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ABSTRACT
Genetic linkage maps reveal the order of markers based on the frequency of recombination between

markers during meiosis. Because the rate of recombination varies along chromosomes, it has been difficult
to relate linkage maps to chromosome structure. Here we use cytological maps of crossing over based on
recombination nodules (RNs) to predict the physical position of genetic markers on each of the 10
chromosomes of maize. This is possible because (1) all 10 maize chromosomes can be individually identified
from spreads of synaptonemal complexes, (2) each RN corresponds to one crossover, and (3) the frequency
of RNs on defined chromosomal segments can be converted to centimorgan values. We tested our predic-
tions for chromosome 9 using seven genetically mapped, single-copy markers that were independently
mapped on pachytene chromosomes using in situ hybridization. The correlation between predicted and
observed locations was very strong (r2 � 0.996), indicating a virtual 1:1 correspondence. Thus, this new,
high-resolution, cytogenetic map enables one to predict the chromosomal location of any genetically
mapped marker in maize with a high degree of accuracy. This novel approach can be applied to other
organisms as well.

INTEGRATING genetic linkage maps with chromo- organized meiotic chromosomes. This is an important
point because the observed location of a gene on asome structure has been an important objective ever

since it was demonstrated that genes occur in a fixed chromosome (relative to the centromere) can be differ-
ent on mitotic compared to meiotic chromosomes, asorder on chromosomes (Sutton 1903; Bridges 1916).
demonstrated by Froenicke et al. (2002) for mouseLinkage maps are defined by the percentage of recombi-
chromosomes. Related observations indicate that differ-nation between markers [as expressed in centimorgans
ences in mitotic and meiotic chromosomes may affect(cM)] and reveal the linear order of markers. However,
the relative cytological distance between markers inthey do not contain information on the actual physical
plants as well (Stack 1984). In this regard, Drosophiladistance between markers, whether that distance is ex-
melanogaster has the best integration of cytological (chro-pressed as a cytological length (positions on chromo-
mosome), genetic (recombination), and physical (DNAsomes) or as a physical length (number of DNA base
sequence) aspects of the genome, but this integrationpairs). This is because crossing over is not evenly distrib-
is based on somatic polytene chromosomes (http://flyuted along chromosomes. Crossing over is suppressed
base.bio.indiana.edu/), not on meiotic chromosomesin heterochromatin and centromeres, and crossing over
where crossing over actually occurs. For these reasons,is variable even in euchromatin where most crossing
the position of individual genes along meiotic chromo-over occurs (Sherman and Stack 1995; Harper and
somes and the relation of gene position to meiotic re-Cande 2000; Anderson et al. 2003). As a result, linkage
combination are understood only in general terms formaps cannot be simply overlaid on chromosomes to
most organisms.determine the physical position of genes. Even detailed

Here we relate linkage maps to meiotic chromosomeinformation on the linear order of genes from a com-
structure in maize by using the distribution of cytologi-plete genome sequence cannot bridge the gap between
cally visible markers of crossing over called late recombi-linkage maps and chromosomes because DNA (as well
nation nodules (RNs) on individually identified pachy-as crossing over) is not evenly distributed along specially
tene chromosomes (Anderson et al. 2003). RNs are
proteinaceous, multicomponent, ellipsoids �100 nm in
diameter that are found in the central region of synapto-
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a total of 193 SCs identified as SC2 would be equal to a map1999). Evidence that RNs mark crossover sites include
length of (7 RNs � 50 cM/RN) � 193 SCs � 1.81 cM. Thisthe close correspondence between the frequency and
operation was performed for every 0.2-�m segment on each

distribution of RNs compared to chiasmata (e.g., Car- of the 10 maize SCs. Cumulative centimorgan maps were con-
penter 1979; Anderson et al. 2003), the presence of structed for each bivalent by adding the centimorgan values

for adjacent intervals along the length of the SC (startingan essential crossover protein (MLH1p) in RNs (Moens
from the tip of the short arm). The centimorgan RN (RN-et al. 2002), and the presence of MLH1p/RNs at chiasma
cM) maps for all maize chromosomes are available at http://sites (Marcon and Moens 2003). Because RNs can be
www.maizegdb.org.

observed only by electron microscopy of SCs in elongate Adjusting the UMC98 map to fit the cumulative RN-cM map:
pachytene bivalents, RNs represent the highest resolu- Because the UMC98 maize linkage maps are almost twice as

long as the RN-cM maps (Anderson et al. 2003), it was neces-tion markers available for determining the chromo-
sary to adjust the UMC98 marker positions proportionally tosomal location of crossing over. Each RN represents
fit onto the RN-cM map. The markers were converted usingone crossover (equivalent to 50 cM on a linkage map),
the following formulas where A is centimorgan length of the

so the frequency and distribution of RNs can be used short arm, B is centimorgan length of the long arm, C is
to prepare a detailed map of recombination along the centimorgan position of the centromere measured from the

tip of the short arm, a is centimorgan position of a markerphysical length of each of the 10 pachytene chromo-
in the short arm, and b is centimorgan position of a markersomes/SCs in maize (Anderson et al. 2003). Because RN
in the long arm. Subscripts UMC98 and RN indicate originmaps relate the amount of recombination to cytological
from the UMC98 and RN-cM maps, respectively. For short

position along pachytene chromosomes and linkage arm markers (aUMC98/AUMC98) � ARN � aRN. For long arm markers
maps report the amount of recombination relative to {[(bUMC98 � CUMC98)/BUMC98] � BRN} � CRN � bRN. The predicted

physical position of a marker in the short or long arm of agenes or other markers, it is now possible to combine
pachytene chromosome (SC position) was then determinedthese two approaches to directly relate genetically
by finding the 0.2-�m interval on the cumulative centimorganmapped markers to cytological position. Here, we use
RN map, which includes the adjusted marker position. All

our RN maps to predict the cytological location of se- features used to calculate the centimorgan and SC positions
lected linkage map markers on each maize chromo- for all 90 core bin markers are in the appendix.

In situ hybridization: The bacterial artificial chromosomesome. The predicted locations of seven markers on chro-
(BAC) 60.j16 (encompassing the marker crcbr58r with a ge-mosome 9 were tested using in situ hybridization (ISH)
netic map position of 96.1 cM on chromosome 9) from Du-of single-copy DNA sequences. The predicted and ob-
pont was localized using procedures described by Sadder and

served locations of the markers on chromosome/SC 9 Weber (2002). Data concerning all other markers used here
were highly correlated, indicating a virtual 1:1 match. have been published (Shen et al. 1987; Sadder et al. 2000;

Koumbaris and Bass 2003).From this we conclude that high-resolution RN maps
can be used to accurately predict the cytological location
of any genetically mapped marker.

RESULTS

Predicting the cytological position of genetically
MATERIALS AND METHODS mapped markers: The frequency of RNs in each 0.2-

�m interval for each of the 10 maize pachytene SCs wasPreparing recombination maps on pachytene bivalents: Us-
ing SC spreads from the inbred strain KYS, the locations of converted to a centimorgan value and then summed
centromeres and RNs were measured on each of the 10 maize along the length of each SC to produce a cumulative
pachytene bivalents (Anderson et al. 2003). Briefly, a standard centimorgan map based on RNs (RN-cM map) for each
SC karyotype was developed in which each SC was identified

bivalent (Figure 1, SCs 1–10). These maps are basedby relative length and arm ratio. This SC karyotype is very
on the positions of 4267 RNs from 2080 individuallysimilar to karyotypes developed from pachytene chromosome

squashes. Using the SC karyotype and an average measured identified SCs (Anderson et al. 2003). Although each
length of 331 �m for a complete set of SCs, the average bivalent has a unique pattern of RNs (and a correspond-
absolute length of each SC arm was established to the nearest ingly unique centimorgan map), all 10 SCs show the
0.1 �m. The locations of RNs on identified SCs were deter-

same general trends with high levels of crossing overmined as percentages of the arm length from the centromeres,
distally on each arm and reduced crossing over proxi-and these values were then converted to absolute positions in

micrometers on each of the 10 standardized SCs. The locations mally (near the centromeres). The number of centi-
of 4267 RNs on 2080 individually identified SCs from 47 plants morgans per 0.2-�m interval was typically 0 near the
were compiled in 0.2-�m intervals (Anderson et al. 2003). SC centromeres of all SCs while the maximum centimorgan
lengths that were not evenly divisible by 2 (SCs 3, 5, 6, 8,

value for a single distal interval ranged from 2.56 cM9, and 10) have one larger 0.3-�m SC segment nearest the
for SC9 to 4.85 cM for SC4.centromere in either the short or the long arm. One RN

represents a crossover between two homologous, nonsister Once the centimorgan value of each 0.2-�m interval
chromatids, which yields two recombinant and two parental is determined, it is possible to relate a specific genetically
chromatids for a recombination frequency of 50% (or 50 cM). mapped marker to a particular position on a chromo-
On this basis, RN frequency was converted to centimorgans

some. Certain markers (called core bin markers) wereby multiplying the number of RNs in each 0.2-�m SC segment
selected by Davis et al. (1999) to enable different link-by 50 cM and then dividing by the number of SCs observed.

For example, 7 RNs observed in a single 0.2-�m segment from age maps from maize and other grasses to be related
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Figure 1.—Cumulative centi-
morgan maps derived from RNs,
showing the distribution of crossing
over along the length (in 0.2-�m
intervals on the x-axis) for each biva-
lent of maize. The total map length
based on RNs is given for each SC.
Each SC is illustrated just above the
lower x-axis with its short arm to the
left and its centromere (C) indi-
cated by a vertical line. On the up-
per x-axis, each SC arm has been
divided into 10% length intervals.
These designations are commonly
used to indicate the location of
translocation breakpoints. The pre-
dicted location of each core bin
marker from the UMC98 map is
marked by a solid circle on the cu-
mulative centimorgan curves, and
the predicted location of the
marker on the chromosome/SC is
indicated by a drop-down line. Core
bin markers are numbered in series
from the short arm to the long arm
(see appendix).
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to one another. Core bin markers are separated by �20 phy. Nevertheless, the ISH procedure is essentially the
same, and autoradiography yields results that are com-cM on each chromosome. Because of their utility and

more or less even genetic spacing, we chose to map the parable to fluorescence in situ hybridization (FISH). In
addition, the observed ISH position of the wx1 locuslocation of these markers on the SCs. A number of

different linkage maps are available for maize, but we close to the centromere in the short arm of chromosome
9 is consistent with linkage and comparative grass ge-used the UMC98 linkage map here because this map is

finished, has many markers that are shared with other nome analyses (Ramakrishna et al. 2002). The differ-
ences between the predicted and observed chromo-linkage maps, and includes the genetic locations of cen-

tromeres (http://www.maizegdb.org; Davis et al. 1999). somal location of the sequences ranged from 0.02 �m
(wx1) to 0.84 �m (csu54b ; Table 1; Figure 2). TheseFor each bivalent, the UMC98 linkage map is longer,

i.e., more total map units, than the cumulative centi- values represent differences of �0.1 and 3.3%, respec-
tively, of the total length of SC9. When the observedmorgan RN map (Davis et al. 1999; Anderson et al.

2003), so the centimorgan value of each core bin marker and predicted locations of the seven markers are plotted
(Figure 3), the regression equation (y � 1.01x � 0.04,was adjusted proportionally on an arm-by-arm basis to

fit onto the corresponding RN map. The adjusted centi- r 2 � 0.996) indicates a virtual 1:1 correspondence. Simi-
lar plots using the IBM2 neighbors frame 9 map (http://morgan value of each core bin marker was placed onto

the RN-cM map to predict the physical location of each www.maizegdb.org; Lee et al. 2002) also gave an excel-
lent correspondence between observed and predictedmarker on the appropriate pachytene chromosome

(Figure 1; SCs 1–10). marker locations (y � 0.98x � 0.62, r 2 � 0.996). In
comparison, the correspondence between the observedVariability in crossover rates along maize chromo-

somes is demonstrated by the differences in the spacing ISH positions of the markers with the predicted posi-
tions based simply on their relative (%) positions in theof the predicted location of core bin markers. Markers

are closer to one another in distal regions that have UMC98 linkage map is not as good (r 2 � 0.90), and a
number of points are clearly off the regression linehigh levels of crossing over than in proximal regions

with low levels of crossing over. In some cases, the mark- (Figure 3). It appears that the RN-cM map helps to fine-
tune the predicted location of the markers because iters are spaced more or less evenly at the distal ends of

arms (e.g., 1S, 2L, 6L, and 8L), while in other cases, the corrects for differences in recombination rate along the
length of chromosome 9.spacing between markers is more variable (e.g., 3S, 3L,

and 4L). The spacing variations for core bin markers Predicted genetic positions of centromeres corre-
spond well to other estimates of centromere geneticon SCs 3 and 4 are due to both differences in spacing

between the markers in the UMC98 maps (with separa- position: It is possible that there are substantial differ-
ences in the centromere locations estimated by genetictions between markers of 5–12 cM rather than the typi-

cal 20 cM) and differences in recombination (RN) fre- maps and those observed on SCs (where centromeres
are directly visible). To test this, we compared the ge-quency along the SCs.

Predicted cytological locations of genetic markers are netic centromere positions from the UMC98 maps with
those shown on our RN-cM maps (Table 2). The corre-almost identical to cytological positions determined by

in situ hybridization: Pachytene chromosome identifica- spondence was good (r 2 � 0.84) with the largest differ-
ence noted for chromosome 6 that carries the nucleolar-tion is based on squash preparations in which each

bivalent can be identified by its characteristic arm ratio organizing region on the short arm. With the exception
of chromosome 6, the differences in centromere posi-and relative length within the set (McClintock et al.

1981). These same characters can be used to accurately tion are probably not great enough to have a large effect
on the predicted cytological position of markers.identify maize pachytene chromosomes in squash prepa-

rations for both ISH and SC spreads (Shen et al. 1987;
Sadder and Weber 2002; Anderson et al. 2003; Koum-

DISCUSSION
baris and Bass 2003). Thus, the features of pachytene
chromosome structure used for identification do not Integration of RN-cM maps with genetic linkage maps

to predict the cytological location of markers: While achange with different preparative procedures, and
marker locations can be reliably compared whether RN linkage map represents the linear order of markers and

the frequency of recombination between markers on amaps on SCs or ISH markers on pachytene chromo-
somes are used. chromosome, usually this map is related to the physical

structure of the chromosome in only a general way. OneWe tested the predicted positions of markers on chro-
mosome 9 using seven different single-copy sequences reason for this is that the rate of recombination varies

in different parts of the genome (e.g., Sherman andthat have been independently mapped using ISH (Shen
et al. 1987; Sadder et al. 2000; Sadder and Weber 2002; Stack 1995; Sharopova et al. 2002). Thus, two markers

located in a chromosomal region with a high rate ofKoumbaris and Bass 2003). Each of these studies used
fluorescent detection of markers except Shen et al. crossing over may be physically close together but sepa-

rated by a comparatively large linkage map distance,(1987) who localized the wx1 locus using autoradiogra-
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TABLE 1

Predicted and observed locations for seven markers on maize SC/chromosome 9

Location of marker on SC
(micrometers from tip

Centimorgan position of short arm)
Difference (�m) in

Symbol in UMC98 Adjusted for Predicted from Observed by marker positions
Marker Figure 2a map RN mapb RN map ISHc (% of total SC length)

umc109 1 15.5 9.1 1.0 1.8 0.8 (3.3)
bz1 2 39.3 23.1 3.4 3.1 0.4 (1.4)
umc105a a 54.7 32.1 4.6 3.9 0.7 (2.7)
wx1 3 63.7 37.4 8.2 8.2 0.02 (0.1)
60.j16 b 96.1 58.1 20.1 20.1 0.04 (0.2)
csu145a c 105.4 64.0 21.3 21.8 0.5 (2.0)
csu54b 8 150.4 92.7 25.5 24.7 0.8 (3.3)

a Core bin markers are indicated by numerals while other markers are indicated by letters.
b See materials and methods for calculation details.
c Calculated from ISH marker position as a percentage of arm length.

and vice versa for markers located in regions with low the mapping is not influenced by inherent differences
in the relative degree of chromosome condensation ofrates of crossing over (e.g., Gill et al. 1996; Harper and

Cande 2000; Künzel et al. 2000; Sadder and Weber euchromatin and heterochromatin. In addition, al-
though maize chromosomes continue to contract dur-2002; Koumbaris and Bass 2003).

RN-cM maps provide an opportunity to bridge the ing pachytene (Gillies 1973), the contraction is consis-
tent among all the chromosomes in a set and does notgap between linkage maps and meiotic chromosome

structure. RNs are high-resolution markers of crossing substantially affect arm ratio or relative length (Ander-
son et al. 2003). The difficulty of single-copy ISH map-over on pachytene chromosomes (Anderson et al. 2003)

that can be used to directly convert linkage map position ping in maize limited the number of markers that were
available to compare with our RN-cM predictions. Nev-to chromosome position on the basis of crossover fre-

quency. We used this property to predict the location ertheless, for chromosome 9, we were able to compare
the positions of seven single-copy ISH markers with ourof core bin markers on each of the 10 bivalents of maize.

Currently, the best method available for testing our predictions from the RN-cM map. This comparison re-
vealed a virtual 1:1 correspondence (Figures 2 and 3).predictions in maize is by comparisons with single-copy

DNA markers that have been localized to pachytene This excellent correspondence indicates that (1) pachy-
tene chromosome structure is not changed substantiallychromosomes using ISH. Since RNs and ISH markers

are both mapped on pachytene chromosomes (SCs),

Figure 3.—Plots comparing observed and predicted posi-
tions of seven UMC98 markers on maize chromosome 9. Trian-Figure 2.—Comparison of the predicted (solid circles on

cumulative centimorgan curve and drop-down lines) and ob- gles are from the RN-cM map. Open circles are from the
UMC98 map with each marker expressed as a percentage ofserved (by ISH, arrows) location of genetically mapped mark-

ers on maize chromosome 9 (drawn in bottom part of graph). the total chromosome centimorgan map length. The pre-
dictive power of the RN map comparison (y � 1.01x � 0.04,The numbers correspond to core bin markers and the letters

correspond to other genetically mapped markers that have r2 � 0.996, solid line) is better than that of the UMC98 map
comparison (y � 0.71x � 3.88, r2 � 0.900, broken line).been localized by ISH (see Table 1).
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TABLE 2 ping, which is higher resolution and not compromised
by nonhomologous synapsis. In addition, RN-cM mapsComparison of centromere positions for
supply a valuable comparison for cytological mappingUMC98 and RN maps
using radiation hybrids (Riera-Lizarazu et al. 2000).

Two other studies, one in tomato and one in mouse,Centromere position (cM)a

have combined FISH of genetically mapped markers
RN-cM UMC98 Difference with cytological crossover maps based on RNs andSC map mapb (%)c

MLH1 fluorescent foci, respectively (Peterson et al.
1 60.6 66.3 5.6 (4.2) 1999; Froenicke et al. 2002). Unfortunately, Peterson
2 58.1 53.0 5.1 (4.3) et al. (1999) were unable to directly compare the molec-
3 46.3 47.1 0.8 (0.8) ular and cytological maps for three markers on chromo-4 46.7 44.5 2.2 (2.0)

some 11 because the order of the markers was different5 53.9 58.8 4.9 (4.4)
in the two maps, perhaps indicating a small re-6 27.6 13.9 13.7 (15.1)
arrangement in one of the tomato populations used for7 28.9 30.9 2.0 (2.1)

8 30.2 24.6 5.5 (6.1) mapping. On the other hand, Froenicke et al. (2002)
9 37.6 39.5 1.9 (2.0) found a good correspondence between the position ex-

10 27.5 33.2 5.7 (7.4) pected from the MLH1 map and the position observed
by FISH for five genetically mapped markers on twoa From end of short arm.

b Adjusted to RN-cM map. mouse chromosomes. However, because each of the
c Percentage difference values are the same when using two chromosomes had only two or three markers for

UMC98 map. comparison, Froenicke et al. (2002) were not able to
rigorously test the correspondence between the ex-
pected and observed positions.

by the different procedures used for ISH and for prepar- Correspondence between RN-cM maps and linkage
ing SC spreads and (2) RN-cM maps and linkage maps maps: The correspondence between the marker posi-
are closely related (even though the maps differ in over- tions predicted by the RN-cM map and those observed
all length). Most importantly, these results demonstrate by ISH on maize chromosome 9 is particularly striking
that by using these RN-cM maps it is possible to predict when one considers the variables involved in the com-
the cytological position of any genetic marker in maize parison. For example, the observed ISH marker loca-
on the basis of its map position relative to the UMC98 tions were from four different groups using somewhat
linkage map. different methods. The good correspondence indicates

While the correspondence between the predicted and that our RN-cM map is useful in positioning markers
observed locations of markers for chromosome 9 is very regardless of the source of the ISH data. Another impor-
good, it should be kept in mind that the RN-cM map tant difference is that the UMC98 linkage map [as well
is compiled from the positions of 434 RNs on 234 SCs as other maize linkage maps (Anderson et al. 2003)] is
placed onto an average SC 9 and the ISH maps are about twice as long as the RN-cM map. The reason(s)
based on the average position of ISH markers similarly for the discrepancies in map lengths is unclear, but
placed onto an average pachytene chromosome 9. Nev- there are a number of differences in the procedures and
ertheless, our results demonstrate the utility of this ap- populations used to generate the maps. The UMC98
proach in determining the location of specific markers linkage map is based on analysis of an immortal F2 popu-
on maize chromosomes. In addition, the location of lation of a genetic cross between two inbred lines (Tx303
any marker can be individually estimated, and it is not and CO159; Davis et al. 1999) and includes both male
necessary to interpolate the position of a marker of and female recombination. In comparison, the RN-cM
interest on the basis of its proximity to an anchored map is based on cytological observations of male cells
marker on a chromosome. Such interpolations can be from a single inbred line, KYS. Several investigators have
seriously affected by variation in recombination fre- reported differences in recombination frequency re-
quency along the length of the chromosomes. Because lated to such variables as environmental conditions, dif-
recombination variation is directly charted by RN-cM ferent inbred lines, and different crosses in maize (Wil-
maps, better estimates of marker position are possible. liams et al. 1995; Anderson et al. 2003). Other potential

To date, cytological and molecular maps in maize contributors to the differences are the type of computer
have been merged primarily using A-A and B-A translo- program used to assemble the molecular maps and the
cations (Weber and Helentjaris 1989; Beckett 1991). value chosen in the computer program to indicate the
While genetic mapping of translocation breakpoints can strength of interference (see discussion by King et al.
be precise (Beckett 1991), cytological mapping is often 2002). Another possibility is that the RN-cM map is too
complicated by nonhomologous synapsis in the vicinity small because some RNs are lost at random. However,
of the breaks that obscures the true breakpoints (Long- this is unlikely because there should be many more SCs
ley 1963). RN-cM maps provide a complementary ap- with no RNs than are observed (Anderson et al. 2003).

In any case, on the basis of the close correspondenceproach to the use of translocations for cytological map-
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between predicted and observed marker locations on
chromosome 9, the differences between the RN-cM and
linkage maps appear to be distributed proportionally
along the entire length of the chromosome, at least at
the resolution examined. These results also indicate that
the RN-cM and the UMC98 maps are closely related
measures of crossing over.

The presence of mapped centromeres in the UMC98
linkage map aided the positioning of markers on the
chromosomes. This is because the low frequency of
crossing over and the rather flat cumulative centi-
morgan map in pericentromeric regions means that
resolution around centromeres is low. Indeed, when we
ignored the position of the centromeres and mapped
the predicted location of the seven markers on chromo-
some 9 from the tip of the short arm by simply multi-
plying their UMC map positions by the ratio of the RN-
cM map length to the UMC98 map length, wx1 mapped
to the long arm (11.9 �m) rather than to the short arm
(8.2 �m) where it has been located by ISH, linkage,
and comparative genome analyses. In contrast, four of
the other six more-distal markers changed position only
slightly (0.2–0.4 �m or 0.7–1.4% of the total length of
SC 9). Thus, predicting the location of markers as a
function of their distance from the centromere is partic-
ularly important for markers around centromeres.

Integration of the RN-cM and linkage maps reveals
that most of the linkage map (including core bin mark-
ers and genes) is located distally (Figures 1 and 4). This
suggestion is also supported by the observation that
genes are hot spots for recombination (Civardi et al.
1994; Schnable et al. 1998; Fu et al. 2001, 2002; Yao et
al. 2002). A similar clustering of genes in distal regions
of chromosomes has been reported for other cereal
grains (e.g., Gill et al. 1996).

Resolution of the RN-cM map: The resolution of the
RN-cM map is based on the 1671 0.2-�m SC segments
that were used for mapping. Segments this size corre-
spond to 0.4% (SC1) to 0.9% (SC10) of pachytene chro-
mosome length. The resolution of the maize RN-cM
map in terms of DNA amount can be calculated to be
�1.6 Mbp of DNA per 0.2-�m segment (2675 Mbp per
1C DNA � 1671 segments; Bennett et al. 2000). How-
ever, this calculation assumes that the DNA is evenly
distributed along the length of each chromosome. In
tomato, heterochromatic regions of pachytene chromo-
somes contain about six times more DNA per microme-
ter of SC than do euchromatic regions (Peterson et al.
1996). While the heterochromatin of maize (aside from
knobs) is not as prominent as that of tomato, the
amount of DNA per SC length in the more heterochro-
matic proximal segments of maize pachytene chromo-
somes (Carlson 1988) is undoubtedly higher than the
average value of 1.6 Mbp per segment, while that of the
more distal, gene-rich, euchromatic regions is conse-
quently lower than the average value. Thus, the resolu-Fi
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tion of RN-cM maps in distal regions may approach the
0.5–1.0 Mbp resolution for cytological mapping ex-
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Florida State University Research Foundation (to H.B.); and Eiselens-pected from radiation hybrids (Riera-Lizarazu et al.
tiftung, Ulm, Germany (to G.W.).2000).

In terms of centimorgans, the resolution of the RN-
cM map can be calculated to average �0.62 cM per 0.2-
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APPENDIX

Conversion of core bin markers from UMC98 linkage map to a predicted position on the appropriate SC

UMC98 marker position

As fraction of Corresponding Position as
Centimorgan cM map from Converted to RN- absolute position on fractional length of

Locus Bin (cM) centromere cM map SC/chromosomea arm from centromere Arm

tub1 1.01 11.0 0.91 5.4 1.0 0.95 S
umc157(chn) 1.02 29.8 0.76 14.7 2.6 0.88 S
umc76 1.03 48.4 0.61 23.9 4.0 0.82 S
asg45(ptk) 1.04 74.0 0.40 36.5 7.0 0.68 S
csu3 1.05 88.5 0.28 43.6 9.0 0.58 S
umc67a 1.06 112.9 0.08 55.7 15.2 0.30 S
cent1 1.06 123.0 0.00 60.6 21.6 0.00 C
asg62 1.07 142.8 0.16 72.2 31.0 0.34 L
umc128 1.08 168.1 0.36 87.0 38.6 0.62 L
cdj2 1.09 180.7 0.46 94.3 41.8 0.74 L
umc107a(croc) 1.10 199.2 0.60 105.1 44.8 0.85 L
umc161a 1.11 219.3 0.76 116.8 46.6 0.91 L
bnl6.32 1.12 245.2 0.97 131.9 48.8 0.99 L
bnl8.45a 2.01 0.00 1.00 0.0 0.0 1.00 S
umc53a 2.02 12.4 0.87 7.7 0.6 0.97 S
umc6a 2.03 50.6 0.46 31.6 3.8 0.80 S
umc34 2.04 70.2 0.25 43.9 7.0 0.63 S
umc131 2.05 90.4 0.03 56.5 14.8 0.22 S
cent2 2.05 93.0 0.00 58.1 18.9 0.00 C

(continued)
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APPENDIX

(Continued)

UMC98 marker position

As fraction of Corresponding Position as
Centimorgan cM map from Converted to RN- absolute position on fractional length of

Locus Bin (cM) centromere cM map SC/chromosomea arm from centromere Arm

Umc255a 2.06 120.3 0.24 72.5 30.8 0.58 L
umc5a 2.07 133.8 0.36 79.6 33.4 0.71 L
asg20 2.08 149.2 0.49 87.7 34.8 0.78 L
umc49a 2.09 171.9 0.69 99.6 37.2 0.89 L
php20581b(tb) 2.10 200.2 0.94 114.5 39.0 0.98 L
umc32a 3.01 0.00 1.00 0.0 0.0 1.00 S
csu32 3.02 13.9 0.80 9.1 1.4 0.89 S
asg24a(gts) 3.03 37.6 0.47 24.6 3.0 0.76 S
asg48 3.04 42.8 0.40 27.9 3.6 0.71 S
umc102 3.05 67.9 0.04 44.3 7.8 0.37 S
cent3 3.05 70.9 0.00 46.3 12.3 0.00 C
bnl65.37a 3.06 87.0 0.17 57.1 22.9 0.43 L
bnl6.16a 3.07 108.3 0.39 71.5 29.5 0.69 L
umc17a 3.08 117.5 0.49 77.7 30.9 0.75 L
umc63a 3.09 139.9 0.72 92.8 34.5 0.90 L
cyp1 3.10 164.8 0.98 109.6 36.9 0.99 L
agrr115 4.01 0.00 1.00 0.0 0.0 1.00 S
php20725a 4.02 20.9 0.71 13.5 1.0 0.93 S
umc31a 4.03 35.1 0.52 22.7 2.0 0.86 S
npi386(eks) 4.04 49.3 0.32 31.9 3.6 0.74 S
agrr37b 4.05 61.7 0.15 39.9 6.4 0.54 S
cent4 4.05 73.0 0.00 47.2 13.8 0.00 C
umc156a 4.06 78.4 0.05 50.4 18.2 0.20 L
umc66a(lcr) 4.07 101.9 0.28 64.2 25.4 0.54
umc127c 4.08 114.0 0.40 71.3 28.0 0.66 L
umc52 4.09 134.5 0.60 83.4 32.0 0.84 L
php20608a 4.10 153.7 0.79 94.7 34.0 0.94 L
umc169 4.11 169.7 0.94 104.1 35.0 0.98 L
npi409 5.01 11.6 0.88 6.7 0.8 0.95 S
umc90 5.02 36.3 0.61 21.1 2.2 0.87 S
tub4 5.03 55.0 0.41 31.9 3.6 0.79 S
bnl4.36 5.04 86.7 0.07 50.3 11.6 0.32 S
cent5 5.04 93.0 0.00 53.9 17.0 0.00 C
csu93b 5.05 101.1 0.10 59.5 24.5 0.40 L
umc126a 5.06 121.0 0.34 73.3 29.9 0.69 L
umc108 5.07 134.0 0.50 82.3 32.5 0.83 L
bnl5.24a 5.08 153.3 0.74 95.7 34.1 0.91 L
php10017 5.09 174.8 1.00 110.6 35.7 1.00 L
umc85a 6.01 22.8 0.12 24.4 4.6 0.43 S
cent6 6.01 25.8 0.00 27.6 8.1 0.00 C
umc59a 6.02 34.7 0.06 31.5 13.1 0.23 L

(continued)
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(Continued)

UMC98 marker position

As fraction of Corresponding Position as
Centimorgan cM map from Converted to RN- absolute position on fractional length of

Locus Bin (cM) centromere cM map SC/chromosomea arm from centromere Arm

npi393 6.03 47.2 0.15 37.0 16.1 0.37 L
umc65a 6.04 62.4 0.26 43.7 18.9 0.51 L
umc21 6.05 82.6 0.40 52.6 22.5 0.67 L
umc38a 6.06 113.3 0.61 66.2 25.9 0.83 L
umc132a(chk) 6.07 129.9 0.73 73.5 27.3 0.90 L
asg7a 6.08 156.9 0.92 85.5 28.9 0.97 L
asg8(myb) 7.01 22.8 0.53 13.5 1.4 0.82 S
asg34a(msd) 7.02 43.5 0.11 25.7 4.8 0.38 S
cent7 7.02 49.0 0.00 28.9 7.7 0.00 C
asg49 7.03 66.1 0.17 40.0 16.8 0.43 L
umc254 7.04 91.5 0.43 56.6 23.4 0.74 L
umc245 7.05 116.3 0.68 72.7 26.0 0.87 L
umc168 7.06 137.5 0.90 86.5 28.2 0.97 L
npi220a 8.01 0.0 1.00 0.0 0.0 1.00 S
bnl9.11a(lts) 8.02 30.6 0.39 18.5 2.8 0.60 S
umc124a(chk) 8.03 49.3 0.01 29.7 5.8 0.17 S
cent8 8.03 50.0 0.00 30.2 7.0 0.00 C
bnl7.08a 8.04 62.9 0.10 36.0 12.5 0.26 L
bnl2.369 8.05 81.0 0.23 44.1 19.1 0.57 L
csu31a 8.06 105.5 0.42 55.2 23.1 0.76 L
npi268a 8.07 128.6 0.59 65.6 24.7 0.84 L
npi414a 8.08 144.7 0.71 72.8 26.1 0.91 L
agrr21 8.09 167.2 0.88 83.0 27.7 0.98 L
umc109 9.01 15.5 0.76 9.2 1.0 0.86 S
bz1 9.02 39.3 0.39 23.2 3.4 0.61 S
wx1 9.03 63.7 0.00 37.6 8.2 0.06 S
cent9 9.03 64.0 0.00 37.8 8.7 0.00 C
csu147 9.04 72.8 0.10 43.5 14.7 0.36 L
umc95 9.05 86.1 0.26 52.0 17.9 0.55 L
csu61a 9.06 104.4 0.47 63.7 21.3 0.75 L
asg12 9.07 121.2 0.66 74.5 22.9 0.85
csu54b 9.08 150.4 1.00 93.2 25.5 1.00
php20075a(gast) 10.01 7.2 0.88 3.4 0.4 0.94 S
npi285a(cac) 10.02 24.8 0.57 11.8 1.0 0.85 S
umc130 10.03 50.7 0.13 24.1 3.2 0.52 S
cent10 10.03 58.0 0.00 27.5 6.6 0.00 C
umc64a 10.04 61.0 0.04 29.5 10.9 0.27 L
umc259a 10.05 80.5 0.29 42.1 18.3 0.74 L
umc44a 10.06 97.7 0.52 53.2 19.7 0.82 L
bnl7.49a(hmd) 10.07 114.1 0.73 63.8 21.1 0.91 L

Chromosome/SC number is indicated by the first number in the bin column. S, short; C, centromere; L, long.
a Micrometers from tip of short arm as predicted from the RN-cM map, except centromeres that are measured directly from

SCs.




