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The low rate of homologous recombination exhibited by wild-type
strains of filamentous fungi has hindered development of high-
throughput gene knockout procedures for this group of organisms.
In this study, we describe a method for rapidly creating knockout
mutants in which we make use of yeast recombinational cloning,
Neurospora mutant strains deficient in nonhomologous end-join-
ing DNA repair, custom-written software tools, and robotics. To
illustrate our approach, we have created strains bearing deletions
of 103 Neurospora genes encoding transcription factors. Charac-
terization of strains during growth and both asexual and sexual
development revealed phenotypes for 43% of the deletion mu-
tants, with more than half of these strains possessing multiple
defects. Overall, the methodology, which achieves high-through-
put gene disruption at an efficiency >90% in this filamentous
fungus, promises to be applicable to other eukaryotic organisms
that have a low frequency of homologous recombination.

filamentous fungi � functional genomics � knockouts � recombinational
cloning

H istorically, it has proven difficult to perform gene knockouts
on a large scale in filamentous fungi. Unlike Saccharomyces

cerevisiae, wild-type Neurospora strains exhibit a low frequency
of homologous recombination after transformation, typically
�10%, even when deletion cassettes contain long stretches of
flanking sequence. The predominance of ectopic insertions
dictates that a large number of transformants be screened. Of the
many published procedures for creating knockout constructs
(e.g., refs. 1–6), none lends itself well to a reliable high-
throughput approach. To fill this need, we have developed a
scheme that takes advantage of recombinational cloning in yeast
(7, 8), a method that bypasses traditional restriction digestion
and ligation. The components of the final construct are synthe-
sized individually with short overlapping ends by PCR and
cotransformed into yeast for assembly by the recombination
machinery. An additional significant advance is the creation of
Neurospora recipient strains in which ectopic insertions are
virtually eliminated; Inoue and coworkers (9) recently demon-
strated that mutation of either of two Neurospora genes required
for nonhomologous end-joining DNA repair (mus-51 and mus-
52) results in a dramatic increase in the frequency of homologous
recombination. We have combined our method for cassette
synthesis, the use of �mus-51 and �mus-52 strains, and addi-
tional procedures including custom-designed software tools, into
a successful high-throughput gene deletion strategy for filamen-
tous fungi. Here we report application of this technology to
mutation of 103 genes encoding transcription factors in
Neurospora.

The filamentous fungus Neurospora crassa is a model for many
fungal species that are important animal and plant pathogens.
Neurospora possesses a more complex life cycle than yeasts, with
three different sporulation pathways and production of at least
28 different cell types (10, 11). Although Neurospora has been

studied for �60 years by classical and molecular genetics,
relatively little is known about transcriptional regulation in this
organism. The availability of the complete Neurospora genome
sequence (12) has allowed annotation of 182 transcription factor
genes (not including general factors that regulate RNA poly-
merase; see ref. 11). The majority of factors belong to the
Zn(II)2Cys6 fungal binuclear cluster family, whereas others are
members of the C2H2 zinc finger, GATA, bHLH, B-ZIP, CBF
CAAT-binding factor, homeobox, RING finger, PHD finger,
MIZ zinc finger, and other families (11). Only 21 transcription
factor genes have been characterized in Neurospora, and fewer
yet have been studied in any other filamentous fungal system.
The genes that have been studied in Neurospora play roles in
metabolism and during development, including nutrient utiliza-
tion or uptake (acu-15, cpc-1, nit-2, nit-4, pco-1, nuc-1, cys-3,
qa-1F, and sre; see refs. 13–21), vegetative growth and macro-
conidiation ( fl, rca-1, and rco-1; see refs. 22 and 23), light
responses and the circadian rhythm (wc-1 and wc-2; see refs. 24
and 25), sexual development (asd-4, asm-1, and pp-1; see refs.
26–28), DNA repair (uvs-2; see ref. 29), and mating type
functions (mat A-1, mat A-3, and mat a-1; see refs. 30 and 31).
There are many other processes for which basic information
regarding transcriptional control mechanisms is totally lacking.
Therefore, a large-scale functional study of transcription factors
in Neurospora is timely and will provide a foundation for
understanding complex modes of gene regulation in filamentous
fungi.

Results
The overall strategy for high-throughput generation of gene dele-
tions required a series of methodological advances for the con-
struction of the deletion cassette DNA. In addition, recipient strains
were created for transformation (mus-51::bar and mus-52::bar; see
Materials and Methods). Because the marker for our deletion
cassettes is hph (see below), we were unable to use the
mus-51�52::hph deletion strains reported by Ninomiya et al. (9).

Primer Design, Optimization, and Production of Deletion Cassettes.
The cassettes contain (in order, 5� to 3�) 1–1.3 kb of 5� sequence
flanking the ORF to be deleted (target gene ORF); the select-
able marker hph [the gene for hygromycin B phosphotransferase
(32), which confers hygromycin resistance] driven by the trpC
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promoter (33) and flanked by engineered MmeI restriction sites;
and 1–1.3 kb of 3� f lanking sequence for the target gene ORF.

The method for construction of deletion cassettes is presented
in Fig. 1. Briefly, four DNA fragments comprising the 5� and 3�
DNA sequences flanking the target gene, the hph cassette, and
a gapped yeast vector, respectively, were assembled in yeast using
the endogenous homologous recombination system, and the
final linear deletion cassette was amplified from the resulting
construct by PCR (see Fig. 1 and Materials and Methods). To
achieve this, four PCR primers, designated 5f, 5r, 3f, and 3r, were
synthesized for each knockout cassette. The common 29-nt 5�
portions of the primers are shown in Supporting Text, which is
published as supporting information on the PNAS web site; to
select the gene-specific 20-nt portions of the primers, we used a
custom-built software application (see Materials and Methods).
This program successfully designed primers for 10,047 (96.8%)
of the 10,620 ORFs predicted by Assembly 7 of the Neurospora
genome sequence (www.broad.mit.edu�annotation�fungi�
neurospora�crassa�7�index.html). Primer design failed for 16
genes because of their proximity to the ends of contigs. Modest
alterations in the selection parameters enabled successful primer
design for most of the other failures (data not shown).

MmeI sites were designed into the junctions between the
flanks and the hph cassette (Fig. 1) to allow the adjacent
gene-specific 20-bp sequences to serve as molecular bar codes.
Digestion of genomic DNA by MmeI (which cuts 20 base pairs
downstream of its recognition sequence) followed by ligation-
mediated PCR will create products that can be amplified and
then either sequenced or used in standard competition experi-
ments (34–36).

In the development phase of this work, deletion cassettes were
made with the hph gene driven by the Ashbya gossypii TEF
promoter (pTEF); pTEF drives expression in both yeast and
Neurospora, thereby allowing direct selection of yeast cells

harboring the correctly assembled constructs on medium con-
taining hygromycin B. Although sufficient for creation of dele-
tion strains (e.g., C. A. Jones, S. E. Greer-Phillips, and K.A.B.,
unpublished work), the weak activity of pTEF in Neurospora led
to slow growth and low numbers of transformants at the hygro-
mycin concentration necessary for inhibiting growth of nontrans-
formed cells. Therefore, to ensure dependable selection of true
Neurospora transformants, we settled on the widely used and
highly expressed Aspergillus nidulans trpC promoter-hph cassette
(33) as our selectable marker for Neurospora deletion constructs.
The yeast vector contains the URA3 gene, and selection is done
on medium lacking uracil. DNA made from pooled yeast trans-
formants serves as the template for specific amplification of the
correct deletion cassette.

Before Inoue and coworkers published their findings regard-
ing the mus-51 and mus-52 deletion strains (9), we explored
methods for increasing the frequency of homologous recombi-
nation among transformants. Deletion cassette constructs were
generated by yeast recombinational cloning as shown in Fig. 1,
except that the flank fragments were 3 kb long. Split-marker
fragments (37) were then amplified by PCR from the pooled
yeast DNA (see Fig. 4, which is published as supporting infor-
mation on the PNAS web site) and cotransformed into Neuro-
spora. Combining our method for cassette construction with the
published split-marker technique gave results that were a sig-
nificant improvement over existing approaches. On average,
44% of the transformants obtained with this strategy had the
proper gene replacement and, as determined by Southern anal-
ysis, 68% of those were free of ectopic insertions (results for 16
individual genes vary widely and are shown in Table 2, which is
published as supporting information on the PNAS web site). Our
subsequent adoption of �mus-51 and �mus-52, along with
deletion cassettes with 1-kb flanks, rendered the split-marker
approach unnecessary for the high-throughput deletion project.
However, it remains a useful strategy for transforming strains not
deficient in mus-51 or mus-52, especially when combined with
our method for creating deletion cassettes.

Subsequent to the creation of the transcription factor deletion
cassettes, this method was used to produce deletion cassettes for
�9,600 Neurospora genes. The overall success rate for synthesis
of f lank fragments is �97%, whereas that for PCR amplification
of the final deletion cassettes from the mixed yeast DNA pools
is 90–95%. Electroporation of Neurospora with the final cas-
settes used for disrupting the transcription factors worked well
over at least a 5-fold range of input DNA amounts, typically
200–1,000 ng.

Generation of Transcription Factor Deletion Mutants. The 103 tran-
scription factor genes chosen to illustrate the utility of this
procedure were previously annotated (11) by BLAST searches
(38) by using Assembly 3 of the Neurospora genome sequence
(www.broad.mit.edu�annotation�fungi�neurospora�crassa�3�
index.html). Genes with E values �10�5 were accepted as
members of a particular class. For initial knockout experiments,
genes representing all of the annotated groups (11) were chosen.
Cassettes were made and used to transform �mus strains as
described above and in Materials and Methods, and the hetero-
karyotic primary transformants bearing putative gene knockouts
were selected on the basis of hygromycin resistance.

Southern blot analysis of 627 primary transformants (six to
seven transformants per gene) showed that homologous recom-
bination without any ectopic insertion occurred in 98% of the
cases. Ectopic insertion of knockout cassette DNA in addition to
homologous recombination was observed in 0.8% of transfor-
mants, but stable homokaryons free of ectopic sequences were
eventually obtained from these transformants after crossing
(Table 1). Ectopic insertions without concurrent homologous

Fig. 1. Strategy for creating deletion constructs. 5� and 3� flank fragments
are amplified separately from genomic DNA with primers 5f � 5r and 3f � 3r.
Primers 5r and 3f incorporate MmeI sites (M) and have 5� tails homologous to
the hph cassette, whereas those for 5f and 3r are homologous to the vector.
The two flanks are cotransformed into yeast along with the hph cassette and
gapped yeast shuttle vector. Homologous recombination creates the circular
construct and the final linear deletion cassette is amplified from the pooled
yeast DNA with primers 5f and 3r. hph is transcribed in the antisense direction
relative to the target gene.
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recombination, as well as abnormal recombination events, were
observed in 1.2% of the transformants (Table 1).

Primary transformants were crossed to wild-type females to
obtain homokaryotic knockout mutants free of the mus muta-
tion. Although 99 of the transcription factor genes yielded
homokaryotic deletion progeny, no hygromycin-resistant prog-
eny were isolated for NCU00340 (pp-1), NCU01345 (asl-1),
NCU01459 (asl-2), and NCU04050 (cpc-1).

Phenotypic Analysis of Transcription Factor Deletion Strains. A sub-
stantial fraction of the viable mutants displayed visible pheno-
types; the results indicate that 40 of the 99 genes studied are
required for normal vegetative or sexual growth and develop-
ment in Neurospora (Fig. 2). Table 3, which is published as
supporting information on the PNAS web site, provides a
complete list of genes deleted and the results of the phenotypic
analyses, as well as names applied to mutants exhibiting novel
phenotypes. Further details and photographs of the mutant
strains are available at www.broad.mit.edu�annotation�
genome�neurospora�Alleles.html.
Basal hyphal extension and asexual development. Neurospora grows by
apical extension, branching, and fusion of basal hyphae to form
a colony. Nutrient deprivation or desiccation leads to differen-
tiation of aerial hyphae from these basal hyphae. The ends of
aerial hyphae form budding structures called conidiophores that
give rise to mature vegetative spores, the macroconidia (39).

In our study, 20 mutants exhibited significantly reduced basal
hyphal extension rates compared to wild type as measured in
race tubes (see Supporting Text), whereas five mutants had faster
growth rates (Fig. 2 and Table 3). Most mutants with defects in
extension of basal hyphae also demonstrated abnormalities
during macroconidiation (15 strains; Fig. 2). A positive corre-
lation between production of normal levels of mature macro-
conidia and the height of aerial hyphae was observed for many
mutants (data not shown). For example, the �f luffy
( fl):NCU08726 mutant exhibited short aerial hyphae and a block
in macroconidiation as previously reported (40, 41). However,
nine mutant strains with short aerial hyphae formed macro-
conidia normally (Table 3). Five mutants extended longer aerial
hyphae than wild type (Fig. 2). Of particular interest, two
mutants (�vad-6:NCU09205 and �bek-2:NCU07139; see below)
exhibited both faster basal hyphal extension rates and longer
aerial hyphae than wild type (Fig. 2).

The �kaleidoscope-1 (kal-1:NCU03593) mutant was so named
because of its radial and variable colony appearance under
different growth conditions. The �kal-1 mutant has a slower
basal hyphal extension rate than wild type at 30°C and 37°C, but
not at 25°C (Fig. 3A and data not shown). When 2% yeast extract
was added to the medium, extension of basal hyphae was
decreased in wild type but increased in the �kal-1 strain (Fig.

3A). �kal-1 mutants also exhibit increased branching of basal
hyphae and shorter aerial hyphae (Fig. 3A and Table 3).
Sexual development. Neurospora differentiates female reproductive
structures (protoperithecia) in response to nitrogen starvation.
Fertilization is accomplished by chemotropic growth of a spe-
cialized female hypha toward a male cell (typically a macro-
conidium) of opposite mating type, transport of the male nucleus
into the protoperithecium, cell proliferation, and karyogamy.
Meiosis ensues and the protoperithecium develops into the
mature fruiting body (perithecium) containing ascospores (42).

All 99 viable knockout mutants exhibited normal male fertility
(data not shown). In contrast, 14 of the transcription factors
studied are required for various stages of female sexual devel-
opment and ascospore production (Fig. 2 and Table 3). Nine of
the mutants that do not produce perithecia also form few or no
protoperithecia. The arrested development (�adv-1:NCU07392)
mutant is blocked in protoperithecial formation (as well as basal
hyphal extension and asexual development; see below), in con-
trast to strains lacking the homologous gene pro1 in Sordaria
macrospora (43). Submerged protoperithecia were observed in
the �sub1:NCU01154 mutant. Several mutants develop aberrant
perithecia, including defective beaks (�bek-1:NCU00097 and
�bek-2; see above; Fig. 3B) and less melanization (�mel-
1:NCU04561). Of these three mutants, only �mel-1 is able to
efficiently eject ascospores. Interestingly, the �nit-4:NCU08294

Table 1. Results of Southern blot analysis of 627 primary
transformants

HR* with
no ectopic†

HR with
ectopic‡

Ectopic with
no HR§

Unusual
recombination¶

Number 613 5 6 3
Percent of total 98 0.8 0.8 0.4

*HR, Homologous recombination.
†Transformants with bands indicative of gene replacement as well as wild
type, but with no additional bands indicative of ectopic insertion.

‡Transformants with bands indicative of gene replacement and wild type, as
well as additional bands.

§Transformants with no bands indicative of gene replacement but with both
wild type and additional bands.

¶Transformants with no bands indicative of gene replacement or wild type but
only extra bands.

Fig. 2. Venn diagram showing the distribution of transcription factor knock-
out mutants with observed phenotypes. Mutants are represented by the NCU
numbers of the deleted genes. Font color indicates gene family (see Inset
table). Miscellaneous genes (pink) are from three classes: RING-type zinc
finger (NCU06411), CBF CAAT-binding factor (NCU02017), and homeobox
(NCU00097 and NCU03593). Genes showing ascospore lethality are shown in
the oval. The numbers of transcription factor mutants analyzed and the
numbers with phenotypes are listed in the Inset table. Knockout mutants
indicated with * or � exhibited greater basal hyphal extension rates or aerial
hyphae heights than wild type, respectively. For the wild-type controls, the
basal hyphae extension rate was 65–80 mm per day, whereas the height of
aerial hyphae achieved in 3 days was 30–45 mm. The three photographs show
a perithecium (Upper), a conidiophore (Lower Right), and basal hyphae
(Lower Left).

10354 � www.pnas.org�cgi�doi�10.1073�pnas.0601456103 Colot et al.



mutant forms more protoperithecia and perithecia than wild
type (data not shown).

Eight transcription factor knockout mutants possess signifi-
cant defects in all three phenotypes: basal hyphal extension,
asexual development, and sexual development (Fig. 2). In con-
trast, �bek-2 has a defect in sexual development but demon-
strates increased extension of both basal and aerial hyphae (Fig.
2). With the exception of all development altered (ada)-
2:NCU02017, ada-4:NCU03320, and adv-1:NCU07392, these
genes and their closest homologues have no reported functions
in any filamentous fungal system.

Discussion
Methodological advances reported here significantly facilitate
the high-throughput production of deletion mutants. We found
recombinational cloning in yeast, a well characterized and widely
used technique, to be the most suitable method for high-
throughput synthesis of deletion constructs. Most steps are
performed on a pipetting robot, allowing the creation of 400–
600 constructs per week. Cassettes are electroporated into the
mus deletion mutants in a 96-well format. Strains and processes
are tracked by using a custom-written LABORATORY INFORMA-
TION MANAGEMENT SYSTEM (LIMS; see Supporting Text), and
streamlined methods for preliminary phenotypic analysis have
been developed. Both the general procedures developed for
Neurospora (e.g., the use of mus-51�52 deletions to reduce
ectopic insertions and a strong promoter to drive selectable
marker expression) and the technical developments (primer
selection and Southern analysis programs; high-throughput cas-
sette construction, preparation, and transformation) should be
readily adaptable to other organisms. In addition, this powerful
methodology can be used to generate strains with tagged or

mutant alleles or promoter replacements at the endogenous
locus of any given gene.

The 99 viable transcription factor mutants were analyzed for
a variety of characteristics during vegetative and sexual growth
and development. A total of 40 mutants displayed at least one
defining phenotype during our testing. Among the genes pro-
ducing phenotypes, only four had been studied previously in
Neurospora [wc-2:NCU00902, acu-15:NCU06656, fluffy ( fl), and
nit-4], and 14 others have characterized homologues in other
fungi.

Our results revealed that highly conserved transcription fac-
tors can play different roles in various fungi. For example,
Sordaria macrospora pro1 mutants are able to form protoperi-
thecia, but not perithecia (43). In contrast, the Aspergillus
nidulans Pro1 homologue RosA is required for sexual develop-
ment at low carbon levels (44). Our analysis of the Neurospora
homologue of pro1, adv-1, demonstrates that it is required for
normal protoperithecial differentiation at both high and low
sucrose concentrations. Thus, adv-1 is likely to be required
during an earlier stage of female sexual development than pro1,
and it does not possess a carbon concentration-dependent
function, as observed for rosA. In addition, adv-1 is also essential
for normal vegetative growth and development in Neurospora.

That no viable ascospore progeny were observed for four
transcription factor mutants (�pp-1:NCU00340, �cpc-
1:NCU04050, �asl-1:NCU01345, and �asl-2:NCU01459) sug-
gests these factors are required for ascospore germination
and�or perform some other essential function during the life
cycle. Similar results were obtained during analysis of S. cerevi-
siae transcription factor genes, with 3.4% found to be essential
for viability in rich medium (45). Interestingly, with the excep-
tion of pp-1, all of the ascospore lethal Neurospora genes are
members of the B-ZIP family (11). The results for pp-1 are
supported by a recent report that ascospores carrying a deletion
of pp-1 are inviable, but that �pp-1 strains can be maintained in
the vegetative phase (26). Viable �cpc-1 mutants have been
reported (46), and we were eventually able to isolate �cpc-1
strains by using the microconidiation procedure in the vegetative
phase to bypass the need for a sexual cross (data not shown; see
ref. 47).

Our work uncovered an important regulator of asexual growth
and development in Neurospora, kaleidoscope-1 (kal-1), which
encodes a homeobox-containing transcription factor. kal-1 is
homologous to Podospora anserina pah1, a gene required for
normal microconidiation and hyphal branching (48). The �kal-1
mutation is highly pleiotropic, leading to substantial changes in
colony morphology and conidial development (Fig. 3A). How-
ever, supplementation with yeast extract increases apical exten-
sion and conidiation of the kal-1 mutant, indicating a possible
role for kal-1 in nutrient metabolism or sensing. Despite their
extensive vegetative defects, kal-1 mutants are female-fertile.
Two additional homeobox transcription factor genes, bek-1 and
NCU03070, were also examined in our study; bek-1 was found to
be required for normal development of perithecial beaks during
sexual development. Homeobox transcription factors are well
known as regulators of cell proliferation, differentiation, and
pattern formation in mammals (49–51); our analysis supports
conservation of developmental roles for homeobox factors in
Neurospora.

It is notable that 59 of the transcription factor genes studied
here do not possess obvious functions during growth and devel-
opment, suggesting they may have roles under environmental
conditions not included in our analyses. Some of the genes may
also possess overlapping functions. Functional redundancy is
observed for many proteins in eukaryotes, including transcrip-
tion factors (52–54), and can be preserved over long periods of
evolution because the compensatory activities of related genes
can buffer the effects of deleterious mutations (55). Remarkably,

Fig. 3. Colony morphology and asexual and sexual development of tran-
scription factor knockout mutants. (A) Colony morphology of wild type and
�kal-1:NCU03593. Strains were grown for 24 h on VM or VM � yeast extract
at 25°C and 37°C. The colony edge images show basal vegetative hyphae at
�11. (B) Transcription factor mutant exhibiting aberrant development of
perithecia. Images at �77 were taken 7 days after fertilization of protoperi-
thecia with opposite mating type conidia. The arrow indicates a beak in wild
type; this structure does not form in the mutant.

Colot et al. PNAS � July 5, 2006 � vol. 103 � no. 27 � 10355

G
EN

ET
IC

S



numerous transcription factor genes in our study (33%) are
similar to another Neurospora transcription factor (e�64 to e�5),
and the majority of these proteins belong to the Zn(II)2Cys6
fungal binuclear cluster family (11). In addition, many (79%) did
not yield obvious phenotypes when mutated. Mutation of mul-
tiple homologous transcription factor genes will be necessary to
comprehend complex gene regulation in Neurospora.

Characterization of the null phenotype is a requisite step in
determining the functions of a gene, and the accessibility of a
complete collection of mutants would begin to unlock the secrets
of any genome. We have reported here the development and
implementation of a scheme for high-throughput production of
targeted gene deletions in Neurospora that should be widely
applicable to the filamentous fungi and beyond. We have used
these methods to systematically delete genes encoding 103
transcription factors, and the resulting strains have provided a
window into novel processes controlling vegetative growth, as
well as sexual and asexual development.

Materials and Methods
Neurospora Strains. Strains FGSC 4200 (mat a), FGSC 2489 (mat
A), FGSC 6103 (his-3 mat A), FGSC 4317 ( fl mat A), and FGSC
4347 ( fl mat a) were obtained from the Fungal Genetics Stock
Center, Kansas City, KS. Strains FGSC 9717 (mus-51::bar his-3
mat A), FGSC 9718 (mus-51::bar mat a), FGSC 9719
(mus-52::bar mat a), and FGSC 9720 (mus-52::bar his-3 mat A)
were created in this study.

Primer Design and Synthesis of Deletion Cassettes. A software
application written by John Jones (John Jones Consulting,
Moreno Valley, CA) was designed to retrieve regions adjacent to
each ORF and pass them to PRIMER3 (http:��frodo.wi.mit.edu�
cgi-bin�primer3�primer3�www.cgi), which would automatically
select a list of candidate primers with designated parameters (see
Supporting Text). For gene-specific f lanks, the program searched
a 1,500-bp region on either side of the ORF for primers that
would synthesize a 1- to 1.3-kb fragment, thus allowing a gap
between the ORF and either flank fragment of 0–500 bp. The
resulting suggested primers were then tested for the absence of
MmeI restriction sites (see above), uniqueness in the genome [by
BLAST; (38)], and suitable GC content (to minimize primer–
dimer formation), and the top-rated primer pair was selected.
Primers were supplied in 96-well plates (Illumina, San Diego)
and were diluted and mixed in three pairs for each gene by a
Biomek NX robot (Beckman): 5f � 5r and 3f � 3r for PCR
synthesis of the 5� and 3� f lank fragments, respectively, and 5f �
3r for production of the final cassettes. The flanks were synthe-
sized from genomic Neurospora DNA using LA Taq (TaKaRa;
exact details of all procedures are in Supporting Text).

Yeast Transformation. For the 103 transcription factor gene
knockouts, yeast strain FY834 (56) was transformed with both
flank fragments, the hph cassette, and gapped plasmid [pRS426
(57) digested with XbaI and EcoRI] in 96-well plates on the
robot. A lithium chloride�polyethylene glycol procedure devel-
oped for a 96-well format was used essentially as described (58),
except that the selection for transformants was done in liquid
medium lacking uracil.

Preparation of Yeast DNA and Generation of Deletion Cassettes by
PCR. Yeast DNA was prepared from the liquid cultures on the
robot with the Puregene Yeast DNA kit (Gentra Systems) with
slight modifications: Zymolyase T-100 (Seikagaku America,
Falmouth, MA) was used and, in place of the final precipitation
step, CleanSEQ magnetic beads (Agencourt, Beverly, MA) were
used to bind the DNA. For the synthesis of full-length cassettes,
yeast DNA and the primer pair mixture 5f � 3r for each gene
were added by the robot to a PCR mix containing LA Taq.

Construction of the mus-51 and mus-52 Deletion Mutant Strains.
Yeast recombinational cloning was performed to construct
deletion cassettes with the bar cassette [which confers resistance
to phosphinothricin (59, 60)] f lanked by 3 kb upstream and 3 kb
downstream of the ORF of either mus-51 or mus-52. The 7-kb
deletion cassette fragment was generated by using the appro-
priate 5f and 3r primers with the yeast DNA as a template for
PCR. The cassettes were transformed by electroporation into
wild-type Neurospora strain FGSC 4200, as described (61, 62).
Selection of transformants, Southern analysis, and sexual crosses
to obtain homokaryons are described in Supporting Text. Four
different genotypes of �mus-51 and �mus-52 were obtained (see
above); all four showed normal vegetative growth and sexual
fertility, consistent with the previous study (9).

High-Throughput Generation of 103 Transcription Factor Deletion
Mutants. Conidia from either �mus-51 (FGSC 9718) or �mus-52
(FGSC 9719) were transformed by electroporation with each
knockout cassette, allowed to recover in Vogel’s minimal me-
dium (VM; ref. 63) supplemented with yeast extract and histi-
dine and plated in regeneration agar on sorbose plates (61)
containing hygromycin B, yeast extract, and histidine. After
incubation for 5 days at 30°C in the dark, colonies were picked
onto VM slants containing hygromycin B.

Six or more transformants for each gene were subjected to
Southern blot analysis, as described (64), with some modifica-
tions. A program was developed to allow automated identifica-
tion of appropriate restriction enzymes to use for Southern blot
analysis of gene replacement mutants (developed by John Jones;
details in Supporting Text). The DIG High Prime labeling kit
(Roche Applied Science, Indianapolis) was used for labeling
full-length knockout cassette fragment probes.

Heterokaryotic transformants confirmed by Southern analysis
to contain both wild-type and deletion mutant nuclei were
crossed to wild-type (FGSC 2489) or his-3 (FGSC 6103) females.
Ascospore progeny resistant to hygromycin were selected and
tested for the mus deletion mutation by assessing sensitivity to
phosphinothricin. Confirmation of homokaryons by Southern
blot analysis, and determination of mating type and his-3 alleles
were as described in Supporting Text.

Phenotypic Analysis. Three major phenotypes were analyzed in
verified transcription factor knockout mutants in an otherwise
wild-type background: linear growth rates of basal hyphae,
asexual development, and sexual development. Detailed proce-
dures are presented in Supporting Text. Linear growth rates for
basal hyphae were measured by using VM agar race tubes.
Colony morphology and conidiation were assessed after inocu-
lation of VM and VM � yeast extract plates and incubation at
25°C or 37°C. VM slant tubes inoculated with strains, incubated
at 25°C for 3 days and then at room temperature for 3–5 days,
were used to analyze aerial hyphae production, conidiation, and
pigmentation. Conidiation was also assessed on plates. Extension
of aerial hyphae in standing liquid cultures was measured after
incubation for 72 h at 25°C.

Sexual development analysis was performed after inoculation
of strains on synthetic crossing medium plates containing 0.1%
or 1.5% sucrose and incubation at room temperature. Produc-
tion of protoperithecia was scored after 7–8 days. At this time,
plates were fertilized with opposite mating type wild-type strains
and perithecial formation determined after an additional 7–8
days. Ascospore ejection was assessed 2 weeks after fertilization.
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Corrections

CHEMISTRY. For the article ‘‘Tetrahedral structure or chains for
liquid water,’’ by Teresa Head-Gordon and Margaret E. Johnson,
which appeared in issue 21, May 23, 2006, of Proc Natl Acad Sci USA
(103:7973–7977; first published May 12, 2006; 10.1073�pnas.
0510593103), the authors note that there was a plotting error in Fig.
3a. The corrected figure and its legend are shown below. This error
does not affect the conclusions of the article.

APPLIED BIOLOGICAL SCIENCES. For the article ‘‘Adeno-associated
virus serotype 9 vectors transduce murine alveolar and nasal
epithelia and can be readministered,’’ by Maria P. Limberis and
James M. Wilson, which appeared in issue 35, August 29, 2006,
of Proc Natl Acad Sci USA (103:12993–12998; first published
August 22, 2006; 10.1073�pnas.0601433103), the authors note
that on page 12995, right column, second full paragraph, the
third sentence is incorrect in part. ‘‘For each vector the highest
amount of vector in terms of vector per diploid genome was in
the lung [approximately six and one vectors per diploid genome
for AAV2�5 and AAV2�9, respectively (Table 1); note that
1.5 � 105 vector genomes per 100 ng of cellular DNA is
equivalent to one vector genome per diploid genome of the cell]’’
should read: ‘‘For each vector, the highest amount of vector in
terms of vector per diploid genome was in the lung [approxi-
mately six and one vectors per diploid genome for AAV2�5 and
AAV2�9, respectively (Table 1); note that 1.5 � 104 vector
genomes per 100 ng of cellular DNA is equivalent to one vector
genome per diploid genome of the cell].’’ This error does not
affect the conclusions of the article.

www.pnas.org�cgi�doi�10.1073�pnas.0608505103

GENETICS. For the article ‘‘A high-throughput gene knockout
procedure for Neurospora reveals functions for multiple tran-
scription factors,’’ by Hildur V. Colot, Gyungsoon Park, Gloria
E. Turner, Carol Ringelberg, Christopher M. Crew, Liubov
Litvinkova, Richard L. Weiss, Katherine A. Borkovich, and Jay
C. Dunlap, which appeared in issue 27, July 5, 2006, of Proc Natl
Acad Sci USA (103:10352–10357; first published June 26, 2006;
10.1073�pnas.0601456103), the authors note that on page 10354,
in lines 13 and 14 of the last paragraph, right column, the gene
mel-1 should be mld-1. These errors do not affect the conclusions
of the article.

www.pnas.org�cgi�doi�10.1073�pnas.0608497103

MEDICAL SCIENCES. For the article ‘‘Bim and Bad mediate ima-
tinib-induced killing of Bcr�Abl� leukemic cells, and resistance
due to their loss is overcome by a BH3 mimetic,’’ by Junya
Kuroda, Hamsa Puthalakath, Mark S. Cragg, Priscilla N. Kelly,
Philippe Bouillet, David C. S. Huang, Shinya Kimura, Oliver G.
Ottmann, Brian J. Druker, Andreas Villunger, Andrew W.
Roberts, and Andreas Strasser, which appeared in issue 40,
October 3, 2006, of Proc Natl Acad Sci USA (103:14907–14912;
first published September 22, 2006; 10.1073�pnas.0606176103),
the authors note that the affiliation information for Andreas
Villunger was incorrect in part. The correct institution name is
‘‘Innsbruck Medical University.’’

www.pnas.org�cgi�doi�10.1073�pnas.0608594103

Fig. 3. Comparison of HOO(Q) structure factors from experiments reported
in ref. 12 (black) against the asymmetric water model (ref. 14; red) (a) and the
classical polarizable TIP4P-pol2 model (ref. 16; red) (b). The simulated struc-
ture factors using the asymmetric and TIP4P-pol2 models show good agree-
ment with x-ray scattering for Q � 6.5 Å�1. However, the simulated structure
factors for the asymmetric model show significant disagreement for Q � 6.5
Å�1, whereas the TIP4P-pol2 model shows excellent agreement over the full Q
range of the measured x-ray data.

www.pnas.org�cgi�doi�10.1073�pnas.0608020103
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MICROBIOLOGY. For the article ‘‘Leishmania disease development
depends on the presence of apoptotic promastigotes in the virulent
inoculum,’’ by Ger van Zandbergen, Annalena Bollinger, Alex-
ander Wenzel, Shaden Kamhawi, Reinhard Voll, Matthias Klinger,
Antje Müller, Christoph Hölscher, Martin Herrmann, David Sacks,

Werner Solbach, and Tamás Laskay, which appeared in issue 37,
September 12, 2006, of Proc Natl Acad Sci USA (103:13837–13842;
first published August 31, 2006; 10.1073�pnas.0600843103), due to
a printer’s error, Fig. 1 was incorrect as shown. The corrected figure
and its legend appear below.

Fig. 1. AnxA5 binding to L. major promastigotes. Populations of L. major promastigotes were stained with AnxA5-Fluos. Flow cytometry histogram profiles
of stat. phase promastigotes (black line, a) and of stat. phase-derived metacyclic promastigotes (met, black line, b). The dotted lines (a and b) show the control
staining in the absence of Ca2�. (c) Metacyclic promastigotes derived from P. duboscqi sandflies (black line) as described (22). The dotted line shows the unstained
control. (d) Confocal micrograph (0.15-�m slice) of a promastigote stained positive with AnxA5 (arrow) and an AnxA5� promastigote. (Scale bar, 5 �m.) (e) Flow
cytometry densitoblot showing forward scatter (FSC-H) and sideward scatter (SSC-H) analysis of the stat. phase promastigotes. ( f) AnxA5-Fluos binding of the
population A in e (white histogram) and population B in e (black histogram).

www.pnas.org�cgi�doi�10.1073�pnas.0607935103
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