glyma.16g150700
GGACATGT. R:CTAGGTGCATCGGGATCAAC intronl
EI0 34 Samanfar et al. (2017) F:CAACCACCTTCACGTTGACA, R:ATTGTGCATGCTCCAAGATG Glyma.08g363100
exon 3
35 Samanfar et al. (2017) F:GAACTCGTGAAGGGATCCAA, R:GAGCAAGATAGGCCAAAAGC Glyma.08g363100
5’UTR
qPHDI 38 Kim et al. (2020); Lee et al. (2017) F:CAAATCCCTAGTCCAATCTTAGCCCAAG, R:ACATAACCATAA Glyma.16g141600

ACACTTGCACTTCCT

promoter
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Table 2 Detection methods, recognized alleles, and optimized PCR and electrophoresis conditions for molecular markers tagging growth deter-

mination, early maturity, and pod shattering genes

Gene  No Polymorphism type Detection method Recognized alleles T Gel Geltype Samples
°c %P per gel®
Dtl 1 SNP CAPS, Ndel dtl-b: 410 bp, other: 1934217 bp 54 2 ST 96
2 INDEL PCR dtl-b: 319 bp, other: 325 bp 56 3 HR 48
3 INDEL+SNP CAPS, Aflll dtl-b: 319 bp, other: 201 + 124 bp 56 3 ST 96
4 SNP dCAPS, Xbal dtl-ab: 176 bp, other: 21+ 155 bp 60 3 ST 96
5 SNP CAPS, HindIII dtl-bb: 215+ 593 bp, other: 808 bp 57 2 ST 96
6 SNP CAPS, Accl dtl-tb: 704738 bp, other: 70+ 92+ 646 bp 57 2 ST 96
36 SNP CAPS, Avall dtl-ta: 326 bp, other: 229 +97 bp 56 2 ST 96
Dr2 7 SSR PCR dr2: 280 bp, Dt2: other products 56 3 HR 48
8 SSR PCR dr2: 221 bp, Dt2: other products 56 3 HR 48
9 SSR PCR dr2: 202 bp, Dt2: other products 57 3 HR 48
El 12 SNP dCAPS, Tagl el-as: 31+413 bp, El/el-fslel-nl: 443 or 444 bp, 55 3 ST 96
13 SNP CAPS, Hinfl Ellel-as: 364186 bp, el-fs: 36, 46+ 136 bp, 52 2 ST 96
el-nl: unspecific products
37 INDEL PCR El/el-as/el-fs: 841/840 bp, el-re: 592 bp, el-nl: no 54 2 ST 96
product
E2 15 SNP dCAPS, Dral E2: 130 bp, €2: 27+ 103 bp 58 2 ST 96
17 INDEL PCR E2-in: 548 bp, E2-dl: 512bp /e2 ? 57 2 ST 96
E3 18 INDEL PCR E3-Misuzudaizu: 1339 bp, E3-Harosoy: 558 bp 57 2 ST 96
E3-Moshidougong: 558 bp, e3-tr: 275 bp
19 SNP CAPS, Msel E3-Moshidougong — 101 4223 bp, other: 324 bp 57 2 ST 96
20 SNP CAPS, Alel e3-fs: 759 bp, other 206+ 552 bp 60 2 ST 96
21 SNP dCAPS, Mfel e3-ns: 23+ 140 bp, other: 163 bp 54 3 ST 96
E4 22 INDEL PCR e4-SORE-1: 837 bp, other: 1229 bp 56 2 ST 96
23 SNP CAPS, Afilll e4-kam: 208 + 286 bp, other: 494 bp 56 2 ST 96
24 SNP CAPS, BspHI e4-kes: 95+399 bp, other: 494 bp 56 2 ST 96
25 SNP CAPS, Sacl e4-oto: 96 +439 bp, other: 535 bp 53 2 ST 96
26 SNP dCAPS, EcoRv e4-tsu: 23 +332 bp, other: 355 bp 56 2 ST 96
E7 27 SSR PCR E7-168 bp, e7: other products 54 3 HR 48
E9 28 INDEL PCR E9Harosoy: 187 bp, other: 230 bp 54 3 ST 96
29 INDEL PCR E9indel10: 134 bp, other: 144 bp 54 3 HR 96
30 SNP dCAPS, Hinfl E9SNP#17: 138 bp, other: 160 bp 52 2 ST 96
31 SORE-1 INDEL PCR e9Toyomusume: 306 bp, E9: 440 bp 58 2 ST 96
EIO0 34 SNP CAPS, Mael Bfal el0_exonSNP: 116 bp, E10: 78 +38 bp 56 2 ST 96
35 SNP dCAPS, Taqgl E10: 110 bp, e10_3UTRSNP: 82+ 28 bp 57 3 ST 96
qPHDI 38 SNP dCAPS, Styl KSS-SNP5(G): 24+51 bp, KSS-SNP5(A): 75 bp 54 3 ST 96

Agarose type: ST standard (wide range), HR high resolution (3:1)
# Annealing temperature of PCR primers
b Agarose gel concentration

“Number of samples loaded on a 20 25 cm gel tray for a single run

thermal cycler (Sensoquest, Gottingen, Germany), 96-well
PCR plates (4titude, Wotton, Surrey, UK), and standard tips
(Neptune Scientific, San Diego, USA). Restriction enzymes
were derived from New England Biolabs (Ipswich, USA)
and Thermo Fisher Scientific (Waltham, USA). Restriction
products or PCR amplicons were separated by agarose gel

electrophoresis using standard (Wide Range, Serva, Hei-
delberg, Germany) or high-resolution agarose (3:1, Serva)
with the agarose concentration (1-3%) adjusted to follow
the size of the expected digestion products. Electrophoresis
buffer and gels were prepared using standard Tris—Borate-
EDTA (Serva). Visualization of electrophoresis result was
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performed by in-gel SYBRSafe (ThermoFisher Scientific)
staining and UV transillumination Essential system (Uvitec,
Cambridge, United Kingdom), with F-520 (amber) photo-
graphic filter (Uvitec). Two biological replicates were ana-
lyzed per line. Marker alleles associated with early maturity,
determinate growth, and non-shattering pods were assigned
“1,” opposite alleles were assigned “2,” whereas heterozy-
gotes “1.5.”

Phenotyping soybean diversity panel for phenology
and yield-related traits

The field experiment was carried out in 2018-2020 at the
Dtoni Agricultural Research Station, the Poznan University
of Life Sciences, Poland (51° 41’ 29" N, 17° 4’ 34"). Soy-
bean diversity panel was sown at the following dates: 20
Apr 2018, 24 Apr 2019 and 22 Apr 2020 at 2 m? field plots
(two replications) with 50-cm row spacing and density of
60 seeds per 1 m?. The fertilizer was used according to the
conventional farming practices in this area (N 30 kgeha™!,
P 80 kgeha™!, K 120 kgeha™!). Meteorological conditions
were measured in field trails according to the WMO stand-
ards using a Vantage Vue 6357 UE 9 meteorological sta-
tion (Davis Instruments, USA). Observed values (monthly
and daily mean values) are provided in the Supplementary
Table S2.

Based on the whole plot observations, plant phenology
and growth habit (determinate, semi-determinate, and inde-
terminate) were evaluated. Phenology observations included
number of days from sowing to flowering of 50% plants in a
plot and number of days from sowing to pod harvest matu-
rity of 50% plants in a plot. Harvest maturity of a plant was
considered when a R8 reproductive stage was reached (Fehr
and Caviness 1977). Based on the five typical even repre-
sentative plants per each plot, the following measurements
and calculations were done: plant height, number of lateral
branches, first pod height, number of pods per plant, number
of seeds per plant, number of seeds per pod, seed weight per
plant, and thousand grain weight (TGW). Apart from plant
phenotypic traits, five environmental traits were calculated
using daily meteorological data measured at observation
site during experiments: the number growing degree days
(GDDs) from sowing to flowering and from sowing to matu-
rity as well as amount of precipitation (mm) from sowing to
flowering, from sowing to maturity, and between flowering
and maturity. For GDD calculations, base temperature of
10 °C was used (Karges et al. 2022).

Statistical analysis and data visualization

All statistical analyses and data visualizations were pre-
ferred in R software (R Core Team 2013, Vienna, Austria)
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using packages ggplot2, dplyr, and tidyr. Spearman’s rank
correlation between allelic phases and analyzed traits was
calculated using standard function “cor.test” which reports
both correlation and corresponding p value. Spearman’s rho
statistic was used to estimate a rank-based measure of asso-
ciation. An approximation of the exact null distribution of
Spearman’s rank correlation statistics was made using the
AS89 algorithm (Hollander and Wolfe 1973). Custom R
script was built to loop for all combinations of marker and
trait correlation. The Pearson correlation between analyzed
traits and corresponding p values were calculated using
“rcorr” function from Hmisc packages (https://hbiostat.
org/R/Hmisc/). One-way ANOVA test was applied to esti-
mate broad sense heritability. The genetic variance (0 ) was
calculated as 256~ and residual variance (62) as MS,.

Finally, the herltablhty was calculated using the formula

G S
2= 6G+1()J'§/r

Results

Implementation of the PCR array tagging growth
determination, early maturity, and pod-shattering
genes

The array of 32 molecular markers tagging early maturity
(El, E2, E3, E4, E7, E9, and E10), growth determination
(Dt and Dt2), and pod-shattering (gPHD1) genes (Kim
et al. 2020; Kong et al. 2014; Lee et al. 2017; Liu et al.
2008, 2010; Molnar et al. 2003; Ping et al. 2014; Saman-
far et al. 2017; Tian et al. 2010; Tsubokura et al. 2013a,
2013b; Watanabe et al. 2009, 2011; Xia et al. 2012; Xu
et al. 2013; Zhao et al. 2016) was implemented in this study
(Table 2). Apart from using published primers, we designed
new markers for two Dt alleles (Liu et al. 2010; Tian et al.
2010) and one new marker for the pod shattering (gPHD1)
gene (Kim et al. 2020; Lee et al. 2017) that have not yet
been supplied with PCR-based genotyping tool. Optimiza-
tion procedure was effective for all markers (Supplementary
Fig. 1), enabling routine screening of 96 samples (27 mark-
ers) or 48 samples (five markers) per single agarose gel.
Twenty-six markers could be resolved using cost-efficient
molecular biology grade agarose gel, in concentration of 2%
(19 markers) or 3% (seven markers), whereas six markers
required high-resolution 3:1 agarose gel in concentration of
3%. Alleles could be recognized with high confidence for all
markers except those tagging the D2 gene due to the pres-
ence in soybean diversity panel of three to four homozygous
alleles per marker with product length similar to the target
amplicons (Supplementary Fig. 1). Therefore, results of
marker screening for the Dt2 gene were not included in the
phenotype-genotype association study.
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Genotyping of soybean diversity panel with PCR
array

Genotyping with the array of 29 markers (i.e., all markers
from Table 2 except those for Df2) revealed the presence
of complex pattern of allele distribution in soybean diver-
sity panel. Forty-one allelic combinations were identified
when simple classification to recessive or dominant alleles
was applied, whereas when diversity among dominant or
recessive alleles was taken into account, the number of
identified combinations raised to 98. Minor allele frequency
varied from 0.5% (e9) to 39% (e4). Taking into considera-
tion growth determination gene Dt/ (Glyma.19g194300),
dominant (wild, indeterminate) Dt/ and DtI-b alleles
were found in 79 and 78 accessions, respectively, whereas
recessive (domesticated, determinate) alleles dtl-tb and
dt-ab in 26 and 21 accessions, respectively. Recessive
(domesticated, early) alleles of an early maturity gene E/
(Glyma.06g207800) were identified in 170 accessions,
namely, e/-as in 99, el-nl in 65, el-fs in four and heterozy-
gous el-as/el-nl in two accessions. One hundred eighty-nine
accessions yielded a recessive (domesticated, early) allele
of an early maturity gene E2 (Glyma.10g221500). An early
maturity gene E3 (Glyma.19g224200) revealed the high-
est diversity of present alleles among studied genes, with
three dominant (wild, late) alleles (E3-Harosoy, E3-Mis-
uzudaizu, and E3-Moshidougong found in 53, 3, and 1
accession, respectively) and three recessive (domesticated,
early) alleles (e3-tr, e3-fs, e3-ns, and e3-tr/e3-fs identified
in 88, 39, 19, and 1 accession, respectively). Eighty acces-
sions were revealed to carry recessive (domesticated, early)
alleles of an early maturity gene E4 (Glyma.20g090000):
e4-SORE], e4-kes, and e4-kam (70, 8 and 2 accessions,
respectively). Recessive (domesticated, early) alleles of
early maturity E7 (unknown) and E10 (Glyma.08g363100)
genes were identified in 141 and two accessions, a reces-
sive (domesticated for low-latitude regions, late) allele of
an early maturity gene E9 (Glyma.16g150700) in one acces-
sion, whereas a domesticated (non-shattering) allele KSS-
SNP5(A) of a pod-shattering gPHD1 (Glyma.16g141600)
gene in 143 accessions. Allelic composition of earliness
genes clearly influenced the length of the vegetation period.
In the group of the 31 earliest genotypes, with a vegetation
period of 126.7-137.7 days, the majority (21) of the varieties
had a set of four recessive alleles in the four main E/-E4
loci. Of these 21 genotypes, only six were characterized by
an indeterminate growth type—the D¢/ and Dtl-b alleles.
On the other hand, genotypes with four or three dominant
alleles matured the latest on October and November. All
Polish contemporary cultivars (except Erica, which had the
E3 allele) had four recessive alleles and a similar, short veg-
etation period (133.7-138.3 days). Also almost all breeding
lines, 14 out of 16, had four recessive alleles. The old Polish

cultivars Warszawska and Z1otka had a dominant E/ allele.
Results of soybean diversity panel genotyping with PCR
marker array are provided in the Supplementary Table S3.

Variability of phenology and yield-related traits
in soybean diversity panel

Phenotyping of phenology-, height-, and yield-related traits
in 2018-2020 years revealed significant differences between
genotypes. Taking into account mean values calculated for
3 years, relative variability was the highest for the number
of pods per plant, first pod height, and the number of seeds
per plant, whereas the lowest for the number of days to matu-
rity and the number of seeds per pod. Thus, the number of
days to flowering ranged from 51.7+7.8 to 105.7 +10.8, the
number of days to maturity from 126.7 +8.4 to 199.3 +12.7,
plant height from 21.5+3.0 to 110.1+7.7, first pod height
from 4.4 +0.4 to 26.8 +5.7, the number of lateral shoots
from 1.2+0.9 to 5.3 + 1.2, the number of pods per plant
from 15.6 £6.9 to 127.6 £ 69.9, the number of seeds per
plant from 22.4+10.8 to 213.5 +100.9, the number of seeds
per pod from 1.3+0.1 to 2.2+0.2, seed yield per plant from
6.3+3.4 to 38.0+11.4, and thousand grain weight from
130.3+0.9 to 374.2 +37.2. Detailed phenotypic observa-
tions are provided in the Supplementary Table S4.
Broad-sense heritability was the highest for plant height,
thousand grain weight, the number of days to maturity,
and first pod height (range from 0.84 to 0.88); the number
of days to flowering revealed moderate heritability value
(0.52), whereas the lowest heritability was revealed for seed
yield per plant and number of seeds per plant (0.04 and 0.19,
respectively) (Table 3). These results demonstrated high
potential of artificial selection towards desired plant height,
phenology, and seed size during soybean breeding in Poland.
Observed phenotypic traits revealed remarkable direct
and indirect relationships in studied environmental con-
ditions (Fig. 1, Supplementary Table S5). The most
significant positive correlations were found between
the number of seeds per plant and the number of pods
per plant (0.95), as well as between these two traits and
seed yield per plant (0.84 and 0.80). Moreover, high
correlations were also identified between trait related
with plant phenology (the number of days to flowering
and maturity), plant height, and first pod height (from
0.57 to 0.78). On the other hand, thousand grain weight
revealed moderate negative correlation with plant height,
the number of pods and seeds per plant, and the num-
ber of seeds per pod (from —0.36 to—0.31). All studied
traits revealed significant differences between observed
values in 2018 and 2020 years, six traits between 2018
and 2019, whereas seven traits between 2019 and 2020
(Supplementary Table S6). To evaluate the influence of
temperature and precipitation during growing season on
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Table 3 Mean, minimum, and Year 2018 2019 2020 2018-2020
maximum values observed for
phenology and yield-related Trait Mean Min Max Mean Min Max Mean Min Max Heritability
traits during field experiments
and broad sense heritabi]i[y Days to ﬂowcring 53.6 41 91 62.6 50 109 75.1 56 127  0.52
Days to maturity 150.8 116 193 152.6 118 188 163.0 133 217 0.84
Plant height (cm) 68.6 22 127 64.1 18 116 63.1 15 110 0.88
First pod height (cm) 109 4 25 10.8 3 33 9.7 3 28 0.84
Number of lateral shoots 23 0 8 30 1 8 33 1 7 0.23
Number of pods per plant 428 4 226 502 13 107 578 10 141 0.26
Number of seeds per plant  72.3 5 356 94.1 21 207 1158 16 305 0.19
Number of seeds per pod 1.7 1 2 19 1 2 20 1 3 0.34
Seed yield per plant (g) 146 1 49 196 5 54 255 4 63 0.04
Thousand grain weight (g) 2104 103 419 211.1 93 342 2249 129 405 0.86
Fig‘ 1 .Correlation h7eatmap ThOUSand grain Welght *kk *k kkk kkk kkk k% *kk kkk kkk kkk .
reporting Spearman’s rank
correlation coefficients for each Seed yield per plant *** *** Bl | R .. rxx . ol
trai.t Vs trait Comparison. Ob.SCl‘- Number of seeds per pod *kk *kk kkk kkk kkk *kk kkk . *kk kkk
vations were performed during
2018, 2019, and 2020 growing Number of seeds per plant *** % %k sk sk sk ek HEE rxx . il
seasons in Dtori Agricultural PN s oo [T PP e e

Research Station, the Poznan Number of pods per plant

University of Life Sciences, Number of lateral shoots

*kk kk khkk * *kk kkk *

*kk . * k%
*kk

. *kk kkk

R
Poland (51°41'29" N, 17° 4’ it oot rorrs D —— . . S .
34”). The bar below the heat- [ |
map indicates the color legend Plant height *** *¥% sk xkk . *kk Kkokk *  kkk 05
of correlation coefficients. 00
. . . . . R H b t fl : d t t *kk kkk * k% . * kkk kkk kkk kkk kkk 8
Asterisk (*) indicates significant ain between flowering and maturity

correlations in the follow-
ing scheme: ***p <(0.0001;
*#%(0,0001 <p<0.001;
*0.001 <p<0.01
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Rain to flowering

Growing degree days to maturity
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kkk kkhkk kkk kkk kkk *kk -05
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Number of days to maturity

Number of days to flowering .

soybean phenotypic traits, we supplemented our correla-
tion analysis with the following environmental traits that
were calculated using daily meteorological data measured
at observation site during experiments: GDDs from sow-
ing to flowering and from sowing to maturity as well as
amount of precipitation from sowing to flowering, from
sowing to maturity, and between flowering and matu-
rity. Yield-related traits (the number of seeds per plant,
the number of seeds per pod, and seed yield per plant)
revealed significant positive correlations with amount of
precipitation from sowing to flowering (0.29-0.36), from
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sowing to maturity (0.29-0.36), and from flowering to
maturity (0.24-0.33). Thousand grain weight revealed the
highest positive correlation with amount of precipitation
from flowering to maturity (0.23).

To analyze differences between years in different phe-
nology groups, germplasm diversity panel was divided
into three categories: early (66 accessions characterized
by mean days to maturity from 126.7 to 145), intermedi-
ate (65 accessions with mean days to maturity between
145.3 and 160), and late (70 accessions with mean
maturity between 160.3 and 199.3 days). Remarkably
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significant differences between years were observed
for three major yield-related traits: the number of seeds
per plant, thousand grain weight (g), and seed yield per
plant (g) (<0.00001). In general, the lowest values were
observed in 2018, whereas the highest in 2020 (Table 4).
It should be noted that in the growing season enabling
the best soybean performance (2020), moderate and late
flowering germplasm significantly out-yielded early
accessions (P <0.0001), producing also significantly
higher number of seeds per plant (P <0.002). Late lines
developed also in that year significantly larger seeds than
the early genotypes (P =0.008).

Applicability of PCR array for molecular selection
of soybean towards cultivation in Central Europe

All genes except E9 and E10 revealed significant correlations
with at least three traits (Fig. 2, Supplementary Table S7). The
lack of significant correlations for E9 and E10 genes results
from very low frequency of minor alleles observed for these
genes (below 1%). Genes Dt1, El, E2, and E3 revealed sig-
nificant correlation with six traits, genes E4 and E7 with five
traits, whereas a gPHDI gene with three traits.

Days to maturity and plant height revealed significant
correlations with seven genes, first pod height with six

genes, days to flowering with four genes, the number of
lateral shoots, the number of seed per pod and seed yield
per plant with three genes, the number of seeds per plant
with two genes, whereas the number of pods per plant and
thousand grain weight with one gene. The most remarkable
correlations were those identified for days to flowering with
E7 and E1 genes (0.42 and 0.41), days to maturity with E4
and E7 (0.48 and 0.40), and plant height with D¢/ and E4
(0.46 and 0.43).

It should be emphasized that genes differed by direction
of effects of wild alleles of studied traits. Growth determi-
nation (Dt1) and all early maturity genes except E7 con-
ferred increase of mean values of eight to nine traits (from
10 analyzed) as compared to domesticated alleles, whereas
gPHDI had generally negative effect (Fig. 3). Taking into
consideration means calculated for absolute values of per-
centage changes between lines carrying domesticated and
wild alleles, the most influential were E2 (20.1% of mean
trait percentage change between opposite allele phases), Dt/
(14.2%), E1 (11.3%) and E4 (10.5%) genes. The most influ-
enced traits were first pod height (27.9% of mean percentage
change), plant height (19.8%), days to flowering (11.2%),
and number of seeds per plant (10.4%).

Taking into account direction of effects for wild alleles
on phenology traits (Fig. 4), the highest percentage changes

Table 4 Mean values of yield-

. Group Year Number of seeds Thousand grain Seed yield
re.:l:ated traits calculated for per plant weight (g) per plant
dlffer}ant‘phenology groups (@)
and significance of differences
between years Early 2018 65.8 198.8 13.0

2019 99.2 201.2 19.8
2020 97.7 215.2 20.5
2018 vs 2019 ok NS ok
2019 vs 2020 NS * NS
2018 vs 2020 Hokk * ok
Intermediate 2018 73.7 212.3 14.5
2019 93.7 214.6 19.9
2020 128.2 2227 28.1
2018/2019 wE NS ok
2019/2020 HokE NS HoHk
2018/2020 wokE NS ok
Late 2018 772 219.6 16.3
2019 89.7 217.2 19.1
2020 121.4 236.1 27.8
2018/2019 0.06 0.74 *
2019/2020 wkE * HoHk
2018/2020 ok * Hork
Intermediate vs early 2020 HkE NS HkE
Late vs early 2020 wE woE o

NS non-significant

s

“p<0.001; *¥0.001 <p<0.01; *0.01 <p<0.05
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Fig.2 Correlation heatmap
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correlation coefficients for each
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Fig. 3 Effects of wild alleles of soybean growth determination (Dt1),
early maturity (EI, E2, E3, E4 and E7) and pod-shattering (gPHD1)
genes on phenology, height, and yield-related traits. Observations
were performed during 2018, 2019, and 2020 growing seasons in

of mean values from 3 years were observed for E2 (30.9%
for days to flowering and 17.1% for days to maturity), E/
(19.7% and 9.4%), E7 (12.5% and 9.3%), and E4 (8.2% and
10.4%). A wild allele of a gPHDI gene had moderate nega-
tive effect (—5.5% and —7.3%). Days to maturity revealed
lower responsiveness than days to flowering, putatively due
to longer exposure to variable environmental factors.
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Dton Agricultural Research Station, the Poznari University of Life
Sciences, Poland (51° 41’ 29" N, 17° 4’ 34"). Color scale visualizes
percentage change of mean values from 3 years between lines carry-
ing domesticated and wild alleles

From three morphological traits studied (plant height,
first pod height and number of lateral shoots), the first
two were highly influenced by allelic phases of studied
genes (Fig. 5). The most remarkable effects were observed
for first pod height and E2 (54.5% of mean percentage
change as compared to domesticated allele), E1 (45.2%),
E4 (28.7%), Dt1 (22.1%), and E7 (21.9%) genes as well
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Fig.4 Allelic effects on days
from sowing to flowering (A) Dt1 E1

E2 E3 E4 E7 gPHD1

and maturity (B) for soybean
growth determination (Dt1),
early maturity (E1, E2, E3,
E4, and E7) and pod shattering
(gPHDI) genes. D stands for
a domesticated allele, whereas
W for a wild allele. Observa-
tions were performed during

il

2018, 2019, and 2020 growing

seasons in Dion Agricultural B
Research Station, the Poznan

University of Life Sciences,

Poland (51° 41' 29" N, 17° 4’

34"). Asterisk (¥) indicates sig-

nificant correlations in the fol-

lowing scheme: ***p <0.001;

*##0.001 <p<0.01; *0.01<p<

0.05,+0.05<p<0.1

as for plant height and Dt (34.8%), E2 (30.0%), and E4
(21.5%) genes. It should be noted that these two traits
revealed the highest association among studied traits with
a gPHDI gene, with relatively strong effect of wild allele
(— 15.8% and — 14.2%, respectively). The third trait, num-
ber of lateral shoots, was rather only loosely associated
with allelic phases of analyzed genes, except E2 providing
19.4% of mean percentage change. Moderate effects were
also revealed for E1 (10.9%) and E3 (—9.6%); the latter

Fig.5 Allelic effects on plant Dt1 E1

T

was the only one significant negative effect observed for
this trait and this marker.

Major yield-related traits (seed yield per plant and thou-
sand grain weight) revealed opposite allelic effects for sig-
nificantly correlated genes (Fig. 6 A and B). Seed yield
was positively influenced by wild alleles of Dt (22.1%
of mean percentage change as compared to domesticated
allele), E3 (15.6%), and E4 (9.8%), whereas thousand grain
weight was negatively influenced by E2 (—9.9%). Secondary

(B) and the number of lateral A
shoots (C) for soybean growth
determination (Dt1), early

maturity (E1, E2, E3, E4,

and E7), and pod shattering

(gPHD1) genes. D stands for

a domesticated allele, whereas

W for a wild allele. Observa-

tions were performed during

height (A), first pod height
*k%k *
*%*

2018, 2019, and 2020 growing B
seasons in Dion Agricultural

Research Station, the Poznan

University of Life Sciences,

Poland (51°41'29" N, 17° 4'

34"). Asterisk (¥) indicates sig-

nificant correlations in the fol-

lowing scheme: ***p <0.001;

(U

#0001 <p<0.01; 0.01 <p < c
0.05,+0.05<p<0.1
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Fig.6 Allelic effects on seed
yield per plant (A), thousand

grain weight (B), the number of A
pods per plant (C), the number

of seeds per plant (D), and the

number of seeds per pod (E)

for soybean growth determi-

nation (Dt1), early maturity

(El, E2, E3, E4, and E7) and

pod-shattering (gPHDI) genes. B

D stands for a domesticated
allele, whereas W for a wild
allele. Observations were
performed during 2018, 2019,
and 2020 growing seasons in
Dton Agricultural Research
Station, the Poznan Univer-

sity of Life Sciences, Poland C
(51°41'29" N, 17° 4’ 34").

Asterisk (*) indicates significant

correlations in the follow-

ing scheme: ***p <0.001;

*#0.001 <p<0.01; ¥*0.01<p<

0.05,+0.05<p<0.1
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yield-related traits (number of pods per plant, number of
seeds per plant and number of seeds per pod) showed more
coherent pattern of allelic effects, at least for the first two
traits (Fig. 6C-E). The highest values of mean percentage
change were observed for D¢/ (20.5% and 23.2%, respec-
tively), E2 (19.7% and 17.0%), E3 (9.3% and 14.3%), and E4
(9.6% and 10.9%) genes. The last trait, number of seeds per
pod, revealed lower values of percentage changes between
allelic phases. The highest effects were calculated for E3
(4.9%) and E1 genes (—4.8%).

Discussion

The study showed a large genetic diversity of tested germ-
plasm and demonstrated high applicability of PCR array for
molecular selection of soybean towards adaptation to Pol-
ish agroclimatic conditions. By high correlations between
phenotypic traits and allelic variants of E1, E2, E3, E4, and
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E7 genes, the current research illustrated the strong effect
of photoperiod on soybean performance at a given location
that supports similar conclusion reached in the European
mega-environment study of soybean germplasm (Kurasch
et al. 2017). There is no doubt that the PCR array enabling
determination of particular haplotypes at early maturity
loci validated in the present study may facilitate selection
of germplasm carrying optimal allelic combinations. Nev-
ertheless, it should be taken into account that genetic control
of phenology traits extend to additional pathways and soy-
bean cultivars with the same haplotype at major E loci can
differ in flowering and maturity dates (Kurasch et al. 2017).

Our research revealed also significant associations
between an allelic phase of growth habit Dt/ gene and plant
phenology and yield-related traits (the number of pods and
seeds per plant as well as overall seed yield). This obser-
vation converges with the recent findings that D¢/ gene is
targeted by SUPPRESSOR OF OVEREXPRESSION OF
CONSTANSI1 (SOC1/AGL20)-Dt2 complex, and functional
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divergence at SOC1 also affects soybean yield and latitudi-
nal adaptation (Kou et al. 2022). It should be also noted that
there is a direct cross-talk in soybean between flowering
time and Dt/ shoot determinacy driven by the interaction
between FT5a and Dt1-APETALA1 feedback loop during
long-day photoperiod (Yue et al. 2021). Therefore, selec-
tion for desired Dzl genotype (indeterminate) would prior-
itize delayed flowering under long photoperiod as observed
in our study. The same statement can be concluded for a
pod-shattering gPHD1 gene because desired non-shattering
allele is associated with delayed flowering. Currently, we
do not have knowledge if this association was artificially
introduced by soybean breeding under neutral photoperiod
or if there is any functional link between these two traits.
Since the vast majority of varieties and breeding lines bred
in Poland has four recessive alleles and is very early, as a
result of significant climate warming, they mature even ear-
lier and therefore have a low yield compared to varieties
with a longer vegetation period. According to the presented
work, Polish breeders should introduce the E3 or E4 alleles,
or maybe both, into breeding materials. Such selection is
now possible using the PCR array. After development of
validated markers for the Dt2 gene, it will be necessary to
check whether the indeterminate or semi-determinate type of
growth is more profitable in local environmental conditions.

To summarize, the arrangement of alleles associated with
the highest yield in studied environment encompassed domi-
nant alleles for the D¢/, E3, and E4 genes and the recessive
allele for the gPHD1 gene. Since this arrangement simulta-
neously determines the considerable height of plants and the
late maturity date, it may be unfavorable in northern regions
(i.e., above 54°N).

Apart from evidencing the high applicability of devel-
oped marker array for selection of germplasm with desired
agronomic traits, the present study revealed high adaptive
potential of soybean as a crop for Central Europe. With the
aid of molecular selection, several candidate high-yielding
accessions were identified and are already undergoing per-
formance and yield testing in different Polish agricultural
conditions. The observed trend of higher yield of soybean
accessions expressing intermediate phenology than those
with early flowering phenotype converges with the results
presented by Polish Research Centre for Cultivar Testing
(COBORU) from the recent 3-year field trials performed in
2020-2022. Indeed, cultivars with intermediate phenology,
requiring more than 150 days from sowing to harvest matu-
rity, out-yielded early and very early genotypes by 30-40%
in every studied year (Osiecka 2022). Analogous conclu-
sion has been raised for simulated soybean yield potential
in Northern France (about 50°N) (Boulch et al. 2021). Thus,
a correct alignment of selected cultivars with the length
of growing season was raised as the most critical issue in
making soybean yields to be economically attractive in

European locations at similar latitudes as Poland (Coleman
et al. 2021). Although first attempts to cultivate soybean in
Central Europe were made in the nineteenth century (Haber-
landt 1878), soybean potential production is still untapped
by local farmers (Karges et al. 2022). Soybean is currently
(in 2022) cultivated on nearly 48,000 hectares (ha) in Poland
(https://rejestrupraw.arimr.gov.pl/#), being overtopped in
legume family even by peas and lupins, harvested yearly
on about 50,000 and 250,000 ha, respectively (Bojarszczuk
and Ksigzak 2020). Short growing season combined with
a long-day photoperiod (about 16 h) were the main factors
hampering soybean cultivation in the region during the first
attempts undertaken a hundred years ago. The response of
short-day plants, such as soybean, to day length increases
with the increasing latitude; flowering is delayed and veg-
etation period is longer, leading to problems with matura-
tion and harvesting before the end of the growing season
(Garner 1933; Scott and Aldrich 1983). However, in recent
70 years, Central Europe has experienced rapid increase
of air and soil surface temperature, reaching currently in
spring months March, April, and May about 2-2.5 °C above
the 1950s level (Kempf 2023). In Poland, mean grid-based
weighted temperature in April-June in the last decade was
2.03 °C higher than in 1970s, revealing a relatively stable
increase of about 0.50+0.13 °C per decade (Fig. 7). Increase
of air temperature resulted in an extension of the growing
season in Poland by an average of 2.5 days per decade dur-
ing 1951-2010, reaching currently more than 230 days that
include a period of about 160—170 continuous frost-free days
(Wypych et al. 2017).

As global warming is currently accelerating (Jenkins et al.
2022), thermal conditions in Central Europe are expected to
be more favorable for soybean cultivation, and the length of
growing season should not be a limiting factor for this crop in
the near future. In 1970s, just before observed acceleration of
global climate change, it was considered that soybean varieties
developed for the region of Poland should be characterized by
a relatively short vegetation period (125-135 days) (Szyrmer
and Federowska 1975). Currently, in Polish testing trials, the
highest yields are observed in soybean cultivars requiring more
than 150 days of growing season, which roughly corresponds
to the length of frost-free season at the test sites (KoZminski
et al. 2023; Osiecka 2022). Thus, it can be concluded that to
maximize the yield, required length of growing season for soy-
bean cultivar should at a given site align with the length of
the frost-free period, which falls in Poland within the range
of ~ 155 to~ 195 days with an increasing trend of 3—6 days per
decade (KoZzmiriski et al. 2023). Projections suggest a sub-
stantial increase in potential soybean productivity in Central
Europe, with significant share of the adaptation effect in the
total yield gain (exceeding 50%) by the mid-century resulting
from cultivation of a long-maturing variety (Nendel et al. 2023).
In our study, the highest mean yields were observed in the third
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Fig.7 Mean grid-based Year
weighted month temperature
anomaly recorded in Poland
in the period 1971-2020. Data
1971-1980

source: Polish Institute of
Meteorology and Water Man-
agement—National Research
Institute, IMGW-PIB (https://
dane.imgw.pl). IMGW-PIB
data has been processed by
Piotr Djakéw model POLTEMP
1.0HS (https://meteomodel.pl).
Reference period 1991-2020,
grid 4.0 km

1981-1990

1991-2000

2001-2010

2011-2020

S R TS

year (2020), characterized by the lowest number of growing
degree days (GDD) in the first 50 days from sowing (Table 5).
Soybean responded to lower temperatures by significant exten-
sion of vegetative phase, reaching similar or even higher GDD
value at flowering time than in warmer 2018 and 2019 sea-
sons. It should be also noted that the 2020 growing season was
characterized by higher precipitation than the two previous
years, especially in the period May—September (570.1 mm vs
308.0 mm in 2018 and 259.5 mm in 2019); see Supplementary
Table S2. Significant correlations between precipitation and
yield related traits were confirmed in our study (Fig. 1, Sup-
plementary Table S5); nevertheless, differences in precipitation
do not explain observed significant differences in yield-related
traits between 2018 and 2019.

The two other traits that could significantly influence
soybean yield in European climate are pod shattering and
growth determination. Pod dehiscence has been widely

targeted by legume breeders in Europe, including narrow-
leafed lupin, yellow lupin, common bean, pea, and lentil
(Parker et al. 2021; §Wi¢cicki et al. 2000). It should be noted
that in extreme conditions of drought and high temperature,
as observed in Poland in 1994, even lupin cultivars carry-
ing two major non-shattering genes showed some degree of
pod dehiscence (Swiecicki and Swiecicki 1995). Thus, July
1994 was just the second equal warmest Julies in Poland
during the 240-year observation series (tying with 1834);
however, both records were already surpassed three times
in the first two decades of the twenty-first century accord-
ing to the mean grid-based weighted month temperature
anomaly POLTEMP 1.0H8 data (https://meteomodel.pl).
Indeed, Europe has been recently identified as a heatwave
hotspot, exhibiting three-to-four times faster heatwave trends
compared to the rest of the northern mid-latitudes during the
last four decades (Rousi et al. 2022). Recent projection of

Table 5 Growing degree days

. Year GDD until 50 days GDD until mean flow- GDD until 150 days GDD until
(GDD) calculated for field trials from sowing ering date from sowing mean maturity
(base temperature 10 °C) date
2018 338.8 377.8 1342.5 1351.1
2019 273.2 426.7 1224.1 1238.2
2020 189.1 428.9 1103.1 1169.9
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climate change impacts on temperature and precipitation in
Central Poland revealed that temperature will be higher in all
seasons as compared to the reference period (1990-2014),
whereas total precipitation will rise in autumn (Septem-
ber-November) and winter (December—February), decrease
in summer (June—August), and present unclear trend for
spring (Ghazi et al. 2023). As we already observe signifi-
cant correlations between soybean yield and precipitation
in summer in current climate, realization of this projection
may result in unsatisfactory future yields despite reaching
full adaptation to the length of growing season.

Hot and dry periods in the future are likely to occur more
frequently (Ault 2020; Nendel et al. 2023). Drought in sum-
mer and early autumn (i.e., at the stage of maturity) may
facilitate pod dehiscence, whereas determinate growth habit
may result in development of pods below the height thresh-
old for harvesting machinery, especially in dry seasons as
drought stress reduces soybean plant height at all (Mak et al.
2014). Therefore, soybean cultivars introduced into Euro-
pean agronomy should carry non-dehiscence alleles of both
pod-shattering genes SHAT-5 and gPHD1, accompanied by
an indeterminate growth habit allele of Dr1.

Conclusions

Our results provide strong evidence on high adaptive poten-
tial of soybean as a crop for Central Europe that could be
exploited with the aid of molecular selection. Thus, we
demonstrated high applicability of PCR array for marker-
assisted breeding of soybean towards adaptation to Polish
agroclimatic conditions.

Moreover, the current research illustrated the strong effect
of photoperiod on soybean performance, highlighting also sig-
nificant associations for growth habit and pod dehiscence. To
achieve the highest yields, breeders should focus on indeter-
minate and non-shattering accessions with the required length
of growing season almost equally matching the length of frost-
free season. Briefly, it requires selection towards dominant
Dtl, E3, and E4 alleles and the recessive gPHD1 allele.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13353-024-00889-6.

Acknowledgements The authors would like to thank Mr. Pawet
Poslednik for taking care of the field trials and for help in phenologi-
cal observations.

Author contribution JNa, DK-P and MK designed the experiments
and obtained funding. JNa maintained soybean germplasm collection
in Poland and selected lines for soybean diversity panel used in the
study. AT, DK-P, DW, JNi, JNa performed phenotypic observations
and plant sampling. MK designed PCR markers. SR-B, AT, DK-P,
DW, JNi, AS, and WB performed DNA isolation, PCR-marker array
implementation and soybean diversity panel genotyping. BK and MK
performed data analysis and interpretation. BK and MK visualized

the results and prepared supplementary files. MK drafted the manu-
script. All authors contributed to the interpretation of the results and
to manuscript writing.

Funding This research was funded the Ministry of Agriculture and
Rural Development, Poland (Basic Research for Biological Progress
in Crop Production, task 20).

Data availability All data generated or analyzed during this study are
included in this published article and its supplementary information files.

Declarations
Ethical approval Not applicable.
Competing interests The authors declare no competing interests.

Disclaimer The funder had no role in the design of the study; in the
collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ault TR (2020) On the essentials of drought in a changing climate.
Science 368:256-260. https://doi.org/10.1126/science.aaz5492

Bernard RL (1971) Two major genes for time of flowering and maturity
in soybeans. Crop Sci 11:242-244. https://doi.org/10.2135/crops
¢i1971.0011183X001100020022x

Bojarszczuk J, Ksigzak J (2020) Analiza dynamiki zmian uprawy rod-
zimych gatunkéw roslin straczkowych w Polsce. Studia i raporty PIB
- IUNG 62:203-219. https://doi.org/10.26114/sir.iung.2020.62.11.

Bonato ER, Vello NA (1999) E6, a dominant gene conditioning early
flowering and maturity in soybeans. Genet Mol Biol 22:229-232.
https://doi.org/10.1590/S1415-47571999000200016

Boulch G, Elmerich C, Djemel A, Lange B (2021) Evaluation of soy-
bean (Glycine max L.) adaptation to northern European regions
under different agro-climatic scenarios. in silico Plants 3. https://
doi.org/10.1093/insilicoplants/diab008.

Buzzell RI (1971) Inheritance of a soybean flowering response to flu-
orescent-daylength conditions. Can J Genet Cytol 13:703-707.
https://doi.org/10.1139/g71-100

Buzzell RI, Voldeng HD (1980) Research notes : inheritance of insen-
sitivity to long daylength. Soybean Genet Newsl 7:13

Ceglar A, Zampieri M, Toreti A, Dentener F (2019) Observed north-
ward migration of agro-climate zones in Europe Will further
accelerate under climate change. Earth’s Future 7:1088-1101.
https://doi.org/10.1029/2019EF001178

Cober ER, Morrison MJ (2010) Regulation of seed yield and agro-
nomic characters by photoperiod sensitivity and growth habit

@ Springer


https://doi.org/10.1007/s13353-024-00889-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.aaz5492
https://doi.org/10.2135/cropsci1971.0011183X001100020022x
https://doi.org/10.2135/cropsci1971.0011183X001100020022x
https://doi.org/10.26114/sir.iung.2020.62.11
https://doi.org/10.1590/S1415-47571999000200016
https://doi.org/10.1093/insilicoplants/diab008
https://doi.org/10.1093/insilicoplants/diab008
https://doi.org/10.1139/g71-100
https://doi.org/10.1029/2019EF001178

44

Journal of Applied Genetics (2025) 66:29-45

genes in soybean. Theor Appl Genet 120:1005-1012. https://doi.
org/10.1007/s00122-009-1228-6

Cober ER, Voldeng HD (2001) A new soybean maturity and photo-
period-sensitivity locus linked to E/ and 7. Crop Sci 41:698-701.
https://doi.org/10.2135/cropsci2001.413698x

Coleman K, Whitmore AP, Hassall KL, Shield I, Semenov MA, Dober-
mann A, Bourhis Y, Eskandary A, Milne AE (2021) The potential
for soybean to diversify the production of plant-based protein in
the UK. Sci Total Environ 767:144903. https://doi.org/10.1016/j.
scitotenv.2020.144903

de Visser CLM, Schreuder R, Stoddard F (2014) The EU’s dependency
on soya bean import for the animal feed industry and potential
for EU produced alternatives. OCL 21:D407. https://doi.org/10.
1051/0c1/2014021

Dong Y, Yang X, Liu J, Wang B-H, Liu B-L, Wang Y-Z (2014) Pod
shattering resistance associated with domestication is mediated
by a NAC gene in soybean. Nat Commun 5:3352. https://doi.org/
10.1038/ncomms4352

Fehr WR, Caviness CE (1977) Stages of soybean development. Coop
Ext Serv Spec Rep 80:1-12

Funatsuki H, Suzuki M, Hirose A, Inaba H, Yamada T, Hajika M,
Komatsu K, Katayama T, Sayama T, Ishimoto M, Fujino K (2014)
Molecular basis of a shattering resistance boosting global dissemi-
nation of soybean. Proc Natl Acad Sci U S A 111:17797-17802.
https://doi.org/10.1073/pnas. 1417282111

Garner WW (1933) Comparative responses of long-day and short-day
plants to relative length of day and nightl. Plant Physiol 8:347—
356. https://doi.org/10.1104/pp.8.3.347

Ghazi B, Przybylak R, Pospieszyniska A (2023) Projection of cli-
mate change impacts on extreme temperature and precipitation
in Central Poland. Sci Rep 13:18772. https://doi.org/10.1038/
541598-023-46199-5

Gizlice Z, Carter TE Jr, Burton JW (1994) Genetic base for North
American public soybean cultivars released between 1947 and
1988. Crop Sci 34:1143-1151. https://doi.org/10.2135/crops
¢i1994.0011183X003400050001x

Haberlandt F (1878) Die Sojabohne : Ergebnisse der Studien und
Versuche iiber die Anbauwiirdigkeit dieser neu einzufiihrenden
Culturpflanze. Druck und Verlag von Carl Gerold’s Sohn, Wien

Hollander M, Wolfe DA (1973) Nonparametric statistical methods.
John Wiley & Sons, New York

Hymowitz T (1970) On the domestication of the soybean. Econ Bot
24:408-421. https://doi.org/10.1007/bf02860745

Hyten DL, Song Q, Zhu Y, Choi I-Y, Nelson RL, Costa JM, Specht
JE, Shoemaker RC, Cregan PB (2006) Impacts of genetic bot-
tlenecks on soybean genome diversity. Proc Natl Acad Sci U S
A 103:16666—16671. https://doi.org/10.1073/pnas.0604379103

Ustrnul Z, Wypych A, Marosz M, Biernacik D, Czekierda D, Chodub-
ska A, Wasielewska K, Kusek K, Kopaczka D (2022) Climate
of Poland in 2021. Instytut Meteorologii i Gospodarki Wodne;j
— Paristwowy Instytut Badawczy, Warsaw

Jenkins S, Povey A, Gettelman A, Grainger R, Stier P, Allen M (2022)
Is anthropogenic global warming accelerating? J Clim 35:7873—
7890. https://doi.org/10.1175/JCLI-D-22-0081.1

Karges K, Bellingrath-Kimura SD, Watson CA, Stoddard FL, Halwani
M, Reckling M (2022) Agro-economic prospects for expanding
soybean production beyond its current northerly limit in Europe.
EurJ Agron 133:126415. https://doi.org/10.1016/j.€ja.2021.126415

Kempf M (2023) Enhanced trends in spectral greening and climate
anomalies across Europe. Environ Monit Assess 195:260. https://
doi.org/10.1007/s10661-022-10853-8

Kepinska-Kasprzak M, Mager P (2015) Thermal growing season in
Poland calculated by two different methods. Annals Warsaw Univ
Life Sci SGGW Land Reclamation 47:261-273. https://doi.org/
10.1515/sggw-2015-0030

@ Springer

Kim J-M, Kim K-H, Jung J, Kang BK, Lee J, Ha B-K, Kang S (2020)
Validation of marker-assisted selection in soybean breeding pro-
gram for pod shattering resistance. Euphytica 216:166. https://doi.
org/10.1007/s10681-020-02703-w

Kong F, Nan H, Cao D, Li Y, Wu F, Wang J, Lu S, Yuan X, Cober
ER, Abe J, Liu B (2014) A new dominant gene E9 conditions
early flowering and maturity in soybean. Crop Sci 54:2529-2535.
https://doi.org/10.2135/cropsci2014.03.0228

Konieczny A, Ausubel FM (1993) A procedure for mapping Arabi-
dopsis mutations using co-dominant ecotype-specific PCR-based
markers. Plant J 4:403—410. https://doi.org/10.1046/j.1365-313X.
1993.04020403.x

Kou K, Yang H, Li H, Fang C, Chen L, Yue L, Nan H, Kong L, Li X,
Wang F, Wang J, Du H, Yang Z, Bi Y, Lai Y, Dong L, Cheng Q,
SuT, Wang L, Li S, Hou Z, Lu S, Zhang Y, Che Z, Yu D, Zhao
X, Liu B, Kong F (2022) A functionally divergent SOC1 homolog
improves soybean yield and latitudinal adaptation. Curr Biol
32:1728-1742.e1726. https://doi.org/10.1016/j.cub.2022.02.046

KoZmiriski C, Makosza A, Nidzgorska-Lencewicz J, Michalska B (2023)
Air frosts in Poland in the thermal growing season (AT > 5 °C).
Agriculture 13:1228. https://doi.org/10.3390/agriculture13061228

Kurasch AK, Hahn V, Leiser WL, Vollmann J, Schori A, Bétrix C-A,
Mayr B, Winkler J, Mechtler K, Aper J, Sudaric A, Pejic I, Sarce-
vic H, Jeanson P, Balko C, Signor M, Miceli F, Strijk P, Rietman
H, Muresanu E, Djordjevic V, Pospisil A, Barion G, Weigold P,
Streng S, Kron M, Wiirschum T (2017) Identification of mega-
environments in Europe and effect of allelic variation at maturity
E loci on adaptation of European soybean. Plant Cell Environ
40:765-778. https://doi.org/10.1111/pce.12896

Lee JS, Kim KR, Ha B-K, Kang S (2017) Identification of SNPs tightly
linked to the QTL for pod shattering in soybean. Mol Breed 37:54.
https://doi.org/10.1007/s11032-017-0656-2

Liu B, Kanazawa A, Matsumura H, Takahashi R, Harada K, Abe J
(2008) Genetic redundancy in soybean photoresponses associated
with duplication of the phytochrome A gene. Genetics 180:995—
1007. https://doi.org/10.1534/genetics.108.092742

Liu B, Watanabe S, Uchiyama T, Kong F, Kanazawa A, Xia Z, Naga-
matsu A, Arai M, Yamada T, Kitamura K, Masuta C, Harada
K, Abe J (2010) The soybean stem growth habit gene D¢/ is an
ortholog of Arabidopsis TERMINAL FLOWER]I. Plant Physiol
153:198-210. https://doi.org/10.1104/pp.109.150607

Liu Y, Zhang D, Ping J, Li S, Chen Z, Ma J (2016) Innovation of a
regulatory mechanism modulating semi-determinate stem growth
through artificial selection in soybean. PLOS Genet 12:¢1005818.
https://doi.org/10.1371/journal.pgen.1005818

Lu S, Zhao X, Hu Y, Liu S, Nan H, Li X, Fang C, Cao D, Shi X, Kong
L, SuT, Zhang F, Li S, Wang Z, Yuan X, Cober ER, Weller JL,
Liu B, Hou X, Tian Z, Kong F (2017) Natural variation at the
soybean J locus improves adaptation to the tropics and enhances
yield. Nat Genet 49:773-779. https://doi.org/10.1038/ng.3819

Mak M, Babla M, Xu S-C, O’Carrigan A, Liu X-H, Gong Y-M, Holford
P, Chen Z-H (2014) Leaf mesophyll K+, H+ and Ca2+ fluxes
are involved in drought-induced decrease in photosynthesis and
stomatal closure in soybean. Environ Exp Bot 98:1-12. https://
doi.org/10.1016/j.envexpbot.2013.10.003

McBlain BA, Bernard RL (1987) A new gene affecting the time of
flowering and maturity in soybeans. J Hered 78:160—162. https://
doi.org/10.1093/oxfordjournals.jhered.a110349

Messina M (2022) Perspective: soybeans can help address the caloric
and protein needs of a growing global population. Front Nutr
9:909464. https://doi.org/10.3389/fnut.2022.909464

Molnar SJ, Rai S, Charette M, Cober ER (2003) Simple sequence repeat
(SSR) markers linked to E1, E3, E4, and E7 maturity genes in
soybean. Genome 46:1024—1036. https://doi.org/10.1139/g03-079

Neff MM, Neff JD, Chory J, Pepper AE (1998) dCAPS, a simple tech-
nique for the genetic analysis of single nucleotide polymorphisms:


https://doi.org/10.1007/s00122-009-1228-6
https://doi.org/10.1007/s00122-009-1228-6
https://doi.org/10.2135/cropsci2001.413698x
https://doi.org/10.1016/j.scitotenv.2020.144903
https://doi.org/10.1016/j.scitotenv.2020.144903
https://doi.org/10.1051/ocl/2014021
https://doi.org/10.1051/ocl/2014021
https://doi.org/10.1038/ncomms4352
https://doi.org/10.1038/ncomms4352
https://doi.org/10.1073/pnas.1417282111
https://doi.org/10.1104/pp.8.3.347
https://doi.org/10.1038/s41598-023-46199-5
https://doi.org/10.1038/s41598-023-46199-5
https://doi.org/10.2135/cropsci1994.0011183X003400050001x
https://doi.org/10.2135/cropsci1994.0011183X003400050001x
https://doi.org/10.1007/bf02860745
https://doi.org/10.1073/pnas.0604379103
https://doi.org/10.1175/JCLI-D-22-0081.1
https://doi.org/10.1016/j.eja.2021.126415
https://doi.org/10.1007/s10661-022-10853-8
https://doi.org/10.1007/s10661-022-10853-8
https://doi.org/10.1515/sggw-2015-0030
https://doi.org/10.1515/sggw-2015-0030
https://doi.org/10.1007/s10681-020-02703-w
https://doi.org/10.1007/s10681-020-02703-w
https://doi.org/10.2135/cropsci2014.03.0228
https://doi.org/10.1046/j.1365-313X.1993.04020403.x
https://doi.org/10.1046/j.1365-313X.1993.04020403.x
https://doi.org/10.1016/j.cub.2022.02.046
https://doi.org/10.3390/agriculture13061228
https://doi.org/10.1111/pce.12896
https://doi.org/10.1007/s11032-017-0656-2
https://doi.org/10.1534/genetics.108.092742
https://doi.org/10.1104/pp.109.150607
https://doi.org/10.1371/journal.pgen.1005818
https://doi.org/10.1038/ng.3819
https://doi.org/10.1016/j.envexpbot.2013.10.003
https://doi.org/10.1016/j.envexpbot.2013.10.003
https://doi.org/10.1093/oxfordjournals.jhered.a110349
https://doi.org/10.1093/oxfordjournals.jhered.a110349
https://doi.org/10.3389/fnut.2022.909464
https://doi.org/10.1139/g03-079

Journal of Applied Genetics (2025) 66:29-45

45

experimental applications in Arabidopsis thaliana genetics. Plant
J 14:387-392. https://doi.org/10.1046/j.1365-313X.1998.00124.x

Neff MM, Turk E, Kalishman M (2002) Web-based primer design for
single nucleotide polymorphism analysis. Trends Genet 18:613—
615. https://doi.org/10.1016/s0168-9525(02)02820-2

Nendel C, Reckling M, Debaeke P, Schulz S, Berg-Mohnicke M, Con-
stantin J, Fronzek S, Hoffmann M, Jaksi¢ S, Kersebaum K-C,
Klimek-Kopyra A, Raynal H, Schoving C, Stella T, Battisti R
(2023) Future area expansion outweighs increasing drought risk
for soybean in Europe. Glob Chang Biol 29:1340-1358. https://
doi.org/10.1111/gcb.16562

Osiecka A (2022) Wstepne wyniki plonowania odmian w
doswiadczeniach porejestrowych. Soja 2022. COBO 126:300

Parker TA, Lo S, Gepts P (2021) Pod shattering in grain legumes:
emerging genetic and environment-related patterns. Plant Cell
33:179-199. https://doi.org/10.1093/plcell/koaa025

Ping J, Liu Y, Sun L, Zhao M, Li Y, She M, Sui Y, Lin F, Liu X, Tang
Z, Nguyen H, Tian Z, Qiu L, Nelson RL, Clemente TE, Specht
JE, Ma ] (2014) D12 is a gain-of-function MADS-domain fac-
tor gene that specifies semideterminacy in soybean. Plant Cell
26:2831-2842. https://doi.org/10.1105/tpc.114.126938

Ray JD, Hinson K, Mankono JEB, Malo MF (1995) Genetic control of
a long-juvenile trait in soybean. Crop Sci 35:1001-1006. https://
doi.org/10.2135/cropsci1995.0011183X003500040012x

Rousi E, Kornhuber K, Beobide-Arsuaga G, Luo F, Coumou D (2022)
Accelerated western European heatwave trends linked to more-
persistent double jets over Eurasia. Nat Commun 13:3851. https://
doi.org/10.1038/541467-022-31432-y

Samanfar B, Molnar SJ, Charette M, Schoenrock A, Dehne F, Golshani
A, Belzile F, Cober ER (2017) Mapping and identification of a
potential candidate gene for a novel maturity locus, E10, in soy-
bean. Theor Appl Genet 130:377-390. https://doi.org/10.1007/
s00122-016-2819-7

Scott SR, Aldrich WO (1983) Modern soybean production, 2nd edn. S
& A Publications, Champaign, I11

Sedivy EJ, Wu F, Hanzawa Y (2017) Soybean domestication: the
origin, genetic architecture and molecular bases. New Phytol
214:539-553. https://doi.org/10.1111/nph.14418

Szyrmer J, Federowska B (1975) Directions of soybean plant research and
breeding. Biuletyn Instytutu Hodowli i Aklimatyzacji Roslin 3—4:3-7

Swiecicki W, Rybczynski J, Swiecicki WK (2000) Domestication and
genetics of the yellow lupin (Lupinus luteus L.) and the biotech-
nological improvement of lupins. J Appl Genet 41:11-34

gwi@cicki W, Swifgcicki WK (1995) Domestication and breeding
improvement of narrow-leafed lupin (L. angustifolius L.). J Appl
Genet 36:155-167

Takeshima R, Hayashi T, Zhu J, Zhao C, Xu M, Yamaguchi N, Sayama
T, Ishimoto M, Kong L, Shi X, Liu B, Tian Z, Yamada T, Kong
F, Abe J (2016) A soybean quantitative trait locus that promotes
flowering under long days is identified as FT5a, a FLOWERING
LOCUS T ortholog. J Exp Bot 67:5247-5258. https://doi.org/10.
1093/jxb/erw283

Thiel T, Kota R, Grosse I, Stein N, Graner A (2004) SNP2CAPS: a
SNP and INDEL analysis tool for CAPS marker development.
Nucleic Acids Res 32:e5—5. https://doi.org/10.1093/nar/gnh006

Tian Z, Wang X, Lee R, Li Y, Specht JE, Nelson RL, McClean PE, Qiu
L, Mal (2010) Artificial selection for determinate growth habit in
soybean. Proc Natl Acad Sci U S A 107:8563-8568. https://doi.
org/10.1073/pnas.1000088107

Tomczyk AM, Szyga-Pluta K (2019) Variability of thermal and pre-
cipitation conditions in the growing season in Poland in the
years 1966-2015. Theor Appl Climatol 135:1517-1530. https://
doi.org/10.1007/s00704-018-2450-4

Tsubokura Y, Matsumura H, Xu M, Liu B, Nakashima H, Anai
T, Kong F, Yuan X, Kanamori H, Katayose Y, Takahashi R,
Harada K, Abe J (2013a) Genetic variation in soybean at the

maturity locus E£4 is involved in adaptation to long days at high
latitudes. Agronomy 3:117-134

Tsubokura Y, Watanabe S, Xia Z, Kanamori H, Yamagata H, Kaga A,
Katayose Y, Abe J, Ishimoto M, Harada K (2013b) Natural variation
in the genes responsible for maturity loci E1, E2, E3 and E4 in soy-
bean. Ann Bot 113:429-441. https://doi.org/10.1093/a0b/mct269

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M,
Rozen SG (2012) Primer3—new capabilities and interfaces. Nucleic
Acids Res 40:e115—e115. https://doi.org/10.1093/nar/gks596

Untergasser A, Nijveen H, Rao X, Bisseling T, Geurts R, Leunissen JAM
(2007) Primer3Plus, an enhanced web interface to Primer3. Nucleic
Acids Res 35:W71-74. https://doi.org/10.1093/nar/gkm306

Wang F, Nan H, Chen L, Fang C, Zhang H, Su T, Li S, Cheng Q,
Dong L, Liu B, Kong F, Lu S (2019) A new dominant locus,
El1, controls early flowering time and maturity in soybean.
Mol Breed 39:70. https://doi.org/10.1007/s11032-019-0978-3

Wang L, Wang J, He F, Wang Q, Zhao Y, Lu P, Huang Y, Cui H,
Deng H, Jia X (2023) Spatial-temporal variation of extreme
precipitation in the Yellow-Huai-Hai-Yangtze Basin of China.
Sci Rep 13:9312. https://doi.org/10.1038/s41598-023-36470-0

Watanabe S, Hideshima R, Xia Z, Tsubokura Y, Sato S, Nakamoto
Y, Yamanaka N, Takahashi R, Ishimoto M, Anai T, Tabata S,
Harada K (2009) Map-based cloning of the gene associated
with the soybean maturity locus E3. Genetics 182:1251-1262.
https://doi.org/10.1534/genetics.108.098772

Watanabe S, Xia Z, Hideshima R, Tsubokura Y, Sato S, Yamanaka N,
Takahashi R, Anai T, Tabata S, Kitamura K, Harada K (2011) A
map-based cloning strategy employing a residual heterozygous
line reveals that the GIGANTEA gene is involved in soybean
maturity and flowering. Genetics 188:395-407. https://doi.org/
10.1534/genetics.110.125062

Wypych A, Sulikowska A, Ustrnul Z, Czekierda D (2017) Variability
of growing degree days in Poland in response to ongoing cli-
mate changes in Europe. Int J Biometeorol 61:49-59. https://
doi.org/10.1007/s00484-016-1190-3

Xia Z, Watanabe S, Yamada T, Tsubokura Y, Nakashima H, Zhai
H, Anai T, Sato S, Yamazaki T, Lii S, Wu H, Tabata S, Harada
K (2012) Positional cloning and characterization reveal the
molecular basis for soybean maturity locus E/ that regulates
photoperiodic flowering. Proc Natl Acad Sci U S A 109:E2155—
E2164. https://doi.org/10.1073/pnas. 1117982109

Xu M, Xu Z, Liu B, Kong F, Tsubokura Y, Watanabe S, Xia Z,
Harada K, Kanazawa A, Yamada T, Abe J (2013) Genetic varia-
tion in four maturity genes affects photoperiod insensitivity and
PHYA-regulated post-flowering responses of soybean. BMC
Plant Biol 13:91. https://doi.org/10.1186/1471-2229-13-91

Yamaguchi N, Sayama T, Sasama H, Yamazaki H, Miyoshi T, Tan-
aka Y, Ishimoto M (2014) Mapping of quantitative trait loci
associated with terminal raceme length in soybean. Crop Sci
54:2461-2468. https://doi.org/10.2135/cropsci2014.03.0226

Yue L, Li X, Fang C, Chen L, Yang H, Yang J, Chen Z, Nan H, Chen L,
Zhang Y, Li H, Hou X, Dong Z, Weller JL, Abe J, Liu B, Kong F
(2021) FT5a interferes with the Dt1-AP1 feedback loop to control
flowering time and shoot determinacy in soybean. J Integr Plant
Biol 63:1004-1020. https://doi.org/10.1111/jipb.13070

Zhao C, Takeshima R, Zhu J, Xu M, Sato M, Watanabe S, Kanazawa
A, Liu B, Kong F, Yamada T, Abe J (2016) A recessive allele for
delayed flowering at the soybean maturity locus E9 is a leaky
allele of FT2a, a FLOWERING LOCUS T ortholog. BMC Plant
Biol 16:20. https://doi.org/10.1186/s12870-016-0704-9

Zhuang Y, Li X, Hu J, Xu R, Zhang D (2022) Expanding the gene
pool for soybean improvement with its wild relatives. aBBIOTECH.
https://doi.org/10.1007/s42994-022-00072-7.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1046/j.1365-313X.1998.00124.x
https://doi.org/10.1016/s0168-9525(02)02820-2
https://doi.org/10.1111/gcb.16562
https://doi.org/10.1111/gcb.16562
https://doi.org/10.1093/plcell/koaa025
https://doi.org/10.1105/tpc.114.126938
https://doi.org/10.2135/cropsci1995.0011183X003500040012x
https://doi.org/10.2135/cropsci1995.0011183X003500040012x
https://doi.org/10.1038/s41467-022-31432-y
https://doi.org/10.1038/s41467-022-31432-y
https://doi.org/10.1007/s00122-016-2819-7
https://doi.org/10.1007/s00122-016-2819-7
https://doi.org/10.1111/nph.14418
https://doi.org/10.1093/jxb/erw283
https://doi.org/10.1093/jxb/erw283
https://doi.org/10.1093/nar/gnh006
https://doi.org/10.1073/pnas.1000088107
https://doi.org/10.1073/pnas.1000088107
https://doi.org/10.1007/s00704-018-2450-4
https://doi.org/10.1007/s00704-018-2450-4
https://doi.org/10.1093/aob/mct269
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1093/nar/gkm306
https://doi.org/10.1007/s11032-019-0978-3
https://doi.org/10.1038/s41598-023-36470-0
https://doi.org/10.1534/genetics.108.098772
https://doi.org/10.1534/genetics.110.125062
https://doi.org/10.1534/genetics.110.125062
https://doi.org/10.1007/s00484-016-1190-3
https://doi.org/10.1007/s00484-016-1190-3
https://doi.org/10.1073/pnas.1117982109
https://doi.org/10.1186/1471-2229-13-91
https://doi.org/10.2135/cropsci2014.03.0226
https://doi.org/10.1111/jipb.13070
https://doi.org/10.1186/s12870-016-0704-9
https://doi.org/10.1007/s42994-022-00072-7

	Molecular selection of soybean towards adaptation to Central European agroclimatic conditions
	Abstract
	Introduction
	Materials and methods
	Plant material
	PCR-based markers tagging early maturity, growth determination, and pod shattering genes
	Genotyping soybean diversity panel for early maturity, growth determination, and pod shattering genes
	Phenotyping soybean diversity panel for phenology and yield-related traits
	Statistical analysis and data visualization

	Results
	Implementation of the PCR array tagging growth determination, early maturity, and pod-shattering genes
	Genotyping of soybean diversity panel with PCR array
	Variability of phenology and yield-related traits in soybean diversity panel
	Applicability of PCR array for molecular selection of soybean towards cultivation in Central Europe

	Discussion
	Conclusions
	Acknowledgements 
	References


