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Abstract

Background

Maize is an increasingly important food crop in southeast Asiaellivgdation of its geneti

architecture, accomplished by exploring quantitative trait lod aseful alleles in various

lines across numerous breeding programs, is therefore df igtegest. The present stu

aimed to characterize subtropical maize lines using high-qu&fs distributed throughoput

the genome.

Results

We genotyped a panel of 240 subtropical elite maize inbred lines amedcaut linkage
disequilibrium, genetic diversity, population structure, and principal oot analyses gn
the generated SNP data. The mean SNP distance across the gasoiieKb. The genome
had both high and low linkage disequilibrium (LD) regions; the latteeweminant in areas

near the gene-rich telomeric portions where recombination is freqAembtal of 252
haplotype blocks, ranging in size from 1 to 15.8 Mb, were identified. E@wlecay (200-
300 Kb) atr® < 0.1 across all chromosomes explained the selection of favoradeanaund

low LD regions in different breeding programs. The association mapparge! was

characterized by strong population substructure. Genotypes were @iotpéhree disting
clusters with a mean genetic dissimilarity coefficient of 0.36.

Conclusions

The genotyped panel of subtropical maize lines characterized isttiolg should be usef
for association mapping of agronomically important genes. The diasiyiluncovereq
among genotypes provides an opportunity to exploit the heterotic potential of subtrimei
maize breeding lines.
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Introduction

Maize ¢Zea mayd..) is one of the most important global food crops, and is of incrgasi
agricultural  importance in  India [1]. According to USDA estimates



(www.fas.usda.gov/psdonline/circular/production), an area of 8.68mitlectares in India
was used to produce 21.6 million tons of maize during 2011-2012. Maizelisuselia for

various applications, ranging from food and feed to industrial purposd®uflh maize
ranks third in terms of crop production, demand is expected to double by 20&0,tle

growth of the Indian population and the preference for maize over cgheals. Currently,
maize productivity in India is 2.49 tons per hectare, which is faedothan the global
average of 5.2 tons per hectare. This limited output can be explajnguoduction

constraints, which range from biotic and abiotic stresses to unedloéterotic potential.
Elucidating the genetic architecture of maize at the molecldeel would aid the
development of cultivars better suited to meet increasing demands.

Modern maize arose from the domestication of teosifg@ (naysssp.parviglumig, which
occurred in southwestern Mexico approximately 9000 years ago [2]eMé&mvly spread
across the Americas in numerous forms that were locally adaptéwpical as well as
temperate climatic conditions [2]. Although most Asian corn isvdd from recently
introduced Caribbean-type flints [3], maize lines with primitfeatures, distinct from
Mexican lines, are found in the northeastern Himalayan regionrdijari maize races are
classified into four groups: primitive, advanced or derived, recemiigduced, and hybrids.
Despite thousands of years of domestication, maize has retaineshtadgal of allelic
diversity [5]. Maize polymorphisms between two diverse lineseatenated to occur every
44 bp on average [6], a higher SNP frequency than between humans ahrctees.
Millions of single nucleotide polymorphisms (SNPs) and indelsicatifor understanding
trait architecture, have been identified in maize using diverse inbred lines [6]

Linkage disequilibrium (LD) is the non-random association of alldlés@or more loci in a
population. An understanding of LD patterns in a population is useful farciaien
mapping [7,8]. LD decay, the rate at which LD breaks down, otargy in commercial
maize germplasm [9-11]; in numerous other germplasm lines, incllatgaces, it occurs
within a few Kb because of high rates of recombination [12-16]. Izenaixtensive LD has
been found around1[14] and in a 1-Mb region on chromosome 10 [17]. Many LD blocks of
varying sizes have also been identified by genome-wide scre¢®ing8-20]. Another
important consideration during association mapping is population struétgrenomically
important traits are rigorously selected for in breeding gt establishing population
structure in the germplasm. Population structure can cause sghifiactuations in allele
frequencies across subpopulations, creating unexpected LD betwedhaloare actually
unlinked [21]. Several methods, such as genomic control [22,23], structurechsadé4],
principal component analysis (PCA) [25], non-metric multidimensiocalirg) [26], and a
unified mixed model approach [27], have been used to minimize theseffegiopulation
structure on association mapping.

The study of genetic relationships among breeding lines is edseationly for parental
selection, but also for hybrid development and heterotic grouping [28]. Diversiygesnaan

be performed at morphological, geographical, and functional levet83R9The diversity

found among Indian lines is due to the crossing of Indian germplagmfaveign strains,

particularly those from the USA [34]. This cross-breeding hastessih augmented vyield
and heterosis [35-37]. The initial focus of Indian maize breeding gmgrwas the
development of double-cross hybrids using inbred lines, with attentemslaitting to early-

maturing composites. Over the last two decades, interestceatered around the
development of single-cross hybrids, with several hybrids adaptedrimus Indian agro-
climatic conditions released as a result.



A comprehensive knowledge of the genetic architecture of maize popslas useful for
exploiting germplasm for various breeding purposes. The presentwasdyarried out to (1)
characterize subtropical genotypes adapted to Indian conditions usioghg-wide SNPs;
(2) elucidate the LD and population structure of the genotype paneisé in association
mapping; and (3) assess genotype genetic diversity to develop letparental
combinations.

Methods

Plant material

A panel of 240 subtropical or tropical genotypes, consisting of inbred &dapted to
subtropical climates and developed at different breeding stationkdia or by the
International Maize and Wheat Improvement Center (CIMMYT), ewased for SNP
genotyping. These elite inbreds had putative genes segregatibmptiorand abiotic stress
tolerances, nutritional traits, and agronomic traits (Additional file 1: Tab)e

SNP genotyping and assay development

Total genomic DNA was isolated from each of the 240 samples wsitNcleopore

DNASure plant mini kit (Genetix Biotech Asia, New Delhi, Indi@uantity and quality of

isolated DNA samples were checked with a NanoDrop ND-1000 sphotameter (Thermo

Scientific, Wilmington, DE, USA), followed by validation by 1% agse gel electrophoresis.
SNP detection was performed using the Infinium HD Assay Witcdocol (lllumina, San

Diego, CA, USA). DNA samples (50 ng in 4) were hybridized to a Maize SNP50
BeadChip.

Data curation

GenomeStudio version 2010.3 was used to analyze the SNP genotyping data. $3ediome
clusters genotype calls into AA, AB, and BB groups that are ced/eding TOP/BOTTOM
rules into different allelic combinations: A/C, A/G, A/T, C/G,TCand G/T (in TOP, A/G
indicates that allele 1 is A and allele 2 is G, whereas i BiM, A/G indicates that allele 1
is G and allele 2 is A). In this study, every SNP was scasing GenTrain (GT) and Cluster
Separation (CS) [38] selection criteria. True-positive sigreflected as background noise
were manually assigned to their respective clusters baseddefined normalize€é value
(Figure 1). Only reliable SNPs showing distinct cluster sejparavere retained in the
curated set. SNPs not included in any cluster were categorized as “rio calls.

Figure 1 Clustering pattern of high-quality SNPs analyzed with GenomeStudidAll

SNPs in the 240 genotypes assessed were grouped into three clusters: AA (i(@d)yphB,
and BB (blue). The normalizédrange was 0-0.2 and 0.8—1 for homozygous clusters AA
and BB, respectively. The black datapoints were regarded as “no £alRZA-03707.2
represented high-quality SNPs corresponding to clear homozygous clustess B&A. B)
Datapoints falling within the range of the normalifegalues were manually adjusted into
the respective clusters for SYN22774 to increase the calling accuracyw8Nhsadequate
cluster separation were deleted from the 56,110 SNP set.




SNP characteristics

Polymorphism information content (PIC), minor allelic frequencyA®)] and genetic
diversity (GD) were calculated using the Genetics package in R [39].

Population structure

ADMIXTURE version 1.20 [40] was used to study population structure usisgbaet of
8,278 SNPs having pairwisé values < 0.1 distributed randomly across the genome. A
subset was chosen to minimize the effects of LD, as the mogebwed by this software
program does not explicitly take LD into consideration. The “Expectdtlaximization”
clustering algorithm was used with numerous clusters (K) ngnigom 2 to 7. The algorithm
was executed five times for each K value. To select the sichste level corresponding to
the best partitioning, we also performed five-fold cross-validation.

Principal component analysis

Principal component analysis was performed using the R pa&{dB&elate [41]. An LD-
based pruned set of SNPs was first created with an LD thresh0l@ &b avoid the strong
influence of SNP clusters. Using the snpgdsPCA function in SNERR&ELA was then
conducted (MAFE> 0.05 and missing rate 0.15). The percentage of variation explained was
calculated for the first 16 principal components, and the firstdomponents were used for
plotting the genotypes on a two-dimensional scale.

Assessment of genetic diversity

A genetic dissimilarity matrix was calculated from 29,619 SNBing Roger's modified
distance [42] with the ade4 package in R. The dissimilarity valees used for construction
of a dendrogram in Darwin 5.0 [43] using the weighted neighbor-joining (NJ) method.

Linkage disequilibrium

The LD pattern across chromosomes was investigated using TARSHRB?2 [44]. Pairwise

LD explained byr? was determined for 29,619 high-quality SNPs. LD patterns withgut an
MAF threshold and with thresholds of 5% and 10% were examined. Hapld\2ej#5] was

used to assess haplotypes under high LD using three models: confidtencal (CI), four
gamete rule (FGR), and solid spine of LD (SS). We incorporatéts $id to a distance of 10

and 20 Mb to measure haplotype blocks based on pairwise correlationssimgréhe
window size enabled us to assess more SNPs comprising haplotype blocks on chromosomes.

Results

SNP performance

Each SNP was assigned GT and CS scores across the 240 Infisayaeagenotypes.
Approximately 92.6% of GT scores and 80% of CS scores were inrtge od 0.7—0.9 and
0.7-1, respectively (Additional file 2: Figure S1). Selection of the 28 quality SNPs
for data analysis was performed after removal of “no cqll9%), monomorphs (0.9%),
unmapped SNPs (22.2%), SNPs with a MAF < 0.05 (5%), and SNPs showitey gnea



5% heterozygosity (2%). When no MAF threshold was applied, 32,444 SNPsednmae

use of MAF thresholds 5% and> 10% yielded 29,619 and 25,701 SNPs, respectively. The
distribution of curated SNPs ranged from 1,317 on chromosome 2, to 3,811 on chromosome
1 (Additional file 3: Figure S2). Inter-marker distances varied fobp on chromosomes 1,
3,4,6,7 8, and 9, to 2.83 Mb on chromosome 6, with an overall mean across 10
chromosomes of 70 Kb. Chromosome 8, where SNPs occurred on average aht&dwals,

was the most saturated. Mean PIC, MAF, and GD values were 0.35, and 0.36,
respectively (Additional file 4: Figure S3). In the selected S#dfa, 68% of SNPs had PIC
values > 0.25, and 69% of SNPs had GD values > 0.29.

Linkage disequilibrium

LD estimation revealed a meah of 0.23 across all chromosomes. M@arwas slightly

higher on chromosomes 4, 5, and 8 (0.25) compared with chromosome 2 (0.21). Across the
entire genome, 3,248 pairwise SNPs were classified as higfr’LD 0.8), most of which

(13%) were present on chromosome 8. Clusters of SNP pairs in highek® found on
chromosomes 3 and 8 (Figure 2).

Figure 2 Heatmaps representing variation in LD on chromosomes 3 and §he markers
were aligned on the andy axes according to their chromosomal positions. The squared
correlation coefficientrf) values are denoted by a color scale from white (0.0) to dark red
(2.0) in the upper triangle. Thevalues ranging from non-significant (>0.01; white) to highly
significant (<0.0001; red) are shown in the lower triangle. The high LD regiongedcur
between 94.6 and 95.1 Mb on chromosome 3, and 48.7 and 51.7 Mb on chromosome 8.

Haplotype patterns were analyzed in Haploview with a 20-Mb windowruhdee distinct
models: Cl, FGR, and SS. A total of 5,158 pairwise SNPs were foundsistpe haplotype
blocks on all chromosomes. The total number of haplotype blocks ramyed & under the
Cl model to 252 under the FGR model (Additional file 5: Table S2). [atter model
suggested a maximum of 74 blocks on chromosome 2, whereas the SSugyésted 68.
The maximum average length per block (2,825 Kb) was computed using thed@E The
FGR and SS models identified the largest block on chromosome 3, whischS5/88aMb and
spanned 262 SNPs. The Cl model identified the largest block, 4,555 Kb, on chnoends
with a coverage of 36 SNPs. The percentage of the chromosome coverkedksyranged
from 0-2% (Cl), 5.2-47.4% (FGR), and 2.6—-61.2% (SS). The number of blocks vared f
one chromosome to another. Chromosome 9 had a minimum of 11 blocks (3—-2,787 Kb) and
chromosome 2 had a maximum of 74 blocks (1-9,680 Kb), irrespective of the nsedel
Chromosome 2 also had more than twice the number of blocks as chromésdespite
having the lowest total number of SNPs.

When window size was reduced from 20 to 10 Mb, a change in haplotypeplalibekns was
observed under FGR (chromosome 3) and SS (chromosomes 2 and 3) mddiisn@ file

5: Table S2). The size of the largest block dropped from 15.8 Mb to 7.5Hvinfosome 3)
under the SS model, which was equivalent to a significant differ@n265 SNPs. Using a
20-Mb window size, average block length ranged from 711.7 Kb (chromo8pitoe2,825

Kb (chromosome 3). Chromosome 2 had the highest percentage of markeisitcanst
blocks (72.05%). With a 10-Mb window, the average block length ranged #idnY Kb
(chromosome 9) to 1,919.3 Kb (chromosome 4) under the SS model. The total mimbe
blocks calculated across all chromosomes under the FGR (253) modetjuwaalent to that

of the SS model (252), whereas the ClI model estimate comprised only 18 blocks.



LD decay

At a meanr® < 0.1 and with SNPs having a MAF5%, LD decayed within 200-300 Kb,
although this varied within and across chromosomes (Figure 3). LI desamost rapid on
chromosome 6 (100—200 Kb) and slowest on chromosome 4 (300—400 Kb). On the remaining
chromosomes, which covered approximately 82% of the genome, the dsetayceliwas
200-300 Kb (Table 1).

Figure 3 Linkage disequilibrium (LD) decay pattern of SNPs in all chromosomesThe
meanr? value was measured across 240 genotypes using SNPs with a MAP®fLD
decay was considered at both the 0.1 and*< 0.2 levels.

Table 1 The pattern of linkage disequilibrium decay (Kb) atr’<0.1 andr?<0.2 levels
across all chromosomes

Chromosome LD decay (Kb)

r’<0.1 r’<0.2
1 200-300 5-10
2 200-300 5-10
3 200-300 5-10
4 300-400 5-10
5 200-300 5-10
6 100-200 10-100
7 200-300 2-5
8 200-300 5-10
9 200-300 5-10
10 200-300 5-10
Mean 20C-30C 5-10

LD breakdown at a mearf < 0.2 occurred on average within 5-10 Kb across the entire
maize genome (Figure 3). On chromosomes 6 and 7, the mean decay distance was 10-100 Kb
and 2-5 Kb, respectively, whereas it was the same as the gla@raba on the remaining
chromosomes. On chromosome 7, LD decay at0.2 (2-5 Kb) was found to be more rapid

than atr? < 0.1 (200-300 Kb). On chromosomes 1, 2, 3, 5, 8, 9, and 10, the LD distance
dropped from 200-300 Kb at< 0.1 to 5-10 Kb at* < 0.2 (Table 1).

The pattern of LD decay was also studied in the absence oAR thtreshold, in which
32,444 SNPs were taken into account, and with a MAF cut-off of 10%, whitidéett
25,701 SNPs. At a meah > 0.1 under all three MAF criteria, LD decayed within 200—300
Kb across the genome. On chromosome 1, LD decayed within 100-200 Kb when no MAF
cut-off was applied, and within 200-300 Kb with MAF threshald®6 and 10% (Additional

file 6: Figure S4). Chromosomes 6 and 8 also showed variable LD pattayns when SNPs
based on a MAF threshokl10% were used.

Population stratification

ADMIXTURE with K ranging from 2—7 was used to identify subgroygssent in our
association mapping panel (Additional file 7: Figure S5). Based onstenisfive-fold cross-
validation error among runs, K = 4 was selected as the begiopaFigure 4). Admixture



results revealed that out of 240 individuals, 18% had a membership valaed(®and were
distributed across subgroups (Additional file 8: Table S3).

Figure 4 Cross-validation at different K levels.The best partition, K = 4, was selected by
five-fold cross-validation.

G1, the largest group, comprised 63% of the genotypes, with G2, G3, aaxt@shting for
27%, 7%, and 3%, respectively (Additional file 8: Table S3). The msesihdi maize lines
from all maturity groups (early, medium, intermediate, and latxe clustered in G1. The
major lines in this group—PANT, BAJIM, CM, and CML—possessed the ndisti
characteristics of orange-colored grains, acidic soil tot&raand resistance against ear rot,
tar spot, stalk rot, leaf blight, rust, southwestern corn borer, andrfiayworm. This group
comprised 39% of yellow lines from different breeding program#latora, Amberpet,
Bajaura, IARI, Karnal, Ludhiana, Nagenaha, and Udaipur breeding ceMiess CML lines
(52) were grouped into G2, which also included BAJIM, BML, CM, CML,AW, HKI,
HPLET, and V lines. These lines originated from Almora, Ambeipajaura, DMR, IARI,
Karnal, and Ludhiana breeding programs. Approximately 63% of the ydih®s drawn
from Karnal and Almora were clustered in G3. Equal proportions adwdlhes from these
breeding programs were grouped into G4.

Principal components were generated for the SNP datasetsr3thefnponent was plotted
against the second, third, and fourth components to elucidate genotype grouping. ddteerns
four components explained 8.2%, 7.3%, 3.9%, and 3.2% of the variation, respectidely, a
clearly revealed the existence of two major groups in the iasisocmapping panel (Figure

5). Two minor groups were distributed around these two major clusters.

Figure 5 Principal components explained the distribution pattern of the genotyes.All
genotypes in the PCA plot were color coded as per the ADMIXTURE groupings and showed
similar grouping patterns except for the minor groups. Some of the genotypebldromot

minor clusters from ADMIXTURE were mixed with the major groups.

Genetic diversity

Pairwise genetic dissimilarity coefficients between genatyagied, with observed values as
high as 0.45 and an average of 0.36. Ninety-nine percent of the genotype& Dakiigher
than 0.31 (Additional file 9: Figure S6). A dendrogram showing threemgapups—A, B,
and C, with 4, 2, and 2 subgroups, respectively—was obtained from the ghsstialarity
matrix (Figure 6).

Figure 6 Clustering of genotypes into three major groups based on genetic disslarity.

A) Dendrogram of 240 subtropical maize genotypes based on their genetic distance
representing the major groups in a hierarchical topolBysubgroups are shown in a radial
topology. Colors show the different subgroups inferred by ADMIXTURE.

Group A was the largest group, with 69% of the genotypes, followegtdup B with 23%
and the remainder in group C. Approximately 53 CML-derived linesu@nay 25 white
lines) constituted the majority of group A, and were charactebyddlerance to acidic saill,
lodging, and drought, and resistance against ear rot, tar spot,ratalleaf blight, rust
southwestern corn borer and fall armyworm. Yellow lines drawn fram#, Almora, and



Ludhiana breeding programs constituted the majority of group B. Timesewere drought
and acid soil tolerant, and resistant to stalk rot and sorghum dowdgwn Group C
included 37% of the yellow lines bred at Karnal and Udaipur, of which 68% WML-

derived, one a multiply-resistant genotype (CML 394).

Subgroups Al, A2, A3, and A4 had mean dissimilarity coefficients of 0.37, 0.35,ab@5,
0.34, respectively. Al included 39% of A-group genotypes, A2 31%, A3 19%, and A4 11%.
In the A1 subgroup, the breakdown of lines was as follows: 2% BAS¥MCM, 64% CML,

5% HKI, 2% HPLET, 8% PANT, and 2% BML. Two of these were drougldramit, and

41% were white lines. Group B contained two clusters, B1 (72%) an@32)( with mean
dissimilarity coefficients of 0.343 and 0.34, respectively. The B1 subaitgulcomprised

one white line and four drought-tolerant lines. Group C was subdividednatoltsters, C1
(69%) and C2 (31%); these were distinct clusters with genetiandiss of 0.3 and 0.34,
respectively. Group C1 included one HKI and 10 CML lines.

When the groups uncovered in the ADMIXTURE analysis were compatedivase based
on genetic distances, group A, the largest group in the genetic ithssyndendrogram,
contained 59%, 32%, 7%, and 2% of the genotypes from ADMIXTURE groups G1,352, G
and G4, respectively. The smallest group, group C, comprised 69% lofebdérom G2 and
the lines from G1 (at K = 4). Genetically distant lines V338 @ML 442 were included in
G1 and G2 (at K = 4) in the ADMIXTURE analysis. Q-valuesh#fse genotypes were 0.53
and 0.65, respectively.

Discussion

SNP performance

A total of 240 genotypes were screened to identify genome-widesSid to assess
population allelic variation. Of 56,110 identified maize SNPs, 98% wetected in this
screening, comparable to the number reported in other experiments [Mda]sed two
guality parameters, GT and CS [38], to differentiate genotyysters as AA (homozygote),
AB (heterozygote), and BB (homozygote). Earlier studies reveafgdduality SNPs with
CS scores > 0.3 [47] and GT scores > 0.8 [48]. In our study, GT semgsd from 0.3-0.9
and CS scores from 0.1-1 for the full marker set. Finally, 29,619 highyg&NiPs were
obtained after setting GT and CS threshatd8.7. Our study identified reliable SNPs and
well-defined genotype clusters, as can be seen in the genoploture Hig reducing the
chance of genotyping errors [38,49].

The set of genotypes screened in our study represents the ruoatesapanel to date of
subtropical maize lines adapted to the Indian climate. As repwortether studies, tropical
lines have more rare SNPs than temperate lines [13]. In our paeelSNP was detected
every 70 Kb, and thus 29,619 SNPs were useful for assessingnisiec gachitecture of the
subtropical lines. The SNP density for specific genes was 43-623ttg study by Jones et
al. (2009) [50] and 41-130 bp in that of Ching et al. (2002) [51]. In the prdséyt SNPs
genotyped on chromosome 8 covered the maximum genomic area at @e avienwal of 59
Kb. Several genomic regions encompassing large distances had no SN@s)gre 2.2-Mb
region on chromosome 1, a 2.22-Mb region on chromosome 9, and a 2.83-Mb region on
chromosome 6. The latter region was also found in the B73 genome [gijoxdmately
8,963 SNPs with high GD and PIC values were detected with a MAB.4fin this



subtropical panel. The highest PIC and GD values were equivalehbdse bbserved in
tropical and temperate lines [12,31]. The mean PIC value was dpse to that computed
for Chinese and American lines [52].

LD and LD decay

We characterized genome-wide LD in subtropical elite breednmeg land found several low

to high LD regions within and across chromosomes (Figure 7). AppradynEl% of SNPs

with high LD (%> 0.8) were scattered throughout the genome. The high LD regiaes we
mostly interspersed with low LD regions, indicative of maieaane complexity and the
random nature of recombination events across the genome [15,53]. Howeeaisivex
regions of high LD were found on chromosomes 3 and 8 from 94.6-95.1 Mb and 48.7-51.7
Mb, respectively; their presence may be due to recent all@licrdthe population (Figure 7)

[54]. In almost all chromosomes, LD was lower near telomericomsgand higher in
centromeric and pericentromeric regions. Low LD regions maycheinm functional genes

and actively involved in recombination [15,53].

Figure 7 The distribution of low (r* < 0.4), intermediate (0.4 <*<0.8), and high ¢* >

0.8) pairwise LD regions along the chromosome$he pairwise LD pattern was measured
using SNPs with a MAF o£0.05 across the maize association mapping panel. The length of
the chromosomes is shown in Mb.

On the other hand, high LD regions were distributed uniformly alonght@mosomes; this
indicates that these loci were single or multiple genesggan@mic importance that were
selected for by a number of breeding programs, thereby creaiingetween linked and
unlinked loci over time [55]. These regions may also be a conseqoérsmveral other
factors, including low recombination rates [56], selective sweeps [11,1Hbpllation
bottlenecks [53], directional selection for specific traits [58,59], and asuedat bias [60].

Haplotypes are a function of population size, genetic diversityttendxtent of LD. The use
of a large number of SNPs would increase their coverage, siosé oh the genomic
variation would then be available for analysis. In the presemtystgenome-wide SNP
genotyping revealed a total of 252 haplotype blocks varying in ne €1 Kb (2 SNPs) to
15.8 Mb (262 SNPs). The Cl model identified fewer and shorter haplbtgpks than FGR

and SS models (15.8 Mb), however; this difference may be due to bldbkstneng LD in a

high-confidence bound cut-off in the former model (Figure 8). @Heplotype blocks are
indicative of the magnitude of recombination across the genome and timepelection of

their corresponding alleles. Interestingly, there were more lyggloblocks, suggesting
fixation of alleles [61], on chromosome 3. Many long terminal repeatretrotransposons
[62], which are not uncommon in maize [63], were also present. Th#se legions are
considered to be gene poor [64] and do not normally undergo recombinatiomréhthyus

highly conserved in a population.

Figure 8 Haplotype blocks ranging from 37.41 Mb to 77.67 Mb on chromosome 4 as
visualized in a 20-Mb sliding window on HaploviewA) Confidence intervals modeds)

Four gamete rule ard) Solid spine of LD model. The inverted triangle represents haplotype
blocks.

When performing association mapping, an understanding of the LD dexttarnpis
important, because mapping resolution is correlated with LD deSay A low LD



population will facilitate high-resolution gene mapping [15,16], whereakigh LD
population will only allow for coarse mapping [9]. In our study, LD aledistance was
found to be 200-300 Kb, comparable to that of European elite breedingrfire®.1 at
~500 kb) [9]. Based on the slow decay pattern, the population of efieglibhg lines had
obviously undergone several rounds of selection for favorable traitdo&sestudies have
revealed that when LD decays at less than 10 Kb, the populatigghlg genetically diverse
[12,13], possibly as a consequence of inter-breeding, selection, populatitenduis,
geographical isolation [65], genetic drift [54], and population structli8g. LD declines
rapidly (e.g.,r? < 0.1 within 1,500 bp) in various maize lines [13,16]. In our population, LD
decay was more rapid gt< 0.2 (5-10 Kb) than af < 0.1 (200-300 Kb), but we can assume
that our panel still offers good resolution for gene mapping.

The removal of SNPs with a MAF < 0.05 facilitates high-poweney mapping of a
population, as the inclusion of minor alleles may lead to inaccuateestimation. To
analyze LD decay patterns at different MAF cut-off levels,mmeasured LD using SNPs with
0%, > 5%, and> 10% MAF cut-off levels. A change in the LD decay pattern waseati
between 0% and 5% cut-off levels, whereas an increase in ttte thtashold from 5% to
10% did not markedly affect the meghacross the 10 chromosomes. This implies that the
allele frequency did not change drastically at the M&A% level, thereby increasing the
frequency of common alleles. Another explanation for this result dmuttie occurrence of a
domestication bottleneck leading to the elimination of rare alkheshence shifting allele
frequencies towards intermediate values [66]. Rare alleleshaag become fixed in the
population during selection for agronomic traits. It should be noted, hownatrhigh
frequency markers are required to detect all rare allales population [67]. In addition,
founder lines used for creating SNP chips may not exhibit the wdeneut of allelic
diversity of a species owing to ascertainment bias [68]. Furtireirsmall sample sizes may
cause alleles to be underrepresented on SNP arrays [29], furthiegl the detection of rare
and minor alleles.

Population structure

The presence of structure in a selected population is due to variocssges, such as
population bottlenecking, genetic drift, and selection. Non-genetic factochiding
genotyping error [47] and ascertainment bias [68], also contribute togbopubktructure.
Using ADMIXTURE, we identified two major and two minor subset®ur population. This
result suggested the presence of unequal allele frequencies wpthlatpn, which might be
due to non-random mating among individuals [65].

Indian maize breeding programs use both yellow and white lines, aggreeation of lines

derived by crossing these types is frequently carried out tatamaiquality. In our study, few
white lines appeared in groups containing mostly yellow lines, itidgcahe eventual

outcome of inter-mating. CMLs developed by CIMMYT (www.seedsofuisry.org) have

also been used in several breeding programs in India. These lines have dxeed balsed on
adaptability as well as specific traits. Hence, CML linetegral to the Indian breeding
program were included in our analysis along with the already adapted Indian lines.

The population structure uncovered by ADMIXTURE was congruent with tteldition
pattern identified by PCA. The PCA-based genotype distributionlglglowed two subsets
covering more than 87% of the genotypes. Two of the subgroups fi®mARMIXTURE
analysis were not wholly supported by PCA, however, as some of tlo¢yges from these



two minor clusters of ADMIXTURE were mixed with the major #@roups. The similar
grouping of subsets from ADMIXTURE and PCA implies that theseilts may be used to
correct for population structure for association mapping [69]. In cantrasrall results from
ADMIXTURE and genetic distance matrix analyses were not coabps similar to the
findings of an earlier study [31].

Genetic diversity

We assessed the genetic diversity of the 240 subtropical maee With the aim of
developing heterotic pools for Indian breeding programs. Numerous sgdmgrations in
elite breeding lines can lead to a reduction in harmful al[@@s In such cases, a heterotic
pool containing the resulting genotypes has the potential to iectredsid vigor. Further
understanding of their genetic diversity would be useful for makirexted crosses among
the lines to maximize genotype heterotic potential.

Genetic variability has been studied previously using SSRs and R9P4.,32]. Mean
genetic dissimilarity (0.36) in the present study was conditiegiven the number of SNPs
used, and was comparable to values from previous genetic assestuties [29-31]. NJ
analysis of genetic dissimilarity coefficients separdtedpopulation into two major groups
and one minor group. The distribution of genotypes provided ample options foringhoos
different parental combinations for a hybrid development program {jaddl file 10: Table
S4). Genotypes belonging to early, medium, and late maturity grolpmtée different
clusters. These genotypes were variously tolerant to abictgsss, resistant to diseases, or
possessed other special characteristics (www.maizeindia.On). study thus provides
information for developing new hybrids possessing different mattrétly combinations by
performing selective crosses between and within maturity groups basedetic gestances.

Several parental pairs with high genetic dissimilarity weeatified. Yellow lines NAI 147
(Group A) and CML 69 (Group B) from the late maturity group had & kigsimilarity
coefficient (0.43). NAI 147 was also very dissimilar (0.43) to ClA3 from the medium
maturity group. The genetic distance between such distant liggess that their crosses
would show good heterosis. The selection of parental pairs basedeticgdissimilarity
would be a good starting point to identify potential heterotic combinatB®fere exploiting
parental pairs in heterosis breeding programs, however, themaygrc traits should first be
tested for combining ability.

Most of the CML-derived lines in our study clustered togethéin wamaining Indian lines
into groups 2A, 2B, and 3A. Because the CML lines are resistantvierasediseases
(www.seedsofdiscovery.org), hybridization of CML lines with otherdim®uld be desirable
to impart disease resistance and to realize their heterogot@dt Genetically dissimilar,
stress-tolerant parents can also be used for the development oh&pfling populations for
target traits. Biparental populations developed from individuals withrasiimg traits,
selected from within the association mapping panel, can servessasiaion mapping
validation tools.

Prospects for genome-wide association studies (GWAS

Our association mapping panel of Indian breeding lines, the most satpeatel currently
reported with respect to marker density, not only contributes tonderstanding of their
genetic architecture, but also helps elucidate LD and populatiotiuseiand may be useful



for GWAS. The distribution of high and low LD regions across the genmmoeded an
opportunity to identify target genes of agronomic interest. Hapldilgiks identified in the
genome, such as the 74 blocks on chromosome 2, can be exploited for GW&S.C5|
decay was observed, however, enabling only coarse mappingsati#ion of 200—-300 Kb.
Even at coarse resolution, it would still be possible with the heiip gifico tools and maize
gene prediction models (www.maizesequence.org) to identify putaivesgor target traits.
On the other hand, we observed very rapid LD decay across chronsostiee the cut-off
was shifted front? < 0.1 to 0.2. Consequently, the fine mapping potential of our subtropical
maize panel should not be ignored. Our analysis uncovered strong poputaiciore,
which limits this panel’'s use for GWAS; however, the structualdt be corrected for
through the use of statistical models based on ADMIXTURE and RGAts. We believe
that our association mapping panel with genome-wide SNPs willggan opportunity to
map genes of agronomic importance.

Conclusions

We characterized subtropical elite maize breeding lines aslagge number of high-quality
SNPs. Assessment of marker-trait associations is faeditay the availability of saturated
SNPs across the genome. Genomes of these maize lines were dduace tboth low and
high LD regions. The slow LD decay observed in the population wabusttl to the
inclusion of elite breeding lines in this study. Congruency betweemPDMIXTURE and
PCA results increases the confidence that the population struatukee@orrected for during
association mapping. The genetic diversity uncovered in tlgedpopulation can be used
to develop heterotic pools for exploitation of elite breeding line hybrid vigor.

Availability of supporting data

The raw SNP data (Submission # 10.6070/H4BG2KX8) has been submittedvelibite:
http://www.labarchives.com/.
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Additional _file_1 as XLSX

Additional file 1: Table S1 Attributes of genotypes used in the genotyping panel. Maturity
groups: E, early; M, medium; L, late. Kernel color: Y, yellow; W, white; S@mident; SF:
Semi-Flint.

Additional_file_2 as XLSX
Additional file 2: Figure S1 GenTrain (GT) and cluster separation (CS) scores for 56,110
SNPs. Each SNP had an individual GT and CS score across the subtropical panel.

Additional _file_3 as TIFF
Additional file 3: Figure S2 SNP coverage across all chromosomes. The average number of
SNPs/chromosome across the whole genome was 2962.

Additional_file_4 as TIFF

Additional file 4: Figure S3 Characteristics of 29,619 high-quality SNPs. Gene diversity
(GD), polymorphic information content (PIC), and minor allelic frequency (M&eraged
for 240 individuals.



Additional_file_5 as TIFF
Additional file 5: Table S2 Characteristics of haplotype blocks obtained from three different
models using 10-Mb and 20-Mb windows.

Additional_file_6 as DOCX

Additional file 6: Figure S4 Effects of minor allelic frequency (MAF) on LD decay.
Comparison of mearf values at MAF levels of 09%5%, and>10% across the subtropical
panel.

Additional_file_7 as TIFF

Additional file 7: Figure S5 Graphical representation of genotype grouping based on allele
frequency at different K levels. Each of the 240 genotypes is representeditsl liags
partitioned into the respective clusters denoted by K (range, 2—7).

Additional _file_8 as TIFF
Additional file 8: Table S3 Membership value of the genotypes of the association mapping
panel generated by ADMIXTURE.

Additional_file 9 as XLSX

Additional file 9: Figure S6 Genetic dissimilarity coefficient of all pairwise genotypes. The
genetic dissimilarity matrix was calculated between 240 individuals using 29039 &hd
Roger’s modified distance.

Additional_file_10 as TIFF

Additional file 10: Table S4 Genotype pairs selected on the basis of genetic dissimilarity
(>0.35) and other traits for various breeding purposes. Note: Maturity groupstyEMear
medium; L, late. Kernel color: Y, yellow; W, white.
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