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were detected within the 36 families, among which 15 
common SDRs were found in at least ten families. About 
80 % of the known maize gametophytic factors (ga) genes 
controlling segregation distortion were overlapped with 
highly significant SDRs. In addition, we also found that the 
regions with high recombination rate and high gene den-
sity usually tended to have little segregation distortion. This 
study will facilitate population genetic studies and gene 
cloning affecting recombination variation and segrega-
tion distortion in maize, which can improve plant breeding 
progress.

Introduction

The maize genome is a source of abundant genetic diversity 
and phenotypic variation (Buckler et  al. 2006). Extensive 
single nucleotide polymorphism (SNP), small insertions–
deletions (indels) and larger structure variations in the form 
of copy-number variations, presence/absence variations 
and movement of transposable elements have undoubt-
edly left a profound impact on the genome (Schnable et al. 
2009; Chia et  al. 2012). Understanding the genomic fea-
tures, including recombination, segregation distortion, and 
epistasis, would be beneficial to revealing the genetic diver-
sity and evolutionary mechanisms in maize.

Recombination is a foundation of genetic diversity, 
and also a crucial component of plant breeding (Li et  al. 
2007a). Combining favorable alleles into a single line is 
a main objective of plant and animal breeding. However, 
the identification of positive alleles is limited by the time 
and the number of recombination events. Consequently, 
understanding the genetic mechanism of recombination 
variation would help to produce high recombinogenic lines 
and improve efficiency of plant breeding. Recombination 
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does not randomly occur in the maize genome (Schnable 
et  al. 2009). Lai et  al. (2010) reported that 30–50 recom-
bination events were expected for each line derived from 
two parents via continuous selfing in maize. Previous stud-
ies have used different segregating populations to identify 
the number of recombination events and study the varia-
tion in recombination frequencies across the genome in 
maize (Pan et  al. 2012; Farkhari et  al. 2011; McMullen 
et al. 2009; Tulsieram et al. 1992; Bauer et al. 2013). How-
ever, genetic factors controlling the number of recombina-
tion events occurred on per chromosome or in per line are 
poorly understood. To our knowledge, only two literatures 
have used quantitative trait loci (QTL) mapping method to 
determine the genomic regions controlling recombination 
frequency in maize segregating populations (Li et al. 2009; 
Esch et al. 2007).

Segregation distortion (SD) is widespread in plant and 
animal populations, and is increasingly considered as a 
potentially powerful force in the evolution of recombi-
nation and reproductive isolation (Taylor and Ingvars-
son 2003). In plant, Mangelsdorf and Jones (1926) first 
reported the phenomenon of SD in maize. To date, five 
gametophytic factors (ga) genes affecting SD have been 
identified in maize (http://www.maizegdb.org/). If a gene 
that leads to SD is segregating in a mapping population, 
markers closely linked to the gene would also tend to show 
SD. A number of segregation distortion loci (SDL) and seg-
regation distortion regions (SDRs) were identified using 
individual maize segregating populations (Fu et  al. 2006; 
Lu et al. 2002; Casa et al. 2000; Falque et al. 2005; Sha-
ropova et al. 2002). However, reliable results for SDL and 
SDRs are hard to obtain using single mapping population. 
Analysis of SD in multiple populations would be benefi-
cial to finding common SDRs and to identifying genes that 
cause SD in these regions. McMullen et al. (2009) used a 
nested association mapping (NAM) population, including 
5000 recombination inbred lines from 25 families that were 
created in the US (US-NAM) and 1106 SNPs to analyze 
the SD in maize. However, the conclusion obtained in the 
US-NAM population argued for little SD.

Interaction of alleles at different loci, i.e., epistasis 
effects, is particularly important in evolutionary research, 
such as reproductive isolation, inbreeding depression, and 
the evolution of sex (Mallet 2001). Traditionally, epista-
sis is always defined with respect to a specific phenotype 
and inferred on the basis of dependence of genotypic val-
ues between loci for that phenotype (Wade et  al. 2001). 
However, epistasis for fitness (fitness epistasis) should 
also have a genomic signature (Phillips 2008; Bomblies 
et al. 2007; Payseur and Hoekstra 2005). Fitness epistasis 
will occur when the fitness value of an allele at one locus 
depends upon alleles at one or more other loci (Wade et al. 
2001). Previous studies have suggested that epistasis for 

fitness might function in the evolution of sex and recom-
bination (Kimura and Maruyama 1966; Kondrashov 1988; 
Charlesworth 1990). McMullen et al. (2009) used linkage 
disequilibrium method to detect no fitness epistasis in the 
US-NAM population. However, Corbett-Detig et al. (2013) 
found fitness epistasis is widespread within species, such as 
Drosophila, Arabidopsis, and maize.

In the present study, another NAM population was inde-
pendently developed in China (CN) by crossing 11 diverse 
parents with a common parent HUANGZAOSI (HZS). 
These parents of the CN-NAM population were selected 
from different heterotic groups widely used in Chinese 
maize breeding (Li and Wang 2010). Through natural and 
artificial selection over time, the Chinese maize germplasm 
is well adapted in numerous ecological regions of China 
and have substantial genetic differences from foreign germ-
plasm (Jiao et al. 2012). A parallel analysis of the genomic 
features of CN-NAM would provide direct evidence for 
validating the conclusion of US-NAM. In addition, a com-
bination of the CN-NAM and the US-NAM populations is 
supposed to provide larger genomic resources for dissect-
ing the genomic features in maize.

The CN-NAM and US-NAM populations have been 
genotyped using genotyping-by-sequencing (GBS) tech-
nology, and subsequently, ultra-high-density genetic maps 
based on GBS were constructed (Li et al. 2015). The high-
density genetic maps provide more accurate results for 
understanding the genetic mechanisms of recombination, 
SD, and fitness epistasis in the huge genomic resources.

The objective of the present study is to investigate the 
genomic features of the two NAM populations including 
recombination, SD, and fitness epistasis by comparison. 
We also used high-density molecular markers to identify 
genetic factors controlling recombination variation and SD 
in the two NAMs.

Materials and methods

Plant material

The Chinese nested association mapping population (CN-
NAM) is composed of about 2000 recombination inbred 
lines (RILs) derived from the crosses of the common par-
ent HUANGZAOSI (HZS) with each of 11 diverse inbred 
lines: K12, YE478, ZHENG58, HUOBAI, QI319, WEIF-
ENG322, LV28, HUANGYESI3, DUO229, PA405, and 
MO17 (Li et al. 2013). The US nested association mapping 
population (US-NAM) is consisted of about 5000 RILs 
derived from crossing B73 with 25 diverse inbred lines: 
B97, CML52, CML69, CML103, CML228, CML247, 
CML277, CML322, CML333, Hp301, Il14H, Ki3, Ki11, 
Ky21, M37W, M162W, Mo18W, MS71, NC350, NC358, 
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Oh43, Oh7B, P39, Tx303, and Tzi8 (Yu et  al. 2008). In 
total, the two NAM populations contain 36 families and 
about 7000 RILs.

Genetic maps

The CN-NAM and US-NAM populations have been geno-
typed using genotyping-by-sequencing (GBS) technology 
(Elshire et  al. 2011; Glaubitz et  al. 2014). The GBS data 
sets for CN-NAM and US-NAM are available from http://
www.cgris.net/maize/data/ and http://www.panzea.org, 
respectively. Construction of the recombination bin maps 
using GBS data for each of the 36 families has been previ-
ously described (Li et al. 2015). Briefly, after obtaining the 
raw GBS data of each family, SNPs with minor allele fre-
quency (MAF) <0.05 and within the same tag (64 bp) were 
filtered out. Drafts of parental genotypes were obtained 
with the assistance of low-coverage parental HZS sequence 
using a maximum parsimonious inference of recombination 
(MPR) method implemented in an R package MPR (Xie 
et al. 2010). High-quality SNPs were refined after remov-
ing low-quality SNPs through Bayesian inference method 
of the MPR package. The genotypes of each family line 
were determined using a hidden Markov model method, 
with heterozygotes set to missing. Then, recombination 
breakpoints were identified between two different genotype 
blocks with the same genotype. According to recombina-
tion breakpoints, the genotypic maps for all lines of each 
family were aligned and split into recombination bins. 
Resulting recombination bins were then treated as a genetic 
marker for linkage map construction of individual family in 
the R/qtl package (Broman et al. 2003). The total number 
of bins and the total length of genetic maps for each family 
are available in Online Resource 1.

After inferring parental genotypes and obtaining high-
quality SNPs for each family, polymorphic markers were 
chosen to construct joint recombination bin maps for CN-
NAM and US-NAM, respectively. Resulting bins were then 
used as a genetic marker for constructing composite genetic 
maps in the JoinMap 4.0 software across the 11 families and 
the 25 families, respectively. The composite genetic maps 
for CN-NAM and US-NAM were constructed through using 
4932 and 5296 bins, respectively (Li et al. 2015).

Identification and QTL analysis of recombination 
events

Recombination events (REs) were measured by counting 
breakpoints between stretches of marker alleles from one 
parent to the other parent in the RIL mapping data with 
markers ordered according to their map position. The total 
number of recombination events accumulated in individual 
RIL was used as a quantitative trait.

The method of inclusive composite interval mapping 
(ICIM) was used to detect the additive QTL for the total 
number of recombination events in each of the 36 fami-
lies in the QTL ICIMapping software ver. 3.2 (Wang et al. 
2012). In ICIM, the P values for entering a variable (PIN) 
and removing a variable (POUT) were set at 0.001 and 
0.002, and the scanning step was set to 1.0 cM. The LOD 
threshold was determined by a 1000 permutation test.

Analysis of segregation distortion

For each family, the proportion of HZS or B73 alleles was 
calculated and segregation distortion was tested by χ2 
analysis against the 1:1 expectation of RIL population. For 
CN-NAM and US-NAM, the proportions of HZS and B73 
alleles were counted and χ2 test was performed to deter-
mine whether the marker ratio significantly differed from 
the expectation of 1:1, at P < 0.05 (df = 1). A region con-
taining three or more closely linked markers exhibiting sig-
nificant segregation distortion at the 0.05 level was defined 
as a segregation distortion region (SDR).

Epistasis for fitness

We used two different statistical methods to search for 
potential epistatic interactions based on pairs of mapped 
markers on different chromosomes within each of the 36 
NAM families. One method was inter-chromosomal link-
age disequilibrium (LD) tests conducted in the Plink soft-
ware (Purcell et al. 2007). R2 was used as a measurement 
of LD. The other was χ2 tests for detecting genotype ratio 
distortion (GRD) developed by Corbett-Detig et al. (2013). 
Briefly, GRD was detected by computing a χ2 test between 
each pair of alleles on different chromosomes. To ensure 
that significant allelic pairs were not physical linked, GRD 
was restricted to inter-chromosomal allelic pairs. Moreo-
ver, pairwise allele comparisons for which any allele’s 
frequency with less than 0.05 were excluded. Statistical 
significance were assessed via a χ2 test and a 5 % false dis-
covery rate (FDR) was used to correct significance level. 
Finally, we reported pairwise alleles for which at least three 
adjacent markers were in local linkage and also showed 
significant GRD.

Results

Recombination events

High-density markers allow the identification of nearly 
all recombination events in each RIL. The two NAM 
populations captured a total of about 197,863 recombina-
tion events, including 54,000 in CN-NAM and 143,863 in 
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US-NAM, with an average of about 31 crossovers per RIL. 
This is close to the value of 30–50 recombination events 
that is expected for each line derived from two parents via 
continuous selfing (Lai et al. 2010). The frequency distribu-
tion of the total number of recombination events for each 
RIL varied substantially among the 36 families, ranging 

from 9 to 83 crossovers. The total number of recombination 
events within individual family showed a typical distribu-
tion of a quantitative trait (Fig. 1).

By QTL mapping of the total of recombination events, 
we detected 14 QTLs within 9 of the 36 families (Table 1, 
Online Resource 2). These QTLs were distributed across 

Fig. 1   Frequency distribution of the total number of recombination 
events within the US-NAM families and the CN-NAM families. Yel-
low triangle represents mean number of recombination events in a 

family. Blue font on the left side indicates the US-NAM families; red 
indicates the CN-NAM families

Table 1   QTL detected for the 
total number of recombination 
events in single family

Positive represents allele effect from common parent B73 or HZS; negative represents allele effect from 
diverse parents
a  Physical location of the left-side marker of the identified QTL
b  Physical location of the right-side marker of the identified QTL
c  Phenotypic variation explained by QTL
d  Estimated additive effect of QTL

Family Chr Left marker position (Mb)a Right marker position (Mb)b LOD PVE (%)c Addd

CML228 6 147.512 147.897 3.6 8.3 2.2

CML228 8 146.154 147.292 3.6 8.3 2.2

CML69 7 32.478 33.089 5.2 15.7 −3.3

CML69 7 38.895 39.182 7.8 17.3 3.0

CML69 9 120.365 123.239 3.6 7.2 2.0

M37 W 3 172.670 173.515 3.1 7.5 1.8

MS71 4 200.103 200.368 2.6 6.2 1.9

NC358 9 147.958 148.207 3.2 7.8 2.0

K12 1 267.907 268.736 4.5 9.2 −2.1

K12 3 5.584 5.846 2.8 5.4 −1.5

K12 4 21.914 32.498 6.1 12.3 −2.2

ZHENG58 1 102.949 107.182 2.6 7.7 −2.2

QI319 2 219.901 220.144 2.8 8.8 −2.5

Mo17 6 113.421 114.782 2.5 8.6 2.0
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the genome, except for chromosomes 5 and 10. Phenotypic 
variation explained by individual QTL ranged from 5.4 to 
17.3 %.

Segregation distortion analysis

We attempted to use the high-density markers data to 
determine segregation distortion locus and regions and 
to identify genetic factors affecting segregation distor-
tion in the two NAM families. Within CN-NAM fami-
lies, 17  % of the markers exhibited segregation distor-
tion at P < 0.05, 9 % at P < 0.01, and 4 % at P < 0.001; 
within US-NAM families, 18 % of the markers exhibited 
segregation distortion at P < 0.05, 8 % at P < 0.01, and 
4 % at P < 0.001 (Fig. 2). Segregation distortion regions 
(SDRs) varied among families and chromosomes. A total 
of 445 significant SDRs (P  <  0.05) were found within 
the 36 families, ranging from 6 to 20, with the averaged 
12 SDRs per family (Online Resource 3). No SDR was 
detected in all families. However, 15 common SDRs 
were found in at least ten families; one common SDR 
in particular was located in the 251.440–254.559  Mb 
region on chromosome 1 in 17 families (Online 

Resource 4). A portion of the significant SDRs could be 
explained by known genetic factors (Fig. 2). For exam-
ple, five gametophytic factors (ga) genes have been 
identified in maize (http://www.maizegdb.org/), four 
of which could correspond to the four most significant 
SDRs in some families. Gametophytic male sterile-1 
(gams1) (SariGorla et  al. 1996), which caused segrega-
tion distortion on the short arm of chromosome 2, coin-
cided with the two most significant SDRs in the WEIF-
ENG322 (P  =  5.2  ×  10−17) and in the MO17 family 
(P = 2.6 × 10−5), respectively. Sugary1 (su1) (Nass and 
Crane 1970), which reduced germination vigor, perhaps 
causes the most significant distortion on chromosome 4 
in the sweet corn II14H family and a modest distortion 
in the P39 family.

Segregation distortion was further analyzed through 
using genetic markers of the composite genetic maps across 
the CN-NAM families and the US-NAM families, respec-
tively. CN-NAM and US-NAM had 40 and 57 % markers 
exhibiting segregation distortion at P  <  0.05, respectively 
(Fig. 3).

When considering the relationship between the segre-
gation distortion ratio and recombination rate and gene 

Fig. 2   Segregation distortion within the 36 families of the two NAM 
populations. Each row represents one family. Blue font on the right 
side indicates the US-NAM families; red indicates the CN-NAM fam-
ilies. Gray vertical lines indicate the physical positions of chromo-

some boundaries for chromosomes 1 to 10 from left to right. The pro-
portion of B73 or HZS alleles for a marker is indicated by the color 
scale

http://www.maizegdb.org/


1780	 Theor Appl Genet (2016) 129:1775–1784

1 3

density, we found that the regions with high recombina-
tion rate and high gene density usually tended to have 
little segregation distortion in the two NAM populations 
(Fig. 4).

Epistasis for fitness

Two-locus linkage disequilibrium (LD) was estimated for 
all pairs of markers within each of the 36 NAM families. A 
total of 53.8 million tests were performed for the mapped 
markers on separate chromosomes within the 36 families, 

the highest r2 value being only 0.18, which was less than 
the expected highest r2 value 0.22 obtained by randomly 
shuffling 100 times for each marker (Fig.  5). However, 
when we detected genotype ratio distortion (GRD) as a sign 
of epistasis (Corbett-Detig et al. 2013), seven instances of 
inter-chromosomal GRDs were found in the two NAM 
families (Table 2). Through the comparison of two statisti-
cal methods, we found that GRD method was more effec-
tive for detecting epistasis for fitness, and the epistasis 
between two-loci on different chromosomes is present in 
the two NAM populations.

Fig. 3   Distribution of donor contribution for the 5296 markers in 
US-NAM and the 4932 markers in CN-NAM. Donor contribution 
represents genome proportion from the common parents B73 allele 

or HZS allele. Markers show significant segregation distortion at one-
tailed P < 0.025. NS represents markers show no significant segrega-
tion distortion

Fig. 4   The relationship between segregation distortion and (a) 
recombination rate and (b) gene density on the whole genome. Y-axis 
represents the proportion of donor parent genome (HZS in CN-NAM 
and B73 in US-NAM). Horizontal black lines in A and B represent 
that the proportion of donor parent genome is 50 %. Recombination 

rate was calculated by dividing the genetic distance (cM) between 
two markers by the physical distance (Mb). When comparing the 
average recombination rate of two NAM populations, a 2-cM window 
size was used to calculate the average recombination rate. Gene den-
sity was counted by a 2-Mb window size
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Discussion

The genomic properties analysis of the US-NAM popula-
tion argued for little segregation distortion and no epistasis 
for fitness (McMullen et al. 2009). In this study, CN-NAM 
provides a direct evaluation for this argument, since the 
common parents of the two NAM populations were cho-
sen on the basis of a similar strategy. HZS and B73 were 
very important and widely deployed elite inbred lines in the 
history of maize breeding in China and the United States, 
respectively. The 11 diverse parents in CN-NAM were rep-
resentative members in the Chinese heterotic groups (Li 
and Wang 2010), and the 25 different parents in US-NAM 
were chosen to maximally capture the genetic diversity of 
302 maize inbred lines from around the world (McMullen 
et al. 2009). Since the two sets of NAM were constructed 
based on different germplasm sets, the comparisons of 
genetic features of the two NAM populations help validate 
the conclusion obtained in US-NAM, and further under-
stand maize genetic diversity.

In the present research, we used the total number of 
recombination events as a quantitative trait to conduct 
QTL mapping. Although there were few reports for genetic 
dissection of this new trait, a minimum of one obligatory 
recombination per chromosome arm or chromosome occurs 
during meiosis as a requirement for proper chromosome 
segregation (Pardo-manuel de villena and Sapienza 2001). 
RIL populations were proper tools for QTL mapping for 
entire genome recombination frequency (Esch et al. 2007). 
The F2 individuals themselves are not informative for the 
recombination variation, because the gametes that gener-
ate an F2 individual were derived from the same F1 individ-
ual, and therefore, all F2 individuals experienced the same 
recombination factors. However, when F2 individuals were 
continually selfed or intercrossing to generate RIL lines, 
the genetic differences on recombination frequency were 
segregating and fixed in individual RIL (Esch et al. 2007). 
Thus, the number of recombination events for RIL indi-
viduals was accumulated and had different recombination 
frequency among different RILs.

Fig. 5   The frequency of inter-chromosomal linkage disequilibrium 
(LD) within the 36 families. The frequency distribution of LD based 
on pairs of mapped markers (red) and expected markers (blue) on dif-
ferent chromosomes within each of the 36 NAM families. Mapped 

markers represent genetic markers of linkage map for each NAM 
family. Expected markers were obtained by randomly shuffling 100 
times for each mapped marker. Allele frequency of mapped markers 
and expected markers were fixed

Table 2   List of significant inter-chromosomal genotype ratio distortion (GRD) within the 36 families

a  A pair of markers showing significant two-locus GRD
b  Physical positions in RefGen_v2 of markers with significant two-locus GRD

Family Marker 1a Chr 1 Position 1b Marker 2a Chr 2 Position 2b Number of RIL counted Chi square P value

CML247 Bin0567 1 231.419 Bin4124 8 15.765 193 28.46 9.57E−08

Ki11 Bin1840 3 189.573 Bin4493 8 170.787 189 29.87 4.61E−08

Tx303 Bin1774 3 174.763 Bin4056 7 172.646 180 25.09 5.47E−07

QI319 Bin2776 5 198.798 Bin3190 6 147.888 143 26.94 2.09E−07

QI319 Bin0078 1 14.098 Bin3866 8 24.433 143 27.99 1.22E−07

WEIFENG322 Bin3936 8 102.620 Bin4633 10 8.825 151 31.60 1.90E−08

HUANGYESI3 Bin0320 1 121.599 Bin4509 9 144.969 160 24.49 7.48E−07
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We detected 14 QTLs controlling the total number of 
recombination events in 36 RIL populations. The number 
of QTL detected in the single population was relatively low. 
Several limitation factors may explain the low power of our 
approach. First, less than linkage disequilibrium is present 
between the recombination QTL/gene (s) and molecular 
markers, since the number of recombination events is cal-
culated after several generations of selfing. Second, not all 
recombination events are scorable, due to the proportion of 
scorable recombination events rapidly reduced during the 
successive inbreeding (Bauer et  al. 2013). Third, differ-
ences between male and female recombination frequencies 
were not reflected in the number of recombination events. 
Although our approach had low power, we still detected 
QTL with large genetic effects explaining more than 17 % 
of total phenotypic variation. Moreover, two QTLs on 
chromosome 3 were located in bin 3.03 of the K12 family 
and in bin 3.05 of the M37 W family. Esch et  al. (2007) 
also used the intermated B73  ×  Mo17 (IBM) popula-
tion to identify two QTLs for the recombination events in 
bin 3.03 and bin 3.05. These genomic regions seem to be 
very important for recombination variation under different 
genetic backgrounds.

With the availability of complete genome sequence 
and thousands of molecular markers, an increasing num-
ber of studies have addressed the underlying mechanisms 
that are responsible for the difference of recombination 
frequency in plants, especially Arabidopsis. Two general 
classes of genetic factors, cis and trans, contribute to vari-
ation in the distribution of recombination events (Li et al. 
2007a). Cis-acting factors are closely linked to the intervals 
where they modify recombination frequency. For exam-
ple, some reported genes including PHS1, RAD50, and 
RAD51 are Cis-acting to affect recombination frequency 
and the distribution of recombination breakpoints in maize 
(Pawlowski et al. 2003, 2004; Li et al. 2007b). Trans-act-
ing factors, including chromatin remodelers, recombina-
tion machinery protein, and other functional proteins, are 
opposite to cis-acting factors. In the present study, the 
majority of the QTLs detected appeared to be trans-acting 
factors. Two QTLs on chromosome 1 in the ZHENG58 
family and K12 family approached to two candidate genes 
GRMZM2G114707 and GRMZM2G001869, respectively. 
The QTL on chromosome 2 in the QI319 family was 
close to the position of the candidate gene AC235011.1_
FG012. In addition, the QTL on chromosome 9 in the 
CML69 family was close to the position of the candidate 
gene GRMZM2G035417. These candidate genes are pre-
dicted to be involved in homologous recombination and 
non-homologous end-joining in the process of repairing 
double-stranded breaks. Therefore, trans-acting proteins 
might play important role in regulating the global number 
of recombination events in maize.

Segregation distortion, common in segregating popula-
tions, can be caused by gametic or zygotic selection due to 
a number of physiological or nuclear genetic factors (Liu 
and Qu 2008; Matsushita et al. 2003). Previous researches 
have suggested that the proportion of distorted markers 
was high in individual maize mapping population (Casa 
et al. 2000; Falque et al. 2005; Sharopova et al. 2002). In 
this study, segregation distortion could be observed in the 
36 families, but the proportion of the markers exhibiting 
segregation distortion was low with the average of 17 % in 
the CN-NAM families and 18 % in the US-NAM families 
at P < 0.05. This value was similar to that identified using 
low-density markers in the US-NAM families (McMullen 
et al. 2009). Therefore, we confirmed that segregation dis-
tortion was little within individual NAM families. When 
analyzing segregation distortion across the CN-NAM 
families and the US-NAM families, we found that 40  % 
of the markers in the CN-NAM population and 57  % in 
the US-NAM population exhibited segregation distortion 
at P < 0.05. These proportions were higher than the aver-
age in individual NAM families. These distorted markers 
in the CN-/US-NAM population maybe show consistent 
segregation distortion favoring or disfavoring the common 
parent HZS/B73 allele compared with diverse parental 
alleles. Distorted markers, unevenly distributed on all chro-
mosomes, were clustered into some specific regions. Only 
some of the most significant SDRs could be overlapped 
with the known gametophytic factors genes, which sug-
gested that there might be other unidentified factors respon-
sible for segregation distortion.

In the present study, we found that the regions with 
more segregation distortion generally have low recom-
bination rate. One possible reason is the expression of 
genetic load, conserved both in common parents and other 
parents, which tends to accumulate in low recombina-
tion regions, via lethal recessive alleles (Chia et al. 2012). 
Although maize was domesticated ~10,000 years from its 
wild progenitor, teosinte (Hufford et al. 2012), the deliber-
ate cultivation of maize inbreds was only started from the 
last century. Hence, a great number of recessive deleteri-
ous alleles are thought to reside within the maize genome. 
These recessive deleterious mutations in fitness genes or 
loci closely linked to fitness genes can lead to a reduction 
in the frequencies of recombination in the process of self-
ing. Reduced recombination leads to an accumulation of 
the same alleles in the low recombination regions. Finally, 
a high level of segregation distortion is expected to detect 
in the low recombination regions.

Epistasis for fitness was observed in Arabidopsis (Malm-
berg et al. 2005) and rice (Mei et al. 2005). Preferred allele 
combination may be observed in maize. We used high-
density makers with none of heterozygous sites and differ-
ent statistical methods to reanalyze the epistasis effects of 
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the US-NAM families, and used the CN-NAM families to 
validate the results of the US-NAM families. The presence 
or absence of linkage disequilibrium (LD) has been used to 
indicate the presence or absence of epistasis for fitness (Otto 
and Feldman 1997; Felsenstein 1965). When surveying two-
locus LD for all pairs of markers on separate chromosomes 
in each family for both CN-NAM and US-NAM, we found 
no evidence for particular combinations of two-locus alleles 
being selected for or against, which was consistent with the 
results obtained by low-density marker data including het-
erozygous sites for US-NAM (McMullen et al. 2009). Cor-
bett-Detig et al. (2013) have developed a new approach with 
high statistical power for detecting genotype ratio distortion 
(GRD) as a signature of fitness epistasis. In addition, they 
found that GRD is present in the US-NAM families using 
low-density marker data including heterozygous sites. When 
using the same method on the basis of high-density marker 
data to detect GRD, we also found that GRD is present in 
both of the two NAM populations. All of GRDs detected 
by high-density markers were consistent with the results 
obtained using a low density markers in the US-NAM fami-
lies. Hence, these results further supported that epistasis for 
fitness is present in both NAM populations.
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