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Abstract: In current markets, the primary uses for soybean seeds are in products derived from
their oil or protein content. However, growers are compensated based on seed yield, so a more
valuable crop is one that does not compromise on yield when compared with existing options, with
an optimum combination of protein and oil. A negative correlation of seed protein with seed yield
and oil makes the simultaneous improvement of these traits difficult but not impossible through
conventional breeding. Selections of lines with exceptional yield and seed composition were made
from two recombinant inbred line (RIL) soybean mapping populations to identify high protein
and/or high oil lines with yields comparable to elite cultivars. The performance of these RILs was
evaluated in multiple environments, and several genotypes were identified with yields comparable
to those of high-yielding check cultivars with seed protein and/or o0il content superior to the checks.
These genotypes will provide breeders with additional sources of germplasm for continuing efforts to
improve seed composition traits without compromising seed yield and provide growers with more
profitable cultivars.
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1. Introduction

Seed yield, oil, and protein are all valuable traits in a soybean cultivar; however,
breeding lines which have both high yield and high protein have been difficult to develop
due to the negative genetic correlation between the two traits [1-3]. While considerable
efforts have been made to identify loci which control these seed quality traits so that
marker-assisted selection (MAS) strategies can be utilized for their improvement, to date,
the applications of such markers have been few. To be effective in MAS strategies, a QTL
must be stable across different environments and also different genetic backgrounds [4—6].
While many QTLs have been published for these three important traits, relatively few have
been found which are stable across both environments and genetic backgrounds [7-13].
Perhaps as a consequence of this, there have been relatively few attempts to incorporate
these QTLs into MAS schemes [14,15]. While there is still reason to continue this genetic
research, it is important that breeders take every opportunity to identify lines with high
yield, and desirable seed composition traits like oil and protein content so that new value-
added varieties can be more profitable.

The protein and oil content of a soybean cultivar can vary considerably. Accessions in
the USDA Soybean Germplasm collection have protein concentrations which range from
34 to 56% and oil contents which range between 8 and 27%, with means of 42.1% and
19.5%, respectively [16]. The market for soybean meals requires a minimum of 47.5% meal
protein, which corresponds to approximately 41.5% protein content with 21% oil, on a
dry weight basis [17]. Oil and protein content are the most important seed composition
traits in soybean, so if one is decreased, the other should be correspondingly increased to
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compensate. The inverse correlation between protein and oil contents is well known and
is suspected to be due at least partially to the action of pleiotropic genes and competing
metabolic pathways, which control the expression of each trait [18,19].

Despite the difficulty in the simultaneous improvement of all three of these traits,
varieties with elevated protein contents with little or no yield reduction have been released
by public sector breeders. The high-protein germplasm lines R05-1415 and R05-1772 were
released recently and contain 46.9% and 46.1% protein content with 94% and 91% yield,
respectively, of the high-yielding cultivar 5002T [20]. Cultivars TN03-350 and TN04-5321
contain 43.9% and 43.1% protein while having superior or comparable yields with checks
cultivars [21]. The Highprol cultivar was released in 2016 and has a yield which is greater
than or equal to that of the check cultivars, while its protein content was 5-6% higher than
the checks [22].

To develop high-yielding lines with balanced protein and oil contents, two recombi-
nant inbred line (RIL) mapping populations were screened for lines which showed desirable
combinations of yield and seed composition traits. Successive rounds of selection were
conducted between 2018 and 2021 to identify and characterize lines with high values for
yield as well as protein and/or oil composition.

Cultivars produced through conventional breeding techniques have shown that it is
possible to identify lines with both high seed protein and seed yield. Efforts to find these
lines should continue to provide growers and breeders with additional high value cultivars
and germplasm, which can be used to simultaneously improve protein and yield traits.
The availability of these sources of germplasm is important because it will support growers
by providing more valuable cultivars and will support breeders with sources of germplasm
that can be used for the long-term improvement of important seed traits in soybean.

2. Materials and Methods
2.1. Population Development and Line Selection

In 2018, oil mapping populations, POP201 and POP202, were grown as plant rows at
the Central Crops Research Station in Clayton, NC (CLA). These populations consisted of
273 and 237 RlLs, respectively.

Pop201 was developed from a cross of LMN09-119 x N09-09 in 2015. LMN09-119
was from a cross of N6202 [23] x G98SF-114, G98SF-114 from a ‘Benning’ [24] X ‘Dan-
baekkong’ [25] cross; N09-09 was from a cross of N02-70 x G98-1420; N02-70 was from
‘Santee’ [26] x ‘Holladay’ [27]; G98-1420 was from the cross of ‘Boggs’ [28] x ‘Doles’ [29].
Population 202 was also developed from a cross of LMN09-19 x NI13-47 in 2015. LMN09-19
is a sister line with the same pedigree as LMN(09-119; N13-47 was derived from a recurrent
selection breeding that started with intermating F1 progeny from eight crosses in 1965 at the
ARS Soybean Research Unit in Raleigh, NC. These eight crosses (‘Arksoy’x ‘Lee’, Arksoy
x ‘Ogden’, Arksoy x D60-8107, ‘Jackson” x Lee, Jackson x Ogden, Jackson x D60-8107,
‘Roanoke’” x Ogden, and Roanoke x D60-8107) were made in 1964. The male sterile-female
fertile line with the ms1 gene was used in this recurrent selection breeding scheme over
many cycles of selections. In each cycle, the top 10% high-oil lines were selected from the
progeny to start the next cycle. The N13-47 with desirable agronomic attributes and high
(>24%) oil content was selected from a plant row in 2013. Schematic representations of the
development of each population are given in Supplementary Figures S1 and S2 for Pop201
and Pop202, respectively. The RILs of the two mapping populations were advanced to
F5 generation by the single-seed descent (55D) method of selection. A single plant was
harvested to represent each F5-derived RIL.

The agronomic traits recorded in the field were height, lodging, maturity date, and a
composite agronomic score. Lodging was scored on a scale of 1-5, where 5 indicates that
all plants in a plot are prostrate on the ground, and a score of 1 indicates that all plants are
erect [30]. The agronomic score aimed to capture other traits of value such as the visual
estimation of pod load and plot uniformity to provide a general score of a line’s agronomic
desirability. Agronomic score was recorded on a scale of 1-5 as well, with 1 identifying the
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best lines of a population, and 5 the worst. Maturity was recorded at the R8 maturity date
and was recorded as the number of days after September 1. Height was measured from the
soil to the tip of the main stem.

Following harvest, seed yield, protein, and oil content were measured after seed was
air-dried to approximately 7% moisture content under greenhouse conditions. Protein
and oil contents were measured on a dry basis using a Perten DA 7250 NIR®instrument
(Stockholm, Sweden) [31]. Yield was measured after seed had been sifted and cleaned
of debris.

To select lines for the yield tests in the 2019 growing season, lines with low seed yield
or extreme maturity dates in 2018 were removed from consideration to select the best
performing lines for assessment. Two yield trials were then designed for each mapping
population based on maturity dates, agronomic traits, and protein and oil contents. Eighty
unique lines were selected from each population, which satisfied these criteria, and each
yield test had 40 RILs. Three high-yielding check cultivars and the two parents of the
respective population were also included in each test as checks, based on the maturity
spread of the RILs. These yield tests were named Test 1 and Test 2 for RILs derived
from POP201 and test 3 and 4 for RILs derived from POP202. Yield check cultivars NC-
Dunphy (North Carolina State University), Osage (P1 648270) [32], and Roy [33] were used
in tests 1 and 2, while NC-Dunphy, NC-Dilday (North Carolina State University), and
NC-Raleigh [34] were used for tests 3 and 4 to match the maturity groups of varieties in
each test. The parents for tests 1 and 2 were cultivars LMN(09-119 and N09-09, and the
parents for tests 3 and 4 were LMIN(09-19 and N13-47.

2.2. Experimental Design

The four tests were grown in two locations in 2019—the Tidewater Research Station in
Plymouth, NC (PLY) and the Caswell Research Farm in Kinston, NC (CAS). The same data
as previously mentioned were collected for each test in this season.

Based on the data collected from the 2019 season, further selections were conducted
to identify fewer lines from the four tests for further yield testing. This was performed by
identifying the RILs with a yield at or above the average yield of the checks in each test.
Further selection was conducted using the seed composition traits by identifying the thirty
RILs with the highest protein + oil content among the RILs which had passed the yield
selection threshold.

These thirty lines were then grouped into two new tests of 15 RILs, each based on
maturity date. These two new tests were named Test 1 and Test 2. Yield check cultivars were
again assigned to each test to match the maturity dates of the RILs in each test. Cultivars
Dunphy, Dilday, and NC-Raleigh were used as checks in Test 1 and Dunphy, Ellis, N10-697,
and Osage were used as checks in Test 2.

These two tests were grown in both the 2020 and 2021 seasons. These tests were grown
in CLA and CAS in 2020 and CAS and PLY in 2021. RILs were grown in a randomized
complete block design with four replications in each location. The same phenotypes were
evaluated for each line each season using the same methodology that was employed in the
2019 season.

The CAS location experienced severe flooding in 2020 and was subsequently removed
from the analysis as the majority of the plots were severely impacted or lost by the flooding
conditions.

2.3. Statistical Analysis
Phenotypic traits were analyzed with a mixed-effects model with the form:
Yijk = p+ Ei + B(E;) + G + GEjx + €%

where y;j, is the phenotypic measurement for rep j of genotype k in environment 7; E; is the
effect of environment i; B(E;) is the effect of replication nested within environment; Gy is
the effect of genotype k; GEj is the interaction effect of environment i and genotype k; and
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€ij is the measurement error. The genotype effect was treated as fixed and all other factors
were treated as random.

Models were fit using the gamem_met function from the metan package [35] in R.
Least square means (LS Means) for each genotype and trait were calculated using the above
model using the emmeans package [36] in R. The emmeans package was also used to
calculate contrasts as a post hoc test to compare RIL phenotype means to check means for
all collected phenotypes. A sidak adjustment was used to account for multiple comparisons
in the calculation of contrasts. The LS Means, their associated standard errors, and the
contrasts of these means with the check means were used to determine if the mean of an RIL
was significantly different from the mean of the checks, both qualitatively by comparing the
overlaps of the standard errors of the means, and quantitatively by inspecting the contrasts
between the RIL means and the check means.

Pearson correlation coefficients between each phenotype were calculated with the
metan package as well.

The Pearson correlation is calculated for each pair of traits as:

- E(x —my) (y — my)
VEG = m)? £y —my)?

where x and y are measurements of the two phenotypes, 1, and m, are the means of each
phenotype, and r is the correlation coefficient.

3. Results and Discussion
3.1. Phenotypic Correlations

A strong negative correlation (r = —0.92 and r = —0.91) was observed in both Tests 1
and 2, respectively, between seed protein and seed oil content. A weak negative correlation
(r = —0.25 and r = —0.32) was observed between seed protein and yield in Tests 1 and
2, respectively, which was statistically insignificant in both populations. Weak positive
correlations were also observed between seed oil and seed yield in both populations. A
correlation coefficient of r = 0.20 was observed in Test 1, while a coefficient of r = 0.27
was observed in Test 2. These correlation coefficients were not statistically significant in
either population. The pairwise correlation coefficients for Tests 1 and 2 are presented in
Supplementary Figure S3 and Figure 54, respectively. These correlations were expected
and match well with the previously reported correlation behavior between these traits in
soybean breeding populations.

Genotype least square means were calculated for all RILs in both tests. A visualization
of these least square means and the standard error on the estimation of these means for seed
protein, seed oil, and seed yield can be seen in Figure 1. Both tests tended to have more RILs
with high protein rather than high oil when compared to the average of the checks, and a
moderate number had yields greater than the average of the checks. Qualitatively, many
RILs had a comparable yield to the checks following the relatively large standard error
associated with estimating the yield, and a qualitatively larger seed protein content given
the relatively small standard error associated with the estimation of seed protein content.
To separate means quantitatively, we performed contrasts between each RIL mean and the
average of the checks for each test. These contrasts are then used to identify subsets of RILs
with desirable combinations of traits as measured in relation to the average values of the
checks for each test. Specifically, we sought to identify subsets of RILs which had yields
similar to, or above that of, the checks of their respective tests, which were also superior to
those checks in terms of seed protein and/or seed oil content. This methodology allowed
us to identify RILs with trait profiles that would allow growers or breeders to improve seed
yield in combination with one or both of the seed composition traits.
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Figure 1. Genotype least square means for seed oil, seed protein, and seed yield for soybean RIL in
Test 1 (A) and Test 2 (B). Points indicate that least square means and error bars indicate the standard
errors in the estimation of least square means. Blue dots indicate that an RIL has a least square mean
above the average of the checks in the test and a color of red indicates that the RIL has a mean value
below the check average. The check average is shown with the vertical dashed line.

3.2. Yield Contrasts

Several RILs in each of the tests had yields that were comparable to that of their check
cultivars as per contrasts between RIL means and the average of the check cultivars for
each test. No genotypes had yields that were higher than that of the yield checks; however,
many had comparable yields. Many of these genotypes with comparable yield also had
protein content that was superior to the check average in each test. No genotypes had oil
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that was superior to the check cultivars, but some had comparable yield and oil content
as well as superior protein content. A detailed summary of all contrasts can be found in
Supplementary Table S1. Soybean genotypes with superior protein content in combination
with comparable or superior yield to existing high-yielding cultivars are extremely valuable
for the production of soybean meal with higher protein. As mentioned previously, the
meal protein of current commercial U.S. cultivars is mostly below the minimum market
standard of 47.5%. The meal protein is calculated by the following formula that takes both
seed protein and oil contents into account:

Prol3

0ill3
- 100

Meal protein = /0.92

where Pro13 and Oil13 are seed protein and oil contents on a 13% moisture basis, respec-
tively [37,38].

The meal protein contents of these lines with high protein and normal oil contents
ranged from 104.9 to 108.7% compared to the meal protein contents of the checks. This
corresponds to protein meal concentrations between 50.1 and 53.6%. Breeding line N18-
1783 from Test 2 had the maximum protein meal from among these lines (Supplementary
Table S2).

3.3. Genotypes with Comparable Yield and Superior Protein

Twenty-two RILs had a similar yield and superior protein content to the check cultivars.
Summary data for the seed protein and seed yield of these lines are given in Table 1. From
among these RILs, N18-1620 had the highest seed yield relative to the checks included in
the test with an average yield that was 108.1% that of the check average of Test 1. Genotype
LMNO09-119 had the highest seed protein content on average with a protein content that
was 124.9% that of the check average of Test 1. We observed a negative correlation between
seed protein and seed yield in both tests, so RILs with seed protein content that was above
the check average tended to have a seed yield content that was comparatively lower. This
general tendency for RILs with high seed protein content to have a comparatively lower
yield matches with previously observed trends for these traits in soybean, where this
correlation structure is often reported.

However, among these genotypes are several with both average seed protein and
average seed yield that are greater than the averages of the checks for each test. The
genotypes that meet these criteria are N18-1620, N18-1632-1, N18-1682, and N18-1595 from
Test 1 and N18-1586, N18-1627, N18-1761, N09-09, and N18-1659 from Test 2. Of particular
note are genotypes N18-1632-1 from Test 1 and N18-1761 from Test 2. These two RILs have
a seed protein content that is substantially above that of the average protein content of the
checks while also maintaining an average yield that is above the average yield of the checks.
These are notable given the previously mentioned correlation structure between seed yield
and seed protein in soybean where historically it has been difficult to increase both traits
simultaneously. These RILs are ideal candidates for use in breeding programs which seek to
improve seed protein content without compromising seed yield or agronomics. Specifically,
these RILs can provide breeders with a source of germplasm that they can use to continue
to improve both seed protein content and seed yield simultaneously. This is important as
growers are typically compensated for yield, but a genotype which can provide elevated
protein content relative to existing cultivars with the same yield will be more valuable.
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Table 1. Soybean RILs with superior protein content and comparable yield performance to high-
yielding check cultivars.

Yield © Protein f Meal Protein 8 gg)l‘gzre{ Pubescence ! hé:(t::;t,y

Genotype ? I\FIl:rSntebb Value € Rank 4 Value Rank Value Rank
A T TR - R :
N18-1632-2 (089%) 3 113.8%) 7 (1119%) 6 W T
N18-1682 (0470 4 (1109%) n (108.6%) 1 w T
N18-1632-1 88};98% 6 (ﬁiég/o) 5 (151’%5/0) 4 W '
N18-1595 BRI 8 v 4 (1123%) > P '
N18-1635 Boto) 9 (106.8%) 15 (106%) B W !
WE w mE e g w ;
e B 0 % 0 @ 0w
N18-1731 7y 12 gD 8 (1105%) i W !
T R - N :
N18-1572 ?9117 Z'o% 14 (1%',3%/(,) ? (10592,5%) ? P '

N09-09 D08 15 (v 6 (1105%) 7 P ¢ o

N18-1855 (?9)})?756/21) 16 (1%2’;1/0) 2 (15 %4%/2) 2 P !
N18-1763 o0, %}? 17 (1%'22/0) 3 (1%.%2/0) 3 P !
LMN09-119 3&%%)02)6 18 (152’2'3%/0) 1 (1%’.%0) ! P !
N18-1586 g%i% 5 (1(;175,'66%) 10 (10562.87"/0) ? P '
N18-1627 (108.3%) 6 (1076%) 1 (1067%) 10 P T
N18-1761 (%2,645’/3) ? (ﬁgg%/o) 2 (151)?5'.%%0) 2 P '
Nosoy Soaion 1 (107.9%) 9 (106.4%) 1 P ¢
N18-1659 (%8046/7) 13 (1%_%0) 6 (151)?)%?/0) 6 P !
NI8-1575 o RTINS . SO w T
N18-1769 é?%af) 17 (1%,%0) 5 (1?51’".}35/0) > W !
N18-1783 oy 19 e 8 (1087%) 8 P !

2 The genotype name. P The test name. ¢ The genotype marginal mean for the phenotype. The percentage in the
parentheses is calculated by dividing the value of each trait for each genotype by the averages of the checks in
each test. ¢ The ranking of this genotype for the phenotype within its test. © Yield in kg/ha. f Protein content on a
percent dry basis. & Meal protein content on a 13-percent moisture basis. h Flower color: P = Purple, W = White.
! Pubescence color: G = Gray, T = Tawny. ) Maturity group.

3.4. Genotypes with Comparable Seed Yield and Seed Oil and Superior Seed Protein Content

Four genotypes had yield and oil that were similar to that of the yield checks, and
seed protein that was greater than the average of the checks. These genotypes are N18-1620
and N18-1635 from Test 1 and genotypes N18-1586 and N18-1627 from Test 2. Summary
data for these lines are given in Table 2.
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Table 2. Soybean genotypes with yield and seed oil comparable to check cultivars, and seed protein
superior to check cultivars.

. . . Maturit
Yield © Protein f Oil & Meal Protein ! lggfgff Pubescence Group 1?,
Genotype ? Test © Value ¢ Rank ¢ Value Rank Value Rank Value Rank
376347 291 21.92 50.13
N18-1620 ey (081%) 1 (105.9%) 16 (96.3%) 5 (104.9%) 16 P T
est
34593 4329 22,03 50.63
N18-1635 (99.4%) 3 (1068%) 12 (96.8%) 3 (106%) 15 w T
Early VI
3530.02 45.6 20.9 527
N18-1586 Toery (1087%) 5 107.6%) 10 (96.7%) 10 (106.8%) 9 W T
est
3519.42 4559 20.86 52,65
N18-1627 (108.3%) 6 a07.6%) 1 (96.5%) I 106.7%) 10 P T

2 The genotype name. P The test name. ¢ The genotype marginal mean for the phenotype. The percentage in the
parentheses is calculated by dividing the value of each trait for each genotype by the averages of the checks in
each test. ¢ The ranking of this genotype for the phenotype within its test. © Yield in kg/ha. f Protein content on a
percent dry basis. 8 Oil content on a percent dry basis. " Meal protein content on a 13-percent moisture basis. |
Flower color: P = Purple, W = White. ] Pubescence color: G = Gray, T = Tawny. ¥ Maturity group.

Traditionally, there tends to be a strong negative correlation between seed oil and
seed protein content in soybean populations, where genotypes with a high seed oil content
will tend to have a correspondingly lower seed protein content and vice versa. A similar
inverse correlation is traditionally seen between seed protein and seed yield, where high-
yielding genotypes will tend to have lower seed protein contents. These general trends
were observed in both populations of this study as well.

The lines that we have identified in Table 2 are exceptional in that they had seed
yield and seed oil content that were not significantly different from that of high-yielding
check cultivars, but had seed protein content that was significantly greater than that of
the high-yielding check cultivars. As such, these RILs can provide valuable germplasm
that can be used to improve seed protein content and maintain seed oil content without
compromising seed yield. This is important for soybean breeding as the value of soybean
is driven through its yield, and then products derived from its seed protein and oil content.
This can be of use both to breeders who are looking to improve seed composition traits in
soybean without compromising seed yield and for growers who are seeking options for
novel soybean varieties with seed composition that is superior to that of elite cultivars.

4. Conclusions

We have identified several genotypes with seed yield comparable to existing elite
cultivars, that have seed protein or oil content that are superior to the check cultivars. These
genotypes have good agronomic qualities and will provide both breeders and growers with
new options for genotypes that can be used in production or used in breeding programs that
seek to improve valuable soybean seed composition traits without significantly reducing
seed yield.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/crops3040029/s1, Figure S1: Schematic representation of the
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