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ABSTRACT

Plants use two strategies for their development under nutrient limiting conditions that are the efficiency
increase of usage and acquisition. In this situation, the use of efficient genotypes for acquisition and
utilization of phosphorus (P) may be a complementary solution to minimize possible problems related to
this nutrient in Brazilian soils. Thus, this study aimed to verify the efficiency, response, and cultivar
molecular diversity concerning the phosphorus availability variations. The experiment was carried out in a
greenhouse using twelve soybean cultivars, such as W 711; MSoy 7211; Anta 82; TMG 1176; MSoy 7908;
TMG 132; Valiosa; MSoy 8766; BRS 271; MSoy 9144; Tracaja; and Candeia. The seeds of each cultivar
were sown on soil with two doses: 30 and 300 mg P per soil kg. The efficiency indexes, response to P, and
molecular analyzes were evaluated. The most efficient cultivars in the use of P and responsive to the
increase of P were TMG 1176, TMG 132, Valiosa, and MSoy 9144,
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INTRODUCTION

Soybean (Glycine max (L.) Merrill) have played a leading role in grain production increase in the Brazil.
Part of this success is resulted from the soybean breeding programs developed by Brazilian researchers of
institutes and universities (Bortolotto et al., 2015; Camargos, Campos, Alves, Ferreira, & Matsuo, 2019;
Harada, Gongalves, Kiihl, & Destro, 2015).

Plants use two strategies for their development under limiting conditions of phosphorus (P), the efficiency
increase of usage and acquisition. The efficiency increase of usage involves reducing the growth rate,
growth increase per absorbed P unit, modifications in carbon metabolism by alternative routes, and
alternative respiratory routes. On the other hand, the greater acquisition includes the production and
excretion of phosphatases, organic acid exudation, greater root growth with change of the root system
architecture, expansion of the root surface with development of fine roots, and increase of gene expression
for inorganic P conveyors (Lambers, Shane, Cramer, Pearse, & Veneklaas, 2006; Rausch & Bucher 2002;
Shenoy and Kalagudi, 2005).

Sahrawat and Sika (2002) report the efficiency of P recovery in irrigated rice, ranging from 5 to 11%.
Novais & Smyth (1999) report values for soybean, ranging from 2 to 16%. According to Lynch & Ho (2005),
the involved processes in the P acquisition by plants are the diffusion and replenishment of the soil solution
with nutrient and the elongation of the root system.

About the genetic control of these processes, the characteristics related to P absorption are usually
polygenic (Clarkson & Hawkesford, 1993), as well as the efficiency of P utilization in the production of dry
matter; and both dominant as additive effects have shown to be important (Fu, Peterson, & Morrison,
2007; Wang, Guan, Zhangxiong, Chang and Qiu 2006).

The use of efficient genotypes for acquisition and utilization of P can be a supplementary solution to
minimize potential problems associated with P on Brazilian soils, because it increases productivity, reduces
production costs, and the use of natural reserves of this nutrient in the environmental context. In addition,
it is a strategic objective for plant breeding programs for mineral stress (Fritsche-Neto & Borém, 2012;
Soares, Silva, Oliveira, Sekita, & Dias, 2014).

Molecular markers has been used in several studies on soybeans, such as:
- to evaluate the diversity of phenotypic and molecular traits in soybean cultivars launched in forty years
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of breeding (Oda et al., 2015);

- to evaluate the genetic diversity of soybean in the summer and winter using agromorphological traits
and molecular markers (Silva et al., 2017);

- to study the genetic diversity of soybean lines developed by the breeding program of the Federal
University of Tocantins, seeking the production of biodiesel in the state (Oliveira, Furmigare, & Peluzio,
2019);

- to investigate polymorphism among 30 soybean genotypes using SSR markers (Kujane, Sedibe, &
Mofokeng, 2019);

- to investigate the genetics of high seed protein in AC Proteus using molecular genetic approaches by
studying the high seed protein content loci in bi-parental populations and in AC Proteus-derived high
protein cultivars (Samanfar et al., 2019);

- to study the genetic analysis and fine mapping of phosphorus efficiency locus 1 (PE1) in soybean (Yang et
al., 2019);

- to evaluate the effects of two single nucleotide polymorphisms (SNPs) over soybean SPC in a single and
multi-environment (MET) approach (Bernardeli et al., 2020);

- to analyze the genetic diversity and inter-relationship, according to the release year of developed
soybean varieties in Korea using SSR markers (Hwang, Gwak, Sung, & Kim, 2020); and

- to evaluated the P efficiency by using the photosynthesisrelated traits in 219 diverse soybean accessions
across three different environments and dissected the underlying mechanism using a high-resolution
genome-wide association study (GWAS) (Yang et al., 2020).

Thus, we aimed to verify the efficiency, response, and molecular diversity of cultivars concerning the
phosphorus availability variations.

MATERIALS AND METHODS

This study was carried out in two phases. The first phase consisted of the genotype characterization for
efficient use of P, and the second phase was the molecular level’s characterization.

First stage - It was carried out under greenhouse conditions in Vicosa City, Minas Gerais State (MG), Brazil.
Thirty days before the experimental installation (before seeding), a soil chemical and physical analysis was
carried out. Then, the correction of soil acidity was performed. The fertilization with P, potassium, sulfur,
and micronutrients was made according to the soil analysis. Particularly, in the case of P fertilization, two
doses of 30 (P1 dose) and 300 (P2 dose) mg P per soil kg were used to obtain different levels of P
availability, and triple superphosphate was used as source. Phosphorus and potassium were incorporated
into the soil before sowing. The fertilization with sulfur and micronutrients was made in topdressing at the
fifteenth day after seedling emergence.

The soybean cultivars seeds used were W 711; MSoy 7211; Anta 82; TMG 1176; MSoy 7908; TMG 132;
Valiosa; MSoy 8766; BRS 271; MSoy 9144; Tracaja; and Candeia. The seeds of each cultivar were treated
with fungicide (carbendazin + thiram) at a dose of 200 ml 100 kg™ seed, and peaty inoculant at a dose of 3.0
million Bradyrhizobium japonicum bacterium cells per seed. After treatment, they were sown inside plastic
pots containing 3.0 dm> sample of a Red Yellow Latossol. Four seeds were sown in each pot for each
treatment at a depth of three centimeters and, after emerged, the most vigorous plant was maintained.
Irrigation was made with deionized water to keep the water content in the soil with 2/3 of field capacity.

The examined efficiency indexes of P were described by Moll, Kamprath and Jackson (1982) as:

(1) Efficiency in the Use of P (Euse) - It was obtained by the product between the Efficiency of Absorption
(Eass) and internal Efficiency of Utilization (Eumni), corresponding to kg of grain dry mass (GDM) produced per
kg of P available on soil (Ps) (kg kg™);

(2) Efficiency in Response to the Use of Nutrient (Erun) — It was obtained by the ratio between the
difference of grain yield (DGY) in the two nutrient levels (low and high) and the difference among doses of P
on soil (DDPs);

(3) Efficiency of Absorption (Eass) — It was obtained by the ratio between the nutrient total amount
absorbed by the plant (Pror) and the available P amount on soil for the plant (Ps), defined as the genotype
ability to absorb the available P on soil, corresponding to kg of P in plant per kg of P available on soil (kg kg"
Y);

(4) Efficiency of Utilization (Euri) — It was obtained by the ratio of grain dry mass (GDM) and the nutrient
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total amount absorbed by the plant (Pro7), defined as the genotype ability for using P absorbed by the plant
for producing grains, corresponding to kg of grain dry mass produced per kg of P in the plant (kg kg™); and

(5) Quotient of P Utilization (Qumy) is equivalent to "grain dry mass units (GDM) produced per P unit in the
grain (Pgrain)" (in kg kg™).

The response ratios to the examined P were described by Craswell and Godwin (1984) as:

(1) Efficiency of Apparent Recovery (Egrec) — It was obtained by the ratio among the difference of the P
total amount in the plant and environments with high and low P (DPror) and the difference among the
amount of available P on the soil and environments with high and low P on soil (P(s-)), defined as genotype's
ability to recover the nutrients added to the soil among environments with high and low P, or recovered kg
of P added to the soil among environments;

(2) Physiological Efficiency (Eeny) - It was obtained by the ratio among the difference of grain production
and high and low P levels (Dgp) for each of the genotypes and the difference of the P total amount in the
plant among environments with high and low P (DP+or), defined as genotype ability to produce grains per
nutrient additional unit in plant among environments with high and low P, or kg of produced grain per kg of
recovered P in the plant among environments (kg kg?);

(3) Agronomic Efficiency (Eacr) — It was obtained by the product of the apparent recovery efficiency (Erec)
by the physiological efficiency (Eeny), and was defined as the genotype ability to produce grain units per
fertilizer unit added to soil (kg kg™?);

Cultivar classification on the efficient use and response for P application (efficiency and response - ER) -
The method proposed by Fageria and Kluthcouski (1980) was used to identify suitable cultivars to
environments. The graphic representation was used in the Cartesian plane to classify cultivars. The
efficiency for using P is on the x-axis; the response to their use is on the ordinate axis. The axes' origin point
is the mean efficiency and the cultivars' mean response.

Second stage - Twenty biological samples (freeze-dried leaves) of ten soybean cultivars were analyzed;
they were grown in soil with two different doses of P (P1 and P2). Samples were collected between R1 and
R2 stages.

For DNA extraction, leaves were collected from each plant under evaluation, packaged in aluminum, and
stored in a freezer at -80 °C. Samples of freeze-dried leaves of soybean accesses were used for DNA
extraction. Freeze-dried leaves of each access were used together (bulk) to the first DNA extraction.
Another sample of the same access was used to repeat the extraction, enabling Proof test and retest. The
extraction was performed in accordance with the protocol described by Ferreira and Grattapaglia (1998).
Sixteen selected soybean microsatellite loci were analyzed because they are informative and present a
broad experimental validation. Thus, the used microsatellite loci represent a battery of recommended
microsatellite markers for soybean genetic analysis, widely used in the literature (Diwan & Cregan, 1997,
Song et al., 1999).

For experimental control of all analyzes, a negative control (water) and a positive control (DNA of soybean
line, Genomax (GMX) standard) were used. The used loci were BARC-Satt005 [D1 Connection Group (CG)],
BARC-Satt045 (E CG), BARC-Satt038 (G CG), BARC-Satt030 (F CG), BARC-Satt070 (B2 CG ), BARC-Satt100 (C2
CG), BARC-Satt114 (F CG), BARC-Satt181 (H CG), BARC-Satt586 (F CG), S45035 (not available CG), BARC-
Satt431 (J CG), BARC-Satt216 (D1 CG), GMABAB (N1 CG), BARC-Satt002 (D2 CG), BARC-Satt009 (N1 CG), and
BARC-Sat038 (CG).

The loci’s polymorphism was analyzed by polymerase chain reaction (PCR), followed by alleles detection,
using capillary electrophoresis of high-resolution and automated genotyping in ABI Prism 3100 sequencer.
Conditions of allelic amplification by PCR and of genotype analysis by capillary electrophoresis were in
accordance with literature specifications (Diwan & Cregan, 1997; Cregan, Bhagwat, Akkaya, & Rongwen,
1994). Two DNA extractions and independent genetic analysis of each sample were carried out by different
teams in separate days, corresponding to test and counterproof for verification genotypes, minimizing,
therefore, the human error possibility.

The allele sizes of each soybean access in the sixteen analyzed microsatellite loci were estimated by the
Local Southern algorithm implemented in Genotyper software and then organized into discrete classes of
allelic variation, using the algorithm of least squares minimization (ldury & Cardon, 1997) implemented in
Allelobin software.

Genetic similarity values in peer-to-peer comparisons among the analyzed soybean samples were
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estimated based on the ratio among the sum of the common allele proportions and two accesses (Ps) in
microsatellite loci and twice the number of tested markers, using the band coefficient (Lynch & Ho, 2005),
implemented in NTSYSpc version 2.10z program (Rohlf, 2000). The diagonal matrix of genetic similarity was
submitted to cluster analysis by Sequential Agglomerative Hierarchical Nested Cluster Analysis (SAHN)
procedure, using the Unweighted Pair-Group Method, Arithmetic Average (UPGMA) method; and a
dendrogram of genetic similarities was built with the NTSYSpc, version 2.10z program (Rohlf, 2000).

Three similarity matrices were obtained:

(1) Matrix A (similarity among cultivars submitted to the P1 dose of P);

(2) Matrix B (similarity between cultivars submitted to P2 dose of P); and

(3) Matrix C (similarity of cultivars among the P1 and P2 doses of P). Correlation among the matrices was
verified by the correlation coefficient among these matrices, which was evaluated at 1% probability by
Mantel's test (10,000 simulations) and by the t-test. This analysis was performed based on Genes Program
(Cruz, 2013).

The experiment in greenhouse was performed under experimental design of randomized blocks with five
replicates in 2 x 12 factorial scheme, which corresponds to two doses of P on soil (P1 and P2) and twelve
soybean cultivars, totaling twenty-four treatments. Data were subjected to analysis of variance and means
of qualitative factors were compared using the F test (p<0.05) for doses (P1 and P2) of P on soil and the
Tukey test (p=0.05) for cultivars.

RESULTS AND DISCUSSION

There was a significant effect on all the analyzed factors for both cultivars and P doses added to the soil as
well as for the interaction. It was found wide variability among the materials, and the performance
evaluation of each cultivar depended on the characteristic under analysis.

Using the lowest dose of P (P1), in the case of the cultivars' average, the increases in efficiency of P use
(Euse), the efficiency of absorption (Eass), the efficiency of utilization (Euri), and the quotient of P utilization
(Qumi) were 113, 4, 93, and 67 %, respectively, compared to larger dose of P on soil (P2), a behavior contrary
to what happened with the growth and yield components (Table 1). The efficiency values usually decrease
with increased nutrient levels due to the high leveling of production with increasing content at the same
level (Fageria, 1992); this fact means, for example, that the efficiency of P utilization is the maximum at the
lowest nutrient level and minimum at the highest nutrient level. This fact has been observed in many
studies (Machado & Furlani, 2004; Gill, Salim, & Zia, 1992).

Valiosa cultivar showed higher efficiency of P use (Euse) at P1 and P2 dose of P on the soil; and it was 169
% higher than the Anta 82 cultivar in P1 dose, which showed a lower value. Tracaja and Candeia cultivars
showed the highest efficiency of absorption (Eass) at the lowest P1 dose and the highest P2 dose of P on
soil, respectively. The W711 cultivar showed the highest efficiency of utilization (Eyn.) in the P2 dose of P on
soil, while the Valiosa cultivar showed the same performance for P1 dose of P on soil. In the P2 dose of P on
soil, TMG 132 cultivar showed the largest quotient of P utilization (Qun.) and MSoy 7908 cultivar showed
the same performance for the P1 dose of P on soil (Table 1).

The efficiency indexes are important tools for determining the nutritional performance in plants. Based
on them, it is possible to view characteristics of nutrient absorption and of plant yield together (Fritsche-
Neto & Borém, 2012).

Besides the efficiency indexes of used P, its response rates were also determined, which are efficiency of
apparent recovery (Egrec), agronomic efficiency (Eacr), physiological efficiency (Epnv), and efficiency of
response to the use of P (Erun). The highest values of Egec and Eppy were obtained with the Candeia and
W711 cultivars, respectively, which were 304 and 253 %, rates higher than for the worst cultivars. The TMG
132 cultivar showed the highest Eacr and Erun, with increases of 220 and 110%, respectively (Table 2).

For genotype classification on the efficiency of nutrients by plants, it is important to consider the factors
that affect the ability and those ones effective in the discrimination of existing genetic differences. Once
these differences are observed and reported as variability, tools are created for using the plant genetic
improvement.
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Table 1. Efficiency of using phosphorus (Euse), efficiency of absorption (Eass), efficiency of utilization (Eum)
and quotient of phosphorus utilization (Qum.) due to the phosphorus doses added to soil (P1 and P2).

Euse Enass
Cultivars (kg kg?) (kg kg?)

P1 P2 P1 P2
w711 429.30 CDa 213.70 Ab 11.79 ABa 7.04 Ea
MSoy 7211 548.91 BCDa 241.27 Ab 13.42 ABa 10.03 DEa
ANTA 82 326.89 Da 143.19 Ab 10.01 Ba 6.27 Ea
TMG 1176 569.03B CDa 268.34 Ab 12.68 ABa 10.94 CDEa
MSoy 7908 828.85 ABa 305.79 Ab 15.84 ABa 14.26 ABCDa
TMG 132 570.05B CDa 421.22 Aa 12.74 ABa 18.68 ABCDb
Valiosa 880.40 Aa 433.18 Ab 19.02 ABa 19.16 ABCa
MSoy 8766 7218.7 ABCa 409.47 Ab 15.92 ABa 20.28 ABa
BRS 271 563.57 BCDa 313.10 Ab 15.69 ABa 17.05 ABCDa
MSoy 9144 828.52 ABa 428.43 Ab 18.52 ABa 19.74 ABCa
Tracaja 814.96 ABa 228.16 Ab 20.40 Aa 11.46 BCDEb
Candeia 747.93 ABa 267.62 Ab 19.10 ABa 22.79 Aa

Mean 652.52 306.12 15.43 14.81
C. V. 13.64 15.42
Eute EutiL
Cultivars (kg kg?) (kg kg™)

P1 P2 P1 P2
w711 36.64 BCa 29.79 Ab 241.45Ea 208.64 Ab
MSoy 7211 41.25 ABCa 24.21 ABb 333.35CDa 201.37 Ab
ANTA 82 33.57Ca 23.17 ABb 232.92 Ea 195.60 Ab
TMG 1176 45.43 ABa 24.69 ABb 365.52 BCDa 223.28 Ab
MSoy 7908 52.17 Aa 22.15 ABCb 419.26 Aa 221.38 Ab
TMG 132 45.17 ABa 23.00 ABb 397.65 ABa 229.34 Ab
Valiosa 46.51 ABa 22.67 ABb 385.13 ABCa 221.20 Ab
MSoy 8766 45.05 ABa 20.48 ABCb 392.05 ABa 213.33 Ab
BRS 271 36.12 BCa 18.38 BCb 321.38 Da 220.58 Ab
MSoy 9144 44.88 ABa 21.95 ABCb 390.07 ABa 212.38 Ab
Tracaja 40.99 BCa 20.54 ABCb 379.08 ABCa 212.96 Ab
Candeia 39.38 BCa 11.65Cb 412.13 ABa 203.68 Ab

Mean 42.26 21.89 355.83 213.64
C. V. 14.46 14.46

P1 (30 mg kg of P on soail); P2 (300 mg kg of P on soil). Inside each P dose, the means followed by the same lowercase on the

line and uppercase in the column do not differ by F test (p<0.05) and Tukey test (p=0.05), respectively.
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Table 2. Efficiency of Apparent Recovery (Erec), physiological efficiency (Epny) agronomic efficiency (Eacr),
and response efficiency for the phosphorus utilization (Erun) due to the phosphorus dose added to soil

(P1 and P2).

Cultivars Erec Epny Eacr Erun
(kg kg™) (kg kg™ (kg kg™) (kg kg™)
W 711 6.59 D 28.30 A 192.36 D 16.72 ABC
MSoy 7211 9.69 CD 21.65 AB 209.14 BCD 16.70 ABC
ANTA 82 5.89 D 21.28 AB 122.74 D 12.41 CD
TMG 1176 11.04 BCD 21.44 AB 234.42 ABCD 18.03 AB
MSoy 7908 14.13 ABCD 1757B 236.66 ABCD 15.10 BC
TMG 132 20.35 AB 19.89 AB 392.79 A 20.65 A
Valiosa 19.53 ABC 18.99B 368.74 AB 17.40 ABC
MSoy 8766 21.24 AB 17.39B 361.43 ABC 17.00 ABC
BRS 271 17.35 ABC 15.88 BC 275.67 ABCD 17.94 AB
MSoy 9144 20.26 AB 1852 B 369.14 AB 17.16 ABC
Tracaja 10.87 BCD 17.86 B 182.75D 15.60 BC
Candeia 23.82 A 8.02C 197.23 CD 9.83D
Mean 15.06 18.90 261.92 16.21
C.Vv 13.97 12.61 13.47 14.25

The means followed by the same capital letter in the column do not differ from each other by Tukey test (p=0.05)

The P efficiency may come from the efficiency of absorption and/or utilization of P (Fohse, Claassen, &
Jungk, 1988). In this work, it was observed that both the efficiency of P utilization and the efficiency of P
absorption exhibited differences among the soybean cultivars.

Along with the work on efficiency of nutrients by plants, studies on methods of selection and
discrimination materials, applied in breeding programs, proposed the discussion on the response to
fertilization (Fageria & Kluthcouski, 1980). The response to fertilization according to Araudjo (2000) is
associated with the capacity increase of biomass production with higher nutrient supply.

Plant genotype classification in terms of efficiency to use a certain nutrient and response to treatment
can be carried out using graphic representation in the Cartesian plane (Fageria & Kluthcouski, 1980). These
authors have considered the nutrient utilization as productivity at low level and response to P application in
accordance with Fox (1978). This methodology was applied to this work. The point of the axes’ origin is the
average efficiency and the mean response of the cultivars. The efficiency of P utilization is on the x-axis; the
response to its use is on the ordinate axis. Thus, the efficiency of nutrient utilization is defined by the
average grain yield in low nutrient level (P1 dose of P on soil), and the response to its utilization was
obtained by the difference between the grain yield in both nutrient levels divided by the difference among
the levels of P doses on soil. This methodology was appropriate because field tests are part of breeding
programs routine and they have proven effective in greenhouse conditions.

The average production of twelve cultivars at low P level and the efficiency average of twelve cultivars in P
utilization were used as cultivar separation indexes and were classified into four groups (Figure 1):

(1) Efficient and Responsive (ER) group, comprising TMG 1176, TMG 132, Valiosa, and MSoy 9144;

(2) Not Efficient and Responsive (NER) group, comprising W 711, MSoy 7211, MSoy 8766, and BRS 271
cultivars;

(3) Not Effective and Not Responsive (NENR) group, comprising Anta 82 and Tracaja cultivars; and

(4) Efficient and Not Responsive (ENR) group, comprising MSoy 7211 and Candeia cultivars.

Under a practical standpoint, the genotypes that produced very low levels of P and responded well to the

P application are considered the best. The genotypes of high efficiency of P utilization and low
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responsiveness should be prioritized in breeding programs to better P utilization under low level of this
nutrient. As a result, more attention should be given to genotypes classified as ENR. However, attention
should be paid to genotypes classified as ER, when the intention is to select plants with good performance
in environments with P restriction and that also could respond to the application.

Cultivars that stood out due to their distance from the origin point (in Cartesian graph) are TMG 132,
Candeia, and Anta 82. This differentiated and contrasting behavior can be used in studies for the
mechanism characterization that provide efficiency, response, not efficiency, or not response of utilization
as well as of the P absorption. In addition, these results should be tested under field conditions for
validation.

25
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responsive responsive
20- an b M 1-W711
LIPS 2 - Msoy 7211
Y s @ 3-Anta 82
o 154 o " o 4-TMG 1176
@ 11 5
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& 10- 12 7 - Valiosa
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9 - BRS 271
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Figure 1. Classification of soybean cultivars for efficiency of P utilization and response to
fertilization, according to Fageria and Kluthcouski (1980) methodology.

The genetic similarity of the same cultivar when subjected to two P doses was high, i.e., it ranged from
0.94 (BRS 271, MSQY 7908, Valiosa, and Anta 82 cultivars) to 1.00 (W 711, TMG 132, MSQY 8766, MSQY
9144, and TMG 1176 cultivars) (Figure 2).

However, with the same simple sequence repeat (SSR) loci, it was possible to identify wide genetic
diversity among cultivars; and W 711 had the lowest similarity with all others (band coefficient = 0.18),
while MSOY 7908 and Valiosa cultivars were the most similar (0.75). Soybean is an autogamous and diploid
species; genotypes observed in each locus are typically homozygous, i.e., only a duplicate allele is observed
at each locus. Occasionally, two separate alleles can be seen, evidencing residual heterozygosity, in the case
of analysis of individual plants. The bulk analysis of collected freeze-dried leaves does not allow
discriminating these possibilities, and specific tests can be used for this purpose. Alleles are displayed as
peaks after capillary electrophoresis and high resolution; and they are identified in base pairs for automatic
comparison with an internal standard of known size DNA fragments in automated DNA sequencer.
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Figure 2. Representation of the genetic link relationship among soybean samples based on peer-to-peer
genetic distance estimates, concluded by the proportion of common alleles (band coefficient), subjected
to cluster analysis by UPGMA method. "GMX" Soybean sample (standard) was also included in the
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analysis.

The first study to characterize the genetic basis of soybean cultivars in Brazil was carried out by Hiromoto
and Vello (1986). These authors reported a narrow genetic variability of soybean and the need to increase
the genetic basis of Brazilian cultivars, aiming to avoid the danger of germplasm genetic vulnerability and
the establishment of production baseline. Furthermore, a study by Oda et al. (2015) indicated that the
genetic variability has remained the same over the almost 40 years of soybean breeding, considering the
phenotypic and molecular characters (SSR markers) and the relationship coefficient.

Silva et al. (2017) reported that genetic variability between cultivars from agromorphological characters
depends on the growing season, and molecular marker showed that the genetic variability among studied
cultivars and formed clusters were different from those obtained with agronomic trait. So, these authors
concluded that both phenotypic and molecular data proved to be informative tools to characterize existing
variability between soybean cultivars. In this study, with used SSR, it was not possible to detect the
existence of genetic variability of the same cultivar when subjected to different P doses on soil. However,
the existence of genetic variability among cultivars was clearly identified, excluding the effect of P levels on
soil.

The correlation coefficients obtained was 0.9635 for Matrix A vs Matrix B, 0.9783 for Matrix A vs Matrix C,
and 0.9695 for Matrix B vs Matrix C, whereas Matrix A (similarity among cultivars submitted to the P1 dose
of P); Matrix B (similarity among cultivars submitted to P2 dose of P); and Matrix C (similarity of cultivars
among the P1 and P2 doses of P). All of correlation coefficients were significant at 1% probability by the t
test; and at 1% probability of Mantel’s test based on 10,000 simulations.

According to Rohlf (2000), correlation values lower than 0.7 have been considered inconsistent, indicating
that the obtained genetic diversity based on a character set does not explain the diversity based on another
set. Consistent correlation values were obtained for the combinations of possible matrices, i.e., 0.96 above.
The high correlation among the matrices confirms the information presented in the dendrogram as the
similarity among cultivars submitted to different P doses on soil. When analyzing together the obtained
information for phenotypic and molecular diversity, TMG 1176 x MSQY 9144, TMG 1176 x Valiosa, and TMG
1176 x TMG 132 hybrid combinations are identified as the ones of greatest potential for the population
development with efficient genotypes in P use, responsive for the P increase with genetic diversity.

CONCLUSIONS

The efficient genotypes in P utilization and responsive to P increment through specific methodology for
mineral stress were TMG 1176, TMG 132, Valiosa, and MSoy 9144; and the used microsatellite loci were
efficient for detecting, in general, the genetic variability among cultivars, but they were not efficient to
differentiate cultivars cultivated in two different environments of phosphorus on soil.
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