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ABSTRACT

We investigate the interplay between genetic diversity and recombination in maize (Zea mays ssp. mays).
Genetic diversity was measured in three types of markers: single-nucleotide polymorphisms, indels, and
microsatellites. All three were examined in a sample of previously published DNA sequences from 21 loci
on maize chromosome 1. Small indels (1-5 bp) were numerous and far more common than large indels.
Furthermore, large indels (>100 bp) were infrequent in the population sample, suggesting they are slightly
deleterious. The 21 loci also contained 47 microsatellites, of which 33 were polymorphic. Diversity in
SNPs, indels, and microsatellites was compared to two measures of recombination: C (=4Nc) estimated
from DNA sequence data and Rbased on a quantitative recombination nodule map of maize synaptonemal
complex 1. SNP diversity was correlated with C (r = 0.65; P = 0.007) but not with R (r = —0.10; P =
0.69). Given the lack of correlation between R and SNP diversity, the correlation between SNP diversity
and C may be driven by demography. In contrast to SNP diversity, microsatellite diversity was correlated
with R (r = 0.45; P = 0.004) but not C (r = —0.025; P = 0.55). The correlation could arise if recombina-
tion is mutagenic for microsatellites, or it may be consistent with background selection that is apparent

only in this class of rapidly evolving markers.

HE interplay between recombination and selection
shapes the degree and distribution of genetic varia-
tion in a genome. Two theoretical models have been
developed to explain the interaction between these two
processes. Under the background selection model, dele-
terious alleles are continuously eliminated from a popu-
lation, a process that decreases linked neutral genetic
variation (CHARLESWORTH et al. 1993; CHARLESWORTH
1994; HupsonN and KApLAN 1995). In contrast, the hitch-
hiking model posits that selectively advantageous alleles
sweep through a population, thereby reducing genetic
variation at sites linked to the advantageous allele (MAy-
NARD-SMITH and Ha1GH 1974; KAPLAN ef al. 1989).
The common thread for both models is the strong
influence of recombination. Both models predict that
selection (either positive or negative) reduces polymor-
phism at linked neutral sites, and both predict that loss
of polymorphism is greatest in regions of low recombi-
nation. The predicted positive correlation between ge-
netic diversity and recombination has been demon-
strated empirically in Drosophila (Drosophila melanogaster;
KAPLAN et al. 1989; BEGUN and AQUADRO 1992), humans
(NACHMAN et al. 1998; PRZEWORSKI et al. 2000), mouse
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(Mus domesticus; NACHMAN 1997), tomato (Lycopersicon
esculentum; STEPHAN and LANGLEY 1998), sea beet (Beta
vulgaris; KRAFT et al. 1998), and goatgrass (Aegilops;
DVORAK et al. 1998).

One difference between the two models is that back-
ground selection is an equilibrium process, with contin-
uous removal of deleterious alleles from populations
(WIEHE 1998). As a result, genetic variation at sites
linked to deleterious sites is expected to remain low.
Because of the equilibrium dynamics of this process, a
positive correlation should be observed between recom-
bination, ¢, and levels of genetic variation, irrespective
of the mutation rate . In contrast, the recovery of
linked genetic variation under the hitchhiking model
depends on both ¢and p. If the rate of selective sweeps
is low and w is high (as in microsatellite markers, for
example), theory predicts that neutral genetic variation
can be restored between rounds of selection, thus mask-
ing the effect of a selective sweep (WIEHE 1998). As a
result, the positive correlation between diversity and
recombination under the hitchhiking model may be
obscured when p is high (WiEHE 1998; PAYSEUR and
NacHMAN 2000). Thus, one way to contrast the back-
ground and hitchhiking models is to study molecular
markers that have different mutation rates.

Demography can also play a large role in the mainte-
nance and distribution of genetic diversity. Population
subdivision and population bottlenecks, as well as other
demographic factors, can obscure the relationship be-
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tween recombination and diversity. For example, BAUDRY
et al. (2001) compared recombination to diversity in re-
gions of differing recombination rate in five Lycopersi-
con (tomato) species, two of which inbreed at high
to intermediate levels. All five species demonstrated a
positive correlation between recombination and diver-
sity, but the type of mating system (and presumably the
demographic factors associated with the mating system)
had a stronger influence on genetic variation than re-
combination. Thus, for any one system, the distribution
of genetic variation within the genome is a complex
function of mutation, recombination, selection, and de-
mography.

In maize (Zea mays ssp. mays L.), genetic diversity has
been studied for 21 loci distributed along the genetic
map of chromosome 1. TENAILLON et al. (2001) found
a positive correlation between nucleotide diversity, as
measured by single-nucleotide polymorphisms (SNPs),
and estimates of the population-recombination parame-
ter C = 4N¢, where N is the effective population size.
It was presumed that the positive correlation reflects
interplay between recombination and selection, but it
is important to note that C, which is inversely related
to linkage disequilibrium (LD), is also affected by demo-
graphic factors. For example, population subdivision
increases LD and thus decreases C; similarly, LD is low
(and C high) in expanding populations (reviewed in
PriTcHARD and Pzeworskr 2001). Demography also
may not affect all loci equally; for example, historical
levels of gene flow can differ among loci (WANG et al.
1997). Given the effect of demography on C and the
possibility that demographic effects differ among loci,
demography could have contributed to the positive cor-
relation observed in maize. Thus, the cause of the posi-
tive correlation—i.e., background selection, hitchhiking
selection, or demography—is unclear. In the previous
study, C was estimated from sequence data, and there
were no independent estimates of recombination based
on a measure that is related to physical distance along
the chromosome. The lack of a physical measure of
recombination limits our understanding of the forces
that shape maize diversity.

Here we investigate further the relationship between
recombination and genetic diversity in maize by study-
ing markers that evolve with different p. than SNPs and
also by using a physical measure of recombination along
maize chromosome 1. To estimate measures of diversity,
we reanalyzed data from the 21 genetic loci examined
in the previous study (TENAILLON et al. 2001). The DNA
sequence of each of these loci was determined for ~25
individuals representing much of the geographic range
of cultivated maize. All of the 21 loci contained SNPs,
and most of the loci contained both microsatellite and
insertion-deletion (indel) variation. Only SNP variation
was analyzed previously, but microsatellite and indel
variation is extensive, representing 24% of the total
aligned length of the 21 loci. Thus, the data of TENAIL-

LON et al. (2001) offer a unique opportunity to compare
diversity among marker types. Moreover, for the micro-
satellites there was no ascertainment bias for highly poly-
morphic microsatellites.

In addition to examining measures of diversity, we
report a physical measure of recombination based on
a quantitative cytogenetic map of the distribution of re-
combination nodules (RNs) along synaptonemal com-
plex 1 (SC1). During prophase I of meiosis, an SC forms
between each homologous pair of chromosomes, and
RNs are found associated with SCs at pachytene (ZICKLER
and KLECKNER 1999). RNs mark the physical locations of
crossovers along SCs (HERICKHOFF ef al. 1993; SHERMAN
and StAck 1995). SC1 can be identified on the basis of
its relative length and arm ratio (ANDERSON and STACK
2001), and the frequency and location of RNs along the
length of SCI have been determined. The frequency
distribution of RNs along SC1 provides an estimate of
recombination along the physical length of the chromo-
some. Here we report the first RN map for maize chro-
mosome 1, and we use this map to predict the density
of crossovers per physical length for each of the 21 loci
from the previous study (TENAILLON et al. 2001).

Altogether, this study has three objectives. First, we
estimate different measures of genetic variation based
on SNP, microsatellite, and indel variation. Second, we
report physical estimates of recombination (R), based
on a quantitative cytogenetic map, for each of the 21
loci. Third, we investigate the influence of recomb-
ination on genetic diversity by comparing estimates of
both R and C to estimates of diversity. By taking this
approach, we intend to provide a better understanding
of the interplay between recombination and diversity in
maize and begin to provide insight into the relative
importance of hitchhiking selection, background selec-
tion, and demographic effects.

MATERIALS AND METHODS
DNA polymorphism

Sequence data and analyses: DNA sequence data for 21 loci
were obtained from TENAILLON el al. (2001; GenBank nos.
AF377345-AF377864). The 21 loci represent seven known
genes, six cCDNA clones, and eight anonymous restriction frag-
ment length polymorphism (RFLP) clones. All 21 loci were
located on the UMC98 genetic map (Davis et al. 1999), and
hence their relative locations have been identified on maize
chromosome 1. The length of the loci varied from 248 to
2740 bp, with an average length of 648 bp. All 21 loci were
originally targeted for sequencing from a common set of 25
individuals of cultivated maize (Z. mays L. ssp mays). However,
some loci were difficult to amplify in some individuals, and
thus the data set was not complete. Nonetheless, =22 individu-
als were sequenced from each locus, and all 25 individuals
were sequenced for 11 of 21 loci. A full description of the
plant material and the sequencing protocols were published
in TENAILLON et al. (2001). For clarity, we hereafter refer to
the 21 loci as geneticloci, to differentiate them from microsatel-
lite loci.
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TENAILLON et al. (2001) reported SNP diversity in genetic loci
by the sequence statistic § (WATTERSON 1975). Each esti-
mate of 0 () was a per site value that was based on all of the
aligned sites in the sequence data, but calculation of 8 did
not include gaps. Because it was based only on aligned nucleo-
tide sites, § does not incorporate any of the diversity found
in either polymorphic microsatellite sites or indels.

Microsatellite analyses: To locate microsatellites in DNA
sequence data, we performed searches with RepeatMasker
(http:/ repeatmasker.genome.washington.edu/ cgi-bin /Repeat
Masker) and Ephemeris version 1.0 (http:/www.uga.edu/
srel/DNA_Lab/ephemeris_readme.htm), as well as manual
searches.

Given the lack of consensus regarding the definition of
microsatellites in the literature, we based our definition on
the expected frequency of occurrence of a microsatellite. As-
suming that all nucleotides are present at equal frequencies,
the probability of occurrence of a microsatellite is p,, =
0.25*" D with x the length of the motif (i.e, x = 2 for a
dinucleotide repeat) and m the number of repeats. We studied
microsatellites for which the expected frequency is less than
five microsatellites in 10 kb. This frequency corresponds to
microsatellites of length m = 7 for mononucleotide repeats;
m = 4 for dinucleotide repeats; m = 3 for tri-, tetra-, and
pentanucleotide repeats; and m = 2 for hexanucleotide re-
peats.

For each microsatellite locus, we calculated the number of
alleles in our sample (A), the sample variance in allele size
(V), and expected heterozygosity (Hiom), ON the basis of
Nei’s unbiased estimate (NEr 1973),

H=n(l—=2p")/(n—=1),

where 7 is the number of individuals and p; is the frequency
of the ith allele. Genepop ver. 1.2 (RAYMOND and ROUSSET
1995) was used to determine allele frequencies. [We note that
the term “heterozygosity” is a misnomer in this case, because
all sequenced individuals were homozygotes. In reality, H mea-
sures diversity in the sample and is directly comparable to the
polymorphic information content (PIC). We use H instead of
PIC because it is more widely used in the literature.] The
significance of LD between all pairs of microsatellites was
tested using the exact test described in Arlequin ver. 2000
(SCHNEIDER et al. 2000).

Indel analyses: Nonmicrosatellite indels were also identified
and characterized. SITES (Hey and WaKELEY 1997) was used
to determine the number, length, and position of indels in
the data set. BLAST searches and RepeatMasker, in conjunc-
tion with a maize transposable element database (provided
by S. Wessler, University of Georgia), were used to determine
if large indels corresponded to known mobile elements.

To determine levels of diversity, all identified indels were
scored as present (1) or absent (0). This binary data matrix
was then transformed into frequencies, and diversity values
were calculated using Nei’s measure of heterozygosity (H,ga),
as previously described. To test the neutral mutation hypothe-
sis on large indels, we calculated Tajima’s D separately on all
indels <100 bp and indels >100 bp, as suggested by CHARLES-
WORTH and LANGLEY (1989). We used DnaSp ver. 3 (Rozas
and Rozas 1999) to calculate Tajima’s D.

Recombination rate based on RN map

Maize SC karyotype and distribution of RNs: Maize cultivar
Kansas Yellow Saline (KYS) was used for the two-dimensional
spreads of SCs. Plants were grown to maturity and anthers
containing microsporocytes at pachytene were collected.
Spreads of SCs were produced using a modification of the

procedure described by PETERSON et al. (1999) and examined
with an AE 801 electron microscope. The positions of kineto-
chores and RNs were determined for each SC in a set, and
the SCs were measured using the computer program Micro-
Measure version 3.2 (REEVEs 2001). Based on relative lengths
and arm ratios, the 10 maize SCs were assigned to the 10
maize pachytene bivalents (2n = 20). Although the absolute
lengths of SCs vary in different sets, the relative lengths and
arm ratios remain constant (e.g., SHERMAN and STAcCK 1995).
To compare RN positions on SC1 from different sets of SCs,
the position of each RN was measured as a fractional length
of either the long or short arm from the kinetochore. Then,
using an average length of 45.4 wm and average arm ratio of
1.26 for SC1, the position of each RN on an average SC1 was
calculated by multiplying the fractional distance of the RN
from the kinetochore by the appropriate arm length (see
SHERMAN and StAck 1995 for a similar procedure). In total,
the positions of 277 RNs on 110 SC1s were mapped.
Recombination rate along chromosome 1: To construct a
frequency map of RNs along the physical length of SCI, the
total number of RNs observed in each 0.4-um segment of
SC length was determined. The 0.4-um segment length was
chosen to maximize the total number of segments but mini-
mized the number of segments that had no observed RNs.
The Lowess procedure (CLEVELAND 1981) was applied to these
data to smooth local variation, as suggested by STEPHAN and
LANGLEY (1998). The Lowess procedure smoothes the recom-
bination function by applying weighted least-squares regres-
sion to sliding windows that are defined by the number of
data points. We applied four different sliding window sizes,
ranging from 5 to 11 data points, to examine the influence
of window size on recombination rate estimates. As is detailed
below, the size of sliding windows made little qualitative differ-
ence on results. The Lowess procedure was applied in the R
statistical package, version 1.2.0 (http:/www.r-project.org/).
Determining recombination rate in the 21 loci: The 21 ge-
netic loci were localized on the RN map using an approach
similar to that of STEPHAN and LANGLEY (1998). First, the
RN distribution was converted into centimorgan map units,
following SHERMAN and Stack (1995). Regions with more
observed RNs represented regions with greater centimorgan
distances. Second, the RN map and the genetic map of maize
chromosome 1 (UMC98; Davis el al. 1999) were aligned in
a linear fashion, such that each arm of the SC corresponded
to the appropriate arm of the genetic map. Finally, the ratio
between the total length of the RN map in cemtimorgans
(125.9) and the total length of the UMC98 map of chromo-
some 1 (249.2 cM) was used to determine the positions of the
21 loci on the RN map. Once positioned along the RN map,
we estimated the recombination rate R for each locus as the
predicted frequency of occurrence of RNs per micrometer.

The population-recombination parameter, recombination,
and diversity

The population-recombination parameter Cwas estimated
from DNA sequence data by three different methods: (i) Hubp-
soN’s (1987) method, with estimates taken from TENAILLON
et al. (2001); (ii) WALL’s (2000) method, in which the estimate
maximizes the joint probability of obtaining the observed
number of minimum recombination events and haplotypes
(program provided by J. Wall); and (iii) the program LDhat
(http:/www.stats.ox.ac.uk/~mcvean/LDhat/LDhat.html),
which employs Hupson’s (2001) method with importance
sampling (FEARNHEAD and DONNELLY 2001). Estimates based
on the three methods were denoted Cﬂudg7, CWaHUO, and C’Hud(,l,
respectively. All reported C estimates were per site values. We
did not use full-likelihood methods to estimate C because
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they are computationally infeasible with high levels of recombi-
nation (WaLL 2000).

We contrasted estimates of Rand Cwith the diversity mea-
sures 0, Hivot» V, A, and H, .. Correlations were determined
among measures with Pearson correlation coefficients (r); the
significance of r was determined by 10,000 bootstrap resam-
plings of observed values.

RESULTS

Microsatellite diversity: A total of 47 microsatellites
were identified in 18 of the 21 genetic loci. A description
of the microsatellite loci including their genetic diversity
(H), number of alleles (A), and variance in allele size
(V) is presented in Table 1. The 14 monomorphic and
33 polymorphic microsatellites were further character-
ized as being located in either coding or noncoding
sequence (Table 1). The majority occurred in noncod-
ing regions, with 7 noncoding among 14 monomorphic
microsatellites and 30 noncoding among 33 polymor-
phic microsatellites. All polymorphic markers in coding
regions were trinucleotide or hexanucleotide repeats
and did not induce frameshifts.

We investigated the relationships between three dif-
ferent measures of microsatellite diversity (Huicrom V5
and A) calculated for the 33 polymorphic microsatel-
lites. Hyicrom ranged from 0.17 to 0.88, and the average
variance in allele size (V) ranged from 0.08 to 60.69 for
the longest microsatellite (Table 1). These ranges are
comparable to previous estimates from maize (SMITH
et al. 1997; SENIOR et al. 1998; PROVAN et al. 1999; MATSU-
OKA el al. 2002a) and other organisms (INNAN et al. 1997;
ScHUG et al. 1998). The correlation between H and
V was significantly positive (r = 0.37; P = 0.019) but
this depends, however, on a single data point corre-
sponding to the longest microsatellite [ (CT)19] in the
tbl locus (Table 1). The correlation was not significant
without this data point (r= 0.11; P = 0.72), suggesting
that A and V are weakly related, at best. Additional
results involving V were often dependent on the single
tbl-based data point, an observation that we reiterate.
In contrast to the weak correlation between H and V,
there was a strong positive correlation between H and
A (r=0.80; P<0.001); for the remainder of this article,
we ignore A because results based on H were similar
(data not shown).

We examined pairwise LD among microsatellite
markers. LD was significant at the 5% level in 33 of 528
pairwise comparisons. However, only five associations
remained significant after sequential Bonferroni correc-
tion, and only one of these five included a pair of micro-
satellites located in the same locus, umc67. Altogether,
these analyses are consistent with previous observations
that LD in maize breaks down very rapidly over distance
(REMINGTON et al. 2001; TENAILLON et al. 2001).

We calculated the average number of repeats (ANR)
for the 38 perfect microsatellites in Table 1 and com-
pared ANR to measures of microsatellite diversity. There

was no significant difference (¢-test, P = 0.15) between
ANR within the 13 monomorphic perfect microsatellites
(3.8 repeats) and ANR within the 25 polymorphic per-
fect ones (4.9 repeats). However, there was a significant
positive correlation between ANR and H,croq (1= 0.55;
P < 0.001), and the correlation remained significant
when only polymorphic microsatellites (P << 0.001) were
considered. Finally, ANR and V were positively corre-
lated (r = 0.51; P < 0.001) for polymorphic microsatel-
lite loci. This correlation relied, however, on the single
b1 data point, and the correlation was not significantly
positive without that data point (r = —0.48; P = 0.99).

Indel variation: A total of 263 nonmicrosatellite indels
were scored in 17 of 21 loci. Indel size ranged from 1
to 640 bp, and the number of indels per genetic locus
ranged from 2 to 59 (Table 2). A total of 56% of the
indels were 1-2 bp in length, and 92% were <20 bp in
length (Figure 1). Of the 21 indels longer than 20 bp,
5 were found to have sequence similarity to previously
identified transposable elements, including miniature
inverted repeat elements (MITEs). Two families of MITEs
were found: a Tourist element in 1 individual for each
of asg75, umc230, and csu381 and a Stowaway element
in 3 of 23 individuals of umc67. In addition, BLAST
searches revealed the presence of a Ds element in 4 of
23 individuals for umcl28. H,,q, values ranged from 0.08
to 0.52, with an average of 0.25 among the polymorphic
indels.

A previous study in D. melanogaster suggested that the
frequency distribution of large indels deviated from the
neutral equilibrium model, consistent with selection
against large indels (TajimMa 1989). To determine whether
maize indels had a nonneutral frequency spectrum, we
first studied the relationship between length and indel
diversity. If long indels are deleterious, we expect a nega-
tive correlation between H,, and indel length, because
large deleterious indels have a low probability of reach-
ing an appreciable population frequency and should
therefore have low H, values. A significant negative
correlation was found between H,, and indel length
(r=—0.11; P = 0.02), consistent with this expectation.
We note that the longer length variant was present in
low frequency (i.e., <15%) for 9 of the 10 large indels.

We also studied the relationship between Tajima’s D
and indel length. Tajima’s D was calculated for three
different data sets. The first set included all 253 indels
<100 bp. However, because the initial data set had miss-
ing data entries, all indels could be identified in a com-
mon sample of only 13 individuals. Tajima’s D for this
data set of 253 indels and 13 individuals was Dys3,3 =
—0.43, which was not a significant deviation from the
neutral expectation of 0.0, assuming no recombination.
We also calculated Tajima’s D in a data set that included
all 25 individuals and a common sample of 55 indels
that were <100 bp; Ds;9; was —0.66 for this data set
and again did not deviate from the neutral model, as-
suming no recombination. Finally, we calculated D for
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TABLE 1

Characterization and variability in microsatellites found in 18 of 21 loci

Locus Microsatellite” C/NC’! H A 1%

adhl (AC)4(AT),oGT(AT); NC 0.50 2 1.00
adhl (TA), TG(TA), NC 0.00 1 0.00
adhl* (T)es NC 0.33 9 0.16
anl’ (GGA), C 0.00 1 0.00
asgl1 (C)so(A)s 5 NC 0.17 3 6.02
asg26° (A)s-10 NC 0.30 3 0.82
asg26° (A)ps NC 0.37 3 0.49
csull32¢ (CATTTC) NC 0.22 2 3.96
csull38° (GCTA) o NC 0.33 2 2.67
csul150° (CATC), 5 NC 0.51 9 411
csull7lI° (T)g-10 NC 0.53 3 0.34
csull71° (CT), NC 0.00 1 0.00
csu381° (GT)s4 NC 0.42 2 0.84
csu381° (T)s10 NC 0.65 4 0.83
Sfus6’ (GA), NC 0.00 1 0.00
Jus6’ (T)r-n1 NC 0.61 5 1.33
as (GGQC); C 0.00 1 0.00
s (TGG), C 0.00 1 0.00
glb1+ (AC) 56 NC 0.55 3 2.44
glbI (ACAGTG) NC 0.17 2 2.98
glbI° (CCA) oy C 0.24 2 4.27
glbI° (TTA) ., NC 0.68 4 6.12
glbI% (AGG) .5 C 0.69 4 3.08
glb1+ (GCC) oy NC 0.17 2 0.08
glbI (GGA), C 0.00 1 0.00
glbI° (CGGTCO) NC 0.47 2 8.54
asg62° (TCTCCT) NC 0.28 2 5.04
th1° (A)1o-14 NC 0.78 5 1.61
thl° (CT) 1196 NC 0.88 10 60.69
thl° (GGA), C 0.00 1 0.00
thl° (AC), NC 0.00 1 0.00
thl° (GCC)3 C 0.00 1 0.00
th1° (A)- NC 0.00 1 0.00
ts2 (GACQC)3C(TG) 15 NC 0.47 4 5.07
ts2" (CG), C 0.00 1 0.00
ts2 (GAGACC) (TCGACC) C 0.52 3 8.52
umcl28° (AT)s 4 NC 0.52 2 1.04
umecl 285 (CA)sy NC 0.51 2 1.03
umcl28° (CA) 5 NC 0.24 2 0.47
umel28 (AACG)5,C(TAAT) ., NC 0.41 9 3.54
umcl28 (T)19(CT) 54 NC 0.72 5 3.60
umc230° (TCCCAA) NC 0.17 2 3.12
ume230° (AAT), 5 NC 0.52 9 9.34
umc67 (GACG),C(TACG) _3 NC 0.17 2 10.04
umc67° (CGG); NC 0.00 1 0.00
umec67° (AAAC); NC 0.00 1 0.00
wme67 (GTT)5(T)ss NC 0.38 3 1.08

“The repeat motif is in parentheses and the subscript shows the range of variation of the number of repeats

observed among individuals.
"G, coding region; NC, noncoding region.
‘ Perfect microsatellites.

“These loci contained alleles with partial repeats.

10 indels >100 bp that were scored in a common sample
of 22 individuals; D9 was —1.413, which was not sig-
nificant under the conservative assumption of no recom-
bination, but was substantially lower than D values calcu-

lated on short indels. However, the large indels are
physically distant from one another, and it is therefore
reasonable to apply Tajima’s D test assuming free recom-
bination. With free recombination, Dyyy = —1.413 rep-
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TABLE 2

Number of nonmicrosatellite indels found in 17 of the 21 loci

Locus No. of indels Indels > 100 bp
asgll 9 1
anl 6 0
tbl 3 0
asg26 14 1
Jus6 6 0
csull50 2 0
umcl3 17 1
asg62 4 0
csull32 7 0
asg75 7 1
adhl 10 1
csu381 13 1
umcl28 15 1
ts2 22 0
umc230 34 2
glbl 35 0
umc67 59 1

resents a highly significant departure (P = 0.008) from
the neutral equilibrium model. Thus, the significant
and comparatively low D value based on large indels
(>100 bp) is consistent with the hypothesis that the
large indels in this sample are selectively deleterious.
Map of the density of RNs per micrometer: Figure 2
plots the frequency of occurrence of RNs per microme-
ter relative to physical position along SC1. Overlaid on
the RN frequency distribution is a smoothed line for
the rate of recombination (R = number of RNs per
micrometer) derived using the Lowess procedure and

M. 1. Tenaillon et al.

a sliding window size of 11 data points. Initially four
different sliding window sizes were used. We localized
the 21 loci on the RN map and obtained four different
estimates (corresponding to the four sliding window
sizes) of recombination rate, R, for each locus. Esti-
mates of R based on these four different window sizes
were highly and significantly correlated; among the six
pairwise comparisons, the lowest correlation was r =
0.88 (P < 0.0001), which corresponded to the correla-
tion between the most extreme window sizes (i.e., b vs.
11 data points). Because estimates of R were similar
among window sizes, we report results on the basis of
a single sliding window size, which we have chosen to
be 11 data points.

The values of R, measured in RNs per micrometer,
ranged from 0.0099 for umc67to 0.1297 for fus 6 (Table
3). This range is comparable to the range of Crrasr,
which varied from 0.0001 to 0.1337 per base pair (Table
3), and it is also similar to Rvalues reported for tomato
(STEPHAN and LANGLEY 1998). The pattern of R along
SC1 was characterized by a marked reduction of re-
combination rate near the centromere and an increase
toward telomeres (Figure 2). This pattern, low recom-
bination in the centromere with higher recombina-
tion toward telomeres, was confirmed for the 21 genetic
loci, because the distance of the loci from the centro-
mere was correlated with their R values (r = 0.88; P <
0.0001).

Comparing estimates of R, C, and genetic diversity:
Previous studies have demonstrated a positive correla-
tion between recombination rate and genetic diversity,
and one purpose of this study was to characterize this
correlation in maize. We tested correlations among four
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FIGURE 2.—A map of the distribution of recombination nodules R (RN/um) along SC1. The short arm of SC1 is to the left,
and the centromere is located approximately at position 20. The data points are the frequency of occurrence of RN (no. of RN/
no. of SC observed) per micrometer in each 0.4-pm segment along the SC in the abscissa. The line is the result of the
Lowess smoothing procedure with a sliding window containing 11 data points. After alignment to the genetic map (UMC98) of
chromosome 1, we determined the positions (indicated by the solid arrows) of the 21 loci along SCI1 in the abscissa. The
corresponding R values in the ordinate were determined for each of the 21 loci.

different measures of diversity (6, Hirosas Vs and Higo),
three estimates of the population-recombination pa-
rameter (C’Hudm, Crianon, and (A?Hudm), and a physical esti-
mate of recombination (R).

A significant positive correlation between Ciyasr and
6 was described previously (TENAILLON et al. 2001). This
correlation was based on 18 of the 21 genetic loci be-
cause 3 loci (tbl1, ts2, and d8) exhibited evidence of devia-
tion from neutral evolution (TENAILLON et al. 2001),
probably due to artificial selection on these loci during
domestication. Independent evidence verifies artificial
selection at b1 and d8 (WANG et al. 1999; THORNSBERRY
et al. 2001), and we have additional evidence for artificial
selection at 52 (M. I. TENAILLON and B. S. GAuUT, unpub-
lished data). Because C estimates are valid only for neu-
tral loci (HupsoN 1987; FrIssE et al. 2001), correlations
with C did not include these 3 loci.

However, HupsoN’s (1987) estimator of Ccan be unreli-
able, particularly when Cvalues are small per gene (Hub-
soN 1987; WaLL 2000). We therefore utilized two addi-
tional estimates of C. We found a significant positive
correlation between Ciyo and 0 (r = 0.50; P < 0.001)
but not between Cyuo and 6 (r= 0.007; P = 0.46). The
results were similar when 6 was based on silent sites, as
opposed to all sites (for silent sites: 0 vs. Crypasr, ¥ = 0.67,
P = 0.007; 6 vs. Ciyar, ¥ = 0.50, P = 0.03; 6 vs. Crraon,

r= —0.008, P=0.47). In general, Cruagr and Cygnoo were
highly correlated (r = 0.68; P = 0.005) but Criuasy and
Cian were less correlated (r = 0.37; P = 0.076). For
the remainder of the article we report results with C’Hudw
(Figure 3) but provide results with the other two C
estimators when they differ. To sum, at silent sites or
all sites, maize nucleotide diversity is correlated with €
for two of three estimators.

We also compared § to R, using all 21 genetic loci
(Figure 3). There was no significant correlation between
6 and R, whether 6 was based on all sites (Figure 3) or
silent sites (r = —0.08; P = 0.64). The results were
qualitatively similar when the data were limited to the 18
genetic loci for which there was no evidence of artificial
selection (data not shown). In addition, R was not
strongly correlated with estimates of C (Figure 3), re-
gardless of the C estimator.

Of the eight correlations between recombination and
diversity shown in Figure 3, two were both positive and
significant at the 5% significance level after multiple-
test correction. The first was the correlation between 0
and C, described above. The second positive correlation
was between H, .o and R. The correlation remained
significant when Hyiose Was averaged among polymor-
phic microsatellite loci within a single genetic locus (r =
0.68; P < 0.001), but the correlation was not as strong
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TABLE 3

Per site estimates of the population-recombination parameter
C and the physical recombination rate R

Locus b Cruas” Cyvaoo Cituan R’

Jus6 0.0087 0.0031 0.0000 0.0040 0.1297
csull7l 0.0062 0.0207 0.0002 0.0049 0.1151
umc230 0.0178 0.0713 0.0188 0.0168 0.0707
asg26 0.0092 0.0001 0.0097 0.0041 0.0784
umcl3 0.0096 0.0012 0.0000 0.0000 0.0784
Is2 0.0023 0.1337 0.0888 NA’ 0.0784
asg75 0.0071 0.0356 0.0395 0.0565 0.0613
csull38  0.0131 0.0183 0.0000 0.0021 0.0311
umec67 0.0099 0.0280 0.0339 0.0356 0.0099
asgll 0.0086 0.0114 0.0093 0.0113 0.0228
csull50  0.0027 0.0053 0.0002 0.0005 0.0477
csull32  0.0117 0.0001 0.0063 0.0050 0.0481
asg62 0.0259 0.0362 0.0226 0.0090 0.0487
umcl28 0.0155 0.0199 0.0513 0.0418 0.0679
anl 0.0048 0.0147 0.0272 0.0525 0.0305
bz2 0.0074 0.0200 0.0000 0.0008 0.0305
glbl 0.0252 0.0897 0.0620 0.0261 0.0615
b1 0.0051 0.0673 0.0000 0.0148 0.0965
a8 0.0027 0.0210 0.0232 0.0291 0.0965
adhl 0.0117 0.0017 0.0009 0.0039 0.1151
csu381 0.0121 0.0009 0.0041 0.0017 0.1271

“Data are taken from TENATLLON ef al. 2001; 8 is based on
all sites.

’NA, not available: We were unable to obtain an estimate
for this locus because the approximate-likelihood estimate is
apparently beyond the searchable parameter space.

‘Estimates are based on the Lowess procedure using a slid-
ing window of 11 data points and measured in RN per microm-
eter.

when H s Was averaged over both polymorphic and
monomorphic microsatellites within a single genetic lo-
cus (r = 0.28; P = 0.14). Other comparisons of R, G,
and genetic diversity were not significant (Figure 3).

DISCUSSION

In theory, the relative contributions of background
and hitchhiking selection can be determined by com-
paring recombination rates to genetic diversity on the
basis of markers that evolve with different rates (SLATKIN
1995). However, demography can obscure the relation-
ship between recombination and diversity. Here we have
measured genetic diversity for three types of molecular
markers in the hope that comparisons among markers
would provide insight into the forces shaping maize ge-
netic diversity. Sampling was identical for the three marker
types, and hence information among marker types is
directly comparable. Recombination was measured both
by the population-recombination parameter C and by
a quantitative cytogenetic map of chromosome 1.

The quantitative cytogenetic map provides estimates
of recombination rate (R) that are related to physical
distance along SCI; R is the first quantitative measure

of recombination in maize on a chromosomal, rather
than a genic, scale. The distribution of R along SC1
indicates that the frequency of exchange per physical
unit is reduced in centromeric regions relative to distal
chromosomal regions (Figure 2), similar to centromeric
suppression observed in other organisms (see JONES
1984 and ResNick 1987 for reviews), including Drosoph-
ila (HubpsoN and KarLaN 1995) and cultivated tomato
(SHERMAN and Stack 1995). The pattern observed in
maize chromosome 1 is similar to that reported for
large grass genomes such as wheat and barley, in which
recombination primarily occurs along the distal half of
the chromosomal arm (GILL ef al. 1996; KUNZEL el al.
2000). In contrast, the region of centromeric repression
is relatively small in rice (CHENG et al. 2001).

The distribution of R also suggests substantial hetero-
geneity in recombination along chromosomal arms
(Figure 2). Although the magnitude and scale of recom-
bination needs to be characterized further, heterogene-
ity in R is consistent with the observation in barley that
recombination is mainly confined to a few small areas
spaced by large segments in which recombination is
severely suppressed (KUNZEL et al. 2000). Similar recom-
bination hotspots have been previously described in
maize (DOONER 1986; C1VARDI ef al. 1994; OKAGAKI and
WEeIL 1997; Fu et al. 2002).

The correlation between SNP diversity and recombi-
nation estimates: One striking result is that C correlates
with 6 for two of three C estimators. It is unclear why
the third estimator, based on Hupson’s (2001) method,
behaves differently than the first two, but the positive
correlation between Cand § in two cases indicates that
the correlation is not solely an artifact of the estimator
(C‘Hudm) used in the previous study (TENAILLON et al.
2001). In contrast to C and 0, we detect no correlation
between 6 and R or between Cand R (Figure 3).

Given these results, it is important first to consider
differences between C and R. One obvious difference
is that the two parameters differ in spatial scale. R is esti-
mated on a chromosomal scale and therefore reflects an
“average” recombination rate over large chromosomal re-
gions. In contrast, Cis estimated for a particular genetic
locus. Maize contains recombination hotspots, particu-
larly in genic regions (CIvARDI et al. 1994; Fu et al.
2002), and itis therefore possible that Cmore accurately
incorporates information about recombination on the
“local” spatial scale at which 0 is measured.

More importantly, Rand Cmeasure different quanti-
ties. Both R and C describe recombination to some ex-
tent, but R measures only the recombination rate per
physical distance; it is unaffected by population history,
selection, and demography. In contrast, C is scaled by
population size N, and it is inversely related to LD. Like
LD, Cis affected by population admixture, population
subdivision, fluctuations in population size, and selec-
tion, in addition to recombination (reviewed in PRITCH-
ARD and Przeworskr 2001). The lack of correlation
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between Rand C may indicate that selection or demo-
graphic factors contribute to an uncoupling between
LD and recombination.

What could be the evolutionary forces causing a corre-
lation between C and ? The correlation could be pri-
marily a function of selection. Under this scenario,
hitchhiking or background selection that decreases 0
acts in a similar fashion on C. It is clear that C can be
affected by selection. For example, balancing selection
decreases C (PRITCHARD and PrRzEwWORSKI 2001); Calso
decreases briefly after a selective sweep, but some esti-
mators may not detect this effect (PRZEWORsSKI 2002).
However, if background selection or selective sweeps
are prominent enough to cause, in some unknown fash-
ion, a correlation between Cand é, one expects a corre-
lation between R and 0, as documented in several other
systems (BEGUN and AQUADRO 1992; NacHMAN 1997;

NACHMAN et al. 1998). Although we cannot be certain
that our estimates of Raccurately reflect recombination
in the local regions of the 21 genes, we do not observe
a correlation between R and 6 in maize (Figure 3).
Furthermore, under a hitchhiking model Tajima’s D
should correlate with recombination rate (BRAVERMAN
et al. 1995; ANDoLFATTO and PrzeEworsk1 2001), but
Tajima’s D for the 21 genetic loci is not correlated with
either R (r = —0.06; P = 0.60) or C (r = —0.38; P =
0.93). Altogether, there is no convincing evidence that
hitchhiking or background selection contributes to the
correlation between C and . It is important to note,
however, that these results do not imply that back-
ground and hitchhiking selection are notacting to shape
maize SNP diversity. The signature of background or
hitchhiking selection could be overridden by other
factors.
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Both Cand 6 (= 4NVw) contain historical information
about population size. Both are also estimated from
SNPs that evolve at an estimated rate of ~10~Y substitu-
tions per site per year (GAUT ef al. 1996) and therefore
encompass relatively long time frames. Some SNPs have
been retained in Zea populations for 1 million years or
more (GAUT and CLEGG 1993). As a result, the time frame
encompassed by both Cand 6 exceeds maize domestica-
tion ~7500 (ILT1s 1983) to ~9000 years ago (MATSUOKA
et al. 2002b). Domestication was associated with a bottle-
neck that decreased SNP diversity in maize ~20% on
average relative to its wild ancestor (ZHANG et al. 2002).
There have also been substantial demographic events
since domestication, such as the geographic patterning
of extant maize races (e.g., MATSUOKA et al. 2002b).

It is not yet clear, however, how demographic events,
like a domestication bottleneck or geographic subdivi-
sion, affect Cand 0 jointly. One possibility is that popula-
tion size N varies among loci because gene flow and
other demographic factors vary from locus to locus,
both within maize and among its wild relatives (as in the
D. pseudoobscura complex; WANG et al. 1997; MACHADO et
al. 2002). If demographic effects vary among loci, they
could contribute substantially to a correlation between
C and 0 through N. Variation in N among loci can
establish strong positive correlations between C and 0,
even in the absence of correlations between 6 and c.
Simulations with 21 loci suggest that N can vary <10-
fold and establish a correlation between C and 8 (data
not shown). To explore the effect of demography more
fully, it will be helpful to have some knowledge of diver-
sity in maize prior to domestication and also of diver-
gence population genetics (KLIMAN et al. 2000) in the
genus Zea. We are in the process of gathering empirical
data from wild relatives and will address the effect of
demography on C and 6 more thoroughly in future
work.

Microsatellite diversity: We identified 47 microsatel-
lite loci in our data, and 33 of these loci were polymor-
phic. Levels of diversity in these loci, as measured by
H, o> are positively correlated with R. There are at
least three possible explanations for this correlation.

The first explanation is based on sampling—i.e., our
sample may contain rapidly evolving loci in regions of
high recombination by chance alone. This scenario is
particularly plausible because the microsatellites in this
study likely evolve with different mutation rates. Micro-
satellite mutation rates () vary considerably by repeat
motif (CHAKRABORTY et al. 1997; ScHUG et al. 1997,
1998), length (SCHLOTTERER et al. 1998; ScHUG et al.
1998b; Upura and Baum 2001), and base composition
(ScHLOTTERER and TAutz 1992; GLENN et al. 1996;
BACHTROG et al. 2000). For example, p is estimated to be
~7.7 X 10”* mutations per generation for dinucleotide
repeats in maize but <5 X 107’ for longer repeat motifs
(VIGOUROUX et al. 2002).

To examine whether any particular class of microsa-
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FiGure 4.—Correlations between microsatellite diversity
(Hpicros) and R for each microsatellite repeat class. Only two
polymorphic loci were available from the tetranucleotide class
and none from the pentanucleotide class. Compound and
imperfect loci were combined because there is little a priori
information as to their mutation rates. The regression line,
Pearson correlation coefficient (r), and P value are given for
each microsatellite class.

tellite is driving the correlation between Hcon and R,
we partitioned microsatellite loci into different classes
by repeat type, including perfect mono-, di-, tri-, and
hexanucleotide repeats, as well as compound + imper-
fect repeats (Figure 4). The only class exhibiting a posi-
tive and significant correlation between H, o and R
was the compound + imperfect class (Figure 4), but
this correlation was not significant after multiple test
correction. However, four of the five classes exhibited
a positive correlation between Hyiqos and R (Figure 4),
suggesting that a positive correlation with R may be a
general property of the microsatellite loci in our sample.
The mononucleotide repeat class is particularly interest-
ing, both because these loci may evolve rapidly and
because they are primarily located in regions with high
R (Tables 1 and 3). The mononucleotide class is posi-
tively but not significantly correlated with R (r = 0.46;
P = 0.14), but the overall correlation between H, . ou
and R remains when this class is removed from analysis
(r=0.42; P = 0.02). Thus, it does not appear that the
overall correlation between H, ;.. and Ris driven either
by one particular class of microsatellite or by the chance
location of rapidly evolving microsatellites (like mono-
nucleotide repeats) in high R regions.

A second possibility for the correlation between Hiycros
and Ris that recombination is itself mutagenic, thereby
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causing microsatellite polymorphisms. For example, hu-
man data suggest that recombination can lead to the con-
traction and expansion of trinucleotide repeats (RIicH-
ARD and PaQuEes 2000). The effect of recombination
on microsatellite diversity needs to be investigated fur-
ther, but mutagenic effects of recombination could un-
derlie the correlation between H, o and R.

A third possibility is that the correlation is a property
of the relationship between recombination and selec-
tion. To discuss this possibility, it is first important to
note that microsatellite mutation rates have been mea-
sured in many organisms, including humans (WEBER
and WoNG 1993; Xu et al. 2000), Drosophila (VAzZQUEZ
et al. 2000), chickpea (Upupra and Baum 2001), and
maize (VIGOUROUX et al. 2002). In all of these organisms,
microsatellites mutate at a rate p > 107° mutations per
generation. Thus, the microsatellites in this study proba-
bly mutate at least three orders of magnitude more
rapidly than SNPs. The consequence of high mutation
rates is profound. Microsatellites are expected to quickly
approach an equilibrium between mutation and drift
(SLATKIN 1995), and they recover rapidly from demo-
graphic and selective events. For example, microsatel-
lites in Drosophila, which mutate relatively slowly at u =
5.1 X 107° (VazQUEZ et al. 2000) compared to plant
microsatellites, are estimated to recover from selective
sweeps in <1000 years (NURMINSKY 2001). Although
the number of Drosophila generations in 1000 years
likely exceeds the number of maize generations since
domestication, it is possible that some maize microsatel-
lites may have recovered, at least partially, from the
effect of the domestication bottleneck ~7500 (ILTIS
1983) to ~9000 years ago (MATSUOKA et al. 2002a). If
this is true, it is possible that the signature of ongoing
hitchhiking or background selection is no longer domi-
nated by a past demographic event (i.e., a domestication
bottleneck) in microsatellite loci as it may be in SNPs.

Finally, we note that comparisons between Vand R
do notyield a positive correlation (Figure 3). However,
when Vis based on repeat number, rather than allele
size, results with H,0s and Vare more comparable. It
is desirable to use repeat number, as opposed to allele
size, because V based on repeat number is not biased
by repeat length. However, V based on repeat number
cannot be calculated for several microsatellite loci in
our sample because the repeats were imperfect, were
compound, or did not evolve in stepwise fashion. For
the 21 polymorphic perfect loci that evolve in stepwise
fashion (Table 1), V based on repeat number is posi-
tively, but not significantly, correlated with R (r = 0.19;
P = 0.23). When b1 is dropped from consideration,
the correlation is significantly positive (r = 0.47; P =
0.024), and this result is comparable to that we obtained
with Hpicrosr. All of our analyses with V—whether based
on allele size or repeat number—were heavily influ-
enced by the outlying tbI microsatellite locus. Alto-
gether, the reliance on tb1, the bias due to repeat length

for Vbased on allele size and the dependence on step-
wise mutations for Vbased on repeat number, diminish
the value of Vas a measure of microsatellite diversity
for these data.

Indel diversity: Indel diversity in maize is marked by
a size distribution that is heavily skewed toward small
indels (1-5 bp), with a few large (>100 bp) indels mark-
ing the extreme tail of the distribution (Figure 1). Simi-
lar distributions have been reported for mammalian
and Drosophila nuclear DNA (Gu and L1 1995; BERG-
MAN and Kreirman 2001), and hence maize is not
unique in having a preponderance of small indels. Indel
polymorphism was not correlated with Cor R (Figure
3). Because little is known about indel mutation rates
and how p varies among different indel sizes, it is diffi-
cult to interpret the lack of correlation.

It is perhaps more interesting that the population
frequency of indels is skewed by size. In our sample,
large indels are on average less frequent in the popula-
tion sample than small indels, suggesting that large in-
dels are slightly deleterious. The 10 large indels also
have a lower Tajima’s D value than the small indels. Of
these 10, only 2 are clearly associated with coding DNA
(adhland csu381; Table 2); the rest are located in anony-
mous RFLP marker regions. These results raise an inter-
esting paradox. Greater than 50% of the maize genome
consists of retrotransposons (SANMIGUEL et al. 1996).
Given the preponderance of transposable elements in
the maize genome, it seems unlikely that large indels
are usually strongly deleterious, yet these population
data suggest they are measurably deleterious. The reso-
lution to this problem consists of two components. First,
the vast majority of the maize genome consists of retro-
transposons that insert into one another (SANMIGUEL ef
al. 1996); presumably the targeting of retrotransposons
into nonessential genic regions is evolutionarily favor-
able for element proliferation. Because of this targeting,
retrotransposons may be under different evolutionary
dynamics from the indels in our sample, none of which
are retrotransposons. Second, MITEs and Ds elements,
the only identifiable elements in our study, preferen-
tially insert into transcribed regions (BENNETZEN 2000),
suggesting some of our genetic loci are near coding
regions where insertions are more likely to be delete-
rious.

The forces affecting genetic diversity in maize: This
study offers several insights into the forces contributing
to genetic diversity in maize. First, there is no evidence
that Rand 0 are positively correlated, as expected under
hitchhiking and background selection models. Assum-
ing R provides reasonable estimates of recombination,
it thus appears likely that other effects—perhaps demog-
raphy—drive the correlation between Cand 6. Second,
the correlation between H,om and R suggests either
that recombination is mutagenic for microsatellite loci
or thata pattern of hitchhiking or background selection
is evident in markers that may be partially recovered
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from some historical events. However, one must ques-
tion whether the maize genome has sufficient gene den-
sity to permit extensive background selection, because
the strength of background selection depends on gene
density (PAYSEUR and NAcHMAN 2000). The lower the
gene density, the lower the deleterious mutation rate
and hence the lower the strength of background selec-
tion. In maize, the gene space is restricted to only 20%
of the genome (CARELS et al. 1995; BARAKAT et al. 1997)
and consequently the low recombination regions of
maize, where the effects of background selection are most
pronounced, may contain very few genes.
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