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ABSTRACT Cytokinesis, as the final step of cell division, plays an important role in fungal growth and proliferation. In the filamentous
fungus Aspergillus nidulans, defective cytokinesis is able to induce abnormal multinuclear or nonnucleated cells and then result in
reduced hyphal growth and abolished sporulation. Previous studies have reported that a conserved contractile actin ring (CAR) protein
complex and the septation initiation network (SIN) signaling kinase cascade are required for cytokinesis and septation; however, little is
known about the role(s) of scaffold proteins involved in these two important cellular processes. In this study, we show that a septum-
localized scaffold protein paxillin B (PaxB) is essential for cytokinesis/septation in A. nidulans. The septation defects observed in a paxB
deletion strain resemble those caused by the absence of another identified scaffold protein, a-actinin (AcnA). Deletion of a-actinin
(AcnA) leads to undetectable PaxB at the septation site, whereas deletion of paxB does not affect the localization of a-actinin at septa.
However, deletion of either a-actinin (acnA) or paxB causes the actin ring to disappear at septation sites during cytokinesis. Notably,
overexpression of a-actinin acnA partially rescues the septum defects of the paxB mutant but not vice versa, suggesting AcnA may play
a dominant role over that of PaxB for cytokinesis and septation. In addition, PaxB and a-actinin affect the septal dynamic localization of
MobA, a conserved component of the SIN pathway, suggesting they may affect the SIN protein complex function at septa. Protein pull-
down assays combined with liquid chromatography–mass spectrometry identification indicate that a-actinin AcnA and PaxB likely do
not directly interact, but presumably belong to an actin cytoskeleton protein network that is required for the assembly and contraction
of the CAR. Taken together, findings in this study provide novel insights into the roles of conserved scaffold proteins during fungal
septation in A. nidulans.
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CYTOKINESIS is a final step of cell division, by which a
mother cell separates into two daughter cells (Green et al.

2012; D’Avino et al. 2015). Thus, cytokinesis is essential for
survival to produce progenies by increasing the number of

cells. In both animal cells and fungi, but not in higher plants,
the contractile actin ring (CAR) functions as a dynamic
tension-generating cellular machine that is essential for the
cleavage of the mother cell to complete cytokinesis (von
Dassow 2009; Laporte et al. 2010). However, cytokinesis is
very complicated, and it is a highly regulated process that
requires hundreds of proteins involved in CAR assembly, con-
striction, and disassembly (Laporte et al. 2010; Pollard and
Wu 2010). In fungi, cytokinesis is always linked to septation,
which requires the synthesis and delivery of special cell wall
materials and formation of a structure known as the division
septum (Cortés et al. 2007; Muñoz et al. 2013; Cortés et al.
2015). Normally, cytokinesis in fungi can be viewed as a
four-stage process (Cheffings et al. 2016). First, landmark
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proteins accumulate at the division site of the cell to estab-
lish an appropriate site to ensure proper division (Bi and
Park 2012; Akamatsu et al. 2014). Second, relevant scaffold
proteins, which provide functions such as binding and sup-
porting protein interactions, are transported to the division
site to assist with the assembly of the actin ring (Ge and
Balasubramanian 2008; Li et al. 2016). Third, a CAR com-
posed of actin, septin, and formin is formed (Courtemanche
2018; Mela and Momany 2019). This step is regulated by a
conserved signaling kinase cascade, such as the septation
initiation network (SIN) in Saccharomyces pombe and the
mitotic exit network in the budding yeast S. cerevisiae
(Mulvihill et al. 2001; Corbett et al. 2006). The last step is
accompanied by invagination of the plasma membrane for
which the actin ring must be disassembled to ensure the
complete abscission of the daughter cells to produce two
individual cells.

Many lines of evidence have established that abnormal
cytokinesis or septation can result in multinuclear or non-
nucleated cells, which can block conidiation and lead to
the formation of fluffy colonies in the filamentous fungus
Aspergillus nidulans (McGuire et al. 2000; Bruno et al.
2001; Kim et al. 2006; Vargas-Muñiz et al. 2015). When
the CAR is functional during cytokinesis, its protein com-
plex must interact with numerous relevant scaffold pro-
teins to anchor it to the plasma membrane or to transmit
septation signals (Watanabe et al. 2008; D’Avino 2009;
Zheng et al. 2018). Among these actin-relevant scaffold pro-
teins, a-actinin, which was first isolated from rabbit skele-
tal muscle, is one of the best characterized members (Wu
et al. 2001). Reducing a-actinin expression in animal cells
results in muscle weakness and paralysis since it partici-
pates in myofibrillar organization (Shao et al. 2010). In
addition, the localization of a-actinin to the cleavage fur-
row in mammalian cells also suggests that it is functional in
cytokinesis (Jockusch et al. 1991). In the fission yeast S.
pombe, an a-actinin-like protein Ain1 also localizes to the
actin-containing medial ring during cytokinesis (Laporte
et al. 2012), and strains lacking Ain1 only show abnormal
cytokinesis and septation under stressful culture condi-
tions (Wu et al. 2001). In the filamentous fungus A. nidu-
lans, the Ain1 homolog a-actinin robustly accumulates at
both of hyphal tips and septation sites, and loss of a-actinin
completely abolishes the formation of the CAR and septa-
tion, indicating that a-actinin is essential for the organiza-
tion of actin filaments (Wang et al. 2009). Another putative
actin-binding scaffold protein, paxillin, has also been re-
ported. Paxillin was initially characterized as a 68-kDa
focal adhesion protein in tissues (Turner et al. 1991). In
mammalian cells, paxillins play important roles in linking
the extracellular matrix to the actin cytoskeleton and are
required for cellmigration andpolarized cell growth (Brownand
Turner 2004; Ge and Balasubramanian 2008). In S. cerevisiae,
Pxl1p, a paxillin-like protein, participates in polarized cell
growth (Mackin et al. 2004), while in S. pombe, the Pxl1p
homolog Pxl1 is a conserved LIM domain-containing protein

that modulates Rho1 activity and participates in cytokinesis
(Pinar et al. 2008). Pxl1 localized to the medial ring requires
its N-terminal region, whereas the LIM domain is necessary
for its function. In addition, Pxl1-deleted cells form two rings,
of which only one undergoes constriction and the rate of actin
ring constriction is slower in Pxl1 deletion cells than that of
wild type (Ge and Balasubramanian 2008). By contrast, little
is known about the paxillin homologs in A. nidulans, in which
the scaffold protein actinin is essential for cytokinesis and
septation during CAR function.

In this study, we showed that a putative paxillin homolog,
paxillin B (PaxB), but not PaxA (the A. nidulans homolog of S.
pombe Pxl1), is required for proper cytokinesis and septation,
and it shows a very similar phenotype with that of a-actinin,
AcnA. Deletion of acnA or paxB caused the disappearance of
actin rings. Furthermore, deletion of a-actinin led to unde-
tectable PaxB at the septation site. By comparison, in the
absence of PaxB, a-actinin was able to localize at septa but
showed an abnormal ring shape, implying that a-actinin and
PaxB are required for each other’s functions. Findings in this
study revealed that a-actinin and PaxB have some sequential
or overlapping functions, while they also have independent
roles in A. nidulans.

Materials and Methods

Strains, media, and culture conditions

All A. nidulans strains used in this study are summarized in
Table 1. In general, theA. nidulans strainswere grown on rich
media, i.e., YG (yeast 1 glucose), YAG (yeast 1 agar 1 glu-
cose) or YAG supplemented with 5 mM uridine and 10 mM
uracil (yeast1 agar1 glucose1 uridine1 uracil)), contain-
ing 2% glucose, 0.5% yeast extract, and 1 ml/liter 10003
trace elements; minimal media, i.e., PGR (pyridoxine1 glyc-
erol 1 riboflavin) or PGR supplemented with 5 mM uridine
and 10 mM uracil, containing 50 ml/liter salt, 1% glycerol,
0.5 mg/liter pyridoxine, 2.5 mg/liter riboflavin, and 1 ml/
liter 10003 trace elements; or PDR (pyridoxine1 glucose1
riboflavin) (the carbon source-glycerol in PGR was replaced
by glucose) or PDR supplemented with 5 mM uridine and
10 mM uracil media (Gupta et al. 1976; Jiang et al. 2017).
The growth conditions, crosses, DNA transformation proce-
dures, and induction conditions for alcA(p)-driven expression
were performed as previously described (Osmani et al. 1988;
Liu et al. 2003; Todd et al. 2007).

Construct design and protein tagging

All primers used in this study are shown in Table 2. To gen-
erate the paxB (or paxA) deletion cassette, the fusion PCR
method was used as previously described. Briefly, �1 kb of
the upstream and downstream flanking sequences of the
paxB (paxA) gene were amplified using primers paxB-P1/
P3 (paxA-p1/p3) and paxB-P4/P6 (paxA-p4/p6), respec-
tively, with genomic DNA (gDNA) of TN02A7 as a template.
The primers pyroA-F/R were used to amplify the pyroA

450 X. Zhou et al.

https://identifiers.org/bioentitylink/SGD:S000001798?doi=10.1534/genetics.120.303234
https://identifiers.org/bioentitylink/SGD:S000001798?doi=10.1534/genetics.120.303234


fragment with the template gDNA of R21. Next, the three
aforementioned PCR products were used as templates for
amplification using the primer pair paxB-P2/P5 (paxA-p2/
p5) to generate the cassette, which was then transformed
into the recipient strain TN02A7.

To generate the alcA(p)::gfp-paxB strain, a 948-bp trun-
cated genomic sequence of paxB (a full length of paxB is
2513 bp) was amplified by PCR from wild-type TN02A7
gDNA using the primers alc-paxB-F/R (the paxB start codon
has been changed to CTG). The PCR product was digested
with NotI and XbaI and then ligated into the pLB01 plasmid
resulting in the addition of a GFP tag on the N terminus of
paxB, and then the resulting plasmid was transformed into
the recipient strain TN02A7. As shown in Supplemental Ma-
terial, Figure S2A, a homologous integration of truncated
genomic sequence of paxB yielded a full-length paxB fused
to the GFP-coding sequence under the control of the alcA
promoter accompanied with an extra truncated copy of
paxB. A paxA fragment (824 bp) was amplified from TN02A7
gDNA using the primers alc-paxA-F/R. Then, a similar strategy
was used to generate alcA(p)::gfp-paxA strain.

To generate the construct for the paxB overexpression
strain, a paxB DNA fragment was amplified using the gpd-
paxB-F/R as primers and gDNA of TN02A7 as a template.
The PCR fragment was then cloned into the aforementioned
AngpdA promoter-carrying vector pBARGPE1. The resulting
plasmid was transformed into the recipient strain TN02A7.

To generate the paxB complementation strain, �1 kb of
the upstream and downstream flanking sequences of the
paxB were amplified using primers c-paxB-P1/P3 and
c-paxB-P4/P6, respectively, with gDNA of TN02A7 as a tem-
plate. The primers pyrG-F/R were used to amplify the pyrG
fragment with the template plasmid PXDRFP. Next, the three
aforementioned PCR products were used as templates for
amplification using the primer pair c-paxB-P2/P5 to generate
the cassette, which was then transformed into the recipient
strain, paxB deletion strain (AAV127).

RNA isolation and quantitative real-time PCR

To isolate RNA from the relevant strains, fresh conidia or
hyphal cells were inoculated on minimal medium in the dark
for 24 hr at 37�, and the mycelia were immediately harvested
and frozen in liquid nitrogen. Total RNAwas extracted using
TRIzol (Roche) as directed by the manufacturer’s instruc-
tions. For gDNA digestion and complementary DNA synthe-
sis, the HiScript II Q RT SuperMix for qPCR (+gDNA wiper)
Kit (Vazyme Biotech) was used, following the procedures in
the protocol manual.

Microscopy and image processing

For themicroscopic observations, conidia or hyphal cells were
inoculated onto sterile glass coverslips at the relevant tem-
peratures before observation. Hyphal septa were stained
using calcofluor white (CFW; Sigma Aldrich, St. Louis,

Table 1 A. nidulans strains used in this study

Strain Genotype Source

R21 pabaA1; yA2 FGSC
TN02A7 pyrG89; pyroA4, nkuA::argB2; riboB2, veA1 FGSC
GQ1 pyrG89; sepH 1; chaA1; veA1 Bruno et al. (2001)
WJ03 pyrG89; DacnA::pyrG; pyroA4, nkuA::argB2; riboB2, veA1 Wang et al. (2009)
AAV126 pyrG89; argB2; pyroA4, DpaxA::pyroA, nkuA::argB; veA1 This study
AAV127 pyrG89; DpaxB::pyroA; argB2; pyroA4, nkuA::argB; veA1 This study
AAV156 pyrG89; argB2; pyroA4, DpaxA::pyr4, nkuA::argB; veA1 This study
AAV157 pyrG89; DpaxB::pyr4; argB2; pyroA4, nkuA::argB; veA1 This study
WJ02 pyrG89; alcA(p)::gfp-acnA::pyr4, pyroA4, nkuA::argB2; riboB2, veA1 Wang et al. (2009)
AAV97 pyrG89; alcA(p)::gfp-paxA::pyr4, pyroA4, nkuA::argB2; riboB2, veA1 This study
AAV98 pyrG89; alcA(p)::gfp-PaxB::pyr4; pyroA4, nkuA::argB2; riboB2, veA1 This study
SNT147 pyrG89; argB2; DnkuA::argB; pyroA4; alcA(p)::gfp-tpmA::pyr-4 Bergs et al. (2016)
WR01 pyrG89, alcA(p)::gfp-mobA::pyr4; pyroA4, nkuA::argB2; riboB2, veA1 This study
ZXB01 pyrG89; DacnA::pyroA, pyroA4, nkuA::argB2; riboB2, veA1 This study
ZXB02 pyrG89, alcA(p)::gfp-mobA::pyr4; DacnA::pyroA, pyroA4, nkuA::argB2; riboB2, veA1 This study
ZXB03 pyrG89, alcA(p)::gfp-mobA::pyr4; DpaxB::pyroA; pyroA4, nkuA::argB2; riboB2, veA1 This study
ZXB04 pyrG89; DpaxB::pyroA; argB2; pyroA4, DnkuA::argB; alcA(p)::gfp-tpmA::pyr-4; veA1 This study
ZXB05 pyrG89; argB2; DacnA::pyroA, DnkuA::argB, pyroA4; alcA(p)::gfp-tpmA::pyr-4; veA1 This study
ZXB06 pyrG89; alcA(p)::gfp-paxB::pyr4; DacnA::pyroA, pyroA4, nkuA::argB2; riboB2, veA1 This study
ZXB07 pyrG89; DpaxB::pyroA; alcA(p)::gfp-acnA::pyr4, pyroA4, nkuA::argB2; riboB2, veA1 This study
ZXB08 pyrG89; DpaxB::pyroA; gpd(p)::acnA-pyroA4, pyroA4, nkuA::argB2; riboB2, veA1 This study
ZXB09 pyrG89; gpd(p)::paxB -pyroA4; DacnA::pyroA, pyroA4, nkuA::argB2; riboB2, veA1 This study
ZXB10 pyrG89; gpd(p)::gfp -pyroA4; pyroA4,nkuA::argB2; riboB2, veA1 This study
ZXB11 pyrG89; alcA(p)::gfp-paxB::pyr4; sepH 1; chaA1; veA1 This study
ZXB12 pyrG89; sepH 1; alcA(p)::gfp-acnA::pyr4; chaA1; veA1 This study
ZXB13 pyrG89; argB2; pyroA4, DpyroA::paxB-pyrG, DnkuA::argB; veA1 This study
ZXB14 pyrG89; gpd(p)::paxB-flag; alcA(p)::gfp-acnA::pyr4, nkuA::argB2; riboB2, veA1 This study
ZXB15 pyrG89; pyroA4, nkuA::argB2; gpd(p)-flag-riboB2; veA1 This study
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MO). Differential interference contrast and fluorescence im-
agesof the live cellswere collectedwithaZeissAxio imagerA1
microscope (Zeiss, Jena, Germany) and then processed with
Adobe Photoshop (Adobe, San Jose, CA). The detailed pro-
cedure was described previously.

Protein extraction, a-actinin-GFP purification, and
Western blot analysis

Fresh conidia were inoculated intominimal PGRmedium and
incubated for 24 hr at 37�, and then mycelia were harvested
and immediately frozen in liquid nitrogen. For protein extrac-
tion, the following lysis buffer recipe was used: 10 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.01% Triton
X-100, 1 mMDTT, 1 mM PMSF, and 1:100 protease inhibitor

cocktail. Briefly, the fungal tissue was ground in liquid nitro-
gen (1.5�2 mg wet weight, approximately) and then sus-
pended in 5 ml of lysis buffer. The samples were then
centrifuged at 5000 rpm for 10min at 4�, and the supernatant
was then transferred to another centrifuge tube. The crude
supernatant was then clarified via centrifugation at 7000 rpm
for 15 min at 4�. The protein supernatant was then gently
mixed with the GFP-Trap resin (35 ml), followed by incuba-
tion at 4� for 2 hr. Next, the pelleted GFP-Trap resin was
washed once in 500 ml of ice-cold dilution buffer (10 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF,
1:100 protease inhibitor cocktail) and twice with 500 ml of
wash buffer (10 mM Tris-HCl, pH 7.5, 350 mMNaCl, 0.5 mM
EDTA, 1 mM PMSF, 1:100 protease inhibitor cocktail). The

Table 2 Primers used in this study

Primer name DNA sequence 59–39

paxA-p1 CATGCGATTGAAGTGTCGAC
paxA-p2 GGAAGTGATGCGTGTGACTC
paxA-p3 CTTCTTCCTCTGTCGTGCTTTCG CTTGACGAACACGCGGTCTC
paxA-p4 GTCCTCAAGACCCACTACGAGACTTGCCCATGATCAAATG
paxA-p5 CCTCGCATATGCTGATGATAG
paxA-p6 GCATCGGCGAGCACTGGTCT
paxA-F GATATACGGACGCAGTGAAC
paxA-R CCCAGTTTCGTTCCGAGGGT
acnA-p1 CTTCTCCAGCGCTTGCCATAGC
acnA-p2 CGTAGAACTGCGCAGTGTCGAT
acnA-p3 CTATTATCTGACTTACCCGCCAAGTTGAGCGATATGCAGGTTC
acnA-p4 CCAAGAGAAAGCGTCAAGTCAGCGTGTGATCCGTTCTTAATC
acnA-p5 CTGTACGTAACGTAGGCGACG
acnA-p6 ATCCTCCATCTCCTGGTCGAG
acnA-F AGAGGGTAGAAAATGCGGGA
acnA-R ATACATGGCAAACTGGGAGG
paxB-p1 ATGTCTGGACTGGCAACACC
paxB-p2 GACGTGGCTGACAGTCAAAG
paxB-p3 CTTCTTCCTCTGTCGTGCTTTCG CTTGATGGGCAATCGATATC
paxB-p4 GTCCTCAAGACCCACTACGAGTGGCTTTGGTAGTAGGTG
paxB-p5 GTCTCTCCCACAATTGTCTC
paxB-p6 GTAGGAGGCTGAGATGCGAT
paxB-F AATCTTCCCCCACGAGCTAC
paxB-R GACGACTTCAGACGAATGCC
alc-paxA-F AGCAGCGGCCGCTGGCATCAGACATGGGCGACT
alc-paxA-R AACCTCTAGACACACGTCGTCGACATCGAG
alc-paxB-F AGCAGCGGCCGCTGATCCACCGGTCCCCTCTTC
alc-paxB-R AACCTCTAGACCTGGGAGAACTCTCCTCGC
gpd-acnA-F GGGCCGCCACTCCACCGGCGCCTTGACGGTTGACGAGTCGTG
gpd-acnA-R CTCGAGGTCGACGGTATCGATTCACACGCTGCCGTTGATAG
gpd-paxB-F CCTTTAATCAAGCTTATCGATATGATCCACCGGTCCCCTCTTCA
gpd-paxB-F CTCGAGGTCGACGGTATCGATTCAGGCCCTAGGAGACGACTT
RT-acnA-F AGAGGGTAGAAAATGCGGGA
RT-acnA-R ATACATGGCAAACTGGGAGG
RT-paxB-F GGCATGTCGGTCACTTCTTCTGC
RT-paxB-R CGCCTACAGCAGTGATCACG
c-paxB-p1 CACACTAGGTTCACAACGCAGG
c-paxB-p2 GGTCACCAGACTTTGCAGCTAC
c-paxB-p3 CTCTAGATGCATGCTCGAGCTCAGGCCCTAGGAGACGACTTC
c-paxB-p4 CAGTGCCTCCTCTCAGACAGTTGTGGCTTTGGTAGTAGGTG
c-paxB-p5 GGTTCAACTAACGTCTGGTTCAG
c-paxB-p6 CACCACGATTGAATCAGGGATG
PyrG-F GCTCGAGCATGCATCTAGAG
PyrG-R CTGTCTGAGAGGAGGCACTG
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liquid chromatography–tandem mass spectrometry was per-
formed at Wuhan GeneCreate Biological Engineering, as a
commercial service. The Flag-Trap assay was carried out by
a similar strategy to that of GFP-Trap. For Western blot anal-
ysis, protein samples were loaded onto a 10% SDS polyacryl-
amide gel and transferred to a PVDF membrane (Immobilon-P;
Millipore, Bedford, MA) in transfer buffer (384 mM glycine,
50mMTris, pH8.4, 20%methanol) at 350mA for 1.5 hr. Next,
the membrane was blocked with PBS, 5% milk, and 0.1%
Tween 20 and then probed with anti-GFP mouse monoclonal
antibody (catalog number 11 814 460 001; Roche).

Data availability

Strains and plasmids are available upon request. The authors
affirm that all data necessary for confirming the conclusions of
the article are present within the article, figures, and tables.
Supplemental material available at figshare: https://doi.org/
10.25386/genetics.12161718.

Results

Identification and analysis of paxillin proteins in
A. nidulans

To identify putative fission yeast paxillin-related protein Pxl1
homologs in A. nidulans, a BLASTp search using the Pxl1
amino-acid sequence as a query was performed in the NCBI
database. The searching yielded two putative paxillin pro-
teins, which are now referred to as paxA (GenBank accession
no. AN7626) and paxB (GenBank accession no. AN3659).
paxA encodes a protein with a total length of 776 amino

acids. A SimpleModular Architecture Research Tool (SMART)
conserved domain analysis showed that paxA encodes a
protein with two LIM domains, a typical conserved paxillin
protein domain, and that paxB encodes a 776-amino acid pro-
tein with three LIM domains (Figure 1A). In addition, we
found that PaxA and PaxB share 35 and 37% amino acid
sequence identity with the S. pombe paxillin protein Pxl1,
respectively. To further investigate functions of these paxillin
proteins in A. nidulans, the paxA and paxB deletion strains
(referred to as AAV126 and AAV127, as shown in Figure 1B
and Figure S1C) and the conditional alcA(p)::gfp-paxA and
alcA(p)::gfp-paxB strains (referred to as AAV97 and AAV98,
as shown in Figure S2B) were constructed via homologous
integration. All aforementioned deletion strains and GFP-
labeling strains have been verified by diagnostic PCR, as shown
in Figure S1, A and B and Figure S2A, indicating the strains
were constructed as predicted. In addition, GFP labeling
strains showed no detectable phenotypic differences com-
pared to that of its parental wild-type strain either in colony
size or in conidial production (Figure S2B), suggesting GFP
labeling strains were fully functional. To further confirm the
phenotype of relative deletion strains, paxA and paxB dele-
tion strains (referred to as AAV156 and AAV157) were again
constructed with another selection marker pyr4, as shown in
Figure S1C, two types of independentDpaxA strains (AAV126
and AAV156) showed no detectable difference compared to
the parental wild-type strain TN02A7. By comparison, both
DpaxB strains (AAV127 and AAV157) exhibited consistent
abolished conidiation phenotype. Subsequent fluorescence
microscopy showed that GFP-PaxA highly accumulated
at the tips of the hyphal cells, while GFP-PaxB was highly

Figure 1 Identification and analysis of the paxillin pro-
teins in A. nidulans. (A) Domain analysis of PaxA and
PaxB via the SMART algorithm (http://smart.embl-
heidelberg.de/). (B) Colony morphologies of the wild-type
(TN02A7), DpaxA (AAV126), and DpaxB (AAV127)
strains cultured on YAG medium supplemented with
5 mM uridine and 10 mM uracil (YUU) at 37� for
2 days. (C) Localization of GFP-PaxA and (D) GFP-PaxB
expressed under the control of the alcA conditional
promoter in AAV97 and AAV98 cells cultured in liquid
PGR minimal media. Bar, 10 mm. (E) Differential inter-
ference contrast (DIC) images comparing the polar
growth in the parental wild-type strain (TN02A7) and
the DpaxA (AAV126) and DpaxB (AAV127) strains cul-
tured in liquid YUU media at 37� for 16 hr. Bar, 10 mm.
(F) Comparison of septum formation in the hyphal cells
of the wild-type (TN02A7), DpaxA (AAV126), and
DpaxB (AAV127) strains cultured on liquid YUU me-
dium at 37� for 20 hr. Bar, 10 mm.
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localized at the septa (Figure 1, C and D), suggesting that
PaxA and PaxB could have different functions such that PaxA
might be required for polar growth of the hyphal cells and
PaxB might play roles in cytokinesis. To verify the aforemen-
tioned hypothesis, hyphal cells of the DpaxA and DpaxB
strains and their parental wild-type strain were examined
via microscopy. The DpaxA and DpaxB strains showed no
visible differences in their hyphal polarity compared with
that of the wild-type strain (Figure 1E). In contrast, when
these strains were visualized after staining with the chitin
dye CFW, as shown in Figure 1F, septa were observed in
the wild-type and DpaxA strains, while no CFW-stained septa
were detected in the DpaxB strain, suggesting that PaxB is
required for septum development in A. nidulans. Moreover, a
paxB complementary strain (ZXB13) was constructed by
transforming the paxB gene at the original loci to the paxB
deletion background strain (AAV127). As shown in Figure
S1D, colony comparisons showed that there was no detec-
tive difference between the paxB-complementation strain
(ZXB13) and the wild-type control TN02A7, which suggested
that phenotype of the paxB deletion strain was results from
loss of PaxB.

The septum-abolished phenotype of deletion in paxB was
very similar to that resulting from loss of the scaffold protein,
a-actinin (AcnA), which has been previously been identified
as an essential factor for cytokinesis (Wang et al. 2009). As
shown in Figure S3, compared with the reference wild-type
strain, the DacnA strain showed complete loss of conidiation
and septum formation accompanied by reduced hyphal
growth in the colony. Moreover, no cleistothecium could
be found in the DacnA and DpaxB strains (Figure S3A), in-
dicating that both the asexual and sexual processes were

disrupted. These data suggest that cytoskeletal proteins
a-actinin (AcnA) and PaxB are required for cytokinesis/
septation and conidiation in A. nidulans.

PaxB and a-actinin affect septal dynamic localization of
MobA, a conserved component of the SIN pathway

Previous studies have shown that a conserved SIN is required
for cytokinesis/septation (Harris 2001). MobA/SidB, the last
component in the core SIN protein kinase cascade, must
translocate from the site of the spindle pole body to the sep-
tum site and then contract accordingly with the CAR (Kim
et al. 2006). Considering PaxB and a-actinin are scaffold
proteins, theymight perform important functions by affecting
the localization or stability of other members of a cytokinesis-
related protein complex. Thus, we proposed that the defec-
tive phenotypes in the DacnA and DpaxB strains were most
likely due to mislocalization of the SIN components. To fur-
ther visualize changes in the localization of MobA in hyphal
cells induced by deletion of a-actinin or paxB, a GFP moiety
was added to the N terminus of MobA in the wild-type (R21),
DacnA, and DpaxB backgrounds, generating strains referred
as WR01, ZXB02, and ZXB03, respectively. As predicted, in
the wild-type strain, GFP-MobA could form an actin ring-like
structure during the initiation of septation (Figure 2A) that
gradually contracted to form a dot in the middle center of the
septum site. Finally, this dot disappeared once septum forma-
tion was completed as shown in the time-lapse images (Fig-
ure 2, B and E). Interestingly, in theDacnA andDpaxB strains,
GFP-MobA could also form an actin ring-like structure (Fig-
ure 2A), but no further contraction was observed under
the same observation and culture conditions. This observa-
tion suggests that both a-actinin and PaxB affect proper

Figure 2 PaxB and a-actinin af-
fected septal dynamic localization
of MobA, a conserved compo-
nent of the SIN pathway. (A) Lo-
calization of GFP-MobA in the
wild-type (WR01), DacnA (ZXB02),
and DpaxB (ZXB03) strains cultured
in liquid minimal PGR medium at
37� for 20 hr. Bar, 10 mm. CFW-
stained septa, localization of GFP-
MobA, and differential interference
contrast (DIC) images of the wild-
type (WR01) (B), DacnA (ZXB02)
(C), and DpaxB (ZXB03) (D) strains
cultured in liquid minimal PGR me-
dium at 37� for 20 hr. Bar, 2 mm.
(E) A schematic model of septation
and the dynamics of the GFP-MobA
ring in the wild-type (WR01), DacnA
(ZXB02), and DpaxB (ZXB03) strains.
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movement of MobA at septation sites during the CAR process
(Figure 2, C–E).

To further clarify the relationship between the SIN protein
kinase cascade and PaxB or a-actinin, we further examined
the localization of PaxB or a-actinin in an SIN-defective back-
ground by using a strain carrying the temperature-sensitive
sepH 1 allele. SepH is a key protein kinase in the SIN (Bruno
et al. 2001). Surprisingly, no GFP-a-actinin or GFP-PaxB sig-
nal was detected at the septation site in the sepH 1 back-
ground at the restrictive temperature (42�) (Figure S4),
suggesting that SepH is required for the localization of PaxB
and a-actinin to septation sites.

The CAR, a dynamic apparatus, must invaginate with the
cell membrane during the completion of cytokinesis (Yumura
and Kitanishi-Yumura 1990). To further test whether the de-
fective contraction of the GFP-MobA ring induced by PaxB or
a-actinin deletion is linked to the function of the CAR, an
actin filament-stabilizing protein, TpmA (Evangelista et al.
2002; Pearson et al. 2004; Bergs et al. 2016), was tagged
with GFP at its N terminus in the wild-type (TN02A7),
DpaxB, and DacnA background strains to generate strains
referred to as SNT147, ZXB04, and ZXB05, respectively. As
shown in Figure 3, fluorescence microscopy showed that
GFP-TpmA showed a ring-like structure at septation sites
during septum formation in the parental wild-type strain,
consistent with the findings of previous studies. However,
neither the GFP-TpmA ring structure nor septa were found
in the DpaxB and DacnA strains (Figure 3), implying that
a-actinin and PaxB are required for actin ring or CAR
formation.

a-Actinin AcnA and PaxB depend on each other with
different contents for localization and functions

Considering that a-actinin and paxB deletion strains showed
similar septum-abolished phenotypes, we hypothesized that
a-actinin and PaxB might depend on each other for their
proper involvement in CAR formation during cytokinesis.
Therefore, we next explored whether a-actinin and PaxB
depend on each other for proper localization. As shown in
Figure 4A, GFP-PaxBwas localized at septation sites in a ring-
like structure in the wild-type strain; however, no GFP-PaxB
ring structure was found in the DacnA strain. In comparison,
in the absence of paxB, the ring-like structure of GFP-a-actinin
was still found, but it showed three different defective
contractile patterns (Figure 4E, iii and iv). As shown in the
time lapse fluorescence images in Figure 4B, two patterns of
GFP-a-actinin ring structures, i.e., no start (Figure 4Ei) and

start (Figure 4Eii), were detected in the hyphal cells of the
wild-type strain. These structures contracted to form a dot at
the centers of the hyphal cells and then disappeared at the
end of cytokinesis (Figure 4C). However, deletion of paxB
caused GFP-a-actinin to form a curly band and then to accu-
mulate as a dot at the putative septation sites in the hyphal
cells (Figure 4D). These data suggest that a-actinin and PaxB
affect each other to some contents for their localization and
functions during cytokinesis/septation.

Overexpression of a-actinin partially rescues the defects
of the paxB mutant, but not vice versa

The aforementioned data suggested that a-actinin and PaxB
may have similar functions during the process of cytokinesis.
Next, we further tested whether a-actinin and PaxB share
complementary functions by introducing paxB or a-actinin
overexpression constructs into the DacnA and DpaxB
(ZXB08 and ZXB09) backgrounds, respectively. Real-time
PCR verification indicated that the paxB and a-actinin acnA
mRNA expression levels were upregulated by �27- and
43-fold in the ZXB08 and ZXB09 strains, respectively (Figure
S5), indicating that the overexpression strains were suc-
cessfully constructed. The OE-paxB DacnA (ZXB08) strain
showed a small and fluffy colony phenotype (Figure 5A).
Furthermore, the fluorescence microscopic image showed
that no CFW-stained septa could be detected in the hyphal
cells of ZXB08 (Figure 5B), indicating that overexpression of
paxB cannot rescue the abolished septation induced by de-
letion of a-actinin. In contrast, partially restored septum for-
mation was detected when the hyphal cells of ZXB09
(OE-acnA DpaxB) were stained with CFW (Figure 5, D and
E); however, the ZXB09 colonies still had smaller sizes and
lacked conidia compared to that of the wild-type strain (Fig-
ure 5, C and F), suggesting that overexpression of a-actinin
can partially rescue the functions of PaxB in septum forma-
tion, but not the functions for the colony growth and conidial
production. These data also indicated that the septation and
conidiation defects caused by deletion of paxB could be par-
tially counteracted by overexpression of a-actinin, but not
vice versa, suggesting that a-actinin and PaxB likely have
sequential and overlap functions for septation, but may own
unique functions for conidiation.

a-Actinin and PaxB belong to an actin cytoskeleton
protein network

To determine whether a-actinin, PaxB, and CAR belong
to a closely linked protein complex, we searched for

Figure 3 Deletion of paxB and
acnA abolished actin ring forma-
tion. Localization of the actin
filament-stabilizing protein GFP-
TpmA in the wild-type (SNT147),
DpaxB (ZXB04), and DacnA
(ZXB05) strains cultured in liquid
minimal PDR medium at 37� for
20 hr. Bar, 10 mm.
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a-actinin-interacting proteins via a GFP-a-actinin pull-down
assay. A strain expressing a GFP-a-actinin fusion protein un-
der the control of a conditional promoter alc(p) was used to
purify the a-actinin protein complex by exploiting the bind-
ing of the GFP tag to GFP-Trap agarose resin. The bound
proteins were directly subjected to liquid chromatography–
mass spectrometry after proteolytic digestion. A similar ap-
proach was used to identify proteins immunoprecipitated by
the GFP antibody in strain expressing GFP-tag for eliminating
proteins that are pulled down by GFP-tag alone. Conse-
quently, 552 and 390 proteins were identified in the strains
expressing GFP-a-actinin and GFP, respectively (Figure 6A
and Table S1). After excluding overlapping proteins, 211 spe-
cific proteins remained from the collection of proteins iden-
tified in the strain expressing GFP-a-actinin. Similarly, the
strain expressing PaxB-Flag fusion protein was used to purify
the PaxB protein complex by exploiting the binding of the
Flag-tag to Flag-Trap agarose resin. To eliminate nonspecific
proteins that were pulled down by the Flag-tag, a similar
approach was used to identify proteins that were immuno-
precipitated by the Flag antibody in a strain expressing only
Flag. Liquid chromatography–mass spectrometry identified a
total of 529 and 504 proteins in the strains expressing PaxB-
Flag and Flag only (Figure 6A and Table S2), respectively.
After excluding the overlapping proteins, 107 specific pro-
teins remained from the collection of proteins identified in
the strain expressing PaxB-Flag. By comparison, GFP-a-
actinin and PaxB-Flag strains shared 34 common proteins
(Figure 6B and Table S3). Analysis prediction for these pro-
tein functions suggests that 15 and 11 protein homologs have
previously been reported and might be involved in the regu-
lation of cytoskeleton and cytokinesis, respectively, as shown
in Table S1 (labeled in blue) and Table S2 (labeled in blue),

in which they shared nine common cytoskeleton- and
cytokinesis-related proteins, as shown in Table S3 (labeled
in blue). Moreover, a-actinin as a specific protein was in-
cluded in the results for the PaxB-Flag strain. To further in-
vestigate whether a-actinin directly interacts with PaxB, a
co-immunoprecipitation (co-IP) assay was carried out with
a GFP-a-actinin and PaxB-Flag double-labeled strain. As
co-IP data (Figure S6) showed, no positive band appeared
in Western blotting, suggesting that a-actinin and PaxB
might not interact directly. According to SMART (http://
smart.embl-heidelberg.de/) analysis, a-actinin harbors two
CH domains (the actin-binding domain involved in the
cross-linking of actin filaments into bundles and to networks)
ranging from 12 to 113 amino acids and 126 to 225 amino
acids, suggesting that a-actinin might interact with actin
directly (Figure 6C). To further investigate network of
a-actinin- and actin-interacting proteins, the STRING data-
base (https://string-db.org/) was used to analyze the protein
that potentially interacts with the submitted proteins, i.e.,
a-actinin (AcnA) and actin (ActA), and PaxB. As shown in
Figure 6D and Figure S7, a-actinin interacts with actin directly,
and four proteins (TpmA, MyoB, FimA, and AN2317) may in-
teract with both a-actinin and actin. Several putative interact-
ing proteins were identified in results of the pull-down assay
(labeled in red and green in Figure 6D). Taken together, our
results suggest that a-actinin-actin cytoskeleton system and
PaxBmight belong to a closely linked actin cytoskeleton protein
network, which regulates CAR function (Figure 6, D and E).

Discussion

Several lines of evidence have indicated that the proteins of
the paxillin family, a class of related and conserved LIM

Figure 4 a-Actinin AcnA and PaxB
depended on each other with dif-
ferent contents for localization and
functions. (A) Localization of GFP-
PaxB in the wild-type (AAV98)
and DacnA (ZXB06) strains, and
(B) localization of GFP-a-actinin
in the wild-type (WJ02) and DpaxB
(ZXB07) strains. All strains were
cultured in liquid minimal PGR me-
dium at 37� for 20 hr. Bar, 10 mm.
CFW-stained septa, localization of
GFP-a-actinin and differential in-
terference contrast (DIC) images
of the (C) wild-type (WJ02) and
(D) DpaxB (ZXB07) strains cultured
in liquid minimal PGR medium at
37� for 20 hr. Bar, 2 mm. (E) A
model for different patterns of the
GFP-a-actinin ring.
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domain-containing proteins, play important roles in the trans-
duction of extracellular signals into intracellular responses
(Nishiya et al. 1999; Brown and Turner 2004; Tanaka et al.
2010; Ryan et al. 2012). In humans, four isoforms of PXN
derived via alternative splicing have been described, all of
which provide docking sites for other proteins to facilitate
the assembly of multiprotein complexes and act as links from
the plasma membrane to the actin cytoskeleton (Salgia et al.
1995; Lopez-Colome et al. 2017). However, in yeast, only one
paxillin protein homolog, Pxl1, has been identified. In the
fission yeast S. pombe, Pxl1 is localized at cell division sites,
where it plays important roles in the formation and contrac-
tion of the actomyosin ring and the activation of Rho1
GTPase signaling during cytokinesis. The deletion of Pxl1
leads to abnormal assembly of the actomyosin ring as well
as delayed contraction of the CAR (Pinar et al. 2008). By
comparison, Pxl1 in S. cerevisiae localizes to sites of polarized
cell growth and acts as a scaffold protein to link cytokinesis
signaling with the actin cytoskeleton. Loss of Pxl1 function
results in defective polarized cell growth and abnormal mat-
ing morphogenesis (Mackin et al. 2004). Therefore, based on
previously published information on homologous proteins,
paxillin proteins are predicted to be required for the assembly
and stability of the actin cytoskeleton. Based on the results of
a BLAST search, two paxillin proteins, PaxA and PaxB, were
identified in A. nidulans, and they share 35 and 37% amino
acid sequence identity with the paxillin protein Pxl1 in

S. pombe. Two conserved LIM domains were found in PaxA,
while three LIM domains were found in PaxB (Figure 1A).
Interestingly, our findings showed that PaxA and PaxB have
independent functions. PaxB accumulates robustly at septa-
tion sites and is required for septation and cytokinesis via an
effect on the CAR formation, while PaxA localizes to the tips
of hyphal cells (Figure 1, C and D). However, unexpectedly,
there were no detectable defects in the PaxA deletion mutant
(Figure 1, B, E, and F). This observation suggests that other
alternative candidates might be able to bypass the require-
ment of PaxA during polar growth in the absence of PaxA.

Similarly, a-actinin is a known scaffold protein that can
link the actin cytoskeleton to the plasma membrane or to
internal membrane systems (Chan et al. 1998). In mamma-
lian cells, a-actinin localizes to the cleavage furrows and par-
ticipates in the organization of myofibrillar structures during
cytokinesis (Jockusch et al. 1991). By comparison, a homolog
of a-actinin (Ain1) localizes to the actin-containing medial
ring during cytokinesis in S. pombe (Laporte et al. 2012).
Cells deleted for Ain1 are unable to form the medial actin
ring, resulting in abnormal cytokinesis and septation (Wu
et al. 2001). Notably, findings in this study combined with
those of our previous study showed that the a-actinin homo-
log in A. nidulans is required for cytokinesis/septation and
polar hyphal growth for which deletion of acnA always shows
bipolar hyphal tips. Deletion of a-actinin, an Ain1 homolog,
completely abolished septum formation and resulted in a

Figure 5 Overexpression of a-actinin partially rescued the defects of the paxB mutant in septation. Comparison of the colony morphology (A) in the
wild-type, DacnA (WJ03), and DacnA OE::paxB (ZXB09), and (C) in the wild-type, DpaxB (AAV127), and DpaxB OE:: acnA (ZXB08) strains. (B and D)
Comparison of the septa in hyphal cells stained with CFW for indicated strains cultured in rich YG medium supplemented with 5 mM uridine and 10 mM
uracil at 37�. Quantitative data for the septation rates (E) and colony diameters (F) of the respective strains.
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fluffy colony phenotype (Wang et al. 2009). These defective
phenotypes in the a-actinin deletion mutant resemble those
caused by the PaxB deletion strain. Thus, we hypothesize that
paxillin and actinin in A. nidulans may have some sequential
and overlapping functions during cytokinesis and septation.
In fact, the paxB and a-actinin acnA deletion strains showed
no normal CAR contraction when the finalmember of the SIN
signaling cascade, MobA, was used as CAR marker, suggest-
ing that the function of the CAR was disrupted in the PaxB
and a-actinin deletion strains (Figure 2 and Figure 3). How-
ever, the data in Figure 5, A and B suggest that PaxB and
a-actinin may also have their own independent functions,
since overexpression of PaxB was unable to rescue the septa-
tion defect in the a-actinin deletion strain, suggesting that

PaxB cannot substitute for a-actinin; however, overexpres-
sion of a-actinin partly restored septum formation, but not
for conidiation in the absence of paxB, implying thata-actinin
overexpression could bypass the requirement for PaxB to
some extent during the process of septum formation. In ad-
dition, localization of PaxB to division sites depends on
a-actinin, but not vice versa, further demonstrating that
a-actinin may play more important roles than PaxB in the
function of CAR assembly or during contraction (Figure 4,
A and B). On the other hand, PaxB is required for the correct
contraction of the a-actinin ring structure (Figure 4), sug-
gesting that both PaxB and a-actinin have important func-
tions in the CAR function during cytokinesis/septation, and
that a-actinin may directly interact with actin, while PaxB

Figure 6 a-Actinin and paxillin B
belonged to an actin cytoskeleton
protein network. (A) Venn dia-
gram comparison for pull-down
protein candidates between GFP-
AcnA and GFP alone, and be-
tween PaxB-Flag and Flag alone.
(B) Venn diagram comparison be-
tween GFP-a-actinin and PaxB-
Flag pull-down proteins list. (C)
Domain analysis of a-actinin via
SMART. (D) Analysis of potential
a-actinin-, PaxB- and actin-inter-
acting proteins. (E) A schematic
model of the regulation of the as-
sembly of the contractile actin
ring by a-actinin and PaxB.
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probably acts as an accessory to a-actinin to support or sta-
bilize the CAR protein complex, as shown in the model in
Figure 6E.

As shown in Figure S2B, colonies for the alc(p)::gfp-paxB
strain displayed no detectable difference compared to that
of its parental wild-type strain on the induced medium,
suggesting that GFP-PaxB is functional. However, on the re-
pressed minimal medium, the alc(p)::gfp-paxB strain showed
colonies with less conidia compared to the wild-type strain
TN02A7, but not as few as observed in the deletion mutant
(Figure S2C), implied paxB could not be turned-off com-
pletely or the truncated version of paxBmay have partly func-
tion. In comparison, in the alc(p)::gfp-acnA (Wang et al.
2009) and alc::gfp-mobA (Jiang et al. 2018) strains (made
previously by a similar strategy as mentioned earlier), pheno-
types of colonies on repressed media were equally severe as
those observed when the gene was fully deleted, while on the
induced medium, they displayed the wild-type-like colony
phenotype, suggesting that GFP-AcnA and GFP-MobA label-
ings were functional and the truncated version of AcnA or
MobA in alc promoter conditional strains had no functions.

Unexpectedly, our protein interaction studies suggest that
a-actinin and PaxB likely do not interact directly since we
could not find a positive band by co-IP assay (Figure S6).
Another possibility is they interact transiently or display tem-
poral and spatial variation in localization that limits the abil-
ity to detect them via co-IP. Compared PaxB-trapping list
with that of a-actinin, they shared 34 common specific pro-
teins, many of which may be involved in the function of the
actin cytoskeleton system (Table S3), which suggests that
a-actinin and PaxB may belong to a closely linked actin cy-
toskeleton protein network.

Taken together, our findings suggest that the scaffold
proteins PaxB and a-actinin and the SIN signal work in har-
mony together, and each of them is required for cytokinesis/
septation and conidiation, probably via influencing CAR for-
mation and contraction.
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