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Abstract: The objective of this work was to map QTL for agronomic traits in a
Brazilian soybean population. For this, 207 F, .progenies from the cross CS3035P-
TA276-1-5-2 x UFVS52012 were genotyped and cultivated in Vigosa-MG, using
randomized block design with three replications. QTL detection was carried out
by linear regression and composite interval mapping. Thirty molecular markers
linked to QTL were detected by linear regression for the total of nine agronomic
traits. QTL for SWP (seed weight per plant), W100S (weight of 100 seeds), NPP
(number of pods per plant), and NSP (number of seeds per plant) were detected
by composite interval mapping. Four QTL with additive effect are promising for
marker-assisted selection (MAS). Particularly, the markers Satt155 and Satt300
could be useful in simultaneous selection for greater SWP, NPP, and NSP.
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INTRODUCTION

Soybean is by far the main export product in Brazil, and it is grown almost
everywhere in the country. In the 2014/2015 season, its production accounted for
96.243 million tons, which corresponds to 46% of total grain yield in the country
(CONAB 2015). Due to its economic importance in the Brazilian agricultural
scenario, soybean breeding programs seek to develop more productive cultivars
for the various Brazilian conditions.

Traditionally, productive parental lines are used to obtain new cultivars
(Carter et al. 2004), which contribute to the narrowing of the genetic base
of the improved germplasm, and raises difficulties to obtain further gains in
yield. In addition to the low variability in the improved germplasm (Hyten et al.
2006), other factors also hinder the selection of productive cultivars, such as the
environmental influence (Ainsworth et al. 2012), which reduces the efficiency of
selection of superior genotypes, and the existing negative correlation between
grain yield and protein content (Popovic et al. 2012), since another purpose of
breeding programs is the increase in the protein content of the grain. Facing
these difficulties, the knowledge of the genetic control involved with grain
yield may direct more effective strategies for selection, such as marker-assisted
selection (MAS).

In soybeans, several QTL have recently been mapped for traits related to
grain yield, although many of them may be repetitive. Altogether, at least 99
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QTL are reported for traits related to weight and size of the seeds (Liu et al. 2011, Xu et al. 2011, Han et al. 2012, Sun et
al. 2012, Hu et al. 2013, Liu et al. 2013, Pathan et al. 2013, Yesudas et al. 2013, Kato et al. 2014). Moreover, at least six
QTL have been reported for grain yield, specifically (Palomeque et al. 2009, Sebastian et al. 2010, Kim et al. 2012, Fox
et al. 2015), besides the several QTL mapped for other grain yield components from different populations (Chen et al.
2007, Guzman et al. 2007, Zhang et al. 2010, Liu et al. 2011, Liu et al. 2013).

According to the studies mentioned above, the genetic control of grain yield components involves several loci, and
has strong environmental influence. For this reason, molecular markers have been used in the identification and location
of QTL for strategies involving MAS, which can be useful in breeding for allowing indirect selection of agronomic traits
from early generations and early stages of plant development. By using MAS, unfavorable alleles can be eliminated
or greatly reduced at early generations, which allows the evaluation and selection of a small number of plants in the
field. In another application, MAS can facilitate the introgression of favorable alleles in commercial materials from non-
adapted germplasm sources.

In spite of the number of QTL available in the literature for grain yield components in soybean, none of the QTL has
been mapped for Brazilian cultivars and/or in Brazilian soil and climate conditions. Thus, this study aims to map QTL for
yield components and agronomic traits from an F__ soybean populations, from the cross between a line and a Brazilian
cultivar, aiming at implementing MAS in breeding programs in the country.

MATERIAL AND METHODS

From the cross between the line CS3035PTA276-1-5-2 and the variety UFVS2012, it was obtained a population of 207
F, plants. The F, progenies were cultivated in a greenhouse, and young leaves were collected, frozen in liquid nitrogen,
and stored at -80 °C for subsequent DNA extraction. Phenotypic evaluation was carried out in F, families cultivated in
the field, using a randomized block design with three replications. In each block, it was collected phenotypic values of
five individuals per family. Cultivars BARC-8 and Monarca, and the parents CS3035PTA276-1-5-2 and UFVS2012 were also
cultivated as controls. This trial was carried out in the Experimental Field Diogo Alves de Mello (lat 20° 45’ S, long 42°
52’ W, alt 650m asl), Vigosa, in the state of Minas Gerais, Brazil. The soil of the region is classified as clayey dystrophic
red-yellow latosol.

In the F, generation, the following agronomic traits were evaluated: number of days to flowering (NDF), from the
emergence until 50% flowered plants in the row; number of days to maturity (NDM), from the emergence until 95%
pods with maturation color; plant height at maturity (PHM), expressed in centimeters, from the ground level up to
the last node on the main stem; height of the first pod (HFP), expressed in centimeters; number of nodes at maturity
(NNM), counted on the main stem from the cotyledon node, at the R8 stage; number of pods per plant (NPP); seed
weight per plant (SWP); weight of one hundred seeds (W100S); and number of seeds per plant (NSP). It was carried
out analysis of variance of each variable using the GENES software (Cruz 2013). The statistical model used (family trial
with intercalated controls) is illustrated below.

Yi=u+g+b+e

in which: Yij is the value of the trait for the i-th treatment in the j-th block; m, is the general mean of the treatments; g, the
effect of the i-th treatment (i=1,2, ..., t); bj, is the random block effect (j=1,2, .., r), and g, is the random error of the control,
being siJ,NNID (0, s?).

Broad-sense heritability (h?) and the coefficient of experimental variation (CVe) were obtained by the following
estimators:

h? = (MSF — MSR)/MSF
CV, = 100(MSF)*%/u

in which: MSF and MSR refer to the mean square of the families and mean square of the residue, respectively, and
W is the general mean. The components of residual variance (¢?), of genotype (oz) and of controls (@, ) were estimated
as follows:
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0% = MSR/r
042; = (MSF—QMR)/r
o, = (MSC—-QMR)/r

in which: MSR is the mean square of the residue; MSF is the mean square of the families; MSC is the mean square
of the controls; and r is the number of replications. The hypothesis of normal distribution of the nine traits evaluated
was tested by the Lilliefors test.

DNA extraction was carried out by the CTAB method, according to Doyle and Doyle (1990). Microsatellite markers
used in the experiment were developed by Cregan et al. (1999), and the respective sequences of the pair of primers
are available in the database Soybase (http://soybase.org/). PCR reactions were carried out in a total volume of 15 pL
containing: Tris-HCI 10 mM, pH 8.3; KCI 50 mM; MgCl, 2 mM; Triton X100 0.1%; 100 uM of each deoxynucleotide; 0.3
UM of each microsatellite primer; a unit of Tag DNA polymerase (Phoneutria); and 30 ng DNA. PCR reactions had initial
step at 94 °C for 4 min; 30 cycles of 94 °C for 1 min; 55 °C for 1 min, and 72 °C for 2 min; and a final step at 72 °C for 7
min. Amplification products were separated by electrophoresis in 10% polyacrylamide vertical gels, using 1X TAE buffer
(40 mM Tris-acetate and 1 mM EDTA), and running time of three hours at 140 volts. Gels were stained with ethidium
bromide (1pug mL?) and recorded with the aid of a photodocumentator device Eagle Eye Il (Stratagene).

The individual segregation of molecular markers was tested by the chi-square test using the Bonferroni criteria (p
<0.05). Molecular markers with an expected segregation (1:2:1) were grouped using a minimum LOD score of 3.0, and
maximum recombination frequency of 30%. The Kosambi mapping function was used as a distance measure, and the
Rapid Chain Delineation algorithm (RCD) (Doerge 1996) was used to define the order of the markers in the linkage groups.
For the construction of the genetic map, it was used the GQMOL software (http://www.ufv.br/dbg/ggmol/ggmol.htm).

The association between the trait and molecular marker was determined by the single marker analysis, using linear
regression (i.e., by the regression of the values of each quantitative trait in function of the scores related to the genotypes
of the markers). The presence of the QTL in the intervals of the linkage map was evaluated by composite interval mapping
for the nine traits (Jansen 1993, Zeng 1994). Selection of cofactors was based on the stepwise regression analysis, at 5%
and 10% significance level for the input and output of independent variables, respectively. For some of the intervals, it
was used cofactors of the linkage group (LG) and a significant association with the variable by the single marker analysis.
The estimates of the additive and dominance value, the coefficient of determination corresponding to the peak of higher
statistical significance of the QTL, and the position of each QTL were declared when the maximum likelihood ratio values
(LR) exceeded the cut-off critical values (ot = 0.05) in each LG. The critical LR values were determined by performing 1000
permutations. QTL analyses were carried out with the aid of the GQMOL (http://www.ufv.br/dbg/ggmol/ggmol/htm).

RESULTS AND DISCUSSION

The analysis of variance of the agronomic traits indicated genetic variability for the nine traits at 1% probability,
evidencing the potential of the population for QTL analysis (Table 1). The suitability of the population is also evidenced
by the contrast observed between the means of the parents for most traits (Table 2). Although there was no difference
between the means of the parents for the variables NDF, NDM and W100S, these traits presented transgressive segregation
between the F, families. The ratio CVg/CVe was high for all traits, especially for NDM, NNM and W100S, indicating that
most part of the variation was due to genetic variance. The coefficients of variation presented acceptable values, which
were close to those observed by other authors in Brazilian conditions (Pires et al. 2012, Rocha et al. 2012, Barbosa et
al. 2013, Torres et al. 2014), indicating good precision in controlling the causes of experimental variation. Broad-sense
heritability values between traits ranged from 44.92 to 86.59%, including medium and high values. Estimates close to
those found for the same yield traits are reported in other studies on soybeans (Pooprompan et al. 2006, Vieira et al.
2006, Kim et al. 2012). Higher heritability coefficient was observed for the traits NDM, NNM and W100S, indicating that
the phenotypic selection efficiency can be high, since the heritability expresses the proportion of total variance, which
is attributed to the genetic variation (Falconer and Mackay 1996). High heritability values for the same traits are also
reported by Eskandari et al. (2013) and Palomeque et al. (2009).

Forty-eight pairs of microsatellite primers were evaluated in the segregating F, population. Segregation of each
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Table 1. Analysis of variance, means, coefficients of variation, and genetic parameter for agronomic traits in F, generation of the cross
between CS3032PTA276-1-5-2 and UFVS2012

L. NDF NDM PHM HFP NNM NPP SWP W100S NSP

Sources of variation df
am

Block 2 66.66 83.03 2413.27 33.90 8.62 2219.09 4450.41 105.18 23105.47
Treatment 210 6.47" 15.46" 358" 14.18" 5.50" 1025.57""  4135.42" 6.52" 4632.02"
F, Family 206 4.87" 8.83" 324.77" 14.04™ 5.00" 967.78"  3919.46™ 6.00" 4526.59"
Controls 3 85.86™" 335.44" 2608.97" 24.22" 41" 3225.41" 14285.80™ 23.65™ 8891.22"
Fam vs Control 1 97.56™ 421.57" 451.35° 12.04 2.47 6329.60° 18173.40° 61.54" 13572.77"
Residue 420 2.43 2.03 156.77 6.391 0.806 410.34 1702.93 0.80 2493.14
General mean 64.07 138.03 86.99 16.32 14.95 111.66 195.70 16.98 213.81
Family mean 64.12 138.15 87.1 16.34 14.95 112.10 196.43 17.02 214.45
Control mean 61.25 132.16 80.91 15.33 14.5 88.91 157.14 14.74 180.5
o’g 0.81** 2.26%* 55.99** 2.55 1.40** 185.81**  738.34** 1.73** 677.81%*
Cvg 1.40 1.08 8.59 9.77 7.90 12.15 13.83 7.73 12.14
Heritability (%) 49.96 77 51.72 54.5 83.88 57.6 56.55 86.59 44.92
CV (%) 2.43 1.03 14.39 15.48 6.00 18.14 21.08 5.28 23.35
CVg/CVe 0.57 1.05 0.59 0.63 1.31 0.67 0.65 1.46 0.52

*, ** Significant at 5 and 1% probability by the F test; NDF = number of days to flowering; NDM = number of days to maturity; PHM = plant height at maturity; HFP =
height of the first pod; NNM = number of nodes at maturity; NPP = number of pods per plant; SWP = seed weight per plant (g); W100S = weight of one hundred seeds
(g); and NSP = number of seeds per plant.

Table 2. Descriptive analysis of the agronomic traits in the F, generation, and means of the parents CS3032PTA276-1-5-2 (P1) and
UFVS2012 (P2)

3 ) Population Parents mean

Traits Unit

Mean SD Min-Max P1 P2
NDF days 64.12 1.28 60.5-67.6 64.3 64.6
NDM days 138.15 7.52 88.5-141.8 137.5 138.3
PHM cm 87.1 11.53 53.4-147.04 102.3 76.3
HFP cm 16.34 2.51 7.0-23.2 15 19.3
NNM - 14.95 1.40 6.5-17.5 18 13
NPP - 112.1 18.40 57.4-158.0 100.3 112.3
SWP g 196.43 36.11 109.9-291.9 195.4 179.3
W100S g 17.02 1.54 8.2-20.8 16.3 15
NSP - 214.45 38.83 129.1-394.5 226 203.6

SD = standard deviation; Min/Max = minimum and maximum value of the trait; NDF = number of days to flowering; NDM = number of days to maturity; PHM = plant height
at maturity; HFP = height of the first pod; NNM = number of nodes at maturity; NPP = number of pods per plant; SWP = seed weight per plant (g); W100S = weight of one
hundred seeds (g); and NSP = number of seeds per plant.

marker was tested using the chi-square test, and three molecular markers presented distorted segregation (Satt352,
Satt429, and Satt454). However, these molecular markers did not occur in any of the intervals with significant association
with the studied traits. In the linkage analysis, it was obtained nine LG by the grouping of 25 microsatellite markers,
representing part of the LG Al, B1, D1a, G, I, M, and O (Figure 1). The position of the molecular markers in each LG
coincided with the consensus map of the species, with the exception of the marker Satt370, which was located in LG |,
while in the reference map (Song et al. 2004), the same marker is located was the LG D1a. As expected, 23 molecular
markers were not grouped in any of the LG, since the distances between the markers were greater than 30 cM, according
to the consensus map published by Song et al. (2004). The grouping of the molecular markers used LOD=3 and r=0.30
as criteria, but for eight of the nine LG, grouping also occurred with LOD=5, which shows the consistency of the groups.

The association between trait and molecular markers was evaluated by means of linear regression, in which the
significant effect indicates the existence of an association between a marker and a trait, due to genetic linkage between
amarker and a QTL (Schuster and Cruz 2004). The associations detected in this method can be attributed to QTL of major
effect and relatively distant from the marker, or to a QTL of minor effect and close to the marker. In total, 59 significant
associations between markers and traits were observed in the single marker analysis using linear regression (Table 3).
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Figure 1. Linking Groups from the analysis of the F2 population with 48 microsatellite markers based on the criteria of LODmin = 3.0
and rmax = 0.30.

Thirty molecular markers presented association with at least one variable, and the number of significant markers for
each variable ranged from 2 to 13. Fifteen molecular markers also presented association with more than one trait. QTL
for the respective trait in the same linkage groups have been reported (Reinprecht et al. 2006, Chen et al. 2007, Gai et
al. 2007, Zhang et al. 2010, Liu et al. 2011, Kim et al. 2012). Other QTL related to these traits can also be found in the
Glicyne max (http://soybase.org/) genomic database.

QTL analysis in the intervals of the linkage map was carried out by composite interval mapping. In this method,
additional markers are included as cofactors in the analysis, increasing the accuracy of the estimates of position and
effect of the QTL. The inclusion of these markers reduces the effects caused by other QTL out of interval, which increases
the power of the test, according to Schuster and Cruz (2004).

In the QTL analysis by composite interval mapping, it was detected five QTL for four of the nine studied traits (Table
4). Two QTL were identified for SWP, in the linkage groups Al and D1a, which explained 12.32% and 9.03% of the total
phenotypic variation, respectively (Table 4). Another QTL associated with W100S was mapped in LG I. This QTL located
in the region of the locus Satt239 explained 13.47% of the variation. Two other QTL associated with NPP and NSP were
mapped between the markers Satt300 and Satt155 in LG Al, in the same position of the QTL mapped for SWP. The
variation in NPP and NSP explained by the QTL was of 9.43 and 7.19%, respectively. Probably, these QTL may be very
close in the region of the marker Satt300, or alternatively, they can be a single QTL associated simultaneously to three
variables, according to the hypothesis of pleiotropic effect.

QTL related to yield in LG A1 and | have been reported by other authors. In the same region of the molecular marker
Satt300, in LG Al, Chen et al. (2007) mapped one QTL, which explained 12.56% of the variation in seeds weight per
plant, with estimated additive effect of 7.1 g. Another QTL associated with yield in the region of the same marker was
mapped by Guzman et al. (2007), which explained 18% of the variation in yield, with estimated additive effect of 60 kg
ha. Another QTL for yield in the same region was reported by Palomeque et al. (2009).
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Table 3. QTL analysis by single marker for agronomic traits from an F, , population derivative from a cross between CS3035PTA276-1-5-2
and UFVS2012 ’

Marker Prob (F) Mean (2) Mean (1) Mean (0) R?(%) LG
NDF
Satt191 0.033* 138.164 137.447 134.628 3.386 G
Satt594 0.038* 138.518 137.505 138.947 12.785 G
R8 NDM
Satt191 0.033* 138.164 137.447 134.628 3.386 G
Satt594 0.038* 138.518 137.505 138.947 12.785 G
PHM
Satt191 0.046* 87.940 86.940 82.831 3.054 G
Satt436 0.003** 89.885 85.819 82.155 5.745 Dla
Satt408 0.0192* 89.139 87.278 82.81 4.823 Dla
Satt454 0.0494* 79.569 86.501 86.813 6.011 Al
Satt354 0.048 85.66 86.066 93.301 6.001 |
HFP
Satt263 0.044* 15.643 15.766 16.799 3.191 E
Satt367 0.002** 16.733 15.448 16.847 6.7 |
Satt536 0.004** 17.090 15.483 16.059 6.7 M
Satt429 0.001** 14.260 16.674 16.129 17.109 A2
Satt300 0.023* 15.290 16.245 16.274 3.943 Al
Satt436 0.028* 15.423 15.978 16.768 3.637 Dla
Satt512 0.031* 15.863 15.371 16.983 6.27 -
Satt562 0.003** 16.993 15.506 16.260 5.861 |
Satt419 0.022* 16.767 15.573 16.148 3.903 |
Satt354 0.022* 16.555 15.679 17.349 7.076 |
NNM
Satt373 0.0** 15.255 14.999 14.246 7.724 L
Satt367 0.033* 14.411 14.997 15.115 3.611 |
Satt513 0.001** 15.822 15.128 14.255 19.156 L
Satt436 0.026* 15.101 14.968 14.400 3.712 Dla
Satt454 0.016* 14.364 15.136 14.912 4.54 Al
Satt562 0.003** 14.286 15.069 15.077 5.795 I
Satt451 0.0292* 14.347 15.085 15.038 4.954 I
NPP
Satt251 0.005** 107.456 110.795 118.983 5.496 B1
Satt536 0.016* 108.958 116.464 108.494 4.296 M
Satt529 0.049* 110.975 109.600 117.381 2.987 J
Satt300 0.005** 114.957 113.039 104.574 5.467 Al
Satt301 0.009** 111.988 105.140 96.329 11.023 D2
Satt454 0.001** 102.027 119.254 119.401 13.217 Al
Satt155 0.004** 113.941 112.883 103.422 5.515 Al
SWP
Satt263 0.033* 191.433 203.992 189.669 3.468 E
Satt529 0.038* 197.958 190.766 206.762 3.232 J
Satt500 0.009** 177.315 200.872 209.133 10.942 (0]
Satt429 0.043* 205.774 178.528 187.373 8.503 A2
Satt300 0.0** 205.464 200.736 178.380 9.759 Al
Satt301 0.039* 197.070 183.369 170.175 7.699 D2
Satt454 0.0002** 175.282 211.663 214.926 15.87 Al
Satt562 0.009** 182.372 201.088 199.987 4.833 |
Satt147 0.045* 199.828 202.437 187.526 3.313 Dla
Satt155 0.0** 201.599 201.621 177.287 8.32 Al
W100S
Satt154 0.0** 17.420 17.164 15.858 11.836 D2
Satt263 0.0%* 17.553 17.077 16.173 10.782 E
Satt367 0.002** 16.349 17.257 17.190 6.642 |
Satt239 0.0** 16.239 17.169 17.507 9.496 |
Satt536 0.034* 16.674 17.299 16.746 3.557 M
Satt303 0.037* 16.614 17.244 17.213 3.742 G
Satt529 0.041* 16.451 17.106 17.246 3.157 J
Satt444 0.0387* 16.669 16.684 17.278 3.511 Bl
Satt191 0.011* 16.641 16.851 17.483 4.473 G
Satt573 0.002** 16.646 16.802 17.642 6.571 E
Satt562 0.009** 16.401 17.203 16.973 4.805 |
Satt419 0.004** 16.385 17.265 16.874 5.648 |
Satt370 0.001** 16.329 16.946 17.576 9.409 Dla
NSP
Satt300 0.013* 220.925 217.502 201.346 4.502 Al
Satt454 0.0009** 196.754 230.963 230.601 13.379 Al
Sattl55 0.015* 218.578 217.510 199.305 4.276 Al

* ** Significant at 5 and 1% probability by the F test, respectively. (2) homozygous for parent P1 CS3035PTA276-1-5-2) (AA), (0) homozygous for the parent P2 (UFVS2012)
(aa) and (1) respective heterozygous (Aa). NDF = number of days to flowering; NDM = days to maturity; PHM = plant height at maturity; HFP = height of the first pod;
NNM = number of nodes at maturity; NPP = number of pods per plant; SWP = seed weight per plant (g); W100S = weight of one hundred seeds (g); and NSP = number
of seeds per plant.
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Table 4. QTL analysis by composite interval mapping for agronomic traits from an F,  soybean population

Trait LG Interval/Region LR R?(%) a d
SWP Al Satt300-Satt155 20.65** 12.32 15.511 20.403
Dla Satt408-Satt147 13.40** 9.03 10.051 28.281
W100S | Satt367-Satt239 21.63** 13.47 -0.602 1.242
NPP Al Satt300-Satt155 13.01** 9.43 7.167 7.292
NSP Al Satt300-Satt155 11.08* 7.19 13.38 19.387

LG = linking group according to Song et al. (2004); R?= proportion of phenotypic variation explained by the QTL; a = estimated additive effect for the QTL; d = estimated
dominance effect for the QTL; *,** LR values that exceed the cut-off critical values at 5% and 1% probability, respectively. Critical LR values were determined by 1000
permutations. SWP = seed weight per plant (g); W100S = weight of one hundred seeds (g); NPP, number of pods per plant; and NSP = number of seeds per plant.

In LG |, Sebolt et al. (2000) mapped one QTL related to grain yield in two environments in the region of the marker
Satt127, at approximately 2 cM from the interval of the QTL mapped in LG | in the present study, according to the reference
map (Song et al. 2004). Moreover, from the combined data of five environments, Csanadi et al. (2001) mapped one QTL
for the weight of one thousand seeds in the region of the marker Satt562, at approximately 5 cM from the same interval.
Reinprechet et al. (2006) also observed an association of the molecular marker Satt367 with the weight of one hundred
seeds in three environments. In addition, another marker in the LG | located at approximately 18 cM from Satt367,
Satt354, was identified in two of the environments, according to the author. Another QTL in the LG | related to grain
yield (g plant?) is reported by Du et al. (2009) between the molecular markers Satt102 and Sat419, at approximately 5
cM from the QTL described for W100S in the present study. Palomeque et al. (2009) and Palomeque et al. (2010) also
found another marker in the LG | associated with grain yield (kg ha) in multiple environments (Satt162). However, this
marker is located in another region of LG I. In addition, another molecular marker related to yield was found in LG D1a,
(Sat036), as reported by Orf et al. (1999), explaining 6% of the variation in seed weight (mg seed). This marker is found
at approximately 30 cM from the interval of the QTL mapped in this study.

In the present study, it was identified several molecular markers associated with nine agronomic traits, evidencing
a large number of QTL involved in the control of the traits, and complexity in the genetic base related to grain yield
in soybeans. Although several QLT related to grain yield have been described in the scientific literature, maybe only a
few of them have already been confirmed (Kassem et al. 2006, Bernardo 2008, Sebastian et al. 2010). QTL, which have
already been selected in breeding programs and/or transferred to new cultivars are rare (Ainsworth et al. 2012). Thus,
further studies are still necessary, so that additive QTL was manipulated by MAS.
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