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Abstract

:

High-yielding cultivars with high water use efficiency are a main target in maize breeding; yet, no comprehensive study about the genetic regulation of photosynthesis, or about the ranges of variability for gas exchange-related parameters in maize has been published. Here, a large maize panel of 731 inbred lines previously genotyped was evaluated to elucidate the genetic basis of photosynthesis-related parameters, measured 15–30 days after silking, across three years. Large phenotypic and genotypic variations were observed in this panel with dramatic fluctuations in heritability for various traits. We detected 27 minor Quantitative Trait Loci (QTL), comprising 39 significant trait-Single Nucleotide Polymorphisms (SNPs), located mostly on chromosomes 5 and 8. Most candidates genes were novel, though a few of them were functionally associated with the theory of source-to-sink translocation presented in previous studies. Genomic selection of favorable alleles to enhance photosynthesis, along with other tools, could be a practical, and a promising, approach in the future. Leaf net photosynthesis and stomatal conductance are the most promising targets for breeding programs. We did not find any marker associated with intrinsic water use efficiency, which highlights that developing maize cultivars with more efficient use of water by genomic selection is not straightforward; however, given the high heritability value for this trait, phenotypic selection could be implemented.
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1. Introduction


Maize, with a global production of 1.1 billion tons in 2020, is the first cereal crop that accounts for 12% of the global production of primary crops. However, the increasing world population, the environmental problems associated with climate change, and the losses of agricultural land due to urbanization and land degradation, require global crop productions to increase. Therefore, increasing global crop production and yields are major challenges of the modern era [1].



Photosynthesis is the principal sunlight storage process on Earth. It has been traditionally accepted that leaf photosynthesis and crop growth and yield are strongly correlated, since carbon, incorporated via photosynthesis, is crucial for biomass production [2,3]. Nowadays, this relationship is considered controversial [4,5,6], but it is important to consider the way photosynthesis is measured. Photosynthesis at canopy (per ground area) level has been proved critical for increasing crop yields, and over the past decades breeding to magnify plant architecture and optimize resource acquisition have led to higher yielding maize varieties [7,8,9,10]. Nonetheless, many researchers consider the “core” chemical process of photosynthesis (i.e., the photosynthetic rate as CO2 fixation per unit leaf area) the only major agronomic trait unimproved by the green revolution. Although genetic variation exists for photosynthesis-related processes, it has been largely ignored in breeding programs until recent years [11,12].



Besides the need to enhance crop yields, the increasing frequency and intensity of drought episodes, associated with climate change, is also a major threat to global food security. In this context, breeding to enhance yields, while using less water, is mandatory. In a general way, water use efficiency (WUE) is considered an indicator of the biomass produced and the associated water cost. It can be used to explore plants’ performance under drought stress, as well as to elucidate if improving yield, while optimizing water consumption, is possible. Improving the structural and functional properties of the photosynthetic machinery, via biotechnological manipulations, can lead to the development of more resource use-efficient varieties that are more tolerant to environmental stresses, including drought [13,14,15]. Greater WUE can enhance crop productivity in water-limited environments [16,17,18]. Since genetic variation exists in traits that can contribute to an increased WUE, searching for sources of genetic variation for such traits is desirable to indirectly improve WUE [19,20,21].



Recently, researchers have begun to use genome-scale analysis to allele mining focusing on genes simultaneously involved in photosynthesis- and yield-related traits. Several genome-wide association analysis studies (GWASs) on C3 plants, like soybean [22,23] and chickpea [3], have found natural variation and novel loci [24] detected 159 quantitative trait loci within 31 genomic regions for four photosynthesis-related traits under different phosphorus stress conditions [25] reported 239 unique candidate genes for photosynthetic traits related to WUE in sorghum. However, these studies were not focused on primary cereal crops [26] presented six clusters of quantitative trait loci for several photosynthesis-related traits recorded at the young leaf stage in 120 maize recombinant inbred lines evaluated in a greenhouse under water deprivation [9] used integrated genome-scale analysis to identify novel genes for the maximum quantum efficiency of PSII (Fv/Fm) and networks underlying senescence in maize. Therefore, maize variability for photosynthesis-related traits and genomic regions implicated in those traits are not well known because GWAS has been rarely used for photosynthesis-related parameters in adult maize plants at post-flowering stage.



Traditional plant breeding led to a great loss of genetic diversity, but there is still a large intra- and inter-specific genetic variation for plant photosynthesis. However, to the best of our knowledge, no comprehensive study about the genetic regulation of gas exchange-related parameters, or about the ranges of variability for gas exchange parameters in maize, has been published to date. Therefore, research efforts must focus on a better understanding of the photosynthetic process and on harnessing this natural variation for breeding programs [6,10,11,27,28]. The use of large diversity panels is ideal to identify the genetic basis underlying variations in photosynthesis-related parameters, and to design specific breeding programs.



Given these perspectives, a large maize panel with 731 accessions [29,30] was used to characterize the loci and candidate genes for five photosynthetic traits measured 15–30 days after silking, across three consecutive years. The analysis results provide new insights into the understanding of natural variation and the genetics of complex photosynthesis-related traits, as well as shed light for further selection strategies to enhance photosynthetic capacity.




2. Results


The photosynthetic traits under study were the following: leaf net photosynthesis (AN), stomatal conductance (gS), transpiration rate (E), intrinsic water use efficiency (WUEi) and instantaneous water use efficiency (WUEinst).




3. Variance Analysis and Heritability


In the current panel, we observed large phenotypic variations for all traits, as is shown in Figure 1. We found significant differences among the six checks for the photosynthetic parameters evaluated (Table 1).



Based on combined analyses of variance, significant differences among genotypes and among years were found for AN, gS, and E (Table 2). For WUEi, differences were significant among genotypes, but not among years, while the reverse was true for WUEinst.



In line with the results stated above, heritability was high for AN, gS, E and WUEi (Table 2). Among these traits, we observed low-to-moderately significant Pearson correlations (Table 3). Surprisingly enough, even though the calculation for WUEi is AN/gS; WUEi is negatively and weakly correlated with AN, and AN positively correlated with gS.




4. Association Mapping: QTLs, SNPs and Candidate Genes


SNPs with p values ≤ 1 × 10−4 were regarded as significant. Given that the causative regulatory variants may be far away from functional genes [31], all significant SNPs within 5 kb for the same trait were declared as the same QTL.



For the five photosynthetic parameters evaluated across three years, we found 27 QTL, comprising 39 significant trait-SNP associations, on ten chromosomes, with half of them located on chromosomes 5 and 8. The QTL number ranged from zero for WUEi to 13 for gS. (Table 4, Supplementary Figure S1). These QTL had minor effects with a contribution to phenotypic variation (R2) ≤ 4%. Most of the observed SNPs were trait-specific. Only two significant SNPs exhibited pleiotropic effects; S8_152322485 for E and WUEinst, and S8_165286201 for gS and E (Table 4). Fifteen of the significant SNPs were also detected for being significant via single environment analysis in two years (2018, 2019) and two of them across the three years.



We found 13 QTL for gS on chromosomes 2, 3, 5, 8, and 10. Two QTL were mapped at bin 2.09; one of them comprised eight significant SNPs (Table 4).



We found eight significant SNPs within six QTL at chromosomes 1, 8, and 9 for E. The most significant SNP, S1_29241480, was significant via combined analyses across three years and in all single environment analyses.



Only four significant SNPs for WUEinst were detected across the years analysis and were clustered into three QTL at bins 1.03, 5.05, and 8.06 (Table 4).



Regarding AN, five significant SNPs were simultaneously detected via combined analyses on chromosomes 2, 3, 6, 8, and 9. Four favorable alleles for increasing AN were found in the majority of those inbred. We looked at the distribution of favorable alleles (increased AN) for five of the most significantly associated loci in the combined analysis (Supplementary Figure S2). Eighteen lines showed high AN, and the inbred lines carrying all five favorable alleles had higher AN value than those carrying only one (p < 0.05), indicating that pyramiding favorable alleles with additive effects could enhance AN and could be implemented in marker-assisted selection.



Additionally, we searched for candidate genes within a ±500 bp region around each significant SNP and found 36 candidate genes within 27 QTL for five photosynthetic traits, according to B73 RefGen_v4 (MaizeGDB genome browser [32]). Of these, 16 were annotated as having uncharacterized function (Supplementary Table S1), but most of them displayed functional annotations as genes codifying for tRNA, lincRNA, hydrolase, kinase, and ligase, among others.




5. Discussion


In comparison with previous GWASs, the current study used a larger number of inbred lines at the reproductive stage [9,33] and allowing dissection of genomics [26]. The current study used a larger maize panel, with 731 involved in photosynthesis at the adult plant stage, and the identification of novel genetic and phenotypic variations.



The h2 was high for AN and gS; while E and WUEinst presented high stand errors and quite low heritability. These results are in accordance with the results from the combined variance analysis that showed high influence of the environment (light, temperatures, etc.) and no influence of maize genotype, and are in line with the evidence reported by [26], who found strong environmental effects on physiological performance. Zhao and Zhong [33] estimated lower h2 for AN and gS, but higher for E and WUEi. In our experiment, the different subsets of samples collected from the panel each year (depending on the weather conditions and the availability of resources) could have affected the estimates.



Most loci had minor effects on photosynthetic traits, were unevenly distributed across the ten chromosomes, and were environment-specific; besides which, they only explained a low percentage of the phenotypic variation across years. This is in accordance with the trends for the evaluation of the same panel for cold tolerance [29], which highlights the heavy influence of variable environments and diverse genetic backgrounds on photosynthetic capacity [34]. Similarly, [26] also reported that QTL were environment-specific for drought and control conditions in a limited collection of maize inbred lines. Practical ways to increase photosynthesis should concurrently combine optimization of light capture by the leaf canopy and bridge elite lines with high photosynthesis [35,36].



Little attention has been paid to the genomics involved in photosynthesis-related traits at the maize adult stage, with the scarce QTL previously found co-localized with many QTL uncovered in the current study. Given that two loci around 500 bp across different mapping populations were regarded as one QTL, five QTL mapped to bins 1.03, 5.02, 8.08, and 10.06 in previous studies [9,29]. Sekhon et al. [9] found a highly significant SNP on chromosome 8, lying in gene ZmBLGU42, and putatively encoding a b-glucosidase orthologous to Arabidopsis BGLU42 [37] and rice Os1bglu4 [38]. They emphasized that the differential post-transcriptional activity of ZmBLGU42 alleles underlines differences in senescence phenotype. Zhao and Zhong [33] identified 54 QTL by using SSR in two maize mapping populations; among which thirteen collocated in the same bin of the QTL reported here. Furthermore, the significant SNPs, S2_9085639 (bin 2.02) and S9_123361111 (bin 9.04), associated with AN were co-localized with the QTL presented by Pelleschi et al. [26]), related to net CO2-uptake. However, a large number of novel loci have not been reported in previous studies, which demonstrates that using a large panel could uncover new genetic variation for photosynthesis-related traits in maize. Genomic recurrent selection for environment-specific alleles for a given ecological region could be an effective approach.



The functional annotations of candidate genes indicate a comprehensive genetic basis underlying photosynthesis in maize. Identification of four candidate genes, Zm00001d004448, Zm00001d004125 (ACC1; [39]), Zm00001d007576 (cle14), and Zm00001d004779 (rpl7), in the present study (Supplementary Table S1) support source-sink translocation [40]. As evidence of candidate genes associated with AN, Zm00001d004448, encoding a pectate lyase 8, and ACC1, functionally annotated as acetyl-coenzyme A carboxylase, are involved in cell wall modification [41] and carbohydrate metabolism and remobilization [42], respectively. Notably, a recent study [43] found that ACC1, identified as a central player for defense module 30, interacts with pathways associated with secondary metabolism and microbial carbon and nitrogen metabolism. The third gene, rpl7, found in the confidence interval of the SNP S5_135301104 associated with gS, was also proposed as a candidate gene for hemicellulose QTL [44]. The gene Zm00001d004085, in the confidence interval of S5_79113622 associated with gS, was found to be related with leaf length and width in a maize nested association mapping (NAM) population [45], highlighting the potential association between leaf photosynthetic capacity and leaf size. Accordingly, as observed in a previous study [46]), leaf width shapes intrinsic WUE via coordination of vein and stomatal traits and by affecting stomatal aperture. These associations heavily address the influence of the environment on photosynthetic traits. However, most of the new candidate genes in the current research have not been reported and validated, though the putative functions for the genes were annotated on the public Maizegdb database. None of the candidate genes detected in our study were found by Zhao and Zhong [33], but these authors reported different candidate genes with similar functions to those detected here (photomorphogenesis, photosynthesis, and stress response). These results indicated newly natural variation discovered in a large maize panel and indicated that there are a variable number of genes involved in genetic regulation, depending on genetic background and the environment.




6. Conclusions


Our study expands the knowledge of photosynthesis in adult maize plants by identifying, in a large panel, novel natural genetic variation. Genomic selection for favorable and minor alleles and bridging elite lines with high photosynthesis into commercial lines are recommendations to improve the photosynthetic capacity in a given environment. However, producing high-yielding and photosynthetic-efficient cultivars is a systematic project which also calls for improved heterosis and biotic and abiotic tolerances. We expect that dissecting the genetic basis underlying maize photosynthesis could lay a solid foundation for uncovering its molecular basis in the future. These results suggest that photosynthetic rate and stomatal conductance are the most promising selection targets for phenotypic selection aiming at developing more efficient maize cultivars. Improving water use efficiency is possible, though challenging.




7. Materials and Methods


7.1. Plant Materials


A subset of 836 maize inbred lines from the Ames association panel [30] (provided by the North Central Regional Plant Introduction Station (USA)) were chosen for the current study. The same subset was used in a previous GWAS for cold tolerance [29]. The panel, along with five dent inbred checks, A619, A632, A662, A665, and PH207, and one flint inbred check EP42 [29,47] were cultivated at Misión Biológica de Galicia (Pontevedra, Spain, 42°24′ N, 8°38′ W, 20 m above the sea level).




7.2. Field Experiment and Phenotypic Measurements


All seeds were sown in the experimental field of Misión Biológica de Galicia. All of the sowing details are reported by Yi et al. [29]. The sowing dates were 19 April 2017, 19 April 2018, and 30 April 2019. The average daily accumulated rain during the summer months (June-August) was, 0.68 mm, 1.21 mm and 2.52 mm in 2017, 2018 and 2019, respectively (Information provided by Agencia Estatal de Meterología, Spain [48]). The experiments followed an augmented design with 17 blocks with 50 non-replicated inbred lines and the six checks stated above per block. Each plot contained one row corresponding to one inbred line, 2.4 m long and with 13 plants. Row and planting spacings were 0.8 m and 0.21 m, respectively.



For each plot, days to silking (day) were recorded during maize flowering time, as described by Buckler et al. [49], and photosynthesis-related traits were measured in three plants per plot once in a period of 15–30 days after silking to ensure that all inbred lines were measured at the same developmental stage. Given the wide variability enclosed in this panel, measurement periods expanded from 12 July to 21 August in 2017, 6 July to 31 August in 2018 and 27 June to 5 September in 2019. Survey measurements of leaf net photosynthesis (AN), stomatal conductance (gS) and transpiration rate (E) were recorded on primary ear leaves after equilibration to a steady-state using a portable photosynthesis system equipped with a 6 cm2 LED light source chamber (LI-6400XT and 6400-02B, Li-Cor Inc., Lincoln, NE, USA). Environmental conditions in the leaf chamber were adjusted to match average external conditions during the measurement time as best as possible, minimizing the time taken for gas exchange parameters to stabilize. All measurements were done at a light intensity of 1000 µmol m−2 s−1 and a CO2 concentration in the leaf chamber of 400 µmol m−2 s−1, achieved with a CO2 mixer. Relative humidity and air temperature inside the chamber were not controlled. Measures were recorded on sunny days, from 10:00 a.m. to 2:00 p.m. (average temperature and standard deviation: 25.3 ± 3.4 °C; https://www.worldweatheronline.com/pontevedra-weather-history/galicia/es.aspx (accessed on 3 July 2022)). No midday depression of photosynthesis was observed. Intrinsic Water use efficiency (WUEi) was later calculated as the ratio between AN and gS, and instantaneous water use efficiency (WUEinst) as the ratio between AN and E [50].



The numbers of inbred lines measured each year varied depending on the weather; 248 inbred lines were measured in 2017 and 581 and 565 in 2018 and 2019, respectively. The average values for each plot were used for further analyses. In the end, 731 inbred lines (from the original 836) were investigated in the current study.




7.3. Statistical Analysis Filtering of Genotypic Data and Association Mapping


Considering that the checks followed a randomized complete block design in the presented experiments, combined analysis of variances for each photosynthetic trait were performed using the general linear procedure of SAS software version 9.4 [51]:    Y  m n l   = μ +  B l     Y n    +  Y n  +  G m  + G  Y  m n   +  ε  m n l    . The value    Y  m n l     is the observed value, μ is the mean,    B l     Y n      is the block effect l within year n,    Y n    is the year effect n,    G m    is the genotype effect m,   G  Y  m n     is the interaction effect between genotype m and year n, and    ε  m n l     is the residual effect. Aside from taking        G m    as the fixed effect, the other factors were considered as random effects. Mean comparisons among checks for each trait were carried out using the Fisher's protected least significant difference (LSD). Heritability (h2) for each trait across three years was calculated using the six checks on a family-mean basis, as described by Holland et al. [52].



For each trait, we calculated the best linear unbiased estimator (BLUE) of each inbred line across environments and for each environment, using the mixed model procedure (PROC MIXED) of SAS software version 9.4 [52]. Inbred lines were considered as a fixed effect, and year, block within the year, and the inbred × year interaction as random factors. We used the BLUEs across all environments to calculate simple Pearson correlation coefficients among traits with PROC CORR in SAS software version 9.4 [52].



The Ames maize inbred line panel [30] was previously genotyped using genotyping-by-sequencing (GBS). Data is publicly available at Panzea (http://www.panzea.org (accessed on 11 September 2019)). For the 731 inbred lines investigated, 152.670 filtered SNPs were obtained after excluding SNPs with >20% missing data and a minor allele frequency < 0.05 in TASSEL 5.2.54 [52]. Using the BLUEs across the years, a GWAS was completed with Tassel 5 based on a mixed linear model using a genotype–phenotype matrix. A kinship matrix, obtained by the centered IBS method, was used to avoid false-positive associations caused by the underlying population structure. The associations between SNPs and photosynthetic traits were obtained based on a mixed linear model (MLM) in Tassel 5.2.54 [52,53]. The analyzed MLM was y = Xβ + Zu + e; where y is the vector of BLUEs for each trait, β is termed as a vector of the SNP marker fixed-effects parameters, u denotes a vector of random additive effects (inbreds), X and Z represent the design matrices for the fixed effects and the random effects, respectively; e refers to a vector of random residuals. The other details followed our previous study [29]. An association between a trait and an SNP was considered significant when the observed −log10 (p) values showed a clear derivation from the distribution of the expected −log10 (p) that holds under the null hypothesis (i.e., no significant association) in quantile–quantile (QQ) plots [54,55,56].
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Figure 1. Histogram of best linear unbiased estimators for photosynthesis-related traits in a large maize association panel across three years. AN: Leaf net photosynthesis; gS: Stomatal conductance; E: Transpiration rate; WUEi: Intrinsic Water use efficiency; WUEinst: Instantaneous Water use efficiency. 
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Table 1. Comparison of means (± standard deviations) of the six maize inbred lines used as checks for photosynthetic traits.
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	Inbred
	AN (µmol CO2 m−2 s−1)
	gS (mol H2O m−2 s−1)
	E (mmol H2O m−2 s−1)
	WUEi (µmol CO2 mol−1 H2O)
	WUEinst (µmol CO2 mmol−1 H2O)





	A665
	25.96 ± 1.34 a
	0.1918 ± 0.0100 a
	3.49 ± 0.18 a
	143.13 ± 6.56 b
	7.96 ± 0.46 ab



	PH207
	25.74 ± 1.39 a
	0.1690 ± 0.0161 a
	3.54 ± 0.34 a
	179.97 ± 11.20 ab
	8.67 ± 0.64 ab



	A632
	24.15 ± 1.18 a
	0.1751 ± 0.0109 a
	3.47 ± 0.22 a
	158.08 ± 15.80 ab
	7.99 ± 0.65 ab



	EP42
	23.99 ± 1.04 a
	0.1784 ± 0.0179 a
	3.01 ± 0.22 ab
	154.31 ± 6.68 b
	11.23 ± 2.76 a



	A619
	21.33 ± 0.57 b
	0.1169 ± 0.0052 b
	2.63+0.11 b
	198.08 ± 1.89 a
	9.66 ± 0.16 ab



	A662
	18.15 ± 1.00 c
	0.1156 ± 0.0075 b
	2.99 ± 0.18 ab
	166.60 ± 6.75 ab
	7.04 ± 0.58 b



	LSD0.05
	2.33
	0.0358
	0.8033
	40.20
	4.03







AN: Leaf net photosynthesis; gS: Stomatal conductance; E: Transpiration rate; WUEi: Intrinsic Water use efficiency; WUEinst: Instantaneous Water use efficiency; LSD: Least Significant Difference. Means with the same lower-case letters under the same condition are not significantly different at 0.05 probability level.
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Table 2. Mean squares of the combined analysis of variance of the inbred panel across three years and heritability (± standard deviation) estimates for photosynthetic traits.
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Source

	
Mean Square




	
AN

	
gS

	
E

	
WUEi

	
WUEinst






	
Year

	
2695.68 ***

	
0.03 *

	
20.43 ***

	
11037.07

	
313.92 *




	
Block (Year)

	
52.79 *

	
0.01 *

	
2.23

	
3158.41

	
77.35 *




	
Inbred

	
322.28 ***

	
0.04 ***

	
5.40 **

	
12125.36 *

	
57.04




	
Year*Inbred

	
20.68

	
0.005

	
2.45

	
6168.85

	
61.86




	
Residual error

	
21.07

	
0.005

	
2.39

	
5956.63

	
61.01




	
Heritability (%)

	
92.5 ± 4.84

	
88.2 ± 7.55

	
34.8 ± 54.87

	
65.8 ± 26.08

	
14.0 ± 75.26








AN: Leaf net photosynthesis; gS Stomatal conductance; E: Transpiration rate; WUEi: Intrinsic Water use efficiency; WUEinst: Instantaneous Water use efficiency. *, **, and ***, indicate significance at the probability level of 0.05, 0.01, and 0.0001, respectively. Block (Year) indicates the factor Block nested in Year, and Year*Inbred denotes the interaction between year and inbred.
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Table 3. Pearson correlation coefficients among best linear unbiased estimators for photosynthetic traits in a large maize association panel evaluated across three consecutive years.
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	Trait
	AN
	gS
	E
	WUEi
	WUEinst





	AN
	1
	0.71 ***
	0.65 ***
	−0.34 ***
	−0.06



	gS
	
	1
	0.64 ***
	−0.66 ***
	−0.23 ***



	E
	
	
	1
	−0.48 ***
	−0.65 ***



	WUEi
	
	
	
	1
	0.48 ***



	WUEinst
	
	
	
	
	1







AN: Leaf net photosynthesis; gS: Stomatal conductance; E: Transpiration rate; WUEi: Intrinsic Water use efficiency; WUEinst: Instantaneous Water use efficiency. *** indicates significance at the probability level of 0.0001.
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Table 4. The characteristics of SNPs most significantly associated to photosynthetic traits within each QTL: bin, p-value, proportion of total variance explained by the SNP (R2), additive effect (across years, 2017, 2018, 2019), and number of lines of the maize association panel homozygous for each allele.
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Trait a

	
The Most Significant SNP b

	
Bin c

	
QTL Interval

	
Num. of Significant

	
p-Value d

	
R2

	
Add Effect e

	
Add

	
Add

	
Add

	
N i

	
Allele




	
SNPs Contained

	
Effect 2017 f

	
Effect 2018 g

	
Effect 2019 h






	
AN

	
S2_9085639

	
2.02

	
S2_9085639

	
1

	
8.80 × 10−5

	
0.03

	
1.31 ***

	
0.36

	
1.41 **

	
0.7300

	
552/76

	
A/G




	
AN

	
S3_68053212

	
3.04

	
S3_68053212

	
1

	
7.76 × 10−5

	
0.03

	
1.82 ***

	
0.44

	
1.65 **

	
1.40 *

	
36/643

	
A/T




	
AN

	
S6_108121295

	
6.04

	
S6_108121295

	
1

	
5.92 × 10−5

	
0.03

	
1.15 ***

	
0.14

	
1.27 **

	
0.82 *

	
583/119

	
T/C




	
AN

	
S8_82856407

	
8.03

	
S8_82856407

	
1

	
2.30 × 10−5

	
0.03

	
1.80 ***

	
0.91

	
1.07

	
1.69 **

	
582/43

	
G/C




	
AN

	
S9_123361111

	
9.04

	
S9_123361111

	
1

	
6.21 × 10−5

	
0.03

	
1.54 ***

	
0.03

	
1.09 *

	
1.38 **

	
550/52

	
C/G




	
gS

	
S2_210377804

	
2.08

	
S2_210377804

	
1

	
7.53 × 10−5

	
0.02

	
0.02 ***

	
0.004

	
0.03 **

	
0.01 *

	
47/599

	
C/A




	
gS

	
S2_220728960

	
2.09

	
S2_220728960

	
1

	
3.34 × 10−5

	
0.03

	
0.02 ***

	
0.01

	
0.03 ***

	
0.005

	
52/536

	
A/G




	
gS

	
S2_228080815

	
2.09

	
S2_228080814/S2_228080854

	
8

	
5.05 × 10−5

	
0.03

	
0.02 ***

	
0.01

	
0.03 **

	
0.01

	
54/585

	
A/C




	
gS

	
S3_167009854

	
3.06

	
S3_167009854

	
1

	
1.11 × 10−5

	
0.03

	
0.02 ***

	
0.003

	
0.03 ***

	
0.01

	
68/574

	
A/T




	
gS

	
S5_58061077

	
5.03

	
S5_58061077

	
1

	
3.49 × 10−5

	
0.03

	
0.02 ***

	
0.004

	
0.03 ***

	
0.01 *

	
43/590

	
T/G




	
gS

	
S5_76914876

	
5.03

	
S5_76914876

	
1

	
1.49 × 10−5

	
0.03

	
0.02 ***

	
0.01 *

	
0.03 ***

	
0.02 ***

	
45/578

	
A/C




	
gS

	
S5_78713714

	
5.03

	
S5_78713714

	
1

	
6.25 × 10−6

	
0.03

	
0.02 ***

	
0.01

	
0.04 ***

	
0.01

	
38/607

	
C/T




	
gS

	
S5_79113622

	
5.04

	
S5_79113622

	
1

	
2.33 × 10−5

	
0.03

	
0.02 ***

	
0.005

	
0.04 ***

	
0.02 **

	
37/629

	
T/C




	
gS

	
S5_135301104

	
5.04

	
S5_135301104

	
1

	
4.07 × 10−5

	
0.03

	
0.02 ***

	
0.001

	
0.04 ***

	
0.01 *

	
39/609

	
T/A




	
gS

	
S5_147167570

	
5.04

	
S5_147167570

	
1

	
7.09 × 10−6

	
0.03

	
0.02 ***

	
0.0001

	
0.04 ***

	
0.01 *

	
37/626

	
C/T




	
gS

	
S8_86848172

	
8.03

	
S8_86848172

	
1

	
6.33 × 10−6

	
0.04

	
0.002 ***

	
0.003

	
0.13 *

	
0.004

	
433/192

	
A/G




	
gS

	
S8_165286201

	
8.08

	
S8_165286201

	
1

	
6.64 × 10−6

	
0.03

	
0.02 ***

	
0.001

	
0.02 *

	
0.01 **

	
44/664

	
A/G




	
gS

	
S10_148532329

	
10.07

	
S10_148532329

	
1

	
6.43 × 10−5

	
0.03

	
0.02 ***

	
0.003

	
0.02 **

	
0.01

	
55/577

	
A/G




	
E

	
S1_29241480

	
1.03

	
S1_29241451/S1_29241480

	
3

	
2.33 × 10−5

	
0.03

	
0.20 ***

	
0.21 **

	
0.15 *

	
0.20 ***

	
174/439

	
C/G




	
E

	
S8_58532890

	
8.03

	
S8_58532890

	
1

	
2.70 × 10−5

	
0.03

	
0.36 ***

	
0.16

	
0.46 ***

	
0.13

	
42/562

	
C/G




	
E

	
S8_86848172

	
8.03

	
S8_86848172

	
1

	
1.56 × 10−5

	
0.04

	
0.01 ***

	
0.04

	
2.54 **

	
0.03

	
192/433

	
G/A




	
E

	
S8_152322485

	
8.06

	
S8_152322485

	
1

	
8.89 × 10−5

	
0.03

	
0.17 ***

	
0.01

	
0.25 ***

	
0.12 *

	
285/350

	
G/A




	
E

	
S8_165286201

	
8.08

	
S8_165286201

	
1

	
9.46 × 10−5

	
0.02

	
0.32 ***

	
0.09

	
0.31 *

	
0.26 *

	
44/664

	
A/G




	
E

	
S9_139701148

	
9.06

	
S9_139701148

	
1

	
8.46 × 10−5

	
0.03

	
0.17 ***

	
0.12

	
0.13 *

	
0.09

	
247/349

	
C/G




	
WUEinst

	
S1_46418459

	
1.03

	
S1_46418459

	
1

	
8.22 × 10−5

	
0.02

	
0.66 ***

	
0.08

	
0.80 **

	
0.53 **

	
585/57

	
C/A




	
WUEinst

	
S5_186840948

	
5.05

	
S5_186840948

	
1

	
8.11 × 10−5

	
0.02

	
0.38 ***

	
0.25

	
0.40 *

	
0.21

	
288/381

	
A/G




	
WUEinst

	
S8_152321463

	
8.06

	
S8_152321463/S8_152322485

	
2

	
5.71 × 10−5

	
0.03

	
0.40 ***

	
0.01

	
0.57 **

	
0.32 **

	
323/284

	
T/C








a AN: Leaf net photosynthesis; gS: Stomatal conductance; E: Transpiration rate; WUEi: Intrinsic Water use efficiency; WUEinst: Instantaneous Water use efficiency. b Significant SNPs for the same trait within a 5 Kbp interval were clustered in a single QTL. c A bin is the interval that includes all loci from the leftmost or top Core Marker to the next Core Marker (https://maizegdb.org/bin_viewer(accessed on 28 September 2021)). d p-value, p-value of the most significant SNP for photosynthesis-related traits detected in combined analyses across three consecutive years. e,f,g,h: The Additive effect (Add effect)–combined (e), 2017 (f), 2018 (g), and 2019 (h): was calculated in TASSEL as half the difference between the mean of the homozygous for the minor and the mean of the homozygous for the major allele. * p < 0.05. ** p < 0.01. *** p < 0.001. i Number of lines with each allele.
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