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With the advent of high-throughput DNA sequencing, it is now straightforward and inexpensive to generate
high-density small nucleotide polymorphism (SNP) maps. Here we combined high-throughput sequencing with
bulk segregant analysis to expedite mutation mapping. The general map location of a mutation can be
identified by a single backcross to a strain enriched in SNPs compared to a standard wild-type strain. Bulk
segregant analysis simultaneously increases the likelihood of determining the precise nature of the mutation.
We present here a high-density SNP map between Neurospora crassa Mauriceville-1-c (FGSC2225) and OR74A
(FGSC2489), the strains most typically used by Neurospora researchers to carry out mapping crosses. We
further have demonstrated the utility of the Mauriceville sequence and our approach by mapping the mutation
responsible for the only existing temperature-sensitive (ts) cell cycle mutation in Neurospora, nuclear division
cycle-1 (ndc-1). The single T-to-C point mutation maps to the gene encoding ornithine decarboxylase (ODC),
spe-1 (NCU01271), and changes a Phe to a Ser residue within a highly conserved motif next to the catalytic site
of the enzyme. By growth on spermidine and complementation with a wild-type spe-1 gene, we showed that the
defect in spe-1 is responsible for the ts ndc-1 mutation. Based on our results, we propose changing ndc-1 to
spe-1ndc, which reflects that this mutation results in an ODC with a specific nuclear division defect.

Single nucleotide polymorphism (SNP) maps between or-
ganisms with different genetic backgrounds are useful for iden-
tifying point mutations that result in an observable phenotype.
By mating a mutant with a strain of a different genetic back-
ground and then selecting progeny with and without a pheno-
type, one is able to map the underlying mutation(s) by bulk
segregant analysis (29). After undergoing recombination, each
progeny exhibiting a specific phenotype will have the same
genetic background as the mutant parent in the vicinity of the
mutation but a mixture of DNA inherited from either parent in
regions of the genome that are unlinked to the mutation. By
analyzing DNA from a mixture of phenotypically mutant prog-
eny from the cross, it is possible to define the genetic region
containing the mutation and even to identify the mutation
itself. This is what is meant by “bulk segregant analysis.”

Most recently, molecular mapping strategies based on re-
striction fragment length polymorphisms (RFLP) (28), cleaved
amplified polymorphic sequences (CAPS) (20, 22), or microar-
ray-based restriction-site-associated DNA mapping (RAD
mapping) (1, 23) have been used to map mutations in Neuro-
spora crassa. These methods can be time-consuming and labo-
rious and therefore expensive. In addition, once the mutation
is mapped to a specific region of the genome, additional primer
pairs for CAPS mapping need to be ordered and additional

SNPs identified to more precisely map the mutation. Typically,
researchers will then attempt complementation of phenotypes
by candidate genes. Once (or if) complementation is success-
ful, the mutated allele of the candidate gene still needs to be
sequenced by traditional Sanger sequencing. In contrast, meth-
ods based on microarrays (5) or high-throughput DNA se-
quencing (3, 4, 11, 44) make it possible to quickly generate
high-density SNP maps that allow direct identification of spe-
cific point mutations or indels by sequence analysis. Moreover,
this approach does not rely on a specific set of reference
strains.

We tested mapping by high-throughput Illumina sequencing
in studies with the filamentous fungus N. crassa, one of the
most widely used genetic model organisms. The two most com-
monly used genetic backgrounds of Neurospora for molecular
mapping purposes are OR74A (FGSC2489) (6, 10, 14) and
Mauriceville-1-c (FGSC2225) (2), hereafter called OR and
MV. The OR strain was used for the N. crassa genome se-
quencing project (14). The genome has been assembled into
seven chromosomes, represented by supercontigs one to
seven. There are 13 additional supercontigs (http://www
.broadinstitute.org/annotation/genome/neurospora/Regions
.html) that mostly contain ribosomal DNA (rDNA) and AT
-rich regions mutated by repeat-induced point mutation (RIP)
(K. M. Smith and M. Freitag, unpublished data). We have now
sequenced and partially assembled the N. crassa MV genome
to improve upon the available SNP maps between the OR and
MV strains (22, 23). As proof of principle for mutation
mapping by high-throughput sequencing, we sequenced DNA
from mutant progeny resulting from a cross between MV and
the classic N. crassa ndc-1 (nuclear division cycle-1; FGSC3441)
mutant. We identified one specific candidate SNP that likely
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caused the temperature-sensitive (ts) ndc-1 defect, which
presents as arrest just prior to DNA synthesis during the
nuclear division cycle (38). This single T-to-C point mutation
maps to spe-1 (NCU01271), the gene encoding ornithine
decarboxylase (ODC) (27, 34), and changes a Phe to a Ser
residue within a highly conserved motif near the ODC catalytic
site. We were able to complement the ndc-1 phenotypes by
growth on spermidine and transformation of the mutant with a
wild-type spe-1 gene.

MATERIALS AND METHODS

Strains, crosses, and growth conditions. The MV genome sequence was pro-
duced from N. crassa Mauriceville-1-c (FGSC2225; NMF37) (2). Strains were
grown under standard conditions (10) in Vogel’s minimal medium (VMM) with
1.5% sucrose at 32°C, except for ts ndc-1 strains, which were grown at 22°C, and
inl strains, which were supplemented with 50 mg/liter of myo-inositol. The map-
ping cross was inoculated with N. crassa MV as the recipient strain on synthetic
crossing medium supplemented with 0.5% sucrose and 50 mg/liter myo-inositol.
Conidia from the ndc-1 mutant (FGSC3441; NMF164) (38) were added 3 days
later and spread across the recipient culture. After 2 weeks, random ascospores
were recovered from the cross and heat shocked at 65°C for 60 min (standard
heat shock) or 60°C for 30 min (gentle heat shock) on VMM with 50 mg/liter
myo-inositol (VMMI) and FGS (0.5 g/liter fructose, 0.5 g/liter glucose, and 20
g/liter sorbose) as the carbon source. After overnight growth at room tempera-
ture, 200 viable progeny that were treated according to each of the heat shock
protocols were collected and incubated in slants with VMMI with 1.5% sucrose.
The progeny were tested for inl by spotting conidia on VMM or VMMI with
FGS, and they were tested for the ts ndc-1 allele by spotting conidia on VMMI
with FGS followed by growth at 22°C or 37°C. Complementation of the ndc-1
mutant was done on VMMI with 1.5% sucrose, and strains were grown at 22°C
or 37°C with or without 1 mM spermidine trihydrochloride.

DNA sequencing. Genomic DNA was extracted from N. crassa tissue as pre-
viously described (35). Genomic DNA from MV and different progeny from the
MV � ndc-1 inl cross was quantified using a NanoDrop2000 spectrophotometer
and diluted to 100 ng/�l with Tris-EDTA (TE) buffer. DNA from progeny was
mixed in two pools, the first containing equal amounts of DNA from 54 progeny
(NMF343 to NMF396) with both the inl and ndc-1 mutations, the second con-
taining equal amounts of DNA from 9 progeny (NMF334 to NMF342) with only
the inl mutation. The pooled DNA was placed in a 4°C circulating water bath and
sheared into 200- to 1,000-bp fragments in a Bioruptor (Diagenode, Denville,
NJ) set on “high” for 18 min (30-s on/off cycles). MV DNA was sheared with a
microtip-equipped Branson (Danbury, CT) S450A sonicator by seven successive
10-s pulses (output, 1.2; duty cycle, 80), followed by a 30-s rest on ice after each
cycle. Illumina sequencing libraries were constructed by ligating paired-end
adaptors (see Table S1 in the supplemental material) to the sheared DNA and
amplifying the library essentially according to our previously published protocol
(35); the latest version of the protocol is available upon request. Paired-end
80-nucleotide (nt) or single-end 40-nt reads were generated on an Illumina GAII
sequencing system at the Oregon State University Center for Genome Research
and Biocomputing (OSU CGRB) for the MV and pooled strains, respectively.
DNA sequences derived from MV, the ndc-1 inl strain, and the inl pools are
available upon request.

SNP analysis and genome assembly. The 80-nt N. crassa MV genomic se-
quence reads were trimmed to 63 nt and converted from the Solexa FASTQ to
the Sanger FASTQ quality score format using the “Mapping and Assembly with
Quality” software program (MAQ, v0.7.1) (24). The processed reads were
aligned to assembly 10 of the N. crassa OR reference genome (14) with the MAQ
easyrun command (24). Called SNPs were quality filtered with conservative
settings to reduce the likelihood of calling false-positive SNPs. For this, only
SNPs called from reads mapped to a single site in the genome with a minimum
phred-like quality score of 42, which requires at least 5� coverage, and N as the
second-best call were retained. For genome assembly, the 80-nt MV reads were
trimmed to 76 nt to remove the 4-nt GGGT barcode that was used for Illumina
sequencing. Reads were then assembled de novo into contigs with the Velvet
v1.0.12 software program (46). Contig alignments were performed using
NUCmer, a part of the MUMmer v3.0 software program (21).

SNP validation. SNPs were mapped as perfect matches to a data set of 248,997
N. crassa MV expressed sequence tags (ESTs) (22; M. Basturkmen, J. Xu, M.
Shi, J. Loros, M. Nelson, M. Henn, C. Kodira, N. Lennon, L. Green, J. Galagan,
B. Birren, J. Dunlap, and M. S. Sachs, unpublished data) of 71-nt reads (35 nt

flanking both versions of each SNP that was farther than 35 nt from the nearest
called SNP) using the Hashmatch software program (12). For validation, 47
SNPs that lie in a TaqI restriction endonuclease cleavage site in the OR back-
ground but not in the MV background were selected and amplified by PCR from
the OR and MV strains with primer pairs obtained from the Neurospora Func-
tional Genomics Project (see Table S1 in the supplemental material). PCR
products were digested with TaqI and RFLP patterns analyzed by agarose gel
electrophoresis.

Mutant mapping by high-throughput sequencing. The “SNPome,” i.e., all the
SNPs, between two N. crassa strains was generated by running the Perl script
“SNPome_builder” (available upon request). The output SNPome consists of a
FASTA-formatted file that contains both versions of each SNP and the reference
genome coordinates. SNPome_builder extracts the genomic sequence around
each SNP site from the reference genome and makes a FASTA-formatted
sequence for each version of the SNPs. When called SNPs are closer than the
read length, sequences are concatenated (Fig. 1). Processed 63-nt Illumina reads
were mapped to the SNPome as perfect matches with Hashmatch (12). A second
Perl script, “SNP_profiler,” was run on the Hashmatch output to count the
number of reads hitting each version of each SNP. This script then calculates a
ratio of reads matching each version of a SNP as a fraction between 0 and 1 to
indicate which parental genome is the likely origin of the underlying DNA
sequence. SNP profiles were viewed in the Argo genome browser (R. Engels;
www.broadinstitute.org/annotation/argo2/) to identify contiguous genomic re-
gions in which SNPs originated from a specific parental strain.

MAQ (24) was used to identify SNPs between mutant and nonmutant strains
in the regions identified by bulk segregant analysis. Exclusion of spurious SNPs
as candidates for point mutations was performed by aligning reads from genomic
sequences from FGSC322 (17) and FGSC3562 (42) to the OR assembly with
MAQ (24) and subtracting SNPs found in these ndc-1� inl� strains from SNPs
found in mutant progeny. The SNPs remaining that had phred-like quality scores
of �42 were aligned to the OR genome in the GFF3 format and visually scanned
in the Argo browser for specific regions that generated nonsynonymous muta-
tions in predicted or known coding regions.

Sequencing of the ndc-1 allele. To verify that ndc-1 is an allele of spe-1, partial
DNA sequences of the spe-1ndc allele were obtained by traditional Sanger se-
quencing from three ndc-1 strains (NMF344, NMF345, and NMF346) and an
MV sibling (NMF398). We designed primers within the spe-1 coding region
(OMF2243 and OMF2244; see Table S1 in the supplemental material), amplified
this region from the strains in three independent reactions, and carried out DNA
sequencing at the CGRB core facility using the primer OMF2243.

Complementation of ndc-1. The ndc-1 mutant (FGSC3441; NMF164) was
transformed by electroporation with pKP19, a derivative of pGS1, which contains
most of the spe-1 region (45). pKP19 carries the hph gene, which can confer
resistance to hygromycin, integrated between the BamHI and EcoRV sites of
pGS1. Transformants were obtained on VMMI plus 100 �g/ml hygromycin B at
22°C. Heterokaryotic transformants were selected and grown at 37°C to score for
complementation of the ndc-1 phenotype. To verify transformation and comple-
mentation, DNA from around the mutated site of spe-1 was amplified by PCR in
three independent reactions using a mixture of three primers (OMF2244,
NCU1271.5F, and NCU1271.3R; see Table S1 in the supplemental material)
from the ndc-1 mutant (FGSC3441; NMF164) and a heterokaryotic transformant
(NMF401). The reactions from each strain were pooled and purified by gel
electrophoresis using a Qiaquick gel extraction kit (Qiagen, Valencia, CA) and
sequenced with the primer OMF2244 (see Table S1).

RESULTS

Mauriceville genome sequencing. The N. crassa MV genome
was sequenced as paired-end 80-nt reads on an Illumina GAII
system. In total, 9,384,230 reads were obtained, resulting in a
nominal coverage of �17-fold across the �41-Mb Neurospora
genome. Adapter-trimmed 76-mer reads were assembled de
novo into 10,435 N. crassa MV contigs with Velvet software
(46), which resulted in �80% (34,698,139 nt) coverage of the
currently assembled Neurospora genome, with a minimum con-
tig length of 200 nt and an n50 of 50,295 nt. MV contigs were
aligned to the OR reference genome with the NUCmer soft-
ware program (21), and the alignment was visualized as a
percent similarity plot (Fig. 2, bottom panel). The majority of
the contigs are �95% identical to the OR reference genome,
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with the highest similarity occurring in genic regions. In con-
trast, contigs aligning to the centromere and telomere regions
are shortest, as we expected for de novo assembly of repetitive
DNA. These contigs show the least similarity to OR and are
coincident with regions where no MV reads matched the OR
reference genome (Fig. 2). Whole-genome alignments showed
that the majority of the OR sequence absent from MV is
confined to AT-rich regions. This lack of reads is not caused
simply by poor assembly or low coverage of AT-rich MV con-
tigs. Rather, we predicted that many short AT-rich reads from
MV are sufficiently different to not match the AT-rich OR
regions. To lend support to this idea, we examined repetitive
regions previously found by Southern analyses to be present in
OR but absent in MV (methylated segments 8:A6, 8:F10, and
8:G3) (37). Here we show that we found no reads in these
regions (Fig. 3).

SNP analysis of MV versus OR. It is of particular interest to
the Neurospora community to identify SNPs between OR and
MV because these are the most commonly used strains for
molecular mapping. Reasonably detailed RFLP maps (31) and
primer pairs for CAPS mapping (20, 22) have been generated.
Nevertheless, even with these techniques, several iterations of
PCR to obtain fragments covering SNPs are required to map
mutations into a small region that lends itself to complemen-
tation analyses. Moreover, currently known MV SNPs were
found by EST sequencing (22; M. Basturkmen, J. Xu, M. Shi,
J. Loros, M. Nelson, M. Henn, C. Kodira, N. Lennon, L.
Green, J. Galagan, B. Birren, J. Dunlap, and M. S. Sachs,

unpublished data), thus covering only the most conserved re-
gions of the MV and OR genomes. One of our goals was to
assemble a more complete SNP map of MV to facilitate map-
ping of both novel and classical mutations.

We identified 168,579 SNPs between the OR reference ge-
nome and MV genomic reads after quality-filtering SNP calls
from MAQ alignments (24), resulting in an average SNP den-
sity of 1 SNP per 243 nt. Of these, 64,066 (38.0%) occur in the
coding region of genes, leaving the remaining 104,513 in inter-
genic space. Of the coding mutations, 19,898 (31.1%) cause
nonsynonymous changes. SNPs predicted to cause changes in
protein sequence are presented in Table S2 in the supplemen-
tal material. The SNPs are spaced relatively homogeneously
along the coding regions, with somewhat decreased SNP den-
sity around the centromeres, the pericentric regions (Fig. 4A).
As mentioned above, few SNPs within centromeric core re-
gions are detected, because MV centromeric DNA is different
from OR centromeric DNA (Fig. 1 and 4A). The complete set
of SNPs is attached here as Table S3 in the supplemental
material and is also available on the Neurospora homepage
(http://www.fgsc.net/neurospora/SNPs/SNP_map.htm).

For validation, SNPs were aligned as either the OR or MV
version to a data set containing 248,997 MV ESTs obtained by
traditional Sanger sequencing (22; M. Basturkmen, J. Xu, M.
Shi, J. Loros, M. Nelson, M. Henn, C. Kodira, N. Lennon, L.
Green, J. Galagan, B. Birren, J. Dunlap, and M. S. Sachs,
unpublished data). With a requirement of perfect alignment,
29,612 of the SNP calls aligned to the ESTs. As expected,

FIG. 1. Pipeline to generate SNPomes and profile SNPs in bulk segregants. The Perl script SNPome_builder creates a SNPome file (shown here
for two example SNPs) given a FASTA-formatted genome file, SNP position file, and user-specified read length. SNPs within the SNPome file
between OR and MV are highlighted in capital letters. Hashmatch (12) was used to map Illumina high-throughput sequencing reads, the output
of which was analyzed by the Perl script SNP_profiler using a 5-kb window size. The output of SNP_profiler indicates the chromosome and position
of each SNP, the number of times each version of the SNP was sequenced, and the ratio of the versions in a tab-delimited file.
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almost all (27,865 or 94.1%) were MV, while 1,747 were OR,
suggesting a false-positive SNP call rate of 5.9%. We experi-
mentally confirmed 47 randomly selected SNPs by RFLP after
TaqI digest and found that in this case all (i.e., �97%) were
correctly called SNPs (Fig. 4B). The small discrepancy between
mapping to ESTs and experimentally validated SNPs suggests

that Sanger sequencing of ESTs resulted in slightly higher
error rates in SNP calls than direct Illumina sequencing of
genomic DNA.

Molecular mapping of ndc-1. The ndc-1 strain (NMF164;
FGSC3441) carries a ts mutation that results in arrest of the
nuclear division cycle just prior to DNA synthesis when grown
at 37°C (38). This strain also carries a linked lesion in myo-
inositol-1-phosphatase (inl), which requires supplementation
with myo-inositol for growth (38). The ndc-1 gene had previ-
ously been mapped by classical three-point crosses to the left
of arg-4 (NCU10468.5) and inl (NCU06666.5) on the right arm
of linkage group (LG) V (Fig. 5B) (38). To map ndc-1 and to
uncover the molecular cause of the ts phenotype, we crossed
NMF164 with MV (NMF37; FGSC2225) (2). Random asco-
spores were collected from plate lids and germinated by heat
shock at 65°C for 60 min. This treatment yielded virtually no
(�0.05%) ndc-1 progeny, confirming the previous sugges-
tion that normal heat shock was lethal to ndc-1 ascospores
(38). Consistent with prior linkage analysis (38), five (�5%)
inl progeny were recovered. We changed our conditions to
heat shock at 60°C for 30 min, which resulted in recovery of
64 (�32%) ndc-1 progeny, still somewhat lower than the
expected 50%.

We extracted DNA from 63 strains to generate two separate
pools of DNA for Illumina sequencing. The first pool consisted
of equal amounts of DNA from 54 ndc-1 inl progeny, while the
second pool consisted of equal amounts of DNA from nine inl.

FIG. 2. Genome sequence of N. crassa MV. The SNP density (0 to 15 SNPs/kb), short read coverage (0 to 50�), and de novo contig coverage
(as contigs) of MV Illumina sequencing of LG V were compared to LG V of the OR reference genome. Known and predicted genes and the GC
percentage (0 to 100%) are shown above the mapped reads. Note the absence of mapped reads in most of the centromeric region (large gene sparse
block at 1 Mb) and some dispersed AT-rich regions that are composed of RIP-mutated relics of transposons (arrows). The bottom panel shows
the similarity of aligned MV contigs that were derived by de novo assembly (85 to 100% nucleotide similarity).

FIG. 3. Previously identified segments of transposon relics are ab-
sent from MV. Short read coverage (0 to 50�) of the MV sequencing
compared to the OR reference genome for three regions (8:A6, 8:F10,
and 8:G3) previously identified as absent in MV by Southern analyses
(37) is shown. The Southern blot probes previously used are indicated
by black rectangles.
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This second pool was used to map the recombination track that
must contain ndc-1, since this region of the genome should
have MV genomic sequence at ndc-1�. In contrast, the region
with inl should contain DNA from the mutant background,
while the remainder of the genome should be a mixture of
DNA from both parents. The pool composed of DNA from the
54 ndc-1 inl progeny was used to find the specific mutation
responsible for the ndc-1 phenotype.

We generated a “SNPome,” a FASTA file with both ver-
sions of each SNP between OR and MV, by running
“SNPome_builder” (Fig. 1). We mapped processed 36-nt reads
from the ndc-1 inl and inl pools to the OR and MV SNPome
as perfect matches with Hashmatch (12) and ran SNP_profiler
on the Hashmatch output to count the number of reads match-
ing each version of each SNP (Fig. 1). This Perl script gener-
ates a ratio of reads matching each version of a SNP as a
fraction between 0 and 1 to indicate the amount each parental
genome contributes to the progeny in bulk. The resulting SNP
profiles were viewed in the Argo genome browser to identify
contiguous genomic regions in which SNPs originated from a
specific parental strain (Fig. 5A).

As described above, the region containing the ndc-1 locus
should contain most—if not all—MV-type SNPs in the pool of
nine inl strains. By this logic, we narrowed the location of ndc-1
to a 0.85-Mb region on LG V, the only region in the genome
with an extended stretch of MV-only SNPs (Fig. 5). We next
mapped the ndc-1 inl reads to the OR reference genome with
MAQ (24) and found 2,724 high-quality SNPs in the region
containing ndc-1 (between 2.70 and 3.55 Mb on LG V).
NMF164 (FGSC3441) is of mixed genetic background. We
found that the ndc-1 region is highly polymorphic compared to
the OR reference genome (14), which accounts for the high
number of mutation candidates found. To exclude as many
SNPs as possible, we subtracted SNPs that were also present in
two additional Neurospora strains, FGSC322 and FGSC3562,
two non-ndc-1 strains of mixed and related backgrounds (K.
McCluskey and S. Baker, unpublished data). This procedure
reduced the number of candidate SNPs in the ndc-1 region to
102. Of these, six SNPs caused nonsynonymous mutations
within exons.

Three predicted SNPs resulted in changes in protein resi-
dues that were not conserved (in NCU01215, NCU01114, and

FIG. 4. SNP map of N. crassa MV compared to the OR reference genome. Between MV and OR, 168,579 SNPs were identified. (A) SNP
density plot along all seven of the Neurospora chromosomes (0 to 26 SNPs/kb). (B) A subset of SNPs within a TaqI site present in OR (O) but
not MV (M) was confirmed by RFLP. Their locations in the genome are indicated by letters in panel A.
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NCU01090). Two SNPs resulted in changes from Thr to Ser or
Gly to Glu in regions that were in more conserved protein
motifs in NCU01172 and NCU01027, respectively. The most
obvious candidate gene, however, was spe-1 (NCU01271), the
gene encoding ornithine decarboxylase (27, 34), since it has
well-documented roles during the cell cycle (for a review, see
reference 18). The predicted mutation causes a Phe-to-Ser
change at residue 132 (F132S). This phenylalanine is conserved
in all ODC proteins we investigated, including those from
fungi, vertebrates, flies, trypanosomes, nematodes, cnidarians,
and plants (Fig. 6A). To confirm that the predicted SNP was
present in individual strains with the ndc-1 mutation, we de-
termined the sequence of spe-1 from the original mutant
(NMF164) (Fig. 7), three ndc-1 siblings, and one ndc-1� sibling
from the cross with MV (data not shown). In all cases, the

DNA sequence from the spe-1 gene matched that expected
from high-throughput sequencing.

Complementation of ndc-1. To determine if the T-to-C mu-
tation resulting in the F132S substitution was the cause of the
ndc-1 phenotype, we carried out two experiments. First, we
grew ndc-1 strains at restrictive temperatures in the presence
of 1 mM spermidine trihydrochloride, a metabolic product
downstream of the reaction catalyzed by ornithine decarbox-
ylase (Fig. 6B). Normal growth of ndc-1 at 37°C after supple-
mentation (Fig. 7) strongly suggested that ndc-1 is indeed an
allele of spe-1. Next, we integrated the selectable hph marker
into pGS1, a plasmid that contains the spe-1 region and had
been used previously to complement spe-1 mutants (45). We
transformed NMF164 with this construct, pKP19, and selected
for hygromycin resistance. Transformants were tested for

FIG. 5. Mapping the ndc-1 mutant. (A) Genomic DNA from 54 ndc-1� inl bulk progeny was mapped to the OR/MV SNPome. The number
of reads obtained from either the OR or MV background was tallied at each SNP, and a ratio of OR to MV reads was calculated to indicate the
contribution from each genetic background in the bulk progeny. The ratio is shown as 100% OR (O) to 100% MV (M) along all seven N. crassa
chromosomes as a 5-kb sliding window of the average ratio. Note the 0.85-Mb block on LG V where reads originate entirely with MV; thus, this
region must contain ndc-1. (B) The region of LG V originating from the MV parent is shown in detail. Linkage analysis had previously mapped
ndc-1 to the left of arg-4 (38).
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growth at 37°C to determine if the ectopically integrated plas-
mid complemented the ts ndc-1 phenotype. All (7/7) transfor-
mants grew at 37°C, strongly suggesting that ndc-1 is an allele
of spe-l. Integration of the plasmid and heterozygosity of the
spe-1 gene in the transformant heterokaryon were confirmed

by Sanger sequencing (Fig. 7). Based on our results, we pro-
pose changing ndc-1 to spe-1ndc.

Utility of ndc-1 for blocking and releasing cells in the nu-
clear division cycle. We observed that spe-1ndc strains recov-
ered and resumed growth after flasks or slants were shifted
from 37°C to 22°C. This paves the way for utilizing spe-1ndc to
synchronize the nuclear division cycle and DNA synthesis,
which has been difficult in Neurospora. We grew ndc-1 strains
at 37°C in race tubes and shifted them to 22°C to measure the
time lag before linear growth resumed. We found that cells
stalled for 28.4 h took 15.8 h to recover (Fig. 8A), while cells
stalled for 13.0 h took 10.5 h to recover (Fig. 8B). In both cases,
recovery of three replicate strains occurred simultaneously.

DISCUSSION

Mauriceville genome assembly and SNP identification. We
sequenced the N. crassa MV genome to �20-fold median cov-
erage and mapped reads to the current assembly of the OR
genome to identify SNPs between these two commonly used
mapping strains. The highest-quality SNP calls are available as
a resource for the Neurospora community on the Neurospora
model organism homepage at http://www.fgsc.net/Neurospora
/SNPs/SNP_map.htm and are included here as Table S3 in the
supplemental material. In addition, we carried out de novo
assembly of MV reads to generate an MV genome that did not
rely on a reference genome. De novo assembly statistics suggest

FIG. 6. The ndc-1 mutation maps to the gene for ornithine decarboxylase, spe-1. (A) We identified a Phe-to-Ser mutation at residue 132 (F132S,
indicated by an arrow) in the N. crassa ODC. Alignment of ornithine decarboxylase proteins from a variety of organisms, including wild-type
Neurospora, indicates the mutated residue is highly conserved. Only a small region of ODC is shown here. (B) Production of polyamines in N.
crassa. Mutant alleles are indicated in italics. SAM, S-adenosylmethionine.

FIG. 7. The ndc-1 ts phenotype can be reverted by supplementa-
tion with spermidine or integration of a wild-type copy of spe-1.
(A) VMM slants with or without myo-inositol (VMMI) and spermidine
(SPM) were inoculated with conidia from NMF398 (ndc-1� inl�),
NMF164 (ndc-1 inl), or NMF164 transformed with pKP19, a plasmid
containing the wild-type spe-1 gene (NMF401; ndc-1� inl). Images
were captured after 3 days of incubation at either 22°C or 37°C.
(B) Complementation of ndc-1 was confirmed by Sanger sequencing.
Sequencing peaks for both the wild type and the ndc-1 allele indicate
that both are present in the heterokaryotic transformant. The base(s)
present at the SNP site is indicated.
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that we captured 34.7 Mb or 85% of the �41-Mb genome in
10,434 contigs. Considering the relatively large amount of
near-repetitive DNA (14), this compares favorably with the de
novo assembly of the Sordaria macrospora genome (32), which
was reference guided and included longer reads derived from
Roche 454 sequencing.

We found that SNPs are distributed evenly over all seven
chromosomes, with the exception of large blocks of AT-rich
DNA present primarily at the centromeres or dispersed as
transposon relics stemming from the action of repeat-induced
point mutation (RIP) (37) (Fig. 2). We predicted that these
regions are highly disparate in MV from those in OR and thus
examined both read coverage and de novo assembly alignment
in these regions. Several selected regions that had been previ-
ously shown to be absent from MV by Southern hybridization
with OR probes (37) had few or no reads in MV (Fig. 3). The
AT-rich reads remaining after alignment of MV reads to OR
thus constitute dispersed subtelomeric and centromeric re-
gions, and in further studies we will address the evolution of
centromeric DNA. Here we show that these regions are highly
variable between MV and OR.

Mapping ndc-1 by bulk segregant analysis. Mapping a mu-
tation by molecular means can be complicated under ideal
conditions when the mutant was isolated in a genetic back-
ground for which a reference genome is available. When this is
the case, mutants are backcrossed many times to isogenic or
near-isogenic strains, and premutation and backcrossed mu-
tant strains are compared with the idea of identifying the
underlying lesion directly (for example, see reference 19). This
can be a difficult and time-consuming undertaking, even with
comparatively small, usually haploid genomes of fungi (C.
Yam, K. R. Pomraning, M. Freitag, and S. Oliferenko, unpub-
lished data). Direct comparisons of two or even several iso-
genic strains do not usually establish linkage, and to make
matters worse, it is generally not known whether the mutation
in question is a point mutation, indel, rearrangement, or the
result of epigenetic changes. In contrast, doing even a single
backcross to a strain of known and overall dissimilar haplotype
followed by bulk segregant analysis with a dense SNP map is
useful, since SNP maps immediately establish linkage of mu-
tations to specific genomic regions even if the type of mutation
is unknown. It is easiest to find point mutations, as we describe
here, but with sufficient coverage or paired-end sequencing of
bulk segregant pools, we predict it will be straightforward to

identify indels or genetic rearrangements by high-throughput
sequencing.

We have encountered two problems when using bulk seg-
regant analysis. The first problem occurs when the genetic
background of the mutant strain is unknown, as is often the
case with classical mutants. One example of this case is dis-
cussed here, since ndc-1 was obtained in a strain of mixed
genetic background (38). We treated NMF164 as OR in the
cross with MV, but we showed that OR was a poor surrogate
parent, which left us to consider thousands of SNPs not present
in the OR background as potential candidates for the ndc-1
mutation. To alleviate this problem, we analyzed the �1-Mb
segment on LG V that we predicted to contain ndc-1 in a
diverse set of Neurospora wild-type strains with similarly mixed
backgrounds (K. McCluskey and S. Baker, unpublished data),
with the single criterion being a lack of the ndc-1 phenotype.
We reasoned that SNPs present in both wild-type and ndc-1
strains cannot be responsible for the ndc-1 phenotype and thus
should be subtracted from the pool of candidate mutations.
While not ideal, this strategy will become ever more effective
as a wider palette of strains are sequenced and made publically
available. If, however, Neurospora researchers embark on
novel screens and selections for mutations, we recommend
using the OR or MV strain as genetic background to accelerate
and simplify future molecular mapping.

If the parental strain prior to mutagenesis is available but is
not of OR or MV background, the analysis is simplified by
setting mapping crosses with OR (because its assembly is su-
perior to that of MV) and sequencing both the premutagenesis
parent and the bulk mutant progeny. SNPs identified in the
parent strain are subtracted from those identified by bulk seg-
regant analysis from the pool of mutant progeny. This leaves
the subset of SNPs introduced by the mutagenesis as candi-
dates to screen.

The second problem encountered is specific to the mating
type region on N. crassa LG I. This region is idiomorphic in the
opposite mating types (15, 39). By sequencing additional Neu-
rospora strains of various backgrounds, we found that the mat-
ing type region and adjacent large regions of LG I extending
across the centromeric DNA are typically extremely polymor-
phic (K. R. Pomraning, K. M. Smith, F. J. Bowring, D. Bell-
Pedersen, D. E. A. Catcheside, E. U. Selker, and M. Freitag,
unpublished data). Lab strains of Neurospora are selected by
most researchers to carry out genetic crosses with fertile indi-

FIG. 8. Growth arrest and release of ts spe-1ndc strain. Conidia from NMF398 (ndc-1� inl�; squares) or NMF344 (ndc-1 inl; circles) were
inoculated on VMMI in race tubes at 22°C to monitor linear growth. The conidia were allowed to germinate and establish linear growth prior to
transfer to 37°C (indicated by a thick bar on the x axis). The strains were maintained at 37°C for at least 13 h and then transferred back to 22°C
to determine the lag period before linear growth resumed. Error bars indicate the standard deviation between three replicates.
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viduals, with little regard as to neutral mutations associated
with mating type, which are allowed to accumulate over several
generations. This presumably resulted in many haplotypes
flanking the mating type regions. There is also some evidence
for rich polymorphisms in this region from different wild-type
strains. In the Adiopodoume strain from West Africa, for ex-
ample, a large number of silent mutations have been identified
in a gene encoding a translesion DNA polymerase
(NCU01951) near mat (40). This richness in SNPs makes map-
ping of mutations closely linked to the mating type region
difficult, especially if the SNPs used are relevant only for a
single mating type. If a mutation is linked to this region, prog-
eny should be pooled by mating type and analyzed with a
SNPome generated for either mata or matA of LG I.

It is tempting to sequence only the premutant parent and
mutant strains, as has been done with success to identify single
point mutations in fission yeast (19). In organisms with larger
genomes, however, bulk segregant analysis is used (8, 25, 44).
If the locations for recombination events are assumed to be
random during meiosis, then the power to identify the region
containing a mutation by bulk segregant analysis increases as
1/n, where n is the number of progeny sequenced in bulk, and
can be roughly modeled as

S � �C/�R � 1	
n�1 (1)

where S is the size of the genomic region sought, C is the size
of the mutated chromosome, and R is the number of recom-
bination events that occur on the mutated chromosome during
meiosis. For N. crassa LG V, we know the size is approximately
6.4 Mb and we can conservatively estimate that recombination
occurs once on each chromosome. Thus, for N. crassa LG V,

S � �6.4 Mb/�1 � 1	
n�1 (2)

In this study, we sequenced two pools containing nine (S �
0.85 Mb; Fig. 5) and 54 (S � 0.15 Mb; data not shown) progeny
(Fig. 9). We were able to narrow the mutation to a region
larger than expected from equation 2 (S � 0.36 Mb for nine
progeny, and S � 0.06 Mb for 54 progeny), suggesting that
recombination is slightly suppressed in this region of LG V. By
generating and carefully pooling DNA from additional prog-
eny, one can narrow recombination blocks containing the mu-
tation(s) in question to smaller sizes, but of course with dimin-
ishing rewards for every new progeny added.

Importance of ODC for the cell cycle. We identified the
ndc-1 mutation as F132S in ornithine decarboxylase (ODC),
the enzyme that catalyzes the initial rate-limiting step of poly-
amine biosynthesis by converting ornithine into putrescine,
which is then converted to spermidine and spermine (10) (Fig.
6). Putrescine production is important for the function of eu-
karyotic cells, and with few exceptions, e.g., within the Brassi-
caceae, which use arginine decarboxylase to synthesize pu-
trescine (16), eukaryotes utilize a conserved ODC enzyme for
putrescine production. Unraveling which of the many roles of
polyamines contribute to the cell cycle stalling observed with
the ndc-1 allele will be the subject of future work. It is clear
that polyamines affect a wide variety of cellular processes by
interacting with DNA, RNA, and phospholipids (30, 43). Stud-
ies in fission yeast point to a spermidine-requiring modification
of lysine to the unique amino acid hypusine in eukaryotic

translation initiation factor 5A (33). This modification is es-
sential for cell proliferation and utilizes much of the free sper-
midine in the cell under spermidine-limiting conditions (7).
Polyamines interact with DNA as cations by binding to phos-
phates but also form nuclear aggregates of polyamines, which
effectively protect DNA from endonucleases in vitro (9). These
complexes stabilize DNA structure through condensation, de-
pletion of which could be catastrophic for genomic DNA pack-
aging within the nucleus. Finally, polyamines are required for
normal microtubule assembly (36), which is presumably nec-
essary for spindle formation after spindle pole body duplica-
tion, roughly the point at which the ndc-1 allelic mutant ap-
pears arrested (38). Outside of the cell cycle proper, growing
hyphae of filamentous fungi require microtubules for the trans-
port of cargo to the Spitzenkörper at the growing hyphal tip
(41). Disruption of this process may result in the stalled linear
growth observed here.

Application of the spe-1ndc allele. At present, the spe-1ndc

mutant is the only ts nuclear division cycle mutant known in N.
crassa. We observed that growth of the mutant is stalled by
incubation for several hours at 37°C but can be restored by
transfer back to 22°C (Fig. 8). Supplementation with 1 mM
spermidine allows the strain to grow at 32°C and 37°C (Fig.
7A). While picolinic acid, which rapidly slows DNA accumu-
lation (26), and deoxyadenosine, a DNA synthesis inhibitor
(13), have been used in the past to synchronize the nuclear
division cycle in N. crassa, we suggest that shifting Neurospora
from high to low temperature or supplementation with sper-
midine is less invasive than the former treatments. To that end,
we are currently defining the precise growth conditions to
synchronize the cell cycle of spe-1ndc strains with the goal of
generating a system that will allow synchronized DNA synthe-
sis upon addition of spermidine.

FIG. 9. Predicted relationship of number of progeny in pools to
expected size of mutation-containing region. Equation 1 predicts the
relationship between the number of progeny sequenced in bulk (n) and
the size of the mutation-containing region found (S). It is plotted for
N. crassa chromosome V assuming the size of the chromosome (C)
equals 6.4 Mb and the number of recombination events on chromo-
some V during meiosis (R) equals 1. We experimentally narrowed S to
a 0.85-Mb region using 54 pooled progeny and a 0.15-Mb region using
9 pooled progeny (data not shown), as indicated by two circles.
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