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Introduction
Soybean (Glycine max Merr. [L.]) is one of the most widely 

cultivated legumes worldwide due to its high economic value, 
primarily derived from its high protein (approx. 40%) and oil (approx. 
20%) contents (2023 data from ers.usda.gov). For optimal growth 
and productivity, soybeans require 14 mineral nutrients, of which 
nitrogen (N) is the most predominant. Thus, inorganic N fertilizers 
are applied in large amounts annually to increase soybean yields 
[1], causing significant environmental pollution [2-4]. In the lack of 
inorganic N, symbiotic fixation, carried out by bacteria living in root 
nodules, provides the necessary N to the plant [5]. Leaf physiology and 
metabolism depend on available N since it is the critical component of 
chlorophyll, photosystems (PS) I and II, and RuBisCO [6]. Therefore, 
both light and dark photosynthetic reactions occur in the presence of 
N. Approximately 75% of the total plant N is found in the chloroplast, 
where it is utilized to synthesize the photosynthetic apparatus [7]. 
Previous studies in different plant species at local, regional, and 
global scales showed that the concentration of leaf N is significantly 
and positively correlated with that of chlorophyll as well as the 
photosynthetic rate [8,9].

The quantification of chlorophyll using conventional methods 
is time-consuming, is based on destructive extraction with organic 
solvents (i.e., acetone, ethanol, dimethyl sulfoxide), and requires 
expensive equipment for digestion and analysis [10]. On the 
other hand, the Minolta Soil Plant Analysis Development (SPAD) 
chlorophyll meter allows the quick and non-destructive measurement 
of chlorophyll content [11]. The SPAD meter has been previously used 
in studies to indirectly determine foliar chlorophyll and the N content 
in situ and, thus, can be a valuable tool to monitor the crop N status and 
potential N use efficiency or N fixation in legumes [12-14].

In soybeans, the relative leaf chlorophyll content based on 
SPAD values could allow the identification of quantitative trait loci 
(QTL) related to high N concentration and N fixation efficiency. The 
available methods for pinpointing QTL for economically important 
complex traits are linkage mapping using bi-parental populations and 
genome-wide association study (GWAS) using diverse germplasm 
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Abstract
Leaf photosynthesis and biological nitrogen fixation are two of the most important metabolic processes for 

soybean growth and development. Since they are considered closely linked, measuring chlorophyll content using 
non-destructive tools, such as a Soil Plant Analysis Development (SPAD) chlorophyll meter, may help determine the 
nodulation and nitrogen fixation status of soybean plants. This study aimed to identify single nucleotide polymorphism 
(SNP) markers associated with SPAD values in a global panel of 187 diverse accessions. The population structure 
and genome-wide association analyses were carried out using 1,243 high-quality SNPs and greenhouse data 
obtained in two consecutive years. The results revealed 14 SNPs significantly related to SPAD values on Chr. 5, 
10, 12, 15, 17, and 18. In addition, 33 candidate genes were found in the Glyma.Wm82.a2 within 10 kb flanking 
regions of each significant SNP. Of these, three candidate genes on Chr. 10 and 12 encoded proteins related to 
photosynthesis, chlorophyll content, and nitrogen status. Overall, our data may help better understand the underlying 
molecular mechanisms controlling chlorophyll content in relation to nitrogen fixation in soybean.
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accessions. Of these, GWAS allows the exploitation of historical 
linkage disequilibrium in diverse populations and the mining of QTL 
with relatively higher accuracy [15]. Previous studies for SPAD values 
in soybeans based on different genetic populations, experimental 
locations, and mapping strategies reported multiple putative loci on 
16 different chromosomes [16]; however, research on QTL for soybean 
leaf chlorophyll-content using SPAD is still limited.

In this study, we aimed to use GWAS to identify loci for foliar 
chlorophyll as an indicator of N fixation potential [17] using SPAD 
values in a global panel of 186 diverse soybean accessions. Our findings 
may assist in elucidating the underlying molecular relation of leaf 
chlorophyll content and N fixation and create markers for developing 
high-yielding soybean varieties with minimum requirements in 
inorganic N.

Materials and Methods
Germplasm panel

A panel of 186 diverse soybean accessions was used in this study. Of 
these, 133 maturity group (MG) IV and 18 MG V represented the most 
genetically diverse accessions in previously published mapping studies, 
whereas 19 MG 00-III and 16 MG VI-X were selected from the USDA-
ARS Germplasm Resources Information Network (GRIN)-Global, 
assessing the provided phenotypic information and breeding values. 
The accessions were originated from 21 different countries, including 
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Argentina, Brazil, China, Colombia, Costa Rica, France, Georgia, India, 
Japan, Morocco, Nepal, South and North Korea, Russian Federation, 
Serbia, South Africa, Taiwan, Uganda, United States, Vietnam, and 
Zambia (Table S1).

Phenotypic data

Two greenhouse experiments were conducted at the Horticulture 
Research Center, Southern Illinois University, Carbondale, IL, which 
has a north-south orientation, from early September to late November 
in 2022 and 2023. The assays started with planting all accessions in six-
inch plastic nursery pots filled with Berger BM1 growing medium. The 
plants were grown under ambient conditions with no supplemental 
lighting and watered based on the environmental needs (approx. 
every two days), using tap water. Both experiments were arranged 
as randomized complete block designs with two blocks and three 
repetitions per block (Figure 1). Chlorophyll content was measured 
using a portable chlorophyll meter (SPAD-502DL, Minolta, Tokyo, 
Japan). SPAD-502DL measures light transmittance of the leaf in the 
red and infrared wavelengths at 650 nm and 940 nm, generating a 
numerical output that indicates leaf greenness and chlorophyll content 
[11]. Assessing chlorophyll content with SPAD-502DL is a fast, cost-
effective, and straightforward approach to collecting phenotypic data 
for soybean leaf chlorophyll contents. SPAD values were collected 
from the top, middle, and bottom sites of each leaf at the vegetative 
(V1-V3) and reproductive (R1-R6) growth stages around 10: 00 am. 
Data analysis, including descriptive statistics, univariate distribution, 
analysis of variance, Tukey-Kramer post-hoc test, and hierarchical 
clustering, were performed using JMP Pro 17 (SAS Institute Inc., Cary, 
NC, USA).

Genotypic data

Two leaf disks were collected from each accession at the V1 growth 
stage and placed in two 96-well PCR plates. DNA extraction using 
the HotSHOT method and single nucleotide polymorphism (SNP) 
genotyping with PlexSeq™ were carried out by AgriPlex Genomics 
(Cleveland, OH, USA). After filtering markers with missing data, 
minor allele frequency lower than 5%, and heterozygosity higher than 
10% [18,19], we used 1,243 high-quality SNPs for population structure 
and association analysis.

Population structure

STRUCTURE 2.3.4, which is a Bayesian model-based software, was 
used to generate population structure and create a Q-matrix for GWAS 
[20]. The burn-in iteration was 10,000, followed by 10,000 Markov 
chain Monte Carlo replications after burn-in using an admixture 
and allele frequencies correlated model. A hypothetical number of 

subpopulations (k) ranging from 1 to 10 was set to perform structure 
analysis. The statistical value delta K was calculated as described 
previously [21]. STRUCTURE HARVESTER was used to determine 
the optimal K [22]. Consequently, all 186 soybean accessions were 
assigned to a subpopulation based on the optimum k (k = 4), and the 
population structure matrix (Q) was generated for further association 
analysis.	

Association analysis and candidate gene identification

Associations between phenotypic and genotypic data were 
identified using TASSEL 5.0 [23] based on the general linear model 
(GLM) jointly with population structure (Q) as a covariate. The results 
were visualized with quantile-quantile (Q-Q) and Manhattan plots. 
SNPs with-log10(P) (LOD) > 3 were considered significantly associated 
with SPAD values at the 5% level [24]. Flanking regions within 10 
kb of each significant SNP were screened for discovering candidate 
genes using the Glyma.Wm82.a2 reference in SoyBase (https: //www.
soybase.org) [25]. The Arabidopsis Information Resource (TAIR) was 
the primary source of information for gene description, followed by 
PANTHER and KEGG Orthology databases.

Results and Discussion
Phenotypic data

All 186 accessions from the global soybean panel were analyzed 
using data of SPAD values collected in 2022 and 2023 under greenhouse 
conditions. Descriptive statistics revealed that data were of normal 
distribution (mean: 27; median 27; mode 26.4; skewness -0.33; kurtosis 
3.09) with a minimum value of 13.5 (PI548427, Wilson, China) and a 
maximum value of 37.1 (PI385942, Enrei, Japan). The accessions were 
classified into three statistically distinct groups (p < 0.001) based on 
their SPAD values (low, moderate, and high; Figure 2). The low group 
(22.6 ± 2.65) consisted of 35 accessions (18.8%), including the two 
non-nodulating PI573285 (D68-0099, USA) and PI642732 (Nitrasoy, 
USA); the moderate group (26.4 ± 0.95) consisted of 92 accessions 
(49.5%); and the high group (30.3 ± 2.12) consisted of 59 accessions 
(31.7%), including PI96171 (466, North Korea) and PI385942 (Enrei, 
Japan) that were previously reported to have no significant differences 
in terms of N fixation traits including the SPAD values from the 
super-nodulating line SS2-2 [17]. Our results were in accordance 
with previously published data that showed significant differences in 
chlorophyll content among nodulating and non-nodulating soybean 
accessions, especially at the reproductive (R1-R6) growth stages 
[26]. Photosynthesis and symbiotic N fixation are probably the most 
important metabolic processes in soybean growth and development 

Figure 1: Greenhouse screening of 186 soybean accessions for SPAD values in a 
randomized complete block design with two blocks and three repetitions per block.

35

30

25

20

15

SP
AD

 S
C

O
R

E

HigH Low MODERATE
GROUPS

All Pairs
Trukey-Kramer

0.001

Figure 2: Three statistically distinct groups (p < 0.001) with low, moderate, and 
high SPAD values within the 186 soybean accessions.
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from Japan, North Korea, South Africa, Uganda, and Zambia; Cluster 
III (blue) was comprised of 108 accessions originated mainly from 
China as well as from India, Nepal, Russian Federation, South Korea, 
Taiwan, and Vietnam; and Cluster IV (yellow) was comprised of 48 
accessions originated mainly from the United States as well as from 
Argentina, Brazil, Colombia, and Costa Rica (Figure 4).

Association analysis

The QQ plot for SPAD values using the GLM + Q revealed deviation 
from the expected distribution and sufficient control of Type I and II 
errors, indicating the presence of significant SNPs associated with the 
trait (Figure 5). In total, 14 SNPs (p < 0.001, LOD > 3) were identified to 
be associated with SPAD values in the panel of 186 soybean accessions, 
according to (Figure 6). Of these, two SNPs (ss715607235 and 
ss715613440) displayed significant association at LOD > 4; three SNPs 

[27]. Previous studies supported that N availability, either via fixation 
or inorganic fertilization, was positively correlated with the net leaf 
photosynthetic rate [28,29]. Thus, the collection of SPAD values 
appears to be a straightforward and economically efficient technique 
for phenotyping the status of biological N fixation in soybean.

Population structure

Using STRUCTURE analysis and STRUCTURE HARVESTER, 
the 186 accessions in the global panel were grouped into four sub-
populations, Q1 (red), Q2 (green), Q3 (blue), and Q4 (yellow), since 
the maximal delta K value was identified at K = 4 (Figure 3). The results 
generated from STRUCTURE were in accordance with those yielded 
from hierarchical clustering using JMP Pro 17. Cluster I (red) was 
comprised of 12 accessions originated from France, Georgia, Morocco, 
and Serbia; Cluster II (green) was comprised of 18 accessions originated 
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Figure 3: Classification of 186 soybean accessions into four sub-populations (x-axis, Q1-Q4; y-axis, membership probability of each accession in each Q).

Figure 4: Hierarchical clustering of 186 soybean accessions labeled by origin. Color coding for each sub-population (Q1, red; Q2, green; Q3, blue; and Q4, yellow) is the 
same as in Figure 3.

Figure 5: The QQ plot between the expected LOD (-log(P-value)) and the estimated LOD (log(P-value)) values for SPAD values using the general linear model (GLM) jointly with 
population structure (Q) as a covariate. Deviation (red dots) from the expected distribution (gray line) indicates the presence of significant SNPs associated with the trait.
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(ss715605997, ss715607272, and ss715608386) displayed significant 
association at LOD > 3.5; and the rest nine SNPs (ss715591991, 
ss715606900, ss715613242, ss715621452, ss715627640, ss715628823, 
ss715630330, ss715632280, and ss715631618) displayed LOD > 3 that 
was above the suggested threshold. Chromosome (Chr.) 10 contained 
five associations, including the one with the highest LOD, followed 
by Chr. 18 with four associations, Chr. 12 with two associations, and 
Chr. 5, 15, and 17 with one association each. A previous linkage map 

study on leaf chlorophyll content reported 59 SPAD QTLs distributing 
on Chr.1-18, excluding 12, in the advanced recombinant inbred line 
population Zhonghuang 24 × Huaxia 3 [30]. Besides, we found 24 
published SPAD QTLs on Chr. 1, 2, 3, 6, 7, 9, 10, 11, 13, 17, 18, and 
20 [31-34]. Compared with previous studies, our SPAD-associated 
regions were on the same chromosomes with various distances from 
the reported QTLs or alleles, except for the two associations on Chr. 12 
that can be considered novel.

Figure 6: Manhattan plot for SPAD values using the general linear model (GLM) jointly with population structure (Q) as a covariate. Dots above the red threshold line of 
-log10(P) (LOD) > 3 indicate significant SNPs associated with the trait.

CHR. SNP MARKER MAJOR 
ALLELE

MINOR 
ALLELE

GLM+Q LOD GENOMIC LOCATION GENE NAME GENE ANNOTATION

5 ss715591991 C A 3.41 Intergenic Glyma.05g216600  Long-chain acyl-CoA synthetase 
Glyma.05g216700  Nucleoside diphosphatase kinase family protein 
Glyma.05g216800  Pleckstrin homology (PH) domain-containing protein

10 ss715606900 C T 3.10 Intergenic Glyma.10g044300  Arginine biosynthesis protein
Glyma.10g044400  Unknown
Glyma.10g044500 Unknown
Glyma.10g044600  Unknown
Glyma.10g044700  Pyrophosphorylase 4

10 ss715605997 G A 3.55 Coding sequence Glyma.10g029700  Serine/Threonine-protein kinase
10 ss715607272 G A 3.61 Intergenic Glyma.10g047800  Ypt/Rab-GAP domain of gyp1p superfamily protein

Glyma.10g047900  Protein kinase superfamily
10 ss715608386 T G 3.80 Coding sequence Glyma.10g065000  Pyruvate kinase

Glyma.10g065100  Gamma-glutamyl kinase
Glyma.10g065200  Leucine-rich repeat protein kinase family 

10 ss715607235 G A 4.95 Intergenic Glyma.10g199100  Leghemoglobin-related
Glyma.10g199200  Unknown
Glyma.10g199300  Coatomer, α-subunit

12 ss715613242 A G 3.46 3′ untranslated regions Glyma.12g079000  Transmembrane protein
Glyma.12g078900  Nitrate transporter

12 ss715613440 C T 4.18 Intron Glyma.12g091900  Unknown
Glyma.12g092000  Photosystem I subunit O
Glyma.12g092100 Viral movement protein

15 ss715621452 A C 3.35 Coding sequence Glyma.15g034100  Acyltransferase
Glyma.15g034200  RNA-binding family protein 
Glyma.15g034300  Origin recognition complex 1

17 ss715627640 T C 3.12 Intergenic Glyma.17g239700  Subunit of serine palmitoyltransferase
18 ss715628823 A G 3.11 Intergenic Glyma.18g018100  Trehalose-phosphatase
18 ss715630330 A G 3.21 Intron Glyma.18g041100  Glutamine synthetase 1,4
18 ss715632280 T G 3.25 Intergenic Glyma.18g066200  Nucleotide-sugar transporter 

Glyma.18g066100  Unknown
18 ss715631618 G A 3.48 Intron Glyma.18g000200  Ring/Ubox superfamily protein 

Glyma.18g000300  α/β-hydrolases family 
          Glyma.18g000400  Calmodulin-binding family protein

Table 1: Candidate gene models and descriptions within 10 kb flanking regions of SNPs significantly associated with SPAD values using Wm82.a2.v1.
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Candidate genes
We found a total of 33 candidate genes from the Glyma.Wm82.a2 with-

in 10 kb flanking regions of each significant SNP (Table 1). There were three 
on Chr. 5 (Glyma.05g216600, Glyma.05g216700, and Glyma.05g216800), 
14 on Chr. 10 (Glyma.10g044300,  Glyma.10g044400, Glyma.10g044500, 
Glyma.10g044600, Glyma.10g044700, Glyma.10g029700, Glyma.10g047800, 
Glyma.10g047900, Glyma.10g065000, Glyma.10g065100, Glyma.10g065200, 
Glyma.10g199100, Glyma.10g199200, and Glyma.10g199300), five on Chr. 12 
(Glyma.12g079000, Glyma.12g078900, Glyma.12g091900, Glyma.12g092000, 
and Glyma.12g092100), three on Chr. 15 (Glyma.15g034100, Glyma.15g034200, 
and Glyma.15g034300), one on Chr. 17 (Glyma.17g239700), and seven on Chr. 
18 (Glyma.18g018100, Glyma.18g041100, Glyma.18g066200, Glyma.18g066100, 
Glyma.18g000200, Glyma.18g000300, and Glyma.18g000400). Candidate gene 
models belonged to various metabolic and biosynthetic pathways. Of these, 
Glyma.12g092000 on Chr. 12 encoded the PS I subunit O, which is known to 
balance the Chl a/b ratio and the excitation pressure between PSI and PSII in 
Arabidopsis [35]. Glyma.10g199100 within the 10-kb flanking region of the SNP 
with the highest LOD on Chr. 10 encodes a leghemoglobin-related protein, a 
strong indicator of symbiotic nitrogen fixation [36]. These findings support the 
previously reported hypothesis that the chlorophyll content might be related 
to the nitrogen supply in soybean leaves [37,38]. Glyma.10g029700 encoded a 
serine/threonine-protein kinase, which was annotated to be associated with the 
chlorophyll catabolic process. A previous study showed that Arabidopsis plants 
overexpressing a serine/threonine-protein kinase gene from a wild soybean had 
higher chlorophyll contents under salt-stress conditions [39].

Conclusion
In the present study, we created a global panel of 186 soybean 

accessions to collect SPAD value under greenhouse conditions and 
genotype them with SNP markers. Population structure was assessed 
and revealed the existence of four subpopulations. GWAS using the 
GLM + Q model allowed the detection of 14 SNPs significantly related 
to SPAD values. We also found 33 candidate genes, three of which 
encoded proteins important for photosynthesis, chlorophyll content, 
and nitrogen status. Overall, our data provide helpful information for 
further elucidating the underlying mechanism connecting chlorophyll 
content and nitrogen status in soybeans and favorable alleles for 
improving photosynthesis rates and biological N fixation ability.
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