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ABSTRACT The nuclear pore complex proteins SonA and SonB, the orthologs of mammalian RAE1 and NUP98, respectively, were
identified in Aspergillus nidulans as cold-sensitive suppressors of a temperature-sensitive allele of the essential mitotic NIMA kinase
(nimA1). Subsequent analyses found that sonB1 mutants exhibit temperature-dependent DNA damage sensitivity. To understand this
pathway further, we performed a genetic screen to isolate additional conditional DNA damage-sensitive suppressors of nimA1. We
identified two new alleles of SonA and four intragenic nimA mutations that suppress the temperature sensitivity of the nimA1 mutant.
In addition, we identified SonC, a previously unstudied binuclear zinc cluster protein involved with NIMA and the DNA damage
response. Like sonA and sonB, sonC is an essential gene. SonC localizes to nuclei and partially disperses during mitosis. When the
nucleolar organizer region (NOR) undergoes mitotic condensation and removal from the nucleolus, nuclear SonC and histone H1
localize in a mutually exclusive manner with H1 being removed from the NOR region and SonC being absent from the end of the
chromosome beyond the NOR. This region of chromatin is adjacent to a cluster of nuclear pore complexes to which NIMA localizes last
during its progression around the nuclear envelope during initiation of mitosis. The results genetically extend the NIMA regulatory
system to include a protein with selective large-scale chromatin location observed during mitosis. The data suggest a model in which
NIMA and SonC, its new chromatin-associated suppressor, might help to orchestrate global chromatin states during mitosis and the
DNA damage response.

THE NIMA kinase is an essential conserved regulator of
mitotic events in the filamentous fungus Aspergillus ni-

dulans (Osmani et al. 1988). NIMA was first discovered
through a genetic screen that defined several different tem-
perature-sensitive alleles of NIMA that cause a Never in
Mitosis phenotype (Morris 1975). Subsequent studies
showed that NIMA is essential for mitotic entry but not for
the activation of the Cdk1 mitotic kinase (Oakley and Morris
1983; Osmani et al. 1988, 1991; Morris et al. 1992; Ye et al.
1995). Not only is NIMA essential for initiating mitosis, but
also its overexpression can prematurely induce mitotic
events including DNA condensation in A. nidulans, fission

yeast, Xenopus, and human cells (O’Connell et al. 1994; Lu
and Hunter 1995), indicating the existence of conserved
mitotic substrates as recently confirmed in mammalian cells
(Laurell et al. 2011). NIMA is subject to complex regulation
at both the mRNA and protein levels, leading to maximum
activity during mitosis (Osmani et al. 1987; Pu and Osmani
1995; Ye et al. 1995, 1996, 1998).

One of the key roles for NIMA at the onset of mitosis is its
regulation of nuclear pore complexes. This insight came
from a genetic screen aimed at identifying suppressors of the
temperature-sensitive nimA1 allele. This genetic screen iden-
tified nimA1 suppressor mutations in two genes encoding
nuclear pore complex (NPC) proteins (Wu et al. 1998; De
Souza et al. 2003), which were named “SonA” and “SonB”
for suppressors of nimA1. Further studies of SonA, SonB,
and additional NPC proteins revealed that in A. nidulans
the nuclear pore complex undergoes complex rearrange-
ments during mitosis, with 13 core NPC proteins remaining
associated with the nuclear envelope and 14 peripheral NPC
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proteins becoming dispersed or even targeted to other loca-
tions to presumably fulfill mitotic functions (De Souza et al.
2004; Osmani et al. 2006a; De Souza and Osmani 2009; Liu
et al. 2009). The partial disassembly of NPCs allows nuclear
access for tubulin and other important proteins required for
mitosis (De Souza et al. 2004).

In addition to nuclear pores undergoing mitotic disas-
sembly, the nucleolus of A. nidulans, as in higher eukaryotes,
also undergoes mitotic disassembly (Dimario 2004; Hernandez-
Verdun 2011). Nucleoli are assembled around nucleolar
organizer regions (NORs) and are the sites of ribosome bio-
genesis (Boisvert et al. 2007). In mammalian cells, the disas-
sembly of nucleoli involves shutdown of ribosomal DNA
(rDNA) transcription, and regeneration of nucleoli is initiated
by the reassembly of the rDNA transcription machinery onto
the NORs (Leung et al. 2004; Boisvert et al. 2007). In A.
nidulans, nucleolar proteins are separated from nuclei via a
double restriction of the nuclear envelope after the NORs are
removed from the nucleolus at anaphase (Ukil et al. 2009).
The nucleolar structure is then disassembled in a stepwise
manner and reassembled onto the NORs in the daughter
nuclei (Ukil et al. 2009). The mechanisms by which these
dynamic processes are regulated are largely unknown.

Although NIMA is essential for mitotic entry, there is also
evidence to suggest that NIMA has functions later in mitosis.
In cells arrested at pseudo-metaphase by the addition of the
microtubule inhibitor nocodazole, NIMA remains in a hyper-
phosphorylated and active state (Ye et al. 1995) and during
metaphase, NIMA localizes to the spindle and then later to
the spindle pole bodies during mitotic exit (De Souza et al.
2000). The degradation of NIMA at the end of mitosis is also
necessary for mitotic exit. NIMA contains two PEST sequen-
ces in its C-terminal regulatory domain that are important
for its degradation and a C-terminal truncation allele stabil-
izes NIMA and prevents cells from exiting mitosis (Pu and
Osmani 1995). More recently, cell biological and genetic
analysis (Govindaraghavan et al. 2013; Shen and Osmani
2013) have provided further direct evidence that NIMA plays
sequential roles during all phases of the mitotic process.

NIMA is the founding member of the NIMA-related
kinase (Nek) family identified in organisms ranging from
plants to humans. This family of kinases has been implicated
in regulation of mitosis and cilia and may coordinate
microtubule-dependent processes in dividing and nondivid-
ing cells (reviewed in O’Connell et al. 2003; Quarmby and
Mahjoub 2005). There are 11 known Neks in mammals and
several of these have roles in cell cycle progression and cilia
functions (reviewed in Malumbres 2011; Fry et al. 2012). In
addition, some Neks play roles in the cellular responses to
different stresses, at least in part by contributing to cell cycle
checkpoints (reviewed in Moniz et al. 2011; Fry et al. 2012).
In Arabidopsis, Nek6 has been implicated in the response to
salt stress (Zhang et al. 2011). Evidence has also been accu-
mulating that some Neks function in the DNA damage re-
sponse. For example, budding yeast Kin3 is important for
cell cycle arrest in response to genotoxic agents (Moura et al.

2010), and mammalian Nek1, Nek2, Nek10, and Nek11 are
involved in checkpoints activated in response to ionizing and
ultraviolet radiation, the DNA-damaging drug methyl meth-
anesulfonate (MMS), oxidative damage-inducing hydrogen
peroxide, and the DNA-alkylating agent cisplatin (Noguchi
et al. 2002, 2004; Polci et al. 2004; Mi et al. 2007; Chen
et al. 2008; Melixetian et al. 2009; Pelegrini et al. 2010;
Sorensen et al. 2010; Moniz and Stambolic 2011; Fry et al.
2012; Liu et al. 2013). Mutations in several Nek kinase
genes have also been associated with cancer (reviewed in
Moniz et al. 2011; Fry et al. 2012), and knockdown of Nek2
or Nek6 in several cancer cell lines inhibits proliferation or
induces apoptosis (Tsunoda et al. 2009; Nassirpour et al.
2010). Due to their upregulation in cancers and their in-
volvement in cell cycle progression and cell cycle checkpoint
activation, Neks have been proposed as potential targets of
anticancer drugs (Sorensen et al. 2010; Fry et al. 2012).
However, the mechanisms by which Neks contribute to on-
cogenesis are unknown, and it is therefore important to iden-
tify other proteins involved in NIMA-regulated pathways.

Histone H3 and NUP98 (SonB in A. nidulans) have been
identified as substrates for A. nidulans NIMA, and NUP98
phosphorylation is a rate-limiting step for NPC disassembly
in human cells (De Souza et al. 2000; Laurell et al. 2011).
Intriguingly, NUP98 has also been implicated in oncogenesis
(for review see Gough et al. 2011) as many different NUP98
translocation events induce myeloproliferative disease, with
some leading to leukemia (Moore et al. 2007). Introduction
of the NUP98-HOXA9 chimera has been used in a mouse
model of leukemia to induce the disease (Kroon et al. 2001).
Interestingly, all NUP98 translocations result in fusions of the
NUP98 N-terminus, which contains the Gle2-binding sequence
(GLEBS) domain, the motif that interacts with RAE1 (SonA
in A. nidulans) (Bailer et al. 1998; Funasaka et al. 2011), but
are upstream of the identified NIMA phosphorylation sites
(Borrow et al. 1996; Gough et al. 2011; Laurell et al. 2011).

A link between SonB and genomic stability has previously
been established. An in-depth genetic analysis of the SonB
allele that suppresses the nimA1 temperature sensitivity,
sonB1, found that sonB1 confers conditional temperature-
dependent DNA damage sensitivity. Furthermore, sonB1
causes lethality at higher temperatures when combined with
a deletion of the DNA damage response gene scaA, the A.
nidulans homolog of human NBS1 (De Souza et al. 2006).
The overall genetic analysis of this mutant allele suggested
that SonB is involved in a novel DNA damage response
pathway (De Souza et al. 2006). No other proteins have
yet been linked to this pathway although NIMA is likely
involved since the same mutation in SonB that causes
DNA damage sensitivity also suppresses nimA1 temperature
sensitivity.

To further characterize the regulatory pathways involved
with NIMA and SonB in mitosis and the response to DNA
damage, we designed a genetic screen to isolate suppressors
of nimA1 that also cause conditional temperature-dependent
DNA damage sensitivity. Our expectation was the identification
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of additional essential genes involved in the DNA damage
response. One such essential gene is reported here encoding
a binuclear zinc cluster protein that we have named SonC,
which displays distinctive chromatin localization during
mitosis.

Materials and Methods

General techniques

The A. nidulans strains used in this work are listed in Sup-
porting Information, Table S1, and were generated using
standard techniques as previously described (Pontecorvo
et al. 1953; Yang et al. 2004; Nayak et al. 2006; Szewczyk
et al. 2006), except as noted below. A. nidulans strains were
grown on MAG (2% malt extract, 0.2% peptone, 1% dex-
trose, 2% agar, 1 ml/L Clive Roberts trace elements solution
(trace elements solution: 1 g/L FeSO4�7H2O, 8.8 g/L
ZnSO4�7H2O, 0.4 g/L CuSO4�5H2O, 0.15 g/L MnSO4�H2O,
0.1 g/L Na2B4O7�10H2O, 0.05 g/L (NH4)6MO7O2�4H2O,
0.3% chloroform), 1 ml/L vitamin solution (vitamin solu-
tion: 1 mg/ml p-aminobenzoic acid, 2 mg/ml nicotinic acid,
200 mg/ml choline, 0.02 mg/ml D-biotin, 0.5 mg/ml pyro-
doxine HCl, 25mg/ml riboflavin HCl), 0.5 g/L arginine) or
MAGUU (supplemented with 1.2 g/L uridine and 1.12 g/L
uracil) media unless otherwise noted, and standard growth
and genetic methodologies were applied (Pontecorvo et al.
1953; Liu et al. 2010).

Genetic screen

Sensitivity to the DNA-damaging agent 1,2,7,8-diepoxyoc-
tane (DEO) (Ong and Serres 1975) was assessed as in De
Souza et al. (2006) and Liu et al. (2009). Mutagenesis of
strain JLA1 was carried out as described (Wu et al. 1998).
Following mutagenesis, spores were plated out at 42� to
select for suppressors of nimA1 temperature sensitivity.
Spores from colonies able to grow at 42� were spotted onto
MAGUU plates and incubated at 32� for 2 days. These plates
were replica-plated to MAGUU media containing 0.01% DEO
and incubated for 2–4 days at 32� and 42�. Colonies exhibit-
ing sensitivity to DEO were isolated and backcrossed to strain
C61 to determine if mutations were intragenic or extragenic
to nimA and to strains CDS509 and CDS364 to determine if
mutations were linked to sonA or sonB, respectively.

Cloning of sonC by complementation with a high-copy-
number plasmid genomic DNA library was carried out as
described (De Souza et al. 2003). The mutants were trans-
formed with the genomic plasmid library DNA, overlaid with
media containing 0.02% DEO, and incubated at 42�. Twenty
transformants that were no longer sensitive to DEO at 42�
were selected for further analysis. DNA was recovered from
transformants using the Promega Wizard Plus DNA Purifica-
tion System according to the manufacturer’s protocol (Promega,
Madison, WI). To isolate the plasmids from this DNA, DH5a
Escherichia coli were transformed with the isolated DNA,
and transformants containing the plasmids were selected

by growth on LB plates containing 100 mg/ml ampicillin
(Maniatis et al. 1989). Plasmid DNA was isolated using the
Zymo Research Zyppy Plasmid Miniprep Kit according to the
manufacturer’s specifications (Zymo Research, Irvine, CA).
Four plasmids were recovered and compared by double-re-
striction enzyme digestion using KpnI and NotI (NotI sites
flank the genomic DNA insert in the library vector). One
plasmid from each unique digest pattern was sequenced to
obtain the sequence flanking the genomic DNA insert to
identify the region of the genome present on each comple-
menting plasmid. To sequence the plasmids isolated from
the suppressor mutants, primers M13 forward (Life Technol-
ogies, Carlsbad, CA) and oMN33 (Park and Yu 2012), which
prime on either side of the genomic DNA insert in the plas-
mids, were used. The resulting sequences were compared
with the annotated Aspergillus Comparative Database (Broad
Institute, http://www.broadinstitute.org/annotation/genome/
aspergillus_group/MultiHome.html).

Primers used for amplifying and sequencing sonA, sonB,
sonC, nimA, and mag1 are listed in Table S2. All DNA se-
quencing was carried out at The Ohio State University Plant-
Microbe Genomics Facility.

sonC analysis

Primers used to generate constructs for the deletion and
GFP-tagging of sonC are listed in Table S2. Endogenous
GFP-tagging and gene deletion constructs were constructed
using fusion PCR followed by transformation of a DnkuAku70

strain as previously described (Yang et al. 2004; Nayak et al.
2006; Szewczyk et al. 2006). To delete sonC, primers SP251-
F/SP259-R and SP258-F/SP252-R were used to amplify the
regions upstream and downstream of the gene, respectively.
Primers SP251-F/SP252-R were used for the fusion PCR. To
GFP-tag SonC, primers SP255-F/SP260-R and SP258-F/
SP252-Rwere used to amplify the regions upstream and down-
stream of the stop codon, respectively. Primers SP255-F/
SP252-R were used for the fusion PCR. To tag NIMA with
GFP, primers HP15/HP16 and HP17/HP18 were used to
amplify the regions upstream and downstream of the stop
codon, and primers HP19/HP20 were used to generate the
GFP fragment. Primers HP18/HP15 were used for the fusion
PCR. Confirmations of endogenous tagging and gene dele-
tion were carried out by diagnostic PCR and by immunoblot
as described (De Souza et al. 2009). Generation of histone
H1 tagged with the red fluorescent protein mCherry (H1-
mCherry) and Nup170-GFP were previously described in
Nayak et al. (2010) and Osmani et al. (2006a), respectively,
and generation of Bop1-mCherry was as described in Ukil
et al. (2009) with the exception that mCherry amplified
from pHL86 (Liu et al. 2009) was used instead of GFP.
Generation of Pol I-mCherry, Topo I-mCherry, Fib-mCherry,
Bop1-GFP, Nup170-mCherry, and CgrA-GFP were described
in Ukil et al. (2009).

Live-cell imaging in the presence or absence of benomyl
was carried out as described (De Souza et al. 2011) or with
an UltraVIEW VoX spinning disc confocal system (PerkinElmer,
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Inc.). Image analysis and 3D projection generations were
carried out using ImageJ freeware (ImageJ, National Insti-
tutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/)
or Volocity Image Analysis Software (PerkinElmer, Inc.). The
percentage of SonC remaining in nuclei during mitosis was
calculated by measuring the average pixel intensity within
a region of interest (ROI) inside a G2 nucleus and compar-
ing it to the average pixel intensity within an equally sized
ROI once the same nucleus entered mitosis.

The heterokaryon rescue technique used to determine
that sonC is an essential gene and the corresponding diag-
nostic PCR were performed as previously described (Osmani
et al. 2006b).

Sequence alignments of SonC were carried out using
Biology Workbench (http://workbench.sdsc.edu).

Results

A genetic screen to identify novel suppressors of nimA1

The previous genetic screen used to identify nimA1 suppres-
sors isolated mutants that, in addition to suppressing the
nimA1 temperature sensitivity, conferred cold sensitivity
(Wu et al. 1998). Selecting for a second phenotype facili-
tates the molecular cloning of suppressors by complementa-
tion. We hypothesized that, since sonB1 mutants are also
sensitive to DNA-damaging agents, we could use this drug
sensitivity as a secondary phenotype instead of cold sensi-
tivity to identify additional suppressors of nimA1. We there-
fore designed a screen similar to the one performed previously
(Wu et al. 1998) to identify new extragenic nimA1 suppressors
(Figure S1). In brief, nimA1 spores were mutagenized using
4-nitroquinoline 1-oxide and were then plated at 42� to
select for mutations that allowed growth at the restrictive
temperature for nimA1. The isolated colonies were spotted
to make arrays, which were replica-plated to media contain-
ing DEO at both 32� and 42�. The nimA1 suppressors that
exhibited sensitivity to DEO were selected for further study
(Figure 1A and Figure S1). We were specifically interested
in identifying nimA1 suppressors that conferred tempera-
ture-dependent DNA damage sensitivity, similar to sonB1,
as the isolation of such conditional alleles might permit
the identification of additional essential genes involved in
the DNA damage response.

Identification of intragenic nimA1 suppressors

While the goal of the screen was to identify new genes
involved in the DNA damage response, we additionally
identified several intragenic nimA1 suppressors by choosing
24 of the strongest suppressors that did not exhibit a drug-
sensitive phenotype and determining if the nimA1 suppres-
sor mutations were intragenic or extragenic by backcrossing
to a wild-type strain. Progeny from the crosses were exam-
ined for temperature sensitivity (Figure 1, B and C). If none
of the progeny exhibit temperature sensitivity, then the sup-
pressor mutation must be co-segregating with the nimA1

mutation and is thus likely to be intragenic (Figure 1, B
and C, left). If temperature-sensitive progeny are recovered,
then the suppressor mutation is segregating independently
of the nimA1mutation and is therefore extragenic (Figure 1,
B and C, right).

From the 24 mutants tested, 16 were determined to be
intragenic based on the absence of temperature sensitivity of
all the progeny from the backcross. The remaining 8 strong
nimA1 suppressors were extragenic suppressors with no
identified secondary phenotype. The nimA gene was PCR-
amplified from the 16 intragenic suppressor strains and se-
quenced to identify the suppressor mutations. The nimA1
mutation is a single-base-pair change resulting in the codon
change of leucine 304 to a proline (L304P) (Pu et al. 1995)
(Figure 1D). Three of the intragenic suppressors were rever-
sions of proline 304 changed to the wild-type leucine
(P304L) designated as nimA1-0. Most of the other intragenic
suppressors contained a different change in amino acid 304,
resulting in the identification of three new nimA alleles.
These alleles were named nimA1-1, nimA1-2, and nimA1-3
and had amino acid 304 changed from a proline to an argi-
nine, glutamine, or threonine, respectively, with a majority
being changed to an arginine (seven different isolates) (Fig-
ure 1D). Two other mutants still retained the nimA1 muta-
tion (L304P) but had an additional single-base-pair
substitution, which resulted in a change of amino acid 318
from a threonine to an isoleucine (T318I) termed nimA1-4
(Figure 1, D and E).

Mag1 is a copy-number suppressor of sonA1 involved in
the DNA damage response

Two separate rounds of the screen were performed, and
from the first we identified six mutants that exhibit DEO
sensitivity to varying degrees (Table 1, mutants A–F). Im-
portantly, for this first round of the screen we included any
DEO-sensitive suppressors that were also cold-sensitive.
Two of the six mutants (mutants A and B) were cold-sensitive
(data not shown). To begin our characterization of the extra-
genic nimA1 suppressors, we first identified those that were
linked to the previously identified DNA damage-sensitive
nimA1 suppressor, sonB1, by crossing the isolated mutants
to strains carrying the sonB1 mutation. This identified one
suppressor linked to sonB (mutant A). Sequencing of the
sonB gene from this mutant revealed that this suppressor
was identical to sonB1, containing a point mutation result-
ing in an amino acid substitution (K193E).

We cloned the DNA damage-sensitive suppressor mutant
B by complementation of its DNA damage sensitivity at 42�
using a high-copy-number genomic DNA plasmid library (a
kind gift from Greg May) (Osherov and May 2000). The
region of the genome containing two genes designated
AN4388 and AN4389 was identified from plasmids derived
from two transformants, and the sonA gene was identified
from plasmids from seven different transformants. AN4388
is a predicted subunit of ubiquinol-cytochrome-c reductase
orthologous to Saccharomyces cerevisiae QCR7 (David et al.
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Figure 1 Characterization of intragenic nimA1 suppressors identified new alleles of nimA. (A) Three different nimA1 suppressors isolated from the
screen were replica-plated onto plates with or without 0.01% DEO and incubated at 32� or 42� for 2 days. (Bottom left) The unmutagenized nimA1
control strain (JLA1) was spotted for comparison. Although all three mutants suppressed the temperature sensitivity of nimA1, only one of them (#3)
displayed temperature-dependent DNA damage sensitivity. (B) Diagram illustrating how intragenic suppressors were identified. Shown are the expected
outcomes from crosses between isolated nimA1 suppressors and a wild-type (WT) strain to distinguish intragenic from extragenic suppressors. (C) The
temperature sensitivity caused by nimA1 segregates independently from extragenic suppressors. Plates grown at 42� for 2 days show examples of
progeny from crosses diagrammed in B. Extragenic suppressors were identified based on the isolation of temperature-sensitive progeny from a cross
with a wild-type strain. In contrast, all progeny from a cross between a wild-type strain (C61) and intragenic suppressors (mutagenized strain JLA1) are
not temperature-sensitive. Control strains are boxed by a shaded outline. Strain JLA1 was used as the nimA1 control. (D) Table of new intragenic NIMA
alleles isolated as suppressors of nimA1 temperature sensitivity. (E) Diagram of NIMA with the positions of identified alleles marked. The catalytic domain
is shaded.
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2008; Arnaud et al. 2012). AN4389, hereafter referred to as
Mag1, is the ortholog of S. cerevisiae Mag1 (Arnaud et al.
2012), a known DNA damage response protein (Chen et al.
1989). Since ubiquinol-cytochrome-c reductases are mito-
chondrial proteins involved in energy metabolism and mag1
is a DNA damage response gene, we concluded that mag1
was the gene of interest on these plasmids. To determine
which gene was mutated to cause the nimA1 suppression,
we sequenced mag1 and sonA from genomic DNA isolated
from mutant B and compared their sequences to the sequenc-
ing results from the unmutagenized strain (JLA1). Mutant B
does not contain any mutations inmag1 but carries the sonA1
mutation, indicating that Mag1 is a copy-number suppressor
of sonA1. To confirm these results, we examined the ability of
the multi-copy number plasmid containing mag1 to suppress
the DNA damage sensitivity of a previously studied sonA1
mutant strain. High-copy mag1 is able to suppress the tem-
perature-dependent DNA damage sensitivity of the sonA1
mutant similar to the wild-type sonA gene (Figure 2A) but
not the DNA damage sensitivity of a sonB1 mutant (data not
shown), likely because sonB1 mutants are much more sensi-
tive to DNA damage than sonA1 mutants. High-copy mag1 is
not able to suppress the temperature sensitivity of nimA1
mutants (data not shown).

To further characterize Mag1, we analyzed its cellular
localization by endogenously tagging it with GFP. Mag1-GFP
localizes to nuclei during interphase (Figure 2B and File S1).
During mitosis, nearly all Mag1-GFP disperses into the cy-
toplasm with only a faint signal still present in the nuclei.
Since the nuclear Mag1-GFP signal appears to condense and
then divide into the two daughter nuclei, the structure that
it is associating with during mitosis is likely chromatin. Cy-
toplasmic Mag1-GFP is then re-imported into nuclei follow-
ing mitotic exit.

We next determined the phenotypes caused by deletion
of mag1. Using the heterokaryon rescue technique, we de-
termined that it is not an essential gene (data not shown) as
haploid mag1-deleted strains were readily obtained. We ex-
amined both the mag1 deletion mutant and the Mag1-GFP
strain for DEO and cold sensitivity. The Mag1-GFP strain
does not exhibit sensitivity in any of the conditions assayed
(Figure 2C). However, the mag1 deletion mutant showed
temperature-dependent DNA damage sensitivity (Figure
2C). This sensitivity was also seen on media containing
0.025% MMS and was evident when conidia lacking mag1
were either treated directly or allowed to germinate first
(data not shown). These results reveal that Mag1 plays a role
in the DNA damage response in A. nidulans.

Table 1 DEO-sensitive nimA1 suppressors isolated from the screen

Mutant Linked to sonA Linked to sonB Gene/allele Wild-type sequence Mutation Amino acid change

A O sonB1 GAG AAG K193E
B O sonA1 CCT CGT P205R
C sonC1 GCG CCG A113P
D Unknown Unknown Unknown Unknown
E Unknown Unknown Unknown Unknown
F Unknown Unknown Unknown Unknown
7 O sonA2 CGT CAT R297H

55 O sonA2 CGT CAT R297H
72 O sonA2 CGT CAT R297H
89 Unknown Unknown Unknown Unknown

118 O sonA2 CGT CAT R297H
136 Unknown Unknown Unknown Unknown
143 O sonA2 CGT CAT R297H
146 Unknown Unknown Unknown Unknown
147 Unknown Unknown Unknown Unknown
155 Unknown Unknown Unknown Unknown
244 Unknown Unknown Unknown Unknown
270 O sonA2 CGT CAT R297H
299 O sonA2 CGT CAT R297H
309 O sonA2 CGT CAT R297H
314 Unknown Unknown Unknown Unknown
331 O sonA2 CGT CAT R297H
332 O sonA2 CGT CAT R297H
393 O sonA2 CGT CAT R297H
411 O sonA3 CAT TAT H296Y
420 O sonA2 CGT CAT R297H
421 O sonA2 CGT CAT R297H
449 Unknown Unknown Unknown Unknown
460 O sonA2 CGT CAT R297H
501 Unknown Unknown Unknown Unknown
547 Unknown Unknown Unknown Unknown
558 Unknown Unknown Unknown Unknown
603 O sonA2 CGT CAT R297H
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Identification and characterization of new SONA alleles

Since we recovered both the sonA1 and sonB1 mutants from
the preliminary round of the genetic screen we performed
the screen a second time using more stringent criteria, iso-
lating only the stronger nimA1 suppressors and, to avoid
re-isolating sonA1 and sonB1 again, we eliminated all cold-
sensitive mutants from further analyses. We isolated an ad-
ditional 603 nimA1 suppressors (numbered 1-603), 27 of
which had a DNA damage-sensitive phenotype and were
not cold-sensitive (Table 1, mutants designated by a num-
ber). The new mutants were crossed to sonA1 and sonB1
strains to identify any suppressors linked to these genes,
which might identify new non-cold-sensitive alleles. We
did not identify any new mutants linked to sonB, but did
identify 16 nimA1 suppressor mutations linked to sonA (Ta-
ble 1). Sequence analysis of these 16 identified two new
alleles of sonA. The sonA1 allele contains a single C-to-G
mutation, which results in a P205R change in the protein
sequence (Wu et al. 1998). The two new mutations identi-
fied are downstream of the sonA1mutation in the codons for
amino acids 297 (R297H) and 296 (H296Y) (Figure 3, A
and B), and we named them “sonA2” and “sonA3,” respec-
tively. Fifteen mutants contain the sonA2 allele and 1 mutant
contains the sonA3 allele.

Most of the SonA protein sequence consists of a WD40
repeat-like domain (amino acids 33–338) (Wu et al. 1998;
Arnaud et al. 2012), and all three of the nimA1 suppressor
mutations in SonA are within this WD40 domain (Figure
3B). SonA is 44% identical to human Rae1 and is therefore
predicted to form a seven-bladed b-propeller structure sim-
ilar to Rae1 (Ren et al. 2010). The sonA1 mutation occurs in
a residue conserved from fungi to humans (Wu et al. 1998 and

Figure 3C) and is located between two of the b-propellers.
The sonA2 and sonA3 mutations are present in a highly con-
served region of the protein, and the sonA2mutation occurs in
a conserved residue (Figure 3C). Both the sonA2 and sonA3
mutations reside in the b-sheet of the sixth b-propeller. None
of the sonA mutations occur in regions predicted to interact
with SonB/Nup98 (Ren et al. 2010).

The sonA1 mutation results in cold sensitivity, suppres-
sion of nimA1 temperature sensitivity (Wu et al. 1998), and
mild DEO sensitivity. To compare these phenotypes with
those caused by the newly identified sonA2 and sonA3
alleles, we spotted these mutants with or without the nimA1
mutation in the background onto media with and without
DEO and incubated them at different temperatures (Figure
3D). The sonA2 and sonA3 alleles suppress the temperature
sensitivity of nimA1 to the same level as sonA1. By this assay
we confirmed that, of the three different sonA alleles, only
sonA1 confers cold sensitivity. sonA1 and sonA2 mutants
exhibit sensitivity to 0.02% DEO, while sonA3mutants show
mild sensitivity to this concentration of DEO only in the
nimA1 background (Figure 3D).

Identification of SONC, a new nimA1 suppressor

In total, we isolated 15 DNA damage-sensitive nimA1 sup-
pressors that were not linked to sonA or sonB and we se-
lected the first 5 to begin our characterizations (Table 1,
mutants C–F and mutant 89) by comparing their phenotypes
in a nimA1 background with those of sonB1 (Figure 4). We
found that mutants E and F are linked (data not shown), so
we also did a comparison between these two mutants (Fig-
ure 4C). All five of the new mutants are able to suppress
nimA1 temperature sensitivity to a degree similar to sonB1

Figure 2 Mag1 is a nuclear protein and is involved in the
DNA damage response. (A) Strain SO369 (sonA1) was
transformed with high-copy plasmids containing the pyrG
selectable marker and genes for sonA or mag1. An empty
vector containing only the selectable marker was used as
a negative control. Transformants were spotted onto me-
dia selective for the plasmids with or without 0.02% DEO.
Plates were incubated at 42� for 3 days. (B) Time-lapse
confocal microscopy of Mag1-GFP (strain JLA263).
Mag1-GFP is nuclear during interphase. During mitosis
a majority of Mag1-GFP disperses from nuclei while a small
percentage remains nuclear, potentially associated with
chromatin. See File S1. Bar, 5 mm. (C) Strains R153 (WT),
CDS364 (sonB1), JLA264 (mag1D), and JLA263 (mag1-
GFP) were spotted onto MAGUU plates with or without
0.02% DEO and incubated at either 32� or 42� for 3 days
or at 20� for 5 days.
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and, in contrast to sonB1, only one of them confers cold
sensitivity (mutant E, Figure 4C; note that mutants C–F
were from the first version of the genetic screen in which
we did not eliminate mutants with cold sensitivity). All
mutants in combination with nimA1 show some degree of
DNA damage sensitivity (Figure 4).

We cloned the DNA damage-sensitive suppressor mutant
C by complementation of its DNA damage sensitivity at 42�
using the genomic DNA plasmid library as described above
for mutant B. Two different regions of the genome were
represented more than once from the sequenced plasmids.
The same region of the genome that was identified from the
sonA1 complementing plasmids and containing mag1 was
identified from seven different transformants, and the gene

designated as AN1232 was identified from another three.
We sequenced mag1 and AN1232 from mutant C. Mutant
C does not contain any mutations in mag1, indicating that
Mag1 can act as a multi-copy number suppressor of at least
two mutations (sonA1 and mutant C) that cause relatively
minor DEO sensitivity. Mutant C, however, contains a single-
base-pair substitution in AN1232, resulting in an A113P change
(Figure 5A). We have named AN1232 sonC (Suppressor of
nimA1 C) and the allele isolated sonC1.

sonC is essential

SonC contains a C6 zinc finger domain although the mutation
that we identified occurs outside of this region (Figure 5B).
SonC is found only in the filamentous Ascomycota, and the

Figure 3 Two new alleles of sonA were identified as nimA1 suppressors. (A) Table of SonA alleles that suppress the temperature sensitivity of nimA1.
(B) Diagram of SonA (drawn to scale) showing the positions of the nimA1 suppressor mutations. Shaded area indicates the WD40 repeat-like domain.
(C) Two of the amino acids changed in the different SonA alleles are highly conserved. Shown is the amino acid sequence alignment of sonA from A.
nidulans aligned with its orthologs from other organisms. The changed amino acids present in the different sonA alleles are boxed in red. A. nidulans,
Aspergillus nidulans; S. pombe, Schizosaccharomyces pombe; D. melanogaster, Drosophila melanogaster; M. musculus, Mus musculus; H. sapiens,
Homo sapiens. (D) Strains R153 (WT), JLA1 (nimA1), CDS509 (sonA1), JLA227 (sonA2), JLA268 (sonA3), LPW29 (sonA1 nimA1), JLA185 (nimA1 sonA2),
and JLA255 (nimA1 sonA3) were spotted onto YAGUU (0.5% yeast extract, 1% glucose, 2 ml/L vitamin mix, 1 ml/L trace elements, 10 mM MgSO4, 15
g/L agar, 1.2 g/L uridine, 1.12 g/L uracil) with or without DEO at 32� and 42� for 2 days or at 20� for 5 days.
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C6 zinc finger domain is highly conserved among these fungi
with orthologs identified within the Dothideomycetes, Leo-
tiomycetes, and Sordariomycetes as well as the Eurotiomy-
cetes of the Pezizomycotina (Figure 5C and Figure S2),
consisting at its core a cluster of six cysteine residues arranged
with the following conserved spacing: CX2CX6CX5CX2CX12C.
SonC is unique in that it is the only C6 zinc finger domain-
containing protein in the Aspergillus genus that possesses
12 amino acids between the last two cysteines within the
cluster (Wortman et al. 2009). In addition to the C6 zinc
finger binding domain, a region of �70 amino acids at the
N-terminus of the protein (Figure 5D) is also highly con-
served (Figure S2). The presence of a C6 zinc finger domain
suggests that these proteins could potentially bind to DNA,
but neither SonC nor any of its orthologs have yet been
characterized. The mutation identified occurs in a short
stretch of highly conserved amino acids predicted to form
an a-helix (Figure 5, A and D) and changes an alanine to
a proline (A113P), which would predictably disrupt this
secondary structure.

We first sought to determine if sonC is an essential gene
using the heterokaryon rescue technique (Osmani et al.
2006b). We deleted sonC using the pyrG selection marker
and found that sonC is essential (Figure 6A). To observe the
terminal phenotype caused by sonC deletion, conidia from
heterokaryons generated after the deletion were examined
at the microscopic level (Figure 6B). The vast majority of

conidia germinated under selective pressure (Figure 6B,
“YG”) failed to undergo polarized growth, which is the phe-
notype displayed by pyrG89 mutant cells in the absence of
complementation. This indicates either that deletion of sonC
prevents polarity establishment or that the heterokaryon
failed to generate conidia carrying the deleted sonC allele.
The terminal growth arrest phenotype was therefore not
unambiguously defined.

SonC locates to mitotic chromatin in
a distinctive manner

A. nidulans undergoes partially open mitosis wherein the
nuclear envelope remains intact but the nuclear pore com-
plexes partially disassemble, allowing diffusion of nuclear
proteins out of mitotic nuclei if they are not attached to
nuclear structures such as DNA (De Souza et al. 2004;
Osmani et al. 2006a; De Souza and Osmani 2007). If SonC
is a DNA-binding protein, it would be expected to localize to
nuclei and not be released from nuclei during mitosis. To
investigate this, we tagged endogenous SonC with GFP and
examined the localization of SonC-GFP by live-cell confocal
microscopy during mitosis (Figure 6C; File S2; File S3).
SonC-GFP localizes to nuclei during interphase, and an ex-
amination of nuclear levels in populations of cycling cells
showed that these nuclear levels remain the same from G1
through G2 (data not shown). During mitosis SonC-GFP
partially disperses into the cytoplasm; however, 50 6 6%

Figure 4 Characterization of the isolated nimA1 suppressors. (A) Mutant C suppresses the temperature sensitivity of nimA1, and the double mutant
shows mild DEO sensitivity. Strains JLA1 (nimA1), CDS36 (nimA1 sonB1), and JLA77 (nimA1 + mutant C) were spotted onto MAGUU plates with or
without 0.02% DEO and incubated at either 32� or 42� for 3 days or at 20� for 5 days. (B) Mutant D suppresses nimA1 temperature sensitivity, and the
double mutant shows temperature-dependent DEO sensitivity. Strains JLA1 (nimA1), CDS36 (nimA1 sonB1), and JLA73 (nimA1 + mutant D) were
spotted onto MAGUU plates with or without 0.01% DEO and incubated as in A. (C) Mutants E and F are genetically linked and show the same degree of
nimA1 suppression, and the double mutants show sensitivity to DEO. Strains JLA1 (nimA1), CDS36 (nimA1 sonB1), JLA78 (nimA1 + mutant E), and
JLA75 (nimA1 + mutant F) were spotted onto MAGUU plates with or without 0.02% DEO and incubated as in A. (D) Mutant 89 suppresses nimA1
temperature sensitivity, and the double mutant shows temperature-dependent DNA damage sensitivity. Strains JLA1 (nimA1), CDS36 (nimA1 sonB1),
and JLA184 (nimA1 + mutant 89) were spotted onto MAGUU plates with or without 0.015% DEO and incubated as in A.
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(n = 41 nuclei) remains within nuclei presumably through
an association with DNA or chromatin (Figure 6C; File S2;
File S3). Following mitosis, the cytoplasmic fraction
becomes re-imported and SonC-GFP relocalizes back to the
nucleoplasm in G1 (Figure 6C; File S2; File S3). Since some
SonC remains in the nucleus during mitosis, we wanted to
see if its mitotic localization might reflect association with
condensing chromatin. We therefore monitored SonC-GFP
during spindle assembly checkpoint (SAC)-mediated mitotic
arrest using the microtubule inhibitor benomyl (Oakley and
Morris 1980). During mitotic SAC arrest, some SonC-GFP
remained within the nuclei and behaved similarly to chro-
matin, becoming condensed during entry into mitotic arrest
(Figure 6D; File S4; File S5), further suggesting that some
SonC is bound to DNA or chromatin during mitosis.

To investigate the relationship between SonC and chro-
matin, we examined its localization in a strain expressing

H1-mCherry. Dual fluorescence imaging revealed several
unexpected and intriguing results. The first is that, while we
observed that histone H1 localizes to the main mass of
chromatin as expected, we also noted that there is a less
pronounced labeled projection of histone H1 that extends
away from the main chromatin mass during G2 and the
early stages of mitosis (Figure 7A; File S6; File S7). This
projection ends with a small, brighter H1 focus that is sep-
arate from the main chromatin mass (Figure 7A; File S6; File
S7). This distal focus was also detected in interphase nuclei.
Importantly, the histone H1 projection and associated distal
focus had been seen in several other studies but was not
discussed [for examples, see figure 1E and figure 2B in Ukil
et al. (2009) and figure 5B in Ukil et al. (2008)]. SonC
colocalizes with histone H1 in the main chromatin mass
(Pearson’s correlation coefficient 0.66 6 0.16; n = 23)
and along the projection but does not colocalize with H1

Figure 5 Mutant C contains a mutation in the locus designated as AN1232 and representing the sonC gene, which defines a protein containing
a Zn2Cys6 domain. (A) Table showing the mutation found in mutant C. (B) Diagram of SonC, which contains a C6 zinc finger potential DNA-binding domain
(gray box), and the mutation found in mutant C (sonC1), which is located in the N-terminal region. (C) ClustalW alignment (http://workbench.sdsc.edu)
of SonC and its orthologs. Identical groups [indicated by an asterisk (*)], conserved strong groups [indicated by a colon (:)], and conserved weak groups
[indicated by a period (.)] are noted. Accession numbers for the sequences are the following: A. nidulans (AN1232; Aspergillus Genome Database,
http://www.aspgd.org); Penicillium chrysogenum (Pc16g03990); Coccidioides immitis (CIMG_10322); Bipolaris maydis (COCC4DRAFT_161203, with
amino acids 642–689 removed prior to performing the alignment as this region is absent from the other orthologs and so is likely part of an intron);
Sclerotinia sclerotiorum (SS1G_09964); Fusarium oxysporum (FOXB_15136, with amino acids 1–67 removed prior to performing the alignment as this
region is likely part of the 59 UTR); Trichoderma reesei (hypothetical protein, locus EGR51802); and Neurospora crassa (NCU07692). The C6 zinc finger
domain is highly conserved, and the six cysteine residues with the spacing CX2CX6CX5CX2CX12C are found in all SonC orthologs (boxed in red). (D) SonC
orthologs were found only in the Ascomycota, and the amino acid changed in sonC1 (boxed in red) occurs in a short, highly conserved region of the
protein predicted to form an alpha-helix (JPred 3) (Cole et al. 2008). Sequences used are the same as in C. See Figure S2 for the alignment of the entire
protein sequences.
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on the distal, brighter H1 focus (Pearson’s correlation co-
efficient = 0.136 6 0.095; n = 25). As chromatin conden-
sation progresses, SonC and histone H1 become localized in
a mutually exclusive manner to distinct regions of the pro-
jection. Histone H1 becomes selectively evicted from the
middle region of the DNA projection but remains at its distal
end (Figure 7A, arrow in 79 time point; File S6; File S7),
whereas SonC is present along the projection but remains
excluded from the distal H1 focus. In terms of its overall
structure, at the onset of mitosis the SonC-coated projection
starts as either a hooked-like or a fully extended structure
(50% of nuclei have either form; n= 74) (Figure 7, A and B;
File S7; File S8). The SonC-coated projection ending in the
H1 focus is dynamic during mitosis and becomes progres-
sively condensed into the main chromatin mass as nuclei
approach metaphase when it is no longer easy to distin-
guish. During anaphase/telophase, the projection became
more visible again in some nuclei (28% of nuclei) and was
observed to separate as the last two portions of DNA to be
segregated (Figure 7C and File S9). This pattern of segrega-
tion suggests that the extended portion of chromatin deco-
rated with SonC, with histone H1 concentrated at its distal
tip, represents one arm of a chromosome. This indicates that
in Figure 7C the late-segregating chromatin decorated by
SonC with H1 at the ends represents lagging chromosomes.

In A. nidulans, the nucleolus resides in one-half of the
nucleus that does not contain much chromatin decorated
with H1 (Ukil et al. 2009), suggesting that the SonC pro-
jection is potentially associated with the nucleolus and rep-
resents part of the left arm of chromosome V, which contains
the NOR (Brody et al. 1991; Clutterbuck and Farman 2008).
To investigate this, we imaged a strain containing SonC-GFP
and the nucleolar marker protein Bop1-mCherry, the ortho-
log of mammalian Bop1, a conserved protein involved in
maturation of the 25S and 5.8S ribosomal RNAs, termed
“Erb1” in yeast (Strezoska et al. 2000; Pestov et al. 2001;
Miles et al. 2005). During A. nidulans mitosis, the NOR is
removed from the nucleolus, which undergoes complete dis-
assembly in the cytoplasm, and nucleolar proteins then are
reimported into daughter nuclei during G1 to reform their
nucleoli (Ukil et al. 2009). If the SonC-decorated projection
contains the NOR, then the projection would be expected to
be associated with the nucleolus during G2 and the early
stages of mitosis and become separated from the nucleolus
during mitotic progression. Supporting this possibility, the
SonC-coated projection was found to be cradled by Bop1
in G2, prior to mitosis (Figure 7D; File S10; File S11). When
examining the SonC-GFP and Bop1-mCherry channels in-
dividually, a shadow can be seen in the mCherry channel
prior to and during the early stages of mitosis (Figure 7D;

Figure 6 SonC is an essential nuclear protein. (A) Hetero-
karyon rescue analysis showing that sonC is an essential
gene. Conidia from a wild-type (WT) pyrG+ control strain
(R153) or from DsonC::pyrG transformants were streaked
onto media with (YAG, right) or without (YAGUU, left)
selective pressure for the pyrG selective marker gene and
grown for 2 days at 32�. If sonC were not essential, then
haploid null strains would be generated and all conidia
generated from the colony would contain the functional
pyrG gene in place of sonC. If sonC were essential, then
heterokaryons containing two different types of nuclei,
those with the deletion (pyrG+ DsonC) and those with
WT sonC (pyrG2 sonC+), would be generated. The uninu-
cleate conidia from heterokaryon colonies will contain ei-
ther type of nuclei and can be distinguished by their ability
to grow on pyrG+ selective media (Osmani et al. 2006b). If
sonC were essential, no conidia from the heterokaryotic
colonies would grow on selective YAG media, but those
containing pyrG2 sonC+ nuclei would grow and form col-
onies on nonselective YAGUU media. These are the
growth phenotypes seen indicating that sonC is an essen-
tial gene. Heterokaryons were confirmed by diagnostic
PCR (data now shown). (B) Bright-field images of conidia
from a heterokaryon containing nuclei with the sonC de-
letion (sonCD::pyrG+) and pyrG89 nuclei with the wild-
type allele of sonC (sonC+; pyrG2). Growth was for 24 h
at 32� in nonselective (YAGUU) or selective (YAG) media
for pyrG+. While 54% (n = 139) of cells sent out a germ

tube in the nonselective media, only 4% (n = 357) germinated (not shown) in the selective media. (C) Time-lapse confocal microscopy of SonC-GFP.
SonC-GFP is located within nuclei throughout interphase and partially disperses during mitosis. Strain JLA265 (sonC-GFP) was inoculated into minimal
media and incubated at room temperature for 24 h prior to imaging. See corresponding File S2 and File S3. Bar, 5 mm. (D) Time-lapse confocal
microscopy of SonC-GFP in cells treated with benomyl. Strain JLA265 (sonC-GFP) was inoculated into minimal media and incubated at room temper-
ature for 22 h. Media was then exchanged with media containing 2.4 mg/ml benomyl to arrest cells in mitosis. See corresponding File S4 and File S5. Bar,
5 mm.
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File S10; File S11), and the SonC projection was always
located within this red fluorescent protein shadow, indicating
that this region of the genome resides within the nucleolus.
During mitosis, the SonC projection condenses away from its
nucleolar cradle in a progressive fashion (Figure 7D; File
S10; File S11) until the nucleolus associates with only the

end of the SonC projection. The nucleolus then becomes
detached as the SonC projection is condensed into the main
SonC (chromatin) mass, just before DNA segregation (Fig-
ure 7D; File S10; File S11).

The RNA polymerase Pol I is responsible for transcribing
most of the rRNAs and is therefore located primarily within

Figure 7 SonC localizes to the NOR. (A) Time-lapse confocal microscopy of SonC-GFP in conjunction with histone H1-mCherry. Strain JLA319 (sonC-
GFP H1-mCherry) was inoculated in minimal media and grown at room temperature for 24 h prior to imaging. The projection of SonC-GFP that
corresponds to the NOR is marked by arrowheads. H1-mCherry is evicted from the middle region of the projection during mitotic chromosome
condensation prior to anaphase (arrow) while SonC-GFP remains associated with the projection. Note that SonC-GFP does not locate to the distal
H1-mCherry focus. Diagrams of the SonC and H1 localizations at the different time points are shown on the right. See corresponding File S6 and File S7.
(B) The SonC projection can be visualized as an extended or a hooked structure. Strain is the same as in A. See the corresponding File S8 for hooked
structure. (C) The SonC projection tipped by H1 was sometimes seen as lagging chromosome arms. Strain and growth conditions are the same as in A.
See File S9. (D) Time-lapse confocal microscopy of SonC-GFP and the nucleolar marker Bop1-mCherry. The SonC-GFP projection is cradled within
a portion of the nucleolar signal from Bop1-mCherry. Strain JLA324 (sonC-GFP bop1-mCherry) was treated as in A. Diagrams of the SonC and Bop1
localizations at different time points are shown on the right. See File S10 and File S11. (E) Time-lapse confocal microscopy of strain JLA325 (sonC-GFP pol
I-mCherry). Strain was treated as in A. Diagrams of the SonC and Pol I localizations at different time points are shown on the right. See File S12. (F) The
H1 focus is located outside of the nucleolus near the nuclear periphery. The position of the nucleolus is marked by the nucleolar proteins Bop1-GFP
(strain LU193) or CgrA-GFP (strain LU178). The brightness and contrast of the images were adjusted using ImageJ software to highlight the relationship
of the SonC projection with the other nuclear proteins more clearly. Bars, 5 mm.
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the nucleolus at the NORs in most eukaryotes, including A.
nidulans (Ukil et al. 2009). Pol I-mCherry also locates to the
SonC projection during G2 (Figure 7E and File S12). During
both G2 and at the beginning of mitosis, Pol I-mCherry sur-
rounds the SonC projection (n = 30; Figure 7E and File
S12). As mitosis progresses, Pol I-mCherry is progressively
removed from the SonC projection until metaphase, when,
in approximately one-half of the nuclei (54%, n = 147), no
nuclear Pol I-mCherry signal was detected. Just prior to
metaphase, when the majority of Pol I-mCherry is no longer
nuclear, the final Pol I-mCherry signal is located toward the
tip of the SonC projection. The cell cycle-regulated localiza-
tions of Pol I and SonC provide further evidence that the
SonC-DNA projection corresponds to the NOR. To address
the location of the distal H1 focus in relationship to the
nucleolus, their relative locations were followed during en-
try into mitosis (Figure 7F). This analysis revealed that the
H1 focus resides outside of the nucleolus near the nuclear
periphery. This pattern was seen when either Bop1 or CgrA,
which is involved in rRNA processing for the 60S ribosome
subunit (Sun et al. 2001; Moy et al. 2002), was used as the
nucleolar marker.

NIMA locates to a focus on the nuclear periphery
adjacent to the nucleolus during its mitotic progression
around the nuclear envelope

Live-cell imaging of functional endogenously tagged NIMA-
GFP has shown that it first locates to spindle pole bodies
(SPBs) during entry into mitosis (Shen and Osmani 2013)
before progressively locating around the nuclear envelope
in sequential association with NPCs (De Souza et al. 2003,
2004), promoting their disassembly. We also observed NIMA-
GFP consistently locating at a second focal point after first
locating to the SPBs and moving around the nuclear periph-
ery. This NIMA-GFP focus appeared late in the process of it
spreading around the mitotic nuclear envelope and was located
in the opposite half of the nucleus from that containing the SPB.
The A. nidulans nucleolus locates within the opposite half of the
nucleus to the SPBs, suggesting that the location of the second
NIMA focal point might be adjacent to the nucleolus. To test
this, we followed the distribution of NIMA-GFP and Fib-
mCherry, as a nucleolar marker, during mitosis. Fib, short for
fibrillarin, is a component of a protein complex required for pre-
18S rRNA processing (Tollervey et al. 1991). This demonstrated
that the second NIMA focal point lies adjacent to the nucleolus
(Figure 8A). Topo I is located throughout nuclei during inter-
phase, but much of it disperses during mitotic entry, leaving
a concentration previously defined as the mitotic NOR (Ukil
et al. 2009). Colocalization studies indicate that the second
NIMA focal point lies adjacent to the mitotic NOR rather than
being associated with it (Figure 8B).

Although NPCs distribute quite evenly around the nu-
clear envelope, there is often an obvious separated cluster of
NPCs near the nucleolus. To test if the second NIMA focal
point colocalizes with this NPC cluster we followed the

Figure 8 NIMA locates to a NPC cluster adjacent to the nucleolus and the
distal H1 focus during mitosis. (A) The location of NIMA-GFP in relation to
the nucleolar marker Fib-mCherry was monitored in strain KF120 during
mitosis. NIMA-GFP first locates to the SPBs (arrowhead), spreads around the
nucleus, and locates to a second focus located on the nuclear envelope
near the nucleolus (arrow). (B) The location of NIMA-GFP in relation to the
NOR as defined by Topo I-mCherry was followed in strain KF122. After
NIMA-GFP locates to the SPBs (arrowhead) during mitotic entry, it then
locates to a second focus adjacent to the NOR as mitosis proceeds (arrow).
(C) The localization of NIMA-GFP in relation to NPCs marked using Nup170-
mCherry was followed in strain KF110. Only after initially locating to the
SPBs (arrowhead) does NIMA-GFP then colocalize with a NPC cluster (ar-
row). (D) NIMA-GFP localization was followed in relation to the distal H1
focus in strain KF018. The second NIMA focus is located in the region of the
nuclear envelope adjacent to the distal H1 focus (arrowhead). Pixel-intensity
line profiles for A-D are shown to the right. Bars, 5 mm.
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distribution of NIMA-GFP in relation to Nup170-mCherry,
a core NPC protein that does not disperse during mitosis
(Osmani et al. 2006a). The results indicate that the second
NIMA focus represents the NPC cluster located next to the
nucleolus (Figure 8C).

The mitotic locations of NIMA to a region of the nucleus
next to the nucleolus late during its progression around the
nuclear envelope indicates that this location might be near
the histone H1 focus at the end of the SonC projection/NOR.
Colocalization studies following histone H1-mCherry and
NIMA-GFP confirmed that NIMA does locate late during
mitosis to the region of the nuclear envelope populated by
the H1 focus (Figure 8D).

Discussion

New alleles of nimA and sonA

There is evidence that NIMA and related kinases have func-
tions in the DNA damage response. We therefore reasoned it
would be informative to identify additional nimA1 suppres-
sors that, like sonB1, are DNA damage-sensitive and that
could be cloned by complementation of their DNA damage
sensitivity. As part of the study, we selected several mutants
that exhibited strong suppression of nimA1 temperature sen-
sitivity and identified new alleles of NIMA (Figure 1). Most
of the new alleles are the result of a substitution in the same
codon as the nimA1 mutation, but one new allele causes an
amino acid substitution just downstream of the nimA1 mu-
tation. Secondary structure prediction analysis (JPred 3)
(Cole et al. 2008) indicates that the nimA1 mutation and
the downstream suppressor mutation are within a single

a-helix, suggesting that the intragenic nimA1 suppressor
mutations potentially restore NIMA kinase function by
repairing the structure of this a-helix. These results also
suggest that the region of NIMA just downstream of the
catalytic domain plays an important role in NIMA kinase
functions, supporting the previously published finding that
the C-terminus of NIMA acts in a dominant-negative manner
and is likely important for targeting NIMA to its substrates
(Lu and Means 1994; De Souza et al. 2004).

The first genetic screen to identify nimA1 suppressors
identified two proteins, SonA and SonB, both of which are
components of the nuclear pore complex and are known to
physically interact in other systems with single alleles of
each being identified (Bailer et al. 1998; Wu et al. 1998;
Pritchard et al. 1999; De Souza et al. 2003). We identified
two additional alleles of sonA that suppress nimA1 temper-
ature sensitivity, sonA2 and sonA3. All three sonA alleles
contain mutations within the WD40 repeat-like domain. It
is possible that all three of these mutations change the struc-
ture of SonA, resulting in weakening of protein–protein
interactions with other NPC proteins, including SonB, which
could subsequently help lead to mitotic NPC disassembly in
the absence of full NIMA activity. These alleles could also
suppress nimA1 by modifying non-NPC-related functions of
SonA because SonA orthologs have been shown to have
important cell cycle functions in addition to their NPC and
RNA export roles, including those related to the spindle
assembly checkpoint and transcription (Brown et al. 1995;
Babu et al. 2003; Blower et al. 2005; Jeganathan et al. 2005;
Wong et al. 2006; Grill et al. 2012; Rajani et al. 2012).

We re-isolated the sonB1 allele but did not isolate any
new alleles of SonB, indicating that the specific amino acid
change in sonB1 is unique in its ability to suppress nimA1
and cause temperature-dependent DNA damage and cold
sensitivity. SonB and its orthologs contain a GLEBS motif.
This motif is necessary and sufficient for binding SonA
orthologs in both S. cerevisiae and Schizosaccharomyces
pombe (Bailer et al. 1998). The structure of the human SonA
ortholog Rae1 in complex with the GLEBS motif of Nup98
was recently determined (Ren et al. 2010), and the sonB1
mutation occurs within this interacting region (De Souza
et al. 2003). The GLEBS domain is highly conserved from
yeast to humans, and two amino acids essential for the in-
teraction with Rae1 are two tandem glutamate residues
(Ren et al. 2010). The sonB1 mutation (K193E) (De Souza
et al. 2003) occurs in a disordered region of the solved
structure between two b-strands upstream of the two tan-
dem glutamate residues (Ren et al. 2010), suggesting that
this disordered region may be important for stabilizing the
interaction of Rae1 with the GLEBS motif. The K193E sub-
stitution changes the charge of the amino acid, which could
destabilize this interaction.

DNA damage sensitivity and temperature

Another interesting result from our studies was the identi-
fication of a multi-copy-number suppressor of DNA damage

Figure 9 Model of mitotic events coordinated by NIMA and SonC. NIMA
first localizes to the spindle pole body (1) and then spreads around the
nuclear periphery, leading to the partial disassembly of NPCs, until it
locates to an NPC cluster adjacent to the nucleolus (2). The left arm of
chromosome V becomes detached from the nuclear periphery, and his-
tone H1 is evicted from the NOR (3). As chromatin condenses, the NOR is
pulled out of the nucleolus (4). Once the NOR is pulled out of the nucle-
olus, the nucleolus is separated from the daughter nuclei and from the
cytoplasm by the nuclear envelope (5). As nuclei enter G1, NPCs are
reassembled, and the nucleolus is disassembled and then reassembled
into two daughter nuclei (6).
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sensitivity caused by either sonA1 or sonC1. The copy-num-
ber suppressor is orthologous to S. cerevisiae Mag1, a DNA
glycosylase repair protein that protects DNA from alkylating
agents (Chen et al. 1989). Mag1 has been linked in other
fungi to the DNA damage response (Prakash and Prakash
1977; Chen et al. 1989; Alseth et al. 2005), and deletion of
MAG1 in S. cerevisiae causes sensitivity to DNA-damaging
agents (Chen et al. 1990). Consistent with it playing a role
in the DNA damage response in A. nidulans, deletion of
mag1 results in DNA damage sensitivity that is, however,
surprisingly temperature-sensitive. It was expected that de-
letion of mag1 would result in DNA damage sensitivity be-
cause lack of Mag1 3-methyl-adenine DNA glycosylase
activity would hinder the initiation of the base excision re-
pair (BER) pathway, leaving damaged bases unrepaired.
However, what was not expected was that lack of Mag1
would cause high temperature-dependent sensitivity to
DNA damage. One possible reason for this is that the chem-
ical modifications to DNA caused by DEO or MMS could lead
to more drastic DNA damage when the temperature is raised.
Higher temperatures cause increased rates of DNA depurina-
tion (Kunkel 1984; Alberts et al. 2002), which is repaired by
the BER pathway (Croteau and Bohr 1997). Hyperthermia
has also been found to generate double-strand breaks, partic-
ularly during G1 and G2 in human cells in culture (Velichko
et al. 2012). DNA damage in cells exposed to DNA-damaging
agents at higher temperatures therefore may not be ade-
quately repaired in the absence of Mag1, leading to a type
of induced synthetic lethality (Krawczyk et al. 2011). In-
creased temperatures can also affect other DNA damage re-
sponse mechanisms, and hyperthermia has been shown to
sensitize cells to radiation (Ben-Hur et al. 1974; Dewey
et al. 1977) and is being investigated as a way for sensitizing
cancer cells to various therapies (Habash et al. 2011; Krawczyk
et al. 2011). Given the role of high temperature in the DNA
damage sensitivity displayed by An-mag1-deleted strains,
investigating the roles of Mag1-like proteins in hyperther-
mia-sensitizing studies might be informative.

SonC contains a unique putative DNA-binding domain

We cloned the gene responsible for the nimA1 suppression
and DNA damage sensitivity from one of our mutants and
identified the locus designated systematically as AN1232,
which we named sonC. SonC and its orthologs are unique
among all Zn2Cys6 domain-containing proteins in that there
are an unusually large number of amino acids (12) present
between the last two cysteine residues (Wortman et al.
2009). Because SonC contains a zinc finger domain, it has
been annotated as a potential transcription factor (AN1232)
(Wortman et al. 2009; Arnaud et al. 2012). A previous study
identified a Forkhead-like transcription factor, MCNB, as
a multi-copy-number suppressor of nimA1 (Ukil et al.
2008) related to the S. pombe transcription factor Sep1.
Overexpression of MCNB leads to increased nimA1 protein
levels, which is likely the mechanism by which it is able to
suppress the temperature sensitivity caused by nimA1 (Ukil

et al. 2008). The sonC1mutation does not result in increased
nimA1 expression (data not shown), so if it is a transcription
factor, it must suppress nimA1 temperature sensitivity by
modifying the transcriptional pattern of other genes. A.
nidulans contains .300 Zn2Cys6 predicted binuclear cluster
domain-containing encoding genes (Pel et al. 2007; Wortman
et al. 2009), and the vast majority of these have not been
studied. It is therefore possible that some of these proteins,
including SonC, are not transcription factors. Instead, the Cys
(6) binuclear cluster domain could target these proteins to
DNA for other functions, including those related to genome
organization or chromosome segregation. One example of
this is S. cerevisiae Cep3, a component of the Cbf3 complex,
which connects the Cbf3 complex to centromeres and is es-
sential for chromosome segregation (Lechner 1994). Our cell
biological analysis indicates that SonC is a nuclear protein
that likely associates with DNA either directly or indirectly
because a significant percentage of the protein associates with
condensing chromatin during mitosis.

Mitotic nuclear SonC localizes in reverse to histone H1
along a distinct region of DNA that contains the NOR

SonC-GFP localizes to the main chromatin mass defined
by histone H1-mCherry and additionally along a distinct
region of DNA that forms a projection away from the main
chromatin mass. This projection is most evident during
prophase as chromatin is being condensed prior to ana-
phase. The SonC projection likely corresponds to the NOR as
both RNA polymerase Pol I (Figure 7E) and the nucleolar
marker Bop1 (Figure 7D) locate on the SonC projection.
Histone H1 is also located along the SonC projection during
interphase but, as chromatin condensation proceeds to ana-
phase, H1 histones intriguingly become largely evicted from
the middle region of the projection while remaining at its
distal region. This indicates that dramatic chromatin mod-
ifications occur at this chromosome region during its mitotic
condensation. The eviction of histone H1 may therefore be
necessary to allow access of other DNA-binding proteins to
this region of the genome so that it can be transcriptionally
silenced and compacted for mitotic segregation. During bud-
ding yeast mitosis, condensation of the NOR involves load-
ing of condensin onto the rDNA to promote its condensation
from an extended loop structure to enable its segregation
during anaphase (Freeman et al. 2000; Lavoie et al. 2000,
2002, 2004; Bhalla et al. 2002). However, unlike S. cerevi-
siae in which the chromosome arm housing the NOR (the
right arm of chromosome XII) is the longest chromosome
arm and requires higher levels of condensation for its mitotic
segregation (Petes 1979; Lavoie et al. 2004; Torres-Rosell
et al. 2004), the chromosome arm of A. nidulans retaining
the NOR is not its longest. The longest chromosome arm of
A. nidulans is the right arm of chromosome VIII, which by
sequence (Galagan et al. 2005) and CHEF analysis (Brody
and Carbon 1989) is.4Mbp long whereas the NOR-containing
left arm of ChV is only �2 Mbp in length. The removal of
histone H1 from the NOR region during A. nidulans mitosis
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is therefore unlikely to involve a higher level of NOR con-
densation for segregation. We instead suggest that, because
A. nidulans mitotic nucleoli undergo disassembly (unlike
mitotic yeast nucleoli), H1 removal from the NOR might
be involved in releasing the nucleolus from the NOR. In this
regard, it is interesting that a recent proteomic study iden-
tified an extensive network of nucleolar proteins that inter-
act with human histone H1 (Kalashnikova et al. 2013). Of
further interest, it has also been shown that histone H1 of
Trypanosoma cruzi is concentrated in the nucleolus and dis-
perses upon mitotic H1 phosphorylation (Gutiyama et al.
2008). These studies provide some further support for the
idea that mitotic H1 phosphorylation might promote histone
H1 release from the NOR region to aid release of the nucle-
olus from its chromatin tether.

Although histone H1 is removed from the NOR during
prophase, it still localizes distinctly to a focus at the distal
end of the nuclear chromatin projection, and this domain
resides outside of the nucleolus. This pattern is consistent
with this region representing the telomere proximal region
of chromosome V. Intriguingly, SonC is excluded from this
H1 focus. In practical terms, the identification of SonC and
its location to the NOR during mitosis at a stage when
histone H1 is removed from the NOR has allowed us to more
directly monitor NOR mitotic behavior, which we were
unable to do previously using H1 as a general chromatin
marker. However, at this time it is not clear why SonC is
globally excluded from the telomere proximal region of chro-
mosome V yet present along the NOR. One possibility is that
we can observe this exclusion from part of the right arm of
chromosome V because this arm is physically stretched across
the nucleus from its centromere region anchored at the SPBs
into and through the nucleolus. It therefore remains formally
possible that SonC is similarly excluded from the telomere
regions of other chromosome arms, but because these arms
are not physically separated from the main chromatin mass, it
is difficult to distinguish this exclusion. Why SonC is excluded
globally from the end region of at least one chromosome arm
remains an interesting unanswered question. Equally in-
teresting questions remain regarding how mutation of sonC
is able to suppress the nimA1 mutation and allow some mi-
totic progression without normal NIMA function and also
cause temperature-dependent DNA damage sensitivity. Be-
cause SonC is excluded in a selective manner from large-scale
chromatin domains evident during mitosis, we speculate that
the spatial regulation of mitotic events by NIMA involves
SonC (Figure 9). During mitotic initiation, NIMA locates first
to SPBs to promote their separation, allowing spindle forma-
tion and also local NPC disassembly (Shen and Osmani
2013). NIMA then transitions around the nuclear periphery,
locating finally to a cluster of NPCs adjacent to the nucleolus,
which we here show likely associates with the telomere re-
gion of the chromosome arm containing the NOR (Figure 8
and Figure 9). It is likely that sequential triggering of events
around the nuclear periphery starting at SPBs and ending
near the nuclear periphery adjacent to the nucleolus helps

to orient and to order mitotic events. For example, the release
of the nucleolus from the NOR and from the nuclear periph-
ery might be coordinated with spindle formation and chro-
mosome condensation, and the sequential progression of
NIMA to different mitotic-specific locations could provide
a mechanism by which such coordination might be achieved.
In further support of this, recent partial NIMA inactivation
studies have shown that NIMA is required sequentially
for successful completion of stage-specific mitotic events
(Govindaraghavan et al. 2013). Because SonC locates to
chromosome domains that have specific locations within
the 3D structure of the nucleus, and because a specific sonC
mutation can suppress partial NIMA function, it is tempting
to speculate that NIMA and SonC interact, perhaps to help
orchestrate chromatin states during mitosis and the DNA
damage response.

Future identification of the other proteins isolated from
our genetic screen should provide additional insights into
how SonC and NIMA are involved in the DNA damage
response and in the regulation of mitosis.
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Figure S1   Methods used to identify conditional drug-sensitive suppressors of nimA1. Diagram of the genetic screen 
performed and the general steps involved to identify suppressors of nimA1 temperature sensitivity. 
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Figure S2   ClustalW alignment (http://workbench.sdsc.edu) of SonC and its orthologs. Identical (*), conserved strong 
groups (:), and conserved weak groups (.) are indicated. Accession numbers for the sequences are: A. nidulans 
(AN1232; Aspergillus Genome Database, http://www.aspgd.org/07-16-13), Penicillium chrysogenum (Pc16g03990), 

Coccidioides immitis (CIMG_10322), Bipolaris maydis (COCC4DRAFT_161203, 641-688), Sclerotinia sclerotiorum 

(SS1G_09964), Fusarium oxysporum (FOXB_15136, 1-67), Trichoderma reesei (hypothetical protein, locus 
EGR51802), Neurospora crassa (NCU07692). Sequences were modified as noted in Fig. 5C before performing the 
alignment.

http://workbench.sdsc.edu/
http://www.aspgd.org/07-16-13
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 File S1 

 
Time-lapse imaging of Mag1-GFP 

 
Video shows time-lapse imaging of Mag1-GFP during mitosis (Fig. 2B). Images were collected every 1 min and are 

displayed at 2 frames per second (fps). File S1 is available for download as an AVI at 

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S2 
 

Time-lapse imaging of SonC-GFP 
 
Video shows time-lapse imaging of SonC-GFP during mitosis (Fig. 6C). Images were collected every 1 min and are 

displayed at 2 fps. File S2 is available for download as an AVI at 

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S3 
 

3D rotation of SonC-GFP during mitosis 
 

Video shows a 3D rotation over time of SonC-GFP during mitosis (Fig. 6C). Images were collected every 1 min, were 

rotated in 100 increments, and are displayed at 25 fps. File S3 is available for download as an AVI file at 

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S4 
 

Time-lapse imaging of SonC-GFP during SAC arrest 
 

Video shows time-lapse imaging of SonC-GFP in cells treated with 2.4 g/ml benomyl during SAC arrest (Fig. 6D). 

Images were collected every 1 min and are displayed at 2 fps. File S4 is available for download as an AVI at 

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S5 
 

3D rotation of SonC-GFP during SAC arrest 
 

Video shows a 3D rotation over time of SonC-GFP during SAC arrest in cells treated with 2.4 g/ml benomyl (Fig. 6D). 

Images were collected every 1 min, were rotated in 100 increments, and are displayed at 25 fps. File S5 is available for 

download as an AVI at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S6 

Time-lapse imaging of SonC-GFP and histone H1-mCherry during mitosis 
 
Video shows time-lapse imaging of SonC-GFP together with histone H1-mCherry during mitosis (Fig. 7A). Images were 

collected every 1 min and are displayed at 2 fps. File S6 is available for download as an AVI at 

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S7 
 

3D rotation of SonC-GFP and histone H1-mCherry during mitosis 
 

Video shows a 3D rotation over time of SonC-GFP and histone H1–mCherry during mitosis (Fig. 7A). Images were 

collected every 1 min, were rotated in 100 increments, and are displayed at 25 fps. File S7 is available for download as 

an AVI at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S8 

SonC-GFP and histone H1-mCherry in a hooked projection 
 
Video shows a 3D rotation over time of SonC-GFP together with histone H1-mCherry in nuclei that display a hooked 

structure (Fig. 7B). Images were collected every 1 min, were rotated in 100 increments, and are displayed at 25 fps. 

File S8 is available for download as an AVI at 

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S9 

Time-lapse imaging of SonC-GFP and histone H1-mCherry in lagging chromosome arms 
 
Video shows time-lapse imaging of SonC-GFP together with histone H1-mCherry can sometimes be seen as lagging 

chromosome arms following mitosis (Fig. 7C). Images were collected every 1 min and are displayed at 2 fps. File S9 is 

available for download as an AVI at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S10 

Time-lapse imaging of SonC-GFP and Bop1-mCherry during mitosis 
 
Video shows time-lapse imaging of SonC-GFP together with the nucleolar marker Bop1-mCherry during mitosis (Fig. 

7D). Images were collected every 1 min and are displayed at 2 frames per second (fps). File S10 is available for 

download as an AVI at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S11 

3D rotation of SonC-GFP and Bop1-mCherry during mitosis 
 

Video shows a 3D rotation over time of SonC-GFP and Bop1–mCherry during mitosis (Fig. 7D). Images were collected 

every 1 min, were rotated in 100 increments, and are displayed at 25 fps. File S11 is available for download as an AVI 

at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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File S12 
 

Time-lapse imaging of SonC-GFP and Pol I-mCherry during mitosis 
 
Video shows time-lapse imaging of SonC-GFP together with the NOR marker Pol I-mCherry during mitosis (Fig. 7E). 

Images were collected every 1 min and are displayed at 2 frames per second (fps). File S12 is available for download 

as an AVI at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.156745/-/DC1. 
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Table S1   Strains Used in This Study 

NAME GENOTYPE SOURCE 

C61 yA1 nicB8 pyroA4 niiA4 riboB2 veA1 (Dowzer and Kelly 1991) 

CDS36 sonB1 nimA1 pyrG89 wA veA1 (De Souza et al. 2003) 

CDS364 sonB1 pyroA4 wA3 veA1 (De Souza et al. 2006) 

CDS509 sonA1 pyroA4 wA3 yA21 veA1 This study 

JLA1 nimA1 pyrG89 wA2/wA31 yA21 veA1 This study 

JLA73 nimA1 mutant D pyrG89 wA2/wA3? yA21 veA1 This study 

JLA75 nimA1 mutant F pyrG89 wA2/wA31 yA21 veA1 This study 

JLA77 nimA1 mutant C (sonC1) pyrG89 wA2/wA31 yA21 veA1 This study 

JLA78 nimA1 mutant E pyrG89 wA2/wA31 yA21 veA1 This study 

JLA184 nimA1 mutant 89 pyrG89 wA2/wA3? yA21 veA1 This study 

JLA185 nimA1 sonA2 pyrG89 wA2/wA31 yA21 veA1 This study 

JLA227 sonA2 riboB2 pyroA4 yA2 wA2/wA31 veA1 This study 

JLA255 nimA1 sonA3 pyrG89 wA2/wA31 yA21 veA1 This study 

JLA263 mag1-GFP::pyrGAf pyrG89 nkuA::argB argB2 pyroA4 SE15 

nirA14 chaA1 wA3 fwA1 veA1 

This study 

JLA264 mag1::pyrGAf pyrG89 argB2 nirA141 wA3 chaA11 fwA11 yA21 

veA1 

This study 

JLA265 sonC-GFP::pyrGAf pyrG89 argB2 wA3 nirA141 yA21 chaA11 

fwA11 veA1 

This study 

JLA268 sonA3 wA3 yA21 veA1 This study 

JLA319 sonC-GFP::pyrGAf H1-mCherry::pyroAf pyroA41 pyrG89 argB2 

wA3 yA21 chaA11 fwA11 veA1 

This study 

JLA324 sonC-GFP::pyrGAf bop1-mCherry::pyrGAf pyrG89 argB2 

nirA141 wA3 yA21 chaA11 fwA11 veA1 

This study 

JLA325 sonC-GFP::pyrGAf pol I-mCherry::pyrGAf pyrG89 argB2 nirA141 

wA3 yA21 chaA11 fwA1 veA1 

This study 

KF018 nimA-GFP::pyrGAF H1-mCherry::pyroAF nirA141  
 
sE151 wA3 veA1 
 

This study 
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KF110 nimA-GFP::pyrGAF nup170-mCherry::pyroAAF△nKuA::argB 

argB2 wA3 veA1 

This study 

KF120 nimA-GFP::pyrGAF pyrG89 fib-mCherry::pyrGAF wA3 veA1 This study 

KF122 nimA-GFP::pyrGAF pyrG89 topo1-mCherry::pyrGAF pyroA4 

argB2 wA3 veA1 

This study 

LPW29 nimA1 sonA1 riboA1/riboB21 pyrG89 wA2 veA1 (Wu et al. 1998) 

LU178 cgrA-GFP::pyrGAF H1-mCherry::pyrGAF pyrG89 argB2 wA3 

nirA141 fwaA11 chaA11 veA1 

(Ukil et al. 2009) 

LU193 bop1-GFP::pyrGAF H1-mCherry::pyrGAF pyrG89 argB2 wA3 

SE15 pabaA1 pyroA4 nirA141 fwaA11 chaA11 veA1 

(Ukil et al. 2009) 

R153 pyroA4 wA3 veA1 C. F. Roberts 

SO369 sonA1 pyrG89 wA2 nicA2 veA1 This study 

1 In some strains we have not confirmed some markers that could be covered by or are recessive to other markers in 

the strain.
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Table S2   Primers Used in This Study 

Name Purpose Sequence 

3’sonBcDNA sonB amplification GCTCGAGTCAGATCTCAGTA 

5’UTRsonB sonB amplification ACGGATGGACGTTGATAACATACTG 

AF-2 nimA sequencing GGTGTCACTATGGTACG 

AF-4 nimA sequencing GTCATTGCGAGCTGCCT 

AF-6 nimA sequencing CTTGAGTCGCCGACGAA 

AF-7 nimA sequencing AAGATCCCATCGTCCGC 

AR-2 nimA amplification GCAGCAGCGCAAGAAAT 

HP15 nimA GFP-tagging GAACACCATTCTACATGTCTCCAG 

HP16 nimA GFP-tagging CCTCAAGTTGCGAATCACCTTTC 

HP17 nimA GFP-tagging TGAAAACGCAAGATCGTCCTAACC 

HP18 nimA GFP-tagging TGGCGTACGAGCGCTTCAAAACTG 

HP19 nimA GFP-tagging GGGGAAGAAAGGTGATTCGCAACTTGAG 
GGGAGCTGGTGCAGGCGCTGGAGCCAA 
AG 
 

HP20 nimA GFP-tagging ACCGCCGGTTAGGACGATCTTGCGTTTT 
CACTGTCTGAGAGGAGGCACTGATGCGT 
G 
 

M13 Forward pRG3-AMA1-NotI plasmid library 

sequencing 

CTGGCCGTCGTTTTAC 

NucP1 sonB sequencing TATTGTAAGGCTGCATGAAC 

NucP2 sonB sequencing AACACTGGCAGCTCACTCTT 

NucP4 sonB sequencing GGAGTGGACGACGACACATT 

NucP8 sonB sequencing AACAACCGCGCAAACAAGGA 

NucP11 sonB sequencing GTCCGCAAGCAAGGTCAGAA 

NucP12 sonB sequencing CCTCAGATCGTGAAAGGGCT 

NucP15 sonB sequencing GCAGTGGCTCAGGCTTTGGT 

NucP16 sonB sequencing GGCATCGTTCCAGTTCTTCC 

NucP17 sonB sequencing TTGGTGGATGCCTTGGTTAC 

NucP20 sonB sequencing ATGGAAGTGGGCAGGCAGGA 
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NucP21 sonB sequencing ATTGCTGAGTGTTGCTGCCA 

NucP23 sonB sequencing GGCACAGCTGCTACTTCGTC 

NucP24 sonB sequencing ACGTGCTCCTCTGCCAATCT 

NucP26 sonB sequencing CGGCCAGTGTACCCACACAA 

NucP27 sonB sequencing GGCATTACCGCTGATGAACC 

NucP28 sonB sequencing GGCCACCTTGGACGGATTCT 

NucP32 sonB sequencing CCTGCGAAGGTCTTTGGCTG 

NucP34 sonB sequencing ACTCGCTACGACCGATCCTC 

oMN33 pRG3-AMA1-NotI plasmid library 

sequencing  

AAATAAGCTTGCATGCGC 

SP204-F AN4389 amplification CAAGCATTGACCGATGACACT 

SP205-R AN4389 amplification GCTCTCATTAAGTCAATCCAGCAT 

SP206-F AN4389 sequencing CCGGATTCTGATTGCTAAGGC 

SP207-F AN4389 sequencing GTGGACAACCGAGAATCTCA 

SP209-F AN4389 sequencing CGACAACTGGCACGCTTC 

SP233-F nimA sequencing CGACTACTAACCTGCAGA 

SP234-F nimA amplification CCCGTGCATTGATATTGACTCC 

SP251 sonC amplification and deletion CACCAGAGCACCGAAATTGC 

SP252 sonC deletion and GFP-tagging CCAGGTCGAGAATTGTCCTTG 

SP253-F sonC sequencing CGGAGCGATAAATCTACGTCT 

SP254-F sonC sequencing GGACTAAATGTGCTGGCCG 

SP255-F sonC amplification, GFP-tagging, and 

sequencing 

CTGCATGGAACCAACAGCT 

SP256-F sonC sequencing GATCTGCATGCGACGTTAGC 

SP257-F sonC sequencing CGCAGCCTACAGATGACGG 

SP258-F sonC deletion and GFP-tagging GCATCAGTGCCTCCTCTCAGACAGATGGCAACAGTTGTGT
GAAGTATGC 
 

SP259-R sonC deletion GAAGAGCATTGTTTGAGGCGGACGAGATCGCGTGGCAG
AATATAT 
 

SP260-R sonC GFP-tagging GGCTCCAGCGCCTGCACCAGCTCCCGCATAGACATTTGCA
GGCGGCAGC 
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SPF1 sonA amplification and sequencing GCTCTTGATACCCGTCTCTC 

SPF2 sonA sequencing GTACATCAATATAGTCGACCT 

SPF5 sonA sequencing CTGCTGCTGGTCACCTGTAAG 

SPR5 sonA amplification and sequencing CGTGACTGTCTATACGTGCG 

SPR8 sonA sequencing CGAGATCGAGCATACGAGCC 

 

 

 


