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Chemotropism and Cell Fusion in Neurospora crassa
Relies on the Formation of Distinct Protein
Complexes by HAM-5 and a Novel Protein HAM-14
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ABSTRACT In filamentous fungi, communication is essential for the formation of an interconnected, multinucleate, syncytial network,
which is constructed via hyphal fusion or fusion of germinated asexual spores (germlings). Anastomosis in filamentous fungi is
comparable to other somatic cell fusion events resulting in syncytia, including myoblast fusion during muscle differentiation,
macrophage fusion, and fusion of trophoblasts during placental development. In Neurospora crassa, fusion of genetically identical
germlings is a highly dynamic and regulated process that requires components of a MAP kinase signal transduction pathway. The
kinase pathway components (NRC-1, MEK-2 and MAK-2) and the scaffold protein HAM-5 are recruited to hyphae and germling tips
undergoing chemotropic interactions. The MAK-2/HAM-5 protein complex shows dynamic oscillation to hyphae/germling tips during
chemotropic interactions, and which is out-of-phase to the dynamic localization of SOFT, which is a scaffold protein for components of
the cell wall integrity MAP kinase pathway. In this study, we functionally characterize HAM-5 by generating ham-5 truncation
constructs and show that the N-terminal half of HAM-5 was essential for function. This region is required for MAK-2 and MEK-2
interaction and for correct cellular localization of HAM-5 to “fusion puncta.” The localization of HAM-5 to puncta was not perturbed in
21 different fusion mutants, nor did these puncta colocalize with components of the secretory pathway. We also identified HAM-14 as
a novel member of the HAM-5/MAK-2 pathway by mining MAK-2 phosphoproteomics data. HAM-14 was essential for germling
fusion, but not for hyphal fusion. Colocalization and coimmunoprecipitation data indicate that HAM-14 interacts with MAK-2 and

MEK-2 and may be involved in recruiting MAK-2 (and MEK-2) to complexes containing HAM-5.
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USION between genetically identical cells exists in many

organisms and plays an important role in different de-
velopmental processes, for example, myoblast fusion during
the formation of muscle tissue, macrophage fusion, or fusion
of trophoblasts in placental development (Chen and Olson
2005; Aguilar et al. 2013). In fungi, vegetative fusion enables
a fungal colony to share resources and has implications for
fitness and virulence (Craven et al. 2008; Fricker et al. 2009;
Eaton et al. 2011; Richard et al. 2012; Simonin et al. 2012;
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Roper et al. 2013; Chagnon 2014). In the filamentous asco-
mycete fungus, Neurospora crassa, genetically identical ger-
minated asexual spores (germlings) undergo fusion to form a
syncytium that is an interconnected network of fused cells
(Roca et al. 2005; Leeder et al. 2013; Herzog et al. 2015). An
important pathway required for both germling and hyphal
fusion is a conserved mitogen-activated protein kinase
(MAPK) cascade that includes the MAPK kinase kinase
NRC-1, the MAPK kinase MEK-2, the MAPK MAK-2, and the
scaffold protein, HAM-5 (Pandey et al. 2004; Dettmann et al.
2012, 2014; Jonkers et al. 2014). During germling fusion,
chemotrophic growth is associated with oscillation of the
MAK-2/MEK-2/NRC-1/HAM-5 complex and the regulatory
adaptor subunit STE-50 to the fusion tips of germlings, co-
nidial anastomosis tubes (CATs), and to the tips of hyphae
undergoing chemotropic interactions prior to cell fusion (fu-
sion hyphae) (Fleissner et al. 2009; Dettmann et al. 2012,
2014; Jonkers et al. 2014). The oscillation of the MAK-2
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signaling complex is perfectly out of phase with a second
protein, called SOFT, which is also essential for chemotropic
interactions and cell fusion (Fleissner et al. 2005). Switching
between the MAK-2 complex and SOFT at the tips of cells
undergoing chemotropic interactions occurs every ~4—5 min
(Fleissner et al. 2009; Jonkers et al. 2014). Phosphorylation
and subsequent dephosphorylation of HAM-5 has been hy-
pothesized to regulate the assembly and disassembly of the
MAK-2 complex at CATs and hyphal fusion tips (Jonkers et al.
2014). However, how the oscillation of the MAK-2 complex
and SOFT is initiated and sustained during chemotropic in-
teractions is currently unclear, and the input signals impor-
tant for phosphorylation of HAM-5 are unknown.

The scaffold protein HAM-5 was identified as a putative
MAK-2 target using a global phosphoproteomics approach
(Jonkers et al. 2014) and via mass spectrometry with epitope-
tagged MAK-2 (Dettmann et al. 2014). Deletion of ham-5
results in a mutant unable to undergo germling and hyphal
fusion and also results in the inability of the MAK-2 complex
to form distinct puncta, which in wild-type germlings and
hyphae is associated with oscillation of the MAK-2 complex
to CATs and to tips of fusion hyphae (Aldabbous et al. 2010;
Dettmann et al. 2014; Jonkers et al. 2014). HAM-5 is a large
protein of 1686 amino acids (aa) that binds MAK-2 via the
N-terminal WD40 domain and MEK-2 via regions distal to the
WD40 domain (Dettmann et al. 2014; Jonkers et al. 2014). In
this study, we constructed versions of HAM-5 with sequential
truncations to identify domains required for function and
cellular localization. We further expressed HAM-5-GFP in
21 fusion mutant strains and studied colocalization of HAM-
5-GFP with fluorescent-tagged cellular marker proteins. A
second protein, HAM-14, was identified by mining phospho-
proteomics data (Jonkers et al. 2014). Deletion of ham-14
resulted in a mutant unable to undergo germling fusion, but
which is competent to undergo hyphal fusion. Although HAM-14
localized to puncta and to the cytoplasm, it did not show
colocalization or oscillation with the MAK-2 signaling complex
or with SOFT. However, by coimmunoprecipitation studies,
HAM-14 was shown to interact with MAK-2 and MEK-2. Our
data support a model whereby HAM-14 plays a role in facili-
tating interaction between HAM-5 and MAK-2/MEK-2 and
their subsequent localization to fusion complexes. These data
provide new insights into the composition of the MAK-2 com-
plex during chemotropic interactions and the molecular
processes underlying chemotropic growth and cell fusion.

Materials and Methods
Molecular techniques and strain construction

Strains used and constructed for this study are listed in
Supplemental Material, Table S1. Strains were grown on
Vogel’s minimal medium (VMM) (Vogel 1956) (with supple-
ments as required) and were crossed on Westergaard’s medium
(Westergaard and Mitchell 1947). Transformations and other
N. crassa molecular techniques were performed as described
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(Colot et al. 2006) or using protocols available at the Neuros-
pora home page at the Fungal Genetics Stock Center (FGSC)
(http://www.fgsc.net/Neurospora/NeurosporaProtocol Guide.
htm). The his-3::Ptef1-ham-5-gfp and Ptefl-Lifeact-TagRFP-T::
natl strains were obtained by crossing his-3::Ptef1-ham-5-gfp
with FGSC10598 (Table S1) with selection of progeny that
showed both GFP and RFP fluorescence.

The ham-5 truncation alleles were created via PCR with
forward primer 1 and reverse primers 2-9 (Table S2). These
PCR fragments were cloned into the pCR-Blunt vector (Invi-
trogen). We sequenced and digested the constructs from
the pCR-Blunt vector with the restriction enzymes Nsil
(unique internal ham-5 site) and Pacl (in the linkers of the
reverse primers). The constructs were ligated into plasmid
PMF272 + ham-5 digested with Nsil and Pacl (Margolin et al.
1997, Freitag et al. 2004). The ham-14 gene was cloned using
primers 10 and 11 (Table S2), which have Xbal and Pacl
restriction enzyme sites included, respectively. This PCR
product was inserted into the pCR-Blunt vector, sequenced,
and digested with Xbal and Pacl. The digested construct was
ligated into pMF272 between either the gfp (Freitag et al.
2004) or mCherry (Jonkers et al. 2014) gene and with either
the ccg-1 or the tef-1 promoter using restriction enzymes Xbal
and Pacl. The promoter region (1387 bp upstream of the start
codon) of ham-14 was amplified using primers 14 and 15
(Table S2), which have NotI and Xbal restriction enzyme sites
included, respectively. The PCR product was cloned into the
pCR-Blunt vector, sequenced, digested with Notl and Xbal,
and ligated into the plasmid instead of the tef-1 promoter
using restriction enzymes Notl and Xbal.

To construct strains expressing secretory pathway proteins
that are N-terminally fused to the red fluorescent protein
tdimer(2)12 (Campbell et al. 2002), open reading frames cor-
responding to the homologs of Saccharomyces cerevisiae SEC7
(NCUO07658), SEC13 (NCU04063), and SEC23 (NCU01318)
were amplified by PCR and cloned into plasmid pMF334 (Frei-
tag and Selker 2005). The following forward and reverse
primer pairs were used to amplify the genes for cloning: 16
and 17 for NCU07658-, 18 and 19 for NCU04063-, and 20 and
21 for NCU01318 (Table S2). All forward primers contained a
Spel restriction enzyme cleavage site. The reverse primers for
NCU04063 and NCU01318 contained an Xbal cleavage site,
whereas the reverse primer for NCU07658 contained an Fsel
site.

All constructs were transformed into the his-3 strain
FGSC6103 with selection for His™ prototrophy. Homokaryotic
strains were obtained via microconidial purification (Pandit
and Maheshwari 1994). Deletion strains were obtained from
the FGSC (McCluskey 2003) that were generated as part of
the N. crassa functional genomics project (Colot et al. 2006;
Dunlap et al. 2007). For each deletion strain, both the mating
type A and mating type a strains were analyzed, if available.

Phenotypic analyses

Growth of the different strains (WT, Aham-14, Aham-14;
his-3::ham-14-gfp, and segregation strains) on VMM plates
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was measured at 25° by spotting 5 pl of a 10® conidia/ml
suspension or by placing an agar plug (10 mm) with hyphae
in the center of Petri plates. Aerial hyphal extension was
determined by inoculating tubes containing 1 ml of liquid
Vogel’s minimal medium with 1 X 10° conidia; aerial hyphae
height was measured after 3 days of growth at 25° in constant
light. Six replicates were measured for each strain. Growth on
slant tubes with WT, Aham-14, Aham-14; his-3::ham-14-gfp,
segregation strains, and the Aham-5; his-3::ham-5-gfp strains
was assessed by placing an inoculum of each strain on the
agar and letting them grow for 2 days at 30° in the dark and
for 1 week at room temperature on the bench.

To assess the ability of germling fusion of deletion strains as
compared to wild type, slant tubes containing the strains were
grown for 4-6 days or until significant conidiation occurred.
Conidia were harvested by vortexing the slant tube with 2 ml
ddH,0 and subsequently filtered by pouring over cheesecloth
to remove hyphal fragments. Conidia were diluted to a con-
centration of 3.3 X 107 conidia/ml. For each sample, 300 wl
of spore suspension was spread on a 9-cm solid VMM plate.
The plates were dried in a fume hood for 20-30 min and
incubated for 3-4 hr at 30°. After 3—4 hr, most spores have
germinated and a germ tube or CAT has emerged. Squares of
1 cm were excised and observed with a Zeiss Axioskop 2
using a X40 Plan-Neofluor oil immersion objective. The abil-
ity of germlings to communicate and fuse was determined by
evaluating whether germlings displayed homing behavior or
had fused when germinated conidia were within ~15 pwm of
each other (Leeder et al. 2013). Chemotropic redirected
growth of germ tubes/CATs toward each other is evidence
of communication. Chemotropism is terminated upon con-
tact, which is followed by cell wall breakdown and mem-
brane merger of the two interacting cells. Multiple frames
containing ~100 germlings were examined for pairs of cells
that had fused or were undergoing chemotropic interactions.
Germlings were considered deficient in chemotropic interac-
tion and fusion when germ tubes grew outwardly straight
following conidial germination and cell fusion was not ob-
served, a phenotype markedly different from that of interact-
ing germlings (see Figure 1D and Figure 3A for examples).

Fluorescence microscopy

Samples for fluorescence microscopy performed with GFP- and
mCherry-tagged strains were prepared as described above.
Images were taken using a Leica SD6000 microscope with a
X100 1.4 numerical aperature (N.A.) oil-immersion objec-
tive equipped with a Yokogawa CSU-X1 spinning disk head
and a 488-nm or 561-nm laser controlled by Metamorph
software. Multiple pairs of interacting or noninteracting
germlings were analyzed per experiment and representative
pairs are shown for each strain. To count the number of
germlings that show MAK-2-GFP puncta in noncommunicat-
ing germlings, random images were taken and MAK-2-GFP
localization to puncta was counted. ImageJ software was
used for image analysis (Schneider et al. 2012). Western blot
band intensity was quantified in ImageJ by measuring the

region of interest at a fixed size and then each value was
subtracted from local background and normalized to the cor-
responding ponceau-stained lane.

Immunoprecipitation and Western blotting

Immunoprecipitation and Western blotting was performed as
described (Jonkers et al. 2014). Immunoprecipitation and
detection of GFP- or mCherry-tagged proteins was performed
with mouse or rabbit anti-GFP antibodies (Roche or Life
Technologies, respectively) and with mouse or rabbit anti-
mCherry antibodies (monoclonal NBPI-96752 NovusBio or
polyclonal 5993-100 Bio-vision, respectively).

Detection of phosphorylated MAK-1 and MAK-2 was car-
ried out using antiphospho p44/42 MAP kinase antibodies
(1:3000 dilution) (PhosphoPlus antibody kit; Cell Signaling
Technology) as described (Pandey et al. 2004; Jonkers et al.
2014). Detection of phosphorylated HAM-14-GFP was per-
formed using a purified mouse antiphosphoserine/threonine
antibody, clone 22A (BD Biosciences).

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article.

Results

Functional domains of HAM-5 are positioned at the
N terminus

HAMS-5 is a large scaffold protein consisting of 1686 aa. A
predicted WD40 domain with seven helices is situated at the
N-terminal side of the protein (amino acids 13-348, Figure
1A). Two predicted coiled coil domains (amino acids 1168-1190
and 1257-1286, Figure 1A) are located at the C terminus,
imbedded in a large unstructured region of low complexity
(amino acids 869-1686, Figure 1A). Full-length HAM-5 that
was C-terminally tagged with GFP localized to the cytoplasm
and to distinct cytoplasmic punctate structures. In cells un-
dergoing chemotropic interactions and fusion, HAM-5 ac-
cumulates as puncta at CAT tips, which assemble and
disassemble in a highly dynamic manner (Dettmann et al.
2014; Jonkers et al. 2014), which we term “fusion puncta.”
This cytological feature is probably not due to overexpression
of HAM-5, since puncta are also observed in hyphae when
ham-5-gfp expression is driven by the ham-5 promoter, al-
though the signal was too low to observe in germlings
(Jonkers et al. 2014). In contrast to the full-length HAM-5-
GFP, which was excluded from the nucleus, a GFP-tagged
version of HAM-5 bearing only the WD40 domain (amino
acids 1-351, Figure 1A) accumulated in the nucleus and lo-
calized diffusely to the cytoplasm (Jonkers et al. 2014). The
ham-51-3%1-gfp construct also failed to complement the growth
and fusion defects of the Aham-5 mutant. HAM-5 lacking the
WD40 domain (AWDA40, Figure 1A) is also nonfunctional and
is unstable in germlings and hyphae (Jonkers et al. 2014), but
punctate localization was detected in conidia (Figure 1E,
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Figure 1 Phenotypes and functional characterizations of truncated HAM-5-GFP proteins. (A) Schematic overview of the eight different truncated HAM-5
constructs (1-8), WD40 only version (1-351 aa), AWD40 version (1-67 and 348-1686 aa) and the full-length (FL) protein (1-1686 aa). The predicted
WD40 domains are shown in gray and the putative coiled coil domains are shown as red bars. Shaded white boxes depict the two disordered regions
with low complexity. The Sec31-like domain consists of the WD40 and the a-solenoid motifs found in S. cerevisiae Sec31 protein. The region of HAM-5
sufficient for function is marked by a green bar, while the region dispensable for function by a red bar. (B) Western blot of Aham-5 germlings bearing
the eight different ham-5-gfp truncation constructs, FL ham-5-gfp, the wd40-gfp version (1-351 aa) or the Awd40-gfp (1-67 and 348-1686 aa) construct.
Samples from 5-hr-old germlings were immunoprecipitated with anti-GFP antibodies. Black triangles point to the HAM-5 protein bands of the correct size in
the strains. (C) Growth phenotype of Aham-5 strains bearing the eight different truncated ham-5-gfp constructs, the wd40-gfp version, the Awd40, and the
FL ham-5-gfp version on a Vogel's minimal medium agar slant. (D) Germling fusion phenotypes of Aham-5 germlings bearing FL ham-5-gfp, wd40-gfp,
Awd40-gfp, or the three shortest truncated ham-5-gfp constructs (constructs 6-8). White arrows point to germling pairs that have fused. Bar, 10 wm. (E)
Cellular localization of the FL HAM-5-GFP protein, the WD40-GFP version (Jonkers et al. 2014), the HAM-5AWDA40, and the three shortest truncated HAM-

5-GFP proteins (constructs 6-8). White arrows point to HAM-5-GFP puncta, red arrows to HAM-5-GFP accumulation in nuclei. Bar, 10 pm.

bottom left). These data indicate that the C terminus of HAM-5
(amino acids 351-1686) is required for function, for nuclear
exclusion, and/or for localization to puncta.

To identify additional regions that control HAM-5 function
and localization, we generated a series of truncated versions of
ham-5 tagged with GFP (Figure 1). These GFP-tagged con-
structs were transformed into a wild-type strain at the his-3
locus and positive transformants were crossed with a Aham-5
strain (Table S1). Progeny carrying both the Aham-5 muta-
tion as well as the desired construct at the his-3 locus were
selected for analysis. Western blot analysis confirmed expres-
sion of each HAM-5-GFP truncation construct in the Aham-5
background with the expected protein sizes (Figure 1B).

Strains bearing the different ham-5-gfp deletion con-
structs were evaluated for fusion, growth phenotypes, and
cellular localization via fluorescence microscopy. Strains
bearing a ham-5 deletion exhibit a flat phenotype, which is
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caused by a reduction in extension of aerial hyphae (Aldabbous
et al. 2010; Dettmann et al. 2014; Jonkers et al. 2014), a
phenotype associated with germling and hyphal fusion mu-
tants in N. crassa (Fu et al. 2011; Herzog et al. 2015). Al-
though constructs that lack the WD40 domain or consist
only of the WD40 domain failed to complement the flat and
fusion phenotypes of a Aham-5 strain (Jonkers et al. 2014),
full recovery of the growth phenotype (Figure 1C) and com-
plementation of the fusion defect (ranging from ~60 to 98%
of WT level, Figure S1A and Figure 1D) was observed in
strains bearing constructs 1-6. These data indicated that
the terminal 576 aa are not essential for HAM-5 function.
Sporadic fusion events, representing ~10% of WT level (Fig-
ure S1A) and partial complementation of the flat phenotype
were observed in the strain bearing the ham-51-777-gfp allele
(no. 7) (Figure 1, C and D). However, strains bearing the final
truncated allele, ham-51->23-gfp (no. 8) showed a similar flat
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phenotype and a complete absence of fusion, as observed
with the Aham-5 strain (Figure 1, C and D and Figure S1A).
An a-solenoid motif was identified in the N terminus of
HAM-5 (amino acids 351-777) via hydrophobic cluster anal-
ysis (Gaboriaud et al. 1987), xtalpred (Slabinski et al. 2007),
and Phyre2 (Kelley et al. 2015) prediction methods (Figure 1
and Figure S8). a-Solenoid domains are found in other scaf-
fold or cage-forming proteins (Stagg et al. 2007) and are in-
volved in generating unique geometries that enable proteins
to sort cargo and produce vesicles. Thus, the WD40 and the
a-solenoid domain are both required for HAM-5 function.

HAM-5 functional domains are required for correct
cellular localization and function during
sexual reproduction

Microscopic investigation showed that ham-5-gfp truncated
constructs 1-6 in a Aham-5 background showed a similar
cellular localization pattern (puncta and cytoplasm) as the
full-length HAM-5 protein (Figure 1; Figure S1). Moreover,
these truncated versions of HAM-5-GFP showed oscillation
to CATs during chemotropic interactions and colocalization
with MEK-2-mCherry consistent with their ability to comple-
ment the fusion defect in the Aham-5 deletion strain (Figure
S1B). For a Aham-5 strain bearing ham-51-77-gfp (no. 7),
HAM-51-777-GFP localized to the cytoplasm and to puncta
that also contained MEK-2-mCherry in both germlings and
in hyphae (Figure 1E; Figure S1B), but oscillation was not
observed as cell fusion was a rare event. In contrast to full-
length HAM-5 and the ham-5 truncation constructs 1-7,
HAM-51-523.GFP (no. 8) showed strong nuclear signal in
both germlings and hyphae, but also localizated to puncta
(that also contained MEK-2-mCherry) that were often at
the cell periphery near contact sites with other germlings or
conidia (Figure 1E; Figure S1B). However, oscillation, che-
motropic interactions, and fusion were never observed in the
Aham-5; his-3:: ham-51-523-gfp strains. Nuclear localization
was also observed for HAM-5!-3>1-GFP that contained the
seven WD40 repeats (Figure 1E, WD40) (Jonkers et al.
2014), but no cytoplasmic puncta were observed. Thus, the
domain required for nuclear exclusion of HAM-5 is situated
between amino acids 523 and 777 and sequences important
for localization of HAM-5 to puncta are between amino acids
351 and 523. Bioinformatics analyses failed to reveal a nu-
clear export signal for HAM-5, indicating that the nuclear
import and export is determined by other factors.

Fusion mutants in N. crassa are often either unable to form
female reproductive structures (protoperithecia) or are de-
fective in sexual reproduction (Fu et al. 2011); the Aham-5
mutant is unable to form protoperithecia and is therefore
female sterile (Aldabbous et al. 2010). As a male, the
Aham-5 mutant is able to fertilize WT protoperithecia with
production of viable ascospores (Jonkers et al. 2014). To de-
termine whether the germling fusion phenotype of the ham-5
truncation constructs tracked with the sexual reproduction
phenotype, the Aham-5, Aham-5; his-3::ham-5-gfp, Aham-5;
his-3::ham-51-912-gfp (no. 6), Aham-5; his-3::ham-51-777-gfp

(no. 7), and Aham-5; his-3::ham-5'->23-gfp (no. 8) strains
were inoculated onto Westergaards medium to induce pro-
toperithecial development and subsequently fertilized with
wild-type conidia of the opposite mating type. In accordance
with the growth and germling fusion phenotype, the Aham-5
parental strain and the Aham-5; his-3::ham-51-3>1-gfp
(WD40 domain only), the Aham-5; his-3::ham-51-67,348
1686_gfp (lacking the WD40 domain) and the Aham-5;
his-3::ham-51->23-gfp (no. 8) strains were all female sterile. In
contrast, the Aham-5; his-3::ham-5-gfp, the Aham-5; his-3::
ham-51-912-¢fp (no. 6), and the Aham-5; his-3::ham-5-777-
gfp (no. 7) strains formed protoperithecia and produced via-
ble ascospores in crosses with wild type. Thus, the functional
domains required for germling fusion were also required for
sexual development, suggesting similar roles for HAM-5 in
these two distinct processes.

Previous biochemical approaches showed that the binding
of HAM-5 to MAK-2 occurs through the WD40 domain and
that binding to MEK-2 occurs at the region C-terminal to the
WD40 domain (Jonkers et al. 2014). To further dissect the
region of interaction between MEK-2 and HAM-5, hetero-
karyotic strains were constructed bearing ham-5-gfp or the
ham-5-gfp truncation alleles with mek-2-mCherry. Consistent
with their germling fusion and sexual reproduction profi-
ciency, MEK-2-mCherry colocalized with HAM-5-GFP,
HAM-51-212.GFP, HAM-5'-777-GFP, and the nonfunctional
ham-5 construct HAM-5'-523-GFP to the cytoplasm and to
puncta (Figure S1B), an identical localization pattern to that
of homokaryotic strains bearing MAK-2 and HAM-5 (Jonkers
etal. 2014). However, it is possible that the presence of HAM-5
in the heterokaryotic strains could affect cellular localization.
Altogether, these data suggest that the amino acids between
351 and 523 of HAM-5 determine the localization of HAM-5 to
puncta and the association of HAM-5 with MEK-2.

HAM-5 localization is not disrupted in other
fusion mutants

Genes important for germling/hyphal fusion include genes of
the MAK-2 MAP kinase pathway and upstream factors (Fu
et al. 2011; Dettmann et al. 2014), members of the cell wall
integrity (CWI) MAP kinase pathway (Fu et al. 2011, 2014),
the STRIPAK complex (Simonin et al. 2010; Dettmann et al.
2013), the NADPH oxidation complex (Cano-Dominguez
et al. 2008; Fu et al. 2011, 2014), a number of transcription
factors (Aldabbous et al. 2010; Fu et al. 2011; Leeder et al.
2013), and genes encoding uncharacterized proteins (Fu
et al. 2011, 2014). Previously, we showed that HAM-5-GFP
localizes to puncta in Amak-2, Aham-7, and Aham-11 fusion
mutants (Jonkers et al. 2014). We therefore asked whether
strains carrying deletions of other genes required for germ-
ling fusion affected localization of HAM-5 by introducing
ham-5-gfp into a set of 21 deletion strains (Table S3): five
mutants for the STRIPAK complex (Aham-2, Aham-3, Aham-4,
Amob-3, and Appg-1; Figure S2B), three mutants from the
MAK-2 MAP kinase pathway and upstream factors (Amek-2,
Aste-20, and Aras-2; Figure S2C), two mutants from the
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NADPH oxidase complex (Anox-1 and Aham-6; Figure S2D),
three mutants from the CWI MAP kinase pathway (Aso,
Amak-1, and Amik-1; Figure S2E), two transcription factor
mutants (Aadv-1 and App-1; Figure S2F), and five additional
mutants (Aham-8, Aham-9, Aham-10, Aamph-1, and Apkr-1;
Figure S2G). One additional transcription factor (Aada-3)
mutant was reported to be fusion deficient (Fu et al. 2011).
However, by segregation analyses, we determined that a de-
letion in ada-3 does not confer the germling/hyphal fusion-
deficient phenotype in the original deletion strain. Without
exception, HAM-5-GFP localized to puncta in all of the mu-
tants and did not show accumulation in nuclei (Figure S2).
These data suggest that HAM-5 itself may be sufficient for
fusion puncta localization and nuclear exclusion, consis-
tent with observation that HAM-5 forms homocomplexes
(Dettmann et al. 2014; Jonkers et al. 2014).

HAM-5 does not colocalize with vesicles or
actin filaments

HAM-5 and components of the MAK-2 signal transduction
complex show dynamic oscillation in germling tube tips, CAT
tips, and to hyphal sites undergoing chemotropic interactions
(Fleissner et al. 2009; Dettmann et al. 2014; Jonkers et al.
2014). We therefore asked whether HAM-5-GFP puncta
colocalized with any other cellular markers, including VPS-
52 (Bowman et al. 2009) and SEC-7 (Sanchez-Leon et al.
2015) (late Golgi markers), SEC-23 and SEC-13 (ER-exit site
markers), or RAB-4 and TLG-1 (early endosome markers)
(Bowman et al. 2015) (Table S1; see Materials and Methods),
or the endocytic dye FM4-64. Markers for the ER-exit site
(SEC-23/SEC-13), late Golgi (SEC-7/VPS-52), or early endo-
some (RAB-4 or TLG-1) did not oscillate to tips of cells un-
dergoing chemotropic interactions, nor did they colocalize
with HAM-5-GFP puncta (Figure 2, A-C; Figure S3, File
S2). Colocalization of HAM-5-GFP with FM4-64 was also
not observed in either hyphae or in germlings with the ex-
ception of colocalization of HAM-5 puncta at the membrane
of the CAT tip during oscillation and chemotropic interactions
(Figure 2D; File S3).

Inhibitor studies have revealed that actin filaments are
required for germling and hyphal fusion (Berepiki et al. 2010;
Roca et al. 2010), although microtubules are not. To investi-
gate whether HAM-5-GFP puncta colocalized with actin, we
coexpressed HAM-5-GFP with Lifeact, an RFP-tagged small
actin interacting protein (Delgado-Alvarez et al. 2010). As
above, colocalization of HAM-5-GFP puncta undergoing os-
cillatory dynamics with actin filaments was not observed in
germlings (Figure 2) or hyphae (Figure S3).

Identification of HAM-14 using a
phosphoproteomics approach

HAMS-5 was among the 3200 previously identified phospho-
peptides identified as potential targets of MAK-2 (Jonkers
et al. 2014). Here, we further analyzed this phosphoproteo-
mic dataset to identify other targets of MAK-2 and potential
members of the HAM-5/MAK-2 complex. Of these 3200 phos-
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phopeptides, 217 phosphopeptides representing 144 pro-
teins have a phosphorylated MAPK consensus site (P-X-S/T-P)
(Parnell et al. 2005; Mok et al. 2010) (File S1). Twenty-
eight of these 217 peptides showed a lower abundance
after MAK-2 kinase inhibition (>1.25-fold change), (Table
S4), but because of variability in samples, the difference
was not statistically significant (P < 0.05, Student’s t-test).
Because these proteins have a MAPK consensus site and
some evidence for dependence on MAK-2 for phosphoryla-
tion, we investigated the germling fusion phenotype for each
deletion mutant for these 28 proteins (see Materials and
Methods). Strains carrying deletions for 12 of these 28 pro-
teins had previously been evaluated for germling fusion (Ta-
ble S4). Strains carrying a deletion for 7 of the 28 proteins
were either not available or available only as a heterokaryon.
Of the 9 additional deletion strains (ANCU00277, ANCU01728,
ANCU02024, ANCU03200, ANCU03539, ANCU07192,
ANCU07238, ANCU08962, and ANCU09860; Table S4), only
the ANCU07238 strain showed a complete absence of germ-
ling fusion (Figure 3A). The asexual spores of ANCU07238
germinated normally as compared to WT (Figure 4A), but
in contrast to WT germlings, which redirect their growth to
each other and fuse, the ANCU07238 germ tubes grew
straight, showed no chemotropic interactions, and did not
undergo cell fusion (Figure 3B). Because of this defect, we
named NCUO07238 hyphal anastomosis-14 (ham-14). Cose-
gregation analysis performed with six WT progeny and six
Aham-14 progeny showed that the six hygromycin B-
resistant strains that carried the hygromycin marker at the
ANCUO07238 locus were germling fusion defective with an
identical phenotype to the parental ANCU07238 strain. All
six hygromycin B-sensitive strains were fully germling fu-
sion competent with a phenotype comparable to the WT
parental strain (Figure S4A). In addition, the germling fu-
sion defect in Aham-14 mutant was complemented by the
introduction of a ham-14-gfp construct (Table S1, Figure
S5, A and B).

The macroscopic phenotype of the Aham-14 strain was
different from other fusion-defective mutants because the
culture was not flat, for example, in Aham-5 mutants (Figure
1C). In an agar slant tube, the Aham-14 strain had nearly
normal aerial hyphae growth and exhibited normal conidia-
tion (Figure 3B). However, when grown in tubes with liquid
media, aerial hyphae growth was significantly reduced in the
Aham-14 strains by almost 50% as compared to WT and the
complemented strain (P < 0.01, Student’s t-test; Figure 3C).

The ability of germlings to undergo fusion results in faster
colony development (Richard et al. 2012). To test whether
Aham-14 mutants also showed a lag in colony establishment,
we performed a growth experiment in which we measured
colony size after inoculating either a drop of conidia (5 pl of a
1 X 10° conidia/ml solution) vs. growth rate when a hyphal
plug (10-mm size) was used for the initial inoculum. These
experiments showed that the Aham-14 strains grown from
conidia initially formed a smaller colony (P < 0.05, Student’s
t-test) as compared to the wild-type strain, but had a similar
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growth rate after 18 hr (Figure 3D). However, when a colony
was initiated from an agar plug from an established colony,
the colony size reached by all strains over the time course was
identical (Figure 3E). The smaller colony size of the Aham-14
mutant was not due to a conidial germination defect (Figure
S4 and data not shown). These data are consistent with the
hypothesis that strains unable to undergo germling fusion
(and thereby unable to cooperate) are restricted in colony
establishment size as compared to those strains capable of
germling fusion.

Figure 2 HAM-5-GFP fusion puncta do not
colocalize with late Golgi, ER-exit sites, FM4-
64 stained endosomes, or with actin filaments.
(A) Cellular localization in heterokaryotic
strains expressing HAM-5-GFP (his-3::ham-5-
gfp) and RFP-tagged marker proteins VSP-52
(his-3::rfp-vps-52) or SEC-7 (his-3::rfp-sec-7)
(Table S1). Top shows bright field image, the
second panel shows GFP fluorescence, the
third panel shows RFP fluorescence, and bot-
tom shows the merged images. White arrows
point to HAM-5-GFP puncta. Blue arrows
point to RFP-VPS-52 or RFP-SEC-7 structures.
Bar, 10 pm. (B) Heterokaryotic strains ex-
pressing HAM-5-GFP (his-3::ham-5-gfp) and
RFP-tagged marker proteins SEC-13 (his-3::
rfp-sec-13) and SEC-23 (his-3::rfp-sec-23) (Ta-
ble S1). Top shows bright field image, the sec-
ond panel shows GFP fluorescence, the third
panel shows RFP fluorescence, and bottom
shows merged images. White arrows point to
HAM-5-GFP puncta. Blue arrows point to RFP—
SEC-13 or RFP-SEC-23 structures. Bar, 10 pm.
(C) Localization in the homing tips of hetero-
karyotic HAM-5-GFP (his-3::ham-5-gfp) and
VSP-52 (his-3::rfp-vps-52) hyphae. Left shows
bright field image, magnified panels show GFP
fluorescent image (middle), and RFP fluores-
cent images (right) of two hyphal tips under-
going homing and fusion. White arrows point
to HAM-5-GFP puncta at the tip. Blue arrows
point to RFP-VPS-52 structures. Bar, 10 pm.
(D) Cellular localization of HAM-5-GFP vs.
the membrane selective dye FM4-64 in his-3::
ham-5-gfp germlings. Top left image is bright
field, top right image shows GFP fluorescence,
bottom left shows red fluorescence and bot-
tom right is the merged image. White arrows
point to HAM-5-GFP puncta, blue arrows
point to the FM4-64-stained cell membrane,
green arrows to internal FM4-64-stained vesi-
cles, and encircled are HAM-5-GFP puncta
that show localization to the cell periphery.
Bar, 10 um. (E) Cellular localization of HAM-5—
GFP and Lifeact-TagRFP in the homokaryotic
strain (his-3::ham-5-gfp; Ptef-1:Lifeact-TagRFP-T::
nat7). Top left image is bright field, top right
is GFP fluorescence image, bottom left is RFP
fluorescence image, and bottom right is the
merged image. White arrows point to HAM-5—
GFP puncta, blue arrows points to the LifeAct-
tagRFP-marked actin cables. Bar, 10 wm.
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The Aham-14 mutant is germling fusion deficient, but
can undergo hyphal fusion

The growth phenotype of the Aham-14 mutant resembles that
of the Aham-11 mutant, another germling fusion mutant that
does not have a flat phenotype (Leeder et al. 2013). Aham-11
is unique among germling fusion mutants because it cannot
undergo germling fusion with itself, but is capable of doing so
with WT germlings (Leeder et al. 2013). We therefore
mixed Aham-14 germlings that expressed MAK-2-GFP
(Aham-14; his-3::mak-2-gfp; Table S1) with Aham-14 and WT
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Figure 3 Growth and fusion phenotypes of Aham-14 strains. (A) Chemo-
tropic interactions and cell fusion are absent in Aham-14 germlings
(right), in contrast to WT germlings (left). White arrows point to fusing
germlings. Bar, 10 wm. (B) The Aham-14 mutants (Aham-14 a; Aham-14
A; Aseg.1; Aseg.2 and Aseg.3 (segregants from a WT X Aham-14 cross
that carry a deletion of ham-14) do not show a phenotypic difference
from WT in agar slant cultures, with the exception of slightly shorter aerial
hyphae. (C) The Aham-14 strains (Aham-14 a, Aham-14 A; Aseg.T;
Aseg.2 and Aseg.3) show reduced aerial hyphae extension as compared
to WT, the Aham-14; his-3::ham-14-gfp complemented strain and three
segregants from a WT X Aham-14 cross that do not carry the ham-14
deletion. Top image shows macroscopic phenotypes and the bottom graph
shows the hyphal extension length in millimeters for the different strains
used. (D) Colony size measurements of WT (gray), the Aham-14 mat a (red)
and Aham-14 mat A (yellow) mutants, the Aham-14; his-3::ham-14-gfp
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germlings. We also performed the reciprocal test where wild-
type germlings bearing mak-2-gfp were mixed with Aham-14
and WT germlings. As expected, no chemotropic interactions
and fusion events were observed when Aham-14; his-3::mak-2-
gfp germlings were paired with Aham-14 germlings (Figure
4B). However, unlike the Aham-11 mutants (Leeder et al.
2013), the WT his-3::mak-2-gfp germlings did not grow to-
ward or fuse with Aham-14 germlings, even if two germlings
touched by chance (Figure 4C). The Aham-14 his-3::mak-2-
gfp cells also did not grow toward or fuse with WT germlings
(Figure 4D). However, normal chemotropic interactions and
cell fusion between WT his-3::mak-2-gfp and WT germlings
was observed (Figure 4A).

The Aham-11 mutant also differs from other fusion mu-
tants in that it is female fertile (Leeder et al. 2013). Similar to
Aham-11 mutant, the Aham-14 mutant was also female fer-
tile, forming fertile perithecia with viable ascospores. One
possibility of why Aham-14 lacks a flat phenotype and is
not female sterile might be that it can undergo hyphal fusion,
which occurs at a different developmental time point than
germling fusion. We investigated the ability of the Aham-14
mutant to undergo germling and hyphal fusion by mixing
Aham-14 germlings bearing a green fluorescent nuclear
marker (H1-GFP) with Aham-14 germlings bearing a red
fluorescent nuclear marker (H1-dsRed) (Table S1) as com-
pared to WT strains bearing H1-GFP or H1-dsRED. In con-
trast to WT, in which germling communication was
ubiquitously observed after 4 hr (Figure 4E), neither commu-
nication nor germling fusion was observed in the Aham-14
cells (Figure 4F). However, after 7 hr, we detected hyphal
fusion events in Aham-14 (Figure 4, G-I), as evidenced by
the hyphal segments that contained both H1-GFP and H1-
dsRed fluorescent markers (Figure 4, G-I). Although fusion
events in Aham-14 hyphae were observed, quantification of
these events compared to wild-type colonies was not possible
due to the 3D aspect of an interconnected fungal colony and
because fusion occurs at all stages of growth (germlings and
hyphae). The fact that hyphal fusion events were observed in
the Aham-14 strains, unlike other fusion mutants, indicates
that HAM-14 is only specifically and absolutely required for
germling fusion.

HAM-14-GFP localizes to the cytoplasm and to puncta
that do not oscillate to cell tips during fusion

ham-14 encodes a hypothetical protein of 606 aa with two
predicted coiled coil domains (amino acids 112-156 and
168-278, Figure 5A). HAM-14 follows a similar conserva-
tion pattern as HAM-5 and is restricted to fungi belonging
the Pezizomycotina, the largest subphylum of filamentous

complemented strain (blue), one WT segregant (WT seg.1, green) and
one hygromycin-resistant segregant carrying the ANCU07238 deletion
(Aseg.1, black). Plates were inoculated with 5 wl of 1 X 10° conidia/ml
(top graph) for each strain or with a 10-mm diameter circular agar plug
from the edge of an already established colony from each strain (E).
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Figure 4 Absence of fusion between WT and Aham-14 germlings. (A) GFP-fluorescent WT cells (green) bearing MAK-2—-GFP grow toward and fuse
with an otherwise isogenic nonfluorescent wild-type germling (WT GFP + WT). White arrow shows fusion point and red arrow shows two germlings
growing toward each other. Bar, 10 wm. (B) No germling fusion is observed between GFP-fluorescent Aham-14; his-3::mak-2-gfp germlings in proximity
to otherwise isogenic nonfluorescent Aham-14 cells (Aham-14 GFP + Aham-14). (C) No germling fusion is observed between nonfluorescent Aham-14
and GFP-fluorescent WT (his-3::mak-2-gfp) germlings when in proximity to each other (Aham-14 + WT GFP). Note that one Aham-14 germling by
chance touches the WT germling but does not fuse. Bar, 10 wm. (D) No fusion is observed between nonfluorescent WT and GFP-fluorescent Aham-14;
his-3::mak-2-gfp germlings when in proximity to each other (WT + Aham-14 GFP). Bar, 10 wm. (E) WT (his-3::H1-gfp) germlings communicating with
WT (his-3::H1-dsRED) germlings (note that the red fluorescence of the H1-DsRED is also visible in vacuoles throughout the germling). White arrows point
to communicating or fusing germlings. Bar, 10 wm. (F) Chemotropic interactions and cell fusion are not observed between Aham-14; his-3::H1-dsRED
and Aham-14; his-3::H1-gfp germlings. Red arrows point to germlings that only have DsRed-tagged nuclei and green arrows point to germlings that
only have GFP-tagged nuclei and have not fused. (G) Fusion event between Aham-14; his-3::H1-dsRED and Aham-14; his-3::H1-gfp hyphae after 7-hr
incubation. White arrows point to fused hyphae in which both H1-GFP and H1-DsRED are visible (see magnified boxed areas H and | in which white
arrows point to H1-GFP and H1-DsRED nuclei). Red arrows point to hyphae that have only DsRed-tagged nuclei and green arrows point to hyphae that

have only GFP-tagged nuclei. Bar, 10 pm.

Ascomycetes. Eight HAM-14 phosphopeptides were detected
in our phosphoproteomics experiments (Jonkers et al. 2014);
one phosphopeptide has a MAPK consensus site, while two
additional phosphopeptides have a degenerate MAPK con-
sensus site (pS/pT-P). From a subsequent phosphoproteomic
study on N. crassa hyphal cultures (Xiong et al. 2014), an
additional 33 phosphopeptides were identified for HAM-14.
Thus, 24 possible unique phosphosites are present in HAM-14.
None of the phosphosites were present in the predicted coiled
coil domains (amino acids 112-278) (Figure 5A).

To investigate the localization of HAM-14 during germling
fusion, we C-terminally tagged ham-14 with GFP and
mCherry and transformed a Aham-14 strain at the his-3 locus
with either a Pccgl-ham-14-gfp, a Phaml4-ham-14-gfp, a
Ptef1-ham-14-gfp, or a Ptef1-ham-14-mCherry construct (Ta-
ble S1). All constructs complemented the germling fusion
defect of the Aham-14 strain to levels comparable to WT,
including the ham-14 construct driven by its native promoter
(Figure S5B). The ham-14 constructs driven by either the tef-1

or ccg-1 promoters and tagged with either GFP or mCherry
showed cytoplasmic localization, localization to puncta
and to septa, although the tef-1-driven HAM-14-GFP signal
was higher (Figure 5B; Figure S5, C and D; File S4). Western
blot analyses of HAM-14-GFP also showed increased pro-
teins levels in both the ccg-1 and tef-1-driven ham-14 con-
structs, consistent with microscopy results. However, the
Pham14-ham-14-gfp construct gave a very low signal that
prevented assessment of cellular localization (Figure S5E).

In the Ptef-1-ham-14-gfp germlings undergoing fusion,
HAM-14-GFP was present in the cytoplasm and sometimes
appeared in puncta (Figure 5B). These puncta did not oscil-
late to CAT tips, nor did they show dynamic assembly and
disassembly similar to HAM-5/MAK-2 puncta during chemo-
tropic interactions. (Fleissner et al. 2009; Dettmann et al.
2014; Jonkers et al. 2014). In germlings undergoing chemo-
tropic interactions and fusion the HAM-14-GFP puncta ran-
domly appear and disappear near the nucleus or the cell
membrane (File S4). In hyphae, HAM-14-GFP puncta are

HAM-5 and HAM-14 Function in Cell Fusion 327


http://www.genetics.org/highwire/filestream/430707/field_highwire_adjunct_files/15/TableS1.pdf
http://www.genetics.org/highwire/filestream/430707/field_highwire_adjunct_files/15/TableS1.pdf
http://www.genetics.org/highwire/filestream/430707/field_highwire_adjunct_files/4/FigureS5.pdf
http://www.genetics.org/highwire/filestream/430707/field_highwire_adjunct_files/4/FigureS5.pdf
http://www.genetics.org/highwire/filestream/430707/field_highwire_adjunct_files/11/FileS4.mov
http://www.genetics.org/highwire/filestream/430707/field_highwire_adjunct_files/4/FigureS5.pdf
http://www.genetics.org/highwire/filestream/430707/field_highwire_adjunct_files/11/FileS4.mov

A HAM-14 D : % % Figure 5 HAM-14 is a phosphoprotein
MAHMQYNQOAMPSGLASRRGGQNIKPLSFDFKSIPENDTGIFIIPRTSRSHLLAGLRT Tl oSd that localizes to the cytoplasm, occa-
APKSATATSFAIGNGPASPTVNPHARNSRNNSITPGMYDGASYLNGPKTSMPTY EEN E Ex $3 sionally to puncta, and is excluded from
MDDSVQGELDPEI '° § ST EE the nucleus. (A) Protein sequence of

HAM-14. The red boxes represent pre-

[BQQSAYSLYDPTTGQQTLYEATNQLANQTAQLNLNNYGGVQQPAVGTPRLQVSPPP 85 W 5+ dicted colled coil domains. The MAPK
PTETKSSSRNSBPPRRFESPVVEIAVNPLPPPSANAFRRGHKKTISTANGNKNQLTIS = hi-GFP phosphorylation site (amino acid 573)
TNEEPPKTAGLKTSTFPMTPMTAGYGPGQARAGEHPVRQPRNPPSLDELKSKPTSK is marked by a yellow box and under-
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S345, S352, T357, S436, T496, S510,
S$538, S542, T550, T555, and S558)
are marked in blue (Jonkers et al.
2014) and green boxes (Xiong et al.
2014). (B) HAM-14-GFP localizes in
the cytoplasm and occasional puncta
in communicating germlings (white ar-
row). Bar, 10 wm. (C) In hyphae, HAM-
14-GFP localizes to the cytoplasm,
puncta (white arrows), and septa (white
encircled). Bar, 10 pm. (D) Top shows a
Western blot of protein samples from
germlings of Aham-14, Aham-14; his-
3::ham-14-gfp, and Amak-2; his-3:

HAM-14-GFP

HAM-14-GFP

ham-14-gfp strains (Table S1), which were subjected to immunoprecipitation and Western blotting with anti-GFP antibodies (black arrow, 93 kDa).
Bottom shows a Western blot of identical anti-GFP immnoprecipitated samples probed with an antibody that specifically detects phosphorylated serine
or threonine residues (black arrow) (E) HAM-14-GFP localizes in Amak-2 germlings to the cytoplasm and occasional puncta (white arrow). Bar, 10 pm.
(F) HAM-14-GFP localizes in Amak-2 hyphae to the cytoplasm, occasional puncta (white arrows), and septa (white encircled). Bar, 10 pm.

more abundant and localized near the nucleus, at the mem-
brane, in the cytoplasm, and at the septa (Figure 5C and File
S5). Whether the puncta are intrinsic structures of HAM-14
or whether they are a result of overexpression from either the
tef-1 or ccg-1 promoters is currently unclear. Since cellular
localization of HAM-14 in the Phami4-ham-14-gfp strain
could not be determined, it is possible that puncta observed
in the Ptef-1-ham-14-gfp strains are not associated with or
required for HAM-14 function. In heterokaryotic strains
expressing both the nuclear marker histone HI-dsRed and
ham-14-gfp, nonoverlapping fluorescence in germlings or hy-
phae was observed (Figure S6A), indicating that HAM-14 is
excluded from the nucleus, similar to HAM-5, MEK-2, NRC-1,
and SOFT (Fleissner et al. 2009; Dettmann et al. 2012, 2014;
Jonkers et al. 2014).

To assess whether HAM-14 is a phosphorylation target of
MAK-2, as indicated by the phosphoproteomics data, we in-
troduced ham-14-gfp into a Amak-2 strain (Table S1) and
determined its phosphorylation status during germling fu-
sion. HAM-14-GFP was immunoprecipitated from 5-hr-old
Aham-14; his-3::ham-14-gfp germlings and Amak-2; his-3::
ham-14-gfp germlings (Table S1) with anti-GFP antibodies
(Figure 5D, top). Each sample was further assayed for phos-
phorylation status using Western blot analysis with antiphos-
phoserine/phosphothreonine antibodies (Figure 5D, bottom).
The results showed HAM-14-GFP from Aham-14; his-3::
ham-14-gfp and Amak-2; his-3::ham-14-gfp cells was phos-
phorylated (Figure 5D, see black arrows). Since HAM-14-GFP
has multiple phosphoserine and phosphothreonine sites, it is
probable that other kinases act on HAM-14.

328 W. Jonkers et al.

To further test the role of MAK-2 and HAM-5 on HAM-14
function, we assessed the cellular localization of HAM-14—
GFP in Amak-2, Aham-5, and WT germlings (Figure 5, E and
F; Figure S5, C and D). HAM-14-GFP in the Amak-2 and
Aham-5 mutants appeared in the cytoplasm and in occasional
puncta, a localization pattern identical to WT cells. In con-
trast, MAK-2-GFP shows only cytoplasmic localization in
Aham-5 cells and is absent from puncta (Jonkers et al. 2014).

HAM-14 binds the MAP kinase cascade members MEK-2
and MAK-2

HAM-5 binds MEK-2 and MAK-2 and recruits them to puncta
that show dynamic oscillation during the chemotropic inter-
actions prior to cell fusion in both germlings and hyphae
(Jonkers et al. 2014). To test the possibility that HAM-14
binds MAK-2, MEK-2, HAM-5, or SOFT, we constructed het-
erokaryotic strains bearing HAM-14-mCherry and either
HAM-5-GFP, MAK-2-GFP, SOFT-GFP, or free GFP (Table
S1; Figure 6A), in addition to the reciprocal heterokaryotic
strains bearing HAM-14-GFP and either MEK-2-mCherry,
MAK-2-mCherry, or SOFT-mCherry (Table S1; Figure 6A).
Samples of MEK-2-mCherry and either HAM-5-GFP or free
GFP were included as positive and negative controls, respec-
tively (Figure 6A).

After protein extraction, all GFP-tagged samples were de-
tected by Western blot (Figure 6A, left blot). After immuno-
precipitation with anti-mCherry, all mCherry-tagged proteins
were also detected (Figure 6A, middle blots). When the
HAM-14-mCherry immunoprecipitates were probed with
anti-GFP, we identified MAK-2-GFP and to a lesser extent,
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HAM-5-GFP, indicating that the interaction between HAM-5
and HAM-14 was specific, but weak (lane 3 Figure 6A, right
blot). No free GFP above background or SOFT-GFP was de-
tected in the HAM-14-mCherry immunoprecipitates (lanes
1-4 Figure 6A, right blot). When either SOFT-mCherry,
MEK-2-mCherry, or MAK-2-mCherry immunoprecipitates
were probed with anti-GFP antibodies, HAM-14-GFP was
detected in the MEK-2-mCherry and MAK-2-mCherry sam-
ples, but not in the SOFT-mCherry sample (lanes 5-7 Figure
6A, right blot). As controls, HAM-5-GFP, but not free GFP
(lanes 8 and 9 Figure 6A, right blot) was detected above
background in the MEK-2-mCherry immunoprecipitates
(lanes 8 and 9, Figure 6A). These data support physical in-
teraction between HAM-14 and the MAK-2 complex, as rep-
resented by MAK-2 and HAM-5, and could indicate that
HAM-14 is a kinase substrate of MAK-2 when both are part
of the complex.

In germlings, HAM-14-GFP did not colocalize with MAK-2/
MEK-2 puncta that show dynamic oscillation during che-
motropic interactions (Figure 6, B and C; File S6), although
all three of these proteins also showed cytoplasmic localiza-
tion. Similarly, in hyphae of heterokaryotic strains expressing
HAM-14-GFP and MAK-2-mCherry or MEK-2-mCherry, no
overlapping fluorescence of HAM-14-GFP puncta with MAK-2—
mCherry or MEK-2-mCherry was observed (Figure S7, A
and B), although all three proteins also localized to septa.
Overlapping fluorescence of HAM-14-GFP puncta with
SOFT-mCherry, which also shows dynamic oscillation in
cells undergoing chemotropic interactions (Fleissner et al.
2009) was also not observed (Figure S7C, File S7). These
observations suggest that the biochemical interaction be-
tween HAM-14 and MAK-2/MEK-2 might be due to cyto-
plasmic interactions.

The coimmunopreciptation data indicated that HAM-14
physically interacts with MAK-2/MEK-2 and HAM-5 (MAK-2
signaling complex) (Figure 6A). To further dissect the effect
of a deletion of ham-14 on HAM-5 and MAK-2 localization
and dynamics, we assessed localization and dynamics of
HAM-5 and MAK-2 in a Aham-14 mutant. The localization
of HAM-5-GFP in Aham-14 germlings was indistinguishable
from HAM-5-GFP in WT germlings, with the exception that
dynamic oscillation of HAM-5 puncta was never observed in
Aham-14 germlings (Figure 7, A and B). However, when
MAK-2-GFP was expressed in Aham-14 strains, no MAK-2—
GFP was found in puncta under any conditions, in contrast to
MAK-2-GFP localization in wild-type strains, where puncta
were observed even in strains not undergoing chemotrophic
interactions (Figure 7, C and D). For example, when his-3::
mak-2-gfp and Aham-14; his-3::mak-2-gfp germlings were
screened for MAK-2—-GFP localization, ~37% of the his-3::
mak-2-gfp cells not undergoing chemotropic interactions dis-
played MAK-2-GFP puncta, while MAK-2-GFP puncta were
not observed in the communication defective Aham-14 germ-
lings (Figure 7E). These data suggest HAM-14 plays a role in
assembling MAK-2 but not HAM-5, into MAK-2 signaling
complexes.

MAK-2 and HAM-5 interact in Aham-14 mutants and
MAK-2 and HAM-14 interact in Aham-5 mutants

Since coimmunoprecipitation experiments revealed that
HAM-14 interacted with MAK-2/MEK-2 and HAM-5, but that
MAK-2 failed to localize to puncta in Aham-14 cells, we hy-
pothesized that HAM-14 may play a role in the interaction
between MAK-2/MEK-2 and HAM-5. This interaction is im-
portant since HAM-5 recruits the MAP kinase cascade mem-
bers to fusion puncta, which oscillate at CAT tips and hyphae
undergoing chemotropic interactions (Dettmann et al. 2014;
Jonkers et al. 2014). We first examined MAK-2 phosphoryla-
tion levels (which reflect upstream activation events) in WT
vs. Aham-14 germlings. Western blots were probed with anti-
p44/42 antibodies, which specifically recognize phosphory-
lated MAK-2 (Pandey et al. 2004). As seen with other fusion
mutants (Dettmann et al. 2012, 2014; Fu et al. 2014), phos-
phorylated MAK-2 was present in Aham-14 strains, but to a
lower level (61.2 +12.8%, P < 0.05, Student’s t-test) than in
WT germlings (Figure 7, F and G; Figure S7, D and E).

Second, we evaluated phosphorylation of MAK-2 that was
immunoprecipitated with HAM-5 in Aham-14 germlings, as
compared to wild-type cells. HAM-5-GFP was immunopreci-
pitated from WT (his-3::ham-5-gfp) and from Aham-14; his-3::
ham-5-gfp germlings (Figure 7G; Figure S7G) and the immu-
noprecipitated proteins were subsequently probed with anti-
p44/42 MAPK antibodies. In all three independent Aham-14;
his-3::ham-5-gfp samples, phosphorylated MAK-2 was still pre-
sent (Figure 7G), indicating that HAM-14 is not essential for
the biochemical interaction between HAM-5 and phosphory-
lated MAK-2.

We then assessed the levels of HAM-14-GFP and its in-
teraction with phosphorylated MAK-2 in three independent
Aham-5 strains expressing HAM-14-GFP (Aham-5; his-3::
ham-14-gfp) (Table S1). In the Aham-5; his-3::ham-14-gfp
germling samples, the base level of phosphorylated MAK-2
was lower than in WT (47.3 * 5.7%) or Aham-14; his-3::
ham-14-gfp cells (Figure 7H; Figure S7F). Nevertheless, in
each of the Aham-5 strains, phosphorylated MAK-2 coimmu-
noprecipitated with HAM-14-GFP (Figure 7H). These data
indicate that HAM-5 is also not essential for the interaction
between HAM-14 and phosphorylated MAK-2. However, un-
like the levels of HAM-5-GFP in the three independent
Aham-14 strains, which are very similar to the levels of
HAM-5-GFP in the WT strain (Figure 7G; Figure S7G), the
levels of HAM-14-GFP in the Aham-5 strains were variable
(Figure 7H; Figure S7H), with increased protein levels in two
of the Aham-5 strains. Altogether, mutations in ham-14 and
ham-5 reduce the level of phosphorylated MAK-2, suggesting
that both HAM-5 and HAM-14 are involved in the MAK-2
complex formation and might depend on each other for func-
tion, protein levels, and/or localization.

Discussion

The MAK-2 signaling complex, which includes the filamen-
tous ascomycete-specific scaffold protein, HAM-5, assembles
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Figure 6 Interaction of HAM-14—
GFP with MAK-2-mCherry and
MEK-2-mCherry. (A) Left shows
Western blot of input protein
samples from 5-hr-old germlings
probed with anti-GFP antibodies
(lane 1, SOFT-GFP; lane 2, MAK-
2-GFP; lanes 3 and 8, HAM-5-
GFP; lanes 4 and 9, free GFP;
and lanes 5-7, HAM-14-GFP).
Black triangles point to the bands
of interest (boxed) and ladder on
the left shows protein marker.
Middle consists of two Western
blots showing anti-mCherry im-
munoprecipitated input protein
samples from 5-hr-old germlings
probed with anti-mCherry anti-
bodies (lanes 1-4, HAM-14-
mCherry; lane 5, SOFT-mCherry;
lane 6, MAK-2-mCherry; and
lanes 7-9, MEK-2-mCherry; black
triangles point to the bands of in-
terest). Right is a Western blot of
protein samples immunoprecipi-
tated by anti-mCherry antibodies
and subsequently probed by anti-
GFP antibodies. Lane 2, MAK-2—

Legend for panels from A

Lane: Tagged proteins in used strains
1: SOFT-GFP + HAM-14-mCherry
2: MAK-2-GFP + HAM-14-mCherry
3: HAM-5-GFP + HAM-14-mCherry
4: Free GFP + HAM-14-mCherry
5: HAM-14-GFP + SO-mCherry
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7
8
9
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GFP; lanes 3 and 8, HAM-5-GFP; lanes 6 and 7, HAM-14-GFP; black triangles point to the bands of interest. Lanes lacking co-immunopreciptation
signal (1, 4, and 5) are marked with *. Legend on the right shows strains/lanes. (B) HAM-14-GFP and MAK-2-mCherry localization during germling
fusion. Top is a bright field image (Bar, 10 um); top right shows HAM-14-GFP fluorescence; bottom left shows MAK-2-mCherry fluorescence; and
bottom right shows the composite of HAM-14-GFP and MAK-2—-mCherry fluorescent images. Blue arrows point to MAK-2-mCherry crescent at the tip.
Red arrows point to mCherry fluorescence visible in vacuoles, which has been observed previously in germlings (Jonkers et al. 2014). (C) Composite of
HAM-14-GFP and MEK-2-mCherry localization during germling fusion. Top left is a bright field image (Bar, 10 wm); top right shows HAM-14-GFP
fluorescence; bottom left shows MEK-2-mCherry fluorescence; and bottom right shows the composite of HAM-14-GFP and MEK-2-mCherry fluores-
cent images. White arrows point to HAM-14-GFP fluorescent puncta, blue arrows point to MEK-2-mCherry crescent at the tip, and red arrows point to

mCherry fluorescence visible in vacuoles.

and disassembles at CAT tips and fusion hyphae during chemo-
tropic interactions (Dettmann et al. 2014; Jonkers et al.
2014). These distinct fusion puncta composed of the MAK-2/
HAM-5 complex are also present in other parts of the cell,
including at the nuclear envelope, in the cytoplasm, and
along the cell membrane (Dettmann et al. 2014; Jonkers
et al. 2014), where they undergo coordinated assembly and
disassembly in both the cytoplasm and at the fusion tip dur-
ing chemotropic interactions. This observation is especially
striking in fusion hyphae, where assembly of the MAK-2/
HAM-5 complexes is coordinated during chemotropic inter-
actions through several hyphal compartments and over sev-
eral hundred pm (Jonkers et al. 2014). Here we show that
the N-terminal 523 aa of HAM-5 are essential for correct
localization to these puncta, and which also include MAK-2
complex components (Figure S1). An additional 250 aa of
HAMS-5 are essential for nuclear exclusion. Nuclear exclusion
of HAM-5 was correlated with function during both cell fu-
sion and sexual reproduction, suggesting the possibility that
mislocalization of HAM-5 contributes to the inability to co-
ordinate these developmental processes. We also identified a
new fusion protein, HAM-14, which physically interacts with
MAK-2, MEK-2, and HAM-5. Importantly, although HAM-5
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localizes to puncta in the Aham-14 mutant, MAK-2 does
not. These data indicate that HAM-14 may play a role in
the recruitment of MAK-2 to the HAM-5 puncta, which is
important in the downstream signaling that mediates subse-
quent chemotropic interactions and cell fusion. Further bio-
chemical studies with HAM-5 and HAM-14, including
differentiating phosphorylated and unphosphorylated NRC-1,
MEK-2, and MAK-2 is needed to order the sequence of events
associated with assembly/disassembly of fusion puncta during
chemotropic interactions.

All the known components of the MAPK pathway (STE-50,
NRC-1, MEK-2, MAK-2, and HAM-5) assemble as distinct
fusion puncta at the CATs, germling tube, and fusion hyphae
tips every 4 min during chemotropic interactions (Fleissner
et al. 2009; Dettmann et al. 2014; Jonkers et al. 2014). In the
absence of HAM-5, MEK-2 and MAK-2 localization is cyto-
plasmic (Jonkers et al. 2014). The assembly/disassembly of
the fusion puncta is essential for chemotropic interactions
(Fleissner et al. 2009). Phosphorylation/dephosphorylation
of HAM-5 via MAK-2 and other cellular kinases is thought to
regulate the oscillatory formation and disassembly of fusion
puncta during chemotropic interactions (Dettmann et al.
2014; Jonkers et al. 2014). At the N terminus, HAM-5 consists
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Figure 7 HAM-14 is involved in
formation of HAM-5 and MAK-2
protein complexes. (A) HAM-5-
GFP localizes in fusing WT germ-
lings to the cytoplasm and puncta
(white arrows). Note localization
MAK-2-GFP of HAM-5-GFP to tip of cell un-
dergoing chemotropic interac-
tions. Left shows a bright field
image; right shows GFP fluores-
cence. Bar, 10 pm. (B) HAM-5—
GFP localizes to the cytoplasm
and to puncta (white arrow) in
Aham-14 germlings, which are
fusion defective. Left shows a
bright field image; right shows
GFP fluorescence. Bar, 10 pm.
(C) MAK-2-GFP in WT germlings
not undergoing chemotropic in-
teractions localizes to the nu-
cleus, cytoplasm, and puncta that
mostly appear at the periphery

MAK-2-GFP

WT Aham-14 of the cell (white arrows). Left
H shows a bright field image; right

WT Aham-5 shows GFP fluorescence. (D) In

#1_#2 #3 the Aham-14 mutant, MAK-2—

pMAK-1 - GFP localization is cytoplasmic

and nuclear but no puncta were
pMAK-2h observed. Bar, 10 pm. Left shows

input: anti-p44/42 a bright field image; right shows

GFP fluorescence. (E) Percentage
[—g\an-M -. of noncommunicating cells that

F WT Aham-14 G WT Aham-14
#1 #2 #1 #2 #3 #4 #1 #2 #3
PMAK-T| o e PMAK-1 | § &
; pMAK-2
pMAK-ZM input: anti-p44/42
anti-p44/42 HAM-5
L Grp |- - -
: input: anti-GFP

input: anti-GFP display MAK-2-GFP puncta in

PMAK-2 P‘t -,

Ponceau stain loading control

WT vs. Aham-14 germlings, n =
number of noncommunicating

PMAK-2 - - germlings screened. (F) Western

output: anti-p44/42

blot of protein samples from

tput: anti-p44/42
L ik 5-hr-old (his-3::ham-5-gfp) germ-

lings from two WT strains and four independent Aham-14; his-3::ham-5-gfp strains probed with anti-p42/44 antibodies, which recognize phosphor-
ylated MAK-1 and MAK-2. (G) Coimmunoprecipitation experiments showing an interaction between HAM-5-GFP and phosphorylated MAK-2 in WT
(his-3::ham-5-gfp) germlings, and between MAK-2 and HAM-5-GFP in three independent Aham-14 strains (Aham-14; his-3::ham-5-gfp). Top is a
Western blot of input protein samples probed with anti-p42/44 antibodies (MAK-2, 40.8 kDa and MAK-1, 46.7 kDa). Middle is a Western blot of input
anti-GFP immunoprecipitated HAM-5-GFP proteins samples probed with anti-GFP antibodies (HAM-5-GFP, 210 kDa). Bottom is a Western blot of anti-
GFP immunoprecipitated protein samples probed with anti-p42/44 antibodies. (H) Coimmunoprecipitation experiment assessing an interaction be-

tween HAM-14-GFP and phosphorylated MAK-2 in complemented Aham-14

germlings (Aham-14; his-3::ham-14-gfp) (labeled WT) vs. three individual

Aham-5 strains (Aham-5; his-3::ham-14-gfp). Top is a Western blot of input protein samples probed with anti-p42/44 antibodies. Note that MAK-2
shows less phosphorylation in the Aham-5 strains as compared to WT germlings (Figure S7F) (Dettmann et al. 2014; Jonkers et al. 2014). Middle is a
Western blot of input anti-GFP immunoprecipitated protein samples probed with anti-GFP antibodies (HAM-14-GFP, 94 kDa). Bottom is a Western blot
of output anti-GFP immunoprecipitated protein samples probed with anti-p42/44 antibodies that recognize phosphorylated MAK-2.

of a WD40 motif important for binding MAK-2 (Jonkers et al.
2014). WD4O0 repeats form a B-propeller, which is a disc-like
structure with blades assembled around a central channel
(Chen et al. 2011). The propeller structure is a stable scaffold
capable of forming protein—protein interactions (Xu and Min
2011). The interaction of HAM-5 with MEK-2 is regulated by
sequences after the WD40 domain (amino acids 351-523),
and which includes the a-solenoid region; restoration of
HAMS-5 function requires just the B-propeller and a-solenoid
region (Figure 1). The B-propeller and a-solenoid region of
HAMS-5 is very similar to the organization of Sec31p, a com-
ponent of the COPII complex in S. cerevisiae (Figure S8).
Sec31 is involved in the formation of the COPII cage that
forms around vesicles that bud from the ER and are trans-

ported to the Golgi (Salama et al. 1997). A crystallographic
study demonstrated that the central a-helical unit of Sec31 is
structurally similar to nucleoporins (Brohawn et al. 2008);
HAM-5 puncta are often found associated with the nuclear
periphery (Jonkers et al. 2014 and this study). Sec31 and
Sec13 are capable of self-assembly into polyhedral cages in
the absence of membranes or other proteins (Stagg et al.
2007). These observations suggest that self-assembly of
HAMS-5 into cage-like structures may provide scaffold func-
tions for the MAK-2 cascade complex and prompted us to
explore colocalization of HAM-5 puncta with other cellular
markers.

The N-terminal 523 aa of HAM-5, which includes the WD40
domain and the a-solenoid region, are essential for the
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formation of puncta. Additional proteins, such as HAM-14,
play a role in recruiting MAPK components to the HAM-5
scaffold. This hypothesis suggests that the reason the
Aham-14 mutants are fusion deficient is their inability to
effectively recruit MAK-2 (and perhaps other components
of the MAK-2 signal transduction pathway) to the HAM-5
scaffold in germlings during chemotropic interactions. The
recruitment of MAK-2 to the HAM-5 scaffold by HAM-14
may also play a role in enforcing and maintaining the oscil-
lation of the MAK-2/HAM-5 complex to the fusion tip or may
facilitate HAM-14 phosphorylation. It is predicted that genet-
ically identical interacting germlings must switch between
two different physiological states: a “receiving” vs. a “send-
ing” state (Fleissner and Glass 2007; Goryachev et al. 2012),
which enables communication, but avoids self-stimulation.
Both genetic and biochemical evidence suggests that the co-
ordinated assembly and disassembly of fusion puncta in
interacting germlings is important for mediating communi-
cation, which may be facilitated by HAM-14. Future work will
continue to dissect the molecular mechanism of how a germ-
ling switches from one state to another and how the germ-
lings send and receive signals. Importantly, to fully understand
the process of germling communication, the elusive receptors/
ligands for initiating this process require identification; so far
numerous screens of the N. crassa deletion collection have
failed to reveal candidates (Fu et al. 2011; Read et al. 2012;
Leeder et al. 2013).

ham-14 and ham-5 are conserved among filamentous as-
comycete species (Pezizomycotina), while mak-2 is broadly
conserved across fungi, animals, and plants. We predict that
the function of both HAM-5 and HAM-14 in fusion and colony
development will be conserved in a wide range of filamen-
tous ascomycete fungi. Cell fusion and the ability to form a
syncytium provides a fungal colony with many advantages
ranging from improved fitness and enhanced ability to adapt
to the environment, in addition to mixing of genetic material
and cellular components (Richard et al. 2012; Roper et al.
2013; Bastiaans et al. 2015). Also, for some plant pathogenic
fungi, the ability to fuse affects the ability to form an infection
network or is a prerequisite to infect their host (Craven et al.
2008; Prados Rosales and Di Pietro 2008; Guo et al. 2015). In
contrast, in endophytic fungi, failure to form a network has
been associated with a switch from a mutualistic to patho-
genic state (Eaton et al. 2011; Charlton et al. 2012).

HAM-14 is unique in that it is required for germling fusion,
but not essential for hyphal fusion, consistent with the fact that
the Aham-14 mutant is female fertile and lacks a “flat” phe-
notype that is ubiquitous in fusion mutants that cannot un-
dergo germling or hyphal fusion. Although hyphal fusion
events were observed in a Aham-14 mutant, we were not
able to witness the actual fusion process. It is possible that
HAM-14 is only specific for germling fusion and that a second
protein performs a similar function in hyphae. An alternative
explanation is that during hyphal fusion within a mature
colony, two different fusion events can take place: directed,
chemotropic growth that uses the same components as germ-
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ling fusion or fusion events that occur when two hyphae
randomly meet and fuse without undergoing prior chemot-
ropism. It could be that in the Aham-14 strain, the latter can
still take place but the former cannot. Both events have been
documented in WT via live cell imaging of hyphal fusion
events (Hickey et al. 2002). For the latter event, although
chemotropic growth might not be required, the MAK-2/
HAM-5 complex function might still be required for cell wall
breakdown and membrane merger; MAK-2 remains at the
contact point and at the membrane during pore formation
(Fleissner et al. 2009).

In recent years, many novel components of the germling
fusion apparatus in N. crassa have been discovered. The dis-
coveries showed in this study help us to better understand the
molecular processes underlying self-recognition and commu-
nication between genetically identical cells as well as the
dynamic oscillatory recruitment of proteins required for com-
munication and fusion.
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Figure S1. Histogram of the span distances (in Mb) between double crossovers on autosomal
chromatids. Bar segments are color coded as double crossovers spanning a single SNP locus (blue)
and those spanning more than one SNP (red). All double crossovers across a single SNP were
discarded from the dataset, as they are likely to be the result of a genotyping error at that SNP.

Short crossovers below a certain threshold (indicated by the solid vertical line) were also discarded
(see text for rationale).
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Figure S2. Comparison of sex-specific linkage map positions (cM) and genomic positions (Mb)

relative to the Oar_v3.1 genome build. Female and male maps are plotted as black and grey lines,

respectively. Numbers above each panel are the chromosome number. Chromosome 1, 2, 3 and X

are metacentric chromosomes, whereas chromosomes 4 - 26 are acrocentric chromosomes, with
the centromere located towards the left-hand end of the x-axis in each plot (Maddox et al. 2001).
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Figure S3. Mean and standard deviation of haplotype sharing (HS in Mb) between Soay sheep
and 73 domestic sheep breeds for core haplotypes outlined in Table S8, for breeds listed in
Table S1. Red and blue coloration indicates haplotypes tagging the high (G) and low (A)

recombination alleles at oar3_0OAR6_116402578, respectively.
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Figure S4. Differences in male and female association statistics from sampled datasets at the
most highly associated locus in the genome-wide association study, s74824.1. A total of
1196 autosomal crossover count measures (i.e. the number of male samples in the study)
were sampled with replacement from the male and female dataset, and association was
tested with s74824.1 genotype. Points show the —log1oP output from 100 iterations of
sampling. Female and male —logioP values were significantly different (Welch’s t-test, P <

0.001). Sampling was run in R v3.2.3.
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Figure S5. Variation in recombination rate relative to telomeric regions accounting for
presence of the centromere on acrocentric chromosomes. Probability of crossing over is
given relative to the nearest telomere (Mb) for 1IMb windows. Lines are a generalized
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the standard error.
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TABLE S1. CODES AND SAMPLE SIZES FOR DOMESTIC SHEEP BREEDS UTILIZED IN THE HAPLOTYPE SHARING

ANALYSIS. Information obtained from the Ovine HapMap project (Kijas et al. 2012).

Breed Code N

African Dorper ADP 21
African White Dorper AWD 6
Afshari AFS 37
Altamurana ALT 24
Australian Coopworth CPW 19
Australian Industry Merino MER 88
Australian Merino MER 50
Australian Poll Dorset APD 108
Australian Poll Merino APM 98
Australian Suffolk ASU 109
Bangladeshi BGE BGE 24
Bangladeshi Garole BGA 24
Barbados Black Belly BBB 24
Black Headed Mountain BHM 24
Border Leicester BRL 48
Boreray BOR 20
Brazilian Creole BCS 23
Bundner Oberlander Sheep BOS 24
Castellana CAS 23
Changthangi CHA 29
Chinese Merino CME 23
Chios CHI 23
Churra CHU 120
Comisana COM 24
Cyprus Fat Tail CFT 30
Deccani IDC 24
Dorset Horn DSH 21

East Friesian Brown EFB 39
East Friesian White EFW 9
Engadine Red Sheep ERS 24
Ethiopian Menz EMZ 34
Finnsheep FIN 99
Galway GAL 49

Garut GUR 22
German Texel GTX 46
Gulf Coast Native GCN 94
Indian Garole GAR 26
Irish Suffolk ISF 55
Karakas KRS 18
Leccese LEC 24
Macarthur Merino MCM 10
Meat Lacaune LAC 78
Merinolandschaf MLA 24
Milk Lacaune LAC 103
Moghani MOG 34
Morada Nova BMN 22

Continued...




Breed Code N

Namaqua Afrikaner NQA 12
New Zealand Romney ROM 24
New Zealand Texel NTX 24
Norduz NDZ 20
Ojalada OJA 24
Old Norwegian Spaelsau NSP 15
Qezel QEZ 35
Rambouillet RMB 102
Rasaaragonesa RAA 22
Red Maasai RMA 45
Ronderib Afrikaner RDA 17
Sakiz SKZ 22
Santalnes BSI 47
Sardinian Ancestral Black SAB 20
Scottish Blackface SBF 56
Scottish Texel STX 80
Spael-coloured NSP 3
Spael-white NSP 32
St Elizabeth STE 10
Sumatra SUM 24
Swiss Black-Brown Mountain Sheep SBS 24
Swiss Mirror Sheep SMS 24
Swiss White Alpine Sheep SWA 24
Tibetan TIB 37
Valais Blacknose Sheep VBS 24
Valais Red Sheep VRS 24
Wiltshire WIL 23

Kijas J. W., Lenstra J. A., Hayes B., Boitard S., Porto Neto L. R., San Cristobal M., Servin B., McCulloch
R., Whan V., Gietzen K., Paiva S., Barendse W., Ciani E., Raadsma H., McEwan J., Dalrymple B.,
2012 Genome-wide analysis of the world’s sheep breeds reveals high levels of historic mixture
and strong recent selection. PLoS Biol. 10: e1001258.



Table S2. Sex-averaged and sex specific linkage map positions (CM) and genomic positions
(BP) for SNP loci passing quality control. (.txt, 1,834 KB)

Available for download as a .txt file at

www.genetics.org/cgi/data/genetics.115.185553/DC1/11



TABLE S3. FIXED EFFECTS SUMMARY OF GENERAL LINEAR MODELS OF (A) CROSSOVER PROBABILITY AND (B)
DIFFERENCE BETWEEN MALE AND FEMALE CROSSOVER PROBABILITIES PER 1MB WINDOW OF THE GENOME.
See Materials and Methods for a detailed description of the model. Dist is defined as the distance of the
window from the nearest telomeric region, estimated relative to the Oar_v3.1 genome build; here it is
modelled with a polynomial function, therefore Dist?, Dist? and Dist refer to the cubic, square and linear terms
of the model. SNP Count is the number of SNP loci contained within the 1Mb window. The polynomial function

of model residuals rooted at 12.45MB.

Model Effect Estimate S.E. t P
Crossover Female (Intercept) -0.014 2.02x10% -6.69 2.49x101!
Probability Female Dist3 6.54x10°%7 5.84x10%8 11.19 1.13x10%8

Female Dist? -6.55x1070° 5.02x10°¢ -13.04 4.10x10°38
Female Dist 1.78x10°%3 1.22x107%4 14.58 5.89x10%
Male 0.029 1.11x1003 2591  3.29x10%¥
Male Dist? -6.56x10°7 8.24x107°8 -7.96 2.24x10°%
Male Dist? 7.78x10%° 7.07x1070° 11.01 8.64x10728
Male Dist -2.78x10%3 1.71x10° -16.33  4.25x108
SNP Count 2.81x10* 3.65x10% 7.70 1.69x10%4
GC content (%) 0.024 3.74x10%3 6.50 9.25x10!
Model Effect Estimate S.E. t P

Male:Female Intercept 0.012 2.99x10% 4.02 6.07x10°%
Crossover Dist? -6.38x10" 6.38x10°08 -10.00 5.18x10%
Probability Dist? 7.57x10°%° 5.49x1070° 13.78 2.37x104
Dist -2.68x10703 1.34x1070* -19.98 2.76x10%

SNP Count 1.41x100* 5.62x10% 2.50 0.012

GC content (%) 0.032 5.76x10°03 5.48 4.74x1078




Table $4. Full results of genome-wide association studiesfor ACC in both sexes and males
and females only. Type indicates whether ACC was modelled as the total number of crossovers
across all autosomes (“cistrans’) or the total number on all autosomes minus the number of
crossovers on the focal chromosome (“trans’; see Materias and Methods). Df, Wald.statistic and
Pr.Chisg. are the statistical results of the GWAS. A and B are the reference alleles. N isthe
number of unique individualsin the analysis. CallRate and MAF are the call rate and minor
alele frequency of the SNP locus. Solution, std.error and z.ratio are the effect size, standard error
and the Z ratio of each genotype relative to the model intercept for genotypes AA, AB and BB;
cases where z values are ‘NA’ indicate the model intercept. (.txt, 38 MB)

Available for download as a .txt file at

www.genetics.org/cgi/data/genetics.115.185553/DC1/13



Table S5. Full results of the regional heritability analysis of ACC for diding window sizes
of 150, 50 and 20 SNPs across all autosomes. Models were run in all sheep, and in males and
females only. Type indicates whether ACC was modelled as the total number of crossovers
across all autosomes (“cistrans”) or the total number on all autosomes minus the number of
crossovers on the focal chromosome (“trans”; see Materials and Methods). First. SNP.Pos and
Last.SNP.Pos indicate the positions of the first and last SNP within the window.
RestofGenome.GRM.h2 and Window.GRM.h2 are the proportions of phenotypic variance
attributed to the rest of the genome and the sliding window, respectively (SE is their standard
errors). ASReml.Error indicates cases where models had no errors (“none’) or abnormal
termination (“A.T.”). Window.GRM.h2.constraint indicates cases where the estimate of
heritability was positive or fixed at the boundary (i.e. not significantly different from zero). LL
indicates the log likelihoods of animal models without and with the window, respectively. The y2
and P values are from likelihood ratio tests. (.txt, 4,561 KB)

Available for download as a .txt file at

www.genetics.org/cgi/data/genetics.115.185553/DC1/14



Table S6. Full results of association statisticsat imputed SNPs from the ovine HD SNP
chip in the sub-telomeric region of chromosome 6 for ACC. Description and headers are the
same as for Table S5. Array indicates which SNPs were also present on the Ovine SNP50
BeadChip. Q2 indicates the minor alele frequencies of the imputed SNPs and MAF.Original
indicates the minor allele frequenciesin the 187 individuals typed on the HD chip. (.txt, 101 KB)

Available for download as a .txt file at

www.genetics.org/cgi/data/genetics.115.185553/DCL/15



Table S7. Resultsof the blast analysisoutlined in File S3. PC.Match is the percentage of
sequence matching between the aligned segments. Matches, mismatches and gaps are the number
of each term in the sequence, respectively. Bos and Ovis indicate cattle and sheep, respectively;
start and stop positions are given for each aligned segment; mean indicates the mean value of the
start and stop positions. (.txt, 23 KB)

Available for download as a .txt file at

www.genetics.org/cgi/data/genetics.115.185553/DC1/16



TABLE S8. DETAILS OF CORE HAPLOTYPES (~700KB, 6 SNPS) IN SOAY SHEEP SPANNING
OAR3_OAR6_116402578 ON CHROMOSOME 6, AND THE EXTENT OF HAPLOTYPE SHARING (HS) WITH

DOMESTIC SHEEP. HS distances are given in MB. SD is the standard deviation.

Distance from

oar3_OAR6_116402578 (Kb)

Recombination Haplotype - - - #ISGC Global HS Maximum Maximum
Haplotype 38.9 65.8 266.3 SD
Allele Frequency 420.6 411.5 78.3 Breeds Mean HS Breed  HS Mean

Australian

H1 High 0.026 A A A A G A 22 0.10 0.11 0.29
Poll Merino
Australian

H2 High 0.311 A A A A G G 67 0.04 0.07 0.30
Coopworth
Scottish

H3 High 0.030 A A A G A A 23 0.14 0.10 0.29
Blackface
Barbados

H4 High 0.015 A A A G G A 20 0.04 0.06 0.31
BlackBelly
Australian

H5 High 0.355 A A G G G A 29 0.09 0.10 0.12
Poll Dorset
Australian

H6 Low 0.220 A A G A G G 66 0.10 0.10 0.34
Poll Dorset
Chinese

H7 Low 0.042 G G G A G G 46 0.14 0.15 0.38

Merino



TABLE S9. VARIANCE IN ACC EXPLAINED BY THE GENOMIC RELATEDNESS (Va pory), THE 20 SNP WINDOW
CONTAINING RNF212 (Varec1) AND THE 20 SNP WINDOW CONTAINING REC8 (Vares2) AND RESIDUAL EFFECTS
(Ve). Sample sizes are for Table 1. Effect sizes are given as the proportion of the phenotypic variance explained

by the variance effects (h?, regl? and reg2? respectively.)

Va poly Vareg Vareg2 Ve h? poly regl? reg2? e?
Both Sexes 2.071 1.699 1.177 24.903 0.069 0.057 0.039 0.834

(0.49) (0.824)  (0.634)  (0.655)  (0.016)  (0.026)  (0.021)  (0.028)
Male 1.902 0.190 1.044 22.252 0.075 0.007 0.041 0.876

(0.841)  (0.375)  (0.889)  (0.961)  (0.033)  (0.015)  (0.034)  (0.034)

Females 1.976 2.589 0.945 26.363 0.062 0.081 0.030 0.827

(0.602)  (1.198)  (0.6) (0.877)  (0.019)  (0.035)  (0.019)  (0.034)




TABLE S10. FIXED EFFECTS SUMMARY OF GENERAL LINEAR MODELS OF CROSSOVER PROBABILITY IN (A)
FEMALES AND (B) MALES PER 1MB WINDOW OF THE GENOME. Crossover probabilities are modelled in males
and females and with an interaction term between genotype at oar3_OAR6_116402578 and Dist, which is
defined as the distance of the window from the nearest telomeric region, estimated relative to the Oar_v3.1
genome build. Dist is modelled with a polynomial function; therefore Dist3, Dist? and Dist refer to the cubic,
square and linear terms of the model. The symbol x indicates an interaction term. SNP Count accounts for the

number of SNP loci within the bin.

Sex Model.Term Effect Size S.E. t P
(A) Female A/A (Intercept) -3.98x10% 1.19x10% -3.36 7.96x10%
G/A -2.00x10%  8.30x10%* -2.41 0.016
G/G -1.38x10%  8.18x10%* -1.68 0.093
Dist3 4.41x10°%7 4.06x10% 10.8 3.96x10?%
Dist? -4.50x10% 3.59x10% -12.6 1.06x10%*
Dist 1.25x10% 9.07x10% 13.7 2.81x10*

SNP Count 1.59x10%* 1.94x10% 8.17 3.67x1071¢

GCcontent (%) 9.12x10%  2.03x10% 4.5 6.98x10¢

G/A : Dist? 1.73x10% 5.58x10% 3.1  1.95x10

G/G : Dist? 2.55x10°7 554x10% 4.61 4.17x10°°

G/A : Dist? -1.72x10%  4.88x10° -3.53 4.11x10%

G/G : Dist? -2.37x10%  4.83x10° -49 1.00x107°°

G/A : Dist 4.72x10%  1.21x10°* 3.89 1.00x10°*

G/G : Dist 5.81x10%  1.20x10% 4.84 1.32x1070°

(B) Male  A/A (Intercept) 0.014 1.92x10°%  7.37 1.95x10%

G/A -5.81x10%  1.28x10% -4.55 5.41x10%
G/G -7.94x10%  1.27x10%  -6.26 4.00x10%°
Dist? -9.60x10% 6.79x10%® -1.41 0.157

Dist? 1.92x10% 5.87x10% 3.27 1.08x10
Dist -1.09x10%  1.44x10%* -7.55 5.01x10%

SNP Count 2.63x10%%  3.22x10% 8.15 4.36x10'°
GC content (%) 2.59x10°? 3.31x10% 7.82 6.46x10%°
G/A : Dist? 2.56x10%7 9.18x10° 2.79 5.21x10°
G/G : Dist? 3.68x10%7 9.15x10% 4.02 5.94x10%
G/A : Dist? -2.50x10%°  7.92x10° -3.15 1.62x10°
G/G : Dist? -3.53x10%  7.89x10%¢ -4.48 7.67x10%
G/A : Dist 7.06x10%*  1.93x10% 3.66 2.56x100*
G/G : Dist 9.71x10°*  1.92x10* 5.06 4.32x1077




File S1 - Simulation of recombination events.

To verify the accuracy of our estimation of autosomal crossover count (ACC), we simulated
meiotic crossovers within the Soay sheep pedigree using information from linkage map
positions and allele frequencies, and then compared the observed and true crossover

counts in simulated datasets.

Simulations were conducted using the entire Soay sheep pedigree. Each individual was
assigned to an ordered cohort using the kindepth function in the package kinship2 v1.6.0
(Therneau et al. 2014) implemented in R v3.1.1. For all pedigree links where a parent was
unknown (i.e. founder individuals), haplotypes were simulated for each chromosome, where
each SNP allele was sampled with a probability equal to its minor allele frequency across the
entire genomic dataset. In order to simulate recombination events in transmitted
haplotypes, we used the following approach sequentially across each ordered cohort.
Positions of meiotic crossovers were determined by sampling the likelihood of a crossover
between each pair of adjacent markers with probability r, where r was the sex-specific
recombination fraction determined from the linkage map. As cross-over interference was
apparent in the main analysis, positions were re-sampled in cases where two crossover
events occurred within 10cM of each other. Recombinant haplotypes were constructed
based on the simulated crossover positions between the two haplotypes within the parent,
and one recombinant haplotype was sampled with a probability of 0.5 and transmitted to
the offspring. The positions and counts of crossovers per chromosome were recorded. Each
haplotype pair was then condensed into an unphased SNP genotype dataset. Missing

genotypes and genotype errors were assigned to genotypes at random, with probabilities of



1x103 and 1x10% respectively. An R function for this process has been archived at
http://github.com/susjoh/simperSNP. Individual ACCs were then calculated in FIDs in each
simulated dataset as using the same analysis outlined in the methods section "Estimation of

meiotic crossovers".

Our approach was highly accurate in identifying the true simulated crossover count across
all individuals (linear regression of observed counts as a function of true simulated counts,
b= 1.014 + 1.51 x 103 (s.d.), mean adjusted r2 = 0.991 + 6.7 x 10*). The per-individual
correlations across all simulations were also high (b = 0.992 + 0.013, mean adjusted r2 = 0.99
+0.011). A general linear model of per individual mean adjusted r? was fitted, including sex
and genomic inbreeding coefficient F as fixed effects. Adjusted r? values and slopes were
significantly higher in females than in males (P < 0.001, Table 1, Figure 1); This may be due
to increased crossover rates in males resulting in some crossovers not being identified; the
removal of single SNP runs may also have more acute effects at telomeric regions of
chromosomes, where crossovers may be more likely to occur in males. Adjusted R? values
and slopes were also negatively correlated with the genomic inbreeding coefficient F (P <
0.001, Table 1, Figure 1), which may be due to an increased chance of runs of homozygous
genotypes, meaning that substantial regions of the genome cannot be assigned to a
particular grandparent of origin. Double crossovers occurring within such regions are
therefore less likely to be identified. In both cases, slopes are lower than 1, indicating that
crossover counts are consistently under-estimated, albeit to a small degree, in males and/or
in more inbred individuals (Table 1).

References
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Fig 1. Linear regressions of individual genomic inbreeding coefficient and (A) the correlation
between and (B) the regression slopes between simulated numbers of crossover counts and
the number of crossovers detected per individual, where the detected counts were

modelled as a function of true simulated counts. Red and blue points indicate those

observed for males and females, respectively.

Table 1. General linear model of the individual correlations and slopes of detected vs.

Simulated acc per individual over 100 simulations.
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Value Effect Estimate S.E. t P
Adjusted r? Female (Intercept) 0.994 1.8x10% 5536 <0.001
Male -0.015 2.9x10%* -49.66 <0.001
F -0.147 6.0x10 -24.39 <0.001
Slope Female (Intercept) 0.9953 2.6x10% 3768.8 <0.001
Male -0.011 4.4x10°% -25.35 <0.001
F -0.123 8.9x10°% -13.83 <0.001




File S2 - Predicted location of RNF212 on the Sheep genome Oar_v3.1

The locus RNF212 has not been annotated on the domestic sheep genome (Oar_v3.1). Here,
we present evidence that RNF212 occurs within the region most highly associated with
autosomal crossover count (ACC). Sheep sequences for RNF212 were obtained from
Genbank (Accession Numbers provided in Figure 1 and aligned against the Oar_v3.1 genome
sequence using BLAST v2.2.27+ using the default parameters and a word size of 15 to
determine if the locus was likely to be present within this region. Matches of length < 50 bp
and matching bases of < 95% were discarded .The strongest associations on the assembled
genome sequence were at the sub-telomeric region of chromosome 6 identified in the main
results, falling between positions 116,427,802 and 116,446,904 (Figure 1). This positioned
RNF212 between an uncharacterised protein (orthologous to Tmed11) and FGFRL1, and
suggested that its lack of annotation on the domestic sheep genome is due to its occurrence
across a gap in contiguous sequences (Figure 2). Gene order in this region showed high
similarity to gene orders obtained for homologous genome regions in cow (UMD3.1), dog
(CanFam3.1), human (GRCh38) and mouse (GRCm38); all annotations were obtained from
Ensembl build v1.79 (Cunningham et al. 2014). The alignment of RNF212 shown in Figure 5

(main text) and Figure 2 is to sequence XM_012167676.1.

References

Cunningham F., Amode M. R., Barrell D., Beal K., Billis K., Brent S., Carvalho-Silva D.,
Clapham P., Coates G., Fitzgerald S., Gil L., Giron C. G., Gordon L., Hourlier T., Hunt S. E.,
Janacek S. H., Johnson N., Juettemann T., Kahari a. K., Keenan S., Martin F. J., Maurel
T., McLaren W., Murphy D. N., Nag R., Overduin B., Parker a., Patricio M., Perry E.,

Pignatelli M., Riat H. S., Sheppard D., Taylor K., Thormann a., Vullo a., Wilder S. P.,



Zadissa a., Aken B. L., Birney E., Harrow J., Kinsella R., Muffato M., Ruffier M., Searle S.
M. J., Spudich G., Trevanion S. J., Yates a., Zerbino D. R., Flicek P., 2014 Ensembl 2015.

Nucleic Acids Res. 43: D662—-D669.
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Fig 1. Alignments of 23 Ovis RNF212 nucleotide sequences (obtained from Genbank) against
the sub-telomeric regions of Oar_v3.1 chromosome 6. Genbank IDs for each sequence are
given on the left axis. The color indicates the percentage sequence match for each segment

of aligned sequence.
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Fig 2. Putative positioning of RNF212 (Accession XM_012167676.2) against the sub-
telomeric region of Oar_v3.1 chromosome 6. The tiling path in green indicates the
contiguous sequence that contributes to the genome sequence used in this study. Other
annotated loci within this area are indicated in the segment above the putative RNF212

position. Figure obtained using the NCBI Genome Viewer (http://www.ncbi.nlm.nih.gov/)



File S3 - BLAST comparison of the sub-telomeric region of chromosome 6 with

the homologous region of the cattle genome.

As the sheep genome assembly is still ongoing, we wished to determine if a region of
reduced linkage disequilibrium within an otherwise complete LD haplotype block at the sub-
telomeric region on chromosome 6 was the consequence of the region being assembled
incorrectly. We compared DNA sequence from a 2.7Mb region of cattle chromosome 6
(positions 107,699,493 to 110,430,052, cattle genome vUMD3.1) homologous to the 2.1Mb
sub-telomeric region of sheep chromosome 6 (positions 115,000,000 to 117,031,472, sheep
genome Oar_v3.1) containing candidate regions associated with recombination rate (see
main text results and Figure 5). Sequence comparison was carried out using BLAST v2.2.27+
with the default parameters and a word size of 20. BLAST hits of < 2000 bases and < 80%
match were discarded. Regions with more than two hits per ~2000bp window were also
discarded as they were indicative of repetitive sequence. Our results indicate that a sheep
region from 116.725Mb to 116.823Mb is likely to have been incorrectly assembled, and is

likely to occur at a position between 116.30 Mb and 116.36Mb (Figure 1, Table S7).
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Fig 1. BLAST results comparing a 2.7Mb region of cattle chromosome 6 (Bos taurus,
positions 107,699,493 to 110,430,052, cattle genome vUMD3.1) with a homologous 2.1Mb
sub-telomeric region of sheep chromosome 6 (Ovis aries, positions 115,000,000 to
117,031,472, sheep genome Oar_v3.1). Points indicate the mid position of each BLAST hit
on their respective query sequence. The beige block indicates the position of a fragment on
the sheep genome which is likely to have been incorrectly placed — its most likely position is

indicated by the grey chequered block. BLAST results are provided in Table S7.
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