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Introduction 

Objectives 

Materials and Methods 

1. Dissect changes in genetic diversity and population stratification due to intra-
population improvement and inter-population recurrent selection 

 
2. Identify genomic regions influenced by selection across multiple replicate 

populations 

• Hybrid maize breeding has been highly successful in terms of genetic gain for 
yield and creation of a well-defined heterotic pattern to maximize heterosis 
 

• Selection for hybrid performance holds potential to increase population 
stratification, especially at loci exhibiting overdominance or pseudo-
overdominance 
 

• Previously  it has not been possible to separate the effects of genetic drift from 
selection on population stratification 
• The UNL-RRS program offers a unique opportunity to study the effects of 

inter-population and intra-population selection on population stratification  
 

• Findings could illuminate the population genetics of heterotic pattern 
formation and ultimately point toward genomic regions specifically influenced 
by inter-population selection 

 
• Figure 1 summarizes genetic gain made in the UNL-RRS program 

• Figure 2 illustrates the UNL-RRS system and populations 
• Nebraska B Synthetic (NB) and Nebraska Stiff Stalk Synthetic (NSS) cycle zero 

populations 
• 12 replicate populations from cycle 8 
 

• Twenty individuals from each of two base populations and 12 cycle 8 
populations were genotyped with Pioneer Hi-Bred public 768 Illumina 
GoldenGate Assay 
• MAF > 0.1 resulted in 524 SNPs for analysis 

 

• Observed heterozygosity: 𝑯𝑶 =
𝟏

𝒎
 𝑯𝒍
𝒎
𝒊=𝒋  where 𝑯𝒍 =  

𝒏𝒍𝒊𝒋

𝒏
𝒏
𝒊=𝟏 , l is the 

number of loci, n is number of individuals, nlij is observed heterozygote count for 
the lth locus for alleles i and j 
 

• Expected heterozygosity: 𝐃 =  
𝑫𝒍

𝒎

𝒎
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individuals, m is number of loci, and x is frequency of the ith allele 
 

 
• Effective population size: 𝑵𝒆 =

𝟏

𝟐∗ 𝟏− 𝑷
𝒕  where t is time, and P is the panmictic 

index 
 

• Modified Roger’s Distance: MRD =  
𝟏

𝟐𝒎
  𝒑𝒊𝒋 − 𝒒𝒊𝒋

𝟐𝒏𝒋
𝒋=𝟏

𝒎
𝒍=𝟏  

 
• Figure 3 describes the workflow for the simulation developed for objective 2 

Figure 1.  Direct response of the 
population cross for index in the UNL-
RRS program.  Numbers above bars 
indicate the mean of cycle zero, S1 
selection, or RFS selection.   
 
Asterisks indicate if selection method 
was significantly different from cycle 
zero.   
 
Tilda indicates if a replicate pair 
among breeding method was 
significantly different 

Figure 2. UNL-RRS population structure. Figure 3. Drift simulation diagram. 
N represents gametes sampled.  

Population HO D PM Ne 

NB_C0 0.247 0.253 401 -- 

NB[RFS_NS]1_8 0.179 0.205 280 13 

NB[RFS_NS]2_8 0.152 0.159 246   8 

NB[RFS_NS]3_8 0.173 0.182 284 11 

NB[S1]1_8 0.175 0.176 267 12 

NB[S1]2_8 0.137 0.146 242   7 

NB[S1]3_8 0.138 0.142 230   7 

          

NS_C0 0.281 0.284 449 -- 

NS[RFS_NB]1_8 0.192 0.197 293 11 

NS[RFS_NB]2_8 0.201 0.208 319 12 

NS[RFS_NB]3_8 0.192 0.188 278 11 

NS[S1]1_8 0.204 0.202 303 13 

NS[S1]2_8 0.177 0.201 279   9 

NS[S1]3_8 0.181 0.190 299   9 

• After eight cycles of S1 and RFS selection, genetic diversity decreased 
within populations 
 

• Replicate populations diverged to varying degrees within a breeding 
method 
 

• Observed and expected heterozygosities agree well suggesting that 
inbreeding at cycle 8 is consistent with expectations under Hardy-
Weinberg equilibrium and the effective population size 

Genetic Diversity Within Populations 
Table 1. Observed heterozygosity, expected 
heterozygosity, number of polymorphic 
markers (PM), and effective population size. 
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S1  
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S1  
Rep 1 

RFS  
Rep 1 

RFS  
Rep 2 

RFS  
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 NSS Selection Candidates 

NBS Selection Candidates 

Blue  Significant in individual RFS replicates 41 18 
Teal  Significant in individual S1 replicates 38 35 
Green Significant in one S1 and one RFS replicate 19 11 
Red  Significant in any two RFS replicates   9   3 
Dark Red  Significant in any two S1 replicates   4   5 
Pink  Significant across three S1 replicates   1   0 

• S1 and RFS selection both exhibited genome-wide selection signatures 
 

• Locus  PZA02958.17 was significant across all three S1 populations 
• Position relative to B73 physical map 

• Chr. = 6  
• Phys. Pos. = 151822737  

 
• Loci significant in more than one replicate (red and dark red) tended to be 

located in the telomere regions in both populations 
 

• Evidence for selection pressure on common loci across replicate 
populations was not found. Possible reasons include  
• Genotype by environment interaction 
• Founder effect 
• Epistasis 
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Genetic Diversity Between Populations 

• Genetic diversity increased between C0 and improved replicate 
populations 
 

• When subsets of loci significant for selection were used, S1 and RFS 
showed similar patterns of divergence 

Figures 5, 6, and 7 
counterclockwise from top. 
Figure 5. MRD for the 14 UNL-
RRS population.  
 
Figure 6. MRD with 125 loci 
showing a selection response 
in the RFS populations.   
 
Figure 7. MRD with 141 loci 
showing a selection response 
in the S1 populations.    

1. Inter-population selection did not stratify populations to a greater degree 
than intra-population improvement, suggesting genetic drift is the dominant 
force in shaping genetic variation in the UNL-RRS program. 
 

2. Specific genomic regions, particularly in the telomeric regions, contain loci 
significant across replicates.  Further study will reveal if these regions are 
important for increasing heterosis for yield in maize. 
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PZA00661.647.5
PHM4913.1850.1
PHM2130.2955.5
PHM5098.2567.6
PHM1950.7167.8
PHM4185.1383.8
PHM9418.1197.7
PZA02763.1102.6
PHM3463.18107.4
PZA00205.7119.7
PHM1932.51120.0
PHM4695.5145.0
PZA02577.1148.5
PHM2187.46
PHM2187.34
PHM8074.6

157.1

PHM3147.18182.1
PZA02191.1182.5
PHM5622.21184.0
PHM5727.5192.5
PHM5480.17204.8
PHM3627.11208.7
PHM12706.14213.0
PHM3690.23218.1
PHM15871.11223.0
PZA00403.5
PHM12693.8

224.1

PZA00658.19225.1
PHM759.24226.2
PZA00664.3228.2
PHM13405.8233.6
PZA00137.2248.7
PZA03064.6249.4
PHM16605.19251.1
PHM3034.3256.5
PHM14475.7257.2
PHM5526.25262.7
PZA02812.43268.6
PZA00364.2269.0
PZA01978.23277.6
PZA02957.5282.8
PHM720.29284.0
PHM3563.17285.1
PHM18705.23285.7
PHM13191.8292.5
PZA00385.1292.8
PZA00623.2294.7
PZA02359.10295.0
PHM9807.9295.4
PZA00050.9296.6
PZA00243.24
PZA00856.2

296.9

PHM7616.35299.2
PHM4752.14300.0

1

PZA00680.31.1
PHM4951.81.2
PHM5817.151.3
PHM1511.26
PHM1511.14
PHM13440.11
PZA00525.17

2.5

PHM5535.84.1
PHM5628.114.2
PZA00396.94.7
PHM3334.65.1
PZA00200.85.8
PZA00237.26.0
PZA01935.106.5
PHM14783.1410.0
PHM5822.1510.5
PZA02337.415.6
PZA03559.115.9
PHM4425.2519.9
PHM6111.522.1
PHM7964.2723.3
PZA02080.1
PHM1962.33

24.8

PHM4586.1229.7
PZA00061.133.3
PHM10404.840.5
PHM10321.11
PHM3457.29
PHM3457.6

62.9

PHM4880.179107.2
PHM883.16107.3
PHM13360.13110.8

PZA00485.2124.1
PHM3626.3128.4
PZA02966.11131.0

PHM4620.24144.7
PZA01280.2152.2
PZA01537.2153.8
PZA01321.1167.4
PHM635.23170.2
PZA00637.4172.4
PZA02890.4190.2
PZA00824.2196.9
PHM793.25197.6
PHM3668.12198.5
PHM7953.11198.9
PZA02731.1200.1
PHM14412.4203.0
PZA00725.4204.9
PHM2773.30205.6
PHM424.13
PHM424.16

208.2

PZA02964.7211.3
PZA02418.2217.7
PZA00527.6219.9
PHM499.19220.8
PZA00163.4223.3
PZA02266.3228.9
PZA02727.1230.9
PHM3094.23234.7
PZD00022.5235.9
PZA03577.1236.4

2

PZA00309.11.3
PZA00615.31.9
PZA02090.14.2
PHM12859.105.7
PZA03527.16.0
PHM15475.277.4
PHM7672.79.3
PZA01765.19.8
PHM4145.1821.4
PHM2343.2528.3
PZA00348.1132.8

PHM13823.740.3
PHM15899.944.2

PHM15474.553.9
PZA00627.157.1
PZA02589.157.7
PHM2324.2358.3

PHM5502.3168.1

PHM7417.2193.2

PZA00109.3113.1

PHM1745.16143.9
PZA00920.1146.6
PZA00827.1156.8
PHM13420.11158.5
PHM9914.11161.3
PZA00667.1162.7
PZA01396.1166.4
PHM4621.57167.4
PHM1959.26170.1
PZA02402.1171.4
PHM17210.5180.0
PZA00494.2187.9
PZA01359.1190.8
PHM13673.53194.0
PZA02122.9199.6
PZA00892.5201.7
PHM3688.14205.1
PHM9672.9206.0
PHM8828.7209.0
PHM13742.5215.2
PHM3342.31217.7
PZA02665.2218.2
PZA00219.7220.9
PHM2672.19221.4
PZA00234.19223.3
PZA00817.2223.7
PHM2423.33229.3

3

PZA03013.70.1
PHM1971.202.7
PHM1184.263.0
PHM14235.153.4
PHM2438.283.9
PZA00436.76.4
PZA02358.111.4
PZA02138.111.9
PHM2518.2812.6
PHM259.1114.4
PHM8527.217.3
PHM8283.2318.6
PZA00078.218.7
PHM2159.829.1
PZA02457.129.2
PZA03043.1432.2
PHM15427.1134.0
PHM5572.1935.5
PZA00125.236.2
PZA01751.237.3
PHM14055.653.4
PHM1307.1156.3
PZA00218.171.6

PZA02027.1133.9
PZA00663.5142.2
PHM15864.8151.5
PZA00057.2155.9
PZA01926.1159.1
PHM9635.30165.7
PZA00453.2167.2
PZA01289.1170.5
PZA01477.3173.2
PZA01187.1178.6
PHM3637.14180.7
PHM14618.11181.2
PZA00941.2186.5
PZA00344.10187.4
PZA00332.5189.0
PHM4348.16191.8
PZA00193.2192.2
PZA02779.1201.5
PZA01332.2207.3
PHM4117.14209.8
PZA00155.1215.3
PZA00399.10224.0
PHM5599.20233.6
PHM5665.10
PHM5665.26

235.2

PHM2100.21236.1
PZA00005.5237.4
PHM13084.4237.9
PHM4310.112238.5
PZA00682.2
PZA02862.10

239.4

4

PZA01887.10.7
PZA00684.120.9
PZA00191.52.1
PHM5359.103.4
PHM3762.185.9
PZA02462.16.9
PZA03036.67.7
PHM533.468.0
PZA01284.6
PZA03092.7

12.0

PZA00004.213.6
PZA00112.413.7
PZA01327.115.1
PZA00517.618.3
PHM5484.2221.6
PHM565.3124.4
PZA00934.230.8
PHM4647.833.3
PZA00981.337.7
PHM3691.1538.5
PZA00401.1156.0
PHM2769.4358.5
PZA00522.758.6
PHM2614.1459.4
PHM1870.2060.0
PHM3171.562.1
PHM4165.1466.4
PHM13675.17
PHM13675.18

67.5

PHM5798.3971.8
PHM3137.1775.3
PZA02818.1078.4
PZA01779.182.0
PZA00547.693.6

PZA00524.2133.3

PZA01796.1161.0
PZA02981.2167.1
PZA01294.1169.8
PHM6910.187170.5
PZA00300.11172.4
PZA00987.1172.9
PZA02209.2181.2
PHM5296.6181.4
PZA00603.1184.5
PZA02383.1189.8
PHM6386.11190.7
PHM7908.20191.6
PHM4616.7197.9
PZA03024.16199.4
PZA02820.17201.7
PHM3512.186204.3
PHM563.9206.1
PHM4349.3207.4
PZA01680.3209.7
PZA02817.15215.1
PHM13639.13215.8
PHM2865.8216.4

5

PHM15961.139.5

PZA00503.522.7

PZA03047.1231.4

PZA00540.339.9

PZA00462.244.0

PZA01527.158.3

PZA00582.162.2

PHM1572.17
PZA00427.3

81.0

PHM8327.1883.0
PZA00214.192.8
PHM8909.1293.0
PZA02048.2114.7
PZA00382.17118.6
PZA00571.2120.6
PHM13020.10
PZA00536.2

123.8

PZA00473.5124.1
PHM4904.16125.5
PHM12794.47128.2
PZA01618.2129.7
PZA01884.1132.1
PZA00357.19134.5
PZA02187.1138.9
PZA02478.7140.9
PZA02148.1143.7
PZA02247.1146.4
PHM11985.27147.2
PZA01342.2148.6
PZA02958.17151.8
PHM15251.5
PHM15251.3

153.0

PZA01672.1154.3
PHM4662.153155.2
PZA03027.23156.5
PHM5794.13156.6
PHM4748.16158.4
PHM16607.11160.0
PHM4503.25161.0
PZA00266.5
PZA01468.1

161.5

PHM4978.27162.2
PHM7922.8163.0
PHM5529.4
PHM3466.69

167.0

PHM4468.13167.4

6

PZA00188.13.0
PHM9241.135.1
PHM3078.126.1
PHM4135.156.5
PZA01613.19.5
PZA00398.415.3
PZA00256.2717.5
PHM4080.1520.2

PHM15501.6
PHM15501.9

30.7

PZA00132.1731.8
PHM4353.3134.2

PZA00084.241.7

PHM4818.1579.0
PHM904.2180.2

PZA01946.7129.4

PZA02449.13140.4
PHM9162.135143.4

PZA02722.1148.9

PHM1912.23
PHM1912.20

161.7

PZA00795.1165.1
PHM3435.6165.7
PHM7898.10167.7
PZA01802.3168.7
PZA00386.3170.7
PZA00695.1171.2
PZA00043.1172.9
PHM5232.11175.2

7

PHM5218.141.9
PHM4512.38
PZA01623.3

5.2

PHM9126.155.7
PHM2487.68.1
PHM9695.8
PZA02249.4

12.3

PHM1447.8913.6
PZA02955.314.8
PHM5158.1318.2
PHM1978.11121.8
PHM2350.14
PHM2350.17

24.0

PHM191.18
PHM191.12

52.3

PHM4552.669.6
PZA01257.170.5
PHM11114.772.6
PHM5395.34
PZA01470.1

74.5

PHM5235.895.6
PZA00908.2101.2
PHM934.19
PZA00045.1

118.2

PHM3993.28
PHM3993.16

120.1

PHM10525.11
PHM10525.9

126.1

PHM5468.25130.5
PHM448.23135.1
PZA00429.1145.8
PHM4757.14152.8
PHM4677.11153.9
PZA00334.2155.5
PHM12749.13156.4
PHM15278.6156.7
PHM3465.6160.8
PHM232.30162.8
PHM1834.47163.7
PZA02746.2164.4
PHM4560.54
PZA00516.3

164.9

PHM4786.9166.1
PHM13493.12167.1
PHM765.24168.3
PHM14046.9170.8
PHM14104.23171.9
PHM3337.23172.0
PHM3312.23172.2
PHM2749.10172.9
PHM5019.59173.1
PZA02281.3173.4

8

PZA03062.73.9
PHM3925.794.0
PZA00410.27.2
PHM11946.1710.0
PHM1218.611.5
PZA01386.312.3
PHM5181.1015.6
PZA03416.717.0

PHM4495.1426.8
PHM1871.1928.4

PZA02861.1242.8

PZA00588.261.4

PZA00653.592.3

PZA00225.8107.6
PHM13183.12107.8

PZA01819.1122.8
PZA00060.2129.0
PZA00213.19130.9
PZA01866.1
PHM4905.6
PZA02397.12

133.9

PHM7916.4137.2
PHM4689.49139.5
PHM1766.1140.8
PHM816.25
PHM816.29

146.5

PHM4604.18
PZA01715.1

147.4

PZA00511.3147.5
PHM15445.25151.5
PHM1911.173152.9
PHM13681.12153.0

9

PZA02554.12.5
PHM3631.474.7
PHM2828.836.6
PHM3765.78.4
PHM5740.99.2
PZA01451.19.4
PHM1752.3610.2
PHM15331.1610.9
PZA00463.313.5
PHM3896.914.6
PZA02961.616.2
PHM3922.3217.7
PZA00079.118.9
PZA00310.520.4
PZA02853.1026.0
PZA02945.1033.6

PHM1812.3238.5

PHM3931.1741.3

PHM4066.1157.1

PZA00562.462.0
PHM1155.1462.3

PZA01677.171.1
PHM2770.1972.8

PZA00337.386.4
PHM12990.1587.1

PZA00400.399.0
PHM537.2299.6

PHM12625.18106.8
PHM18195.6107.0
PZA01292.1109.8

PHM13687.14118.0
PHM1576.25124.5
PZA00647.9130.1
PZA01456.2136.3
PHM18513.156136.9
PHM15868.56137.5
PZA02519.7142.2
PZA00130.9143.7
PZA02969.9144.1
PZA02049.1144.5
PZA00007.1144.6
PHM5435.25144.7
PZA01073.1145.0
PHM3736.11148.2
PHM10750.26148.8
PHM1506.23149.0

10


