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Abstract

Combining ability studies under low soil P conditions provides useful information on the
inheritance of important traits to improve soybean for low P tolerance. The study aimed at
determining the combining ability and gene actions of biomass yield and root traits in soy-
bean under low phosphorus conditions. Nine parental genotypes and their 36 half diallel F2/
F3 progenies were evaluated at two locations in Ethiopia on soils of low P availability. Highly
significant (P<0.01) general combining ability (GCA) were found for all the traits and specific
combining ability (SCA) for root dry weight and root fresh weight; while the SCA effects of all
the rest of the traits were significant (P<0.05). The higher relative contributions of GCA over
SCA revealed the preponderance of additive gene action in the inheritance of biomass yield,
root dry weight, biomass dry weight, root volume, and root fresh weight with respective rela-
tive GCA:SCA contributions of (60.6, 39.4), (50.4, 49.6), (54.9, 45.1), (51.1, 48.9), and
(52.1, 47.9); while the narrow-sense heritability was high (34.3%) only for biomass yield.
Hardee-1 displayed significant (P<0.05) and positive GCA effects for most of the studied
traits, and several crosses involving this parent showed superior performances. The traits
i.e., biomass yield, biomass dry weight, root volume and root fresh weight showed highly
(P<0.001) correlation with grain yield. Thus, breeding programs aiming to improve soybean
for biomass yield and root traits under low-P condition can use Hardee-1 as a parent.

Introduction

Soybean (Glycine max L. Merril) is one of the world’s most economically important legumes
and oilseeds, and its global production and yield have increased considerably in the last three
decades [1]. It is an essential source of protein, vegetable oil, and micronutrients produced
both commercially and under subsistence farming conditions, primarily used for human food
and animal feed. The soybean biomass has great potential as a high protein animal feed in the
form of graze, hay or silage [2-4].

Soybean provides a pivotal ecological function in the cropping system, including the diver-
sification of crops in the agro-ecosystems, decreasing soil-borne diseases, breaking the pest
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and disease cycles in cropping systems of continuous cereals production, improving soil nitro-
gen fixation, soil P availability and soil carbon sequestration [5-10].

Despite the rapidly growing trend of annual production and demand of the crop, both the
grain and biomass yield of soybean were low in most soybean growing agro-ecologies of Ethio-
pia. Low phosphorus availability in the soil, caused due to soil acidity, which covers an esti-
mated more than 50% of the global [11] and 28% of the Ethiopian [12, 13] arable land is
among the major soybean production constraints affecting the biomass/forge yield of soybean
in tropical soils [14]. Phosphorus forms insoluble compounds in acid soils reacting with other
nutrients, such as aluminum and iron, converting it into a form that is not usable by plants
[15].

Phosphorus (P) is among the essential soil nutrients required in large quantities for crop
growth and development, throughout their life cycle, especially during the reproductive and
seed development stages. However, most tropical and sub-tropical soils that lack proper fertili-
zation and manuring treatments do not contain sufficient readily available P to meet the high
demands of the crop, especially during certain periods of the growing cycle [16]. Thus, crop
production in these regions generally depends on the timely application of P fertilizer. Devel-
opment of P-efficient soybean varieties that can efficiently utilize the native P and added P in
the soil would be a feasible and sustainable approach to boost soybean production and forage
yield [14].

In soybean, low P stress is more detrimental than other nutrient deficiencies, toxicities or
diseases; however, it is difficult to select high P efficient soybean varieties based on phenotypes.
The soybean demand for P reaches the maximum during pod and seed development [17, 18],
as more than 60% of the P ends up in the pods and seeds [17]. About 39% of P uptake takes
place during the R4 (full pod stage) in soybean that is the critical stage for seed yield [18]. Its
uptake and utilization by soybean is essential in ensuring proper nodule formation, as well as
crop yield and quality improvement [19], as it plays a very important role in the storage and
transportation of energy generated in photosynthesis [18]. Remarkably, high soil phosphate
depressed seed protein and oil content, while yield would be low, if available phosphorus was
less than 30 kg P ha™ [20]. Phosphorus is the most important nutrient in forage biomass yield,
followed by nitrogen, as high biomass production extracts high amount of P from the soil and
P improves biomass production in forages [14]. Suman [18] reported association of biomass
yield with nutrient accumulation in soybean.

Soybean is primarily produced for grain purpose, however, in the 1800’s or before world
war-II it used to be cultivated mainly for forage purposes in the United States [2, 4]. Moreover,
soybean has great future potential as a high protein and nutritious forage in the form of pas-
ture, hay or silage that can be used alternatively with alfalfa, possessing equivalent forage qual-
ity [2, 4]. Unlike other legume crops, soybean leaves and pods provide highly digestible
protein and energy, when the soybean is closer to maturity, before yellowing of the leaves and
at 90% pods fill [2, 4]. Especially, in seasons of terminal moisture stress the soybean crop that
failed to attain proper grain filling due to moisture stress can be used as a very good forage [2].
Moreover, studies verified the possibility of harvesting more than 9.88 t ha™ of forage from
soybean [3]. Varietal difference was identified as one of the factors affecting forage quality, and
forage soybean varieties were exclusively developed and registered in Minnesota [21]. One
IITA soybean variety, TG X1990- 114FN was also registered as a forage variety in Ethiopia,
after verified for its nearly the same nutritional quality and high invitro digestibility with
Lablab.

Plant root traits play important roles in increasing soil P availability and acquisition and
adaptation to soil P deficiency. Root characteristics such as high root biomass, length and vol-
ume enable the plants to occupy greater soil volume and enhance P acquisition by plants [10].
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Root distribution and architecture have critical roles in optimizing the absorption of soil
resources in specific environments, for instance under low P stress conditions [22, 23]. Greater
number of basal root whorls and hypocotyl-borne roots reported increasing the total root
length in the topsoil resulting in greater P acquisition in common bean [24].

Combining ability studies provide valuable information that helps in making decision on
the choice of parental line and allows understanding the gene action influencing trait inheri-
tance resulting in greater efficiency in soybean breeding programs [1]. Plants with tolerance to
low-P can grow better under low-P conditions, and understanding the genetic mechanisms of
low-P tolerance will not only facilitate identifying the relevant genes, but also helps in develop-
ing low-P tolerant cultivars [16]. Breeding crop cultivars that could uptake/utilize soil P more
efficiently is critical in improving the productivity of soybean under low P conditions and
increasing resource use efficiency in agriculture. Unpredictable growth environments,
decreasing moisture availability, altered precipitation patterns, ongoing soil degradation, and
the rising cost of nitrogen and P fertilizers are some of the key reasons for developing crop
varieties resilient to abiotic stresses [23, 25]. Even though root traits associated with shoot traits
contributing to productivity have been identified in soybean [26], their beneficial role in
breeding for yield improvement is yet to be exploited. Therefore, the objectives of this study
were to determine the gene actions controlling fresh biomass yield, dry matter accumulation,
and root characteristics under low P conditions in soybean.

Materials and methods

Germplasm

The parental lines (Table 1) used in this study included four varieties (Clark 63 K, Crowford,
Davis, and SCS-1) released for high yield and adaptability in the mid-altitude (1400-1900
masl) soybean growing agro-ecologies of Ethiopia, and five of the parents i.e., Hardee-1,
Alamo, PR-142 (26), H 3, and G 9945 were identified as low P tolerant genotypes in a screen-
ing experiment involving 36 soybean genotypes evaluated under low (zero) and high (100 kg
ha™') applied P conditions. The parental line, H 3, was received from Mozambique Agricultural
Research Institute, was specifically identified for its low P tolerance. All the parental lines used
in this study had been tested in yield trials for over three years and in at least six locations in
each year and showed good performance and adaptability for the mid-altitude and high rain-
fall soybean growing agro-ecologies of the country. While being among the parental lines, the
released varieties (Clark 63 K, Crowford, Davis and SCS-1) might serve as standard checks for
the tested genotypes in this experiment. The nine parental lines were crossed in a 9 x 9 half
diallel mating scheme. The diallel experiment was conducted using F2/F3 progenies due to
inadequate quantities of seeds in the F1.

Table 1. Characteristics of the nine soybean parental genotypes used in the present study.

Genotype Low P tolerance Farmers’ preferred agronomic features

Hardee -1 Tolerant High yielding, well adapted to mid-altitude environments
Davis Not known High yielding, well adapted to mid-altitude environments
Alamo Tolerant High yielding, well adapted to mid-altitude environments
PR-142 (26) Tolerant High grain yield, high biomass

H3 Tolerant High yielding, well adapted to mid-altitude environments
Clark 63 K Not known Released variety, high yielder, and well adapted

SCS-1 Not known Released variety, high yielder, and well adapted

G-9945 Tolerant High yielding, well adapted to mid-altitude environments
Crowford Not known Released variety, high yielder, and well adapted

https://doi.org/10.1371/journal.pone.0281075.t001
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Experimental design and management

The diallel trials consisting of 45 genotypes (parents and progenies) were grown at two loca-
tions, i.e., Assossa (altitude 1550 m.a.s.l, location 10°02°N34°33’E), and Metu (altitude 1550 m.
a.s.l, location 8°3’ N 30°E) in Western Ethiopia in a 5 x 9 alpha lattice design with two replica-
tions. The two experimental sites were known for their strongly acidic reddish-brown soil with
low P availability (Table 1). Each plot consisted of four rows, of which the middle two rows
were harvestable each with 4 m length, and 60 cm X 5 cm inter and intra-row spacings. Uni-
form application of all the best soybean management practices such as good land preparation,
planting at the right sowing time, thinning to maintain a spacing of 5 cm between plants at five
leaves stage, optimum weed management during the growing period were followed. Rhizo-
bium inoculum was applied to the seeds of all the experimental materials (parents and
progenies).

Before the experiment, three soil samples were collected from the top layer (0-20 cm) of the
fields in each of the study locations. The soil samples were submitted to the soil laboratory of
Jimma Agricultural Research Center for the different analyses. Bray II method was used for P
analysis, while Kjeldhal method for N, flame photometry for K and Walkley and Black method
was used to determine organic carbon (OC) and organic matter (OM). Other soil parameters
such as pH, exchangeable acidity, Al and H were also determined for the soil samples. Results
of the soil analysis at the experimental sites (Assosa and Mettu), where this research was con-
ducted are presented in Fig 1. Phosphorus levels of 6.07 ppm and 8.40 ppm were recorded at
Assosa and Mettu, respectively.

Data were collected for biomass yield and other root traits at R6 growth stage of the crop,
including biomass yield (gm): the weight of fresh above ground shoot biomass samples col-
lected from five representative plants, while biomass dry weight (gm), which is the weight of
oven dried above ground shoot biomass collected from five representative sample plants.
Other root parameters collected from five randomly selected representative plants included:
root fresh weight (gm) the fresh weight of root samples, root dry weight (gm) which is the
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Fig 1. The different characteristics of the soil types of each of the test locations where the experiments were
conducted.

https://doi.org/10.1371/journal.pone.0281075.g001
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weight of oven dried root samples, root length (cm) the mean length of the central longest tap
roots, and root volume (ml) the volume of water displaced from a measuring cylinder by the
roots.

Statistical analysis

Analysis of variance for the individual locations was performed for each of the traits, and
highly significant differences were found among genotypes for all the studied traits. Test of
homogeneity of error variances of the individual locations (Assossa and Mettu) was performed
for all the traits as suggested in [27] and there was non-significant differences among the error
mean squares, indicating the possibility of proceeding with the combined analysis. Combined
analysis of variances was performed for biomass and root traits using SAS 9.3 statistical soft-
ware [28]. GCA and SCA effects were determined across the test locations using Griffing’s
method II, model I, based on the Diallel SAS 05 program [29]. LSD at 5% level of significance
was used for mean separation. The model for the diallel analysis for Griffing’s Method II,
Model I (modified for over locations analysis from [30] is:

Xj=X+g+g+S,+L + (gL)y + (gL)jk + (SL)ijk + eijk/b

Where, X = the population mean, gi = the general combining ability effect of the i parent,
gj = the general combining ability effect of the j"™ parent, Sij = the specific combining ability
effect of the cross between i and j"™ parents, such that Sij = Sji, (gL)ijk = the interaction effect,
if general combining ability of i parent with K™ locations, (gL)jk = the interaction effect of
general combining ability of j™ parent with K™ locations, (SL)ijk = the interaction effect of the
specific combining ability with locations, and eijk is the residual associated with ijk™ observa-
tion. The formula provided in [31, 32] were used to compute the variance components of
GCA and SCA, the additive and non-additive variances, and heritability. The relative impor-
tance of GCA and SCA was determined using the equation:

20%gca
20%gca + 02SCA

20” gea is the variance of GCA and o”sca is the variance of SCA. Since the total genetic vari-
ance among F1 hybrids is equal to twice the GCA component plus the SCA component, the
closer the ratio is to unity, the greater the predictability of a specific hybrid’s performance
based on GCA alone [33, 34]. Pearson’s correlation analysis among the studied traits was per-
formed using performance analytics package in R.

Results

The analysis of variance revealed highly significant (P<0.01) differences among the genotypes
(G), environments (E) for all the studied biomass yield and root related traits (Table 2). Simi-
larly, GCA showed highly significant (P<0.01) differences for all the studied traits, while SCA
showed highly significant (P<0.01) for only root dry and fresh weights. The SCA effects of the
other traits, i.e., shoot dry weight, root length, root volume and biomass fresh weight were
only significant at 5% level of significance. The G x E mean square was significant (P<0.05)
for only root length, while all the other traits were non-significant. The GCA x E mean squares
was highly significant (P<0.01) only for shoot dry weight and significant (P<0.05) only for
plant fresh weight. The SCAx E mean squares was significant (P<0.05) only for root length.

The mean performance of 66 crosses and nine parental lines evaluated under low P condi-
tions are presented in Table 3. In addition, biomass yield differed among the parental
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Table 2. Mean squares for root traits of 45 soybean genotypes (parents and progeny populations) evaluated under low P conditions.

Source of variation
Environment (E)
Rep (E)
Genotype (G)
GxE

GCA

SCA

GCAXE
SCAXE

Error

o’gea

o’sca

Df

Root dry weight (gm)
100.95**
40.08"*
3.19**
1.36
5.91"*
2.59**
1.71
1.29
1.26
0.03
0.27

https://doi.org/10.1371/journal.pone.0281075.t1002

Shoot dry weight (gm) | Root length (cm) | Root vol (ml) | Root fresh wt (gm) | Biomass yield (kg ha?
38421.38** 33.06" 158.67** 331.57** 174626.90**
12417.58** 133.33** 272.36** 291.32%* 78573.44**
906.91** 14.28** 41.87** 37.21** 7113.42%*
491.76 11.69* 18.91 10.95 3417.90
1889.23** 22.35%* 78.93** 72.03** 17018.50**
688.62* 12.48* 33.63* 29.48** 4912.3*
989.92%* 7.85 12.40 12.51 6171.3"
381.06 12.54* 20.36 10.60 2806.02
403.23 7.41 20.49 12.05 2923.92
20.00 0.16 0.25 0.25 124.67
79.68 3.99 6.48 2.22 586.71

genotypes with PR 142 (26) having the lowest value of 71.9 gm and Crowford the highest value
of 168.8 gm, and a mean of 125.5 gm. The parental lines SCS-1, Hardee 1, and G-9945 pro-
duced 153.0, 148.7 and 146.8 gms of biomass, respectively. The lowest value of 42.6 gm bio-
mass was produced by a cross of Davis x Alamo; while the highest value of 206.9 gm was
recorded for Hardee-1 x Pr-142 (26). The other crosses with high biomass yield were Hardee-1
X Clark 63 (205.6 gm), Hardee-1 X Crowford (195.6 gm), and Hardee-1 X G-9945 (192.8 gm).
Root dry weight among the parental genotypes varied from 2.0 gm for PR 142 (26) to 4.8 gm
for Crowford with a mean of 3.3. Other parental lines with high root dry weight included: G
9945 (4.1 gm), SCS-1 (3.8 gm), Clark 63 K (3.5 gm) and Davis (3.4 gm). Similarly, the root dry
weight among the crosses varied from 1.2 gm for Davis x Alamo to 4.5 gm for Hardee-1 x
Clark 63 K, with an average of 2.9 gm. Hardee-1 X Pr-142 (26) (4.3 gm), Hardee-1 X SCS-1
(4.3 gm), and Clark 63 K X Crowford (4.2 gm) were some of the crosses with high root dry
weight. The biomass dry weight varied from 28.2 gm for H 3 to 66.9 gm for Crowford, among
the parental genotypes, with a mean of 47.5 gm. Some of the other parental lines with high bio-
mass dry weight includes: SCS-1, G 9945, and Hardee-1 with respective weights of 55.6, 52.8
and 52.6gms. The biomass dry weight yield for the crosses varied from 18.3 gm for Pr-142 (26)
x Crowford to 76.5 gm for Hardee-1 x Clark 63 K, with a mean of 40.4 gm. Furthermore, root
length among the parental genotypes ranged from 14.2 cm for PR 142 (26) to 19.0 cm for SCS-
1, with a mean of 17.4 cm. H 3, Crowford and G 9945 were among the parental lines that
showed long root lengths of 18.4, 18.2 and 18.0 cms, respectively. The root length among the
crosses ranged from 12.6 cm for Davis x Alamo to 21.4 cm for H-3 x SCS-1, with an average of
16.9 cm. The crosses with the longest root length include: Alamo X H-3 and Pr-142 (26) X
SCS-1 (19.2 cm each), Clark 63 K X Crowford and Alamo X Clark 63 K (19.1 cm each). Root
volume among the parental genotypes varied from 7.8 ml for H 3 to 16.5 ml for each of Crow-
ford and G-9945 with a mean of 13.0 ml. The other parental lines with high root volume
include: SCS-1 (15.5 ml), and Hardee-1 (14.0 ml). The root volumes of the crosses ranged
from 6.8 ml for Davis x Alamo to 17.5 ml for Hardee-1 x G-9945 with a mean of 11.3 ml.
Hardee-1 X Crowford (16.5 ml), Hardee-1 X Pr-142 (26) (16.0 ml) and Clark 63 K X SCS-1
(16.0 ml) were among the crosses that produced high root volume. Root fresh weight among
the parental genotypes ranged from 6.5 gm for PR 142 (26) to 16.1 gm for Crowford, with a
mean of 10.7 gm. G-9945 and SCS-1 were two of the other parental lines that produced rela-
tively high root fresh weights of 13.4 gm and 12.9 gm, respectively. The lowest root fresh
weight of 4.0 gm and the highest root fresh weight of 14.8 gm were obtained for Davis x Alamo
and Hardee-1 x Clark 63 K, respectively, with 8.9 gm mean root fresh weight of the crosses.
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Table 3. Mean values of root agronomic traits of soybean parental genotypes and their crosses under low P conditions.

Genotype Root dry weight (gm) |Shoot dry weight (gm) |Root length (cm) |Root vol (ml) |Root fresh wt (gm) | Biomass yield (kg ha™)
Parents
Crowford 4.8 66.9 18.2 16.5 16.1 168.8
SCS-1 3.8 55.6 19.0 15.5 12.9 153.0
Hardee 1 3.2 52.6 17.8 14.0 10.5 148.7
G-9945 4.1 52.8 18.0 16.5 13.4 146.8
Clark 63 K 3.5 50.3 17.7 12.5 10.3 139.1
Davis 3.4 50.5 17.7 13.8 10.6 130.6
Alamo 2.6 38.2 15.7 12.3 8.2 94.3
H3 2.5 28.2 18.4 7.8 7.4 76.5
PR 142 (26) 2.0 32.5 14.2 8.0 6.5 71.9
Parents mean 3.3 47.5 17.4 13.0 10.7 125.5
Crosses
Hardee-1 X Pr-142 (26) 4.3 75.5 18.8 16.0 12.9 206.9
Hardee-1 X Clark 63 K 4.5 76.5 16.9 17.3 14.8 205.6
Hardee-1 X Crowford 4.0 71.6 19.0 16.5 12.7 195.6
Hardee-1 X G-9945 4.0 70.4 17.3 17.5 12.3 192.8
Hardee-1 X Alamo 2.8 62.5 15.4 12.0 8.6 155.6
Davis X SCS-1 2.7 59.2 17.9 11.3 7.9 147.6
H-3 X SCS-1 4.0 44.6 214 14.3 13.0 138.2
Hardee-1 X SCS-1 4.3 48.5 17.3 14.0 12.7 125.7
Davis X H-3 3.7 47.7 18.8 12.8 11.3 125.6
Hardee-1 X H-3 2.8 41.6 15.0 9.5 7.8 120.5
SCS-1 X G-9945 3.0 42.4 17.7 13.3 11.5 119.8
Clark 63 K X SCS-1 4.0 39.7 16.9 16.0 13.1 112.9
H-3 X Crowford 34 38.8 18.8 13.5 10.6 111.5
Clark 63 K X Crowford 4.2 39.4 19.1 14.0 14.0 108.6
Davis X Crowford 2.4 49.4 14.9 9.5 6.3 106.9
H-3 X G-9945 3.0 36.2 16.6 10.5 9.3 106.6
Alamo X H-3 3.7 37.8 19.2 14.3 11.6 103.9
Hardee-1 X Davis 2.5 359 17.9 11.5 7.9 101.5
Pr-142 (26) X H-3 2.7 37.5 15.8 11.8 8.3 101.0
H-3 X Clark 63 K 3.2 33.2 18.8 13.5 10.6 98.4
Pr-142 (26) X G-9945 2.6 34.0 15.0 11.0 8.9 95.7
SCS-1 X Crowford 2.6 42.5 16.0 11.0 8.6 93.7
Pr-142 (26) X Clark 63 K | 2.6 32.4 16.1 8.5 7.5 91.6
Davis X G-9945 2.5 34.6 17.6 10.0 7.9 90.5
Alamo X G-9945 2.3 30.5 16.9 10.5 7.0 81.3
Davis X Pr-142 (26) 2.7 36.4 15.3 7.5 6.0 78.1
Pr-142 (26) X SCS-1 2.5 29.2 19.2 7.3 5.6 76.0
Alamo X Clark 63 K 2.2 27.5 19.1 8.3 6.9 75.0
Alamo X Pr-142 (26) 2.0 33.1 14.9 8.0 6.7 71.5
Alamo X SCS-1 1.8 39.5 13.1 7.5 5.6 67.4
Clark 63 K X G-9945 1.7 23.3 18.0 7.0 5.3 63.8
G-9945 X Crowford 2.0 19.4 15.2 9.0 6.9 60.1
Davis X Clark 63 K 1.6 27.0 13.9 10.5 5.7 58.1
Pr-142 (26) X Crowford 2.0 18.3 17.3 7.3 6.4 54.5
Alamo X Crowford 1.6 21.6 14.5 7.3 4.5 44.6
(Continued)
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Table 3. (Continued)

Genotype Root dry weight (gm) | Shoot dry weight (gm) | Root length (cm) |Root vol (ml) |Root fresh wt (gm) | Biomass yield (kg ha™)
Davis X Alamo 1.2 18.4 12.6 6.8 4.0 42.6
Crosses mean 2.9 40.4 16.9 11.3 8.9 106.4

https://doi.org/10.1371/journal.pone.0281075.t003

Other crosses such as Clark 63 K X Crowford, Clark 63 K X SCS-1 and H-3 X SCS-1 produced
respective root fresh weights of 14, 13.1 and 13.0 gm.

Estimates of GCA effects of root traits for the nine soybean parental genotypes evaluated
under low P conditions are presented in Table 4. Hardee-1 was the only parent with highly sig-
nificant (P<0.001) and positive GCA effect for dry biomass weight, and fresh biomass weight,
and significant (<0.05) and positive effect for root fresh weight. The GCA estimates for Alamo
showed significant negative GCA effects for all the traits, except shoot dry weight. PR 142 (26)
displayed significant negative GCA effects for root volume and root fresh weight.

Among the crosses, Hardee-1 x H-3, Davis x Clark 63 K, Alamo x SCS-1 showed significant
negative SCA effects for root length, whereas Alamo x Clark 63 K showed significant positive
SCA effects for root length (Table 5). Similarly, Hardee-1 x H-3 and Clark 63 K x G-9945 dis-
played significant negative SCA effects for root volume. In addition, Hardee-1 x Pr-142 (26)
showed significant positive SCA effect for plant fresh weight.

The relative contributions of GCA and SCA, and narrow sense heritabilities of the studied
root and shoot biomass traits were presented in Fig 2. The study revealed the highest (60.6%)
contribution of GCA over SCA to the inheritance of biomass yield, followed by biomass dry
matter yield (54.9%). The relative contributions of SCA was higher over GCA variance for
only root length (55.7%). Nearly equivalent contribution of GCA and SCA was found for root
dry matter, root volume and root fresh weight. The highest narrow-sense heritability of 34.3%
was recorded for biomass yield; while biomass dry matter yield, root fresh weight, root dry
weight, root volume and root length showed heritabilities of 28.2%, 27.0%, 24.6%, 24.0%, and
17.9%, respectively.

The correlation analysis revealed a strong, highly significant positive association of grain
yield with biomass yield (0.79), biomass dry matter yield (0.74), root weight (0.70), root fresh
weight (0.57). Similarly, grain yield showed significant (P<0.05) association with root dry
weight, while no association was found with root length (Fig 3). The correlations among all the
rest of the traits were strong, and highly significant, except for the correlation of root length
with root dry weight (0.34) and shoot dry weight (0.32) that were significant only at 5% level of
significance.

Table 4. General combining ability effects of root traits of nine soybean parental genotypes evaluated under low P conditions in Ethiopia.

Root dry weight (gm) Shoot dry weight (gm) Root length (cm) Root volume (It) Root fresh weight (gm) Biomass yield (kg)

Hardee 1 0.65 24.81** 0.06 2.54* 1.91 70.42**
Davis -0.49 -1.14 0.63 -0.91 -1.82 -5.21
Alamo -0.85* -9.60 -1.73* -2.55* -2.73** -36.94*
PR 142 (26) -0.49 -8.73 1.62 -2.41% -2.05* -23.67
H3 0.37 -7.19 22.43 -0.41 0.64 -9.98
Clark 63 K 0.19 -3.46 0.02 0.49 0.68 -1.58
SCS-1 0.37 8.99 11.64 1.45 1.68 14.79
G-9945 -0.26 -6.78 1.16 0.59 0.05 -13.30
Crowford 0.21 1.47 0.12 0.44 0.88 0.99
S.E 0.23 13.65 0.46 2.27 0.61 10.54

https://doi.org/10.1371/journal.pone.0281075.t1004
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Table 5. Specific combining ability effects of root traits of 45 soybean progeny populations evaluated under low P conditions in Ethiopia.

Genotype Root dry Weight (gm) |Shoot dry Weight (gm) |Root length (cm) |Root Volume (It) |Root fresh Weight (gm) |Biomass Yield (kg)
Hardee-1 x Davis -0.66 -20.50 1.12 -1.68 -1.71 -45.92
Hardee-1 x Alamo -0.10 11.79 -0.74 -0.43 -0.35 24.63
Hardee-1 x Pr-142 (26) 1.15 23.47 2.38 4.10 3.55 67.88"
Hardee-1 x H-3 -0.86 -11.53 -3.34* -4.43* -3.51 -31.20
Hardee-1 x Clark 63 K 0.84 20.96 -0.75 291 3.33 50.90
Hardee-1 x SCS-1 0.58 -12.24 -0.65 -0.84 0.74 -37.67
Hardee-1 x G-9945 0.52 15.17 -0.02 3.00 1.07 37.02
Hardee-1 x Crowford 0.25 12.9 1.56 2.07 0.95 38.95
Davis x Alamo -0.79 -16.14 -2.72 -2.50 -2.04 -34.76
Davis x Pr-142 (26) 0.46 0.54 -0.36 -1.22 -0.36 -7.28
Davis x H-3 0.88 10.71 1.28 2.00 2.90 27.49
Davis x Clark 63 K -1.17 -12.32 -2.95* -0.65 -2.81 -43.01
Davis x SCS-1 -0.19 14.66 0.75 -0.40 -1.04 37.82
Davis x G-9945 -0.12 -4.38 1.12 -1.31 -0.37 -11.74
Davis x Crowford -0.47 6.9 -1.69 -1.75 -2.51 3.86
Alamo x Pr-142 (26) 0.07 2.93 -0.10 0.03 0.92 2.65
Alamo x H-3 1.16 6.45 2.38 4.25 3.81* 22.37
Alamo x Clark 63 K -0.24 -6.12 2.90* -2.15 -0.98 -9.61
Alamo x SCS-1 -0.83 0.68 -3.39* -3.40 -2.74 -25.90
Alamo x G-9945 -0.04 -2.89 1.00 -0.06 -0.64 -4.42
Alamo x Crowford -0.96 -15.3 -1.46 -3.25 -3.68 -41.94
Pr-142 (26) x H-3 -0.04 4.90 -1.35 2.28 0.19 11.42
Pr-142 (26) x Clark 63 K | -0.12 -2.50 -0.48 -1.38 -0.67 -1.09
Pr-142 (26) x SCS-1 -0.36 -10.93 2.37 -3.13 -3.08 -25.30
Pr-142 (26) x G-9945 0.02 -0.62 -1.15 0.96 0.94 1.91
Pr-142 (26) x Crowford | -0.80 -19.84 1.02 -2.72 -2.18 -40.09
H-3 x Clark 63 K -0.10 -2.90 0.38 1.60 0.39 -6.97
H-3 x SCS-1 0.58 3.35 2.70 1.85 2.31 24.19
H-3 x G-9945 -0.12 0.46 -1.46 -1.56 -0.72 0.16
H-3 x Crowford 0.11 -0.49 0.64 1.50 0.04 4.21
Clark 63 K x SCS-1 0.61 -3.90 -1.16 3.19 2.27 -4.14
Clark 63 K x G-9945 -1.34 -14.82 0.58 -5.47** -4.78"* -45.72
Clark 63 K x Crowford | 0.93 -2.24 1.59 1.59 3.30 -1.72
SCS-1 x G-9945 -0.21 -0.92 -0.04 0.78 0.94 1.69
SCS-1 x Crowford -0.81 -4.34 -1.76 -1.90 -2.61 -25.29
G-9945 x Crowford -1.14 -21.93 -1.90 -3.56 -3.56 -51.25
S.E 0.74 13.65 1.51 2.27 1.95 33.84
https://doi.org/10.1371/journal.pone.0281075.1005

Discussion

The 6.07 and 8.40 ppm P levels recorded for Assosa and Mettu experimental sites, respectively,
were far lower than the optimal P levels. The optimum level of P reported for soybeans was

15 ppm and soil P levels should be maintained between 15 and 30 ppm [35]. Accordingly, the
two experimental sites (Assossa and Mettu) can be regarded as low P soils (soils that are defi-

cient in P).

Significant differences observed among the parental genotypes as well as in the progeny
populations for all the studied traits in the present study might be as a result of the high genetic
variation created in the progeny populations that may allow the genetic improvement of the
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Fig 2. Relative contributions of GCA and SCA, and narrow-sense heritability of the studied biomass yield and
root- related traits evaluated under low P conditions in western Ethiopia.

https://doi.org/10.1371/journal.pone.0281075.9002

populations for the studied biomass yield and root related traits for low P tolerance. The pres-
ence of genetic variability is of prime importance for good genetic progress in improving a
trait in a selection program. The use of parental genotypes from diverse sources in the crossing
might have contributed to the observed significant differences and high genetic variations
among the crosses and progeny populations. Similarly, highly significant differences among
parents and progeny populations were also reported for grain yield, 100-seed weight, pod
length, days to maturity and plant height under low P conditions [36]. Significant GCA and
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Fig 3. Correlation among root agronomic traits under low soil P conditions. NB: Root_dwt = root dry weight,
shoot_dwt = shoot dry weight, root_vol = root volume, root_fwt = root fresh weight, plant_fwt = biomass yield.

https://doi.org/10.1371/journal.pone.0281075.g003
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SCA effects were found for all the studied traits. Susanto [37] also reported similar significant
GCA, and SCA effects for maturity in soybean, indicating both the additive and non-additive
gene actions were important in the inheritance of the traits. The G X E interaction was signifi-
cant (P<0.05) only for root length, implying the relative performance of the genotypes for root
length was different in varying environments. The GCA X E interaction was higher than the
Genotype X E interaction for all the studied traits, except for root length and root volume.
Similar findings were previously reported for other traits in dry beans [38] and in soybean [36]
under P stressed soil conditions that might indicate the predominant contributions of GCA
than the environments in the expression of these traits. The highly significant GCA X E inter-
action for biomass dry matter yield and the significant GCA X E interaction for biomass yield
indicates that more than one location was required for a reliable selection of parental lines to
improve these biomass yield traits [39]. The non-significant GCA x E effects for root dry
weight, root length, root volume and root fresh weight indicates that the GCA effects associ-
ated with the parents were consistent across environments. Thus, selection of these parents for
progeny population and line development could be done in any of the environments. Simi-
larly, the non-significant SCA x E interaction of the studied traits, except for root length sug-
gested that the relative performance of the F2/F3 progeny populations was consistent across
environments. The diallel analysis revealed highly significant GCA effects for biomass and bio-
mass dry matter yield and root related traits. In line with this, highly significant GCA mean
squares were reported for root dry weight, shoot dry weight and relative root surface area in
soybean for Aluminium toxicity tolerance under acidic conditions [40]. Highly significant
GCA effects were also previously reported for grain yield, pod length, days to maturity and
plant height in soybean under low P conditions [36]. Similarly, the SCA effects were significant
for all the root and biomass yield related traits. The GCA effects are associated with additive
gene effect; while SCA effects were associated with non-additive gene action. Hence, the signif-
icance of both GCA and SCA effects for all the traits indicates both the additive and non-addi-
tive genetic effects were important for the expression of all the studied traits.

The relative importance of GCA and SCA was examined by expressing it as the ratio of
additive variance to the total genetic variance. The closer this ratio was to unity, the greater the
predictability based on GCA alone [33]. The ratio ranged from 44.3% for root length to 60.6%
for biomass. The relative contributions revealed the predominance of GCA over SCA effects
for biomass yield, biomass dry matter yield, root length, root fresh weight, indicating the pre-
dominance of additive genetic variance in the inheritance of these traits. This also implicates
the high possible flow of favorable additive genes from parents to progenies, and also depicts
high heritability, low environmental effect, less interaction among genes and, thereby, the
effectiveness and predictability of selection to improve these traits [41-43]. The predominance
of GCA over SCA also indicates early generation testing may be more effective in identifying
promising progeny populations and breeding lines for biomass yield and root related traits,
mainly based on the prediction from GCA effects under P stressed soil [43-45]. Considerable
additive genetic variance was also reported for root traits in common bean under P stressed
conditions [46]. The relative contributions of both GCA and SCA were nearly the same for
root dry weight, root volume, and root fresh weight, which indicates both the additive and
non-additive gene actions were equally important in the inheritance of these traits. In line with
this [47], reported the complex nature of the inheritance of root traits and revealed comparable
importance of both the additive and non-additive genetic variances in the expression of these
traits in Capscicum under moisture stress conditions, and hence suggested recurrent selection
is the effective breeding approach to improve these traits. The SCA effect showed high relative
contribution over GCA for root length, which indicate the predominance of non-additive
gene actions in the expression of this trait and, hence, selection will be relatively unpredictable.
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When non-additive gene actions are preponderant; selection needs to be performed at later
generations, when the effects of the non-additive gene effects get fixed [43, 48, 49].

Crowford was identified as the best performing parent based on the mean values for most
traits, followed by SCS-1 and Hardee-1. GCA effects for all the traits varied significantly
among the parental genotypes and between environments for biomass dry matter yield and
biomass yield. Hardee-1 showed significant positive GCA effects for biomass dry matter yield,
root volume and biomass yield; while Alamo displayed significant negative GCA effects for
root dry weight, root length, root volume, root fresh weight and biomass yield. In a recent
study, Hardee-1 was reported possessing significant positive GCA effects for grain yield, num-
ber of seeds per pod, pod length, plant height and pod number; while Alamo showed signifi-
cant negative GCA effects for hundred seed weight, pod length, and plant height [36]. Hardee-
1 was identified as the best general combiner for root traits, grain and forage yield, and root
related traits was capable of contributing favorable alleles and, hence, could be used as parents
in a breeding program to improve the respective traits under low P conditions. Susanto [37]
also reported Grobogan and Malabar soybean varieties as the best general combiner parents
for early maturity. Of the top ten performing F2/F3 progenies, seven were derived from crosses
involving the parent Hardee-1 that was the best general combiner with significant positive
GCA effects with other poor general combiners for most of the traits. The high SCA effect of
the good by poor general combiner crosses were attributed either to the favourable additive
gene effects of the good general combiner parent or to the epistatic effects of poor general com-
biner that fulfils the favourable plant attribute [43]. Conversely, five out of the ten worst per-
forming F2/F3 progenies were derived from crosses involving Alamo that displayed significant
negative GCA effects for most of the studied traits.

Average heritability estimates were categorized as high, medium and low with respective
values of 5-10%, 10-30%, and 30 to 60%, that represent different crops and across locations
and seasons [50, 51]. Accordingly, biomass yield was the only trait that possessed high narrow
sense heritability, while the narrow sense heritabilities of all the rest of the traits i.e., biomass
dry matter yield, root fresh weight, root dry weight, root volume, and root dry weight might be
regarded as medium. The highly significant and positive association of grain yield with bio-
mass yield, biomass dry matter yield, root volume, and root fresh weight indicates the impor-
tance of these traits for indirect selection to improve yield of soybean under P stressed soil
conditions. Moreover, the strong positive association of biomass and grain yield in soybean
imply the possibility of developing dual purpose soybean that can serve both as a forage or
grain soybean. In line with this [3], reported that the standard grain type soybean varieties pro-
duced optimum forage yield and quality than the soybean varieties exclusively developed for
forage purpose. This indicates that the regular grain soybean breeding programs can simulta-
neously target developing dual purpose soybean for grain as well as forage purposes. Hence,
considering biomass yield as one of the priority traits for breeding soybean will have para-
mount significance in developing dual purpose soybean.

Conclusions

A half-diallel experiment involving nine parental genotypes and their F2/F3 progeny popula-
tions was conducted at two environments under low P soil conditions. The results revealed
wide genetic variability among the parental genotypes and progeny populations used in the
study. Both the GCA and SCA effects were significant, indicating the importance of both the
additive and non-additive gene actions in the inheritance of the traits. Among the parents,
Hardee-1 was the best general combiner for root traits, yield and yield-related traits, and hence
the best parent to improve soybean for low P tolerance. High narrow sense heritability and
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high relative contributions of GCA over SCA was found for biomass yield, indicating the
importance of additive gene effects in the inheritance of this trait, and recurrent selection in
the segregating population would be the best approach to improve the trait for low-P tolerance.
The high and positive correlation of biomass yield with grain yield indicates that improving
biomass yield can help improve the productivity of soybean under low P conditions. More
importantly, soybean biomass can greatly help improve the forage yield and value of soybean
as an alternative animal feed to Alfaalfa and other forage crops.
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