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Abstract

Recombination frequency greatly affects selection efficiency in plant
breeding. A high-density single-nucleotide polymorphism (SNP) map
integrated with physical map and other molecular maps is very useful
for characterizing genetic recombination variation. In this study,
recombination frequency in maize was investigated through SNP
linkage maps constructed with three recombinant inbred line popula-
tions. The integrated map consisted of 1443 molecular markers,
including 1155 SNPs, spanning 1346 cM. A 100-fold difference in
recombination frequency was observed between different chromo-
somal regions, ranging from an average of 0.09 cM/Mb for pericen-
tromeric regions to 7.08 cM/Mb for telomeric regions. Recombination
suppression in non-centromeric regions identified nine recombination-
suppressed regions, one of which likely contained condensed hetero-
chromatin (knobs). Recombination variation along chromosomes was
highly predictable for pericentromeric and telomeric regions, but
population-specific with 4.5-fold difference for the same marker
interval across the three populations or specific chromosome regions
because of the presence of knobs. As recombination variation can be
identified and well characterized as shown in this study, the related
information will facilitate future genetic studies, gene cloning and
marker-assisted plant breeding.
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An accurate and well-saturated genetic linkage map is funda-
mental for genetic research and molecular breeding because it
facilitates the development of robust marker-assisted selection
systems as well as fine mapping for the cloning of quantitative
trait loci (QTL) controlling important agronomic traits (Chen
et al. 2002, Hwang et al. 2009). There has been a long and
successful history of genetic linkage mapping in maize from the
first partial maps of the 1930s (McClintock 1931) to the recent
innovations of intermated recombinant inbred line mapping
(Cone and Coe 2009) and nested association mapping (NAM)
for complex traits (Yu et al. 2008, McMullen et al. 2009). At
the same time, the development of single-nucleotide polymor-
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phism (SNP) markers and new high-throughput genotyping
systems has revolutionized maize genetics (Zhu et al. 2003,
Fan et al. 2006) with different genotyping technologies avail-
able (Gunderson et al. 2005, Appleby et al. 2009). Around
80% of the maize genome sequence consists of non-coding
repetitive sequences (Blanc and Wolfe 2004), and the majority
of sequence variation in these regions does not have any
known relationship with agronomic phenotypes. Thus, SNP
markers developed from candidate genes have a much higher
probability of being associated with important genes than
AFLP, RAPD and non-genic SSR markers. Saturated and
high-resolution linkage maps constructed using this type of
SNP are more suitable for positional cloning. As the con-
struction of SNP linkage maps is relatively new and there are
far more linkage maps based on SSR markers that are still
widely used, an integrated genetic map that includes both SNP
and SSR markers is particularly useful in genetics and
breeding.

In maize, high-throughput chip-based SNP genotyping
systems (such as the GoldenGate and Infinium assays) have
been established (http://www.illumina.com). Four custom
oligo pool assays (OPA) each containing 1536 SNPs have
been developed in the public sector for the GoldenGate assay
in maize. SNPs with even distribution in the genome were used
to develop the first 1536 chip, of which 1106 SNPs have been
mapped in an integrated linkage map (ILM) using the NAM
population (McMullen et al. 2009). The second OPA was
developed using the 1106 mapped SNPs from the first OPA
plus 430 new SNPs selected from the panzEA database (Yan
et al. 2010), which is called random (RA) chip in this study.
The third OPA was developed based on 582 loci, about half of
which were from drought-related gene loci (Yan et al. 2010),
and from each locus, one or more SNPs were developed. The
fourth OPA was built from the 943 good-quality SNPs from
the third OPA combined with 593 SNPs selected from the
PANZEA database (http://www.panzea.org) of having a design-
ability score higher than 0.5 (Wen et al. 2010), which is called
drought tolerance (DT) chip in this study.

Variation in recombination frequencies across the genome
has important implications for breeders, which results in
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different probabilities of obtaining desirable recombinants
across the genome and significantly influencing selection
strategies in plant breeding. In addition, variation of recom-
bination frequencies in the same genomic locations between
populations confounds efforts to understand genetic basis of
quantitative traits (McMullen et al. 2009). Variation in
recombination frequencies is influenced by both environmental
and genetic factors (Xu et al. 1997, McMullen et al. 2009).
Identification of the loci that affect genetic recombination
variation may greatly enhance the precision of molecular plant
breeding.

Maize linkage maps were divided into 100 bins each with an
approximate length of 20 ¢cM (Gardiner et al. 1993). Bins were
distinguished from each other by one marker in each end of the
bin, which was called core marker, and were designated with
the chromosome number followed by a two-digit decimal (e.g.
1.00, 1.01, 1.02, etc). With this idea, rough comparisons among
different linkage maps have been possible. A complete list for
the core markers is available at MAaizeGDB database (http://
www.maizegdb.org) and from Davis et al. (1999).

In this study, linkage maps were constructed using three
recombinant inbred line (RIL) populations genotyped with
two 1536 SNP chips (RA and DT chips, as described earlier).
The relationship between physical and genetic distances
(variation in recombination frequencies) was then investigated
at the whole genome level using three linkage maps. The SNP
ILM was integrated with previously mapped molecular mark-
ers. The integrated map, along with the genomewide informa-
tion on recombination frequency variation generated in this
study, will facilitate future genetic studies, map-based cloning
and marker-assisted plant breeding.

Materials and methods

Mapping populations: Three RIL populations were used in this study
for construction of an ILM: ‘XB’ (X178 x B73) with 184 lines,
developed by Institute of Crop Science, Chinese Academy of Agricul-
ture Sciences (Hao et al. 2008), ‘C5 (Ac7643 x Ac7729/TZSRW)
(Ribaut et al. 1997) and ‘C6’ (CML444 x Malawi) (Messmer et al.
2009), both of which were developed at International Maize and
Wheat Improvement Center (CIMMYT), Mexico, with 234 and 236
lines, respectively. These populations were originally developed for
drought tolerance research. Drought-tolerant parental lines are X178,
CML444 and Ac7643 (Ribaut et al. 1996, Hao et al. 2008, Trachsel
2009). XB’ parents are temperate maize lines while ‘C5’ and ‘C6’
parents belong to subtropical and tropical groups of maize. Two subset
(each with 31-39) lines, representing two extremes of anthesis-silking
interval (a trait related to drought tolerance) and selected from each
RIL population, were used for SNP linkage mapping with 71 lines
from ‘XB’, 71 lines from ‘C5’ and 78 lines from ‘C6’.

DNA extraction and SNP genotyping: Genomic DNA was extracted
from seedling leaves using a locally optimized CTAB method
(Laboratory Protocols, 2003). Illumina BeadStation 500 G (Illumina,
Inc., San Diego, CA, USA) was employed for SNP genotyping at the
Cornell University Life Sciences Core Laboratories Center following
the protocols described by Fan et al. (2006) and Lu et al. (2009).

Construction of linkage maps: Mapmaker/exp v3.0 (Lander et al.
1987) was used to construct linkage maps. The map distance was
calculated using the Kosambi mapping function, and Mapmaker error
detection functions were employed to monitor potential errors at the
probability level of 1% (Lincoln and Lander 1992). All pairs of linked
SNP markers were first identified using the ‘group’ command with
logarithm of the odds (LOD) score of >7.0 and recombination

fraction = 0.3 (35 cM), a highly stringent significance threshold used
to ensure that only tightly linked markers were selected for construc-
tion of framework maps. A primary core linkage map was then
constructed for each linkage group (LG) by comparison with the
physical map (maize-accessioned golden path, AGPvl: Release 4a.53;
38). Then, other markers were integrated using consecutive rounds of
the Mapmaker ‘build’ command. Initially, a more restrictive criterion
was used, including a ‘multipoint exclusion threshold’ with a LOD
score of eight and a ‘strict multipoint exclusion threshold’ with a LOD
score of nine. These criteria were then gradually decreased in
subsequent steps until the ‘multipoint exclusion threshold’ and ‘strict
multipoint exclusion threshold’ reached LOD scores of 2.5 and 2,
respectively. In each step, after adding new markers to the map, the
order of markers in the LG was verified and confirmed using the
‘ripple’ test. Markers were retained within the framework map only if
they could pass the ripple test with LOD score >2. Flanking markers
with no recombination in each round were defined as cosegregated
markers, and only one of them was retained in the framework for the
next round. Finally, using the ‘build’ command, the rest of markers
that could not pass the ripple test were assigned to the most likely
positions on a specific LG with a less stringent criterion and named
‘try’ markers in the final linkage map. With the relatively small
population sizes used in this study, it can be expected that the
resolution in mapping should be relatively low. However, using three
independent mapping populations combined with the physical map
should provide information of multiple sources to minimize the
possible negative effect of small population size.

Construction of an ILM: An ILM was developed using GENOPLANTE®
BIOMERCATOR, Release V2.1 software (Arcade et al. 2004). The map
from the XB’ population was used as a reference map because it
contained more markers with better quality than other populations.
The order of markers and genetic distances in the reference map going
through the integration steps were retained without undergoing any
change. LGs belonging to the same chromosome (based on their
physical locations) were then assembled together to develop a complete
linkage map at LOD > 3. Linkage maps constructed using ‘C5’ and
‘C6” populations were then projected onto the reference map. Only
framework and cosegregated markers were used to construct the ILM.
Finally, the order of markers in the ILM was compared with the
physical map, and some minor corrections were made for the markers
from ‘C5” or ‘C6’ linkage maps when the projection to the reference
map had caused the order of markers to diverge from that of the
physical map. New positions were calculated for these markers by
integration from the physical map into the ILM using the standard
procedure described for the GENOPLANTE® BIOMERCATOR (Arcade et al.
2004). SNPs that could not pass ripple test (‘try’ markers) were
assigned to their most probable marker intervals on the ILM without
genetic distances, providing the marker order was consistent with the
physical map.

Determination of physical positions for SNP, SSR and core markers: To
determine the physical positions of the SNP markers, the original SNP
sequences were used to perform a BLASTN (Altschul et al. 1990) against
AGPvl (Release 4a.53) downloaded from the Arizona Genomics
Institute (http://www2.genome.arizona.edu/genomes/maize).

The SSR markers to be used in ILM were selected, one SSR every 5—
10 cM, from IBM2 2008 ILM map (http://www.maizegdb.org). The
respective amplicon sequence (amplicon plus flanking sequence) was
then used to perform a BLASTN search against the AGPv1 to determine
the physical position. A total of 901 SSR markers with an e-value score
<e™ 13 were selected, and then, an exact physical position was calculated
for each marker with (b — a)/2 + a, where a and b were the start and
finish positions of the related SSR sequence. The amplicon sequence of
core markers also was retrieved from MaizeGDB (http://www.maiz-
egdb.org). The physical positions for the core markers were determined
using the same procedure as used for the SSR markers. The selected
SSRs and the core markers that defined the bin borders were first
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intercalated onto our physical SNP map based on their physical
positions and then incorporated into the ILM using GENOPLANTE®
BIOMERCATOR V2.1 (Arcade et al. 2004). The intercalation was
performed based on homothetic projection. The distance ratio between
shared markers for two different linkage maps (ILM and physical map)
was calculated. Then, SSR and core markers from physical map were
introduced to their corresponding position in the target map (ILM)
based on their related distance ratios.

Detection of genetic recombination variation: Physical and genetic
linkage maps were compared based on the cM/Mbp ratio for each
population, which was used to reveal the variation in genetic
recombination. The ratio was calculated for each bin that was defined
by core markers. The first and last SNP markers with physical position
in each bin were used to calculate cM/Mbp ratio. The markers with
distance larger than 10 cM were excluded from the analysis to avoid
the bigger standard deviation for the ratio estimate caused by the
loosely linked markers. Centromeric regions were determined based on
the cM/Mbp ratio. The bin with the lowest rate of recombination
frequencies in each chromosome was considered as centromeric bin. As
“XB’ population map had more markers with better quality and one of
the parents was B73, variation in genetic recombination as revealed by
cM/Mbp ratios along each chromosome was depicted by plotting cM
against Mbp using data from the “XB’ population.

Results
SNP marker information

For the total of 3072 SNPs genotyped using two SNP chips,
1049 and 1090 SNPs were scorable with high quality for RA
and DT chips, respectively. For these high-quality SNPs,
polymorphic SNP markers in three RIL populations ‘XB’, ‘C5’
and ‘C6’ were 46%, 34% and 32%, respectively. The number
of polymorphic markers was almost equal (330-370) with DT
and RA chips for populations ‘C5’ and ‘C6’. For the ‘XB’
population, RA chip revealed much higher polymorphism
(Table S1). Both parental lines of the ‘XB’ population are
temperate inbreds while the parental lines of the ‘C5” and ‘C6’
populations are tropical/subtropical inbreds (Lu et al. 2009).
Both our result and Lu et al. (2009) indicated that the RA chip
could reveal a higher level of genetic polymorphism within
temperate lines than within tropical/subtropical lines. A total
of 1765 SNP markers could be assigned physical positions by
using the original SNP sequences to perform a BlastN
(Altschul et al. 1990) search against AGPv1 (Release 4a.53).

Table 1: Basic information of integrated linkage maps

Over 98% of the SNPs mapped physically have been placed on
the same chromosomes as IBM2 2008 ILM. For the 2011 SSR
markers in IBM2 2008 ILM (http://www.maizegdb.org), 1087
markers have a sequence available including the DNA region
that could be amplified by SSR primers plus some other
flanking nucleotides. When the related sequence at MaizeGDB
was used to perform a BlastN search against the maize AGPvl
genome sequence database, a total of 903 SSR markers had a
blast match with an e-value score <e™'°, of which 60 markers
(6.6%) had a different chromosome assignment in the physical
map from IBM2 2008 ILM and were thus excluded from
further consideration in this study.

Linkage map and ILM

After grouping polymorphic SNP markers at LOD = 7, more
than 10 (16-28) LGs were formed for each RIL population.
Total chromosome (genome) lengths estimated from the “XB’,
‘C5” and ‘C6’ populations were 1346.0, 899.5, 1426.2 cM,
respectively (Table S2). This indicates that the ‘CS map was
not complete as also suggested by the relatively small number
of framework SNPs being mapped with this population (185
vs. 391 in ‘XB’). With the stringent critical threshold
(LOD > 7) used in this study for construction of the frame-
work maps, the average distance between LGs within chro-
mosomes was 4.25, 20.0 and 22.0 cM for XB’, ‘C5’ and ‘C6’
populations, respectively. Considering all criteria, the ‘XB’
map had the best resolution and thus used as a reference map
for integrated linkage mapping.

A total of 1155 SNP markers were mapped onto the ILM,
which spanned 1346 cM (Figure S1; Table 1), including 570
framework SNPs that exceeded the stringent linkage threshold
of LOD > 7. Of 1155 SNP markers, 123 were added to the
map using ‘try’ command, which did not have exact positions
on the ILM but were placed coarsely around framework SNP
markers. A total of 462 SNP markers were cosegregated. By
the end, the complete map shown in Figure S1 consisted of
three types of SNP markers: framework (570), cosegregated
(462) and try markers (123). For the ILM, the largest genetic
distance between any two neighbouring SNPs was 18 cM
(chromosome 2) while other SNPs formed several SNP
clusters. The average marker density ranged from 1.13 SNP/
cM for chromosome 5 to 0.63 SNP/cM for chromosome 7,

# Framework # Co-segregated # Try # Total

# Core # Shared # Total # Disorder Length

Chromosome SNPs SNPs SNPs SNPs # SSRs markers SNPs  markers SNPs (cM) SNP/cM
Chl 101 77 14 192 34 12 44 238 7 221.9 0.87
Ch2 70 54 13 137 25 9 39 171 4 164.0 0.84
Ch3 57 44 11 112 24 8 16 144 6 146.5 0.76
Ch4 59 29 14 102 22 7 11 131 4 120.0 0.85
Ch5 68 78 16 162 23 7 40 192 1 144.0 1.13
Cho 47 28 7 82 18 7 19 107 5 112.2 0.73
Ch7 41 22 8 71 18 5 13 94 2 112.5 0.63
Ch8 50 70 15 135 21 6 24 162 6 128.0 1.05
Ch9 34 26 22 82 15 8 15 105 6 108.5 0.76
Chl10 43 34 3 80 14 5 28 99 2 88.4 0.9
Total and average 570 462 123 1155 214 74 249 1443 43 1346.0 0.86

Try SNPs, SNP markers that were added to the integrated map using ‘try’ command of Mapmaker to determine the linkage status without exact

positions provided on the linkage maps.

Shared SNPs are those that have been mapped with at least two populations.

SNP, single-nucleotide polymorphism.
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with an average of 0.86 SNP/cM. The number of SNPs on each
chromosome ranged from 71 to 192. A total of 249 mapped
markers (framework and cosegregated SNPs) were positioned
in the map based on at least two mapping populations. For 43
SNPs (1-7 per chromosome), the marker orders on the ILM
were not in agreement with those of the physical map
(Table 1).

Some SSR and core markers were also added to the ILM. A
total of 214 SSRs were projected to the ILM. Seventy-four of
the 90 core markers had a sequence in the MaizeGDB database
(http://www.maizegdb.org) and an e-value smaller than ™' in
blast results, which were also added to the ILM. For chromo-
somes 1 and 9, it was possible to add all the core markers to the
ILM. Specific details about the ILM are shown in Table 1.

Genetic recombination and the ratio of genetic and physical
distances

The average ratios of genetic and physical distances for “XB’,
‘C5” and ‘C6’ populations were 0.63, 0.74 and 0.59 cM/Mbp,
respectively. Variation in genetic recombination among the
three populations was higher in suppressed recombination
frequency regions than other regions, as indicated by the
coefficient of variation (C.V.) that increased from telomere
toward centromeric regions (Table 2).

Variation in genetic recombination across different bins
within a chromosome was analysed (Table S3). Most severe
recombination suppression occurred in centromere bins, and
genetic recombination increased gradually from centromere
toward telomeric regions. Recombination frequencies ranged
from 0.06 cM/Mbp in centromeric regions to 8.47 cM/Mbp in
telomeric regions, the latter being over 100 times higher than
the former. For all chromosomes except chromosomes 1 and 3,
the centromere bins defined by Davis et al. (1999) showed the
most severe genetic recombination suppression in all of the
three populations studied here. For chromosomes 1 and 3, bins
1.05 and 3.04 should be the centromere bins as more severe
recombination suppression was detected across all the three
populations in our study than the bins that were defined as
centromeres by Davis et al. (1999). Among four bins (8.00—
8.03) on chromosome 8 that were detected as the likely
centromere location by Davis et al. (1999), bin 8.03 exhibited
the most severe recombination suppression in this study.

Several long non-centromeric regions showed high recom-
bination suppression in the ‘XB’ population. These long
recombination suppression regions resided beside chromosome
centromeres, except one of them which was located at long
arm of chromosome 4 (Figure S2). Each of these regions was
more than 10 cM long with a genetic recombination frequency
of less than 1.5 cM/Mbp.

Table 2: Relationship between physical and genetic linkage maps for
different chromosome regions as revealed by cM/Mbp ratios

Regions XB’ ‘cy ‘Co’ Average  C.V.
Telomere 329 446 351 3.81 0.11
Telomere neighbours 1.07 1.40 1.19 1.22 0.14
Centromere neighbours 0.49 0.71 0.46 0.53 0.25
Centromere 0.17 0.30 0.21 0.21 0.28
Average 0.63 0.74 0.59 0.63 0.12

Centromere neighbour regions include the two bins flanking the
centromeric bin. Telomere regions consist of two terminal bins while
the remaining bins form telomere neighbour regions.

C.V., coefficient of variation.

Discussion
ILM and its use in genetics and breeding

The physical map (AGPvl, release 4a.53) available currently
and used in this study is almost complete, and only 6%
(127.8 Mbp) of which has not been genetically ordered and
oriented (Wei et al. 2009). Our results also confirmed that SSR
and core marker positions were well placed, and reliable and
physical orders of projected SSR and core markers were in
agreement with their genetic orders as shown in the IBM2 2008
ILM and our ILM.

Development of high-density genetic linkage maps is highly
dependent on the level of genetic polymorphism in mapping
populations as well as the inherent level of detectable
polymorphism of the molecular markers used. As the number
of used markers increases, the number of distinguishable
polymorphic alleles that exist between two parents will also
increase. Because each type of DNA marker needs different
equipment for genotyping, a specific genetic mapping project is
usually based on one or two types of DNA markers. The latest
estimate suggested that the maize genome is 2300 Mbp
(Schnable et al. 2009) with one SNP every 44 bp (Gore et al.
2009). Thus, potentially, about 52 000 000 SNPs will be
available for the whole maize genome, whereas until now, the
total number of SSRs in the Panzea database (http://www.
panzea.org) is only around 216 000. As all these SNPs can be
genotyped using a high-throughput genotyping platform sim-
ilar to that used in this study, the best type of DNA marker for
construction of a high-density linkage map will be SNPs.

The level of genetic polymorphism in mapping populations
can be increased by choosing diverse inbred parental lines as
parents. A much higher level of genetic polymorphism was
detected in this study with RA chip and ‘XB’ population,
which can be partially attributed to the fact that the chip was
developed by maximizing genetic polymorphism for the NAM
population where a temperate maize line B73 was used to cross
with 25 maize lines, including nine temperate lines (Lu et al.
2009). As mapping populations are usually developed for
mapping of one or few traits, there often has to be a
compromise regarding the extent of genetic diversity that can
be captured for one trait while still providing a good level of
variation for the second trait. The ILM approach allows a
focus on trait-specific populations followed by using a genetic
map with integration of different types of markers mapped
previously (Falque et al. 2005).

The ILM developed in this study can be exploited in
different ways. In molecular plant breeding, an ILM can have
an axial role, particularly as the number of QTL mapping
publications dramatically increases. This will allow breeders to
utilize information from integrated maps to dissect the
genomic regions most likely to influence a target agronomic
trait and then dissect them using specific populations. Recent
advances in genome sequencing platforms now offer a cost-
effective option for genotyping large numbers of points on the
genome across large population sizes common in plant
breeding programmes and then empirically develop indices
for genomewide selection (Heffner et al. 2009) and molecular
breeding (Xu 2010).

Variation in genetic recombination along chromosomes

The frequency of recombination varies substantially between
species, individuals and across different regions of the genome
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(Nachman 2002). The genetic complexity of the maize genome
creates a serious obstacle to exploring recombination fre-
quency variation and the relationship between physical and
genetic maps. Retrotransposon clusters are one of the factors
that account for most of the repetitive DNA in maize and can
suppress or enhance the rate of recombination in small
genomic regions (Dooner and He 2008), and they vary
markedly in composition and location relative to genes (Wang
and Dooner 2006). In addition, recombinant modifier genes
(Ji et al. 1999) and heterochromatic knobs may also influence
genetic recombination. Dooner et al. (1985) combined molec-
ular and genetic analyses of the bronze (bz) locus in maize and
found that the level of meiotic recombination per unit of
physical length is > 100-fold higher than the genome’s average.
Centromeric regions show dramatic recombination suppres-
sion (Round et al. 1997, Chen et al. 2002). In this study, the
recombination suppression in these regions reached to more
than 100 times in comparison with recombination frequencies
at telomeric regions. Our results also indicate recombination
frequencies gradually increased with distance from the centro-
mere (Table 2, Table S3 and Figure S2). The current report
provides detailed information about the variation in genetic
recombination across the whole maize genome.

The centromeric bins defined by Davis et al. (1999) generally
had the lowest recombination frequency compared to bins
across the rest of each chromosome throughout the genomes of
the three populations studied here. However, in two cases, the
immediate neighbouring bin had the lowest values in our
populations. Thus, our results can be used to infer most likely
centromere locations for chromosomes 1 and 3, which should
be in bins 1.05 and 3.04, respectively, instead of the bins 1.06
and 3.05 as defined by Davis et al. (1999). In both cases, there
was a threefold difference in the recombination frequency,
which was much larger than what would be expected from the
difference in location of these core markers (Table S3). Other
studies have also reported the same differences in predicted
centromere locations for chromosomes 1 and 3 (Okagaki et al.
2008), including a recent precision mapping of centromeres
(Wolfgruber et al. 2009). Another case is the centromeric bin
for chromosome 8 where Davis et al. (1999) had defined a
broad genomic region of bins 8.00-8.03 as the likely position.
We observed severe suppression of recombination in bin 8.03,
and thus, we conclude that this is the most likely bin for the
centromere (Table S3), which is also supported by the markers
defined for the centromere location by Wolfgruber et al. (2009).

When variation in recombination frequency was depicted
along the chromosomes using XB’ population (Figure S2),
like as Gore et al. (2009), all chromosomes had a pericentro-
meric region which extended up to three bins beside the
centromeres. Gore et al. (2009) investigated recombination
variation along the maize chromosomes by genetic distances
using the NAM population.

One non-pericentromeric region on bin 4.08-4.09 showed
severe recombination suppression. The suppression of recom-
bination in this large non-pericentromeric region was most
likely caused by large blocks of constitutively condensed
heterochromatin (called knobs) that were found throughout
the maize genome (Peacock et al. 1981). Because knobs and
centromeres share similarities in some aspects, it is possible
that knobs also cause recombination suppression like centro-
meres. For example, knobs can have centromeric behaviour
(Dawe 2009). Like centromeres, knobs also consist of hetero-
chromatic blocks, which is composed of DNA repeats (180 bp

repeat and TR1) (Peacock et al. 1981, Ananiev et al. 1998) that
are arrayed in tandem for many kilobases such as CentC
(major tandem repeat in centromere with 156 bp) (Adawy
et al. 2004). On the other hand, we cannot attribute severe
genetic recombination suppression in a long region (more than
10 cM) of chromosome 4 to any other known genetic
structures. Therefore, it is concluded that depressed recombi-
nation regions observed on the long arm of chromosome 4 is a
knob. This knob is one of the four knobs identified in inbred
line B73 (Chughtai and Steffensen 1987).

We have also observed substantial variation in recombina-
tion frequency in the same bin between different populations
(Table S3). For example, a 4.5-fold difference was found for
bin 5.05 across the three populations. The variation might
have been created by genetic properties associated with each
population. Gore et al. (2009) observed up to 30-fold differ-
ences in recombination frequencies for the same locations in
different populations.

A precise understanding of the relationship between physical
and genetic distance along chromosomes will have significant
impacts on genetics and breeding research. The reliability of
genetic maps and success of genetic mapping and map-based
cloning depend on the accurate estimation of recombination
frequencies across the genome and at specific genomic regions,
which in turn determines the selection strategies that can be
used in plant breeding. With accurately estimated genetic
distance between genes for specific populations under specific
environmental conditions, it would be possible to calculate the
minimum population size required to obtain desirable
recombinants at a given chromosomal region. In backcross
breeding programmes, for example, the population size and the
number of generations required to recover the recurrent parent
genome around the donor gene depend on recombination
frequencies. The present study provides genomewide recombi-
nation frequencies that in most cases, especially at telomeric
regions (Table S3), showed great consistency across the three
populations tested. The overall difference in genetic recombi-
nation observed between centromeric and telomeric regions
provides a general guidance for developing strategies for
selecting desirable recombinants for the genes located in these
regions and for map-based cloning of the genes even in the
regions with low recombination rates such as pericentromeric
regions where it would be very difficult without the complete
genome sequence available. Significant differences identified
for a specific genomic region across different populations, as
shown in this study, could be also exploited for plant breeding.
The populations with significantly increased recombination
frequencies can be used to improve the probability of obtaining
desirable recombinants around the regions, while the popula-
tions with significantly decreased recombination frequencies
can be used to suppress the undesirable crossovers. Genes and
genetic factors controlling crossovers may be cloned and used
to engineer the genomic regions to obtain desirable recombi-
nation frequencies. Along with the recombination frequency
information available genomewide, other technologies may be
developed to either enhance or suppress recombination rates at
the target genomic regions.
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