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Figure 5 389 

 390 

Simulated GWAS: SNP-to-gene mapping density signal robustness 391 

Strongly co-expressed GO terms (density or locality p-value ≤ 0.05)  were 392 

used to simulate the effect of FCR on GWAS results. False candidates were 393 

added to GO terms by including flanking genes near true  GO term genes 394 

according to SNP-to-gene mapping (window) parameters. Box plots show 395 

effective FCR of GO terms at each SNP-to-gene mapping parameter. Signal 396 

plots show the proportional number of GO terms that remain signif icant at 397 

FCR ≥ x (red curve). GO terms in each network were also split into two 398 

subsets based on init ial co-expression strength: “strong,”  ( init ial co-399 

expression p ≤ 0.001; blue curve), and “moderate,” ( init ial co-expression 400 

0.001 < p ≤ 0.05; violet curve). 401 

Candidate genes were added by varying the window size for each SNP up to 50 kb, 100 kb, and 402 

500 kb upstream and downstream and by varying the maximum number of flanking genes on 403 

each side to one, two, and five. Given the number of additional candidate genes introduced at each 404 

SNP-to-gene mapping combination, FCR was calculated for each GO term at each window size 405 

(see Figure 5 box plots). 406 
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strength between all (un-thresholded) pairwise combinations of input genes, normalized for the 1091 

total number of input gene pairs: 1092 

Eq. 1 1093 

𝑆𝑢𝑏𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑋 − 𝐸(𝑋)

𝜎(𝑋)/√𝑁
 1094 

where X-bar is the calculated, mean subnetwork interaction score and N  is 1095 

the number of interactions in the subnetwork . As the interaction data were 1096 

standard normalized, the expected network interaction score, E(X), is 0, and 1097 

the standard deviation of network interactions, σ(X), is 1. 1098 

Network locality assesses the proportion of significant co-expression interactions (z ≥ 3) that are 1099 

locally connected to other subnetwork genes compared to the number of global network 1100 

interactions. To quantify network locality, both local and global degree are calculated for each 1101 

gene within a subnetwork. To account for degree bias, where genes with a high global degree are 1102 

more likely to have more local interactions, a linear regression is calculated on local degree using 1103 

global degree (designated: local ~ global), and regression residuals for each gene are analyzed: 1104 

Eq. 2 1105 

𝑆𝑢𝑏𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝐿𝑜𝑐𝑎𝑙𝑖𝑡𝑦 =  𝑚𝑒𝑎𝑛(𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙(𝑙𝑜𝑐𝑎𝑙_𝑑𝑒𝑔𝑟𝑒𝑒 ~ 𝑔𝑙𝑜𝑏𝑎𝑙_𝑑𝑒𝑔𝑟𝑒𝑒)) 1106 

Gene-specific density is calculated by considering subnetwork interactions on a per-gene basis: 1107 

Eq. 3 1108 

𝐺𝑒𝑛𝑒-𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
∑ 𝑠𝑢𝑏𝑛𝑒𝑡𝑤𝑜𝑟𝑘_𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛_𝑠𝑐𝑜𝑟𝑒(𝑔𝑒𝑛𝑒)

𝑛𝑢𝑚𝑏𝑒𝑟_𝑜𝑓_𝑔𝑒𝑛𝑒𝑠 − 1
 1109 

 1110 

Gene locality residuals can be interpreted independently to identify gene-specific locality: 1111 

Eq. 4 1112 

𝐺𝑒𝑛𝑒-𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐿𝑜𝑐𝑎𝑙𝑖𝑡𝑦 = 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙(𝑙𝑜𝑐𝑎𝑙_𝑑𝑒𝑔𝑟𝑒𝑒 ~ 𝑔𝑙𝑜𝑏𝑎𝑙_𝑑𝑒𝑔𝑟𝑒𝑒) 1114 

 1113 

Interactions among genes that originate from the same effective GWAS locus (i.e., cis 1115 

interactions) were removed from density and locality calculations due to biases in cis co-1116 

expression. During SNP-to-gene mapping, candidate genes retained information containing a 1117 
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Supp. Fig. 4 1490 

 1491 
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MCR supplemental figure 1492 

Panel (A)  shows the absolute number of GO terms that remain signif icantly 1493 

co-expressed at varying levels of MCR in each network. Red curves show all 1494 

GO terms with an init ial co-expression p-value ≤ 0.05. Blue and violet curves 1495 

show GO terms with either moderate or strong initial co-expression (at MCR 1496 

= 0). Panels (B-C) show the percent and absolute number of GO terms that 1497 

remain signif icantly co-expressed at varying levels of MCR. The red curves 1498 

show small GO terms (50 ≤ n < 65), the blue curves show medium sized GO 1499 

terms (65 ≤ n < 80), and the violet curves show large terms (80 ≤  n  < 100). 1500 
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Supp. Fig. 5 1501 

 1502 
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FCR supplemental figure 1503 

Panel (A)  shows the absolute number of GO terms that remain signif icantly 1504 

co-expressed at varying levels of FCR in each network. Red curves show all 1505 

GO terms with an init ial co-expression p-value ≤ 0.05. Blue and violet curves 1506 

show GO terms with either moderate or strong init ial co -expression. Panels 1507 

(B-C) show the percent and absolute number of GO terms that remain 1508 

signif icantly co-expressed at varying levels of FCR. The red curves show 1509 

small GO terms (50 ≤ n < 65), the blue curves show medium sized GO terms 1510 

(65 ≤ n < 80) and the violet curves show large terms (80 ≤ n < 100). 1511 
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Supp. Figure 6 1512 

 1513 

Distribution of Pearson correlation coefficients between gene-specific density and locality 1514 

Pearson correlation was measured between gene-specif ic density and locality 1515 

in each network for both ionome elements and GO terms. PCCs between 1516 

metrics were calculated by grouping sets of genes in either ionome elements 1517 

(e.g., Al, Fe) or GO terms at the same SNP-to-gene mapping parameters (50-1518 

, 100-, and 500-kb window size and one, two, and five gene flank limits). The 1519 
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distribution shows the PCCs between the metrics aggregated across all SNP -1520 

to-gene mapping parameters.  1521 

Supplementary Tables 1522 

Supp. Table 1 1523 

Full gene ontology term density and locality p-values 1524 

Density and locality scores were measured between genes within each GO 1525 

term. Subnetwork p-values were generated for both density and locality by 1526 

comparing each term’s metric to 1,000 randomized gene sets of the same 1527 

size. 1528 

Supp. Table 2 1529 

Network MCL cluster gene assignments 1530 

Clusters in all three networks were identif ied  using the MCL algorithm. Genes 1531 

in each network were assigned to cluster IDs. Lower cluster IDs have a larger 1532 

number of genes. 1533 

Supp. Table 3 1534 

Network MCL cluster GO enrichment 1535 

Enrichment of genes co-annotated for GO terms in each MCL cluster. 1536 

Significance of enrichment was calculated using  the hypergeometric test 1537 

with a Bonferroni corrected p-value of ≤ 0.05.  1538 

Supp. Table 4 1539 

Network signal of GO terms with various levels of MCR/FCR 1540 

Co-expression among genes co-annotated to GO terms was compared to 1541 

random gene sets of the same size to generate p-values. Noise was 1542 

introduced by varying the missing candidate rate (MCR) or false candidate 1543 

rate (FCR). Missing candidates were removed in proportion to the values in 1544 

the table, while false candidates were introduced using SNP-to-gene mapping 1545 

values (see WindowSize and FlankLimit  columns). FCR values are reported 1546 

as averages across 10% quantiles (see Figure 5). 1547 
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Supp. Table 5 1548 

Maize grain ionome GWAS network overlap candidate genes 1549 

Candidate genes were identif ied in each co-expression network (ZmSAM, 1550 

ZmPAN, or ZmRoot) using SNP-to-gene mapping for each element (using 1551 

WindowSize and FlankLimit). Co-expression (density or locality) among all 1552 

genes within a subnetwork was compared to randomized gene sets of the 1553 

same size to establish  p-values. Gene-specif ic z-scores were computed by 1554 

comparing the empirical gene-specif ic density (Eq. 3) or locality (Eq. 4) to the 1555 

average density or locality observed in  randomized gene sets, then correcting 1556 

for standard deviation. False discovery rates (FDRs) were calculated for 1557 

candidate genes with posit ive gene-specif ic co-expression values by 1558 

comparing the number of genes discovered at a z-score cutoff to the average 1559 

number of genes discovered in randomized sets. 1560 

Supp. Table 6 1561 

Maize grain ionome GWAS high-priority overlap (HPO) candidate genes 1562 

High-priority overlap (HPO) genes were identif ied by calculating gene-specif ic 1563 

density or locality (Method column) for each element at different SNP-to-gene 1564 

mapping parameters (see WindowSize and FlankLimit  columns). At an FDR 1565 

cutoff of 30%, genes were defined as HPO if they were observed at two or 1566 

more SNP-to-gene mapping parameters.   1567 

Supp. Table 7 1568 

HPO genes discovered with networks built from accessions subsets 1569 

The number of HPO genes discovered in full ZmPAN (503 accessions) and 1570 

ZmRoot (46 accessions) networks was compared to networks built with a 1571 

subset of accessions. Both ZmPAN and ZmRoot networks were re-built using 1572 

a common set of 20 accessions. The ZmPAN network was re -built using 46 1573 

accessions consisting of the 20 common accessions and either 26 random or 1574 

26 CML biased accessions to simulate the number used in the full 46 1575 

accession ZmRoot network. Each network was analyzed for HPO genes in the 1576 

17 GWAS elements.  1577 

Supp. Table 8 1578 

Multiple element HPO gene list 1579 

The number of commonly discovered HPO genes, hypergeometric p-values of 1580 

set overlap, and GRMZM IDs across multiple elements.  1581 
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Supp. Table 9 1582 

Element gene ontology enrichment 1583 

HPO genes for each element were tested for enrichment among genes co -1584 

annotated for gene ontology (GO) terms (hypergeometric test). Bonferroni 1585 

correction is included as a column, treating each GO term as an independent 1586 

test. 1587 

Supp. Table 10 1588 

HPO plus neighbors gene ontology enrichment 1589 

Elemental HPO gene sets were supplemented with an additional set of highly 1590 

connected neighbors equal to the number of genes in the HPO set. T hese 1591 

HPO+ gene sets were tested for enrichment among genes annotated for GO 1592 

terms (hypergeometric test).  1593 

 1594 
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