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ABSTRACT

Advances in next-generation sequencing technology have facilitated the discovery of single nucleotide
polymorphisms (SNPs). Sequenom-based SNP-typing assays were developed for 1359 maize SNPs
identified via comparative next-generation transcriptomic sequencing. Approximately 75% of these SNPs
were successfully converted into genetic markers that can be scored reliably and used to generate a SNP-
based genetic map by genotyping recombinant inbred lines from the intermated B73 X Mo17 population.
The quantitative nature of Sequenom-based SNP assays led to the development of a time- and cost-
efficient strategy to genetically map mutants via quantitative bulked segregant analysis. This strategy was
used to rapidly map the loci associated with several dozen recessive mutants. Because a mutant can be
mapped using as few as eight multiplexed sets of SNP assays on a bulk of as few as 20 mutant F
individuals, this strategy is expected to be widely adopted for mapping in many species.

TH the availability of a sequenced genome it is

feasible toundertake chromosome walking projects
to clone genes responsible for mutant phenotypes
(ALLEMAN et al. 2006; BRIGGS et al. 2007; MENZEL el al.
2007; SONG et al. 2007) and quantitative trait loci (QTL)
(GLAZIER et al. 2002; KORSTANJE and PAIGEN 2002; SALVI
et al. 2007). However, it can be logistically difficult and
time-consuming to map mutants with current technol-
ogies. A high-throughput system to map phenotypic
mutants would be very useful in converting the wealth of
phenotypic mutants into an understanding of the
molecular basis.

Single nucleotide polymorphisms (SNPs) can be
converted into genetic markers that are scored in
mapping populations using various high-throughput
SNP-typing technologies (GABRIEL and ZIAUGRA 2004;
GUNDERSON et al. 2005; Hut et al. 2008). High-through-
put SNP discovery (MARTH et al. 1999; WECKX et al. 2005;
ZHANG et al. 2005; BARBAZUK et al. 2007; H. L1 et al. 2008;
R. Lt et al. 2009) and genotyping technologies have
simplified the generation of genetic maps and the
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analysis of recombinants (SHIFMAN et al. 2006). Dense
maps in economically important crops will be invaluable
for marker-assisted selection programs (PRIGGE et al.
2009), analyzing linkage disequilibrium (KRUGLYAK
2008; WANG et al. 2008), detection of intraspecies cis-
regulatory variation (STUPAR and SPRINGER 2006), and
other quantitative genetic studies (COOKSON et al. 2009).

Maize (Zea mays L.) is an important model organism
with substantial economic value. In this species, SNPs
occuratarate of one per 28-214bp (TENAILLON et al. 2001;
BARBAZUK et al. 2007). Using our 454-based SNP discovery
pipeline, we identified >7000 putative SNPs, >85% (94/
110) of which could be validated via Sanger sequencing
(BARBAZUK et al. 2007). Here, we report the analysis
of 1359 of these putative SNPs. Approximately 75% of
the tested SNPs could be converted into genetic markers,
and only ~3% were deemed to be false positives. These
SNP-based markers were used to construct a genetic map
that can be used to address diverse biological questions.
Finally, we apply the combination of quantitative SNP
typing and bulked segregant analysis (BSA) (MICHELMORE
et al. 1991) to efficiently map phenotypic mutants.

MATERIALS AND METHODS

Genetic materials: Using a high-throughput protocol
(DieTRICH et al. 2002), leaf DNA was extracted from the
inbred lines B73 and Mo17 [the parents of the intermated
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B73 X Mol17 (IBM) recombinant inbred lines (RILs)], the
297 IBM RILs (Fu et al. 2006) (Table S1, supporting
information), the 25 non-B73 parents of the nested associ-
ation mapping (NAM) population (YU et al. 2008), and
mutant and non-mutant pools of DNAs for BSA. For BSA,
tissues from all mutant (or non-mutant) individuals from
within the same Fy family were pooled, and a single DNA
isolation was performed or DNA was isolated from each
individual and then equal amounts from each individual
were bulked. The two methods gave similar results.

SNP typing: A total of 1393 putative SNPs flanked by
~60 bp on each side (121 bp total) were submitted to
Sequenom’s primer design software (MassARRAY Assay De-
sign 3.0). Of these, it was possible to design primers for 1359
(98%) SNPs that were grouped into 48 multiplex assays. The
majority of these multiplex assays (41/48) contained 29
SNPs; the remaining seven multiplexes each contained
between 18 and 28 SNPs (Table S2). These 1359 SNP
assays were used to genotype B73, Mol7, 297 IBM RILs,
and the 25 NAM parents. Experiments were conducted
following the Sequenom iPLEX Assay application note
(OETH et al. 2005). Genotyping data were acquired using
the Sequenom MassARRAY and processed using Sequenom
Typer3.4 software.

Map construction: A genetic map was constructed using the
1049 dominant and codominant markers (Table 1) that
yielded genotyping scores for at least 268 of the 297 IBM RILs
(Fu et al. 2006). Genotyping scores (Table S3) were analyzed
using the MultiPoint mapping software package (population
type: “RIL-selfing”; initial threshold recombination rate, 0.15;
final threshold recombination rate, 0.43) (MESTER et al. 2003,
2004). Genetic distances were calculated using Kosambi
function and then corrected using IRILmap software (FALQUE
et al. 2005; Fu et al. 2006).

As expected, on the basis of the multiple generations of
inbreeding used to develop the IBM RILs, most of the RILs were
heterozygous at <20 of 909 codominant markers. But 6 RILs
were heterozygous for >67 of the 909 codominant markers
(Table S1). A total of 1016 codominant and dominant SNP
markers (Table 1) were mapped using the 291 IBM RILs that
remained.

Data quality and validation: The quality of the Sequenom-
based genotyping scores was evaluated using three types of
controls. First, SNPs located in MAGIs [maize assembled
genomic islands (Fu et al. 2005) ] (which average a few kilobases
in size) that had previously been mapped using temperature
gradient capillary electrophoresis genotyping technology (Hs1a
et al. 2005) were mapped using Sequenom technology (Table
S4). Second, pairs of SNPs from the same MAGI were mapped
(Table S5). Third, the same SNP was mapped using different
Sequenom PCR primers or extension primers (Table S6).

Quantitative SNP typing and BSA: Selection of a set of 124 SNP
markers for BSA: A set of eight multiplex Sequenom assays,
which in combination detected 232 different SNPs and were
originally designed for analysis of allelic variation (STUPAR
et al. 2007), were used to perform BSA. To perform BSA, it is
critical to use SNP markers that are robust and highly
quantitative. Several quality control measures were em-
ployed to identify SNP markers that provide robust, quanti-
tative data. Assays were removed if they failed to provide
product (45 markers), did not detect a polymorphism (33
markers), or were not highly correlated with the input ratio
when tested against a series of controls (30 markers).
Following these quality control steps, a set of 124 robust
markers involving eight multiplex reactions remained. The
genetic map position for each of these markers was inferred
on the basis of BLAST alignments to sequenced maize BACs
and tests of the map position for other markers within the

same BAC contig. These 124 SNP markers were used to
analyze bulk DNA samples created for each of the EMS-
induced mutants listed in Table S7. Reaction conditions
were as described above and the data were extracted using
the Sequenom’s allelotyping process method. The resulting
data provided an estimate of the relative frequency of the
B73 and Mo17 alleles for each SNP in each mutant pool. The
relative enrichment for the B73 allele was calculated for each
SNP in each sample by calculating the difference between
the measured frequency of the B73 allele and the trimmed
mean of the frequency of the B73 allele at that SNP.

Data analysis of BSA using 1016 SNP markers: BSA demands
codominant markers that can clearly distinguish mutant and
non-mutant alleles. A codominant SNP marker should yield
two allele-specific Sequenom peaks, and the sizes of these
peaks (peak areas) are expected to represent the relative
frequencies of the corresponding alleles in a pool of individ-
uals. Pools of mutant and non-mutant DNA were prepared by
bulking samples from mutant plants and non-mutant plants
within a segregating family generated from a self-pollination
cross of a plant heterozygous for mutant and non-mutant
alleles. Because not all SNP markers will generate codominant
peak patterns in the mutant populations, only those markers
that met the following criteria were selected for mapping
analysis: (1) both peak areas in the non-mutant pool were
greater than an arbitrary cutoff value (20-30 arbitrary units)
and (2) at least one peak area in the mutant pool was greater
than this cutoff. In the mutant pool, markers that are not
linked to the mutant gene of interest are expected to segregate
for both peaks in a 1:1 allele ratio. In contrast, markers linked
to the mutated gene are expected to exhibit deviations from a
1:1allele ratio. The ratio of the peak areas of the two alleles was
used to estimate the allele ratio. For a given SNP, the allele
ratio for a mutant pool (mutant ratio) was defined as the ratio
of the smaller peak area (designated as allele 1 in the assay) to
that of the larger peak area (designated as allele 2). The non-
mutant allele ratio was then calculated by dividing the peak
area of allele 1 by that of allele 2 but using data from the non-
mutant pool.

RESULTS

SNP validation and map construction: A total of 1359
putative maize SNPs (derived from 1290 unique geno-
mic sequence contigs) that we identified previously
(BARBAZUK et al. 2007) were selected for validation
(Table S2). SNPs were detected using Sequenom
MassARRAY technology. As shown in Table 1, 72%
(973/1359) of the putative SNPs behaved as codomi-
nant alleles, and a single, variable allele was detected in
B73 and Mo17. Another 10% (142/1359) of the putative
SNPs behaved as dominant genetic markers such that
the B73 allele was detected, but the Mo17 allele gave no
signal. The remaining 244 SNP assays could not be used
for mapping (Table 1). For the codominant and
dominant SNP assays, we observed a high degree of
repeatability, and excellent consistency was observed
between Sequenom genotyping and an independent
genotyping technology (Table S4, Table S5, Table S6,
Table S8).

All of the SNP markers were used to genotype a
collection of RILs from the IBM population (MATERIALS
AND METHODS). A total of 1016 of the dominant and
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TABLE 1
SNP validation and mapping

No. of SNP markers

Validation Used for  With sufficient

class genotyping data” Mapped
Codominant” 973 (72) 909 (87) 888 (87)
B73 dominant’ 142 (10) 140 (13) 128 (13)
Paramorphisms* 34 (2) — —

No SNP 42 (3) — —
Assay failed 168 (12) — —
Total 1359°(100) 1049/ (100) 1016/ (100)

Numbers in parentheses are percentages.

“SNPs that yielded genotyping scores for >90% (i.e., 268 of
297) IBM RILs.

’ SNP markers that have calls for both B73 and Mo17 alleles.

“SNP markers that have calls for only B73 alleles.

“SNP markers that have multiple calls for an inbred line
(EMRICH el al. 2007b)

‘Ten of these SNPs are non-unique.

/Nine of these SNPs are non-unique.

codominant SNPs were successfully mapped, yielding
the Iowa State University (ISU) SNP_vl map (Table 1,
Table 2, Figure S1, Table S9).

Accuracy of allele frequency detection via Sequenom
assays: Although the Sequenom MassARRAY platform
has the potential to provide quantitative data on the
relative frequency of the two alleles (BANSAL et al. 2002;
DING and CANTOR 2003), many SNPs actually exhibit
nonlinear relationships between the input ratio and the
detected allele frequency (STUPAR et al. 2007). We
observed similar deviations from linearity for some
SNPs of the codominant category in Table 1 when we
analyzed B73 X Mo17 F; hybrid DNA. To determine the
accuracy with which the Sequenom MassARRAY plat-
form calls allelic frequencies, we determined the allele
frequency for 50 codominant SNP markers in the B73 X

Mo17 F; hybrid (which is known to contain equal
amounts of the two alleles). In addition, B73 and
Mo17 genomic DNAs were mixed at 21 different ratios
(ranging from 1:100 to 100:1), and the ratios of the
B73/Mol7 allele peak areas in these mixed samples
were determined. In these titrations, genomic DNAs of
B73 and Mol7 served as controls. Four independent
replications were performed, and for most (48/50) of
the SNP markers the SNP typing was quantitatively
repeatable across replicates within the F; (Figure S2).

It was expected that B73- and Mol7-derived peak
areas from F; DNA (Figure S2) would be at a 1:1 ratio.
On the basis of the results of a two-sample ttest, this was
the case for ~58% (29/50; P-values >0.05; Table S11) of
the tested codominant SNP markers. These 29 markers
also exhibited high correlations between the ratios of
the B73 and Mo17 peak areas and the input allele ratio
across a wide range of ratios (see an example in Figure
1), indicating that SNP typing via Sequenom MassAR-
RAY is reasonably quantitative for these markers.

In contrast, the other 21 codominant SNP markers
exhibited significant deviations from a 1:1 ratio of
the peak areas for the B73 and Mol7 alleles in the F,
(Pvalues <0.05; Table S11). The vast majority of these
SNP markers (19/21) have higher-than-expected peak
areas for B73 alleles. Because all primers and extension
primers were designed on the basis of B73 sequences, we
hypothesized that DNA sequence polymorphisms in
Mo17 haplotypes could account for this difference by
affecting the binding of primers and/or extension
primers. It was possible to identify Mol7 genomic
sequence reads generated by the Department of Energy
(DOE)’s Joint Genome Institute for 24 of the 37 SNPs
(of 50) that were surveyed (Table S12). Polymorphisms
could be detected at the primer binding sites for 90%
(9/10) of the SNP markers that yielded significantly
larger peak areas for B73 than Mo17 alleles in the Fy. In
contrast, 0% of the 13 SNP markers that yielded

TABLE 2

Summary statistics for the 1016 markers on the ISU SNP_vl Map

No. of skeleton No. of muscle No. of total Length Largest gap Estimated centromere

Chromosome markers® markers® markers (cM) (cM) range (cM)
1 144 33 177 279 11.9 116.8-122.5
2 80 25 105 213 11.2 98-98.5
3 105 26 131 230 10.9 87.2-87.5
4 72 20 92 143 11 29-29.7
5 71 31 102 142 16.4 80.7-81.6
6 77 25 102 130 10.5 12.5-12.9
7 69 18 87 140 17.7 34-34.5
8 69 11 80 169 14.6 58.2-60.7
9 50 11 61 145 14.3 43.2-44.7
10 61 18 79 147 19.7 60.6-63.6
Total 798 218 1016 1737 — —

“Skeleton markers are assigned genetic positions with high certainty; muscle markers are assigned genetic positions relative to
skeleton markers, but their orientations relative to those skeleton markers are not specified (Fu et al. 2006).
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FIGUre 1.—Quantitative
behavior of a codominant
SNP marker. SNP typing
of MAGI_19354 W5 was
conducted on different
concentrations of B73 and
Mol7 genomic DNAs (x
axis). DNAs from B73,
Mol7, and their F; hybrid
were used as controls. Four
independent replications
were  performed.  For
B73:Mol7 template ratios
from 100:1 to 1:1 (left half
of the chart), B73 (B) and
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F,, the ratios of peak areas
of the Mol7/B73 SNP al-
leles are plotted as solid
boxes. For B73:Mol7 tem-

T
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plate ratios from 3:5 to 1:100 (right half of the chart) and Mol7 (M), the ratios of peak areas of the B73/Mol7 SNP alleles
are plotted as open boxes. Horizontal bars in the boxes designate the median of the four replications; the top edge of the
box indicates the 75th percentile of the data set and the bottom edge indicates the 25th percentile; the ends of the whiskers

indicate the minimum and maximum data values.

approximately equal peak areas for B73 and Mol7
alleles in the F, exhibited polymorphisms at the primer
binding sites (Table S12). Hence, we conclude that
polymorphisms within PCR primer and/or extension
primer binding sites are often responsible for the lack of
codominance observed for some polymorphic SNP
markers. One SNP marker yielded significantly larger
peak areas for the Mo17 than the B73 allele in the Fy, but
it does not exhibit polymorphisms within primer
binding sites. Since copy-number variations (CNVs)
are common in maize (SPRINGER et al. 2009), we
hypothesize that this SNP marker might exhibit a CNV
in the Mo17 haplotype.

SNP-based BSA of maize mutants in a mixed B73-
and Mol7-derived genetic background: The quantita-
tive nature of the Sequenom platform provides the
potential to map mutants via BSA (MICHELMORE et al.
1991; KoroL et al. 2007; LAMBREGHTS ¢l al. 2009). A
series of 40 recessive mutants (Table S7 and Figure S3)
generated via EMS mutagenesis (T1LL ef al. 2004) of B73
was used to demonstrate the utility of combining
Sequenom-based quantitative SNP detection with BSA.
Fy mapping populations were generated by crossing each
mutant (in a B73 genetic background) to Mo17 and then
self-pollinating the resulting F;’s. Leaf tissue was col-
lected from mutant plants within each of the resulting Fo
families. A single BSA sample that contained DNA from
12 to 94 different mutant individuals was produced for
each of the mutants (Table S7). Quantitative allelotype
datawere produced for the 40 mutants using 124 selected
SNPs (MATERIALS AND METHODS).

Because the mutations were induced in inbred B73
plants, the mutant allele occurred in coupling with B73
alleles of genetic markers. Consequently, genetic
markers that were linked to the mutation were enriched
for the B73 allele in BSA samples. The quantitative SNP

data were analyzed to identify the genomic locations of
the genes that produced the mutant phenotypes (see
Figure 2 for three examples of genomic scans). It was
possible to determine the genomic locations for 37 of
the 40 analyzed mutants by assessing the relative
enrichment of the B73 allele for each marker in the
mutant pool relative to the chromosomal position of
that marker (in centimorgans). Map positions were
inferred by visual inspection of the data to identify
regions containing multiple SNPs that exhibited en-
richment for the B73 allele (see an example in Figure
2). The failure to identify a map position for 3 of the 40
mutants may be due to the fact that these mutants are
localized in regions of the genome with relatively few
markers in the N = 124 SNP set or due to mutant-
specific reasons.

The map positions predicted by BSA for 22 of the
mutants were validated using an independent mapping
strategy. We selected insertion-deletion polymorphisms
markers (Fu et al. 2006) located near the predicted
locations of the mutants and tested for linkage by ge-
notyping individual mutant DNA samples (Table S7).
The predicted map locations were validated for 20 of the
22 tested mutants.

We tested the effects of pooling size on the ability to
identify the genomic location for a mutation. A pool
containing ~20 mutant individuals was sufficient to
identify a region of enrichment for the B73 allele with
relatively little noise. However, pools of 5-10 mutant
individuals exhibit relatively high levels of variation at
many SNPs due to sampling variation (data not shown).

BSA of mutants in genetic backgrounds that are not
derived from B73 and/or Mo17: BSA requires access to
multiple quantitatively codominant markers distributed
across the genome. The experiments reported above
demonstrate that mutants can be mapped by quantita-
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DNA sample of the event being mapped. Enrichment for the B73 allele (to a maximum expected value of 0.5) indicates linkage
of the SNP marker to the mutation causing the mutant phenotype. The numbers of mutant seedlings pooled to establish the BSA
bulk were 94, 71, and 74 for events NM2462, NM0696, and NM2139, respectively.

tive SNP-typing pooled DNA samples from mutants
using as few as 124 markers. To determine the potential
of the quantitative codominant SNP markers from the
ISU SNP_vl map to conduct BSA in other genetic
backgrounds, we genotyped these markers in the inbred
parents of the NAM population, which sample the
genetic diversity of maize (YU et al. 2008). The number
of markers that are polymorphic between each pair of
the 27 inbreds was computed (Table S10). Approxi-
mately 50% of the codominant markers are polymor-
phic between B73 (or Mo17) and any of the 25 parents
of the NAM population. In addition, the number of
codominant SNPs that are polymorphic between any
pair of inbreds included in this analysis is greater than
the number of SNPs used for BSA in the experiments
described above (N = 124). It must be remembered,
however, that ~50% of the markers that exhibit codo-
minance between B73 and Mo17 are not quantitatively
codominant. This fraction is expected to vary on the
basis of the frequency of SNPs between a pair of
haplotypes. Even so, we predict that the set of 1016

SNPs contains sufficient markers to conduct BSA in a
wide variety of genetic backgrounds.

To test this prediction, the 1016 SNPs were used in
combination with BSA to map nine additional recessive
mutants, each of which affects the biosynthesis or
accumulation of cuticular waxes (SCHNABLE el al
1994). Because the genetic backgrounds of these Fy
families are more complex than those of the B73 X
Mo17 Fy families used in the previously described BSA
mapping experiments, not all markers from the ISU
SNP_vl map are polymorphic in a given Fy family. In
addition, due to the presence of uncharacterized poly-
morphisms at primer binding sites in non-B73 and non-
Mo17 alleles, we would expect that some of the markers
that exhibited codominance between the B73 and Mo17
alleles might fail to exhibit codominance in Fy families
that included novel alleles. DNAs of both mutant and
non-mutant tissue pools from individual Fy families
were extracted and analyzed. Non-mutant DNA pools
were used to identify SNP markers that exhibited
codominant behavior in a given Fy family. Markers to

Log2(non-mutant ratio/mutant ratio)

FIGURE 3.—BSA mapping of gi7. Allele ratios
of each of 150 quantitative codominant markers
were calculated by using peak areas obtained for
each marker used to SNP-type the g7 mutant
pool and the non-mutant pool (MATERIALS AND
METHODS). The genetic location of each SNP
marker was plotted on the xaxis in which the
10 maize chromosomes have been concatenated.
The position of each chromosome is shown at
the top. The yaxis represents the log 2 ratio of
the non-mutant ratio to the mutant ratio for each
of these markers. Mutant ratios equal to 0 were
arbitrarily assigned a log 2 ratio value of 8. Lo-
cally weighted polynomial regression (LOWESS)
with a smoother span (f) equal to 0.05 was per-

0 500 1000

Cumulative genetic position (cM)

formed (solid line).
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TABLE 3

Comparison between BSA mapping results and previous mapping results

No. of No. of No. of Chromosome Consistency
informative mutants nonmutants location Independent between both
Gene Allele” markers in pool in pool via BSA (cM)* map location’ mappings
gi3 gl3-ref 137 21 47 Chr4L: 66-95 4L Yes
gl3 g13-93-4700-6 90 16 60 Chr4L: 91 4L Yes
gl3 gl3-94-4700-7 166 28 65 Chr4L: 78-90 4L Yes
glo glo-ref 137 25 45 Chr3: 85-141 3L Yes
al7 gl7-ref 139 28 111 Chr4: 16-30 4S Yes
gl27 gl27-ref 264 21 66 Chrl: 118-159 1 Yes
gl28 gl28-ref 216 17 72 ND? 10 NA
gi32 gl32-ref 189 23 71 ChrbL: 86-99 2L No/
gi33 gl33-ref 93 17 45 Chr8: 78-90 8 Yes

“All mutants are controlled by single recessive alleles. gi3, gl6, gl7, gl27, gI28, gi32, and gi33 all show a glossy phenotype on the
juvenile leaves. gi3-refand gl6-refalleles were described previously (SCHNABLE et al. 1994). gl3-mu alleles were isolated from Mutator
transposon direct tagging. g/7was located on chromosome 4S (STINARD 1997). gl27, gi28, gl32, and gI33 mutants are either Mutator
induced alleles generated from random-tagging experiments or alleles identified in M2 or M3 families derived from the treatment

of pollen with EMS.

’The genetic locations of mutant-associated markers (the allele ratio of the mutant pool <0.3 and the allele ratio of the non-
mutant pool >1.2). When unambiguous, centromere positions shown in Table 2 were used to assign chromosome arm positions.
‘ These mutants were independently mapped using the B-A or the wx translocation series (BECKETT 1978; BURNHAM 1982).

“Not successfully mapped via BSA.
‘May be allelic to gl8a on chromosome 5L.

/BSA mapping result provides support for hypothesis that gl32 is allelic to gl8a on chromosome 5L.

be used for BSA must exhibit quantitative codomi-
nance. A filtering procedure was developed to identify
those codominant markers that provide reasonably
quantitative allele frequencies and that could therefore
be used for BSA (see MATERIALS AND METHODS). Locally
weighted polynomial regression (LOWESS) (CLEVELAND
1979) was used to visualize the map positions of mutants
(Figure 3). Markers that exhibited a pronounced peak
were deemed to be close to the affected gene. Eight of
the nine mutants were successfully mapped in this
manner. Among these eight mutants, the map positions
of seven were consistent with prior mapping results ob-
tained using other technologies (Table 3).

DISCUSSION

Conversion of putative SNPs to genetic markers:
Over 80% (1115/1359) of putative SNPs identified via
comparative next-generation transcriptomic sequenc-
ing were successfully converted into informative genetic
markers. Few (3%) of the putative SNPs were defini-
tively false-positive SNP calls. Instead, most of the
remaining conversion failures (13% of total) were due
to Sequenom assay failures. Another 13% (142/1115) of
the markers were dominant in that only the B73 allele
could be called using Sequenom technology. We assume
many of the markers that exhibit dominance do so as a
result of polymorphisms that block amplification or
extension of the Mo17 allele. The remaining 87% (973/
1115) of markers were codominant, in that both B73
and Mo17 alleles could be “called” by Sequenom tech-
nology. However, only approximately one-half of these

codominant markers were quantitatively codominant
and therefore suitable for BSA. Our analyses indicate
that this allele specificity is often caused by the presence
of polymorphisms that flank a mapped SNP and that
therefore interfere with the binding of PCR primers
or extension primers in an allele-specific manner.

Recommendations for mapping mutants via quanti-
tative SNP typing: The use of quantitative, multiplex
SNP markers can facilitate the rapid analysis of large
numbers of phenotypic mutants. We found that it is
critical to use DNA controls to identify quantitative SNP
assays and to remove from the analysis those assays that
do not provide quantitative allelic ratios. The propor-
tion of codominant assays that were quantitative varied
by genetic background, but in Fs families derived from
B73 and Mo17 approximately one-half of codominant
markers were suitable for BSA. We recommend con-
ducting the analysis BSA on mutant pools that contain
at least 20 individuals. In addition, when analyzing non-
B73/non-Mol7 mapping populations, it is advisable
to include F; or non-mutant (control) pooled DNA sam-
ples to identify (and remove from) polymorphic markers
that do not exhibit codominance quantitatively.

In the experiments reported here, SNP markers were
assigned to multiplexes without regard to their genetic
map positions. But for future SNP designs, we recom-
mend assigning SNP markers from a common chromo-
some or chromosome arm to a single multiplex. This
will allow the efficient use of quantitative SNP typing
and BSA for mutants that have already been assigned to
a chromosome or chromosome arm via other mapping
procedures.
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We demonstrate that as few as eight multiplex
reactions containing 124 SNPs could be used to
identify the map positions of >90% (37/40) of the
mutants tested. The mapping can be done using ~20
mutant Fy individuals. It should be noted that quanti-
tative SNP typing and BSA can also define potential
complementation groups. For example, 9 of the 40
mutants tested exhibit reddish coloration of the
seedling leaves (Table S7). Three of these mutants
map near the same location on chromosome 3, and
another 3 mutants map together on chromosome 8.
These may reflect two complementation groups, and
indeed for two examples, genetic tests have confirmed
that these independent mutations affect the same gene
(data not shown). Using this type of rapid, low-cost
system, it is possible to perform mapping on large
classes of mutants and rapidly assign chromosomal
positions and potential complementation groups. Al-
though we have so far mapped only qualitative mutants
using this procedure, we predict that it will also be useful
for mapping QTL (KoroL el al. 2007).

Broader applications: As a consequence of techno-
logical improvements in SNP discovery and detection,
it is now possible to develop genetic maps even in
species for which substantial investments in genomic
resources have not been made. Next-generation se-
quencing technology is used to conduct deep EST
sequencing (EMRICH et al. 2007a) of the parents of a
mapping population. The resulting ESTs are aligned
the gene-enriched sequences to identify SNPs (BARBA-
ZUK et al. 2007). This approach can be successful even
in cases for which reference genomic sequences are
not available (Novags et al. 2008; Bucas et al. 2009).
Once identified, SNPs are converted into genetic
markers and are used to genotype the mapping
population and build a genetic map. These markers
can be used to map mutants and QTL in preparation for
investigations of biological function and/or breeding.
Given the value of SNP-based genetic maps to geneticists
and breeders and the ease with which they can now be
generated, we advocate the early development of SNP-
based genetic maps for the world’s important fruit,
vegetable, and “orphan” crops.
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FIGURE S1. — Distribution of SNP markers from the ISU SNP_v1 Map. The 1,016 markers were plotted on the ten maize
chromosomes. Each color-coded line represents the number of markers in a 0.5¢cM bin.
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FIGURE S2. — Log 2 ratios of allele peak areas (B73/Mo17) of F1. The x-axis lists the 50 SNPs. Log 2 of B73/Mo17
peak areas ratios of each of 50 markers were plotted against each SNP. Four circles in the same vertical lines
represent four replications. Four independent replications are quantitative repeatable of 48 SNP markers. The ratio
of B73 allele to Mo17 allele is 1:1 in the F1. Therefore, the ideal Log2(B73/Mo17) should be zero.
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Event: NM0236
Necrotic seedling leaves “Reduced meristem?”

B

Event: NM0200 Event: NM0200
Reddish leaves

‘Event: NMOES6 Event: NM0830 Event: NM1608

Reddish leaves Reddish leaves Reddish leaves
-_ AY.; 3 » [T ¢

Event: NM1700 Event: NM1944 Event: NM1950 Event: NM2113
Dwarf-tillered Leaf abnormalities Tillered Reddish leaves

Event: NM2257 Event: NM2317 Event: NM2343 Event: NM2462
Stalk abnormalities Nectrotic Thread-like leaves Reddish leaves

FIGURE S3.— Phenotypes of the selected EMS-induced mutants.
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TABLE S1

List of 297 IBM RILs

297 IBM Set ISU SNP_v1 Map=

MO0001 Yes
MO0002 Yes
MO0004 Yes
MO0005 Yes
MO0006 Yes
MO0007 Yes
MO0008 Yes
MO0010 Yes
MO0011 Yes
MO0012 Yes
MO0013 Yes
MO0014 Yes
Mo0015 Yes
MO0016 Yes
MO0017 Yes
Mo0021 Yes
Mo0022 Yes
Mo0023 Yes
Mo0024 Yes
Mo0025 Yes
Mo0026 Yes
Mo0027 Yes
Mo0028 Yes
Mo0029 Yes
MO0030 Yes
MO0031 Yes
MO0032 Yes
MO0033 Yes
M0034 Yes
Mo0035 Yes
MO0039 Yes
M0040 Yes
MO0042 No
MO0043 Yes
MO0044 Yes
MO0045 Yes
MO0046 Yes

MO0047 Yes



6 SI

MO0048
MO0051
MO0052
MO0053
MO0054
Mo0055
MO0056
MO0057
MO0058
MO0059
MO0060
Mo0061
MO0064
Mo0065
MO0066
Mo0067
MO0069
MO0070
Mo0071
Mo0073
Mo0075
MO0076
Mo0077
Mo0078
MO0079
MO0080
MO0081
Mo0083
MO0084
Mo0085
MO0086
MO0088
MO0090
MO0091
MO0092
MO0093
MO0095
MO0096
Mo0097
MO0098
MO0099

S. Liu et al.

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes



MO0100
MO0101
MO0102
MO0103
MO0104
Mo0105
MO0106
Mo0107
MO0109
MO110
MO113
MO114
MO115
MoOl116
MoO117
MO118
MO0120
MoO121
Mo0122
Mo0123
MO0124
MoO125
MO126
MoO127
Mo0129
MO0130
MoO131
MO0132
Mo0133
MO0138
MO141
MO142
MO143
MO0144
MO145
MO147
MO0149
MO0150
MO151
MO152
MO154

S. Liu et al.

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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MO155 Yes
MO156 Yes
MO157 Yes
MO0159 No
MO0160 Yes
MO160A Yes
Mo0161 Yes
MO0162 Yes
MO162A Yes
MO0163 Yes
MoO165 Yes
MO0166 Yes
MO0167 Yes
MO0168 Yes
MO0169 Yes
MO0173 Yes
MO0174 Yes
MO0176 Yes
MO0177 Yes
MO0178 Yes
MO0179 Yes
MO0180 Yes
MO0181 Yes
Mo0185 Yes
MO0187 Yes
MO0188 Yes
MO0189 Yes
MO0191 Yes
MO0192 Yes
MO0194 Yes
MO0195 Yes
MO0196 Yes
MO0197 Yes
MO0198 Yes
MO0199 Yes
Mo0200 Yes
Mo0201 Yes
Mo0203 Yes
MO0204 Yes
Mo0205 Yes

MO0206 Yes



Mo0208
Mo0209
Mo0210
Mo0212
Mo0213
Mo0214
Mo0215
Mo0216
Mo0217
Mo0218
Mo0219
Mo0220
Mo0221
M0222
Mo0223
Mo0225
Mo0228
Mo0229
Mo0230
Mo0232
Mo0233
Mo0234
Mo0235
Mo0236
Mo0237
Mo0238
Mo0239
Mo0240
Mo0241
Mo0244
Mo0245
Mo0248
Mo0249
Mo0251
Mo0252
Mo0254
Mo0256
Mo0257
Mo0258
Mo0259
Mo0260

S. Liu et al.

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

9 SI
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Mo0262
Mo0263
Mo0264
Mo0265
MO0266
Mo0267
Mo0269
Mo0270
Mo0271
Mo0272
Mo0273
MO0274
Mo0275
Mo0276
Mo0279
Mo0280
Mo0281
Mo0282
Mo0283
Mo0284
Mo0285
Mo0286
Mo0287
Mo0288
Mo0289
Mo0290
Mo0291
Mo0292
Mo0293
M0294
Mo0295
Mo0296
Mo0297
Mo0298
Mo0300
Mo0303
Mo0304
Mo0305
Mo0306
Mo0307
Mo0308

S. Liu et al.

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes



Mo0309
Mo0310
MoO311
Mo0312
Mo0313
Mo0315
Mo0317
Mo0318
Mo0320
Mo0321
Mo0322
Mo0323
Mo0324
Mo0325
Mo0326
Mo0327
Mo0328
Mo0331
Mo0334
Mo0335
Mo0337
Mo0338
Mo0339
Mo0341
MO0342
MO0344
Mo0345
Mo0348
Mo0350
Mo0351
Mo0352
Mo0353
MO0354
Mo0355
Mo0357
Mo0358
Mo0360
Mo0362
Mo0364
Mo0365
Mo0366

S. Liu et al.

Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

1181



12 81 S. Liu et al.

MO0368 Yes
M0369 Yes
MO0370 Yes
Mo0375 Yes
MO0376 Yes
MO0377 Yes
MO0378 Yes
MO0379 Yes
M0380 Yes
M0381 Yes
Mo0382 Yes
MO0383 Yes
M0384 Yes

2 Yes: RIL data are used for the SNP map;
No: RIL data are not used for the SNP map.
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TABLE S2
List of 1,359 putative SNPs

Table S2 is available for download as an Excel file at http://www.genetics.org/cgi/ content/full/genetics.109.107557/DC1.
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TABLE S3
Scoring data for all 1,359 putative SNPs on 291 RILs and 25 NAM parents

Table S3 is available for download as an Excel file at http://www.genetics.org/ cgi/content/full/genetics.109.107557/DCI1.
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TABLE $4

Comparisons between Sequenom- and TGCE-based genotyping scores

Category No. of marker/RIL combinations? Percentage
Sequenom and TGCEP data agree 1,794 96.5%
Conflicting in scores 21 1.1%
Missing data from one technology 45 2.4%
Total 1,860 100%

a FEach SNP/RIL combination was SNP-typed four times. Data obtained from the four replications were
highly similar. Hence, data from only the first replication was used to compare to the TGCE/RIL data.
b Temperature gradient capillary electrophoresis (HSIA et al. 2005)
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TABLE S5

Comparison of map positions of SNPs designed from the same MAGIs2

Distance between two mapped SNPs (cM)

No. MAGIs Total
0 <l 1-10

Containing two SNPs markers 23 9 2 34

Percentage 68% 26% 6% 100%

a Pairs of SNPs designed for a given MAGI were used to genotype a set of 291 IBM RILs. The genetic map
positions of the two markers were compared.
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TABLE S6

Comparison of map positions obtained from a given SNP using different Sequenom primers=2

Genetic distance between two assays

No. SNPsb with different primers (cM) Total
0 1-2
With different PCR and extension primers 4 1 5
With the same PCR primers but different extension 4 | 5
primers
Percentage 80% 20% 100%

a Different primers were designed for the same SNP and the corresponding markers were used to genotype a set of
291 IBM RILs. The genetic map positions of these markers were compared.

b The pairs of SNPs in rows 1 and 2 are non-overlapping and the two members of each pair were genotyped using
different plexes.
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TABLE S7

Phenotypes and map locations for 40 EMS-induced mutations

Eventa Mutant phenotype No-in Chr Validationb 1D marker
bulks (cM)

NMO0236 "reduced" meristem 18 1 Yes (1) IDP641 (11)
NM4089 dwarf 60 1 Not tested
NM1270 reddish leaves 39 1 Not tested
NM2257 stalk abnormalities 14 1 No (1)
NM2343 thread-like leaves 47 1 Yes (1) IDP182 (10)
NM3258 thread-like leaves 13 1 Yes (1) IDP182 (7)
NMO0913 wilted 31 1 Yes (1) IDP182 (8)
NM1779 wilted 44 1 Yes (2) 1IDP2395 (20)
NM2462 zebra cross-banding 94 1 Yes (2) IDP3773 (4)
NM2624 leaf abnormalities 35 2 Not tested
NM2849 necrotic leaves 35 2 Yes (2) IDP2388 (7)
NMI1118 premature senescence 17 2 Not tested
NM2887 reduced, early flowering 54 2 Not tested
NM1950 tillered 37 2 Yes (1) IDP616 (26)
NM1670 wilted 29 2 Yes (2) 1IDP2388 (15)
NM2317 necrotic leaves 63 3 No (2)
NM2462 necrotic leaves 74 3 Yes (1) IDP1433 (34)
NMO0200 necrotic seedling leaves 39 3 Yes (2) IDP506 (17)
NM1843 necrotic seedling leaves 40 3 Not tested
NMO0696 reddish leaves 71 3 Yes (2) IDP506 (24)
NM1317 reddish leaves 81 3 Not tested
NM1608 reddish leaves 16 3 Not tested
NM1944 leaf abnormalities 22 5 Yes (2) IDP243 (9)
NM2922 leaf abnormalities 47 5 Yes (2) IDP278 (2)
NM3048 stemless 16 5 Yes (1) IDP89 (20)
NM4089 upright leaves 118 5 Not tested
NM2108 necrotic seedling leaves 15 6 Not tested
NMO0279 wilted 13 6 Yes (1) IDP224 (10)
NMO0565 wilted 12 6 Yes (1) IDP224 (15)
NMO0568 necrotic seedling leaves 84 7 Not tested
NMO0830 reddish leaves 27 8 Yes (2) IDP535 (8)
NM2113 reddish leaves 19 8 Yes (1) IDP535 (4)
NM2139 reddish leaves 74 8 Yes (4) IDP535 (2)
NM3117 dwarf 12 9 Not tested
NM2665 leaf abnormalities 40 9 Yes (2) IDP2570 (10)
NMO0757 wilted 27 9 Yes (1) 1IDP2395 (24)
NMO0790 premature senescence 72 10 Not tested
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NMO0200 reddish leaves 39 NA
NM2462 reddish leaves 47 NA
NM1700 tillered 85 NA

a Jt should be noted that some of the mutagenesis events actually segregated for multiple unlinked
mutations in the Iy family such that the 36 events allowed for the mapping of 40 different mutations
(2 mutants in NM200 and NM4089 and 3 mutants in NM2462).

b The number in () indicates the number of linked IDP markers.
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TABLE S8

Repeatability of Sequenom assays

Category No. of setsa Percentage
No conflicting data pointsb 2,605 95.6%
Conflicting data pointsc due to plex failure 70 2.6%
Conlflicting data pointsc due to missing data 47 1.7%
Conlflicting data points¢ due to non-concordant SNP calls 4 0.1%
Total 2,726 100%

a 91 RILs were genotyped four times with 29 SNP markers. A set contains four replicated SNP calls for each marker.
b Number of sets in which all four replications agree
¢ Number of sets in which the four replications do not all agree
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TABLE S9
The 1,016 markers included in the ISU SNP_v1 Map

Table S9 is available for download as an Excel file at http://www.genetics.org/ cgi/content/full/genetics.109.107557/DCI1.
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TABLE S10
Number and proportion of polymorphic markers among all potential co-dominant markers between
pairs of inbred lines

Table S10 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.109.107557/DC1.
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TABLE S11

Mean M/B Mean B/M

SNP B/M B3 C Mol? Mean M/B in F,; p-value2
MAGI_42719_W5 [G/A] 1.74E-06 3.24E-06 2.11E-06 4.08E-05*
MAGI_58334_W5 [G/A] 1.99E-06 2.45E-02 2.24E-06 3.94E-05*
MAGI_103182_W?2 [T/A] 6.00E-03 8.65E-03 3.60E-03 1.85E-06*
MAGI_55956_W5 [C/T] 1.25E-02 1.58E-01 2.62E-02 7.19E-05*
MAGI_44312_W?2 [T/C] 3.28E-02 3.35E-01 2.91E-02 7.05E-05*
MAGI_21607_W?2 [C/X] 2.06E-02 1.01E-01 3.49E-02 6.22E-06*
MAGI_11553_W?2 [G7A] 1.09E-02 2.05E-06 9.91E-02 3.46E-06*
MAGI_62221_W?2 [G/A] 1.88E-06 2.60E-06 1.24E-01 1.12E-05*
MAGI_20036_W2 [G/A] 3.39E-06 2.90E-06 2.08E-01 1.62E-06*
MAGI_38972_W5 [T/G] 1.87E-06 3.23E-02 2.21E-01 1.01E-04*
MAGI_20379_W?2 [C/T] 1.60E-02 1.39E-01 2.36E-01 1.34E-03*
MAGI_46413_W5 [C/T] 7.38E-03 2.48E-02 3.11E-01 3.61E-03*
MAGI_29681_W?2 [C/T] 2.52E-06 1.52E-02 4.04E-01 1.74E-05*
MAGI_35741_W5 [C/T] 1.83E-06 9.10E-02 4.12E-01 1.62E-03*
MAGI_46249_W5 [A/G] 1.61E-01 1.30E-06 4.81E-01 1.48E-03*
MAGI_60735_W5 [T/G] 1.16E-06 6.88E-02 5.32E-01 1.77E-03*
MAGI_11353_W?2 [G/T] 2.32E-01 2.80E-06 6.37E-01 8.26E-05*
MAGI_61074_W5 [G/T] 1.02E-02 2.15E-01 6.48E-01 9.62E-03*
MAGI_17220_W?2 [C/T] 3.43E-02 1.85E-06 7.36E-01 1.57E-02*
MAGI_51781_W5 [A7C] 2.05E-06 5.01E-02 7.60E-01 1.01E-01
MAGI_44788_W5 [T/A] 4.28E-02 2.77E-02 7.81E-01 1.59E-01
MAGI_79987_W5 [C/T] 2.80E-06 7.28E-03 7.99E-01 6.01E-02
MAGI_42775_W5 [G/A] 1.58E-06 1.36E-06 8.03E-01 1.42E-01
MAGI_57412_W?2 [A/T] 1.51E-06 2.19E-02 8.12E-01 2.42E-01
MAGI_95039_W5 [T/G] 1.01E-06 5.02E-02 8.65E-01 4.16E-01
MAGI_12976_W?2 [T/C] 2.91E-06 2.47E-06 8.66E-01 3.65E-01
MAGI_46517_W5 [C/T] 1.16E-06 9.19E-07 9.09E-01 4.61E-01
MAGI_18365_W?2 [G/A] 3.07E-06 2.74E-06 9.10E-01 4.69E-01
MAGI_19354_W?2 [A/G] 2.12E-06 2.20E-03 9.23E-01 3.85E-01
MAGI_19249_W?2 [T/G] 1.77E-06 6.49E-02 9.73E-01 7.87E-01
MAGI_46177_W5 [A/G] 1.44E-06 1.27E-06 1.01E+00 8.85E-01
MAGI_42959_W5 [T/A] 1.62E-01 3.48E-03 1.01E+00 9.69E-01
MAGI_20767_W?2 [G/T] 1.29E-01 2.55E-02 1.02E+00 8.54E-01
MAGI_12493_W?2 [G7A] 1.83E-01 4.11E-06 1.04E+00 8.76E-01
MAGI_56116_W?2 [G7A] 4.67E-03 4.27E-02 1.04E+00 6.93E-01
MAGI_49033_W5 [C/T] 2.14E-06 2.74E-01 1.05E+00 7.84E-01
MAGI_16447_W?2 [A/G] 5.07E-02 2.36E-06 1.07E+00 5.53E-01
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MAGI_19140_W?2
MAGI_39852_W?2
MAGI_70055_W5
MAGI_58611_W5
MAGI_10276_W?2
MAGI_42910_W5
MAGI_14725_W?2
MAGI_53220_W5
MAGI_56419_W?2
MAGI_95922_W5
MAGI_18689_W2
MAGI_28545_W?2
MAGI_41627_W5

[G/T]
[A/G]
[A/T]
[A/C]
[A/G]
[A/G]
[T/C]
[A/G]
[A/G]
[C/A]
[A/T]
[T/C]
[G/A]
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4.31E-02
7.75E-02
8.24E-02
2.18E-02
6.43E-02
3.42E-01
1.44E-01
8.17E-02
8.38E-02
7.92E-02
5.16E-03
2.16E-06
1.79E-02

1.42E-06
2.96E-02
1.61E-06
1.45E-06
2.55E-06
8.43E-02
2.33E-06
1.61E-03
2.45E-06
8.95E-07
1.39E-03
1.82E-06
3.67E-04

1.10E+00
1.11E+00
1.15E+00
1.18E+00
1.20E+00
1.21E+00
1.23E+00
1.24E+00
1.25E+00
1.28E+00
1.32E+00
1.33E+00
1.42E+00

2.87E-01
3.12E-01
6.00E-01
2.73E-01
2.65E-01
1.57E-01
1.10E-01
5.26E-01
2.15E-01
4.58E-01
2.32E-02%
2.05E-02*
1.73E-01

a p-value from two-sample t-test between two alleles in F;
* p-value < 0.05
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TABLE S12

DNA sequence polymorphisms at Sequenom primer binding sites of SNP markers

Number of SNP markers with peak areas»

Total
B73 > Mol7 B73 = Mol7 B73 <Mol7
Perfect matchb 1(1/10) 13 (13/13) 1(1/1) 15
Polymorphismse 9(9/10) 0(0/13) 0(0/1) 9
Subtotal 10 13 1 24
No Mol7 reads identifiedd 5 8 0 13
Total Surveyede 15 21 1 37

a Comparison is based on the t-test between peak areas of the B73 allele and those of the Mo17 allele in F;

b No polymorphisms identified between B73 sequences and Mo17 reads at the 3' ends of the PCR primers
(positions 1-12) or extension primers.

¢ Polymorphisms identified between B73 sequences and Mo17 reads at the 3' ends of the PCR primers (positions
1-12) or extension primers.

dNo JGI 454 Mo17 reads aligned

¢ Number of markers surveyed



