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Histones, as part of nucleosomes, are responsible for DNA packaging in
chromosomes. They also affect DNA expression by a multitude of post-translational
modifications, especially prevalent on the amino terminus of histones. Co-activator
protein complexes “write”, “read”, or “erase” histone modifications, and in balance
determine which sections of DNA are free of histones and thus can be transcribed or
“expressed”. The effects of histone H3 on gene silencing, DNA methylation, and
centromere formation and maintenance has been studied in the model fungus,
Neurospora crassa. Certain point mutations in the amino terminal tail of H3 can
abrogate DNA methylation. We extended previous work by systematically mutating
amino acids along the entire H3 protein, replacing the normal gene with mutated
copies in both N. crassa and Fusarium graminearum. Point mutations were
introduced into plasmids by a modified “QuickChange” method and transformed into
each fungus by homologous recombination. Transformants were screened for proper
integration, and strains were crossed to reporter strains to yield haploid progeny with
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with molecular and morphological assays to determine how exactly point mutations
affect centromere function and DNA methylation in Neurospora, and gene silencing
by H3K27 methylation in Fusarium.
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1. Introduction
Deoxyribonucleic Acid (DNA) is thought to contain all the information a cell needs
to function. It forms the first pillar of the “central dogma” of molecular biology:
DNA is replicated into more DNA, DNA is transcribed into RNA, and RNA is
translated into proteins. Initially, every cell in an organism contains the same genetic
material, the sum of which comprises its genome, which is usually distributed on
large linear fragments called chromosomes that are contained within the nucleus.
Only a small portion of the genes in a genome are expressed at any one time. A
multitude of mechanisms, many still unclear, govern which genes are expressed
(transcribed into RNA) and which are silenced.

1.1. Introduction to chromatin structure
DNA doesn’t exist alone in the nucleus. It is constantly interacting with proteins and
RNA that, along with the DNA, are referred to as chromatin, the building material for
chromosomes (van Holde, 1989). If the DNA in a human cell was stretched out end
to end it would reach about two meters long. The first job of chromatin is to
efficiently package and store this enormous amount of DNA in the tiny space inside
of a eukaryotic cell’s nucleus. The packaging and storing of DNA allows it to be
organized and protected, but it also governs the cell’s ability to replicate the genome,
segregate chromosomes during mitosis and meiosis, express genes, and repair DNA
(Wolffe, 1998). This has wide sweeping effects on cells’ and the organism’s
development, growth, cell cycle, and even cell differentiation.
Chromatin is not uniform or static throughout the nucleus and has multiple states that
exist in certain portions of chromosomes or during different cellular events. There
are two main states: euchromatin or an “open” state, and heterochromatin or a
“closed” state. The term open and closed refer to the spacing of proteins, called
nucleosomes, that are the first regulators of access to an organism’s genome through
their direct binding and spatial arrangement of DNA. Nucleosomes are circular
protein complexes made up of eight core histone subunits, wound by two loops of
DNA, about 147 base pairs (Kornberg, 1977; Kornberg and Klug, 1981). The core of
each histone is made of two copies of each of the four canonical histone proteins,
H2A, H2B, H3, and H4. The two copies of H3 and H4 form a tetramer, which is then
bound by two dimers of H2A and H2B (Tagami et al., 2004). Histones H3 and H4 are
the most conserved proteins among eukaryotic organisms and are essential for
survival (van Holde, 1989).

1.2. Post-translational histone modifications
Each histone subunit has an unstructured amino-terminal tail that protrudes from the
folded protein core. The amino acids of these tails (and some of the globular
domains) can be chemically modified, which is known as “post-translational
modification” (PTMs), and is carried out by a wide variety of proteins called histone

modification enzymes, or “histone code writers” (Allis et al., 2007). Other proteins
can recognize these chemical modifications and are thus called “readers”, while a
third group of enzymes is able to remove PTMS, and are thus called “erasers” (Allis,
2015). PTMs are most commonly found on large or partially charged residues like
lysine, arginine, threonine, and serine. The most common histone modifications
include methylation, acetylation, ubiquitylation, and phosphorylation. However, a
multitude of other less common histone PTMs have been identified on all histone
subunit tails, in a variety of tissues and organisms (Huang et al., 2014). While the
existence of these modifications has been established by mass spectrometry or
chromatin immunoprecipitation with antibodies that recognize specifically modified
amino acid residues, for most their abundance in vivo or their function remain
unclear. Many modifications have been found to be absent due to mutations in
cancers or other diseases (Weinberg et al., 2017), yet the budding yeast,
Saccharomyces cerevisiae can survive without the H3 or H4 amino-terminal tails
while mutations of specific residues are lethal (Kayne et al., 1988; Grunstein, 1997).
1.3.Methylation state of specific H3 residues characterizes eu- and
heterochromatin
Functions for methylation of the amino-terminal tail of histone H3 are among the best
characterized of all histone PTMs (Freitag, 2017). These PTMs are associated with
maintenance or changes of the chromatin states described above which in turn
regulate gene expression throughout the genome. Di- or tri-methylation of histone
H3 lysine 4 (H3K4me2/3) promotes an opening of the chromatin to form or maintain
euchromatin (Freitag, 2017). This open state allows for the transcription, replication,
and repair machineries to access the genome and is thus correlated with regions of the
chromosome where genes are being expressed (Lauberth et al., 2013).
Hyperacetylation of lysines in both the H3 and H4 tails, particularly H3K14, are also
hallmarks of euchromatic regions (Allis, 2015). Tri-methylation of histone H3 lysine
27 (H3K27me3) and di- or tri-methylation of histone H3 lysine 9 (H3K9me2/3) are
found in transcriptionally silent regions of the chromosomes (Freitag, 2017). These
marks promote chromatin condensation, blocking access to DNA and halting most
kind of reactions involving DNA transactions (transcription, replication, repair).
Heterochromatin can be functionally divided into two types: constitutive and
facultative heterochromatin. The earliest definition for constitutive heterochromatin
(by Heitz in 1928) was cytological, namely regions of DNA whose staining remained
localized in discrete foci during all cell cycle stages, while euchromatin was largely
invisible in interphase (Passarge, 1979). In recent decades it has become clear that
this type of chromatin also remains transcriptionally silent. In many eukaryotes,
H3K9me2/3 marks constitutive heterochromatin, which is found largely in
centromeric and telomeric regions of the chromosome (Lachner et al., 2001; Tamaru
and Selker, 2001) (Lewis et al., 2009; Smith et al., 2011; Zhang et al., 2009) . In
many eukaryotes, notably the fungus Neurospora crassa (Tamaru and Selker, 2001),
H3K9me3 also plays a role in the cytosine methylation of DNA in these regions,
another layer of gene silencing regulation (Adhvaryu et al., 2011).

Heterochromatin Protein 1 (HP1) binds H3K9me3 and recruits DIM-2, a DNA
methyltransferase. Together these proteins are responsible for all DNA methylation
in N. crassa (Kouzminova and Selker 2001). The histone methyltransferase KMT1 or
NcDIM-5, a part of the large DCDC (DIM-5/-7/-9/Cul4/DDB1 Complex), accounts
for a majority of the H3K9me3 in N. crassa (Lewis et al., 2010). Mutations to
NcDIM-5 lead to a loss of H3K9me3 and subsequently DNA methylation as HP1 can
no longer bind (Tamaru and Selker, 2001). In N. crassa, DNA methylation is also
found at sites of the genome defense mechanism RIP (Repeat Induced Point
mutation), a way to suppress transposons and other unwanted repetitive elements
(Galagan JE, Selker EU 2004). Aside, from DNA methylation, H3K9me3 has been
found to be required for normal centromere segregation in Schizosaccharomyces
pombe (Mellone et al., 2004) and for maintenance of the centromere in N. crassa
(Smith et al., 2011). In S. pombe, Swi6 (HP1) is required for recruitment of the
cohesion complex for segregation in mitosis (Bernard et al. 2001; Nonaka et al.,
2002). Loss of H3K9me3 or Clr4 (KMT1) results in mislocalization of Swi6, lagging
of the centromeres, and defective gene silencing in the centromeres (Mellone et al.,
2004). Loss of H3K9me3, HP1 or DIM-5 mutation resulted in lowered occupancy of
CenH3 in the centromere, particularly at the edges, and decreased linear growth in N.
crassa (Smith et al., 2011).
In contrast, facultative heterochromatin remains transcriptionally silent most of the
time but can be switched to transcriptionally active euchromatin during specific
cellular and environmental conditions (Orlando and Paro, 1993) (Freitag, 2017).
H3K27me3 marks facultative heterochromatin, which is most commonly found in
sub-telomeric regions but can occur in large blocks across all chromosomes,
depending on the organism (Freitag, 2017; Lewis, 2017).
Much work has been done on H3K27me3 in metazoan model organisms, like
Drosophila, mouse, and humans. H3K27me3 is deposited and maintained by the
Polycomb group (PcG) proteins, first discovered in Drosophila in 1978 by E.B.
Lewis looking at body segmentation (Lewis, 1978). The PcG proteins are subdivided
into two types, Polycomb Repressive Complex 1 (PRC1) and 2 (PRC2) and are
responsible for deposition and maintenance of the H3K27me3 mark (Margueron, R.
and Reinberg, D. (2011)). In Drosophila, PcG proteins maintain repressed states of
genes responsible for anatomical structures (Allis et al, 2015). These repressed states
are established during early embryogenesis and creates fixed differentiation, such as
in the case of tissues, organs, or structures (Allis et al, 2015). H2K27me3 has also
been shown to be one of the leading events in X-chromosome inactivation, occurring
along with depletion of the H3K9ac and H3K14me marks and preceding DNA (CpG)
methylation (Silva et a., 2003; de Naploes et al., 2004; Rougeulle et al., 2004; O’Neill
et al., 2008).
PcG proteins are highly conserved in function across most eukaryotes. However,
there is less overall conservation of structure, with different subunits and multiple
variants arising. Overall, the PRC1 and PRC2 complexes are generally comprised of
4 subunits (3 in some cases such as PRC2 in C. elegans). PRC2 core proteins include
a SET domain containing methyltransferase KMT6 (E(Z)/EZH2/CLF), histone
binding domain Nurf55 (p55/RBAP46/48/MSI1), EED (ESC/FIE), and SUZ12 (FIS)
(Lewis, 2017; Allis et al, 2015). Mammals and plants have diversified into multiple

variants of some of these subunits with Aradopsis thaliana having three KMT6
variants: CLF, MEA, and SWN (Lewis, 2017). The PRC2 complex has been
implicated in many cellular processes in these organisms but it is unclear the specific
role of some of the subunit variants. Some filamentous fungi such as Fusarium and
Neurospora have only variant of PRC2. Fungi also serve as great model organisms
for studying PRC2 due to their lack of the PRC1 protein. In metazoans, deletion or
mutation of PRC2 can be rescued by PRC1 (Leeb et al., 2010), making it challenging
to study their roles individually in the genome. PRC2 and its components can also be
deleted or mutated in F. graminearum, albeit with significantly lowered fitness. This
provides a unique opportunity to elucidate the pathway involved in PRC2 mediated
gene silencing with H3K27.
While the study of H3K27me3 in particular is challenging in most other model
organisms, this is much less complicated in fungi. While the two most widely used
fungal models, budding yeast (S. cerevisiae) and fission yeast (Schizosaccharomyces
pombe) both lack this important modification, other widely used fungi use
H3K27me3 for various purposes. Fungal H3K27me3 was first found in Neurospora
as important for sub-telomeric silencing (Smith et al., 2008), and the fungal PRC2
complex, mechanisms of H3K27me3 generation, and its interplay with other marks
has been the focus of intensive studies over the past seven years (Bicocca et al., 2018;
Jamieson et al., 2013; Jamieson et al., 2016; Klocko et al., 2016) (Basenko et al.,
2015). In Fusarium graminearum, where large blocks of H3K27me3 enrichment can
cover hundreds of genes thought to produce secondary metabolites and pathogenicity
factors throughout the genome H3K27me3 is also non-essential, as none of the three
known PRC2 components are required for survival (Connolly et al., 2013; Connolly
et al., in preparation). In contrast, deletion of kmt6, the gene encoding the catalytic
PRC2 subunit and a homologue of human EZH2, is lethal in both Fusarium fujikuroi
(Studt et al., 2016) and F. oxysporum (van der Does, Rep and Freitag, unpublished
data). In the plant pathogen Erysiphe graminis H3K27me3 and H3K9me3 control the
production of alkaloids (Chujo and Scott, 2014). In the wheat pathogen, Zymoseptoria
tritici, H3K27me3 distribution is much like in Neurospora (Schotanus et al., 2015),
but in a recent study, effects on transcription and genome maintenance were
successfully separated using kmt6 and kmt1 mutants, which result in lack of
H3K27me3 and H3K9me3, respectively (Moller et al., 2019). In this organism, lack
of H3K27 methylation stabilizes accessory chromosomes, suggesting that in wild
type cells H3K27me3 generates a metastable chromatin state.

1.4.Why study histones in fungi?
Studying histones proves to be a challenge in many organisms. Although histones are
conserved overall, most organisms have evolved many variants and multiple genes of
each canonical histone subunit that play a role in genome regulation and stability
when inserted (van Holde, 1988) (Allis, 2015). Apart from the canonical four histone
proteins mentioned above, there are structural variants, including a centromere
specific H3 (CENP-A or CenH3) and an H2A variant associated with transcriptional
start sites (H2A.Z) (Ahmad et al., 2002; Talbert et al. 2010). In humans, there are

eight histone H3 isoforms or variants, encoded by 32 different genes that are present
in multiple copies across multiple chromosomes (Fig. 1; Weinberg, 2017). However,
in most filamentous fungi, such as F. graminearum and N. crassa there exists only
one canonical histone H3 and one canonical CenH3, each encoded by a single gene,
making these ideal candidates to study histone H3 (Woudt et al., 1983; Hays et al.
2002). The same holds true for the H2A and H2B complements; the only canonical
histone with more than one copy in filamentous fungi is histone H4 (Fig. 1; Hays et
al., 2002).

Figure 1: Schematic showing the distribution of histone genes in the human and Neurospora
genome. Ten human chromosomes have clusters of various histone genes, which makes genetics by
targeted disruption challenging, even with CRISPR/Cas9 approaches. In contrast, filamentous fungi,
like N. crassa and F. graminearum, have the smallest complement of histone genes: just one gene for
H2B, one gene each for canonical H2A (hH2A) and H3 (hH3), but with two conserved variants, H2AZ
(hH2Az) and CenH3 (CENP-A; hH3v), and two genes for H4 (hH4-1 and hH4-2), which encode
identical proteins. There is an additional, true H4 variant, hH4v, whose function is still unknown, and a
single gene for the linker histone H1 (hH1). The histone gene complement in Fusarium is identical and
the genes are in syntenic regions.

1.5.Significance, rationale, and approach
Histone H3 is one of the most conserved proteins among all eukaryotes (van Holde,
1989). This allows histones to be studied in “simpler” eukaryotes such as filamentous
fungi and insight gained applied to more complex organisms such as humans. While
some regulatory mechanisms and other involved pathways may be different, many are
conserved such as H3K9me and H3K27me3 involved gene silencing and H3K4me in
promoting euchromatin. Mutations to histones, particularly H3K27M, H3K36M, and
H3G34R/V, have become implicated in human cancers such as pediatric high-grade

gliomas and chondroblastoma/ pediatric sarcoma to name a few (Weinberg et al.,
2017; Sturm et al. 2012; Behjati et al. 2013). A loss of HP1, which binds to
H3K9me3, leads to lethality in Drosophila (Lu et al., 2000) and correlates with
metastasis in human breast cancer cells (Norwood et al., 2004). Histone mutations
are also thought to be implicated in several genetic diseases that are associated with
mutations to histone modifiers such as Weaver Syndrome with KMT6 (EZH2)
(Berdasco and Esteller, 2013). In the plant world, histone modifications can play a
role in pathogenicity of many food pathogens which pose serious health and food
safety risks. Accessory chromosomes in fungi may contains genes needed for
pathogenicity that can be turned on and off. These chromosomes are heavily covered
in H3K27me3 and other marks creating almost whole chromosomes of
heterochromatin (Galazka and Freitag, 2014). Histone modifications are implicated
in a whole multitude of biological processes the number will only increase as mass
spectrometry, sequencing, and genomic technology improves. Due to this the need to
understand histones and their modifications is now greater than ever.
We expect based on previous results to find multiple essential residues in throughout
histone H3. Like H3K9me3 in N. crassa (Adhvaryu et al., 2011), we expect to find
residues surrounding H3K27 to be necessary for H3K27me3, and other residues
surrounding H3K9 to be necessary for DNA methylation and centromere
maintenance. A handful of histone mutations including H3K9L, H3K27M and
H3K36M have displayed dominance or semi-dominance in several organisms
(Adhvaryu et al. 2011; Lewis et al., 2013; Sanders et al., 2017; Lowe et al., 2019).
We also anticipate even more mutations will display dominance or semi-dominance.
We sought to systematically scan the histone H3 tail in both F. graminearum and N.
crassa through specific point mutations to probe whether some histone H3 residues
are essential for survival, and whether they fulfill –via their common PTMs- potential
roles in chromatin biology. By mutating an amino acid on the histone tail, histone
modifiers can no longer add, read, or remove PTMs that are typically present. In
metazoans such as plants and mammals, the shear amount genes coding for histone
variants and isoforms, coupled with inefficient gene replacement methods makes
scans such as this nearly impossible. Using targeted integration at the endogenous
locus of the hH3 gene in species with a single copy of the hH3, the lethality of each
mutation can be better understood. In previous work, mutated histone genes were
inserted elsewhere in the genome and the wildtype copies subsequently deleted
(Adhvaryu et al., 2011; Mellone et al., 2004; Nakanishi et al., 2008), potentially
leading to issues with levels of expression of the histones, as hH3 and hH4 are
coregulated by a bidirectional promoter (van Holde, 1989). Currently, no one has
systematically mutated histone H3 at its native locus in either F. graminearum or N.
crassa. We also wanted to assess the effects of mutations on the organism’s growth,
development, and fitness. This will be done through linear growth assays and growth
on DNA damaging chemicals. Effect seen on growth and development may of course
be due to pleiotropic effects and not simply a direct result of histone H3 mutations.
Finally, we hoped to create a library of histone H3 mutants in both N. crassa and F.
graminearum that will be of use to the Freitag Lab in future research. Another goal
was to create a well-defined pipeline that can next be applied to the other histones,
such as histone H4.

2. Material/Methods
2.1. Strains
Escherichia coli strains (NEB DH10) were grown on LB agar or in LB liquid
medium following routine procedures (Sambrook et al., 1989). Competent cells were
generated by the Inoue method (Sambrook et al., 1989). Transformation procedures
were based on published methods (Sambrook et al., 1989). Neurospora crassa and F.
graminearum strains are listed in Table 1.

2.2. Quick Change mutagenesis
Point mutations were synthesized according to an improved “Quick Change” method
(Gibson, 2011). Staggered, overlapping primers (Table 2) containing desired point
mutations to histone H3 were used to amplify whole plasmids via a Polymerase Chain
Reaction (PCR). All plasmids used contained the wild-type N. crassa histone H3
gene, hph selectable marker, and 1 kB flanks targeted to the endogenous histone H3
locus. The hph selectable marker codes for a hygromycin phosphotransferase,
conferring resistance to the antibiotic hygromycin B (Egelhoff et al, 1989) and is used
widely in filamentous fungi. Plasmid pRG9 (provided by Rodrigo Gonçalves)
contained flanks specific to F. graminearum and plasmid pSF6 (provided by Steve
Friedman) contained flanks specific to N. crassa. PCR product was digested with
DpnI to remove parental methylated and hemi-methylated DNA. All enzymes used in
this and subsequent protocols were obtained from New England Biolabs (NEB).
Following the digest, plasmids were transformed into E. coli, individual colonies
picked, grown overnight, and plasmids isolated by standard alkaline lysis; these
protocols described below. Plasmids were sequenced to confirm presence of desired
point mutations in the histone H3 gene, using primers OMF 4694 H3SeqF and
OMF4964 H3SeqR.

2.3. Standard cloning by restriction enzyme digest and ligations
When only one Quick Change mutagenesis was successful, fragments of hH3
containing the desired point mutations were swapped between the pRG9 and pSF6
plasmids by standard cloning. Some hH3 point mutations were cloned from the pEB
plasmids (Adhvaryu et al., 2011). Restriction enzymes AgeI and BlpI were used to
generate hH3 inserts and backbone of the pRG9 and pSF6 plasmids via restriction
digest. These enzymes can be used to swap the hH3 region from residues Gly12 to
Ala114; any earlier mutations must be generated by Quick Change methods. Gene
inserts and plasmid backbone DNA were run through a 0.8% agarose gel, excised,
and isolated with Qiagen gel extraction kits, following the manufacturer’s protocol
(Qiagen). Gene fragments and pRG9 backbones were ligated using T4 DNA ligase
(NEB). Following ligation, plasmids were transformed into E. coli, individual

colonies picked, grown overnight, and plasmids isolated by alkaline lysis. Plasmids
were sequenced to confirm presence of desired point mutations in the histone H3
gene using primers OMF 4694 H3SeqF and OMF4964 H3SeqR.

2.4. Fusarium media and growth
Fusarium graminearum hH3 mutants were grown in liquid yeast extract-peptonedextrose (YPD) medium to generate vegetative tissue, and in liquid
carboxymethylcellulose (CMC) medium to generate asexual macroconidia. All were
grown shaking at 150 rpm at room temperature (RT) for 3-7 days, as previously
described (Connolly et al., 2013). Hygromycin B (100 g/mL) was added as needed
to maintain selection.

2.5. Neurospora media and growth
Neurospora crassa hH3 mutants were grown shaking in tubes of 5 mL liquid medium
containing Vogel’s minimal salts and 2% sucrose at 32C for 3-5 days to generate
vegetative tissue. To generate asexual macroconidia, either agar plugs of mycelium
or conidial suspensions were used to inoculate Erlenmeyer flasks of solid Vogel’s
minimal salts with 1.5% agar and 2% sucrose and grown at 32C for two or more
days; spores used for transformations need to be “matured” for at least 7-10 days.
Histidine and other supplements were added as needed for deficient strains.
Hygromycin B was added as needed to maintain selection. Other standard
Neurospora practices have been previously described (Davis, 2000)

2.6. Fusarium transformation
For transformation into F. graminearum, the integration cassette containing mutated
hH3 along with the hph resistance marker and targeted flanks was amplified from
pRG9 plasmids with confirmed hH3 mutations into two “split marker” fragments,
split at the hph marker, via PCR (Connolly et al., 2018). Primers OMF 4691 and
OMF 5574 were used to amplify the fragment from the 5’ flank to hph marker and
primers OMF 5573 and OMF 4692 were used to amplify from the hph marker to the
3’ flank. PCR fragments were gel-purified using a Qiaquick gel purification kit
(Qiagen). PH-1 (wildtype) protoplasts were generated from mycelia and transformed
using the split marker fragments as described previously (Connolly et al., 2018).
Resistant transformant colonies were picked and strains were screened for targeted
gene replacements by PCR and then sequenced to confirm presence of the mutation.

2.6. Neurospora transformation
For transformation into N. crassa, hH3 alleles were integrated into NMF 721
(hH3::FghH3-bar; mus51::bar; his-3 mata). pSF6 plasmids with confirmed hH3

mutations were either digested with XbaI to linearize, or amplified as two split marker
fragments and transformed using standard electroporation procedures (Colot et al.,
2006)
2.7. PCR and validation by Sanger sequencing
To validate endogenous integration of the NchH3mut-hph gene cassettes, a region from
the middle of the hph gene to outside the 3’ hH3 flank was amplified, using the
primers OMF 5108 and OMF 4391 in F. graminearum, and OMF 5573 and OMF
2848 in N. crassa. Amplification of the F. graminearum mating type region, using
primers OMF 4302 and OMF 5574, was used to genotype mutant progeny of parents
carrying replacements of mat1-1-2 with hph. To genotype, one primer was situated in
hph so amplification only occurred if mat1-1-2 was deleted.

2.8. Fusarium crosses
Validated mutant transformants were outcrossed to FMF651 (mat1-1-2::hph+, eed1gfp-s-hph+) to produce homokaryotic double recombinant progeny carrying both
hH3mut and a fluorescently tagged component of PCR2, EED-GFP-S. The fluorescent
tag allowed for quick screening of potential effects of the mutations on gene silencing
through microscopy. Crosses also served as a screen for potential lethality of hH3
mutations, as homokaryotic progeny would be unable to be rescued by wildtype
nuclei present in the mostly heterokaryotic transformants.
Because F. graminearum is a homothallic species (i.e., it does not require partners to
mate and undergo the sexual cycle), transformants were plated on carrot agar to test
for self-fertility. If strain were fertile, they were grown up shaking in CMC medium
for 3-5 days at room temperature (RT). To cross, FMF651 was first plated on carrot
agar as the “female” (recipient) strain and allowed to spread over the whole plate.
Aerial hyphae were scraped off and conidia of “male” (donor) hH3 mutants were
spread on top in 1 mL of 2.5% Tween 80 (Sigma); this procedure allowed any selfsterile strains to be tested for male fertility defects. Crosses were left at RT until
ascospores shot, usually about 14 days. Ascospores were collected in sterile water,
diluted to 300 and 600 spores per ml, and plated on YEPD + Hyg plates to select for
Hyg-resistant progeny. Viable progeny were picked into 48 well plates and screened
for presence of NcH3mut-hph by “quick screen PCR”. Correct progeny were then
genotyped further by PCR and other methods after isolation of genomic DNA.

2.9. Neurospora crosses
Validated mutant transformants were outcrossed to NMF426 (hH3v:: mCherry-hH3vhph; sad-1UV; mus-51::bar; matA) to produce homokaryotic double recombinant
progeny with both the hH3 mutation and a red fluorescently-tagged centromeric
histone H3 variant, CenH3, to screen for effects of mutations on centromere

maintenance via cytology. Crosses again served as a screen for potential lethality of
hH3 mutations.
To cross, transformants were inoculated on solid synthetic crossing (SC) medium and
allowed to spread across the entire plate, usually 3-4 days. Plates were washed with
sterile water to remove asexual conidia, and conidia of NMF426 were then spread on
top of the washed plate for fertilization. Plates were incubated upside down in the
dark at RT until ascospores shot, ~12 days later. Reciprocal crosses were also set,
with NMF 426 as the “female”, but these were less fertile, and produced fewer
ascospores. Ascospores were collected in sterile water, diluted to 300 and 600 spores
with water, and plated on solid Vogel’s minimal salts with 1.5% agar, FGS (fructose,
glucose, and sorbose), histidine, and Hyg to maintain selection. Individual spores
were then picked into culture tubes with solid Vogel’s minimal salts and 1.5% agar,
2% sucrose, and histidine, and screened for presence of NcH3mut-hph by “quick
screen PCR”. Correct progeny were then genotyped further by PCR and other
methods.
2.10 PCR from minute amounts of DNA (“quick screen PCR”)
To quickly screen hH3 mutant transformants and progeny for correct integration of
the mutant gene cassette, crude genomic DNA was extracted from fresh mycelial
tissue or conidia. This protocol was adapted from a previously published method13.
For F. graminearum, a 5 x 10 mm area of tissue was harvested into 30 l of TE
buffer pH 8.0. The tissue was heated for 5 minutes in a microwave, then sonicated
for 5 minutes in an ultrasonic water bath. The tissue was then spun down for 5
minutes at 14,000 rpm and 2-4 l of the buffer used for a diagnostic PCR. For N.
crassa, the same protocol was followed using fresh conidia. Validation through PCR
was described above. Mutants and progeny displaying correct integration were then
further validated through sequencing hH3 or further PCR validation using genomic
DNA.

2.11. Southern analyses
Southern analyses with genomic DNA from F. graminearum and N. crassa strains
was as previously described (Connolly et al., 2013; Adhvaryu et al., 2011).

2.12. Genotyping by spot tests
Spot testing was used to genotype hH3 mutants. For F. graminearum, small pieces of
tissue were picked onto plates with minimal medium containing either hygromycin B
(Hyg) or G418 to determine if the hph or neo genes, respectively, were expressed.
For the N. crassa histone mutants, 2 l of conidial suspension was spotted on plates

of minimal media (with FGS) containing either Hyg or Basta to determine if the or
bar genes, respectively, were expressed.

2.13. Linear growth assays
Confirmed Fusarium hH3 mutants were plated at the edge of a plate with 25 mL
medium of YEPD or YEPD + Hyg to assess effect of the histone H3 mutations on
growth. Measurements from point of inoculation were taken daily at the same time
point over 5 days. Three measurements were made per plate; 0 (tangent from
inoculation), -30, and 45.

2.14. Histone isolation
Histones from both F. graminearum and N. crassa mutants were isolated as
previously described (Honda and Selker, 2008).

2.15. Western blotting
Western blotting for presence of H3K27me3 and other histone modifications was
done as previously described (Connolly et al., 2013)

3. Results
3.1. Rationale for the generation and screening of histone H3 mutants
In previous work, mutated histone genes were inserted ectopically in the genome,
either targeted or randomly, and the wildtype copies subsequently deleted (Adhvaryu
et al., 2011; Mellone et al., 2004; Nakanishi et al., 2008)). This may potentially lead
to issues with levels of expression of the histones, as hH3 and hH4 are coregulated by
a bidirectional promoter (Hays et al., 2002; Woudt et al., 1983). Random insertion
may also disrupt other genes potentially leading to false effects attributed to the
histone mutations. Currently, no one has systematically mutated histone H3 at its
native locus in either F. graminearum or N. crassa. To aide in doing this, wild-type
N. crassa histone H3 (NchH3) was mutated and transformed with a resistance marker
into both wild-type F. graminearum and N. crassa containing the wildtype NchH3
replaced with wildtype F. graminearum hH3 (FghH3). The amino acid sequences
between the two are identical, however FghH3 contains an extra intron and a longer
intron than NchH3 which should create enough nonhomology to forgo any
recombination events. The fitness of both fungi with a replaced hH3 gene has been
shown (Sasaki et al., 2014). This method of targeted integration allows these histone
mutations to be assess at the endogenous locus under expression of the native

promoter, mitigating any previous concerns about variable expression or regulation of
the mutant histones.
Alanine scanning, mutating each residue to alanine individually, of all histone tails
has been previously done in S. cerevisiae (Nakanishi et al., 2008). While this method
is effective, alanine is a small, hydrophobic residue whose properties may alter the
loose alpha helical shape of the histone tails. Mutation of a lysine or serine to any
other amino acid abolishes the ability of histone modifiers to add PTMs. Our study
sought to also use a concept called “mimicry”, the idea to mutate specific residues of
interest along the histone tail to amino acids that appear similar in shape, size, and
charge to other post-translationally modified residues. For example, arginine is
similar in size and structure to an unmodified lysine, and it can be methylated, while
glutamine is similar in structure to an acetylated lysine (Wang, 2008). Similarly,
methionine has been found to mimic a methylated lysine (Ferreira et al., 2007; White
et al., 2012), and glutamic acid mimics phosphorylated serine and threonine (Hendzel
et al., 2004). Leucine and alanine modify the structure and are uncharged and nonpolar. While these mutations are not exact matches to the desired post-translationally
modified residues, they do lock these residues into a set state across all chromatin.

Figure 2: Desired mutations along the histone H3 protein sequence and mimicry of other
modified residues. Planned histone mutations at desired positions along the histone H3 protein
sequence. Many mutations center around lysines (K) along the exposed tail with some inside the
globular region (underlined). Mutations are colored according to histone modifications they mimic or
purpose of the mutation. Methionine (M) mimic methylated lysine, Glutamine (Q) mimics acetylated
lysine, serine (S) and threonine (T) can be phosphorylated, alanine (A), leucine (L) and proline (P)
modify structure, and arginine (R) mimics unmodified lysine.

We hoped to better understand which, if any, surrounding residues of important
histone H3 PTMs, particularly H3K27 and H3K9, were required for modification to
occur. To answer this, mutations to residues centered around H3K27 and H3K9 were
made. Similar work had been done previously in N. crassa around the H3K9 region,
finding some residues that were required for H3K9me3 and cytosine methylation
(Adhvaryu et al., 2011). However, only residues from H3R2 to H3K36 were
examined, and the mutations were not introduced at the native locus. We expanded
this study to include selected residues to H3R134, and we introduced mutations at the
native locus in the wildtype gene expression context. To answer which, if any other,
H3 residues were implicated in cytosine methylation, hH3mut genomic DNA will be
digested with 5-methylcytosine-sensitive restriction enzymes and analyzed by
Southern hybridization as previously done (Adhvaryu et. al., 2011). H3K9 is also
necessary for normal chromosome segregation in Schizosaccharomyces pombe and
plays a role in normal centromere formation in N. crassa (Mellone et al., 2003; Smith
et al., 2011). To initially assess the effects of these histone H3 mutations,
centromeres in N. crassa will be monitored by fluorescently-tagged CenH3 in double
recombinant progeny produced through crossing the hH3 mutants. Other methods
will be employed to assess centromere maintenance after the initial screening.

Figure 3: Efficient pipeline to create homokaryotic histone H3 mutants in both F. graminearum
and N. crassa. Flowchart of methods used to create homokaryotic histone H3 mutants in both F.
graminearum and N. crassa to investigate gene silencing, DNA methylation, and centromere
maintenance. Multiple points of validation were needed to ensure correct mutations were maintained
at each stage. Desired assays for mutants are also shown.

In the case of F. graminearum, it is unclear if any surrounding residues are required
for H3K27me3 mediated gene silencing. To probe for this, hH3 mutants exhibiting
either the stunted Δkmt6 phenotype (Connolly et al., 2013) or mislocalization of
PRC2 will be analyzed by western blotting for presence of H3K27me3. Localization
of the PRC2 complex will be monitored by fluorescently-tagged Eed in double
recombinant progeny produced through crossing the hH3 mutants. Under normal
conditions all known PRC2 proteins (Kmt6, Eed, Suz12) exhibit perinuclear
localization, in Fusarium referred to as “silencing bodies” (Connolly et al, in
preparation) but mislocalize to the entire nucleus when H3K27me3 is abolished,
either through deletion of kmt6 or by mutation of H3K27. Like a Δkmt6 or H3K27mut
mutant, residues required for H3K27me3 to occur will have significantly reduced or
no level of H3K27me3 present and are expected to show mislocalization of PRC2.
We also expect significant reduction or loss of H3K27me3, which will be analyzed
via chromatin immunoprecipitation sequencing (ChIP-seq) to identify if loss is
uniform across the genome or localized in set regions.

Figure 4: The Quick Change method was used to introduce mutations to targeting plasmids. The
Quick Change method was used to introduce desired point mutations into N. crassa hH3 in both
targeting plasmids. This method uses two overlapping primer with the point mutations built in (a).
New plasmids with the desired mutation to hH3 are synthesized by PCR. The plasmids pSF6 (b) and
pRG9 (c) were used for targeted replacement in N. crassa and F. graminearum respectively.

To accomplish our goals, we set out with the intent of making 135 mutations at the
endogenous histone H3 loci in N. crassa and F. graminearum (Fig. 2). Many of the
mutations were made in both fungi, however some mutations made in F.
graminearum had already been generated previously in N. crassa (Friedman and
Freitag, unpublished data). The process of mutant generation, screening, and further
downstream analyses is shown as a flowchart (Fig. 3). Mutations were generated by
the Quick Change method (Fig. 4a), in either pSF6 for Neurospora (Fig 4b), or pRG9
for Fusarium (Fig. 4c). After validation by Sanger sequencing, transforming DNA
was used to generate gene replacements of native Fusarium hH3 with the Neurospora
hH3mut (Fig. 5) or introduced Fusarium hH3 at the endogenous Neurospora hH3
locus (not shown).

Figure 5: Targeted integration of NchH3MUT-hph cassette into wildtype F. graminearum. Split
marker transformation was used for targeted integration of the N. crassa hH3MUT-hph cassette. Each
fragment contains only a portion of the hph gene (a, b) that can only confer resistance if recombination
occurs in hph. The F. graminearum histone H3 gene contains one extra intron and a longer shared
intron (d) than the N. crassa hH3 (a) gene that creates enough non-homology to discourage
recombination between the genes despite identical coding sequences. Recombination should only
occur in the homologous flanks and homologous portion of hph between the two fragments leading to
insertion of the full NchH3MUT-hph cassette (e). This method was used for transformation into both F.
graminearum and N. crassa.

Up to this point, 64 mutations have been made through the improved Quick Change
method in the F. graminearum plasmid pRG9 (Table 3) and 44 mutations have been
made in the N. crassa plasmid pSF6 (Table 4). All these mutations have been
confirmed by Sanger sequencing. Some mutations present in one plasmid were
swapped between pRG9 and pSF6, and from older plasmids (pEBs) in case of some
already available mutations (Adhvaryu et al., 2011).

So far, 60 confirmed F. graminearum hH3mut plasmids have been successfully
transformed into the WT strain PH-1, and 43 confirmed N. crassa hH3mut plasmids
have been successfully transformed into NMF721, a strain with the wildtype N.
crassa hH3 gene replaced by the F. graminearum wildtype hH3 gene. Of these, 40 F.
graminearum and 29 N. crassa mutant transformants have been validated by both
Sanger sequencing of the hh3 genes and PCR validation of correct NchH3mut-hph
integration.
To generate homokaryotic strains, and to test viability, so far 27 F. graminearum and
14 N. crassa mutant transformants have been crossed to FMF651 or NMF426,
respectively. Based on PCR screens, 1 F. graminearum and 8 N. crassa hH3 mutant
homokaryons have been validated (Tables 3 and 4).
As part of our screening efforts, we developed a quick screen PCR on small amounts
of DNA from progeny of both F. graminearum and N. crassa crosses, as described in
the methods, which drastically cuts down on the time required for genomic DNA
isolation for many potentially correct strains. For each case, however, PCR
conditions need to be carefully optimized, and not all negative results (i.e., no band
after PCR) indicate absence of transforming DNA. Overall, progeny of both F.
graminearum and N. crassa were quickly screened for the presence of NchH3mut-hph
through a quick genomic DNA tissue extraction and subsequent PCR. About 30-40
progeny were able to be screened at a time in about 4 hours as compared to 5-6 days
for a standard genomic DNA prep and PCR. Mutants validated through this method
were then grown for a standard genomic extraction and screened for presence of
fluorescent markers by microscopy. Final validation of all strains will be by Southern
analyses. We used both DIG labeled and radioactively labeled probes to assess hph
copy number in both transformants and cross purified homokaryons to quantify offtarget integrations that may have occurred throughout the genome. Results have been
inconclusive so far, but work is ongoing. In parallel we are developing a faster
quantitative PCR method to analyze additional copies of hph in the fungal genomes
as a result of off-target integrations.

3.2. Unexpectedly efficient recombination within the transformation cassette to
retain wild-type alleles
The organism’s homologous recombination mechanisms are used to target
transforming DNA fragments into the correct place in the genome (Fig. 6). The
integration cassette from the plasmid is constructed with 1 kb of homologous flanks
on either side of the desired gene replacement. Ideally recombination should only
occur at these longer flanks, swapping the entire wild-type gene for the mutant allele,
along with a resistance marker, hph. We recovered multiple mutants, especially in N.
crassa, that have the “wild-type” FghH3 allele together with the newly introduced
hph gene in their genome, suggesting an unexpected and different recombination
event has occurred either within the longer hH3 gene or -more likely- in the shorter
trpC promoter region, which is used to express both the bar and hph resistance

markers (Fig. 6). This promoter would give a third 350 base pair stretch of
homology, allowing for another possible recombination event. While this event is
usually extremely unlikely to occur, in the case of deleterious or lethal mutations this
may occur due to strong selection for growth on Hyg and a requirement for
introduction of hph.

Figure 6: Unexpected recombination events lead to integration of resistance marker without hH3
mutation in N. crassa. An unexpectedly efficient recombination at the trpC promoters in the mutated
NchH3MUT-hph (a) integration cassette and in the wildtype FghH3-bar (b) cassette in NMF721 led to
transformants containing a wildtype FghH3-hph (c) cassette. This slips through screening with hyg
and by PCR. The expected recombination events in the flanks are shown in green, the unexpected
event in the trpC promoter is shown in black.

3.3. Multiple F. graminearum hH3 mutants show significantly reduced growth or
overt phenotypes
Linear growth analysis revealed significantly stunted growth in many F.
graminearum hH3 mutants (Fig. 7). Stunted growth and a distinct phenotype had
previously been observed in Δkmt6 mutants deficient in H3K27me3 (Connolly et al.,
2013). This was also found in a few highlighted mutants including H3K9Q,
H3K36M, and H3K27M (Fig. 7a, b). Linear growth analysis showed that 25 hH3
mutants had significantly slower linear growth and average daily growth than WT
controls (Fig. 7c, d). Almost all hH3 mutants analyzed were confirmed
heterokaryons, thus growth was measured on both YEPD and YEPD with Hyg to
maintain selection. Both types of media were used in the case lack of selection
allowed the mutants to lose mutated nuclei, but only YEPD + Hyg was shown.

(a)

(b)

(c)

(d)

Figure 7: Many heterokaryotic F. graminearum hH3 mutants show significantly reduced growth.
Three hH3 mutants (H3K9Q, H3K36M, and H3K27M) show significantly reduced growth compared
to wildtype H3 (PH1), WT NchH3-hph, and Δkmt6 (a). The reduced growth is also correlated with
distinct phenotypes of these specific histone mutants (b). A majority of F. graminearum hH3 mutants
have significantly reduced linear growth compared to wildtype (WT H3-hph). (c) A scatter plot of
linear growth over time for each mutant grown on selection shows distinct groupings of how stunted
some mutants are. (d) Comparison of average daily growth of hH3 mutants compare to wildtype (WT
H3-hph) finds most mutants have significantly reduced linear growth.

Along with slower linear growth, several F. graminearum heterokaryotic hH3
mutants have shown distinct overt phenotypes, suggesting the mutations might have a
dominant effect (Fig. 8a and e). The mutant phenotypes fell into three general
categories: wild type (Fig. 8b), “sand dollar” (Fig. 8c) and Δkmt6 (Fig. 8d). In some
cases, such as hH3K27M and hH3K27L different mutations to the same residue led to
similar phenotypes. However, different mutations to H3K36 and H3K79 led to
different phenotypes depending on the mutation. hH3K36M and hH3K79L led to a Δkmt6
phenotype while hH3K36Q and hH3K79Q led to a sand dollar phenotype, hH3K36R was
stunted and hH3K79R had a wild-type phenotype. All hH3 transformants with
phenotypes listed have been validated by PCR and sequencing.

Figure 8: A subset of hH3 mutations in F. graminearum heterokaryon transformants leads to
distinct phenotypes. Some Fusarium graminearum histone mutant transformants displayed overt
phenotypes while still being heterokaryons. A list of mutants (a) and shows the three common
phenotypic groups displayed by these mutants including wild type (b), sand dollar (c), and kmt6Δ (d).
Images of these mutants are shown along the histone H3 protein sequence for reference to position in
the histone (e).

3.4. Several hH3 mutations may be lethal in Fusarium and Neurospora
Four F. graminearum and one N. crassa transformants have had no correct and viable
transformants after transformation with plasmid-derived mutagenic fragments.
Transformations of hH3K36L and hH3K79M into F. graminearum have been attempted
twice (Table 5). These results are not fully conclusive, and more work needs to be
done to fully test believed lethality of these mutations, but the result with hH3K36L
mirrors results with deletions of the Neurospora ASH1 homologue, which is
responsible for H3K36 methylation (Bicocca et al., 2018).

3.5. Fluorescent microscopy shows maintenance of gene silencing in F.
graminearum and centromeres in N. crassa
Double recombinant histone mutants with GFP tagged Eed in F. graminearum and
RFP tagged CenH3 in N. crassa were screened by fluorescent microscopy for normal
localization of each. In F. graminearum, perinuclear localization of the PRC2
component Eed is associated with normal maintenance of gene silencing by
H3K27me3 (Fig. 9a). So far, all histone mutants screened have shown normal
localization (Fig. 9b). In N. crassa, centromeres marked by histone variant CenH3
associate together in the nucleus (Fig. 9c). Almost all histone mutants screened have
shown normal CenH3 localization (Fig. 9d). One H3K56L mutant has shown CenH3
mislocalization at two foci, rather than the normal single focus (Fig. 9e). New
H3K56 is acetylated by the RTT109 protein allowing for reformation of chromatin
after DNA replication, a process required for entrance into mitosis, so that two foci
may be observed if cell division is disrupted or blocked (Chen, et al., 2008). This
mutant is not fully validated for the presence of the hH3 mutation yet so further work
needs to be done.

Figure 9: Normal localization of tagged Eed in F. graminearum and CenH3 in N. crassa
observed. Double recombinants containing both histone H3 mutations and fluorescently tagged
proteins of interest as reporters were screen by fluorescent microscopy. In F. graminearum, normal
localization of GFP tagged Eed (a) was seen suggesting normal gene silencing by H3K27me3 (b). In
N. crassa, normal localization of CenH3 (c) was seen in all screened mutant progeny (d) except one
NchH3K56L mutant (e). The centromeres in this mutant appear to not localize together. It may have
experienced mitotic arrest but needs to be confirmed further.

4. Discussion
4.1. Generation and validation of histone mutants
As shown in Tables 3 and 4, a significant number of histone mutations have been
made and confirmed in both plasmid backbones. In the N. crassa plasmids, many
mutations from H3K4 to H3K23 have not been made. A subset of these mutations
were previously integrated into N. crassa but only verified by PCR and not
sequencing (Friedman and Freitag, unpublished data). A surprising number of these
strains contained wild-type FghH3-hph due to what we believe is an unlikely
recombination event occurring in the 350 base pair trpC promoter region used to
express both markers (Fig. 6). The FghH3-bar cassette was integrated into N. crassa
to allow NchH3 to be transformed back in with mutations and a different resistance
marker. While the amino acid sequences are almost identical between the two genes,
F. graminearum hH3 contains an extra intron (Fig. 6). This, coupled with a different
resistance marker, was believed to force recombination to occur only in the 1 kb
homologous 5’ and 3’ flanks. It appears that an unlikely recombination event at trpC
is selected for when dominant deleterious or potentially dominant lethal mutations are
transformed into Neurospora.
The split marker transformation method typically used to transform F. graminearum
was then applied to N. crassa transformations with more success, although efficiency
has not yet been quantified. This method forces a recombination event between two
overlapping, incomplete piece of the hph gene (near the trpC promoter) to confer
resistance to hygromycin B. It appears this method successfully overrides potential
recombination events occurring at the trpC promoter in N. crassa. Due to this
phenomenon, all transformants are now validated by both PCR to test integration of
NchH3mut-hph cassette and Sanger sequencing of the hH3 gene before they are carried
on to the next stage (Fig. 3). This has slowed down the process of crossing
transformants to generate homokaryotic hH3 mutants but the steps are necessary to
fully characterize each mutant allele.

4.2. Crossing heterokaryotic histone H3 mutant transformants
Assessing progeny from crosses proved to be complicated for both F. graminearum
and N. crassa as strains with the desired fluorescently tagged genes had multiple
copies of hph. FMF651 (mat1-1-2::hph, eed1-gfp-s-hph) and NMF426
(hH3v::mCherry-hH3v-hph; sad-1UV; mus-51::bar; matA) were chosen as parent
strains for cross purification because of their useful cytological markers. Other
crosses were attempted using NMF59 (pe fl; matA) in N. crassa and FMF78 (hpo-rfpneo) in F. graminearum but both proved to be less useful parental strains.
Screening progeny was more difficult due to the potential for multiple hph markers.
This did not allow for selection on media with Hyg as a simple selection to recover
the hH3mut alleles. Fortunately, a quick tissue PCR screen was adapted for both fungi
which allowed “dirty” genomic DNA to be quickly extracted from tissue or conidia

and used for PCR validation of the integration of the NchH3mut-hph cassette. After
screening for presence of the mutated hH3 gene, progeny screened for fluorescent
markers and genotyped further. The most efficient order of these steps, as well as the
quick tissue PCR took many rounds of troubleshooting.
While crossing F. graminearum it was noted that almost all transformants were selfand female-sterile (Table 6). For a cross to produce ascospores, FMF651 had to first
be plated as the “female” and then conidia of the histone mutant transformants spread
as the “male.” The opposite was observed in N. crassa, where crosses with
transformants as the “female” produced significantly more ascospores than those with
transformants as the “male.”
It should also be noted that four F. graminearum mutants (H3K36R, K36M, K56M,
and K56L) produced few or no conidia and were almost sterile. Crosses were
attempted using mycelium as inoculate instead of conidia but those crosses produced
very few ascospores. It is unclear at this time whether crosses using mycelium were
successful, as progeny from those crosses are still being screened. Fusarium
graminearum H3K36 mutants were also slow-growing and showed distinct overt
phenotypes. These findings are consistent with previous results from N. crassa
showing methylation of H3K36 by Set-2 is required for normal growth and
development (Adhvaryu et al., 2005), and for lethality of a second gene, ash-1
(Bicocca et al., 2018). Neurospora crassa H3K36 and set-2 mutants showed reduced
growth, were female sterile, and had trouble conidiating (Adhvaryu et al., 2005), like
what we now report with F. graminearum H3K36 mutants. nmn
In crosses, F. graminearum H3K9 mutants (K9R, K9L) produced few ascospores.
This may suggest that H3K9 mutations are lethal and that they are rescued in the
heterokaryotic transformants by wild-type nuclei. This agrees with similar findings in
N. crassa where H3K9 mutations were found to be lethal as they were unable to exist
as a homokaryon (Adhvaryu et al, 2011). The progeny from crosses of H3K9
mutants have not been fully screened and more work needs to be done to verify
potential lethality.

4.3. Fluorescent microscopy as a screening tool
Thus far screening for maintenance of gene silencing and centromere maintenance
has not proved very fruitful, except for a single interesting candidate. A N. crassa
hH3K56L mutant showed mislocalization of CenH3 (Fig. 9e). As one of the first
histone marks deposited on new histones, H3K56ac has been shown to be important
nucleosome positioning following DNA replication and repair (Chen et al, 2008;
Masumoto et al, 2005). Acetylation of H3K56 allows for the binding of the histone
chaperones CAF-1 and Rtt109 (Zhang, et al., 2018). In the case of N. crassa mutant,
the lack of H3K56ac most likely has created lag in nucleosome replacement
following replication, or mitotic arrest.

4.4. Dominant effect of histone H3 mutations observed
An underappreciated aspect of F. graminearum as a model organism is the vibrant
phenotypes displayed by different mutants. As show in figure 8, many histone
mutant transformants gave overt phenotypes as heterokaryons, suggesting some form
of dominance. This has been seen before in N. crassa with the residues surrounding
H3K9 exhibiting either dominant or semi-dominant effect on DNA methylation
(Adhvaryu et al., 2011). In humans, mutations to H3K27 in a small proportion of
histones in tumors, close to 1%, has been shown to have dominant effects in globally
reducing H3K27me3 (Lewis et al., 2013). There have also been similar findings for
exogenous mutations to H3K36 reducing H3K36me2/3 in Arabidopsis thaliana
(Sander et a., 2017) and in human tumor cell lines (Lowe et al. 2019). Thus, based on
previous research our preliminary findings make sense, and we have extended
previous screens in a systematic manner. Still, more research needs to be done to
fully confirm whether these mutations are truly dominant.
A benefit of the overt phenotypes is using them to initially screen for mutations
around H3K27 that may be implicated in H3K27me3. Mutation of residues generally
around H3K27 and displaying the Δkmt6 phenotype will be tested for presence of
H3K27me3 by western blotting.
In a few cases, residues with multiple designed mutations (lysine in particular) have
shown differential phenotypes based on which amino acid was substituted. In the
case of H3K79, hH3K79Q had a sand dollar, hH3K79R a wildtype, and hH3K79L a Δkmt6
phenotype. This variety of phenotypes at the same residue seems to validate the ideas
behind the mimicry approach. Glutamine (Q) mimics an acetylated lysine, arginine
(R) an unmodified lysine, methionine (M) a methylated lysine, and leucine (L)
changed the structure and charge. Methylation of H3K79 is associated with
transcription and euchromatin (Kouzarides, 2007). The Δkmt6 phenotype makes
sense in this case, but instead of wiping away a large amount of facultative
heterochromatic marks, a large amount of euchromatic marks are present, achieving
expression of many secondary metabolite genes which make the fungus sick and
stunted. An unmodified K79 (hH3K79R) would not change the normal chromatic state
of regions and is not required for maintenance, leading to a wildtype phenotype. The
hH3K79Q mutation mimic acetylation at K79, the role of which is still unclear but
leads to a different sand dollar phenotype. The H3K36 mutant transformants also
exhibited a similar pattern. These findings show in some cases mimicry can be an
effective tool and solidified our choice for its use in this study.
A majority of confirmed heterokaryotic F. graminearum hH3 mutants showed
significantly reduced linear and average daily growth when compared to a strain with
wildtype NchH3-hph. The only mutants that did not shown significantly reduced
growth were hH3K9R and hH3K79R. Other mutations at K9 and K79 did show
significantly reduced growth (hH3K9L, hH3K9M, hH3K9Q, hH3K79L, and hH3K79Q) which
again suggest differences in the amino acids substituted may have some effect. Some
histone mutants even appeared to have significantly slower growth than the Δkmt6
mutant. The slowest growing histone mutant was hH3K27M, which in comparison to

the growth of the Δkmt6 mutant, suggests H3K27 modifications other than trimethylation have some significant role in regulation. These histone mutations may
not be having a direct effect on growth and development and the effects being seen in
the phenotypes and growth are most likely pleiotropic.
4.5. Creation of efficient pipeline to investigate histone mutations
An underlying goal of this study was to work out a system to efficiently created
homokaryotic histone mutants. Through much trial and error, we feel this goal has
been accomplished. This process has become much more streamlined and is now
being applied to the histone H4 subunit in both fungi and maybe others in the future.
Part of this pipeline was even adapted for teaching in an Oregon State University
Molecular Biology lab (BB315).

4.6. Summary and future directions
A significant amount of histone H3 mutations at the native loci have been created in
both F. graminearum and N. crassa. A surprising amount of these mutations have
shown dominant effects on phenotype and growth in the heterokaryotic
transformants. Few hH3 mutations have led to aberrations in gene silencing and
centromere maintenance as seen through fluorescent microscopy. Trouble
conidiating and female sterility have been seen in some mutants. More work needs to
be done to further validate these findings and to finish the creation of homokaryotic
histone H3 mutants.
The continuation of this study will lead to more information about the relationship
between histone modifications and cellular processes of interest. While many
mutated alleles have been initially transformed, these mutants need to be validated
and crossed before being analyzed further. A subset of validated F. graminearum
heterokaryons will soon be analyzed for presence of H3K27me3 by western blotting
and by Chip-seq. Analysis of DNA methylation in N. crassa mutants will be a focus
in the future; no strains have been analyzed so far. The mutants created for this
project will also be used by others in the Freitag Lab and beyond for other studies on
gene silencing and chromatin dynamics in fungi, hopefully contributing to a greater
knowledge of histone and their modifications in general.

Table 1: All strains used in this study. These are the strains used to generate or
cross mutants and are not referred to in Tables 3 and 4.
Species
Escherichia coli
Fusarium graminearum
Fusarium graminearum
Fusarium graminearum
Fusarium graminearum
Neurospora crassa
Neurospora crassa

Name
DH10
PH1
(FMF1)
FMF78
FMF 361
FMF651
NMF 39
NMF 59

Neurospora crassa
Neurospora crassa

NMF 426
NMF 721

Genotype

wildtype
HP1-tom-neo
kmt6::loxP
eed-gfp-hph, mat1-1-2::hph
wildtype
pe fl; mat A
NcCenH3:: mCherry-NcCenH3-hph; UVsad-1; mus51::trpc-bar; mat A
FghH3-bar; mus51::bar; his-3 mata

Table 2: All primers used in this study.
OMF #
2473
2479
2845
2848
3339
4302
4324
4391
4404
4662
4663
4664
4665
4666
4667
4668
4691
4692
4693
4694
4695
4696
4697
4698
4699
4700

Primer name
NcH35fBam
NcH33rEco
NcH35F
NcH33R
HPH_5_R
Fgmat1-1-2_up-F
hH3K27M_F
FghH3_3R
FghH3upF
hH3K27M_R
hH3K9M_F
hH3K9M_R
hH3TK27T_F
hH3TK27T_R
hH3AK9A_F
hH3AK9A_R
pSF6_FghH3XbaF
pSF6_FghH3XhoR
NcH3_SeqR
NcH3_SeqF
R2L_F
R2L_R
T3S_F
T3S_R
T3A_F
T3A_R

Sequence (5' -3')
CGCGGATCCTGAACTGCTATGGCTGCCT
GCGGAATTCGAACAAGGTCCGTCTGTCTCATCC
CATGTGCATCAGTCGGTCGGT
TCATTGTTTTCCAAAACCCGG
GCTCCTTCAATATCATCTTCTGTCG
ACAATATCTAGGTTACTAGGC
AGGCTGCCCGCATGTCCGCC
CTTGGAGGTTTACGGTGTCG
GCGCTAGAGCCACCCGCACCTGG
GGCGGACATGCGGGCAGCCT
CCCGCATGTCCACCGGTGGCAAGG
CACCGGTGGACATGCGGGCGGTCT
CTCGCTTCCAAGACTGCCCGCAAGTCCACCCCCTCCACCG
CGGTGGAGGGGGTGGACTTGCGGGCAGTCTTGGAAGCGAG
CTAAGCAGGCCGCCCGCAAGTCCGCCGGTGGCAAGGCCCC
CACCGGCGGACTTGCGGGCGGCCTGCTTAGTGCGGGCCAT
CGCGGTGGCGGCCGCTCTAGAATACTGAGCATGTACTACC
GGTACCGGGCCCCCCCTCGAGGGAGGTTTACGGTGTCGAGG
CTGGGTAGCGACGCGTTAGC
GCTAACGCGTCGCTACCCAG
GCCCTCACTAAGCAGACCGCC
TAGTGAGGGCCATTGTTGATGATTCT
CCCGCTCTAAGCAGACCGCCC
GCTTAGAGCGGGCCATTGTTGATGATTC
CCCGCGCTAAGCAGACCGCCC
GCTTAGCGCGGGCCATTGTTGATGATTC

4701
4702
4703
4704
4705
4706
4707
4708
4709
4710
4711
4712
4713
4714
4715
4716
4717
4718
4719
4720
4721
4722
4723
4724
4725
4726
4727
4728
4729
4730
4731
4732
4733
4734
4735
4736
4737
4738
4739
4740
4741
4742
4743
4744
4745

K4L_F
K4L_R
K4M_F
K4M_R
K4R_F
K4R_R
K4Q_F
K4Q_R
T6A_F
T6A_R
A7M_F
A7M_R
R8A_F
R8A_R
K9L_F
K9L_R
K9M_F
K9M_R
K9R_F
K9R_R
K9Q_F
K9Q_R
S10A_F
S10A_R
S10T_F
S10T_R
T11A_F
T11A_R
G12P_F
G12P_R
K14L_F
K14L_R
K14M_F
K14M_R
K18M_F
K18M_R
K18L_F
K18L_R
K23M_F
K23M_R
K23L_F
K23L_R
A24T_F
A24T_R
A25M_F

GCACTCTCCAGACCGCCCGCAA
TCTGGAGAGTGCGGGCCATTGTTG
GCACTATGCAGACCGCCCGCAA
TCTGCATAGTGCGGGCCATTGTTG
CACTCGCCAGACCGCCCGCAA
TCTGGCGAGTGCGGGCCATTGTTGAT
GCACTCAGCAGACCGCCCGCAA
TCTGCTGAGTGCGGGCCATTGTTGA
GCAGGCCGCCCGCAAGTCCACC
GCGGCCTGCTTAGTGCGGGCC
AGACCATGCGCAAGTCCACCGGTGGC
TGCGCATGGTCTGCTTAGTGCGGGC
CGCCGCCAAGTCCACCGGTGGCAAG
ACTTGGCGGCGGTCTGCTTAGTGCGG
CCGCCTCTCCACCGGTGGCAAGGCCC
GTGGAGAGGCGGGCGGTCTGCTTAGTG
CCGCATGTCCACCGGTGGCAAGGCCC
GTGGACATGCGGGCGGTCTGCTTAGTG
CGCCGCTCCACCGGTGGCAAGGCCC
GTGGAGCGGCGGGCGGTCTGCTTAGTG
CCGCCAGTCCACCGGTGGCAAGGCCC
GTGGACTGGCGGGCGGTCTGCTTAGTG
GCAAGGCCACCGGTGGCAAGGCCCCC
GGTGGCCTTGCGGGCGGTCTGCTTAG
GCAAGACCACCGGTGGCAAGGCCCCC
GGTGGTCTTGCGGGCGGTCTGCTTAG
AGTCCGCCGGTGGCAAGGCCCCC
ACCGGCGGACTTGCGGGCGGTCTGC
CACCCCTGGCAAGGCCCCCGTAAGC
GCCAGGGGTGGACTTGCGGGCGG
TGGCCTCGCCCCCCGTAAGCAGCTC
GGCGAGGCCACCGGTGGACTTGCG
TGGCATGGCCCCCCGTAAGCAGCTC
GGCCATGCCACCGGTGGACTTGCG
CCGTATGCAGCTCGCTTCCAAGG
GCTGCATACGGGGGGCCTTGCCA
CCGTCTCCAGCTCGCTTCCAAGG
GCTGGAGACGGGGGGCCTTGCCA
CTTCCATGGCTGCCCGCAAGTCCG
CAGCCATGGAAGCGAGCTGCTTACG
CTTCCCTCGCTGCCCGCAAGTCCG
CAGCGAGGGAAGCGAGCTGCTTACG
CCAAGACTGCCCGCAAGTCCGCC
GGCAGTCTTGGAAGCGAGCTGC
AGGCTATGCGCAAGTCCGCCCCCT

4746
4747
4748
4749
4750
4751
4752
4753
4754
4755
4756
4757
4758
4759
4760
4761
4762
4763
4764
4765
4766
4767
4768
4769
4770
4771
4772
4773
4774
4775
4776
4777
4778
4779
4780
4781
4782
4783
4784
4785
4786
4787
4788
4789
4790

A25M_R
R26A_F
R26A_R
S28T_F
S28T_R
A29M_F
A29M_R
A29T_F
A29T_R
K36R_F
K36R_R
K36M_F
K36M_R
K36Q_F
K36Q_R
K37L_F
K37L_R
K37M_F
K37M_R
K37R_F
K37R_R
K37Q_F
K37Q_R
R40A_F
R40A_R
Y41A_F
Y41A_R
K42A_F
K42A_R
K56Q_F
K56Q_R
K56R_F
K56R_R
K56M_F
K56M_R
K56L_F
K56L_R
K64L_F
K64L_R
Q68A_F
Q68A_R
Q68S_F
Q68S_R
K79Q_F
K79Q_R

GCGCATAGCCTTGGAAGCGAGCTG
CTGCCGCCAAGTCCGCCCCCTCC
ACTTGGCGGCAGCCTTGGAAGCGAGC
CAAGACCGCCCCCTCCACCGGCG
GGGCGGTCTTGCGGGCAGCCTTGG
GTCCATGCCCTCCACCGGCGGTG
GGGCATGGACTTGCGGGCAGCCTTG
GTCCACCCCCTCCACCGGCGGTG
GGGGGTGGACTTGCGGGCAGCCTTG
TGTCCGCAAGCCCCACCGTTACAAG
GCTTGCGGACACCGCCGGTGGAGG
TGTCATGAAGCCCCACCGTTACAAG
GCTTCATGACACCGCCGGTGGAGG
TGTCCAGAAGCCCCACCGTTACAAG
GCTTCTGGACACCGCCGGTGGAGG
TCAAGCTCCCCCACCGTTACAAGCC
GGGGAGCTTGACACCGCCGGTGG
TCAAGATGCCCCACCGTTACAAGCC
GGGCATCTTGACACCGCCGGTGG
TCAAGCGCCCCCACCGTTACAAGCC
GGGGCGCTTGACACCGCCGGTGG
TCAAGCAGCCCCACCGTTACAAGCC
GGGCTGCTTGACACCGCCGGTGG
CCACGCTTACAAGCCCGGTACCGTCG
CTTGTAAGCGTGGGGCTTCTTGACACC
CCGTGCCAAGCCCGGTACCGTCGC
CTTGGCACGGTGGGGCTTCTTGACAC
CGTTACGCGCCCGGTACCGTCGCT
GCGCGTAACGGTGGGGCTTCTTGAC
CCAGCAGTCCACTGAGCTTCTGATC
TGGACTGCTGGTAGCGACGAATCTC
CAGCGCTCCACTGAGCTTCTGATC
TGGAGCGCTGGTAGCGACGAATCTC
CCAGATGTCCACTGAGCTTCTGATC
TGGACATCTGGTAGCGACGAATCTC
CCAGCTCTCCACTGAGCTTCTGATC
TGGAGAGCTGGTAGCGACGAATCTC
CCGCCTCCTCCCCTTCCAGCG
GAGGAGGCGGATCAGAAGCTCAGTGG
CTCCCCTTCGCCCGTCTCGTAAGTTT
GCGAAGGGGAGCTTGCGGATCAGAAGC
CTCCCCTTCTCCCGTCTCGTAAGTTT
GAGAAGGGGAGCTTGCGGATCAGAAGC
GACTTCCAGTCCGACCTCCGCTTCC
GGACTGGAAGTCCTGGGCAATCTCACGG

4791
4792
4793
4794
4795
4796
4797
4798
4799
4800
4801
4802
5078
5108
5573
5574
5585
5586
5587
5588
5591
5592
5626
5627
5628
5651
5652
5653
5654
5662
5663
5664
5665
5666
5667
5668
5669
5670
5671
5672
5673
5674
5675
5676
5677

K79R_F
K79R_R
K79M_F
K79M_R
K79L_F
K79L_R
K122L-F
K122L-R
E133A_F
E133A_R
R134A_F
R134A_R
FghH3downR
hph3'F
5573_JG_SM_HPH_F
5574_JG_SM_HPH_R
5585_FgH3NcoF
5586_FgH3NcoR
5587_NcH3Bgl2F
5588_NcH3Bgl2R
5591_NcH3NcoF
5592_NcH3NcoR
5626_FgH3Val R
5627_Fg5’H3seqF
5628_Nc5'H3SeqF
5651_NcH3NcoNewF
5652_NcH3NcoNewR
5653_FgH3NcoNewF
5654_FgH3NcoNewR
5662_T11A_F2
5663_T11A_R2
5664_S10T_F2
5665_S10T_R2
5666_K9Q_F2
5667_K9Q_R2
5668_K4Q_F2
5669_K4Q_R2
5670_K4M_F2
5671_K4M_R2
5672_K18L_F2
5673_K18L_R2
5674_K27R_F
5675 K27R_R
5676 K27Q_F
5677 K27Q_R

GACTTCCGCTCCGACCTCCGCTTCC
GGAGCGGAAGTCCTGGGCAATCTCACGG
GACTTCATGTCCGACCTCCGCTTCC
GGACATGAAGTCCTGGGCAATCTCACGG
GACTTCCTCTCCGACCTCCGCTTCC
GGAGAGGAAGTCCTGGGCAATCTCACGG
GAGCCTCGACATCCAGCTCGCCC
TGTCGAGGCTCTGGATGGTGACACG
GCGGTGCGCGCAACTAAGCGACTC
GCGCACCGCGGAGGCGGCGGG
GTGAGGGCAACTAAGCGACTCTTCG
TTGCCCTCACCGCGGAGGCGGC
CGAGTTTGACTCGGCTATTCCC
CCGACGCCCCAGCACTCGTCC
GTGCTTTCAGCTTCGATGTAGG
AGAAGATGTTGGCGACCTCG
ATCATCAACCATGGCCCGCACTAAGC
AGTGCGGGCCATGGTTGATGATTCTTG
AGCGCAACTAAGCAGATCTTCGATATGGAG
TATCGAAGATCTGCTTAGTTGCGCTCACCG
AAACCATCACCATGGCCCGCACTAAGC
TGCGGGCCATGGTGATGGTTTATGTGTG
GGAGAGCACCGATGGCGGAGGA
CCTGGACCCAATTTTCCATTTTCGG
GGAAAAAGCGGAATGAGCAAGGAAGG
ATAAACCATCACCATGGCCCGCACTAAGCAGACCG
TTAGTGCGGGCCATGGTGATGGTTTATGTGTGTTG
AAGAATCATCAACCATGGCCCGCACTAAGCAGACCG
AGTGCGGGCCATGGTTGATGATTCTTGTGAAGATGTGG
CCGCAAGTCCGCCGGTGGCAAGGC
CACCGGCGGACTTGCGGGCGGTCT
CCGCAAGACCACCGGTGGCAAGGC
CACCGGTGGTCTTGCGGGCGGTCTG
CGCCCGCCAGTCCACCGGTGGCAAGGC
ACCGGTGGACTGGCGGGCGGTCTGCTTAG
CCCGCACTCAGCAGACCGCCCGCAAG
GCGGTCTGCTGAGTGCGGGCCATTGTTGA
CCCGCACTATGCAGACCGCCCGCAAGT
CGGTCTGCATAGTGCGGGCCATTGTTGATGA
CCTCGTCTCCAGCTCGCTTCCAAGGC
GAGCTGGAGACGAGGCGCCTTGCCACCG
CCGCCGCTCCGCCCCCTCCACCG
GGCGGAGCGGCGGGCAGCCTTGGAAG
CCGCCAGTCCGCCCCCTCCACCG
GGCGGACTGGCGGGCAGCCTTGGAAG

5678
5679
5680
5681
5682
5683
5684
5685
5686
5687

5678 K79Q_F2
5679 K79Q_R2
5680 K79R_F2
5681 K79R_R2
5682 K79M_F2
5683 K79M_R2
5684_K122L_F2
5685_K122L_R2
5686_R134A_F2
5687 R134A_R2

AGGACTTCCAGTCCGACCTCCGCTTCCAG
TCGGACTGGAAGTCCTGGGCAATCTCACGGAC
AGGACTTCCGCTCCGACCTCCGCTTCCAG
TCGGAGCGGAAGTCCTGGGCAATCTCACGGAC
AGGACTTCATGTCCGACCTCCGCTTCCAG
TCGGACATGAAGTCCTGGGCAATCTCACGGAC
CCAGAGCCTCGACATCCAGCTCGCCC
GGATGTCGAGGCTCTGGATGGTGACACG
GCGGTGAGGGCAACTAAGCGACTCTTCG
TAGTTGCCCTCACCGCGGAGGCGGC

Table 3: Progress in generating F. graminearum hH3 mutants. The wildtype
residue is listed first, followed by the desired mutations in standard nomenclature
(e.g., K4M, lysine residue 4 is changed to methionine). The sequenced plasmid,
transformed mutation, and confirmed transformant columns list plasmid names and
strain numbers used by the author; the progeny and confirmed homokaryon columns
list the FMF strain number used in the Freitag lab.
Mutation

Sequenced
Plasmid

Transformed
mutation

Confirmed
transformant

Cross purified

R2L

T2-9b

TMM5-17

T3A

pMM93.2

TMM20-6

TMM20-6-1

xFMG5-6
(FMF651,M)

K4L

T2-10a

TMM17-3

K4M

pMM90.6

TMM25-1

TMM25-1-2

K4R

pMM94.1

TMM20-7

TMM20-7-3

K4Q

pMM95.5

T6A

T2-11b.2

Confirmed
homokaryon

T3S

A7M

T2-12b

TMM17-4

R8A

T2-13b, T2-13a.1

TMM18-4

K9L

T2-14a

TMM13-2

TMM13-2-2

K9M

pMM77.1

TMM20-5

TMM20-5-1

K9R

T2-15a

TMM13-4

TMM13-4-5

K9Q

pMM91.3

TMM13-5

TMM13-5-1

S10A

pMM89.1

TMM13-3

TMM13-3-2

S10T

pMM92.3, pMM92.4

TMM25-2

TMM25-2-3

T11A

pMM98.4

TMM25-3

TMM25-3-3

G12P

TMM20-8

G13M

pMM99.1
pMM115.3,
pMM115.4

TMM23-4

TMM23-4-2

K14L

pMM103.1

TMM22-4

TMM22-4-1

xFMG1-12
(FMF651,M)
xFMG1-3
(FMF651,M)

K14M

pMM84

TMM3-2

TMM3-2-2

xMM1F, xMM2F

xFMG4-8 (FMF651,
M)
xFMG5-5
(FMF651,M)
xFMG4-10 (FMF651,
M)
xFMG4-9 (FMF651,
M)

xMM1F-6

Mutation

Sequenced
Plasmid

Transformed
mutation

Confirmed
transformant

K14R

pMM41.2

TMM17-1

pMM117.3,
pMM117.4

TMM23-5

TMM23-5-1

pMM118.3,
pMM118.4

TMM23-6

TMM23-6-3

TMM25-5-3

Cross purified

K14Q
A15M
A15P
P16A
R17L
K18L
K18M

pMM43.2

K18R

pMM119.3

TMM17-2
TMM23-7, TMM255

K18Q

pMM120.3

TMM23-8

TMM23-8-1

K23L

pMM46

TMM10-1

TMM10-1-1

xFMG1-16
(FMF651,M)
xFMG4-1 (FMF651,
M)

K23M

pMM45.5

TMM18-1

K23R

pMM121.3

TMM24-2

TMM24-2-1

xFMG117(FMF651,M)

K23Q

pMM122.3

A24T

pMM108.1

TMM23-3, TMM254

TMM23-3-3

A25M

pMM48

TMM10-2

TMM10-2-2

R26A

pMM49

TMM18-2

K27L

pMM123.3

TMM24-3

TMM24-3-1

K27M

pMM80.1, pMM80.2

TMM20-4

TMM20-4-1

K27R

pMM129.2
pMM130.1,
pMM130.2

TMM25-6
TMM25-7

TMM25-7-1

S28A

pMM124.3

TMM24-4

TMM24-4-1

xFMG1-21
(FMF651,M)

A29M

pMM51

TMM10-3

A29T

pMM52

TMM22-1

TMM22-1-1

xFMG1-1
(FMF651,M)

K36L

pMM125.3

TMM24-5

K36M

pMM54, pMM83

TMM11-1

TMM11-1-2

K36R

pMM53

TMM10-4

TMM10-4-1

K36Q

pMM55.6

TMM21-2

K37L

pMM56

TMM5-6, TMM11-2

K37M

pMM57, pMM57.3

TMM20-1

K37R

pMM58.6, pMM58.7

TMM23-1

TMM23-1-1

K37Q

pMM59

TMM11-3

TMM11-3-1

R40A

pMM60

TMM22-2

TMM22-2-1

Y41A

pMM61

TMM11-4

pMM66

TMM12-4

K27Q

xFMG1-10
(FMF651,M)
xFMG4-2 (FMF651,
M)
xFMG1-19
(FMF651,M)
xFMG5-4
(FMF651,M)

S28T

K42A
K56L

TMM12-4-1

xFMG4-4 (FMF651,
M)
xFMG4-3 (FMF651,
M)

xFMG1-5
(FMF651,M)
xFMG4-6 (FMF651,
M)
xFMG1-2
(FMF651,M)

Confirmed
homokaryon

Mutation

Sequenced
Plasmid

Transformed
mutation

Confirmed
transformant

K56M

pMM65

TMM12-3

TMM12-3-2

K56R

pMM64

TMM12-2

TMM12-2-3

K56Q

pMM63.4, pMM63.5

TMM23-2

TMM23-2-1

K64L

pMM67

TMM5-13

Q68A

pMM68, pMM68.2

TMM18-3

TMM18-3-2

Q68S

pMM69.1, pMM69.2

TMM21-4

TMM21-4-1

K79L

pMM73, pMM73.2

TMM21-7

TMM21-7-2

xFMG5-11
(FMF651,M)

K79M

pMM72.6

TMM22-3

K79R

pMM71.6

TMM21-5

K79Q

pMM70.6

TMM20-2

TMM20-2-1

xFMG5-2
(FMF651,M)

K122L

pMM74

TMM13-1

E133A

pMM75

TMM20-3

TMM20-3-1

xFMG5-3
(FMF651,M)

R134G

pMM100.4

71

64

60

40

27

Cross purified

Confirmed
homokaryon

xFMG4-7 (FMF651,
M)
xFMG1-7
(FMF651,M)

1

Table 4: Progress in generating N. crassa hH3 mutants. The wildtype residue is
listed first, followed by the desired mutations in standard nomenclature (e.g., K4M,
lysine residue 4 is changed to methionine). The sequenced plasmid, transformed
mutation, and confirmed transformant columns list plasmid names and strain numbers
used by the author; the progeny and confirmed homokaryon columns list the NMF
strain number used in the Freitag lab.
Mutation

Sequenced
Plasmid

Transformed
mutation

Confirmed
transformant

Cross purified

T3S

pMM85.2

TMM15-5

T3A

T1-2

TMM14-2

TMM14-2-1

xNMG5-1
(NMF59,B)

K4M

pMM86.3

TMM15-6

TMM15-6-1

K4R

T1-4

TMM14-3

K4Q

T1-5

TMM14-4

TMM14-3-1
TMM14-4-3,
TMM14-4-4

Confirmed
homokaryon

K4L

NMF756
K9L

pMM97.1

TMM16-7

NMF756
TMM16-7-1,
TMM16-7-2

K9M

pMM96.1

TMM15-7

TMM15-7-1

TMM26-7

TMM26-7-1,
TMM26-7-2,
TMM26-7-3

K9R
K9Q

S10T

pMM88.10

xNMG512(NMF59,B)
xNMG5-2
(NMF59,B)

xNMG5-2-17

xNMG4-13,14
(NMF59,M)

xNMG4-14-13

Mutation

Sequenced
Plasmid

K14L

pMM109.2

Transformed
mutation

Confirmed
transformant

NMF763

NMF763

Cross purified

Confirmed
homokaryon

xNMG5-4
(NMF59,B)

xNMG5-4-1

xNMG4-4
(NMF59,M)

xNMG4-4-4

xNMG510(NMF59,B)

xNMG5- 10-7

K14M
K14R
K14Q
A15M
A15P
P16A
R17L
K18L

pMM107.5,
pMM107.6

K18M

pMM3.3

TMM19-1

K18R

pMM4.5

TMM6-2

pMM6.1, pMM6.2,
pMM6.3

TMM16-1

A25M

pMM8

TMM26-1

TMM26-1-2

R26A

pMM9.1, pMM9.2

TMM16-2

TMM16-2-2

NMF764

NMF764

TMM15-4

TMM15-4-1

TMM14-5-3
TMM19-1-4

K18Q
K23L
K23M
K23R
K23Q
A24T

K27L
K27M

pMM37

K27R

pMM127.2

K27Q

pMM128.2

S28T

pMM10

TMM14-6

A29M

pMM11.3, pMM11.4

TMM19-2

A29T

pMM12-N

TMM7-5, TMM7-6

K36M

pMM14.1

TMM16-4

K36R

pMM13.1, pMM13.4

TMM16-3

K36Q

pMM15.3, pMM15.4

TMM19-3

S28A
TMM19-2-3,
TMM19-2-4

K36L

TMM19-3-2

K37L

pMM16

TMM8-2

K37M

pMM17

TMM26-2

K37R

pMM18.8

TMM8-3

K37Q

pMM19.3, pMM19.4

TMM19-4

R40A

pMM20.6, pMM20.7

TMM19-5

Y41A

pMM21.3, pMM21.4

TMM19-6

TMM19-4-2
TMM19-5-1,
TMM19-5-2
TMM19-6-1,
TMM19-6-2

K42A

pMM22.5

TMM16-5

TMM16-5-1

K56L

pMM26.3, pMM26.4

TMM19-7

TMM19-7-2

K56M

pMM25, pMM25-N

TMM15-1

xNMG6-6
(NMF426,M)

TMM26-2-2
xNMG6-8
(NMF426,M)
xNMG6-9,10
(NMF426,M)
xNMG6-11,12
(NMF426,M)
xNMG4-9
(NMF59,M)
xNMG6-14
(NMF426,M)

xNMG6-9-1
xNMG6-11-1, 611-8, 6-11-9

Mutation

Sequenced
Plasmid

Transformed
mutation

Confirmed
transformant

Cross purified

Confirmed
homokaryon

K56R

pMM24

TMM14-7

K56Q

pMM23.4, pMM23.5

TMM8-5

K64L

pMM27

TMM26-3

TMM8-5-1
TMM26-3-1,
TMM26-3-2

Q68A

pMM28

TMM26-4

TMM26-4-3

Q68S

pMM29

TMM16-6

K79L

pMM33.4

TMM9-3

K79R

pMM31.7

TMM26-5

K79Q

pMM30.6, pMM32.6

TMM8-6

K122L

pMM34.7

TMM26-6

E133A

pMM35

TMM15-2

R134G

pMM36

TMM15-3

TMM15-3-1

xNMG59(NMF59,B)

64

44

43

xNMG5- 9-5

29

14

8

K79M

TMM8-6-1
TMM26-6-1,
TMM26-6-2,
TMM26-6-3

R134A

Table 5: Suspected lethal hH3 mutations in both fungi. Histones mutations which
have produced no viable or correct transformants, some with multiple attempts.
Fusarium graminearum
hH3 mutation
K18R
K36L
Q68A
K79M
Neurospora crassa
hH3 mutation
T3S
T3A
K9L

Correct transformants
0/0
0/0, 0/1
0/2 (still checking)
0/1, 0/0

Correct cross progeny

Correct transformants
0/2

Correct cross progeny
0/13
0/13

Table 6: Self sterile F. graminearum hH3 mutants. Histone mutations which have
resulted in self-sterile and female sterile transformants in F. graminearum.
Mutation
T3A
K9L
K9M
K9R
K9Q
S10A
G13M
K14L
A15M
K18Q
K23L
K23R
A24T
A25M
K27L

Self-Sterile
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Mutation
K27M
S28A
A29T
K36M
K36R
K37R
K37Q
R40A
K56Q
K56R
K79L
K79Q
E133A
WT H3
WT H3-HPH

Self-Sterile
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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