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SUMMARY

Fsr1, a homologue of mammalian striatin, containing multiple

protein-binding domains and a coiled-coil (CC) domain, is critical

for Fusarium verticillioides virulence. In mammals, striatin inter-

acts with multiple proteins to form a STRIPAK (striatin-interacting

phosphatase and kinase) complex that regulates a variety of

developmental processes and cellular mechanisms. In this study,

we identified the homologue of a key mammalian STRIPAK com-

ponent STRIP1/2 (striatin-interacting proteins 1 and 2) in

F. verticillioides, FvStp1, which interacts with Fsr1 in vivo. Gene

deletion analysis indicates that FvStp1 is critical for

F. verticillioides stalk rot virulence. In addition, we identified

three proteins, designated FvCyp1, FvScp1 and FvSel1, which

interact with the Fsr1 CC domain via a yeast two-hybrid screen.

Importantly, FvCyp1, FvScp1 and FvSel1 co-localize to endomem-

brane structures, each having a preferred localization in the cell,

and they are all required for F. verticillioides stalk rot virulence.

Moreover, these proteins are necessary for the correct localiza-

tion of Fsr1 to the endoplasmic reticulum (ER) and nuclear enve-

lope. Thus, we identified several novel components in the

STRIPAK complex that regulates F. verticillioides virulence, and

propose that the correct organization and localization of Fsr1 are

critical for STRIPAK complex function.

Keywords: Fusarium verticillioides, stalk rot, striatin, STRIPAK,

virulence.

INTRODUCTION

The striatin family comprises a small group of proteins found in

eukaryotic organisms, namely from filamentous fungi to mam-

mals, but not in plants (Bartoli et al., 1999; Benoist et al., 2006;

Castets et al., 2000; P€oggeler and K€uck, 2004). Three well-known

family members in mammals are striatin, SG2NA and zinedin, all

of which harbour a number of protein–protein interaction

domains, i.e. a caveolin-binding domain, a putative coiled-coil

(CC) domain, a Ca21/calmodulin-binding domain and a WD40-

repeat domain (Castets et al., 2000). These domains have been

suggested to play critical roles in cellular functions by mediating

interactions with other regulatory proteins (Castets et al., 1996;

Moreno et al., 2000). Mammalian striatin homologues are

involved in Ca21-dependent signalling in cells of the central nerv-

ous system and in endocytosis (Castets et al., 1996; Moreno

et al., 2000). In addition, published reports have demonstrated

that striatin forms a complex with kinases and phosphatases to

regulate critical cellular mechanisms in other eukaryotic organisms

(Beier et al., 2016; Bloemendal et al., 2012; Dettmann et al.,

2013; Frey et al., 2015; Hwang and Pallas, 2014; Kean et al.,

2011). Homologues of striatin in filamentous fungi are highly con-

served and have a similar domain architecture to mammalian

striatins, suggesting some common functionalities (Dettmann

et al., 2013; P€oggeler and K€uck, 2004; Shim et al., 2006; Wang

et al., 2010). Fungal striatin homologues have been implicated in

a variety of important biological functions, including cell cycle reg-

ulation, sexual development, hyphal fusion, conidiation and

virulence.

Although striatin proteins have no intrinsic catalytic activity, it

is recognized that they organize multiple signalling complexes, i.e.

signalosomes, that spatially and temporally coordinate distinct

and diverse cellular mechanisms (Benoist et al., 2006; Breitman

et al., 2008; Goudreault et al., 2009; Qing et al., 2004). One of

the first striatin-interacting proteins discovered was phocein, an

intracellular 26-kDa protein (Baillat et al., 2001). A splicing variant

of rat striatin-3 (rSTRN3g) associates with oestrogen receptor-a

(ERa) in a ligand-dependent manner (Tan et al., 2008). Subse-

quently, with additional insights obtained on striatin-interacting

proteins, Goudreault et al. (2009) defined a novel large multi-

protein assembly, referred to as the striatin-interacting phospha-

tase and kinase (STRIPAK) complex, which includes protein

phosphatase 2A catalytic (PP2Ac) and scaffolding A (PP2Aa) subu-

nits. Striatin has been proposed to be a regulatory subunit of the

PP2A complex, most likely belonging to the B’’’ family of PP2A

regulatory (PP2Ar) subunits (Eichhorn et al., 2009; Goudreault

et al., 2009; Moreno et al., 2000; Shin et al., 2013). The complex

also contains the novel proteins STRIP1 and STRIP2 (striatin-

interacting proteins 1 and 2) (formerly FAM40A and FAM40B),*Correspondence: Email: wbshim@tamu.edu
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the cerebral cavernous malformation 3 (CCM3) protein and mem-

bers of the germinal centre kinase III family of Ste20 kinases.

Recent studies have shown that striatin indeed forms complexes

with phosphatases and kinases, and that these STRIPAK

complexes play critical roles in devastating human disorders and

diseases, including diabetes, autism, Parkinson’s disease and

cancer (Hwang and Pallas, 2014).

The STRIPAK complex is highly conserved in eukaryotes, and

recent studies in filamentous ascomycetes, e.g. Sordaria macro-

spora and Neurospora crassa, have provided evidence that this

complex plays important but also diverse roles in fungi. In

S. macrospora, deletion mutations in STRIPAK complex compo-

nents Dpro11, Dpro22, Dpro45, DSmmob3 and PP2Ac1 led to

defects in fruiting body formation, vegetative growth and hyphal

fusion (Beier et al., 2016; Bernhards and P€oggeler, 2011;

Bloemendal et al., 2012; Nordzieke et al., 2015). Mutations in

N. crassa STRIPAK components Dham-2, Dham-3 and Dpp2A led

to similar defects to those observed in S. macrospora (Dettmann

et al., 2013; Fu et al., 2011). Likewise, the striatin homologue

StrA in Aspergillus nidulans has been shown to be important for

fruiting body formation (Wang et al., 2010). In budding yeast, Far

complex subunits show partial sequence similarity with the mam-

malian STRIPAK complex, and these are involved in the control of

post-mating cell fusion (Goudreault et al., 2009; Kemp and

Sprague, 2003). A STRIPAK-like complex in Schizosaccharomyces

pombe has also been shown to be important for the control of

septation and cytokinesis (Singh et al., 2011).

Our earlier studies have shown that striatin plays an important

role in the plant-pathogenic fungus Fusarium verticillioides (teleo-

morph: Gibberella moniliformis Wineland). We originally identified

the gene encoding the striatin homologue, FSR1, through a for-

ward genetic screen when investigating maize stalk rot pathoge-

nicity in F. verticillioides (Shim et al., 2006). The knockout mutant

(Dfsr1) revealed two important deficiencies: virulence and female

fertility. When inoculated through artificial wounding, Dfsr1 colon-

ized and advanced through the maize vascular bundle, but failed

to develop stalk rot symptoms (W. B. Shim, unpublished data).

Further characterization of Fsr1 has determined that the CC

domain in the N-terminus is essential for virulence, whereas the

WD40 repeat in the C-terminus is dispensable (Yamamura and

Shim, 2008). The CC domain is known to mediate protein–protein

interaction in eukaryotes, and we hypothesize that this interaction

triggers further downstream cellular signalling directly associated

with stalk rot pathogenesis. Homologues of striatin in filamentous

fungi, e.g. Fsr1 in F. verticillioides, Str1 in A. nidulans, Str1 in Col-

letotrichum graminicola, Pro11 in S. macrospora and Ham-3 in

N. crassa, are highly conserved, suggesting some common func-

tionalities (Dettmann et al., 2013; P€oggeler and K€uck, 2004; Shim

et al., 2006; Wang et al., 2010, 2016). However, we also predict

that striatin/STRIPAK interacts with a unique set of proteins in

different fungi and, in turn, regulates species-specific functions

through the modulation of protein localization, vesicular traffick-

ing and phosphorylation (Benoist et al., 2006; Goudreault et al.,

2009; Kean et al., 2011). In F. verticillioides, we have yet to char-

acterize striatin-interacting proteins that can help us to explain

how Fsr1 regulates virulence. Therefore, our first aim was to test

whether Fsr1 forms a complex with one of the key STRIPAK pro-

teins, STRIP1/2 homologue, and to study its function. Subse-

quently, we sought to identify F. verticillioides proteins that

interact with Fsr1 in vivo, and to characterize their role in stalk rot

virulence through gene mutation and cellular localization studies.

RESULTS

Functional characterization of F. verticillioides STRIP1/2

homologue FvSTP1

One of the key components of the eukaryotic STRIPAK complex is

STRIP1/2, which was first reported in mammalian systems by Gou-

dreault et al. (2009). We identified an F. verticillioides homolo-

gous locus FVEG_08004 (designated FvSTP1) with 2268 bp

encoding a 705-amino-acid predicted protein with two functional

motifs, pfam07923 and pfam11882 (Fig. S1, see Supporting Infor-

mation), using the BLASTP algorithm. We generated a gene knock-

out mutant by homologous recombination to study its function

(Fig. 1A). Hygromycin B phosphotransferase (HPH) was used as

the selective marker, and homologous recombination was con-

firmed by polymerase chain reaction (PCR) (data not shown) and

Southern blot (Fig. 1B). Notably, the DFvStp1 strain exhibited an

almost identical phenotype to the FSR1 gene knockout mutant

Dfsr1, i.e. reduced colony growth and fewer aerial mycelia, when

grown on potato dextrose agar (PDA), V8 agar and defined

medium agar (Fig. 1C). Therefore, we used the relative growth dif-

ference data (63.6% 6 3.1%) to normalize stalk rot and seedling

rot assay results to accurately measure virulence.

In order to test whether the mutant phenotype is a result of a

single gene mutation, we generated a complementation strain

Fvstp1C by co-transformation of DFvStp1 protoplasts with the

wild-type FvSTP1 gene (with its native promoter and terminator),

together with the geneticin resistance gene. Southern analysis

was also performed to confirm gene complementation (Fig. 1B).

We also amplified and transformed the N. crassa ham-2 gene, a

STRIP1/2 homologue, into DFvStp1 protoplasts, together with the

geneticin resistance gene, to generate a second complementation

strain Fvstp1-NC. PCR was performed to confirm this gene com-

plementation (Fig. S2, see Supporting Information). On PDA, V8

agar and defined medium agar, FvSTP1 and its N. crassa homo-

logue were able to restore the growth rate in the DFvStp1 mutant

(Fig. 1C).

To test virulence, we inoculated internodes of B73 maize stalks

(V10 to VT developmental stage) with spore suspensions of the
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Fig. 1 Functional characterization of F.

verticillioides STRIP1/2 homolog FvSTP1. (A)

Schematic representation of the homologous gene

recombination strategy resulting in knockout

mutant strain. Hygromycin phosphotransferase

(HPH) was used as the selective marker. Arrows

indicate primers used for PCR. HYG, hygromycin

phosphotransferase gene, HY, HYG 5’ partial

amplicon, YG, HYG 3’ partial amplification. (B)

Southern analyses of wild-type (WT), knockout

mutant (DFvStp1), complementation (FvStp1C) and

ectopic strains. 3’-flanking region was used as a

probe for Southern hybridization. Genomic DNA

samples were digested with EcoRV. Anticipated

band sizes before and after recombination are

indicated above and under the scheme picture. (C)

Vegetative growth of WT, DFvStp1,

complementation strains (FvStp1C and FvStp1-NC),

and Dfsr1 were examined on V8, 0.2XPDA, and

Myro agar plates. Strains were point inoculated

with an agar block (0.5 cm in diameter) and

incubated for 6 days at 25 8C under 14 h light/10 h

dark cycle. (D) Eight-week-old B73 maize stalks

were inoculated with 108/ml spore suspensions of

fungal strains at the internodal region and

incubated in a growth chamber for 10 days at

25 8C. Subsequently, maize stalks were split

longitudinally to quantify the extent of the rot by

Image J software. Three independent biological

repetitions were performed. (E) Germinating B73

seedlings were inoculated with 108/ml spore

suspension of fungal strains on mesocotyls. Lesion

areas were quantified by Image J after 2-week

incubation. Asterisk above the column indicates

statistically significant difference (P<0.05)

analyzed by t-Test.
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wild-type, DFvStp1, FvStp1C, FvStp1-NC and Dfsr1 (negative con-

trol) strains and water (negative control). When the stalks were

split open longitudinally after a 10-day incubation, the DFvStp1

mutant showed significantly decreased levels of rot when com-

pared with the wild-type progenitor. Both DFvStp1 and Dfsr1

mutants showed greater than 90% reduction in virulence when

analysed by the average stalk rot area (Fig. 1D). Gene comple-

mentation partially restored stalk rot virulence in the FvStp1C

strain, up to approximately the 75% level when compared with

the wild-type progenitor. We also tested virulence on B73 maize

seedlings, which showed outcomes that were very comparable

with the stalk rot assays (Fig. 1E). These results suggest that

FvSTP1 plays an important role in maize stalk rot virulence.

Fsr1–FvStp1 interaction in vivo confirmed by yeast

two-hybrid and split luciferase assays

To test the physical interaction between Fsr1 and FvStp1, we per-

formed two independent assays: yeast two-hybrid assay and split

luciferase complementation assay. For yeast two-hybrid assay,

interaction between Fsr1 and FvStp1 was tested in Saccharomyces

cerevisiae strain AH109. When yeast colonies were grown on

Synthetic defined medium without Ade-His-Leu-Trp (Clontech).

amended with X-alpha-Gal, we observed a strong positive

reaction (Fig. 2A). To further verify the physical interaction

between Fsr1 and FvStp1 by split luciferase assay, we cloned

FSR1 and FvSTP1 into pFNLucG and pFCLucH vectors, respectively

(Kim et al., 2012), which were subsequently co-transformed into

F. verticillioides protoplasts. Fungal transformants co-expressing

FSR1-nLuc and cLuc-FvSTP1 showed strong luciferase activity,

approximately 20-fold higher than the negative controls (Fig. 2B).

Two negative controls were used in this assay: one with two

empty vectors (pFNLucG and pFCLucH) and the other with no vec-

tors. As a positive control, we cloned F. verticillioides FCC1 (cyclin

C) and FCK1 (cyclin-dependent kinase) genes, which have been

demonstrated to exhibit a strong in vivo interaction (Bluhm and

Woloshuk, 2006), into pFNLucG and pFCLucH constructs. These

two assays clearly demonstrated that Fsr1 physically interacts

with FvStp1 in F. verticillioides.

Components of the putative F. verticillioides STRIPAK

complex

Earlier studies in eukaryotic systems led us to hypothesize that

Fsr1 regulates signalling in F. verticillioides by acting as a scaffold-

ing protein and by interacting with kinases, phosphatases and/or

transcription factors. Based on the knowledge reported for other

eukaryotic organisms, e.g. Homo sapiens, Drosophila

*

*

Fig. 2 Verification of interaction between Fsr1 and FvStp1

interaction in vivo. (A) The pair of plasmids pGADT7-FSR1 and

pGBKT7-FvSTP1 was used to test interaction by monitoring

blue colonies that developed on Synthetic defined medium

without Ade-His-Leu-Trp (Clontech) amended with X-alpha-

Gal. The pair of plasmids pGBKT7–53 and pGADT7 was used

as a positive control. The plasmid pairs pGBKT7-Lam/

pGADT7, pGBKT7-FSR1/pGADT7, and pGBKT7-STP1/pGADT7

were used as negative controls. (B) Further verification of in

vivo interactions between Fsr1 and FvStp1 was tested by split

luciferase complementation assay. Fcc1/Fck1 was used as

positive control, and six negative controls were tested

(including no vector [NA]). Luminescence activity was

obtained from three replicates of fungal inoculations and is

presented as the number of RLUs (relative light units) per 106

fungal conidia. Asterisk above the column means statistically

significant (P<0.05) analyzed by t-Test.
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melanogaster, S. macrospora and N. crassa (Hwang and Pallas,

2014; K€uck et al., 2016), we screened for putative STRIPAK com-

ponents from the F. verticillioides genome (Table 1), in addition to

striatin (Fsr1) and STRIP1/2 (FvStp1). As predicted in other organ-

isms, protein phosphatase subunits are key components of STRI-

PAK. The homologues of germinal centre kinase were identified in

S. macrospora (SmKIN3/24), N. crassa (Sid-1) and F. verticillioides

genomes (Beier et al., 2016; Frey et al., 2015; Heilig et al., 2013;

Maerz et al., 2009). The functional role of this kinase has not

been determined to date. Notably, Ccm3, a key component of

mammalian STRIPAK known to interact with Stk24/Sok1, which is

associated with vascular disease cerebral cavernous malformation,

was not identified in fungal genomes. The study of STRIPAK com-

ponents in mammalian systems and filamentous fungi led us to

hypothesize that, although there are common core components,

species-specific, striatin-interacting proteins can perform unique

roles in different organisms.

Identification of new Fsr1-interacting proteins in

F. verticillioides

Our previous study showed that the CC domain in the N-terminus

region of Fsr1 plays an important role in F. verticillioides virulence

(Yamamura and Shim, 2008). Some of the key fungal STRIPAK

subunits (Table 1), namely phocein/Mob3, are known to associate

with striatin, primarily with the C-terminal region (Bloemendal

et al., 2012). Meanwhile, studies have also shown that the CC

domain plays an important role in protein recruitment and struc-

tural assembly, which can influence overall STRIPAK function in

mammalian systems (Chen et al., 2014; Gordon et al., 2011). One

of our key aims was to identify F. verticillioides proteins that pri-

marily interact with the Fsr1 CC motif and to test whether these

proteins are involved in the regulation of stalk rot virulence. To do

so, we first used the yeast two-hybrid system to screen an

F. verticillioides prey cDNA library with two bait constructs: FSR1

cDNA corresponding to the uninterrupted N-terminal region (F1)

and FSR1 cDNA devoid of the CC domain (F3). The prey library was

prepared with F. verticillioides cDNAs generated from the fungus

inoculated in corn stalk medium. We obtained 74 and 71 positive

colonies when constructs F1 and F3, respectively, were used as bait

(Table S1, see Supporting Information). We primarily aimed at pro-

teins that are predicted to localize to the fungal endomembrane,

i.e. in proximity to striatin homologues in fungal cells (Dettmann

et al., 2013; Nordzieke et al., 2015; Wang et al., 2010).

From the screening (Fig. 3A), we selected three genes that

showed interaction with the F1 construct [FVEG_00403 (FvCYP1,

Table 1 STRIPAK (striatin-interacting phosphatase and kinase) components in human (Homo sapiens, Hs), Sordaria macrospora (Sm), Neurospora crassa (Nc) and

Fusarium verticillioides (Fv)

Hs subunits1 Description Sm subunits Nc subunits Fv subunits Proposed function in filamentous fungi References*

STRN1/3/4 Striatin family (striatin/
SG2NA/zinedin), PP2A
regulatory subunit

Pro11 Ham-3 FVEG_09767
(FSR1)

Vegetative growth (Sm, Nc, Fv), cell/hyphal
fusion and sexual development (Sm, Nc),
hyphal growth rate/density, female fertility,
virulence (Fv)

2–6

PP2AAa/b Protein phosphatase 2A
structural subunit

PP2AA PP2A-A FVEG_07097 Hyphal growth, circadian clock (Nc) 7,8

PP2ACa/b Protein phosphatase 2A
catalytic subunit

PP2Ac1 PP2A FVEG_06252,
FVEG_06432,
FVEG_09543
(CPP1)

Vegetative growth, hyphal fusion and sexual
development (Sm), vegetative growth,
conidia production and fumonisin
production (Fv)

9,10

STRIP1/2 Striatin interacting protein 1/2
(FAM40A, FAM40B)

Pro22 Ham-2 FVEG_08004
(FvSTP1)

Vegetative growth (Sm, Nc, Fv), hyphal fusion
(Sm, Nc) and sexual development (Sm, Nc),
female fertility, virulence (Fv)

3,11–13

MOB3 Monopolar spindle-one-binder
family 3, phocein

SmMob3 Mob-3 FVEG_06088 Vegetative growth, hyphal fusion and fruiting
body development (Sm), vegetative cell
fusion, fruiting body development (Nc)

4,14

SLMAP Sarcolemmal membrane-
associated protein

Pro45 Ham-4 FVEG_03887 Sexual propagation and cell to cell fusion
(Sm), vegetative growth, hyphal fusion
and formation of protoperithecia (Nc),

3,15

MST3/4 Germinal centre kinase III
family (Stk24/Sok1)

SmKin3/24 Sid-1 FVEG_05910,
FVEG_07917,
FVEG_08235

Abnormal septum distribution and
development (Sm), septum initiation
and formation (Nc)

16,17

CCM3 Cerebral cavernous
malformation 3

Not found Not found Not found Not characterized to date –

*References: 1Hwang and Pallas (2013); 2P€oggeler and K€uck (2004); 3Simonin et al. (2010); 4Bernhards and P€oggeler (2011); 5Shim et al. (2006); 6Yamamura

and Shim (2008); 7Yatzkan et al. (1998); 8Yang et al. (2004); 9Beier et al. (2016); 10Choi and Shim (2008); 11Bloemendal et al. (2012); 12Xiang et al. (2002);
13This study; 14Maerz et al. (2009); 15Nordzieke et al. (2015); 16Heilig et al. (2013); 17Frey et al. (2015).
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cyclophilin), FVEG_04097 (FvSCP1, sperm-coating protein (SCP)-

like extracellular protein) and FVEG_12134 (FvSEL1, Sel1-repeat

protein)] and two genes that showed interaction with the F3 con-

struct [FVEG_01920 (FvHEX1, Hex1-like protein) and FVEG_11334

(FvPEX14, peroxisomal membrane anchor protein 14)]. The fact

that FvHex1 and FvPex14 exhibit yeast two-hybrid interaction

with both the F1 and F3 constructs suggests that these two pro-

teins do not require a CC domain for physical interaction with

Fsr1. An additional description of these putative proteins is pro-

vided in Table S2 and Fig. S3 (see Supporting Information).

Functional characterization of FvCYP1, FvSCP1,

FvSEL1, FvHEX1 and FvPEX14

To investigate the role of FvCYP1, FvSCP1, FvSEL1, FvHEX1 and

FvPEX14 in F. verticillioides virulence, we generated gene

Fig. 3 Identification of new Fsr1-interacting

proteins in F. verticillioides. (A) Bait F1 (N-

terminal Fsr1 with coiled coil motif) and Bait

F3 (N-terminal Fsr1 without coiled coil

motif) were used for yeast-two hybrid

screening. Yeast strains bearing both the

bait and prey plasmids were streaked on

Synthetic defined medium without Ade-His-

Leu-Trp (Clontech) media amended with X-

alpha-Gal. Prey strains, 1: HSP98, 8: SCP

like extracellular protein, 19: Sel1 repeat

protein, 53–1: Cyclophilin, 53–3:

Cyclophilin, 55: Hex1, 31–5: Pex14. (B) Bait-

prey switch Y2H experiments were

performed to verify performed interactions

between Fsr1 and FvStp1 (positive control),

FvCyp1, FvScp1, and FvSel1. The pair of

plasmids pGBKT7–53 and pGADT7 was

used as a positive control. The plasmid pairs

pGBKT7-Lam/pGADT7 (Neg CT1) and

pGBKT7-FSR1/pGADT7 (Neg CT2) were used

as negative controls. (C) Further verification

of in vivo interactions was tested by split

luciferase complementation assay. Fcc1/Fck1

was used as positive control, and eight

negative controls were tested (including no

vector [NA]). Luminescence activity was

obtained from three replicates of fungal

inoculations and is presented as the number

of RLUs (relative light units) per 106 of

fungal conidia. Asterisk above the column

means statistically significant (P<0.05)

analyzed by t-Test.
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knockout mutants following the established split-marker proto-

col (Fig. S4, see Supporting Information). We also generated

gene complementation strains using the corresponding wild-

type gene for each mutant. When we compared the vegetative

growth of these mutants on synthetic media, the phenotypes of

these mutants were very similar to those of the wild-type

progenitor, although DFvCyp1 and DFvSel1 exhibited slightly

slower growth (Fig. 4A). However, when these strains were
grown in synthetic liquid media, we did not see significant dif-
ferences in fungal mass production (data not shown). DFvCyp1
strains produced less compact aerial mycelia when grown on
synthetic media. Notably, the vegetative growth of DFvHex1
and DFvPex14 strains on V8 and PDA media were not signifi-
cantly different from that of the wild-type progenitor (Fig. S5,
see Supporting Information).

Subsequently, we performed stalk rot assays with these

mutants following the procedure described earlier (Shim et al.,

2006). Conidial suspensions (1 3 108/mL) of wild-type, mutants,

complementation strains and water (negative control) were inocu-

lated into maize stalks between internodal regions. After a 10-day

incubation, stalk rot symptoms generated by DFvCyp1, DFvScp1

and DFvSel1 strains were less severe than those formed by the

wild-type and complementation strains (Fig. 4B). In contrast,

DFvHex1 and DFvPex14 showed no significant difference from

the F. verticillioides wild-type strain when stalk rot was tested

(Fig. S5). When we quantified the lesion area distribution from

longitudinally split stalks, the differences were significant, with

the DFvCyp1 mutant showing the greatest difference when com-

pared with the wild-type strain (Fig. 4B). To further assess the loss

Fig. 4 Functional characterization of FvCyp1,

FvScp1, FvSel1. (A) Vegetative growth of WT,

mutants and complementation strains were

examined on V8, 0.2XPDA, and Myro agar

plates. (B) Stalk rot pathogenicity assay was

performed as described earlier. (C) Seedling rot

pathogenicity assay was performed as described

earlier.
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of virulence in these mutants, we performed maize seedling rot

assay as described previously by Christensen et al. (2014). Once

again, DFvCyp1, DFvScp1 and DFvSel1 showed significantly

reduced symptoms (Fig. 4C). These results strongly suggest that

proteins that interact with the Fsr1 N-terminus play important

roles in F. verticillioides virulence.

To further verify protein–protein interaction, FvCyp1, FvScp1,

FvSel1 and FvStp1 were subjected to bait–prey switch yeast

two-hybrid tests, and all showed positive results (Fig. 3B). Further

confirmation of the physical interaction in vivo between the Fsr1 N-

terminus and FvCyp1, FvScp1 and FvSel1 came from split luciferase

assay. Based on luminescence data, we concluded that Fsr1 inter-

acts with FvCyp1, FvScp1 and FvSel1 in F. verticillioides. Notably,

FvSel1 exhibited the highest level of interaction. Meanwhile, the

average luminescence intensity between Fsr1 and FvScp1 was only

slightly higher than the negative controls, but was statistically sig-

nificant (P < 0.05) (Fig. 3C). Based on these results, we selected

FvScp1, FvSel1 and FvCyp1 as Fsr1 N-terminus-interacting proteins

for further characterization of their role in F. verticillioides virulence.

Cellular localization of Fsr1-interacting proteins in

F. verticillioides

After demonstrating the physical interaction between Fsr1 and

FvCyp1, FvScp1 and FvSel1 in vivo, we next investigated the

cellular localization of these proteins in F. verticillioides. In our

earlier study, we used A. nidulans to visualize the subcellular

localization of StrA, a homologue of Fsr1, in a living cell, and

determined that StrA::eGFP co-localizes to FM4–64-stained endo-

membrane structures, probably the endoplasmic reticulum (ER)

and nuclear envelope (Wang et al., 2010). FvCyp1, FvScp1 and

FvSel1 are all predicted to be membrane-associated proteins (The

UniProt Consortium, 2017), and therefore we hypothesized that

these interacting proteins would co-localize to endomembrane

structures in F. verticillioides. We transformed each

F. verticillioides mutant with a construct that contains a green flu-

orescent protein (GFP)-tagged target gene fused to Magnaporthe

oryzae ribosomal protein 27 (RP27) promoter (Ribot et al., 2013;

Zheng et al., 2007). FvCyp1-GFP exhibited a pattern at or near the

ER in mycelia (Fig. 5), and this association with ER was further

tested by staining with ER-TrackerTM red dye. We also observed

that FvCyp1 was also distributed irregularly in the cytoplasm, per-

haps with other endomembrane structures in the cell. FvScp1-GFP

and FvSel1-GFP exhibited a slightly different localization pattern

from FvCyp1: they were more concentrated near the nucleus,

which was confirmed by staining with 40,6-diamidino-2-phenylin-

dole (DAPI) (Fig. 5). However, FvSel1 localization also differed

from FvScp1, as it showed irregular dispersion in the cytoplasm

with tubular and punctate structures. These data suggest that,

Fig. 5 Cellular localization of

Fvcyp1, Fvscp1, Fvsel1 proteins in

F. verticillioides. FvCyp1-GFP

exhibited a pattern at or near ER

in mycelia confirmed by ER-tracker

red (ER-Tr). FvScp1-GFP and

FvSel1-GFP exhibited a similar

localization pattern near nucleus,

which was confirmed by staining

with DAPI. FM4–64 was used to

stain the vacuole, septum, and

vesicles. Scale bar 5 5 lm.
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although FvCyp1, FvScp1 and FvSel1 co-localize to endomem-

brane structures, most probably the nuclear membrane and ER, in

F. verticillioides, they each hold unique localization sites in the cell

when studied in more detail.

Fsr1 localization is altered in F. verticillioides

DFvCyp1, DFvScp1 and DFvSel1 mutants

After observing the impact of DFvCyp1, DFvScp1 and DFvSel1

mutations in F. verticillioides, we hypothesized that deletion of

these genes, and thus the absence of these proteins, would nega-

tively impact the cellular localization of Fsr1. Based on the fact

that striatin serves as a critical component of the STRIPAK com-

plex, incorrect localization of Fsr1 could lead to critical defects in

STRIPAK-mediated downstream cellular signalling. To test this

hypothesis, we introduced the FSR1::GFP construct into Dfsr1,

DFvCyp1, DFvScp1 and DFvSel1 mutants, and followed its local-

ization in vivo. When FSR1::GFP was complemented into Dfsr1,

GFP was largely associated with late endosome structures in

mycelia, as detected by FM4-64 staining. Surprisingly, Fsr1::GFP

exhibited strong localization to vacuoles in DFvCyp1, DFvScp1

and DFvSel1 mutants (Fig. 6). Our study suggests that FvCyp1,

FvScp1 and FvSel1 are necessary for the correct localization of

Fsr1 to the ER in F. verticillioides and perhaps for the functional

organization of the STRIPAK complex. Vacuoles are commonly

known to play key roles in protein degradation, autophagy and

cell death, and as a storage compartment for secondary metabo-

lites (Xiao et al., 2009). We are not certain whether the localiza-

tion shift seen in these mutants is a result of damaged Fsr1 or of

the initiation of the autophagy process. Further study is warranted

to answer these questions.

DISCUSSION

Studies performed in eukaryotes, including filamentous fungi,

strongly suggest that striatin homologues, as well as STRIPAK

components, share highly conserved domain architectures.

Fig. 6 Fsr1 localization is altered in F.

verticillioides DFvCyp1, DFvScp1, DFvSel1

mutants. Dfsr1::Fsr1-GFP was associated with

vacuolar membranes or late endosomes in

mycelia, while Fsr1-GFP exhibited a

localization pattern inside vacuole/

endomembrane in DFvCyp1, DFvScp1 and

DFvSel1 mutants as confirmed by staining

with FM4–64. Scale bar 5 5 lm.
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Although structural conservation suggests common functionalities,

we are also learning that STRIPAK components in different organ-

isms perform unique cellular functions by interacting with different

subsets of kinases, phosphatases or transcription factors (Bloe-

mendal et al., 2012; Dettmann et al., 2013; Qing et al., 2004; Shin

et al., 2013). In the plant-pathogenic fungus F. verticillioides, we

demonstrated a role of striatin homologue Fsr1 in stalk rot viru-

lence (Shim et al., 2006), and that the Fsr1 N-terminus plays an

essential role in the regulation of virulence (Yamamura and Shim,

2008). In this study, we characterized FvSTP1, the homologue of

human STRIP1/2 protein, to confirm that Fsr1 indeed interacts

with one of the main components of the STRIPAK complex and

that F. verticillioides FvSTP1 is also necessary for virulence. Fur-

thermore, with the understanding that the CC domain is critical

for virulence, we aimed to identify F. verticillioides proteins that

interact with Fsr1 in vivo to investigate their role in stalk rot

virulence.

Recent studies have provided a better understanding on how

striatins work with other interacting proteins to regulate cellular

functions in fungi. In S. macrospora, the STRIP1/2 homologue

Pro22, which interacts directly with the striatin homologue Pro11,

plays a role in the regulation of septation, specifically during sex-

ual development (Bloemendal et al., 2012). Neurospora crassa

ham-2 has also been characterized, which plays an important role

in vegetative growth and hyphal fusion (Xiang et al., 2002). It has

been hypothesized that ham-2 functions in the mitogen-activated

protein (MAP) kinase pathway to regulate chemotropic polarized

conidial growth and conidial germlings (Roca et al., 2005). In bud-

ding yeast, a STRIP1/2 homologue Far11, a component of the Far

complex, is necessary for the maintenance of G1 phase cell cycle

arrest required for sexual polarized growth (Kemp and Sprague,

2003). This evidence supports the idea that not only does the

STRIP1/2 homologue exist, but it also performs distinct features in

the maize pathogen F. verticillioides. Our yeast two-hybrid and

split luciferase data revealed that FvSTP1 interacts with Fsr1

in vivo, and subsequent molecular characterization demonstrated

that FvSTP1 is important for F. verticillioides maize stalk virulence.

The characterization of additional STRIPAK complex components

(Table 1) can provide an improved understanding of how STRIPAK

regulates important cellular functions, as demonstrated in

S. macrospora and N. crassa (Beier et al., 2016; Bloemendal et al.,

2012; Dettmann et al., 2013). The STRIPAK complex has been

reported to be associated with multiple signalling pathways, e.g.

the RhoA pathway, rapamycin (TORC) 2 pathway and cell wall

integrity (CWI) MAP kinase pathway (Pracheil et al., 2012; Rispail

and Di Pietro, 2009; Stockton et al., 2010; Zheng et al., 2010).

Based on published reports, we hypothesized that Fsr1 functions

together with putative phosphatases and kinases to regulate viru-

lence. However, three F. verticillioides PP2A catalytic subunits

(Table 1) did not show a detectable level of interaction with

Fsr1 in F. verticillioides when tested by split luciferase assay. The

identification of novel Fsr1-interacting kinases and phosphatases

will advance our understanding of STRIPAK-mediated signalling

mechanisms. However, this remains a challenging task because of

the transient nature of these protein–protein interactions in fungal

cells.

One of the key motivations for this study was to identify pro-

teins that interact with the N-terminus of Fsr1, namely with the

CC domain, and to test whether these proteins play important

roles in F. verticillioides virulence. Through our yeast two-hybrid

screen of the cDNA library generated from F. verticillioides-

infected maize stalks, we discovered three new STRIPAK-

interacting proteins: FvCyp1, FvScp1 and FvSel1. Notably, FvCyp1

has a well-conserved cyclophilin-like domain (CLD) of approxi-

mately 109 amino acids. Cyclophilin proteins are found across all

organisms, with 16 in humans (Galat, 2003; Waldmeier et al.,

2003), 29 in Arabidopsis thaliana (He et al., 2004) and eight in

S. cerevisiae (Arevalo-Rodriguez et al., 2004). All cyclophilins

share a common CLD domain and are known to have peptidyl–

prolyl cis–trans isomerase activity. As a result of their conserved

nature and distribution throughout the cell, it is believed that

cyclophilins perform a variety of fundamental cellular functions.

Our FvCyp1 knockout mutant displayed significantly reduced viru-

lence, similar to the Fsr1 mutant level, when tested on stalks and

seedlings, suggesting a role in fungal virulence. In the plant-

pathogenic fungi Magnaporthe grisea and Botrytis cinerea, cyclo-

philin was shown to act as a virulence determinant during plant

infection (Viaud et al., 2003). Cyclophilin proteins are also known

to act as modulators of protein function in eukaryotes. For

instance, mammalian cyclophilin A forms a complex with cyclo-

sporin A and calcineurin to prevent the regulation of cytokine

gene transcription (Fox et al., 2001). A mammalian Cyp40 has

been shown to inhibit the activity of the transcription factor c-Myb

(Leverson and Ness, 1998). In budding yeast, cyclophilin Cpr1 is

part of the Set3 complex that maintains histone-deacetylase activ-

ity and is important for enabling the transcriptional events neces-

sary during the switch from mitotic to meiotic cell division

(Arevalo-Rodriguez and Heitman, 2005; Arevalo-Rodriguez et al.,

2000; Pijnappel et al., 2001).

Two other proteins found in our yeast two-hybrid screen,

FvScp1 and FvSel1, also provide us with new insights into striatin

function. FvScp1 is an SCP-like extracellular protein, also called

SCP/Tpx-1/Ag5/PR-1/Sc7 (SCP/TAPS), and all SCP/TAPS molecules

share a common primary structure which can act as a Ca21 chela-

tor in various signalling processes (Cantacessi et al., 2009). SCP

family members have been identified in various eukaryotes and

belong to the cysteine-rich secretory protein (CRISP) superfamily

(Chalmers et al., 2008). The broader SCP family includes plant

pathogenesis-related protein 1 (PR-1), CRISPs, mammalian

cysteine-rich secretory proteins and allergen 5 from vespid venom.
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FvSel1 was named after Sel1, a protein first identified in Caeno-

rhabditis elegans that subsequently gave the name to the Sel1-

like repeat (SLR) solenoid protein family (Grant and Greenwald,

1996). SLR proteins are commonly found in bacteria and eukar-

yotes with an average frequency of 4.8 Sel1 repeats per protein,

and are frequently involved in signal transduction pathways.

FvSel1 has six Sel1 repeats, similar to the Hrd3 protein in

S. cerevisiae; however, the lengths of the repeated sequences and

the number of repetitions can vary in different prokaryotes and

eukaryotes (Mittl and Schneider-Brachert, 2007). Homologues of

the Sel1 protein have been identified in several higher eukaryotes

including humans, Drosophila melanogaster and A. thaliana

(Mittl and Schneider-Brachert, 2007; Zhang et al., 2015). In

S. cerevisiae, there are at least three SLR proteins identified (Hrd1,

Hrd3 and Chs4) with functional annotations. SLR proteins have

been reported to be involved in the ER-associated protein degra-

dation (ERAD) in S. cerevisiae and A. thaliana under stress-

inducing conditions (Gardner et al., 2000; Kamauchi et al., 2005).

Significantly, recent studies have shown that A. thaliana Sel1 is

involved in RNA editing and splicing of plastid genes (Pyo et al.,

2013; Zhang et al., 2015).

Although our study is the first to report in vivo interactions

between STRIPAK and cyclophilin, SCP and SLR proteins in fungi,

we still do not clearly understand how these proteins impact viru-

lence activities. Based on the literature, it is reasonable to

hypothesize that these proteins are involved in the regulation of

STRIPAK complex assembly and therefore affect fungal develop-

ment and virulence. However, questions still remain as to how

these STRIPAK-interacting proteins modulate cellular function in

F. verticillioides, as well as other fungal pathogens. As striatin has

been recognized as an endomembrane-associated protein in

eukaryotic cells, including in fungi (Castets et al., 2000; Okamoto

et al., 1998; P€oggeler and K€uck, 2004; Wang et al., 2010), we

investigated the cellular localization of these Fsr1-interacting pro-

teins in F. verticillioides. We showed that FvCyp1 localizes to the

ER membrane and perhaps plays a role in the recruitment of Fsr1

to the ER membrane. It is important to note that ER is a Ca21

storage site in fungal cells (Bowman et al., 2009), and this result

supports the idea that Fsr1 interacts with FvCyp1 to regulate

Ca21/calmodulin signalling pathways. Animal and human striatin

homologues bind to calmodulin in a Ca21-dependent manner and

are thought to be involved in neuron-specific Ca21 signalling

events (Moreno et al., 2000). The localization of FvScp1 and

FvSel1 was slightly different from that of FvCyp1 in that both

were concentrated near the nuclear envelope rather than the ER.

However, when we consider that the ER is adjacent to and encom-

passes the cell nucleus, we can conclude that these three proteins

share localization with Fsr1 in F. verticillioides.

One of the surprising discoveries in this study was the altered

cellular localization of Fsr1 in FvCyp1, FvScp1 and FvSel1 mutants.

In wild-type F. verticillioides, Fsr1 is localized to the endomem-

brane near the ER (Fig. 6), which is in agreement with the study

performed in A. nidulans (Wang et al., 2010). However, in FvCyp1,

FvScp1 and FvSel1 knockout mutants, Fsr1 failed to maintain its

original localization and was seen inside the vacuoles (Fig. 6).

Although we were not completely surprised by the fact the Fsr1

localization was altered in these mutants, we were perplexed to

see very similar outcomes in all three mutants. One possible

explanation is that Fsr1 proteins fail to translocate to the endo-

membrane for further processing without functional FvCyp1,

FvScp1 and FvSel1 proteins, and that Fsr1 is shunted to the

vacuole for degradation. Vacuoles typically store water, ions, sec-

ondary metabolites and nutrients, but also act as a key repository

for waste products, excess solutes and toxic substances (Hatsugai

et al., 2004; Martinoia et al., 2007). Vacuoles are also known to

play key roles in cell death and autophagy (Xiang et al., 2013;

Xiao et al., 2009). We can hypothesize that the degradation of

Fsr1 in vacuoles results in the disruption of the STRIPAK complex

and thus a loss of virulence. However, the reason for the incorrect

localization is still not completely understood, and this mechanism

remains to be further investigated.

EXPERIMENTAL PROCEDURES

Fungal strains and culture media

Fusarium verticillioides strain 7600 (Fungal Genetics Stock Center, Univer-

sity of Missouri-Kansas City, Kansas City, MO, USA) and all mutants gen-

erated in this study (Table S3, see Supporting Information) were cultured

at 25 8C on V8 juice agar (200 mL of V8 juice, 3 g of CaCO3 and 20 g of

agar powder per litre). Colony morphology was visually assayed after

6 days of growth on V8 agar, PDA (Difco, Detroit, MI, USA) and defined

medium agar (1 g of NH4H2PO4, 3 g of KH2PO4, 2 g of MgSO4.7H2O, 5 g

of NaCl, 40 g of sucrose and 20 g of agar powder per litre). For genomic

DNA extraction, strains were grown in YEPD liquid medium (3 g of yeast

extract, 10 g of peptone and 20 g of dextrose per litre) at 25 8C with shak-

ing at 150 rpm.

Nucleic acid manipulation, PCR and transformation

Standard molecular manipulations, including PCR and Southern hybridiza-

tion, were performed as described previously (Sagaram and Shim, 2007).

Fungal genomic DNA was extracted using the OminiPrep genomic DNA

extraction kit (G Biosciences, Maryland Heights, MO, USA). The constructs

for the transformation of F. verticillioides were generated with a split-

marker approach described previously (Sagaram et al., 2007). Briefly, DNA

fragments of 50 and 30 flanking regions of each gene were PCR amplified

from wild-type genomic DNA. Partial hygromycin B phosphotransferase

(HPH) gene (HP- and -PH) fragments were amplified from the pBS15 plas-

mid. The 50 and 30 flanking region fragments were then fused with PH-

and -HP fragments, respectively, by single-joint PCR. The single-joint PCR

products were transformed into wild-type fungal protoplasts. For comple-

mentation, respective wild-type genes, driven by the native promoter,

were co-transformed with a geneticin-resistant gene (GEN) into mutant
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protoplasts. All primers used in this study are listed in Table S4 (see Sup-

porting Information). Fusarium verticillioides protoplasts were generated

and transformed following standard protocols (Sagaram and Shim, 2007)

with minor modifications. Murinase (2 mg/mL) was replaced with drise-

lase (5 mg/mL) (Sigma, St Louis, MO, USA) in the protoplast digestion

solution. Transformants were regenerated and selected on regeneration

medium containing 100 mg/mL of hygromycin B (Calbiochem, La Jolla, CA,

USA) and/or 150 mg/mL G418 sulfate (Cellgro, Manassas, VA, USA) as

needed. Respective drug-resistant colonies were screened by PCR and fur-

ther verified by Southern analysis.

Yeast two-hybrid experiments

Yeast two-hybrid screening was performed using a MatchmakerTM Library

Construction and Screening system (Clontech, Mountain View, CA, USA)

following the manufacturer’s suggested protocol. Total RNA was isolated

from the wild-type fungus grown in autoclaved corn stalk medium (2 g of

pulverized B73 maize stalk in 100 mL of deionized water) for 5 days. Sub-

sequently, an F. verticillioides cDNA prey library was generated by a BD-

SMARTTM kit using oligo-dT primer. Two bait vectors were constructed for

the experiment: one with uninterrupted FvFSR1 N-terminus cDNA (F1) and

the other with the CC motif omitted from the FvFSR1 N-terminus cDNA

(F3). Both constructs were prepared from F. verticillioides genomic DNA,

and all amplifications were carried out using Expand Long Template Poly-

merase (Roche, Indianapolis, IN, USA). All primers and amplification

schemes are provided in Table S4.

The two bait vectors F1 and F3 were independently transformed into

S. cerevisiae strain AH109 to generate the yeast bait strains BF12 and

BF31, respectively, and were tested for autoactivation and toxicity. For the

BF12 strain, the HIS3 background was controlled using 3AT10 (10 mM 3-

aminotriazole) in the medium. The F. verticillioides cDNA library was inde-

pendently transformed into bait strains BF12 and BF31, and blue colonies

that developed on SD-Ade-His-Leu-Trp medium amended with X-alpha-

Gal were isolated and purified. Yeast plasmids were isolated from each

positive colony and the prey inserts were PCR amplified using the primer

pair 50LD and 30LD. The AD inserts were sequenced using T7 sequencing

primer. After obtaining the sequence of putative Fsr1-interacting proteins,

we performed a bait–prey switch experiment. The coding sequence of

each gene was amplified from the cDNA of F. verticillioides using the pri-

mers listed in Table S4 and cloned into pGBKT7 as the bait vectors. F1

and F3 were cloned into pGADT7 as the prey vectors. The pairs of yeast

two-hybrid plasmids were co-transformed into S. cerevisiae strain AH109

following the standard protocol.

Split luciferase complementation assay

Plasmids used for split luciferase assay were generated following the

method described by Kim et al. (2012). Briefly, the plasmids pUC19-nLUC

and pUC19-cLUC carried N-terminal (nLuc) and C-terminal (cLuc) frag-

ments of luciferase, respectively. The 35S promoter region was replaced in

both plasmids with a fungal crp promoter. Fungus-selectable GEN or HYG

was introduced into these plasmids. The genes encoding the putative

interacting proteins were amplified. Both PCR products were introduced

into the SalI site of pFNLucG or the KpnI site of pFCLucH via an In-FusionR

HD Cloning Kit (Clontech). These two constructs were co-transformed into

F. verticillioides protoplasts. Fungal colonies were selected from

regeneration medium with hygromycin and geneticin, and screened by

PCR (data not shown). Fungal transformants carrying the constructed plas-

mids were used for further interaction studies. The strains carrying both

empty vectors pFCLucH and pFNLucG were used as negative controls. The

strains carrying FCC1 and FCK1 were used as positive controls. FCC1 and

FCK1 are two strongly interacting proteins in F. verticillioides, as verified

previously by yeast two-hybrid assay (Bluhm and Woloshuk, 2006). All pri-

mers used are listed in Table S3.

The split luciferase complementation assays were performed as

described previously (Kim et al., 2012) with minor modifications. Briefly,

96-well plates filled with 170 lL of defined medium agar were inoculated

with 10 lL of fungal conidia (108/mL) harvested from V8 agar medium,

and incubated at 25 8C for 2 days before assay. When 10 lL of 15 mg/mL

luciferin was added to the colonies, the light output was measured within

5 min after exposure to luciferin. Luciferase activity was measured using a

GloMax 96 Microplate Luminometer (Promega, Madison, WI, USA). Lumi-

nescence activity was obtained from three replicates and is presented as

the number of RLUs (relative light units) per 106 fungal conidia.

Maize infection assays

Stalk infection was performed on maize plants as described previously

(Shim et al., 2006). B73 maize seeds (kindly provided by Dr Michael Kolo-

miets, Department of Plant Pathology and Microbiology, Texas A&M Uni-

versity, College Station, TX, USA) were planted in a glasshouse, and stalks

(between V10 and VT stages) were inoculated with spores (1 3 108/mL)

of fungal strains or water (negative control) between the nodal regions.

Three inoculations were performed in the same plant on continuous nodal

regions. Plants were maintained in a growth chamber with 70% humidity

for 10 days at 28 8C with a 14-h light/10-h dark cycle and watered once.

The stalks were split longitudinally in half with a scalpel to assess disease

severity. At least three biological and three technical replicates were per-

formed for each fungal strain.

Maize seedling rot pathogenicity assay was performed on 2-week-old

maize inbred line B73 seedlings as described previously (Christensen

et al., 2014) with minor modifications. Briefly, 1 3 108/mL spore suspen-

sions in YEPD broth, together with a YEPD control, were inoculated on

maize B73 mesocotyls. Plant mesocotyls were first slightly wounded by a

syringe needle about 3 cm above the soil. A 5-mL spore suspension was

applied to the wound site. The seedlings were immediately covered with

a plastic cover to create a high moisture environment suitable for infection

and colonization. The seedlings were collected and analysed after a 2-

week growth period in the dark room. At least three biological and three

technical replicates were performed for each fungal strain.

Construction of GFP fusion vectors and

complementation

For in vivo localization, we generated GFP strains by introducing

FvCyp1::GFP, FvScp1::GFP and FvSel1::GFP fusion constructs under their

endogenous promoter. However, we were not successful in obtaining

strains with good fluorescence signals. As an alternative, we redesigned

our constructs under the control of the RP27 promoter, which has been

successfully used in previous M. oryzae, F. graminearum and

F. verticillioides protein localization studies (Bourett et al., 2002; Hou
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et al., 2015; Ribot et al., 2013). GFP was amplified from gGFP using the

primers GFP-F1/GFP-R1, with five glycine–alanine repeat (GA-5) sequen-

ces attached at the N-terminus as a linker for GFP tagging at the gene’s

C-terminus. Primers GFP-F2/GFP-R2 with five glycine–alanine repeat (GA-

5) sequences attached at the C-terminus as a linker were used to amplify

the GFP fragment for GFP tagging at the gene’s N-terminus. Primers

RP27-F and RP27-R were used to amplify the RP27 promoter from the

PET11 plasmid. The primers CYP-F/CYP-R, SCP-F/SCP-R and SEL-F/SEL-R

were used to amplify gene fragments separately. For RP27::GFP::FvCyp1,

the RP27::GFP fusion construct was generated first, and then fused with

FvCyp1 by joint PCR. For RP27::FvScp1::GFP and RP27::FvSel1::GFP, each

gene was first fused with GFP, and then the joint fragment was fused

with RP27 by joint PCR.

For the Fsr1 altered localization study in Dfsr1, DFvcyp1, DFvscp1 and

DFvsel1 mutants, the construct Rp27::GFP::Fsr1 was generated by fusion

PCR as described previously. FSR1 was amplified using the primers FSR1-

F/FSR1-R and fused with the Rp27::GFP construct. The generated con-

struct together with the geneticin-resistant cassette were co-transformed

into Dfsr1, DFvcyp1, DFvscp1 and DFvsel1 mutant protoplasts. Trans-

formants were screened by PCR. All primers used are listed in Table S4.

Cytological assay

To visualize GFP strains, GFP strains were grown on minimal medium

(MM) medium for 6 days at room temperature (Momany et al., 1999). An

Olympus BX51 microscope (Olympus America, Melville, NY, USA) was

used for observation with assistance from Dr Brian Shaw (Department of

Plant Pathology and Microbiology, Texas A&M University, College Station,

TX, USA). A detailed description of the features used for imaging from

this microscope has been published previously (Sagaram et al., 2007).

DAPI at a concentration of 10 ng/mL was used to stain hyphae for nuclear

visualization. To visualize the cell endomembrane, hyphae were treated

with 25 lM FM4–64 solution for 30 min before being observed under the

microscope. To visualize ER, hyphae were treated with ER-TrackerTM red

dye (E34250, Invitrogen Carlsbad, CA, USA) at a final concentration of

1 lM for 20 min at 37 �C before observation. Images were prepared for

publication with Adobe Photoshop CS5.1 following a previously described

protocol (Schultzhaus et al., 2015).
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