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Abstract Curvularia lunata causes Curvularia leaf spot
disease of maize, resulting in periodically significant
yield losses around the world. To understand the molec-
ular mechanisms of fungal pathogenicity and virulence
factors contributed to the host, here we report a knock-
out transformation system against target genes. The
concentration of conidia, Agrobacterium cell density,
and method of co-incubation were optimized for dele-
tion of the gene encoding 1, 3, 8-trihydroxynaphthalene
reductase (Brnl), a gene in the melanin biosynthesis
pathway, as a test case. Transformants contained a single
T-DNA copy. The Brnl mutant strain was reduced in
virulence compared with the wild type strain when
inoculated on susceptible maize. Transformation effi-
ciency was 130+ 10 transformants per 1 x 10°
germlings and homologous recombination efficiency
was 60.0 to 100.0 %.
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Introduction

Curvularia lunata (anamorph Cochliobolus lunatus) is
the causal agent of Curvularia leaf spot of maize, one of
the most serious maize foliar diseases impacting pro-
ductive yield in China (Dai et al. 1995). In 1996, the loss
of grain yield was estimated as 8 million kilograms in
Liaoning province in northern China (Dai et al. 1998).
Subsequently, resistant varieties containing tropic and
sub-tropic germplasms were identified and introduced
into maize to generate a large number of resistant culti-
vars. Those cultivars had already been planted to control
Curvularia leaf spot disease of maize (Li et al. 2002;
Zhao et al. 2002). However, in recent years, the disease
has reappeared and caused serious damage in some
maize growing areas such as Liaoning, Anhui and He-
nan provinces. The main cause of the disease recurrence
was expected to link to large areas of monoculture with
the same or similar resistant germplasm, which became
a matrix to induce pathogen virulence variation.

The genus Cochliobolus is an important group of
species that includes pathogens of monocots such as
Cochliobolus sativus (wheat/barley/cereals Common
root rot), Cochliobolus victoriae (Oat victoria blight),
Cochliobolus miyabeanus(Rice brown spot), and the
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maize pathogens Cochliobolus heterostrophus
(Southern Corn Leaf Blight) and Cochliobolus
carbonum(Northern Leaf Spot), all of which have been
sequenced (http://genome.jgi.doe.gov/programs/fungi/
index.jsf). Recently, C. lunata strain CX-3 was se-
quenced (http://ncbi.nlm.nih.gov/bioproject/182303)
(Gao et al. 2014), which provides an opportunity for
in-depth understanding of virulence requirements of the
fungus to infect its maize host. However, there are no
efficient targeted gene deletion protocols for this fungus
that are needed to assess candidate genes for their in-
volvement in mechanisms of pathogenicity to plants.
This is especially critical for testing mutants of field
isolates representing the virulence of the fungus on
susceptible and resistant plants.

Protoplast-polyethylene glycol (PEG)-based trans-
formation and Agrobacterium tumefaciens-mediated
transformation (ATMT) are two major gene manipula-
tion protocols for deleting genes by homologous recom-
bination in filamentous ascomycetes. The protoplast-
polyethylene glycol transformation approach has been
used with many important plant-pathogenic fungi (e.g.,
Cooley et al. 1988; Henson et al. 1988; Kistler and
Benny 1988; Parsons et al. 1987; Rodriguez and Yoder
1987; Turgeon et al. 1985). However, for some fungi,
low yield and low viability of protoplasts coupled to low
rates of homologous integration of exogenous DNA
constructs are limiting (Bundock et al. 1995; Mullins
and Kang 2001).

ATMT has been used successfully with many fungi
as an alternative to using protoplasts (de Groot et al.
1998; Michielse et al. 2005; Xue et al. 2013). With
ATMT, it is often possible to choose germinating co-
nidia, fresh mycelia, or fruiting bodies, as starting ma-
terials for transformation (Sugui et al. 2005). Random
insertion mutations have been reported for C. lunata
using ATMT and protoplast-PEG-based transformation
(Liu et al. 2010; Huang et al. 2010). However, high-
efficiency transformation with targeted gene disruption
has not been established to date.

The present paper focused on the evaluation of fac-
tors that influence the efficiency of gene knockout by
ATMT. The 1,3,8-trihydroxynaphthalene
reductase gene (Brnl), associated with the
1,8-dihydroxynaphthalene-type melanin pathway, was
chosen as a target because mutants can be easily identi-
fied by an alteration in pigmentation (Thompson et al.
2000). Deletion of Brnl altered virulence of the corre-
sponding mutant on susceptible maize inbred line.
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Materials and methods

Fungal strains, culture conditions, and harvesting
conidia

Curvularia lunata strains CX-3, ND-108 and WSI18,
obtained from the molecular and physiological plant
pathology laboratory at Shenyang Agriculture Univer-
sity, were tested for sensitivity to hygromycin B, path-
ogenicity and ability to produce conidia. Strain CX-3
was chosen initially for transformation attempts, based
on hygromycin B sensitivity, pathogenicity and spore
production capacity. Fungal strains were stored as single
conidial cultures at —80 °C in Potato Dextrose (PD)
medium [200 g of potato, 20 g of dextrose per liter] in
25 % glycerol. For each experiment, an aliquot was
recovered from glycerol and transferred to PD agar
(PDA) for 6 to 7 days at 25 °C under full darkness. To
harvest conidia, sterile distilled H,O was added to PDA
plates, the surface was rubbed with a flat knife to dis-
lodge conidia, and the resulting conidial suspension was
filtered through three layers of lens paper to remove
myecelial debris.

PCR for target gene

Genomic DNA of the wild type and candidate
transformants of C. /unata CX-3 grown on PDA plates
was extracted from the mycelium using the Plant Geno-
mic DNA Isolation kit (TTANGEN, Beijing, China).
PCR were performed in a total volume of 20 pl contain-
ing 0.4 mM of each ANTP, 5 mM of each primer, 1 unit
of easyTaq DNA polymerase (TaKaRa, Dalian, China),
2.0 ul of 10x reaction buffer, and 10 to 20 ng of
genomic DNA. PCR products were purified by Axyprep
DNA Gel extraction kit (Axygen Scientific Inc. USA)
and sequenced (Sangon Biotech (Shanghai) Co., Ltd.
Shanghai, China). Three primer pairs were used to ob-
tain full length genomic Brnl.

Construction of a plasmid for Agrobacterium
transformation

Fragments of the Brnl gene, Brnl-5 F (524 bp) and
Brn1-3R (453 bp), were amplified by PCR using primer
combinations Brnl-5 F-F/R and Brml-3R-F/R. PCR
was performed using Phusion DNA polymerase (New
England Biolabs, Ipswich, MA). HindIll/Sall restriction
enzyme recognition sites were added to the 5’ ends of
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the Brnl-5 F-F/R primers, and Kpnl/Sacl restriction
enzyme recognition sites were added to the 5’ ends of
Brn1-3R-F/R primers, respectively. These two PCR
products were then constructed into the pMD19-T vec-
tor (TaKaRa, Dalian, China), giving rise to plasmids
pMD19-T-Brnl1-5 F and pMD19-T-Brn1-3R. The
Brnl-5F fragment was cut from pMD19-T-Brnl-
5 F with HindIll/Sall and ligated into pPZP100H
(Hajdukiewicz et al. 1994), precut with HindIll/Sall,
to generate pPZP100HC/Brnl1-5 F. The Brnl-3R
fragment was cut from pMDI19-T-Brnl-3R using
Kpnl/Sacl and ligated into pPZP100HC/Brnl-
5 F,precut with Kpnl/Sacl. The final plasmid was
named pPZP100HCI/Brnl (Fig. 3).
pPZP100HCI/Brnl was transformed into
A. tumefaciens strain AGL-1 by the electroporation
method (Sambrook and Russell 2001). Insertion
orientation was determined by PCR using primers
PtrpC/Brnl-5 F-F and Brnl-3R-R/TtrpCend. All
primer sequences are shown in Table 1.

A second C. lunata gene, FTR1, was disrupted using
the same approach to construct the transformation plas-
mid, which was transformed into AGL-1 by electropo-
ration. The primers for this experiment are listed in
Supplementary Table 1.

Transformation of C. lunata

A. tumefaciens strain AGL-1, containing
pPZP100HC/Bm1 or the other plasmid, was grown at
28 °C for 2 days in Luria broth (LB) (5 mL), supple-
mented with chloramphenicol (100 pg/mL) and ampi-
cillin (100 pg/mL). The culture was diluted with induc-
tion medium (IM) to an optical density at 600 nm
(OD600) = 0.25 in a final volume of 5 ml. IM (in 1 1)
is 10.5 g of K,HPO,, 4.5 g of KH,POy, 1.0 g of
NH,4SOy, 0.5 g of Najcitrate « 2H,0, 0.2 g of MgSO,4
* 7TH,0O, 1.0 mg of thiamine-HCI, 2.0 g of glucose,
40 mM 2- (4-Morpholino) ethanesulfonic acid, and
0.5 % glycerol, pH 5.3 (containing the same concentra-
tions of antibiotics as LB), plus acetosyringone (AS)
(200 pg/mL). Cultures were grown to OD600 = 0.4 to
0.7. CX-3 conidial suspension (1 x 10>/mL to 1x 107/
mL) was germinated in IM (not containing AS) in a
250 mL flask, for 6 h before mixing with an equal
volume of induced AGL-1 cells in a 50 mL falcon
centrifuge tube. The mixture (500 uL) was placed on a
cellulose nitrate membrane (Whatman, 0.45 pm) on top
of IM agar (15 g/liter) and incubated at 25 °C for 36 or
48 h. Membranes were transferred onto Czapek yeast
extract agar (CYA) plates containing cefotaxime

Table 1 Oligonucleotides used in cloned and targeted deletion of 1,3,8-trihydroxynaphthalene reductase (Brn1)

Names Sequence (5'-3")* Description®

Brnl-F1 CGACATCTGCTGCTCCAACTCT Forward primer of mid fragment of Brnl

Bml-R1 GACCTTTCCGTTGACCCACT Reverse primer of mid fragment of Brnl

Brnl-F2 GGCACGAGCACTACTACATCAAC Forward primer of right fragment of Brn/

Brnl-R2 CAGAGTTGGAGCAGCAGATGT Reverse primer of right fragment of Brnl

Bml-F3 GTGGCATCAAGACCGACAT Forward primer of left fragment of Brnl

Brnl-R3 CGGGTAGAGAAGAACGCCAAT Reverse primer of left fragment of Brn/

Brml-5 F-F gecaagcttGGCACGAGCACTACTACAT Forward primer of Brnl upstream flank sequence
Brnl-5 F-R gecgtcgac T TTGCGACGAAGAACTGAC Reverse primer of Brnl upstream flank sequence
Bml-3R-F geeggtacc ACGCTGTCTACTCTGGCT Forward primer of Brnl/downstream flank sequence
Brnl-3R-R gecgagctc TAGAGAAGAACGCCAATG Reverse primer of Brnl downstream flank sequence
Bml-F GGCACGAGCACTACTACATCAAC Forward primer upstream of Brn/ upstream flank
Brnl-R CGGGTAGAGAAGAACGCCAAT Reverse primer downstream of Brnl downstream flank
PtrpC GGTCGTTCACTTACCTTGCTTG Reverse primer of TrpC promoter

TtrpCend GTGAATGCTCCGTAACACCCAATAC Forward primer of TrpC terminator

HphF1 TGTCCTGCGGGTAAATAGC HPH gene

HphR1 CAGAAGAAGATGTTGGCG HPH gene

# Lowercase letters are restriction enzyme recognition sites and additional nucleotides added to the primers to enable subcloning

° TrpC is a tryptophan biosynthesis gene from Aspergillus nidulans
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(300 pg/mL) and hygromycin B (200 pg/mL) to kill
Agrobacterium cells and select for candidate
transformants, respectively. CYA (in 1 1) is 3.0 g of
NaNOj, 1.0 g of K,HPOy, 0.5 g of KCI, 0.5 g of
MgSO, - 7H,0, 0.01 g of FeSO, - 7H,0, 5.0 g of yeast,
30 g of sucrose, and 14 g agar. Plates were incubated at
25 °C for 5 to 7 days until conidiogenesis. Candidate
transformants were purified by isolating single conidia
and reselecting on CYA medium containing the same
concentrations of hygromycin B and cefotaxime. Puri-
fied hygromycin B resistant candidate transformants
were stored in CY in 25 % glycerol at —80 °C.

PCR confirmation of gene deletion

To verify insertion of the HPH gene at the native Brnl
locus, three primer pairs were used: PtrpC/Brnl-F and
TtrpCend/Brnl1-R to confirm correct insertion into the 5
and 3’ flanks of Brnl, respectively; and Brnl-F/Brnl-R
to confirm expected size of insertion. All primer se-
quences in this paper are listed in Table 1.

For confirmation of deletion of an additional gene in
C. lunata, FTRI encoding an iron permease, the same
PCR primer strategies described above for Brnl were
used (Supplemental Table 1).

DNA extraction and southern blot hybridization

Southern blot analysis of DNA from wild type and three
of five confirmed Brnl mutants was performed. Geno-
mic DNA of mutant and wild type strains was isolated
from lyophilized mycelia as described previously (Xue
et al. 2013). For blotting, genomic DNA was digested
with Xbal and EcoRI overnight at 37 °C, separated by
electrophoresis in an agarose gel, and transferred to a
nitrocellulose membrane using a standard protocol
(Sambrook and Russell 2001). A digoxigenin (DIG)-
labeled probe was generated by PCR using primers Hph
F1/Hph R1 to amplify the HPH gene and the membrane
hybridized to the labeled DNA. Hybridizing bands were
detected using the DIG High Prime DNA Labeling and
Detection Starter Kit II Direct Labeling and Detection
System according to the manufacturer’s instructions
(Roche, Mannheim, Germany).

Virulence assays

Five-week-old ‘78599’ and ‘Huangzaosi’ maize inbred
line plants were used to evaluate the virulence of brnl/
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mutants, as previously described (Xue et al. 2008). A
spore suspension (2 mL of 5 x 10* spores/mL) was
spray inoculated on each plant. Diseased leaves were
photographed at 7 days post-inoculation.

Results
Strain selection

Field strain CX-3 was chosen from three candidate wild
type strains because it conidiated well, had high patho-
genicity and was sensitive to hygromycin B. The level
of sensitivity to hygromycin B was tested by growing
strains on PDA plates supplemented with different con-
centrations of the antibiotic (0, 50, 100, 150, 200, 300,
400, 500 pg/mL). Growth of CX-3 was inhibited partly
at 100 ug/mL and completely at 200 pg/mL. Other
strains showed less sensitivity to hygromycin B. For
selection of candidate transformants, 200 pg/mL was
chosen.

Target gene C/Brn1 analysis

Sequencing revealed that C. lunata CX-3 Brnl (912 bp,
JQ698339) possesses two introns at positions 62 bp
(55 bp long) and 594 bp (53 bp long) and is similar to
the structure of the C. lunata m118 Brnl gene (Fig. 1). A
putative open reading frame of 801 bp was identified
that was predicted to code for a protein of 267 amino
acids, with a calculated molecular mass of 28.65 kDa
and pl of 6.60 (AFJ97108). The amino acid sequence of
Brnl was found to be highly similar to that of other
fungal Bm1 or 3HNRs (Figs. 2 and 3). There was more
than 95 % identity between the amino acid sequences of
C. lunata Brnl and those of C. heterostrophus,
C. carbonum, C. sativus, C. miyabeanus, Pyrenophora
tritici-repentis, Setosphaeria turcica, Alternaria
alternata, Leptosphaeria maculans, Pleospora tarda,
Phaeosphaeria nodorum and Paradendryphiella salina.

Factors influencing ATMT efficiency in C. lunata

Conidial concentration was tested in three different
levels, 1x10°/mL, 1x 10°mL, and 1 x 10”/mL, and
transformants were obtained the most with 1 x 10%/mL
conidia even though a number of parameters, including
varying the Agrobacterium cell density and co-
cultivation conditions, were tried as discussed below.
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CX-3|Brnl [GGCACGAGCACTACTACATCAACAGCCTTTCAATCCTCTCACCACTCCAATTCATARACC
MLl | BENl =S e e e e e e e e e e e e e e e e e e e e e e e e e e e e e el

ORFIATG —~

CX-3|Brnl TCACCGCATTCACAATGGCCAACATTGAGCAGACATGGAGCCTGGCTGGCAAGGTCGCCG
mll8|Brnl ------—-—-——-=--- ATGGCCAACATTGAGCAGACATGGAGCCTGGCTGGCAAGGTCGCCG
hkkkhkhkkkhhhhkhhhdhhhhhhdhhhhhhkhhhhkhhhkdkhhhhhhhk

CX-3|Brnl TTGITACCGGCTCAGGTAAGCCTAA-AARATCCTTCCGCGGAATACCTTACTCGTGCTARA
mll8|Brnl TTG'I'TACCGGCTCAGGTAAGCCTCACMMTCCTCCCGCGG&GTACCTTACTCATGCTGA

¢ de d de de de o g d e vk e ok gk g g ok e ok e ok e

dededekd drededrddedkdk  ddedede ok e ddk ok ok

CX-3|Brnl CGA‘I'AGTTC‘.AGG'J'.‘CG'I'GG'I'A'I‘TGG&MGGCTA'I'GGCCATTGAGCTTGCCAAGCGCGGCGC
mll8|Brnl CAARAACC AGGCCG'I‘GGTA TGGAAAGGCTATGGCTATTGAGCTTGCCAAGCGCGGCGC
* Kk * hhkhk Khkkkkkhkhhkkhkhkkkhhkhkk FhhkrkAhAhk kAR rhhhkkkkkkk

CX-3|Brnl AAAGGTCGCCGTCAACTACGCCAACGCCGTCGAGGGAGCCGAGCAGGTCGTCAAGGAGAT
mlls8|Brnl ARAGGTCGCTGTCAACTACGCCAACGCCGTCGAGGGTGCTGAGCAAGTCGTCAAGGAGAT

kkkkkhkhkhkhk Fkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhhkhkhx *k dhkdkdkd hkhkkkhkdhkhkhhthhhk

CX-3|Brnl CAAGGCTTTGAACAACGGCTCTGACGCCCATGCCTTCRAAGGCCAACGTCGGCAACGTCGA

mll8|Brnl CBAGGCTCTGAACMCGGCTCTGACGCCCACGCCTTCAAGGCCMCGTTGGCMCGTCGR
kkkkhkhkhk kRkhkhkkhhkhhkkhkkkdkkkhdddk ok kdkkkkkdk

CX-3|Brnl GGAGAGCGAGMGCTCATGGATGACGTTGTCMGCACTTTGGCMGC

mll8 |Brnl GGAGAGCGAGAAGCTCATGG

Brnl Fl—*
TTGGCAAGCT

****ﬁ**ﬁ%{*********** ******** *****************************

CX-3|Brnl WTG’TCG"I"I"I'CTTTTGGACACTTCCAGGATGTGHCACCCGAGGAGT'I'TGA
mll8|Brnl GGTGTCGTTTCTTTCGGCCACTTCAAGGATGTCACCCCTGAGGAGTTTGA

kkhkhkdkdkdkhkkhkkhkdkhkhkhhkhdhkhkhbhkh dhk dhkdkdhkhkhk dhkkhkdhkhkhk *hk dk FHhkdhhkhkhhkhhk

CX-3|Brnl CCGTIGTCTTCAACATCAACACTCGTGGTCAGTTCTTCGTCGCAAAGGCCGCCTACAAGCG

mll8|Brnl CCGTGTCTTCAACATCAACACCCGTGGCCAGTTCTTCGTCGCARAGGCTGCCTACAAGCG
Khkhkhkkkddkkdkkkdkkdkkdkk KHkkkk Ik R AR A kAR AR KRR A ARk * Akkkkkkhdkkk

CX-3|Brnl CATGGAGATGTACGGTCGCATCATCCTCATGGGCTCTATCACCGGTCAGGCCAAGGGTGT
mll8 |Brnl CATGGAGAACTACGGCCGCATCATCCTCATGGGATCCATCACTGGCCAGGCCAAGGGTGT
Khkhkhkhkhkhkhk Khkhkhkk KhhKRAKARKRAKARIR Kk Khkhkk Kk Khkhkkhkhkkkhkhhk

CX-3|Brnl TCCCAAGCACGCTGITCTACTCTGGCTCCAAGGGTGCCATCGAGACCTTCACRAGGTGCAT
mlig8|Brnl CCCCARAGCACGCTGTCTACTCCGGCTCCRAGGGTGCCATTGAGACCTTCACCAGGTGCAT

kkhkhkdkdkdkhkkhkhkhkhkhkhkhhkhddk dhkdkdhkhkhbhkhdkhbhbhbhkhhkdhd dhkkhkhkhbhbhkhkhtd dhhkhkhhhhk

CX-3|Brnl GGCTATTGGTAAGTCGTACCTCGCCTCTTAAACATCACACAACATACTAACAGTACC-TT
mll8|Brnl GGCTATCG@I‘MGTCGCAACTCGCCATETMTTTGCACATCATATACTMCMCATCATC

dkkhkd dhkdkkddbhkd * Fhkhkhd

d  drdedkoddkdodod ok

-

CX-3|Brnl AGATGCCGGTGAGAAGAAGGTCACTGTCAACTGCGTTGCCCCC
mll8|Brnl AGACGCCGGTGAGAAGAAGATCACTGTCAACTGCGTTGCCCCC

khkk Ihkkhkhkkkkkkkkhkkhkk hhkhkhkkkhkhkhkhkkkhkhkhkhkkhkhkhkhkhkhkhkhhthkhhkhkhhkkhthhkhkhhitk

CX-3|Brnl %TACCBCGCTGTCTGCCGCGBGTACATCCCTGGGGG‘I‘GACAAGCTCAGCGACGACCA

mll8|Brnl

ACCATGCTGTCTGCCGCGAGTACATCCCCGGTGGTGAGAAGCTCAGCGACGACCA

de de de e de ke de de ke vk gk e de ok o e g e g ok ke o ok o ok o ok ok ok ke e v e de de de g de d v e o e e o ok

CX-3|Brnl GGTCGATGAGTACGCCTGCACATGGTCTCCTCACAACCGTGTTGGCCAGCCAGTAGACAT

mll8|Brnl GGTCGACGAGTACGCCTGCACATGGTCTCCCCACAACCGTGTTGGCCAGCCAGTGGACAT
hkkhkkk hhhhkhkhhkhhhhhhhhkhhhhdhhhkd khhhhhhhhhhhhhhhhhkhhkkdhh *xkkk

CX-3|Brnl TGCCCGCGICGTCTGCTTCCTTGCTTCCCAGGACGGT
mlls8|Brnl TGCCCGCGTCGTCTGCTTCCTCGCCTCCCAGGACGGTG

-— Brnl R1

-
d e de o gk vk v de de ok ok ke e ok b e ke ke ke ek ke ok

khkhkkkkhkhkkhkkkhkkhkkhkkhkkk %% T ORF
= l\
CX-3|Brnl TGGCATTGACGGTGCTGCTTGCATGTAA- GTGGTGCAGTGCTATAGAACGGGCTTT
mll8|Brnl TGGCA'I‘TGPLCGGTGC'I'GCT‘I’GCATG'I‘A.\AGCGGGTGATGCBG‘I‘GCTATAGAATGAGCTTT
Kk K IK KRR KKK KRR KRR AR KA KR RI Kk Khkk hhkk kkhkkkkkkdkkkkk * ek k

CX-3|Brnl T-GTTTTAGTGTTTAGAGCTGGCAT
mlls8|Brnl TTGTTTTAGTATTTAGLGCTGGC&TC

< Brnl

dedededk ok de ok ok g gk de ok e ok ke g e ok ke ok ok ke ke ke b ke ke ke e ke e ke ek ok ke e ke ok ke ok

W First gene segment: 549 bp, PCR amplifications by Bra1-F1/Brnl-R1;
W Second gene segment: 430 bp, PCR amplifications by Brn1-F2/Brn1-R2;
B Third gene segment: 300 bp, PCR amplifications by Brn1-F3/Brn1-R3.

Fig. 1 Sequence comparison of Bm1 genes from two C. lunata
isolates (CX-3 and m118) and positions of oligonucleotide
primers. First, second and three round PCR amplifications were
performed to obtain 549, 430 and 300 bp by Bm1-F1/Bml1-R1,

Agrobacterium cell density Cell concentration (OD600
value) of AGL-1 after induction was also a key factor.

Bm1-F2/Bm1-R2 and Bm1-F3/Bm1-R3. Three fragments were
assembled as full length C/Brnl (912 bp). Nucleotides with red
represent the open reading frame (ORF), blue nucleotides repre-
sent introns

Transformation rate was the highest when OD value
reaches about 0.6, no gene knockouts were obtained
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Cochliobolus hunafus Bm|
£i|2760604| C.heferostrophns Bm|
£i|628180943| C.carbonum Bm|
£il628060401] C.sativus Bm|
£i|627821823] C.miyabeanus Bm|
gi|d115722| Aalternata Bm|
£i|189194619| P.trifici-repentis Bm|
£il636582549] 5.furcica Bl
£i|396484368) L.maculans Bml
£i|45736397| P.tarda Bm|
216961761 4| Pnodorzm Bml
£i|45736375| P.salina Bm|
Conzenzus

Cochliobofus hmafus Bm|
£12760604| C.heferostrophus Bm|
£il628180943 C.carbonum Br|
£i|628060401| C_sativus Bml
£i|627821823 C.mivabeanus Bm|
gi|4115722| Aalternata Bm|
2189194619 P.tritici-repentis Bml1
£i|636582549 5 turcica Bm|
£i|396484368] L. maculans Bm|
£i|45736397| P.tarda B
£i|169617614| Pnodorum Bm|
£i|45736375| Psalina Bm|
Conzensus

Cochliobolus hmatus Bm|
£i|2760604| C_heterostrophns Bral
£i|628180943 C.carbonum Ben |
£il628060401] C.sativus Bml
£il62782182) Cmiyabeanu: Bml
gild115722) A alternata Bm|

£i| 189194619 P.tritici-repentis Bm|
£i636582549] 5.turcica Bral
£i|396484368] L.maculans Bm|
£il45736397| P.tarda B
2|169617614 Pnodorum Bm|

gi[45736375| P.salina Bm| z 5

imgsitgqa

Conzenzus

Cochliobolus hunatus Bm|
£i|2760604| C.heferostrophus Bml
gi|628180943 C.carbopum Bm|
£i|628060401] C.sativus Bml
£i|627821823 C.miyabeanus Bm|
£il41 15722 Aalternata Bm!
£i|18919461 9 P.intici-repentis Bm|
gil636582549 S.turcica Bm|
£i|396484368] L.maculans Bm|
£i|45736397| P.tarda B

£i| 16961761 4] Pnodonzm Bm|
gi|45736375| P.salina Bm|
Consenszus ¢ laddgvde & tws gqp diazv cflas dg wvn rigidgaacm

I Short-cham debydrogenase/reductase, conserved site
N Short-chain dehydrogenase/reductase SDR
s Glucose/ribitol debydrogenase

Fig.2 An alignment of the amino acid sequences of C. lunata Brn1 and 11 homologs. Green line: Glucose/ribitol dehydrogenase, Red line:
Short-chain dehydrogenase/reductase SDR; blue line: Short-chain dehydrogenase/reductase, conserved site
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Hind 111

Hygromycin

pPZP100HC/Brn1

9773 bp
Xbal
Kpn 1

Sae 1

LB \(pBR322 origin

Fig. 3 Agrobacterium tumefaciens-mediated transformation plas-
mid for 1,3,8-trihydroxynaphthalene reductase (Brnl) gene
knockout. Restriction map of pPZP100HC/Bml, a binary vector
for deletion of the C. lunata Brnl gene. The Xbal site was used for
insertion of the hygromycin B resistance cassette (HPH). Bm1-5 F
(upstream flanking sequence) was inserted as a Hind III/Sal 1
fragment between the HPH cassette and the T-DNA right border
(RB), while Brn1-3R (downstream flanking sequence) was
inserted as Kpnl/Sacl fragment between the HPH cassette and
the T-DNA left border (LB)

when the OD value was <0.4, although it was evident
that HPH was randomly inserted into the genome at
lower cell densities (0.2 to 0.4 OD).

Plating conditions The mixture of Agrobacterium cells
and fungal conidia was plated on a cellulose nitrate
membrane. Varying the time of co-culture (36 or 48 h)
made an obvious difference to transformation efficiency,
with more transformants being obtained at the longer
incubation time. Nevertheless incubation time should
not be more than 48 h to avoid integration of multiple
copies of the T-DNA molecules. Putative transformants
grew faster than background growth on selection medi-
um (Fig. 4). Overall transformation efficiency was 130
+10 transformants per 1 x 10> starting conidia.

Verification of transformation and targeted integration

The Brn1 gene in the melanin biosynthesis pathway was
chosen as the target for deletion because mutants were
expected to be brown and, thus, readily distinguishable
from black wild type colonies (Fig. 5). Hygromycin-B-
resistant colonies obtained with ATMT were screened
by PCR using primer pairs PtrpC/Brn1-F and TtrpCend/

a b

Fig. 4 Transformation plates. a, Control wild type strain CX-3
and AGL-1 cells without plasmid pPZP100HC/Brnl on
hygromycin B (200 pg/ml) selection medium plus cefotaxime
(300 uM). Note background growth. b, Example of a typical
original transformation plate containing CX-3 and AGL-1 cells
carrying pPZP100HC/Brn1 plasmid on the same selection medi-
um as in A, 3 days after plating. Note the large, light brown colony
is a candidate brnl mutant

WT brnl

Fig. 5 Phenotype of a 1,3,8-trihydroxynaphthalene reductase
(brnl) mutant compared with the wild type (WT). a, WT and
mutant on lactose casein (CY) agar and b, in CY liquid. The
mutant is light brown, indicating a block in the melanin synthesis
pathway
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Brnl-R, which were expected to amplify products of 1.1
and 0.8 Kb, respectively, if the Brnl gene was deleted
(Fig. 6a). These two bands should be absent in the wild

type. Primer pair Brn1-F/Brn1-R should amplify a prod-
uct of 3.6 Kb in deletion strains and 1.5 Kb in the wild
type. According to PCR assays, 9 of 15 transformants

a
Brnl-5F Brnl-3R |
Brnl-5F PtrpC-HPH-TtrpC ’ Brnl-3R I

Broi.F ~11Kb PtrpC | ||u-|.n-n.|. e
SR 7 3 "« SO

2 3 4 M 56 7 8 910 11 12

(Kb) 1

35
2 |

Fig. 6 Polymerase chain reaction (PCR) and Southern blot anal-
ysis of brnl mutants of Curvularia lunata. a, Schematic represen-
tation of the DNA used for transformation. Brn1-5 F = 5’ flanking
sequence of Brn1, Brn1-3R = 3’ flanking sequence of B 1, PtrpC
= Aspergillus nidulans trpC promoter; HPH is the hygromycin B
resistance gene and 71rpC is the A. nidulans trpC terminator. Brn1-
F, PtrpC, TtrpCend, and Brn1-R, are primers used for screening
brnl mutants (Table 1). b, PCR confirmation of brn/ mutants from
two transformants using primers Brm1-F/Brnl-R (lanes 1 to 4),
Brm1-F2/PtrpC (lanes 5 to 8) and TtrpCend/Brn1-R2 (lanes 9 to
12). Lane M, TaKaRa 5 kb DNA ladder marker; lanes 1, 5, and 9,
H,0; lanes 2, 6 and 10, DNA from wild type; lanes 3, 4, 7, 8, 11
and 12, DNA from transformants. Size of PCR product from the
mutants matches the predicted size of Bmn1-5 F + HPH + Brn1-3R,

@ Springer

indicating replacement of the Brnl gene by the hygromycin B
resistance gene at the Brnl locus. C, Southern blot analysis of wild
type and brn/ mutants. Genomic DNA was cut with Xbal and
EcoRI, two restriction enzymes that do not cut in HPH, and
separated on a 1.0 % agarose gel by electrophoresis. DNAs were
transferred to a nitrocellulose membrane and hybridized using a
digoxigenin-labeled 1.1 kb fragment of HPH. Lane CK is DNA
from the wild type strain, and lanes 1 to 3 DNA from
transformants. When homologous integration has occurred, a hy-
bridizing band of ~ 2.1 kb (Xbal digested) was observed due to
integration of the selectable marker, and a band of = 3.5 kb was
also observed in the mutants (EcoRI digested), indicating that only
a copy of HPH integrated the Brn/ locus. The wild type lane does
not have any hybridization signal due to lack of the HPH gene
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screened had the Brnl gene deleted (Fig. 6b). Thus,
under these conditions, homologous recombination
efficiency was 60 %.

Southern blot analysis of three independent
transformants, determined by PCR to be brnl mutants,
confirmed that the HPH gene had integrated at a single
site in all cases. In the three transformants, a single Xbal
hybridizing band of 2.1 kb and a single EcoRI hybrid-
izing band of 3.5 Kb were detected (Fig. 6c).

Gene replacement of the FTR/ gene

The deletion of an additional gene was tested and verified
by diagnostic PCR. Since strain CX-3 is highly homolo-
gous to strain C. lunata m118 isolated from sorghum,
longer flanking sequences were readily available for con-
structions of gene deletions. Increasing the flanking region
to more than 800 bp improved the efficiency of targeted
gene replacements within the transformants analyzed to
100 % (Table 2; Supplemental Table 1, Supplemental
Figure 1).

Virulence phenotypes on susceptible maize

The brnl mutant, fir/ mutant and wild type strain CX-3
were inoculated on resistant and susceptible maize in-
bred lines ‘78599’ and ‘Huangzaosi’. Virulence pheno-
types of the fir] mutant were similar to those of the wild
type. Inoculation with the brn/ mutant caused a signif-
icant reduction in virulence to maize. At 7 days post-
inoculation, the wild type strain produced semi-round
brown eye lesions; in contrast, inoculation with the
mutants did not elicit this type of lesion, but instead
produced tiny green back flecks and the number of scab
decreased visually (Fig. 7). This matches results dem-
onstrating the role of this gene in disease development
of other plant-pathogenic fungi (e.g., Setosphaeria

Table 2 Transformation and targeted deletion statistics for two
Curvularia lunata genes

Gene Flanking sequence (bp) Del/trans®  Efficiency (%)°
5 3

Brnl 524 453 9/15 60

Firl 840 1380 15/15 100

#Number of deletants/transformants
® Homologous recombination efficiency

brnl

brnl

Fig. 7 Virulence phenotypcs of Curvularia lunata wild type
(WT) and a brnl mutant on resistant and susceptible maize. a,
Virulence of WT strain CX-3 and the brn/ mutant on resistant
maize ‘78599°. WT caused small faded green spots, comparing to
the no spots on the mutant brnl. b, Virulence of the wild type
strain CX-3 and the hrn/ mutant on maize ‘Huangzaosi’. Wild
type produced semi-round brown eye lesions, whereas the brnl
mutant strain produced only small chlorotic flecks

b

turcica, Magnaporthe oryzae and Cochliobolus
heterostrophus: Xue et al. 2013; Thompson et al.
2000; Oide et al. 2006).

Discussion
In this study, we describe the construction of binary
vectors for gene deletion and the conditions of ATMT

that affect the transformation efficiency in C. lunata. In
previous studies, transformation of C. lunata was
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achieved with a vector containing the hygromycin B
selection marker (Liu et al. 2010). However, that study
had only constructed a library of random insertional
mutants. In this work, we constructed a system of
targeted gene replacement in C. lunata by ATMT. This
system of gene deletion for C. lunata can contribute to
understand the mechanisms of its pathogenicity in future
studies.

The recommended protocol for transformation is as
follows. The growing condition for AGL-1 containing
vector in LB is at 28 °C for 2 days. The culture is diluted
with IM to OD = 0.25 and grown overnight to OD¢00 =
0.6. A CX-3 conidial suspension (1 x 10°/mL) is germi-
nated 6 h in darkness, before mixing with an equal
volume of induced A. tumefaciens. The mixture
(500 pL) is spread on a cellulose nitrate membrane
(Whatman 0.45 pm) on top of IM agar in the presence
of AS (200 uM) and incubated at 23 °C for 48 h.
Membranes are transferred onto CYA plates containing
cefotaxime (300 pg/ml) and hygromycin B (200 pg/ml).
Plates are incubated at 28 °C for 5 to 7 days until
conidiogenesis. Candidate transformants are purified
by picking single conidia and reselected on CYA medi-
um containing the same concentrations of hygromycin
B and cefotaxime.

The gene targeting efficiency varies greatly between
different fungal species. As examples, a gene targeting
efficiency of 95 % is reported for Saccharomyces
cerevisiae, 5—75 % for Aspergillus nidulans and
1-30 % for Neurospora crassa (Amberg et al. 1995;
Bird and Bradshaw 1997; Aronson et al. 1994). Com-
parisons between species are hampered by the fact that
different lengths of homologous regions are used for
transformation experiments. The efficiency of the gene
targeting depends on the length of the homologous
region present on the vector. The standard gene targeting
procedures use a replacement vector, with the selection
marker cloned within the region of homology. To obtain
high efficiency of targeted integration in C. lunata,
flanking sequences that are longer than 800 bp are
suggested. This protocol appears robust, based on trials
using the same transformation parameters and protocols
with two different genes and phenotypic screens, includ-
ing virulence assays, for alterations from wild type.
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