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Abstract
Early canopy coverage is a desirable trait that promotes faster ground coverage, resulting in reduced soil
evaporation, increased light interception, biomass production and weed suppression, all of which are
important determinants of yield in soybean (Glycine max). Variation in traits comprising shoot
architecture can in�uence canopy coverage, canopy light interception, canopy-level photosynthesis, and
source-sink partitioning e�ciency. However, little is known about the extent of phenotypic diversity of
shoot architecture traits and their genetic control in soybean. Thus, we sought to understand the
contribution of shoot architecture traits to canopy coverage and to determine the genetic control of these
traits. We examined the natural variation for shoot architecture traits in a set of 399 diverse maturity
group I soybean (SoyMGI) accessions to identify relationships between traits, and to identify loci that are
associated with canopy coverage and shoot architecture traits. Canopy coverage was correlated with
branch angle, number of branches, plant height and leaf shape. Using previously collected 50K SNP data
on the SoyMGI panel, we identi�ed QTL associated with branch angle, number of branches, branch
density, leaf length/width ratio, days to �owering, maturity, plant height, number of nodes and stem
termination. In many cases QTL intervals overlapped with previously described genes or QTL. Of
particular note, we found QTL associated with branch angle and lea�et shape located on chromosomes
19 and 4, respectively, and these QTL overlapped with QTL associated with canopy coverage, suggesting
the importance of branch angle and lea�et shape in determining canopy coverage. Taken together, our
results highlight the role individual architecture traits play in canopy coverage and contribute information
on their genetic control that could help facilitate future efforts in their genetic manipulation.

Introduction
Canopy coverage is de�ned as the proportion of ground covered by above-ground organs such as leaves
and branches. Rapid canopy development and closure maximizes interception of incident solar radiation,
which in turn leads to increased total photosynthesis and yield1,2,. For example, early canopy closure in
the growing season resulted in higher biomass in Miscanthus3 and sugar beet4,5. Faster canopy
development is also important for early weed suppression6,7 and reduced soil evaporation8, which further
improves crop growth and productivity9.

Plant canopies are complex entities of fundamental repeating monomers called “phytomers” consisting
of nodes, internodes, axillary buds and leaves that develop over time. Therefore, canopy coverage can
show signi�cant variation based on traits that affect phytomer number and vigor, and individual
phenotypes (e.g., leaf shape) within phytomers. Various theoretical and empirical studies proposed that
shoot architecture traits such as leaf angle, leaf shape, internode length, shoot branching and tiller angle
are the critical components of e�cient interception and uniform distribution of light through the
canopy1,10–18. Modern soybean (Glycine max) varieties growing under normal conditions are e�cient in
light interception, intercepting 90% of the photosynthetically-active radiation over a growing season19,
suggesting photosynthesis may not be a limiting factor in increasing yield. However, most of the sunlight
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is captured at the top of the canopy with leaves in the middle and lower portion of the canopy receiving
insu�cient radiation, indicating over investment in leaf area results in wasted biomass allocated to
source tissue in soybeans20,21. Deeper light penetration in soybean canopies may be achieved by
optimizing the individual plant architecture units to achieve “smart canopies”22, a concept focused on
optimizing leaf angle and pigmentation. Moreover, optimizing other architectural units of individual
plants may also be advantageous. Towards this goal, a better understanding of how plant architecture
effects the overall canopy and the genetic control of such traits in soybean is overdue.

Understanding the individual shoot architecture traits that impact soybean canopy coverage may provide
the foundational information for improving soybean yield potential1,23. Canopy closure before plants
reach the reproductive R1 stage is required for maximum yield of soybean24,25. Moreover, positive
association of early season canopy coverage (14–33 days after planting) with higher yield has been
observed26. Crop modeling studies showed that canopy architectural traits of soybean cultivars are
suboptimal for productivity27. Further, optimization of total canopy leaf area, vertical leaf distribution, leaf
angle and re�ectivity to photosynthetically-active radiation leads to a 7% increase in productivity28.

Until recently, only a handful studies have been conducted to determine the genetic control of soybean
canopy coverage due to technical challenges in collecting phenotypic data under �eld settings.
Availability of diverse germplasm, specialized populations, and high-throughput genotyping and
phenotyping platforms provide the opportunity to conduct genome wide association (GWA) mapping with
the aim to identify genomic regions associated with canopy coverage and shoot architectural traits in
soybean. Recently, high-throughput phenotyping was used to obtain canopy coverage across various
sampling dates between vegetative and reproductive stages from a soybean Nested Association
Mapping (SoyNAM) population29. Coupled with previously generated genotype data, GWA mapping was
conducted, and a major QTL was associated with canopy coverage on chromosome 19 throughout the
survey period. Another study used a ground-based imagery platform to measure canopy coverage at two
time points from �ve locations in a diverse collection of germplasm and reported several associated
QTLs speci�c to time and location30. In addition to these studies describing QTL associated with canopy
coverage, a number of QTL have been reported for shoot architecture traits in soybean including: number
of branches 31–34, leaf traits32,34,35 and plant height36–39. To date, only a few genes controlling shoot
architecture have been isolated : Dt1 and Dt2 for stem termination40–42, Ln for narrow leaf43, GmBRC1 for
number of branches44, GmDW1 for plant height45 and GmIPLA1 for petiole angle46. Although genes and
QTL for canopy coverage and various shoot architecture traits have been identi�ed, the genetic
relationship between canopy coverage and individual shoot architecture traits is lacking.

To examine the genetic control of the components of soybean shoot architecture and their relationship to
canopy coverage, we assembled a diversity panel of 399 soybean maturity group I (SoyMGI) accessions
from the USDA GRIN germplasm collection. We collected phenotypic data using a combination of high
throughput (drone and ground-based imagery) and conventional approaches and combined these data
with publicly available genotyping data and conducted GWA mapping. The main objectives of this study
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were: i) to identify the key shoot architecture traits that drive phenotypic variation in canopy coverage; ii)
identify genomic loci associated with canopy coverage and shoot architecture traits in soybean.; and (iii)
to examine the genetic relationships between individual shoot architecture traits and canopy coverage.

Results

Assembly of a soybean maturity group I (SoyMGI) mapping
panel
The soybean USDA-ARS germplasm collection contains a total of 19,652 cultivated (Glycine max) and
wild (Glycine soja) accessions from around the world, of which 1271 accessions are within maturity
group I47 (MGI; Fig. 1). This collection was previously genotyped with a 50K SNP array platform48,
providing a rich resource for genetic studies. To develop a soybean panel for association genetics studies
that is adapted to and can be phenotyped in the Upper Midwestern U.S. environment, we used a super-
saturated method (Supplementary File 1) to select 399 diverse MGI accessions (referred to henceforth as
the SoyMGI panel) from the USDA-ARS soybean germplasm collection that represent the diversity of the
MGI accessions (Fig. 1B). The SoyMGI panel is composed of 244 accessions from China, 63 accessions
from Russia, 21 accessions from Japan, 18 accessions from United States, and 53 accessions from 17
other countries (Supplementary Table 1). With regards to stem growth habit, the SoyMGI panel contains
299, 54 and 46 accessions that are indeterminate, determinate and semi-indeterminate, respectively.
Additional information about each SoyMGI accession is presented in Supplementary Table 1.

The SoyMGI panel retained 32,360 polymorphic SNPs from a total of 33,773 SNPs in the entire MGI
collection, capturing 95.8% of the genetic variation. A principal component analysis showed that SoyMGI
represents the genetic variation of the entire MGI collection (Fig. 1B). To further examine the population
structure of SoyMGI, we performed a STRUCTURE analysis and showed that SoyMGI can be divided into
two sub-groups (Supplementary Fig. 1). Sub-group I and II contained 235 and 164 accessions,
respectively. The use of the supersaturated design for selecting the SoyMGI panel appears to have done a
good job of reducing population structure. A visualization of the diversity among accessions in a
principal component plot reveals a lack of clustering and no strong separation between the sub-groups
de�ned by STRUCTURE (Fig. 1C).

Natural variation for shoot architecture traits in the SoyMGI
population
Canopy coverage can be considered as a higher-order trait composed of individual underlying shoot
architecture traits. To gain an understanding of the variation for individual shoot architecture traits and
their relationship to canopy coverage, we phenotyped the SoyMGI panel for canopy coverage; stem-
associated traits (branch angle, number of branches, plant height, and number of nodes); leaf-associated
traits (lea�et shape, and petiole and petiolule length) traits; and days to �owering (R2) and maturity (R8).
Canopy coverage was measured over time using RGB camera images taken from an Unmanned Aerial
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Vehicle (Fig. 2A). RGB images from dissected plants and a combination of ImageJ and manual scoring
were performed to obtain data for the leaf and stem traits (Fig. 2B-D). Traits measured included canopy
coverage, branch angle, number of branches, plant height, number of nodes, lea�et length, lea�et width,
lea�et area, lea�et shape (Lea�et length:width ratio; shown as Lea�et.LWR), petiole and petiolule length
of 5th, 6th and longest petiole leaf, �owering time (R2) and maturity (see Materials and Methods section
for details on how these traits were measured). Field experiments of the SoyMGI panel were conducted at
Saint Paul, MN in 2016, 2017 and 2018, and Rosemount, MN in 2017 and 2018. The traits measured at
the two locations over the three years are provided in Supplementary Table 2.

Extensive phenotypic variation was observed for all traits in the SoyMGI panel as indicated by an ANOVA
and descriptive statistics displayed in Table 1. Distributions of accession LS means are displayed in
Supplementary Fig. 2. Canopy coverage and most shoot architecture traits evaluated in this study
exhibited continuous phenotypic variation, indicating that these traits are quantitatively inherited
(Supplementary Fig. 2). Lea�et shape and days to �owering tended to exhibit non-normal distributions
with some skewness. Stem termination was scored as one of three types (determinate, semi-determinate
and indeterminate) and thus followed a discrete distribution.
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Table 1
Descriptive statistics for canopy coverage and shoot architecture traits in the SoyMGI panel

Trait Mean Min Max SD SE H (%) G

CC-32DAP-SP18 (%) 22.82 3.57 34.68 5.47 0.28 46.0 **

CC-38DAP-SP18 (%) 36.97 9.38 51.20 6.84 0.34 50.5 **

CC-46DAP-SP18 (%) 54.35 16.78 72.01 9.06 0.46 45.1 **

CC-57DAP-SP18 (%) 79.10 35.05 92.19 8.49 0.43 42.3 **

CC-40DAP-RM18 (%) 35.11 4.99 52.45 7.19 0.38 80.1 **

CC-47DAP-RM18 (%) 48.60 11.36 67.46 8.62 0.46 81.0 **

CC-53DAP-RM18 (%) 59.45 17.82 80.77 9.52 0.51 78.5 **

CC-60DAP-RM17 (%) 49.91 28.18 61.27 4.95 0.26 64.2 **

Branch angle (degrees) 41.34 22.05 69.61 5.89 0.29 83.0 **

No. of branches 6.16 1.32 11.36 1.65 0.08 81.6 **

Plant height (cm) 80.91 30.18 122.83 12.8 0.64 84.0 **

No. of nodes 17.98 9.25 23.86 1.54 0.08 73.3 **

Lea�et length-5th (cm) 13.80 9.31 19.57 1.61 0.08 79.4 **

Lea�et width-5th (cm) 8.36 4.37 11.87 1.36 0.07 88.2 **

Lea�et.LWR-5th 1.70 1.24 3.15 0.36 0.02 94.5 **

Lea�et area-5th (sq mm) 78.25 32.97 130.67 17.24 0.86 82.3 **

Petiole length-5th (cm) 23.26 12.50 33.61 3.54 0.18 72.3 **

Petiolule length-5th (cm) 4.28 2.32 6.32 0.70 0.03 75.4 **

Lea�et length-6th (cm) 13.75 9.79 19.18 1.58 0.08 74.1 **

Lea�et width-6th (cm) 8.57 4.57 11.98 1.35 0.07 84.5 **

Lea�et.LWR-6th 1.65 1.15 3.23 0.37 0.02 95.5 **

Mean, Min, Max, SD, SE represent mean, minimum, maximum, standard deviation, and standard error
of the accession least square mean for each trait. G represents the signi�cance of the genotype
source of variation; **Signi�cant at P < 0.01; H (%) represents broad-sense heritability on an entry-
mean basis. CC: Percent canopy coverage; DAP: day after planting; SP: Saint Paul location; RM:
Rosemount location; LWR: lea�et length to width ratio; 5th, 6th: 5th and 6th leaf from the top; LP:
Long petiole.

Brie�y, only one time point for canopy coverage (CC-60DAP-RM17) and lea�et traits of long petiole
were taken at Rosemount 2017. Other shoot architecture traits were taken at Saint Paul location
during 2016–2018. Detailed description of year-wise traits collection is presented in Supplementary
Table 2.
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Trait Mean Min Max SD SE H (%) G

Lea�et area-6th (sq mm) 80.14 36.71 133.41 16.69 0.84 78.6 **

Petiole length-6th (cm) 23.74 13.49 32.97 3.47 0.17 74.5 **

Petiolule length-6th (cm) 4.24 2.56 5.85 0.64 0.03 70.7 **

Lea�et length-LP (cm) 12.63 8.59 17.29 1.49 0.08 89.7 **

Lea�et width-LP (cm) 7.48 4.52 10.29 1.15 0.06 92.3 **

Lea�et.LWR-LP 1.74 1.34 3.40 0.38 0.02 96.4 **

Lea�et area-LP (sq mm) 64.50 29.08 108.76 14.00 0.74 88.0 **

Petiole length-LP (cm) 24.38 13.95 31.55 2.81 0.15 87.0 **

Petiolule length-LP (cm) 3.51 1.94 5.07 0.52 0.03 86.3 **

Mean, Min, Max, SD, SE represent mean, minimum, maximum, standard deviation, and standard error
of the accession least square mean for each trait. G represents the signi�cance of the genotype
source of variation; **Signi�cant at P < 0.01; H (%) represents broad-sense heritability on an entry-
mean basis. CC: Percent canopy coverage; DAP: day after planting; SP: Saint Paul location; RM:
Rosemount location; LWR: lea�et length to width ratio; 5th, 6th: 5th and 6th leaf from the top; LP:
Long petiole.

Brie�y, only one time point for canopy coverage (CC-60DAP-RM17) and lea�et traits of long petiole
were taken at Rosemount 2017. Other shoot architecture traits were taken at Saint Paul location
during 2016–2018. Detailed description of year-wise traits collection is presented in Supplementary
Table 2.

Moderate to high estimates of broad-sense heritability (H) suggests that genetic differences among
accessions accounted for the majority of the phenotypic variation (Table 1). For example, leaf
architecture traits had H values ranging from 71–96%, with the highest for lea�et shape. Stem
architecture traits displayed H values ranging from 73 to 84%, with the highest for plant height. Canopy
coverage exhibited high H at the Rosemount location in 2018 (80%, 81%, and 79% at 40 DAP, 47 DAP and
53 DAP, respectively) compared to the Saint Paul location (46%, 51%, 45% and 42% at 32 DAP, 36 DAP, 46
DAP and 57 DAP, respectively).

Phenotypic correlations among all traits were estimated to study the relationships between canopy
coverage and shoot architecture traits. Pearson’s correlation coe�cients (P < 0.05) for all pairwise
combinations of all traits are shown in Supplementary Fig. 3 and Supplementary Table 3. Canopy
coverage at all time points for both locations showed similar correlation patterns with all shoot
architecture traits (Supplementary Fig. 3). Hence, we presented only representative data of canopy
coverage (46 days after planting), leaf traits (from the 5th leaf) and all stem architecture traits in Fig. 3A.
Canopy coverage was positively correlated with branch angle and number of branches. Interestingly,
branch angle and number of branches were negatively correlated with one another. These results suggest
that plants can achieve faster canopy coverage either by developing more branches or increased branch
angle. However, a tradeoff appears to exist between branch angle and number of branches such that
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plants with wide branch angle have fewer branches and plants with narrow branch angle have more
branches. As expected, canopy coverage also showed a positive correlation with plant height. Lea�et
shape was negatively correlated with canopy coverage, implying that a decrease in lea�et length-to-width
ratio (i.e., wider leaves) is associated with better canopy coverage. Notably, no correlation was observed
between canopy coverage at any time point and days to �owering or maturity, suggesting no or minimal
impact of the timing of �owering and the duration of growth on the amount of canopy coverage within
this MGI panel (Supplementary Fig. 3).

To further examine and partition the phenotypic variation for shoot architecture traits that contribute to
canopy coverage, we conducted multiple linear regression (MLR). Canopy coverage was set as the
dependent variable and all shoot architecture traits were set as the independent variables. We performed
all-subset regression to test all possible combinations of explanatory variables and selected the best
model with the optimal number of explanatory variables using Bayesian Information Criterion
(Supplementary Fig. 4). The relative contribution of the explanatory variables towards canopy coverage in
the �nal model is presented in Fig. 3B. We performed MLR analysis for only the Saint Paul location
because canopy coverage and all shoot architecture traits were collected at this location (Supplementary
Table 2). Consistent with the trait correlations presented above, branch angle, leaf shape, plant height and
number of branches emerged as the top explanatory traits for canopy coverage variation at all time
points (Fig. 3B). However, the combination of these variables only explained between 9.86–15.25% of the
total variation for canopy closure, with the highest amount of variation in canopy closure explained at 46
DAP. Lea�et shape explained the highest level of percent variation at 32, 38 and 57 DAP, ranging from
3.01–5.02%. Branch angle and plant height appeared more important during the middle portion of the
growing season (46 DAP) with contributions of 3.96% and 4.65%, respectively. These results suggest that
lea�et shape, branch angle and plant height in�uence canopy coverage.

Genome wide association analysis of shoot architecture
traits
We used a GWA mapping approach to identify QTL associated with canopy closure and shoot
architecture traits. To correct for population structure and reduce false associations, we used a mixed
linear model (MLM-PCA + K) for all traits. A total of 32,360 polymorphic SNPs (> 5% MAF) were used for
the analysis. To assess the integrity of our materials and robustness of the analysis, we collected �ower
color (purple/white) and pubescence color (tawny/gray) data on each line in the SoyMGI panel. Flower
color mapped to the previously mapped W1 �ower color locus on chromosome 1349. Pubescence color
mapped to known pubescence color loci, the T locus on chromosome 6 and the Td locus on chromosome
3, consistent with previous studies38,50−52 (Supplementary Fig. 5). Other signi�cant SNPs associated with
pubescence color were detected on chromosomes 4, 6 and 12. Given their lower levels of signi�cance,
these could be false positives as speculated on by Bandillo et al.51. Further, we also mapped days to
�owering and maturity to known maturity genes E153 (chromosome 6) and E254 (chromosome 10),
respectively (Supplementary Fig. 6). Taken together, these results con�rmed that our GWA mapping was
appropriately conducted and detected the expected marker-trait associations. Subsequently, we then
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performed GWA mapping for canopy coverage, leaf and stem architecture traits, and stem growth habit. A
list of all the signi�cantly associated markers along with their chromosome position, percent contribution
(R2) and allele effects for all traits are provided in Supplementary Table 4. The most highly signi�cant
SNP for a subset of traits are shown in Table 2.
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Table 2
Most highly signi�cant SNPs associated with canopy coverage, branch angle and lea�et shape

Trait Chr-
QTL

rs # Alleles Position
(bp)

Percent
Variation
Explained

Effect of allele
substitution (abs.
value)

CC-32DAP-
SP18-All

Gm19 715633239 G/A 1628801 5.40 2.34

CC-38DAP-
SP18-All

Gm19 715633239 G/A 1628801 5.70 3.04

CC-46DAP-
SP18-All

Gm19 715633239 G/A 1628801 5.10 3.87

CC-40DAP-
RM18-All

Gm19 715633030 A/G 1042383 6.20 3.46

CC-47DAP-
RM18-All

Gm19 715633030 A/G 1042383 6.50 4.25

CC-53DAP-
RM18-All

Gm19 715633030 A/G 1042383 5.50 4.36

CC-60DAP-
RM17-All

Gm19 715633232 C/A 1617252 9.80 3.28

CC-32DAP-
SP18-N

Gm04-
2

715588969 G/A 48378744 8.70 5.63

CC-38DAP-
SP18-N

Gm04-
2

715588969 G/A 48378744 9.80 7.69

CC-38DAP-
SP18-N

Gm19 715633403 T/C 2147894 5.80 4.90

CC-46DAP-
SP18-N

Gm04-
2

715588969 G/A 48378744 9.20 10.07

CC-57DAP-
SP18-N

Gm04-
2

715588969 G/A 48378744 13.10 11.47

CC-57DAP-
SP18-N

Gm19 715633403 T/C 2147894 6.00 6.50

CC-40DAP-
RM18-N

Gm04-
1

715588605 A/C 45259620 5.10 3.67

CC-40DAP-
RM18-N

Gm19 715633030 A/G 1042383 9.20 4.25

CC-47DAP-
RM18-N

Gm04-
1

715588605 A/C 45259620 5.80 4.68

CC-47DAP-
RM18-N

Gm19 715633030 A/G 1042383 9.00 5.01
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Trait Chr-
QTL

rs # Alleles Position
(bp)

Percent
Variation
Explained

Effect of allele
substitution (abs.
value)

CC-53DAP-
RM18-N

Gm19 715633030 A/G 1042383 7.60 5.11

CC-60DAP-
RM17-N

Gm19 7155633232 C/A 1617252 9.60 3.21

Branch
angle-All

Gm19 715633191 C/T 1502707 4.70 2.12

Branch
angle-N

Gm19 715633191 C/T 1502707 6.00 2.26

Lea�e.LWR-
5th-All

Gm04-
2

715588969 G/A 48378744 4.30 0.24

Lea�et.LWR-
5th-N

Gm04-
2

715588969 G/A 48378744 9.00 0.38

Lea�et.LWR-
5th-N

Gm19 715633403 T/C 2147894 4.50 0.22

Lea�et.LWR-
6th-All

Gm04-
2

715588969 G/A 48378744 4.00 0.23

Lea�et.LWR-
6th-N

Gm04-
2

715588969 G/A 48378744 6.10 0.31

Lea�et.LWR-
LP-All

Gm04-
2

715588969 G/A 48378744 3.80 0.23

Lea�et.LWR-
LP-N

Gm04-
1

715588481 G/A 44247846 8.70 0.28

Lea�et.LWR-
LP-N

Gm04-
2

715588969 G/A 48378744 8.30 0.36

CC: Canopy coverage; DAP: days after planting; SP: Saint Paul; RM: Rosemount location

All, N: All and indeterminate accessions respectively; 5th, 6th, LP: Terminal lea�et from 5th, 6th from
the top at R1-R3 growth stage and long petiole; LRW: Terminal lea�et length:width ratio of 5th, 6th or
Long petiole leaf

Chr-QTL: Designated QTL on chromosome; rs#: SNP name; Alleles: nucleotides at corresponding SNP;
Percent variation explained = (R2 with SNP- R2 without SNP)x100. Note, only one time point for
canopy coverage (CC-60DAP-RM17) and lea�et shape of long petiole (Lea�et.LWR-LP) were taken at
Rosemount 2017. Other shoot architecture traits were taken at Saint Paul location during 2016–2018.
Detail description of year-wise traits collection are presented in Supplementary Table 2.

Canopy coverage
Signi�cant SNPs associated with canopy coverage were detected at all time points in both locations
(Supplementary Figs. 7 and 8). A QTL associated with canopy coverage on chromosome 19 was detected
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in three out of four and four out of four timepoints at Saint Paul and Rosemount, respectively. QTL for
canopy coverage were also detected on chromosomes 3, 11 and 15 in Saint Paul, and a QTL was
detected on chromosome 7 during early development in Rosemount (Supplementary Table 4,
Supplementary Figs. 7 and 8). A heatmap of the most highly signi�cant SNPs with their associated p-
values is shown in Fig. 4A. While the QTL on chromosome 19 was found at both locations, the different
QTL detected at Saint Paul and Rosemount may be due to differences in plant spacing (16 seeds/meter
at Saint Paul and 32 seeds/meter at Rosemount) at the two locations that resulted in different rates of
canopy closure (Fig. 4B).

Stem determinacy impacts plant height55. Although stem termination did not show a signi�cant
correlation with canopy coverage (Fig. 3), it may have impacted canopy coverage indirectly by altering
plant height or other shoot architecture traits. Thus, to control for this possible confounding effect, we
conducted GWA mapping with just the 299 indeterminate (N) accessions in the SoyMGI panel.
Intriguingly, a novel QTL on chromosome 4 was detected at the Saint Paul location at all time points and
in Rosemount at 40 and 47 days after planting (Fig. 4A, Supplementary Figs. 7 and 8). Other novel QTL
on chromosomes 1 and 17 were detected in Saint Paul at 57 DAP and on chromosomes 4 (40 and 47
DAP) and 10 (60 DAP) in Rosemount. The phenotypic variation of canopy coverage explained by the
most highly signi�cant SNPs ranged from 5.1% -13.1% (Table 2). The maximum allelic effect (11.47
percent change of canopy coverage) was observed in the indeterminate accessions at chromosome 4 at
57 days in Saint Paul. Allelic effects in general are higher when only indeterminate accessions were
included in the analysis as compared to when all accessions were included.

Leaf morphology
The correlation and multiple linear regression analyses presented above indicate that lea�et shape
contributed to canopy coverage (Fig. 3 and Supplementary Figs. 3 and 4). To further advance our
knowledge of the genetic relationship between canopy coverage and lea�et shape, we conducted GWA
mapping on lea�et shape and studied the coincidence between lea�et shape and canopy coverage QTL.
As expected, lea�et length, width and shape showed similar mapping results (Supplementary Table 4).
Therefore, only the lea�et shape trait is presented here. A major QTL on chromosome 20 was associated
with lea�et shape measured from the 5th, 6th and long leaf (Fig. 5D, Supplementary Fig. 9). This QTL is
coincident with the previously reported narrow leaf, Ln gene43. Intriguingly, another QTL associated with
leaf shape for the 5th, 6th and long leaf was identi�ed on chromosome 4 and was coincident with a
canopy coverage QTL (Fig. 5C, D, F, Table 2, Supplementary Fig. 9). This QTL for lea�et shape on
chromosome 4 was detected when GWA mapping was performed either using all or only the
indeterminate set of accessions.

Interestingly, the most highly signi�cant QTL on chromosome 4 (Gm04-2) explained 9.0%, 6.10% and
8.30% variation for leaf shape from 5th, 6th and longest petiole, respectively (Table 2). The same SNP
also explained 8.70%, 9.80%, 9.20% and 13.10% variation for canopy coverage at 32DAP, 38DAP, 46DAP
and 57DAP in indeterminate accessions, respectively (Table 2). These results are consistent with our
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phenotypic analysis that lea�et shape impacts canopy coverage (Fig. 3A, B). Surprisingly, no QTL were
detected for petiole and petiolule length in the 5th, 6th and long leaf (data not shown) despite their high
heritability (range from 70–80%, Table 1). We currently do not have an explanation for this result.

Stem-related traits
We sought to map stem-related traits and examine the genetic relationship between these traits and
canopy coverage. As expected, growth habit mapped to chromosomes 19 and 18, coincident with the
location of the known genes Dt1 and Dt2 (Supplementary Fig. 10) that control determinate and semi-
determinate stem growth, respectively40–42. QTL associated with plant height and number of nodes were
associated with a region on chromosome 19, coincident with the location of Dt1 (Supplementary Fig. 11).
Further, no signi�cant QTL were detected for plant height and number of nodes when GWA mapping was
conducted with only the indeterminate set of accessions. None of the growth habit QTL were found in
coincident locations as the canopy coverage QTL.

Based on the correlation and regression analysis, QTL associated with branch angle were likely to also be
associated with canopy coverage (Fig. 3). Consistent with these analyses, we identi�ed a major QTL on
chromosome 19 associated with branch angle, which completely overlapped with the canopy coverage
QTL on chromosome 19 (Fig. 5A, B, E, Table 2), suggesting that the canopy coverage QTL on
chromosome 19 may at least be partially explained by the branch angle QTL. The top signi�cant SNP
(rs#:715633191) showed an effect of 2.12 degrees on branch angle and 2.2% effect on canopy coverage,
indicating that as branch angle widens, canopy coverage increases. These results further support our
phenotypic correlation and regression analyses that branch angle is an important determinant of canopy
coverage.

Number of primary branches was associated with a SNP (designated as Sig-SNP-1; rs#:715632223 in
Supplementary Table 4) on chromosome 18. This region is not coincident with any of the canopy
coverage QTL, but is approximately 16kb proximal to the Dt2 gene that controls semi determinant growth
habit (Fig. 6A). Surprisingly, GWA mapping for number of branches with only the indeterminate
accessions detected three signi�cant SNPs (designated as Sig-SNP-2; rs#:715632418; Sig-SNP-3;
rs#:715632421; Sig-SNP-4; rs#:715632422) (Fig. 6B). This branch number QTL is 1.4 Mbp distal to the
Dt2 gene (Fig. 6C). We sought to investigate whether the branch number QTL found in our study is a
novel region or associated with Dt2. We examined the linkage disequilibrium (LD) in the region using
signi�cant SNPs associated with the branch number QTL and Dt2. The branch number QTL haplotype
showed low LD (D prime: 0.44; R2: 0.06) with Dt2 (Fig. 6D, Supplementary Table 5). Furthermore, the
haplotype consists of Sig-SNP-2, Sig-SNP-2 and Sig-SNP-3 that change the number of branches by two
(Fig. 6E). Taken together, these results indicated that the branch number QTL may be a novel QTL linked
to Dt2 that controls the number of branches in soybean.

Discussion
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Canopy coverage governs the amount of photosynthetic light intercepted during the growing season of
the crop. In addition to the bene�ts of increased light interception, rapid canopy coverage results in
increased light interception, early-season weed suppression, reduced soil evaporation, all contributing to
increased crop productivity6–9. Although canopy coverage is important for soybean productivity, an
understanding of the phenotypic and genetic relationships between canopy coverage and the shoot
architecture traits underlying canopy coverage are poorly understood. To gain a better understanding of
the shoot architecture traits that in�uence canopy coverage, we assembled a SoyMGI panel and
phenotyped the panel for canopy coverage and shoot- and leaf-related traits using aerial imagery and
manual scoring. These data provided the opportunity to examine the phenotypic relationships between
canopy closure and shoot architecture phenotypes, and combined with previous 50 K SNP genotyping of
the panel to identify QTL and examine the genetic relationships between shoot architecture traits and
canopy coverage.

Genetic control of number of branches is not solely
determined by stem determinacy genes 
Plant height, number of nodes and number of branches mapped to previously known genes that control
stem determinacy is consistent with other studies. For instance, QTL for plant height and number of
nodes mapped to Dt1 on chromosome 1932,34,37 and QTL for number of branches mapped to Dt2 on
chromosome 1832,34. Our GWA mapping with only indeterminate accessions showed similar results but
did not identify QTL associated with plant height and number of nodes. However, for number of branches,
a potentially new QTL which is distal (1.4Mb) and in low LD with Dt2 was detected. This suggests that
the branch number phenotype in our material may not be solely due to Dt2 gene. Indeed, other studies
also reported branch number QTLs on other chromosomes in soybean that do not coincide with either the
Dt1 or Dt2 stem determinacy gene31,33,44,56.

Canopy coverage is in�uenced by developmental stage,
stem determinacy and environment
A major QTL associated with canopy coverage on chromosome 19 was most consistently detected
during the growing season in both locations. This QTL co-localizes with a QTL associated with canopy
coverage identi�ed in a soybean nested association mapping (SoyNAM) population29. Our con�rmation
of the major QTL on chromosome 19 implies that there is allelic variation for canopy coverage at
chromosome 19 that appears in diverse soybean germplasm, and the alleles controlling differences in
canopy coverage are frequent enough to be detected by GWA mapping. We also detected other QTL
associated with canopy closure either early or later in the season. These results were also consistent with
the SoyNAM study29, which reported different QTL during the growing season. Furthermore, we also
detected three other QTL on chromosome 3, 11 and 15 speci�c to the Saint Paul location and one QTL on
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chromosome 7 speci�c to the Rosemount location. Consistent with a previous report57, our results
suggest that developmental stage as well as environment have a strong in�uence on canopy coverage. 

Stem determinacy in�uences a number of traits such as plant height, number of nodes and branches and
likely impacts canopy coverage. In addition, each of these traits can be in�uenced to various degrees by
the environment. For example, branch number and length, are heavily in�uenced by planting density and
planting date58. Interestingly, we detected a novel major QTL associated with canopy coverage on
chromosome 4 at all sampling times when only indeterminant accessions were used in the analysis,
suggesting that canopy coverage is also impacted by stem determinacy possibly via architecture traits. 

Branch angle and lea�et shape are major drivers of canopy
coverage 
We examined the genetic control of shoot architecture traits using GWA mapping. For plant height, we did
not �nd a QTL coincident with QTL associated with canopy coverage although we did �nd a strong
correlation between these two traits. However, another study reported a plant height QTL on chromosome
1936, that co-localized to the canopy coverage QTL previously reported29, suggesting that plant height
may impact canopy coverage in soybean. It is important to note that both studies used the same
SoyNAM mapping population which contains 5600 recombinant inbred lines29,36. It is unclear why we did
not �nd a QTL associated with plant height coincident with the QTL on chromosome 19 associated with
canopy coverage. Plant height in our diversity panel is highly confounded by stem determinacy. We
mapped plant height to stem determinant gene Dt1 and no signal was detected when only indeterminant
accessions were used. The lack of detected QTL could have been due to a lack of statistical power
stemming from the way in which plant height was de�ned. Because it was measured as the shortest
distance between the �rst trifoliate node and the tip of the plant, stem curvature caused by lodging was a
confounding source of variation. This additional source of variation surely reduced our power to detect
individual QTL for plant height phenotyped using the method described herein. 

Our results showed that canopy closure QTL were coincident with QTL associated with branch angle and
leaf shape. We detected a major QTL for branch angle on chromosome 19 and QTL for lea�et shape on
chromosome 4 that coincide with canopy coverage QTL. These genetic mapping results were consistent
with our correlation and regression analysis that show branch angle and lea�et shape are correlated with
canopy coverage and are two of the explanatory variables that govern canopy coverage in soybean. The
QTL for canopy coverage on chromosome 4 is detected mostly during early development, while the QTL
on chromosome 19 was detected from early through later developmental stages. This suggests that
different architectural traits may in�uence canopy coverage at different developmental stages of the
plant. We also detected a major QTL interval for lea�et shape on chromosome 20 which contains the
previously cloned narrow lea�et (Ln) gene43 and is consistent with other GWA studies32,34. Interestingly,
we were not able to detect a QTL for canopy coverage at the Ln locus. Various studies have determined
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the genetic control of branch angle in Brassica59–61, leaf traits in soybean32,34,35,43 but none of these
studies have identi�ed the genetic relationship of these traits with canopy coverage. Here, we provided
compelling evidence that the QTL on chromosomes 19 and 4 for branch angle and lea�et shape,
respectively are key players that determine canopy coverage in soybean.

Materials And Methods

Plant materials
The USDA GRIN soybean germplasm collection consists of 1271 unique maturity group-I (MGI)
accessions47. We used a method described in Supplementary File 1 to identify 399 MGI accessions that
captured the genetic variation in the MGI accessions in the GRIN collection. This panel is referred to as
SoyMGI. Geographic, growth habit and other information about the accessions in the SoyMGI panel was
obtained from GRIN (https://npgsweb.ars-grin.gov/gringlobal/search.aspx?) and other studies47,48

(Supplementary Table 1).

Experimental design
The SoyMGI panel was grown on the experimental farms at Saint Paul, MN during the 2016, 2017, and
2018 growing seasons and at Rosemount, MN in the 2017 and 2018 growing seasons. A Modi�ed
Augmented Design-262 with two replications was used for Saint Paul. Each replication contained
repeated primary and secondary checks. All materials were planted with a machine seed planter (4-row
Almaco SeedPro (ALMACO, Nevada, IA) in a 2.74 m plot. Each accession was planted in a one-row plot in
2016 and two-row plots in 2017 and 2018. Row and plant spacing were maintained at 76.2 cm and 6.35
cm, respectively. At Rosemount, a randomized complete block design with two replications was used.
Each accession was planted in a two-row plot of 3.65 m with 76.2 cm row spacing at both the Saint Paul
and Rosemount locations. The seeding density was 16 seeds per meter at Saint Paul, while it was 32
seeds per meter at Rosemount.

Trait measurements

Canopy coverage
To measure canopy coverage, we used a set of previously developed image capture and analysis
procedures63. Canopy coverage was measured in Rosemount in 2017, and both Rosemount and Saint
Paul in 2018. The major steps in this pipeline (Supplementary Fig. 12) included: (1) image collection from
an RGB camera mounted on an Unmanned Aircraft System (UAV), (2) orthomosaic generation, and (3)
image processing. In step 1, aerial imagery was captured at 7–10 d time interval between V3-V4 to V7-
V11 stages with a low-cost DJI Phantom 3 Professional drone equipped with the 12.4 MP CMOS camera
customized for this aircraft (SZ DJI Technology Co., Shenzhen, China). Autonomous �ight plans were
conducted at a 61 meter altitude with 75% end lap and side lap of images using Pix4Dcapture,
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https://pix4d.com/product/pix4dcapture-app (Pix4D S.A., Lausanne, Switzerland). After capturing image
sets, orthomosaics were processed using Pix4D Desktop using the “Ag RGB” processing template (Pix4D,
SA). Ground control points were manually identi�ed in the basic editor of Pix4D prior to initial processing.
To calculate soybean canopy coverage, orthomosaics were processed in Erdas Imagine (Hexagon
Geospatial, Madison, AL). The normalized difference greenness index was calculated using the equation
[(g-r)/(g + r)] and unsupervised classi�cation using k-means clustering was performed to classify each
pixel into �ve distinct classes. These �ve classes were then manually recoded into plant pixels and soil
pixels. Canopy coverage was then extracted using QGIS software (QGIS Geographic Information System,
Open Source Geospatial Foundation Project http://qgis.osgeo.org). In QGIS, a polygon shape�le was
created where �eld plot polygons were used to identify each of the two row plots. The zonal statistics
plugin was used to extract the canopy coverage value from every plot which is de�ned as the ratio of
plant classi�ed pixels to total pixels in each polygon.

Shoot architecture traits
All shoot architecture traits, �owering time and maturity were measured at Saint Paul except for leaf
architecture traits from the leaf with the longest petiole, which were collected from Rosemount in 2017
(Supplementary Table 2). In Saint Paul, three plants per replication were hand-cut and sampled from each
plot in 2016 and 2018 seasons. In 2017, six plants from only one replication were sampled. Sampling
began when the plants were in between the R3 to R5 growth stages. Leaf samples were collected from
the 5th and 6th node counting from the top of the plant. Leaf samples were spread on a black
background and imaged using a DSLR camera Canon EOS 70D. Using the ImageJ tool
(https://imagej.nih.gov/ij/) traits such as petiole length, petiolule length, lea�et length, and lea�et width
were measured from the terminal lea�et. Lea�et length/width ratio and lea�et area were calculated from
these measurements. The same plants were then completely defoliated to obtain stem architecture traits
including: plant height, number of nodes, number of primary branches and branch angle. For the leaf with
the longest petiole, �fteen random leaf samples from different plants in each plot were collected and six
leaves with the longest petiole were used for data collection. All leaf samples and defoliated plants were
digitally photographed with a DSLR camera Canon EOS 70D, and leaf and stem architecture traits were
measured with the open source ImageJ tool. Plant height was determined as the shortest distance from
the �rst trifoliate node to the top of the plant. That is, plant height, as de�ned here, is not the same as
stem length and does not take into account stem curvature. The number of nodes were the total number
of trifoliate nodes that developed. The number of primary branches were the total number of reproductive
primary branches on the main stem of a plant. Reproductive branches were de�ned as having at least
one node on the branch. Branch angle is the angle between the primary branch at the point of its
emergence and main stem. Since not all primary branches emerge at the same axis plane, we imaged
each primary branch and associated main stem individually with a smart phone and then used ImageJ to
separately measure each branch angle. To eliminate outlier angles caused by abnormal growth or
measurement errors, we �rst conducted standardized residual analysis to remove any angle more than
three standard deviations from the mean value before averaging all angles for each accession. Days to
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full �owering and maturity were de�ned as the number of days when 90% of plants in a plot reached the
R2 and R8 stages, respectively.

Statistical analysis of phenotypic datas
All analysis were conducted in R 3.5.2 (R Core Team 2018, https://www.r-project.org/) and �gures were
produced with ggplot2_3.2.1 package (Wickham, 2016). Standard nomenclature package::function() is
adopted to mention R package and its function. Summary statistics such as mean, range, standard
deviation and error were calculated with doBy::summaryBy().

First, the phenotypic values of each plant sampled from each plot were averaged (plot average). Second,
plot averages were spatially adjusted using Method 3 of Lin and Poushinsky62. Spatially adjusted plot
values were then included in a linear model. Traits were either kept separately or combined for all years
(Supplementary Table 2). Traits measured at different developmental stages such as canopy coverage
and leaf traits for 5th, 6th and long petiole were kept separate. Architectural traits measured at one
development stage such as branch angle, number of branches, plant height and number of nodes were
combined for all years. Two rationales determined if data were combined across environments. First,
these traits did not show signi�cant genotype-by-environment interaction. Secondly, broad-sense
heritability estimates on an entry-mean basis were higher across environments compared to for individual
environments (Supplementary Table 6).

Model for traits separately environment-wise: Yik = µ + gi + rk + eik

Model for traits combined across environments: Yijk = µ + gi + lj + (gl)ij + rk(j) + eijk

µ is the overall mean, gi is genetic effect of ith accession, lj is the effect of jth environment, (gl)ij is the

interaction between ith accession and jth environment, rk(j) is replication effect nested in jth environment
and eijk is the random residual. The above models were �t using stats::lm() and LS means from the model
was calculated using lsmeans::lsmeans().

Broad-sense heritability (H) estimates on an entry-mean basis for traits which were combined across
environments were calculated from equation-I, while traits which were kept separately were calculated
from equation-II.

Where σ2
g is the genotypic variance, σ2

gl is the genotype-by-environment interaction variance, l is the

number of years, r is the number of replications and σ2
e is the error variance. All variance components
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were estimated by restricted maximum likelihood (REML) method using a random effect model
implemented in lme4::lmer().

Relationships among the traits were examined by performing correlation and multiple linear regression
analyses. Pearson’s correlation coe�cients among traits were estimated using stats::cor() function. P-
values were computed with ggcorrplot::cor_pmat(). A correlogram was generated by
ggcorrplot::ggcorrplot() in ggplot2.

To identify shoot architecture traits that explained the most phenotypic variation for canopy coverage,
multiple linear regression models including canopy coverage as the dependent variance and shoot
architecture traits as the independent variables were tested. First, a full model was �tted followed by
exhaustive iteration implemented in leaps::regsubsets(). This produced models with all possible
combinations of explanatory variables. The most parsimonious model was then selected based on
Bayesian Information Criteria (BIC). Collinearity among the top explanatory traits was checked by
car::vif(). The �nal model was �tted with stats::lm() and relative contributions of the top shoot
architecture traits to explained canopy coverage variation was computed using the LMG method (R2

contribution averaged over ordering among regressors; Lindeman et al 1980) implemented in
relaimpo::calc.relimp().

SNP genotyping data and �ltering
The Illumina In�nium “SoySNP50K” Beadchip SNP dataset for the USDA soybean germplasm and
speci�cally for the SoyMGI panel were downloaded from SoyBase48 (https://soybase.org/snps/).
Markers with more than 10% missing value and minor allele frequency (MAF) less than 5% were excluded,
yielding 32,360 polymorphic SNPs for use in GWA mapping. SNP �ltering was performed in TASSEL
5.064.

Population structure and linkage disequilibrium analysis
A total of 5000 random SNPs across all 20 chromosomes were selected from the 32,360 �ltered SNPs
and entered into STRUCTURE v 2.3.4 software65. The STRUCTURE program implements a model-based
clustering to infer population structure using genotype data. Ten independent runs were performed with
K-values ranging from 1 to 10. The K-value is the putative number of genetic clusters in a given
population. The burn-in length and the number of Markov Chain Monte Carlo (MCMC) replications was
set to 50000 iterations under the admixture model. The most likely number of K groups that best �t the
data was determined by Delta K statistics using the STRUCTURE HARVESTER program66. Local linkage
disequilibrium (LD) analysis and visualization was performed with Haploview 4.267 with default
parameters. LD blocks were determined by the four-gamete rule implemented in Haploview. The distance
between markers for pairwise comparisons was set to 2000 kb. A principal component analysis using
polymorphic SNPs was conducted using TASSEL 5.064.

Genome-wide association analysis
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Least squares means of phenotypic data for individual accessions were combined with the SNP data and
included in a mixed liner model (MLM-PCA + K) for QTL identi�cation. The MLM-PCA + K model was
implemented in the GAPIT package68,69. The top two principal components (PCs) were �t as �xed effects
to account for any possible population structure remaining in the diversity panel. Polygenic effects (u)
were �t as random effects, with the covariance structure of u being modeled using a marker-based
kinship matrix (K) to account for more subtle differences in relatedness among accessions.

Y = µ + Xα + Pβ + Zu + e

Y is the phenotypic value (accessions LS mean), µ is the grand mean, X is the design matrix relating
accessions to marker effects, α. The design matrix relating the accessions to the PCs is represented by P
and the effects of the PCs are represented by β. Z is the design matrix relating accessions to the random
additive genetic effects, u, and e is the random residual term. The optimal number of PCs to be included
in the MLM was determined from the number of groups depicted by the STRUCTURE analysis. A false
discovery rate (FDR) of 5% was used to determine the signi�cance of marker-trait associations for all
traits. Manhattan plots were generated using CMplot::CMplot(). P-values corresponding to 5% FDR was
calculated with interpolation using stats::approxfun(). Two criteria were used for QTL determination. All
signi�cant SNPs under GWA peak and 500 Mbp upstream/downstream of signi�cant SNP is considered
as one QTL. The 500 Mbp distance was chosen from a LD decay analysis (Supplementary Fig. 13).
Estimation of allelic effects were done in the GAPIT package. Brie�y, HapMap numericalization was
performed and the sign of the allelic effect estimates was with respect to the nucleotide that is second in
alphabetical order.
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Figure 1

Assembly of soybean maturity group I diversity panel (SoyMGI) A) Flow diagram showing selection of
399 diverse maturity group I accessions of soybean from the USDA GRIN germplasm collection. B) A
principal component analysis of the 399 SoyMGIaccessions (orange �lled circles) showed that most of
the genetic variation available in the 1,271 MGI accessions (blue �lled circles) was retained. C) Two
subpopulations were detected from a principal component analysis of the SoyMGI diversity panel. Two
groups, based on a STRUCTURE analysis, are colored as green and red and consist of 165 and 234
accessions, respectively.

Figure 2
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Phenotypic diversity and partitioning soybean shoot architecture into measurable traits A) Examples of
aerial-based canopy coverage images of three accessions showing from left to right dense, medium, and
low canopy closure. B) Representative phenotypic diversity for leaf size and shape (oval, ovate,
lanceolate from left to right) in the SoyMGI diversity panel. C) Leaf architecture traits that were scored
included terminal lea�et length and width, petiole and petiolule length. D) Stem- and branch-related traits
(number of nodes, plant height, branch angle and number of primary branches) were obtained from
defoliated plants. See method section describing how these traits were measured. Red �lled circles,
yellow arrows and white arches represent nodes, branches and branch angles, respectively.
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Figure 3

Phenotypic correlations and multiple linear regression of shoot architecture traits A) Pair-wise Pearson’s
correlations among canopy coverage, shoot architecture and leaf architecture traits were calculated and
signi�cant correlation coe�cients (threshold p-value=0.05) were visualized using a correlogram. Red and
purple color represent positive and negative correlations, respectively. White boxes mean non-signi�cant
correlations. Only representative canopy coverage (46 days after planting) and leaf architecture traits
(from 5th leaf) are shown here. B) Multiple linear regression was performed to identify the shoot
architecture traits that explain the largest amount of phenotypic variation for canopy coverage. Individual
canopy coverage datasets were used as a response variable and shoot architecture traits as explanatory
variables were included in the model. All possible models were produced with All-subsets regression and
the best model with optimal number of explanatory variables was selected using Bayesian Information
Criterion. The portion of total variation in canopy coverage explained by the �nal model is reported as R2.
The contribution of each explanatory shoot architecture trait to R2 is calculated by averaging over orders
(Linderman et al 1980) and shown inside stacked bar plots. CC: canopy coverage; DAP: days after
planting; SP: Saint Paul; LWR: lea�et length:width ratio.
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Figure 4

Canopy coverage is associated with multiple QTL and is in�uenced by the environment. A) Heatmap
showing top signi�cant SNPs identi�ed from Genome Wide Association (GWA) analysis for canopy
coverage at two locations. Color of boxes correspond to p-values associated with SNPs. Any SNPs which
were 1Mbp apart were considered as separate QTL and designated as ChrN.1 and ChrN.2, where N is the
same chromosome number. B) Box plots for canopy coverage at each time point for both locations.
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White diamond inside the box plot is mean of canopy coverage for all accessions. Accessions displayed
faster canopy coverage at Saint Paul (2.26% per day on an average) compared to Rosemount (1.79% per
day on an average). CC: canopy coverage; DAP: days after planting; SP: Saint Paul location; RM:
Rosemount location; All: all accessions; N: only indeterminant accessions

Figure 5

Soybean canopy coverage QTL on chromosome 4 and 19 overlap with lea�et shape and branch angle
QTL, respectively A) Manhattan plot showing QTL associated with canopy coverage when all accessions
were used in the analysis. B) QTL associated with branch angle when all accessions were used in the
analysis. C) QTL associated with canopy coverage when only indeterminate accessions were used in the
analysis. D) QTL associated with lea�et shape from the 5th leaf when only indeterminant accessions
were used in the analysis. All phenotype data were collected in St. Paul 2018. Association analysis for
lea�et shape for 6th leaf and long petiole leaf showed similar results and not shown here. Blue dotted
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threshold line plotted at 5% FDR. Signi�cant SNPs shown as closed circles on corresponding
chromosome. E) Plot showing signi�cant SNPs overlap for canopy coverage and branch angle on
chromosome 19. F) Signi�cant SNPs overlap for canopy coverage and lea�et shape on chromosome 4.
Each �lled circle represents signi�cant SNPs with its corresponding chromosome position. Color of
circles correspond to p-values associated with SNPs. Ln: Narrow leaf gene; CC: canopy coverage; DAP:
days after planting; SP: Saint Paul location; LWR: lea�et length:width ratio of the 5th petiole; All: all
accessions; N: only indeterminant accessions

Figure 6
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A potential novel QTL on chromosome 18 for number of branches in soybean A) Manhattan plot of QTL
associated with number of branches when all the accessions were used in the genome-wide association
mapping. B) QTL associated with number of branches when only the indeterminant set of accessions
was used in the analysis. Blue dotted threshold line plotted at 5% FDR and signi�cant SNPs are shown as
�lled circles. C) Cartoon showing signi�cant SNPs (designated as Sig-SNP-1,2,3,4) on chromosome 18
neighboring the Dt2 gene. D) Linkage disequilibrium (LD) heat plot showing pairwise D’ among four SNPs
for branches QTL and Dt2. Bright red square represents LOD > 2 and D’=1, shades of pink/red represent
LOD>2 and D’<1, white square represents LOD <2 and D’<1. The number in the squares represent the
D’value expressed as a percentile. Black triangle represents block generated by 4-gamete rule. Branch
number QTL formed distinct haploblock (block2). E) Box plot showing effect of GGG and TAA haplotypes
of QTL (SNP-2,3,4) associated with the number of branches.
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